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ABSTRACT

Atthelatestageofcontinuouscasting (CC)ladleteeming, sinkvortexcansucktheliquidslaginto
tundish,andcausenegativeinfluencesonthecleanlinessofmoltensteel．Toaddressthisissue,atwoＧ
phasefluidmechanicalmodelingmethodforladleteemingwasproposed．Firstly,adynamicmodelforvorＧ
texsuctionprocesswasbuilt,andtheprofilesofvortexflowfieldwereacquired．Then,basedonthelevel
setmethod(LSM),atwoＧphase３Dinterfacecouplingmodelforslagentrapmentwasbuilt．Finally,in
combinationwithhighＧorderessentiallynonＧoscillatory (ENO) andtotalvariationdiminishing (TVD)
methods,aLSMＧbasednumericalsolutionmethodwasproposedtoobtainthe３DcouplingevolutionreguＧ
laritiesinvortexsuctionprocess．Numericalresultsshowthatthevortexwithhigherkineticenergycan
formanexpandedsandglassＧshaperegionwithlargerslagfractionandlowerrotatingvelocity;thereisa
pressureoscillationphenomenonatthevortexpenetrationstate, whichiscausedbytheenergyshockof
twoＧphasevortexpenetrationcoupling．

１．Introduction
　Continuouscasting(CC),alsocalledstrandcastＧ
ing,istheprocesswherebymoltenmetalissolidiＧ
fiedintoasemifinishedbillet, bloom, orslabfor
subsequentrolling[１,２] ．Theoxidesandimpuritiesin
moltensteelcanformliquidslagthathassmaller
densityandfloatsonthemoltensteel[３] ．ApparentＧ
ly, slagand moltensteelconstructaliquidＧliquid
twoＧphaseflow．When moltensteelflowsintoa
tundish, it willcreateasink vortex byinertial
force,gravityandCoriolisforce[４,５] ．Thevortexcan
breakoutthesurfaceofthetwoＧphaseflow, and
thentheslaggoesthroughthevortexcenterbyvorＧ
texsuction, whichisthesoＧcalledslagentrapment
phenomenon．Itnotonlycausesnegativeinfluences
onthecleanlinessof moltensteel, butalsocan
makeCCproductionhaltinspecialconditions[６,７] ．
　Tosolvethisproblem, manyresearcheshave
beenperformed．Inthelate１９００s, Yeetal[８,９]carＧ
riedout water modelexperimentsandconcluded
thatrestrainingthesinkvortexwasaneffectivemethＧ
odtopreventslagentrapment．In２００４, Mazzaferroet
al[１０]simulatedandanalyzedtheconditionsofvorＧ

texformation,andinvestigatedtheinfluenceofgeoＧ
metricalandflowparametersontheamountofwasＧ
tedsteel．In２００６,researches[１１,１２]indicatedthatthe
angularvelocitieswereresponsiblefortheformation
anddevelopmentofsinkvortex．In２０１０, Linet
al[１３] researchedthe mainfactorsinfluencingthe
sinkvortexbywaterＧmodelmethodandconfirmed
thattheinitialflowfieldconditionscoulddetermine
thegeometricalscaleofsinkvortex．In２０１２, Wang
etal[１４] establishedaladleteemingphysicalmodel
andconcludedthattheincrementoftheoutletflux
wouldpromotethevortexcriticalaltitude．In２０１３,
Moralesetal[１５] performed water modelingand
mathematicalsimulationstorevealthemechanisms
ofvortexdrainandsinkdrainflows．Tanetal[１６]

developedanautomaticwaterＧmodelplatform and
proposedanimprovedsimulatedannealingartificial
neuralnetwork (SAＧANN) algorithmtorecognize
thevibrationsignalofvortexshock process．In
２０１６, Lietal[１７] foundthattheCoriolisforcehad
littleeffectonvortexformation,andtheinitialtanＧ
gentialdisturbancewasthemainfactor．
　ThephysicalparametersofladleflowfieldconＧ
taintwoＧphasefraction, pressure, velocity,trajecＧ
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toryandturbulenceintensity．Itiswellknownthat
theflowfieldcharacteristicsofmoltensteelinladle
areinvisible．Therefore,itishardtomeasurethese
parametersdirectly, andtheprofilesofladleflow
fieldcanonlybeobtainedbyindirectmethods[１８,１９] ．
Generally,physicalsimulationandnumericalmodＧ
elingareusedtoanalyzetheflowfield．Theformer
oneisintuitiveandcredible, buthasahighcost．
Thelatteroneiswithlowcostaswellaseasyto
calculate,andcansimulatesomespecialconditions．
ToguaranteetheeffectivenessofnumericalsimulaＧ
tion,itshouldberevisedandoptimizedaccordingto
thecharacteristicsofactualobjects[２０Ｇ２２] ．
　Thus,itcanbeinferredthatcurrentstudieson
sinkvortexinladleteeming mainlyfocusonthe
physicalsimulation,numericalmodelingandvortex
formationfactors．Therearenoresearchreportsabout
thetwoＧphasevortexsuction mechanismandnonＧ
linearcouplingregularitiesforladleteeming．ThereＧ
fore,itisnecessarytoresearchthevortexsuction
phenomenon, andacquirethecouplingevolution
regularitiesoftwoＧphase (slagＧmoltensteel) flow．
Apparently,thetwoＧphasevortexsuctionprocessis
acomplexfluidmechanicalissuewithhighlynonlinＧ
earfeatures, and the modelingＧsolving requires
largecomputationload．Inthispaper,thelevelset
method(LSM) wasintroducedintonumericalanalＧ
ysisofladleteeming, andatwoＧphasefluid meＧ
chanicalmodelingmethodwasproposed．

２．StudyObjective
　TakingthearcCCmachineasaninstance,asshown
inFig１,thestudyobjectiveistheincompressible
fluidflow phenomenonindifferentfinitephysical
spaces,ie．thesteelstreaminladleflowsintoa
tundishthroughshroudpipe,asshowninFig２．

１—Ladle;　２—Tundish;　３—Mould;　４—Vibrationexciter;
５—Coolingapparatus;　６—Rollleveler;　７—Slab;　８—Cutter．

Fig１．　ProductionflowofarcCCmachine．

Fig２．　Schematicofsinkvortexsuctioninladleteeming．

　Thereareapparentphysicalpropertydifferences
betweenmoltensteelandslag,andtherelatedpaＧ
rametersareshownin Table１[２３,２４] ．Inorderto
makethemodelhavesimilarflowphenomenaordyＧ

Table１
Physicalparametersofmoltensteelandliquidslag

Phase Density/(kgm－３) Absoluteviscosity/(Pas) Kinematicviscosity/(m２s－１) Surfacetension/(Nm－１)

Moltensteel ７１０×１０３ ２２５×１０－３ ０３２×１０－６ １２５
Liquidslag (２８０－３２０)×１０３ ００５－０４０ (１７９－１２５０)×１０－５ ０３－０６

namiccharacteristicswiththeprototype,thehydroＧ
dynamicsimilarity principlesshould besatisfied,
whichincludegeometricsimilarity, kinematicsimiＧ
larityanddynamicsimilarity[２５Ｇ２７] ．BasedonthesimＧ
ilarityprinciples,theinitialvelocitycomponentsand
boundaryconditionsfornumericalsimulationcanbe
determined．
　Intheprocessofladleteeming,thefluidflowis
affectedbytheinertialforce, gravity,viscousforce
andsurfacetension．TheseforcesformsomesimilarＧ
itycriterionnumbersforfluidflow,suchasReynＧ
oldsnumber, Froudenumber, Webernumberand

Strouhalnumber[２８,２９] ．SincethemainfactorsofvorＧ
texformationareinertialforceand gravity, the
modelshouldkeepthesameFroudenumberasthe
prototype．Inthispaper,aladleoftheSteelmaking
PlantNo２ofWuhanIronandSteelGroupwaschoＧ
senastheresearchobjective,andthegeometricpaＧ
rametersarelistedinTable２．

３．FluidMechanicalModels

３１．Controlequations

　Steelstreamisatypicalincompressibleviscousfluid
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