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ABSTRACT  INTRODUCTION 

In traditional renewable energy device design, physical experiments 
and potential flow solvers are commonly used to investigate 
hydrodynamic characteristics of wave energy converters. However, 
most potential flow models cannot deal with extreme free surface 
problems including wave breaking or splashing over the structure and 
scaling issues for physical experiments are very complex.  Furthermore, 
for an oscillating water column device (OWC), the combined air and 
water motions influence the physical response of the device and cannot 
be properly represented without simulating both the air and water 
phases. Therefore a numerical method based on a two-phase level set 
with the global mass correction (Zhang et al., 2009) and immersed 
boundary method (Zhang et al., 2010) is developed to simulate wave 
interaction with a semi-submerged chamber. This method is initially 
employed to generate the 2D regular incident wave and compared with 
the theory. A shore-based oscillating water column, where power is 
extracted due to a normally incident wave forcing the free surface of 
the fluid between the front wall and rear wall to oscillate,  is studied 
numerically to examine its hydrodynamic characteristics. The 
numerical results for an OWC under various wave periods are 
compared and validated with published experimental data (Liu, 2008). 
The effect on the efficiency of wave energy extraction from the OWC 
of wave period, immersion depth of the front wall and width of the 
chamber are investigated. Then focused wave group is used to generate 
an extreme wave event. Focused wave results are compared with 
physical experiments and numerical results. A test case involving an 
OWC under an extreme wave condition is also presented.  
 
KEY WORDS: wave energy; regular wave; focused wave 
groups; oscillating water column; level set with global mass; 
immersed boundary method; hydrodynamic efficiency. 
 
 
 

One of the most promising systems for wave energy conversion is 
given by the Oscillating Water column (OWC) devices. They make the 
free surface of the fluid between the barrier and the wall oscillate in 
turn pumping the volume of air above the free surface through a 
unidirectional turbine at the opening of the device on shore or near 
shore. In order to provide the optimal parameters for design 
considerations, it is important to make some 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, 
(1978) ignored the spatial variation of the interior free-surface and 
assumed the width of the interior free surface small in comparison to 
the incident wavelength. Sarmento (1992) performed experiments to 
validate the oscillating surface pressure theory pressure and show 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 (1995) considered a rectangular OWC in terms of the 
width of the interior chamber and submergence depth of the front wall. 
Clement (1997) demonstrates that the front wall thickness markedly 
influences the response time of the chamber to an extent where wide 
walls generate  a slow steep response with large maximums, whereas 
thin walls produce a faster response with smaller amplitudes of 
oscillation. Wang (2002) 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. (2007) conducted an experiment concentrating on 
the effects of several shape parameters of OWC chamber in wave 
energy absorbing capability. Liu et al.(2008) applied Fluent 
commercial  software to investigate the nozzle effects of the chamber-
duct system on the relative amplitudes of the inner free water surface. 
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In this work, the finite volume method is used to discretize Navier- Stokes equations with the two step projection method on a staggered 
grid. The free surface is solved on a fixed grid in which the free surface 
is captured by the zero level set. A global mass correction scheme  in a 
novel combination with third order essentially non-oscillatory schemes 
and a five stage Runge-Kutta method (Zhang et al., 2009) is used to 
accomplish the advection of the level set function and re-distancing. 
The improved immersed boundary method (Zhang et al., 2010) is used 
to represent the structure and beach in the simulation. This method is 
initially employed to generate a 2D regular incident wave and 
compared with the theory. A shore-based oscillating water column is 
studied numerically to examine its hydrodynamic characteristics. The 
numerical results for an OWC under various wave environments are 
compared and validated with published experimental data (Liu, 2008). 
The effect on the efficiency of wave energy extraction from the OWC 
of wave period, immersion depth of the front wall and width of the 
chamber are investigated. Focused wave group (Ning et al., 2009) is 
used to generate an extreme wave event in the seaway. Results of a 
focused wave group where the wave is near to breaking in the 
experiment are compared with physical experiments and numerical 
results. A test case involving an OWC under a large wave group in a 
random seaway is also presented. 
 
NUMERICAL WAVE TANK 

Governing equations for an incompressible fluid flow are the mass 
conservation equation and the Navier-Stokes momentum conservation 
equations written as 
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where subscript i = 1, 2 denotes the two dimensional geometrical 
descriptions and Cartesian tensor notation is used. ju , p and jx are the 

velocities, pressure and spatial coordinates.  if   represents an external 

body force field. ijτ  is the viscous term given by 
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ρ , µ 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 φ′  given by Eq. 
(5):  
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where,  t  is a pseudo time for the variableφ′ , the initial condition is 
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 and ( )s φ  is the smoothed sign function defined as 
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The steady state solution to ''φ  is obtained using Eq. (7): 
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where t′  and corM are a pseudo-time and mass correction factor. A 
dimensionless mass correction term is introduced to ensure mass 
conservation, written as 
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where oM  and tM 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 ε  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 2(1 )H Hβ β β= − +                                                                       (10)    
              
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  

iju  is an approximation to the solution of the governing equations, the 
discrete form can be written as 

1
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where t∆  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 1k

iju u+ = ψ  and solving for k
if  

RHS
k
ijk k

i i
u u

f
t
−

= −
∆

ψ                                                                     (12) 

The force f per unit area on a surface element with an outward normal 
n can be written as 
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                                              (13)                     

where if  is the surface force in ix  direction, jiτ  is stress tensor and 

jn is the direction cosine of n  in jx  direction. i

j

u
x
∂
∂

 can be computed 

using the stencil and interpolation coefficients that were used to 
construct the velocity field near the interface. 
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NUMERICAL METHOD 

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. The QUICK scheme with deferred correction (Waterson et 
al., 2007) is used for the convective terms and central differencing is 
used for the viscous terms. 
 
Generalized minimum residual (GMRES) (Yousef et al., 1986) 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 as shown in Fig. 1: (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 fu  by 
extrapolating along the well-defined line normal to the boundary as 
shown in Fig. 1. The value of the virtual point vu  can be interpolated 
from the surrounding grid points.  
 

forcing point
virtual point

solid point
marker point
fluid point

1

4

2

3

perpendicular point
 

Fig. 1  Grid classification and interpolation for fu  

 
BOUNDARY CONDITIONS 

For the regular linear wave simulation, , radiation boundary condition 
(Sommerfeld, 1949) is used on the right of the computation domain: 

 0R Rc
t x

∂ ∂
+ =

∂ ∂
                                                                                (14)  

where c  is the local wave phase velocity. No slip boundary conditions 
are set at bottom boundaries. Neumann velocity boundary conditions 
are employed at air outflow boundaries and top boundaries.   
For the oscillating water column simulation, 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 
(Orlanski, 1976). Basically the purpose of absorbing wave maker is to 
detect the reflected waves and correct the inflow wave making process 
to absorb the reflected waves during wave generation. 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 
 

0out outR R
c

t n
∂ ∂

+ =
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                                                                         (15) 

where intoutR R R= −  is the detected wave reflection with intR being 

the known incident wave variable and R is the wave variable to be 
specified. 

For focused wave groups, the definition c is ambiguous. Significant 
errors can be resulted when a wide spectrum wave train is treated. To 
resolve the problem, a sponge layer (Lin et al., 2004), which effectively 
damps out short wave energy, can be added in. Inside the sponge layer, 
a gradually increased artificial viscosity is introduced to damp out wave 
energy without causing significant wave reflection.  The sponge layer 
takes the form: 

( )exp 1

( )
exp(1) 1

n
s l i

s

x x x
x

f x α

  − −  − 
   =

−
                                           (16) 

where sx is the length of the sponge layer that can be chosen 2.0lp 
(wave length at the peak value for a focused wave group) and lx  is 
the total length of the computational domain. 
 
NUMERICAL RESULTS 
 
Regular Wave 

A regular linear wave is used in this work. The motion of the piston 
wave maker is determined from the following equation for a regular 
linear wave: 

5 / 2
0( ) (1 )sint Tx t a e tω−= −                                                            (17)                     

where 0a is the maximum displacement of the wave maker; T is the 

period of the incident wave and 2
T

πω = . A validation computation 

fu
 

vu
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of 2D regular waves was carried out to show the capability of the 
present numerical model. The tank length is 150m, water depth is 16m. 
The water height is 0.8m and the incident wave period T is 3.5s.  

t/T

a
/a

0

5 6 7 8 9 10 11 12 13 14 15
-2

0

2
Numerical Simulation
Analytical Solution

 

Fig. 2 Time history of wave surface elevation at the position x=13.34m. 

The grid numbers for the x and y directions are 600 and 500. The 
numerical results for the time series of wave surface elevation at the 
position x = 13.34m in the 2D numerical flume are compared with the 
corresponding analytical solutions in Fig. 2.   Good agreement can be 
seen. Fig. 3 shows the mass error of the regular wave versus time. It 
demonstrates that the global mass correction with the level set method 
can conserve the mass very well for simulations over many wave 
periods. 
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Fig. 3 Mass error of the regular wave versus time 

 

Owc under Regular Waves 

 
Fig. 4 Schematic of OWC chamber duct system 

Table 1 Various test conditions 

Case Lf (m) Ds(m) T(s) 

1 

6.0 3.5 4.0s  

6.0 3.5 4.8s 

6.0 3.5 5.0s 

6.0 3.5 5.5s 

6.0 3.5 6.0s 

6.0 3.5 6.5s 

6.0 3.5 7.0s 

2 3.0 3.5 4.8s 

12.0 3.5 4.8s 

3 6.0 1.5 6.0s 

6.0 5.0 6.0s 

 

The example of an oscillating water column described by Liu (2008) is 
reinvestigated using our two phase flow model.  Lf, Ds, Ls, Ld and Hd 
represent the chamber width, the immersion depth of the chamber skirt, 
the thickness of the chamber skirt, the diameter of the air duct and 
height of the air duct as shown in Fig. 4. The still water depth is 16m. 
The slope angle of bottom and base length of the slope are fixed as 26o 
and 23m respectively. The front wall and rear wall of the OWC is like a 
pipe. If the pipe is fixed in position the water column in the centre will 
resonate with a wave having a frequency of  

1 1
2c

c

gf
T Ds Dsπ

= =
′+

                                                             (17)                                                                                                 

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. When resonance occurs with a water wave, the water column 
oscillates with an amplitude greater than that of the exciting wave. The 
water column acts as a piston and causes an oscillatory motion of the 
air column above the internal free surface. Various test conditions 
including different wave periods, width of the chamber and immersion 
depth of the front wall are summarized in Table 1 and described in the 
following.  

l/lf

a/
a0

3 4 5 6 7 8 9 10 11 12 13 14
0

0.5

1

1.5

2

2.5

Present
Exp. (Liu et al., 2008)
Num. (Liu et al., 2008)

 
Fig. 5 Comparison of relative surface elevation with the wave length 
ratio between the present method and experimental data and numerical 
simulation by Liu(2008). 
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Seven cases were chosen to show the comparison of relative surface 
elevation with the wave length ratio between the present method and 
experimental data and numerical simulation by Liu (2008) in Fig. 5.  
The time step is 0.005s. There are 50 grids per wave length and fine 
grids are used from 170m to 200m. All simulations were performed in a 
PC with an Intel(R) Xeon®CPU X5482 @3.2Ghz 3.19GHz, 8.00 GB 
of RAM running on Windows XP operative system. Total CPU time 
for each case run is around 2 days. The peak value of the relative 
surface elevation is about 2. When the wave length ratio is around 9 (T 
=6.0 s and l =54.069m), resonance occurs. Discrepancies between the 
present and experiment may be due to the 3D effect and statistical 
error. 

Fig. 6 shows the time history of the relative surface elevation in the 
centre of the chamber for different wave periods T =6s, 4.8s and 4s. 
The relative surface elevations in the centre of the chamber for T = 6s, 
4.8s and 4s are 2.0, 0.9 and 0.4. With increasing the wave period, the 
relative surface elevation in the centre of the chamber increases. The 
oscillating behaviour of water column is sinusoidal for smaller periods 
while it shows more complicated oscillation for period T =6s. 

 

t/T

a/
a0

11 12 13 14 15 16
-2
-1
0
1
2
3
4 T = 6s

T = 4.8s
T = 4s

 
Fig. 6 Time history of the relative surface elevation in the centre of the 
chamber for different wave periods. 
 
Fig. 7 shows the time history of the relative surface elevation in the 
centre of the chamber for different width of the chamber at T=4.8s. It 
can be seen that the relative surface elevation in the centre of chamber 
doubles with decreasing the width of the chamber.  The effect of a 
smaller spacing is to increase the frequency at which resonance occurs.  
Fluid particles take less time to travel during a period of motion with 
decreasing the width of the chamber. 
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Lf = 3m
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Fig. 7 Time history of the relative surface elevation in the centre of the 
chamber for different width of the chamber at T = 4.8s. 
 
Fig. 8 shows the time history of the relative surface elevation in the 
centre of the chamber for different immersion depth of the front wall at 
T =6s. The larger relative surface elevation is obtained with smaller 
immersion depth of the front wall. This can also be explained by the 
fact that increasing the immersion depth of the front wall increases the 
distance a typical fluid particle must travel during a period motion, 
which can also be obtained by increasing the width of the chamber. 
 

t/T

a/
a0

10 11 12 13 14 15 16
-2

0

2

4 Ds = 1.5m
Ds = 3.5m
Ds = 5m

Fig. 8 Time history of the relative surface elevation in the centre of the 
chamber for different immersion depth of the front wall at T = 6s. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fig. 9 Input spectrum for case 4 
 
 
Focused Wave Group 
 
The NewWave theory (Tromans et al., 1991) describes the surface 
elevation and wave velocity components of a focused wave group of N 
waves taken from a measured or theoretical spectrum, e.g. JONSWAP 
or Pierson-Moskowitz. The propagation of transient wave groups, taken 
from a measured wave spectrum, are superposed to focus at a point in 
time and space to produce locally large waves having a range of 
steepness. This generates an extreme wave event, which represents the 
wave environment of the underlying spectrum in a reproducible way. 
By increasing the applied maximum focused wave height, wave 
breaking at a defined location can be reproduced.  
 
Case 4 by Ning et al. (2009) was reproduced numerically. The entire 
domain is 1 m high with a water depth of 0.5 m. Between x = 10 m and 
x = 13 m, a sponge layer is installed which prevents reflections from the 
right-hand boundary. The left hand boundary is a velocity inlet, where 
the horizontal and vertical velocity components are applied together 
with the surface elevation, which are calculated by Dalzell (1999).The 
time step length for case 4 is 0.001s. The grid numbers for the x and y 
directions are 1000 and 300. The total CPU time for this case is 4 days. 
In the numerical calculations the waves are generated from the spectra 
shown in Fig. 9. These spectra are obtained by Fast Fourier 
Transformation of the free surface data measured in the experiments as 
described by Ning et al. (2009).  
 
Fig. 10 shows the comparison of the surface elevation at focus point for 
case 4 between the experimental data and potential theory by Ning et 
al. 2009 and the present method. Case 4 is the test with the steepest 
wave, which almost broke in the physical experiment. The numerical 
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results are very good for the maximum crest elevation while the other 
wave train does not agree well with the experiment. It is due to the 
strong wave nonlinearity and focal time and position chosen for 
experimental and numerical studies. However, of greatest interest is the 
wave and wave interaction in the vicinity of the largest waves. From 
Fig.10, the present two phase model can predict the focused wave 
group fairly well even when the waves are near to breaking.  
 

 

 
 

Fig. 10 Surface elevation at focus point for case 4. 
 
Owc under a Focused Wave 
 
The preceding discussion focused attention on regular waves. A more 
realistic design condition, however, is the large wave group in a 
random seaway. We consider the critical case 4 when the group is 
focused such that the incident wave peaks at the location of the front 
face of the oscillating water column. Fig. 11 shows a steep focused 
wave (case 4) overtops an oscillating water column.  The incident wave 
plus the diffraction of this wave group constitute the total scattered 
wave, at the time when the total elevation is a maximum at the upwave 
face (the left face of the first rectangular object from the left). Here the 
steep wave overtops the first object from the left. Then the tongue of 
the moving water impinges in the chamber and traps an air bubble as 
well. The water in the chamber goes forward and forms a wave in the 
chamber. 
 
CONCLUSION 
 
A level set immersed boundary method was used to simulate regular 
wave and extreme wave events and wave structure interaction of 
regular wave and extreme wave with an oscillating water column. For 
the regular wave, the surface elevation was compared with theory. The 
relative free surface elevation with the wave length ratio for a 
oscillating water column under a regular wave was compared with the 
experimental and numerical data by Liu et al. (2008). Good agreement 
can be seen. Detailed time histories of the relative free surface elevation 
for different wave period, width of the chamber, immersion depth of 
the front wall were also studied. The model can be a good tool to 
optimize and tune the geometry of the chamber of an oscillating water 
column to make it reach resonance.  The focused wave group was used 
to generate an extreme wave event. The surface elevation was 
compared with experimental data, potential theory simulation by Ning 
et al. (2009) and commercial software numerical simulation by 
Westphalen et al. (2008).  The numerical results are very good for the 

maximum crest elevation and demonstrate that the model can simulate 
the extreme wave event fairly well even when the waves are near to 
breaking. Finally the model was used to simulate the steep wave over 
an oscillating water column.  A level set immersed boundary method is 
proven to be a valuable tool for investigating complex cases of wave-
structure interaction. 
 
 

 

 

 

 

 
 
Fig. 11 Propagation of a steep focused wave (case 4) overtopping an 
oscillating water column.  
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