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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. 



- - .  
I 

l 

r- - 

CROSS SECT1 0 N 
at FULL SCALE 





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 .  
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EXPERIMENTS WITH VARIABLE MOUNTING COMPLIANCE 

( 2 )  EXTRA INERTIA AND COMPLIANCE 

We t e s t e d  a t  L/D = 15.6 which i s  the  cent re  of the  commercially 

a t t r a c t i v e  wavelengths a t  OWS India .  We added i n e r t i a  t o  the  heave a x i s  only,  

surge a x i s  only and then t o  both. The amount added roughly doubled t h e  i n e r t i a  

of a dry duck and i t s  mounting. 

I n  surge  the  e f f e c t  i s  t o  move t h e  right-hand contours towards the  l e f t .  

There i s  a small  inc rease  i n  peak e f f i c i e n c y  from 60% t o  70% b u t  only over a small  

a r e a  i n  the  low heave compliance zone. 

The addi t ion  of  heave i n e r t i a  shows a s i m i l a r  crushing i n  the  heave 

d i rec t ion .  When both heave and surge i n e r t i a  values are  increased,  crushing i n  ' 

both axes occurs.  

In p r a c t i c e ,  i n e r t i a  could be increased by the  addi t ion  of  appendages 

t o  the  sp ine  such a s  drag p l a t e s .  But these  t e s t s  suggest  t h a t  it would be a 

bad th ing  t o  do. 

The main value of the  i n e r t i a  exe rc i se  comes from the  doubtful  p r a c t i c e  

of ext rapola t ion .  I f  more i n e r t i a  i s  bad we may hope t h a t  l e s s  i n e r t i a  w i l l  be 

good. Models on the  surging/heaving r i g  have i n e r t i a  values higher than the  simple 

duck displacement because of the  mass of t h e  l inkage and dynamometer. The f ree-  

f l o a t i n g  ducks i n  the  wide tank w i l l  be using a new dynamometer design which w i l l  

have l e s s  i n e r t i a  i n  surge and heave. 



DUCK EFFICIENCY on COMPLIANT AXIS 
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EXPERIPENTS W 1  TH VARIABLE MOUNTING COMPLIANCE 

( 3 )  NOD SPRING AND COMPLIANCE 

The ba l l a s t i ng  fo r  D0019 was optimised f o r  good capsize recovery i n  

extreme waves. We were a l so  t rying t o  maintain wideband performance without 

smart power take-off (see page 41, 1975 Report) . But when we combined compliance 

var ia t ions  with negative dynamometer spring,  some in t e r e s t i ng  r e su l t s  were obtained. 

We noticed t h a t  there appeared t o  be an anti-clockwise skew i n  the 

re la t ionship of the  two high eff ic iency peaks. Longer period performance i s  

improved bu t  it i s  sad t h a t  the  biggest  improvements occur t o  the peak i n  the 

low heave compliance region. 

-- , 
We are  re luc tan t  t o  r e ly  on react ive  loading t o  improve performance. I 

I t  i s  a l a s t  r e so r t  technique t o  rescue a bad duck design. The way t o  use react ive  

loading is  as  a pointer  t o  new designs. The high heave compliance models show l e s s  

tendency t o  capsize. We hope t o  r a i s e  the centre of gravi ty  even fur ther  and so 

win the  benef i t s  of negative spring without the complications of revers ible  power 

flow. 

There was an all-time record of 73% eff ic iency a t  wavelength/diameter r a t i o  

of 21.6 and power levels  up t o  100 kw/metre. This pinnacle was qu i te  sharp and 

hardly p rac t i ca l  a t  ful l -scale .  



DUCK EFFlClENNon COMPLIANT AXIS 
the ef fec t  of negative NOD SPRING 
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EXPERIMENTS W 1  TH VARIABLE MOUNTING COMPLIANCE 

UNITS OF COMPLIANCE 

I f  a fo rce  i s  appl ied  t o  a sp r ing  and t h e  extension observed, we descr ibe  

t h e  s t i f f n e s s  of  t h e  sp r ing  by the  r a t i o  o f  force  t o  movement. The u n i t s  of 

s t i f f n e s s  a r e  Newtons p e r  metre. 

Now consider  a d i s t r i b u t e d  force  f i e l d  along the  length of  a long beam. 

We t a l k  about an appl ied  ' f o r c e  dens i ty '  i n  Newtons p e r  metre. I f  we wish t o  

r ep resen t  a c e n t r a l  s l i c e  of  the  beam by a model i n  a narrow tank,  we use ' s t i f f n e s s  

dens i ty '  and u n i t s  of  Newtons p e r  metre squared. S t i f f n e s s  dens i ty  r i s e s  l i n e a r l y  

with sca le .  

I f  we need t o  draw curves f o r  f ixeducxis  models where the  s t i f f n e s s  i s  

i n f i n i t e ,  i t  is convenient t o  use the  r ec ip roca l  of s t i f f n e s s ,  i . e .  compliance. 
1 

For our beam s l i c e ,  the u n i t s  o f  'compliance dens i ty '  w i l l  be metres squared p e r  

Newton. Compliance dens i ty  f a l l s  with the r ec ip roca l  of  sca le .  

For ducks i n  our two e a r l i e r  r e p o r t s  we used f ixed-axis  mountings. 

For t h e  models used i n  the  e a r l i e r  p a r t  of t h i s  r e p o r t  we used the  surge/heave 
6 2 -6 2 

r i g  with a s t i f f n e s s  dens i ty  o f  10 N/m , i . e .  a compliance dens i ty  of 10 N /c. 
This was a-convenient  round number which we judged could be achieved with concrete 

f o r  a range of c r e s t  lengths.  

Tes ts  i n  t h i s  sec t ion  extend compliance dens i ty  t o  much higher  values. 

PRACTICAL VALUES OF COMPLIANCE 

There a r e  th ree  th ings  which govern the  compliance of a f r ee - f loa t ing  

backbone. P 

The f i r s t  i s  the  e l a s t i c i t y  E o f  the  ma te r i a l  from which it is  made. 
9 2 

For good concrete i t s  value i s  about 40 X 10 ~ / m  . 
The second i s  the  s i z e  w d  shape. The b e s t  way t o  descr ibe  t h i s  i s  -- 

t h e  value of I ,  the  second moment of the  backbone s t r i n g .  For a tube with 

i n s i d e  diameter D and ou t s ide  diameter D 
i 



EXPERIMENTS WITH VARIABLE MOUNTING COMPLIANCE 

I f  we make an a i r - f i l l e d  n e u t r a l l y  buoyant tube out  of ma te r i a l  with 

s p e c i f i c  g rav i ty  y , then the  r a t i o  of the  inner+ t o  the  ou te r  dimension i s  

The value of y f o r  concrete i s  about 2.4. This means t h a t  the  i n s i d e  diameter of 

an a i r - f i l l e d  tube must be  a t  l e a s t  .76 of t h e  outside.  But t o  allow f o r  bulkheads, 

e x t r a  machinery, buoyancy mate r i a l ,  e t c . ,  a r a t i o  of .8 i s  more probable. This 
4 

l eads  t o  wa l l  th ickness  o f  . l  D and a value of  T - .03 D . The f a c t o r  .03 w i l l  Be 

convenient t o  remember. (We should a l s o  note  t h a t  i f  it i s  not  necessary t o  provide 

equal  s t r eng th  and r i g i d i t y  i n  both heave and surge d i r e c t i o n s ,  we chan choose I )< - 
4 

from, say,  .O1 t o  .05 D . )  

The product  E1 f o r  a 13.5 metre concrete backbone of even wa l l  th icknessoa  

w i l l  be about 4 X l 0 l 3  Nm2. While E1 can be  chosen by the  designer,  he cannot 
3 

con t ro l  c r e s t  length  except by ly ing  oblique t o  long-crested s w e l l .  

I f  s t a t i c  beam theory had t o  be used t o  choose compliance values K 

f o r  model t e s t s  i n  a narrow tank,  we would use 

Al te rna t ive ly ,  i f  we need t o  know what c r e s t  length our K value rep resen t s ,  we use 

1 
I n  our  graphs, the  midpoint of  t h e  surge compliance ax i s  i s  3 X 106 m2/N 

f o r  which C = 658 metres. I t  seems as  i f  concrete backbones have more than enough 

r i g i d i t y  b u t  it i s  a g r e a t  p i t y  t h a t  our ignorance on the  sub jec t  of c r e s t  length  

s t a t i s t i c s  i s  so extensive.  



DUCK EFFICIE CY on C 
monochromatic - - 

parameters scaled up t o  represent 15m dia ij+-. 

I total heave inertia : 542 tonneslm 1 



DUCK EFFICIENCY on COMPLIANT AXl S 
monochromatic sea: T=1002sec; L/d=10*8 

parameters scaled up to represent 15m dia duck 
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SURGE COMPLIANCE M ~ / N  

total surge inertia : 374 t onneslm 
tota I heave inertia : 542 t onneslm 

nod damping .7-7 MNlradlslm 



DUCK EFFICIENCY on COMPLIANT AXIS 
monochromatic sea: T=12*2 sec; L/d=156 

parameters scaled up t o  represent 15m dia duck 
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. 
t; 

SURGE COMPLIANCE M ~ / N  

D0019 
( total surge inertia : 374 tonneslm / nod damping : 7.7 M- 
[ tota l heave inertia : 542 t onneslm / I 



DUCK EFFICIENCY on COMPLIANT AXIS 
monochromatic sea: T=B6 sec; L/d=19*3 

parameters scaled up t o  represent 15m dia duck 

2 4 
SURGE COMPLIANCE M+N 

total surge inertia: 374 tonneslm 
total heave inertia: 542 tonneslm 

nod damping : 7.7 MNlradlslm 



DUCK EFFICIENCY on COMPLIANT AXIS 
monochromatic sea: T=l4=4sec; L/d=21*6 

parameters scaled up to  represent 15m dia duck 

2 4 d 
SURGE CCIMPLIANCE M ~ / N  

D0019 
I total surge inertia : 374 tonneslm / nod damping : 7.7 ~ ~ l r a d k l m -  
tota I heave inertia : 542 t onneslrn / 



DUCK EFFICIENCY on COMPLIANT AXIS 
monochromatic sea: T=12-2 sec; L/d=15=6 
Added INERTIA in Surae 
parameters scaled up to  rzpesent 15m dia duck 

2 4 6 
SURGE COMPLIANCE M ~ / N  

D0019 
/ total surge inertia: 758 tonneslm I nod damping : 7-7 ~ ~ l r a d l s l r n ~  
total heave inertia: 542 tonneslm 1 



DUCK EFFICIENCY on COMPLIANT AXIS 
monochromatic sea: T=12*2sec; L/d=15-6 
Added INERTIA in Heave 
parameters scaled up to  represent 15m dia duck 
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SURGE COMPLIANCE M ~ / N  x l ~ - ~  

D0019 
total surge inertia : 37L tonneslm 
total heave inertia: 909 tonneslm L. nod damping : 7.7 MNlradlslrn 



DUCK EFFICIENCY on COMPLIANT AXIS 
monochromatic sea: T=12+2 sec; Lld=15-6 
Added INERTIA in Surae & Heave 
parameters scaled up to  Tepresent 15m dia duck 

2 4 
SURGE COMPLIANCE M ~ / N  

total surge inertia : 758 t onneslm 
tota I heave inertia : 909 t onneslm 

nod damping :7-7 MNlradlslm 



DUCK EFFICIENCY on COMPLIANT AXIS 
monochrornat ic sea: T=12-2 sec; L/d=15-6 
With neaative NOD SPRING 
paramete?s scaled up to  represent 15rn dia duck 

total surge inertia : 374 tonneslm ( nod damping . 7-7  MNlradlslm 
total heave inertia: 542 tonneslm I nod spring :2-29MNlradlm 



DUCK EFFICIENCY on COMPLIANT AXIS 
monochromatic sea: T=l4=4sec; Lld=21*6 
With neqative NOD SPRING 
paramet& scaled up to represent 15m dia duck 

2 4 6 
SURGE COMPLIANCE M*/N 

I total surge inertia : 374 tonneslm ( nod damping : 1 0 ~ 8 ~ ~ / r a d / s l m  / 
l l total heave inertia : 542 tonneslm I nod spring :1*72MN/rad/m 1 



PRELIMINARY BENDING MOMENT TESTS ON PLAIN BACKBONES 

OBnCTIVES 

We wanted t o  l ea rn  how t o  t e s t  i n  a wide tank and t o  see  i f  our f i r s t  

i d e a s  on bending moment and c r e s t  length s tood up t o  t e s t i n g .  

APPARATUS 

The models were made from leng ths  o f  83 mm X 3.4  mm wa l l  th ickness  PVC. 
2 We measured i t s  E1 value a s  2400 Nm which i s  above f i v e  times too  s t i f f  f o r  f u l l  

s c a l e  concrete.  (E1 r i s e s  with s c a l e  t o  the  f i f t h  power. 1 The lengths  could be 

joined e a s i l y  and bending moment sensors  could be i n s e r t e d  a t  any p o s i t i o n ,  The 

models were gen t ly  r e s t r a i n e d  with very low-rate moorings. Heave and surge bending 

moments were combined i n t o  a r e s u l t a n t  s o  t h a t  it was n o t  necessary t o  r e s t r a i n  t: 9 

model p i t ch .  F lex ib le  buoyancy mate r i a l  was used t o  make the  p ipe  f l o a t  near ly  awash 

We used regular  seas  of  various frequencies and changed c r e s t  length  by 

ad jus t ing  the  angle a t  which wave f r o n t s  approached the  model. We a l s o  used pseudo- 

random seas  cons i s t ing  of 21 wave f r o n t s  wi th  frequencies chosen t o  represent  a comb 

version of  the  Pierson-Moskowitz spectrum. We a l t e r e d  wave amplitude as  a f r a c t i o n  

o r  mul t ip le  of  t h e  Pierson-Moskowitz recommendation s o  as  t o  cover the  whole s c a t t e r  

diagram. Front  angles were chosen t o  produce c r e s t  lengths  which were f r a c t i o n s  and 

mul t ip les  of  the  Mitsuyasu formula. 

Between 50% and 200% of the  P-M norm we found t h a t  the  combined r e s u l t a n t  

o f  heave and surge bending moment var ied  l i n e a r l y  with wave amplitude. 

Below 50% of t h e  P-M norm, the  graph on page 6.3 shows some non- l inear i '  ' 

which i s  the  opposi te  curvature t o  t h a t  which would have been caused by wavemaker 

s t i c t i o n .  An explanation f o r  t h i s  e f f e c t  based on movements of the  jub i l ee  c l i p  

j o i n t  might be proposed. S imi la r  force behaviour occurs i n  narrow tank moving r i g  

t e s t s  ( see  page 2.53) caused by the  change t o  cons tant  r e s t o r i n g  force  above 230 kN/m.  

Bending moments were measured a t  var ious  p o i n t s  along the  backbone by 

i n s t a l l i n g  the  bending moment sensors a t  d i f f e r e n t  pos i t ions .  Page 6 .4  shows the  

r e s u l t s  f o r  a range of energy per iods  using the  normal P-M value f o r  H and t h e  
rms 

normal Mitsuyasu c r e s t  length.  

We f i n d  t h a t  a peak occurs near  the  end of the  pipe b u t  it i s  not obvious 

how the  d is tance  from the  peak p o s i t i o n  t o  t h e  end i s  r e l a t e d  t o  wave c h a r a c t e r i s t i c s .  

I n  t h e  middle of the  p ipe ,  bending moments l e v e l  o f f  and reduce except 

f o r  t h e  very longes t  sea.  We had hoped f o r  a reduction of 2 b u t  a value of fi 
looks more accura te .  I t  is  poss ib le  t o  specula te  t h a t  more compliant p ipes  would 



PRELTMINARY BENDING MOMENT TESTS 

make a g r e a t e r  reduction of  bending moment i n  the  middle and make t h e  long seas  

i . d  behave a s  t h e  s h o r t  ones do i n  t h i s  experiment. This  an important next  s t ep .  

Page 5.4 shows r e s u l t s  f o r  h a l f  the  model. We checked t h a t  s imi la r  

behaviour occurred f o r  t h e  h a l f  no t  shown. 

A t  t he  end of t h e  backbone, bending moments a r e  determined by f a c t o r s  

o the r  than Hms and Te. A t  t he  cent re  of a long backbone the  bending moments depend 
b* 

much more on H than T . We conclude t h a t  ends o f  d i f f i c u l t  t o  design and s o  We 
rms e CCxo ,4 

should have a s  few a s  poss ib le .  

The graphs on page 5.5 show t h e  comparisons between bending moments 

measured a t  the  th ree  end s t a t i o n s  and those measured a t  t h e  t h r e e  c e n t r a l  points .  

The 13 second T records a re  j u s t  higher than the  r e s t  bu t  no t  near ly  a s  much as  
e 1 

would occur i f  bending moment was propor t ional  t o  the  square of c r e s t  length. The 

graph on page 5.6 shows bending moment a s  a function of c r e s t  length. I f  Te and 

Hrms a r e  he ld  cons tant  and the  angles of  the  wave f r o n t s  i n  the  s e a  a r e  changed t o  

a l t e r  c r e s t  length ,  we f i n d  t h a t  bending moments a r e  a t  f i r s t  more o r  l e s s  

p ropor t iona l  t o  c r e s t  length.  However, they l e v e l  o f f  i n  seas  which have c r e s t  lengths 

th ree  o r  four  times more than those of  t h e  Mitsuyasu formula. This i s  followed by 

a gradual  decl ine  a s  c r e s t  length  becomes very long. 

This phenomenon must be caused by backbone compliance. Floppier  models 

should l e v e l  o f f  a t  lower Mitsuyasu mul t ip les .  Again it i s  d i f f i c u l t  t o  f i t  r e s u l t s  

t o  a c r e s t  length squared predic t ion .  

Measurements of bending moments made on backbones he ld  a t  d i f f e r e n t  angles 

show some unusual behaviour. On page 5.7 we see  r e s u l t s  from moving the  pipe r e l a t i v e  
,l 

t o  the  wave system, and a l s o  t h e  more convenient movement of  the  wave system relatrgve 

t o  a pipe.  Computers a r e  more e a s i l y  adjus ted  than mooring l i n e s .  

We s h a l l  be repeat ing  t h i s  experiment when the  o rches t ra t ion  u n i t  can 

produce more wave f ron t s .  We hope t o  be  a b l e  t o  make about 70. 



Bending Moment Lineari ty 

for a 21 m long pipe in irregular seas 
I 

HRMS: % OF PIERSON MOSKOWITZ NORM 



Bendina Moment vs Position 
for a 21 m long pipe in irregular seas 
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Bending Moment vs Wave Am 
fora 21m long pipe in irregular seas 
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Bending Moment vs Crest Length 
fora 21m long pipe in irregular seas 

MULTIPLE OF MITSUYASU CREST LENGTHS 



Bending Moment vs Mean Sea Angle 
fora 21m long pipe in irregular seas 
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PRELIMINARY BENDING MOMl3NT TES!I'S 

IRE SEARCH FOR PEAKS I N  THE CREST WNGTH/FREQUENCY PLANE FOR VARIOUS PIPE LENGTHS 
i72 

W e  t e s t ed  models of pipes of length 3, 9, 15 and 21 metres. We changed 

wave frequency and c r e s t  length t o  f ind the  maximum bending moment a t  t he  centre 

of each length. We used oblique s ingle  wave f ron ts  so t h a t  a l l  points  along the 

pipe received the  same wave amplitude. We used a constant wave amplitude of 

one-tenth of a backbone diameter. 

The r e s u l t s  are tabulated as follows: 

Some pipe lengths showed peaks a t  two frequencies. We were surprised 

PIPE IBNGTH 

FREQUENCY 
FOR MAXIMUM 

CREST IBNGTB 
FOR MAXIMUM 

VALUE OF 
MAXIMUM 

t o  f ind no double peaks fo r  the  15 m length despite a very thorough search. 

?;he longest pipe does not have the  l a rges t  bending moment. . For the 

two shortest pipes,  the  worst c r e s t  length was close t o  the pipe length but it 

LOW FREQUENCY 

did not r i s e  t o  match the longer pipes. 

I t  is  highly probably t ha t  the  bending moment peaks w i l l  be reduced f o r  

m 

Hz 

m 

Nm 

2 1 

0.5 

11.0 

10.3 

HIGH FREQUENCY 

3 9 15 

any compliance which could be made a t  f u l l  scale.  The s t i f f n e s s  of t h i s  model i s  

3 

1.2 

3.0 

2.5 

- 

- 

- 

f i v e  times grea te r  than the s t i f f e s t  possible concrete prototype, 

0.5 

11.0 

12.3 

2 1 

1.1 

8.0 

10.3 - 

9 

1.3 

8.0 

5.2 

- 

- 

15 

1.1 

9.0 

12.3 





P WLIMINARY BENDING MOMENT TESTS 

BENDING MOMENT FOR A LONG PIPE AS A FUNCTION OF FREOUENCY AND CREST LENGTH 

We measured the  bending moment a t  t h e  cent re  of a 21 metre length 

of pipe.  

We va r i ed  the frequency from .4 t o  2 Hz i n  fourteen s teps .  For each 

frequency w e  va r i ed  t h e  c r e s t  length from 2 t o  22 metres i n  fourteen s t eps .  

Since c r e s t  length cannot be  s h o r t e r  than wave length ,  some o f  the  

low frequency s h o r t  c r e s t  lengths  a r e  impossible. 

The r e s u l t s  a re  shown on pages 5.10 t o  5.13 as views ofi 8 three-dimensional 

shape with c r e s t  length  and frequency i n  t h e  hor izon ta l  p lane  and bending moment 

t o  wave he igh t  r a t i o  as t h e  a l t i t u d e .  Views a re  shown f o r  two d i r e c t i o n s  with 

and without smoothing. 

There a r e  two prominent peaks of s i m i l a r  he igh t  and enough minor ones 

forming sytematic r idges  t o  t e s t  any dynamicis t fs  theor ie s .  

The graph on page 5.14 shows a sec t ion  of the  shape through t h e  

1 .2  H z  plane. 



BENDING MOMENT 
for a 21 met re long pipe in regular waves 

View from the shor t  c r e s t  length 2 frequency corner - unsmoothed. 



BENDING MOMENT 
for a 21 met re long pipe in regular waves 

View from the  s h o r t  c r e s t  length high frequency corner - unsmoothed. 



BENDING MOMENT 
for a 21 met re long pipe in regular waves 

View from the sho r t  c r e s t  length low frequency corner - computer smoothing. 



BENDING MOMENT 
for a 21 met re long pipe in regular waves 

View from the s h o r t  c r e s t  l eng th  high frequency corner  computer smoothing. 



Bending Moment vs Crest Length 
for a 21m long pipe in regular waves 
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EXPLANATION OF TERMS 

( I f  you know about waves, p lease  sk ip  t h i s  sec t ion . )  

ROOT MEAN SQUARE WAVE HEIGHT, Iims 

T r a d i t i o n a l l y ,  wave s i z e  has been presented  using ' s i g n i f i c a n t  wave 

he igh t '  (abbreviated H Hs o r  H1/3). One d e f i n i t i o n  i s  ' t he  average he igh t  of  
s i g  I 

the  h ighes t  t h i r d  of the  waves'. This may sound confusing b u t  the re  were good 

reasons f o r  using H One b i g  advantage i s  t h a t  it could be est imated without 
s ig:  

instruments. An explanation of t h i s  method of measurement should make the  

d e f i n i t i o n  c lea re r .  

The o ld  way t o  measure H was t o  climb t o  a p o i n t  i n  your s h i p  a t  
S i g  P 

which one wave i n  th ree  appeared t o  come above the  horizon. The l e v e l  of  your 

eyes above the  s t i l l  water l ine  of the  s h i p  was the  s i g n i f i c a n t  wave height .  

Af t e r  t h e  development of the  shipborne waverecorder ( 3 )  measurements became more 

convenient.  b u t  enormous lengths  o f  paper record were produced. Oceanographers 
( 4 )  devised techniques t o  analyse the  d a t a  by hand . They were very quick and 

worked much b e t t e r  than newcomers t o  t h e  f i e l d  might expect. I t  i s  easy  t o  spot  

the  h ighes t  and second h ighes t  peaks and a l s o  the  lowest and second lowest troughs. 

With some c lever  s t a t i s t i c s  ( 5 )  , t h i s  g ives  enough information f o r  q u i t e  an accurate 

wave he igh t  e s t ima te ,  p a r t i c u l a r l y  as the  e r r o r s  cancel  over a long per iod .  The 

bulk of wave d a t a  now ava i l ab le  (1978) used t h i s  method and a l l  the  p resen t  marine 

s t r u c t u r e s  a r e  designed f o r  wave cl imates based on it. 

There i s  a common process used i n  deal ing  with many s i g n a l s  which i n v o l ~  
i 

tak ing a s e t  of measurements, squaring them, taking the  mean of the  square,  and 

then taking the  square r o o t  of the  mean. This i s  abbreviated as  r o o t  mean square 

o r  W. I t  comes i n t o  l o t s  of  ca!.culations o f  power and energy, g e t s  over 

d i f f i c u l t i e s  with negative numbers and pays more a t t e n t i o n  t o  the  extreme values 

i n  a record. The oceanographers not iced  t h a t  t h e i r  s i g n i f i c a n t  wave heights  were 

of ten  about four times the  RMS value of the  water displacement s igna l  and so they 

decided t o  redef ine  it as being exac t ly  tha t .  We now have four separa te  ways 

of  es t imat ing  H They are : 
s i g '  

(1) climbing the  mast 

( 2 )  averaging the  h ighes t  t h i r d  

( 3 )  t ak ing  h ighes t  peaks and lowest troughs 

( 4 )  t ak ing  four times the  RMS s igna l .  

I f  you say H , nobody can t e l l  which you a re  using. 
s i g  
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The four times RMS ' procedure i s  the  m o s t  r igorous and the re  seems 

t o  be  a genera l  move towards it. I t  i s  l e s s  s e n s i t i v e  t o  noise  than the  peak/ 

trough method. I n  this repor t  we have decided t o  p resen t  da ta  d i r e c t l y  i n  terms 

of RMS s ince  t h a t  i s  what w e  a r e  measuring and it saves us having t o  expla in  what 

s o r t  of  H we mean. 
s i g  

The symbol H makes people th ink of  trough-to-crest r a t h e r  than amplitudes 

o r  displacements which a r e  measured from a c e n t r a l  zero. Draper ' ) suggested * 

Drms 
r a t h e r  than H and it i s  a p i t y  t h a t  t h i s  has no t  caught on. We have been 

rms 
using D f o r  duck diameter so we decided t h a t  H was the  b e s t  symbol. Top 

r m s  
t h e o r e t i c i a n s  use M ' b u t  t h i s  upsets  t h e  novice. 

0 

Longuet-Higgins ( 7 )  has shown how t o  es t imate  the  h ighes t  wave i n  a 
1 

record i n  terms o f  t h e  length  of the  record and R I t  is use fu l  t o  remember 
rms' 

t h a t  i n  the  usual  length of record (20 minutes a t  s e a ) ,  H max w i l l  be seven o r  
Tc 

e i g h t  times H . Over a very long per iod  we may expect  a wave about t e n  times 
rms 

Hrms 
. Checking the  r a t i o  of peak t o  RMS is  a quick p o i n t e r  t o  the  shape of a 

p r o b a b i l i t y  d i s t r i b u t i o n .  I f  wave power people could choose the  weather, we would 

have H = -1 metre except during maintenance periods.  A t  H = 2 metres, 
rms r m s  

we would a l l  be s i ck .  Hms = 4 metres i s  f r igh ten ing  even a t  1/150th sca le .  

I f  you want t o  use our  r e s u l t s  f o r  H wave cl imate,  j u s t  mult iply our numbers 
S i g  

by four. But is it e a s i e r  t o  count t h e  sheep i n  a f i e l d  o r  t h e  number of hooves? 
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ENERGY P E R I O D ,  Te 

Another important parameter i n  the  desc r ip t ion  of a sea  s t a t e  i s  an 

average period.  Severa l  d e f i n i t i o n s  of average per iod  a r e  i n  use b u t  t h e  most 

common one i s  c a l l e d  ' zero cross ing per iod '  (abbreviated T ) . 
z 

The records from shipborne wave recorders a re  the  primary source of 

information f o r  T A l i n e  i s  drawn on the  record corresponding t o  a guess of 
z ' 

mean s e a  l e v e l .  Then the  number of  times the  t r a c e  crosses  t h e  zero  l i n e  on the  

way up i s  counted. The t o t a l  per iod  of the  record i s  divided by the  number of 

cross ings  t o  g e t  T . 
z 

This technique would be  f i n e  a l l  wave measurements were made w i t h  

recorders  of  the  same bandwidth. But i f  you increase  the  bandwidth of a recorder 
1 

then more f a s t  l i t t l e  waves g e t  measured. The d i f fe rence  i s  shown i n  Figure 1. 

( a )  Low bandwidth recorder  (b)  High bandwidth recorder  
looking a t  o i l y  swel l  looking a t  f ro thy waves 

FIGURE 1 

A s  t h e  number of waves goes up the  T goes down (and so  does H 1 z s i g  
even though there  i s  hardly any power i n  the  l i t t l e  waves. 

What we need i s  a d e f i n i t i o n  of per iod  which w i l l  be l e s s  a f f e c t e d  by 

changes of instrument bandwidth, small  amounts ,of noise and hum i n  a record o r  

f r o t h  on the  su r face  of t h e  water. 

Mollison( 8, has suggested t h a t  t o  c a l c u l a t e  an 'energy per iod '  T 
e 

from a record would be more convenient than T f o r  wave power work, provided 
z 

t h a t  the re  i s  a way of  measuring power. 
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I n  a  r egu la r  s inuso ida l  wave the re  a r e  no arguments about power o r  

period. Where T = per iod,  P = densi ty  of water ,  g = accelera t ion  of g rav i ty ,  

Hms 
= RMS wave he igh t ,  

Pg2 2 Power dens i ty  P = - 411- H r m s  T 

2 
P9 I t  is  useful  t o  remember t h a t  - = 7.865 f o r  kilowatts/metre. 

411- 

For a mixture of waves of d i f f e r e n t  per iods  T and r o o t  mean square 
i 

heights  H both the  energy and power d e n s i t i e s  a r e  addi t ive .  Thus: 
i ' 

H 
2 

= C Hi 
2  

rms 

2 
P9 Power = - 
4 .rr 

H 2 T  
i i 

2 2 
I f  we de f ine  the  energy per iod  T = 

Hi T ~ / H  ms. e 

Random seas  are  commonly described as  a  mixture of an i n f i n i t e  number 

o f  components, o r  spectrum S (T) . S (T) dT i s  the  cont r ibut ion  t o  H from per iods  r m s  
between T and T + dT. Thus: 

2 
H rms = o J S ( T , ~ T  

TS (T) dT Power = - 
411- 0 

= - T ( a s  before)  
4 IT r m s  e  

T i s  usual ly  15-20% higher than T f o r  the  sampling r a t e s  and recorders commonly 
e z 

$ used. Thus Power + 9.2 H T = . 5 7 H  
2 

S TZ 
(using H = 4 Hms) . rms z S 

To ca lcu la te  T , and hence the  exac t  power dens i ty  of a  random sea  
e 

we have f i r s t  t o  ca lcu la te  the  spectrum. We cannot evaluate  a  continuous spectrum 

exac t ly ,  b u t  a  good d i s c r e t e  approximation can be found using the  Fas t  Fourier  

Transform (FFT) (see  Newland ( ) f o r  a  good account of t h i s  method. A record of 

N observations a t  t ime-intervals  t ( t y p i c a l l y  N = 2048, t = .5  secs)  i s  thereby 

decomposed i n t o  components of per iod  Nt/n (n = 1 ,  2 ,  . . . N) . For r e a l  seas ,  the  

FFT i s  only an approximation, though a good one. I f ,  however, our mixed sea  c o n s i s t s  

purely of components with such per iods  ( i . e .  with frequencies a l l  mul t ip les  of 

the  b a s i c  frequency ( l / N t )  , ana lys i s  w i l l  recover those exact  components. This can 

be achieved i n  awide  tank. 
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SCATTER DIAGRAMS 

To understand the r e su l t s  of t h i s  report  it i s  important t o  be familiar 

with s c a t t e r  diagrams. The oceanographers who co l lec t  wave data use s c a t t e r  

diagrams t o  show the s t a t i s t i c s  of a wave climate. The ve r t i ca l  axis  of the 

diagram is  marked i n  wave s i ze  and the horizontal  axis  i n  wave period. The area 

inside the diagram i s  divided in to  c e l l s  each of which i s  indent i f ied by height 

and period information. The c e l l s  contain a number which gives the probabi l i ty ,  

usually i n  p a r t s  per  thousand, of ge t t ing  t h a t  pa r t i cu l a r  combination of amplitude 

and period. 

Two numbers fo r  each c e l l  are not much t o  specify something as complicated 

as a sea s t a t e  but Mollison 
( 8 )  has shown t h a t  i n  the long run most of the e r ro r s  

cancel one another. 
*3 

The sca t t e r  diagram on the opposite page i s  made from I n s t i t u t e  of 

Oceanographic Sciences data from OWS India analysed by Hoffman and Mollison, 

Hrms 
and T are calculated from a s e t  of 307 spectra which are chosen t o  be 

e 
representative of the long term wind data. The family of curved l i nes  are power 

density contours. We have a l so  drawn i n  another l i n e  corresponding t o  the values 

Of 
and T predicted i n  terms of wind speed with a model developed by Pierson 

e 
and Moskowitz (see page 6.8) . 
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H 
RMS 

AND T, AT O.W.S. INDIA 

WITH POWER CONTOURS ( ~ w / M )  

(DATA FOR WHOLE YEAR) 

Te IN SECONDS 



6.7 EXPLANATION OF TERMS 

SPECTRA 

A spectrum descr ibes  how t h e  mean square he igh t  H 2  (which we can c a l l  
rms 

energy f o r  s h o r t  a s  it i s  propor t ional  t o  the  energy) i s  apportioned between per iods  

o r  frequencies.  I t  can be p l o t t e d  as a function SCT) of  per iod  (Figure 3 (a ) )  o r  

E ( f )  of frequency (Figure 3 (b)  ) . The t o t a l  a rea  under each curve 
W W 

The energy between T and T2 i s  1 r2 T S(T) dT. 

1 

I f  f and f a re  the  corresponding f requencies ,  ( i . e .  2 l = 1 /T1 , f 2  G 1/T2) , 1 

t h i s  energy i s  a l s o  

jfl E df  

2 

Note t h a t  it- i s  t h e  two areas  which a r e  equal.  The he igh t s  of t h e  curves a t  

corresponding p o i n t s  are  no t  equal ;  i n  f a c t  i f  T = l / f ,  t h e  r u l e s  f o r  change of 
2 2 

va r i ab le  y i e l d  E ( f )  = T S (T) , o r  S (T)  = f E ( f )  . 

FIGURE 3 ( a )  

FIGURE 3(b)  
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PIERSON-MOSKOWITZ SPECTRUM 

This i s  a single-parameter spectrum, suggested by Pierson and Moskowitz 
(10) 

(1964) a s  appropr ia te  t o  a fully-developed wind crea ted  sea ,  i . e .  one i n  which wind 

has been blowing s t e a d i l y  over a long enough time (6-18 hours) and a long enough 

space (200-600 km) f o r  the  s e a  t o  have reached a s teady s t a t e  condition. The energy 

and spectrum shape of t h e  sea  a r e  constants .  Before a sea  g e t s  t o  t h i s  s t a t e ,  it 

tends t o  have l e s s  energy and a narrower frequency spread. The model does not  

inc lude  s w e l l  from f a r  away storms. 

The Pierson-Moskowitz spectrum i s  defined by 

where w i s  t h e  frequency i n  radians  p e r  second (T = l / f  = 27~/0) ,  and a, = .0081, 
I and 8 ,  = 074, a r e  dimensionless constants .  w = g/uo, where U i s  the  wind speed 

0 0 

( the  one parameter.) * The p r i n c i p a l  f ea tu re  of t h i s  spectrum i s  t h a t  it i s  i n v a r i a n t  

under change of sca le :  i n  p a r t i c u l a r  any measure of s teepness,  such a s  t h e  r a t i o  

of he igh t  t o  wavelength, i s  a cons tant ,  

H /he - 1/115 
rms 

2 
(Xe = gTe /2r, t h e  wavelength corresponding t o  the  energy pe r iod) .  Hence height  is  

propor t ional  t o  per iod  squared, 

H 
L 

= cTe 
rms 

The windspeed U. associa ted  with a P-M spectrum i s  propor t ional  t o  per iod  

and i n  p a r t i c u l a r  t o  Te, which i s  c lose ly  r e l a t e d  t o  the  average energy ve loc i ty  U e 
(= Power dens i ty  divided by k i n e t i c  energy d e n s i t y ) ,  

Remembering t h a t  power P i s  propor t ional  t o  H 2  T we see t h a t  f o r  a P-M fu l ly -  rms e '  
developed s e a  the  power i s  propor t ional  t o  each of  H 

5 
2 * 5  T5 and Uo, 
rmsf e 

* Footnote 

-4 5 4 
( C  = 1,40 X 10 kW s e c  /m 1 

The a l t i t u d e  of  wind measurement has a s i g n i f i c a n t  e f f e c t  on the  measured wind speed. 
The P-M spectrum model uses windspeeds measured 19.5 metres above t h e  s t i l l  water 
surface .  These a r e  some approximate co r rec t ions  f o r  d i f f e r e n t  a l t i t u d e s  ( 1 : 3 - 

2 5  m -3% 
19.5 m 0% 
15 m +3% 
10 m +7% 
7.5 m +11% 
5 m +l68 
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4 

Real seas are not often fully-developed wind seas, In par t icu lar ,  t h e i r  
2 

values of Hms and T are often f a r  from the "P-M curve" 
(Hms = .01361 'l?e) ; e 

(see Figure 2 ,  page 7.6). Also, for  non-fully-developed seas,  the instantaneous 

local  wind speed i s  a poor guide t o  T ( i .e .  U # .g773 Uo) . e e 

We therefore used a modification of the P-M spectrum, which retains  

the same spec t ra l  shape, but allows Hms and Te to  vary independently; ' a l so  H rms 

and Te are t reated as the basic  parameters. Thus i 

4 c T ~ T - ~  where c = 10.80. 
e 

d 

Note tha t  the proportion of energy contributed by periods greater than T i s  simply 
4 

exp (-c (T/Te) ) . 
Real seas may have spectra which are e i the r  narrower or  broader than 

the P-M spectrum; a sensible measured spectral  width, f o r  wave power work a t  lea. 1 
i s  the 'proportional standard deviation' a/Te, where U i s  defined by 

For the P-M spectrum (modified or  otherwise), O/Te i s  invariant,  = .27.  

The JONSWAP spectrum i s  a peak&r modification of the P-M formula, 
C. 

appropriate t o  growing seas,  fo r  which u/Te may be a s  low as .2.  Many real  seas, 

however, have l e s s  peaky spectra than P-M, because they are a mixture of local wind 

sea and swell. The modified P-M spectrum seems a reasonable compromise fo r  wave 

power work. For example, Mollison, Buneman and Sa l t e r  ( ) compared predictions 

using rea l  spectra from OWS India and modified P-M spectra w i t h  the same T- e and H rms 

and found tha t  predicted average outputs varied by a t  most about 1 kW/m, 

I 
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MITS WASU DIRECTIONAL SPECTRA 

For a d i rec t iona l  sea,  the spectrum i s  a function S (T,€3) of both 

period (T) and direct ion (€3 ) .  Some theore t ica l  forms have been suggested fo r  

which the d i s t r ibu t ion  of di rect ions  i s  independent of the period. For example, 

S(T,B) = S(T) ~ ~ c o s ~ ( € 3 - € 3 ~ )  fo r  -90° C (€3432 4 go0, where €3 is  the  pr inc ipa l  d i rect ion,  
0 

(often thought of as the wind direct ion)  and common values of n are between 2 and 4. 

The value 2 used t o  be most common but  an ISSC conference (l1) suggested t h a t  n 3 4,  

corresponding t o  a narrower spread of d i rec t ions ,  would be more accurate. 

More recent ly ,  (1975) , Mitsuyasu ( 12) has suggested t h a t  the  direct ional  

spread depends on the  period, being narrowest a t  the period corresponding t o  the 

wind speed. H i s  formula i s  

T = -2- 
0 uo 

uo 
wind speed 

g = gravity 

m 
C i s  chosen t o  make the i n t eg ra l  of C cos (%(8-€3 1 )  over a l l  8 equal t o  1. 

m m o 
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TARGEST WAVE PREDICTION 

Another important parameter i s  the  r a t i o  o f  trough-to-crest wave height  
r 7 1  

I t o  the  Hrms of  the  sea. Longuet-Higgins has developed a theory f o r  narrow 

s p e c t r a  which p r e d i c t s  t h e  maximum wave from a number o f  waves and the  RW wave 

amplitude. This  theory has been found experimental ly t o  work even f o r  wide spec t ra .  

The fol lowing t a b l e  shows t h e  re l a t ionsh ip .  

Number of waves Peak-to-peak Hrms 1 

Example : What was thc  l a r g e s t  t rough-to-crest  wave expected during the  year  
P a t  0W.S I n d i a  (us ing the  s c a t t e r  diagram on page 6.6 ) .  

There a r e  th ree  blocks i n  the  c h a r t  which a r e  candidates f o r  producing 

t h e  l a r g e s t  .wave. 
5 

(1)  Te = 13.7 s e c s ,  H = 3 metres,  5/1000 of  the  year  (1.58 X 10 ) seconds. 
rms 

( 2 )  Te = 13.3 s e c s ,  H 
4 

= 3.3 metres, 2/1000 of the  year  (6.3 X 10 1 seconds. 
rms 

(3) Te = 11.7 s e c s ,  
4 

H r m s  
= 3.6 metres, 2/1000 of t h e  year  (6.3 X 10 seconds. 

(1) T i s  13.7 seconds e 

Number of  waves i s  

I f  we i n t e r p o l a t e  

s o  the  zero cross ing per iod  (T ) i s  about - 
K z 

13'7 11.4 
1.2 

about 
1.58 X 1 0 ~  secs  4 

= 1.3 X 10 waves 
11.4 sec/wave 

5 
logar i thmical ly  between lo4  and 10 waves, the  rnultipl 

secoiids 

i e r  i s  

log  (13800) - log (10000) 
8-6 + log (100000) -10g(10000) 

(9.6 - 8.6) = 8.74 

Highest expected wave i s  then 3 X 8.74 = 26.2 metres. 

4 
( 2 )  

13.3 
T i s  - = 11.1 seconds, number of  waves 6.31 l0 = 5693 

z 1.2 1 1 , l  
log(5693) - log(  1000) 

log  log ( 10000 - log ( 1000) 
(8.6 - 7,5) = 8.33 

Highest wave i s  3.3 X 8.33 = 27.5 metres, 
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11.7 - 6.3 X-10 
4 

( 3 )  T i s  - -9.75 seconds, number of waves z 
6471 

1.2 9.75 sec/wave 

log  i n t e r p o l a t e  7.5+ 
109 (6471) -3 

4- 3 

t rough-crest  wave i s  3.6 X 8.39 = 30.2 mekres 

So t h e  expected peak wave a t  I n d i a  during the  yea r  i n  which the  waves 

were measured was about 30 metres (trough t o  c r e s t ) .  This is  only a p o i n t  

measurement, however. What about t h e  expected wave t h a t  would have hlC a duck 

s t r i n g ?  W e  have n o t  seen any t h e o r e t i c a l  work on t h i s  b u t  one very crude method 

can be used. Assume a c r e s t  length  f o r  the  s e a ,  then assume t h a t  a duck s t r i n g  

n c r e s t  lengths long g e t s  about n t i m e s  t h e  number of waves t h a t  a p o i n t  measurer 

does. An approximation f o r  c r e s t  length i s  1.7 t i m e s  t he  wavelength of the  energy 

per iod  (13) .  

Then f o r  t h e  t h i r d  b i g  storm: 
2 

Cres t  length  about 1.7 X ' l o 7  c 363 metres 
2 

I f  we have a 4 ki lometre duck s t r i n g ,  so  t h a t  number o f  waves 
4 

= 6471 X - = 71,3'00 waves 
,363 

long i n t e r p o l a t e  a s  before  8.6 + log(71f30o -4) (9.6 - 8.6) 9.45 
1 

Highest wave is 3.6 X 9.45 = 34 metres. 

A crude r u l e  f o r  ex t rapo la t ing  beyond the  t a b l e  i s  t h a t  a f a c t o r  i f  10 7 
,----- 

i nc rease  i n  t h e  number of waves gives about 10% increase  i n  the  maximum wave. 

A l l  t he  numbers up t o  now i n  t h i s  sec t ion  have been concerned with 

p red ic t ing  the  maximum wave i n  a previously measured sea. This should be kept  

separa te  from the  problem of p r e d i c t i n g  a "100 year  storm", o r  the  "100 year  wave". 
(14) 

A method f o r  doing t h i s  i s  given by Draper . 
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FORCE COEFFICIENTS 

During o u r  work a t  Edinburgh we have discovered 

t o  express duck fo rces  i s  by a ' fo rce  c o e f f i c i e n t ' .  This  

diameter and wave he igh t  t o  t h e  surge and heave fo rces  on 

t h a t  a  convenient way 

c o e f f i c i e n t  r e l a t e s  duck 

the  duck. D e t a i l s  a re  

explained on page 2.2 of  our  1976 repor t ,  The mer i t  of t h i s  c o e f f i c i e n t  i s  t h a t  

it remains f a i r l y  constant  over t h e  whole range of opera t ing  condit ions,  T t  can 

be used t o  p r e d i c t  duck forces  with t h e  s imples t  poss ib le  equation. 

W e  de f ine  the  c o e f f i c i e n t  a s  follows: 

- Force 
Cf - pg (duck diameter) (duck wf d th)  (wave height )  p g  = (densi ty)  ( g r a v i t l  

The wave height  i s  trough-to-crest ,  and t h e  force  i s  zero-to-peak i n  a  

r egu la r  sea.  

For t h e  work i n  random seas ,  we used two separa te  c o e f f i c i e n t s ;  the  

peak-derived c o e f f i c i e n t  and t h e  RMS-derived c o e f f i c i e n t .  

The peak c o e f f i c i e n t  i s  ca lcu la ted  using t h e  maximum force  divided by 

t h e  d i f fe rence  between the  h ighes t  c r e s t  and t h e  lowest trough.wherever they may 

have occurred. 

The RMS-derived c o e f f i c i e n t  i s  ca lcu la ted  using the  RMS force  divided by 

two times t h e  H of t h e  s e a ,  
r m s  

C - - F peak 

f~ pg DW (h ighes t  crest- lowest  trough 

F 
- - rms 

Cfrms 2 ~ l g D w H ~ ~  

D = duck diameter 

W - width of  duck 

I f  the re  i s  good agreement between peak-derived and F3G-derived c o e f f i c i e n t s  

we can take  it a s  a  s ign  t h a t  ex t rapo la t ions  and i n t e r p o l a t i o n s  w i l l  be sa fe .  

But i f  t h e  two c o e f f i c i e n t s  d isagree  then we should do more t e s t s  t o  discover why. 

Example : 

What i s  the  approximate peak surge force  on a f ixed-axis  duck i n  an 

average 10 second s e a F i f  C = .5? 
,, f 

From the  P-M sec t ion :  H = 1.36 m rms 

From t h e  H sec t ion :  H max = 10 
rms TC 

F o r a 1 5 m d u c k F  = C  P g D H  
P f~ TC 



USEFUL EQUATIONS 

A NOTE ON SCALE 

I f  dynamic s imi la r f ty  exksts between model and prototype, we can ge t  

ful l -scale  f igures  from model f igures  with the r i gh t  scal ing factor.  This is 

bes t  described by some index of scale.  

Wave height  and length 
Period 
Frequency 

Nod angle 
Angular velocity 
Angular acceleration 

Buoyancy 
I n e r t i a l  forces 
Velocity forces 
Dr i f t  forces 

i 

Torque 
Power 

Power per un i t  length 
Force pe r  un i t  length 
Torque per  un i t  length 

Mas S 
I n e r t i a  per  un i t  length 
Buoyancy spring per unit length 
Damping per un i t  length 

Heave and surge distances 
Heave and surge ve loc i t i es  
Heave and surge accelerations 

S t i f f n e s s  densi t y  
Compliance density 

INDEX OF SCAZF: 

The r a t i o  of wavelength t o  dfapleter L/D i s  the most useful indicator  

of dynamic s imi la r i ty .  The r a t i o  of wave height t o  diameter should a l so  be 

considered. Scale e f f e c t s  should be l e s s  of a worry fo r  inertia-dominated 

wave behaviour than i n  other f i e lds .  
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USEFUL EQUATIONS 

Vibrations 
In the following, k is spring stiffness, c a viscous damping 
constant, W, an undamped natural frequency and rn, M 
masses. 

Free vibration with viscous damping 

For a mass m the undamped natural frequency is 

W, = &/m) 

the critical damping constant is 

the damping ratio is c = c/c, and the logarithmic decrement 
is 

Steady-state vibration with viscous damping 

Thc ratio of peak amplitude X t o  the steady d~splacement 
X,, = P/k is 

I L 
and the phase angle 4 is given by 

t 
P sin ~t These relations yield the curves given below. 

Frequency rot10 
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Coefficient of friction for pipes 
The coefficient of friction f gives the head loss for an in which f = 4Cf and Cf is the friction coefficient given by 
average flow velocity V in a pipe of radius ro and length L ? / $ p  v2 where T is the shear stress at the wall. The curves 
according to Darcy's equation: show f as a function of Re for various values of role, where 

E is the effective surface roughness. 

b .  2 %  

V . W  
6 a 2 3  4 5 6 8  2 3  4 5 6 8  2 3 4 5 6 8  2 3 4 5 6 8  2 

103 10 10 106 10' 
Reynolds' number Re 

b Re ('d u o t L ~  V D 6 10 

Coefficients of loss for pipe fittings 
The loss of head incurred by fittings, valves or sudden con- 
tractions of area is given by the loss cdefficient CL according 

where V is the average flow velocity. Values of CL for 
fittings, valves and contractions of area ratio A 2 / A  are 
given below 

CL 
Globe valve, fully open 10.0 
Angle valve, fully open 5.0 
Swing check valve, fully open 
Gate valve, fully open 

Three-quarters open 
One-half open 
One-quarter open 

Close return bend 
Standard tee 
Standard 90" elbow 
Medium sweep 90" elbow 
Long sweep 90" elbow 
45" elbow 
Rounded inlet 
Re-en trant inlet 
Sharp-edged inlet 
Contraction, A2/A l = 0.1 





PREDICTED POWER AT SEA 

The r e s u l t s  from the  s c a t t e r  diagram t e s t s  have been in teg ra ted  with 

the  Hoffman Ind ia  d a t a ( 8 )  t o  p r e d i c t  duck power output  over the  year .  We have used 

t h e  f ixed r i g  performance f i g u r e s ;  however the  Cmore recent )  moving rig t e s t s  give 

very s i m i l a r  e f f i c i e n c i e s  (see  pages 2.17 - 2.23) . We have no t  made any allowance 

f o r  d i r e c t i o n a l i t y :  t h i s  cannot be done r e l i a b l y  u n t i l  we have experimental d a t a  

on t h e  performance of duck s t r i n g s  i n  d i r e c t i o n a l  seas.  The most we can say i s  t h a t  

N M I  ca lcu la t ions  and the  heave/surge compliance (see  Sect ion  4) encourage us t o  

be l ieve  t h a t  we w i l l  not  lose  a s  much as  a naive 'cos@' ca lcu la t ion  would suggest.  
i 

Page 8.3 shows the  r e s u l t s  i n  the form of exceedance curves. These curves 

show t h e  percentage of times t h e  duck power output  i s  g r e a t e r  than a c e r t a i n  l eve l .  

For example, the  duck power output  exceeds 30 k ~ / m  about 55% of the  time. The 

t a b l e  on page 8,4 shows average duck power output  broken down by season a s  a function 

of duck torque l i m i t  and a l s o  an add i t iona l  power l i m i t  which could be imposed by the  

cables  t o  shore o r  some o the r  device i n  the  power chain. 

The t a b l e s  on page 8.5 give the  corresponding f i g u r e s  f o r  an inshore  

South U i s t  s i t e ,  using I O S ' s  d a t a  from March 1976 - February 1978, weighted as  

suggested by Mollison (Report t o  ETSU, Ju ly  1978) t o  make them represen ta t ive  of 

long term condit ions.  This g ives  an average power of about 40 kW/m, l e s s  than h a l f  

t h a t  a t  OWS India .  This s i t e  i s  somewhat s h e l t e r e d  by shoals  both nor th  and south,  

s o  i t  i s  poss ib le  t h a t  o ther  inshore  s i t e s  nearby may have s i g n i f i c a n t l y  higher 

average power l e v e l s ,  of perhaps 50-60 kW/m. (The average power l e v e l  a t  F i tzroy,  

about 50 miles west of Shetland,  has been est imated a t  60-70 kW/m (Mollison, 

EWPP Report No. 47) . 
I n  any case ,  p red ic ted  power output  l e v e l s  f a l l  by l e s s  than ha l f  i n  

going from I n d i a  t o  S. U i s t  d a t a ,  because much of the  d i f fe rence  i n  power ava i l ab le  

is  a t t r i b u t a b l e  t o  overload condit ions.  

For the  S. U i s t  da ta  we have given output  t a b l e s  f o r  10, 12  and 15 m 

diameter ducks (page 8.5) .  . Output time s e r i e s  f o r  a sample month a re  shown on 

page 8.7. 

Even without  d e t a i l e d  cos t ings ,  some c l e a r  conclusions on optimal  

c h a r a c t e r i s t i c s  f o r  ducks can be drawn. Because torque-l imited ducks have a f a i r l y  

well-defined maximum output  (see  page 2.17 e t  seq.) which i s  a t t a i n e d  f o r  a 

s i g n i f i c a n t  proport ion of the  yea r ,  i t  makes sense t o  match the power l i m i t  t o  

t h i s  maximum: t h i s  implies a power l i m i t  of approximately 100 k ~ / m  per  MNm/m 

of torque l i m i t .  
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The optimal  torque l i m i t  depends more on the  duck diameter chosen than on 

the wave cl imate : f o r  South U i s t  the  optimum torque l i m i t  i s  about 1 m m / m  f o r  

15 m ducks and probably l e s s  than , 5  MNm/m f o r  10 m ducks (see page 8.6). 

The b a s i c  parameter i s  l i k e l y  t o  be  duck diameter ,  f o r  both economic 

and s t r u c t u r a l  reasons. Note t h a t  output  inc reases  l e s s  than l i n e a r l y  wi th  diameter; 

s o  i f  we assume t h a t  duck c o s t s  increase  l i n e a r l y  ( o r  s t i l l  worse quadra t i ca l ly )  

with diameter we f i n d  *at t h e  10 m diameter ducks a r e  t h e  b e s t  value. Perhaps t h e  

optimal  diameter i s  zero! However, t h i s  does no t  take  i n t o  account any f ixed  

overheads i n  cons t ruct ion  c o s t s ,  nor more importantly sp ine  c h a r a c t e r i s t i c s :  

experimenbs i n  progress  suggest  a diameter of a t  l e a s t  1/40th of  t y p i c a l  c r e s t  

lengths  i s  necessary f o r  our assumed e f f i c i e n c i e s  t o  apply. Also the  r e l a t i v e  

c o s t s  of making spines  s u f f i c i e n t l y  s t i f f  may increase  5or smal ler  ducks. 

We conclude t h a t  while these  f i g u r e s  suggest  t h a t  10m o r  smal ler  ducks 

may be appropr ia te  f o r  a s i t e  such as  South U i s t ,  such an inference  depends 

c r i t i c a l l y  on assumptions about t h e  behaviour of duck s t r i n g s  i n  d i rec t iona l ly -  

spread seas.  
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FIGURE 1 

PREDICTED OUTPUT FOR 15M DUCKS 
A T  O.WS. INDIA 

WITH TORQUE LIMITS 1,2,3 MNlM 
(CURVES IN ASCENDING ORDER) 

t o t a l  power avai l a j l e  

P O W E R  
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DUCK POWER OUTPUT (kW/m) AT OWS I N D I A  FOR VARIOUS TORQUE: & POWER L I M I T S  

TORGUE L I M I T  

POWER L I M I T  

WINTER 
DEC-FEB 
A v e r a g e  p o w e r  in 
1 7 7 . 1  kW/m 

S P R I N G  
m- MAY 
A v e r a g e  p o w e r  in 
6 8 . 4  kW/m 

SUMMER 
JUN-AUG 
A v e r a g e  p o w e r  in 
2 6 . 7  kW/m 

AUTUMN 
SEPT-NOV 
A v e r a g e  p o w e r  in 
9 1 . 3  k ~ / m  

WHOLE YEAR 
A v e r a g e  p o w e r  in 
90.9 kW/m 
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DUCK POWER OUTPUT (kW/m) AT SOUTH UIST  FOR DUCK DIAMETERS 10 - 15m 

AND VARIOUS TORQUE LIMITS.  

(Average power i n  i s  approximately 40 kW/m) 

FIGURE l ( a) DUCK DIAMETER : 10m 

POWER L I M I T  

3 0 

4 0 

5 0 

75 

- 

FIGURE 1 (C) DUCK DIAMETER : 15m 

FIGURE l ( b )  DUCK DIAMETER : 12m 

. l 5  

11.6 

11.6 

11.6 

11.6 

11.6 

PCWER L I M I T  

30 

4 0 

50 

75 

100 

- 

.30 

14.8 

15.8 

15.8 

15.8 

15.8 

POWER LIMIT  

3 0 

.26 

14.2 

14.8 

14.8 

14.8 

14.8 

14.8 

.51 

16.0 

17.8 

18.9 

19.5 

19.5 

19.5 

.5  

15.7 

1.0 

16.8 



8.6 PREDICTED POWER AT SEA 

DUCK POWER OUTPUT AS A FUNCTION O F  TORQUE L I M I T  

( I n  each case a ' sa turat ion '  p o w e r  l i m i t  has been a s s u m e d ,  i .e. 100 kW/m per ~ N m / m  

of torque l i m i t .  1 

TORQUE LIMIT 
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FIGURE 3 

A SAMPLE MONTH FROM I O S ' S  SOUTH U I S T  DATA FROM MARCH 1976 - FEBRUARY 1978 

The top curve shows power i n ;  p red ic ted  outputs  a r e  a l s o  shown f o r  

15 m diameter ducks with torque limits .5, 1 ,  2 and 3 ~ ~ r n / r n  (lower four curves 

i n  ascending o r d e r ) .  





AIMS AND MILESTONES FOR WORK ON DUCKS AFTER OCTOBER 1978 

( 1 ) BACKBONE COMPLTANCE TESTS 

AIM: To understand what j o i n t s  have t o  do. 

Before any pronouncements can be  made on the  f eas ib i l aky  of maPcing 

backbones, it is necessary t o  have a c l e a r  s p e c i f i c a t i o n  of what the  g o i n t s  

have t o  achieve and knowledge o f  the  cos t s  of imperfections. 

In  t h i s  r epor t  we have described t e s t s  i n  t h e  narrow tank i n  which the  

e f f e c t  of backbone compliance on model e f f i c i e n c y  i s  explored. The work shows 

t h a t  p r a c t i c a l l y  achievable values of compliance can produce b e t t e r  r e s u l t s  than 
1 

r i g i d  mountings and t h a t ,  s u r p r i s i n g l y ,  ducks can be made t o  w o ~ k  very w e l l  with 

a mounting which i s  t o t a l l y  f r e e  i n  heave. This s i m p l i f i e s  the  design of f u l l  

s c a l e  j o i n t s  which now have 'only '  t o  r e s i s t  surge bending moments and torque. 

I r r e g u l a r  wave t e s t s  with narrow tank models s u f f e r  from a l i m i t a t i o n  

of the  pitch/heave/surge r i g :  compliance s e t t i n g s  a re  n o t  frequency dependent. 

The compliance of  a f r ee - f loa t ing  backbone would be s t r o n a l v  dependent on c r e s t  

length.  Long-crested waves w i l l  make the  backbone look more compliant. We f i n d  

t h a t  the  optimum s e t t i n g  f o r  compliance inc reases  a s  the  frequency f a l l s .  This 

is  t h e  way we would l i k e  it because it i s  reasonable t o  expect  t h a t  the  lower 

frequencies w i l l  be associa ted  with longer c r e s t s .  I t  t u r n s  out  t h a t  the  matching 

of compliance t o  frequency cannot be exac t  b u t  we can s t r a d d l e  the  optimum values 

over the  most u s e f u l  p a r t s  of t h e  spectrum. 
i 

The i d e a l  model would allow rap id  adjustment o f  complf ances t o  be c a r r i e d  

o u t  while the  models are  i n  t h e  water without i n t e r f e r i n g  with normal duck operat ion.  

I t  may tu rn  o u t  t h a t  compliance ought t o  be a con t ro l l ed  va r i ab le  r a t h e r  than a 

c a r e f u l l y  chosen constant ,  and t h a t  ac t ive  hinges ought t o  be given some thought. 

I t  looks a s  though a c t i v e  hinges may be  d i f f i c u l t  t o  make a t  1/150th 

s c a l e  b u t  we a re  confident  t h a t  compliance s e t t i n g s  can be  changed by con t ro l l ing  

air pressures  i n s i d e  a cruciform p a t t e r n  of rubber tubes  i n  each backbone jo in t .  

We hope t h a t  the  model bui ld ing programme (which has t o  include 1/150th 

s c a l e  power take-off ,  duck bu i ld ing  and some da ta  co l l ec t ion)  w i l l  be f in i shed  by 

Apr i l  1979. We w i l l  no t  need much wide tank time u n t i l  then b u t  a f t e r  t h a t  we 

would l i k e  an in tens ive  programme. 
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i d 

Development of new la rge  r o t a t i o n  dynamometer f o r  f r ee - f loa t ing  

elopment of compliance v a r i a t i o n  techniques, 

t r u c t i o n  o f  80 u n i t s .  

i n t  s p e c i f i c a t i o n  t o  inc lude  degrees o f  freedom, values of 

torque and bending moment a s  a  function of sea  s t a t e ,  e f f e c t s  

of s a f e t y  l i m i t s ,  angle of movement and number of  opera t ions .  

As c r e s t  lengths  a t  s e a  a r e  uncer ta in ,  t h e  r e s u l t s  may have t o  

be given a s  a  function of  c r e s t  length.  

AREAS NOT COVERED BY THIS PROGRaMME 

DEC 1978 

DEC 1978 

APRIL 1979 

We may want t o  i n v e s t i g a t e  a c t i v e  h inges ,  power take-.off from hinges 

and ultra-smart  computer-per-duck power take-of f con t ro l  designed f o r  e f f i c i e n c y  

a t  l o w  powers and s u r v i v a l  a t  high powers. The r e s u l t s  may suggest  t h a t  w e  should 

examine ex te rna l  appendages t o  a s s i s t  t h e  backbone i n  i t s  work. We w i l l  design the 

model s o  t h a t  appendages may be e a s i l y  at tached.  
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(2 )  FULL S W  POWERTAKE-OFF 

AIM: To confront the problem of f u l l  scale power conversion. - 

I f  one could take a duck and cut a thin s l i c e  along a ve r t i ca l  plane 

pa ra l l e l  t o  the direction of wave propagation, dissect  and remove the power take- 

off components and lay them out f l a t  on the f loor  of a heavy tes t ing  laboratory, 

one would have a c lear  image of our objective. 

Our power take-off scheme uses p a i r s  of wide th in  tapes wrapped half 

a turn around the backbone and eight times round the body of a wheel pump/motor. 

Their thinness reduces problems with fatigue. (We accept, for  the time being, 

the unfortunate feature tha t  each pump works for  only half the cycle, although 

we may decide a t  some time i n  the future t o  devise a d i f f e ren t i a l  un i t  t o  allow 

two inputs to  drive a single pump.) 

The pumps contain no valve gear. Instead, a reciprocating o i l  flow i s  

taken t o  a pressure exchange uni t  where it i s  converted t o  a reciprocating water 

flow. Polymers, anti-fouling and anti-corrosion additives can be added. Flow i s  

rec t i f ied  with poppet valves in to  a constant high pressure main common t o  many 

ducks. The benefits of a variable displacement primary pump are obtained by fo i l ing  

the closure of the water i n l e t  valve. An accumulator, which may use expansion 

against vacuum rather  than compression of a i r ,  i s  used t o  provide some local  short- 

term storage. A s ingle  local  2 MW generator i s  run a t  a constant output and the 

energy surplus o r  d e f i c i t  i s  sent  as high pressure water t o  other ducks v ia  the 

constant pressure main. 

The advantages of the scheme are as follows: 

The tapes do not conf l ic t  with duck location and are to l e ran t  of misalignment, 

Power i s  taken over the whole duck width, so thqt s t r e s s  concentxations are 

avoided. 

No high f r i c t i o n  coefficients are required, very l i t t l e  rubbing occurs, 

Fatigue i s  avoided by the thin tape section. 

Each pump l ives  i n  i t s  own o i l  which can be chosen fo r  long l i f e  rather than 

e f f i c i en t  energy transport ,  Infection cannot spread. 

We have the option t o  change pressure a t  the border between o i l  and water, 

Water i s  cheaper than o i l .  Losses are lower and leaks more tolerable ,  

Poppet valves are more res i s tan t  t o  wear than face valves and can show a 

be t te r  volumetric efficiency. 

There i s  l o t s  of room around the valves for  pump displacement control gear. 

There are  no pressure fluctuations i n  the hydraulic mains. 

Machinery weight i s  concentrated a t  the place where duck dynamics demand. 

A f a i r  outside shape i s  preserved. 
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The disadvantages a r e  a s  follows: 

1. Power i s  on a moving duck r a t h e r  than a steadyibackbone. 

2. Complicated mechanism i s  required  t o  make the  pumps work over the  f u l l  cycle ,  

Work on f u l l  s c a l e  power modules f aces  the  cont inual  problem of the  

high p r i c e  of energy. We have t o  design r i g s  with l a r g e  power r a t i n g s  which can 

work f o r  long pe r iods  of  time. A module r a t i n g  of  .2  MW running f o r  a year  would 

c o s t  £40,000 i n  e l e c t r i c i t y .  I t  i s  important  t o  b u i l d  loops which re -c i rcu la te  , 

t h e  energy s o  t h a t  we need only pay f o r  the  losses .  

W e  propose t o  begin work on the  oi l- to-water  conversion and the  poppet 

valve gear. The loop w i l l  take t h e  form: 

e l e c t r i c  motor - e c c e n t r i c  - o i l  p i s t o n  - o i l  - i n t e r - p i s t o n  - water  

valve gear  - smoothing accumulator - Pel ton  wheel - e l e c t r i c a l  generator .  

The r i g  w i l l  be  s t a t i c  and we hope t o  have it running by t h e  end of 1979. 

The work on o i l - to -wa te r  conversion and poppet valve con t ro l  i s  of 

poss ib le  relevance t o  o the r  devices and s o  it seems b e t t e r  t o  do it before  work 

which i s  p e c u l i a r  t o  ducks. The r i g  does n o t  requi re  a s  much space a s  the  r e s t  

of t h e  system which has t o  awai t  the  completion of a t e s t  bui ld ing.  

The second r i g  w i l l  b e  designed t o  test the  tape-to-pump idea .  We 

w i l l  b u i l d  a bogey running on rubber t y r e s  l i k e  a small  segment of duck innards.  

I t  w i l l  c a r ry  f o u r  motor/pump u n i t s  running on o i l .  Two w i l l  work a l t e r n a t e l y  

aga ins t  one another  a s  motors and pumps, while the  o the r  two t e s t  the  condit ion 

of i d l e  running and tape re-winding. 1 
The labora tory  f l o o r  w i l l  have a s loping sec t ion  leading t o  a trough 

of  s a l t  water  i n t o  which the  bogey can be run f o r  submerged operat ion.  (For tunate ly ,  

the  n a t u r a l  l i e  o f  t h e  ground nea r  our  new wave tank allows t h i s  unusual f ea tu re  

t o  b e  included without  excessive excavation.)  

I t  seems sens ib le  t o  b u i l d  a p a i r  o f  bogeys so  t h a t  t e s t s  can run on 

one while modificat ions a r e  c a r r i e d  o u t  on the  o the r .  We, cannot begin t e s t s  on 

t h e  f i r s t  u n i t  u n t i l  the  bu i ld ing  i s  ava i l ab le .  The e a r l i e s t  es t imate  f o r  t h i s  

i s  two yea r s  from the  s t a r t  of a r c h i t e c t u r a l  planning. 

When w e  a r e  confident  about both t h e  tapes  and the  water  valve-gear 

we w i l l  combine t h e  two r i g s  s o  a s  t o  produce the  f i n a l  complete module. 

Power can be  s e n t  from a moving duck t o  the  backbone i f  a l a rge  r e e l  i s  

b u i l t  i n t o  the  end face of each duck. The r e e l s  can be nea r ly  h a l f  the  duck 

diameter and s o  bending s t r e s s e s  on hoses and cables a r e  very small.  There a re  

s t rong  i n t e r a c t i o n s  with f i n a l  duck design which suggest  t h a t  design of r e e l  and 

hose should be deferred.  
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1. O i l -  to-water and valve gear  r i g  DEC 1979 

2.  Tape pump/motor and bogey assembly ready f o r  t e s t i n g  

(Building permi t t ing)  JUNE 1980 

3 .  Combination o f  1 & 2 t o  produce f i n a l  module design JUNE 1981 

ITEMS NOT INCLUDED 

We have n o t  y e t  defined our  turbine/generator .  Most of the  opt imisa t ion  
2 

p o i n t e r s  favour very high p ressures  (35 x 106 N/M 1 f o r  f l u i d  energy transmission. 

Z This r a i s e s  ques t ions  about tu rb ine  design.  No Pelton wheels have been used a t  
I 

heads of 3,000 metres and i n d u s t r i a l  opinion i s  cautious.  However, this may Be 

because no geographical s i t e s  have such high heads. Extrapola t ions  from present  

p r a c t i c e  suggest  very small  ( - 5  M )  diameter high speed (8,000) turbine/generator  

combinations producing a high frequency output .  

While t h e  l a t e r  t e s t s  w i l l  include s a l t  water ,  the  f i n a l  proof should 

come from a s i n g l e  duck t e s t e d  a t  sea.  We plan  t o  borrow a sh ip  and b u i l d  on t o  

it a l inkage l i k e  a simple version of our pitch/heave/surge r i g .  The vesse l  weight 

should be about t e n  times t h e  duck displacement. T n e r t i a l  sensors w i l l  produce 

d r ive  s i g n a l s  f o r  ac tua to r s  on the  linkage s o  t h a t  the  v e s s e l  movements can be 

compensated. We may then introduce o t h e r  movements s imula t ing  backbone de f l ec t ions  . 
The s c a l e  should be l a rge  enough f o r  the  use of f u l l - s c a l e  power modules. The c o s t  

of the  experiment w i l l  be about E2 mi l l ion ,  p lus  the  c o s t  of  the  ship.  
I 

The work on hose r e e l s  and polymer i n j e c t i o n  can be defer red  u n t i l  we 

know where t o  draw the boundary between e l e c t r i c i t y  and water  f o r  power balancing. 
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( 3 )  WAVE GAUGE ARRAY 

AIM: To measure t h e  width of waves a t  1/150th, 1/15th and 1/1th sca le .  

While c r e s t  length  information i s  very obviously needed f o r  the  design 

of duck backbones, it i s  a l s o  important i n  choosing spacing and side-to-side r e s t r a i n t  

f o r  o t h e r  devices and f o r  t h e  design of power smoothing equipment. C r e s t  length 

has never been of much importance f o r  s h i p  s a f e t y  and so less i s  known about it 

than about he igh t s  and periods.  

The fol lowing c h a r a c t e r i s t i c s  a r e  des i rab le  i n  t h e  measuring instrument: 

1 . The technique should allow easy  t r a n s f e r  from s c a l e  t o  s c a l e .  

2. It  should g ive  engineers an easy  route  t o  bending moment and compliance 7 
ca lcu la t ions .  

3 .  Its r e s o l u t i o n  should be  good a t  long c r e s t  lengths.  

Our approach i s  t o  use a l i n e a r  a r r a y  of he igh t  measuring probes. We 

want t o  develop a cheap u n i t  s o  t h a t  l a rge  numbers can be used and the  f a i l u r e  of 

a few need not  be se r ious .  We argue t h a t  it c o s t s  £50,000 t o  measure anything a t  

s e a  b u t  t h a t . i n c r e a s i n g  t h e  number of  t h i n g s  measured c o s t s  l i t t l e  more. W e  suggest  

t h a t  a s  many a s  one hundred sensors  could be used along a four  ki lometre l i n e .  

Waverider buoys measure v e r t i c a l  acce le ra t ion  and send da ta  t o  land 

v i a  a r ad io  telemetry l i n k .  Bandwidth r e s t r i c t i o n s  prevent  t h e  use of l a r g e  numbers 

of  waveriders and s o  w e  p r e f e r  a d i r e c t  wire d a t a  c o l l e c t i o n  system. W e  a l s o  wish 

t o  examine t h e  p o s s i b i l i t y  of a design using a p ressu re  transducer dangling below 

a f l o a t  about one h a l f  wavelength below t h e  surface .  Each u n i t  would conta in  i t s  

own A/D conversion s o  t h a t  a d i s t r i b u t e d  mul t ip lexer  system with d i g i t a l  comrrlunication 

can be used. I f  t h e  su r face  f l o a t  looks s u f f i c i e n t l y  conrmonplace it may escape 

unwelcome a t t e n t i o n .  

Arrays w i l l  a t  f i r s t  be towed behind boats  b u t  they could be permanently 

deployed o r  even dropped a s  a f r ee - f loa t ing  l i n e  from a i r c r a f t .  While soph i s t i ca ted  

maximum l ike l ihood  methods could y i e l d  d i r e c t i o n a l  information,  we p lan  t o  use a 

s impler  a n a l y s i s  based on the  change of c o r r e l a t i o n  c o e f f i c i e n t  wi th  probe separa t ion .  

This  i s  read i ly  ca lcu la ted  i n  r e a l  time and needs very l i t t l e  computer memory. 
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MILES TONES 

1. Checking a n a l y s i s  sof tware  on r e s i s t i v e  wire  gauge a r r a y  

i n  t he  wide tank .  

2. Checking mooring design i n  the  wide tank 

3. S ing le  l / lO th  s c a l e  t ransducer  t r i a l  

4. 25  o f f  l / lO th  s c a l e  u n i t s  ready f o r  use 

5. S i n g l e  f u l l - s c a l e  u n i t  t e s t  

6. Fu l l - s ca l e  a r r a y  t r i a l s  s ta r t  

7. F i r s t  f u l l  -scale r e s u l t s  analysed 

JUNE 1979 

JUNE 1979 

JUNE 1979 

WRICL 1980 

SEPT 1980 

APRIL 1981 

DEC 1981 
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