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Abstract. The Oscillating Water Column device (OWC) is one of the most used Wave Energy Converters
(WECs) for wave energy harvesting. It consists essentially of two parts: the pneumatic chamber made of
concrete and the bidirectional turbine linked to a generator group for energy production.
In this study we are interested in the water motion oscillation inside the chamber resulting from the water
level perturbation. This process is characterized by its own natural frequency and global damping. The
vertical OWC chamber model is limited by the number of parameters defining the natural frequency and the
global damping. The objective of this paper is to improve the performances obtained for the vertical OWC
by considering an OWC with inclined sidewalls.
For maximum efficiency, the device must operate in the resonance domain where the damping is low and
the frequency of incoming waves matches with the natural frequency of the OWC. This will theoretically
amplify the pneumatic energy to be converted to a mechanical one in the turbine.

NOMENCLATURE

*

α

Sidewalls inclination angle

γ

OWC damping

ρ

Air chamber density

ρ0

Air density

ρs

Sea water density

0

Natural frequency

B

Chamber width

C

Turbine damping coefficient

d

Chamber submerged length

H

Elevation of sea waves

h

Water elevation inside the chamber

k

Heat capacity ratio

1 INTRODUCTION

L

Height of the chamber

P

Air pressure inside the chamber

P0

Atmospheric pressure

∆𝑃𝑃

Pressure drop in the turbine

Nowadays, sea wave energy is being considered in many
countries as a promising source of renewable energy.
Waves are produced by wind action, and they are
therefore an indirect form of solar energy and can be seen
as concentrated form of solar power. Indeed, solar power
mean received by earth is in the order of 100 W.m-2,
which can be converted into waves with a power
concentration of over 60kW.m-1 [1].Typical values for
good offshore locations in average range are between 20
and 70kW/m, particularly, in moderate to high latitudes.
Seasonal variations are in general considerably larger in
the northern than in the southern hemisphere [2].

Q

Air flow rate

Qm

Air mass flow rate

S

Chamber base area

T

Wave period
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Converting this energy into a more usable one has
inspired numerous inventors and more than one thousand
patents had been registered since 1980 [2].Various devices
have been performed to exploit this kind of energy, such
as: power buoy, wave dragon, Pelamis and the oscillating
water column (OWC) [3]
The Oscillating Water Column (OWC) is considered as
one of the most studied devices for extracting wave’s  
energy. especially for two great reasons: the first one is
its simplicity, and the second one refers to the low
maintenance costs due to the absence of moving parts in
direct contact with water.
Any OWC system consists of a submerged air chamber in
the sea, connected to the atmosphere by means of a
circular duct where an air turbine is installed. The
periodic movement of water inside the chamber creates
inhalation and exhalation of air inside the chamber
through the duct and introduces a bidirectional flow
through the turbine (Fig. 1). Moving parts of the air
turbine should rotate in the same direction despite the air
flow changes; turbines like Wells turbine and radial or
axial impulse turbine match these conditions [4].

Due to the nature of the system, it can be studied in a 2D
plan. As depicted in Fig. 2, the height of the water surface
inside the chamber is represented by h; the chamber has a
width B in sea equilibrium level, a height L and a length d
for the submerged portion, the left sidewall forms an
angle α with the z axis. The air pressure inside and
outside the chamber are respectively P and P0, the density
of air inside and outside the chamber are ρ and ρ0.

Fig. 2 Geometry of the OWC Chamber

All general assumptions made in the modelling approach
are described as follows:

The chamber free water surface is assumed to
move only in the vertical direction.

The hydraulic energy loss process via viscosity
of fluids and frictions is neglected

The pneumatic energy loss process in the duct
and in the air turbine is neglected

Air is considered as compressible perfect gas, the
process of inhalation and exhalation as isentropic
transformation.

Pressure drop inside the turbine has been
simulated with a linear law relating the pressure drop
to the flow rate (Wells turbine).

The origin of waves elevation (h=0) coincides
with sea level in equilibrium.

Z-axis is pointing upward in the vertical
direction.

The cross section S of the chamber depends only
on the inclination and on the height z.

Fig. 1 OWC Working Principle

In the present study, and in order to exploit the resonance
phenomenon, a simple one dimensional model has been
proposed to investigate the effect of the inclining
sidewalls on the OWC performances.

2 MODELLING
2.1 Assumptions:

2

2.2 The governing equation:
There are three factors directing the free water surface
motion inside the chamber:
 Water hydrodynamics
 Air Chamber aerodynamics
 Turbine effect
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The main equation of each domain leads to understand the
physics behind the OWC behaviour and establish the
coupled system.

process as an isentropic transformation, the relationship
between pressure and the density of air inside the
chamber is expressed as follows:

Water equation: Euler equation (equation of the
momentum) can be applied on water mass inside the
chamber:

𝑃𝑃 �
𝜌𝜌 = 𝜌𝜌� ( )�             (7)
𝑃𝑃�

Then, the mass flow through the duct  𝑄𝑄� depends on the
mass m and the volume V of the enclosed air inside the
chamber:

𝑣𝑣 �
𝑃𝑃
𝜕𝜕𝑣𝑣⃗
+ 𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 � � − 𝒗𝒗⋀𝒓𝒓𝒓𝒓𝒓𝒓  𝒗𝒗 = −𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈 + 𝒈𝒈          (1)
2
𝜌𝜌𝑠𝑠
𝜕𝜕𝜕𝜕

After a scalar multiplication by 𝐝𝐝𝐝𝐝  element parallel to the
streamlines: only the scalar field z is taken into account.

𝜕𝜕𝒗𝒗
𝑣𝑣 � 𝑃𝑃
𝒅𝒅𝒅𝒅 + 𝑑𝑑 � + + 𝑔𝑔𝑔𝑔� = 0        (2)
2 𝜌𝜌
𝜕𝜕𝜕𝜕

After calculations:

Then, integration between –d the length of the submerged
portion of the chamber and h the water surface elevation
inside the chamber to obtain the equation(3):
��

� �𝒗𝒗

�

∫�� �� 𝒅𝒅𝒅𝒅 + [ � + � + 𝑔𝑔𝑔𝑔]��� = 0        (3)
�

The surface of any horizontal section of the chamber
depends on z and  𝛼𝛼, and can be expressed as follows:

𝑆𝑆(𝑧𝑧) = 𝐴𝐴(𝐵𝐵 − τ𝑧𝑧)    𝑤𝑤𝑤𝑤𝑤𝑤ℎ   τ = tan(𝛼𝛼)    

To calculate water velocity in each section S(z), the
continuity condition of flow has been used (for the
incompressible water). The flow rate 𝑄𝑄 = 𝑆𝑆. 𝑣𝑣 is
constant in each section
Hence:

𝑣𝑣(𝑧𝑧) =

𝐵𝐵 − τℎ
ℎ̇                (4)
𝐵𝐵 − τ𝑧𝑧

We follow the reasoning from the equation(3), to obtain
the following equation for water domain:
�

+

�
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𝑄𝑄� = −

            (5)

∆𝑃𝑃 + 𝑃𝑃� − (𝑃𝑃� + 𝜌𝜌� 𝑔𝑔(𝐻𝐻 + 𝑑𝑑))
+ 𝑔𝑔(ℎ + 𝑑𝑑) = 0          
𝜌𝜌

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
= −𝜌𝜌
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    𝑄𝑄� = 𝑆𝑆𝜌𝜌 �ℎ̇ − (𝐿𝐿 − ℎ)�

1 𝑑𝑑𝑑𝑑
        (9)
𝑘𝑘𝑘𝑘 𝑑𝑑𝑑𝑑

Turbine equation: Wells and impulse turbines are the
most popular in practical applications. The relation
between the pressure drop and the flow rate is linear for
Wells turbine and quadratic for impulse turbine [5]. In our
case, the linear relation of Wells turbine is adopted:

      ∆  𝑃𝑃 = 𝑃𝑃−𝑃𝑃��� = 𝐶𝐶. 𝑄𝑄 =

𝐶𝐶. 𝑄𝑄��
𝜌𝜌         (10)

Combining equation (9) and(10), we obtain the
following expression for the turbine pressure drop:

∆𝑃𝑃 = 𝐶𝐶. 𝑆𝑆. �ℎ̇ −

(𝐿𝐿 − ℎ) 𝑑𝑑∆𝑃𝑃
�          (11)
𝑘𝑘. (∆𝑃𝑃 + 𝑃𝑃� ) 𝑑𝑑𝑑𝑑

Finally the coupled system resulting from equations (6)
and(11):

𝐵𝐵
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2.3 Numerical Resolution:

After all calculations, the main result for the water
domain can be expressed in the following equation:

𝐵𝐵
𝐵𝐵 − τℎ
�
[ℎ̇� − ℎ̈ � − ℎ�] ln �
τ
𝐵𝐵 + τ𝑑𝑑
�
𝐵𝐵 − τℎ
∆𝑃𝑃
� ]+
= 𝑔𝑔(𝐻𝐻 − ℎ)        (6)
+ℎ̇� [1 − �
𝐵𝐵 + τ𝑑𝑑
𝜌𝜌�

Air chamber equation: The air inside the chamber had
been regarded as a perfect gas and the compression

3

To solve the previous coupled nonlinear system(12),
numerical methods are generally the most adopted, the
Runge-Kutta method presents good advantages: stable in
most cases and used generally for non-stiff system, with a
good order of Accuracy.
In our case, Runge-Kutta 4th order method has been
applied in the resolution step.
First, we need to rewrite the coupled system (12) as
equations of 1st order. For this, we introduce another
variable 𝑈𝑈 = ℎ̇ (water vertical velocity).
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The coupled system is solved using Runge-Kutta 4th order
with a simulation time step ∆t  equal  to 0.001s for a time
domain of 20 seconds, the absolute error is fixed at 10 -5.
As shown in Fig. 3, The graph, as expected, describes
oscillations with a constant frequency of 0.36𝐻𝐻𝐻𝐻, the
amplitude of wave elevation inside the chamber decays
over time until it equals to zero, which is similar to the
case of the under-damped oscillatory linear systems [6].

      (13)

∆𝑃𝑃 𝑘𝑘(∆𝑃𝑃 + 𝑃𝑃� )
∆𝑃𝑃̇ = �−𝑈𝑈 +
�
(ℎ − 𝐿𝐿)
𝐶𝐶. 𝑆𝑆
    

3 RESULTS AND DISCUSSION

The following numerical values listed in Table 1 and
Table 2 are adopted for the system parameters and initial
conditions.
Table 1 Simulation Parameters:

g
H
k
P0

ρs
L
d
B
S
C
α

=
=
=
=
=
=
=
=
=
=

9.81m/s
0m
1.4
105 Pa
1000Kg/m3
5m
2m
10m
50m
50Pa.m-3.s
30°

3.1 Comparison with the linear model:
The linear model of a vertical OWC model has been
elaborated in a previous article [7], it gives a good
approximation of the free water surface motion inside the
chamber, and it is similar to a second order oscillator with
a natural frequency ω0 and a damping 𝛾𝛾, the motion
equation of water inside the chamber can be formulated
as:
ℎ̈ + 𝛾𝛾. ℎ̇ + 𝜔𝜔�� . ℎ = 0          (14)
With:

𝑔𝑔
𝑑𝑑
    
𝐶𝐶.
𝑆𝑆
⎨ 𝛾𝛾 =
⎩
𝜌𝜌� . 𝑑𝑑
⎧𝜔𝜔� = �

Table 2 Initial Conditions

=
1m
ℎ(𝑡𝑡 = 0)
=
0m/s
ℎ̇(𝑡𝑡 = 0)
=
0Pa
∆𝑃𝑃(𝑡𝑡 = 0)
For the simulation, we are interested only on the OWC
behaviour after the perturbation of water level inside the
chamber: waves outside the chamber are cancelled
(H(t)=0) and the OWC system is perturbed by raising the
water level inside the chamber h to its maximum level
(hmax=1m), as a consequence it will oscillate according to
its natural frequency like any oscillatory system.

As noticed from the previous equation, the natural
frequency of the vertical OWC can only be controlled by
fixing the length of the submerged portion of the chamber
d, which is physically limited by the available sea depth
under the chamber. This may limit the solutions during
the design stage, where it is recommended to size the
chamber under the resonance conditions: the natural
frequency of the chamber need to match with the
frequency of incoming waves and to operate in low
damping.

Fig. 3 Runge-Kutta Simulation Solution of the Water Motion
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Fig. 4 Comparison between Runge-Kutta  Solution  (α  =0)  and  the  Linear  Solution  for  Vertical OWC

To test the result pertinence of the previous inclined
model, it can be compared to the linear model in the same
conditions described in Table 1 and Table 2 by  taking  α=0.  
This changes the inclined OWC to a normal vertical
OWC.
From Fig. 4 above, both curves are approximately similar:
the constant period of each variation and the amplitude
decay are almost the same in both approaches. Despite
Certain differences, especially, around the minimum
values, this fact is related to the nonlinearity of the
coupled system in Runge-Kutta method [8]. It can also be
noticed that the aerodynamics inside the chamber
(isentropic transformation of the perfect gas, air) have
insignificant effect on general results, since the height of
the chamber L and the heat capacity ratio k appear in the
air equations of the inclined model and have no role in the
expressions of linear model. This observation has been
confirmed for other scenarios by changing parameters
values of Table 1 [9]
3.2 The effect of inclining sidewalls [10]:
3.2.1 OWC Natural frequency:
As shown in Fig. 5 and Table 3 the angle of inclination
affects clearly the natural frequency of the OWC, the
period decreased from 3.3s to 2.6s by changing the value
of angle   α from -60° to 60°, which means a variation of

natural frequency 0 proportional to the angle  𝛼𝛼.
Values listed in Table 3 show that the effect of inclination
can only be observed in large angles, for small angles
(|𝛼𝛼| < 20°) the value of the 0 is approximately the same
(2.1rad/s=vertical OWC freq.)
The proposed model shows that the inclination has minor
effect on the natural period: a variation of 120° from -60°
to 60° have changed the natural period of the OWC only
by 0.7s. However, in purpose to operate in the resonance
domain, any small amelioration can increase the OWC
performances dramatically.
3.2.2 OWC damping:
As remarked from both Fig. 5 and Table 3, the global
damping variation is proportional to the angle  𝛼𝛼 as the
damping becomes stronger when waves are rapidly
attenuated. However, the proposed model shows that
𝛼𝛼  has a minor influence on the global damping of the
OWC system: the blue cover of the graph corresponding
to -60° and the purple cover of the graph corresponding to
60° are close to each other. The difference between the
two curves after 10sec shows an amplitude decay
difference of only 7.4%.
Besides, like the natural frequency the effect of
inclination can be observed only in large angles, for small
angles (|𝛼𝛼| < 20°) the value of the amplitude decay is
approximately 33%.

Fig. 5 Effect of Sidewall Angle on Water Motion inside the Chamber
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Table 3 Inclination Effect

Angle  α
-60°
-40°
-20°
0°
20°
40°
60°

Freq. 𝜔𝜔�

1.92 rad/s
2.05 rad/s
2.16 rad/s
2.20 rad/s
2.22 rad/s
2.32 rad/s
2.44 rad/s

Amp. decay
after 10sec
36.84%
34.69%
33.62%
32.95%
32.28%
31.39%
29.47%

4 CONCLUSIONS
This paper proposed a method to investigate the effect of
inclined sidewalls on the OWC performances, by
considering a simple one-dimensional model based on the
concept of the water mass oscillations. The OWC study
has been divided into three domains to establish the
coupled system: Euler equation has been applied for water
inside the chamber, the isentropic transformation for the
air enclosed inside chamber and the linear Wells law for
the air turbine. The resulting nonlinear coupled system
has been solved using Runge-Kutta method. Analyses
were focused on the temporal variation of water height
after perturbing the water level inside the chamber.
Results from the linear vertical OWC and from the
studied model by taking a vertical angle are similar. By
changing the angle parameter, it has been noticed that the
inclination has affected the natural frequency and the
global damping of the OWC. As an objective: finding the
natural frequency and the global damping then operating
with the resonance domain of the OWC device, will
theoretically amplify the incoming wave amplitude inside
the chamber and improves the efficiency of the OWC, the
resonance can be established when the natural frequency,
which depends only on the depth d for the vertical OWC,
matches with the frequency of incoming sea waves.
Considering the inclined sidewalls during the design stage
may provide some flexibility and guide for better
solutions in the optimisation process.
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