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Abstract

An Oscillating Water Column (OWC) is a wave energy converter consisting of

a partially submerged chamber with an air column over the water column. The

work done by the air column under excitation by the incident waves is used

to generate electrical energy through a power take-off (PTO) device. The air

column is under pressure due to the damping from the PTO device and this

pressure is essential for the extraction of wave energy using the OWC. The re-

lationship between the PTO damping and the hydrodynamic efficiency of the

OWC provides more insight into the wave energy extraction using an OWC.

In this paper, two-dimensional Computational Fluid Dynamics (CFD) simula-

tions are used to investigate the response of the OWC under different values of

damping from the PTO device. The PTO damping on the chamber is repre-

sented using a linear pressure drop law with the permeability coefficient derived

from Darcy’s equation for flow through porous media. The model is validated

by comparing the numerical results to experimental data. The influence of the

PTO damping on the chamber pressure, the free surface motion, the velocity

of the vertical motion of the free surface and the hydrodynamic efficiency of

the OWC is studied. The hydrodynamic efficiency is calculated as the ratio of

the power delivered at the vent of the OWC to the incident wave power. It is

found that the PTO damping needed to attain the maximum OWC hydrody-
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namic efficiency increases with increasing incident wavelength. The formation

of stagnation zones in the water due to high velocities for lower values of PTO

damping is found to reduce the hydrodynamic efficiency.

Keywords: Oscillating Water Column, Computational Fluid Dynamics, wave

energy, porous media, PTO damping, REEF3D

1. Introduction1

An Oscillating Water Column (OWC) device is a renewable energy device2

used to convert incident wave energy into electrical energy. The device consists3

of a partially submerged chamber with an air column standing over the water4

column. The incident waves cause an oscillatory motion of the free surface of5

the water column, which transfers the motion to the air column. The air is then6

exhaled and inhaled through a vent in the chamber. A turbine which is the7

power take-off (PTO) device, is placed over the vent and the motion of the air8

column across the turbine is used to produce electrical energy. The vent opens9

to the atmosphere through the PTO device and this results in a pressure drop10

over the device chamber.11

Evans [1] used a pair of parallel vertical plates to represent an OWC device to12

obtain a mathematical description of the working principles. A float connected13

to a spring-dashpot system on the free surface inside the device chamber was14

used to calculate the efficiency of the device under the assumption of a rigid15

piston-like motion of the free surface in this work. In practice, the spatial16

variation of the free surface motion has an effect on the device efficiency. Evans17

[2] included the spatial variation of the free surface and derived expressions to18

calculate power absorption by the device using the volume flow of air and the19

chamber pressure. It was assumed that the air is incompressible in this scenario20

and the volume flow of air is equal to the product of the vertical velocity of the21

free surface and the surface area of the free surface. The hydrodynamic efficiency22

of the device is then calculated to evaluate the power available at the PTO device23

in comparison to the incident wave power. So, the device efficiency depends on24
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the chamber pressure and the motion of the free surface. The damping on the25

OWC chamber due to the PTO device affects the chamber pressure, the free26

surface motion and consequently, the performance of the OWC.27

In experimental investigations, the PTO damping is represented by porous28

membranes or vents of small dimensions. A study on the PTO device account-29

ing for its linear and non-linear characteristics was presented by Sarmento and30

Falcão [3]. They presented analytical expressions for power absorbed by an31

OWC and the hydrodynamic efficiency considering two-dimensional variation32

in the free surface. They found that the power take-off was only marginally33

lesser for a PTO device with non-linear characteristics compared to a device34

with linear characteristics. Further, Sarmento [4] carried out experimental in-35

vestigations on OWC devices in a wave flume and used filter membranes to rep-36

resent the pressure drop from a linear PTO device and circular orifice plates to37

represent non-linear PTO devices to validate the theory presented in Sarmento38

and Falcão [3]. The importance of PTO damping on the device performance was39

also seen in experimental investigations by Thiruvenkatasamy and Neelamani40

[5], where the device efficiency was found to be very low when the area of the41

vent in the device was increased beyond 0.81% of the free surface area.42

The relationship between the PTO damping and the OWC hydrodynamics43

can be used to improve the efficiency of the OWC. Numerical modeling of an44

OWC including the PTO damping can provide useful insight into the change in45

the OWC hydrodynamics under different values of PTO damping for different46

incident wavelengths. This provides the knowledge required to effectively tune47

the PTO damping with respect to the incident wavelength to obtain the maxi-48

mum hydrodynamic efficiency. In this direction, Didier et al. [6] explored the use49

of porous media theory to model the PTO damping numerically with a linear50

pressure drop law on a simplified representation of the OWC device as a thin51

cylinder. López et al. [7] studied the optimization of turbine induced damping52

on an OWC device using a CFD model after validating the model with data53

from physical model tests. They concluded that each incident wavelength has54

an optimal damping condition. They varied the PTO damping in the numerical55
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model by changing the dimensions of the OWC vent. The high air velocities56

resulting from small vent sizes make a simulation very expensive without adding57

much detail to the hydrodynamics of the OWC. Thus, a different approach that58

is computationally efficient and represents the hydrodynamics accurately can59

help to further investigate of the hydrodynamics of an OWC device including60

the PTO characteristics.61

The objective of this study is to investigate the influence of PTO damping62

on the OWC chamber and on the hydrodynamics in and around the OWC63

under different incident wave conditions. An open-source CFD model is used64

to simulate an OWC in a two-dimensional numerical wave tank. First, the65

numerical model is validated by comparing the chamber pressure, variation of66

the free surface inside the chamber and the vertical velocity of the free surface67

with experimental data from Morris-Thomas et al. [8]. Then, the variation68

of the chamber pressure and the free surface inside the chamber is calculated69

numerically for different wavelengths, wave heights and PTO damping. The70

effect of the PTO damping on the chamber pressure, free surface and power71

absorption under different values of incident wavelengths and wave heights on72

the OWC is studied.73

2. Numerical Model74

2.1. Governing Equations75

The open-source CFD model, REEF3D [9] uses the incompressible Reynolds-76

averaged Navier-Stokes (RANS) equations along with the continuity equation77

to solve the fluid flow problem:78

∂ui
∂xi

= 0 (1)

∂ui
∂t

+ uj
∂ui
∂xj

= −1

ρ

∂p

∂xi
+

∂

∂xj

[
(ν + νt)

(
∂ui
∂xj

+
∂uj
∂xi

)]
+ gi (2)

where u is the velocity averaged over time t, ρ is the fluid density, p is the79

pressure, ν is the kinematic viscosity, νt is the eddy viscosity and g is the accel-80

eration due to gravity.81
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The pressure is determined using Chorin’s projection method [10] and the re-82

sulting Poisson pressure equation is solved using a preconditioned BiCGStab83

solver [11]. Turbulence modeling is carried out by the two-equation k-ω model84

proposed by Wilcox [12]. The transport equations for the turbulent kinetic85

energy, k and the specific turbulent dissipation rate, ω are given by:86

∂k

∂t
+ uj

∂k

∂xj
=

∂

∂xj

[(
ν +

νt
σk

)
∂k

∂xj

]
+ Pk − βkkω (3)
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)
∂ω
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]
+
ω

k
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88

νt =
k

ω
(5)

where, Pk is the production rate, νt is the eddy viscosity and closure coefficients89

σk = 2, σω = 2, α = 5/9, βk = 9/100, β = 3/40. The oscillatory nature of90

wave propagation results in large gradients or strain in the flow. The production91

terms in the turbulence model are directly dependent on the strain. This results92

in an unphysical overproduction of turbulence in the case of wave propagation.93

This is avoided by introducing a stress limiter in the definition of eddy viscosity94

based on the Bradshaw et al. [13] assumption and as demonstrated by Durbin95

[14]:96

νt ≤
√

2

3

k

|S|
(6)

where S represents the source terms in the transport equations.97

In a two-phase numerical model, the large difference between the density of air98

and water results in a large strain at the free surface. The free surface in reality99

is a natural boundary which dampens the eddy viscosity but this effect is not100

accounted for by the k-ω model. The overproduction of turbulence in this case101

is reduced using free surface turbulence damping using a source term in the102

specific turbulent dissipation equation as shown by Egorov [15]:103

Sn =

(
6 B ν

β dx2

)2

β dx δ (φ) (7)

where, model parameter B is set to 100.0 and dx is the grid size. The damping104

is carried out only at the free surface using the Dirac delta function, δ(φ).105
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2.2. Discretization Schemes106

Discretization of the convective terms in the RANS equations is carried107

out using the fifth-order finite difference Weighted Essentially Non-Oscillatory108

(WENO) scheme proposed by Jiang and Shu [16] and the Hamilton-Jacobi for-109

mulation of the WENO scheme Jiang and Peng [17] is used to discretize the level110

set function φ, turbulent kinetic energy k and the specific turbulent dissipation111

rate ω. The scheme is a minimum third-order accurate in the presence of large112

gradients and shocks and provides the accuracy required to model complex free113

surface flows. A Total Variation Diminishing (TVD) third-order Runge-Kutta114

scheme [18] is used for time advancement of momentum equation, the level set115

function and the reinitialisation equation. The time steps in the simulation are116

determined using an adaptive time stepping strategy satisfying the Courant-117

Frederick-Lewy (CFL) criterion. The time advancement of k and ω is carried118

out using a first-order implicit scheme as these terms are mainly source term119

driven with a low influence from convective terms. The implicit treatment of120

these terms avoids small time steps resulting from large source terms in the121

turbulence model. The diffusion terms of the velocities are also removed from122

the CFL criterion by using an implicit scheme to handle these terms.123

The numerical model uses a uniform Cartesian grid for spatial discretization124

and the implementation of higher-order finite difference schemes is straight-125

forward. The Immersed Boundary Method (IBM) [19] is used to handle the126

boundary conditions for complex geometries. This method extrapolates values127

from the fluid into the solid region using ghost cells. The numerical model128

is completely parallelised using the MPI library and can be executed on high129

performance computing systems.130

2.3. Free Surface131

The free surface in the numerical wave tank is obtained using the level set132

method, where the interface between two fluids is represented by the zero level133

set of the level set function, φ(~x, t). The level set function gives the closest134

distance of each point in the domain from the interface and the two fluids are135
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distinguished by the sign of the function. This signed distance function is defined136

as:137

φ(~x, t)


> 0 if ~x is in phase 1

= 0 if ~x is at the interface

< 0 if ~x is in phase 2

(8)

The definition of the level set function makes it continuous across the interface138

and provides a sharp representation of the free surface. The level set function139

is convected under the velocity field in the wave tank. The signed distance140

property of the function is lost by the motion of the free surface and it is restored141

by reinitializing the function after every iteration using the partial differential142

equation based procedure by Peng et al. [20].143

2.4. Numerical Wave Tank144

Wave generation and absorption in the numerical wave tank is carried out145

using the relaxation method [21]. In this method, relaxation functions are used146

to moderate the computational values with an analytical solution from wave147

theory in specific parts of the numerical wave tank reserved for wave genera-148

tion and absorption, called relaxation zones. The relaxation method has been149

implemented by several authors like Mayer et al. [22], Engsig-Karup [23] and150

Jacobsen et al. [24]. The relaxation functions presented by Engsig-Karup [23]151

listed in Eq. (9) are implemented in the numerical model using three relaxation152

zones as illustrated in Fig. (1).153

Γ(x)


= −2x3 + 3x2 for relaxation zone 1

= −2(1− x)3 + 3(1− x)2 for relaxation zone 2

= (1− x)6 for wave absorption zone

(9)

where Γ(x) is called the relaxation function and x ∈ [0, 1] is the length scale154

along the relaxation zone.155

The waves are generated in the first relaxation zone, where the analytical values156

for velocity and free surface elevation from wave theory are gradually prescribed157
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into the numerical wave tank. The second zone, placed right after the first zone,158

prevents reflections from the working zone of the wave tank from affecting the159

wave generation. The working zone of the wave tank is next to the second relax-160

ation zone and the objects to be studied are placed here. The third relaxation161

zone is placed at the far end of the numerical wave tank and is responsible for162

wave absorption. In this zone, the computational value of velocity is smoothly163

brought to zero, the free surface elevation returned to the still water level and164

the pressure to its hydrostatic value. In this way, the wave energy is smoothly165

removed from the numerical wave tank without reflections from the boundary166

affecting the results in the working zone. The relaxation functions prescribe167

the values for the velocity and the free surface elevation in the relaxation zones168

using Eq. (10) with the corresponding relaxation functions.169

urelaxed = Γ(x)uanalytical + (1− Γ(x))ucomputational

φrelaxed = Γ(x)φanalytical + (1− Γ(x))φcomputational

(10)

In this way, the required values are introduced into the numerical wave tank170

gradually, ensuring smooth wave generation and absorption.171

3. Hydrodynamic Efficiency of an OWC device172

Hydrodynamic efficiency of an OWC provides a measure of the wave power173

available at the OWC chamber vent for the production of electrical energy by174

the PTO device. The hydrodynamic efficiency is used to investigate the effect of175

the OWC geometric configuration and PTO characteristics on the wave power176

absorption. The wave energy incident on the device chamber causes the free177

surface inside the chamber to oscillate and this energy is transferred to the air178

column above it. The presence of a PTO device results in a pressure in the179

chamber and the wave power absorbed is calculated as the work done by the air180

column under this pressure. The power available at the turbine Pout, per wave181

cycle of period T is measured as the time average of the product of the chamber182
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pressure, pc and the volume of air flowing through the vent q [2]:183

Pout =
1

T

∫ T

0

pc(t) q(t)dt (11)

Due to the small scale of the device and the chamber pressures developed,184

the air in the chamber is considered to be incompressible and the volume of air185

flowing through the vent is calculated as the product of the velocity of the free186

surface and the cross-sectional area of the chamber. The value for pressure is187

available at every point in the chamber for every time step from the Poisson188

pressure equation. So, the power available at the vent can be easily calculated.189

The incident wave energy flux, Ein is calculated as the product of energy content190

of the wave and the group velocity of the wave:191

Ein =
1

2
ρga20cg (12)

where a0 is the incident wave amplitude and cg is the group velocity.192

This provides the wave power incident per meter width of the device and the193

wave power incident on the device is calculated by multiplying the width of the194

device, l. The hydrodynamic efficiency of the device is then calculated as the195

ratio between the wave power available at the vent to the incident wave power:196

ηowc =
Pout

Ein l
(13)

4. Modeling the PTO damping197

The PTO damping on the device chamber from the PTO device is modeled198

using the porous media flow relation. A PTO device such as the Wells turbine199

which has linear pressure drop characteristics can be effectively represented by200

a linear pressure drop law in model testing [3] [25]. The porous media in the201

vent models the PTO damping, accounting for the pressure and free surface202

motion in the OWC chamber in the numerical model. A linear pressure drop203

law is implemented in the numerical model as:204

∆p

L
= −Cµq (14)
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where µ is the dynamic viscosity of the fluid, ∆p is the pressure drop across the205

vent, C is the permeability coefficient and L is the length along the direction206

of the flow. The permeability coefficient C = 1/kp is determined using Darcy’s207

law for flow through porous media:208

q =
−kpAcs

µ

∆p

L
(15)

where kp is the intrinsic permeability, q is the flow rate and Acs is the cross-209

sectional area.210

In this study, the flow rate q and the pressure drop across the vent ∆p is211

known from the experimental data [8]. The values of the pressure drop and212

of the volume flow of air across the vent from the experiments under conditions213

close to resonance are used. The variables Acs and L are known from the214

device configuration and µ is a known constant. Thus, the value of intrinsic215

permeability can be determined by solving Eq. (15) for kp, which is used to216

determine the permeability coefficient C. In a practical scenario, the pressure217

drop and air flow across the turbine is known from the turbine characteristics218

and those values can be used to investigate the performance of the device. The219

porous media relation is then used at the vent to model PTO damping. In this220

way, the PTO damping in the numerical model is represented independent of221

the dimensions of the vent size and the influence of PTO damping on the device222

can be studied by varying the value of C.223

5. Results and Discussion224

At first, the grid size for accurate wave generation and propagation in the225

numerical wave tank is determined using a grid refinement study. Linear waves226

of wavelength λ = 4.0m and height H = 0.12m with wave steepness ξ = H/λ =227

0.03 are generated in a two-dimensional numerical wave tank 20m long, 2.20m228

high and with a water depth d = 0.92m. The grid sizes are varied between229

dx = 0.1m, dx = 0.05m, dx = 0.025m and dx = 0.01m. It is seen from230

Fig. 2 that the waveform converges to the analytical envelope expected from231
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the linear wave theory at a grid size of 0.025m. This grid size is then used for232

all the numerical simulations carried out in the study.233

5.1. Validation234

The experimental setup used in Morris-Thomas et al. [8] is simulated to val-235

idate the numerical model. The experiments were carried out at the University236

of Western Australia in a wave tank of length 50m and width 1.5m. The model237

OWC was placed 37.5m from the wavemaker. The PTO device was represented238

by a rectangular vent of width bv = 0.005m in the roof of the chamber 0.05m239

from the rear wall. The same geometry is replicated in the numerical simulations240

with a minor change in the representation of the PTO device, where the vent241

width bv is set to 0.05m. The pressure drop equation (Eq. 14) is to determine242

the value of C required to obtain the same pressure drop across a vent of width243

bv = 0.05m as that across a vent of width bv = 0.005m in the experiments.244

Using the experimental data for λ = 4.07m, where ∆p = 500Pa, q = 0.11m3/s245

in Eq. 14, results in Cexp = 5 × 108m−2 for providing the same pressure drop246

and volume flux across a vent of width bv = 0.05m in the numerical model. A247

schematic diagram of the setup is shown in Fig. 3. The porous media in the248

numerical model is validated by simulating different incident wavelengths on the249

OWC with Cexp = 5× 108m−2 used for the porous layer in the vent.250

In the first case, waves of wavelength λ = 4.07m and height H = 0.12m251

are incident on the OWC device in a water depth of d = 0.92m. The device252

shows resonant response and has the maximum efficiency in the experiments253

for this wavelength. The device has a front wall draught c = 0.15m and front254

wall thickness δ = 0.05m, a chamber length b = 0.64m and a chamber height of255

1.275m. The first and the second relaxation zones are kept one wavelength long256

and the wave absorption zone is 1m long. The device covers the entire width257

of the tank and the wave absorption zone does not have an important influence258

on the simulation.259

The variation of the chamber pressure pc(t) and the free surface at the center260

of the chamber η(t) is calculated and compared with the experimental observa-261
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tions in Fig. 4a and 4b respectively. The velocity of the free surface motion,262

wfs is calculated using the free surface motion in the numerical simulations and263

experimental data and presented in Fig. 4c. A good agreement is seen between264

the numerical results and the experimental observations in these figures. This265

wavelength of λ = 4.07m corresponds to the resonant frequency of the OWC266

chamber and the maximum efficiency was observed in the experiments for this267

incident wavelength. In spite of being the resonant condition, the free surface268

oscillations are not amplified (Fig. 4b) due to the PTO damping on the cham-269

ber but a large part of the incident wave energy is transferred from the water270

column to the air column resulting in a maximum efficiency at this incident271

wavelength.272

Next, simulations are carried out with incident wavelengths of λ = 5.07m273

and λ = 2.90m with a wave height of H = 0.12m. These wavelengths lie274

on either sides of the resonant wavelength and are used to study the device275

performance away from resonance. The variation of the chamber pressure pc,276

free surface at the centre of the chamber η and the velocity of the free surface wfs277

for λ = 5.07m is presented in Fig. 5 and a good agreement is seen between the278

numerical and experimental results. Similarly, a good agreement is seen between279

the numerical results and the experimental observations for the variation of the280

chamber pressure pc, the free surface in the chamber η and the velocity of the281

free surface wfs for λ = 2.90m in Fig. 6. The free surface motion in these cases282

is further damped compared to the free surface motion in the resonant case.283

It seen that a good representation of the fluid dynamics in the device chamber284

is obtained from the numerical model. It is also confirmed that a value of Cexp =285

5× 108m−2 provides the same pressure drop on a vent of width bv = 0.05m as286

that provided by a vent of width bv = 0.005m in the experiments. Thus, Cexp is287

taken to be the standard value of damping and then varied to study the influence288

of the PTO damping on the performance of the device. The cross-sectional area289

of the vent in the numerical model is larger than in the experiments and is290

higher than 0.81% of the free surface area. The damping provided by the vent291

is insufficient to develop the chamber pressure necessary for energy extraction292
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from the device [5] and the porous media in the vent is responsible for the PTO293

damping.294

5.2. Effect of PTO damping295

In order to study the effect of PTO damping on the performance of the296

OWC device, the permeability coefficient C in Eq. (14) is varied. Simulations297

are carried out with values of C0, C1, C2, C3, C4, C6 and C10 with values298

listed in Table (2) to investigate the effect of PTO damping. The case without299

PTO damping (C0) represents an OWC with a pressure drop from a vent of300

width bv = 0.05m. A total of 72 simulations with the 8 different values of301

the permeability coefficient C, for three different incident wavelengths λ are302

carried out for wave heights H = 0.06, H = 0.12 and a constant wave steepness303

ξ = 0.03.304

First, simulations are carried out with an incident wave height of H = 0.06m305

for wavelengths λ = 2.90m, 4.07m and 5.07m with permeability coefficients C0306

to C10. The amplitudes of the chamber pressure pc, the relative free surface307

in the chamber a/a0, the vertical velocity of the free surface motion inside the308

chamber wfs and the hydrodynamic efficiency of the OWC ηowc for the different309

incident wavelengths simulated are presented in Fig. (7). The chamber pressure310

is seen to increase as the value of C is increased from C0 to C10 in Fig. 7a.311

The longest wavelength simulated, λ = 5.07m results in the largest chamber312

pressure for all values of C. The damping of the free surface motion inside the313

OWC chamber is seen in Fig. 7b. The relative free surface motion is about314

two times the incident amplitude for λ = 5.07m under zero damping (C0) and315

reduces to about 0.4 times the incident amplitude under high damping of C10.316

For an incident wavelength of λ = 4.07, the maximum free surface elevation is317

1.5a0 at C0 and reduces to 0.35a0 at C10. The free surface elevation inside the318

chamber reduces from 1.35a0 at C0 to 0.2a0 at C10 for an incident wavelength of319

λ = 2.90m. Thus, the free surface oscillations reduce with decreasing incident320

wavelength and increasing values of PTO damping. The vertical velocity of the321

free surface motion shows a similar trend where the the velocity wfs decreases322
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with a decrease in wavelength and an increase in the PTO damping.323

The hydrodynamic efficiency of the OWC initially increases with increasing324

PTO damping and then reduces after attaining a maximum value. In the case325

of the shortest wavelength simulated, λ = 2.90m, ηowc reaches a maximum of326

0.745 at C3 and then reduces to 0.37 at C10. The hydrodynamic efficiency for327

an incident wavelength of λ = 4.07m reaches a maximum of 0.83 at C4 and328

reduces to 0.61 at C10. For an incident wavelength of λ = 5.07m, a maximum329

value of 0.75 is seen for C5 and the hydrodynamic efficiency reduces to 0.59 for330

C10. Thus, it is seen that an increase in PTO damping results in an increase331

in the chamber pressure pc and a decrease in the free surface elevation and the332

velocity of the free surface motion inside the OWC chamber. The hydrodynamic333

efficiency ηowc increases with increasing PTO damping, reaches a maximum and334

then reduces with further increase in the PTO damping for all the wavelengths.335

It is also observed that the PTO damping resulting in the maximum efficiency336

for a given wavelength increases with increasing incident wavelength.337

Next, simulations are carried out with an incident wave height of H = 0.12m.338

The chamber pressure increases with increasing PTO damping in Fig. 8a. The339

free surface amplitude and the velocity of the free surface in the OWC chamber340

reduce with an increase in the PTO damping in Figs. 8b and 8c. This variation341

of the chamber pressure, the relative free surface and the vertical velocity of342

the free surface with the PTO damping is similar to that seen for an incident343

wave height of H = 0.06m. The variation in the hydrodynamic efficiency of the344

OWC with the PTO damping for the different wavelengths in Fig. 8d is similar345

but with certain differences to that seen for H = 0.06m. The hydrodynamic346

efficiency increases with increase in PTO damping, reaches a maximum and347

reduces with further increase in the PTO damping as seen for H = 0.06m348

previously. Also, the maximum efficiencies are attained at the same values of349

C for each of the wavelengths. The difference is that the maximum efficiencies350

for every wavelength at every value of PTO damping is lower than that seen351

for H = 0.06m. Thus, it is seen that the hydrodynamic efficiency of the device352

reduces with increasing wave amplitude for the same wavelength and damping353
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conditions.354

The investigations with a constant wave height for different wavelengths355

results in different wave steepnesses for the different cases. The wave steepness356

can influence the wave interaction with the OWC device. So, the influence of357

the PTO damping over various wavelengths for a constant wave steepness of358

ξ = 0.03 is investigated. The variation of pc, a/a0 and wfs presented in Fig. 9359

are similar to that seen previously for both H = 0.06 and H = 0.12m. The360

curves for λ = 4.07m and λ = 5.07m lie close to each other and away from the361

curve for λ = 2.90m because the incident wave heights are proportional to the362

wavelengths in these cases.363

The hydrodynamic efficiency of the OWC for different wavelengths is shown364

in Fig. 9d. The efficiency for λ = 2.90 in this case is lower than that computed365

for H = 0.06m but higher than in the case of H = 0.06m. The incident wave366

steepness ξ = 0.03 for λ = 2.90m results in a wave height of H = 0.087m367

in this case. Thus, the decrease in hydrodynamic efficiency with an increase in368

incident wave height is further affirmed. In the case of λ = 4.07, the wave height369

is H = 0.122m resulting in an efficiency curve similar to that for H = 0.12m and370

lower than the efficiency for H = 0.06m. The efficiency in the case of λ = 5.07m371

is the lower than that seen for H = 0.06m and H = 0.12m, as the wave height372

in this case is 0.152m.373

It is also observed that the maximum efficiency for λ = 2.90m, 4.07m and374

5.07m are computed at C3, C4 and C5 respectively. These values remain the375

same for H = 0.06m, H = 0.12m and ξ = 0.03. Thus, the maximum hydrody-376

namic efficiency at a particular incident wavelength is obtained at a particular377

value of PTO damping. The wavelength resulting in the maximum efficiency378

also remains the same under different values of PTO damping for a given ge-379

ometry of the OWC. The OWC attains the maximum efficiency for shorter380

wavelengths at lower PTO damping and at a higher PTO damping for longer381

wavelengths. In the absence of PTO damping (C0), the OWC fails to effectively382

deliver the incident wave energy to the vent. In this case, there is a large motion383

of the water column motion but the air column is not under sufficient pressure384
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to result in meaningful work though its motion. The efficiency is also lowered in385

the case of very high PTO damping (C10). This is justified by the fact that in386

a highly damped OWC chamber, the motion of the water column is extremely387

damped and the volume flux of air through the vent is reduced.388

From the results presented above, the PTO damping has an influence on389

the chamber pressure, motion of the free surface in the chamber and the hy-390

drodynamic efficiency of the device. The influence of the PTO damping on the391

hydrodynamics of the device is further investigated by studying the streamlines392

in and around the OWC device for the incident wavelength of λ = 4.07m for393

different values of C at the same time during the simulation. The development394

of large stagnation zones in the water is seen in Fig. 10a and 10b for C0 and C1.395

A low PTO damping results in a low chamber pressure, a large amplitude of free396

surface oscillation and a high free surface velocity. Under these conditions, most397

of the wave energy is trapped in the large stagnation zones formed in and around398

the device. The size of the stagnation zones is reduced as the PTO damping399

on the chamber is increased in Fig. 10c, 10d, 10e and 10f. The increased PTO400

damping reduces the velocity of the free surface and a higher chamber pressure401

is developed. The optimum PTO damping creates conditions under which the402

hydrodynamic losses from stagnation zones and vortex formation in the water403

is reduced. Thus, a higher amount of the incident wave energy is available at404

the vent. This shows that the PTO damping on the device not only affects the405

conditions inside the chamber, but has significant effects on the hydrodynamics406

of the device and its interaction with the surrounding environment.407

Thus, in the modeling, design and optimization of an OWC wave energy408

converter, the effect of the PTO damping should be taken into consideration as409

it affects the prevalent conditions inside the chamber and the hydrodynamics410

around the device. Also, the PTO damping could be adjusted according to the411

wave climate to tune the device for maximum hydrodynamic efficiency under412

the incident wave conditions.413
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6. Conclusions414

A CFD model is used to study the effect of PTO damping on the OWC cham-415

ber in a two-dimensional numerical wave tank. Darcy’s law for flow through416

porous media is used to model the PTO damping on the device chamber. The417

numerical model is validated by comparing the variation of the pressure, the418

free surface and the velocity of the free surface in the device chamber with419

experimental data from Morris-Thomas et al. [8]. The size of the vent in the420

OWC device in the numerical model is kept large enough so that the damping421

provided by it is extremely low while preserving the geometry of the device422

used in the experiments. So, the PTO damping is solely represented using the423

porous media in the vent of the OWC. The influence of PTO damping on the424

chamber pressure, free surface motion inside the chamber and the efficiency of425

the device for different incident wave heights and wavelengths is investigated426

and the following conclusions are drawn:427

• increasing the PTO damping leads to a higher chamber pressure, lower428

free surface motion and lower velocity of the free surface motion for all429

the incident wavelengths.430

• hydrodynamic efficiency increases with increasing PTO damping, reaches431

a maximum value and reduces on a further increase in PTO damping.432

• maximum hydrodynamic efficiency for a given wavelength occurs at a par-433

ticular value of PTO damping.434

• the PTO damping resulting in maximum efficiency increases with increas-435

ing wavelength.436

• the hydrodynamic efficiency decreases with increasing incident wave height.437

• large stagnation zones are formed in front of the OWC and inside the438

chamber at lower PTO damping, which trap the wave energy and reduce439

the efficiency of the OWC.440
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• an optimum value of PTO damping results in a reduction in the size of441

the stagnation zones, with sufficient motion of the pressurised air column442

in the OWC chamber producing th maximum hydrodynamic efficiency.443

• maximum hydrodynamic efficiency of an OWC can be achieved by tuning444

the PTO damping with respect to the incident waves. This increases the445

efficiency at incident wavelengths away from the resonant wavelength.446

Thus, the PTO damping has a large influence on the hydrodynamics of an OWC447

and this can be used to attain the maximum possible hydrodynamic efficiency448

for a given incident wavelength. These results at a model scale do not include449

the effects of air compressibility. Further studies can be carried out at a large450

scale to account for air compressibility and also develop a formal relationship451

between the PTO damping and the OWC hydrodynamic efficiency.452
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i, j , k indices representing directions along the x-, y- and z-axis

u velocity

t time

ρ density

p pressure

ν kinematic viscosity

νt eddy viscosity

g acceleration due to gravity

k turbulent kinetic energy

ω specific turbulent dissipation

Pk turbulence production rate

σk, σω, α, β, βk turbulence model closure coefficients

B model parameter for free surface turbulence damping

dx grid size

φ(~x, t) level set function

Γ(x) relaxation function

Pout power available at the vent

T wave period

pc OWC chamber pressure

q volume of air flowing through the vent

Ein incident wave energy flux

a0 incident wave amplitude

cg group velocity

ηowc hydrodynamic efficiency of the OWC

l width of the OWC device

L length along the direction of flow through porous media

C permeability coefficient

µ absolute viscosity

kp intrinsic permeability of a porous medium

Acs cross-sectional area of the vent

η variation of the free surface

wfs vertical velocity of the free surface motion

a wave amplitude inside the OWC chamber

λ incident wavelength

H incident wave height

ξ incident wave steepness (H/λ)

Table 1: Nomenclature
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C value implication

C0 0 No damping

C1 1× 108 low damping

C2 2× 108 low damping

C3 3× 108 moderate damping

C4 4× 108 moderate damping

Cexp 5× 108 from experimental data

C6 6× 108 high damping

C10 10× 108 high damping

Table 2: List of damping values used in the simulations
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Figure 4: Comparison experimental and numerical results for chamber pressure, free surface

elevation and velocity of the free surface inside the chamber for λ = 4.07m
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Figure 5: Comparison experimental and numerical results for chamber pressure, free surface

elevation and velocity of the free surface inside the chamber for λ = 5.07m
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Figure 7: Variation of chamber pressure, relative free surface amplitude, free surface velocity

and OWC hydrodynamic efficiency for different wavelengths under different values of C for a

constant wave height H = 0.06
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Figure 8: Variation of chamber pressure, relative free surface amplitude, free surface velocity

and OWC hydrodynamic efficiency for different wavelengths under different values of C for a

constant wave height H = 0.12
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Figure 9: Variation of chamber pressure, relative free surface amplitude, free surface velocity

and OWC hydrodynamic efficiency for different wavelengths under different values of C for a

constant steepness ξ = 0.03
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(a) C = 0 (b) C = 1 × 108 m−2

(c) C = 4 × 108 m−2 (d) C = 5 × 108 m−2

(e) C = 6 × 108 m−2 (f) C = 1 × 109 m−2

Figure 10: Streamlines in front of the device and free surface in the chamber for λ = 4.07m

for different values of C at t/T = 12.56
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