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Abstract
A novel offshore wave powered desalination device is currently being studied at the University of
Edinburgh. The device is based on a modified version of the Edinburgh duck, a wave energy converter that
has been extensively studied since the 1970’s. This paper presents the design methodology applied to the
concept, from the early numerical studies to the current experimental work. A review on the available
similar concepts is also conducted. Details about the desalination process and results from several
development stages are presented. The flexibility of the tests carried out allows the results to be useful also
for the electricity production version.
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Introduction
There is a growing interest in wave energy among not only the scientific community but also the industrial world. The
impact that it might have on the energy market is sufficiently high to attract such audience. Several full scale prototypes are
currently being tested and some companies are even getting their first sales orders. Ocean Power Delivery, developer of the
Pelamis concept, recently sold three units to be deployed offshore Portugal, in what is considered to be the first
demonstration offshore wave farm in the world. R&D has been carried out around the world for more than three decades.
The Wave Power Group at the University of Edinburgh was involved in the ‘early days’ of wave power, developing and
testing the Edinburgh duck concept. Using its cam shaped body, the nodding of the duck about its axis provided useful work
that could be converted into electricity. Several scale models were tested (Figures 1 and 2) and several alternatives for the
power take-off mechanism were studied. The interested reader can find detailed drawings, design considerations and results
in Salter (1974; 1980) and Salter et al. (1976). Generic introductions to wave power technologies can be found in many
references (e.g.: Clément et al., 2002).

Figure 1: Duck model being tested in the narrow tank
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Figure 2: ‘Spine’ model being tested in the wide tank

The duck was no exception in what concerned the traditionally concept of wave energy: conversion to electricity. The UK’s
policies towards wave energy in the mid 1980’s lead the research to other alternatives, and this paper deals with one of
them: the direct use of wave energy for desalination.
By adding the need of fresh water to a renewable energy source, the first attractive feature about wave powered desalination
is to have both the energy resource and the raw material (seawater) in the same site. Davies (2006) presents both a review on
wave powered desalination schemes and an application exercise to some notably dry countries. African countries are
assessed in detail, with the fresh water potential from wave powered desalination being quantified through a mathematical
model. It is clearly pointed out that many others arid regions can be typical examples, like regions of the USA, Western
Australia and Chile, and islands like the Canaries and the Maldives. The reduced number of such coupled schemes is
addressed and the review is concluded with the notion that, due to the predicted increase of the problems surrounding fresh
water supplies, the interest in such systems is likely to grow, either with further development of the current alternatives or
with the emergence of completely new ones.
The first device that used wave energy directly for the production of fresh water from seawater was the Delbuoy, a system
studied and developed at the University of Delaware, USA. The concept introduced by Pleass (1974) is described in detail in
Hicks et al. (1989), where the system’s design, operating principle and sea trials results are presented. The main motivation
was still the same as today’s main goal: such systems are useful to remote areas, with unreliable or even insufficient power
sources or with ones that rely on expensive and polluting ones. Typically the optimal candidates to such technology are
islands or arid costal regions.
The Delbuoy concept involves a buoy, which is subjected to the waves that pass by it, a linear pump and an anchoring
system that interacts with single-pass reverse osmosis membranes to produce fresh water (Figure 3). The basic operating
principle relies on heave for the pumping motion, which induces the pressure rise up to the design specifications of the
reserve osmosis module. The concept is remarkably up-to-date: the Delbuoy was never planned to be a massive device, and
arrays were predicted from the beginning, which nowadays is a well established notion for generic offshore wave energy
converters (preference for deployment of devices in wave farms); the added value of having the energy resource and the
seawater in the same location made it particularly attractive, a fact enhanced by the typical difficulties in the electricity
output that a wave energy converter is subjected to; and finally, the notion that a broad band point absorber would be better
suited to this application than a very efficient, highly tuned wave power device (for specific conditions), in an attempt to
ensure a viable and economically attractive output of fresh water in a variety of sea states.
The system underwent sea trials, conducted by the Department of Marine Science of the University of Puerto Rico, in 1982
and a total of seven full-scale prototypes (1m radius float) were installed at 20 m depth, following the site requirement
assessment that was carried out and predicted the near-shore deployment option as the best suited for test purposes,
culminating nine years of research and development activities at the University of Delaware. The ideal array included six
devices (Figure 5) and the first commercial installations took place in 1989, in the Caribbean (Puerto Rico and Belize).
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Figure 3: The Delbuoy system (Hicks et al., 1989)

a)

b)

c)

Figure 4: a) Desalination unit preparation on dock; b) Lowering the Delbuoy;
c) Desalination unit being checked (Hicks, 2004)
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This location could guarantee a device output from 1100 to 1900 litres of fresh water per day (Hicks, 2004). It is relevant to
point out that the designers had in mind the fundamental issue of survivability. In Figure 3 it is clear that most of the
equipment was kept submerged, ensuring that under extreme conditions the system would not be compromised. A sacrificial
linkage assembly was therefore on the engineering list, and enabled the loss of the floater if the survivability of the
remaining (expensive) components at the sea bed was at risk. It is possible to say that the solution was successful, as the
system withstood two tropical storms at the test site. Again these concerns are still up-to-date, as they can be applied to the
current generation of wave energy devices (e.g.: Danielsson et al., 2005).

Figure 5: Delbuoy array (Hicks et al., 1989)

An economic study of the system was also conducted, comparing the cost of the water produced with the one from
conventional desalination reverse osmosis scheme. It is legitimate to wonder why this system did not achieve a full
commercial status. Dr. Hicks tries to answer some questions, including this one, in a communication to the Horizon
International website (Hicks, 2004), detailing five reasons for this set-back: “the loss of all of the equipment and
infrastructure that was put in place to begin full commercialisation of the Delbuoy in St. Croix when hurricane Hugo
devastated the island and the premature death of Dr. Pless, the inventor of the technology”. Although its future application is
still unknown, the pioneer character and the concept’s usefulness should be looked with respect by generations to come.
In Sharmila et al. (2004) details are given about the commissioning of a rated 10 000 litres per day reverse osmosis
desalination plant coupled with the Vizhinjam demonstration Oscillating Water Column (OWC) plant in Kerala, India
(Figure 6). The distinctive characteristic from both the desalination duck and the Delbuoy approach is the fact that it is the
electricity produced from the waves that is used for the desalination module, thus it is not the actual action of the waves that
drives the desalination process. This is an indirect process, similar to the schemes that involve other renewable energy
sources, with one main advantage when compared to ones that use these other resources, which is the distance to the
seawater. But the option is clearly not as appealing as the complete approaches offered by the Delbuoy and the desalination
duck, that are stand-alone desalination units, independent from the equipment needed for the conversion of wave to
electrical energy. The concept is generically described in Figure 7, where it can be seen the clear distinctive nature between
the desalination and electricity production stages, with all the advantages and disadvantages involved. The system
underwent a series of tests and numerical modelling, and is operating in benefit of the local community.

Figure 6: Wave energy plant at Vizhinjam (Sharmila et al., 2004)
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Figure 7: Wave powered desalination scheme at Vizhinjam (Sharmila et al., 2004)

The Desalination Duck Concept
Another concept based on the use of wave power for desalination was introduced in a 1985 conference in Scotland,
following the work on the wave energy converter known as the Edinburgh duck (Salter, 1985). This paper was recently
extended (Salter, 2005), and a detailed description of the device is presented in this section. The motivation for the
development of such a system is similar to the one of the Delbuoy: the direct use of wave energy to a run a desalination
process in order to avoid the losses of all the intermediate electrical steps that are otherwise necessary. Desalination
emerged within the Wave Power Group of the University of Edinburgh as a way of overturning the 1980’s UK Department
of Energy demand of a single 2 GW wave energy plant, offering an alternative end product and helping to direct the
research to smaller units, an approach that is now proven to be more realistic. Early research lead to a PhD thesis (Crerar,
1990) linked with experimental and mathematical modelling allowed measurements of pressures, temperatures and
condensation and evaporation rates on a compressor system which simulated the inside of a desalination duck (Crerar and
Pritchard, 1991).
In Figure 8 some drawings of the proposed desalination duck are presented. Desalination processes are identified by one of
three keywords: thermal, physical or chemical. This duck version uses a technology based on a thermal one, called Vapour
Compression, whose basic principle is schematically displayed in Figure 9. Evaporation is driven in a low pressure
operation environment, and the required heat for the evaporation is obtained by compression of the vapour, either
mechanically (MVC – Mechanical Vapour Compression) or thermally through a steam exchanger (TVC – Thermal Vapour
Compression). MVC systems usually have one single stage, a factor that can be used for design considerations. In these
systems hot brine is introduced from a top section and follows a vertical path. By means of a compressor the pressure on the
brine side is reduced, leading to the evaporation of some of the brine. The vapour is then reintroduced at a higher pressure
and temperature in the upper section, which on its turn leads to condensation (on the slightly cooler surfaces) and gives also
the latent heat necessary to additional brine evaporation. The condensate can be removed and the excess brine reprocessed.
Instead of the traditional alternative in vapour compression desalination systems, where a turbo-compressor is used, the
pumping action needed could be provided by the motion of a partially filled with water duck shaped body. The inner water
is not only an inertial referential but also a double-acting piston. This is the major conceptual difference between such a
system a common vapour compression one. Other relevant components of this particular device include the loop pumps and
the heat exchanger. The first ones are responsible for both the pumping of all the working fluids and of the product ashore. It
is based on the principle that pressure is induced in a flow around a coiled pipe subjected to alternating angular accelerations
in the same way as a column of fluid in a vertical tube induces pressure at the bottom. The use of several loops ensures the
required capacity, as each 360 degree loop is expected to produce a pressure of 30 kPa.
Comparing both versions, the electricity production and the desalination one, the major difference is in the power take-off
system that would be included if the device was to produce electricity. It is replaced by a steam heat exchanger that divides
the compression and suction inner chambers. The basic design motivation of this specific heat exchanger, developed by Dr.
Maxwell Davidson also from the University of Edinburgh, is to ensure very large heat transfer areas at a cost similar to the
one of the building material. The working principle is the already mentioned vapour compression principle.
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Figure 8: Sections of a proposed 12 m diameter desalination Duck version (Salter, 2005)

Figure 9: Basic principle of vapour compression (Salter, 1985)

The assumptions taken for the modelling of such a system are described in the next section. Given the nature of this work
the power take-off is modelled in the same way as a standard wave energy device, introducing an obstacle that induces a
linear pressure drop with regard to the flow rate in the inner chamber. The assumption remains valid for the desalination
version, as the pressure difference vs. flow rate between the compression/suction chambers follows a Lissajous figure
centred at the origin. This generic character gives the model the ability of describing the conventional and the desalination
versions of the duck.

OWEMES 2006 – Civitavecchia (Rome), April 20-22, 2006

Design Methodology
The modelling exercises focused on hydrodynamic considerations. The first step involved numerical modelling, and it is
possible to divide it into three main parts: comparisons with previous results for a duck shaped body, investigation of
numerical convergence issues and the modelling of different configurations of a circular cylinder shape. Experimental work
will now follow, allowing valuable comparisons. Additional numerical simulations will be necessary, as the model has been
redefined and the power take-off’s design slightly modified.
The use of a circular shape, pitching around an off centred axis allows a significant decrease of the manufacturing cost of
the device, when compared to a duck shaped one. Quantifying the effects of this shape change was judged to be
fundamental, particularly in terms of possible capture width loss. This was the main motivation for the early numerical
effort.
First order hydrodynamics calculations were performed using the boundary element method (BEM) package WAMIT, a tool
that has been widely used in the field of offshore engineering including the modelling of several wave energy devices (e.g.:
Delauré and Lewis, 2003). The outputs of these BEM codes, namely the hydrodynamic coefficients, the wave exciting force
and the response amplitude operator, which gives the solution of the equations of motion, can be taken as the first step in
marine or naval engineering related studies. To validate the methodology, a first set of results are benchmarked against
previously obtained experimental and numerical data (Skyner, 1987; Pizer, 1994).

Application to the Duck Geometry
Previous experimental work carried out at the University of Edinburgh involved the testing of a solo duck wave energy
converter (Skyner, 1987). This was partially conducted in a narrow tank using an in-house built rig which allowed and
measured the motion of the model in pitch, heave and surge. This narrow tank was 9.15 m long, 0.305 m wide and the water
depth was 0.6 m. The tested model was made out of sealed expanded polystyrene with additional ballast weights, having
290 mm of width and a cross sectional diameter from 100 to 180 mm.
It was possible to acquire the forces and velocities of the pitch, heave and surge coordinate system. Several relevant
hydrodynamic parameters could then be obtained, such as the nine terms of the complex radiation impedance matrix, from a
set of three linearly independent experiments in the absence of incident waves.
Numerical predictons based on a linear wave theory in-house code were performed, namely with regard to the wave
excitation forces and to the radiation impedance matrix (Pizer, 1994). The new WAMIT predictions were compared not only
with experimental data but also with numerical results obtained from this code (yet based on the same theory).
The geometry input to WAMIT is defined using the CAD package MultiSurf. The geometry definition involves generating a
suitable mesh. Following both the WAMIT manual and previous work (Payne, 2005) the final meshing selection was
limited to two types of meshes and a ‘spider web’ layout was the ultimate choice (Figure 10).

Figure 10: Example of a numerical mesh used for a duck geometry (Cruz and Payne, 2006)
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Figure 11 shows an example of the comparisons that were made with previously obtained results. Z11, a term of the radiation
impedance matrix (surge force, surge velocity), is plotted. The similarities between the two numerical results were expected,
given that both codes have the same underlining theory (linear wave theory). The apparent shift in the frequency for which
the peak value occurs is partially related to inaccuracies in the body mass properties data input to the numerical models. The
experimental curve also exhibits a ‘ripple noise’ phenomenon not reproduced by the numerical predictions, caused by wave
reflection from the tank boundaries.

Z11 (Nm-1s)

The work on the duck shape was also focused on the optimisation of the numerical grid. Particular care was given to
convergence issues and to the computational time. The major conclusions were then extrapolated to a different geometry.
Full details are given in Cruz and Payne (2006).
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Figure 11: Example of comparisons for the real part of the radiation impedance matrix (Cruz and Payne, 2006)

Application to a Circular Cylinder
One of the elements that made the duck shape both hard and expensive to build was the front beak. If a given shape could
provide the same hydrodynamic properties, namely the ability to absorb the surrounding wave field, and simultaneously be
easier to manufacture, a relevant design breakthrough would be achieved. A circular cylinder, standard shape in the offshore
industry, emerged as a natural candidate. The layout is the same as for the conventional Edinburgh duck (terminator, i.e.:
facing the incoming waves). Wave energy can be converted into useful work by the same pitching motion, by allowing the
cylinder to rotate about an axis with a certain offset with regard to its own axis.
The design methodology for the model was driven by one word: versatility. Under the assumptions taken, both the
electricity production and the desalination versions can be studied by the same model. The power take-off mechanism of a
wave energy converter can be simulated using materials that have a similar characteristic when compared to the actual
power take-off system. Frequently this characteristic reflects a linear pressure / flow rate relationship. Carpets and other
porous materials have been used to induce such a pressure drop (e.g.: Lewis et al., 2003). Adding to that, a Mathcad
simulation of the intire desalination concept suggests that the pressure across the vertical dividing wall of the cylinder will
be proportional to the angular velocity, resulting in the ideal linear damping.
By applying WAMIT the influence of the submergence ratio and the position of the axis of rotation are studied. 20
configurations were initially considered (see Figure 13). For each configuration a value of the submergence depth (h) is
associated, to which a value of submerged volume can be linked (62.5% and 75% of the outer volume in this study). All the
geometrical inputs are those of the 1:40 experimental model currently being built. The water depth is set equal to 1.2 m, the
value that can be found at the Edinburgh curved tank. Future numerical work could be focused in alternative length /
diameter ratios, or even different geometries, although the next step is clearly the refinement of the available predictions and
a revision of the assumptions, once the experimental model is completed.
By monitoring the hydrodynamic coefficients, the wave exciting force and the response amplitude operator (nondimensional solutions of the equations of motion) for all the mentioned configurations, the hydrodynamic behaviour of the
device is assessed. Apart from the versatile character, the major driving force was the recognition that the proved
hydrodynamic abilities of the duck shape might be obtained by a simpler shape, one easier to build and considerable
cheaper. The use of circular cylinders in the offshore industry is currently standard. Such a shape was considered given its
simplicity, and the results were encouraging. Figure 14 shows the relative capture width as function of the full-scale incident
wave period. The relative capture width is a measure of the efficiency that a given shape has to absorb the incoming wave
power. Values above one are not unusual, as the so called point absorber effect might be present for some wave periods
(resonance conditions).
In Figure 14 results from a medium beak Duck shape are compared with three different configurations for the cylindrical
geometry. The indication in the figure is related to the proximity of the rotation axis to the cylinders on axis (Figure 13).
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The key findings were:
1.

It is possible to find a position for the rotational axis for which the capture width is very similar to the one of a duck
shaped body;

2.

The dimension of the device can be suited to a specific site (horizontal shift in the position of the peak value);

3.

As the submerged volume increases and the axis of rotation is deviated from the circular cylinder’s own axis, the period
bandwidth over which the relative capture exceeds a certain value (e.g.: 60%) becomes broader. Future work will be
focused on widening this bandwidth.

Figure 12: Example of a spider web mesh applied for the cylindrical shape
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Design of the Experimental Model
To validate the numerical predictions a 1:40 scale model is currently being built at the University of Edinburgh. Two rounds
of tests are planned: firstly the power take-off simulator is not included, and the study is therefore directed only at the
analysis of the floating body, slack and then tight moored; secondly, the power take-off simulator, suited for both versions
(electricity / desalination), is included. The first study should provide benchmark results to the early numerical predictions,
by quantifying the response of the body to regular waves. The motion of the body is measured using the Qualisys motion
capture system, by placing reflective spheres in the model that can be identified by the two infrared cameras. In the second
round of tests the power take-off simulator is included, and the pressure difference between the two inner chambers is
measured using a differential (very) low pressure transducer. Direct comparisons with WAMIT predictions will be possible,
namely with regard to the solution of the equations of motion (given in WAMIT as the response amplitude operator, RAO).
The design of the model was completed recently, by adjusting the specifications to in-stock materials. An acrylic cylindrical
shell is used for as the inner circular cylinder. The same material is use for the two end plates that close the shell. Closed cell
cross-linked ethylene copolymer foam is rapped around the cylinder, ensuring that the buoyancy ratio can be controlled by
adding ballast weights (stainless steel rods) through the bottom section of the end plates. The same procedure was employed
in the test programme of the original Edinburgh duck (e.g.: Salter, 1976). The remaining major components are either of
stainless steel or aluminium, and they allow the connection to the tank by means of solid steel rods. All of them were
manufactured at the Wave Power Group Workshop at the University of Edinburgh.
Figure 15 presents a side view drawing of the experimental model. The inclined rectangular bar, fixed to the end plate by
four screws, holds the tension leg that connects the model to the wave tank’s bottom. The keyword underlining this whole
study, versatility, is clear when the number of available positions to fasten the tension leg is observed. The top positions
might prove interesting, particularly if higher percentages of submerged volume are tested.

M

6

The vertical section dividing the two chambers houses the power take-off simulator, where calibrated open cell foam
induces the already mentioned linear pressure drop between the two chambers. The ballast rods are placed through the nine
holes in the bottom section. The testing programme therefore includes several fixing positions (several positions for the
offset axis), each for several submerged volumes. Survival conditions and the response to extreme waves can also be
assessed with this model. After the hydrodynamic modelling, future work can be focused on the loop pumps, the heat
exchanger and several other components.

Figure 15: Side view drawing of the experimental model
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Figure 16: End plates being made in the workshop

Conclusions
A novel wave energy converter concept, based on the Edinburgh duck, is currently being investigated at the University of
Edinburgh. Under the assumptions taken, the numerical / experimental simulations are applicable to two different versions
of the concept: one linked with the traditional option with regard to wave energy converters (electricity production) and the
other one associated with seawater desalination. In this paper the desalination concept was introduced, and simultaneously a
review exercise on similar projects was conducted. Early numerical results were presented. The key finding shows that a
circular cylinder, allowed to rotate about an offset axis, can behave in a similar manner to the previously investigated duck
(cam) shape, particularly in terms of its ability to absorb the incoming waves. Manufacturing costs are therefore expected to
considerably decrease. The complete design methodology was described. It involves early numerical (duck geometry),
numerical work applied to the cylinder in order to decide the way forward, experimental work, new numerical predictions
compare with the experimental results and refinement of the experimental setup with generic power take-off to allow
modelling of both versions (electricity / desalination). A description of the method employed to the making of the
experimental model was also given. Future publications will provide the benchmark results necessary to validate all the
numerical work.
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Figure 17: Front view drawing of the experimental model

