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ThispaperrepresentsatheoreticalapproachfUrestimatingaxialgas(liquid)ｈｏｌｄｕｐａｎｄｍｅａｎｇａｓ(liquid)ｈｏｌｄｕｐ
ｉｎｔｈｅｆＭｈ(gas-liquidmixturemmedbyblowinggasintoshallowliquid）onaperfDratedplatebymeansofthe
calcuIusofvariation・ThepaperalsodescribessomefUndamentalcharacteristicssuchasgas(liquid)holdupand/or
liquidcirculationinthefroth，whichareofimportancetothepermrmanceofgas-liquidcontactors･Ofparticular
emphasesfDrcharacteristicsofthefrotha1℃axialandradialprofilesofgas(liquid)holdup,ｍｅａｎgas(liquid)holdup
andliquidcirculationobtainedexperimentally．

Introduction

Theoperationofgreatestimportancefbrgas-liquid
contactorssuchasbubblecolumnsan｡/orplate

columns，inWhichperfbratedplatesarecommonly

used，isthedispersionofgasintoshallowliquid
WhengasisdispeIsedintoliquidonaperfbrated

plate，gas-liquidmixture，namely，ｆiDthappears・Tb

clarifythebehaviorand/orcharacteristicsofthefroth
isverydifficultbecausethefluiddynamicsofthe

systemisextremelycomplexandpoorlyunderstood
Furthermore，intheapplicationtochemical，
petrochemicalorbiochemicalreactions,masstransfer

involvinggaseousreactantsoccursthroughthegas-

liquidinterface、Hence，ｇａｓ（liquid）holdupand
liquidcimulationinthefiothonaperfbratedplateare
ofgreatinterestbecauseoftheirdirecteffectson

columnefficiency・Therefbre,toMlyunderstandor

predicttheflowbehaviororreactorperfbrmance，
effbctsofgas(liquid)holdupandliquidcirculationin
thefiDthneedtobeaccounted

lnthispaper,atheoreticalapproachfbrestimating
axialgas（liquid）ｈｏｌｄｕｐａｎｄｍｅａｎｇａｓ（liquid）
holdupinthefiPothonaperfbratedplateispresented
basedoncalculusofvariationInaddition，some

importantcharacteristicspertainingtogas（liquid）

holdupandliquidcirculationobtainedexperimentaIly

arebrieflyshownOfparticularemphasesareaxial

andradialprofilesofgas（liquid)holdup,ｍｅａｎｇａｓ
(liquid)holdupandliquidvelocityinthefioth

bubbleandKimanellipticalbubblefbrgasholdup
evaluation，theydidnotconsidertheeffbctsofnear

wakeofbubble・Inthefbllowing，fimdamental
frameworkfbramodelbasedontheassumptionofa
sphericalbubbleincludingthenearwakeispresented
topredicttheaxialgasholdupprofilesandthemean
gasholdupHerethefbllowingassljmptionsare
madetosimplifythemodelfbrmulation

l)Thebubbleisasphericalcapbubble、
2)Theenergyofmixingandtheenergyofdiffilsion

betweenliquidandgasareneglected
3)Thefrictionbetweengasandliquidisneglected
4)Thedistributionofthegasholdupisunifbnninthe
radialｄｉｒｅｃｔｉｏｎＴｈｉｓｉｓｎｏｔａｌｗａｙｓｔｒｕｅｉｎ
practice．
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(ａ）SlrucIureofbubbIe (ｂ）ＥｌｅｍｅｎＩａｒｙｌａｙｅｒｉｎｆｒｏＩｈ

FiglStructureofbubbleandelementarylayerin
froth

１.AxialandMeanCas(Liquid)Holdup
L1TheoreticalTreatment

Azbel(1962)andＫｉｍ(1965)havemademodeling
attemptsfbraxialandmeangasholdupinthefrothon
aperfbratedplate・WhileAzbelassumedaspherical

ＡｓｓｈｏｗｎｉｎＦｉｇ､１(a),thesphericalcapbubbleis
accompaｎｉｅｄｂｙｌｉｑｕｉｄｖｏｌｕｍｅｙｉｒａｓｔｈｅｗａｋｅ

(Collins，1965a，1965b，1966,1967)．Thewhole
volumecontainingboththebubblevolumePbandthe



170 ToshiroMIYAHARA

wakevolumezrisapproximatedasaspherewith

radiusqDaviesandTnylor（1950)showedthatO

=６０degreeAsshowninFig､１(b),letusconsiderう
ｉｎｔｈｅｆｒｏｔｈｏｎａｐｌａｔｅ，anelementarylayerwiththe
heighMzTherefbre,thegasholdupinthislayeris
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ThetotalenergyofthiselementaryIayerE,iｓWhere〃ｉｓｔｈｅｎｕｍｂｅｒｏｆｂｕｂｂｌｅｓｉｎｔｈｅｕｎｉｔｖolume

Thepotentialenergyofthislayeris

昨"トル箒("菩凹際叱|α
（10）

ThesystemshouldbestablewhenE）takesa
minimumvalueunderthesubsidiaryconditionthat

theliquidholdupisconstant

｡E,-(l-gc)p1gz血 (２）

lfthebubbleaccompaniesliquidKtｉｍｅｓａｓｍｕｃｈａｓ
ｔｈｅｖｏｌｕｍｅｏｆｔｈｅｓｐｈｅrewithradiusa，ａｎｄｔｈｅ
ｖｏｌｕｍｅＫ,onebubbleisaccompaniedbyliquidｏｆ/V）
timesasmuchasthebubblevolume
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andtheboundarycondition
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Ontheassumptionthatthekineticenergyofthis
elementarylayerdEA,isthesumofboththekinetic
energyｏｆｔｈｅｇａｓａｎｄｔｈｅｅｎｅｒｇｙｏｆｔｈｅｌｉｑｕｉd
accompaniedbythebubble，ａｎｄｔｈａｔｔｈｅｇａｓａｎｄ
ｌｉｑｕｉｄｍｏｖｅａｔｔｈesamevelocityうthefbllowing
equationisobtained

Therefbre

E,(ＥＣ)=LI'F(`c,zルハ。)'，

H(ｓｏ)-Ｊ'１℃(飴)土

(13）

(14）
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AfierintroducingtheLagrangemultiplier人the
fbllowingEuler，sequationisobtainedbyusingthe
calculusofvariation．

旦旦十入旦旦-＝０
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(15）

Thesurftlceareaofthesphericalcapbubbleis
expressedasfbllows

SubstitutionofthefimctionFandGｉｎｔｏＥｑ.（15）
■

glves

s-㎡(㎡M-2cM）（５）

ThentheenergyofthesurfacetensioMEvisgivenby

咽-㎡(sin2伽-2.M)伽（`）

、.＿＋￣、

(16）ＣＧ＝
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Further,substitutionofEq.（12)intoEq.（16)gives

A-芸｡-p岬:(化辮等,,)卿ハ
Iftheflowaroundthespherecontainingthebubble
andthewakecanbeassumedtobethepotentialflowう

K=1/２(Darwin,1953;Milne-Thomson,1968)．
Therefbre
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FromEqs.(11)and(16),substitutingthevalueof

入andregardingpﾉ>>肘wecangettheffothheight
〃asfbllows

fiomasieveplateThisisprobablydueto
stagnationofthedisruptbubblescausedbythegasjet
nearthesieveplate・Themiddleregionhasa
tendencytoshowaconstantvalueofeﾉathighliquid
depthThisismostlikｅｌｙｄｕｅｔｏｔｈｅｆａｃｔｔｈａｔｔｈｅ
ｂｕｂｂｌｅｒｉsesatthetenninalvelocitybalancedwiththe
buoyancy，thedragfbrceandtheinertialfbrceinthis

regionTheusualbubblecolumnwithadeeppool
ofliquidmaycorrespondtothecontactorwithlaIge
middleregion

Figure3，presentedbymkahashieMﾉ.（1974)，
showscomparisonofthecalculatedvaluesfiomEq．
(19)withtheexperimcntalonesofeGatUkF682
cm/sandvariousliquiddepths・AtlowliqUiddepth，
themeasurementsag１℃ewellwiththepredictedones
comparatively・Atlargeliquiddepth，howeveBthe
valuesofmiddleregionarenearlyconstant，ａｎｄthe
predictedvalueisalittlelalgcAsmentionedabove，
thismaybeattributedtotheterminalvelocityof
bubbleinthisregionlnFi９．３，thedashedlines
showtheresultsobｔａｍｅｄｂｙＡｚｂｅｌｗｈｏｄｉｄｎｏｔｔａｋｅ
ｉｎｔｏａccounttheeffectofthenearwakeofbubble．

ﾄＨｌ肝周 (18）

whereFHﾉlgc2/(9日)．
hold叩iｓ

Therefbre，ｔｈｅａｘｉａｌｇａｓ

(19）どＧ＝
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FromEq.(18),themeangasholdupisobtained邇
将

(20）８０＝

Therefbre，themeangas-liquidhold叩ratioｉｓ
(TnkahasmeMﾉ.,1973）

ｎ
Ｉ
Ｕ
母

厩

Ｌ｜妬 (21）
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Effectofclearliquidheightonliqllidhold叩L2AxialPmfilesofGas(Liquid)Holdup Fig.３
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０５１０１５２０２５３０３５幻 Figure4，obtainedbyTnkahashieM/、（1974)，
showsthecomparisonbetweenthemeasurementsand

thecalculatedvaluｅｓｏｆＥＧｗｉｔｈｃｈａｎｇｅｉｎＵｌｇ･ａｔ
H=１０ｃｍ・AtsmallUkMheexperimentalvalues
coincidewellwiththepMictedones;atlalgeUko
bothvaluesdeviateinthemiddleregionThisis
probablyduetotheconsiderableliquidentrainment
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Figure2，obtainedbynkahashieM/､（1974)，
showsaxialprofilesofthemeanliqUidholdupona

pelfbratedeﾉ(＝１－８G）measuredbymeansqfγ

raytechnique・FIDmthesefigures，ｅノdecreases

suddenlynearthesurfhceofaperfbratedplate
(bubblefbrmationregion)；thenthedegreeofthe
diminutionbecomesmild(middleregion);andabove
thisregion,８K=1-8G)decreases(upperlayerregion）
withincreasinggasvelocityBAthighgasvelocityウ
ｔｈｅｍｉｎｉｍｕｍｖａｌｕｅｏｆｅノａｐｐｅａｒｓａｔａｂｏｕｔ２－３ｃｍ
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fromｔｈｅｔｏｐｏｆｔｈｅｆｉｏｔｈａｎｄｔｈｅｖｉｏｌｅｎｔｄisturbance

intheupperlayerregion．

L3MeanGas-LiquiｄＨｏｌｄｕｐＲａｔｉｏ

ＡｓｓｈｏｗｎｉｎＦｉ９．５includingtheresultsof
Braulickαα/、（1965）andYOshitome（1963)，by

TMahashieMﾉ.（1974),thevaluesofthemeangas-
liquidholdupratio，ｉｎｔｈｅｒａｎｇｅｏｆＨ=3-70ｃｍ，are

plottedagainstFroudenumberFrdependingon
Eq.(21)．Ａｔｌａｌｇｅ凡boththetheoreticaland

experimentalvaluesareingoodagreement・Inthis
figure,thedashedlineistheresultobtainedbyAzbel

andthedottedlinetheresultbyKim．

ｔｈｏｓｅｏｆｇａｓｈｏｌｄｕｐｉｎｔｈａｔｔｈｅｌｏｃａｌliquidvelocity
showsamaximumattｈｅｓａｍｅｐｏｓｉｔｉｏｎａｓｔｈａｔａｔ
ｗｈｉｃｈｍａｘimumgasholdupoccurs．
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AxialclassifIcationofthefiothregimeaspresented
byMiyaharaejaﾉ.（1989）isillustratedinFig、７．
Ｈｅｒｅｔｈｅｇａｓｈｏｌｄｕｐａｔｔｈｅｃｅｎｔｅｒｉｓｐlottedasa
fUnbtionoftheratioofaxialpositiontoliquiddepth
Asseenfromthisfigure，thefiDthregimecanbe
dividedintothreeregionsalongtheaxialdirectionas
describedabove：bubbIefbrmationregionfbr
L/Ｈ<0.3,middlereｇｉｏｎｆｂｒＯ､3<L/Ｈ＜L6andupper
layerregionfbrL/Ｈ＞1.6．Theprofnesofgasholdup
andliquidvelocityinthemiddleregionshowa
distinctivebehaviorinthattheyhaveamaximumata

certainradialpositionTherefbre，thefbllowing
concemsonlythemiddleregion

FfpU9JKgH)ヒーコ

Fig.５GasIiquidholdupratioversusFroudｅｎｕｍｂｅｒ

FIomFig5，itisobviousthatthetheoreticalequation

ofthemeangas-liquidholdupratioEq.(21）agrees

withtheexperimentalvaluesbetterthandothose

obtainedbyAzbelandKimAlsoEq.(21）doesnot

alwaysrepresentthemeasurementsTherefbre，by

considerationofthesemeasurements，empirical

equationswereobtainedasfbllows
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(1)Bubbleform9tiqn
regIon

(2)Middleregion

(3)Upperlayer
regIon

2．RadialProfilesofGasHoldupandLiquid
Circulation

Hills（1974）ａｎｄＫａｔｏｈｅｒａﾉ.（1975）showedthat

radialpmfilesofgashold叩andliquidcirculation

velocitydonotvaryalongtheaxialdirectionexcept

inthevicinityoftheplateandatthetopofthefiFoth

Figure6,obtainedbyMiyaharaeMﾉ.（1989),shows
radialplofilesofgashold叩measuredbymeansofa
conductivityplobeandvoidfractionunitandliquid

velocitymeasuredbymeansofthePavlovtube

describedpreviouslybyHills（1974)．Asillustrated，
gasholdupshowsamaximumatacertainradial
positionabehaviornotcommonlyfbundintheusual

bubblecolumnwithadeeppoolofliquid
MoreoveEprofilesofliquidvelocitｙａｒｅｒｅｌａｔｅｄｔｏ

００５

0０２

０１２
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Fig7Frothcharacteristicsalongaxialdirection

３

Figure8，obtainedbyMiyaharaerα/､（1989)，

showsradialprofilesofgashold叩andliquid
velocityasaparameterofsuperficialgasvelocityin
themiddleregion Althoughofcoursethe

parameterisdiffbrent,Fig.９ｓｈｏｗsradialprofilesof

gasholdupandliquidvelocityFromthesefigures，
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Fig.８Effectofsuperficialgasvelocityonprofiles
ofgasholdupandliquidvelocity

Fig.９Effectofliquiddepthtocolumndiameter
ratioonprofilesofgasholdupandliquidvelocity

radialpositionsshowingamaximumingasholdup
andupwardliquidvelocitymovetowardsthecolumn
centerwithincreasingliquiddepthanddecreasing
columndiameteEnamelyasH/DTincreases．At
higherHⅡＤ刀ｔｈｅｒｅｉｓａｃｅｎｔｒａｌｍａｘｉｍｕｍｉｎｂｏｔｈｇａs
holdupandliquidvelocity；thesephenomenaare
commonlynoticedfbrtheusualbubblecolumnwitha
deeppoolofliquidTheH/Drvalueatthetransition
fiFomtheplatecolumntothebubblecolumnregimeis
deducedtobearoundunityb

Hills（1974）andMiyauchieM/､（1970）studied
radialgasholdupinbubblecolumntheoretically
usingthetheoryofcilCulation・HoweveEthistheory
reqUirestheuseofsomeunknownvariables・
Therefbre,MiyaharaeMﾉ.（1989）triedtocolrelate
profilesofgasholdupinthemiddlefiothregionby
thefbllowingequations．

〃＝0.3月~'＋１．８，忽-0.05

"-ＭD"Ｗ,

(29）

(30）

FigurelO，obtainedbyMiyaharaeML（1989)，

showsacomparisonofresultscalculatedusingEqs．
(24）ａｎｄ（25）withtheexperimentalmeasurements・

Thecalculatedcurvescomparefavorablywiththe
measurementsexceptｆｂｒｔｈｏｓｅｗｈｅｒｅＨＤ７＝1.01．

Forthesakeofcomparison，theempiricalresultsof
Katohemﾉ.（1975）fbrbubblecolumnsareshownin

thesaｍｅｇｒａｐｈ
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ConcludingRemarks

lnperfbratedplatecolumnswithgasbubblesasa
discretephase，ｔｈｅｆｉｏｔｈｒｅｇｉｍｅｆｂｒｍｅｄｂｙｂｌｏｗｉｎｇ
ｇasintoshallowliquidonaperfbratedplatecanbe
dividedintothreeregionsalongtheaxialdirection：
bubblefbrmationregion，middleregionandupper
layerregionTheaxialprofileofgasholdUpbased
ontheoreticalanalysisincludingtheeffectofthenear
wakeofbubbletakingintoaccounttheEuler，s

equationbymeansofthecalculusofvariationagrees
withthemeasurementsbetterthanthatobtainedby
AzbeLThemeangasholdupisbetterexprcssedby
thetheoreticalequationderivedfiomtheaxialprofile
oｆｇａｓｈｏｌｄ叩thantheresultsobtainedbyAZbeland
KimHoweveMhemeasurementsbehaveslightly
differentlyffomthetheoreticalequationTherefbre，
theempiricalequationswereobtaiｎｅｄＡｓｆｂｒｔｈｅ
ｒａｄｉａｌｇａｓｈｏｌｄｕｐａｎｄｌiquidcirculation，ｔｈｅｒｅｉｓａ
ｍａｘｉｍｕｍｉｎｔｈｅｇasholdupatacertainradial
positionwithacentralminimumunlikethebehavior
intheusualbubblecolumnThisbehavior

colTespondstothatofradialprofilesofliquidvelocityB
Sigmficantinfbrmationongashold叩andliqUid
circulationintheusualbubblecolumnisavailablein

theliterature，Ｍｏreworkisneeded，howeveLto
generalizethefluidflowdynamicsoffiothona
perfbratedplate．

＝bubblevolume,ｍ３
＝ｗａｋｅvolume,ｍ３
＝distancefiomaperfbratedplate,、

９

％
瓜
Ｚ

＝gasholdup

＝meangasholdUP

＝gasholdupatthecenter

＝maximumgasholdup

＝liqUidholdup

＝angle,rad

＝Lagrangemultiplier

＝gasdensity§ｋg/ｍ３

＝liqUiddensityｩｋg/ｍ３
＝surfacetension,Ｎ/、

妃
一
町
岫
蜥
ｑ
０
入
ｐ
ｐ
ｏ

ｇ
Ｉ
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Notation

a＝radiusofsphericalcapbubble,ｍ
Ｄ７＝columndiametenm

ciEt＝kineticenelgyofelementarylayerperunit
cross-sectionalarea,ｋg/ｓ２

必＝potentialeneWofelementaIylayerperumt
cross-sectionalarea,ｋg/s2

CZE，＝energyofsurfacetensionofelementarylayer
perunitcross-sectionalarea,ｋg/ｓ２

Ｅ１＝totalenergyperunitcross-sectionalarea，
ｋg/s２

Ｆ＝fimctiondefinedbyEq.(13),kg/(ms2）
丹＝Fmudenumber{=､【;g/(gH)｝
９＝gravitationalacceleration,ｍ/s２
Ｇ＝fimctiondefinedbyEq.(14),kg/(ms2）
Ｈ＝liqUiddepth,ｍ

ﾉi／＝fiothhcight,ｍ
Ｌ＝measulingheight,ｍ
〃＝numberofbubbleinunitvolume,ｍ－３
〃＝exponentinEq.(29）
"’＝exponentinEq.(30）
ﾊル＝constantdefinedbyEq.(3)
尺＝columnradius,ｍ

ア＝radialdistance,ｍ

ｌｂ＝７atmaximumgashold叩,ｍ
８＝surfaceareaofasphericalcapbUbble,ｍ２
Ｄｂ＝bUbblerisevelocity9m/S
Uk。＝superficialgasvelocitybm/ｓ
"ノ＝upwardliquidvelocity;ｍ/ｓ


