COUPLING OF A BOUSSINESQ WAVE MODEL WITH A MOORED S HIP BEHAVIOR
MODEL
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A set of procedures to evaluate the time seriethefdiffraction forces on a moored ship inside ebbabasin is
presented. Nonlinear wave propagation is obtairgdgua Boussinesq finite element numerical mod@UBS-
WMH. Determination of hydrodynamic forces actingtbe ship is achieved using a modified versiorhefWAMIT
model. Finally, time series of the wave forces loa ghip and of the inherent motions of the moohég are obtained
using BAS numerical model. The main focuses of thiwk are: the coupling of these three models dral t
modification of the method used in WAMIT to detemmidiffraction forces. Some simple and practicalliaptions
of this procedure are presented as well.
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INTRODUCTION

Sea waves inside a sheltered basin can cause iecass/ement of a ship at its berth which can
lead not only to interruption of loading and unlmadoperations but also to collisions with otheipsh
or port infrastructures with significant econonosses.

Coupling numerical models for wave propagation betlavior of moored ships subjected to the
wave action can identify potentially adverse sagestand help planning safe harbor activities.

A numerical tool called SWAMS has been developédte §reat advantage of such a tool is the
ability to provide time series of ship’s movemeras,well as of forces and extensions in the mooring
elements once the sea-wave characteristics offsdrer&nown. This information can be derived from
buoys measurements or prediction models, makirg ahvery useful tool, both for design of port
infrastructures and for planning of port activities

For sea-wave propagation SWAMS may use a lineareimoased upon the mild slope equation,
DREAMS (Fortes, 1993), that is able to simulate firepagation of monochromatic waves into
sheltered areas taking into account refractiorfratifion and reflection or a more complex model,
BOUSS-WMH (Boussinesq Wave Model for Harbours, Birdh (2007)), that is capable of a more
accurate description of sea states evolution iatying-depth sheltered regions by taking into aotou
refraction, diffraction, partial reflection and rimear interactions as well as energy dissipatioa tb
bottom friction and wave breaking.

To simulate moored ship behaviour, SWAMS uses timarical package MOORNAYV (Santos,
1994) which resorts to the frequency domain reaflthke WAMIT model (Korsemeyer et al. 1988) for
the radiation and diffraction problems of a fremafing body to get the hydrodynamic forces necgssar
to BAS model (Mynett et al. 1985). This latter mbdssembles and solves, in the time domain, the
moored ship motion equations taking into accoum iticident sea waves and the geometry and
constitutive relations of the mooring system eletsien

WAMIT was developed at the former Department of &cEngineering of Massachusetts Institute
of Technology to evaluate the wave-induced stressdiating structures deployed offshore.

Within a harbor basin waves will certainly be diffted by the harbor structures which invalidates
the use of WAMIT model unless one considers sevi@wating bodies, some of them immobile and
occupying the whole of the liquid column. Howeuiis implies the solution of a huge system of linea
equations. A possible alternative is to use thaties established by Haskind (1957) involving the
potential flow associated with the waves radiatgdhe ship and the potential of incident waveshat t
position where the ship is placed and which canubed to calculate the waves forces on the
immobilized ship.
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In this paper we describe: the components of SWANME&age, the application of this package to
evaluate moored ship motions in a very special itimmdin which the model can be used directly with
WAMIT; the new implemented procedures based on lddskelations and the first test results
obtained with these procedures. The communicatis &ith the presentation of final remarks on the
work.

SWAMS NUMERICAL TOOL
SWAMS - Simulation of Wave Action on Moored Shipgs-an integrated tool for numerical

modeling of wave propagation and of the behaviomobred ships inside ports to help in the decision

making process for planning port operations.

It consists of a graphical user interface and ao$ehodules for running numerical models. The
user interface enables the storage and manipulafidata, executes the numerical models and enables
the graphical visualization of results.

Each model corresponds to a module to which aselatl the databases that bring together all the
project information. With this application one megnduct studies with little or no knowledge on the
operation of the underlying numerical models. Se dpplication allows one to store and to manipulat
data easily, to run the numerical models, to getrésults and to perform the corresponding graphica
representation of sea wave propagation as wellf ahip response to incident sea waves in harbor
basins.

SWAMS was developed in Microsoft Access™, which ties advantage of including the event-
driven object programming language Visual Basic Agplications (VBA). An advantage of this
language is the possibility to use and handle diffeMicrosoft Windows applications.

The SWAMS ensemble includes:

»  SWAN module corresponding to the spectral modeh wlite same name, SWAN, Booij et al.
(1996), which is based on the equation of consiEnvatf wave action and it is capable of modeling
the non-linear propagation of sea waves;

«  DREAMS module, corresponding to the numerical m@REAMS (Fortes, 1993), which is based
on the mild-slope equation;

» BOUSS-WMH module, based on the nonlinear finitemelat model BOUSS-WMH, Pinheiro
(2007), which solves the nonlinear Boussinesq égusmderived by Nwogu (1993);

e MOORNAYV module, Santos (1994) that assembles ahagsdhe moored ship motion equations
assuming the linearity of the floating body / wasgstem, as proposed by Cummins (1962).
SWAMS databases are MS Access ™ databases, candisgdo the numerical models modules

which contain all the project information togethwith several folders where all the created files ar

stored.

The graphical representation of data and resultS\MAMS is made with Golden Software
Surfer™ (for SWAN module), with Tecplot™ (for DREA®Mmodule) and with MS Excel ™ (for
WAMIT and BAS modules) and with Autocad (for WAMITadule). All these graphical visualization
programs are invoked by event-driven macros th&inaate the entire process of creating maps and
graphs.

In the following subsections one describes only Wese propagation and the model for the
response ships moored inside ports that are usthé icase studies presented in this communication.

DREAMS model

The incident wave field at the site where the stilpbe placed is provided by the numerical model
DREAMS (Fortes, 1993). It is a model for calculgtithe propagation and deformation of regular
waves in coastal areas and it can be applied tly Stiort sea wave propagation into a port as veell a
marina resonance excited by incident long-periodesalt is based on the two-dimensional mild slope
equation given by:

D.(cchr])+ k’cc,n=0 (1)

wheren is the free-surface elevation, which is a funcidrihe (x, y) coordinates; = w/k is the
phase velocity or wave speed}, = dw/ dk is the group velocity, and is the wave angular frequency

that relates td, the wave number, through the dispersion relatisn= gktant(kh).
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The mild-slope equation takes into account the d¢oetb effects of refraction, diffraction and
reflection and describes the propagation of smalblaude monochromatic waves across regions of
mild-slope bottom as happens in harbors, bays #rat coastal areas.

The numerical method used to solve the mild-slapéagon is the Finite Element Method (FEM).
Since this model does not present any limitatiortcamcidence angle of the incoming wave in the
calculation domain, the same domain may be used fade range of incident wave directions.

Boundary conditions implemented in the model aee rddiation condition which allows the exit
from the domain of disturbances propagating towardmity, the combined radiation-generation
condition that on open boundaries allows the eoganf incident waves and the exit of disturbances
created in the domain and the (total or partidleotion, condition that is valid for the solid donrs in
the study area (beaches, cliffs, piers, etc.).

The model calculates wave height indexes (H / it@,ratio between the wave height at the point
in the calculation domain, H, and the wave heighth® entrance of the same domain, Ho, or
amplification coefficients (in port resonance sagjias well as the directions of wave propagafitie.
horizontal velocity field at the free surface ahd tvave crests (equal-phase lines) are optionaltses

BOUSS-WMH model

BOUSS-WMH (Walkley and Berzins 2002, Pinheiro 20®&0lves the extended Boussinesq
equations derived by Nwogu (1993), which are véilmm shallow water up to intermediate water
depths. It is a model suitable for the propagatiod deformation of nonlinear and dispersive waxes i
areas of variable bathymetry since it reproducesstime of the most important phenomena in coastal
regions of low to medium depth: wave diffractiopfraction, reflection, shoaling, as well as energy
dispersion for other harmonics.

For the vertical integration of the velocity prefilthe velocity at a selected value of the vertical
coordinate is used. The model uses the SPRINT packBerzins et al. 1 984) for the temporal
integration and the Galerkin method with an ungtmex finite-element mesh for spatial discretizatio
Finite-element meshes are generated with autonggierator GMALHA, Pinheiro et al. (2007),
specifically created for sea-wave propagation nadebr the generation of waves (regular or irregula
in the computational domain a source function edu®llowing the Wei et al. (1999) procedure. This
condition allows not only to generate waves, bgbab absorb the waves reflected by the physical
boundaries of the domain and which propagate tosverel source, thus avoiding its permanence in the
computational domain and the subsequent alterafitiee wave characteristics there.

Total reflection or absorption are the boundaryditions available in the model. The condition of
total absorption is achieved by placing a spongerlaTo simulate wave interaction with physical
boundaries (such as breakwaters, jetties, cliffs) @ total reflection boundary condition is impds
This model was developed for one and two dimendjonglan view) applications and its results are th
free surface elevation and the horizontal velogigpresentative) at each point of the computational
domain.

MOORNAY numerical package
In LNEC, the evaluation of determining the ship imo$ while moored at a berth and subjected to
incident sea waves is carried out using the numkepackage MOORNAV (Santos 1994). This is
essentially two numerical models:
*  WAMIT (Korsemeyer et al. 1988) that solves, in tirequency domain, the radiation and
diffraction problems associated to the interachetween incident waves and a free-floating body;
 BAS (Mynett et al. 1985) that assembles and solvethie time domain, the motion equations of a
moored ship at berth taking into account the tieves of the wave forces on the ship, the impulse
response functions of the ship and the constitutdlations of the mooring system elements
(mooring lines and fenders);
to which an interface between the two models isedddince the WAMIT results are not exactly
the quantities needed for the BAS model operatimhtaecause it is necessary to provide BAS with the
time series of the forces exerted by the incideat\wwaves in addition to the wind and (near statigna
current forces.
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M oor ed ship equations

The ability to model the forces on the ship huleda her interaction with the waves is critical to
the establishment of the motion equations for anedship.

Assuming small amplitude of the ship movements @leach of her six degrees of freedom, it is
easy to define the part corresponding to the gstasic variation of submerged hull form. This ledaols
the hydrostatic restoring matrig,; whose coefficients are the force along midkie to a unit change,

in still water, of the ship position along mode

The same assumption of small amplitude ship movésrleads to the linearity of the interaction
between the hull and the incident waves. Such fityeallows the decomposition of that problem into
two simpler problems, Cummins (1962): The radiatwoblem in which one determines the forces
along each degree of freedom that are needed farkamary hull movement in otherwise calm water,

and the diffraction problem in which one determittesforceF! along each degree of freeddrthat

is exerted by the incident sea waves on the matgsrship hull.
From the above results the equation of motionHerrhoored ship

6

2| My +mg)%; (1) + j[Kkj (-1 X dr+Cyx; () [= RO+ RO +F () ()

j=1

where M is the mass matrix of the ship af'(t) and F. (t) are the instantaneous values of the

forces due to mooring lines and fenders. Strigheking, this is a set of six equations whose Eoist
are the time series of the ship movements along eabter six degrees of freedom as well as of the
efforts in the mooring lines and fenders.

In the equation above mass and hydrostatic regtaratrices depend only on the ship geometry
and on the mass distribution therein. The forcestdunooring lines and the fenders can be detednine
from the constitutive relations of these elemeritthe mooring system and from the changes in the
distance between their ends (in the case of fendees has account for the no-length variation
associated to the absence of contact between ifharsth the fender).

The numerical model BAS (Mynett et al. 1985) asdemiland solves, in the time domain, these
equations of motion taking into account the timeeseof forces due to waves incident on the sthip, t
impulse response functions of the ship and thetitotige relations of the mooring system elements
(mooring lines and fenders). It use8 method to discretize the time variations in thegaations and it
solves the resulting set of nonlinear algebraicaéiqos using the Newton-Raphson method, the first
estimate of the velocity at instant n +1 neededypply that method being provided by first order
Adams-Bashforth method.

WAMIT model

The impulse response function, the infinite-freqryeadded mass matrix and the excitation forces
due to waves that arise in equation (2) depencherhtll shape and on the disturbance caused by the
motionless hull in the wave propagation flow orflaw generated by the hull movement in otherwise
calm water.

Assuming that any sea state that acts on the siripbe decomposed into sine waves of known
period and direction, the diffraction force asstemawith this sea state can be obtained from the
superposition of the stationary diffraction forahse to each of these sinusoidal components. That is
results from the diffraction problem in the freqogrdomain may be used to produce a time domain
result.

Also the impulse response functions and the irfifiéquency added masses can be determined
from results obtained in the frequency domainhia tase for the radiation problem:

Ky () = % T by; (w) cos(wt)dw (3)

my; = ay; (@) +inkj t)sin(t)dew (4)
@y
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where b (w) is the damping coefficient for the frequeney and a;(w) the added mass
coefficient for the same frequency. From equatibnif becomes clear the designationrgf as the

infinite-frequency added mass coefficient sincehasfrequencywgoes to infinity the second value in
the sum in (4) tends to zero ang; = a,;(«) . The added mass and damping coefficients resutt the

decomposition of the stationary force associatethéoradiation problem corresponding to sinusoidal
movement of frequencwinto a part that is in phase with the speed ofttbéy motion (the damping
coefficient) and a part in phase with the body beg¢ion (the added mass coefficient).

The use of frequency-domain results to generate fdata problem in the time domain is due to the
greater availability of numerical models to solirethe frequency domain, the interaction problena of
floating body with the waves.

The WAMIT (Korsemeyer et al. 1988) is one of thesedels. This is a model developed at the
former Department of Oceani Engineering of the Makssetts Institute of Technology, which uses a
panel method to solve in the frequency domain ifieadtion and radiation problems of a free flogtin
body. This model is based on the Green’s secondliggto determine the intensity of the source and
dipole distributions over the panels used in diszagon of the hull wetted surface. With such
distributions it is possible to generate the harm@otentials of the flow associated with the rédia
and diffraction problems of a free ship placed toastant-depth zone not limited horizontally.

Haskind relations

The model WAMIT contemplates the existence of savioating bodies, some of which can be
held still and occupy the whole of the liquid colunThis would enable the direct use of this model i
simulation of the radiation and diffraction probemf a ship within a sheltered basin where the wave
incident on the ship may have been diffracted leydtnuctures that protect the harbor. This defadl o
possible crest curvature of the incident wavestanghip is especially important for the diffraction
problem. In fact for the radiation problem it islikaly that the ship radiated waves once refledigd
the harbor basin contour are able to return teskie with non-negligible amplitude.

Although it is possible to study with the WAMIT melcthe diffraction problem of a ship within a
harbour basin, the number of equations that woeldeguired to solve in this situation is exaggerate
for most of the currently available computers. Ateraative to solve such a diffraction problemas t

use the relations established by Haskind (1957s&Hhrelations allow one to determirg’, the
diffraction force along coordinatie, by combining ¢, the flow potential for the radiation potential
associated with ship oscillations along the sameoordinate, withg, the potential of the incident
wave in the ship position.

RO =-ipw (cpo %k -0, %)dSe““‘ )

Assuming valid the mild-slope hypothesis, to detaarthe functions needed to implement the

Haskind relations one has to know:

» period of the incident wave;

» the potentials radiation problems for the shipdasihe harbour basin at each panel of wetted hull
discretization;

» the normal derivatives of the same potentials énghme panels;

» the coordinates of points where one wishes to dter those functions (in each panel, the
coordinates of the four points of the Gaussian tatace formula used);

» the normal vector components at each panel;

« the water depth at the vertical of each of the ipre/points;

» the complex amplitudes of the free-surface elewatind the horizontal components of the flow
velocity induced by the passing waves.

The first five requirements are satisfied by the MIA result files, the first two are in radiation
problem results set while the last three are inpttedlem geometry files. The last two requirememts
satisfied with the results from the model for wagwepagation into the harbor basin when the shipts
there. The program that implements the Haskindtiosis combining the WAMIT results for the
radiation problem with incident wave field at thepsposition, only has to manage this informatiod a
make an area integral with a Gauss-quadrature farmu
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APPLICATIONS
Three examples of use of the package SWAMS arepied:

* an isolated free floating body (to illustrate tlimstfresults of the tests already carried out vl
implementation of the procedure to calculate tlieadition forces with the Haskind relations).

» a free floating body near a vertical breakwater ilftestrate the first results of the tests already
carried out with the implementation of the procedtos calculate the diffraction forces with the
Haskind relations).

» a ship moored inside a schematic harbor wherenttident waves on the ship are not diffracted by
the breakwater protecting the harbor (which all@ne to use the WAMIT model in its simplest
form to solve the diffraction problem)

Free floating ship

The wetted hull surface was divided into 1200 panEigure 1 shows a perspective of that panel
distribution. We used the WAMIT numerical modelstve the radiations and diffraction problems for
the ship free for 16 periods between 4s and 300s.

1000

9 0 400 600 800 1000
X

Figure 1: DREAMS computational domain. Ship huBaletization into panels and finite element
mesh

The computational domain is a square 1000m wide,sthip being placed in the center of the
domain. The computational domain has open bourglasie that there are no reflections. The finite
element mesh has 226,152 nodes and 113,717 trangements. The mesh topology is optimized and
97.88% of them have optimal valence, ie each nsdieked to six other, resulting in optimal-georyetr
elements, eg equilateral triangles.

16 different incident wave conditions (4 directioaad 7 periods) were simulated with the
DREAMS model. Fig. 2 shows two examples of the eydfield potential. Note that the potentials are
complex quantities and so those graphics represgythe real part of this variable.

Velocity Potencials Real Part Dir=90°

=4s Velocity Potencials Real Part Dir=60° T=8s

— 1000

1000

Figure 2: Velocity potentials for two conditionsrsilated.
Fig.3 presents a 3D view of the velocity potent&lthe points that define the ship panels.
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Figure 3: Velocity potentials calculated by WAMITicaby DREAMS for T = 10s anél = 0 °, at
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the points that define the ship panels.

Using the velocity potentials velocity computed thg DREAMS model in the Haskind relations one
gets the forces exerted by wave action on theabipg each of her six degrees of freedom. Fig 46Fig
compare these forces (green line) to the WAMIT coreg forces both by the diffraction problem (blue
line) and by using the WAMIT own Haskind relatiamed line). From those figures one may conclude
that the agreement between those results is hidghtancreases with the incident wave period. When
the waves come from 0 ° and 90°, due to the prolggmmetry, there are three modes of motion that
are null (modes 2, 4 and 6 f8r= 0 ° and modes 1, 5, and 6 fbe 90 °). For directions oblique to the
ship, 30 ° and 60 ©°, there is no symmetry and alies of motion are driven. In such cases it can be
seen that results are very similar. In all casesettiors calculated in relation to the WAMIT origin

Haskind method are of the order of 5% or less.
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Figure 5: Force due to incident wav@s<90).
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Figure 7: Forces due to incident wav@s=(60).

Free floating ship near a wall

The free ship is near a vertical wall 750 m lon@, & wide which occupies the entire liquid
column, that is, with a height of 20 m. The shigesclosest to the wall is 30 m away from it and the

ship's bow is 115 m away from the wall end.

The wetted hull surface was divided into 1200 pswmeiile the wall was divided into 1284 panels.
Fig. 8 shows a perspective of those panel disidhat The numerical model WAMIT was used to
solve the radiation and diffraction problems of free ship free for 16 periods between 4s and 300s

and five directions 0°, 30°,60°,90° and 270°
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Figure 8: DREAMS computational domain. Finite elemenesh, ship's location and panel
discretization of the hull.

Figure 9 presents two examples of the velocity pttae

The forces exerted by the wave action on the shipgaeach of the six degrees of freedom are
calculated in the same manner as for testl. Inr€ig0 these forces are compared to the same forces
computed by WAMIT using its own implementation ofskind relations (red line) and using the
results of the diffraction problem (blue line).

In this test the velocity potentials are rather ptar and one may see that the agreement is poorer
than in the first test. In this case, the wall leethe problem symmetry hence there are motiongalo
all the degrees of freedom. On the other handettseno clear trend of improving the results agresm
as the period increases, which may indicate tratdference values may be wrong, due to a poor hull
discretization. However, the values do follow theng outline and have the same magnitude.
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Figure 9: Velocitynpoztwentials for périods of 8 aﬁﬂOs aer ; di‘?ec'tTon of 90 degrees and for the
whole computational domain of DREAMS.
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Figure 10: Forces due to incident waves-(30) along the six degrees of freedom of the.ship
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Figure 11: Forces due to incident waves=(60) along the six degrees of freedom of the.ship
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Moored ship in a schematic harbor

This section presents one application of the nwrakpackage for the evaluation of the behavior of
a ship moored inside a schematic harbor basin abgaed to given sea state whose characteristics
outside that basin are known. This numerical apfiti serves to illustrate the functioning of
SWAMS, ie, of the set of models BOUSS-WMH, WAMIThdaBAS and to draw attention to the
modifications needed for a more widespread apjidicat

The methodology is as follows:

1 - Using the BOUSS-WMH model, one determines thearcharacteristics at the position within
the harbour basin to be occupied by ship held still

2 — Using the WAMIT the model, one gets the potdsatior the radiation and diffraction problems
for a range of periods in which the periods ofiti@dent sea state are contained,;

3 — Then the impulse response functions for the-figating ship and the time series of the forces
exerted on the ship by the incident sea waves;

4 - Using the BAS model, one solves in the time dimmthe equations of motion of a moored ship
at berth taking into account the time series of evéarces on the ship, the ship impulse response
functions and the constitutive relations of the nug system elements.

The wave propagation calculations were performead attNUX CORVUS workstation with four
AMD Opteron ™ 265, 2GHz and 8GB of RAM, while thelaulations of the behavior of the ship are
made on a personal computer Intel Quad Core ™ Q&860Bhz and with 1.97GB of RAM.

Incident waves

The computational domain is 2000 m wide and 400my. The schematic port located on the
right hand side of the domain and consists of tvemkwaters: the North breakwater with two stretches
one horizontal and the other vertical of 750 metard 1000 meters in length, respectively and the
South Breakwater with one horizontal stretch, 400ong, defining a quadrangular basin whose side
length is approximately 700m, Figure 12.
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Figure 12: Calculation domain. Regular waves withesiod of 10s and amplitude 0.6 m from
South (North coincides with the direction of thaxys).

The finite element mesh of the harbor domain watsegded having a minimum of 8 points per
wavelength, the depth in the whole area is 17 mthedncident regular waves had a period of 10s and
an amplitude of 0.6 m, resulting in a mesh with 589 elements, 93 616 points, 1 631 boundary points
and a bandwidth of 322.

Figure 12 shows the free surface elevation 60@s #fe start of the calculation with the BOUSS-
WMH module with regular waves from South (propaggtin the positive direction of the y-axis) with
10s period and 0.6 m amplitude. Figure 13 showsithe series of free surface elevation at a point
within the port, where the ship is to be moored.
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Figure 13: Free surface elevation in the area evtier ship is moored.

eta(m)

M oor ed ship response

The ship has a volume of 108 416 m3, a waterlingtleof 243 m, a maximum beam of 42 m and
a draft of 14 m. Since it is intended to illustr#tte operation of the numerical model for mooreip sh
behaviour only, the adopted mooring scheme was sienple, with only two breast lines (I1 and 14),
two spring lines (12 and 13) and two fenders (fdd®) as shown in Figure 14. The ship’s longitutlina
axis is parallel to the jetty, her bow being 98wag from the south end of that jetty. All mooringds
were made of polyethylene with the same maximuutita force of 1274 kN and had the same length
(hence the same constitutive relations). The ciutist relation of one of these mooring lines iswh
in Figure 14a). The pneumatic fenders had a maximompression force of 3034 kN, the constitutive
relations shown in Figure 14b) and the hull’s foictcoefficient is 0.35. In this exercise it wileb
assumed that the wave hitting the ship propagattisssivaight crests perpendicular to the jetty veher
the ship is moored. This assumption makes the sisaimpler and allows one to use directly the
results of the numerical model WAMIT for the frdemsdiffraction problem.

1400.0 3500.0
1200.0 3000.0
’5‘ 1000.0 = 2500.0 /
= 800.0 < 2000.0
& g /
5 600.0 S 15000
2 8 /
400.0 1000.0
200.0 500.0
0.0 0.0
0.00 002 0.04 0.6 0.0 1.0 2.0 3.0
y a) Extensdo (-) b) Deformagéo (m)

Figure 14: Mooring scheme. Constitutive relatiaaislines; b) fenders.



12 COASTAL ENGINEERING 2012

In the study, in the frequency domain, of the iattion between the free ship and the incident
waves it was considered that only the pier walkelto the ship has some influence in this intevacti
Thus it was modeled the ship near a vertical wall ih long, 50 m wide that occupied the whole of the
water column, that is, with a height of 17 m. Thip%s side close to the wall was 30 m apart from th
wall and the ship's bow was 98 m away from theeald

The wet surface for the ship hull was divided %632 panels whereas the wall surface was
divided into 1284 panels. Figure 15 shows a petspeof those panel distributions. The numerical
model WAMIT was used to solve the radiation and thi#raction problems of the ship for 76
frequencies evenly spaced between 0.0125 rad@5rad / s.

Figure 15: Panel discretization of the ship andwhé.

As expected, the proximity of the vertical wall ttegs the symmetry of the flow around the ship
that existed when there was no wall. Hence, thedddass and damping coefficients that would be null
for radiation problem of the free ship alone arelarer null (for example, the coupling between the
surge and sway modes).

Also in the diffraction problem, the wall presenmay change the flow symmetry and so forces that
were null in the absence of the wall are no longgk. An example of this is the transverse forcethom
ship that appears for head waves when there idlaear the ship.

With the results from the frequency domain radmataind diffraction forces, it was possible to
determine impulse response functions and the tefinequency added mass coefficients that are
needed to mount the moored ship motion equatioisimpulse response functions were calculated
with a time interval of 0.1s and a maximum dura$r200 s.

Starting from the impulse response functions fer3b possible pairs (force along k coordinate due
to motion with impulsive velocity along j coordieatand the corresponding added mass coefficients fo
the various frequencies for which the radiationigbeon was solved in the frequency domain and using
equation (4) several estimates for the infinitetfrency added mass added were obtained.

The time series of the forces due to incident wareshe ship were determined by using the time
series of the free wave elevation estimated foomtpin the area where the ship is to be moored
together with the results from the frequency-donwiffraction problem for bow waves. Given the
limitations of the procedure for obtaining the fertime series, which is based on the Fast Fourier
Transform, one might only consider the first 506f she free-surface elevation time series. Figue 1
shows the time series of longitudinal force exeligdhe incident waves on the ship. In the figtirean
be seen another limitation of the procedure implaee to calculate time series: oscillations in the
force time series do occur before the incident wanéval to the location where the ship is moored
(around t = 90 s) something which is not physicpthgsible.

The time series of the movements along the longitddaxis of the moored ship shown in Figure
17, illustrates the non-linear response of the mb$e ship + mooring system. In fact, for oscillasan
the free-surface elevation whose period is abous,litbere are moored ship oscillations with a much
higher period. The period of these oscillationamtrolled by the existence of mooring lines and
fenders, as can be confirmed in Figure 18 withtithe series of the forces in the bow breast linec&
the mooring system elements produce forces actinfpe ship in the horizontal plane only, it is foe
movements in this plane that the non-linear behragianost evident. This can be confirmed with the
time series shown in Figure 19 with the roll motishere it is observed that the oscillation perisd i
similar to the period of the incident wave on thas
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Figure 17: Longitudinal movement of the mooregshi
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Figure 19: Roll motion of the moored ship.

FINAL REMARKS

This paper presents the results obtained with thmenical package SWAMS in modeling the
behavior of a moored ship inside a squematic harbbe time series of the ship’s movements and
tensions in the mooring system clearly illustrdate honlinear behavior of the system ship-moorings-
fenders.

A Boussinesqg-type model was used to determineirties geries of the incident waves.Results were
obtained for a wave whose propagation directiomaded with the breakwater’s lenght, which
facilitated the determination of the diffractionrdes. To solve more complex problems, where the
incident waves are significantly diffracted by tharbor’s infrastrucutres or other obstacles, a new
procedure was tested based on so-called Haskintorsa In the examples shown the velocity
potentials of incident waves were obtained withinedr wave propagation model. The initial results
presented here are very promising and the waveagadjpn model will be replaced by a more complex
Boussinesq-type model.
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