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ABSTRACT

This research activity represents the logical continuation of
the work documented in [1] and [2] on water on deck and para-
metric roll for an FPSO in regular waves. Here the same numer-
ical method, based on a domain-decomposition strategy, is used
to examine the platform with bilge keels, both without and with
mooring-line system. It is found that bilge keels with length 40%
of the ship length and with breadth the 3% of the ship breadth
limit effectively the roll when instability is promoted by vertical
bow motions in waves. In these conditions also the amount of
the shipped water is substantially reduced. Large roll induced by
the coupling with the lateral motions seems to be less well coun-
teracted and remains close to 10◦ for steepness kA≥ 0.2. This
value is often set as maximum allowed amplitude for FPSOs in
normal operational conditions. Also the effect on the shipped
water is limited in this case. Increasing the bilge-keels breadth
is confirmed to be beneficial but the combination of the mooring
system with dynamic positioning appears needed for a proper
control of the roll motion in the worst examined cases.

INTRODUCTION

Weather-vaning FPSOs are mostly exposed to head-sea
waves and can be subjected to water-on-deck (WOD) events, de-
pending on the incident systems, while parametric roll (PR)is not
recognized as a danger for such ships. Parametric roll is known
as a resonance and instability phenomenon of the roll motion
due to the fact that relative vertical ship motions cause variations
of the transverse metacentric height connected with changes of
the waterplane area and of the vertical position of the center of
buoyancy relative to the center of mass. A clear explanationof
the phenomenon and the critical conditions for its occurrence can
be found, for instance, in [3] and along the years many studies
have been carried out on the instability conditions and features
by trying to account for the coupling of roll with heave and pitch
motions in the time evolution of the restoring moment (seee.g.
the review in [4] and very recent work in [5]).

The present research activity examines numerically the oc-
currence and features of parametric roll and water on deck onan
FPSO interacting with regular waves. The analysis is the logical
continuation of the two research investigations presentedin [1]
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and [2]. In [1], an inconvenience in the experimental set-upof
an FPSO model highlighted occurrence of parametric-roll events
promoted by yaw-roll coupling. The platform was without bilge
keels and mooring lines and was examined in head- and bow-
sea regular waves in the zone of the first parametric resonance.
A combined physical and numerical analysis was then carried
out on the relevance of this phenomenon on the roll resonance,
as well as on the water shipping. Numerically, a 3D Domain-
Decomposition (DD) strategy was adopted, combining a weakly-
nonlinear potential-flow solver based on the weak-scatterer the-
ory with a shallow-water approximation for the shipped water.
In [2], the numerical solver was extended to model the loads
due to mooring lines and PR and WOD were investigated for
the same FPSO assumed with a turret single-point mooring-line
system. From the results, sway and yaw tend to bring the system
into an unstable regime with chaotic features.

Here the same numerical method is used to investigate the
same FPSO equipped with bilge keels so to assess their rele-
vance in improving the platform behavior in waves, both without
and with mooring-line system. In the next section the numeri-
cal method is briefly outlined. Then the data of the FPSO are
provided, together with the information of the model tests and
findings from previous physical and numerical studies relevant
for the present parameter investigation. The latter is presented
both for the case without and with mooring-line system and then
the main conclusions are drawn.

THE NUMERICAL SOLVER
The numerical solver consists of a Domain-Decomposition

(DD) strategy and has been detailed documented in previous
works, seee.g. [6] for the basic formulation and [2] for the
method including the mooring-line modelling. Here the main
features relevant for the physical investigation are recalled.

The method examines the problem of a 6-dof ship without or
with a small forward speed and interacting with incident, regu-
lar or irregular, waves. The seakeeping potential-flow problem
is handled within the weak-scatterer hypothesis (seee.g. [7]),
which assumes the incident waves and body motions large with
respect to the scattering and radiation waves and so it is valid
for wavelength-to-ship length ratio sufficiently large. The imper-
meability body-boundary condition is satisfied averagely along
the instantaneous wetted hull surface defined by the incident
waves and the body motions, leading to a correction of the linear
scattering and radiation loads. Nonlinearities are retained up to
the second order for Froude-Krylov and hydrostatic loads. The
method can handle bottom slamming by mean of a local velocity-
pressure criterion combined with a Wagner-type solution. Here
this modelling is not used because such phenomenon is not rel-
evant in the present study. Occurrence of water shipping in the
bow area is checked examining the local relative vertical motion
between the waves (incident, scattering and radiation waves) and

the vessel along the deck profile and then assessing the waterten-
dency to invade the deck by means of the incident-wave velocity
component normal to the deck profile (and in the plane of the
deck) relative to the ship. Its induced local loads are estimated
within a nonlinear shallow-water approximation, which is suit-
able to describe the global features of the most common type of
water-on-deck scenario involving a dam-breaking type flow.The
mooring-line system is modelled as a set of steel inelastic anchor-
lines attached to the ship through a turret and radially distributed.
All cables have the same pretensionT0 and the same total length.
The horizontal tension,Th,i , induced by each cablei on the vessel
as a consequence of the action and reaction principle is obtained
assuming a quasi-static approach but retaining a nonlinearcable
description consistently with the approach indicated as method 2
in [8]. Once estimated allTh,i and known the instantaneous con-
figuration of the cables, the surge and sway force and the yaw
moment induced by the whole mooring system on the ship can
be estimated at the examined time instant.

The DD solver estimates only the wave-radiation potential-
flow damping. Other damping contributions can be modelled
introducing additional damping terms, based on empirical for-
mulas, in the equations of motion. In particular for the FPSO
analyzed in this paper, the viscous roll damping for the vessel
without bilge-keels and mooring-line system has been identi-
fied from free-decay tests and well modelled as a linear damping
load with a damping coefficientB44h equal to the 2.62% of the
critical damping. The roll bilge-keel damping is modelled us-
ing the simplified formula in [9] obtained as best-fitting of the
Ikeda’s method. In this case, the nondimensional equivalent-
linear damping coefficient is a function of many nondimensional
parameters, in particular

B44bk
ρ∇B2

√

B
2g = f ( B

D ,Cb,Cm,
OG
D ,ω

√

B
2g,ξ4,a,

bbk
B , lbk

L ) (1)

with ρ the water density,∇ the displacement,B the ship beam,
D the ship draft,Cb the block coefficient,Cm the mid-ship coef-
ficient, OG the vertical position of the center of gravity relative
the calm-water free surface (positive downwards),ω the circular
frequency,ξ4,a the roll amplitude,lbk the bilge-keel length and
bbk the bilge-keel width. This formula is convenient with respect
to the direct use of the Ikeda’s method because the involved pa-
rameters are limited to general ship features and main bilge-keel
dimensions. This fits well the purpose of this analysis which
does not pretend to go in the details of a bilge-keel design but
to apply an overall measure of their effect from hydrodynamic
point of view,i.e. in terms of roll-damping moment. This damp-
ing modeling could be conservative for FPSOs, especially with
large bilge-keels. In this case de Oliveiraet al. [10] observed
that a damping saturation can occur for sufficiently large roll an-
gles. The mooring-line damping loads for surge (1) , sway (2)
and yaw (6) are assumed as velocity-square damping terms with
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coefficients corresponding to equivalent linear coefficients equal
to 0.1B j jcr ωξ ja8/(3π), with j = 1,2 and 6, andB j jcr and ξ ja

the critical damping and motion amplitude, respectively. With
this choice the transient stage is practically not affectedby such
damping, typically small. A more in-depth investigation for a
better modelling of these damping contributions is left fora fu-
ture work while the present activity focuses on the influenceof
the bilge-keel damping.

The different loads are inserted in the rigid-body motion
equations written along a body-fixed coordinate system withori-
gin in the center of gravity and following the approach in [11].
They read

Mξ̈ + Ω×Mξ̇ +A∞β̇ +
∫ t

0 K(t − τ)β̇ (τ)dτ =
F0nlin + Fhnlin + Fwod+ Fmoor+Fadd.

(2)

Here,M is the ship generalized mass matrix,ξ ≡ (ξ1, ..,ξ6) are
the six rigid degrees of freedom,Ω is the angular velocity vec-
tor (ξ̇4, ξ̇5, ξ̇6) with components along the instantaneous body
axes and the upper dots indicate time (t) derivatives. Further,
A∞ is the infinite-frequency added-mass matrix,K is the retar-
dation function matrix and the components ofβ are obtained
enforcing the instantaneous impermeability condition within the
weak-scatterer assumption (seee.g.[7]). In the left-hand side of
the motion equations, the second term is the inertial-load con-
tribution due to the body-fixed coordinate system and the third
and fourth terms correspond to radiation and scattering loads
which are combined within the weak-scatterer hypothesis. In the
right-hand side, we find the nonlinear loads due to water-on-deck
(Fwod), mooring-line system (Fmoor), Froude-Krylov (F0nlin) and
hydrostatic (Fhnlin) contributions. Finally the last term (Fadd)
accounts for additional linear or square-velocity dampingcontri-
butions.

The equations of motions are solved in time using a fourth-
order Runge-Kutta scheme. When evolving from timet to t +
∆t the water-on-deck loads, the convolution-integral terms and
the mooring-line loads are estimated int and retained constant
during the interval∆t, while the remaining loads are estimated at
any time instant required by the scheme.

FPSO PLATFORM AND PREVIOUS STUDIES
The main information of the selected FPSO is given in table

1. Previous studies on this platform, without and with mooring
lines, are summarized in the following. Experimental data and
same operational conditions are used in the next section to carry
on a numerical investigation on the influence of bilge-keelson
the occurrence and features of ship instability and water ship-
ping.

FPSO without mooring-lines This vessel was studied exper-
imentally at the CNR-INSEAN basin no. 2 (length x width x

TABLE 1. MAIN PARTICULARS OF THE FPSO AT FULL
SCALE.

Length (L = Lpp) 168.8 m
Breadth (B) 32.4 m
Draft (D) 10.0 m
Freeboard (f ) 9.9 m
Displacement(∇) 43493 t
Block coefficient (Cb) 0.77
Mid-ship coefficient (Cm) 0.99
Height of center of gravity (KG) 0.71D
OG= KG−D -0.29D
Roll Gyration radius 0.37B
Pitch Gyration radius 0.27L
Yaw Gyration radius 0.27L
Transverse metacentric height (GM) 1.44 m

depth= 220 x 9 x 3.6 m) in scale 1:40 without bilge keels and
mooring-line systems. Detailed discussion of the tests, ofthe per-
formed measurements and of the accuracy, can be found in [2]
and [1]. The model tests were targeted to examine water-on-
deck and parametric-roll phenomena in regular waves in head-
sea (α = 180◦) and two bow-sea (α = 175 and 170◦) conditions.
They are provided in tables 2-5 in terms of the steepnesskA, with
k the wavenumber andA the wave amplitude and in terms of the
calm-water roll natural frequency-to-prescribed excitation fre-
quency ratioω4n0/ω for PR while the corresponding prescribed
wavelength-to-ship length ratioλ/L is used for WOD. This is
done becauseω4n0/ω is a relevant parameter for the PR occur-
rence whileλ/L is important when examining the WOD occur-
rence. In particular, the chosenω4n0/ω range indicates that the
waves are in the region of first parametric resonance for the roll
and the correspondingλ/L range is in the region of heave and
pitch resonance. One must note that due to some problems with
the wavemaker, there were some differences between prescribed
and realized waves. Here the prescribed quantities are provided,
the actual incident waves parameters are documented in [1].The
experiments were designed to restrain surge, sway and yaw by
means of a gimble placed in the hull combined with a vertical
shaft. In reality, during the tests the yaw motion was not properly
restrained because of a slack in the shaft. The involved ampli-
tudes were negligible in head-sea conditions and withα = 175◦

until the case withω4n0/ω = 0.519 andkA= 0.25 was tested
as run 44. This incident wave did not cause PR but induced se-
vere WOD with profound leakage of water inside the model. As
a result, the shaft slack worsened. When the test was repeated
as run 46 the yaw motion was not negligible and both PR and

3 Copyright c© 2015 by ASME



WOD were caused. The combined physical and numerical inves-
tigation, using the method described in the previous section and
documented in [1], highlighted the crucial role of the yaw-roll
coupling for the roll instability in this case and for the tuning of
the roll natural period to 1.5T instead of 2T as usual for the first
parametric resonance,T being the incident-wave period. From
the analysis, the amplitude of the resonant roll is affectedby the
coupling with the other degrees of freedom. In particular, the
coupling with yaw, experienced by the ship in bow-sea waves,
can cause roll instability and tends to increase the steady-state
roll amplitude and to reduce the roll natural period with respect
to the case with restrained yaw. The first parametric resonance
promoted by coupling with heave and pitch motions is charac-
terized by the tuning of the roll natural period to 2T, with T the
excitation period. The coupling with yaw leads to a tuning of
the yaw natural period to 3T and moves the tuning for the roll
to 1.5T. It also affects the water shipping. The trend is in re-
ducing the phenomenon severity for the vessel in the examined
incident waves. This is opposite to the influence of the paramet-
ric roll on the water on deck in head-sea waves and zero yaw, as
documented in [12].

FPSO with mooring-lines In order to investigate the impor-
tance of motions coupling in the excitation of roll instability, the
FPSO was modelled numerically as moored in a water region
with depth 200 m by assuming a mooring-line system as used in
practice. In particular, ten mooring-lines, each with total length
about 1584 m, were distributed radially at 72× i ± 2.5 degrees
(i=0,1,2,3,4) from the platform longitudinal axis with basiccon-
figuration involving a turret longitudinal position at 0.25L ahead
of mid-ship and a pretensionT0 = 2000 kN. A systematic anal-
ysis was then performed by varying incident wavelength, steep-
ness, heading, location of the turret and pretension. From the
analysis, sway and yaw tend to destabilize the system also ex-
citing chaotic features. The sway-roll-yaw coupling promotes
the PR resonance and leads to larger amount of shipped water,
especially at smaller wavelength-to-ship length ratio andlarger
steepness. The chaotic features appear to be excited when a suf-
ficiently large yaw amplitude is reached, suggesting an important
role of nonlinear effects for the stability regime. The mooring-
line system leads to small restoring and so to large natural periods
for the horizontal motions. As a consequence, the sway-roll-yaw
coupling is not able to modify the roll natural period when PRoc-
curs, as instead documented by the experiments with shaft slack.
However the roll experiences a chaotic behavior, associated to
the amplitude, due to the coupling with sway and yaw. It was
also confirmed that the horizontal motions can be successfully
controlled and their induced instability avoided when a suitable
dynamic-positioning (DP) system is combined with the mooring
lines. Further investigations should account for state-of-the-art
second order excitation slow-drift oscillations.

PHYSICAL INVESTIGATION
Here, the effect of the bilge-keel damping is investigated in

both FPSO conditions described in the previous section. There-
quired ship parameters for formula (1) can be found in table 1
and are within the range of validity of the simplified formula.
The roll amplitude is calculated run-time during the simulation
so to account for transient conditions. Finally the bilge-keel di-
mensions are needed and, for the formula validity, they should
be so that 0.01≤ bbk/B ≤ 0.06 and 0.05≤ lbk/L ≤ 0.4. Here
they are assumedbbk = 0.03B and lbk = 0.4L. For the breadth
this corresponds to about 1 m at full scale. Typically, for FPSOs
it is used a breadth between 0.8 to 1 m and in some cases up to
1.4m. For the length it was chosen the upper limit of the formula
applicability though, for FPSOs,lbk/L could be 0.5 and in some
case up to 0.7.

Unless explicitly stated, all examined numerical simulations
are performed for 400T with a time step∆t=0.005T and the water
shipping is solved on a squared Cartesian grid in the deck plane
with mesh size≃ 0.0008L.

FPSO without mooring-lines Parametric-roll occurrence at
α = 180◦ and 175◦ is analyzed in tables 2 and 3 providing the roll
amplitude in case of PR. In these and in tables 4 and 5 the sym-
bol ’X’ indicates cases not studied experimentally. Excluding

TABLE 2. α = 180◦: EXPERIMENTAL AND NUMERICAL OC-
CURRENCE OF PARAMETRIC ROLL (PR) WITHOUT (W/O) AND
WITH BILGE-KEELS. ROLL AMPLITUDES ARE IN DEGREES.

ω4n0/ω → 0.402 0.464 0.519 0.568 0.656

Method kA PR

Exp. 0.10 NO 21.3±0.3 NO NO NO
w/o 0.10 NO 19.3/16.2 NO NO NO
with 0.10 2.6

Exp. 0.15 NO 15.4±0.3 NO NO NO
w/o 0.15 NO 13.2 NO NO NO
with 0.15 3.9

Exp. 0.20 26.7±0.4 NO NO NO X
w/o 0.20 24.6 8.4 NO NO X
with 0.20 << 1.0 << 1.0

Exp. 0.25 27.2±0.4 NO NO NO X
w/o 0.25 23.1 NO NO NO X
with 0.25 3.2

the cases of PR connected with the yaw-roll coupling due to
the shaft slack, there is not much difference in terms of insta-
bility occurrence at the two headings and also the amplitudes
involved are similar. Moreover the PR is supported by larger
kAatω4n0/ω = 0.402 and counteracted atω4n0/ω = 0.464. The
solver without bilge-keel damping and zero yaw is in good agree-
ment with the model tests in terms of occurrence of PR, but there
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TABLE 3. α = 175◦: EXPERIMENTAL AND NUMERICAL OC-
CURRENCE OF PARAMETRIC ROLL (PR) WITHOUT (W/O) AND
WITH BILGE-KEELS. ROLL AMPLITUDES ARE IN DEGREES.

ω4n0/ω → 0.402 0.464 0.519 0.568 0.656

Method kA PR

Exp. 0.10 NO 17.9±1.7 NO NO NO
w/o 0.10 NO 15.9 NO NO NO
with 0.10 3.1

Exp. 0.15 NO 16.4±1.3 NO NO NO
w/o 0.15 NO 11.3 NO NO NO
with 0.15 1.7

Exp. 0.20 26.3±0.4 9.5±2.0 NO 11.3±3.7 X
w/o 0.20 25.0 6.3 NO NO X
with 0.20 2.6 NO

Exp. 0.25 25.3±1.6 NO NO/12.1±3.7 12.9±2.08 X
w/o 0.25 21.8 NO NO NO X
with 0.25 3.0

is not predicted any roll instability for the cases atα = 175◦

with substantial shaft slack (ω4n0/ω ≥ 0.519). Also the involved
amplitudes are close to the measurements with values in gen-
eral quite large. More in detail, the numerics slightly underes-
timates the steady-state roll amplitudes recorded experimentally.
On the numerical side, besides the limitations connected with the
method assumptions, an error source is associated with the use of
a linear roll damping estimated from the free-decay test in calm
water with initial roll amplitude of about 11 degrees. In reality
the damping can change both because of larger roll amplitudes
involved and because the roll natural frequency can be modified
by coupling with other motions and by nonlinear effects in the
roll restoring moment. On the experimental side, an error source
is connected with the presence of side walls affecting the roll mo-
tion in bow sea and in case of a misalignment of the ship in head
sea. For incident waves withω4n0/ω = 0.464 andkA= 0.1 ex-
perimentally PR did not reach the steady-state conditions during
the recorded time history, so the maximum roll amplitude is pro-
vided. This is also reported for the numerics, while the second
numerical prediction for this case corresponds to the steady-state
PR amplitude. The numerical cases with PR occurrence were re-
peated including the bilge-keel damping. This limits the PRam-
plitudes below 4◦ and avoids the instability completely for one
case.

The occurrence of WOD for the cases discussed is provided
in tables 4 and 5. There, ’NI’ for the experiments means
that the water shipping was observed but not periodically and
was small. For the cases with water on deck, the tables give
the maximum numerical amount of shipped waterQ in steady-
state conditions. This quantity was not measured in the experi-
ments because the required arrangement would be complicated
and could interfere with the vessel behaviour. So only videos of
the water shipping were used to monitor the occurrence of the

TABLE 4. α = 180◦: EXPERIMENTAL AND NUMERICAL OC-
CURRENCE OF WATER ON DECK (WOD) WITHOUT (W/O) AND
WITH BILGE-KEELS. IT IS PROVIDED THE NUMERICAL MAX-
IMUM VOLUME OF SHIPPED WATER Q MADE NONDIMEN-
SIONAL BY SdA, WITH Sd THE DECK AREA.

λ/L → 0.75 1.00 1.25 1.50 2.00

Method kA WOD

Exp. 0.10 NO NO NO NO NO
w/o 0.10 NO NO NO NO NO
with 0.10 NO

Exp. 0.15 NO NO NI NO NO
w/o 0.15 NO 0.017 0.012 NO NO
with 0.15 0.004

Exp. 0.20 YES YES YES YES X
w/o 0.20 0.125 0.178 0.134 0.017 X
with 0.20 NO 0.177

Exp. 0.25 YES YES YES YES X
w/o 0.25 0.190 0.507 0.356 0.055 X
with 0.25 0.036

TABLE 5. α = 175◦: EXPERIMENTAL AND NUMERICAL OC-
CURRENCE OF WATER ON DECK (WOD) WITHOUT (W/O) AND
WITH BILGE-KEELS. IT IS PROVIDED THE NUMERICAL MAX-
IMUM VOLUME OF SHIPPED WATER Q MADE NONDIMEN-
SIONAL BY SdA, WITH Sd THE DECK AREA.

λ/L → 0.75 1.00 1.25 1.50 2.00

Method kA WOD

Exp. 0.10 NO NO NO NO NO
w/o 0.10 NO NO NO NO NO

with 0.10 NO

Exp. 0.15 NO NI NI NI NO
w/o 0.15 NO 0.052 0.042 0.003 NO

with 0.15 0.043

Exp. 0.20 due to PR YES YES YES X
w/o 0.20 due to PR:0.162 0.262 0.151 0.030 X

with 0.20 NO 0.255

Exp. 0.25 YES YES YES YES X
w/o 0.25 0.220 0.564 0.307 0.056 X

with 0.25 0.053

events. Also in this case, the numerics without bilge-keel damp-
ing agrees well with the physical recordings of the water ship-
ping. There are few cases where WOD is numerically predicted
and either not recorded or not periodic and small experimentally.
For these cases numerically the events were very limited in terms
of amount of shipped water. From the numerics, the most se-
vere WOD events occur atλ/L = 1 which is in the region of
heave and pitch resonance. In this case larger relative vertical
motions apparently occurred, leading to more pronounced free-
board exceedance. When the bilge-keel damping is introduced
in the equations of motion the water shipping atλ/L = 0.75 and
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kA= 0.2 is avoided. This is because the event is caused by the
parametric roll which is practically killed by these appendages.
It is interesting to note that the bilge keels are more effective in
reducingQ at the lowest wavelength while their influence is lim-
ited atλ/L = 1. This suggests a limited role of PR on WOD at
this wavelength,i.e. in this case the water shipping is dominated
by heave and pitch and subsequent relative vertical motions.

Figure 1 examines the roll and yaw motion for run 46 when
including the yaw in the simulations by means of an identifica-
tion process from the measurements of the linearized restoring
and damping coefficients connected with the yaw motion, as ex-
plained ine.g.[1] and [2]. The identification procedure has lim-

52 56
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30
ξ4(
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t/T

Experiments
1: Num. with yaw, B66=0.45B66 cr,B46=B464=0.03B66 cr
2: Num. with yaw, B66=0.41B66 cr,B46=B464=0.03B66 cr
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Experiments
1: Num. with yaw, B66=0.45B66 cr,B46=B464=0.03B66 cr
2: Num. with yaw, B66=0.41B66 cr,B46=B464=0.03B66 cr

t/T
FIGURE 1. ω4n0/ω = 0.519, kA= 0.25: ROLL (TOP) AND YAW
(BOTTOM) FROM TEST 46 AND FROM THE DD SOLVER IN-
CLUDING YAW MOTION AND WITHOUT BILGE KEELS.

ited reliability for the damping coefficients so, in the research
documented in the mentioned works,B46 (assumed equal toB64)
was initially set to the identified value and then reduced down to
the sixty percent so to have numerical motion amplitudes more
consistent with the experiments. Here, bothB66 andB46 were
varied so to achieve the best quantitative agreement with mea-

sured curves. Two conditions have been identified, referredto
as case 1 and 2 in the figure. For both of themB46 is still the
sixty percent of the identified value whileB66 is, respectively,
2.2 and 2 times the identified value. These coefficients are given
in terms of the yaw critical damping in the figure. As expected
the two numerical results are associated with the same oscillation
periods, consistent with the experiments. They are close toeach
other and to the measurements in terms of involved amplitudes
while there is a phase shift and a small difference in mean value
with respect to the physical yaw. On the other hand it is hard to
reproduce with linearized restoring and damping loads the non-
linear effects caused by the shaft slack. For this case the yaw-roll
coupling leads to a roll amplitude exceeding 15 degrees accord-
ing to the experiments. The two numerical cases are associated
with a roll amplitude around 17 degrees while the yaw ampli-
tudes are about 5 and 4 degrees, respectively. Here the motion

1 2 30

5

10

15

ξ4 a(
o)

Numerical cases

No bilge-keels
lbk/L=0.4, bbk/B=0.03
lbk/L=0.4, bbk/B=0.04
lbk/L=0.5, bbk/B=0.03

1 2 30

2

4

ξ6 a(
o)

Numerical cases

No bilge-keels
lbk/L=0.4, bbk/B=0.03
lbk/L=0.4, bbk/B=0.04
lbk/L=0.5, bbk/B=0.03

FIGURE 2. ω4n0/ω = 0.519, kA = 0.25: NUMERICAL AMPLI-
TUDE OF ROLL (TOP) AND YAW (BOTTOM) WITHOUT AND
WITH BILGE-KEELS.

amplitude is defined as half of difference between the maximum
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and minimum values after the initial transient. Despite thesim-
ilar features shown by the two numerical cases, the bilge keels
have a different effectiveness for the resulting systems, as shown
in figure 2. In particular for case 1, the basic dimensions aresuit-
able to limit the roll amplitudeξ4a to about 2 degrees while for
case 2 the same bilge-keels would be only able to keep it below
8 degrees. Due to the roll-yaw coupling, a similar trend is ob-
served for the yaw amplitudeξ6a. Assuming wider (bbk/B=0.04,
which is still of practical use) or longer (lbk/L=0.5, it should be
noted that this is out of the validity range for formula (1)) does
not have much effect on the roll amplitude for case 1, probably
because the additional damping in the roll is not able to further
limit the yaw motion and so, in return, the roll amplitude. On
the contrary, longer, but especially wider, bilge-keels can reduce
the roll amplitude for case 2. In particular, with the chosenpa-
rametersξ4a goes down to about 5 degrees andξ6a to below 2
degrees. Figure 3 examines more in detail cases 1 and 2 without
and with basic bilge-keels in terms of the time evolution of roll
and yaw. Without the roll damping from these appendages, roll
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FIGURE 3. ω4n0/ω = 0.519, kA = 0.25: NUMERICAL ROLL
AND YAW WITHOUT AND WITH BILGE-KEELS ( lbk/L=0.4 AND
bbk/B=0.03) FOR CASE 1 AND 2 DEFINED IN FIGURE 1.

and yaw appear 180 degrees out-of-phase for most of the time
during a yaw oscillation period. This is a bit more pronounced
in case 2 for which the yaw damping coefficientB66 is slightly
lower than for case 1. Ifξ4 is 180 degrees out-of-phase with
respect toξ6, for instance, the cross-coupling moment−B46ξ̇6

acts as a negative damping for the roll and similarly−B64ξ̇4 acts
as a negative damping for the yaw. This supports the instability.
With the bilge-keel damping, for case 1 roll and yaw become in
phase so that they tend to damp each others through their cross-
coupling damping moments−B46ξ̇6 and−B64ξ̇4, and this is con-
sistent with the much lower amplitudes of both motions. For case
2 instead, the two motions preserve out-of-phase features,likely

becauseB66 is not large enough, and so they tend still to increase
each other through the cross-coupling damping moments.

All the results suggest a primary role of yaw-roll coupling in
exciting this instability behavior and the need of a proper lateral-
motion control in conditions with free yaw. One must note that
this analysis assumes that there is no effect of the bilge keels on
B46 andB64.

FPSO with mooring-lines The numerical study of the same
FPSO in moored conditions and in same head-sea regular waves
highlighted the importance of sway-roll-yaw coupling in destabi-
lizing the system and bringing a chaotic behavior, as documented
in [2].

Here the regular head-sea incident waves withλ/L ∈

[0.75,1.5] are considered because they appeared to be the most
interesting for parametric roll of the vessel without mooring lines
(see previous section) and the wave parameters are set as theac-
tual waves from the experiments examined in the previous sec-
tion. This is done so to allow also a comparison between the
cases without and with mooring lines. More in detail, the actual
head-sea waves in the model tests were consistent with the pre-
scribed waves, but for case withλ/L = 0.75 andkA= 0.2 which
was withλ/L = 0.755 andkA= 0.21 in reality. In the follow-
ing, the relevant features of the instability phenomena dueto the
motions coupling are discussed. These are exemplified in thetop
plots of figures 4 and 5 examiningω4n0/ω = 0.464 and, respec-
tively, kA=0.15 and 0.2. The case with lower steepness is clearly
characterized by parametric roll occurrence before excitation of
sway and yaw motions (see enlarged view at smaller times in the
top plot of figure 4) and so due to the influence in waves of the
heave and pitch motions on the restoring moment. As time goes
on the yaw motion shows oscillations with a period longer than
the excitation period, reasonably connected with its natural pe-
riod, and rises in amplitude with a clear instability behavior. The
yaw brings into instability also the sway which follows a sim-
ilar trend. Once the yaw has reached a sufficiently large value
the maximum values of sway and yaw remain limited and ran-
domly change in time and this leads to chaotic features also in
the roll. The sway oscillations are dominated by a period about
24T which characterizes also the yaw evolution together with a
lower period about 8T. These large periods are not able to mod-
ify the roll natural period but promote a chaotic change of the
roll amplitude. The roll is still dominated by its natural period
which remains tuned to 2T as in a first parametric resonance (see
enlarged view at larger time in the same plot). The bilge-keel
damping is able to kill the roll amplitude connected with theini-
tial PR phenomenon due to the heave and pitch motions and as
a result also the later roll amplitudes appear more limited than
without bilge keels, in particular below 8 degrees, but there is
no effect of the reduced roll on the amplitudes of the horizontal
motions (see bottom plot of figure 4). This confirms a dominant
role of sway and yaw on this documented instability.
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FIGURE 4. ω4n0/ω = 0.464, kA = 0.15: NUMERICAL SWAY,
ROLL AND YAW WITH MOORING-LINES, WITHOUT (TOP) AND
WITH (BOTTOM) BILGE KEELS (lbk/L=0.4 AND bbk/B=0.03).

Steeper waves do not cause PR when sway and yaw are neg-
ligible (see enlarged view at smaller times in the top plot offigure
5). As these motions experience an unstable behavior with simi-
lar features as forkA=0.15 then the roll motion is also excited at
its natural period tuning also in this case to 2T (see enlarged view
at larger times in the same plot) but it is also evident the presence
of the excitation period along theξ4 time history. One must note
that the sway and yaw oscillation periods are different in the two
wave-steepness cases. In particular, forkA=0.2 the yaw starts its
unstable behavior with the same period as forkA=0.15 but, as the
amplitude increases, the nonlinearities reduce its natural period
and similarly it is predicted for the sway. The use of bilge keels
has a similar effect as for the lower steepness; in this case the roll
amplitude is kept below 9 degrees.

Figure 6 examines the maximum roll amplitude and the
maximum amount of shipped water predicted without bilge keels
for all examined cases with non negligible roll and with WOD.
Here the maximum values are estimated along the whole exam-
ined time evolution,i.e. t ≤ 400T, and one must note that they
do not occur always periodically due to the chaotic behaviorin
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FIGURE 5. ω4n0/ω = 0.464, kA = 0.20: NUMERICAL SWAY,
ROLL AND YAW WITH MOORING-LINES, WITHOUT (TOP) AND
WITH (BOTTOM) BILGE KEELS (lbk/L=0.4 AND bbk/B=0.03).

many conditions. From the results, the roll amplitude can reach
very high values and this is mainly due to nonlinear motion cou-
pling, as discussed in [2]. In particular, the values are larger than
the corresponding steady-state roll amplitudes predictedwith-
out mooring lines. For the largest incident-wave steepnessthere
is almost a linear increase by decreasing the calm-water roll
natural frequency-to-prescribed excitation frequency ratio. At
ω4n0/ω = 0.464, ξ4amax is close to 20 degrees for almost all
incident-wave steepnesses examined. For this frequency ratio,
the parametric resonance occurs for allkAand is connected with
influence of heave and pitch motions for the two lowest steep-
nesses and promoted by the coupling with sway and yaw for the
others. When the bilge keels are introduced, there is a substantial
reduction on the roll amplitude when the roll instability iscon-
nected with heave and pitch motions while the effect is more lim-
ited when the instability mechanism is due to the lateral motions.
The roll amplitudes remain close to 10 degrees forkA ≥ 0.2.
This value is indicated by the horizontal dashed line in the fig-
ure and is often the maximum allowable roll amplitude for an
FPSO in normal operational conditions. The maximum amount
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of shipped water is, in general, larger than without mooringlines
when bilge-keels are not used and is less dependent onλ/L with
local maxima atλ/L = 1. However, for the largest steepness, the
bilge-keel effect on the WOD severity is very limited suggesting
that the roll plays a minor role with respect to the other vertical
motions which are not affected by the bilge-keel action in our
model.

Table 6 examines the influence of the bilge-keel breadth and
length on the roll for the case with largestξ4amaxwhenlbk/L=0.4
andbbk/B=0.03 are assumed. Increasingbbk/B to 0.04 has a

TABLE 6. ω4n0/ω = 0.519,kA= 0.25: MAXIMUM NUMERICAL
ROLL AMPLITUDE WITH MOORING-LINES, WITHOUT AND
WITH BILGE-KEELS. DP= WITH A DYNAMIC-POSITIONING
SYSTEM GIVING A LINEAR DAMPING IN ξ1, ξ2 AND ξ6 EQUAL
TO THE 15% OF THE CORRESPONDING CRITICAL DAMPING.

lbk/L,bbk/B 0,0 0.4,0.03 0.4,0.04 0.5,0.03 0.4,0.03,DP

xi4amax (◦) 15.6 17.3 16.0 15.5 3.9

very limited effect in this case and similarly it is obtainedpushing
the use of formula (1) beyond its applicability and so increasing

lbk/L to 0.5. This confirms the major role of the coupling with
the horizontal motions, in particular sway and yaw, in the roll
instability and suggests the need of a proper control for them to
achieve an effective limitation of the roll amplitudes. Assuming
a dynamic-positioning (DP) system, designed to provide a linear
damping in surge, sway and yaw equal to the 15% of the cor-
responding critical damping, limits the roll amplitude below 4
degrees. This can be considered as a good damping level for a
DP system used with FPSOs, in practice the level can be lower.

Figure 7 examines the effect of the bilge-keel damping
for different heading angles assuming incident waves with
ω4n0/ω = 0.464 and, respectively,kA= 0.1 andkA= 0.25. The
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FIGURE 7. ω4n0/ω = 0.464: POLAR DIAGRAM OF MAXIMUM
ROLL AMPLITUDE IN WEATHER-VANING CONDITIONS, WITH-
OUT AND WITH BILGE KEELS (lbk/L=0.4 AND bbk/B=0.03).

maximum amplitude is predicted in weather-vaning conditions,
i.e. after the FPSO has been rotated in yaw and brought to head-
sea conditions by the mooring-lines. Without bilge-keelsξ4amax

is almost the same in all headings for the smalled steepenss.
This is because the ship experiences parametric roll promoted by
heave and pitch motions in waves and the responsible phenom-
ena remain similar for the different cases once recovered head-
sea conditions. For the largest steepness, the ship is subjected to
roll instability due to coupling with lateral motions and the lat-
ter do not necessarily remain the same once recovered head-sea
conditions if an instability has occurred for them. As for true
head-sea conditions, the case with smallest steepness shows a
suitable action of the bilge-keels in limiting the roll motion. For
kA= 0.25, the bilge-keels are less effective, especially in bow
and head-sea waves. In these conditions they are not able to limit
the roll below 10 degrees.

For these two incident-wave scenarios, the effectiveness of
the bilge-keels is documented in figure 8 in terms of maximum
provided damping coefficient as a function of the heading an-
gle. For the smallest steepness, an equivalent damping coeffi-
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cient slightly above the ten percent of the roll critical damping
is needed to control the roll motion; for the largestkA, even a
coefficient larger than the thirty percent of the critical damping
is not enough to limit properly the roll.

SUMMARY
A 3D numerical Domain-Decomposition (DD) strategy for

the seakeeping of a 6-dof ship with possible water-on-deck oc-
currence has been used to examine the effect of bilge keels on
the stability of an FPSO without and with mooring lines. The
seakeeping solver is based on the weak-scatterer hypothesis; wa-
ter shipping is modelled as a 2D in-deck shallow water flow; the
mooring lines are simulated within a quasi-static nonlinear ap-
proach and finally the bilge-keel damping is approximated using
a simplified formula, best-fitting of the Ikeda’s method. Theper-
formed analysis suggests that the bilge keels are well suited for
the control of PR phenomena connected with large heave and
pitch motions but are less effective in limiting the roll ampli-
tude when sway-yaw-roll coupling involves instability phenom-
ena. In the latter case it helps increasing the bilge-keel breadth
or the length, but the latter parameter seems to play minor role
in the considered range. The application of a suitable dynamic-
positioning can compensate the limitations of bilge-keel action.
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