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Abstract. Sea waves inside harbors can affect scheduled guetations. Hence it is
important to correctly predict and characterizeae field inside ports and to describe the
movements of the ship and forces acting upon itla&sical approach is to assume that ship-
wave interaction is linear, [1]. Then it is possilbd decompose it in the so-called radiation
and diffraction problems. Numerical models thatveasuch problems have been developed
and used by the offshore industry for quite a wH¢, to study the interaction of sea-waves
with floating objects. However, these models carreotised to solve the diffraction problem
of ships inside harbor basins where nearby reflgcioundaries and shallow depths create
very complex nonlinear wave fields.

A new set of procedures using coupled models ipgeed in this work. First, a Boussinesq-
type finite element wave propagation model is usedletermine the wave field in the
numerical domain containing the harbor. Then thieony potentials are evaluated at the
ship’s hull and finally, the Haskind relations [@e used to determine the wave forces on the
ship along the six modes of motion (heave, swaygesuroll, pitch and yaw). This new
methodology for the evaluation of diffraction foscen a ship inside a harbor basin is
presented and tested in this paper. Movements efntbored ship and tensions on the
mooring system are obtained using a numerical sdbrethe motion equations of a moored
ship. An application to an open coast harbor isgmeed.

1. INTRODUCTION

Sea waves inside a sheltered basin can cause mecesgions on moored ships which can
lead not only to interruption of loading and unlwedoperations but also to collisions with
other ships or port infrastructures with signifitanonomic losses.
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Coupling a numerical model for wave propagatiorhvaitnumerical model for moored ship
behavior subjected to the wave action can idergdtentially adverse sea states and help
planning safe harbor activities.

A numerical tool called SWAMS has been developedatikle this problem. The great
advantage of such a tool is the ability to providee series of ship’s movements, as well as
of forces and extensions in the mooring element® dhe offshore sea-wave characteristics
are known. This information can be derived from youeeasurements or prediction models,
making this a very useful tool, both for desigrpoft infrastructures and for planning of port
activities.

For sea-wave propagation SWAMS may use a lineareimbdsed upon the mild slope
equation, DREAMS [4], that is able to simulate pinepagation of monochromatic waves into
sheltered areas taking into account refractiorfradifion and reflection or a more complex
model, BOUSS-WMH, [5], that is capable of a morewrate description of sea states
evolution along varying-depth sheltered regions thiking into account also nonlinear
interactions and energy dissipation due to bottectidn and wave breaking.

To simulate moored ship behaviour, SWAMS uses thmarical package MOORNAYV [6]
which resorts to the frequency domain results e MWAMIT model [2] for the radiation and
diffraction problems of a free floating body to gle¢ hydrodynamic forces necessary to BAS
model [7]. This model assembles and solves, intithe domain, the moored ship motion
equations taking into account incident sea wavelsth@ geometry and constitutive relations
of mooring system elements.

WAMIT was initially developed to evaluate the waweluced stresses on floating
structures deployed offshore. Within a harbor hasiaves are diffracted by the harbor
structures which invalidates the use of WAMIT mottetolve the diffraction problem unless
one considers several floating bodies, some of tinemobile and occupying the whole of the
liquid column. However, this implies the solutioh @ huge system of linear equations. A
possible alternative is to use the so-called Haskabations [3] involving the potential flow
associated with the waves radiated by the shipthadpotential of incident waves at the
position where the ship is placed.

In this paper we describe: the basic equations @béred ship behaviour, the SWAMS
package, the application of this package to evaloabored ship motions in a very special
condition in which the model can be used directghWwVAMIT; the new implemented
procedures based on Haskind relations and the fest results obtained with these
procedures. The paper ends with the presentatibnalfremarks on the work.

2. MOORED SHIP EQUATIONS

Assuming small amplitude of the ship movements@leach of its six degrees of freedom,
it is easy to define the part corresponding togihasi-static variation of submerged hull form.
This leads to the hydrostatic restoring mattix whose coefficients are the force along mode

k due to a unit change, in still water, of the ghigition along modsg .

The same assumption on ship movement amplitude leathe linearity of the interaction
between the hull and the incident waves. Such fityeallows the decomposition of that
problem into two simpler problems, [1]: The radvatiproblem in which one determines the
forces along each degree of freedom that are ne@wedn arbitrary hull movement in
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otherwise calm water, and the diffraction problemaihich one determines the force along
each degree of freedomthat is exerted by incident sea waves on the miass ship hull.

The motion equation for the moored ship can thewtigen as
6 t (1)
D My +my)x% () + IKM (t-D % (Ddt+Cyx; (1) | = RO+ R0 +F (1)

j=1

where M, is the mass matrix of the ship argl(t) and F/(t) are the instantaneous values of

the forces due to mooring lines and fenders. 8trgpieaking, this is a set of six equations
whose solutions are the time series of the shipem@nts along each of her six degrees of
freedom as well as of the efforts in mooring liaesl fenders.

In the above equation the mass matrix and the Isyalio restoring matrix depend only on
the ship geometry and on the mass distributioretheihe forces due to mooring lines and
fenders can be determined from the constitutivatissls of these elements of the mooring
system and from the changes in the distance betthesnends (for fenders one has account
for the no-length variation associated to absefcemtact between the ship and the fender).

The impulse response functiok, (t) (the time-evolution of the force alorig coordinate

after a ship movement with impulsive velocity &t0 along j coordinate), the infinite-
frequency added mass matrix, and the excitation forces due to waves, that arise in the

equation above depend on hull shape and on therlostce caused in wave propagation flow
by the motionless hull or on flow generated by Inutivement in otherwise calm water.

Assuming that any sea state that acts on the simppe decomposed into sine waves of
known period and direction, the diffraction forasaciated with this sea state can be obtained
from the superposition of the stationary diffrantitorces due to each of these sinusoidal
components. That is, results from the diffractionlgpem in the frequency domain may be
used to produce a time domain result.

Also the impulse response functions and the imdHieéquency added masses can be
determined from results obtained for the radiaposblem in frequency domain:

o 2
K, (1) :% [[b, (@) cosat)doo @)

f 3
My =%(w)+éij t)sin(t)dos @)

whereb, (w) is the damping coefficient for frequenayand a,(w) the added mass coefficient
for the same frequency. The added mass and daropaficients result from decomposing
the stationary force associated to the radiatiooblpm for a sinusoidal movement of

frequencyw into a part that is in phase with the body velp(ihe damping coefficient) and a
part in phase with the body acceleration (the addasls coefficient).

3. FREQUENCY DOMAIN APPROACH

The use of frequency-domain results to generat@ fdata problem in the time domain is
due to the greater availability of numerical modiissolve, in the frequency domain, the
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interaction problem of a floating body with the weav

WAMIT [2] is one of these models. It was develog@dhe former Department of Oceanic
Engineering of the Massachusetts Institute of Teldgy and it uses a panel method to solve
in the frequency domain the diffraction and radiatproblems of a free floating body. This
model uses Green’'s second identity to determine ithensity of source and dipole
distributions over the panels used in discretizatod the hull wetted surface. With such
distributions it is possible to generate the hanmdiow potentials of the radiation and
diffraction problems of a free ship placed in astant-depth zone not limited horizontally.

3.1.Velocity potentials

Let X, designate thg coordinate of a poinP in the floating body. Due to the linearity of

the floating body / waves system,df is the angular frequency of the incident wave ttien
motion described by, has the same angular frequency:

X, =Rde,e™] @)

wheree, designates the complex amplitude of the body madiong j coordinate.

Using the factorization proposed by [8], which ases that the potential associated to the
motion alongj coordinate is proportional to the velocity compberplitude of that motion,
the flow potential when the ship moves under se@eveaction can be written as

SR ©)
0= ¢o+¢7+z_m¢j€j e’
j=1

where ¢ ; is a complex stationary potential. This approacabéed the separation of the flow
problem from the ship motion problem thus requirthg evaluation of flow potentials for
unit velocity along each of the generalized coaaitis, only. Eacly; potential has to satisfy

the usual Laplace equation in the whole fluid domahe linearized free-surface boundary
condition atz=0 and the zero flow across the sea bottom boundargiton.

In addition to these equationg, potential must satisfy also a boundary conditibtha
wetted surface of the floating body. For thyeand ¢, potentials, associated to the diffraction

problem, the sum of the velocity components ortimadjdo the ship hull produced by these
two potentials must be zero because the body ioniess

%4.%:0 (6)
on  an '

For the ¢, to ¢, potentials, at any point on the ship hull, the porment of the flow
velocity orthogonal to the ship hull must equal saene component of the ship local velocity.
09, _ )
on '
n, being the generalized outer normal to the wettethse of the ship (component of the ship

local velocity normal to the wetted surface whem ship oscillates along coordinate).
Once the flow potential is known, pressure on thating body can be evaluated from the
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linearized Bernoulli equation and from this thecalong thex coordinate is given by

—|pooJ' o+, "‘*’tdS+Z PWE; jq; ne ds ®

The first term in the sum is the force associatedhe diffraction problem whereas the
second term is associated to the radiation problerthe previous equations is the wetted
surface of the ship hull and, is the normal to that surface along generalizesfdinate k .

The decomposition of the force associated to tHetian problem into a part that is in phase
with the body motion velocity and a part in phaséhwthe body acceleration gives
respectively the damping coefficiemi,, and the added mass coefficiegt,

3.2.Haskind relations

The solution of the previous equations produce doentities needed to model the
interaction the floating body with monochromatic wea. As is, they are valid for the
interaction of one floating body only with incidewaves. By extending the concept of the
generalized outer normah, it is possible to study the interaction of monachatic waves
with several bodies some of which may be stationeey that are obstacles around which
waves are diffracted.

Although it is possible to use the WAMIT model @ the diffraction problem of a ship
within a harbor basin, the number of equations Waild be attained is too much for most of
the currently available computers. An alternativesdlve such a diffraction problem is to use
the relations established in [3].

Using Green’s second identity it is possible tovshibat there is no need to compute the
potential of the wave diffracted by the body,, to evaluate the components of the force
associated to the diffraction problem, equation i8¥act, according to such identity, given a
volume Q where functionsp; and ¢, are twice differentiable and whose boundargs

2 2 0 0 )
J-(q)j[l ¢k_¢k|] ¢j)dV=J.( q)k _¢k ¢ j
Q 0Q
n being the boundary outer normab is made of the solid boundaries of the domain, the
free-surface, the body wetted surfa&, and of a vertical cylindrical surface away frohe t
body. Since bothp, and ¢, satisfy the Laplace equation in the whole doméie, volume

integral at (9) is zero. The linearized boundaryditon at the free-surface leads to the
conclusion that at this part of tt@ boundary the integral on the right hand side r®.zAt
the vertical cylindrical surface away from the bpdy to ¢, potentials comply with a
radiation boundary condition. For such potentiaks surface integral on that part of tbe
boundary is also zero. Then it may be concludetiftnap, to ¢, the following is valid

j¢ a¢k ds= jq)k ‘dS (10)

Given this and the boundary conditions for the aidh and diffraction problems at the
solid boundaries of the domain, the diffracted éocan be written in the form presented in [3]
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usually known as Haskind relations:

0 _ 4 o) i (1)
on P on dee

AP = -ipa 4
S

So, instead of evaluating the diffraction potentéal to compute the force along

coordinate exerted by the incident waves on th&gostay ship, using the previous equations
it suffices to know the incident wave potentialla wetted body surface,, as well as the

radiation potential at the same surfagg,

3.3.Numerical Implementation

The Green theorem is used to transform the diftexerequations for radiation and
diffraction potentials into integral equations tlamé assembled and solved by the numerical
model WAMIT. Instead of having a set of equatioasid’in the whole domain one ends up
with a set of equations to be satisfied at the dorbaundaries, which happens to be the
relevant region when flow induced forces are tebaluated. By approximating the average
position of the floating body wetted surface byed ar triangular or quadrangular panels
where a constant value of the flow potential carm$®imed, the integral equations become a
set of linear equations for velocity potential \v&gwat each of those panels.

The surface integral in equation (11) is computsithgithe same panel discretization for
the ship hull and a four-point Gauss quadraturenéda. The normal derivative of the
radiation potentialp, at the Gauss quadrature points on each panelearndiuated from the

kinematics of the moving ship, equation (7). Thiigaf the radiation potential is constant at
each panel and is computed by the WAMIT model.
So, what needs to be evaluated are the incidene wetential, ¢, and its normal

derivative, da$,/on, at the Gauss quadrature points. These quartdied¥e evaluated from the
complex amplitude of the free surface elevatig,y,), and of the horizontal components
Uo(x,y) andVv,(x,y,) of the wave-induced flow velocity.

Assuming that the mild slope hypothesis is vallte vertical variation of the velocity
potential can be written ajg (x,y,,z) = ¢, (x.Y;,z =0)cosHk(d + z)]/ coshkd . Then, once the free-

surface elevation is known, the potentalx,y,,z) can be evaluated by

costk(d +z,)| (12)
costkd

The same mild slope hypothesis enables the reldtween the complex amplitudes of
the velocity horizontal components at any level tradr complex amplitudes at=0:

-9
000,¥,2) = n(X, )

0%, _ _ costfk(d +2)] (13)
ax _u(xi'yi’zi)_UO(xi!yi) Cos[kd

, 14
%=V(Xi,yi,zi):vo(xi'yi)w ( )

oy coshkd

To get the complex amplitude of the vertical comgurof the wave induced flow velocity
one just has to derive equation (12) in ordet tm get
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3, _ gk sinhlk(d + 7)] (15)
0z oon()g'yi) costkd

From the scalar product of the velocity vector bg panel normal one gets the velocity
vector component normal to the panel or the nordwivative of the flow potential
associated to the incident wave.

4. SWAMS NUMERICAL TOOL

SWAMS - Simulation of Wave Action on Moored Shipsis- an integrated tool for
numerical modeling of wave propagation and of mdaieip behavior inside ports to help in
the decision making process for planning port djpama.

It consists of a graphical user interface and afatodules for running numerical models.
The user interface enables data storage and matigul numerical model execution and
enables graphical visualization of results. Eacldeh@orresponds to a module to which are
attached the databases that bring together alpithject information. With this application
one may conduct studies in a more efficient wagesitme work related with the construction
of the data files for each model, the model catoutes and results visualization are easier.

SWAMS was developed in Microsoft Access™, which tiesadvantage of including the
event-driven object programming language Visual iBdaer Applications (VBA). An
advantage of this language is the possibility te asd handle different Microsoft Windows
applications.

The SWAMS ensemble includes:

- DREAMS module, corresponding to the numerical mdaREAMS, [2], which is
based on the mild-slope equation for monochronvadice propagation;

- BOUSS-WMH module, based on the nonlinear finitemeat model BOUSS-
WMH, [5], which solves the nonlinear Boussinesqaopns presented in [9];

- MOORNAV module, [6], that assembles and solves mh@ored ship motion
equations assuming the linearity of the floatinglyo6 waves system, proposed in
[1]. This module is made of two numerical modelsAMIT, [2], that solves, in the
frequency domain, the radiation and diffraction hpeons associated to the
interaction between incident waves and a freeifigatbody; BAS, [7], that
assembles and solves, in the time domain, the metipations of a moored ship at
berth taking into account the time series of theemMarces on the ship, the impulse
response functions of the ship and the constitutlations of the mooring system
elements (mooring lines and fenders).

SWAMS databases are MS Access ™ databases, canmbsgdo the numerical models
modules, which contain all the project informattogether with several folders where all the
created files are stored.

The graphical representation of data and resulSWAMS is made with Tecplot™ (for
DREAMS and BOUSS-WMH modules) and with MS Excel ¥™r(WAMIT and BAS
modules) and with Autocad (for WAMIT module). AHdse graphical visualization programs
are run by event-driven macros that automate thieegsrocess of creating maps and graphs.
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5. MOORED SHIP IN A SCHEMATIC HARBOUR

This section presents one application of the nuwrakpackage for the evaluation of the
behavior of a ship moored inside a schematic hatiesin under a sea state whose
characteristics outside that basin are known. Thiwmerical application illustrates SWAMS
functioning, ie, of the set of models BOUSS-WMH, WIA', and BAS and draws attention
to the modifications needed for a widespread agptio. It must be pointed out that Haskind
relations produced diffraction forces in the fregeye domain. For this the monochromatic
incident wave field at the ship location was eveddawith numerical model DREAMS.

The wave propagation calculations were performedadriNUX CORVUS workstation
with four AMD Opteron ™ 265, 2GHz and 8GB of RAMhike the calculations of the
behavior of the ship are made on a personal computd Quad Core ™ Q6600 2.4Ghz and
with 1.97GB of RAM.

5.1.Incident waves

The computational domain is 2000 m wide and 400@mg. The schematic port located
on the right hand side of the domain consists af bneakwaters: the North breakwater with
two stretches, one horizontal and the other véra€&@50 meters and 1000 meters in length,
respectively and the South Breakwater with oneZoortal stretch, 400 m long, defining a
quadrangular basin whose side length is approxign@@®m, Figure 1.

Figure 1: Calculation domain. Regular waves with a period®% and amplitude 0.6 m from South (North
coincides with the direction of the y axis).

The finite element mesh of the harbor domain wasegded having a minimum of 8
points per wavelength, the depth in the whole &d& m and the incident regular waves had
a period of 10 s and an amplitude of 0.6 m, rasglith a mesh with 185 599 elements, 93 616
points, 1 631 boundary points and a bandwidth @f 32

Figure 2 shows the time series of free surfaceatii@v at a point within the port, where the
ship is to be moored 600 s after the start of tideutation with the BOUSS-WMH module
with regular waves from South (propagating in tlesifive direction of the y-axis) with 10 s
period and 0.6 m amplitude.

5.2.Moored ship response

The ship has a volume of 108 416 m3, a waterlingtlke of 243 m, a maximum beam of
42 m and a draft of 14 m. Since it is intendedlliasirate the operation of the numerical
model for moored ship behaviour only, the adoptexbmmg scheme was very simple, with
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Figure 2: Free surface elevation in the area where theishipored.

only two breast lines (I1 and 14), two spring linga and I13) and two fenders (f1 and f2) as
shown in Figure 3. The ship’s longitudinal axigpé&rallel to the jetty, her bow being 98 away
from the south end of that jetty. All mooring linegre made of polyethylene with the same
maximum traction force of 1274 kN and had the sdength (hence the same constitutive
relations). The constitutive relation of one ofgbenooring lines is shown in Figure 3a). The
pneumatic fenders had a maximum compression far@®4 kN, the constitutive relations
shown in Figure 3b) and the hull’s friction coeffiat is 0.35. In this study, it is assumed that
the wave hitting the ship propagates with stragglests perpendicular to the jetty where the
ship is moored. This assumption makes the anadysigler and allows one to use directly the
results of the numerical model WAMIT for the fréepsdiffraction problem.

400.0

500.0

200.0 / 000.0
000.0 / = 5000
800.0 = o000 /
600.0 § 500.0 /
400.0 £ o000 /
200.0 500.0

0.0 0.0

0.00 0.02 0.04 0.06 0.0 10 2.0 3.0
y a) Extension b) Deformation (m)

Figure 3: Mooring scheme. Constitutive relations: a) linesfamders.)

For the interaction between the free ship andrbilent waves (in the frequency domain),
it was considered that only the pier wall closethe ship has some influence in this
interaction. Thus it was modeled the ship near réicad wall 750 m long, 50 m wide that
occupied the whole of the water column, that ighvai height of 17 m. The ship’s side close
to the wall was 30 m apart from the wall and thg'shbow was 98 m away from the end
wall.

The wet surface for the ship hull was divided iB#&82 panels whereas the wall surface
was divided into 1284 panels. Figure 4 shows apeets/e of those panel distributions. The
numerical model WAMIT was used to solve the radmtiproblem of the ship for 76
frequencies evenly spaced between 0.0125 radd 8.86 rad / s.

Forces due to incident monochromatic waves wereutzed using the Haskind relations
with the incident wave field given by the DREAMS merical model. As expected, the
proximity of the vertical wall destroys the symnyetif the flow around the ship that existed
when there was no wall. An example of this is tia@sverse force and the yaw torque on the
ship that appear for head waves when there is lan@at the shipFigure 5.
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Figure 4: Panel discretization of the ship and the wall.
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Figure 5: Forces due to incident head waves along theegixests of freedom of the ship.

With the results from the frequency domain radia@md diffraction forces, it was possible
to determine impulse response functions and thaeiteffrequency added mass coefficients
that are needed to mount the moored ship motioatems. All impulse response functions
were calculated with a time interval of 0.1 s andaimum duration of 200 s.

Starting from the impulse response functions fa& 86 possible pairs (force along
coordinate due to motion with impulsive velocitprd) j coordinate) and the corresponding

added mass coefficients for the various frequenfmeswhich the radiation problem was
solved in the frequency domain and using equat®nséveral estimates for the infinite-
frequency added mass added were obtained.

The time series of the forces due to incident waneshe ship were determined by using
the time series of the free wave elevation estich&dea point in the area where the ship is to
be moored together with the results from the freqgyedomain diffraction problem for bow
waves. Given the limitations of the procedure fbtaining the force time series, which is
based on the Fast Fourier Transform, one might oohsider the first 500 s of the free-
surface elevation time series. Figure 6a) showsithe series of longitudinal force exerted by
the incident waves on the ship. In the figure it be seen another limitation of the procedure

10
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implemented to calculate time series: oscillationthe force time series do occur before the
incident wave arrival to the location where thepsisi moored (around t = 90 s) something
which is not physically possible.
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Figure 6: Moored ship time series: a) Longitudinal fordeslongitudinal motion; c) Tension on mooring line
11; d) Roll motion.

The time series of the movements along the longiaddxis of the moored ship shown in
Figure 6b), illustrates the non-linear responsthefensemble ship + mooring system. In fact,
for oscillations in the free-surface elevation wi@®riod is about 10 s, there are moored ship
oscillations with a much higher period. The peraddhese oscillations is controlled by the
existence of mooring lines and fenders, as carohérmed in Figure 6c¢) with the time series
of the forces in the bow breast line. Since the mngosystem elements produce forces acting
on the ship in the horizontal plane only, it is tbe movements in this plane that the non-
linear behavior is most evident. This can be camdid with the time series shown in Figure
6d) with the roll motion where it is observed thia oscillation period is similar to the period
of the incident wave on the ship.
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6. FINAL REMARKS

This paper presents the results obtained with timeenical package SWAMS in modeling
the behavior of a moored ship inside a schematrbdna The time series of the ship’s
movements and tensions in the mooring system gldarstrate the nonlinear behavior of the
system ship-moorings-fenders.

A Boussinesg-type model was used to determineithe series of the incident waves.
Results were obtained for a wave whose propagatlvaction coincided with the
breakwater’s length, which facilitated the deteration of the diffraction forces. To solve
more complex problems, where the incident wavesigraficantly diffracted by the harbor’s
infrastructures or other obstacles, a new proceds® tested based on so-called Haskind
relations. So far, the velocity potentials of iremdl waves needed for this were obtained with a
linear wave propagation model. The initial respitssented here are very promising and the
wave propagation model will soon be replaced byoaenscomplex Boussinesq-type model.
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