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ABSTRACT 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 (BRpt
recognized as a danger for such ships. Parametric roll igkno
as a resonance and instability phenomenon of the roll motion

This research activity represents the logical continuatid
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 strategysasd u ; 4 _ X e
to examine the platform with bilge keels, both without anthwi due to the fact that relative vgrtlcgl ship motions cagsmuans
mooring-line system. It is found that bilge keels with lént® of the transverse metacentric he|gh_t conne.cFed with clsaafe
of the ship length and with breadth th&43f the ship breadth the Waterplane_ area and of the vertical position of the cesfte
limit effectively the roll when instability is promoted bgrtical buoyancy relative to the center of mass. A clear explanaiion
bow motions in waves. In these conditions also the amount of (e phenomer_lon and th_e critical conditions for its occurearan .
the shipped water is substantially reduced. Large roll icelti by be found, for instance, in [3] and along the years many studie
the coupling with the lateral motions seems to be less welheo ~ 2V€ been carried out on the instability conditions andufest
teracted and remains close to “Lfbr steepness k& 0.2. This by trylnglto accqunt for thg coupling of roll \_N'th heave antchi
value is often set as maximum allowed amplitude for FPSOs in Motions in the time evolution of the restoring moment (eeg
normal operational conditions. Also the effect on the shipp 1€ review in [4] and very recent work in [S]).
water is limited in this case. Increasing the bilge-keelsauith The present research activity examines numerically the oc-
is confirmed to be beneficial but the combination of the mgorin  currence and features of parametric roll and water on de@aon
system with dynamic positioning appears needed for a proper FPSO interacting with regular waves. The analysis is thiz#dg
control of the roll motion in the worst examined cases. continuation of the two research investigations preseimtéi]
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and [2]. In [1], an inconvenience in the experimental sebiip
an FPSO model highlighted occurrence of parametric-rahev
promoted by yaw-roll coupling. The platform was withoutdail

the vessel along the deck profile and then assessing theteater
dency to invade the deck by means of the incident-wave ugloci
component normal to the deck profile (and in the plane of the

keels and mooring lines and was examined in head- and bow- deck) relative to the ship. Its induced local loads are estih

sea regular waves in the zone of the first parametric resenanc

within a nonlinear shallow-water approximation, which ists

A combined physical and numerical analysis was then carried able to describe the global features of the most common ti/pe o
out on the relevance of this phenomenon on the roll resonance water-on-deck scenario involving a dam-breaking type fible

as well as on the water shipping. Numerically, a 3D Domain-
Decomposition (DD) strategy was adopted, combining a weakl
nonlinear potential-flow solver based on the weak-scattbee

ory with a shallow-water approximation for the shipped wate
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 moonieg-li
system. From the results, sway and yaw tend to bring thersyste
into an unstable regime with chaotic features.

mooring-line system is modelled as a set of steel inelastiber-
lines attached to the ship through a turret and radiallyibigted.

All cables have the same pretensiiyrand the same total length.
The horizontal tensiori;, ;, induced by each cablen the vessel

as a consequence of the action and reaction principle isnelota
assuming a quasi-static approach but retaining a nonlcedze
description consistently with the approach indicated athote2

in [8]. Once estimated all,,; and known the instantaneous con-
figuration of the cables, the surge and sway force and the yaw

Here the same numerical method is used to investigate the moment induced by the whole mooring system on the ship can
same FPSO equipped with bilge keels so to assess their rele-be estimated at the examined time instant.

vance in improving the platform behavior in waves, both with
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 tesid a
findings from previous physical and numerical studies eV
for the present parameter investigation. The latter isquesl
both for the case without and with mooring-line system armahth
the main conclusions are drawn.

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

The DD solver estimates only the wave-radiation potential-
flow damping. Other damping contributions can be modelled
introducing additional damping terms, based on empirioal f
mulas, in the equations of motion. In particular for the FPSO
analyzed in this paper, the viscous roll damping for the eless
without bilge-keels and mooring-line system has been ident
fied from free-decay tests and well modelled as a linear dagnpi
load with a damping coefficier44, equal to the 2.62% of the
critical damping. The roll bilge-keel damping is modellest u
ing the simplified formula in [9] obtained as best-fitting bkt
Ikeda’s method. In this case, the nondimensional equitalen
linear damping coefficient is a function of many nondimenaio

(DD) strategy and has been detailed documented in previous parameters, in particular

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 tedal

The method examines the problem of a 6-dof ship without or
with a small forward speed and interacting with incidengue
lar or irregular, waves. The seakeeping potential-flow (awob
is handled within the weak-scatterer hypothesis @ee[7]),

Baapi
pOB2
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with p the water density,] the displacemenB the ship beam,
D the ship draftCy, the block coefficientC,, the mid-ship coef-
ficient, OG the vertical position of the center of gravity relative

1)

which assumes the incident waves and body motions large with the calm-water free surface (positive downwardsjhe circular

respect to the scattering and radiation waves and so it id val
for wavelength-to-ship length ratio sufficiently large.elimper-
meability body-boundary condition is satisfied averagébng

the instantaneous wetted hull surface defined by the intiden
waves and the body motions, leading to a correction of thealin
scattering and radiation loads. Nonlinearities are rethimp to
the second order for Froude-Krylov and hydrostatic loadse T
method can handle bottom slamming by mean of a local velocity
pressure criterion combined with a Wagner-type solutioereH
this modelling is not used because such phenomenon is Rot rel
evant in the present study. Occurrence of water shippingen t
bow area is checked examining the local relative verticaiono
between the waves (incident, scattering and radiation sjaaed

frequency,és a the roll amplitude |pk the bilge-keel length and
bpk the bilge-keel width. This formula is convenient with respe
to the direct use of the Ikeda’s method because the involeed p
rameters are limited to general ship features and main-kibge
dimensions. This fits well the purpose of this analysis which
does not pretend to go in the details of a bilge-keel design bu
to apply an overall measure of their effect from hydrodyrami
point of view,i.e. in terms of roll-damping moment. This damp-
ing modeling could be conservative for FPSOs, especialtiz wi
large bilge-keels. In this case de Olivertal. [10] observed
that a damping saturation can occur for sufficiently lardleaio-
gles. The mooring-line damping loads for surge (1) , sway (2)
and yaw (6) are assumed as velocity-square damping terms wit
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coefficients corresponding to equivalent linear coeffisaqual
to 0.1Bjjcr wéja8/(3m), with j = 1,2 and 6, andBjjcr and ja
the critical damping and motion amplitude, respectivelyithw
this choice the transient stage is practically not affetigduch
damping, typically small. A more in-depth investigatiorr o
better modelling of these damping contributions is leftddu-
ture work while the present activity focuses on the influeotce
the bilge-keel damping.

The different loads are inserted in the rigid-body motion
equations written along a body-fixed coordinate system @rith
gin in the center of gravity and following the approach in]f11
They read

MéE + Qx ME +ALB + [fK(t—T1)B(1)dT = @
I:Onlin + thlin + I:wod'|‘ I:moor‘f' Fadd'

Here,M is the ship generalized mass maté§x= (&1,..,&p) are
the six rigid degrees of freedorf is the angular velocity vec-
tor (&4,&5, &) with components along the instantaneous body
axes and the upper dots indicate ting derivatives. Further,
A, is the infinite-frequency added-mass mati|s the retar-
dation function matrix and the components @fare obtained
enforcing the instantaneous impermeability conditiorhimithe
weak-scatterer assumption (s&g.[7]). In the left-hand side of
the motion equations, the second term is the inertial-laad c
tribution due to the body-fixed coordinate system and thel thi
and fourth terms correspond to radiation and scatteringsloa
which are combined within the weak-scatterer hypothenithée
right-hand side, we find the nonlinear loads due to watedeck
(Fwod), mooring-line systemRmqor), Froude-Krylov Eopin) and
hydrostatic Fpnin) contributions. Finally the last ternF{qgq)
accounts for additional linear or square-velocity dampiogtri-
butions.

The equations of motions are solved in time using a fourth-
order Runge-Kutta scheme. When evolving from titrte t +
At the water-on-deck loads, the convolution-integral termd a
the mooring-line loads are estimatedtiand retained constant
during the intervalit, 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 mogri
lines, are summarized in the following. Experimental datd a
same operational conditions are used in the next sectioarty c
on a numerical investigation on the influence of bilge-kesls
the occurrence and features of ship instability and watgs-sh

ping.

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

3

TABLE 1. MAIN PARTICULARS OF THE FPSO AT FULL

SCALE.
Length C = Lpp) 168.8 m
Breadth B) 324 m
Draft (D) 10.0m
Freeboard () 9.9m
Displacement()) 43493t
Block coefficient Cp) 0.77
Mid-ship coefficient Cy) 0.99
Height of center of gravityK G) 0.71D
OG=KG-D -0.2D
Roll Gyration radius 0.37B
Pitch Gyration radius 0.27L
Yaw Gyration radius 0.27L
Transverse metacentric heigl@N1) | 1.44 m

depth= 220 x 9 x 36 m) in scale 1:40 without bilge keels and
mooring-line systems. Detailed discussion of the testeper-
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 @r = 180°) and two bow-sead( = 175 and 170) conditions.
They are provided in tables 2-5 in terms of the steepkAswith

k the wavenumber anél the wave amplitude and in terms of the
calm-water roll natural frequency-to-prescribed examiatfre-
quency ratiowsno/w for PR while the corresponding prescribed
wavelength-to-ship length ratid /L is used for WOD. This is
done becausexn/w is a relevant parameter for the PR occur-
rence whileA /L is important when examining the WOD occur-
rence. In particular, the chosemno/w range indicates that the
waves are in the region of first parametric resonance fordte r
and the corresponding/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 predcri
and realized waves. Here the prescribed quantities aredeayv

the actual incident waves parameters are documented ifitig].
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 nopprty
restrained because of a slack in the shaft. The involvediampl
tudes were negligible in head-sea conditions and with 175

until the case withousno/w = 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
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WOD were caused. The combined physical and numerical inves-

tigation, using the method described in the previous sectial
documented in [1], highlighted the crucial role of the yasli-r
coupling for the roll instability in this case and for the i of

the roll natural period to 5T instead of 2 as usual for the first
parametric resonancé, being the incident-wave period. From
the analysis, the amplitude of the resonant roll is affettgthe
coupling with the other degrees of freedom. In particulae t
coupling with yaw, experienced by the ship in bow-sea waves,
can cause roll instability and tends to increase the ststatg-
roll amplitude and to reduce the roll natural period withpest

to the case with restrained yaw. The first parametric resmnan
promoted by coupling with heave and pitch motions is charac-
terized by the tuning of the roll natural period td 2with T the
excitation period. The coupling with yaw leads to a tuning of
the yaw natural period toT3and 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 examine
incident waves. This is opposite to the influence of the patam

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 instélyilthe

FPSO was modelled numerically as moored in a water region

PHYSICAL INVESTIGATION

Here, the effect of the bilge-keel damping is investigated i
both FPSO conditions described in the previous section.réhe
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 sintiola
so to account for transient conditions. Finally the bilgsekdi-
mensions are needed and, for the formula validity, they Ishou
be so that M1 < by,/B < 0.06 and 005 < Ip,/L < 0.4. Here
they are assumel, = 0.03B andlpx = 0.4L. For the breadth
this corresponds to about 1 m at full scale. Typically, foSER
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 fdemu
applicability though, for FPSO#;,/L could be 0.5 and in some
case up to 0.7.

Unless explicitly stated, all examined numerical simolasi
are performed for 40D with a time ste@\t=0.005T and the water
shipping is solved on a squared Cartesian grid in the decaiepla
with mesh size~ 0.0004..

FPSO without mooring-lines Parametric-roll occurrence at

o =180 and 178 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. Exahgd

with depth 200 m by assuming a mooring-line system as used in TABLE 2. a = 180°: EXPERIMENTAL AND NUMERICAL OC-

practice. In particular, ten mooring-lines, each with kégagth
about 1584 m, were distributed radially at ¥2+ 2.5 degrees
(i=0,1,2,3,4) from the platform longitudinal axis with basimn-
figuration involving a turret longitudinal position at 012&head
of mid-ship and a pretensioly = 2000 kN. A systematic anal-
ysis was then performed by varying incident wavelengtreste
ness, heading, location of the turret and pretension. Firem t

analysis, sway and yaw tend to destabilize the system also ex

citing chaotic features. The sway-roll-yaw coupling prdezo

the PR resonance and leads to larger amount of shipped water,

especially at smaller wavelength-to-ship length ratio kmger
steepness. The chaotic features appear to be excited whién a s
ficiently large yaw amplitude is reached, suggesting an imapb
role of nonlinear effects for the stability regime. The miagr

line system leads to small restoring and so to large naterags

for the horizontal motions. As a consequence, the swayysnil
coupling is not able to modify the roll natural period when®&iR
curs, as instead documented by the experiments with shak.sl
However the roll experiences a chaotic behavior, assatiate
the amplitude, due to the coupling with sway and yaw. It was
also confirmed that the horizontal motions can be succégsful
controlled and their induced instability avoided when dahle
dynamic-positioning (DP) system is combined with the mogri
lines. Further investigations should account for statéhefart
second order excitation slow-drift oscillations.

CURRENCE OF PARAMETRIC ROLL (PR) WITHOUT (W/O) AND
WITH BILGE-KEELS. ROLL AMPLITUDES ARE IN DEGREES.

o/ W — 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 << 10

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 ofainst
bility occurrence at the two headings and also the amplgude
involved are similar. Moreover the PR is supported by larger
kAat cno/ w = 0.402 and counteracted akno/w = 0.464. The
solver without bilge-keel damping and zero yaw is in goockagr
ment with the model tests in terms of occurrence of PR, buéethe
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TABLE 3. o =175: EXPERIMENTAL AND NUMERICAL OC- TABLE 4. a =180: EXPERIMENTAL AND NUMERICAL OC-
CURRENCE OF PARAMETRIC ROLL (PR) WITHOUT (W/O) AND CURRENCE OF WATER ON DECK (WOD) WITHOUT (W/O) AND
WITH BILGE-KEELS. ROLL AMPLITUDES ARE IN DEGREES. WITH BILGE-KEELS. IT IS PROVIDED THE NUMERICAL MAX-
IMUM VOLUME OF SHIPPED WATER Q MADE NONDIMEN-

wano/ W — 0.402 0.464 0.519 0.568 0.65p
Method KA PR SIONAL BY §A, WITH § THE DECK AREA.
Exp. 0.10| NO 17.9+1.7 NO NO NO A/L— | 075 1.00 125 150 2.0(
w/o 0.10 NO 15.9 NO NO NO Method kA WOD
with 0.10 31 Exp. 0.10| NO NO NO NO NO
Exp. 0.15 NO 16.4+-1.3 NO NO NO w/o 0.10 | NO NO NO NO NO
w/o 0.15 NO 11.3 NO NO NO with 0.10 NO
with 0.15 17 Exp. 0.15| NO NO NI NO NO
Exp. 0.20 | 26.3:0.4 | 9.5£2.0 NO 11.3£3.7 X w/o 0.15| NO 0.017 | 0.012 | NO NO
w/o 0.20 25.0 6.3 NO NO X with 0.15 0.004
with 0.20 2.6 NO Exp. 0.20| YES | YES | YES | YES X
Exp. 0.25| 25.3+1.6 NO NO/12.1:3.7 | 12.9+2.08 X w/o 0.20 | 0.125| 0.178 | 0.134 | 0.017 | X
w/o 0.25 21.8 NO NO NO X with 0.20 | NO | 0.177
with 0.25 3.0 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

is not predicted any roll instability for the casesat= 175

with substantial shaft slackdno/w > 0.519). Also the involved TABLE 5. a = 175: EXPERIMENTAL AND NUMERICAL OC-
amplitudes are close to the measurements with values in gen-cURRENCE OF WATER ON DECK (WOD) WITHOUT (W/O) AND
eral quite large. More in detail, the numerics slightly uree WITH BILGE-KEELS. IT IS PROVIDED THE NUMERICAL MAX-

timates the steady-state roll amplitudes recorded exetatly. IMUM VOLUME OF SHIPPED WATER Q MADE NONDIMEN-
On the numerical side, besides the limitations connectéutive SIONAL BY S$4A, WITH S; THE DECK AREA.
method assumptions, an error source is associated wittséhefu

a linear roll damping estimated from the free-decay testimc Met?]c/) :k_; 0.7 1.00 ch')i:’ 150 2.0
water with initial roll amplitude of about 11 degrees. Inliya Exp. 0.10 NO o NO No TG
the damping can change both because of larger roll amp$itude wio 0.10 NO NO NO Nno | NO
involved and because the roll natural frequency can be neodifi with 0.10 NO

by coupling with other motions and by nonlinear effects ia th Exp. 0.15 NO NI NI NI | NO
roll restoring moment. On the experimental side, an errarcs® wlo 0.15 NO 0.052 | 0.042 | 0.003| NO
is connected with the presence of side walls affecting theno- with 0.15 0.043

tion in bow sea and in case of a misalignment of the ship in head Exp. 0.20 due to PR YES | YES | YES | X
sea. For incident waves witldng/w = 0.464 andkA= 0.1 ex- w/o 0.20 | duetoPR:0.162| 0.262 | 0.151 | 0.030| X
perimentally PR did not reach the steady-state conditiomisid with 0.20 NO 0.255

the recorded time history, so the maximum roll amplituderés p Exp. 0.25 YES YES | YES | YES | X
vided. This is also reported for the numerics, while the sdco V‘\’I‘I’is 8;: g-é:g 0.564 | 0.307 | 0.056| X

numerical prediction for this case corresponds to the gtstate
PR amplitude. The numerical cases with PR occurrence were re
peated including the bilge-keel damping. This limits thedR
plitudes below 4 and avoids the instability completely for one  events. Also in this case, the numerics without bilge-keehp-

case. ing agrees well with the physical recordings of the watepshi
The occurrence of WOD for the cases discussed is provided ping. There are few cases where WOD is numerically predicted
in tables 4 and 5. There, 'NI' for the experiments means and either not recorded or not periodic and small experiailgnt

that the water shipping was observed but not periodically an For these cases numerically the events were very limitesring

was small. For the cases with water on deck, the tables give of amount of shipped water. From the numerics, the most se-
the maximum numerical amount of shipped wagein steady- vere WOD events occur &t/L = 1 which is in the region of
state conditions. This quantity was not measured in therexpe heave and pitch resonance. In this case larger relativeeakert
ments because the required arrangement would be complicate motions apparently occurred, leading to more pronounceet fr
and could interfere with the vessel behaviour. So only védefo board exceedance. When the bilge-keel damping is introduced
the water shipping were used to monitor the occurrence of the in the equations of motion the water shipping\adt = 0.75 and
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kA= 0.2 is avoided. This is because the event is caused by the sured curves. Two conditions have been identified, refeiwed

parametric roll which is practically killed by these appegés.
It is interesting to note that the bilge keels are more effedh
reducingQ at the lowest wavelength while their influence is lim-
ited atA /L = 1. This suggests a limited role of PR on WOD at
this wavelengthi.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 ragtor
and damping coefficients connected with the yaw motion, as ex
plained ine.g.[1] and [2]. The identification procedure has lim-

I Experiments
&)
30

Lo 2: Num. with yaw,

- - — - 1: Num. with yaw, §:0.45856Cr,B%:BAM:O.O?,BGSC,
=0.41B, .,B,~B,;,=0.03B;

464

| Experiments
- - = - 1: Num. with yaw, B=0.458,; B, =B, =0.03B
P 2: Num. with yaw, %:0.41332”,522:8222:0.03352 .

52
FIGURE 1.
(BOTTOM) FROM TEST 46 AND FROM THE DD SOLVER IN-
CLUDING YAW MOTION AND WITHOUT BILGE KEELS.

T
o/ w = 0.519,KA = 0.25: ROLL (TOP) AND YAW

ited reliability for the damping coefficients so, in the rase
documented in the mentioned worlss (assumed equal Bg4)
was initially set to the identified value and then reducedmltav
the sixty percent so to have numerical motion amplitudesemor
consistent with the experiments. Here, b&¢y and B4 were
varied so to achieve the best quantitative agreement witlr me

6

as case 1 and 2 in the figure. For both of thBgg is still the
sixty percent of the identified value whiBsg is, respectively,
2.2 and 2 times the identified value. These coefficients aengi

in terms of the yaw critical damping in the figure. As expected
the two numerical results are associated with the samdaigmil
periods, consistent with the experiments. They are closath
other and to the measurements in terms of involved ampktude
while there is a phase shift and a small difference in meameval
with respect to the physical yaw. On the other hand it is hard t
reproduce with linearized restoring and damping loads tire n
linear effects caused by the shaft slack. For this case thegth
coupling leads to a roll amplitude exceeding 15 degreesrdeco
ing to the experiments. The two numerical cases are assdciat
with a roll amplitude around 17 degrees while the yaw ampli-
tudes are about 5 and 4 degrees, respectively. Here thermotio

&L A A A No bilge-keels
f v 1,/L=0.4, b /B=0.03
15 I/L=0.4, &JB:O 04
i O1,/L=0.5, b,/B=0.03
10}
I v
L O
5r O
i [}
0 1 2 ‘Nu‘me‘rical (‘:as‘es‘
€ ") A | A Nobilge-keels
v 1,/L=0.4, b /B=0.03
i 01 1,/L=0.4, b, /B=0.04
.l A O 1,/L=0.5, b,/B=0.03
I A\
2+ O
| O
©
O L L L L 1 L L L L 1 L L L . 1 L L L
1 2 Numerical cases

FIGURE 2. wyno/w = 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 mawimu
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and minimum values after the initial transient. Despite sime-

ilar features shown by the two numerical cases, the bilgéskee
have a different effectiveness for the resulting systemshawn

in figure 2. In particular for case 1, the basic dimensionsait

able to limit the roll amplitude€4, 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 amplitud&,. Assuming wider I, /B=0.04,
which is still of practical use) or longety/L=0.5, it should be
noted that this is out of the validity range for formula (1ped

not have much effect on the roll amplitude for case 1, propabl
because the additional damping in the roll is not able tchint
limit the yaw motion and so, in return, the roll amplitude. On
the contrary, longer, but especially wider, bilge-keels maduce

the roll amplitude for case 2. In particular, with the chopan
rametersésy goes down to about 5 degrees afid to below 2
degrees. Figure 3 examines more in detail cases 1 and 2 withou
and with basic bilge-keels in terms of the time evolutionalf r
and yaw. Without the roll damping from these appendages, rol
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FIGURE 3. wyno/w = 0.519, kA = 0.25: NUMERICAL ROLL
AND YAW WITHOUT AND WITH BILGE-KEELS (lpk/L=0.4 AND
bpk/B=0.03) FOR CASE 1 AND 2 DEFINED IN FIGURE 1.

300

becausdgg 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 i
exciting this instability behavior and the need of a propésial-
motion control in conditions with free yaw. One must notettha
this analysis assumes that there is no effect of the bilgks kee
Bsg andBga.

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 irsthbi-

lizing the system and bringing a chaotic behavior, as dociiede

in [2].

Here the regular head-sea incident waves WAthL €
[0.75,1.5] are considered because they appeared to be the most
interesting for parametric roll of the vessel without mogriines
(see previous section) and the wave parameters are setas the
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, theuatt
head-sea waves in the model tests were consistent with ¢he pr
scribed waves, but for case willyL = 0.75 andkA= 0.2 which
was withA /L = 0.755 andkA = 0.21 in reality. In the follow-
ing, the relevant features of the instability phenomenatduke
motions coupling are discussed. These are exemplified itothe
plots of figures 4 and 5 examinirgno/w = 0.464 and, respec-
tively, kA=0.15 and 0.2. The case with lower steepness is clearly
characterized by parametric roll occurrence before exaitaf
sway and yaw motions (see enlarged view at smaller timein th
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 longentha
the excitation period, reasonably connected with its réfpe-
riod, and rises in amplitude with a clear instability belwawvirhe
yaw brings into instability also the sway which follows a sim
ilar trend. Once the yaw has reached a sufficiently largeevalu
the maximum values of sway and yaw remain limited and ran-
domly change in time and this leads to chaotic features also i
the roll. The sway oscillations are dominated by a perioduabo
24T which characterizes also the yaw evolution together with a

and yaw appear 180 degrees out-of-phase for most of the time lower period about 8. These large periods are not able to mod-

during a yaw oscillation period. This is a bit more pronouhce
in case 2 for which the yaw damping coefficieBys is slightly
lower than for case 1. 1€, is 180 degrees out-of-phase with
respect toég, for instance, the cross-coupling momerBsgés
acts as a negative damping for the roll and similarBg4&4 acts

as a negative damping for the yaw. This supports the ingtabil
With the bilge-keel damping, for case 1 roll and yaw become in
phase so that they tend to damp each others through theg-cros
coupling damping momentsBy6&g and—Bgaé4, and this is con-
sistent with the much lower amplitudes of both motions. Fsec

2 instead, the two motions preserve out-of-phase featlikely

ify the roll natural period but promote a chaotic change @& th
roll amplitude. The roll is still dominated by its naturalrjmel
which remains tuned to2as in a first parametric resonance (see
enlarged view at larger time in the same plot). The bilgd-kee
damping is able to kill the roll amplitude connected with thie

tial PR phenomenon due to the heave and pitch motions and as
a result also the later roll amplitudes appear more limiteht
without bilge keels, in particular below 8 degrees, but ¢hisr

no effect of the reduced roll on the amplitudes of the horiabn
motions (see bottom plot of figure 4). This confirms a dominant
role of sway and yaw on this documented instability.

Copyright © 2015 by ASME
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FIGURE 4. wsno/w = 0.464, kA = 0.15: NUMERICAL SWAY,
ROLL AND YAW WITH MOORING-LINES, WITHOUT (TOP) AND
WITH (BOTTOM) BILGE KEELS (ipi/L=0.4 AND by /B=0.03).
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FIGURE 5. wyno/w = 0.464, kKA = 0.20: NUMERICAL SWAY,
ROLL AND YAW WITH MOORING-LINES, WITHOUT (TOP) AND
WITH (BOTTOM) BILGE KEELS (Ipk/L=0.4 AND byy/B=0.03).

Steeper waves do not cause PR when sway and yaw are negmany conditions. From the results, the roll amplitude cathe

ligible (see enlarged view at smaller times in the top pldigire
5). As these motions experience an unstable behavior with si
lar features as fokA=0.15 then the roll motion is also excited at
its natural period tuning also in this case T @&ee enlarged view
at larger times in the same plot) but it is also evident thegmee
of the excitation period along th time history. One must note
that the sway and yaw oscillation periods are different ttho
wave-steepness cases. In particularkige0.2 the yaw starts its
unstable behavior with the same period askf&r0.15 but, as the
amplitude increases, the nonlinearities reduce its niaperdod
and similarly it is predicted for the sway. The use of bilgelke
has a similar effect as for the lower steepness; in this ¢eseotl
amplitude is kept below 9 degrees.

Figure 6 examines the maximum roll amplitude and the
maximum amount of shipped water predicted without bilgdscee
for all examined cases with non negligible roll and with WOD.

very high values and this is mainly due to nonlinear motion-co
pling, as discussed in [2]. In particular, the values argdathan

the corresponding steady-state roll amplitudes prediotita-

out mooring lines. For the largest incident-wave steepties®

is almost a linear increase by decreasing the calm-watér rol
natural frequency-to-prescribed excitation frequendioraAt
o/ = 0.464, &4amax is close to 20 degrees for almost all
incident-wave steepnesses examined. For this frequericy ra
the parametric resonance occurs forkélland 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 sufzta
reduction on the roll amplitude when the roll instabilitydsn-
nected with heave and pitch motions while the effect is miomne |
ited when the instability mechanism is due to the lateraliomst

The roll amplitudes remain close to 10 degreeskar> 0.2.

Here the maximum values are estimated along the whole exam- This value is indicated by the horizontal dashed line in tge fi

ined time evolutionj.e. t < 400T, and one must note that they
do not occur always periodically due to the chaotic behawior

8

ure and is often the maximum allowable roll amplitude for an
FPSO in normal operational conditions. The maximum amount
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FIGURE 6. MAXIMUM NUMERICAL ROLL AMPLITUDE
Esamax (TOP) AND VOLUME OF SHIPPED WATERQ (BOTTOM),
WITH MOORING LINES AND WITHOUT AND BILGE KEELS
(Ibk/L=0.4 AND by,y/B=0.03).S; IS THE DECK AREA.

of shipped water is, in general, larger than without mooliings
when bilge-keels are not used and is less dependeh} brwith
local maxima afA /L = 1. However, for the largest steepness, the
bilge-keel effect on the WOD severity is very limited sudiyes
that the roll plays a minor role with respect to the othericaft
motions which are not affected by the bilge-keel action in ou
model.

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

TABLE 6.  @sno/w = 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 &1, & AND & EQUAL
TO THE 15% OF THE CORRESPONDING CRITICAL DAMPING.
lox/Lbo/B | 0,0 | 0.4,0.03] 0.4,0.04] 0.5,0.03] 0.4,0.03,DP
Xizamax(°) | 15.6 | 17.3 16.0 155 3.9

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

Ipk/L to 0.5. This confirms the major role of the coupling with
the horizontal motions, in particular sway and yaw, in thi ro
instability and suggests the need of a proper control famthe
achieve an effective limitation of the roll amplitudes. Assng
a dynamic-positioning (DP) system, designed to provideesli
damping in surge, sway and yaw equal to the 15% of the cor-
responding critical damping, limits the roll amplitude ol 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
oo/ w = 0.464 and, respectiveltA= 0.1 andkA= 0.25. The

kA=0.Zé kAZO%S
- --no ---Nn0
—with B 10520 75 —with B

180

Fan VIR GUNNTE IR | BN T NI I
0 5 10 15 20 25 30
4a ma;
FIGURE 7. @uno/w = 0.464: POLAR DIAGRAM OF MAXIMUM
ROLL AMPLITUDE IN WEATHER-VANING CONDITIONS, WITH-

OUT AND WITH BILGE KEELS (Ipk/L=0.4 AND by/B=0.03).

maximum amplitude is predicted in weather-vaning condgjo

i.e. after the FPSO has been rotated in yaw and brought to head-
sea conditions by the mooring-lines. Without bilge-ke®lgnax

is almost the same in all headings for the smalled steepenss.
This is because the ship experiences parametric roll prexciimt
heave and pitch motions in waves and the responsible phenom-
ena remain similar for the different cases once recovered-he
sea conditions. For the largest steepness, the ship iscsedj®

roll instability due to coupling with lateral motions ancethat-

ter do not necessarily remain the same once recovered kead-s
conditions if an instability has occurred for them. As fouer
head-sea conditions, the case with smallest steepness show
suitable action of the bilge-keels in limiting the roll mai. For
kA = 0.25, the bilge-keels are less effective, especially in bow
and head-sea waves. In these conditions they are not alnitto |
the roll below 10 degrees.

For these two incident-wave scenarios, the effectivenéss o
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-coef
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FIGURE 8. wuno/w = 0.464: POLAR DIAGRAM OF MAXIMUM
BILGE-KEEL DAMPING COEFFICIENT Bk IN WEATHER-

VANING CONDITIONS. Bggcr IS THE ROLL CRITICAL DAMPING.

cient slightly above the ten percent of the roll critical ¢ang
is needed to control the roll motion; for the largé#, even a
coefficient larger than the thirty percent of the criticahgang
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 o
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 hypsithesi

ter shipping is modelled as a 2D in-deck shallow water flow; th

mooring lines are simulated within a quasi-static nonlinsa:

proach and finally the bilge-keel damping is approximatedgis

a simplified formula, best-fitting of the Ikeda’s method. Tea-
formed analysis suggests that the bilge keels are welldstote

the control of PR phenomena connected with large heave and

pitch motions but are less effective in limiting the roll aimp
tude when sway-yaw-roll coupling involves instability pioen-
ena. In the latter case it helps increasing the bilge-kesddth

or the length, but the latter parameter seems to play mirer ro
in the considered range. The application of a suitable dysram

positioning can compensate the limitations of bilge-ketion.
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