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Abstract

We review recentprogressn the physicsof foams.While substantialit is mainly directedtowardsstable static,dry
foams.The expandingfrontiersof the subjectincludethe prospectie useof microgravity to createstablewetfoams.The
ESA-fundedproject“Hydrodynamicsof Wet Foams”is aimedat this objective.

1 Introduction

The scienceof foamsattractsthe attentionof chemistsphysicistsandengineersBroadly speakingthey focuson effects
on very differentlength-scales.The chemistexploresthe complex phenomenant the surfaceof the thin films, where
the surfactantsreside. The physicistconcentrate®n the shapeandtopology of the cells formed by the bubbleswhen
they presstogether(seefigure 1). The engineerseekscontinuumapproximationsin which the individual cells have no
apparentole. Thereis currentlyanincreasingnteractionbetweernthesethreecommunitieswhich have muchto learn
from eachothet

Industrial motivations point towards comprehensie modelswhich can analyseand predict the behaiour of such
processeasfoamflotationin the separatiorof minerals,or themary casesn which gasandliquid areintimately mixed
in verticalarraysof “downcomers’in thechemicalandpetroleumndustries.Chemicalengineerhave aspiredo produce
suchmodelsin the past,but this purely empiricalstyle of researcltanbecomdostin a seaof ratherarbitraryequations
andadjustableparametersThe physicistprefersto reculerpour mieuxsauter andstrivesto createexperimentsn which
thekey propertiesof afoammaybe studiedin isolationfrom eachother Theseare(seefigure 2):

e drainage, thetransporbof liquid throughthe foam,drivenby gravity or pressureaifferences;

¢ rheology, theresponsef thefoamto stresswhich maybesolid-like or liquid-lik e,dependingon the magnitudeof
thestress;

e coar sening, thegrowth of the averagebubblesizedueto gasdiffusion,which is akin to Ostwald ripening;
e collapse, the eventualfateof mostfoams,dueto theruptureof thin films.

In eachcase,the structureof the foam playsa role. In particular structuralrearrangementéoften describedas
topologicalchangesareoften seenasthe essentiafeatureof the behaviour of afoam.

2 Industrial Perspectives

Foamsandfoamingposeimportantquestionsandproblemdfor thepetrochemicaindustryin general As amaterial foam
is almostuniquein thatit canbea desiredproductor agentin a processwhile at othertimesit is an unwantedoyproduct.
In the petrochemicalndustry liquid foamsare an essentiapart of gas/liquidcontactingprocessesuchasdistillation,
absorptiorandtreating.However, anover-productionof foamin theseprocessesananddoesleadto efficiency lossand
unwanteddowntime.

As products,solid polymericfoams,suchaspolystyreneandpolyurethanefind applicationsasinsulationpanelsin
the constructiorindustry Their combinationof low-weightanduniqueelastic/plastiqropertiesalsomake themideal as
packagingandcushioningmaterials Researchesultswhich bearon applicationssuchastheseshouldalsohave potential
applicationdn the beer confectioneryandfood sectors.

3 Dry and Wet Foams

The mostsignificantsingleparametecharacterisingi foamis theliquid fraction ®;. It variesfrom very smallvaluesto
a maximumof about0.35 (thatis, 35 % liquid). At this point the bubblescomeapartandstaticequilibriumis lost - we
entertherelatedfield of the“bubbly liquid”.



Figurel: In anaqueougsoamundergravity, only athin layeradjacento theunderlyingliquid is wet Most of thefoamis
quite dry, sothatthe bubblesform polyhedralcellswith curvedfaces(soapfilms). Most of theliquid is containedn the
edgeof thecells (Plateawborders) Photograpttourtesyof J. Cilliers (UMIST).
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Figure2: Thekey propertiesof afoam.

The distinctionbetweena dry foam (say ®; < 0.15) anda wet oneis of paramounimportance,in theoryandin
practice.

Undernormalgravity, mostfoamsin staticequilibriumarevery dry. Only very closeto theunderlyingliquid (if any)
doesthefoambelongto thewetregime. Thedry foamis thereforeaeadilyamenabléo experimentandit turnsoutthatit is
alsocorvenientfor theory Accordingly, in recentyearsexperimentandtheory(which containdargeelement®of computer
simulation)have advancedogetherto the point at which stable static,dry foamsmay be saidto be well understoodat
leastin termsof drainage rheologyandcoarsening.Our understandin@f collapseremainssomeavhat sketchy andwe
may continueto struggletowardsa genericpictureof a processvhich dependwery sensitvely onimpurities,oftenacting
in combination.

4 Foam Drainage

The moststriking resultshave beenobtainedfor drainage.A modelin which the liquid drainsonly throughthe Plateau
borders(the liquid-filled channeldbetweerthe bubbles),with a Poiseuille(or non-slip) boundarycondition,works well
in mary casegWeaireetal 1997). It is embodiedn a non-linearpartial differentialequationfor the liquid fraction (as
a function of positionandtime), known asthe FoamDrainageEquation(VerbistandWeaire1994; Verbistet al 1996).
This hasarich variety of solutions(Cox etal 2000);the mostelementaryis thatof uniform steadydrainagewhere®; is
constanin positionandtime, andthe averagdiquid flow velocity variesin directproportionto ;. Thesudderingressof
liquid atthetop of adry foamproduces solitarywave whosevelocity hasthe samedependencen @, (theliquid fraction
behindthefront). It follows that .
v~ Q§7

where@ is theinflux flow rate. The FoamDrainageEquationhasa neatanalyticsolutionfor the profile of this solitary
wave.

Justatthepointatwhich confidencen this modelwasfinally establishedy work in severalresearchinstitutions(see,
for example,Durandetal 1999),it waschallengedy new resultsfrom Koehleretal (1999),which clearlyindicated

’UNQ%.

This suggestanalternatve modelfor flow throughthe Plateawbordernetwork in which the no-slip conditionis relaxed,
anddissipationis dominatedoy the junctions,or nodes of thesechannels.

The discrepang hasbeenresolhed asfollows. Both groups,actingin the rathercavalier tradition of the physicist,
usedordinarycommercialdishwasherdetegentto createtheir foams. It seemghattheleadingbrandson differentsides
of theAtlantic (thatis, Dawn andFairy Liquid) have quitedifferentsurfactantproperties!For thetime being,thisis being
attributedto therelative valuesof surfaceviscosity but this explanationremaingto bevalidatedandunderstood.



ThesearcHor abetterunderstandingf therole of the surfactantbringsusinevitably to ananalysisof thelocal fluid
flow of both the bulk solutionand surfactant-coatedree surfaces. Subtlechemistryand advancedcomputationafluid
dynamicsareinvolved,but the problemsarenotinsurmountable.

5 Rheology

Briefly statedthe caseof rheologyis muchthe same:a clearpictureexists of the quasi-statigelationof stressandstrain,
but it needgo be extendedto finite-strain-rateeffects. The existing literatureof the latter containglittle morethanshots
in thedark.

Again we are drawvn inexorably to the local scale,at which topologicalchangeseedto be describedas dynamic
processegatherthanessentiallyinstantaneoushangesasin the quasi-statidlow strain-rateymodels.

Aheadlies anevenmoredifficult regime,in which ratesof sheararesohigh thatindividual topologicalchangesease
to have any meaning.(Eachlocal changecannotbe completedbeforeits locality is caughtup in anotherone.)

6 TowardsWet Foams

Eventhe successfufuasi-statianodelsarelimited to dry foams,by their own approximationandby the lack of exper
imentaldatawhich might allow validationfor wet foams. To someextentit is possibleto circumventthis limitation by
usinguniform, steadydrainageto createa wet foam, albeitnottruly in equilibrium. For example,this hasbeenusedto
measuragesistvity, up to about®; = 12% (Phelanetal 1996).

Beyond this point even this techniquefails, dueto intervention of an effect which is in itself intriguing - uniform
drainagebecomesinstable andoneor morecorvectiverolls develop(Hutzleretal 1998;Veraetal 2000)- seefigure 3.

This is not at all understoodand posesa goodtestproblemfor any theorywhich claimsto combinerheologyand
drainage.

7 TheMotivation for Microgravity Research

Our inability to conductexperimentson staticwet foams(or even uniformly drainingones)undernormalgravity is the
dominantmotivationfor the prospectie researchn the microgravity ervironment.

Two Europearteamsare preparingfor suchwork. Both have arisenout of the Topical Team“Foamsand Capillary
Flows” coordinatedby Trinity College, Dublin. The Fraunhofeded project“Developmentof AdvancedFoamsunder
Microgravity” beganin Septembe2000,andthe Shell-led“Hydrodynamicsof Wet Foams"wasexpectedo begin shortly
afterwards.lt is understoodhatNASA hassupportedesearchvhich, while differentin methodologyandinstrumentation,
hassimilar goals.

For furtherdetailsof thefirst projectseeBanhartetal (2000).In whatfollows, we shallgive anindicationof thework
ervisagedn thesecondoroject.

8 Hydrodynamics of Wet Foams

Someyearsago,a resistanceprofile monitorwasdevelopedat Shell, for the measuremertf the vertical profile of liquid
fractionin anaqueougoam. It is basedn the obsenation(supportedy theory)thattheresistvity of afoamaccurately
definedts liquid fraction(Weaireetal 1995). Thisinstrumeniprovidedthe earlydataon profilesundervariousconditions
of drainagewhich vindicatedthe FoamDrainageEquation.

It is proposedo produceamorerobustandreliableform of thisinstrumenfor futureresearchundermicrogravity, and
to designexperimentswhich will enterfor thefirst time the regime of wet foamscloseto equilibrium. Parabolicflights
will beusefulintermediatestepsin this programme.

9 Summary

Thepresenstateof theartis summarisedh figure4. Microgravity promisedo take usfrom thedry-staticto thewet-static
squarein, say five years. Anotherten may be requiredto completeall four squares.Only whenthat hasbeenreliably
achievedwill we be ableto modelthoseindustrialprocesses which at leastpart of the foamis beingrapidly churned
up, in conjunctionwith theunderlyingliquid. The surfonthe sea-shorés anextremeexampleof this challenge.
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Figure3: At highliquid flow rates,a corvectiveroll develops.




Static Dynamic

Dry

Wet| )

Figure4: Thestateof theartin foamresearch.
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