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ABSTRACT

Wave energy is one of renewable energy resources with great potential. Due to the mechanical and structural
simplicity, Oscillating Water Column (OWC) Wave Energy Converter (WEC) is considered to be one of the most
promising marine renewable energy devices. However, OWC remains not commercialized mainly due to its
complex hydrodynamic performance and uncertainty in wave loads. In the present study, based on potential flow
theory and time-domain higher-order boundary element method (HOBEM), a fully nonlinear numerical model is
developed and used to investigate the wave-induced force and bending moment on a land-fixed dual-chamber
OWC device. The Bernoulli equation is used to calculate the wave force and bending moment. The equation is
modified by accounting for the pneumatic pressure in the air chamber and the viscosity effect and then solved
using an acceleration-potential method. The numerical model was compared with the experiment carried out in a
wave-current flume at the State Key Laboratory of Coastal and Offshore Engineering, Dalian University of
Technology, China, and good agreement between the simulation and experimental results was observed. The
horizontal components of wave forces on the two curtain walls of the dual-chamber OWC WEC were found to be
much larger than the corresponding vertical components. The seaside curtain wall suffered much larger wave
loads in comparison with the inner curtain wall. Therefore, the wave force on the seaside curtain wall is the
dominant force. The largest wave-induced bending moment occurs at the joint of device and seabed. The effects
of the sub-chamber width ratio and curtain-wall draft on the wave-induced force and bending moment are
investigated. The dominant wave force and moment increase with curtain wall draft. And the peak wave loads
can be reduced by moving the internal curtain wall close to the seaside curtain wall.

1. Introduction

wave-induced up and down motion of the water column forces the air
inside the chamber to be compressed and expanded. Then, such a

As one of renewable energy sources, wave energy is of great potential
and stands out by its high energy density, well-predictability (Arena
et al., 2015) and low environmental impact (Iglesias and Carballo,
2014). Numerous types of wave energy converters (WECs) have been
proposed and developed in the past decades to harness wave power.
However, compared with other renewable clean energy technologies,
such as solar, wind and tidal energy, the technology of utilization wave
energy is still immature (Sheng, 2019; Zheng et al., 2019), and few
WECs have achieved a commercial stage (Lopez et al., 2020). Among
different types of WECs, Oscillating Water Column (OWC) devices hold a
prominent position for its mechanical and structural simplicity (Falcao
and Henriques, 2016). Generally, an OWC device consists of a partially
immersed chamber with an air pocket trapped over a water column. The
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reciprocating air flow is produced through an orifice/vent connected to
an air turbine. Finally, the electricity is produced by a generator driven
by the turbine. Several full-scale prototype OWC devices have been built
and tested, including OSPREY plant (1 MW, 1995) in UK, Pico plant
(400 kW, 1999) in Portugal, Shawnee OWC plant (100 kW, 2001) in
China, Mutriku OWC breakwater in Spain (300 kW, about 2008),
greenWAVE (1 MW, 2014) in Australia and Yonsei OWC plant (500 kW,
2015) in South Korea.

The OWC devices have been widely investigated in the past few
decades (Wang et al., 2018; Xu and Huang, 2019) with majority atten-
tions to optimize the device geometrical parameters to improve its hy-
drodynamic performance (Deng et al., 2019a, 2020; Kamath et al., 2015;
Vyzikas et al., 2017a, 2017b; Zhou et al., 2018). The concept of
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Fig. 1. Sketch of the numerical model set-up.

dual-chamber OWC device was proposed and developed recently
(Elhanafi et al., 2018; Ning et al., 2018; Wang et al., 2017). It was found
that capture width ratio and effective frequency bandwidth of the OWC
device can be improved by introducing a dual-chamber structure (Ning
et al., 2019; Rezanejad et al., 2015). High energy conversion efficiency
and reliability of WEC devices are the two most important consider-
ations when a WEC device is designed and constructed. Hydrodynamic
loads have a remarkable effect on the subsurface structure of marine
renewable energy converters (Liu et al., 2018) and determine the device
safety. However, the study of hydrodynamic force and moment on OWC
devices is still lack. This may be due to the fact that most of the OWC
devices were land-based and the reliability was taken for granted.
Relatively little attentions have been paid to floating OWC devices with
a mooring system which experienced a more complex hydrodynamic
environment (Elhanafi, 2016; He et al., 2019; Hong et al., 2004a, 2004b;
Iturrioz et al., 2014; Konispoliatis and Mavrakos, 2016; Koo, 2009), not
to mention the bottom-mounted type OWC device. However, several
prototype OWC devices have been damaged by storms. The bottom-fixed
nearshore plants OSPREY and greenWAVE were destroyed during
disastrous deployment operations in 1995 and 2014, respectively
(Falcao and Henriques, 2016). The concrete submerged structure of the
Pico plant was significantly damaged by waves (Monk, 2015) and the
structure foundation of the plant eventually collapsed due to a strong
storm in 2018 (Falcao et al., 2018). The Mutriku plant suffered severe
damages from storms during its construction (Medina-Lopez et al.,
2015).

Not until recent years did investigations of hydrodynamic forces on
bottom-mounted OWC devices start. The wave forces on the caisson
breakwaters embodying a U-OWC was numerically investigated by
Boccotti (2012). Based on smoothed particle hydrodynamics (SPH)
method, Didier et al. (2016) calculated the wave forces on the OWC
front wall and investigated the influence of the wave height on the
forces. Viviano et al. (2016) experimentally investigated the wave forces
acting on the OWC device under random waves. They computed the
forces on the front wall by integrating the measured pressure on the
surfaces of the wall and found that the force formula for vertical walls
are not valid for OWC devices. Later, Viviano et al. (2018) further
investigated the scaling effect on the wave force, and Viviano et al.
(2019) investigated the wave pressure on front wall of a OWC device
under the regular waves. Ashlin et al. (2015) conducted experimental
studies of dynamic pressure and total wave force on the OWC device and
found that the total horizontal wave force was 2.5-3 times larger than
the total vertical force. Ning et al. (2016a) experimentally and numer-
ically analyzed the effects of chamber parameters and wave conditions
on wave force exerted on the OWC device and reported that the hori-
zontal wave force increases with wave height and decreases with
wavelength. Then, the viscosity effects on the wave force were system-
ically analyzed by Wang and Ning (2020). Huang et al. (2019)

performed a three-dimensional (3-D) numerical simulation of the wave
load on an OWC-pile device. They reported that the horizontal and
vertical wave forces and the moment are insensitive to wave period, but
increase with wave height. Recently, a numerical model was constructed
by Pawitan et al. (2019) to estimate the wave forces on a caisson
OWC-breakwater based on large scale observations. The vertical force
on the chamber ceiling was found to have a significant influence on
overturning and sliding of the breakwater. These investigations are
mainly focused on total wave force on a single-chamber OWC device.
Due to the special structure of the OWC device, the curtain walls of the
chamber suffered not only the force from the waves, but also the pres-
sure from the inner chamber. In addition, the free surface motion inside
OWC chamber may become a sloshing mode during certain wave con-
ditions, leading to a larger wave force on the inside surface of the
chamber wall (Ning et al., 2016b; Xue et al., 2017, 2019). Thus, char-
acteristics of individual wave force components worth comprehensive
studying besides total wave force. As reported by Ning et al. (2016a),
seaward wave force components may cause damage from the inner side
of the device and wave moment could induce an overturning of the
device just as what happened to the Pico plant.

Ning et al. (2019) experimentally investigated the hydrodynamic
performance of a dual-chamber OWC device. As a follow-up study, the
present research numerically investigates the wave loads on the
dual-chamber device with a special attention to the wave force and
bending moment exerted on the device. The characteristics of the wave
loads under the influences of sub-chamber width and curtain wall draft
are thoroughly examined to optimize the dual-chamber OWC device
design and its survivability. The remainder of the present paper is
organized as follows. The numerical model is presented in section 2. The
experimental set-up to validate the present numerical model is described
in Section 3. Validations of the numerical model are described in Section
4. Section 5 is dedicated to the characteristics of wave-induced force and
bending moment and the effects of sub-chamber width ratio and curtain
wall draft on wave loads. Final conclusions are summarized in Section 6.

2. Numerical modeling

The numerical model, which based on potential flow theory and the
time-domain higher-order boundary element method (HOBEM), devel-
oped by Ning et al. (2016a) to describe the wave dynamics on a
single-chamber OWC is extended here to examine the wave loads on a
dual-chamber OWC device. The sketch of the numerical model is
depicted in Fig. 1. A 2-D Cartesian coordinate system (O-xz) is chosen
with its origin (0, 0) on the static water surface. As shown in Fig. 1, By
and B, are the widths of the 1# and 2# chamber, respectively; Bo; and
Bo> are the widths of the 1# and 2# orifice, respectively; C and d are the
thickness and draft of the two curtain walls, i.e., 1# seaside curtain wall
and 2+# inner curtain wall, respectively (note that both the thickness and
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draft of the two curtain walls are assumed to be equal to each other in
this study); h denotes the water depth and h, the air chamber height; Lq
denotes the sponge layer length.

It is assumed that the fluid is inviscid, incompressible, and the fluid
flow is irrotational. Thus, the fluid motion can be described by the ve-
locity potential ¢ and the governing Laplace equation is satisfied. To
avoid wave re-reflection, the inner sources technique is adopted here to
generate incident wave and a sponge layer with a damping coefficient v
(x) is added at the left end of the wave flume to absorb the reflected
waves. Then, the governing equation is changed to the Poisson equation.
To model the energy loss due to vortex shedding and flow separation
near the dual-chamber OWC device, artificial viscous terms with
damping coefficients y; and us are added to the dynamic free-surface
boundary conditions in 1# and 2# chamber, respectively (Ning et al.,
2015, 2016a). The MEL (mixed Eulerian-Lagrangian) approach and the
RK4 (4th-order Runge-Kutta) integration scheme are used to update the
fully nonlinear dynamic and kinematic free-surface conditions at each
time step. Thus, the free-surface boundary conditions are then written
as:

dX(x,z

2) _ 9p - o x - x0)

t
dy 1 .
@ —8n + 3 (Vo-Vo) —o(x)p, outside the chambers
(@]
d(ﬂ 1 Pai a(ﬂ . ’
=g+ (VoVe) =2 — == 1# ch
d &n + Z(Vfﬂ Vo) ) by, > # chamber
1 a.

% =—8n+ 3 (Vo-Vo) — p72 — /423% , in 2# chamber

in which d/dt = d/0dt + V¢-V is the material derivative; X (x, 2) denotes
position vector of a fluid particle on the free surface, and Xy (xo, 0) the
initial static position of a fluid particle;  denotes the free surface
elevation, n the normal vector with its positive direction outward from
the fluid domain, t the time, g the gravitational acceleration and p the
water density; u1 and uy are the artificial viscous damping coefficients in
1# and 2# chamber, respectively. The damping coefficient of the sponge
layer v (x) is given by

2,
o(x) = o(x —xp) Ldz, x; — Ly <x<x17 @
0, x> x

where o is the angular frequency, Lq is the length of the sponge layer
with its length of 1.54 (where 1 is the wavelength), and x; is the starting
position of sponge layer.

Pa1 and pyy are the air pressures due to water motion in 1# and 2#

(a) Dual-chamber OWC model
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chamber, respectively. Assuming a quadric relationship between air
pressure and airflow velocity, the air pressures are given by:

{pal (1) = Dam1|Ua1 (1)|Ua (1), in 13+ chamber 3)
paZ(t) = deZ‘UdZ(t)|Ud2(t)7 in 2# chamber’

in which Dy and Dgpmo denote the quadric pneumatic damping co-
efficients of 1# and 2# orifice, respectively; Ug; and Ugy denote the
airflow velocities through 1# and 2# orifice, respectively. It was re-
ported that the air compressibility effects may lead to errors when the
small-scale results were extrapolated to full-scale (Falcao and Henri-
ques, 2014). And the air compressibility effects are found to be highly
influenced by the wave period (Lopez et al., 2020). Simonetti et al.
(2018) found that there is about a 15% overestimation of the air pressure
due to the neglecting air compressibility in a 1: 50 model scale when
compared to the full-scale model. However, the present study aims to
reproduce the small-scale experiments as the air compressibility plays
negligible roles in the small scaled model testing as presented in
(Elhanafi et al., 2017). It follows that the airflow velocities U4y and Ugo
can be calculated as follows:

A
U (1) ZKAIf in orifice 1

AV ) 4
Up(2) :Kzt, in orifice 2

in which AV = Vyerap-Vir and AV, = Vo ap-Vor denote the change of
volume of water columns in 1# and 2# chamber within each time step
At, respectively. So; and Spy are the cross-section areas of 1# and 2#
orifice, respectively, as illustrated in Fig. 1.

To solve the above problem in the time domain, the impermeable
condition on solid boundary and initial clam water surface conditions
need to be satisfied:

a—(ﬂZO, only and Ty
on . (5)
Plieo =Mlep =0

By applying the second Green’s theorem to the computation domain
0, the following boundary integral equation can be obtained:

apolp) = [ o) 26 (r-1)

r

0 R
—G(ps,pr) %} ar+ /q G(ps, pr)dR,
Q

(6)

in which I” denotes the computational boundary, including I'ro, I'tc1, I'tc2
and I'p; G denotes the simple Green function; a is the solid angle

(b)  Pressure gauge distribution

Fig. 2. A view of the (a) dual-chamber OWC model installed in the wave-current flume and (b) the pressure gauge distributed on the curtain walls.
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Fig. 3. Sketch of the experimental setup in the wave flume. G; to G3: wave gauges; Si3 to Sy pressure sensors.

coefficient; ps (xo, 20) and ps (x, 2) represent the source and field point,
respectively.

The velocity potential on the OWC structure surface is obtained once
Eq. (6) is solved. Then, based on Bernoulli equation, the wave-induced
pressure on the OWC device can be obtained. Finally, the wave-
induced force F and bending moment M can be calculated by inte-
grating the wave pressure over the instantaneous wetted OWC device
surface (I'p) as

" [0 1 Da op
F = I =— - — . Fa A
Kbpwnd p/rb[at +an+5 (Ve Vl/’)+p po (mal @

Fig. 4. Distribution of the pressure sensors on the two curtain walls of the dual-
chamber OWC model.

M= / pw(r x n)dl’
Iy

-
A

in which p,, denotes the wave induced pressure on the OWC surface, r
denotes the distance vector and r x n is the length of the moment arm,
the pressure term p,/p represents the pneumatic pressure in the cham-
ber. Head loss/pressure drop Hj, occurs when wave interactions with the
OWC device due to turbulence phenomena such as vortex shedding and
flow separations. And the linearized Bernoulli equation p = dg/dt is used
here to consider this influence. Therefore, the last term pdg/ot in Egs. (7)
and (8) is introduced to account for these turbulence effects on the wave
force. The time derivative of velocity potential dp/dt is calculated by
using the acceleration-potential method. More details for solving Egs.
(7) and (8) can refer to (Koo and Kim, 2007; Ning et al., 2016a).

1 . 0
+gn+5(VoVo) +1;—)—M—¢

o (rxn)dr,

(8

3. Experimental setup

The experimental tests were carried out in the wave-current flume at
the State Key Laboratory of Coastal and Offshore Engineering, Dalian
University of Technology, China with a constant water depth h of 1.0 m.
A piston-type unidirectional wave-maker and a wave-absorbing beach
are located at the two ends of the flume to generate the desired incident
waves and absorb the incoming waves, respectively. The glass-walled
wave-current flume is 69 m in length, 2.0 m in width and 1.8 m in
depth. The flume was divided into two parallel sections with a width of
1.2 m and 0.8 m, respectively, by a thin vertical wall along the longi-
tudinal direction. The dual-chamber OWC model was placed in the 0.8 m
wide section of the flume. To avoid the wave energy transfer through the
gap between the device and the flume walls, the spanwise width of the
model was chosen to be equal to the width of the flume section, i.e., 0.8
m. Fig. 2 illustrates the photos of the dual-chamber OWC device
installed in the wave-current flume.
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Fig. 5. Time histories of the free surfaces outside (Top) and inside (Middle and Bottom) the chambers for (a) T = 1.2 s (kh = 2.81) and (b) T = 1.9 s (kh = 1.29).

According to geometrical similarity, Froude’s law of similarity and
feasible wave conditions that can be generated in the flume, the model
scale was set to 1: 20. Due to proper mechanical strength and trans-
parency of plexiglass, the 18-mm thick perspex sheet was used to make
the dual-chamber OWC device model so that the motion of inside free
surface can be clearly observed. The sketch of the wave-current flume
and the location of dual-chamber OWC model are illustrated in Fig. 3.

Three wave gauges G; ~ Gz were used to measure the surface ele-
vations at different locations as shown in Fig. 3. The first gauge G; was
placed just in front of the device to measure wave runup. The second and
third gauges Gz and Gs were placed at the centers of 1# and 2#
chamber, respectively. In each sub-chamber, there are two pressure
sensors mounted near the orifice to measure the pneumatic pressure in
the air chamber, i.e., S13 and S14 in 1# chamber and S5 and S in 2#
chamber, as illustrated in Fig. 4. The air pressure together with the
surface elevation inside the chamber are used to evaluate the energy
extracted from the incident waves. Details of the wave energy absorp-
tion characteristics of the dual-chamber OWC can be found in Ning et al.
(2019). Twelve pressure sensors were used to measure the wave

| Chamber 1 Num. ---- Exp.

EAL AL AL AL AL
::\/V\/\/\/

| Chamber 2

PN N N N N

1 11 12 1 14 1
0 T 3 5

(a)T=12s

pressures on 1# and 2# curtain wall with six pressure sensors on each
curtain wall. The sensors were evenly and symmetrically distrusted on
the seaward and shoreward surfaces of the curtain wall from its bottom
edge to the still water surface, i.e., S101 ~ S103 and S11; ~ S113 on the two
surfaces of the 1# curtain wall, respectively; and Szo1 ~ S203 and So;3 ~
So13 on the two surfaces of the 2# curtain wall, respectively. In order not
to distort the flow field around the OWC device, the two curtain walls
were made into rectangular boxes to house the pressure sensors to
ensure that the outside surface of the curtain walls is smooth as illus-
trated in Fig. 2(b). All pressure sensors and wave gauges were calibrated
immediately before each run to avoid zero drift. Both the pressure
(including the air pressure and hydrodynamic pressure) and free surface
signals were recorded at a sampling frequency of 50 Hz. Each test case
was performed at least two times to reduce the error in measurements,
and the averaged value was used in the analysis.

It is well known that power take-off (PTO) plays an important role in
power absorption (He and Huang, 2014; He et al., 2017; Ning et al.,
2016b). However, it is not practical to simulate PTO system in the
present scaled model tests (Rezanejad et al., 2019). Instead, the PTO is

| Chamber 1 Num. ---- Exp.
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(b)) T=19s

Fig. 6. Time histories of air pressure inside the two sub-chambers for (a) T = 1.2 s (kh = 2.81) and (b) T = 1.9 s (kh = 1.29).
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(kh = 2.81).

usually mimicked by an orifice located on the air chamber. In the present
study, one circular orifice located on each sub-chamber’s roof is used as
shown in Fig. 3. The optimal opening ratio a (@« = S/Sy, where Sy and S
are the cross-sectional areas of the still water free surface inside the
chamber and the orifice) for a rectangular chamber was found to be in
the range of 0.6% ~ 0.7%, 0.66%, and 0.65% respectively by John
Ashlin et al. (2016), Ning et al. (2016b) and Deng et al. (2019b). To
optimize the performance of the dual-chamber OWC device, a constant
optimized opening ratio of « = 0.66% was adopted for both orifices of
the sub-chambers in the present study. The thicknesses of the curtain
walls C were set to 0.05 m to house the pressure sensors properly and the
chamber height h. = 0.2 m was kept constant. By keeping the total
chamber width B+ B+ C = 0.7 m and the curtain wall draft d = 0.2 m
constants, three sets of sub-chamber width ratios (i.e., Bj: B, =3:1,1:1
and 1: 3) were considered to evaluate the corresponding effect on the
hydrodynamic pressure on curtain walls. To ensure the device operation
at optimal conditions, the diameters of two circular orifices (i.e., D; and
Dy) were adjusted with the corresponding chamber width to maintain
the optimal opening ratio a = 0.66%. Then, three different curtain wall
drafts d = 0.125, 0.20 and 0.25 m were tested for a fixed sub-chamber

width ratio By: By = 1: 1. The wave amplitude in the tests was set to
Aj, = 0.03 m and the wave period T ranged from 1.0 s to 2.3 s, with the
scale factor of 1: 20. These correspond to the wave conditions: wave
height of 1.2 m and wave period of (4.47 ~ 10.28) s in full-scale, hence,
align with real sea states in China East seas where the significant wave
height ranges from 1 m to 2 m and wave period from 4 s to 6 s (Liang
et al., 2014).

4. Physical tests and numerical model validations

Physical tests were performed to (1) validate the dual-chamber OWC
numerical model based on fully nonlinear potential flow theory, and (2)
test the modified Bernoulli equation for estimating the wave force and
bending moment on the dual-chamber OWC device. The validations
were carried out for the free-surface elevation outside and inside the
chambers, the air pressure inside the two sub-chambers, and the hy-
drodynamic pressures on the two curtain walls. In this section, the dual-
chamber OWC model with the following dimensions are tested: the
chamber widths By = B, = 0.325 m, the curtain wall draft d = 0.20 m,
the diameters of the orifices D; = Dy = 0.045 m which corresponds to the
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Fig. 8. Time histories of the hydrodynamic pressures on the (a) & (c) seaward and (b) & (d) shoreward surfaces of 1# (Upper) and 2# (Lower) curtain walls for T =

1.9 s (kh = 1.29).

widths of the slot sharp orifices used in 2-D numerical model of Bp; =
BOZ = 2.415 mm.

The convergence of the numerical model was examined throughly in
our previous studies on the hydrodynamic efficiency of identical dual-
chamber OWC device (Ning et al., 2019), therefore, the same model
parameters and mesh are used in the present study as follows: the mesh
size and time step are set to Ax = 1/30 and At = T/80, respectively; the
number of mesh segments at the surface boundaries of 1# and 2# cur-
tain wall and the vertical boundaries of the wave flume are set to be 15
and 10, respectively; the simulation time is set to 30T to achieve at least
10 fully developed oscillation periods inside the dual-OWC chambers;
the quadratic pneumatic coefficients of the two orifices are selected as
Dgm1 = Ddgm2 = 1.0 by comparisons with the experimental data; and the
artificial viscous coefficients in 1# and 2# chamber are selected as y; =
0 and pp = 0.12, respectively.

Fig. 5(a) and (b) show the comparisons of the simulated and
measured free-surface elevations at gauge Gy, G and G3 for T=1.2 s (kh
= 2.81) and 1.9 s (kh = 1.29), respectively. From the figures, it can be
seen that the numerical model can capture the free surface variations
very well. Fig. 6(a) and (b) show the comparisons of the predicted and

measured air pressures in 1# and 2# chamber for T = 1.2 sand 1.9 s,
respectively. As illustrated in Fig. 6(a), the air pressures in the chambers
are over-predicted under the action of high frequency wave (i.e., T =1.2
s, kh = 2.81). This is because the air compressibility effects become more
evident due to the small surface motion inside the chamber under high-
frequency short waves, which indicates that neglecting air compress-
ibility may lead to some errors under a certain sea state (Lopez et al.,
2020). However, it should be noted that the observed air pressures in-
side the two sub-chambers are well predicted overall across the fre-
quency range. As can be seen from Figs. 5 and 6, the free-surface
elevation outside the chamber at wave gauge G; decreases, while the
free-surface elevations at wave gauge G and Gs and the air pressures in
the air chambers increase when the wave period increases from 1.2 s to
1.9 s. In addition, both the phase differences of free surfaces and air
pressures in the two sub-chambers is reduced for larger wave period,
leading to larger wave energy absorption.

Figs. 7 and 8 show the comparisons of the simulated and measured
hydrodynamic pressures on the surfaces of two curtain walls for T = 1.2
s and 1.9 s, respectively. As can be seen from the top sub-figures in
Figs. 7 and 8, both the predicted and measured pressure at the still water
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Fig. 9. Peak hydrodynamic pressure at 12 sensor locations on the seaward (Left) and shoreward (Right) surfaces of the 1# (Upper) and 2# (Lower) curtain walls.

Table 1

Average of the relative error between measured and predicted hydrodynamic pressure at the S;01~Sa3. (%).
Position S101 S102 S103 Sin Si2 S13 S201 S202 S203 Son Sarz Sar3
o 4.06 5.63 9.50 3.85 4.36 6.17 4.47 3.96 12.72 4.27 5.76 7.66

level positions (i.e., S103, S113, S203 and Sy3) show distorted and asym-
metric behaviors due to the alternative actions of water and air at the
wet and dry zone, which is not easy to be captured well by the potential
numerical method. Although the wave pressures at these positions are
overpredicted in some extent due to the complex air-water coupling, the
overall agreement between the simulated and measured hydrodynamic
pressures is quite good. Figs. 7 and 8 indicate that the hydrodynamic
pressures on the curtain wall surfaces increase with wave period except
that on the seaward surface of 1# curtain wall. Note that the total wave
force exerted on the device does not necessarily increase with the wave
period as discussed in the next section.

Fig. 9 shows the comparisons of the predicted and measured peak
hydrodynamic pressure at the sensor positions on the two curtain walls.
The averaged relative errors between the predicted and measured hy-
drodynamic pressure, Py, exp and Py, num, at the curtain walls 6 = |PW,exp
-Pw.num|/Pw,exp X 100%, are shown in Table 1. Due to the alternative
actions of water and air at the wet and dry zone, the error of the pressure
is relatively large at the still water level (i.e., S103, S113, S203 and Say3),
but much smaller under the still water level. Overall, the numerical
simulations are in a good agreement with experiments for the test cases.

The pressures on the seaward surface of 1# curtain wall decrease

firstly and then increase with the dimensionless wave frequency kh as
shown in Fig. 9(a). This is because high-frequency short waves are re-
flected by the 1# curtain wall due to weak transmission at high fre-
quency while low-frequency long waves are reflected by the back wall
with little effect from curtain walls. Whereas, as illustrated in Fig. 9(b),
the pressures on the shoreward surface of 1# curtain wall decrease
consistently with kh due to the fact that the wave energy transmitted
into the 1# chamber decreases with kh. These behaviors are similar to
those of the pressures on the front wall of a single-chamber OWC-WEC
(Ning et al., 2016a). However, the pressures on both seaward and
shoreward surface of 2# curtain wall decrease with increasing kh, or
decreasing wavelength as shown in Fig. 9(c) and (d). This is due to the
fact that the reflected wave energy increases with kh so that the wave
transmitted into the chambers decreases in order to keep the total wave
energy constant. Thus, compared with the wave pressures on 1# curtain
wall, the pressure on 2# curtain wall is much smaller due to the shel-
tering effect of the 1# curtain wall. This will be discussed further in
detail in the following section.

The aforementioned comparisons and analysis indicate that the
present numerical model is capable to reproduce the processes of wave
interactions with dual-chamber OWC device well. The wave induced
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Fig. 10. Schematic of wave force and bending moment and 4 rotation centers on the dual-chamber OWC device: (a) components of the horizontal wave force and
locations of the 4 rotation centers; (b) components of the total wave force; (c) components of the wave moment; and (d) total wave force and moment.
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Fig. 11. Maximum horizontal and vertical wave forces on (a) 1# curtain wall and (b) 2# curtain wall versus kh.

dynamic pressure on the curtain walls is also well captured by taking air
pressure inside the chambers and turbulence effects into account.

5. Results and discussions
5.1. Characteristics of wave force and moment

The diagrams of wave force, bending moment and 4 rotation centers
on the dual-chamber OWC device are illustrated in Fig. 10. The dual-
chamber OWC device can be divided into three cantilever structures,
therefore, the inflection points 1, 2, 3 and 4 in Fig. 10(a) of the device are
subjected to local maximum loads. These four points are taken as the
rotational centers of wave bending moments. The wave force and

bending moment can be obtained from Egs. (7) and (8). Fiy denotes the
vertical component of the wave force; F;o and Fj denote the seaward and
shoreward surface components of the horizontal wave force on i# cur-
tain wall (i = 1, 2), respectively. The total horizontal wave force on i#
curtain wall Fig (i = 1, 2) is the sum of the seaward and shoreward
surface components:

Fu=Fio+Fy (i=1, 2) ©)

The total wave loading vector on i# curtain wall F; (i = 1, 2) consists
of the total horizontal and vertical components:

F,:F,Hi+F,Vk (lzl, 2) (10)
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Fig. 13. Wave moments about the four rotation centers indicated in Fig. 10
versus kh.

in which i and k represent the unit normal vector in the x and z direction,
respectively.

Wave force vectors F; and Fs stand for the total wave forces on the
1# and 2# curtain wall, respectively. F4 denotes the total wave force on
the back wall of the dual-chamber OWC device, which is equal to the
horizontal component of the wave force because of zero vertical
component on the back wall. The moment component My; represents the
moment about rotation center p (p =1, 2, 3, 4) by the wave force F; (j =
1, 2, 4). For example, M4, represents the moment component about
rotation center 4 due to the wave force F» on 2# curtain wall. M, denotes
the total moment about rotation center p and is the sum of all moment
components at the rotation center p. For example, My = M4 + M4 +
Mygy.

5.1.1. Wave force

The geometrical parameters of dual-chamber OWC device are chosen
as that in Section 4. Fig. 11(a) and (b) show the peak horizontal and
vertical wave forces on 1# and 2# curtain wall, respectively. The peak
wave forces F are normalized by pgdA;. It can be seen that Fiy increases
with the increase of dimensionless wave frequency kh, while Foy in-
creases gradually to a peak value first and then decreases with increasing
kh. Furthermore, comparisons of Fig. 11(a) with Fig. 11(b) indicate that
Fiy is much larger than Foy. It follows that the seaside curtain wall, i.e.,
1# curtain wall, suffered most of horizontal wave loadings. Thus, the
strength of 1# curtain wall needs to be reinforced to ensure the
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structural safety of the device, whereas the strength of 2# curtain wall
does not need to be as large as 1# curtain wall and less expensive ma-
terial could be used to reduce construction cost. Additionally, as illus-
trated in Fig. 11(a) and (b), the vertical components of the wave forces
are much smaller than the horizontal components, i.e., Fjy < Fiyg and
Foy < Foy. This is due to the fact that the force bearing areas of vertical
forces are much smaller than that of the corresponding horizontal forces
because of the small thickness of curtain walls. Thus, for simplicity, only
the horizontal wave forces are examined in detail in the present study,
and the vertical wave forces are only considered in the wave moment
calculation.

The maximum horizontal wave forces on two curtain walls, F1 and
Foy, and its components, F;o and F;j (i = 1, 2) acting on the seaward and
shoreward surface of the curtain walls are shown in Fig. 12(a) and (b),
respectively. Note that the maximum horizontal wave forces Fy and its
components (Fo and Fy) are computed independently due to the phase
difference between them. The seaward surface component of horizontal
wave force on 1# curtain wall, Fy o, firstly decreases and then increases
with dimensionless wave frequency kh, while the shoreward surface
component, Fj, decreases monotonously with increasing kh. This is due
to the fact that the majority of wave energy is transmitted through the
curtain wall into the chambers and then reflected by the back wall owing
to the negligible effect of curtain wall draft on low-frequency long
waves. Therefore, the wave loading on both surfaces of 1# curtain wall
is large. Thus, the shoreward surface component of the horizontal wave
force Fyj, in the seaward direction, may cause structural damage from
the chamber inner-side and should also be part of design consideration
of OWC device. However, due to weaker wave transmission of shorter
wave, the wave energy reflection by 1# curtain wall increases with the
wave frequency. Consequently, the seaward surface component of hor-
izontal wave force on 1# curtain wall increases, and the shoreward
surface component decreases with kh in the high frequency region. As
the sum of F;p and Fyj, the total horizontal wave force, Fiy, increases
with wave frequency. The characteristic of the wave force on 1# curtain
wall of the dual-chamber OWC shows a similar trend as the wave force
on the single-chamber OWC device front wall (Ning et al., 2016a).

However, the wave forces on 2# curtain wall behave differently due
to different operation conditions of two curtain walls, i.e., 2# curtain
wall protected by 1# curtain wall and waves not acting on 2# curtain
wall directly. The horizontal wave loading on both surfaces of 2# cur-
tain wall, Foo and Fy, decreases with wave frequency due to the shel-
tering effect of 1# curtain wall as shown in Fig. 12(b). As the sum of Foo
and Foy, Foy firstly increases with kh to its peak and then decreases with
further increase of kh. Due to large transmission of low-frequency long
waves and almost in-phase motion of two water columns inside 1# and
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Fig. 15. Time histories of the wave moment components about 2# and 3#
rotation centers for wave period T = 1.70 s (kh = 1.53).
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2# chambers, Foy is very small under low frequency waves. The phase
difference between Fop and Fop increases with the wave frequency, thus
Foy increases with kh as a result. However, the wave transmitted into
chambers decreases with increasing wave frequency. Thus, Foy de-
creases with the further increase of kh after reaching its maximum.
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5.1.2. Wave moment

Fig. 13 shows the wave moments about the four rotation centers,
indicated in Fig. 10, as a function of dimensionless wave frequency kh. It
is evident that the moment about rotation center 4, My, is much larger
than that about the other three rotation centers, which suggests that the
junction of back wall and seabed is the most vulnerable part of OWC
system. Thus, the connection of back wall and seabed should be
strengthened to avoid the device overturning. The largest moment oc-
curs at rotation center 4 due to the fact that this position suffered all the
wave forces as can be seen from Fig. 10. Additionally, it can be seen that
M, firstly decreases with kh to its minimum and then increases with kh.
This will be further discussed in the following text.

The moments and their components about the four rotation centers
versus kh are shown in Fig. 14. The wave moment M; about 1# rotation
center increases with kh as shown in Fig. 14(a), which is similar to the
wave force on 1# curtain wall, F;. This is due to the fact that M; only
have one component M;; contributed by the wave force on the 1#
curtain wall. For the wave moments My and M3, both of them have two
components which are due to the wave forces F; and F5 on 1# and 2#
curtain walls, respectively, i.e., M2; and M2y for My and M3; and M3 for
M3. It can be seen that F; is much larger than Fy, My, is much larger My,
and Ms; is much larger than M3y as shown in Fig. 14(b) and (c). To
further verify the contributions of wave forces F; and F», Fig. 15 shows
the time series of M1, M2y, M3; and M3, for wave period T=1.70 s (i.e.,
kh = 1.53). It can also be seen that the moments due to F; are much
larger than those due to F» so that the wave moment is mainly due to F;
and characteristics of M and M3 are mainly determined by My; and M3,
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Fig. 18. Maximum wave moment about 4# rotation center for three different
curtain wall drafts d/h = 0.125, 0.2 and 0.25.

respectively. Similar to F;, My; and therefore M, increase with kh.
However, though M3, is also due to F;, M3; no longer increases with kh,
instead, it decreases with kh. As described before, F; is the sum of two
components Fiy and Fy, and the latter is much smaller than the former.
However, for rotation center 3, the moment arm for Fyy is much larger
than that for Fyy, and the moments due to Fiy and Fyy are in opposite
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direction. Thus, M3; and M3 decrease with kh due to the increased effect
of F1y by the larger moment arm.

The moment about rotation center 4, My, has three components My,
Mz and M44. The moment component My, due to Fs still plays a very
small role, while the moment components M4; due to F; and My4 due to
F4 play a main role in the My as illustrated in Fig. 14(d). M4; increases
with increasing kh and plays a dominant role in the high frequency re-
gion due to F; increasing with the wave frequency. In contrast, M4
decreases with kh and has a relative larger contribution, especially in the
low-frequency long wave region. This is due to large transmission of
long waves in the low frequency region, and the waves can easily enter
the chambers and exert hydrodynamic force F4 on the back wall of the
device and finally produce a moment about the 4# rotation center. As
the sum of its three components My1, M4z and Ma4, My firstly decreases
and then increases with kh. This indicates that the rotation center 4
suffered a relative larger moment at both low-frequency long waves and
high-frequency short waves.

From the above discussion, the 4# rotation center suffered the
largest moment. Based on structural mechanics, this position is also
subjected to the largest shear force due to the large horizontal wave
forces. In the real world, however, the connection of the OWC device
and the seabed is a “U-shape” area instead of a point. Same as the Pico
OWC wave power plant collapsed in a sea storm (Falcao et al., 2018), the
moment about the 4# rotation center may cause overturning and failure
of the device. Thus, in the following text, we will focus on the moment
about 4# rotation center.

5.2. Effect of curtain wall draft

Effect of curtain wall draft on wave force and bending moment is of
interest for design purposes. Three curtain wall drafts d = 0.125, 0.2 and
0.25 m (the relative drafts d/h = 0.125, 0.2 and 0.25) are examined with
the chamber widths B;= By= 0.325 m and the orifice widths Bg;= Boy=
2.415 mm kept constants.

Fig. 16 shows the variation of the horizontal wave forces on the two
curtain walls with kh for relative curtain wall drafts d/h = 0.125, 0.2 and
0.25. It can be observed that the horizontal wave forces are greatly
influenced by the curtain wall draft. Fiy increases with the increase of
curtain wall draft due to the increasing bearing area of 1# curtain wall
as shown in Fig. 16(a). While Fpy remains almost constant regardless
draft variation when kh < 2.5 and decreases with the increasing curtain
wall draft d when kh > 2.5. This result is due to the fact that the barrier
effect of the curtain walls is weak under low frequency long waves. Thus,
the influence of curtain wall draft on wave force is very limited when kh
< 2.5. However, when kh > 2.5, most incident waves are blocked by 1#
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curtain wall outside the chambers due to weak wave transmission at
high frequency regime and the wave blockage increases with the curtain
wall draft. Therefore, the wave forces on 2# curtain wall decreases with
curtain wall draft under high frequency wave actions as shown in Fig. 16
(b). The wave loading on the curtain wall is also dependent on the dif-
ference in the free surface elevation at its two surfaces. To illustrate the
above phenomenon, the difference in the free surface elevation on the
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two surfaces of 2# curtain wall is shown in Fig. 17. The vertical axis
(nGasG20) means the differences of the time histories of the free surface
elevations, 7g2s and g0 are the free surface elevations at the seaward
and shoreward surfaces of 2# curtain wall, respectively. Fig. 17 in-
dicates that the free surface elevation difference (17g2s-7g20) decreases
with increasing curtain wall draft d. As a consequence, the total hori-
zontal wave force on 2# curtain wall, Foy, decreases with the increase of
curtain wall draft d. It should be noted that Fiy is much larger than Foy,
thus, the wave force on 1# curtain wall is on the focus of the rest of the
paper.

Fig. 18 shows the variation of wave moment about 4# rotation center
(i.e., My4) with kh for relative drafts d/h = 0.125, 0.2 and 0.25. It is
evident that the wave moment M, increases with the curtain wall draft
d for high frequency waves. This is due to the fact that the wave moment
M, is mainly contributed by F; in the high frequency region according to
Fig. 14(d). However, the opposite is true for the low frequency wave, i.
e., the smaller the curtain wall draft, the larger the wave moment. To
explain this phenomenon, the time histories of the three wave moment
components (i.e., M43, M45 and My4) about 4# rotation center at T = 2.2
s (kh = 1.06) for three different curtain wall drafts are illustrated in
Fig. 19. Though the component M4; due to F; has a considerable
contribution to My, which increases with curtain wall draft, My4 is the
largest one among the three components contributing to My at the three
given curtain wall drafts. Namely, the moment M, is mainly due to the
wave loading on the back wall, F4, instead of that on 1# curtain wall, F,
under the action of low-frequency long waves. Additionally, wave en-
ergy transmission into the OWC chambers increases with decreasing
curtain wall draft and, it follows that wave loading on the back wall, F4,
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and therefore the wave moment M, increases with the decrease of cur-
tain wall draft under the action of low frequency waves.

Combining the above discussion with power capture efficiency
consideration, one may conclude that increasing curtain wall draft, not
only reduces power capture efficiency (Ning et al., 2019), but also en-
larges the wave force and moment on the OWC structure. Thus, from this
perspective, we would aim to design small curtain wall draft to achieve
high capture efficiency and small wave loads. Nevertheless, there are
many other design concerns, such as wave deformation, tide level and so
on. In addition, the curtain wall draft can only be reduced to certain
value so that the free surface remains higher than the toe of curtain wall,
otherwise the OWC becomes inefficiency.

5.3. Effect of sub-chamber width ratio

Effect of sub-chamber width ratio on wave force and bending
moment is also of interest. Three sub-chamber width ratios B;: B, = 1: 3,
1: 1 and 3: 1 are examined while keeping the total chamber width B;+
By + C = 0.7 m and curtain wall draft d = 0.2 m constants. And the
orifice widths are adjusted with the chamber widths by keeping the
opening ratio a constant at 0.66% as described before.

Fig. 20(a) and (b) show the variation of horizontal wave forces on 1#
and 2# curtain walls with kh for sub-chamber width ratio at By: By = 1:
3,1: 1 and 3: 1. It is evident that the wave force on 1# curtain wall, Fyy,
remains almost constant regardless sub-chamber width variation when
kh < 2.0, and it increases with sub-chamber width ratio By: B, when kh
> 2.0. In another word, the horizontal wave force on 1# curtain wall can
be reduced by moving the 2# curtain wall close to 1# curtain wall while
keeping the total chamber width constant. However, the wave force on
2# curtain wall, Foy, increases with decreasing sub-chamber width ratio
Bji: By. Fortunately, Foy is much smaller than Fyy, therefore, though Foy
is enhanced by small sub-chamber width ratio, Foy is still much smaller
than Fyy. Thus, a smaller sub-chamber width ratio is recommended for a
dual-chamber OWC device.

To further verify that a smaller sub-chamber width ratio is a better
choice, the variation of wave moment about 4# rotation center, M4, with
kh for sub-chamber width ratio at B;: B, = 1: 3, 1: 1 and 3: 1 is shown in
Fig. 21. It can be noted that the effect of sub-chamber width ratio on My
is limited, therefore, can be ignored. Additionally, our previous exper-
imental investigation of power capture efficiency also indicates that the
effect of sub-chamber width ratio on wave energy absorption is negli-
gible (Ning et al., 2019). Therefore, a smaller sub-chamber width ratio is
suggested by considerations of both energy conversion efficiency and
dynamic force and moment. In this case, although the total energy
conversion efficiency is not improved and the largest wave moment
about the joint of device and seabed is not reduced, the maximum
horizontal wave loading exerted on 1# curtain wall is effectively
reduced.

6. Conclusions

Wave-induced force and bending moment have significant impacts
on safety and stability of OWC device. Thus, accurate predictions of
wave force and moment on the OWC are of great importance to the
reliability and safe operation of OWC device. The wave force and
moment on a dual-chamber OWC are systemically studied in the present
study by using a full-nonlinear numerical model based on potential flow
theory and HOBEM. Wave force and bending moment were calculated
based on Bernoulli equation which was modified by taking the air
pressure inside the chamber and turbulence effects into account and was
solved with an acceleration-potential method. The present numerical
model has been validated against the experimental data from free sur-
face elevation, air pressure and hydrodynamic pressure. Though the
hydrodynamic pressures on the still water level are overpredicted due to
the alternative actions of water and air, generally, the predictions agree
well with the measurements. The characteristics of wave force and
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moment were investigated. The effects of three curtain wall drafts (i.e,
d/h = 0.125, 0.2 and 0.25) and three sub-chamber width ratios (i.e., B1:
By =1:3,1:1 and 3: 1) on the wave loads were examined with the total
chamber width kept constant at By + Bs + C = 0.7 m. The following
main conclusions can be drawn:

@ The horizontal components of the wave forces on the two curtain
walls of a dual-chamber OWC are much larger than the corre-
sponding vertical components for the small thickness of the curtian
walls.
Due to the sheltering of the seaside curtain wall (i.e., 1# curtain
wall), the horizontal wave force on the inner curtain wall (i.e., 2#
curtain wall) is much smaller than that on the former, i.e., Fiyg > Fop.
F1y increases with wave frequency and is mainly contributed from its
component acting on the seaward surface of 1# curtain wall, Fo.
However, Fij, the shorward surface components of Fyy, could even be
larger than Fig due to the large transmission and reflection of low-
frequency long waves. Therefore, a damage could be caused from
the chamber inner side and which should be avoided.
@ The joint of device and seabed (i.e., rotation center 4) suffered the
largest wave moment My, which contributed mainly from the wave
force on 1# curtain wall F; for high-frequency short waves and the
wave force on back wall F4 for low-frequency long waves. As a
consequence, rotation center 4 suffered a relative larger moment at
both low-frequency long waves and high-frequency short waves.
Note that, this bending moment may cause an overturning of the
device, and thus, should be one of the major concern for structure
design and construction of the device.
Generally, a larger curtain wall draft d leads to a larger wave force on
1# curtain wall F1, and a smaller wave force on 2# curtain wall Fy
due to the shielding of 1# curtian wall. For the bending moment M,
it increases with the curtain wall draft d for high frequency waves
due to the increasing F;, while it decreases with d for low frequency
waves due to the increasing wave loading on the back wall F4. In
addition, the power capture efficiency increases with deceasing
curtain wall draft according to previous experimental studies of dual-
chamber OWC device. Thus, a smaller curtain wall draft is recom-
mended as long as no air leak from the bottom of the curtain walls.
@ While for the sub-chamber width ratio By: By, the results show that
though (1) the wave force on 2# curtain wall decreases with
increasing Bj: By and (2) the wave moment about rotation center 4
and the power capture efficiency are not sensitive to the variation of
Bq: By, (3) the horizontal wave force, F1y, on the seaside curtain wall,
i.e., 1# curtain wall, increases with B;: B and attains its peak value
at B;: By = 3: 1. Therefore, adopting small sub-chamber width ratio
Bi: By could reduce the peak horizontal wave force on the dual-
chamber device.

Overall, the wave pressure, wave force and bending moment on OWC
devices determine the safety, reliability and stability of the structure.
The present numerical model is a robust design tool to predict these
wave loads characteristics under non-breaking waves for OWC device of
various geometry under a variety wave conditions.
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