3D ship-sealeepingproblem: weak-scatteer theory plus shallow-water on deck
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Wateron-deckphenomenaanbe identi ed aslocal eventscausediy severeseawavesinteractingwith the ship. Their
behaior is intrinsically transientandthe involved time scalesmay be shorteror comparablawvith thoseof theincident
waves.Thecompacmassesf waterinvadingthedeckrepresenadangeifor thestability, the comfort,thelocal structural
integrity. The actualconsequencedependon the vesseltype andoperationatonditions,aswell asontheincident-wave
parametergelativeto theship. Theneedto performatime-domaimonlinearanalysisepresentanimportantiimitationin

termsof CPU-timerequirementsvhenthesealeepingof a 3D vessels examined.Thereforeasa rst attemptto examine
the occurrenceof watershippingfor arealship, the green-vaterinvestigationis coupledwith a weakly-nonlineamodel
for the predictionof the globalvesseimotions.Thisis madefor sale of ef ciency but leadsalsoto reliablepredictionsin

mary practicalcircumstancesContemporaryo the numericaldevelopmentan experimentalstudyhasbeenstarted(see
theglobalview of theshipmodelset-upin gure 1). Theaimis to investigatehefeatureof wave-shipinteractionsvhen

Figurel: 3D experimentson a patrolshipmodel: globalview.

varyingsystematicallfheincomingwavelengthandsteepnesandthe shipforwardspeedwith attentionto occurrencef
watershippingandrelatediocal andglobaleffects. The modeltestsalsoofferedthe opportunityto validatethe developed
methodandto draw its limits of applicability. Detailsof the experimentalset-upand preliminaryresultsof the ongoing
researclactiity aregivenin Grecoetal. (2007).

Numerical model Thesolutionof thesealeepingproblemis basedntheweak-scatteretheory(Pawlowski 1991):the
radiationanddiffraction phenomenaregovernedby linear effectsandmay be estimatedeforethe global-motiontime
simulation. The ship motionsarenot smallrelative to theincomingwavessothatthe body-boundanconditionmustbe
satis ed on the instantaneousvettedhull. Consistentlythe Froude-Krylos andthe hydrostaticcontributionsloadsmust
be estimatedalongtheactualshipcon guration,andthe square-elocity termmustberetainedn the pressureA second-
order consistenimethodcan be developedwith this approach(seePawlowski 1991). Both regular andirregular wave
systemganbe examined.The assumptionsequirethe problemsolutionin time domainbut the resultingsolver remains
still quiteefcient sinceonly variablesalongthe vesseimustbe estimatedFor simplicity the procedurds explainedfor
the caseof zeroFroudenumberbut the methodis applicablealsoto advancingships.

Preliminarily the linear radiationand diffraction problemsare solved and relatedadded-masand dampingcoefcients
are estimated. The six radiationproblemscorrespondo forced body motionswith local normalvelocity equalto the
generalizedhormal componentn; (i=1,..,6) to the vessel. Within the weak-scatteretheory n; can be usedas basis
functionsto satisfythebody-boundargonditionontheinstantaneousettedhull insteadof anngtherBe_ancon guration.
In particulay the instantaneousormalvelocity at the wettedhull canbe expressedasV , (x;t) = :le i) 1(x);
with N=6, ; = n; and ; unknavn coefcients to bedeterminedAt ary time instantthevesseimpermeabilityrequires
thatV n = V shipin -V waven , WhereV ghip is thelocal velocity of the shipin x andV waye is the correspondingdocal
incoming-wave velocity. Substitutingthisin theV |, representatioandenforcingthe equalitythrougha minimumleast-
squareapproachit furnishegherequiredequationgo be satis ed by theunknowvn ;.
Theglobalshipmotionscanbewrittenin theform

M?® =Fisct Formin * Fhnin + Fwod wod 1)

M beingthe massmatrix andupperdotsindicatingtime derivatives. The generalizedorces(forcesand moments)are
decomposedh four terms. F s accountdor the disturbanceto thewave eld dueto the presenceand motion of the
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ship. It is givenby theintegrationof the correspondingressuralongthemeanhull con guration, [A; —+ (; K (t

) —( ) d ]; rotatedin theinstantaneoushipcon gurationto accounfor bodymotionsnotsmallrelative to theincoming
waves.Here (t) isthevectorof thecoefcients of (x) estimatedatany timeby enforcingtheimpermeabilitycondition
alongtheinstantaneousvettedhull. Further because ; = nj, A1 coincideswith the in nite-frequency added-mass
vectorandK (t ) istheretardatiorfunctionvectorthatcanbe obtainedfor instancehroughtheintegrallink with the
damping-coetient vector F g nin is thenonlinear(upto thesecond-orderfFroude-Krylor load,F 1, nin  is thenonlinear
(up to the second-orderhydrostaticdcermF , nin  andF o4 is the load causedoy wateron-deckoccurrencei.e. when

wod = 1). To improve the stability propertyof the equationssystem,n the numericalsolutionthetermA ; * is added
atbothsidesof (1). M is known from the ship structuralpropertieswhile A ; andK (t ) areobtainedusinglinear
theory i.e. they referto the meanship con guration andcanbe estimatedwithin a pre-processing. , F oniin , F hniin
andF ,oq mustbe evaluatedat ary time instant. In particular F , nin  andF gnin - accountfor the instantaneoubody
con gurationandF o4 depend®n boththeshipmotionsandtheir rst andsecondime derivatives.

Water shippingoccursary time the following criterion is satis ed: a portion of the deck contour (i) is characterized
by wave elevation greaterthan the local instantaneou$reeboard(i.e. waterlevel h greaterthanzero)and (i) hasa
water ux enteringthe ship deck. When conditions(i) and (ii) are satis ed or whenwateris alreadypresenton the
deck becauseof previous events,a local problemis studiedfor the water o w alongthe deck and describedwithin a
local Cartesiarcoordinatesystem(x; y; z) with z normalto the deck. As basicassumptionpecausén is usuallysmall
comparedvith the shipdecklongitudinalextension shallav waterconditionsareconsiderec&ndwave dispersioreffects
arefully neglectedso thatthe governingequationscanbe approximatedcconsistentlywith the nonlinearshallav water
theoryfor theunknovnsh andthein-planevelocity componentsi andv, respectiely, alongx andy. Thiscanbesuitable
for wateron-deckeventswith globaldam-breakindpehavior, which arethe mostcommonwhile it cannotbe appliedfor
instanceto plunging-wave type water shipping(seei.e. Grecoetal. 2007). The shallav-waterequationanustaccount
for the deckmotion and areformally dependenbn x, y andt. The problemis completedby the initial andboundary
conditionsalong the deck contourand along the deckhouseor otherobstaclesalongthe deck. The deck contourcan
be characterizedhoth by in o w conditions,occurringwhenconditions(i) and(ii) aresatis ed, andout ow conditions,
valid wheneither (i) or (ii) is not veri ed. This meansthat both shippingand off-deck eventscanbe simulated. The
internal-obstacleonditionis given asa wall condition. The boundaryconditionsare enforcedby applyinga level-set
technique(seei.e. Colicchioetal. 2005): rst the normaldistancewith sign (negative insidethe deck/obstacl@nd
positive otherwise)from the deck/obstaclero le is associatedt ary location (x; y), thenthe correspondingrelocity
vectorU = (u;v) is expresse@s

U= S()Udeck"'[]- 5( )]Uext; (2)
whereU geck isthesolutionasobtainedrom thein-deckproblemandU ey is theboundaryconditiongivenby theexternal
o w conditionsaroundthevesselby zerovelocity alonganinternalobstacle Further s( ) is asmoothedapproximation
of the Heaviside functionequalto oneontothe deckandzerootherwisei.e. outsidethe deckcontour/insideanobstacle).
In thevicinity of the deckcontour condition (2) is usedif the closedeckregion is subjectedo water ux enteringthe
deck, otherwiseU = U geck is enforcedwhich correspondgo an out ow condition. Condition (2) is always applied
nearaninternalobstacle.The boundaryconditionfor the waterlevel is treatedsimilarly to thatfor U in the caseof the
deckcontour Along aninternalobstacleh is treatedasan unknown of the in-deck o w problemif the ow is toward
the obstacle ptherwisedh=dn is enforced.To limit the CPU-timerequirementsassociatedvith the numericalsolution,
following Zhou et al. (1999)the two-dimensionakhallov-waterproblemis corvertedin the summaof two quasione-
dimensionabkub-problemsiespectiely, alongthex andy directions.A rst-order schemas usedfor thetimeintegration
whosegenericstepconsistof a sequentiakolutionof the two sub-problemsThis is performedusingthe solutionfrom
the rst sub-problemasinitial solutionfor the other sothatthex-y o w interactionsareaccountedor. The quasione-
dimensionalsub-problemsre solved usinga Goduna's method(seei.e. Toro 2001)to estimatethe main corvective
terms. All the spatialderivativesinvolved are calculatedusinga rst orderup-wind schemeto presere the direction
of the corvective terms. This is madeintroducinga Cartesiangrid with N, andNy collocationpointsalongx andy
directions,respectiely. The wateron-deckmodelwasvalidatedsimulating2D and3D dam-breakingasesvithoutand
with aninternalobstacle Main comparisonsvith modeltestsandnumerical3D resultshave beenreportedn Grecoetal.
(2007).
Thein-deckproblemmayrequirea smallertime step,say twod, thantheglobalmotionstime step,say t. If thisis the
casethebodymotionsarefrozenandthewater o w ontothedeckis simulatedromt tot+ t usingthetimestep twoq.
Thenthegloballoadsdueto thewaterondeckcanbeevaluated Morein detailtheempiricalformulafor thedeckpressure
by Buchner(1995)is appliedin theformp = (an h + Vshipn @1=@) : Herea, is assumedsthe uid acceleration
normalto thedeck(i.e. thegravity acceleratiomprojectechormallyto thedeckandcorrectedyy thedeckaccelerationand
Vship:n  astheshipvelocity componenhormalto thedeck. This pressur@xpressioris characterizetyy the shallov-water
hydrostaticterm (accountingfor the body accelerationsn a,) andby a dynamiccontribution associatedvith the time
derivativesof thewaterlevel ontothe deckandof the shipmotions(relatedto thetime changeof uid mass).Multiplying
p with thegeneralizeshormalvectorandintegratingalongthewetteddeckit providesthegeneralizedvateron-deckforce



F wod Which canbeintroducedn the motionequationg1) to calculate atthenew time instant. The numericalsolution
of equationg1) is performedusinga Runge-Kuttafourth orderschemeThe cornvolutionintegralsinvolvedareevaluated
assumingalocal linearinterpolationin time of theK (t ) and —componentaindthenintegratinganalytically

3D sealeepingmodeltests Three-dimensionaxperimentsvereperformedattheINSEAN towing tankonapatrolship
model(INSEAN modelC2364 scalel:20)interactingwith incidentwave systemsin the rst experimentatampaignthe
modelwastestedwvithoutforwardspeedandfreeto oscillateonly in heave andpitch becausef its interactiorwith regular
incomingwaves. The structuraldesignensurednegligible elasticdeformations.During the modelteststhe generated
waveswere checled throughsuitablewave probesin the tank, a video camerawasusedto visualizethe wateron-deck
eventsandwassynchronizedvith motion, pressurendforce measurement® permita properanalysisof the wave-ship
interactions.To this aim, twelve markershave beendistributedsymmetricallyon eachside of the deck. Heare andpitch
ship motionswere measuredoth directly andindirectly. In the rst casethe motionsare followed throughan optical
device; in the seconccasethey arecalculatedhroughtime integrationsonceaninertial platform systemmeasuredhree
angularvelocitiesandthreeaccelerationstaknown locationof the model. Thelocal green-vaterloadson thedeckwere
recordedby nine pressuresensorsion-uniformly distributed alongthe ship centerplaneyoing from the deck edgeuntil
the verticaldecksuperstructureThe horizontalforceinducedon the deckvertical superstructurdy its interactionwith
the shippedwaterwasmeasuredby a high-frequeng acquisitiondevice.
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Figure2: Wateron-deckevent: top view. Top: experiments.Bottom: numerics. Time increasedrom left to right with
timeintenvals: 0.2s,0.4sand0.7s.Regularincomingwaveslong = L andsteepkA = 0:2474 Numericalsimulations
with  x = y' 0:0014. for thein-deckproblemandwith t = 0:01T for the global-motiontime integration. T is
theincoming-wave period.

Analysis of green-watereffects Herean experimentalcaseis examinedand measurementandnumericalresultsare
usedto highlight featuresandglobal effectsof wateron-deckevents.The caserefersto incomingwaveslong = L and
steepkA = 0:2474 with L theshiplength, thewavelengthk thewavenumbemlndA thewave amplitude.Thecyclical
interactionwith the vessels responsibldor signi cant watershippingwith liquid remainingontothe deckbetweertwo
following wateron-deckevents. Figure 2 shaws the wateron-deckscenaricassociatedvith thesewave parametersas
recordedin the tests(the imagesarein the carriagereferenceframe) and predictednumerically (the resultsare in the



deckreferencdrame). Thewaterentersfrom thetop andeventuallyinteractswith a verticalsuperstructurglacedonthe
bottombut not visible in the images. The wateron-deckphenomenomppeardik e a plunging plus dam-breakingype
event(seei.e. Grecoetal. 2007). Theinitial plungingis supportedy the presencef afreeboardslightly higherthanthe
deckheight. The newly shippedwaterdevelopsin theform of aninnerfastertongueandhits the liquid remainedon the
deckfrom a previouswatershippingwhich is mainly moving towardthe bow to exit the deck. Theimpactinducessome
waterto leave thedecklaterallyandcause®xperimentallya conspicuousmountof spray Thewaterenteringthedeckis
moreenegeticsothataftertheimpactmostof theliquid movestowardthe verticalsuperstructurehits thewall andrises
alongit. Laterthegravity actioncauseshewaterfall andinducesa o w leaving thedeck,in the meanwhilethewave-ship
interactionis settinga new watershippingevent. The comparisorbetweemumericaland experimentakesultsshovs a
promisingagreementFigure3 documentghe experimentalandnumericalheave andpitch time histories. Numerically
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Figure3: Heave (left) andpitch (right) time histories.Regularincomingwaveslong = L andsteekA = 0:2474 Heave
is positive upwardsandpitch is positive with bow down. Numericalsimulationswith  t = 0:01T for theglobal-motion
timeintegration.T is theincoming-wave period.

two simulationshave beenperformed respectiely, neglectingandaccountingor F,oq in the global-shipmotions. The
comparisorof the two resultswith the experimentaldatahighlightsthe importanceof wateron-deckoccurrencdor the
heare motion. In particular the shippedwateractsasa dampingandasa sourceof nonlinearities.The effect on the pitch
momentis limited andmainly localizednearthe minimum valueswhich arereducedby wateron deck. The resultswill
be furtherinvestigatedat the Workshop.Presenththe pressureandforce measurementareunderinvestigation.Related
resultsandcomparisorwith the numericalsolutionwill be alsopresentectthe Workshop.
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