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Abstract: To develop novel wave energy conversion devices (WECDs) with excellent performance,
the relative wave height and pressure in the chambers of square and curved oscillating water column
(OWC) WECDs were compared through physical model tests, and the effects of regular incident
wave factors, the opening length, the opening width, and the chamber volume on the aerodynamic
performance and wave energy capture efficiency (WECE) of the WECDs were investigated. The
results indicated good chamber performance for both the square and curved OWC WECDs. As the
incident wave height increased, the wave surface elevation, WECE, and pressure in the chamber all
increased, while the relative wave height in the chamber decreased. When the opening length, width,
and area of the WECD increased, both the relative wave height and chamber pressure increased.
The relative wave height in the chamber increased with decreasing chamber volume; however,
the chamber pressure and intrachamber WECE decreased with increasing chamber volume. It is
recommended that, in actual engineering applications, the overall efficiency of the device be improved
by increasing the opening length, width, area and volume of the air chamber.

Keywords: wave energy conversion devices; physical model tests; chamber operating performance;
wave energy capture efficiency

1. Introduction

New clean and renewable energy systems must be built to reach peak carbon dioxide
emission and carbon neutrality targets against an increasingly challenging background
of energy supply and demand, climate change, and energy insecurity. The ocean repre-
sents abundant pollution-free energy. For example, wave energy has broad development
prospects due to its large reserve [1-3] and high flow density [4-6]. Traditional oscillating
water column (OWC) wave energy conversion devices (WECDs) [7,8] have a high cost
and a low wave energy conversion efficiency; moreover, focused wave groups can excite
harbor resonance [9,10]. The incident wave direction significantly affects the highest rise
and strength of the harbor resonance. However, traditional WECDs cannot satisfy the
requirements of modern ports due to their limited application range in the sea area. In
addition, traditional WECDs cannot fully exploit wave energy due to the single structural
model used for their study.

Researchers have conducted in-depth studies on the use of structural advantages to
develop new high-efficiency WECDs [11-14]. Ning et al. [15,16] investigated the effects
of the chamber width, gas orifice size, and bottom slope of an OWC device on its wave
energy conversion efficiency and found that the wave energy capture efficiency (WECE) of a
dual-chamber device was superior to that of a single-chamber device through experimental
and numerical analyses. Zhao [17] found experimentally a higher wave energy conversion
efficiency for a dual-chamber OWC device than a single-chamber OWC device. With the
continuous in-depth study of WECDs, Simeon et al. [18] proposed the design idea of an M-
OWC, summarized the development status of WECDs, and provided some new insights for
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the use of OWC devices. Du et al. [19,20] calculated the chamber pressures of OWC devices
under multiple operating conditions (square or cylindrical chamber bottoms, asymmetrical
front and back walls, etc.) with the three-dimensional Green function to investigate the
influences of the incident wave factors on the wave energy conversion efficiency of the
OWC devices.

Based on the design concept of a permeable breakwater, Zhou [21] divided an OWC
WECD into two parts, comb teeth and chambers, and found that a comb tooth with a
specific length had multiple effects, including wave suppression and energy gathering.
The permeable breakwater has a low construction cost and can effectively reduce wave
reflection and the wave force and effectively absorb wave energy. An excellent wave
energy conversion effect can be achieved by combining the permeable breakwater with a
WECD. Therefore, WECDs with new structures that facilitate the free exchange of water
and significantly reduce construction costs, namely, square and curved OWC WECDs, are
proposed in this paper. The effects of factors such as incident wave factors, the chamber
opening size, and the chamber volume on the aerodynamic performance and WECE of the
chambers of square and curved WECDs were investigated through physical model tests.

2. Physical Model Test Design
2.1. Model Design

As shown in Figures 1 and 2, each device was composed of comb teeth, wing plates,
a front wall opening, an energy capture chamber, a front wall, and permeable troughs.
The width and length of each comb tooth were 0.15 m and 0.3 m, respectively. The width
and length of the energy capture chamber were both 0.3 m. The width and height of the
front wall were both 0.3 m. The wing width and height were 0.8 m and 0.7 m, respectively.
The width and height of each permeable trough were 0.1 m and 0.4 m, respectively. The
height of the structure was 0.7 m. The size of the top opening was 0.04 m x 0.04 m, and
the size of the underwater front wall opening was designed according to each working
condition. Holes were made on trough plates of the same size, and different opening rates
of the energy capture chamber were achieved by replacing the trough plates.

(@) (b)

Figure 1. Structural models of (a) squared and (b) curved WECDs for the physical tests.
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Figure 2. Schematic structural diagrams of the square and curved WECDs. Front views of the
(a) square and (b) curved WECDs and top views of the (c) square and (d) curved WECDs.

2.2. Test Setup

Experiments were conducted in a wave—current flume of the Port, Waterway and
Coastal Engineering Experimental Center of Ludong University. The flume was 60 m long,
0.8 m wide, and 1.8 m high, and the test water depth was 0.4 m. The structural model
was placed at 30 m from the wave-making area of the test flume, and a wave height meter
was installed at the fixed structure. The wave height test data from the wave height meter
were detected and calibrated to meet the design requirements for wave height. Gravel
(average gravel particle size: 100-150 mm) was placed at the end of the tank to eliminate
wall-end reflection. The slope of the gravel beach was 1:5, with a length of 6.8 m and height
of 1.3 m. In the experiment, the wave height meter and pressure sensor were used for data
measurement, and the structure was placed in the test flume to complete the test simulation.
The wave height meter and pressure sensor were both placed at the top opening of the
square or curved WECD, and the wave height and pressure in the chamber were measured
by a DS-30 data acquisition instrument.

2.3. Test Conditions

The physical test parameters are shown in Table 1. The square and curved WECDs
were experimentally compared under the same conditions of water depth and incident
waves with different heights and periods. According to the preliminary study, the regular
wave conditions were as follows: water depth d = 0.4 m, wave height H = 0.04 m and
0.08 m, and period T=1.0s,1.25,145s,1.65,1.8s,and 2.0 s.

Table 1. Test parameters.

Parameter Unit Values
Water depth d m 0.4
Wave height H m 0.04,0.08
Period T s 1.0,1.2,14,1.6,1.8,2.0
Wavelength L m 1.46,1.94,2.39,2.84,3.27, 3.69
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Table 2 shows the model parameters. The chamber volume of the square or curved
WECD was changed by adjusting the proportion of filling in the chamber. As the amount
of filling increased, the chamber volume decreased. The ratio of V1, V2 and V3 was 4:3:2.

Table 2. Model parameters.

Openin Openin Openin Chamber
Type Number Wil;th (n%) Lerll)gth (f\) ArIe)a (ng) Volume (m?3)

W15H20 0.15 0.20 0.030 0.027/0.021

W15H25 0.15 0.25 0.038 0.027/0.021

W15H30 0.15 0.30 0.045 0.027/0.021

Square/curved ~ W20H30 0.20 0.30 0.060 0.027/0.021
Vi1 0.20 0.30 0.070 0.027/0.021

V2 0.25 0.30 0.070 0.020/0.016

V3 0.25 0.30 0.070 0.014/0.011

3. Results and Discussion

For the purpose of exploring the aerodynamic performance and wave energy capture

efficiency (WECE) of square and curved OWC WECDs, this paper compares the results with
those of Ning et al. [22], as shown in Figure 3. The results indicate that both the aerodynamic
performance and WECE of square and curved OWC WECDs are satisfactory within the
scope of the test, thus providing a theoretical basis for future engineering construction.
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Figure 3. Comparison of test results with those of Ning et al. (2016) [22]: (a) period -dependent
curves of the chamber pressure; and (b) period-dependent curves of the WECE.

3.1. Comparison and Analysis of the Aerodynamic Performance

Within the scope of the experiment, the compressibility of the air in the chamber was
negligible. Therefore, the airflow in the chamber was regarded as an incompressible flow.
The required test pressure was calculated using the flow field velocity function [23]. The
effects of the incident wave factors, the size of the chamber opening, and the volume of
the energy capture chamber on the aerodynamic performance of the square and curved
WECDs were comparatively analyzed to identify the best WECD structure.

3.1.1. Effects of the Incident Wave Factors

Two model structures of the same size were selected. The opening of the energy
capture chamber was 0.15 m wide and 0.25 m long. The ratio of the wave height H’ to the
incident wave height H in the chamber (H'/H) was defined as the relative wave height.
Figure 4 compares the period-dependent curves of the relative wave height and the chamber
pressure of the square and curved WECDs under incident waves with different heights
(H=0.04 m and 0.08 m) and periods (I'=1.0s,1.25s,145s,1.65s,1.8s,and 2.0 s).
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Figure 4. Period-dependent curves for different incident wave heights of the relative wave height
and chamber pressure, for the square and curved WECDs, respectively.

The figure indicates that a larger incident wave height results in a lower relative wave
height in the chambers of the square and curved WECDs. For small to medium periods
(T =1.0-1.6 5), the relative wave heights in the chambers increased with the incidence
period. For long periods (T = 1.6-2.0 s), the chamber pressures of different WECDs increased
with the incident wave height, indicating that a higher incident wave height resulted in a
higher fluctuation amplitude of the water surface in the chamber and a higher chamber
pressure. As the period of the incident wave increased, the chamber pressures of the
square and curved WECDs first increased, then decreased, and then increased again,
indicating a relatively large chamber pressure for a specific incident period. The relative
wave height and chamber pressure of the curved WECD were always higher than those of
the square WECD.

3.1.2. Effect of the Opening Length

The chamber opening of the square or curved WECD was set using a fixed width of
0.15 m and different lengths (0.20 m, 0.25 m, and 0.30 m). The three models corresponding
to the three chamber opening dimensions were defined as W15H20, W15H25, and W15H30.
The tests were performed under incident waves with different periods and a fixed height
(H = 0.04 m). Figure 5a compares the relative wave heights in the chambers of the square
and curved WECDs, and Figure 5b compares the chamber pressures of the square and
curved WECDs.

The figure indicates that for a fixed period of the incident wave, the opening length
had a significant impact on the relative wave heights in the chambers of the square and
curved WECDs and that when the other factors were fixed, the relative wave height and
pressure increased with the opening length. At a fixed opening length and increasing
incidence wave period, the relative wave heights in the chambers of the square and curved
WECD:s increased and the chamber pressure first increased, then decreased and then
increased again. Increasing the opening length enhanced the aerodynamic performance of
the chambers of the square WECDs, and even more, that of the curved WECD.
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Figure 5. Effects of the opening length on the chamber performance of the square and curved WECDs.
Period-dependent curves for different opening lengths of (a,b) the relative wave height and (c,d) the
chamber pressure, for the square and curved WECDs, respectively.

3.1.3. Effect of the Opening Width

When the water depth d was 0.4 m, the chamber opening of the square or curved
WECD was set at a fixed height of 0.3 m and at different widths (0.15 m, 0.20 m, and 0.25 m).
The three models corresponding to the three chamber opening dimensions were defined
as W15H30, W20H30, and W25H30. The tests were performed under incident waves with
different periods and a fixed height (H = 0.04 m). Figure 6a compares the relative wave
heights of the square and curved WECDs, and Figure 6b compares the chamber pressure of
the square and curved WECDs.

The figure reveals that at the same period of the incident wave, the relative wave
height in the chambers of the square and curved WECD increased as the opening width
increased; however, the effect of the opening width was smaller than that of the opening
length. As the opening width increased, the chamber pressure in the square and curved
WECD:s increased. At the same opening width, the relative wave height in the chamber
of the square WECD continuously increased as the period of the incident wave increased,
while the relative wave height in the curved WECD first increased, then decreased, and then
increased again. The chamber pressures in the square and curved WECDs both increased
initially, then decreased, and then increased again.
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Figure 6. Effects of the opening width on the chamber performance of the square and curved WECDs.
Period-dependent curves for different opening widths of (a,b) the relative wave height and (c,d) the
chamber pressure, for the square and curved WECDs, respectively.

3.1.4. Effect of the Opening Area

When the water depth d was 0.4 m, the models W15H20, W15H35, W15H30, W20H30,
and W25H30 were used to compare the effects of different opening areas on the square
WECD:s to those on the curved one (0.030 m2, 0.038 m2, 0.045 m?2, 0.060 m2, and 0.075 mz).
The tests were performed under incident waves with different periods and a fixed height
(H = 0.04 m). Figure 7a compares the period-dependent curves of the relative wave heights
for the square and curved WECDs, and Figure 7b compares the period-dependent curves
of the chamber pressures for the square and curved WECDs.

The figure indicates that as the incidence wave period increased, the relative wave
height in the chamber of the square WECD also increased, but peaked in that of the curved
WECD. The relative wave heights in the chambers of the square and curved WECDs
increased as the opening area increased because the increase in the opening area increased
the volume of water entering the chamber, causing the wave surface to rise. The chamber
pressure also increased as the opening area increased, indicating that more wave water
entered the chamber. The chamber pressure first increased, then decreased, and then
increased again as the period of the incidence wave increased.
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Figure 7. Effects of the opening area on the chamber performance of the square and curved WECDs.
Period-dependent curves for different opening areas of (a,b) the relative wave height and (c,d) the
chamber pressure, for the square and curved WECDs, respectively.

3.1.5. Effect of the Chamber Volume

At a water depth d of 0.4 m, the chamber opening of the square and curved WECDs
was 0.3 m long and 0.25 m wide. Different volumes defined as V1, V2, and V3 were used
to compare the effects of chamber volume on the square WECDs to those on the curved
one. The ratio of V1, V2, and V3 was 4:3:2. The tests were performed under incident
waves with different periods and a fixed height (H = 0.04 m). Figure 8a compares the
period-dependent curves of the relative wave height for the square and curved WECDs,
and Figure 8b compares the period-dependent curves of the chamber pressures for the
square and curved WECDs.

Within the range of the incident wave periods in this experiment, as the chamber
volume decreased, the change in the relative wave height in the chamber increased. When
the chamber volume decreased by 1/4 (V2), the trend of the relative wave height in the
chamber was the same as that before the change in the chamber volume; that is, the
relative wave height first increased, then started to decrease at T = 1.6 s, and then increased
again at T = 1.6 s. When the chamber volume decreased by 1/2 (V3), the trend of the
relative wave height in the chamber was different from that at other chamber volumes
(the relative wave height first increased, then started to decrease at T = 1.2 s, and then
increased again at T = 1.8 s), and the chamber pressure decreased as the chamber volume
increased. Although the square and curved WECDs showed the same pattern of variation
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in the chamber pressure with the chamber volume, their chamber pressures were different.
The chamber volume had a significantly different effect on the aerodynamic performance
of the chamber compared with the other factors. When the chamber volume decreased, the
chamber pressure of the curved WECD was lower than that of the square WECD because
the air volume in the curved WECD chamber was smaller than that in the square WECD
due to the smaller volume of the curved WECD.
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Figure 8. Effects of the chamber volume on the chamber performance of the square and curved

WECDs. Period-dependent curves for the different chamber volumes of (a,b) the relative wave height

and (c,d) the chamber pressure, for the square and curved WECDs, respectively.

3.2. Comparative Analysis of the WECE

The WECE (7) is an important indicator for evaluating the power generation capacities
of square and curved WECDs. The WECE of each WECD was calculated according to the
air pressure in the chamber of the WECD [24]:

[2]p(t)]?
dt (1)
PaCy
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where P; is the average wave energy conversion power of the chamber, B is the width of
the chamber, T is the period of the incident wave, P (t) is the pressure in the chamber at
time t, p, is the air density (at 20 °C, 1.205 kg/ m3), C ris the quadratic loss coefficient, C,
is the shrinkage coefficient, ¢ is the wall thickness of the model template, and Dj, is the
diameter of the air inlet.

The WECE can be expressed as follows:

1 = Pi/ Pin 4)

3.2.1. Effects of the Incident Wave Factors

Figure 9 shows the period-dependent curves of the effects of the incident wave factors
on the WECE of the WECDs. The specific parameters are described in Section 3.1.1. As the
incident wave height increased, the WECE of the WECDs significantly decreased. When the
period of the incident wave T was 1.4 s, the WECE of both the square and curved WECDs
was the largest. When H was 0.04 m, the WECE values of the square and curved WECDs
reached 30.8% and 35.3%, respectively, and when H was 0.08 m, they reached 22.8% and
30.1%, respectively. The incident wave height and the WECE of the curved WECD were
higher than those of the square WECD. Comparative analysis of the period-dependent
curves of the wave energy conversion efficiency of the square and curved WECDs revealed
that both WECDs had the same WECE trend but greatly different WECE values. This result
indicates that the structural form of a WECD has a significant impact on its WECE.
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Figure 9. Effects of the incident wave factors on the WECE values of the square and curved WECDs.
Period-dependent curves of the WECE of the square and curved WECD:s (a) at different incident

wave heights and (b) at the same incident wave heights.



Sustainability 2023, 15, 4963

11 of 16

3.2.2. Effect of the Opening Length

Figure 10a compares the period-dependent curves of the WECE of the square and
curved WECDs for different opening lengths. Figure 10b compares the period-dependent
curves of the WECE between the square and curved WECDs for the same opening lengths.
The specific parameters are described in Section 3.1.2.
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Figure 10. Effects of the opening length on the WECE values of the square and curved WECDs.
Period-dependent curves of the WECE of the square and curved WECD:s (a) at different opening
lengths and (b) at the same opening lengths.

The figure demonstrates that the WECE increased with the opening length. At different
opening lengths, the WECE peaked at different periods of the incident wave, mainly in the
range of T = 1.2 s to 1.6 s, indicating that the largest WECE occurred within a specific range
of incident wave periods. At an opening length of 0.2 m, the highest intrachamber WECE
values of the square and curved WECDs were 16.0% and 17.6%, respectively; at an opening
length of 0.25 m, the highest WECE values were 24.7% and 30.4%, respectively; and at an
opening length of 0.3 m, the highest WECE values were 31.7% and 42.5%, respectively.
At opening lengths of 0.2 m, 0.25 m, and 0.3 m, the difference in the intrachamber WECE
between the square and curved WECDs was 1.6%, 5.7%, and 10.8%, respectively, indicating
that the difference between the WECE values of the square and curved WECDs increased
with the opening length. In particular, as the opening length increased, the intrachamber
WECE of the curved WECD surpassed that of the square WECD.
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3.2.3. Effect of the Opening Width

Refer to the experimental models and test conditions of 3.1.3. With regards the opening
width, Figure 11 shows the period-dependent curves of its effect on the WECE values of
the square and curved WECDs. The specific parameters are described in Section 3.1.3. The
figure indicates that as the opening width increased, the intrachamber WECE increased.
The effect of the opening width on the intrachamber WECE was smaller at large periods
(T =1.8 sand 2.0 s) than at small to medium periods (T =1.0s,1.2s,1.4s,and 1.6 s), and
the highest intrachamber WECE values occurred at medium periods, indicating that the
period of the incident wave corresponding to the optimal WECE peak was not affected by
the opening width. When the opening width was 0.15 m, the intrachamber WECE values
of the square and curved WECDs were 31.3% and 42.7%, respectively. When the opening
width was 0.2 m, the intrachamber WECE values of the square and curved WECDs were
39.6% and 58.9%, respectively. When the opening width was 0.25 m, the WECE values of
the square and curved WECDs reached 50.9% and 61.9%, respectively. At opening widths
of 0.15 m, 0.20 m, and 0.25 m, the difference in the intrachamber WECE between the square
and curved WECDs was 11.4%, 19.3%, and 11.9%, respectively. The intrachamber WECE
values of the curved WECD at different opening widths were always greater than those of
the square WECD. As the opening width increased, the difference between the intrachamber
WECE values of the square and curved WECD:s first increased and then decreased.

0.8 0.8
Square Curved
—A— WI5H30 -4-WISH30
0.6- W20H30 0.6 - W20H30
' —< W25H30 ' pa ; < W25H30
A
S04 =~04- p RO
<J/ /'II h Y- :;,’ﬂ
0.2+ 0.2+ o
A’I
0.0 I I I I I I OO I I I I I I
10 12 14 16 18 2.0 10 12 14 16 18 2.0
T/s T/s
(a)
0.8 0.8
W20H30 W25H30(V1)
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0.6 - Curved 0.6t - -<-Curved
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0.2r 0.2r
0.0 | | | | | | 00 | | | | | |
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T/s T/s
(b)

Figure 11. Effects of the opening width on the WECE values of the square and curved WECDs.
Period-dependent curves of the WECE of the square and curved WECD:s (a) at different opening
widths and (b) at the same opening widths.
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3.2.4. Effect of the Opening Area

Figure 12 shows the effects of the opening area on the WECE values of the square and
curved WECDs. The specific parameters are described in Section 3.1.4. The figure shows
that increasing the opening area resulted in an increase in the WECE in the air chamber of
the square WECD of 8.7%, 15.7%, 20.6%, and 25.6%, and in the curved WECD, of 12.7%,
24.8%, 30.0% and 38.2%, compared to the WECE values for the minimum opening area.
Moreover, the intrachamber wave energy conversion efficiency of the curved WECD was
more significantly affected by and more sensitive to the opening area than that of the square
WECD. In particular, increasing the opening area significantly enhanced the WECE of the
curved WECD over that of the square WECD, especially at an opening area S of 0.060 m?.
After the opening area exceeded 0.060 m?, the superiority of the curved WECD over the
square WECD was less prominent.

Square

0.8 Curved
—8—(.030 n? 0.038 m> —4—0.045 m’ T -9--0.030 m? 0.038 m? -£-0.045 m?
0.6+ 0.060m> —<0.075 n’ 0.060 m2 -<--0.075 m?
0.6F PN
7 R
0.4/ S AN
S S04+ LT RN
0.2 / | yozzz7 A
: 02+ e N
A// /// o
00 I I I I I I 00 D/ L | I | L
10 12 14 16 18 20 1.0 12 14 16 18 20
T/s T/s

Figure 12. Effects of the opening area on the WECE values of the square and curved WECDs.

3.2.5. Effect of the Chamber Volume

Figure 13 shows the period-dependent curves of the effects of the chamber volume on
the WECE values of the square and curved WECDs. The specific parameters are described
in Section 3.1.5.

The figure demonstrates that when the chamber volume was reduced to 3/4V1, the
highest WECE values of the square and curved WECDs were 19.5% and 15.5%, respectively.
When the volume of the chamber was reduced to 1/2V1, the highest WECE values of
the square and curved WECDs were 9% and 5.1%, respectively. Thus, decreasing the
chamber volume V reduced the maximum efficiency of wave energy capture in the air
chamber of the square and curved WECDs by 31.8% and 35.3%, respectively. This result
indicates that when the other factors, such as the opening width and the height of the
chamber, were unchanged, the reduction in the chamber volume had a great impact on the
WECE. Figure 13b shows that at different chamber volumes, a larger period of the incident
wave led to a lower intrachamber WECE value, and that a smaller chamber volume led
to the intrachamber WECE of the square WECD being slightly higher than that of the
curved WECD.



Sustainability 2023, 15, 4963

14 of 16

0.8

0.6

<04

0.2

0.0

0.3

0.2

0.1

0.0

0.8

Square Curved

V] -V
I V2 0.6 V2

—— )3 Rt s - V3

J ‘4
' 041 \
.-
i 021 o
- ‘o
\‘i‘\\\ -D
| | | | 1 | 00 | | | T S -
1.0 1.2 14 16 18 20 1.0 1.2 14 16 1.8 20
T/s T/s
(a)
V2

r Square

Curved 0.2}
| <

0.1
I I I I I I 00
1.0 12 14 16 1.8 2.0
T/s
(b)

Figure 13. Effects of the chamber volume on the WECE values of the square and curved WECDs.
Period-dependent curves of the WECE values of the square and curved WECDs (a) at different

chamber volumes and (b) at the same chamber volumes.

4. Conclusions

In this study, model tests were conducted to analyze the operational performance of

square and curved wave energy conversion devices (WECDs) under varying incident wave
heights, chamber opening lengths and widths, chamber areas, and chamber volumes. The
main conclusions reached within the range of the experimental parameters are as follows:

1.

The wave surface elevation in the chamber increased and the relative wave height
and pressure decreased as the incident wave height increased. Additionally, the
WECE increased as the incident wave height decreased. The WECE trend was the
same for both the square and curved WECDs, although the WECE values were
significantly different.

Furthermore, the relative wave height and chamber pressure increased as the open-
ing length, opening width, and opening area of the WECD increased, while the
intrachamber WECE increased as the chamber performance increased.

Reducing the volume of the air chamber had a different effect on the aerodynamic
performance than the other factors, as the relative wave height in the chamber in-
creased and the chamber pressure decreased with decreasing chamber volume, while
the intrachamber WECE increased with increasing chamber volume.

Both the wave energy conversion and capture efficiency of the curved WECD were
better overall than those of the square WECD. It is recommended that in actual
projects, a curved WECD should be used.
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