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A review of various melt mixing systems that are used in electrometallurgical aggregates
is presented. In such aggregates, an electrical current passes through a bath with molten
metal (slag, flux, salt), interacts with its self magnetic field and generates electrovortex
flows in the melt. Melt flow patterns are determined by the number, position and shape
of electrodes (or electrical arcs), by the depth of electrode submerge and by the size and
geometry of the melt bath. In an axisymmetric bath, the flow pattern is a toroidal vortex.
With several electrodes, a number of such vortices and 3D interactions among them occur.
Various non-linear effects of the vortex interactions take place in the melt. Physical
modelling is proposed to be applied as a key method for the investigation of flow patterns
and interactions. Results allow to effectively describe both the mixing in industrial
aggregates and the basic non-linear hydrodynamic patterns in stirring processes.

Introduction. There are many effective industrial technologies, where the
electrical current passes through a bath with the melt, e.g., electroslag welding
and remelting, 3-phase electrical arc furnaces (EAF), next generation DC (direct
current) EAF, flux and salt melting furnaces and others.
The spatially distributed electrical current J in a liquid conductive medium
interacts with its self magnetic field B and generates an electromagnetic force field
J × B. When the force field is non-potential, every liquid element gets elementary
rotation around the local vector of the force vorticity ∇ × (J × B). With a small
value of the total current, the vorticity of the electromagnetic force and the friction
tension become balanced at every flow point. As a result, an electrovortex flow
appears, named also the electrically induced vortical flow (EIVF). With the growing total current, the flow pattern becomes dependent on the non-linear transfer
of the fluid vorticity W = ∇ × V (where V is the velocity). The corresponded
term ∇ × (W × V) of the vorticity transfer equation has a strong influence on the
flow pattern.
On the one hand, the technical characteristics of electrical aggregates, such
as the shape and position of electrodes, the built-in and external current circuits,
the bath geometry, ferromagnetic masses and others, determine the current distribution in the melt and the EIVF there. On the other hand, the EIVF defines the
heat/mass transfer in the melt and, as a result, metal quality, energy efficiency,
ecology and safety. So, the understanding of the EIVF is a key factor at developing
an effective electrometallurgical technology.
Physical modelling is an exclusive and powerful method of the EIVF investigation. Some 3D non-linear effects obtained in this way cannot be predicted otherwise, for example, large-scale non-stationary vortices, 3D self oscillations, spatial
localization of flow and others. The EIVF physical modelling was intensively applied in the 1970–1990’s [1]. Later, the obtained results have been implemented
in real technologies. Perhaps, the most effective result has been obtained in the
next generation DC EAF with a built-in control system for melt electromagnetic
stirring.
The main goal of the present paper is the estimation of the EIVF pattern
in various electrical aggregates from the general point of view. It allows, for
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example, describing the principal differences between the stirring systems and the
technologies of 3-phase AC EAF and the next generation DC EAF.
The paper is also aimed at describing some non-linear effects which take place
at the interaction of large-scale vortices both in physical models and in melt baths.
1. Modelling. There are some rules of physical modelling that have to be
followed when investigating the flow patterns in electrical aggregates. These rules
are based on the non-dimensional equation of vorticity transfer
∇ × (W × V) = ∇2 W + S∇ × (J × B)
and on five additional assumptions:
1) the melt has constant values of density ρ, viscosity ν and electrical conductivity σ;
2) the electrodynamic approximation V×B ≪ J/σ, (J = σE) is applied; it allows to calculate electromagnetic fields (using Maxwell’s equations) independently
on the fluid motion;
3) direct (DC) or quasi-stationary alternating (AC) currents are used in all
models (time-averaged values of ∇ × (J × B), the skin-effect is ignored when AC
is applied);
4) thermal convection is neglected;
5) free surface deformation is small and has no effect on electromagnetic fields.
There is single non-dimensional parameter, S = µ0 I 2 /(4π 2 ρν 2 ) (where I is
the total current, µ0 is the magnetic constant). Modelling involves the evaluation of the flow pattern and velocity estimation with growing S as well as the
characterization of possible violation of the made assumptions.
Finally, there are effective requirements to the physical model of the melt
bath i.e. the similarity of geometrical forms and electrical boundary conditions as
well as the non-linear flow regime when the velocity is proportional to the total
current [2, 3]. The condition S = idem is not considered.
In such a case, the non-dimensional flow pattern and velocity values measured
in the model will be the same as in the melt bath at corresponding points: V/V0 =
idem, (V0 is discussed below).
Mercury or InGaSn alloys are used as working media in the models.
2. EIVF as axisymmetric toroidal vortex. An axisymmetric toroidal
vortex is a basic EIVF structure which develops under a conical current discharge
[4]. A typical example is the flow in a cylindrical model of the slag bath for
electroslag welding. Here (see Fig. 1) the current I discharges from the top
electrode (radius R1 ) through the liquid to the bottom electrode (radius R2 ,
k = R1 /R2 ≤ 1); the bath depth H is equal to the bath radius R2 ; the side
wall is electrically insulating. The flow has a toroidal vortex pattern, where the
near-axis jet is directed from top to bottom (along decreasing current density);
the melt moves to the side wall along the bottom, then upwards to the free surface
near the wall and converges finally to the axis on the surface.
The maximum melt velocity V0 in the middle of the axis can be estimated by
a semi-empiric formula [3]
√
V0 = 1.26(ν/H) SM.
√
Here M = 1 − k 2 /k is the dimensionless integral of the vorticity of electromagnetic forces, and k stands for the current discharge at a distance H. For an
axisymmetric problem, the integral is equal to the flow of ∇ × (J × B) through
the meridional plane, or, what is the same, to the circulation of J × B along the
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Fig. 1.

Toroidal EIVF, (a) – schematic presentation; (b) – photo of the meridional

flow.

boundary ABCDE around this plane. The integral M plays the same role for the
EIVF as the integral of the jet impulse from the point hole on the plane, or the integral of impulse momentum for a rotating needle. So, in Fig. 1a, when R1 → R2 ,
(k → 1) and M → 0, there will be no melt motion under any large value of S. On
the contrary, if k → 0, (R1 decreases to a point source), V0 increases like 1/k at
any small S.
It was shown experimentally in [5] and recently confirmed in [6] that a toroidal
vortex under a large S (in a non-linear regime), converging to the axis flow on the
free surface, rotates around the bath axis of symmetry. It is assumed that an
azimuthal force appears due to the interaction of the horizontal component of the
discharge current with a small vertical component of the Earth magnetic field.
Another possible source of small azimuthal forces is the non-symmetry of electric
or magnetic fields in physical models or in real furnaces.
Another experimental result relates to effective sizes of the toroidal vortex at
large S: the depth H of the vortex core becomes equal to its radius R. When
H > R by about 40%, or R > H by 40%, the liquid around the core becomes
involved in the common vortex flow. But when H = 2R or R = 2H, secondary
toroidal vortices appear around or under the area H = R due to the friction
tensions with the central vortex boundary.
One more result is illustrated in Fig. 2. There are two separate zones in the
bath with conical current discharges in each zone. There are also two separate
toroidal vortices. On the left side, an EIVF appears due to the semi-spherical
boundary of the electrical conductivity (a copper electrode and a mercury bath).

(a)

(b)

Fig. 2.
No-motion zone between two toroidal EIVFs: (a) – photo of the meridional
flow, (b) – flow schematic presentation.
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On the right side, an EIVF exists due to the current discharge from the small
electrode (R1 ) into the mercury bath (R2 ). In both vortices, the melt in the nearaxis zone is moving in the same direction: from right to left. But between these
two vortices, there is a melt zone without any motion. This is a fundamental
result. In the zone between the vortices, there are the electrical current J, the self
magnetic field B of the current and the electromagnetic force field J × B. But the
force field is potential there: ∇ × (J × B) = 0, and the melt does not move.
One more result is the occurrence of a vortex street under the electrode of
small diameter d and with large S. Intensive vortices (of d scale) break away from
the electrode and take away the flow vorticity.
Details of the velocity and pressure fields for the toroidal vortex are characterized in [7, 6, 1]. The condition for thermal convection neglecting is described
in [3].
3. EIVF under two or several top electrodes. In a bath with two or
more top electrodes, a conical current discharge takes place under each electrode.
Accordingly, current jets and toroidal vortices (or liquid metal jets) are driven under each electrode and interact with each other. Backward flows become organized
as 3D trajectories (recirculation eddies). The physical modelling of the base flows
under two and three top electrodes was described in [8]–[10].
3.1. Bifilar power supply schemes.
The bifilar scheme means current discharges through the melt between two top electrodes. Fig. 3a displays a picture
of an EIVF that exists on the electrodes’ plane between the partly submerged
electrodes of small diameters [11]. Here, the currents from under the electrodes
are oppositely directed and the liquid metal jets are pushed from the electrodes to
the side wall. On a real free surface, the melt is converged to each electrode (Fig
.3b). The flow pathways are determined by the depth of electrodes’ submerge and
are discussed below.
3.1.1. Flow pathways under not submerged electrodes. Here, the electromagnetic force field can be estimated by using a superposition of two point sources
(with plus and minus potentials) placed on the plane. As shown in [12], in this
model, the vorticity of electromagnetic forces has all three components, i.e. fluid
trajectories in all three coordinate planes. As to the flow pattern from the bottom
side (Fig. 3c), one can see four horizontal eddies developed due to the z-component
of the electromagnetic vorticity vector.
3.1.2. Flow pathways under fully submerged electrodes. In this case, both
the electrical current and the electrical potential do not depend on the vertical
coordinate. The current discharge picture corresponds to a classical one between
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A bifilar pair of electrodes: (a) – MFP [11], (b) – flow on free surface, (c) –
bottom flows.
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(a)

(b)

Fig. 4.

EIVF’s near two submerged electrodes: (a) – photo of top flow, (b) – schematic
of top flow.

two point sources (i.e. +/– like in the bipolar cylindrical coordinates). It can
be shown that the vector of electromagnetic vorticity there has only horizontal
components.
The flow (see Fig. 4) also has four eddies, but with a backward direction (if
compared to Fig. 3c). These eddies represent a secondary flow, because there is
no z-component of electromagnetic vorticity.
The main flows (jets) develop on the electrodes’ plane between the electrodes.
The melt moves upward along the cylindrical surface of the electrodes, after that
it moves towards the bath axis along the free surface, the flow splits then in two
parts. One part moves downward along the bath axis to the bottom and backward
to the electrodes along the bottom. The other part moves toward the side wall
orthogonally to the electrodes’ plane. These orthogonal jets when reaching the side
wall split, too. The flow partly moves along the side wall, initiating two eddies in
the horizontal plane, i.e. left and right. The other part of this flow runs in the
vertical plane (orthogonal to the electrodes plane), moving backward to the bath
axis along the bottom.
3.1.3. Slightly submerged electrodes in a large cylindrical bath. Such flow was
investigated in [10] both visually (by free surface observations) and by exact velocity measurements using a fiber-optical sensor (in a physical model of the flux
melting furnace). The physical model there was similar to the one shown in Fig. 3
with R ≤ H ≤ 2R (R and H are, respectively, the bath radius and depth). The
electrodes were slightly submerged.
When H = R, the flow resembles a quasi-axisymmetric toroidal vortex with
the periodic velocity varying due to the azimuthal coordinate. The flow near the
side wall runs downward in the electrodes plane and upward in the orthogonal
plane. This means that in the near-wall zone (inside the toroidal vortex) there is
a large-scale slow rotation of the melt around the cylindrical coordinate R. There
are four separate sectors of such rotation, i.e. one quadrant for each along-sidewall vortex, (90 degrees by the azimuthal coordinate for each sector). The flow at
the bath axis moves upward. When H increases up to 1.4R, the flow still has the
same pattern.
But when H = 2R, the pattern demonstrates two toroidal vortices lower
and upper, with a common axis of symmetry and with the vortex depth equal to
the vortex radius for each vortex. The upper vortex is the same, as at H = R.
The lower vortex is axisymmetric, i.e. the flow moves upwards along the axis and
downwards along the entire side wall.
Note that the appearance of the second vortex at H = 2R (or R = 2H) was
observed under an axisymmetric current discharge (see section 2 and subsection
4.2).
561

A. Chudnovsky

(a)

(b)

Fig. 5.

(a) Schematic of the meridional EIVF: flow between two large-diameter
electrodes. (b) Two large-diameter electrodes upon completion of electroslag remelting
[13].

3.1.4. Large electrodes in the electroslag remelting process. The electroslag
remelting process requires a bath and electrodes of large diameters: a bath up to
2 meters and electrodes up to 1 meter in diameter. In this case, the shape of the
electrode stump becomes essential for the current discharge. Fig. 5a illustrates
such a flow in the meridional plane. There are a quasi-axisymmetric vortex in the
main bath zone (near the bottom) and two intensive small-sized eddies between
the electrodes and the surrounding.
On a real free surface, the melt is converged to each electrode (as in Fig. 3b).
The electrodes are melted and submerged into the slag by the stumps only. So,
we can expect 3D flow eddies there, as in Fig. 3c.
Fig. 5b displays a picture of two large electrodes (each of 0.7 m in diameter)
upon completion of a real electroslag remelting process with the bifilar scheme
[13]. The main and intensive EIVF pattern (near-stump vortex) appears in the
interelectrode zone. This local vortex takes the hot slag there. There are no
enough heating and hot convective flows outside the interelectrode zone. The
phenomenon demonstrates the localization of heat transfer induced by the nonlinear flow localization under the mentioned conditions.
3.2. Three-phase AC power supply schemes for three top electrodes. Such
schemes are used in furnaces for electroslag remelting and flux melting and were
investigated in [8, 9] and later in [10]. The melt flow under three electrodes can
be assumed as a superposition of three bifilar pairs with three planes of melt-bath
symmetry (every plane passes through the bath axis and one of the electrode axes).
When the electrodes are not submerged, the flow on the symmetry plane
AB is as shown in Fig. 6a. There is a melt jet from under the electrode that
runs downward to the side wall and turns in a 3D pathway. The vertical flow
vortex is seen in Fig. 6a. If view from the bottom, three pairs of horizontal eddies
are observed which are driven by the z-component of electromagnetic vorticity
(Fig. 6b).
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Fig. 6. Three-phase not submerged electrodes: (a) – meridional flow, (b) – horizontal
near-bottom flow [9].
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Fig. 7. Three-phase submerged electrodes: (a) – flow in the AB plane, (b) – top view,
(c) – near-bottom flows.

When the electrodes are fully submerged, the flow on the symmetry plane
is as in Fig. 7a. Like in the bifilar case, the main flow eddies develop in each
of the three planes of symmetry between the electrode and the bath axis. These
eddies also move in the horizontal plane in the three pairs of horizontal vortices
(Fig. 7b). But these six eddies form a secondary flow due to the zero z-component
of electromagnetic vorticity.
On the free surface, the flow converges to each electrode (Fig. 7c) in all cases.
Note that in [10] the skin-effect was investigated for three-phase schemes. It was
shown there that the electromagnetic fields and flow velocity were pushed up a
little to the electrode stumps (to the free surface), but the general flow pattern
was same.
3.3. Six-electrode scheme a with three-phase AC in the T-crystallizer. Such
scheme was used at electroslag remelting to produce ingots with a very large
diameter. Six electrodes (of 1 meter in diameter) are placed symmetrically about
the axis of the furnace. There are three vertical planes of symmetry, and each plane
includes two opposite electrode axes and the furnace axis (Fig. 8). The T-shaped
crystallizer has a flange, and the diameter of its central part is the diameter of the
melted ingot. The space above the flange is a slag bath; below there are the metal
bath and the ingot.
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Fig. 8.

The three-phase six-electrodes’ scheme: the flow in one of the three symmetry

planes.

Each phase of the 3-phase scheme turns on to a pair of the opposite electrodes.
In the slag bath, the flow pattern again looks like a superposition of three
bifilar pairs with the jet-like EIVFs under each of the six electrodes in the vertical
planes of symmetry. Every jet moves from the electrode stump downward and to
the side wall, over the flange of the T-crystallizer. The jets circuit along the 3D
trajectories. Under the slightly submerged electrode a jet is split in two horizontal
eddies (like in Fig. 3c). All twelve eddies over the flange and under the six
electrodes - are forced by the z-component of the electromagnetic force vorticity.
On the free surface, the melt converges to the electrodes (as in Fig. 3b). In the
near-axis zone the melt moves upward from the bottom.
Such flow pattern takes place only when the distance between two opposite
electrodes is less than the distance between the electrode’s stump and the flange.
On the contrary, the current will discharge from the stump to the flange and
then throw the metal bath to the opposite side of the flange and to the opposite
electrode. Such situation was modelled in [9], where a well-conducting copper disk
built into the bottom was used instead of the flange and metal bath. The AC
current passed between the electrodes through that disk.
4. Melt mixing in electrical arc furnaces. The EAF is a worldwide
recognized technology making possible the production of metal of high quality
from previously used metal scrap. This sometimes brings about a problem when
instead of a metal produced by a classical metallurgical technology we can get
a mixture of components of various materials. Such problem arises if the melt
mixing at the final stage of the steel-making process is not effective.
The mixing at the final stage is discussed below.
4.1. Three-phase EAF. The flow pattern, in this case, is the same, as illustrated in Fig. 7 for not-submerged electrodes. There are three hot melt jets from
under every arc contact toward the bath bottom and side wall. There are also six
sectors with horizontally closed eddies inside.
Such mixing scheme cannot be accepted as an effective one, because i) the
sectioned eddies’ trajectories do not provide a good total heat/mass transfer; ii)
the hot metal from the free surface moves from under the arc contact to certain
zones, always overheating them (point A in Fig. 7b); iii) there are three zones
without melt motion (point B in Fig. 7b); iv) more heating power is needed to
assure the complete melting of the scrap; v) an additional process (after EAF) is
needed to improve metal quality in the ladle furnace by special stirring techniques
(oxygen scavenging, adding activators, etc.). Note that the EAF with two arcs in
the bifilar scheme (DC or 1-phase AC) faces the same problems.
4.2. Flow patterns in the next generation DC EAF. In a small DC EAF
(0.5 to 6 tons), there is a bottom electrode with an effective diameter a little larger
than the diameter of the arc contact. The flow pattern is a toroidal vortex that
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additionally rotates around the bath axis. The hot metal from the free surface
is effectively transferred into the depth of the melt. The velocity formula from
section 2 has been confirmed in a real aluminium melting process. The secondary
vortex existing around the core in the bath with R = 2H has been confirmed, too,
for a 0.5-ton furnace.
It is found that in real furnaces the bottom electrode melts in its upper part.
This is a result of the local vortex formation there with the backward meridional
rotation.
The middle-sized DC EAF (up to 25 tons) has up to 5 meters in diameter
and two bottom electrodes [14]. The physical model of the 25t DCAF was 1 : 10
scaled. The model has two bottom electrodes at the plane of symmetry and a top
electrode (instead of the real arc) displaced a little from the bath axis. The system
demonstrates a big number of possible 3D mixing patterns.
Thus, in Fig. 9, one can see a stable horizontal pattern of dipole type with
two vortices above the bottom electrode. In front of the dipole axis the flow
fragment looks like ergodic mixing. When the total current increases, this dipole
self oscillates horizontally. Fig. 10 demonstrates two photos taken during one
period of oscillation in a 3 sec interval.
Note that in all photos in Figs. 9, 10 the electromagnetic force field, the meridional and azimuthal components do not depend on the time. It means that if in
the first half of the oscillation period the fluid moves along the force direction, in
the second half-period it moves oppositely. This is the phenomenon of non-linear
transfer of fluid vorticity.
In Fig. 11 one can see a localized vortex with the strong azimuthal and meridional velocities inside and with no any melt motion around. The vortex is
located above one of the bottom electrodes. There is also a strong deformation of
the free surface that violates one of our assumptions on physical modelling. The

Fig. 9.

Fig. 10.

The DC EAF model: dipole type melt mixing on the free surface.

The DC EAF model: fragments of large-scale horizontal oscillations.
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(a)

(b)

Fig. 11.

The DC EAF model: the localized vortex: (a) – no motion around, (b) –
scaled vortex.

bottom electrodes

Fig. 12.

The DC EAF model: schematic presentation of mixing by the meridional

flow [14].

surface deformation changes the space of the current discharge. As a result, the
electromagnetic force field and the force vorticity field are changed, too.
All these unusual flows cannot be accepted as a system of mixing for the
DC EAF. The realized system is based on two regular experimental results. i)
For the given conditions, the electromagnetic force field has a stable azimuthal
component, so the melt always rotates around the bath axis. ii) In this case, there
is an intensive heat mass transfer between the azimuthally rotating melt layers
due to three internal toroidal vortices. One of them exists under the arc-melt
contact. It takes the hot metal from the free surface into the melt depth. Two
other vortices are formed above the bottom electrodes. All three vortices mutually
interact, so the flow in the symmetry plane looks like that in Fig. 12.
Note that the total current through the bottom electrode as well as the melt
velocities there are twice less than the current and the velocity under the arc. In
this case, all vortices above the bottom electrodes are driven away by the azimuthal
rotation. The melting of the bottom electrodes decreases. Additionally, there are
some specific measures to preserve vortex localization (see Fig. 11).
As a result, no additional processing (ladle refining) is required. Metal quality
can be estimated by sampling directly from the melt bath. Activators can be added
there. Any required metal quality can be obtained. Dust-gas emissions from over
the furnace top are two orders smaller than in the 3-phase EAF processes. The
environment around the DCAF is certainly better. The noise level is much less.
Less electrical power is consumed. The work place around the furnace is safe
for workers. All these became possible due to the correct melt mixing system
(and to the related conditions, such as arc regimes, power supply source, energy
transformer, etc.).
566

Physical modelling of 3D melt mixing for electrometallurgical aggregates
Conclusion. When analyzing the melt stirring in any technology, it is
needed to determine first the field of current discharge in the melt. In this field, one
can expect the formation of EIVF in the form of toroidal vortex. With the known
ν, H, k, S it is possible to estimate the maximum velocity for real conditions by
using the formula in section 2. The minimum between R and H determines the
effective size of the vortex core. If there are several fields of conical current discharge, one can expect the appearance of several toroidal vortices, with individual
estimations of the velocity. With bifilar current circuits, there are two diverging
melt jets in the meridional plane (Fig. 3a), but the pathways of the horizontal
flow depend on the depth h of electrodes’ submerge. When h = 0, each jet produces two horizontal near-bottom eddies with directions like in Fig. 3c. When
h = R = H, the near-bottom flow again looks like two pairs with two eddies in
each, but with backward directions and with the absolutely different electromagnetic force field and 3D flow pattern (Fig. 4). The flow patterns with three or
six electrodes can be estimated as a superposition of three bifilar pairs, where the
final flow pattern depends on h, as in the bifilar case. When the electrodes or the
bath have large sizes, additional specific non-linear vortices appear (Fig. 5, Fig. 6,
subsection 3.1.3). Sophisticated flow patterns were obtained and analyzed with
the DC EAF model with two or more built-in bottom electrodes (Figs. 9–11). The
obtained results show a clear way for physical modelling of any flow in the melt
bath.
There are also numerous CFD investigations of various EIVFs in electrometallurgical aggregates. But this is a subject for another review.
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