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ABSTRACT

Electromagnetic stirring provides an attractive approach to
control the melt flow in metallurgy and crystal growth.
Recently, the combination of rotating and travelling
magnetic fields has received much interest. While the
laminar flow driven by the individual fields is well
investigated, the turbulent regime and the effects of
superposition are largely unexplored. The paper presents
numerical simulations for different combinations of
rotating and travelling fields. The numerical model is
based on the low-frequency/low-induction limit and
employs a spectral element—Fourier method for spatial
discretisation. Our results indicate that a travelling field
superimposed to a rotating magnetic field leads to an
intensification of swirl and secondary flow on one side,
opposed by an even more significant breaking effect on
the other side. A direct numerical simulation performed
for stronger forcing revealed a similar scenario for the
turbulent case.
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INTRODUCTION

Electromagnetic stirring is widely used to control the melt
flow in metallurgy and crystal growth, although the
objectives are rather different. In crystal growth processes
one intends to enhance the convective transport while
maintaining a stable laminar flow. In metallurgical
applications the focus lies on the efficient mixing of the
melt, which implies that the flow is usually turbulent.

Among the variety of oscillating magnetic fields, two are
of particular interest for stirring, namely the rotating
magnetic field (RMF) and the travelling magnetic field
(TMF). Similar to an induction motor, an RMF generates

a swirling motion in the melt. The effect of a TMF can be
compared with a linear motor. The base flow driven by a
TMF in a finite cylinder can be characterised by a single
toroidal vortex.

Although rotating and travelling fields have been routinely
used in industrial applications (Tsavaras and Brody, 1984,
Davidson, 1999, Spitzer and Pesteanu, 2000), the physics
of the induced flows is not yet fully understood. Various
studies dealt with the properties and stability of the
laminar flow driven by an RMF (Gelfgat and Priede,
1995, Davidson, 1999, Grants and Gerbeth, 2001-2003) or
TMF (Ramachandran et al., 2000, Grants and Gerbeth,
2004, Yesilyurt et al., 2004), respectively. The nature of
the turbulent flow regimes is largely open. So far, we are
aware of only one study providing details on the
transitional and weakly turbulent flow driven by an RMF
(Stiller, Frana and Cramer, 2006).

Several authors investigated the influence of a rotating
field on the solidification of metal alloys. Roplekar and
Dantzing (2001) and Willers et al. (2005) demonstrated
that the application of an RMF can promote the columnar-
to-equiaxed transition in binary alloys. Unfortunately, the
topology of the secondary flow and the occurrence of
Taylor-Gortler (TG) vortices cause some unfavourable
side effects such as macrosegregations as well as layered
substructures in the peripheral region of the alloy
(Nikrityuk et al., 2006). In order to eliminate these
drawbacks, the application of travelling and superimposed
fields is under consideration.

This paper presents a numerical study of the flow induced
by the superposition of travelling and rotating fields for
the case of a cylindric geometry. To understand the main
effects, the laminar flow was investigated for combi-
nations with differing intensities of the individual fields.
For one case, the turbulent flow resulting at higher forcing
was studied by means of direct numerical simulation.

MATHEMATICAL MODEL

Configuration

We consider the isothermal flow of an electrically
conducting fluid in finite cylinder with diameter D =2R
and height H. The flow is driven either by an RMF, a
TMF or a combination of both (see Fig. 1 for a sketch).
Practical applications of stirring use low-frequency fields
and are characterized by relatively small fluid velocities.
Therefore, it is appropriate to adopt the low-frequency /
low-induction limit, in which shielding effects and flow-
induced electric currents are negligible.
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Figure 1: Geometric configuration and applied fields.

Electromagnetics

Rotating magnetic field
The RMF is characterized by the induction

Br = Bg[cos(p —wr1)e, —sin(p— a1, ] (1

and the current density
Jr =0(Ex —Vy) 2
where
Er = oy Brrcos(p—wgt)e,
is the induced electric field and
Z 2J,(4,r/R)sinh(4,z/R
q)R:wRBRZ 21( 7/R) sinh( )
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the electric potential, J; is the Bessel function and the 4,
are the zeros of J' (Gorbachev et al., 1974).
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Travelling magnetic field

We restrict ourselves to long-wave TMFs (kH<<1), for
which according to Grants and Gerbeth (2004)

B = Br[§krsin(p — wrt)e,, +cos(p — ort)e, ] 3)

and
it =S owBrrsin(kz - axt)e,, - 4)

Lorentz force

The electromagnetic body force resulting from the super-
position of a rotating and a travelling field is given by

f=jg xBg +(jg xBr +jr xBg) + jp xBy =fg +fg +f; .
The contributions of the individual fields, fr and fr_can be
decomposed into a mean part and a fluctuation part with
the double angular frequency, 2wr and 2wr, respectively.
Typically, these frequencies are much higher than the
characteristic frequency of the flow, wg=up.c/R. Hence,
the corresponding forces can be approximated by the
average over one period of oscillations:
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with the shape function
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The third contribution, fg, emerges from the interaction of
each field with the currents induced by the other one. The
resulting body force oscillates with the combination
frequencies wr*wr. In the scope of this work we assume
that the difference between wy and wr is still large in
comparison with ey such that fg can be neglected.

fr

Flow equations

Using the scales R*v, R, VIR, and pvz/R3 for time, length,
velocity, and body force, the flow equations can be
written in non-dimensional form as

V-u=0 (3)
OU+V-uu=-Vp+VUu+ fre, + fre, )
with the body forces
fR:Ta}"¢(l’,Z’]’l) (10)
fr :%Frz (11
where & = H/D is the aspect ratio,
2 p4
Ta :M 12)
2pv
the magnetic Taylor number of the RMF and
F = TBkR (13)
4pv

the forcing parameter of the TMF.

NUMERICAL METHOD

All numerical simulations presented here are based on the
spectral element — Fourier spectral code semtex developed
at CSIRO Melbourne by H.M. Blackburn. The underlying
discretisation method employs quadrilateral nodal
elements in the meridional semi-plane, coupled with
trigonometric expansions in the azimuth. For details of the
method we refer to (Blackburn and Sherwin, 2004). The
implementation of the Lorentz forces for rotating and
travelling magnetic fields was verified by comparison
with the linear stability analysis provided by Grants and
Gerbeth (2002, 2003).

RESULTS

Laminar flow

Figure 2 shows the axisymmetric flow that is generated by
an RMF (left) and by a TMF (right) in a cylinder of aspect
ratio one. In both cases, the forcing parameter is chosen
approximately 20% below the linear stability threshold,
Ta,= 123200 and F_= 120400, respectively (Grants and
Gerbeth, 2002, 2003). The interaction of the RMF-driven
swirling flow with the vertical boundaries leads to the
formation of Bodewadt (or Ekman) layers, which drive a
meridional secondary flow consisting of two toroidal
vortices. In case of the TMF, the base flow represents a
single toroidal vortex moves the fluid upwards at the rim
and returns it through the centre of the cylinder.



(a) Flow driven by a rotating magnetic field at Ta = 10°. Left side: (b) Flow driven by a travelling magnetic field at F= 10
streamlines in the meridional semi-plane, colour indicates  streamlines and magnitude of the vertical velocity component.
magnitude of vertical velocity (blue downward, red upward).

Right side: Magnitude of azimuthal velocity.

Figure 2: Laminar flow driven by a rotating field (a) and by a travelling field (b).

(a) Ta = 100000 (b) Ta = 50000 (¢) Ta = 25000

Figure 3: Flow driven by a superposition of a travelling field with F = 10° and a rotating field with varying intensity.

(a) Snapshot of the RMF-driven flow at Ta = 10°. (b) Snapshot of the TMF-driven flow at F = 4x10°.

Figure 4: Turbulent flow driven by a rotating field (a) and by a travelling field (b). Colour indicates the magnitude of
azimuthal velocity, vectors depict the meridional velocity.



The magnitude of velocities induced at near-critical condi-
tions by the RMF exceeds that induced by the TMF by a
factor of approximately three. Therefore, it is not surpri-
sing that flow generated by the superposition of both
fields is dominated by the effect of the RMF (Fig. 3(a)). In
Figures 3(b-c) the intensity of the rotating field was
reduced to Ta=5x10 and 2.5x10°, respectively. In the
latter case, the velocities induced by the individual fields
are comparable. The primary effects of the superposition
of the travelling with the rotating field are the following:
First, the swirling motion of the fluid is intensified in the
upper part of the cylinder. The upward motion forced by
the TMF near the rim leads to an enhanced vertical
transport of angular momentum, which is produced mainly
in the middle part of the cylinder. As a consequence, the
maximum of the azimuthal velocity is shifted from the
middle section into the Bodewadt layer at the upper lid.
This effect can be of interest for the control of
solidification processes. In addition, the meridional flow
intensifies locally. The peak values of the axial and radial
velocity components increase from 14 to 34 and 30 to 50
percent of the azimuthal velocity. At the same time the
flow is significantly decelerated in the lower part of the
cylinder.

Turbulent flow

In metallurgic applications of electromagnetic stirring, the
turbulent regime is usually preferred, because it provides a
better mixing of the melt. However, except for the case of
an RMF (Stiller, Frana and Cramer, 2006), the turbulent
flow induced by alternating magnetic fields is scarcely
investigated. In this study, direct numerical simulations
(DNS) were carried out for an RMF with Ta = 10°, a TMF
with F =4x10° and the superposition of these fields. The
computations employed a non-equidistant grid of 25x50
elements with a polynomial degree of 11, and 128 planes
in the azimuthal direction (approx. 20 million DOF per
variable). The corresponding grid resolution varied from
A*<0.21 at the walls to A" <3.5 in the core region (in
viscous units).

Figure 4(a) depicts a snapshot of the flow driven by the
rotating field. Except for the Bodewadt layers and the
effect of large-scale fluctuations, the swirl distribution is
almost homogeneous in the axial direction. In previous
studies (Frana, Stiller and Grundmann, 2005, Stiller, Frana
and Cramer, 2006) it was shown that, apart from
oscillations of the rotation axis, Taylor-Gortler (TG)
vortices represent the major turbulence mechanism in the
RMF-driven flow. Both mechanisms are present also in
the snapshot shown in Fig.4(a). In a recent work
Nikrityuk, Eckert and Grundmann (2006) demonstrated
that the presence of TG vortices leads to a dramatic
improvement of the mixing efficiency.

Figure 4(b) shows a snapshot of the velocity field for the
travelling field. Here, the main flow consists of two
toroidal vortices, as opposed to only one in the laminar
case (compare Fig.2(a)). The inspection of further
snapshots revealed that this configuration is only one in a
sequence of flow patterns with different topologies. While
the detailed investigation of this process is still in
progress, it can be stated that the turbulent flow driven by
the TMF is far less regular than in case of the RMF. The
peak velocities in the TMF reach about one half of those
in the RMF, whereas the turbulent kinetic energy is of the
same order.

Figure 5: Snapshot of the turbulent flow for Ta = 10° and
F = 4x10°. Colour indicates the intensity and direction of
azimuthal flow, vectors the meridional flow.
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Figure 6: Average velocity at Ta = 10° and F = 4x10°. For
caption see Fig. 2(a).

Figure 7: Vortices visualised with the 4, criterion (Jeong
and Hussain, 1998).



Finally we consider the superposition of the fields. The
snapshot shown in Figure 5 resembles the RMF-driven
flow, but reveals similar superposition effects as in the
laminar case (Fig.3(c)). The mean flow distribution
depicted in Fig. 6 confirms the expected redistribution of
angular momentum towards the top of the cylinder. The
maximum of the azimuthal velocity is again located in the
Bodewadt layer, which is considerably thinner than in the
laminar case. Figure 7 illuminates the vortex structures
associated with the turbulent velocity fluctuations. In
comparison with the pure RMF-case (Stiller, Frana and
Cramer, 2006), the superposition of the TMF does not
introduce any new structures. Instead, the number of
Taylor-Gortler vortices — and thus the turbulence intensity
— is increased in the upper part of the cylinder, whereas it
is significantly reduced in the lower part.

CONCLUSION

The flow driven by rotating and travelling magnetic fields
was studied under the assumption that the influence of the
temporally varying part of the Lorentz force is negligible.
The imposition of a pure RMF always generates a
homogeneously rotating main flow. In contrast, the TMF-
driven flow exhibits a regular structure only in the laminar
case. When superimposed on the rotating field, the TMF
causes an intensification of swirl, secondary flow and
turbulence in one half of the cylinder and damps the flow
in the other half. The reason for these effects is seen in the
enhanced transport of angular momentum that is produced
in the middle region towards one of the lids. The results
suggest that a better control of unidirectional solidification
processes can be achieved by a tailored combination of
rotating and travelling fields. Of course, this question can
be finally resolved only by means of experimental
investigations. Future work should also address the effects
of non-stationary forcing that can be expected when the
frequencies of the superimposed fields are close to each
other.
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