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Introduction
Crucible-free crystal growth methods are used to eliminate melt contamination from
crucible walls. One of them is the pedestal method (PM) – an alternative to well-
known floating zone (FZ) method. Both these methods are using high-frequency
(HF) electromagnetic heating, however in PM method, unlike FZ method, single
crystal is being pulled upwards, and the molten zone is located on a pedestal of
polycrystalline Si (see Fig. below). PM may be beneficial in comparison to FZ due
to simpler process control and lower quality requirements of the polycrystal.
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Left – a growth chamber with the crystal seed (1), copper shield (2), pedestal (3), the
MF and HF inductors (4, 5). Right – the scheme of the modelled system.

The pedestal method prohibits "needle-eye" inductors: the radius of the grown
crystal cannot exceed the inner radius of the inductor [1]. Therefore, the increase
of crystal radius leads to the risk of freezing in the centre of molten zone. To
decrease this risk, additional pedestal heating is realised using middle-frequency
(MF) inductor (see Nr. 4 in the Fig. above).

However, the heating power that can be conducted through the pedestal side is
limited (because the pedestal side should not be melted), therefore precise shape of
HF inductor is important to transfer the remaining part of necessary heat towards
the centre of the molten zone. The used inductor shape was optimized via gradient
method [2] to increase melt height HM for the cylindrical phase of processes with
different crystal diameters DC . The present work describes the improvements
of the previously developed gradient method for HF inductor optimization.

Mathematical model
Main principles. The silicon shapes are obtained in axially symmetrical approxima-
tion, using previously developed software [2], based on the models described in [3].
Only cylindrical (quasi-stationary) part of the process is considered. To calculate
induced heat of HF inductor, high-frequency approximation is used due to relatively
small skin layer depth (δ = 1.4mm for the frequency 2.6 MHz). MF induced heat,
however, cannot be approximated by surface heat density only, thus vector potential
is calculated in all volume domains [4].

HF inductor optimization. HF inductor
was assumed to have axially symmetri-
cal shape. To perform inductor optimiza-
tion, it was parametrized according to
the scheme shown in the Figure: rind

and zind denote radial and vertical coor-
dinates of the centre of inductor cross-
section, 2kind – cross-section length, cind

– curvature radius, and αind – the angle
of inclination.

rind r

z

zind

kind αind

cind

In the previous studies [2, 4], melt
height HM was selected as a target func-
tion for the optimization with gradient
method. It determines the direction of

HM increase, or ∇HM , in the phase
space of inductor parameters by running
5 additional calculations. Then it mod-
ifies the inductor shape in the direction
of ∇HM . If melt height became smaller
after the iteration, the step size of mod-
ification is reduced twice and inductor
shape is returned to the shape from the
previous iteration.

Improvement of gradient method. The
present poster shows the results of im-
proved gradient method: instead of only
HM , the following formula was used as
a traget function:

f =

{

HM if α < 0
HM · (1− α

30
) if α > 0

where α is the angle between the free
surface and vertical at the ETP, see
scheme in the Introduction. This formula
ensures the decrease of target function if
free surface bulges outwards, i.e. when
risk of melt spilling occurs.

Simulation results: 100 mm crystal
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The convergence of inductor and melt
parameters during the optimization is
shown in Fig. above. Inductor cross-
section coordinates rind and zind changed
only slightly. The improved optimiza-
tion algorithm prevented α from grow-

ing, and the total target function f con-
verged for α ≈ 14◦ and HM ≈ 27 mm.
However, changes in phase boundaries
during the optimization were very small,
see Fig. below.
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Simulation results: 60 mm and 46 mm crystals
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In both cases, α converges to zero, see
Fig. above, while changes of HM are sub-
stantial only for the 60 mm crystal. The

changes in phase boundaries are more
pronounced than in case of 100 mm crys-
tal, see Fig. below.
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Conclusions
– The HF inductor optimization in the
system with 100 mm crystal had been
started from the state close to local min-
imum, therefore changes in parameters
during the optimization were very small.
– When α < 0, the optimization algo-
rithm maximizes HM , and α increases

due to heat flux redistribution towards
melt centre and due to increased zone
height. The improved algorithm dimin-
ishes α, if α > 0. Therefore, the im-
proved algorithm is more useful than the
previously proposed one for the predic-
tion of optimal HF inductur shape.
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Introduction

Results and discussion

Methods

The fluid flow within the mold is of great importance

because it effects many complex metallurgical phenomena,

including heat transfer, solidification, particle transport and

capture, etc. which are closely interrelated and can influence the

creation of various defects such as cracks and slivers.

M-EMS has been shown to be one of the most effective

countermeasures to improve the molten steel flow. Under this

condition, some process parameters, such as the installation

position of stirrer, EMS current, etc. should be selected

reasonably to reveal the optimal metallurgical effects.

     

Conclusion
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Fig. 1 Schematics of the calculation model: 

a) electromagnetic simulation, b) fluid simulation. 

Fig.2 Schematics of stirrer position: a) Case 1, b) Case 2, c) Case 3

Fig. 3 Distribution of a) magnetic flux density, b) time-average 

electromagnetic force at stirrer mid-plane with 600A/4.5Hz

Fig. 4 Comparison of velocity streamline :

a) Case no-EMS, b) Case 1, c) Case 2, d) Case 3

Fig. 5 Distribution of velocity and temperature 

near free surface: a) Case no-EMS, b) Case 1, c) Case 2, 

d) Case 3.
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(a)

(b)

(c)
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Fig. 6. Spatial variation of solidified shell thickness :

a) Case no-EMS, b) Case 1, c) Case 2, d) Case 3

Fig 7. Inclusion distribution entrapped by solidification front :

a) Case no-EMS, b) Case 1, c) Case 2, d) Case 3.
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A three-dimensional mathematical model for slab continuous

casting which coupled with electromagnetic field, flow，
solidification and inclusion transport has been developed under

different EMS positions.

When EMS is not applied, the flow field within the mold is classical double-

roll flow pattern, an almost stagnant flow and low temperature are found near the

SEN. While when EMS is applied, the flow field in the mold changes greatly, the

jet flow deviates towards the mold wide face, the distribution of velocity and

temperature change more uniform, decreasing the stirrer’s position, the

uniformity decreases.

EMS can promote the uniform growth of solidified shell especially for that of

mold narrow face, but the diagonal flow may result in the remelting of solidified

shell at wide face, decreasing the stirrer’s position, the remelting phenomenon

changes more significant, which may not benefit to the uniformity of solidified

shell. Moreover, EMS can improve the distribution of inclusion at solidification

front.

(1) The flow pattern in the mold changes significantly with the influence of EMS, a

diagonal flow pattern which is towards the wide face has generated.

(2) EMS improve the uniformity of initial solidified shell and the distribution of

inclusion at transverse plane . Upper stirrer position is favorable to the

uniformity of temperature distribution near the meniscus and initial solidified

shell.
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INVESTIGATION OF AN ELECTROMAGNETIC 

STIRRING PROCESS BY PARALLEL NUMERICAL 

SIMULATIONS IN ANSYS FLUENT AND OPENFOAM

Key problem: numerical simulation of magnetohydrodynamic (MHD) problems can be complex and computationally time
consuming; furthermore, accuracy of simulation results must be proved by experimental validations. This work aims to provide the
scientific community with new models and knowledge in the frame of numerical simulations of MHD problems: on the first hand,
application of unclassical solution methods, like PISO, PIMPLE and Coupled, was compared to the SIMPLE method, which normally
accompanies 𝑘 − 𝜀, 𝑘 − 𝜔 and LES turbulence models. On the second hand, simulations of a MHD problem aimed to compare the
commercial software Ansys Fluent®, coupled with Ansys Mechanical APDL®, with the open-source OpenFOAM, coupled with Elmer
by EOF-Library. Since the interest in the open-source software OpenFOAM is nowadys increasing, numerical results achieved with
the two software were compared.

Study subject: electromagnetic stirring (EMS) by travelling magnetic field (TMF). Laboratory-scale cylindrical vessel of plexiglass
contained GaInSn melt, which was stirred by the surrounding inductor. Supplied current was three-phase, at the frequency of 50 Hz
and maximum amplitude of 100 A. Sequence of phases went from the bottom of the setup to its top, generating a TMF with the same
direction.

Figure 1: investigation setup. The three-phase 

inductor can be noticed on the right.
Figure 2: experimental setup

Description of the mathematical model

Only the average distribution of the Lorentz force
was calculated, since its double-frequency
component was supposed to influence negligibly
the motion of the liquid flow.
Import of the Lorentz force distribution was
achieved by a self-written .txt file between Ansys
Mechanical APDL and Ansys Fluent, and with the
EOF-Library between Elmer and OpenFOAM.

Lorentz force distribution induced within GaInSn
melt showed a double peak in the bottom region,
consequence of the supplied three-phase current.
Forces were directed from the bottom to the top of
the system, and maximum amplitude of the force

was 𝐹𝑚𝑎𝑥 = 5.6 𝑁𝑚3. Peak of the force was located

at 75 mm from the bottom of the melt domain and
almost no force density was generated on the top.

Correct calculation of the Lorentz force distribution
was the first fundamental step to guardantee
correct fluid dynamic numerical simulation
afterwards: very good convergence was achieved
between Ansys Mechanical APDL and Elmer in the
electromagnetic simulation. Maximum difference

between the calculated curves was ∆𝐹𝑚𝑎𝑥= 0.3 𝑁𝑚3.
Qualitative behaviour was almost identical.

Figure 3: Lorentz force magnitude along the wall. Force 

measured in Ansys Mechanical APDL is compared with

the one in Elmer.

Figure 5b: axial velocity along the axis of the liquid GaInSn, comparison between Ansys

Fluent and OpenFOAM numerical results in transient regime.

Axial component of velocity was plotted along the axis of the melt, where the highest turbulence was expected to occur: a unique vortex was produced by the application of the TMF, which
involved 70% of the GaInSn volume. Velocity went up along the vessel wall, to recirculate downward along the center (Fig.6). Negligible velocity was calculated in the top region of the melt.

Steady-state regime: good similarity was achived between numerical results in
Ansys Fluent and OpenFOAM in 80% of the simulated cases. In both software,

maximum axial velocity calculated along the axis was 𝑣𝑚𝑎𝑥 = 8.6𝑚𝑚𝑠 , with the peak

located at 30 mm from the bottom of the vessel. In Ansys Fluent, 𝑘 − 𝜔 SST
SIMPLE turbulence model had the highest convergence with OpenFOAM.
Remarkable difference was noticed only for the 𝑘 − 𝜀 SIMPLE and 𝑘 − 𝜔 PISO
models calculated in Ansys Fluent: simulated velocity showed a maximum of𝑣𝑚𝑎𝑥 = 4.89𝑚𝑚𝑠 , located at the height of 75 mm from the bottom. Behaviour of the

flow is right now under validation by experimental activities at the Institute of
Electrothermal Processing in Hannover.

Transient regime: evolution of the flow along the axis was confirmed, as good
convergence between the two software. Turbulence models 𝑘 − 𝜀 and 𝑘 − 𝜔
showed that the fluid flow fully developed after 55 seconds and the peak of velocity
moved from a higher position of 75 mm to 30 mm from the bottom of the vessel.

Maximum velocity of 8.6𝑚𝑚𝑠 was achieved in transient LES PISO, LES PIMPLE

and 𝑘 − 𝜀 Realizable PISO models carried out in OpenFOAM and in the 𝑘 − 𝜔 SST
SIMPLE model in Ansys. Notable qualitative and quantitative difference was
noticed again in the 𝑘 − 𝜀 SIMPLE and 𝑘 − 𝜔 PISO models performed in Ansys

Fluent, which calculated a maximum velocity along the axis of 4.8𝑚𝑚𝑠 after 100

seconds of the simulation.

Figure 6: velocity contour and velocity vector field within liquid GaInSn. Comparison between Ansys Fluent and 

OpenFOAM, both in steady-state ad transient regime.

Figure 6 summarizes the results achieved with Ansys Fluent and OpenFOAM. Case a) shows the
velocity contour performed in OpenFOAM with the 𝑘 − 𝜀 SIMPLE turbulence model: highest
recirculation of velocity occurred along the axis of the melt, with a peak on its bottom region, at the
height of 30 mm. Picture b) shows the velocity vector field simulated in Ansys Fluent with the 𝑘 − 𝜀
SIMPLE model. Direction of the generated torodal vortex was evidenced, as the different distribution
of velocity compared to the one on OpenFOAM.

An electromagnetic stirring process was investigated under the application of travelling magnetic
field. Numerical simulations were performed in parallel with the commercial software Ansys Fluent
and the open-source software OpenFOAM, and their results were compared, in terms of velocity
field within the liquid GaInSn. Unclassical solution methods (PISO, PIMPLE, Coupled) were
applied, to improve the accuracy of numerical simulations of MHD problems.
Good convergence between Ansys Fluent and OpenFOAM was achieved in 80% of the simulated
cases: steady-state 𝑘 − 𝜀 Realizable and PISO, 𝑘 − 𝜔 SST SIMPLE and PISO gave the same

qualitative and quantitative results, with maximum velocity of 8.6𝑚𝑚𝑠 and a peak located at 30 mm

from the bottom of the melt. Remarkable difference was noticed for 𝑘 − 𝜀 SIMPLE model, whose

maximum velocity was 4.89𝑚𝑚𝑠 , with a peak shifted towards the top of the melt. Transient

simulations in LES, 𝑘 − 𝜀 and 𝑘 − 𝜔 confirmed the found steady-state results and calculated that
fluid flow develops after 55 seconds. Evident divergence was still remarked between the 𝑘 − 𝜔
PISO and all the other models performed in OpenFOAM.
Convergence between Ansys Fluent and OpenFOAM was completely satisfying, and the
application of unclassical solution methods opened new alternatives in the simulation of MHD
problems. This work aims to be extended to a 3D model and to validate the numerical results by
experimental activities.

Figure 5a: axial velocity along the axis of the liquid GaInSn, comparison between Ansys

Fluent and OpenFOAM numerical results in transient regime.

Pictures c) and d) show the evolution of velocity calculated with LES in OpenFOAM: a stable vortex
was calculated, whose peak moved over time towards the bottom of the melt volume. Recirculation
of the flow occurred also next to the corner of the melt. Final distribution of the flow field was equal to
the one calculated in steady-state regime.
Application of the LES model in Ansys Fluent shows, on the other hand, strong oscillations of the
flow peak along the vertical direction, which partially fits with the previously described results.
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is the velocity, is the pressure,

is the kinematic 
viscosity,

is the turbulence term calculating in
additional equation according
chosen turbulence model,

is the magnetic permeability,

is the current density,

is the scalar el. potential,

is the vector mag. potential,

is the Lorentz force.is the electric conductivity,

Note: the OpenFOAM mesh has only 3D
structure. Therefore one-cell wedge mesh,
seem as thick part of piece, was created for
2D-axisymetric OpenFOAM task. Elmer
mesh has common 2D plane mesh.
Because of this, in some cases, there may
be no joining between these grids. The 2D
mesh will be less than the 3D one. This
leads to incorrect values of forces in the
problem of hydrodynamics, because when
interpolating between these meshes, in the
first layer of the hydrodynamic mesh, values
from the air will also be taken. To solve this
problem, it is necessary to create a mesh
for the electromagnetic problem with a near-
wall layer 5 and more times less than the
first element at the wall in OpenFOAM.
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Alkaline nickel cadmium batteries are among 

the most commonly used industrial power sources. 

Therefore, the reduction of cadmium (Cd) from waste 

batteries is an urgent problem for the modern 

recycling industry. At the same time, cadmium Cd, 

being a part of the batteries, is highly biotoxic. The 

reported study describes a new ecologically safe 

(green) approach to the Cd reduction from cadmium 

oxide (CdO). 2𝐶𝑑𝑂 + 𝐶 → 𝑡℃ → 2𝐶𝑑 + 𝐶𝑂2 

The report discusses the reaction of cadmium 

reduction from cadmium oxide in a graphite reactor 

(see Figure 1, 2), where the temperature is kept below 

the temperature of cadmium boiling, by electroslag 

remelting. A ternary chloride composition, containing 

chlorides of calcium, potassium and sodium, is used 

as a slag, which allows avoiding the evaporation of 

cadmium from the reaction volume during reduction 

from CdO. As a protecting slag layer during reduction 

which takes place at 6500C, a molar ratio of CaCl2: 

KCl: NaCl 0.515: 0.0796: 0.405 with the 483 0C 

melting temperature was chosen. For morphological 

examination, the obtained products were 

characterized by electron and optical microscopy, X-

ray analysis and by energy dispersive X-ray 

spectroscopy. The presence of reduced metallic Cd 

was found (see Figure 3).  

During the reduction reaction, it was found that 

metallic cadmium accumulates with increasing reaction 

time at the bottom of the crucible under the slag layer. 

During the investigation, model experiments 

were carried out on the reduction of cadmium Cd from 

cadmium oxide CdO by carbon C under a layer of three-

component flux to compare the degree of cadmium 

reduction and the strength of stirring by a magnetic field 

induced by a rotating cylindrical radially magnetized 

permanent magnet placed under the bottom of the 

crucible, where the reaction of electroslag reduction 

takes place under the flux layer, and without the 

influence of the magnetic field induced by the rotating 

cylindrical radially magnetized permanent magnet, with 

all other conditions being equal.  

Conclusion 

During the experiments, reduced cadmium was 

formed in a finely dispersed form with a particle size of 

50 μm to 1 mm. This is because the reduction of 

cadmium Cd from cadmium oxide CdO with carbon 

occurs under a layer of a three-component flux, but the 

flux also prevents the reduced particles of cadmium Cd 

from joining into a single ingot at the bottom of the 

crucible. One of the options for solving this problem is 

the use of a magnetic field created by a rotating 

cylindrical radially magnetized permanent magnet. 

Fig. 1.     Fig. 2.     Fig. 3 
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Experimental Results

The film flowʹs thickness is the characteristic length and 
develops  by

The dimensionless parameters Reynolds number Re, 
Hartmann number Ha, and Stuart number N (magnetic 
interaction parameter)

with           can be adjusted by controlling the flow rate 

and the magnetic flux density.

.

As indicated above, a streamwise magnetic field is 

capable of suppressing the free surface instabilities 

originating from all investigated initial flow regimes by 

dampening the motions perpendicular to the magnetic 

field. Thus, the flow regime at some Re with magnetic 

field is similar to a flow regime without magnetic field 

but at lower Re.
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Experimental Setup

We designed and built up an experimental setup which 
allows to study the magnetohydrodynamic influence on 
the behaviour of liquid metal GaInSn film flows in wavy 
laminar, transient and turbulent regimes.

cut-off valve

flowmeter

film control valve

solenoid, 
film flow

pump

GaInSn

The film flow is inclined while a strong streamwise 
homogeneous magnetic field covers the full volume of 
the film with width                      and length                     .

liquid metal
film flow

nozzle

While it is known that the application of strong axial 
magnetic fields suppresses the instability causing the jet 
break-up into droplets [1], this present study aims to 
provide first qualitative data on the suppression of free 
surface instabilities of liquid metal film flows under the 
action of strong streamwise magnetic fields for different 
flow regimes.
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Sinusoidal waves

Laminar wavy film

Transient process

Turbulent film
Measurements

Rec,1 = 0.6 Ka0.1

Rec,T = 192 Ka0.06

Laminar film
after [2]

[1] C. Karcher, D. Hernándes, Dynamics of Falling Liquid Metal Droplets and Jets Affected by a
  Strong Magnetic Field, Magnetohydrodynamics 53, 739-745 (2017).           
[2] F. Al-Sibai, Experimentelle Untersuchung der Strömungscharakteristik und des Wellenüber-
      gangs bei welligen Rieselfilmen (PhD thesis, RWTH Aachen, 2004).

Background

Motivation

The increasing digitalization of work and private life, as 
well as electrification of transport systems requires stable 
and reliable sources of electricity. Beside the 
conventional technologies and the recently advanced use 
of renewable energies, fusion reactors represent another 
source of electric energy. Liquid metal with a free surface 
as a working medium is considered there with great 
interest for the divertor and first-wall protection system. 
The continuous we�ing of a surface with liquid metal is 
indispensable not only in such applications.
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CASE STUDY: Specialized MHD Software for 
Rotating Permanent Magnet Stirring on Top 

of CENOS Platform

M. Ščepanskis , V. Geža, D. Berenis, T. Beinerts
CENOS & EPM Riga

CENOS Platform integrates modeling open-source tools and 
libraries into seamless workflow allowing to configure 
industry-specific simulation apps of exceptional ease-of-use.

Academic users can get free license for non-commercial use, 
as well as access to app-building API.
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MHD - rotating PM app building is funded by BOWI project 
(EU public grant) to be launched by October 2021



Effect of localized MHD body force on the
near-wall turbulence
A. CAPOGNA, O. DOCHE, S. TARDU, J. SCHILLINGS , L. DAVOUST

Magnetic field distribution

We study a turbulent channel flow (Re = 4200)

under a uniform magnetic field on a limited zone

near the walls. Three thicknesses of boundary layer

are studied here : 0.17h (viscous and buffer sublay-

ers), 0.3h (logarithmic layer), and h (whole chan-

nel). Two magnetic orientations are taken into ac-

count : streamwise (Bx) and spanwise (Bz).

Magnetic distribution in the spanwise case.

Non-dimensionnalization

Two non-dimensionnalized equations in wall units

descibe the MHD phenomena:
∂v

∂t
+ (v ·∇)v = −∇P +∆v +NτJ ×B

J = (∇φ+ v ×B)

• uτ =
√

τw/ρ the shear velocity of the unma-

nipulated channel flow.

• τw = ν∂u/∂y the wall shear stress.

• δν = ν/uτ the caracteristic length.

• Reτ = uτh/ν the Karman number.

• Ha = B0h
√

σ/(ρν) the Hartmann number.

• Nτ = (Ha/Reτ )
2 the Stuart number (or in-

teraction parameter) in wall units.

The Stuart parmeter scaled by the wall units seems

to be sufficient to descibe the whole MHD turbulent

case.

Conclusion

• A new interaction parameter Nτ can be found in

wall turbulence MHD. This parameter is suffi-

cient to descibe a whole near-wall MHD turbu-

lent case.

• In any case, Bx is less relevant since the source

and annihilation parts of the MHD transport

terms counteract each other.

• For Bz , the annihilation MHD transport terms

dominate. Even if there is no full relaminar-

ization when the magnetic field is applied over

a 0.3h-thick boundary layer, some clear relami-

narized turbulent flow features are observed.

• The magnetic field needs to reach the loga-

rithmic layer to quasi-relaminarize the turbulent

channel flow.

Influence of the severtity parameter Nτ

Centerline velocity more affected for the δ0.3h under Bz case.
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Shear stresses transport

For Bx: the source and

annihilation terms for

Mxy and Myy compen-

sate each other.

=⇒ Bx is not effective.

For Bz:

Mxy ≈ Axy = −2Nτuxuy

The efficiency of the mag-

netic field to relaminarize

the flow decreases with the

thickness of the magneti-

cally active boundary layer

mainly because the annihi-

lation term is limited into a

fraction of the wall turbu-

lent field.

Averaged behaviour over a Coherent Structure:

Mxy flattened for the δ0.17h case.
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