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Offshore wind energy is widely regarded as a promising solution for achieving global net-zero emissions, with
wind turbine installations progressively expanding into far-offshore regions. The jacket foundation with multiple
suction buckets has emerged as a feasible option for deep-water applications due to its ease of installation and
retrieval. To reduce offshore transportation costs, this paper studies a novel wet-towing approach, in which a
supplementary floater is employed to enhance the stability of the foundation during towing. Firstly, a prototype of
the towing system and a 1:67.5 scale experimental model are developed. A series of experiments, including free-
decay tests, regular wave response tests, and towing tests, are conducted to examine the hydrodynamic behavior
of the system. Then, a numerical model is established to integrate seakeeping and maneuvering theories and
incorporate the effects of air compressibility within the caissons to simulate the dynamic response of the towing
system under various sea conditions. To improve model fidelity, linear and nonlinear damping coefficients are
estimated based on experimental data. Numerical results show good agreement with experimental observations
in most cases. The results further indicate that the presence of compressible air in the caissons increases the
natural periods in heave and pitch by approximately 3.5 %, while the heave damping is reduced by 16 % and the
pitch damping is increased by 25 %. Finally, the performance of the towing system is evaluated under a circular
route, accounting for realistic met-ocean conditions.

Air compressibility in caissons

1. Introduction out from the sea surface by penetrating its legs into the seabed, avoiding

the effects of ocean waves and ensuring its stability during operation.

With growing social acceptance, maturing technologies, and the de-
velopment of supply chains, offshore wind turbines (OWTs) are increas-
ingly being seen as a promising solution to address carbon neutrality
by the mid-century. In the past decade, offshore wind turbines have
gradually moved from near-shore zones to far-offshore areas, raising
new challenges in technical and economic feasibility (Diaz and Soares,
2020; McCoy et al., 2024). Recently, jacket structures combined with
suction buckets, with their advantages of low construction cost, less en-
vironmental effects, ease of installation and retrieval, and adaptability
to deep water, have attracted a great deal of attention (Shonberg et al.,
2017; Bagheri et al., 2019; Lian et al., 2022; Zhang et al., 2022; Wei
et al., 2025; Li et al., 2024; Grecu et al., 2024).

To install a bottom-fixed offshore wind turbine, its components are
usually loaded in advance onto a self-elevating platform (SEP) vessel at
port and transported to the wind farm site. The SEP vessel then lifts itself

* Corresponding author.

Cranes are used lastly to install foundations and wind turbines (Diaz and
Soares, 2020). Due to the high cost and the shortage of large SEP ves-
sels, the massive installation of offshore wind turbines is challenging. To
reduce the dependence of offshore wind on heavy offshore construction
vessels, wet towing methods have been proposed to transport MBJFs,
taking advantage of the buoyancy generated by suction caissons (Zhang
et al., 2013; Tan et al., 2023; Fujino et al., 2023; Lian et al., 2023).
Although the wet towing system can eliminate the need for large-scale
barges, the lowering process of a foundation to its designated location
on the seabed and the wind turbine assembly still require offshore crane
vessels.

In this study, a novel construction method for MBJF wind tur-
bines is proposed, inspired by the installation of semi-submersible wind
turbines. The construction method includes wind turbine assembly on
the quay, offshore wet towing, lowering operation, and penetration. The
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Nomenclature g restoring force
n position and orientation vector
Symbol N, nonlinear damping force in maneuvering model
A, B added mass and potential damping matrices Texternal external forces and moments
Age, A frontal and lateral projected areas Tyre wave excitation loads
Cy hydrodynamic coriolis-centripetal matrix v towed body velocity
Cp drag coefficient v, relative velocity w.r.t the ocean current
Cr lift coefficient V. ocean current velocity
D, linear damping coefficient v, towed body horizontal velocity
D, nonlinear (quadratic) damping coefficient ¥ heat capacity ratio of air
F, L, external force and lever arm distance from the K wave number
point of force application to body center y) scaling factor
F, pneumatic force caused by perturbation pressure . wave length
F, L, towing force and lever arm distance from the ¢ spanwise length of blade element
towing point to body center m mass of the towed body
H significant wave height m,, V mass and volume of the air in caisson
I, turbulence intensity ) perturbation pressure and air density in caisson
I, moment of inertia (in yaw) of the towed body Pos Po pressure and air density at equilibrium state
J coordinate frame transformation matrix q volume changing rate of caisson
K@) impulse response function z motion of the bucket in heave
L length overall of the towed body h displaced motion of pressure surface
Mgy rigid-body inertial matrix ® wave frequencies
S(w) wave spectrum @, encounter frequency
T, zero-crossing wave period v towed body direction
U towing speed Pa atmospheric density
U (zp) mean wind speed at height z,, P water density
Viel relative wind speed 0 slip angle
v, mean speed of the towed body relative to ocean |[|, 2" amplitude and Phase of wave exciting force RAO
current v perturbation velocity
X,Y,and M external loads in maneuvering model u,,v,,r,  components of v, associated with the body surge,
a towing rope angle o sway, and yaw
p=p,—w  angle between body heading and the direction of Ups Ups T, components of v associated with the body surge,
the wave sway, and yaw
B wave propagation direction 9 angle of attack

construction process is illustrated in Fig. 1. A supplementary floater
equipped with winch systems is applied to enhance the stability of
the MBJF wind turbine during construction processes. As heavy off-
shore vessels are not required during installation and the supplementary
floater is reusable, the construction duration and cost are expected to be
reduced.

As the wet-towing operation encountered coupled aero-hydro loads
under complicated met-ocean conditions, a feasibility study of the sys-
tem considering the dynamic response, structural loads, and tugboat
capability is required. To address the issues, an experimental and nu-
merical investigation of the wet-towing system are studied in this paper.
Firstly, the prototype and its scaled experimental model are developed,
and experiments are conducted to study the hydrodynamics and the sys-

crane

tugboat stabilizing floater

(a) assembly (b) wet towi\ng

(c) lowering (d) penetration

Fig. 1. Proposed construction method for MBJF wind turbine.

tem behavior. Then, a numerical model that takes into account the air
compressibility in suction caissons is established to describe the towing
system in the seaways for dynamic analysis. The experimental results are
applied to identify the damping coefficients and verify the effectiveness
of the numerical model. Finally, numerical examples are conducted con-
sidering varying environmental conditions to investigate the dynamics
of the wet towing system.

The remainder of this paper is organized as follows. The prototype of
the towing system along with the experimental model are introduced in
Section 2. Then, a numerical model considering the air compressibility
in suction caissons is proposed in Section 3. After that, the experimental
and numerical results are compared, and the impacts of air compressibil-
ity are discussed in Section 4, including an analysis of a circular towing
operation to investigate system behavior under different ocean condi-
tions.

2. Prototype and experimental model

The ship towing system is shown in Fig. 2. The towed body con-
sists of a MBJF with three buckets, a 15-MW offshore wind turbine atop
the MBJF, and a supplementary floater rigidly connected to the MBJF.
The supplementary floater features a V-shaped geometry, facilitating
straightforward mounting of the MBJF from its hollowed side. The prop-
erties of the towing system are given in Table 1. The suction caissons are
partly filled with compressed air and the difference in water level inside
and outside the buckets is about 10 m in still water. It should be noted
that the buoyancy generated by the suction caissons is roughly equiva-
lent to the weight of the MBJF wind turbine. In the towing operation,
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stabilizing
floater

tugboat rope

Fig. 2. Wet towing system for MBJF wind turbine with a stabilizing floater.

Table 1

Properties of FOWT.
Property Prototype Experimental

model

Hub height 200.0m -
Wind turbine mass 1633 ton -
Wind turbine CoM (w.r.t SWL) 166.7m -
Jacket and bucket mass 2700 ton -
Jacket and bucket CoM (w.r.t SWL) 22.6m -
Jacket and bucket CoB (w.r.t SWL) —5.1m —76 mm
Draft below SWL 13.0m 193 mm
Bucket height 18.0m 267 mm
Bucket diameter 13.5m 200 mm
Bucket free surface elevation (w.r.t SWL) -10m —148 mm
Distance between buckets (center to center) 38.7m 573 mm
Stabilizing floater mass 4880 ton -
Stabilizing floater mass CoM (w.r.t SWL) 2.0m -
Stabilizing floater CoB (w.r.t SWL) -5.6m —-83mm
Distance between Stabilizing floater columns 71m 1,052 mm
Side length of Stabilizing floater octagonal columns  7.5m 111 mm
Total mass 9213 ton 29.9kg
CoB of the submerged components -5.4m —-79mm
Towing rope length 200m 2,950 mm
Towing rope stiffness 744KkN/m 167 N/m
Towing speed 2m/s 0.25m/s

SWL: still water level.

the towing speed is supposed to be 2m/s, with the Froude number of
the towed body being approximately 0.07.

An experimental model of the towed body is developed on a scale of
4=1/67.5 (according to the Froude similarity law), and the overview
of the experimental setup is shown in Fig. 3. To accurately replicate the
interaction between the water and the platform, the submerged parts
are strictly designed in terms of the scaling law, while the above-water
parts are designed considering the structural strength and the center of
mass. The buckets, the pontoons, and the trusses are made of acrylic
material and assembled using 3D printing-produced joints. Styrofoam is
used to construct the three external columns of the stabilizing floater.
Aluminum extrusions and aluminum pipes are used to construct the
deck, the jacket, and the tower. A weight lump is installed at the top
of the vertical aluminum pipe to represent the wind turbine. The main
properties of the experimental model are given in Table 1 compared to
the prototype. To model the spring-like effects of the towing rope in a
practical system, a wire rope with a diameter of 2.5mm and a length
of 2.9m connected serially with a spring is used. The combined spring

Ocean Engineering 336 (2025) 121740

coefficient of the towing rope is 160 N/m. A load cell (Series Number:
SSK LT6-10) is applied to measure the wire tension. In addition, an air
compressor and the associated piping system are applied to provide the
suction caissons with compressed air.

Experiments are conducted in the towing tank installed at the Re-
search Institute for Applied Mechanics (RIAM) of Kyushu University,
which measures 65m in length, 5m in width, and 7 m in depth. In the
tank, a plunger-type wave generator is installed at one end, while a wave
absorber is on the opposite side.A wave probe is installed 10 m in front
of the wave generator, near the sidewall of the towing tank. This place-
ment avoids the need for supporting structures in the central area, which
could interfere with the towing operation. Three differential-type pres-
sure transducers (Type: PA-100-200D-W) with a range in —2 ~ 2 kPa are
employed for measuring the pneumatic pressure in the suction caissons.
In addition, four optical cameras (Optitrack, Flex13) are installed on the
towing carriage to record the motion of the towed body.

In this study, four types of experiments are conducted to investigate
the system behavior and stability of the towing system: free decay tests
of the towed body, course stability tests, static oblique towing tests,
and towing tests in regular waves. The free decay tests and the course
stability tests are performed to investigate the natural frequencies and
damping characteristics of the towed body, as well as to assess the course
stability performance of the towing system. The static oblique towing
tests are designed to measure the current coefficients of the towed body,
while the towing tests in regular waves are carried out to examine the
motion response under wave loads and to validate the numerical model.

Free decay tests for the towed body in heave, roll, and pitch are con-
ducted with the model freely floating on the water surface. The model
is manually displaced from its equilibrium position, and then released,
allowing it to oscillate freely in calm water. In addition, a free decay test
in surge is performed during straight-line towing. In this case, the car-
riage maintains a constant speed while the velocity of the towed body
is temporarily reduced to induce a surge disturbance. Due to the elastic-
ity of the towing rope, the surge velocity exhibits damped oscillations.
Furthermore, an experiment is designed to investigate the oscillating
behavior of the water surface in a bucket. In this experiment, the cais-
son is open to atmosphere, and the water column height is set to 44 mm,
matching the water column height of the prototype bucket when scaled.
An initial disturbance is applied using a vertical disc to displace the wa-
ter surface, which is then allowed to oscillate freely under gravity. The
motion of the water surface is captured using a high-speed camera.

The course stability tests are conducted under straight-line towing in
calm water at constant speed. An external impulse disturbance is applied
laterally to the towed body to induce its sway and yaw motion, and the
subsequent attenuation of these motions is used to evaluate the course
stability performance of the towing system.

In the static oblique towing tests, the towed body is rigidly attached
to the towing carriage and moved at constant speed in calm water. The
drag force, lift force, and yaw moment are measured as functions of yaw
angle using a six-component strain gauge (Serial Number: LMC-6566-
200NWP-K). Moreover, towing tests in regular waves are conducted un-
der head-wave conditions. To prevent lateral drift and ensure safety,
two loosely securing ropes are bolted to the left and right sides of the
platform. The wave conditions used in these tests are summarized in
Table 2.

The experiments provide essential data for analyzing the behavior
of the towing system, identifying the hydrodynamic coefficients, and
validating the numerical model. A numerical model is proposed in Sec-
tion 3 to describe the system dynamics, and a comparison between the
experimental and numerical results is presented in Section 4.

3. Numerical model
Since the Froude number of the platform at a constant speed of 2m/s

is approximately 0.07, the towed body can be categorized as a Displace-
ment vessel, allowing the application of potential theory to compute hy-
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Fig. 3. Experimental model: (a) overview, (b) top view, (c) towing carriage, (d) optical cameras, (e) wave generator, (f) wave probe, (g) towing experiment scene,

and (h) plan view of the towing system.

Table 2
Regular waves for experiments. The values in parentheses
after ¢/’ are the corresponded values in prototype.

Case Wave height Wave period

1 3cm/(2m) 0.70 s/ (5.75s)
2 3cm/(2m) 0.80s/(6.57 s)
3 3cm/(2m) 1.00s / (8.225)
4 3cm/(2m) 1.20s / (9.86 5)
5 3cm/(2m) 1.40s/(11.50 s)
6 3cm/(2m) 1.60s/(13.15s)
7 3cm/(2m) 1.80s/(14.79 s)
8 3cm/(2m) 2.00s/(16.43 )

drodynamic coefficients (Fossen, 2011). The airy wave theory and super-
position principle are applied to model the towing system. In addition,
the following assumptions are applied:

e The MBJF, stabilizing floater, and their connection mechanism are
rigid.

e The wave-making effects and the wave-current interaction are ne-
glected.

¢ The ocean current is constant and irrotational.

¢ The hydrodynamic scaling effects are ignorable so that experimental
measurements are applicable for damping estimation.

In addition, as the diameter of the bucket is small compared to practical
wavelengths, only the pumping motion is considered for the pressure
surfaces. For ease of studying the dynamics of the towed body, the tug-
boat is treated as a point mass moving with a constant speed.

For the modeling, the Global coordinate system is defined on the still
water level. The XY plane coincides with the still water surface and the
X-axis points from the West to the East. The Z-axis points vertically
downwards, and the Y-axis is determined according to the right-hand

rule. A body-fixed coordinate system, with its origin aligned at the center
of the undisturbed water plane area, is applied to define the platform
motion and the hydro loads. The coordinate systems are illustrated in
Fig. 4(a). In the figure, the term U is the towing speed, V, the ocean
current, V, the platform velocity, « the towing rope angle, and 6 the slip
angle.

3.1. Structural modeling

Simscape Multibody® (MathWorks, 2024), a simulation environ-
ment for 3D multibody mechanical systems, is used to model the struc-
ture of the towing system. In the toolbox, each component is represented
by blocks that define bodies, joints, constraints, force, and sensors. The
model is illustrated in Fig. 5. A six-degree-of-freedom (6-DOF) joint is
applied to connect the MBJF to the Global coordinate frame. The sta-
bilizing floater, tower, nacelle, and rotor are sequentially connected
through appropriate coordinate transformation blocks to establish the
complete structural assembly. A linear spring block is implemented to
model the towing rope that connects the towed body and the tugboat.
User-defined function blocks are employed to compute aerodynamic and
hydrodynamic loads based on time series met-ocean data and the instan-
taneous motion of the body. These forces are applied to the model using
external force blocks. It should be noted that, at this stage of the study,
the flexibility of the blades and the tower is not considered.

For the towed body, the motion can be expressed by Fossen (2011)

n=Jmv, @
Mpp0 + Crp(V)V = Texternal» (2)
where v € R is the velocity vector expressed in the body-fixed coordi-
nate frame, n € R? x S? the position and orientation vector expressed in

Global coordinate frame, J the frame transformation matrix, My the
rigid-body inertia matrix, Cy the rigid-body Coriolis-Centripetal matrix
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Fig. 5. Numerical model of the towed body in Simulink.

due to the rotation, and 7eyema the external forces and moments due to
the gravitational and buoyancy forces, aero- and hydro-dynamics, and
the towing force from the towing rope. In Simulink™, the kinematic
Eqg. (1) and the kinetic Eq. (2) can be solved automatically when ex-
ternal forces are provided. In the following Sections 3.2 and 3.3, the
external loads applied to the towed body are explained.

3.2. Aerodynamics

In the towing process, the wind turbine is in a shutdown state with
the blades feathered. The aerodynamic forces acting on the wind turbine
are calculated by integrating the distributed loads along the span of each
blade and the height of the tower. These loads are evaluated using blade
element theory, where the local wind conditions, blade geometry, and
motion are considered for each discrete element. Defining C; and C,
as the lift and drag coefficients, the forces on each discrete element are
expressed by

1

L= 50acVg CLY, ®3
1

b =504V Co)Y, “

where p, is the air density, ¢ the chord length, V, the relative wind
speed, 9 the angle of attack, and # the span-wise length of the element.

Blade information, including the lift and drag coefficients, is obtained
from the IEA 15-MW offshore reference turbine (Gaertner et al., 2020).

3.3. Hydrodynamics

The hydro loads on the platform are composed of maneuvering resis-
tance, seakeeping, damping, restoring, and wave excitation terms. Based
on the unified seakeeping and maneuvering theory (Fossen, 2011), the
hydrodynamic loads can be expressed by:

Ty = — (AW, + C4(v,)v, + N, (6, V)

_

maneuvering resistance

- (A(oo)f1+/ K- T)fz(r)dr> - (DB+Dol0|) - g
0 —— N——

o .
damping terms restoring term

seakeeping terms

+ T@XC ’ (5)
——
wave excitation term
where v, = v -V, is the relative velocity with respect to the ocean cur-
rent, V, the mean relative horizontal speed, & the perturbation velocity,
A(0) and A(co) the zero-frequency and infinite-frequency added mass
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Fig. 6. Added mass (left) and radiation damping (right).

matrices, respectively, C, the hydrodynamic Coriolis-Centripetal ma-
trix, N, (7, V,) the nonlinear damping force to account for the steady-
state nonlinear surge damping and the cross-flow drag on the hull in
the maneuvering model, K(¢) the impulse response function (or retarda-
tion function), D; and D, the linear and nonlinear damping coefficients,
g(n) the restoring force, and z,,, the wave excitation loads. The maneu-
vering resistance terms consider the low-frequency loads in surge, sway,
and yaw, which will be detailed in Section 3.3.3.

The linear diffraction-radiation software WAMIT (Version 7.4) (Lee
and Newman, 2016) is applied to compute the first-order hydrody-
namic coefficients, including added mass, potential damping, hydro-
static restoring coefficients, and wave excitation forces. The panel
model used in the computations consists of a structural mesh and three
pressure-surface meshes, as illustrated in Fig. 4(b). The computation in-
volves 9 DOFs: 6 DOFs correspond to the motion of the towed body,
while the remaining three represent the pumping motions of the pres-
sure surfaces. The WAMIT subroutine ‘NEWMODES’ is modified to in-
corporate these additional pressure surface modes.

To simplify the panel model, small gaps are introduced between the
vertical columns and the lower pontoons, and the mesh for the truss
structure—used for structural reinforcement—is omitted. The computed
added mass and radiation damping coefficients are shown in Fig. 6 as
functions of the platform response frequencies. Due to the geometric
symmetry of the platform and the identical configuration of the pres-
sure surfaces, only the diagonal terms and the upper off-diagonal terms
related to the towed body and the second pressure surface are plot-
ted. The Response Amplitude Operators (RAOs) for the first-order wave
excitation force are provided in Fig. 7 for wave headings of 0°, 30°,
and 60°. In the figures, the subscript ;; represents the property (added
mass or retardation function) of the ith DOF due to the motion in the

jth DOF. Here, i, j=1,2 ..., 6 correspond to the platform motions,
while i, j =7, 8, 9 correspond to the pressure surfaces. Sharp changes
observed in the coefficients associated with heave motion of the plat-
form and pressure surfaces (i, j =3 and i, j =7, 8, 9) near 1.22rad/s
are attributed to the pumping modes of the pressure surfaces. In addi-
tion, peaks near 1.76 rad/s and 2.88 rad/s are considered to result from
sloshing modes within the suction buckets. It is also noted that negative
added mass values occur due to free-surface effects.

3.3.1. Impulse response functions
Based on the potential damping coefficients computed by WAMIT,
the retardation function K in (5) can be calculated by

K,-j(t)=%/ B;(w)cos(w)do, i,j=1,2..,9 (6)
0

Since viscous damping is not captured in potential-flow theory, the
impulse response functions associated with the pressure surfaces—
calculated by (6)—exhibit undamped or weakly damped oscillations
that persist over an extended duration, as illustrated by the solid line
in Fig. 8. This prolonged response imposes a significant computational
burden during convolution operations in (5). To mitigate this issue, a
post-processing program is developed to introduce a constant linear
damping ratio of 7% across all frequencies to improve the damping,
and the result is compared in Fig. 8. The choice of 7 % is based on the
comparative study of numerical and experimental results for an oscil-
lating water column in Aubault et al. (2011).

3.3.2. Wave excitation forces
Suppose that the towing operation is carried out in long-crested seas,
the wave excitation force 7,,, can then be computed based on force
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Fig. 7. First-order wave excitation force RAOs. The left graphs show the force amplitudes and the right graphs show the corresponding phases.
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where |I'| and «I" are the amplitude and phase of the force RAO, respec-
tively, .S(w) the wave spectrum, o the wave frequency, w, the encounter
frequency, #,, the wave propagation direction, f = f,, — y the angle be-
tween the heading and the direction of the wave, x the wave number, ¢
the random phase angles, and Aw the constant difference between the
successive frequencies.

3.3.3. Maneuvering coefficients

The maneuvering model in (5) accounts for the low-frequency hor-
izontal motion (surge, sway, and yaw). The associated hydrodynamic
coefficients are expressed by Fossen (2011):

Aq,(0) 0 0
A0 =] 0 Ap(0)  Axy(0) | (Ay(0) = Agy(0)), (®)
0 Agr(0) Agg(0)
0 0 —A22(O)vpr — A26(O)rpr
. w,) = 0 0 ApOu,, ,
Ay, + Ay, —A;;(O)u, 0

€)

where Uy s Ups and r,, are the components of v, associated with the
platform surge, sway, and yaw, respectively. In addition, the nonlinear
damping N, (y, V,) to consider the surge drag, the cross-flow force, and
the moment on the hull are calculated using the current coefficients:

3PuwARCAOV?
N6 = %prlccy(e)Vr2 . (10)

1
EprchCn(e)Vrz
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where A and A are the frontal and lateral projected areas, respec-
tively, L is the length overall of the towed body on the still water sur-
face. The current coefficients are derived based on experimental results,
as illustrated in Fig. 9. A curve fitting approach is applied to reconstruct
the coefficients, ensuring that they vary continuously as functions of the
angle of slip 6.

3.4. Thermodynamics in suction caissons

The pneumatic pressure in the suction caissons can be obtained by
analyzing the thermodynamic process. If the air in the caissons is as-
sumed to be ideal and the air compression and decompression are isen-
tropic processes, the air density as a function of pressure can be ex-
pressed by:

£:<po+p>l/’° an
Po Po '

where p is the air density in the caisson, p the perturbation pressure, p,
and p, the air density and pressure at the equilibrium state, respectively,
and y, = 1.4 the heat capacity ratio of air. Due to the mass conservation,
the air density variation can be written as

dm, dp

=V _pg=0, 12
o PR (12)
where m, and V are the mass and volume of the air in the caisson,
respectively, g is the volume changing rate of the caisson. Based on (11)

and (12), the pressure perturbation can be expressed by
_V
Yolpo + p) dt
where £ is the displaced motion of the pressure surface, z is the motion
of the bucket in heave, and A, is the cross-sectional area of the caisson.

—A(h—2)=0 13)
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Fig. 10. Approach to determine damping coefficients.

Based on the perturbed pressure p, the pneumatic load on the associated
bucket and pressure surface becomes F, = pA..

3.5. Identification of damping coefficients

In this section, the experimental results are utilized to identify the
damping coefficients D, and D, in(5). Before the identification, the
following settings in the numerical model are modified to reflect the
experiment-specific properties:

e A point mass is applied to represent the wind turbine.
e The structural mass is reduced by a factor of 1/1.025 to account for
the difference in water density between freshwater and seawater.

To enable the use of experimental results for identifying damping coef-
ficients, both thermodynamic similarity and Froude similarity between
the experimental model and the prototype must be satisfied. To this
end, the heat capacity in the numerical model is adjusted accordingly.
Further details are provided in the following subsection.

3.5.1. Scale effects of suction caissons
From (12), the following equation needs to be satisfied to maintain
the thermodynamics similarity (Falcao and Henriques, 2019):

(L@) - (L@) (14)
Yolpo +p)a dt /o \vo(po +P)a dt J ey

The subscripts 'pt’ and ’exmdl’ stand for prototype and experimental
model, respectively. Froude similarity law requires that

Vexmdl — j'3, Gexmdl — /12_5’ (15)

th ‘Ipt

(oo + Pexma _ (@p/dexmar _ sA12
(ro(po + P)pt (dp/dt)y ’

where § = (Pogyy dl/pwpt) denotes the ratio of water density between
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freshwater in the model test and seawater in the prototype. The con-
ditions in (15) are inherently satisfied, as they have been considered in
the experimental model design. However, the conditions in (16) are not
met since the ambient pressure in both the experimental and full-scale
systems corresponds to atmospheric pressure (i.€., Yexmdl = ¥p¢) and the
pressure in caissons satisfies <”("p)§—>"ml‘ﬂ ~ % To ensure both thermodynam-

ics similarity (14) and Froude similarity, the heat capacity y, in (14) is
adjusted as:
_ 1 g + Plexmat

Ot = B4 (g + ppy | Vemdl’
1

264 Yo»
where the perturbed pressure p is neglected, as its magnitude is rela-
tively small compared to p,.

Q

a7

3.5.2. Damping estimation

The damping coefficients are estimated based on the results of free
decay tests, starting with the evaluation of damping for the pressure
surfaces. Since the caisson is open to atmosphere during testing, as
explained in Section 2, the thermodynamic model is not required for
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the estimation. The identification approach is based on the PQ method
(Wang et al., 2022; Mauro and Nabergoj, 2021), as shown in Fig. 10.
Total damping is first extracted from the free decay response, and the
linear and nonlinear damping components are then determined by sub-
tracting the potential damping, computed from numerical simulations,
from the total damping. The Cummins Equation is used to model the wa-
ter surface motion in the time domain. Once estimated, the linear and
nonlinear damping terms are incorporated into the Cummins Equation to
enhance modeling accuracy. A comparison between experimental and
numerical results is presented in Fig. 11, showing good agreement and
validating the effectiveness of the proposed estimation approach.

The same approach is applied to estimate the damping coefficients
in surge, heave, and pitch. The simulation results incorporating the esti-
mated damping terms are compared with experimental data in Fig. 12.
The close agreement between the results confirms the validity and ef-
fectiveness of the damping estimation method.

The damping coefficients in sway and yaw for the platform are es-
timated based on the course stability tests. The following maneuvering
model (Yasukawa and Yoshimura, 2015) is applied to describe the mo-
tion of the towed body in the tests:

(m+ A (0)i, — (m+ ApO)v,r, + N = X, (18)
(m+ Ap0)i, + (m+ Ay (©)u,r, + N2=Y, 19)
(I + Ags()#, + NS = M, (20)
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~< 5
=
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(a) Free decay results in surge.
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where m and I, are respectively the mass and the moment of inertial of
the platform, N ,’l (i=1,2,6)isthei — th components of N, in (10). The
terms X, Y, and M are the external forces, including the damping terms
to be estimated, the towing force, and the external force to disturb the
straight-line motion:

X =-D; u,— D, |uylu, + F cosa, 21
Y = =Dy, v,~ Dy, v,lv, + F sina + F,, (22)
M =-D, r,— D, Ir,lr,+ F,Lsina+F,L,, (23)

where D, and D,  are the jj-element of D, and D, F, the towing force,
L, the distance from the towing point on the platform to the platform
center, F, the external force applied during the tests, and L, the lever
arm distance from the point of force application to the platform center.
The cross-coupling resistance terms involving v, and r, are neglected in
this analysis.

Since the time series data of the towing and external force are mea-
sured in the experiments, the damping coefficients can be estimated us-
ing a least-square approach (Chan et al., 1995). The numerical results
using the estimated damping coefficients are shown as dot-dashed lines
in Fig. 13, in comparison with the experimental results. As the sway-
roll coupling effects—responsible for the high-frequency sway motion
observed in the experimental results—are not accounted for in the ma-
neuvering model (18)~(20), these high-frequency components are not
fully reproduced. However, as such components are not the focus of the
maneuvering model, they are not intended to be captured. Therefore, it
can be concluded that the numerical model successfully represents the
dominant dynamics, including the course stability behavior and overall
oscillation patterns.

4. Results and discussion

The numerical model established in Section 3 is applied in this sec-
tion to study the system dynamics, including the influence of air com-
pressibility in the suction caissons on the motion of the towed body.
The thermodynamic model is studied under two configurations: one
with y = y,/(254), representing the experimental condition with low air
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Fig. 12. Free decay test results in surge, heave, and pitch. The surge tests are conducted during the towing operations, while the heave and pitch tests are performed

in calm water with the platform freely floating in calm water.
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Fig. 14. Comparison of the free decay results in heave and pitch. The cases with y = y, record larger oscillating periods due to reduced restoring performance. It is
worth noting that the damping effects in heave are reduced, while those in pitch are increased.

Table 3
Comparison of motion characteristics under low air compressibility (experimen-
tal condition) and realistic air compressibility (practical condition).

. Low air compressibility ~ Realistic situation ~ Variation
Motion property
¥ =7o/(262) Y ="
Heave natural period 8.3s 8.6s 3.5%
Heave damping factor 5.7% 4.2% -16%
Pitch natural period 238s 24.9s 3.8%
Pitch damping factor 2.8% 3.5% 25%

compressibility, and another with y = y,, reflecting prototype condition.
These models are used to analyze the free-decay response and the re-
sponse under regular waves, in comparison with experimental results.
Finally, a towing operation involving circular motion under combined
wind, wave, and current conditions is examined to investigate the sys-
tem response under realistic met-ocean conditions.

4.1. Free decay tests

Since air compressibility in the suction caissons primarily affects the
vertical motion of the towed body, free decay tests in heave and pitch
are analyzed using the two previously explained configurations. The cor-
responding results are shown in Fig. 14, alongside the experimental re-
sults. The results indicate that the natural frequencies in both heave and
pitch decrease under the configuration y = y,, due to the reduced restor-
ing stiffness. In addition, a reduction in heave damping and an enhance-
ment in pitch damping are observed. These motion characteristics are
summarized in Table 3. The behavior can be attributed to the proximity
of the heave natural frequency to the pumping mode frequency of the
pressure surfaces, which leads to a reduced damping effect due to reso-
nance. In contrast, the pitch natural frequency lies outside the resonant
region, allowing the damping pool effect (Ikoma et al., 2021; Chuang
et al., 2021) to contribute more effectively to energy dissipation.

4.2. Towing responses under regular waves

While free decay tests provide valuable insight into the natural fre-
quencies and damping characteristics, they only reflect the system’s re-
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sponse under initial conditions. To comprehensively validate the nu-
merical model and assess its predictive performance under realistic sea
conditions, it is essential to examine the responses of the towing system
under waves.

In the numerical simulations, the wave height is set to 2.0m, and
the wave periods range from 5.5 s to 20 s in 0.8 s intervals, covering
the conditions as those used in the experiments. Each simulation runs
for 600s, with the first 100s considered as the transient process and
excluded from the analysis. The RAOs of the platform motion, the pres-
sures in the suction caissons, and the towing force are evaluated, as
shown in Fig. 15. The results show that the platform motion RAOs are
small in short waves and tend to increase in long waves. For heave, the
RAO increases gradually as the wave frequency approaches its natural
frequency, and asymptotically approaches 1 in long waves. In contrast,
for surge and pitch, whose natural frequencies lie below the range of
the simulated wave frequencies, the RAOs increase continuously with
wave period. In addition, the towing force response closely follows that
of surge motion, which is expected since the waves are aligned head-on
with the towing direction. It is also observed that the numerical model
with y = y,/(264) provides a better match with the experimental results,
as it accounts for the low air compressibility in the suction caissons—
consistent with the experimental conditions.

In the pressure RAO results from the simulations, two distinct peaks
are observed: one associated with the pumping mode of the pressure
surfaces, and another corresponding to the heave resonance. However,
these peaks are not evident in the experimental results, and the sim-
ulated pressure RAOs are notably higher than the experimental val-
ues in short waves within the range 4,,/L € [0.6 1.6]. In addition, no
clear peak appears at the natural frequency of heave, which is unex-
pected given that pronounced heave resonance is observed in the free
decay tests, as shown in Fig. 12. This discrepancy suggests that the ab-
sence of corresponding peaks in both the heave motion and pressure
RAOs is not physically consistent and warrants further investigation.
Possible contributing factors include nonlinear effects such as damp-
ing pool dynamics and aerodynamic damping on the pressure surfaces,
which may enhance energy dissipation in practice. Additionally, towing-
induced forward tilt of the floating body alters the hydrostatic balance—
raising the equilibrium pressure in the front bucket—and may lead
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Fig. 15. Comparison of the towing system response in regular waves. Left: motion RAOs in surge, heave, and pitch. Right: RAOs for towing force, front bucket
pressure, and rear bucket pressure. here, A,, denotes the wave amplitude, 4,, the wavelength, A, the projected area, and z, the still water level of the pressure

surfaces.

—_
(&}

—_
o

wind speed (m/s)

(&}

o

200 400
time (s)

600

wave elevation (m)

200 400
time (s)

600

60

40

(m?/s%)

20

turbulence spectrum

0.05
frequency (Hz)

0.1

N W A~ O

wave spectrum
(m?s)

0 0.1 0.2

frequency (Hz)

0.3

Fig. 16. Wind speeds at hub height and wave elevation at the origin of Global coordinate frame in the first 10 min.

to asymmetric pressure responses between the front and rear suction
caissons.

4.3. Towing with circular route

A circular towing route with a radius of 500 m is studied to investi-
gate the dynamics of the towing system under various met-ocean con-
ditions. The configuration allows systematic evaluation of the response
of the system to different incident directions of wind, waves, and cur-
rent along the route. The use of a circular path enables efficient assess-
ment of directional sensitivity without requiring multiple separate simu-
lations. The trajectory of the towing tugboat is shown as the dashed line
in Fig. 17(a). The towing operation starts on the west side and proceeds
clockwise at a constant speed of 2 m/s. Waves propagate from North to
South, while winds and current are both set to flow from West to East,
creating a misalignment between wind and wave directions. This setup
is particularly important, as the towing force may decrease significantly
when the towing direction aligns with the wind and current, potentially
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degrading the course stability performance of the towing system. The
selected route thus provides a comprehensive means to examine perfor-
mance under realistic and variable environmental conditions.

A fully developed sea state characterized by the Modified Pierson-

Moskowitz (MPM) Spectrum (Fossen, 2011)
S(w) = A, exp(-B,0™") (24)

is applied in this study. The terms A, and B, are the parameters given
by

471'3HS2
=0
z

_ 1673
=
z

(25)

N ) s

where Hj is the significant wave height set as H, =2 m, and T, the
zero-crossing period assigned by T, =9 s.

A moderate sea condition with a 1-h averaged wind speed of 10 m/s
is considered, as it represents typical offshore operating conditions
where both aerodynamic and hydrodynamic effects are significant but
not extreme. The turbulence intensity is specified according to the IEC



Author

Ocean Engineering 336 (2025) 121740

1000 T T T T T
/\ towed body - = = - towing carriage trajectory
towing rope 600 ' J " !
800 - b
-8l
- > 500 | :
600 [ 8
400 - 1
)
400 - o |
\ . 300 - 1
E \t',; £
g >
> 200 /! 200 |
{ A
»
0 '/ 8 100 - i
-200 - ] 0r 1
500
time (s
_1 00 1 L L ( \)
-400 ! : - ' - ! -100 0 100 200 300 400
-200 0 200 400 600 800 1000 1200 X (m)
X (m)
(a) (b)

Fig. 17. Motion trajectory of the towing system. (a) Results at 80-s interval; (b) Results at 3-s interval during the first 500 s.

Edition 2 standard (Burton et al., 2011):

)

where the reference turbulence intensity is given by I..; = 0.14. The
time-series wind speed and wave elevation for the first 10 min, along
with their respective spectra, are presented in Fig. 16. In the simula-
tion, the wind field is assumed to be spatially uniform, meaning that

5.6

—_— 26
Uoo(zh) ( )

I,= Iref<0.75 +

heave (m)

pitch (deg)

rear pressure (Pa)

front pressure (Pa)

wind speed does not vary with location during the towing process. Turb-
Sim (Jonkman, 2014) is used to generate time-series wind speed data,
and the aerodynamic loads on the wind turbine are computed using the
quasi-steady aerodynamic model, based on instantaneous relative wind
speeds and lift/drag coefficients by (3) and (4).

The current is assumed to be uniform with a speed of 1 m/s. Based on
these environmental settings, simulations are carried out and the trajec-
tory of the platform, including the position and the orientation at 80-s

roll (deg)

6

0 ><510 .
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[0

e
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Fig. 18. Comparison of the platform motion in heave, roll, and pitch, the pressures in buckets, and the towing force at the Northwest, Northeast, Southeast, and

Southwest sides.
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interval, is shown in Fig. 17(a). Owing to the thrust generated by winds
and current, the platform follows an elliptical path rather than a perfect
circle. The maneuvering behavior of the platform during the first 500 s
is illustrated in Fig. 17(b). It is observed that during the initial tran-
sient phase, the towed body exhibits oscillatory motion in its course,
which gradually converges, indicating that the towing operation main-
tains course stability under the given met-ocean conditions.

The platform motion in heave, roll, and pitch, the pressures in the
front bucket and one of the rear buckets, as well as the towing force
at the West, North, East, and South positions along the circular route,
are shown in Fig. 18. To eliminate the influence of the initial transient
phase, the results from the second full rotation of the circular towing
path are presented. At the West position, the heave motion and cais-
son pressures exhibit the largest fluctuations, as the encounter wave
frequencies closely match their natural frequencies. Moreover, large-
amplitude oscillations in the towing force are observed at the North and
East positions, where the force occasionally drops to zero. This behavior
can be attributed to the wind and current loads acting predominantly
on the lateral sides of the towed body, perpendicular to the towing di-
rection. Due to the strong coupling between towing force and pitch mo-
tion, the pitch exhibits larger fluctuations at the North and East positions
compared to other segments of the route. These findings highlight that
the dynamic response of the towing system can vary substantially with
changing sea directions. In extreme cases, such variations may even lead
to a loss of control over the towed body. Therefore, route planning and
towing speed optimization based on prevailing met-ocean conditions are
essential for safe and efficient towing operations.

5. Conclusion

In this study, a wet towing system was developed for a multi-bucket
jacket foundation wind turbine and evaluated through wave basin ex-
periments and numerical simulations. Experimental tests using a scaled
model were conducted to investigate the dynamic characteristics of the
system. A coupled aero-hydro-towing numerical model was developed
in Simulink, incorporating the effects of air compressibility within the
suction caissons. Linear and nonlinear damping coefficients were esti-
mated based on experimental measurements. The good agreement be-
tween experimental and simulation results validates both the parameter
estimation approach and the reliability of the numerical model.

To explore the system behavior under realistic conditions, a circu-
lar towing route was simulated, allowing analysis of system responses
under varying met-ocean environments. Based on the findings, several
important considerations are identified for future research:

e Pneumatic compressibility in the caissons not only weakens the
restoring capability but also alters damping characteristics. Specif-
ically, natural frequencies in the vertical directions are reduced by
approximately 3.5 %, while the damping factor decreases by 16 % in
heave and increases by 25 % in pitch.

e Caution is needed regarding scale effects introduced by suction cais-
sons in physical model tests. To preserve dynamic similarity, the heat
capacity ratio in the numerical model should be adjusted appropri-
ately.

e The proximity of the natural frequencies of the platform and pressure
surfaces to the wave excitation frequencies may lead to resonance
under heading wave conditions. Towing route optimization is critical
to enhance operational reliability.

Overall, this study presents a fast and practical simulation framework
for evaluating wet towing systems in realistic seaway conditions. Fu-
ture work will focus on developing path-following control strategies to
further improve towing performance and robustness.
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