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27 chamber -OWC-breakwater. Specific attention has been dedicated to the hydrodynamic
29 performance of capture width ratio (CWR), reflection coefficient, transmission coefficient,
31 dissipation coefficient and effective frequency bandwidth. The investigation identified various
33 findings that are summarized in the following: i) it was found that the maximum CWR increases
35 with increasing chamber number n (i.e., n = 1, 2, 3), if the volume of the combined water
columns was kept the same; ii) in longer waves the triple-chamber OWC-breakwater showed
better performance, within an increase in capture bandwidth, that satisfied the condition of Kt
< 0.5 and n > 20%; iii) it was found that the multiple-chamber OWC device has improved wave
energy extraction characteristics at high frequency region; iv) positive hydrodynamic
44 interactions between the different columns improved the performance of the multiple-chamber
46 OWC-breakwater device; v) wave nonlinearity is important for evaluating the performance of
48 the multiple-chamber OWC-breakwater device; and vi) for the triple-chamber OWC device the
50 dissipation coefficient increases as wave nonlinearity increases, whilst the CWR and the
52 transmission coefficient decrease over the range of wave frequencies investigated.

54 Keywords: wave energy device; oscillating water column; multiple chamber; hydrodynamic

58 * Corresponding author (limingwei@hrbeu.edu.cn)


https://www.editorialmanager.com/rser/viewRCResults.aspx?pdf=1&docID=48063&rev=0&fileID=797208&msid=b7505c0a-76c9-48cd-bbf7-80a851dec75a
https://www.editorialmanager.com/rser/viewRCResults.aspx?pdf=1&docID=48063&rev=0&fileID=797208&msid=b7505c0a-76c9-48cd-bbf7-80a851dec75a

OCoO~NOUAWNE

performance; experiment

1 Introduction

With the exhaustion of fossil fuel resources and its environmental impacts on climate
change and air pollution, renewable energy resources have become attractive, providing
increasingly a sustainability energy alternative [1]. Offshore Renewable Energy
(ORE)resources have gained wide attention, especially the commercialization of offshore wind,
but also other ocean energy resources such as wave energy, tidal energy and thermal energy
have gained large attention [2]. Wave energy has the advantages of large reserves, diverse
geographical distribution and huge potential [3]. Many theoretical studies on wave energy
devices have been conducted since 1970s. In the following decades, many experimental and
numerical studies have been widely performed. To date, a fast amount of wave energy
converters have been patented and many concepts are at a stage of sea trial [4]. Based on the
working principle, wave energy devices can be classified as point absorber, terminator or
attenuator in form of Oscillating Water Column (OWC), oscillating body, and overtopping type
[4].

OWC wave energy devices extract energy through an air flow generated by the rise and
fall in wave crest in a chamber. The OWC technology has seen significant research addressing
efficiency, best turbine design, survivability, etc. for onshore and offshore applications [5].
Theoretical, numerical and experimental studies proved that this kind of devices have great
prospects in the field of wave energy extraction [6-14]. There are also various OWC devices
that are at field trial, such as the Mutriku OWC breakwater [15], Resonant Wave Energy
Converter 3 (REWEC3) [16-17], LIMPET device, etc. Integrating an OWC device into a
breakwater has been discussed to be attractive due to the cost and space sharing [18-19].
However, the economic viability of OWCs are is currently low as a result of wave energy
conversion efficiency and high cost. The integrations of WECs into breakwaters provides
potentially the opportunity to enhance the economic viability of OWC WECs that needs further
efficiency enhancement to make this technology commercially viable. Enhancing the energy

conversion efficiency of OWCs could be achieved through PTO control strategy, array layout
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of the devices and modification of the device geometry [20-21]. Although many interesting
improvements have been achieved, further investigations improving the efficiency are essential.
In this paper, the focus is on the multi-chamber OWC device.

Extensive investigations have been conducted on multi-chamber OWC devices. Hsieh et
al.[22] presented the laboratory test on energy capture performance of a floating dual-chamber
OWTC device. Experimental data showed that the dual-chamber design can improve the overall
power generation, and the output can be smoothed since the two chambers work out of phase.
Martinelli et al.[23] investigated the performance of a multi-chamber Seabreath OWC device
that has four chambers. They point out that the maximum efficiency occurs when the
wavelength is equal to the chamber length. Rezanejad et al.[24] investigated the hydrodynamic
characteristics of the shoreline-based dual-chamber OWC device over a stepped bottom.
Theoretical results showed that the efficiency of the dual-chamber OWC device is greater then
that of the single-chamber device. It was shown that the stepped bottom has a significant effect
on the investigated OWC efficiency. Ning et al.[25] presented a parametric study on the
shoreline-based dual-chamber OWC device. In this study a simplified PTO system was
configured in the dual-chamber device. Ning et al.[26] further investigated the shoreline-based
dual-chamber system using experimental methods. The sensitivity of the various parameters on
the efficiency were analyzed and the valuable experimental data were documented.

Iturrioz et al.[27] developed a numerical time-domain tool for predicting the
hydrodynamic performance of a fixed OWC device as a first step towards modelling a floating
multi-chamber OWC device. The time domain model was developed using Cummins method
and the model was verified by comparing the numerical study with experimental results and a
CFD study. He et al.[28] studied two individual OWC chambers integrated into a floating
breakwater. A thorough hydrodynamic performance was explored using experimental study.
The results showed that an asymmetric configuration of the chambers lead to a larger air
pressure, enhancing the efficiency of the system. Following this study, He et al. [29]
investigated the power extraction performance of the floating breakwater with dual OWC
chambers. This study concluded that the natural frequency of the two chambers has an effect
on capture bandwidth. Howe et al. [30] investigated the energy extraction, wave attenuation

performance and motion characteristics of a floating breakwater with multiple chambers. The
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study identified that the hydrodynamic interactions of the chambers significantly affects the
hydrodynamic performance of the system.

Elhanafi et al.[31] examined numerically the performance of a floating dual-chamber
device, focusing on a comparison with a single-chamber device. The study supports the work
by Rezanejad et al.[24], stating that the efficiency can be significantly improved using a dual—
chamber system. Ning et al.[32] proposed a novel cylindrical dual-chamber OWC device and
implemented a theoretical study. The investigation discovered the presence of three free-surface
oscillation modes in the chamber. In order to support this theoretical finding, Ning et. al. [33]
followed up with an experimental study and observed the existence of two different resonant
frequencies corresponding to the inner- and outer-chambers, and concluded that the
combination of the two different resonant frequencies of inner and outer chambers lead to a
wider frequency region. Shalby et al.[34-35] proposed a new type of MC-OWC wave energy
device, which has four chambers along the incident wave direction. Numerical 3-D studies with
focus on the capture width ratio and free surface elevation were presented. It was found that the
increased incident wave height reduces the device efficiency.

In this paper, we aim to investigate the hydrodynamic performance of the floating multi-
chamber OWC device by considering the function of wave energy extraction and breakwater.
In this paper, we call this kind of device with both functions as the OWC-breakwater. The
contribution to knowledge of the present paper is the direct experimental comparisons of the
single-, dual- and triple-chamber OWC-breakwater that will be discussed comprehensively. The
work described here will provide the research community with an in-depth understanding of
the hydrodynamic performance of the multi-chamber OWC-breakwater integrated in a floating
breakwater. The paper is organized as follows: firstly a description of the experimental set-up
will be discussed and data will be presented in Section 2; In Section 3 the results will be

presented and discussed; and finally a conclusions will summarize the findings in Section 4.
2 Experiment description
2.1 Experimental setup

The physical tests were carried out in a wave flume at Harbin Engineering University,

China (see Figure 1). The dimensions of the wave flume are as follows: length 33.0 m, width



OCoO~NOUAWNE

0.8 m and depth 1.0 m. The flume is equipped with a piston-type wave maker and a wave-
absorbing beach. The data acquisition and processing system consists of wave gauge, pressure
sensor, data acquisition instrument and data processing system. The wave gauges and pressure
sensors were carefully calibrated over a range from zero to 40mm at a step of 0.4mm and zero
to 10kPa at a step of 10Pa, respectively. The data were collected using a specific data acquisition

processing system.

Figure 1. Photo of the wave flume.

The physical model tests were carried out using the scale of 1:20 applying Froude scaling.
The water depth h was set as 0.60 m, the wave height was selected as Hi = 0.05 m, 0.075 m and
0.10 m, and the experimental wave periods T varies from 1.1 sto 1.8 s at interval of 0.1 s. The
combination of test cases is presented in Table 2.

In order to decrease the influence of the flume side wall on the experimental investigations,
the OWC models width, perpendicular to the incident wave direction, was set as 0.78 m. The
details of the single-, dual- and triple-chamber design are presented in Table 1 and supported
by Figure 2(a-c) and 3(a-c). The models were manufactured from 10 mm thick Perspex sheets.
The opening ratios of single-chamber OWC-breakwater are 0%, 0.5%, 1.0%, 1.5%, 2.0% and
25% (as shown in Table 1. The effect of PTO damping on device performance was investigated
by changing the opening ratio [26, 29, 36]. Symmetric PTO damping of dual-chamber model
is discussed to be more effective than the asymmetric PTO damping [31]. As a consequence,
each chamber was equally divided and the opening ratio were kept the same for the dual- and
triple-chamber OWC-breakwater. The opening ratios of dual-chamber OWC-breakwater are
0%, 1.0% and 1.5%, and for the triple-chamber OWC-breakwater are 0%, 1.0%, 1.5% and
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15.8%. In the literature it is suggested that an opening ratio > 4.03% results in a very low power

extraction and that the pressure fluctuations of the each chamber can be negligible [37]. Hence,

we regard the cases of 15.8% and 25% as the fully opened case. The specific dimensions and

numbers of the physical models are shown in Table 1.

Table 1 The specific dimensions of the physical models.

hvsical models length | width | height No opening ratio dimensions
Py m | | | bening (mm)
S1 0% (fully closed) —
S2 0.5% Corifice) 54
. S3 1.0% Corifice) 76
single-chamber o
S4 1.5% Corifice) 93
OWC- 0.78 0.62 | 0.99 -
S5 2.0% Corifice) 108
breakwater .
25% (slot, perpendicular
S6 to the incident wave 150
direction)
dual-chamber D1 0% (fully closed) —
OWC- 0.78 0.63 | 0.99 D2 1.0% Corifice) 54
breakwater D3 1.5% Corifice) 66
T1 0% (fully closed) —
triple-chamber T2 1.0% Corifice) 44
OowWC- 0.78 0.64 0.99 T3 1.5% Corifice) 54
breakwater 15.8% C(slot, parallel to the
T4 120

incident wave direction)
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Figure 2. Photos of physical models. WG: wave gauge, PS: pressure sensor.

The models were installed at 19.0 m away from the wave maker with a fixed draft of 0.2

m. Four wave gauges were installed at the weather side (WG1 & WG2) and leeside (WG3 &

WG4) of the OWC-breakwater monitoring incident wave, as well as the reflected and

transmitted waves. Furthermore, wave gauge WG5, WG6 and WG7 were placed in the center

of the chamber(s) (single-, dual-, triple chamber configuration) as shown in Figure 3(a-c). In

addition to placing a wave gauge into each chamber, two pressure sensors were also installed

close to the edge of the orifice. Figure 3(a) shows location of pressure gauges for the single
chamber (PS1 & PS2), Figure 3(b) for the dual chamber (PS1 & PS2 and PS3 & PS4), and
Figure 3(c) for triple chamber (PS1 & PS2, PS3 & PS4 and PS5 & PS6).
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Figure 3. Experimental set-up (a) and the layout of the sensors for dual- (b) and triple-

chamber device (c)

2.2 Data acquisition and analysis

The combination of wave conditions and dimensionless wave number kh are shown in

Table 2. Using the two-point method of Goda and Suzuki[38], reflected wave height Hr and

transmitted wave amplitude Ht can be obtained. The reflection coefficient Kr and the

transmission coefficient Kt can be calculated as Hr/Hi and H+/Hi, respectively.

Table 2 Wave conditions.

Water | Incident wave )
] Wave period ] ]
No. Test case depth height Dimensionless wave number kh
©)
(m) (m)
1 |S1/S2/S3/S4/S5/S6 0.05
1.1/1.2/1.3/1.4/ 2.06/1.78/1.56/1.39/
2 D1/D3/T1/T3/T4 | 0.60 0.05
1.5/1.6/1.7/1.8 1.26/1.15/1.06/0.99
3 D2/T2 0.05/0.075/0.10

The CWR is determined by the ratio of the power absorbed by the OWC-breakwater and

the incident wave power. The averaged absorbed power of nth (n =1, 2, 3) chamber is calculated

as follows:

to+T ’ 3
|3n :E J' Mdt
T f PCy

1)
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where B is the width of pneumatic chamber, T is the wave period, t, is some moment, p’ (t) is

the air pressure fluctuation inside the nth (n =1, 2, 3) chamber; p, is the air density, the quadratic

coefficient C, :(%_1)2 [39], a is the opening ratio, the contraction coefficient
(04

C

1
C = 05
0.639(1-a)™ +1

[40].
The capture width ratio of each chamber 7, and the total CWR are calculated as

n, =P /P and 77=Zf7n , respectively. For the single-chamber device, the total CWR is

i=1

L. . L ] 1 I} 2kh
=7, . The incident wave power with per unit width isP == H?—(@1+————), where
77 771 p p i 8pwg i 2k ( Sinh 2kh)

p,, 1S the water density, g is acceleration due to gravity, Cq is the velocity of wave group, o is
the wave angular frequency.

According to the energy conservation law, the dissipation coefficient Kp is calculated by
Ko=1-K2-K.2—7.

The air pressure fluctuation p; (t) inside the nth (n =1, 2, 3) chamber at a certain time
is calculated by the average of two pressure sensors near the orifice. The detailed calculations
of p,(t) can be written as p/(t)=(p,®)+p,{A)/2 , p,(t)=(ps(t)+p,(t)/2 and

ps(t) = (ps (t) + pg(t)) / 2 . The results of the contraction coefficient C, and quadratic coefficient
C; of the OWC-breakwater at different opening ratios are shown in Table 3.

Table 3 Contraction coefficient C, and quadratic coefficient C; of the OWC devices.

opening ratio a 0.5% 1.0% 1.5% 2.0%
C. 0.6017 0.6113 0.6119 0.6125
Cs 106589 26432 11652 6501
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3 Results and discussion
3.1 Hydrodynamic performance of the single-chamber OWC-

breakwater

In this section, we investigated and compare the hydrodynamic performance of the single-
chamber and dual-chamber including parameters such as wave elevation and air pressure
fluctuation in the chamber, capture width ratio, reflection coefficient, transmission coefficient,
dissipation coefficient and effective frequency bandwidth. The related hydrodynamic
parameters of OWC-breakwaters are shown in Table 4. Both the CWR and the transmission
coefficient are important in the evaluation of the performance of the OWC-breakwaters
integrated into a breakwater. A further parameter that need consideration is the effective
frequency bandwidth, required to study the CWR and transmission coefficient. The test cases
(see Table 1) for the single-chamber device are S1, S2, S3, S4, S5 and S6 and for the dual-
chamber OWC-breakwater are D1, D2 and D3. For these cases the incident wave height was
fixed at 0.05 m and the wave periods T vary from 1.1s to 1.8s at an interval of 0.1s.

Table 4 Hydrodynamic parameters of OWC-breakwaters.

parameters definition
4 free surface elevation
A first order wave amplitude
AP amplitude of air pressure fluctuation
n capture width ratio
Kr reflection coefficient
Kr transmission coefficient
Kb dissipation coefficient

3.1.1 Capture width ratio

In the first instance the hydrodynamic performance of the single-chamber OWC-
breakwater for various wave periods and opening ratios are discussed to understand the
hydrodynamic characteristics and enable the comparison to the dual-chamber device. For this
the wave elevation and the air pressure fluctuation in the single chamber was investigated. A
spectral frequency analysis was performed on the time-history of the free surface elevation

10
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within the chamber (WG5) that is shown in Figure 4. Initially the repeatability was assessed

comparing the spectrum of two different test runs. Furthermore, the spectrum was used to

analyze the dominant and secondary and third order wave frequencies occurring within the

- = -a=0.5% —-—- a=1.0% ---- a=1.5%
a=2.0% ——a=25.0%

kh
(b)
—=-0=0.5% - ---a=1.0%
—— a=1.5% - - a=2.0%
AT v
Patny - e ‘:T\T:‘-‘._,-

chamber.
2.5¢ —— the first experimental test 0.8
------- the second experimental test
2.0t 0.6
~ 1.5} -
5 T 04
= 1.0 b
0.5} 0.2
00005 10 15 20 25 00
frequency f(Hz)
(a)
0.7 - = -0=0.5% ——- a=1.0% 0.5
0.6 —eimeg=1.5% --- e a=2.0%
T 0.4
0.5 -2 T
EOA . e \\\\\\ 0.3
X N T e = =
503 gl i 0.2
02F ™ s, e S .
--------------- -~ 01
o1 T 0
0002 17 16 18 20 00
kh
(©)

(d)

Figure 4. Spectral frequency analysis of the free surface elevation in the chamber (a) and the

results of the relative wave amplitude A/Hi (b), relative amplitude of air pressure fluctuation
AP/pgHi (c), and CWR 7 (d) for the single-chamber OWC-breakwater.

Figure 4(b) shows results of the first-order wave amplitude. It can be seen that the relative

wave amplitude A/H; increases with an increasing opening ratio a. The relative wave amplitude

exhibits an initial step drop followed by an increase in values before a steady drop can be

observed. This is mainly reflected in that an obvious dip in value was observed at the lower

11
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frequency region (kh =1.06).

Figure 4(c) plots the trend of relative amplitude of air pressure fluctuation AP/pgH; against
kh in different opening ratios. The amplitude of air pressure fluctuation AP was calculated as
the average of air pressures measured by the two pressure sensors located at the air hole (i.e.,
AP= (Ap1tAp2)/2). A similar behavior as in Figure 4(b) can be observed with air pressure
fluctuations dropping at kh =1.06 for all cases, but at different severity. Specially, the relative
amplitude of air pressure fluctuation at the lower frequency ration (i.e., kh = 0.99) is greater
than that of the peak value for o = 0.5%. The increasing of the opening ratio reduces the relative
amplitude of air pressure fluctuation.

As for CWR, the same trend was found at kh=1.06. The location of the dip in value of CWR
is the same as that for the relative amplitude of air pressure fluctuation in Figure 4(c) (o =
4.19rad/s). And, as kh increases, the efficiency approaches to the peak value at kh=1.26. After
that, the CWR exhibits a monotonically decreasing trend. It is found that the CWR maximum
approaches to 43.1% when a = 1.0%. Due to the influence of the viscosity dissipation, the
maximum CWR cannot approach to the theoretical value of 50% in case of the symmetrical
chamber wall [47].

In addition, we observe that the optimal opening ratio increases with increasing wave
periods for different frequency region. Detailly, the optimal opening ratios for frequency range

0f 0.99 <kh < 1.06 and 1.06 < kh < 2.06 are 0=0.5% and a=1.0%, respectively.

3.1.2 Reflection coefficient and transmission coefficient

Reflection coefficient and the transmission coefficient are the important factors while
evaluating the performance of the OWC-breakwater. In this subsection, we investigate the

reflection coefficient and transmission coefficient of the single-chamber OWC-breakwater.

12
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Figure 5. Variations of reflection (a) and transmission coefficient (b) of single-chamber
OWC-breakwater with kh in different opening ratios.

Figure 5 shows the results of reflection coefficient and transmission coefficient of the
single-chamber OWC-breakwater for various wave periods and opening ratios. The reflection
coefficient increases with the increasing kh with exception of the valley value at kh = 1.26. It is
corresponding to the location of the peak value of the CWR shown in Figure 4(d). As for the
effect of the opening ratios, the trend of Kr vs a is different for different frequency regions. The
opening ratio affect the reflection coefficient significantly at the lower frequency region, where
the reflection coefficient decreases with the increasing of the opening ratio. However, slight
modification of the reflection coefficient can be found at the higher frequency region. In
summary, the reflection coefficient corresponding to o = 0% is larger than that corresponding
to a > 0% for the single-chamber OWC-breakwater.

From Figure 5(b), it can be found that the transmission coefficient of single-chamber
OWC-breakwater monotonically decreases with increasing kh. For the tested opening ratios, Kr
decreases firstly and then increases with the increasing opening ratio.

3.1.3 Dissipation coefficient

Figure 6 presents the dissipation coefficient Kp that is a factor that balance the energy
dissipated due to viscous effect and can be obtained through K, =1-K.*—-K,*—7. The

results of dissipation coefficient of single-chamber OWC-breakwaters are shown in Figure 6.

13
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Figure 6. Variations of dissipation coefficient of single-chamber OWC-breakwater with kh in

different opening ratios.

For the dissipation coefficient of the single-chamber OWC-breakwater, it can be observed
that the dissipation coefficient increases as the opening ratio approach increases. The maximum
dissipation coefficient approaches to 64.4% for case of a = 25% due to the higher water particle
velocity at the tip of the plate.

For the floating breakwater, the condition of Ky < 0.5 is often regarded as the effective
transmission coefficient [56]. While for the wave energy converter, we define the condition of
n > 0.2 as the satisfactory wave energy conversion device [50]. The effective frequency
bandwidth is the frequency bandwidth that satisfied the condition of Ky < 0.5 and # > 0.2[57].

For cases of «a = 0%, a = 0.5%, a = 1.0%, a =1.5%, a =2.0% and « =25.0%, the frequency
ranges for Kr < 0.5 are 1.43 < kh < 2.06, 1.26 < kh < 2.06, 1.32 < kh < 2.06, 1.40 < kh < 2.06,
1.45 < kh < 2.06 and 1.57 < kh < 2.06, respectively. And, the frequency ranges for » > 0.2 are
0.99 <kh <2.06, 0.99 <kh <2.06, 0.99 < kh < 2.06 and 1.10 < kh < 1.89 for cases of a = 0.5%,
a = 1.0%, a =1.5% and o =2.0%, respectively. Hence, within the test scope, the effective
frequency range corresponding to o = 0.5%, a = 1.0%, a =1.5% and o =2.0% are 1.26 < kh <
2.06, 1.32 < kh < 2.06, 1.40 < kh < 2.06 and 1.45 < kh < 1.89, respectively. Correspondingly,
the effective frequency bandwidth are 1.8, 0.74, 0.66 and 0.44.

14
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3.2 Hydrodynamic performance of dual-chamber OWC-breakwater

3.2.1 Capture width ratio

In the following the performance of the dual-chamber OWC-breakwater is examined. We

tested the performance of the dual-chamber device for cases of a=0%, 1.0% and 1.5%.

20 a=1.0%, n=1 ------- o=1.0%, n=2
1.5}

E

8 1.0}

w
0.5

0'8.0 0.5 1.0 15 2.0 2.5
frequency £ (Hz)

Figure 7. Spectral frequency analysis of the time-history curve of the free surface elevation
(WG5, WG6) in each chamber of dual-chamber OWC-breakwater (kh = 1.39)

0.6 081 ... 0=1.0%, n=1 =--- a=1.0%, n=2
0.5 //\‘\--,\ —o—- a=15%, n=1 —o—- a=1.5%, n=2
Y 061
o T o PN
L il "™ S R0 e "
=03 SO o vy S 0AL Pt Ptema
T ‘\\\\ \b_\ %‘ 5 = ’\\ _a =i L g
0.2t  TTtesal e 'I/ -/\\; _\?:.\~~~~ i~
iiii 0.2 P R S menre
0.1t === a=1.0%, n=1 ---- a=1.0%, n=2 T
—i=- o=1.5%, n=1 —c—- o=1.5%, n=2
0.0— : . : : : 0.0— : . : : .
1.0 1.2 1.4 1.6 1.8 2.0 1.0 1.2 1.4 1.6 1.8 2.0
kh kh
(@) (b)

Figure 8. Variations of the relative wave amplitude An/H; and air pressure fluctuation
APwpgH; with kh for dual-chamber OWC-breakwater

From the frequency spectral analysis shown in Figure 7, it can be found that the second-
order wave amplitude is obvious compared with the first order wave amplitude when kh = 1.39.
From Figure 8(a), we found that the relative wave amplitude in the front chamber is greater

than that in the rear chamber due to the shadow effect in wave propagation problems, similar
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phenomenon can also be found in multi-body systems [48]. Besides, the vortex shedding at the
sharp edges of the wall is also one reason that can explain this phenomenon.

It is worthy to note that, for both cases of D2 (o = 1.0%) and D3 (a = 1.5%), the location
of peak value for the front chamber (in Figure 8(a)) is different from that for the rear chamber.
Detaily, the location of the peak value corresponding to the front chamber is less than that
corresponding to the rear chamber. This is due to the hydrodynamic interactions of the two
adjacent water columns in the chamber[24, 49]. Similar phenomenon for two adjacent floating
bodies has been found [50].

From Figure 8(b), it was found that there are two peaks for the relative amplitude of air
pressure fluctuation in each chamber. But, generally, a parabolic trend for relative amplitude of
air pressure fluctuation against kh can be found in each case with exception of the valley value

at kh = 1.15 and kh = 1.26 for the front and rear chamber, respectively.
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Figure 9. Variations of #, (a), #, (b), #,/1, (c) and total CWR #(d) of dual-chamber OWC-
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breakwater with kh in different opening ratios.

Figure 9(a-d) present results of the CWR in each chamber, the ratio of the CWR in the front
chamber and the rear chamber and the total CWR in different opening ratios. Two spikes are
observed for both the CWR in the front chamber and the rear chamber. This is due to the fact
that the hydrodynamic interactions of two chambers lead to two resonance frequencies of two
water colomns. But, the locations of the peak value of CWR in each chamber are different. For
both cases of D2 (« = 1.0%) and D3 (a = 1.5%), the values of #,/#, are always greater than 1
throughout the whole frequency region. Due to the shadow effect, the CWR of the front chamber
is superior to that of the rear chamber. Detailly, the locations of the first spike and the second
spike of #, are kh=1.06 and 1.39, respectively. For #,, the locations of the two spikes are kh =
1.15 and 1.39. Note that the frequency corresponding to kh=1.39 (w = 4.49rad/s) is less than
that of the piston-mode natural frequency (v = 4.98rad/s) of water column in isolated case.

From Figure 9(d), we can found that the total CWR for case of D2 (a= 1.0%) is close to
that of the D3 (« = 1.5%). The two spikes are located at kh=1.06 and kh = 1.39. In this study,
the maximum CWR of 55.8% can be observed for the dual-chamber system.

3.2.2 Reflection coefficient and transmission coefficient
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Figure 10. Variations of reflection (a) and transmission coefficient (b) of dual-chamber
OWC-breakwater with kh in different opening ratios.
The reflection coefficient and the transmission coefficient of the dual-chamber device are
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shown in Figure 10. The reflection coefficient and transmission coefficient of D2 (o = 1.0%)
and D3 (a = 1.5%) are less than that of D1 (o = 0.0%). When wave energy was extracted by the
air chambers, both of the reflection coefficient and transmission coefficient will be reduced
effectively, and will be beneficial for the function of breakwater. Changes of the opening ratio
did not modify the trend of the Kr vs kh. In general, the reflection coefficient increases with
increasing kh, and the adverse trend can be found for the transmission coefficient.

3.2.3 Dissipation coefficient
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Figure 11. Variations of dissipation coefficient of dual-chamber OWC-breakwater with kh in
different opening ratios.

The results of dissipation coefficient for dual-chamber device can be found in Figure 11.

It can be observed that the dissipated energy for case of a = 0.0% is more dominant for lower
frequency region. However, the dissipation coefficient for case of « = 1.5% is relatively larger.
The frequency ranges satisfied the condition of Ky < 0.5 are 1.35 < kh <2.06, 1.24 < kh
<2.06 and 1.30 < kh < 2.06 for a = 0.0%, « = 1.0% and o = 1.5%, respectively. And the
frequency range for #>0.2 are 0.99 < kh <2.06 and 0.99 < kh <2.06 for & = 1.0% and o = 1.5%,
respectively. Hence, the effective frequency bandwidths corresponding to o = 1.0% and 1.5%

are 1.24 < kh <2.06 and 1.30 < kh <2.06, respectively.

3.3 Hydrodynamic performance of the triple-chamber OWC-

breakwater

In this section, the hydrodynamic performance of triple-chamber OWC-breakwater was

examined. The incident wave height was fixed as 0.05 m. The wave periods T varies from 1.1
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sto 1.8 sat interval of 0.1 s. The models of the triple-chamber OWC-breakwater are marked as
T1,T2,T3and T4 (see Tab. 1).
3.3.1 Capture width ratio

¢, (cm)

30 ] 2 3 4 5 6
T
(a)
200,
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N
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(c)
Figure 12. The time-history series of the free-surface elevation (a), air pressure fluctuation (b)
and absorbed power (c) inside each chamber (T2, kh= 1.56).
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Figure 12(a-c) plot the time-history series of the free surface elevation (WG5, WG6, WG7),
air pressure fluctuation and absorbed power inside each chamber for case of kh = 1.56 and Hi;
= 0.05 m. It was found that there is an obvious phase difference for the three chambers. The
peak and valley values of the free surface elevation and air pressure fluctuation exist a 1/4
period difference. Symbolically, £, pnand Pn (n =1, 2 and 3) represent the free surface elevation,
air pressure fluctuation and absorbed power inside the front chamber, middle chamber and the

rear chamber, respectively.

2.0 1.0, == T2, n=1 ==5=-T2, n=2 =->=-T2, n=3

0=1.0%, n=1 =inis T3, w=1 === T3, n=2 =<~-T3, n=3

--------- a=1.0%, n=2 ogf ~ T oL Mt
l '5 T azl '0%’ n=3 A:.: ‘,—':: ,//::‘ m“:: o -;\-"::\;: ........... o

- 0.6} smrmrmioem. .

= x B : e
g 1o ,4" E: e b T, N
L i W 04l P o,
0.5 R Wi
8.0 g5 100 158 20 25 30 b1 1.0 12 14 16 18 2.0

frequency f(Hz) kh
(a) (b)

Figure 13. Spectral frequency analysis of the free surface elevation for case of kh =1.56 (a)
and variations of the relative wave amplitude An/Hi (b)with kh for the triple-chamber OWC-

breakwater

The second- and third- order wave amplitude are observed from the frequency spectral
analysis shown in Figure 13(a), But they are not dominate values while comparing with the
wave amplitude of first-order component. In the following only the first-order wave amplitude
was compared.

Figure 13(b) shows that the relative wave amplitude in the chambers for different opening
ratios. It can be obtained that the relative wave amplitude increases at each chamber with the
increasing opening ratio. For cases of T2 (a = 1.0%) and T3 (a = 1.5%), due to the shadow
effect, the relative wave amplitude in the chamber decreases with its location moves the rear

side.
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Figure 14. Variations of the relative amplitude of air pressure fluctuation APw/pgH,; of triple-

chamber OWC-breakwater with kh in different opening ratios.

The relative amplitude of air pressure fluctuation in each chamber for case of a = 1.0%
and 1.5% are shown in Figure 14. For case of T4 (a = 15.8%, fully opened), the relative
amplitude of air pressure fluctuation are zero in all the chambers. Therefore, it was decided not
plot the results of T4 in Figure 14. The relative amplitude of air pressure fluctuation at each
chamber for case of a = 1.0% is greater than that for case of o = 1.5%. The relative amplitude
of air pressure fluctuation in the front chamber shows the parabolic trend. Differently, for the
relative amplitude of air pressure fluctuation in the middle chamber and rear chamber, there is
a valley value at the lower frequency region (i.e., kh = 1.06). The locations of the peak value in

different chambers are similar.
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Figure 15. Variations of #,, #,, 3 and », for the triple-chamber OWC-breakwater with kh in

different opening ratios.

The CWR in different chambers and the total CWR are shown in Figure 15. When the
opening ratios are 0% and 15.8%, there are no wave energy extracted. The total CWR for case
of a = 1.0% is greater than that for case of a = 1.5% over the whole tested frequency region.
The maximum CWR for case of o = 1.0% and 1.5% are 57.3% and 52.1%, respectively. They
are larger than that for the single-chamber OWC-breakwater (43.1% and 38.4%) under the same
opening ratio. Refering to Figure 9(d), the maximum CWR of dual-chamber OWC-breakwater
for case of a= 1.0% and 1.5% are 54.5% and 55.8%, respectively. Overall, the maximum CWR
of triple-chamber OWC-breakwater is larger than that of single- and dual-chamber system.

For CWR of different chambers, the trend against kh are similar to that of the relative
amplitude of air pressure fluctuation in Figure 14. But the locations of the peak value for
different chambers are different due to the hydrodynamic interactions of each water column.

3.3.2 Reflection coefficient and transmission coefficient

The reflection coefficient and transmission coefficient for the triple-chamber OWC-
breakwater are shown in Figure 16. The opening ratio modified the trend of Kr vs kh. For cases
of a = 0.0% and 1.0%, the reflection coefficient increases with the increasing wave number. A
valley value is found at kh = 1.26 for cases of « = 1.5% and 15.8%. Similar to that for the single-
chamber and dual-chamber OWC-breakwaters, the increasing of the opening ratio decreases

the reflection coefficient for each fixed wave number. For the tested four cases, the trend of K+
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vs kh are similar. Changing the opening ratio of the air chamber did not modify the trend of Kt
vs kh. But, for a fixed wave number, the opening ratio affect the transmission coefficient, which

is reflected in that Kt decreases firstly and then increases with the increasing opening ratio.
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Figure 16. Variations of reflection coefficient (a) and transmission coefficient (b) of triple-

chamber OWC-breakwater with kh in different opening ratios.

3.3.3 Dissipation coefficient

From Figure 17, we can conclude that the variations of Kp against kh for opening ratios of
a = 0%, 1.0% and 1.5% are similar to that found in dual-chamber system. The value of Kp for
the triple-chamber OWC-breakwater is similar to that of dual-chamber OWC-breakwater,
which is less than that of single-chamber OWC-breakwater. The Kp for a = 0%, 1.0% and 1.5%
are obviously less than that of 15.8%, especially at the high frequency region. The maximum
Kp of the triple-chamber OWC-breakwater for o = 15.8% approaches to 66.7% due to the higher
velocity at the tip of the plate.
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Figure 17. Variations of dissipation coefficient of triple-chamber OWC-breakwater with kh
in different opening ratios.

From Figure 15(d), we found that the condition of # > 0.2 can be satisfied over the whole
tested frequency region for cases of T2 (o = 1.0%) and T3 (a = 1.5%). The frequency ranges
that satisfied Kr < 0.5 for cases of T2 and T3 are 1.16 < kh < 2.06 and 1.29 < kh < 2.06,
respectively. Therefore, the frequency ranges that satisfied both conditions of Kr< 0.5 and n >

0.2are 1.16 <kh <2.06 and 1.29 < kh < 2.06 for o = 1.0% and 1.5%.

3.4 Effect of wave nonlinearity on the performance of the triple-

chamber OWC-bhreakwater

To investigate the effect of wave nonlinearity, experiments were carried out for fixed

parameters of a = 1.0%. The corresponding wave steepness ¢ (Hi/L) was shown as Table 5.

Table 5 The wave steepness of different cases.

T(s) 1.1 1.2 1.3 1.4 15 1.6 1.7 1.8

L (m) 1.83 2.12 2.42 2.71 2.99 3.27 3.55 3.82
¢ (Hi=0.05m) 0.027 0.024 | 0.021 0.018 0.017 0.015 | 0.014 | 0.013
¢ (Hi=0.075m) 0.041 0.035 0.031 0.028 0.025 | 0.023 | 0.021 | 0.020
¢ (Hi=0.10m) 0.055 0.047 0.041 0.037 0.033 | 0.031 0.028 | 0.026

3.4.1 Capture width ratio
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Figure 18. Variations of the relative wave amplitude Ai/H; (a), A2/Hi (b) and As/H; (c) of triple-

chamber OWC-breakwater with kh in different incident wave heights.
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Figure 19. Variations of the relative amplitude of air pressure fluctuation AP1/pgHi (a),
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AP2/pgH; (b) and AP3/pgHi (c) of triple-chamber OWC-breakwater with kh in different

incident wave heights.

Figure 18(a-c) show relative wave amplitude in different chambers. It can be seen that the
wave heights do affect the relative wave amplitude of the three chambers. It mainly reflected in
that the dimensionless wave amplitude decreases with the increasing wave nonlinearity. This is
due to the viscosity dissipation caused by vortex shedding in case of greater wave amplitude.
However, the opposite trend can be found for the relative amplitude of air pressure fluctuation
in each chamber in Figure 19(a-c). The pressure fluctuation inside of the chamber is quadratic
function of the velocity of the water column inside the chamber [58-59].

paCf
2

The simplified equation of the pressure is shown in Eq. 15 [60], p(t) = ‘ﬁ(t)‘ﬁ(t),

where p (t) is the pressure fluctuation inside the OWC chamber, p, is the air density, Cs is the
quadratic loss coefficient and u(t) is the spatially-averaged surface velocity.
However, the denominator of the dimensionless formula APnw/pgHi is the linear function of

Hi. Hence, the greater wave nonlinearity leads to the greater dimensionless relative amplitude

of air pressure fluctuation in Figure 19, the viscosity dissipation is also one of the reasons.
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Figure 20. Variations of #, (a), #, (b), 5 (c) and the total CWR # (d) of triple-chamber OWC-

breakwater with kh in different incident wave heights.

The CWR of each chamber and the total CWR are shown in Figure 20. The maximum CWR
of triple-chamber OWC-breakwater are 57.3%, 54.2% and 51.2% when the incident wave
heights are 0.05m, 0.075m and 0.10m, respectively. The increasing of wave nonlinearity
decreases the CWR of the device, which is similar to the trend of the relative wave amplitude
against the relative amplitude of air pressure fluctuation. Similarly, this trend can be explained
by viscous dissipation. Also, for different incident wave heights, the CWR of the chamber in
the leeside is smaller than that in the weather side due to the shadow effect. Moreover, slight
influence of the wave nonlinearity can be found for the chambers in the leeside.

By comparing with the CWR of different chambers, we found that there exists a valley
value at kh = 1.06 for the CWR of chamber in middle section and in the leeside. However, this
phenomenon is absent for the CWR of the chamber in the weather side. The aforementioned
valley value lead to the valley value at similar location for the total CWR. Correspondingly, the
valley value can also be found for the relative amplitude of air pressure fluctuation in Figure
19(b) and (c). But, the relative amplitude of air pressure fluctuation of the chamber in the
weather side does not experience this valley value. When we recall the variations of relative
wave amplitude in the chambers, the valley value is absent for the relative wave amplitude in
the front chamber.

3.4.2 Reflection coefficient and transmission coefficient

The results of the reflection coefficient and transmission coefficient of the OWC-
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breakwater with triple-chamber are shown in Figure 21.
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Figure 21. Variations of reflection coefficient (a) and transmission coefficient (b) of triple-

chamber OWC-breakwater with kh in different incident wave heights.

Generally, the trend of Kr and Ky is not affected by the dimensionless wave number nor
by the wave nonlinearity. But the wave nonlinearity affects the reflection transmission
coefficient significantly for fixed wave period at lower frequency (i.e., 0.99 < kh < 1.26).
Generally, the reflection coefficient increases and the transmission coefficient decreases with
the increasing of wave nonlinearity.

3.4.3 Dissipation coefficient

Figure 22 shows the results of dissipation coefficient Kp for different incident wave heights.
Wave nonlinearity does not modify the trend of Kp vs kh. The dissipation coefficient increases
firstly and then decreases with increasing kh, and the peak value of Kp appears at the middle
frequency region. The wave nonlinearity affects Kp slightly at the lower frequency region (i.e.,
0.99 < kh < 1.26). Comparatively, obvious influences can be found at the rest frequency region

(i.e., 1.26 < kh < 2.06), where Kp increases with the increasing wave nonlinearity.
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Figure 22. Variations of dissipation coefficient of triple-chamber OWC-breakwater with kh

in different incident wave heights.

For the tested incident wave heights, the CWR for each wave period is greater than 0.2 for
a = 1.0%. From Figure 21(b), we found that the frequency range for Kr <0.5 is larger when H;
= 0.10m. The corresponding frequency ranges are 1.16 < kh < 2.06, 1.11 < kh < 2.06 and 1.10
< kh <2.06 when the incident wave heights are 0.05 m, 0.075 m and 0.10 m. When we consider
the CWR and transmission coefficient together, though the total CWR decreases, the effective

frequency bandwidth increases slightly due to the wave nonlinearity.

3.5 Discussions on wave energy extraction performance and wave

attenuation performance of OWC-breakwaters
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Figure 23. Results of total CWR 7 for case of o = 1.0% (a) and 1.5% (b)

The total capture width ratio of OWC-breakwaters with different chamber numbers are
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shown in Figure 23. Form Figure 23, it was found that the CWR of the dual-chamber and triple-
chamber OWC-breakwaters, are observably superior to single-chamber OWC-breakwater over
the whole frequency region for a = 1.0% and 1.5%. Also, for the current set-up, we found that
the total CWR approaches to a convergence value with increasing chamber number. The
comparisons prove that, under the premise of same total water column volume, the multi-

chamber OWC-breakwater performs better than that of the counterpart with single-chamber.
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Figure 24. Results of transmission coefficient for case of « = 1.0% (a) and 1.5% (b)

The transmission coefficient of OWC-breakwaters are shown in Figure 24. Form Figure
24, it was found that the transmission coefficient of the multi-chamber OWC-breakwater is less
than that of the single-chamber OWC-breakwater.

From the direct comparisons of the CWR and transmission coefficient of the device with
multiple chambers, it can be found that the effective frequency bandwidth of the OWC-
breakwaters with dual- and triple-chamber are wider than that of the single-chamber device.
These advantages are beneficial for the floating OWC-breakwater as breakwaters. However,
comparing the effective frequency bandwidth of the dual- and triple-chamber devices, the
present results suggest no obvious advantages for the triple-chamber device.

For the breakwater it is interesting to broaden its frequency range for Ky < 0.5 to improve
the wave attenuation performance in the floating breakwater in longer waves. In this study, the
frequency ranges of triple-chamber OWC-breakwater with satisfactory wave attenuation
performance for 1.0% and 1.5% are 1.16 < kh < 2.06 and 1.29 < kh < 2.06. More case studies,
comparisons and optimizations are worthy exploring the advantages of the multi-chamber
OWC-breakwater.
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4 Conclusions

In this study, the hydrodynamic performance of OWC-breakwaters with single-chamber,
dual-chamber and triple-chamber were investigated thoroughly via a series of experiments. The
principle is that the total water column volume of the chamber for different cases were kept the
same. An orifice was used to model the PTO damping. Considering that the OWC-breakwater
includes the function of wave energy extraction and breakwater simultaneously, we focus on
the CWR, reflection coefficient, transmission coefficient, dissipation coefficient and the
effective frequency bandwidth. Besides, we emphasized the comparisons of the three kinds of
devices.

1) Comparisons of the three OWC-breakwaters showed that the energy extraction
performance for the devices with triple-chamber and dual-chamber are better than that for the
single-chamber device due to the hydrodynamic interactions of different water columns. Under
the premise of the same opening ratio (i.e., 1.0%), the maximum efficiency of triple-chamber
device is slightly superior to that of the dual-chamber OWC-breakwater. Due to the shadow
effect, the CWR at each chamber decrease with its location moves to the leeside of the device.

2) The transmission coefficient in the lower frequency for the device with triple-chamber
is less than that of the dual-chamber and single-chamber OWC-breakwaters. That is to say, the
wave attenuation performance of the triple-chamber is better. The OWC-breakwater with triple-
chamber has a wider effective frequency bandwidth for > 0.2 and Ky < 0.5.The corresponding
frequency range is 1.16 < kh < 2.06 and 1.29 < kh < 2.06 when the opening ratio « is 1.0% and
1.5%. This is beneficial for such kind of device to act as dual role of wave energy converter and
breakwater.

3) Due to the fact that the multi-chamber OWC-breakwater possesses more effective wave
energy extraction, the dissipation coefficient is relatively smaller than that of the single-
chamber device with the same opening ratio.

4) Wave nonlinearity plays an important role while evaluating the performance of the
OWC-breakwater with triple-chamber. The total efficiency and the transmission coefficient
decrease with the increasing of wave nonlinearity, but the effective frequency bandwidth

increases slightly.
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The hydrodynamic analysis on the OWC-breakwaters with single-chamber, dual-chamber
and triple-chamber and the direct comparisons are helpful to in-depth research on
hydrodynamic mechanism of the device with multi-chamber. And the performance of the wave
energy converters in chaotic sea state is worthy to be investigated.

The hydrodynamic interactions of the multiple water columns are worthy to be further
investigated. The formula we used to evaluate the natural frequency of the columns is originated
from case of single-chamber in isolation [46]. The added mass of each chamber is different to
that of the isolated case due to the hydrodynamic interactions of different columns, which may
affect the natural frequency of the water columns. This may lead to the modifications of formula
in case of multi-chamber OWC-breakwater. This interesting topic is worthy to be investigated.

In addition, experiments were conducted under regular waves in this study. It is well-
known that the realistic deployment sites have irregular waves. The advantages of the multi-
chamber device shall be examined in realistic wave conditions. Also, the survivability in severe

sea conditions is worthy to be investigated in the future.
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Highlights

v' Hydrodynamic performance of the multi-chamber OWC-breakwater is
investigated experimentally.

v Thorough comparisons of the single-, dual- and triple-chamber OWC-breakwater
are conducted.

v' The wave attenuation performance of the triple-chamber OWC-breakwater is
slightly superior to that of the single- and dual-chamber OWC-breakwater.

v" Wave nonlinearity affects the hydrodynamic performance of the triple-chamber

OWC-breakwater.





