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Intr oduction

Thereis a large interestin the developmentof numeri-
cal tools to predictloadsandmotionsof a ship in waves.
For mostof thesemethods,veri�cation andvalidationare
usuallyprovidedby measuredresponseamplitudeopera-
tors.Suchglobaldataarenotnecessarilyindicativeof the
actualaccuracy of the consideredsolver because,often,
theshipbehavior is determinedby thegross�uid dynam-
ics involved, which canbe capturedreasonablywell by
severalmethodspresentlyavailable. On this ground,the
availability of localdatais avaluablesupportfor develop-
ing numericaltechniquesto describethe�o w �eld around
a shipin waves.

Fromamorefundamentalpointof view, wave-bodyin-
teractionis by no meansa phenomenonfully understood
anddescribed.Theelementaryphysicsis well interpreted
by the linear-scatteringtheorybut the actualobservation
of the�o w aroundthebow of ashipsailingthroughwaves
showstheextremelyrich andcomplex �uid-�o w phenom-
ena.

In this framework, we are pursuing a theoretical-
numericaland experimentalinvestigationaimedto give
a morecompletedescriptionof thewavepatternarounda
shipsailingthroughregularwaves.

We haveselectedtheModel 5415of theDTMB which
is representative of a classof frigates,with slenderhull,
sharpstem,andrelatively fastoperationspeed.For this
hull form alargesetof referencedataareavailablefor the
steady-wavepattern[7] andthescopeof theactivity is to
provide wave datafor the unsteadycase.A preliminary
setof seakeepingtestshavebeenalreadydevelopedto get
con�dencewith thebehaviour of suchshipin waves,[2].

Experimental Method and Analysis

The main tool of our experimentalinvestigationis the
unsteadywave-patternanalysis(UWPA) introducedby
Ohkusu[4, 5, 6]. Thekey ideais to assumea mathemat-
ical structurefor the unsteadywave �eld �������
	
� around
theshipof theform
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(1)

Here, �
�

����� is themeanwave pattern,while theremain-
ing terms are the componentsoscillating with the fre-
quency of encounter# andits multiples.In caseof calm-
watertests,�

�
����� is thesteadywave pattern.This is not

anymore true in presenceof incident waves sincenon-
linear interactioneffectsbetweenoscillatingcomponents
imply acontributionwith non-zeromean.

This analysisallows the identi�cation of the termsen-
tering in (1). In details,cf. �g. 1, the methodis based
onusinganarrayof �x edwaveprobes,uniformly spaced
alongthelongitudinaldirectionof thetowing tankandat
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Fig. 1: Sketch of the experimental set up and main symbols
adopted.

a speci�ed distancefrom the ship center-plane. During
the test,eachwave gaugerecordsthe free-surfaceeleva-
tion in the towing-tank referenceframe. To reconstruct
the wave elevation �*�����
	
� relative to an observer mov-
ing with theshipmodel,we collect thesamplesfrom all
the wave probescorrespondingto the time instantwhen
the observer is passingthrough eachwave-probeloca-
tion. The time interval betweentwo successive samples
is the time neededfor the observer to move from one
gaugeto the next one, i.e. +,	-�.+,/*021 . Therefore,in
this analysis,the longitudinalspatialresolutiondepends
onthesamplingrateof thewaveelevationmeasurements,
while thedistance+3/ amongthewavegaugesde�nesthe
time resolution +,/*021 in the frameof referencemoving
with theshipmodel.Thefrequency componentsof there-
constructedtimehistory �������
	
� areidenti�ed by standard
Fourier analysis. In the presentexperiment,we adopted
twentywaveprobesandtheFourieranalysishasbeenper-
formedup to thethird harmoniccomponent.

Theproposedinvestigationdiffers from thatpresented
in [3], wherethe linear-diffractionwave �eld is deduced
from the total wave elevationby subtractingthe incident
wave �eld andthemeasuredmeanwave elevation.

Setup

The testshave beencarriedout at INSEAN towing tank
No.2(length:220m, breadth:9 m, depth:3.6m). Regu-
lar waveshave beengeneratedby a �ap-type wavemaker
hingedat 1 4 8 m above thetankbottom. Thewave maker
is controlledby a computerandprovidesa goodquality
of the waveswithin the frequency range0 4 1–14 3 Hz. A
woodenbeachwith a parabolicshapeensurea contribu-
tion of there�ectedwaveslessthan7%,within thespeci-
�ed frequency range.

A modelsimilar to Model 5415of DTMB [1] hasbeen
towedrestrainedto moveandkeptin evenkeelcondition.
Thegeometricalscaleis 244 824,andtheactuallengthof
themodelis 576�68�:9;4=<�> m.

The investigatedwave �eld around the model (see
�g. 1) is ?�@BAC>D4 9�5

6�6 long in the longitudinal direc-
tion and ?FEG�IHD4 9�5J6�6 wide in the transversedirection.
The consideredFroudenumberis Fr�KHL4 >�MON , andregu-
lar waves in the range PQ0�5

6�6
�RHL4 9D�SHL4 <�9 are adopted.



Nonlineareffectsareinvestigatedby increasingthewave
steepness:��� ��HL4 H 9;�SHL4��2� HD4 > . Accordingto theselected
wavelength, the transversespacingon the free-surface
grid variesin therange�20�5 6�6 ��� 0��2H
	���0�M2H .

For the measurements,home-developedcapacitance
wave gaugeshave beenadopted. To reducenoiseand
avoid phaseerrors, a miniaturized driving/acquisition
hardware was located on top of the wave wire and
equippedwith an on-boardmemory able to record the
measureddata. Thesehave beendownloadedat the end
of eachtest.Thesamplingratewas50 Hz. Twentywave
probeswere�x edequallyspacedalonga motorizedarm,
which is shiftedtransversallyaftereachrun.

By anerror-sourceanalysis,it wasfoundthattheaccu-
racy of the measurementsis dominatedby the precision
of thewave probes.Thelatteris of orderof 1 mm.

Numerical computations

The experimentalanalysiswill be complementedby nu-
merical simulations. A frequency-domainapproachhas
beenadoptedto solve for the three-dimensionaldiffrac-
tion problem. In the method,the problemis linearized
aroundthedouble-body�o w andrecastinto integral form
by a sourceformulation. Flat panels,with piecewise-
constantsourcestrengthareusedto discretizedthebound-
ary domainand the integral equations. An exampleof
computationsis givenlater in thediscussion.Also anin-
vestigationby meansof 2.5D (or 2D+t) theory for fast
andslendershipswill beperformedto gainfurtherinfor-
mationon the role of nonlinearities.A mixed Eulerian-
Lagrangianmethodbasedonboundaryintegralequations
will beusedto solvenumericallytherelatedproblem.

Preliminary observations

Figures2-4 presentthe analyzedresultsfor P*0�5 � HD4 9

andincreasingsteepness,��� � HL4 H 9 , 0 4 1 and HD4 > , respec-
tively.

In each�gure, the top plot shows the meancompo-
nentdeducedfrom UWPA comparedwith thesteadywave
�eld obtainedby testingthemodelin calmwater. As we
cansee,for thesmalleststeepnessthetwo wave �elds are
in reasonableagreement.We note that, for this model
scale and the selectedFroude number, wave-breaking
phenomenaare not visible both in calm-water testsand
during testsin waves. As the wave steepnessincreases,
the meancomponentobtainedby UWPA divergespro-
gressively with respectto the wave patternin calm wa-
ter. In particular, in theformerthedivergentbow wave is
”attenuated”with respectto thecalm-watercase.On the
contrary, thewavesdown thetransomsternarelarger, es-
peciallyfor ���:� HD4 > . Both for bow andfor sternwaves,
the crestsform a larger anglewith respectto the longi-
tudinaldirection. This couldbe connectedwith periodic
wave-breakingphenomenavisible during the passageof
theshipbow throughthewavecrest.Thephotographicse-
quencein Fig. 5 showsonebreakingcycle for ��� � HL4 > .

For theconsidered��� , the # , > # and 
�# components
of the diffractedwave patterare shown respectively in
secondto fourth plots of �gures 2-4. The incidentwave
�eld is notshown. Theupper(lower)portionof eachline-
contourdiagramgivesthereal(imaginary)partof thecor-
respondingharmoniccomponent.

As expected,thethird harmonicsarethosemoresignif-
icantly affectedby theaccuracy of themeasurements.In
particular, for ��� � HL4 H 9 , cf. �gure 2, thepresenceof a
de�nite wavepatterncanhardlybedetectedandjustasort
of ”shadow” behindthe hull canbe seen.The signal-to-
noiseratio increasesasthesteepnessincreasesandclearer
results,even at third order, canbe seenfor larger steep-
nesses.

For all thecomponents,thequalitative structureof the
observedwave patternis consistentwith thephysicalin-
tuition: thewave crestsaredistributedinsidea V-shaped
regionandcurvedaheadin theforwarddirection.Clearly,
thewavelengthis shorterfor thehigherharmonics.

For ��� � HD4 HO9 , �gure 6 showsthecomparisonbetween
thenumericalsolutionof the linearizeddiffractionprob-
lem andthepresentmeasurements.Theoverall patternis
in qualitativeagreement.Thenumericallypredictedpeak
valuesalongtheshipcenterlinearelargerthantheexper-
imentalones,while thoseobservedneartheV-shapeddo-
mainareof thesameorder. Thisdifferenceis visibleboth
alonganddownstreamthe hull. We arestill speculating
thepossibleorigin of thisdiscrepancy.

As thewave steepnessincreases,the�rst Fouriercom-
ponent decreasesrelative to the higher ones. This is
emphasizedby the chosenscaling,wherethe amplitude
of the � -componentis divided by ����� ��� . With these
premises,as ��� increases,the amplitudesof the > # and


�# componentsincreaseat the expenseof the # com-
ponent. By comparingthe results for ���C� HD4�� and

��� � HL4 > , we observe that the >�# is alsodecreasingas
thesteepnessincreasesshowing asortof saturationeffect
of the lower Fourier componentsin favor of the higher
onesasthenonlinearitiesof thephenomenonarelarger.

A fuller discussionof the data will be given at the
Workshop.
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Fig. 2: Unsteadywave pattern for ��������� �
	 , �
��������� 	 . From
top to bottom: comparison betweenthe measured mean wave pat-
tern and the steadycomponentof the wave �eld; �rst Fourier com-
ponent; secondFourier component;third Fourier component.

Fig. 3: Unsteadywave pattern for ����������� , �
��������� 	 . From top
to bottom: comparison betweenthe measured mean wave pattern
and the steadycomponentof the wave �eld; �rst Fourier compo-
nent; secondFourier component;third Fourier component.



Fig. 4: Unsteadywave pattern for ����� ���

�

, � ����� ��� 	 . From top
to bottom: comparison betweenthe measured mean wave pattern
and the steady componentof the wave �eld; �rst Fourier compo-
nent; secondFourier component;third Fourier component.

Fig. 5: Phasesof the cyclical wave breaking at the bow during the
ship passagethr ough the wave crest. The interval betweenthe pic-
tur esis 0 � 34 the period of encounter. Top: the bow has just passed
the wave tr ough. The divergent wave similar to that of the steady
wave pattern in calm water is visible. Center: the bow stem has
reachedthe wave crest. A jet is formed at the hull and starts falling
down against the fr eesurface. Bottom: impact of the plunging jet
againstthe fr eesurface.

Fig. 6: Unsteadywavepattern for ����� ��� �
	 , �
��� � ��� 	 . Compar-
ison betweenthe measured �rst Fourier componentand linearized
numerical computations.Top: imaginary part. Bottom: real part.


