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Numerical modelling of a box-type
bottom-detached oscillating water column
wave energy conversion device: a comparison
of experimental data with BEM and CFD
numerical modelling

Vaibhav Raghavan, Irene Simonetti, George Lavidas, Andrei Metrikine, and Lorenzo Cappietti

Abstract—Utilization of Boundary Element Method
(BEM) based on linear potential flow for modelling Os-
cillating Water Column (OWC) devices has gained pop-
ularity in the last two decades. The commercial BEM
solver WAMIT has been used widely for modelling OWCs
and validated using experimental modelling. Literature
has shown that when using the thin disk approach for
modelling the imaginary piston in OWCs in BEM solver
Nemoh, the results have been poor since the solver fails
to provide good results when the source and field points
are very close. In this research, the two-body interaction
problem has been adopted in modelling a box-type and
bottom-detached OWC device in Nemoh, where the first
modelled body is the OWC hull (fixed) and the second
body is an imaginary piston modelled to the same length
as the internal water column. An average linear damping
coefficient relating pressure and discharge is used within
a frequency domain model and the obtained response is
compared with experimental data. A direct comparison
is also conducted with the numerical method of Com-
putational Fluid Dynamics (CFD), which has shown to
be accurate for modelling OWC devices, however it does
require significantly higher computational resources. A
two-dimensional CFD numerical wave tank which allows
for wave generation and absorption has been implemented
within the open-source package OpenFOAM® and is used
for comparative purposes. Results show that while CFD
matches well with the experimental results, the BEM model
under-estimates the response. To further improve this, an
instantaneous frequency dependent damping coefficient
relating pressure and discharge is derived, which then
provides very close results to both the experiments and
CFD model.

Keywords—Oscillating Water Column, Boundary Ele-
ment Method, Computational Fluid Dynamics, Nemoh

I. INTRODUCTION

ENERGY conversion could potentially accelerate
the process of energy transition towards zero-carbon,
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contributing to a climate-neutral energy supply. At
present, the technological development of Wave En-
ergy Conversion (WEC) is limited by several technical
and non-technical issues, as, e.g., the need to reduce
the Levelized Cost of Energy (LCOE) and to increase
the expected survivability of the device under extreme
wave conditions. Reliable and accurate numerical mod-
elling tools are fundamental in order to provide esti-
mations of the key performance indicators of a WEC,
which are in turn essential to support investment in
decision-making process to drive the sector develop-
ment.

Among the different technologies for wave energy
conversion, the Oscillating Water Column (OWC) has
the strong advantage of structural simplicity and ro-
bustness, and it is generally considered as one of
the most promising technologies [1]. In its basic not-
floating version, the OWC comprises of a hydraulic
structure, a hollow caisson made of concrete or steel,
provided with an underwater opening for the inter-
action with the incident waves and an upstaging air
chamber connected to a duct embedding an air turbine.
The sea waves incident on the caisson cause an oscil-
lating heave motion of the inner column of water, that
alternatively compresses and expands the upstanding
air, driving an airflow through the turbine.

Utilization of BEM methods for modelling OWC
devices has gained popularity in the last two decades.
Most literature indicates the use of BEM has been
performed with the industrial standard solver WAMIT,
particularly when doing experimental validations. To
this extent, WAMIT is also the most developed BEM
solver for OWCs as it offers the ability to model the
OWC is two different ways — 1) The imaginary piston
above the internal water column modelled as a thin
massless disk in combination with generalized degrees
of freedom that can use all 6 modes 2) The second
method models the outer body (OWC hull) and the
imaginary piston in place of the water column in a two-
body system, where the length of the piston is varied.
This is particularly useful when the water column
moves only in heaving.

The first method (generalized degrees of freedom
approach) was adapted in [2] where BEM was used
for performing a 3D hydrodynamic analysis of an
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oscillating water column wave power plant. Experi-
mental validation was performed with the BEM solver
WAMIT for the diffraction amplitude as well as the
power production from the power plant. Similarly,
[3] adapted the same method for the hydrodynamic
analysis utilizing WAMIT for a double OWC chamber.
Experimental validations were performed with respect
to the free surface oscillation in the chamber as well as
the pressure drop across the orifice, which were well
captured with the model.

Using the two-body approach, [4] performed a hy-
drodynamic analysis using WAMIT of a cylindrical
oscillating water column focusing on the length of the
imaginary piston in place of the water column. Al-
though WAMIT is capable of performing calculations
with a thin disk model, when using a piston type
model, it was shown that accurate predictions for the
internal water column surface oscillation comparing
frequency, and time domain responses were obtained
when utilizing the entire length of the water column
as the length of the piston. The non-linearities due to
the pressure above the water column could then be
captured more effectively when solving the system in
the time domain.

[5] modelled an OWC device with the massless disk
method as well as a two-body method using Nemoh
and compared it with WAMIT. Nemoh is incapable
of utilizing the massless disk method as it fails to
provide results for the hydrodynamic coefficients when
modelling thin elements [5]. However, when the two-
body system was used, Nemoh gave results close to
that of WAMIT particularly when the length of the
imaginary piston is equal to the length of the water
column. This was also observed by [4], where the
piston modelled to the full length of the water column
gave close results both in time domain and frequency
domain.

The use of high-fidelity modelling approaches based
on Computational Fluid Dynamics (CFD) for simu-
lating OWC devices has been gaining an increasing
diffusion over the last decade [6]. Despite a consid-
erable increase in the computational time compared
to BEM-based approaches, CFD simulations of the
OWC device allow for consideration of the hydrody-
namic interaction between the device and the inci-
dent waves accounting for multiphase, real fluid and
nonlinear effects (including viscous losses, turbulence,
wave breaking phenomena, nonlinear effects due to
the presence of the PTO system). The CFD approach
has been mainly adopted to assess the effect of specific
design parameters of the OWC on the hydrodynamic
conversion potentiality of the device and for design
optimization (e.g., [7] ; [8] )

The vast majority of the CFD applications in the
literature are based on solving Reynolds-averaged
Navier-Stokes (RANS) equations, while the use of
Large Eddy Simulations (LES) is more limited (e.g. [8];
[9]). Both two-dimensional ( [10]; [11]; [12]) or three-
dimensional ( [13]; [14]; [15]) CFD-based Numerical
Wave Tanks (NWT) have been applied and successfully
validated by means of comparison with laboratory
data, showing relative errors on the inner free surface
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Fig. 2. LABIMA-WCEF piston type wave generator

oscillation and relative air pressure in the OWC camber
generally within a range of 5-15% with experimental
data. To the author’s knowledge there is no experi-
mental validation study performed with BEM solver
Nemoh for OWC devices or a comparison of BEM
with more advanced methods such as CFD for OWC
devices. Hence the authors chose to utilize Nemoh
and CFD for a numerical comparison. The model was
created using Nemoh based on modelling the imag-
inary piston to the length of the water column. The
detailed background theory and features of Nemoh are
discussed in [16], [5] and [17].

II. EXPERIMENTAL SETUP

The BOX model was created based on designs from
LABIMA and installed in the Wave-Current flume One
(LABIMA-WCF1). The LABIMA-WCF1 is a structure
built entirely from steel and glass side walls, with a
total length of 37.0 m and width and height of 0.8
m. The piston type wave generator is installed at one
end of the wave flume, and it has a stroke equal to
1.5 m, driven by an electromechanical system with an
absolute encoder of 0.01 cm accuracy of piston [18].
Fig. 1 shows the LABIMA-WCF1 wave tank and Fig. 2
shows the piston type wave generator.

The BOX model has a height of 0.527 m, length
(along the wave direction) of 0.795 m and width (or-
thogonal to the wave direction) of 0.256 m. The plan
and elevation of the model are shown in Fig. 3 and the
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Fig. 3. BOX OWC device plan and elevation

Fig. 4. BOX OWC placed in tank - WG4 and WG5 are wave gauge
designated by orange wires and PT is the pressure gauge depicted
by the black wire

device as placed in the wave tank is shown in Fig. 4.
The length was kept almost equal to the WCF1 width
to set-up a fully 2D modelling thus avoiding the gen-
eration of transverse wave fields (e.g. wave reflection
from the flume side walls). A slit of approximately
1.7 mm was created at the top of the BOX model to
function as an orifice. The internal width of 0.2 m for
the water column was so chosen to be within 30% of
the maximum wavelength of the generated waves, thus
allowing the internal free surface to oscillate almost
completely in heave motion. This is motivated by
the need to avoid sloshing phenomena in the OWC
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Fig. 5. Le Méhauté diagram [20]

chamber, which may be relevant when the ratio of
the OWC internal width to the incident wavelength
increases. Literature suggests that values of such a ratio
exceeding approximately 1 to 4 should be avoided as
discussed, e.g., in [19].

The BOX model was firmly fixed to the side walls
such that the internal draft was 0.16 m. In Fig. 3, WG4
and WGS refer to the wave gauges used to measure the
displacement of the internal free surface with respect
to the still water level inside, and PT is the pressure
sensor used to measure the pressure fluctuations in the
air pocket above the internal free surface.

Two test configurations were utilized. The first con-
figuration was without the OWC model. This configu-
ration was used to measure the testing wave conditions
at the model location, in the absence of wave-structure
interaction, which would later be used to test the OWC
model. The second configuration was with the device
installed.

III. EXPERIMENTAL PROCEDURE

The test cases selected for the experiment were based
on the Le Méhauté diagram (shown in Fig. 5), which
shows the regions of applicability of the various wave
conditions (i.e. linear and non-linear) for regular waves
based on the water depth (h), wave height of the wave
(H), wave length of the wave ()\) and time period (7)
of the wave.

10 regular wave cases were considered for this (see
Table. I). The first four tests H01-H04 were performed
to compare how BEM and CFD performed with var-
ious wave theories and cases H03, H05-10 were done
keeping the wave height almost constant and varying
the time period of the incident waves. This was to
determine the Response amplitude operator (RAO) for
the water column in the device under different wave
steepness.
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TABLE I
TEST MATRIX
Case name  Wave height, H (cm) Wave period measured, 7 (s) Wave frequency, w (rad/s) Water depth, h (cm) Wave theory
HO1 1.10 1.43 4.39 50 Airy linear
HO02 2.50 2.34 2.68 50 Airy linear
HO3 6.60 1.43 4.39 50 Stokes 27¢ order
HO4 9.30 1.43 4.39 50 Stokes 37¢ order
HO05 6.30 1.00 6.28 50 Stokes 37¢ order
HO06 6.40 1.20 5.23 50 Stokes 3¢ order
H07 6.50 1.60 3.93 50 Stokes 37¢ order
HO08 6.00 1.80 3.49 50 Stokes 2™ order
HO09 6.10 2.00 3.14 50 Stokes 2"¢ order
H10 6.10 2.20 2.85 50 Stokes 27? order
3 d=0.5m H=0.012m T=1.43s Gen. Order=2 Calib.Factor=1.3
81 WG4
E 81 1 —— WG5
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Fig. 6. Input for test case HO1 to wavemaker

The input for the wave maker was provided as an
exponentially increasing sinusoidal curve starting from
0 to the desired wave height. As an example, the
generated input conditions are shown in Fig. 6 for case
HO1. This was performed for all 10 cases.

The total period of input oscillations from the piston
of the wave tank was chosen so as to capture the
incident waves as well as the reflected waves at WG4
and WG5 (the right end of the tank has a reflecting
wall). Fig. 7 shows the displacement as measured by
the wave gauges WG4 and WGS for the case HOL.

The periods of oscillation within the red box indicate
the time period when the generated waves from the
piston pass WG4/WGS5 in the absence of the reflected
wave field coming from the end of the flume. Within
the green box, the periods of oscillation of the inci-
dent waves together with the reflected waves can be
observed, which are seen be interfere constructively
with one another. The displacements of WG4 and WG5
within the red box (indicated in Fig. 7) are used to
calculate the mean wave height and air discharge for
each case.

A similar procedure as for WG4 and WG5 was used
for PT to obtain the mean air pressure fluctuations. The
pressure fluctuation for case HO1 is shown in Fig. 8.

Fig. 7. Displacements measured by wave gauges WG4 and WG5 for
the case HO1. Within the red box, the incident waves are observed.
Within the green box, a combination of incident and reflected waves
can be seen.
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Fig. 8. Pressure measurement in pressure gauge PT for the case
HO1. Within the red box, the incident waves are observed. Within
the green box, a combination of incident and reflected waves can be
seen.
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Fig. 9. Nemoh model BOX OWC device: BOX body (green)
and imaginary piston (orange). The reference global axis is x(red)
y(green) and z(blue)

IV. NUMERICAL BEM MODEL DESCRIPTION

The numerical BEM model for the BOX OWC device
was created based on the two-body system approach,
where the submerged device hull was modelled as one
fixed body and the imaginary piston in place of the
water column was modelled as a second body. The
imaginary piston is modelled to the length of the water
column. The model is shown in Fig. 9. The dimensions
are matched to those from the experimental model. The
rectangular circumference of the body was modelled
without a base, since the experimental model does not
have a base as well. The piston was modelled with a
base surface that is in contact with water.

The input wave frequencies were considered from 2
to 5 rad/s. This was done so to cover the frequencies
in the experiments.

In order to decide on the number of elements re-
quired for discretizing the model, a convergence study
was performed. The BEM solver provides the added
mass, added damping (together known as the hy-
drodynamic coefficients) and excitation forces as the
output. These parameters were utilized to perform the
sensitivity analysis. The number of elements across the
fixed body and piston were varied as 300, 600, 900,
1200, 1800 and 2000 elements. The results for the added
mass, added damping and exciting forces are shown in
Fig. 10, Fig. 11 and Fig. 12 respectively.

Based on these results, 2000 elements were selected
since the difference with further increase in elements
was negligible (convergence is reached) for all the
parameters. After obtaining the hydrodynamic coef-
ficients and exciting forces, the dynamic equation of
motion for the model can be solved to obtain the
displacement of the free surface. It should be noted
that since the BEM model only considers the part of the
body that is submerged in the water, the force due to
the pressure above the internal free surface needs to be
accounted for in another way. Therefore an additional
pressure based forcing term is introduced into the
final dynamic equation of motion for the device which
results in (1).

Az (kg)

10 1

2.0

2.5 3.0 3.5 4.0 4.5 5.0
w (rad/s)

Fig. 10. Added mass with varying number of elements
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300
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Fig. 11. Radiation damping with varying number of elements
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Fig. 12. Exciting force with varying number of elements
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. Cs
[iw(mas + azs) + baz + %]Us =fs—Ap (1)

where w is the radial frequency (rad/s), mss is the
mass of the piston (kg) is the mass of the water column,
as3 is the added mass of the piston (kg) obtained from
Nemoh, b3 is the radiation damping (Ns/m) obtained
from Nemoh, cs3 is the hydrostatic restoring coefficient
(N/m) (in this case for a box in heaving motion), v3
is the complex amplitude of the velocity of the free
surface (m/s), fs is the exciting force (V) obtained from
Nemoh and Agp is the force due to the pressure above
the free surface where A is the horizontal area of the
free surface (m?) and p is the complex amplitude of the
pressure (N/m?). The last term is the additional term
due to the pressure.

The pressure can be computed from the discharge
using a damping coefficient [4]. Since the considered
methodology is in the frequency domain and fully
linear, a linear relationship is assumed between the
pressure and the discharge. Therefore, in the frequency
domain, this can be written as follows:

p = kAovs (2)

Two approaches were considered for calculating the
linear damping coefficient k£ for the pressure term.
These are highlighted in the following section.

A. BEM model with averaged damping pressure coefficient

To calculate the damping coefficient k, the instanta-
neous velocity was used. In order to calculate the in-
stantaneous velocity, first curve fitting was performed
on the experimental displacement time series (see Fig.
7) using a sine curve.

The derivative of this curve provides the velocity
of the free surface. This approach avoids the numer-
ical errors in estimating the derivative by using the
experimental time series of the free surface or pressure
oscillations. A similar curve fitting was also performed
for the experimental pressure time series, so that the
instantaneous damping coefficient (absolute values)
can be calculated for the considered time period by
dividing the pressure by the discharge. The mean
of the absolute values of the instantaneous damping
coefficients in the considered time period was used
to obtain as the estimate of the averaged damping
coefficient k for each case. This is summarized in Table.
IT for the 10 cases.

In order to calculate the final average damping coef-
ficient k, the mean of the average damping coefficients
for the cases considered in creating the RAO (H3, H5-
H9) was used.

B. BEM model with instantaneous frequency dependent
damping pressure coefficient

The second approach for obtaining the damping
coefficient k was to derive from the instantaneous
damping coefficient (ratio of pressure and discharge)
and do a curve fitting to obtain a relationship with the
frequency of the incident wave. This was done in the
following steps:

TABLE II
AVERAGED LINEAR DAMPING COEFFICIENT FOR PRESSURE

Case name  Averaged damping coefficient, k (kNs/mb)
HO1 1.045
HO02 1.997
HO03 28.140
HO04 15.230
HO05 7.440
HO06 10.180
HO07 7.600
HO8 8.570
HO09 8.360
H10 9.260

® Experimental k (real value)

5000 1 ___ optimized k (real value)

___________

4500 4

4000 +

k(Nsfm5)

3500 4

3000 4 7

T T T
3.0 3.5 4.0 4.5 5.0 5.5 6.0
Frequencies(rad/s)

Fig. 13. Real part of the frequency dependent instantaneous damping
coefficient

1) Based on the parameters of the numerical model
ie. the added mass, added damping, exciting
forces, mass of the piston, restoring piston co-
efficient, and the experimental displacement of
the piston, the complex value of the pressure
damping coefficient was obtained in terms of
these parameters. This is shown in (3).

k= [fs — [iw(ms3 + as3) + b3z + %]Us}/flgv:s 3)

2) A complex frequency dependent damping coef-
ficient is derived. The real and imaginary parts
of the complex damping coefficient were fitted.
A curve fitting is performed with a second order
polynomial of the following form:

k(w) = (A1 +iA)w? +(By+iBo)w+(Cy+iCy) (4)

3) This result of the real and imaginary part of
the instantaneous frequency dependent damping
coefficient is shown in Fig. 13 and Fig. 14. The
experimental k refers to the damping coefficient
(real or imaginary) derived in step 1 using the
experimental result, while the optimized k refers
to the damping coefficient (real or imaginary) as
obtained from the curve fitting performed in step
2.
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Fig. 14. Imaginary part of the frequency dependent instantaneous
damping coefficient

V. NUMERICAL CFD MODEL DESCRIPTION

The OWC was simulated in a two-dimensional CFD-
based NWT implemented in the open-source envi-
ronment OpenFOAM®. Mass conservation and RANS
equations are solved for two, incompressible, phases
(air and water) by using the Volume of Fluid (VOF) ap-
proach [21] with the interFoam solver. Stoke’s second
order wave theory has been used. In this approach,
a transport equation is solved for the phase fraction
. In the NWT, waves are generated and absorbed by
prescribing boundary conditions for water levels and
velocities according to the analytical expressions of a
specified wave theory by using the IHFOAM [22]. In
the present work, a stabilized version of the k —w SST
(Shear Stress Transport) turbulence model was used.
Such a modified version of the standard k¥ — w SST
model was developed to overcome the exponential
growth of turbulent kinetic energy density and eddy
viscosity under surface waves taking place in two
equations turbulence models ensure, was adopted [23].
Such a turbulence model allows a stable long-term
wave propagation over extended domains.

The PIMPLE algorithm is used for the coupling of
the equations in the pressure-velocity system. The time
step is dynamically adjusted to maintain a value of
the Courant number Co<0.6 and a value of Co at the
air-water interface a«Co0<0.6. The numerical schemes
for the discretization of time derivatives are second-
order accurate, blended with a first-order scheme to
improve stability (the so-called CrankNicolson scheme
in OpenFOAM®). The convection term in momentum
equation is discretized with a central difference inter-
polation scheme, while the Monotone Upwind Scheme
for Scalar Conservation Laws (MUSCL) interpolation
scheme is used for the convection term in the transport
equation of the phase fraction 7. The discretized system
of equations is solved with a generalized Geometric-
Algebraic Multi-Grid solver (GAMG).

The NWT has a length of 20 m (corresponding to 5-
13-L, being L the incident wavelength), with the OWC
located in the middle of it. The two-dimensional mesh
is refined in the free surface zone (for an extension of
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Fig. 15. Example of comparison of results from the CFD-NWT and
experimental measurements of air pressure oscillation Pow ¢ for
wave case HO3

+H around the still water level) with a resolution of
around 12 cells per wave height H and a maximum
cells aspect ratio equal to 2. The resulting mesh of the
whole NWT has a size of approximately 450,000 cells.
The mesh resolution in the free surface zone has been
chosen based on sensitivity tests aimed at ensuring
mesh independence for the wave propagation in the
NWT (as discussed in [24] and [12] ). In the near field
of the OWC the mesh is farther refined. The length of
the cells inside the OWC is ca. W /120, with W being
the OWC chamber width). Around the slit on the top
cover, the mesh has a resolution of about V' /cells = 6,
where V is the size of the slit (V=1.7 mm).

No-slip boundary conditions are used at the bottom
of the NWT and on the OWC sidewalls. The water
surface is set as an atmospheric pressure boundary.
Velocity components and water surface elevations at
the inlet/outlet are defined to introduce and absorb
waves with IHFOAM.

VI. RESULTS AND DISCUSSION

This section discusses the main results from the
study in comparing the experiments, BEM and CFD.

A. Displacement of the free surface and Pressure variation

To compare the performance of the CFD-NWT and
the BEM model in simulating the OWC, all wave
cases were tested. For the CFD-NWT simulations, the
equivalence of the incident wave conditions between
laboratory experiments and numerical simulations was
ensured by performing specific tests on wave propaga-
tion in the empty NWT, comparing the wave height in
the OWC model position without any structure in the
flume.

The comparisons were drawn through the relative
differences in the peak of the OWC free surface os-
cillation and OWC chamber pressure oscillations with
respect to the experiment for both BEM and CFD.
For the BEM, the results based on the average linear
damping coefficient k& were used for the comparison
here.

When considering the BEM model with the averaged
damping coefficient, the relative error of the Howc
of the free surface oscillation inside the OWC can go
up to 0.16 (Table. III). The relative error on the height
of the pressure oscillation inside the OWC chamber,
VPowc, varies between 0.11 to 0.20 which is quite
high. It is observed across all results that the BEM
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Fig. 16. Example of comparison of results from the CFD-NWT and

experimental measurements of free surface oscillation nowc for
wave case H03

TABLE III

RELATIVE ERROR BETWEEN EXPERIMENTAL TESTS AND BEM RESULTS

(AVERAGED DAMPING COEFFICIENT) FOR THE HEIGHT OF FREE
SURFACE OSCILLATION(How ¢) AND HEIGHT OF THE PRESSURE
OSCILLATION INSIDE THE OWC CHAMBER (V Pow ¢)

Case name Relative Error Howc[-] Relative Error V Pow o[-]
HO1 0.12 0.15
HO02 0.09 0.17
HO03 0.15 0.15
HO04 0.16 0.16
HO05 0.09 0.20
HO06 0.11 0.16
HO07 0.11 0.16
HO08 0.08 0.14
H09 0.08 0.11
H10 0.07 0.12

model considering the average damping coefficient
always underestimates the results as compared to the
experiments. Furthermore, since BEM here is a linear
frequency domain model, the variation of the free
surface oscillation and pressure oscillation is purely
sinusoidal and is unable to capture some of the non-
linear effects such as the second-order effects particu-
larly observed in the pressure, the asymmetry in the
crest and trough of the incident wave and the free
surface response particularly seen in cases H04-H10
caused due to bottom friction effects at shallow depths,
which are captured by the CFD simulation.

The agreement between experimental measurements
and results of the simulations with the CFD-NWT is

TABLE IV

RELATIVE ERROR BETWEEN EXPERIMENTAL TESTS AND CFD-NWT FOR
THE HEIGHT OF FREE SURFACE OSCILLATION(How ) AND HEIGHT OF

THE PRESSURE OSCILLATION INSIDE THE OWC CHAMBER (V Pow )

Case name Relative Error How[-]  Relative Error VPow ¢|-]
HO1 —0.06 0.13
HO02 —0.07 0.04
HO03 —0.07 0.04
H04 —0.05 0.03
HO05 —0.02 0.02
HO06 —0.05 —0.03
HO07 —0.01 0.03
HO08 0.03 0.08
H09 0.00 0.07
H10 —0.07 0.14
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satisfactory for the wave cases considered (Fig. 15 and
Fig. 16), with a relative error on the height How¢ of
the free surface oscillation inside the OWC up to -0.07,
with negative values denoting a greater value in the
experimental measurements (Table. IV). The relative
error on the height of the pressure oscillation inside
the OWC chamber, V Pow ¢, varies between -0.03 and
0.14 (Table. IV). Even though the difference between
laboratory tests and CFD results can be considered
acceptable, it should be mentioned that a tendency to-
wards an overestimation of the free surface oscillation
and an underestimation of the pressure amplitude can
be detected in most of the simulated wave conditions.
Such systematic trend could be related to inaccuracy
in manufacturing and/or measuring the exact value
of the slit size in the laboratory model and to the
subsequent difficulties in replicating such an exact
value in the CFD-NWT. The response of the device,
indeed, was found to be extremely sensitive to small
variations in the size of the slit V, as highlighted in Fig.
17, where the RAO of the free surface oscillation inside
the OWC obtained also with a slit size V=19 mm and
2.00 mm is comparatively depicted for the wave period
T =143 s.

B. RAOs

The RAOs were computed for both BEM cases (with
averaged damping coefficient and instantaneous fre-
quency dependent damping coefficient) and compared
with CFD-NWT and experimental results. These are
shown in Fig. 17. When considering the BEM model
with the averaged damping coefficient, the behaviour
is similar to that of the experiments, however there is a
consistent underestimation of the response in BEM as
compared to the experiments. With regard to the other
models, the CFD-NWT simulation considering the slit
to be 1.7 mm thick and the BEM with the instanta-
neous frequency dependent damping coefficient give
the closest results to the experiments.

Considering the instantaneous frequency dependent
damping coefficient, it is interesting to see similarities
with modelling of a linear turbine within the BEM for-
mulation. [25], [26] and [27] modelled the linear turbine
based on the mass transport equation considering air
compressibility which results in a coefficient relating
the pressure to the discharge(also referred to as the
flow rate). This coefficient is complex in nature with the
real part referring to the damping and the imaginary
part with w? that is regarded as the spring component.
Since the imaginary part essentially has a restoring
effect resulting from air compressibility [28], it is re-
garded as a spring in the system. The combination
of stiffness and damping within the pressure term is
partly reflected in the BEM formulation here with the
instantaneous damping coefficient where the real and
imaginary components (coefficients By, By, Cy and C5)
contribute to stiffness and damping within the pressure
term.

C. Computational resources

The computational time needed for the BEM sim-
ulations with Nemoh considering 2000 panels over
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Fig. 17. Response amplitude operator (RAO) obtained with experi-
ments, BEM and CFD modelling

the OWC hull and the imaginary piston together for
150 frequencies between 2 and 5 rad/s was close to
6 hours. These simulations were performed on a 8
core laptop with i7 processor with 16 GB of RAM.
No parallelization was implemented. The simulations
for 150 frequencies was performed particularly for
the sensitivity analysis. If we were to consider just
cases HO1-H10 (7 different wave periods), then the
simulation time was close to 20 minutes.

The computational time needed for the simulations
in the CFD-NWT is around 48 h for a simulation time
for the ten cases considered with a 16 cores MPI run
on a i9 desktop PC with 64 GB of RAM. The high
computational requirements of CFD simulations, also
in this two-dimensional application, are mainly related
to the need to discretize the very small slit on the
OWC top cover (V=17 mm), i.e. reducing the size of
the cells to tenths of mm in the zone characterized
by the highest air velocities. The need to satisfy the
aforementioned limitations on the Courant number Co,
in turn, implies a drastic decrease of the computational
time step when the velocity of the airflow in/out the
OWC chamber peaks.

VII. SUMMARY AND CONCLUSIONS

Two numerical models are developed to model
a box-type bottom-detached OWC - 1) A three-
dimensional frequency domain model based on BEM
using open-source solver Nemoh which uses an av-
eraged linear damping coefficient relating the pressure
and discharge, 2) A two-dimensional CFD-NWT allow-
ing for wave generation and absorption implemented
within the open-source package OpenFOAM. These
two models are compared with the experimental re-
sults for ten test cases and the compared parameters
include the displacement of the free surface within the
OWC, the pressure above the free surface, the RAOs
and the computational time.

Results for the displacement of the free surface
show that for the BEM model, the relative error in
the displacement of the free surface with respect to
the experiments were as high as 16% while with the

CFD-NWT, the highest relative error was close to 7%
when comparing with the experiments. Similar trend
is observed for the relative error in the pressure above
the free surface wherein it is a peak of 20% for BEM
while it is a peak of 14% for the CFD-NWT. This is
further reflected in the RAO for the free surface, which
shown the the results from the CFD-NWT are close to
the experiments when considering a slit size of 1.7 mm
while the BEM model with the average linear damping
coefficient underestimates the response.

To further improve the results from the BEM model,
an instantaneous frequency dependent damping coef-
ficient based on the experimental results is derived.
This is seen to provide results close to the experiments
similar to the CFD-NWT. A comparison is also made
between the computational resources utilized by the
two numerical methods. While a exact direct com-
parison cannot be made since the calculations from
the two methods were performed in two different
computers, it is reasonable to say that the computations
from the frequency domain BEM model based on the
instantaneous damping coefficient will be much faster
than the CFD-NWT computations for this application.
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