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ABSTRACT

Currently,themarketdemandsforlargeＧscaleandhighＧqualityslabingotsareincreasingsignificantly．A
novelelectroslagremeltingwithdrawal(ESRW) processwithtwoseriesＧconnectedelectrodesandaTＧ
shapedmouldwasdevelopedtoproducelargeＧscaleandhighＧqualityslabingots．ItisverydifficulttoobＧ
tainlargeslabingotswithgoodsurfacequalityandhighwidthＧtoＧthicknessratio．Anditisnotefficientfor
improvingthequalityofslabingotsbyusingtrialＧandＧerrorＧbasedapproachesbecausetheESRW mechaＧ
nismsareverycomplex．Thus,athreeＧdimensionalmathematicalmodelwasdevelopedtodeterminethe
relationshipbetweenprocessparametersandphysicalphenomenaduringtheESRWprocess．TherelationＧ
shipbetweenthetemperaturefieldoftheESRWprocessandthesurfacequalityofslabingotswasestabＧ
lished．AgoodagreementbetweenthesimulatedandmeasuredtemperaturefieldsofslabingotswasobＧ
tained．Theresultsindicatethatthemaximumvaluesofcurrentdensity,electromagneticforceandJoule
heatalloccurattheelectrodeＧslaginterfacebetweenthetwoelectrodes．Itcanbefoundthattheflowis
turbulentandthetemperaturedistributionisuniformintheslagpoolwiththeinfluencesofbuoyancyand
electromagneticforce．ThewrinklesinthenarrowfacesofslabingotsarecausedbytherelativelylowerinＧ
putpower．Increasingtheelectrodewidthandreducingthecurvaturecansignificantlyimprovethesurface
qualityofslabingots．

１．Introduction
　DemandshaveincreasedinrecentyearsforlargeＧ
scale,highＧqualityslabingotsinthefieldsofdiesteel,
pressurevesselsandnuclearpower．A１２Cr２Mo１R
heavyplatehasbeenwidelyappliedinhydrogenaＧ
tionreactorsbecauseofitsexcellentantihydrogen
andtemperingstabilitycharacteristics[１] ．Owingto
therestrictionofthecompressionratioofcontinuＧ
ouscastingslabs,rawmaterialsforproducinghighＧ
quality１２Cr２Mo１RheavyplatesstillrelyonlargeＧ
scaleslabingots．Theelectroslagremelting withＧ
drawal(ESRW) processwithtwoseriesＧconnected
electrodesandaTＧshapedmouldisanewtechnoloＧ
gytoproducelargeＧscaleslabingotsbasedonconＧ
ventionalelectroslag metallurgytechnology．Ithas
beenprovedthatthetechnologywillenhancetheefＧ
ficiencyand metalyield ofelectroslagremelting
(ESR) significantly, andproducehighＧqualityand
largeＧscaleslabsforsubsequentrolling[２,３] ．The
greatesttechnicaldifficultyinfabricatingslabingots

liesinenforcingauniformtemperaturebetweenthe
centerandtheedgebecausethewidthＧtoＧthickness
ratioisoftenverylarge(＞８∶１)．Therefore,good
surfacequalityisdifficulttoachieveforlargeＧscale
slabingots．TwoseriesＧconnectedelectrodesanda
TＧshaped mouldareusedtoimprovethesurface
quality, whichisanimportantbenefitofthistechＧ
nology．However,themechanismsinvolvedarevery
complexbecauseESRWtechnologyhascharacterisＧ
ticsofbothelectroslagremeltingandcontinuous
casting．Moreover,productionofslabingotsbyESＧ
RWresultsinacomplexdistributionofelectriccurＧ
rents, magneticfields, temperatures, and flow
fieldsintheslagand molten metalpools．ToimＧ
proveslabquality,itisimportanttounderstandthe
relationshipbetweentheprocessparametersofESＧ
RWanditsphysicalphenomena．
　Mostresearchhasfocusedontheinfluenceofthe
processparametersontheinternalqualityoftheESR
ingots[４Ｇ７] ．However,theirinfluenceonthesurface
qualityofESRingotislessfrequentlyresearched．
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ThequalityofESRingotisdependentontheshape
ofthemolten metalpool．InthetraditionalfixedＧ
mouldESR process, methodstoimprovesurface
andinternalqualitiesoftheESRingotareofteninＧ
consistent．ReducingthemeltingspeedoftheconＧ
sumableelectrodeshasoftenbeenusedtoimprove
theinternalquality[８] ,suchassegregationcontrolＧ
lingandcompactstructure,ofESRingots．HowevＧ
er,surfacedefectsoccureasilywhenslowremelting
speedsareused．Theshapeofthemoltenmetalpool
changesgraduallyin thetraditionalfixedＧmould
ESRprocess;thus,itisdifficulttoachievethecritＧ
icalbalancebetweensurfacequalityandinternal
quality．Forexample, Lietal􀆰[９]indicatedthatthe
shapeofthemolten metalpoolchangedfromarc
shapetoVshapewithincreasingingotheight．ESＧ
RWtechnologycansolvetheaboveproblems, beＧ
causethe ESRW processleadstoaquasiＧsteady
statewhilestripping．Mostresearchhasfocusedon
smallwidthＧtoＧthicknessＧratioESRingots,suchas
round[７,１０,１１] andsquarebillets[１２,１３] ,butresearchon
largewidthＧtoＧthicknessＧratioESRbilletshasrarely
beenreported．However,thetemperaturefieldofa
largewidthＧtoＧthicknessESRbilletisdifferentfrom
thatofasmallwidthＧtoＧthicknessESRingot．
　MathematicalmodelingisavaluabletoolforenＧ
hancingfundamentalunderstanding oftheingot
productionprocessandanalyzingtheeffectsofvariＧ
ousfactorsoningotquality[１４,１５] ．Inthisstudy, a
mathematicalmodelwasdevelopedfordescribing
theinteractionofmultiplephysicalfieldsduringthe
ESRWslabingotprocess,assuminga３Ｇdimensional
geometryandaquasiＧsteadystate．TheelectromagＧ
neticfield, magneticallydrivenfluidflow,andheat
transferwerecalculated, andthecharacteristicsof
velocityandtemperature distribution duringthe
processweredetermined．Basedontheresultsof
numericalsimulation,therelationshipbetweenthe
processparametersandthesurfacequalityofslab
ingotswasanalyzed．Afterapplyingtheoptimized
processparameterstoanindustrialtestofESRWat
aplantinChina,itwasfoundthatboththesurface
qualityandtheinternalqualityoftheslabingots
weresatisfactory．

２．MathematicalModel

２􀆰１．Geometricmodel

　TheprincipalcomponentsofanESRW system,
asshowninFig􀆰１(a),includetwoconsumableelecＧ
trodes,amoltenslagpool, aliquidmetalpool, a
solidifiedingot, a TＧshaped waterＧcooled mould,
andadrawingdevice．ThealternatingcurrentispasＧ
sedfromoneelectrodethroughthemoltenslagto
anotherelectrode, andJouleheatoccursbetween
thetwoelectrodes．Asolidifiedingotisgradually

strippedfromthemouldbottom．AsshowninFig􀆰１,a
３Ｇdimensional, axisymmetricfiniteelement model
wasestablished,pertainingtohalfgeometrymodel．
Frontandsideviewsofthesimplifiedentitymodel
areshowninFig􀆰１(a,b),respectively．DetailedgeＧ
ometricdimensionsandprocessparametersofESＧ
RWarelistedinTable１．InthemeshofthecalculaＧ
tiondomain,thegridsizeoftheliquidslag,theinＧ
got,andtheinterfacebetweenslagandelectrodes
was２０,２５,and５mm,respectively．

(a)Sideview; 　 (b) Frontview．
Fig􀆰１．　Simplifiedentitymodel．

Table１
Detailedgeometricdimensionsandprocessparameters
ofESRW

　 Parameter Value

　 Slagdepth/mm ２００
　 Heightofbottom mold/mm ４００
　 Slabthickness/mm ３３０
　 Slabwidth/mm １４３０
　Inserteddepthofelectrode/mm １５
　 Slabheight/mm １０００
　 Electrodewidth/mm １３７０
　 Electrodethickness/mm １５０
　 Electrodeinterval/mm ６０
　 Voltageofslagpool/V ６０

２􀆰２．Fundamentalassumptions

　Themathematicalmodeltobedescribedisbased
onthefollowingassumptions:
　 (１) TheprocessofESRWisinquasiＧsteadystate．
　 (２) Thetemperatureoftheslagcontactingwith
thebottomoftheelectrodesistheliquidustemperaＧ
tureofsteel．
　 (３) Theinterfaceofmetalandslagishorizontal．
　 (４) Thethermalphysicalpropertyisrelatedonly
totemperature．
　 (５) Theheatsourcesaredescribedasheatedmetal
carriedintothemoltenmetalpoolbydropletsand
latentheatreleasedduringtheprocessofsolidificaＧ
tionembodiedintheheatＧtransferequation．
　 (６) HeattransferofthemoltenmetalpoolistreaＧ
tedasconduction,andtheheattransfercoefficient
isreplacedwithaneffectiveheattransfercoefficient．
　 (７) Theflowintheslagpoolisturbulent,and
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