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Abstract: The present study deals with the performance of an U-shaped oscillating water column
device under the action of oblique incident waves. To solve the associated boundary value problem,
the dual boundary element method (DBEM) is used. Various physical parameters associated with
the U-shaped OWC device, such as the radiation susceptance and conductance coefficients, and the
hydrodynamic efficiency, are analyzed for a wide range of wave and structural parameters. The
study reveals that the resonance in the efficiency curve occurs for smaller values of wavenumber with
an increase in chamber length, submergence depth of the front wall and opening duct, and width of
the opening duct. It is observed that with appropriate combinations of the angle of incidence and
incident wavenumber, more than 90% efficiency in the U-shaped OWC device can be achieved.
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1. Introduction

Renewable energy has become an essential factor in the fields of environmental sus-
tainability and energy policy, and it also evolved as an alternative to fossil and nuclear
energy sources due to their non-polluting nature, and plentiful energy harvested from
self-renewing resources such as the sun, wind, wave, etc. In this regard, renewable energy
will features prominently in the upcoming future. Out of numerous sources of renewable
energy, wave energy has an enormous potential to become the ultimate source of energy
and convert it into electricity. Among the myriad wave power generation technology,
the concept of an oscillating water column device (OWC-WEC) is well established due
to its simple working mechanism. The mathematical modeling of these OWC devices
was started since 1980 by several researchers across the world. Ref. [1] used the Galerkin
method to investigate the hydrodynamic performance of an OWC device under the as-
sumption of linear water wave theory. In this study, various important parameters related
to the efficiency of the OWC devices, such as the radiation susceptance and radiation
conductance, volume flux inside the chamber, and maximum efficiency of the OWC, were
analyzed for various values of shape parameters associated with the device. Further, two
different resonance mechanisms were illustrated to achieve maximum efficiency in the
OWC device. Ref. [2] analyzed the effect of various geometries of the front wall of the
device chamber on the efficiency of an OWC-device using a level-set immersed boundary
method. It was observed that the pressure variation across the turbine is less for the case
of sloshing frequency as compared with the resonating frequency. As a consequence,
the efficiency of the OWC device doesn’t depend significantly on the sloshing frequencies.
Ref. [3] used the CFD-technique to study the hydrodynamic performance of an onshore
OWC device. It was concluded that the length and height of the device chamber and
pneumatic turbine characteristics significantly enhance the hydrodynamic performance of
an OWC device. Ref. [4] used both the eigenfunction expansion method and the boundary
element method to investigate the performance of an OWC device placed over the stepped
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type bottom. It was reported that the existence of stepped bottom outside of the device
chamber significantly affects the efficiency of an OWC device. Ref. [5] studied the hydrody-
namic performance of an “U”-shape OWC device in time-domain using the Monte Carlo
simulations technique. It was reported that the frequency spectrum and the peak period
of the wave pressure spectrum play a significant role in enhancing the performance of an
U-OWC device. Ref. [6] analyzed the hydrodynamic performance of an OWC device under
the action of oblique incident waves experimentally. It was observed that the performance
of an OWC device varies proportionally to the direction angle of the incident wave. Ref. [7]
used a higher-order boundary element method (BEM) to investigate the performance of an
OWC device placed over a sloping bed. It was found that the shape parameters of an OWC
device, non-linearity of the incident waves, and slopes of the bottom profile play a vital role
on the efficiency of the OWC-device. Refs. [8,9] extended the work of [4] by considering
the dual-chamber placed over the stepped and uniform bottom. It was observed that
the existence of bottom steps in front of the OWC device enhances the hydrodynamic
performance of the OWC device. Further, the dual-chamber OWC can effectively work
in wider frequencies of incoming waves as compared to the OWC device having a single
chamber. Ref. [10] studied the performance of an OWC device experimentally under the
random wave’s environment and showed that the reflection coefficient increases with an
increase in submergence depth of the front wall. Ref. [11] investigated the performance of
an array of OWC devices experimentally under the action of oblique incident waves. It
was found that the development of vortices in the neighborhood of the front wall reduces
the amplitude of the free surface elevation. Further, the relative capture width of the OWC
device decreases with an increase in the obliqueness of the incident waves. Ref. [12] used
Maximum Power Point Tracking algorithm and wave-to-wave control algorithm to study
the performance of a breakwater-integrated U-shaped OWC device under the action of
irregular incident waves. It was found that in swell-dominated sea states, the turbine
rotational speed significantly enhances the performance of an U-OWC device. Moreover,
in the wind-dominated sea state, resonance conditions play a crucial role in increasing the
efficiency of an U-OWC device. Ref. [13] developed an experimental model to study the
hydrodynamic performance of an OWC device placed over the undulated seabed. It was
reported that the performance of an U-shaped OWC device is better than other conven-
tional OWC devices. Moreover, the efficiency of an U-shaped OWC device placed over the
sloping bottom is higher than the other proposed models of the OWC-devices. Ref. [14]
analyzed the hydrodynamic performance of a rectangular OWC device placed over the
stepped bottom numerically and experimentally under the irregular incident waves, and it
was found that the incident wave frequency and the turbine damping coefficient play a
vital role to enhance the efficiency of an OWC device as compared to the incident wave
height. Ref. [15] used nonlinear stochastic analysis to investigate the performance of an
U-shaped OWC device. It was shown that nonlinear stochastic analysis is 10~2 times more
computationally efficient than the Monte Carlo simulations. Ref. [16] performed model
tests to study the effect of harbor walls on the hydrodynamic efficiency of an OWC device.
It was concluded that: (i) harbor wall plays a crucial role in enhancing the performance
of an OWC device, and (ii) the natural frequency of an OWC device can be determined
by the resonating length of the harbor walls. On the other hand, the natural frequency of
an OWC device does not depend on the inclination of the harbor walls. Ref. [17] used a
semi-analytical approach to study the performance of an U-OWC arrays under the action
of regular and irregular incident waves. In this study, the following conclusions were
obtained: (i) under the action of regular incident waves, the performance of the U-OWC sig-
nificantly enhanced by the hydrodynamic parameters, (ii) the pneumatic power available
to the turbine is more for the isolated U-OWC than the case when the same is present in an
array, and (iii) in random waves environment, the chamber width significantly increases
the average power output of the OWC device. Recently, ref. [18] developed a physics-based
simulation model to analyze the efficiency and structural durability of a fixed OWC device
in random ocean waves. It was found that the hydrodynamic performance of the OWC
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device depends on the rotational speed of the turbine and the submergence depth of the
OWC device. Ref. [19] used a coupled eigenfunction expansion method and BEM method
to study the performance of an OWC device placed over an undulated sea bed. It was
reported that (i) for long waves, a protrusion type bed profile enhances the performance
of an OWC device, (ii) for incident waves having intermediate and short wavelengths,
the depression type bed profile is appropriate to enhance the efficiency of the OWC device,
and (iii) the number of ripples and ripple amplitudes of the sinusoidally varying seabed
play a significant role to enhance the performance of the OWC device.

In all the research mentioned earlier, the solution methodology is either based on a
semi-analytical approach or numerical methods such as CFD and BEM, etc. The boundary
element method is an efficacious tool to analyze the behavior of the mechanical system and
the engineering problems due to easy numerical modeling and the reduction of unknowns
by order one [20]. However, the conventional BEM has rank deficiency issues of influence
matrices for problems having degenerate boundaries. In this regard, dual BEM plays a
vital role in resolving the aforementioned rank deficiency problems (see [21] for details).
Ref. [22] developed a dual boundary element method to solve the problem of oblique
incident wave interaction with a thin impermeable vertical barrier. The computational
procedure of the kernels present in the hypersingular integral equations was provided for
the singular element cases. Using the dual boundary element method, ref. [23] studied
the normal gravity waves scattering by a thin submerged barrier of rigid, permeable,
and absorbing nature. It was found that the run time for the dual boundary element
method is significantly less than the multi-domain boundary element method. Ref. [21]
demonstrated that the degenerate boundary value problem that arises in the presence of
a thick barrier could easily be solved using the dual boundary element method (DBEM).
Ref. [24] analyzed water waves scattering by an array of inverted trapezoidal porous boxes
using the DBEM solution method.

In the present study, the hydrodynamic parameters associated with the performance
of an U-shaped OWC device, such as the radiation conductance and radiation susceptance
coefficients, and the efficiency of the OWC device, are studied for a variety of waves and
structural parameters. The present model is based on the linearized water wave theory and
therefore, the nonlinear phenomena such as the wave breaking and the steep amplitude
of the wave inside the chamber, etc., are not incorporated in the present model. However,
the present linearized wave-structure interaction theory is very helpful to understand the
working mechanism of the OWC devices and will also provide fruitful results of various
parameters associated with the performance of the devices [1,14]. To solve the associated
boundary value problem, the dual boundary element method is used. The overall structure
of the paper is the following. In Section 2, the detailed mathematical formulation associated
with the physical problem is provided. Section 3 contains the detailed solution methodology
based on the dual boundary element method. In Section 4, the expressions for various
physical parameters associated with the performance of the U-shaped OWC device are
provided. Section 5 contains various results and related detailed discussions. Finally,
the summary of the present study is provided in Section 6.

2. Mathematical Formulation

The present section yields the mathematical formulation of an U-shaped OWC de-
vice under the action of oblique incident waves. The schematic diagram of the physical
problem is given in Figure 1. For the sake of mathematical modeling, a three-dimensional
Cartesian coordinate system is taken in which the xy-plane is horizontal, and the z-axis is
considered in the vertical direction. The U-OWC device consists of a duct and chamber
as seen in Figure 1. Further, the U-OWC device is placed over the uniform bottom bed
having depth h; and extended infinitely in the y-direction. In reality, this means that
the dimension of the OWC device in the y-direction is large compared to the incident
wavelength. The submergence depth of the opening duct and rear wall of the duct are
h1 — hy and a respectively, and the width of the duct is w. Further, the rear wall of the



Fluids 2021, 6, 137

40f18

chamber is located at x = L, and the length of the chamber is b. The Wells turbine is
placed at the top of the rear side of the U-OWC device. In the presence of the U-OWC
device, the free surface is divided into two parts in the xz-plane: (i) internal free surface
Ip = {(x,2) :2z=0;L — b < x < L}, i.e., the free surface inside the OWC chamber, and (ii)
external free surface 'y, = {(x,z) : z = 0; —c0 < x < L — b}, i.e, the free surface outside
the OWC device chamber. Further, the bottom boundary of the OWC device is denoted
by I'y. To close the domain, one vertical auxiliary boundary I} is considered at x = —I.
For the modeling purpose, the water and the related motion are assumed to be inviscid,
incompressible, and irrotational in nature. Further, the water waves are assumed to be
time-harmonic in nature with the circular frequency w.
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Figure 1. Vertical cross section of an U-shaped OWC device.

These assumptions guarantee the existence of the velocity potential of the form

D(x,y,2,t) = Re{(p(x,z)ei(kyyf‘”t)} with k, = kosinf. Therefore, ¢(x,z) satisfies the
Helmholtz equation

i—i—a—z—kz (x,z) =0 1
o2 "oz )Pl =0
The boundary condition at the mean free surface z = 0 is given by (see [19] for details)
wp
0 —, on Iy,
£ —Kp =14 08 n @
0, on I f2r

where K = w?/g with g being the gravitational acceleration and 9/dn represents the
normal derivative. Now, the boundary condition on the rigid bottom I'; is given by

0
5. = 0, on Ty. 3)

Similarly, the boundary condition on impenetrable boundaries I'y UT'; UT7 is given by

o
%ZO, on F1UFLUF2. (4)

Now, the total velocity potential ¢ is decomposed into two parts as follows (see [1])
s (lwp) R
p=¢ Py ¢

where ¢° and ¢R represent the scattered and radiated velocity potentials respectively.
Further, the scattered velocity potential ¢° can be decomposed into incident potential ¢!
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and diffracted potential ¢°. Now, ¢° and ¢ satisfy Equations (1)~(4) with Equation (2)
will be modified into the following form

a(PS,R B Kq)S'R _ 0, on Ffl/ ©)
on 0, on l"fz,

where 6 = 1 for the radiation potential ¢R, and § = 0 for the scattered potential ¢°. Finally,

the far-field boundary conditions are given by

¢%(x,z) = e fy(ko, z) + Aje *x* fy (ko, z), as x — —oo, )
PR (x,z) = ABe *e¥fy(ko,z), as x — —oo,

coshkg(hy + z)
cosh(kohy)
relation w? = gk tanh(kh ). Further, ky = ko cos 6, A5 and AR are the coefficients associated
with the amplitude of the reflected and radiated waves at x = —oo respectively. To close
the domain, an auxiliary boundary I’ is taken at x = —I, and this auxiliary boundary I';
is located sufficiently far away from the OWC device. Therefore, the far-field boundary
conditions (7) hold on I';. In the boundary element method, the following modified form

of the far-field boundary conditions (7) are used

where fo(ko,z) = with kg being the positive real root of the dispersion

a(‘PS*G”I)_-k S_ ol =0 I
on 1x(§b 4)) , on 1y, (8)

3. Numerical Solutions Based on DBEM

In this section, the dual boundary element method (DBEM) is used to solve the BVP
(boundary value problem) formulated in Section 2. In the DBEM based solution technique,
the BVP is transformed into a system of integral equations using appropriate Green’s
function. Using Green’s third identity on the velocity potentials ¢*® (x) and the free-space
Green’s function G(x, s) over the domain Q) bounded by T, the following integral equation
is obtained as

271 R (x) = /r{gbs’R(s)V(x,s) - G(x,s)a¢;:(s) dl'(s), x€Q, 9)
where ac
V(xs) = a(:;S)’ x=(x,2), s=(&7). (10)

It is to be noted that the free-space Green’s function as in (9) satisfies the governing equation

2 *
<8xz+822 —ky)G(x,s) =d(x—s), (11)
and takes the form
G(x,s) = iH" (k,7), (12)

where §(x — s) is the Dirac-delta function, H(gl) is modified zeroth-order Hankel function
of the first kind and r is the distance between the field point x = (x, z) and the source point
s = (&, 7). Taking the normal derivative in Equation (9), we get

ZNM - /r[N(x,s)(PS’R(S) — M(x,s) il dl'(s), x€Q, (13)

Ny ong
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where
0G(x,s)

Oy

9°G(x,s)
onyong

M(x,s) = , N(x,s) (14)

When the field point x € T', Equations (9) and (13) can be written as

¢ R(x) = CPV /r V(x,8)¢>R(s)dT(s) — RPV /r G(x,s)%dl“(s), xeTl, (15)

S,R S,R
70070 HPV/ N(x, 8)¢5R(s)dT (s) — CPV/ Mx )22 ar(s), xeT. (6)
Oy r T dng

Here, RPV, CPV, and HPV are termed as the Riemann principal value, Cauchy principal
value, and Hadamard principal value respectively.

In Equations (15) and (16), the total boundary I' can be written as I' = I's + l"f +
I; + T3 + T, with I represent the non-degenerate boundary and I'f,I';, T} and 'y
are the degenerate boundaries. Further, the non-degenerate boundary I's composed of
Is =T+ Tf + T+ T+ I Now, a system of four integral equations are obtained from
Equations (15) and (16) by considering x € I';, and x € IT U F; . These system of integral
equations are converted into system of linear algebraic equations and solved to determine
the required unknowns. The detailed procedure is provided in the Appendix A.

4. Various Parameters Associated with U-Shaped OWC Device

Here, the expressions for various parameters associated with the performance and
efficiency of the U-shaped OWC device discussed in Section 2 are provided. The average
energy flux per unit length across a vertical cross-section normal to the x-direction is given
by (see [19] for details)

. pwkx Ag Ay — 2kohy + Sinh(2k0h1)

Py =ECq, = , 17
¢ g 2 4ko cosh? (kohy ) (1
The volume flow rate q across the internal free surface I'r; can be expressed as
iw
9=0"+=Lq", (18)

P8

with g° and gR being the volume flow rate across the internal free surface I 1 associated
with the scattering and radiation problems respectively. Now, the volume flux gR due to
the radiation potential can be decomposed into real and imaginary parts (see [1] for details)
as the following

iwp

P8
where A and B are termed as the radiation susceptance and radiation conductance param-
eters respectively. To obtain an explicit expression for the parameter B, Green’s second

q® = (iA-B)p, (19)

identity is applied on ¢® and its complex conjugate @R over the domain bounded by
=T Ul Ul UI'LUT s U UT'p. Summing up the contributions from all the bound-
aries, we get

= w
B = —k.K|AJ 2 Ao. (20)
g "
Similarly, the expression for the scattered volume flux g° can be written as

q° = —2ikKAR Ay. (21)
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Using Equations (17), (20) and (21), the relation between P, and B is expressed as the
following

5|2
B= Lgp' . (22)
w

The average power absorbed W per unit width of the pressure distribution is given by
(see [19] for details)

W= 2R {pg). (23)

Assuming linear relationship between the volume flux g and the pressure across the turbine
p, we get
q=AN"p, (24)

where A is a real control parameter depending on turbine characteristics. Substituting (24)
into (23) and using relations (18) and (19), we get

1 512
S¥ S - @5)
2(A+B)"+ A2
Now, the efficiency # of the OWC device is given by (using (22) and (25))
4% 4NB
A (26)

TR (arBPt A

Using (26), the maximum efficiency #,4x is expressed as

2B o
Nmax = <>/ Nopt = A2 + B2, (27)

/\opt + B
Now, the dimensionless form of the parameters A and B are written as (see [1]).

_ P8 _PEp
U= wa, V= bi. (28)

Using (28) in (27), we get the dimensionless form of #,,4x as

(29)

2v 2
’”’“”“wm‘Hm‘

5. Results & Discussion

For the numerical computation, MATLAB software-based programmings are written
based on the solution procedure as discussed in Section 3. The values of the wave and
structural parameters are taken as follows: iy = 15m, hy/hy =1/3,L/hy =2.0,b/h; = 1.0,
a/hy =05,d/h; = 0.05, w/h; = 0.25,1/hy = 3.0, ¢ = 9.81 m/s?, p = 1025 kg/m3 and
angle of the incident wave 8 = 30° unless otherwise mentioned.

5.1. Comparison with Existing Results

In this section, the comparison between the present numerical results and the results
of [1] is provided for specific cases. To achieve the OWC device model of [1], the limiting
case of the present model is considered by taking the angle of the incidence 6 = 0°
and hy/hy — 0. In Figure 2a, the radiation susceptance y is plotted as a function of
non-dimensional wavenumber Kh; for various values of chamber length b/h;. Further,
Figure 2b depicts the efficiency 7,y as a function of non-dimensional wavenumber Kh;
for various values of chamber length b/hy of the OWC device. Both the figures show that
the results obtained using the present DBEM method match well with the results of [1].
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b/h, =1/8 (Evans and Porter (1995))
8 T T T — — —b/h =1/4 (Evans and Porter (1995))
_____ b/h =1/2 (Evans and Porter (1995))
=1 (Evans and Porter (1995))

b/h, =1/8 (present solution)

1
1
1
1
1
b/h 1=1/4 (present solution)

1

1

o
*
o b/h,=1/2 (present solution)
o

b/h =1 (present solution)

b/h =1/8 (Evans and Porter (1995))
— — —b/h,=1/4 (Evans and Porter (1995))
b/h =1/2 (Evans and Porter (1995))
44444444 b/h =1 (Evans and Porter (1995))

b/h =1/4 (present solution)

b/h =1/2 (present solution)

1
1
1
1

b/h =1/8 (present solution)
1
1
1

b/h =1 (present solution)

Figure 2. Comparison of present numerical result with the results of [1] for (a)  and (b) 77yax vs. Khy
for different b/hq with 6 = 0°.

5.2. Various Results Associated with the U-Shaped OWC Deuvice

In Figure 3a—c, the variation of the non-dimensional radiation susceptance y, radiation
conductance v, and the efficiency of the device 7,4, are plotted as a function of non-
dimensional wavenumber Kh; for various chamber length b/h;. Figure 3a—c demonstrate
that resonance occurs in the radiation susceptance y, radiation conductance v and efficiency
Hmax for certain values of the wavenumber K#; in long and intermediate wave regimes.
This resonance arises due to the first resonance mechanism as discussed in [19]. Further, it
is seen that this resonance occurs for lower values of the wavenumber K/ with an increase
in chamber length b/hy. The reason behind this phenomenon is that the distance that the
water particles travel during one oscillation increases with an increase in chamber length
b/hy. Moreover, the resonance amplitude decreases with an increase in chamber length
b/hy. Now, for large chamber length b/h; = 1.0, the second peak in y, v and #;4x occurs
in the neighborhood of Khy =~ 3.665 due to the second resonance mechanism as discussed
in [19]. It is to be noted that this particular resonance corresponds to the sloshing mode
number n = 1. Moreover, it is observed that smaller peaks in the y and #;,4x curve occur for
Khy ~ 7.365 due to the second resonance mechanism with sloshing mode number n = 2.
A comparison between the Figures 2 and 3 reveals that the overall pattern of the radiation
susceptance y and efficiency #4x as a function of wavenumber Ky for the rectangular
and U-shaped OWC devices are similar in nature. However, for smaller values of chamber
length b/h; = 0.15, the peak in the y curve occurs (due to the first resonance mechanism)
for smaller values of Khy for the U-shaped OWC device (peak occurs at Kh; ~ 1.49) as
compared to the rectangular OWC device (peak occurs at Kh1 ~ 1.51). Further, for higher
values of chamber length b/hy = 1.0, the peak in the y and #,4x curve occurs (due to the
second resonance mechanism) for higher values of Kh; for the U-shaped OWC device
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(peak occurs at Khy = 3.665) as compared to the rectangular OWC device (peak occurs at
Khy =~ 3.19). In summary, the chamber length b/h; plays an important role in enhancing
the performance of an U-shaped OWC device.

— bh =015
— — =b/h =0.25(17
05
=10 |

1
1
1
1

sloshing
mode n=1

s

sloshing mode
n=2

0 1 2 3 4 5 6 7 8
Kh]
(a)
14 T T T T T T T
——b/h =0.15
12F — — -b/h,=0.25 |1
_____ b/h =05
wor b/h]:l,O
8r i
B 1
1
6 L
AL
i -
4+ /'\( i sloshing
ALY Y mode
/ \ n=1
‘ 7‘

b/h =0.15
— — =b/h =0.25
————— b/h =0.5

1
1
1=05
=10

sloshing
mode n=1

4

7]
Tmax

sloshing ]
mode n=2

Figure 3. Variation of (a) p, (b) v and (c) #max vs. Khy for different b/hy.

In Figure 4a—c, the variation of the non-dimensional radiation susceptance coefficient
i, radiation conductance coefficient v, and the efficiency of the device #;,4y are plotted as
a function of non-dimensional wavenumber Kh; for various submergence depth of the
front wall of the U-OWC device a/hj respectively. In all the figures, the first peak in the
curve occurs for smaller values of Kh; with an increase in draft a/h; of the lip-wall. This
resonance arises due to the first resonance mechanism. Further, it is seen that in the short
wave regime, the second and third peaks in the p, v, and #,4x curve arise due to the second
resonance mechanism with sloshing mode number n = 1,2. It is to be noted that these
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sloshing phenomena are more prominent for a higher draft of the front wall of the OWC
device. Further, it is observed that for a/h; = 0.15, the area under the efficiency curve is
more and this area decreases with an increase in a/hy. This indicates that with appropriate
structural configurations, the OWC device can efficiently harness the wave power over
a wide range of incident wave frequencies. A comparison between Figure 4a,c reveals
that the efficiency of the U-OWC device becomes higher as u takes lower values. This
observation can clearly be explained from Equation (29). In summary, it can be concluded
that the draft of the front wall a/h; of the OWC device plays a vital role in enhancing the
efficiency of the U-shaped OWC device.

1.5 T T T T T T T

3 T T T T T T T

—aJhI:O.IS

— ——a/h =025
----- s

....... a/h =075 | |

sloshing mode n=2

sloshing
mode n=1

0.8

Figure 4. Variation of (a) p, (b) v and (c) #max vs. Khy for different a/hq.
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In Figure 5a—c, the variation of the non-dimensional radiation susceptance coefficient
u, radiation conductance coefficient v, and the efficiency of the device #;,4x are plotted as
a function of non-dimensional wavenumber Kh; for various submergence depth of the
opening duct of the U-OWC device. The overall pattern of Figure 5a—c as a function of
wavenumber Kk are similar in nature as that of Figure 4a—c. Further, careful observa-
tion reveals that the amplitude of the second resonance is highest for the hy/h; = 1/2.
The reason for the same is that as /i, / h1 increases, the sloshing phenomena become more
prominent. On the other hand, for /i /h1 = 1/5, the area under the efficiency curve is more,
and this area decreases as the value of hy/h; increases. A similar observation is found
in Figure 4c. In summary, it can be found that the efficiency #;,ax of the U-shaped OWC
device strongly depends on the submergence depth of the opening duct 1/ k.
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Figure 5. Variation of (a) y, (b) v and (c) #max vs. Khy for different hy /h.
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In Figure 6a—c, the variation of the non-dimensional radiation susceptance coefficient
i, radiation conductance coefficient v, and the efficiency of the device #,4x are plotted as a
function of non-dimensional wavenumber Kh; for various width of the opening duct w/h;
of the U-OWC device. The overall pattern of Figure 6a—c are similar to that of Figure 5a—c.
It is observed that for smaller wavenumber K, the amplitude of resonance decreases with
an increase in w/h;. However, in the short wave regime, the amplitude of resonance is
highest for the w/h; = 0.75. These observations are similar in nature to that of Figure 3c.
These results show that the width of the opening duct w/h; plays a key role to improve
the hydrodynamic performance of an U-OWC device.

1.5 T T T T T T T
——whh 1=0 1
1F7 - 'W/h1=0'25
sloshing =
1 O = N w05
........ w/h 1=0,75
0 f
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Kh1

Thmax

Figure 6. Variation of (a) y, (b) v and (c) #uax vs. Khy for different w/h;.
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In Figure 7a—c, the variation of the non-dimensional radiation susceptance coefficient
u, radiation conductance coefficient v, and the efficiency of the device #;,4x are plotted as
a function of non-dimensional wavenumber K/ for the various angle of the incidence 6.
Figure 7a depicts that the y initially increases for smaller wavenumber with an increase in
6. Hereafter, u decreases sharply and attains a global minimum for the intermediate wave
regime. Further, the second and third peaks in the y curve arise for higher values of Khy
with an increase in incident angle 0. These resonances occur due to the second resonance
mechanism with sloshing mode numbers n = 1, 2. Figure 7b illustrates that the amplitude
of the resonance increases with an increase in 6. On the other hand, Figure 7c demonstrates
that the resonance in the efficiency #;,4x occurs for the smaller value of 8 in the long-wave
regime. Moreover, the second and third peaks in the efficiency curve arise for higher values
of the wavenumber Kk with an increase in the angle of incidence 6. These results indicate
that the efficiency of an U-shaped OWC device strongly depends on the angle of incidence.

sloshing sloshing J
mode n=1 mode n=2

x 4f :
O |—p=0
——-6=30
8 - 0=45"
""""" 9=60"
-10 :
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T T T0=30

----- 0=45"

""""" =60
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3 4 5 6 7 8
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1
(b)

]mz\x

0.4

0.2

Figure 7. Variation of (a) p, (b) v and (c) #uax vs. Khy for various 6.
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To get a combined effects of wavenumber Kk and angle of incidence 6 on the efficiency
Nmax, @ surface plot for #,,.x as a function of Kh; and 0 is provided in Figure 8a. It
is observed that, for moderate values of 0, the efficiency #,,, initially increases with
an increase in wavenumber Kk and attains a maximum. Hereafter, the efficiency #ax
decreases for further increase in wavenumber Kk except for a certain range of Khj in
which resonance occurs due to the second resonance mechanism. However, for higher
values of 0, the efficiency #,4x increases with an increase in wavenumber Khj. Further,
for smaller wavenumber Kh, the efficiency #;,4x increases with an increase in 8. However,
in the short wave regime, 7,4 decreases with an increase in 8. To get more clarity on the
combination of wavenumber K/1; and angle of incidence 0 to achieve maximum efficiency
Nmax, @ contour plot is provided in Figure 8b. It is clearly seen that #,,,x = 0.9 on two
different curves. This observation shows that suitable combinations of wavenumber and
angle of incidence can result in maximum efficiency of the OWC device.
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Figure 8. (a) Surface plot and (b) contour plot of #;ax vs. Khy and 6.
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6. Conclusions

In the present study, the hydrodynamic performance of the U-shaped OWC device is
analyzed under the action of oblique incident waves. To solve the associated boundary
value problem, the dual boundary element method is used. Various physical quantities
correspond to the U-OWC device, such as the radiation conductance and susceptance
coefficients, and hydrodynamic efficiency are studied for a variety of wave and structural
parameters. It is found that the resonance occurs for smaller values of wavenumber with
an increase in chamber length. Further, the amplitude of resonance in the radiation conduc-
tance and susceptance coefficients decreases as chamber length increases. Moreover, in the
short wave regime, the resonance occurs for higher values of the chamber length. A similar
resonance pattern is observed for the other shape parameters, such as the submergence
depth of the front wall and opening duct, and width of the opening duct, etc. It is observed
that with appropriate combinations of the angle of incidence and incident wavenumber,
more than 90% efficiency in the U-shaped OWC device can be achieved.
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Appendix A. Detailed Solution Methodology Based on DBEM

In this section, the detailed procedure to generate a system of four integral equa-
tions from Equations (15) and (16), and solving these integral equations using DBEM are
discussed. For x € I's, Equations (15) and (16) reduced into the following forms

>R (x) = CPV | V(x,8)¢°R(s)dI(s) — RPV G(x,s)a"’S’R(s)dr(s)

s Is a?’ls
S,R 34)S,R(S)
+/rl+ur2+ V(x,8)A¢p>"(s)dI (s) — /r1+Ur2+ G(x,s)). e dr(s), (A1)
P} S,R ; or
n‘i’anx(x) = HPV | N(x,8)¢>R(s)dT(s) — CPV A M(x,s) <Pans(s) 4r'(s)

' SR ' >R (s)
+ /l"fur; N(x,8)A¢p>"(s)dI'(s) — ./r{rur; M(x,s) Z s dr(s), (A2)

where
AP>R(s) = ™R (sT) —9>F(s7), (A3)
ap>R(s) _ 9ap>R(st)  9¢p>R(s™)
E on on + on (A4)

Forx € 1"1+ U F;r , Equations (15) and (16) reduced into the following forms
7Y ¢SR(x) = CPV V(x,5)A¢5R (s)dT (s) — RPV / G(xs) Y 9°%(S) yrs)
rjury rjury ons

S,RS
+ [ Vixs)*ters) - [ o ©are),  (A5)

dng
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P} S,R ) S,R

A ¢anx(X) —HPY [ N(x,8)A¢5R(s)dI'(s) — CPV o M(x,s) Z%T:S)dr(s)

S,R

+/F‘ N(x,s)¢ R (s)dT(s) — / M(x,s) a¢ans(8) dr(s), (A6)
where
Y ¢¥(s) = 9™ (sT) + 97 (sT), (A7)
P} S,R P} S,R ) S,R B

A= T ) = (o), (a9

It is to be noted that in Equations (A3), (A4), (A7) and (A8), the number of unknowns on the
degenerate boundaries are double as compared to the unknowns on the non-degenerate
boundaries. Therefore, the integral Equation (13) is necessary to obtained unique solutions.
By discretizing the boundaries I' of the domain using the constant boundary element
method and varying the field point x over each boundary elements, we get the following

system of equations
N SR
o) - e{ (%) } &

o5} = { (%) 10

where the influence coefficients G

ij» Vij, Mjj and Nj; are given by

Gy = RPV [ Glxs)dr(s) (A11)
V; = — oy + CPV /r | V (x;,5))dl(s;), (A12)
Nij = 785 + CPV /r | M(x;,8)dT(s;), (A13)
Nj; = HPV /r N (xi3)r () (A14)

When the field point x; and the source point s; lies on the different boundary element,
Gaussian quadrature is used to evaluate the aforementioned influence coefficients. On the
other hand, when the field point x; and the source point s; lies on the same boundary
element, singularity appears, and special treatment is required to evaluate the influence
coefficients (details are available in [22]). Now, two different approaches GV + MN and
MN + GV are available to solve the unknowns (see [22] for details). In the present study,
GV 4 MN approach is adopted. In this approach, the following system of equations
are obtained
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S,R
- ; ¢er
97
‘/irs]’rs ‘/irs]'r{r ‘/irsjr]* ‘/irsjrzr ‘/irsjrg ]l"fr
Vicie Vieie Vi Ve Vi | | g5k
et Tl e RN D L.
N. . N N, N, N 1
L
Vi Vil \ Vi i Vi i '
i Vi Vi Vi Vi | [P
Ni jr, Nij, Nioj o Nij, N SR
Mg N Mg Ny N ] 957
2
on |
apSR]
r G . . . . . on |
Glrs]rs Glrs]ri*' Glrs]rl— Glrs]r;' Glrs]rz— - - ]F{r
Gir1+ irs Gir1+ oy Gir1+ iz GirIr oy Gir1+ e [9pSR ]
= Glrlﬂrs G’1"1+Jr1+ G’r{]r; Glr{]r; Glrlﬂr; L on Y (- (A15)
[y iy] iy f— i4] (A - - -
i Cinging - Singie - Sy S | | ragsR
Mi o M Mo Mg Mg
R L T LT
FapS k]
on |
L _]r27

Using boundary conditions (2)—(8), the system of Equation (A15) is solved to get the
unknowns ¢5R and 9¢°>R /on over each boundary elements.
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