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Abstract

Increasingly, marine renewable energies are taking over as one of the most relevant solutions to minimize dependence on
fossil fuels. The management and exploitation of such energy requires the optimization of converters that will, later on, ensure
the conversion of hydraulic energy into electrical energy; among these converters are the oscillating water column. An OWC
is characterized by its simplicity and its effectiveness against turbulent ocean conditions. The performance of OWCs depends
strongly on the geometrical parameters of the air chamber such as: chamber walls, width, thickness of the front wall, slope at
the bottom of the chamber and size of the opening. In this sense, the manuscript presents a parametric approach to investigate,
by experimental tests, the hydrodynamic properties and the performance of oscillating water column wave energy converter
(OWO). The effects of some geometrical key parameters of the system are analyzed. The tests are carried out on a small-size
OWC. The work seems to be interesting in view of its experimental aspect. We have realized a prototype of an oscillating
water column (OWC) which consists of a box (an air chamber) having the shape of parallelepipeds. The experimental results
found by this study showed different optimums of: (a) the distance between the wave generator and the device (2 positions).
(b) The depth of water in the hydraulic channel. (¢c) The immersion depth of the front wall of the chamber. (d) The opening
at the bottom of the prototype. The results obtained show that the coupling of the geometrical parameters of the device and
the conditions of installation leads to an improvement of the hydrodynamic performances of the OWC. The study also shows
that the various optimums found give a considerable increase in the energy output.
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1 Introduction have shown significant efficiency against the turbulent states

of the oceans. In most cases, the OWC consists of a par-

The exploitation of energy from ocean waves is a challenge
that progressively attracts the interest of researchers thanks
to the significant energy potential available in the seas. In
order to take advantage of this immense potential, several
devices are patented as energy converters. Among these
converters are the oscillating water columns (OWCs) which
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tially emerged chamber with an opening that includes an air
turbine. Its operating principle is to generate pressure due
to wave action, which alternately compresses and expands
the trapped air, which—in return—is forced to flow through
the air chamber into a turbine coupled to a generator acting
as a PTO (power take-off). General reviews on the OWC
cited in references [1-8] for turbines specific references
can be found in [9-13], a review by [14] cited an impor-
tant summary on the hydrodynamic performance of wave
energy converters, including fundamental understandings on
numerical modeling, physics and techniques for these wave
energy converters.

OWC’s hydrodynamic performance is mainly influ-
enced by the converter’s ability to extract hydraulic energy
and convert it into pneumatic energy. While this perfor-
mance factor is linked to the geometric parameters of the
different components of the converter, climatic conditions
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remain an important issue in the optimization of energy
extraction. In fact, to characterize this connection, several
researchers have proven the existence of an input between
the dimensions and the location of the air chamber with
the power absorbed at the PTO level. We can conclude that
the change in a parameter related to the geometry of the
OWC device attaches considerable optimization of energy
standpoint [15].

The geometric parameters of the air chamber; namely
the chamber walls, width, thickness of the frontal wall,
slope at the bottom of the chamber, and size of the open-
ing; were the subject of numerous investigations. Morris-
Thomas et al. [16] examined experimentally the effect
of frontal wall geometry on the efficiency of an OWC;
they concluded that a curved wall was more effective than
the rectangular one. Sheng [17] showed that the rearward
curved duct has the best hydrodynamic performance
as the forward curved duct especially for wave periods
between 5 and 10. In the same direction, Dizadji and
Sajadian [18] proved a dependence between the geom-
etry of the chamber and the properties of the incident
waves. The numerical study developed by [19] showed
the effect of geometric parameters on the hydrodynamic
performance of a U-shaped OWC. The results found by
this search initially indicate an increase of #,,,, and P,
(denote the amplitudes of the free-surface elevation and
the air pressure inside the chamber, respectively) then a
decrease depending on the width of the vertical duct for
the high frequency region. Deng et al. [20] also address
the effects of wall-front dimensions. Celik and Altun-
kaynak [21] have also studied the effect of the various
opening heights on the fluctuation of the free surface
of OWC, this research [21] shows a linear relationship
between the captured wave ratio and the transmitted wave
heights.

In this paper, we have produced a prototype of an oscil-
lating water column (OWC) which consists of a caisson
(air chamber) in the form of parallelepipeds. Our novelty
in this work will be a combination of experimental study
between the geometric parameters of the air chamber and
the OWC installation conditions to determine the different
hydrodynamic performances.

As a first step, we will present the equations that gov-
ern the calculation of the powers absorbed by the OWC
or the average incident power during a test period, this
calculation of power will subsequently allow evaluating
the performance of this device.

In a second step, we will present all the necessary mate-
rials for such an experiment specifying the method chosen
for the experimental approach.
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The exploitation of the results will be summarized by
means of tables and graphs in terms of power for each
variation of the geometric quantities.

In order to reach our main objective, we will evaluate
the efficiency of our converter taking advantage of the
values of the optimal powers for all the variations of the
previous quantities.

1.1 OWC's primary output

The efficiency of an OWC is determined by the capacity
of converting from wave energy to the so-called pneumatic
energy. In general, the efficiency of such a device is defined
by the power available to the turbines in relation to the power
supplied to the system by the incident waves. This efficiency
is illustrated below by the relationship:

_ totalenergy absorbed  Powe

~ totalincident energy Py, M
where Py, the average power absorbed by the OWC given
by the relation:

LT
Powc=f/0PQdf ()

With P the pressure of the area inside OWC measured by
a manometer during a test, time 7 and Q the volume flow
rate through the turbine.

The total power Py of the incident wave averaged over a
wave period can be solved using the equation:

Py = EwC, 3)

With E,,, the wave energy density is the amount of energy
that is transported in a horizontal wave front region, perpen-
dicular to the direction of the wave, which is given by the
equation:

Ey = %pgbAz @)
10 2k
C o=12( 2k
T 2% ( + sinh(2kh)> )

With p the density of the water, g the gravitational accel-
eration, b the width of the part perpendicular to the direc-
tion of the incident waves of an OWC, A the amplitude
of the waves and 2 the angular frequency which can be
related with K the wave number by the following dispersion
expressions:

Q? = gktanh(kh) (6)
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Fig. 1 The air chamber

2 Method and materials

The operating principle of OWC is to generate pressure
due to the action of the incidental waves, which alternately
causes a compression, then an expansion of the trapped
air. The latter is forced to circulate via the air chamber in a

Fig.2 The hydraulic channel
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turbine coupled to a generator playing the role of a power
take-off. In this sense, the design of the air chamber is neces-
sary for the measurement of the pneumatic energy supplied
by the OWC (Fig. 1).

In order to carry out the various experimental tests, a
hydraulic flow channel is available, (Fig. 2). The channel is
made up of five segments of Plexiglas (width: 10 m, height:
0.30 m and length: 0.30 m), a tank: (width: 0.705 m, height:
0.905 m. and length: 2 m), a centrifugal pump with a maxi-
mum flow rate of 3500 1/min and an analogue volumetric
meter.

To avoid disturbances due to wave reflections an inclined
plane was fixed upstream of the hydraulic channel (Fig. 3):

The wave generating system is powered by a 105 W motor
with a maximum speed of 2000 tr/min and a speed variator.
This mechanism is coupled to a square beater attached to
the channel's bottom by an axis that allows back and forth
movement (Fig. 4).

To obtain the corresponding values for each characteristic
of the wave we use:

T

4
d

AL

Fig. 3 Inclined plane
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Fig.5 Measure the length and height of the wave

Table 1 The characteristics of

. Depth (cm) w (rpm) V (m/s) A (cm) T (s) H (cm) A (cm)
waves as a function of motor
speed D=18 cm 62.5 0.182292 225 1.432 0.7 0.35
80 0.233333 160 1.161 0.9 0.45
102.5 0.298958 95 0.828 2 1
125 0.364583 70 0.732 35 1.75
157.5 0.459375 55 0.557 4.5 2.25
190 0.554167 35 0.466 3.5 1.75
245 0.714583 27 0.366 2.5 1.25
D=20cm 62.5 0.182292 235 1.608 33 1.65
80 0.233333 162 1.28 2.9 1.45
102.5 0.298958 120 1.008 4 2
125 0.364583 95 0.848 4.5 2.25
157.5 0.459375 68 0.521 7.1 3.55
190 0.554167 55 0.52 6.5 3.25
245 0.714583 0.49 3.7 1.85 0
D=23cm 45 0.13125 268 2.6 1 0.5
62.5 0.182292 213 1.37 1.5 0.75
80 0.233333 165 1.216 1.9 0.95
102.5 0.298958 132 0.8655 3.1 1.55
125 0.364583 122 0.8145 5 2.5
157.5 0.459375 70 0.617 5.8 2.9
190 0.554167 45 0.5665 6.5 3.25
245 0.714583 40 0.436 3 1.5
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device support

Fig.6 The geometry of the OWC in the hydraulic channel

e A chronometer: to determine the period of the generated
wave (the time it takes for a wave takes to leave a peak
point and return to the same point) We take time of ten
successive waves for good accuracy.

e A camera: to take pictures to measure the length and
height of the wave (Fig. 5).

The design of the chamber is necessary for the measure-
ment of the pneumatic energy supplied by this device. It
is a box in the form of a parallelepiped with an opening

through which water enters and an opening at the top
through which an airflow exits to a turbine, from which
the passage of energy mechanical to electrical energy is
necessary (Fig. 6).

The anemometer is used to measure the air speed of
the air chamber each time the water depth in the hydrau-
lic column is changed as well as when the speed of the
wave generator motor is varied. The following results are
obtained (Table 1):

Table 2 Calculation of wave

Depth (cm) w (rpm) w k E, ) C, P, (Kw/m)
power

D=23cm 45 2416615 2.344478 0.061313 0.095137 0.005833
62.5 4.586277 2.949859 0.137953 0.094522 0.01304
80 5.167105 3.808 0.221338 0.136886 0.030298
102.5 7.259619 4.76 0.589213 0.196542 0.115805
125 7.71418 5.150164 1.532813 0.313549 0.480611
157.5 10.18347 8.976 2.062553 0.423739 0.873985
190 11.09126 13.96267 2.590453 0.511715 1.325574
245 14.41101 15.708 0.551813 0.278942 0.153924

D=20cm 62.5 3.907463 2.673702 0.667693 0.22037 0.147139
80 4.90875 3.878519 0.515638 0.222901 0.114936
102.5 6.233333 5.236 0.981 0.320225 0.31414
125 7.409434 6.613895 1.241578 0.371962 0.46182
157.5 12.05988 9.24 3.090763 0.412542 1.27507
190 12.08308 11.424 2.590453 0.437555 1.133466
245 12.82286 15.708 0.839368 0.361646 0.303554

D=18cm 62.5 4.387709 2.792533 0.030043 0.043694 0.001313
80 5.411886 3.927 0.049663 0.064012 0.003179
102.5 7.588406 6.613895 0.24525 0.16903 0.041455
125 8.583607 8.976 0.751078 0.33675 0.252925
157.5 11.28043 11.424 1.241578 0.379221 0.470833
190 13.48326 17.952 0.751078 0.360275 0.270595
245 17.16721 2327111 0.383203 0.270296 0.103578
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————

position 1

position of wave generator

Position 2

Fig.7 Positions of the device

With: w and v the motor speed, 4 wavelength, T period, e The distance between the wave generator and the device
H wave height, A= H/2 the amplitude, and D the water for two positions (see Fig. 7).
depth. Based on the results found and the equations quoted ~ ® The depth of the water in the hydraulic channel noted D.
in the literature section, we can calculate the different e The immersion depth of the front wall of the chamber
wave characteristics for each water depth (Table 2): noted d.

In the following tests, several parameters are played with: e The opening at the bottom of the prototype.

Table 3 The operating conditions: water depth of D = 18 cm, air chamber opening = 5 cm and orifice diameter = 1 cm

Water depth Depth prototype Position 1 Position 2 P, (Kw/m)

w (tr/min) Viir (m/s) Py (W) w (tr/min) Viir (m/s) Py (W)

D=18cm d=0cm 62.5 0.29 2.3078402 62.5 0 0 0.001313

80 0.41 3.2628103 80 0.75 5.9685705 0.003179

102.5 0.62 4.9340127 102.5 0.66 5.2523378 0.041455

125 0.69 5.4910818 125 0.6 4.7748502 0.252925

157.5 0.4 3.1832294 157.5 0.45 3.5811341 0.470833

190 0 0 190 0 0 0.270595

245 0 0 245 0 0 0.103578

d=6cm 62.5 0 0 62.5 0 0 0.001313

80 0.74 5.888989 80 0.5 3.9790391 0.003179

102.5 0.61 4.8544315 102.5 0.59 4.695269 0.041455

125 0.7 5.5706632 125 0.7 5.5706632 0.252925

157.5 0.55 4.3769445 157.5 0.57 4.5361067 0.470833

190 0 0 190 0.21 1.6711942 0.270595

245 0 0 245 0 0 0.103578

d=12cm 62.5 0 0 62.5 0 0 0.001313

80 0.66 5.2523378 80 0.53 4.2177823 0.003179

102.5 0.77 6.1277336 102.5 0.62 4.9340127 0.041455

125 0.88 7.0031322 125 0.85 6.7643868 0.252925

157.5 1.01 8.0376983 157.5 1.15 9.1518524 0.470833

190 0.62 4.9340127 190 0.61 4.8544315 0.270595

245 0 0 245 0 0 0.103578
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Fig.8 All the experimental parameters under discussion

position 1 ——d=0cm
10 ——d=6cm
8 ——d=12 cm
_. 6
2
;’ 4
e
2
0

62.5 80 102.5 125 157.5 190 245

-2
w(rpm)

Fig. 9 The results obtained for the two positions at D = 18 cm

3 Result and discussion

We set ourselves in a water depth of D=18 cm, where the
operating conditions for the chamber are: Air chamber open-
ing=>5 cm and Orifice diameter=1 cm (Table 3), Fig. 8
describe all the experimental parameters under discussion.

position 2 — d=0cm
10 ——d=6cm
8 e =12 cM
—~ 6
2
s 4
&
2
0

62.5 80 102.5 125 157.5 190 245

w(rpm)

The results obtained shown in the following Fig. 9 for
the two positions at D =18 cm, indicate that the immersion
depth of the front wall of the chamber of the prototype influ-
ences the power available in the OWC. When the prototype
is placed at a depth of 12 cm, it can be seen that higher pow-
ers are obtained at depths of 0 cm and 6 cm. This is due to
the energy losses by friction of the particles with the soil of
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Table 4 The operating conditions: water depth of D = 20 cm, air chamber opening = 5 cm and orifice diameter = 1 cm

Water depth Depth prototype Position 1 Position 2 P, (Kw/m)
w (tr/min) Vi (/s) Py (W) w (tr/min) Vair (m/5) Poye (W)
D=20cm d=0cm 62.5 0 0 62.5 0.68 5.4115 0.147139
80 0.57 4.536107 80 0.74 5.888989 0.114936
102.5 0.72 5.729826 102.5 0.95 7.560206 0.31414
125 0.97 7.71937 125 0.73 5.809408 0.46182
157.5 0.42 3.342391 157.5 0.37 2.944487 1.27507
190 0 0 190 0 0 1.133466
245 0 0 245 0 0 0.303554
d=6cm 62.5 0 0 62.5 0.34 2.705744 0.147139
80 2.59E-05 2.626163 80 0.45 3.581134 0.114936
102.5 0.75 5.96857 102.5 0.73 5.809408 0.31414
125 0.78 6.207315 125 0.82 6.525642 0.46182
157.5 3.46E-05 3.501553 157.5 0.53 4217782 1.27507
190 0 0 190 0 0 1.133466
245 0 0 245 0 0 0.303554
d=12cm 62.5 0 0 62.5 0.3 2.387421 0.147139
80 3.46E-05 3.501553 80 0.36 2.864906 0.114936
102.5 0.73 5.809408 102.5 0.45 3.581134 031414
125 0.89 7.082714 125 0.92 7.32146 0.46182
157.5 6.44E—05 6.525642 157.5 0.78 6.207315 1.27507
190 4.56E—05 4.615688 190 0.37 2.944487 1.133466
245 2.36E-05 2.387421 245 0 0 0.303554

the hydraulic channel for deep media. When the prototype is
placed in a shallow medium closer to the free surface where
the friction is approximately low and the oscillations are
high, more pneumatic energy is generated.

In order to determine the best operating environment of
the device, we compare between the speeds where the pow-
ers are maximum for all the test (see Fig. 10). The maximum
power generated during the tests in position 2 is higher than
in position 1 (obtained for the immersion depth of the front
wall of the chamber=12 cm).

During the tests when the prototype is fixed in position
1, which is the closest to the wave generator, we notice

Fig. 10 Comparison between
the 2 positions at D = 18 cm 10

62.5 80

@ Springer

102.5

that there is a reflection of the waves arriving at the pro-
totype through its wall. This has a direct influence on the
characteristics of the wave and its energy potential; there-
fore; an impact on the pneumatic energy. This confirms the
description of the wave energy distribution in an OWC in
Fig. 10. We proceed in the same way for the 18 cm depth.
Now we fix the water depth D =20 cm with the same oper-
ating conditions (Opening of the air chamber=5 cm and
the diameter of the orifice=1 cm) (Table 4).

Using the data from the tests in a water depth D =20 cm,
Fig. 11 is plotted for the 2 positions. It can be seen that for
average water depths, the available power is better when the

Comparison between the 2 positions

position 2
position 1

125
w(rpm)

157.5 190 245
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osition 1
10 P ———d=0cm

—d=6cm

62.5 80 102.5 125 157.5 190

w(rpm)

245

‘ Powc(w)
N o N H [e)} [oe]

Fig. 11 The results obtained for the two positions at D =20 cm

device is placed at the bottom of these depths (prototype
depth=0 cm), which is completely different from the results
obtained in D= 18 cm. For the pattern representing the depth
of the prototype=12 cm. It can be observed that the different
speeds of the wave generator (between 62.5 and 245 rpm)
lead to considerable powers (see Table 5) which is not true
for the other two patterns. This high speed of the particles
leads to friction and therefore loss of kinetic energy in the
air chamber (pneumatic energy).

The two figures in Fig. 12 represent a prototype
depth=0 cm. If we neglect the friction losses in this case,

position 2

N\

62.5 80 102.5 125 157.5 190 245

—d=0cm
—d=6cm
d=12 cm

Powc(w)
o N £~ [e)] o]

'
N

w(rpm)

the explanation of the maximum values of the powers can
be linked to the oscillations of the water inside the air
chamber, which reach a maximum height of water, leading
to a very important air compression, thus a high airflow.
This time, the maximum power corresponding to position
1 is higher than that of position 2, but it is important to
note that for low speeds of the wave generator in this posi-
tion one can have a significant power.

The following table presents the results corresponding
to a water depth is set to D=23 cm.

Table 5 The operating conditions: water depth of D = 23 cm, air chamber opening = 5 cm and orifice diameter = 1 cm

Water depth Depth prototype Position 1 Position 2 P, (Kw/m)
w (tr/min) Viair (m/s) P (W) w (tr/min) Vir (m/s) Py (W)
D=23cm d=0cm 45 0 0 45 0 0 0.005833
62.5 0.48 3.819877 62.5 0.37 2.944487 0.01304
80 0.835 6.645014 80 0.99 7.878534 0.030298
102.5 0.7 5.570663 102.5 0.9 7.162296 0.115805
125 091 7.241878 125 0.87 6.92355 0.480611
157.5 0.49 3.899458 157.5 0.36 2.864906 0.873985
190 0 0 190 0 0 1.325574
245 0 0 245 0 0 0.153924
d=6cm 45 0 0 45 0 0 0.005833
62.5 0 0 62.5 0.26 2.069098 0.01304
80 0.52 4.138201 80 0.74 5.888989 0.030298
102.5 0.62 4.934013 102.5 0.8 6.366478 0.115805
125 0.84 6.684805 125 0.87 6.92355 0.480611
157.5 0.56 4.456526 157.5 0.61 4.854431 0.873985
190 0 0 190 0.23 1.830356 1.325574
245 0 0 245 0 0 0.153924
d=12cm 45 0 0 45 0 0 0.005833
62.5 0.36 2.864906 62.5 0.33 2.626163 0.01304
80 0.54 4.297363 80 0.48 3.819877 0.030298
102.5 0.79 6.286897 102.5 0.94 7.480624 0.115805
125 0.76 6.048152 125 0.75 5.96857 0.480611
157.5 0.81 6.44606 157.5 0.73 5.809408 0.873985
190 0.36 2.864906 190 0.26 2.069098 1.325574
245 0 0 245 0 0 0.153924

@ Springer



156

Marine Systems & Ocean Technology (2023) 17:147-163

Fig. 12 Comparison between

Comparison between the 2 positions

the 2 positions at D= 20 cm 10
8 position 2
— 6 iti
E position 1
s 4
o
& 2
0
2 62.5 80 102.5 125 157.5 190 245
w(rpm)
s position 1 ——d=0cm 10 position 2 — d=0em
A ——d=6cm . ——d=6cm
6 <7 d=12 cm = d=12cm
6 _/->\
B B /
s 54
) e
2 /
0 0
45 625 80 102.5 125 157.5 190 245 45 625 80 1025 125 1575 190 245
-2 -2
w(rpm) w(rpm)
Fig. 13 The results obtained for the two positions at D= 23 cm
Fig. 14 Comparison between Comparison between the 2 positions
the 2 positions at D= 23 cm
9
position 2
8
osition 1
7 p
6
E 5
(8]
g 4
a 3
2
1
0
1 45 62.5 80 102.5 125 157.5 190 245

The graphs show the variation of power in relation to
W (rmp) in tow position for position 1 and position 2.
The results for the different depths are confirmed, and the
observations mentioned above are valid. We notice that in
a depth of the prototype equal to O cm where the prototype
is sunk to the bottom of the hydraulic channel the power is
maximum, and zero for the last speeds. It is important to
note that almost all the depths d achieve maximum power
values at speeds between 80 and 157.5 rpm (Fig. 13).

Figure 14 represents the powers available in the OWC
device for a depth of the prototype equal to O cm. Position
2 gives much better powers than position 1. This is due to
reflection losses from the incident waves as position 1 is
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closer to the wave generator. It can also be seen that for
the last speeds the powers are zero; this could be due to the
energy losses by particle friction, and the low amplitudes
of the waves.

Referring to the results acquired previously, we can see
that in order to be able to exploit the OWC device and pro-
duce significant power, the OWC must be fixed deeper in a
medium or deeper environment (its position in relation to the
sea or water level in our case). Because of the oscillations
that can move inside the air chamber in a large volume that
would subsequently allow for significant compression, and
therefore a very large airflow. If we return to the case where
the depth is low (D =18 cm), we fall into a paradox from
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D=18 cm

10

—d=0cm

Powc(w)

—d=6cm

2 d=12 cm

62.5 80 102.5 125 157.5 190 245

w(rpm)

Fig. 15 The results obtained for D = 18 cm and air chamber opening
=1lcm

Table 6 The operating conditions: water depth of D = 18 cm, air
chamber opening = 11 cm

Water depth ~ Depth prototype  Position 2
w (tr/min) V. (m/s) Py, (W)

D=18 cm d=0cm 62.5 0.32 2.546583
80 0.53 4217782
102.5 0.72 5.729826
125 1.17 9.311018
157.5 0.84 6.684805
190 0.35 2.785325
245 0 0

d=6cm 62.5 0 0
80 0.42 3.342391
102.5 0.965 7.679579
125 1.02 8.117281
157.5 1 7.958116
190 0.68 5.4115
245 0.4 3.183229
d=12cm 62.5

80 0 0
102.5 0 0
125 0 0
157.5 0 0
190 0 0
245 0 0

which we obtain better powers only this time the prototype is
not fixed deep (depth of the prototype=12 cm); whereas for
a depth of the prototype equal to O cm the powers generated
are not very important because of the losses by friction of
the particles by the walls of the channel.

It is, therefore, necessary to avoid the areas where the
phenomenon of wave reflection exists. From the above, we
conclude that most of the results are given by the position
2 of the prototype so we will continue our studies only on
this position.

157
D=20cm

14 = d=0cm

12

10 —d=6cm
E 8 d=12 cm
()
S 6 /
o
a 4

2

0

b 62.5 80 102.5 125 157.5 190 245

w(rpm)

Fig. 16 The results obtained for D = 20 cm and air chamber opening
=1lcm

Table 7 The operating conditions: water depth of D = 18 cm and Air
chamber opening = 11 cm

Water depth  Depth prototype  Position 2
w (tr/min)  V (m/s) P, (W)
D=20cm d=0cm 62.5 0 0
80 0.4 3.183229
102.5 0.48 3.819877
125 1.09 8.674357
157.5 1.475 11.73831
190 0 0
245 0 0
d=6cm 62.5 0.64 5.093175
80 0.78 6.207315
102.5 0.91 7.241878
125 0.99 7.878534
157.5 0.96 7.639788
190 0.64 5.093175
245 0.22 1.750775
d=12cm 62.5 0.6 4.77485
80 0.54 4297363
102.5 0.93 7.401042
125 1.07 8.515192
157.5 0.76 6.048152
190 0.5 3.979039
245 0 0

Additionally, we will change another parameter of device.
We will make an opening of 11 cm following the same
procedure:

It can be seen that when the prototype is placed in a depth
of 12 cm (D=18 cm) (Table 6 and Fig. 15), there is no air
flow, which results in a glued pattern on the horizontal axis
of the engine speed (zero power). This is due to the water
level not reaching the air chamber because of the large open-
ing (11 cm). In this case, the maximum powers are generated
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Table 8 The operating conditions: water depth of D = 18 cm and air
chamber opening = 11 cm

Water depth  Depth prototype  Position 2
w (tr/fmin) Vg (m/s) Py, (W)
D=23cm d=0cm 62.5 0.54 4.297363
80 1.02 8.117281
102.5 091 7.241878
125 0.85 6.764387
157.5 0.62 4.934013
190 0 0
245 0 0
d=6cm 62.5 0.56 4.456526
80 0.89 7.082714
102.5 0.82 6.525642
125 1.05 8.356027
157.5 0.96 7.639788
190 0.33 2.626163
245 0 0
d=12cm 62.5 0.39 3.103649
80 0.48 3.819877
102.5 0.75 5.96857
125 1.225 9.748723
157.5 1.615 12.85249
190 1.15 9.151852
245 0.47 3.740296

for a prototype depth of 12 cm, which is compatible with the
above results.

The maximum powers are given by a prototype depth of
12 cm (Table 7 and Fig. 16), which is completely different
to the results of other tests seen previously. During the tests,
and at the highest level of the device, it was noticed that the
water does not cover the entire opening until the arrival of

Fig. 18 Comparison between
the three maximum powers
available in the OWC device of
the three water depths (D = 18,
20, 23 cm)
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Fig. 17 The results obtained for D = 23 cm and air chamber opening
=1lcm

the wave crests, which subsequently causes a quantity of
atmospheric air to enter with the water, and therefore a sig-
nificant compression, thus explaining of the results obtained.

The graphs (Table 8 and Fig. 17) represent powers that
are larger than the results for other water depths, whether
for a5 cmor 11 cm opening. The explanations in the graph
for the 20 cm water depth (11 cm opening) are also valid in
this case.

If we compare the three maximum powers available
in the OWC device of the three water depths (D =18, 20,
23 cm) (Fig. 18), we notice that the one of the water depth
23 cm and the prototype 12 cm is the most important. As
already explained, when the air chamber opening has been
changed and when it is fixed at the highest level, there is an
entrainment of atmospheric air with the incoming water in
the device, which—in return—gives an additive amount of
energy (more compression than the air in the air chamber
alone).

comparison

= D=18 cm
e D=20 cm
D=23 cm

102.5 125
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Fig. 19 The efficiency for a water depth D =18 cm of the first opening

3.1 Efficiency of the first opening

The effectiveness of the device is a challenge that must
always be raised. In order to evaluate any kind of optimi-
zation, the dependence between geometric quantities and
performance has been approved by several authors such as:
Bouali and Larbi [22] who reported that the maximum effi-
ciency of OWC at the frontal wall is related to the depth of
submersion with 0.45 h (where h is the depth of water). The
same authors in [23] also showed a performance gain about
7% obtained for three optimal parameters. This study also
shows that there is a unique triplet (7, h, H) that makes the
device more efficient. In the same sense [18] have conceptu-
alized several chamber geometries in order to examine their
efficiency. On the one hand, the results have shown a depend-
ence between the chamber geometry and the properties of

0.35 —
0.3 -]
0.25 —|

0.2 |

efficiency%
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0

Fig.20 The efficiency for a water depth D =20 cm of the first opening
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the incident waves. On the other hand, the optimal geometry
examined with this study is 32% in efficiency term.

Figure 19 represents the efficiency for a water depth
D =18 cm for the two positions and for the different depths
of the prototypes. The maximum efficiency can be gener-
ated by the prototype at this depth is 37.5%. It is given by
a wave power P, =0.244 W knowing that this power is the
smallest among all the other wave powers. This translates to
the fact that the efficiency of OWC depends strongly on the
conditions of the sites chosen for the installation. In fact, to
generate more energy in an area with a low wave power, it is
recommended to install the chamber with a depth very close
to the free water surface.

Although there is not much drop in power for the depth
of D=20 cm (Fig. 20), it has a very low efficiency which
does not exceed 0.4% due to the high power generated by the
waves during the tests. Even with this very low efficiency

40.35
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result, it is not possible to judge the benefit of OWC since
it can generate more power compared to the depth of
D=18 cm.

For the water depth D=23 cm (Fig. 21), the maximum
efficiency does not exceed 8% which is also low for the depth
of D =18 cm. But the system response in terms of power for
this depth is still relevant among all other depths and this
choice of depth may be the optimal choice despite the low
efficiency of OWC.

3.2 Efficiency of the second opening

In the previous paragraph, we have seen the effect of varia-
tion of depth D on the efficiency of the converter for a con-
stant opening. Then we will present the effect of variation
of opening on the efficiency of the device.

For the second opening, it can be seen that the maxi-
mum efficiency generated is 38.12% with an increase of
1% compared to the first opening for the same depth of
D =18 cm (Fig. 22). But again, it can be seen that this
efficiency will be cancelled out for a prototype depth of
d=0 cm. This is due to the level of the water not reaching
the air chamber because of the opening becoming large
(11 cm). Therefore, it can be proposed that for shallow
water depths it is recommended to work with such small
openings in order to take advantage of the maximum pneu-
matic energy.

At a depth of D =20 cm, the efficiency is still very low
which agrees with the other results found (Fig. 23). In
fact, the maximum efficiency generated at this depth does
not exceed 0.6% with an increase of 0.2% compared to the

efficiency%

Fig.21 The efficiency for a water depth D=23 cm of the first opening
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other opening. This decrease in efficiency is due to the
high power generated with the wave generator.

The maximum efficiency generated at a depth of
D =23 cm is about 12% with an increase of 4% (Fig. 24.
This is also low compared to D =18 cm to the same aper-
ture. However, this decrease in efficiency is still due to the
high power of the waves generated during the tests.

4 Use of goodness-of-fit statistics in this
study

We examine the goodness-of-fit statistics in order to visu-
alize the quality of fit. The Curve Fitting tool of the MAT-
LAB software supports these goodness-of-fit statistics for
parametric models:

4.1 Sum of squares due to error SSE
This statistic calculates the overall deviation of the response

values from the response values' fit. It is frequently abbrevi-
ated as SSE and is known as the summed square of residuals:

n

~2

SSE = ) wi(y; =)
i=1

The fit will be more accurate for prediction if the value
is closer to 0, which means that the model has a smaller
random error component.
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Fig. 22 The efficiency for a water depth D =18 cm of the second opening
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Fig. 23 The efficiency for a water depth D =20 cm of the second opening
4.2 The mean square error MSE v denotes the number of independent pieces of information

concerning the n data points needed to compute the sum of
The mean square error or the residual mean square MSE ~ squares.
is defined as: Identical to SSE, an MSE value closer to 0 denotes a fit

SSE that is more useful for prediction.
MSE = —
v
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efficiency %

Fig. 24 The efficiency for a water depth D =23 cm of the second opening

5 Conclusion

OWC's power response proved the existence of an optimal
relationship between geometric quantities and converter
efficiency. The experimental results found by this study
showed the different optimum of:

e The distance between the wave generator and the device
(2 positions).
e The depth of water in the hydraulic channel.
The immersion depth of the front wall of the chamber.
e The opening at the bottom of the prototype.

Moreover, make it possible to size the OWC.

For the depth of water in the hydraulic channel noted
D, we can confirm a rather direct correlation between the
absorbed power and the depth D. This correlation is no
longer valid when we approach the free surface of water
(depth d=12 cm).

These results can be explained by the losses due to the
friction of the particles with the channel walls as well as the
reflection of the waves.

We have also concluded that the installation of the OWC
at a level very near to the free surface causes a quantity of
atmospheric air to enter the chamber, which can contribute
to an additional quantity of energy.

The comparison between the two positions (1 and 2)
shows that most of the maximum power is given by the sec-
ond position.

For the response of OWC in terms of efficiency, it was
shown that the efficiency increases with the decrease of the

@ Springer

water depth D and increases with the increase of the proto-
type depth d. This is due to the decrease of the power arriv-
ing to the prototype, which can subsequently decrease the
friction between the water particles and the oscillations, thus
generating more pneumatic energy.

For the effect of the opening of the prototype, we can
observe a significant increase either in terms of power or in
terms of efficiency. Provided that we avoid areas where the
depth of water and prototype is small, in our case the power
was zero for the couple (D =18 cm, d=0 cm), an increase of
4% of efficiency was generated for a depth of D =23 cm with
the second opening=11 cm. Therefore, we can conclude that
the opening is an important factor that should be taken into
account when designing OWC in order to take maximum
advantage of it.

It is very important to note that the power response is
the most compatible to describe the efficiency of OWC
because of the low values calculated by the efficiency. This
difference in compatibility between the two responses is
due to the high power generated by the waves during their
movement and also the effect of the different random char-
acteristics of the waves such as the reflection phenomenon
of the waves.
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