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This papertreatsthe axisymmetridflow drivenby Marangonicorvectionanda RotatingMagnetic
Field (RMF) in a Floating-Zoneconfiguration. For a low Prandtinumberliquid, and different
Marangonivalues we investigatethe evolution of theflow astheintensityof theRMF is increased.
It evolvesfrom a Marangonidominatedlow to a RMF dominatediow. We particularlyemphasise
and explain the transitionregion where both sourcesof motion surprisinglytendto canceleach
other

Intr oduction Float-Zoneis the methodof choiceto producehigh-purity silicon
crystals. A polycrystallinerod is moved througha heater As the melt solidifieson a
crystalseeda single crystalgrows. This containerlessechniqueyields dislocation-free
crystal. The presencef thermallyinducedsurfacetensiongradientsalongthe free sur
faceleadsto a strongcorvection(calledMarangonicorvection)in the meltthatproduces
undesirablenacroandmicrosegregation. A drasticreductionof micros@regationdueto
arotatingmagnetidield (RMF) in a crystalgrown with floating-zongechniquehasheen
shavn experimentally[1]. The effect of the RMF is to producea prescribedazimuthal
body force in the melt. In the experiments[1], the flow is in a regime whererealistic
numericalsimulationis still difficult to achieve. We studya simplified situationto un-
derstandsomeof the mechanismshat occurwhenthe flow is drivenby both sourcef
motion.

The classicalmodelfor the studyof Marangonicorvectionin a liquid bridgeis to
considerthe liquid suspendedbetweentwo planarcircular isothermaldisks at different
temperaturg?], [3]. Thebuoyantcorvectionis usuallyneglectedwhencomparedo the
Marangonicornvection. This situationis oftenreferredto asa half-zone.While the free-
surfacepositionis notknown a-priori, afurthersimplificationis to consideiits locationto
be ata constantadius. In our study we keepmostof half-zonesimplificationswith the
notableexceptionthatwe take both disksto be at meltingtemperatur@nda heatflux is
prescribedalongthe free surface. Suchmodelshave alreadybeenproposed4], [5], [6]-
We usethe sameparabolicexpressiorfor the heatflux asthelatter.

1. Problem formulation We usecylindrical coordinates, 8, z with the z —axis
alongthe centerlineof the cylinder with the origin at the middle of theliquid region and
unitvectorse,., ey, e.. Thefreesurfaceis locatedat a radiusR* andwe fix thedistance
betweerthefeedrod andthecrystalat2 R*.

We make the assumptiorthat the flow remainsaxisymmetricand steady We nor-
malize lengthby R* and velocity by v/R*, wherev is the kinematicviscosity of the
fluid. We usethe vorticity 2 - e9 = V A V, stream-functiony formulation where
V A (—37?— - eg) = (ur,0,u;) andthe velocity V' = (u,, ug,u.). We introducethe



angulamomentunT' = ruy. TheNavier-Stokesequationsare
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TheTaylor magnetimumberTmis ow B2 R** /(2pv?), wherep is thedensityando is the
electricalconductvity of the fluid and B is theintensityof the magneticfield. The RMF
is a spatially uniform trarversefield which rotatesat an angularvelocity w aroundthe
vertical centerlineof the cylinder. (Its axial components zero.) The actionof the RMF
resultsin anazimuthalsourcetermin themomentumequation(lasttermin equation(3)).
Thebodyforcehasananalyticalexpressior{7],
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is theelectricalpotentialand.Jy, is theBessefunctionof thefirst kind andkth order, while
A aretherootsof A\, Jo(A,) — J1(An) = 0. Theelectricalpotentialis normalizedby
wR*?B/2. In orderto calculatethe bodyforce, the electriccurrent;* hasbeenapprox-
imatedby —c(0A* /0t* + V®*), whereA* = (0,0, A*) is the vectorpotentialof the
appliedmagneticfield B*. We alsoassumedheinducedfield dueto the currentsin the
meltto be negligible, whichis trueaslong astheshieldingparameteppfmR*2 is much
lessthanunity, wherethe quantity 1, is the magnetigpermeabilityof thefluid. Thebody
forceis takento bethetime averageof j* A B*. Thetime dependengcanbe neglected
aslong asthevelocity of thefluid is smallcomparedo w times R*. Theseassumptions
aremetin almostall crystal-gravth experiments.

If the temperaturél™ is shiftedand normalizedsothat?” = (T™* — T%)k/(qR*)
where T} is the solidification temperaturek is the thermalconductvity and g is the
maximumheatflux imposedat the free surface thenthe enegy equationis

(5)
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Theboundaryconditionsare

and
=0, Q= (Ma/Pr)0T [0z, oT'/Or —2T'/r =0 atr = 1.

We usea symmetryconditionatz = 0. ThePrandtinumberPr is v/ x andthe Marangoni
numbeMais — (dy/dT*)qR*? /(pvrk) wherey is thesurfacetensionandx thethermal
diffusivity of thefluid.

The setof equationsandboundaryconditionsarediscretizedby a standardsecond-
orderaccuratefinite differencescheme. The steadystatesolutionsare computedusing
a Newton-Raphsoralgorithm[3]. The unknavnsare properly orderedon eachnodeto
form a bandedmatrix. At eachNewton-Raphsoriteration,the matrix inversionis done
by theroutinesdgbtrf/dgbtrgakenfrom the Lapacklibrary. Thebranche®f solutionsare
computeddy acontinuatiortechnique All resultspresente@reperformedonalr x z| =
[70 x 90] uniform grid.
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Figurel: Left : Temperaturdistribution for the purediffusive caseMa = 0 andTm = 0.
Right: Contoursof theazimuthalbodyforcedueto the RMF.

30

25

20

wmax

15

10

10 10 10* 10° 10°

Tm

Figure2: Evolution of ),,,,,, versusTmfor Ma = 0, 10,50 and100 andfor Pr = 0.02.

2. Results We have setPr = 0.02 which is commonlyusedfor moltensemicon-
ductors. The maximumvelocitiesin all resultspresentedhereareweakenoughthatthe
shapeof isothermsarecloseto the pureconductve casepresentedn figure 1. The max-
imum temperatures 71,,, = 1.06. The azimuthalbody force dueto the RMF is also
presentedn figurel. Thepeakvalueis0.74 atr = 1,z = 0.

Whenthe magnetidfield is setto zero(Tm = 0), theflow is purely meridionalwith
a counterclockwisesell in = [0,1] x z = [0,1]. The maximumvalueof ¢ increases
with Ma andmostof the flow is concentrateéh the cold corner [4]. With only the RMF
(Ma = 0), thenwe havein additionto anazimuthalmotionameridionalcounterclockwise
cell drivenby the axial variationof angulamomentumd(I'? /r3) /02 in (1) [8], [9].

We variedparameters thespaceTm = [0,5- 10°] x Ma = [0, 100] to seetheresults
with combinedsourceof motion. Figure2 shavs the evolution of the maximumvalueof
the streamfunctionversusTmfor variousMa.

As we follow ary curvefor agivenMa, belov acertainTm = Ty, thereis no effect
of the RMF. This simply implies that the flow is dominatedby Marangonicorvection.
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Also asMa getslarger, Tm; needsto be larger for the RMF to modify the flow. At the
otherextreme for any Mathereis alargeenoughTm = Tm, wherethecurve memgeswith

theMa = 0 curve,whichrelatego thefactthattheflow is thenstronglydominatedoy the
RMF. The mostinterestingregion is certainly Tm = [Tmy, Tm;] whereboth effectsare
playingarole. While thebehaior of 4,4, for Tm < Tm, or Tm > Tm, is nosurprisethe
factthat,,., decreasebeforemeging with the Ma = 0 curve wasunexpectedat first
sinceboth contributionsto the meridionalflow arecounterclockwise@ndmight therefore
increasay ... We presenin figure 3, contoursof ) andwuy for thethreedifferentTmfor

Ma = 100 andPr = 0.02.

The caseTm = 100, illustratesthe Marangonidominatedfiow andwe find no sig-
nificantdecreas®f .., from the casewithout RMF wherey,,.. = 28.30. Herel is
a passve scalar The weakangularmomentumis strongly corvectedby the Marangoni
corvectionwhich explainswhy the peakvalueof ug = 3.19isnotatr = 1,z = 0 asone
would find if Ma = 0. In sucha case the peakvaluewould have beenuy = 22.0. The
Marangoniflow increaseshe dissipationof I" by forcing it towardthe cold corneraway
fromits source.

For Tm = 10*, we still find thatT" is corvectedby the Marangoniflow, the maxi-
mumvalueuy = 230 would have been404 andlocatedatr = 1,z = 0 if Ma = 0. The
angulatTmomentumis now largeenoughto bea sourcetermin thevorticity equation.The
strongaxial gradientof angularmomentumin theregionr > 0.5 and0.5 < z < 0.75
would drive a clockwisecell if it wasthe only sourceof motion. Hereit only opposeshe
Marangoniflow. Thisactioncouldbecompensatetly the evenstrongeraxial variationof
angulamomentunin r > 0.5 andz > 0.75 regionthatshouldincreasehe counterclock-
wise circulation but this axial variationtakesplacein a viscosity dominatedregion and
turnsoutto havelittle effect. In theregionr < 0.5,z < 0.5, thereis acleartendeng to
bidimensionalitywith strongz-independenangularmomentumandthe meridionalmo-
tion is damped.This is a consequencef a Taylor-columneffect. The maximumof ¢ is
thenshiftedtowardthe cold corneraway from the bidimensionategion.

For Tm = 5 - 10°, the flow is totally dominatedby the RMF. We find the structure
of awell definedcoreregion wherethe angularmomentumis z-independenanda spa-
tially oscillatingBodewvadtlayerfor z > 0.9 approximately The Marangonicorvection
doesnot preventthe flow from achiezing high angularmomentum.This regimeis well
describedn [9]. Hereyn,q., = 19.6 but this valuemustbe taken cautiouslybecausehe
grid is too coarsenearthetop wall. It is importantto noticealsothatthe maximumvalue
of ¢ is fairly closeto thetop wall sothatevenif the . is lowerthanthe valuefound
in the Marangonidominatecdcase the valueof the radial velocity alongthe solidification
front is muchhigherwhenthe RMF dominates.

We cantry to roughlyestimateherelationshipbetweerMa, Pr andTmfor whichthe
transitionfrom a Marangonidominatedo a RMF dominatedflow will occut A similar
situationhasbeenanalyzedin [10] with the notableexceptionthat the meridionalflow
is driven by a body force f,,, distributed throughoutthe volume ratherthan by surface
forces. In suchcase for a sufficiently large Reynoldsnumberflow, the criterionto have
adominantazimuthalmotionis that I, > Re 'I,,, whereReis the effective Reynolds
numberbasedn the maximumvalueof the meridionalflow, I, and,,, aresomescaling
for theazimuthalandmeridionalforcing. In fact,we foundthattheabove criterionseems
to beinappropriateo predictcorrectlythetransitionfor the presentonfiguration.

As long asthetemperaturelongthe free surfaceis not varying, thevorticity is pre-
scribedatr = 1. For Ma = 100 with no azimuthalforcing, the maximumof thetemper
aturehasdecreasedb 7},,, = 0.88. This variationis small andprobablyunimportant.
We thenusethe diffusive temperaturelistribution, to scalethe surfaceforce appliedat
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Figure3: Contoursof ¢ anduy (left andright) for Ma = 100 andPr = 0.02. Fromtop
to bottomTm = 100, 10* and5 - 10°
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Similarly, we scalethe azimuthalbodyforce by

1,1
Iy = Tm/ / fo2rr drdz ~ Tm1.0. @)
0o Jo

We candefineapproximatelyTm. wherethe flow is dominatedoy azimuthalmotionwith
the value of Tm when ,,,., IS minimum. We then get the following valuesTm. =
3.1-10%,3.0- 104, 7.5-10%, 5.5 10 for Ma = 10, 50, 100, 600. Theresultsobtainedor
Ma = 600 arenotrepresenteth figure 2 andareprobablycrudewith our grid resolution
but qualitatively correct. As Ma variesfrom 10 to 600, we find that Revariesfrom 80 to
1400. Interestingly I,,, = Iy gives3.3 - 103, 1.6 - 104, 3.3 10%,2.0 - 10° whichis asimple
but reasonablestimatefor Tm,.

Thekey differencebetweerthevolumeandsurfaceforcescanbe understoody the
following argument. As statedin [10], whenthe meridionalforcesaredistributedin the
volume, thereis aredistritution of the angularmomentunsuchthatd(I'? /r%) /0= com-
pensate$V x f,,)g in thevorticity equationsothattheazimuthalorticity is everywhere
smallerwith the azimuthalbody force thanit is with only the meridionalbody force. In
the presenfproblem,azimuthalvorticity is producedoy surfaceforcesandits magnitude
at the free surfaceis essentiallythe samefor ary Tm Now thereis a redistritution of
the angularmomentumsuchthatd(I'2 /r3)/ 9z opposeghe diffusionand corvectionof
azimuthalvorticity from thefree surfaceto theinterior.

3. Conclusions This study shaws that an axisymmetric,Maragonidriven flow is
affectedby a RMF whenboth meridionalandazimuthalforcing arebroadlyof the same
order of magnitude. The importantchangesdn a crystalgrown by Float-Zonewith an
RMF are occurringin a rangeTm ~ 10* for Ma ~ 3000 [1]. Thusa muchwealer
RMF thanwhatwould be predictedin this work affect the microseyregationdistribution
in the crystalproduced. This supportsthe ideathat the axisymmetrichypothesiss too
restrictve andthata betterunderstanding@f the stability of sucha baseflow with respect
to azimuthalandtime dependences needed.
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