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The attached copy of our original timetable shows completed
work crossed out. lMost of the apparatus scheduled for completion by
Pebruary 1976 has been built, and most of the testing scheduled for
completion by May 1976 has been done. Descriptions and results of
these tests are attached. Duck mechanics are better understood and

some performance improvements have been achieved.

There seems no reason to make any major changes to the time-
table except to bring forward the second phase of the wave maker building
from January 1977. This will allow a commercial company to get into
production. Delays in building work at Riccarton may become a problem

next year, and plans for an alternative tank have been submitted.

The extraordinary good fortune with which the project has been
blessed was interrupted in August with the illness of Mr. Jeffrey which
left him paralysed below the waist. He is making a good recovery but

the date of his return is not yet known.

The high rate of inflation has forced us to defer orders since
June to avoid overspending. New cost planning is based on the projected
average of electrical and mechanical engineering costs published by the

Department of Industry.

The final decision about the feasibility of wave power needs
information about duck performance on the heaving surging rig and on a
free floating backbone. On the basis of one year's work I can say that

the possibility of economic power from sea waves has not been excluded.

S. He Salter
30th September, 1975
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DAIPING HUB DIPTH THPSRTANTS

Graph 5 contains a set of efiiciency curves for an arbitrary choice of
ballast and hub depth using different danping factors. Curves for demping

factors 2 are close to those for 3. o conclude that damping factor is not

. particularly critical.

Graph 6 shows efficiency nzainst damping factor for different frequencies for
the same ballast and hub depth.

Graph 7 picks out from Graph 5 and § the best damping Tactor at each frequency.
e get the lowest optimum damping at resonance Both above and below rezonance
the duek prefers higher values of dampin~ factor., Je sce that doubling or

halving optimum damping lomes only 15%.

Grophs 8 end O were plotied to show the ofifects of varying hub depth for a
fixed ballast. Two denving foctors were used. In Granh & we choge a factor
of 3 newton cm. per radian ner second Sfor 51l points. In Graph 9 we used a

value suggested by Gravh 7. 7% nroved a good guide for hub depths near 2.2 cms.

12th June, 19075
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Problems with Frequencv Response Measurement

Graphs 10 and 11 reveal a problem with instrumentation. The natural nodding
frequency of a duck is of great interest. We have tried to measure it by
applying a sinusoidal drive torque and recording response. At resonance

the velocity should reach a maximum and be in phase with excitation.

The amplitude plot is clearly useless. A statistical mean of the phase
readings is more informative. The duck was sending waves into the best
beach available to us which was 100 sheets of Expamet., Its reflection

coefficient was only 4%. The number of test points shows how much work

is involved. The tank needs about one minute per point,
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Mk I Wave Maker Characteristics

19th June 1975

There is a fruitful cross fertilisation between putter-inners and taker-ocuters.
Graph 12 shows some tests on the linearity of the duck shape as a wave maker.
We sent waves into a 100 sheet Expamet beach with only wave gauges in the
tank., The curves show that there is some stiction in the wave maker bearings
and that the amplitude response is not linear with frequency. We would

like to try cross pivot leaf springs to get rid of stiction and some

compensation electronics to flatten frequency response,

/5.
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BRFICIENCY AND WAVE SIzZH FXPERIMENTS

20.6,75

Graph 13 shows the effects of wave size on efficiency at frequencies
of 1.7 Hz and 1.2 Hz. The V25Y5 motor is limited in torque to .04 Newton meters.

(V25Y6 units with 3 times the torque are on order, )

We define the torgue ratix)?v as the actual torque supplied,divided by

the torque demand fror the dauping setting. The extreme value of .09 occurred.

At wave powers of a few milliwatts stiction probably acccunts for the
low efficicncy. Note that efficiency is s%ill climbing even with value of Pﬂ
less than .75, The abscissa is wave amplitude, i.e. half trough to crest height,
relative to duck diameter, So that even with the rather low torque limit
the ducks are working tolerakly st 100 x scale and 100 kw/heter power densities.

But there is room for improvement, V25Y6 curves will be most interesting.

‘)7.
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VARTABLE INERTTA EXPERIMENTS

Graphs 14 and 15 show the results of adjusting ballast on DOO11.
We were trying to push the response peak to lower frequencies. They show
some very high efficiencies which we would perfer to keep confidential at
this stage. 4 large number of factors ;0 into the calculation. We believe.
that the results are accurate to aboutl{%, 'They are included “o show the
shape rather than the absolute values.

The triangular points on Gragh 14 were made with a deck cargo of
ballast which may not be seaworthy. Future modele must be made with more
ballast space.

More dramatic extensions to low freguency performance can be
produced by electronic trickery which can reduce the 'spring rate! without
altering duck shape or inertiz. Efficiency of 80% at 1 Hz has been produced.
It may be possible to imrlement this on full scale equipment using 'smart!

hydraulics.
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Instant Masuda

One of the more attractive methods for getting power out of sea
waves has been devised by lasuda. He uses a structure consisting of
vertical cells open at the bottom to the sea and closed at the top.

Water rising and falling inside each tube blows and sucks at the air above
it. The alternating air flows can be rectified and used to drive a turbine.
There are no primary moving parts. Masuda suggests that a number of tubes
could be arranged in a ring of diameter larger than a wave length so that
it will form a fairly stable platform. This is in contrast to his earlier
work with the single cell suck-and-blow technique which he has used very
successfully to power navigation buoys and which has been analysed by

MeCormick.

On the assumption that the large ring of cells provides a stable
reference we tested just a single variable geometry cell made of perspex
on a rigid mounting., It has sliding walls fore and aft, an adjustable
compression ratio and outlet nozzle area, Work is measured as the product
of pressure difference and air flow., Energy is dissipated by turbulence
in the nozzle. ¥Flow is sensed by measurementis of the water position ingide

the cell.

Resonant frequency is well predicted by taking into account the
added virtual mass of the water below the vessel., The performance shows the
familiar shape of a resonant absorber but we could get efficiencies of only
about 30%, much less than Hasuda. Deflections of the perspex were visible
and it would be well worth fitting the mounting with strain gauges. Tracer
fluid shows turbulence around the entrance lips despite round edges. Some
careful redesign of the entrance is indicated. At resonance there was a
90o phase lag between water level inside and outside the cell, Compression

ratio does not seem an important factor.

The gate position for resonance is such that not much energy is
transmitted behind but rather a large amount is reflected. If a load could
be devised which added some inertia or reduced some stiffness then a smaller
gate depth could be used and perhaps some of the transmitted energy taken by
extra cells, In this way I would hope to get efficiency of the whole above

50%. 1t would be interesting to try deeper cell walls to the rear.

It will not be s0 easy to submerge a large installation and there
is little chance of getting water over the top to reduce wave thrust. Masuda
agrees that mooring will be more of a problem than with ducks. The drag
coefficient will be high,

22



Our instrumentation would be better with twin wire flow sensors.
The single wire units need re-calibretion after each change in geometry
because the perspex is an electrical insulator. Pressure transducers
capable of resolving to less than 1 mm of water are necessary., e had
noise and drift problems. Until improvements are made we prefer not to

release performance curves.

I feel that the idea will be most useful in applications where

some value can be put on the real estate of the top deck.

222
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Hounting Forces

3/23.7.75

Plots 18, 19 and 20 give information about the surge and heave
forces on a rigid mounting. A constant scale of 1 cm = 2 Newtons is used
throughout. Plots 18 and 19 ars one particular duck model at 1.2 and {1 Hz.
Plot 20 is a cylinder of diameter 10 cm, the same as the basic diameter of

the duck model., Both cylinder and duck are 29.7 cm long.

At small wave levels, for example 19(a), the forces are sinusoidal
and the value of the horizontal component is predicted exactly by classical
wave force theory. (See Weigel, R.L., Oceanographic Engineering, p. 254,
Prentice Hall.)

Vertical forces seem to be lesg, perhaps because nearness to surface
reduces Cm from 2 to 1.5, Orientation of the Lissajous is shown by points
a and b, These were determined by setting a wave gauge at one wave length
behind the duck gnd using a sguared up version of its output to operate the
brightness of the oscilloscope. Note different obliguities between 19(a) and
20(a). As expected the force is dominated by inertia components. It seems to
rise more or less linearly with wave height rather than with the square of it
as would the velocity forces. Indeed after (d) they seem to grow rather slower
than they should. Both inertia and velocity forces should rise with the cube

of scale,

The speed of movemeit of the point round the Lissajous figure is not
constant and so the position of the centroid of the figure is not an indicator
of mean resultant force. Instead we vput the force signals through low pass
filters, and mark the resultant at point x on each force plot. We find that
there is not as much down wave force as nmight be expected. Indeed on the
cylinder measurement 20 b, ¢, d there is a small but detectable net force
towards the wave maker, ‘then released the cylinder moves slowly but surely
up the tank., Perhaps this is caused by water breaking over the cylinder which

has a very small positive buoyancy.

The heave force which is downwards in the crest of the wave shows a
definite bias such as to sink the equipment. This locks more promising as a
self-protection mechanism than does the leading buoy. The pseudopodic

protuberances on the higher wave plots are a splendid test for wave theorists.

Plot 18(h) shows the results of large waves on a rigid duck shape.
Duck nodding was prevented by lock straps. Wave conditions were the same as for
18(f). Heave and surge forces are nearer to being in phase, so that the

resultant peak force is higher than f or a2 working duck,
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Very High Inertia Tests

Graph 21 shows the results of an attempt to extend low frequency
performance. DOO11 was rather beak heavy with full ballast in all
tubes. There is not enough clearance between torque motor housing
and rear skin for adjustable ballast tubes so we built DOO12 with
semi-permanent ballast in its rear section. Restoring trim with
forward ballast would produce a large inertia. It was a lousy idea.

The heavier ballastings would have sunk the whole duck string.

9
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More Wave Efficiency Size and Period Experiments

25.8,1975

Graphs 22a to h provide data on DOC15 fitted with the new more
powerful V25Y6 torque motors. They extend the tests shown in Graph 13
using DOO11.

We were trying to go for a broad efficiency band rather than
extreme efficiency at one point. The duck was ballasted for best performance
at 1.2 Hz, Each curve shows efficiency against wave amplitude up to the
biggest stable waves we can produce with the present wave maker. For a
hundred to one scale this would represent trough crest heights of about
3 metres and power density levels of 90 kilowatts per metre, The fall at
the low amplitude end, where model power is only 2 mw is probably caused
by bearing friction. The fall at the high end is probably caused by non-
linearity. Also shown is the duck nod amplitude, It is linear with wave

gize to the point where efficiency begins to fall.

The new torque motors allow us to play with smart hydraulics.
The spot points show the results of adjusting spring rate and these are
combined with stupid hydraulic data in the efficiency/frequency curves on

Graph 23, Dramatic improvements to. performance are produced at high frequencies

by additional positive spring rate. For a small part of the cycle the system

is putting power into the water but it iz amply repaid.
Hydraulics people say that anything we can do with transistors
they can do slower but more powerfully. We believe that this field is
very promising.
Thig series of tests was the first outing for D0O015. We hope to do

a bit better with more experience. The Hollison/Buneman programme should show
whether a broad 80% is better than the peaky 95% of DQ011. Bigger wave makers

are going to be built.
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Smart Hydraulics Ixperiments

Graphs 24a, b and ¢

The previous note showed the results of negative and positive
spring rate on widening the absorbtion barnd. TFor these experiments a duck
was optimised for performance at 1.4 Hz, It was then tested across the
band of frequencies and both damping and spring rate were adjusted for
each fregquency. The dial settings were noted. The spring rate control is
taken from the integral of the duck velocity signal. A variable amount of
it can be added to or subtracted from the force signal demand., The torque
command signal is computed by an instrument we call the *dynabox'. The
transfer function of this box was measured at each frequency and knob setting
and the results shown in Graphs 24a and b, It should be clearly understood
that this is a "pink box". /i human is twiddling knobs for each frequency and
the results would not apply to a different frequency. The technique could
only be used to pick out the most useful part of the energy spectrum. Note
that the amplitude response rises on either side of 1.4 Hz which was the
original -optimising frequency. The phase lags with rising frequency and

leads with falling frequency.

It is widely believed that because of previous arrangements made
by Dr. Bode a knowledge of the amplitude response of a network is sufficient
to deduce its phase response, and that no network can have a rising amplitude
and lagging phase as the frequency rises, or a rising and leading one as it
falls. Examination of books on network synthesis showed that the prohibition
applied only to 'minimum phase networks'. 4ll passive RCL networks are minimum
rhase networks but come active ones with more than one signal pathway escape
the ban.

Our first attempt was an anlogue model of the mass/spring/dashpot
with values the same as the duck. The force and velocity connections were
used as the feedback network for an operational amplifier. It produced a
perfect amplitude response with exactly the wrong phase. One point to Dr. Bode.
For cur second attempt we replotted 24a and b in Cartesian form on 24c. The
result was particularly exciting, Waves seemed to be doing something sensible
at last.
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The normal connection for an overaticnal amplifier used as an
integrator gives a lyquist plot along the positive imaginery axis with a
high gain at low frequencies and zero output at infinite fregquency. BEach
doubling of frequency halves the distance to the origin, Similarly the
response of the normal differentiator is along the negative imaginery axis
with zero freguency at the origin and a doubling of the response for each
doubling of frequency., The Nyguist plot of the old damping alone is just
a point on the positive real axis. The right combination of all three is
all that is needed for the smart hydraulies black box which works for

different frequencies at the same time,
q

Practical integrators need a leak resistor to stop them drifting.
Practical differentiators require a series resistor to limit the noise output
at high frequencies. The result of this is to turn the line of 24c into an
arc of a large circle which crosses the negative real axis and has a phase
such as to produce oscillations when connected to a duck. This tendency is
balanced by the falling response of the duck. The theoretically perfect
settings are highly strung. Although stable on their own they throb excitingly
when their dynamics are changed by the touch of a hand, The non-linearity of
the duck'’s own gpring rate curve leads to problems in heavy seas. The duck
sometimes rears up out of the water and holds itself poised before plunging
down to below its normal position. The torque/angle indicator diagram looks
rather peculiar, We expected that the normal ellipse with axes along x and y
would just be tilted to one gide or the other. This happens for a small amount
of smartness., But the best settings give shapes so reminiscent of transformer
hysteresis curves that there may be some magnetic artefact. (Mark IIT
dynamometers for the floating string will use high speed motors geared down

to duck speed mounted on torgue sensors.)
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Smart Hydraulics Experiments

Graph 25

Graph 25 shows a comparison between damping only and damping

plus negative spring and inertia.

Smart hydraulics helps both sides of the normal optimum but
does best at holding up the high frequency performance of a duck at
low power levels. There still remains some sort of barrier for wave

lengths of more than fifteen duck diameters.
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