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ABSTRACT

Supplying world future energy is tied with renewable energies and wave energy
is one of the biggest resources of renewable energy which is somehow
untapped. Oscillating Water Column (OWC), one of the most familiar devices
in harnessing wave energy, is still not being properly commercialized due to the
complicated hydrodynamic behavior. Offshore OWCs are exposed to higher
wave energy; however, the researches on this kind of OWCs is limited. Hence,
in this paper, a fully nonlinear two phase flow model of a fixed offshore OWC
is developed using Ansys Fluent. Unlike the previous studies, the developed
numerical model has the merit of being validated against a relatively large scale
physical model (1:15). The results of the model are compared by those obtained
in experimental campaign conducted by the authors. Results of both free surface
elevation and air pressure in the OWC chamber are compared. Generally, the
results showed an admissible accordance between numerical and experimental
model. Some discrepancies could be detected in the free surface elevation in the
chamber especially for short wave period. This can be attributed to the increase
of nonlinear effects in the chamber by increase of wave steepness. The
developed model can be applied for further researches on OWCs such as

optimization or improving OWC performance.

1. Introduction

Undoubtedly, supplying increasing energy demand is
one of the biggest challenges in today’s world. On the
other hand, energies based on carbon emission will be
finished soon in addition to their destructive impacts on
our environment. Hence, renewable energy resources
such as wind, solar, tidal and wave are non-pollutant
appropriate options for replacement. Among different
renewable energy resources, wave energy is an
untapped resource which has the merit of relatively
high energy density [1]. Of the numerous devices
developed for harnessing wave energy [2], one that
particularly stands out is Oscillating Water Column
(OWC). An OWC consists of a partially submerged
compartment which is open to sea at the bottom.
Incident wave interaction with the compartment
induces water fluctuation inside the chamber. The
water fluctuation causes the air pressure in the chamber
to be compressed or depressurized. Air flow generated
by this mechanism can drive a turbine installed to the
chamber and then using a generator electricity will be
produced.

The OWCs can be constructed nearshore or offshore
[3]. Offshore OWCs which are exposed to higher wave
energy [4] and consequently result in higher energy
capture. A lot of numerical and experimental
researches have been conducted on OWCs in recent
years. Numerical models developed for assessing the
OWC performance can be classified into two main
groups. The first are those studies based on potential
flow theory which include the works done by [5]-[8].
Evans [5] considered the free surface fluctuation in the
chamber as a rigid piston which is almost a sound
assumption particularly for the cases with large ratios
of wavelength to chamber width. Then, [6]-[9]
upgraded the rigid piston model by introducing
periodic surface pressure distribution and considering
free surface curvature. Later, researchers used
boundary element method to solve rigid piston model
or models based on surface pressure distribution [10],
[11]. Although computational cost for potential flow
theory is not high, it has demerits such as having no
capability in taking nonlinear interaction in to account.
Hence, applying CFD approaches based on solving
Navier-Stokes equation for considering nonlinear
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interactions such as wave breaking or sloshing in the
chamber is the second approach toward numerical
simulation of OWCs. Given the ongoing progress in
CFD models and computers’ process ability, it seems
that CFD is the most appropriate tool for modeling
WECs such as OWCs. A number of efforts have been
performed to model OWCs using numerical wave tank
(NWT) and applying Navier-Stokes equation. lturrioz
et al. [12] used Open Foam incompressible two phase
flow to model OWC-wave interaction. Vyzikas et al.
[13] and Simonetti et al. [14], [15] also applied Open
Foam and validated their two dimensional
incompressible model against their experimental data.
Reef3D was another code developed for OWC
simulation by Kamath et al. [16]. They validated their
model against bottom standing OWC experiments
conducted by Morris Thomas et al. [17].

Lou et al. [18] performed a nonlinear analysis on the
efficiency of fixed OWC for fully nonlinear waves
using Ansys Fluent. The key result of that research was
a substantial decrease in the hydrodynamic efficiency
of the OWC device with increasing wave height.
Anbarsooz et al. [19] conducted such a similar study
and evaluated steep wave effects on the performance of
a fixed OWC using Ansys Fluent.

Very recently, Elhanafi et al. [20]-[23] did a thorough
job on both bottom fixed and bottom detached OWCs.
They used Star-CCM+ to develop their CFD models.
They evaluated energy balance in offshore [24] and
onshore OWCs [25] and investigated the effects of
asymmetric back and forth walls on efficiency of the
offshore OWCs [20].

Although a lot of studies have been conducted on
OWCs, there are steps toward commercializing the
device perhaps due to the complicated hydrodynamic
behavior of an OWC. Numerical models are great tools
to bridge this gap as they need much less budget. The
literature review indicates that a huge part of the
previous studies is devoted to onshore or shore-based
OWCs and less work has been done on offshore OWCs.
Hence the aim of this paper is to validate the fully
nonlinear model for an offshore OWC-wave
interaction. Without validation it is impossible to assess
the model accuracy and suitability. Unfortunately,
accessibility to experimental data in the current issue is
hard due to the limited experimental tests. Therefore,
for validation of the current model, experimental tests
performed by the authors have been used. It should be
mentioned that the tests have the advantage of being
relatively large scale experiments (Scale 1:15).

The rest of the paper can be summarized as follows; in
section 2 a description of the experimental tests which
have been used for validation is presented. Section 3 is
devoted to numerical simulation where governing
equations, boundary conditions and all relevant
numerical settings are presented. Section 4 compares
the results obtained by numerical procedure with those
measured in experimental campaign. Section 5 is a

brief summary of the current research which ends up
with concluding remarks.

2. Description of the Experiments

Experimental tests were carried out at National
Iranian Marine Laboratory (NIMALA), Tehran, Iran.
The Laboratory is equipped with a towing tank of 400
m length, 6 m width and 4 m depth. The wave generator
system which is a piston type wave maker can be set up
to produce both regular and irregular waves. The
regular wave height can reach to 50 cm height and 3 s
period. The system is capable of generating different
types of irregular wave spectra bounded to significant
wave height 40 cm and peak period 3 s. At the end of
the tank there is a dissipating beach to prevent
reflection from the end wall of the tank. Moreover, Due
to the long length of the wave tank interference of the
reflected wave and incident wave is not a challenge so
that the obtained results showed accurate incident wave
generation. As stated before, 1:15 scale of a fixed
offshore OWC was built using plexiglass material. The
thickness of the material used for building OWC was
1cm except for the front wall which was 1.4 cm to
decrease the risk of front wall distortion due to the
wave action. To keep OWC in its position and to
prevent any wave induced movement, a steel holding
frame was designed which is shown in
Figure 1. As can be seen, the OWC is placed exactly in
the middle of the tank in order to minimize the side wall
effects.

Figure 1. 3D view of holding frame for keeping OWC in its
position [26]

Length, width and height of the OWC is shown in
Figure 2. Further details about how OWC device
dimensions were determined can be found in Ref. [27].
There are several ways for simulating Power Take Off
(PTO) and its relevant damping; however, in this paper,
as can be seen in Figure 2, slot shaped aperture is used
to simulate PTO damping. For the test series used for
validation, slot size (S=0.5 cm) was used. This value
was selected according to previous results which
showed that aperture ratio (the ratio of slot area to the
chamber roof area) of 0.6 to 0.7% performs optimal.
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Water depth (d=4 m) and front wall draft (Dr=20 cm)
were also kept constant for validation tests. The wave
tank longitudinal section is shown in Figure 3. Figure 3
also indicates the locations of the instruments such as
Wave Gauges (WG) and Pressure Sensors (PS)
installed in the chamber and along the wave tank. All
data acquisition processes were performed at 50 Hz.
Regular wave was introduced into the wave maker with
constant wave height of H=15 cm and three different
wave periods including T=1.8, 2 and 2.2 sec.
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Figure 2. Dimensions of the physical model (meter) [27]

Figure 3. The Locations of the wave gauges and pressure
sensors (Not to scale)

3. Numerical Simulation

3.1. Governing Equations

Fully nonlinear model based on Reynolds Averaged
Navier Stokes (RANS) equation accompanied by
Volume of Fluid (VOF) surface capturing method are
the governing equations. Fluent solves Navier-Stokes
and Continuity equation. Navier-Stokes equations in
three dimensional coordination are as follows;
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where, u, v and w are components of velocity field in x,
y and z direction, respectively. P is the pressure and p

is density. v is the kinematic viscosity and gx, gy and
g; are the gravitational acceleration components.
However, assuming z is in gravity direction, gx and gy
are equal to zero and g, will be equal to —g.

Eqg. (4) presents the continuity equation and Eq. (5)
shows the continuity equation for incompressible flow.
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All parameters have been introduced following the
Navier-Stokes equation.

As in this study it is focused on wave generation and its
interaction with OWC, consequently free surface
capture is an indispensable part of this study. Hence,
for free surface tracking VoF method has been used.
Hirt [28] developed the VOF method to solve the two-
phase problem. The VOF formulation is based on the
fact that two or more phases are immiscible. In each
control volume, sum of the volume fraction of all
phases is unit (Eq. (6)). If the ™ fluid volume fraction
is recognized as aq, then depending on oq value the
following three conditions are possible: aq =0 shows
that the volume is empty of g™ fluid, aq =1 shows that
the volume is full of g™ fluid and any other value
between 0 and 1 shows the interface. The volume
fraction is as follows;

Zaq =1 (6)
q=1

a e j—

E(aq)+v.(aqvq)—0 )
where v: is velocity vector.

3.2. Computational Fluid Domain and Boundary
Conditions

The most important part of wave structure
hydrodynamic study is to generate accurate waves.
Simulation of a Numerical Wave Tank (NWT) is
explained in this section (See Figure 4). The fluid
domain of the numerical wave tank is of 50 meter
length equal to approximately 8L (L=wavelength). One
wave length at the far end of the NWT is devoted to
damping zone to prevent unwanted reflection from
outlet boundary.
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For numerical wave generation, one may simulate
wave paddle as a moving boundary and introduce the
motion of the wave to the wave paddle. As this method
involves dynamic mesh and needs remeshing in each
time step, it may need much more efforts. However,
Ansys Fluent has the capability to generate waves with
a built-in function via velocity inlet wave boundary
condition. No slip wall boundary condition is assigned
to the bottom of the NWT. Other NWT boundary
conditions include applying atmospheric pressure to
the boundary which is above still water level and
assigning an outlet condition to the NWT right hand
boundary (See Figure 4).

Pressure outlet

Velocity inlet/
Wave B.C

+ e »

Bottom wall

Figure 4. Schematic of the numerical wave tank

To capture wave propagation accurately, 3 types of
mesh discretization has been applied for NWT
developing. They are presented in Table 1. It should be
noted that X is in the wave propagation direction while
z is in the wave height direction. “H” stands for wave
height and a zone equal to 2H has been refined for
tracking wave height (Figure 4). Outside the wave
propagation zone (2H), the grids are coarser. For grids
in z direction, bias growth rate 1.2 was used meaning
that each cell is 1.2 times bigger than its neighbor cell
in z direction. This procedure was replicated for
damping zone to help the wave dissipation more.
Time step size T/1000 to T/400 (T is wave period) leads
to proper results according to previous studies
recommendations [29]. Ansys Fluent allows any
manipulation in time step size during simulation.
Considering this feature, no significant change in wave
generation results was observed by applying different
time step sizes (in the aforementioned range). Hence,
time step T/400 was selected for the following
simulations.

Table 1. Three different mesh types discretization

Mesh Type Delta x Delta z
1 L/20 H/10
2 L/30 H/15
3 L/40 H/20

3.3. Numerical Settings in Ansys Fluent and NWT
Result

For solving the governing aforementioned equations,
the following numerical settings were applied.
Considering pressure based solver, PISO scheme was
applied for decoupling pressure velocity coupling. The

Pressure outlet

spatial derivatives in the momentum equations were
discretized using a second order upwind scheme and
also a second order implicit formulation was applied
for the time-derivatives. For VOF schemes, fluent
presents two scheme called Modified-Hric and
Compressive. According to Ansys Fluent user guide,
Compressive scheme captures free surface more
accurate. Hence, Compressive scheme was applied in
this paper. The pressure interpolation method was
based on PRESTO (PRE Staggering Option) scheme
which is a widely used scheme for free surface
modeling and wave generation models. The two
equation turbulence model of k-w SST was applied to
close the RANS equation.

The result of simulated wave propagation for a case
with 15cm wave height and 2s period was compared
against what was obtained from stokes second order
wave theory (Figure 5). It should be mentioned that t/T
is a dimensionless parameter showing the ratio of
simulation time to the incident wave period. Although
all of the tested mesh types yielded good results, the
results showed that Mesh type 3 yields more accurate
wave height with less than 0.04% error. Hence, Mesh
type 3 is selected for the wave-OWC interaction in the
following section.

Mesh typel e Mesh Type2

Mesh type3 e Stokes 2nd Order

=
o

. free surface elevation [cm]
0 DA NONDO ®

=
o

t/T [-]

Figure 5. free surface elevation against nondimensional time;
comparing three different discretization and Stokes 2" order
theory

4. Numerical Validation for an Offshore OWC
4.1. Model set up

In this section, the NWT model simulated in the
previous section was developed for OWC-wave
interaction. It is worth mentioning that all previous
numerical settings were applied for this section. The
mesh used for OWC-wave interaction is shown in
Figure 6. The free surface mesh type was the same as
mesh type 3.

The OWC position was according to

Figure 1. However it should be noted that for reducing
simulation run, half width of the OWC structure was
considered by applying symmetry boundary condition.
Moreover, in laboratory the distance between the OWC
model and side walls was 2.54 but in the current
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numerical model this was decreased to 1m for lowering
the computation time.

The mesh size around the OWC structure was 0.01lm
and it was considered to be 0.0025m in the slot
aperture. NWT in y direction was divided to six
elements.

Pressure outlet

Velocity inlet

Figure 6. Mesh and boundary conditions used for OWC wave
interaction; mesh refinement in free surface area and OWC
position

4.2. Comparing numerical and experimental results
In this section the numerical results are compared with
those observed in experiments. Wave height was kept
constant at H=15 cm and three different values were
considered for wave period (T=1.8, 2 and 2.2 s).

In the first step, the results are presented for free surface
elevation outside the chamber (See

Figure 7-9). It should be noted that the results are
presented for 5 wave cycles. The numerical results are
in good agreement for the three probes located outside
the chamber ensuring there is no unwanted reflection in
numerical domain regardless of reducing the numerical
tank width and length relative to experimental wave
tank.

To evaluate the performance of numerical wave
dissipation, the result of free surface elevation at the far
end of the tank; that is to say x=50m, is presented in
Figure 10. As it is clear, water depth fluctuation at
simulation time greater than 2s is around 0.5cm which
is a negligible value ensuring appropriate function of
the dissipation zone.

— numerical-P1

Experimental-P1

Surface Elevation[cm]

T [-]

Figure 7. Free surface elevation at probe 1; numerical values
versus experimental measurements (H=15 cm, T=2 s)

= numerical-P4 Experimental-P4

Surface Elevation[cm]

T [-]

Figure 8. Free surface elevation at probe 4; numerical values
versus experimental measurements (H=15 cm, T=2s)

—— numerical-P6

Experimental-P6
1

Surface Elevation[cm]
o

T []

Figure 9. Free surface elevation at probe 6; numerical values
versus experimental measurements (H=15 cm, T=2s)
4.03
4.02
4.01

4
3.99

water depth [m]

3.98
3.97
0 10 20 30 40
Time [s]
Figure 10. Numerical free surface elevation at x=50m
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The numerical results corresponding to probes inside
the chamber (P2 and P5) were compared with
experimental measurements through Figure 11-12.
Unlike the outside probes, for inside probes (P2 and P5)
nonlinear interaction is more visible. Although there
are some discrepancies especially for P2 at wave
troughs, the numerical model could capture the
nonlinearity in a good way.

—— numerical-P2

experimental-P2

surface elevation [cm]

T [-]

Figure 11. Free surface elevation at probe 2; numerical values
versus experimental measurements (H=15 cm, T=2s)

—— numerical-P5

experimental-P5

surface elevation [cm]

T [-]

Figure 12. Free surface elevation at probe 5; numerical values
versus experimental measurements (H=15 cm, T=2s)

—— numerical-P2 experimental-P2

surface elevation [cm]

tT [-]

Figure 13. Free surface elevation at probe 2; numerical values
versus experimental measurements (H=15 cm, T=2.2 s)

= numerical-p5

experimental-p5

surface elevation [cm]

YT [

Figure 14. Free surface elevation at probe 5; numerical values
versus experimental measurements (H=15 cm, T=2.2 s)

= numerical-P2 experimental-P2

surface elevation [cm]

UT [

Figure 15. Free surface elevation at probe 2; numerical values
versus experimental measurements (H=15 cm, T=1.8s)

= numerical-P5 experimental-P5

surface elevation [cm]

UT [

Figure 16. Free surface elevation at probe 5; numerical
values versus experimental measurements (H=15 cm, T=1.8 s)

The aforementioned procedure was replicated for
T=2.2s and T=1.8s. For abridgment, the results of the
waves outside the chamber are not presented for T=1.8s
and T=2.2s and just the inner chamber fluctuations are
presented through Figure 13-16. As it is obvious, the
results are in better agreement with experimental
measurements for T=2.2s rather than T=1.8. This can
be attributed to the higher wave steepness caused by
lower wave period which consequently resulted in
higher nonlinearity. Considering authors visual
observation, this nonlinear interaction is mainly caused
by sloshing phenomenon. In fact, short period waves
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entering OWC may reflect from the chamber rear wall
and interact with incoming wave at a location in the
middle of the chamber. This will prevent free surface
elevation in the chamber to have a piston shape
fluctuation.

Chamber air pressure was another parameter evaluated
in this paper as it is crucial to determine the chamber
pressure to assess the OWC efficiency. The results of
air pressure are presented in Figure 17 and 18.
Admissible agreement can be detected between
numerical results and experimental measurements.
Although there are discrepancies in minimum and
maximum pressure occurred in the chamber, the
general pattern was captured by developed numerical
model.

numerical experimental

Pressure [pascal]
o

-600
tT [-]

Figure 17. Chamber air pressure (T=1.8 s)

numerical experimental

500
400
300
200
100

-100
-200
-300
-400
-500
-600

Pressure [pascal]
o

YT [

Figure. 18 Chamber air pressure (T=2.2s)

5. Summary and Conclusions

OWTC is one of the wave energy devices even attained
full scale prototype but not fully commercialized yet.
Surely, its performance should be optimized prior to
commercializing the device and this needs further
numerical and experimental researches. In this paper, a
numerical model was developed using Ansys Fluent
based on fully nonlinear two phase flow model. The
free surface fluctuation outside and inside the chamber
as well as air pressure inside that were compared with
experimental results obtained by the authors, very
recently. Generally, numerical results showed good
accordance with experimental data especially for long

waves (T=2 and 2.2 s) when the ratio of wave length to
chamber length was large enough to act as a piston type
oscillation. For short period wave; highly steep wave,
some discrepancies  between numerical and
experimental results were observed inside the chamber.
The developed model can be employed for further
analyzes such as optimization of the OWC
performance.
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