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Several waterflow problemsof practicalinterestarecharacterizedby fluid regionswherethe flow evolution is efficiently de-
scribedby thepotentialtheory, andotherregionswherethismodelis not valid. For instance,confinedfluid areascanexperience
largeair-waterinterfacedeformationsfollowedby wave breakingandfragmentationphenomena.Limited waterportionscanbe
characterizedby substantialvorticity generationdueto water-wateror water-structureinteraction.In thesecasesthesurrounding
fluid domainscanbeslightly affectedby suchevents.

Theshiphydrodynamicfield is full of similarcircumstances.Thewater-on-deckproblemrepresentsanexample.In thiscase,
compactmassesof waterentertheshipdeckandthesubsequentmotioncanresultin importantloadsfor thedecksuperstructures.
On a long time scale,waterbreaking,air entrainementandvorticity generationareexpectedto occur. The laterwater-off-deck
phasewill causethere-enteringof waterin theseasurroundingthevessel.As a result,nearthevesselthefreesurfacecannotbe
modeledasasmoothsurface.Boththewatershippingeventandthefinal water-entryphasecaninvolvesubstantialinducedwater
loadson thevesselandlargemovementsof theship. Thereforerelatedphenomenaareof greatinterestfor shiphydrodynamics,
bothfrom theoperabilityandsafetypointsof view.

Dueto thelargefree-surfacedeformationsinvolved,a nonlinearanalysisis needed.Beforebreakingand/orvortex shedding
events,potentialflow theorycancaptureaccuratelyandwith computationalefficiency the involvedflow evolution andpredict
connectedloadsandmotions. After that, in thewaterregionswheresuchphenomenaoccuranddevelop,this modelhasto be
substitutedby moregeneralmethodssuitableto trackthefreesurfacedeformationsafterthebreaking,to handletheflow vorticity
introducedin thefluid domainandto modeltheentrappedair.

Thepresentresearchactivity is aimedto developa numericalmethodableto simulatesuchshipflows andto adaptitself to
thespecificanalyzedproblemfor anefficientandsuitablesolution.Thishasbeendoneby consideringa domain-decomposition
strategy (seei.e. QuarteroniandValli 1999,CampanaandIafrati 2001).
In previousstudies(seei.e. Grecoet al. 2002)thisapproachhasbeeninvestigatedby usingaBoundaryElementMethod(BEM)
in the fluid region whereno breakingof the free surfaceoccurs,anda field methodin the restof the fluid domain. The latter
solvestheNavier-Stokesequationsandcapturesthefreesurfacedeformationsthrougha single-phaseVolume-of-Fluidmethod
(VOF). Suchstudyanalyzedthe useof differentcouplingstrategies. Besidesits versatility androbustness,the usedmethod
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Figure1: Left: experimentsof an advancingvertical plate. Level-setresultsarecomparedwith experiments(background,
Colicchio et al., 2003). Center: definition of the air-water interfacewithin the Level-settechnique.Right: couplingstrategy
within thedomain-decompositionapproachreferredto asprocedureb in Grecoet al. (2002).

showedlimitations. Theappliedfield methodis correctto the first orderboth in spaceandtime. So it becomesunreliablefor
largetime scalephenomenawhereaccuracy is animportanttarget. TheVOF methodis very goodin preservingthefluid mass,
but it presentsproblemswhenreconstructingthefreesurface.Generallythepresenceof air affectsthewaterbehavior whenhigh
deformationsof the interfaceoccur. In particular, in caseof sufficiently large regionsof entrappedair, theair cushioningmay
changesubstantiallythesurroundingpressurefield andthereforetherelatedinducedloadson closeenoughstructures.

The latter aspectspushedtoward an alternative domain-decompositionmethodwhosefield counterpartis moresuitableto
handlethe above tasks.Thealternative is characterizedby the couplingbetweenthe BEM anda Navier-Stokessolver usinga
Level-settechnique(Colicchioet al. 2003)to capturetheair-waterinterface.Bothboundaryandfield solversareaccurateto the
secondorderin time. Sincethefield solverhandlestwo-phaseflows, theair problemis alsosimulatedin theBEM sub-domain.
Both methodshave beenextensively verified andvalidatedby investigatingproblemsof naval interest. Systematicwater-on-
deckstudiesin termsof wave andship parametershave beencarriedout by usingthe BEM methodandreportedfor instance
in Greco(2001). Level-setability of analyzingthe phenomenaof interesthasalsobeendeeplyinvestigatedanddemonstrated
(seei.e.Colicchioet al. 2003). To the purpose,left plot of figure 1 shows a snapshotof the flow patternaroundan advancing
verticalplate(blackstraightline). Theplot shows thecomparisonof thenumericalmethodwith experimentsfor thesamecase



(background� imagein thefigure)anddemonstratesthecapabilityof theLevel-setin capturingtheair-waterinterface(solid line),
thevorticity evolution (contour-lines)andtheair entrainement.

Thecouplingwe want to handleis challengingsinceit hasto dealwith caseswhere(1) theair-waterinterfaceintereststhe
overlappingand(2) canbehighly deformedacrosssuchregion. In thiscontext asubstantialissueis representedby theLevel-set
variablesof interest(pressure,density, velocity)smoothedacrosstheinterface,which is modeledasavaryingdensitylayerwith
finite thickness(seecentersketchin figure 1). Differently, in the BEM zonethe interfaceis a line andthereforethe involved
variablegradientscanbequite large. Additional informationaboutvelocity andpressuredistributionsaroundthe transmission
boundaryare requiredto carry on a propervariablesmoothingconsistentlywith the Level-setapproach. The challengeof
properlyconnectingsuchdifferentbehaviors is balancedby a morepowerful andefficient instrumentfor analyzingthe wave-
ship interactions.Thedevelopedmethodcanbe morecorrectlyreferredto asa DomainDecomposition-DomainComposition
method(DDDC), indicatingwith this the strategic phasescharacterizingthe coupling: (a) the problemis decomposedin two
(many) sub-zoneswherethe two solversarealternatively used,and(b) at the overlappingthe information is given from one
solver, saysource,to theother, sayreceiver, afterhaving madetheinformationconsistentwith thereceiver features.Therefore,
if the Level-setis the receiver, the exchangeddataarepreliminarysmoothedacrossthe interfacelayer, while if the BEM is
the receiver the dataaresharpenedrecovering the interfaceasa line. The couplingstrategy usedin the presentstudy is the
onesketchedin the right plot of figure 1. This strategy was identifiedassuitableto copewith strongcouplingbetweenthe
sub-zonesby our BEM-VOF domain-decompositionstudy. In this case,the fluid domainis split in two (many) overlapped
zones,eachonestudiedby the moresuitablesolver. At the overlapping,both interactingsolversareappliedandvelocity and
pressureinformationareexchangedfrom oneregion to theotherthroughthecorrespondingboundarylimiting theoverlapping.
Additional informationis requiredby theLevel-setmethodwith respectto theVOF. For instance,not only theinterfacelocation
at thetransmissionboundarymustbegivenbut alsoits local normalvector.

As first attemptto provethevalidity of presentdomain-decompositionstrategy, herethedam-breakingproblemandthelater
impactof thewaterwith a vertical rigid wall downstreamtheinitial damareanalyzed(seesketchin figure2). Therelatedflow
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Figure2: Dam-breakingplus water-wall impactproblem. Left: definition of theproblemandof the parametersused.Center:
velocity field in the Level-setsub-domainat 
����� ��� � ����� as initialized by the BEM solution. Right: velocity field in the
Level-setsub-domainat 
����� ��� � ����� asresultingaftera smoothingprocess.Thereferencevectorin thecenterandright plots
haslength � ��� .
behavessimilarly to thewaterflowing alongtheshipdeckandhitting a superstructure,duringa watershippingevent. A two-
dimensionaldamlimits areservoir of waterhigh

�
andlong ��� � � , andsuddenlybreaksat time 
��"! . A flat ’deck’ is assumed,

initially dry downstreamthedamandlimited by a verticalrigid wall at ��� �$#�#$#�#�% � from thereservoir. Theboundaryconditions
requiredby the field methodarecompletedassuminga horizontalroof at ���&� � from the deck. This meansthat a box-shaped
domainis modelednumerically. Thedomaindecompositionis switchedon after 
'�(�� ��� � �)�*� from thedamrelease,before
that the BEM is usedto simulatethe air-waterflows in the whole domain. Whenthe DDDC is startedthe Level-setvariables
are initialized by the BEM solution. This is numericallychallengingdueto the mentioneddifferent featuresof the air-water
interfaceaccordingto theBEM andLevel-settechniques.Centerandright plotsof figure2 show thevelocityfield in theLevel-
setsub-domain,respectively, asgivenby theBEM andasresultingafter thesmoothingprocess.The latter is necessarywithin
thecompositionandtheinitializationphasesfor theLevel-setmethod.

TheDDDC solutionat 
+�,���&� � �)�*� is givenin theleft andright plotsof figure3 in termsof thevelocityandpressurefields,
respectively. Two different locationsof the overlappingportion areconsidered.In the top plots the transmissionboundaryis
upstreamthe initial damlocation(run 1), in thebottomonesit is downstream(run 2). In the formercase,thewaterlevel near
thecouplingareais initially high andreducesastime goeson. In thelatterone,thewaterlevel at theoverlappingis quitesmall
from the beginning. The two conditionscorrespondto quite different tasksfrom the numericalpoint of view. Run 2 implies
resultsmoresensitive to the specificnumericalchoicesandthereforeis morechallengingsincethe water level in this caseis
comparableto thethicknessof air-waterinterfaceusedby theLevel-set.Moreover theoverlappingregion is locatedin anarea
characterizedby high recirculation. So the solutionis very muchdependenton the ability to modelproperlythe exchangeof
informationbetweenthetwo sub-domains.Thetwo numericalsimulationsshow thevalidity of theusedcouplingstrategy both
in the caseof flow informationtraveling from theBEM to the Level-set(hereinterestingthewaterflow) andconversely(here
interestingtheair flow). Differencesin the velocity gradientsarevisible at the interfacein theoverlappingregion for the case
with smallerwaterlevel at theoverlapping.They arerelatedto thecompositionstepof thenumericalstrategy anddieoutassoon
aswe aredeeplyinsideeachfluid. In run 2 alsothe pressurecontoursarenot exactly superimposedin the transmissionarea,
but thepossibilityto continuethesimulation(seefigure4) without aniterative time schemeshowstherobustnessof thestrategy
implemented.
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Figure3: Dam-breakingplus water-wall impactproblem.DDDC solutionafter 
-�.���&� � ����� from thebreakingof thedamfor
theair-waterinterface(thick-solid line), the velocity field (left plot) andthe pressurefield (right plot). The referencevectorin
the left plotshaslength � ��� . Two overlappinglocationsareused,respectively, upstream(top plots)anddownstream(bottom
plots)theinitial dam.

Figure4 givestheair-waterinterfaceevolution for thethefull BEM (dottedlines), thefull Level-set(dashedlines)andthe
DDDC resultsfor run 2 (solid lines). As we canseetheagreementis satisfactory, bothbeforethe impactwith thedownstream
verticalwall, andduring thewaterrise-upandrun-down phasesalongthestructure.The lastplot shows theair-waterinterface
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Figure4: Dam-breakingplus water-wall impactproblem: air-waterinterfaceevolution. Dottedlines: full BEM, dashedlines:
full Level-set,solid lines: DDDC method. Time increasesfrom left to right and from top to bottom. Shown time instants:

�/0��� ��1324� #516#��&� and #5� 7 � ����� .
configurationaftertheimpactof thebackwardplungingwavewith theunderlyingwaterhasoccurred,thereforetheBEM solution
is not available. Despitesomelocal differencesdueto the not exact correspondencein termsof time andusedmesh,the full
Level-setandDDDC resultsshow quite similar cavity deformationandwatersplashup. The horizontalforce actingon the
wall dueto thewater-structureinteractionis givenin the left plot of figure5. The loadreachesa first peakjust after the initial
water-wall impact( 
�/,��� ��# � ����� ). After shorttime theforcestartsto riseagainuntil theoccurrenceof anotherimportantpeak,
associatedwith thebackwardplungingimpactwith the underlyingwater( 
8/9#��&� � �)�*� ). A secondarypeakbetweenthe two
alreadymentionedcanbedetectedfrom theplot. This is dueto thewaterimpactwith thehorizontalroof assumedat a vertical
distance��� � � from the deckin the computations.From the results,the DDDC curve compareswell with the force predicted
by the full Level-setmethod. The right of the samefigure presentsthe numericalpressureevolution asmeasuredalong the
verticalwall by theDDDC (thick-solid line), thefull Level-set(dash-dottedline) andthefull BEM (dottedline). More in detail
the pressurehasbeenrecordedat a location :;�<!��=?>$>�> � from the bottom. Thepressuretime historyhasa similar behavior
asthe horizontalforce. The agreementamongthe curvesis fairly satisfactory, alsoconsideringthat this is a local resultand
thereforemoresensitive to thespecificdiscretizationchoices.In thesameplot theexperimentalpressureby Zhouet al. (1999)
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Figure5: Dam-breakingplus water-wall impactproblem:impactloadson theverticalwall. Left: horizontalforceevolution by
DDDC (thick-solid line) andfull Level-set(dash-dottedline) methods.Right: pressureevolution at a location :@�(!��=?>�>$> �
from thebottomby DDDC (thick-solidline), full Level-set(dash-dottedline) andfull BEM (dottedline) methods.Thethin-solid
line is the pressuretime historymeasuredby Zhouet al. (1999)at a pressuregaugecenteredat !5� �$#$#$# � from the bottomand
having : aslowestareapoint. AB�"C ��DFE$���4G?H , IJ�"K ��DLE����)H and MN�0
 ��� �)�*� .

is superimposed.In thetestsa circularpressuregaugecenteredat !��&�O#�#$# � above thebottomandwith lowestareapoint : was
used.Thereasonsfor comparingthenumericalresultswith experimentaldatacenteredatadifferentlocationcanbefoundi.e. in
Greco(2001). Theexperimentalresultsareconsistentwith thenumericalonesalthougha differentpost-breakingbehavior can
bedetected.At thisstagetheresultsareverysensitive to thecavity deformationandto thenumericalchoicesanddiscretizations.
Thispartiallyexplainsthedifferencesdetectableamongthefull Level-set,thetestsandtheDDDC data.

Thedetailsof thedevelopedmodelingwill bedescribedat theWorkshop.Themainnumericalissuesandchallengeswill be
highlightened.Theapplicabilityof themethodfor theanalysisof problemsof hydrodynamicinterestwill be furtherdiscussed
andproved.
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Discusser: R. Beck
In the comparison you showed between the pure Navier-Stokes solver and the domain

decomposition method, what is the difference in computation run time?

Author’s reply:
Obviously the time saving for the computations depends on the size of the Navier-

Stokes sub-domain. For the case we considered, this resulted in the time necessary being
halved. In addition, time has been further saved by the following the initial stage of the
phenomenon through the full BEM.


