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This paper deals with numerical and experimental investiga tion of the liquid metal ow
inside a cylindrical crucible exposed to MHD stirring gener ated by modulated travelling
and rotating magnetic �elds. It has been found that in a disco ntinuous alternate mode,
when the liquid metal in the crucible is subjected to a travel ling magnetic �eld at one
time interval and to a rotating magnetic �eld at another inte rval, the ow becomes more
axially symmetric compared to a ow excited by the simultane ous and continuous action
of both magnetic �elds.

Introduction. For the production of semi-continuous aluminum and alumi-
num-based alloy cylindrical ingots with a homogeneous �ne-grained structure, hot
top crystallizers are currently used. The aluminum in such crystallizers is stirred
during its solidi�cation by a special MHD stirrer [1{3]. The e�ect of mod ulated
rotating magnetic �elds on the MHD stirring of metals in a cylinder has b een
investigated in [4]. In order to produce ingots of better quality, it has recently been
suggested that the melt in the crystallizer should be stirred under the combined
action of travelling (TMF) and rotating (RMF) magnetic �elds with the possibility
of controlling both �elds separately [5, 6].

The simultaneous action of travelling and rotating magnetic �elds on the
liquid metal in the crucible is not equivalent to the sum of separate e�ects of these
�elds. The cross-interaction of one �eld with the induction current generated
by another �eld gives rise to additional forces [7]. This leads to the occurrence of
various asymmetries in the stirring ow excited by these forces. Inorder to create a
smooth crystallization front of the metal in the crystallizer in the pr esence of MHD
stirring, it is necessary to generate stationary symmetric toroidal and poloidal uid
ows of the melt above its crystallization front.

A way toward this purpose is to exclude the occurrence of forces caused by
the cross-interaction between the travelling and rotating magnetic �elds and the
currents induced by these �elds. Therefore, in this paper, we consider a version
where the travelling and rotating magnetic �elds do not operate continuously and
simultaneously. Instead, they are be activated and deactivated over certain time
intervals so that at a time interval when one �eld is switch on the other �eld is
switch o� and vice versa.

1. Research technique.
1.1. Experimental setup. A schematic view of the experimental setup con-

sisting of a crucible �lled with a liquid gallium alloy and an MHD stirrer is dis-
played in Fig. 1. The stirrer contains two inductors that excite a separately con-
trolled magnetic �eld (50 Hz, with the wavenumber 5.4 m� 1) rotating in a hori-
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Fig. 1. Schematic view of the crucible with liquid gallium alloy and its arrangement
in the MHD stirrer in the experimental setup. 1, 2 { supersonic axial velocity sensors, 3
{ supersonic azimuthal velocity sensor, 4, 5 { crucible and MHD stirrer, respectively.

zontal plane and a magnetic �eld (50 Hz, with the wavenumber 20.9 m� 1) travelling
along a vertical axis. The distribution of the radial component of the RMF (a)
and TMF ( b) induction along the crucible height is illustrated in Fig. 2.

The stirrer is powered by a special supply source which delivered an amplitude-
adjusted three-phase electrical current to the stirrer inductors in a continuous
mode. With this power supply source, there was an opportunity to generate a
discontinuous inductor current mode, with which the current was � rst supplied to
the inductor within a predetermined time interval and then switched o� for the
same time interval; the cycle was then repeated. It also provided a possibility
for joint operation of the inductors (discontinuous alternating mode): at a time
interval when one �eld was switched on, the other �eld was switchedo� and vice
versa; the cycle was then repeated (see Fig. 3).

The hot-top crystallizer was represented by a cylindrical crucible �lled to
a height of 300 mm with a low-temperature eutectic alloy (Ga87.5%, Sn10.5%,
Zn2%) with the density � = 6256 kg/m 3, kinematic viscosity � = 0 :427� 10� 6 m2/s
and the electric conductivity � = 3 :628� 106 Ohm� 1m� 1.

Ultrasonic Doppler velocity sensors were mounted on the crucible bottom
(along its radius) and on its wall (at a height of 10 cm). The crucible bottom was
made of Plexiglas, and a few vertically located Plexiglas windows were housed on
the lateral wall of the crucible. Using these sensors, the verticalvelocity pro�les
were measured along the vertical axis of the crucible at two points of its radius.
By processing the data from the sensor located on the crucible wall,the maximum
value of the azimuthal velocity at the crucible wall at a distance of 10cm from its
bottom was determined (Fig. 1). The crucible was placed in the working space of
the stirrer (bore) so that the position of its bottom coincided with t he lower edge of
the MHD stirrer inductor bore. During the experiments, measurements were made
at di�erent TMF and RMF inductor currents and with di�erent time int ervals at
which the current was supplied to the inductors operating in the discontinuous
mode.
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Fig. 2. Distribution of the radial component of RMF ( a) and TMF ( b) induction
along the height of the crucible for the inductor current 12. 8 A. The upper curves refer
to the measurements made at distances of 10 mm and 16 mm from the side wall of the
reaction section of the stirrer, respectively. The curves p lotted below correspond to
closer distances from the axis of the working section of the stirrer. The step in the radial
direction for RMF measurements is 33 mm and for TMF measurements 10 mm.
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Fig. 3. Current modulation scheme of travelling and rotating �eld i nductors in the
discontinuous alternating mode.
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1.2. Numerical modelling. The velocity of the liquid metal ow in the
presence of MHD stirring is small compared to the velocity of the travelling and
rotating �elds. Therefore, the electromagnetic and hydrodynamic parts of the
problem formulated here are solved independently. Electromagnetic phenomena
are described by the system of Maxwell's equations in a low-frequency approxima-
tion and using the Ohm's law [8]. During the solution of the electromagnetic part
of the problem, the �eld of Lorentz forces in the liquid metal is determined [9]. The
hydrodynamic part is described by the Navier{Stokes equations and by the con-
tinuity equations and turbulence in terms of the semi-empiric k-" model [10, 11].
No-slip conditions are imposed at the lower and lateral faces of the cylinder, and
slip conditions are speci�ed for the upper cylinder face being a free surface. For
simplicity, this surface is assumed to be non-deformable.

The problem is solved for a three-dimensional case using the �nite element
method. The numerical model of the stirrer contains some elements that represent
a ferromagnetic core, copper coils, and the environment (air). The electrodynamic
part of the problem includes all elements, whereas its hydrodynamicpart deals
only with the uid in the cylinder (crucible).

2. Results. A number of experiments were performed to determine the
inuence of the duration of the switch-on and switch-o� intervals o f the TMF and
RMF inductors on the velocity of the liquid metal ow driven in the cruc ible.

The e�ective value of the electrical current under intermittent co nnection and
disconnection (switch-on and switch-o� intervals are equal) was de�ned using the
simple expressionI e� =

p
2� i e� , where i e� and I e� are, respectively, the e�ective

value of the pulsating current and the e�ective value of the alternating current
supplied to the inductor at the time when it is switched o�. The velocity of the
liquid metal ow under the action of the travelling or the rotating mag netic �eld is
proportional to the current value supplied to the inductor. Thus, when the current
is supplied to the inductor in the discontinuous regime (switch-on andswitch-o�
intervals are equal), the value of the liquid metal velocity in the crucible should bep

2 less than the velocity of the liquid metal in the continuous inductor operation
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Fig. 4. Azimuthal velocity at the lateral wall of the crucible at a di stance of 10 cm
from its bottom for the RMF induction 4.04 mT at di�erent swit ch-on and switch-o�
intervals of the RMF � : (a) { physical experiment, ( b) { calculations. The upper dashed
line corresponds to the continuous mode, and the lower dashed line indicates the velocity
value which is

p
2 times less than that in the continuous mode.
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Fig. 5. Axial velocity in the center of the crucible at a distance of 1 0 cm from its
bottom for the TMF induction 4.32 mT at di�erent switch-on an d switch-o� intervals
of the TMF � : (a) { physical experiment, ( b) { calculations. The upper dashed line
corresponds to the continuous mode, and the lower dashed line indicates the velocity
value which is

p
2 times less than that in the continuous mode.

mode. If we take into account that the metal decelerates at eachswitch-o� of the
inductor and accelerates at each switch-on of the inductor, thenthe metal velocity
in the crucible will be somewhat less.

2.1. RMF discontinuous mode. The dependence of the azimuthal ow ve-
locity of the melt near the crucible wall at the level of sensor 6 on theinductor
switch-on and switch-o� interval � is presented in Fig. 4. The mean velocity in
the discontinuous inductor current mode is more than

p
2 times less than the melt

velocity in the continuous inductor current mode; it does not signi�cantly change
at a 4 s interval and even at a longer one. It is interesting to note that within
the 2 s interval between the inductor's switch-ons and o�s (Fig. 4), the azimuthal
metal ow velocity decreases, but not that much as in the subsequent intervals.

2.2. TMF discontinuous mode. The dependence of the axial velocity of
the liquid metal ow in the center of the crucible at the level of sensor 1 on the
inductor switch-on and switch-o� interval � is illustrated in Fig. 5. The axial
velocity of the poloidal liquid metal ow in the crucible in the presence of �eld
pulsations is more than

p
2 times less than the metal velocity in the continuous

inductor operation mode. The only exception is the experimental results obtained
at � � 4 s.

Both the numerical and the physical experiments have demonstrated that the
azimuthal and axial velocity uctuations are higher in the discontinu ous inductor
current mode than those in the continuous inductor current mode(Fig. 4, Fig. 5).

Thus, in the examined range of switch-on and o� time intervals of the inductor
current (starting with 4 s), the azimuthal (RMF) and axial (TMF) v elocities of the
metal ow in the crucible remained almost unchanged. This fact indicates that
the e�ect of electromagnetic forces on the uid within the considered range� is
continuous.2

2.3. Modes of superimposed continuous RMF and TMF and discontinuous
alternative RMF and TMF. During the second series of experiments, the ve-
locity �eld excited in the continuous RMF and TMF inductor current mo de was
compared with the �eld excited in the discontinuous alternative RMF a nd TMF
inductor current mode (Fig. 3).

Time averaged axial velocity distributions along the height are shownfor
these two modes in Fig. 6 and in Fig. 8. Axial velocity �elds in the transverse and
longitudinal cross-sections of the crucible are shown in Fig. 7 and in Fig. 9. The
ow patterns in these two cases are di�erent. Under the superimposed continuous
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Fig. 6. Height distribution of the axial velocity (starting from th e crucible bottom) in
the continuous RMF (4.04 mT) and TMF (4.32 mT) inductor curre nt mode: (a) { in the
crucible center, (b) { at the crucible side wall.

(a) (b)

(c)

Fig. 7. Axial velocity �eld in the continuous RMF (4.04 mT) and TMF (4 .32 mT)
inductor current mode in the transverse cross-section of the crucible near the crucible
bottom ( a) and top ( b), and in the longitudinal cross-section of the crucible ( c). Numerical
experiment.

RMF and TMF mode, the azimuthal stirring velocity of the metal is high er, and
the ow is signi�cantly asymmetric in the transverse cross-sectionof the crucible.
The experiment has shown that the azimuthal velocity at the crucible wall at a
height of 10 cm from its bottom (sensor 6) under the continuous RMF (4.04 mT)
and TMF (4.32 mT) inductor current mode is 0 :4 � 0:1 m/s. In the discontinuous
alternative RMF and TMF inductor current mode over a 4 s interval, t he azimuthal
velocity at the same point and at the same induction values was 0:225� 0:025m/s.
It was also observed that in the continuous inductor current modetwo poloidal
vortices appeared in the crucible (Fig. 6, Fig. 7).

In the discontinuous alternative inductor current mode the axial velocity of
the metal in the crucible was slightly lower compared to that in the continuous
mode. The ow topology also changed { it became more symmetric. There was
only one large poloidal vortex in the crucible (Fig. 8, Fig. 9) that propagated
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Fig. 8. Height distribution of the axial velocity (starting from th e crucible bottom) in
the discontinuous alternate RMF (4.04 mT) and TMF (4.32 mT) i nductor current mode:
(a), ( c) { in the crucible center, ( b), ( d) { at the crucible side wall for di�erent switch-on
and switch-o� time intervals: ( a), ( b) { 4 s, ( c), ( d) { 8 s.

(a)

(b)
Fig. 9. Axial velocity �eld in the discontinuous alternate RMF (4.0 4 mT) and TMF
(4.32 mT) inductor current mode in the cross-section of the c rucible in its middle part
(a) and in the longitudinal cross-section of the crucible ( b). The inductor switch-on and
switch-o� time interval is 4 s. Numerical experiment.

throughout the crucible. Changes in interruption intervals caused only a slight
change of the ow topology (Fig. 8).
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3. Conclusion. The analysis of the experimental results has shown that
the intensity of the liquid metal ow exposed to modulated travelling a nd rotating
magnetic �elds reduces insigni�cantly compared to the ow exposed to magnetic
�elds that continuously a�ect it. At equal magnetic �eld switch-on a nd switch-o�
time intervals, the intensity of the ow and its topology remain pract ically un-
changed in the examined range of these intervals. In the discontinuous alternatve
mode, when the travelling magnetic �eld is switched o� at the moment when the
rotating magnetic �eld is switched on and vice versa, the topology ofthe metal
ow in the crucible becomes more symmetric than in the case of the continuous
and simultaneous application of travelling and rotating magnetic �elds.
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