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Abstract:Anewelectromagneticstirringtechniquethatisdrivenbyhydrodynamicforceswaspresented．ThistechＧ
niqueoffersthefollowingadvantages．First,thestirrercanbeimmersedintheliquidmetal,therebysignificantlyinＧ
creasingthepenetrationdepthoftheelectromagneticforcesandsignificantlyimprovingthestirringefficiency;thus,
thistechniqueisparticularlysuitableforlargeＧscaleliquidmetal．Second,undercertainconditions,thistechniquecan
overcomedifficultiesthatareencounteredwithtraditionalstirrers,suchasaccessingregionsthataredifficultto
reachinworkingspaceswithcomplexornarrowshapes．Thisstirreralsohasasimplerstructurethanatraditional
stirrer;thus,thedesigncanbeeasilymodified,andnoexternalpowersupplyisrequired．Anexperimentalprototype
wasalsopresentedforcontrollingthefluidflowrate,therebycontrollingtheelectromagneticforceandvelocityfield
ofthedrivenliquidmetal．ThevelocitydistributioninaliquidGaInSnalloyunderfluidＧdrivenelectromagneticstirＧ
ringwasquantitativelymeasuredusingultrasonicDopplervelocimetry(UDV)．TheprimaryresultsshowthatareＧ
markablevelocityfieldhasbeenachievedandthatfluidＧdrivenelectromagneticstirringisaneffectivemeansofstirＧ
ringliquidmetal．Finally,thepotentialapplicationsofthistechniqueinindustry,alongwithkeychallenges,were
discussed．
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　　Thefirstinvestigationintoliquidmetaldrivenbya
rotatingmagneticfield(RMF)wasreportedin１９３２by
Braunbek[１],whodeterminedtheswirlflowgeneraＧ
tedbyan RMFandusedtheresultingtorqueto
measuretheconductivityofliquidmetalatdifferent
temperatures．Mullinand Hulme[２]employedelecＧ
tromagneticstirringtoreducesegregationinthe
mushzoneofInSbTeandInSbmeltsin１９５８．Based
onthedevelopmentsachievedduringthedecades
sincethen,theapplicationofmagneticfieldsinmeＧ
tallicmaterialshasbecomeaninterdisciplinaryfield,
andthesoＧcalledelectromagneticprocessingofmaＧ
terials(EPM),devotedtoapplyingvariouselectroＧ
magneticfieldsduringmaterialprocessingortheexＧ

ploitationofnewmaterials．
　 　Electromagneticstirring (EMS)with multiＧ
phasealternatingcurrent(AC)fieldsaimedateffiＧ
cientlydrivingorstirringamelthasbecomeoneof
themostimportantbranches[３]ofEPM．Thereare
twomeans,accordingtotheelectromagneticmedia,
ofexertingelectromagneticforceintheliquidmetal．
OneissingleＧormultiＧphasecurrentＧcarryingcoils,
suchaselectromagneticstirrers[４,５],whicharewideＧ
lyusedinthemetallurgicalindustry,andtheother
ispermanentmagnetsdrivenbyamotor,suchasa
Halbachpermanent magnet motor[６],oraspiral
permanentmagneticfield[７]．Intheformer,thefreＧ
quencyisanessentialoperatingparameter,whereas



inthelatter,thelayoutandarrangementoftheperＧ
manentmagnetsareflexible．
　　Inthesetwotraditionalelectromagneticstirring
techniques,theelectromagneticfieldsareappliedto
outsideoftheliquidbulk[７Ｇ１０]．The magneticfield
canonlypenetratetoalimiteddistancewithinaliqＧ
uidbulk,whichiscalledtheskinlayer,andhasa

skindepthδ＝
２

σμω
＝

１
πσμf

,where,σandμarethe

electricconductivityandmagneticpermeabilityofthe
liquidmetal,respectively;ωandfaretheangular
velocityandfrequencyoftheelectromagneticstirＧ
rer,respectivelyanddisthetypicallengthofthe
liquidmetalbulk．Therefore,traditionalelectromagＧ
neticstirringissubjectedtothefollowinglimits:
(１)Iftheliquidmetalissufficientlylarge,ie,d≫δ,
theelectromagneticforcecannotachievesufficient
penetrationoftheentireliquid metalregion (d－
２δ)．Thus,thecenterpartoftheviscousfluidcan
onlybedrivenbyinertia,resultinginalimitedstirＧ
ringeffect．(２)Theelectricdeviceusedtogenerate
theelectromagneticforcemayconsistoflongcables,
coils,ironcoresandamagnetyoke,whichmakethe
devicecomplexandheavy．
　　Inthispaper,aninnovativeprototypeoffluidＧ
drivenelectromagneticstirringthatmayovercome
theabovelimitationsoftraditionalelectromagnetic
stirring was presented．The circularＧarrangement
permanentmagnetsprovideafield,andahydraulic
driving means,insteadofelectricalor mechanical
drivingmeans,isadopted．ThekineticenergyoffluＧ
idmotionistransformedintothatoftheliquidmetal
byturbinebladesandpermanentmagnetsaccording
toprinciplesofgasＧliquiddynamicsandelectromagＧ

netism．Then,arotatingmagneticfieldisformed,
andtheelectromagneticenergyistransformedinto
thekineticenergyofliquidmetalaccordingtomagＧ
netohydrodynamics．ThestirrercanbeimmersedinＧ
toanypositionofthelargeＧscaleliquidmetalbulkto
overcomethedrawbacksoftheskineffectandcan
beappliedtocomplexornarrowworkingspaces．

１　ExperimentalSetＧupandStirringProcess
　　TheexperimentalsetＧupconsistsofpermanent
magnets,awaterflowpassage,aliquidGsInSnalloy,
anenclosedcavity,atrapezoidalPlexiglassvessel,
measuringapparatusandafixedsupport,asshown
inFig１(a)．ThearcＧshapedNdFeBpermanentmagＧ
net,whosedirectionofmagnetizationisintheradial
direction,wasfabricatedasshowninFig１(b)with
awidthof３０mm．Thepermanentmagnetsarefixed
onsiximpellerswithadjacentmagnetshavingoppoＧ
site magnetization directions,andthey wereinＧ
stalledontoabearinglocatedinthecenter,which
wasplacedconcentricallywithanenclosedPlexiglass
cylindricalcavityofϕ１０８mm×６０mm．TheinducＧ
tionofamagneticfieldontheoutercylindricalsurＧ
faceofthecavityreaches１８０mTinthevicinityof
passingpermanentmagnets．Theinnerdiameterof
thewaterflowpassageis１２mm．TheternaryeutecＧ
ticalloywiththecompositionGa６７In２０５Sn１２５,which
hasameltingpointof１０５℃andisinaliquidstate
atroomtemperature,iscontainedinatransparent
trapezoidalvesselwithtopandbottomlengthsof
２５０and１５０mm,respectively,aheightof２９５mm,
andawidthof６５mm．TherelevantphysicalproperＧ
tiesofthealloyareprovidedinTable１[１１]．ThevesＧ
selusedtomimicthelargeＧscaleliquidmetalbulk,was

１—Supportingframe;　２—Permanentmagnets;　３—Halltransducer;　４—Ultrasonictransducer;　５—Bearing;
６—LiquidGsInSn;　７—Inflow;　８—Outflow;　９—Turbineblade;　１０—Plexiglasscavity．

(a)SchematicofthesetＧup;　 (b)CrossＧsectionofthepermanentmagnet．
Fig１　ExperimentalsetＧupofthefluidＧdrivenelectromagneticstirringsystem
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