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In this work, the flow of Wood’s metal alloy and its free surface dynamics in an exter-
nal electromagnetic field of an axially symmetric induction crucible furnace is studied.
Applying the ANSYS modelling features, a 2D model for phase surface dynamics caused
by inductor switch on is developed and current and frequency affect on the dynamics is
discussed. The model is verified by free surface steady state result comparison to other
models and appropriate experimental data. On the basis of the obtained results the
analysis of steady state free surface dependence on the inductor current and frequency
is performed.

Introduction. One of the overriding issues of metallurgical industry is to
provide metallic materials of enhanced quality and refined engineering specifica-
tions (resistance to corrosion, mechanical, electrical characteristics, etc.), reducing
alongside energy demands and expenses, increasing productivity and ecological
compatibility. In this context, induction crucible furnaces (ICF), which ensure
contactless control of alloy stirring, overheating and free surface shape, are widely
applied. Resulting material properties are usually varied by appropriate additive
amounts and, in this respect, it becomes essential to be able to insulate the alloy
from undesirable admixtures found in atmosphere and ceramic crucibles. For in-
stance, in big industrial furnaces the melt free surface is usually covered with a slag
layer, which appears to be both a thermal and a chemical insulator. Significant
change in furnace operational current or frequency values may lead to free surface
perturbations and undesirable contact between the melt and the atmosphere ac-
companied by chemical reactions and thermal losses. Moreover, severe switches
may even cause the alloy to splash. In some cases, it is essential to reach high
overheating temperatures, and, consequently, thermal energy losses upon thermal
conduction through the crucible, and melt contact regions should be reduced by
increasing the free surface area (Fig. 1a). For especially pure alloys, the unique
furnace design leads to melt levitation and, in this case, the contact between the
crucible walls and the alloy is obviously forbidden (Fig. 1b). All the above men-
tioned clarifies that with such type of furnaces the behaviour of the meniscus shape
also might be slightly unsteady due to furnace parameter changes and turbulent
hydrodynamic (HD) oscillations that proves the necessity for precise prediction
and manipulation ability of the free surface. In this work, a model for phase
surface dynamics calculation in 2D axially symmetric consideration is developed
and verified by comparison of the quasi steady state meniscus to other models
and to appropriate experimental data and by validation of free surface oscillation
frequency.
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(a) (b)

Fig. 1. (a) Typical surface deformation in the induction furnace with a cold crucible
[3] and (b) melt levitation.

1. Former research. The Lorentz force density fEM, which arises as a
result of the interaction between an external alternating magnetic field and induced
currents can be split into two parts:

fEM =
1
μ0

· (∇× B) × B =
1
μ0

· (B · ∇) · B−∇ · B2

2μ0
, (1)

where B is the magnetic field induction, fWH = μ0
−1(B · ∇) ·B is a whirling part

of the force, which initiates HD stirring, and fPOT = (2μ0)−1∇ · B2 is a potential
part, which gives an expression for the electromagnetic (EM) pressure pEM:

pEM =
B2

ef

2μ0
=

B2
ampl

4μ0
, (2)

where Bef and Bampl are, accordingly, the effective and the amplitude values of
the alternating magnetic field induction.

Varieties of articles are devoted to steady state meniscus shape calculations for
the ICF [1]-[2] in hydrostatic consideration taking into account only the potential
part of the Lorentz force and neglecting the whirling part, which corresponds to
recirculating alloy movement. The hydrostatic steady state free surface in the first
approximation is calculated as a constant pressure surface considering hydrostatic,
surface tension and electromagnetic pressure (Eq. (2)) contributions, where the
latter is derived from the potential part of the Lorentz force (Eq. (1)).

A more precise steady state free surface shape model is experienced using the
full Lorentz force for calculating and considering the HD alloy movement [3]. This
model assumes that a low magnetic Reynolds number allows to split the problem
in EM and HD parts and solve them sequentially. At first, the initial free surface
is defined and, using ANSYS Classic, the EM part is solved and the Lorentz force
distribution is found. Then the steady state HD part is solved with ANSYS/CFX
using Volume of Fluid (VOF) features with the RANS k-ε turbulence model and
electromagnetic force found previously as a mechanical momentum source. Exter-
nal solver component coupling ensures an iterative approach to steady state free
surface determination.
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The second model [4] was developed in FORTRAN with an advanced VOF
algorithm and implementation of Local Height Function (LHF) that ensured better
incompressible fluid volume conservation and prevented from “numerical creation
of unphysical holes”.

The calculation of free surface dynamics is based on an assumption that for a
sufficiently small time interval the change in shape is so insignificant that during
one time step the Lorentz force distribution can be considered stationary. It is
clear that an appropriate time step must be several orders lower than the transition
process typical time scale τ . In case of surface oscillations, the oscillation period T
can be found analytically [5] using the Lorentz force assumed constant and radial
that approximately is satisfied in consideration of small amplitude oscillations.
In this simplified case, the typical oscillation period T is fully dependent on the
crucible geometry:

T = 2π

√
r0

λ1 · g · tanh
(

λ1 · h0

r0

)
, (3)

g is the acceleration of gravity, r0 is the crucible inner radius, h0 is the initial
melt filling, and λ1 is the Bessel function J1 solution. Approved correlation with
experimental data is obtained for Eq. (3) [5].

2. 2D hydrostatic steady state free surface model. The steady state
meniscus shape in the ICF is formed by an external alternating magnetic field and
it is clear that the shape of the conductive alloy affects the field distribution too,
in particular, when δEM � r0. δEM is the EM field typical penetration depth,
which can be calculated as

δEM =

√
2

ωμ0σalloy
, (4)

where σalloy is the specific conductivity of the alloy, ω is the inductor current
angular frequency and μ0 is the magnetic constant. Such reciprocal interaction
determines the necessity for an iterative method for free surface calculation.

In hydrostatic consideration, it is assumed that the HD alloy movement has
an insignificant effect on the free surface shape, so the whirling part of the Lorentz
force is neglected (Eq. (1)). Assuming that the steady state free surface has a
constant pressure, the meniscus shape in one iteration can be obtained from the
hydrostatic, electromagnetic and surface tension pressure equilibrium:

ρgz(r) = γ

(
1
r1

+
1
r2

)
+ pEM(r) (5)

where γ is the surface tension coefficient and r1, r2 are the local curvature radii
of the free surface.

EM calculation in one iteration is performed on a fixed structured mesh with
refinement near the free surface and crucible wall regions. It is ensured that at
least five mesh elements resolve the EM field penetration depth δEM.

The model is based on a developed algorithm that each iteration moves dis-
crete free surface nodes upwards and downwards according to the free surface
equation (Eq. (5)), hence, one radius value r must match only one free surface
value z. This imposes restrictions to a variety of cases to be considered.

An axially symmetric single-phase ICF with a Wood’s metal conductive alloy
is considered. The 2D axially symmetric EM field distribution for a constant
meniscus shape is calculated using ANSYS. Then the obtained electromagnetic
pressure (Eq. (2)) is used for free surface equation (Eq. (5)) solution. In the end
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tivity [106(Ω · m)−1]:
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γ = 0.42 N/m
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Fig. 2. 2D axially symmetric ICF model and steady state calculation algorithm.

of the iterative process the hydrostatic steady state meniscus shape is obtained
(Fig. 2).

3. 2D hydrodynamic model for free surface dynamics calculation.
Due to the low magnetic Reynolds number, the problem of EM and HD parts

can be solved sequentially. The calculation of free surface dynamics is performed
by means of ANSYS Classic for the EM part, ANSYS/CFX for the HD part and
for their external coupler.

The self-developed script in ANSYS Classic allows to perform 2D dynamics
calculations with ambiguous transitional free surface states, for instance, several
droplets of the alloy levitate in atmosphere and, on the contrary, air bubbles
are confined in the alloy (see results). The algorithm is based on line construction
through all imported alloy boundary keypoints (KPi). The start KP1 is connected
to the closest KP2 and then KP2 is connected to the closest “line-free” KP . The
“line-free” condition expires upon connection of KP to lines. The procedure of
KP line connection continues and, when the next closest KP appears to be the
initial KP1, the polyline closes. Such closed polyline forms an air enclosure or an
alloy droplet and the total number of such closed polylines can be varied. After
the KP filtering is performed and the whole procedure is repeated until no errors
appear, for instance, when two lines cross each other, all four KP attached to
these lines become deleted.

This affects the precision of the method, for instance, when one fluid domain
tends to separate into two and has the dumb-bell shape, it can be considered as
two already separated fluid domains.

When the alloy geometry is determined, the unstructured mesh is generated
upon completion of the electromagnetic and free surface shape calculation.
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Fig. 3. Algorithm for coupled EM and HD free surface dynamics calculation.

Conversely, ANSYS/CFX uses one structured mesh with wall and free surface
refinement. The full Lorentz force density, containing the whirling and potential
parts gained by ANSYS Classic is interpolated on a new mesh, multiplied by
element volume fraction F and used as a mechanical momentum source in the
ANSYS/CFX VOF calculation. In VOF technique, the phase distribution is de-
scribed with a scalar field F . In a particular case, F = 0 when the mesh element
is empty or contains only air and F = 1 when the element is full of the alloy.
Accordingly, when the phase surface crosses the element, 0 < F < 1. For the
phase distribution dynamics the transport equation is solved

∂F

∂t
+ v · ∇F = 0 (6)

and free surface is reconstructed as an isosurface of F = 0.5.
Using the k-ω SST turbulence model, VOF calculation of free surface is per-

formed for one sufficiently small time step, for which the change in free surface is
so small that the change in Lorentz force can be neglected. Afterwards, the new
shape of the free surface is imported in ANSYS Classic and used for recurrent
EM calculation. Such external component coupling ensures free surface dynamics
computation (Fig. 3).

A value of 1–3ms was estimated appropriate for the calculation time step,
because further time step refinement did not bring any changes in oscillation dy-
namics. In general, the calculation time step should be related to the furnace
geometry and parameter values.

4. Result validation for the steady state meniscus shape. Hydrostatic
and hydrodynamic model results for the steady state meniscus shape are compared
to other models [3]–[4] and experimental data [3] with the Fig. 2 corresponding
geometry. The effective inductor current I = 2kA, alternating current frequency
f = 385Hz and the initial crucible filling h0 = 400mm are used as input parame-
ters.

The hydrodynamic model (solid line) shows a shade better agreement with
experiment (points) rather than the hydrostatic model (dashed line); however, the
free surface deformation is insignificant if compared with the initial alloy height
h0. The relation between the meniscus height and h0 for the hydrostatic model is
below 1.3% and for the hydrodynamic model 2.6% (Fig. 4).

It was taken into consideration that ANSYS Classic works with amplitude in-
put values for the inductor current and calculates the distribution of the Lorentz
force, whereas ANSYS/CFX requests the Lorentz force density distribution as in-
put values for VOF calculation. Despite that, the model [4] has a better agreement
with the experiment. Presumably, inaccuracy might be reduced using an adaptive
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Fig. 4. Model and experiment comparison for the steady state meniscus shape.

mesh rather than a fixed one for VOF calculations. This hypothesis proof forms a
part of further plans for research. However, lack of information made it impossible
to perform full control of model [4] parameter and geometry match with experi-
ment. Building the model using an independent software like OpenFOAM would
be a good alternative for result comparison as well.

5. Steady state meniscus shape dependence on furnace parameters.
Steady state meniscus shapes were calculated with hydrostatic and hydrodynamic
models’ varying inductor I, with f held constant (Fig. 5a) and conversely Fig. 5b).
The enhancing current magnifies the EM force, which squeezes the alloy radially
and causes a greater surface deformations and free surface area growth. For the
hydrodynamic model, in the first approximation, maximum velocities are directly
proportional to I. Greater flow intensities enlarge the contribution of the whirling
part of the EM force and cause growing differences between the models’ results
(Fig. 5a).

Analysis of the meniscus deformation dependence on frequency shows a good
agreement between the models. The models also predict the existence of a par-
ticular frequency, for which the meniscus deformation is the greatest (Fig. 5b).
Also, there must be a frequency, for which the flow intensity is the greatest. The
increasing frequency squeezes out the field, and a sharp surface deformation is
obtained only very close to the crucible wall, and around the symmetry axis the
surface is flat. The decreasing frequency leads to a situation when the alloy can be
considered as absolutely transparent for the magnetic field, and B2

ampl gradients,
which cause surface deformations, do not appear on the surface.

The typical results for the quasi steady state flow pattern are illustrated in
Fig. 6. The height of the meniscus obtained with the hydrodynamic model is
greater on the symmetry axis because of the flow upward direction and corre-
sponding additional dynamic pressure. A characteristic bulge on the free surface
closer to the crucible wall obtained by VOF corresponds to the flow collision de-
termined by counter rotations of the upper and lower eddies.

It is clear that during calculation of free surface dynamics, one can come across
a variety of ambiguous flow situations: splashing and several droplets formation,
air confining and bubble appearance, etc. For precise free surface dynamics mod-
elling, the calculation algorithm must be able to deal with the cases mentioned
above.
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Fig. 5. Hydrostatic and hydrodynamic models’ results for the steady state meniscus
height or zmax − zmin and height above the initial level zmax − zinit dependence on I with
f = 385 Hz (a) and f with I = 5.1 kA (b).
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Fig. 7. Quasi steady state: force distribution and flow pattern for I = 28kA, f =
385 Hz.

In order to obtain an ambiguous free surface shape and verify the algorithm, a
numerical experiment with the same geometry, but exaggerated inductor current
(I = 28 kA) was performed. A quasi steady state of melt semi-levitation with
low amplitude and frequency free surface oscillations was obtained and the flow
pattern at a particular time moment is shown in Fig. 7. In this case, insufficient
mesh refinement in the region of great volume forces near the free surface leads to
inaccurate representation of the velocity vector direction – unparallel the surface.

One steady state calculation was performed on two kernels with a typical
frequency of 2 GHz. EM and HD calculations were performed on different meshes
with about 20 000 elements and took 24 hours. The calculation time significantly
grew up to several days for the free surface dynamics calculation, because the
greatest part of the calculation time was used for ANSYS component loading at
each time step.

6. Results on free surface dynamics. A time interval after inductor
switch on is considered and it is assumed that before some initial time moment the
crucible already contains a liquid alloy and there is no current in the inductor. For
t ≥ 0 s, the current momentary reaches the maximal value. Three configurations
are considered: a basic case with I = 5kA and f = 385Hz (Fig. 8b), a case with
an enhanced current – I = 8 kA and f = 385Hz (Fig. 8a) and a 10 times enhanced
frequency – I = 5kA and f = 3850Hz (Fig. 8c).

For convenience, free surface states of particular inductor current and fre-
quency are normalised to the maximum surface oscillation amplitude obtained for
a particular configuration. Hence, maximum surface oscillation amplitudes for the
considered cases are the same.

For a particular geometry, the steady state shape is reached faster for the
basic case (I = 5 kA and f = 385Hz). Other cases took more time to reach the
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Fig. 8. Normalised free surface states at different time moments for (a) I = 8kA,
f = 385 Hz; (b) I = 5 kA, f = 385 Hz; (c) I=5 kA; f=3850 Hz.

steady state, because the enhanced current leads to a greater initial perturbation
and enhanced frequency, due to the signified skin effect, concentrates mechanical
momentum sources in a wider alloy layer that, in turn, leads to a slower flow
development.

In case of stronger current, a greater oscillation amplitude leads to alloy
splashing and appearance of air enclosures or bubbles (Fig. 8a; I = 8kA, f =
385Hz; t = 1.34 s). In further calculations, these bubbles disappeared before
crossing the free surface. The flow pattern enforces the bubble to move away from
the symmetry axis and in axisymmetric consideration the bubble gains a toroidal
shape. The bubble moves towards the crucible wall, and mass conservation ensures
the decrease of the toroid cross-section. When the toroid cross-section becomes
comparable to the mesh element, the bubble determination error becomes com-
parable to the method accuracy. In this case, the bubble is not represented that
leads to bubble unphysical disappearance.

Discrepancies in free surface oscillation amplitudes and typical oscillation pe-
riods are obtained by tracing the maximum height of the free surface point located
on the symmetry axis (Fig. 9a). The term maximum appears to be essential for
unambiguity when air bubbles are obtained on the symmetry axis.

Analytical estimation of the characteristic oscillation period according to Eq. 3
gives the value of Ttheor = 0.41 s, which is in good agreement with the calculated
period Tcalc = 0.39 . . . 0.40 s (Fig. 9a). Obviously, for small amplitude oscillations,
the period T is mainly defined by geometry and filling. Possible reasons for period
discrepancies can be explained by the Lorentz force dependence on the meniscus
shape that in the analytical estimation [5] is neglected.

Non-sinusoidal free surface oscillations with splashing and air confining are
obtained for I = 8kA and f = 385Hz. The oscillation amplitude relation to the
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Fig. 9. (a) Free surface point oscillations on the symmetry axis and the typical
oscillation period for a small model ICF, and (b) the Lorentz force distribution and flow
pattern at t = 4.0 s for the big industrial furnace .

crucible radius is over 177% and Eq. 3 cannot be applied. The oscillation line
fracture at t = 0.55 s for this case (Fig. 9a, solid thin line) corresponds to the air
bubble confinement.

Due to the less field penetration depth, for greater frequencies, the free surface
response is more sensitive to the EM field change and the EM forces are perpen-
dicular to the alloy surface. For the f = 3850Hz configuration, even small free
surface oscillations lead to a non-stationary EM force and free surface oscillations
deviate to sinusoidal (Fig. 9a, solid bold line).

Free surface dynamics was also calculated for the typical big industrial furnace
with the geometry adopted from [5] (Fig. 9b). An aluminium melt of initial height
h0 = 1.24m was poured in a ceramic crucible of diameter d = 0.87m. The
number of inductor turns N =21 and the effective current I = 2 kA at the frequency
f = 50Hz were considered.

Qualitative agreement can be traced for the normalised free surface states at
different time moments and calculation [5] (Fig. 10a).

Free surface point oscillations on the symmetry axis (Fig. 10b) allow to con-
clude that the calculated oscillation period Tcalc = 0.68 s is less than 1% of discrep-
ancy in comparison with the theoretically estimated value Ttheor = 0.676 s from
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formula (Eq. 3). Such good T agreement is mainly concerned with the fact that the
maximum surface oscillation amplitude is low – less than 4% of the initial height
and lower current frequency that leads to a more ”free surface shape independent”
EM force that better fits the Eq. 3 approximation.

Due to the inductor symmetric position with respect to the melt height, the
flow tends to its steady state with characteristic equally big torroidal vortices.
Steady state flow achievement is accompanied by damping oscillations of the free
surface. However, for this case, the free surface low amplitude non-stationarity
has a slight affect on the main flow development.

7. Conclusions.
• The numerical approach for 2D axially symmetric conductive melt free surface

dynamics calculation is formulated and verification of the surface oscillation
period approves the model accuracy.

• The stronger inductor switch-on current increases the amplitude of initial per-
turbation and the steady state meniscus height, i.e. the height of the steady
state meniscus contributes to flow pattern formation and vortex positional re-
lationship. The inductor current frequency affect on the free surface dynamics
requires further investigations; however, the decrease of the EM field penetra-
tion depth slows down the steady state achievement as well as intensifies the
reciprocal interaction between the EM field and the free surface shape that
leads to non-sinusoidal free surface oscillations.

• Great inductor currents and current frequencies signify the non-linear effects
of free surface dynamics and make impossible the application of simplified
analytical estimations for free surface dynamics description. This increases the
demand on numerical models, which are capable of providing precise solutions
for wider energy scales.

• For profound investigation of the experimental and numerical result discrep-
ancy for the steady state meniscus shape it is necessary to perform experi-
mental measurements for more significant free surface deformations.
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• The concept of external coupling for ANSYS components works, but efficiency
is low, because the time for component loading on each iteration is greater
than the calculation time itself. This fails effective model expansion on 3D
with application of computationally expensive LES.

• The HD and EM problem coupling should be performed internally, and in
this respect OpenFOAM is an attractive tool that forms the further plans for
research.
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