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Abstract: This paper introduces a new point-absorber wave energy converter (WEC) with a moonpool
buoy—the moonpool platform wave energy converter (MPWEC). The MPWEC structure includes
a cylinder buoy and a moonpool buoy and a Power Take-off (PTO) system, where the relative
movement between the cylindrical buoy and the moonpool buoy is exploited by the PTO system to
generate energy. A 1:10 scale model was physically tested to validate the numerical model and further
prove the feasibility of the proposed system. The motion responses of and the power absorbed by
the MPWEC studied in the wave tank experiments were also numerically analyzed, with a potential
approach in the frequency domain, and a computational fluid dynamics (CFD) code in the time
domain. The good agreement between the experimental and the numerical results showed that the
present numerical model is accurate enough, and therefore considering only the heave degree of
freedom is acceptable to estimate the motion responses and power absorption. The study shows that
the MPWEC optimum power extractions is realized over a range of wave frequencies between 1.7
and 2.5 rad/s.
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1. Introduction

Carbon emission from the use of fossil fuels is increasingly recognized as a worldwide concern [1].
Marine renewable energy was deemed a possible source of clean and sustainable energy, and had
been widely studied over the past decades. Wave energy has unique advantages such as massive
reserves, wide distribution, high energy density, and easy to exploit. The principle of wave energy
utilization is to convert the kinetic energy and the potential energy of waves into the electrical energy
through wave energy converters (WECs). In terms of the energy capture mode, the WEC devices can be
divided into three types: oscillating water column devices, overtopping devices, and point-absorption
wave energy converters (PAWEC) [2]. PAWEC uses the reciprocating motion in the six degrees of
freedom to drive power take-off system and achieves the conversion process from wave energy to
electrical energy. PAWECs have demonstrated some advantages over other WECs, such as a smaller
volume and high wave energy conversion per unit volume [3]; PAWECs are also easy to realize in
modules (and therefore easy to scale up), and to combine with floating structures [4]. The combination
PAWEC systems with other ocean platforms (such as, for example, floating wind turbines) in hybrid
platforms is starting to gain attraction [5]. One pioneer work is the Spar-Torus Combination (STC)
(Figure 1a) concept developed by Muliawan [6]. The working principle of the STC device is to have
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a floating torus component, at waterline level, around the SPAR support platform of a wind turbine,
and to exploit the relative motion between the wind turbine and the torus to generate electricity.
Similar wind-wave hybrid devices are the Wind Lens [7] in Japan, the W2Power [8] (Figure 1b) in
Norway, and the wind-wave hybrid platform [9] (Figure 1c). In addition to offshore wind turbines,
semi-submersible platforms can also host a series of PAWECs, such as the Manchester Bobber [10]
(Figure 1d), wave star [11]. There is a fully packed spheroidal smart buoy hybrid generator (SB-HG)
composed of triboelectric nanogenerator (TENG) and an electromagnetic generator (EMG) [12,13].
Recently, a research group from Harbin Engineering University (Liu et al. [14]) filed a patent for the
“Wave energy converter with funnel-shape moonpool structure” (Figure 1e), which has been granted
(authorization code: ZL201610293268.8).
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Compared with the research on single PAWECs, for multiple PAWECs integrated with other
energy devices, the coupling effect between PAWEC and the platform needs to be considered.
The numerical methods used usually adopt both frequency and time domain approaches [15]:
the linear hydrodynamic properties are obtained using a potential flow solver in the frequency
domain, and then the hydromechanics coefficients are used in the time domain through time delay
function. Taghipour and Moan [16] researched a multiple WEC configuration, in the frequency domain,
using a mode expansion method, to evaluate the performance of the WEC devices in converting the
wave energy and its dynamic characteristic in ocean waves. Lee et al. [17] numerically simulated on
the multi-body hydrodynamic interaction between a hybrid floating platform and a multi-wave energy
converter, in the frequency domain. Since linear potential theory cannot capture viscous effects, usually
empirical methods are adopted to include this effect, be it numerical or experimental. However, recent
trends [18] in the development of CFD methods have shown increasing interests in modelling WECs,
where viscous effects are non-ignorable. Lo et al. [19] used a CFD approach to analyze the performance
of an air-blower wave energy converter, and to calculate the power output of two buoys. Jin et
al. [20] took the nonlinear viscosity into account to model the WEC hydrodynamics near resonance
conditions. Nonlinear PAWEC system’s hydrodynamics, in conditions close to resonance (i.e., incident
wave frequency near the systems’ natural frequency) or in high wave heights conditions, can be
realistically carried out. In order to reduce the computational costs linked to CFD methodologies,
Liu et al. [21] introduced a nonlinear viscous dissipative term in the modelling the moonpool structure,
and derived the relationship between the nonlinear dissipation coefficient and the resonant frequency
of the moonpool.

Experimental methods are a useful way of carrying out feasibility studies of newly developed
WECs. However, full-scale model tests at sea may be expensive and technically challenging, especially
as a first step to validate a relatively new concept. A small-scale model test offers an alternative but
effective way to tackle this problem. Zheng et al. [22] investigated the motion and energy conversion of
a WEC with two bodies relayed on tank experiment, deriving that the maximum efficiency is obtained
when the wave period, the PTO damping coefficient, and the mass ratio are optimally tuned. In the
case of hybrid platform, for example, Ren et al. [23] analyzed a combined monopile hybrid floating
platform and a multi-wave energy converter, and derived the optimum tuning of the PTO damping
through the use of coordinated numerical and experimental analyses. Gao et al. [24] studied three
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floating wind-wave hybrid concepts (STC, SFC, and OWC), comparing their energy efficiency and
economic feasibility. Wan et al. [25–27] studied green water phenomena of STC, and the model test
was used to simulate these nonlinear phenomena as well as the survivability of the device in extreme
sea conditions. Unlike for the STC [28], Chen et al. [29] introduced a high-power integrated generation
unit for offshore wind power and ocean wave energy (W2P), and tested output power of energy
conversion devices. There are several papers about some similar works on numerical and experimental
analyses of different wave energy converter published in Energies. Chybowski et al. [30] used the
ANSYS AQWAWB and AQWA method to simulate the behavior of the device’s performance, and the
experimental studies recorded the performance of the prototype device. Thomas et al. [31] applied
a shallow artificial neural network (ANN) which is a kind of machine learning language to obtain
optimal working times. Wu et al. [32] put forward a new computational fluid dynamic method to
predict the hydrodynamic characteristic of the Duck WEC, the results of which agree well with the
experimental results. Kong et al. [33] adopted a semi-analytical approach based on the potential flow
to assess the wave energy efficiency of the moonpool platform WEC in the journal of Energies.

Kong studied the WEC by the potential flow approach and ignored the viscous effect, so the
viscous dissipation coefficient and experimental model were applied in the paper. This paper aims
at investigating a new ocean platform-WEC device, which combines a moonpool platform and
a WEC (MPWEC) system. Basically, an external cylindrical shell houses an internal moonpool,
and an axysymmetrical point-absorber buoy is placed in this moonpool: the relative displacement
between the cylindrical shell and the device is used to converter power. The displacement and power
of the MPWEC in regular waves have been researched by a series of experiments in the wave tank at
Harbin Engineering University. As mentioned, the experimental results are then used to benchmark
the potential flow method and the CFD method, which are developed to numerically simulate the
dynamics of the MPWEC device in the frequency and time domains, respectively. A satisfactory
agreement is obtained between the numerical and experimental results.

2. Model Description

2.1. Similar Conditions

In this test, since the wave loads acting on the MPWEC and their oscillatory nature are the most
important factors to take into account, the similitude numbers considered are the Froude and Strouhal:

Fr =
Vm√
gLm

=
Vs√
gLs

, St =
VmTm

Lm
=

VsTs

Ls
(1)

where V, T, and L represent characteristic velocity, characteristic period, and characteristic length;
the subscript “m” represents the scale model physical quantity, and the subscript “s” represents the full
scale physical quantity. According to the above similarity criterions, Table 1 shows the original and
scaled parameters applied in this study, a 1:10 geometrical scale factor was used.

2.2. Single Buoy

The single buoy, representing the body at the center of the moonpool, consists of a cylinder and
a cylindrical cone in Figure 2. The upper cylinder has a of height 180 mm and diameter 750 mm,
while the bottom cylindrical cone has a height 80 mm and diameter 750 mm. Accordingly, the prototype
model has a height 1.8 m and diameter 7.5 m. The single buoy is connected to the sliding bearing
system, attached on the beam of the cylindrical shell housing the moonpool, through the sliding shaft
located in the middle of the single buoy (see Figure 2b).
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Table 1. The scale comparison.

Variables Entity Symbol Model Symbol Scale Factor Scale Factor

Length Ls Lm Ls/Lm = λ 10
Area As Am As/Am = λ2 100

Volume Vs Vm Vs/Vm = λ3 1000
Fluid density ρs ρm ρs/ρm = γ 1.025
Displacement ∆s ∆m ∆s/∆m = γλ3 1025
Wave period Ts Tm Ts/Tm = λ1/2 3.15

Wave circular frequency ωs ωm ωs/ωm = λ−1/2 0.32
Velocity vs vm vs/vm = λ1/2 3.15

Acceleration as am as/am = 1 1
Power Ps Pm Ps/Pm = γλ3.5 3241.3

Energies 2020, 02, x FOR PEER REVIEW 4 of 16 

 

Velocity sv  mv  1/2/s mv v λ=  3.15 

Acceleration sa  ma  / 1s ma a =  1 

Power sP  mP  3.5/s mP P γλ=  3241.3 

2.2. Single Buoy 

The single buoy, representing the body at the center of the moonpool, consists of a cylinder and 
a cylindrical cone in Figure 2. The upper cylinder has a of height 180 mm and diameter 750 mm, while 
the bottom cylindrical cone has a height 80 mm and diameter 750 mm. Accordingly, the prototype 
model has a height 1.8 m and diameter 7.5 m. The single buoy is connected to the sliding bearing 
system, attached on the beam of the cylindrical shell housing the moonpool, through the sliding shaft 
located in the middle of the single buoy (see Figure 2b). 

(a) Three-dimensional model (b) view of the single buoy 

Figure 2. The three-dimensional model and photography of single buoy. 

2.3. Moonpool-Buoy (Cylindrical Shell Housing the Moonpool) 

The moonpool-buoy consists of two cylindrical shells, closed at the bottom by a horizontal ring 
(Figure 3a,b). The inner and outer diameters of the moonpool-boy are, respectively, 1500 and 1600 
mm. The total height of the moonpool-buoy is 991 mm, with a designed draft of 593 mm. Accordingly, 
the prototype model has an inner diameter 15 m, outer diameter 16 m, as well as draft 5.93 mm. A 
linear motor is fixed on the upper yellow beam (Figure 3b), and therefore it will not move with the 
wave, but the central cylindrical buoy oscillates in heave due to the waves occurring in the internal 
moonpool, and this motion is transmitted to the linear motor to produce energy. 

  

(a) Three-dimensional model (numerical 
simulation) 

(b) Three-dimensional model (model test). 

Figure 3. Moonpool-buoy device: on the left, 3D Computer Aided Design (CAD) schematics, with the 
central float in blue and red, the outer cylindrical shell in grey, and the connections to the above 
structure. On the right, a picture of the device in the tank. 

Figure 2. The three-dimensional model and photography of single buoy.

2.3. Moonpool-Buoy (Cylindrical Shell Housing the Moonpool)

The moonpool-buoy consists of two cylindrical shells, closed at the bottom by a horizontal ring
(Figure 3a,b). The inner and outer diameters of the moonpool-boy are, respectively, 1500 and 1600 mm.
The total height of the moonpool-buoy is 991 mm, with a designed draft of 593 mm. Accordingly,
the prototype model has an inner diameter 15 m, outer diameter 16 m, as well as draft 5.93 mm.
A linear motor is fixed on the upper yellow beam (Figure 3b), and therefore it will not move with the
wave, but the central cylindrical buoy oscillates in heave due to the waves occurring in the internal
moonpool, and this motion is transmitted to the linear motor to produce energy.
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2.4. The Data Acquisition System

The data collector was mainly used to collect voltage and current signals in Figure 4a. In this case,
the voltage signal is mainly a linear motor and the rest of the line displacement sensors are all current
signals. The data collector has eight channels to collect the electrical signals of eight sensors at the
same time, the acquisition frequency meter is 100 Hz, the output power supply is 24 V, and the voltage
measurement range is 0–10 V.

A linear displacement sensor was chosen, KTC1 gm rod sensor for measuring the displacement,
the relative displacement ranges from 200 to 550 mm, pull rod length is 550 mm, the shell length is
628.5 mm, and the resolution is 0.01 mm. The maximum load pull is 50 kg, maximum speed is 10 m/s,
the connection way is universal joints, and signal output type is the electric current.
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3. Numerical Approach

The following section is about the numerical approach based on the potential flow method,
which was used in this research. The potential flow method is to obtain the frequency domain results,
and the RANS equation is to obtain the time domain results.

3.1. Potential Flow Method

Assuming that the balance is set in calm water, and the relative displacement is distance between
the instantaneous position and equilibrium position. The motion equation of MPWEC device based on
Newton’s second law can be expressed as:

MMZ̈M = FE
M + FR

MM + FR
MB + FK

M + FP

MBZ̈B = FE
B + FR

BB + FR
BM + FK

B + FP
(2)

where Mm, MB represent the mass of moonpool and the wave energy buoy (WEB), respectively;
ZM, ZB represent the displacement; FE

M, FE
B represent the wave load, the subscripts M and B are

moonpool and the WEB, respectively, FR
MM, FR

MB, FR
BB, FR

BM represent the radiation force the subscript
MM, MB, BB, and BM are moonpool on itself, moonpool on the WEB, WEB on itself, and the WEB on
the MP, which can be written as:

FR
MM = −µMMZ̈M − λMMZM; FR

MB = −µMBZ̈B − λMBZB

FR
BM = −µBMZ̈M − λBMZM; FR

BB = −µBBZ̈B − λBBZB

(3)

where µ,λ represent the added mass and damping coefficient, respectively.
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FK
M, FK

B represent the hydrostatic restoring force which can be expressed as:

FK
M = kMZM; FK

B = kBZB (4)

where kM, kB represent static water restoring stiffness, when the waterline area S j is constant, which can
be expressed as (kM, kB) = ρgS j, where ρ and g are sea water density and gravitational acceleration,
respectively. FP is the PTO force, which can be expressed as the damping force associated with the
relative velocity between the two bodies, as follows:

FP = −c(ZM −ZB) (5)

Assuming that wave is linear, by substituting Equations (3)–(5) into the equation, the motion
equation can be further written as:

(MM + µMM)Z̈M + µMBZ̈B + λMMZM + λMBZB + c(ZM −ZB) + kMZM = FE
M

(MB + µBB)Z̈B + µBMZ̈M + λBMZM + λBBZB + c(ZB −ZM) + kBZB = FE
B

(6)

where the hydrodynamic coefficient can be calculated by the Hydrostar software [34].
The moonpool and WEB can be connected by PTO damping system, the power can be expressed as:

P =
1
2

Re
[
FP(−iω(ZM −ZB))

∗
]

(7)

where ω is incident wave frequency, ZM, ZB represent the motion amplitude of the MP and the WEB,
and Fp is the PTO damping force.

Substituting Equation (5) into Equation (7)

P =
1
2

cω2(ZM −ZB)(ZM −ZB)∗ (8)

where ω is incident wave frequency, ZM, ZB represent the motion amplitude, and c is the PTO
damping coefficient.

3.2. RANS Method

The continuity equation and the Navier–Stokes equation can be described in the incompressible
flow field [35]

∇ ·U = 0

ρ
(
∂U
∂t + U · ∇U

)
= −∇p + Fb + µ∇2U

(9)

where ρ is the water density, U is the flow velocity vector, Fb is the body force vector, and µ is the
dynamic viscosity coefficient. Starting from Navier–Stokes equations, and imposing the continuity
equation, the Cauchy momentum equation can be derived. Then, assuming that the water density ρ is
constant in space (incompressible) and in time, Expression (9) is obtained.

An CFD model based on RANS method (Star-CCM+) [36] is used to simulate fluid flow, where the
finite volume method was applied in a computational mesh by discretizing the governing equations.
A good agreement was found between the numerical and experimental results in the article. The free
surface was captured by a volume of fluid method (VOF), and the moving boundary between the
liquid and the central can be represented by a mesh morphing model. The cell motion was handled by
a Lagrangian–Eulerian. A SIMPLE-type algorithm (SIMPLE algorithm is based on staggered grid to
solve differential equations [37]) is adopted to solve the system of equations.



Energies 2020, 13, 2364 7 of 16

3.2.1. Computational Domain and Boundary Conditions

Figure 5 shows the computational domain and domain boundaries in the Star-CCM+ model.
In order to reduce computational cost, and exploiting the problem symmetry, only half of the domain
was modelled. The computational domain is 108 m long, 7 m wide, and 1.5 m high. Regarding the
boundary conditions (Figure 4), the seabed is at 1.5 m below the mean water surface, non-penetration
and a no-slip boundary condition was imposed, and a 5th-order Stokes wave velocity profile was
specified at the inflow. The pressure outlet is implemented at the outflow boundary. The geometry
of CFD model of the moonpool buoy WEC is the same as experimental model. In this paper,
the renormalization group (RNG) k-ε model is applied as the turbulence model.

The incident wavelength determined the grid size x along the wave propagation direction, and the
wave height H adjusted the grid size z along the vertical direction. A 5th-order Stokes wave was set at
a height of 1 m and a period of 17.5 s.
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3.2.2. Mesh Generation and Convergence Verification

The mesh was generated automatically by the automatic meshing facility in the Star-CCM+,
which can result in 14 million cells in total in a computation mesh in Figure 6. The mesh generation
can be applied to a trimmed cell mesher to produce a high-quality grid. Figure 6 shows the mesh of
the moonpool-buoy WEC model. The grid resolution was enhanced near the free surface and around
the model, to improve computational accuracy and capture the details of the flow around WEC and
free surface. The different sizes of grids (d/60, d/45, and d/30, d is the draft of float) were applied to
verify grid convergence, so the size d/30 was adopted to calculate more quickly in the exact case.
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4. Experiments Process and Results

4.1. Experimental Facility

The experiments here considered were finished in the wave tank at HEU in Figure 7, having
a length and width of 108 and 7 m, respectively. The depth of the test section is 1.5 m. The push-type
wave generator can generate waves with a height up to 0.4 m and period between 0.4 and 4.0 s.
The irregular waves that can be generated could model ITTC, JONSWAP, and P-M wave spectra with
a wave height between 0 and 0.32 m.Energies 2020, 02, x FOR PEER REVIEW 8 of 16 
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4.2. Wave Parameter

At first approximation, and under the conditions tested, it can be assumed that a linear relationship
exists between the wave amplitude and the motion response of the tested device, and therefore the
motion response amplitude operators can be defined (RAOs). The wave height is 0.12 m and the wave
periods ranged from 1.2 to 3.0 s, as shown in Table 2. A total of 14 working conditions were considered
in the model test.

Table 2. The working conditions.

Working Scenario
Number

Wave Height
(m) Period (s) Working

Condition
Wave Height

(m) Period (s)

1 0.12 1.2 8 0.12 2.3
2 0.12 1.4 9 0.12 2.4
3 0.12 1.6 10 0.12 2.5
4 0.12 1.8 11 0.12 2.6
5 0.12 2.0 12 0.12 2.7
6 0.12 2.1 13 0.12 2.8
7 0.12 2.2 14 0.12 3.0

4.3. Single Buoy Model Test

4.3.1. Optimum Damping Coefficient

The damping coefficient of linear generator in the test model cannot be directly changed, so the
PTO damping was changed, changing its electrical resistance in Figure 8. Its circuit diagram and the
resistance box used are shown in Figure 8.
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To determine the optimal damping, six resistance values were chosen (RB = 5, 10, 20, 30, 40,
and 50 Ω). The PTO damping characteristics change with the resistance due to the current intensity:
the larger the resistance, the smaller the PTO damping.

It can be seen from Table 3 that the damping coefficient has a substantial impact on the output
power. For example, for a monochromatic wave, the output power reaches maximum values when
the resistance is 20 Ω. The relative displacement and power output are affected importantly by the
PTO damping. There is an optimal damping to capture the maximal displacement and output power
of WEC. Therefore, the PTO damping is optimal when the resistance value is 20 Ω to simplify the
experimental workload.

Table 3. Output power with different resistances.

The Resistance of the Resistance Box (Ω) Output Power (W)

5 0.56
10 0.80
20 0.97
30 0.95
40 0.87
50 0.79

4.3.2. Relative Motion and Power

The numerical results here presented were derived adopting a potential flow analysis method.
At the same time, the viscous dissipation term was introduced to consider the actual sea conditions.
The viscous dissipation coefficient can be expressed as ε, so the hydrodynamic coefficient can be
written as

F = −i2πρgξ0(1− iε)
∫ RE

RM
ϕB
`=0(r,−dM)rdr

µ+ iλ
ω = 2πρ(1− iε)

{
N∑

P=1

∫ R j
0 ϕIP

1

(
r, hp − h

)
rdr

} (10)

The wave period is in the range between 1.2 and 3.0 s, to be consistent with the experiment results
relative displacement (Figure 8).

It can be seen from Figure 9 and Table 4 that there is a relatively good agreement between the
trend of the numerical and experimental data. In general, the error between the numerical and
experimental data is below 10% in absolute value, which can confirm the accuracy and suitability
of the numerical approach. Anyway, since the viscous dissipation takes into account the potential
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viscous effects, there are lower errors expected when the wave period is 1.2 and 1.6 s due to the small
period and the resonance period of the relative oscillation of the buoy in heave. The only notable
discrepancies between the experimental data and the results of the numerical simulations were found
at the resonance period of the floater, when the oscillation amplitude will be at its max level, and the
numerical simulation underestimates the magnitude of the oscillation due to consideration of the
viscous dissipation term.
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Table 4. Calculation error for oscillatory movement.

Wave Period (s) Experimental Data (mm) Numerical Data (mm) Error Analysis (%)

1.2 21.8 29.0 33.1
1.4 38.4 36.2 5.8
1.6 50.4 40.9 18.9
1.8 45.7 44.0 3.9
2.0 44.7 45.9 2.7
2.1 43.4 46.6 7.4
2.2 48.8 47.1 3.5
2.3 50.5 47.6 5.7
2.4 49.0 47.9 2.1
2.5 48.7 48.3 0.8
2.6 49.6 48.5 2.3
2.7 47.3 48.7 2.9
2.8 46.3 48.8 5.5
3.0 48.2 49.1 1.8

4.4. Wave Tank Experiment for Moonpool-Buoy and Comparison with Numerical Results

4.4.1. The Moonpool Device

The device is composed of two parts, the moonpool cylindrical shell and the central float, as shown
in Figure 3. The moonpool shell is set on the outside of the float and fixed on the trailer suspension
bridge. The central float is connected to the linear motor by a shaft, and the linear motor is solidly
fixed to the beam. The float, when subject to the wave loads, will incur a heaving oscillatory motion.
The acceleration and the displacement are measured by sensors, and recorded by the data acquisition
system. By postprocessing these data, is possible to derive the power absorbed by the device.

4.4.2. The Optimal Damping

To determine the optimal damping, we chose six resistance values, RB = 5, 10, 20, 30, 40, and 50 Ω.
It can be seen from Table 5 that the damping coefficient has a substantial impact on the output

power. The wave period is 1.8 s, which was randomly selected, when the resistance is 20 Ω.

Table 5. Output power with different resistances.

The Resistance of Resistance Box (Ω) Output Power (W)

5 0.62
10 1.55
20 1.68
30 0.83
40 0.86
50 0.84

4.4.3. Motion Response and Power Output

Figure 10 below compares the numerical results with the added viscous dissipation coefficient
(continuous lines) and the experimental results (points).
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The experimental data and numerical results with the added viscous dissipation coefficient are
shown and compared in Figure 10 and Table 6. It can be seen that, in general, most of differences
between the experimental results and the numerical results are around 21% or lower except T = 2.0
and 2.1 s, but there is higher error when the wave period is 1.2 s due to the moonpool eliminate
wave. A potential flow approach overestimates the oscillation, so the viscous dissipation was adopted
by introducing coefficient ε = 0.15. However, at the resonant period, such as T = 2.0 and 2.1 s,
the numerical data are less than the observed ones due to the viscous dissipation coefficient (ε = 0.15)
that has a greater effect on the device. In addition, the motion response amplitude under the resonance
period reaches 100 mm, which is significantly higher than the amplitude of 88 mm obtained in the
experimental tests. Compared with Figure 8, the hydrodynamic performance of the moonpool float is
superior to a single float under a certain periodic environment.
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Table 6. Heave oscillation: error between the numerical and experimental data.

Wave Period (s) Experimental Data (mm) Numerical Data (mm) Error Analysis (%)

1.2 0.0 1.0 100
1.4 8.0 6.3 21.3
1.6 18.2 20.5 12.6
1.8 88.0 100.4 14.1
2.0 40.0 30.5 23.8
2.1 62.0 40.5 34.7
2.2 79.5 80.4 1.1
2.3 69.5 70.7 1.7
2.4 64.7 56.8 12.2
2.5 58.3 48.2 17.3
2.6 50.1 45.1 10.0
2.7 47.7 43.3 9.2
2.8 47.7 42.6 10.7
3.0 45.0 40.3 10.4

4.4.4. Motion Response Comparation: Time Domain

The numerical results were derived using Star-CCM+ software, as explained in Section 3,
to compare with the experimental data.

The comparison of the heave motion time histories and of the power extracted are shown in
Figure 11 (taken period T = 2.0 s and T = 2.2 s). As it can be seen, after the initial transient response
(from 0 to ≈10 s), the motion reaches the regime phase. By adopting the CFD RANS method described
in the previous section, the viscous forces can be taken into account, and a much better agreement can
be observed in terms of amplitude of oscillation. The CFD RANS approach illustrated in Section 3
can be then assumed to be a reliable numerical framework to assess the performance of the MPWEC
device proposed.
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5. Conclusions

The research object is the moonpool float, and we developed moonpool float wave energy
conversion device model design and test research, compared with the potential method and CFD
method of the calculation results with the experimental measurements of the pool. We observed that
wave period and PTO damping are important factors influencing the dynamic characteristic of WEC.
Further research on moonpool float device of wave energy conversion and resonance characteristics is
necessary in order to improve the moonpool float and the performance of the system as a whole on
a technical and scientific basis.

The MPWEC with PTO system is presented in the article. Comparing all the above numerical and
experimental results, the conclusions can be drawn as follows.

(1) The moonpool wave energy converter including moonpool and cylindrical buoy was designed.
The experiment of a single buoy and moonpool buoy has resonant frequency with one and two resonant
points, respectively. We observed that wave period and PTO damping are important factors that
influence the wave energy converter’s motion and energy extraction capability, according to the same
experimental results.

(2) Either in the frequency domain or in the time domain, the experiment results and numerical
results which were calculated by the potential method and CFD method has great agreement no more
than 18.9%. Results showed that the efficiency of a single WEC reached the peak when the wave height
was 0.12 m, wave period was 1.6 s, and the PTO damping corresponded to the resistance of 20 Ω.
Results showed that the efficiency of MPWEC reached the peak when the wave height was 0.12 m,
wave period was 1.8 and 2.2 s, and the PTO damping corresponded to the resistance.

(3) Compared with the single buoy and moonpool buoy, the moonpool can enhance the wave
energy conversion in the frequency of 1.7–2.5 rad/s. On the contrary, when the wave period is short,
the moonpool will hinder the motion of the cylinder buoy. It can be seen that the moonpool has wave
elimination and wave gather.

In the future, the nonlinear PTO damping of wave energy device will be studied specially,
and the optimal PTO damping coefficient will be determined. On this basis, the adaptive optimization
algorithm of wave energy device can be further researched, and the control algorithm of PTO system
can be explored in the time domain. The nonlinear wave theory will be applied to solve the complex
hydrodynamic problems.
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