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Abstract:The３DturbulencekＧεmodelflowofthesteelmelt(continuousphase)andthetrajectoriesofindividualgas
bubbles(dispersedphase)inacontinuouscastingmoldweresimulatedusinganEulerianＧLagrangianapproach．Inorder
toinvestigatetheeffectofbubblesizedistribution,theradiiofbubblesaresetwithaninitialvalueof０􀆰１－２􀆰５mmwhich
followsthenormaldistribution．Thepresentedresultsindicatethat,inthesubmergedentrynozzle(SEN),thedisＧ
tributionofvoidfractionisonlynearthewall．Duetothefactthatthebubblesmotionisonlylimitedtothewall,the
deoxidizationproductshavenoaccesstocontactingthewall,whichpreventsclogging．Inthemold,thebubbleswith
aradiusof０􀆰２５－２􀆰５mmwillmovetothetopsurface．LargerbubblesissuingoutoftheportswillattackthemenisＧ
cusandinducethefluidflowsupwardsinthetopsurfacenearthenozzle．Itmayinducemoldpowderentrapmentinto
themold．Thebubbleswitharadiusof０􀆰１－０􀆰２５mm willmovetothezonenearthenarrowsurfaceandthewide
surface．Thesesmallbubbleswillprobablybetrappedbythesolidificationfront．Mostofthebubblesmovingtothe
narrowsurfacewillflowwiththeascendingflow,whileotherswillflowwiththedescendingflow．
Keywords:continuouscasting;bubble;multiＧsizeddistribution;dispersedphase;voidfraction

　　Incontinuouscastingmolds,argongasisinjected
intothesubmergedentrynozzle (SEN)toprevent
clogging[１,２]．Acertainrangebubblesareformedin
themoldsduetohighlyturbulentmotionsofmolten
steelflow．MostofbubbleswillmovetothetopsurＧ
face．Also,someoflargebubblesissuingoutofthe
portsattackthemeniscusandinducemoldpowder
entrapmentintothe mold．Someofsmallbubbles
willbetrappedbythesolidificationfront,suchas
“pencilpipe”blisterdefects．So,bothargonbubbles
motionandtheireffectsonflowarecloselyrelated
todefectsofthefinalproducts．AlthoughgreatmodＧ
elingeffortsaremadetostudyargongasbubbles
motionincontinuouscastingmoldofsteel[１,３－８],the
argongasbubblesizeissettobeconstantintheir
study．Thesimplicityofconstantbubblesizeinthe
calculationfailstoaccountfortheeffectofbubble
sizedistribution．Inordertohavebetteraccuracy
quantitatively,thebubblesizedistributionshouldbe

considered．Thereisnogeneralformulatoexpress
thebubblesizedistributioninthemold．However,
somestudieshavediscussedtheexperimentalbubble
sizedistribution．Forexample,Takatanietal􀆰[６]

haveinvestigatedthebubblesizeinthelow melting
pointalloymoldmodel．Itissaidthattheradiusofthe
bubblesisaround０􀆰５mmandthevolumeofbubbles
witharadiusover２􀆰５mmissmall．Tohetal􀆰[９]have
investigatedthebubblesizeinthe mercury mold
modelswhichshowedthatthevolumeofveryfine
bubblesislessthan１％ ofthetotalargongasvolＧ
ume．Basedonthesestudies,inthispaper,thesize
distributionofnormaldistributionisassumedasasimＧ
plefunctiontofitthecharacterasmentionedabove．The
minimumbubbleradiusis０􀆰１ mmandthemaxiＧ
mumbubbleradiusis２􀆰５mm．
　　Inordertoinvestigatetheeffectofbubblesize
distribution,theradiiofbubblesaresetwithaniniＧ
tialvalueof０􀆰１－２􀆰５mmwhichfollowsthenormal



distribution．Thisworkisaimedtostudytheroleof
multiＧsizedargongasbubblesmotionanditsimpact
ontheoccurringmeltflow．Theequationsaresolved
withthecommercialpackageFLUENT,withthe
helpofextensiveuserdefinedsubroutinesdeveloped
bytheauthor．

１　GoverningEquationsandModels
１􀆰１　FluidＧphasehydrodynamics
　　 Massand momentumconservationforaninＧ
compressiblefluidaregivenby

　　
∂
∂t

(αlρl)＋
∂

∂xj
(αlρlv→j)＝０ (１)

　　
∂
∂t

(αlρlv→i)＋
∂

∂xj
(αlρlv→iv→j)＝－

∂p
∂xi

＋

　　　
∂

∂xj
{αl(μl＋μt)}＋Fk (２)

where,αlisthefluidＧphasevolumefraction;ρlis
thefluidＧphasedensity;v→iisthefluidＧphasevelocity
oftheithcomponent;tistime;xjisjthspatialcoＧ

ordinate;pispressure;F
→

kisinteraction momenＧ
tumperunitmasstransferredfromthebubbles;μl

isthefluidviscosityandμtistheturbulentviscosiＧ
ty,whichisdefinedas

　　μt＝Cμρl
k２

ε
(３)

where,kistheturbulentkineticenergy;εisdissiＧ
pationrateofkandCμisempiricalconstant．
　　ThefluidＧphasevolumefractionαlisdefinedas

　　αl＝１－
∑iVd,i

Vcell
(４)

where,iisthenumberofbubbleswhichvisitthat
controlvolume;Vd,iisthevolumeoccupiedbytheith
bubbleandVcellisthevolumeofthecontrolvolume．
　　ThestandardkＧεmodelisusedtomodelturbuＧ
lence,whichmeansthatthefollowingtransportequaＧ
tionsofkandεaresolved．
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where,Gkrepresentsthegenerationofturbulence
kineticenergyduetothemeanvelocitygradients;
C１andC２areempiricalconstants;σkandσεarethe
turbulentPrandtlnumbersforkandε,respectively．

ThevaluesoftheempiricalconstantsareCμ＝０􀆰００９,
σk＝１􀆰０,σε＝１􀆰３,C１＝１􀆰４４,C２＝１􀆰９２．

　　F
→

kinEq􀆰(２)isthesourcetermformomentum
exchangewiththebubbles,obtainedasfollows
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where,F
→

d,iandF
→

vm,iarethedragforceandvirtual
massforceoftheithbubble,respectively;Cdisthe
dragcoefficient;Cvmisthevirtualmasscoefficient;
v→isthefluidＧphasevelocity;v→d,iisthevelocityof
theithbubbleanddd,iisthediameteroftheithbubble．

１􀆰２　Dispersedphasedynamics
　　Thebubblesaretreatedasdiscretephasesand
theirmotionsaregovernedbyNewton′ssecondlaw,
i􀆰e．

　　md
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g (１１)

where,mdisthemassandv→disthevelocity．Onthe

rightＧhandsideofEq􀆰(１１),F
→

disthedragforce;F
→

b

isthebuoyancyforce;F
→

vmisthevirtualmassforce

andF
→

gisthegravityforce．
　　Thedragforceisgivenby
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　　ThedragcoefficientCddependsontheflowreＧ
gimeandthefluidproperties:
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　　InEq􀆰(１１),thebuoyancyforceisgivenby
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　　Thevirtualmassforceisgivenby
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　　Thegravityforceisgivenby
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