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Cylinder 

TheinnuenceofpulsatingmagneticfieldsonmasstransfCrwasstudiedexperimentallyintheelectroreduc‐ 

tionofferrocyanideionsaroundaninclinedcylindricalcathodeunde『difrmsion-controlledconditions・Themass

transferrateisincreasedbyappIyingthepulsatingmagneticfieldasweIlasthestaticone・Thetime-averaged

enhancementofthemasstransfCrrateisdepemdentmarkedlyondutycycle(ON-timeratio),peakmagneticfmK 

densityoftheappliedpulsatimgmagneticfieldsinaｒａｎｇｅｏｆ２０ｔｏ２００ｍＨｚ,andslightlyonitsfrequency･The 

masstransfercoefficientwascorrelatedweubytwotypesofnOn-dimensionalregressionequationswithandwith‐ 

outaduty-cyclefactor,ｂｙｕｓｉｎｇｔｈｅ``magneto-diffnsionfactｏｒ'toexpressthecontributionoftheappliedmagnetic 
fluxdemsity． 

Introduction 

Studiesonmagnetochemistryhavebeenmadesince 
thel930s,asshowninearlyreviews(SteinerandUlrich 

l989;Tanimoto,1989)Amongresearchsubjects,elec‐ 
trochemicalreactionratesareknowntoincreaseor 

decreasebyapplyingamagneticfieldThisphenomenon 
isinterpretedasfOllows:ｔｈｅＭＨＤHowinducedbythe 
magneticfieldacceleratesorhindersthedevelopmentof 
thehydrodynamicboundarylayeraroundanelectrodQ 

dependingonthedirectionoftheappliedmagneticfield 
(Iwakuraerq/､,l984a);thisdilectlyresultsintheenhance-
mentordepressionofmasstransferbetweenthebulk 
solutionandtheelectrodeinterface 

Manyinvestigationshavebeenmadetoobservethe 

flowpatterninducedbytheMHDeffectaroundelectrodes 

withdifferentgeometries（MohantaandFahidy，1976； 
QuraishiandFahidy，1980；KimandFahidy，1989)． 
QuantitativestudiesontheMHDHowgeneratedaroundan 
electrodearealmostnonexistenttodate（OBrienand 
Santhanaml987)． 

Researchonelectrolyticmasstransferinamagnetic 

fieldhasfOcusedonverticalHatplatesorrotatingdiscs・
Filrthennole,enhancementdataofthemasstransferratedue 

totheMHDeffectareknowntobedifficulttoobtainasuit-

ablecorrelationequation(Fahidy,1990)． 
Mostrecently,themagnetoelectrolyticmasstransfer 

aroundsphericalandinclinedcylindricalcathodes,which 

aremorepracticalgeometries,ｗａｓstudiedexperimentally 
inthehorizontalorverticalmagneticfield(ＭｏｒｉｅｒａＬ， 
l994aandl994b)Ｔｈｅｍａｓstransfercoefficientobtained 

wascorrelatedeffectivelybyintroducingthe“magneto-
diffUsionfactor.，， 

Alloftheaboveinvestigationsonmasstransferrate 

ofmagnetoelectrolysispertaintotheeffectofastatic 
magneticfieldTheinfluenceofthetimevariationofan 

imposedmagneticfieldonthemasstransferratehas 

seldombeendealtwithtodateByapplyingamagnetic 
fieldwithsinusoidalperturbation,animpedancetechnique 
wasdevelopedtointelpretthedynamicsofthemagneto‐ 
electrolysis(Aaboubiem/､,1990)． 

Inthepresentreport，theeffectofpulsationof 
appliedmagneticnuxonthemasstransferrateindiffUsion-

controlledmagnetoelectrolysisaroundaninclined 

cylindricalcathodeisstudiedexperimentallyfOra 

K3Fe(ＣＮ)6-K4Fe(ＣＮ)6systemThemasstransfercoeffi-
cientobtainedistime-averagedandcorrelatedtoobtaina 

dimensionlessregressionequationincludingaparameter 
fOrthedutycycle（ON-timeratioLbyintroducingthe 
magneto-diffUsionfactor． 

LExperimentalSet-upandMethod 

ByusingelectrolyticreductionofFe(ＣＮ)63-ion 
experimentswereperfOrmedwithasupportingelec-
trolyteonacylindricalcathodesurfaceandthemass 

transferratewasmeasuredbythelimitingculTenttech-

niqueTheessentialconfigurationoftheelectrolyticceU 
usedintheexperiments，fUndamentalprocedures，and 
preparationfOrtheexperimentsaresimilartothatinthe 

previousWorks(Moriem/､,l994aandl994b),exceptfOr 
thoserelatedtomeasulementsofperiodicalchangesinelec-
trolyticcurrentandmagneticHuxdensity,ａｓmentioned 

laterThesetupofexperimentalapparatusisschematically 
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鮒 thechargedelectrolytesolutionwasstationaryatconstant 
temperatureAfterthesteadystatewasattained,alimiting 
currentinfreeconvectionwasrecordedbyanautograph 
recorderThen,thepulsatingmagneticfieldwasapplied 
atspecifiedpeakHuxdensityandfrequencyTheperiod-
icalchangesinthelimitingculTentfromthepotentiostat 
andthemagneticHuxdensityfromagaussmeterwitha 

HalleffectprobewererecordedfOroneperiodina 
standingoscillationonapersonalcomputer・Herein，an
amplifierandamulti-channelA/Dconverterwere 

employedandthedatasamplingwassynchronizedwiththe 

signalfromthefUnctiongeneratorFinallythemagnetic 
fieldwasswitchedoffandtheresultingvalueoflimiting 
cunentwasreconfinnedtobethesameasthatoftheinitial 

fTeeconvection 

TheaboveprocedurewasICpeatedfOrdifferentpeak 

magneticHuxdensities,ｕｐｔｏＢｐ＝Ｚ５０ｍＴａｔａｎｉｎterval 
of50mT,dutycyclesofthepulse(ON-timeratioinone 

cycle);ＤＹ＝0.2,0.5and0.8,frequencies;ノー20,80,140
ａｎｄ２００ｍＨｚ,andinclinationanglesofthecathode;０＝ 

０，洞6and7zi/3rad・AtafrequencyhigherthanノーＺ００ｍＨｚ

ｗｉｔｈＤＹ＝０２，theinducedpeakmagneticHuxdensity 
couldnotreachaspecifiedvalue・Underafiequencymuch
lowerthanlＯｍＨｚ,thetransientbehaviorhadretumedto 

asteadystateoffreeconvectionｂｙｔｈｅｅｎｄｏｆｏｎｅｃｙｃｌｅ、
ThemasstransfercoefficientwascalculatedfiDmthe 

observedlimitingcurrent,LbythefOllowingrelation. 

①Electromagnet 
②Electrolyticcell 
③Gaussmeter 

④Potentiostat 

⑤Amplifier 
⑥Recorder 

⑦Powersupplyunit 
⑧Functiongenerator 
⑨Oscilloscope 
⑩Clockcounter 

⑪PersonaIcomputer 

⑦ 

② 

① 

Fig･I-ASchematicdiagramofexperimentalapparatus 

Cathode 

】【】卜

Magnetic 

i22二つ 亡ブとブ

】【：【】Ｉ」mIG

Fig.１－BDetailsofelectrolyticcell 

showninFigS､１－Aandl-B 

Anelectrolyticcellwithinsidedimensionsof50mm 

square×４０ｍｍlongwasmadeofacrylicresinplateand 

theplatinumanodeofashortci1℃ularduct,４５mmindiam-

eter×３０ｍｍlong,wassetsoastosurroundthecathode、

Thecylindricalplatinumcathode,ｌＯ３ｍｍｌｏｎｇａｎｄＬ９９ 
±０．０２，Ⅲnindiameter,waslocatedinthecenterofthecell， 

sothattheanodeandcathodeaxesintersecteachotherat 

rightangles・Theinclinationangleofthecathodeaxiswas

specifiedasO＝０，〃６ｏｒ７ｚ/３radfromthehorizonona

planeparalleltothemagneticfield 

Apulsatingmagneticfieldwasappliedinthehori-

zontaldilection,whichwasgeneratedbysupplyingadilect 

electriccurrentofrectangularwavetoanelectromagnet 

fromapowersupplyunit(TamaokiElectronicsCoLtd.， 

TE-PULSE-l200K)controlledbyafUnctiongenerator 

(IwatsuElectricCoLtd,FG-330)． 

TheelectriccurrentfOrtheelectrolysiswassupplied 

byapotentiostatatO3VcellvoltagewhichgaveadiffU-
sion-controlledlimitingcurrentunderanyspecified 

magnitudeofstaticmagneticHuxdensityfOreachcathode 

configuration 

Theelectrolytewas０．１５Mequimolaraqueous 

solutionofK3Fe(CN)6andK4Fe(ＣＮ)6withLOMNaOH 
TheexactconcentrationofFe(ＣＮ)63-wasdeterminedby 
spectrophotometry 

AlltheexperimentalrunswerecalTiedoutat２３．０± 
０．２．Ｃ、

Thespecifiedvoltagewasappliedtｏｔｈｅｃｅｌｌｗｈｅｎ 

ﾊｰﾉ/MFC） (1) 

Theenhancementofmasstransferrateisevaluated 

onthebasisoftherateunderthesameexpenmentalcondi‐ 
tionsexceptthemagneticfieldas 

ｋＭ／ACO＝ノＭ／ノ0 (2) 

wherethesubscriptsMandOimplyvalueswithandwith‐ 

outthemagneticfield,respectively． 

2．ResultsandDiscussion 

Theeffectofcellsizewasexaminedbypreliminary 

experimentsundertｈｅconditionswithoutmagneticfield， 

toensurethatthecaseofacylindricalcathodeinthecell 

withtheanodeofcircularductshapeissimilartothatin 

infinitespaceThemasstransfercoefficientsobtainedat 

differentinclinationangleswerecomparedwiththe 
fOllowingempiricalcorrelationfOrfreeconvectionmass 

transferaroundahorizontalcylinderinelectrodeposition 

ofcopper(SchUtz,1963)． 

S/'0＝O53Ral/４（1.2×107〈Ｒａ〈log） (3) 

Ｗｈｅｎ(｡/ＣＯＳのisemployedasthecharacteristiclengthin

theShandtheRanumbersinsteadofthecylinderdiame-

ter，thisequationisapplicabletoaninclinedcylinder 

(NipponKikaiGakkai，1965)．Theexpenmentaldata 
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Fig.２ Appliedperiodicmagneticfieldsandtheresultant 

enhancementofmasstransfercoefficientduringone 

cycle(solidlines:Ｄｙ＝0.20,brokenlines:ＤＹ＝O50 
dash-and-dotlinesDY＝0.80） 
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Fig4Averagedenhancementofmasstransfercoefficient 

againstaveragedmagneticHuxdensity(０＝0rad） 
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1.2 
Theobtainedaverageenhancementdata,ｋＭ/ko,areplot-
tedinFig､３againstappliedpeakmagneticHuxdensity， 

Bp,withtheparametersoffrequencyanddutycycle,ｆＯｒ 
ｔｈｅｃａｓｅｏｆｅ＝０rad,comparedwiththedatafOrthestatic 

magneticfieldGenerallytheaveragedenhancement 

lncreasesnon-linearlywiththeappliedmagneticflux 

density,aswellasthosefOrthestaticmagneticfieldin 
previousstudies(MohantaandFahidy,1974;Iwakuraer 

aj.，l984b；Fahidy，1990；Choparte/αL，1991)，but 

decreaseswithdecreasingdutycyclcAlthoughtheinflu-
enceofthemagneticfieldfrequencyisnotsoclearasthat 

ofthedutycycle，theenhancementseemstodecrease 

slightlywithanincreaseinfrequency､Ａｓａｗｈｏｌｅ,apply-
ingapulsatingmagneticfieldisfbundtobenotsoeffbctive 

undertheconditionsofhigh血ndlowDY、
AlthoughresultsfOrO＝”６and7z/３radareomitted 

here,thedependencyoftheaveragedenhancementoneach 

parameterisgenerallyverysimilartothatinFig3Butin 

theverylowBpregion,theenhancementislathersmalland 
depressionofthemasstransferevenoccursfbrO＝が３rad

inthehigher/regionlnthelowerDYregion，the 
enhancementdependencyonthefrequencytendstobe 
unstable 

Theaveragedenhancementofmasstransferis 

essentiallydependentontheamountofenergyrequiredto 

generateamagneticfield;Ｌｅ,representativelytheproduct 

ofthedutycycleandIhepeakmagneticfluxdensity,BpDY 
Sincetheinducedmagneticfielddoesnotbehaveasan 

exactlyrectangularwaveduetothetime-lageffect，ａｓ 

ｓｈｏｗｎｉｎＦｉｇ２,weestimatedanaveragemagneticHux 

densityoveronecyclcinsteadofBpDYasfOllows： 

‘=''ﾉｱ'い,Ｍ（５）
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エ
ペ
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く
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Ｂｐ［ｍＴ］ 
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Fig.３Averagedenhancementofmasstransfercoefficient 
againstpeakmagneticHuxdensity(０＝0rad） 

agreedwellwithEq.(3),withslightdeviationshowingthat 

theeffectofceUsizeisnegligibleundersimplefieeconvec-
tion 

2.1Enhancementofmasstransfer 

Figure2showstypicaltimevariationsofobserved 

magneticfluxdensityandlesultinginstantaneousenhance-

mentofmasstransfer,Aノリ/ｌ１ｂ,duringonecyclefOrdifferent
dutycycleMndertheconditionsofノー８０，Hz,Ｂｐ＝250
ｍＴａｎｄＯ＝Orad 

Excitationoftheelectromagnetwlaslikeafirst-order 
delayelementwithtimeconstant,aboutｌ/３sThisisthe 

reasonwhytheinducedpeakmagneticHuxdensitydoes 

notreachaspecifiedvaluefOrafrequencyhigherthanノー

200ｍＨｚｗｉｔｈＤＹ＝０．２asmentionedabove 
Theresultanttimecourseoftheenhancementofthe 

masstransferisnotsoregularastheappliedmagneticfield 

is､Alargetime-lagisobservedineachenhancementculve， 

comparedtothemagneticfluxdensityForDY＝0.2,the 
curveiscomparativelymonotonic,butsecondaryperiodic 

HucmationsappearinthecurvesfOrthehigherdutycycles 
Theinstantaneousenhancementofmasstransfer 

coefficientshowni、Fig.２，isaveragedovertheentilecycle Thcaveragcdcnhancemcntofmasstransfer,ＡＭ/KC0， 
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1０２ 

ｉｓｒｅ－ｐｌｏｔｔｅｄｉｎＦｉｇ４ｆＯｒ８＝Oagainstsuchaveraged 

magneticfluxdensity,ainsteadofthepeakvalue,Bp・
Itisfbundthatalltheexperimentaldatashowgood 

clusteringaroundthosefOrthestaticmagneticfieldThe 

dataobtainedmainlyfOrDY＝O2tendtoscatteraround 
theresultfOrthestaticmagneticfield 

Althoughtheresultsalcomittedheに,alsofOrO＝7ｚｉ/６

and〃３rad,thedataaresimilarlywellclusteringaround

thosefOrthestaticmagneticfieldincomparisonwiththe 

correlationagainstBpDataclusteringisratherpoorand 
unstableunderconditionsofhighfiequencyandlowduty 

cycle,suggestingdifferentbehavior・
TofUrtherunderstandthemechanismoftheabove 

mentionedunstableness,andtoclarifythecharacteristics 

ofthesecondaryperiodicchangeinthetimecourseofthe 

enhancement,theFourieranalysiswasperfOrmedfOrthe 

instantaneousdataasshownｉｎＦｉｇ２・Comparisonofthe

obtainedpowerspectrafbrdifferentexperimentalcondi-

tionsrevealedthefbllowing:generallytheintensityofthe 

fUndamentalcomponentpredominatesoverthespectrum 
andnocharacteristicresonanceisobserved;theintensities 

ofthehigher-orderharmoniccomponentstendtoincrease 

inthehighfTequencyrangewitｈａｓｍａｌｌｄutycycleofthe 

appliedmagneticfield,butnopositiveinHuenceappears 
inenhancementofthemasstransferrateWecouldnot 

find,however,anycharacteristicbehavioroftheenhance-

mentrelatedquantitativelywiththegivenexperimental 

conditionsthroughtheFouriertransfOrmanalysis、

2.2Dimensionlesscorrelationofexperimentaldata 

Asmentionedintheprevioussection,theaveraged 
enhancementofmasstransfershowsabehaviorsimilarto 

thatfOrthestaticmagneticfieldiftheintensityofthe 

appliedpulsatingmagneticfieldisrepresentedbya 

magneticfIuxdensityaveraged。uringoneperiod

TherefOre,anattemptismadetocorrelatetheaveraged 
masstransfercoefficientinasimilarmannertothatfOrthe 

staticmagneticfieldbyintroducingthefOllowingmagneto-
diffUsionfactor（ＭｏｒｉｅｒａＬ，l994a）derivedfromthe 

normalizationofthegoverningdifferentialequations． 

［
－
］
エ
ニ
の

１０１ 

１０ｏＬ 
ＩＯ２ 1０３ 1０４ 1０５ 

ＭＤＲｏＩ'２ 
－［－ｺ 

Sc 

Fig･SCorrelationofaveragedmasstransfercoefficientby 
usingmagneto-difftlsionfactor 

benegligiblysmallGenerallytheSAMnumbertendsto 
approachasymptoticallyEq(7)asMDRaI/2/Scincreases・
Equation(7)seemstobeafairlygoodexpressionfOrthe 

pulsatingmagneticfield,includingtheeffectofthecath-

odeinclinationandthedutycycle・However,thedatatend

todeviatesubstantiallyfTomEq．（７）ａｎｄapproacha 

constantvaluefOreach血sMDRal/2/ScdecreasesThe
majordatapointsinthisdeviatedregionarefOrB＜50mT 

Undersuchaweakmagneticfield,theeffectofnatural 

convectionwillprobablypredominatethemasstransfer、

Consequentlytheotherappropnatereglcssionequationwill 

beneededtotakemoreproperlyintoaccounttheinfluence 
ofthenaturalconvection 

Now,themagneticfieldemployedfOrthepresent 

experimentsisperiodicallypulsating,i､e､,ｔｕｍｅｄＯＮａｎｄ 
ｔｈｅｎｔｕｍｅｄＯＦＦＩｎｔｈｅＯＮ－statethemasstransferratewill 

berepresentedbyEq.(7)andintheOFF-statebyEq.(3)． 

Inotherwords,thecombinationofSAMsfromEq.(7)and 
ShofromEq.(3)wouldgiveagoodexpressionfOrthe 
presentdata・Conventionally，thefOllowingregression

equationisoftenusedfOrdealingwithtransportphenom-

enaaffectedsimulta､eouslybytwodifferentmechanisms 

(MohantaandFahidy,1976） 

ＳｈＭ〃＝Ｓ/jo〃＋ＳｈＭｓ〃 （８） 

Inthisstudy,theaboverelationismodifiedsoastoaddthe 

dutycycleastheweight・Thatis

ShM"＝((ｌ－ＤＹ)Sho)"＋(DYSAMs)〃（９）

WeappliedEq.(9)tothepresentdataandobtained 

thebestfitat〃＝１，，amelythelinearcombinationofEqs．

(3)and(7)accompaniedwiththeweightofthedutycycle， 
withthecorrelationcoefficientOｇ７５Ｔｈｕｓ 

ＳＡＭ＝(ｌ－ｐＹ)Sho＋ＤＹＳｈＭｓ （10） 

Thecorrespondenceoftheexpenmentaldata,ShExp,tothe 
lefthandsideofEq.（10),ShcAL,isshowninFig､６withthe 
fi･equencyasaparameterFromthisgraph,Ｅｑ.（１０)is 

showntobeagoodexpressionoftheexperimentaldata， 

MD＝ZFB△Ｃ(。/cosO12／(βし）
～ 

(6) 

wheretheaveragedmagneticHuxdensityBandtheincli-

nationangleOofthecylindricalcathodearesimultaneously 
takenintoaccounL 

TheSherwoodnumberisplottedagainstMDRal/2/Sc 
inFig､５，fOllowingtheprocedureinthepreviousstudy 
(MorietaL,l994a)ａｎｄcomparedwiththeexperimental 

coITelationequationEq.(7),fOracylindricalcathodein 

thehorizontalstaticmagneticfield． 

ShMs＝2.72(/VDRα'ﾉﾕ/Sclo244 
for568×１０２二Ｍ，三２．２９×］０５，
ａｎｄ１．３１×１０５≦ＲＣＩ≦６．０８×１０７ (7) 

lnthegraph,thefrequencyofthemagneticfieldハs

employedasaparameterbuttheinfluenceofハsseento
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Nomenclature 

A＝surfacearea［ｍ２］ 

８＝magneticfluxdensity［T］ 

Ｃ＝bulkconcentrationofion［ｍCl/ｍ３） 
ＡＣ＝concentrationdifferencebetweenbulk 

solutionandelectrodeinterface ［moVm3］ 

，＝diffUsioncoefficient［ｍｚ/s］ 

(ノ＝diameterofcylindricalcathode［ｍ］

ＤＹ ＝dutycycle,i､ｅ,ＯＮ－ｔｉｍｅｒａｔｉｏｉｎｏｎｅｃｙｃｌｅ Ｈ 

Ｆ＝Faradayconstant［C/eq.］ 

／＝frequency［Ｈz］ 

８＝gravityacceleration ［ｍ/s2］ 

０，＝Grashofnumber,definedas8“Ｃ(｡ﾉCosO)]/ｖ２［ｌ 
ノ＝limitingcurrent［Ａ］

Ａ＝masstransfercoefficient［ｍ/s］ 

Ｍ、 ＝magneto-diffUsionfactorbasedonmeanmagnetic 

fluxdensity,definedaszFBAC(｡/ＣＯＳ③２/(Pv）［-］ 
Ｒａ＝Rayleighnumber,ｄｅｆｉｎｅｄａｓＯｒＳｃ Ｂ 

Ｓｃ＝Schmidtnumber,ｄｅｆｉｎｅｄａｓＷＤ［-］ 

Sｈ＝Sherwoodnumber,definedaM(｡/cose)/，［-］ 

７＝periodofpulsation［s］ 
／＝ｔｉｍｅ に］

＝valencyofion tq/ｍｏＵ 

‘＝densificationfactor［､3/mol-U 
e＝inclinationangleofcathodefiUmthehorizon［rad］ 

ｖ＝kinematicviscosity m2/S］ 

ｐ＝density ［kg/ｍ３］ 

＜Subscripts＞ 
ｃａｌ＝calcuIatedvalue 

exp＝experimentaldata 

p＝peakvalueofpulsatingmagneticfieｌｄ 

Ｍ＝withmagneticfield 

O＝withoutmagneticfield 

＜Superscripts＞ 
＝valueaveragedoveronecycle 
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showcomparativelypoorclustering 

Conclusions 

Enhancementofthemasstransferratearoundan 

inclinedcylindricalcathodebyapplyingapulsating 

magneticfieldinthehorizontaldirectionwasinvestigated 

experimentallyfOraK3Fe(ＣＮ)6-K4Fe(ＣＮ)6systemwith 
supportingelectrolyte，ＮａＯＨ，byusingthelimiting 

currenttechnique 
Themasstransfercoefficientwasfbundtoberead‐ 
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asastaticoneTheenhancementdata,however,scatterto 
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