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INTRODUCTION. Induction furnaces that ensure contact less control of electromagnetic (EM)
alloy stirring, temperature and free surface shape are widely applied in metallurgical industry.

In great induction crucible furnaces (ICF) the melt is usually covered with slag layer that acts
both as a thermal and chemical insulator. Free surface deformations might cause slag
displacement and lead to undesirable contact between the melt and atmosphere accompanied with
chemical reactions and thermal losses.

In case of higher power densities, e.g. induction furnace with cold crucible (IFCC), the EM
pressure squeezes the melt and semi-levitation is achieved. In this instance the melt is fully
abutted upon the skull. Moreover, for reactive alloys of high purity the furnace design leads to
complete alloy levitation in a non-reactive atmosphere. In the same time the behaviour of free
surface might be notably unsteady due to operational parameter change, mean flow instabilities
and high values of turbulence kinetic energy.

Mass transfer processes in induction furnaces considering free surface [1], as well as,
phenomenon of EM levitation [2], are actively studied numerically.

Since the problem of free surface shape control appears to be significant for processing of
metallic materials, the development of models for free surface dynamics calculation remains
relevant.

In the recent work the model for free surface dynamics calculation in simplified two-
dimensional (2D) axisymmetric [3], as well as, in three-dimensional (3D) [4] consideration was
developed. The calculation was arranged by means of ANSYS Classic for EM problem,
ANSYS/CFX for hydrodynamic (HD) problem and their external coupler (V. Geza, UL). Volume
of Fluid (VOF) numerical technique and k-@ SST turbulence model were applied for high
Reynolds number two phase flow calculation. Due to the low magnetic Reynolds number the EM
and HD parts of the complicated magnetohydrodynamic (MHD) problem were solved sequently,
considering only the change of free surface shape reciprocal interaction with the change of EM
field distribution. Moreover, because of much greater inertia times of melt in comparison to the
alternate EM field timescale, only the steady part of the Lorentz force was taken into account.

The verification of free surface oscillation period T in case of small amplitude deviation
according to analytical formula from [5] approved 2D and 3D model accuracy.

In this paper the further model verification and calculation results are discussed.

MODEL VERIFICATION. Experimental measurements for meniscus heights above initial
filling (E. Baake, 1992) in laboratory scale ICF (furnace description can be found in [4]) were
used for the further 2D model verification. The experimental setup consisted of steel crucible (ore



= 1.43-10° S/m), copper inductor (ocy = 50-10° S/m) with 12 turns and Wood’s metal (pwm =
9400 kg/m3, owm = 1-10° S/m, twm = 4.2 mPa-s) as melt.

The calculations were performed for inductor current frequency of f = 330 Hz (dgw = 2.8 cm)
and several current values. Fine mesh with typical element size of 0.3 cm was used for HD part
of the problem.

Calculated quasi steady state velocity pattern (left) and Lorentz force density distribution
(right), as well as, meniscus shape in comparison to the experimental data of meniscus height
above initial flat free surface are presented (Figure 1). Experimental measurements are marked by
black ticks, while ticks vertical lines correspond for the given measurement errors due to the
turbulence and mean flow instability that caused free surface fluctuations.

As it was expected, enhancing current caused greater free surface deformation, as well as,
intensified the flow.
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Figure 1. Quasi steady state flow pattern (left), Lorentz force density distribution (right) and
meniscus shape calculated with 2D hydrodynamic (1) and hydrostatic (2) model in comparison to
experimentally measured meniscus heights above initial filling (black ticks) in laboratory scale
ICF for (a) - les = 1753 A; (b) - les = 2020 A; (C) - lef = 2262 A; (d) - lef = 2464 A.
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In the (a) calculation with the least inductor current the meniscus height above initial filling
appears to be 30 % lower rather than it was measured in experiment. Investigation of discrepancy
causes is in process, however, for the rest of calculated series meniscus heights above initial
filling appear to be in good agreement and below the measurement error.

Significance of flow pattern contribution to the free surface shape is marked by the worse
hydrostatic [3] meniscus agreement with experimental measurements and hydrodynamic model
calculation (Figure 1).

The proper model verification required a comparison between the calculated free surface and
experimentally measured meniscus profile. For this purpose experimental measurements of
aluminum melt (pa = 2375 kg/m®, on = 3.6:10° S/m, ua = 1.29 mPa-s) free surface shape in
laboratory scale IFCC were used [6].

The furnace consisted of copper crucible wall divided on 26 sections with a short circuit ring in
the lower part, unsectioned copper bottom and copper inductor with five turns (Figure 2).
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Figure 2. Geometry of laboratory ~ Figure 3. Mesh for EM Figure 4. Mesh for HD
scale IFCC with 26 sections. calculation for one section. calculation for one section.
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Figure 5. Quasi steady state free surface shapes and flow patterns of aluminum melt in IFCC
for different initial fillings IF in respect to inductor height and inductor effective currents ¢
(@) - IF =46%, les =3154 A;  (b) - IF =65%, les = 1929 A; (C) - IF =65%, ler = 2956 A;
(d) - IF =65%, l¢s =3566 A; (e) - IF =87%, l¢ = 3789 A.



On account of the symmetry of the setup the EM calculation was performed for one section
considering azimuthal inhomogeneity of EM field due to the sectioned crucible (Figure 3). Air
gap of 1 mm was ensured between the melt, the bottom and the crucible walls due to the great
electrical resistivity of the skull that appears in the regions of contact between the melt and water-
cooled crucible. Furnace operational frequency of f = 9865 Hz ensured highly pronounced skin-
effect with characteristic EM penetration depths of dc, = 0.7 mm and d = 2.7 mm for copper and
liquid aluminum accordingly.

Meanwhile, the HD calculation was performed on a mesh with one element resolution of
section in azimuthal direction that ensured azimuthal averaging of EM force for 2D
approximation (Figure 4).

The comparison between the measured and calculated free surface shapes of aluminum melt in
IFCC for different initial fillings and inductor effective currents (Figure 5) revealed good
correlation between the model prediction and experiment.

EM LEVITATION. In case of EM levitation due to the prominent skin-effect (dgy = 2.3 mm)
great Lorentz forces are distributed in the very narrow alloy volume adjoining the free surface.
On the other hand, for VOF technique it is absolutely normally that the interface is smeared over
2 to 3 mesh elements. For particular combination of physical phenomena and its numerical
treatment, Lorentz forces appear to be acting on the air adjoining the free surface that cause
unphysical acceleration of light fraction. Because of air small density (par = 1 kg/m®) in
comparison to the density of alloy (paioy = 9400 kg/m3), this leads to dramatic increase of the

Courant number and the crash of whole calculation.
Copper inductor

Lower ind. Ief 40kA, p=0
Upper ind. Ief 24kA, p=m
Frequency 50 kHz
Levitating drop

|
Alloy density | 3400 kg/m3
Surface 0.4 N/m
tension
Dynamic 0.0042 Pa-s
V1Scosity
Conductivity 109 S/m

Initial conditions for drop
* Spherical shape (1, = 4 mm)
* Zero velocity

Figure 6. Geometry and parameters for numerical experiment of droplet levitation.

Numerical difficulties were technically solved in the following way. After each loop of coupled
HD and EM calculation, Lorentz force distribution that corresponds to the new free surface shape
is used as updated mechanical momentum source and initial flow conditions at the beginning of
each loop in VOF calculation are used from the previous cycle. As the influence of air movement
on the free surface dynamics is negligible it was considered to initialize the air velocity field with
the alloy velocity pattern. This means that in regions where exist only one phase the air is
initialized with zero velocity, meanwhile, in mesh elements containing both phases the air gains



velocity of alloy. Such technical trick allowed to perform a stable free surface dynamics
calculation for the case of 2D electromagnetic levitation.

A system of two inductor turns and alloy drop at initial conditions of spherical shape and zero
velocity was considered (Figure 6). The aim of 2D numerical experiment was to entrap the alloy
and obtain a stable levitation. The design of setup and operational parameters were not adopted
from any experimental data, as well as, were not optimized and this is the reason for exaggerated
inductor current values used.

A fine timestep of 0.1 ms for Lorentz force recalculation due to the free surface shape change,
as well as, fine space discretization of 0.1 mm both for EM (den = 2.3 mm) and HD calculation
was applied.

The first calculation results of the levitating drop in 2D axisymmetric consideration are
obtained (Figure 7).

Initial disbalance between gravity and EM forces causes the drop to move down for the first 40
ms of calculation. The laminar flow (Re = 700) rapidly develops and one torroidal vortex with
downward velocity on the drop symmetry axis is generated. During vortex formation the drop
stretches twice in axial direction, however, reaching the quasi steady state the free surface gains
characteristic “spinning-top” shape and axial and radial dimensions remain comparable.

0ms 40 ms 60 ms 80 ms

Figure 7. Instantaneous velocity pattern (left), Lorentz force density distribution (right) and free
surface shape of levitating drop obtained with transient calculation of 2D hydrodynamic model.

On the ground of experimental measurements in single frequency EM levitation melting device
[1] the model will be expanded on 3D and its verification will be performed in the nearest future.



3D MODEL. Experimental monitoring of the HD movement of melt, as well as, free surface
dynamics indicated on the lack of axial symmetry in physical process. This means that model
formulation in 2D with forbidden azimuthal mass transfer provided a priori incomplete results.
The formulation of coupled full 3D hydrodynamic and 3D electromagnetic calculation of free
surface dynamics of melt in ICF formed the further step of research.

The same as in 2D axially symmetric consideration, numerical calculation is arranged by
means of ANSYS Classic for 3D EM calculation, ANSYS/CFX for 3D HD VOF calculation and
their external coupler. Detailed description of the 3D model implementation, as well as, 3D
model calculation results of free surface dynamics of melt in ICF were given previously [4].

It was shown that the instability of HD flow
(Figure 8) led to continuous reallocation and
deformation of two torroidal vortexes that caused
redistribution of dynamic pressure on the free
surface and led to free surface strain. Meanwhile,
due to the skin effect (dgy = 2.6 cm), Lorentz forces
are distributed in the narrow volume of melt next to
the crucible. Slight change of free surface shape in
the crucible wall region had a rapid response on the
Lorentz force distribution and the flow pattern.

According to results of numerical calculation,
such reciprocal interaction led to development of :
free surface perturbations that traveled along the Figure 8. HD flow asymmetry leads to
crucible wall and were in good qualitative upward flow along the walls and causes
agreement with experimental observations [5]. free surface perturbations.

It must be mentioned, that the spiral inductor in
EM part of the problem was considered as 11
separate turns with gaps for application of EM
boundary conditions. Presumably, the mentioned
above inductor gap introduced the symmetry plane
that had the tendency to absorb the azimuthal
propagation of free surface perturbations.

Therefore, on the basis of the laboratory scale
ICF experimental setup [4] with crucible inner
radius of 15.8 cm and 70 % of melt filling in
respect to the inductor height, as well as, using
spiral inductor model (Figure 9) and applying
effective inductor current of I =3 KA at frequency
of f = 385 Hz, the free surface dynamics calculation
for the next 12 s of flow is performed using the Figure 9. EM model of spiral inductor.
previously calculated flow as initial conditions.

The instantaneous velocity patterns on the XZ crosssection, as well as, free surface shapes,
shifted upwards for convenient representation, are presented (Figure 10, a).

For particular case of l¢ =3 kA the mean flow is not sufficiently intensive and despite its
instability it can be noticed that the meniscus height above initial filling and meniscus shape in
general remain steady. Meanwhile, azimuthal propagation of waves near the crucible wall still
can be observed.
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Figure 10. Instantaneous velocity patterns on the XZ plane and free surface shapes obtained
by 3D hydrodynamic model transient calculation in case of
(@ -lg=3kAandf=385Hz, (b)-l¢s=>5KkA andf=2385Hz.



The calculation for the next 9 s of flow with enhanced inductor current of l¢ = 5 kA at the same
frequency of f = 385 Hz is performed and instantaneous velocity patterns on the XZ cross-
section, as well as, free surface shapes illustrate the dynamics of the process (Figure 10, b).

As expected, greater inductor current initiates greater free surface perturbation and quasi steady
state meniscus height, as well as, intensifies the flow.

Besides that the mean flow appears to be highly unstable and fluctuating. Upper and lower
torroidal vortexes periodically reallocate and contribute to meniscus staggering.

More detailed investigation of numerically observed free surface instabilities is on top of the
day.

CONCLUSIONS. The comparison of simulation and experimental measurements for meniscus
heights above initial filling in laboratory scale induction crucible furnace, as well as, comparison
of model calculation and experimental measurements for free surface shapes in induction furnace
with cold crucible, revealed good correlation and approved accuracy of developed model.

It was shown recently [4] that free surface oscillation period obtained with two-dimensional
and three-dimensional models is in good agreement with analytical estimation, however,
experimental data for free surface dynamics is still required.

By means of approach modification a step forward was made in application of two-dimensional
model for the case of electromagnetic levitation and the first calculation results are obtained. On
the ground of experimental measurements in single frequency electromagnetic levitation melting
device [1] the validity of levitation results forms the further plans of research.

Three-dimensional calculation results of free surface dynamics sketch an interesting
phenomenon of free surface wave propagation along the crucible wall. Moreover, calculations
with greater inductor current revealed periodic meniscus staggering on account of intensive mean
flow instability. Application of LES turbulence description with finer time and space
discretization forms the further step of research and expected to lead to valuable physical results.
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