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The heaving wave energy converter (WEC) is one typical type of point absorber WECs with
high energy conversion efficiency but significantly affected by the viscous effect. It is widely
known that the bottom shape of such WECs plays an important role in influencing the
viscosity, so a detailed qualitative investigation is essential. Here a numerical study is
performed for the influence of bottom shape on motion response and energy conversion
performance of a heaving WEC. The numerical model is developed based on the potential
flow theory with a viscous correction in the frequency domain. Cylindrical WECs with flat,
cone, and hemispherical bottoms and the same displacement are considered. WECs with
larger diameter-to-draft ratios (DDRs) are found to experience a relatively smaller viscous
effect and achieve effective energy conversion in a broader frequency range. With the same
DDR, the flat bottom has themost considerable viscous effect, following by the cone bottom
with conical angles 90° and the hemispherical bottom. When the DDR is relatively small, the
hemispherical bottom had the best energy conversion performance. Similarly, when the
DDR is relatively large, the energy conversion performance of the floater with a hemispherical
bottom and a cone bottom with 90° is better, while that with the flat bottom is the worst.
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INTRODUCTION

Wave energy is amongst the ocean renewable energies with huge reserves. Wave energy converters
(WECs) based on different mechanisms to extract energy from water waves have been invented (de
O. Falcão, 2010). In general, WECs can be categorized into oscillating water columns, point
absorbers, overtopping systems, and bottom-hinged systems based on their working principle
(Li and Yu, 2009). The oscillating water columns, as a promising type of wave energy device, has been
widely investigated by analytical (He et al., 2019), numerical (Wang et al., 2018) and experimental
(He et al., 2013; Ning et al., 2019) methods. The point absorber wave energy converter (PA-WEC) is
convenient for array arrangement due to its small dimension relative to the incident wavelength. It is
thought to be the most efficient type in terms of the wave power conversion per unit volume (Li and
Yu, 2009; McCabe and Aggidis, 2009). However, the high construction cost and the low energy
conversion efficiency make the electricity generated by WECs less competitive. Therefore, it is
necessary to improve the energy conversion efficiency of WECs to make wave energy economically
competitive.
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One typical type of PA-WECs works solely in the heave mode,
which receives mechanical power resulting from the heave
motion and generates electricity by the power take-off (PTO)
system. Axial-symmetrical floaters are normally adopted to
reduce the sensibility to the wave direction, such as Wavebob
(Ireland) (Weber et al., 2009), PowerBuoy (USA) (Edwards and
Mekhiche, 2014), and CETO (Australia) (Penesis et al., 2016).
The hydrodynamic performance of PA-WECs needs to be studied
in detail to maximize the wave power absorption, where the
geometrical optimization is an important way. Generally, there
are four types ofmethods to solve the hydrodynamic characteristics
of a PA-WEC: analytical method, boundary element method,
computational fluid dynamics (CFD) method, and experimental
method. A comprehensive review can be found in Li and Yu
(2009).

Previous studies were primarily focused on the impact of the
shape of the bottom of the WEC on its energy conversion
efficiency, for a specific size or considering some main
parameters. The previous investigations have covered only
some of the aspects, and knowledge gaps in the fields still
exists. Most of the previous numerical simulations were
carried out adopting a potential flow theory (PFT) approach
without considering the viscous effects, which allows an initial
understanding of the hydrodynamic fundamentals of WECs with
different bottom shapes. De Backer (2009) compared the
hydrodynamic performance and power absorption of cylinders
with a conical bottom with an apex angle of 90° and a hemisphere
bottom in irregular waves, showing that the cone-cylinder
performs slightly better than the hemisphere-cylinder shape.
Zhang et al. (2016) used a semi-analytical method in
investigating the energy conversion efficiency of four floaters
with different bottom shapes, including cylindrical, hemispherical,
paraboloidal, and conical, with the same displacement. Zhang
et al. (2016) suggested that the cylindrical type had fantastic wave
energy conversion ability at some given frequencies, whereas in
random sea waves, the parabolic and conical ones had better
stabilization and applicability in wave power conversion.
Khojasteh and Kamali (2016) found that the cone-cylinder
shape slightly performed better than the hemispherical
cylinder via numerical simulations based on the linear
potential theory. Shi et al. (2019) compared the optimal
average capture width ratio (CWR) of five types of geometry
with the same mass based on the linear potential theory without
viscous correction, including flat-bottom, cone-bottom,
hemisphere-bottom, linear-chamfered, and circular-chamfered
cylinders, showing that the flat-bottom cylinder was the
best and the hemisphere-bottom cylinder was the worst.
However, the ignorance of viscous effects may lead to
incomplete conclusions. Especially when it is around the
resonance frequency, the response simulated by non-viscous
linear PFT could be 10 times or much larger than that of the
experiment (Tom, 2013). An alternative approach is to use the
CFD method, which can deal with strongly-nonlinear
phenomena, such as vortex shedding and turbulence. Zhang
et al. (2015) studied the effect of buoy shape on wave energy
conversion using CFX (Computational Fluid Dynamics X) and
found that the response of the circular truncated cone buoy

preceded the cylindrical buoy. Jin and Patton (2017) studied
three cylindrical floaters by LS-DYNA (LS-dynamic finite
element analysis), and the results demonstrated that the
rounded- and conical-bottom floaters had less viscous
damping than that with the flat-bottom. Zhang et al.
(2020a) selected four single-floater integrated systems with
different bottom shapes and studied the effect of bottom shape
on the hydrodynamic performance of the integrated system.

However, the computational cost of detailed CFD simulations
is high, partly due to the requisite large computational meshes. In
this regard, the PFT with a viscous correction provides a tractable
way to conduct an initial optimization design, which can be
further refined by a detailed CFD study of selected cases. There
are many different ways to provide the viscous correction. Bacelli
et al. (2013) applied a force linearly proportional to the velocity as
the equivalent viscous drag term in the frequency-domain
equation, where an iterative procedure was necessary because
of the correlation of the viscous coefficient and the body velocity.
The numerical and experimental studies of Tom (2013) and Son
et al. (2016) on a heaving point absorber WEC illustrated that the
linear PFT could well predict the exciting forces. In contrast, the
radiation forces (especially the damping term) were significantly
affected by viscous effects. Chen et al. (2018b) showed that the
viscous effect of added mass was much smaller than that of
radiation damping. The experimental results of Tom (2013)
showed that the viscous effect did not change obviously with
the wave frequency. Therefore, the viscous correction of the
hydrodynamic coefficients of the floater at the natural
frequency can meet the calculation requirements. The viscous
hydrodynamic coefficients can be obtained from the experiment
(Chen et al., 2018a; Lee et al., 2018) or CFD simulation (Chen
et al., 2018b) of the free decay test.

It is not possible to generalize the effect of the bottom shape of
cylindrical PA-WECs with different diameter-to-draft ratios
(DDRs) on the motion response and energy conversion
performance from the existing studies. The motivation and
novelty of this work are two-fold: 1) developing an efficient
method for accurate prediction of the hydrodynamic
performance of PA-WECs using a viscous-corrected linear
potential theory, 2) understanding comprehensively the
influence of the bottom shape of cylindrical PA-WECs on the
motion response and energy conversion performance. This will
help reduce the overall cost of wave energy harvesting.

The paper is structured as follows. Mathematical Model
section introduces the mathematical model of a single
heaving WEC based on PFT with a viscous correction in the
frequency domain. Convergence Study and Validation section
presents the convergence study and the validation of the
numerical model. The hydrodynamic performance and the
CWR of a cylindrical WEC with flat bottom, cone bottom
and hemispherical bottom are studied in sections Motion
Response and Capture Width Ratio of a Cylindrical Wave
Energy Converter With Different Bottom Shapes, Effect of
Bottom Shapes on Motion Response and Capture Width Ratio,
and Conclusions, respectively. The effects of bottom shape on
the motion response and the CWR are analyzed. Finally, the
conclusions are presented.
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MATHEMATICAL MODEL

Motion Equation of Wave Energy Converter
Based on the linear frequency-domain PFT, the motion equation
of a single WEC in heave mode can be written as[ − ω2(m + μ33) − iω(λ33 + bpto + λvis,3) + (C33 + k33)]z3 � Fex,3

(1)

wherem is the mass of the WEC; ω is the wave frequency; i is the
imaginary unit; z3 is the heave motion of the WEC; C33, k33, bpto,
and Fex,3 are the restoring force, the elastic stiffness, mechanical
damping due to PTO system, and the wave exciting force in the
heave mode, respectively; μ33 and λ33 are the added mass and
radiation damping of the WEC in the heave mode due to the
heave motion of the WEC based on the PFT, respectively; λvis,3 is
the corrected viscous damping of the WEC in the heave mode at
the natural frequency. μ33, λ33 and Fex,3 are calculated by a
higher-order boundary element method program WAFDUT
(Teng and Taylor, 1995). WAFDUT is used to solve the
diffraction and radiation problems of floating body with
arbitrary shapes based on the linear PFT in frequency
domain. More applications of the program can be found in
Teng et al. (2014).

The corrected viscous damping λvis,3 can be obtained through
the free decay motion of the floater. The non-dimensional
damping κ is given by Lee et al. (2018)

κ � 1
2π

ln
zak − zak+1
zak+2 − zak+3

(2)

where zak and zak+ 2 are the two successive positive maximum
displacements; zak+ 1 and zak+ 3 are the two successive negative
maximum displacements. The total damping coefficient can be
obtained by

λvist,3 � 2κC33

ωn
(3)

where C33 and ωn are the hydrostatic coefficient and the natural
frequency, respectively. The overall hydrodynamic damping,
including the potential and the viscous parts, can be estimated
from the decaying oscillation by determining the ratio between
any pair of successive (double) amplitudes. In the present paper,
the first three pairs are selected to obtain the average value.

The viscous damping correction coefficient of the WEC is

λvis,3 � λvist,3 − λ33 (4)

The non-dimensional linearized viscous damping correction is
defined as

fλ,vist � λvist,3/λ33 (5)

where fλ,vist means the corrected ratio of the total damping to the
potential damping.

Wave Power and Capture Width Ratio of
Wave Energy Converter
The heave motion of WEC can be obtained from Eq. 1, i.e.,

z3 � Fex,3
−ω2(m + μ33) − iω(λ33 + bpto + λvis,3) + (C33 + k33)

(6)

The wave power P(ω) at wave frequency ω produced by the
WEC is derived by

P(ω) � 1
2
ω2bpto|z3|2 (7)

The CWR of the WEC CW can be defined as

CW � P(ω)
PW(ω) · 2r (8)

where 2r is the width of the WEC, PW is the mean incident wave
power transportation of a regular wave per unit wave crest, i.e.,

PW(ω) � 1
8
ρgH2(1

2
+ kh
sinh(2kh)) ω

k
(9)

where H is the incident wave height, h is the water depth, k is the
wavenumber.

Optimization of the PTO parameters can be classified into two
methods (Folley, 2016). One is double-variable optimization,
involving the elastic stiffness k33 and the damping boot; the
other is one-variable optimization, considering only the
damping boot while remaining the elastic stiffness a constant.
The first method is to keep the WEC resonance at any wave
frequencies, which is not easy to realize in practical cases if the
spring mechanism always needs to be changed. In the present
paper, the elastic stiffness k33 is considered as zero, and the second
method is used. The optimal damping coefficient of the WEC
boot at a wave frequency ω can be derived as the maximum wave
power P(ω) is obtained (Sun et al., 2018).

bopt �
����������������������������������(m + μ33)ω2 − (k33 + C33)2

ω2
+ (λ33 + λvis,3)2√

(10)

CONVERGENCE STUDY AND VALIDATION

As introduced in Motion Equation of Wave Energy Converter
section, the total damping λvist,3 can be obtained through the free
decay motion of the WEC, simulating using the Star-CCM+
(need a reference). Star-CCM+ has been used in studying the
interaction of waves and a two-dimensional floating body (Zhang
et al., 2020a; Zhang et al., 2020b), and the free decay motion of a
three-dimensional floater (Chen et al., 2018b). Their accuracy has
been validated with the experimental results. The detailed setup
can be found in Zhang et al. (2020a; 2020b) and Chen et al.
(2018b).

To further verify the accuracy of simulating the interaction
between waves and a three-dimensional floating body, the
experiment of a floating cylindrical floater with the flat bottom
in waves by Shi et al. (2019) is simulated, where the radius of the
cylinder buoy was 0.4 m, the height of the buoy was 0.4 m, the
draft of the buoy was 0.12 m, the wave height was 0.2 m, and the
wave period was 2 s. In the experiment, three degrees of freedom,
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including surge, heave, and pitch motions, were considered. The
results showed that the heave motion did not interact with the
surge and the pitch motions. Therefore, only the heave motion of
the floater is considered in the present CFD simulation.
Figure 1A compares the heave motion between the CFD
results calculated by Star-CCM+ and the experiment by Shi
et al. (2019). The overall agreement with the published
experimental data verifies that the present CFD model in the
accurate prediction of the interaction of waves with a three-
dimensional floater.

Although the CFD results can predict the experimental results
accurately, the CPU cost is exceedingly high. The PFT with a
viscous correction is an accurate and fast way to predict the
motion of aWEC. The flat bottom cylindrical WEC with draft d �
1.0 m and radius r � 0.8 m is taken as an example to validate its
accuracy further. The wave height H is 0.2 m. The optimal PTO
damping based on Eq. 10 is considered. The RAOs (Response
Amplitude Operator) of the heave motion calculated by the direct
CFD method and the PFT with and without viscous correction
are compared in Figure 1B, showing that the potential-theory
results without viscous correction overestimate greatly the heave
motion near the resonant frequency ω � 2.5 rad/s, but the PFT
results with viscous correction agree well with the direct CFD
results. Therefore, the viscous-corrected PFT is applied in the
following results.

MOTION RESPONSE AND CAPTURE
WIDTH RATIO OF A CYLINDRICAL WAVE
ENERGY CONVERTER WITH DIFFERENT
BOTTOM SHAPES

Flat Bottom
In the following sections, different DDRs of 2r/d are chosen,
where d � 1.0 m. The investigation of Hu et al. (2020) showed that
fλ,vist generally decreased to approach 1.0 as the ratio 2r/d
increased. It meant that the viscous effect became smaller as
the WEC became fatter, such that the viscous effect of a very fat
floater is negligible. This can be explained by the KC number. The
KC number means the ratio of the viscous force and inertial force.
It can be simplified as KC � VT/L, where V is the amplitude of the
oscillation of the body, T is the period of oscillation, and L is a
characteristic length. For the cylinder, the diameter is the
characteristic length. As the diameter increases, the KC
number decreases, which means the effect of the viscous force
becomes smaller compared with the inertial force.

Figures 2A,B show the variation of the heave RAO against the
wave frequency for the flat bottom cylindrical WECwith different
DDRs of 2r/d � 0.8, 1.6, 2.4, 2.8, 3.2, 3.6 based on the PFT without
and with viscous correction, respectively. The stiffness k33 � 0,
and the optimal PTO damping calculated by Eq. 10 are
considered for all cases. Figures 2A,B show that as the wave
frequency ω < 2.0 rad/s, the RAO for different 2r/d all tends to 0.7
and increases to a peak value near the natural frequency of the
WEC, and then decreases to zero as the wave frequency continues
to increase. The above trend is similar in both methods, but the

peak value of RAO is significantly reduced by considering viscous
correction for the smaller 2r/d. It is because that the viscous
damping correction coefficient fλ,vist increases as the WEC
becomes thinner. The potential results overestimate the RAO
significantly near the resonance frequency. The maximum
magnification factor of the RAO is 5.4 for the thinnest WEC
2r/d � 0.8, while 1.4 for the fattest WEC 2r/d � 3.6, where the
magnification factor is defined as the ratio between the PFT
(only) results and the results obtained by the PFT approach with
viscous correction.

The corresponding CWRs CW are shown in Figures 2C,D. It is
demonstrated from Figure 2C that the CWR CW increases with
the increase of 2r/d in the low wave frequency region, but
decreases in the high wave frequency region. Figure 2C also
shows that the peak value of CW decreases with the increase of 2r/
d, while it increases by considering the viscous correction, as
shown in Figure 2D. The viscous damping correction has a great
influence on the thinner WEC near the resonance frequency,
which significantly reduces the CWR CW. The maximum
magnification factor of CW is 5.6 for the thinnest WEC 2r/d �
0.8, while 1.4 for the fattestWEC 2r/d � 3.6. Figure 2D shows that

Figure 1 | Comparison of heave motion between the CFD results with
other results. (A) Comparison of the heave motion between the present CFD
result and the experiment result (Shi et al., 2019). (B) Comparison of RAO in
the heave mode between the CFD results and the PFT results with and
without viscous correction.

Frontiers in Energy Research | www.frontiersin.org September 2020 | Volume 8 | Article 5532954

Zhou et al. Energy Conversion Performance of WEC



for the larger 2r/d, not only the peak value of CW is larger, but also
the frequency range of the high power captured is broader, that is,
the effective frequency-domain width is larger. Figures 2B,D
show the CWR CW is larger at most of the frequencies for the
fatter WEC, even the RAO is smaller, which is better for the
design of WEC due to the smaller required reserved movement
stroke. It means that in a limited region, the fatter WECs will
capture more wave energy. Nevertheless, if the viscous effect is
neglected, the contrary conclusions are obtained.

Cone Bottom
The conical bottom is usually used to reduce the viscous effect
as a comparison to the flat bottom. Figure 3 shows the
schematic diagram of the submerged part of the conical-
bottom cylindrical WEC. The WEC with different DDRs
(2r/d � 1.6, 2.8, 3.6) and conical angles (α � 90°, 120°, 150°,
180°) are considered to study the hydrodynamic performance
and energy conversion capacity. The submerged part under the
mean water line consists of two parts: one is the vertical
cylindrical part with the height of d1 and the other is the
non-flat bottom part with the height of d2. To study the effect of
the conical angle, the displacements (or massed) are taken as
the same for floaters with different conical angles. The
equivalence drafts d are kept as 1.0. Therefore, d1 and d2 of
different conical angels can be calculated as

d1 � d − r
3 tan(α/2), d2 �

r
tan(α/2). (11)

Table 1 shows the dimension parameters and viscous
correction coefficients of the conical bottom cylindrical
WEC with different DDRs and conical angels. It can be
seen that for the same DDR 2r/d, the viscous correction
coefficient decreases with the decrease of the conical angel,
which is the same as Chen et al. (2018b). Besides, for the
same conical angle, the viscous correction coefficient
decreases with the increase of 2r/d, similar to the flat
bottom WEC.

Figures 5A–E show the variations of the RAO of the heave
motion against the wave frequency for the conical-bottom
cylindrical WEC with different DDRs of 2r/d = 1.6, 2.8, 3.6
and different conical angels of α = 90°, 120°, 150°, 180° based
on the PFT without and with viscous correction, respectively.
The corresponding CWRs are shown in Figures 4A–E.
Figures 5 and 4A,C,E show that the RAO and the CWR of
WECs are both smaller for the smaller conical angle near the
resonance frequency for the PFT results. Figures 5 and
4B,D,F show that when the viscous effect is considered,
the RAO and the CWR of WECs mainly change at the
resonance frequency. Because the viscous correction
coefficient with a larger cone angle is larger, the peak
value of the RAO and the CWR decreases significantly. In

A B

C D

Figure 2 | Variation of heave RAO and CWR CW vs. ω for the flat bottom cylindrical WEC with different 2r/d. (A) RAO, (B) RAO-vis, (C) CW, and (D) CW-vis.
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the low-frequency region, the CWRs are close for different
conical angles. At the resonance frequency and in the high-
frequency region, the smaller the conical angle is, the larger the
CWR is. Therefore, the smaller the cone angle is, the more
extensive the frequency range of the high power captured is.
Figures 5B,D,F show that when 2r/d is small (2r/d � 1.6 and
2.8), the smaller the conical angle is, the larger the peak value
of RAO is, therefore, the broader range movement stroke needs
to be reserved in the design of WEC. When 2r/d is large (2r/d �
3.6), the peak value of RAO of different conical angles are very
close, and even the smaller the conical angle is, the smaller the
peak value of RAO is, which is better for the engineering
design. It means that the WEC with a larger 2r/d and a smaller
conical angel has a better energy capture performance at different
wave frequencies.

Hemispherical Bottom
The hemispherical bottom is also a good bottom shape to
reduce the viscous effect comparing with the flat bottom.
Figure 6 shows the schematic diagram of the submerged
part of the hemispherical bottom cylindrical WEC. The
WEC with different DDRs of 2r/d � 0.8, 1.6, 2.4 and 2.8.
The equivalence drafts d are still kept as 1.0, so the height of the
submerged vertical cylindrical part d0 can be calculated by d0 �
d− (2r/3).

Table 2 shows the dimension parameters and the viscous
correction coefficients of the hemispherical bottom cylindrical
WECwith different 2r/d. It can be seen that the viscous correction
coefficients all tend to 1.0 even for the smallest 2r/d � 0.8. It
means that the viscous effect of the hemispherical bottom
cylindrical WEC is much smaller than the flat and the conical
ones for the smaller 2r/d.

Figures 7A,B show the variation of the heave RAO and the
CWR CW against the wave frequency for the hemispherical
bottom cylindrical WEC with different DDRs of 2r/d � 0.8, 1.6,
2.4 and 2.8 based on the PFT without viscous correction,
respectively. It can be seen from Figure 7A that as the wave
frequency ω < 2.0 rad/s, the RAO for different 2r/d all tends to
0.7, then increases to a maximum near the natural frequency,
and decreases to zero as wave frequency continues to increase,
similar to the flat bottom, as shown in Figure 2A. Figure 7A
also shows that the peak value and the value in the high-
frequency region of RAO decrease as 2r/d increases. Figure 7B
shows that the peak value of the CWR CW decreases with the
increase of 2r/d, but it increases in the low-frequency region ω

< 2.5 rad/s. Although the peak value of the capture width is
smaller near the resonance frequency for the larger 2r/d, the
frequency range of the high capture width is more extensive,
that is, the effective width in the frequency domain is broader.
Meanwhile, the smaller range of movement stroke needs to be
reserved in the design of WEC. Therefore, if the wave
condition is always invariable, the smaller 2r/d is better.
However, the wave condition in the practical sea area is
variable, the larger 2r/d may be better. However, it depends
on the detailed wave condition.

EFFECT OF BOTTOM SHAPES ON MOTION
RESPONSE AND CAPTURE WIDTH RATIO

To study the effect of bottom shape on the energy conversion
performance of floaters, the floaters with the flat bottom, the cone
bottom with conical angles 90°, and the hemispherical bottom are
compared. The displacements are kept the same, i.e., the equal
draft d is similar for the same diameter 2r. Table 3 shows the total
damping considering the viscous effect, the radiation damping

Figure 3 | Schematic diagram of the submerged part of the conical-bottom cylindrical WEC.

TABLE 1 | Dimension parameters and viscous correction coefficients of conical
bottom cylindrical WEC.

2r/d α d1 d2 fλ,vis

1.6 90° 0.733 0.800 1.19
120° 0.846 0.462 1.72
150° 0.929 0.214 2.60
180° 1.000 0.000 2.88

2.8 90° 0.533 1.400 1.02
120° 0.731 0.808 1.22
150° 0.875 0.375 1.54
180° 1.000 0.000 1.78

3.6 90° 0.400 1.800 1.01
120° 0.654 1.039 1.16
150° 0.839 0.482 1.34
180° 1.000 0.000 1.44

Frontiers in Energy Research | www.frontiersin.org September 2020 | Volume 8 | Article 5532956

Zhou et al. Energy Conversion Performance of WEC



FIGURE 4 | Variations of RAO vs. ω for the cone bottom cylindrical WEC with different 2r/d. (A) RAO at 2r/d � 1.6, (B) RAO-vis at 2r/d � 1.6, (C) RAO at 2r/d � 2.8,
(D) RAO-vis at 2r/d � 2.8, (E) RAO at 2r/d � 3.6, and (F) RAO-vis at 2r/d � 3.6.
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Figure 5 | Variations of CWRCW vs. ω for the cone bottom cylindrical WECwith different 2r/d. (A)CW at 2r/d � 1.6, (B)CW-vis at 2r/d � 1.6, (C)CW at 2r/d � 2.8, (D)
CW-vis at 2r/d � 2.8, (E) CW at 2r/d � 1.6, and (F) CW-vis at 2r/d � 1.6.
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based on the potential theory, and the viscous correction
coefficients of floaters with different bottom shapes, where
three different DDRs of 2r/d � 1.6, 2.4, and 2.8 are taken as
examples. Similar to the above conclusion, the viscous damping
correction coefficient decreases with the increase of 2r/d for the
same bottom. For the same 2r/d, the viscous damping correction
coefficients of the floater with the flat bottom is the biggest,
followed by the cone bottom with conical angles 90° and the
hemispherical bottom.

Figures 8A–C show the variation of the RAO of the heave
motion against the wave frequency for three different bottom
cylindrical WEC with different DDRs of 2r/d � 1.6, 2.4, and 2.8

based on the PFT with viscous correction, respectively. The
corresponding CWRs are shown in Figure 9. For 2r/d � 1.6, the
RAO and the CWR of floaters with the hemispherical
bottom are the biggest, followed by the cone bottom with
90° and the flat bottom. For 2r/d � 2.4 and 2.8, the RAO and the
CWR of floaters with the cone bottom with 90° and the
hemispherical bottom are both similar over the entire wave
frequency range, and the value of them with the flat bottom is

Figure 6 | Schematic diagram of submerged part of hemispherical bottom cylindrical WEC.

TABLE 2 | Dimension parameters and viscous correction coefficients of
hemispherical bottom cylindrical WEC.

2r/d d0 fλ,vist

0.8 0.733 1.066
1.6 0.467 1.005
2.4 0.200 1.030
2.8 0.067 1.024

Figure 7 | Variations of heave RAO and CWR CW vs. ω of hemisphere bottom cylindrical WEC with different 2r/d. (A) RAO. (B) CWR.

TABLE 3 | Damping and the viscous correction coefficients of floaters with
different bottom shapes.

2r/d Bottom shapes λvist (kg/s) λ33 (kg/s) fλ,vis

1.6 Flat 1,165.50 453.15 2.57
Cone with 90° 558.47 468.98 1.11
Hemispherical 488.49 485.94 1.01

2.4 Flat 3,378.99 1766.31 1.91
Cone with 90° 2,145.20 1967.79 1.09
Hemispherical 2048.86 1988.89 1.03

2.8 Flat 4,880.48 2,912.32 1.68
Cone with 90° 3,507.43 3,435.19 1.02
Hemispherical 3,674.38 3,587.74 1.02
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smaller since the wave frequency is larger than the natural
frequency. That is to say, as the DDR 2r/d is relatively small,
the hemispherical bottom has the best energy conversion
performance because of its smallest viscous dissipation. The
energy conversion performance of floater with a hemispherical
bottom and a cone bottom with 90° is similar, while that with a
flat bottom is the worst as 2r/d is relatively large.

CONCLUSION

In this study, the linear PFT in the frequency domain is
presented to investigate the hydrodynamic and energy
conversion performances of the cylindrical WEC with the
flat, cone, and hemispherical bottoms. The viscosity effect
that is ignored by the PFT is corrected, and the ten-folded
overestimation of the motion response is reduced to a quite
reasonable level. Further, the viscous correction is quantified
for a large range of bottom shapes and dimensions. The
following conclusions can be drawn from this study:

(1) The viscous effect becomes smaller as the radius of the
cylindrical WEC increases. With the same DDR, the
viscous damping correction coefficients of the floater

with a flat bottom is the biggest, followed by a cone
bottom with conical angles 90° and a hemispherical
bottom.

(2) For the WEC with a cone bottom, the larger DDR and the
smaller conical angel lead to better energy capture
performance at different wave frequencies. The smaller the
conical angle is, the smaller the peak value of RAO is.
Therefore, the smaller range movement stroke needs to be
reserved in the design of WEC, which is better for the
engineering design.

(3) For the WEC with a hemispherical bottom, the peak value of
the CWR decreases as the DDR increases, but the frequency
range of the high power capture is wider and the smaller
range movement stroke needs to be reserved in the design of
WEC. Therefore, if the wave condition is always invariable,
the smaller DDR is better. However, the wave condition in
the practical sea area is variable, the larger DDR may be
better.

(4) When the DDR is relatively small, the hemispherical bottom
has the best energy conversion performance. Similarly, when
the DDR is relatively large, the energy conversion
performance of floater with a hemispherical bottom and a
cone bottom with 90° is better, while that with a flat bottom is
the worst.

Figure 8 | Variations of RAO versus ω with different bottom shapes based on PFT with viscous correction. (A) 2r/d � 1.6. (B) 2r/d � 2.4. (C) 2r/d � 2.8.
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