
����������
�������

Citation: Qu, X.; Yao, Y. Numerical

and Experimental Study of

Hydrodynamic Response for a Novel

Buoyancy-Distributed Floating

Foundation Based on the Potential

Theory. J. Mar. Sci. Eng. 2022, 10, 292.

https://doi.org/10.3390/

jmse10020292

Academic Editor: Spyros A.

Mavrakos

Received: 7 January 2022

Accepted: 17 February 2022

Published: 19 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

Numerical and Experimental Study of Hydrodynamic Response
for a Novel Buoyancy-Distributed Floating Foundation Based
on the Potential Theory
Xiaobin Qu and Yingxue Yao *

School of Mechanical Engineering and Automation, Harbin Institute of Technology (Shenzhen),
Shenzhen 518055, China; quxiaobin@stu.hit.edu.cn
* Correspondence: yyx@hit.edu.cn

Abstract: Floating foundations play a vital role in exploring offshore energy. After analyzing various
floating foundation concepts, this paper presents a novel buoyancy-distributed floating foundation
(BDFF) inspired by the decentralized concept. The calculations of a floating system based on the
BDFF design were performed for a series of wave conditions. The potential theory and the boundary
element method (BEM) were used in the numerical progress. A broader view was focused on
the impacts of wave frequency and wave directions on the system. The proposed floating system
was further validated through wave tests in a wave tank, showing that the potential theory can
satisfactorily predict the RAOs in regular waves. Moreover, numerical results and experimental
results were compared with a conventional SPAR. Finally, the coupling relationship between six
degrees of freedom was described.

Keywords: hydrodynamic responses; buoyancy distributed; hexagonal grid structure

1. Introduction

Currently, renewable energy is the most effective way to achieve “carbon peak” and
“carbon neutralization” for a low-carbon future. Floating foundations are major supporting
platforms for exploring offshore renewable energy, which is still in its infancy. Europe has
launched the Wind Power Initiative to provide technical and market support for harnessing
deep-water winds as early as 2010 [1]. In addition, the governments of France, Portugal,
and Norway have provided financial support for deep-water wind projects. Japan and
the USA are following the pace of Europe to study deep floating wind closely. After the
Fukushima nuclear power plant accident in 2011, Japan switched from nuclear energy to
offshore wind energy for a long-term layout. Japan has carried out experimental research
on different types of full-scale offshore wind farms with a total installed capacity of 12 MW.
The demonstration wind farm worldwide has strongly promoted its commercialization
process and competed with the fixed foundation in cost.

A floating offshore platform can majorly be broken down into several systems: A
mooring system, a floating foundation (sometimes containing a ballast system), and a
superstructure (e.g., a wind turbine). The floating foundation plays a crucial role in
developing offshore wind farms. There are four types of floating foundation: The barge
type, the SPAR type, the TLP type, and the semi-submersible type. The barge has a large
cut-water plane whose hydrodynamic performance is similar to semi-submersible. The
SPAR is stabilized by ballasts with low COG while the TLP is balanced by tensioned
mooring cables with elastic characteristics. The SPAR with catenary mooring lines and the
TLP with taut mooring lines are both semi-submersible floating foundations in a broad
sense [2]. There exist various conceptions among the four types. BlueWater-TLP, Iberdrola
TLPWIND, and PelaStar are comprised of a central column floater and three, four, and
five cantilever floaters, respectively [3–5]. In order to remove the transportation cost of
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temporary ballasts and reduce the damage to the seabed, a lowerable steel concrete anchor
and gravity anchor was incorporated like Diwets [6] and GICONrSOF [7]. Similarly, a self-
installing floating wind turbine was researched by Iv-Groep company; its anchors can be
raised and lowered through tension mooring lines to meet the water depth requirements [8].
The TLP can be installed in a wide water depth range, while the SPAR can only be applied
to deep-water areas. The structural design of SPAR is not convenient for manufacturing,
transportation, and installation. The Hywind developed by Equinor company (formerly
Statoil) has been put into use in the offshore wind farm [9]. The SWAY proposed by
Norway’s Inocean company adopts a single rigid mooring pipe instead of catenary mooring,
which significantly reduces the mooring cost [10].

Compared with the TLP and the SPAR, the barge is simple in structure, but it is prone to
extreme pitch angles under extreme wave load [11]. BW Ideol has manufactured a floating
barge FLOATGEN with a central damping pool (also called moon pool) and installed
prototypes in France and Japan, respectively [12]. Among all the floating conceptions,
the semi-submersible is the most studied due to the structural diversity. The Dutch Tri-
floater [13] and OC4-DeepCWind [14] consist of three column floaters located at the vertices
of an equilateral triangle at whose center an HVWT stands while the Nautilus [15] comprises
four-column floaters. Furthermore, the WindFloat [16], W2power [17], and WindSea
Floater [18] are equipped with one, two, and three HVWTs on one, two, and three floaters
of the triangle, respectively, instead of the center of the triangle, resulting in asymmetry in
structure and quality, which was balanced by an active ballast system. To avoid fatigue
fracture under long-term load, the girders connecting floaters can be replaced by bottom
rectangular ballast tanks like Shimpuu [2], Tri-Floater[19], and OO Star [20]. The structural
stiffness and stability can be improved by increasing the connecting rods or inclining
the floaters, such as the TwinWind [21] and WindFlo [22]. The floating wind turbines
mentioned above are listed in Table 1.

Table 1. Conceptions of different types of floating foundations.

Stabilized Conception Example

Tension TLP BlueWater-TLP, Iberdrola TLPWIND, PelaStar
Diwets, GICONr-SOF

Ballast SPAR Hywind, SWAY
Buoyancy Barge Floatgen, WindBarge

Semi-submersible Tri-floater, OC4-DeepCWind, Nautilus, WindFloat
W2Power, WindSea FLoater, Shimpuu, Tri-Floater
OO-Star, Sea-Reed, Sea Flower, TwinWind, WindFlo

This paper introduced a novel concept of the buoyancy-distributed floating foundation.
A BDFF is a foundation whose buoyancy is provided by many identical floaters connected
by girders or themselves in specific patterns. It deals with a crucial challenge: When
one of the floaters fails, it does not imply the entire foundation fails. Meanwhile, the
cut-water plane area can be effectively decreased by increasing the number of floaters.
Some existing designs can be roughly regarded as a BDFF. The SATH with a single-point
mooring designed by the Saitec company in Spain is a somewhat simplified BDFF with two
identical horizontal concrete floaters connected to the heave plate at the bottom through
a frame [23]. Moreover, the SBM-offshore conception with three tension legs consists of
four identical floaters: A central floater and the other three are side floaters. The floaters
below the waterline and the HVWT above the waterline are connected by girders, on
which the hydrodynamic effect of wave load on the BDFF is not evident due to the small
cut-water plane area. Moreover, up to six identical floaters with catenary mooring cables
are based on the semi-submersible OC4-Deepwind model as studied by Liu et al. on the
seakeeping performance of the structure when the total mass remains unchanged. The
results show that the dynamics of the surge, heave, and pitch of the BDFF can be improved
when the cut-water plane area decreases, i.e., the number of offset floats increases from 3
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to 6 [24]. Similarly, the GICON company designed a TLP-based BDFF named GICON-TLP,
the total buoyancy of which comes from eight modular cylindrical floaters. In order to
achieve stability during transportation, installation, and service, the cutwater plane area
was minimized [25].

The number of floaters in the BDFF mentioned above is not large. The floating dock,
mainly for recreational boating and fishing, consisting of numerous HDPE pontoon cubes,
is an excellent presentation of the BDFF. However, the cubes are connected tightly so
that the cut-water plane area is relatively large, and the wave response is vast due to a
weak stiffness. This kind of BDFF can be used in floating photo-voltaic power systems in
still waters [26]. A modular floating platform with distributed buoyancy is proposed by
KİLİT Ö. [27]. In his scheme, a three-layer swing arm is utilized to connect the deck and
the floaters through universal joints. The connection allows the floaters to rotate flexibly
in waves and minimize shaking and tilting caused by waves. The main advantage of this
BDFF is that it can automatically maintain its near horizontal position in the rough sea
without using any power supply. Because of the flexible design, the overall structural
stiffness is insufficient to support large loads. As a special BDFF, the pneumatic stabilized
platform comprises large numbers of interconnected air tanks with the bottom open for
the water. Each air storage tank is equivalent to a cylinder floater. By virtue of a small
cut-water plane and exchanged air design, it can be deployed in deep waters with bad
sea conditions [28]. It can also be equipped with wave energy converters [29], a wind
turbine [30], and solar panels [31]. The differences of cut-water plane areas are presented
in Figure 1.

Figure 1. The area of cut-water plane varying with floating types without showing mooring lines.

Computational fluid dynamics (CFD) based on Navier–Stokes equations are widely
used in marine engineering to simulate the free-stream flow and the wave–body interaction.
CFD is a mesh-based method under the Eulerian frame. The fluid domain needs to be
divided into large quantities of discrete subdomains. The common discrete methods include
finite volume methods (FVM), finite element methods (FEM), and boundary element
methods (BEM). The FVM is a versatile method dominating the fluid flow problems [32,33].
The level set method (LSM) or volume of fluid (VOF) should be combined to capture
the fluid–structure interaction. The FEM and FVM often suffers from difficulties like
the continuous mesh deformation and distortion which make the solving progress time-
consuming. The Arbitrary Lagrangian-Eulerian (ALE) based FEM [34] can handle the great
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distortion of the computational mesh. The BEM can save memory and computational time
since the numerical solution are obtained from the boundary integral [35]. In contrast to
CFD, the smoothed particle hydrodynamics (SPH) [36] is a mesh-free Lagrangian method
suitable for complex free-surface flows. However, the SPH is difficult to converge since it
can be influenced by particle disorder and have poor accuracy of spatial gradients. The
coupled SPH-DEM [37] and coupled SPH-FEM [38] are promising since the fluid-particle
coupling problems can be solved without considering additional numerical techniques and
different advantages can be integrated in the hybrid methods. Herein, the BEM is applied
to investigate the wave–body interaction due to its high efficiency. The wave-structure-
interaction plays a crucial role in investigating the structural response, especially under
extreme wave conditions [39]. In addition, the hydrodynamic effects on the fluid–structure
interaction taking the connection flexibility and structural deformation into account are
described by Istrati et al. [40], which provides a good reference for follow-up research.

In this paper, a floating system based on the BDFF consisting of many identical floaters
was investigated. Section 2 describes the floating system as well as the BDFF. Section 3 gives
the potential theory background, which includes BEM and 3D panel methods. Section 4 is
the comparison between experimental studies and simulations for verifying the proposed
model. Section 5 contains the key conclusions of this paper and future research directions.

2. Model Description

The floating system consists of the BDFF, an HVWT, the ballast, and mooring lines.
The BDFF here is characterized by two components, i.e., the mid-floater and the com-floater,
whose modularity is graphed in Figure 2.

Figure 2. Sketch of the BDFF consisting of mid-floaters and com-floaters.

For a three-layer BDFF, the com-floaters are located at the upper and lower layer, while
the mid-floaters are arranged in the middle layer. The entire structure can be considered
as a grid structure with honeycombs both in front and top view, which contributes to the
overall stiffness. During the construction, there is no need to rent a yard. All the floaters can
be built entirely at the factory, transported with the existing logistics system, and assembled
at the quayside. The modular design can make full use of the advantages of industrialized
mass production. Meanwhile, the on-site operation time is considerably shortened, which
effectively reduces the radical cost. Furthermore, similar to building blocks, the BDFF can
be expanded in three directions. Compared to the SPAR and semi-submersible, the main
benefits of the BDFF are the scalability and flexibility, providing a large deck area where
the new energy equipment (e.g., the offshore hydrogen production equipment and the
seawater desalination equipment) can be installed. As illustrated in Figure 3, the mid- and
com-floater are different configurations but have identical key parameters: The diameter of
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spherical part d1 and the diameter of cylindrical part d2, which are connected with specific
rules. The com-floaters are included for assembly-supporting and upper connection with
one cylinder facing the horizontal plane of the assembly. In addition, the number of the
middle layer depends on the carrying capacity and the demand of the deck area since more
than one middle layer can be deployed between the upper and lower layer. Therefore, the
load capacity can be maintained by adjusting the middle layer and the size of each layer.
If the length and width of each layer increase, the middle layers should be cut down or
omitted. In this paper, we omitted the mid-floaters to obtain greater deck area reserved for
solar panels in future research.

Figure 3. Details of the mid-floater and the com-floater.

Meanwhile, the application of single configuration reduced manufacturing expenses.
Furthermore, the hydrodynamic performances are similar for a bi-layer or three-layer
BDFF because responses mainly rely on the underwater diffracted parts. The waves with
different periods can easily pass through the BDFF without considering hogging and
sagging. Additionally, a two-layer BDFF consisting of only com-floaters was applied in the
floating system. In order to create sufficient buoyancy, twenty com-floaters were used to
construct the BDFF as shown in Figure 4. Since half of the floaters were below the waterline,
twenty separated inclined cylinders piercing the water reduces the cut-water plane area.
The BDFF stiffness was further strengthened by connecting a truss deck where a simplified
wind turbine was mounted, and four distributed ballasts were hung. The HVWT tower
with mass of 2 t together with the nacel with mass of 2 t are considered a rigid body. Four
catenary mooring cables made with stud-less chains were attached to the ballasts to restrict
the floating system. For waves with small amplitudes, the BDFF for stability depends on
the small cut-water plane. For waves with significant amplitudes, the BDFF for stability
relies on buoyancy at a greater distance from the center-line.

The truss deck preserved for solar panels is not covered with solid plates like the
coastal bridges researched by Istrati et al. [41]. On the one hand, the solid plates (i.e., one
of the structural components of the complex bridge: Deck [41]) will restrict the water
body when the wave inundates the offshore structure. The uplift force from the dynamic
pressure caused by the restricted water body is high especially for a large deck area as
well as the overturning moment on the offshore side. If the deck is large enough, there
will be two wave valleys or peaks for the restricted water body simultaneously, which will
bend the deck up or down. Furthermore, the overturning moment at the instant of the
wave slamming on the deck should be cut down by increasing the porosity of the deck.
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On the other hand, the floaters were designed with streamlined balls and cylinders to
minimize fluid resistance. For our model, the truss deck allows the waves to propagate
forward unblockedly without considering the uplift force and over-topping. However,
once the wind turbine is taken into account, the connections between the truss deck and
the tower should be firm enough to transfer the wind forces and moments applied to the
turbine. Therefore, future research studies should focus on the connection reliability when
the floating foundation is subject to extreme weather like tsunami conditions.

Figure 4. Sketch of the floating system.

The water depth was taken to be 50 m. A Cartesian coordinate system O-XYZ was
fixed where the axes x coincides with the undisturbed water and the z-axis points upwards.
A body coordinate system o-xyz has its origin at the center of gravity of the floating system.
The included angle between the wave propagation direction and X-axis is θ. Since this paper
mainly focuses on the hydrodynamic response of the BDFF, the interaction between the
body and winds is ignored. The main parameters of the floating system and the properties
of the mooring cables are summarized in vertical Table 2.

Table 2. Main parameters of the floating system and mooring cables.

Parameters Floating System

System mass including ballast 124.5 t
Diameter of spherical part of the floater, d1 2 m

Diameter of cylindrical part of the floater, d2 0.8 m
Centre-to-centre sphere spacing, L 3.6 m

System draft depth 3.1 m
Position of COG 0, 0, −3.51 m

Moment of inertial, Ixx, Iyy, Izz 8425, 9036, 7490 t·m2

Number of mooring cables 4
Mooring cable length, material 75 m, anchor steel

Chain diameter of mooring cables, type 0.03 m, studless
Cross-section axis stiffness of mooring cables 7.6 × 107 N

Pretension of mooring cables 10.5 × 103 N
Angle between mooring cables and the surge line 30◦

Vertical depth of anchor points −50 m
Mooring anchor radius 65 m

Vertical depth of fairlead points −11.8 m
Fairlead radius 9 m
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3. Theory Background

In this section, the calculation method of the force and corresponding motion responses
based on the Laplace equation and boundary conditions are described detailly.

3.1. Potential Theory

Navier–Stokes (NS) equation is essentially the application of Newton’s Second Law
(NSL) under the Euler system, which describes the relationship between the motion and
the force.

ρ

(
∂u
∂t

+ (u · ∇)u
)
= −∇p + µ∇2u + ρg (1)

where ρ is the fluid density, u is the fluid velocity, p is the fluid pressure, µ is the fluid
dynamic viscosity. Hereafter, we assume the fluid is a continuous and homogeneous ideal
fluid. That means the fluid should be irrotational, in-viscid, and in-compressible. The fluid
velocity can be obtained by finding the gradient of the velocity potential ∇ϕ = u. Then the
NS equation can be simplified and written as the Bernoulli equation, together with which
the Laplace equation can be solved.ρ

∂ϕ

∂t
+

1
2

ρ∇ϕ · ∇ϕ + p + ρgz = C(t)

∇2 ϕ = 0
(2)

where C(t) is a time-dependent constant. In order to describe the time-harmonic mo-
tions, a scalar velocity potential ϕ is introduced. For the linear small-amplitude wave
harmonic in time with an angular frequency ω, the velocity potential can be expressed by
the following form:

ϕ(P, t) = ϕI(P, t) + ϕD(P, t) + ϕR(P, t) = Re
[

ϕ(P)e−iωt
]

(3)

where the position P(x, y, z) is defined in the fixed reference axes. ϕI(P, t) is the incident
wave potential assuming that there is no floating body in the flow field; ϕD(P, t) is the
diffracted wave potential which is the velocity potential under the action of incident wave
assuming that the floating body is fixed in the fluid field Ω; ϕR(P, t) is the radiation
potential, assuming that there is no incident wave in the fluid field and the floating body is
forced to move in the static fluid field.

As a continuous harmonic function, the usual potential ϕ separated from the time,
can simplify the problem, and satisfy the Laplace equation and NS equations in the fluid
domain. Functions that satisfy Laplace’s equation are often said to be harmonic. Therefore,
simple harmonic functions can be superposed into a complex harmonic function. Here, the
time-independent velocity potential ϕ is further divided into eight parts.

ϕ(P) = ϕI(P) + ϕD(P) + ϕR(P) = ϕ0(P)ζA + ϕ7(P)ζA − iω
6

∑
j=1

ϕj(P)ηj (4)

where ϕ0 and ϕ7 are the incident and diffracted space-dependent potential with unit wave
amplitude, respectively. ζA is the incident wave amplitude of regular waves. ηj represents
the instantaneous displacement of floating body, ηj = Re{η̄jeiωt}. ϕj(j = 1 ∼ 6) refers to
the unit radiation potential corresponding to the j-th motion mode when the body moves
with unit speed.

The variables are defined in the right-handed Cartesian coordinate system O-XYZ.
The governing equation (i.e., the Laplace equation) and the boundary conditions are listed
in Equation (5). The fluid field domain Ω consists of the average wetted surfaces of the
floating body Γb, the free surface Γ f , the seabed Γd and the infinite artificial cylindrical
surface ΓR.
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Laplace equation: ∇2 ϕ = 0, in Ω

Linear free surface condition:
∂ϕ

∂z
− kϕ = 0, z = 0

Seabed surface condition:
∂ϕ

∂z
= 0, z = −h

Body wetted surface condition:


∂ϕj

∂n
= nj, j = 1 ∼ 6, for radiation, on Γb

∂ϕ7

∂n
= −∂ϕ0

∂n
, for diffraction, on Γb

Far field radiation condition: lim
R→∞

√
R(

∂ϕ

∂R
− ikϕ) = 0, R =

√
x2 + y2

(5)

where k is the characterized wave number which is the solution of the dispersion relation
ω2/g = k tanh kh. And η̇j refers to the body velocity of the j-th motion mode. nj is the
generalized normal vector. Under the assumption of the linear free surface, a general
expression of the incident wave potential in the Cartesian coordinate system for a regular
wave of angular frequency ω propagating over a water depth of h can be derived, as the
following form shows, from the first three equations in Equation (6).

ϕI =
gζA
iω

cosh k(z + h)
cosh kh

eik(x cos θ+y sin θ) (6)

3.2. Boundary Element Method

Using the indirect boundary element method, the velocity potential of any point
P(x, y, z) in the domain Ω can be expressed by the function value and normal derivatives
of point Q on the boundary.

ϕj(P) = − 1
4π

∫
∂Ω

ϕj(Q)
∂G(P, Q)

∂n
− G(P, Q)

∂ϕj

∂n
dS, ∂Ω = Γ f + Γd + Γb + Γr (7)

where G(P, Q) is a Green function satisfying the boundary conditions except the Γb. There-
fore, the boundary value problem has been transformed to a boundary integral equation
problem. Then, when the mean wetted surface condition is applied on Equation (7), the
following equation can be derived.

ϕj(P) =
1

4π

∫
Γb

σ(Q)G(P, Q)dS, P ∈ Γb (8)

where σ(Q) is the source strength of the location Q on Γb. It means that the potential can be
easily determined if enough source strengths are distributed on the average wetted body
surface without considering other boundary condtions. Furthermore, σ(Q) can be obtained
by the Fredholm integral equation.

∂ϕj(P)
∂n

=
1
2

σ(P) +
1

4π

∫
Γb

σ(Q)
∂G(P, Q)

∂n
dS (9)

Moreover, the irregular frequencies always appear in the solution of the BEM in the internal
free surface and the gap between floaters, which will influence the stability. The singularity
caused by the Green function can be eliminated by adding a damping force at the meshed
free surface [42]. The AQWA codes utilize the flexible damping lid method to remove
irregular frequencies [43,44]. Unreasonable overestimation values in the numerical results
are suppressed to accurately and highly efficiently evaluate the hydrodynamic responses.
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3.3. 3D Panel Method

By introducing the 3D panel method, the mean wetted surface Γb is replaced by
a collection of quadrilateral panels ∆Γbi. The Hess-Smith method is used to keep the
unknown potential, and source strengths within each quadrilateral are constant. The
discretized Green integral equation is as follows:

∂ϕj(Pk)

∂n
=

1
2

σk(Pk) +
1

4π

N

∑
i=1

σi(Qi)
∂G(Pk, Qi)

∂n
∆Γbi, k = 1 ∼ N (10)

where N is panel numbers. Pk, Qi are both the centroid position of the planar quadrilateral.
By this discretization, the differential equations can be replaced by a set of algebraic
equations that the AQWA can solve. The velocity potential at any point can be obtained by
interpolating between adjacent mesh element centers.

3.4. Wave Force

The first-order fluid pressure is determined from the simplified NS equation. By inte-
grating the fluid pressure over the Γb, the incident wave force, the diffracted wave force,
and the radiation wave force can be easily calculated.

FIj = −ρ
∫

Γb

∂ϕI(P, t)
∂t

njdS = Re
{

iρωζA

∫
Γb

ϕ0njdS · e−iωt
}

= Re
{

F̄Ije−iωt
}

FDj = −ρ
∫

Γb

∂ϕD(P, t)
∂t

njdS = Re
{

iρωζA

∫
Γb

ϕ7njdS · e−iωt
}

= Re
{

F̄Dje−iωt
}

FRj = −ρ
∫

Γb

∂ϕR(P, t)
∂t

njdS = −
6

∑
k=1

(
Ajkη̈j + Bjkη̇j

) (11)

where Γb is the mean wetted surface. Ajk is the added mass, Ajk = ρ
∫

Γb
Re[ϕk]njdS; Bjk is the

radiation damping coefficients, Bjk = ρω
∫

Γb
Im[ϕk]njdS. F̄ represents a complex amplitude.

FW = FI + FD = Re
{

iρω
∫

Γb

(ϕ0 + ϕ7)njdS · e−iωt
}

ζA = F ζA (12)

where F is a transfer function that relates input wave amplitudes to output wave forces.
The wave exciting force FW is comprised of the incident wave force and the diffracted wave
force. In general, the numerical computation progress of wave forces above is concluded
in Figure 5.

Figure 5. The numerical computation progress of wave forces.

3.5. The Equation of Motion

The floating body in water is subjected to kinds of force, of which the wave exciting
force FW is the acting force.

Fj = Mjkη̈j = FWj −
6

∑
k=1

(
Ajkη̈j + Bjkη̇j

)
− Cjkηj (13)
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[
−ω2(M + A)− iωB + C

]
η = Hη = FW (14)

where C is the hydro-static stiffness. H is a transfer function that relates input wave forces
to output motion responses.

H−1 =
[
−ω2(M + A)− iωB + C

]−1
(15)

A body in the motion includes six DOFs: Three translation DOFs named surge, sway
and heave as well as three rotation DOFs called roll, pitch and yaw. The motion response
of each DOF can be obtained by solving the equation of motion in Equation (14) based on
Newton’s Second Law (NSL). From the incident wave to the motion response, the whole
transfer function is written as H−1F at a specific frequency. All variables are functions
of frequency.

η = H−1FW = H−1F ζA (16)

Here, a dimensionless parameter called response amplitude operator, expressed by which
equals the ratio of the motion amplitude η̄j to incident regular wave amplitude ζA under
different wave frequencies, is used to evaluate the stability performance in this paper. In
general, the numerical computation progress of motion responses is concluded in Figure 6.

Figure 6. The numerical computation progress of motion responses.

The free surface deformation in the extreme wave conditions will indeed cause the
plunging waves and other breaking waves, which are highly non-linear wave phenomena
involving air-water phases and turbulent flows. The AQWA solver based on the linear
potential flow is a quick way to obtain the hydrodynamic response because of its robustness
and high computational efficiency. It is difficult to for the potential flow solver to capture
the wave–body interaction under large waves and breaking waves since the BEM cannot
deal with such effects. However, the BEM for computing the velocity at the interface
based on the non-linear potential flow model can be coupled with an interface capturing
method like LSM or VOF to track the air-entrapment interface between two phases. A bet-
ter approach is the CFD model based on the transient Navier–Stokes method along with
the continuity equation. By discretizing the Reynolds-averaged Navier–Stokes (RANS)
equations using the finite volume method, the non-linear free surface elevation, the effects
of boundary layer viscous flow separation and turbulence can be accurately predicted.
The aleatory uncertainty occurring in extreme conditions such as storms, hurricanes and
tsunamis can be included in the CFD method but with high computation cost. It is very
valuable to investigate the impact of breaking waves, broken waves and bores on the
floating foundation to obtain survivability. As studied by references [41,45], the transient
overtopping mechanism can help obtain the wave-induced forces and the motion constrain-
ing effects of nonlinearities. Moreover, the wave–body interaction by turbulence modeling
considering the air compressibility [46] captures the non-linear effects of the two-phase
air/water problem when subjected to Violent water wave impact. Therefore, the CFD
model based on RANS will be employed to capture the wave breaking and overtopping in
the future.
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4. Results

In this section, the hydrodynamic response of the floating system is presented. Differ-
ent wave frequencies and directions are considered for performing the motion response
simulation. An experimental campaign was conducted at the wave tank to verify the nu-
merical results. The interaction between the BDFF and waves has been shown in Figure 7.
The model was first modeled in SolidWorks, then imported to the AQWA as a surface
body. The surface of the BDFF was divided into non-diffraction elements and diffraction
elements, meeting the requirement that single wavelength covers more than seven units of
mesh elements. Finer meshes were adopted near the water line.

Figure 7. Visualization of the interaction between the BDFF and waves.

The denser the mesh, the higher the accuracy of the calculation results. However,
a dense mesh is a big challenge to the CPU. In addition, the AQWA solver limits the
maximum number of total elements and diffracted elements to 40,000 and 30,000, respec-
tively. A mesh independence study was performed to guarantee the calculation results
converge. The model surface was meshed by quadrilateral dominant elements whose size
were fine-tuned. Six mesh sizes were selected to as shown in Table 3. The relative errors
with respect to the finest mesh (case 1) in peak pitch RAOs were used to compare the
calculations. The 64-bit Windows system with five CPU cores was used to run the analysis.
The model surface in case 1 was meshed by 35,769 quadrilateral dominant elements, of
which the submerged part was divided into a total number of 27,301 panels. The relative
error is less than 1% with respect to the finest mesh. Therefore, we believe the results
converge to a solution that are independent of the mesh size.

Table 3. The specifications of mesh convergence study for pitch motion.

Case 1 2 3 4 5 6

Max. mesh size, m 0.07 0.1 0.12 0.15 0.25 0.5
No. of diffracted elements 27,301 26,200 23,474 15,365 7850 3347

No. of total elements 35,769 34,794 32,068 23,833 10,911 5933
Relative error 0 0.008 0.02 0.05 0.09 0.26

Computation time, s 245,232 225,180 209,988 153,504 103,392 48,816

Furthermore, another direct method to decide whether the solution arrived converges
is to compare the calculation results by near field method and far field method. The
near field method calculate the integral of the pressure on the floating body which highly
depends on the mesh quality, while the far field method calculate the momentum flux
balance on the boundary of the fluid domain. As shown in Figure 8, the results of steady
drift between near-field and far-field method agree well with each other.
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Figure 8. The comparison of steady drift between near-field and far-field method.

4.1. RAOs under Different Wave Directions

The hydrodynamic response was affected by the wave-induced loads under different
wave directions. The frequent extreme wave conditions make it urgent to know the direction
sensitivity of structure response well. For floating structures like offshore horizontal axis
wind turbines (HAWTs) and wave energy converters (WECs), the wave direction is not
fixed since the waves are caused by random winds. Especially for HAWTs, the wind and
waves have an included angle since wind waves caused by local wind are not always
consistent with swell waves. The sensitivity in the structural response on wave directions
as well as the internal stress was studied by Tomas et al. [47,48]. The mooring tension
varies significantly under the effect of wave impact angle [49]. Furthermore, for firmly
installed marine structures like bridges and breakwaters, the wave-induced forces and
moment have significant changes under different incident wave directions [50,51]. The 3D
effects of the force and moment is complicated due to the weak synchronization, which
has a critical effect of the performance of marine structures. Moreover, the 3D effects on
smooth low-crested structures of breakwaters are evident [52]. Therefore, it is necessary to
perform a parametric investigation of the incident wave directionality.

The hydrodynamic response in regular waves can be expressed by the indicator of
RAOs, which is defined as the motion response of the floating system subjected to a unit-
amplitude wave height. The motion response near the equilibrium position was caused
by low-order wave forces. In order to understand the structural sensitivity, the effects of
changes in the wave directions and wave frequencies were analyzed. Since the system is
symmetrical about the midstation plane and the centerline plane, only seven incident wave
directions from 0 to 90 degrees with an interval of fifteen degrees were input to obtain the
RAOs. The pitch and heave response are crucial factors for a floating system. In Figure 9a,
the system’s pitch responses are plotted in a 3D diagram for a better overview. This contour
plot shows the relationship between the wave frequencies and wave directions used to
excite the waves and the pitch RAOs caused by waves. The red color has been used for
higher RAOs while the purple color for lower RAOs.

It can be seen that the pitch RAOs have a significant value when the incident wave
is the head wave, especially for low-frequency conditions. The peak pitch response is
observed at 0.11 Hz, and the second maximum response appears at 0.27 Hz. Beyond
the range of 0–0.6 Hz, the pitch motion dependents less on the wave frequencies and
wave directions. Furthermore, the effect of wave direction on the pitch RAOs is gradually
weakened except for some bumps in the mid-frequency band at around 45 degrees. As
expected, there was no obvious effect on the surge direction when the system was subjected
to the beam wave. The system’s heave RAOs are also analyzed within seven selected
incident directions as graphed in Figure 9b. The effect of the wave direction on the heave
response of the BDFF is not apparent. The general distribution of the heave responses
shows large values in the low-frequency band, which are almost identical. The peak on the
plot corresponds with the highest heave RAOs and occurs at approximately 0.09 Hz for all
wave directions. The heave motion slows down in the high-frequency domain. In addition,
as expected, the heave motion was less affected by the incident beam wave. This is due
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to the BDFF design that waves can get through the space between floaters. Therefore, the
BDFF design is not sensitive to the incident wave directions.

The roll RAOs under different wave directions are similar to the pitch ones. However,
the roll RAOs shows significantly lower values due to a narrower overwidth. In addition,
the surge and sway RAOs are presented in Figure 10a,b, respectively. The surge RAO at
0 degree wave is identical to the sway RAO at 90 degrees.

Figure 9. 3D surface plot between the RAOs and the two interacted variables of wave frequencies
and wave directions. (a) For pitch RAOs; (b) For heave RAOs.

Figure 10. 3D surface plot between the RAOs and the two interacted variables of wave frequencies
and wave directions. (a) For surge RAOs; (b) For sway RAOs.

4.2. RAOs Comparison

Based on the Froude scaling laws, a model with a scale of 1:10 was made and tested in
regular waves to investigate the influences of incident wave frequencies and wave heights.
The experiments were conducted in a rectangular box-like wave basin of dimensions
25 m × 8 m, filled with water with a mean depth of five meters, as sketched in Figure 11.
The absorbing beach is equipped to minimize the energetic reflections. The wavemaker can
generate regular waves with frequencies varying from 0.28 Hz to 2.5 Hz with a limitation
on wave height of 0.75 m. The test model in still water and head waves is presented
in Figure 11b,c.

The test model fabricated by resin was regarded as a rigid body with an overall
dimension of 2.16 m, 1.6 m, and 0.67 m. The dimensions of the scaled model and the
mooring parameters were also sketched in Figure 11e. The fairlead radius, mooring radius
and mooring length are 0.9 m, 6.5 m, and 7.5 m, respectively. Four non-contact motion
capture camarers were installed at the basin side to measure the foundation’s response
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in the experiments. Three resistive-type wave gauges were used to measure the wave
elevation. In order to guarantee the accuracy of incident waves, each wave was calibrated
by wave gauges on the same line. Meanwhile, when the water plane absolutely calmed
down, each wave case was conducted three times consecutively to obtain the average
measure results.

Figure 11. (a) Sketch of the wave basin. (b) The test model moored in still water. (c) The test
model moored in waves. (d) The connection between the truss deck and the floaters. (e) The model
dimension and the mooring arrangement.

According to the 3D surface plots in the last subsection, the maximum response
happens when the incident wave direction is zero degree. Therefore, the surge direction is
chosen as the direction of the incident waves to guarantee the floating system is exposed to
the maximum response. A comparison of the simulation results carried out with potential
theory and the wave tank experiments is presented in Figure 12. While five wave conditions
were used in the tests, the tendency of the RAOs is roughly the same as the numerical
results. This indicates that the potential theory applyed on the BDFF in the simulation
is reasonable. The numerical roughly agree with experimental results for the first four
frequencies. For example, the pitch RAOs for the frequency 0.29 Hz have a large deviation
for three wave heights. The numerical result is 2.7, while the experiment results are 2.64,
2.2, 2.4 with wave height of 0.5 m, 1 m, and 2 m, respectively. The maximum relative error
is 11.1% for wave height of 1 m, while the minimum relative error is 2.2% for wave height
of 0.5 m.
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Figure 12. Pitch RAOs comparison between the simulation, experiments and a classical SPAR.

However, it should be noted that the numerical results slightly over-predict the re-
sponse due to the assumption of ideal fluids. In addition, there are two characteristic length
for the BDFF: One is the diameter of the spherical part of the floaters, and the other is the
center-to-center sphere spacing which is the side length of the honeycomb. The diameter
is small enough that most waves can be diffracted. The honeycombs of the BDFF will
enclose the wave to create internal standing waves to dissipate wave energy, which brings
about the second peak pitch response. Besides, there are distinct differences between the
numerical and the experimental results for the fifth frequency 0.35 Hz. The diffraction
ability of waves decreases with the decrease of wavelength. The wavelength of 12.75 m
corresponding to 0.35 Hz is far less than the overall length of the BDFF. As a result, there are
simultaneously two wave peaks or valleys in the BDFF. On the one hand, the uplift or drop
forces generated by the dynamic pressure can balance the BDFF well. This is similar to the
case presented by Xiang et al. [53] that the uplift hydrodynamic loads greatly depend on
the ratio of the wavelength-to-the-width of the structure, especially when the wavelength
was shorter than the structural width. On the other hand, the standing waves formed in
the honeycomb are intensive due to a large small wave steep. The energy dissipation by
wave break can not be captured by the potential theory. Therefore, the pitch response in
the experiments is much smaller than that in the simulation for the frequency 0.35 Hz.

Furthermore, representative results for a variety of wave conditions in the study of
Kurian et al. [54] were used to evaluate the proposed floating system. As seen for the
comparison of the proposed floating system and the classical SPAR, the proposed system
behaves better around 0.1 Hz. With the increase of wavelength, the classical SPAR increases
the pitch response. However, for a frequency range that is greater than 0.15 Hz, it can be
seen that the the classical SPAR has noticeably small pitch RAOs except for the response
around 0.25 Hz. In general, the proposed system shows an acceptable pitch response.

The comparisons between other RAOs such as heave and surge motion are also ex-
panded in Figure 13. The surge RAOs decreases with the increase of frequencies. The heave
RAOs have a similar downward tendency but two significant peaks at low frequencies.
Moreover, the time-domain analysis at fundamental frequencies will be conducted in the
future to understand the effectiveness of the BEM.
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Figure 13. Surge and heave RAOs comparison between the simulation and experiments.

4.3. Symmetry and Coupling

The BDFF has longitudinal and transversal symmetrical planes at the same time.
Wang et al. [55] explained the coupling relationship very well. For the test model, as a result
of transversal symmetrical characteristics, the six motion equations can be divided into
two sets, one of which includes sway, roll, and yaw, and the other contains surge, heave,
and pitch. Furthermore, due to the longitudinal symmetrical characteristics, the motion
equations can also be split into two sets, one of which contains surge, pitch, and yaw, and
the other covers sway, heave, and roll. There is no coupling between two sets reflected in
the coefficient matrix, like the added mass and radiation damping. The pitch motion is not
influenced by the roll and sway motion which has been validated in the subsection above.
In the situation of double symmetry, the heave motion is the only translational degree
that is not coupled with other degrees. Meanwhile, the yaw motion is the only rotational
degree that is not coupled with other degrees. As a result, the heave or yaw motion can
be simplified as a single DOF system like the spring-mass system at the beginning of the
structure design to analyze and optimize the offshore structure. However, for an offshore
HVWT, the yaw motion can be controlled and adjusted by the yaw system to cater to
the wind direction, while the heave motion without an active ballast system can not be
adjusted easily. Therefore, the couple relationship of heave motion should be verified for
heave response.

As shown in Figures 14 and 15, the heave motion can be decoupled from the other five
motions due to the longitudinal symmetry. For instance, the heave added mass coefficient
A3j and the heave radiation damping coefficient B3j were calculated. The added mass is
frequency-dependent. Figure 14b presents the added mass A33 of heave motion. The other
five added mass are given in Figure 14a. Similarly, Figure 15b illustrates the radiation
damping coefficient B33 of heave motion. Moreover, the other five damping coefficients
are depicted. Both coefficients in Figures 14a and 15a are close to zero compared to A33
and B33, respectively. That is to say: The heave motion can be decoupled. Furthermore, the
wave-free characteristic of heave motion exists at a particular wave frequency.

Frequency-dependent added mass has non-zero values at all frequencies. Frequency-
dependent radiation damping coefficient disappears at low and high frequencies. The wave-
structure interaction for multiple inclined cylinders piercing the water plane is significantly
more complex than for a single floater like the boat. There are three crucial lengths for
the BDFF: The minimum center-to-center sphere spacing of 3.6 m, the maximum center-
to-center sphere spacing of 7.2 m, and the opposite edge distance of the regular hexagon
of 6.23 m, which can shed light on the behavior of the hydrodynamic coefficients. The
added mass and radiation damping coefficient has two clear peaks around 0.46–0.50 Hz
and 0.66 Hz. The wavelength corresponding to 0.46 Hz is 7.17 m which is close to the
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maximum center-to-center sphere spacing. The wavelength corresponding to 0.5 Hz is
6.25 m which is roughly the same length as the opposite edge distance of the hexagon. The
wavelength corresponding to 0.66 Hz is 3.6 m which equals the minimum center-to-center
sphere spacing. When waves at these frequencies flow through the BDFF, standing waves
appear due to the reflection in the regular hexagon, which will contribute to the intensive
vibration of the BDFF. Therefore, the added mass and the radiation damping coefficient
have two significant peaks.
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Figure 14. (a) The added mass A31, A32, A34, A35, A36; (b) The added mass A33.
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Figure 15. (a) The radiation damping coefficient B31, B32, B34, B35, B36; (b) The radiation damping
coefficient B33.

5. Conclusions

This paper describes a floating system based on the BDFF concept, which can be
scalable flexibly. The BEM and 3D panel methods were employed to evaluate the hydrody-
namic performance of the floating system in regular waves. The wave basin experiments
were implemented to validate the performance. The following conclusions can be drawn
from the above analysis:

• The pitch response on the surge direction is influenced significantly by the wave
directions, while the surge response is less impacted. General trends of the pitch and
heave responses both decrease with the increase of wave frequencies.

• Regular wave test results show that the pitch RAOs agree well with the numerical
results of the potential theory. The proposed floating system behaves well in the
low-frequency band, while a classical SPAR has a better performance in the mid-
frequency band.

• The coupling relationship between six degrees of freedom shows that the BDFF can be
decoupled to make the structure easy to analyze due to the symmetrical design.
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Future work will focus on the following aspects:

• The structural optimization of floaters [34]: Since the overall size and structural
properties strongly rely on the floaters, it is important to analyze the influence of
the floater spacing, the floater diameter, and the foundation width/length to finally
decrease the hydrodynamic response.

• The effect of mooring stiffness on the fluid–structure interaction: Since the nonlinear
restoring forces are caused by the excursions of the COG, the wave–body interactions
are significantly influenced by the mooring stiffness [56].

• The dependence of the hydrodynamic performance on the wave type: The impact
forces caused by unbroken and broken waves are different [45]. In addition, the short
crest waves with large wave steep will impact the floating foundation and break.

• The collision stability of the foundation under the attack of uncontrolled offshore
objects: Moving offshore objects out of control will destroy the floating foundation
under extreme conditions [57–59].

• The sea-keeping ability under irregular waves: The irregular waves are combinations
of regular waves with different wave properties.
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NSL Newton’s Second Law
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