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INTRODUCTION

The results of measurements carried out at the National Maritime Institute,
Feltham in February 1977 confirmed that scaling laws operate well over the range

from 1/150 to 1/15 and sc we believe that it is safe to continue work in small tanks.

We have tested ducks on a variety of mountings in the narrow tank over the
entire range of sea conditions found at OWS India. The results provide sufficient

input data for the full-scale power take-off design.

We have developed techniques for generating very steep waves and have
tested ducks in conditions likely to induce slamming. We are satisfied with duck
behaviour in these conditions and do not regard slamming as our most serious problem,

Photographs of the tests are contained in Volume 2 of this report.

We have explored duck behaviour on mountings of variable compliance, and
have discovered some striking effects. We find that there are two regions of
efficient operation, one of which requires no restraint in heave. Ducks on mountings
with the right compliance can work better than those on fixed mountings and the right

compliance can easily be achieved at full scale.

Most of our effort has gone into making a wide tank with control of
directional characteristics of random seas. Its design may prove of interest to other
groups. It was ready for use in January 1978 and the cost estimates proved accurate.

Descriptions of the design and performance will be found in Volume 3 of this report.

Results from our first month of experiments on free-~floating backbones
without ducks show that bending moments fall in the central sections of very long

backbones and that static beam theory is difficult to apply.

The full-time engineering strength of the team has risen to four with
the arrival of Glenn Keller but I am sorry to report that we shall be losing two
welcome visitors. Rick Jefferies, who has been working on non-linear hydrodynamics
for his Cambridge doctorate, will be going to CEGB, Marchwood. Ian Young is leaving

us to read computer science here at Edinburgh.

I would like to draw the attention of WESC to reports by my colleague
David McComb on polymer additions for hydraulic power transmission, by Graham Dixon
on the anomalous heave force behaviour of horizontal cylinders and by Rick Jefferies

on theoretical frequency and time domain models for ducks.

S. H. Salter
July 1978



SCATTER DIAGRAM TESTS IN THE NARROW TANK

In our 1976 report we described the behaviour of ducks in small to

medium regular waves. We now report
(1) measurements in more realistic conditions, including pseudo~random seas;
(2) comparisons between fixed and moving mountings.

The same duck with the same ballasting (see page 3.2 ) was used for all tests.
The tests were chosen to cover the range of sea conditions experlenced at OWS India

by a 15 metre duck.

On both kinds of mounting, tests covered RMS wave height from 0,2 to
4.3 metres, and energy period (Te) from 7.4 to 13.3 seconds. In the fixed-axis .m%
tests, the torque limits ranged from .5 MNm/m to 4 MNm/m. However, since the
fixed-axis work yielded evidence that the economic torque 1limit would be close to

1 MNm/m, this limit was imposed for all tests on the moving rig.

There were several repeat tests and random checks including some to

investigate anomalous heave force behaviour.
The test points are superimposed on the scatter diagram opposite.

We present our main conclusions first. Complete test results start

on page 2,17,
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SCATTER DIAGRAM TESTS IN THE NARROW TANK 2.3

MAIN CONCLUSIONS

. ' The major points noted in the tests were:

Our simple force equation (see 2nd Year Report, page 2,2) survives random
sea trials. The highest force coefficient recorded in this series is .79.

The typical value for surge is ,4 and for heave is ,3.

Duck power output is nearly independent of energy period in a random sea
over the range tested. For a given RMS wave height, as the energy rises
the power increase nearly balances the efficiency drop. On the fixed axis,
a torque limit looks like a power limit. For example, a limit of 1 MNm/m
of duck gives a mean power limit of 100 kW/m. A duck on a moving axls can
get on average 20% more power with the same power limit because of better

recovery from capsize.

The biggest mooring force observed was 54 kN/m for a 15 metre full-scale duck

on a fixed axis. But for models on the compliant axis, mooring forces are

lower - typically 25 kN/m and they fall at large wave amplitude. We find

this very encouraging.



2.4 SCATTER DIAGRAM TESTS IN THE NARROW TANK

MAJOR POINT 1: THE SIMPLE FORCE EQUATION SURVIVES

" The opposite page shows all the force coefficients measured in the

entire series of tests against RMS wave height,

Points include fixed and moving axis, RMS-derived and peak~derived
values and all the energy periods. The coefficients greater than .5 in waves
larger than 2 metres Hrms are for peak heave forces and occur only on a fixed

axis (see page 2,52 for further explanation).

The two following pages show force coefficients for fixed and moving ,m%

rig with the recommended torque limit (1 MNm/m).
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SCATTER DIAGRAM TESTS IN THE NARROW TANK

MAJOR POINT 2: DUCK POWER OUTPUT IS NEARLY INDEPENDENT OF Te.
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2,10 SCATTER DIAGRAM TESTS IN THE NARROW TANK

MAJOR POINT 3: MOORING FORCES ARE SMALL

The graph shows mooring force against Hrms for various energy periods
on fixed and moving axes. Our mooring forces are measured as the long-~term mean

surge force on the assumption that there is a very lowerate mocoring system.

The predicted values are so low that an intermediate mooring stiffness
could be used to reduce surge excursions which might overstress the power cables.

The lower values for the moving axis are caused by the transmission of waves behir ?

the model, which occurs as soon as sufficient power has been taken.
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2,12 SCATTER DIAGRAM TESTS IN THE NARRCOW TANK

FULL-SCALE DESIGN VALUES

The values on the opposite page should give designers worst case data

for calculations. The three following pages give typical working wvalues for small,

medium and large seas. Each of the maxima is independent. Thus, for example,
the maximum heave force coefficient does not necessarily come from the same test

as the maximum heave force.

The table specifies, for each extreme value, the test conditions in

which it was obtained.

i

RMS wave height (metres)

rms

Te = enerqgy period (seconds)
TLim = torque limit (MNm/m)

M/F = moving or fixed mounting
Test = test number

{The test number is included for our own reference,)

It should be noted that:

(1) the angle transducer is limited to a range of +1.4 to -.6 radians, and the

angular range given is obtained from photographs and direct visual estimates;

(2) the peak/RMS ratio of waves in our tank is somewhat lower than is to be
expected in the real sea and thus peak forces are probably better predicted

using the RMS values and the Longuet-Higgins formula (see page 6.11).

s



SCATTER DIAGRAM TESTS IN THE NARROW TANK

2.13

|
MAX. IN ALL TESTS UNDER RECOMMENDED CONDITiONS
MOVING RIG. 1MN/m TORQUE LIMIT
PARAMETER )
VALUE TEST CONDITIONS VALUE TEST CONDITIONS
H T |TLim{M/F|Test H T Test
rms e Yms e
RMS WAVE AMPLITUDE 4,3 4.3 13.3 1 M 237 4.3 4.3 13.3 237
(metres)
HIGHEST CREST-
LOWEST TROUGH 24 4.3 13,3 1 M a0 24 4.3 13.3 90
(metres)
SEA POWER 1950 4.3 13.3 1 M 237 1950 4.3 13.3 237
) (kilowatts/metre)

%EAN DUCK POWER 260 3.7 11.4 4 F 142 155 3.7 11.6 231
(kilowatts/metre)
RMS DUCK ANGLE .72 4.3 13.3 1 M 237 72 4.3 13.3 327
(radians)
DUCK ANGULAR RANGE 2.5 to ~-1.2]|see opp. page 2.5 to -1.2 see opp. page
(radians) .
RMS ANGUILIAR VELOCITY .22 3.6 13.3 B R 129 .21 4.3 13.3 90
(radians/second) ‘
PEAK ANGULAR VELOCITY } .78 4.3 13.3 51 F 131 .67 3.6 13.3 89
(radians/second)
RMS DUCK TORQUE 1.5 3.7 11.4 4 P 142 .94 3.6 13.3 71
(Meganewton-metre/
metre)
PEAK TORQUE 4.3 3.4 12.9 4 F 204 1.10 2.3 13.3 69
(Meganewton-metre/
?etre)
iRMS HEAVE FORCE 390 4.2 12.9 4 P 145 290 3,7 11.6 230
(kilonewtons/metre)
PEAK HEAVE FORCE 2100 4,2 12,9 4 F 145 1340 3.7 11.6 231
(kilonewtons/metre)
RMS SURGE FORCE 450 4.3 12.9 2 F 42 370 3.7 11.6 230
(kilonewtons/metre)
PEAK SURGE FORCE 1400 4.3 12.9 1 P 21 840 3.7 11.6 230
{kilonewtons/metre)
SINKING FORCE 360 4.3 12.9 2 F 42 155 3.7 11.6 230
(kilonewtons/metre)
MOORING FORCE 54 4.3 12.9 3 F 58 31 1.75 9.4 | 223
(kilonewtons/metre)
RMS HEAVE PFORCE .33 1.5 11.6 1 M 227 .33 1.5 11.6 227
COEFPICIENT
PEAK HEAVE FORCE .69 2.2 11.4 4 F 166 .44 2.3 13.3 70
COEFFICIENT
RMS SURGE FORCE .66 .9 13.3 1 M 67 .66 .9 13.3 67
COEFFICIENT
PEAK SURGE FORCE .79 .4 11.06 1 M 225 .79 .4 11.0 225
COEFFICIENT




2.14 SCATTER DIAGRAM TESTS IN THE NARROW TANK

FPULL SCALE PARAMETERS

TYPICAL SMALL SEA (7.4 sec Te)

RECOMMENDED
CONDITTIONS
.5 MNm/m 1 MNm/m 1 MNm/m 2 MNm/m

FIXED RIG FIXED RIG MOVING RIG | FIXED RIG

TEST 113 TEST 93 TEST 74 TEST 24
RMS WAVE AMPLITUDE .59 .59 .59 .59
(metres)
HIGHEST CREST-
LOWEST TROUGH (metres) 3.3 3.3 3.3 3.6
SEA POWER 20 20 20 20.5
(kilowatts/metre)
MEAN DUCK POWER 15.5 17 17 18.5
(kilowatts/metre)
EFFICIENCY (percent) 77 83 84 92
RMS DUCK ANGLE .072 .062 . 064 . 064
{(radians)
DUCK ANGULAR RANGE .46 .36 .34 .36
(radians) '
RMS ANGULAR VELOCITY . 055 .049 .049 .050
(radians/second)
PEAK ANGULAR VELOCITY .175 .15 .13 . 145
(radians/second)
RMS DUCK TORQUE .28 .34 .34 .38
(Meganewtons-metres/metre)
PEAK TORQUE .54 .95 .86 1.10
(Meganewton-metres/metre)
RMS HEAVE FORCE 31 33 41 37
{(kilonewtons/metre)
PEAK HEAVE FORCE 170 127 160 140
(kilonewtons/metre)
RMS SURGE FORCE 51 53 73 56
(kilonewtons/metre)
PEAK SURGE FORCE 175 177 185 185
{kilonewtons/metre)
SINKING FORCE 30 26 22 24
(kilonewtons/metre)
MOORING FORCE 24 22 20 22
(kilonewtons/metre)
RMS HEAVE FORCE .175 .185 .23 .205
COEFFICIENT
PEAK HEAVE FORCE .33 .25 .31 .26
COEFFICIENT
RMS SURGE FORCE .285 .30 .41 .31
COEFFICIENT
PEAK SURGE FEORCE .34 .35 .37 .34
COEFFICIENT

_—



SCATTER DIAGRAM TESTS IN THE NARROW TANK 2.15

TYPICAL MEDIUM SEA

Te=2.4 sec Te=9.4 sec Te=9.4 sec Te=9.2 sec Te=9.2 sec

RECOMMENDED
CONDITTIONS
.5 MNm/m 1 MNm/m 1 MNm/m 2 MNm/m 2 MNm/m

FIXED RIG FIXED RIG MOVING RIG |FIXED RIG FIXED RIG

TEST 118 TEST 98 TEST 79 TEST 30 TEST 46
RMS WAVE AMPLITUDE 1.2 1.2 1.2 1.2 1.2
(metres)
HIGEST CREST- 5.9 5.9 6.0 6.3 6.3
LOWEST TROUGH (metres)
SEA POWER 105 105 105 105 105
(kilowatts/metre)
MEAN DUCK POWER 50 66 55 77 79
(kilowatts/metre)
EFFICIENCY (percent) 48 63 52 74 75
RMS DUCK ANGLE 225 175 . 155 .16 . 155
(radians)
DUCK ANGULAR RANGE 1.35 1.0 . 89 .87 .83
(radians)
RMS ANGULAR VELOCITY .135 11 .096 .10 .10
(radians/second)
PEAK ANGULAR VELOCITY .48 .38 .33 .31 .29
(radians/second)
RMS DUCK TORDUE .41 .62 .58 .76 .79
(Meganewton-metres/metre)
PEAK TORQUE .55 1.05 1.05 2.0 2.3
(Meganewton-metres/metre)
RMS HEAVE FORCE 86 77 78 84 85
(kilonewtons/metre)
PEAK HEAVE FORCE 410 310 290 300 310
(kilonewtons/metre)
RMS SURGE FORCE 145 145 130 150 150
(kilonewtons/metre)
PEAK SURGE FORCE 450 460 320 450 460
(kilonewtons/metre)
SINKING FORCE 57 47 38 47 44
(kilonewtons/metre)
MOORING FORCE 27 26 24 28 28
(kilonewtons/metre)
RMS HEAVE FORCE .24 .21 .215 .23 .235
COEFFICIENT
PEAK HEAVE FORCE .46 .35 .32 .32 .32
COEFFICIENT
RMS SURGE FORCE .40 .40 .36 .41 L 41
COEFFICIENT
PEAK SURGE FORCE .50 .51 .35 .48 .48

COEFFICIENT







SCATTER DIAGRAM TEST IN THE NARROW TANK

2.16
TYPICAL LARGE SEA
Te=13.3 sec Te=13.3 sec Te-13.3 sec|Te=12.9 seq Te=12.9sec
"RECOMMENDED
CONDITIONS
.5 MNm/m 1 MNm/m *1 MNm/m 2 MNm/m 3 MNm/m
FIXED RIG FIXED RIG MOVING RIG [FIXED RIG FIXED RIG
TEST 129 CTEST 109 TEST 71 TEST‘41 TEST 57
RMS WAVE AMPLITUDE 3.6 3.6 3.6 3.3 3.3
(metres)
HIGHEST CREST- 18.5 18.5 20 18.5 18.5
LOWEST TROUGH (metres
SEA POWER 1350 1350 1350 1100 1100:
(kilowatts/metre)
MEAN DUCK POWER 80 13C 135 210 225
(kilowatts/metre)
EFFICIENCY (percent) 6 10 10 19 20
RMS DUCK ANGLE .59 .59 .64 .55 .54
(radians)
DUCK ANGULAR RANGE 2.5%* 2.4% 2.2% 2.4% 2.3%
(radians)
RMS ANGULAR VELOCITY 22 .20 .19 .18 .17
(radians /second)
PEAKXK ANGULAR VELOCITY .74 .68 .62 .65 .57
(radians/second) .
RMS DUCK TORQUE .43 .73 .76 1.15 1.3
{(Meganewton-metres/metre) :
PEAK TORQUE .55 1,05 1.05 2.05 3.1
(Meganewton-metres/metre) ’ '
RMS HEAVE FORCE 310 300 280 270 275
(kilonewtons/metre)
PEAK HEAVE FORCE 1800 1450 820 1400 1450
{kilonewtons/metre)
RMS SURGE FOPRCE 390 400 360 360 360
(kilonewtons/metre)
PEAK SURGE FORCE 1100 1100 720 1050 1050
(kilonewtons/metre)
SINKING FORCE 275 280 150 225 230
(kilonewtons/metre)
MOORING FORCE 45 43 25 45 43
(kilonewtons/metre)
RMS HEAVE FQORCE .285 .275 .26 .27 .275
COEFFICIENT
PEAK HEAVE FORCE .64 .53 .27 .50 .52
COEFFICIENT
RMS SURGE FORCE .36 .37 .33 .36 .36
COEFFICIENT
PEAK SURGE FORCE .40 .39 .245 .37 .39
COEFFICIENT

* possible over-range




2.17

DETAILED RESULTS OF SCATTER DIAGRAM TESTS

POWER OUTPUT

Duck power output is nearly independent of energy period Te. A torque
limit on the fixed rig causes the duck power output in kW/m to level off at about
100 times the torgue limit in MNm/m (for a 15 metre duck). The moving rig results
show an additional 30% of output for the same torgue limit due to faster recovery
from capsize. The power output on the fixed rig was nearly the same as on the

moving rig, up to the torque limit,.

L
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2,24 DETAILED RESULTS OF SCATTER DIAGRAM TESTS

EFFICIENCY

This is the one parameter that varied significantly with energy period.

In general, the 7.4 second seas gave the highest efficiencies (around 85%).

The very high readings shown on page 2.28 call for some comment. We
analyse results as the tests are carried out and these trials were repeated eight
times. The sea was also re-measured and no large errors were discovered. We

remain dubious about the results but ocffer the following explanation.

Most efficiency curves show a drop in performance below .5 metre RMS
amplitude for which there is no hydrodynamic explanation. It is almost certainly
caused by bearing friction in the model mounting. This could easily amount to
several milliwatts at model scale, and is not accounted for in efficiency calqyati
The very high efficiency curves do not show this fall off and so it may be that
for this test the model was assembled with its bearings very well aligned, giving

less friction than usual.

As the energy period increased, the efficiency dropped. It is notable
that the efficiency drop was nearly matched by the rise in power in the sea
(at the sameé amplitude), thus making the duck power output dependent only on the
RMS wave amplitude. As the wave height increased, the efficiency dropped, with
each drop starting around Hrms = .5 metre for the torque limits of 0.5 MNm/m
and Hrms = 1 metre for torque limits of 1 MNm/m and above. Efficiencies on the
moving rig were somewhat higher than on the fixed rig for the 9 and 11 second seas,

at low amplitudes but the drop-off started sooner.

o
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2.31 DETAILED RESULTS OF SCATTER DIAGRAM TESTS

DUCK ANGLE

Duck angle varies considerably with energy period, the shortest seas
giving about 50% less RMS angle than the longest ones. The RMS angle levels off
at about 0.6 radians for all torgue limits., The levelling-off happens at about
Hrms = 2 metres for all tests, with the higher torque limits levelling off more
slowly. The moving rig gives RMS angles similar to those on the fixed rig. The
biggest difference is in the largest seas, where the moving rig angles are about

20% less.

Peak duck angles should not be considered reliable beyond 1.2 radian,
which is the maximum angle for reasonable signals from the transducer. From
photographic and "eyeball" inspection, we believe the angle of the duck will not
go beyond the range +2.5 to -1.2 radians in any sea. (Positive angles put the

duck over on its back.)
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2,38 DETAILED RESULTS OF SCATTER DIAGRAM TESTS

DUCK ANGULAR VELOCITY

Angular velocity is élmost completely independent of energy period,
with the RMS values lying very nearly on the same line. The RMS wvalues for a
torque limit of 4 MNm/m are only about 20% lower than those for 0.5 MNm/m, and
the RMS moving rig values are indistinguishable from the fixed rig ones with the

same torque limit.

The RMS angular velocities level off in the large seas, but the knee

is softer than for the angle measurements.

The peak angular velocities are more reliable than the peak angles
since the transducer is likely to be in the middle of its range when the peaks
occur. The duck angle is obtained by integrating the angular velocity signal,

using the same transducer.

The maximum angular velocities are indicated in the following table:

TORQUE LIMIT MAX. ANG. VEL.
MNm/m rads/sec
0.5 0.78
1 0.75
2 0.74
3 0.65
4 0.52

The peak of about 0.8 radians/second is fairly constant until a toxrgque
limit of 3 KNm/m when it drops to below 0.7. At the lowest torgue limit the peak
is reached at a lower wave height, Moving rig peaks are on average about 20% low

than fixed rig ones with the same torque limit. |
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2.45 DETAILED RESULTS OF SCATTER DIAGRAM TESTS

DUCK TORQUE

As torque is directly proportional to angular velocity, it is no
surprise to find that it too is nearly independent of energy period, The RMS
value goes up approximately linearly at 0.6 MNm/m per RMS metre of wave emplitude
until the torque limit is reached. Then the RMS torgue becomes fairly constant,

These are the values for the various torgue limits:

TORQUE LIMIT RMS TORQUE PLATEAU RMS WAVE POR
PLATEAU CORNER
(MNm/m) (MNm/m) (m)
0.5 0.4 1.2
1 0.7 1.5
2 1.2 2.2 ﬁ%
3 1.3 3.5

The highest torque tested (about 4 MNm/m) was limited by the torgue

transducer in our duck. It showed similar behaviour to the 3 MNm/m tests.

The moving rig behaviour was nearly identical to the fixed rig behaviour
at the same torque limit except for large 13 second seas, where the RMS values

rose to be nearly as high as the peak values.

The capital cost of pumps is proportional to torque rather than power,
If no greater value is placed on high power levels in winter, then we advise a
torgie limit of 1 MNm/m of duck for the India wave climate. But it would be
sensible to choose designs which could allow higher torgue limits to be used in
the same devices if policy on the relation of summer to winter prices should change.

p
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2,52 DETAILED RESULTS OF SCATTER DIAGRAM TESTS

EH

SURGE FORCE

Both the peak and RMS surge forces on the fixed rig show a nearly
linear rise with wave amplitude, with slight levelling off at high amplitudes,
The forces are very nearly independent of both energy period and torque limit.
Therefore they can be predicted well using a force coefficient (see page ¢,13).
Force coefficients for the test series are 'given on page 2,58 . The fixed rig
tests show RMS-derived coefficients of about 0.4 (500 KN/m at Hrms = 4,5 metres),
The 7 second sea forces are about 20% lower., Peak forces are about three times

the RMS.
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2,59 DETAILED RESULTS OF SCATTER DIAGRAM TESTS

HEAVE FORCE

RMS heave forces are well-behaved and linear, showing very little
variation with energy period, torque limit or mounting. The RMS-derived force

coefficient is around 0.3 (see page 2,6 and 2.7).

Peak forces are another matter. Although fairly independent of torque
limit and energy period, the peak heave forces on the fixed rigs are considerably
higher than surge peaks. The forces alsoc rise at a steeper rate for wavesAgggﬁé
1 metre Hrms than they do below this amplitude. We believe the reason for tﬁis is
that the duck is being left partly hanging in the air when the trough of a large
wave goes by, The problem is much reduced on the moving rig where the duck is free

to move downwards, so in the real sea the problem should not exist.

On both the moving and fixed rigs there is a substantial downwards mean
heave force (sinking force). In the sea the whole duck string would take up mean
position below its still water position, and would not be left hanging in the air.
Tests were done adjusting the hub depth on the fixed rig until the sinking force

was zero. The unusual peak heave force behaviour disappeared altogether.
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2.66 DETAILED RESULTS OF SCATTER DIAGRAM TESTS

SINKING FORCE

Sinking force, the mean heave force, is another parameter which depends
very little ‘on the energy period. It is not strongly dependent on torque limit,
although the higher torque limits do reduce sinking force by about 30% around
H = 2.5 m. The force rises fairly slowly up to H = 1.5 metres, where it is

rms rms
about 70 kN/m for all the fixed rig tests. The line of sinking force in small seas

(Hrms = 0.5 m) does not extrapolate to zero, but towards about 20 kN/m.

The 20 kN/m "leftover" force is also evident in the moving rig tests
which use entirely different transducers and electronics. We cannot offer an
explanation but, as the force-measuring strain gauges were checked before and after

i,

each test, we are confident that there was no experimental error. ' 3

The sinking force on the moving rig in large seas is about half the

value for the fixed rig.
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2,73 DETAILED RESULTS OF SCATTER DIAGRAM TESTS

MOORING FORCE

Mooring force, the mean force in the surge direction, is much smaller
than the sinking force, Like the sinking force, is has a "leftover" force of
20 kN/m at small wave amplitudes. Mooring forces are fairly independent of torque
limit. The shorter seas showed somewhat greater mooring forces than the longer

seas.

The moving rig tests showed similar results up to Hrms = 1,5 metres,
but an actual reduction in mooring force above this level. All forces in these
tests have been in the direction of the wave propagation, but some tests on
cylinders and observations in our wide tank have shown that mean forces can be

in the opposite direction to the wave travel.
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2.80 DETAILED RESULTS OF SCATTER DIAGRAM TESTS

TESTING PROCEDURE

Since most of the parameters studied are not a strong function of
energy period, we used only four values of Te. We computed discrete spectra
to approximate Pierson~Moskowitz spectra and measured the seas in the tank
with the wave gauge where the model would normally be, Energy period was
measured at one gain setting and RMS wave amplitude measured for several gain

settings.

The model was then put in the tank and the seas were re~run. We
assumed that the sea reaching the model was the same as when the wave gauge was
in the tank, because the wavemaker absorbs model reflections and the spectrum

i,

generator produces a repeatable sequence. Parameters were measured simultaneousl; '

A change in wavemaker electronics in the middle of the tests caused
some slight changes in the seas. The seas were re-measured after the electronics

modi fication.

Photoaraphs and descriptions of the rias are alven on page 26.3 and
26.15 of our 1976 report. Force sensing is done with torque strain gauges on

thin wall tubes. They are fitted between the duck bearing and the rig.

This presents no problems for fixed axis work. With a moving axis rig
the strain gauges sense the forces needed to accelerate the rig but not those
accelerating the section of backbone inside the duck. The rig inertia is
substantial but it is not clear how one should apportion inertia of adjacent

ducks when using a backbone of intermediate and nonlinear compliance.

’%
o
The presence of joints betwen backbone sections does not remove all loads

between duck and backbone. We may have to deal with accelerations of % g or so.

This would call for about 700 kN/m to accelerate a 13.5 metre backbone,

The duck power take-off mechanism is a force feed~back dynamometer
described on page 26.1 of our 1976 report. This gives an angular velocity signal
which may be integrated to give angle., Torque limits are applied by clipping the

command signal to the torque motor drive amplifier.

We measure moderate amplitude waves with heaving float gauges as shown
on page 26.7 of our 1976 report. But these are unsuitable in breaking waves
for which we use a three~wire conductivity compensated probe. The problems with

cross waves are less obvious in random seas.



DETAIILED RESULTS OF SCATTER DIAGRAM TESTS

TEST PARAMETERS & ACCURACIES

The model was ballasted as shown on page 3.2.

AXIS DEPTH IN CALM WATER

TANK WIDTH

WATER DEPTH

EDINBURGH GRAVITATIONAL ACCELERATION
TANK WATER DENSITY

ASSUMED SEA WATER DENSITY

. WALT-TIME BEFORE MEASURMENT

SAMPLING RATE (SYNCHRONISED WITH SEA GENERATION)
SAMPLING TIME
DYNAMOMETER DAMPING COEFFICIENT
MOVING RIG STIFFNESS (both axes)
DAMPING
FORCE LIMIT
ACCURACIES:
RMS WAVE MEASUREMENT

PEAK WAVE MEASUREMENT

TORQUE

ANGLE
(Max. trustworthy measurements +1.4, -1 rad)

RMS FORCE MEASUREMENTS

PEAK FORCE MEASUREMENTS

AVERAGE FIXED RIG FORCE ZERO STABILITY OVER TEST
AVERAGE MOVING RIG FORCE ZERO STABILITY OVER TEST
MAXIMUM FORCE RANGE

MAX. FORCE ZERO DRIFT FOR USE OF MEAN FORCE

MAX, FORCE ZERO DEIFT FOR USE OF ANY FORCES

MODEL SCALE

5.

8 cm

30 cm
60 cm
981.,5 cm/sec2
,998 gm/cm”

30 sec

10 Hz
51.2 sec

5.4 Ncm sec/rad

2000 N/m
20 N sec/m
3 N

+ 2% <2
+ 5% > 2
+ 10% < 2
+ 20% > 2
+ 3% £.2
+ 108 > 1
+ 3% <£.5
+ 5%

+ 10%

+ .02 N

+ .05 N

+ 100 N

+ .1 N

+ .3 N

cm

cm

cm

cm

RMS
RMS
RMS

rad

rad

rad

2.81
15 m SCALE
8.8 m
80 m

1.027 gm/cm3

.82 Hz

627 sec

7.6 MN sec/rad
10° N/m”

125000 N sec/m2
230 kN/m

{3 m
23 m
<3 m
>3 m

1.4 x 1O3 kN/m
3.8 x 103 kN/m
7.7 % 106 N/m
7.1 =% 103 N/m
23 x 1O3 N/m
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CHARACTERISTICS AND DRAWING OF MEDIUM-BEAKED DUCK D0019

The hump-backed duck design is the result of tests in big waves. The
humps have no effect in small waves so that efficiency is kept high when we need it.
But as soon as we have generated more power than the transmission system can absorb
it is desirable to dump the surplus by making waves astern. This has the useful
effect of reducing the mooring forces. Indeed, the tests shown on page

show that mooring forces can get lower at high wave amplitudes.

The drawing on page 3.2 shows D0019 as ballasted for most of the tests
in this report. The moving-magnet dynamometer which is necessary for the high torque
limit tests is overweight. It lies across the nod axis inside the space reserved
for backbone. Its presence has much more effect on the radial distance of the centre
of gravity than on the moment of inertia or the pendulum behaviour of the duck. %%
There is good agreement between the performance of DO019 and its 1/15th scale version,
D0012, tested at Feltham, which had all ballast weights outside the backbone area.
We tried extra inertia in DO020 with disappointing results and so we think that

any changes should be such as to reduce the nodding inertia.

The importaht parameter is the angle between the line of profile symmetry
and the line joining the CG to the nod axis, This determines whether or not the
duck will recover from capsize. We recommend that an intermediate recovery rate
is best and this occurs with CG angles of about 10°.  we may try a little less for
ducks on mountings with high heave compliance. It will also be interesting to try
duck profiles with slightly slimmer paunches and fatter humps. However, the
symmetrical version has the advantage for mid-ocean use that a very small ballasi
movement will let it take waves from astern. This will be a useful feature fos

stations in mid-ocean and north of Orkney.

The ballasting arrangements have not yet been modified for the zecc

heave stiffness mounting.



4/10/76

1/150thsc"

LLASI

e

eerrQngnH 1

,,,,,,,,

7 o
‘v

A :'TED)

. ‘_v_ .”‘_sn‘! 1541
s ”‘694.\1{*« ‘

N ?/un stiffness-

- /dry j,nerti?c_t 'if7:3'ax1U 3kc;M

dry welclht eﬁ(cl dvn&ball) 1143 l«
- dry weight with ballast 1787kg
approxvnoddmg mass o 269 kg

e

1.

j:'f;f’;iL)IMEN’SIONS in_mm

["]_T_; e

- Remer

© A=1000mm @

' CROSS SECTION
'@tFULLSCALE -







i

EXPERIMENTS WITH VARIABLE MOUNTING COMPLIANCE

The background to these tests is discussed on page 25.6 of the 1976
report. The idea started during discussions with David Evans about his extensions
to Ogilvie's work.

Ogilvie( 1) has shown that a submerged cylinder rotating about an

eccentric axis makes waves on one side only. Evans predicted that in reverse it

would make an excellent wave absorber and he has demonstrated it with the surging/
heaving rig. We can understand how the phenomenon arises by arguing as follows.

The circular motion of the cylinder could be produced by giving it simple harmonic
motions in the heave and surge directions which are 90° out of phase with each other.
The waves produced by the heave motion alone would be symmetric fore and aft of
the cylinder, while the waves produced by the surge motion along would be anti-
symmetric. When both motions combine, the waves on one side are additive while

those on the other cancel.

(2

Evans )emphasized that these ideas are not peculiar to cylinders. Given
the correct mounting characteristics they should work for any object, including the
back of a duck. These experiments are intended to show what sort of mounting

stiffness i$ desirable. We find the results particularly exciting.
APPARATUS

We used the surge/heave/pitch rig as described on page 26.15 of our 1976
report. The duck was DO019 with waterline and ballast conditions as shown on page
3.1 and 3.2 of this report. These had been optimised for best performance at

106 N/m2 stiffness density.

Tests were made in regular waves with wave length to diameter ratio = }

8.00, 10.8, 15.6, 19.3 and 21.6.

At first we used simple damping in the duck dynamometer with torque
proportional to velocity. No damping was applied to the rig. The inertia of the

rig was reduced to the minimum value possible.

Both heave and surge compliances were varied and efficiency was measured.
The results are shown as contours of efficiency in the compliance plane with all
parameters scaled up as for a 15 m duck. Interesting things happen at high heave
compliance and so we have made the scale of compliance in that axis ten times greater
than for surge in all the graphs. As compariscons between different tests are
particularly important, we have grouped miniature graphs on the same pages to show

the effects of:

(1) wave length
(2) extra inertia

(3) negative spring in nod



4.2 EXPERIMENTS WITH VARIABLE MOUNTING COMPLIANCE

(1) WAVELENGTH & COMPLIANCE

All the graphs show two regions of high efficiency which are separated
by a valley, running parallel to the surge compliance axis, in which the efficiency
is under 20%. No tests were done below 20% but it was almost as if one could tune

for zero efficiency.
As wavelength increases

(a) the two high efficiency regions move towards the high surge compliance direction

and keep fairly well abreast
(b) contours separate towards the high heave compliance direction.

It is reasonable to expect that long period waves would have greater
crest length, This would make the ducks think that they were on more compliant
mountings, so behaviour with wavelength appears to be particularly fortunate.

It is an unexpected bonus comparable with the wavelength behaviour of added inertia

which keeps ducks in tune.

If rigidity costs money and compliance is cheap, the area of high heave

compliance is wvery attractive.





















































































































































































































