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Abstract—This paper presents the preliminary composite de-
sign of the lab scale CCell system, a curved oscillating surge wave
energy converter. Through a combination of laboratory data,
manufacturing optimisation and numerical models, it has been
shown that composites offer the flexibility to tune the strength
and buoyancy of the system in order to perform effectively at a
small scale. Validation of the numerical models has been carried
out from laboratory data, with discrepancies between the two
accounted to the static nature of the numerical models. This
work provides a good foundation to develop these models, from
which the design of larger scale devices can be carried out with
greater confidence.

Index Terms—Wave Energy, Composite Design, Finite Element
Analysis (FEA), Manufacturing Methods, Physical Model Testing

I. INTRODUCTION

A. Wave Energy: The Challenge

A key challenge for wave energy converters (WECs) is the
structural design of the components. They must be designed to
perform efficiently in small wave conditions, while surviving
extreme loading in storm conditions. Based in a highly corro-
sive environment, with lifetime load cycles numbering in the
order of 108 cycles, structures can rapidly become heavy, rigid
and over engineered. All these factors contribute to increased
manufacturing, installation and maintenance costs, ultimately
holding back development in the sector.

B. CCell Device

The CCell device is a novel oscillating surge WEC (OS-
WEC) developed by Zyba Limited, which aims to address
this challenge. Early designs for the device consisted of a
bottom mounted half cone shaped paddle, constructed from
steel (Figure 1). The latest iteration (shown in Figure 2) has
been designed to expand the operational limits of the device,
pushing forward a ’floating’ unit. The curved prime mover
(the paddle) increases both the strength and efficiency of the
device over a comparable flat device, and has also been seen

to reduce slamming effects. Fibre-reinforced polymers (FRP)
offer CCell the possibility of greater geometric freedom in the
design, while reducing weight and corrosion.

Fig. 1. Initial CCell paddle concept constructed from steel.

Fig. 2. Latest iteration of CCell Device. Composite elements (paddle and
heave plate) are shown in yellow.

C. Fibre Reinforced Composites

Composites have a proven track record at providing a step
change in performance in a wide range of sectors, including



Fig. 3. CCell composite design process

within the marine environment. [1] They offer the prospect of
reductions in weight, resistance to corrosion, and an increased
specific strength and fatigue resistance. Zyba proposes the use
of composites for the two main parts of their CCell device. The
high initial cost can be offset by lower installation, transporta-
tion and maintenance costs, and high volume manufacturing
in the long term reducing costs to a competitive level.

II. COMPOSITE DESIGN METHODOLOGY

Figure 3 shows the procedure followed to design the com-
posite elements of the lab scale CCell system, with the aim
of ensuring the device has sufficient strength to withstand
the loading environment, and suitable buoyancy to maximise
energy capture. To initiate this process, environmental con-
ditions are input into CFD simulations, which optimises the
shape to maximise power capture. CFD simulations are carried
out using the open source numerical solver OpenFOAM.
These were carried out for fixed (static) paddle, and moving
(dynamic) paddle cases. Additional details can be found in
work by Worden Hodge et al. [2] The structural composite lay-
up and buoyancy of the design is determined and any changes
required to the shape fed back into CFD models to ensure
no/minimal loss in performance. Any mould limitations are
factored into the shape design. Deflections are validated using
laboratory data as given in Section III-B1, with analytical
pressures also determined to confirm CFD data.

A. Structural Design

The first and most important stage of the design process is
to ensure the composite elements have sufficient strength to
withstand the wave environment. Structural design is carried
out using ANSYS using the following process:

1) A mesh is applied to a surface model developed in
CAD software. Additional refinement is applied around
reinforcement and support points.

2) A composite lay-up of the paddle is defined in a
parametrised model, allowing variation of thickness of
core, number of layers and core material. The paddle
is subsequently exported as shell and solid models for
structural simulations.

3) Fixed supports are added at attachment points. (Figure 4)
This assumes a worst case scenario where the PTO and
hinge are fixed. Loads will therefore be overestimated
providing an initial factor of safety and ensuring the
paddle will survive in extreme failure modes.

4) Pressures are applied to the surface of the paddle using
either an averaged pressure derived from the PTO loads
observed in the laboratory, or discrete pressures from
CFD simulations.

5) Deformations, stresses, strains and failures are exam-
ined. If additional plies are required, these are added in
the direction where high stresses occur. In this way, the
minimum amount of material can be added to withstand
the directional forces.

Fig. 4. Mesh and fixed supports used in lab scale ANSYS models. The fixed
supports are shown in the red boxes.

B. Buoyancy Determination

To optimise the power of the device, the buoyancy must be
tuned to position the device at the optimum orientation. This
positions the paddle both vertically in the water column and
with the correct paddle pitch, as illustrated in Figure 5. The
neutral angle has been defined such that a plane parallel to that
of the leading edge and passing through the hinge of the paddle
is vertical. The optimum draft of the paddle was determined to



be 0.56 m from the still water level (SWL) to the hinge of the
paddle at laboratory scale. This position and orientation seeks
to maximum power absorption from the paddle while shedding
loads through overtopping in larger sea states, offering a
compromise between efficiency and survivability of the device.

Fig. 5. Neutral position of the paddle. Optimum vertical position occurs when
the hinge is submerged 0.56 m below the still water level (SWL). Optimum
neutral angle is when the leading edge of the paddle is vertical.

1) Paddle Neutral Angle: The minimum lay-up to with-
stand wave loading is determined in Section II-A. Then, layers
of core, fibreglass, or buoyant foam can be added to give the
correct neutral paddle angle. The neutral angle is calculated
such that the moment around the hinge due to the mass and
buoyancy balance (i.e. Mhinge = 0) as given in Equation 1.

Mhinge =
∑
All

Elements

ρeV gx−
∑

Submerged

Elements

ρwV gx (1)

where:

ρe = Density of material of element (kg/m3)
ρw = Denisty of water (kg/m3)
V = Volume of element (m3)
g = Acceleration due to gravity (m/s2)
x = Distance to centre of element (m)

2) System’s Vertical Position: To trim the device and
achieve and appropriate vertical position in the water, addi-
tional buoyancy will be added beneath the heave plate in the
form of foam. Additional mass will be fixed to the upper A-
Frame if required.

Similarly to the calculation for neutral angle, the additional
mass/buoyancy required to give the correct vertical position
is calculated using Equation 1 for each individual component.
Moments are taken around the bottom hinge marked in Fig-
ure 6.

III. MANUFACTURING METHODOLOGY

This section details the manufacturing methodologies used
to construct the composite elements. It also presents a compar-

Fig. 6. Position of bottom hinge (shown with red cross) around which mo-
ments are taken to determine mass/buoyancy requirements for give optimum
vertical position.

ison between the manufactured and theoretical performance of
the composite elements.

A. Manufacturing Techniques

For manufacture of the lab paddles, wet-lay up and resin
infusion options were tested. In wet lay-up, dry fibres are
laid into a mould a layer at a time, and resin applied to
each individual layer using a brush or roller. Consolidation
(appropriate packing of fibres) is achieved by pressure applied
by the brush or roller, with inconsistencies in the lay-up arising
from uneven pressures applied during human application, and
lower fibre volume fractions. This leads to an overall reduction
in the strength of the laminate and decreased confidence of the
overall physical properties of the part.

Resin infusion involves the application of all dry fibres and
core materials to the mould, which are sealed within an airtight
vacuum bag. Resin is flowed through the dry material under
vacuum. The vacuum bag applies a constant pressure which
provides a more consistent consolidation that wet-lay up. A
more optimum fibre volume fraction can also be achieved,
increasing strength and ensuring thicknesses and masses are
as expected. This process requires more capital investment in
equipment but results in an overall reduction in labour time.

Both the core and fibres require a certain amount of resin
to produce their optimum properties. For fibres, this is quite
well defined by the fibre volume fraction as given in many
composite design textbooks. [3] In infusion techniques, flow
regions (gaps) in the core are filled with resin, with the volume
of resin uptake not always known before infusion. Therefore,
test panels were made to determine the resin requirements for
the infusion.

Test panels were made using one layer of 300 g/m2 woven
E-Glass either side of three thicknesses of 3D-PET Core:5, 7
and 10mm, cut to 166 mm x 166 mm. Panels were infused
using the same polyester infusion resin as that to be used in
the parts. The resulting parts were trimmed and weighed to



determine the mass of resin used. These results are then used
in the infusion process to reduce excess resin and ensure fibre
volume fractions.

B. Experimental Performance

1) Validation of structural models: Validation of the struc-
tural model was undertaken using laboratory test data from the
Kelvin Hydrodynamics Laboratory at the University of Strath-
clyde. In addition to the 6 DOF (degree of freedom) frame on
the top of the paddle, Qualisys markers were fixed to the tips
of the wings of the final design shown in Figure 7 allowing
the remote monitoring of the displacement of the wing tips.
The deflections measured in the lab are approximately 28%
larger than the wing tip deformations in the structural model
due to the length of the rods onto which the markers are fixed.

Fig. 7. Lab Paddle set-up in November trials.

Regular wave conditions were used to validate the model,
from which the forces and displacements were extracted as
shown in Figure 8. Maximum (displacement out) and mini-
mum (displacement in) wing separations were recorded and
the corresponding force noted.

Fig. 8. Sample of force and displacement data from laboratory trials at
Strathclyde (Nov 2016). Force data is obtained from an inline load cell (black).
H = 0.1 m, T = 1.94 s.

Two scenarios were investigated to validate the structural
model: averaged pressure and CFD pressure results.

Averaged Pressure
For an averaged pressure, the load cell forces were con-

verted to an average pressure using the surface area (1.027 m2)
of the inside face of the paddle. These were applied to the
surface of the paddle in a static ANSYS simulation and the
maximum deflections recorded.

CFD pressure
To obtain a more accurate representation of the specific

loading on the paddle, CFD simulations were run concurrent
to the lab tests, with both dynamic and static simulations
run. Pressures from the entire simulation were extracted and
imported onto the ANSYS mesh as illustrated in Figure 9. The
structural simulations were run for every time point to view
the variation over time.

Fig. 9. Sample of CFD pressure data from OpenFoam imported onto the
structural model in ANSYS. H = 0.1 m, T = 1.94 s.

IV. RESULTS

A. Manufacturing Validation
1) Core resin requirements: An example of one of the

manufactured test panels is shown in Figure 10. Results from
the infusions are presented in Table I. The mass of the fibres
and resin assumes a 1:1 ratio of resin to fibres for a woven
fabric.

TABLE I
RESIN REQUIRED FOR VARIOUS 3D-PET CORE THICKNESSES

Core (mm) 5 7 10
Core mass (g) 15.3 19.7 30.2
Fibre mass (g) 16.5 16.5 16.5
Infused part mass (g) 78.6 92.3 119
Mass of fibres + resin in fibres (g) 33.1 33.1 33.1
Mass of core + resin (g) 45.5 59.2 85.9
Mass of resin in core (g) 30.2 39.5 55.7
Mass of resin required per mm of core (g/m2) 219.4 204.9 202.3

The three core samples produced broadly similar resin
requirements per mm. This gave the density of the core as



Fig. 10. Test panel manufactured to determine resin uptake by core material.

between 317.3 and 334.4 kg/m3. A mid range value of 325
kg/m3 was therefore used in calculation of the buoyancy,
which ultimately proved to be accurate.

B. Lab Results

1) Lay-Up determination: Strenth Optimisation
The lay-up for the paddle was determined using the model

outlined in Section II-A. The highest expected force, from
CFD simulations and previous laboratory studies, is 1 kN. This
is applied to a shell model of the paddle, and the lay-up varied.
Failure criteria of max stress/strain and Tsu-Wu and Tsai-Hill
were applied. [4], [5] It was found that a 5 mm core with one
layer of 0,90 woven E-Glass Polyester Fabric either side was
sufficient, with an extra 3 layers each side of the core applied
around the attachment points. Figure 11 shows the failures plot
of the paddle. In this case, a failure factor of 1 corresponds
to at least one layer exceeding one (or more) of the failure
criteria. With a safety factor of 2, there are no failures on the
paddle.

Buoyancy Requirements
To achieve the required neutral position, the core was

increased to 7 mm and 15 mm of foam added to the inner
surface of the paddle as shown in the CAD model in Fig-
ure 12. Figure 13 shows the neutral angle of 1.6◦ which was
within tolerance to be trimmed when in the tank. Additional
buoyancy/mass had to be added as the laminate absorbed water
within the first few hours testing, slightly changing the neutral
position. Understanding of this absorption rate will be crucial
for larger scale devices.

2) Lab validation of FEM: To validate laboratory data,
FEM was carried out to determine the theoretical deforma-
tions. For each sea state, The pressure and wing deflections
were recorded as shown in Figure 14.

The pressures in Figure 15 are applied as an averaged pres-
sure to a shell model of the paddle in ANSYS. Static analysis
is carried out for the minimum and maximum pressures and the
maximum deflections in and out for each sea state recorded.

Fig. 11. Failure plot of lab paddle with a 5 mm core. Highlighted elements
have a failure factor of greater than 0.25 but less than 0.5. In this case, a
failure factor of 1 corresponds to at least one layer exceeding one (or more)
of the failure criteria.

Fig. 12. Additional foam (in green) added to paddle to provide appropriate
neutral angle, shown on CAD model.

Figure 16 shows the deformations determined from FEA
of the average pressures. These are consistently larger than
those obtained in the lab by up to 100%. It is thought this
is mainly due to the static nature of the simulations and
fixed support boundary conditions, which will overestimate
the load experienced by the paddle. In actuality some of
the force will be transferred through the entire system down
to the base. Another reason for the larger deflections is the
increased pressures at the top of the paddle. In reality when the
device is not being overtopped, the areas out of the water will
experience no pressure and therefore will not contribute to the



Fig. 13. Neutral Angle of final paddle

(a) Deflections Out (mm)

(b) Deflections In (mm)

Fig. 14. Maximum deflections in mm observed during laboratory testing for
regular waves. H = Wave Height (m), T = Wave Period (s).

(a) Pressures Out (Pa)

(b) Pressures In (Pa)

Fig. 15. Maximum pressures observed during laboratory testing for regular
waves. H = Wave Height (m), T = Wave Period (s).

(a) Deflections Out (mm)

(b) Deflections In (mm)

Fig. 16. Deflections determined in averaged pressure numerical model for
regular waves. H = Wave Height (m), T = Wave Period (s).

deflection. These areas will produce large moment arms and
therefore deflections, so understanding this load distribution
is critical to an accurate result. Due to the asymmetry of the
device, deflections out (when the device is in a crest) are larger
than deflections in (device in trough). This is reflected in the
pressures recorded and deflections from the FEA.

In addition to the averaged pressure, CFD simulations were
run to give a more accurate depiction of the pressure profile
on the paddle. These pressure were imported into the ANSYS
model and static simulations run for each time point and com-
pared to the experimental data. Figure 17 shows the difference
between lab data and modelled data for a number of cases. All
simulations (dynamic and static) show that the modelled data
underestimates the experimental data. This result is at odds
with the averaged pressure simulations, although pressures
have been shown to be similar in static CFD and earlier
lab trials. [2] Unfortunately during these earlier trials, the
deformations of the paddle were not recorded.

Current CFD simulations do not allow the paddle to adjust
to the water level (multibody simulations) which allows the
CCell paddle to track the waves and remain at the optimum
point to absorb energy. Additionally, in larger seas, the device
is pushed down by wave forces which promotes load shedding.
Both these effects are not observed in current CFD simula-
tions. This is reflected in the increasing discrepancy between
deflections out and deflections in, as more of the paddle will
be out of the water and therefore a much smaller force incident
upon it.

Better confidence needs to be made in the material proper-
ties of the paddle in order to be able to validate these results
with more certainty. Test panels will be destructively tested
to confirm material properties are as theoretically expected.
More specialised lab tests to recreate the static conditions
(with a fully locked system) are required with appropriate
instrumentation to produce suitable results.

V. CONCLUSIONS

This paper presents the preliminary design methodology for
the composite parts of the lab scale CCell device. Both strength



(a) Static; H = 0.1 m, T = 1.94 s

(b) Static; H = 0.17 m, T = 1.94 s

(c) Static; H = 0.3 m, T = 1.94 s

Fig. 17. Comparison between displacements obtained through CFD data and
measured displacements from lab data.

and buoyancy calculation for the lab paddle proved accurate,
with the device assuming the expected position in the water
column, and no failures recorded during the four weeks of
testing. Validation of the finite element models was carried out
by measuring the deflections in the lab and comparing with nu-
merical solutions. There were some discrepancies between the
FE models, with the ’average pressure model’ overestimating,
while the ’CFD pressure model’ underestimated the laboratory
data. Many of the results are within 50% of the observed
data, with some significant outliers present in the data. These
are expected to be accounted for by a number of reasons:
uncertainty in material physical properties, inaccurate CFD
pressures not accounting for vertical paddle motion, static FE
simulations overestimating deflections and inconsistencies in
paddle manufacture. Further work to understand these factors
is ongoing. The proposed design methodology will be further
developed with improved data inputs to produce a robust
design strategy for the composite CCell device.
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