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In this paper, the influence of the position of the MHD stirrer relative to the crucible
on the driven liquid metal flow has been studied both experimentally and numerically.
Analysis of the obtained results has revealed that the intensity of the liquid metal flow
in the crucible slightly decreases when its bottom is removed from the lower edge of the
MHD stirrer inductor.

Introduction. Magnetohydrodynamic (MHD) stirrers are widely used in
the production of cylindrical ingots from aluminum and aluminum-based alloys
to improve melt quality [1, 2]. An MHD stirrer is mounted on the hot top of
the crystallizer of a continuous casting machine, where the metal is stirred by
electromagnetic forces (Fig. 1). MHD stirrers commonly used in continuous casting
machines generate a rotating magnetic field (RMF). This field drives a rotating
flow in the liquid metal, thus stirring it. Such field can be induced by a system
of rotating permanent magnets [3] or by stationary electric coils connected in
a special way to a three-phase industrial power system. There are also stirrers
that use electric coils with ferromagnetic cores to generate controlled rotating and
travelling magnetic fields (TMF) [4], as well as rotating (toroidal) and vertical
(poloidal) flows in the liquid metal [5-8].

Due to the design peculiarities of the continuous casting machines, the melt
crystallization zone in the hot top crystallizer is located below the stirrer bottom
in the zone, where electromagnetic forces generated by the alternating fields of the
inductor are practically absent.

It can be assumed that, with increasing distance between the bottom of the
MHD stirrer inductor and the crystallization front, the stirring flow above this
front becomes weaker.

However, the technology related to the production of ingots from aluminum
and aluminum-based alloys requires the generation of flows of sufficient intensity
in the melt crystallization zone to obtain the melt of required quality [9]. The aim
of this study is to investigate how a variation in distance between the lower edge of
the MHD stirrer inductor and the crystallization front affects the hydrodynamic
characteristics of MHD stirring inside the hot top crystallizer of the continuous
casting machines.

1. Research technique.

1.1. Experimental setup. In our experiment, a hot top crystallizer was
represented by a cylindrical crucible of 127mm in diameter filled with a low-
temperature eutectic alloy (Ga87.5%, Snl0.5%, Zn2%) with the density p =
6256 kg/m?, kinematic viscosity v = 0.427 - 107°m?/s and electrical conducti-
vity 0 = 3.628-10°Ohm~'m~!. The experimental setup was an MHD stirrer with
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Fig. 1. Schematic presentation of the machine for continuous casting of ingots from
aluminum and aluminum-based alloys with the MHD stirrer. 1 — MHD stirrer, 2 —
crystallizer, 3 — cooling water, 4 — hot top of the crystallizer, 5 — aluminum feeding jet, ¢
— distance from the lower edge of the MHD stirrer inductor to the crystallization front.
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Fig. 2. Schematic diagram of the crucible with gallium alloy and its location in the
MHD stirrer in the experimental setup. 1, 2— ultrasonic velocity probes, and § — distance
from the crystallization front to the lower edge of the MHD stirrer inductor.

travelling and rotating magnetic fields controlled seperately. The stirrer contains
two inductors which excite a magnetic field (50 Hz) rotating in the horizontal plane
and a magnetic field (50 Hz, with the wave number 20.9m~1), travelling along the
vertical axis. A crucible with the liquid gallium alloy was placed inside the working
space of the stirrer.

Two ultrasonic Doppler velocity probes were placed at the crucible bottom
(mid-part) and on its side wall. Probe I measured the vertical velocity of the melt
along the central vertical axis of the crucible, and probe 2 measured the value
of its maximum azimuthal velocity near the crucible wall (Fig. 2). The crucible
was placed inside the stirrer (into the inductor) so that the initial position of its
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bottom coincided with the lower edge of the MHD stirrer inductor. Experimental
investigations were performed in situations when the crucible bottom coincided
with the inductor bottom (the melt height in these case was 300 mm) and when it
was 20, 40, 60, 80 mm below the inductor bottom. In intervals, a certain amount
of the alloy was added so that the melt level in the crucible coincided with the top
of the inductor.

1.2. Numerical modelling.  The velocity of the molten metal flow subjected
to MHD stirring is, as a rule, significantly lower than the magnetic field velocity.
Therefore, the inverse effect of the liquid metal flow on the magnetic field can
be neglected. The electromagnetic and hydrodynamic parts of the problem are
separated and solved independently.

Electromagnetic phenomena are described by the system of Maxwell‘s equa-
tions in a low-frequency approximation and on the basis of Ohm‘s laws [10]. Stand-
ard conditions for the equality of normal magnetic induction components and the
jump of tangential components are imposed at the interface. Under the harmonic
law of changes in the current, the problem can be substantially simplified by re-
ducing it to a stationary problem of complex amplitudes. The dimensions of the
computational domain are much larger than those of the stirrer, and the boundary
conditions for the equality of the normal vector potential component are imposed
at its external boundary. In the electromagnetic part of the problem, the field of
Lorentz forces in the liquid metal has been defined [11].

The hydrodynamic part of the problem is described by the Navier—Stokes
equations and by the continuity equations, and turbulence is described in terms of
the semi-empirical k- model [12, 13]. No-slip conditions are imposed on the lower
and lateral faces of the cylinder, and slip conditions are specified for the upper
cylinder face which is a free surface.

We solve a three-dimensional problem using the ANSYS software package
Electromagnetics Suite Maxwell 3D and CFX. The stirrer is modelled by domains
representing a ferromagnetic core, copper coils, a cylinder with liquid metal and
the environment (air). The electrodynamic part of the problem is solved for all
domains, and the hydrodynamic part is solved for a single domain that is the fluid
in the crucible.
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Fig. 3. Dependence of the azimuthal velocity close to the crucible bottom (probe 2)
on its displacement along the z-axis from the lower edge of the inductor. The RMF feeding
current 2 A, and the TMF feeding currents 0 A (1), 2A (2),3A (3),4A (4). (a) — physical
experiment, (b) — numerical experiment.
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Fig. 4. Dependence of the maximum vertical velocity of the metal at the crucible center
(probe 1) at a 10 cm distance from its bottom on the displacement of the crucible bottom
with respect to the lower edge of the inductor. I — physical experiment, 2 — numerical
experiment. The TMF feeding current (downward direction) 3 A, and the RMF feeding
current 2 A.

2. Results. As one can see in Fig. 3, the azimuthal velocity exhibits similar
behaviors in the physical experiment and in the numerical simulation. A slight
difference can be mainly attributed to the fact that in the calculations the upper
boundary was assumed a non-deformed free slip wall, whereas in the physical
experiment it was free. The more is the distance between the crucible bottom
and the inductor bottom, the lower is the azimuthal velocity of the melt in the
crucible. The azimuthal velocity also decreases in the case of an additional poloidal
flow generated in the crucible by the travelling magnetic field (Fig. 3).

The axial velocities were different in the physical and in the numerical exper-
iments (Fig. 4). Such a distinction can be explained by the presence of the upper
non-deformed boundary in the calculations and by the fact that the axial flow is
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Fig. 5. Flow pattern in the vertical plane in a cylindrical crucible at different distances
0 between the crucible bottom and the lower edge of the inductor ((a)—(e) correspond to
0, 2, 4, 6, 8cm distances). The TMF feeding current (downward direction) 3 A, and the
RMF feeding current 2 A.
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Fig. 6. Dependence of the full kinetic energy of the vertical large-scale flow in the
crucible on the distance § between the crucible bottom and the lower edge of the inductor.
The TMF feeding current (downward direction) 3 A, and the RMF feeding current 2 A.
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Fig. 7. Dependence of the kinetic energy of the resulting large-scale flow on the distance
0 between the crucible bottom and the lower edge of the inductor. The TMF feeding
current (downward direction) 3 A, and the RMF feeding current 2 A.

realized in the cylinder in the form of several poloidal vortices. The boundaries
between these vortices move constantly, and the vertical velocity at the measure-
ment point varies within a wide range (Fig. 5). It should be noted that the vertical
velocity initially decreases and then increases with § (when the crucible bottom
shifts from the lower edge of the inductor) (Fig. 4).

The results of the numerical experiment have indicated that the kinetic energy
of the large-scale vertical flow in the crucible increases with ¢ within a certain range
of values of this parameter (Fig. 6). The reason for this is the increasing height of
the crucible, which increases the amount of the melt moving vertically, and, due to
this, the kinetic energy of the poloidal flow grows. Besides, probably, the kinetic
energy of the powerful toroidal flow is transferred partially to the vertical poloidal
flow. At the same time, the full kinetic energy of the the large-scale flow in the
crucible increases with the parameter ¢ and then decreases (Fig. 7).

This phenomenon can be explained in the following way. An increase in
distance between the crucible bottom and the lower edge of the inductor results in
occurrence of an additional volume of the metal, where the forces generated by the
diffused magnetic fields of the inductor are actuated, and the full kinetic energy
grows. When the distance § exceeds the area of the diffused fields, the newly
generated metal volumes (not driven by the electromagnetic forces) will only add
viscous dissipation. In this case, the full kinetic energy of the large-scale vertical
flow will reduce.
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3. Conclusion. The results obtained during the conducted numerical and
physical experiments show that the azimuthal velocity of the toroidal flow of the
liquid metal slightly reduces with distance between the crucible bottom and the
lower edge of the inductor. A reduction in azimuthal velocity was also observed in
the case of an additional poloidal flow generated in the crucible under the action
of the travelling magnetic field. The vertical flow intensity grows in the examined
range of distances between the crucible bottom and the lower edge of the inductor.
The full kinetic energy of the resulting flow first increases and then decreases with
0. Thus, in order to provide the efficient use of MHD stirrers in the machines
for continuous casting of cylindrical ingots from aluminum and aluminum-based
alloys, it is necessary to take into account the influence of the distance factor on
the MHD stirring intensity.
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