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Foreword

During my studies at Saint-Petersburg Polytechnic University2, I acquired strong knowl-
edge in thermal physics, a domain of physics which studies processes where temperature
plays the important role. Yet, obviously, that spans from quantum physics to astro-
physics... The thermal physics courses were accompanied by hydrodynamics courses. In
my PhD thesis, carried out at the Ioffe Institute of the Russian Academy of Sciences3, I
applied this knowledge to the numerical studies of heat transfer processes in the Czochral-
ski growth of semi-transparent refractory crystals, which led me to the field of Materials
and Elaboration Processes.
My research activity at the SIMAP laboratory4, where I arrived in 2007 as a PostDoc,
started with the numerical studies of the effect of convection in solidification of binary
alloys in columnar structure, i.e. for the immovable solid phase. Under terrestrial condi-
tions, melt flow always exists during casting processes because of gravity and local thermal
and concentration gradients inherent to solidification of multi-component materials. Con-
vection is responsible for various kinds of defects, most important of which are macro
and meso-segregations, i.e. non-uniform distribution of the components in the solidified
samples. Meso-segregation that can be seen as channels or “spots” may form even if solid-
ification conditions seem to be stabilizing, i.e. the flow does not spread over large distance
and decays with time. Yet, more often the combination of the thermal and concentration
gradients happens to have a destabilizing effect and intensifies natural convection that cre-
ates also macro-segregation (over the scale of the sample) while meso-segregation may be
aggravated. On the other hand, some experimental observations reports that proportion
of equiaxed grains increases in solidified samples if strong convection exist during solidifi-
cation. Because of the strong coupling of heat and mass transfer processes at significantly
different space scale, numerical modeling is probably the only way to understand the effect
of convection. In particular, numerical studies that I performed, were intended to support
experimental activity within the FP6 project IMPRESS5. In parallel, I participated in the
numerical benchmark proposed in the framework of the ANR SMACS [1, 2]. Due to the
latter benchmark, I implemented a lever-rule based model for solidification of the eutectic
binary alloys in ANSYSr Fluentr and later extended it to the solidification of ternary
alloys. For the sake of brevity, these works are not presented here but my further work on

2https://english.spbstu.ru/
3http://www.ioffe.ru/index_en.html
4Science et Ingénierie des Matériaux et Procédés https://simap.grenoble-inp.fr/
5Intermetallic Materials Processing in Relation to Earth and Space Solidification, https://cordis.

europa.eu/project/id/500635/reporting/fr
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solidification of alloys has been largely based on models and results of models validation
that I got during the PostDoc period.
In 2011, I passed the CNRS6 competition and was recruited as researcher in the section 10
“Fluid and reactive media: transport, transfer, transformation processes” (“Milieux fluides
et réactifs : transports, transferts, procédés de transformation”). My project was related
to the solidification of the alloys under the action of the electromagnetic fields, denoted
hereafter as EMF. Actually, electromagnetic fields have been used in metallurgy since a
long time with various aims, for instance:
– to overcome the unstable natural convection with the structured forced flow;
– to increase the homogeneity of the components or of nucleants via better mixing of the
melt;
– to enhance the heat transport due to convection and get more uniform temperature
field;
– to increase fragmentation of the solid phase and produce solid phase in the form of
equiaxed grains;
– to damp the flow and to assure diffuse growth regime.
However, mainly application of the EMF was based on trial and error methods and often
lead to rather puzzling results. Consequently, it was supposed that numerical modeling
of such processes with consistent comparison with experimental results would improve
our understanding or the role of EMF fields in solidification processes. Following this
idea, I continued my activity. A model for columnar solidification of ternary alloy that
I developed during my PostDoc was applied to the simulation of on-ground experiments
performed in University of Miskolc with traveling magnetic fields (Chapter 2 section 2.1
and 2.1.2). Then, the PhD work of Tao Wang allowed us to develop a numerical model for
solidification of binary alloys in equiaxed structure, when solid phase is allowed to move.
This model was used to perform numerical simulation of the AFRODITE benchmark on
solidification of Sn-Pb alloys with electromagnetic stirring (Chapter 2, section 2.2) and
further to the solidification of the large-size industrial ingot.
In parallel with modeling of the effect of AC magnetic fields on solidification, I was
involved in the studies of the effect of the continuous magnetic field on the motion of the
dendrites and liquid flow. Rather simple configuration of the set-up developed for these
in-situ studies by the group MCA from IM2NP7 allowed mathematical formulations for
which I obtained some analytic solutions and compared them with numerical computations
realized with advanced numerical methods (Chapter 3).
Further, favorable environment and strong expertise accumulated in the group EPM al-
lowed me to move deeper into the studies of the application of the electromagnetic fields.
In particular, the PhD work of Rémi Bourrou allowed me to acquire knowledge about the
applications and effects of monophase AC fields, often referred to as inductive heating.
The subject was actually opposite to the solidification since metallic and glass phases
were supposed to be heated and held in the liquid state (Chapter 4, section 4.1).

6Centre National de la Recherche Scientifique https://www.cnrs.fr/en
7Equipe Microstructures de Croissance Auto-organisées de l’Institut Matéri-

aux Microélectronique Nanosciences de Provence, https://www.im2np.fr/
equipe-microstructures-de-croissance-auto-organisees-mca
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Interestingly, in parallel, I have been studying the same kind of the electromagnetic field,
monophase AC, but of a significantly higher frequency and applied to an object of a com-
pletely different size. These studies, related to the measurements of the thermophysical
properties of the liquid metals (Chapter 4, section 4.2) represent my actual field of inter-
est. This activity continues in practical way with upgrading of the experimental set-up
and implementation of revised measurement procedures.

Habilitation Thesis Olga Budenkova Page 7



Chapter 1

Introduction

Electromagnetic fields (EMF) offer a wide spectrum of possible manipulations over metal-
lic materials in their liquid and solid phases during elaboration or recycling processes.
Moreover, EMF can be used as the environment and also as the auxiliary tool in mea-
surement procedures. Effective use of electromagnetic fields is related to a good electrical
conductivity of metallic materials and is based on the phenomenon of electromagnetic
induction that allows one to affect the process without having physical contact with ma-
terials. For further discussion, it is convenient to distinguish the use of monophase and
polyphase alternate current magnetic fields (AC magnetic fields) and continuous magnetic
fields (DC magnetic fields). Generally, polyphase AC magnetic fields are used to create
driving forces which produce motion inside the load, i.e. so-called electromagnetic stirring
in the liquid metals, while heating of the load is not aimed and might happen, but at the
minor extent. Monophase AC fields, on the contrary, are used to perform intense heating
of the load. The heating is accompanied by the appearance of magnetic pressure at the
surface of metallic volume, which can lead to deformation of free surface of a large pool
of liquid metal with formation of a dome and even levitation of the metallic sample. Fi-
nally, utilization of DC magnetic fields is mostly related to the damping of the convective
transport inside the liquid metals.
It should be underlined that the classification of the electromagnetic fields given above
according to the effects that they produce is applicable, actually, only to ideal cases,
i.e. if infinitely long samples and inductors are considered and if some effects which are
supposed to be of the second order are neglected. Once the real loads of finite sizes are
considered, the resulting effect of application of a particular electromagnetic configuration
can be different from that which is classically presented. Thus, for example, application
of monophase AC fields results in creation of electromagnetic force which, depending
on geometry of the liquid melt, may initiate liquid motion. Another, probably, more
spectacular example is the appearance of the magneto-thermoelectric force when moderate
and strong DC magnetic fields are applied to the solidification of alloys. This force is
capable to alter the microstructure of the solid phase and the macro-segregation in the
solidified alloys.
Because of the strong coupling between the electrical parameters and geometry of the
electromagnetic coils with geometry, position and electromagnetic properties (generally



depending on temperature) of the loads and macroscopic motion of (or inside the) latter,
numerical studies are usually required to reveal the effects of the EMF in a particular
system.

1.1 Electromagnetic fields: basics

Before going to the examples of the role of electromagnetic fields in various engineering
processes related to materials science, let us remind the basic notions and to outline the
major effects that can be expected with applications of various EMF.

Generally, application of electromagnetic fields is based on the two effects well-known for
solid conducting objects:
i) any electric current flowing in the conductor creates its own magnetic field
ii) motion of a conductor in the magnetic field generates electric current inside the con-
ductor

The former effect allows one to create magnetic fields in space using arrangement of coils
(also noted hereafter “inductors”) of various geometry to which the electric potential ∆Φ,
static or oscillating, can be applied1. With the static potential difference, the direct cur-
rent, DC, circulates in the coil and creates the continuous (DC) magnetic field. Oscillating
potential difference generates the alternated current (AC) in the coil and creates around
it magnetic field, oscillating with the same frequency. According to the second effect men-
tioned above, if an electrically conductive load is placed near the coil, then the generation
of the eddy current, heating, and the resulting effect of the electromagnetic force in the
load depend on the character of the magnetic field, whether it is DC, monophase AC or
polyphase AC.
Complete formulation of electromagnetic problem consists of four Maxwell equations –
Faraday’s law, Ampere’s law, Gauss law for electric and magnetic field – completed with
constitutive laws that relates electric charges, electric current with electric and magnetic
fields and polarization, etc. For non-magnetic and non-polarizable materials this system
of equation is simplified. Furthermore, modeling of electromagnetic field in application
to material processing generally satisfies so-called “steady-state” or “electromagnetic” ap-
proximation. The latter assumes that the period of time required for electric charges to
be redistributed within the media is significantly shorter than the characteristic time for
variation of electromagnetic fields, i.e. no free (non-compensate) electric charges exist in
conductors. Then, equations to be solved are:

Maxwell-Thomson law: ∇ ·B = 0 (1.1)

Faraday law: ∇× E = −∂B
∂t

(1.2)

Ampere law: ∇× B

µm
= j (1.3)

Ohm law: j = σE + σu×B (1.4)

1Alternatively, traveling (AC) magnetic field and continuous (DC) magnetic fields can be created with
system of permanent magnets, which, in case of traveling field should be put in motion whereas for DC
field they should be kept stationary. Yet, this does not change general ideas presented below

Habilitation Thesis Olga Budenkova Page 9



The volume density of the Lorentz force acting in the conductor is given as

Femf = j×B, N/m3 (1.5)

and volume density of the heat releas due to the resistance heating – Joule effect – is
given as

qemf =
j2

σ
,

W

m3
(1.6)

The set of equations (1.1)-(1.6) can be combined and presented in different manner to
highlight various phenomena related to electromagnetic field depending on their “nature”.
In particular, it can be demonstrated that Laplace force given by eq.(1.5) can be split into
two parts, corresponding to electromagnetic pressure and to driving force, also known as
irrotational and rotational parts of electromagnetic force:

Femf = Femf,IR + Femf,R = −∇
(

B2

2µm

)
︸ ︷︷ ︸
magnetic
pressure

+
1

µm
(B · ∇)B︸ ︷︷ ︸

driving force

(1.7)

Generally, the system of equations (1.1)-(1.4) is to be coupled with the hydrodynamic
equations which, if required, should provide the velocity field u to Ohm’s eq. (1.4) and take
the Lorentz force (eq. (1.5)) as an input parameter. If the heating effects are of interest,
the energy transport equation should be added with the Joule power given by the eq. (1.6)
set as a source term and to provide temperature distribution in the conductor since the
latter can have crucial effect on the electrical conductivity (and magnetic permettivity)
of the materials. Furthermore, as it can be seen in the chapter 4, for some processes the
calculation of the shape of the load is essential, i.e. numerical methods allowing such
calculations, like Volume-of-Fluids (VOF), Level Set, Phase Field, etc should be added to
the system.

1.2 Expected effects of DC and AC magnetic fields

Let us describe briefly effects that the electromagnetic fields of different character are
expected to produce on the load. Hereafter the load is considered to be electrically
conductive and paramagnetic with the constant relative permeability µr = µm/µ0 = 1

(µ0 = 4π · 10−7 H/m, magnetic permeability of the vacuum). The latter is true for the
liquid metals since their melting temperature is above the Curie point.
Effect of DC magnetic field: damping of the flow
The decay of the DC magnetic field B depends only on the distance to the coil (or the
permanent magnet) due to which the field is generated, i.e. at which extent the DC
magnetic field penetrates the load depends only on this distance. Since the magnetic field
does not vary in time, the eddy current may appear only if motion exists in the load.

Page 10 Olga Budenkova Habilitation Thesis



Effect expected with the application of
the DC magnetic field is illustrated in
fig.1.1. Here the eddy current
jDC ≈ σU0B0

is generated and the Laplace force
FDC ≈ σU0B

2
0

appears in a direction opposite to the
flow.
Note that the Laplace force tries to di-
minish the component of the fluid flow
which tends to cross the lines of the mag-
netic field (fig.1.1) that may also alter
configuration of the flow.

Figure 1.1: Damping effect expected with
use of the DC magnetic field: the induced
electromagnetic force is directed opposite to
the velocity of the liquid

Yet, such effect of the DC magnetic field not always attained. For example, if the direc-
tion of DC magnetic field is parallel to the vorticity of the flow ∇× u, the non-uniform
electric potential Φ appears in the liquid according to the eqs.(1.8)-(1.10) and prevents
circulation of the eddy current.

One can interpret that the eddy current due
to the liquid motion jU ≈ σuB is canceled
by the current due to the potential gradient
jΦ ≈ σ∇Φ. Consequently, no Lorentz force
appears in the liquid.

E = −∇Φ (1.8)
∇ · j = σ∇(−∇Φ + u×B) = 0 (1.9)
∆Φ = ∇ · (u×B)

∆Φ = B · (∇× u) (1.10)

Figure 1.2: Cancelling of the eddy current
when DC magnetic field is directed parallel
to the vorticity of the flow:jPhi ≈ σ∇Φ can-
cels ju ≈ σuB

The role of the continuous magnetic field in solidification of alloys is discussed in the chap-
ter 3 with respect to the thermoelectric current which might appear during solidification
and interact with the superposed magnetic field. Interestingly, in this situation the DC
magnetic field is actually a reason which cause convective flow in the liquid. Yet, at the
same time it modifies and damps this convection as it is demonstrated in the section 3.3,
chapter 3.
Use of monophase AC magnetic field: magnetic pressure and heating
Let the electric current which circulates in the coil oscillate with the angular frequency
ω = 2πf , in other words it changes periodically its direction in the coil. Magnetic field
around each coil oscillates with the same frequency and its intensity decreases with the

Habilitation Thesis Olga Budenkova Page 11



distance to the coil, resulting magnetic field in space is a superposition of standing waves.
Oscillating magnetic field seen by the electrically conductive load generates in the latter
oscillating eddy current that also creates magnetic field. Superposition of the phase-
shifted oscillating fields may result in “zeroing” of the magnetic field inside the load. A
characteristic thickness inside the load within which the intensity of the magnetic field
rapidly decreases is known as skin depth, and is defined with eq.(1.11).

δm =

√
2

µmσω
(1.11)

Interaction of the eddy current and
the magnetic field inside the load
leads to the appearance of the
Lorentz force composed of the con-
stant mean value and the oscillat-
ing part, the mean value is ori-
ented inside the load and tends
to “squeeze” the load. It can
be shown that for the cylindri-
cal inductor and the load, with
both of infinite lengths, the mean
component of the Lorentz force is
perpendicular to the load surface
(fig. 1.3).

Figure 1.3: With use of the monophase AC cur-
rent in the coil: magnetic fields penetrates in the
load over the distance δm (eq.(1.11)), the eddy cur-
rent is mainly generated there. The averaged in time
Lorentz force is directed perpendicularly to the sur-
face of the load and plays the role of a magnetic
pressure.

In reality, finite dimensions of the load (or inductor) leads to the non-uniform intensity
of magnetic field along the surface of the load that make the irrotational part of the
electromagnetic force, (B · ∇)B, non-zero, i.e. driving force appears in the load as well
and affect fluid motion.
Magnetic pressure can compete with gravity and may serve for making the levitation.
However, the primary desired effect in industry is the heating which is produced in the
load, according to the eq.(1.6), mainly within the skin depth.
Application of the polyphase AC magnetic field: electromagnetic stirring
The system with AC magnetic field can be realized with use of n electric currents, the lth

current has a phase ϕl = (l−1) ·2π/n, then the lth current is presented as Il = I0 cos(ωt+

ϕl) where I0 is the amplitude of the AC current taken similar for all currents. Example
of realization of a linear three-phase motor is shown in fig.1.4, where ϕ2 = 1200 = 2π/3

and ϕ3 = 2400 = 2 · 2π/3. Let us consider the time moment t = 0, then, according to
the adopted scheme, the instant values for the currents which enter corresponding coils
(conductors) are I1,in = I0, I2,in = I0 cos(2π/3) = −I0/2 and I3,in = I0 cos(4π/3) = −I0/2,
while at the exit from the coil these currents are expressed as I1,out = −I0, I2,out =

I0 cos(2π/3 + π) = I0/2 and I3,out = I0 cos(4π/3 + π) = I0/2. This is taken into account,
and the “entrance” and “exit” for each current are arranged in space in such a way to
get a wave of the AC current travelling in space, as shown in fig.1.4. Consequently, in

Page 12 Olga Budenkova Habilitation Thesis



Figure 1.4: Illustration to the current supply in a three-phase linear motor: the 3 AC currents
circulate in the system with phase difference of 2π/3 = 1200, but due to the coils’ arrangement
the phase shift between neighboring coils is π/3. Attention should be given to the actual current
direction: the “out” direction with the phase (ϕ3 + π) corresponds finally to the direction “in”.

the surrounding space one gets a superposition of electromagnetic waves traveling along
the inductor, i.e. of the type B cos(ωt − kz), where z is the coordinate taken along the
“generatrix” of the inductor and k is a wave number. The latter is related to the so-called
“pole pitch” τEM (which is a distance between the coils where the current phase is reversed
by π) and to the associated wavelength λEM (which presents the distance between the
coils with the phase difference 2π), see eq.(1.12) and fig.1.4, fig.1.5 for the notations, the
index EM is introduced to avoid confusion with similar notations in other chapters.

The amplitude of the traveling magnetic waves
(intensity of the magnetic field B) is related
to the amplitude of the AC current I0 and de-
creases with the distance to the coil, yet, it also
depends on the coil arrangement, in particular,
on the pole pitch. Consequently, the skin depth
over which the magnetic field penetrates in the
load also depends on the pole pitch and can be
expressed, for example, as in eq.(1.13)[3].

k =
2π

λEM
=

π

τEM
(1.12)

1

δp
=

π√
2τEM

1 +

√
1 + 4

(
τEM
πδm

)4
1/2

(1.13)

Figure 1.5: Illustration to the polyphase
AC system: the driving force is directed
mainly along the surface of the load, the
skin depth δp depends both on the pole
pitch τEM , the frequency and the electrical
conductivity of the load

where δm is the skin depth as it is defined for the case of the application of the monophase
AC magnetic field, i.e. given by the eq.(1.11). Consequently, if the pole pitch τ is compa-
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rable with or less than the “monophase” skin depth δm, then the value of (τ/(π ·δm))4 may
be significantly less then unity and the skin depth δp will be defined only by τ according
to the eq.(1.13). This can happen, for example, if the frequency of the AC current used
for the coil alimentation is not very high, about tens of Herz.

It should be mentioned also that, contrary to the monophase AC system the heating
of the load is not expected if the polyphase configuration is used. Indeed, with similar
electric current circulating in the coils polyphase system generates less total energy be-
cause of superposition of waves with different directions: the waves generated by coils are
compensated by the waves generated by coils where the current has the opposite phase.

1.3 Summary

The following table summarizes the information given above with respect to the effect of
the electromagnetic fields of different origin: DC, monophase AC and polyphase AC.

DC m.f. monophase AC m.f. polyphase AC m.f.
applied potential
external current

∆Φext = const

jext = const

∆Φext = u0cos(ωt)

jext = j0cos(ωt)

∆Φext,p = u0cos(ωt+ ϕp)

jext,p = j0cos(ωt+ ϕp)

magnetic field
outside load

B = B(r) Standing wave
B = B0(r)cos(ωt)

Traveling wave
B = B0(r)cos(ωt+ kr)

Wavenumber
k =

2π

λEM
=

π

τEM
Wave velocity
VEM = ωτEM/π

penetration depth
into load

– δm =

√
2

µmσω

1

δm
= <{

√
k2 + iµmσωG},

<-real part, i =
√
−1

expected effect Damping of the
motion (flow)

Magnetic pressure
heating

Driving force: stirring

Table 1.1: Summary of parameters characterized DC, monophase AC and polyphase AC
magnetic fields

Remarks to the notations used in the table 1.1:
In the expression for the potential difference ∆Φext,p and density of the electric current
jext,p, p is the “index of a loop” which constitute the coil and ϕp is the phase associated
with that loop. It should be noted that this representation is extremely simplified for the
sake of brevity.
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Chapter 2

Solidification of alloys under the
polyphase AC magnetic fields

In casting processes performed under terrestrial conditions, the melt flow always appears
because of gravity and local thermal and concentration gradients (denoted hereafter GT

and GC , respectively) inherent to solidification of multi-component materials. Convec-
tion is responsible for various kinds of defects, most important of which are macro and
meso-segregations1, the latter may forms even if solidification conditions seems to be sta-
bilizing, i.e. the flow does not spread over large distance and decay with time. Yet,
more often combination of GT , GC happens to have destabilizing effect and intensifies
natural convection that creates also macro-segregation while meso-segregation may be ag-
gravated. On the other hand, some experimental observations report that proportion of
small equiaxed grains (which are supposed to promote better mechanical properties) in-
creases in solidified samples if strong convection exists during solidification. Consequently,
in many applications, it seems interesting to have intense yet well-controlled fluid flow and
this can be realized, for example, with polyphase AC magnetic fields. Then, a problem
which arises is related to the choice of parameters of AC magnetic field. Nowadays this
is solved mostly with trial and error methods, yet many experimental results remain puz-
zling because during solidification multiple phenomena come into play one after another
and leave their imprints on the final segregation patterns and microstructure. Possibility
of in-situ observations would facilitate interpretation but it is not always realizable (in
fact, impossible in industrial processes) first, while the second reason is that even the
direct observation provides limited information about the process. Therefore, numerical
modeling is of ultimate importance for comprehension of the effect of application of AC
magnetic fields. Yet, at this point – necessity of use of numerical modeling – another
problem comes out related to the fact that numerical models used for the study of so-
lidification at macroscale are complex and most of them use (multiple) closure relations
either adopted from other scientific fields or based on experimental observation. Thus a

1Segregation is a non-uniform distribution of the components of the alloy; notions “macro” and “meso-”
are related to the linear size of areas affected by segregation and actually depend on the scale at which the
process is considered. Hereafter "meso-" corresponds to the scale comparable with the size of a dendrite
grain while "macro-" is comparable with the characteristic size of the process
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vicious circle is formed and here we come to the necessity of having so-called benchmark
experiments and to the verification and validation of the models using these benchmarks.
Yet, although multiple experimental results are reported on solidification of alloys, very
few of them provide detailed analysis of samples along with information about solidifica-
tion conditions which would be sufficient for numerical simulations of the process and for
comparison with numerical results as discussed below.
Because of rather accurate analysis of concentration distribution at different stages of
solidification along with presentation of solidified macrostructure, experiments performed
by Hebditch and Hunt several decades ago [4] have been modeled repeatedly and still
attracts attention of modelers. Proposed size and configuration of experimental set-up
with vertical position of the crucible and lateral cooling allows studying of effect of natu-
ral convection on solidification process at various scales, including macro-scale, while size
of the volume (100 mm×60mm×10 mm ) remained reasonable from the point of view
of phenomena which occur at the scale of dendrite grains. Based on Hebditch & Hunt
experiment, construction of solidification benchmark, referred hereafter as AFRODITE,
was initiated in early 2000s in SIMAP with the idea to study the effect of electromagnetic
stirring on solidification. Since then the AFRODITE set-up has been continuously op-
timized and a complete series of experiments on solidification of binary alloy Sn-Pb was
realized between 2005-2013 with and without use of polyphase AC magnetic fields in a
form of traveling magnetic field, TMF (cf. section 1.2).
Although on-ground laboratory environment allows one to create sophisticated and well
equipped set-up, uncontrolled gravity and natural convection still impede study of fluid
flow on solidifying microstructure. Indeed, natural convection prevails if intensity of elec-
tromagnetic stirring is weak, and contributes to the flow if stirring is moderate. Moreover,
at the very small scale the forced convection is ineffective, hence, gravity flow prevails be-
tween dendrites, in the so-calledmushy zone. To avoid effects related to gravity, MICAST2

project under coordination of European Space Agency [5] was launched at the end of last
century aimed to use the Material Space Laboratory onboard the International Space
Station (MSL-ISS). Since then experiments on solidification of different Al-based alloys
without and with the action of rotating magnetic field (RMF) were performed at MSL-ISS.
These microgravity experiments were accompanied with on-ground experimental activity
assured by a research group headed by Prof. A. Roósz at the University of Miskolc in
Hungary. On-ground experiments were performed with RMF and TMF which created
forced convection significantly more intense than that in AFRODITE experiment and
configuration of solidification zone was also different.
Obviously, to study the effect of the electromagnetic stirring on solidification processes
one should be able, first of all, to model solidification processes of alloys. My activity
between 2007-2010 was devoted to the study of solidification theory, application of already
developed codes and development of my own code, based on the lever rule. All these
models dealt with the columnar dendrite growth in solidification of binary alloys . A

2Abbreviation MICAST stands for “Microstructure Formation in Casting of Technical Alloys un-
der Diffusive and Magnetically Controlled Convective Conditions”, see https://www.esa.int/Science_
Exploration/Human_and_Robotic_Exploration/Blue_dot/Materials
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summary of my activity in this field is presented below in a table.
In the next sections the numerical simulations of more complicated processes are consid-
ered and include:
– columnar growth in ternary alloys under effect of RMF within the frame of MICAST
project, cf. section 2.1.1
– columnar growth in ternary alloys under effect of TMF within the frame of MICAST
project, cf. section 2.1.2
– equiaxed growth in binary alloys under effect of TMF in application to the AFRODITE
experiment, cf. section 2.2

Following the strategy already adopted in the group EPM, the codes were based on the
use of ANSYSr Fluentr, numerical description of solidification phenomena was realized
by introduction additional equations via User-Defined Scalars (UDS) and User-Defined
Functions (UDF).

Publications referred in the table

a. O. Budenkova, A. Noeppel, J. Kovács, A. Rónaföldi, et al, Materials Science Forum,
2010, 649, 269-274
b. A. Noeppel, A. Ciobanas, X. D. Wang, K. Zaidat, N. Mangelinck, O. Budenkova, et
al, Met. Mat. Trans. B, 2010, 41 (1), 193-208
c. M. Bellet, H. Combeau, Y. Fautrelle, D. Gobin, M. Rady, E. Arquis, O. Budenkova, et
al., Int. J. Thermal Sci., 2009, 48(11), 2013-2016
d. S. Ganina, V. Ginkin, O. Budenkova, B. Saadi, et al, Defect and Diffusion Forum,
2012, 326-328,599-604, doi:10.4028/www.scientific.net/DDF.326-328.599
e. H. Combeau, M. Bellet, Y. Fautrelle, D. Gobin, E. Arquis, O. Budenkova, et al., IOP
Conf. Series: Mater. Sci. and Eng., 2012, 33, 012086 doi:10.1088/1757-899X/
33/1/012086
f. O. Budenkova, C. Nagy, Y. Du Terrail Couvat et al., Proc.6th Decennial Conf. on
Solidif. Procesing, 25-28 July 2017, Old Windsor, UK
g. R. Boussaa, O. Budenkova, L. Hachani, X-D. Wang, et al, Proc. 141st TMS Annual
Meeting and Exhibition, Symp. CFD Modeling and Simulation in Materials
Processing, 11-15 March, Orlando, Florida, USA, 2012, ISBN:978-1-11829-615-
8,163-170
h. R. Boussaa, L. Hachani, O. Budenkova, V. Botton, et al., Int. J. Heat and Mass
Transfer, 2016, 100, 680-690, 10.1016/j.ijheatmasstransfer.2016.04.120
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Columnar growth
segregation patterns from different simulations are presented

Existing envelope-based
models

Development of a columnar model based on the lever
rule for binary alloys, LRBM

Binary Al-7wt%Si under
RMF in microgravity,
ref.[a] and Al-3.5wt%Ni
under TMF and gravity,
ref.[b], simulations.

Comparison of LRBM with other realizations: Sn-Pb, and
Pb-Sn alloys, calculations are made in response to the
call for a numerical benchmark, cf. refs.[c,d,e] below.
All figures are obtained numerically

Comparison with LRBM:
Al-7wt%Si under RMF, in
3D, ref.[f] below

Application to AFRODITE, Sn-3wt%Pb alloy, natural con-
vection, cf. refs.[g,h] below. In the left (color) – simulations,
in the right (gray scale) – experimental results

Table 2.1: Summary of activity with binary columnar solidification
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2.1 Effect of rotating and traveling electromagnetic fields
on columnar solidification of Al-based ternary al-
loys studied in MICAST project

To date the set of several samples of Al-7wt%Si, Al-7wt%Si-1wt%Fe and Al-7wt%Si-
1wt%Mn were directionally solidified in microgravity in the frame of MICAST project.
Several samples of two former alloys were solidified with different cooling rates under
diffuse growth and forced convection created by RMF with studying of miscrostructure,
that were primary dendrite arm spacing (PDAS, λ1) and secondary dendrite arm spacing
(SDAS, λ2). Analysis of Al-Si and Al-Si-Fe samples revealed that while dependence of
PDAS on local solidification rate were similar for the two alloys (λ1 ∼ v−0.25

sol ), coarsening
process of secondary dendrite arms for the ternary alloy did not correspond to the ex-
pected one. In particular, it was found that SDAS of Al-7wt%Si-1wt%Fe were insensitive
to the forced fluid flow since with activated RMF the coarsening of secondary dendrite
arms occurred as it would happen in diffuse conditions, fig.2.1. This was assigned to
the effect of intermetallics which is formed during solidification of this alloy in form of
platelets and therefore can block fluid flow within the mushy zone, fig.2.2.

Figure 2.1: Secondary dendrite arm spac-
ing (SDAS) on solidification time for Al-
7wt%Si and Al-7wt%Si7-1wt%Fe alloys pro-
cessed under diffusive conditions (filled sym-
bols) and forced fluid flow (RMF; open sym-
bols) with Solidification and Quench Furnace
(circles, grey shaded region) and Low Gradi-
ent Furnace (diamonds)[6]

Figure 2.2: The Al-7wt%Si-1wt%Fe sam-
ple solidified with the RMF, pulling velocity
v=0.6mm/s, then cut and studied using to-
mography with Al-based dendrites etched
out, i.e. only intermetallics remains. The
left images is from the outer parts of the
sample and the right image is from the cen-
ter, size 650× 650× 650µm [7]

Solidification path for Al-7wt%Si-1wt%Fe alloy in Al-rich corner is traced over the liq-
uidus surface in fig.2.3, the starting point corresponds to the nominal concentration of
the alloy. According to this path, the solidification of hypo-eutectic Al-7wt%Si-1wt%Fe
occurs in three stages: during the first stage the Al-rich dendrites are formed, during
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the second stage the growth of Al-rich dendrites is accompanied with the formation of
β-intermetallics, and finally the alloy solidifies at the "eutectic point". During solidifi-
cation at the eutectic point, to the already mentioned two solid phases, the formation
of Si-rich phase is added. In the analysis of the samples of Al-7wt%Si-1wt%Fe solidified
under the action of RMF the accumulation of the intermetallic at the samples’ center was
observed along with segregation there of Si (fig.2.3b). Given above images issued from
tomography analysis (fig.2.2) showed, that, in fact, the size of intermetallic platelets at
the center of the sample was larger than at its periphery if solidification was performed
with RMF stirring.

a b

Figure 2.3: a) Liquidus plane for AlSiFe alloy in Al-rich corner, interpolated with data obtained
from CIRIMAT (J.Lacaze, private communication); b) Image of the sample showing segregation
of Si and accumulation of β-phase in the sample center

There are two remarks to be made. First, from the point of view of simulation at
macroscale, both, accumulation of the intermetallics, and larger size of the intermetallic
platelets, are interpreted via the increase of volume fraction which corresponds to that
intermetallic phase. Secondly, to our knowledge, nucleation and growth process of in-
termetallic plates has never been observed experimentally with good enough resolution
despite some attempts, therefore, there is no data about their growth kinetics, required
undercooling, etc. In other words there are no grounds to prefer one or another solidifi-
cation model which relates growth kinetics, solute and temperature fields. According to
our experience related to simulations of other processes and comparison discussed above,
it can be assumed that classical models based on lever rule or Scheil rule should provide
results sufficiently good at first approximations. Consequently, I extended the lever-rule
based model for the simulations of the ternary alloys with accounting for the simultaneous
formation of two solid phases, one of which is intermetallics.
In the presentation below the following notations were introduced:
– Indices S,L are for the solid and liquid phase, respectively, and indices α and β are for
the the Al-rich solid phase (corresponding to the dendrites) and for the intermetallics,
respectively
– fi - is the volume fractions for the phase i=S,L,α, β. For instance, fα, fβ are volume frac-
tions for the Al-rich dendrite phase and for the intermetallics, respectively
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– CSi,i, CFe,i - concentration of the Si and Fe, respectively, in the phase i=S,L,α, β
– kj - equilibrium partition coefficient between the solid and the liquid phase for the correspond-
ing component j = {Si, Fe} when Al-rich dendrite is formed
– q1, q2, r1, r2 - auxiliary coefficients determined from the phase diagram.

The lever-rule based model extended for ternary alloy relies on the following assumptions:
• linearized liquidus plane in Al-rich corner, which is approximated with “partial” slope coeffi-
cients mSi and mFe via eq.(2.1)
• eutectic line is approximated as a straight line that gives a set of linear relations between CSi,L
and CFe,L, CSi,L and TL, and CFe,L and TL, eqs.(2.2) and (2.3).

Consequently, obtain

For liquidus plane:

TL = Tm +mSiCSi,L +mFeCFe,L (2.1)

with

mSi =
∂TL
∂CSi,L

and mFe =
∂TL

∂CFe,L

For eutectic line:

CSi,L = q1TL + r1 = qFeCFe,L + rFe (2.2)

or

CFe,L = q2TL + r2 = qSiCSi,L + rSi (2.3)

• according to the lever rule, chemical diffusion in the solid and the liquid is infinitely fast3

• for solidification of aluminium-rich dendrites the concentrations of the solute i in the solid Ci,α
and the liquid Ci,L are related via the corresponding equilibrium partition coefficients:

CSi,α = kSiCSi,L and CFe,α = kFeCFe,L (2.4)

• the concentration of each component in the intermetallic phase is known by composition of the
latter, taken as Al5SiFe

These conditions gives following relations for the conservation of solute concentration:

For liquidus plane:

fα + fL = 1 (2.5)

CSi = fLCSi,L + fαkSiCSi,L (2.6)

CFe = fLCFe,L + fαkFeCFe,L (2.7)

For eutectic line:

fα + fβ + fL = 1 (2.8)

CSi = fLCSi,L + fαkSiCSi,L + fβCSi,β (2.9)

CFe = fLCFe,L + fαkFeCFe,L + fβCSi,β
(2.10)

Further, the combination of eqs.(2.1) – (2.7) leads to the quadratic equation from which the
volume fraction of Al-rich dendrites can be calculated during the first stage of solidification
(eq.(2.12)). With this fraction known, variation of concentrations in the liquid CSi,L and CFe,L
can be also calculated (eqs.(2.13) and (2.14)). For the second stage of solidification correspond-
ing to the eutectic line, another system of equations is obtained and provides information about

3This definition, introduced in the solidification theory for a small volume subjected to the solidifica-
tion, is somehow in contradiction with the modeling at macroscale. In the latter, this statement for the
infinitely fast diffusion is actually supported for those computational cells where solidification takes place,
i.e. fs 6= 0 and fL 6= 0 but not in the pure liquid (fs = 0), where diffusion, in fact, is often neglected and
only convective transport is taken into account
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evolution of the volume fractions fα and fβ .

For liquidus plane:

fs = fα (2.11)

fα =
−B +

√
B2 − 4AE

2A
(2.12)

where

A = (kSi − 1)(kFe − 1)(TL − Tm)

B = (kSi + kFe − 2)(TL − Tm)

− (kFe − 1)mSiCSi,L

− (kSi − 1)mFeCFe,L

E = TL − Tm −mSiCSi,L −mFeCFe,L

CSi,L =
CSi

1 + fα(kSi − 1)
(2.13)

CFe,L =
CFe

1 + fα(kFe − 1)
(2.14)

For eutectic line:

fs = fα + fβ (2.15)

fα =

CSi − CSi,L
CSi,L − CSi,β

−
CFe − CFe,L
CFe,L − CFe,β

CFe,L(1− kFe)
CFe,L − CFe,β

−
CSi,L(1− kSi)
CSi,L − CSi,β

(2.16)

fβ =

CSi − CSi,L
CSi,L(1− kSi)

−
CFe − CFe,L
CFe,L(1− kFe)

CFe,L − CFe,β
CFe,L(1− kFe)

−
CSi,L − CSi,β
CSi,L(1− kSi)

(2.17)

CSi,L and CFe,L can be found from the equations
for eutectic line, eqs.(2.2) (2.3).

The system of governing equations for solidification with convection in the liquid phase and
stationary solid phase with intrinsic velocity u = fLuf is written as follows:

ρ0
∂u

∂t
+
ρ0

fL
(u · ∇)u = ∇(µl∇u)− fL∇p−

µlfL
Kp

u + fLρ̃g + fLF (2.18)

ρ0cp
∂T

∂t
+ ρ0cpu∇T = κl∇2T + ρ0L

∂fs
∂t

(2.19)

ρ0
∂CSi
∂t

+ ρ0u∇CSi,L = 0 ρ0
∂CFe
∂t

+ ρ0u∇CFe,L = 0 (2.20)

ρ̃ = ρ0(1− βT (T − Tref )− βC,Si(CSi,L − CSi,ref )− βC,Fe(CFe,L − CFe,ref )) (2.21)

Kp = K(1− fβ)K (2.22)

K =
λ2

2

180

f3
L

(1− fL)2
(2.23)

The effect of the electromagnetic force, which in the case of the polyphase AC field should
be a driving force (cf. section 1.2) is taken into account in the momentum equation (2.18) via
the term fLF, it is supposed that F is calculated elsewhere or estimated analytically.
Other terms in the eq.(2.18) correspond to :
– the volume force which accounts for the Boussinesq approximation for the thermal and con-
centration volume expansion of the liquid fLρ̃g with ρ̃ calculated with eq.(2.21)
– and to the pressure drop µlfLu/Kp due to the flow through the solid dendrites, the latter
considered as a porous media and Darcy approximation is used with the permeability Kp, which
depends on fraction of intermetallics according to the eq.(2.22)-(2.23).
The system of equations (2.18)-(2.23) is closed with equations allowing calculations of solid frac-
tion and concentration of components in the liquid which should be calculated with eqs.(2.12)-
(2.14) if solidification occurs with aluminium-rich dendrites only or with eqs.(2.2)-(2.3) and
(2.16), (2.17) if aluminium-rich dendrites grow together with intermetallics, respectively.
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This model was applied to simulation of several experiments performed in the frame of MI-
CAST under microgravity and in on-ground facility at Miskolc University. Only some of these
simulations are presented below.

2.1.1 Effect of Rotating Magnetic Field on directional solidifica-
tion of a ternary Al-Si-Fe alloy in microgravity

Experiments in microgravity were performed in low-gradient furnace (MSL-LGF) initially and
solidification - quenching (MSL-SQF) furnace afterwards, the latter one is still in use. Both
furnaces are aimed at directional solidification of cylindrical sample with radius of R0 ≈ 4mm

placed with its crucible inside the electromagnetic coil which generates rotating magnetic field,
the scheme is shown in fig.2.4. Electromagnetic coil can move along the sample, its displacement
is coordinated with the pulling mechanism of the sample such that the position of the coil center
corresponds (approximately) to that of the solidification front, i.e. to the position of dendrites’
tips defined prior to the experiment. The thermocouples placed in grooves at the external side of
the crucible allows one to follow temperature evolution along the sample during the experiment
and their measurements can be used as boundary conditions for energy equation.

Figure 2.4: Scheme for the experimental set-up used in solidification experiment in microgravity
with indication of the positions of thermocouples and example of obtained temperature curves,
the intensity of the effective value of magnetic field along the growth direction is shown at the
top part of the drawing [8]

Analytic solution known for rotating magnetic field in case of cylindrical load and coil of in-
finite height gives the Lorenz force directed azimuthally inside the load. In the present case,
since the height of the coil is smaller than the sample, other components of the force should
appear in the liquid because of end effects. Yet, detailed information about the construction of
the electromagnetic coil could not be provided by its producer that makes detailed simulation
of electromagnetic field impossible. Consequently, to diminish the number of uncertain parame-
ters, the Lorentz force acting in the liquid was approximated with only one azimuthal component
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which decreased along the sample with the distance from the center of the coil according to the
provided measurement as described with eq.(2.24). The maximal value of the magnetic field
measured within the furnace if Bmax = 5.7mT and the frequency of the AC current is f = 57Hz,
the value of the coefficient ZB was determined to satisfy measurements of the magnetic field.

F = eϕFφ(r, z)

Fφ(r, z) = πfσB2
maxR0×

× Φ

(
r

R0

)
×Ψ(z) (2.24)

with Φ

(
r

R0

)
=

r

R0

and Ψ(z) = exp[−ZB(z − zc)2]

where the coefficient

ZB ≈ 297m−2

and zc correspond to the axial coordinate

of the center of the coil
Figure 2.5: Scheme of the flow under the
effect of RMF in microgravity experiments,
from presentation at SP17 conference

In microgravity the buoyancy effects are absent, so, in the system of equations (2.18)-(2.23), the
density variation given by (2.21) may be omitted and electromagnetic force given with eq.(2.24)
generates well-known structure of vortices in the liquid [9, 10] which consist of the primary az-
imuthal and secondary meridional flow, mainly ahead of the solidification front fig.2.5. Intensity
of the flow decreases drastically when it enters the mushy zone, i.e. when it starts to interact
with the growing solid phase, fig.2.6a.

According to the experimental data, with the activation of the RMF, the solidification contin-
ued with growth of columnar dendrites, therefore penetration of the flow in the mushy zone for
a binary alloy would depend on primary and secondary arm spacing. Based on consideration
accepted in [2] as well as our results in [11], the permeability of the mushy zone was calculated
with use of secondary dendrite arm spacing λ2 (eq.(2.23)), yet, a question arises if intermetallics
can impede flow to pass through the mushy zone. The latter assumption was proposed by Stein-
bach & Ratke [12] to explain insensitivity of SDAS of the ternary alloy to the forced convection
(fig.2.1). It seems that this question cannot be answered yet with the macroscopic model and
requires further studies, preferably with in-situ observation of microstructure development. In-
deed, according to the phase diagram (fig.2.3a), the solidification starts with the appearance and
growth of Al-rich dendrites while β-intermetallics appears in the liquid whose composition should
be more rich in aluminium and iron compared to the nominal composition of the alloy and, what
is important, at lower temperature. Due to the solute transport by convective vortices generated
by electromagnetic force, the enriched liquid exists ahead of the tips of Al-rich dendrites, yet, the
second condition for lower temperature and configuration of the thermal field during directional
crystallization impose that nucleation of intermetallics happens behind solidification front. If
one remains in the frame of the equilibrium model without accounting for any kinematic effects,
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the structure of the mushy zone and fluid flow would correspond to the one given in fig.2.6 [8].
There the mushy zone may be considered being of two parts, the first (“primary” mushy zone) of
them consists of Al-rich dendrites whose fraction is higher near crucible walls and lower at the
centerline 2.6b. This part is followed by the secondary (“eutectic”) mushy zone composed of den-
drites and intermetallic plates 2.6c. According to the simulations, the fraction of intermetallics
is higher closer to the axis of the sample, that explain experimental observation described above
with larger intermetallic plates at the center of the sample.

a b c d

Figure 2.6: Results of simulations: a)Segregation pattern for Si and superposed flow field;
b)Distribution of the volume fraction of Al-rich dendrites; c)Distribution of the volume fraction
of β-intermetallics; d)Distribution of volume fractions of the two solid phases and module of the
axial and radial velocities along the lines indicated in figs.a-c, from [8]

In the graph constructed over the axis of the sample and over a line at the distance of 3mm from
the axis (1 mm from the crucible wall) variation of the fractions of dendrites and intermetallic
plates is given together with variation of axial and radial velocities along these lines fig.2.6d.
It is seen that when intermetallic phase appears, velocity value is already very small, i.e. if
intermetallic plates block the flow, they make it zero instead of ≈ 2 · 10−6 m/s according to the
equilibrium solidification model.
It should be underlined, however, that we have no information about growth process of in-
termetallics! For example, the latter may really nucleates at the deep mushy zone but it has
anisotropic form (platelets) which may grow rapidly toward dendrite tip instead of lateral devel-
opment in the mushy zone. At this point, the lack of experimental observation makes physical
and mathematical description of the process impossible and let researchers to guess or to make
assumptions regarding it.
Also, presented simulations were performed in two-dimensional axisymmetric form with swirl
flow that takes into account azimuthal velocity vφ but assumes that all variables are independent
on azimuthal coordinates. Although this assumption is rather strong, it seems to be reasonable
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for week flow which is realized in the present studies. Yet, according to the assumption of axial
symmetry, the azimuthal flow cannot affect solidification. Three-dimensional simulations were
realized later but confirmed the hypothesis that the flow created by such Lorentz force was
generally rather weak and use of 3D approach did not bring new information. One can conclude
that more detailed simulations can be made once the growth kinetics of the intermetalics is
known.

2.1.2 Effect of Traveling Magnetic Field in directional solidifica-
tion of a ternary Al-Si-Fe alloy in terrestrial conditions

Experimental facility that can be installed at ISS should meet various restrictions related to their
size, weight and power consumption. In on-ground laboratories these restrictions usually do not
exist that allows one to construct a large facility even if solidification of small, laboratory-scale
samples is foreseen. A unique electromagnetic inductor was produced at Miskolc University
(Hungary) allowing realization of vast variety of configurations of traveling magnetic field. In
fact, the inductor is composed of two linear motors with flat coils whose connection can be done
in different ways. In particular, such configuration allows one to create electromagnetic waves
which can travel in the same direction along both motors (either upward or downward) or in
different directions, that is, upward on one side and downward on another. Such motion of trav-
eling waves can be done with some phase shift between left and right sides that should lead to
inclination of vectors of Lorentz force with respect to the central vertical plane parallel to that of
the motors. Experiments on directional solidification of the samples of the ternary Al-7wt%Si-
1wt%Fe alloy were performed with use of this inductor to support the experimental solidification
campaign in space. Numerical modeling was provided in the frame of the PhD Thesis Csaba
Nagy which was co-supervised by Dr. Y. Du Terrail (Grenoble, France), Prof. A.Roosz (Miskolc,
Hungary), and me.
To obtain the resulting electromagnetic force acting in the liquid for such construction of the coil,
3D simulation was performed with COMSOLr Multiphysicsr software using the scheme pre-
sented in 3D and 2D sketch in fig.2.7. According to the information, provided by the manufacturer
of the coil, University of Miskolc, for the experiment presented below, six-phase alimentation was
used that means the phase shift of φ = π/6 between the neighboring coils, as schematically shown
in fig.2.7, the AC frequency was f = 50Hz. Details regarding geometry of the coil are given
elsewhere [13]. The electromagnetic simulations provided distribution of the effective Lorentz
force inside the crucible filled with the melt with corresponding electric conductivity σl. Since
these studies were realized in the frame of MICAST project, the radius of the crucible was kept
equal to that in microgravity: R ≈ 4mm. Due to a procedure of comparison between simulations
of convective heat transfer inside the crucible filled with the melt and measurements which are
described elsewhere [14, 13] the Lorentz force calculated with COMSOLr Multiphysicsr soft-
ware was corrected with a factor 0.1 and used in further simulations of solidification of ternary
alloy with system of equations eq.(2.18) given above.
As expected, under the Lorentz force acting downward onto a half of the liquid and upward for
another half, the flow presents a single vortex which occupies the whole crucible (fig.2.7). Note
that the top of the crucible is closer to the upper end of the inductor that leads to a weaker
Lorentz force and the flow also slows down. Such configuration of the flow means that during
the directional solidification, in a half of the crucible the rejected solute is brought through the
mushy zone toward pure liquid making the next portion of the solidifying sample more enriched.
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Figure 2.7: Scheme of TMF stirrer developed in the Materials Science Research group of
University of Miskolc, Lorentz force in the sample calculated with COMSOLr Multiphysicsr

software and fluid flow obtained in crucible filled with the melt under the action of calculated
force taken with the factor 0.1 and gravity, the figures are taken from the ref. [13]

For another half of the crucible, the flow tends to push the rejected solute back to the mushy
zone. It should be reminded that under normal gravity the buoyancy solute and thermal forces
are also active. It can be expected that under assumption of columnar growth, i.e. stationary
solid phase, stirring of the liquid by Lorentz force becomes less efficient in the mushy zone and
the buoyancy flow may prevail over it, that may lead to formation of channels, as was observed
in the ref [15]. The instantaneous results of simulation are presented along the solidification
direction at fig.2.8a and comparison of concentration distribution taken at a cross section of the
sample after its solidification with results obtained in simulations are given in fig.2.8b.
Based on the comparison between the results observed in the experiments and obtained in sim-
ulations, we can conclude that the developed model for columnar solidification of the ternary
alloy allowed us to explain qualitatively the effect of the electromagnetic stirring on segregation
in the solidified samples. It would be interesting to make deeper studies related to characteristics
of microstructure, i.e. PDAS and SDAS and to look for distribution of intermetallics. Yet, this
work remains at discretion of the team of University of Miskolc as owners of samples.

Furthermore, it would be interesting to apply equiaxed model similar to the one presented below
which was developed and applied for simulation of AFRODITE experiment, yet, difficulties to be
foreseen are related to the appearance and growth of intermetallics whose kinetics is not actually
known.
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Figure 2.8: Comparison between results obtained in experiment and in calculations in solidifi-
cation of a ternary AlSiFe-alloy with TMF stirring [13]
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2.2 Application of the Traveling Magnetic Field and
Equiaxed Growth and in the AFRODITE bench-
mark

During the columnar regime of solidification the emerging solid phase remains attached to the
walls, consequently, convective transport phenomena occur only in the liquid phase. Otherwise,
the growing solid grains can be in motion inside the bulk liquid and generally they have a more
symmetrical shape, therefore they are called “equiaxed grains” (fig.2.9a). It is known that the
appearance and further formation of the columnar or equiaxed grains depend on the thermal and
concentration gradient in the liquid, on the density of nucleation centers and on their size which
defines the undercooling required for the formation of the stable nuclei. This is summarized via
a so-called Hunt-LGK diagram, fig.2.9b.

Figure 2.9: a)Presentation of the columnar and equiaxed zone: TL - liquidus temperature of
the alloy, Tne < Tl - temperature of nuclei formation, TCF < Tne - temperature at the tip of
columnar dendrites, which can be below the Tne because of kinetics effect, from ref. [16], b) Hunt
diagram calculated for the refined Al-7wt%Si alloy, zones of different growth are indicated, from
ref. [17]

In industrial casting production, a large equiaxed grain region is often expected because it is
supposed to provide better homogeneity than the structure consisting of columnar grains. For
instance, in a production of the large steel ingots, the equiaxed grains play the crucial role in the
ingot quality. For this reason, the numerical models capable to treat equiaxed growth
are of vital importance. Yet, realization of the latter is much more challenging compared to
the columnar growth model because the convective transport phenomena are related to both
phases, and even more phenomena should be considered, as indicated in the Table 2.2 below.
Hitherto several equiaxed models for macroscale simulations were presented by various teams,
aimed for simulations of the casting of large steel ingots [18, 19, 20, 21], yet, to our knowledge,
none of them was validated with a suitable benchmark experiment prior our work devoted to
AFRODITE which is described below.
As it was mentioned above, the design of the AFRODITE is based on that of the Hebdith
& Hunt experiment [4] with the crucible 5cm×10cm×1cm and water-cooled resisting heaters
placed on the lateral sides of the crucible, as shown in fig.2.10. Configuration of the set-up
allows one to realize solidification in horizontal direction and to study the effect of the buoyancy
flow. Moreover, a flat coil placed below the cavity creates traveling magnetic field (acts as linear
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Phenomenon Columnar growth Equiaxed growth
Grain growth Yes, for stationary grains Yes
Solute mesoscale diffusion Yes, for stationary grains Yes
Drag force Yes, for stationary grains Yes
Nucleation No Yes
Grain motion No Yes
Grain packing No Yes
Fragmentation of dendrites No Probably

Table 2.2: Accounting for phenomena in columnar and equiaxed model

motor) and allows one to study the effect of the forced convection on the solidification process as
well. To remind, a distinct feature of the AFRODITE setup is the equipment of the crucible with
the array of thermocouples placed over the large wall that allows following of the evolution of the
two-dimensional temperature map during the solidification process. The set of thermocouples
placed on each lateral heater should allow one to evaluate heat fluxes or/and temperature at the
boundaries of solidifying volume.

Figure 2.10: Scheme of the AFRODITE facility and sketch showing the positions of the ther-
mocouples on the side wall of the crucible. Indicated components of shown AFRODITE setup :
(1) sample, (2) left heat exchanger, (3) resistance, (4) stainless steel crucible, (5) thermocouples
positions, (6) right heat exchanger, (7) water cooling system, (8) flat electromagnetic inductor,
the figures are taken from the ref. [22]

A list of experiments performed with the AFRODITE set-up can be found elsewhere [23]. In
particular, it was found that the electromagnetic stirring in the direction opposite to the flow
driven by the thermal buoyancy leads to formation of mostly equiaxed structure in the solidified
sample. Accounting for the fact that very probably it was the first experiments with mostly
equiaxed structure obtained in a benchmark experiment4, its numerical modeling is almost a
must for verification and validation of (any) developed equiaxed code.
It must be underlined however that despite the great efforts made to achieve a good control
of boundary conditions and to extract maximum information from the experiment, the uncer-
tainties regarding the electromagnetic driving force and the actual temperature evolution inside
the volume near cooling walls still exist that affect numerical results. Regarding the thermal

4the experiment which provides information sufficient for performing its numerical simulation
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boundary conditions the uncertainty problem was recognized already in simulations of columnar
solidification [22]. Indeed, from the point of view of temperature measurements, a “blind zone”
exists near these boundaries because the temperature in the liquid is not known there, but only
at the distance of 0.5cm from the wall. Yet, convective flow exists within this liquid zone and its
intensity depends both of the supplied heat flux and on the applied stirring force which is not well
known either. At the first approximation in simulations, it is supposed that the conductive heat
flux prevails over convective one and the temperature at the boundary is recalculated according
this assumption.
Further, as discussed in details in subsection below, the electromagnetic field generated within
the cavity is not actually known and some of parameters which characterize it are extrapolated
from indirect measurements.

Below the results of the numerical simulations of the experiment on solidification of a binary
Sn-10wt%Pb alloy with electromagnetic stirring is presented.

2.2.1 Estimation of the Lorentz force in the AFRODITE bench-
mark

Electromagnetic field inside the solidifying volume was generated by the flat inductor placed
below the crucible (fig.2.11a). This inductor consisted of set of coils and was alimented with
three-phase AC current with the frequency f = 50Hz. Geometrical size and placement of coils
define the pole pitch τ = 32mm (distance between coils at which phase difference of alimenting
current is 2π), the length of the traveling wave l = 2τ = 64mm and the corresponding wave vector
k = 2π/l = 98.2m−1. For the case of infinite two-dimensional coil and semi-infinite adjacent
volume characterized with electrical conductivity σl this set of parameters defines analytical
solution which was taken as a basis for further analysis of such inductor performed in [24]. In
particularly, it was assumed that the finite thickness of the crucible D affects the circulation
of the eddy current in the melt and a correction to the wave vector, which became equal to k∗

was proposed in the form of eq.(2.25) below. Analytical solution provided three components for
electromagnetic force Fx, Fy and Fz (axis shown in right-hand fig.2.10), yet, only x-component
of the force drives fluid flow.

k∗ =

√
k2 +

( π

2D

)2
(2.25)

Fx = CemA
2
em,0 ×

2πfσlk
∗

2
e−2k∗y (2.26)

with k = 65.45m−1 and k∗ ≈ 321m−1.
It is seen that the final expression for the force given by eq.(2.26) contains three parameters. First,
Cem is a reduction factor to account for a finite size of the inductor, second, Aem,0 corresponds
to the amplitude of the potential vector A at the inner surface of the bottom side of the cavity
and the third is the modified wave vector k∗. Among these three parameters only the last one
can be actually known since it is based on geometry of the inductor. Two others, Cem and Aem,0,
should be extracted from some measurements. Two studies were devoted to the definition of these
parameters via the measurements of characteristics of the flow of low-temperature GaInSn alloy
in identical configuration [24, 25]. These studies provided different recommendations already for
the value of the wave number: k∗ = 65m−1 in [25] contrary to the value k∗ = 314m−1 derived in
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[24] and recommendation for the values of Aem,0 and Cem were also different.
To clarify the situation, Tao Wang during his work on PhD Thesis performed simulations and
reproduced numerically the measurements which made for GaInSn alloy with Doppler technique,
cf. ref. [26]. Calculations were performed with ANSYSr Fluentr software with properties of
GaInSn melt given elsewhere. These simulations revealed that the electromagnetic force defined
by k∗ = 314m−1 decreased very fast near the bottom of the cavity and the velocity profiles
measured in experiment could not be reproduced. Yet, with the value of wave vector k∗ = 65m−1

the calculation and measurements for velocity of GaInSn had much better agreement. Then, to
evaluate the amplitude of the electromagnetic force we presented the latter in the form

Fx = Aemf,GaInSne
−2k∗y with k∗ = 65m−1 (2.27)

and we were looking for a coefficient Aemf,GaInSn which depends on the electric conductivity of
the media, for GaInSn alloy σl = 3.4 · 104(Ω ·m)−1. The values Aemf,GaInSn = 160N/m3 and
Aemf,GaInSn = 320N/m3 provided satisfactory results although we found that a good compar-
ison cannot be actually made for multiple reasons, which are described in details in the PhD
Thesis of Tao Wang [26]. Then, accounting for a nearly 2 times difference in the values of elec-
tric conductivity between the GaInSn abd PbSn alloys, one can expect that the value for the
coefficient Aemf for the latter alloy should be between 80-160 N/m3. Further adjustment of the
coefficient preceding the exponent in case of SnPb alloy was made based on the comparison of
the two-dimensional temperature distribution obtained numerically and with the thermocouple
measurements in the AFRODITE experiment. We found that the range 110-180 N/m3 for the
coefficient Aemf was more suitable.
Consequently, in further calculations for AFRODITE experiments with PbSn alloy we used the
following expression for the electromagnetic force:

Fx = Aemfe
−2ky with k∗ = 65m−1 and Aemf = 180N/m3 (2.28)

with the adjustable parameters Aemf supposed to be in the range 110− 180N/m3.
Results of simulations of the flow and temperature field in the Sn-10wt%Pb alloy prior solidifi-
cation and at the very beginning of the solidification process are shown in fig.2.11. Although the
thermal boundary conditions (at the left and right wall) were corrected based on the measure-
ments realized in the experiment, it should be recognized that there exist some difference between
the temperature fields observed in the experiment and those from calculations (fig.2.11). Based
on the shape of the temperature isolines, one can suppose that the thermal buoyancy convection
near the hotter (left) wall is underestimated while intensity of the Lorentz force is probably
overestimated. These are uncertainties related to the lack of information about boundary con-
ditions and electromagnetic force. Yet, numerical results reproduce important characteristics of
the temperature fields that are higher thermal gradient near the cold wall than near the warm
one and nearly constant temperature in the the central part of the liquid volume.

2.2.2 Equiaxed model for the AFRODITE benchmark

Apart of the problems presented above that are related to uncertainties in thermal boundary
conditions and in electromagnetic force driving liquid flow, the following phenomena got special
attention in numerical model.
1. Grain packing phenomena
Experimental observation show that the equiaxed grains may attach to the wall of the cavity
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a b

Figure 2.11: a) Scheme presenting flow directions in the experiment and b) Comparison of
temperature obtained in simulations with Aemf = 180N/m3 and measured during the exper-
iment: two-dimensional temperature field in the beginning (upper figure, t=300s) and in the
middle (t=540s, lower figure) of solidification process, from [27]

and coalesce with other grains. In numerical models, it is supposed that coalescence of grains
happens at some critical fraction whose value is predefined and depends on adopted model chosen
for equaixed simulation (globular or dendritic), no other criteria were recommended. However,
this approach seems to be relevant for the case of weak and “regular” convective flow which does
not affect monotone distribution of temperature in the cavity and layer-by-layer character of
solidification. Yet, due to electromagnetic stirring a system of vortices can be created in the
liquid and because of them a region with lower temperature may happen somewhere in the bulk
liquid. Following these vortices, some grains may be taken from the walls of cavity and brought
to bulk liquid without been melted, on the contrary, they may grow because of temperature
perturbation! In this situation grains may coalesce but travel together, i.e. their “packing” in
sense of blockage does not look logical. Consequently, it was proposed to block only those grains
whose grain fraction was large or equal the critical one and which were near cavity walls or had
already packed grains as neighbors as described elsewhere [27].
2. Solidification in turbulent flow and interaction of turbulent flow with porous solid
It could be expected and it was confirmed by our simulations that the flow of the melt under
the action of electromagnetic stirring in the AFRODITE experiment is weakly turbulent. Yet,
if models for growth kinetics of grains which accounts for convective flow exist, they were not
extended to turbulent flow. In simulations performed for AFRODITE experiment the problem of
turbulence was solved “ad-hoc” 5: we used a widely adopted realizable k−ε model with extended
treatment of the wall.
3. Evolution of electromagnetic field in time during solidification
This question may arise if we suppose that electrical conductivity inside solidifying volume evolves

5fashioned from whatever is immediately available, https://www.merriam-webster.com/
dictionary/ad%20hoc

Habilitation Thesis Olga Budenkova Page 33

https://www.merriam-webster.com/dictionary/ad%20hoc
https://www.merriam-webster.com/dictionary/ad%20hoc


in time either due to variation of electrical conductivity with temperature or because of phase
transition. The former situation is simpler since it assumes changing at macroscale and can be
treated with formal variation of σl in the expression for the force given by eq.(2.26). In this
case only the lack of data on σ(T ) prevents realization of such simulations. Yet, the change of
electrical conductivity due to the phase transition is more difficult to treat because it is related
to the nucleation and growth of solid grains and it can be expected that at small solid fraction
the variation of the electrical conductivity is negligible. However, at certain grain size or due to
accumulation of grains (both are interpreted with solid fraction), the effect of phase transition
should become remarkable and it would be non-uniform. In this case we face both with lack of
the experimental data on σ(fs) and on the absence of the corresponding electromagnetic model.
On the other hand, it should be noted that at first approximation similar “mixture” model pre-
senting effective conductivity proportional to fraction of phases would be probably appropriate.

Other problems related to the drag force acting on the liquid and grains and effect of convective
flow on the growth kinetics of dendrites were considered at the stage of the development of the
equiaxed model and are presented in details in the publications of Tao Wang et al. [28].

2.2.3 Application of the equiaxed model to the AFRODITE bench-
mark experiment performed with the use of the Traveling
Magnetic field

Effect of the forced and buoyancy convection during solidification is illustrated with fig.2.12.
Initially (2.12a) the forced convection occupies most of the liquid volume and transport the
appearing solid grains upward and to the centre of the cavity. It should be noted also that the
density of the solid phase is smaller than the density of the liquid enriched with the rejected Pb,
the grains can float upward. However, with grains packing the effect of the forced convection
decreases because the packed grains damp the forced flow giving possibility to the thermal
buoyancy to occupy the upper part of the liquid volume (2.12b). According to the model,
the extradenritic liquid( which is the liquid outside of the grains), can still move and since
it is heavily enriched, it flows downwards and brings the rejected Pb toward the bottom of the
cavity. Note that such configuration of the flow affects also temperature distribution: at the time
corresponding to the situation illustrated with the fig.2.12a the temperature at the upper part is
defined by the forced convection which brings there colder melt, but at the moment corresponding
to the fig.2.12b the buoyancy convection brings to the central upper part the warmer liquid from
the hotter wall. Detailed analysis of the interaction of the forced and buoyancy convection
affected by the growth of the dendrite grains, their transport and packing was performed in our
publication [27]. Below the final patterns for the distribution of the Pb in the solidified sample
and calculated density of the grain number is presented and compared with those obtained in
the experiment, cf. fig.2.13. As it was mentioned in the beginning regarding the experimental
results, although the most of part of the solidified volume is occupied by the equiaxed grains,
columnar growth is observed in right bottom part. The presence of columnar grains can affect
the forced convection, and this is not taken into account in the numerical model. Because of
this, the channels enriched with the Pb in the region of the columnar growth obtained in the
experiment are not observed in the simulations. However, the distribution of the density of the
grain number n, obtained numerically, correspond to the variation of grains’ size visible in the
sample: higher value of n near closer to the left (warmer) wall of the sample correspond to
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smaller grains in the experiment. Qualitative comparison regarding concentration of the Pb in
the solidified sample based on the X-Ray image is not possible, but it is seen that the location
of the region enriched with Pb corresponds to the porous region in the sample. The latter could
be the indication that this volume was solidified at the latest, similar to calculations. Overall,
character of segregation – negative at the top and positive near the lateral and bottom walls –
correspond to the experimental observations.

Figure 2.12: Illustration to the effect of the buoyancy and forced convection during the solidi-
fication process, from the PhD Thesis of Tao Wang [26]

2.3 Conclusion

In this chapter the work performed for solidification processes under polyphase AC electromag-
netic fields obtained with various configurations of coils is presented. In particular, we considered
the solidification with application of rotating magnetic field (section 2.1.1) and with two types
of traveling magnetic fields (section 2.1.2 and 2.2). Regarding simulations performed for the
project MICAST, it is interesting to see how the mesoscale modeling has difficulty with provid-
ing deeper insight in the process because of lack of the information regarding the microstructure
development. Indeed, as it was discussed above, the absence of information on the growth of
intermetallic solid phase in solidification of Al-Si-Fe alloy impedes satisfactory description of
mushy zone. Consequently, the fluid flow cannot be treated properly that makes the analysis
regarding the coarsening of dendrites impossible at the this stage. On the contrary, advanced
comprehension on growth kinetics in binary dendrites growth allows one to understand quite
well the transport processes in the AFRODITE benchmark experiment.
It is found that the polyphase AC magnetic field serves for creating a driving force which may
transport the liquid and the solid phase, the concentration of the components of the alloy in
the volume is affected by the convective transport. The latter can have negative effect, i.e.
aggravates the segregation, as it was observed in the experiments performed within the MICAST
project or makes it smoother, as shown in the AFRODITE experiment. Note that in both
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Figure 2.13: Comparison of numerical simulations and experimental observations: calculated
grain number density distribution (a), calculated macrosegregation map at center plane of the
sample (b), grain structure of ingot(c) and X-radiography of the ingot (d), the figure is taken
from the ref. [27]

cases the structure of the solid phase – columnar or equiaxed – was imposed in solidification.
Although some models which can treat simultaneous columnar and equiaxed growth exist, such
simulations remain challenging and rely on quite a large number of parameters unknown a priory.
Yet, development of such model is foreseen by the author in the future.
Finally, it should be stated that at the current stage the numerical models developed for solid-
ification of alloys really help to reveal the sequence of physical phenomena which prevail at the
different stage of solidification. However, the question remains about the ability of such models
to predict correctly the results for novel processes.

2.3.1 The author contribution

Regarding solidification of alloys under the action of the polyphase AC magnetic field, the author
of the present work contributed to the following actions:
- Implementation of the system of equations for a binary columnar solidification model into
ANSYSr Fluentr - realized by the author
- Performing simulations for the numerical benchmark of the columnar solidification of the binary
alloys, comparison with the calculations of other laboratories
- Development of the system of equations for the ternary alloy and implementation of them into
ANSYSr Fluentr in the frame of the MICAST project - realized by the author
- Coordination of the numerical simulations for the AFRODITE benchmark with the columnar
growth under the natural convection
- Coordination of the numerical simulations for the on-ground experiments for the ternary alloy
in the frame of the MICAST project (co-supervisor of PhD Thesis of C. Nagy)
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- Coordination of development of the numerical model for the solidification of binary alloys in
the equiaxed regime and of the simulation of the AFRODITE experiment with electromagnetic
stirring (co-supervisor of PhDThesis of T. Wang and supervisor of PostDoc S. Semenov)
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Chapter 3

Application of Continuous Magnetic
Field in solidification of alloys:
Magneto - Thermo - Electric Force

As it was indicated in the introduction, the main effect expected from the application of continu-
ous magnetic field over a solidifying volume is the damping of the convective flow. Yet, in 1980s
several experiments on solidification of alloys performed in laboratory conditions with use of the
DC magnetic field demonstrated some modifications of structure that could not be explained by
diminishing of intensity of fluid flow [29, 30, 31]. On the contrary, these experiments indicated
appearance of new force(s) which apparently was active both in liquid and solid phases. Now it
seems complicated (if not impossible) to cite the very first work where a guess was made regard-
ing the possible emergence of the thermo-electric current in such systems and further interaction
of this current with DC magnetic field which could lead to appearance of Lorentz force in the
system. Among early works one can cite the work of Mikelson and Karklin [29]. Below a brief
explanation of the phenomenon in application to solidification of alloys is given.
In a form reduced to the thermoelectric (Seebeck) effect only, the system of the governing equa-
tions includes a differential equation for the static temperature distribution T and for the con-
tinuity of the electric current j, as well as a relation between the density of electric current and
the temperature gradient through Seebeck coefficient:

∇(κ∇T ) = 0 (3.1)

∇ · j = 0 (3.2)

j = −σ∇Φ− σS∇T (3.3)

with Φ in eq.(3.3) for the electric potential which appears in a media due to the temperature
gradient, κ and σ for the thermal and electrical conductivity, respectively, and S for a ther-
moelectric power (Seebeck coefficient). These equations should be updated with the boundary
conditions, this will be discussed in the sections below as well as coupling of these equation with
convective flow.
Thus if the Seebeck coefficient varies in the domain subjected to the thermal gradient, for exam-
ple, due to the phase transition from solid to liquid, the thermoelectric current j given by eq.(3.3)
may appear in the system. Furthermore, if a magnetic field B is superposed over the system,
the interaction of the thermoelectric current and the magnetic field may lead to the appearance



of the magneto-thermo-electric force F = j×B. Finally, this force can affect the motion of the
liquid and of the solid particles.

3.1 Experiments and theory of Magneto-Thermoelectric
Force in application to solidification of alloys: state
of art

Study of the effect of continuous magnetic fields on macrostructure of alloys was initiated in the
group EPM (at that time laboratory MADYLAM ) by Dr. R. Moreau at the end of the last
century. Systematic fundamental experiments realized in the frame of thesis of O. Laskar [32],
T. Alboussiere [33] and P. Lehman [34] clearly demonstrated that the effect of a continuous mag-
netic field, applied during solidification of alloys, on the microstructure of the latter cannot be
explained by the damping of the natural convection. Hence, the hypothesis regarding the thermo-
electric effect at the origin of the observed modifications was supported. In the former work,

an analytical solution was proposed for a planar
2D interface, as well as qualitative expressions
for the thermoelectric current in the liquid and
in the solid phase near the dendrite front:

js = − σsσlfL
σlfL + σsfs

(Ss − Sl)GT (3.4)

jl =
σsσlfs

σlfL + σsfs
(Ss − Sl)GT (3.5) Figure 3.1: Thermoelectric current in the

dendrite and surrounding liquid [32]

In eqs.(3.4)-(3.5) fs, fl correspond to the solid and the liquid volume fractions, respectively, and
the thermal gradient GT is supposed to be aligned with the growth direction of dendrites, both
are considered to be along z-axis.
Also, qualitative diagrams showing thermoelectric current in dendrites and surrounding liquid
were demonstrated for the case of DC magnetic field directed perpendicular to growth direction
and parallel to it (Fig.3.2).

Figure 3.2: Thermoelectric current and convective flow in the mushy zone dependent on direc-
tion of applied DC magnetic field defined with the vector B [32]

These works made possible next series of experiments in more complex configuration that were
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initiated again at SIMAP almost twenty years later by Prof. Y. Fautrelle and presented in the
PhD thesis of Xi Li [35] and I. Kaldre [36]. Spectacular in-situ experimental results were obtained
in further collaboration between SIMAP and IM2NP ( Univ. Aix-Marseille) and were presented
in thesis of J. Wang [37], G. SALLOUM-ABOU-JAOUDE [38] and L. Abou-Khalil [39].
Nowadays numerous papers reporting the effect of magneto-thermoelectric forces in elaboration
of various materials are published every year ([40] and references within). However, only few
numerical simulations of solidification accounting for the thermoelectric effect can be cited, for ex-
ample, [41], [42], [43]. Moreover, some of presented results are questionable since in corresponding
statements of thermoelectric problem the proper boundary conditions for thermoelectric current
are often neglected either at the domain boundaries or at the solid-liquid interface. Also, cou-
pling of the fluid flow and the thermoelectric current is often taken into account improperly.
This is not surprising since despite huge number of experimental papers, theoretical description
of magneto-thermoelectric phenomena in application to the dendrite growth did not progress a
lot since the PhD thesis of O. Laskar [32] and M. Tanaka [44]. Hence, there is no possibility to
verify calculations using simple analytic solutions or simplified benchmarks.
To give an example, let us look at the solution for the coupled problem (eqs.(3.1)-(3.3)) obtained
in [45] and rehashed in [46] for an isolated spherical solid particle immersed in

the infinite liquid pool, that gives for the thermo-
electric current:

jsps = − 2σsσl
σs + 2σl

(Ss − Sl)GT,∞ (3.6)

jspl = − 2σsσl
σs + 2σl

(Ss − Sl) |GT,∞|×

R3
0

r3
(cos θer + sin θeθ) (3.7)

with

GT,∞ =

(
3κl

κs + 2κl

)
GT,∞ (3.8)

Figure 3.3: Illustration to the problem
of a spherical particle in the infinite liquid
pool, axis are chosen such that the thermal
gradient GT,∞ is parallel to the z-axis.

The equations (3.6)-(3.8) are different from solutions proposed by eqs.(3.4)-(3.5). Contrary to
the previous consideration, it is demonstrated that the density of the electric current in the
surrounding liquid jspl decreases rapidly as r−3 with distance from the particle.
Consequently, the interesting and important questions related to the appearance of thermoelec-
tric current and effect of the Magneto-Thermo-Electric force on microstructure, are, for example:
- whether the size and/or shape of dendrites affects intensity of the thermoelectric current
- how far spreads thermoelectric current in the liquid, if it is affected by the size and/or shape
of the particle
- whether the convection in the liquid affects thermoelectric current - to answer this question
one should consider coupled thermoelectric and hydrodynamic problem, see section 3.3 below for
details

Page 40 Olga Budenkova Habilitation Thesis



3.2 Effect of the size and orientation of a solid particle
on the intensity of the thermoelectric current

Consideration of a solid particle of a spherical shape does not allow us to understand if anisotropic
thermoelectric effects may exist in the solid-liquid system. To verify if the shape of the particle
may have an effect on the thermo-electric phenomena, we considered a particle in the form of
prolate spheroid (ellipsoid) which can be oriented differently with respect to the imposed external
thermal gradient GT,∞ (Fig.3.4).
Similar to the case of the spherical particle, the
solid and liquid phases are characterized with
the electrical and thermal conductivities σs, σl
and κs,κl, respectively, which could be equal
for the solid and the liquid, but the Seebeck co-
efficients Ss, Sl should be different for the two
phases.
The ellipsoid is characterized with the semi-
major and semi-minor axis a and b and the ec-
centricity of the ellipsoid e:

e =
√

1− b2/a2 (3.9)

Note, that for a sphere a = b and e = 0.

Figure 3.4: Particle in the form of pro-
late spheroid (ellipsoid) in the infinite
liquid pool under the external thermal
gradient GT,∞ = exG

‖
T,∞ + eyG

⊥
T,∞

It is convenient to obtain the solution for the thermo-electric problem with two particular orien-
tations of the thermal gradient: parallel to the major axis of the ellipsoid G‖T,∞ and parallel to
the minor axis of the ellipsoid G⊥T,∞. Then linear combinations of obtained solutions allows de-
scription for a general case with arbitrary orientation of the ellipsoid with respect to the thermal
gradient.
A detailed solution of the problem is given in [47], here only results are briefly presented. The
remarkable finding is that the density of the current in the solid particle depends on the eccen-
tricity of the ellipsoid but not on the size of the latter. This dependence is presented with the
help of a function F(e) written as:

F(e) =

(
1

e2
− 1

)(
1

2e
ln

1 + e

1− e
− 1

)
(3.10)

with two limits: F(e)|e→0 →
1

3
and F(e)|e→1 → 0.

Assume that the orientation of the imposed thermal gradient parallel to the major axis of the
ellipsoid means that GT,∞ = exG

‖
T,∞ is directed along x-axis. For the perpendicular orientation

it can be supposed that GT,∞ = eyG
⊥
T,∞, i.e. directed along y-axis. Then, obtain for the current

in the solid particle:

j
‖
s(e) = −exG‖T,∞

σs(SS − SL) [1−F(e)]

[1− (1− kσ)F(e)] [1− (1− kκ)F(e)]
(3.11)

j⊥s (e) = −eyG⊥T,∞
2σs(SS − SL) [1 + F(e)]

[2− (1− kσ)(1−F(e))] [2− (1− kκ)(1−F(e))]
(3.12)

with kσ = σs/σl and kκ = κs/κl.

Habilitation Thesis Olga Budenkova Page 41



It can be shown that at the limit e → 0, i.e. in a case of the spherical particle, both solutions
given by eqs.(3.11) and (3.12) tend to the expression obtained for a sphere given by the eq.(3.6).
However, it is interesting to compare the case of a sphere e → 0 and of a highly elongated
ellipsoid, e → 1 when F(e)|e→1 → 0. This comparison is summarized in the Table 3.1 below,
and is easier if all properties for liquid and solid, except the Seebeck coefficients, are supposed
equal.

Sphere e = 0 Elongated ellipsoid
e→ 1, main axis ‖ GT

Elongated ellipsoid, e→ 1,
main axis ⊥GT

jsps = −GT,∞
2σsσl
σs + 2σl

×(
3κl

κs + 2κl

)
(Ss − Sl)

j
‖
s|e→1 = −GT,∞ ×
σs(SS − SL) (3.13)

j⊥s (e)|e→1 = −GT,∞
2σsσl

[σl + σs]
×

κl
[κl + κs]

(SS − SL) (3.14)

if σs = σl and κs = κl

jsps = −GT,∞
2σs
3
×

(Ss − Sl)

j
‖
s|e→1 = −GT,∞ ×
σs(SS − SL) (3.15)

j⊥s (e)|e→1 = −GT,∞
σs
2
×

(SS − SL) (3.16)

Table 3.1: Comparison of the thermoelectric current originated in a spherical particle and
in a highly elongated ellipsoid for two different orientation of the latter with respect to
the thermal gradient

In particular, it can be observed, that if elongated particle is oriented perpendicularly to the ther-
mal gradient, the density of thermoelectric current inside the particle will be 4/3 times smaller
than in the spherical particle, if all properties for liquid ans solid (except SS , SL) are considered
equal, compare eq.(3.16) and eq.(3.15). One can observe that eqs.(3.16),(3.15) have the same
structure as equations obtained by Leenov & Kolin [48] for the problem of the electromagne-
tophoresis.

Page 42 Olga Budenkova Habilitation Thesis



Note that the direction of the thermoelectric current inside the particle is parallel to the direction
of the thermal gradient if the latter is oriented along one of its axis. To obtain the intensity of
the thermoelectric current for the arbitrary orientation of the ellipsoid under external thermal
gradient one can use the linear combinations of j‖s and j⊥s . In particular, the thermoelectric
current will flow at the angle of arctan(|j⊥s |/|j

‖
s|) with respect to the major axis of the ellipsoid

with its density equal to
√

(j⊥s )2 + (j
‖
s)2 while |j⊥s | and |j

‖
s| will be defined by the modules G‖T,∞

and G⊥T,∞.
The analytic solutions given above allowed us to explain the results obtained numerically in
the simulation of a thermoelectric problem for a 2D dendrite particle (fig.3.5) [47]. Indeed, in
the dendrite particle one can distinguish two primary arms directed almost along the thermal
external gradient GT,∞ = 3000 K/m, and the third primary arm which is strongly inclined
with respect to the GT,∞. Numerical simulations showed that the density of the thermoelectric
current was different in these primary arms.

Figure 3.5: Thermoelectric current through a dendrite particle and the explanations with use
of the analytical solutions, properties are given in the table 3.2. Nearly horizontal lines in the
figure corresponds to the temperature isolines with ∆T = 0.05K [47]

Moreover, the density of the thermoelectric current in the small secondary dendrite arms, which
are parallel to the GT,∞, is larger than in a large primary arms. This correspond to our solutions
obtained with the ellipsoid particle, which demonstrated dependence on the particle orientation
in the thermal field and on the ratio of its geometrical characteristics, but not on the size of
the particle. Moreover, since the dendrite arms resemble the elongated ellipsoid with e → 1,
the density of the thermoelectric current can be estimated theoretically based on the properties
given in the table 3.2 and the imposed thermal gradient GT,∞ = 3000 K/m.
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Physical properties value unit
liquid solid

Thermo-electric constant S −3.8× 10−6 −5.4× 10−6 V m−1

Electrical conductivity σ 4× 106 1× 107 Ω−1 m−1

Thermal conductivity κ 95 150 W m−1 K−1

Table 3.2: Numerical values of physical properties used in calculations with a dendrite
particle

3.3 Intensity and configuration of the liquid flow around
a spherical particle due to Magneto-ThermoElectric
force

In the section above the main attention was given to the thermoelectric current which circulates in
the solid particle. Actually, the analytical solution was obtained for a generalized thermoelectric
potential W = Φ − ST both, for solid and liquid phases. Therefore, the thermoelectric current
in the liquid phase can be also found and one can try to estimate the effect of the DC magnetic
field superposed over this system.
The role of the DC magnetic field B in the appearance of the magneto-thermoelectric force
FMTE = j×B is twofold. Indeed, without the magnetic field a thermoelectric current circulates
in the system, but no driving force exists. The latter appears once a magnetic field is superposed
over the system and seems to be linearly proportional to the intensity of magnetic field |B|,
i.e. one might expect that convection in the liquid intensifies with the increase of |B|. Yet, as
it was discussed in the section 1.2, the interaction of the velocity of fluid u with the magnetic
field B generally leads to the generation of the eddy current σlu × B and to the modification
of the electric potential Φ according to the source σlB · (∇ × u). Hence, the magnetic field B

is at the origin of the convective flow but at the same time it may tend to damp the flow and
to alter the thermoelectric current. The dominant effect depends on the configuration of the
flow, in particular, on the direction of ∇× u with respect to the direction of the vector B. This
interesting problem was studied by J. Shercliff in application to the stirring of the liquid metals
in nuclear reactors or to metallurgy [49]. In particular, he studied a case of spherical impurity
which could be considered similar to spherical particle. Yet, in his consideration the impurity
was not bounded with a surface at which liquid flow would become zero, and the thermoelectric
properties of the media varied in smooth manner. These factors allowed him to avoid certain
problems with boundary conditions, as we shall see below.
To consider the thermoelectric problem coupled with the hydrodynamic problem, the system of
equations (3.1),(3.2) and (3.3) formulated initially for immovable media should be updated with
the Navier-Stokes equation, and an additional term should appear in the eq.(3.3) due to the
effect of electromagnetic induction. That gives the following system of equations in the steady
state:

j = −σ∇Φ− σS∇T + σ(u×B) (3.17)

ρ(u,∇)u−∇ · (2µD(u)) +∇p = ρg + j×B (3.18)

ρCpu∇T −∇(κ∇T ) = 0 (3.19)

∇ · j = 0 (3.20)

∇ · u = 0 (3.21)
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In eq.(3.18) D represents the symmetric part of the velocity gradient. This system of equations
is updated with the boundary conditions that include no-slip velocity at the surface of the solid
particle, continuous temperature and electric potential for the solid and the liquid there, as well
as continuity of the heat flux and the normal component of the electric current through the
solid-liquid interface:

(j · n)r=R,s = (j · n)r=R,l (3.22)

(κs∇T · n)r=R,s = (κl∇T · n)r=R,l (3.23)

u|r=R = 0 (3.24)

Φr=R,s = Φr=R,l (3.25)

Tr=R,s = Tr=R,l (3.26)

Below an analytical solution is presented for a simplified case and compared with the numerical
solution of the complete problem. The theoretical analysis assumes the infinite liquid media with
the external temperature gradient GT,∞ imposed over the system. Yet, numerical solution is
performed in a bounded domain (fig.3.6), consequently, the boundary conditions are also required
at the walls of calculation domain. They are usually formulated as no velocity at the external
walls and no current through them:

u|box wall = 0 and j · n|box wall = 0 (3.27)

Figure 3.6: Configuration of a calculation domain for the numerical simulations (a) and illus-
tration of the mesh used for calculations to capture the strong variations of the physical variables
near the surface of the particle, from the ref. [50]

Conditions for the temperatures T1 and T2 (fig.3.6) are chosen such that they provide the required
thermal gradient GT,∞ at the large distance from the particle.
Let us first discuss the analytical solution and then compare it with the numerical one.

3.3.1 Analytical solution of an uncoupled convective magneto-
thermo-electric problem for a spherical particle

In the section 3.2 above, the thermoelectric current which circulates in the solid particle was
discussed in details. It was found that the density of the electric current in the solid phase is
constant and its direction is related to the orientation of the thermal gradient in the particle.
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However, the electric current is supposed to conserve in the system, consequently, the lines of the

thermoelectric current should be closed in the
liquid which surrounds the particle as illustrated
in fig.3.7. Moreover, as it was indicated above,
the density of the electric current strongly di-
minishes with the distance from the particle ac-
cording to the equation already given above and
repeated here, eqs.(3.28)-(3.29)

jspl = − 2σsσl
σs + 2σl

(Ss − Sl) |GT,∞|×

R3
0

r3
(cos θer + sin θeθ) (3.28)

with

GT,∞ =

(
3κl

κs + 2κl

)
GT,∞ (3.29)

Figure 3.7: Illustration for the thermo-
electric current in the liquid and appearance
of the azimuthal magneto-thermoelectric
force, case of a spherical particle and vec-
tors B and GT co-directed along the z-axis

In the situation illustrated in the fig.3.7, the external thermal gradient GT,∞ and the imposed
DC magnetic field B have the same direction, along which the z-axis was chosen as well. The
magneto-thermoelectric force (Lorentz force) does not exist in the particle since the vector of the
thermoelectric current js and the vector B are parallel. Then the magneto-thermo-electric force
associated with the thermoelectric current given by eq.(3.28) and the magnetic field B has only
the azimuthal coordinate which is expressed as

Fl = eϕFl,ϕ = eϕ
9

2

σsσl
σs + 2σl

κl
κs + 2κl

(Ss − Sl)GB
R3

r3
sin(2θ) (3.30)

This force should drive the azimuthal flow, while secondary flow in the meridian plane should
appear because of viscous effect. It can be expected, however, that for a weak flow:
a) the meridional flow is negligible
b) effects related to the interaction of the magnetic field and velocity are negligible as well1

Thus the thermoelectric problem is decoupled from the hydrodynamic one, i.e. the thermoelectric
part is solved independently on the fluid flow. Then, only the azimuthal component of the
velocity is affected by the force given by the eq.(3.30). The corresponding equation is:

∂

∂r

(
r2∂Uϕ

∂r

)
+

∂

∂θ

(
1

sin θ

∂(Uϕ sin θ)

∂θ

)
+
r2

µ
Fl,ϕ = 0 (3.31)

and the boundary conditions

Uϕ(r,θ)|r=R = 0, Uϕ(r,θ)|r→∞ = 0 (3.32)

Uϕ(r,θ)|θ=0 = 0, Uϕ(r,θ)|θ=π = 0 (3.33)

Then the analytical solution for the problem given by eqs.(3.30)-(3.33) is found in the form [50]:

Uϕ(r, θ) = 4
√

12Uϕ,max

(
R

r
− R3

r3

)
sin θ cos θ (3.34)

with

Uϕ,max =

√
12

8µ

σsσl
σs + 2σl

κl
κs + 2κl

(Ss − Sl)|GT,∞B|R2 (3.35)

1both, modification of the electric potential because of the source σlB · (∇× u) and the eddy current
σlu×B are neglected
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where Uϕ,max is an absolute maximal value of the velocity located at r =
√

3R ≈ 1.732R and
angles θ = 450 and θ = 1350.

3.3.2 Numerical solution for a coupled convective magneto - ther-
moelectric problem for a spherical particle and co-directed
vectors B and GT,∞

The main difficulty for the numerical solution of coupled system of equations (3.17)-(3.21) is typ-
ical for MHD problems and is related to the term u×B which should be taken into account when
the continuity equation for the electric current (3.20) is solved. That implies a good knowledge
of the velocity profile which varies rapidly within a boundary layer, known as Hartmann layer,
whose characteristic size is defined as

δHa =
R

Ha
=

√
µ

σl

1

|B|
(3.36)

From the point of view of numerical solution, this means that several mesh cells should be placed
within the layer of thickness δHa. Using typical values for dynamic viscosity ∼ 10−3 Pa·s and
electric conductivity ∼ 106 S/m, estimation is that δHa ∼ 10−4/|B| m. Thus, the (linear) size of
the calculation elements decreases down to 10−5−10−6 m if magnetic field higher than 1T is used
whereas the linear size of the calculation domain is several centimeters. The number of such small
elements adjacent to the sample surface increases with the size of the sample. Therefore, the
accurate calculation of the thermoelectric current requires considerable computational resources,
especially if the problem is solved in three dimensions. Because of this, one might be tempted
to decouple the thermoelectric and hydrodynamic problem and to consider the term σ(u × B)

as an “extra” current added to the thermoelectric one, even if numerical approach is used. Yet,
it should be noted that such consideration does not satisfy the law of the current conservation
∇ · j = 0 .
The coupled problem was solved numerically with software Rheolef [51] which is based on the
Finite Element Method and optimized for the use of adapting meshes. It is the latter feature of
the code that allowed us to refine the mesh near the spherical particle and to consider the problem
in a domain whose linear size was 50 times larger than the radius of the sphere to diminish the
effect of the walls on convection fig.3.6. The latter condition is essential for comparison of the
numerical results with the analytical solution obtained for a particle in the infinite pool of liquid.

3.3.3 Comparison of the analytical and numerical solution for a
coupled magneto-thermoelectric problem

Illustration to the fluid flow and the distribution of velocity magnitude |u| in the meridional plane
(x, z) around of particle with R = 50µm obtained numerically for the two values of magnetic
field B = 0.1T (Ha ≈ 0.3) and B = 0.5T (Ha ≈ 1.4) are presented in fig. 3.8. For a weak
magnetic field the velocity distribution in meridional plane is quadruple with the maximal value
of the velocity at θ = 450 +nπ/2, as predicted by the analytic solution given above by eq.(3.34).
For a higher intensity of the magnetic field, the vortex of the azimuthal flow is squeezed toward
the z-axis while intensity of the flow increases.
A more detailed comparison of the analytic and numerical solutions regarding the velocity profile,
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which is taken along the line at 450 to the z-axis (fig 3.9) indicates that both solutions provide
similar results for magnetic field up to 0.1T that, for the chosen size of the particle R = 50µm

corresponds to Ha ≈ 0.3. The difference between the numerical and the analytic results for
B = 0.01T and B = 0.1T at the large distance from the particle, i.e. for r/R > 6, can be
assigned to the effect of external walls which exist in the numerical solution. Then, note, that
in fact, if configuration of the flow remains azimuthal, this resembles the situation with the
∇ × u parallel to the vector B, therefore, one can expect the absence of the damping effect!
Consequently, with increase of B the flow intensifies because the magneto-thermoelectric force
(Lorentz force) increases proportionally to B. On the other hand, for B = 0.5T the numerical
solution clearly differs from the analytical one, and two factors are responsible for this. First, the
termB·(∇×u) alters the distribution of the electric potential Φ, consequently, the thermoelectric
current is also affected, as well as the “primary” driving force, and velocity field is modified.
Second, the meridional (secondary) flow becomes more intense, consequently, the local vectors
of ∇× u may be not aligned with the z-axis and a damping effect might be finally manifested.

Figure 3.8: Effect of the intensity of the magnetic field B on the flow around the spherical
particle, the case of the vector B parallel to the imposed thermal gradient GT,∞ is considered,
from the ref. [50]
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Figure 3.9: velocity profiles along the line θ = 450 passing through the sphere center
for B = 0.01T (Ha ≈ 0.03), B = 0.1T (Ha ≈ 0.3) and B = 0.5T (Ha ≈ 1.4): solid
lines are for |Uϕ(r)| given by eq.(3.34)-(3.35) and dashed, dotted and dashed-dotted
lines are for numerical solution of coupled problem stated with eqs.(3.17)–(3.26) for
the indicated values of B. The vertical dashed line at r/R =

√
3 shows the location of

maximum velocities defined in analytical solution, from the ref. [50]

One can expect that if the magnetic field B is directed perpendicular to the vector of the
thermal gradient GT,∞, then the damping effect might be observed more clearly. This is
really the case, as demonstrated in our publication [50], to which the reader is referred.
Note however that the velocity field in the latter case is essentially three-dimensional that
makes the presentation of the results rather complicated.

3.4 Conclusion

Analytical solutions presented in the section allowed us to reveal some interesting features related
to the appearance of the thermoelectric current in the systems in which the Seebeck coefficient
of the material changes abruptly when passing from one phase to another. These solutions can
serve for the first estimation of the effect of the thermoelectric force in real systems provided
that the thermoelectric properties of the latter are know, that, unfortunately, is rarely the case.
It should be noted however that for the better estimation of the thermoelectric effects in the real
system it would be interesting to consider more complicated systems which comprise at least two
particles with the idea to study analytically the effect of the interaction between the particles.
Also, analytic study of semi-parabolic particles attached to the boundary of the domain that
would mimic the columnar dendrites would be of high interest.
Otherwise, obtained solutions can be used for the verification of numerical models since the
numerical results are extremely sensitive to the size of the calculation mesh and precautions
should be taken in order to obtain reasonable numerical results.
Furthermore, on the one hand, it would be interesting to try to account for the thermoelectric
effects over the larger scale using the volume averaging or ensemble averaging technique. On
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the other hand, one can assume that with the symmetry inherent to the system (the lines of the
thermoelectric current are always closed) the averaging procedure can lead to the annulment of
the effects at the macroscale. Currently the level-set method which treats the physical phenomena
at the scale of individual dendrites is used for the numerical simulations at the scale of the
laboratory experiments and gives sutisfactory results [42, 43].

3.4.1 The author’s contribution

Analytic solutions presented in the current section for the thermoelectric current in the ellipsoid
particle and for the azimuthal flow around the spherical particle were obtained by the author of
the present work.
The author coordinated development of the numerical code and numerical simulations for the
thermoelectric current in the dendrite particle, realized during the PostDoc of R. Tarpagkou,
which was financially supported by the LABEX Tec21.
The author coordinated numerical simulations of the magneto-thermoelectric flow performed
with the Reolef software during the PostDoc of N. Bernabeu.
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Chapter 4

Application of single-phase AC
magnetic fields in processing of metallic
alloys and measurements of their
properties

In this chapter two examples of utilization of monophase AC magnetic fields are given. As it was
discussed in the section 1.2, if monophase AC magnetic fields are used, than, the interaction of
the eddy current circulating in the object with a resulting magnetic field inside the latter leads to
the appearance of the magnetic pressure p ∼ B2

0/(2µ) which – in ideal case – acts perpendicular
to the surface of the object (see also [52]). Due to this pressure, the object may be deformed,
but also this pressure can counteract gravity. Examples given below are remarkable because
they demonstrate how the effect of the AC magnetic field is adapted to the specific needs via
the frequency chosen for the AC current. In the first process, related to the treatment of the
nuclear waste, the aim for the use of the electromagnetic fields is the heating and the stirring of
the load. Consequently, the optimal frequency of the AC current is low f ∼ 30Hz to allow the
EMF penetrate through the crucible and act inside the metallic load. Interestingly, it appears
that the magnetic pressure plays an important role in the process since formation of the metal’s
dome is the necessary condition for the sufficient heating and stirring of the glass which is also
present in the system. In the second process, the aim for the use of the EMF is twofold: to keep
a metallic sample in levitation and to melt the sample. The key parameter is the electromagnetic
pressure which is more efficient if the penetration depth into the load is small. Therefore, a high
frequency AC current is used in the process, f ∼ 105Hz.

4.1 Application of monophase AC magnetic fields for
nuclear waste treatment

In the nuclear industry, wastes of different degree of radioactive contamination can be produced
during various stages of technological or research processes. Some of such wastes require long-
time storage during which the environment contamination should be avoided. This is done
with producing compact hermetic packages for metallic and organic wastes, which are generally
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treated separately. Metallic parts are compacted via remelting with further casting and “sealing”
in concrete or cans [53],[54]. Organic materials are usually incinerated and their ash is incor-
porated in the melted glass, which is solidified afterwards – this process is called vitrification,
and in France it is performed with the inductive heating of the glass. To optimize the procedure
of nuclear waste treatment, Orano group1, ANDRA2 and CEA3 develop a PIVIC process which
combines incinerating stage of organic material and vitrification of the produced ash along with
the remelting of the metals with further “in-can” solidification in a compact package [55], [56].
A scheme of the process is presented in fig. 4.1.

Figure 4.1: Scheme of the PIVIC process

The “lower” part of the process is a melter
which is fed with metallic and incinerated
organic wastes as well as with glass frit.
Low-frequency inductive heating is used to
heat and melt the metal, then, the glass,
which is lighter, overlays the metal and is
heated and melted due to its contact with
the hot metal. As it is demonstrated below,
the surface of the metal becomes deformed
because of the action of the magnetic pres-
sure and the metal is also stirred intensively.

Yet, the crucial question for the process is if the glass is stirred and heated enough to remain
in the liquid state since if it solidifies, the process should be interrupted. This is defined by the
parameters of the AC current used in the system: frequency and intensity of the AC current4

but also depends on the amount of the metal and the glass in the melter. In this process the
electromagnetic pressure acts on the lateral and the upper side of the metal volume, but intensity
of the AC magnetic field strongly decreases with the distance to the electromagnetic coil, i.e.
toward the central axis. Because of this, the pressure on the lateral side of the metal is stronger
than over its upper surface and, if amount of glass permits, the metal takes the shape of the
dome emerging out of the glass (fig.4.2). Exchange of the heat and momentum between the
metal and the glass takes place along the metal surface covered with the glass.
One of the key results of the work performed in the frame of the thesis of R. Bourrou [57] was
the explanation of the role of the metals’ dome for the heat transfer in the system and estimation
of the critical mass of the glass which could be charged in the melter. The estimation of the
height of the dome of the metal accounting for the amount of the charged glass was performed
analytically and compared with numerical results [58]. Analytic solution of the problem was
based on the equation of the static pressure equilibrium (eq.(4.1)) and on the assumption that
the dome shape is parabolic, i.e. the axial coordinate of its surface is related to the radial as

1ex. Areva, a nuclear fuel cycle company
2Agence nationale pour la gestion des déchets radioactifs – French national agency for radioactive

waste management
3Commissariat à l’énergie atomique et aux énergies alternatives – French Alternative Energies and

Atomic Energy Commission
4Actually, the control parameters passed to the generator is the electric potential while intensity of

the AC current which circulates in the coil depends on construction features of the generator and the coil
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zm(r) = hm(1− r2/R2) that allows one to obtain the height of the glass hg for a given mass of
the glass Mg (eq.(4.2)). Vice verse, the critical mass of the glass Mg,crit can be obtained under
condition that the height of the glass is equal to that of the metal’s dome hm. The solution
of the quadratic equation for the height of the metal dome hm is expressed as eq.(4.3) and the
critical mass of the glass which would cover the metal is given with eq.(4.4).

hmρmg =
B2

0

2µ0
+ hgρgg (4.1)

hg =
1

R

√
2Mghm
πρg

(4.2)

hm = h1 + h2 +
√
h2

√
2h1 + h2 (4.3)

with h1 =
B2

0

4µ0ρmg

and h2 =
Mgρg
πR2ρ2

m

Mg,crit =
πR2ρgB

2
0

8µ0g(ρm − ρg)
(4.4)

ρm and ρg is the density of the metal and
the glass, respectively.

Figure 4.2: A meridional section of the
melter, the metal is covered with the glass:
the deformation of the surface of the metal
due to the electromagnetic pressure, and the
formation of a dome emerging from the glass
is shown on the right, this figure corresponds
to the Fig.2 from the ref.[58]

In the expressions above, B0 is the effective value of the magnetic induction near the point A
indicated in fig. 4.2. The value of B0 is a function of operational parameters, and should be
either measured or calculated. In the referred works [58] and [57], the value of B0 was taken
equal to 0.13 Tesla that is produced with the AC current of the frequency of 40Hz and under
condition that Q∗th = 35kW is released in the charge.
We demonstrated that both analytic and numerical solutions gave similar results if the height of
the glass does not exceed that of the metallic dome, as illustrated in the left part of the fig. 4.3a.
Yet, contrary to the assumption made in the analytic solution, once the height of the glass
exceeds that of the dome of the metal, the glass does not cover the metal because of the hydro-
dynamic effect (right part of the fig. 4.3a). Namely, instead of moving toward the axis, the glass
is pulled downward due to the viscous interaction with the metal’s surface, which is driven by the
electromagnetic force, as discussed below. Consequently, a part of the dome near its apex remain
uncovered even if the amount of glass is larger than the critical one is charged in the system.
For instance for a given configuration of the melter and operational parameters ([58] and [57]),
the critical mass of the glass was nearly about 35 kg yet, actually 50 kg of glass could be charged.
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Figure 4.3: a) Illustration to the effect of the amount of glass charged in the crucible on the
height of the dome of the metal and of the glass; b) Comparison of the results of solution of
eqs.(4.1)-(4.4) and results obtained numerically for the height of the metal and the glass for
different amount of the latter, B0 = 0.13 T, the vertical lines indicate the transition between
different surface geometry as shown in inserts, from ref. [58]

Let us recall some theoretical notions presented in the section 1.2.

The electromagnetic force acting on
the load can be presented as a sum-
mation of the irrotational part FIR
given by eq.(4.5) and rotational part
FR, expressed with eq.(4.6). The for-
mer, FR, is supposed to be responsi-
ble for the magnetic pressure while
the latter, FIR, is a driving force act-
ing inside the liquid.

FIR = −∇
(

B2

2µm

)
(4.5)

FR =
1

µm
(B · ∇)B (4.6)

Figure 4.4: Illustration to the effect of the rotational
(left) and irrotational (right) part of the electromag-
netic force, FR and FIR, respectively, on the shape of
the surface of the metal and velocity field

However, as can be seen in fig.4.4(left part), apart of the stirring of the metal, the rotational part
of the force FR affects the shape of the metal surface, although at the significantly less extent
than the irrotational part FIR, whose effect is shown in the right part of the fig.4.4. Similarly,
FIR produce some stirring of the metal but variation of the velocity is hardly seen in the figure.
During the study of the PIVIC process, a phenomenon of the air trapping along the triple line
was observed regularly in numerical simulations (fig. 4.3). Various attempts aimed to get rid
of the appearance of air bubbles during simulations were not successful. In particular, with
making the calculation mesh finer, a smaller bubbles were observed. This could be assign to
an inherent defect of the surface reconstruction in Volume-of-Fluid model, used for presented
numerical studies, when three different liquids are involved in simulations ax explained in [57,
p. 72–74]. On the other hand, it should be noted that the air trapping by a liquid jet falling into
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a pool is a well-known hydraulic phenomenon which exists in nature (waterfalls) and can be also
observed at a small scale in the laboratory experiment [59]. According to the indicated ref.[59],
if the velocity of the pool surface is smaller than that of the jet, it cannot easily “assimilate”
irregularities of the jet surface and captures air at the inception point. Therefore, it seems that
the only way to confirm or refute the numerically observed air entrainment would be a realization
of a laboratory-scale experiment for a given configuration, i.e. with a surface between the two
liquids of significantly different viscosity and a force acting onto this surface.
To this question joins another one which concerns behavior of turbulence near such surface.
Indeed, the vortices that originate in the liquid metal due to the shear stress produced by
the electromagnetic force, should not be blocked at the interface between the two liquids, but
penetrate, to a limited depth, into the viscous glass. It could be expected that a proper boundary
condition at the interface, if the latter is treated as a real surface (not with the help of VOF
model), should not be limited to the continuity of velocity and shear stress across the interface,
but also take into account “continuity” of the turbulent energy.
Conclusions and open questions
Detailed numerical modeling performed for the prototype PIVIC allowed us to describe the most
important effects related to the variations of different operational parameters of the setup, that
are, intensity and frequency of the AC current and the mass of the glass charged in the crucible.
It would be interesting to relate further studies to the physical phenomena arising between the
two liquids with different viscosity when one of the liquid is subjected to the shear stresses acting
near its surface.

4.2 Electromagnetic levitation: an environment and a
measurement tool

With use of the electromagnetic pressure created by the monophase AC magnetic field, p ∼
B2

0/(2µ), a metallic sample, both in solid and liquid state, can be held in space thus avoiding
contamination that might occur via the contact with a support. Since the surrounding atmo-
sphere can also be perfectly controlled, such configuration is attractive for studying of physical
processes at the sample surface as well as in the bulk. The latter is, however, more complicated
and either requires the use of X-rays or implies indirect measurements via (non-trivial) processing
of experimental data. The simplest example is the measurement of the thermophysical properties
of the liquid metals usually performed in microgravity conditions but also feasible on the Earth,
the properties that assessed are surface tension, viscosity of the liquid, specific heat, thermal
conductivity, total hemispherical emissivity, density and electrical resistivity [60],[61], [62], [63],
[64]. Coupling of microgravity with electromagnetic levitation may seem surprising, yet, there
are multiple advantages. First, the absence of gravity allows one to use the electromagnetic
coils (also denoted hereafter as levitator) whose shape is adjusted to produce nearly symmetrical
magnetic fields (fig.4.5). Second, the sample has only to be kept near its equilibrium position,
that allows decreasing of the electromagnetic force acting on the sample and, consequently, the
forced convective flow inside the sample is less intense compared to the levitation in Terrestrial
conditions. Finally, since the liquid sample is only weakly perturbed with EMF, it keeps the
spherical shape.
Nearly spherical shape, virtual absence of convection and only potential flow once the sample is
perturbed, facilitate significantly processing of the experimental data obtained in the micrograv-
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Figure 4.5: Scheme of the inductor used in microgravity conditions, lateral and top view and the
photo of the actual levitation coil used in Material Space Laboratory at the International Space
Station. To retain the sample, positioning current is supplied with phase difference ∆ϕp = π

between the upper and the lower coils that creates quadruple magnetic field, to heat the sample
and bipolar magnetic field is created with the second current which is supplied to coils without
phase shift

ity [65], [66]. Questions arise however when values for thermophysical properties issued from the
processed experimental data show some deviation from the data measured earlier and/or with
other procedures. One may think that numerical modeling could be helpful, yet, such numerical
problem remains challenging as discussed below int the section 4.2.1.
On the other hand, experiments in microgravity require long period of preparation, use of such
facilities is expensive, and is restricted to certain materials because of safety reasons. Further-
more, it is hard to implement modifications in the experimental set-up and in the measurement
procedure to verify rapidly new ideas. Consequently, similar measurements on Earth, would be
of ultimate interest. Also, new measurement protocols could be first verified in the on-Earth
set-up. The latter becomes even more interesting with application of Deep Learning algorithms.
However, the gravity does pose the problem for such measurements in the Terrestrial conditions
because the stronger electromagnetic forces that are required to held the sample, create also
the stronger forced convection in the droplet. The latter makes the data treatment for surface
tensions more complicated and hardly feasible for viscosity. Furthermore, since the convective
heat transport prevails over conduction, calorimetry measurements could neither be realized.
Yet, it is supposed that the damping effect of the DC magnetic field can be used to decrease
the intensity of the fluid flow in the droplet. This idea was indeed realized in a set-up where
AC magnetic field was used for levitation, DC magnetic field, directed vertically (parallel to the
gravity vector) for the velocity damping, and periodic laser heating for calorimetry [67].
The study of the use of the electromagnetic levitation as an environment for the measurements
of thermophysical properties was initiated in SIMAP/EPM by Dr. J. Etay, who participated in
the ESA-MAP ThermoLab5. In particularly, the development of the set-up was motivated by a
new measurement protocol for the calorimetry proposed by Schetelat & Etay [68] that had to be
verified. Continuation of this development is presented in the section 4.2.2.

4.2.1 Modeling of electromagnetic levitation in µg

The measurement procedure implemented in microgravity is based on specially constructed elec-
tric circuits which allows one to supply to the inductor two AC currents with different charac-
teristics.

5See for details https://thermolab.net/
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One of these AC currents, with the frequency
fp ≈ 150 kHz, supplied to the inductor with
a constant phase shift ∆ϕp = π between
the upper and lower coils, produces a so-
called “quadruple” magnetic field aimed to re-
tain the sample near the equilibrium position
which corresponds to the geometric center of
the levitator (fig.4.6a).
The second AC current is supplied to the coil
with the frequency of fh ≈ 300 kHz and has
the same phase in the upper and lower coils
that produce a bipolar field and a force which
“squeezes” the droplet and generates signifi-
cantly higher heating (fig.4.6b).

a b

Figure 4.6: Electromagnetic force acting on
the droplet with the AC current having: oppo-
site phases in the top and bottom coil, quadru-
ple filed (a) and the same phase on the coil,
bipolar field (b)

At the beginning of the experiment a solid metallic sample is placed at the center of an elec-
tromagnetic inductor and the first AC current is supplied to the coil that positioned the sample
and makes it slightly heated. With supply of the second AC current during some (short) period
of time the sample can be melted and over-heated up to required temperature. Then the second
AC current is stopped and re-activated later in different modes for short periods of time during
the cooling phase of the liquid sample that leads to deformation of the droplet and allows col-
lecting various sets of data. In particular, two high-speed video cameras film the sample from
its lateral side and from the top and temperature of the sample is measured at different areas
with pyrometers. According to the Lamb’s theory [65], once the shape of the liquid sphere is
slightly perturbed and released, the droplet returns to its initial spherical form with gradually
attenuating oscillations of various modes n. Then, the surface tension at the interface between
liquid and surrounding media γ can be measured through the frequency of these oscillation fγ ,
eq.(4.7), and the dynamic viscosity η can be found via the time of decay of oscillations’ amplitude
τ , eq.(4.8), as illustrated in fig.4.7. Viscosity affects also the frequency of the surface oscillations
according to the eq.(4.9), yet, for the values typical for liquid metals, i.e. η = O(10−6)Pa·s, this
effect is negligible.

For a weak and (presumably) axially
symmetric perturbation of the droplet,
the surface oscillation of the second
mode only, n = 2 is expected, yet, in
a real experiment in microgravity, the
translational oscillation can exist as well
as rotation of the droplet.

f2
γ,n =

n(n− 1)(n+ 2)γ

4π2ρR3
0

(4.7)

τn =
ρR2

0

η(n− 1)(2n+ 1)
(4.8)

f∗γ,n = fγ,n

[
1− 1

(2πfγ,nτn)2

]1/2

(4.9)

Eq.(4.9) is taken from [69]

Figure 4.7: Illustration to the damping effect of
the viscosity on the amplitude of the oscillation
of the droplet surface for the case of the second
mode n = 2, with the two values for time decay
τn=2,1 = 0.8s−1 and τn=2,1 = 0.2s−1
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Numerical modeling of such process is challenging because it requires that calculations of fluid
flow, shape and position of the droplet and electromagnetic fields were coupled. Moreover,
since the frequency of the oscillation of the droplet surface is nearly 30Hz that implies that
calculation of electromagnetic field should be updated at least every 0.02s to properly account
for the effect of the latter. Consequently, often accepted approach with coupling of two software,
one for electromagnetic simulations (based on Finite Element Methods) and another one for
calculations of the fluid flow (based on Finite Volume Methods) would hardly be possible.
Yet, the group SIMAP/EPM disposed the numerical code for the solution of the EM problem
with use of the AC magnetic field, based on the Finite Volume Method 6 and integrated into the
commercial software ANSYSr Fluentr which allows one to solve efficiently fluid flow problems
including those with turbulent flow. Furthermore, use of Volume-of-Fluid (VOF) approach allows
one to account for the variation of the droplet shape. Consequently, the only constraint that
remains for such coupled calculations is the two-dimensional axisymmetric approach. Moreover,
this constraint is related to the resources required by three-dimensional simulations, and not by
the physics of the problem.
The need for resources – memory and calculation time – comes actually from two requirements
issued from the boundary conditions. On the one hand, it is assumed that the intensity of
the electromagnetic field decreases with the distance from the coil, consequently, the boundary
conditions for the electromagnetic problem are assumed to be set “at the infinity”, i.e. the size
of the calculation domain should be sufficiently large to treat these conditions properly. On the
other hand, the better treatment of the droplet’s surface requires the finer spatial discretization,
i.e. the larger number of computational cells that implies further the smaller time step in non-
stationary computations. The advantage of the VOF method is that the calculation mesh is
fixed and should not be rebuild with variation of the shape of the droplet.
Simulations were performed for the droplet of nickel, the properties can be found in the table 4.1.
The first run of the numerical simulations demonstrated that with the use of the laminar model
for the hydrodynamic flow the droplet could never be stabilized near the equilibrium position
whereas use of (any) turbulent model provided such stabilization that corresponded to the earlier
observations [70]. This can be surprising since the maximal velocity associated with the stirring
of the liquid inside the droplet is nearly V ≈ 2.5 cm/s, that with the radius of the undisturbed
(spherical) droplet R = 3.25mm and chosen viscosity (table 4.1) gives the value for the Reynolds
number Re ≈ 81, i.e. far below the values associated with the turbulent flow. However, there
exist also oscillations of the droplet in the first mode (translation of the droplet) and of the higher
modes. For example, the frequency of the oscillation of the second mode is about fγ,2 = 35.7Hz
and if this is associated the wavelength λγ,2 = 2πR0/2, then the corresponding velocity for the
displacement of the droplet’s surface is of order V = fγ,2λγ,2 ≈ 0.35m/s with the corresponding
value Reγ,2 = 1137.5. Therefore, the flow associated with the motion of the droplet surface can
have the characteristics of the low-turbulent flow.
For further simulations various types of turbulent models were tested: k − ε and SST k − ω,
both based on Boussinesque approximation of isotropic turbulent viscosity, and two versions
of the Reynolds Stress models. The k − ε model failed at the first stage of simulation, when
only positioning AC current was considered and the position of the droplet was supposed to be
stabilized that never happened in simulations. With other models the stabilization of the droplet

6Created by the Prof. Yves Delannoy, who is currently in the laboratory LEGI http://www.legi.
grenoble-inp.fr/web/
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Physical properties value unit
Ni Ar

Density ρ 8 · 103 1.62 kg·m−3

Dynamic viscosity η 8 · 10−3 2 ·10−5 Pa·s
Electrical conductivity σ 1 · 106 0 Ω−1 m−1

Surface tension γ 1.7 N·m−1

Table 4.1: Properties of Ni and Ar taken in the numerical simulations

was obtained and similar pattern for the fluid flow inside the droplet was observed. However,
it was found that the interface between the liquid droplet and the surrounding gas was more
diffuse in simulations made with the SST k − ω model than those made with the models based
on calculations of Reynolds Stress. That could lead to the detachment of small amount of liquid
from the droplet during the next stage of simulation with excitation of the droplet by the second
AC current. For this reason in further numerical studies only the Reynolds Stress models for the
turbulent flow were adopted. These two models, referred hereafter as RSM-ε and RSM-ω models
have different approach to the treatment of the pressure-strain term, the reader is referred to the
publication [71] and to the documentation of the ANSYSr Fluentr for further details.
The second stage of simulations consisted in activation of another AC current, with the same
phase in the upper and lower loops of the inductor. As it was discussed above, the corresponding
electromagnetic force squeezed the droplet. During 0.1s, the duration of the activation of the
second current, the droplet experienced the squeezing (i.e. its diameter in vertical direction
increased), accompanied with the oscillations, as is it seen in variation of the droplet diameter
in vertical direction during the period t1 shown in fig.4.8. Once the second current was stopped,
the periodic variations of the droplet diameter decreased, period t2 in fig.4.8. Both turbulent
models produced nearly similar variations of the vertical diameter of the droplet during the both
stages of simulations, however, it is seen that period of oscillations were slightly different.

a b

Figure 4.8: a:Variation of the vertical diameter of the droplet in simulations obtained with the
two turbulent models, black line is for RSM-ω model and red line for RSM-ε model. Indicated
periods of time correspond to the action of the positioning current only (t < t0 and t > t1) and
to the activation of both currents during the period t1; b: Fourier spectrum of the oscillations
presented in the part a of the figure. Both figures were presented in the ref.[71]
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The Fourier transformation of the periodical signals (fig.4.8b) indicated that the maximal power
corresponded to the frequency ≈ 34Hz for the simulations with use of the RSM−ω model and
≈ 35.1 Hz for the simulations with the RSM−ε model, while the expected value was 35.7Hz. It
should be noted that:
(a) The spectrum clearly indicates oscillations with higher frequency, nearly doubled compared
to the fγ,n=2. This corresponds to the oscillation in the third mode since, according to the
eq.(4.7): fγ,n=3/fγ,n=2 =

√
30/
√

8 ≈ 1.93. Since the third mode was generated that could be
the indication that perturbation of the droplet surface was too strong.
(b) A very low frequency exist in the spectrum that corresponds to the droplet oscillation near
its equilibrium position. This translation oscillation is not related to the presence of gravity (as
it was found in [72]) but occurred because neither initial position of the droplet, nor its shape
described with VOF function correspond to the stationary conditions.
The difference between the values estimated from the simulations and the expected one could be
explained with the appearance of the turbulent flow which lead to the increase of the effective
viscosity of the melt. According to the eq.(4.8), increase of the viscosity of the liquid diminish the
decay time for the oscillations that, according to the eq.(4.9) should decrease the actual frequency
of the oscillations f∗γ,n. However, using the value 0.3Pa·s for the viscosity and the theoretical
value fγ,n = 35.7Hz, one obtains the time decay for the second oscillations mode τn=2 = 0.056s−1,
the correction factor equal to 0.996 and the corrected frequency f∗γ,n=2 = 35.58Hz. The obtained
value is still higher than the value of 35.1Hz estimated from the frequency of the oscillations.
Consequently, various assumptions can be made, for example:
i) As it was indicated above, probably the perturbation of the droplet was too strong, conse-
quently, the theory is not completely applicable;
ii) Since the flow inside the droplet is not potential because of the Lorentz force, the theory is
not completely applicable;
iii) The difference in the calculated and theoretical frequency is related to the chosen method of
solution (VOF) with diffuse presentation of the droplet surface, i.e. this is a numerical artifact.
iv) Turbulence affects the dissipation of the energy in the droplet, but this effect cannot be
transposed straightforwardly via the turbulent viscosity.
All these assumptions should be verified in further research, as well as the effects related to
the decay of the oscillations which was not study in details in the present work. It would be
appropriate to mention that the bibliography regarding oscillation of a droplet in electromagnetic
levitation is vast, yet, comparison between numerical simulation and experimental results is still
rare, apart of experiments performed in microgravity.

4.2.2 Experimental set-up for the measurements of the thermo-
physical properties of the liquid metals in Terrestrial con-
ditions

As it was mentioned above, the reports about the measurements of the thermophysical properties
of the liquid metals with use of electromagnetic levitation under Terrestrial conditions can be
found in literature. According to these publications, the surface tension can be measured rather
well either for a small droplet [73], or if some correction related to the droplet deformations
because of the presence of both, electromagnetic and gravity force, is taken into account [72],
[60], [74]. Yet, it should be noted that, to the knowledge of the author, nowadays this type
of measurements is made only in the set-up constructed in Tohoku University, Sendai, Japan,
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referred hereafter PROSPECT[74]. In particular, it is supposed and it has been demonstrated
that the procedure of the modulated calorimetry can still be applied in terrestrial conditions if
an external magnetic field of order of 4 Tesla is used to damp the convective flow in the droplet.
Such coupling of the AC and DC magnetic field is realized in the aforementioned experimental
set-up and modulation of the heating of the sample is made with use of the laser [74], [75], [76].
Development of the experimental set-up for the measurements of the thermophysical properties
of the liquid metals in Terrestrial conditions with use of the electromagnetic levitation, referred
hereafter AEXAM, was initiated in the group EPM of the SIMAP laboratory for several reasons
issued from Material’s Science, Magnetohydrodynamics, Electromagnetic theory, etc. Indeed,
even for metals that are already in use, the thermophysical properties at high temperature are
often badly known and effect of various surrounding atmosphere has never been studied. From
the point of view of the Magnetohydrodynamics, effect of two external magnetic fields, AC and
DC, has rarely been considered. In particular, few numerical simulations were realized for the
case of AC electromagnetic levitation with superposed DC magnetic field directed vertically [77]
since this configuration allows two-dimensional axisymmetric consideration and this configuration
is adopted in the PROSPECT set-up. In the case of a DC field directed horizontally, as done in
AEXAM set-up, a three-dimensional approach is necessary and interesting effect on the flow in
the droplet can be expected. Moreover, development of the set-up in EPM was motivated, as it is
already mentioned above, by a new measurement procedure proposed by Schetelat & Etay [68],
which was verified numerically while experiments were done mostly with solid samples and not
in levitation.
The first version of the set-up was put in use during the Thesis of A. Diarra supervised by J. Etay
and A. Gagnoud [78] and measured data were reported elsewhere [79]. The scheme of the set-up
is presented in fig.4.9.

a b c

Figure 4.9: Scheme of the AEXAM set-up, first version: a) Complete installation
with the Helmholtz coil providing DC magnetic field up to 5 T directed horizontally
and the double-wall water cooled vacuum chamber inserted in the coil; b) Photo of
the vacuum chamber which consisted of 2 parts and c) Photo of the opened vacuum
chamber to show the ELM inductor, mirror and tubes for water cooling
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Yet, when the attempt was made to reproduce these results with sample visualization throughout
the whole experiment (duration above 1 hour), we observed multiple artifacts related to the
unstable levitation of the droplet [80]. The conclusion was that the construction of the chamber
which contained the electromagnetic coil for levitation had to be modified to be more ergonomic
and to allow one to have better reproduction of the experimental results, this operation is ongoing
(note that this text is written in 2021).

4.3 Conclusion

The chapter 4 with the two examples of the application of the monophase AC magnetic field
completes the present Thesis.
To our knowledge, in the study performed for the PIVIC process, the application of the electro-
magnetic field in the process with two liquids of significantly different properties was considered
for the first time. A strong deformation of the surface of the metal was considered in the pres-
ence of the glass overlaid the metal. A simple theoretical model for the height of the dome of
the metal was proposed and was proved correct up to a certain amount of the glass. Numerical
results were obtained for different parameters that could be controlled during the process: power
inputs, frequency of the AC current, and quantity of glass. In particular it was interesting to
observe the difference between the expectations according to the theory and actual effects of the
one or another parameter. This was related to:
(i) the low frequency of the AC current in the system – the approximation and the reasoning in
the limit of the thin electromagnetic skin depth was not correct
(ii) the fact that the variation of the position of the metal surface was taken into account: then
the distance between the load and the inductor changes and affects the force in the load.
As indicated above, it would be interesting to consider the interaction between the metal and
the glass in the presence of the turbulence and to give attention to the air entrainment at the
triple point, which was observed numerically.

Regarding the problem of the measurement of the thermophysical properties of liquid metals
with use of the electromagnetic levitation, both the numerical and experimental ways of study
continue. It was demonstrated that the results for the oscillation frequency of the droplet surface
obtained with the numerical model of levitation were not too far from the theoretical ones.
However, the origin of this – minor – difference is not clear. Concerning the measurements in
terrestrial conditions, both the modeling and further development of the set-up are foreseen.

4.3.1 The author’s contribution

Regarding the PIVIC process, the author co-supervised the Thesis of Rémi Bourrou, which was
devoted to the development of the numerical model for the process. Further, the author partici-
pated in the analysis of the various aspects of the effect of the electromagnetic forces.
Numerical simulation for the electromagnetic levitation presented in the section 4.2 was per-
formed by the author as well as the analysis of the obtained results. Further numerical studies
are planned.
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Chapter 5

Conclusion, ongoing projects and
perspectives

In this work the projects related to the solidification of alloys, to the treatment of the nu-
clear wastes and to the measurement of the thermophysical properties of the liquid metals were
presented. The accent was made upon the various types of electromagnetic fields used for a
particular process and on the effect which the latter brings for the process. Thus, examples of
application of the three types of the electromagnetic field – polyphase AC, monophase AC and
DC magnetic field – were considered. It should be underlined that EMF fields were considered
as a tool to achieve a required result in a particular process. Consequently, activity of the au-
thor of this work was related to the development of the numerical and analytical models for the
processes which were affected (at some extent) by the EMF. However, the proper treatment of
the transport processes or/and kinetics of the phase transition implicit for the processes was
of ultimate and primary importance. For each problem considered in the present work further
directions for research can be rather easily indicated and these possibilities were actually evoked
in conclusions for respective chapters. Let us briefly remind them.

Solidification of alloys and effect of the electromagnetic stirring
Regarding the modeling of solidification of alloys, an obvious continuation would be related to
the development of a columnar-equiaxed model able to treat solidification both in columnar
and equiaxed structures including the transition between these two regimes. Very few such
models exist nowadays and, to our knowledge, they were not actually verified with experimental
benchmark processes. That gives another possible direction for the research work on solidification
related to the development and realization of experimental benchmarks, similar to Hebditch-Hunt
and AFRODITE experiments, but with even better control of the boundary conditions and
probably more data collected during the experiment. Moreover, development of the benchmark
is interesting and seems to be really necessary accounting for the possibility of the use of Neural
Networks for the prediction of the results of various processes. Since any Neural Networks should
be trained on a large ensemble of the results, benchmark experiments is an appropriate tool which
can provide them.
If electromagnetic stirring is applied during solidification, additional questions arise. For exam-
ple, estimation of the effect related to the variation of electromagnetic properties due to phase
transition on the resulting force would be of interest. Then, one can assume that interaction
between the floating grains can be altered by the additional force. Yet, the most important ques-
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tion is related to the interaction of the solid and the liquid phase accounting for the turbulent
flow which appears inevitably once the electromagnetic stirring is applied.

Effect of DC fields on solidification of alloys
As it was already indicated, analytical solutions for different configurations of the systems with
circulation of the thermoelectric current would be extremely helpful for better understand-
ing of various results observed in multiple experiments on solidification. Furthermore, it has
been demonstrated by other authors that the models which treat solidification processes at the
scale of a dendrite (Phase-field, level-set) are, generally, capable to account for the magneto-
thermoelectric force acting both in the solid and in the liquid. However, to our knowledge,
comparison of numerical solutions obtained with these models for simple configurations with
known analytic results have never been done while this step is of great importance because nu-
merical simulation in this case are extremely mesh-sensitive. Examples of configurations which
would be interesting to treat theoretically and to compare with numerical modelling are shown
in fig.5.1.

Figure 5.1: Example of configurations for the theoretical study of the thermoelectric problems:
first step toward the effect of particles’ interaction on the thermoelectric current

Consideration of such configurations would be helpful for the eventual development of the aver-
aged macros-scale models where the thermoelectric current would be accounted properly.
Interaction of two liquids with different properties under electromagnetic stirring
This is a fundamental question issued from the study performed for the PIVIC process in which
the melted glass overlays the liquid metal and the system is subjected to the electromagnetic
stirring. The study of interaction of the two fluids would be related to the definition of the
characteristics of the turbulent flow which arises due to the Lorentz force acting near the surface
of the metal whose effect can be presented via shear stress and pressure. Since there is no wall
between the two liquids, the turbulence seems to penetrate to the highly viscous glass where it
is dissipated. This study would require some theoretical consideration for the characteristics of
turbulent flow, while an experiment with the direct observation of the behaviour of the liquids
near the interface would be of a high interest. Unfortunately, the latter seems to be hardly
realizable.

Use of electromagnetic levitation as environment for measurements
This subject is extremely vast for further theoretical, modeling and experimental studies, it is
foreseen to be the primary activity of the author and is described below.
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5.1 Ongoing projects

Development of the AEXAM set-up with electromagnetic levitation

Development of the experimental set-up AEXAM for the measurements of thermophysical prop-
erties of liquid metals in Terrestrial conditions, was presented in the chapter 4, section 4.2. As it
was mentioned above, the development of the experimental set-up AEXAM consists not only in
the proper instrumentation of the set-up, but also in finding and application of novel procedures
of measurements and treatment of the data issued from these measurements. For example, for the
measurement of the thermal properties of the alloy it has been proposed to use the heating of the
sample modulated with pseudo white noise instead of generally adopted sinusoidal heating [68].
Measurement of the temperature should be made at the pole and equator of the sample. Then,
the theory of signal processing allows one to extract the so-called Transfer Functions which relates
variation of the power released in the sample with variation of the temperature. The properties
of the alloy can be almost readily obtained from the Transfer Functions if amount of the energy
dissipated in the sample is known. This concept was verified during an experimental campaign
with use of Ni samples and the possibility to obtain the expected data was demonstrated. Yet, to
optimize and to fix the measurement protocol the experiments with samples of various materials
are required. We got other ideas related to a specific control over the whole system which would
provide one the ability to identify other properties of the materials, the work is ongoing.
The possibility of coupling of numerical modeling of levitation in Terrestrial conditions with
adapted data treatment seems to be very attractive, and some steps are made toward accounting
for the 3D geometry of the inductor (fig.5.2). Yet, three-dimensional simulations remain chal-
lenging, in particular, a proper treatment of the shape of the sample seems hardly possible at
the current stage.

Figure 5.2: Effect of the geometry of the indctor on the flow in a levitating droplet studied
with COMSOLr Multiphyscisr, sample deformation is not taken into account, by R. Pons at
el., submitted to Magnetohydrodynamics

On the other hand, three-dimensional simulations similar to the one presented in the section 4.2.1
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seem to be feasible, although extremely demanding in resources since a fine mesh is required to
describe the sample (fig.5.3). However, other limitation exist regarding the shape of the inductor
that can be treated and also some problems of accounting for a heat transfer with thermal
radiation as a principal mode.

Figure 5.3: Example of a three-dimensional geometry for a levitation problem with modeling
in ANSYSr Fluentr software

Consequently, the author plans to continue to work over the numerical models to be able to
reproduce numerically the measurement procedure in microgravity and in the terrestrial condi-
tions.

Solidification of multicomponent alloys

This project presents collaboration of the author with the Helmholtz-Zentrum Dresden-Rossendorf,
Institute of Fluid Dynamics, Magnetohydrodynamics department1. The collaboration is based
on the large experience of the HZDR with in-situ observation of solidification of alloys with use
of the laboratory source of X-Rays. Contribution of the group EPM/SIMAP is related to the
expertise of the effect of convection on solidification and to the calculation of the phase diagram
of a ternary alloy.
The work was initiated during the one month research stay of the author at the HZDR in
the frame of a DAAD program2. During this period several experiments with multicompo-
nent low-temperature alloys were performed, their results are currently under processing and
abstracts have been submitted to the International Conference on Advanced Solidification Pro-
cesses, ICASP-6, which is planned for 20–24 June 2022, Le Bischenberg, France.
Further continuation of the work is seen via using of another ternary alloy to in experiments
with in-situ observations. A challenge is to find an eutectic alloy which could be proceeded

1The Helmholtz-Zentrum Dresden-Rossendorf is member of the Helmholtz Association of German
Research Centres. As registered, non-profit institution supported by the authorities of the Federal Gov-
ernment and the Free State of Saxony the HZDR pursues interdisciplinary research in the fields of Energy,
Health, and Matter, https://www.hzdr.de/db/Cms?pNid=175

2German Academic Exchange Service https://www.daad.de/en/
study-and-research-in-germany/plan-your-studies/help-and-advice/
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both in the set-up of HZDR with in-situ observation and in the "AFRODITE-type" set-up with
post-mortem characterisation. All these actions are under discussion.

5.2 More distant future...

Eventual development of the former and actual activity of the author are indicated above. Cur-
rently, the priority is the activity related to the study of materials’ properties with use of levita-
tion technique. Actually, this is supposed to be a long-term project since multiple actions can be
foreseen. In particularly, a project where classical treatment of the experimental data, numerical
modeling and methods of Deep Learning and Artificial Intelligence are combined seems to be
very attractive. Yet, although this idea is already under discussion in the group, the time is
needed to “let it ripen”.
Otherwise, the author has possibility to strengthen and to develop the competence in electromag-
netic fields and to study their applications to high-temperature and low-temperature multiphase
fluids as well as to composite materials. The idea would be to study the effect of the EMF at
different spatial scales. In fact, solidification is a good example because even in a laboratory ex-
periment one deals with a scale which corresponds to the scale of the process an a much smaller
one that corresponds to the characteristic size of the structures which appear. Keeping this idea
of multiscale, the author would like to participate in studies over other materials and even the
treatment of gas-fluids mixtures may be also concerned.
To sum up, the author would be interested to persuade both directions, the one related to the
materials science and the second with the electromagnetic fields and fluids, electrically conductive
or not, as the principles actors.
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