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ABSTRACT

For oscillating wave surge converters (OWSC) the incident wave field is
changed due to the movement of the flap structure. A key component
influencing this motion response is the Power Take-Off (PTO) system
used. This paper examines the relationship between incident waves and
the perturbed fluid field near the flap using the Computational Fluid
Dynamics method by using Reynolds Averaged Navier-Stokes (RANS)
equations. Further, it investigates the influence of a PTO system in the
energy extracted from regular waves. Whilst this wave evolution is not
significant in the effective power captured by a unit device, it is of great
importance when performing in arrays as neighbouring devices may
influence each other.
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INTRODUCTION

The Oscillating Wave Surge Converter (OWSC) is one of the most
promising operating devices that use Wave Energy Conversion (WEC)
technology in terms of its energy absorption capabilities and
hydrodynamic performance (Babarit 2015). This device consists of a
surface-piercing buoyant flap rotating around a hinge fixed to the sea
bottom. The pitching motion of the WEC device combined with a
hydraulic Power Take-Off (PTO), which connects the flap to its base,
captures the energy from nearshore ocean surface waves (Cameron et al.
2010).

The OWSC operates usually at intermediate water depth where the
energy is extracted from the surge motion of the waves (Dhanak and
Xiros 2016). Under the action of these incident waves the flap oscillates
back and forth (see Fig. 1). This oscillatory motion is dominated by the
diffraction and the radiation effects of the incident wave acting on the
device. Whilst the first is related to the solid body as an obstacle
encountered by the fluid flow, the latter is identified with the oscillatory
motion of the flap and consequent generation of secondary wave fields.
Both effects will depend on the size of the flap and its oscillation (Henry
et al. 2010).

In conjunction with the Queen’s University Belfast (QUB), Aquamarine
Power (AP) developed and deployed the full-scale prototype of an
OWSC called Oyster at the EMEC (European Marine Energy Centre)

site in Orkney. During and after the designing stage of the Oyster, QUB
in cooperation with AP, undertook extensive experimental and numerical
studies. These studies focused mainly on understanding the
hydrodynamic response of the OWSC in different wave environments as
well as in increasing its performance.
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Fig. 1. Schematic two-dimensional drawing showing the motion of an
oscillating wave surge converter under the action of the incident wave
field.
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Initial experimental studies regarding the response of a flap-type surface-
piercing WEC to waves are reported in (Folley, Whittaker, and Henry
2007; Schmitt and Elsaesser 2015). These were early estimations of the
power output and performance of the energy device under the action of
small amplitude regular waves. Further two-dimensional experimental
studies for OWSC were undertaken in order to understand the wave
slamming phenomenon when the device operates in extreme sea
conditions (Henry et al. 2014, 2015).

Using experimental models to understand the hydrodynamic
performance of OWSC is generally demanding in terms of cost and time.
To complement these experimental tests, numerical models are a viable
alternative to estimate the performance of wave energy converters in the
early stages of design. Various approaches of numerical modelling have
been implemented to understand the hydrodynamic performance of
OWSC with incident wave fields. These approaches include using the
method based on potential flow theory (Renzi and Dias 2013; Renzi et
al. 2014), smoothed particle hydrodynamics (SPH) method (Rafiee,
Elsaesser, and Dias 2013; Brito et al. 2020), and the Computational Fluid
Dynamics (CFD) method based on Reynolds averaged Navier-Stokes
(RANS).

Among these methods, the CFD approach has been widely used, as it can
account for more non-linear effects than the potential flow approach,
whilst is much cheaper than experiments (Huang et al. 2019). Studies of
the hydrodynamic response of OWSC to ocean waves have been carried



out by using the open-source software OpenFOAM and the commercial
software FLUENT (Schmitt and Elsaesser 2015; Martinez-Ferrer et al.
2018; Wei et al. 2016). For the dynamic motion of the flap under the
effect of the incident waves, these numerical models have used body
fitted mesh for small angular displacements and arbitrary coupled mesh
interface (ACMI) for large motions. In (Benites-Munoz, Huang, and
Thomas 2019) the two-dimensional model of an OWSC performing
under extreme sea conditions was studied using OpenFOAM software to
solve the RANS equations combined with the overset mesh approach to
handle the dynamic motion for large amplitudes.

A main element of a WEC is the Power Take-Off (PTO), which is used
to transform the mechanical energy of the moving component into
electrical energy. The PTO performance is crucial to assess the power
obtained, and therefore is one of the first sub-systems included when
analysing WEC devices (Windt, Davidson, and Ringwood 2018), and
representing it in detail when performing numerical simulations is of
current interest in the WEC industry (ITTC 2017). Due to the complex
systems of the PTO associated to WEC devices, these are usually
simplified using PTO force models by adding an external force back to
the system (Brito et al. 2018).

Previous work considering the influence of the PTO in the operation of
the OWSC includes the experimental work done by (Zhang et al. 2014;
Brito et al. 2018) and the numerical and semi-analytical studies
undertaken by (Brito et al. 2018, 2020; Behzad and Panahi 2017; Bacelli,
Genest, and Ringwood 2015; Senol and Raessi 2019; Gomes et al. 2015).
In these semi-analytical studies, the fluid problem set up using linear
theory is solved by the application of numerical methods. To assess the
power performance of WEC with the nonlinear PTO system, a high-
fidelity CFD solution can be used (Windt, Davidson, and Ringwood
2018). The PTO has been represented as a rotational linear spring-
damper or damper systems for surface-piercing OWSC numerically in
(Gomes et al. 2015; Schmitt, Asmuth, and Elsaesser 2016; Brito et al.
2020).

In (Brito et al. 2020) an OWSC combined with a PTO was studied by
SPH and validated against experimental tests. Moreover, the influence
of the PTO damping characteristics and flap inertia in the power capture
of the device was investigated. The range of the regular wave conditions
of the 1:10 model include wave heights between 0.15 and 0.25 m and a
wave period of 2.0 s (corresponding to a wavelength of 4.90 m).
Furthermore, it was proved that the PTO system should not be neglected
when analysing the hydrodynamics of OWSC for its influence on the
Capture Width Ratio (CWR) of the device. The wave field, specifically
the free surface elevation and the velocity distributions, is affected
according to the damping coefficients used.

The first objective of this study is to understand the motion and wave
energy extraction of the OWSC with a spring-damper system using the
RANS method. Whilst the second aim is to use these results to analyse
the wave pattern field around the WEC device operating under different
wave conditions. To do this, an undamped OWSC (as shown in Fig. 1)
is validated using OpenFOAM against experimental results. Following,
the optimal damping coefficient, Bop, at each wave frequency is
calculated using the hydrodynamic coefficients for a flap-type pitching
WEC in (Gomes et al. 2015). To complete the spring-damper system, the
pitching stiffness coefficient, K, is taken for a vertical parallelepiped flap
with uniform distributed mass. For each wave condition considered, the
power capture factor, that is the percentage of energy available in the
wave train absorbed by the PTO, is calculated. Further, the resulting
wave field pattern around the device is analysed.

Following this introduction, this paper presents the employed numerical
theories, the development of the CFD model, and their validations.
Particularly, a practical approach to account for the PTO is introduced
and the influence of the PTO on power capture analysed. The wave field
around a single OWSC device is simulated and analysed, considering a
range of different wave heights and periods based on the site of operation

of the full-scale prototype. Finally, the conclusion includes a brief
summary and the implications of this study, as well as recommendations
for further studies.

NUMERICAL APPROACH

The numerical model used for this study was first developed using a two-
dimensional model (Benites-Munoz, Huang, and Thomas 2019), while
here it is extended to be three-dimensional and further implemented with
a PTO system. The simulation of the Numerical Wave Tank (NWT) with
the flap-type WEC device is developed using the open-source software
OpenFOAM. In the tank, two immiscible incompressible fluids, water
and air are considered. The governing equations for this multiphase
system include the continuity and momentum equations presented
below:

V-U=0 (1)
a{f_tu'l' V- [pUUT] = -Vp* —g-xVp+ V- [uVU] )

U and g are the velocity and gravity vector fields, respectively. The
density is p and p* is the pseudo-dynamic pressure, p = pg - x (used as
a numerical technique for the solution), x is the position vector and u is
the dynamic viscosity. To estimate the solution of the governing equation
the Finite Volume Method (FVM) is used, combined with the Volume
of Fluid (VoF) approach, introduced in (Hirt and Nichols 1981), which
is used to capture the interface between the air and the water.

The static boundary method combined with active wave absorption as
detailed in (Higuera et al., 2013) is used for the generation of linear
regular waves and absorption for the NWT. The most common wave
conditions for power production are considered in the present study;
therefore, highly nonlinear waves related to extreme conditions are not
considered. Moreover, in this study, regular waves based on the
operation site of the full-scale prototype, found in (O’Boyle et al. 2015),
are used.

The mesh of the background domain is constructed with hexahedral
cells, whilst the motion of the flap-type device is handled using the
overset mesh, or chimera grid, technique. In this study, the cell sizes of
the overset or front mesh are changed to match the size of the background
mesh size, as this will decrease the interpolation error between the
background and front meshes (Windt et al. 2019; Chan and Rogers
2002). The solution is achieved by the multiphase incompressible-fluid
solver named overinterDyMFoam and the time-step is adjusted using the
Courant Number (CFL). This number relates to the velocity flux crossing
a grid cell in a given time-step. By using adjustable time discretisation,
the time-step used is fixed according to the estimated value of the
velocity in the cell, the size of the cell and the limit of CFL.
Throughout this work the OWSC device is assumed to be a rigid body
with one degree of freedom (DOF), which is the pitching motion around
the y-axis. The total force and moments come from the fluid and wave
loads acting on the flap, the damping force exerted by the oscillatory
motion of the flap and the restraint acting at the hinge at the bottom of
the device. For the power capture calculations, it also includes an
external moment applied to the hinge.

For the wave-structure interaction problem using overset grid approach,
the RANS equations are first solved throughout the domain to estimate
the fluid velocity and pressure distribution. Following that, to obtain the
hydrodynamic force acting on the body located within the overset grid,
the fluid pressure is integrated over the body’s surface. Once the forces
and moments that are acting on the body have been calculated, the
translational and angular momentum equations of the rigid body are
solved for its motion. Finally, the fluid and body properties and the
overset mesh are updated, and the simulation continues with the iteration



for the next time step. The motion of the body is handled by the
sixDoFRigidBodyMotion solver, available in OpenFOAM.

VALIDATION

The setup for the validation of the CFD model is based on the
experimental test undertaken in QUB with a 1:40 scale model, whose
particulars are retrieved from (Schmitt and Elsaesser 2015). The
dimensions of the numerical tank are 20.0 x 1.8 x 0.6 m (length x width
x height) and the water depth is 0.34 m. The dimensions of the flap-type
energy converter model are 0.10 x 0.65 x 0.34 m (thickness x width x
height) and rotates around the hinge located at 0.12 m from the bottom
of the NWT (see schematic model in Fig. 2). The mass of the flap is
10.77 kg, its mass moment of inertia is 0.1750 kg-m? whilst the centre of
gravity is at 0.12 m measured from the hinge. The flap-type model is
located at 12.2 m from the wave-maker and waves generated are of
height of 0.038 m and a period of 2.063 s, its wavelength corresponds to
4.208 m.
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Fig. 2. Schematic of the numerical model, including the tank and the
wave energy device.

The case was run in the UCL High-Performance Cluster (HPC) Grace,
where the NWT s divided into 64-108 subdomains, depending on the
number of cells considered, using the scotch decomposition method. By
using this method, the programme balances the number of cells of each
subdomain and its mesh complexity to be as close as possible to the other
subdomains throughout the whole computational model (OpenFOAM
ESI 2019). The solution of the fluid problem was done within each
subdomain which is assigned to one processor, and later assembled for
the post-processing analysis. This was done in order to perform the
simulation more time-efficiently. The study case using 108 processors
(or subdomains) takes 10 hours to run 40 s (or 20 wave periods) of
simulation, with a time-step adjusted to a CFL of 0.65.

In numerical simulations the ideal aspect ratio (relationship between the
length and the height of the cell) is 1. However, for numerical wave
tanks, to maintain this ratio increases the computational cost
considerably, specifically in regions where the accuracy of the solution
or changes in the fluid/mesh are not significant. Because of this, the
NWT have been refined in the areas of interest, namely the region close
to the flap-type device and the free surface, R1 and R2, respectively, as
seen in Fig. 3.
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Fig. 3. Mesh refined regions in the model (Units: meters. Measures are
not in scale. R1: region close to the device, R2: free surface region and
R3: overset/front mesh).

For the analysis of the domain discretisation, the numerical simulations
have been done considering 84, 140 and 210 cells per wavelength (1) and
14, 20 and 30 cells per wave height (Hw), respectively. In each case the
overset mesh (R3) was matched to the size of the background mesh. The
width of the tank was discretised using cells of 0.05 m size (the same for
the overset mesh in that direction).

The numerical results obtained of the rotation angles and angular
velocity of the device performing under linear waves are presented in
Fig. 4. In both graphics, the results obtained using 84 cells per
wavelength are greater to those obtained with the refined cases. These
last two cases seem to have reached the convergence, since between
them, there is not significant relative difference between the rotation and
angular velocity values.
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Fig. 4. Influence of varying mesh density, left: rotation angle, right:
angular velocity.

The experimental test results of the 1:40 scale OWSC model, done at
QUB (Schmitt and Elsaesser 2015), were used for the validation of the
numerical model. These results included the tangential and radial
accelerations, and these are compared to the numerical results
undertaken in this study, as presented in Fig. 5.

The tangential acceleration is obtained by the equation
a; = apr;, where a,is the tangential acceleration (m/s?), a; is the
angular acceleration (rad/s?) and r; is the radius measured from the hinge
location to the top of the plate. The equation for the radial acceleration
is a, = w?r, where w is the angular velocity (rad/s). However, for
validation purposes, and in order to compare with the experimental tests

a,. is obtained from the equation a, = +/a?,, — a2, where a,,; is the
total acceleration of the body in (m/ s?) obtained using Newton’s law

Aior = % (F is the total force and m is the mass of the body).
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Fig. 5. Tangential (left) and radial (right) accelerations rr;easured at the
OWSC.

In both curves of the tangential and radial accelerations, the numerical
result has a small shift from the experimental one, despite having similar
trends. In the case of the tangential acceleration, there is sudden change
in the positive values, which is not clearly appreciated in the
experimental curve. Moreover, the values for the radial acceleration
shown to have the same behaviour, but they have a relative difference of
approximately 10%.

POWER CAPTURE
Study Cases
To assess the power capture of an OWSC, the sea conditions of the

operating site of the Oyster are considered (O’Boyle et al. 2015). The 16
cases selected using different wave height and wave period are the most



frequent, and combined they represent 60% of the total occurrence of the
sea states at the mentioned area. The wave parameters are scaled to a
1:40 model by using Froude scaling where the ratio for the wave height
is equal to s (s is the scaling factor of 40) and for the period is s%°. The
values already scaled and used in this study for regular waves are shown
in Table 1.

Table 1. Wave parameters of the regular sea waves considered in the
study.
Case C01 | CO2 | CO3 | CO4 | CO5 | CO6 | CO7 | CO8

Height (m) | 0.02 | 0.03 | 0.04 | 0.06 | 0.02 | 0.03 | 0.04 | 0.06

Period (s) 0.87 | 0.87 | 0.87 | 0.87 | 1.03 | 1.03 | 1.03 | 1.03

Case C09 | C10 | C11 | C12 | C13 | Cl14 | C15 | Cl6

Height (m) | 0.02 | 0.03 | 0.04 | 0.06 | 0.02 | 0.03 | 0.04 | 0.06

Period (s) 119 | 119 | 119 | 119 | 1.34 | 1.34 | 1.34 | 1.34

Energy Extraction Calculation

If the modelling of the PTO is oversimplified, the power capture
calculation of the WEC device could lead to overestimated values
(Penalba et al. 2018). Thus, in this study the PTO is modelled using a
spring-damper system (Gomes et al. 2015; Senol and Raessi 2019) in
order to account for both the damping and the restoring forces. This
system is added as a restraint in the motion of the OWSC as an external
moment:

Mpro(t) = Bp6(t) — KO(t) (3)

where Bm is the mechanical damping coefficient, K the pitch stiffness
coefficient, 6 is the flap motion amplitude and @ the angular velocity.
In this study, the system is matched to harness the maximum power
capture for each wave condition considered. For this the damping
coefficient is derived from linear theory and set to an optimum value for
each wave frequency w:

Bopt = JBZ + <g —w(+ A)) (4)

Where B is the radiation damping coefficient, C is the hydrostatic
restoring coefficient, | is the moment of inertia and A is added moment
of inertia. The hydrodynamic coefficients, B and A, are obtained from
the curves given in (Gomes et al. 2015). The values of C and | are
obtained for a simple plate assuming that its thickness is much smaller
than its width and that the mass is uniformly distributed.

C= gtWh(pwrb - pprc) (5)

. pptwd(t? + 4d?)
- 12

(6)

where t, h and w are the thickness, height and width of the plate,
respectively. The water depth is d. The densities of the plate and the
seawater are identified with the variables p,, and p,,, whilst the centre of
buoyancy and centre of the mass of the flap by the variables r, and .
Whilst the optimum damping coefficient is varied for each wave period,
the pitch stiffness coefficient is fixed to that of a vertical flap, as
indicated by C.

Assuming the power is fully extracted by the PTO, the maximum
absorbed power by the PTO is obtained with the following equation
(Dhanak and Xiros 2016):

1
pP= szBoptlgmaxlz (7)

where 0,,,,, is the maximum amplitude calculated from the numerical
model. The estimation of the wave resource is defined as:

(8)

P =pwgauH‘f,( 2kd )
w 16k sinh(2kd)

where k is the wave number.

The capture factor (Cs) is obtained from the ratio of the absorbed power
and the available wave resource:

P

(9)

The unit of this ratio is meters and to nondimensionalise it, it is related
to the characteristic length of the device, the width, by using Cs/w.

Power Take-Off System

Since this study is based on small-amplitude waves, the hydrodynamic
coefficients calculated linearly in (Gomes et al. 2015) are used to
estimate the optimal damping coefficient for each wave frequency. To
obtain the added moment of inertia, A, and the radiation damping
coefficient, B, the non-dimensional angular frequency is used, w*. This
is obtained by the following equation:

wvd
Ve

Finally, Table 2 shows the values of the optimal damping coefficients
obtained.

*

(10)

Table 2. Optimal damping coefficients for each wave frequency of the
study.

Cases C01-04 | C05-08 | €09-12 | C13-16
w* 1.35 1.16 0.97 0.87
B,p: (Nms/rad) 28.4 32.4 30.6 26.9

To verify the optimal value found for the damping coefficient, Case C16
is analysed for a range of Bm, including the calculated Bopt for that
condition (26.9 Nms/rad) (see Fig. 6). This is done for two PTO systems,
one only considering a damper (PTO_B) and the other considering a
damper-spring system (PTO_B+K). It is worth noting that the Bopt does
not give the highest absorbed ratio, denoted by Ct/w, and that can be due
to the nonlinear viscous forces affecting the motion of the device.
Another factor to bear in mind is that the assumption of small thickness
compared to its width may not be applicable, suggesting additional
nonlinear methods should be sought to calculate the hydrodynamic
coefficients. Moreover, by adding the pitch stiffness constant, which in
this case acts as a restoring force, it is expected to have an influence in
the overall performance of the OWSC, specifically over the stability in
the amplitude of the rotation (see Fig. 6). This variable is related to the
tendency of the flap to right itself due to buoyancy.



0.30

0.00
0 5 10 15 20 25 30 35
Damping Coefficient (Nms/rad)
Fig. 6. Non-dimensional capture factor for different damping
coefficients values applied to a spring-damper system in the power take-
off.

Power Capture Estimation

In Fig. 7 it can be seen that for @* equal to 0.97 (corresponding in the
model to © = 5.21 rad/s) the ratio of the power captured by the device is
higher compared to other wave frequencies. In previous studies for
undamped OWSC models it can be seen that when increasing the wave
amplitude, the amplitude of the oscillation of the flap is higher. However,
in the same figure (Fig. 7), it is shown than when considering the PTO,
this is not a direct factor, but the combination of both, the wave
frequency and its height.
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Fig. 7. Capture factor against the non-dimensional wave frequency for
different wave heights.

In Fig. 8, the changes in the capture factor were compared using the wave
height and frequency. It can be seen that despite increasing the wave
height the variation in the capture factor appears to be minimum,
compared to the effect of the variation of the wave frequency. To
investigate this furtherly, Fig. 9 presents the motion response of the flap
against different wave heights, but for the same wave period of 1.19 s.
The motion response is given by the ratio of the angle of rotation of the
flap and the amplitude of the wave, Aw. It is noted that the influence of
the pitch stiffness coefficient is high, since it acts in the direction
contrary to the direction of the wave. However, it does not influence the
maximum angle obtained from the motion of the OWSC.
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Fig. 8. Capture factor against the wave heights for different wave
frequencies studied.
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Fig. 9. Motion response per wave amplitude for Cases C09-C12.
WAVE PATTERN

According to Fig. 7~8, the case with the highest C¢#/w is C09. In Fig. 10,
the relative wave surface elevation in the NWT of this case is shown at
three positions of the flap. The first is when the flap is at its maximum
amplitude towards the land, the second at its upright position and the
third at its maximum amplitude towards the sea (identified in the figure
by (a), (b) and (c), respectively). In (a), the wave height towards the side
of the flap is increased, as well as an additional wave radiated from the
device. In the case of (b), when the wave field faces the upright flap as a
fixed object, the diffracted wave shape can be appreciated on the sides
by its change in the relative wave height. As in the case of (c), is similar
to the case of (a), but the radiated wave is towards the sea, which will
interact with the original generated wave.

This finding, while preliminary, suggests that this disturbance is not
significant in the effective power capture of the OWSC operating as a
single unit. However, it can imply that when considering devices
operating in array configurations, it is of interest to understand the extent
of the disturbed field. In this specific wave condition, it implies that the
minimum location for a second device will be as its distance from the
inlet (>12.20 m), which at scale will be approximately 500 m.
Conversely, for the transverse direction, the NWT should require an
extension in its width, to have a clearer appraisal of the behaviour of the
diffracted waves.
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Fig. 10. Relative wave surface elevation when the flap is at three

different positions: (a) Maximum oscillation (landwards), (b) Upright
position and (c) Minimum oscillation (seawards).

CONCLUSIONS

Based on OpenFOAM, this study set out to determine the capture
absorbed by the OWSC device combined with a PTO spring-damper
system for different wave conditions of the site of operation of the full-
scale prototype. To quantify an accurate damping will increase the power
absorption whilst decreasing the amplitude of the oscillation of the flap.
It was found that, with the PTO taken into consideration, the relationship
of power capture is no longer positively correlated with the incident
wavelength; instead, an optimal wave condition exists. Moreover, it is
also found that the optimal damping coefficient calculated may be
overestimated when is combined with the restoring force applied by the
spring considered.

The efficiency of the energy extracted from the waves is related to high
amplitude pitching motions of the device in short periods of time, as well
as the capacity of the PTO to absorb the wave energy. Consequently, the
incident wave field is disturbed due to the interaction with the flap and
its motion. It is expected that the modified wave field caused by the
motion of the OWSC becomes more relevant when it is performing in
arrays with neighbouring devices.
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