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Water-on-deckphenomenacanbe identi�ed aslocal eventscausedby severeseawavesinteractingwith theship. Their
behavior is intrinsically transientandthe involved time scalesmay be shorteror comparablewith thoseof the incident
waves.Thecompactmassesof waterinvadingthedeckrepresentadangerfor thestability, thecomfort,thelocalstructural
integrity. Theactualconsequencesdependon thevesseltypeandoperationalconditions,aswell ason theincident-wave
parametersrelativeto theship.Theneedto performatime-domainnonlinearanalysisrepresentsanimportantlimitation in
termsof CPU-timerequirementswhentheseakeepingof a3D vesselis examined.Therefore,asa�rst attemptto examine
theoccurrenceof watershippingfor a realship,thegreen-waterinvestigationis coupledwith a weakly-nonlinearmodel
for thepredictionof theglobalvesselmotions.This is madefor sakeof ef�ciency but leadsalsoto reliablepredictionsin
many practicalcircumstances.Contemporaryto thenumericaldevelopmentanexperimentalstudyhasbeenstarted(see
theglobalview of theshipmodelset-upin �gure 1). Theaimis to investigatethefeaturesof wave-shipinteractionswhen
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Figure1: 3D experimentsona patrolshipmodel:globalview.

varyingsystematicallytheincomingwavelengthandsteepnessandtheshipforwardspeed,with attentionto occurrenceof
watershippingandrelatedlocalandglobaleffects.Themodeltestsalsoofferedtheopportunityto validatethedeveloped
methodandto draw its limits of applicability. Detailsof theexperimentalset-upandpreliminaryresultsof theongoing
researchactivity aregivenin Grecoet al. (2007).

Numerical model Thesolutionof theseakeepingproblemis basedon theweak-scatterertheory(Pawlowski 1991):the
radiationanddiffractionphenomenaaregovernedby lineareffectsandmaybeestimatedbeforetheglobal-motiontime
simulation.Theshipmotionsarenot small relative to theincomingwavessothat thebody-boundaryconditionmustbe
satis�ed on the instantaneouswettedhull. Consistently, theFroude-Krylov andthehydrostaticcontributionsloadsmust
beestimatedalongtheactualshipcon�guration,andthesquare-velocitytermmustberetainedin thepressure.A second-
orderconsistentmethodcanbe developedwith this approach(seePawlowski 1991). Both regular andirregular wave
systemscanbeexamined.Theassumptionsrequiretheproblemsolutionin time domainbut theresultingsolver remains
still quiteef�cient sinceonly variablesalongthevesselmustbeestimated.For simplicity theprocedureis explainedfor
thecaseof zeroFroudenumberbut themethodis applicablealsoto advancingships.
Preliminarily the linear radiationanddiffractionproblemsaresolved andrelatedadded-massanddampingcoef�cients
areestimated.The six radiationproblemscorrespondto forcedbody motionswith local normalvelocity equalto the
generalizednormal componentn i (i=1,..,6) to the vessel. Within the weak-scatterertheory n i can be usedas basis
functionsto satisfythebody-boundaryconditionontheinstantaneouswettedhull insteadof alongthemeancon�guration.
In particular, the instantaneousnormalvelocity at thewettedhull canbeexpressedasV n (x ; t) =

P i = N
i =1 � i (t) i (x ) ;

with N =6,  i = n i and� i unknown coef�cients to bedetermined.At any time instantthevesselimpermeabilityrequires
thatV n = V ship;n -V wav e;n , whereV ship is the local velocity of theship in x andV wav e is thecorrespondinglocal
incoming-wavevelocity. Substitutingthis in theV n representationandenforcingtheequalitythrougha minimumleast-
squareapproach,it furnishestherequiredequationsto besatis�edby theunknown � i .
Theglobalshipmotionscanbewritten in theform

M •� = F r sc + F 0 nlin + F h nlin + F wod � wod (1)

M beingthemassmatrix andupperdotsindicatingtime derivatives. Thegeneralizedforces(forcesandmoments)are
decomposedin four terms. F r sc accountsfor the disturbanceto the wave �eld dueto the presenceandmotion of the



ship. It is givenby theintegrationof thecorrespondingpressurealongthemeanhull con�guration,� [A 1
_� +

Rt
0 K (t �

� ) _� (� ) d� ] ; rotatedin theinstantaneousshipcon�gurationto accountfor bodymotionsnotsmallrelativeto theincoming
waves.Here� (t) is thevectorof thecoef�cients of  i (x ) estimatedatany timeby enforcingtheimpermeabilitycondition
alongthe instantaneouswettedhull. Further, because i = n i , A 1 coincideswith the in�nite-frequency added-mass
vectorandK (t � � ) is theretardationfunctionvectorthatcanbeobtainedfor instancethroughtheintegral link with the
damping-coef�cient vector. F 0 nlin is thenonlinear(up to thesecond-order)Froude-Krylov load,F h nlin is thenonlinear
(up to thesecond-order)hydrostatictermF h nlin andF wod is the loadcausedby water-on-deckoccurrence(i.e. when
� wod = 1). To improve thestability propertyof theequationssystem,in thenumericalsolutionthetermA 1 •� is added
at bothsidesof (1). M is known from theshipstructuralproperties,while A 1 andK (t � � ) areobtainedusinglinear
theory, i.e. they refer to themeanshipcon�guration andcanbeestimatedwithin a pre-processing.� , F 0 nlin , F h nlin

andF wod mustbe evaluatedat any time instant. In particular, F h nlin andF 0 nlin accountfor the instantaneousbody
con�gurationandF wod dependsonboththeshipmotionsandtheir �rst andsecondtimederivatives.
Water shippingoccursany time the following criterion is satis�ed: a portion of the deckcontour(i) is characterized
by wave elevation greaterthan the local instantaneousfreeboard(i.e. water level h greaterthan zero) and (ii) hasa
water �ux enteringthe ship deck. When conditions(i) and (ii) are satis�ed or when water is alreadypresenton the
deckbecauseof previous events,a local problemis studiedfor the water �o w along the deckanddescribedwithin a
local Cartesiancoordinatesystem(x; y; z) with z normalto thedeck. As basicassumption,becauseh is usuallysmall
comparedwith theshipdecklongitudinalextension,shallow waterconditionsareconsideredandwavedispersioneffects
arefully neglectedso that the governingequationscanbe approximatedconsistentlywith the nonlinearshallow water
theoryfor theunknownsh andthein-planevelocitycomponentsu andv, respectively, alongx andy. Thiscanbesuitable
for water-on-deckeventswith globaldam-breakingbehavior, whicharethemostcommon,while it cannotbeappliedfor
instanceto plunging-wave typewatershipping(seei.e. Grecoet al. 2007). Theshallow-waterequationsmustaccount
for the deckmotion andareformally dependenton x, y andt. The problemis completedby the initial andboundary
conditionsalongthe deckcontourandalongthe deckhouseor otherobstaclesalongthe deck. The deckcontourcan
be characterizedbothby 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 shippingandoff-deck eventscanbe simulated. The
internal-obstacleconditionis given asa wall condition. The boundaryconditionsareenforcedby applyinga level-set
technique(seei.e. Colicchio et al. 2005): �rst the normaldistancewith sign � (negative insidethe deck/obstacleand
positive otherwise)from the deck/obstaclepro�le is associatedat any location(x; y), then the correspondingvelocity
vectorU = (u; v) is expressedas

U = s(� ) U deck + [1 � s(� )] U ext ; (2)

whereU deck is thesolutionasobtainedfromthein-deckproblemandU ext is theboundaryconditiongivenby theexternal
�o w conditionsaroundthevessel/by zerovelocityalonganinternalobstacle.Further, s(� ) is asmoothedapproximation
of theHeavisidefunctionequalto oneontothedeckandzerootherwise(i.e. outsidethedeckcontour/insideanobstacle).
In thevicinity of thedeckcontour, condition(2) is usedif theclosedeckregion is subjectedto water�ux enteringthe
deck,otherwiseU = U deck is enforcedwhich correspondsto an out�ow condition. Condition(2) is alwaysapplied
nearan internalobstacle.Theboundaryconditionfor thewaterlevel is treatedsimilarly to that for U in thecaseof the
deckcontour. Along an internalobstacleh is treatedasan unknown of the in-deck�o w problemif the �o w is toward
theobstacle,otherwisedh=dn is enforced.To limit theCPU-timerequirementsassociatedwith thenumericalsolution,
following Zhou et al. (1999)the two-dimensionalshallow-waterproblemis convertedin the summaof two quasione-
dimensionalsub-problems,respectively, alongthex andy directions.A �rst-order schemeis usedfor thetimeintegration
whosegenericstepconsistsof a sequentialsolutionof thetwo sub-problems.This is performedusingthesolutionfrom
the �rst sub-problemasinitial solutionfor theother, so that thex-y �o w interactionsareaccountedfor. Thequasione-
dimensionalsub-problemsaresolved usinga Godunov's method(seei.e. Toro 2001) to estimatethe main convective
terms. All the spatialderivativesinvolved arecalculatedusinga �rst orderup-wind schemeto preserve the direction
of the convective terms. This is madeintroducinga Cartesiangrid with N x andNy collocationpointsalongx andy
directions,respectively. Thewater-on-deckmodelwasvalidatedsimulating2D and3D dam-breakingcaseswithout and
with aninternalobstacle.Main comparisonswith modeltestsandnumerical3D resultshavebeenreportedin Grecoetal.
(2007).
Thein-deckproblemmayrequirea smallertime step,say� twod , thantheglobalmotionstime step,say� t. If this is the
case,thebodymotionsarefrozenandthewater�o w ontothedeckis simulatedfrom t to t + � t usingthetimestep� t wod.
Thenthegloballoadsdueto thewaterondeckcanbeevaluated.Morein detailtheempiricalformulafor thedeckpressure
by Buchner(1995)is appliedin theform p = � � (an h + Vship;n @h=@t) : Herean is assumedasthe�uid acceleration
normalto thedeck(i.e. thegravity accelerationprojectednormallyto thedeckandcorrectedby thedeckacceleration)and
Vship;n astheshipvelocitycomponentnormalto thedeck.Thispressureexpressionis characterizedby theshallow-water
hydrostaticterm (accountingfor the body accelerationsin an ) andby a dynamiccontribution associatedwith the time
derivativesof thewaterlevel ontothedeckandof theshipmotions(relatedto thetimechangeof �uid mass).Multiplying
p with thegeneralizednormalvectorandintegratingalongthewetteddeckit providesthegeneralizedwater-on-deckforce



F wod which canbeintroducedin themotionequations(1) to calculate� at thenew time instant.Thenumericalsolution
of equations(1) is performedusinga Runge-Kuttafourthorderscheme.Theconvolution integralsinvolvedareevaluated
assuminga local linearinterpolationin timeof theK (t � � ) and _� componentsandthenintegratinganalytically.

3D seakeepingmodeltests Three-dimensionalexperimentswereperformedattheINSEANtowing tankonapatrolship
model(INSEAN modelC2364,scale1:20)interactingwith incidentwavesystems.In the�rst experimentalcampaign,the
modelwastestedwithoutforwardspeedandfreeto oscillateonly in heaveandpitchbecauseof its interactionwith regular
incomingwaves. The structuraldesignensurednegligible elasticdeformations.During the model teststhe generated
waveswerechecked throughsuitablewave probesin the tank,a videocamerawasusedto visualizethewater-on-deck
eventsandwassynchronizedwith motion,pressureandforcemeasurementsto permita properanalysisof thewave-ship
interactions.To this aim, twelve markershave beendistributedsymmetricallyon eachsideof thedeck.Heave andpitch
ship motionsweremeasuredboth directly andindirectly. In the �rst casethe motionsarefollowed throughan optical
device; in thesecondcasethey arecalculatedthroughtime integrationsonceaninertial platformsystemmeasuredthree
angularvelocitiesandthreeaccelerationsataknown locationof themodel.Thelocalgreen-waterloadson thedeckwere
recordedby nine pressuresensorsnon-uniformlydistributedalongtheship centerplanegoing from thedeckedgeuntil
theverticaldecksuperstructure.Thehorizontalforce inducedon thedeckverticalsuperstructureby its interactionwith
theshippedwaterwasmeasuredby a high-frequency acquisitiondevice.
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Figure2: Water-on-deckevent: top view. Top: experiments.Bottom: numerics.Time increasesfrom left to right with
time intervals: 0.2s,0.4sand0.7s.Regularincomingwaveslong � = L andsteepkA = 0:2474. Numericalsimulations
with � x = � y ' 0:0015L for the in-deckproblemandwith � t = 0:01T for theglobal-motiontime integration. T is
theincoming-waveperiod.

Analysis of green-watereffects Hereanexperimentalcaseis examinedandmeasurementsandnumericalresultsare
usedto highlight featuresandglobaleffectsof water-on-deckevents.Thecaserefersto incomingwaveslong � = L and
steepkA = 0:2474, with L theshiplength,� thewavelength,k thewavenumberandA thewaveamplitude.Thecyclical
interactionwith thevesselis responsiblefor signi�cant watershippingwith liquid remainingontothedeckbetweentwo
following water-on-deckevents. Figure2 shows thewater-on-deckscenarioassociatedwith thesewave parameters,as
recordedin the tests(the imagesare in the carriagereferenceframe)andpredictednumerically(the resultsare in the



deckreferenceframe).Thewaterentersfrom thetopandeventuallyinteractswith a verticalsuperstructureplacedon the
bottombut not visible in the images.The water-on-deckphenomenonappearslike a plungingplus dam-breakingtype
event(seei.e. Grecoetal. 2007).Theinitial plungingis supportedby thepresenceof a freeboardslightly higherthanthe
deckheight.Thenewly shippedwaterdevelopsin theform of aninnerfastertongueandhits theliquid remainedon the
deckfrom a previouswatershippingwhich is mainly moving towardthebow to exit thedeck.Theimpactinducessome
waterto leavethedecklaterallyandcausesexperimentallyaconspicuousamountof spray. Thewaterenteringthedeckis
moreenergeticsothataftertheimpactmostof theliquid movestowardtheverticalsuperstructure,hits thewall andrises
alongit. Laterthegravity actioncausesthewaterfall andinducesa�o w leaving thedeck,in themeanwhilethewave-ship
interactionis settinga new watershippingevent. Thecomparisonbetweennumericalandexperimentalresultsshows a
promisingagreement.Figure3 documentstheexperimentalandnumericalheave andpitch time histories.Numerically
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Figure3: Heave(left) andpitch(right) timehistories.Regularincomingwaveslong� = L andsteepkA = 0:2474. Heave
is positive upwardsandpitch is positivewith bow down. Numericalsimulationswith � t = 0:01T for theglobal-motion
time integration.T is theincoming-waveperiod.

two simulationshave beenperformed,respectively, neglectingandaccountingfor Fwod in theglobal-shipmotions.The
comparisonof the two resultswith theexperimentaldatahighlightsthe importanceof water-on-deckoccurrencefor the
heavemotion. In particular, theshippedwateractsasa dampingandasasourceof nonlinearities.Theeffecton thepitch
momentis limited andmainly localizedneartheminimumvalueswhich arereducedby wateron deck. Theresultswill
befurtherinvestigatedat theWorkshop.Presentlythepressureandforcemeasurementsareunderinvestigation.Related
resultsandcomparisonwith thenumericalsolutionwill bealsopresentedat theWorkshop.
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