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A B S T R A C T

The motions of a free floating offshore wind turbine’s (OWT) spar-type platform inside a bottom-less moored cylindrical dock are investigated for incident wave
frequencies near the first lateral sloshing resonance, focusing on surge on pitch motions. The radiation and diffraction problems of the two-body system are first
solved through a domain decomposition (DD) approach under linear potential flow assumptions. This semi-analytical model is extended to include the effects of
solid and perforated baffles in the annular domain between the dock and the spar, adapting the method developed in our previous paper for the dock alone.
Results are compared with those obtained with model tests, performed at scale 1:100 for both regular waves with low steepnesses and irregular sea states. The
resonant peak amplitudes of the spar’s surge and pitch motions are reduced by almost half when a solid baffle is installed, with a strong dependency on the
incident wave height due to viscous dissipation caused by the flow separation at the sharp edge of the baffle.
1. Introduction

Transitions from fossil fuel-based electricity generation to cleaner
forms of production have been strongly encouraged by the Intergov-
ernmental Panel on Climate Change to help reaching Paris agreement’s
objectives (cf. Shukla et al., 2022), in particular to limit the tempera-
ture increase below 2 ◦C from pre-industrial times. The offshore wind
turbine (OWT) industry has been pointed out as one of the most promis-
ing, with high technical potential that could provide several times the
national needs in electricity for a large number of countries (cf. IEA,
2019). It is especially true for deep waters (above 50–60 m), where
the technical potential is estimated to be about 3.8 times higher than
for shallower waters. The installation of OWT in deep waters requires
the use of floating platforms, either semi-submersibles, tensions leg
platforms, or spar types. In 2017 the first farm of floating OWTs was
installed along the coast of Scotland. Five Hywind spar-type OWTs of
6 MW each developed by Equinor (cf. Skaare, 2017) were assembled
in a protected area near Stavanger, Norway, and then towed to site
at 25 km from the coast of Scotland. In order to reduce installation
costs, Equinor proposed the concept of a large circular cylindrical
floating dock of 80 m diameter with an open bottom, referred in this
paper as the dock, sheltering a calm water area inside from which the
spar-type floating OWTs could be assembled directly on site (cf. Jiang
et al., 2020). In our previous publication (cf. Moreau et al., 2022),
we showed that non-negligible sloshing waves could develop inside
the floating dock at operational sea-state conditions, caused by the
surge and pitch motions of the structure exposed to incident waves. We
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proposed damping devices to reduce their amplitude when there was
no OWT’s spar inside. A semi-analytical method was developed to study
the motions of the dock when both solid and perforated thin annular
baffles were fixed on the internal wall of the structure, below the free
surface. Effects of the baffles were modeled by introducing locally a
quadratic viscous damping coefficient and a shifted natural sloshing
period in the free-surface boundary condition. The motions were then
compared to experimental results, showing a good agreement as long
as the baffle’s width was lower than the distance between the baffle
and the free surface.

The presence of a free-floating OWT’s spar inside the dock affects
the natural sloshing modes. Because the draughts of both the spar and
the dock are almost as high as incident wave lengths, natural eigen
modes are then comparable to those of an annular tank with closed
bottom. These sloshing modes were for example derived by Faltinsen
and Timokha (2016), who investigated linear and non-linear sloshing
resonances in an upright annular tank through multi-modal analysis.
Linear modes in an annular tank were also studied thoroughly by
Yue et al. (2018), using sloshing resonance as a damping system for
seismic applications. Choudhary and Bora (2017) considered a rigid lid
covering partially the free surface of the annular tank, pointing out
a sharp increase of the first natural sloshing frequency as a function
of increasing width of the lid. Their work, however, did not include
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Nomenclature

𝐶𝐷 [–] Drag coefficient
𝐶𝑀 [–] Mass coefficient
𝐹 (𝑘) [N] or [N m] Exciting force or moment
𝐹𝑀
5 [N m] Pitch moment on the baffle

𝐹𝐷 [N] Heuristic drag load in surge
𝐻𝑠 [m] Significant wave height
𝐼 (𝑘)5,5 [kg m2] Body’s moment of inertia in pitch
𝐽𝑝 [–] Bessel function of the first kind
𝑀 (𝑘) [kg] Body’s mass
𝑁𝐼 to 𝑁𝑉 Number of eigenfunctions kept in each subdo-

main I to V
𝑂𝑟𝜃𝑧 Cylindrical coordinates
𝑂𝑥𝑦𝑧 Cartesian coordinates
𝑆(𝑘)
0 [m2] Body’s mean wetted surface

𝑆𝑥 [m2 s] or [rad2 s] Power spectral density
𝑇 [s] Wave period
𝑇1 [s] Highest lateral sloshing natural period
𝑇𝑁 [s] Natural periods from decay tests
𝑇𝑝 [s] Peak period
𝑇𝑝𝑖𝑠𝑡𝑜𝑛 [s] Piston mode’s natural period
𝑌𝑝 [–] Bessel function of the second kind
𝑎 [m] Dock’s inner radius
𝑎0 [m] Spar’s radius
𝑎𝐵 [m] Baffle’s width
𝑎(𝑘)𝑖,𝑗 , 𝑑

(𝑘)
𝑖,𝑗 [kg] Added mass coefficients

𝑏 [m] Dock’s outer radius
𝑏(𝑘)𝑖,𝑗 , 𝑒

(𝑘)
𝑖,𝑗 [kg/s] Radiation damping coefficients

𝑐 − 𝑏 [m] Bilge box’s width
𝑐(𝑘)𝑖,𝑗 , 𝑓

(𝑘)
𝑖,𝑗 [kg/s2] Restoring coefficients

𝑑 + 𝑠 [m] Dock’s draught
𝑑0 [m] Spar’s draught
𝑑𝐵 [m] Baffle’s submergence
𝑔 [m/s2] Gravitational acceleration
ℎ [m] Water depth
𝑘 [rad/m] Wave number
𝑠 [m] Bilge box’s height
𝑡 [s] Time
𝑧(𝑘)𝐺 [m] Body’s vertical location of the centre of

gravity
𝛺 [m3] Domain
𝛷 [m2/s] Potential flow
𝛹𝑝,𝑞 [m/s] Radial sloshing eigenfunction
�̄�(𝑘)𝑗 [m] or [rad] Motion’s complex amplitude
𝒏(𝑘) [–] Unit vector pointing outward the body (𝑘)
𝒓 [m] Position vector
𝜖 [–] Wave steepness
𝜖𝑝 [–] Neuman’s notation
𝜂(𝑘)𝑗 [m] or [rad] Generalized body motions
𝜆 [m] Wave length
𝜔 [rad/s] Wave frequency
𝜌 [kg/m3] Water density
𝜎𝑝,𝑞 [rad/s] Sloshing eigenfrequencies
𝜏 [–] Perforation ratio of the baffles
�̃�1 [rad/s] Shifted sloshing eigenfrequency
𝜑𝑝,𝑞 [–] Sloshing eigenfunction
𝜉1 [–] Damping ratio
𝜁 [m] Instantaneous wave elevation
2

𝜁𝐴 [m] Incident waves’ amplitude
𝑘𝑝,𝑞 [rad/s] Sloshing wave number eigenvalues
𝑣𝑟 [m/s] Relative flow velocity on the baffle
WP Wave Probe

in-and-out water motions over the lid. In the current paper, we in-
vestigate the motions of a free-floating OWT’s spar located inside the
floating dock, with incident wave frequencies near the first natural
sloshing mode. The effects of solid and perforated baffles are modeled
by adapting the semi-analytical method developed for the dock alone
to this new geometry.

The diffraction and radiation problems are solved in Section 2
through a domain decomposition (DD) approach, commonly used to
treat geometries having a rotational symmetry. Model tests are then
presented in Section 3. The semi-analytical model is extended in Sec-
tion 4 to incorporate the effects of solid an perforated annular baffles in
the annular domain between the dock and the spar. Results in regular
and irregular waves are finally presented in Section 5.

2. Theoretical description

The geometry is presented in Fig. 1, and consists in a circular cylin-
drical spar inside an open-bottom cylindrical dock with bilge boxes. In
later configurations, an annular baffle of width 𝑎𝐵 and submergence
𝑑𝐵 will be fixed to the internal wall of the dock (cf. Section 4).
First, preliminary investigations on the natural sloshing eigenmodes
and eigenfrequencies for the same geometry but with a closed bottom
are briefly described. Then, the diffraction and radiation problems
are solved by a domain decomposition approach when there is no
baffle and under linear potential flow assumptions, focusing on the
surge, heave and pitch motions of both bodies. Lastly, the equations
of motions of the two-bodies system are discussed.

2.1. Natural sloshing modes

We first discuss sloshing eigenfunctions and eigenfrequencies in the
annular domain IV between the dock and the spar, as functions of the
bodies’ radii. The domain IV is assumed to be closed at the bottom,
and the bodies are fixed. We denote the potential eigenfunctions cor-
responding to the natural sloshing modes 𝜑𝑝,𝑞 , (𝑝, 𝑞) ∈ N × N∗. Their
derivation is for instance detailed in Choudhary and Bora (2017) or
Faltinsen and Timokha (2016), and their analytical expressions given
by:

𝜑𝑝,𝑞(𝑟, 𝜃, 𝑧) =
𝑏𝛹𝑝,𝑞(𝑟)
√

𝜐𝑝,𝑞

cosh
(

𝑘𝑝,𝑞(𝑧 + 𝑑)
)

cosh
(

𝑘𝑝,𝑞𝑑
) ×

{

cos(𝑝𝜃)
sin(𝑝𝜃)

, (1)

where 𝛹𝑝,𝑞 and 𝜐𝑝,𝑞 are defined such that the eigen modes are orthonor-
mal,

⎧

⎪

⎨

⎪

⎩

𝛹𝑝,𝑞(𝑟) = 𝑌 ′
𝑝 (𝑘𝑝,𝑞𝑎)𝐽𝑝(𝑘𝑝,𝑞𝑟) − 𝐽 ′

𝑝(𝑘𝑝,𝑞𝑎)𝑌𝑝(𝑘𝑝,𝑞𝑟),

𝜐𝑝,𝑞 =
[

𝑟2

2

[

1 − 𝑝2

𝑘2𝑝,𝑞𝑟2

]

𝛹 2
𝑝,𝑞(𝑟) +

𝑟2

2 𝛹
′2
𝑝,𝑞(𝑟)

]𝑟=𝑎

𝑟=𝑎0

. (2)

𝜄𝑝,𝑞 = 𝑎0𝑘𝑝,𝑞 for (𝑝, 𝑞) ∈ N × N∗ are the roots in increasing order of:

𝐽 ′
𝑝(𝜄𝑝,𝑞

𝑎
𝑎0

)𝑌 ′
𝑝 (𝜄𝑝,𝑞) − 𝐽 ′

𝑝(𝜄𝑝,𝑞)𝑌
′
𝑝 (𝜄𝑝,𝑞

𝑎
𝑎0

) = 0. (3)

𝐽𝑝 and 𝑌𝑝 are the Bessel functions of order 𝑝 of the first and second
kind, respectively. Only the mode 𝑝 = 1 is linearly excited by the
surge and pitch motions of the bodies, such that this index is dropped
in the next sections. The roots 𝜄𝑝,𝑞 are estimated by the algorithm
proposed by Sorolla et al. (2013) which uses in an efficient manner of
the interlacing properties of the Bessel functions. The first five modes

are presented in Fig. 2, as well as the corresponding natural frequencies
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Fig. 1. Cross-section of the geometry. The spar of a floating wind turbine (body (1)) inside an upright cylindrical dock with bilge boxes (body (2)). The domain 𝛺 is divided into
five subdomains denoted I to V, and the Cartesian Earth-fixed coordinate system 𝑂𝑥𝑦𝑧 is defined at the free surface. ℎ is the water depth. The mean wetted surface of the bodies
are denoted 𝑆0. A thin annular baffle is represented, fixed to the internal wall of the dock at submergence 𝑑𝐵 and of width 𝑎𝐵 .
Fig. 2. Left: non-dimensional logarithmic natural sloshing frequencies of the five first modes in 𝑝 = 1 as functions of the non-dimensional dock’s radius 𝑎∕𝑎0, the radius of the
spar being fixed to 𝑎0∕𝑏 = 0.175. Right: shape of the five first natural sloshing modes in the annular domain. The draught is (𝑑 + 𝑠)∕𝑏 = 2. Frequencies corresponding to actual
dimensions of the dock are indicated by square points.
𝜎2𝑝,𝑞 = 𝑔𝜄𝑝,𝑞∕𝑎0 tanh(𝜄𝑝,𝑞𝑑∕𝑎0) as function of the ratio 𝑎∕𝑎0 of the internal
radius of the dock 𝑎 and the spar’s radius 𝑎0.

These eigenfrequencies are compared to the case of the dock with-
out the spar (cf. Moreau et al., 2022). It is observed that for 𝑎∕𝑎0 ≤ 2.9
the natural frequency of the first mode 𝑝 = 1, 𝑞 = 1, which is the main
focus of this paper, is reduced by the presence of the spar, while natural
frequencies of higher modes are increased compared to the case of the
dock without spar. For the actual radius of the dock (square point on
the figure), 𝜎21,1𝑏∕𝑔 is around 10% lower with the spar than for the dock
alone.

2.2. Domain decomposition approach

The floating dock with open bottom and the spar, as shown in Fig. 1,
is now considered. The radiation and diffraction problems are tackled
by a Domain Decomposition (DD) method. We consider incident regular
3

waves of amplitudes 𝜁𝐴 traveling in the positive 𝑥-direction on the dock
at the frequency 𝜔. The potential flow 𝛷0 of the undisturbed incident
wave is written:

𝛷0 =
𝜁𝐴𝑔 cosh(𝑘(𝑧 + ℎ))

𝜔 cosh(𝑘ℎ)
𝑒𝑖(𝑘𝑟 cos(𝜃)−𝜔𝑡), (4)

where 𝑘 is the wave number, and ℎ the water depth. The motions of
the spar (upper index (1)) and the dock (upper index (2)) are expressed
by

𝜂(𝑘)𝑗 = 𝜂(𝑘)𝑗 𝑒−𝑖𝜔𝑡, 𝑗 ∈ {1, 3, 5}, 𝑘 ∈ {1, 2}, (5)

where 𝜂(𝑘)𝑗 is the complex amplitude of the 𝑗th degree of freedom of the
body (𝑘). The total potential flow 𝛷 in the domain 𝛺 can be expressed
as the linear combination of a scattered and radiated potentials:

𝛷(𝑟, 𝜃, 𝑧, 𝑡) = 𝛷𝑆 +
∑ ∑

𝛷(𝑘)
𝑗 . (6)
𝑘=1,2𝑗=1,3,5
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𝛷 is harmonic in 𝜔, and solution of the standard linear boundary
alue problem:
2𝛷 = 0, in𝛺, (7)

𝜕𝛷
𝜕𝑧

= 𝜔2

𝑔
𝛷 on 𝑧 = 0, (8)

𝜕𝛷
𝜕𝑧

= 0 on 𝑧 = −ℎ, (9)
𝜕𝛷
𝜕𝑛

= −𝑖𝜔𝜼(𝑘) ⋅ 𝒏(𝑘) on𝑆(𝑘)
0 , 𝑘 ∈ {1, 2}. (10)

𝜼(𝑘) is the 6-dimensional generalized motion vector of the body (𝑘),
(𝑘) = [𝑛(𝑘)1 𝑛(𝑘)2 𝑛(𝑘)3 ]𝑇 is the unit vector pointing outward the body (𝑘),

𝒓 = [𝑟 cos(𝜃) 𝑟 sin(𝜃) 𝑧]𝑇 is the position vector, and [𝑛(𝑘)4 𝑛(𝑘)5 𝑛(𝑘)6 ]𝑇 = 𝒓 ×
𝒏(𝑘). In addition, both the diffracted potential (𝛷𝑆−𝛷0) and the radiated
potentials 𝛷(𝑘)

𝑗 satisfy a radiation condition far from the bodies that can

be expressed as (cf. Sommerfeld, 1948): lim𝑟→∞
√

𝑘𝑟(
𝜕(𝜙)
𝜕𝑟

− 𝑖𝑘(𝜙)) = 0.
The scattered potential 𝛷𝑆 satisfies (7)–(9) and the body-boundary

ondition
𝜕𝛷𝑆
𝜕𝑛

= 0 on𝑆(𝑘)
0 , 𝑘 ∈ {1, 2}. It can be decomposed in Fourier

eries (cf. MacCamy and Fuchs, 1954):

𝑆 (𝑟, 𝜃, 𝑧, 𝑡) = −𝑖𝜔𝜁𝐴
∞
∑

𝑝=0
𝜖𝑝𝑖

𝑝𝜙𝑝(𝑟, 𝑧) cos(𝑝𝜃)𝑒−𝑖𝜔𝑡, (11)

with 𝜖0 = 1, and 𝜖𝑝 = 2 for 𝑝 ∈ N∗. On the other hand, the radiated
otentials satisfy (7)–(10) and can be written

(𝑘)
𝑗 = 𝑅𝑒[−𝑖𝜔𝜙(𝑘)

𝑗 (𝑟, 𝑧)𝜂(𝑘)𝑗 ]
{

1 for 𝑗 = 3
cos(𝜃) for 𝑗 = 1, 5

, (12)

here 𝜙(𝑘)
𝑗 (𝑟, 𝑧) describe the responses of unit forced motions in still

ater.
The potentials 𝜙𝑝 and 𝜙(𝑘)

𝑗 are solved by a domain decomposition
pproach that takes advantage of the symmetry of revolution of the
eometry. The domain 𝛺 is divided in five vertical subdomains I to V,

as defined in Fig. 1. A general solution of the Laplace equation can
be expressed in each subdomain as the summation of eigen modes,
weighted by unknown modal coefficients (cf. Chatjigeorgiou, 2018).
The matching of normal velocities and dynamic pressures are assured
by integrations over each vertical boundary common to two adjacent
subdomains or by integration over the body boundaries, resulting in a
linear system of equations whose resolution gives the desired potential
flows. The same method was applied in Moreau et al. (2022), but in the
absence of the spar. More details about the eigenfunction expansions
used for geometries with this type of symmetry are for instance given
by Chatjigeorgiou (2018).

In practice, the eigenfunctions’ expansions must be truncated in
each domain. We denote 𝑁𝐼 to 𝑁𝑉 the number of modes kept in the
domain I to V, respectively.

Then, the total generalized force on the bodies from the diffraction
problem is integrated on the surface 𝑆(𝑘)

0 from the dynamic pressure:

𝑭 (𝑘) = −𝜔2𝜁𝐴𝜌
∞
∑

𝑝=0
𝜖𝑝𝑖

𝑝[

∫ ∫𝑆(𝑘)
0

𝜙𝑝(𝑟, 𝑧) cos(𝑝𝜃)𝒏(𝑘)𝑑𝑆
]

𝑒−𝑖𝜔𝑡, (13)

where 𝜌 is the water density. Force in surge and moment in pitch are
given by the mode 𝑝 = 1 in Eq. (13), and the force in heave by the
mode 𝑝 = 0. The added mass and damping coefficients on both bodies
are obtained from the radiation potentials by:

𝑎(𝑘)𝑖,𝑗 = −𝜌ℜ

[

∫ ∫𝑆(𝑘)
0

𝜙(𝑘)
𝑗 cos(𝑝𝜃)𝑛(𝑘)𝑖 d𝑆

]

(14)

𝑏(𝑘)𝑖,𝑗 = −𝜌𝜔ℑ

[

∫ ∫𝑆(𝑘)
0

𝜙(𝑘)
𝑗 cos(𝑝𝜃)𝑛(𝑘)𝑖 d𝑆

]

(15)

𝑑(𝑘)𝑖,𝑗 = −𝜌ℜ

[

∫ ∫ (𝑘)
𝜙(𝑘′)
𝑗 cos(𝑝𝜃)𝑛(𝑘)𝑖 d𝑆

]

(16)
4

𝑆0
s

𝑒(𝑘)𝑖,𝑗 = −𝜌𝜔ℑ

[

∫ ∫𝑆(𝑘)
0

𝜙(𝑘′)
𝑗 cos(𝑝𝜃)𝑛(𝑘)𝑖 d𝑆

]

(17)

where (𝑖, 𝑗) × (𝑘, 𝑘′) ∈ {1, 3, 5}2 ×{1, 2}2, 𝑘 ≠ 𝑘′, and 𝑝 = 0 in heave, and
= 1 in surge and pitch.

Due to the axial symmetry, there is no coupling between heave, and
itch-surge. We also observe the symmetrical properties: 𝑎(𝑘)𝑖,𝑗 = 𝑎(𝑘)𝑗,𝑖 ,
(𝑘)
𝑖,𝑗 = 𝑏(𝑘)𝑗,𝑖 , 𝑑

(𝑘)
𝑖,𝑗 = 𝑑(𝑘

′)
𝑗,𝑖 , 𝑒(𝑘)𝑖,𝑗 = 𝑒(𝑘

′)
𝑗,𝑖 .

Finally, the free-surface elevation is obtained from the kinematic
ree-surface boundary condition 𝜕𝜁

𝜕𝑡
= 𝜕𝛷

𝜕𝑧
in 𝑧 = 0.

2.3. Numerical results and discussion

Results from radiation and diffraction problems were verified with
the commercial boundary-element solver WAMIT (cf. Lee and Newman,
2006) for the following dimensions: 𝑎∕𝑏 = 0.75, 𝑐∕𝑏 = 1.22, 𝑠∕𝑏 = 0.13,
(𝑑 + 𝑠)∕𝑏 = 2, 𝑎0∕𝑏 = 0.18 and 𝑑0∕𝑏 = 2 and ℎ∕𝑏 = 5 (cf. Fig. 1 for
he notations). The number of modes 𝑁𝐼 = 50, 𝑁𝐼𝐼 = 33, 𝑁𝐼𝐼𝐼 = 15,
𝐼𝑉 = 50, and 𝑁𝑉 = 33 were found to give a good convergence

etween the DD method and WAMIT. Fig. 3 shows added mass and
amping coefficients in surge and pitch for the dock, while Fig. 4
ive the same coefficients for the spar. The damping coefficients are
ot shown since they are close to zero due to the deep draft of the
ock. The other degrees of freedom are given in Appendix A. Several
onfigurations are compared: the dock alone (cf. Moreau et al., 2022),
he dock with open bottom and an OWT’s spar inside, which is the
ase studied in this paper, and the spar alone in open water (OW). The
loshing resonance occurs at 𝜔2𝑏∕𝑔 = 2.45 for the dock alone, and is
hifted to 𝜔2𝑏∕𝑔 = 2.2 when the spar is inserted, which correspond to
he natural frequencies calculated in Section 2.1. The same resonant
requency is observed from 𝑎(1)1,1 as well as for added mass coefficients
n pitch. The piston mode observed from the added mass coefficients
n heave around the frequency 𝜔2𝑏∕𝑔 = 0.4 (cf. Appendix A) does not
eem affected by the presence of the spar.

Fig. 5 presents exciting force and moment in surge and pitch on the
ock. The different configurations give very similar results, especially
or the dock alone and the dock with spar, which was expected.

The exciting forces, and damping coefficients on the spar were
egligible because of the large draught of the dock compared to the
ave length, as well as the damping coefficients on the spar. The

‘excitation’’ of the spar hence entirely came from the cross added-
ass coefficients 𝑑(1)𝑖,𝑗 , (𝑖, 𝑗) ∈ {1, 5}2 caused by the dock’s motions (see
ppendix A), or in other words by sloshing waves.

.4. Equations of motions

The linear equations of motions in surge and pitch are solved in
requency domain:
∑

=1,5
[−𝜔2(𝑀 (𝑘)

𝑝,𝑗 + 𝑎(𝑘)𝑝,𝑗 ) − 𝑖𝜔𝑏(𝑘)𝑝,𝑗 + 𝑐(𝑘)𝑝,𝑗 ] 𝜂
(𝑘)
𝑗 + [−𝜔2𝑑(𝑘)𝑝,𝑗 − 𝑖𝜔𝑒(𝑘)𝑝,𝑗 + 𝑓 (𝑘)

𝑝,𝑗 ] 𝜂
(𝑘′)
𝑗

= 𝐹 (𝑘)
𝑝 , 𝑝 ∈ {1, 5}2, (18)

where (𝑘, 𝑘′) ∈ {1, 2}2, 𝑘 ≠ 𝑘′, 𝑀 (𝑘)
1,1 = 𝑀 (𝑘) is the mass of the body (k),

(𝑘)
5,5 = 𝐼 (𝑘)5,5 its moment of inertia in pitch, 𝑀 (𝑘)

1,5 = 𝑀 (𝑘)
5,1 = 𝑀 (𝑘) × 𝑧(𝑘)𝐺 ,

here 𝑧(𝑘)𝐺 is the z-coordinate of the centre of gravity, and 𝑐(𝑘)𝑝,𝑗 and
(𝑘)
𝑝,𝑗 are restoring coefficients, both hydrostatic and due to the mooring
ystem (see Section 3).

Far from any resonance, heave motions were found to be negligible
ompared to the lateral motions at frequencies near sloshing resonance,
nd are thus disregarded hereafter.

In addition, an heuristic linearized drag load 𝐹𝐷 ≃ 𝑖𝜔28∕(3𝜋)𝐶𝐷𝑏(𝑑+
)�̄�1|�̄�1|𝑒−𝑖𝜔𝑡 is added in surge for both the dock and the spar, similar
o Moreau et al. (2022), with 𝐶𝐷 = 3 for the dock, and 𝐶𝐷 = 1 for the
par. Here, �̄� is the surge complex amplitude.
1
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Fig. 3. Added mass and damping coefficients in surge (left) and added inertia and damping coefficients in pitch (right) of the dock. A clear shift of the natural sloshing frequency
from 𝜔2𝑏∕𝑔 = 2.45 for the dock alone to 𝜔2𝑏∕𝑔 = 2.2 for the dock with spar is observed.
Fig. 4. Added mass coefficients in surge (left) and added inertia coefficient in pitch (right) of the spar. The case of the spar inside the dock is compared to a spar in open water
(OW).
Fig. 5. Exciting forces in surge and exciting moment in pitch on the dock for the dock alone and the dock with spar. Exciting forces on the spar are negligible.
F

. Model tests

.1. Set-up of the installation

Model tests were carried out at scale 1:100 in the large towing tank
t SINTEF OCEAN. Photos of the set-up are presented Fig. 6. The tank
s 10.5 m wide, 85 m long and 10 m, deep, and includes a parabolic
each at its end to damp the incident waves. The dock was maintained
n the middle of the tank by four external mooring lines of stiffness
20 N∕m and with a pretension of about 70 N. The spar was maintained
n the centre of the dock by eight mooring lines of stiffness 28 N/m: four

lines at the top above the water level, four lines at the bottom. The free
surface elevation was measured inside the dock near the internal wall at
four different locations (denoted WP1 to 4), and outside the dock, both
in front of the model (WP5 and WP8) and on its two lateral sides (WP6
and WP7), as shown on Fig. 7. The rigid-body motions of both bodies
were captured by two independent video positioning systems. Three
accelerometers were also installed on the top of the dock to measure
5

its surge, heave and pitch accelerations, providing more control on the
dock’s motions. These last measurements were privileged in the result
section due to the higher precision of the accelerometers compared to
the video positioning system.

Details about the geometry and mass of the two bodies are given
in Table 1. Several tests included solid and perforated baffles with a
perforation ratio 𝜏 = 0.3 with 𝜏 = open area/total area. The baffles
were rigidly fixed 0.05 m below the mean free surface on the interior
wall of the dock. The width of the baffles was 𝑎𝐵 = 0.05 m, and
thickness 0.005 m. The scale effects when the baffles are installed are
not expected to be significant, since it is known that the flow separation
occurs at the sharp edge of the baffle.

Free decay experiments were performed for the dock with the spar
in various degrees of freedom in order to roughly estimate natural
periods of the coupled system. Natural periods of the dock were similar
as for the dock alone: 𝑇𝑁 = 11 s in surge, 2.3 s in both heave and pitch.
or the spar it was measured: 𝑇𝑁 = 1.3 s in pitch and 1.5 s in heave.

Free decays in surge could not be performed for the spar because of the
strong coupling with pitch and heave.
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Fig. 6. Photos from the model tests carried out at SINTEF OCEAN. Left: top view of the installation, the spar is maintained in the centre of the dock by eight mooring lines, four
at the top (observable on the first photo) and four at the bottom. Four wave probes are mounted near the dock’s internal wall. Right: side view, two distinct video positioning
systems measure the motions of the dock and the spar.
Fig. 7. Side and bird’s-eye views of the experimental set-up (not to scale). The four wave probes WP1 to 4 are fixed to the dock, and WP5 to WP8 are fixed to the tank.
These natural periods were generally higher than the sloshing nat-
ural period 𝑇1 = 0.85 s (i.e. 𝜔2𝑏∕𝑔 = 2.2), but close to the piston mode
𝑇𝑝𝑖𝑠𝑡𝑜𝑛 = 2 s (i.e. 𝜔2𝑏∕𝑔 = 0.4, cf. Section 2.3), which is not investigated
in this paper.

3.2. Tests in regular waves

Regular waves were generated in the tank, with periods near slosh-
ing resonance. Repetition tests were made for the case without baffle to
evaluate random errors. The root mean square deviations between the
response amplitude operator (RAO) of the repetition tests were found
to be in a range from 1 to 5% for the dock’s motion, and 7 to 11% for
the spar’s motions and free-surface elevation inside the dock.
6

The wave steepness 𝜖 = 2𝜁𝐴∕𝜆 = 1∕60 was kept constant. 𝜖 = 1∕45
and 1∕30 were also considered for the case without baffle. The signal
processing in regular waves was described by Moreau et al. (2022), and
is not repeated here. Examples of time histories of 𝜂(1)1 , 𝜂(2)1 and 𝜁𝑊𝑃1
are presented in Fig. 8 with and without baffle for two incident wave
periods, below and above the natural sloshing period. In particular, it
shows that the transient states of the signals before they reach steady
states are much reduced when the baffle is installed, especially the solid
baffle, due to higher viscous damping. Without baffle, steady states
were only reached after approximatively 30 s. Beating was observed for
low incident wave periods below 𝑇 = 0.7 s. As expected, 𝜁𝑊𝑃 1 and 𝜁𝑊𝑃3
were in opposition of phase with similar amplitudes, while 𝜁𝑊𝑃2 and
𝜁𝑊𝑃 4, measured from the transverse wave probes inside the dock, were
generally negligible. Only for low wave periods 𝜁 and 𝜁 were
𝑊𝑃 2 𝑊𝑃 4
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Fig. 8. Time series of 𝜂(1)1 , 𝜂(2)1 and 𝜁𝑊𝑃1 without baffle (top), with perforated baffle (middle) and solid baffle (bottom), and for two incident wave periods: 𝑇 = 0.74 s, or 𝜔2𝑏∕𝑔 = 2.94
(left) and 𝑇 = 0.9 s, or 𝜔2𝑏∕𝑔 = 1.99 (right). The part of the signals being post-processed are in between the cut-off delimiters. Wave steepness: 𝜖 = 1∕60.
Fig. 9. JONSWAP spectra of incident waves, as instructed to the command of the wave maker (theoretical), and measured in front of the model at the wave probe 𝜁𝑊𝑃8 with the
model in place (experimental).
Table 1
Dimensions and mass properties of both the dock and the SPAR - Notations referring
to the geometry are defined in Fig. 1. 𝑀 is the mass of each body, 𝐼5,5 the moment
of inertia, and 𝑧𝐺 the centre of gravity.

Parameter Unit Value

𝑎 [m] 0.30
𝑏 [m] 0.40
𝑑 + 𝑠 [m] 0.80
𝑠 [m] 0.05
𝑐 − 𝑏 [m] 0.09
𝑎0 [m] 0.07
𝑑0 [m] 0.80
𝑎𝐵 [m] 0.05
𝑑𝐵 [m] 0.05

𝑧(1)𝐺 ∕𝑧(2)𝐺 [m] −0.5/−0.52

𝐼 (1)
5,5∕𝐼

(2)
5,5 [kg m2] 4.3/78

𝑀 (1)∕𝑀 (2) [kg] 12.3/188.3

non-negligible, reaching near 30% the amplitude of 𝜁𝑊𝑃 1. Swirling was
also observed for very few tests, also at low periods, and characterized
by a difference of phase of 90deg between the four wave probes.
7

3.3. Tests in irregular waves

Test with irregular waves were performed for the dock with spar
and without baffle. The irregular waves were characterized by standard
JONSWAP spectra defined by their peak period 𝑇𝑝 = 0.8 s (corre-
sponding to a peak frequency 𝜔2

𝑝𝑏∕𝑔 = 2.52), their peak enhancement
coefficient 𝛾 = 3 and their significant wave height 𝐻𝑠. Two values of
𝐻𝑠 were tested, 𝐻𝑠∕𝑏 = 1∕40 and 𝐻𝑠∕𝑏 = 3∕40. The spectra of incident
waves, both theoretical and measured, are presented in Fig. 9. Each
test in irregular waves was 10 min long. The measured spectra were
band-pass filtered for a range of periods containing 98% of the energy
from the theoretical wave spectra, and then smoothed by a standard
Gaussian filter. Fig. 10 presents part of time series of 𝜂(1)1 , 𝜂(2)1 and 𝜁𝑊𝑃 1
in irregular waves for 𝐻𝑠∕𝑏 = 1∕40.

4. Annular baffles

Annular baffles fixed on the internal wall of the dock (cf Fig. 1) are
characterized by their width 𝑎𝐵 , submergence 𝑑𝐵 , and perforation ratio
𝜏. The effects of the baffle are included in the semi-analytical model in
the same manner as in Moreau et al. (2022) to account for the flow
separation. This method is based on a single mode approximation to
represent the sloshing wave inside the dock, and aims to reproduce the
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Fig. 10. Time series of 𝜂(1)1 , 𝜂(2)1 and 𝜁𝑊𝑃 1. 𝐻𝑠∕𝑏 = 1∕40.
Fig. 11. RAOs of the dock’s and spar’s motions, and of the free-surface elevation (FSE) inside the dock at 𝑊𝑃 1. Experimental and analytical results are compared for cases
without baffle (sets 1 and 2), with a solid annular baffle (𝜏 = 0) and perforated baffle (𝜏 = 0.3). Two experimental repetition tests are compared for the cases without baffle. Wave
steepness: 𝜖 = 1∕60.
two main effects of the baffles: the reduction of the natural sloshing
frequency, and the quadratic viscous dissipation. It is assumed that the
presence of the baffle does not affect the flow motions at the bottom of
the dock.

Although the method is similar to Moreau et al. (2022), the eigen
sloshing modes are changed by the presence of the spar inside the dock,
in particular the first natural frequency is reduced. Furthermore, the
motions of both bodies are now exciting sloshing waves.

Under first mode approximation, the summation of the radiation
potentials in Section 2.2 in the domain IV between the dock and the
8

spar are written as:

𝛷(𝑟, 𝜃, 𝑧, 𝑡) =
∑

𝑘∈{1,2}
𝑗∈{1,5}

𝛷(𝑘),𝑅𝐹𝑆
𝑗 (𝑟, 𝜃, 𝑧, 𝑡) + 𝑅(𝑡)𝜑1(𝑟, 𝜃, 𝑧), (19)

where 𝛷(𝑘),𝑅𝐹𝑆
𝑗 satisfies the Eqs. (7), (9), (10), and the ‘‘rigid free-

surface’’ (RFS) condition
𝜕𝛷(𝑘),𝑅𝐹𝑆

𝑗

𝜕𝑧
= 𝜂(𝑘)𝑗 𝑛(2)5 on 𝑧 = 0, while the eigen

mode 𝜑1 assures the free surface boundary condition Eq. (8) in a dock-
fixed coordinate system. 𝑅(𝑡) is a time dependent constant. 𝛷(𝑘),𝑅𝐹𝑆

𝑗
can be expressed similar to Eq. (12) and solved through a DD method,
assuring the matching conditions with external domains.
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Fig. 12. Normalized spectra of the dock’s and spar’s responses in surge (left) and pitch (right) motions from model tests, for two different sea-states in an Earth-fixed coordinate
system.
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Fig. 13. Normalized spectra of the dock’s and spar’s responses in heave in an
Earth-fixed coordinate system.

The free-surface inside the dock is given under single-mode approx-
imation and in a dock-fixed coordinate system by:

𝜁 (𝑥, 𝑦, 𝑡) = 𝛽(𝑡)𝜑1(𝑥, 𝑦, 0), (20)

and the modal equations are established for 𝛽1 and 𝑅1 by inserting the
expressions (19) and (20) in the dynamic and kinematic free-surface
boundary conditions for 𝛷:

�̇�1 =
�̃�21
𝑔
𝑅1, (21)

1̈ + 2𝜉1�̃�1�̇�1 + �̃�21𝛽1 = 𝐾1(𝑡). (22)

𝐾1(𝑡) = 𝑃 (𝑘)
𝑖 �̈�(𝑘)𝑖 is a motion-dependent excitation term, derived

rom the potentials 𝛷(𝑘),𝑅𝐹𝑆
𝑗 . The details of the calculations are given

n Appendix B. An equivalent linear damping ratio 𝜉1 is included to
ccount for the viscous dissipation, and �̃�1 is the natural sloshing
requency, which is reduced compared to 𝜎1 due to the baffle. The
ethods used to estimate 𝜉1 and �̃�1 are detailed in Moreau et al.

2022) for the case without spar, and are not repeated here. One of
he major difference with fully closed domains as in Faltinsen and
imokha (2009), is that the 𝑃 (𝑘)

𝑖 coefficients depend now on the forcing
requency 𝜔 of the incident waves, and not only on the geometry of the
omain. It would for example become more complicated to solve the
odal equations in time domain.

The steady-state solution of the modal equations is given in fre-
uency domain by:

1(𝑡) =
𝑔
𝜎21

𝑖𝜔𝐾1(𝑡)
2𝑖𝜔𝜎1𝜉1 + 𝜔2 − 𝜎21

= 𝑓1(𝜔)𝐾1(𝑡), (23)

Added mass and damping coefficients due to the potentials 𝛷(𝑘),𝑅𝐹𝑆
𝑗

and calculated from the DD approach are expressed similar to Eqs. (14)
9

to (17), replacing 𝜙(𝑘)
𝑗 by 𝜙(𝑘),𝑅𝐹𝑆

𝑗 in each equation. Added mass and
amping coefficients due to the first-mode-approximated sloshing wave
(𝑡)𝜑1, which account for the effects of the baffle, are given by:
(𝑘)slosh

𝑖,𝑗 + 𝑖
𝜔
𝑏(𝑘)

slosh

𝑖,𝑗 = 𝑖𝜔𝑔(𝑘)𝑖 𝑓1(𝜔)𝑃
(𝑘)
𝑗 (𝜔), (24)

(𝑘)slosh

𝑖,𝑗 + 𝑖
𝜔
𝑑(𝑘)

slosh

𝑖,𝑗 = 𝑖𝜔𝑔(𝑘)𝑖 𝑓1(𝜔)𝑃
(𝑘′)
𝑗 (𝜔), (25)

here (𝑗, 𝑘) ∈ {1, 5}2, (𝑘, 𝑘′) ∈ {1, 2}2, 𝑘 ≠ 𝑘′, and 𝑔(𝑘)𝑗 = 𝜌 ∫ ∫𝑆(𝑘)
0

𝜑1𝑛
(𝑘)
𝑗 d𝑆

The bodies’ motions are first needed to determine �̃�1 and 𝜉1. A first
teration is hence simulated without baffle, and an iterative scheme is
mplemented until convergence of the bodies’ motions.

In the case a baffle is installed inside the dock, the added mass and
amping coefficients include the terms (24) and (25), and the pitch
oment on the dock

𝑀
5 = −∫

2𝜋

0
𝑎
[

1
2
𝜌 𝑎𝐵 𝐶𝐷 𝑣𝑟|𝑣𝑟| +

1
4
𝜌𝜋𝑎2𝐵𝐶𝑀

𝜕𝑣𝑟
𝜕𝑡

]

cos(𝜃)𝑑𝜃, (26)

integrated from the two-dimensional Morison load on the baffle
(cf. Graham, 1980), is added to the left hand side of the equations of
motions.

5. Results

The RAOs of the bodies’ motions and the free-surface elevation
inside the dock are presented in an Earth-fixed coordinate system.
Analytical and experimental results are first compared in regular waves,
then in irregular waves.

5.1. Regular waves

RAOs in regular waves are presented in Fig. 11 for the dock and
spar, including results with an annular baffle fixed inside the internal
wall of the dock, either solid (𝜏 = 0) or perforated (𝜏 = 0.3). The
motions of the dock are almost null at the natural sloshing frequency
𝜎21𝑏∕𝑔 = 2.5 for the case without baffle, due to the drastic increase of the
added mass at this frequency. The maximum amplitudes of the dock’s
and spar’s motions are obtained numerically around the frequency
𝜔2𝑏∕𝑔 = 2.95. For the case without baffle, analytical results are fairly
consistent with the experimental ones. The highest discrepancies are
observed for the surge and pitch motions of the dock, and might
be caused by inaccuracies when modeling the inertial and stiffness
matrices of the dock for the semi-analytical model. Heave motions were
negligible at these wave periods, and are not presented here. 𝜂(1)3 ∕𝜁𝐴
motion was for example around 15 times lower than 𝜂(1)1 ∕𝜁𝐴, even
though a resonant peak was also observed in the experiments at the
same frequency, suggesting slight non-linear motions of the spar, and
suspected to be caused by the mooring installation between the spar

and the dock.
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Fig. 14. Analytical and experimental RAOs for regular waves (RW) and irregular waves (IW) without baffle, and with solid baffle (DD only) for different sea-states.
Fig. 15. Added mass and damping coefficients on the dock for the two bodies system dock & spar. The legend is given in Fig. 3.
The baffles, both solid and perforated, have a major influence on
he responses. The reduction of the peak amplitude when comparing
ith the case without baffle is particularly important for the spar
otions and free-surface elevation. With a solid baffle this reduction

s around 54% for 𝜂(1)1 ∕𝜁𝐴, 45% for 𝜂(5)1 ∕𝜁𝐴 and 68% for 𝜁𝑊𝑃 1∕𝜁𝐴
(from experimental RAOs). The frequency for which the maximum peak
amplitudes are reached is different for the dock, and spar’s motions,
around 10% lower for the latter.
10
The analytical results catch the shift of the natural sloshing fre-
quency due to the baffles, and compare relatively well with the spar’s
experimental motions. However, the motions of the dock are under-
predicted and the resonant peak frequency is about 6% higher than
the experimental one. These discrepancies were not as high for the
dock without spar (cf. Moreau et al., 2022). As in our previous paper,
the shape of the first sloshing mode 𝜑1 does not account for the
baffle in our model. We suspect that this assumption brings errors
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when calculating the local loads on the dock. Non-linear free-surface
interaction associated with the baffle are also expected.

Baffle with a perforation ratio 𝜏 = 0.3 are not as efficient in
damping the sloshing waves, with 51% reduction of 𝜁𝑊𝑃 1∕𝜁𝐴’s peak
mplitude. However, they show similar performances to the solid baffle
hen it comes to reduce the spar’s motions’ peak amplitude: 50% for
(1)
1 ∕𝜁𝐴, 46% for 𝜂(1)5 ∕𝜁𝐴. Discrepancies for the dock’s motions between
nalytical and experimental results are less pronounced.

.2. Irregular waves

Power spectra of the responses in surge and pitch are presented in
ig. 12 for irregular sea-states for the dock and spar without baffle.
nergy of the bodies’ motions is concentrated around the peak reso-
ance observed in regular waves around 𝜔2

1𝑏∕𝑔 = 2.95. The energy of
he heave motions for frequencies higher than 𝜔2𝑏∕𝑔 = 1 is less than
.5% of that in surge for both bodies, as seen in Fig. 13, confirming that
on-linear excitation of these motions were negligible in that range.
esonance of the spar’s heaving was observed near 𝜔2𝑏∕𝑔 = 0.75, which
as also measured from decay tests, and suspected to excite the spar’s
itch motion due to non-linear coupling from the mooring fixation of
he spar.

Fig. 14 shows experimental RAOs in irregular waves without baffle,
ompared with semi-analytical results. Experimental results are signif-
cantly lower than semi-analytical ones for all the motions. Based on
ur investigations, this is most likely due to the long transient state that
haracterizes responses with very low damping, preventing the sloshing
esponses to develop entirely. The experimental RAOs for 𝐻𝑠∕𝑏 = 1∕40
nd 𝐻𝑠∕𝑏 = 3∕40 for the tests without baffle are very similar, and within
he range of random uncertainty. This is consistent with the regular
ave tests, shown on the same figure for several wave steepnesses,

ncluding repetition tests for 𝜖 = 1∕60.
Calculated results with a solid annular baffle are also presented in

ig. 14 for both irregular sea-states. The Morison load (26) on the baffle
as stochastically linearized (cf. Wolfram, 1999), as well as the heuris-

ic damping in surge given in Section 2.4 for the dock and the spar.
he damping ratio and shifted sloshing natural frequency introduced

n Eq. (22) were considered constant over the range of frequencies that
as simulated, evaluated from the highest wave amplitudes measured

n experimental time series. This last assumption is quite approximative
or 𝜉1, which is strongly dependent on the incident wave amplitude,
ut is expected to provide a relatively safe estimation of �̃�1, which was
hown to vary less than 1% over the spectra in regular waves. Unlike
he case without baffle, the motions are highly dependent on 𝐻𝑠∕𝑏 due
o non-linearities. The reduction of the spar’s motions are significant for
oth sea-sates at the resonant peak, from 35%–40% for 𝐻𝑠∕𝑏 = 1∕40 to
0%–55% for 𝐻𝑠∕𝑏 = 3∕40 compared to the case without baffle.

The high reduction of the body’s motions at the resonant peak due
o the baffle is consistent with the results observed in regular waves
cf. Fig. 11). Either with or without baffle, the maximum responses
f the spar are near four times higher than the maximum responses
f the dock, and dominate the relative motions between both bodies.
urther studies on the relative motions between the dock and the OWT
t different stages of the assembly are left for dedicated future work.

. Conclusions

The motions in surge and pitch of a free-floating OWT’s spar in-
ide a moored cylindrical dock with open bottom were investigated
ear sloshing resonance both analytically and experimentally. A semi-
nalytical model based on domain decomposition was further devel-
ped. The effects of solid and perforated annular baffles were imple-
ented locally in the free-surface boundary condition in the domain

etween the spar and the dock, extending the semi-analytical model at
ery low computational costs. Results in regular waves showed a good
greement with experimental values. Both solid and perforated baffles
11
Fig. 16. Added mass coefficients on the spar for the two bodies system dock & spar.
The legend is given in Fig. 4.

caused significant reductions of the spar’s motions at resonance for
low wave steepnesses. Motions in irregular sea states were significantly
over-predicted by the semi-analytical model, most likely due to the long
transient phases observed in time domain before reaching steady states,
and not caught by the frequency-domain solver.

The spar’s motions were shown very sensitive to its mass distribu-
tion. Further work could for example include different stages of the
assembly of the OWT. Sea-keeping of the dock at more extreme sea-
states should also receive a special attention, since the piston mode and
heave resonances are expected to be non-negligible at lower incident
wave frequencies.
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Appendix A

Fig. 15 shows added mass and damping coefficients 𝑎(2) and 𝑏(2)

n the dock, in complement of Section 2.3. Added mass and damping
oefficients 𝑎(1)1,5 and 𝑏(1)1,5 on the spar, and coupled coefficients 𝑑(1) and
(1) between the dock and the spar (cf. Eqs. (16) and (17)) are given by
igs. 16 and 17, respectively.

ppendix B

The exciting coefficient 𝐾1(𝑡) in the modal equation Eq. (23) is given
y:

1(𝑡) = − 1
𝜇1

[

𝜆(1)1,1𝜂1
(1) + 𝜆(2)1,1𝜂1

(2) + 𝜆(1)1,5𝜂5
(1) + 𝜆(2)1,5𝜂5

(2) − 𝛬1,5𝑔𝜂
(2)
5

]

, (27)

where

𝜇1 =
𝜌𝑔
2 ∫ 𝜑1(𝑟, 𝜃, 0)2𝑟𝑑𝜃𝑑𝑟, (28)
�̃�1 𝛴0
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Fig. 17. Added mass coefficients, cross coefficients - Two bodies system dock & spar.
𝜆(𝑘)1,𝑗 = 𝜌∫𝛴0

𝜙(𝑘),𝑅𝐹𝑆
𝑗 (𝑟, 0) cos(𝜃)𝜑1(𝑟, 𝜃, 0)𝑟𝑑𝜃𝑑𝑟, (𝑗, 𝑘) ∈ {1, 5} × {1, 2},

(29)

𝛬1,5 = 𝜌∫𝛴(2)
0

𝑟 cos(𝜃)𝜑1,1(𝑟, 𝜃, 0)𝑟𝑑𝜃𝑑𝑟 =
𝜌𝜋

√

𝜐1,1 ∫

𝑎

𝑎0
𝛹1,1(𝑟)𝑟2𝑑𝑟. (30)
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