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Abstract 17 

 18 

This study presents an experimental investigation of the hydrodynamic–pneumatic performance of three 19 

L-shaped Oscillating Water Column (OWC) chamber geometries subjected to near-resonant regular wave 20 

conditions. Laboratory experiments were conducted in a wave flume using a 1:10 scale model to evaluate the 21 

influence of chamber geometry on free-surface elevation, air-pressure oscillations, airflow velocity, pneumatic 22 

power output, and overall energy conversion efficiency. Measurements were obtained under controlled wave 23 

forcing (H = 0.225 m) across a range of wave periods representative of resonance conditions. The results 24 

demonstrate that chamber geometry strongly governs the coupled hydrodynamic–pneumatic response. Geometry 25 

2 achieved the most stable piston-type water-column motion, coherent pressure fluctuations, and consistent 26 

airflow, resulting in the highest pneumatic efficiency and power performance. In contrast, Geometry 1 exhibited 27 

strong hydrodynamic excitation but significant internal flow irregularities that reduced conversion efficiency, 28 

while Geometry 3 generated large oscillation amplitudes accompanied by nonlinear instability and energy 29 

dissipation. The findings show that large oscillation amplitudes alone do not guarantee improved energy 30 

extraction; rather, stability and phase coherence between hydrodynamic and pneumatic processes are critical for 31 

efficient operation. This study provides experimentally validated insights into geometry-dependent resonance 32 

behaviour and establishes a multi-parameter framework for optimising OWC chamber design toward more stable 33 

and efficient wave energy converters. 34 

 35 

Keywords: Oscillating Water Column; chamber geometry; hydrodynamic–pneumatic coupling; near-resonant 36 
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 38 

 39 

1. Introduction 40 

 41 

The growing urgency to reduce dependence on fossil fuels has intensified global efforts to develop renewable 42 

energy sources capable of mitigating climate change while ensuring long-term energy security. Among the 43 

available options, wave energy is particularly attractive due to its high energy density and relatively stable 44 

availability when compared with solar and wind resources (Gadelho et al., 2024). Given that oceans cover more 45 

than two-thirds of the Earth’s surface, wave energy represents a vast and geographically widespread resource with 46 

considerable potential for large-scale power generation. In response, a wide range of wave energy converter 47 

(WEC) technologies has been developed in recent decades to harness this abundant renewable resource 48 

(Rezanejad et al., 2019). A fundamental challenge associated with WEC deployment lies in their ability to operate 49 

efficiently under highly variable wave conditions. Ocean waves exhibit substantial variability in height, period, 50 

and duration, requiring conversion systems to perform reliably across a broad spectrum of wave climates. Among 51 

the various WEC concepts, the OWC  has emerged as one of the most promising technologies due to its relatively 52 

simple structure, robustness, and proven potential for efficient wave energy conversion (Juan et al., 2022). WECs 53 

such as oscillating water columns or point absorbers are commonly tailored to local depth and wave period 54 

characteristics (Hendriyono et al., 2026). WECs are generally designed according to site-specific hydrodynamic 55 

conditions to maximise energy extraction efficiency.  Most OWC  devices consist of a semi-submerged chamber 56 

that traps a water column, coupled with an air turbine connected through an orifice. Incident waves induce 57 

oscillatory motion of the internal water column, causing the enclosed air to be alternately compressed and 58 

decompressed. This bidirectional airflow passes through the turbine, enabling the conversion of wave-induced 59 

hydrodynamic energy into electrical power (Ning et al., 2024). The efficiency of this initial hydrodynamic-to-60 

pneumatic conversion stage is of critical importance, as it is widely recognized that insufficient performance at 61 
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this step remains a primary barrier to the large-scale commercialization of OWC technology (Çelik & 62 

Altunkaynak, 2020; Hsieh et al., 2012; Mandev et al., 2024). 63 

Accordingly, recent research on OWC systems has increasingly focused on the role of geometric optimization 64 

in enhancing energy conversion performance. Experimental and numerical studies have shown that key geometric 65 

parameters (including chamber width, wall thickness, bottom slope, and orifice size) exert a strong influence on 66 

hydrodynamic response and pneumatic efficiency. (Ning et al., 2017) investigated a land-based single-chamber 67 

OWC incorporating an internal submerged barrier, where airflow generated by dual oscillatory motions drives a 68 

single power take-off (PTO) system. Their quantitative analysis demonstrated that the introduction of dual sub-69 

chambers can significantly improve hydrodynamic performance, particularly under short-wave conditions. 70 

Subsequently, (Ning et al., 2019) examined the hydrodynamic behavior of a land-based dual-chamber OWC 71 

integrated with a coastal structure, revealing that a small skirt draft can substantially enhance energy conversion 72 

and that the rear chamber consistently extracts more hydrodynamic power than the front chamber. It has found 73 

that a tiny skirt draft can contribute to boosting the hydrodynamic energy conversion, and the rear chamber 74 

extracts more hydrodynamic power than the front chamber.  Complementary to these findings, (R. quan Wang et 75 

al., 2020) analyzed wave loads acting on the front and central walls of a land-based dual-chamber OWC for 76 

various geometric configurations, including sub-chamber width and skirt-wall dimensions, highlighting the strong 77 

dependence of structural loading and hydrodynamic performance on geometric design choices. 78 

Furthermore, (EL Bouji et al., 2023) reported that variations in these parameters significantly altered airflow 79 

velocity and power output, indicating the necessity of geometric optimization for maximizing device efficiency. 80 

Their findings further highlighted that the coupling between chamber geometry and installation conditions could 81 

yield considerable improvements in hydrodynamic performance. (Zhao et al., 2021) experimentally evaluated the 82 

hydrodynamic energy conversion performance of single-, dual-, and triple-chamber OWC systems by examining 83 

the wave dissipation coefficient. Their findings indicated that the triple-chamber configuration achieved superior 84 

energy extraction efficiency compared to the single- and dual-chamber devices.  85 

Meanwhile, (J.-S. Kim & Nam, 2022) conducted numerical investigations of the energy conversion 86 

characteristics of OWC devices with one, two, and three chambers using time-domain simulations grounded in 87 

potential theory. It has been provided detailed insights into the hydrodynamic behavior of the internal fluid within 88 

the OWC chamber, including sloshing motions and piston-type oscillations. Hydrodynamic behavior inside the 89 

OWC chamber encompassing phenomena such as sloshing and piston-type oscillations has been a central focus 90 

of recent investigations. Based on research (Zheng et al., 2020) conducted numerical analyses on the 91 

hydrodynamic performance of multi-chamber OWC systems ranging from single- to quintuple-chamber 92 

configurations, emphasizing the influence of geometrical parameters including chamber width, wall thickness, 93 

and draft.  94 

To further enhance hydrodynamic efficiency, (R. quan Wang et al., 2020) proposed an innovative dual-95 

chamber OWC design featuring pitching front walls, introducing a new mechanism aimed at improving wave–96 

structure interaction and energy conversion. Moreover, (C. Wang et al., 2022) developed a novel dual-chamber 97 

OWC device featuring dual pitching lip-walls located at the front and mid positions to enhance energy extraction 98 

across a broader range of wave frequencies. Using a semi-analytical model based on potential-flow theory, the 99 

study demonstrated that coordinated pitching motions significantly improve hydrodynamic performance 100 

compared to stationary or single-pitching configurations. The results revealed that optimal combinations of lip-101 

wall drafts and angle-spring stiffness can markedly increase power absorption, while the dual-pitching design 102 

enables more effective utilization of both chambers, particularly under short-period wave conditions. (J. S. Kim 103 

et al., 2023) experimentally confirmed that multi-chamber OWC configurations outperform single-chamber 104 

systems. Their results showed that dividing the chamber into multiple sections reduces sloshing effects, increases 105 

pneumatic power production, and smooths power fluctuations. The study also reported that asymmetric triple-106 

chamber geometries can further enhance energy capture by improving wave-trapping efficiency.  107 

In addition, numerical and experimental investigations have examined modified chamber designs, such as 108 

projecting-wall and L-shaped OWC systems. (Tan et al., 2024) conducted computational fluid dynamics (CFD) 109 

simulations of a projecting-wall OWC, showing that wall geometry affected phase differences between internal 110 

water oscillations and chamber air pressure, which in turn influenced energy absorption. Their results indicated 111 

that careful geometric modifications could enhance the capture width ratio and improve overall device stability. 112 

Correspondingly, (Mocellin et al., 2024) evaluated a variety of geometric configurations using regular sea states 113 

and confirmed that geometry strongly influences internal air-flow dynamics and pneumatic conversion.  114 

Further investigations reinforce the critical influence of chamber geometry on hydrodynamic–pneumatic 115 

coupling. (Rezanejad et al., 2021) showed that geometric modifications to the front-wall and opening 116 

submergence significantly alter wave–structure interaction, internal resonance behavior, and the phase 117 

relationship between free-surface motion and air-pressure fluctuations. Their results indicate that appropriate 118 

geometric tuning can enhance energy extraction by improving pressure buildup and stabilizing the pneumatic 119 

response. Likewise, (Elhanafi et al., 2018) showed through coupled CFD–FEM modeling that variations in 120 



 

chamber length, opening submergence, and front-wall inclination can suppress sloshing instabilities and 121 

significantly strengthen pneumatic pressure peaks 122 

Despite these advances, much of the existing research has concentrated on isolated performance indicators, 123 

such as energy conversion efficiency or chamber resonance, often neglecting the complex interactions among 124 

multiple parameters. As a result, the broader relationships between geometry, internal dynamics, and efficiency 125 

remain insufficiently explored. This research gap underscores the need for comprehensive multi-parameter 126 

analyses of L-shaped OWCs to better understand how geometric configurations collectively affect performance 127 

under varying wave conditions. 128 

The performance of L-shaped OWC devices is highly dependent on their geometric configuration, including 129 

parameters such as chamber length-to-width ratio, duct orientation, and immersion depth. Prior studies have 130 

demonstrated that geometric modifications, such as altering the front wall into an L-shape or adjusting chamber 131 

dimensions, can significantly influence energy conversion efficiency (Nguyen et al., 2024; Samak et al., 2021). 132 

Similarly, experimental and numerical investigations have shown that variations in wall thickness, chamber slope, 133 

or entrance duct length affect not only the pneumatic efficiency but also the internal hydrodynamics of the system 134 

(de Lima et al., 2024; EL Bouji et al., 2023). 135 

Despite these advances, most studies tend to focus on a limited set of performance parameters, such as power 136 

efficiency or capture width ratio, while overlooking the complex internal dynamics that govern system behavior. 137 

For example, (Samak et al., 2021) highlighted that changes in entrance duct length of an L-OWC affected air 138 

pressure and free-surface motion, yet the analysis remained confined to specific performance outputs. Likewise, 139 

(Lin et al., 2023) applied artificial neural networks for geometry optimization, but the focus was primarily on 140 

maximizing capture factor, without a comprehensive multi-parameter evaluation. This gap highlights the need for 141 

research that simultaneously considers multiple interdependent performance indicators. In particular, 142 

understanding how geometric variations affect internal parameters such as chamber air pressure, FSE, and fluid 143 

velocity, is crucial for identifying optimal designs. A systematic multi-parameter analysis would therefore provide 144 

a more holistic basis for the design and optimization of L-OWC devices, ensuring not only higher energy output 145 

but also improved stability and operational efficiency. 146 

The primary objective of this research is to optimize the design of L-OWC devices through a comprehensive 147 

multi-parameter analysis of diverse geometric configurations. In contrast to earlier works that have largely 148 

concentrated on energy conversion efficiency as the principal indicator of performance, this study extends the 149 

scope of investigation to a broader set of interdependent hydrodynamic and pneumatic variables. The analysis is 150 

directed toward understanding how modifications in chamber geometry influence internal air-pressure dynamics, 151 

the oscillatory behavior of the free surface, and the resulting pneumatic power output. In addition, the study 152 

incorporates the evaluation of non-dimensional performance parameters, such as capture width ratio and phase 153 

relationships between pressure and velocity, to establish a scalable framework for design optimisation. 154 

It should be emphasized that the L-shaped chamber investigated in this study is not a novel concept, but rather 155 

a continuation of previous experimental developments conducted in our laboratory, where the baseline L-chamber 156 

configuration was initially established and validated. Building upon this foundation, the present study focuses on 157 

optimizing key internal geometric parameters, particularly the horizontal chamber length and internal flow path 158 

characteristics, to better understand their influence on hydrodynamic stability and pneumatic power generation. 159 

The selection of the L-shaped Oscillating Water Column (L-OWC) is supported by its demonstrated 160 

hydrodynamic advantages over conventional configurations, such as U-shaped and vertical chambers (Supriyanto 161 

et al., 2025). The incorporation of a horizontal duct aligned with wave propagation enhances resonance 162 

characteristics while reducing wave radiation damping, thereby improving system efficiency (Putri et al., 2026). 163 

Previous experimental studies have further shown that this configuration can generate larger free surface 164 

oscillations (serving as the primary driver of pneumatic power conversion) and achieve higher wave amplification, 165 

with Wave Amplification Factor (WAF) values reaching up to 3.21 at specific depth-to-wavelength (d/L) ratios 166 

(Supriyanto et al., 2025; Putri et al., 2026). These findings highlight the strong potential of the L-OWC 167 

configuration for enhanced energy capture, particularly under short-period wave conditions.  168 

The effectiveness of the L-OWC is further evidenced by its high pneumatic power conversion performance, 169 

where the system can achieve a peak power efficiency of up to 98.2% under specific wave height and period 170 

variations (Marta et al., 2024). A crucial technical characteristic of this design is the dominance of the 171 

decompression phase, where airflow velocities are consistently higher than during the compression phase, 172 

providing optimal opportunities for the use of more efficient radial turbines or unidirectional systems (Malakani 173 

et al., 2026; Putri et al., 2026). The validity of the L-shaped design is not limited to laboratory scales but has been 174 

proven through full-scale implementation by Wave Swell Energy (WSE) in the UniWave200 project at King 175 

Island, Australia, which reported an energy conversion efficiency of 48% in real sea conditions (Marta et al., 176 

2024). Thus, the choice of L-shaped geometry is a highly rational decision supported by robust empirical data in 177 

maximizing differential pressure and airflow velocity for optimal wave energy conversion (Marta et al., 2024; 178 

Supriyanto et al., 2025). In contrast to prior studies that predominantly examine isolated performance indicators 179 

or emphasise single-parameter geometric optimisation, the present work introduces a comprehensive experimental 180 



 

framework that simultaneously evaluates free-surface elevation, internal air-pressure dynamics, air-velocity 181 

coherence, pneumatic power generation, and overall conversion efficiency across multiple L-OWC geometries. 182 

This integrated approach provides the first systematic characterisation of how geometry-driven variations govern 183 

the coupled hydrodynamic–pneumatic response under near-resonant wave forcing an operational regime where 184 

nonlinear interactions and measurement instabilities are most pronounced. By directly linking geometric 185 

configurations to the full chain of internal dynamic processes, this study uncovers previously overlooked 186 

interdependencies that fundamentally shape device performance. The resulting insights offer a novel foundation 187 

for geometry-informed optimisation strategies and contribute to the development of more stable and higher-188 

efficiency next-generation OWC systems. 189 

The remainder of this paper is structured as follows. The next section describes the experimental methodology 190 

employed in this study, including the design of the experimental modelling setup, the tested geometric 191 

configurations, and the procedures for data collection. This is followed by a presentation of the experimental 192 

results and a discussion of the key findings, with particular emphasis on how geometric variations influence the 193 

hydrodynamic and pneumatic performance of the L-OWC. Finally, the paper concludes by summarising the main 194 

outcomes and outlining of practical implications for the future design and optimisation of wave energy conversion 195 

systems.  196 

It should be noted that the present study is conducted under regular wave conditions, which provide a 197 

controlled framework to isolate the fundamental hydrodynamic and pneumatic behavior of the OWC system. This 198 

approach is particularly useful for identifying resonance characteristics and phase interactions between the 199 

oscillating water column and the air chamber. The relative performance trends between chamber geometries 200 

observed in this study are expected to remain qualitatively valid. This is because the dominant governing 201 

mechanisms namely resonance behavior and air compressibility effects continue to play a key role under irregular 202 

wave excitation, although their magnitude and optimal operating conditions may vary.  203 

 204 

2. Materials and methods 205 

 206 

The present study adopts a laboratory-scale experimental approach to analyse the influence of OWC chamber 207 

geometry on hydrodynamic characteristics and wave energy conversion efficiency. Three geometric 208 

configurations, including geometry 1 (Geo 1), geometry 2 (Geo 2), and geometry 3 (Geo 3) were tested under 209 

regular wave conditions with a controlled wave height of H = 0.225 m. 210 

 211 

 212 

2.1 Experimental modelling setup 213 

 214 

The laboratory experiments were conducted in a rectilinear wave flume with internal dimensions of 1.0 m in 215 

width, 1.5 m in depth, and 36.0 m in length. A piston-type wavemaker equipped with active stroke control 216 

generated regular incident waves of specified amplitude and period. The flume configuration adhered to IAHR 217 

physical modelling requirements to ensure adequate fetch, minimal wall-induced interference, and normal wave 218 

incidence on the model. These considerations were essential for preserving Froude similarity and ensuring that 219 

the hydrodynamic field developed without directional distortion (HYDRALAB III, 2011). 220 

The model OWC device was positioned 7 m upstream of the dissipative wave absorber to suppress first- and 221 

higher-order reflections, and 3 m downstream of the wavemaker to allow full establishment of the wave kinematics 222 

before reaching the measurement zone. The prescribed wave conditions were selected within the validity range of 223 

linear Airy theory, corresponding to prototype-equivalent periods of 6.5–14.5 s and incident wave heights up to 224 

2.25 m. The geometric configuration of the flume and chamber ensured that the internal resonance, free-surface 225 

oscillations, and hydrodynamic loading could be measured under controlled and repeatable conditions. 226 

 227 

2.2       The OWC scaled model 228 

 229 

The physical model was constructed at a geometric scale of 1:10 based on the Froude similarity law, ensuring 230 

that gravity-dominated hydrodynamic processes observed in the laboratory reproduced the corresponding 231 

prototype behaviour. This scaling approach preserves the correct ratio between inertial and gravitational forces, 232 

allowing chamber resonance, pressure oscillations, and water-column kinematics to be meaningfully extrapolated 233 

to full scale. 234 

The experimental setup employed a L-OWC device consisting of a vertical inlet column, a horizontal air–235 

water interaction duct, and an upper chamber section intended to house a turbine. Key structural dimensions 236 

include a vertical water-column height of approximately 1.44 m, an immersion depth of 1.20 m under still-water 237 

conditions, and a horizontal duct length ranging from 0.505 m to 0.905 m depending on the configuration tested 238 

that it can be seen in Fig.1 and Fig.2. The chamber incorporates a converging–diverging internal geometry with 239 



 

30° inclined walls guiding the flow toward a throat region. This contouring intensifies free-surface oscillations 240 

and modifies the internal pressure-amplification characteristics. 241 

 242 

 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 

 251 

 252 

 253 

 254 

 255 

 256 

 257 

 258 

 259 

Figure 1. Section A–A of the L-OWC chamber   Figure 2. The L-OWC 3D model 260 

 261 

To assess geometric sensitivity, two alternative horizontal duct lengths were evaluated. These variations 262 

were implemented by extending or shortening the horizontal chamber section while keeping all other structural 263 

parameters constant. This approach isolates the influence of the horizontal duct length on water-column 264 

displacement, internal pressure distribution, and the dynamics of the enclosed air volume. Features such as the 265 

throat width (0.075 m), roof inclination, and stepped inner profiles were maintained across all test cases to avoid 266 

introducing confounding geometric effects. 267 

The selection of the L-shaped configuration was motivated by prior evidence indicating improved wave-268 

energy capture and enhanced phasing between incident waves and internal oscillations. The stepped and inclined 269 

internal surfaces were designed to adjust the effective air-pocket volume and promote more pronounced piston-270 

like water-column motion, which is essential for efficient energy conversion in OWC systems. The scaled model 271 

allowed a systematic examination of these geometric influences under controlled wave conditions, providing 272 

prototype-relevant insights into the relationship between chamber configuration and oscillatory performance. 273 

The wave-to-pneumatic conversion efficiency was evaluated as the ratio of mean pneumatic power delivered to 274 

the air chamber to the incident wave power, which induces periodic compression and expansion of the air chamber. 275 

The conversion efficiency is defined as bellow :  276 
  277 

  278 
            (1) 279 

P wave is incident wave power, P pneumatic is the time-averaged pneumatic power obtained from the chamber 280 

pressure and airflow rate. 281 
 282 

 283 

2.3. Instrumentation 284 

 285 

For wave measurements, seven resistance-type wave gauges were deployed along the flume. One gauge was 286 

positioned 1.0 m in front of the wavemaker to characterize the incident wave field, while four gauges were 287 

installed on the seaside of the L-OWC model to enable the computation of incident, reflected, and transmitted 288 

components through multi-point decomposition. Two additional gauges were mounted inside the chamber to 289 

monitor free-surface oscillations and to provide independent verification of the chamber resonance response. The 290 

selected spacing between gauges ensured that phase differences remained within the linear reconstruction limits 291 

recommended by IAHR and the Ocean Energy Systems (OES) guidelines. 292 

To complement the wave measurements, seven piezo-resistive pressure transducers were installed to record 293 

temporal pressure fluctuations. Two transducers were mounted inside the chamber to capture the dynamic pressure 294 

associated with the OWC. Five additional transducers were placed along the turbine duct: PS8 measured the static 295 

pressure upstream of the turbine plane, PS5 recorded the total pressure in the outflow direction, and PS6 measured 296 

the total pressure in the inflow direction to evaluate air decompression effects. PS3 and PS7 were positioned 297 

within the duct to resolve the internal pressure gradient, enabling air-velocity estimation using a Bernoulli-based 298 

Geo 1 Geo 2 Geo 3 



 

formulation. The positions of the sensors were selected to ensure adequate resolution of the spatial pressure 299 

distribution and to avoid local flow disturbances near geometric transitions. 300 

All wave and Pressure Sensors (PS) were sampled at 40 Hz, a frequency selected to capture at least twenty 301 

times the highest expected harmonic associated with chamber resonance and wave–structure interaction. Prior to 302 

testing, each device underwent static and dynamic calibration following ISO 17025 procedures, including 303 

assessment of linearity, repeatability, zero drift, and phase lag. Calibration curves were used to correct sensor 304 

outputs during post-processing. 305 

 306 

 307 
   (a)      308 

Figure 3. Calibration curves of WG and PS with corresponding R² values 309 

 310 

Before testing, all measurement tools were calibrated to guarantee reliable data collection. This investigation 311 

employed resistive-typeWG with a measuring accuracy of ±0.5 mm. With an accuracy of ±0.5% of the full-scale 312 

range, the PS were piezoresistive flush-face sensors. Controlled input signals were used to perform linear 313 

calibration processes for each sensor. With coefficients of determination (R²) ranging from 0.9995 to 0.9999, the 314 

calibration findings demonstrated outstanding linearity for both WG and PS that it can be seen in Fig.3. 315 

 316 

Wave-generation durations of 60–120 s were employed to ensure that each run contained a sufficient number 317 

of steady-state wave cycles for statistical convergence. This approach follows the OES guidelines and 318 

recommendations in the Handbook of Ocean Wave Energy, which emphasize the need for sufficiently long records 319 

to suppress transient start-up effects and minimize spectral distortion. The model was positioned at a distance 320 

consistent with Hydralab III protocols to reduce secondary disturbances and ensure that the incident waves 321 

approached the L-OWC structure with minimal contamination. 322 

 323 

 324 

 325 
 326 

Figure 4. Operating Procedures for Flume Laboratories 327 

 328 

All sensors were interfaced with a centralized multi-channel data acquisition system (DAQ), enabling fully 329 

synchronized acquisition of wave elevation, pressure, and airflow-related signals. Data were continuously 330 

sampled at 40 Hz for each run, with a recording duration of 110 s for regular waves. The acquired data were 331 



 

subsequently processed to determine wave reflection and transmission coefficients, chamber oscillation 332 

amplitudes, pressure fluctuations, and air-flow characteristics using phase-averaged and spectral analysis 333 

methods, this configuration can be seen in Fig.4. 334 

 335 

2.4.    Experimental parameters and variables 336 

 337 

Detail of the experimental parameters and variables are summarized in Table 1. Single wave height was 338 

evaluated, which was 0.025 m. These were obtained from variation of nine periods and three various sizes of 339 

geometries, single water depth,which was 0.75 m, and type of wave is generated regular waves. 340 

 341 

Table 1. Experiment parameters and variables 342 

Parameters Variables 

Test series generated by wavemaker Period/T (s) and Wave Height/H(m) 

Period (s) =  

2.06; 2.37; 2.69; 3.0; 3.32; 3.64; 3.95; 4.27;4.59 

Wave height/ H (m) = 0.225 

Length sizes of horizontal columns Geometry 1 (Geo 1) 

Geometry 2 (Geo 2) 

Geometry 3 (Geo 3) 

Scale 1:10 

Turbine duct size (m) 0.16 

Water depth (m) 0.75 

Type of wave Regular wave 

 343 

2.5 Dimensional and Non-Dimensional Analysis 344 

 345 

Most hydrodynamics analysis of OWC systems are grounded in Airy’s linear wave theory, which assumes 346 

small-amplitude,irrotational, and inviscid flow conditions. Within this theoretical framework based on 347 

(Rodríguez et al., 2020), the relationship between the angular frequency (𝜔), wave number (ߢ), gravitational 348 

acceleration (g), and water depth (h) is defined by the linear wave dispersion relation, it can be seen on Eq.1 349 

 350 𝜔2 =  ݃݇ ݊ܽݐ  ℎ (݇ℎ)       (2) 351 ݊ܽݐ

 352 

Here, ݇ =  2గఒ  represents the wave number, 𝜔 =  2ఒ்
  is the angular frequency, ܶ denotes the wave period, g 353 

is the gravitational acceleration and h is the water depth. This equation forms the theoretical foundation (Bingham 354 

et al., 2015, 2025; Supriyanto et al., 2025) for calculating the wavelength (λ) under various hydrodynamic 355 

conditions.  356 

In addition to the external wave forcing, the OWC chamber exhibits an intrinsic natural frequency governed 357 

by the coupled dynamics of the water column and the trapped air volume. The system can be approximated as a 358 

linear mass–spring oscillator, where the water column provides inertia and the restoring force arises from both 359 

gravity and air compressibility. Under linear assumptions, the natural angular frequency can be expressed as 360 

(e.g., Bingham et al., 2015):  361 

 362 

 363 

                                                                         (3) 364 

  365 

 366 

 367 

where Le is the effective water-column length and V0 is the chamber air volume. The corresponding natural 368 

period is Tn=2π/ωn. This relation shows that chamber geometry directly controls resonance through the 369 

oscillating length and enclosed air volume. Resonance amplification occurs when the incident wave period 370 

approaches the natural period (T≈Tn), enhancing both hydrodynamic motion and pneumatic response. 371 

If air compressibility is neglected, the pneumatic stiffness vanishes and the system reduces to a gravity-372 

controlled oscillator:  373 



 

 ,                                                                 (4) 374 

 375 

In this limiting case, resonance depends solely on the water-column length, highlighting the critical role of 376 

air compressibility in modifying OWC dynamics and energy conversion (Bingham et al., 2015).  377 

 378 

The dispersion relation can be arranged into the nonlinear implicit form: 379 

ߣ 380  = ௚்2 2గ ݊ܽݐ ℎ  2గℎఒ ݊ܽݐ       (6) 381 

 382 

which is typically solved using iterative or numerical methods. This formulation describes how the 383 

wavelength depends on both the period and the relative water depth. In the experimental and numerical 384 

investigations, Schaffer’s correction is applied to the Airy model to mitigate the influence of wave reflection and 385 

to enhance the accuracy of wave generation (Schaffer, n.d.). By incorporating this correction, the wave profile 386 

generated in laboratory flumes or numerical wave tanks can more accurately reproduce target wave conditions 387 

predicted by the dispersion relation above. From a dimensional analysis perspective, the key non-dimensional 388 

parameter governing wave behaviour include: 389 

 390 

kh,  
ுఒ ,  

௚்2 ℎ       (7) 391 

 392 

where the parameter kh (dimensionless depth) distinguishes between deep, intermediate, and shallow 393 

water regimes. 394 

The ratio 
ுఒ  represents wave stepness, including nonlinearity and potential wave breaking. Together, these 395 

non-dimensional quantities provide a systematic basis for scaling experimental data, comparing model and 396 

prototype conditions, and validating numerical simulations of OWC hydrodynamics. 397 

 398 

Wave gauge (WG) 7 was installed within the chamber to record the oscillatory behaviour of the FSE(see 399 

Fig. 1). Apart from the WGs, five PS were placed inside the turbine duct and two PS sensors were placed inside 400 

the chamber. PS 3, PS 5, PS 6, PS 7, and PS 8 were installed perpendicular to the direction of the airflow, while 401 

PS 1 and PS 2 were positioned inside the chamber to measure the air pressure. In this study, two approaches were 402 

used to measure the OWC power. Using PS, the first approach measured the airflow velocity inside the turbine 403 

duct. To measure the overall pressure, PS 5 and PS 6 were placed in the middle of the turbine duct. PS 5 recorded 404 

the overall pressure leaving the chamber, while PS 6 measured the pressure entering the chamber. PS 8 was 405 

installed to measure the static pressure on the turbine duct wall. The OWC power produced in the Powc-duct 406 

turbine duct can be stated as follows: 407 

 408 ைܲௐ஼ = 
12  409 (8)       3ߥ ܣ ߩ

ఈߥ 410  =   √2 ఘ (ߏ௧௢௧௔௟ − ௦௧௔௧௜௖ߏ  )      (9) 411 

 412 

Where ைܲௐ஼ express the power produced within the turbine duct, ܣ is the perpendicular area of the 413 

turbine duct, and ݒ is the airflow velocity input and output from the turbine duct. 414 

 415 

The following definitions apply to a chamber's non-dimensional wave surface elevation amplitude (ܣఎ∗ ), 416 

air pressure amplitude (ܣ௔௣∗ ), and air volume amplitude (ܣ௏∗ ) (Palmer et al., 2023): 417 

∗ఎܣ 418  =  ఎ೘ೌೣ−ఎ೘೔೙ு        (10) 419 

∗௣௔ܣ 420  =  ௉௔೘ೌೣ−௉௔೘೔೙ఘ௚ு        (11) 421 

 422 

and 423 

∗௏ܣ 424  =  ௏೘ೌೣ−௏೘೔೙ௐ௟ு        (12) 425 

 426 



 

 Where ܹ is the width of the flume, ݈ is the length of the OWC chamber, and ܪ is the wave height. The 427 

maximum and minimum values of the corresponding variable within a single wave period are indicated by the 428 

subscripts max and min, respectively. 429 

From a physical perspective, the OWC chamber can be idealised as a coupled mass-spring-damper system, 430 

where the OWC provides the inertial mass, gravity and air compressibility provide the restoring stiffness, and 431 

radiation losses together with viscous dissipation constitute the damping mechanism. In this framework, the 432 

chamber geometry directly controls the effective oscillating water mass through the duct length and wetted 433 

volume, while the enclosed air volume determines the pneumatic stiffness through compressibility. 434 

Consequently, the natural frequency of the system is geometry-dependent. When the incident wave frequency 435 

approaches this natural frequency, resonance amplification occurs, increasing the free-surface oscillation 436 

amplitude and air-pressure response. However, the energy conversion efficiency depends not only on resonance 437 

amplitude but also on the phase relationship between water-column displacement, chamber pressure, and airflow 438 

velocity. Excessive radiation damping or nonlinear viscous losses can reduce this coherence and limit pneumatic 439 

power extraction even under resonant excitation. 440 

 441 

3. Results and discussion 442 

 443 

3.1.  Hydrodynamics in the OWC Chamber 444 

 445 

The primary hydrodynamic response inside the OWC chamber under regular wave excitation is the free-446 

surface elevation (FSE), which represents the oscillatory motion of the internal water column and directly 447 

governs the induced airflow toward the turbine. For the present wave condition (H = 0.225 m, T = 2–3 s), the 448 

FSE responses of Geo 1, Geo 2, and Geo 3 exhibit distinct trends, reflecting the strong influence of chamber 449 

geometry on oscillation amplitude, coherence, and stability, as shown in Fig. 4 and Fig. 5(a–f). 450 

Based on the time-averaged peak values extracted from Fig. 5(a), the maximum absolute FSE inside the 451 

chamber reaches approximately 0.80 m at T ≈ 2.75 s, corresponding to a non-dimensional free-surface elevation 452 

of ܣఎ∗  ≈ 3.56 when normalised, based on Eq.7. Across the examined period range, Geo 3 generally exhibits the 453 

largest instantaneous FSE amplitudes, with values varying between ≈ 0.50–0.80 m (ܣఎ∗  ≈ 2.2–3.6). However, this 454 

strong response is accompanied by pronounced temporal fluctuations, splashing, and disturbed free-surface 455 

motion near the inclined duct, indicating significant nonlinear effects such as wave steepening, vortex formation, 456 

and turbulence-induced dissipation. 457 

Geo 1 shows moderately high FSE amplitudes (≈ 0.55–0.70 m, ܣఎ∗  ≈ 2.4–3.1), but with noticeable 458 

variability over the wave cycle. Despite identical regular wave forcing, the irregular FSE response in Geo 1 459 

suggests the presence of higher-order harmonics, internal sloshing modes, and possible mode coupling within 460 

the chamber. These nonlinear dynamics distort the near-sinusoidal piston motion of the water column, leading 461 

to unstable pressure oscillations and unsteady air displacement, which are detrimental to pneumatic efficiency. 462 

In contrast, Geo 2 demonstrates the most stable and coherent FSE response, with amplitudes remaining 463 

within ≈ 0.55–0.72 m (ܣఎ∗  ≈ 2.4–3.2) across the investigated period range. Although its peak amplitude is slightly 464 

lower than that of Geo 3, Geo 2 exhibits a smoother piston-type oscillation with limited splashing and reduced 465 

temporal variability. This behaviour indicates operation close to a quasi-resonant condition, where favourable 466 

phase alignment between the incident wave excitation and internal water-column motion is achieved. Such 467 

coherence is essential for maintaining stable chamber pressure oscillations and sustaining efficient airflow 468 

through the turbine duct. The observed FSE behaviour, particularly the stable piston-type oscillation in Geo 2 469 

and the amplified response near the resonant condition, is consistent with predictions from linear wave theory 470 

and with experimental observations reported in previous OWC studies, such as  (Rezanejad et al., 2019). This 471 

agreement confirms that the present experimental setup is capable of accurately reproducing the hydrodynamic 472 

response of OWC systems under near-resonant wave conditions. 473 

 474 

 475 

 476 

 477 

 478 

 479 

 480 

 481 



 

 482 
      (a)                 (b)               (c) 483 

 484 

 485 
             (d)    (e)              (f) 486 

Figure 5. Test scenario H=0.225 m; T=2-3.5 s 487 

(a), (b), (c) High Oscillations of FSE and  488 

(d), (e), (f) Low Oscillations of FSE. 489 

 490 

Observations from Fig. 5 further reveal that chamber height plays a crucial role in shaping the FSE 491 

response. The high-chamber configuration exhibits stronger vertical oscillations but also greater sensitivity to 492 

nonlinear fluctuations, while the low-chamber configuration promotes lateral overflow and enhanced wave 493 

reflection, which suppresses effective vertical water-column motion. These findings confirm that the OWC 494 

chamber does not function merely as a passive air–water interface, but rather as a hydrodynamic filter that 495 

selectively amplifies or attenuates components of the incoming wave energy depending on its geometric 496 

characteristics. 497 

The comparative analysis shown in Fig. 6 (a) highlights that large FSE amplitudes alone do not guarantee 498 

superior energy conversion performance. While Geo 3 produces the strongest instantaneous free-surface 499 

agitation, a significant fraction of the wave energy is dissipated through turbulent and incoherent motion. Geo 1 500 

suffers from similar limitations due to nonlinear instability. Geo 2 achieves the most favourable balance between 501 

excitation magnitude and oscillatory stability, enabling more effective hydrodynamic-to-pneumatic energy 502 

transfer. These results underscore the importance of geometry optimisation grounded in both nonlinear wave 503 

mechanics and multiphase hydrodynamic theory to enhance the performance of OWC wave-energy converters. 504 

 505 

3.2. Chamber Pressure Response 506 

The pressure distributions shown in Fig. 6 (b) illustrate the coupling between the oscillatory motion of the 507 

internal water column and the compression-expansion behaviour of the trapped air within the OWC chamber 508 

under regular wave conditions with a wave height of H = 0.225 m and wave periods ranging from T = 2.0 to 3.0 509 

s. This coupling is a defining characteristic of OWC systems, as variations in FSE directly induce volumetric air 510 

displacement and corresponding pressure fluctuations. Geo 1 exhibits relatively high-pressure values at shorter 511 

periods, with pressures of approximately 210–220 Pa at T = 2.0 s, followed by a pronounced reduction to around 512 

150 Pa at T = 2.5 s and further decreasing to approximately 90–100 Pa at T = 3.0 s. This sharp decline suggests 513 

strong sensitivity of the pressure response to wave period, potentially associated with nonlinear excitation and 514 

increased internal dissipation as the system moves away from its favourable oscillatory range. 515 

Geo 3 produces moderate to high pressure levels with noticeable variability across the same period range. 516 

The pressure increases from approximately 130 Pa at T = 2.0 s to a peak of about 185–190 Pa at T = 2.5 s, before 517 

decreasing to roughly 140 Pa at T = 3.0 s. Although Geo 3 achieves relatively high peak pressure, the broader 518 

spread and less uniform trend indicate instability in the pressure response, which may arise from irregular internal 519 

flow patterns or suboptimal alignment between the incident wave forcing and the chamber’s natural oscillatory 520 

   

   



 

modes. Such behaviour suggests that a portion of the available wave energy is dissipated through internal 521 

turbulence rather than contributing to coherent pneumatic compression. 522 

 523 

     524 
(a)          (b) 525 

Figure 6. Variation of (a) FSE and (b) pressure against wave period for Geo 1, Geo 2, and Geo 3 526 

 527 

In contrast, Geo 2 demonstrates the most uniform and phase-consistent pressure response among the three 528 

geometries. The pressure rises smoothly from approximately 170–180 Pa at T = 2.0 s to a peak of about 200 Pa 529 

at T = 2.5 s, followed by a gradual decrease to around 120–130 Pa at T = 3.0 s. This regular pressure evolution 530 

indicates a stable balance between excitation force and radiation impedance, minimising phase lag and 531 

suppressing chaotic flow structures within the air chamber. Such stability is favourable for pneumatic energy 532 

conversion, as it promotes smoother airflow toward the turbine, reduces turbulence-induced dissipation, and 533 

supports a more predictable mass-flow rate. Meanwhile, Geo 1 and Geo 3 show higher sensitivity to wave period 534 

and greater pressure distortion under H = 0.225 m, Geo 2 achieves the most robust and reliable pressure response, 535 

highlighting the importance of geometric optimisation that prioritises pressure stability in addition to amplitude 536 

amplification. The measured pressure trends and their dependence on wave period and chamber geometry are in 537 

good agreement with previously reported experimental findings, where pressure stability and phase consistency 538 

were identified as key factors governing pneumatic efficiency in OWC systems, as discussed by (Ning et al., 539 

2019). This consistency supports the reliability of the present pressure measurements and their physical 540 

interpretation. To further support the interpretation of the pressure behaviour within the chamber, a detailed 541 

analysis of the spatial pressure variation along the air duct is performed based on time-series measurements. The 542 

pressure signals recorded at two locations, PS3 and PS7, are presented in Fig. 7 (a). The results reveal a clear 543 

difference in both amplitude and phase between the two signals, indicating that the pressure response is not 544 

spatially uniform even within a relatively short duct length of 0.16 m. This behaviour reflects the dynamic 545 

interaction between the oscillating air mass and the internal flow resistance, which induces a measurable pressure 546 

gradient along the duct. Furthermore, the corresponding pressure difference, defined as ΔP = PS3 – PS7, is shown 547 

in Fig. 7 (b). The ΔP signal exhibits a consistent non-zero oscillatory pattern over time, confirming the existence 548 

of a pressure drop between the two measurement locations. The persistence of this pressure difference throughout 549 

successive wave cycles demonstrates that the measurement system is sufficiently sensitive to capture spatial 550 

pressure variations despite the compact geometry of the duct. These findings validate the use of distributed PS 551 

for quantifying internal pneumatic behaviour and provide additional evidence of energy dissipation mechanisms 552 

within the OWC system. 553 

 554 

 555 
(a)          (b) 556 

Figure 7. (a) Variation of PS 3 & 7 and (b) ΔP 557 

 558 

 559 



 

3.3. Velocity Distribution within the Chamber 560 

The Fig. 8 (a) presents the velocity distribution within the OWC chamber under regular wave conditions 561 

with a wave height of H = 0.225 m and wave periods ranging from T = 2.0 to 3.0 s. The results clearly demonstrate 562 

that chamber geometry plays a decisive role in governing internal velocity magnitude and stability. Geo 2 exhibits 563 

the most stable velocity response across the investigated period range, with velocities increasing from 564 

approximately 14.5 m/s at T = 2.0 s to a peak of about 16.0 m/s at T = 2.5 s, before gradually decreasing to 565 

around 12.0 m/s at T = 3.0 s. This smooth trend indicates coherent air displacement driven by a well-synchronised 566 

oscillation of the internal water column. 567 

 568 

     569 
     (a)                       (b)  570 

Figure 8. Variation of (a) velocity and (b) pressure against wave period for Geo 1, Geo 2, and Geo 3 571 

 572 

In contrast, Geo 1 shows significant velocity fluctuations, with values decreasing sharply from about 16.0 573 

m/s at T = 2.0 s to approximately 11.0 m/s at T = 2.5 s, and remaining relatively low near 10.5–11.0 m/s at T = 574 

3.0 s. Such abrupt changes suggest the presence of flow separation or localised turbulence induced by geometric 575 

constraints within the chamber. Geo 3 produces moderate velocity levels, increasing from around 12.5 m/s at T 576 

= 2.0 s to a maximum of approximately 16.0 m/s at T = 2.5 s, followed by a reduction to about 14.0 m/s at T = 577 

3.0 s. However, despite its relatively high peak velocity, Geo 3 exhibits less consistency than Geo 2, indicating 578 

partial inefficiency in guiding internal flow. 579 

Since internal air velocity directly governs the instantaneous mass flow rate entering the turbine, these 580 

differences carry important implications for pneumatic performance. The stable and phase-consistent velocity 581 

profile of Geo 2 suggests minimised flow separation and reduced viscous dissipation, enabling more efficient 582 

conversion of pneumatic energy into mechanical output. In contrast, the irregular velocity patterns observed in 583 

Geo 1 and the intermittent disturbances in Geo 3 may lead to unsteady mass-flow conditions, pressure distortion, 584 

and increased aerodynamic losses. Although Geo 3 achieves relatively high instantaneous velocities, its reduced 585 

coherence limits effective energy transfer. Overall, Geo 2 demonstrates the most favourable balance between 586 

velocity magnitude and stability, highlighting the importance of geometric optimisation in promoting coherent 587 

airflow within OWC chambers under regular wave excitation. 588 

 589 

3.4. Power Output  590 

The implications of the hydrodynamic and pneumatic distinctions among the three geometries become 591 

more evident when the resulting non-dimensional power output is examined, as illustrated in the radar chart. The 592 

power output of an OWC system is governed by the instantaneous product of the pressure differential and 593 

volumetric airflow rate, thus representing an integrated response of free-surface elevation, internal pressure 594 

oscillation, and air-velocity coherence. For the present wave condition (H = 0.225 m, T = 2–3 s), all performance 595 

indicators are normalised with respect to the maximum observed response, yielding non-dimensional values 596 

ranging from 0 to 1.00. 597 

Based on the radar chart in Fig. 9, Geo 2 exhibits the highest and most balanced non-dimensional power-598 

related response, with values clustering in the range of approximately 0.70–0.85 across the dominant parameters. 599 

In particular, the non-dimensional indicator associated with power output for Geo 2 reaches about 0.80, 600 

exceeding that of Geo 1 (≈ 0.65) and Geo 3 (≈ 0.55). This indicates that Geo 2 most effectively converts the 601 

available wave-induced hydrodynamic energy into usable pneumatic power under intermediate wave periods. 602 



 

 603 

Figure 9.  Relationship between power output and period on Geo 1, Geo 2, and Geo 3 604 

The superior performance of Geo 2 can be attributed to its stable pressure–velocity coupling, as reflected 605 

by its moderate-to-high free-surface response (≈ 0.75) combined with coherent airflow characteristics (≈ 0.80). 606 

The near-harmonic alignment between water-column oscillation and induced airflow suggests a favourable phase 607 

relationship, enabling the pneumatic work performed on the turbine to approach its optimal value during each 608 

wave cycle. Consequently, destructive phase lag between pressure peaks and airflow momentum is minimised, 609 

allowing Geo 2 to maintain a consistently high-power extraction level throughout the oscillation period. 610 

In contrast, Geo 1, while exhibiting relatively strong hydrodynamic excitation evidenced by a higher non-611 

dimensional free-surface motion and pressure amplitude (up to ≈ 0.85) fails to translate this forcing into 612 

proportional power output. Its non-dimensional power metric remains limited to around 0.65. This discrepancy 613 

is primarily associated with internal flow irregularities, including velocity fluctuations and turbulence-induced 614 

disturbances, which reduce the effective volumetric airflow rate. As a result, a portion of the available pressure 615 

energy is dissipated internally through vorticity and unsteady pressure fields rather than being converted into 616 

useful mechanical power.  617 

Geo 3, on the other hand, consistently records the lowest non-dimensional amplitudes across the evaluated 618 

parameters. Its free-surface response and pressure oscillation remain below ≈ 0.60, leading to a non-dimensional 619 

power output of only ≈ 0.55. Although the internal flow appears more stable than that of Geo 1, the reduced 620 

excitation indicates that the chamber geometry dampens incoming wave energy, flattening the oscillatory 621 

response and limiting airflow magnitude. This trade-off between dynamic stability and energy engagement 622 

results in the weakest power performance among the three configurations. 623 

The chart clearly demonstrates that maximum power output is not achieved solely through high 624 

hydrodynamic forcing, but rather through an optimal balance between excitation amplitude, pressure stability, 625 

and airflow coherence. Under the examined wave conditions (H = 0.225 m, T = 2–3 s), Geo 2 provides the most 626 

favourable non-dimensional power output, highlighting the critical role of geometry-induced phase 627 

synchronisation in enhancing OWC energy conversion efficiency. 628 

 629 

3.5. Physical Mechanism Linking Geometry to Power Output 630 

The primary mechanism connecting chamber geometry to pneumatic power output is a resonance-driven 631 

hydrodynamic-pneumatic coupling, influenced by air compressibility and radiation damping. All configurations 632 

were tested under near-resonant wave conditions, and the results show that efficient power extraction doesn't just 633 

depend on the size of the free-surface oscillations. It also depends on how stable and in phase the water-column 634 

motion and air-pressure response are. In Geometry 2, the internal water column oscillation is almost in resonance 635 

with the compressible air dynamics. This makes the pressure oscillations stable and the airflow efficient. 636 

Geometry 1 and Geometry 3, on the other hand, do not follow this best coupling because of nonlinear sloshing, 637 

phase mismatch, and more energy loss. Therefore, the observed behaviour can be considered resonance-driven, 638 

but strongly governed by geometry-dependent phase alignment and damping effects. 639 

 640 

3.6. Comparison between Non-Dimensional Variables 641 

The comparative evaluation of the non-dimensional free-surface elevation amplitude (A₍fse₎) among the 642 

three geometries reveals pronounced differences in hydrodynamic response under the examined wave condition 643 

(H = 0.225 m, T = 2–3 s), as shown in Fig. 10. Across the investigated range of kH ≈ 0.6–1.0, Geo 1 consistently 644 

exhibits the highest A₍fse₎, reaching peak non-dimensional values of approximately 2.8–3.1 around kH ≈ 0.6–645 

0.7, before gradually decreasing toward ≈ 2.7 at kH ≈ 1.0. These elevated amplitudes indicate strong wave 646 

excitation and substantial water-column motion. However, the noticeable variability of A₍fse₎ suggests the 647 

presence of nonlinear hydrodynamic responses, including amplitude modulation, internal sloshing, and potential 648 

mode-coupling effects, which inhibit the development of a stable harmonic oscillation. Consequently, the high 649 



 

hydrodynamic excitation in Geo 1 does not guarantee effective pneumatic energy conversion, as irregular free-650 

surface motion tends to induce fluctuating and unstable pressure gradients within the chamber. 651 

In contrast, Geo 2 maintains moderate yet highly consistent A₍fse₎ values, generally confined within ≈ 2.3–652 

3.0 over the same kH range. The reduced scatter and smoother trend imply that the geometry successfully 653 

balances wave-energy absorption and hydrodynamic stability. Such behaviour is particularly advantageous for 654 

OWC systems, as a predictable free-surface oscillation supports regular air compression–expansion cycles and 655 

minimises turbulence-induced losses. Geo 3, meanwhile, demonstrates the lowest effective hydrodynamic 656 

engagement, with A₍fse₎ peaking at ≈ 3.4–3.6 around kH ≈ 0.7, but rapidly declining to ≈ 2.2 at kH ≈ 1.0. This 657 

narrow dynamic range indicates that Geo 3 does not maintain effective coupling with the incident wave field 658 

across varying conditions, thereby limiting its air-displacement capability. 659 

A comparable trend is observed in the non-dimensional pressure amplitude (Aₚ), as depicted in Fig. 11. 660 

Geo 2 again displays the most favourable pressure behaviour, achieving peak Aₚ values of approximately 0.085–661 

0.090 near kH ≈ 0.85, while maintaining relatively low variability across the investigated range. This stability is 662 

critical, as pneumatic conversion efficiency is strongly governed by the regularity of pressure oscillations that 663 

drive airflow through the turbine. Geo 1, although generating increasing pressure amplitudes with kH rising from 664 

≈ 0.035 at kH ≈ 0.6 to ≈ 0.090 at kH ≈ 1.0 exhibits signs of instability associated with complex interactions 665 

between the oscillating free surface and the compressible air layer. These interactions may trigger nonlinear 666 

pressure spikes, quasi-turbulent flow behaviour, or internal resonance effects that compromise efficient airflow 667 

regulation. Geo 3, by comparison, reaches its maximum Aₚ of ≈ 0.085 at kH ≈ 0.7–0.8, but subsequently declines 668 

to ≈ 0.055 at kH ≈ 1.0, reflecting a conservative pneumatic response aligned with its subdued hydrodynamic 669 

excitation. The obtained non-dimensional parameters, including free-surface elevation amplitude and pressure 670 

amplitude, fall within the range reported in previous experimental and numerical investigations of OWC systems. 671 

Similar trends have been observed by (Elhanafi et al., 2018), where geometric variations influenced both 672 

hydrodynamic response and pressure stability. This agreement further validates the consistency of the present 673 

results with established OWC behaviour. 674 

 675 

 676 
Figure 10. Relation between wave surface elevation amplitude and dimensionless depth 677 

 678 

 679 
 680 

Figure 11. Relation between air pressure amplitude and dimensionless depth 681 

 682 



 

 683 
Figure 12.  The relation between power and period 684 

 685 

The observed geometry-dependent behaviour can be interpreted as a resonance-controlled hydrodynamic-686 

pneumatic coupling process. The peak responses occurring at wave periods of approximately T ≈ 2.4 to 2.6 s 687 

indicate that all three geometries operate within a near-resonant regime, but with different effective natural 688 

periods due to differences in internal water-column length and chamber air volume. Geo 2 appears to achieve the 689 

most favourable tuning between incident-wave forcing and chamber natural frequency, resulting in strong but 690 

stable oscillations. This condition maximises constructive energy transfer into the air chamber and promotes 691 

efficient compression-expansion cycles. In contrast, Geo 1 exhibits stronger hydrodynamic excitation but larger 692 

radiation losses and internal flow separation, leading to partial decoupling between free-surface motion and 693 

pressure generation. Geo 3, while dynamically more stable, appears slightly detuned from the dominant wave 694 

forcing, producing lower effective resonance amplification. These results confirm that the dominant mechanism 695 

governing pneumatic power output is not simply amplitude amplification, but resonance-enhanced phase-696 

coherent coupling between the hydrodynamic and pneumatic subsystems. 697 

The sensitivity of Geo 1 and Geo 3 to resonance-prone wave conditions at H = 0.225 m becomes particularly 698 

evident when the pressure and FSE responses are considered together. Near-resonant forcing amplifies nonlinear 699 

interactions within these geometries, potentially generating exaggerated dynamic responses or measurement 700 

anomalies that obscure true performance trends. This underscores the necessity of careful data validation when 701 

assessing OWC behaviour under intermediate-to-high excitation levels. 702 

The implications of these non-dimensional hydrodynamic and pneumatic characteristics are ultimately 703 

reflected in the power output trends, shown in Fig. 12. Within the examined period range (T = 2–3 s), Geo 2 704 

consistently delivers the highest power output, peaking at approximately 80 W around T ≈ 2.4 s, and maintaining 705 

relatively high values (≈ 45–75 W) across the operational band. This superior performance confirms that the 706 

moderate but stable A₍fse₎ and Aₚ responses of Geo 2 facilitate efficient energy transfer from the water column 707 

to the pneumatic subsystem. Geo 1, despite experiencing strong hydrodynamic forcing, produces lower power 708 

levels declining from ≈ 75 W at T ≈ 2.1 s to ≈ 25 W near T ≈ 2.8–3.0 s, due to significant pneumatic losses 709 

associated with unstable pressure and velocity fields. Geo 3 exhibits an intermediate behavior, achieving a 710 

maximum of ≈ 85 W at T ≈ 2.4 s, but suffering a sharp reduction at longer periods as hydrodynamic engagement 711 

weakens. 712 

Taken together, these results emphasize that high non-dimensional amplitudes alone do not ensure superior 713 

OWC performance. Instead, optimal energy extraction requires a geometry that balances excitation magnitude 714 

with dynamic stability across both hydrodynamic and pneumatic stages. Geo 2 achieves this balance most 715 

effectively, whereas Geo 1 illustrates the penalties of excessive nonlinearity and Geo 3 highlights the limitations 716 

imposed by insufficient wave–structure coupling. 717 

 718 

3.7.  Geometry Optimization and Design Guideline  719 

The comparative experimental results provide a structured basis for identifying the optimal chamber 720 

geometry and deriving practical design guidelines for L-shaped OWC systems. Although all three configurations 721 

operate within a near-resonant wave regime, their performance differs substantially due to geometry-dependent 722 

variations in hydrodynamic stability, pressure build-up, and airflow coherence. 723 

Among the tested configurations, Geo 2 emerges as the optimal chamber design because it achieves the 724 

most balanced performance across all measured parameters. Unlike Geo 1, which produces high free-surface 725 

amplitudes but suffers from internal flow instability and pressure irregularity, and Geo 3, which exhibits lower 726 

hydrodynamic engagement outside a narrow operational range, Geo 2 maintains stable piston-like water-column 727 

motion, coherent chamber-pressure oscillations, and sustained airflow velocity over the investigated wave 728 

periods. This balanced response leads to the highest sustained pneumatic power output and the most reliable 729 

energy conversion performance. 730 



 

The optimisation results indicate that effective OWC chamber design should not aim solely to maximise 731 

hydrodynamic amplitude. Instead, three geometry-selection criteria should be prioritised. First, the chamber 732 

geometry should maintain stable piston-mode oscillation while minimising sloshing and turbulence-induced 733 

dissipation. Second, the chamber air volume should be sufficiently tuned to generate strong but stable pressure 734 

amplification without excessive compressibility-induced phase lag. Third, the horizontal duct length should be 735 

selected to align the natural period of the coupled water-column–air system with the dominant incident wave 736 

period, thereby achieving near-resonant operation. 737 

These findings establish a practical design guideline for future L-OWC development: the optimal chamber 738 

configuration is the one that maximises phase-coherent hydrodynamic–pneumatic coupling rather than simply 739 

maximising oscillation amplitude. Within the tested design space, Geo 2 satisfies this criterion most effectively 740 

and is therefore recommended as the reference geometry for future scale-up and turbine integration studies.  741 

 742 

4. Conclusion 743 

 744 

From an optimisation perspective, Geo 2 is identified as the optimal configuration among the tested 745 

geometries, consistently achieving the best balance between hydrodynamic amplification, pressure stability, 746 

airflow coherence, and sustained pneumatic power output. The results demonstrate that OWC performance under 747 

intermediate wave conditions (H = 0.225 m, T = 2 to 3 s) is governed primarily by the coherence between 748 

hydrodynamic excitation and pneumatic response, rather than by oscillation amplitude alone. 749 

Comparative analysis of free-surface elevation, pressure oscillation, and power output shows that Geo 2 750 

outperforms the other configurations by maintaining moderate yet stable oscillations, enabling effective 751 

pressure–velocity coupling and sustained airflow. In contrast, Geo 1, despite exhibiting the highest amplitudes, 752 

suffers from nonlinear instabilities that reduce pneumatic efficiency, while Geo 3 provides insufficient excitation 753 

for effective energy extraction. 754 

These findings confirm that optimal OWC performance is achieved through a balance between excitation 755 

strength and dynamic stability, rather than maximising amplitude alone. Chamber geometry plays a fundamental 756 

role by controlling the system’s effective inertial mass, pneumatic stiffness, and damping, thereby determining 757 

the natural frequency and phase relationship between hydrodynamic forcing and pneumatic conversion. The 758 

superior performance of Geo 2 indicates that maximum power extraction occurs under near-resonant conditions 759 

where pressure amplification and airflow coherence are simultaneously optimised. 760 

The sensitivity of Geo 1 and Geo 3 to near-resonant excitation further highlights the importance of careful 761 

data validation under resonance-prone conditions. Although this study is based on regular waves, the observed 762 

geometric effects are expected to remain qualitatively valid in real sea states, where additional nonlinear and 763 

spectral effects may influence performance. 764 

Overall, this study underscores the importance of geometry-informed design for efficient OWC systems. 765 

Future work will extend the analysis to irregular wave conditions, incorporate turbine–chamber interactions, and 766 

employ high-fidelity coupled air–water simulations alongside experimental validation to identify optimal 767 

operating regimes.   768 
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