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A numerical method based on a two-phase level set with the global mass correction and
immersed boundary method is developed here to simulate wave interaction with a semi-submerged
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and theory by Evans and Porter [2]. The flow field, free surface and pressure distribution are presented
at different instants in time to reveal the energy loss clearly. The hydrodynamic efficiency predicted by
the numerical results demonstrates a banded efficiency centred about a resonant peak and agrees with
the physical experiment more closely than with the inviscid linear theory. The effect of the various
wave conditions, immersion depth, thickness of the front wall of the chamber, vortex generation around
the front wall in the water and air chamber characteristics on the efficiency of wave energy extraction
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1. Introduction

Ocean energy, which includes ocean thermal energy conversion (OTEC), tidal energy, wave
energy and energy from marine currents and so on, is considered as a viable alternative and renewable
source of clean energy in many ocean countries. One of the most successful and most extensively
studied devices for extracting energy from sea waves is the oscillating water column. Full sized
Oscillating Water column (OWC) prototypes were built in Norway [3], Japan [4], India [5], Portugal
[6], UK [7]. The largest of all, a nearshore bottom standing plant (named OSPREY) was destroyed by
the sea shortly in 1995 after having been towed and sunk into place near the Scottish coast. OWC
devices use wave motion to force the free surface of the fluid contained in a chamber to oscillate, in
turn pumping the volume of air above the free surface through a turbine at the opening of the device on
shore or near shore [8]. In the case of a shoreline OWC, the structure is fixed (bottom standing or built
on rocky sloping wall) and the main piece of equipment is the Wells air turbine driving an electrical
generator. Absence of mooring lines, wet power-transmission cables and easy communications are
advantages of the onshore wave power stations compared with the floating devices. On a global scale,
sea-waves propagating towards the coast attenuate, refracting and shoaling as they approach the shore.
Thus some of the wave power is lost. In order to provide the optimal parameters for design
considerations, it is important to make estimates of the hydrodynamic performance of the OWC under
typical operating conditions.

There have been several attempts at analytical and experimental representation of the
hydrodynamic aspects of OWC devices. Evans [9] ignored the spatial variation of the interior freesurface and assumed the width of the interior free surface small in comparison to the incident
wavelength. Sarmento [10] performed experiments to validate the oscillating surface pressure theory
and show that the inclusion of the interior pressure distribution is important for phase control in
obtaining the optimal efficiency of an OWC device. Later, Evans and Porter [2] used potential theory to
consider a rectangular OWC in terms of the width of the interior chamber and submergence depth of
the front wall, neglecting the viscous effects. Tseng et al. [11] developed the concept of a breakwater
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and a harbour resonance chamber which can extract energy from the ocean and protect the shore at the
same time. A 1/20 model of this system was constructed and tested in the wave tank and the
experimental data were compared with the previous theoretical results. Wang [12] validated numerical
computations with experimental measurements and considered the topographical effects of bottom
slope and water depth on the performance of an OWC. These localized effects were very important to
the overall efficiency of the device. Hong et al. [13] conducted an experiment concentrating on the
effects of several shape parameters of the OWC chamber in its wave energy absorbing capability.
Boccotti [14] found that an OWC with the additional vertical duct (U-OWC) has an eigenperiod greater
than that of a conventional OWC. Liu et al.[15] applied FLUENT commercial software to investigate
the nozzle effects of the chamber-duct system on the relative amplitudes of the inner free water surface.
Marjani et al.[16] predicted the pneumatic energy in the air chamber of an oscillating water column
system using the FLUENT code.

For an oscillating water column device (OWC), the combined air and water motions influence
the physical response of the device which cannot be properly represented without simulating both the
air and water phases. Therefore, a two phase model using the level set immersed boundary method is
used to simulate numerically the hydrodynamic efficiency of an oscillating water column wave energy
device in regular waves for different geometries of the front wall of the air chamber with the turbine
damping in this work. Numerical results for an OWC under various wave conditions are compared with
published experimental data by Morris-Thomas et al [1] and theory by Evans and Porter [2] and a
detailed examination of the air-water fluid dynamics is given. The flow field, free surface and pressure
distribution at different instants in time reveal the formation of the vortex in front of and behind the
front wall of the air chamber and viscous dissipation at the orifice, both of which are good indicators of
energy losses in the OWC that are neglected by the potential theory. The effect on the efficiency of
wave energy extraction from the OWC under various wave conditions, immersion depth of the front
wall, thickness of the front wall and orifice dimension are also investigated. The method has been
demonstrated by Zhang et al. [24] for extreme wave impact on an OWC with extreme wave events
generated using NewWave focusing.
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2. Governing Equations
Governing equations for an incompressible fluid flow are the mass conservation equation and the
Navier-Stokes momentum conservation equations written as

uj
0
 xj

(1)

and

 ui   ui u j 
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where subscript i = 1, 2 denotes the two dimensional geometrical descriptions and Cartesian
tensor notation is used. u j , p and x j are the velocities, pressure and spatial coordinates. f i represents
an external body force field.  ij is the viscous term given by
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 ,  are the density and viscosity appropriate for the phase occupying the particular spatial

location at a given instance of time.

The evolution of the level-set function is governed by
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A redistancing function is performed by solving for   given by Eq. (5):
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where, t is a pseudo time for the variable   , the initial condition is  ( x,0)   ( x) and s   is the
smoothed sign function defined as
s   


     
2

(6)
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The steady state solution to  '' is obtained using Eq. (7) [17]:
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where t and M cor are a pseudo-time and mass correction factor. A dimensionless mass correction
term is introduced to ensure mass conservation, written as
M cor  sign(ref )

Mo  Mt
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(8)

where M o and M t are the original mass and the mass of the reference phase at time t,
respectively.

A smoothed Heaviside function is defined as:
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where  is related to the grid size and is usually taken as a factor of the grid spacing. Using the
smoothed Heaviside function, these properties are calculated using
  (1  H )1  H 2

(10)
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A 2D immersed boundary ψ coincides with a Cartesian grid node (i, j) on which a Dirichlet
boundary condition

uψ

needs to be enforced. If uij is an approximation to the solution of the governing

equations, the discrete form can be written as [18]
uijk 1  uijk
t

 RHSik  fi k

where

t

(11)

is the time step and RHS includes the convective, viscous and body force of the

governing equations. The external force function that will enforce the above boundary condition can be
obtained from Eq.(12) by setting uijk 1  uψ and solving for fi k
fi 
k

uψ  uijk
t

 RHSik

(12)

The finite volume method is used to discretize the Navier-Stokes equations on a non-uniform
staggered Cartesian grid. A two step projection method is employed for velocity-pressure coupling, in
which a pressure Poisson equation is solved to enforce the continuity equation. A combination of the
upwind scheme and the central difference scheme is used to discretize the convection terms to yield a
more accurate numerical solution. The generalized minimum residual (GMRES) [19] method with
incomplete LU factorization for preconditioning is applied to solve linear systems of pressure Poisson
equation. Mass conservation is improved significantly by applying a global mass correction scheme, in
a novel combination with third order essentially non-oscillatory schemes and a five stage Runge-Kutta
method, to accomplish the advection and re-distancing of the level set function. For the immersed
boundary treatment, the grid-interface relation with an immersed boundary is established. Thus all
Cartesian grids can be classified into three categories: (1) forcing points, which are grid points in the
solid phase that have one or more neighbouring points in the fluid phase; (2) fluid points, which are all
the points in the fluid phase; (3) solid points, which are all the remaining points in the solid phase. It is
proposed to compute u f by extrapolating along the well-defined line normal to the boundary. The
value of the virtual point uv can be interpolated from the surrounding grid points.
No slip boundary conditions are set at bottom boundaries and at the right hand wall. The top of
the numerical tank is set as a fixed pressure 0 and Neumann velocity boundary conditions are employed
at top boundaries in order to mimic a free boundary such that air flows can go either into or out of the
6

domain. Velocity and wave surface elevation are defined at the inlet to represent the wave maker.
When there is a solid body inside the computational domain so that wave reflection is observed, the
reflected waves will propagate backward and interfere with inflow boundary where waves are
generated. Thus secondary wave reflection will be generated from the inflow and contaminate the
computation. To relieve the problem, the use of absorbing wave maker has been adopted [20]. Thus the
inflow boundary condition on the left of the computational domain for the simulation of an OWC under
a regular wave is revised to be
Rout
R
 c out  0
t
n

(13)

where Rout  R  Rint is the detected wave reflection with Rint being the known incident wave variable
and R is the wave variable to be specified.
Due to the intrinsic nonlinearity in the governing equations, the general stability analysis method is
not applicable. In order to overcome the difficulty, the standard von Neumann stability analysis to
obtain the stability criteria for the linear case is performed [21]:
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The first criterion arises from the stability requirement for the advection term and second from
the diffusion term. Due to the tiny orifice, the air velocity is quite big while the grid is quite small at
that location. It results in the very small time step after the wave reaches the oscillating water column
device.

3. OWC hydrodynamic efficiency
As the horizontal dimension of the interior chamber of the OWC is quite small compared to the
prevailing wavelength, the internal water surface can be assumed to be sufficiently plane in long waves
to be considered as moving in heave only. In the instance of waves with shorter wavelengths, the
7

internal surface may be non-planar and the water column may experience both pitching and heaving
motion.

Although this may influence the system's natural periods, the mean power absorbed by the

OWC device primarily depends on the heave motion of the water column and air pressure inside the air
chamber It has been shown by Brendmo et al. [22] that it can provide good agreement when the
wavelengths under consideration are long when compared to the characteristic horizontal dimension of
the inner OWC surface.
Taking into account that the instantaneous power available to the turbine is given by p(t )q(t ) ,
where p(t ) is the instantaneous air pressure inside the chamber, q(t ) is the instantaneous flow rate
through the turbine. The hydrodynamic energy absorbed from the waves by the OWC device during a
wave period T can be given [25]
T

Eowc  0 p(t )q(t )dt

(16)

where q(t )  v(t ) b w , v(t ) is the space averaged vertical velocity of free surface, b is the width of
the air chamber and w is the transverse wave tank width. In the 2D numerical simulation w is assumed
to be 1.
Eq. (16) is the time domain analysis. Parseval's theorem is applied to Eq. (16) and we can change
the time analysis to the frequency domain and get
Eowc 

1
2

 *
 p (i )q(i )d

(17)

where p* (i ) and q(i ) are the Fourier transforms (FT) of p(t ) and q(t ) , and * represents the
complex conjugate.
From linear wave theory, the average power per unit width in the incident wave is
Pinc 

1
 ga02u g
2

(18)

where a0 is the wave amplitude, u g is the group velocity of the incident wave packet defined by
ug 

d
, where k is the wave number which is determined according to the dispersion
dk

relationship
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For plane progressive waves of small amplitude, the energy flux rate can also be described by
Pinc 

 ga02 
4k

2kh 
1  sinh 2kh 



(19)

Thus the hydrodynamic efficiency of the OWC device becomes



Eowc
PincTw

(20)

4. Numerical Results
The example of an oscillating water column described by Morris-Thomas et al [1]

is

investigated using our two phase flow model. b, a, c represent the chamber width, the immersion depth
of the chamber skirt, the thickness of the chamber skirt as shown in Fig. 1. The still water depth is
0.92m. The air chamber width is equal to 0.64m. The key geometric parameters which are thought to
have a significant influence on OWC's performance include front wall immersion depth, a, and front
wall thickness, c.
As modelling an OWC using an orifice to provide the load was successfully used previously
[10, 22], the effect of a power take off device was modelled by a rectangular orifice, of width 5mm,
situated in the roof of the chamber 5cm from the rear wall. Fig. 2 shows the schematic illustrating the
geometry of each front wall. Front walls B, C and D were constructed to examine the effect of
immersion depth and thickness on the OWC's efficiency. Nine wave conditions for each front wall
configuration are chosen to provide a parametric variation similar to the likely operating conditions of a
prototype wave energy device and summarized in table 1. L and a0 represent the length of the
numerical tank and wave amplitude.
As with experimental testing, techniques were implemented in the numerical model to allow a
sufficient number of waves to be analysed prior to potential contamination from reflected waves. The
absorbing wave maker [20] was applied and the length of the numerical tank was set at three times of
the incident wave length to minimise the domain size. 35 cells per wavelength were used for typical
test conditions. The presence of the OWC and in particular the OWC orifice requires special
consideration in the grid generation. Grid sizing requires satisfactory definition with respect to the
dimensions of key geometric parameters such as the thickness of the front wall and OWC orifice. The
9

grid refinement was effectively applied in these key areas for the oscillating water column. Eight grid
divisions of dimension approximately 5mm and five grid division of dimension approximately 1mm in
the x direction were used to represent the thickness of the wall and the very small orifice in the air
chamber. Also in order to allow computationally smooth transitions between grids of differing sizes,
uniform gradually changing grids are used for the OWC region. 10 grid dimensions in the y direction
were sufficient to illustrate the air-water interface.
To provide suitable data for post processing a number of flow parameters are monitored during
the analysis and recorded to a file. The motion of the OWC water surface and associated pressure
within the chamber are required to determine the efficiency of the OWC. The internal air pressure can
be determined by a simple point monitor that records the pressure. The OWC central free surface
motion cannot be determined directly but can be performed by using Euler differentiation averaged
over between three to five time steps in order to smooth the calculated response. After which, a time
series representation of the power was determined by the production of the air pressure in the chamber
and velocity of the free surface. When an orifice is used, the air pressure becomes a non simple
harmonic function of time. So the power absorbed by the OWC is not a simple harmonic function of
time. Using an approximate time window, a Fourier transform of the power was performed to find the
average amplitude components of a signal buried in a noisy time domain signal.
4.1 Effect of the immersion depth and thickness of the front wall
Fig. 3(a) and (b) show the hydrodynamic efficiency versus the water depth parameter Kh, where
K

2
g

relates the wave frequency,  and wave number, k . To assist in the interpretation of the

experimental results, cubic fitting lines are added to each data set. Firstly, the peak magnitudes of the
hydrodynamic efficiency for case B, C and D are 0.93 at Kh =1.4, 0.84 at Kh =1.3 and 0.86 at Kh =1.3
respectively. The numerical results demonstrate a banded efficiency centred about a resonant peak. Our
two phase model considers the interaction between the air and water in the chamber, nonlinear energy
loss through the viscous dissipation at the orifice and the flow separation of the formation of the
vortices in front of and behind the front wall. The theory of Evans and Porter is based on the
assumption of an ideal fluid and the power take off is represented by a drop in pressure across the
turbine that is assumed to be proportional to the flow rate. Thus the hydrodynamic efficiency predicted
by our model is lower than the ideal fluid prediction and compares closely with the experiment.
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Furthermore the resonance region, 1.2< Kh <1.5, is predicted well in comparison with the experiment.
The efficiency away from the resonance region agrees well with the experiment while the
hydrodynamic efficiency is still over predicted in the resonance region. It is due to the complex
pressure changes in the air chamber resulting from the strong resonance. Also, the two phase model
used here influences the free surface in the center of the air chamber. Both together affect the
hydrodynamic efficiency of the device.
Fig. 3(a) shows the effect of the immersion depth of the front wall geometry on the
hydrodynamic efficiency between the case B and C. If the front wall is fixed in position the water
column in the centre will resonate with a wave having a frequency of
fc 

1
1

Tc 2

g
Ds  Ds 

(21)

where Ds represents the immersion depth of the chamber and Ds is an "effective" length due to
the added mass excited by the water column [23].
a/h = 0.163 for the case B increasing to a/h = 0.25 for the case C results in a smaller natural
frequency for case C. The numerical results and experiments show a clear left shift of the resonance
region from Kh =1.4 for the case B to Kh =1.3 for the case C. Furthermore they exhibit similar
reduction of the hydrodynamic efficiency by approximately 15% in the region of larger Kh by
increasing a/h. However, small variations of a/h in smaller Kh fail to influence the hydrodynamic
efficiency.
The comparison of the surface elevation in the center of the chamber and pressure in the air
chamber between case B and case C at Kh=2.5 are shown in Fig. 4 and 5. At the same Kh for the case
B and C, the oscillating amplitude of the pressure in the air chamber for the case B and C at Kh=2.5 is
around 200 Pa and 150Pa respectively and the relative free surface elevation for the case B is higher
than the case C as well. Thus for smaller immersion depth of the front wall as in case B, the
hydrodynamic efficiency is higher than case C which is shown in Fig. 3(a). The increase of the
immersion depth of the front wall from case B to case C shifts the points of maximum efficiency to
lower frequencies and induces a narrow efficiency curve as in case C.
Fig. 3(b) shows the effect of the thickness of the front wall geometry on the hydrodynamic
efficiency between the case B and D. a/h =0.163 for both cases while the thickness of the front wall
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differs such that c/h=0.044 and 0.088 for cases B and D. The peak efficiency occurs in the region of
1.0<Kh<1.5. The thickness of the front wall is an insignificant factor to change the hydrodynamic
efficiency of the device as also found by Morris-Thomas et al [1].
4.2 Effect of the wave conditions
Fig. 4 shows the time history of the relative surface elevation in the center of the chamber of case
B for different Kh. With increasing Kh, the relative surface elevation in the centre of the chamber
decreases. The oscillating behaviour of the water column is more complicated under the resonance
frequency Kh=1.4. The profiles of wave crest and trough of the surface elevation in the center of the
chamber show the irregular characteristics due to the irregular change of the air pressure suppressing
the free surface.
Fig. 5 shows the time history of air pressure in the air chamber of case B for different Kh. With
increasing Kh from 0.5 to 4.5, the oscillating amplitude of the air pressure decreases from 400Pa to
20Pa. The maximum pressure generated inside the chamber for Kh=1.4 is about 400Pa. Pressure
variation for Kh=4.5 is very low because it is far from the resonant frequency Kh=1.4 and also it falls in
the sloshing frequency region.
Fig. 6(a), (b) and (c) show the time history of the relative surface elevation at different locations
in the chamber of case B for Kh=1.4, 2.5 and 4.5. For this case in the resonant region, the wave length
is equal to 3.76m and six times of the width of the air chamber. The surface elevation difference
between the front wall, center and rear wall for Kh=1.4 is not very big while there is a small difference
for the relative surface elevation for Kh=2.5. However, when the wave length is equal to 1.28m two
times of the chamber width for the sloshing frequency Kh=4.5, the relative surface elevation in the
center, front and rear wall is 0.2, 2 and 2 respectively and there is an obvious difference of the surface
elevation between center, front and rear wall. Fig. 6(d) shows one snapshot of the vorticity contour and
free surface (solid line) for a sloshing frequency Kh=4.5. Also the pressure oscillating amplitude as
shown in Fig. 5 is around 20 Pa and quite small. Thus it is difficult to extract power at this frequency.
And the sloshing frequency of the OWC should be avoided.
When the power extracted by the OWC is calculated, the time history of the flow rate across the
turbine should be given. A numerical probe was put in the center of the chamber to monitor the surface
elevation, pressure and flow field. The flow rate can be evaluated numerically from the rate of change
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of the wave surface displacement in the center of the chamber. Alternatively, the flow rate can be
determined by multiplying the velocity across the orifice and the area of the orifice. Fig. 7 shows the
comparison of the time history of the flow rate calculated by these two methods. The flow rate
calculated by the production of the orifice area and velocity in the orifice is much more regular than
that by the first method. However, only surface displacement in the center of the chamber was
measured in Morris-Thomas et al’s [1] experiment, therefore, the flow rate in this paper was calculated
using the first method to be consistent with the experiments.
Fig. 8 shows the comparison of the hydrodynamic efficiency calculated using the frequency
domain analysis and time domain analysis for case C. The time domain analysis calculates the mean
value of the time history of the power over 20 to 30 wave periods. The frequency analysis calculates
the FFT of the time history of the central surface elevation and pressure in the air chamber and
determines the free surface velocity and pressure operating at the first harmonic. Then Parseval's
theorem is used to calculate the power extracted by the OWC. In most cases the hydrodynamic
efficiency calculated from the time domain analysis is the same as that from the frequency domain
analysis. However, there is an almost 10% difference only at Kh=0.5 which is due to the vertical free
surface velocity calculation. FFT removes a lot of noise from the signals while the mean value
calculation overpredicts the vertical free surface velocity and results in overpredicted flow rate and
power.
Fig. 9(a), (b) and (c) show the power, 0.1 times pressure and 100 times velocity time history for
Kh=0.5, 1.4 and 2.5 of case D, respectively. Five consecutive points are averaged to smooth the power,
pressure and velocity time history. The pressure oscillations amplitude are approximately 280Pa, 250Pa
and 100Pa and amplitude of velocity of the free surface are approximately 0.1, 0.1 and 0.05 for Kh
=0.5, 1.4 and 2.5 for case D. There is an increase in both the pressure and velocity of the free surface
from Kh =2.5 to Kh =0.5. Thus the energy transferred through the OWC increases from Kh =2.5 to 0.5.
However, the incident power of Kh=0.5 is much larger than that of Kh=1.4. So the hydrodynamic
efficiency has a peak around the banded frequency Kh=1.4. Also the velocity of the free surface and
pressure in the air chamber are generally in the same phase and the power is always larger than zero.

4.3 Effect of the vortex generation
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Fig. 10 shows time history of 100 times relative surface elevation, the pressure in the air
chamber and v velocity in the orifice of the case B for Kh=1.4. Since this is a forced vibration problem,
the oscillations of the OWC have the same frequency as that of the input wave. The pressure developed
inside the device also has the same frequency while there is a  / 2 phase difference between the
pressure and surface elevation in the center of the chamber. The v velocity in the orifice is around
30m/s and has the same frequency to the pressure generated in the air chamber.
Fig. 11(a)-(h) show the vorticity contour and free surface (solid line) for different time instants in
a wave period from t1 to t8 as indicated by the vertical lines shown in Fig. 10. When the central free
surface in the air chamber changes from t1 to t3, the pressure in the air chamber increases from zero to
the positive maximum due to the decrease of the volume of the air chamber. Large pressure differences
between inside and outside of the chamber push air out of the chamber with very high velocity. There
is a clockwise rotating vortex generated in front of the front wall of the air chamber as shown in Fig.
11(a) and (b). During this process, the surface elevation outside the chamber is always higher than that
in the center of the air chamber.
Although the surface elevation in the center of the air chamber increases to the maximum from t3
to t5 which means the decrease of the volume of the air chamber, the pressure inside the chamber starts
to decrease from the positive maximum to zero. As the OWC passes the peak efficiency point t3, a
counter clockwise vortex is seen to be generated behind the front wall inside the chamber as shown in
11(d).
When the central free surface in the air chamber decreases from the maximum t5 to the initial
water depth t7, the pressure in the air chamber continues to decrease from zero to the negative
maximum. The air outside the chamber is sucked in by the relative pressure difference. The air velocity
in the orifice has large negative velocity as shown in Fig. 11(b).
When the free surface in the center of the chamber decreases from the initial water depth t7 to the
minimum t1, the pressure in the air chamber starts to increase from the negative peak to zero. Also the
air velocity in the orifice gradually decreases and a clear vortex is produced in front of the chamber
front wall. The cycle will repeat. The formation of the vortex in front of and behind the front wall is a
good indicator of energy loss particularly when the vortex extends into the domain away from the wall.
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The energy loss is increased with the higher particle velocities. Also there is energy loss through the
orifice.
4.4 Air chamber characteristics
Fig. 12(a) shows the pressure time history at different locations as shown in Fig.1 (1) inside the
air chamber (2) in the middle of the orifice (3) right above the orifice outside the air chamber. The
pressure oscillation inside the air chamber is symmetric while it is asymmetric in the orifice. When the
pressure in the air chamber is higher than that outside as shown in Fig.12 (a) and (b) at t = t1, there is a
sharp decreasing transition zone in the orifice close to the chamber.

When the pressure in the air

chamber is lower than that outside as shown in Fig. 12(a) and (b) at t = t2, there is a sharp increasing
transition zone in the orifice , this time the transition is close to the outside. The pressure time history
in the middle of the orifice represented by the green line with circles presents the asymmetric variance.
Fig. 12(c) shows the v velocity time history at different locations. The oscillation amplitude of the v
velocity inside the air chamber is much smaller than that in the orifice and outside the air chamber.
Also the oscillation of the v velocity right above the orifice outside the chamber shows asymmetry
while it is very symmetric in the orifice.
The relative surface elevation decreases as the orifice size becomes smaller because the air
pressure confines free surface motion. However, the oscillating amplitude of the pressure in the air
chamber with a 5mm orifice is 300 pa and increases sharply compared with a 5cm orifice just 10 pa.
Fig. 13 shows the comparison of the hydrodynamic efficiency between with a 5mm orifice and with a
5cm orifice. It is obvious that the hydrodynamic efficiency decreases sharply from approximately 0.9 to
0.1 at the resonant frequency with increasing the orifice area from 5mm to 5cm.

5. Conclusion and discussion
A level set immersed boundary method was used to simulate the hydrodynamic efficiency of an
oscillating water column wave energy device in regular waves for different geometries of the front wall
of the air chamber with turbine damping. By comparison with the two-dimension theory of Evans and
Porter [2] and experiment of Morris-Thomas et al [1], it is shown that the hydrodynamic efficiency
predicted by our numerical approach agrees with the physical experiment more closely than with the
inviscid linear theory. This is due to correct representation of the energy loss through the viscous
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dissipation at the orifice and the flow separation of the formation of the vortices in front and after the
front wall considered in our two phase model while the theory is based on an ideal fluid and neglects
the viscous effects. The time history of the relative surface elevation reveals the irregular
characteristics of the profiles of wave crest and trough due to the irregular distribution of the air
pressure suppressing the free surface. The detailed free surface, flow field and pressure distribution at
different time instants are analysed. Also sloshing frequency was investigated in the paper. Pressure
variation under such sloshing frequency is quite small compared with the resonant frequency. It is
difficult to extract power from the sloshing frequency. Thus the sloshing frequency of an OWC should
be avoided. Furthermore, the formation of the vortex in front of and behind the front wall of the air
chamber and evolution of the air vortex can be seen clearly which is a good indicator of energy loss.
There is a  / 2 phase difference between the surface elevation and pressure so the same phase of the
pressure and velocity of the free surface results in positive power. Increasing the dimension of the
orifice leads to lower hydrodynamic efficiency of the OWC due to reduced pressure in the chamber.
However, the relative surface elevation increases since there is no air pressure to confine the free
surface in the air chamber.
The present model not only provides the prediction of hydrodynamic efficiency of an OWC,
but also reveals the detailed flow field in the air and water, pressure distribution, vorticity strength,
surface elevation, which helps to elucidate the complicated physical process related to OWC
performance. It is recognised that the boundary layer will not be resolved fully with this approach and
investigation of suitable turbulence models will form part of future work. However, the results
generated here are compared with the experiments and theory, and good agreement with physical
experiments show that the essential physics for the results presented are captured adequately.
Upwinding or mixed schemes are used for convection terms and diffusions of those schemes have
similar effects as the eddy viscosity introduced by turbulence models. The good agreement between
the present model and the experiment indicate that the viscous effect and dissipation is represented
adequately by the present model.
Also the present model has been extended to cases of irregular or extreme incident waves by
changing the wave maker inlet boundaries to irregular wave or a focused wave group like NewWave in
an underlying spectrum as shown in [24]. This provide a design assessment of performance and
survivability of a device in the real sea. Furthermore, the model is to be extended to consider more
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complex geometry of an air chamber, a sloping ramp and turbulence effect in the future paper, which
would give a better understanding about the global efficiency evaluation of OWC. It is expected that
some results derived here will apply to more complex situations and be relevant to certain wave energy
devices. A level set immersed boundary method is proven to be a valuable tool for investigating
complex cases of wave-structure interaction.
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a/h

T(s)

L (m)

Kh

2.721

22

0.5

B 0.163 0.696 0.044 2.299

18

0.7

1.924

15

1.0

1.756

12

1.2

0.696 0.044 1.687

12

1.3

1.626

12

1.4

1.571

12

1.5

D 0.163 0.696 0.088 1.434

9

1.8

1.216

7

2.5

C 0.25

b/h

c/h

Table 1 The wave conditions selected for the numerical tank tests
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a0 (m)

0.04

(3)
(2)

(1)

Fig. 1 Schematic of OWC numerical tank, locations (1) inside the air chamber y = 1.1m, (2) in the
middle of the orifice y =1.36m and (3) right above the orifice outside the air chamber y = 1.5m
20

D: a=15cm
c=8cm

B: a=15cm
c=4cm
C: a=23cm
c=4cm

Fig. 2 Schematic of illustrating the geometry of front wall configuration for case B, C and D of MorrisThomas et al’s experiments (2007)
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(a)

Kh
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Kh
(b)
Fig. 3 Hydrodynamic efficiency versus Kh. (a) The effect of the immersion depth of the front wall
geometry on the hydrodynamic efficiency of case B and C; (b) The effect of the immersion depth of the
front wall geometry on the hydrodynamic efficiency of case B and D.
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Fig. 4 Time history of the relative surface elevation in the center of the air chamber of case B for
different Kh .
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Fig. 5 Time history of pressure in the air chamber of the case B for different Kh.
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(a)

(b)
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(c)

(d)

Fig. 6 Time history of the relative surface elevation at different locations for the case B at
(a) Kh=1.4;(b) Kh=2.5;(c)Kh=4.5 (d)snapshot of the vorticity contour and free surface(solid line) of
case D at Kh=4.5.
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Fig. 7 Flow rate calculated using the motion of the central free surface elevation in the chamber and
using the flow velocity across the orifice of case B at Kh=1.4.
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Kh
Fig. 8 Comparison of the hydrodynamic efficiency between the frequency domain analysis and time
domain analysis for case C
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(a)

(b)

30

(c)

Fig. 9 Power, velocity, pressure and surface elevation time history at the center of the chamber
of case D for (a)Kh=0.5; (b)Kh=1.4; (c)Kh=2.5.
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Fig. 10 Time history of the relative surface elevation, pressure and v velocity in the orifice of case B at
Kh=1.4
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(a)

(b)

(c)

(d)
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(e)

(f)

(g)

(h)

Fig. 11 Vorticity contour and free surface at different instants of case B at Kh=1.4
(a)t1=0;(b)t2=T/4;(c)t3=T/2;(d)t4=T;(e)t5=5T/4;(f)t6=3T/2;(g)t7=7T/4;(h)t8=2T.
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(a)

35

(b)

(c)
Fig. 12 (a) Pressure time history at different locations of case B at Kh=1.4
(b)Pressure distribution of case B at Kh=1.4 for instants t=t1 and t=t2
(c)V velocity time history at different locations of case B at Kh=1.4
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Fig.13 The comparison of the hydrodynamic efficiency between with a 5mm orifice and with a 5cm
orifice
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