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Abstract: The combination of aquaculture industry with floating offshore wind turbines has the
potential to generate significant economic advantages for both industries. To investigate this potential,
the present study focuses on analyzing the heave, and pitch dynamic responses of a Spar-type floating
offshore wind turbine that incorporates an aquaculture feeding system. A series of water tank model
tests, together with numerical calculations, were conducted using a 1/56 scale model of a 2 MW,
displacement 3500 tons, floating Spar-type wind turbine. The feeding system was placed inside the
Spar and slightly above the waterline by adjusting the configuration of the total weight. The weight
of the feeding system in the experiments is 100 tons, capable of sustaining 300 tons of fish for an entire
week, and the realistic applications have been expanded using the numerical calculation. For this
reason, the present study serves a good case study for general understanding, because the integration
of the feeding system inevitably raises the center of gravity of the structure and potentially affects its
overall stability. The experiments revealed no discernible increase in the heave motion. Moreover,
the pitch motion theoretically increased, but occasionally decreased in the experiments with the
overall inclination angles being less than 1.2 degrees during the experiments. As a result, the present
study supports the practice of integrating a Spar-type wind turbine with feeding systems. Future
research should continue to comprehensively examine, both experimentally and numerically, the
motion responses of the wind turbine and aquaculture facilities with varying configurations.

Keywords: fish feeder; offshore wind power; potential theory; water tank experiment; ocean space

utilization

1. Introduction

Offshore marine aquaculture, which is located in deeper and less protected areas
than coastal ones, gains increasing popularity as mariculture develops. Coastal marine
aquaculture suffers from self-pollution [1], and open ocean exhibits advantages regarding
the environmental burden of aquaculture operations. Open waters make fish farms and
cultivated fish more exposed to stronger oceanic currents and a greater variety of nutrient
fluxes [2], causing decreased pollution levels and increased oxygen availability [3].

One difficulty always faced by offshore aquaculture system lies in the construction
of a strong and resilient system that can withstand the harsh and extreme conditions of
open waters, particularly in the face of potential typhoon attacks. Recently, very large
offshore cages have been proposed and practiced in open waters. SalMar and its subsidiary
Ocean Farming, in Norway, are at the forefront of the commercial offshore aquaculture
industry [4]. Similarly, the Deep Blue 1, located at 222.2 km from the Dongjiakou Port,
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China, was reported to accommodate 200,000 salmon individuals [5]. Meanwhile, feeding
systems are required to upgrade due to the long distance from the coastline, such as the
usage of an automated feeder. For example, an automated buoy carrying feed of 750 kg
has been examined with a hybrid solar and wind power system [6]. Also, the concept
of an offshore aquaculture system using a floating feeding system connected via hoses
has been experimentally and numerically investigated [7]. However, these buoys have
not been utilized until now due to a lack of stable platforms. One potential solution is
the introduction of offshore wind energy, because the relatively stable structures of wind
turbines provide platforms for feeding systems.

Three conceptual plans have been proposed to integrate offshore wind energy and
aquaculture effectively, based on the engineering [8] and economic [9] feasibility of aqua-
culture cages implemented in offshore wind farm areas. The first plan involves placing
aquaculture facilities either at the foundations of wind turbines or in the space between
them. This concept entails installing aquaculture facilities adjacent to wind turbine foun-
dations, which can also serve as artificial fish reefs [10]. Importantly, this plan does not
require any modifications to the existing wind farms [11], even including operation and
maintenance such as crew transfer vessels, and meanwhile, aquaculture facilities can be
constructed to serve dual purposes—aquaculture activities and energy generation [12].
Examples include a combined structure of a fixed monopile wind turbine foundation
with a circular aquaculture cage [13]. The second plan involves modifying wind turbines
to incorporate aquaculture components. In this case, the design of wind turbines must
consider their dual purposes of generating energy and supporting aquaculture activities.
For example, space can be allocated for fish cages at the foundations of bottom-mounted
wind turbines [14]. Furthermore, it has been suggested that fish cages could be constructed
using the buoyant materials of floating wind turbines [15], to optimize the aquaculture
production and renewable energy usage in reality [16]. The third option involves utilizing
wind turbines to generate power specifically for large-scale offshore aquaculture farms [17].
In this scenario, the electricity generated by wind turbines is stored and utilized locally,
without being transferred to land [18]. These approaches can enable the automation and
remote control of aquaculture operations using wind-generated power [19,20].

Among the above conceptual plans, current studies have extensively examined the
second one, i.e., by modifying wind turbines to incorporate aquaculture components. Li
et al. introduced a novel integrated design which combines a jacket-supported offshore
wind turbine with an adjustable steel cage [21]. Compared to the bottom-mounted type of
offshore wind turbines, its floating type shows higher adaptability. Zheng et al. introduced
a novel concept of integrating floating wind-solar energy with aquaculture. They incor-
porated multi vertical-axis wind turbines (VAWT) and solar panels with a steel fish cage
and examined the nonlinear stochastic responses of this system to wind-wave actions [22].
However, the horizontal axis wind turbines are still the most used because of their efficiency
and reliability compared to VAWTs. Cao et al. experimentally examined an innovative
semi-submersible floating wind turbine with aquaculture cages [23]. Subsequently, Lei et al.
numerically validated the dynamic responses of a floating offshore wind turbine settled on
a steel fish cage [24]. More recently, shared mooring lines have also been focused on, and
for example, the effects of shared mooring lines have been numerically examined on the
hydrodynamic response of a Spar-type wind turbine combined with a semi-submersible
fish cage [25].

However, the impacts of feeding systems have not been fully investigated yet. Herein,
we propose an offshore wind turbine-aquaculture system with a Spar-type floating wind
turbine in its center (Figure 1: Al picture made by the Adobe Firefly). This figure illustrates
a feeding system for submersible fish cages, which is a more practical integration approach.
However, the purpose of this study is to examine how the integration could impact the
Spar’s motion. As a result, the feeding system was intended to be positioned above the
water’s surface; Section 2 provides further information on this. The Spar-type has been
selected because it has higher sensitivity to the effects of additional feeding systems when
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compared to the other types. Fish farms are separately situated to form a multibody floating
system, considering practical operations and maintenance. The current project aims to
propose a practical integrated system with a minimal effect to wind turbines. Particularly,
the introduction of additional components like feeding systems (consisting of feeders, silos,
and other equipment) might elevate the floating wind turbine’s center of gravity. The
change could potentially impact the turbine’s static and dynamic stability in waves. In
this work, we performed water tank experiments to understand how a feeding system
attached to a Spar-type floating wind turbine influences its motions in regular waves, and
we discussed the results with numerical calculations.

Figure 1. Conceptual figure of an offshore wind turbine-aquaculture system.

2. Water Tank Experiment
2.1. Model Specifications

The target offshore floating wind turbine is based on Japan’s inaugural and economi-
cally viable floating wind farm—the “Sakiyama 2 MW Floating Offshore Wind Farm”—in
Goto City, Nagasaki Prefecture [26-29]. The wind turbine itself is a Spar-type floating struc-
ture with a displacement capacity of 3500 tons, secured in position through a three-point
catenary mooring system (Table 1). The Spar-type floating structure consists of two cylindri-
cal pipes, and these pipes are connected by a cone-shape pipe. All distances and heights are
calculated based on the bottom of the Spar. Three identical chains of different lengths were
used in the experiment. In this study, we investigated hydrodynamic responses without
wind load, and therefore, the scaled model was built based on the prototype without blade
segments. The Froude number with a scale ratio of 1/56, given the size of the water tank
as in Section 2.2, was considered in the model construction (Table 1). The model was
assumed to be a rigid body without hydroelasticity, ignoring the similarity of structural
stiffness. Also, the viscosity on the surface of the scaled model was not reproduced due
to the difference in Reynolds number between a scaled and full-scale floating structure.
Polyvinyl chloride pipes were selected to make the model given the material’s commercial
availability and the relative ease of construction.

The feeding system is an essential component of the offshore wind turbine-aquaculture
system, and investigations have been conducted on how the installation of the feeding
system affects the motion of the floating wind turbine. The scaled feeding system adopted
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a 1/56 scale ratio following that of the Spar, and a 100-ton feeding system was assumed in
the experiments (Table 1). The mass of the feeding system encompasses 50 tons of inherent
self-weight and an additional 50 tons of food provisions. Note that this amount of food
is roughly equivalent to what is required to feed 300 tons of farmed fish for at least one
week. Because the maximum biomass of a general 20 m diameter cage is approximately
100 tons, three cages can be installed near the floating wind turbine. The feeding system,
being placed slightly above the water surface to study the effects on the Spar’s motion,
can be installed inside or outside the wind turbine’s tower. We opted the inside type to
minimize the impacts on the wind resistance of the Spar. The motion responses of the
floating body are inevitably influenced due to the installation of feeding systems and
subsequent modification on the floating body’s center of gravity.

Table 1. Specifications of the full-scale and scaled model structure [29].

Items Units Full-Scale Model = Scaled Model (1/56)
Spar-type floating structure

Diameter (upper cylindrical pipe) m 4.8 0.09
Diameter (lower cylindrical pipe) m 7.8 0.14
Depth of the cone’s upper end m 4.0 0.07
Depth of the cone’s lower end m 10.0 0.18
Draft m 76.0 1.36
Displacement tons 3501.0 0.02
Freeboard m 16.0 0.29
Center height of floatation m 35.0 0.63
Center height of gravity m 28.5 0.51
Mooring system

Chain mass (in air) kg/m 348.5 0.112
Chain diameter mm 132.0 2.370
The length of chain #1 and #3 m 365.0 6.540
The length of chain #2 m 355.0 6.360
Feeding system

Total mass tonsorg 100 tons 561 g
Initial height from the water surface m 1.0 0.02
Second height from the water " 6.0 0.10
surface

Third height from the water surface m 12.0 0.20

In this work, different installation heights were prepared to meet the requirements of
various cage types, such as floated or submerged cages. The full-scale installation height
was initially set to 1.0 m above the water surface, to analyze the effects of its installation
on the Spar’s motions. Subsequently, the full-scale installation heights were adjusted
to 6.0 m and 12.0 m, respectively, to investigate the effects of installation heights on the
Spar’s motions.

2.2. Experimental Conditions

Experiments were conducted in the Ocean Engineering Basin at the Institute of Indus-
trial Science, the University of Tokyo. The water tank is 50.0 m in length, 10.0 m in width,
and 5.0 m in depth. Considering the full-scale installation depth at approximately 100 m,
the experimental water depth was set to 1.8 m by elevating the tank floor (Figures 2 and 3).
The mooring system for the model replicated the actual three-point catenary mooring
system with three 10 kg anchors. The effects of feeding systems were introduced via weight
re-configuration, where the total weight and displacement of the Spar model remained
identical. Note that the upper cylindrical pipe includes the draft of floating foundations
and the hub of the Spar, based on the convenience of the model construction.
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Figure 2. Schematic diagram of the experimental setup with (a) top and (b) side views, and (c) speci-
fication of the Spar model and images of feeding systems with three installation heights.

Figure 3. Example photo of the Spar model and ancillary equipment in the experiments.

The typical period between actual ocean waves is 3 s to 15 s, and long wave periods
lasting more than 30 s can be induced by fluctuations in atmospheric pressure [26]. Fol-
lowing Froude’s model law and the scale ratio of 1/56 here, the wave period of 5.25 s to
30 s in the real sea, which already includes both normal and extreme weather conditions,
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corresponds to that of 0.7 s to 4.0 s in the model experiments. Therefore, using the wave
generator on the other side of the water tank, experimental wave conditions were set with
wave periods ranging from 0.7 s to 4.0 s (Table 2).

Table 2. Experimental wave conditions. The wave heights were directly measured and used in the
following analysis.

No. 1 2 3 4 5 6 7 8 9 10 11 12
Wave period(s) 07 08 09 10 12 16 20 24 28 32 36 40

Wa"(i:r‘slght 48 41 50 44 49 53 44 33 24 19 11 24

To monitor the Spar’s motions, a handmade and already validated accelerometer was
utilized [30]. The accelerometer was placed 48 cm above the water surface and enabled
measurement of acceleration in the vertical (heave) direction. On the other hand, the pitch
rotational angle was determined by measuring the distance between the center of gravity
of the Spar and the stable reference (e.g., the green frame in Figure 3) in the horizontal
direction, because the center of rotation and the center of gravity corresponded in this case.
The recorded videos from the video camera made the analysis possible (Figure 2). Although
a ruler was placed next to the Spar to minimize the errors as much as possible, the visual
analysis must contain measurement errors. In addition, because the camera recorded every
movement made by the Spar during the experiments, the heave motion was also analyzed.

3. Numerical Calculation
3.1. Calculation Equations

The linear potential theory has been adopted for the three-dimensional calculation in
this study [7]. A velocity potential (¢) is introduced when the fluid is considered inviscid,
incompressible, and irrotational, and satisfies the Laplace equation following the continuity
equation in the fluid (Equation (1)). The free surface wave theory is satisfied at the mean
free surface (Equation (2)), and no flow passes through the bottom ( is water depth;
Equation (3)) and the surface of the Spar (Equation (4)). In addition, the Sommerfeld
condition is satisfied at the far field.

V¢2:0for0 >z > —h, (1)
2
% _ WP gonz—o, @)
oz g
o9 _ _
g—Oonz——h, 3)
o
3= V-n on the Spar surface 4)

where w is wave angular frequency; g is gravitational acceleration; V is velocity vector; and
n are normal vectors on the Spar surface.

Strictly speaking, the first-order complex potential within the linear theory can be
decomposed into the potential of the incident wave, the scattered potential (due to the Spar
scattering the incident waves), and the radiation potential (due to the oscillatory motion
of the Spar). The incident wave potential can be theoretically calculated, whereas the
other components must be solved numerically. For the convenience, we define diffraction
potential as the sum of the incident wave potential and the scattered potential. By applying
the linearized Bernoulli equation, the first-order hydrodynamic pressure distribution can
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be estimated, and by further integrating pressure over the surface of the Spar, the first-order
hydrodynamic forces can be obtained (Equation (5)). These are the wave exciting force (FE;
including Froude-Krylov force and wave diffraction force) based on diffraction potential,
and the radiation force (FR) based on radiation potential. Similarly, hydrostatic restoring
force (F), forcing the Spar’s heave, roll and pitch motions to its equilibrium position when
disturbed by the external forces, can be obtained from the hydrostatic pressure based on
motion displacement.

F=rF4+ R4S+ M (5)

where F represents the total force acting on the Spar in waves, and FM is the tension force
of the mooring lines. Although the above experiments adopted the three-point catenary
mooring system, the dynamic behavior of mooring lines has not been completely simulated
yet due to the deep water and variation of line properties [31]. Therefore, we manually fine-
tuned the wave period-dependent coefficients of the mooring lines (Kj;) [32,33], to match
the numerical heave and pitch motions with the experimental ones. The motion equation is
obtained by substituting the above forces into Newton’s second law (Equation (6)).

6 . . .
Y [(Mij + Ay)i; + By + Gy + Kijyj| = F, i=1,2,...,6 (6)

where 77; represents the amplitude of the six-degree of freedom motions of the Spar, M;; is
the Spar’s inertia matrix including moments of inertia for rotational modes, A;; is the added
mass coefficient matrix, B;; is the damping coefficient matrix, and Cj; is the restoring force
coefficient matrix. As for the present investigation, the installation of the feeding system
will change the draft of the Spar, which affects the external forces shown in Equation (5),
and also may influence the mass and damping coefficient in Equation (6). Also, Equation (6)
is an equation of motion around the center of gravity [34]. Although the Spar’s total draft
remains the same, adding a feeding system may ultimately result in a difference in Spar’s
motion responses.

3.2. Computational Conditions

We applied the previously practiced algorithm to the Spar [32,33]. This algorithm
adopts the panel method—a numerical approximation. It divides the surface of the Spar
into multiple discrete elements, with the flow elements satisfying the given boundary
conditions. In the calculation process (e.g., the integration of pressure distribution), each
panel is represented by its center point with an assumption of constant values for the
unknown flow elements (e.g., velocity potentials, and normal vectors).

The point system of the Spar’s surface (Figure 4) was created using the open-source
code published by Ocean Engineering Committee of Japan Society of Naval Architects and
Ocean Engineers (JASNAOE) [35]. The numerical Spar (Figure 4a) follows the experimental
model (Figure 2c), but only the underwater part (Figure 4b) has been considered in the
calculation. Moreover, just one-fourth of the Spar (Figure 4b) is sufficient for the calculation
due to its axisymmetric surface, and the convergence of the mesh system has been confirmed
separately. Note that the potential theory only considers the underwater part of the Spar,
and because the Spar is axisymmetric, just one-fourth of the Spar is sufficient for the
calculation. More importantly, the Spar basically consists of two right circular cylinders,
and thus, the essential parameters can be directly calculated, including the moment of
inertia around x, ¥, and z axes assuming that the weights are uniformly distributed, and
longitudinal and transverse metacentric heights from the gravity center. The open-source
code [34] published by JASNAOE was utilized in the simulation process. Additionally,
the gravity center was manually determined following the height of the feeding systems
(Tables 3 and 4). Note that installation heights of the feeding system (above the waterline)
are based on the full-scale model (Table 1). The heights of the gravity center are calculated
based on the bottom of the Spar’s experimental model. On the other hand, the waves based
on the experimental wave periods adopted the linear deep-wave theory.
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Figure 4. Images of (a) the Spar and (b) point system in the calculation.
Table 3. The gravity center for the numerical calculation following the experimental setup.
The Height of the Feeding System [m] The Height of the Gravity Center [m]
none 0.511
1 0.534
6 0.537
12 0.540

Table 4. The gravity center and metacentric height for the numerical calculation in different feeding
system weight.

Feeding System Feeding System The Height of the Metacentric Height
Weight [tons] Weight of Model [kg]  Gravity Center [m] (GM) [m]
none none 0.511 0.119
100 0.57 0.534 0.094
200 1.14 0.562 0.068
300 171 0.590 0.041
400 2.29 0.618 0.012

4. Results and Discussion
4.1. Experimental Results

The Spar’s motions were analyzed based on the recorded videos (Figure 5). Note that
installation heights of the feeding system (above the waterline) are based on the full-scale
model (Table 1). The peak of the heave motion occurred at approximately 3.6 s and was
almost not affected by the installation of the feeding systems given the measurement error.
Compared to the heave motion, the pitch was more affected by the existence of the feeding
systems. Additionally, there appears to be a little but noticeable correlation between the
installation heights of the feeding system and the inclination angle. However, all inclination
angles were below 1.2 degrees during the experimental wave periods. Because power
generation efficiency only decreases when the inclination angle exceeds 5 degrees [36],
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the impact of the feeding system on the Spar was essentially negligible in the current

installation.
(a) 16 - & - Spar without feeding systems i i (b) - © - Spar without feeding systems
14 —e—Spar with a feeding system at 1m - ':" """ : T 0.2 | —®—Spar with a feeding system at Im

=) 12 —e—Spar with a feeding systematém | '@ ' \ Qo —&—Spar with a feeding system at 6m
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Figure 5. The measured heave (a) and pitch (b) motion of the Spar with different installation heights
of the feeding system.

4.2. Numerical Validation

We then validated the numerical results (denoted as ‘Cal.” in the legend) using the
experimental ones (Figure 6). Note that the numerical calculations output the nondimen-
sional motion amplitude [32,33], also known as response amplitude operator (RAO), and
thus, the experimental results have been re-calculated to meet the comparable format. The
heave RAO is nondimensionalized by incident wave height as 73/, and the pitch RAO is
nondimensionalized as #5L/ 7t{,. The peak of the heave motion was numerically estimated
at 3.6 s, matching the experimental outcomes, and the calculated heave RAO has been
reproduced after tuning the coefficients of the mooring lines. Similarly, the pitch RAO was
also successfully reproduced. Although the lack of data prevented a direct comparison of
the coefficient values with the mooring forces, the parameterization approach has been
widely practiced and readily validated [32,33]. However, particular in this study, this
approach partially compensated for the rough estimation in the moment of inertia, and
more generally, this approach partially compensated for the potential theory’s assumption
that the eddies surrounding the Spar are numerically excluded.

(a) 40 (b) g5
3.5
| 020 [ o Exp. —cal |
3.0
g 25 So01s
020 =
> [
E 15 £0.10
1.0 0.05
0.5 13.2
0.0 0.00
0 1 ) 3 4 0 1 2 3 4

T[s] T[s]
Figure 6. Comparison of the experimental and numerical results on (a) heave and (b) pitch response
amplitude operator (RAO) without the installation of the feeding systems.

To further examine the effects of the numerical assumption, we double-checked the
heave acceleration results using the direct measurements by the accelerometer sensor,
calculation results from the observed heave motion (Figure 5a), and numerical calculation
results (Figure 7). Generally, two experimental results were consistent and can be mutually
verified, and therefore, there was high reliability in the numerical results. However, closer
examination of the results revealed the possibility of complex motions in short-period



J. Mar. Sci. Eng. 2024, 12,1329 10 of 14

waves, typically less than 2.0 s. Note that the wave periods up to 2.0 s here extended to
approximately 14 s in a full-scale scenario, almost covering the typical wave periods en-
countered in the seas surrounding Japan. As a result, the current framework still possesses
uncertainty in directly applying the results to the integration of the Spar with aquaculture
facilities in Japan. Further improvements are still encouraged on the experimental and
numerical accuracy in short-period waves.

0.50 O Exp. (calculated from the motion)
& ¢ Exp. (accelerometer results)
E 040 —Cal.
=
2
= 030
]
E
2 0.20
<P
=
S 0.10
m -

0.00

0 1 2 3 4

T[s]

Figure 7. Comparison results of experimental and numerical results on heave acceleration without
the installation of the feeding system, using the direct measurements by the accelerometer sensor,
calculation results from the observed heave motion (Figure 5a), and numerical calculation results.

4.3. Numerical Scenarios

The effects of the feeding systems’ installation heights were numerically confirmed
on both motions (Figure 8). As a result, the changing tendency were identical with but
clearer than the experimental ones. First, no changes were found in the heave RAO,
including its natural period (Figure 8a). Therefore, the large variation after installing the
feeding system in the experiments is possibly due to the factors beyond the scope of this
calculation, such as eddies (Figure 5a). Second, the pitch motion increased to some degree
especially in long-period waves (Figure 8b), which is identical to the finding from the
experiments but can be theoretically explained in this case. The installation heights of the
feeding systems only shifted the gravity center upward. As the gravity center ascended,
its corresponding rotation center (including the rotation center of pitch motion under this
framework) concurrently ascended, and ultimately accelerated the rotation movement
when the rotation center is above the gravity center. Although the coefficients of the
mooring lines might vary depending on the center height of gravity, its effects should be
insignificant for these scenarios because of the insignificant changes in the gravity center.

(a) (b)
50 — _ 035 < Spar W@thout fee_ding systems
< Spar without feeding systems ——Spar with a feeding system at 1.0 m (Cal.)
40 | — Spar with a feeding system at 1.0 m (Cal.) 0.30 | — spar with a feeding system at 6.0 m (Cal.)
o : ——Spar with a feeding system at 6.0 m (Cal.) ) 025 | —Spar with a feeding system at 12.0 m (Cal.)
—Spar with a feeding system at 12.0 m (Cal.) R A Spar with a feeding system at 1.0 m (Exp.)
é 3.0 A Spar w!th a feed!ug system at 1.0 m (Exp.) é 0.20 A Spar with a feeding system at 6.0 m (Exp.) (o)
¢ A Spar with a feeding system at 6.0 m (Exp.) A = 015 A Spar with a feeding system at 12.0 m (Exp.) A
g20 A Spar with a feeding system at 12.0 m (Exp.) A TS A
= A & 0.10 - A
1.0 O
ARG 0.05 Mm
0.0 AARK ' 0.00
0 0.5 1 1.5 2 25 3 3.5 4 0 0.5 1 1.5 2.5 3 3.5 4
T[s]

Figure 8. The experimental and numerical results of heave (a) and pitch (b) motion of the Spar with
different installation heights of the feeding system.
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4.4. Potential Applications

Note that the above experiments and calculations adopted an assumption that the total
weight and displacement of the Spar remained identical before and after the installation of
the feeding system. This assumption is achievable by adjusting the ballast water during
the real operation, but the following concern is the load capacity of the feeding system.
Considering the workload of supplying feed to offshore wind turbines, it is desired to
load as much compound feed as possible during the real operation. Given the identical
requirement that the feeding system should be placed slightly above the waterline, e.g., at
1.0 m above the waterline because essentially no differences until 12 m existed (Figure 8b),
the maximum load capacity of the feeding system has been discussed based on the effects
on Spar’s pitch motion because its heave motion was less affected (Figure 8a). Note that
the installation heights of the feeding system (above the waterline) in Figure 8 are based on
the full-scale model (Table 1).

The discussion included two steps. First, the hydrostatic analysis was conducted using
the center height of floatation and gravity (Table 1). Because the hydrostatic restoring force
requires a lower center of gravity than floatation (GM > 0), the maximum load capacity
(when the gravity center matches that of floatation) was calculated to be approximately
400 tons based on the full-scale model. Second, the pitch RAO was calculated under the
current framework, assuming that the wave period-dependent coefficients of the mooring
lines remained identical (Figure 9). Note that the weights of the feeding systems are based
on the full-scale model, and the increase in pitch RAO was calculated based on the Spar’s
pitch motion without feeding systems (Figure 6b). Unsurprisingly, the pitch motion had
a significant increase when the center of gravity and floatation was overlapped (i.e., the
weight of the feeding system is 400 tons). Although the assumption on the coefficients
of the mooring lines affects the value of the pitch RAO, the tendency of the increasing
pitch motion remains unchanged. More specifically, the wave period-dependent pitch RAO
were generally identical for the feeding systems at 100 and 200 tons. However, the pitch
RAOQO with the feeding system at 300 tons showed an abrupt increase in short-period waves.
Compared to the Spar’s pitch motion without feeding systems, the pitch motion increased
by 10% to 40% with a 100-tons feeding system and by 35% to 160% with a 200-tons feeding
system across different wave periods. From the perspective of motion in the waves, the
100-tons feeding system, which constitutes 3% of the Spar’s displacement loaded into the
waterline, is feasible.

b
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Figure 9. The predicted pitch motion (a) and increase in pitch RAO (b) of the Spar with different
weights of the feeding systems when being placed at 1.0 m above the waterline, with an assumption
that the coefficients of the mooring lines remain identical.

Although the present results on the integration of the Spar with the feeding systems
appear promising, there are certain challenges that still need to be noticed. First, only the
position of the feeding system was variable in this study, and the center of gravity remained
fixed during experiments. Actually, the mass of feed constantly changes during aquaculture
operations, and the inclination of the wind turbine may cause the feed to roll, potentially
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affecting the center height of gravity. Second, although the Spar-type is sensitive to the
effects of an added feeding system when compared to other types, its size and displacement
are continuously increasing. Whether a larger Spar model, possibly with another shape, is
suitable for the integration with aquaculture facilities remains unknown. However, with
the expected increase in offshore aquaculture production, it is worth considering the critical
case when the motion responses of a floating offshore wind turbine are affected by the
installation of a feeding system. As a result, further research should further investigate the
additional effects of combining aquaculture facilities with the Spar.

A vital area for future research might also include the exploration of the interactions
between fish cages and wind turbines in waves. The hydrodynamic interaction between
these structures in waves presents a complex scenario that needs thorough numerical
and experimental investigation. Future studies could focus on understanding how wave-
induced motions affect both the stability and efficiency of wind turbines, as well as the
safety and productivity of fish cages. By delving into these aspects, the aim is to develop
optimized designs and operational strategies that ensure maximum productivity and
minimal operational risks.

5. Conclusions

This study aimed to evaluate the motion responses of a Spar-type floating wind turbine
experimentally and numerically in the presence of an attached feeding system. Following
the experimental conditions, a 100-tons feeding system was hypothetically mounted on a 2
MW Spar-type floating wind turbine that possessed a displacement capacity of 3500 tons.
The experimental results assisted in the validation of the numerical calculation, and the
calculation expanded the scenarios for the realistic operation. The main findings have been
summarized as follows.

(1) Compared to the large variations in the experimental results, the numerical results
exhibited a clearer changing tendency.

(2) Both experimental and numerical results indicated that the heave motion was essen-
tially not affected by the installation of the feeding system.

(3) Although the presence of the feeding system theoretically resulted in an increase in the
Spar’s pitch motion, occasional decreases were found in the experiments due possibly
to the effects of eddies. However, the overall inclination angle in the experiments did
not exceed 1.2 degrees during the experimental wave periods, indicating a negligible
impact of the current feeding system on the Spar’s motion.

As a conclusion, the results promote the feasibility of an offshore wind turbine-
aquaculture system and encourage the further examination on the additional effects of
combining aquaculture facilities with the Spar.
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Nomenclature

Ajj added mass coefficient matrix
Bjj damping coefficient matrix

Gij restoring force coefficient matrix
Fg external force acting on six DoF

GM  center of gravity

g gravitational acceleration
h water depth

Kjj mooring line coefficient
L representative diameter of Spar
M;; inertia matrix

n normal vector

T wave period

Trear  converted wave period
Vv velocity vector

x,Y,z coordinates

;i six DoF motions
¢ velocity potential
Ca incident wave height
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