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ABSTRACT

Anumericalsimulationwasperformedtostudytheflowpattern, mixingtimeandopenＧeyeslagproＧ
ducedbyargongasinjectioninanindustrialscalesteelladleundernonＧisothermalconditions．TheliqＧ
uidsteelremains５minbeforetheinjection,andthermalstratificationandconvectiveflowswereanaＧ
lyzed．ThreedifferentsequencesinstagesemployingvariousargonＧgasflowratesweresimulated．In
thefirstcase,asequencewiththehighestflowratesofargonwasapplied, whileinthesecondand
thethirdsequences,theintermediateandthelowestflowratesofargongaswereused,respectively．
Fordeterminingthechemistryhomogenization,themixingtimewascomputedandanalyzedinall
threecases．ItwasfoundthatthecoldsteelislocatednearthewallswhilethesteelwithahightemＧ
peratureisaccumulatedinthecenteroftheladleabovetheargonＧgastuyere．Thehigherandlower
flowspromoteafasterchemistryhomogenizationowingtothesecondaryrecirculationsthataredevelＧ
opedclosertothewalls．Theresultsfromsteeltemperaturedropshowagoodconcordancewithplant
trialmeasurements．

１．Introduction
　Heatlossfromsteeltotherefractorywallsduring
theholdingtimebeforetheteemingpromotesthe
thermalstratificationintheladleandthis may
stronglyinfluencetheladlestreamtemperature．It
isdesirablethatthechangeoftheladlestreamtemＧ
peraturewithtimeshouldnotbegreatinorderto
obtainsmallvariationsofthetundishtemperature．
Manystudies[１Ｇ１１] havefocusedonquantitativeheat
lossin metallurgicalladlesduringthestirringand
holdingtimeusing mathematicalmodels．ThereＧ
sultsobtainedhavebeenusedasboundarycondiＧ
tionstoestimatethetemperaturedropinthemetal
bath．Inthesecondarysteelmakingladle, besides
chemicalreactions, some physicaland physicalＧ
chemicalprocessesareofimportance,ie．,homogeniＧ
zationofcompositionandtemperature,separationof
nonmetallicparticlesfromsteelmelt,lossandgain
ofheatcontentofthemelt,anddissolutionofalloＧ
yingelements[１２] ．Therefore,toenhancetherateof
thereactionsintheladle,theladlecanbeequipped

withgasinjectionatthebottom．Whenascending
bubblesdragliquidwiththem, aninvertedcone,
calledplume,formsfromagas/liquidmixture．This
plumecausesarecirculatingflow wheretheliquid
ascendsbythegasandthendescendsalongthevesＧ
selwalls．Earlystudies[１３Ｇ２５] of mathematicaland
physicalsimulationtounderstandthephenomenaof
fluidflowintorefiningladlewereconductedintwoＧ
phase２ＧD models．Therearemathematicalmodels
in３ＧDthatincludesthreephases: steel, slagand
gas;thesemodelscomputethetemperaturedrop,
mixingtime, flow patterns and slag eye aperＧ
ture[２６Ｇ３２] ．Panetal[２６] employednumericalsimulaＧ
tiontoinvestigateparametersthatmayhavesignifiＧ
cantinfluencesonheatlossrate,thermalstratificaＧ
tionandteemingstreamtemperatureinsteelladle．
TheyfoundthatanincreaseinthehotfacetemperaＧ
tureintherangeof２００°Cwouldgenerallyresultin
anearly３°Chigherteemingstreamtemperature,
andalsoathickerslaglayerledtoasmallerdrop
rateoftheteemingstreamtemperature, andvice
versa．Lastly,theholdingtimehasagreatinfluence
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ontheinitialleveloftheteemingstreamtemperaＧ
ture,butwithasmalleffectonthedroprateofthis
temperature．Putanetal[２８] combineda１ＧDmodelto
calculatetheheatlossthroughrefractorywitha３ＧD
modeltostudythefluidflowduringholdingtimeand
castingperiod．Theyreportedthatafter１０ min, the
differenceoftemperatureis９°Candthemovement
ofthefluidalloy, owingtoitsflowingoutofthe
cast,leadstoamixingprocessallowingdiminishing
oftheexistentstratification．MaldonadoＧParraet
al[３０] developeda mathematicalmodeltoinvestiＧ
gatetheinfluenceofthenumberofporousplugsand
itsradialpositiononboththermalandchemical
mixingphenomena,consideringthelocalizedsource
ofheatingfromthreeelectrodesinanindustriallaＧ
dle．Theyreportedthatthermalmixingisimproved
withoneporouspluginthecenteroftheladlebeＧ
causegasplumesactasthermalbarrierswhentwo
andthree porous plugsareincluded．Also, the
chemicalmixingisimprovedwithoneporousplug
locatedataradialposition of０６７．Tripathiet
al[３２] developedamathematicalmodelinanindusＧ
trialladletostudythecompletedcycle,ie．from
preheatingtoteemingandsubsequenttapping．They
observedalinearfallintemperaturewiththetime
fromtappingstarttoendofholdingperiod．ThereＧ
sultforvaryingslagthicknessshowsaminorreducＧ
tioninthetemperaturedropofmoltensteelasthe
slagthicknessisincreasedfrom４０to８０mm．Also,
theeffectontemperaturedropofmoltensteelwas
foundtobeinsignificant．
　Thepurposeofthepresentworkwastostudythe
thermalandchemicalhomogenizationusingargoninjecＧ
tionsequencesasitisusedintheindustry．FourＧphase
(air,slag,steelandargonＧgas)３ＧDnumericalsimＧ
ulationwasperformedinametallurgicalladlewith
threedifferentsequencesvaryingtheflowrate,and
thetemperaturedropintheliquidsteelagreeswell
withindustrialmeasurementsforthedifferentseＧ
quencesemployed．Thestudyinvolvedtheholding
timethermalstratificationandtheheatlossesonthe
sidewallsandbottom,fromtheladle．ThefluidpatＧ
tern,themixingtimeandthethermalstratification
withgasinjectionbytwotuyereswereanalyzed．

２．MathematicalModel
　Inthepresentwork,thefollowingassumptions
areconsideredforthefourＧphasemodel(air, steel,
slag,argonＧgas):
　(１) ThegeometrywasdevelopedinathreeＧdiＧ
mensionalCartesiancoordinatesystem．
　(２) ThefluidinsidetheladleisNewtonianfluid．
　(３) Theflowisfullyturbulent．
　(４) ThestateisnonＧisothermal．
　(５) Noslipoccursonallsurfaces．
　(６) Thegravitationalforceactsonlyonnegative

yＧaxis．
　(７) Theinterfacialtensionsbetweenthefluidswere
considered．
　(８) Gaswasinjectedthroughtuyeresinsteadof
porousplug．

２１．Governingequations

　Tosolvethefluiddynamicsofthesystem,aset
ofNavierＧStokesequationswereused．
　(１) Continuityequation

　　
∂ρ
∂t＋ρ(∇u)＝０ (１)

　 (２) Momentumequation

　　ρ
∂u
∂t＋ρ[u∇]u＝－∇P＋μeff∇２u＋ρg (２)

where,ρisthefluiddensity;urepresentstheveＧ
locity;tisthetime;Pandgrepresentthepressure
andthegravityacceleration,respectively;andμeffis
theeffectiveturbulentviscosity．
　 (３) Turbulentequations
　ThestandardtwoＧequationkＧε modelisusedto
modelturbulence, whichsolvestwoequationsfor
thetransportofturbulentkineticenergy,k,andits
dissipationrate,ε,toobtaintheeffectiveviscosity
field;therefore,μeffisthesumofthemolecularvisＧ
cosityμandturbulentviscosityμt:

　　μeff＝μ＋μt＝μ＋ρCμ
k２

ε
(３)

whereCμ ＝００９．Finally, Eq(３)isemployedto
solvetheturbulencemodel．
　Turbulentkineticenergy
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where, Gk isthegenerationofturbulencekinetic
energyowingtothemeanvelocitygradients,
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　Kineticdissipationrate
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where,xiandxjaretheCartesiancomponentsof
thevelocity;C１ε,C２ε,σk,andσεaretheempirical
constants, whosevaluesare１３８,１９２,１００and
１３０[２９] ,respectively．
　 (４) Volumeoffluid(VOF) model
　TheVOFformulationreliesonthefactthattwo
ormorefluidsorphasesarenotinterpenetrating．
Foreachadditionalphaseaddedtothemodel,anew
variableisintroduced(thevolumefractioninthecomＧ
putationalcell)．Acontinuityequationhastobesolved
forthevolumefractionofoneormoreofthephases,
　　∂αq/∂t＋u∇αq＝Sαq/ρq (７)
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