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ABSTRACT: The influence from the flexibility of plates on the hydrodynamic loads of an oscillating wave
surge converter (OWSC) is investigated. Rigid and flexible plate designs have been tested with both numerical
and experimental (physical wave tank) modeling. A strongly coupled two-way fluid-structure interaction (FSI)
numerical model with scale-resolving CFD is benchmarked against experimental results and high compliance is
observed. Promising results are found on how flexibility can be leveraged in the design of an OWSC to reduce
extreme loads while maintaining operational loads. Further analyses and tests are pending.

1 INTRODUCTION

Wavepiston A/S is a Danish wave energy converter
(WEC) company that has developed an oscillating
wave surge converter (OWSC) type WEC with wave-
activated bodies in the form of plates placed on a
string. The plates and substructure experience very
large impact loads when the hydraulic piston (PTO)
reaches end-stop and in general from extreme wave
events, where also slamming loads are of concern.
The purpose of the present paper is to investigate the
feasibility of using a composite material for the plates
to allow deformation of the plates under extreme load-
ing, see Figure 1, which yields significant load reduc-
tions, while maintaining high-capacity factors in the
operational sea states.
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Figure 1: Conceptual illustration of the storm protection mecha-
nism of the Wavepiston sail.

1.1 Plates in nominally normal flow

The force on rigid flat plates in a nominally normal
steady flow is governed by the shedding of large vor-
tices (of similar size to the characteristic length of the
plate) for practical Reynolds numbers R, > 10° (Ho-
erner 1965). For sharp-edged plates with thickness-
to-characteristic-length ratios less than 5%, the drag
will virtually be equal to the pressure drag and the
separation points are fixed at the plate edges, yield-
ing a very weak R, dependency in said range (Nak-
aguchi et al. 1968, Hoerner 1965). In the case of
small-amplitude oscillatory flows — corresponding to
Keulegan-Carpenter numbers K¢ < 0.15 (Tian et al.
2016) — the force is inertia dominated and can be ac-
curately calculated by potential flow theory as, e.g.,
seen in DNV (2017). For finite amplitude oscillatory
flows K¢ > 0.15 with velocities of R, > 103, turbulent
effects become substantial and both inertia and drag
coefficients are strongly K¢ dependent but remain
only weakly dependent on the oscillation frequency
and thus R, (Lake et al. 2000, Tian et al. 2016). In-
troducing a free surface to the oscillatory flow of flat
plates will allow for wave radiation and wave diffrac-
tion which will greatly impact the flow and make the
force coefficients dependent on the oscillation fre-
quency. The combined effects of geometrically de-
pendent shed vortices and a free surface make the pre-
diction of forces on flat plates in a nominally normal



oscillatory flow in the vicinity of a free surface com-
plicated and calls for the use of high-fidelity Compu-
tational Fluid Dynamics (CFD) models.

1.2 The Wavepiston wave energy converter

The Wavepiston OWSC consists of multiple float-
ing modules, called Energy Collectors (ECs), com-
prising wave-activated bodies in the form of surging
plates (or paddles), support structures (EC beam and
wagon), telescopic hydraulic pumps, and more, as il-
lustrated in Figure 2. The multiple surging plates in-
stalled on each EC are collectively referred to as a
sail. As ocean waves excite the sails, these will move
relative to the EC beam which actuates the hydraulic
pumps. Pressurized seawater is then pumped to shore
to drive a turbine or desalination plant. The ECs are
installed on a shared string reducing the total loads
on the OWSC and thus mooring loads as well as
smoothing the power curve. Currently, the Wavepis-
ton OWSC is undergoing full-scale sea trials at the
PLOCAN test site off the coast of the Canary Islands.

The added mass of a rectangular rigid plate in
a nominally normal oscillatory flow (and without
boundary effects) scales with its characteristic length
cubed under potential flow assumptions (DNV 2017).
Using the outer dimensions of 4 m x 8 m of the surg-
ing plates of the Wavepiston demonstrator deployed
at PLOCAN this corresponds to an added mass of
78 tons on each EC. In operational sea states, the
wave excitation force of the OWSC is inertia dom-
inated, and a high added mass is thus favorable to
maximize the capacity factor. However, in extreme
sea states, the surging plates will reach the ends of
the EC beam, which will result in rapid decelerations
of the plate and its significant added mass, leading to
very high structural requirements to the EC. To miti-
gate such hard end-stop forces and ultimately reduce
the Levelized Cost of Energy (LCoE) of the OWSC,
the implementation of a storm protection mechanism
is crucial. For this purpose, each EC of the demonstra-
tor at PLOCAN was constructed with multiple plates
that mechanically rotate in yaw when approaching the
end-stop, see Figure 2. This effectively reduced ex-
treme loads, but the many components and rotating
mechanisms in the harsh marine climate made the de-
sign unfeasible.

To avoid the rotating plates a new design is tested.
It employs polymer composites for the sails to allow
for large bending in extreme sea states as shown in
Figure 1.

1.3 Scope of the paper

The flow and structural response of the hydro-elastic
problem of flexible plates undergoing large defor-
mations from hydrodynamic loads are highly inter-
depedent and the problem falls under the category
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Figure 2: Wavepiston OWSC: (a) overview of entire system and
(b) zoom-in on the EC.

of strongly coupled two-way fluid-structure interac-
tion (FSI). The scope of the present paper is to i)
benchmark a strongly coupled two-way FSI numer-
ical model against experimental wave tank tests for
a test case involving large deformations of flexible
plates in a nominally normal oscillatory flow near a
free surface and ii) investigate how the flexibility of
the surging plate affects the structural response in said
test case based on both numerical modeling and ex-
perimental wave tank testing.

2 EXPERIMENTAL WAVE TANK TESTS

The results of the numerical model are compared to
the experimental data set generated in two distinct
test campaigns. The first test campaign focused on
the load measurement of full and slotted rigid sails,
while the second campaign focused on sails made of
flexible plates. The flexible plates were of PVC with
thicknesses d; of 0.3, 0.4, and 0.5 mm. With case
0.4 mm representing the baseline the other two rep-
resent about 50% and 200% bending stiffness vari-
ations. The tests were carried out in the wave basin
at the Ocean and Coastal Engineering Laboratory of
Aalborg University, Denmark. The basin measures
146 m x 19.3 m x 1.5 m (length x width x wall
height) with an active test area of 8.4 m x 13.0 m
(Iength x width). The basin is equipped with a snake-
type wave generation system composed of 30 linked
pistons. The experimental model is a 1:16 scaled ver-
sion of the current design, comprising:

e Linear Actuator (LA): LinMot EM01-48-1250
e Sail (MP)
e Sail support structure (PS)



Figure 3: CAD model of the experimental setup.

e Load cells (LC): FUTEK S-Beam LSB210
o SCADA system

The 3D drawing of the experimental model is pre-
sented in Figure 3 along with the detailed view of
the sail support structure. The version of the experi-
mental model included a central axle (AX) and two
static end plates (FP). These elements were removed
in the tests investigated in the present paper to focus
on the hydrodynamics of the sail. The SCADA sys-
tem consisted of the LinMot Motor driver, SpeedGoat
Real-Time Computer, the 10135 DAQ Input Output
Module, and the host computer; further details can be
found in (Ringwood et al. 2019). Photos of the experi-
mental setup in the wave tank can be seen in Figure 4.

2.1 Test program

Both experimental campaigns (i.e., with rigid and
flexible sails) included test programs with a combina-
tion of radiation and excitation tests. Radiation tests
were carried out with regular (monochromatic) sig-
nals, irregular (chirp) signals, and impulse-like sig-
nals with very large decelerations (top-hat inspired).
Due to brevity and given the significant computa-
tional overhead of the two-way FSI numerical model,
this paper will focus on two selected regular radiation
test conditions; RW04 (low amplitude) and RW06
(high amplitude). The conditions are detailed in Ta-
ble 1. Abbreviations K1-3 refer to the flexible sails
with K1 denoting the lowest bending stiffness and K3
the highest. The relative submergence is defined as

Figure 4: Experimental setup with flexible sail.

Table 1: Test conditions RW04 and RWO06 as well as flexible sail
dimensions, see Figure 5. *Definitions as per Tian et al. (2016).

Parameter Value
Amplitude a {RW04, RW06} {23,78} mm
Period T 2.25s
Submergence s 0.22 m
Water depth d 1.00 m
K¢ * {RW04, RW06} {0.36, 1.23}
R, * {RW04, RW06} {2.6,8.7} - 10*
Relative submergence s, 0.88
Sail width d,, 500 mm
Sail height dj, 250 mm
Plate height dj, 202 mm
Flexible plate width d,,, 60.8 mm
Rigid plate width (inner) d,,; 10.0 mm
Rigid plate width (outer) d,,, 56.1 mm
Plate spacing dy), 1 mm

Plate thickness d; {K1, K2, K3} {0.3,0.4,0.5} mm
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Figure 5: Simplified geometry of the flexible sail from the wave
tank tests. Flexible plate parts are shown in yellow.

s, = s/dp,. The regular radiation signals had a duration
of 6T including a sinusoidal ramp-up over 2T. The
flexible sails consisted of four plate sections attached
to supporting aluminum beams that connected the sail
to the four load cells. The gaps between the free ends
of the flexible plates measured d;;, = 1 mm. A simpli-
fied representation of the flexible sail is shown in Fig-
ure 5 with dimensions given in Table 1. The rigid sail
(R) tested in the first campaign had the same outer di-
mensions dj, X d,, as the flexible sails (K1-3). Young’s
modulus and the density of the flexible plates were es-
timated to 2.55 GPa and 1458 kg/m> from dedicated
tests. The former is based on linear Bernoulli-Euler
beam theory with small loads and displacements mea-
sured on beams cut of the PVC materials.

3 NUMERICAL MODEL

The numerical models of the present study were set
up using the commercial multi-physics framework of
Simcenter Star-CCM+ v2406 (SDIS 2024) facilitat-
ing an integrated partitioned approach to the FSI prob-
lem. This allowed a socket-based (rather than file-
based) data exchange, which is highly computation-
ally advantageous for the implicit surface coupling re-
quired for strongly coupled two-way FSI. Finite vol-



ume and finite element discretization methods were
utilized for the CFD and computational solid dynam-
ics (CSD), respectively.

3.1 Fluid partition

A segregated flow solver with a transient implicit
time model and the SIMPLE algorithm for pressure-
velocity coupling was employed for the CFD. The
free surface was modeled from the Volume-of-
Fluid (VoF) method with the High-Resolution In-
terface Capturing (HRIC) convection scheme algo-
rithm (SDIS 2024). In Andersen & Eskilsson (2023),
a scale-resolving hybrid URANS-LES method was
succesfully applied to model the highly turbulent
large-curvature flow of a flat rigid plate in a nomi-
nally normal flow. Based on this, a similar approach
was adopted for the present study, namely the Scale-
Resolving Hybrid (SRH) model with k-@ SST turbu-
lent closure (Duffal et al. 2019, SDIS 2024).

Each of the four plate sections was meshed with
individual overset meshes, see Figure 6, allowing for
the large rigid body translations of the RW06 signal.
The overset mesh morphed with the FSI interface,
as shown in Figure 6(a), to minimize the distortion
of overset cells due to plate deformations. The small
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Figure 6: Fluid partition mesh: (a) the overset regions and FSI
surface of the deformed flexible sail, (b) gap and overlapping
overset regions, and (c) background region with refinement re-
gions and AMR around the free surface.

gaps between the flexible plates were modeled from
overlapping overset meshes, see Figure 6(b), where
an overset hierarchy dictates which region is consid-
ered the overset and the background. The mesh res-
olution in the dominant overlapping overset region
must be sufficiently small to resolve the plate geom-
etry of the recessive (‘background’) region. However,
with d; = 0.3 mm for the most flexible sail, this means
that several million overset cells were required to re-
solve the recessive plate geometry. To mitigate the al-
ready very substantial computational cost, an artifi-
cially large d; = 3 mm was used for the present nu-
merical model resulting in significantly reduced sim-
ulation times. The Young’s modulus and density were
changed to keep the bending stiffness £/ and total
mass of the plate constant. The two horizontal sup-
porting beams from the experimental model (shown
in grey in Figure 5) were not included in the numer-
ical to reduce complexity. Instead, the height of the
surging plates was changed to d;, = d), in order to
keep equal outer dimensions of the sail in the experi-
mental and numerical model.

Polyhedral cells with inflation layers were used for
the overset meshes while hexahedral cells with refine-
ment zones and automatic mesh refinement (AMR)
around the free surface were used for the background
mesh; see Figure 6(c). A no-slip boundary condition
(BC) was imposed on the plate while relaxation zones
with relaxation toward stagnant water were defined to
all sides. A zero pressure BC was imposed for the top
boundary, while a slip BC was used for the bed. The
initial condition (IC) of the fluid partition was stag-
nant water.

3.2 Solid partition

The CSD adopted an isotropic linear elastic material
law with the Green-Lagrange finite (nonlinear) strain
measure. The stiffness matrix was updated at each it-
eration within each time step (full Newton method).
At each iteration, the MUMPS sparse direct solver
was used to solve the linearized set of equations. Time
integration was carried out with the first-order back-
ward Euler method.

The mesh consisted of HEX8 elements with bub-
ble degrees of freedom to overcome locking. Fixed
structure-structure interfaces were created between
flexible and rigid plate parts (dark yellow in figure 5).
Prescribed motion was imposed to the rigid plate
parts. The IC of the solid partition was the unde-
formed sail subjected to hydrostatic loading.

3.3 Surface coupling

The fluid-structure interface was non-conformal with
surface mapping from a nearest-neighbor interpola-
tion stencil. Strongly coupled two-way FSI problems
with structure-to-fluid density ratios of about one and
incompressible fluids suffer from inherent artificial



added mass instabilities (Forster et al. 2007). To miti-
gate these instabilities, implicit surface coupling with
a low displacement tolerance of minimum 10~% mm
or a maximum of 200 inner iterations was employed
together with the Dynamics FSI stabilization scheme
(SDIS 2024) and time-marching with a constant time
step of 0.005 s.

The computational overhead of the RW06 simula-
tions for the R and K1 sails is summarized in Table 2.
No. of cores refers to physical CPU cores on a single
CPU (AMD EPYC 7702, base clock speed 2.0 GHz).

Table 2: Computational overhead of the numerical models. Wall
clock time is given for the simulation of 37 physical time.

Sail (FSI type) R (one-way) KI (two-way)
Grid count 4.5-10° 4.7-10°
Wall clock time [h] 16 139
No. of cores 62 124

4 BENCHMARKING OF NUMERICAL TESTS
AGAINST EXPERIMENTAL TESTS

To assess the accuracy of the numerical model, radi-
ation tests with the RWO06 signal (specified in Sec-
tion 2) is used to benchmark the numerical model
against the experimental tests. Comparison of the ex-
perimental and numerical force time series for both
the rigid (R) and most flexible (K1) sails can be seen
in Figures 7 and 8. The force time series were aligned
by trigger signals from the experimental tests and
subsequently imposing a corrective delay from maxi-
mizing the cross-correlation between the experimen-
tal and numerical position signals. The force time se-
ries were low-pass filtered (cut-off at 2 Hz) to re-
move noise and structural dynamic amplification from
the experimental data. For consistency, the same filter
was applied to the numerical and experimental data.
The inertia force from accelerating the mass of the
sails in the experimental tests was subtracted from the
force time series. The full duration of 67 (including
2T ramp-up) of the experimental force time series is
used in the comparison to the one-way FSI numer-
ical model (rigid sail) in Figure 7. However, due to
the very large computational overhead of the two-way
FSI numerical model, only a duration of 37, i.e., one
fully ramped period, is considered in Figure 8.

Very high agreement between the wave tank tests
and the one-way FSI numerical model can be seen
from the force time series in Figure 7. The force ex-
tremes maximally deviate with 3.0% (0.9 N) and the
signals correlate very well with a Pearson correlation
coefficient of 99.5% over the duration 67. In spite
of the increased complexity and simplifying assump-
tions of the two-way FSI numerical model — including
an artificially large thickness and the disregarding of
the supporting horizontal beams, see Section 3 — high
compliance between the numerical and experimental
force time series is maintained as can be seen from

Figure 8. Here, the maximum force peak deviation is
5.4% (1.1 N) and the Pearson correlation coefficient
99.9%.
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Figure 7: Benchmarking of force series for the R (rigid) sail.
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Figure 8: Benchmarking of force series for the K1 flexible sail.

5 THE EFFECT OF FLEXIBILITY

The influence of sail flexibility on the hydrodynamic
loads in low and high amplitude conditions, RW04
and RWO06, can be investigated from Figures 9(a)
and 9(b) where the experimental force time series
(five repetitions) for the R and K1-3 sails are com-
pared. In the low amplitude condition, the force peaks
from the flexible sails are not decreased relative to the
rigid. Interestingly, in this condition, the largest force
peaks are measured with the most flexible sail (K1).
This is interpreted as a result of the changed natural
frequency of the K1 sail from its added bending de-
grees of freedom. In the large amplitude condition,
the force peaks of the K1 sail is substantially reduced
relative to the more rigid sails. The reduction in the
maximum absolute force peak between the R and K1
sail is 42.7%. Furthermore, the phase of the force time
series for K1 has shifted, yielding increased correla-
tion with the prescribed velocity (rather than accelera-
tion) of the sail — underlining the significantly reduced
added mass of the most flexible sail.

The two-way FSI numerical model shows findings
similar to the experiments when comparing the force
time series of the R and K1 sails. Comparing the
dynamic surface pressure distributions of the R and
K1 sails in their respective local force peaks at about
t = 2.97 reveals how areas of high pressure for the R
sail are significantly reduced for the K1 sail, see Fig-
ure 10. Furthermore, the integrated projected pressure
normal to the prescribed motion direction is reduced
from the increased porosity and the changed surface
normals due to large deformations.
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Figure 9: Force time series for varied flexibility of the sail under wave tank testing. Test conditions (a) RW04 and (b) RWO06.
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Figure 10: Pressure distributions of (a) the R sail and (b) the K1
sail at their respective local force peaks around r = 2.9T .

6 CONCLUSIONS AND FURTHER WORK

A strongly coupled two-way FSI numerical model
simulating the nominally normal oscillatory flow of
flexible plates in the vicinity of a free surface has
been benchmarked against experimental wave tank
tests showing high accuracy on force prediction. Ex-
perimental and numerical results show how flexible
plates can be leveraged to reduce extreme loads while
maintaining (or even slightly increasing) operational
loads relative to rigid plates with the same outer di-
mensions. Implementing these effects into the design
of an OWSC can yield an efficient and feasible storm
protection without reducing the capacity factor. Fur-

ther analyses and tests are pending including the nu-
merical modeling of hard end-stops.
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