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ENHANCEMENTOFELECTROⅣTICMASSTMNSFERAROUND 

SPHERESBYAPPWINGSMTICMAGNETICFIELDS 

SHIoERuMORLKENsHISATOH**ANDAKIRA 

TANIMOTO 

DepQr"71e"'０/ｍｅl"/srryq"。Ｃ/DC'"jcaﾉＥ"ｇｊ"eeri"８，

ＫｔJ"ｑｚａｗｑＵ"んersﾉﾊﾉ,KtJ'ｍｚｑｗｑ,９２０

KEyWmZs：Electrolysis,MassTransferCoefHcient,DimensionlessCorrelation,NaturalConvection,MagneticField， 

ＭＨＤＦｌｏｗ,SphericalCathode 

TheefTbctofapplyingastaticmagneticfieldonmasstransferrateindiffmsion-controlIedelectroreductionwas 

studiedexperimentallyaroundsinglespheresofdiameters8tol4mmundertheconditionoflaminarnatHnral 

convectiomTheelectrolyticsolutionofthesystemK3Fe(ＣＮ)rK4Fe(ＣＮ)６ｗｉthasupportingelectrolytewas 
employedandthemagneticfieldwasappliedtothecathodeinthehorizontalorverticaldirectionandupto336 

mTinfluxdensity・

Byapplyingthemagneticfieldineverydirection,themasstransferratewasenhancedmorethan５０％atthe 

highestmagneticfluxdensity,ＣＯmparedtothesimplenaturalconvectioncase･Fromtheobtaineddataofmass 

transkrcoefTicients,dimensionlessregressionequationsfmeachdirectionoftheappliedmagneticfieldwere 

derivedwhe正ｔｈｅｍa印eto-diffmsionfactorwasintroducedsoastoexpressthecontributionoftheappliedmagnetic

fmxdensity． 

Introduction 

Earlyadvancesininvestigationsonchemicalreac-

tionsinmagneticfieldwerereviewedbySteinerand 
Ulrichl6)andTanimotol7)． 

TheMHDHowinducedbyamagneticfieldiswell 

knowntoenhanceordepresselectmchemicalleactionrates， 

dependingonthedirectionoftheappliedmagneticHux6)． 
Thisphenomenoncanbeexplainedbythefactthatinter-

ferencebetweenthedevelopmentsofhydrodynamic 
boundarylayerandtheMHDflowdependsonthedirec-

tionoftheMHDfbrce(』.ｅ,LorentzfOrce)Recentlythe
maximumlikelihoodmethodwasappliedbyFahidy4)ｔｏ 
dataregressionofthemasstransferenhancementduetothe 

Mm〕effectinmagnetoelectrolysisbutnorecommendable

correlationequationwasdetermined 

Althoughelectrodegeometriessuchasacylinderor 
spherearemoreusefUlandpracticalfromanindustrial 

viewpoint,anumberofsmdiesonmagnetoelectlolysishave 
beenconcentratedfOrelectrolyticmasstransferonly 
aroundaverticalHatplateorrotatingdiscelectrode 

Ontheotherhand,theMHDeffectonHowpattern 
aroundelectrodeswithvariousgeometrieshasbeendealt 

withbymanyinvestigators8-lo｣4).However,theMImflow 
hasrarelybeenanalyzedquantitativelytodatel3)． 

Mostrecently,electrolyticmasstransferaroundan 

inclinedcylindricalcathodeinthestaticmagneticfieldin 

thehorizontalorverticaldirectionwasstudiedexperi-

mentallyforaK3Fe(ＣＮ)6-K4Fe(ＣＮ)６systemwith 
supportingelectrolytel2).TheobtainedmasstransfercoefL 
ficientwascorrelatedwellbyusinganewdimensionless 

parameter,the“magneto-diffUsionfactor,，,toaccountfOr 

theeffectofmagneticfluxdensity 

lnthepresentpaper,masstransferaroundaspheri‐ 
calcathodeindiffUsion-controlledmagnetoelectrolysisis 
investigatedexperimentallyandtheexperimentaldataof 
themasstransfercoefficientarecorrelatedtoobtaina 

dimensionlessregressionequationbyusingthemagneto‐ 
diffUsionfactor． 

LExperimentalProcedure 

Byusingthelimitingcunenttechnique,expenments 

wereperfOnnedinamannersimilartothatintheprevious 
studyl2）fOrthefbllowingelectrolyticreductionwitha 
supportingelectrolyに：

FeにN)63-＋e-→Fe(CN)64￣

ThemasstransferratefOrasphericalcathodewas 
measured 

Anelectrolyticcellwithinsidedimensionsof50mn 

cubemadeofacrylicresinplatewasusedintheexpen‐ 
mentsandabrasssphereplatedwithplatinumwas 
locatedinthecenterofthecellastheworkingelectrode、
Ｔｈｅｓｐｈｅｒｅｗａｓ８､０，１０.Ｏｏｒｌ４０mmindiameter,Every 
brassspherewasmanufacturedtoadiameterprecisionof 
2qUmanditssurfacewaspolishedbylappingwithfine 
abrasivecompoundThespheresthusobtainedhadsurface 

roughnessesofaboutO1/Umandsphericityoflessthan40 

ﾉUmTheanode,intheshapeofashortsquareductanｄ４５ 

ｍｍsquare×４５ｍｍlong,wasmadeofthinplatinumplate 
andsetsoastosurroundthecathodesphere． 

*ReceivedJulyLl994CorlCspondenceconcemingthisarticleshould 
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Fig.１ComparisonofmasstransfercoefficientobservedfOr 
acaseofnaturalconvectiontopreviouswork 

Astaticmagneticfieldwasappliedtothecellinthe 

horizontalorverticaldirectionThedensityoftheapplied 

magneticfluxwasvariedupto336mTbyadjustingthe 

electricculTentchargedtoanelectromagnetlnthecentral 

regionofthegapspaceｏｆｓｉｚｅ５０ｍｍｓｑｕａｒｅａｎｄ６０ｍｍ 

ｗｉｄｅｂｅｔweenthemagnetpoles,atleast45mmcube,the 

magneticfieldwasconfirmedtobeunifOrmwithinafew 

percentdeviationbyusingagaussmeter・

Toevaluatethemasstransferrate，thelimiting 

cunentwasmeasuTedbyapotentiostatat０．３VceUvoltage 

whichbroughtadiffUsion-controlledconditionunderany 

magnitudeofmagneticfluxdensityfOreverycathode 

TheprepaledelectrolytewasO15Mequimolaraque-

oussolutionofK3Fe(CN)6andK4Fe(CN)6withLOM 
NaOH・

Toavoidthennaldisturbancecausedbyheatgener-

ationinthecoil,anelectricfanwasemployedtocoolboth 

magnetcoilandcellandtheroomtemperaturewaskept 

constantat230±０．２．Ｃ,byanair-conditioningsystem 

Thetemperatureoftheelectrolytesolutionwasmonitored 

byacalibratedthennocouple、

Afterthechargedelectrolytesolutionwasconfirmed 

tobestationa【yandatconstanttemperature,specifiedvolt-

agewasappliedtothecelLFirst,alimitingcurrentinfree 

convectionwasrecordedatsteadystatebyanautograph 

recorderThen,themagneticfieldwasappliedataspec-

ifiedfluxdensityandthesteadylimitingcurrentwas 

measured・Finally,themagneticfieldwasswitchedoffand

theresultingvalueoflimitingcurrentwasre-confirmedto 

bethesameastheinitialonefOrsimplefreeconvection 

ThisprocedurewasrepeatedfOrdifferentvaluesof 

magneticfluxdensity・
Themasstransfercoefficientwascalculatedfroma 

well-knownrelation,Ｅｑ(1),basedonthemeasuIedlimit-

mgcurrent． 

ｋ=司会ｃ （１） 

ａｓ 

ｋＭ／ｋｏ＝１Ｍ／'０ （２） 

wherethesubscriptsjVandOimplyvalueswithandwith-

outthemagneticfield,respectively． 

2．ResultsandDiscussion 

ToensurethatthesituationfOrasphericalcathode 

inthecellissimilartothatinaninfinitespace,several 
experimentswerecarriedoutpreliminarilytoexaminethe 
effectofcellsizewithoutmagneticfieldThemasstrans-
fercoefficientobtainedintheceUandthatinaoneliter 

beakerarecomparedinFig1withthefOllowingempir-
icalcolrelations:thefirst,Ｅｑ.(3),fbrfreeconvectionmass 

transferaroundaspheregivenbySchuetzl5）fOrelec-
trodepositionofcopper;andthesecond,Ｅｑ.(4),derived 
analogouslyfromthatobtainedbyYugel8)fOrheattrans-
ferfrolnspheretoair． 

Ｓカー２＋０．５９Ｒａ'／４ （３） 

（Ｚ３ｘ１０８〈Ｒａ〈Ｌ５×10'0）

Ｓｈ＝２＋Ｏ３９２Ｇ７ｌ/４ 

（1〈ｏｒ〈１０３１
(ormodifiedtogive 

Sh＝２＋0.427Ｒａ]/4） 

(4) 

Sincenoappreciablediffelencesbetweenthedataobtained 

fOrthecellandthebeakerareobservedinFigl,theeffect 

ofthecellsizeisfbundtobeneghgible,atleastundersimple 
freeconvectionThepmesemdataaIemgoodagleementwith 
theanalogousequationofYuge，ｓａｎｄabout２０％smaller 

thantheextrapolationofSchuetz，sequation,Ｅｑ(3)Jnthe 

lowRaregionSchuetz，sexperimentalresultsmight 
includetheinfluenceofinduced１℃circulationflow， 

2.1Horizontalmagneticfield 

ThedimensionlessmasstransfercoefficienＭA/ko， 
isplottedagainstthemagneticfluxdensity,Ｂ,ａｔdifferent Theenhancementofmasstransferratewasevaluated 
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Fig.３Enhancementofmasstransfercoefficientwith 
magneticHuxdensity(Verticalmagneticfield） 
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Fig.４Correlationofmasstransfercoefficientforhorizontal 
magneticfield 

diametersofthesphericalcathodes,‘＝８．０，１０．０ａｎｄ14.0 

ｍｍ(Fig.２).ThisfigureshowsthatlMbincreases 
rapidlywithBbelowlOOmTandintheregionofhigher 
B,thedependencybecomesratherweak・Thisnon-linear
dependencyonmagneticfluxdensityissimilartoprevi-

ousstudies'-5,7,11),thoughthedependencyoflWlkotends 
toincreaseagainwithBbeyondabout250mTInaddition， 

lMIcobecomesgraduallylargerwithadecreaseinsphere 
diameter、

2.2Verticalmagneticfield 

Figure3showsenhancementofthemasstransfer 
coefficientobtainedintheverticalmagneticfieldagainst 

themagneticHuxdensitywiththeparameterofthe 
spherediameter・

Thetendencyoftheseresultsforthevertical 

magneticfieldisconsiderablydifferentfromthosefOrthe 

horizontaloncApplicationoftheverticalmagneticflux 
hasalmostnoenhancingeffectonmasstransferrateupto 

lOOmTand,withafUrtherincreaseinB,lMIcoincreases 
uptoanextentsimilartothosefOrthehorizontalmagnetic 
fieldcaseThereis,however,noappreciabledependency 

onthespherediameter,differentfromthecasefbrthehori-
zontalmagneticfield 

ThediscrepancybetweenthedependenciesofMb 
onthespherediameterduetothedilcctionsoftheapplied 
magneticfieldscanbeexplainedqualitativelyasfOllows， 

Inthehorizontalmagneticfieldcase，theMHDHowis 

inducedperipheraUyaloundthesphereintheverticalplane 
Thisflowinteractswiththedevelopmentofnatural 

convectioncauseｄｂｙｔｈｅｂｏｄｙｆＯrceduetothedensity 

difference・SuchaninteractingMHDHowbecomes

intenserandconsequentlytheenhancementofthemass 

transferbecomeslargerwithadecreaseinspherediame-

terbecausegenerallythecuITentdensityonthesphere 
surfaceduetonaturalconvectionincreasesasthediame-

terdecleases・Onthecontlaly,intheverticalmagneticfield

case,theinducedMHDHowisinthehorizontalplaneand 

thisflowwouldbeindependentofthedevelopmentof 
naturalconvectionintheverticaldirecｔｉｏｎａｓｆａｒａｓｔｈｅ 

ＭＨＤＨｏｗｉｓｎｏｔｓｏｉｎｔenseastopredominatetheentire 

flowfieldThemasstransferduetorotationalflow 

inducedbytheverticalmagneticfielddoesnotdepend 

appreciablyonthespherediameterbecausethediffUsion 
layerduetotheMHDflowdevelopsnotperipherallybut 

radiallyanditsthicknessisverythinincomparisonwith 

thespherediameter、

2.3Correlationofexperimentaldata 

Accolding l） ）ｌｅｎｓｌｏｎｌｅｓｓＤａｒ２ ＤＴｕａｌ副reLZTehhI【

tothediscussioninthepreviousstudylz)ｏｎｔｈｅｐａｒａｍｅ－ 
ｔｅｒｓｔｏｂｅｅｍｐｌｏｙｅｄｆOrthedataregressionofmass 
transfercoefficientobtained,basedonthenormalization 

oftherelevantgovemlngequations,thefbllowingexpres-

sionisusedinthepresentwork： 

肋=2+α|坐;i竺)’（５）

where,Ｍ､,designatedas"magneto-diffUsionfactor,"is 
introducedinsteadoftheHartma､、number・Sincethe

plesentexpeIimentalsituationisunderdiffUsion-control,the 

HartmannnumberisinadequatefOrcorrelatingthedata． 
CorrelationofdatafOrhorizontalma2neticfield Ｔｈｅ Z） 

dataofmasstransfercoefficientsinhorizontalmagnetic 

fieldareplottedinFig4atdifferentmagneticfIuxdensi‐ 

tiestocolTelatethemintheexpressionEq.(5).Theleast 

squaresmethodwasappliedtodeterminethecoefficient 

andexponentasfOllows： 

‘ﾙｰ2十M|些鮮１Ｍ（`）
for３．４０×１０４≦Ｍ、≦７．３６×１０５，

ａｎｄ６．７０×１０７≦Ｒａ≦３．６２×１０８ 

Equation(6)isgiveninFig4andisfOundtolepIesentweU 

theexperimentaldatawithｉｎａｎｅｒｒｏｒｏｆ±１５％． 
CorrelationofdatafOrverticalma且neticfield Similar 3） 

tothecaseofhorizontalmagneticfield,theleglessionequa-

tionEq(5)wasfittedtotheexperimentaldataofthemass 
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Fig.６Changeinf]uctuationofmasstransfercoefficientwith 

magneticfluxdensity(Verticalmagneticfield） 
Fig.５CorrelationofmasstransfercoefficientfOrvertical 

magneticfield 

magneticfluxdensitybecauseofpelpendicularlyinter‐ 

sectingdirectionsofbothHowsandthatintheregionof 

highermagneticHuxdensitytheintenselyinducedMHD 
flowcausesaninteractionandunstableturbulenceinboth 

Hows 

Forthecaseofthehorizontalmagneticfielditwas 
fOundthatthemaximumHuctuationisatmost496,even 

fOrthehighestmagneticHuxdensityandthattherelative 

Uuctuationtendstodecreasewithadecreaseinthesphere 
diameter． 

transfercoefficientinFig､５togiveEq.(7)withthecoef 
ficientofcorrelatio､,０．９１７． 

＄ﾙｰ2+271坐:二｣三|･辺（７）
ｆｏｒ３．４３×１０４≦Ｍ、≦７．６２×１０５，

ａｎｄ６．８０×１０７≦Ｒａ≦３．６０×108, 

ThestraightsolidlineinFig51epresentsEq.(7).Theequa‐ 

tionisshowntobeagoodexpressionoftheexpenmental 

datawithascatteringof±２０％・Clustenngaroundthis

regressionlineisratherlooseincomparisonwiththatfOr 
thehorizontalmagneticfieldcaseThistendencyissimi-

lartothatfOrtheinclinedcylinderI2)． 
AspointedoutintheprecedingsectioLintheverti-

calmagneticfieldcasascatteringofthedataaroundthe 
correlationequationsissomewhatlargeincompansonwith 
thatinthehorizontalmagneticfieldcaseTodiscussthis 

differencebetweenclusteringsofthedatafbrtwocases,the 
timefluctuationinthemasstransfercoefficientisexam-

inedindetailinthenextsection 

4)FluctuationofmasstransfercoefficientThoughthe 

Conclusions 

Themasstransferratearoundasphereinastatic 

magneticfieldinthehorizontalorverticaldirectionswas 

studiedexperimentallybyusingthelimitingculTenttech‐ 

niquefbraK3Fe(CN)6-K4Fe(CN)6systemwithsupporting 
electrolyte,NaOHTheexperimentswereperfOrmedfOr 

asphericalcathodeｏｆ８，１０ｏｒｌ４ｍｍｄｉａｍｅｔｅｒｆＯｒ 

ｍａｇｎｅｔｉｃＨｕｘｄｅnsitiesupto336mT 

ThemasstransfeｒｒａｔｅｗａｓｆＯｕｎｄｔｏｂｅｐｒｏｍｏｔｅｄ 

ｍｏｒｅｔban５０％byapplyingthemagneticfieldinevery 

direction，comparedwiththatfbrtheoriginalnatural 
convectioncase・Themasstransfercoefficientdata

obtainedwereconelatedtogivethedimensionlessregres‐ 

sionequationsEqs．（６）ａｎｄ（７）byusingthe 

magneto-diffUsionfactorsoastoaccountfOrtheapplied 

magneticHuxdensityVerygoodclusteringofthepresent 

dataaroundthelcgressionequationsisobserved,showing 

theusefUlnessofthemagneto-diffUsionfactor・

Inthepresentstudy,ａｇｅ､eralequationthataccounts 

fOrtheapplieddirectionofthemagneticfieldhasnotbeen 

establishedFurtherresearchisrequiredtoclarifythe 

configurationeffectonthemagnetoelectrolysis・
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＜Subscripts＞ 

[ｍｙｍｏｌ］ 

［ｍ２/s］ 

［kg/ｍ]］ 

densificationfactor 

kinematicviscosity 

density 

15） 

16） 

17） 

18） 

〃 withmagneticfield 
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