
XXI ICTAM, 15–21 August 2004, Warsaw, Poland

STIRRING BY BLINKING ROTLETS IN A BOUNDED STOKES FLOW
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Summary A blinking rotletmodelisusedfor theanalysisof stirringin aStokesflow in arectangulardomain.After thetwo-dimensional
biharmonicequationis solved analytically, the associatedvelocity field of a pair of blinking rotletspositionedsymmetricallyon the� -axis, is usedstudyingthe stirring qualitiesof this blinking rotlet model. Contourkinematicsimulationsareperformedin orderto
obtaininformationaboutthechaoticbehaviour of a blobof passive tracermaterialput in this flow field.

INTRODUCTION

Theway in which passive tracermaterialwill bedistributedin an ambientfluid dependsbasicallyupontwo processes:
advectiondueto the presenceof an imposedvelocity field andsecondlyuponmass-diffusion. Although mixing is es-
sentiallya combinationof both mechanisms,only the effectsof advectionareconsidered.Strictly speaking,with this
limitation onedoesnot dealwith mixing anymore,but with stirring.
The spreadingof tracerparticlesthroughadvectionbecomesmoreefficient when the flow hasa chaoticnature. This
chaoticnatureis characterizedby anexponentialgrowth in timeof thecontactlengthof apatchof tracermaterialwith its
surroundings.Time-dependency is in 2D anessentialingredienttowards’good stirring’ [1] — whatis meantby this,not
to mentionhow to quantifyit, is not just of importancefor agoodunderstandingof stirring,but alsoof mixing.
In this study the behaviour of tracermaterialis consideredwhenput in an incompressible,highly viscousfluid. The
velocity field is driven by two, independentlyadjustablerotlets. In order to advect the tracermaterialchaotically, a
blinking rotletmodelis used,by whicha time-dependentlaminarflow is obtained.Thisblinking rotletmodelwasstudied
beforeby Aref & Meleshko [2]; they consideredthestirringeffectsof two rotletsin a circulardomain.

PROBLEM FORMULATION AND SOLUTION APPROACH

A highly viscous,incompressiblefluid is capturedin a rectangulardomain� : �����
	���
���������������������� ���!�#" ,
andis stirredby two individually adjustablerotlets.Theresultingvelocityfield is describedby anoverallstreamfunction$

; letting therotletsblink, impliesthat
$

is actuallya functionof time,althoughnot continuously.
Thepositionof therotletsarerestrictedsuchthat they areconfinedalongthe � -axis: rotlet % is positionedat &('��*),+�- and
rotlet . at &('/�
�0),+
- ; 12),+ arestagnationpointswhich dependson � and � . Thusa blinking rotletmodelof two rotletscan
beconstructedin which therotlet thatis "off", doesnot disturbtheflow. So,onewrites

$ &43,�*	5-6�!798:&43;- $ 8�&4	5-5<=7?>�&(3;- $ >�&(	5-,� &43,�*	5-@�A
CBEDA�F� (1)

wherethe time-dependentfunctions 7?8CG >�&(3;- areperiodicsquarewavesusedto adjustthe intensityof the rotletsandto
switch the rotlets"on" and"off". The time-independentcontributions

$ 8 and
$ > satisfythe biharmonicequationand

canbedecomposedinto two, whatmight becalled,elementalstreamfunctions
$IH &(	5- and

$2J &4	5- , in suchaway that

$ 8:&4	5-K�ML $ H &(	5-5< $ J &4	5-ONP� (2)

$ >Q&4	5-6�ML $ H &4	5-R� $ J &4	5-SNPT (3)

Due to the linearity of the biharmonicequation,both
$ H

and
$ J

have to be solutionsof the biharmonicequation.The
mainobjectivethereforeis to find theanalyticalexpressionsfor theseelementalfunctionssatisfyingtheappropriate,with
no-slipassociated,boundaryconditions.
Theunderlyingideasolvingthebiharmonicequationis that theelementalstreamfunctions

$2U
( VW�YXZ�\[ ) arewritten asa

sumof two contributions

$2U &4	5-6�!]0^`_9aU &4	5-5<b] U &(	5-,�cVW�EX��d[eT (4)

The first contribution takesthe effects into accountof two imaginaryrotlets,positionedat &('��d12)�- . In the casewhere
VW��X , therotletsrotatesin thesamedirection;in theothercasewhereVf��[ , therotletsrotatein oppositedirections.The
secondcontribution, ] U , is dueto thepresenceof theboundaries:it indicatestheeffect of theboundarieson the interior
flow field.
Since g

J
] ^`_9aU �h' , the unknown functions ] U aresolutionsof the biharmonicequationaswell. The requiredno-slip

boundaryconditioncanbetranslatedinto Neumannboundaryconditionsfor ] U . Oneimportantfeatureof theconstruction
of thesolutionis theappearanceof a systemof infinite series,which is solvedusingthemethodof reduction[3]. Some
mathematicalbackgroundcanalsobefoundin Ref. [4].



SOME RESULTS

Thevelocityfield ij�M��gbDI&lkPm $ - , calculatedfrom theoverallstreamfunction
$

(eq.(1)),is usedin acontourkinematics
simulationto follow thetimeevolutionof aninitially circularblobof tracermaterialplacedin thecentreof therectangular
domain. In the two casesherepresented,the individual adjustablerotletsarepositionedat &('/�,12)�- , where )n�Y'/T o , and
therotlet intensity p is setequalto 1. Themaindifferenceis thepositionof thewalls with respectto thepositionof the
rotlets. This makesit possibleto studytheeffectsof the walls on the interior flow field andthereforethe effectsof the
wallson thechaoticbehaviour of thetracerparticles.

Rectangular domain
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Figure 1. Advectionof a patchtracermaterialdueto two blinking rotlets( qRrbs@t�u v , wex�ryw/z�r�{ , |2rb}�~Rrb}?u � ).

Square domain
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Figure 2. Advectionof a patchtracermaterialdueto two blinking rotlets( qRrbs@t�u v , wex�r=wezAr�{ , |2ry~Rr�{ ).
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