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Abstract: This paper presents recent numerical studies conducted at The University of
Edinburgh related to a modified version of the Edinburgh duck wave energy converter. Its
purpose is seawater desalination rather than electricity production, but under the assumptions
taken the results can be applied to both versions. From the design point of view, the key
innovation is the change of the shape of the device. Wave energy can be converted into useful
work by the same pitching motion by means of a circular cylinder with an offset axis of rotation
without the front beak, allowing significant cost reduction. The results to be presented were
obtained using the Boundary Element Method (BEM) package WAMIT, based on linear wave
theory. The hydrodynamic behaviour of the device is assessed, allowing comparisons with
experimental work on a 1 : 33 scale model. Full-scale figures are also presented. The influences
of both the position of the axis of rotation and the submergence ratio are evaluated. A total of
ten different configurations, each for two different submergence ratios, are analyzed. Focus
is given to the hydrodynamic coefficients, the wave exciting force, the response amplitude
operator (body motions), and the relative capture width.

Keywords: wave power; wave energy; desalination; numerical modelling; boundary element
method; tank testing

1 INTRODUCTION desalination schemes. The concepts can use directly
wave power to drive the desalination process or
use the electricity produced from the waves to runWave energy devices are usually associated with
a desalination plant (e.g., in Sharmila et al. [4],direct conversion from wave to electrical energy.
the coupling between an oscillating water columnThe global resource is of the same order of magnitude
plant and a reverse osmosis scheme is presented). Anas the world’s consumption of electrical energy
application exercise to some notably dry countries(Isaacs and Seymour [1]; Clément et al. [2]), which
was also conducted in Davies [3]. Emphasis wasmakes it one of the most promising and attractive
given to African countries with the fresh waterforms of renewable energy. Several devices and
potential from wave-powered desalination beingschemes are nowadays on a pre-commercial stage,
quantified through a simple mathematical model. Itin a clear sign that wave energy is being seriously
is clearly pointed out that many others arid regionsconsidered not only by the scientific community but
can be ideal candidates, like regions of the USA,also by the industrial world. By adding the need of
Western Australia and Chile, and islands like thefresh water, the first attractive feature about wave-
Canaries and the Maldives. The reduced number ofpowered desalination is to have both the energy
such coupled schemes is addressed and the reviewresource and the raw material (seawater) in the same
is concluded with the notion that due to the pre-site. Davies [3] presents a review on wave-powered
dicted increase of the problems surrounding fresh
water supplies, the interest in such systems is likely
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The first device that used wave energy directly for The Wave Power Group of The University of
Edinburgh has been actively studying an offshorethe production of fresh water from seawater was the

Delbuoy, a system studied and developed at the wave energy converter, the Edinburgh Duck, since the
mid-1970s. In 1985, an alternative concept, involvingUniversity of Delaware, USA. The concept introduced

by Pleass [5] is described in detail in Hicks et al. [6], seawater desalination rather than electricity pro-
duction, also emerged. A complete description of thewhere the system’s design, operating principle and

sea trials results are presented, among other variables. device can be found in Salter [9], and is beyond
the scope of this paper. A brief summary, based onThe main motivation was the same as today’s main

goal: such systems are useful to remote areas with Fig. 1, is presented. The desalination duck uses the
vapour compression principle to extract the salt fromunreliable or even insufficient power sources or,

more commonly, expensive and polluting ones. seawater, a thermal method. This uses the partial
evaporation of the feed falling downwards on aTypically, the optimal candidates to such technology

are islands or arid costal regions exposed to large sheet of heat transfer surface due to the reduction
of pressure induced by the action of a pump.oceans. The desalination technology used with this

device was reverse osmosis, a physical process. Evaporation cools the surface while compression
warms the vapour. The pressurised output is then fedChemical- and thermal-based processes are also

viable options (Porteous [7]; Miller [8]). Thermal to the other side of the cooled surface, which allows
condensation to occur and recycle latent heat forprocesses can ensure a quality output even if the

seawater is polluted. further evaporation. Instead of the turbo-compressor

Fig. 1 A cross-section of the vapour-compression system. The duck hull is half full of water,
which acts like a double-acting steam pump of enormous displacement, but needing no
accurate machined parts or sliding fits. All internal circulation and the pumping to shore
is done with loop pumps.
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131Numerical and experimental modelling of a modified Edinburgh Duck

used in most vapour compression desalination converter is virtually the same, given that the
assumptions usually taken for the power take-offsystems, the pumping action is provided by the
system are equivalent (linear models).water motion in a partially filled (with water) duck

The first set of numerical results tries to evaluatebody rather than with high-speed compressors.
the influence of both the position of the axis ofThe pressure across the vertical dividing wall of the
rotation and the submergence ratio. These para-duck will be proportional to the angular velocity and
meters are expected to highly influence the results,so gives the ideal linear damping. The inner water is
as the ability to radiate waves is strongly linked withnot only an inertial referential but also a double-
the ability to absorb them. An example of a geometryacting piston (see the ‘Compression’ and ‘Suction’
definition file is given in Fig. 2. In this approximation,chambers in Fig. 1). This is the major conceptual
just the cylinder and the inner water were con-difference between such a system and the common
sidered. The influence of the legs, which connectvapour compression one. Other relevant components
the device to the seabed, was included by the use ofof this particular device include the loop pumps,
an external stiffness matrix. By examining a total ofresponsible for both the pumping of all the working
ten different configurations, each for two differentfluids and of the product ashore, and the heat
submergence ratios, a detailed characterization ofexchanger, which warms the feed with heat from the
the relevant hydrodynamic parameters is performed,outflows. As for the electricity production version, it
and comparisons between the cases studied areis mainly the pitching (also referred to as nodding)
made, namely with regard to the hydrodynamicmotion of the duck about an axis that will produce
coefficients, the wave exciting force and the responseuseful work.
amplitude operator (RAO), which physically corre-This paper is intended to contribute to the basic
sponds to the solutions of the equations of motion.modelling of such a system, acting as the starting
With these three parameters, the ability to radiate/point of the testing programme that will allow
absorb waves, the forces exerted on the body and itsvaluable comparisons. The Boundary Element Method
response to incoming waves is characterized.(BEM) package WAMIT, a reference linear wave

The basic geometric inputs were taken fromtheory code in the offshore industry, is used for the
the physical model, like its internal diameternumerical simulations. The study aims to assess the
(D

int
=0.315 m) and its width (L=0.64 m). The L/Dhydrodynamic behaviour of the device, allowing

ratio was not changed throughout the study, as it iscomparisons with experimental work on a 1 : 33
the one for both the scale model and for the expected

scale model. The results are also applicable to the
full-scale equivalent. The 1 : 33 scale model under-

electricity production version, a feature that enhances
went a first round of experiments and is still being

the generic character of the work.
tested in the Edinburgh curved tank. The mass
properties were derived in a 3D CAD environment.
The influence of three key parameters was then
studied (Fig. 3). The angle a and the distance d define

2 PRELIMINARY DESIGN CONSIDERATIONS the position of the axis of rotation, and the distance

The cam shape gave the Edinburgh Duck wave
energy converter high energy capture properties, but
it was not the easiest of shapes to build. The main
motivation of this study was the investigation of
an alternative shape that kept the energy capture
levels high enough to be attractive. Therefore, the
first design consideration involved the change of
the shape of the device, visible in Fig. 1. Instead of a
cam-shaped system, this study uses a circular section
with an offset axis of rotation. As a first approxi-
mation, the circular cylinder is half-filled with water
to make a double-acting, positive-displacement
pump, necessary to drive the vapour compression
system. Another relevant aspect to be pointed out
is the fact that, numerically speaking, modelling Fig. 2 Example of a numerical mesh (volume

submerged=75 per cent)the desalination or the conventional wave energy
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Fig. 3 Key parameters that define the configurations studied

between the mean outer and inner undisturbed free being panels, which are flat in the parametric space
but curved in the physical one. By being curved theysurface, h, defines the percentage of the cylinder

that is submerged, a key factor at this stage of allow a more accurate definition of the problem.
These variables are fully controlled in MultiSurf, adevelopment.

The first configurations studied are summarized 3D CAD package that interacts with WAMIT. Further
details on panel methods and B-splines can be foundin Table 1. Two cases were considered, for different

submerged volumes: 62.5 per cent and 75 per cent in Maniar [11] and Lee et al. [12].
of the outer volume, respectively. The calculations
were carried out in WAMIT, a reference commercial
code based on linear wave theory. A review on the 3 NUMERICAL RESULTS
boundary element (or panel) method is presented in
Newman [10]. Being based on potential flow theory, The solutions for the hydrodynamic coefficients, the
viscous effects, like shear stresses and flow separation, wave exciting force and the response amplitude
are not considered. The sea bed is assumed to be operator were calculated for all the configurations,
flat and the amplitudes of motion small when com- setting the panel size parameter, an input of WAMIT
pared to the wavelength. Both the free surface and used for subdivision of patches when refining
the boundary conditions are linearized. The high- the mesh, equal to 0.03, following a convergence
order panel method option, which uses B-splines study that was performed. This physically means that
to describe both the geometry and the velocity the characteristic length of each patch is always
potential, was used. Basically, a body is divided into equal or smaller than 0.03 times the length scale.
patches, and on each patch a parametric co-ordinate More detailed information on numerical sensitivity/
system is defined. The relation with the Cartesian co- verification procedures on specific convergence issues
ordinates is then established by mapping functions. can be found in Eça and Hoekstra [13, 14] and
Still in the parametric space, each patch is sub- Roache [15, 16]. This specific convergence study was
divided in a rectangular mesh, with the outcome partially presented in Cruz and Payne [17]. The high-

order method was used, and quadratic B-splines
were applied to discretize both the geometry and theTable 1 Summary of the configurations
velocity potential. Hence at this stage it is particularlystudied
relevant to evaluate, for the same submergence

Configuration a(°) d depth, the results for all the configurations and vice
versa (for the same configuration, compare the1 a 45 D/16

b D/8 results for all the submergence depths studied).
c 3D/16
d D/4

3.1 Hydrodynamic coefficients2 a 15 D/8
b 3D/16
c D/4 Figures 4 and 5 show examples of the non-

dimensional hydrodynamic coefficients (volume3 a 60 D/16
b D/8 submerged=62.5 per cent). a

ij
and b

ij
are the non-

c 3D/16
dimensional added mass and damping coefficients
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Fig. 4 Added mass coefficients (vol. sub.=62.5 per cent). 1 – surge; 3 – heave; 5 – pitch; see
also Table 1

and the indexes 1, 3 and 5 refer to surge, heave and The dimensional equivalent, A
ij

and B
ij

, obeys
pitch, respectively (note that the study was focused in
these three degrees of freedom, given the assumptions A

ij
−

i

v
B
ij
=r PP

S
b

qQ
i
qn
Q
j
dS (1)

of both the numerical and the experimental layout).
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Fig. 5 Added damping coefficients (vol. sub.=62.5 per cent). 1 – surge; 3 – heave; 5 – pitch; see
also Table 1

where Q
i

(or Q
j
) is the velocity potential associated and

with the modes of motion, qQ
i
/qn the normal

derivative of Q
i

and S
b

is the wetted surface. b
ij
=

B
ij

rLkv
(3)

Their non-dimensional form is reached following

where r=1002 kgm−3 is the water density and va
ij
=

A
ij
rLk

(2)
is the incident wave angular frequency. Lk is the
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length scale, an input of WAMIT, defined as 1 m, with equations of motion, as it is clear in equation (6)
k=3 for i, j=1, 2, 3, k=4 for i=1, 2, 3, j=4, 5, 6 or
i=4, 5, 6, j=1, 2, 3 and k=5 for i, j=4, 5, 6. Note j:

i
=
j
i

A/Ln
(6)

the indexes 1 to 6 refer to surge, sway, heave, roll,
pitch and yaw, respectively. where n=0 for i=1, 2, 3 and n=1 for i=4, 5, 6. The

The differences between the results from all complex amplitude of the body motions are derived
the configurations are negligible for some terms from the linear system
(a

11
, a

33
, b

11
, b

33
). Note that b

13
=b

31
=0, since a surge

force does not induce heave velocity (and vice versa).
∑
6

j=1
[−v2(M

ij
+ME

ij
+A
ij

)+ iv(B
ij
+BE
ij

)The differences are clear in any term involving pitch,
as Figs 4 and 5 try to demonstrate (for the same

+(C
ij
+CE
ij

)]j
j
=X
isubmerged volume). This is particularly relevant

given that pitch is the motion directly associated with that follows Newton’s law, where ME
ij

, BE
ij

and CE
ij

are
the wave energy conversion, so the influence of each the external mass, damping and stiffness matrices,
configuration will be clear when plotting the relative respectively. The position of the rotation axis clearly
capture width of the device. influences the resonance peak, both in position and

amplitude (Fig. 8). This would ideally lead to the
active control of the configuration in a full-scale

3.2 Wave exciting force and body motions
application, allowing the selection of the best energy

Figures 6 and 7 present the non-dimensional wave capture/desired amplitude of motion ratio.
exciting force (X9

i
), calculated through the Haskind

relation, which links the damping coefficients and 3.3 Mooring setup
the exciting forces. The exciting force (X

i
) is then

To better understand the effect of the mooringgiven by
arrangement, some key findings are summarized,
starting with considerations on the added damping

X
i
=−ivr PP

S
b

AQ0 qQiqn−Qi qQ0qn B dS (4) coefficients (Fig. 5). The cross-terms b
15

and b
55

increase as d increases (for the same value of a), with
the lowest values being reached for a=15°. Thuswhere Q

0
is the velocity potential associated with

b
15

and b
55

reach a maximum when the distancethe incident wave and Q
i

is the velocity potential
between the axis of rotation and the axis of the outerassociated with the modes of motion.
cylinder is also maximum. The opposite occursThe non-dimensional form is equal to
for b

35
. This behaviour is similar to the one displayed

by the added mass coefficients, a
ij

(Fig. 4).
X9 i=

X
i

rgALm
(5) The exciting force components in surge and heave

are virtually unaffected when the position of the axis
of rotation is changed. The one in pitch increaseswhere A is the incident wave amplitude, m=2 for

i=1, 2, 3 and m=3 for i=4, 5, 6. as d and a increase, similarly to what occurs for
the hydrodynamic coefficients. The influence of theAs Fig. 6 suggests, there are no significant differ-

ences when the position of the rotation axis is submerged volume is also clear (Figs 6 and 7).
With regard to the response amplitude operator, itchanged (in surge and heave). However, the change

of the submerged volume as a significant influence. was expected from the start that the amplitude of
the resonance peaks predict by WAMIT would beThis not the case for pitch (Fig. 7), where both para-

meters influence the wave exciting force. As expected, much higher than the experimentally calculated
(see Section 4). Being based on linear theory, viscousknowing the behaviour of the damping coefficient

(b
ij

), configuration ‘3 c’ (75 per cent) shows the high- damping is neglected throughout the numerical
simulations, resulting in such discrepancies. Theest values. Finally, comparisons with the results using

the direct integration of the hydrodynamic pressure, influence of such assumption was assessed in
Delauré and Lewis [18], and in Payne [19]. Recall thatin alternative to the Haskind relation, show no

significant discrepancies. as pointed out by Newman [20] (although for a 2D
axissymetric body), the resonant response occurs atFigure 8 presents the response amplitude operator,

also known as RAO or j:
i
, for selected modes, for the natural frequency where the contributions from

mass and restoring forces cancel each other. Thea slack moored arrangement. Physically, the RAO
corresponds to the non-dimensional solution of the typical large amplitude and phase shift can even
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Fig. 6 Exciting force: surge (top) and heave (bottom)

be intentionally introduced, given the nature of the ments carried out in the Edinburgh curved tank
(Section 4). Several possibilities can be considered:response: inversely proportional to the damping

coefficient, that in turn is directly linked with the using the version 6.03 of WAMIT, the inner water was
modelled as a mass. This is equivalent to neglectingexciting force. Thus, a body with small exciting forces

will suffer a large resonant response in a highly tuned the inner free surface effects, something that could
be overcome if a later version was used. A two-bodyway, undesirable for wide band operations.

To obtain more realistic solutions of the equation approach (cylindrical body and legs) could also be
performed, but boundary element codes tend to pro-of motion given by WAMIT in the response ampli-

tude operator, another set of numerical calculations duce unrealistic results if very narrow structures are
introduced in the flow. Thus, the alternative chosenwas carried out, allowing comparisons with experi-
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Fig. 7 Exciting force: pitch (vol. sub.=62.5 per cent – top; comparisons – bottom)

was to add the influence of the leg with an external (x∞, z∞). The stiffness matrix is given in the (x, z)
reference frame bystiffness matrix. Basically, the cylindrical body is not

allowed to move in a direction along the leg axis
(Fig. 9). This was implemented numerically by
adding a very high stiffness value in the direction CE=C s

z∞
sin2 h 0 −s

z∞
sin h cos h

0 0 0

−s
z∞

sin h cos h 0 s
z∞

cos2 h D (7)
that makes an angle h with the vertical direction (z∞),
using a transformation matrix between the (x, z)
co-ordinate system and an inclined reference frame where s

z∞
=106 Nm−1.
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Fig. 8 RAO (vol. sub.=62.5 per cent): surge (top) and pitch (bottom)

The stiffness value is assumed to be high enough cation of linear wave theory. Hence, another variable
was introduced, and the influence of h was alsowhen the modulus of the response amplitude operator

in z∞ is less than 10−4 m for all frequencies. The power quantified. The experimental setup should be such
that the undisturbed position of the model gives thetake-off system can also be simulated by adding

an external damping matrix, following the same desired value of h. This can be achieved by con-
veniently modelling the ends of the device and theprocedure. These results are conditioned to small

oscillations around the angle that the leg makes with links to the leg. In the past, this was accomplished
for ducks by ballasting the ends. In this case, and ifthe z direction (h), a direct consequence of the appli-

JEME53 © IMechE 2006Proc. IMechE Vol. 220 Part M: J. Engineering for the Maritime Environment



139Numerical and experimental modelling of a modified Edinburgh Duck

Fig. 9 Geometrical constrains of the layout

necessary, buoyancy can be increased by adding an coat of insulation, resulting in an external diameter
of 12 m).insulation layer to the cylinder, guaranteeing that the

It could be convenient to study a configurationsubmerged volume is the same that was taken into
where the radiation impedance matrix cross termsaccount for the numerical predictions.
are sufficiently small to allow the assumption ofFigure 10 shows the response amplitude operator
partial decomposition of the problem in the threein the (x, z) coordinate system for configuration
modes of motion for future power take-off consider-‘3 c’ with 75 per cent of the volume submerged, for
ations, especially with respect to the pitch motion.selected modes of motion. By including the effect of
However, one should keep in mind that if they arethe leg, the motion of the device with respect to the
null so is b

55
, an undesirable situation, as this is theseabed follows a circular path. Several values of h

case where the pitch motion cannot absorb anywere also investigated. The influence of the leg is
energy. It is also recommendable to study the con-clear in terms of diminishing the magnitude of the
figurations in which the full-scale B

55
reaches valuespeak and shifting it in frequency. The final value of

that can be derived for the analogous dampingh was conditioned by the experimental layout, and
coefficient linked with the heat exchanger, allowingis roughly equal to 50° (see Section 4).
more accurate comparisons. The full-scale B

55
figures

can also be compared with the single value damping3.4 Full-scale figures
coefficient, which would be introduced in a real

The dynamic similarity between models and proto- controller unit, of a full-scale medium beak duck
types has been a major concern within the Wave (3.15×107 Nms) and with the approximate slope of
Power Group since the very first stage. The fourth- a line on a Lissajous plot that relates the torque
year report of the Edinburgh Wave Power project exerted and the angular velocity of the device in
(Jeffrey et al., [21]) provides a list of indexes of scale pitch, following Salter [9] (which gives a full-scale
that can be used to obtain full-scale figures from damping coefficient of 4~4.5×107 Nms).
model data, following the conventional Froude The submergence depth is another key factor.
scaling approach. For instance, if the aim is to scale Throughout this study, this variable is expressed as
the damping coefficient related to the pitch torque function of the volume submerged. Its influence can
and to the pitch velocity, B

55
, the index of scale will be seen in Fig. 11, where two submerged volumes are

be equal to 4.5. The relation between model and tested: 62.5 and 75 per cent, which correspond to
prototype then follows h=0.060 m and h=0.111 m, respectively. Figure 11

presents full-scale figures, both for B
55

and for the
B
55
|prototype=s f 4.5

Lprototype
s f Lmodel

B
55
|model (8) incident wave period axis. By comparing the three

configurations that give the lower, middle and higher
with the scale factor (s f ) being given by damping coefficient, it is clear that by increasing the

submerged volume a significant increase in B
55

is
s f=

(D+2t
ins

)prototype
Dmodel

(9) obtained, as discovered in tank tests on the duck. For
example, in configuration ‘3 c’, the ratio between

Recall that D is the diameter, L the width and t
ins

the the peak solutions is approximately equal to
outer insulation thickness. Using the data from a 1.85. The most important feature is this ability to
tentative full-scale desalination prototype, a 1 : 33 adjust the value by simply changing the position of
relation is obtained for the model (in order to pull the offset axis of rotation, within a range of com-
a vacuum on cold water, the full-scale internal parable values to those previously obtained for duck

geometries.diameter would be equal to 10 m plus a 1-m thick
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Fig. 10 RAO (‘3 c’, 75 per cent): heave (top) and pitch (bottom)

3.5 Relative capture width assumptions were taken: when considering an
external power take-off (BE

ij
), it has been proven,

Preliminary considerations about the relative capture simultaneously by Evans [22], Newman [20] and
width, a measure of the devices ability to absorb Budal and Falnes [23], that the maximum power

absorption for a single degree of freedom (direction i)wave energy, were also made. Some additional
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Fig. 11 Full-scale B
55

figures for different submerged volumes

device is equal to for the duck geometry with those related to circular
cylinder shape, the scale factor for the duck results
was set equal to 100, following Skyner [25]. This leadsPmax=

|X
i
|2

8B
i

(10)
to a full-scale stern diameter of 10 metres, similar to
the one obtained from the model cylinder (1 : 33).reached when BE

i
=Z*

i
, where Z

ij
is the radiation

One should not forget, with regard to Fig. 12, thatimpedance matrix and ‘1’ denotes the complex con-
changing the scale will just shift the horizontaljugate. If an additional constrain dictates that the
axis, allowing the tuning of the device for specificdamping coefficient of the power take-off system is
frequency bandwidths. No attempt was made ina real number, P

max
is then given by

order to have the relative capture width resonance
peaks located at the same period for both the duckPmax=

|X
i
|2

4(B
i
+|Z

i
|)

(11)
and the cylinder. The results are encouraging, a
conclusion that can be taken from Fig. 12 whenwhich occurs when BE

i
=|Z

i
| (Evans and Linton [24]).

the duck results are compared with the ones fromThe relative capture width is then obtained by
configuration ‘3 c’ with 75 per cent of the volumedividing P

max
by the power contained on a wave front

submerged. As the submerged volume increaseswith the width of the device. Realizing that this result
and the axis of rotation is deviated from the circulardoes not depend on the response amplitude operator
cylinder’s own axis, the period bandwidth overand using a single degree of freedom approximation,
which the relative capture exceeds a certain valuea preliminary calculation on the pitch relative capture
(e.g., 60 per cent) becomes broader. This is naturallywidth was conducted. Comparisons can be made
physically constrained by the outer dimensions of thewith results from Skyner [25] and Pizer [26]. There
body. Hence, the expected loss in terms of captureare two key questions that need to be assessed. One
width is greatly minimized by the correct positioningis how big is the loss in terms of capture width, by
of the offset axis of rotation. The results are parti-going from the duck shape to the circular cylinder
cularly encouraging when it is understood thatone. The second question is how easy it is to adjust
both the hydrodynamic damping proprieties and thethe hydrodynamic damping in such a system.
relative capture width are extremely dependent onFigure 12 shows the relative capture width for
the configuration chosen, thus the position of theselected configurations as function of the full-scale

incident wave period. In order to compare results offset axis of rotation can be chosen to match the
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Fig. 12 Relative capture width vs. full-scale incident wave period

desired requirements. With the new experimental with closed cell foam (r=30 kgm−3), which allows
the control of the submerged volume by adding steellayout (that includes a model insulation layer in

the form of closed cell foam), the relative capture rods along the entire width of the model. The
numerical model was redefined to take into accountwidth is considerably improved, due to the updated

geometry (see Fig. 16). It is also crucial to ensure that the external foam coating (D
ext
=0.364 m) and the

new mass matrix, due to the positioning of the steelthe device has the ability to submerge when extreme
conditions occur (e.g., storms), which could imply rods.

The amount of water to be placed inside can alsoactively controlled legs. This control principle could
also include the capability to change the position of be controlled through a pressure tap in one of the

end plates. Sand was also used as ballast, in an effortthe rotation axis to maximize the energy capture.
to better correlate the experimental results with the
numerical predictions. To ensure a useful com-
parison, the corresponding weight to a half-filled4 EXPERIMENTAL RESULTS
with water cylinder was used (resulting in the same
submerged volume, 60 per cent). The configurationTo validate the numerical predictions carried out

with WAMIT, an experimental model was built at tested had 60 per cent of the volume submerged,
a=55° and d was chosen to give exactly the samethe Wave Power Group workshop at The University

of Edinburgh. The design was driven by the desire of layout as ‘3 c’ (see Table 1). The initial round of
experiments, described in this paper, aimed tomaking the model as versatile as possible, allowing

the test of the largest set of configurations possible. compare the response amplitude operator. The
body motions were therefore recorded using anFigure 13 shows the model being tested in the

Edinburgh curved tank. The cylindrical body is infrared motion capture system (Qualisys), which is
available in the Edinburgh curved tank. Root-mean-transparent (acrylic), thus the behaviour of the

inner water can be visually assessed. The number square values are used for the computation of the
non-dimensional body motions (see section 3.2).of possible positions for the rotation axis that can

be tested is greater than the one predicted in Figure 14 shows the comparison between the
numerical predictions and the experimental resultsTable 1, due to the number of holes where the fixing

assembly can be held. This assembly includes a bear- for surge motion, when sand or water is placed inside
the model. Figure 15 presents the analogous com-ing arrangement on each side defining the rotation

axis. The legs were also made in acrylic, providing parison for pitch. The influences that both the inner
water and the selected mode of motion have on thethe necessary stiffness to simulate the full-scale

equivalent. Finally, the cylindrical shell is covered quality of the correlation between numerical and
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Fig. 13 Experimental model under operation at the Edinburgh curved tank

experimental results are immediately clear. Note that present for higher values of the incident wave ampli-
tude. Using a linear damper, and from past experi-the heave results are similar to the surge ones.

The results show a tendency for a better correlation ence with ducks, the amplitudes of motion are
typically halved is this situation. It is possible tobetween the numerical predictions and the experi-

ments when evaluating the pitch motion. Given that repeat the capture width predictions (see section 3.5)
for an updated geometry, using the experimentalthis is the main degree of freedom (DOF) responsible

for the wave energy conversion, this is an encouraging model data (like the external diameter and final mass
matrix). Figure 16 presents the ideal capture widthresult. The agreement for the other two DOFs (surge

and heave) is equally good, except in the vicinity of as a function of the incident wave period, scaled
to have a peak around 9 to 10 s. As expected, thethe resonance frequency (and around the second

harmonic). Thus, it is possible to conclude that the bandwidth increases when comparing it to the
initial predictions (smaller diameter and differentpitch motion is less sensitive to viscous damping

effects, given that it is in the resonance region that ballasting arrangement), and the results are especi-
ally encouraging since the submerged volume is onlythese effects have a bigger influence. The effect of the

inner free surface is also interesting: the amplitude 60 per cent.
of the motion is amplified, when comparing it with
the static ballast case (sand). The inner free surface
is indeed an extra degree of freedom, and a more 5 CONCLUSIONS
advanced version of WAMIT could be used to better
compare the results. Note also that these results refer It has been shown using numerical modelling that a

floating horizontal circular cylinder, allowed to rotateto the non-damped device. All the experiments were
repeated with the inclusion of the model heat about an offset axis, can behave in a similar manner

to the previously investigated duck (cam) shape. Theexchanger and the model power take-off mechanism.
These new results show the same trend, but the computational analysis used WAMIT, a code based

on linear wave theory, to assess the hydrodynamicamplification in the vicinity of the second harmonic
frequency seems to be directly associated with non- characteristics of the device. The relative capture

width strongly depends on the position of the offsetlinear effects, given that such performance is only
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Fig. 14 Numerical/Experimental comparisons (surge): triangles – half filled with water; circles –
corresponding weight in sand

axis, but when correctly adjusted the outcome is is included, and the device is obliged to follow a
circular path with respect to the seabed. In thecomparable to the one of a short beak duck. Using

a simpler geometry, the costs associated are expected full-scale prototype, such a mooring arrangement
could represent an added value, since the feedto go down significantly. The results presented

include the hydrodynamic coefficients, the wave water could flow through the legs into the cylinder,
and it could be flooded to allow its submergenceexciting force and the response amplitude operator

(body motions), both for the freely floating and for if extreme conditions occur. Although the model
was developed for a desalination concept, thethe moored cases. In this last case, the influence

of the leg that connects the device to the seabed same assumptions concerning the power take-off

JEME53 © IMechE 2006Proc. IMechE Vol. 220 Part M: J. Engineering for the Maritime Environment



145Numerical and experimental modelling of a modified Edinburgh Duck

Fig. 15 Numerical/Experimental comparisons (pitch): triangles – half filled with water; circles –
corresponding weight in sand

mechanism would have been taken if an electricity high. Viscous damping effects also seem to be less
significant in pitch (when compared to the otherproduction version was being studied. Hence, all the

results are also applicable to this case. modes of motion). The effect of the inner free surface
is also being closely studied, given that it has signifi-Future work is directly associated with experiments

on a 1 : 33 scale model. These are still being conducted cant influence in the magnitude of the response in
the vicinity of the second harmonic frequency, whichon the Edinburgh curved tank. The comparisons

between numerical and experimental results play could prove to be a desirable effect, to amplify the
motion (particularly relevant for small seas). Tankan important role. Early experiments confirm the

limitations of the linear code used, particular clear testing also showed vortex shedding at sharp corners.
Further numerical work can include the refinementaround the resonance frequency, but away from

these regions the correlation between the results is of the definition of the device or a review on the
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Fig. 16 Relative capture width (numerically calculated) vs. full-scale incident wave period (using
the new experimental layout)
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