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Abstract: The utilization of ocean renewable energy, especially wave energy, is of great significance
in ocean engineering. In this study, a three-dimensional numerical wave tank was established to
simulate the wave-float interaction based on the Reynolds-averaged Navier–Stokes equations and
the Realizable K-Epsilon Two-Layer turbulence model was applied. Firstly, convergence studies with
respect to the mesh and time step were carried out and confirmed by the published analytical and
numerical data. Then, the resonance condition of a particular float was solved by both numerical and
analytical methods. The numerical and the analytical results are mutually verified in good agreements,
which verify the reliability of the analytical process. Furthermore, a wave energy converter (WEC)
consisting of a single float without damping constant was adopted, and its hydrodynamic performance
in different wave conditions was investigated. It was found that the damping factor can affect the
motion response of the float and the wave force it receives. Under a certain wavelength condition, the
WEC resonates with the wave, at which the wave force on the float, displacement of the float and
other parameters reach a maximum value. Finally, the influence of linear damping constant on the
power take-off (PTO) was studied. The results show that the damping factor does not affect the wave
number turning point of the optimal damping constant.

Keywords: damping constant; resonance; power generation; wave energy; hydrodynamic analysis;
numerical wave tank

1. Introduction

Energy and environment are key issues for humans and their development. Due to the problems
of environmental pollution and energy deficit, the development and utilization of renewable energy
have received strong attention by more and more countries [1,2]. Benefiting from the advantages of
wide distribution, large reserves, renewable and no pollution, wave energy has received extensive
attention. Barstow et al. [3] reported that wave energy can provide more than 2 TW, which is the same
order of the world’s electricity consumption.

Wave energy is usually captured by motions of a wave energy converter (WEC) [4]. While
development of modern wave energy converter dates back to 1799 [5], the technology did not receive
worldwide attention until the 1970s, when an oil crisis occurred and Stephen Salter published a notable
paper about the technology in Nature in 1974 [6]. Early research mainly focused on the oscillating
water column WECs, but the device is (1) expensive to build, (2) has low conversion efficiency (10–30%)
and (3) high cost of power generation [7–9]. At present, the main focus is on the oscillating float-type

J. Mar. Sci. Eng. 2019, 7, 269; doi:10.3390/jmse7080269 www.mdpi.com/journal/jmse

http://www.mdpi.com/journal/jmse
http://www.mdpi.com
http://dx.doi.org/10.3390/jmse7080269
http://www.mdpi.com/journal/jmse
https://www.mdpi.com/2077-1312/7/8/269?type=check_update&version=3


J. Mar. Sci. Eng. 2019, 7, 269 2 of 14

(point absorption) WECs [10–12]. The float-absorber-type WEC reflects a simple but robust technology,
which consists of buoys or floating bodies to capture the wave’s motion. A point absorber with a direct
drive power take-off (PTO) system is the most efficient and beneficial in converting the low-speed
oscillating motion of ocean waves [13]. Bhatta et al. [14] carried out numerical study on the cylindrical
shape point absorption WEC, and analyzed the hydrodynamic performance under different degrees
of freedom such as surge, heave and pitch by using the mathematical technique method. Zheng et
al. [15,16] studied the diffraction and radiation of a square floating structure under the condition of
three-dimensional wave incidence, and analyzed the influence of different incident wave directions on
the force and hydrodynamic performance of the WEC by using the eigenfunction expansion matching
method. Shen et al. [17] used a semi-analytical method to solve the parameters of the wave excitation
force and additional mass of the cylindrical WEC. Vantorre et al. [18] employed a software named
AQUA+ to study floating structures with cylindrical, conical and hemispherical shapes at the bottom.
The numerical results show that the WEC energy capture efficiency of the tapered bottom structure
is higher. However, Backer et al. [19] carried out their research by boundary element method and
shows that the difference in WEC energy capture efficiency between different shapes of float structures
is small.

Consequently, the analysis of motion response of WEC in waves and its hydrodynamic performance
is especially important. For hydrodynamic studies, analytical and semi-analytical methods have been
used for wave-structure interaction, especially for simple geometries [20,21]. Potential flow theory
is another widely used numerical approach. Since potential flow solvers are not easy to take the
viscous effect into account, which may affect the accuracy of numerical results [22–24]. Recently, CFD
(Computational Fluid Dynamics) method has been widely used to simulate the complicated interaction
between strong nonlinear waves and floating bodies. Yu et al. [25] studied a two-body floating-point
absorber (FPA) WEC system, and analyzed the hydrodynamic response and the power absorption
performance of the system in regular waves. The study showed that the nonlinear effects could
significantly decrease the power output and the motion of the FPA system, particularly in larger waves.
However, this study does not show the relationship between WEC power absorption and resonance
condition. Gallizio et al. [26] studied the dynamics of an inertial wave energy converter by coupled a
CFD method with a dynamic model of the power generation system. Coe et al. [27] predicted extreme
loading in a two-body WEC using a combination of a time-domain model based on linearized potential
theory and CFD method based on unsteady Reynolds-averaged Navier–Stokes equation. CFD is
considered to be a good choice to analyze the hydrodynamic performance of WEC especially for real
sea situation [28,29]. Recently, a commercial CFD solver, STAR-CCM+ becomes popular and powerful
in ocean engineering [30–32]. In the present paper, the STAR-CCM+ was employed to analyze a WEC’s
motion in waves.

Firstly, a three-dimensional numerical wave tank was established by STAR-CCM+, then
convergence studies with respect to mesh and time step were verified. The problem of a truncated
column in regular waves was simulated and compared with a potential flow solver DIFFRACT and a
CFD tool OpenFOAM [33] and available experimental data from MOERI [34]. Secondly, the resonance
condition of a particular float was solved not only by numerical method but also by analytical method.
The numerical results and the analytical results were mutually verified. The velocity and displacement
of a float without damping constant were investigated against various wave numbers. Finally, the
relationship between the optimal damping constants and wave number was studied. Some conclusions
and future research directions were then considered.

2. Numerical Schemes and Validation

2.1. Free-Surface Capturing

The STAR-CCM+ can solve the Reynolds-averaged Navier–Stokes equations with/without fluid
compressibility based on finite volume mesh method. The prism layer mesher, surface remesher and
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trimmed model are applied in the mesh continuum model. An implicit unsteady time-marching
model is used in the physics continuum model, where the governing equations are discretized over
a computational domain. The Realizable K-Epsilon Two-Layer turbulence model is applied with a
two-layer all-y+ wall treatment model.

The volume of fluid method is applied to capture the water free surface. This modeling approach
assumes that the mesh resolution is sufficient to resolve the position and the shape of the interface
between multiple phases [35]. The distribution of phases and the position of the interface are described
by the fields of phase volume fraction αi. The volume fraction of phase i is defined as:

αi =
Vi
V

(1)

where V is the volume of a cell, and Vi is the volume of phase i in the cell. The volume factions of all
phases in this cell are satisfied the following relationship:

N∑
i=1

αi = 1 (2)

where N is the total number of phases, N = 2 in the present study.

2.2. Numerical Wave Tank

Convergence studies of meshes and time steps for the multi-phase-flow numerical wave tank
were first carried out to confirm the accuracy and efficiency of the present numerical model. The
wave forcing method was implemented in the numerical wave tank, as shown in Figure 1. The 3D
Navier–Stokes equations were solved in one domain, within the blue zones. No forcing was applied
within the inner zone (3D Navier–Stokes), but within the outer zone (Forcing zone) the forcing source
term was activated along boundaries of the computational domain. This method forces the solution
of the discretized Navier–Stokes equations towards the theoretical solution over a specified distance,
and it reduces the computational load by using a reduced-size solution domain. This forcing also
eliminates problems that are associated with reflections of surface waves at boundaries, owing to the
damping feature of the gradual forcing [35].

Figure 1. Numerical wave tank (top view).

The lengths of upstream, downstream and forcing zone in the numerical wave tank were set as 3
L, 3 L, 2 L (L is the incident wavelength), respectively, while the width of the tank is 2.5 L, and forcing
zone was set as 1 L. The water depth is 1.5 L. An extruder mesh was used to reduce the computational
time and to provide additional numerical dissipation for energy consumption. The conditions of
upstream and top boundaries are the velocity inlet, while the downstream is the pressure outlet, and
the side and bottom is the slip wall.
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2.2.1. Mesh Convergence

The systematic verification of the grid spacing in x-direction, ∆x, and in z-direction, ∆z, at the
water free surface was carried out. The parameters of incident wave were set the same as that in Sun et
al. [33], which are shown in Table 1. In Table 1, H is wave height, L is wave length, k is wave number, A
is wave amplitude.

Table 1. Wave parameters.

H/L k L (m) H (m) A (m)

1/10 0.082 76.44 7.644 3.822

Three types of mesh, named Mesh A, Mesh B, and Mesh C, were studied. Mesh size of the free
surface was 25% of the base size in x-direction (wavelength direction), while it was 12.5% of the base
size in z-direction (wave height direction). The specific size and quantity of the meshes are shown
in Table 2. The wave probes were located at distances of 1 L, 3 L from the entrance of the wave. The
origin of the coordinate was at the center of mass of the truncated cylinder.

Table 2. Meshes size and quantity.

Mesh Base Size (m) Number of Cells
per Wave Length

Number of Cells
for Wave Height H Total Number

A 4.7 65 13 768,385
B 3.6 85 17 1,258,783
C 3.1 105 20 1,569,229

Figures 2 and 3 show the wave elevations at different locations with three type of meshes. It can
be seen from Figure 2b that when the waves reach the location of 3 L from the left entrance boundary,
the amplitude of the waves is reduced by about 5% compared to the incident one, which is caused by
physical and numerical dissipations. The difference of the wave elevation between the incident wave
height and the measured wave height at 3 L location calculated by these three types of meshes is 2.96%,
2.44% and 1.85%, respectively. For balancing the numerical accuracy and computational cost, Mesh B
is mainly used in the following studies otherwise specified.

Figure 2. Wave elevation at different positions from the left entrance boundary: (a) 1 L from the left
entrance boundary; (b) 3 L from the left entrance boundary.
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Figure 3. Wave elevations at a distance of 3 L from the left entrance boundary by using different
time steps.

2.2.2. Time-Step Convergence

The time-step convergence is verified in this section. The same wave conditions as Sun et al. [33]
were studied. Mesh B with L (85) and H (17) was used, and then the time steps were set to ∆t = T/175,
T/350 and T/700. The free-surface elevation at 3 L is shown in Figure 3. From Figure 3, it can be seen
that the wave curves simulated by the time steps of T/350 and T/700 are basically the same, considering
that the time required by the case of T/700 is significantly higher than that of the T/350. The time
step of T/350 is employed in the subsequent calculations. Figure 4 shows the wave elevation in the
calculation domain at t = 10 T (T is wave period). It can be seen that the wave propagates stably from
the upstream to the downstream.

Figure 4. Top view of wave-surface elevation in the computational domain at the time instant of 10 T.

3. Free-Surface Elevation around a Truncated Column

3.1. Setting of Numerical Model

Based on the above validated numerical wave tank, the free-surface elevation around a column
in strongly-nonlinear waves were studied and compared with the corresponding experimental data
from MOERI [34]. The settings of numerical model are shown in Figure 5a. We used half of the
computational domain in the following simulations to reduce the computational load benefit from the
symmetry of body on the x-z plane. The radius of the column is r = 8 m, while the draft is 24 m. The
positions of wave probes are shown in Table 3. The layout of the wave probes is shown in Figure 5b.
The conditions of incident waves are shown in Table 1.



J. Mar. Sci. Eng. 2019, 7, 269 6 of 14

Figure 5. Numerical model: (a) numerical wave tank; (b) layout of wave probes.

Table 3. Locations of wave probes.

Wave Probes x (m) y (m)

Wpb1 −8.2 0.0
Wpb3 0.0 −8.20
Wpb5 8.2 0.0
Wpo1 −16.0 0.0
Wpo3 0.0 16.0
Wpo5 16.0 0.0

The meshes of the numerical wave tank and column are shown in Figure 6. The STAR-CCM+

extruder meshing model [35] was used in the width direction and the downstream, which not only
increases the numerical dissipation of waves, but also saves the calculation time.

Figure 6. Meshes for the numerical wave tank and column: (a) numerical wave tank; (b) column.

3.2. Comparison of Free-Surface Elevations

The RAOs (Response Amplitude Operator) of the wave-surface elevation around the truncated
column under an incident wave of k0r = 0.657 (k0r is the dimensionless wave number, where k0 = 2π/L
and L is wave length, r is the radius of column) was studied and compared with Sun et al. [33]. An
average value of free-surface elevations at wave probes in 10 stable wave periods were obtained and
plotted in Figure 7. The RAOs (1st harmonics) of the free-surface elevations were calculated by Fast
Fourier Transform (FFT) and compared with the experimental data from MOERI [34]. The comparison
results are shown in Tables 4 and 5, in which the data of the potential flow solver DIFFRACT, and CFD
tool OpenFOAM are from Sun et al. [33].
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Figure 7. Free-surface elevations at different wave probes.

Table 4. RAOs of free-surface elevations at wpb1, 3 and 5.

Wpb1 Difference Wpb3 Difference Wpb5 Difference

Experiment 1.918 - 0.975 - 1.031 -
DIFFRACT 1.622 −15.4% 1.017 4.3% 0.972 −5.7%
OpenFOAM 1.731 −9.7% 0.955 −2.1% 0.951 −7.8%
STAR-CCM+ 1.902 −0.834% 0.976 0.103% 0.9814 −4.7%

Table 5. RAOs of surface elevations at wpo1, 3 and 5.

Wpo1 Difference Wpo3 Difference Wpo5 Difference

Experiment 1.588 - 1.030 - 1.046 -
DIFFRACT 1.471 −7.4% 1.084 5.2% 0.993 −5.1%
OpenFOAM 1.450 −8.7% 1.005 −2.4% 1.034 −1.1%
STAR-CCM+ 1.389 −12.5% 1.035 0.485% 0.9633 −7.9%

The RAOs (1st harmonics) was calculated as follows:

RAO1st =
ζ(1)

A
(3)

where, ζ(1) is the 1st harmonics of the free-surface elevations, A is the amplitude of the incident waves.
From Tables 4 and 5, it can be seen that the wave elevations at the probes are in good agreement

with the experimental data—excepting wpo1 probe, which has a slight discrepancy—which verifies
the accuracy of numerical model.

Figure 8 shows snapshots of wave elevations around the column in one wave period. From Figure 8,
two different types of scattered waves are obviously seen. One is a concentric circular wave field, called
Type-1 scattered-wave field, and the other is related to the motion of water surrounding the column
surface, called Type-2 scattered-wave field. Type-1 scattered-wave field is primarily in the upstream
direction, while Type-2 wave by passing the surface of the column and propagating to downstream
and merging to form a water mound behind the column. These two types of scattered-wave fields
were also reported by Swan and Sheikh [36] in their experimental measurements.
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Figure 8. Contours of the free-surface elevations (m): (a) t = 1/4 T; (b) t = 2/4 T; (c) t = 3/4 T; (d) t = T.

4. A Single Float in Different Waves

4.1. Resonance Frequency of a Single-Float WEC

Wave conditions for the following simulations were selected based on actual wave conditions in
the South China Sea [37]. The selected wave parameters are shown in Table 6, where r and D are the
radius and diameter of a float, respectively. The dimension parameters of the float are shown in Table 7.

Table 6. Wave parameters (H = 1.2 m).

k0r L (m) T (s) H/L L/D

0.21 76.5 7 0.016 15.3
0.33 47.5 5.5 0.025 9.5
0.42 37.5 4.88 0.032 7.5
0.52 30.21 4.36 0.04 6.04
0.62 25.5 3.99 0.047 5.1
0.85 18.48 3.37 0.065 3.7
1.02 15.4 3.05 0.078 3.1
1.2 13.09 2.78 0.092 2.6
1.4 11.22 2.53 0.107 2.2
1.6 9.82 2.33 0.122 1.964

Table 7. Basic parameters of the float.

Draft (m) Radius (m) Density (kg/m3) Mass (kg) Added Mass (kg)

1.217 2.5 512.5 25,157.28 21,354.17

According to Michael and Cormick [38], the heaving displacement of a single-float WEC system
can be represented by:

z(t) =
(F0/ = ρgAwp) cos(ωt + γ− σz)√

(1−ω2/ω2
z)

2
+ (2∆zω/ωz)

2
= Z0 cos(ωt + γ− σz) (4)
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where F0 is the amplitude of wave force, ρ is the density of fluid, Awp is the water plane area of the
float, Z0 is the motion amplitude, ω is the circular wave frequency, t is time in seconds, γ is a phase
angle that depends on the wave force components, and σz is a phase angle that depends primarily on
the dimensionless system damping factor ∆z, ωz is the natural heaving frequency. In this study, the
float is symmetry about the x-z and y-z planes, so the phase angle γ is always equal to zero.

The natural heaving frequency can be represented by:

ωz =
1√

m+mw
ρgAwp

(5)

where m is mass of the float, mw is added mass of the float. According to the data in Table 7, ωz is equal
to 2.059, therefore, the dimensionless wave number (k0r) corresponding to natural heaving frequency
is equal to k0r = 1.02.

The partial derivative of Z0 to ω equal to zero in Equation (4) can be obtained:

∂Z0

∂ω
= 0⇒ ω′ = ω0

√
1− 2∆2

z (6)

where ω’ is the circular frequency of resonance state considering the damping factor.
The damping factor ∆z can be represented by:

∆z =

√
1−

q2

ω2
z

(7)

where q is the natural heaving frequency of the float under radiation damping.
The q can be represented by:

q = 2π/T0 (8)

where T0 is the free vibration period of the float under radiation damping.
Figure 9 plots the free vibration curve of the WEC under radiation damping. The T0 is equal to

3.32 s in this research, therefore the q is equal to 1.945 rad/s, the ∆z is equal to 0.329, the ω’ is equal to
1.823 rad/s. Therefore, the dimensionless wave number (k0r) corresponding to resonance condition
considering damping factor (∆z) is equal to 0.85. In the following section, we utilize the numerical
method to analyze the resonance state of float and to verify the reliability of the above process.

Figure 9. The free vibration curve of the wave energy converter under radiation damping.

4.2. Hydrodynamic Performance and Motion Response of the Float

Figure 10a shows the motion response of the float. From Figure 10a, it can be seen that when the
wavelength is greater than the resonance one, the magnitude of heave motion of the float is equal to
the amplitude of the incident wave. (A is constant, A = 0.6 m) The velocity of the float increases with
the decrease of the incident wavelength. The maximum velocity of the float reaches 1.48 m/s when the
resonance occurs. However, when the wavelength is smaller than the one at resonance condition, the
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magnitudes of displacement and velocity of the float begin to decrease, e.g., the maximum displacement
of the float is only one third of the amplitude of the incident wave at k0r = 1.4–1.6.

Figure 10. Wave forces and motion responses of the float: (a) motion response; (b) wave force.

Figure 10b plots wave forces acting on the float in different sea conditions; where Fx and Fz are
the horizontal and vertical wave forces, respectively. From Figure 10b, it can be seen that when the
wavelength is greater than the resonance one, the horizontal and vertical wave forces increase as the
wavelength decreases. The resonance (k0r = 0.85) is turning point, when the incident wavelength
is smaller than the resonance wavelength, the horizontal and vertical wave forces decrease as the
wavelength decreases.

From the above analysis, we can see that the turning point from the numerical results is near k0r =

0.85, while the corresponding analytical results at the resonance condition considering damping factor
is also at k0r = 0.85, which has already mentioned in section of ‘Resonance Frequency of a Single-Float
WEC’. A good agreement between the numerical and analytical solutions is obtained, which verifies
the reliability of the analytical process. Furthermore, we can find that the turning point of motion
response and wave force is near k0r = 0.85 rather than 1.02, which means that the damping factor can
affect the motion response of the float and the wave force it receives.

4.3. Influence of Linear Damping Constant on the PTO

In this section the power generation of the float-type WEC, which considers the equivalent
damping, is calculated. In the WEC system, the equivalent damping of the generator is the resistance
generated by the electrical generator. The work done by this resistance is the electric energy generated
by the generator. We simplify the equivalent damping of the generator as a damping force fd acting on
the float. The damping force, fd, is defined as:

fd = −Cd, f v (9)

where Cd,f is the linear damping constant, v is the vertical velocity of the float.
The average power of a purely heaving symmetric float in waves is represented by:

Pz =
1
T

∫ T

0
fdvdt (10)

where fd is the damping force, T is the wave period.
Generally, under certain sea conditions, the WEC system has an optimal linear damping constant,

which maximizes the overall power generation of the system. Figure 11 plots the variation of power
generated by the float via the linear damping constant for different wavenumbers.
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Figure 11. Power absorption performance of the WEC system: (a) k0r = 0.21–0.62; (b) k0r = 0.85–1.6.

From Figure 11, it can be seen that (1) the power generated by the float increases first and then
decreases with the increase of the linear damping constant. (2) when the wavelength is larger than
the resonance condition (k0r = 0.85) as shown in Figure 11a, the value of the optimal linear damping
constant increases with the increase of the wavelength; and the maximum of the power generated
by the float slightly varies in long waves, which is basically concentrated at 5.0–5.5 kw; and the
corresponding range of the optimal linear damping constants is from 35 kN-s/m to 80 kN-s/m. (3)
However, when the wavelength is smaller than resonance condition, as shown in Figure 11b, the value
of the optimal damping constant decreases as the wavelength increases; and the generation power is
lower than the long wavelength, the maximum power is about 0.47–2.6 kw, and the corresponding
range of the optimal linear damping constants is from 10 kN-s/m to 35 kN-s/m.

Figure 12 shows the optimal linear damping constant of WEC and the maximum power generated
by the float with consideration of equivalent damping. The power generated by the float under the
optimal linear damping constant decreases as the wavelength decreases. The optimal linear damping
constants decrease first and then increase with the increases of wave number; the turning point is near
k0r = 1.02, which is coincident with the analytical natural heaving frequency without consideration of
damping. This means that the damping factor does not affect the wave number turning point of the
optimal damping constant.

Figure 12. Optimal linear damping constants and maximum power.

5. Discussion

In this paper, a numerical model for calculating the hydrodynamic performance of a float was
established. First, the numerical accuracy and reliability of the established multiphase flow numerical
wave tank were verified by the convergence studies. Then the wave-surface elevations surrounding a
truncated column in waves were simulated and compared with the corresponding experimental data
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from MOERI [34]. After, the resonance condition of a particular float was solved not only by numerical
method but also by analytical method. The results are in good agreement, which verify the reliability
of the analytical process. Then, the hydrodynamic forces and motion response of the float without the
damping constants in different waves were evaluated, and the power absorption performance of the
float considering the damping constants in different waves were studied.

The velocity amplitude and the displacement amplitude of a float without damping constant were
investigated against various wave numbers. It was found that velocity amplitude and the displacement
amplitude increase first and then decrease with the increases of wave number, with the turning point
being near k0r = 0.85 rather than 1.02. This means that the damping factor can affect the motion
response of the float and the wave force it receives.

The relationship between the optimal damping constant and the wave number was obtained.
When k0r > 1.02, the optimal damping constant increases as the wave number increases. When k0r
< 1.02, the optimal damping constant decreases as the wave number increases. In other words, the
turning point of optimal linear damping constants is near k0r = 1.02; this value is the analytical natural
heaving frequency without consideration of damping. This means that the damping factor does not
affect the wave number turning point of the optimal damping constant.

The power of the float generator under the optimal damping constant decreases as the wave
number increases. When k0r < 0.42, the absorption power of the float at the optimal damping constant
is basically the same (5.5 kW).

The study provided an analytical approach to solving the resonance condition of a specific float,
and provided an insight into the hydrodynamic performance of a WEC system and its power generation
with optimal linear damping constant in different waves.
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