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Abstract Extraction of energy from ocean waves is a high-priority sustainable-
energy initiative in the UK. The Offshore Wave Energy Ltd wave energy convertor
(OWEL WEQ) is a floating rectangular box which captures waves at one end and
extracts their energy though a power take off (PTO) system at the other end. The
Surrey team is providing underpinning modelling and mathematics to this project.
The modelling requirements of the OWEL WEC design dovetail with research at
the University of Surrey on interior fluid sloshing, external water wave dynamics,
coupling between vessel and fluid motion, and modelling of the PTO as a gravity
current interaction. The outcome is direct impact on the wave energy industry and
indirect impact on the environment and the economy.

1 Introduction

The ocean is, essentially, a perpetual motion machine with vast reservoirs of energy,
some of which is delivered to the shore in the form of waves. The extraction of this
energy is one of the great under-utilized branches of renewable energy, and the UK
is well placed to exploit this energy, as it attracts about a third of the wave energy
available to all of Europe. The interest in this project is in the modelling, simulation,
and experimental study of the OWEL WEC, illustrated in Figure 1, with the aim
to optimise the energy harvesting capability and contribute to the next generation
patent application and WEC design in general.

The OWEL WEC is a floating rectangular device, open at one end, which cap-
tures the incoming wave field. Once trapped the waves are induced within the duct
to grow. The waves steepen, hit the upper lid, and create a seal resulting in a moving
pocket of air ahead of the wave which drives the power take off (PTO). The electric-
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ity is generated on board and transfered to a hub or the shore via cable. The PTO is
above water, the entire design has a minimum of moving parts, and it is to be located
offshore, outside the surf zone, in high-energy relatively-deep oceanic locations.

2 Underpinning research

Researchers at Surrey have been studying the problem of shallow water sloshing in
moving vessels for several years [3]. An early breakthrough was the discovery of a
new system of equations for three-dimensional shallow water sloshing in a rectan-
gular vessel undergoing full rigid body motion in three dimensions [4]. These equa-
tions formed the starting point for development of a range of numerical schemes for
accurate and robust simulation of shallow sloshing in 2D and 3D rectangular vessels
with prescribed motion of the vessel (e.g. from ocean wave forcing). The methods
are implicit, robust and fast — especially when compared with 3D computational
fluid dynamics (CFD).

The next step in the sloshing project was to solve for the vessel motion while
coupled to the fluid motion. Coupled simulations are difficult because a proper en-
ergy partition needs to be maintained between the fluid motion and vessel motion.
Using a Lagrangian particle path formulation and geometric numerical integration,
an effective approach was developed at Surrey for maintaining accurate energy par-
tition for long times. However, an open problem in this direction is how to couple
fully 3D vessel rotations with the fluid motion.

Resonances are an important problem in coupling between vessel and fluid. Res-
onances can induce physical transfer of energy between the vessel and fluid motion.
This energy transfer can be positive (used to control vessel motion) or negative
(transfer of energy from the wave to vessel motion, rather than PTO). Linear res-
onance analysis of fluid-vessel coupling is reported in [7] and nonlinear results,
including induced energy transfer, is reported in [6]. Baffles are a practical way of
reducing fluid motion, and a theory for the effect of baffles on resonance structure
and control of sloshing motion, including coupling with vessel motion, has recently
been developed [7].

Turbo-generator
Fig. 1 Cross section of the

proposed OWEL wave energy
converter. Waves enter the
floating vessel at the right
and hit the upper lid trapping
an air pocket. The air pocket
is driven into the PTO and
passed through the turbo gen-
erator. The energy depleted
wave is then ejected out and
downward into the sea.
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3 Modelling the OWEL WEC

There are many facets to the modelling of the OWEL WEC. The two most impor-
tant are (a) modelling the dynamics of the trapped waves entering the vessel, with
due attention to the fact that the vessel is itself undergoing rigid body rotation and
translation, with vessel motion affected by both the exterior wave field and the inte-
rior wave field; and (b) modelling of the PTO, that is, the formation of the trapped
air pocket and its dynamics as it delivers the mass flux of air through the turbo gen-
erator. The latter problem has the greatest economic impact as the efficiency of the
energy extraction will affect commercialisation. The impact of the sloshing project
on (a) was immediate, with the major difference being the mass influx and efflux
driving the interior sloshing. The modelling of (b) requires new ideas, and current
research is focussed on modelling the air pocket dynamics using the theory of grav-
ity currents.

The first step in the modelling of the PTO is to develop a two-layer shallow-
water model with variable bottom and cross section, and a suite of numerical al-
gorithms to simulate this flow, with due attention to the resonance structure. The
outcome of this strategy is the development of algorithms for the two-layer shal-
low water equations in a moving vessel with a rigid-lid using the high-resolution
f-wave-propagation finite volume (FV) methods [1]. These algorithms include ves-
sel motion and wetting-drying [1], and the inclusion of variable cross-section with
prescribed surge acceleration [1, 5]. The equations, theory, algorithms and outcomes
of this aspect of the project are presented at the website [1].

The second step in the modelling of the PTO is to use the theory of gravity
currents to model the dynamics of the trapped air pocket. The cross-section of the
OWEL WEC in Figure 1 shows the incoming wave hitting the interior upper lid of
the vessel, trapping a bubble of air which is then pushed into the PTO and through
the turbo-generator. The photo in Figure 2 shows an experiment performed by the
engineering team at OWEL, illustrating the trapping of an incoming wave.

The configuration of the trapped moving air bubble is very similar to a classical
air-water gravity current, although the flow direction is the reverse in the OWEL
configuration. A literature review and feasibility study on the adaptation of the the-
ory and experiments on gravity currents to the OWEL configuration has been devel-
oped as part of the project and is available on the web [1]. The current project aims
to model that air-water gravity current. A schematic of air-water gravity current ex-
periments adapted to the OWEL configuration is shown in Figure 3. The ultimate
aim is to use this model to identify the optimal available energy as a function of the
vessel geometry and incoming wave parameters.

In addition to the two key modelling tasks (a)-(b), there is also the required mod-
elling of the incoming wave field, its spectrum, amplitude distribution and direction-
ality. The external wave field is probably best understood. The initial deployment
will be at Wave Hub, a wave farm set up by the government, located 16km off the
north coast of Cornwall. Wave data have been collected since 2005 and are publicly
available, including data on directionality and extreme conditions.
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When in the ocean the OWEL WEC will be moored in water 50-60m deep, and
so an understanding of the dynamics of the mooring configuration, and its input
into the resonance map will be important. The dynamics of the mooring system,
particularly in extreme wave fields, is yet to be fully studied.

Another issue of interest is control and stabilisation of the vessel, which is im-
portant for the efficiency of the PTO. Although complicated active control systems
are easy to design, they are not desirable as robustness and longevity are essen-
tial design considerations. Current research is focused on developing passive sta-
bilisation, where no external input is required. Keels, bottom weights, and passive
free-flooding tanks are under consideration, all of which have been extensively used
in naval architecture for over 100 years. Being passive devices, they are simple to
construct, operate, and maintain. The shape and location will have to be optimised
to minimize the effect on the overall resonance structure of the system. The free-
flooding stabilizer is natural for the OWEL WEC since the “deck” is not used and
can be occupied by the stabiliser without affecting operation.

4 Impact and interaction with industry

The interaction between Offshore Wave Energy Ltd and the University of Surrey
started in 2011 when the engineering team at OWEL contacted Surrey, after seeing
the Surrey sloshing website [3], with the idea that shallow water sloshing in a mov-
ing vessel would provide a good model for the wave motion after entering the vessel
in the OWEL WEC.

At the time, OWEL was using CFD for fully 3D simulations of the interior wave
dynamics in the vessel. However CFD is very time consuming. It was taking be-
tween 3 and 9 days worth of CPU time to get a simple fluid-vessel configuration
to run and, as they have around 60 load cases, it is too long by far. CFD is also a
bit of an unknown in terms of quality, and validating it against physical models had
been tricky and is on-going. OWEL was interested in a more refined mathematical
model built around the shallow water equations for the interior flow. By comparison

Fig. 2 Photo of a model test
carried out by the engineering
team at OWEL [2]. In this
test the vessel is stationary
and the wave enters from the
left. The photo shows the
wave hitting the upper lid
and creating an air pocket.
A pipe is at the upper right
to measure the mass flow
exiting, and the lower right
shows the vertically down
depleted wave exit.
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the Surrey shallow water codes have run times of the order of minutes, and can be
coupled easily to the vessel motion.

The principal impact, going back to the initial interaction, has been that the Sur-
rey team has changed the way OWEL and the engineering team at IT Power Ltd
(a principal shareholder in OWEL) approach the problem of using theory and sim-
ulation to understand the problem. CFD has enormous value, but is insufficient in
this case as a design tool. The approach based on the shallow water equations is
now a firm part of the OWEL R&D strategy. Professor John Kemp, the original
patent holder (patent now owned by OWEL) of the OWEL WEC configuration and
founder member of the company OWEL remarked: “This is just the kind of under-
pinning research that I wish we had when we started the project ten years ago!”

The interaction with industry is facilitated by meetings either at Surrey or at
the IT Power offices in Bristol. The engineering team at OWEL have provided
the Surrey team with a vast amount of (confidential) data, including measurements
and videos, obtained from experiments at HMRC (UCC, Ireland), University of
Southampton wave basin, and the Plymouth University wave basin, and this data is
being used for comparison with the modelling.

The impact on the environment and economy is expected to be significant. Ap-
proximately 35% of the wave energy available to Europe is directed at the UK,
which is therefore well-positioned to lead wave energy extraction research in the re-
gion. A strong combined industry-government-academia initiative is underway and
gathering momentum. As of March 2011 the UK has 3.4MW of installed marine
energy capacity, with an additional 23MW in planning: potentially 2.17GW of ma-
rine energy projects can be in place by 2020. Indeed, it is predicted that marine
energy could ultimately provide 20% of UK electricity consumption. In preparation
the government has supported the design and construction of “Wave Hub” which is
an offshore test bed which WECs can plug into and feed generated electricity di-
rectly into the National Grid. Figure 4 shows an artist’s impression of a connected
set OWEL wave energy converters in the ocean [2].

Fig. 3 Schematic of the grav-
ity current model for the b
OWEL WEC: (a) horizontal

cross section; (b) an early- )
stage advancing air-cavity

front; (c) water displaced by
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posite direction, is reflected,
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latter stage where the air

cavity develops a steady
gravity-current type front.
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Fig. 4 Artist’s impression of an array of OWEL wave energy converters.



