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A B S T R A C T   

The hydrodynamic performance of a floating cylindrical oscillating water column (OWC) wave energy converter 
is investigated experimentally and numerically. The physical experiment is carried out in a wave flume at Dalian 
University of Technology. The floating cylindrical OWC device is constrained by springs and only moves verti-
cally. A second-order time-domain Higher-Order Boundary Element Method, based on the perturbation expan-
sion technique, is used to simulate the nonlinear wave interaction with the floating OWC device. The nonlinear 
terms concerning the pneumatic and viscous damping are introduced to the free surface boundary conditions 
inside the OWC chamber. The chamber surface elevation and air pressure, the hydrodynamic efficiency, and the 
vertical displacement of the OWC device are examined in detail. Good agreements are obtained between 
experimental data and numerical results. Then, the effects of opening ratio, wave steepness, mooring stiffness 
and chamber draft on the hydrodynamic performance are then investigated. It is found that the optimal opening 
ratio is between 0.02 and 0.03. The mooring stiffness plays an important role on the hydrodynamic response of 
the OWC device. The hydrodynamic efficiency and effective frequency bandwidth increase with the mooring 
stiffness.   

1. Introduction 

Renewable energy is an important step to overcome difficulties 
caused by the depletion of traditional energy resources and climate 
change [1]. Ocean energy has a high power density and great potential 
[2]. For centuries, a wide variety of WEC devices have been proposed 
and studied to utilize wave power [3,4]. Among them, the OWC-type 
WEC is the most attractive and extensively-studied one due to its sim-
ple structure and reliable technology [5]. The OWC WECs comprise a 
fixed or floating hollow structure and a water column inside the device 
[6]. The pneumatic air movement, which is induced by the motion of the 
water column, produces electrical energy with an air turbine [7]. The 
investigation of the OWC device has attracted worldwide attention, and 
a lot of prototype models have been tested in real-world marine envi-
ronments [8]. Three different floating OWC devices (i.e., Sloped Buoy, 
Backward Bent Ducted Buoy and Spar Buoy) were tested in Atlantic 
environment in 2005 [9]. The Spar Buoy is considered to be the 
lowest-risk and most-economic OWC device [10]. A bottom-standing 

OWC device (500 kW) was constructed on the shoreline of Jeju Island, 
South Korea in 2014 [11]. However, the OWC-type device is still not at 
the commercial-development stage [12]. 

A large number of OWC configurations have been proposed and 
studied, including fixed and floating structures [13]. Pawitan et al. [14] 
modelled a two-dimensional (2D) shoreline OWC device and predicted 
the wave loads on the front wall, the rear wall and the chamber ceiling. 
It is found that the vertical load has a significant influence on the sta-
bility of the OWC device. Ning et al. [15] carried out an experimental 
investigation on the hydrodynamic performance of a land-based dual--
chamber OWC energy converter. The dual-chamber design can enhance 
the hydrodynamic efficiency of the OWC energy converter. Based on the 
experimental results, a numerical model is developed to design a U-type 
OWC wave energy converter with a dielectric elastomer generator [16]. 
The construction cost of the U-type OWC device is greatly reduced by 
sharing a common infrastructure with a breakwater. Based on 
Navier-Stokes equations, Xu et al. [17] applied a CFD numerical model 
to simulate the hydrodynamics of a circular bottom-sitting OWC device, 
which shows that the spatial non-uniformity inside the OWC chamber 
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can be enhanced by vortex shedding. Zheng et al. [18] performed an 
analytical study of an array of OWC devices, which are semi-embedded 
in a coastal structure. The interaction between the OWC array and the 
coastal structure significantly enhances the hydrodynamic properties of 
the OWC devices. The integration of the OWC wave energy converters 
into breakwaters contributes to reducing construction costs [19]. 

However, the construction of the onshore fixed OWC device is highly 
susceptible to coastal geometry. Moreover, the density of the wave en-
ergy is smaller near the shoreline than that in the deep sea. Deep-sea 
wave energy has drawn worldwide attention because of its high power 
intensity. Many floating OWC wave energy converters have been pro-
posed and tested for operation in the deep sea [20]. Gomes et al. [21] 
studied the dynamics and power extraction of a heaving floating 
Spar-buoy OWC device in a wave flume, and showed that the flume wall 
can enhance the ability of energy capturing in both regular and irregular 
wave conditions. Based on the linear potential flow theory, Gomes et al. 
[22] further simulated the dynamics of a slack-moored Spar-buoy OWC 
device. Oikonomou et al. [23] performed a comparative study between 
an array of moored Spar-buoy OWC wave energy converters and an 
isolated device. The array layout is economic by sharing common 
mooring cables. Elhanafi et al. [24] used experimental and numerical 
methods to simulate the hydrodynamics of a cable–moored OWC wave 

energy converter. The result shows that a large damping can improve the 
hydrodynamic efficiency in a low-frequency situation. Sheng [25] 
investigated the power performance of the backwards-bent duct buoy 
(BBDB) OWC wave energy converter. The motions of the BBDB OWC 
device, including the surge, heave and pitch modes, all contribute to 
energy conversion. Howe et al. [26] studied the hydrodynamic response 
of a Bent Duct OWC device integrated into a breakwater by the Finite 
Element Method (FEM). Compared with an isolated device, the capture 
efficiency of the OWC device increases significantly. Although there 
have been numerous studies on offshore OWC devices, the under-
standing of the complicated hydrodynamic interaction between 
nonlinear waves and the floating OWC device remains limited. Espe-
cially, the investigation on the effect of mooring stiffness on the hy-
drodynamic performance of the OWC device is still scarce. The present 
study considers a floating-moored cylindrical OWC device constrained 
in the heave mode. A systematic study and optimization are carried out 
to guide the geometrical design of the offshore OWC device. 

A lot of methods have been used to model the complex interaction 
between waves and the OWC device [27]. Based on the linear wave 
theory and matched eigenfunction expansion technology, He et al. [28] 
developed an analytical model to optimize the geometrical parameters 
of an OWC device integrated into a pile-supported breakwater. The OWC 

Nomenclature 

Notation 
A Incident wave amplitude 
Aχ Normalized amplitude error 
bw Thickness of the chamber wall 
b Width of the flume 
B Viscous damping matrix 
C Hydro-restoring matrix 
d Draft of the OWC chamber wall 
dc Air chamber height 
D=2R External diameter of the OWC chamber 
Do Turbine diameter 
fm Nonlinear terms connected with the dynamic response 
f ′

m, f˝m Forcing terms on the still free surface boundary 
F(m) mth order total wave force 
Fm Ramp function 
Fair Air pneumatic force 
g Gravitational acceleration 
G Green function 
h Water depth 
H Rotational matrix 
k Incident wave number 
K Stiffness matrix 
Ks Spring stiffness 
m Order of approximation 
M Mass matrix 
n = (nx, ny, nz) Normal vector 
ps Source point 
Pair Air pressure 
Pcrest Crest amplitude of the air pressure 
Ptrough Trongh amplitude of the air pressure 
△Pair Amplitude of the air pressure 
Powc Extracted wave power 
Pinc Averaged incident wave energy 
qf Field point 
Q Air volume flux 
r0 Inside radii of the damping layer 
r1 Outside radii of the damping layer 
R0 Distance between field point and Rankine source 

Rz Distance between field point and image of Rankine source 
S Boundary surface 
S0 Turbine cross-sectional area 
SB Mean wet body surface 
SD Seabed 
Sf Chamber cross-sectional area 
SIF Chamber free surface 
SOF Free surface outside the chamber 
t Time 
T Incident wave period 
Tnature Natural period 
Tm Ramp time 
u Air flow velocity through the turbine orifice 
uc(t) Normal vertical velocity of chamber free surface 
(xr, yr, zr) Rotational center coordinates 
z Vertical coordinate 
Z0 Initial displacement 
ω Angular frequency 
ρ Water density 
φ Spatial potential 
φi Incident potential 
φs Scattered potential 
ϕχ Normalized phase-amplitude error 
η(m)

s mth order scattered wave elevation around the OWC 
ηcrest Crest amplitude of the free surface 
ηtrough Trongh amplitude of the free surface 
△ηa Averaged surface elevation 
λ Wave length 
μ1 Artificial damping coefficient 
μ2 Nonlinear pneumatic damping coefficient 
ν(r) Damping coefficient of the damping layer 
αs Solid angle coefficient 
τ Air flow damping coefficient 
υ Viscous scale factor 
ε Opening ratio 
∂/∂n Normal derivative on the solid surface 
ξ Hydrodynamic efficiency 
(ξ1, ξ2, ξ3) Body displacements of the surge, sway and heave 
(α1, α2, α3) Rotational displacements of the roll, pitch and yaw  
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device with a large back-wall draft can increase the hydrodynamic ef-
ficiency and decrease wave transmission. Zheng et al. [29] developed an 
analytical model to simulate an OWC device integrated into a vertical 
tubular structure. It is found that a thinner OWC chamber wall can lead 
to a broader effective frequency bandwidth. Following the linear wave 
theory and FEM, Nader et al. [30] analyzed the effects of array 
arrangement on the OWC devices. Due to the interaction between the 
OWC devices, the array enhances the overall power extraction and 
effective frequency bandwidth. However, the linear wave theory fails to 
simulate the real sea condition, including the effects of nonlinearity and 
viscosity [31,32]. A large number of experimental investigations have 
been undertaken to simulate the energy conversion of the OWC device in 
scaled physical models [33]. Singh et al. [34] experimentally studied the 
chamber wave elevations, air pressure and dynamic response of a 
floating moored OWC device. Ning et al. [35] performed an experi-
mental study on an offshore dual-chamber OWC device subject to reg-
ular waves. Two different resonant frequencies were found for the 
dual-chamber OWC device. An experimental investigation with a scale 
of 1:20 is carried out to study the effects of spacing on an OWC array 
integrated into a detached breakwater [36]. Due to the 
three-dimensional (3D) effects, the absorbed power can be 2.2 times the 
incident wave power at resonance. Recently, a large number of CFD 
models, based on the Navier-Stokes (N–S) equations, have been devel-
oped to design the OWC device. Shalby et al. [37] built an incom-
pressible 3D CFD model to simulate a fixed Multi-Chamber OWC device. 
The CFD results are found to be in good agreement with experimental 
data. Based on Reynolds Average Navier Stokes (RANS) method, Dai 
et al. [38] studied the effect of the model scale. The hydrodynamic 
scaling effect is linked to the Reynolds number. Simonetti et al. [39] 
used a compressible two phases CFD model to evaluate the effects of air 
compressibility on the performance of a fixed OWC device. The air 
pressure in the OWC chamber is overestimated by up to 15% when 
neglecting the air compressibility. Connell et al. [40] used a software 
package ANSYS Fluent to simulate a free heaving OWC spar buoy device 
with a non-linear Power Take-Off (PTO) system. However, the CFD 
simulations consume high computing resource, especially when dealing 
with a 3D OWC model. As a result, the Boundary Element Method (BEM) 
has been widely applied. Base on the potential flow theory and mixed 
Eulerian-Lagrangian approach, Koo and Kim [41] applied a fully 
nonlinear numerical wave tank (NWT) to simulate a land-based 2D OWC 
device. Ning et al. [35] studied the hydrodynamic properties of a 
land-based dual-chamber OWC with a fully nonlinear BEM model and 

achieved good predictions. Wang et al. [42] analyzed the nonlinear and 
viscous effects on the hydrodynamic performance of a fixed OWC device 
with a fully nonlinear NWT. However, all of the above BEM models are 
2D, and the studied OWC devices are fixed. 

The previous numerical analyses on the 3D OWC device are mainly 
limited to analytical and CFD methods. The analytical approach gener-
ally can not consider the nonlinear effect, while the CFD approach is 
time-consuming. The 3D nonlinear time-domain Higher-Order Bound-
ary Element Method (HOBEM) model, with a good balance between 
accuracy and efficiency, has long been applied to dynamic analyses of 
floating platforms [43], but it has rarely been used to study the 3D 
floating OWC device. Therefore, a 3D nonlinear numerical model based 
on the HOBEM and potential theory is developed in the present study. 
The contribution of each harmonic wave component to the hydrody-
namics of the offshore OWC device is investigated. 

As an extension of the previous land-fixed and offshore-fixed OWC 
researches [14,32], this paper focuses on the study of the hydrody-
namics of an offshore floating OWC device with both experimental and 
numerical methods. The primary objective is to provide general guid-
ance on the optimum design of the offshore cylindrical OWC device, 
including the device geometry and the mooring stiffness. The effects of 
the mooring stiffness, wave nonlinearity, PTO damping and chamber 
draft are considered. The paper is organized as follows. Section 2 pre-
sents the experimental setup and method for obtaining the hydrody-
namic efficiency. A 3D nonlinear time-domain HOBEM model is 
described in Section 3. The nonlinear pneumatic and artificial damping 
are introduced to represent the turbine and viscous damping, respec-
tively, inside the OWC chamber. Section 4 compares the experimental 
and numerical results. Section 5 discusses the effects of the opening 
ratio, wave steepness, mooring stiffness and chamber draft on the hy-
drodynamics of the OWC device. Finally, conclusions are summarized in 
Section 6. 

2. Physical experiment 

2.1. Experimental setup 

A physical model of an offshore OWC device, as shown in Fig. 1(a), is 
studied at a scale of 1:20 in a wave-current flume at the State Key 
Laboratory of Coastal and Offshore Engineering, Dalian University of 
Technology. The flume is 60 m in length and 4 m in width, with a 
maximum water depth of 2.5 m. In the present study, both the fixed and 

Fig. 1. Experimental setup (a) Photographs of the floating OWC device and (b) Sketch of the experimental setup.  
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floating OWC devices are considered. The floating OWC device is con-
strained by two springs and moved only in the vertical direction. The 
sketch of the experimental setup is shown in Fig. 1(b). The OWC model is 
installed at the centre of the flume, 20 m away from the wave maker. The 
still water depth h is 1.0 m in all experimental cases. A Cartesian coor-
dinate system Oxyz is chosen with its origin at the centre of the OWC 
chamber and at the still water level, as shown in Fig. 1(b). The height of 
the OWC chamber dc is set constant, i.e., 0.2 m. In the present scale- 
model tests, air compressibility can be neglected when ignoring the 
thermodynamic effects [44]. The chamber thickness bw is 0.1 m, which 
provides sufficient buoyancy to the hollow device. The external diam-
eter of the OWC chamber is D = 2R = 0.8 m. The effects of flume walls 
can be ignored with the ratio b/D = 5, where b = 4 m is the width of the 
flume [45]. A circular orifice with the diameter Do is introduced to 
approximate the turbine damping at position To (0 m, 0 m, 0.2 m) [35]. 
In the present study, four different opening ratios ε (ε = 1.0%, 1.5%, 
2.0% and 3.0%) are considered to study the effects of turbine damping 
[46]. The opening ratio is defined as ε=S0/Sf, where S0 and Sf are the 
cross-sectional areas of the circular orifice and the circular chamber, 
respectively [47]. In the present study, two springs are used as mooring 
lines. Two different spring stiffness Ks (25 kg/m and 70 kg/m) are 
considered. Four resistive-type wave gauges (G1–G4), with a sampling 
rate of 100 Hz, are deployed to measure the instantaneous free surface 
elevations at different locations, as indicated in Fig. 1(b). Wave gauge G2 
is fixed to the ground by a rigid support, which is used to measure the 
absolute wave runup in front of the OWC device at position G2 (− 0.525 
m, 0 m, 0 m). The OWC chamber is fitted with two wave gauges at 
positions G3 (− 0.15 m, 0 m, 0 m) and G4 (0.15 m, 0 m, 0 m). They are 
attached to the floating device, so that they can be used to easily mea-
sure the relative wave run-up elevation inside the OWC chamber. In 
order to measure the air pressure in the OWC chamber, two CY200-type 
pressure sensors, with a sampling rate of 100 Hz, are installed at posi-
tions Sa1 (0.11 m, − 0.11 m, 0.2 m) and Sa2 (− 0.11 m, 0.11 m, 0.2 m). An 
LXW-type draw-wire displacement sensor is installed directly above the 
floating OWC device to measure its vertical position. In the experiment, 
a series of waves are generated with four wave steepness kA = 0.05, 
0.075, 0.10 and 0.015, where A is the wave amplitude and k is the wave 
number. 

2.2. Hydrodynamic efficiency 

The hydrodynamic efficiency of the OWC device can be calculated as 
the ratio between the extracted pneumatic power and the incident wave 
power [48]. The time-averaged pneumatic power Powc is calculated by 
integrating the product of the chamber air pressure Pair and the air 
volume flux Q [49] over time: 

Powc =

∫

Sf

Pair(t)⋅Q(t)dS=
1
T

∫ t+T

t
Pair(t) ⋅ Sf uc(t)dt, (1)  

where T denotes the incident wave period, t is the time. uc(t) is the 
normal vertical velocity of the interior free surface, which can be 
calculated as: 

uc(t) = η̇a =
1
2

(

η̇3(t)+ η̇4(t)
)

, (2)  

where η3 and η4 are the surface elevation at test points G3 and G4, 
respectively, and the dot above the variable denotes the time derivative 
η̇(t) = dη(t) /dt = [η(t2) − η(t1)] /(t2 − t1). 

The average energy flux per unit wave crest length Pinc is 

Pinc =
ρgA2ω

4k

(

1+
2kh

sinh 2 kh

)

, (3)  

where g is the gravitational acceleration, ρ is the density of the water and 
ω is the angular frequency of the incident wave. Therefore, the hydro-
dynamic efficiency of the device can be defined as [50,51]: 

ξ=
Powc

Pinc⋅2(R − bw)
, (4)  

where 2(R-bw) in the denominator represents the internal diameter of 
the OWC chamber. 

3. Numerical model 

Based on the potential-flow theory, the second-order time-domain 
HOBEM model is applied to simulate the wave interaction with the 
floating OWC device [52]. Two cartesian coordinate systems are defined 
in Fig. 2(a). X=(x, y, z) is fixed on the ground with its origin O. X’=(x’, 
y’, z’) is attached to the floating device with the origin O′, which is used 
to describe the hydrodynamic response of the OWC device. The two sets 
of coordinate systems coincide with each other as the OWC device is at 
its equilibrium position. The fluid is assumed to be inviscid and 
incompressible, and the flow irrotational. Then the fluid around the 
OWC device can be described by the complex velocity potential φ. The 
velocity potential is decomposed into the incident potential φi and the 
scattered potential φs [53]. The scattered potential φs satisfies the Lap-
lacian equation: 

∇2φ(m)
s = 0 (5)  

where superscript m (= 1 & 2) denotes the order of approximations in 
satisfying the different nonlinear boundary conditions. Following the 

Fig. 2. Computational model: (a) the sketch of the floating OWC device, (b) the illustration of the sponge layer.  
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second-order perturbation expansion procedure and the Taylor expan-
sion method, the mth order impenetrable boundary condition on the 
wetted surface SB for the scattered potential is: 

∂φ(m)
s

∂n
= −

∂φ(m)

i

∂n
+ fm on  SB (6)  

where ∂/∂n denotes the derivative in the direction normal to the body 
surface, n=(nx,ny,nz) is an outward unit vector, which points out to the 
fluid as shown in Fig. 2(a), fm is the nonlinear terms related to the dy-
namic response of the OWC device and defined as: 

f1 =(ξ̇
(1)

+ α̇(1) × (X − Xr))⋅n (7)    

where ξ=(ξ1, ξ2, ξ3) is the surge, sway and heave displacements, 
respectively. α=(α1, α2, α3) is the roll, pitch and yaw rotations about x, y 
and z axes, respectively, defined as positive in the clockwise direction. Xr 
=(xr, yr, zr) denotes the rotational centre. H is a rotational matrix 
determined by the first-order displacement as follows: 

H = −
1
2

⎡

⎢
⎢
⎢
⎣

(
α(1)

2
)2

+
(
α(1)

3
)2

0 0

− 2α(1)
1 α(1)

2
(
α(1)

1
)2

+
(
α(1)

3
)2

0

− 2α(1)
1 α(1)

3 − 2α(1)
2 α(1)

3
(
α(1)

1
)2

+
(
α(1)

2
)2

⎤

⎥
⎥
⎥
⎦

(9) 

In order to simulate the wave motion over a long time, a sponge layer 
is designed to absorb the reflected waves from the object [54], as shown 
in Fig. 2(b). To consider the fluid viscosity inside the OWC chamber, a 
damping term is introduced to the dynamic free surface boundary con-
dition [55]. Then, the mth order kinematic and dynamic boundary 
conditions at the free surface are given as [56]: 

∂η(m)
s

∂t
=

∂φ(m)
s

∂z
− f ′

m − ν(r)η(m)
s (10)  

∂φ(m)
s

∂t
= − gη(m)

s + f ˝m − ν(r)φ(m)
s (11)  

where η(m)
s denotes the mth order scattered surface elevation around the 

OWC device and ν(r) is the damping coefficient of the sponge layer. The 
damping coefficient ν(r) is defined as: 

ν(r) =

⎧
⎨

⎩

ω
(r − r0

λ

)2
r0 ≤ r ≤ r1

0 r < r0

(12)  

where r0 and r1 are the inside and outside radii of the damping layer, as 
shown in Fig. 2(b). Wave length λ represents the damping-layer length. 
f ′

m and f˝m are the forcing terms at the still free surface, defined as: 

f ′

1 = 0 (13)  

f
′

2 = −

(
∂φ(2)

i

∂z
−

∂η(2)
i

∂t

)

+
∂φ(1)

∂x
∂η(1)

∂x
+

∂φ(1)

∂y
∂η(1)

∂y
− η(1)∂

2φ(1)

∂z2 (14)  

f ˝1 = −
1
ρPair + μ1

∂φ(1)

∂n
(15)  

f ˝2 = −

(
∂φ(2)

i

∂t
+ gη(2)

i

)

−
1
2
⃒
⃒∇φ(1)

⃒
⃒2 − η(1)∂

2φ(2)

∂z∂t
− μ1

(

η(1)∂φ(1)

∂n
+

∂φ(2)

∂n

)

(16)  

where μ1 is the viscous damping coefficient which is used to model the 
effect of the fluid viscosity, η(m) denotes the mth total surface elevation, 
η(m)

i is the mth order incident wave. The viscous damping coefficients in 
the first and second-order dynamic boundary conditions are set the same 
for convenience. Pair denotes the air pressure in the OWC chamber, 
which can be related to the flow velocity [57]: 

Pair(t) = τ|Q(t)|Q(t) = μ2|u(t)|u(t), (17)  

where τ is the air flow damping coefficient, u denotes the air flow ve-
locity through the circular orifice, μ2 = τS2

0 is the nonlinear pneumatic 
damping coefficient characterizing the turbine damping. Both μ1 and μ2 
can be determined by fitting the experimental measurements. It should 
be noted that the effects of air pressure and fluid viscosity are only 
considered inside the OWC chamber. 

The above-mixed boundary value problem can be solved by the BEM 
with the Rankine source and its image about the seabed [58]: 

G
(
ps, qf

)
= −

1
4π

(
1
R0

+
1
Rz

)

, (18)  

where ps = (x1, y1, z1) and qf = (x, y, z) are the source point and field 
point, respectively, and 
{

R0 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x − x1)
2
+ (y − y1)

2
+ (z − z1)

2
√

Rz =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x − x1)
2
+ (y − y1)

2
+ (z + z1 + 2h)2

√ , (19) 

Then, the mth order integral equation for the scattered potential can 
be obtained: 

αsφ(m)
s (ps)=

∫∫

S

[

φ(m)
s

(
qf
) ∂G

(
qf , ps

)

∂n
− G

(
qf , ps

) ∂φ(m)
s

(
qf
)

∂n

]

dS, (20)  

where αs is the solid angle coefficient, the boundary surface S includes 
the mean free surface (SOF and SIF) and the mean wet solid surface SB. 
This integral equation can be discretized and solved numerically [53]. 

After solving the above integral equation, the mth order spatial po-
tential can be obtained. Then, the mth order hydrodynamic response of 
the OWC device can be calculated from the following motion equations: 

[M]{ξ̈
(1)
}+ [B]{ξ̇

(1)
}+ ([C] + [K])

{
ξ(1)

}
=
{

F(1)}+ {Fair} (21)  

[M]{ξ̈
(2)
}+ [B]{ξ̇

(2)
}+ ([C] + [K])

{
ξ(2)

}
=
{

F(2)} (22)  

where M is the mass matrix, C is the hydro-restoring matrix, K is the 
structural stiffness matrix associated with the mooring system. B is the 
viscous damping matrix, which is expressed as B=υM [59]. υ is the 
viscous scale factor, which can be determined by fitting the experi-
mental measurements. F(m) is the mth order total wave force vector, Fair 
denotes the pneumatic force on the chamber wall. It should be noted 
that the contribution from the pneumatic force is only considered in the 
first-order analysis. In the time domain, the simulation is advanced using 
the fourth-order Adams-Bashforth predictor-corrector scheme and the 

f2 = n ⋅
{
(ξ̇

(2)
+ α̇(2)

× (X − Xr))+ Ḣ(X − Xr) −
[(

ξ(1) +α(1) × (X − Xr)
)

⋅∇
]
∇φ(1)

}

+
(
α(1) × n

)
⋅
[
(ξ̇

(1)
+ α̇(1) × (X − Xr)) − ∇φ(1)]

(8)   
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fourth-order Runga-Kutta (RK4) scheme in calculating the free surface 
and the motion responses, respectively. In order to avoid impulsive 
phenomena at the beginning of the simulation, a ramp function is 
introduced to multiplying by the incident wave velocity or the object 
velocity in the forced motion simulation, which is expressed as: 

Fm =

⎧
⎪⎨

⎪⎩

1
2

[

1 − cos
(

πt
Tm

)]

t ≤ Tm

1 t ≥ Tm

(23)  

where Tm is the ramp time. 
Then, the air volume flux Q(t) can be expressed as: 

Q(t)=
∫

Sf

η̇(t)dS (24)  

where η(t) = ηreal(t) − ξ3(t) is the relative water motion inside the OWC 
chamber. 

4. Comparison between numerical and experimental results 

In the present study, experimental results are used to validate the 
HOBEM model. The geometric parameters are kept the same as in the 
physical model, such as the device draft d = 0.3 m, the external diameter 
of the chamber D = 0.8 m and the chamber thickness bw = 0.1 m. The 
water depth of the numerical model is set to be 1 m. In order to absorb 

Fig. 3. Time series of the simulated and measured free decay test in 
heave motion. 

Fig. 4. Time series of the simulated and measured chamber air pressures in the stationary device with ε = 2.0%.  

Fig. 5. Time series of the simulated and measured surface elevations at G3 and G4 in the stationary device with ε = 2.0%.  
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the reflected waves at the far field, the sponge layer is introduced with 
the radii r1 = 2λ and r0 = λ as shown in Fig. 2(b). In the present time- 
domain numerical model, the time step △t is specified to be T/500. 
After convergence tests, the computational domain is discretized into 
588 nodes and 192 elements on the OWC device surface, and 1732 nodes 
and 492 elements on the free water surface. Each simulation is run for 
30T on a laptop computer with eight Intel Core i5-8250U processors and 
usually takes about 6 min to complete. 

A vertical free decay test is conducted to validate the accuracy of the 
HOBEM model firstly. The mass of the OWC model M33 is 67.45 kg. The 
diameter of the orifice is Do = 0.104 m, and the draft of the OWC device 
d is 0.3 m in calm water. An external force is exerted on the experimental 
model in the vertical direction to enable an initial displacement Z0 =

− 12.5 cm, and then the device is released. In the present numerical 
model, the controlling variables method is applied to determine the 
adaptable viscous scale factor υ and the pneumatic damping coefficient 
μ1 [47]. Firstly, the value of the μ1 is set as zero, and the value of υ is 
changed for a closest results for the experiment data. Then, the value of υ 
is fixed as 0.8 and the value of μ1 is varied. Finally, the viscous scale 
factor υ and the pneumatic damping coefficient μ1 are selected as 0.8 and 
0.036, respectively. Fig. 3 shows the time series of the simulated and 
measured free decay test of the floating OWC device. It can also be seen 
that the vertical natural period of the floating OWC device Tnature

3 is 1.2 s. 
The good agreement between the numerical and experimental results 
verifies the high accuracy of the present HOBEM model. 

Further, the air pressure and surface elevation of the offshore sta-
tionary OWC chamber are presented. The diameter of the orifice is Do =

0.085 m. Based on the trial and error procedure, the artificial and 
nonlinear pneumatic damping coefficients are chosen to be μ1 =0.015 

and μ2=1.45, respectively. Fig. 4 shows the time history of the air 
pressure Pair inside the chamber, while Fig. 5 shows the surface eleva-
tions at G3 and G4. In these examples, kA is equal to 0.05, while the value 
of kh is either 1.20 or 1.99. Good agreement can be seen between the 
numerical and the experimental results. Besides, it can be seen that the 
long-term variations are well predicted using the limited numerical 
domain. It verifies the good performance of the present nonlinear 
HOBEM model. 

In order to investigate the nonlinear effects, fast fourier transform 
(FFT) is used to investigate the harmonic decompositions of the air 
pressure Pair and the averaged water surface elevation ηa=(η3+η4)/2 
inside the OWC chamber. Figs. 6 and 7 show the spectrum analyses and 
the harmonic components of Pair and ηa at kh = 1.2 and 1.99, respec-
tively. And, the residual values δ (δ = |χnum − χ exp|, whereχrepresents 
the value of the quantity in concern) for each harmonic decompositions 
are also labeled. Figs. 6(a)–(b) and 7(a)–(b) indicate good agreements 
between the numerical simulations and experimental measurements. It 
can also be seen that the linear component is the dominant contribution 
to both the air pressure and the averaged surface elevation. As seen in 
Fig. 6(a), all five harmonic components, i.e., linear, double, triple, 
quadruple and penta frequency components, are necessary for accu-
rately describing the air pressure variation. In Figs. 6(c) and 7(c), only 
the linear, double and triple frequency components of the air pressure 
are plotted for clarity. In contrast, only the first two harmonic compo-
nents are necessary for accurately describing the chamber free surface 
oscillation. The higher-order harmonic components needed for the air 
pressure description are related to the effects of nonlinear waves and 
quadratic pneumatic damping as shown in Eq. (17). The odd-order 
harmonic components of the air pressure oscillations, i.e., linear, triple 

Fig. 6. Nonlinear analysis for air pressure Pair and averaged chamber surface elevation ηa at kh = 1.2 with ε = 2.0%.  
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and penta frequency components, are induced by the linear waves, while 
the even-order harmonic components, i.e., double and quadruple fre-
quency components, are induced by the second-order waves. 

In order to validate the suitability of the artificial and pneumatic 
damping coefficients μ1 and μ2, the higher nonlinear waves (kA = 0.075, 
0.10 and 0.15) are considered while they interact with stationary OWC 
devices. Figs. 8 and 9 illustrate the time series of the air pressure Pair and 
the surface elevations at points G2, G3 and G4. While changing the wave 
steepness kA, the water depth is kept the same kh = 1.99. It can be seen 
that the air pressure response is nonlinear, and the air pressure ampli-
tudes are asymmetric for nonlinear waves. This is due to the effects of 
the second-order waves, which can enhance the chamber volume flow 
rate. From the figures, the predicted air pressure and surface elevation in 
the chamber show good agreements with the experimental data. It 
further illustrated that the present second-order HOBEM model can be 
used to simulate the WEC hydrodynamics in strong nonlinear waves. 

In this paper, the normalized amplitude error Aχ and normalized 
phase-amplitude error ϕχ are considered for the quantitative evaluation 
of the agreement between the predicted and measured air pressure and 
surface elevation, which are expressed as [60]: 

Aχ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

i=1

(
χnum

i

)2

∑N

i=1
(χi)

2

√
√
√
√
√ ; ϕχ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

i=1

(
χnum

i − χi

)2

∑N

i=1
(χi)

2

√
√
√
√
√ (25)  

where N is the number of samples. A perfect agreement would result in 
Aχ →1 and ϕχ→0. The normalized amplitude and phase-amplitude errors 
for the time series shown in Figs. 4–5 and 8-9 are listed in Tables 1 and 2, 
respectively. A good agreement between numerical and experimental 
results are evident, with Aχ ≈1 and ϕχ≤0.09. 

5. Results and discussions 

5.1. Effects of turbine damping 

In this section, the effects of turbine damping on the hydrodynamic 
performance of the stationary OWC device are studied. In the experi-
ment, four different opening ratios (ε = 1.0%, 1.5%, 2.0% and 3.0%) are 
considered with diameters Do1 = 0.060 m, Do2 = 0.073 m, Do3 = 0.085 m 
and Do4 = 0.104 m, respectively. The draft of the OWC device d is kept as 
0.3 m. The external diameter of the OWC chamber is D = 0.8 m. The 
steepness of the incident wave is set at a constant kA = 0.05. The geo-
metric and dynamic parameters of the HOBEM model are set the same as 
those in the physical model. The incident wave number, normalized by 
the water depth, is in the range of 1 ≤ kh ≤ 3. The effects of the opening 
ratio ε on the amplitude of chamber air pressure △Pair=(Pcrest-Ptrough)/2 
and the averaged surface elevation △ηa=(ηcrest-ηtrough)/2 are illustrated 
in Fig. 10. The opening ratio ε, which characterizes the turbine damping, 
has a great influence on the hydrodynamics of the OWC chamber. With 
the increase of the opening ratio ε, the surface elevation increases and 
the air pressure decreases. It is reasonable that the air pressure and the 
motion of the chamber surface elevation are negatively correlated. From 
Fig. 10, it can be seen that the resonant frequency occurs around kh=2.1 
in terms of both the air pressure and the averaged surface elevation. 
Following Eq. (17), a larger averaged surface elevation can lead to larger 
air pressure inside the OWC chamber. In the low frequency domain, the 
air pressure △Pair increases rapidly with the decrease of the opening 
ratio ε. However, the averaged surface elevation remains close to unity 
[61]. This is due to the long waves that can penetrate the OWC wall 
easily. The effect of air pressure on the surface elevation of the chamber 
can be ignored in the low frequency domain. Fig. 11 illustrates the 

Fig. 7. Nonlinear analysis for air pressure Pair and averaged chamber surface elevation ηa for at = 1.99 with ε = 2.0%.  
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effects of the opening ratios ε on the hydrodynamic efficiency ξ with the 
horizontal axis as the dimensionless wave number kh. The maximum 
efficiency of the OWC device is found to be about 0.575 with kh=2.1 in 
Fig. 11. The maximum efficiency of the offshore device occurs at the 
same dimensionless wave number (kh=2.1) as the air pressure and 
chamber surface elevation [62]. The optimal opening ratio for the pre-
sent OWC device is between 2% and 3%. A similar conclusion is also 
obtained in a small-scale physical test [63]. In Fig. 11, the dashed line 
marks the effective frequency bandwidth with the efficiency ξ ≥ 20%. It 
is found that, as the opening ratio ε increases, the effective frequency 
bandwidth of the OWC device decreases. Hence, a larger turbine 
damping is suggested to improve the hydrodynamic efficiency of the 
OWC device in both low and high frequency regions. 

5.2. Effects of wave steepness 

In this section, the effects of wave steepness kA on the hydrodynamic 
properties of the offshore stationary OWC device are discussed. In the 
present physical tests, three different higher nonlinear waves (kA =
0.075, 0.10 and 0.15) are considered in four wave conditions (kh = 1.99, 
2.11, 2.26 and 2.6), which are used to validate the suitability of the 
HOBEM model for higher nonlinear waves. The experiment results for 
the wave steepness kA=0.05 are also discussed. The main geometric 
parameters are chosen as d = 0.3 m, bw =0.1 m and D = 0.8 m. The 
opening ratio ε is set as 2.0%. Apart from the experimental tests, the 
hydrodynamics of the OWC device with different wave steepness are 
also simulated by the HOBEM model, with a range of 1 ≤ kh ≤ 3. The 

artificial and nonlinear pneumatic damping coefficients are chosen to be 
μ1=0.015 and μ2=1.45, respectively. 

Fig. 12 shows the effects of wave steepness kA on the non- 
dimensional amplitude of the chamber air pressure △Pair/ρgA and 
averaged surface elevation △ηa/A. It is clear that the measured and 
predicted results agree well. The non-dimensional amplitudes of the air 
pressure △Pair/ρgA and the averaged surface elevation △ηa/A vary in 
opposite trends with wave steepness kA. The same resonant frequency 
(kh = 2.1) is found as the previous study, which illustrates the inde-
pendence between wave steepness and resonant characteristics. In 
Fig. 12(a), the air pressure △Pair/ρgA increases with wave steepness kA, 
especially for low frequencies. It can be explained by the rate of the 
surface variation (ηcrest(t)-ηtrough(t))/T inside the chamber, which in-
creases with the wave steepness kA. When the frequency is low, the long 
wave with stronger penetrability contributes to the increase of the air 
pressure, as shown in Fig. 12(a). Fig. 12(b) illustrates the effects of the 
wave steepness kA on the dimensionless surface elevation △ηa/A. It can 
be seen that the dimensionless surface elevation decreases with the in-
crease of the wave steepness, especially nearby the resonant frequency 
[47]. 

The spectral analyses of the averaged free surface elevation inside 
the chamber at kh=2.11 are shown in Fig. 13. In order to examine the 
influence of the wave steepness kA, four steepness values are considered. 
It is clear that the numerical and experimental results agree well. 
Although the third-order harmonic wave is visible in the experiment, the 
free surface oscillation is mainly dominated by the fundamental and 
second-order harmonic components. The comparison illustrates the 

Fig. 8. Time series of the simulated and measured air pressure in the chamber at kh = 1.99 for three different wave steepness.  
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suitability of the HOBEM model for the hydrodynamic prediction of the 
nonlinear wave behaviour with steepness up to 0.15. Furthermore, the 
dimensionless resonance peak at the fundamental frequency is seen to 
decrease from 1.29 to 0.78 when the wave steepness kA increases from 
0.05 to 0.15 [64]. The stronger nonlinear waves consist of many 
higher-order harmonics, which can be easily reflected by the OWC 
chamber wall. As a result, the relative surface elevation inside the OWC 
chamber decreases. 

The variations of the hydrodynamic efficiency with wave steepness 
kA are shown in Fig. 14. In the low (kh ≤ 1.75) and high (kh ≥ 2.5) 
frequency regions, the hydrodynamic efficiency increase with the wave 
steepness kA. However, for intermediate frequency region (1.75 ≤ kh ≤
2.5), the hydrodynamic efficiency decreases with the wave steepness kA. 
López et al. [65] and Kamath et al. [66] also observed the same trends in 
the study of a land-fixed OWC device. At the resonant frequency (kh =
2.1), the air pressure inside the chamber rises by 16.9% as kA increases 
from 0.05 to 0.15. However, the surface elevation decreases at a rate of 
about 38.4%, which is higher than the rate of the air pressure rise and 
thus explains the reduction of the hydrodynamic efficiency. 

5.3. Effects of mooring stiffness 

This section explores the effects of mooring stiffness on the hydro-
dynamic performance of the floating OWC device. A free-floating OWC 

Fig. 9. Time series of the simulated and measured surface elevations at G2, G3 and G4 at kh = 1.99 for three different wave steepness.  

Table 1 
Normalized amplitude and phase-amplitude errors for air pressure and surface 
elevations with kA=0.05.   

Pair η3 η4 

Aχ ϕχ Aχ ϕχ Aχ ϕχ 

kh=1.20 1.03 0.03 1.07 0.08 1.08 0.09 
kh=1.99 0.96 0.05 1.01 0.03 1.09 0.09  

Table 2 
Normalized amplitude and phase-amplitude errors for air pressure and surface 
elevations at kh=1.99.   

Pair η2 η3 η4 

Aχ ϕχ Aχ ϕχ Aχ ϕχ Aχ ϕχ 

kA=0.075 1.02 0.03 0.90 0.09 1.05 0.06 1.03 0.07 
kA=0.10 1.05 0.07 0.92 0.08 1.08 0.09 1.04 0.05 
kA=0.15 0.99 0.03 0.91 0.09 1.07 0.07 1.01 0.05  
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device is also considered for a direct comparison between the experi-
mental and numerical investigations. In the physical tests, two different 
spring stiffness values are considered, i.e., K33 = 25 kg/m and 70 kg/m. 
The movement of the floating OWC device is restrained in the vertical 
direction. The main parameters are: d = 0.3 m, D = 0.8 m, bw = 0.1 m 
and ε = 3%. A series of monochromatic waves are generated with the 
wave steepness kA = 0.05. In the HOBEM model, the artificial and 

nonlinear pneumatic damping coefficients are chosen to be μ1 = 0.015 
and μ2 = 1.45, respectively. In Eqs. (20) and (21), the viscus scale factor 
υ is set to 0.8. 

Fig. 15 presents the variations of the vertical displacement of the 
floating OWC device with different mooring stiffness. It should be noted 
that some disagreement occurs for the case with stiffness K33=70 kg/m 
in the high frequency region. It is due to the unstable spring stiffness, as 
K33 stands for an averaged stiffness in the experiment. The mooring 
stiffness plays a key role in the variations of the vertical displacement. 
The vertical displacement of the OWC device decreases with the increase 
of the mooring stiffness, especially for the low and intermediate fre-
quenct regions. As for the high frequency region, the amplitude of the 
vertical displacement is small in all cases. This is because the short 
waves with low energy fail to drive the motion with a large displace-
ment. Fig. 16 shows the effects of the mooring stiffness on the hydro-
dynamic performance of the floating OWC chamber. The case of a 
stationary OWC device is also included. Fig. 16 illustrates good agree-
ments between the HOBEM results and the experimental measurements. 
It can also be seen that the resonant frequency of the floating OWC 
system is the same as the stationary one. In Fig. 16(a) and (b), the 
amplitude of both the chamber air pressure Pair and the relative aver-
aged surface elevation ηa increases with the mooring stiffness K33 in low 
and intermediate frequencyregions. This is due to the vertical 
displacement of the OWC device partly cancels the air volume change 
inside the chamber, which leads to low air pressure. Within high fre-
quency region (kh ≥ 2.5), the air pressure Pair and the relative averaged 
surface elevation ηa of the floating device are larger than those of a fixed 

Fig. 10. Effects of the opening ratios ε on the hydrodynamic properties of the OWC chamber.  

Fig. 11. Distributions of hydrodynamic efficiency ξ for different opening ratios 
ε of the air orifice, with the green dashed line indicating the efficiency of ξ 
= 20%. 

Fig. 12. Effects of the wave steepness kA on the hydrodynamic properties of the OWC chamber.  

Y. Zhou et al.                                                                                                                                                                                                                                    



Renewable and Sustainable Energy Reviews 145 (2021) 111086

12

OWC device. An opposite vertical motion occurs between the chamber 
and the water column inside the chamber, which enhances the volume 
flux inside the chamber with short waves. The effects of the mooring 
stiffness on the hydrodynamic efficiency, as shown in Fig. 16(c), follow 
the same trend as the air pressure Pair and the averaged surface elevation 
ηa. The resonant frequency occurs near the wave condition kh = 2.1, 
which is consistent with the air pressure Pair and the relative averaged 

surface elevation ηa. The effective frequency bandwidth of the floating 
OWC device increases with the mooring stiffness, so the device can 
capture the wave energy in a wider frequency range. 

5.4. Effects of the chamber draft 

It is well known that the chamber draft has a significant influence on 
the hydrodynamic properties of the OWC device [67]. Two different 

Fig. 13. Spectral analysis of the averaged chamber free surface elevation at kh=2.11.  

Fig. 14. Distributions of hydrodynamic efficiency ξ for different wave steep-
ness kA. 

Fig. 15. Effects of the mooring line stiffness K33 on the vertical displacement Z3 
of the OWC chamber. 
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OWC chamber drafts are studied, i.e., d/h = 0.235 and 0.30. The mass of 
the OWC device increases from 52.84 kg to 67.45 kg as the chamber 
draft changes from 0.235 m to 0.3 m. Other main parameters are set as: 
D = 0.8 m, bw = 0.1 m and ε = 3%. The mooring stiffness K33 is selected 
as 70 kg/m. In the HOBEM model, the artificial and nonlinear pneumatic 
damping coefficients are chosen to be μ1 =0.015 and μ2=1.45, respec-
tively. The viscous scale factor υ as set at 0.8. The steepness of the 
incoming wave as set at kA = 0.05 within the wave frequency region 1 ≤
kh ≤ 3. 

The impacts of the draft d on the device performance are shown in 
Figs. 17 and 18. In Fig. 17, the vertical displacement of the device differs 
slightly between d/h = 0.235 and 0.3 in the low frequency region (kh ≤
1.75). Compared with the incident wave energy, the scattered wave 
energy, which is induced by the motion of the device, can be ignored in 
the low frequency region. The vertical displacement of the device with a 
larger chamber draft decreases rapidly at the high frequency region (kh 
≥ 2.0). Fig. 18 shows the amplitude variations of the hydrodynamic 
properties with chamber draft d as a function of the dimensionless wave 
number kh. It can be seen that the resonant frequency shifts to the higher 
one with the decrease of the chamber draft d. Such a shift is due to the 
inertia of the OWC water column decreasing with the chamber draft 
[47]. The dimensionless amplitudes of the air pressure △Pair/ρgA, the 
relative averaged surface elevation △ηa/A and the hydrodynamic effi-
ciency ξ decrease with the OWC chamber draft d at the resonant fre-
quency. Comparing with a fixed OWC device [35], the resonant 
efficiency of the proposed floating device exhibits an opposite de-
pendency on the chamber draft. Such a phenomenon can be explained 
that the vertical displacement of the OWC helps to cancel the air volume 
change induced by the chamber surface elevation. In Fig. 18(c), the 
effective frequency bandwidth △kh corresponding to high operation 
efficiency ξ ≥ 20% increases by 8% as the chamber draft decreases from 
0.3 m to 0.235 m. In the high frequency region, a shallower chamber 
draft d leads to a higher hydrodynamic efficiency ξ. Fig. 18 also shows 
that the chamber draft can be changed to tune the device to suit different 
wave frequencies. 

Fig. 16. Effects of the mooring stiffness on the hydrodynamic properties of the OWC chamber, with the green dashed line indicating the efficiency of ξ = 20%.  

Fig. 17. Effects of the chamber draft d on the vertical displacement Z3 of the 
OWC chamber. 
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6. Conclusions 

In this study, the hydrodynamic performance of an offshore OWC 
wave energy converter is investigated experimentally and numerically. 
The experiment is carried out in the wave-current flume at the scale of 
1:20. In order to systematically examine the energy conversion perfor-
mance, the second-order time-domain HOBEM model is developed. The 
experimental data are used for validating the numerical model. The 
numerical results show good agreement with the experimental data. The 
present HOBEM model can be used to study the optimum design of the 
floating OWC device. 

Four different opening ratios are considered to investigate the effects 
of turbine damping. It is found that the optional opening ratio is between 
2% and 3%. The effects of the wave nonlinearity, as quantified by wave 
steepness, on the amplitude of the chamber air pressure, the averaged 
surface elevation and the hydrodynamic efficiency are discussed in 
detail. The nondimensional amplitudes of the air pressure and the 
averaged surface elevation vary in opposite trends with the wave 
steepness. The hydrodynamic efficiency and the effective frequency 
bandwidth increase with the mooring stiffness regardless of the wave 
frequencies. For the proposed floating OWC device, a smaller chamber 
draft leads to a wider effective frequency bandwidth, but a reduction in 
the resonant efficiency and frequency. 

The present study is conducted under regular wave conditions, 
whereas irregular waves exist in the real ocean environment. In the 
experiment study, the mooring line of the floating OWC device is 
simulated by two springs, and only the vertical displacement is consid-
ered. Further work will concentrate on the effects of the irregular waves 
on multiple-degree-of-freedom OWC devices. 
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