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rotation angle and the wave elevations up- and down-wave.  Some results are shown in Fig.6.                 

                   Figure � :  Wa�e ele�ations , foil position and shaft torque in a regular wa�e 

In Figure 6 the dotted line is the incoming wave, the large solid line the down-wave elevation, 
the small amplitude harmonic is the foil position signal and the constant , just below zero the 
shaft torque. Noticeable is that the torque is almost constant with little or no higher 
harmonics.
A final experiment concerns the application of the concept to a wave direction measuring 
device. Since the foil is always “down stream” , if the shaft of a short span version is attached 
to a vertical , freely  turning axis and a “rudder” used to connect foil and shaft , a system is 
created that automatically seeks to position the rudder in the vertical plane of the flow. This 
property can be used to determine wave direction in a regular wave. The concept is shown in 
Fig. 7 on the left and right the measuring device based on the concept. Results of 
measurements of wave direction in MARIN’S Wave & Current Basin are compared with 
prediction in Fig. 8. As can be seen, the measurements with the device follow the theoretical 
wave direction (snake wave maker with fixed phase difference between the flaps) very well. 
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Figure � : De�ice for measuring wa�e direction          Figure � : Measured and adjusted wa�e direction 
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Introduction

Experimental campaigns in model basins are
usually undertaken for industry purposes when
there is the necessity of design verification.
Since these tests are rather expensive a few con-
ditions of interest are normally tested. There are
rare cases of systematic campaigns such as the
series 60 or the international collaboration on
the more modern geometry of the DTMB5415
[1]. The data acquired proved to be an invalu-
able tool for comparisons and verifications.
The needs of offshore industry are nowadays

focusing on several different moored structures.
One of these is the Floating Production Storage
Offloading (FPSO), that is permanently moored
in a specific location, usually in the vicinity of
an extraction platform. Therefore it needs to be
able to face a whole range of different conditions
on the place without loosing its operability.
This abstract reports on the experimental

campaign of a moored model in bi-dimensional
sea-states obtained by systematically combining
two different wave systems from varying relative
directions.

The Complex Sea-States Concept

The sea-state that may occur in a generic loca-
tion in the ocean can be thought of as the result
of the superposition of different wave systems.
These sea-states can originate as described in
the following.
Between the waves generated during a storm

those with higher values of the group velocity Cg

are able to outrun the storm and appear ahead
of it as swell [2]. If the storm has happened
far enough from the investigation point we can
hypothesize that only few long, fast travelling
wave components will reach the location of the
ship.

Apart from these long swell waves there can
be another wave system with a higher peak fre-
quency, generated by wind that is blowing close
to the location of interest. This wave system
would travel a shorter distance before reach-
ing the ship’s location. In this case the dis-
persion property of the waves would not have
enough time to select the long regular compo-
nents and the wave spectrum would be more
complex. This last wave system we will refer
to as wind-sea.

From this description it appears clear that
there is no correlation between the two wave
systems that can co-exist independently and vir-
tually have any relative direction of propagation
[2]. Thus with the combination of two sea-states
it is possible to adequately model a real situa-
tion.

The capacity of the ocean basin of the In-
stitute of Ocean Technology, National Research
Council of Canada, with its array of 164 wave
panels on two sides of the rectangular basin (see
sketch on top of fig.1), was exploited for gen-
erating different wave systems that combine at
the center of the basin as if they were coming
from different directions. Thus one part of the
sea-state generated in the facility was a long reg-
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Figure 1: (up) reference plan of the basin and of the
position of the model, (bottom) picture of the model
in bi-directional sea-states, its bow is rotated towards
positive yaw angle.

ular wave system, that acted for our purposes
as swell. The wind-sea was modelled by a JON-
SWAP spectrum following the standard ITTC
formulation [3]:

S(f) = α
g2

2πf5
e


− 5

4
( f
fp

)−4

γα, (1)

where all the parameters are defined as functions
of the significant wave height and spectral peak
frequency.
Usually only a very few conditions are selected

as the most probable and tested in a model
basin. Thus data for calibration of numerical
codes and comparison of the results of simu-
lation is unavailable in the scientific literature.
With this matter in mind a systematic experi-
mental campaign on a moored FPSO model was

Sea-state Hship Tship Hmodel Tmodel

Swell regular

sea (sine)

5.300 17.800 0.088 2.298

Wind-sea

JONSWAP

3.000 12.000 0.050 1.549

Table 1: the parameters for the first set of tests. The
JONSWAP spectra (wind-sea) has been applied also
with a spread of 25 and 35 degrees, in these cases the
parameter γ was set equal to 3.

undertaken, in order to study the consequences
of the superposition of different wave systems
propagating at different directions.

Description of the Tests and Observations

All the sea-states were initially run without the
model in the basin and measured by an array of
capacitive wave probes mounted in place of the
model. Another set of wave probes was mounted
in the vicinity of the model and was left in place
during the entire campaign.
The model, an FPSO hull (bottom picture of

figure 1, scale ratio λ = 60), was moored by
means of four mooring lines connected to the
bottom of an internal rotating turret located at
roughly one third of length from the bow of the
model. The mooring lines were equipped with
inline load cells for measuring the forces on the
lines. A gyroscopic system that measured the
linear accelerations and the angular velocities
was used in parallel with an optical system for
measuring the position of the model in the six
degrees of freedom. An accelerometer measured
the vertical component of the acceleration in a
known location close to the center of gravity.
Movies were also taken during all the runs.
In the first series of tests the period and the

amplitude of the swell-sea (first line of table 1)
were kept constant and its direction of propa-
gation was 0 degrees. The wind-sea direction
varied between 0, 22.5, 45, 60 and 90 degrees
with reference to the swell direction of propaga-

tion. The tests have been performed with ini-
tial heading of the model at 0 and at 90 degrees
(beam seas with respect to the swell). In this
last condition the tests were repeated once with
the model being released before the start of the
wave-makers and with the model being held for
one minute in order to wait for the sea-state to
be fully developed.

For further investigating the directional ef-
fects, the same conditions have been run with
a spreading of 25 and 35 degrees applied on the
wind-seas.

Each of the runs lasted for 116 minutes of real
scale time. At the end of every run the model
was put back in its initial position.

The peak period of the wind-sea waves was
chosen close to the natural roll period of the
model that was 1.58 s (corresponding to 12.24 s

at real scale). The period of the swell was longer,
corresponding to 17.80 s at real scale.

In the second set of tests both sea-states had
periods close to the natural roll period of the
model. In this case the swell characteristics were
varied in amplitude and period, as specified in
table 2, the direction was always 0 degrees. This
time the wind-sea was kept constant in period
and amplitude while its direction was varied be-
tween the directions of 0, 45, 60 and 90 degrees.
The heading of the model was always 0 degrees.

The model, even when starting from different
initial orientations, invariably ended in another
heading position, sometimes oscillating, other
times finding an equilibrium. The factors that
determine the final orientation in yaw are yet to
be understood, but their comprehension is cru-
cial for assessing the effectiveness of the internal
turret as a device for weather vane purposes.
Many FPSOs have to use a dynamical position-
ing system to keep the bow to the waves. The
reason of the yaw equilibrium position probably

Sea-state Hship Tship Hmodel Tmodel

Swell regular

sea (sine) 1

4.260 11.650 0.071 1.504

Swell regular

sea (sine) 2

9.540 12.363 0.159 1.596

Swell regular

sea (sine) 3

15.900 12.363 0.265 1.596

Wind-sea

JONSWAP

7.980 11.999 0.133 1.549

Table 2: characteristics of the second series of tests.
The swell was varied in intensity and period while a
constant wind-sea changed direction.

lies in the influence of lower part of the spec-
trum of the waves. The spectral analysis of the
motions and the correlation with the incoming
waves will highlight this aspect.

Figure 2 shows an example of part of the
recorded plots of the heading, the roll and pitch
motions of the model. The top three plots of the
figure are relative to a test in which the model
was subjected to a sea-state composed composed
of a swell and an irregular wave system arriving
from 60 degrees direction. The three plots in
the middle are relative to a run in which only
the swell part of the wave system was generated
for the same amount of time. The bottom three
plots show the case relative to only the irregular
wind-sea coming from a 60 degrees direction.

The period of the two wave systems was sim-
ilar, while the amplitude of the swell being the
double (0.265 m compared with 0.133 m). The
influence of the combined wave system is evi-
dent. The ship motions are larger than the ones
produced by the single contributions alone. The
heading oscillates continuously from the initial
position to a maximum of −50 degrees not find-
ing a stable orientation. There is a slowly vary-
ing yaw motion, with a period of roughly 90 sec-
onds, that makes so that model does not end
up in a final position. This instability does not
show in the other cases. Also the plots of roll
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tion. The tests have been performed with ini-
tial heading of the model at 0 and at 90 degrees
(beam seas with respect to the swell). In this
last condition the tests were repeated once with
the model being released before the start of the
wave-makers and with the model being held for
one minute in order to wait for the sea-state to
be fully developed.

For further investigating the directional ef-
fects, the same conditions have been run with
a spreading of 25 and 35 degrees applied on the
wind-seas.

Each of the runs lasted for 116 minutes of real
scale time. At the end of every run the model
was put back in its initial position.

The peak period of the wind-sea waves was
chosen close to the natural roll period of the
model that was 1.58 s (corresponding to 12.24 s

at real scale). The period of the swell was longer,
corresponding to 17.80 s at real scale.

In the second set of tests both sea-states had
periods close to the natural roll period of the
model. In this case the swell characteristics were
varied in amplitude and period, as specified in
table 2, the direction was always 0 degrees. This
time the wind-sea was kept constant in period
and amplitude while its direction was varied be-
tween the directions of 0, 45, 60 and 90 degrees.
The heading of the model was always 0 degrees.

The model, even when starting from different
initial orientations, invariably ended in another
heading position, sometimes oscillating, other
times finding an equilibrium. The factors that
determine the final orientation in yaw are yet to
be understood, but their comprehension is cru-
cial for assessing the effectiveness of the internal
turret as a device for weather vane purposes.
Many FPSOs have to use a dynamical position-
ing system to keep the bow to the waves. The
reason of the yaw equilibrium position probably

Sea-state Hship Tship Hmodel Tmodel

Swell regular

sea (sine) 1

4.260 11.650 0.071 1.504

Swell regular

sea (sine) 2

9.540 12.363 0.159 1.596

Swell regular

sea (sine) 3

15.900 12.363 0.265 1.596

Wind-sea

JONSWAP

7.980 11.999 0.133 1.549

Table 2: characteristics of the second series of tests.
The swell was varied in intensity and period while a
constant wind-sea changed direction.

lies in the influence of lower part of the spec-
trum of the waves. The spectral analysis of the
motions and the correlation with the incoming
waves will highlight this aspect.

Figure 2 shows an example of part of the
recorded plots of the heading, the roll and pitch
motions of the model. The top three plots of the
figure are relative to a test in which the model
was subjected to a sea-state composed composed
of a swell and an irregular wave system arriving
from 60 degrees direction. The three plots in
the middle are relative to a run in which only
the swell part of the wave system was generated
for the same amount of time. The bottom three
plots show the case relative to only the irregular
wind-sea coming from a 60 degrees direction.

The period of the two wave systems was sim-
ilar, while the amplitude of the swell being the
double (0.265 m compared with 0.133 m). The
influence of the combined wave system is evi-
dent. The ship motions are larger than the ones
produced by the single contributions alone. The
heading oscillates continuously from the initial
position to a maximum of −50 degrees not find-
ing a stable orientation. There is a slowly vary-
ing yaw motion, with a period of roughly 90 sec-
onds, that makes so that model does not end
up in a final position. This instability does not
show in the other cases. Also the plots of roll
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and pitch indicate larger amplitude oscillations
compared with the stable oscillation of the swell
only case and the less, but still stable oscillation
in the wind-sea only case. The larger roll in the
combined sea-state is another issue worth inves-
tigating and might be related to the slow drift
yaw motion. In real life environment a roll of
such an amplitude is an impediment for oper-
ability.
These observations confirm the importance of

considering both contributions together and the
need to have an experimental evidence of the
effect of the individual components because the
single components do not combine their effects
in a trivial way. At the largest amplitude of the

Figure 2: plots relative to heading, pitch and roll.
Upper three plots: sea-state combination of swell as
in table 2 line 3 and wind-sea as in line 4 from 60
degrees relative direction. Middle three plots: run
with the swell only. Bottom: run with the wind-sea
from 60 deg. only

wave system the ship was displaying consistent
bow splashing. Its behavior was largely non-
linear.
The mooring lines stiffness seemed to have

been chosen adequately because the model was
not showing any fishtail behavior.

Conclusions

To conclude the authors would like to point out
that the data available from the wave probes is
composed by a double series of measurements
for the same sea-states, with and without the
model. The data will be used to evaluate the
scattering of waves by the model. The sea-states
of these tests have been run varying systemati-
cally the parameters and directions of two differ-
ent wave systems combined together. The col-
lected data can be used for comparison with nu-
merical algorithms in very different conditions
ranging from one dimensional and linear to com-
plex bi-directional and fully non-linear.
The authors wish to thank I.R. Young for his

help in defining the appropriate sea-state con-
ditions, F. Winsor, B. Colbourne for support in
Canada and the guys of the IOT for the nights
spent together during the tests.
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Introduction

Most of computations for wave-body interactions in
the time domain are based on the panel methods.
For body-exact problems, repanelization of the
instantaneous wetted body surface is required at
each time step. Based on the work of Qiu
and Hsiung (2002) and Qiu et al. (2004), the
body-exact problem has been solved in the time
domain with the panel-free method and exact
geometry. In the present study, the body boundary
condition is imposed on the instantaneous wetted
surface exactly at each time step. The free
surface boundary is assumed linear so that the
time-domain Green function can be applied. The
body geometry is represented by Non-Uniform
Rational B-Spline (NURBS) surfaces. At each time
step, the instantaneous wetted surface is obtained
by trimming the entire body surface. With
the panel-free method, the body-exact problems
are solved without involving repanelization of the
wetted hull surface at each time step.

For illustration, hydrodynamic forces on a
submerged sphere undergoing large amplitude
motion were computed and compared with
analytical solutions. The computation was also
extended to a vertical cylinder under prescribed
motion.

Mathematical Formulation

It is assumed that the fluid is incompressible,
inviscid and free of surface tension and that
the flow is irrotational. The velocity potential,
φ(P (x, y, z); t), satisfies the following governing
equation, boundary conditions, far-field conditions
and initial conditions:

∇2φ = 0 in Ω (1)

∂2φ
∂t2 + g ∂φ∂z = 0 on Z = 0, t > 0

∇φ · n = Vn − ∂φI
∂n on Sb(t), t > 0

∇φ, ∂φ∂t → 0 at S∞, t > 0

φ = 0, ∂φ
∂t = 0 t = 0

where φI(P (x, y, z); t) is the incident wave
potential, g is the gravitational acceleration,
Ω is the computational domain, Sb(t) is the
instantaneous wetted body surface, S∞ is the
infinite boundary, t is time, and n is the unit inner
normal vector pointing into the body surface from
the water.

Since the linear free surface boundary condition
is satisfied, the transient Green function can be
applied for the initial boundary value problem.

Based on the work of Qiu and Hsiung (2002),
the velocity potential, φ(P ; t), can be obtained
from the desingularized integrals in terms of source
distribution as follows:

φ(P ; t) =


Sb(t)

G1


σ(Q; t)− γ(Q; t)

σ(P ; t)
γ(P ; t)


dS

+ 2


Sb(t)

σ(Q; t)G2dS + φ0(t)
σ(P ; t)
γ(P ; t)

+
 t

0

dτ



Sb(τ)

σ(Q; τ)FdS

− 1
g

 t

0

dτ



Γ(τ)

σ(Q; τ)FVΓnVndΓ (2)

where G1(P,Q) = − 1
4π (

1
r +

1
r1
), G2(P,Q) = 1

4π
1
r1
,

F (P,Q; t − τ) is the wave term of the Green
function, VΓn is the velocity of the instantaneous
waterline, Γ(τ), in the direction of nΓ, nΓ is the
unit normal of Γ(τ) on the free surface, γ(P ; t) is
the source distribution on the instantaneous wetted
surface Sb(t) which makes the instantaneous body
surface an equipotential surface of potential φ0(t).
It can be seen that the first integral in the right




