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Partially filled tankscanexperiencesloshingin several practicalcircumstancesThis is a resonanc@henomenonvhere
the free-surbicecanhighly deform. Theliquid will move backandforth rising alongthe sidewalls, possiblyimpacting
againstheroof. Impactonasidetankwall mayalsooccure. g. in shallav waterconditions.Resultingslammingoadsare
of mainconcernA synegic experimental-numericahvestigationof the sloshingflowsis currentlyperformed.Herethe
mainfocusis onthe occurrencef slammingeventsandonthepredictionof therelatedoads.Numerically our approach
is basedon the SPHmethod,introducedby Monaghanand coauthorgseeMonaghan(1994))andfurther developedby
ColagrossandLandrini (2003).Both single—andtwo—phasédlow (gasandliquid) SPHmodelshave beendeveloped.This
methodis ableto follow the whole flow evolution in the tankandhandlethe mary relevantandcomplicatedohenomena
generallyinvolved. Among thosewe canlist: water run—upand run—davn along the side walls, roof impacts,free-
surfaceoverturningandbreakingontothe underlyingwater, air cushioning.Oftenthesefeaturescharacterizehe flow for
intermediateandshallov waterdepthswhich canestablishin realtanksandareof interestin thepresentesearctactiity.
Experimentallyatwo-stepinvestigatiorhasstarted We decidedo reduceasmuchaspossiblethe geometriccomplexities
for a betterunderstandingf the flow features. Thereforewe considerthe flow in arigid squaretank, as sketchedin
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Figure 1: Left: sketch of the experimentalsetup. Wave gaugepositionsand possiblepressuresensorlocationsare
indicated. Dimensionsare in millimeters. Right: partial side view of the experimentalset-up. The high speedvideo
camerads shown.

the left plot of figure 1. Thetankis L = H = 1 mlongandbd = 0.1 m wide andis filled with waterup to a height
h. Dueto the geometrythe flow insidethe tankis two-dimensionalin the maintank plane,unlessflow instabilitiesare
excited. A pure-svay is assumeasforcedmotionwith sinusoidallaw, A sin(2xt/T). Here A andT' arethe excitation
amplitudeandperiod,respectrely. Thetankwasequippedwith four wave gaugesplacedalongits lengthto measurghe
water heightevolution during sloshingphenomenaTwelve pressuresensorsverelocatedalongthe vertical side walls
andthetankroof to predictthe slammingloadsactingon the structure.The experimentalapparatuhasbeendesignedo
vary the probepositionsfrom runto run. In thisway it is possibleto reconstructhe pressuralistribution inducedon the
walls by their interactionwith thewaterflow. During thetestsflow visualizationswere performedthroughlow andhigh
speeddigital video cameraswith samplingfrequeny 23 Hz and4000Hz, respectiely. Thevideo camerasvereplaced
in front of the tank, asshown in theright photoof figure 1, andfocusedto minimize perspectie errorsin the images.
Additional testvisualizationswith lateralviews have beenperformedo checkthe two-dimensionalityof theflow. Figure
2 givesexperimental(photos)and numerical(solid lines) snapshot®f the free surfacefor the casewith A/L = 0.10,
T/Ty = 1.39 andh/L = 0.40. HereT; is thelinear naturalperiodof the tank. For the chosenparametershis case
correspondso thefinite waterdepthregime. The resultsfit well with eachotherbut for a minor phaseshift. They shov
theoccurrencef largewaterrise up alongthe sidewalls (top plots), waterimpactsagainsthewall with formationof air
cushion(left-bottomplot) andthe developmenif wave breakingphenomendright-bottomplot).

Both experimentallyand numerically a systematicparametricanalysishasbeencarriedout in termsof excitation
period,excitationamplitudeandfilling level of thetank. TheperiodT hasbeenvariedbetweerD.8T; and1.47; andthe



Figure2: Free-surfceevolutionfor A/L = 0.10, T/T; = 1.39 andh/L = 0.40. Presenexperimentgleft photos)and
SPHcalculationgright free surfaces).Time increase$rom left to right andfrom top to bottom. The shovn time instants

aret = 1.01,1.41,1.79and2.68 T.

correspondingesonancéeatureshave beenanalyzed Valuesof A within [0.03L; 0.10L] have beentestedandnonlinear
flow mechanism$ave beenexamined.Finally thefilling level h wasincreasedrom 0.125L to 0.50L andtheinfluence
on the resultingsloshingphenomendor fixed T' and A have beeninvestigated. Within the experimentalprogram,a
first stageconsidereda preliminarystudyto identify the differentflow regimesanddetectcaseswith relevantslamming
occurrence Flow visualizationswith low speedvideo cameraandwaterlevel measurementsererealized. The second
stageis presentlyin progress. It aimsto study morein details,the mostrelevant casesdentified previously. In this
phaseflow visualizationswith high speedvideo cameraand pressureneasurementareperformed.Left andright plots
of figure 3 shav our numericaland experimentalmaximumwave height(¢) in thetank (probesat 0.05L from the side
walls) asa function of the excitation period, for filling heighth = 0.35L andfor oscillationamplitudesA = 0.05L and
0.1L, respectiely. In thenumericalsimulationsthe forcedoscillationamplitudeincreasesmoothlyin time andreaches
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Figure3: Maximumwave heightin thetank (¢) asafunction of the excitation period. ExcitationamplitudeA = 0.05L
(left) and A = 0.10L (right). Filling heighth = 0.35L.

its steady-rgimevaluein 107. The simulationcontinuesfor about30 7" andthe maximumwave elevationis recorded
duringthelasttenperiodsof oscillation. The horizontalline in the plotsindicatestheroof, thereforethe maximumwave
heightcannotexceedit andif it reachesuchvalue,roof impactsoccur Accordingto our measurement$or thechosem,
A = 0.05L correspondalmostto the smallesexcitationamplitudecausingoofimpacts.Theseaventsoccurfor anarrov
rangeof excitationperiodsslightly aboveT; . For thelargest4 hereshovn, awider numberof excitationperiodsis ableto
determinesuchslammingevents.The ¢-curvesevidencethetypical behaior with maximumwaterheightamplifiednear
thelinearexcitationperiodandprogressiely decreasingoingfar from this. In theplots,our experimentandnumerical
resultsarealsocomparedvith the experimentsdy Olsen(1970),wherethe sametank dimensionsvere consideredand
with the multi-modaltechniquedevelopedby Faltinsenet al. (2000). The theoreticaimethodis not ableto predictroof
impactsand cannothandlefree-surbicebreakingevents. Apart from this and exceptfor somelocalizeddiscrepancies,
all theresultsarein goodagreementThis confirmsthe quality of presenexperimentsandthe validity of our numerical
method.

Presentlywe areinvestigatinghe occurrenceof slammingloadsin the caseof the smallestexcitationamplitudehere
shawn. Left plot of figure4 givesthepressurevolution at probeP6ontheleft sidewall (seeright photo)for A/L = 0.05,



h/L = 0.35 andT'/T; ~ 1.107. This cases characterizedy largewaterrise up andgentleroof impacts.No relevantair
P/pglL Exp. Data

gtheside
wall (seeright photo). Right: experimentalwaterconfigurationduring the roof impact. SPHfree-surfceparticlesare
superimposetb the photo. Thetime instantis ¢ = 19.4T andthe correspondingvall pressuras indicatedby the arrov
in left plot.

cushioningnearbyor ontothe sidewalls hasbeenobsened. It is thenrelevantto assumé-roudescalingfor thepressures.
The slammingphenomenorat the roof is shavn in the right of the figure. SPHfree-suriceparticlesare superimposed
to the experimentalphoto andfit well the modeltestbehaior. The probepressureat this time instantis indicatedby
the arrow in the left plot whereglobally the measuregressurecurve (dashedhin line) fairly compareswith the SPH
calculations(solid thick line). The pressureresultsshov almosta periodic behavior with two pressurgpeaksin each
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Figure5: Casewith T'/T} ~ 0.869, A/L = 0.050 andh/L = 0.35. Left: pressurevolutionatprobesP15andP16along
thesidewall (seecenterandright photos).Center. freesurfaceduringthejetimpactagainsthesidewall. An air cushion
is created Right: enlagedview of theair cavity.

period. Thefirst peakoccursat the largestnegative acceleratiorof the tank (dash-dottedine in the plot), whenthis has
the maximumdisplacemenbn the left. Therefore the peakis connectedvith theinitial impactof the wateron the side
wall. Theroof impactoccursslightly later, asshavn by thearrow for thefifth periodof the evolution reportedin theleft
plot of figure 4. The secondpeakis of the sameorderof magnitudeandappearsfterthe roof impact,whenthefalling
waterhits theunderlyingliquid. In the considereaasethis occursalmostwhenthetank hasthe maximumdisplacement
ontheright. Theobsened pressuréehaior is consistenwith thetime evolution measuredby Walkdenandreportedin
Pergrine (2003)within the studyof breakingwavesimpactingagainsiwerticalbreakvaters.Pergrinerefersto the curve
asthetypical impactprofile measuredn thetestsin caseof violent wave impactsandnamest as”churchroof” profile
dueto the double-pealbehavior. Thefirst peakis explainedby the initial waterwall impactandthe secondoneby the
laterwaterfall down underthe gravity effects.

Left plot of figure 5 givesthe pressuresvolution at probesP15and P16 alongthe side walls (shawvn in the center
andright photos)for A/L = 0.05, h/L = 0.35 andT'/T; ~ 0.869. In this caseno roof impactwasrecordedduring
thetests,while breakingwave phenomenavereobsenedin the closeneighborhoodf the sidewall, with the formation
of air entrainmen{seecenterandright photos). This meanshe Froudescalingis not valid anymorefor the pressures.
The compressiorof the air in the cavity is governedby the Euler numberwhich shouldbe accountedor. The used
pressuregaugesare in the wall areaaffectedby the impactand by the further air cushioning. The occurrenceof air
entrapmentanstronglyinfluencethe maximumvalue andthe temporalvariationof the structuralloads(cf. Colagrossi



and Landrini (2003))thereforea deepdedicatednvestigationis worth, althoughchallengingto perform. Our pressure
curve at P16 shavs two peaks. Thefirst oneis connectedwith the initial impactof the plungingjet againstthe wall.
Theair compressiorin the subsequentnclosedtavity doesnot causeary substantiapressurencrease. Thisis dueto a
three-dimensionabehavior of the entrappedhir which escapesaterally from the cavity. Thelater burst of the cavity is
responsiblef thesecondoressurgpeakandgeneratesubbly cloudpumpingthe surroundinglow. This explainsthehigh
frequeng oscillationsobsenedlaterin the pressureurve. Both theinitial waterwall impactandthefurthercavity burst
do notinterestdirectly thelower probeP15(5 cm below P16).In this casetherecordedocalloadis not affectedby ary
significantpeak.

The ongoingexperimentalinvestigationswill examinethe mostrelevantcaseddentifiedduring the first stageof the
researclandwill cover the differentexcitation amplitudesandfilling heightspreviously considered.Attentionwill be
paid to very peculiareventshighlightenedduring the tests. For instance for the largest A hereconsideredthe major
discrepancie#n the maximumwater heightresults(seeright plot of figure 3) are obsened for two excitation periods
smallerthan7;. Oneof thesecaseqT = 0.78771;) shaved asymmetrichehaior during our numericalcalculations.
This hasbeenconfirmedby the flow visualizationsandby the waterlevel measurementd.eft plot of figure 6 shavs the
correspondingxperimentaktime historiesof the waterheightnearthe left (dashedine) andright (solid line) sidewalls.
During thefirst eighty periodsa clearasymmetridoehavior is evidencedby the tests.Nearoneof the sidewalls, saythe
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Figure6: Exampleof asymmetricdoehaior in thetankfor the casewith T' = 0.7877T;, A = 0.10L andh = 0.35L. Left:
wave heightevolution neartheleft (dashedine) andright (solid line) sidewalls. Centerandright: experimentalcenter)
andnumerical(right) free surfacesduringtheflow evolution. A massie waterjumpis obsened.

left one, a strongfree-suracedeformationoccurscreatinga large jump (seeexperimentaland numericalfree surfaces
in the centerandright plots, respectiely), collapsingagainstthe sidewall andoriginatinga violent jet flow alongthe
structure. The jet hits eventuallythe roof. Later on a large amountof water separate$rom the main massin the form

of a jet falling onto the underlyingwater At this stagethe liquid nearthe oppositewall reachedocally the maximum
value,substantiallysmallerthanat the left side. Thesephenomendastfor seseral periodsandareslightly affectedby a
phasedelaydueto nonlinearmechanismsEventuallythey disappeait the left sideandstartto occuron the opposite
wall (seeleft plot of figure 6). The massve amountof enegy involvedin the slammingeventcould be the causeof the
asymmetrichehaior. A moredetailedexperimentalanalysisis neededandwill be performedin the nearfuture. The
pressuraneasurementepresent goodinstrumentto guidetowardfeasibleexplanations.The complex flow conditions
occurringat the consideredexcitation period could partially explain the differencesamongthe ( resultsshavn. The
experimentaprogramwill be detaileddescribedatthe Workshopandtheresultswill beanalyzedn connectiorwith SPH
simulations.Relevanceandchallenge®f performingpressureneasurements slammingflow regimeswill be outlined.

The presentresearchactity is partially supportedoy the Centrefor Shipsand OceanStructuresNTNU, Trondheim,
within the”SloshingFlows andRelated_ocal andGlobal Loads”project,andpartially donewithin theframawork of the
"Programmadi RicercasullaSicurezza'fundedby Ministero Infrastrutture e Trasporti.

References

Monaghanl.J.,1994,”Simulating FreeSurfaceFlows with SPH”, J. Comp.Phys.110, pp. 399-406.

A. ColagrossandM. Landrini, 2003,”"Numerical Simulationof InterfacialFlows by SmoothedParticle Hydrodynamics”,
J.Comp.Phys, 191, pp.448-475.

OlsenH., 1970,"Unpublishedsloshingexperimentsat the TechnicalUniversity of Delft”, Delft, The Netherlands.

FaltinsenO.M., Rognebakk O.F, Lukovsky I.A. andTimokhaA.N., 2000,”Multidimensionalmodalanalysisof nonlin-
earsloshingin arectangulatankwith finite waterdepth”,J. Fluid Mech, 407,201-234.

PergrineD.H., 2003,"Waterwave impactonwalls”, Annu. Rev. Fluid Mech, 35:23—-43.




4];

Discusser: H. Bredmose
Have you observed a variability of the wall pressures between transducers at the same
horizontal level?

Author’s reply:

The pressure transducers at the same level have been used to check the 2D evolution of
the impact events involved. In general, the flow observed during the global experimental
investigation was 2D. In the following figures 1-3 some examples are given both in shallow
and in intermediate water depth. Each figure shows a snapshot of a phenomenon occurring
in the tank (on the left) and the corresponding time evolution of the pressure recorded (on
the center) by two sensors positioned at the same level. In particular, figure 1 is related
to a lateral impact close to the transducers. Figure 2 gives a flip through phenomenon,
and finally, figure 3 shows a classical church profile. For the first two cases, an enlarged
view of the first peak in the pressure time history is also reported (right plot). All the
cases evidence a rather 2D flow evolution. Some 3D effects are excited during the air
cushioning phase (see right plot in figure 1) and during the formation of the jet at the
wall in the flip through phenomenon (see right plot in figure 2); but in both cases they
are very localised.
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Figure 1: Example of the lateral impact flow (h/L = 0.125, A/L = 0.03,7/T'1 =
1). Left: snapshot of the phenomenon. Center: time evolution of the pressure.
Right: enlarged view of the first peak
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Figure 2: Example of the flip-through phenomenon (h/L 0.125, A/L
0.03,7/T1 = 0.886). Left: snapshot of the phenomenon. Center: time evo-
lution of the pressure. Right: enlarged view of the first peak
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Figure 3: Example of the church profile (h/L = 0.35, A/L = 0.07,7/T1 = 1.10).
Left: snapshot of the phenomenon. Right: time evolution of the pressure.



