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• The hydrodynamic performance of the OWC device increases with the water depth leading to an increase in the6

pressures on its walls.7

• The study highlights the dependency of amplification of the waves within the OWC chamber on the wave direc-8

tion.9

• The air pressure inside the chamber that dictates the efficiency of the OWC is a function of incident wave height.10

• The hydrodynamic performance of the OWC in a random wave field is less than when exposed in a regular wave11

field.12
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24 A B S T R A C T25

26

The testing of scale models is crucial if we are to continue the development of wave energy27

converters. Investigations have examined the interaction of shore-based Oscillating Water Col-28

umn (OWC) devices with regular water waves that impact the device perpendicularly in flumes29

or wave basins. However, these simplistic experiments might misrepresent the effectiveness of30

an OWC system. This study examines the interaction of irregular, oblique, water waves with a31

shore-based OWC device in terms of its hydrodynamic performance. In a spectral wave basin,32

a series of experiments were performed on a scale model of a single chamber of the Mutriku33

Wave Energy Plant. Wave propagation conditions were examined to see their impact on the hy-34

drodynamic performance of a fixed OWC system. The wave amplification factor, hydrodynamic35

efficiency, non-dimensional air pressure inside the chamber, and non-dimensional water pres-36

sures on the chamber walls were evaluated. The results show that when the free surface is close37

to the front wall lip, the hydrodynamic efficiency increases, while the effect of significant wave38

height was seen to be more important in the wave amplification. Finally, it was found that the39

hydrodynamic efficiency under random waves is lower than that in experiments under regular40

waves reported previously.41

42

1. Introduction43

Wave energy has enormous potential, with the capacity to provide about twice the present annual global energy44

consumption (Terrero González et al., 2021). Among its different advantages is that, as compared to other renewable45

energy sources, it delivers a constant energy supply and its time variability of energy delivery can be more reliably46

predicted. However, despite its numerous benefits and the fact that the first device designs were proposed over a century47

ago (Ringwood, 2020), wave energy is not yet commercially viable.48

Since the first registered patent for a wave energy converter (WEC) in 1898, more than a thousand ideas have been49

registered and this number continues to grow (McCormick, 2013; Falcão, 2010). Among the various systems that50

have been designed and deployed (a comprehensive overview of existing concepts and designs is available in Falcão51

(2010); Falnes (2007); Guedes Soares et al. (2012); Sundar et al. (2010)), the Oscillating Water Column (OWC) system52

has proven to be one of the most promising due to its versatility (Heath, 2012; Delmonte et al., 2016; Falcão and53

Henriques, 2016). An OWC device is primarily an air chamber, a turbine, valves, ducts and an electric generator. Its54

working principle is relatively simple: incident waves cause water to flow into the chamber through an entrance below55

the partially submerged front wall. The vertical free water surface oscillation inside the chamber induces the trapped56

air to rise and fall. This activates a two-direction turbine in a duct linked to the atmosphere. The electric generator is57
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connected to the turbine’s axis to convert mechanical energy into electrical energy. Herein, the advantage is that all58

the moving parts of the system including the turbine are above the water surface, making maintenance easier.59

To encourage the use of OWC devices, research is needed to improve existing designs and thus develop resilient,60

efficient devices. Regarding land-based OWC devices, which are the focus of this work, several studies have been61

carried out to further understand their hydrodynamic aspects numerically and experimentally (Morris-Thomas et al.,62

2006; Ning et al., 2016; Tsai et al., 2018; Wang et al., 2018; Torre-Enciso et al., 2009; López et al., 2016, 2019, 2020a;63

Daniel Raj et al., 2018; John Ashlin et al., 2017). In this regard, OWC systems are seen to achieve their optimal64

performance at resonance, which occurs when the incident wave frequency of the device location matches the natural65

frequency of the converter. Previous studies have reported that the natural resonance frequency of an OWC device66

depends on changes in its geometrical characteristics (chamber length and front wall submergence and width, see67

Evans and Porter (1995); Medina Rodríguez et al. (2020)) and on wave conditions (wave period and incidence wave68

direction, John Ashlin et al. (2016a); Medina Rodríguez et al. (2022)). Investigations into the considerable impact of69

the geometric properties of the OWC chamber on its efficiency include Chen et al. (2021); Ning et al. (2016); López70

et al. (2021); John Ashlin et al. (2016b); Medina Rodríguez et al. (2022).71

To optimise the wave energy collected by the entire OWC system, the pneumatic chamber and also the damping72

created by the PTO, must work at optimum efficiency. Optimum PTO damping was investigated by López et al. (2014,73

2015); Kamath et al. (2015); López et al. (2016); Elhanafi et al. (2016); Rezanejad et al. (2017); Çelik and Altunkaynak74

(2020); Viviano et al. (2016). According to López et al. (2015), the damping that the turbine induces on the system75

has a considerably greater impact on the capture factor than the wave conditions and the tidal level. Another important76

aspect is the air compressibility within the chamber (Falcão and Henriques, 2018; Viviano et al., 2018; Falcão and77

Henriques, 2019; López et al., 2020b). This is known to have a substantial impact on the power performance of full-78

sized converters, although it is generally ignored in model testing at a reduced scale.79

Investigation using scale models is essential for the development of OWC systems; for example, showing how80

devices will operate and survive in the ocean. Physical modelling gives perhaps the most reliable source of information81

on the behaviour of WECs under various sea conditions. In particular, experiments in wave basins can offer modelling82

services of several sizes, that vary greatly in terms of set-up and physical size, while providing a realistic and accurate83

estimate of the physical model performance. This enables designers to verify the functioning of a particular device and84

also to optimise the installation process, thus lowering installation and operation costs. Moreover, by demonstrating85

that a device performs effectively under experimental testing conditions, the economic risk for companies and investors86

is reduced and acquiring grants or financial assistance for WEC installation might be simpler.87

An onshore OWC device is often designed lie parallel to the coast; however, in real conditions waves coming88

perpendicular to the beach are uncommon. For example, the incident water waves that impact the Mutriku OWC wave89

power plant in Spain are often oblique (Ibarra-Berastegi et al., 2018), so a more genuine representation of real wave90

conditions can be made using oblique waves.91

To characterise the performance of an onshore OWC device accurately, the influence of wave direction on hy-92

drodynamic performance should be evaluated. Oblique waves can cause the free surface oscillation and air pressure93

distribution inside the OWC chamber to be irregular. This can produce a radiated flow both within and outside the94

chamber, causing vortices to form on the inner face of the front wall and decreasing free surface oscillation. Further-95

more, as with other coastal structures, oblique waves can considerably reduce the wave loads on onshore OWC devices.96

Therefore, to assess the device performance correctly, incidence wave direction must be taken into account as it may97

have a substantial impact on the system’s capacity to capture wave energy.98

Among the several aspects that influence the hydrodynamic performance of an OWC, one that can be only examined99

through model experimentation in wave basins is the angle between the waves and the structure. However, although100

wave basins have fewer boundary limitations than wave flumes, the expense of operating these indoor facilities is101

substantially higher. For land-based OWC devices, limited data are available to estimate the effects of oblique waves.102

The vast majority of studies have assumed that incident waves propagate perpendicularly toward the land-based device,103

a scenario that rarely happens in practice. Therefore, more accurate physical model tests in wave basins with oblique104

waves are needed. In this regard, John Ashlin et al. (2016a) carried out an experimental investigation of the interaction105

of an array of OWCs embedded in a breakwater with oblique regular waves. The authors examined three distinct wave106

directions and came to the conclusion that the system’s natural frequency was not affected. Recently, Medina Rodríguez107

et al. (2022) assessed the hydrodynamic performance of a single, land-based OWC device under oblique regular waves.108

Their research showed that the period at which resonance occurs falls, as the incoming wave angle increases for the109

OWC model, when it is a nearshore device.110
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(a) Plan view of the experimental set-up.

Figure 1: Cont.

Other relevant studies of fixed OWC devices in wave basins can be found in Torre-Enciso et al. (2009); Howe111

and Nader (2017); John Ashlin et al. (2018); Orphin et al. (2022); Durai Eswaran et al. (2022). Orphin et al. (2022)112

carried out an experimental campaign in two wave basin laboratories to evaluate and compare the performance of a113

bottom-fixed OWC WEC under regular waves. They concluded that laboratory effects can be significant and must be114

taken into account in WEC model test experiments in order to improve experimental results. By causing the waves to115

shoal, Durai Eswaran et al. (2022) analysed the hydrodynamic performance of an OWC installed above a horizontal116

plate. It was stated that when the plate is present, the hydrodynamic efficiency of the OWC device increases by about117

10%.118

To foster the expansion of OWC technology, it is necessary to evaluate the hydrodynamic performance of OWCs119

under normal operating conditions. Most previous numerical and experimental studies are based on two-dimensional120

regular incident waves. This can give valuable information, but in the ocean, a unidirectional, regular sinusoidal wave121

pattern is uncommon, so the results represent an approximation of the performance of an OWC system. Thus, the122

objective of this work is to complement previous research in this field by evaluating the performance of a shore-based123

OWC WEC under oblique, irregular incident waves. A physical model of the OWC was tested in a spectral wave124

basin, subjected to random wave conditions, with varying peak periods, significant wave heights, water depths and125

wave directions.126

2. Materials and methods127

2.1. Experimental programme128

The experiments were carried out in the 15 m-long, 9 m-wide, and 0.8 m-deep wave basin of the EPOMEX Institute129

at the Autonomous University of Campeche, in Mexico. The wave basin is equipped with a linear snake wave maker130

that produces spectral waves with 18 piston paddles, each of 50 cm width, and an active absorption system (AwaSys)131

(Meinert et al., 2017). An artificial gravel beach, at the other end of the basin, acted as a passive wave absorber. The132
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(b) Cross sectional view of the experimental set-up.

Figure 1: Schematic views of the directional wave basin and the experimental set-up (diagrams are not in scale).

mean size of the beach material was 𝐷50 =5.08 cm, with an average density of 2.68 g/cm3. Schematic views of the133

spectral wave basin are shown in Figs. 1a and 1b.134
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Figure 2: Vertical cross-section and dimensional details of the OWC model.

2.2. The OWC scale model135

The dimensions used for the model correspond to one of the sixteen OWC chambers of the Mutriku Wave Energy136

Plant in Spain (Medina Rodríguez et al., 2020; Medina Rodríguez et al., 2022), as seen in Fig. 2. The model was137

made of 12 mm thick acrylic sheets. The length and width of the OWC chamber were 𝑏 =155 mm and 𝑑 =225 mm,138

respectively, while its height was 𝐿1 =655 mm. The thickness of the front wall and the height of the gap below were139

𝑤 =260 mm and 𝐵𝑔 =140 mm, respectively, while the front wall draft, 𝑎, and water depth, ℎ, were varied throughout140

the experiments.141

For modelling the OWC chamber, using the Froude similarity law, a geometric scale factor of 1:20 (1 ∶ Λ) was142
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determined from the size of the experimental facilities as well as for the wave conditions and wave generation capability.143

Using Froude’s similarity law means the model represents an analogue geometric full-scale OWC system. However,144

compressibility effects play an important role in OWC WECs and cannot be scaled with Froude’s similarity law. These145

effects are seen in the aerodynamic phase, which triggers the PTO, but are minor in the hydrodynamic phase since water146

compressibility is low even at small scales (Payne, 2008). Falcão and Henriques (2014) proposed an alternative scale147

for evaluating compressibility effects, where the ratio between the volume model air chamber and the full-size device is148

equal to Λ2, not Λ3. In this case, the required capacity for the chamber is significantly more than the volume calculated149

with Froude similarity, and one practical solution would be to link an external reservoir with the requisite capacity to150

the Froude-scaled device chamber by a pipe (Sarmento, 1993). However, in this study, only the geometric similarity151

criterion was fully satisfied, which is a suitable way to hydrodynamically characterize the performance of an OWC in152

its early phases of development (López et al., 2015).153

To ensure the stability of the model, four lead weights (8 kg each) were placed in the OWC chamber, as shown in154

Fig. 3. The PTO unit acting on the OWC system was simulated by a circular orifice to apply the equivalent resistance155

of a self-rectifying impulse turbine, as the line scale is too small for an accurate representation of a turbine (Falcão156

and Henriques, 2014). This circular orifice, at the top of the OWC chamber, has an area of 𝜒 =0.68% of the OWC157

chamber water plane area (𝐴𝑜𝑤𝑐 = 𝑏 × 𝑑), as suggested by John Ashlin et al. (2016b).158

Figure 3: Experimental set-up of the shore-based OWC.

2.3. Instrumentation159

To record the free surface of the water, seven resistance-type wave gauges (0.01-0.70m VTI, WG-1CH-E) were160

installed within the spectral wave basin. Six of these gauges (WG1-WG6) were located along the centreline of the161

wave basin in front of the OWC model, and the seventh, WG7, inside the scaled OWC model, as shown in Figs. 1a162

and 1b. Five pressure gauge sensors (0-0.3 bar Acculevel, Keller) were used, two inside the chamber, at the top, to163

measure the differential air pressure, and three in the front wall to record the water pressures, Fig. 2. The sampling164

frequency of all these sensors was 100 Hz. The differential air pressure measured by PS4 and PS5, and the chamber165

free surface elevation measured by WG7, were adopted to calculate the efficiency of the system, see Sections 2.7 and166

2.6. The measurements were analysed inside the steady-state region of the signal.167

2.4. Study site168

The wave climate of Costa Azul off Ensenada, Baja California, was characterized and these random wave conditions169

were used to test the OWC device. In terms of wave energy, this area, the Pacific Coast of the Baja California Peninsula170

in northwest Mexico, is one of the most active regions of Mexico (Figs. 4a, 4b and 4c) (Fontes et al., 2019). The171

Costa Azul geomorphology consists of long rocky beaches and moderate-high wave power (Ventura et al., 2022). The172

prevailing wave systems originate from the northwestern extratropical region, though distant swells arrive from the173
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(a) Baja California Peninsula. (b) Bird's eye view of Costa Azul in Ensenada.
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Figure 4: Geographical location of the study site and the proposed location for the OWC device.

Southern Hemisphere (between 180° and 315° with respect to the north) between March and November (Odériz et al.,174

2020). The tides are semi-diurnal mixed type, with a mean high tide of 1.61m.175

The site is suitable for the installation of a shore-based OWC device as the bathymetry and wave exposure char-176

acteristics do not vary greatly (Ventura et al., 2022). There is a small port at the site, used for the supply of liquefied177

natural gas. This is used to generate electricity for industrial and domestic use in the municipalities of Mexicali and178

Rosarito, and so an OWC plant might help to accelerate the shift away from fossil fuels in the region, as well as to179

meet the rising demand for electricity in Baja California (Quintero-Nuñez et al., 2006). Additionally, the installation180

of an OWC plant with a robust front wall may help to withstand wave loads and ensure the system’s survivability at181

this suggested study location.182

To characterise the wave energy off the coast of Ensenada, the reanalysis data set of the European Centre for183

Medium-Range Weather Forecasts (ECMWF) ERA 5 (Hersbach et al., 2020) was used, from 1979 to 2018, with one184

hour and a 0.5° temporal and spatial resolutions, respectively. ERA5 uses the operational spectral wave model HRES-185

WAM (Günther et al., 1992), with 24 orientations and 30 frequencies. The nearest ERA5 location (117.0° W, 32.0°186

N), roughly 13.6 km off Costa Azul, was used for the wave data, Fig. 5. By computing the joint probability of 𝐻𝑚0187

and 𝑇𝑒, the prevailing wave conditions were obtained.188

For analysing energy output in wave energy conversion, the most often occurring sea states are especially important.189

From Fig. 5, the most persistent sea-states (93.2% occurrence) were those with periods of 7 - 13 s, while significant190
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wave heights were 1.0 - 2.0 m (the dashed green square in Fig. 5). These values of the significant wave height191

and energy period were chosen to conduct the experimental tests and assess the OWC performance. However, it192

should be noted that these values are for an offshore location. Henriques et al. (2013) carried out an assessment of193

the transformation of the wave energy resource from an offshore to a coastal location and reported that wave power194

is lower and the wave period is slightly longer in coastal locations. This slight difference in wave period can have an195

influence on the device efficiency and cause the hydrodynamic efficiency to be overestimated. As a result, site-specific196

measurements should be obtained for more accurate results.197
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Figure 6: Test wave propagating conditions covered in the experimental campaign.

2.5. Experimental wave conditions198

Details of the experimental conditions are summarized in Fig. 6. A total of 144 random wave conditions were
evaluated to comprehensively characterise the performance of the OWC model. These were obtained from the com-
bination of eight peak periods: 𝑇𝑝 =1.74 s to 𝑇𝑝 =3.23 s, (𝑇𝑝 =7.78 s to 𝑇𝑝 =14.44 s, in full-scale dimensions, or
𝑇𝑒 =7.0 s to 𝑇𝑒 =13.0 s with 𝑇𝑒 = 0.90𝑇𝑝 (Goda, 2010; Ahn, 2021)), three significant wave heights: 𝐻𝑚0 =0.050 m
to 𝐻𝑚0 =0.100 m, in increments of 0.025 m (𝐻𝑚0 =1.0 m to 𝐻𝑚0 =2.0 m, at full-scale), three water depths: ℎ =0.30
m to ℎ =0.50 m, in increments of 0.10 m (ℎ =6.0 m to ℎ =10.0 m, in full-scale dimensions) and two incident wave
angles, 𝜃 =0◦ and 15◦. Larger wave angles were not taken into account as the lateral walls of the wave basin cause large
reflections. Using the peak period as a reference, each test was designed to generate at least 200 waves. The irregular
wave time series were produced using the JONSWAP spectrum (Goda, 2010), although it should be emphasised that
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site-specific measurements are required to select the most accurate wave spectra, which can result in more accurate
power performance data. The JONSWAP spectrum is given by

𝑆(𝑓 ) = 𝜁𝐻2
𝑚0𝑇

−4
𝑝 𝑓−5exp

[

−1.25
(

𝑇𝑝𝑓
)−4

]

𝛾𝛽 , (1)
where 𝑇𝑝 is the peak period, 𝑓 is the wave frequency, 𝛾 is the peak enhancement factor set to 3.3, 𝜎 is the spectral
shape parameter, and 𝜁 and 𝛽 are defined by the expression

𝜁 = 0.0624
0.230 + 0.03366𝛾 − 0.185 (1.9 + 𝛾)−1

, (2)

𝛽 = exp
[

−
(

𝑇𝑝𝑓 − 1
)2 ∕2𝜎2

]

, (3)
while the shape parameter is defined as

𝜎 =

{

𝜎𝑎 = 0.07, if 𝑓 ≤ 𝑓𝑝
𝜎𝑏 = 0.09, if 𝑓 > 𝑓𝑝

(4)

and where 𝑓𝑝 = 1∕𝑇𝑝 is the peak frequency.199

2.6. Dimensional Analysis200

In the OWC model, the chamber characteristic (length 𝑏, width 𝑑, the thickness, draft and submerged gap of the
front wall 𝑤, 𝑎 and 𝐵𝑔 , respectively), the simulated PTO (opening ratio 𝜒), wave propagating conditions (peak period
𝑇𝑝, significant wave height 𝐻𝑚0, water depth ℎ and wave direction 𝜃), physical properties of the environment (water
and air density, 𝜌 and 𝜌𝑎𝑖𝑟, respectively, and gravitational acceleration 𝑔) have a strong influence on the extracted
wave power (𝑃𝑜𝑢𝑡), the amplitude of the surface displacement and the air pressure inside the chamber (𝜂𝑜𝑤𝑐 and Δ𝑝,
respectively) (He and Huang, 2016). After a first variable grouping, we obtain the following relationships

(

𝛼, 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟, 𝜖
)

= 𝑓

(

𝑎
𝐵𝑔

, 𝑑
𝑏
, ℎ
𝐵𝑔

, 𝑤
𝑏
,
𝐻𝑚0
𝐵𝑔

, 𝑇𝑝

√

𝑔
𝑏
, 𝜒, 𝜃

)

, (5)

where 𝛼, 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 and 𝜀 are defined by
𝛼 =

𝜂𝑜𝑤𝑐,𝑚0

𝐻𝑚0
, (6a)

𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 =
𝑃𝑎𝑖𝑟,𝑚0

𝜌𝑔𝐵𝑔
, (6b)

𝜀 =
𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

, (6c)

where 𝛼 is the wave amplification factor, 𝜂𝑜𝑤𝑐,𝑚0 is the calculated significant free surface elevation in the steady-state201

region of the signal, 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 is the value of the non-dimensional air pressure within the chamber, 𝑃𝑎𝑖𝑟,𝑚0 is the average202

of the significant air pressures recorded by PS4 and PS5, 𝜖 is the hydrodynamic efficiency, while 𝑃𝑖𝑛 and 𝑃𝑜𝑢𝑡 represent203

the mean wave power of the incident waves and the average power absorbed from random waves, respectively. The204

parameter 𝜖 is used to assess the capacity of the system to transform the power of incoming waves into pneumatic205

power.206

The dimensionless parameters 𝑑∕𝑏, 𝑤∕𝑏 and 𝜒 were held constant in our experiments, while 𝑎∕𝐵𝑔 and ℎ∕𝐵𝑔 are
closely related to each other and therefore ℎ∕𝐵𝑔 is only considered. Thus, equation (5) can be reduced to

(

𝛼, 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟, 𝜖
)

= 𝑓

(

ℎ = ℎ
𝐵𝑔

,𝐻 =
𝐻𝑚0
𝐵𝑔

, 𝑇 = 𝑇𝑝

√

𝑔
𝑏
, 𝜃

)

, (7)
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Table 1

Varying non-dimensional parameters for the experimental campaign.

Parameter Values

Non-dimensional water depth
(

ℎ
)

2.344, 3.125 and 3.906

Non-dimensional wave height
(

𝐻
)

0.391, 0.586 and 0.781

Non-dimensional wave period
(

𝑇
)

13.88, 15.91, 17.68, 19.45, 21.21, 22.98, 24.75 and 25.72

Incident wave direction (𝜃) 0◦ and 15◦

and the OWC performance can be presented with only these four dimensionless parameters. Details of the values of207

these dimensionless parameters are given in Table 1.208

Finally, the pressure exerted in the chamber by wave conditions (ℎ, 𝐻 , 𝑇 and 𝜃) was investigated using the following
dimensionless parameters

𝑃𝑓𝑤𝑜𝑢𝑡𝑠𝑖𝑑𝑒 =
𝑃PS1,𝑚0
𝜌𝑔𝐵𝑔

, (8a)

𝑃𝑓𝑤𝑏𝑒𝑙𝑜𝑤 =
𝑃PS2,𝑚0
𝜌𝑔𝐵𝑔

(8b)

and

𝑃𝑓𝑤𝑖𝑛𝑠𝑖𝑑𝑒 =
𝑃PS3,𝑚0
𝜌𝑔𝐵𝑔

, (8c)

where 𝑃PS1,𝑚0, 𝑃PS2,𝑚0 and 𝑃PS3,𝑚0 are the significant water pressures recorded by PS1, PS2 and PS3, respectively.209

2.7. Hydrodynamic efficiency210

The hydrodynamic efficiency of the OWC device, Eq. (6c), was assessed by calculating the incident and absorbed
wave power. To calculate the incident wave power, the energy spectrum of the incoming waves was estimated using
data from the wave gauges. The distance between the wave paddles and wave gauge WG1 was 2.98 m and the separation
between WG1 and WG2-WG6 was 0.34, 0.44, 0.53, 0.8 and 1.52 m, respectively, Fig. 1, following the least square
criteria. The approach of Mansard and Funke (1980) was used to decompose the total spectrum into incoming and
reflected waves induced by the OWC model and the artificial beach. Thus, the mean wave power of the incident waves,
𝑃𝑖𝑛, was computed based on the incident wave spectrum

𝑃𝑖𝑛 = 𝑑𝜌𝑔 ∫

+∞

0
𝑆𝑖(𝜔)𝐶𝑔(𝜔)𝑑𝜔, (9)

where 𝜌 is the seawater density, 𝑔 is the gravitational acceleration, 𝑆𝑖 is incident spectral density, 𝜔 is the angular
frequency and 𝐶𝑔 is the group velocity defined by

𝐶𝑔(𝜔, ℎ) =
1
2
𝜔
𝑘

(

1 + 2𝑘ℎ
sinh (2𝑘ℎ)

)

, (10)

where 𝑘 is the wave number.211

On the other hand, the average power absorbed from random waves, 𝑃𝑜𝑢𝑡, can be determined by the integration of
the instantaneous free surface oscillation inside the chamber moving with a velocity 𝑉𝑓𝑠 under the air pressure Δ𝑃 as
follows

𝑃𝑜𝑢𝑡 =
1

𝑡𝑒 − 𝑡𝑖 ∫

𝑡𝑒

𝑡𝑖
Δ𝑃𝐴𝑜𝑤𝑐𝑉𝑓𝑠𝑑𝑡, (11)
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where 𝑡𝑖 and 𝑡𝑒 are the initial and final times, respectively, in the region of the measurements; the air pressure within
the chamber Δ𝑃 is calculated by means of averaging the data gathered from the two pressure gauges (PS4 and PS5) at
each time instant, and 𝑡 is the time. The airflow can be assumed to be incompressible due to the small volume of air
trapped inside the model (Iturrioz et al., 2015). Thus, 𝑉𝑓𝑠 can be estimated by calculating the first-time derivative of
the third-order approximation to the free surface elevation inside the OWC chamber as (López et al., 2015)

𝑉𝑓𝑠 =
2𝜂𝑗+1 + 3𝜂𝑗 − 6𝜂𝑗−1 + 𝜂𝑗−2

6Δ𝑡
, (12)

where 𝜂𝑗 is the elevation of the free surface at time 𝑡𝑗 , 𝑗 is the current time value and Δ𝑡 is the sampling interval.212

Finally, by substituting 𝑃𝑖𝑛 and 𝑃𝑜𝑢𝑡, Eqs. (9) and (11), into 𝜀, Eq. (6c), the hydrodynamic efficiency is calculated.213

3. Results and Discussion214

The findings of the experiments were analysed to determine the hydrodynamic performance of the OWC chamber215

under random wave conditions.216

3.1. Wave amplification217

The wave amplification factor 𝛼 is shown in Figs. 7a-7f, against non-dimensional wave period 𝑇 and relative wave218

height 𝐻 for different values of the wave angle 𝜃 and relative water depth ℎ. These figures show that most wave219

amplification was found for shorter, non-dimensional wave periods 𝑇 . This is because the excitation of the internal220

water column due to energy transmission from the incident waves increases Comparing the results of the left and221

right plots in Figs. 7a-7f, it is observed that for 0◦, 𝛼 increases for small and intermediate wave periods 𝑇 , while222

for the oblique case an increase in wave direction reduces the wave amplification inside the chamber for long periods223

(𝑇 > 19.45) no matter the values of 𝐻 and ℎ. This pattern may be explained by the fact that the energy entering to the224

chamber from incoming waves is greater when the waves approach perpendicularly to the device. As a result, the waves225

can excite the system without obstruction from the lateral walls of the chamber, which occurs when oblique propagation226

is considered. Moreover, as also explained by John Ashlin et al. (2016a), oblique wave incidence creates non-uniform227

excitation on the frontline of the device, which then causes uneven free surface oscillation inside the chamber. This228

can generate radiated flow both within and outside the chamber, causing vortices to develop on the inner face of the229

front wall and lowering free surface oscillation. Another aspect contributing to this finding might be oblique higher-230

period waves arriving first to the artificial beach, causing energy dissipation that subsequently increases as a result of231

the interaction with the OWC’s interior and exterior walls. These two effects are also present in short-period waves;232

however, they are less significant since the orbital motion of fluid particles is shorter. These factors may therefore233

(a) 𝛼 versus 𝑇 and 𝐻 with ℎ = 2.344 and 𝜃 = 0◦. (b) 𝛼 versus 𝑇 and 𝐻 with ℎ = 2.344 and 𝜃 = 15◦.

Figure 7: Cont.
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(c) 𝛼 versus 𝑇 and 𝐻 with ℎ = 3.125 and 𝜃 = 0◦. (d) 𝛼 versus 𝑇 and 𝐻 with ℎ = 3.125 and 𝜃 = 15◦.

(e) 𝛼 versus 𝑇 and 𝐻 with ℎ = 3.906 and 𝜃 = 0◦. (f) 𝛼 versus 𝑇 and 𝐻 with ℎ = 3.906 and 𝜃 = 15◦.

Figure 7: Ampli�cation factor 𝛼 as a function of 𝑇 and 𝐻 with 𝜃 = 0◦ and 15◦.

produce a decrease in energy concentration, leading in less energy input in the chamber. On the other hand, similar to234

the results of Medina Rodríguez et al. (2022) for regular waves, Figs. 7a-7f show that 𝛼 increases as 𝐻 decreases. This235

is because the volume of trapped air in the upper section of the chamber decreases as the height of the water surface236

inside the chamber rises, this leads to an increase in the pressure and restricts the rising wave elevation in the chamber.237

Regarding the effect of the non-dimensional water depth ℎ, it is observed that the wave amplification inside the OWC238

chamber increases when ℎ decreases. This trend could be similar to that explained above for an increase in 𝐻 , in this239

case, when ℎ increases, the air volume decreases and leads to a constraint on the increasing wave elevation.240

3.2. Non-dimensional air pressure241

The results of 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 against the non-dimensional peak period 𝑇 and the relative wave height 𝐻 are shown in242

Figs. 8a-8f for various incident wave angles 𝜃 and relative water depths ℎ. It is clear that 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 increases as the243

wave height increases and the peak period decreases. This trend is due to the increasing compression of the trapped air244

volume caused by higher waves and shorter wavelengths, which supports the above argument, explained in subsection245

3.1. The trend is also consistent with what was found by Medina Rodríguez et al. (2022) for regular waves after246

reaching a maximum at 𝑇 = 14.32, where the air pressure decreases as the wave period increases and wave height247

decreases. Furthermore, it can be inferred from Figs. 8a-8f that higher pressure in the short period region suggests248

that more energy may be transmitted across the gap into the chamber. Regarding the effect of the angle of incidence,249
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(a) 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 versus 𝑇 and 𝐻 with ℎ = 2.344 and 𝜃 = 0◦. (b) 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 versus 𝑇 and 𝐻 with ℎ = 2.344 and 𝜃 = 15◦.

(c) 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 versus 𝑇 and 𝐻 with ℎ = 3.125 and 𝜃 = 0◦. (d) 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 versus 𝑇 and 𝐻 with ℎ = 3.125 and 𝜃 = 15◦.

(e) 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 versus 𝑇 and 𝐻 with ℎ = 3.906 and 𝜃 = 0◦. (f) 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 versus 𝑇 and 𝐻 with ℎ = 3.906 and 𝜃 = 15◦.

Figure 8: Non-dimensional pressure inside the OWC chamber 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 as a function of 𝑇 and 𝐻 with 𝜃 = 0◦ and 15◦.
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(a) 𝜀 versus 𝑇 and 𝐻 with ℎ = 2.344 and 𝜃 = 0◦. (b) 𝜀 versus 𝑇 and 𝐻 with ℎ = 2.344 and 𝜃 = 15◦.

(c) 𝜀 versus 𝑇 and 𝐻 with ℎ = 3.125 and 𝜃 = 0◦. (d) 𝜀 versus 𝑇 and 𝐻 with ℎ = 3.125 and 𝜃 = 15◦.

Figure 9: Cont.

it is seen that for longer peak periods, the air pressure within the OWC chamber decreases when 𝜃 = 15◦, which is250

directly in line with the reduction in 𝛼, shown in Figs. 7a-7f. However, the results suggest that this parameter does251

not significantly affect the magnitude of 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟. On the other hand, Figs. 8e-8f show that 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 increases with an252

increase of ℎ at small non-dimensional peak periods, which is due to the reduction in the trapped air volume.253

3.3. Hydrodynamic efficiency254

Figures 9a–9f show the combined effect of 𝑇 and 𝐻 on 𝜀 for different water depths ℎ and angle of incident wave255

𝜃. First, by comparing the different water depths ℎ, shown in Figs. 9a–9f, it is seen that as the non-dimensional water256

depth ℎ increases, hydrodynamic efficiency is reduced. This could be explained by the fact that an increase in water257

depth leads to an increase in the front wall draft which reduces the energy transmission from the incoming waves to258

the internal water column.259

In Figs 9a–9f, similar trends to that reported by Medina Rodríguez et al. (2022) regarding the effect of 𝑇 are seen,260

since, for short peak periods that are close the resonance period of the OWC model, 𝜀 is higher, while at long periods,261

far from resonance, 𝜀 decreases. This may be because energy transfer is greater for shorter wave periods, resulting262

in both higher excitation of the internal water column and the air pressure inside the chamber. For regular waves,263

Medina Rodríguez et al. (2022) reported that the resonance period of the OWC model was found at 𝑇 = 14.32 for264

ℎ =3.125. In the present results, under the water depth conditions shown in Figs. 9c–9d, it is not clear that this occurs265
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(e) 𝜀 versus 𝑇 and 𝐻 with ℎ = 3.906 and 𝜃 = 0◦. (f) 𝜀 versus 𝑇 and 𝐻 with ℎ = 3.906 and 𝜃 = 15◦.

Figure 9: Hydrodynamic e�ciency 𝜀 as a function of 𝑇 and 𝐻 with 𝜃 = 0◦ and 15◦.

at a similar peak period. Furthermore, the findings shown in Figs. 9a–9f demonstrate that the effect of 𝐻 on 𝜀 is less266

relevant the higher the magnitude of ℎ. This may be because a large front wall draft, produced by higher water depth,267

leads to higher energy reflection and wave energy is prevented from entering the chamber.268

Furthermore, Figs. 9a–9f show that the hydrodynamic efficiency 𝜀 is influenced by the incidence wave angle 𝜃.269

In Fig. 9a and 9b, it is evident that for 𝑇 <19.45, 𝜀 is higher when 𝜃 increases, while for large non-dimensional270

wave periods the trend is reversed. This trend is similar to the wave amplification depicted in Figs. 7a-7f, and can271

be explained by the variation of energy entering the chamber due to wave direction and the scattering and reflection272

phenomena that occurs when oblique higher-period waves interact with the artificial beach and the lateral walls of the273

wave basin. A similar trend is observed in Figs. 9c–9d and 9e– 9f with ℎ =3.125 and 3.096, respectively, although274

the variation is reduced and the magnitude of 𝑇 at which the trend is reversed decreases with an increase in ℎ. In Fig.275

9e a small, but pronounced peak in the hydrodynamic efficiency 𝜀 at 𝑇 = 15.91 for 𝜃 = 0◦ is seen. This could be276

explained by the fact that as the front wall draft increases, the distance the fluid particle must travel vertically during a277

period of motion increases, producing a higher wave period at which resonance occurs, than the wave period observed278

for regular waves (𝑇 = 14.32) as mentioned above.279

(a) 𝑃𝑓𝑤𝑜𝑢𝑡𝑠𝑖𝑑𝑒 versus 𝑇 and 𝐻 with ℎ = 2.344 and 𝜃 = 0◦. (b) 𝑃𝑓𝑤𝑜𝑢𝑡𝑠𝑖𝑑𝑒 versus 𝑇 and 𝐻 with ℎ = 2.344 and 𝜃 = 15◦.

Figure 10: Cont.
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(c) 𝑃𝑓𝑤𝑜𝑢𝑡𝑠𝑖𝑑𝑒 versus 𝑇 and 𝐻 with ℎ = 3.125 and 𝜃 = 0◦. (d) 𝑃𝑓𝑤𝑜𝑢𝑡𝑠𝑖𝑑𝑒 versus 𝑇 and 𝐻 with ℎ = 3.125 and 𝜃 = 15◦.

(e) 𝑃𝑓𝑤𝑜𝑢𝑡𝑠𝑖𝑑𝑒 versus 𝑇 and 𝐻 with ℎ = 3.906 and 𝜃 = 0◦. (f) 𝑃𝑓𝑤𝑜𝑢𝑡𝑠𝑖𝑑𝑒 versus 𝑇 and 𝐻 with ℎ = 3.906 and 𝜃 = 15◦.

Figure 10: Non-dimensional water pressure outside the chamber 𝑃𝑓𝑤𝑜𝑢𝑡𝑠𝑖𝑑𝑒 as a function of 𝑇 and 𝐻 with 𝜃 = 0◦ and 15◦.

3.4. Non-dimensional water pressure outside the front wall280

The results for 𝑃𝑓𝑤𝑜𝑢𝑡𝑠𝑖𝑑𝑒 versus both the non-dimensional peak period 𝑇 and the relative wave height 𝐻 are shown281

in Figs. 10a-10f for variable incidence wave angles 𝜃 and water depths ℎ. The water pressure measurements were taken282

near the seaward opening of the OWC chamber. The pressure at the seaward side of the front wall increases when wave283

height rises. This increase is higher at lower water depths, for instance for 𝜃 =0◦, 𝑃𝑓𝑤𝑜𝑢𝑡𝑠𝑖𝑑𝑒 increases in average 15%,284

7% and 5% for ℎ = 2.344, 3.125 and 3.906, respectively. Comparing the left and right plots in Figs. 10a-10f, it can285

be seen that water pressure outside the front wall is higher under normal wave propagation. This may be explained by286

the energy dissipation caused by the artificial beach and the spread of lateral energy, which both rise with the incident287

wave direction.288

3.5. Non-dimensional water pressure below the front wall289

The results of the non-dimensional water pressure below the front wall 𝑃𝑓𝑤𝑏𝑒𝑙𝑜𝑤 for variable wave angle of inci-290

dence 𝜃 and dimensionless peak period 𝑇 , water depth ℎ and wave height 𝐻 are shown in Figs. 11a–11f. In these291

figures, there is a clear increasing trend in 𝑃𝑓𝑤𝑏𝑒𝑙𝑜𝑤 when 𝐻 increases. In fact, this trend is more pronounced at lower292

water depths. This might be explained by the fact that when incident waves interact with the front wall, the orbital293

motion of wave particles has a greater impact on the pressure exerted below the front wall as the draft of the front wall294
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(a) 𝑃𝑓𝑤𝑏𝑒𝑙𝑜𝑤 versus 𝑇 and 𝐻 with ℎ = 2.344 and 𝜃 = 0◦. (b) 𝑃𝑓𝑤𝑏𝑒𝑙𝑜𝑤 versus 𝑇 and 𝐻 with ℎ = 2.344 and 𝜃 = 15◦.

(c) 𝑃𝑓𝑤𝑏𝑒𝑙𝑜𝑤 versus 𝑇 and 𝐻 with ℎ = 3.125 and 𝜃 = 0◦. (d) 𝑃𝑓𝑤𝑏𝑒𝑙𝑜𝑤 versus 𝑇 and 𝐻 with ℎ = 3.125 and 𝜃 = 15◦.

(e) 𝑃𝑓𝑤𝑏𝑒𝑙𝑜𝑤 versus 𝑇 and 𝐻 with ℎ = 3.906 and 𝜃 = 0◦. (f) 𝑃𝑓𝑤𝑏𝑒𝑙𝑜𝑤 versus 𝑇 and 𝐻 with ℎ = 3.906 and 𝜃 = 15◦.

Figure 11: Non-dimensional water pressure below the front wall lip 𝑃𝑓𝑤𝑏𝑒𝑙𝑜𝑤 as a function of 𝑇 and 𝐻 with 𝜃 = 0◦ and 15◦.
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becomes less and the wave height increases. For normal wave incidence, 𝑃𝑓𝑤𝑏𝑒𝑙𝑜𝑤 is greater as the non-dimensional295

peak period 𝑇 increases, which means that longer waves generate higher pressures below the front wall. For oblique296

wave incidence, water pressure increases for intermediate values of 𝑇 , while for higher values of 𝑇 , water pressure297

decreases slightly again.298

3.6. Non-dimensional water pressure inside the front wall299

These water pressure measurements were taken at the same depth as those taken outside the front wall. The results300

are shown in Figs. 12a–12f, which show the variation of 𝑃𝑓𝑤𝑖𝑛𝑠𝑖𝑑𝑒 for variable wave direction 𝜃, dimensionless peak301

period 𝑇 , water depth ℎ and wave height 𝐻 . In addition to Figs. 10a–10f and 11a–11f, from Figs. 12a to 12f it can302

be seen that the water pressure inside the chamber 𝑃𝑓𝑤𝑖𝑛𝑠𝑖𝑑𝑒 follows the same trend, increasing when 𝐻 increases. In303

the case of 𝑃𝑓𝑤𝑖𝑛𝑠𝑖𝑑𝑒, this is due to the higher waves that generate higher pressures within the chamber. Comparing304

the results for normal and oblique wave incidence in Figs.12a–12f, it can be seen that 𝑃𝑓𝑤𝑖𝑛𝑠𝑖𝑑𝑒 is higher with normal305

wave propagation. This is because, under oblique wave incidence, non-uniform wave amplification occurs within the306

device, causing irregular pressure oscillations.307

In Appendix A, a table with the trends observed in subsections 3.1- 3.6 is provided.308

(a) 𝑃𝑓𝑤𝑖𝑛𝑠𝑖𝑑𝑒 versus 𝑇 and 𝐻 with ℎ = 2.344 and 𝜃 = 0◦. (b) 𝑃𝑓𝑤𝑖𝑛𝑠𝑖𝑑𝑒 versus 𝑇 and 𝐻 with ℎ = 2.344 and 𝜃 = 15◦.

(c) 𝑃𝑓𝑤𝑖𝑛𝑠𝑖𝑑𝑒 versus 𝑇 and 𝐻 with ℎ = 3.125 and 𝜃 = 0◦. (d) 𝑃𝑓𝑤𝑖𝑛𝑠𝑖𝑑𝑒 versus 𝑇 and 𝐻 with ℎ = 3.125 and 𝜃 = 15◦.

Figure 12: Cont.
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(e) 𝑃𝑓𝑤𝑖𝑛𝑠𝑖𝑑𝑒 versus 𝑇 and 𝐻 with ℎ = 3.906 and 𝜃 = 0◦. (f) 𝑃𝑓𝑤𝑖𝑛𝑠𝑖𝑑𝑒 versus 𝑇 and 𝐻 with ℎ = 3.906 and 𝜃 = 15◦.

Figure 12: Non-dimensional water pressure inside the chamber 𝑃𝑓𝑤𝑖𝑛𝑠𝑖𝑑𝑒 as a function of 𝑇 and 𝐻 with 𝜃 = 0◦ and 15◦.

3.7. Comparison with regular waves309

A comparison between the results reported by Medina Rodríguez et al. (2022) for regular waves and the results for310

random waves was made. Figs. 13a–13b show the amplification factor 𝛼 and hydrodynamic efficiency 𝜀, respectively,311

against 𝑇 for 𝜃 = 0◦ and 15◦ and for regular and random waves. It is seen that for the longest periods the free surface312

amplification and the hydrodynamic efficiency for the oblique case are lower than those for normal propagation. This313

might be because, with oblique waves, there is more energy dissipation over the artificial beach, resulting in reduced314

wave amplification which means less air compression and lower power output. It can also be seen that for random315

waves, 𝛼 and 𝜀 are lower compared to the regular case, under both normal and oblique propagation. In Fig. 13a,316

at their corresponding peaks, it is seen that the amplification factor 𝛼, under regular waves, is higher, approximately317

66% and 71% more than that of random waves for 𝜃 = 0◦ and 15◦, respectively. On the other hand, in Fig. 13b it318

is observed that for 𝜀, the magnitude in the peaks for regular waves is around 30% greater than in the random wave319

case under both normal and oblique propagation. The reason for these differences can be explained by the lower free320

surface amplification, flow rate and air pressure within the chamber, found in irregular waves compared to regular321

waves. To further explain this, Figs. 14a–14b are presented, showing the time series for regular and random waves of322

wave elevation 𝛼̄, air pressure within the chamber 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 and flow rate 𝑄̄ with 𝑇 =15.91, 𝐻 = 0.781, ℎ = 3.125 and323

𝜃 = 0◦ are shown. The time series for random waves are presented for 𝑇𝑝 = 2.0 s, while Fig. 14a shows the equivalent324
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(a) 𝛼 versus 𝑇 with 𝐻 = 0.781 and ℎ = 3.125.
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(b) 𝜀 versus 𝑇 with 𝐻 = 0.781 and ℎ = 3.125.

Figure 13: Ampli�cation factor 𝛼 and hydrodynamic e�ciency 𝜀 as a function of 𝑇 for 𝜃 = 0◦ and 15◦ and for regular
(Medina Rodríguez et al., 2022) and random waves.
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regular wave with the wave period equal to the energy period in random waves (𝑇𝑒 = 1.8 s). The parameters are defined325

as 𝛼̄ = 𝜂𝑜𝑤𝑐∕𝐻𝑚0, 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 = 𝑃𝑎𝑖𝑟∕𝜌𝑔𝐵𝑔 and 𝑄̄ = 𝑉𝑓𝑠∕
(

𝐻𝑚02𝜋∕𝑇𝑝
), where 𝜂𝑜𝑤𝑐 and 𝑃𝑎𝑖𝑟 are the time variation of326

free surface elevation and average air pressure inside the chamber. In Fig. 14a, it can be seen that the wave pattern327

in 𝛼̄ is uniform and sinusoidal, and as a consequence, the flow rate 𝑄̄ and air pressure 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 are similar, while in328

Fig. 14b the wave patterns are irregular and are smaller in magnitude. In general, their amplitudes and phases are very329

important, since the hydrodynamic efficiency is determined by 𝑃𝑜𝑢𝑡 which is calculated using Eq. 11. In this equation,330

𝑃𝑜𝑢𝑡 is the instantaneous integration of the product between the air pressure and flow rate; the smaller their product,331

the lower the average power absorbed and efficiency for random waves. Therefore, the location of a shore-based OWC332

may be as important as the offshore wave conditions, owing to the local interactions of waves with the sea bed and333

coastal contours that filter and modify the wave energy as these waves reach the shore.334
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(a) Time series of 𝛼̄, 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 and 𝑄̄ for regular waves (Medina Rodríguez et al.,
2022).
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(b) Time series of 𝛼̄, 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 and 𝑄̄ for random waves.

Figure 14: Time series of wave elevation 𝛼̄, air pressure within the chamber 𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 and volume �ow rate 𝑄̄ with 𝑇 =15.91,
𝐻 = 0.781, ℎ = 3.125 and 𝜃 = 0◦ for regular (Medina Rodríguez et al., 2022) and random waves.

4. Conclusions335

The hydrodynamic performance of a shore-based OWC-WEC was investigated through a series of tests under ran-336

dom wave conditions. The investigation explored the influence of wave propagating conditions, such as significant337

wave height, peak period, incident direction and water depth, on the wave amplification factor, hydrodynamic effi-338

ciency, and water and air pressures. Overall, the variation patterns of the measured air pressure within the chamber339

and the hydrodynamic efficiency agree well with previously published results for regular waves.340
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Table 2

Trends observed in the experiments (↑ indicates an increase while ↓ indicates a decrease).

Parameter 𝐻 𝑇 ℎ 𝜃

𝛼 ↑ when 𝐻 ↓ No linear relation ↑ when ℎ ↓ No linear relation

𝜀 No linear relation ↑ when 𝑇 ↓ ↑ when ℎ ↓ No linear relation

𝑃𝑐ℎ𝑎𝑚𝑏𝑒𝑟 ↑ when 𝐻 ↑ ↑ when 𝑇 ↓ No linear relation No linear relation

𝑃𝑓𝑤𝑜𝑢𝑡𝑠𝑖𝑑𝑒 ↑ when 𝐻 ↑ No linear relation ↑ when ℎ ↑ No linear relation

𝑃𝑓𝑤𝑏𝑒𝑙𝑜𝑤 ↑ when 𝐻 ↑ No linear relation ↑ when ℎ ↑ No linear relation

𝑃𝑓𝑤𝑖𝑛𝑠𝑖𝑑𝑒 ↑ when 𝐻 ↑ No linear relation ↑ when ℎ ↑ No linear relation

For different wave heights, the amplification inside the chamber was seen to have similar trends to those previously341

observed for regular waves (Medina Rodríguez et al., 2022). It was found that the amplification decreases as the wave342

height and water depth increase. Regarding the air pressure within the chamber, it was found that this is higher for343

short peak periods and large wave heights. However, no significant difference was seen between the air pressure results344

for normal and oblique propagation.345

The water pressures outside, below and inside the front wall of the device increase when wave height increases.346

These water pressures are also found to decrease slightly under oblique wave propagation. A positive correlation was347

also found between the increase in the water pressures and a higher water depth.348

For hydrodynamic efficiency, the results show that this falls when the front wall draft is greater due to an increase349

in water depth. This finding is significant, as it infers that energy transmission from the incoming waves to the internal350

water column is less when there is a greater front wall draft. Small differences in hydrodynamic efficiency were found351

for normal and oblique propagation, which may be due to the energy dissipation caused by the artificial beach that352

dissipates part of the incident energy. On the other hand, it was seen that significant wave height has a slight effect on353

the efficiency, being more crucial for lower depths of water.354

The present findings on efficiency show significant differences from those previously published for regular waves355

(Medina Rodríguez et al., 2022). The hydrodynamic efficiency from random waves was found to be lower than that in356

regular waves for similar wave conditions. For this reason, testing under random waves is important and may provide357

a more accurate assessment of their influence on the device’s performance in real sea conditions.358

It is worth noting that if an OWC plant is to be installed in Costa Azul, prior monitoring of the wave climate is359

required. As previously stated, the sea states used in this study are for deep waters where the wave motion is undisturbed360

by the bottom. Shoaling and refraction are two of the most important phenomena to consider as waves approach the361

shore because they can affect wave periods and heights, and hence the flux of wave energy available. The performance362

of the OWC device is also significantly affected by tidal variation, as shown in the present results, and thus it should363

also be examined. Furthermore, although the OWC plant in Mutriku provided the model dimensions used in this study,364

alternative chamber designs could be more suitable for the wave climate of Costa Azul.365

Finally, it is hoped that this experimental work may be useful in future research on the impact of wave propagation366

conditions on the hydrodynamic performance of OWCs. Future studies in wave basins could investigate the influence367

of the PTO and the use of an additional air reservoir to improve the ratio of inertia forces to air compression forces368

(Sarmento, 1993). The model may then be expanded to cover a group of OWC systems that will allow more energy to369

be produced.370

A. Trends observed in the results371

In Table 2 gives a summary of the trends observed in the results section. For all four wave propagating condition372

variables (non-dimensional wave height, peak period, water depth and wave direction) whether the outcome increases,373

decreases or no linear relation was observed within the range of the parameters considered is shown. In this table it374

can be seen that a modification in the non-dimensional wave height and water depth has a linear relation with most of375

the hydrodynamic parameters, while for the non-dimensional peak period it was only observed with the hydrodynamic376

efficiency and wave amplification. However, a variation of the wave direction did not show a linear relation with any377

of the hydrodynamic parameters.378
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