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Abstract: TheTheTheThe paperpaperpaperpaper refersrefersrefersrefers totototo thethethethe dynamicsdynamicsdynamicsdynamics ofofofof solidsolidsolidsolid inclusioninclusioninclusioninclusion inininin thethethethe turbulentturbulentturbulentturbulent flowflowflowflow ofofofof liquidliquidliquidliquid metalmetalmetalmetal inininin inductioninductioninductioninduction

furnaces.furnaces.furnaces.furnaces. TheTheTheThe numericalnumericalnumericalnumerical analysisanalysisanalysisanalysis isisisis carriedcarriedcarriedcarried outoutoutout adoptingadoptingadoptingadopting LES-basedLES-basedLES-basedLES-based Euler-LagrangeEuler-LagrangeEuler-LagrangeEuler-Lagrange approachapproachapproachapproach inininin thethethethe limitlimitlimitlimit ofofofof

dilutedilutedilutedilute conditions.conditions.conditions.conditions. TheTheTheThe admixingadmixingadmixingadmixing ofofofof carboncarboncarboncarbon particlesparticlesparticlesparticles inininin inductioninductioninductioninduction cruciblecruciblecruciblecrucible furnacefurnacefurnacefurnace fromfromfromfrom thethethethe openopenopenopen surfacesurfacesurfacesurface ofofofof aaaa meltmeltmeltmelt isisisis

simulated.simulated.simulated.simulated. TheTheTheThe behaviourbehaviourbehaviourbehaviour ofofofof thethethethe particlesparticlesparticlesparticles inininin thethethethe bulkbulkbulkbulk ofofofof thethethethe flowflowflowflow isisisis illustratedillustratedillustratedillustrated asasasas wellwellwellwell asasasas comparedcomparedcomparedcompared withwithwithwith thethethethe

industrialindustrialindustrialindustrial observationobservationobservationobservation ofofofof thethethethe openopenopenopen surfacesurfacesurfacesurface ofofofof thethethethe alloy.alloy.alloy.alloy. TheTheTheThe paperpaperpaperpaper alsoalsoalsoalso containscontainscontainscontains thethethethe descriptiondescriptiondescriptiondescription ofofofof thethethethe novelnovelnovelnovel

experimentalexperimentalexperimentalexperimental technique,technique,technique,technique, whichwhichwhichwhich isisisis proposedproposedproposedproposed forforforfor thethethethe verificationverificationverificationverification ofofofof thethethethe numericalnumericalnumericalnumerical model.model.model.model. TheTheTheThe experimentexperimentexperimentexperiment dealsdealsdealsdeals withwithwithwith

ferromagneticferromagneticferromagneticferromagnetic particlesparticlesparticlesparticles inininin thethethethe flowflowflowflow ofofofof WoodWoodWoodWood’’’’ssss metalmetalmetalmetal inininin thethethethe smallsmallsmallsmall inductioninductioninductioninduction cruciblecruciblecruciblecrucible furnace.furnace.furnace.furnace. ThisThisThisThis experimentexperimentexperimentexperiment

confirmsconfirmsconfirmsconfirms thethethethe satisfactorysatisfactorysatisfactorysatisfactory agreementagreementagreementagreement withwithwithwith thethethethe numericalnumericalnumericalnumerical results.results.results.results.
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1 Introduction
TheTheTheThe presentpresentpresentpresent paperpaperpaperpaper dealsdealsdealsdeals withwithwithwith thethethethe transporttransporttransporttransport ofofofof solidsolidsolidsolid inclusionsinclusionsinclusionsinclusions inininin aaaa recirculatedrecirculatedrecirculatedrecirculated flowflowflowflow ofofofof metalmetalmetalmetal meltmeltmeltmelt inininin

thethethethe inductioninductioninductioninduction metallurgicalmetallurgicalmetallurgicalmetallurgical furnaces.furnaces.furnaces.furnaces. AllAllAllAll ofofofof themthemthemthem (induction(induction(induction(induction cruciblecruciblecruciblecrucible furnacefurnacefurnacefurnace –––– ICF,ICF,ICF,ICF, channelchannelchannelchannel inductioninductioninductioninduction
furnacefurnacefurnacefurnace –––– CIF,CIF,CIF,CIF, andandandand others)others)others)others) havehavehavehave thethethethe samesamesamesame physicalphysicalphysicalphysical principleprincipleprincipleprinciple ofofofof operationoperationoperationoperation and,and,and,and, consequently,consequently,consequently,consequently, thethethethe similarsimilarsimilarsimilar flowflowflowflow
distributiondistributiondistributiondistribution inininin thethethethe activeactiveactiveactive region.region.region.region. ThisThisThisThis turbulentturbulentturbulentturbulent flowflowflowflow hashashashas unsteadyunsteadyunsteadyunsteady structurestructurestructurestructure withwithwithwith twotwotwotwo meanmeanmeanmean vorticesvorticesvorticesvortices andandandand
intensiveintensiveintensiveintensive pulsationspulsationspulsationspulsations betweenbetweenbetweenbetween them.them.them.them. UmbrashkoUmbrashkoUmbrashkoUmbrashko etetetet al.al.al.al. [1][1][1][1] showedshowedshowedshowed thatthatthatthat thesethesethesethese pulsationspulsationspulsationspulsations areareareare responsibleresponsibleresponsibleresponsible forforforfor
thethethethe exchangeexchangeexchangeexchange ofofofof heatheatheatheat andandandand massmassmassmass betweenbetweenbetweenbetween thethethethe zoneszoneszoneszones ofofofof thethethethe eddieseddieseddieseddies andandandand generallygenerallygenerallygenerally ensureensureensureensure thethethethe homogeneityhomogeneityhomogeneityhomogeneity ofofofof
temperaturetemperaturetemperaturetemperature inininin thethethethe furnace.furnace.furnace.furnace. Moreover,Moreover,Moreover,Moreover, thethethethe twotwotwotwo parametricparametricparametricparametric turbulentturbulentturbulentturbulent modelsmodelsmodelsmodels (k-(k-(k-(k-εεεε,,,, k-k-k-k-ωωωω atatatat alias)alias)alias)alias) cannotcannotcannotcannot
simulatesimulatesimulatesimulate thesethesethesethese instabilities,instabilities,instabilities,instabilities, butbutbutbut thethethethe LargeLargeLargeLarge EddyEddyEddyEddy SimulationSimulationSimulationSimulation (LES)(LES)(LES)(LES) methodmethodmethodmethod shouldshouldshouldshould bebebebe usedusedusedused forforforfor solvingsolvingsolvingsolving fluidfluidfluidfluid
dynamicsdynamicsdynamicsdynamics andandandand thermalthermalthermalthermal problemsproblemsproblemsproblems inininin practicalpracticalpracticalpractical applications.applications.applications.applications. LaterLaterLaterLater KirpoKirpoKirpoKirpo etetetet al.al.al.al. [2][2][2][2] andandandand ŠčŠčŠčŠčepanskisepanskisepanskisepanskis etetetet al.al.al.al. [3][3][3][3]
analyzedanalyzedanalyzedanalyzed thethethethe redistributionredistributionredistributionredistribution andandandand thethethethe homogenizationhomogenizationhomogenizationhomogenization ofofofof solidsolidsolidsolid alloyingalloyingalloyingalloying admixturesadmixturesadmixturesadmixtures onononon thethethethe basisbasisbasisbasis ofofofof thethethethe samesamesamesame
hydrodynamichydrodynamichydrodynamichydrodynamic model.model.model.model. BothBothBothBoth paperspaperspaperspapers carriedcarriedcarriedcarried outoutoutout thethethethe particleparticleparticleparticle trackingtrackingtrackingtracking usingusingusingusing LES-basedLES-basedLES-basedLES-based Euler-LagrangeEuler-LagrangeEuler-LagrangeEuler-Lagrange
approachapproachapproachapproach inininin thethethethe limitlimitlimitlimit ofofofof dilutedilutedilutedilute conditionsconditionsconditionsconditions (one-way(one-way(one-way(one-way coupling).coupling).coupling).coupling). However,However,However,However, thethethethe setsetsetset ofofofof thethethethe forcesforcesforcesforces inininin thethethethe LagrangeLagrangeLagrangeLagrange
equationequationequationequation inininin thethethethe paperpaperpaperpaper [3][3][3][3] isisisis extendedextendedextendedextended inininin comparisoncomparisoncomparisoncomparison withwithwithwith thethethethe modelmodelmodelmodel inininin [2][2][2][2] bybybyby addingaddingaddingadding additionallyadditionallyadditionallyadditionally lift,lift,lift,lift,
accelerationaccelerationaccelerationacceleration andandandand addedaddedaddedadded massmassmassmass forces.forces.forces.forces. TheTheTheThe significancesignificancesignificancesignificance ofofofof suchsuchsuchsuch modelmodelmodelmodel’’’’ssss extensionextensionextensionextension isisisis statisticallystatisticallystatisticallystatistically provedprovedprovedproved inininin [4].[4].[4].[4].
TheTheTheThe simulatedsimulatedsimulatedsimulated resultsresultsresultsresults ofofofof thethethethe presentpresentpresentpresent paperpaperpaperpaper areareareare obtainedobtainedobtainedobtained usingusingusingusing thethethethe samesamesamesame modelmodelmodelmodel asasasas inininin [3,4].[3,4].[3,4].[3,4].

InInInIn spitespitespitespite ofofofof thethethethe numerousnumerousnumerousnumerous numericalnumericalnumericalnumerical resultsresultsresultsresults ofofofof thethethethe particleparticleparticleparticle motionmotionmotionmotion inininin thethethethe flowsflowsflowsflows ofofofof thethethethe metalmetalmetalmetal melts,melts,melts,melts, untiluntiluntiluntil
nownownownow theretheretherethere waswaswaswas nononono confidentconfidentconfidentconfident experimentalexperimentalexperimentalexperimental investigationinvestigationinvestigationinvestigation and,and,and,and, consequently,consequently,consequently,consequently, verification.verification.verification.verification. TheTheTheThe mainmainmainmain obstacleobstacleobstacleobstacle isisisis
thethethethe factfactfactfact thatthatthatthat thethethethe materialsmaterialsmaterialsmaterials thatthatthatthat conductconductconductconduct electricityelectricityelectricityelectricity wellwellwellwell areareareare notnotnotnot opticallyopticallyopticallyoptically transparent.transparent.transparent.transparent. TheTheTheThe onlyonlyonlyonly knownknownknownknown
method,method,method,method, yieldingyieldingyieldingyielding comparativecomparativecomparativecomparative success,success,success,success, hashashashas beenbeenbeenbeen developeddevelopeddevelopeddeveloped inininin TaniguchiTaniguchiTaniguchiTaniguchi’’’’ssss groupgroupgroupgroup (see(see(see(see e.g.e.g.e.g.e.g. [5]).[5]).[5]).[5]). ItItItIt providesprovidesprovidesprovides anananan
opportunityopportunityopportunityopportunity totototo experimentallyexperimentallyexperimentallyexperimentally investigateinvestigateinvestigateinvestigate experimentallyexperimentallyexperimentallyexperimentally thethethethe raterateraterate ofofofof thethethethe particleparticleparticleparticle depositiondepositiondepositiondeposition inininin aaaa turbulentturbulentturbulentturbulent
flowflowflowflow ofofofof liquidliquidliquidliquid metalmetalmetalmetal underunderunderunder EMEMEMEM force.force.force.force. However,However,However,However, becausebecausebecausebecause thethethethe resultsresultsresultsresults areareareare obtainedobtainedobtainedobtained bybybyby cuttingcuttingcuttingcutting solidifiedsolidifiedsolidifiedsolidified liquid,liquid,liquid,liquid,



itititit isisisis impossibleimpossibleimpossibleimpossible totototo receivereceivereceivereceive anyanyanyany informationinformationinformationinformation aboutaboutaboutabout thethethethe dynamicsdynamicsdynamicsdynamics ofofofof thethethethe processprocessprocessprocess insideinsideinsideinside thethethethe meltmeltmeltmelt usingusingusingusing suchsuchsuchsuch
experimentalexperimentalexperimentalexperimental technique.technique.technique.technique. Finally,Finally,Finally,Finally, thethethethe presentpresentpresentpresent paperpaperpaperpaper proposesproposesproposesproposes thethethethe experimentalexperimentalexperimentalexperimental technique,technique,technique,technique, whichwhichwhichwhich isisisis basedbasedbasedbased onononon
thethethethe useuseuseuse ofofofof ferromagneticferromagneticferromagneticferromagnetic particles.particles.particles.particles. TheTheTheThe techniquetechniquetechniquetechnique andandandand thethethethe resultsresultsresultsresults areareareare describeddescribeddescribeddescribed inininin detaildetaildetaildetail below.below.below.below.
2222 AdmixingAdmixingAdmixingAdmixing ofofofof thethethethe CarbonCarbonCarbonCarbon ParticlesParticlesParticlesParticles inininin thethethethe SteelSteelSteelSteel AlloyAlloyAlloyAlloy inininin ICFICFICFICF

Steel is produced by admixing the carbon and some other elements in an iron alloy. According to widespread
induction technology the carbon particles are placed on the open surface of the liquid metal in the same ICF,
where it was previously melted. Then the intensive turbulent flow of alloy mixed the solid particles into the melt
in spite of their low density. Apparently, it is important to achieve the homogeneous distribution of the inclusions
to ensure high quality of the alloy. Furthermore, it is desirable to reduce the time of mixing in order to decrease
the energy consumptions and prevent the melt from excessive overheating. The carbon has a low conductivity,
moreover, transitional resistance appears on the surface. Therefore the EM force is applied in the Lagrange
equation as for a non-conductive particle. Other details of the model are discussed in the Introduction.

Fig.Fig.Fig.Fig.1111 compares the simulation of the carbon admixing process in steel with the appropriate industrial
observations, which were made by Otto Junker GmbH. As the liquid steel is not transparent, we can compare only
the behaviour of the particles on the open surface of the steel during the initial stage of the process (Fig.1 (a) and
(b)). The results qualitatively agree, so we can analyze the motion in the bulk of the crucible, which is invisible
(Fig.1 (c)). Initially the flow drives the cloud of inclusions to the corner between the free surface and the wall,
after that the intensive turbulent flow takes it inside and moves along the wall to the middle zone of the crucible.
As it is shown in [1], the most intensive axial turbulent pulsations are observed exactly in this region. These
pulsations carry out the exchange of the particles between the two mean eddies and thereby homogenize the
distribution of the inclusions with the lapse of time. The homogenizations of the particles with different densities
and sizes between the eddies has been carefully analyzed in [3].

3333 ExperimentalExperimentalExperimentalExperimental VerificationVerificationVerificationVerification ofofofof thethethethe ModelModelModelModel
The small 9 cm wide and 10 cm high crucible (that is a height of the melt) and the 4 kHz generator were used

for the experiment. The inductor had 6 turns and was the same height as the crucible. The 432 A current was
applied in the inductor that corresponds to the induced power of 1.3 kW. The crucible was filled with the Wood’s
metal (50% Bi - 26.7% Pb – 13.3% Sn – 10% Cd eutectic), which becomes liquid at 70°C.

10.5 g of the spherical iron particles with diameter 250- 350 µm were put on the open surface of the liquid
metal that corresponds to the industrial case. The power of ICF was switched on when the particles were already
on the surface, it was done in the attempt to reduce the operation time of the furnace and thereby avoid the Wood’s
metal from dangerous overheating. Obviously, this case differs from industrial conditions, where the inclusions
are usually put on the surface of the already stirring metal. However, the measurements of the particle
concentration were done at 11 s, when the transition regime was already passed. The local 4 ml probes of the
particle laden Wood’s metal were taken. The iron particles were collected from the liquid sample using strong
permanent magnet and counted after that.

Generally the influence of EM field on the particles is included in the Lagrange equation as following force:
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where jjjj0 and BBBB0 are the amplitudes of induced current and magnetic flux, σ’’ and σ’ are the conductivity of the
liquid and the particle respectively, µ and µ0 are the magnetic permeability of the particle and a vacuum
respectively. The poor conductive (σ’ « σ’’) inclusions are usually used in the metallurgical applications, and they



are non-magnetic (µ = µ0). Thereby the equation (1) is reduced to the following expression:
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(a) Snapshots of industrial process (courtesy Otto Junker GmbH);

(b) Simulated results, view from the top of the furnace; (c) Particles in the bulk of the flow, view from the side of furnace.

Fig.Fig.Fig.Fig. 1111 TTTThehehehe admixingadmixingadmixingadmixing ofofofof thethethethe 100100100100 µµµµmmmm carboncarboncarboncarbon particlesparticlesparticlesparticles intointointointo thethethethe steelsteelsteelsteel alloyalloyalloyalloy inininin ICFICFICFICF

However, the iron particles are used in the experiment. Iron is a good conductor (σ’ > σ’’) and a ferromagnetic
material (µ » µ0). It should be pointed out that the conductivity of iron is several times higher than the
conductivity of Wood’s metal, but due to the partial wetting and the transitional resistance we can assume the
equal conductivity of the particle and the liquid. Therefore (1) for this type of particles can be reduced to
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As it is shown on Fig.2Fig.2Fig.2Fig.2, the magnitude of EM force for the non-conductive inclusions (f1) almost coincides
with the force for the ferromagnetic particles (f2). Therefore the iron particles can be used like a physical model of
the typical metallurgical inclusions in the induction furnaces.

Fig.3Fig.3Fig.3Fig.3 compares the experimental results and the appropriate simulation. The conditions and the EM
parameters in the simulation are the same as in the physical experiment. 3 curves on the Fig.3 correspond to the
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radial distribution of the inclusions at different depths: 3 cm (upper eddy), 5 cm (middle of the crucible) and 7 cm
(lower eddy) from the surface. The experimental and simulated curves are in the satisfactory agreement to each
other in all points except one: on the axe of symmetry in the zone of the upper eddy (the left point on Fig.3a).

Fig.Fig.Fig.Fig. 2222 MMMMagnitudesagnitudesagnitudesagnitudes ofofofof thethethethe radialradialradialradial componentcomponentcomponentcomponent ofofofof thethethethe EMEMEMEM forceforceforceforce densitydensitydensitydensity forforforfor non-conductivenon-conductivenon-conductivenon-conductive &&&& non-magneticnon-magneticnon-magneticnon-magnetic ((((ffff1111)))) andandandand forforforfor

well-conductivewell-conductivewell-conductivewell-conductive &&&& ferromagneticferromagneticferromagneticferromagnetic ((((ffff2222)))) particlesparticlesparticlesparticles atatatat thethethethe middlemiddlemiddlemiddle ofofofof thethethethe smallsmallsmallsmall crucible.crucible.crucible.crucible.

(a) 3 cm from the surface (upper eddy); (b) 5 cm from the surface (middle); (c) 7 cm from the surface (lower eddy).

Fig.Fig.Fig.Fig. 3333 TheTheTheThe distributiondistributiondistributiondistribution ofofofof sphericalsphericalsphericalspherical 300300300300±±±±50505050 µµµµmmmm inclusionsinclusionsinclusionsinclusions inininin ICFICFICFICF atatatat 11111111±±±±2222 ssss fromfromfromfrom thethethethe beginningbeginningbeginningbeginning ofofofof stirringstirringstirringstirring (quasi-stationary(quasi-stationary(quasi-stationary(quasi-stationary

regime).regime).regime).regime). TheTheTheThe volumevolumevolumevolume ofofofof thethethethe samplesamplesamplesample isisisis 4444±±±±1111 ml.ml.ml.ml.

4444 ConclusionsConclusionsConclusionsConclusions
(1)(1)(1)(1) TheTheTheThe numericalnumericalnumericalnumerical resultsresultsresultsresults ofofofof thethethethe carboncarboncarboncarbon admixingadmixingadmixingadmixing fromfromfromfrom thethethethe openopenopenopen surfacesurfacesurfacesurface ofofofof thethethethe steelsteelsteelsteel meltmeltmeltmelt inininin ICFICFICFICF areareareare inininin

aaaa goodgoodgoodgood qualitativequalitativequalitativequalitative agreementagreementagreementagreement withwithwithwith thethethethe industrialindustrialindustrialindustrial observationobservationobservationobservation ofofofof thethethethe particleparticleparticleparticle dynamicsdynamicsdynamicsdynamics onononon thethethethe surfacesurfacesurfacesurface ofofofof thethethethe
meltmeltmeltmelt.... ThereforeThereforeThereforeTherefore thethethethe calculationscalculationscalculationscalculations cancancancan alsoalsoalsoalso givegivegivegive aaaa relevantrelevantrelevantrelevant conceptionconceptionconceptionconception ofofofof thethethethe redistributionredistributionredistributionredistribution ofofofof thethethethe inclusioninclusioninclusioninclusion inininin
thethethethe bulkbulkbulkbulk ofofofof thethethethe melt.melt.melt.melt.

(2)(2)(2)(2) TheTheTheThe ironironironiron particlesparticlesparticlesparticles cancancancan bebebebe usedusedusedused asasasas aaaa physicalphysicalphysicalphysical modelmodelmodelmodel forforforfor thethethethe trackingtrackingtrackingtracking ofofofof non-conductivenon-conductivenon-conductivenon-conductive inclusionsinclusionsinclusionsinclusions inininin
ICF.ICF.ICF.ICF. TheTheTheThe experimentalexperimentalexperimentalexperimental resultsresultsresultsresults areareareare inininin aaaa satisfactorysatisfactorysatisfactorysatisfactory agreementagreementagreementagreement withwithwithwith thethethethe simulations.simulations.simulations.simulations. However,However,However,However, thethethethe
experimentalexperimentalexperimentalexperimental investigationinvestigationinvestigationinvestigation andandandand verificationverificationverificationverification willwillwillwill bebebebe continuedcontinuedcontinuedcontinued....
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