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INTRODUCTION 

The r e s u l t s  of measurements c a r r i e d  out  a t  the  National Maritime I n s t i t u t e ,  

Feltham i n  February 1977 confirmed t h a t  sca l ing  laws opera te  wel l  over t h e  range 

from 1/150 t o  1/15 and so  we be l i eve  t h a t  it i s  s a f e  t o  continue work i n  small tanks. 

We have t e s t e d  ducks on a v a r i e t y  of mountings i n  the  narrow tank over the  

e n t i r e  range of s e a  condit ions found a t  OWS India .  %he r e s u l t s  provide s u f f i c i e n t  

inpu t  da ta  f o r  t h e  fu l l - sca le  power take-off design. 

We have developed techniques f o r  genera t ing  very s t e e p  waves and have 

t e s t e d  ducks i n  condit ions l i k e l y  t o  induce slamming. We are  s a t i s f i e d  with duck 

behaviour i n  these  condit ions and do n o t  regard slamming a s  our most se r ious  problem. 

Photographs of the  t e s t s  a r e  contained i n  Volume 2 of t h i s  repor t .  

We have explored duck behaviour on mountings of  va r i ab le  compliance, and 

have discovered some s t r i k i n g  e f f e c t s .  We f i n d  t h a t  the re  a re  two regions of 

e f f i c i e n t  opera t ion ,  one of which requi res  no r e s t r a i n t  i n  heave. Ducks on mountings 

with the  r i g h t  compliance can work b e t t e r  than those on f ixed mountings and the  r i g h t  

compliance can e a s i l y  be achieved a t  f u l l  s ca le .  

Most of our  e f f o r t  has gone i n t o  making a wide tank with con t ro l  of 

d i r e c t i o n a l  c h a r a c t e r i s t i c s  of random seas .  I t s  design may prove of i n t e r e s t  t o  o t h e r  

groups. I t  was ready f o r  use i n  January 1978 and the  c o s t  es t imates  proved accurate.  

Descript ions of  t h e  design and performance w i l l  be found i n  Volume 3 of t h i s  r epor t .  

Results  from our f i r s t  month of experiments on f ree - f loa t ing  backbones 

without  ducks show t h a t  bending moments f a l l  i n  the  c e n t r a l  sec t ions  of very long 

backbones and t h a t  s t a t i c  beam theory i s  d i f f i c u l t  t o  apply. 
I 

The fu l l - t ime engineering s t r eng th  of the  team has r i s e n  t o  four with 

the  a r r i v a l  of Glenn Kel ler  b u t  I am sorry  t o  r epor t  t h a t  we s h a l l  be los ing  two 

welcome v i s i t o r s .  Rick J e f f e r i e s ,  who has been working on non-linear hydrodynamics 

f o r  h i s  Cambridgedoctorate, w i l l  be going t o  CEGB, Marchwood. Ian Young i s  leaving 

us t o  read computer science here a t  Edinburgh. 

I would l i k e  t o  draw the  a t t e n t i o n  of  WESC t o  repor t s  by my colleague 

David McComb on polymer addi t ions  f o r  hydraul ic  power transmission,  by Graham Dixon 

on the  anomalous heave force behaviour of hor i zon ta l  cyl inders  and by Rick J e f f e r i e s  

on t h e o r e t i c a l  frequency and time domain models f o r  ducks. 

S.  H. S a l t e r  

Ju ly  1978 



SCATTER DIAGRAM TESTS I N  THE NARROW TANK 

I n  our 1976 repor t  we described the  behaviour of  ducks i n  small t o  

medium regu la r  waves. We now repor t  

(1 measurements i n  more r e a l i s t i c  condi t ions ,  inc luding pseudo-randoin seas  ; 

(2 1 eomparisons between f ixed  and moving mountings. 

The same duck with t h e  same b a l l a s t i n g  ( see  page 3.2 was used f o r  a l l  tests. 

The t e s t s  were chosen t o  cover the  range of sea  condit ions experienced a t  OWS I n d i a  

by a 15 metre duck. 

On both kinds of mounting, t e s t s  covered RE3 wave height  from 0.2 t o  

4.3 metres, and energy period ( T  ) from 7.4 t o  13.3 seconds. I n  the f ixed-axis  
e 

-l 
t e s t s ,  the  torque limits ranged from .5 ~ ~ m / m  t o  4 PHm/m. However, s ince  the 

f ixed-axis  work y ie lded evidence t h a t  the  economic torque l i m i t  would be close t o  

1 M ~ m y m ,  t h i s  l i m i t  was imposed f o r  a l l  t e s t s  on the  moving r i g .  

There were severa l  repeat  t e s t s  and random checks including some to  

i n v e s t i g a t e  anomalous heave force  behaviour. 

The t e s t  p o i n t s  a r e  superimposed on the  s c a t t e r  diagram opposite .  

We p resen t  our main conclusions f i r s t .  Complete t e s t  r e s u l t s  s t a l - t  

on Page 2.17. 



SCATTER D I A G W  TEST? IN WE; NARROW T:ANK 

STATION INDIA SCATTER DIAGRAM 
SHOWING TESTS PERFORMED 

Te IN SECONDS 
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SCATTER DIAGRAM TESTS I N  THE NARROW TANK 

M A I N  CONCLUS IONS 

The major points noted i n  the t e s t s  were: 

(1) Our simple force equation (see 2nd Year Report, page 2,2) survives random 

sea t r i a l s .  The highest  force coef f ic ien t  recorded i n  t h i s  s e r i e s  i s  .79. 

The typ ica l  value fo r  surge i s  .4 and fo r  heave i s  , 3 .  

(2)  Duck power output is nearly independent of energy period i n  a random sea 

over the  range tested.  For a given RMS wave height,  a s  the energy r i s e s  

the power increase nearly balances the  eff ic iency drop. On the fixed ax is ,  

a torque l i m i t  looks l i ke  a power l i m i t .  For example, a l i m i t  of 1 ~ N m / m  

of duck gives a mean power l i m i t  of 100 k~/m.  A duck on a moving axis  can 

get  on average 20% more power with the  same power l i m i t  because of b e t t e r  

recovery from capsize. 

( 3 )  The biggest  mooring force observed was 54 kN/m fo r  a 15 metre ful l -scale  duck 

on a f ixed axis.  But f o r  models on the  compliant ax i s ,  mooring forces are 

lower - - t yp i ca l l y  25 kN/m and they f a l l  a t  large wave amplitude. We f ind 

t h i s  very encouraging. 



SCATTER D I A G W  TESTS I N  THE NARROW TANK 

MAJOR POINT 1: THE SIMPLE FORCE EQUATION SURVIVES 

The opposi te  page shows a11 the  force  c o e f f i c i e n t s  measured i n  the  

e n t i r e  series of t e s t s  aga ins t  RMS wave height .  

P o i n t s  inc lude  f ixed  and moving a x i s ,  RMS-derived and peak-derived 

values and a l l  t h e  energy per iods .  The c o e f f i c i e n t s  g r e a t e r  than .5 i n  waves 

l a r g e r  than 2 metres H a r e  f o r  peak heave fo rces  and occur only on a f ixed 
ms 

a x i s  (see  page 2 ,S2 f o r  f u r t h e r  explanation) . 
The two following pages show force  c o e f f i c i e n t s  f o r  f ixed  and moving 

r i g  with the  recommended torque l i m i t  ( 1 MNm/rn) . -7 



ALL THE FORCE COEFFICIENTS 

RMS WAVE HEIGHT METRES 



FORCE COEFFICIENTS ON FIXED AXES 
W@ 10, ammod sale h, l majamdwt-m&/metre -brgue l im i t  

1 2 3 4 

RMS WAVE HEIGHT m 
1 2 3 4 

RMS WAVE HEIGHT m 

L 2 3 4- 

RMS WAVE HEIGHT m 
1 2 3 Lf- 

RMS WAVE HEIGHT m 



l. 2. 3 'f- l. 2 3 4- 

RMS WAVE HEIGHT m RMS WAVE HEIGHT m 

RML- WAVE FEIGHT m RM5 WAVE HEIGHT m 
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2.8 SCATTER D I A G W I  TESTS I N  THE NARROW TANK 

MAJOR P O I N T  2 :  DUCK POWER OUTPUT I S  NEARLY INDEPENDENT O F  To. 



Scatf er Diagram Tests 

DUCK POWER 

RMS WAVE HEIGHT METRES 



SCATTER DIAGRAM TESTS I N  THE NARROW TANK 

MAJOR POINT 3 :  MOORING FORCES ARE SMALL 

The graph shows mooring force  a g a i n s t  H f o r  various energy periods 
rms 

on f ixed  and moving axes. Our mooring fo rces  a r e  measured a s  the  long-term mean 

surge force  on the  assumption t h a t  t h e r e  i s  a very lowerate mooring system. 

The p red ic ted  values a r e  so low t h a t  an in termedia te  mooring s t i f f n e s s  

could be  used t o  reduce surge excursions which might o v e r s t r e s s  the  power cables. 
;rm 

The lower values f o r  the  moving a x i s  a r e  caused by the  transmission of  waves behiri 1 
t h e  model, which occurs a s  soon a s  s u f f i c i e n t  power has been taken. 



MOORING FORCES ON 

FIXED AND MOVING AXES 

RMS WAVE HEIGHT METRES 



SCATTER DIAGRAM TESTS I N  THE NARROW TANK 

FULL-SCALE DES I GN VALUES 

The values on t h e  opposi te  page should g ive  des igners  worst  case data 

f o r  ca lcula t ions .  The t h r e e  following pages give t y p i c a l  working values f o r  small ,  

med ium and l a rge  seas .  Each of t h e  maxima i s  independent. Thus, f o r  example, 

the  maximum heave force  c o e f f i c i e n t  does n o t  necessa r i ly  come from the  same t e s t  

as the  maximum heave force.  

The t a b l e  s p e c i f i e s ,  f o r  each extreme value,  the  t e s t  condi t ions  i n  

which it was obtained. 

Hms 
= RMS wave height  (metres) 

Te 
= energy per iod  (seconds) 

TLim = torque l i m i t  (MNm/m) 

M/F = moving o r  f ixed  mounting 

Tes t  = t e s t  number 

(The t e s t  number i s  included f o r  our own reference.)  

I t  should be noted t h a t :  

(1) t h e  angle t ransducer  i s  l imi ted  t o  a  range of +1.4 t o  -.6 radians ,  ana the  

angular  range given i s  obtained from photographs and d i r e c t  v i s u a l  es t imates  ; 

(2)  t h e  peak/RMS r a t i o  of waves i n  our  tank i s  somewhat lower than i s  t o  be 

expected i n  t h e  r e a l  sea  and thus peak fo rces  a r e  probably b e t t e r  predic ted  

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



SCATTER DIAGRAM T E S T S  I N  THE NARROW TANK 

-- 

MAX. I N  ALL T E S T S  UNDER RECOl'4MENDED CONDIT~ONS 
1MN/m TORQUE L I M I T  

I 
T E S T  CONDITIONS 

PARAMETER 1 7  T E S T  CONDITIONS 

T e s t  

R E  WAVE AMPLITUDE 
( m e t r e s )  

HIQfEST CREST- 
LOWEST TROUGH 
( m e t r e s )  

S E A  POWER 
( k i l o w a t t s / m e t r e )  

LEAN DUCK P m E R  
( k i l o w a t t s / m e t r e )  

RMS DUCK ANGLE 
( r a d i a n s  

DUCK ANGULAR RANGE 2 . 5  2 . 5  t o  - 1 . 2  see opp. pa see opp. page 
( r a d i a n s )  

RMS ANGULAR VELOCITY 
( r a d i a n  s / s e c o n d )  

PEAK ANGULAR VELOCITY 
( r a d i a n s / s e c o n d )  

RMS DUCK TORQUE 
( ~ e g a n e w t o n - m e t r e /  

m e t r e  

PEAK TORQUE 
( M e g a n e w t o n - m e t r e /  
? e t r e )  

RMS HEAVE FORCE 
( k i l o n e w t o n s / m e t r e )  

PEAK HEAVE FORCE 
( k i l o n e w t o n s / m e t r e )  

RMS SURGE FORCE 
( k i l o n e w t o n s / m e t r e )  

PEAK SURGE FORCE 
( k i l o n e w t o n s / m e t r e )  

S I N K I N G  FORCE 
( k i l o n e w t o n s / m e t r e )  

MOORING FORCE 
( k i l o n e w t o n s / m e t r e )  

RMS HEAVE FORCE 
C O E F F I C I E N T  

PEAK HEAVE FORCE 
C O E F F I C I E N T  

RMS S U R a  FORCE 
C O E F F I C I E N T  

PEAK SURGE FORCE 

C O E F F I C I E N T  



2 . 1 4  SCATTER DIAGRAM TESTS I N  THE NARROW TANK 

FULL SCALE PARAMETERS 

TYPICAL SMALL SEA ( 7 . 4  sec T ) 
e 

RMS WAVE AMPLITUDE 
( m e t r e s )  

HIGHEST CFEST- 
LOWEST TROUGH ( m e t r e s )  

SEA POWER 
( k i l o w a t t s / m e t r e )  

MEAN DUCK POWER 
( k i l o w a t t s / m e t r e )  

EFFICIENCY ( p e r c e n t )  

RMS DUCK ANGLE 
( r a d i a n s )  

DUCK ANGULAR RANGE 
( r a d i a n s )  

RMS ANGULAR VELOCITY 
( r a d i a n s / s e c o n d )  

PEAK ANGULAR VE1,OCITY 
( r a d i a n s / s e c o n d )  

RMS DUCK TORQUE 
( ~ e g a n e w t o n s - m e  t r e s / m e  t r e )  

PEAK TORQUE I 
(Meganewton-metres/metre) 

RMS HEAVE FORCE 
( k i l o n e w t o n s / m e t r e )  

PEAK HEAVE FORCE 
( k i l o n e w t o n s / m e t r e )  

W SURGE FORCE 
( k i l o n e w t o n s / m e t r e )  

'EAK SURGE FORCE 
( k i l o n e w t o n s / m e t r e )  

;INKING FORCE 
: k i l o n e w t o n s / m e t r e )  

IOORING FORCE 
k i l o n e w t o n s / m e t r e )  

W HEAVE FORCE 
!OEFFICIENT 

'E&$ HEAVE FORCE 
!OEFFICIENT 

!MS SURGE FORCE 
'OEFFICIENT 

EAK SURGE FORCE 
OEFFICIENT 

.5 MNm/m 
FIXED R I G  
TEST 1 1 3  

1 MNm/m 
FIXED R I G  
TEST 93 

CONDTTIOI 
1 MNm/r 

MOVING R1 
TEST 7 4  

2 MNm/m 
FIXED R I G  
TEST 2 4  



SCATTER DIAGRAM TESTS I N  THE NARROW TANK 

TYPICAL MEDIUM SEA 

RMS WAVE AMPLITUDE 
( m e t r e s )  

HIQIEST  CREST- 
LOWEST TROUGH ( m e t r e s )  

SEA PCWER 
( k i l o w a t t s / m e t r e )  

MEAN DUCK POWER 
( k i l o w a t t s / m e t r e )  

EFFICIENCY ( p e r c e n t )  

RMS DUCK ANGLE 
( r a d i a n s )  

DUCK ANGULAR RANGE 
( r a d i a n s )  

RMS ANGULAR VELOCITY 
( r a d i a n s / s e c o n d )  

PEAK ANGULAR VELOCITY 
( r a d i a n s / s e c o n d )  

RMS DUCK TORQUE 
(Mega n e w t o n - m e t r e s / m e t r e )  

PEAK TORQUE I 
( ~ ~ ~ ~ n e w t o n - m e t r e s / m e  t r e )  

RMS HEAVE FORCE 
( k i l o n e w t o n s / m e t r e )  

PEAK HEAVE FORCE 
( k i l o n e w t o n s / m e t r e )  

RPlS SURGE FORCE 
( k i l o n e w t o n s / m e t r e )  

PEAK SURGE FORCE 
( k i l o n e w t o n s / m e t r e )  

SINKING FORCE 
( k i l o n e w t o n s / m e t r e )  

MOORING FORCE 

RMS HEAVE FORCE 
COEFFICIENT 

PEAK HEAVE FORCE 
COEFFICIENT 

RMS SURGE FORCE 
COEFFICIENT 

PEAK SURGE FORCE 
COEFFICIENT 

T e = 3 . 4  sec Te=9 .4  sec 

I 
. 5  MNm/m 

FIXED R I G  
TEST 118 

1 MNm/m 
FIXED R I G  
TEST 98 

T e = 9 . 4  sec 
RECOMMENDE 
CONDITIONS 

1 MNm/m 
MOVING R I G  
TEST 79 

1 . 2  

2 MNm/m 
FIXED R I G  
TEST 30 

2 MNm/m 
FIXED R I G  
TEST 4 6  

T e = 9 . 2  sec Te=9 .2  sec 
f 

-- 

-- 





SCATTER DIAGRAM TEST I N  THE NARROW TANK 2 . 1 6  

TYPICAL LARGE SEA 

RMS WAVE AMPLITUDE 
( m e t r e s )  

HIGHEST CREST- 
LOWEST TROUGH ( m e t r e s  

SEA POWER 
( k i l o w a t t s / m e  t re 1 

MEAN DUCK POWER 
( k i l o w a t t s / m e t r e )  

EFFICIENCY ( p e r c e n t )  

RMS DUCK A N G m  
( r a d i a n s )  

DUCK ANGULAR RANGE 
( r a d i a n s )  

RMS ANGULAR VELOCITY 
( radians / s e c o n d )  

PEAK ANGULAR VELOCITY 
( r a d i a n s / s e c o n d )  

RMS DUCK TORQUE 
(~eganewton-metres/metre 

PEAK TOROUE 
(~eganewton-metres/metre 

RMS HEAVE FORCE 
( k i l o n e w t o n s / m e t r e )  

PEAK HEAVE FORCE 
( k i l o n e w t o n s / m e t r e )  

RMS SURGE FORCE 
( k i l o n e w t o n s / m e t r e )  

PEAK SURGE FORCE 
( k i l o n e w t o n s / m e t r e )  

SINKING FORCE 
( k i l o n e w t o n s / m e t r e )  

MOORING FORCE 
( k i l o n e w t o n s / m e t r e )  

RMS HEAVE FORCE 
COEFFICIENT 

PEAK HEAVE FORCE 
COEFFICIENT 

RMS SURGE FORCE 
COEFFICIENT 

PEAK SURGE FORCE 
COEFFICIENT 

e = 1 3 . 3  sec T e = 1 3 . 3  sec T e - 1 3 . 3  sec] ~ e e 1 2 . 9  sed ~ e = 1 2 . 9 s e c  

1 

.5 MNm/m 
IXED R I G  
EST 1 2 9  

TiECOMMENDE D 
CONDITTONS 

TEST 4 1  TEST 57 

* possible over-range 



DETAILED RESULTS OF SCATTER DIAGFWI TESTS 

POWER OUTPUT 

Duck power output  i s  near ly  independent of energy per iod  T . A torque 
e 

l i m i t  on t h e  f ixed r i g  causes the  duck power output  i n  kW/m t o  l e v e l  o f f  a t  about 

100 t i m e s  the torque l i m i t  i n  MNm/m ( f o r  a 15 metre duck). The moving r i g  r e s u l t s  

show an a d d i t i o n a l  30% of output  f o r  t h e  same torque l i m i t  due t o  f a ske r  recovery 

from capsize. The power output  on the  f ixed  r i g  was near ly  the  same a s  on the  

moving r i g ,  up t o  t h e  torque l i m i t .  



Scat ter  Diagram Tests a 

DUCK POWER,MOVING RIGJMNmlrn 
TORQUE LIMIT 

RMS WAVE HEIGHT METRES 



Scat te r  Diagram Tests 

DUCK POWER, FIXED RIG,-5MNmIm 
TORQUE ..LIMIT 

1 2 3 4 

S WAVE HEIGHT METRES 



Scat ter  Diagram Tests 

DUCK POWER.FIXED RIG,lMNmlm 
TORQUE LIMIT 

R- 7.Lt-sec TE 
- 9.4- sec 7& 

t- l l 2 i s e c  TE 
X - 13.3 ser: 

RMS WAVE HEIGHT METRES 



Scat ter  Diagram Tests 

DUCK POWER,FlXED RIG,ZMNm/m 
TORQUE LI 

S WAVE HEIGHT METRE 



Scat ter  Diagram Tests 

DUCK POWER, FIXED RIG, 3MN mlm 
TORQUE LIMIT 

RMS E HEIGHT METRES 





Scatter Diagram Tests 

DUCK POWER,FlXED RIG 

RMS WAVE HEIGHT METRES 



DETAILED RESULTS OF SCATTER DIAGRAM TESTS 

EFFICIENCY 

This  i s  the  one parameter t h a t  var ied  s i g n i f i c a n t l y  wi th  energy period. 

I n  genera l ,  t h e  7.4 second seas  gave t h e  h ighes t  e f f i c i e n c i e s  (around 85%) .  

The very high readings shown on page 2 .28  c a l l  f o r  some comment. We 

analyse r e s u l t s  a s  t h e  t e s t s  a r e  c a r r i e d  out  and these  t r i a l s  were repeated e i g h t  

times. The s e a  was a l s o  re-measured and no l a rge  e r r o r s  were discovered. We 

remain dubious about the  r e s u l t s  b u t  o f f e r  the  following explanation.  

Most e f f i c i e n c y  curves show a drop i n  performance below .5 metre RMS 

amplitude f o r  which t h e r e  i s  no hydrodynamic explanation.  I t  i s  almost c e r t a i n l y  

caused by bear ing  f r i c t i o n  i n  t h e  model mounting. This could e a s i l y  amount t o  

s e v e r a l  m i l l i w a t t s  a t  model s c a l e ,  and i s  no t  accounted f o r  i n  e f f i c i e n c y  c a l c u a t i  -1. 
The very high e f f i c i e n c y  curves do no t  show t h i s  f a l l  o f f  and s o  it may be t h a t  

f o r  this t e s t  t h e  model was assembled with i t s  bear ings  very w e l l  a l igned,  giving 

l e s s  f r i c t i o n  than usual.  

A s  the  energy per iod  increased,  the  e f f i c i e n c y  dropped. I t  i s  notable 

t h a t  the  e f f i c i e n c y  drop was near ly  matched by the  r i s e  i n  power i n  the  sea  

( a t  the  same ampli tude),  thus making t h e  duck power output  dependent only on the  

RMS wave amplitude. A s  t h e  wave he igh t  increased,  t h e  e f f i c i e n c y  dropped, with 

each drop s t a r t i n g  around H = .5 metre f o r  the  torque l i m i t s  of 0.5 ~ ~ r n / m  
rms 

and H = 1 metre f o r  torque limits of 1 MNm/rn and above. E f f i c i e n c i e s  on the  
ms 

moving r i g  were somewhat higher than on the  f ixed  r i g  f o r  t h e  9 and 11 second s e a s ,  

a t  low amplitudes b u t  the  drop-off s t a r t e d  sooner. 
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DETAILED RESULTS OF  SCATTER DIAGRAM T E S T S  

DUCK ANGLE 

Duck angle var ies  considerably with energy period,  the sho r t e s t  seas 

giving about 50% l e s s  RMS angle than the  longest ones. The RMS angle l eve ls  off  

a t  about 0.6 radians f o r  a l l  torque limits. The levelling-off happens a t  about 

Hrms 
= 2 metres f o r  a l l  t e s t s ,  with the  higher torque l i m i t s  l eve l l ing  off  more 

slowly. The moving r i g  gives RMS angles s imi la r  t o  those on the fixed r ig .  The 

biggest  difference i s  i n  the l a rges t  seas ,  where the moving r i g  angles are about 

20% less .  

Peak duck angles should not be considered r e l i ab l e  beyond 1 . 2  radian, 

which i s  the  maximum angle for  reasonable s igna ls  from the transducer. From 

photographic and "eyeball" inspection,  we believe the angle of the duck w i l l  not  ") 

go beyond the  range +2.5 t o  -1.2 radians i n  any sea. (Posit ive angles put the 

duck over on i t s  back.) 
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DETAILED RESULTS O F  SCATTER DIAGRAM TESTS 

DUCK ANGULAR 'VELOCITY 

Angular ve loc i ty  i s  almost completely independent of energy per iod ,  

with the  W values ly ing  very nea r ly  on the  same l i n e .  The RPE values f o r  a 

torque 1 i m i . t  of 4 m m / m  a re  only about 20% lower than those  for 0.5 MNm/m, and 

t h e  RMS moving r i g  values a r e  ind i s t ingu i shab le  from t h e  f ixed  r i g  ones with the  

same torque l i m i t .  

The RMS angular  v e l o c i t i e s  l e v e l  o f f  i n  the  l a rge  s e a s ,  b u t  the  knee 

i s  s o f t e r  than f o r  t h e  angle measurements. 

The peak angular v e l o c i t i e s  a r e  more r e l i a b l e  than the  peak angles 

s ince  the  t ransducer  i s  l i k e l y  t o  be i n  the  middle o f  i t s  range when the  peaks 

occur. The duck angle i s  obtained by i n t e g r a t i n g  the  angular  v e l o c i t y  s i g n a l ,  1 
using the same transducer.  

The maximum angular v e l o c i t i e s  a r e  ind ica ted  i n  the  following t a b l e :  

TORQUE LIMIT MAX. ANG. W L .  
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 i s  f a i r l y  cons tant  u n t i l  a torque 

l i m i t  of 3 m m / m  when it drops t o  below 0.7. A t  t he  lowest torque l i m i t  the  peak 

i s  reached a t  a lower wave height .  Moving r i g  peaks a r e  on average about 20% low 

than f ixed  r i g  ones with the  same torque l i m i t .  , 
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DETAILED RESULTS OF SCATTER DIAGRAM TESTS 

DUCK TORQUE 

A s  torque i s  d i r e c t l y  propor t ional  t o  angular  v e l o c i t y ,  it i s  no 

s u r p r i s e  t o  f ind  t h a t  it too i s  near ly  independent of energy period.  The W 

value goes up approximately l i n e a r l y  a t  0.6 m m / m  pe r  metre o f  wave amplitude 

u n t i l  t he  torque l i m i t  i s  reached. Then the  W tarque becomes f a i r l y  cons tant ,  

These a r e  t h e  va lues  f o r  the  various torque limits: 

TORQUE LIMIT RMS TORQUE PLATEAU W WAVE FOR 
PLATEAU CORNER 

(rmm/m) (mm/m) (m) 

The h ighes t  torque t e s t e d  (about 4 MNm/m) was l imi ted  by the  torque 

t ransducer  i n  our duck. I t  showed s i m i l a r  behaviour t o  the  3 MNm/m t e s t s .  

The moving r i g  behaviour was near ly  i d e n t i c a l  t o  the  f ixed  r i g  behaviour 

a t  t h e  same torque l i m i t  except  f o r  l a r g e  13 second s e a s ,  where the  RMS values 

rose t o  be nea r ly  a s  high a s  t h e  peak values. 

The c a p i t a l  cos t  of pumps i s  propor t ional  t o  torque r a t h e r  than power. 

I f  no g r e a t e r  value i s  placed on high power l e v e l s  i n  win te r ,  then we advise a 

torque l i m i t  of 1 ~ ~ m / m  of duck f o r  the  I n d i a  wave cl imate.  But  it would be 

sens ib le  t o  choose designs which could allow higher torque l i m i t s  t o  be used i n  

the  same devices i f  pol icy  on the  r e l a t i o n  of summer t o  win te r  p r i c e s  should change. 

,/ 
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DETAILED RESULTS OF  SCATTER DIAGRAM TESTS 

SURGE FORCE 

Both the peak and RMS surge forces on the fixed r i g  show a nearly 

l i n e a r  r i s e  with wave amplitude, with s l i g h t  l eve l l ing  of f  a t  high amplitudes, 

The forces a re  very nearly independent of both energy period and torque l i m i t .  

Therefore they can be predicted well  using a force coef f ic ien t  (see page 6.13) 

Force coef f ic ien ts  f o r  the  t e s t  s e r i e s  are given on page 2.58 . The fixed r i g  

t e s t s  show RMS-derived coef f ic ien ts  of about 0.4 (500 ICN/m a t  H = 4.5 metres) . 
r m s  

The 7 second sea forces are  about 20% lower. Peak forces are about three times 

the RMS. 
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DETAImD RESULTS O F  SCATTER DIAGRAM TESTS 

HEAVE FORCE 

RMS heave fo rces  a r e  well-behaved and l i n e a r ,  showing very l i t t l e  

v a r i a t i o n  with energy pe r iod ,  torque l i m i t  o r  mounting. The RMS-derived force  

c o e f f i c i e n t  i s  around 0.3 ( s e e  page 2.6 and 2 .7 )  . 
Peak fo rces  a r e  another  matter.  Although f a i r l y  independent of torque 

l i m i t  and energy pe r iod ,  the  peak heave fo rces  on the  f ixed  r i g s  a r e  considerably 
e h  dr higher  than surge peaks. The fo rces  a l s o  r i s e  a t  a s t e e p e r  r a t e  f o r  waves about 

1 metre H than they do below t h i s  amplitude, We b e l i e v e  the  reason f o r  
rms 3 

t h a t  t h e  duck is being l e f t  p a r t l y  hanging i n  t h e  a i r  when the trough of  a la rge  

wave goes by. The problem i s  much reduced on the  moving r i g  where the  duck i s  f r e e  

t o  move downwards, s o  i n  t h e  r e a l  sea  the  problem should n o t  e x i s t .  

On both t h e  moving and f ixed  r i g s  the re  i s  a s u b s t a n t i a l  downwards mea 

heave force  (s inking f o r c e ) .  I n  the  s e a  the  whole duck s t r i n g  would t ake  up  mean 

pos i t ion  below i t s  s t i l l  water  pos i t ion ,  and would n o t  be l e f t  hanging i n  the  air. 

Tests  were done ad jus t ing  t h e  hub depth on the  f ixed r i g  u n t i l  the  s inking force 

was zero. The unusual peak heave force  behaviour disappeared a l toge the r .  
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DETAILED RESULTS OF SCATTER D I A G N I  T E S T S  

S I N K I N G  FORCE 

Sinking fo rce ,  the mean heave f o r c e ,  i s  another  parameter which depends 

very l i t t l e  on the  energy period.  I t  i s  n o t  s t rong ly  dependent on torque l i m i t ,  

although t h e  h igher  torque l i m i t s  do reduce sinking force  By &out 30% around 

Hrms 
= 2.5 m. The force  r i s e s  f a i r l y  slowly up t o  H = 1.5 metres,  where it i s  

rms 
about 70 kN/m f o r  a l l  t he  f ixed  r i g  t e s t s .  The l i n e  of s inking fo rce  i n  small seas  

(Hnns 
= 0.5 m) does no t  e x t r a p o l a t e  t o  zero,  b u t  towards about 20  kN/m. 

The 20 kN/m " le f tover"  force  i s  a l s o  evident  i n  the  moving r i g  CesCs 

which use e n t i r e l y  d i f f e r e n t  t ransducers and e lec t ron ics .  We cannot o f f e r  an 

explanation b u t ,  a s  the  force-measuring s t r a i n  gauges were checked before  and a f t e r  

each t e s t ,  we a r e  confident  t h a t  the re  was no experimental e r r o r .  l 
The s ink ing  force  on the moving r i g  i n  l a rge  s e a s  is about h a l f  the  

value f o r  t h e  f ixed  r i g .  
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D E T A I L E D  RESULTS OF SCATTER DIAGRAM TESTS 

MOORING FORCE 

Mooring force,  the mean force i n  the surge direct ion,  i s  much smaller 

than the sinking force, Like the sinking force,  i s  has a "leftover" force of 

20 kN/m a t  small wave amplitudes. Mooring forces a re  f a i r l y  independent of torque 

l i m i t .  The shor te r  seas showed somewhat greater  mooring forces than the longer 

seas.  

The moving r i g  t e s t s  showed s imilar  r e su l t s  up t o  H 3 1.5 metres, 
r m s  

but an actual  reduction i n  mooring force above t h i s  level.  A l l  forces i n  these 

t e s t s  have been i n  the direct ion of the wave propagation, but some t e s t s  on 

cylinders and observations i n  our wide tank have shown t h a t  mean forces can be 

i n  the opposite direct ion t o  the  wave t ravel .  
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DETAILED RESULTS OF SCATTER DIAGRAM TESTS 

TESTING PROCEDURE 

Since most of  the  parameters s tud ied  a r e  n o t  a s t rong  function of 

energy per iod ,  we used only four values o f  Te. We computed d i s c r e t e  s p e c t r a  

t o  approximate Pierson-Moskowitz s p e c t r a  and measured the  seas  i n  the  tank 

with the  wave gauge where the  model would normally be. Energy per iod  was 

measured a t  one gain  s e t t i n g  and RMS wave amplitude measured f o r  s e v e r a l  gain 

s e t t i n g s .  

The model was then p u t  i n  the  tank and the  s e a s  were re-run. We 

assumed t h a t  the  s e a  reaching t h e  model was t h e  same a s  when the  wave gauge was 

i n  t h e  tank,  because the  wavemaker absorbs model r e f l e c t i o n s  and the  spectrum - * 
gene r a t o r  produces a repeatable  sequence. Parameters were measured simultaneousl: B 

A change i n  wavemaker e l e c t r o n i c s  i n  the  middle of the  t e s t s  caused 

some s l i g h t  changes i n  t h e  s e a s ,  The seas  were re-measured a f t e r  the  e l e c t r o n i c s  

modification. 

Photocfraohs and d e s c r i ~ t i o n s  o f  t h e  rim a r e  aiven on page 26.3 and 

26.15 of  our 1976 repor t .  Force sensing i s  done w i t h  korque s t r a i n  gauges on 

t h i n  wal l  tubes. They a r e  f i t t e d  between the  duck bear ing  and the  r i g .  

This  p resen t s  no problems f o r  f ixed  a x i s  work. With a moving axis r i g  

the  s t r a i n  gauges sense t h e  fo rces  needed t o  acce le ra te  the  r i g  b u t  n o t  those 

acce le ra t ing  the  sec t ion  of backbone i n s i d e  t h e  duck. The r i g  i n e r t i a  i s  

s u b s t a n t i a l  b u t  it i s  no t  c l e a r  how one should apportion i n e r t i a  of  adjacent  

ducks when using a backbone of  in termedia te  and nonl inear  compliance. 
1 

The presence of j o i n t s  betwen backbone sec t ions  does no t  remove a l l  loads 

between duck and backbone. We may have t o  dea l  w i t h  acce le ra t ions  of  % g o r  so. 

This would c a l l  f o r  about 700 k ~ / m  t o  acce le ra te  a 13.5 metre backbone. 

The duck power take-off mechanism i s  a force  feed-back dynamometer 

described on page 26.1 of our 1976 repor t ,  This g ives  an angular v e l o c i t y  s i g n a l  

which may be i n t e g r a t e d  t o  g ive  angle. Torque limits a r e  appl ied  by c l ipp ing  the  

command s i g n a l  t o  the torque motor d r ive  ampl i f ie r .  

We measure moderate amplitude waves with heaving f l o a t  gauges as shown 

on page 26.7 of  our  1976 repor t .  But these  a r e  unsu i t ab le  i n  breaking waves 

f o r  xhich we use a three-wire conductivi ty compensated probe. The problems with 

cross  waves a r e  l e s s  obvious i n  random seas .  



DETAILED RESULTS OF SCATTER DIAGRAM TESTS 

TEST PARAMETERS & ACCURACIES 

T h e  m o d e l  w a s  ballasted as s h o w n  on page 3 . 2 .  

axis DEPTH IN C ~ L M  WATER 

TANK W 1  DTH 

WATER DEPTH 

EDINBURGH GRAVITATIONAL ACCELERATION 

TANK WATER DENSITY 

ASSUMED SEA WATER DENSITY 

WAIT-'PIME BEFORE MEASURMENT 
i 

SAMPLING RATE (SYNCHRONISED WITH SEA GENERATION) 

SAMPLING TIME 

DYNAMOMETER DAMPING COEFFICIENT 

MOVING R I G  STIFFNESS ( b o t h  axes) 

DAMPING 

FORCE LIMIT  

ACCURACIES : 

RMS WAVE MEASUREMENT 

PEAK WAVE MEASUREMENT 

TORQUE 

ANGLE 
(Max. t r u s t w o r t h y  m e a s u r e m e n t s  +l. 4 ,  - 1 r a d )  

RMS FORCE MEASUREMENTS 

PEAK FORCE MEASUREMENTS 

AVERAB FIXED R I G  FORCE ZERO STABILITY OVER TEST 

AVERAW MOVING R I G  FORCE ZERO STABILITY OVER TEST 

MAXIMUM FORCE RANGE 

MAX. FORCE ZERO DRIFT  FOR USE OF MEAN FORCE 

MAX. FORCE ZERO DRIFT  FOR USE OF  ANY FORCES 

MODEL SCALE 

30 sec 

10 H z  

5 1 . 2  sec 

5 . 4  Ncm sec/rad 

2 0 0 0  N/m 

2 0  N s e c / m  

3 N 

. 8 2  H z  
J 

6 2 7  sec 

7 . 6  MN sec/rad 

lob  ~ / m ~  

1 2 5 0 0 0  N s e c / m  
2 

2 3 0  kN/m 

+ 3% < . 5  r a d  

+ 3 %  ( - 5  rad 



CHARACTERISTTCS AND DRAWING OF MEDIUM-BEAKED DUCK D00 19 

The hump-backed duck design is  t h e  r e s u l t  of t e s t s  i n  b i g  waves. The 

humps have no e f f e c t  i n  small  waves s o  t h a t  e f f i c i e n c y  i s  kep t  high when we need it. 

But a s  soon a s  we have generated more power than the  transmission system can absorb 

it i s  des i rab le  t o  dump the  s u r p l u s  by making waves as t e rn .  This has  the  useful  

e f f e c t  of reducing the  mooring forces.  Indeed, the  t e s t s  shown on page 

show t h a t  mooring fo rces  can g e t  lower a t  high wave amplitudes. 

The drawing on page 3.2 shows D0019 a s  b a l l a s t e d  f o r  most of the  t e s t s  

i n  t h i s  repor t .  The moving-magnet dynamometer which i s  necessary f o r  t h e  high torque 

l i m i t  t e s t s  i s  overweight. I t  l i e s  across t h e  nod a x i s  i n s i d e  the  space reserved 

f o r  backbone. Its presence has much more e f f e c t  on t h e  r a d i a l  d is tance  of the  cen t re  

of g rav i ty  than on t h e  moment o f  i n e r t i a  o r  t h e  pendulum behaviour of the  duck. I 

There i s  good agreement between t h e  performance of D0019 and i t s  1/15th s c a l e  vers ion ,  

< \ D0012, t e s t e d  a t  Feltham, which had a l l  b a l l a s t  weights ou t s ide  the  backbone area.  

We t r i e d  e x t r a  i n e r t i a  i n  D0020 wi th  d isappoint ing  r e s u l t s  and so  we think t h a t  

any changes should be  such a s  t o  reduce the  nodding i n e r t i a .  

The important  parameter i s  t h e  angle between the  l i n e  of p r o f i l e  symniet r y 

and the  l i n g  jo in ing  the  CG t o  t h e  nod ax i s ,  This determines whether o r  not  t h e  

duck w i l l  recover from capsize. We recommend t h a t  an in termedia te  recovery ratt 
0 

i s  b e s t  and t h i s  occurs with CG angles o f  about 10 . We may t r y  a l i t t l e  l e s s  f ~ ~ l  

ducks on mountings with high heave compliance. I t  w i l l  a l s o  be i n t e r e s t i n g  to  v 

duck p r o f i l e s  with s l i g h t l y  slimmer paunches and f a t t e r  humps. However, t k ~ c  

symmetrical version has t h e  advantage f o r  mid-ocean use t h a t  a very small b~ll,: I 

movement w i l l  l e t  it take waves from as tern .  This w i l l  be  a use fu l  f e a t u m  i r , ~  

s t a t i o n s  i n  mid-ocean and nor th  of  Orkney. 

The b a l l a s t i n g  arrangements have n o t  y e t  been modified for  the  zt i c 

heave s t i f f n e s s  mounting. 
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EXPERIMENTS WITH VARIABLE MOUNTING COMPLIANCE 

The background t o  these  t e s t s  i s  discussed on page 25.6 of the  1976 

repor t .  The idea  s t a r t e d  during discussions with David Evans about h i s  extensions 

t o  Ogilvie ' S work. 

Ogi l v i e  ( ) has shown t h a t  a  submerged cyl inder  r o t a t i n g  about an 

e c c e n t r i c  a x i s  makes waves on one s ide  only. Evans p red ic ted  t h a t  i n  reverse  it 

would make an e x c e l l e n t  wave absorber and he has demonstrated it with t h e  surging/ 

heaving r i g .  We can understand how the  phenomenon a r i s e s  by arguing a s  follows. 

The c i r c u l a r  motion of the  cyl inder  could be produced by g iv ing it simp3.e harmonic 
0 

motions i n  the  heave and surge d i r e c t i o n s  which a re  90 o u t  of phase wi th  each other .  

The waves produced by the  heave motion alone would be symmetric fo re  and a f t  of 

the  cyl inder ,  while the  waves produced by the  surge motion along would be ant i -  

symmetric. When both  motions combine,, t he  waves on one s i d e  a r e  add i t ive  while 1 

those on the  o t h e r  cancel.  

Evans ( 2 )  emphasized t h a t  these  ideas  a r e  no t  p e c u l i a r  t o  cyl inders .  Given 

the  c o r r e c t  mounting c h a r a c t e r i s t i c s  they should work f o r  any o b j e c t ,  inc luding the  

back of a  duck. These experiments a r e  intended t o  show what s o r t  of mounting 

s t i f f n e s s  is des i rab le .  We f i n d  the r e s u l t s  p a r t i c u l a r l y  exc i t ing .  

APPARATUS 

We used the  surge/heave/pitch r i g  a s  described on page 26.15 of our 1976 

repor t .  The duck was D0019 with water l ine  and b a l l a s t  condit ions a s  shown on page 

3.1 and 3.2 of t h i s  repor t .  These had been optimised f o r  b e s t  performance a t  
6 2 10 N/m s t i f f n e s s  densi ty.  

Tes ts  were made i n  regular  waves with wave length t o  diameter r a t i o  = 1 

8.00, 10.8, 15.6, 19.3 and 21.6. 

A t  f i r s t  we used simple damping i n  the  duck dynamometer with torque 

propor t ional  t o  ve loci ty .  No damping was appl ied  t o  the  r i g .  The i n e r t i a  of the  

r i g  was reduced t o  the  minimum value poss ib le .  

Both heave and surge compliances were va r i ed  and e f f i c i e n c y  was measured. 

The r e s u l t s  a re  shown as  contours of e f f i c i e n c y  i n  the  compliance plane with a l l  

parameters sca led  up as f o r  a  15 m duck. I n t e r e s t i n g  th ings  happen a t  high heave 

compliance and s o  we have made the  s c a l e  of compliance i n  t h a t  a x i s  ten  times g r e a t e r  

than f o r  surge i n  a l l  t he  graphs. A s  comparisons between d i f f e r e n t  t e s t s  a re  

p a r t i c u l a r l y  important,  we have grouped miniature graphs on the  same pages t o  show 

t h e  e f f e c t s  o f :  

( 1) wave length 

( 2 )  e x t r a  i n e r t i a  

( 3 )  negative sp r ing  i n  nod 



4.2 EXPERIMENTS W ITH VARIABLE MOUNTING COMPLIANCE 

( 1 ) W A V E Z E N W  & COMPLIANCE 

A l l  the graphs show two regions of high eff ic iency which are separated 

by a valley,  running p a r a l l e l  t o  the surge compliance ax is ,  i n  which the efficiency 

is  under 20%. No t e s t s  were done below 20% bu t  it was almost as  i f  one could tune 

f o r  zero eff ic iency.  

A s  wavelength increases 

(a)  the  two high eff ic iency regions move towards the high surge compliance d i rec t ion  

and keep f a i r l y  well abreast  

(b) contours separate towards the high heave compliance direct ion.  

I t  i s  reasonable t o  expect t h a t  long period waves would have greater  
*t 

c r e s t  length. This would make the ducks think t h a t  they were on more compliant 

mountings, so behaviour with wavelength appears t o  be pa r t i cu l a r ly  fortunate. 

I t  i s  an unexpected bonus comparable with the  wavelength behaviour of added i n e r t i a  

which keeps ducks i n  tune. 

I f  r i g i d i t y  costs  money and compliance i s  cheap, the area of high heave 

compliance i7s very a t t r ac t i ve .  














































































































































