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Abstract

The thesis presents raumerical and an experimental investigation of the particle laden
recirculated turbulent flow of liquid metal, which is driven by electromagnetic force. The class
of such flows is typical for induction metallurgical furnaces.

The LESbhased Eulet.agrange model with the extended set of forces that influence the
motion of inertial particles, is proposed in the work. Experimental investigation of the particle
concentration at the quastationary stage is fulfilled utilizing the novel ide@rromagnetic
particles are proposed as a physical model of thecnaductive inclusions in liquid metal. This
investigation is the first known experimental work for the distribution of solid inclusions in the
bulk of electromagnetically driven liquid etal flows. The experiment proves the relevance of
the proposed mathematical model under dilute conditions for modelling of the turbulent flows of
liquid metal.

The behaviour of solid inclusions admixed from the surface of melt is examined, varying
densityand size of the particles. The investigation clarify the general scheme of particle motion
in the flow, properties of the patrticle oscillating behaviour between the main eddies of the flow,
particle agglomeration on the wall of the vessel and other kempgmhena of the transport
process in the concerned flows.

The particle growth extension of the transportation model estimated the deposition formation
process on the wall of the vessel as a result of the changes in the thermal regime of the flow.
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1.Introduction

The present PhD thesis deals wahspecific class ofturbulent flows anddescribes
behavior of solid inclusions ithe flows of this class. The recirculated (closed) flowkere
inducedelectromagneticEM) force is the cause @ turbulentmotion of liquid constitutethe
mentioned class of turbulent flows

The metallurgical equipment for induction meltiagd stirrig of metals usually are
operated such way that the flow afiquid metal inside the equipment belongs to the described
class of turbulent flows. Such technological applicateinforcesa fundamentainterest forthe
investigation of this flow clas#\pparently, the efficiency of induction equipment and processes
can be improved by modeling of the flow.

Generally, he turbulence itselfvas studiedduring thewhole 28 century by numerous
scientific groups, but, as it very complex phenomenon of thguid motion, the turbulence in
different geometries is still urgent area of interest, especthityspecific complex geometries
like that which will be analyzed in this workThus, such specific flowsre also of the
fundamental interest.

Chapter2 of the present thescovers thestatus quo in the research of turbulence, and
particularly the mentioned specific class of EM induced recirculated turbulent fldmsever,
the present work goes beyordonepha® flow and proposes numerical model forthe
investigation ofa particle laden (solidiquid two phase) flow of such class. This case dasry
sufficient industrial application, which will be shown below.

1.1. Motivation

The turbulence properties BM induced recirculated turbulent flowserestudiedonly in
the last two decades withsignificant progress ithelast years whethe Large Eddy Simulation
(LES) approach allowdto researclthe essential peculiarities of the flow, suchoag frequency
pulsatons between mean eddisee Chapte2.2). Despite the fact that the velocity distribution
and heat transfer are satisfacteaminedn such flows, the transpation of impurities, that is
solid inclusions, has not been resarched untii nowadays Therefore the present study,
apparently, is ofheinterest ag fundamental research.

Moreover,despite the facthat EM heating and stirring is one of the most effective and
widespread methods for melting and processing of coiv@uctaterials, there are some essential
industrial problems concerning the inclusion transggam, and these processes are still poor
investigated.

The alloying particles are mixed in a steel melt to improve properties like strength,
hardness andwearresistance. It is important to achiewbomogeneous admixtures distribution
to ensurea high quality of the alloy. Furthermarg is desirable to reduce the time of mixing to
decrease the energy consumption and prevent the melt from excessive overlidating
impurities and alloying elements have higher melting temperature than metal. Thereby the mel
can contairinclusionsas solid particles. Carbon admixing in steel from the open surface of the
melt inaninduction crucible furnacd@F) can be mentioed asanexample of such technology.

As far as steel is not transparent, the optimization of this industrial process is the challenge fo
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the numerical modelingThe application ofa numerical model, which is presented time
Chapter3 and verified experimentally ithe Chapterd, for investigation of mentioned industrial
process is presentedtime Chapters.

Another industrial problem addressing the operation of indadtirnaces and the quality
of alloys is the deposition of impurities like oxides as well as the erosion of the wall of crucible.
This problem mostly appears ia channel induction furnaceC(F). The depositioncan
significantly reduce the efficiency oférequipment up to breakdown (channel clogging). As it is
shown on thé-igurel.1, the rate of the clogging dramatically increases when the impurities start
to deposit in the porous substance, like a sponge. Tgiimeeofa fast clogging, which reduces
the active cross section of the channel very fast, attracts the attention ofettaorp of
furnaces. The authdelieves that this spongéike clogging can be fulfilled by the depositing big
particles, which previsly grew in the bulk of the melt.

ense depositio

S o e

~\ _4 porous deposition|
Tl oo

(@)

Figure1.1: (a) - the scheme of the buHdp formations in the channel of 12K0/ castiron-
inductor CIF after a Jnonthlong operation Drewek, 199§. (b) and (c)i the photos othe
clogged crossections of the neck arttie channel of the CIF respeely (courtesy ABB
Dortmund).

Taking into account this hypothesis, i# possible to statéhat the simulation of the
particles withthe invariable size is not completely relevant to the porous clogging problem and
the size evolution atheinclusions should be taken into accourttus, the full simulation otfhe
described problem goes beyond the particle tracking model, which is the main foitwes o
present work. However, the deposition process apdrticle growth in the bulk of the melt,
which described the mentioned phenomenon, are definitely based on the particle &taosport
The Chapter6 contains the estinian of these processes in order to show the way for the
extension of the tracking model for the goals of the described industrial problem, which,
however, is not included in the main purpose of the present work.

Generally, the described industrial casesstity the importance of the relevant
transporation model ofthe solid inclusions in the recirculated flows of induction furnaces. The
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investigation, which will be done using such model, coupled with the deposition and patrticle size
evolution models, casolveawide range othe metallurgical problems, as well #gey present a
fundamental interest.

1.2.  Objectives of the work

Research objects of this work are thensportation ofolid inclusion in thespecific class
of the turbulent recirculated flowf liquid metal, and, secondly, the processhafdeposition of
particles andheir growth in the bulk of the meliThe g/lindrical vessel inside the solenoid of
alternative current (such object is the simplified model of the induction crucible fuisate)
simple object therefore, itis selected for this research as a representatiagagirculated flow
class. Such relatively simple geometry also allowsawy out the experimental verification of
the numerical models usiranoriginal selfdeveloped tdmique (see Chaptd).

This thesis will prove thathe LES based Euldragrange approach in the limit of dilute
conditions is able to simulate the dynamics of solid inclusions in the recirculated turbulent flow
of liquid metalas well as idescribes theelatedkey phenomena.

The goal of this works to build and experimentally verify the model, investigate dynamics
of the solid inclusions itheflow of the describedlass

This goal will be achievefllfilling several tasks:

1. To prepare the simulation tool for the investigation of the dynamic of inclusions in the
described flows
a) To aeate the relevamhathematicainodel of particle tracking in specific flows;
b) To propose the novel experimental technique floe investigation & particle
distribution in liquid metals ithe presencef EM field;
c) To verify the model experimentally.
2. To investigate thdollowing key phenomena of the inclusion transport in the flow of
the induction furnaces:
a) theinitial stage of admixing of alloyingnclusions from the open surface of the
melt;
b) oscillating particle exchange between the zones of the mean vortices;
¢) model the axial homogenization of the alloying inclusions in induction furnace;
d) dynamics of thegglomeratiors of the inclusions near theal of the furnace.
3. To estimatethe growth ofthe inclusions in the bulk of the flow and their deposition
duringalong-term operation of the furnaces.
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2.Background and literature overview

The present PhD thesis deals with turbulent flowstaadehavior é solid inclusions in
the specific metallurgical applications, where induced EM force igdaasonof the turbulent
motion of liquid. Turbulence itselfwas studied during thewhole 2@" century by numerous
scientific groups, but, as it ia very complex penomenon of liquid motion, turbulence in
different geometries is stilnurgent area of interest, especiatlye specific complex geometries
like that,which will be analyzed in this workTurbulence playsignificant role in the operation
of a metallugical induction equipment, but is still researched fragmengsrihe first place the
author will describeurbulenceitself in this chaptemwhile the previous studies of the turbulence
in particular geometries of the metallurgical furnaces will be desdrafter that.

2.1. Turbulence

Turbulence in fluid flows is a phenomenon that cannot be defined gaséye.g,
Tsenober2001). However, these flows appear in nature séechnologiesvery frequently and
are easy recognize#figure2.1 (a) illustrates the formation cd largescale atmosphericortex,
which indicatesto the presence adtmospheric turbulencéigure2.1 (b) shows the turbulent
trace behind therock in the river. These two examples illustrat@n easy recognition of
turbulence iraneveryday life. Nevertheless, the turbulence should be described belowh&om
physical point of view.

Turbulent fluid motion is an irregular condition of the flow in which variouardities
show a random variation witthe time andthe space coordinates, so that statistically distinct
average values can be discerndihge, 1959 The main reason of such motion is the fact that
the classical momentum diffusion mechanism becomesdetmthe momentum convection.
And when the flow gets unstable to perturbations, turbulence occurs. Such regime
characterized witthethreedimensional vortex generation mechanism amidex fluctuations®

Turbulent flow is seemingly random, chaoticdannpredictable. However, itan be
realized as a superposition of a spectrum of velocity fluctuations and eddies. Thecaddies
loosely defined as coherent patterns of velocity, vorticity and pressansequently,urbulent
flows may be viewed as rda of an entire hierarchy of eddies over a wide range of length scales
and the hierarchy can be describedabyenergy spectrum that measures the energy in velocity
fluctuations for each wave numbef.he ener gy, Awhem aidte thesmatler ansf er 1
scales units untilt is finally dissipated ona molecular scale, was described in the poetic
definition of turbulence bRichardson (1922)

Big whorls have little whorls,

which feed on their velocity;

And little whorls have lesser whorls,
And so onto viscosity

'Y rom the 1| ec
Muni ch) in Ph
‘’rom the arti

ture on DNS/ LES i nc é&negriche(Seshnital Univetsityrob ul e nt f
D school AModel | i ng f dRigadvd&aptembera2D10.Pr ocessi ng
cl e fTanrmdbdwdlenpedi dttpiiadilepedissodyiekidudiblenge
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(b)
Figure2.1: Turbulence in nature: (@)largescale turbulence in the atmosphere of Eaith) the
turbulent trae behindthe pillar of the bridge across the river Daugava in Daugil<’.

The beginning of the turbulent researches goes deep in the historfygditeeof turbulent
flow found in the sketch book of Leonardo daVinci (circa 15@Mng with a remarkably
modern description:
i .. the smallest eddies are almost numberimsd large
things are rotated only by large eddies and not by small ones,
and small things are turned by sma
Such phenomena were termed Aturbolenzad by
word for thistype ofapu i d 3p o w
But there was no substantial progressitgunderstanding until the late %entury.
Bussinesq (187 Hrought forward the hypothesis that turbulent stresses are linearly proportional
to mean strain rates, which becomes the cornerstone of the most turbodgisRe y no |l ds
experiments and his seminar papReynolds, 18%led to the identification of the Reynolds
numbef as the only physical parameter involved the transition to turbulence. Reynolds
concluded that turbulenceas far too complicated ewé& permit a detailed understanding, and
he introduced the decomposition of flow variables into mean and fluctuating parts. Reynolds
proposed the random description of turbulent flows. At approximately the sam@ timen ¢ a r ¢
(1899 found that relatively ismple nonlinear dynamical systems were capable of exhibiting
chaotic randonrin-appearance behaviour that was, in factmpletelydeterministic. And only 70
years laterLorenz (1963)proposed possible links betweehe i d et er mi ni st i c
turbulence.Earlier Laray (1933; 19324 undertook the first truly mathematical analysis of the
NavierStokes equations, which was the ground workttierdeveloping analytical tools for the
deterministic approach tbestudy of the NavieStokes equations and thairlulent solutions.
Nevertheless, following Reynol dsd i nther od
proposed statistical approadPrandtl (1925)obtained the firstnajor resulti he predicted the

'From the wekpage of the Center of Atmospheric Ocean SmerCourant Institute of Mathematical Science
(http://caos.cims.nyu.edu/page/wha} is

The photography was done by the author of the present thesi&’@f April, 2013 at the time of the spring flood
%From the introductory lecture on Turbulence byvJMcDonough (Department of Mechanical Engineering and
Mathematics, University of Kentucky), 20@007.

4 Reynolds numbelY'Q —, whereu is velocity of the flow,L is a characteristic linear dension,3 is kinematic
viscosity.
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eddy viscosity (introduced by Boussinesdjis thesy was based on an analogy between
turbulent eddies and molecules or atooisgas and purportedly utilized kinetic theory to
determine the length artdetime scales needed to construct eddy visco$gylor (1935)made

the next step forward and introdacérmal statistical methods involving correlations, Fourier
transforms and power spectra into the turbulent literature. He also showed that the flow through
a mesh in wind tunnel could be vietvas homogeneous and isotropiater Kolmogorov (1941)
published three papers thptovidedthe often quoted results of turbulence theoarfich is now
referred t o asDuringhtee 1948d4opf (1048)and kagdau & Lifshitz (1959)
independently proposed that as Reynolds number is increased a typicahflevgoes infinity

of transitions during each of whi@n additional incommensurate frequency arises due to flow
instabilities, leading tavery complicated, apparently random flow behaviour.

The experimental work during 1950aised doubts on thdassueof the validity of the
random view of turbulenc&Emmons (19513howed that @ompletelyrandom viewpoint was
not really tenable. The measurement technique became sufficehisticatedo indicate
existenceof socalledic oher ent st rtingctheuandom siewobturbdulenads it ¢
was already mentioned.¢renz, 198) the progress othe mathematical understanding of the
NavierStokes equation waschievedn 1960s. Studiewere conducteth the context ol basic
analysis (i.e.existence uniqueness and regularity of solutiohd.adyzhenskaya, 195and in
the field of dynamic systemSiknale, 1965Ar nol| 6)d, 1964

The Amoder ndo v wasproposktih 1970s Ruelle & Takeas, 19711t was
shown that the NavieBtokes equation, viesd as a dynamic system, is capable of production
chaotic solutions exhibiting sensitivity the initial conditions andhe equatiorassociated with
an abstract mathematical canst calledfistrong attracta.

Turbulence experimentation mnepopularin 70s and 80s. The Kolmogorov ideas were
testedin details Generalcorrespondencketween theory and experiment ladack of complete
agreement motivated numerous studies to expliserepanciesSimilar work is carried oreven
nowadays Thereby the atention began téocuson more practical flows such as whthunded
shear flows (especiallypoundary layer transition), flow over and behind cylinders and spheres,
jets, plumes, etc.

The computation techniques were developedatively recently Deardorf (1970)
proposed the LE$nhethod This wasrapidly followed by the first direct numerical simulation
(DNS) by Orszag & Patterson (19729nd introduction of a wide range of Reynoehigeraged
NavierStokes (RANSpapproachLauder & Spalding1972 Launder efal.,1975.*?

It was immediately clear that the computational resources are naiogievide DNS in
the80s. However, the first DNS calculations for simple cases were carriedtbetate 80s and
90s. As far as DNS results leave no doubt about thlEvance, the progress in this field in last
two decades will bdescribedelow.

Vincent & Meneguzzi (1991performed DNS calculations of homogenedsstrogc
turbulencéound vortical tubes o#é length comparable tthe integral scales and diameter @f

Y ES, DNS and RANS will be discussed in Chap2é.

“The overview of the historical development of turbulence is written mostly ubmgntroductory lecture on
Turbulence by JIM. McDonough (Department of Mechanical dineering and Mathematics, University of
Kentucky), 20042007.
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few Kolmogorov lengthscalesLee et al. (19873imulated bmogeneous shear turbulence and
demonstrated that streaky structures appear also in unbounded flows forming an array of high
and lowspeed regions, which develop as a consequence of highrabteaather than of wall
blocking.

Many DNS provided the knowledge about wall bounded fland neawall effects.Kim
et al. (1987) simulated fully developed channel flow and initiated a bulk of further
investigations. This DNS resulgereused byChoi & al. (1994)to developthetechniques foan
active turbulenceontrolUs i ng Ki ntheshamhel flowAntorfia & Kim (1994 )studied
thelow-Reynolds number effects on near wall turbulemté.r t e | & Khnalysedmnd (1
modelleda subgridscak motion ina wall layer. Moiser & Moin (1987)found TaylorG° r t | er
vorticeg in achannel flow to be responsible fahalf of the differences in the Reynolds and the
wall shear stress betwedime convex andhe concave sidesPerot & Moin (1995)isolatedthe
viscous and kinematic mechanisms of the wall/turbulence interaction and developed improvec
nearwall models for dissipation, pressw®rain and turbulent transpation terms of the
Reynolds stress equatibn

Eggelset al. (1994 iscussed DNS datd a fully developed flow ina pipe witha circular
crosssection. Spalart (1988)presenteda direct simulation for selimilar and zergressure
gradient boundary layers. Separatrbulent boundary layer along a flat plate was simulated by
Na & Moin (1998B). Neves et al.1994)investigated boundary layers withe convex transverse
curvature developing omlong cylinder.

Clear that DNS of flow inthe complex geometries needs significant computation
resources Therefore there are only several such invgations.Le et al. (1997)nvestigated
turbulent boundary layer separating at a backstep aatfahing. A related problem, namely
the turbulent flow in a sudden pipe expansion was studiafdgner (1996)Choi et al. (1993)
simulated turbulent flow @r surfacemounted riblets.

Obviously, there are several resent DNS datéthefcomplex geometries, however, they
will be not discussed herelThe main goal of the present work is to investigate mass
transporationin turbulent flows of conductive liquid etal in induction furnaces. Therefothe
next chapter will be focused on the description of this type of flows and the induction equipment
itself. Nevertheless, it should be mentioned, that there is no known DNS data of such flows, the

*Kolmogorov length is the smallest scale in turbulence, where viscosity dominates and the turbulent kinetic energy

is dissipated into heat. . , where' is kinetic viscodly; - is dissipation rate of turbulent kinetic energy.

“TaylorG°® rt |l er vortices are the secondary flows that af
boundary layer is thin compared to the radius of curvature of the wall, the presswai@s constant across the
boundary layer. On the other hand, if the boundary layer thickness is comparable to the radius of curvature, the
centrifugal action creates a pressure variation across the boundary layer. This leads to the centrifugal instabilit
(Gertler instability) of the bou®oetvorices-&npnethe adicled ¢ o n
AGertler vorti-ersyYcli mpé¢dica ffi Wiekiweddi ao
(http://en.vikipedia.org/wiki/G%CS%BGrtIer vortic@s
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“The overview of the DNS data of turbulence is written mostly uSitegrich et al. (2001)eview article.
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modern computatical resourcesre not enough to provide direct calculationshefengineering
systems like that. Howevehere are sommo r e o r | directsnunfenicalnvestigations.
Lim et al. (998 demonstratedhe DNS results ofa nearwall coherent motion inlectrically
conducting fluidsWagner & Friedrich (20@) conducteda direct simulation othe momentum
and heat transpationin theidealized Czochralski crystal growth configurations.

2.2. Turbulent recirculation flow inside induction furnaces

As it was alrady discussed there are no known DNS data of the flow in induction
furnaces, which are complex engineeringasys. Howeverthe LES calculations were made by
Kirpo (20-PhD) andU mb r a ¢ k -®hD) d2rbhd thelast years. These resutterresponded
to the experiment and significantly widened the understanding of the $lioucturein such
systems.

The turbulent flows of liquid metal in induction furnaces can be marked cutegain
flow class, which is characterized with severaln@dation mean floveddiesin a closed volume
and intensiveturbulent pulsations between these eddies. Such flow cgordsentedn the
simplest case bg close turbulent melt initiated by harmonic alternating current in a cylindrical
crucible withaninductor aroundinducion crucible furnacé ICF).! However, the flows of this
class are observed in many other rietgical applications: channel induction furnaces (CIF
see e.gBaake et al., 2000 cold crucible furnaces (see elgmbrashko et al., 2008 metal
melting and processing technology in a levitating droplet (see ldygers 2005). The flow
structure in the crossection of CIF and in the vertical central plane of ICF, cold crucible
furnace and levitating droples iqualitatively the samé& several mean eddies drstrong
turbulent pulsations between them. These flows have the similar structure in theaagtive
because of the same physical principle of operation.

The sketch of an axisymmetric induction system is shown &igure2.2. Alternating
current in the inductorj(is the current density) creates a magnetic feland induces an
alternating current in the conductive liquid mefalié the density of the induced current). The
directions ofjg andj, are oppositeThe result of the interaction @ andB is the Lorentz force,
which can be expressedffs o || - This force driveshte liquid away from the wall.

As far asfem has the maximum in the middle zone of the crucible (on thehlegdht of tre
inductor), the flow pattern consists of two eddies as it is showFigure2.2 and in the case of
the cylindrical 3D geometry it means two toroidal vortices. Generélhft) is harmonic but as
far as the fregency ofj, in the industrial electrteat equipment and density of metal are
sufficiently high, the time for the metal to respadhe changes of the current is not enough.
Thereforg we can replace the harmonic force density with its average valuengdfesewe will
type amplitude of the harmonic variables without any additional symbols):

I M ° (2.1

whereB’ is complex conjugated magnetic field induction.

YFromKirpo (2000-PhD)
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Figure2.2: Sketch of axisymmetric induction system on the exampleaninduction crucible
furnace’

As far as ICF has axisymmetric geometry of the melt and inductor EM field and,
consequently, the driving Lorentz force can blewated ina two-dimensional approximation.
The distribution of average velocitg formed by the influence of EM force and can be also
calculated in 2D (see e.Bl-Kaddah et al., 1986 However, the calculations of velocity state the
high-Reynolds numbreflow, which leads to turbulencevhich isa 3D phenomenanThereby
despite the axisymmetric geometrthe hydrodynamic proce$ems a3D character and requse
a 3D modeling.

The flow of liquid metal created by singlephase alternating magnetic fielhs studied
experimentally in many published papergen inthe 70s andhe 80s Tarapore & Evans (1976)
estimated velocity of steering lastroboscopic photography of the free surfadeore & Hunt
(1983)made measurements using a drag probakas et & (1984)useda hot-film anemometer
with the same aimAll mentioned authors investigated the distributionaahean velocity. In
addition, Trakas et al. (1984fpund the characteristics of the turbulence (i.e. spectra) the similar
to those ofthe classi@al shear flows. HoweveiMoore & Hunt (1983)made some noteworthy
observations concerning lowpeeriod fluctuations. Latddmbrashko et al. (200@ndKirpo et al.
(2007) researched these fluctuations wih advanced experimental techniquethe Vi v e s 6
probe’. The observeghenomenon will be discussed later.

Despite of success in the experimental investigation, the development of numerical
simulation was not so fast. However, obviously, only simulation is able to investigate the flow in
industrial furnace®f a big scale. The success in the modeling was strongly conrectiee
development of computational resources, which extremely increased the power of calgulation
the last decade. However, DNS scheme remains unusable for practical applicationthep to
present day. The mesh size growRes” (Aldama, 199)) which gives more than billion nodes

FromUmbr ag k®hDj.2 01 1
i veso6 pr obe peéermanentnmgnetrobe.wn as
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for a typical industrial scale flow wittRe> 10°. A computer memory needed to store only the
main single precision variables excewfd 150 GBytes, which is maybe not completely
unrealistic, considering modern computational clusters capabilities, but certainly accost
effective solutior. In any case there is no known DNS data for such systems.

Reasonable comparison with the experimental results for dweeaged quantities were
obtained using twequation turbulence models-(k) f or the effectiwve turbi
steady flows) byTarapore & Evans (1976)El-Kaddah & Szekely (1983)nd Baake et al.

(1995) Kageyama & Evans (1999)rovided also ) t i me dependent numer i c
A. Bojarevics et al. (1999)roposeda pseudespectral ky mo d e | and rece ved th
better toleranceFinally, recentU mb r a g k ePhDj RhD thesis contains comparison of

numerous modifications of RAN®odels for ICFFigure2.3 compare different RANS models

with experimentaland the LES results. This figure demonstrates that #®guation turbulence

models simulate the average velocity very well. All of thesaletso(k-U, -¥ k R)NgG

relatively well with the experiment even ithe 2D case, with RNG slightly in the lead.

Figure2.4 demonstrates the distribution afiaverage flow velocity in ICFThe LES calculation

(Figure2.4 b) finds the maximal velocity, which is about 25% less than the experimental value.

This error is acceptable due to relatively large computational error and sophisticated calibration
oftheVi vesd probe.

Despie a good agreement between the average velocities calculatedneiBANS and
the LES, the transient behavior of the flow leads to significant differeddesresults produced
by two-equation models show the highest values of turbulent kinetic enetgg eddy centers
and the lowest between the eddies. Such distribution is characteristic for these models even in
the case o 3D transient simulationUmbrashko et al., 2006However, the experiment results
by Umbrashko et al. (200@ndKirpo et al. (2@7) showed that thenaximum of the turbulent
energy is between the vortices of the averaged flow and close to the wall of the crucible. The
average flow velocity in this area is close to zero (Bepire2.4), theefore the turbulent
pulsations of velocity are large thetgmbrashko et al. (2006ndKirpo et al. (2007)showed
that theLES should be used for the flow modeling in such equipment to achieve more realistic
results.Umbrashko et al. (200&Iso discovexd that the spectrum of axial pulsations between
eddies near the wall has a clear low frequency maximiime. distribution of the turbulent
energy in ICFand spectrum of these pulsations will be discussed in detdhg @hapter4.2 in
context of the ostlations ofamass transpaationin this region.

FromUmbr ag k-®hDj. 201 1

RNG (Renormalizedsroup) is the modification of-kk mode | , where the expression of
6 " —is replaced with the following exprassidn: = P¥ G 'Q Hwherek is turbulent kinetic energy)
is turbulent kinetic energy dissipation ratel *  j*,6 T8t & p 17N the case of high Reynolds number

these two equations give the same results. Ffakhot & Orszag (1986)
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Figure2.3: (a) Axial velocity profileat the middle ofa lower eddy (z = 18m); (b) Axial
velocity profile at the axis of the symmetry. Frégnpo (2000-PhD).

Apparently, the values of the velocities Bigure2.3 and Figure2.4 describethe flow in
particular geometry o specific size. However, the qualitatidependences will be the same for
the different sizes ofa cylindrical crucible.Only extremely high frequencies, that lead to the
small penetration depth break the structure of two toroidal vortices of the samigld{aeldah,
1986.

As it was already mentioned cylindrical geometry wittaninductor arounds the simplest
case which reproduceghe turbulent flow of the recirculated metallurgical flows class.
Therefore ICF will be simulated for the goals of the presentith@doreover, ICFonly of two
sizes will be considered:

1) ICF-1 repeatsthe furnace of laboratory scale, which is installed in Institute of
Electrotechnology, University of Hannover (Germanyoth Umbr asgé&nd & r po 0 s
experimental and simulated results, which are shown in this wepkegent the flow in IGH.

The sizes and EM setting of this furnar@ shown omable2.1. This ICF is also simulated in
the present thésto compare results with the previous investigations.

2) ICF-2 is a small cucible with parameters, which are shown ®able2.2. This
geometrywas used for the experimental verificatioof the numerical model for the particle
tracking. The smaller cruciblevas used for this goal due teeveral reasons: 1) to reduce the
number of particlg whichare involved in the experimer) to reducehevolume of the waste
liquid metaf; 3) to use the simple pipette as the measurement devise

Theexperimental verification is described in Chapter

“The Lagrangian algorithm for the particle kg is described in Chapt8r2
%Some liquid is inevitably pollutedi#h the particles (see Chapt#t

“See the description of the agirement technique in Chapter
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Figure2.4: (a) Average velocity pattern measured ugmgVi v e s 6 pheld$ elculaled
average flow velocity. FrorKirpo (2008PhD).

Table2.1: Parameters dfcF-1. Table2.2: Parameters dfCF-2.
Parametel Value Parametel Value
Melt and inductor heigh 570 mm Melt and inductor heigh 100 mm
Crucible radius 158 mm Crucible radius 45 mm
Number of inductor turn: 12 Number of inductor turs 6
Inductor frequency 365 Hz Inductor frequency 4000 Hz
Inductor current 2000 A Inductor current 432 A

It should be mentioned that generadlyneniscus shape of the free surfacehef flow in
ICF appears (see, e§.pi t Uns )eSuchaléfanationdfihe fiee surface is important in
some applications, e.g. cold crucible melters and levitat@irier et al., 2003 but can be
neglected in ICH and ICF2 (when the level of liquid metal is not less than the heigtanof
inductor) due to itsalative small heightKirpo, 2008 PhD). Therefore we will usethe simple
cylindrical geometry in the present work.

Kirpo et al. (2007)investigated the dependence of the flow velocity in the geometry of
ICF-1 on current and found the approximatalfjnear regression even for different frequencies
(Figure2.5).El-Kaddahet al. (1986)and Tarapore & Evans (19869btained the similar results
for different geometries.

Umbrashko et al. (2006pund the maximum amplitedof largescale oscillations in the
middle zone of ICFL near the wall in the same order of magnitude with the characteristic flow
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velocity (15cm/s) and the prevalensaillations withthe periodof approximately 13. Kirpo et
al. (2005)also recognizethat this period of oscillations is the same omkethe eddy circulation
period (sedable2.3).

In order to calculate the characteristic fthmensional numbers, which describes the
properties of the flow, themodel liquid should be defined first. Obviously, the industrial metals
(steel, aluminium, etc) cannot be usedexperimental furnaces due to the high temperature of
melting. Therefordd mb r a g k 4°hD} ahdKlrdo (20-PhD)used Woodds met
expaimental investigationWo o d 6 s me t & 25% Phi 125% S$hni Bi%% Cd eutectic,
which becomes liquid approximately at AOCStarting from approximately 158C t he ewu't
becomes toxic due to evaporation of cadmium (Cd). As it is shoWwrable24Wo od 6 s met .
agood conductor ankas adow viscosity. These properties allaygingthis eutectic as the model
liquid for metallurgical experiments. Nevertheless, there are other eutectics with the similar
properties (e.gin-GaSn) but Wo sighiicantlyoreeapa | i s

Table 2.5 shows the nowlimension number, which characterized the flows and other
transport phenomena in I€Fand ICF2. The Reynolds number in both furnacegm®ugh to
produce the turbulent flow. Prandtl numifax< 1 meansthdt e at conducti on i
is stronger than convectiprand heat diffusion dominates. It also means thatthermal
boundary layer is much thicker théme viscous subayer. Theratio of thermal boundary layer
compared to the viscous one is proposetl @§ * 01 ! as a result of the dimensional
analysis Handbook, 200 Opposi te significant Schmidt nul
metal means the domiti@n of convection transfer of impurities. Therefore dissolved oxides will
mostly follow the turbulent flow and the influence of diffusion on the concentration distribution
can be neglected. Finally, low magnetic Reynolds number ensures the absencafafehee
of liquid motion on the magnetic field and allowsinga oneway coupling for the modelling of
EM problem and hydrodynamics.

24 - 244 -
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Figure2.5: (a) Maximal axial velocity dependence on theductor current for differen
frequencies in the geometry of 1€1F- (b) Dependence of axial velocity at the central axis ant
wall at the center of eddy on the inductor current for B84frequency.From Kirpo et al.
(2007)

This consistance of Wo olndbsr anmjekt-GhDjafiddsthhneeah (196)Hoeeder, e . g .
the proportion of 50% Bi 26.7% Pl 13.3%Sri 1 0% Cd i s al so mentioned in |
e.g., the article fAiWonacd&d ompetdd A0 AiWL kti Ipee dfi raede we b
http://en.wikipedia.org/wiki/Wo0d%27s_me}al
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Table2.3: Characteristic velocity and period of the flow and velocity pulsations in geome
ICF-1. FromKirpo et al. (2005)

Current, A Frequency, Hz Eddy period, s Pulsation period, ¢ Maximum of
average velocity,
cm/s
1068 144 12.6 13 5.50
1260 1470 10.5 15 6.62
1670 990 6.4 8 10.84
Table2.4: Comparisonop hy si c al properties of |iquid
WoodOs met Steel
Thermal conductivity: W/(m K) 18.8(85A C) 33 (1600A C)
Specific heat capacity, J/(kg K) 16885A C) 775 (1500A C)
Densityy , kg/m® 9.40e+3(85A C) 6.8 (1700A C)
Dynamic viscosityd, (N s)/nf 4.2e3 (85A C) 1.2e3 (1600A C)
Electrical conductivityl, S/m 1.0e+6(80A C) 0.72e+6 (153%A C)

Table 2.5: Non-dimensional numbers for the flows in IdFand ICF2.

ICF-1 ICF-2
Characteristic velocity), m/s 0.16 0.14
Reynolds numbely ' Q —2 6.7e+4 1.4e+4
Prandtl numbed i — 3.8e2
Schmidt numbetYo —3 & 0.'5e+3
Magnetic Reynolds numbeér, “Y0 3.2e2 7.9e3

2.3. Particle transport in turbulent flows

The progress in the research of turbulence propertig¢iselassical geometries (a pipe, a
channel and other clsisal flows)hasalreadybeendiscussed above. However, the recirculated
flow in metallurgical equipment significantly differs frothat caseslt differs also from the

turbulent flow ina gap between two counterot at i ng di sks { VYolketalyon KS§8rr
FromUmbr ag k-®hDj. 201 1

% is the characteristic length, that is the radius of the crucible in this case.

®D is diffusion coefficient otheimpurities in the liquid metal.

“This value of Schidt number is ttined forthe oxides like AbOs;i n Woodos met al , estimat ec

coefficientD & -9 \f/s’. This value is obtained from the Einst@iokes equationEjnstein, 190p assuming the
molecules of oxidés a sphere. However, this value can a littlemstimate diffusion coefficienGmelin & Durrer
(1964)estimates it in wide range B2 é -11 /s>
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2008. The distribution of mean vortices of this flow is similar but intensive axial pulsation in the
region between thens the characteristic afecirculatedmetallurgical flows. Nevertheless, the
progress of the knowledge of particle behaviotha classical turbulence is important for the
understanding o particular metallurgical case and will be discussed here.

First, following a statistical approach to description of turbulence, such theory treats the
turbulence as a source of random fogciapplied to particlesEarlier such treatment was
developed byTaylor (1921)andwasrefined by manyscientistsculminating with the work of
Mei et al. (1991)The statistical theories treat particle dispersion like the diffusion of a passive
contaminant.Often a turbulent diffusivity is calculatedn the basis othe properties of
turbulence and particles. These theories always predidghtmparticles will diffuse away from a
point source and thahe particles which are initially uniformly distribute in a turbulent field
will remain uniformly distributed in the absence of body forces. The statistical theories of
particle dispersion ignore the researched fact that the turbulence is dominated by quasi
deterministic coheent structures (see Chapgt). The coherent vortical structures are the
mechanisms that cause preferential concentration by producing directedu@dom) motion of
theparticles

Generally, particles in turbulencare characterized by a large number afnamically
active and interacting degrees of freedom (seeFeigrh, 1995 Nelkin, 2000 Pope, 200D The
description methods of the particle motion in turbulence can be divided in two giloeigsier
Euler andthe EulerLagrange approacheshefrst fAEul er 6 i s common a
the flow in terms of variables defined at points fixed in spébe EulerEuler approach does the
same for the equations aflispersed state. Bthie EulerLagrange methods deal with individual
particles carriedby the flow?

The EulerEuler methods are suitable for the simulationaoflissolved stateor small
particles, which movenostly like flow tracersOnly potential forces can be additiolyataken
into account within this approach. This approach, in fiactysed for the investigation dlfe
redistribution of the impurities consisted tfe smallest particles, even molecules. However,
some smart extensisof such approactepresentiseful methods.

Pandya & Mashayek (2002)erived a set of dispersed phaseation inthe LES context.
Carneiro et al.(2008, 2009) proposed a moments model to describe polydispersephadé
flows based on the transpation of the moments of the particlsizedistribution function
Particle velocitiessize dependencis captwed by transporting the moments with individual
moment transport velocitieérneiro et al., 2010 The phase interaction forcgrmally
obtained by integration over the diameter specjrgan be expressed using the moments.
Unknown moments, needed fibre closure of the exchange terms, can be calculated assuming a
functional form of the particle size distribution functidn.

Another advanced Euldtuler method isa statistical model of particle motion and
dispersion developed Alipchenkov & Zaichik (204). The model is based on a kinetic equation
for the particle velocity probability density function. The anisotropy of the Lagrange
autocorrelation functions and turbulence time scales are taken into account in this kinetic model.

However,the EulerLagrange methods have begun to advance our knowledge significantly
with the increase of the computational capacitye example applications include 1) analytical

'FromEaton & Fessler (1994)
“FromToschi & Bodenschatz (2009)
*FromDems et al. (2011)
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approachesor tackling the statistical properties of homogeneous and isotropic turbulence as a
field theory (se&raichnan, 196% 2) the connection between turbulenogermittencyand
(Velani & Vergassola, 20Q1Falkovich et al., 2008 3) models for the evolution athe
Lagrangian clustersChertkov et al., 1999Pumir et al., 2000, 20Q1 4) the Llagrangian
evolution of material lines, vorticity and straiGyala et al., 2005L ¢ h t | e l; 5ahk . , 200°¢
Lagrangian tools used to improve subeghlemodellingin the LES (Pope, 2004Bou-Zeid et

al., 2003; 6) stochastic models to regularize velpcgradientsin turbulence Chevillard
&Meneveau, 2006 7) studies of the singularities of the Euler equati@or(stantin, 200"
Moreover,the Lagrange description is preferable for thescriptionof the dynamics of inertia
particles in turbulence itHe Figure2.6 b illustrates the trajectory o&n inertia particle in
turbulent vortice calculated withe Lagrangian approach.

Several years ago when the computational resources were not enough to model flows wit
the LES, the RANS was usually used. According to this approach velocity pulsations were
averaged and no full transient results were available. Therefoamdom shift was applied to
the trajectory of particlesa(random walk model see, e.g.Kallio & Reeks, 1989 The
probability ofarandom shift is defined through the turbulence properties of the Howadays
the LES based calculations are widespread and will be also employed in the simulations of the
present workThe LES gives transient results the flow dynamics, moreover, the largest part of
the turbulent spectrum is resolved directly. It means that the motion of particles within the
Lagrange approach can be simulated also directly. Only the smallest vortices is modeled,
however, the respons# the inertial particles on subgrgtale vortices can be often neglected.
Apparently, the DNS simulations take off all doubts about the relevance of the particle
trajectories.Despite of the significant resources to be utilized, this approachsuwaesfully
employed in a number of studiesthE simple geometries (see, e.Biferale et al., 200pb The
DNS results light some interestipgculiaritiesof a particle motion, e.g., it came as a surprise
thatthe Lagrangian traces can persist in a srealle vortex for a time exceeding the loealdy
turnover time Biferale et al., 2005 Toschi et al., 20056 However, in the most part @dhe
applicationghe LES based Lagrangian method is completely enough.

Experimental investigation of particle motion wrhulent flows is als@ very important
issue. As well as the approaches for the modelling, the experimental techniques can be also
separated ithe Euler andhe Lagrange methods.

The Eulerian measurements are good for the flows, in which the mean \esd@ie larger
than those of the turbulent fluctuationBhe Laser Doppler anemometry and particieage
velocimetry (PIV) can be mentioned as the examples of such measurements. Doppler
anemometry allows only pakwise measurements of velocity amious has only limited utility.
However,Volk et al. (2008yeported acceleration measurements of inertial particles tiseng
extended laser Doppler velocimetijhe PIV method allows measurements of the velocity field,
but its applicability tahe high-Reynold number flows is limited owing to camera resolution.

'FromToschi & Bodenschatz (2009)
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(a) (b)
Figure2.6: (a) tracer particles illuminated by a green laser (courtesy E. Bodenschatz);
trajectory of a particle ira smaliscale vortex filament in a turbulent flow. Frofoschi &
Bodenschatz (2009)

Despite the fact, that the most of the experimental work concethabigh-Reynolds
number flows has been obtained in the Eulerian framewdodkdant et al., 200)Lat the moment
the most successful technique for the investigatiothelagrangian turbulence is the optical
tracking of tracer particles his technique is known asparticletracking velocimetry (PTV),
when velocities are concerned, tive Lagrangian partle tracking, whena position and
acceleration are also determined. Particles can be passive tracers that approximate tf
Lagrangian motion of fluid elements, have inertia, or have atlsatdslarger than the smallest
scale of the flow.Snyder & Lumley(1971) provided the first systematic set tie PTV
measurements fawind-tunnel grid turbulence, where&sito & Yamamoto (198T¢portedthe
similar measurements ia watertunnel grid turbulenceligure2.6 (a) illustrates theparticles
illuminated by laser in 3D turbulenc¥irant & Dracos (1997)were pioneersn 3D PTV using
multiple cameras for the stereoscopic reconstruction of particle tracks. FOittbe& Mann
(2000) developed this methodHowever,the Lagrangian measurements remain challenging for
the high-Reynolds number turbulent flows.

A particle motion in fundamental flows was investigatedthe basis othe described
numerical and experimental technigieschi & Bodenschatz (200@prefully desabed the
Lagrangian properties dhe particles in homogeneous turbulendéoreover Arneodo etal.
(2008) compared three differenexperimentsand five different numerical simulations and
concludel the universality ofthe Lagrangian turbulence. The datehich covered the wide raye
of Reynolds numbers and came from different experimental and numericad, sstilgpsed on
one curve. This proofs universality in the physicdh&fLagrangian turbulence over the whole
range of time lagé.Wang & Squires (19) investigated particle deposition in a vertical
turbulentchannel flow.Volk et al. (2008¥tudied acceleration of heavy and light particlethin
von K8rm8n fl ow.

And, finally, the author researched timeraction between turbulence and inertial et
in boundary layerlt is widely accepted that heayarticleshave a tendency to migrate towsird
the wall McLaughlin, 1989 Brooke et al., 1992 and in the wall layer they segregate
preferentially in regions characterized by strearse velocity lowe than the mearvelocity

'FromToschi & Bodenschai(2009)
“FromToschi & Bodenschatz (2009)
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(Ni To & Ga;rPani &Banerje® 2996 Brooke et al. (19923howed that particles are
driven toward the wall by coherent eddies, which impart spiise wall paralleithe motion to
the particle trajectories befotiee particesdeposit:

2.4. Previous investigations of particle transport in
recirculated flows

2.4.1. Modelling

As it was already discusseldet flow inside induction furnaces is sufficiently complex due
to the presence of the EM forces, which drive a turbulent flow with twon raoidal
recirculated vortices. Thereforthe case interesting for the thesgnificantly differs from the
well-studied turbulence in a pipe, a channel and other classical flows. It also differs from the
turbulent flow ina gap between two countent at i ng di sks (thetheon KS8rr
intensive axial pulsations betwettte main eddies near the walMoreover, the EM field directly
influences the nowonducting particles in the conducting liquid within the penetration depth and
thetransporation ofthem to the wall, which is another specific aspedhefconsidered system.

The layer ofa significant EM field is sufficiently thin (about 20% of the radius of the crugible
ICF-17 U / =R0.2. Due to the noslip boundary conditions the flowelocity is zero at the wall

and increases in a radial direction untilrapidly achieves the maximal valua the relative
distanceqp/ R 0.04 from the wall (for ICR). U> of, therefore themaximum of velocity is

inside the layer of EM penetration. Qbusly, particles preferentially move in the streamline of
maximal velocity. Thereforethe major part of the particles frequenggesto the layer ofa
significant EM field. The particle motion in turbulent flows without EM is weBearchedsee
previaus chapterput we cannot separate the large interior zone without EM field from the thin
layer near the wall and should consider the motion of the particles in the whole volume
Moreover, the experimental results receibgdlraniguchi & Brimacombe (1994ndTakahashi

& Taniguchi (2003)also show the significant influence of the EM field on the fwamductive
particles in weHconductive liquid. In spite of probable inaccuracy of this experimental technique
(the doubt about accuracyill be discussed latgrthe preferential concentration of the non
conductive particles near the wall at the height of the maximum of EM force corresponds to the
industrial observations.

Lennov & Kolin (1954 stablished the theoretical background of the influence of EM field
on patrticles in conductive liquids. However, the goal of this investigation was far from the
metallurgical applicationd.ater the movement of a spherical particle in a gradient force field
was discussed in the book $iilov et al. (1989)

One of the firs Lagrangianparticle tracking in conductive liquid irthe vicinity of
magnetic field was performed IjcKee et al. (1999He suggested greatly simplified model for
calculation ofa particle path in rotating magnehydrodynamic flow within a long cylinde
Taking into account the fundamentdifference between the flow pattern ithe Mc Ke e 6 s
simulation and the recirculated flow in induction furnaces, the numerical resiiskafe et al.
(1999)is out of interest, however, this model began the simulafigarticles in MHD flows.

'FromMarchioli et al. (2004)

“The values ofi / @Rdcp/ aRe shown for ICH, however, this inequality is true for all ICFs with the hRgaynolds
number flow.

*fromG| epanskis. et al. (2011)
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Umbrashko et al. (2006pllowed the tracer particles in the flow of ICF usitigge LES
based calculations in ANSYS Fluent software. L&tepo et al. (2009)used the same software
to investigate the behaviour of inertia particie ICF. Kirpo added EM force (sekennov &
Kolin, 1959 to the Larange equation but the model remained sufficiently rough: only drag,
buoyancy andhe EM forces were taken into account for the calculation of particle motion.
Despite the fact that EM foe is the most importaribrce from engineering point of view (see
experimental investigation dfaniguchi & Brimacomb€1994)), it will be statistically proved in
Chapter3.2.3, such set of forces is not enough for relevamutation of particle motion in the
flow of ICF-1. Moreover, as it will be shown later, the value of lift force in {CFE significantly
underestimated biirpo et al. (2009)usingthe Saffman approximation.

Umbrashko et al. (200@)ndKirpo et al. (2009assumed dilute dispersion of the particles,
that is the volume fraction is small so that partjgdeticle interaction is neglecteghd an
i ndi vidual particleds motion is determined
Kulick et al. (1994)and Kaftori et al. (1995)experimentallydemonstrated that turbulence
modifications due to the presence of small particles at low enough concentration are negligible
and, consequently, oreay coupling can be used in the model. Such dilute approximation
undoubtedly is also relevant for the case of theish@he particldo-fluid mass rate does not
exceed 1¢l).

Kirpo et al. (2009)simulated the case, whereet particles were initially distributed in a
vertical planeHowever, this simulated case does catrespond to any industrial case, @gn
industrial process alloying particles are injected on the top surface of theNeedirtheless,
general peculiarity of the particleehaviorwas confirmed: big nowgonductive particles were
settling down onhe wall in the zone between the main vortic@ger 90% of Imm-largenon
conductive particles were accumulated in the el region under the influence of EM field
But the conductive particles move preferentially in the bulk of the flow. The influefice
particleto-liquid density ration on the distribution over the crucible height was also pointed out
(Kirpo, 20®-PhD).

The model used biirpo was emancedfor the goals othe present thesiby means othe
development oOpenFOAMsoftware code: 1) thmitial cloud of the particles was situated on
the top surface of the melt, which corresponds to the industrial case of admixture injection, anc
2) the Lagrange equation was supplemented with lift, acceleration and added mas§3 liesees.
two maifications significantly improvehe model and allovobtaining new physical results,
which helps to understartte industrially important processes in induction furnaces. Moreover,
the statistical analysis of the forces and the -domersional parameters, which rgportedin
Chapter3.2.3 proves the importance of the model expansion by adding additional.forces

2.4.2. Experimental investigation

Obviously,it is desirable to investigate partisleistribution in such systems experimentally,
a least to verify the numerical model. But metals often have very high melting temperatures.
Moreover, the electric weltonductive materials are not optically transparesiije transparent
liquids have low conductivitySadoway & Szekely (198@)jed to use transparent Li€KCI
eutectié to reproduce the recirculation motion in an ICF, but thaélgd to do thisEM field not
only producs the induced flow motion but also heaip the liquid within the penetration depth.

'See alsd> | e p aatal. K2014).
241.2% KCI- LiCl.
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Thereby the thermal convection adninates in lowconductive transparent liquid¢see
Chapterd). In spite of the optimistic conclusions $adoway & Szekely (198Q@he simulation,
which is done by the author of the prest@sis shows that it is not posséto avoid thermal
motion by changing the EM conditions. Therefdtgs liquid cannot be used to produce such
flow patterns. The only more or less successful method, develop&dniyuchi &Brimacombe
(1994, provides an opportunity to investigate expemtally the rate of the particle deposition
in the turbulent flow of liquid metal under EM force. However, because the results are obtained
by cuttinga solidified liquid, it is impossible to receive any information about the dynamics of
the process insidéhe melt using such experimental technique. Moreover, the presere of
solidification front has an influence on the particles during the solidification and it is not clear, if
this effect is negligible.

Finally, G| epans ki s peoposdatie.origita® éxpefimental technique, evk
ferromagnetic particlesiere usedThis experiment allowederifying the numerical modednd
was the first known successful experimental investigation of the dynamics of inslusitime
bulk of liquid metal The technique and the results are described in détatilse Chapterd.
However, in spite of the satisfactory agreement betwetns experiment and numerical
prediction, which was done by tiheathematicaimodel, the tolerance of this experiment was
very highand could not be improvetMoreover the experiment was possible only at the gquasi
stationary stage dhedistribution of the inclusions in the flow and was almost impossible at the
stage characterized by fast changes in the distribution.

The imaging of the system is not possible also mays due to the high absorbance of the
metal (especially the lodemperature alloys, which contain heavy metals like lead).

For all these reassrnhe ideato carry outthe reutronimaging (sedRichardset al., 20@)
has appearedgkcently Lead and other heavy metaenot obstacle for this techniquinerefore,
it can be very useful experimental methodology. Such technique can lead to the experimental
investigation of the dynamical behaviour of solid inclusions in the complex turbulent flow inside
induction melting and stirring equipmenthe experimental idea and the results of the
preliminary experiment are presentedhre Chapter4.5.

2.5.  Simulation of the deposition formation during the long
term operation of the furnaces

As it was discussed irthe Chapter2.2 the transport of solid inclusions is the key
phenomena in all types of induction fureacand can be describbgl the common model of
recirculated turbulent EM induced flowslowever, specific aspects additionally appear in each
type of a furnace. E.g., the meniscus and free surface dynamics are significant for the cold
crucible induction funace andthe levitating droplet §pitans et al. 20)3 The long term
operation of CIF also lights the specific processes of mass trastsmorivhich is urgent from
the industrial and engineering points of view. These processes and the proper exfetigon o
particle transport model will be discussed within this chapter.

As it was discussed ithe Chapterl.l, the deposition formation is observed during the
long term operation of Clfsee alsd-igure1.1). Such process has significant negative effect on
the efficiency andthe sustainability of the equipmeht.

'See motivation in Chaptdr.1
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It was industrially observed that the typical situation, when the intensive deposition of
oxide impurities appears, is the chamgf the operation power of equipment. The power of CIF
can be decreased durimgweekend or some interruption in a production process in order to
minimize the energy consumption and, consequently, expenses. Nevertheless, the molten liqui
metal is usuallkept above the melting temperature in order to atteédemelting of the metal,
which consumes a lot of time and energy. Thus, such preadies energy, however, it was
observed that the buddp formation accelerated at the same tiBethers et al.}994)found the
temperature dependence on the deposition rate due to the same dependence of the saturat
concentration of impurities. FurtheBethers et al. (1995)opposite to the practice of CIF
operation, propose to increase the power of the furdagag the weekend in order to dissolve
the buildup formation.Figure 2.7 () demonstrates the time dependence of the described CIF
operation styleBethers et al. (1995Iso calculated the rate of the channebging in this case
(Figure 2.7 b). These results are based on the model, which takes into account the diffusion
limited impurity deposition on the walls of the chanrigdter, Kaupws et al. (2003analyzed
theordically the diffusion of impurities through the laminar nélae wall layer in liquid metal.
Finally, Frishfelds et al. (2009nvestigate the clogging process of channel in CIF.

However, allof the abovedescribed investigations simulated ottty molecdar diffusion
of impurities from the bulk of the melt to the wall of the furnace. Such model can describe only
the dense buileup formations (se€igure1.1). Nevertheless, as it was already discussetien
Chapte 1.1, the spongelike deposition of impurities is more dangerous for the efficiency and
sustainability of metallurgical melting and stirring equipment, because the time of djikenge
clogging is much shorter than by dense adgon. Therefore, the model based on the particle
growth in the bulk of the melt is proposed in the present work. This model as well as the
estimations of the process are described in Chépter
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Figure2.7: Time dependence of the overheat in the channel (a) and of the free cross sect
of the channel (b) in the CIF with @oem inductat, which is operated at 450/6GW power,
the reference temperature is 150QC . Beathersnet al. (1995)

Todnem (1967)
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3.Mathematical model

3.1. General scheme and coupling

The model for solid particle tracking the EM induced liquid metal flow is describeal
the present chaptefhe described problem is multiphysical, therefore the model consists of
several coupled blocks fdoine different areas of physic¥he general scheme tife algorithm is
shown orFigure3.1.

EM field -> Lorertz force

A 4
Hydrodynamics + external
Lorentz force

»i
€

A 4
Particle Lagrange tracking

A

Figure3.1:General scheme of the algorithm.

The blocks for EM field calculation and hydrodynamics (HD), which are used in the
present model, were well discussed and utilizedKbpo (2008PhD) andUmbr agkeo (2011
PhD). Thereforethe present theses will focus on the Lagrange tracking algorithm, but EM and
HD blocks will be described only brieflyNeverthelessthe coupling between themill be
elucidated

Generally MHD consists of tweway couplel EM and hydrodynamic (HD) problems. That
means that Naviebtockes equation for HD has additional térime Lorerntz force(see equation
1)), and t hteeM®khméb|l bawsyeatem of equations 1is
IR (3.1)
wherej is current densitytl is electrical conductivityE andB are vectors of electric field and
magnetic flux respectivelyy is velocity of liquid metal flow.As it was already discussed in
Chapter2.2 the Lorentz force is thesource of the flow motion and essential ternth@Navier
Stockes equation. This force, which is counted from magnetic flux within the block for EM
calculation, is used as a source in the HD block of the algorifiimas oneway coupling
between these twialocks is fulfilled.

However, as it is shown in equati¢®.1), general MHD problems are coupled in another
way too. Apparently, two terms in equati®1) should be compared in order to estimate the
significance ofthe secondway coupling.Following equation for magnetic flux can be easily
obtained from Maxwe(@Bl)@Bsmnoeeqg&uTasiboveo 1990 i ncl udi ng
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1 vee | —n |, (3.2)

wheremagnetic Reynolds numb&f'Q * , 0, is the magnetic permealiy of free space,

L is the characteristic size of the system. Obvioushy, @ L p, thanthe first term in equation

(3.2), which is responsible fothe generation of magnetic flux due to the flow motion, is
negligible. Table 2.5 shows thatY QL p for ICF-1 and ICF2, therefore only oneway
coupling can be applied between EM and HD block of the algorithm in this case. Moreover, this
conclusion can be generalized for all metallurgical equipment, becamsedgnetic Reynolds
number is typical for such devices.

As it was discussed ithe Chapter2.2, EM block is solved only once mquaststationary
approximation. But HD ang@article tracking are transient and are numericallyezsbwith the
HD time stepmpip, which formsabig loop of the algorithm (seeigure3.1). A small loop within
the Lagrange tracking afgithm will be discussed later.

The turbulent flow is calculated using the LES method with the isoti®piagorinsky
subgrid viscosity model:

’ 6 WQ, Q ¢—2 200 , | ,
whereDj; is the deformation tenso¥cis the volume of the computational céll, T8t yand
0  p8tuNo additiondboundary treatment is appliess well as theslip boundary condition
(BC) on the top surface and the rslip BC on the walls are appliedhe flow is driven bythe
Lorentzforce (see equatiof2.1)) and thermal buoyancy force in the Boussinesq apprdxma

The thermal BGs convective on the top surface and adiabatic on the walls of the crucible.
At eachHD time step the results of the flow simulation give the field of flow velocities,

which is used forthe further calculation of the particle trajedes. The Lagrange equation
describes the motion of the inertial particles. In the LES framework we know only the filtered
velocity and assume the isotropy of the-guiol part. The statistical approach to the analysis of
the force distribution will be disssed below. In spite of the calculation of the individual
trajectories of particles, the analysis will be donedaloud of the particlesso the unfiltered
isotropic part of velocity should not significantly influence the resflisertial particles.

Now it is suitable to dcuss he coupling between HD arle Lagrange tracking blocks
Kirpo (20-PhD) examined the following criteria to prove relevance of dilute approximation
(Loth, 2000:

— L p, (3.3)

whereN is the total numeér of the particles in the fluid volume, 0 j O is the rationof
the particle terminal velocity to the RMS velocity of turbulent pulsatiétigpo (200-PhD)
found the expressio(8.3) correct forN & 3e+4 particles withhe diamete d= 1 mm in ICF1.
The maximal size of the particlésatare used for the goals of the present work is@@0while
the total number is approximately the same. Theretbesexpressiof3.3) is true for ICF1 and
ICF-2 also within the present invesaigpn.

Moreover, the volume fraction dhe particles is up te j e 9.5e6 for ICF1 and
-k e 6.7e4 for ICF2, which is much less than 1. The numerical and experimental results
show that particle spacing exceeding) ltas only secondary effects withe respectto fluid
dynamics andt is possible to neglect th@articleparticle interaction Yuan & Prosperetti,
1994). Thereforethe next criterion for dilute approximation-is 1e-3, which is also satisfied
for ICF-1 and ICF2.
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The nentioned criteria proved thaarticle tracking in IEs within the described problems
can be fulfilled under dilute condition, which measneway coupling as well athe following
assumptions:

1 aneglect of particlgarticle interaction;
1 aneglect otheparticle influence on the structure and velocityha flow.

3.2.  Lagrange particle tracking

The solution ofthe stationary NaviefStokes equation for rigid sphere in viscous liquid,
which is moved with velocitys, classically leads to the Stokes forBatchelor, 196Y:

3 o QD , (3.4)
whereQis dynamic viscosity. This force is the total contribatof the flow dragon the sphere
thatis parallé to the flow motion This case is same as the case when the liquid moves and the
particle is immovableTherefore the expressiofi3.4) isalso known atheSt ok es 6s | aw
resistance to a moving sphere.

However, the Stokes force is valid only fasimple stationary case widnhhomogeneous
velocity field and low Reynolds number, which is not relevimt the present application.
Thereforethe solution of nosstationary equation will be analyzed.

3.2.1. Non-stationary flow around a sphere
The following non-stationary NaviefStokes equation describes the motion of viseous
liquid around thanovablesolid here

2y W, (35)
where u; is the velocity of the flow (the origin of the flow motion is only the motion of the
particle),p is pressure, is density, ‘] ” is kinematic viscosity.

Using rot operator we caget rid of e pressure ithe equation(3.5) (Landau & Lifshitz,
1959 and write this equation for a flow functignin a spherical coordinate systd@rennen,
2005; Basset, 1898

0 -— 07 m o — — ——. (3.6)

The boundary conditions are
6 0AID — 5 bOEL (3.7)

whered 0 is velocity of the particlea is the radius of the particl@he solution ofequation
(3.6) is found inthe followingform (Brennen, 2006

r i OEFOQih AT-G@OEFOQiM,
where

0 -—0Q m o — - (3.8)

0 -—0"Q m o — — (3.9)
The form of the expression for the for€eon the spherical particglebtained by evaluating
the stress on the surface and integraimgs follows(Brennen, 2006

whereV,is the volume of the particle. It transpires that this is independegt dence only the
solution toequation(3.8) for "Qi v need be soughtd find the force on a spherical particle.
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Equation(3.8) is solved using the Laplace transformatibna vr ent 6 ev gforSh a l
nonslip boundary conditiongBrennen, 2005; Basset, 18§8&nd the force F is as follows
(Brennen, 2006

+ 2 2 20 0 —-3 2= (3.10

Expression3.10) finds the force, which influensghe motion of solid sphere in netationary
homogeneous fl with low Reynolds number, however, it is not enough for description of the

complex flow in |CF. T 8.£0) wilf lmergengralizedh i@ thaBreests e
subchapter.
3.2.2. Lagrange equation in turbulent flow

We can compare #result(3.10) to theresult obtained for a potential liquid and generalize
it by replacing the simple derivatio®® j Adwith the material derivatio8¢ j $0 (Brennen,
2005; Crowe, 1998

The contribution to the force made by the summitiatl contains the integréhlso known
as Basset force)s not so significant because of the oscillating flow accetergKirpo et al.,
20006, thuswill be neglected.

It is necessary to note that the flow in our case is not the Stokes flow. Thetieéodeag
coefficientCp (Schiller & Naumann, 1933should correct the third summand($10), and the
first summand shdd be multiplied by the acceleration coeffici€x (Odar & Hamilton, 1963

5§ —— p T™WOYS 5 cp —2 (3.12)

3 ,
where 'YQ 'QJY' is the particle Reynolds numbed & Y'Q DAY A0 is the
acceleration parametéy 0 ¢ is rehtive partite velocity. It is clear from(3.11) that if
Y'Q p, thanCp should be exgessed in SchilleNaumann form, and it reduces ttee Stokes
drag otherwise.

As far as the flow is not homegeous and external gravitation and EM fields exsiste
additional forces should be taken into account in the Lagraagation.

Lift force appears due to the flow circulation aroumgarticle like wing lifting force,
which appears due to the pressure difference on the diffsidmtof the object. The sirgst
example of such force is that in the shear flow. The force expression depethgsparameter
f "Y1 'Y'Q, wherenondimensional shear stre®¢i 190 j1 vOXJ 'Y, sis a unit vector
perpendicular tdJ. Forthe casg 1@ it is possible to us&affman (1965ppproximation,
which was generalized for 3D shear field by & Ahmadi (1992) However, even rough
estimation shows that pin the present case. Unfortunately, there is no model for lift force,
which acts on a solid particle, in tbasg 1. There isthe Legendre & Magnaudgtl998
model for bubbles

—3 —6 0= OIF0 (312
where C_ is the lift coefficient that depends oRg, and Sr. Legendre & Magnaude{1997)
generalized the analysis performed3gffman(1965 andMcLaughlin(1991) for the flows with
the low particle Reynokl number, andC, can be approximated as follows (tli&&affman
approximation)Legendre & Magnaudet, 1997, 1998; McLaughlin, 1991

5 YORYT ———0 7 , O f i
o) 80

(3.13)
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Legendre & Magnaudef1998) propose following approximation for high particle Reynolds

numbers:

8 Yo -—— (3.14)

For the particle Reynolds number between thgproximations (McLaughlinlLegende-
Magnaudetexpressions as follows(Legendre & Magnaudet, 1998

6 "YTRYi 6 Y QRYi 6 YQ (3.15)
As far asC_ depends on two parameteRg(andSr), it is useful toplot down these dependences

(Figure3.2). The range oRg, andSr for the particular case will be obtained belas/well as we
will choosethe suitable approximation.

102

=
s ——iSaffman| 1)

10" =SS e e S AL aughiin L egendre-Magnaudet]

o I
&

& 5 HHTE NG

% 1
T %2 ]
[
5]

100 [Legendre-Magnaudet]

1]}
i

i | | Bkl | matiil
107 102 10?1 10! 102 10° 102 10?2 1wt 1° 10! 102 10°

Re, Re,

(@) (b)
Figure3.2: (a) Different approximations for the lift coefficied@_ (here Sr = 0.1); (b)the
McLaughlinLegendreMagnaudet approximation fanelift coefficient C, for differentSr.
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However, the lift coefficien{3.13) 1 (3.15) is expresed for bubbles but the aim of the
present investigation is the researctagblid particle motion. This model takes into account the
momentum transfer between the flow around the bubble and the inner recirculation flow inside
the bubble, which is causdxy the flow stress at the interface. Therefahe lift force for the
bubbles is smaller than for solid spheresgendre & Magnaudet (199&lso showed that for
T 1 pandsmalRg ratio betweerthelift coefficient for solid sphere and farbubble is equal to
9/4. The same coefficient will be extrapolated to the case of the present investigatiQrC, Thus
for solid spheres will be assumed as that for bub8145) multiplied by 9/4.

Another additioal force is buoyancy, which appears due to difference betyygssmd) .

As it was mentioned above, the particle laden flow is situatadtiong external EM field.
Leenov & Kolin (1954khowed that the particles airgfluenced by EM field directly if their
electrical conductivityl, differs from conductivityof the liquid metall. Current and magnetic
induction values in the particle and in the surrounding liquid becomes different and additional
force influenceson the particle. This force can be derived solvihg Laplace equation for
current densityLeenov & Koln, 195%:

S
wherethe specific Lorentz forcl is defined by expressigf3.1). A great transition resistance

appears on the surface between the particles and the metal, hence, we can thenicEy
influencingon the norconducting particle§, L , ), which can be expressed as follows

- -
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Thus taking into account all abovaentioned forces, the following Lagrange equation for

the nonconductive spherical particle motion is used:
¢

p —— — 6 p =1 ——0 -~
—6 0= Oi=0 p —— = (3.16)
3.2.3. Statistical analysis of the for ces’

This Chapter is devoted to the analysistdd significance of the forces the Lagrange
equation(3.16). This analysis will be done for I€Fdeterminng the distribution of the forces
that hae influence on the particles withe different sizes ash dendiies inthe whole volume .75
particlesare injectedinto a horizontal plane near the top surface of the crucible. During the
period of 10s the initial cloud of the particles is distributed more or less homogeneous inside the
zones of the main vodes (sed-igure2.4) but the number othe particles is different between
the zones of the upper and the lower main edfies e p ans ki s). S®twe skip this 2 (
transitional period and start to collect dataeTvalues othe nondimensional parameters and
the magnitude of the forces are saved for each particle eveng 30r the period of 20s that
corresponds approximately to 6 periods of a particle circulation in the main vortex. Therefore
the statisticaldatabase consists of ¥%0/0.05=30000 information units. Therepyt is
assumd that the data from the whole volume and for all states of ¢i@asonary turbulencare
collected

First the statistical analysis of the ndimensional parameterf¢, Sr and Ac i see
Chapter3.2.2 will be done to choose the approximation of the forces. Weewill evaluatethe
distribution of the force densities.

The particles with the liquitb-particle density ratidY ” j” equal to 1 and 1.5 and the
diameterdfrom 10e m t cc n2 Q& h a t ppm ® 0.1% ob thre r&&lius of the main vortex)
are analyzed.

The acceleration parametéc for all examined cases is betwebst+2and1e+5 Thereby
the acceleration coefficie8.11) can be simply approximateddase ¢&.

The half width of the calculated statistical distribution of the particle Reynolds nurgber
is shown on thd-igure 3.3. The distribution ofRg, is more or less invable for the particles
with the density equal to the liquid densitizigure 3.3 b), exceptfor the particles witha small
diameter- 10 m. For t h eSIp5&e indreasksewdth thve ipérticle increaseha size.

This increase is connected with the significant role of buoyancy force that produces an axial
velocity and will be explained below. F8+1.5andd> 1000 nRe> 1, therefore we should use

the Schiller & Naumann(1933)approximation fothe dragcoefficient(3.11), in other cases is
possible to applyhe Stokes form foCp.

The calculations show that themdimensional shear streSsvaries betweede-3 andle
1. Taking into accouralsothe Figure 3.3 and thebehaviorof the lift coefficient Figure3.2), we
can conclude thatC_. should be defined within theMcLaughlinLegendreMagnaudet
approximation(3.13) - (3.15) with the correction for solid spheres (dntaial coefficient 9/4i
see Chapte3.2.2.

The analysis in this chapter is also publisheBine pans ki s. et al . (2011)
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Apparently EM force is localized near the wall due to the limited penetration depth of the
EM field. Therefore there is no reason to investigate this force statistically.

200 =
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The half width of the statistical distribution of drag, lift, acceleration and added mess for
densities for the particles with the diameters frone1® t oc n2 Ce®ald;1.5is shown on
the Figure3.4. The mentioned densities approximately correspond e.g. to the densities of steel
niobium and stedl grey tin alloys respectively.

We can notice that added mass and acceleration force densities are relatively independent
of the particle size in the both cas&s1.0andS=1.5. On the other hand, the lift force density
decreases with the increase of plagticle size. Théehaviorof drag force density is different for
the variousS. It decreases with the decreaseagfarticle diameter like lift force density for the
caseS=1.0. But in the cas&=1.5drag force density decreases only until it achieves/tlue of
buoyancy force density, and then it still remains distributed approximately around the buoyancy
force point.Buoyancy leads to the axial motion and moves the particles to the surface. In the
most cases drag force opposes buoyancy and mpaticle deeper in the melt (e.g. in the zone
of the upper eddy near the wall). As far as the drag coeffi€lgmtecreases with an increase of
the particle sizg3.11), buoyancy force and axial motion become relatively stronger for the
larger particles. Sche particle axial velocity increases and consequently the difference between
the flow and particle velocitied also increases. Therebye can observe such a coupling of
drag and buoyancy force for big light particles.

Figure3.4 shows that for the particles with 800 mand S=1.0 we should take into
account all forces, but f@ 800 m only drag and lift forces. For the particles whl.5and
Q 1000 mdrag, lift and buoyancy forces should be taken into account, but for the particles
with’Q 1500 monly drag and buoyancy forces dominate. So we find the separatingisize:
800 mfor S=1.0andd = 1000 nfor S=1.5 These values separate the sizes when different sets
of forces are applicable. Apparentilje separating size f&> 1.0rises with an increas# S

44



Generally the significance of acceleration and added mass forces decreases with the
increase of. The lift force also becomes unimportant for big particles. These regularities should
be true also for such systems with the different parameters.
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Figure3.4: The half width of the calculated statistical distribution of the drag, lift, acceler
and added mass force densifié¥,, whereV, is aparticle volume, for the particles with (&
=4i}p=1.0(b) S=1.5

3.2.4. Trajectories of particles
The trajectories 01000 nparticleson Figure3.5 illustratethe behavior of the particles in
the flow of ICF-1. The particles start their motion #te 10" second from the beginning of
stirring near the top surface of 1€F-Figure3.5 (a) illustrates the particléhatdoes not leave the
upper vortex; the ptcle onFigure3.5 (b) goes to the lowgpart of the cruciblafter one loopn
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the upper vortex; andinally, the trajectory onFigure 3.5 (c) illustrates the particlewhich
rapidly comes to the lower part of the crucible. Gener&ligure 3.5 demonstrates 3 possible
types of the behavior of the particles. However, it will be discussedthetethe larger part of
the light paticles & 1) follow the strategy oRigure3.5 (a).

Figure 3.6 shows EM force the first row) and lift force the second row) following the
trajectories of 3 different ptles. Following the definition of EM force in equati¢®.16), the
vector of the forces shown orFigure3.6 (thefirst row) in the direction from the wall, however,
as far as the appropriate term in equafi®@t6) has negative sign, EM force actually moves the
particle in the direction to the wall. It is easy to recognize that EM force becsigreficant
when the particle is close to the wall (within the penetration depth of EM field, which can be

expressed 4s ¢j‘ . 1, wherey isacircular frequency). But in the bulk of the melt EM
force is negligibleThe layer ofEM penetratioris sufficiently thin(about 20% of the radius of
ICF-177 j'Y=0.2). Due to the neslip boundary conitions the flow velocity is zero at the
wall andit increases in a radial direction until it rapidly achieves the maximal value at the
relative distanc] 'Y= 0.04 from the wal(seeFigure2.4).] Y, theaefore the maximum of
velocity is inside the layer of EM penetration. Obviously, particles preferentially move in the
streamline of maximal velocity. Therefotae major part of the particles coafeequently to the
layer of significant EM field.

i i
time, s
/ 30.0
i I
| 25.0
//

20.0

~15.0

(a) 5 (b) (c)
Figure3.5: The trajectories of 100m parti cl es, w h i thellOths aftenthe
beginning ofthe stirring near theop surface of ICH. The frst row i the view from the top
surfacethesecond row theview from the side.
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Figure3.6: The trajectories of the particles with the drown force vectbesirst rowi -Fen, the
second row- Fix. EM force isshown inthe direction from the wall as it is defined the

equation(3.16), however, due to the negative sign in the equation,siigaithe particle to th
wall.

The second row ofrigure 3.6 illustrates lift force, whichmovesthe particle. This force
becoms significant mostly in the zones of eddies neawall. Figure2.4 demonstrates the
maximum of the flow velocity close to the wall and, consequently, also significant velocity
gradient there. As far as lift force is proportionalsto (‘)'I'?CA()see expressiolf3.12)), it is
significant in the mentioned zone. HoweMeigure 3.6 also shows the vectors of lift force in the
bulk of the flow due to instantaneonsn-homogeneitieshatappear in théransient flow.

It was discussed ithe Chapter3.1 that the separate trajectory of tiparticle is not
meaningful due to the LES approach, which assumes averaging of the high frequency pulsation

of the flow. However,Figure3.7 demonstrates the trajectories of the particles, which are drown
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taking into account different sets thfe forces inthe Lagrange equatio(B.16), this figure only
illustrate the significanceof all forces Figure 3.7 b shows that addition of acceleration force
allows the particle to come to the lower part of the crucible. Evdntheaddition of EM force
significantly changes the trajectory of the particle Fagure 3.7 (c). Despitethe fact thatthe
trajectoriesthemselvesare not meaningfulFigure 3.7 generally demonstradethat additional
forces can significantly change the behavibthe particles;therefore all mentioned forces in
equation(3.16) should be taken into account.

drag, buoyancy

+ EM

+ lift

+ acceleration

(a) (b) (©)
Figure 3.7: The trajectories of padies taking into account different sets of forces: additic
forces are sequentially added to the basic set (see the legend).

Figure 3.8 showsthe trajectories of the particles witie different diametes. The g@rticles
in each image begin their motion at the same point close to the top surface of the melt. This
figure demonstrates thdhe size of the particles significantly influence théiehavior e.g.
500m p ar fFigueeB.&(b) comes to the lower part of the crucible, but @M an &m2 00
particles remains in the upper part. The oppdsateavioris observed ofigure3.8 (c).

3.3. Numerical realization of the algorithm

The numerical LES method for turbulence modelling was discovered by Joseph
Smagorinsky in 1964. Since that time every scientific group and institodi®teguro develop
their own computation code for the simulation of turbulence in different complex gessrvaatd
conditions. Even irthe 80s andthe 90s every researcher began his/her investigation théh
programming andhe coding of numerical algorithm. Later withe increase of computational
capacities, the universal commercial software becomes-spigad inthe 2000s,which gives
the possibility to carry out turbulence simulations for industrial cases. Then many engineers start
to carry out investigations and optimisations of complex $joaften even without or with
minimal understanding of the numeal schemes, which are utilized in the commercial software.
The @mputational fluid dynamics (CFD) software, such as FLUENT, ANSYS CFX, COMSOL
and otherssignificantly change the scientific community, industry and even high education
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system. Scientistsnd industry began to believe the results of modelling trusting software
brands. However, students lost the motivation and necessity to study numerical methods so de¢
to write their own codes. Hencasignificant breakthrough was donetire 2000s in thearea of

the simulation andhe optimisationof theindustrially oriented turbulent flows. But at the same
time the engineers lost knowledge about numerics and often also fundamental physics the
significantly limits possibility to extend the models ftire investigations of new phenomena and
challenges, like e.g. turbulent multiphase flows.
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(a) (b) (c)
Figure 3.8: Trajectories of particles wh the different diameter (see in the legerttiat begin
their motion at the same position near the top surface of theTheltirst row - view from the
top surfacethesecond row view from the side.

Finally, the open source approach began to d#fugo the scientific calculations ihe
2010s.The CFD code OpenFOAMOpen Source Field Operation and Manipulatiomhich
started as the commercial codiest the competitioron the engineering software marlatd
decided to follow the fast developingen source philosophy the IT industry (e.g. Linux
operational systemPDpenFOAM decided to open their cote2004 It means that everybody
can use it and get access to the cadeyell asnodify it and make improvementshis software
is designed ashe system of th€++ libraries forthe solution of partial differential equations,
especially theCFD problems. The architecture of the libraries allowsratingwith differential
operatos and their numerical approximations easily. Thiigs possibleto make own solvers
and modifications in powerful CFD tools, which are already compiled in OpenFOA#&Icode
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is released as free and open source software under the GNU General Public!Liteisse
maintained i The OpenFOAM Foundatiomhich is sponsok by the ESI Group, the owner of
the trademark to the name OpenFOANbwever, the opesourceCFD community shited and
OpenFOAMextend is maintained by Wikki Ltd. This fork has a large repository of community
generated contributions, much of which canrstalled into the official version of OpenFOAM
with minimal effort. It is developed in parallel to the official version of OpenFOAlNAL
incorporaesits latest versions, although these are released one or two yeafs later.

However, opersource softwarbasalsodisadvantages. The masgnificantis theluck of
the useifriendly interface for prgorocessing anthe definition of parameterd his disadvantage
makes inconveniencies for engineers to use it. Another point is numerous parameters and
degrees Dfreedom, which should be defined ftine particular problem. © the @posite,
commercial software usually uses predefined parameters or hidden procedures to define them
automatically. Thus, using commercial software, engineers are safer against pussibieal
mistakes they can make. However, such solution is good in the standard or typical cases but
strongly |limits the researchero6s opportunities

Despite all mentioned disadvantagethe opensource CFD software (espetya
OpenFOAM) became strong trend inthe 2010s. Many world leading universities, e.g.
Technical University of Munich, Royal Institute of technology (Stockholm), Imperial College
London, Polytechnic University of Milan and many otheuse and develop @pFOAM
libraries. Even industrial companies, e.g. Volkswagen, Renault, Areva and others, do the
simulation and optimisation in OpenFOAM. As far as the software libraries are open, wide
community of OpenFOAM users instantaneously develop the softwareeiorothn needs and
publish new solvers and libraries.

Concerning the present work, the analysishieaChapter3.2 showed the necessity to use
the wide set of inertial forces in the Lagrange equation. The known toothddragrange
tracking in a commercial software (ANSYS CFX, FLUENT) are mostly oriented to tracer
particles. And taking into account advantagestlu opensource OpenFOAM it is more
convenient to expand the standard algorithm in this software rather in ANSY&{s.odor tis
reason OpenFOAM was chosen fobe EulerLagrange simulation of solid inclusionstime EM
driven flow of ICF, that is for the goals of the present work.

3.3.1. Solver for EM driven flow

As it was discussed ithe Chapter3.1 and shown orFigure 3.1, the first step of the
algorithm is the calculation of EM field. OpenFOAM has no solver suitable for such problem.
Thereforethe proper calculation was done using commercial softABI®Y S,

ICF has simple axisymmetric geometrifigure2.2), therefore, neglecting the non
symmetrical supply of the inductor to the generata,can calculatéhe EM field in 2D for the
half of central vertical ssion and extrud it to cylinder after thatFollowing Kirpo (200-PhD)
andUmb r a g k ¢°hDj ANSMS1calculates the field of the effective valueaharmonic
vector potential ina quaststationary approximation (see discussiontle Chapter2.2) and

The GNU General Public License (GNU GPL or GPLjhis most widely used software license, which guarantees

end users (individuals, organizations, companies) the freedoms to use, study, share (copy), and modify the software.
Software that ensures that these rights are retained is called free softwaré (fran ar t i cl e AGNU Gener
Licenseo i®entlhel opedi welii Wi ki pedi ao, http://en. wikipedia.
"'rom the article AOpPanckhOAMPeidn at HaVi ki pedvab
(http://en.wikipedia.org/wiki/OpenFOAM).

*However, last time open source software GetDP also become suitable for the calculation of EM problem.
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reconstruct the field of a magnetic flux andhe Lorenz force from the vector potential. The
calculated Lorentz forcandtheJoule heat{ Q) , , whergj is the induced current density and
U is the conductivity of the liquid metalreexported from ANSYS and imported to OpenFOAM
as the external sourse

As it is shown orFigure3.1 HD calcubtionwith theexternal Lorenz forces the next step
of the algorithmAs it hasalreadybeendiscussed irthe Chapter3, HD is calculated withirthe
LES approach. OpenFOAM contains the standasbFoamsolver, whichsolves tirbulence
equations usinghe PISO (Pressurdmplicit with Splitting of Operators) algorithrfissa, 1985
Jasak, 19960liveira & Issa, 200). Rather than solve all of the coupled equations in a coupled
or an iterative sequential fashion, PISO splits theemtors into an implicit predictor and
multiple explicit corrector steps. This scheme is not thought of as iterative, and very few
corrector steps are necessary to obtain desired accufheyNavierStokes equatiomnd the
equation foratemperature filel in standargisoFoamcodearesupplemented witholumeforce
which contains EM force density and buoyancy force. Thdecand comments are given in
Appendix1

Non-slip boundary conditions (zero velocity) are applied onwhaés of the crucible and
slip boundary conditions (zero normal component of velocity) on the free top sukfiiabatic
thermal conditions'("Y ) are used othe refractory walls and convective thermal conditions
are applied on the surface of the melt:

The described above modifications opisoFoam solver finds the new
EmThermalPisoFoansolver. This solver was examined carefully, comparing the results of
OpenFOAM simulation with ANSYS CFX results, which were verified by the experiment
(Kirpo, 2009PhD; Unb r a g k oRhD).ZTBeletamination lightedome problems concerting
near wall treatment of EM induced flow, which leads to special requirements for the numerical
mesh. This aspect is described in the next chapter.

3.3.2. Numerical mesh for HD simulation

As it wasdiscussed irthe Chapter2.2, the recirculated flow in metallurgical induction
equipment has several peculiarities, which essentially differs this class of flows from the rest
turbulence. The most important peculiarities e intensive flow close to the wall of crucible
and tearing off the flow in the middle zonetbé crucible due to the Lorentz force influence (see
Figure2.4). These two facts lead to the necessity to refine tineenical mesh near the wall. The
mesh should resolve the boundary layer to simulate the mentioned peculiarities of the flow
correctly. Otherwise errors in the boundary layer will lead to incosieatilation ofthe whole
flow.

However, such refinement leado heavy meshes, which can exceed 10 million elements
even in the case of the laboratory scale-ICkhich is the simplest induction equipment. Thus
very powerful computational resources are needed for such calculation, ishiat often
available. Tlerefore the optimization of the mesh is very useful task betbeestart of the
simulation.

'Yrom the article fBuoyantBoussinese®&ksoFoamd in uno
http://openfoamwiki.net/index.php/BuoyantBoussinesqPisoFoam.
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Figure 3.9: Different meshes of IGE. The 1° row i a homogeneous mesh without any
refinementthe 2™ row i amesh withthe refinement only irthe radial directionthe 3 rowi a
mesh withthe refinement inthe radial and axial directionghe left colunn i a mesh ina
horizontal crossection of the crucibleéhe middle columni the enlargement of the mesh in the
left column near the walkhe right columni the enlargement of the mesh @central vertical
crosssection ofthecrucible near the wall.

Figure3.9 shows 3 different meshes:
§ the homogeneous mesh witteaverage linear cell sizerim the 1% row);
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1 the mesh withthelinear cell size in the interior zonen3n andtheradial near wall
refinement up ta cell size 0.Inm intheradial direction the 2™ row);

1 the mesh withthe linear cell size in the interior zonen®m andthe radial& axial
nearwall refinement up t@cell size 0.1Imm x 0.1mm inthevertical cross section
(the 3 row).

The second meshith the refinement intheradial direction has 2.8 million elements. The
refinement inthe radial & axial directions Rigure 3.9 i 3 row) already needs 8.3 million
elements. The last mesh avoids disproportioth@refined cells near the wall ithe radial and
axial directions; however, the cell size in angular direction is still one order more than in other
directions. The estimation shows that the fu§ined mesh (refined in radial, axial and angular
directons) will have up to 20 million elements, which is very heavy task even for computational
clusters.It is possible to calculate such mesking only super computers and big clusters.
However, the accelerated development of IT industry can bring us tgdhisn the nearest
future, but not now after all.

The results othe simulation shows that evemhomogeneous mesiFigure3.9 i the 1%
row) ensurgrelevant results adinaverage flow in ICF, because the maotexes, which mostly
create the average flow, are resolved with this mesh. However, the distribution of turbulent
energy, which is obtained using this mesh, does not correspond to the experimental results b
Kirpo et al. (2007 2009PhD) (Figure 3.10). The experimental results show the strong
maximums at the middle dhe crucible near the wall. But the simulation on the homogeneous
mesh without refinemenf{gure3.9 i 1% row) finds the maxima of kinetic energy against the
maxima of the average velocitfigure2.4) i at the middle of mean vortexes near the wall
(Figure 3.11). ComparingFigure2.4 and Figure 3.11 we can conclude, that the maximatbé
average velocity and kinetic energy coincide. That meanghbaterage velocithasthe main
impact in tke turbulent energy. Oppositely, experimental resufgufe 3.10) show the
maximum in the zone of low magnitude tbe average velocityRigure2.4). Kirpo (2009PhD)
andUmb r a g k ®hDJ shdvédithat the maximum of turbulent energy at the middle of the
cruciblei between the mean vortexes formed by intensive axial pulsations of velocity, which
have fundamental role thhe case of heat and mass exchange in ICF. @n&@ will contain the
discussion of the influence of these pulsations on the particle exchange and homogenization. Bt
now we can conclude, thathomogeneous mesh without refinement near the Wwagl(e3.9 1
the 1% row) cannot be used for simulation of the EM induced turbulent recirculated flow in ICF.

Figure3.12 shows the simulated distribution of the components of turbulent energy, which
was obtained in ANSYS CFX software using the mesh with radial refinement near the wall
(Figure 3.9 1 2" row); the calculation was performed By mb r a g k ePhD} Ziisl 1
distribution qualitatively corresponds thet experimental results dfigure 3.10; however, the
magnitude of turbulent energy is still a little bit underestimated.

But the calculation with the same mesh as in the previous case (refinement in the radia
direction) using open source OpenFOAM software LES solver (see the CBapfiershows
totally different result- Figure 3.13. The maxima of turbulent energy appears in the zone of
mean edies, which is like in the case of the homogeneous nfaghrge 3.11) and contradicts
the experimental result&igure3.10).

Thus, the simulation of the same problem udimg same LES turbulence model gives
different results, when the calculation is performed utilizing the commercial ANSYS CFX
software Figure 3.12) and the open source OpenFOAM softwaregre 3.13). Taking into
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account the disproportional mesh elements close to the wall (the cells are much longer in the
axial and angular direction that in the radial direction,Fgare3.91 2" row), it becomes clear

that numerically the momentum transfer in the radial direction will be preferential within one
cell. That leads to the observed numerical effedufficiently underestimation of the axial
direction, which is the direction of a loregige of the cell. According to this explanation, the
result of OpenFOAM software, which is shown leigure 3.13, becomes clear. The maxima of

the turbulent energy oRigure 3.13 are situated in the zones, where the mean flow starts to
change direction and turn to the axis of the cruciblgure2.4). The pulsations that appear in

the perpendicular direction of the general flow beeasignificant there; however, further the

flow turns and the pulsations are found in the axial direction, which is underestimated due to a
disproportional mesh. Therefore, the absence of the maximum directly at the middle of the
crucible near the wall ishserved orFigure3.13.
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(a) (b) (c) (d)
Figure3.10: The distribution of turbulent kinetic energy in the KLKexperimental results, fror
Kirpo, 2009PhD). (a) axial component, (b) radial component, (c) tangential componen
total.

However, the simulation, which is carried out in ANSYS CIFX(@re3.12) finds the right
distribution of turbulent eergy. That means that the commercial software contains either the
additional numerical routine to trea disproportional meshpr the boundary functioras
boundary conditions on the wall. Unfortunately, the code of the commercial software is closed
for users, moreover, the documentation of the software has no information relating on this
guestion. Thereforeit seems to be impossible to know the peculiaritiesth& numerical
treatment, which is applied in this case. However, it is obviously that bothomesthumerical
procedures, which can be applied for the treatment of mentioned effect, lead to greater numerical
assumptionsthan it is supposed withinthe LES approach. That means that despite the
coincidence of the described resul&glre 3.12) within the experimentKigure 3.10), the
simulation ofa nearwall zone in ANSYS CFX can contain the numerical effects and the results
can be not generally relevant in the spfithe LES approach.
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Figure 3.11: Numerical results ofhe distribution ofthe axial componenttfie 1% row) and full
(the 2" row) tutbulent energy in ICR (the left columni the central vertical planethe right

columni isosurface), which are calculated in ANSYS CFX software on the homogeneous
without refinement near the wakigure3.91 1% row).
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Figure 3.12. The distributionof the component of turbulent energy, calculated whik LES
turbulence model in ANSYS CFX using the mesh with only radial refinenfégure3.9 i 2™
row). FromUmbr a g k-®hDj. 201 1

Then we examined the mesh with the refinement in the radial and axial direé&iigse (

391 the 3° row). Such mesh treats the observed numerical effedthveippears in the case of
disproportional mesh elements, and leads to the relevant distribution of turbulent energy in the
vertical cross section of the cruciblBigure 3.14a). However, as far as the mesh cslil

remain disproportional in the angular direction, the momentum exchange in this direction is
numerically underestimated, that leads to a-homogeneous angular distributiofigure
3.14b). Nevertheless, antanr averaging of the result§ifure 3.15) shows a good agreement

with the experimentHigure3.10), which is after all also angular averaged.

Figure3.10 (c) shows that the angular pulsations are of much less amplitude than the axial
oscillations, especially, near the wall. At the same tikigo et al. (2009, 200%hD) showed
that the particle angular distribution in ICF rapidgcbmes homogeneous and this process is not
sufficient; it means that the axial and radial distributions are of the interest now. Therefore, all
results within the present work are proposed to be analyzed in the angle averaged form. This
proposal is basednothe assumption that an error, which can arise in the axial and radial
distribution of particles neglecting the angular momentum exchange, is not sufficient. However,
the relevance of this assumption can be examined.

The small angular pulsations of pale® can be simulated, by inclusion of artificially the
random angular velocity in the particle transport routine, which will be described in the next
subchapter. The amplitude of this random value can be derived from the experimental data on
Figure3.10(c):

0 cQ,
wherekg is the tangential component of turbulent kinetic energy, which can be estimated from
the experimental data &ga -8 #kg near the wall. Thug | ma x ci/s.
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Figure 3.16 and Figure 3.17 demonstrate the axial and radial distribution of particle
volume concentration at different time moments. One curve on the mentioned figures is drown
taking into account artificial random angular flow velocity with the amplitude that corresponds
to the experimental result&igure 3.10) while another curve does not concern it. As it was
expected, the difference beten the curves on all figures is insignificant. Therefore, we can
conclude that the angular flow pulsations can be neglected and the mesh with the radial and axi
refinement near the walF{gure3.91 the 3% row) can be used for the goals of the present work.

Figure 313  Numerical
results of the distribution o
turbulent energy inhe central
vertical plane, which i
calculated using the mes
with the radial refnement
near the wallEigure3.97 2™
row) in the opensource
OpenFOAM software.
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Figure 3.14: Numerical results ofhe distribution of the axial component of turboteenergy in
the central vertical planeThe distributionis calculated using the mesh witte radial & axial
refinement near the walFigure 3.9 i 3" row) in the opensource OpenFOAM software. (;
central vertical cross sectimf ICF1, (b) central horizontal cross section of ¥CF

Figure 3.15. Angular averaged numeric
20 results of distribution of the axi

component of turbulent energy ithe

12 central vertical planeThe didribution is
?50 calculated using the mesh with radial

axial refinement near the wakigure3.9 1
3 row) in the opensource OpenFOAN

x10* kg software.
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Figure3.16: Axial distribution ofparticlevolumeconcentration in ICR2 at different moments o
time: (a) 0.25; (b) 0.4s; (c) 1s; (d) 10s. Initially the particles were situated on the top surf
of the melt Figure5.6). The calculations were done witth¢ blue line) and withouttke red
line) artificial random angular velocity withe amplitude 4cm/s.

3.3.3. Lagrangian track ing

When the numerical realization of single phase problem is discussed (Chaptend
Chapter3.3.2, we can follow the scheme dfigure 3.1 further aml describe the design of
particle tracking code. This part of the algorithm is also realized within OpenFOAM libraries

Firstly, the Lagrange equatidB.16) should be discussefls farasC,, Cp andC, are the
functions of U and dU/dt (see expression.11, 3.13-3.15)), the Lagrange equatio.16)
becomes notinear. Such equation is solved iteratively within the present algorithm. For this
reason the equation is linearized: all mentioned coefficients are calculated using the particle
velocity and accelration from the previous iteration. The vector production in the term of lift
force can be expressed as follows:

T Lép Og 1 &0 oo 1 €4q. (3.17)

og 1 €4 andi é<dggfields arecalculated from the flow velocity field and interpolated at
the particle position.

The partick tracking algorithm is fulfilled on the basissflidParticleandlagrangianlibraries in OpenFOAML.6.
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Figure3.17:Radialdistribution of particle volume concentration in K2Fat dfferent moments
of time: (a) 0.6 s; (b) 02s; (c)0.5s; (d) Bs. Initially the particles were situated on the -
surface of the meltHigure5.6). The calculations were done with (blue line) and without
line) artificial random angular velocity with amfulde 4cm/s.

Thus, the equatiorf3.16) is linearized and can be solved for veatgras the simple
differential equation or as the system of differential equations for the components of the vector.
Secondly,it is necessary to discugierative algorithmand its convergenc&he HD time
step gpfip (corresponds to the large loop éigure 3.1) is divided into several (further n)
Lagrange time steps, = itn/n (the small loop orrigure3.1). The flow is invaridle from one
HD time step to another one during all Lagrange time steps, thergfereagrange time steps
are used like iterations for calculation of the particle trajectory. The linearized Lagrange equation
(3.16) is solved at each Lagrange time stbp, garticle is moved to the new position according
to calculated velocity and finally all fietdare interpolating at the new position for the next
iteration.If the particle crosses the cell boundary at the last iteration, it is split and one additional
iteration is calculated.

The convergence of the iterations and the optimal numhiediagrange time stepsare
investigaed on the example of IGE. Figure 3.18 shows the trajectories of particle, which are
calaulated using different. This trajectory represents the motion of inertial particle during
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several HD time steps (balls on the image) in the zone of significant kinetic energy of the flow.

Figure3.19 shows the derease of residualith increase oh. The residual islefined as follows:

0 &  r ¢ (3.19)
wherer is the radiussector of the end athetrajectory,| stands for the length a@he trajectory.
Figure 3.18 and Figure 3.19 prove the convergence of the iterations (the residual decreases).
Moreover, apparently, that 5 Lagrange time steps (n = 5) are enough toardevant result in
the case of ICH.

Figure 3.18 Trajectories of
particles, calculated in ICGE
using different number othe
Lagrange time steps per one
HD time step.

8 | T | Figure 3.19: Residuall depending on the
iteration numbem. The residual is define
6 | by the expressio(8.18).
X gk 8
=
2_ )
0 | | |
0 2 4 6
n

The OpenFOAM realization of described algorithm is discussatiaippendix2 The
standard OpenFOAM.6 code contains only the basic algorithm tbé Lagrange patrticle
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tracking which consist of drag and buoyancy forces (see equation (3.Hi)vever, as it was
shown inthe Chapter3.2, it is not enough fothe relevant simulation of inertial particle$he
proper librariesveresufficiently modified and supplementég the authorto solve the Lagrange
equation insuchform as it is described in the equati($16). Thereforethe mentioned code
representsa sufficient contribution to the OpenFOAM libraries for the simulation of inertial
particles in turbulent flows.

The described numerical code is checked in simple cases in order to avoid programming
errors. Individual particleswere put in different flows of simple configuration: homogeneous,
rotating, share, linear accelerated flows. The behavior of particles in such flows is predictable
and can besasily calculated.The propriety of all components tie Lagrange equation (3.16)
were checkedthis way drag and buoyancy forces in homogeneous flow and rotating flow; lift
forcein share flow; acceleration force in accelerated flow and, finally, added masslioicg
the gravitational acceleration of particlearstill liquid. All tests showhe expected behavior of
the particles.Thus, the numerical code is checked for errors. However, the full experimental
verification of the model will be carried out in Chapder

3.3.4. Collision with the wall

Another impatant numerical aspect of the particle tracking is the simulation of collisions
with the wall of the crucibleThe asamptions of the present model, including dilatendition,
were described in the end thie Chapter3.1 Accading to these assumptions and following the
common Lagrange approach famarticle tracking the particles are considered as the pibiats
correspond to the centers of particles with the diameter as a property. The HDcomdals
nonslip boundary catitions on the wallsu; = 0). In this case if the particj@oint will achieve
the wall, it will remain there due to zero velocityuch occurrence does not correspond to
collision of a physical object, therefo@n additional neaxvall treatment shouldebimplemented
in the code.

The nentioned treatment is implemented the trackToFace function (see the
SubchapteB.3.3, which moves the particle according to the calculated veloditye
trackToFacefunction is defined irthelagrangianlibrary and contains the control of the distance
betweena particle center anthe faces of the cell, where the particle is sitdat8uch control
prevent the situation when this distance is less than radius of the parittide collision
mechanism thetreatment of particle velocitytarts However, the standatdackToFaceroutine
takes into account onlthe faces ofa current cell, wherg¢he center ofa particle is in. It means
that in the case particle is bigger than the cell this aigbm fails. As it was described ithe
Chapter3.3.2 the HD calculation of EM induced turbulent flow of ICF needs significant
refinement of the mesh near the wall, which can lead to the mesh cells less than the particle size.

Different numerical algorithms for treatment of this effeetre tried: 1) extend the
particlepoint to the set of particles on the boundary of the spdmeh gives the possibility to
follow all cells these points are in; 2) add to the face list alédaof the walls and others.
However, all such algorithms significantly extend the time of calculation or memory request or
still lead to fails. Therefordat was suitable to proposevary simple algorithm. Whea patrticle
is moved toa new position {he trackToFacefunction), the distance between the particle center
and the wall is checked. If this distance is less tenradius ofa particle, the position is
corrected to situate the particle next to the wall (in the distance of the radius in noac@bi)r
Such primitive correction does not take any significant time or memory, however, leads to
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satisfactory results. Moreover, from the physical point of view, such mechanism can be
interpreted as the model of collision walsignificantly rough walbr also elastic collision when
particle and the wall becormdeformed during the collision.

The solidParticle library also contains the treatment of the particlelocity when it
collides with the wall The proper code is described time Appendix3 According to this
algorithm the velocity othe particle after collision with the wall is described as follows:

0 i -5,
O ' D
where double prime means the velocity after collision, $ingle prime means the velocity
before the collision with the walCoefficients of the sersoft collisionUand O are defined in
constant/particlePropertiefile. - * 1@ unless otherwise defined within this work.
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4.Experimental verification of the modd

4.1 Preface for the experimental investigation of the particle
distribution in liquid metals

The only one more or less successéxiperimentalmethod for the investigation of
inclusion concentration irthe nearwall region of EM governed liquid metal wags\eloped by
prof . Tani guc hirahiguchg& Brimmgcombpes 984 Thes mgthodprovides an
opportunity to investigate experimentally the rate pérticle deposition ithe flow of theliquid
metal under EM force. However, because the resultskaegned bythe cutting solidified liquid,
it is impossible to receive any information about the dynamics of the process inside the melt
using such experimental technique. Moreover, the presence of the solidification front has
influence on the particles daog the solidification and it is not clear, if this effect is negligible.

As it was discussed ithe Chapter2.4, lack of the experimental investigationd the
behavior of solid inclusions of the conductivedid flowstill now was the significant problem
in order to verify the numerical modeld. was discussed thahe electric welconductive
materials(e.g. metalsare not optically transparent but transparent liquids have low conductivity.
Sadoway & Szeke (1980) tried to use transparent LKBICI eutectic to reproduce the
recirculation motion in an ICF, however, they failed to do this. EM field does not only produce
the induced flow motion, but also hsaip the liquid within the penetration depth. Therethe
thermal convection dominates in les@nductive transparent liquidBespite of the optimistic
conclusions oSadoway & Szekely (198Which were also corroboratdy prof. D. R. Sadoway
now, 30 years latér the simulationbelow shows that it is nopossible to avoid the thermal
motion by changing the EM conditions. Therefdtes liquid cannot be useid produce such
flow patterns.

To be sure of the impossibility to uee molten salt eutectic as a physical model of liquid
metal it was decideda dothe theoretical estimation and simulation for the powerful generator,
which is available at Leibnitz University of Hanover, Institute of Electrotechnology. This
generator can supply up to 3K/ and frequency up to 33(Hz that is one of the most porfia
supply available at the scientific institutions, partners of University of Latvia. , Times
possibility to induce the flow with several eddies in molten salt using such generator was
examined.

Then, it is necessary to estimabe toptimal size of therucible for the EM parameters of
the maximal power.lf we assume the melt as an infinite cylinder then the amplitude of the
induced current per height unit is

T'Q —,
whereQ, is the magnetic constant; the amplitude of magndtix flensityd ~ ¢' "O j & I

is a full -effective current in inductot,is the height ofthe inductor. In this case we can estimate
induced power per area unit as

'From the private communication of the author with prof. D. R. Sadoway (Massachusetts Institute of Technology),
2011.

64



h

n —,

where( is the conductivity ofthe salt; the penetration depth “* "Q, 1, fis frequency.
Sothefull induced power in the melt is

e o

n n ax*'y —

and if we have maximal power, we can estinthéamaximal current
i ]

0 L L

The material properties of transparent 41.2% KCICI eutectic are shown ohable4.1.
On the basis of the analytical estimation for infinite gér the minimal penetration depth (at
350kHz) andthe maximal fulleffective current in the inductor (at 3RW) are calculated for
the mentioned generator and the crucible, whicl3 times larger than the penetration dépth
These estimations are shoamTable4.2.

Table4.1: Material properties of 41.2% KCILiCl eutectic

Temperaturd, AC 400 500 600
. .09
Electrical conductivityd®, 124 187 239
S/m
Density} 3, kg/nt 1674 1621 1569
Kinematic viscosity*, m?/s 2.17e6 1.38e6 9.81e7

Thermal expansion

coefficientb®, K™ -3.151e4, Tier= 400A C

However, the infinite cylinder approach is used ttoe EM estimationmentionedabove,
therefore the calculated current is not exact. The results, which are simulated using ANSYS
software are shownon Table 4.3. Now we can calculate the flow, which is induced in the
eutectic within the inductionufnace of optimal parameteisigure 4.1land Figure 4.2 show the
results of the transient 2D-8 s i mul at i o n-LiG bystehl Radiation Kh€rmal
boundary conditions with unity emissivity for all surfaces (except the symmetry #edf are
applied onFigure4.1. This case coesponds to the case without any artificial coolifigure4.2
shows the case that corresponds to the casleeahtensive artificial cooling of the siewall

Such penetration depth tbe crucible radius ratio is optimal for EM stirring of liquid met&loffatt (1991)found

that the maximal kinetic energy @f stirred fluid is observed & 'Q 1 0 j— ¢ mwhereRe, is the second
magnetic Reynolds number based on the field frequemich can be also expressed through the skin depth of EM
fieldG:'Y'Q ¢ 0j1 ;L is the characteristic size of the system, which can be equal to the radius of the &ucible
in the resent case; ‘ , is magnetic diffusivity of e fluid; ( is electrical conductivity. Thus, for the
maximal stirring effect the penetration depth to radius ratio shouMbe Wp Tt o.

ZElectrical conductivity of the eutectic is calculated using quadratic approximationd & "Y &Y (Van
Artsdalen & Yaffe, 1995and the values of coefficients, which are defined in the same paper.

®Density of the eutectic is calculated using linear approximéation®d & “{Van Artsdalen & Yaffe, 195%nd the
values of coefficients, which are defined in treme paper (see thermal expansion coefficient value and the
reference temperature).

“Dynamic viscosity decreases withe temperature exponentiallyW(lliams, 200§. The values of kinematic
viscosity are calculated from dynamic viscosity taking into acctihenapproximation for density in R&f.

®van Artsdalen & Yaffe, 1955
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(right), the heat tWlaftXf e T heeddijefmstciealmshaw thats
the heating effect and, consequently, thermal convection dominate even in the ¢hee of
intensive cooling Kigure4.2). ThusSadoway & Szekely (198@rewrong asthe molten salt
eutectic cannot beised as the model liquid fahe EM induced flows even if we use the
powerful generator.

Table 4.2: The estimation othe minimal penetration depth arttie maximal full-effective
current in the inductadior the melt of KCHLICI eutectic

Max. effective
current in inductor
i, A

Min. penetration depti, Height of inductat,

TemperaturefC
cm cm

843
973
1090

400 7.64

1040
1200
1340

500 6.22

1170
1350
1510

600 5.50

g ~A W01 B~ WO S~ W

Table4.3: The calculated induced power in the melt of KBTI eutectic.

Linear density of

Radius of  Height of crucible .
effective current,

crucibleR, cm and inductot, cm

Frequencyf, Induced

T./C kHz powerQ, kW

A/m
400 20 3500 294
500 18 40 3875 350 286
600 15 4500 286
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Figure4.1: The results (velocity left column temperaturé right column) of transien 2D k-U
simulation of 41.2% KGCLICIl system without any artificial cooling. The time is shown un
each column. The temperature of environment i€23
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simulation of 41.2% KCLICl system with intensive artificial cooling of the side wall. T
time is shown under each column. The temperature of environmenCis 23
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4.2 Experimental idea

The previous chapter described the essential lack of the experimental tedwaitie
suitable for the experimental investigation of solid inclusions in the turbulent EM induced flow
of liquid metal. The presentchapterproposes the origal experimental technique, which uses
ferromagnetic particles. This experimexiows to verify the numerical modelescribed irthe
Chapter3.

The present technique proposes toaawalieng r
nomonductive (oxi,deds ifnaxrl uss otny pdiaradiuGQRnicy ai s
conductTihvee descri bed experimental technique
can be easily separ atheed pferromma ntehnet h nsaggunitedt e m ent
pure after the experiment and can be used a

Generally, the ti nsehodid mle nbdee nwr FEM lefno raose r
expression of the fo3.ckb:is placed in the eq

§ o -— o —néo, (4).1
whej(t @Bl tay e har moni ccurmentilegdgendeny and mac
kkaniare the conductieipyr oifch den@apedcthaaidy

per meabapartti colfe and vdakumgr espectaicweluyn.t
(O i, following expression can be writte

| = o] -ne

The poor (God)duicntcilviesi ons are usually usec
and theynagnel=n)mMherebiyhe dqgudaits omeduced to
expression:

I I — 13 -ne . 42
And ithe cylindrical coordinates
o 66— -6 — 66—

In the area of t he amaxihmnea | mi ndadd reie Boafo Bifdlraexi 1
negligible. Therefore,

o] 8 —m.
whiicé al so negldijlgq bul eTthes,a Oelpi st emuecshs t han
second Qerant itnhdg 4mi ddl e of the inductor:

B — 0 . 4 )3

On the contrary, iPWandsa af gmooadmopeduwidd on
due to pafsealt  wetmanty 4 bhkecha@mtinsi ti onal res
equal conductivity of the particle and the
4.)1 canu ded rted

B — 6 . 4 )4
Foll owi ng t he di2s.c2u ¢ hieonaviem a @Cgruaghstoa fc ie 0 nia
approximati on canKrbwemiwm,i:ti%®,h9 as foll ows (

Y eenov & Kolin (1954)efined the first term of this equation (for different electrical conductivity). The second
term is defined irKrumin (1969)
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i s Y
where subindex A0O0 indicatAss f tathhepa assipaltiitoundaer y o 1

approxi mation for EM field is refegvammifdelf ohe t he
used i gt eratdheorf, nded fihe es aigtetoedv.i | Thibse, om

l s —a", B —o. (4.5)
Apparently, the equations (4.Show thatQ ; "Q  at the middle of inductor.
The results of the EM simulation éiigure4.3 also confirm the coincidence of the forces in the
middle zone of the crucible, howevé, ; 0 ¢JQ ; in the zone of the flow vortices.
Despite the noncritical differences between the foiQeg and™Q in the upper anthe
lower eddies, it is possible to conclude that iron particles can be usaduwgh physical model

of the typical metallurgical inclusions in the induction furnadesd this experimental ideaill
be used in the further experiment.

=== frl (non-conductive,
non-magnetic)

1E+5 -~

—» 5p+q | =—1fr2(well-conductive, f;

I I ferromagnetic) 4
OE+D ! T
‘I I\ ] 20 an
1E+5 -
—  5EH
o]
s
I I £ oE+0 . .
0 20 4an
I I -
I I SE+4 - '
o’
4
QOE+0 Y T
i 20 40

r, mm

Figure4.3: Magnitude of the EM force density (rad@mponent) in the case of neonductive
& non-magnetic and weltonductive & ferromagnetic particles (see equatieh®) (and é.4)
respectively).
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4.3 Description of the experiment

A smal-wWalgll assuci ble is used fohseithe a@anxge
parameters of this c¢2Tlte btll eewpceavwarbedsr paol nl Bogdyd (t 5
26 . F®13.8%10%d eutectic), which becoamesel i

l i quid metal. Suctk We goiweg me nttrh aitt rhdd uecasells t 1t.lo® h ¢
rat ACE.s8Thus, the maxi mal duration of the e
15MC, which is the critical temperature for

10g50f spherl ew It hdeir ® m2 58 n0M sEegader e pl ac
on the open surface of the |l iquid metal, wt
admi xing of alloying parfturcd @aswiithnc HeCd. odT hwh
are already on thetsempftate, reducse thereqgper
t hertedbyprtehveenWoodds met al from dangerous ovVv
from thecondustonsal where the inclusionansa ar
already stirring metal. However, the measur

t h1els when the transiti ¢seecegi meus si ofr eéad
behavitoht@h a pph.elr. 3The mMlocparlob4es of the particl
t akwintalpr eheated Thiep ettetnmegh beiapg aitrtee ofhoul d exc
temperature ofavWoadadssol matidli ctad i on. Thei scoo
taken, arbeycioasng mpl ¢é ecdov &1 g% ®© I rhltko I neasr k(s o n
to identify the Taodbddemnendsai nfs ttthe @roonpea.ri son
experi ment andpahtiacllieamu |l atqiuord. sampl e was ¢
warm cupper plate in ofder i t o nak eea pctotl O keécst e
sample using a stranmaco prtrench na&fntt e matgmat . and

Figure 4.4: Microscope photo of th
spherical iron particleshat are used
in the experiment. The sizes of sol
paticles are marked.

Generathyr iedeeoruitsnealt a a8 k f i-setdyelmesd akx p avioir

Figd6eemonstrates the experimental devices
El ecthtnot egy, Leibnitz University of Hanove
experi ment al resul ts, s ufcohr feixhpeetr i tmieme tath é o
concerning the distribution of swlafd liinguiudck
which can be mentionlkedowgh ai rsitghhe fattcaeamptbr
|l aden fl ows of induction furnaces.
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Figure4.5: The cover with the holes for the pipetin the ICR2.

Table4.4: Comparison of the conditions in the experiment and the simulation.

experiment simulation
number (mass) of the ~ . .
. 10. : I
particles 0. 5dN0( 4 paicies) 83635 particles
size of he particles 2507 3500 m 3000 m
material (density) of the  iron (Fe)i 7874k g B, nonconductive,
particles well conductive, ferromagnetic non-magnetic
volume of sample Toroidal zone with
(experiment) and the zone 4 Nl approximately 36 mesh cells in
of numerical analysis the cross section
(thenumber of particles in the
correspondence of the : . .
. . number of particles in the pr oper thewliobtme)
experimental and simulate:
sample sample) / thevolume of the

results .
numerical zone)

Bef orwessdiimmgc the results of the experiment,

technique should be mentioned:
1. It was found thatheWood 6s met al wets the iron
1.3kW is not enough to mix the inclusioms ICF-2. The flow, irduced by 2.4W field, can

partic

move the particles on the surface to the wall, but is also not enough to get them into the melt.
Only the power of 3.RKW is high enough, but at the same time the melt is heated too fast to

carry out the experiment operating flaenace at such powesupposedly, the main obstacle for
the mixing in of the particles is poor wettability. Therefdtee particle should be artificially
mechanically wettetb get them under the surface of the nitékn the power of 1.&XW (432A)

is well enough to mix the particles in the melt. This current was used for the further experiments

in ICF-2.
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ICF

amperemeter

Figure4.6: The photos of the experimental devices.

2. It was detected that the patés have trend to form agglomerations attached to the wall
of the crucible near the top surface of the nieljure4.7 represents the dragd crucible after
the series of the experiment. The agglomerationseofrtmn particles, covered witheWo o d 6 s
metal, can be observed on the wall near the top surface of the melt. The agglomerations at
formed during the initial motion e wetted particle cloud from the surface, when the flow drags
the particles along thwall. Moreover, the density of iron particles is less that the densttyeof
Woodos met aheconcertrationeoffparticles in upper part of the melt is expected. The
phenomenon of the agglomeration formation near the wall will be discusseduaratically
investigated inthe Chapte 5.3.2 The wall of the crucible near the surface was mechanically
cleaned from the attached agglomerated particles after each experiment to neglect thi:
phenomenon.

3. A surface tension of thparticle laden droplet is significant, therefates not so easy
to collect all particles with the magnet. Density of the particles are lower than metal density,
however, it was observed that not all particles rise up to the surface of the droptettbee
surface tension at the bottom. The droplet should be mechanically stirred several times to collec
all particles witha magnet. Therehyhis stage of the experiment is tirnensuming. The surface
tension can be probably reduced by making the geoogparticle collection in water. Generally
it was observed, when the particle laden droplet is slowly solidified in warm water, all particles
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are found on the surface and are easyntable. Howeversuch technique will significantly
increase the totaime of the experiment

Figure4.7: The image of the
drained crucible after th
series of the experimel
(view from the top ofthe
crucible).

4. Unfortunately, the precision of the experimemas very low.Despite the obtained
guantitative results (sehe nextsubchapter), the errors are sufficiently high. The experiment
requires the automation of the pretaéing process. As far as the particle laden metal was
sucked down by the hand ope@tpipette, there was impossible to take the equal volume of
metal and define the time of probe without a significant error. The sucking processiltake
approximately &. However, all mentioned errors were taken into acceumlke calculatingthe
total error of the experimental results.

4.4 Comparison of the experimental and numerical results

The concentrations o-65t a&atkeomnamfcytursd amar taitc Iteh ea
( selbCh apht.elar3e s hbiwpd8oBhe experi ment was <carried
of El ectrotechnol ogy, ,Beaidb rstznold nsnevreiressi t oyf od a tHa
measured on March, s20ldeat ed ¢ aNecovedmbeea i, me2ndtl 3«
Summari zing the data of these FEFiwgddsee wiees ainn t
concl ude, etxtpetr i tmenr rawi terheestuhl et sn-hamsed-t@8Qgl ag&§e

resul ttshi sThaeixsperi ment al i nvestigation proves t
(s€lkap3 er

Nevertheless, the small different&kieT the e
points can MiegdBbesEheserd dinff erences as well as t
di scussed iThedetaudsohotwhe particles following
to the near wall regi sn fwvairt ha st htehies tfiootebgec &b r fei
particle and moves it to the wall, the concent
the curves) i's higher than in the bulk of the
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zone oucitbhlee.crEM force is stronger there an

other inertial 4fiAcese (sees eqoampabinbl(e t han
the difference bet weheenméehecalxpeesekbensdl| d an
experiment, that the iron spheres magneti ze
the inclusions increases wi Thhei nr etlhaet ipveen ebtarl:

t hfeor c e s ,acnhda nEgMh sigsr rercaeien f | utehheme r wasle of t he s
(Gl epanskis). eHovwadv.er ,20tlloe present numeri cal
effect of matghos tuisz eetriionng aorfd t h,et hien cslmiasl il 0o ndsi

bet welkmumer i ctahlex p@adi ment al res dpotisntap pHeoaw esv
di fference I sasenbpdtbedeffedheobame differe
t hrei ddl et ldd"n@ " oints). Foll owing téaret igeeneernm
(Figh)e the inclusions come to "fpiisntzorlehet
apparentl vy, the difference, which appears

3botin leads to the same tddei 6 boéemes)inBuhet:
exchange bet wetehhteotwwlee cph@hsa tdareni mi zes t hi
t he | o wth7efoUubrovien t(s)
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Figure 4.8 Experimental and numerical results of the concentration bfisd  3®m N5 C
inclusions i n t rséomfthedaginning of $tidiky (qaasiatidnarNrégime).

The eperimental samples were taken in the aredsch are marked with the red rectangles on

the sketch of the crucible (left image).
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4.5 The outlook for the neutron imaging experiment

As it was already discussed the Chapter2.4.2 that the experiment described in the
previous subchaptemwas carried outat the quasstationary stage ofhe distribution of the
inclusions in the flow ands almost impossible at the stages characterized by fast changes in the
distribution. Taking images by-rayswill be more suitable fothe analysis ofthe dynamics of
the inclusions in nottransparent liquiddHowever due to the high lasorbance of heavy elements
that are situated ithe low temperature alloy®.g. lead)jt is necessary to apply axtremely
high power of a bearm orderto look through even thin layer of metal

Nevertheless, neutron beams have totally different gi@adf absorption in matersl
Therefore they can be used for the mentioned purpdsa. this reason we came tanidea of
neutronimaging Many materials are transparent for neutron be@®s. e.g., neutron imaging in
lead Kumar et al., 201p therefoe, it can be very useful experimental methodology. Such
technique can lead to the experimental investigation of the dynamical behaviour of solid
inclusions in the complex turbulent flow inside induction melting and stirring equipment.

ICF-2 can be used fasuch experiment. HowevetheWo od 6 s met al i's not
neutron imaging as far as it contagadmium, whichabsorbsieutrons. Anotheiolw temperature
eutecicRos e 6s al | 028% Plh P2b% Bm)can b2 bised as the model liquid. The
metal @ comes | iquid bet velkounld bg addithlly anentoned 8hat /€ .
copper inductor will not significantly shade the imaging of the melt interior due to copper
transparency for neutronBarticle imaging igxercisedin two perpendicular dections in order
to reconstruct 3D motion of inclusions and their concentration fields.

The neutron imaginégcility is available in Paul Scherrer Institutéilligen, Switzerland):
However, the expenses of time of the neutron b&awery high, therefee, it is necessary to
carry outthe preliminary check dad principal possibility of the experiment.

4.5.1. Preliminary experiment

For this reasorthe simplified preliminary experimenvas carried out by Dr. Knud
Thomsen and Dr. Eberhard Lehmann atlPScherreinstituteon May, 2013. The goal wde
verify the general possibility to fulfill the proposed experimental investigation using neutron
imaging. This preliminary check dealt with the solid sampleéd®Ro s e 6 s met al of the
equal to hat of ICF2 (10cm in diameter) with the spherical 0.5 mm inclusions inside it. Such
solid samples were put undeneutron beam.

Cylindrical solid sampl aleibng&mversitgyofldamdverd by Va
(Germany)on April, 2013. The example of the sample cut in two perpendicular directions is
shown on the

Figure4.9. The oxideparticles in the crossection of the sample are indicated with green
circles.

The Figure4.10 shows the neutron images of different horizontal slices of the sample (the
pictures are obtained as a superpositiomages from two perpendicular beams). The white
dots correspond to the inclusions, black regions mean voids, but grey area remains to the metal.

It should be mentioned that the observed voids are the result of the complex technology of
creation of the sanigs. The sample was grown sequentidliysolidifying metal layers with
admixed inclusions. Such technology was necessary to catch the partithedovber density

Y ehmanret al.(2011)
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than the metal density inside the sample. Such way some voids appeared between the layel
especially in the central vertical planghe place of sintering of two hatfylinders. However,
obviously, the observed voids dtee result of artificial creation of samples; therefore, they are
not expected during the main experiment.

,lﬂ”#ﬂ .: ) |
b

Figure 4.9: Two crosssections of the solid sample tieRos e 6 s met al il
particles. The particles are indicated with green circles. The sample was used for the pre
experiment of neutron imaug*

Figure 4.10: The neutron images of different horizontal slices of the sample (the pictur
obtained as a superposition of images from two perpendicular hedims) white dots
correspond tehe inclusions, black regions mean voids, but grey area remains to thé metal

Some white points, which stand for the inclusions, are reflected as the lines. As it will be
discussed later, thdathappens in the casénenafew particlesaresituated clos to each other.
3D-image of the distribution of nemetallic inclusionsrparked witha red color onFigure
4.11) and voids (bluecolor) was created by postprocessing of the experimental results. The

Thesamplé s created by Vadi ms Gega at Leibniz Universit
“The experiment and postprocessing of the results were done by Dr. Knud Thomsen and Dr. Eberhard Lehmann :
Paul Scherrer Institute (Switzerland).
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Figure4.11lillustrates the distribution of particles tine different experimental samplésat were
created witha different area distribution of the inclusions with excessive concentration in some
regions:

Sample I homogeneus distribution of Zr@inclusions;

Sample 2i symmetrical distribution of Si@inclusions concerning the central vertical
symmetry plane, the areas, which are opposite to this symmetry plane, have significantly higher
concentration of inclusions;

Sample3 i excessive concentration of inclusions in the middle of sample.

Sample 1 ZrO,, Sample 2 SiO,, non Sample 3 high
homogeneous homogeneous concentration in one zone

Figure4.11: 3D reconstructiomf the distribution of the solid inclusions in solid samples of
Roseds met alimagingtiechgigubhie ut r on

All pictures certify the possibility to analyze the distribution of inclusions quantitatively;
however, it is also clear that the conglomeratioh two or more particles are reflected as one
zone ofalarger volume. Therefore, the quantificationtloé distribution oftheinclusions should
be done byheanalysis othevolume of the proper regions instead of gaticlenumber. Such
techniqueapparently, can lead to the additional error; however, it should be reasonable and can
be estimated btherate of total volume of cluster to the balls it is formed from. The calculation
of the volume can be easily conducted as far as the experimentateatzailable in the form of
theslices of sample images widtiny step.

Let us analyze the neutron imagegshafdifferent samples.

Sample 1 The experiment certifies approximate homogeneous distribution of ZrO
inclusions.

Sample 2 The blue plane ithe central vertical crossection of the sample corresponds to
the void at the place of sintering of two halfinders. The common mass of patrticles in this
sample was created equal to that in the Sample 1; and, consequently, as far as densitg of SiO
approximately 1.5 times less than density of Zn®lume concentration of the inclusions in the
Sample 2 is higher than that is the Sample 1. The higher concentration in the Sample 2 can be
easily recognized on the proper image. Moreover, the significémngher concentration of
particles was observed in two symmetric regions opposite to the sintering place of the half
cylinders (the blue plane). This result is relevant to the real consistence of the sample.

Sample 3 This sample contains the excessieaaentration of inclusions in one region
in the center ofthe sample. Neutron imagindekcted it as a common area of inclusions.

'The experimentas well as therocessg of theimageswere done by Dr. Knud Thomsen and Dr. Eberhard
Lehmann at Paul Scherrer Institute (Switzerland).
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Therefore, the concentration of particles in such consolidate areas should be quantified b
measuring the volume dfieproper zone.

45.2. Conclusions for the preliminary experiment

First, the inclusions can be recognized on the neutron images of the metal samples
Second, the experiment found the excessive concentrations of inclusions in the different sample
in the right positionshowever, there was not possible to compare the concentration rathavith
experiment due to difficulties in the concentration quantification during the creation of the
samples. Nevertheless, there should be no problemtke quantification of the expenental
results by calculation of their volume.

Therefore, finally, we can conclude that the preliminary experiment certify 1) the
possibility to usethe Roseds met al for neutron i maging,
guantitative results of the ganle concentration, 3) the sizes of the samples (that means also the
planed experiment) is suitable for the PSI neutaaility.

However, the only question remains: is the resolution of the images in the case of moving
inclusions enough? It is not podsilio check this point in the solid samples due to sk of
motion of inclusions. However, the estimation confirms the possibility of the experiment.

Thus, this chapter showed the possibility to carry out the experiment for tracking of particles in
liquid metal. However, this experiment is expansive and, therefore, the author expitessope that
enough funding will be found in the nearest future.
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5.Transportation of solid inclusions in the
turbulent flow of ICF

The numerical model of the transportatioh the solid inclusiongthe Chapter3) was
verified experimentally in ICR2 in the previous chaptefhereforeit is possible tanvestigate
the behavior of the particles ICF using the mentioned numerical madehe preset chapter
contains the general description of the dynamics of particle concentration in the turbulent flow of
ICF, as well ashedetailed analysis dhekey phenomena: oscillating particle exchange between
the zones of the main vortices athé conglomeation of the particles on the wall. These issues
are significant alsérom the engineering point of viewas itallowsimproving and optimizinghe
design and the operation regime of ICF for the higher efficiency of the equipment. Finally, the
present chaer contains the proposed methodology, which yields the optimization of mixing
time dependingn the size anthetype of inclusions.

5.1. Inclusions admixture from the top surface of ICF

5.1.1 Initial admixing from the surface

ICF ensure not only the efficient melhg, but also intensive steering of liquid metal.
Therefore the alloying inclusions are often admixed to the liquid metal in the same furnace just
after melting. However, the frequency of the current in the inductor can be difang®e better
steering.Solid inclusions are simply put onto the open surface of the melt and turbulent flow
takes them into the liquid metal.

The wide-spread example of this technology is admixing of carbon in steel. The carbon
particles are sprinkled onto the open surfacehefliquid steel in ICF and mixed in with the
turbulent flow. The carbon inclusions usually remains in the solid statacras a hardening
agent, preventing dislocations in the iron atom crystal lattice from sliding past one another.
Varying the amountfaalloying elements in the stetle qualities such as the hardness, ductility,
and tensile strength of the resulting sl controlled

The snapshots of the open surface of the melt with carbon particles on it are shown on
Figure 5.1. This figure illustrates the real industrial process, which is carried out intthef
designed by Otto Junker GmbH. The left column of the snapshots corresponds to the frequency
of 250Hz (the power of the furnace is V). The hgher frequacy leads to the smaller
penetration of EM field and, consequently, Joule heating. Obviously, the local heating density
increass with the decrease of the penetration deptinichis the positive effect for the melting.
However, as it is shown drigure5.1(theleft column) the intensity of the steering is not enough
to take the carbon from the surface. On the other,hiedwo times lower frequency (123z)
leads to the effective mixing of the alloying inclusiofie right column onFigure 5.1).
However, the low frequency is not effective for melting. Therefohe melting andthe
processing of steel are sometimes optimized by using ICF with two frequencie$ fone
mdting, anotheii for steering), like the furnace from Otto Junkers GmbH, which is operated on
Figure5.1.

Yrom the articleemBSyeeélopeidnat fiavi ki pedwald (http://en. wik
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Figure 5.1: Snapshots of the admixing ofkg carbon into 4 steel alloy in industrial IE,
applying different frequency and power. Courtesy Otto Junker GmbH.

The qualitative dependence of the efficiency of admixing from the surface on the power of
ICF was also investigated experimentgfygure5.2). The 3000m i ron particl es
open surface of t h e (séedable2®)s |t waeobserived that the parécles C |
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are only partly wetted with the liquid metal atit significant surfae tensionappearson the
surface of the liquid. Therefore, the low power (@V8) of ICF does not produce enough
steering on the surface of the melt to ensure the motion of the inclusions; lteesinglusions
remain unmovable on the surfadéigure 5.2i left). With the ncreas of the power of ICF
(2.4kW) particles were moved to the corner between the open surface and the wall, but still
remain thereKigure5.2i middle). Finally, the 3.7kW power were enough to take the particles
into the bulk of the meltRigure 5.2i right). However, such significant power leadsthe
excessive overheating of the metal arfidgh energy consuption.

power
(current)

2.4KW (587A) 3.7KW (690A)

Figure522.The surface of the Wood?®&ss ofteesteeling i ihé
ICF-2. The particles were situated on the surface before steering (like on the left picture).

The mentioned difficulty to admix the particles to the melt increasestiwetthecrease oh
particle densityFigure5.3s hows t he surface of thme SNb&dds me
upper row) and Zr@(the lower row) particles. In this case densitytb& admixtures (Si@1
2.5glcnt; ZrO, 1 3.8g/cnt) is significantly lesshan thedensity of the liquid metal 9.4 g/cn.
We can see that only 48V power is enough to mix in the Zg@hclusions Figure5.3 71 right,
down) and even such powertoo low to mix in theSiO, particles. But the larger power cannot
be applied to the necooled cucible due tanextremely fast heating.

We can conclude from the considered examgtegufe5.1- Figure5.3) that the wetting of
the inclusions as well as the surfacesten of the melt playa great role for the admixing of the
inclusions from the surfacee. it sufficiently decreassthe efficiency of this process. However,
this problem can be &g investigated experimentally (s€ggure5.2andFigure5.3) as well as
practically solved in industrial cases. Therefdhes particular problem is not interesting from
themodeling point of view, however, should be taken into account.

5.1.2 Scheme of the motion of particles in the bulk of the melt

More interesting issue for simulation is the behavior of the inclusions under the surface.
Obviously, the motion of the particles becomes invisible when they disappear from the surface,
therefore the nitial stage of the admixing of the particle cloud and the dynamics of the process
are the challenge for the mathematical modeling.

The results of the simulation can be initially qualitatively compared with the industrial
observati ons ohaviotoh the opan surface af thenmEifureb.4illustrates the
carbon admixing process in steel ikk\® ICF designed by Otto Junker GmbH. The simulated
and the observedbehaviorof the particles on the surfaege ina good qualitative agreement
(Figure5.41 thefirst andthesecond rows).
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power

(current) 2.4kW (587A) 3.7kW (690A) 4.6KW (766A)

Figure53: The sur face of SiOlfteeuppss ow) ars Zr@(the laver row)
particles after 18 of steering in the IGB. The particles were situated on the surface be
steering (like on the left pictuied Figure5.1).

Motion of the particles in the bulk of the crucible, which is invisible, can be analyzed now
The illustration of this motioms shownon Figure5.4 i last row.Figure5.5 demonstrated the
dynamic oftheradial andthe axial distribution ofthe concentration of particles in ICE Taking
into account the flow patterrrigure2.4) it becomes evidently that initiallyhé flow drives the
cloud oftheinclusions to the corner between the surface and the wall, because ipassiie
to takeimmediately it inside due tthe surface tension anithe partial wetting effects. After that
the intensive flow takes the cloudside in the corner and moves along the wall to the middle
zone of the cruciblelhis motion corresponds figure5.5 a theupper image)whichshows the
increase of particle concentration in the upper part ofctheible. The direction of the flow
changes in the middle zone (deigure2.4). The distribution othe Lorentz force produces the
eddies, which turn the flow to the axis of symmetry in the middle zone of thibler the zone
of the maximal Lorentz force magnitude. Thereby, following the flow, the particles are
decelerated andremoved to the center of the crucible in the middle zone of the crucible. The
decelerated cloud is blurrefut Figure 5.5a (middle image) shows that the main part of the
particle cloud moves in the upper flow eddthe maximum of the concentration shifts to the top
surface of the melt. After that the blurred claeparatednto the first onewhich moves in the
upper part of the crucible, and the second part of the particles goes to the lower part of ICF. As i
hasalreadybeendiscussed irthe Chapter2.2 and Umbrashko et al. (20063he most intensive
axial turbudent pulsations are observed exactly in this middle region. The intensive pulsations
carry out the exchange of the particles between the two mean ettidiepger andhe lower
part of the crucible) and, thereby, homogenize the distribution in the lapseeoFigure5.5 (b)
(the lower image) shows that the concentration of the particles in smaH2 IBEcomes
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homogeneous in axial direction irs5The oscillating exchange will be analyzed in detailha
Chaper5.2

- ‘ £
4000kg/125H2/2000kW/4kg Kohle 4000kg/125H2/2000kW/4kg Kohle 4000kg/ le

[

ol
99

Figure5.4: The admixing of the 100m car bon parti cl eXkWIlQOFt
(125Hz). Snapshots othe industrid process by Otto Junker GmbHkhé¢ first row). The
simulated results: vieirom the top of the furnacehe second row); particles in the bulk
the flow, view from the side of furnacthélast row).

—] 3 /3 /3

Generally,Figure5.6 summarizes the discussionthis chapter and presents the scheme of
the initial motion ofthe inclusions, which are situated on the open surface of the melt with the
developed flow in ICFANd Figure5.4 and Figure5.5 illustrate this initial stage of the particle
mixing in terms of concentrations.

Figure5.5 (a) also shows that the significant concentration of lightiplag observed on
the top surface of the melt, which corresponds to industrial observations oFigiage 5.5 (b)
demonstrates the homogeneous radial distribution of inclusions afgéort initial stage,
howeve, the larger concentration near the walttod crucible is observed due to the influence of
EM force on the noronductive inclusions.

5.1.3 Quasi-stationary particle exchange between the zones of the main vortices
Fi gb8deemonstrates tthteendegmtamatcisomfof tahe part
di fferent height (simul daded )r ssygintig) caAt plak:t
upperthmidldl e zone afhZferet h&laacrimasepecti vely).
corresponds to the initial mot i(osne eo ft hteheprelvo
subchapAfetrgr that the particles come to the I|o
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Figure5.5: Axial (a) and radial (b) distribution of the particle concentration in-ECBifferent
curves correspond to different momenof time thatare shown in the legend (in seconds fr
the beginning othestirring).

5.2.  Oscillating particle exchange bateen the zones of the
main vortices'

It hasalreadybeenunderlined inthe previous chapter that the homogenizatiorpaifticle
concentration between the upper and the lower parts of ICF is fulfilled by strong oscillations of

! This chapter is already publishedG | e p aehad. R018)
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the flow in the middle zone dhe crucible Umbrashko et al. (2006)umerically predicted and

Kirpo (20-PhD) experimentally investigated the lefnequency velocity oscillations in the

zone between the mean vortices. Both authors also discussed the importance of these pulsations
for the heat and mass exchange in the melt.

time 10s 12s 14s

Figure5.6: The scheme of the initial motion of the inclusions, which are situated on the
surface of the melt with théeveloped flow in ICF. The flow velocities are qualitatively showi
the vertical plane athe appropriate time moment (the time is defined from the zero vel
state).

The present chapter focuses the analysis on the behaviour of particles in thef zone
maximal kinetic energy the middle zone between the main vortexegyyre 3.10), where
intensive pulsations of the flow provide the exchange of the inclusions between the eddies,
which is the mechanism of paieé homogenization in ICF. Opposite to the heat exchange, the
behaviorof inertial particles can differ from the flow pulsations, thereftiie spectral analysis
of particle oscillations is essential for the mentioned industrial application. Howevdipwhe
velocity oscillation should be discussatfirst place

5.2.1 Flow velocity oscillation
Figure3.10 shows the distribution of turbulent kinetic enengyCF-1 as the illustration of
the intensity of the flow puls@ns. The maximal contribution to the turbulent kinetic energy
comes from the axial velocity pulsatiofigure 3.10a) that is responsible for the exchange
between the vortexes. The zonetloé maximal kinetic engy in ICF-1 is between the mean
vortexes aroun@80mm from the bottom of the crucible (see the sketch of1@RFigure5.9).
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M. Kirpo&s experimental database of the velocity measurements wi i€Rused in the
present investigation. Some results based on these experimental data are already jmyblished
Kirpo et al. (2007) however, the new analysis was done in order to compare the flow
oscillations with the appropriate data for the particle exchange. As faveaare mostly
interesedin the mass exchange between the vortexes, that is in axial direetion)l analyze
the axial part of turbulent kinetic energy inarea point) ONjj ¢ below. The same
reasons confirm the interefstr integralvaluesthat characterize the flowehaviorin horizontal
planes t=cons). Thereforethe experimentally obtained turbulent kinetic enengas averaged
in the radial directionv & B 0 X“i i j“'Y, whereYi is the distance between the
area points ands compared with the results dhe appropriate simulatiorthat were also
averaged in the angular arie radial directions Kigure 5.10). The experimental antie
numerical resu$ are ina satisfactorycorrelation and the difference between the experimental
andthenumerical maxima is within the errors.

C. 1/ma
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Figure5.7: The evolution of the concentration of the particles whithdiameter 50 m i nl.

Concentrations are shown in the central vertical plane.
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Figure 5.8: Dynamics ofthe concentration of the particles in diféeat areas of ICR (simulated
results). Areas are numbered on the sketch of the crucible (left image).

Figure 5.9: The sketch of an aaksymmetric
ICF-1 with a vertical scale, which is measur:
from thebottom of the crucible.
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The discrete Fourier transformation is done for the oscillations of the flow velocity's axial
component in order to obtain the spectrufigure 5.11 testifies the clear maximum on the
spedrum at the hatheight of the inductor near the wall. This maximum registers the dominating
oscillations withthe frequency 1el Hz andthe amplitude T2 cm/s, which is approximately the
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half of the maximal mean velocity. This spectrum significantly dsffeom the typical turbulent
spectrum (Kolmogorov spectrurti)atcharacterizes the flow in the bulk of the IQ&rpo et al.,
2007). The difference the presence of the lovrequency maximum can be explained with
hydrodynamic instabilities dhe high-Reynolds number flowhatdisturts the EM induced flow
pattern and resudtin the oscillations of the zone where the flow chantedirection and tears
off from the wall (seeFigure2.4). Low-velocity magnitude 9 typical for this zone and,
oppositely, the maximal velocities are above and beloivigure2.4). Thereby following the
Euler approach of the flow description the significant oscillations are observed in itlie po
between the mean vortexes close to the wall.

Figure 5.10: The axial distributior
+  of the axial part of turbulent kineti
energy in the ICH, integrated ira
radial direction.

b
L in

turbulent kinetic energy, J/kg

| | |
2
fiz 024 026 028 03 032 034 036
height, m
. Numerical
—4@— Experiment —1—

simulation

Apparently, the significan kinetic energy together with the clear low frequency
oscillations in the middle zone describe the momentum, heat and mass transfer between tf
upper and the lower mean vortexes, and the transport process in this zone has the oscillatir
nature. Howeverthe whole zone betwedhe eddies is involved in the heat and mass exchange
process; thereforéhe oscillations in the whole zone should be analyzed in order to describe this
exchange.

The velocity spectra in the poiritsatare situated close to the pto®n at the half height of
the inductor near the walbut do notcoincide with that position, have no more such clear
maximum as orFigure5.11, however at the same time the kinetic energy remains significant.
The furtherfrom the position of the described specific spectrsiffrigure5.11) the less the low
frequency oscillations are expressed. Therefihre common spectrum adfie pulsations of the
flow in the whole zonéetween the mean eddies differs frbigure5.11.

Figure5.12 shows the integral spectratbk pulsations irthewide middle zone of the IGF
1 betweerthe mean vortexes.fiese spectra  "Q are calculated from the experimental data
thefollowing way:

(5.1)
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whered "Q andK; are the spectral velocity (amplitude) of the oscillations dependinthen
frequency (that is the spectrum) ahe kinetic energy of pulsations respectivelyi jpoint; index
i represents the points thife experimental data within the analyzed zone.
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Spectral velocity, cmis
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frequency, Hz

Figure5.11: The spectrm of the axial flow velocity at the half height of the inductor near
wall r=150mm, h=280mm (from the experimental data).

Opposite to the spectrum of the single polg(re5.11) the integral spectrunF{gure
5.12) has a multpick shape. At least three tife low-frequency picks are formed by more than
three pointSand, consequently, are plausible:BHz, 1lel Hz, 1.5el Hz. The maximum at te
1 Hz represents thiategral oscillations with the largest amplitude and correspond to the pick on
the spectrum othe single point Figure 5.11). The amplitude of integral oscillations is lower
than on the spectrum of the single gpimwever, generally that means thatllldz maximum
corresponds to the strongest oscillationthefmain EM induced vortexes. Thus, the mechanism
of the oscillations, which was discussed for the single point at thédiglfit of the inductor near
the wall, remains relevant for the common oscillations of liquid metal in the middle zone of
crucible. However, as it is shown &igure5.12, several other picks appear on the spectthef
integral oscillations. Obwausly, these oscillations are also significant for the tranafpomtof the
inclusions between the EM induced main vorteXéir influence will be analyzed below.

The spectra ofrigure5.11, Figure5.12, Figure5.15 are calculated from discrete experimental desimg discrete
Fourier transformation. Therefore the curves just smoothly connect the discrete spectra.
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Figure5.12: The spectra of integral [mations in the middle zone of the |detween the mea
vortices (from the experimental data). Different curves correspond to the different inte
integration. The height ahe lower andthe upper borders of these intervals are shown in
brackes in the legend (mm from the bottom). The total height of thel@=570mm. The
integral spect are calculated according to the expression.(5.1)

5.2.2 Oscillation of the particle number

As it has already been mentioned, the behavior of the particles in theddle zone
determines the mass exchangéh@whole crucibleFigure5.13 illustrates the oscillating nature
of the exchange process. It can be observed that the density of particlest@ipartcle density
ratio”Y " ]” ) influences minimally this process, however, this conclusion is not correct for
theenoughlarge particles (200 m f o r -1 seeFigureS.E3(d)) thatstart to deposit to the
wall due to relatively large EM force (the trend lineeigure5.13 (d) shows the decrease thie
total number of 200 m p a r Figure3.18 (8-()) also show that the oscitlans of the 50 m
andthel000m particles are approximately the san

The oscillations of the number of particles in the middle zona different width are
illustratedon Figure5.14. The shape of these cures narrow zones ([260310] mm and [260
- 340lmm) are almost the same, the difference is only in the average value. However, when the
zone comes so wide thiitalsoinvolves a part of the main eddies, the amplitude of oscillations,
apparently, decreaseConsequently, the narrowest interval (EBa®] mm) should be used for
the description of the particle oscillations caused by the flow pulsafionatrower interval will
lead to the small number of particles, which will betenough for spectral analis. Moreover,
as far as the curves dfigure5.13 are ratheisimilar, only one particle typé 1000m, S=1.0-
will be analyzed further.

Figure5.15 compares the spectruai the integral flow pulsations and the oscillations of
the particle number in the middle zone of the ICF (in the interval-BA@)mm from the
bottom). The amplitudes in these spectra are normalizedhétiespecto their maximal values
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in order to ompare qualitatively the oscillations of different variableatticle spectrum also
contains several picks at approximattig same frequencies as on the flow spectrum, however,
the amplitudes differ. The particle oscillations have not more dominatokgapiapproximately
le-1 Hz, which is the pick of the fundamental oscillation of the main flow eddies. At the same
time, the maximum of particle spectrum at the very low frequency is more significant than on the
flow spectrum And finally the high frequenctale of the particle spectrum is of the smaller
amplitudes in comparison with the flow pulsations. Obviously, the high frequency flow
oscillations cannot influence the inertial particles.

Generally, the spectra dfigure 5.15 show that the mass exchange ahne migration of
solid inclusions between the main flow vortexes in ICF are governed mostly by the pulsations of
flow velocity and have the maxima at the same frequencies. However, the main oscillation of
particle number appears on the lower frequency than the main pulsations of the flow.
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Figure 5.13. Oscillation of the number of particles the middle zone of the ICH (in the
interval [260310] mm from the bottom)'he wpper row: dfferent S=}+/} ,, but common diamete
- (a)D =500m, (b) D=1000m; the lower row: different diameteD, but common liquieo-
particle density ratie (¢) S=1.0, (d)S=1.1. Numerical results.
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Figure5.15: The spectra ofhe integral pulsations of the flow velocity (expeeental data) anc
the number of patrticles in the middle zone of the ICF in the intervat326D mm from the
bottom (numerical data). The spectrum of the plartioscillations is created fot00 Om
inclusions withtheliquid-to-particle density rati&=1.0.
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The particular ICFL was analyzed within this chapter, therefore, the mentioned
dominating frequencies are relevant only for the particular case. However, the author believes
that the researched tendendye preferential particle exchangetlad¢ lower frequency than the
dominating flow oscillations is a general phenomenon. The realization of the general particle
exchange mechanism in ICF and the dominating frequencies can give engineers the possibility to
improve efficiency of stirring in such equimi.

5.3. Homogenization of the alloying particles inCF*

The oscillating mechanism of the exchange of inclusions bettheaones of eddies was
described irthelast chapter. As it was discussedhe Chapter2.2, such exchangis significant
for some industrial applications like homogenization of alloying particles in ICF. And this
particular problem will be analyzed in the present chapter.

As in was discussed in the introductiaghgChaper1.1), the alloying particles are mixed
in differentmetalmelts (e.g. steeljo increase some properties, such as strength, hardness, wear
resistance and others. Widespread alloying inclusion is carbon, which as well as many other
admixtures remais in a solid state The typical alloying elements and their densities are
represented iMable5.1. Usually the @énsity ofmetals is not less thahe density of inclusions,
e.g.steel alloy ranges between 7.75a@h05g/cnt depending on the consistence of the alloy.
Thereby, there are admixtures with approximately equal and smaller densities than the density of
steel. Most alloying elements are pure conductarel a great transition resistance appears on
the suface betweem particle andametal, hence, we can consider raomnductive particles.

Table5.1: Density of the typical alloying elements.

Alloying element (chemical index) Density, g/cm

Nickel (Ni) 8.91
Manganese (Mn) 7.21
Chromium (Cr) 7.19
Vanadium (V) 6.0
Silicon (Si) 2.33
Boron (B) 2.08

Carbon (C) 1.8-2.%

Generally, it is important to achieve homogeneous admixtures distribution to armsgine
quality of the alloy. At the same tim#,is desirable to reduce the time of mixing in order to
reduce energy consumptions and prevent melt overheating.

However, as it was discussedthre Chapter4, the surface othe melt is not transparent
and, consequently, is inot possible to control the rate of homogenization of admixtures visually.
Moreover, the extremely high temperature of the melt makes the operative control of the alloy
homogeneity very difficult. There are some technolotfiesprovide the express anals of the
solidified samples of the metal (see eBg® h | e n e tEricasbn et al.,22011 However,
these techniques are not very convenient for the determination of homogeneity. Taking

This chapter develops the approach to the description of homogenization, which was publishedGn pepgra n s k i s
et al. (2010)
“The density of amorphis carbon is 1.8 2.1 g/cnd (Lide ed., 2005 the density of graphite is 2.267 g&m
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solidification analysis of a sample requir@significant tine. Moreover,during thecooling of
the melt in the sampléhe concentration dhedissolved oxygen also changes and the inclusions
growth. Therefore additional analytical procedure should be applied to restore the initial
distribution of inclusions inhte melt.

Taking into account the mentioned problems, the numerical simulation reayzomgerful
tool for the investigation of the homogenization procéfswever, as it was discussed the
Chapter2.2, only the LES simulationis relevant for the turbulent flow of ICF. Therefpthe
proper calculations are very tireensuming, which make impossible the standard optimization
procedure with many iteration steps of HD calculations for different paramétensefore the
presentchapter presents the methodological approach for the optimization of the inclusion size
(or determination of the mixing time if the size and density of inclusions are fixed), which can be
performed in satisfactory time period. This approach is demonstratdee example of IGE in
the present chapter, however, can be performed for W@k any other parameters. The
methodology contains the regression model based on several LES calcuiéigasticle laden
flow according to the numerical model presenitethe Chapter3.

5.3.1 Regression model for an optimization problem

The process of homogenization of alloying particles is considered for about 3e+4 patrticles
with thediameter 5@ m, @And 0a n @ m2 @ @ d-to-partigleiderdtiy ratioS= ¢/}, = 1.0;

1.1; 1.5.The particles are input on a horizontal plane near the top surface of the crucible (like in
the case described ithe Chapter4.3 (see alsd-igure 5.2), which rowghly corresponds to the
industrial process).

As it hasalreadybeendiscussed itthe Chapter5.2the intensive pulsations of the flow and,
consequently, of the particles in the middle zone between the main déakeshe paricle
exchange and decrease the difference between the number of the particles in the zones of t
upper ancdhe lower eddies/) with the lapse of time (the scheme of the zones are shown on
Figure5.16). The thin layers near the top surface and the bottom of the crucible are excluded
from the mentioned zones. So the process of homodmmzakes place between the zones of
two eddies, therefore, the difference between the particles in the zone of the upper eddy an
those in the zone of the lower eddy arelyzed. The results of simulation show that the radial
andthe distribution of theparticles inside the crucible rapidly becomes homogeneous (except
thin layer near the wall see the discussioon the particle concentration there the
Chapter5.1.2. Therefore the thin layer near the wall, where EM dersignificantly attracts the
particles to the wall, is also excluded from the zones within the homogenization analysis
(Figure5.16).

Figure5.17 shows the evolution ap Nthe subtraction of the number thie particles in the
zone of the upper eddy and in the zone of the lower eddy) normalized with respect to the numbe
of the particlesN in both zonesand forthe particles with a different diameter. The process of
homogeization is monotonous, but the rate increases with the decrease of the density ratic
Y " " p. The rate of the homogenization also depends on the size of particles. Despite of
the general monotonous nature of the homogenization, some significant perturbations take plac
Therefore, time of the homogenization (time to ach¥¥¢( T or any noAzero asymptotic
value) cannot be simply defiddrom the curves orFigure5.17 1 the perturbations leads to
significanterrors. However, two quantitative parameters can describe the process.
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Y0j 0O decreases very rapidly in the first few seconds. This first stage of the
homogenization is described withquantitative parametar ( S (séligure5.19). After that
the homogenization progresses slowlgdacan be described with linear function. The
quantitative parametex(S,D) which is the coefficient adi linear regression, describes this stage
of the process (see al$tgure5.19). Finally, Y0 O oscillaies around one value (ihe most
cases this value is equal to zero).
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Figure5.16. The scheme of the zonestbk upper andhe lower eddy. The location ofones is
illustrated on the background of (ah average flow and (b) turbulent kinetic energy (both
drown on the half of the crucible).

The first stage of the homogenization corresponds to the time when the initial cloud of the
particles comes to theniddle zone of the crucibléo the wall (see discussion ithe
Chapter5.1.9. This stage apparently corresponds to the first maximum of the total number of
particles in the zones of eddies (dagureb.18). After that the cloud comes to the unstable
middle zone, which is excluded frothe eddy zones, and, consequently, the minimuniNof
appears orFigure5.18 The second homogenization stageharacterized by the exchange of
particles between the zones of eddies through the middle zone.

The values of quantitative parametérg S an@alS,D)for differentSandD are shown in
Table5.2. Figure5.20 and Figure 5.21 graphically illustrate the dependencetbé mentioned
guantitative parameters of homogenizationand a on S and D respectively. The linear
approximation forliese dependencies is also plotted. The most of lines are built on the basis of 3
points, which apparently is not enough #olinear regression, however, the lige= 1.5 (see
Figure5.20b and Figure 5.21b) consistsof 5 points and proves the relevance afinear
regression.

The parameter of the initial stage of the homogenizatidecreases witthe increase o
and increases witthe increase oD (Figure5.20). And the rate of the homogenizatiam the
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