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T he architecture of nodding 
wave power generators 

duck 

by S. H. Salter, D. C. Jeffrey and J. R. M. Taylor 

(Dept. of Mechanical Engineering, University of Edinburgh) 

R "CE1 T C H I GES in a tt itudes to 
energy upplies have st imula ted interest in 
sea \, ave a an al ternative energy ource. 
T he performance of tank models of severa l 
varieties <Hl ha been promising enough to 
ju tify support for serious work. The 
tech nology draws heavily on the work of 
naval architect and may lead the subject 
into new areas. This article de cri bes one of 
the technique . 

Our equipmen t con is ts o f a tubular 
backbone some 500 metres long, around 
\l,hich can rotate a number of peculiarly 
shaped egment known as 'ducks'. An 
impression of what this equipment might 
look like at sea i given in Fig I. The 

A., rea on for the choice o f the term 'duck' is 

W' no t entirely frivo lous; new ideas need new 
names and it is as well to keep them short 
and descriptive. The combination of ducks 
and backbone is ca lled a 'string' . It will 
generally I ie parallel to the crests of the 
waves. Movements o f the backbone can be 
named d irectly from conventional rigid hip 
usage, but it i nece sary to coin a new 
name fo r the cventh degree of freed om of 
the duck relative to the backbo ne. The 
term ' nod" is ..,, inning rapid acceptance. It 
has been used by an aircraft manufacturer 
,, ith a preference for compliant engine 
mou nti ng·. 

Fig 1. Artist's impression of full-scale equipment al sea. 

e 

It i al o nece sary to define orientation. 
A hips are usua lly symmetrical port and 
starboard but dissim ilar fore and aft a nd 
,ve would like the ducks to face oncoming 
waves, we argue that the length of the 
string corresponds to the beam of a ship so 
that pitch and nod occur about parallel 
axes. 

The most elementary calculations show 
that in some sea conditions the backbone 
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Fig 2. Year-round scatter diagram for the 
weather ship ' India' . Each entry in the table 

shows the probability in parts per thousand 

of a particular combinat ion of significant 
wave height and zero-crossing period. 
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will be subjected to enormous bending 
moments which rise with the square of 
length . It would probably not be economic 
to attempt to resist them with rigid thinking 
and con truction. Our colleague, Eric 
Wood, has produced an elegant design 
which is rigid for low bending moments but 
which becomes flexible before damage can 
occur. In addition to hog and sag we have 
to consider deflections in the horizontal 
plane. We propo e the words 'give' and 
' take' . The string gives to leeward and 
takes to waveward. 

The gap between ducks allow access to 
the backbone for the attachment o f moor
ing lines and power cables. They al o allow 
for fitting appendages like outboard bilge 
keels below and behind the string. But at 
present we hope to obtain all the stability 
necessary for the backbone from the fact 
that it will sample a variety of phases of 
wave along its length. We would put the 

effort and money into making the backbone 
long and strong. 

The duck st rings will be loosely moored 
at sites with consistently good waves as 
close to shore as possible in 30 to 50 
fathoms of water. The problems of mooring 
have been greatly reduced by the work of 
IC£ on · Parafil' ropes(6). 

These duck trings will generate electricity 
out at sea. The value of a unit of ..,,ave
generated electricity is set by the value of 
the o il it saves in generation. In ovember 
1975 this was I · Ip . 

Power take-off 

The nodding of the duck a bout its axis will 
produce useful work. It wi ll usually have 
an a ngula r amplitude of less than half a 
radian . The peripheral velocities between 
duck and ba kbone are too slow by two 
orders of magnitude for conventional 

elect ricity generation. But there are com
mercially available a rich va riety of hydro
static rotary transmission componentsP) 
which are very efficient as both moto rs and 
pumps. 

Radial piston units such as those pro
duced by Poclain and McTaggart Scott 
can provide radial and axial location as 
well as power take-off. They are used as 
wheel hub moto rs for slow heavy vehicles 
and have large axle load ratings . Each duck 
will ride on as many as 100 of these which 
are fitted with seals for marine and sub
marine applications. They will produce a 
flow of hydrau lic oil at pressures of 
2- 3 OOO lb/in2. This is now a high grade 
form of energy. It can be used to drive 
hydraulic swash plate motors(7) at speeds 
compatible with electrical generation . 
Control of the angle of a swash plate allows 
the generator to run at a constant speed 
despite the periodicity of the duck nods . 

The simplest possible control system, 
easy to implement and analyse, would make 
the force between duck and backbone 
proportional to velocity. The constant of 
proportionality affects efficiency but it is not 
desperately critical either side of the 
optimum. Change by a facto r of two 
reduces efficiency by only J 5 %. We have 
built circuitry which can simulate many 
other types of power take-off. A steady 
force of polarity opposite to duck back
bone velocity is effective provided it is of 
the right magnitude. It is also possi ble to 
take power on only half the cycle with a 
Joss of less than 5 %. 

A more sophisticated control unit pro
cesses the veloc ity signals in a network 
which produces gain and phase change for 
different frequencies. This cancels to some 
extent the react ive components of the duck 
and produces a substantial widening of the 
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effi iency band . It can be implemented in 
the full scale hydraulic control. 

Power levels 

The work of the Institute of Oceano
graphic Sciences(8) has produced very good 
information about the wave climate in 
Briti h water . Fig 2 shows a year-round 
ummcr and winter diagram of ob erva

t ion from Weather Ship Station ·India' 
(59°N, 19 W) characteri .tic of the orth 
Atlantic. Each cell of the table shows the 
occurrence in parts per thousand of a 
particular combination of significant wave 
height and zero crossing period. I odynes, 
lines of constant po"er density, are 
superimposed. 

F or quick mental calculations it is useful 
to remember that the propcrtie of the 
MKS ) stem are such that in a sinu oidal 
train of wave~ the product of the square of 
trough-ere t height in metres and the period 
in second is very nearly the power density 
in kilowatts per metre. The mixture of 
heights of waves found at sea is described 
by the ' ignificant wave height' and the 
power densi ty is nearly one half of the 
period multiplied by the quare of the 
significant wave height. 

Molli · on has performed a rigorous 
anal y_si of wave spectra(9) produced by 
HoffmanOO) from IOS data. He found that 
the average orth Atlantic power density 
i 93 kW, m but that this would only be 
acce sible to a zig-zag array of duck strings. 
If directional corrections are made, the 
figure reduces to 80 kW/m for a straight 
string. Model ducks on a fixed axis have 
produced efficiencies in the nineties for 
sinusoidal waves. We are considering ways 
to throw some of this efficiency away to 
give cheaper installations. Fig 3 shows the 
preferred curve at September l 975. It shows 
a 2 : l frequency bandwidth in the eighties 
with a fall to 50° 0 for a wave length 18 
times the duck diameter. 

It is sometimes said that optimum effi
ciencies should be bet"een 60 and 70° ~. A 
poll of leading "ave theoreticians pro
duced average expected mean efficiency of 
66 · 7 °~ for wave machine . Mollison has 
superimposed the curve of Fig 3 on to a 
repre entative sample o f wave spectra and 
applied a et of pO\\er cut-off limits. A 
14-m diameter duck limited to 200 k.W 1m 
will get 50 kW/m over the year. He ha 
hown that Salter· estimate that g od 

wave machines hou ld get all the energy in 
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Fig 3. Effic iency 
curve for 100 mm 
model on fixed bear
ings with sinusoidal 
waves of moderate 
amplitude. 

their draught band and none below was 
somewhat conservative for wave-to-duck 
efficiency but perhaps a reasonable gue s if 
conversion and tran mission are taken into 
account. 

The shape of the duck 

Fig 4 hows a duck mounted on it back
bone in calm "atcr expecting waves from 
the right. ft will nod about the point 0 . 
The flat part of the duck out of the water is 
called the back ; the . highest point is the 
beak ; the curve down from the beak is the 
paunch and the remaining semicircle is 
called , for reasons of delicacy, the stern . 

The simplest de igns will have the stern 
of the duck in the shape of a cylinder 
coaxial with the nodding axis so that 
nodding will not di place water astern. The 
diameter of this cylinder is the dimension 
used to describe the size of the duck. For 
the orth Atlantic it will be between 10 and 
15 metres, but for shorter wave in the 

orth Sea or we tern Japanese waters it 
may be as little as 6 metres. 

The curve of the paunch is designed to 
allow the displacements of water in front of 
the duck, caused by a nod, to match as 
nearly as pos ible the sizes of the o rbits of 
the water particles in an approaching wave 
of period at which best performance is 
required. The matching can only be 
approximate but quite large departures 
cause only a small difference. 

Con 1der the line in Fig 5 whose ends are 
distant from O by R and R d R . As the 
line moves round O it sweeps out an area 
ORd R . It is well known(t I) that in a deep 

Fig 4. Anatomy of a duck. 
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Fig 5. Area (ORdR) swept out by a line. 

water travelling wave with urfacc ampli
tude A and wa\e length ,\ the radius o f 
orbit at a depth Z is Ae-2;:Z/i.. . 'v\'e can 
derive an equation for the paunch radius R 
at any depth Z 

R = Ke -2::Z/). 

.,. 

and fix the \a lue of K for Z = 2R for some 
ratio of ,\f R . The une for ,\ ' R = 20 is 
shown in Fig 6. For onveniencc of mark
ing out in the \\Orkshop. our early models 
were made with the combination of an ar ..A 
and tangent , hown da hed . 'W 

The duck freeboard is the distance from 
the ak to the calm waterline. ft can be 
used as the first stage of overload protec
t ion . The pha e of nodd ing is such that for 
a wa\e in the middle of the working band 
the duck is at its calm water position as a 
crest arri ves. Waves of amplitude greater 
than the freeboard will end water over the 
duck and o che freeboard dimen ion 
should be hosen to suit hydrau lic and 
elect rical overload limits. In the orth 
Atlantic the economic power limit · "ill be 
between 100 and 200 kW/m. 

Flow of water acros the duck' back 
has important implications in connection 
with mooring and drift for es. LongueL
Higgin (11) has shown that a perfect wave 
ab orber should experience a direct beach
ward force in addition to all alternating 
forces and those cau ed by currents. In 
"ave of amplitude A it should have the 
value 

¾pgA2 per unit length. 

A reflecting object would experien ea forcL
of double this value. Our model mounting 
is fitted "ith strain gauges a nd the f rce 
signals can be put through lo" -pass filters. 
Experiment confirms theory up to the poi nt 
where water goe over the d ucJ... When this 
happens a head of water bu ild up behind 
the model and off ets to an appre iable 
extent the effects of the beachward forces. 
Jf this head i con idered part of a tran -
mitted wave then the prediction is sti ll 
good . 

We have tested a circular cylinder held 
just awash aero s the tank. It hould be 
nearly transparent to the waves and o it i . 
But the average of the forces on iL hows a 
forward component. It i po, ible to 
iphon water from back to front , and when 

relea ed, the model "ill mo\e Jo" ly but 
surely towards the ave maker. T o sum
marise then , low freeboard gives automatic 
power limiting and easy mooring. 

The largest direct effect i a force verti
cally do\~n, often eight time larger than 
the static ho rizontal force .. autical tradi
tion requires that con\·entional ship should 
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Fig 6. Paunch curves. 

stay on the surface in more or less the same 
attitude at all times, but unmanned wave 
machines threatened with exces ive wave 
forces will be much safer below the surface. 
We had planned a mooring scheme with a 
leading buoy designed to sink the duck 
string in very rough weather. It seems that 
the waves and Bernoulli will save us the 
trouble. 

The stable position for an object floating 
in waves is perpendicular lengthwise to the 
prevailing wave direction. But it is po sible 
to make use of the unidirectional forces for 
yaw control. By altering the hyd raulic 
systems at one end of the string we can 
increase the amount of wave energy 
reflected and so move that end of the string 
down-wave. 

In calm water the duck will lie as in 
Fig 7 . It will experience an upwards 
buoyancy force v pg at the centroid of the 
displaced water and a downward force 
from its own centre of mass at W. ft is not 
necessary that VP and M should be equal. 
We might cfecide, for example, that if a 
duck were to become detached it would be 
better for it to sink rather than to float 
about causing damage to its siblings. The 
backbone would provide the reserve 
buoyancy. The only requirement is for 
v pg and Mg to exert equal but opposite 
moments about 0. The point of action of 
vpg is fixed by the duck shape but the 
po ition of W can be contro lled by the 
distribution of material inside the duck. 
Ducks and ships differ in that the duck's 
centre of gravity will be placed as high as 
po si ble. 

It is not surprising to find that ducks 
perfo rm best at their undamped natural 
frequency . This frequency will be given by 

l 
F =-

21r (
Stiffn~ss). 
Inertia 

There are two factors affecting stiffness . 
The first is governed by the waterline 
length Lin Fig. 7. A small clockwise nod of 
angle dO will displace a triangular prism of 
water of volume 

½L2d0 per unit length of duck. 

This will have a mass 

t pL2dO 
and a centroid at ¼ L from the vertical 
through 0. 
The change of moment about O will be 

tpgL3d0 anti-clockwise 

and so the rate of change of moment with 
angle will be 
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For large nod angles the problem is 
complicated by change in the value of L. 
But ,, e only re4uire optimum efficiency for 
small nod angle . odding tiffness i also 
affec ted by tht: po ition of the centre of 
mass W. If this i a di tancc of C from 0 
and the line OW makes an angle d, with 
the vertical, then the moment about O is 
MgC sin di. Differentiating gives MgC cos th. 
W hen <bis acu te then the mo,e in the centre 
of ma s tends to assist the nod "hicl1 cau ed 
it and so the sum of the stiffness terms is 

tpgl3-MgC cos O per unit length . 

There are several terms which affect the 
nodding inertia. There is the obvious 
mech anical moment o f inertia of steel and 
concrete . This is the sum of the products of 
the ma s of each mall part and the square 
of it distance from 0. There is the inertia 
of the power take-off hydraulic pumps 
which may be turning 20 times faster than 
the ducks. There is also the hydrodynamic 
inertia o f the water influenced by the duck. 
Value fo r thi have been calculated for 
some shapes and measured for others. 
Fig 8 shows the values fo r some shapes. If 
we consider the circle to be a special case of 
ellipse which happens to have a = b, and 
the plate to be ano ther special case where 
a = 0, then we see a gra tifying consistency. 
lf you pressed a naval architect to tell you 
the value of added hydrodynamic inertia 
for the duck, he might 'argue that the active 
parts resemble a quadrant o f an ellipse and 
suggest the val ue 
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1rp(b2 - a2)2 

But while books on nava l architecture ta lk 
of the added inertia in the singula r, the 
wave theo reticians believe that it is fre
quency-der,endent. Model mea urements 
using a ' twinge' test , in which a pulse of 
to rque is applied and the velocity after a 
short interval is noted, are not good pre
dictors of natural nodding frequency. A 
technique which plots the velocity response 
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(] 0 
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Fig 8. Hydrodynamic moments of inertia for 
some shapes. 

Fig 7. Duck forces. 

to sinusoidal excitation over the frequency 
range is good but tedious and requires 
much attention to the design of wave
absorbing beaches. All three forced
response methods are unsatisfactory and 
some fresh approach to the problem is 
needed. One feels that the hydrod> namic 
inertia should be a minimum at the wave 
length which best suits the paunch curve. 
Until then we may use the express ion 

F 1 / [ tpgl 3 - MgC cos ,f> ] 
= 21r'V l mech + 31; 1rp(b2 - a2)2 · 

When the duck is driven at its natural 
frequency the effects of stiffness and inertia 
cancel and the response is solely deter
mined by the damping. This is largely the 
power take-off. When it is optimum the 
efficiency can be extremely high. lf damping 
is increased then waves are reflected in 
such a phase as to produce an anti-node at 
the beak . When the damping is below 
optimum then again there is reflection but 
with a node at the beak. The transmitted 
wave is not much affected by the value of 
damping. The calmness of the water be
hind the duck stri ng may have some com
mercial value but is no greater than that 
from a passive o bject of imilar draught. A 
passive object would be subjected to forces 
twice that of an active duck. 

When the duck is driven by waves at 
frequencies different from the natural 
frequency then its behaviour is governed by 
stiffness at low frequencies and inertia at 
high frequencies . To make the operating 
band wide we require the stiffness and 
inertia values low in relation to the 'damp
ing. In electronic terms we require a low Q. 
The de ign procedure is as follows. The 
first component of the stiffness is deter
mined by the waterline geometry. As much 
as poss ible of this is cancelled by reducing 
the angle </> by raising the centre of mass. 
The limit to this is the requirement that the 
duck should recover from a capsized 
position . We believe that this should be a 
natural recovery unassisted by reverse 
operation of the pumps. The inertia is then 
set to bring the remaining stiffness into 
resonance at the required frequency . 
Fortunately, the bandwidth required is no t 
wide. For many sites the bulk of useful 
energy through the year is concentrated 
in hal f an octave. A mechani m which 
altered the operating frequency by, say, 
pumping balla t between compartments in 
the duck wo uld have to be very cheap to be 
con idered. 

Where really wide band performance is 
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needed, it i po, ible in the laboratory to 
bu ild \Cr) km-inertia dud, , to inJ.. them 
"ith force from a negati\e rate spring and 
to anccl residual stiffne and inertia "ith 
signal to an electric motor. This produ e a 
me hani 111 (U K Patent appli ation o 
34546 i5) \\ hich erve a an admirable 
\la\(: maJ..er, inscnsni,e to renections from 
modds in the tank . It can produ c very 
stable te,t conditions, hort tank ettling 
time . and even ,table tanding \\a\'es. 

Conclusions 
Extrapola tion from model to prototype 
are fraught "ith pitfalls. But mo t du k 
beha\ iour i determined by inertial forces 
and they allo,, the . afest extrapolation. 
Vi cous losses ,, ill be proportionally higher 
in models and o there will be a mall bonus 
for the prototypes. 

Tank work \\ith fixed axis models is 
dra"ing to a close. We no"' ha,e to make 
ducJ..s work from a water reference and 
find out how to control floating tring. of 
variable flexibilit) in eas of, arious lengths. 

The model builder will pr duce curves 
"hi h show how output falls \\ ith low 

rigid ity for different wave conditions . The 
structure de igners will produ e curves 
"hich show how co t ri e "'ith high 
rigidity. The wave theoreticians and 
observers "ill tell u. \\hich c ndition \\ill 
o cur. (The statistic of re t length are 
particular!) important.) The accountants 
"ill tell us the price, of steel, concrete, 
parafil, tran rnts ion cable, elcctro
hydrauli machinery and lab ur . We "'ill 
try to think of all the objections and diffi ul
tie (13) such as fouling. fatigue, and storms, 
wave ownership and navigational hazard
object ions ,, hi h can mo tl y be rai ed 
again t ship themsel e . And then perhaps 
we \\ill build our full-scale du J.. string and 
end them to be te ted by the ea. 
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Largest ducted propeller to t ransmit 36 OOO shp e 
THE THIRD in a serie of even Danish
built 339 000-d\\ t tanker for the A. P. 
Moller group, ' K irsten Maersk', which has 
recently completed sea trials, i fitted with 
the large t ducted propeller yet built.• Her 
36 OOO shp is ;ii o claimed to be the greatest 
horsepower )et tran mitted by a nozzled 
propeller. The nozzle hrouds a 57-ton 
propeller of · 8 m diameter. 

At the request of the Odense Steel 
Shipyard Ltd, the Hull Structures Depart
ment of Lloyd 's Register tudied the 
stru tural beha,,iour of a propeller duct 
arrangement for in talla tion on this and 
two other 339 OOO tonners. 

The three hips are of open tern design 
and this meant that without a olepiece to 
support the bottom of the duct, as in the 
normal tern arrangement, some other 
method of upport wa needed. The 
designer propo ed to upport the lower 

Mathematical model developed with the 
LR SAFE computer program. 
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part of the duct on two radial aerofoil 
sectioned struts connecting the leading edge 
of the duct to the ternframe casting a t the 
4 and o'clock positions. 

A mathematical model of the propeller 
duct, supp rts and rudder arrangement 
,,as created u ing the LR SAFE computer 
program and from this a vibration and full 
structural analysi wa carried out. 

A fatigue analysi of a local panel in the 
inner shroud plating in way of the propeller 
tips wa also made in view of the high 
fluctuating pres ure field induced by the 
blade . The life of the panel was then 
e tended by introducing deep chordwise 
panel st iffeners between each rib. To 
counteract cavitation ero ion in the sa me 
area, olid ra ther than clad stainless tee! 
\\as u ed in the manufacture of the affec ted 
panels. 

• The first VLCC fitted with a ducted propeller 
was the 'Golar Nichu ' , built in 1970. Its con
struction and subsequent operating experience 
were described 1n detail in the RINA Symposium 
on Ducted Propellers, 1973. 

The duct is supported by two radial struts in A& 
this open stern arrangement. ., 

Bideford to build copper-nickel yacht 
A 65-ft (20-m) motor sailing yacht recently 
ordered from the Bi deford hipyard, North 
Devon for delivery late thi year, may be 
the fir t European-built ve el \\ith a 90--10 
copper-ni kel hull. 

Copper-nickel i "idely u ed in merchant 
hip for ea water piping, heat exchangers 

and h)drauli line for cargo handling and 
ballast control. Although more expensive 
than tee!, copper-nickel is free from hull 
fouling problems. The yacht will not need 
to be lifted out of the ,,ater for cleaning, 
nor "ill anti-fouling paints be applied to 
the hull and pitting ,, ill be avoided. 

The effecti,·eness of 90- 10 copper-nickel 
alloy ha alread1 been te ted by the 67-ft 
fishing ve se l 'Copper Mariner' which 
tarted fi hing out of icaragua in 1971. It 

i claimed that 1here ha been no deteriora-

tion in the 62-ton vessel's speed and fuel 
con umption which are con i tently 15 % 
better than steel si;ter-ships. 

Shoosmith Howe are the consultant naval 
archi tec ts for this yacht, ordered by the 
Deep ea Yacht H iring Co (Midland ) for 
operation in UK , European and Caribbean 
waters. With a \\aterline length of 52 ft, 
beam of 17 ft and ft de ign draught, she 
will have a hull for the main part of O · 20-in 
thick plating, \\elded to steel frame . The 
copper-nickel, \\hich i about 10 % heavier 
than mild steel, is used for the complete 
shell including stern frame and rudder. 
P ropul ion will be provided by a I 50-hp 
engine and the sail area will be I 803 ft2 . 

The o" ners e timate that they "ill 
re over the extra initial expen e in five 
years of opera tion. 

THE NAVAL ARCHITECT 


