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Mooring design for floating wave energy converters (WECs) is crucial for station
maintaining, efficient power collection, and economic concerns. In order to
study the dynamic response of the floating-point absorber under the coupling
action of the catenary in regular waves, this research presents the numerical
modeling of the floating-point absorber alone with a catenary mooring system.
Hydrodynamic behavior of the floating-point absorber is analyzed with respect
to wave height, wave period, and current velocity. From the computational fluid
dynamics (CFD) results, it can be deduced that the wave height has a much more
pronounced impact on the longitudinal motion properties of WEC, such as the
longitudinal force and the surge motion, and essentially no impact on the vertical
force and the heave motion. The dynamic performance of the WEC under small
wave periods are quite different from those under large wave periods. The
current velocity also significantly affects the hydrodynamic performance of the
WEC. The larger current velocity brings strong nonlinearity for the forces of the
WEC. Under the combination of waves and current, the WEC and its mooring
system will achieve a dynamic balance.

KEYWORDS

point absorber WEC, catenary mooring, CFD simulation, dynamic coupling analysis,
Navier-Stokes equation

1 Introduction

International organizations have pushed for the development of energy technologies
such nuclear energy, solar energy, biogas technology, wind power, and marine energy in
recent years due to the depletion of fossil fuels and growing concerns about global warming
(Dincer, 2000; Antonio, 2010; Cheng et al., 2022a; Cheng et al., 2022b). Although devices
that transform wave energy into practical electricity confront several design challenges,
wave energy represents a potential renewable energy source (Li and Yu, 2012; Jin et al.,
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2019; Shahroozi et al., 2022). In recent research, there has been a
growing interest in employing wave energy converters (WECs) to
collect energy from the ocean and sea waves (Mercadé Ruiz et al.,
2017; Zang et al., 2018; Sun et al., 2021). A floating-point absorber
in offshore settings is one of the potential WECs, despite the fact
that numerous kinds of WECs are built and employed.

A subset of floating oscillating bodies referred to as point
absorbers (PAs) is composed of a heaving buoy that uses a Power
Take-Off (PTO) to derive wave energy from motions between it and
a fixed reference, a submerged oscillating body (a two-body point
absorber), or the seabed. The interactions between waves and
floating bodies are very important since here is where the
majority of incoming wave energy is absorbed. A number of
scholars are interested in various areas, including the numerical
modeling of a floating body. The bulk of research conducted for
hydrodynamic analysis are based on Computational Fluid
Dynamics (CFD) methodologies, according to previous literature.
For instance, Babarit et al. (2012) estimated the mean annual power
absorption of eight WECs with different working principle through
numerical modelling. Numerous performance indicators, such as
capture width, power/mass, and power/surface area, were examined
at different sites around Europe. Beatty et al. (2015) numerically
simulated the performances of two self-reacting point absorbers.
The experimental and numerical comparison was also undertaken
for heave motions. Using the verified numerical model, the control
mechanisms and hydrodynamics of each device in regular waves
were examined. A three-degree-of-freedom submerged spherical
point absorber was the subject of a hydrodynamic investigation by
Meng et al. (2020) using the Navier-Stokes calculation and the
computational fluid dynamic toolbox OpenFOAM in a model wave
tank experiment. The efficiency of the spherical point absorber
substantially decreased during lengthy waves, when surface
penetration was most likely to happen, which led to the
conclusion that submerged line relievers were less efficient than
floating counterparts in this condition. Ulvgard et al. (2016)
assessed the wave power output of a full-scale linear generator.
The research also examined oscillations, compared the generator’s
performance in uphill and downhill motion, and calculated no load
losses at two distinct speeds. The computational model of the
heaving point absorber developed by Guo et al. (2017) took into
account the combined influence of fluid viscous and mechanical
friction forces. Chen et al. (2017) created a three-dimensional

Body 2 local
coordinate system

Body 1 local
coordinate system

Fixed
coordinate system &

FIGURE 1

10.3389/fmars.2024.1338330

mathematical model of the structural dynamics and
hydrodynamics of a floating-point absorber with a stroke control
system in erratic and strong waves using the Navier-Stokes
equations. By comparing the numerical results with the results of
the wave tank experiment, the model was confirmed. According to
the literatures, the numerical modelling is widely used in the study
of point absorbers, including the design, dynamics and
hydrodynamic analysis as well as optimization (Bosma et al,
2012; Goteman et al., 2020; Giassi et al., 2020; Prakash et al., 2022).

The concept of point absorbers has been studied extensively,
and several point absorbers have been proposed and tested. Point
absorbers may be further subdivided into two categories: dual-mode
and single-mode. The six modes of operation (surge, sway, heave,
pitch, roll, and yaw) of a point absorber are typically all active if no
motion limitation is imposed. Figure 1 depicts the basic principles
of operation for three different types of point absorbers, including a
self-contained point absorber, a self-reacting two-body point
absorber, and a one-body point absorber. A spring and damper
system is used as a metaphor for the PTO mechanism.

It has been proposed that mooring system effects on point
absorbers are rather modest; but, under extreme storm
circumstances, the mooring load may have a significant impact on
the point absorber’s stability and performance (Harris et al., 2004;
Davidson and Ringwood, 2017; Xu et al., 2019). Fitzgerald and
Bergdahl (2008) looked at the frequency-domain dynamics of point
absorbers and the impacts of mooring systems. Several mooring
configurations were evaluated. The results showed that the heave
performance of devices is affected differently depending on the
mooring mechanism used. The severe mooring loads were
examined by Krivtsov and Linfoot (2014), who tested a physical
model of a group of WECs. Logistic and normal distributions seemed
to account for the bulk of the weights on the mooring lines, whereas
the extreme value distribution seemed to account for the right tail.
The slack mooring and two hybrid mooring techniques for WECs
were the subjects of experimental research by Xu et al. (2020). Natural
durations for heave and pitch were found to be mostly unaffected by
mooring arrangement. By and large, the floating-point absorber
should be constructed such that its concerned natural period is
near to the normal wave period at the target location (Bachynski
et al.,, 2012; Vicente et al.,, 2013; Xu et al., 2018).

The main function of the mooring system is station-keeping for
the majority of wave energy ideas (Qiao et al., 2020; Touzon et al.,
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2020; Depalo et al,, 2022; Xu et al., 2022; Liu and Soares, 2023).
According to several studies (Bhinder et al., 2015; Palm et al., 2016;
Paredes et al., 2016; Liu et al., 2023; Xu and Soares, 2023), mooring
dynamics may be very non-linear and have a major impact on the
dynamics, energy absorption, and survival of the system. The
performance of an array may also be considerably affected by the
mooring mechanism (Vicente et al., 2009; Vicente et al.,, 2010; Liu
and Soares, 2022). Using the coupled response analysis approach,
Yang et al. (2020) investigated the power performance of WEC
arrays and the fatigue life of moorings. It was discovered that the
fatigue damage in moorings was significantly influenced by the
hydrodynamic contact between WECs in an array. Gubesch et al.
(2022) carried out experimental study on the effects of different
mooring configurations on the hydrodynamic performance of an
oscillating water column WEC. The results showed that among the
floating-moored conditions, the 45° taut mooring performed best,
followed by the vertical taut and catenary mooring. The mooring
stresses in both taut-moored circumstances were substantially
greater than in the catenary moored condition.

As can be seen from the overview of recent studies, moorings in
wave farm simulations are often approximated as linear springs or
simply ignored because of the large processing demand necessary
for non-linear mooring simulations (Harnois et al., 2015; Huang
et al,, 2019). The information that can be gleaned from past studies
about the interaction between the mooring system and the floating-
point absorber is insufficient. The purpose of this study is to develop
a numerical model of a floating-point absorber coupled to a
catenary mooring system and to get a better understanding of the
mooring force and behavior of the point absorber subjected to
waves of different lengths frequencies. The novel contribution is to
provide a numerical technique for predicting the hydrodynamics of
WEC coupled with mooring system. The main idea of this paper is
organized as follows: In Section 2, numerical modeling
methodology, computational fluid dynamics basics, and the
coupling technique of body connections between the floating-
point absorber and catenary mooring are all presented. The
validations of the numerical technique are presented in Section 3.
Section 4 introduces the numerical model used for investigating.
The observations and analyses in Section 5 focus on three different
types of wave circumstances, such as fluctuations in wave height,
wave period, and current velocity. Finally, Section 6 concludes with
presenting the findings of this investigation.

2 Methodology
2.1 Governing equation

The conservation of mass, linear, angular momentum, and
energy are the basic rules that control the mechanics of fluids and
solids. The Navier-Stokes equations and the equation of continuity
may be utilized to condense equations. Turbulence models provide
closure relations for the Reynolds-Averaged Navier-Stokes (RANS)
equations, which govern the propagation of the average flow
quantities in CFD simulation. The Reynolds-Averaged Navier-
Stokes equations are derived from the instantaneous Navier-
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Stokes equations by decomposing each solution variable (¢) into
its mean value and its fluctuating component (¢’) its mean value
and its fluctuating component (¢'), as shown in Equation 1:

$=0+¢ (1)
where ¢ stands for the various elements of velocity, pressure,
energy, or species concentration.

For steady-state settings, the averaging procedure may be
thought of as time-averaging, and for repeating transient events,
as ensemble averaging. Equations for the mean quantities may be
obtained by substituting the decomposed solution variables into the
Navier-Stokes equations. The equations for the mean mass and

momentum transit read as shown in Equations 2, 3:

op o
E+V-(pv)—0 (2)

o9+ V- (@Y =V PIVT+T)+f, ()

where, p, v, p, I, I, T, represents density, mean (velocity, pressure,
identity tensor and viscous stress tensor) and f; is resultant of the
body forces (such as gravity and centrifugal forces).

Except for the inclusion of a new component in the momentum
and energy transfer equations, these equations are almost similar to
the original Navier-Stokes equations. The following is a definition for
the stress tensor, a new concept introduced as shown in Equation 4:

v WV ouw

- 2
T =-p| uv VvV vV +§Pkl (4)

uw vVw ww

where k is the kinetic energy of the turbulent flow.

As a result, solving the governing equations by modeling T” in
relation to the median flow variables is challenging. The governing
equations are solved in this research using the eddy viscosity model.
The eddy viscosity model is based on the similarity between the
molecular gradient-diffusion mechanism and turbulent motion.
The turbulent eddy viscosity notion allows for the representation
of the stress tensor as a function of average flow variables.

2.2 Turbulence model

The turbulent eddy viscosity (Wilcox, 1998; Wilcox, 2008) is
calculated using the k-turbulence model, a two-equation model that
resolves transfer equations for the chaotic kinetic energy and the
specific dissipation rate. The k-@ model has been shown to perform
better for boundary layers when there are negative pressure
gradients than the k-¢ model. The biggest benefit, however, is that
it may be used without additional modification in the viscous-
dominated portion of the boundary layer as well.

The SST k- model is employed as the turbulence model in this
study. The converted equation resembles the Standard k-model
equation, but it also includes a new non-conservative cross-
diffusion component that contains the dot product Vk-V. The k-
@ model may provide results that are the same as the k-model if this
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term is added to the transport equation. Menter (1994) advocated the
use of a blending function (which incorporates wall distance
functions) that would incorporate a cross-diffusion factor distant
from walls but not close to the wall. This method successfully
combines a k-¢ model in the distant field with a k- model close
to the wall. The transport equations for the specific dissipation rate k
and the kinetic energy w as shown in Equations 5, 6:

0 _
37 (pk) + V - (pkv)

= V- [(u+ oup,) VK] + Py — pPB*fg- (0k — anko) + S, (5)

0 _
5 (pw) +V - (pawv)

=V - [(u+ Oplt)VO] + Py~ pBfs(0’ ~ %) + S, (6)

where, ¥, and 4, are mean velocity dynamic viscosity. oy, and O,
C.1, and C., are model coefficients. Py and P, are production
values. fg, and fg are vortex-stretching and vortex-stretching
modification factor. Sy and S, are user-specified source
relations. kg and @, are ambient disorder standards that stabilize
turbulence decay.

2.3 Volume of fluid method

The development of free surface for a two-phase flow is
captured using the volume of fluid (VOF) approach. The
actualization of the Volume of Fluid (VOF) multiphase model is
a member of a group of interface-capturing techniques that forecast
when immiscible phase interfaces would move and disseminate.
This modeling strategy presupposes that the mesh resolution
sufficient for identifying the location and geometry of the
phase interactions.

The fields of phase volume fraction a; describe the distribution
of phases and the location of the interface. The following equation
describes the volume fraction of phase i, as shown in Equation 7:

%= (7)

where Vis cell’s volume and V; is volume of phase I within the cell.
It is generalized that volume fractions phases are sum a maximum
value of 1, as shown in Equation 8.

N
2051‘ =1 (8)

where N represents total phases.

The existence of distinct phases or fluids in a cell may be
identified based on the volume fraction’s value:

o; =0 complete negated of phase i;

o; =1 occupied with phase i;

0< o4< 1 denotes the difference between the two limits point to
the existence of a phase interface.

The material properties of the component fluids are taken into
account when calculating the material properties of the cells comprising
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the interface. In a cell with many interfaces, all of the fluids are
considered to be part of a single mixture, as shown in Equations 9-11:

p=2iPi% )
=04 (10)
(Cp)ipi

C, = i o; (11)
R
where p;, u; and (Cp); are density, dynamic viscosity and specific

heat of phase i.

2.4 Catenary coupling

In this paper, the catenary coupling models an elastic, quasi-stationary
catenary (such as a chain or towing rope), which is hanging between two
end points, being subject to its own weight in the gravity field. In a local
Cartesian coordinate system, the shape of the catenary is given by the
following set of parametric equations, as shown in Equations 12, 13:

x = au + bsinh(u) + o (12)

y = acosh(u) +;sinh2 (w)+B (13)

AoLegg
sinh(u,)—sinh(u; )

is the gravitational acceleration, Ay and L., are the mass per unit

Where, a = %Lg, b= #‘Cq, c= . In these equations, g
length and the relaxation length of the catenary, respectively, under
force-free conditions. D is the stiffness of the catenary, and zand
are integration constants depending on the position of the two end
points and the total mass of the catenary. The curve parameter u is
related to the inclination angle ¢ of the catenary curve by the
following as shown in Equation 14:

tan ¢ = sinh (u) (14)

The parameter values u; and u, represent the positions of the
catenary’s end points p; and p, in parameter space.

The forces f; and £, acting at the two end points of the catenary
are directed along the local tangent vectors of the catenary curve at
the parameter values u; and u,, respectively. They are given by the
following, as shown in Equations 15, 16:

fix=c
fiy = csinh ()

fZ,x =-C

(16)
fay = —csinh (4,)

The catenary coupling element, which a catenary coupling node
represent, models a quasi-stationary, elastic catenary between a pair
of bodies, or between one body and the environment. Examples of
where this element could be used are in modeling a tugboat and its
payload, or a moored vessel and its associated tether. Quasi-
stationary means that the catenary has its steady state shape at
each instant of time. This model is appropriate for body motions
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which are sufficiently slow compared to the wave velocity in the
catenary. The catenary coupling between two bodies is depicted
in Figure 1A.

The forces f; and f, are tangential to the catenary curve; sthe
horizontal components are equal, but with opposite sign. For a
coupling between a body and the environment, the system becomes
the scene as depicted in Figure 1B.

There is a known limitation of the catenary coupling method:
the end points of the coupling must not become vertically aligned,
as this results in a singularity in the underlying catenary equation. It
is therefore necessary to ensure that the end points of the catenary
do not coincide in the vertical direction during the simulation.

3 Verification of numerical method

Two validation studies were carried out in order to verify the
correctness of the aforementioned numerical methodologies. In the
first case, numerical findings were compared with experimental
data given by Ren et al. (2015) for the same wave heights and the
floating body to validate the aforementioned numerical
methodologies and wave making simulations. As a model, we
choose Stokes waves of the first order. The smallest wave height
is 0.04m and the largest is 0.1m. The duration of a wave is 1.2s. The
dimensions of the floating cube are 0.3m by 0.42m by 0.2m. The
dimensions of the computational tank are 4.3 m in length, 3 m in
breadth, and 0.8 m in height. The centroid of the floating box is
located 0.4 meters from the bottom of the numerical tank, giving a
starting water depth of 0.4 meters. Figure 2A displays the
dimensions and layout of the floating box and numerical tank.

To imitate the movements of the floating box, an overset mesh
is used. The overset area has a mesh number of 408393, whereas the
background area has a mesh number of 3739104. Figure 2B shows
the boundary conditions and mesh. The bottom of the virtual tank

10.3389/fmars.2024.1338330

is configured as a frictional barrier and the top as a pressure release
valve. The use of force attenuation.

Figure 3 shows the results of a comparison between the
simulation and the experiments. Where z is the centroid’s
position at time ¢, d is the water tank’s depth, and T is the wave
period, these values are shown as a function of #/T. As can be seen in
Figure 3, the simulation findings closely mirror the actual data,
particularly for the lower wave height. The modeling findings
suggest a slightly smaller projection for the greater 0.1 m wave
height, the maximum difference between calculation and the
experimental result reaches nearly 5%. One possible explanation
for such a large wave height is the use of the linear wave model.
Possible cause: owing to numerical dissipation in the simulation, the
numerical wave height is less than the actual wave height. The
overall consistency between the simulation and the experiment
demonstrates the validity of the numerical approach.

The second case was a simulation of a floating box couped with
a catenary mooring system to validate the reliability of catenary
coupling method. Experimental results came from tests in a 30.0 m
long, 1.0 m wide and 1.2 m high wave flume (Wu et al., 2019), which
was equipped with second-order wave generation and absorption
techniques. The numerical results were also compared numerical
code MoorDyn provided by Chen and Hall (2022). The dimensions
of the floating box are 0.2m by 0.2m by 0.132m. The box mass is
3.16kg. The mooring line length is 1.455m, the mass per unit length
is 0.607g/cm. The initial pretension at the mooring anchor points
calculated was set to 0.3IN, in agreement with the experimental
measurements. A global coordinate system is defined with the
positive x-axis following the wave propagation direction (from
left to right) and the positive z-axis pointing upwards.
Horizontally x=0 and y=0 is located at the box’s geometric center,
and vertically z=0 is defined at the still water level. The incident
regular wave conditions for model validation are selected as follows:
the wave height is 0.12m, the wave period is 2s, the water depth is

A
| 4.3m
I
air 0.3m
0.8m SR EE L L e e e zme=r=1] = | R TT ===
water 0.1 Sm_{ 0.2m
| 0.4m
2.15m .
B
Pressure-outlet
e R e e l T

-+ Background mesh
T

bl

Non-slip wall

FIGURE 2

(A) Size and configuration of numerical tank and floating box; (B) Boundary conditions and the mesh of numerical tank and floating box.
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Comparison between the simulation results and experimental results: (A) wave height is 0.04m; (B) wave height is 0.1m.

0.5m and the wave length is 4.06m. The overset area has a mesh
number of 437264, whereas the background area has a mesh
number of 3931886. The boundary conditions are set as that of
the first case.

Figure 4 depicts the surge, heave and pitch motions of the
floating box coupled with catenary system. Satisfactory agreements
were obtained in surge motion predictions, while some
discrepancies were present in heave and pitch motions with the
maximum difference exceeding 20%. The MoorDyn code uses the
lumped mass method to simulation the dynamic behavior of the
catenary, while this paper uses a catenary coupling method. The
boundary layer modeling on the lateral sides (normal to the y-axis)
of the box and the 3D numerical wave tank setup may contribute to
some of the discrepancies here. Overall, the CFD coupling method
has a certain degree of predictability and can be applied to the
subsequent calculation of the floating-point absorber
coupling catenaries.

4 Numerical model set-ups

Table 1 and Figure 5 list the WEC’s most salient features. This
buoy, made out of a cylinder and a hemisphere, is a simplified
version of a point-absorber WEC type. It collects energy from waves
coming from all directions. Such shape design is referred to the
study of Depalo et al. (2021). The radius of the cylinder is 0.15m and
the height is 0.35m. The radius of the hemisphere is 0.15m. The
draft of WEC is 0.399m. This study used simplified dimensions with

a scaling ratio of 60, to maintain consistency with subsequent model
experiments for better comparison between numerical results
and experiment.

A catenary four-legs mooring system composed by only chain is
considered for the WEC, as shown in Figure 6A, where A, B, C and
D indicate the positions of the anchor points on the numerical tank.
The four anchor points on the WEC are evenly distributed on the
maximum circumference of the hemisphere. The unit mass length
of catenary is lkg/m, the rigidity is 1000N/m, and the relaxation
length is 5.7m. The water depth is 3m.

The dimensions of the computational tank are 8 x 5 x 4.5
meters. The free surface is 3m above the bottom of the numerical
tank. The velocity intake, pressure outlet, and non-slip wall make up
the boundary conditions for the four sides of the numerical tank.
Stokes waves of the first order is chosen. The dimensions and
boundary conditions of the computational tank are shown
in Figure 6B.

In this paper, the effects of the wave height, wave period, and
current velocity on hydrodynamic performance of the floating-
point absorber are studied. When studying the properties of wave
height, the wave period is fixed at 1.2s, the current velocity is Om/s,
and the range of wave height variation is 0.04m-0.14m, with an
interval of 0.02m. When studying the effects of wave period, the
wave height is fixed at 0.1m, the current velocity is Om/s, and the
variation range of wave period is 0.6s-1.6s, with an interval of 0.2s.
When studying the effects of current velocity, the wave height is
fixed at 0.1m and the wave period is fixed at 1.2s, three current
velocities, 0.5, 1, and 1.5m/s are designated.

A B C
0.2 0.10 10
Exp— — MoorDyn— - —Sim Exp— — MoorDyn— - —Sim Exp— — MoorDyn— - = Sim
-,
' Bal \ -~
0.05 st 0, !4 N
A0 G A
g £ g
= =
% £ 0.00 = o
E 31 2
7] o] =
-0.05 S .
? \
\/
-0.2 L > -0.10 > > -10 L >
10 12 14 8 10 12 14 10 12 14
Time/s Time/s Time/s
FIGURE 4
Motions of the floating box: (A) Surge; (B) heave, and (C) pitch.
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TABLE 1 Main characteristics of the WEC.

Parameter Value Unit
Radius 0.15 m
Hight 0.5 m
Weight 5 kg
Volume 0.03887 m’
Draft 0.399 m
Height of center of gravity 0.27 m

5 Results and discussion
5.1 Effects of wave height

Dynamic properties of the point-absorber WEC and the
catenary such as the forces in X and Z direction, the surge, heave
and pitch motions and the forces of catenary 1 and 3 are studied.
Figure 7 and 8 depict the X and Z forces of the WEC under different
wave heights. After encountering waves, the longitudinal force (X
force) of WEC varies significantly in the first 4 cycles. After t/T>4,
the amplitude of X force is smaller. The mutual coupling between
WEC and catenary mainly causes this phenomenon. At the initial
moment, WEC will sway under the action of waves. The four
catenaries will also change from loose to tight, controlling the
movement of WEC within a certain range. In the time domain,
the influence of wave height on X force is mainly reflected in the
amplitude of the first 4 cycles. The higher the wave height, the larger
amplitude of the X force. However, the wave height hardly changes
the pattern of X force variation.

The variation pattern of vertical force (Z force) in the time
domain is linearly oscillating and decaying. At the initial moment,
the variation amplitude of Z force is relatively large, and as time
increases, the variation amplitude of Z force gradually decreases.
The change in wave height does not alter the amplitude of the Z
force or the temporal pattern of the Z force, indicating that the Z-
force of WEC is not affected by wave height.

< 0.15m
T Water surface
A
0.35m
0.379m
0.15m
. A

Sketch of the point-absorber WEC.
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The surge, heave, and pitch movements of the point-absorber
WEC are shown in Figures 9, 10, and 11 over a range of wave
heights. Even if WEC’s force variations in the time domain are not
linear, there are still criteria that the shaking motion must adhere to.
If the surge value is positive, then the WEC is situated on the X
axis’s positive half. The WEC is on the positive side of the Z-axis
when the heave value is positive. A positive pitch value implies that
the WEC is pitching in the opposite direction. The surge value of
WEC quickly drops once it encounters waves, demonstrating that
WEC will progress while being acted upon by waves. The rising
heave value also suggests that the WEC is rising in the atmosphere.
The WEC pitch forward as the pitch value drops sharply. Under the
influence of waves, WEC experiences simultaneous surge, heave,
and pitch motion, resulting in a total of three degrees of freedom.

The amplitude of the surge motion increases as the wave height
increases. An increase in wave height of less than 0.1 m has little
effect on the time-domain distribution of surge values. The disparity
between the highest and lowest surge values increases at wave
heights over 0.1 m. The WEC’s surge action is clearly amplified
by these huge wave heights. The heave motion’s amplitude is
equivalent to the change in Z force and is unaffected by the
wave’s height. However, it is important to remember that the
nonlinearity of heave motion grows in tandem with the height of
the waves. The heave motion still shows periodic attenuation of
oscillation at low wave heights. However, the heave action becomes
disordered and chaotic at greater wave heights. The amplitude of a
pitch change is proportional to the height of the wave. After t/T>3,
the surge motion becomes erratic, but when t/T3, it is regular.

The catenary 1 and 3 forces are shown in Figures 12 and 13,
respectively. WEC’s anchor point serves as the locus of application
of the force, which acts in a direction parallel to the catenary’s
tangent. Since the wave travels in a path perpendicular to the WEC,
very little force is applied to the WEC in the Y axis. Both sides of the
Y-axis experience the same force distribution from the catenaries.
Catenary 1 and 3’s armies are excluded for that reason. The forces
exerted by Catenary 2 and 4 are identical to those exerted by
Catenary 1 and 3. Both the 1 and 3 catenary forces get stronger in
the outset. The amplitude of the catenary’s force increases as the
wave height grows. The catenary goes from a state of relaxation to
tension in the first four cycles, as shown by the considerable force it
exerts. There has been very little variation in the catenary force
during the last four cycles. The steady operation of the WEC may be
ensured by the assistance provided by the catenary.

5.2 Effects of wave period

The X force and Z force exerted by the point-absorber WEC
throughout periods of varying wave heights are shown in Figures 14
and 15, respectively. The amplitude of the X force is close to 90N
when the wave periods are 0.6s and 0.8s. The X force’s amplitude
gradually reduces to about 20N as the wave period grows to 1s. The
amplitude of the X force will rise somewhat as the wave period
grows, but it will never go over 40N. This suggests that while the
WEC is in short waves, it is exposed to a substantial longitudinal
force since the frequency of waves impacting the WEC is quite high.
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FIGURE 6

Numerical model setup: (A) Configuration of the mooring system; (B) The numerical aquarium'’s dimensions and constraints.

The point-absorber WEC should stay away from producing high
longitudinal forces and functioning in short waves. Similar to the
variation law of wave height, the amplitude of the Z force is
independent of the wave period. The Z force oscillates at a rate
proportional to the frequency of the waves.

The point-absorber WEC is shown surging, heaving, and
pitching in Figures 16, 17, and 18 as a function of wave period.
The amplitude of a surge increases as the wave period grows. The
WEC experiences a 4-period surge motion when the wave period is
0.6s. The period triples at a wave period of 1.6s. This indicates that
the frequency of surge motion is affected by the wave period. For
heave motion, the same reasoning holds true. It is important to note
that the point-absorber WEC’s heave motion becomes uneven and
chaotic under the situation of long wave periods. For pitch motion,
an intriguing occurrence happens when the wave periods are 0.6s or
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0.8s: the pitch value linearly shifts from low to high amplitude in the
time domain. In contrast to periods of 0.6s and 0.8s, the pitch values
are greatest in the first two cycles under periods of s, 1.2s, 1.4s, and
1.6s. In addition, the WEC is in a very unstable shaking condition,
with pitch amplitudes of up to 20 deg under the wave periods of 0.6s
and 0.8s.

The forces acting on the catenary 1 and 3 at various wave
periods are shown in Figures 19 and 20, respectively. The forces of
catenary 1 and 3 gradually grow from a low value to roughly 40N
under tiny wave durations of 0.6s and 0.8s. Since the catenary’s
force directions in directions 1 and 3 are almost identical, the
catenary’s change in relaxation state must be the same in both
directions. The four catenaries are simultaneously tightened or
loosened while WEC is moving. When the wave period exceeds
0.8 seconds, the catenary forces grow together with the wave period.
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FIGURE 7
X force of point-absorber WEC under different wave heights: (A-F) 0.04-0.14m.

Both the tension states and the catenary stresses on each side of the
WEC are no longer uniform.

5.3 Effects of current velocity

The X force and Z force of the point-absorber WEC at various
current velocities are shown in Figures 21 and 22. The WEC’s
hydrodynamic performance is substantially impacted by the current
velocity. The X force of WEC exhibits both positive and negative
values when there is no current, suggesting that WEC is being
forced in the X direction. The negative X force values decrease as
current increases. The X force increases with increasing current
velocity, and its curves are stable oscillating curves. Since the
average value of X force is always greater than 0, WEC is always
under the same amount of force as the incoming current. The same
results are true for the Z force. In particular, the presence of burrs in

the X and Z force curves at current velocities of 1.5 m/s shows that
the force acting on WEC has already shown substantial nonlinearity
at such a high current velocity.

Figures 23, 24 and 25 depict surge, heave, and pitch motions of
the point-absorber WEC under different current velocities. Under
the combination of waves and current, the WEC and its mooring
system will achieve a dynamic balance. Compared to the situation
without current velocity, both surge, heave, and pitch undergo
periodic changes around a fixed value. For surge motion, the larger
the current velocity, the smaller the amplitude of the surge. This
indicates that the impact of waves on the WEC is already weaker
than the impact of current velocity. Notably, under such high
current velocity of 1.5m/s, the WEC is completely below the
water surface. Figures 26 and 27 depict the forces of the catenary
1 and 3 under different wave periods respectively. Due to the effect
of incoming current, the forces on the catenaries will also
increase significantly.
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Z force of point-absorber WEC under different wave heights: (A-F) 0.04-0.14m

Frontiers in Marine Science

09 frontiersin.org


https://doi.org/10.3389/fmars.2024.1338330
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Zhang et al. 10.3389/fmars.2024.1338330
A B C
0.05 0.13 0.16
% 0.00 % 0.00 % 0.00
=y 2 @
= = =
w w1 w1
-0.05 . -0.13 -0.16 .
0 4 6 8 0 4 6 8 0 2 4 6 8
T T T
D E F
0.2 0.2 0.2
g g
5 0.0 % 0.0 < 0.0
0 & &
= 5 =
7] 7] 7}
-0.2 - . -0.2 -0.2 ’ .
0 4 6 8 4 6 8 0 2 6 8
T T T
FIGURE 9
Surge motion of point-absorber WEC under different wave heights: (A-F) 0.04-0.14m.
A B C
0.15 0.15 0.15
£ £ £
2 0.00 £ 0.00 £ 0.00
[~ < o
1 ] 5]
s == T
-0.15 p - -0.15 p ; -0.15 L i
0 4 6 4 6 0 2 4 6 8
HT T HT
D E F
0.15 0.15 0.15
E £ £
2 0.00 2 0.00 2 0.00
5 g 5
fan} fan} fan}
Q0. s 0. . -0.15 ‘
0 l50 4 6 015 4 6 0 2 4 6 8
T HT T
FIGURE 10
Heave motion of the point-absorber WEC under different wave heights: (A-F) 0.04-0.14m.
A, B, Cs
= ) o
5 < 5
=0 =0 =0
2 2 2
~ -9 ~
2 L . 5 A . -6 ) . .
0 4 6 8 0 4 6 8 0 2 4 6 8
4T T 4T
D 6 E 8 E ,
=0 =0 =0
E S 2
£ = =
-6 -6 7 L "
0 4 6 8 0 4 6 8 0 2 4 6 8
HT T tT
FIGURE 11

Pitch motion of the point-absorber WEC under different wave heights: (A-F) 0.04-0.14m.
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Force of the catenary 3 under different wave periods: (A-F) 0.6-1.6s
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Force of the catenary 3 under different current velocities (A-D) 0-1.5m/s

6 Conclusions

The study uses a CFD technique to do a dynamic analysis in the
time domain for a floating-point wave-energy absorber with a
catenary mooring system. The wave height primarily influences the
longitudinal motion characteristics of the WEC, such as longitudinal
force and surge motion, and has little to no impact on the vertical
force and heave motion, according to the CFD simulations. In
comparison to huge wave periods, the dynamic performance of the
WEC is quite different for tiny wave periods. The frequency of waves
striking the WEC is quite high while it is in short crests, which causes
the WEC to experience a substantial longitudinal force. The
hydrodynamic performance of the WEC is also strongly influenced
by the current velocity. Strong nonlinearity is brought about by the
higher current velocity for the WEC forces. The WEC and its
mooring system can attain a dynamic equilibrium when subjected
to waves and current together. The mooring design for floating WECs
is crucial for station maintaining, efficient power collecting, and
financial considerations. This is crucial for the catenary design and
the linked dynamic time-domain analysis since the research
demonstrates that the catenary can provide steady support for the
WEC to retain its stable functioning condition in CFD simulation.

Despite its numerous benefits, there are limitations associated
with the use of CFD for simulating coupled catenary mooring
systems. CFD simulations often rely on assumptions and
simplifications to model the complex interactions between the
WEC, mooring lines, and the fluid domain, which may introduce
uncertainties in the results. Additionally, the computational
requirements for accurately capturing transient and non-linear
behaviors of the system can be intensive, leading to challenges in
terms of computational cost and time. Furthermore, the accuracy of
CFD predictions is contingent upon the quality of input parameters,
such as the wave and current conditions, as well as the fidelity of the
numerical model. Variability in these input parameters may impact
the reliability of the simulation results, highlighting the need for
careful validation and sensitivity analysis.
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