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21 Abstract: In this paper, a hybrid breakwater-OWC system combining heaving floater Wave Energy
gg Converters (WEC) was investigated. The traditional cylindrical-type breakwater consists of dual
24 cylinders with an opening inlet located at the outer wavefront wall, allowing a ring-type wave chamber
25 formed between two cylinders. The oscillating buoy OB is hinged at the front of the OWC device. Based
gs on the Computational Fluid Dynamics (CFD) software Star CCM+, Athree-dimensional numerical wave
28 tank is developed to investigate the hydrodynamic performance of the hybrid system, and the numerical
29 model is validated with published experimental results. The power take-off (PTO) damping performance
22 and the hydrodynamic efficiency affected by water conditions and geometrical dimensions of the device
32 are discussed. Results show that the after combining the floater to the breakwater-type WEC, a great
gj improvement on frequency bandwidth was achieved and maximum wave energy conversion efficiency
35 can approach 83.28% for this proposed hybrid system. It was found that the opening height ratio of
36 h1/h,=0.4 has the largest conversion efficiency for the tested regime. Lower height ratio of the opening
g; inlet of the OWC chamber should be avoid for larger water depth condition while designing such a hybrid
39 system.
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43 1 Introduction
44
45 With the increasing concerns of the global warming and climate change, under the highly oil prices
46 and the peak oil environment, government has shifted more support to increase renewable energy
47 . . - I N : . .
48 incentive policies, legislation and commercialization [1]. Thereby, an increasing number of countries
49 starting to transfer their focus on renewable energy to achieve the sustainable development [2]. Among
gg the various renewable energy resources, ocean energy and particularly the wave energy have gained great
52 attention due to its potential advantages of providing huge substantial energy all over the world, which
gj has been roughly estimated between 1 and 10 TW [3-4]. Amongst them, type of the Oscillating Water
55 Column (OWC) and Oscillating Buoy (OB) wave energy converters (WEC) have been widely applied
56 for wave energy utilization and studied in literature [5]. Because of the high cost of the WECs, combining
g; them into other ocean engineering structures can greatly improve the equipment viability and saving the
59 economic cost [6]. The idea of the integration of the breakwater and WECs was first proposed by Graw
60 [7]. Currently, the WECs integrated into the breakwater have been initially developed and tested in sea
61
62
63
64
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states [8], such as the Sakata plant (60KW) in Japan [9], the Pico plant (400KW) in Portugal [10], the
Mutriku plant (296 KW) in Spain [11], the LIMPET (500 KW) in England [12], the Shanwei OWC plant
(100KW) in Guangdong, China [13].

Evolving from the original concept the OWCs now being many variations, experiencing the
upgrading and updating. Zheng et al. [14] developed a theoretical model based on linear potential flow
theory to study the performance of a coast/breakwater-integrated OWC. The results showed that the more
perpendicular the incident wave direction relative to the coast/breakwater, the more wave power that can
be captured by the OWC. Shi et al. [15] carried out physical model tests on the caisson breakwater-OWC
device, the experimental results showed good stability and feasibility of the device. Gongalves et al. [16]
developed a 2D CFD model based on the software FLUENT aiming to study the influence of the air
compressibility effect inside the OWC chamber. Results showed that air compressibility effects can
diminish the predicted OWC efficiency up to about 20% in both Wells and impulse turbines. Rodriguez
etal. [17] proposed a numerical model to investigate the effects of the front wall thickness and the bottom
profile of the OWC on the conversion efficiency performance. The numerical results revealed that a
thinner front wall of the OWC can obtained wider efficiency band, but with less capacity to withstand
the impact of storm waves.

In addition to the traditional single chamber OWC acting as breakwater, other forms of OWC model
were also proposed to improve the wave energy absorption. Ning et al. [18] conducted an experimental
study on a land-based dual-chamber OWC. The results were compared with a typical single-chamber
OWC device, which showed an improvement in both the maximum efficiency and the effective
frequency bandwidth. Then, Wang et al. [19] further studied the wave loads on the dual-chamber OWC.
It was shown that the joint of device and seabed suffered the largest wave moment. Besides, other
researchers investigated the stepped bottom effects of the dual-chamber OWC analytically and
numerically [20-21], which indicated that under the stepped sea bottom conditions, the dual-chamber
OWC have better performance in the wave power extraction compared to single-chamber OWC device
within wide range of frequencies. Furthermore, as previously studied, the cylinder-type caisson
breakwater is more stable especially for severe wind-wave conditions [22]. Chen et al. [23-24] proposed
a novel dual cylindrical caisson breakwater double as an OWC device and investigated the wave energy
conversion performance in the experiments. The experimental study demonstrated that the peak
efficiency of the integrated system is inversely proportional to the incident wave height, while the
resonant incident wave period corresponding to the peak efficiency is affected by the water depth.

Meanwhile, as another main type of the WECs, there are many relatively studies dealing with the
Oscillating Buoy (OB) devices integrated into the breakwater. Zhao et al [25-26] studied a breakwater-
type WEC composed of fixed and floating pontoons through analytical and experimental investigations,
and improved conversion efficiency was found due to the integrated system. Zhang et al [27] proposed
a dual-floater hybrid system combining a floating breakwater with an OB-WEC by using Star-CCM+
software. The results showed that wave resonance in the WEC-breakwater gap has a significant impact
on system performance, with the hybrid system demonstrating both better wave attenuation and wave
energy extraction capabilities at low wave frequencies, i.e., wider effective frequency. Zheng and Zhang
[28] analytically studied a hollow cylindrical OWC with a long floating cube hinged and found that the
interaction between the OWC and OB is advantageous to the wave energy extraction for certain wave
conditions. Another hybrid WEC system consisting of a hollow cylindrical OWC with several OB hinged
around was also analytically studied by 3D semi-analytical model [29]. The results showed that the
hybrid WEC system could have a wider bandwidth frequency and higher wave energy conversion
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compared with the isolated OWC and OB. Cui et al [30] also studied this proposed analytical model and
found that the combined system has a positive influence on the wave energy capture.

In this paper, a hybrid WEC system composed of a hinged floating OB and a cylindrical caisson
breakwater acting as an OWC device was presented. The proposed dual cylindrical OWC with two baffle
walls in the hollow chamber was fixed on the seabed. To investigate both the hydrodynamic behavior
and the power extraction performance of the integrated system, a three-dimensional numerical model
was developed by using CFD two-phase flow method. This paper is organized as follows. Section 2
described the numerical model, including the boundary conditions and its mesh generation. The
validation of the numerical model compared with the experimental results, and the flow field
characteristics in and around the hybrid system were also given in this section. Section 3 presented the
PTO damping effects of both the OWC and OB on the coupled system. The hydrodynamic performance
of the combined system was discussed in Section 4, and Section 5 further analyzed the effects of the
geometrical properties of the OWC-OB system on the wave energy conversion efficiency. Finally, the
concluding remarks were given in Section 6.

2 Mathematical model

2.1 Numerical wave tank setup

The sketch of the numerical setup of a hybrid system of a fixed caisson breakwater combined with
an oscillating buoy type WEC operating under wave conditions was shown in Figure.1, allowing only
the heave motions of the buoy floater in normal incident waves. As shown in Figure.1, the radius of the
oscillating floater is Ri, D presents the distance between the OB and the OWC'’s geometrical center. The
radius of the outer cylinder and the inner cylinder of the OWC are R and r, respectively. For the fixed
OWC device, the total water depth of the inner chamber is h, the height of the opening inlet is hy, the
distance between the upper edge of the opening inlet and the water surface is di, and the thickness of the
front wall of the OWC device is set as 10mm. A circular nozzle is arranged on the top cover of the OWC
with an opening radius of r;, and the distance between the nozzle and the OWC cylindrical center along
x-axis is of 1=2/3R (see Figure.1(b)).

PTO-1..04 R Top boundary i
H 1 (pressure outlet) Outlet boundary
. ; e DIV R, _ v H (pressure outlet)
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Fig.1 Definition sketch of the hybrid OWC-OB device for (a) front view; (b) vertical view

The inlet boundary condition of the numerical tank was set as the velocity inlet, the velocity of the
fifth-order VOF wave was set to inlet surface velocity vector, and fluid field was set as the water and air
two-phase flow. The vertical velocity(W) and the horizontal velocity (U) of the fifth order VOF wave are
given by
Lo,

oX oz
where X is the horizontal co-ordinate, Z is the vertical co-ordinate in the Cartesian coordinate system,

U o)

and @ is the velocity potential given by

1/2 5 i
CD(X,Z,t)z(c—U)X+CO(%) Ze‘ A, cosh JjkZ sin jk (X —ct) @)
i1 4
1/2
U(g] :1+%gz+%g4+0(56) ®3)

in which c is the wave propagation velocity, k represents the wave number, A;; and Co are the model
coefficients, g is gravitational acceleration, and ¢=kH/2 is the nondimensional parameter compared to
wave amplitude. The outlet boundary and the upper boundary were set as the pressure outlet, and the
fluid static pressure was specified as the fifth-order VOF wave. A no-slip wall boundary condition was
assigned to the bottom of the domain. To simulate that the WEC device operated in the exposed waters
area, both sides of the calculation tank were set to symmetry boundary conditions. Furthermore, to avoid
the backflow of waves at the exit of the tank, stretch grid type mesh for 0.5m long were set at the exit
area.

The mesh involved in the numerical model was generated by using Star-CCM+-Meshing software.
In order to save the CPU time and maximize the calculation accuracy, trimmed grid model was used to
mesh the calculation area. The detailed mesh generation of the wave tank model is shown in Figure.2, a
subtracted area on the Oscillating Buoy floater was introduced when it was placed in the tank, its body
surface was set as the no-slip boundary conditions in the numerical model, and the overset mesh condition
was set for the outer surface. The concentrated meshes were assigned to the motion zone, the overlapping
mesh zone and the export zone of both the OWC and OB model. Besides, a region of three times of
incidence wave height at the free surface was set with fine mesh, which was stretched from the device
model to the boundaries. To ensure the energy transfer between the background grid and the overlapping
grid correctly, the size of the overlapping mesh was set to be equal with that at the motion zone.
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Fig.2 Mesh generation details of the wave tank model.
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2.2 Validation of the CFD model

In order to validate the present CFD model, a typical cylindrical OWC structure fixed on the sea
bottom was set up and simulated to reproduce Chen & Wang’s [23-24] experiment results. The tank tests
were performed in the basin of the State Key Laboratory of Coastal and Offshore Engineering in Dalian,
China. The wave tank was 40m in long, 24m in wide, and 1m in depth. Typical cases with condition of
the water depths of 0.3m and 0.4m, the incident wave heights of 0.03 and 0.06 m, and the wave periods
from 0.7 to 1.1s were tested in the modelling. The dimensions of the numerical water flume, the proposed
model and the environmental conditions including the water depth, the incident wave properties, the
geometrical parameters of the opening inlet, the outer/inner diameters of the dual cylindrical caisson type
OWC device were set the same with the physical tests. More specially, the total height of the OWC
device was 0.5m, the nozzle sectional area S was 46mmx40mm, the shell thickness b was 5mm, the
chamber breadth B was 0.38m, the height of the opening s was 0.15m, and the lower edge of the opening
was 75mm. Further details could be found in Ref. [24].

The wave energy conversion efficiency of the typical cylindrical OWC was given and compared
between the numerical and published experimental data, as is shown in Fig.3. Two water depths of
d;=0.3m and d»=0.4m, with two different incident wave height of H=0.03m and 0.06m were chosen for
validation. In the Figure, the hollow squares and circles represent the numerical results, and the solid
squares and circles represent the experimental results. It can be seen that the experimental and numerical
results perform a good agreement, allowing the wave period range from 0.7 to 1.1s. For d;=0.3m, the
maximum error of the wave energy conversion efficiency between the measured and calculated values
were 8.79% with H=0.03m and 7.86% with H=0.06m. Whilst for d,=0.4m, the maximum difference of
the conversion efficiency is 12.08% for H=0.03m and 3.03% for H=0.06m, respectively.
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Fig.3 Comparison of the wave energy conversion efficiency of the OWC model between numerical and

experimental results.

The aforementioned comparisons and validation analysis indicate that the present numerical model
matches well with the experiment, and it is able to reproduce the processes of the wave-structure
interactions for the proposed dual cylindrical caisson type OWC device. Thus, further study will base on
this calibrated numerical model.

3 Analysis of PTO damping

3.1 PTO damping of OWC device

In this subsection, the PTO damping of the OWC device for the integrated system is studied. Falcao
et.al [31] have indicated that for the power conversion of the impulse turbine the damping effect is
independent of the turbine rotational speed approximately, and this speed involved in the maximum
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power conversion efficiency of the OWC can be selected without affecting the hydrodynamics during
first-stage energy harvesting. That is to say, the damping effects and the hydrodynamic performance of
the OWC device can be evaluated separately after simulating the impulse turbine model. The PTO
damping coefficient D" can be expressed as follow [32]:

K
D'=—
|qAP| @

where K is the pressure characteristic parameter defined as

Sw | pOWC|

(®)
o

With the orifice at the outlet, the air flow rate in the nozzle and the air pressure in the chamber are

K=

conducted, respectively. The relationships between the air flow rate and air pressure for different wave
conditions are shown in Fig.4. From the figure almost cubic nonlinearity relations between the air flow
rate and air pressure could be observed. For water depth of h=0.3m, the total air pressure powc and the
air flow rate gap in the chamber nozzle increased with the increasing of wave height. The relative large
range of the air flow rate is -0.014~0.013m?/s, and the air pressure in the chamber of the OWC variated
from -54.95Pa to 23.17Pa for the wave height of H=0.06m, which was almost three times larger than that
with the case of H=0.03m for the same water depth condition. Compared to the wave height effects, the
obtained data of the air pressure and the air flow rate with different water depths were drawn in Fig. 4(a)
and Fig. 4(c). With the increase of the water depth, the values and the variation range of the air flow rate
and the air pressure characteristics increased but not larger than that of the wave height effects.
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Fig.4 Quadratic relationships between the air flow rate (gae) and the air chamber pressure (powc), for
(a) h=0.3m, H=0.03m, T=0.95s (b) h=0.3m, H=0.06m, T=0.95s (c) h=0.4m, H=0.03m, T=0.95s.

The relationships between the feature parameters of air pressure and air flow rate are shown in Fig.5.
As seen in the figure, the characteristic parameter of the air pressure increases approximately linearly
with the increasing air flow rate, with the slope of the fitted curves representing the damping coefficient
D"of the PTO system (see Fig.5(a), 5(b) and 5(c)). The pressure characteristic parameter was averaged
in the air exhaust and suction modes to evaluate the damping effects. It can be observed that there are
two curves relative to the PTO damping coefficient values obtained from the simulated results in the
OWC chamber, which can be considered as one is the PTO damping coefficient of the OWC itself, and
the other one represents the PTO effects caused by the oscillating buoy located in front of the OWC.
Hence, for the hybrid OWC-OB integrated system operating under different conditions, both the air
turbine damping of the OWC and the PTO damping of the OB could be adjusted to increase the power
conversion efficiency of the OWC device. In addition, the incident wave height and water depth have an
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important influence on the PTO damping coefficient of the OWC device. For condition of the water depth
of h=0.3m, the corresponding PTO damping coefficients (for H=0.03m) are 43.23 and 19.86, and when
the wave height increase to H=0.06m, the PTO damping coefficients increased to 34.17 and 17.47,
respectively. For further increasing the water depth to h=0.4m(H=0.06m), the values of the PTO damping
coefficients are 49.60 and 17.32, as is shown in Fig. 5(c). It indicates that the effect of the water depth
on the damping coefficients of the OWC device is larger, while the factor of the wave height impacting
on that of the floater OB is more sensitive.

0.204

e =R ZE LG 4o
. v ¥-34,17%-0.041 Loy —d8.50x-0.113

- 195610 A

— T AT " ——— 4173280071

T T T T T T T L
0.003 004 0005 0.006 (X0 0004 0.008 0.012 0016 0.002 0004 0106 o

x-g,,(mris) X-gmis) x=q,mls)
(@) (b) (©
Fig.5 The pressure characteristic parameter K versus the air flow rate |gae|, for (2) h=0.3m, H=0.03m,
T=0.95s (b) h=0.3m, H=0.06m, T=0.95s (c) h=0.4m, H=0.03m, T=0.95s.
3.2 PTO damping of OB device

The oscillating buoy was constrained to allow heave motion only, thus the motion equation of floater
can be written as
mZ+b,,z+c,,z=—mg+F, 6)

where m represents the floater mass; by, and cpo are the mechanical parameter of the damping and
elastic stiffness caused by the PTO system, respectively; Fy is the total wave loads (including the

buoyancy of the floater); I ,Z and [ are the motion response, motion velocity and the motion

acceleration of the floater, respectively.
The initial frequency of the model structure was used to define the resonant frequency as the
restoring loads and the inertial loads are in equilibrium [33], that is

Cc., tC
a)n — pto z (7)
m+a,

The relationship between the optimal PTO damping coefficient by and the wave frequency o can
be described as [34]

b, = +b? ®)

opt 2 d

in which c,=pgAw is the restoring loads coefficient that caused by the contribution differences from the
buoy weight and the hydrostatic term, Ay is the buoy wetted surface, a, (added mass coefficient) and b,
(radiation damping coefficient) are the functions of the wave frequency, which were obtained in a 3-D
numerical wave tank using potential-flow theory [34-35].

Fig.6 shows the variations of the wave energy conversion efficiency # against different PTO
damping coefficients for the hybrid system with three typical wave periods, with condition of H=0.03,
d=0.3m. The relative damping coefficient bpw/bopt Was used to evaluate the PTO damping effects for
optimization. It can be seen that there is an apparently increase of the OB conversion efficiency #
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occurred within the range of bpw/bop=0.2-0.5, when the damping ratio byw/bopt Variated in the range of
0.5-1.25, there is little difference of the conversion efficiency between different damping ratios (see
Fig.6). It can be included that for the damping coefficient by is less than half of the optimal damping
coefficient bgp, the PTO damping is the key influencing factor for evaluating the wave energy conversion
efficiency of the OB device. For the three incident wave periods shown in Fig.6, the maximum
conversion efficiency all occurred at the case of bpo/bopr=1, which illustrates that potential flow theory
provides an accurate method for determining the optimal damping be. Furthermore, with the increase
of the wave period, the wave energy conversion efficiency of the device decreased especially for longer
waves. It indicates that the OB device has good power extraction performance for shorter waves. In the
following sections, the hydrodynamic characteristics and the wave energy conversion performance of
this proposed hybrid system will be analyzed in detail.

40

bpro/bopr

Fig.6 Power conversion efficiency » with different PTO damping coefficients

4 Hydrodynamic performance

4.1 Hydrodynamic Performance of the Combined System

To study the hydrodynamic behavior of the combined system, the transmission coefficient K;, the
reflection coefficient K, and the dissipation coefficient Ky were involved for evaluation with different
wave parameters. Two wave heights were selected as H=0.03m and 0.06m, allowing the water depth
equal to 0.3m and 0.4m. The transmission coefficient K; and the reflection coefficient K, are defined as
follows

K,=H,/H, ®)

K,=H,/H, ©)

where H is the transmission wave height, H; is the reflection wave height, and H, is the incident wave
height. The transmission wave height H; was measured at the points behind the combined system with
the Two-point method, as the same the reflection wave height H; was measured at the points in front of
the system. The two points of measuring the reflection wave height were set at x;=-1.49m and X»= X1-
0.25L, and the measured points for transmission wave height were located at x3=0.65m and x4=Xs+h,
respectively.

The dissipation coefficient Ky due to the energy dissipation caused by the fluid viscosity effect is
defined as

Ky =1-K?-K?-p (10)

where 7 is the wave energy conversion efficiency.
To investigate the power extraction performance of the proposed integrated system, the transmission
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coefficient, reflection coefficient and the dissipation coefficient of the OWC-OB system under different
incident wave heights at water depth of h=0.3m and 0.4m are shown in Fig.7 and Fig.8, respectively. For
condition of water depth h is 0.3m, it can be seen that the reflection coefficient and the transmission
coefficient of the device with incident wave height of H=0.06m are mostly larger than those of the wave
height of H=0.03m, and the dissipation coefficient of the system decreases with the increasing wave
height, which illustrates that the combined OWC-OB system performs good wave energy absorption for
larger incident waves. However, for the case of h=0.4m, the reflection and transmission coefficients of
the system are larger at the condition of H=0.03m, this is mainly because when the water depth increase
to 0.4m, the opening inlet immersed at the relatively deeper position, which cause the smaller incident
waves(H=0.03m) reflected and transmitted on the upper outer surface of the cylindrical device, thus
increase the reflection and the transmission modes. Furthermore, there are some local peaks which
mainly caused by the resonant motions of the oscillating water in the air chamber. For water depth of
h=0.3m, the resonant mode occurs at the range of the incident wave period of 0.9s to 1.0s and 1.0s to
1.1s, respectively.
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4.2 Influence of Wave Parameters on Hydrodynamic Performance of OWC

In order to highlight the effects on the first energy conversion of the OWC performance, the detailed
dynamic characteristics of the OWC device is further studied with the relative wave period T ranges from
0.6s to 1.4s. A series of monitoring points were set around the floater and in the inner chamber of the
OWC on the water free surface. Fig.9 displays the distribution location of each monitoring point, where
points A-D were located and set in the inner chamber of the fixed OWC device, and points E-G were
located near the floater surface. The variation of the hydrodynamic behavior of the OWC device is plotted
versus the wave period with H=0.03m and H=0.06m in Fig.13. The water motions, the wave velocity,
the air pressure, and the volume flux characteristics are discussed in this subsection.
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*E

Fig.9 Sketch of the layout of combined floater and semi-arc air chamber with monitoring points A-G.

Fig.10 (a)-(b) depicts the variation of the maxima and minima of the water motions in the chamber,
it shows that the wave motions at points A-D in the chamber has an increasing trend within the wave
periods from 0.6s to 1.0s and then tends to decrease with the increasing wave period, getting the local
peaks at T=0.95s. It is also found that the oscillating motions in the chamber have the larger amplitude
at the inner corner area of the chamber (points B and D), whilst the water motions near the opening inlet
area (points A and C) performed relatively lower oscillating modes. The hydrodynamic parameters
including the water surface elevation, the wave velocity, the air pressure, the volume flux and the wave
force at condition of H=0.06m are larger than those of H=0.03m. For the wave velocity at the four points
A-D, as is seen in Fig.10(c)-(d), when the incident wave period smaller than the resonant corresponding
period(T=0.95s), the velocity at the measured points increased with the increasing wave period. This is
related to the fact that the larger water motions oscillated in the air chamber leads to greater wave velocity
effects and larger pressure. When the incident wave period larger than 0.95s, the wave velocity decrease
with the increasing wave periods. It can be observed that the wave height effect on the oscillation velocity
at point D is larger than that at points A, especially for shorter waves, which illustrates that the variation
of the wave velocity at the opening inlet area is relatively small.

Figs.10(e)-(h) show the dynamic performance of the air in both the chamber and the nozzle area,
including the air pressure, the air volume flux, and the air flow velocity. With respect to the wave motion,
the air pressure, volume flux and air flow velocity have the similar trend against different wave periods
and wave heights. Compared with the air pressure at the nozzle area on the top of the OWC device, the
maximum amplitude of the air pressure in the chamber performed nearly four times larger than that in
the nozzle area at the resonant corresponding period of T=0.95s, for both H=0.06m and H=0.03m. The
measured point was set at the center position of the nozzle cross section, for the minimum value of the
air pressure amplitude with wave height of H=0.06m, the air pressure decreased first until reach the peak
point, and then increased to meet its second peak value at T=1.15s, following an increasing trend with
wave period enlarged. The air volume flux and the air velocity at the nozzle are presented in Fig.10(g)
and Fig.10(h), respectively. With the wave period increased, the maximum amplitude of the volume flux
and the air velocity increased from T=1.25s to T=1.35s at the wave height of H=0.03m, which can be
also observed in the velocity and motion modes for this same condition. The wave force on the OWC
surface was additionally investigated, as is seen in Fig.10(i), the peak and valley points occurred at
T=0.95s and T=1.25s, respectively. When the wave period is larger than T=1.25s, the wave force acting
on the outer surface of the OWC increased obviously, even for other characteristics were still in
decreasing trend, which illustrates that the hydrodynamic performance of the OWC (water motions, the
wave velocity, the air pressure and the volume flux characteristics) caused by the resonant mode are not
only depends on the incident wave period, will also be affected by the larger wave height.
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Fig.10 Dynamic performance in the OWC chamber and nozzle area with different wave periods

5 Power conversion efficiency

5.1 Mathematical model

The continuity and momentum equations of the incompressible flow are defined as in Eq. (11) and
Eqg. (12) as follow:

ou,

&=0 (11)
%—_a—P+( + )i %+% +f 12
P Dt ox | HTH ox; | ox; o i (12)

where uj, t, P, fi, p, u and w are the velocity components, time, static pressure, body forces, water
density, dynamic viscosity, and turbulence viscosity. In the research, u, was calculated using the
standard k-w turbulence model. Due to the numerical multi-phase flow model, a large difference
between the density of air and water can lead to an overproduction of turbulence at the free surface [36].
In Star-CCM+ software this unreal overproduction of turbulence at the free surface can be reduced by
introducing a turbulence damping term which is available in k- based models.

The Eulerian multi-phase flow model employs incompressible Reynolds-Averaged Navier-Stokes



©CO~NOOOTA~AWNPE

equations (RANS) for a water-air mixture. The saturation of the water in a particular volume is denoted

by Vi. for V1=0 and V,=1, it represents the air above the water-air surface, and for Vi=1 and V,=0 it

represents the water below the water-air surface. The air-water interface is treated as a thin layer of the

water-air mixture and have the condition of 0<Vy, Vo<1 & Vi+ Vo=1.

The volume fraction of each cell which is located at the free surface can be computed using Eq. (13):

oV, oV,
— U =0 (13)
ot OX;

where i indicates the phase.

Values of x and p can be calculated easily at each cell using a simple volume average over the cell:

p=Vip+Vyp, (14)
p =Ny +Vo 1, (15)
The flux of the incidence wave power can be expressed as:
p -t gH’DL-n (16)
in 8T p |

where g, Hi, D, L, nand T are the gravitational attraction, wave height of incidence wave, diameter of
the cylinder, water length, the flux coefficient and wave period, respectively. And the flux coefficient n
can be calculated by Eq. (17):

n= 1‘:1_{_ ﬂ} (17)
2 sinh 2kd
where k and d represent the wave number and water depth, respectively.
Also, the output power is averaged over a period and given by:

Pout—OB = %J;TV (t)zdt (18)
1 enT
I:)out»OWC = E J.O P (t) q (t) dt (19)

where V(1) is the velocity of the buoy, P(t) and q(t) are the air pressure in the chamber and the air volume
flow rate across the PTO nozzle area, allowing the variation with time t. Involving the incident wave
power Pi, and output power Poy, the conversion efficiency of the OB-OWC device can be calculated as:

_PuostP

out-OB out-OWC

in

(20)

5.2 Comparison with single OB and OWC

To investigate the interactions between the OWC and OB, three different models were considered,
they are: I) a single OWC; Il) a single OB; I11) combined OWC-OB system. The presence of the OWC
device acting as a breakwater may affect the OB performance in the combined system due to the wave
reflection and diffraction from the OWC structure. The water depth was set as h=0.3m, two cases with
the normalized incident wave height of 0.03m and 0.06m were considered for modelling. The distance
between the OWC and OB device was D/h=4, and the volume ratio of the air chamber and the floater
was V1/V,=4.6.

Fig.11 shows the comparison analysis of the wave energy conversion efficiency of the hybrid system
among the three different models: 1), I1) and I11). In the Figure, with the increasing of the incident wave
period, the conversion efficiency of the hybrid device increased to its resonant peak and then decreased.
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For different wave conditions and different model (I, 11, and I1), the corresponding resonant periods
relative to the largest conversion efficiency are different. Compared to Fig.11 (c-d), the variation trend
of the conversion efficiency of the floater OB against wave period in cases Il and Il are similar for
different wave heights. From the results it can be clearly observed that after combing the floater OB to
the OWC device, the wave energy extraction efficiency of OB increased obviously comparing with the
single OB in model II, except in the period range from 0.95s to 1.05s. This is mainly because of the
reflection of the incident waves acting on the fixed OWC device, which directly caused the reduce of the
conversion efficiency of the OWC in the combined system (model I11) with wave period ranged from
0.65s to 0.75s for wave height of H=0.03m (see Fig.11(c)). That is to say, the position of the opening
inlet set in the front wall of the OWC device will importantly affect the wave energy conversion
efficiency for both the floater OB and the fixed OWC device, with conditions of different incident wave
height. Thus, the geometrical optimization of the opening inlet of the OWC should be thoroughly
discussed in further study.

Fig.11(c) and (d) show the comparison of the wave energy conversion efficiency of the OWC device
involved in the model 1 and model I11. When the wave height getting increased, the conversion efficiency
of the OWC device increased for both the single OWC and the OWC in combined system. Comparing
with the single OWC device, except of conditions for T= 0.65s -0.75s which has been discussed above,
it can be seen from the results of the conversion efficiency that the OWC in combined system has better
absorption performance obviously at shorter waves, whilst for longer waves, the single OWC device
performs well wave extraction ability.
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Fig.11 Comparison of # between single OB, single OWC and OB-OWC hybrid system for different
wave heights.

5.3 Influence of geometric parameters on conversion efficiency

In this subsection, the influence of geometric parameters of the integrated OB-OWC device on wave
energy extraction performance is studied. The effect of opening height on conversion efficiency 7 is
firstly investigated. Fig.12 shows the variation of the conversion efficiency of: i) the combined OB-OWC
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system (Fig.12a); ii) the OWC in combined system (Fig.12b); iii) the OB in combined system (Fig.12c)
with wave condition of H=0.3m and h=0.06m.

As shown in Fig.12(a), three different conditions of opening height of hi/h,=0.3, 0.4 and 0.6 are
considered, where hy is the submergence of the floater OB, and h is the height of the opening inlet on
the OWC front wall. It can be seen that the main peak of the conversion efficiency of the OB-OWC
device occurs at the range of 0.75s<T<0.85s, while the other peak occurs at the incident wave period of
T=1.15s. The conversion efficiency with different opening height ratio increased first and then decreased
with the increasing period, reaching a minimum of #=9.5% at T=1.05 s, and then the conversion
efficiency oscillated below 20% within the range of T=1.1s-1.4s.

For the total conversion efficiency of the combined OB-OWC system, among three cases the
maximum conversion efficiency of the system is #=83.28% at the period of T=0.85s with h:/h,=0.4, it
can be also found that the hybrid system with the opening height ratio of hi/h,=0.4 has the largest wave
energy conversion efficiency for most modelling regime. The second peak of the conversion efficiency
occurs at T=1.15s and can reach the value of 16% for longer wave extraction. And for condition of
h1/h,=0.3, the main peak value is 69.99% which is larger than that of 68.12% for h1/h,=0.6.

Meanwhile, Fig.12(b) and (c) show the conversion efficiency of the individual OWC and OB device
in the combined hybrid system. The effect of the opening height ratio is sensitive on the OWC conversion
efficiency, as seen in Fig.12(b), the relative difference of the conversion efficiency » between two cases
of h1/h,=0.4 and h1/h,=0.3 at the corresponding resonant period T=0.85s reached to 38%, and it can be
observed that the peak corresponding period for the resonant mode variated with different hi/h,. As the
wave period decreased, the peak corresponding resonant period shift towards to the short period region.
In other words, with the floater in front of the OWC device, the peak caused by the resonance mode shifts
towards to higher frequency region with the increase of the ratio hi/h,. However, with the opening height
further increased, the opening inlet is no longer submerged, which caused the air in the chamber escaping
through it. Needless to say, the wave climate and tidal range at the site of deployment must be considered
in determining the submergence and opening height. Additionally, for floater OB in the combined OWC-
OB system, as is seen in Fig.12(c), the opening height ratio has little effect on the OB conversion
efficiency, only except for the resonant mode(T=0.75-0.85s) in high frequency zone and range of T=1.15-
1.35s in low frequency zone, which is mainly caused by the reflection of the OWC with its baffle wall
(involving of different opening inlet height effects) and better wave extraction ability of this proposed
integrated system for longer waves, respectively.

100 35
Ay h=0.3 —— /0.3 - —a— i fy=0.3
o h/h~04 30 — oy /h=04 o i hy=0.4
or —=— h/hy 06 ™~ —=— Iy =06 5 w— b /h,=0.6
Ay L} .
P \
¢
60 * \ an
_ W \ \ _
& B A =
" 1 /X" \.\ \ !
bN \|
10 / N \\_ o
w0k / \ '
T " / A 0 e e
g T .(/ \., —a ] ‘7/
o S T o L L L L
0.6 1 1 4 0.6 0. 0. 09 0 11 1 1 1.4 0.6 0. 18 09 1.0 11 12 1.3 14
Fit T(s)
(@) (b) ()

Fig.12 Comparison of # with T for h1/h,=0.3, 0.4 and 0.6 on (a) OB-OWC hybrid system; (b) OWC in
combined system; (¢) OB in combined system.

Then, the effect of the volume ratio of the air chamber to the floater of the combined OWC-OB
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system on the wave power extraction efficiency are additionally studied. Three volume ratios of
V1/V»=2.3, 3.4 and 4.6 were selected for evaluating the conversion efficiency of the system, where Vi
and V; are the volume of OWC chamber and volume of floater OB, respectively. To simplify the
complicated influences of the multi-factors of the structures and focus on the volume ratio impacts, the
volume of the floater OB was fixed and set as the same parameter with the above model. For the OWC
model, the outer diameter of the OWC device is 0.35m and the inner diameter is 0.14m, three angle of
the baffle wall was considered to adjust the volume ratio as & = 90°, 135° and 180° in the air chamber of
the OWC. In the following analysis, the opening height ratio of the system was set to h1/h,=0.4, the wave
height and the water depth were kept the same as H=0.3m and h=0.06m, respectively.

Fig. 13 shows the conversion efficiency of the proposed system with different volume ratios of the
OWC-OB device. As seen in Fig.13(a) and (b), it can be found that the largest wave energy conversion
efficiency occurs at the condition of V1/V,=4.6, for both the efficiency of the OWC-OB and the OWC
efficiency in the combing system with the maximum efficiency of 83.28% and 30.18%, respectively. In
Fig.13(b), the larger volume ratio of the system (with V1/V, =4.6) can greatly improve the hydrodynamic
efficiencies of the system in high frequency zone(T=0.65s-0.95s), and weakening the bimodal effect in
resonant mode which could be observed in the condition of V1/V,=2.3 and 3.4, to avoid the decrease trend
and make it working in a stable state with highly conversion efficiency. By comparing the main peak and
the frequency bandwidth of the wave energy capture among these three cases, it can be seen that the peak
value and the frequency bandwidth increased with the increasing volume ratio, which could be concluded
that the larger volume of the OWC chamber could increase the frequency bandwidth and the
hydrodynamic efficiency of the OWC device as well as the total conversion performance for this
proposed hybrid OWC-OB system. Besides, the conversion efficiency of the floater OB in the combined
system was further evaluated and shown in Fig.13(c). On the contrary, the effect of the volume ratio
V1/V, on the conversion efficiency of OB is not apparent and the conversion efficiency decreased with
the increasing volume ratio for most incident periods. This is because the enlarged OWC volume
absorbed more energy from the incident waves and reduced the wave reflection acting on the floater OB,
which resulting in the lower wave energy conversion efficiency and the relative narrow frequency
bandwidth compared with other two cases.
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Fig.13 Comparison of # with T for V1/V,=2.3, 3.4 and 4.6 on (a) OB-OWC hybrid system; (b) OWC in
combined system; (¢) OB in combined system.

6.Conclusion

In this paper, hydrodynamic performance of a combined OWC-OB hybrid WEC system integrating
into a fixed breakwater was investigated numerically. The effects of the PTO damping and the
geometrical dimensions of both the floater OB and the OWC device on the performance of the system
was emphasized. The comparison between each model and the combined system on the efficiency of the
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device was analyzed. The following conclusions can be drawn:

1) The wave energy conversion efficiency can approach 83.28% when a heaving floater located in
front of the wave chamber. Correspondingly, the resonant wave period occurs at the range of T=0.75s-
0.95s. Both the excellent wave power extraction performance and the wave attenuation can be obtained
simultaneously for this proposed system.

2) Under the test conditions, the height of the opening inlet has significant effects on the conversion
efficiency of the proposed combined system. The hybrid system with the opening height ratio of
h1/h,=0.4 has the largest wave energy conversion efficiency for most modelling regime, and the peak
corresponding period shifts towards to high frequency region with the increase of the ratio hi/h,.

3) Comparing with the conversion efficiency of the OB in the combined system, the main peak and
the frequency bandwidth of the wave energy capture increased with the increasing volume ratio V1i/Va,
the larger volume ratio for V1/V2 =4.6 can greatly improve the hydrodynamic efficiencies of the system
in high frequency zone and weakening the bimodal effect in resonant mode, whilst the opposite trend
observed in the OB model when the volume ratio increased.

The results of the numerical study allow to predict the hydrodynamic characteristics and the wave
energy conversion performance of the proposed hybrid system. The combined OWC-OB system can be
applied at the offshore site to meet both the breakwater function and the wave energy utilization
requirement. Due to the wave reflection acting on the OB device, the hydrodynamic efficiency of the
floater would be directly affected by the geometrical dimension of the opening inlet of the OWC device,
and considering of the wave resonance, the wave focusing effect is beneficial for the wave energy
conversion efficiency improvement. Hence, further studies are needed to focus on the concentrated wave
effects for the hybrid WEC array by arranging the cylindrical devices in concave arcs, and the
comprehensive optimization of the geometrical dimensions of the combined OWC-OB system.
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