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Summary A theoreticalmodelfor the locomotionof the drop inducedby the internal secretionof a surfactantis presented.The
effect of nearbysolid walls or non-deformabldiquid-liquid interfaceson the motion hasbeenstudied. Casesf planeandspherical
boundaries.The dependencef the drop migrationvelocity on the locationof the sourceandon the separatiordistancebetweerthe
dropandthe outerboundaryaswell ason the physicalparametersf the systemis reported.The dynamicsof thedropis studiedin the
case®f afixedlocationof the sourceinsidethedrop,andin the casewhenit passiely moveswith theinternalcirculation.

INTRODUCTION

Many modernindustrialapplicationsnvolve dropsmotionin liquid matrixaccompaniety heator massransfebetween
the phases.Theseinclude, e.g. direct heatexchangeor liquid-liquid extraction. Exchangeof active specieswith an
ambientmediais oneof themostcharacteristiéeaturef living biologicalbodiesaswell. Most of thetheoreticaktudies
of suchprocessesvere basedso far on the assumptiorof a uniform concentration/temperaturaside the drops. This
assumptiordoesnot hold in the casewhena dissohed substancés secretedrom someinternal sourcewithin a drop,
e.g. anencapsulatedmallerdrop in the courseof technologicalprocesseivolving compounddropsor from certain
organelledn aliving cell. For an off-centerlocationof the internalsource the diffusive masstransferresultsin a non-
uniform distribution of surfactantalongthe outersurfacethat,in turn, resultsin interfacial stressvariationthatultimately
inducea surfacemotionandthelocomotionof the drop.

We presentherea theoreticalstudy of the motion of a drop dueto the internal secretionof a surface-actie substance.
In our modelwe considera viscousdrop that containsanothersmaller droplet or a point sourceof a surface-actre
substanceThe systemis embeddedn animmiscibleviscousfluid thatis eitherunboundedr confinedby planeor or
within sphericaboundariesA brief descriptionandpreliminaryresultsfor the motion of acomplex dropin unbounded
mediacanbe foundin Nir & Lavrenteva (2003). In the presentwork we reporta detailedstudy of the locomotionof
dropsfor avarietyof physicalparameterswWe considerthe motionin anunboundediquid aswell asmorerelevantcases
whentheflow domainsareconfinedby boundarie®f variousphysicalnature.The casef solid-liquid andliquid-liquid
boundariesvith variousboundaryconditionsfor the concentratiorare studied. The dependencef the drop migration
velocity on the location of the sourceand on the separatiordistancebetweenthe drop andthe outer boundaryas well
ason the physicalparameterss reported. The focusof the studyis on the caseof a locomotioninducedsolely by the
Marangonieffect. For completenesghe combinedactionof buoyang andMarangonieffectis alsoconsidered.

PROBLEM DEFINITION AND METHOD OF SOLUTION

Considera sphericaldrop containinga sourceof a solubleweak surfactant,which is submeged into an immiscible
viscousfluid. The outerfluid is either unboundedor confinedby a flat or sphericalboundary Threedifferenttypes
of outerboundaryare considered:solid wall, free surfaceandliquid-liquid interface,aswell astwo differenttypesof
boundaryconditionsfor theconcentratiomttheseboundarieszeromasdlux or givenuniformconcentrationAll physical
propertiesof the fluids areassumedo be constantexceptfor the interfacial tensionswhich areassumedo dependon
the surfaceconcentration.At the outset,we introducedimensionleswyariablesbasedon the size of the largerdrop and
the physicalpropertiesof the ambientfluid. The systemis governedby the following setof dimensionlesparameters:
Reynoldsnumber Pecletnumber two capillary numbersthe Bond number the ratios of physicalcharacteristicef the
phasegviscosity diffusivity), andthe geometryof the system.Whenthe drop movesunderthe actionof gravity force,
numberscharacterizindherelative influenceof gravity andMarangonieffect arealsoconsidered.

For simplicity, we considerthe caseswvheninertia, corvective transportand deformationeffects can be neglected. i.e.
Reynolds,Pecletandthecapillarynumbersareassumedo bezero.Undertheseconditionsthequasi-steadgpproximation
is valid, i.e. the concentratiorand velocity fields can be somevhat decoupledand found from stationaryequations
(Laplaceand Stokes, respectiely). The problemsremain coupledonly throughthe dependenc®f interfacial stress
conditionson the variationof surfactantconcentratiorat the surface.

The velocity andpressurdieldsin eachphasesatisfythe quasi-stationanptokesequationswith the following boundary
conditions:Thefluid is atrestat infinity. No-slip conditionsareimposedon solid walls. Thevelocity field is continuous
acrosglropsinterface while thedropsdo notdeform. Thedifferenceof tangentiaktresseattheinterfacess balancedy
thegradientof the surfacetension.The problemdefinitionis complementedy the balanceof theforcesactingon eachof
the dropsfrom which the dynamicsis extracted,andby the equationgor temporalevolution of the positionsof the drop
andtheinternalsource.Thelattermaybe eitherfixedwithin the dropor passiely migratewith theinternalcirculation.
The abore problemis solved for axisymmetricconfigurationsusing conformalmappingtechniques.In this procedure
we first calculatethe concentratiordistribution andthe Stokesstreamfunction from which the force on the drop canbe
obtainedasa sumof Marangoniforce, Stokesdrug and buoyangy. Balancingtheseforcesprovidesan equationon the



drop’s migrationvelocity thatis usedto advancethe geometryof the system.
RESULTS OF CALCULATIONS AND CONCLUSIONS

The dependencef the drop migrationvelocity on the locationof the sourceandon the separatiordistancebetweerthe
dropandthe outerboundaryaswell ason thephysicalparametersf the systemis reported.Thevariousflow patternsare
describedr'he dynamicsof the dropis studiedfor the casef thefixedlocationof the sourceinsidethe dropandin the
casewhenit passiely moveswith theinternalcirculation.

For the caseof a motion in an unboundedluid, the internal sourcewas modeledas a smallerdropletwith a uniform
concentratiorof a surfactant. Our computationgevealedthatthe internalsecretiorfrom the innerdropletinducesloco-
motionof the compoundviscousdrop andthattheflow generatedby theinterfaceof the large drop causethe migration
of the internaldropletin the samedirection. In generalit wasfound thatthe velocity of the inner dropletexceedsthat
of the large drop. With the passag®f time, the dropletapproacheshe interfaceof the drop andthe eccentricityof the
systemis increasedWhenthe distancebetweerthe centerdncreasesthe relative velocity first grows, but asthe droplet
approacheso theinterface,its relative motionis retardedby the strongviscousresistanceAt thelimiting configuration
of the touchingdropletsthe aggreyatewill move with a constantvelocity. Whenthe dimensionof the inner dropletis
muchlessthanthatof thelarge one, it is naturalto modelit by a point masssourcewith a givenstrength.This modelis
adoptedor the computatiorof the dropslocomotionis confineddomains.

Thecombinedeffect of the buoyang/ andspontaneouMarangonimotionis studiedaswell. It is shovn thatarich variety
of interactionpatternamay occur, which exhibits separatiorof flow in the outerfluid andwithin thelargedrop. In some
particularcasesoth dropsremainsuspendednotionlessn the laboratoryreferencdramewith thefluid circulatingin a
steadymanner A pair of dropsmay have severalequilibriumpositions with oneor two of thembeingstable.
Thepresenc®f nearbyboundariemormallyincreasehe hydrodynamiagesistanceand,thus,fluid flow neartheboundary
haslower velocity ascomparedo thosein unboundednediumfor the sameexternalforcing. On the otherhand,for the
surfaceinducedflow, a nearbyboundaryaffectsthe concentratiorat the dropssurfaceandhencethe Marangoniflow. Our
calculationgevealedthatthe boundarywith constantoncentratiorhasa repulsive effect on the drop, while aninsulated
boundarntendsto attracta drop. For alarge separatiordistancethe motionof thedropis similar to thatin anunbounded
fluid, while for smallerseparationg is considerablyetardedand,in somecasescanbeevenreverted.

The effect of liquid-liquid andliquid-gasinterfaceon the hydrodynamiaesistancef a nearbyparticleis muchwealer
thanthatof thesolid wall. Onthe otherhand,a Marangoniflow is inducedon suchaninterfaceaswell ason the surface
of thedropitself. This effectis shavn to be quite strongbeingableto changethe flow patternandthe directionof the
dropsmigration.

Thedynamicsof thedropis calculatedor afixedlocationof the coursensidethedropaswell aswhenit passiely moves
with theinternalcirculationfor all thetypesof externalboundariesnentionedabove.
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