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Abstract

The present study analyzed the efficiency of the dual-chamber oscillating water column device placed over the undulated
ottom. The efficiency of the device is studied for various shape parameters such as chamber lengths, the draft of the lip
all of the device, turbine damping coefficients, and ripples of the corrugated bottom. It is seen that the efficiency initially

ncreases as the wavenumber increases. However, the efficiency of the device becomes lower for shorter incident wavelength.
he amplitude of the resonance becomes higher for device having wider chamber. Similar higher resonance occurs when the

urbine damping coefficients and the number of ripples of the corrugated bottom take higher values. An opposite pattern is
ormed with the variation in draft of the lip wall of the device. The draft of the outer chamber plays a dominant role in
nhancing the efficiency as compared to the draft of the inner chamber of the device. Further, the efficiency becomes higher
s the turbine damping coefficient takes the higher values.
2021 The Author(s). 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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1. Introduction

The global energy debate is currently focused on energy supplies, the consequences of their exhaustion, and
rice fluctuations. It is imperative to find some promising sustainable renewable energy resources to alleviate the
lobal crisis. Due to numerous advantages such as abundant resources and low environmental impact, wave energy
as become one of the prevalent renewable energy sources, and its privileges and implementation features are also
teadily upgraded [1]. Among the various WECs, the OWC-WEC device is mostly used and has numerous benefits
ver the other WEC devices. Rezanejad et al. [2] explored the functioning of the duplex OWC-WEC placed over
he seabed having multiple steps. The results revealed that the presence of a step seabed before the OWC-WEC
ignificantly increases the device’ efficiency. Further, Rezanejad et al. [3] extended the work of Rezanejad et al.
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[2] by incorporating the multi-chamber OWC-WEC placed over flat seabed. The outcomes of the study shows that
the draft of the lip wall of the outer OWC-WEC chamber remarkably amplifies the efficiency when compared with
the immersion depth of the inner chambers. He et al. [4] performed model tests to demonstrate the operational
mechanism of the floating OWC-WEC having double chambers, and drew the following conclusions: (i) the shape
parameters of the front chamber of the OWC-WEC should be chosen appropriately for maximum energy absorption,
(ii) the narrower-chamber width noticeably enhances the oscillation within the OWC-WEC chamber, which leads to
the higher amount of power extraction. Ning et al. [5] used HOBEM to investigate the effect of shape parameters on
the functioning of duplex OWC-WEC using time-domain analysis. It was observed that the water surface oscillation
within the dual-chamber was largely affected by the incident wave conditions. Elhanafi et al. [6] utilized the CFD
tool to investigate the working mechanism of a solo chamber as duplex type OWC-WEC. It was observed that
for long and intermediate incident wavelengths, the capacity of power generation of the duplex type OWC-WEC
is more as compared to the single-chamber OWC-WEC. Shalby et al. [7] extended the work of Elhanafi et al.
[6] to the case of multi-chamber OWC-WEC, and obtained the following conclusions: (i) differential air pressure
strongly depends on the PTO damping, and (ii) free surface elevation and airflow rate decrease with an increase
in PTO damping. Howe et al. [8] analyzed the sequel of structural shape on the working mechanism of floating
breakwater integrated multi-chamber OWC-WEC experimentally. It was observed that the structural configuration
and chamber spacing significantly impact the performance of a multi-chamber OWC. Wan et al. [9] investigated
the efficiency of the breakwater integrated dual-cylindrical OWC-WEC, and obtained the following conclusions: (i)
the water surface displacement within the OWC-WEC chamber increases as the time-period increases and attains
maximum. Hereafter, the water surface displacement within the OWC-WEC chamber decreases for further increase
in time-period. (ii) For long incident waves, the conversion efficiency of the OWC-WEC strongly controlled by
the baffle angle and relative diameter as the wavenumber increases, and (iii) diameter ratio plays a crucial role to
improve the performance of an OWC-WEC as compared to the baffle angle. Recently, Zhou et al. [10] used HOBEM
to study the functioning of multi OWC-WECs using time-domain analysis. It was found that the efficiency of multi
OWC-WEC devices steadily affected by the gap length between the OWC-WECs.

The present research focuses on the performance of the dual-chamber OWC-WEC. The overall organization of
this paper is as follows. Firstly, the analogous BVP is described. Thereafter, the DBEM (dual boundary element
method) based solutions are given. Various parameters related with the functionality of the OWC are highlighted
in Section 4. Finally, the results and summary are given in Sections 5 and 6 respectively.

2. BVP formulation

This section contains the mathematical modeling of the dual-chamber OWC. For modeling purpose, the
2D Cartesian coordinate system is taken. The OWC-WEC comprises of an impenetrable seaside wall at x =

L − (b1 + b2) and has draft a1. Further, the rear-side wall is positioned at x = L . The OWC-WEC consists
of dual chambers with chamber lengths b1 and b2 respectively, and separating by a vertical wall with draft

2. Further, the device is situated over the corrugated bottom z = −h(x). The corrugated seabed is finitely
extended as shown is Fig. 1. Moreover, Γ f represents the external free surface occupies the region Γ f =

{(x, z) : z = 0,−∞ < x < L − (b1 + b2)}. On the other hand, Γb1 and Γb2 are the internal free surfaces occupy the
egions Γb1 = {(x, z) : z = 0, L − (b1 + b2) < x < L − b2} and Γb2 = {(x, z) : z = 0, L − b2 < x < L} respectively.
urther, Γb, ΓL , Γ±

a1, and Γ±

a2 are the impenetrable boundaries of the dual-chamber OWC-WEC as seen in Fig. 1.
urther, a fictitious boundary Γl is constructed at x = −l to satisfy the far-field boundary condition. For the sake of
odeling, the water flow follows the linear flow theory and related motion is time harmonic. The velocity potential

s given by ψ(x, z, t) = R{ϕ(x, z)e−iσ t
}. With this framework, the governing equation is

∇
2ϕ(x, z) = 0. (1)

ue to the presence of an OWC-WEC, the velocity potential ϕ can be decomposed as

ϕ = ϕS
+

(
iσ p1

ρg

)
ϕR1

+

(
iσ p2

ρg

)
ϕR2, (2)

here, ϕS is termed as scattered potential, ϕR1 and ϕR2 are related to the radiated potentials associated with the
ront and rear chamber respectively. Further, p and p represent the distribution of pressure within the front and
1 2
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Fig. 1. Sideview of the dual-chamber OWC-WEC.

rear chamber respectively. The free surface bcs (boundary conditions) at z = 0 are given by (see [11])

∂ϕR1

∂n
− KϕR1

=

⎧⎨⎩
iωp1

ρg
, on Γb1,

0, on Γb2 ∪ Γ f .

(3)

∂ϕR2

∂n
− KϕR2

=

⎧⎨⎩
iωp2

ρg
, on Γb2,

0, on Γb1 ∪ Γ f .

(4)

∂ϕS

∂n
− KϕS

= 0, on Γb1 ∪ Γb2 ∪ Γ f . (5)

Here, K =
σ 2

g . Now, the bc on the impenetrable bottom Γb is represented as

∂ϕS,R j

∂n
= 0, on Γb(for j = 1, 2). (6)

imilarly, the bcs on the impenetrable boundaries ΓL ∪ Γ±

a1 ∪ Γ±

a2 are given by

∂ϕS,R j

∂n
= 0, on ΓL ∪ Γ±

a1 ∪ Γ±

a2(for j = 1, 2). (7)

Finally, the far-field boundary condition at Γl can be written as

∂ϕS,R j

∂n
− ik0ϕ

S,R j
= Ξ

(
∂ϕinc

∂n
− ik0ϕ

inc
)
, on Γl(for j = 1, 2). (8)

ere, Ξ = 1 for ϕS and Ξ = 0 for ϕR j ( j = 1, 2). Further, k0 satisfies the dispersion equation ω2
= gk tanh(kh1).

. Solution methodology

In the present section, DBEM is used to obtain the solution of the BVP as written before. Using Green’s identity
n ϕS,R j ( j = 1, 2) and the unbounded Green’s function G̃(x̃, s̃), the following Fredholm integral equations are
btained

2πϕS,R j (x̃) =

∫
Γ

∂G̃(s̃, x̃)
∂n s̃

ϕS,R j (s̃)dΓ (s̃) −

∫
Γ

G̃(s̃, x̃)
∂ϕS,R j (s̃)
∂n s̃

dΓ (s̃), x̃ ∈ Ω ( j = 1, 2) . (9)

ere, s̃ = (ς,µ) and x̃ = (x, z) are the source and field points respectively. The free space Green’s function takes
he form (for normal incident waves)

˜
√

(x − ς )2 + (z − µ)2. (10)
G (x̃, s̃) = ln r̃ , r̃ =
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Now, taking normal derivative, Eq. (9) yields

2π
∂ϕS,R j (x̃)
∂n x̃

=

∫
Γ

∂2G̃(s̃, x̃)
∂n s̃∂n x̃

ϕS,R j (s̃)dΓ (s̃) −

∫
Γ

∂G̃(s̃, x̃)
∂n x̃

∂ϕS,R j (s̃)
∂n s̃

dΓ (s̃), x̃ ∈ Ω ( j = 1, 2) . (11)

hen x̃ ∈ Γ , Eqs. (9) and (11) can be expressed as

πϕS,R j (x̃) = CPV
∫
Γ

∂G̃(s̃, x̃)
∂n s̃

ϕS,R j (s̃)dΓ (s̃) − RPV
∫
Γ

G̃(s̃, x̃)
∂ϕS,R j (s̃)
∂n s̃

dΓ (s̃), x̃ ∈ Γ ( j = 1, 2) , (12)

π
∂ϕS,R j (x̃)
∂n x̃

= HPV
∫
Γ

∂2G̃(s̃, x̃)
∂n s̃∂n x̃

ϕS,R j (s̃)dΓ (s̃) − CPV
∫
Γ

∂G̃(s̃, x̃)
∂n x̃

∂ϕS,R j (s̃)
∂n s̃

dΓ (s̃), x̃ ∈ Γ ( j = 1, 2) .

(13)

ere, CPV, HPV, and RPV are termed as Cauchy, Hadamard and Riemann principal values respectively. In Eqs. (12)
nd (13), the total boundary Γ = ΓC +Γ±

a1 +Γ±

a2 with ΓC = Γl +ΓL +Γb +Γb1 +Γb2 +Γ f being the non-degenerate
oundary and Γ±

a1 and Γ±

a2 are termed as degenerate boundaries respectively. Now, a number of integral equations
re derived from Eqs. (12) and (13) by choosing x̃ ∈ ΓC , and x̃ ∈ Γ±

a1 ∪ Γ±

a2. These systems of integral equations
re transformed into algebraic equations and solved them to obtain the required unknowns. The details are provided
n [12] and are deferred here.

. Various coefficients related to the performance of the OWC-WEC

Here, various coefficients related to the performance of the OWC are given. The average energy flux per unit
ength is given as (see [13] for details)

P̃W = ECg =
ρωk0 Ã0

2
, Ã0 =

2k0h1 + sinh(2k0h1)
4k0 cosh2(k0h1)

. (14)

ere, Cg and E are termed as group velocity and total energy per unit wave period respectively. Now, the mean
ower extracted W̃w per unit width of pressure distribution is calculated using

W̃w =
1
2
Λ1|p1|

2
+

1
2
Λ2|p2|

2, (15)

where, Λ1 and Λ2 are control parameters of the turbines of the lip and rear chambers respectively. Finally, the
WC’s efficiency is provided as

η̃ =
W̃w

P̃w
. (16)

. Results

The parameters associated with waves and OWC are the following: h1 = 15 m, h2 = h1/1.5, L = 2.0h1, b1 =

2 = 0.5h1, a1/h1 = 0.4,Λ1 = 1.609 × 10−4 m4 s/kg,Λ2 = 0.885 × 10−4 m4s/kg unless otherwise mentioned.

Bottom profile : Γb = −

{
h2 + H

(
1 + 2

( x
L

)3
− 3

( x
L

)2
−

( a
H

)
sin

(
2mπx

L

))}
,

here, H = h1 − h2, a and m represent the ripple magnitude and the ripples number respectively.
Firstly, a comparison between the present results and the outcome of Rezanejad et al. [2] is provided. To adopt

he OWC device model of Rezanejad et al. [2], the limiting case is taken a1 = 8 m, a2 = 0.5 m, b1 = 9 m,
2 = 12 m, h1 = 10 m, h2 = 10 m. Fig. 2 demonstrates the variation of η̃max as a function of time period. The

comparison shows that the present results match well with Rezanejad et al. [2].
Figs. 3(a) and 3(b) describe the change of η̃ versus dimensionless wavenumber K h1 for various chamber lengths

b1
h1

and b2
h2

, and the draft a1
h1

of the lip wall of the device respectively. In Fig. 3(a), the efficiency η̃ of the dual chamber
OWC-WEC initially takes higher values as the wavenumber K h1 becomes higher and attains maximum. Hereafter, η̃
becomes lower for further decrease in incident wavelength. Further, for long incident waves, the resonance amplitude
is higher for higher b1

h1
and b2

h2
. Moreover, a small drop is seen in the η̃ curve for higher values of b1

h1
and b2

h2
in the
intermediate and shortwave regime. In Fig. 3(b), the efficiency η̃ of the device increases as the wavenumber K h1
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Fig. 2. Comparison of present results with Rezanejad et al. [2] for η̃max vs T .

Fig. 3. η̃ vs K h1 for various (a) chamber lengths b1
h1

and b2
h2

(b) draft a1
h1

.

ecomes higher for long incident wave case. Further, the efficiency η̃ takes higher values for a1
h1

= 0.2. In addition,
sharp peak is obtained at K h1 ≈ 3.0 for higher values of draft a1

h1
. Moreover, the efficiency η̃ has a small drop

for smaller values of a1
h1

in the shortwave regime. These phenomena are related with the resonance mechanisms of
the OWCs (see [14] for details). These results indicate that the chamber lengths and draft of the lip wall play a key
role to enhance the performance of the OWC-WEC.

Figs. 4(a) and 4(b) demonstrate the changes of η̃ due to the change in K h1 for different damping coefficients
Λ1 and Λ2 and for the different number of ripples m respectively. In Fig. 4(a), it is noticed that the pattern of the
esonance is similar to that of Fig. 3(a). Further, it is observed that the resonance in the η̃ curve is higher for the

positive values of turbine damping coefficients for long incident waves case. Moreover, in the shortwave regime,
a sharp peak is observed in the efficiency curve for the turbine damping coefficient Λ2 = 0, and the efficiency
curve has a small drop for nonzero turbine damping coefficients. A similar pattern is also observed for the zero
value of the front chamber’s turbine damping coefficient. In Fig. 4(b), the overall pattern of resonance is similar
to that of Fig. 3(a). Further, for long incident waves, the amplitude of the resonance in the η̃ curve is higher for
sinusoidal seabed with higher number of ripples m. However, no significant variation is observed in the intermediate
and shortwave regimes. These results show that the turbine damping coefficients and seabed variations significantly
impact the efficiency of the OWC-WEC. The aforementioned observations are similar as that of Rezanejad et al.
484
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Fig. 4. η̃ vs K h1 for various (a) turbine damping coefficients Λ1 and Λ2, and (b) number of ripples m.

[2] except the occurrences of resonance of for higher wavenumber. This occurs because of seabed undulation which
was not there in [2] for the stepped type bottom profile.

6. Conclusions

In this study, the efficiency of a dual-chamber OWC-WEC placed over the undulated bed is examined for
various wave and shape parameters. It is revealed that the efficiency of the device initially increases as the incident
wavenumber becomes higher. Hereafter, the efficiency of the device becomes lower for shorter incident wavelength.
A similar resonance characteristic occurs with the variation in the draft of the lip wall, turbine damping coefficients,
and the ripples number of the corrugated seabed. Further, in the intermediate and shortwave regime, the efficiency
curve has a small drop for the higher values of chamber lengths and the ripples number of the corrugated seabed.
Moreover, a reverse pattern is seen with the variation in the draft of the lip wall of the dual-chamber OWC-WEC and
the turbine damping coefficients. In addition, the efficiency curve has a small drop for the nonzero values of turbine
damping coefficients as well as for the zero values of the turbine damping coefficient of the front chamber. On the
other hand, a small peak is observed for the zero values of the turbine damping coefficient of the rear chamber. It
is seen that the draft of the outer chamber plays a significant role in enhancing the efficiency as compared to the
draft of the inner chamber of the device. Moreover, the efficiency becomes higher as the turbine damping coefficient
takes the higher values. These results demonstrated that with suitable combinations of turbine characteristics and
chamber dimensions, the efficiency can be enhanced significantly. The present solution technique based on DBEM
can be used to investigate the performance of multi-chamber OWC device having complex structural configurations.
The present research is based on the assumption of linear wave-structure interaction theory. In near future, a similar
approach can be used to investigate the impact of non-linearities present in the waves and structures on the efficiency
of the OWC device.
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