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Severalwaterflow problemsof practicalinterestare characterizedby fluid regionswherethe flow evolution is efficiently de-
scribedby the potentialtheory andotherregionswherethis modelis notvalid. For instanceconfinedfluid areascanexperience
large air-waterinterfacedeformationdollowed by wave breakingandfragmentatiorphenomenal.imited waterportionscanbe
characterizethy substantialorticity generatiordueto waterwateror waterstructurenteraction.Iln thesecaseshe surrounding
fluid domainscanbeslightly affectedby suchevents.

Theshiphydrodynamidield is full of similarcircumstancesThewateron-deckproblemrepresentanexample.In thiscase,
compacimassesf waterentertheshipdeckandthe subsequennotioncanresultin importantioadsfor thedecksuperstructures.
On along time scale waterbreaking,air entrainemenandvorticity generatiorareexpectedto occur The laterwateroff-deck
phasewill causethere-enteringof waterin the seasurroundinghevessel As aresult,nearthe vessethefree surfacecannotbe
modeledasa smoothsurface.Both thewatershippingeventandthefinal waterentryphasecaninvolve substantiainducedwater
loadson thevesselndlarge movementf the ship. Thereforerelatedphenomenareof greatinterestfor shiphydrodynamics,
bothfrom the operabilityandsafetypointsof view.

Dueto thelargefree-surbicedeformationsnvolved,a nonlinearanalysiss neededBeforebreakingand/orvortex shedding
events,potentialflow theorycancaptureaccuratelyandwith computationakfficiency the involvedflow evolution and predict
connectedoadsandmotions. After that, in the waterregionswheresuchphenomenaccuranddevelop, this modelhasto be
substitutedby moregeneraimethodssuitableto trackthefreesurfacedeformationsfterthebreaking to handletheflow vorticity
introducedn thefluid domainandto modelthe entrappedir.

The presentesearchactiity is aimedto developa numericalmethodableto simulatesuchship flows andto adaptitself to
the specificanalyzedoroblemfor anefficientandsuitablesolution. This hasbeendoneby consideringa domain-decomposition
strat@y (seei.e. QuarteroniandValli 1999,Campanandlafrati 2001).

In previousstudieg(seei.e. Grecoet al. 2002)this approacthasbeeninvestigatedy usinga BoundaryElementMethod(BEM)
in the fluid region whereno breakingof the free surfaceoccurs,anda field methodin therestof the fluid domain. The latter
solvesthe Navier-Stokesequationsaandcaptureghe free surfacedeformationghrougha single-phasé&/olume-of-Fluidmethod
(VOF). Suchstudy analyzedthe useof differentcoupling stratejies. Besidesits versatility and robustnessthe usedmethod
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Figurel: Left: experimentsof anadwancingvertical plate. Level-setresultsare comparedwith experiments(background,
Colicchioet al., 2003). Center: definition of the air-waterinterfacewithin the Level-settechnique.Right: coupling strateyy
within the domain-decompositioapproactreferredto asprocedure in Grecoet al. (2002).

shaved limitations. The appliedfield methodis correctto thefirst orderbothin spaceandtime. Soit becomesiunreliablefor
largetime scalephenomenavhereaccurag is animportanttarget. The VOF methodis very goodin preservinghe fluid mass,
but it presentproblemswhenreconstructinghefree surface.Generallythe presencef air affectsthe waterbehaior whenhigh
deformationsof theinterfaceoccur In particular in caseof suficiently large regionsof entrappedhir, the air cushioningmay
changesubstantiallythe surroundingpressurdield andthereforethe relatedinducedoadson closeenoughstructures.

The latter aspectgpushedioward an alternatve domain-decompositiomethodwhosefield counterparis more suitableto
handlethe above tasks. The alternatve is characterizedby the couplingbetweernthe BEM anda Navier-Stokessolver usinga
Level-settechnigugColicchioet al. 2003)to capturethe air-waterinterface.Both boundaryandfield solversareaccuratdo the
secondorderin time. Sincethefield solver handleswo-phasdlows, the air problemis alsosimulatedin the BEM sub-domain.
Both methodshave beenextensiely verified and validatedby investigatingproblemsof naval interest. Systematiovateron-
deckstudiesin termsof wave and ship parametersiave beencarriedout by usingthe BEM methodandreportedfor instance
in Greco(2001). Level-setability of analyzingthe phenomenaf interesthasalsobeendeeplyinvestigatecand demonstrated
(seei.e.Colicchioet al. 2003). To the purposeJeft plot of figure 1 shovs a snapshobf the flow patternaroundan advancing
vertical plate (black straightline). The plot showvs the comparisorof the numericalmethodwith experimentsor the samecase



(backgroundmagein thefigure)anddemonstratethe capabilityof the Level-setin capturingtheair-waterinterface(solid line),
thevorticity evolution (contourlines)andtheair entrainement.

The couplingwe wantto handleis challengingsinceit hasto dealwith casesvhere(1) the air-waterinterfaceinterestshe
overlappingand(2) canbe highly deformedacrosssuchregion. In this context a substantiaissueis representedly the Level-set
variablesof interest(pressuregdensity velocity) smoothedacrosgheinterface,which is modeledasa varyingdensitylayerwith
finite thickness(seecentersketchin figure 1). Differently, in the BEM zonethe interfaceis a line andthereforethe involved
variablegradientscanbe quite large. Additional informationaboutvelocity and pressuralistributionsaroundthe transmission
boundaryare requiredto carry on a propervariable smoothingconsistentlywith the Level-setapproach. The challengeof
properly connectingsuchdifferentbehaiors is balancedy a more powerful andefficient instrumentfor analyzingthe wave-
shipinteractions.The developedmethodcanbe morecorrectlyreferredto asa Domain Decomposition-DomaiComposition
method(DDDC), indicatingwith this the strategic phasesharacterizinghe coupling: (a) the problemis decomposedh two
(mary) sub-zonesvherethe two solversare alternatvely used,and (b) at the overlappingthe informationis given from one
solver, saysource to the other, sayrecever, after having madetheinformationconsistentvith therecever features.Therefore,
if the Level-setis the recever, the exchangeddataare preliminary smoothedacrossthe interfacelayer, while if the BEM is
the recever the dataare sharpenedecovering the interfaceasa line. The coupling stratgly usedin the presentstudyis the
one sketchedin the right plot of figure 1. This stratey wasidentified as suitableto copewith strongcoupling betweenthe
sub-zonedy our BEM-VOF domain-decompositiostudy In this case,the fluid domainis split in two (mary) overlapped
zones,eachone studiedby the more suitablesolver. At the overlapping,both interactingsolversareappliedandvelocity and
pressurénformationareexchangedrom oneregion to the otherthroughthe correspondindoundarylimiting the overlapping.
Additionalinformationis requiredby the Level-setmethodwith respecto the VOF For instancenot only theinterfacelocation
atthetransmissiorboundarymustbe givenbut alsoits local normalvector

As first attemptto prove thevalidity of presentiomain-decompositiostratayy, herethe dam-breakingproblemandthelater
impactof thewaterwith a verticalrigid wall downstreantheinitial damareanalyzedseesketchin figure 2). Therelatedflow
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Figure2: Dam-breakingplus waterwall impactproblem. Left: definition of the problemandof the parametersised. Center:
velocity field in the Level-setsub-domainatt = 1.354/h/g asinitialized by the BEM solution. Right: velocity field in the

Level-setsub-domairatt = 1.35+/h/g asresultingaftera smoothingorocessThereferencesectorin the centerandright plots
haslength/hg.

behaessimilarly to the waterflowing alongthe ship deckandhitting a superstructurejuring a watershippingevent. A two-
dimensionatlamlimits areserwir of waterhigh A andlong! = 2h, andsuddenlybreaksattime ¢ = 0. A flat’deck’is assumed,
initially dry downstreanthe damandlimited by a verticalrigid wall at 3.366667h from the reserwir. The boundaryconditions
requiredby the field methodare completedassuminga horizontalroof at 2.2h from the deck. This meansthat a box-shaped
domainis modelednumerically The domaindecompositioris switchedon after¢ = 1.35,/h/g from the damreleasepefore
thatthe BEM is usedto simulatethe air-waterflows in the whole domain. Whenthe DDDC is startedthe Level-setvariables
areinitialized by the BEM solution. This is numericallychallengingdue to the mentioneddifferentfeaturesof the air-water
interfaceaccordingto the BEM andLevel-settechniquesCenterandright plots of figure 2 shav the velocity field in the Level-
setsub-domainyespectiely, asgivenby the BEM andasresultingafter the smoothingprocess.The latteris necessarwvithin
thecompositionandtheinitialization phasedor the Level-setmethod.

TheDDDC solutionatt = 2.24/h/g is givenin theleft andright plotsof figure 3 in termsof thevelocity andpressurdields,
respectiely. Two differentlocationsof the overlappingportion are considered.In the top plots the transmissiorboundaryis
upstreanthe initial damlocation(run 1), in the bottomonesit is downstream(run 2). In the former case the waterlevel near
the couplingareais initially high andreducesastime goeson. In the latterone,the waterlevel at the overlappingis quite small
from the beginning. The two conditionscorrespondo quite differenttasksfrom the numericalpoint of view. Run 2 implies
resultsmore sensitve to the specificnumericalchoicesandthereforeis more challengingsincethe water level in this caseis
comparabldo the thicknessof air-waterinterfaceusedby the Level-set. Moreover the overlappingregion is locatedin anarea
characterizedby high recirculation. So the solutionis very muchdependenbn the ability to model properly the exchangeof
informationbetweerthe two sub-domainsThe two numericalsimulationsshow the validity of the usedcouplingstrateyy both
in the caseof flow informationtraveling from the BEM to the Level-set(hereinterestingthe waterflow) and corversely(here
interestingthe air flow). Differencesn the velocity gradientsarevisible at the interfacein the overlappingregion for the case
with smallerwaterlevel atthe overlapping.They arerelatedto thecompositionstepof thenumericalstratgy anddie outassoon
aswe aredeeplyinside eachfluid. In run 2 alsothe pressurecontoursare not exactly superimposedh the transmissiorarea,
but the possibilityto continuethe simulation(seefigure 4) without aniterative time schemeshowvs therobustnesof the strateyy
implemented.
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Figure3: Dam-breakinglus waterwall impactproblem.DDDC solutionaftert = 2.2/h/g from the breakingof the damfor
the air-waterinterface(thick-solid line), the velocity field (left plot) andthe pressurdield (right plot). The referencevectorin
theleft plots haslength+/hg. Two overlappinglocationsare used,respectiely, upstream(top plots) anddownstream(bottom
plots)theinitial dam.

Figure4 givesthe air-waterinterfaceevolution for thethefull BEM (dottedlines), thefull Level-set(dashedines)andthe
DDDC resultsfor run 2 (solid lines). As we canseethe agreemenis satishictory both beforetheimpactwith the downstream
verticalwall, andduring the waterrise-upandrun-dovn phaseslongthe structure. The last plot shavs the air-waterinterface
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Figure4: Dam-breakingplus waterwall impactproblem: air-waterinterfaceevolution. Dottedlines: full BEM, dashedines:
full Level-set,solid lines: DDDC method. Time increasedrom left to right andfrom top to bottom. Shown time instants:

t~22,4.6,6.2and6.81/h/g.
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configuratioraftertheimpactof thebackwardplungingwave with theunderlyingwaterhasoccurredthereforehe BEM solution
is not available. Despitesomelocal differencesdueto the not exact correspondenci termsof time andusedmesh,the full

Level-setand DDDC resultsshov quite similar cavity deformationand water splashup. The horizontalforce actingon the
wall dueto the waterstructureinteractionis givenin theleft plot of figure 5. Theloadreaches first peakjust aftertheinitial

waterwall impact(t ~ 2.361/h/g). After shorttime theforce startsto riseagainuntil the occurrencef anothelimportantpeak,
associatedvith the backward plungingimpactwith the underlyingwater (¢t ~ 6.21/h/g). A secondarypeakbetweerthe two
alreadymentionedcanbe detectedrom the plot. Thisis dueto the waterimpactwith the horizontalroof assumedt a vertical
distance2.2h from the deckin the computations.From the results,the DDDC curve compareswvell with the force predicted
by the full Level-setmethod. The right of the samefigure presentghe numericalpressuresvolution as measuredalongthe
verticalwall by the DDDC (thick-solidline), thefull Level-set(dash-dottedine) andthefull BEM (dottedline). More in detalil
the pressurenasbeenrecordedat a location D = 0.1999h from the bottom. The pressurdime history hasa similar behaior
asthe horizontalforce. The agreemenamongthe curvesis fairly satishctory alsoconsideringthat this is a local resultand
thereforemoresensitve to the specificdiscretizationchoices.In the sameplot the experimentalpressuréoy Zhouet al. (1999)
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Figure5: Dam-breakingdlus waterwall impactproblem:impactloadson the verticalwall. Left: horizontalforce evolution by
DDDC (thick-solidline) andfull Level-set(dash-dottedine) methods.Right: pressuresvolution at a locationD = 0.1999A
fromthebottomby DDDC (thick-solidline), full Level-set(dash-dottedine) andfull BEM (dottedline) methodsThethin-solid
line is the pressurdime history measuredy Zhou et al. (1999)at a pressuregaugecenteredat 0.26664 from the bottomand
having D aslowestareapoint. f = F/(pgh?), p = P/(pgh) andr = t/\/h/g.

is superimposedin thetestsa circular pressurgyaugecenteredat 0.2666h above the bottomandwith lowestareapoint D was
used.Thereasongor comparinghe numericalresultswith experimentadatacenteredat a differentlocationcanbefoundi.e. in
Greco(2001). The experimentalresultsare consistentvith the numericalonesalthougha differentpost-breakingoehavior can
bedetectedAt this stagetheresultsarevery sensitie to the cavity deformationandto thenumericalchoicesanddiscretizations.
This partially explainsthe differencegletectablamongthefull Level-setthetestsandthe DDDC data.

Thedetailsof thedevelopedmodelingwill bedescribedatthe Workshop.The mainnumericalissuesandchallengewill be
highlightened.The applicability of the methodfor the analysisof problemsof hydrodynamidnterestwill befurtherdiscussed
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.



