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ABSTRACT

Oscillating water column (OWC) device is one of the most promising wave energy converters (WECs).
Besides the energy conversion efficiency, the survivability should also be considered for a design purpose
in the process of wave energy exploitation. In the present study, by introducing the artificial viscous
terms into the dynamic free surface boundary condition and Bernoulli equation, a fully nonlinear nu-
merical model based on higher-order boundary element method (HOBEM) is adopted to model the wave
dynamics of an OWC device. The viscosity effects on the wave force (i.e., AF) is investigated by comparing
the predicted wave force by the numerical model with and without these viscous terms. The effects of
the chamber geometry parameters, such as front wall draft, chamber width and opening ratio (i.e., air
orifice width), on AF are investigated. The results indicate that the viscosity effect on the wave force on
the seaside surface of the front wall is larger than that on its shoreside surface. The viscosity effect on the
total horizontal wave force on the front wall increases with the increase of front wall draft in some
extent. The influence of the viscosity on the horizontal wave force increases with opening ratio

decreasing due to the increasing air pressure inside the chamber.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Marine renewable energy is considered to be a pollution-free
power and can be a feasible alternative solution to the energy de-
mands of isolated islands and remote communities [1]. Wave en-
ergy, one main type of marine renewable energy, is attractive
especially in maritime countries due to its apparent superiorities
with lots of wave energy converters (WECs) inventions [2]. Among
those WECs, oscillating water column (OWC) systems stand out for
two main reasons: technological simplicity and low maintenance
costs [3,4]. First, the mechanism of OWC is simple: an OWC consists
of a partially submerged chamber that subjects to wave action
through an underwater opening and an air turbine. Wave action
produces the oscillation of the water column inside the chamber,
which forces the trapped air to enter and exit the chamber through
the orifice to drive the turbine. The second good aspect is their
lower maintenance costs when compared to other WECs, not only
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as a result of the aforementioned technological simplicity but also
because there are no moving parts in direct contact with seawater.

In the recent decades, some excellent investigations have been
performed on the hydrodynamic performance of various OWCs.
Evans [5] developed a theoretical model to estimate the hydrody-
namic efficiency of a fixed OWC device by assuming that the water
column moves like a weightless piston. Thereafter, Evans [6] and
Falnes and Mciver [7] improved the model by allowing the spatial
variation of the internal free surface. Physical experiments were
carried out to optimize the design parameters and improve the
hydrodynamic performance of the OWCs, such as Morris-Thomas
et al. [8], Dizadji and Sajadian [9], He et al. [10], Ning et al. [11]
and Vyzikas et al. [12]. More recently, Ning et al. [13,14] reported
that the hydrodynamic efficiency of the OWC device can be
improved by introducing an dual-chamber structure based on a
series of physical model tests. The experimental data were
commonly used as validations of numerical or analytical models
[15—20]. Compared to the experimental tests, numerical simulation
is much more economical and faster. Thus, numerous nonlinear
numerical models based on potential flow theory [21,22] and
viscous flow theory [23—26] were developed to evaluate the hy-
drodynamic efficiency of the OWCs.

0960-1481/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Besides the energy conversion efficiency, the survivability due to
storm wave action is another important factor in the process of the
WEC design and operation. Some OWC devices damaged by waves
were ever reported, such as Osprey 1 wave power plant in Scotland
[27] and Pico plant in Portugal [28,29]. However, there are less
works on wave dynamics of OWC devices by comparison with those
on hydrodynamic efficiency in the previous researches. Ashlin et al.
[30] experimentally studied the horizontal and vertical wave forces
on an OWC device, with special attention on the effects of the
relative water depth and the wave steepness on the wave loads.
Didier et al. [31] numerically investigated the total wave force and
the wave force on the outside of the front wall of the OWC air
chamber based on viscous flow theory and SPH method. The in-
fluence of the wave height on the wave forces was examined in
their study. Ning et al. [32] numerically and experimentally inves-
tigated the effects of wave conditions and chamber geometry on
the horizontal wave force on the front wall of an OWC device. To
better understand the mechanisms lying beneath wave forces
acting on the OWC device and provide a guidance for the device
design and safe operation, further researches on the wave forces on
OWTC device are still needed. The CFD models based on the Navier-
Stokes equations can consider the energy loss due to viscosity,
however, both physical and numerical dissipations are mixed and
difficult to separate in these models. The combination of the
physical experiments and the improved potential flow model by
introducing an adaptable artificial viscous term can well evaluate
the viscosity influence on hydrodynamic efficiency [33]. Thus, as a
continuous and extended work to the previous research [32],
drawing on the similar method used to estimate the energy loss
due to the wave nonlinearity and viscosity [33], the viscosity effect
on the wave force is investigated by comparing the wave force
estimated by the numerical model with and without the viscous
terms in the dynamic free surface boundary condition and the
Bernoulli equation in the present study. The effects of the chamber
geometry such as front wall draft, chamber width and orifice width
on the contribution of viscous terms to the wave loading are
studied systematically over a wide range of wave conditions.

The rest of the present paper is organized as follows. The
adopted numerical methodology is briefly introduced in Section 2.
Then, the comparison between numerical results and experimental
data, the role of chamber geometry in the viscosity effect on wave
forces on the front wall are discussed in details in Section 3. Finally,
the conclusions are summarized in Section 4.

2. Numerical methodology

Ning et al. [32] developed a potential numerical model to
investigate wave dynamics of a land-fixed OWC wave energy con-
verter. In the numerical model, an artificial viscous damping term
u20¢/0n was applied to the dynamic free surface boundary condi-
tion inside the OWC chamber to model the effect of viscosity on the
physical quantities inside the chamber (e.g., the free surface
elevation and the dynamic pressure on the shoreside (internal)
surface of the front wall) due to the flow separation and vortex
shedding near the front wall which is proportional to the square of
the flow velocity; and the artificial viscous term wu»d¢/ot was
applied to the Bernoulli equation to consider the viscosity effect on
the wave force on the shoreside surface of the front wall. The dy-
namic pressure along the surfaces of the front wall and the hori-
zontal wave loads on the OWC device were considered. This
potential numerical model is adopted in this study to predict the
viscosity effect on wave dynamics of a land-fixed OWC wave energy
converter, in which a linear pneumatic model was adopted to
predict the air pressure imposed on the dynamic free surface inside
the chamber; a boundary integral equation was founded based on

the proposed boundary value problem; the mixed Eulerian-
Lagrangian technique is used to describe the time-dependent free
surface nodes and the HOBEM is adopted to solve the boundary
integral equation; the acceleration potential method is applied to
calculate the hydrodynamic pressure on the device. The underlying
mathematical formulations and the numerical implementation are
recommended to refer to Refs. [21,32] in detail.

Fig. 1 shows the simplified sketch of the problem in two-
dimensions (2-D). The wave is generated by the inner sources at
x= 0 and approaches towards a semi-submerged OWC device
located at the right side of the numerical wave flume. A numerical
beach is implemented at the left end of the numerical flume to
minimize the reflected waves from the structure. The coordinate
system used in this study is shown in Fig. 1. The x-axis is positive in
the wave propagation direction with its origin at the inner source
position, and the z-axis is positive upward with z = 0 at the mean
free surface. B denotes the chamber width, C the front wall thick-
ness, d the front wall draft, h the still water depth, h. the chamber
height, Ly the sponge layer length defined as 1.5 times the incident
wavelength (i.e., 1.5L, where L is the wavelength) and L, the orifice
width. The computational domain Q boundary includes free surface
I'r, outside the chamber and I’ inside the chamber and solid
boundaries (i.e. bottom boundary I'q and body boundary I'p). Sg1~
So3 and Sj;~ Sj3 are pressure measurement points distributed on
seaside (external) and shoreside (internal) surfaces of the front
wall. G; and G; are the surface elevation measurement points along
the outer and inner surface (i.e., the seaside and shoreside surface)
of the front wall. The free surface elevations at G3 and G4 are used to
calculate the reflection coefficient, and the distance between the
two points is 1.5 m with G3 1.0 m away from the outside edge of the
front wall.

Once the velocity potential ¢ on the OWC device is obtained, the
corresponding pressure can be calculated from the Bernoulli
equation. In the present study, only the horizontal wave force on
the front wall is considered due to the fact that the front wall
thickness is much smaller than its draft. Therefore, the two hori-
zontal wave force components exerted on the two surfaces of the
front wall, Fj and F,, can be obtained from the following integration
of the pressure over the wetted surface of the wall, I'p, as follows:

0 1
Fi= [pumdr = [ (G + &0+ 5967
T T
+ %) nydI' ,shoreside component (1)

0 1
Fo= Jpwnxdf = [ (a—f+gn +5Ivol°
Fb fb

—uzg—f)nxdf , seaside component (2)

where py, represents the hydrodynamic pressure, ¢ the velocity
potential, n the free surface elevation, p the water density, ny the
normal vector in the x direction and t the time, the damping co-
efficient u; is determined by trial and error method by comparison
with the measured data. Eq. (1) is used to calculate the wave force
on the shoreside surface of the front wall, in which the pressure
term (i.e., pa/p) on the right side represents the air pressure inside
the chamber. Eq. (2) is used to estimate the wave force on the
seaside surface of the front wall, in which the artificial viscous term
(i.e., u20¢/0t) is introduced to consider the viscosity effect.

The total horizontal wave force F;, on the front wall is the sum of
F, and Fi:



580 R.-q. Wang, D.-z. Ning / Renewable Energy 150 (2020) 578—588

Lo
z i i
Sponge layer i
Wave ol lg he
P . X
o —
® Soap ¢Sia d
® Soid b Sit X
Ld — —
F% h
Wave ’ c B
Sources@
() Iy
Fig. 1. Sketch of the numerical wave flume.
viscous terms considered, the comparisons between the predicted
Fh=Fo+F (3) and measured dynamic pressures at different locations on the front

To consider the viscosity effect on the wave force, following the
method used in estimating the energy loss due to wave nonline-
arity and viscosity [33], the normalized difference between the
wave force estimated by the numerical model without the viscous
term (i.e., u = 0 in both dynamic boundary condition expression
and Bernoulli equation) and with the viscous term is given by

_|Fw - Ryl
AF_ipg i (4)

where Fyy denotes the wave force estimated by the present model
without the viscous term (i.e., u; = 0) and Fy denotes the predicted
wave force with the viscous term, A; is the incident wave amplitude.

3. Results and discussion

In the present study, the experiments performed by Ning et al.
[32] is still considered and all the simulations are performed with a
constant water depth of h = 0.8 m and a constant incident wave
amplitude of A; = 0.03 m. Generally, OWC devices are designed with
a chamber width 1/10 of the wavelength to ensure its good hy-
drodynamic performance. However, the OWC device experiences
various wave conditions in the real sea states. Thus, the incident
wave periods T in the range of 1.037 s ~ 2.350 s with its corre-
sponding wavelength change from 1.67 m to 5.94 m are chosen in
the present study. The relative chamber widths B/L in the range of
0.09 ~ 0.51 are investigated.

3.1. Comparison of numerical and experimental results

In the present subsection, the geometrical parameters: chamber
width B = 0.55 m, front wall draft d = 0.14 m, orifice width
Lo, = 0.0036 m (with the same area of the circular-shaped orifice
diameter D = 0.06 m in the experiment in 3-D), are chosen. The
same geometrical parameter and wave conditions were used in the
previous studies [11,21,33], the numerical model with a proper
linear pneumatic damping coefficient (i.e., Cqm = 9.5) and viscous
damping coefficient (i.e., u2 = 0.2) can capture the hydrodynamics
at a fixed OWC device [11], such as surface elevation, air pressure
inside the chamber and hydrodynamic efficiency well. The nu-
merical model can also capture the observed dynamic pressure on
the front wall well by introducing an artificial viscous term in the
equation for calculating the dynamic pressure [32]. In the present
study, to check the accuracy of the simulated wave forces with the

wall are carried out.

Fig. 2 shows the comparison of the time series of the predicted
and measured dynamic pressures with wave period T = 1.183 s and
1.838 s. Overall, the dynamic pressures on the front wall are well
resolved by the numerical model, apart from some minor dis-
crepancies at the maximum and minimum pressures (i.e., at So1 for
wave period T = 1.183 s) that might be caused by the vortex
shedding near the front wall edge [34]. Fig. 3(a) and (b) show the
time series of the surface elevations along the seaside (i.e., at G1)
and shoreside (i.e., at G) surfaces of the front wall for wave periods
of T = 1.183 s and 1.838 s, respectively. Under the action of short
waves (i.e., T = 1.183 s), as shown in Fig. 3(a), the maximum surface
elevation at Gy is larger than that at G,, which directly lead to a
larger dynamic pressure on the seaside surface of the front wall as
shown in Fig. 2(a) and (b). While under the action of the long waves
(i.e., T = 1.838 s), the surface elevations along both surfaces of the
front wall are almost in phase with each other and have similar
amplitudes as can be seen from Fig. 3(b). As a consequence, the
dynamic pressures at the same vertical position on the two sides of
the front wall (e.g., Sp1 and Sj;) are similar with each other as shown
in Fig. 2(c) and (d). Additionally, the nonlinearity and asymmetry of
the dynamic pressure curves which resulting from the wave-
structure interaction and the enhanced wave nonlinearity are
observed from Fig. 2. Therefore, further comparisons of the abso-
lute maximum and minimum values of the predicted dynamic
pressures and the experiments are performed.

Fig. 4 shows the absolute values of the averaged maximum and
minimum dynamic pressures at different locations on the front
wall of the chamber versus dimensionless wave number kh. The
signals within 5 wave periods interval (t= 10T ~ 15T) are used for
averaging. It is evident from these figures that overall good agree-
ments are achieved between the model results and laboratory
measurements. The measuring point Sy3 is at still water surface.
The pressures at So3 are zero when the free surface is below the still
water surface, thus the minimum value of dynamic pressure at Sy3
is not shown. A significant effect of the wave frequency on the
dynamic pressure can be observed. Both simulations and the ex-
periments show that the maximum and minimum values of the
pressure on the seaside surface of the front wall (i.e., So1, So2 and
So3) firstly decrease with increasing kh in a certain kh range and
then increase with further increasing kh. This is mainly due to the
fact that the wave pressure on the seaside surface of the front wall
directly depends on the wave outside the chamber (i.e., the
reflection wave). As shown in Fig. 5, the reflection coefficient K;
(Kr= A;/A;i, where A; is the amplitude of the reflected wave) also
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(b) Shoreside (7= 1.183 s, kh=2.34)
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Fig. 2. Comparisons of the predicted and measured normalized dynamic pressures at different measuring locations of seaside (a, c¢) and shoreside (b, d) surface of the front wall: (a)
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Fig. 3. Time series of the surface elevation at G; and G, for different wave periods T = 1.183 s and 1.838 s (chamber width B= 0.55 m, front wall draft d = 0.14 m, orifice width

L, = 0.0036 m (circular-shaped orifice diameter D = 0.06 m in the experiment)).

decreases with increasing kh to its minimum and then increases
with further increasing kh. The absolute values of the maximum
and minimum pressures on the shoreside surface of the front wall
(i.e., Si1, Si2 and S;3) decreases with increasing kh continuously. It
should be noted that, due to the nonlinearity and asymmetry, the
absolute maximum and minimum values of the pressure time se-
ries differ from each other, especially for the dynamic pressure on
the seaside surface of the front wall. The minimum value is larger
than the maximum value for some wave conditions. For example, at
point Sy1, the minimum pressure is larger than the maximum
pressure when kh > 1.4 as shown in Fig. 4(e).

3.2. Viscosity effects on wave force

In this subsection, the effects of viscosity on horizontal wave
force are investigated. Fig. 6 shows the comparison of the wave
forces predicted by the numerical model with and without the
viscous term, i.e., Fyy and Fny). In the figures, Fyc and Fy, represent
the absolute averaged values of the total horizontal wave force
crests (maximum) and troughs (minimum), respectively; Foc and Fot
represent the absolute averaged values of the crests and troughs of
the seaside component of the horizontal wave force on the of the
front wall, respectively; and Fic and Fj; represent the absolute
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Fig. 4. Normalized absolute values of the maximum and minimum dynamic pressures at different locations on the front wall (So1~ So3 on the seaside and Sj;~ Si3 on the shoreside
surface) versus dimensionless wave number kh for chamber width B= 0.55 m, front wall draft d = 0.14 m and orifice width L, = 0.0036 m (circular-shaped orifice diameter
D = 0.06 m in the experiment).

minimum and then increase with increasing kh, while Fjc and Fi
decrease with the increase of kh due to the wave transmission
ability decreasing. For the total wave force Fy, F,c increases with the

averaged values of the crests and troughs of the shoreside
component of the horizontal wave force on the front wall, respec-
tively. It can be seen that F,. and Fy initially decrease to its
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Fig. 5. Reflection coefficient K; versus kh for chamber width B= 0.55 m, front wall draft
d = 0.14 m and orifice width L, = 0.0036 m.

increase of kh, and Fy; increases firstly to its maximum and then
decreases with kh due to the phase difference between F; and F,.
The total wave force F,, and the wave force on the seaside surface of
the front wall F, without viscous term (i.e., Fyy) are usually larger
than that with the viscous term (i.e., Fy). The viscosity, however, has
little effect on the wave force on the shoreside surface of the front
wall F;. It should be noted that, though the minimum value of the
dynamic pressure is larger than its maximum value for some cases
as described before, the maximum value of the wave force is larger
than its minimum value for the most cases as shown in Fig. 6(a) and
(b). Thus, in the rest of the paper, the maximum values of the wave
forces are mainly considered.

3.3. Effects of geometrical parameters

In this subsection, the influence of the geometry parameters, i.e.,
the front wall draft d, the chamber width B and the air orifice width
Lo, on the horizontal wave forces on the front wall of the OWC
device are investigated individually. To quantify the viscosity ef-
fects on the wave force, the relative difference between the pre-
dicted wave force by the numerical model without and with the
viscous term (i.e., AF = |Fyv- Fy|/pgdA;) is examined.

3.3.1. Front wall draft

The influence of the front wall draft on AF (i.e., the relative
difference between the wave force estimated by the numerical

(a) Maximum value of the wave force

model with and without the viscous term) is analyzed by varying
the front wall draft (d = 0.14, 0.17 and 0.25 m, i.e., the relative
submerged front wall depth d/h = 0.175, 0.213 and 0.25) and
keeping the other geometry parameters constant as B = 0.55 m and
L, = 0.0036 m.

Fig. 7 shows the effects of the front wall draft on AF for three
simulated front wall drafts. Generally, AF,. decreases first to its
minimum and then increases with kh increasing as shown in
Fig. 7(a). Note that, the local maximums are observed in the reso-
nant frequency region, which is near to kh = 1.5 according to the
previous experimental study [11]. In the high-frequency region, the
viscosity effect on the shoreside component of the wave force on
the front wall increases with the front wall draft increasing due to
the increasing viscous wet surface. As shown in Fig. 7(b), AF is
much smaller than AF,, i.e., the influence of the viscosity on the
shoreside component of the wave force on the front wall is weaker
than that on its seaside component. For small scale structure (C/
L < 0.2), viscosity effects on the hydrodynamics are prominent, and
more apparent on the seaside surface than on the shoreside surface,
which can also be observed from CFD simulations [24,35]. The local
maximums are also observed in the resonant frequency region in
Fig. 7(b). In addition, the change of the front wall draft has little
effect on AFic.

According to the previous velocity field studies on the OWC
device [36—38], vortex shedding occurs at the lower lip of the OWC
front wall. The flow velocity under the front wall opening is not
uniform distribution and only part of it is active [35]. Due to the
piston motion of the water column inside the chamber, the flow
velocity direction around the front wall is a U-shape, i.e., the flow
velocity direction around the front wall is tangent to the front wall
surface. The viscosity effect is proportional to the square of flow
velocity [39] and the flow velocity U is proportional to A;/T [40].
Therefore, the viscosity effects can be described by the surface-
elevation variation rate 7'= (Wmax+ |7minl)/2T, where nmax and
Nmin Tepresent the maximum and the minimum of the free surface
elevation, respectively. Fig. 8(a) and (b) show the surface-elevation
variation rate at G1 and Gy, respectively. It can be seen that the free-
surface variation rate at Gq increases with the front wall draft and
the free-surface variation rate at G is not sensitive to the change of
the front draft in the range of the present study. This is further
evidence that the viscosity effect on F,. increases with the front
wall draft increasing, while it has little influence on Fic.

Generally, AF,. increases with increasing kh as shown in
Fig. 7(c). Due to the phase shift between F, and F; as shown in Fig. 9,
F, = Fo+ F; shows different trend from F, and F;. Thus, unlike AF,¢
and AFj., AFyc displays a declining trend after its slight increase in
the resonant frequency region. In addition, AFy increases with

(b) Absolute value of the minimum wave force

25 25
s Focevy =777 Fie vy —Fyyy Fucy === Fuw
20F * Feowy 2 Fopwy 2 Fieow 20} * Fuav  ° Faew Fi v
%1.5 L
Lot
05}
0.0

Fig. 6. Viscosity effect on the total horizontal wave force on the front wall and its two components for dimensionless wave number kh for chamber width B= 0.55 m, front wall draft

d = 0.14 m and orifice width L, = 0.0036 m.
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submerged front wall depth d/h = 0.175, 0.213 and 0.25.
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Fig. 8. Variation of the measured free surface elevation rate at (a) G; and (b) G, for relative submerged front wall depth d/h = 0.175, 0.213 and 0.25.

increasing front wall draft as illustrated in Fig. 7(c). That is, the
viscosity effect on the maximum of the total wave force increases
with the front wall draft increasing. According to Lopez et al. [38],
the turbulent kinetic energy increases with the increase of tidal
level. In the present considered scope, the increase of the front wall
draft is equivalent to an increase of tidal level in some extent. The
flow velocity increases with the increase of the front wall draft as
could also be seen in Fig. 8(a), which leads to an increase of flow
separation and vortex shedding. As a consequence, the viscosity

effects on the wave force increase with front wall draft.

3.3.2. Chamber width

By keeping the front wall draft d = 0.14 m and orifice width L,=
0.0036 m constants, the effect of chamber width on AF is investi-
gated. Three different chamber widths B = 0.55, 0.70 and 0.85 m are
considered, i.e., the corresponding relative chamber widths B/L
under different wave periods (i.e., different wavelengths) are in the
range of (0.09 ~ 0.33), (0.12 ~ 0.42) and (0.14 ~ 0.51), respectively.
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Fig. 9. Time series of the horizontal wave force on the front wall for different wave periods T = 1.183 s and 1.838 s (chamber width B= 0.55 m, front wall draft d = 0.14 m and orifice

width L, = 0.0036 m).
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Fig. 10(a), (b) and (c) show the effects of the chamber width on
AF,, AFic and AFy,c, respectively. As it can be seen from Fig. 10(a), the
effect of the viscosity on the AF, is relatively small in the low-
frequency region. While in the high-frequency region, the influ-
ence of the viscosity on Fyc is large, and it increases with the
chamber width increasing. However, the influence of the chamber
width on the wave force on the shoreside surface of the front wall
(i.e., Fic) is very limited as illustrated in Fig. 10(b). For the influence
of the viscosity on the total wave force Fy, it is found that AFyc
decreases with kh when kh is larger than a certain value as shown
in Fig. 10(c). According to the previous experimental study [11], the
seiching phenomenon is excited when the relative chamber width
B/L is 0.5 and the free-surface motion inside the chamber is a
typically standing wave characteristics with the front wall at its
antinode. The total volume of the water column inside the chamber
is nearly not changed under this situation. Thus, there is nearly no
water exchange between the OWC chamber and the sea. That is,
there is nearly no flow produced through the front wall lower lip.
As a consequence, the viscosity effects due to the flow separation
reach the minimum. Thus, the influence of the viscosity on the total
horizontal wave force on the front wall becomes weaker as the
relative chamber width B/L is closer to 0.5. For example, the effect of
viscosity on the total wave force, i.e., AFy, is the smallest in the case
of B=0.85 m and kh = 3.01 (i.e., B/L = 0.51) in Fig. 10(c).

3.3.3. Air orifice size

An air orifice is introduced to represent the power take-off
system of the OWC device in the present study. According to the
previous experimental study by Ning et al. [11], the effect of the
orifice size on the hydrodynamic efficiency is significant due to the
fact that it influences the free surface elevation and air pressure in
the air chamber greatly. The size of an air orifice is often described
by the opening ratio ¢ = S,/S, where S, and S represent the cross-

(a) Influence of viscosity on Fy.

section areas of the orifice and the still water free surface inside
the chamber, respectively. In the present study, the effects of the
orifice scale on AF are investigated and shown in Fig. 11 by keeping
the chamber width B = 0.55 m and front wall draft d = 0.14 m
constants. Three opening ratios ¢ = 0.29%, 0.66% and 1.17% corre-
sponding to the orifice width of L, = 0.0016, 0.0036 and 0.0064 m
are considered.

The influence of the opening ratio on the AF,. increases with the
decrease of the opening ratio as shown in Fig. 11(a). As described
before, the viscosity effect is proportional to the flow velocity below
the front wall lower lip, and the flow velocity further responses to
the motion of the free surface near the front wall. The surface-
elevation variation rate at G; increases with the decrease of the
opening ratio as shown in Fig. 12(a). As a consequence, the viscosity
effect on the wave force on the seaside surface of the front wall, i.e.,
Foc, becomes stronger with the opening ratio decreasing. The vis-
cosity effect on Fjc and the effect of the opening ratio on AFj. are
very limited as shown in Fig. 11(b). However, in the resonant fre-
quency region, the viscosity effect on Fi. increases with the opening
ratio increasing. This is because the motion of surface elevation
inside the chamber become stronger with the increase of opening
ratio as shown in Fig. 12(b). Additionally, the smaller opening ratio
leads to a larger air pressure inside the air chamber [32], which is
equivalent to adding a larger motion damping to the water column.
This can further lead to a smaller flow velocity inside the chamber,
i.e., a weaker motion of the free surface inside the chamber. Thus,
the dynamic wave force exerted on the front wall is mainly owing
to the wave force on the seaside surface of the front wall as also can
be seen in Fig. 13, which shows the total wave force F, and its
components Foc and Fi. versus kh for open ratio ¢ = 0.29%.
Combining with the former analysis, the viscosity effect on the
wave force on the seaside surface of the front wall increases with
the decrease of opening ratio. As a consequence, the influence of

(b) Influence of viscosity on Fi.
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Fig. 11. Effects of viscosity on (a) seaside and (b) shoreside force components, and (c) the total wave force on the front wall versus dimensionless wave number kh for the open ratios

e= 0.29%, 0.66% and 1.17%.
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Fig. 12. Variation of the measured free surface elevation rate at (a) Gy and (b) G, for the open ratios e= 0.29%, 0.66% and 1.17%.
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Fig. 13. The total wave force Fyc and its components Fo. and Fi. versus kh for chamber
width B= 0.55 m, front wall draft d = 0.14 m and open ratio e= 0.29%.

the viscosity on F,¢ increases with the opening ratio decreasing as
shown in Fig. 11(c).

4. Conclusions

A fully-nonlinear numerical wave flume based on the potential-
flow theory and the time-domain higher-order boundary element
method (HOBEM) is applied to investigate the wave force on the
front wall of a land-fixed OWC device with special attention on the
influence of viscosity. The viscosity effect on the wave force (i.e., AF)
is investigated by comparing the predicted wave force without and
with the artificial viscous term. The effects of the chamber geom-
etry parameters (i.e., front wall draft, chamber width and opening
ratio) on AF are investigated. The following conclusions can be
obtained.

The viscosity effect on the wave force exerted on the seaside
surface of the front wall is relatively larger than that on the
shoreside surface of the front wall. The viscosity effect on the total
horizontal wave force increases with the increase of front wall draft
due to the increasing flow separation and vortex shedding in the
present considered scope. The influence of the viscosity on the total
horizontal wave force on the front wall becomes weaker when kh is
larger than a certain value (i.e., the relative chamber width B/L
approaching 0.5 in the present study). Due to the fact that the larger
air pressure adds damping to the water column, the smaller
opening ratio leads to a larger influence of the viscosity on total

horizontal wave force on the front wall of the OWC device.

The results of the present study allow one to better understand
the controlling factors of the wave forces on the OWC device and
provide guidance for the device design and safe operation. And the
comparison analysis method can be extended to other kinds of
wave energy devices and maritime structures.
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