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EXECUTIVE COMMENTARY 

Summary o f  P r o g r e s s  1979 

T h i s  y e a r  h a s  s e e n  o u r  f i r s t  a t t a c k  on t h e  _ p r o b l  S o f  f u l l  s c a l e  

d e s i g n .  The team h a s  been  s t r e n g t h e n e d  by e n g i n e e r s  f rom Merz 

and  McLel lan ,  t h e  e l e c t r i c a l  c o n s u l t a n t s  (whose r e p o r t  h a s  been  

s u b m i t t e d  s e p a r a t e l y ) ,  and from J o h n  La ing .  

We c o n c e n t r a t e d . o u r  e f f o r t s  on power c o n v e r s i o n .  The d e s i g n  sel- 

e c t e d  u s e s  g y r o  p r e c e s s i o n  and  h i g h  p r e s s u r e  o i l  h y d r a u l i c s  

g e n e r a t i n g  s y n c h r o n o u s  AC.  The g y r o  method a l l o w s  an  e f f i c i e n t  

i n c r e a s e  i n  a n g u l a r  v e l o c i t y ,  a v o i d s  t o r s i o n  o f  t h e  backbone ,  

i s o l a t e s  a l l  t h e  g e n e r a t i n g  equ ipmen t  f rom t h e  s e a  and p r o v i d e s  

s o  much e n e r g y  s t o r a g e  t h a t  we c a n  c l a i m  a  b e n e f i t  f rom t h e  

t r a n s f e r  o f  o f f - p e a k  e l e c t r i c i t y  i n t o  t h e  duck  s y s t e m  and  i t s  

r e t u r n  a t  times o f  h i g h  demand. 

The g y r o  method r e q u i r e s  t h e  s o l u t i o n  o f  e n g i n e e r i n g  p rob lems  

which  a r e  c h a l l e n g i n g  b u t  e x a c t l y  d e f i n e d .  One s u c h  problem is  

t h e  deve lopmen t  o f  a  h i g h  pe r fo rmance  v a r i a b l e  d i s p l a c e m e n t  a x i a l  

p i s t o n  h y d r a u l i c  mo to r .  A f t e r  a  t h o r o u g h  s u r v e y  t h e  u n i t  

d e s i g n e d  by C l e r k  was s e l e c t e d .  I am happy t o  r e p o r t  t h a t  R o b e r t  

C l e r k  i s  now a  R e s e a r c h  F e l l o w  a t  Ed inburgh  and t h a t  h i s  d e s i g n  

i s  t o  be  t a k e n  up by i n d u s t r y .  

F i n a l  d e c i s i o n s  on t h e  d e s i g n  o f  backbone s e c t i o n  and j o i n t s  need 

d a t a  f rom t e s t s  on t h e  wide t a n k  model.  The p r e s e n t  r e f e r e n c e  

d e s i g n  i s  b a s e d  on  e x t r a p o l a t i o n s  f rom n a r r o w  t a n k  r e s u l t s ,  

a g r e e d  w i t h  t h e  Depa r tmen t  o f  E n e r g y ' s  c o n s u l t a n t s .  

P r o g r e s s  on t h e  work ing  model f r e e  f l o a t i n g  s t r i n g  o f  d u c k s  h a s  

n o t  been  a s  r a p i d  a s  w e  had  hoped. W e  r e a l i s e d  t h a t  i f  t h e  

b e n e f i t s  o f  c o m p l i a n t  moun t ings  were  t o  be  i n v e s t i g a t e d  it would 



b e  necessary t o  con t ro l  a  very wide range of j o i n t  charac ter -  

i s t i c s .  We have designed an e l e c t r o n i c a l l y  con t ro l l ed  i n t e l l i -  

gent  j o i n t  moved by an ac tua to r  ins ide  each s e c t i o n  of backbone. 
I f  the  mooring fo rces  a r e  a s  low a s  predic ted  t h e i r  measurements 

might be inf luenced by t h e  s t i f f n e s s  of s i g n a l  wires and so  we 

have decided t o  bui ld  the  computer mult iplexing system i n t o  the  

ind iv idua l  ducks and backbone sec t ions .  While the  production of 

t h e  mechanical p a r t s  is near ly  complete and t h e i r  assembly begun 
t h e  e l e c t r o n i c  s i d e  i s  s t i l l  i n  t h e  development s t age .  When 

complete i t  w i l l  include many of the f e a t u r e s  of the  f u l l  s c a l e  

s y s  tern. 

T e s t s  i n  t he  narrow tank have been concerned w i t h  e x p l o i t a t i o n  of 

t h e  discovery of compliant mounting e f f e c t s ,  and w i t h  the  genera- 

t i o n  of energy from j o i n t  motion. The r e s u l t s  a l low the  d i s -  

placement of f u l l  s c a l e  equipment t o  be halved from l a s t  y e a r ' s  

s i z e s  without l o s s  of output .  

We have b u i l t  an analogue network which models the  p r o p e r t i e s  of 

gyro power take-off and sends the  c o r r e c t  torque s i g n a l s  t o  the 

model i n  the  tank. No changes i n  e f f i c i e n c y  have been observed 

between t h i s  and t h e  previous arrangement. The d r i f t  of gyros 

can be con t ro l l ed .  

We have b u i l t  apparatus  fo r  a i rborne  wave he ight  measurement 

using Machin's radar  a l t i m e t e r  technique. The equipment has 

passed s t r i c t  a i r f o r c e  s p e c i f i c a t i o n s  and one s o r t i e  has been 

flown. A r e p o r t  has  been submitted and i s  re fe r red  t o  i n  

Appendix 11. The records have the s t a t i s t i c a l  and s p e c t r a l  pro- 

p e r t i e s  of sea  waves and t h e  RMS va lues  a r e  i n  good agreement 

w i t h  wave-rider output  on t h e  day of t h e  f l i g h t .  We were 

impressed by the  e f f i c i e n c y  shown by the  a i r  crew and a r e  con- 

f i d e n t  t h a t  t h e  method w i l l  a l low the  c o l l e c t i o n  of wave da ta  

over a  wide a rea  i f  WESC decide t h a t  t h i s  is d e s i r a b l e .  

The wide tank has been used f o r  a second year by other  device 

groups.  I t s  r e l i a b i l i t y  has been s a t i s f a c t o r y  w i t h  outage time 

o f  one hour twenty minutes, a  small improvement on the previous 



year. Some of the visitors have used the multichannel data 

acquisition system and the analysis software written for the 

PDP11. An array of one hundred conductivity compensated gauges 

has been built and is undergoing calibration tests. We have 

helped with the design of the wave makers for the new wide tank 

at Wave Power Ltd. 

Consideration has been given to the possibility of electricity 

transmission from wavefields further offshore. I believe that 

developments in sulphur hexafluoride insulation or super- 

conducting cables would make it possible to build a spur pro- 

jecting north west from Cape Wrath for much larger distances than 

at present planned for the inshore wave fields. I would like to 

draw the attention of WESC to a report by Babtie Shaw and Morton 

on the feasibility of long range tunnels. 

Our accommodation problem has been reduced by the purchase of a 

temporary Portacabin type drawing office. Planning permission 

for a mezzanine floor in the wide tank has been granted and the 

parts have arrived. The shortage of accommodation will impose 

increasingly severe limits to progress in the future. Arch- 

itect's plans for a heavy testing laboratory have been submitted. 

The University members of the group are happy to be associated 

with the high levels of professional competence shown by their 

industrial colleagues, and their morale is excellent. The work 

of this year has produced a fall by a factor of eight in the 

expected cost of duck electricity and provided substantial 

evidence to support the cost calculations. While I am sure that 

further improvements will be made it may not be possible to 

achieve the same proportion. 

S .H .Salter 

Edinburgh Scopa Laing Wave Energy Group 

November 1979 



1.0 INTRODUCTION 

I n  t h e  l a t e  autumn o f  1978 ,  t h r o u g h  a m u t u a l  a r r a n g e m e n t  

made be tween  S.H. S a l t e r ,  U n i v e r s i t y  o f  Ed inburgh  and J o h n  

L a i n g  L t d . ,  a  s e n i o r  C i v i l  E n g i n e e r  f rom J o h n  L a i n g  L t d  was 

a t t a c h e d  t o  t h e  Ed inburgh  Wave Energy p r o j e c t  team f o r  a  

l i m i t e d  p e r i o d .  A t  a b o u t  t h e  same t i m e  a  s i m i l a r  

a r r a n g e m e n t  was made be tween  S.H. S a l t e r  and S c o t t i s h  Off-  

s h o r e  P a r t n e r s h i p  (SCOPA) whereby a  d e s i g n  e n g i n e e r  f rom 

B a b t i e  Shaw and  Morton a l s o  j o i n e d  t h e  Ed inburgh  Dev ice  

Team. 

R e s u l t i n g  from t h e s e  a s s o c i a t i o n s ,  John  L a i n g  L t d  were app- 

r o a c h e d  by ETSU i n  March 1979 and  i n v i t e d  t o  become in-  

t e g r a t e d  members o f  t h e  Ed inburgh  P r o j e c t  Team and  t o  

u n d e r t a k e  a  r e v i e w  o f  t h e  c i v i l ,  m e c h a n i c a l  and s t r u c t u r a l  

a s p e c t s  o f  t h e  P r o j e c t ,  and SCOPA were  i n v i t e d  t o  c a r r y  o u t  

a  s i m i l a r  r e v i e w  i n  r e s p e c t  o f  e l e c t r i c a l  g e n e r a t i o n  and 

t r a n s m i s s i o n .  

I n  e a c h  c a s e  t h e  r e v i e w  r e p r e s e n t e d  a  d o u b l e  b r i e f :  

1) To a s s e s s  t h e  v i a b i l i t y  o f  t h e  d e v i c e  a t  t h a t  d a t e  and 

c o n s e q u e n t  upon t h i s  a s s e s s m e n t  t o  d i s c u s s  and d e v e l o p ,  

e i t h e r  i n -house  o r  w i t h  o u t s i d e  commerc ia l  i n t e r e s t s ,  

t h e  f u t u r e  v i a b i l i t y  and c r e d i b i l i t y  o f  t h e  Edinburgh  

D e v i c e .  

R e s u l t i n g  f rom t h i s  a s s e s s m e n t ,  d e v e l o p  a  p r o v i s i o n a l  

c o s t  p e r  k i l o w a t t - h o u r  o f  power g e n e r a t e d  on t h e  b a s i s  

o f  two G i g a w a t t s  (GW) i n s t a l l e d  c a p a c i t y .  

2 )  To e s t a b l i s h  and m a i n t a i n  c l o s e  l i n k s  w i t h  t h e  Depa r t -  

m e n t ' s  C o n s u l t i n g  E n g i n e e r s  i n  o r d e r  t o  t r y  and o b t a i n  

a g r e e m e n t  be tween  a l l  p a r t i e s  i n  r e s p e c t  o f  d e s i g n  

p a r a m e t e r s ,  and  d e t a i l s  o f  d e v i c e  p e r f o r m a n c e  a s  a  

b a s i s  f o r  t h e  1979  R e p o r t .  



F o r  t h e  p u r p o s e s  o f  t h e  o v e r a l l  e x e r c i s e  i t  was nec- 

e s s a r y  t o  s e l ec t  a  s i z e  f rom t h e  r a n g e  o f  p o s s i b i l i t i e s  

a n d  a  1 0  metre Duck o f  p r o f i l e  D0019 was chosen .  The 

s i z e  o f  a  duck  is  r e l a t e d  t o  t h e  d i a m e t e r  a t  t h e  r e a r  

body o v e r  t h e  s p i n e  and s i z e s  r a n g e  f rom 7.5m t o  15m. 

1.1 Des ign  Work 

W i t h i n  t h e  v e r y  s h o r t  time t h a t  h a s  been  a v a i l a b l e  f o r  

t h e  a s s e s s m e n t  o f  t h e  Ed inburgh  D e v i c e ,  and a l s o  t a k i n g  

i n t o  a c c o u n t  t h e  c u r r e n t  s t a t e  o f  d e v i c e  deve lopmen t ,  

i t  h a s  n o t  been  p o s s i b l e  t o  p r o d u c e  more t h a n  o u t l i n e  

s c h e m a t i c  d r a w i n g s  and  s p e c i f i c a t i o n s  upon which t o  

a s s e s s  v i a b i l i t y  and c r e d i b i l i t y .  I t  would b e  

f o o l h a r d y  t o  s a y  t h a t  a l l  p rob lems  i n  r e s p e c t  o f  t h e  

d e v i c e  h a v e  been  s o l v e d  - t h i s  is c e r t a i n l y  n o t  s o .  

However i t  is  r e a d i l y  a p p a r e n t  t h a t  v e r y  s i g n i f i c a n t  

p r o g r e s s  h a s  been  made d u r i n g  t h e  y e a r  t o w a r d s  

p r o v i d i n g  c r e d i b l e  s o l u t i o n s  t o  many o f  t h e  p rob lems  

wh ich  were  o u t s t a n d i n g  a t  t h e  end o f  l a s t  y e a r .  

B e f o r e  d e v e l o p i n g  t h e  work o f  t h e  y e a r  i n  d e t a i l ,  i t  is 

f e l t  r i g h t  t o  comment upon c e r t a i n  a s p e c t s  o f  t h e  b a s i c  

a p p r o a c h  o f  t h e  d e v i c e  team t o  Wave Energy:  

1 . 2  Ma in tenance  

From t h e  o u t s e t ,  t h e  a p p r o a c h  o f  t h e  d e v i c e  team h a s  

b e e n  t o  d e v e l o p  a  d e v i c e  which r e q u i r e s  minimum main te -  

n a n c e .  The team d i s c o u n t  t h e  p r a c t i c a b i l i t y  o f  c a r r y -  

i n g  o u t  s k i l l e d  m a i n t e n a n c e  a t  s e a .  No m a t t e r  how w e l l  

t r a i n e d  and t e c h n i c a l l y  c a p a b l e  a n  o p e r a t i v e  may b e ,  it 

i s  f e l t  t h a t  it is i m p r a c t i c a l  t o  c o n s i d e r  c a r r y i n g  o u t  

r e p a i r s  and m a i n t e n a n c e  t o  t h e  s t a n d a r d  r e q u i r e d  when 

o p e r a t i n g  i n  a  w e t ,  d a n k ,  humid e n v i r o n m e n t  a t  compara- 

t i v e l y  low t e m p e r a t u r e s ,  w i t h i n  a  s t r u c t u r e  t h a t  is  

c o n s t a n t l y  moving w i t h  a n  i r r e g u l a r  mo t ion .  



The approach of the team has been therefore to instal 

the main mechanical and electrical equipment for power 
generation in a non-corrosive non-oxidizing environment 
isolated from the adverse conditions in the ocean. 

Provision for interchangeability has been included and 

assemblies of spine units to permit complete replace- 

ment of failed units and subsequent repair under fav- 

ourable conditions in a shore basin. 

In carrying out the assessment of viability in respect 

of the civil, mechanical, structural and hydraulic 

aspects approaches were made to many specialist firms 

in respect of the device proposed. These approaches 

were based on schematic designs, albeit in many cases 

developed in considerable detail. In all cases, the 

companies approached confirmed that the proposals 

either incorporated their current practice, or, 

alternatively that the methods proposed were not their 

current practice but that they could foresee no reason 

why the proposed methods should not be developed. 

In no case were the proposals considered to be outside 

current technology. 

The technical viability of the device is supported to a 

considerable extent, by the interest shown - and the 
offer of willing future co-operation - by so many 

experienced companies in a variety of fields. 



C r e d i b i l i t y  

C r e d i b i l i t y  i s  e s s e n t i a l l y  a  s u b j e c t i v e  area  of assess-  

ment and i t  is not easy t o  provide p o s i t i v e  answers. 

Many of the  proposals  incorporate  c u r r e n t  p r a c t i c e  and 

r a i s e  l i t t l e  or no doubt concerning c r e d i b i l i t y .  

Others ,  p a r t i c u l a r l y  those of the  outs tanding problem 

a r e a s  on which the  main work of the  team is cur ren t ly  

cent red ,  a r e  a r e a s  where a  t e c h n i c a l l y  acceptable  

answer has been devised but which i t  is  f e l t  requi res  

r e £  inement or improvement i n  order t o  provide 

opera t iona l  r e l i a b i l i t y  and hence c r e d i b i l i t y .  

In  many of these  a r e a s ,  it m u s t  be emphasised t h a t  con- 

s i d e r a b l y  more research work i s  required i n  order t o  

e s t a b l i s h  more c l e a r l y  the  t r u e  na ture  of the  problem 

and w i t h i n  the  concluding remarks these  c u r r e n t  problem 

a r e a s  w i l l  be developed i n  g r e a t e r  d e t a i l .  

Bearing i n  mind t h e  l imi ted  time of the  c u r r e n t  ass- 

essment, the  device appears c r e d i b l e  but a  g r e a t  dea l  

of f u r t h e r  d e t a i l  work m u s t  be c a r r i e d  ou t  both i n  

research  and development t o  r e in fo rce  the e s t ab l i shed  

confidence l e v e l s  i n  the  proposals .  



2.0 DESCRIPTION OF SCHEME 

2.1 R e f e r e n c e  D e s i g n  

T h i s  r e p o r t  h a s  been  compi l ed  on  a  c o n n e c t e d  2000 

s t a t i o n .  

Each Duck w i l l  h ave  a  peak  o u t p u t  o f  2 , 2 5  MW b a s e d  on 

7 5  kW/metre m e c h a n i c a l  o u t p u t  X 30 m t h e o r e t i c a l  

l e n g t h .  I t  is a  hydrodynamic  a t t r i b u t e  t h a t  a  duck 24m 

w i d e  w i t h  a  g a p  o f  6m be tween  d u c k s  w i l l  a c t  a s  t hough  

i t  is 30m wide .  The  mean a n n u a l  a v e r a g e  f i g u r e  u sed  i s  

20  kW/metre m o d i f i e d  b y  a  g l o b a l  c o n v e r s i o n  f i g u r e  

( a l l o w i n g  f o r  t h e  a n g l e  o f  a p p r o a c h  o f  t h e  wave ) .  The 

c o n v e r s i o n  e f f i c i e n c y  s h o u l d  b e  a b o u t  0.8 g i v i n g  a  

l a n d e d  e l e c t r i c a l  o u t p u t  o f  1 4  kW/ m e t r e  a s suming  good 

e q u i p m e n t  r e l i a b i l i t y .  

A Duck i s  s i z e d  by t h e  nomina l  d i a m e t e r  o f  t h e  r e a r  

body a t  t h e  s p i n e .  The r e f e r e n c e  s i z e  ,is 1 0  metres, 

s u i t a b l e  f o r  t h e  s e a s  e x p e c t e d  a t  t h e  l o c a t i o n  s e l e c t e d  

(some 30  km o f f s h o r e  a t  S o u t h  U i s t ,  i n  a  w a t e r  d e p t h  o f  

a p p r o x i m a t e l y  100  m ) .  Ducks o f  f rom 7.5 m t o  1 5  m 

m i g h t  b e  s e l e c t e d  f o r  o t h e r  s i t e s  i f  c o s t  e f f e c t i v e n e s s  

were t o  become t h e  p r i m e  c o n s i d e r a t i o n .  The s h a p e  

c h o s e n  i s  a  medium beaked  duck  t o  s e c t i o n  D0019 (see 

E d i n b u r g h  F o u r t h  Year  R e p o r t  Page  3 .1 )  . 

The  d u c k s  w i l l  b e  mounted i n  p a i r s  on  a  6 0  m s p i n e  l e n -  

g t h  w i t h  f r eedom t o  r o t a t e  i n d e p e n d e n t l y  a b o u t  t h e  

s p i n e  a x i s .  S p i n e  l e n g t h s  w i l l  b e  c o n n e c t e d  w i t h  a  

u n i v e r s a l  j o i n t  o f  c o n t r o l l a b l e  s t i f f n e s s .  Each j o i n t  

W ill embody a  ' s e a - m a t e a b l e '  s e c t i o n ,  t h e  s e c t i o n s  

b e i n g  a l t e r n a t e l y  ' m a l e '  a t  b o t h  e n d s  and ' f e m a l e '  a t  



b o t h  e n d s  t o  e n s u r e  a  un i fo rm d e p t h  o f  f l o t a t i o n  f o r  

b o t h  s e c t i o n s  w i t h o u t  r e c o u r s e  t o  b a l l a s t .  The s p i n e  

a n d  duck  body w i l l  i n c l u d e  buoyancy t a n k s  t o  a l l o w  t h e  

c o r r e c t  f l o t a t i o n  a t t i t u d e  and d e g r e e  o f  submergence.  

Power t a k e - o f f  is based  on t h e  u s e  o f  g y r o s c o p e s  f r e e l y  

mounted i n  g i m b a l s ,  t h e  f l y w h e e l s  o f  which a r e  used a s  

power a c c u m u l a t o r s .  The g y r o s c o p i c  p r e c e s s i o n  o f  t h e  

u n i t s  i s  used  t o  d r i v e  a  s e r i e s  o f  r i n g  cam r e c i p r o -  

c a t i n g  pumps mounted a round  t h e  f r ame  s u r r o u n d i n g  t h e  

f l y w h e e l s .  The r a t e  o f  power e x t r a c t e d  is i n i t i a l l y  

c o n t r o l l e d  by s e l e c t i n g  t h e  number o f  pumping c y l i n d e r s  

t o  be  o p e r a t i n g  a t  any  . o n e  t i m e .  Two r i n g  cam pumps 

p e r  g y r o  module f e e d  a t  a  c o n s t a n t  p r e s s u r e ,  p r o b a b l y  

3200 p s i  (220.5 b a r ) ,  i n t o  a  common main ,  t h e  o u t p u t  o f  

which  i s  f e d  t o  a  1500  HP 1500 RPM s w a s h p l a t e  motor  

c o u p l e d  t o  one  end o f  a n  A.C g e n e r a t o r  and t o  t h e  two 

m o t o r s  d r i v i n g  e a c h  g y r o .  Two p a i r s  o f  s u c h  gyro/motor  

s y s t e m s  a r e  u sed  p e r  duck g i v i n g  a t o t a l  o u t p u t  o f  2.25 

megawat t  (MW). The h y d r a u l i c  motor  a t t a c h e d  t o  e a c h  

e n d  o f  t h e  g e n e r a t o r  c a n  become a  pump, d r i v e n  by t h e  

g e n e r a t o r  a c t i n g  a s  a n  e l e c t r i c  m o t o r ,  f o r  s p i n n i n g  up 

t h e  f l y w h e e l s  and  s t a r t i n g  u p  t h e  sys t em.  ' F i n e  

t u n i n g '  o f  t h e  s y s t e m  is a c h i e v e d  by m o t o r i n g  t h e  f l y -  

w h e e l s  t o  i n c r e a s e  t h e i r  nomina l  s p e e d  above  1500 RPM 

and  t h e r e b y  s t o r e  s u r p l u s  e n e r g y .  C o n v e r s e l y  e n e r g y  

c a n  b e  e x t r a c t e d  f rom t h e  f l y w h e e l s  by  a n g l i n g  t h e  

s w a s h p l a t e  t o  c a u s e  t h e  motor  t o  pump, t o  m a i n t a i n  

d e l i v e r y  i n t o  t h e  common main t o  s a t i s f y  t h e  c o n s t a n t  

g e n e r a t o r  r e q u i r e m e n t  and t o  r e l e a s e  t h e  s t o r e d  s u r p l u s  

e n e r g y .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  c y c l i c  v a r i a t i o n  

i n  t h e  f l y w h e e l  s p e e d  n e c e s s a r y  t o  a b s o r b  and r e l e a s e  

s t o r e d  e n e r g y  from a  1 0  s e c o n d  b u r s t  w i l l  b e  2 RPM i n  

1500 RPM. 



The s p i n e  j o i n t s  w i l l  h ave  a  c o n t r o l l e d  compl i ance  i n  

t h e  i n t e r e s t  o f  e f f i c i e n c y ,  b u t  i t  i s  a l s o  e n v i s a g e d  

t h a t  i n  t h e  f u t u r e  a d d i t i o n a l  power w i l l  be  o b t a i n e d  

f r o m  t h e  s p i n e  j o i n t  movement by means o f  a  f u r t h e r  

pump/motor u n i t  c o n n e c t e d  t o  t h e  s e t s  o f  h y d r a u l i c  rams 

c o n t r o l l i n g  t h e  j o i n t  s t i f f n e s s .  The g e n e r a t o r s  

a s s o c i a t e d  w i t h  t h e  j o i n t  m o t o r s  w i l l  be  e l e c t r i c a l l y  

i n  p a r a l l e l  w i t h  t h o s e  i n  t h e  duck body and c a n  d e r i v e  

o r  s e n d  power t o  t h e  g y r o s .  T h i s  h a s  an  a d v a n t a g e  i n  

v e r y  rough  w e a t h e r  when t h e  g y r o s  have  r e a c h e d  t h e i r  

o p e r a t i o n a l  l i m i t .  

A l l  g e n e r a t i n g  m a c h i n e r y  w i l l  b e  c o n t a i n e d  i n  s e a l e d  

p r e s s u r e  v e s s e l s  w i t h  a  low p r e s s u r e  a t m o s p h e r e  o f  a  

s u i t a b l e  g a s ,  t h u s  r e d u c i n g  windage  l o s s e s  and a t  t h e  

same time r e d u c i n g  p o s s i b l e  c o r r o s i o n  and  con- 

t a m i n a t i o n .  A s  men t ioned  i n  t h e  I n t r o d u c t i o n ,  no a r r -  

angemen t s  f o r  i n t e r n a l  m a i n t e n a n c e  a r e  b e i n g  made b u t  

by  d e s i g n e d  r edundancy  t h e  d e s i g n  t a r g e t  l i f e  o f  90% 

s u r v i v a l  f o r  2 5  y e a r s  i s  a n t i c i p a t e d .  

T h e  duck - to - sho re  e l e c t r i c a l  power s y s t e m  is c a p a b l e  o f  

h a n d l i n g  5 p a r a l l e l  400 MW c i r c u i t s  and  t r a n s m i t t i n g  t o  

t h e  g r i d  a t  400 KV ( n o t i o n a l l y  a t  Cruachan)  . T h i s  is 

d e s c r i b e d  i n  d e t a i l  unde r  SCOPA R e p o r t  Re f .  N13.7/469 

o f  November 1979 .  

2 . 2  The Sea  -- 

The d a t a  on which t h e  d e s i g n  o f  t h e  Ducks is  based  is  

p r e s e n t e d  i n  t h e  Annual R e p o r t s  (1 t o  5 i n c l u s i v e )  o f  

t h e  Ed inburgh  Wave Power P r o j e c t  Team. T h i s  in-  

f o r m a t i o n  stems from tests i n  t h e  Narrow and Wide Tanks  

b a s e d  on i n f o r m a t i o n  f rom OWS I n d i a ,  and IOS, S o u t h  



U i s t .  From t h e s e  r e p o r t s  it  w i l l  be  s e e n  t h a t  a  mean 

a n n u a l  a v e r a g e  o f  20 KW/m is  a v a i l a b l e .  The d u c k s  have 

b e e n  s i z e d  f o r  a  peak  o u t p u t  o f  7 5  KW/m, and a  t o r q u e  

l i m i t  o f  0 .75  NNm/m. 

2.3 The Duck -- 

The Duck is a k i n  t o  a  s m a l l  s e c t i o n  o f  s h i p  d e s i g n e d  

s p e c i f i c a l l y  t o  r o l l ,  I t  is c a r r i e d  on a  j o i n t e d  s p i n e  

t o  e n s u r e  optimum hydrodynamic  e f f i c i e n c y  i n  a l l  s e a  

c o n d i t i o n s .  A number o f  Ducks a r e  mounted i n  a  s t r i n g .  

The Duck c o m p r i s e s  a  Body and a  Beak which a r e  a t t a c h e d  

t o  t h e  s p i n e  by means o f  r e t a i n i n g  s t r a p s  mounted 

a r o u n d  a  b e a r i n g .  The Body h o u s e s  buoyancy chambers  

w h i l e  t h e  Beak c o n t a i n s  a  v e s s e l  i n  which is  t h e  main 

power g e n e r a t i o n  e q u i p m e n t ,  t e rmed t h e  Power Module. 

The  Duck n o r m a l l y  r i d e s  w i t h  i t s  Beak a t  s e a  l e v e l  and 

l y i n g  w i t h  i t s  c e n t r e  l i n e  a t  an  a n g l e  of  some 37' t o  

t h e  h o r i z o n t a l .  However, i n  e x t r e m e  s e a s  it may b e  

submerged t o  a b o u t  30 metres, a t  which d e p t h  i t  w i l l  

c o n t i n u e  t o  g e n e r a t e  ( a t  7 5  k W / m e t r e ) .  The u s e  o f  re- 

i n f o r c e d  and p r e s t r e s s e d  c o n c r e t e  i s  c u r r e n t l y  e n v i s -  

a g e d  f o r  i t s  c o n s t r u c t i o n  u s i n g  w e l l  t r i e d  methods .  

Each duck w i l l  d i s p l a c e  2 ,800  t o n n e s ,  and w i l l  b e  a b o u t  

25 m i n  l e n g t h ,  t h e  d i a m e t e r  o f  t h e  r e a r  body b e i n g  

10m. 

A l t e r n a t i v e  b e a k s  i n  c o n c r e t e ,  wood and  s t e e l  fab- 

r i c a t i o n s  have  been  s t u d i e d ,  t h e  r e s u l t s  b e i n g  i n c l u d e d  

i n  Appendix 3 .  

Buoyancy chambers  b u i l t  i n t o  t h e  s t r u c t u r e  a r e  a r r a n g e d  

t o  b e  f l o o d e d  o r  'b lown '  a s  r e q u i r e d  t o  g i v e  t h e  c o r r -  

e c t  d e g r e e  o f  f l o t a t i o n .  D e t a i l s  o f  t h e  d e s i g n  a p p e a r  

i n  Appendix 2 ,  



2.3.1 General Requirements for  the  Duck Body 

a )  t o  support  the  detachable  beak which conta ins  

t h e  sea led  p ressu re  v e s s e l  conta in ing  the  

power module. 

b )  t o  t ransmi t  wave fo rces  a s  necessary t o  the  

power module. 

c )  t o  maintain t h e  c o r r e n t  freeboard and a t t -  

i t u d e  i n  s t i l l  water condi t ions  f o r  optimum 

power of f - take i n  design wave condi t ions ,  by 

t h e  use of a  small element of b a l l a s t i n g  fo r  

c o n t r o l  purposes. 

d )  t o  possess  s e l f - r i g h t i n g  p r o p e r t i e s  i n  t h e  

event  of caps ize .  

e )  t o  be capable of r e s i s t i n g  h y d r o s t a t i c  press- 

ure  due t o  submergence t o  3 0  metres  depth. 

f )  t o  c a r r y  power cable  r e e l i n g  device.  

General Descript ion of the  Duck 

The duck c o n s i s t s  of a  boat shaped s t r u c t u r e  25m 

long, having a  beam of approximately 12m and 

loca ted  on t h e  sp ine  by two s t e e l  r e t a i n i n g  

s t r a p s  of box g i r d e r  cons t ruc t ion .  The ducks 

a r e  b a l l a s t e d  using both concre te  and sea water 

b a l l a s t  t o  ensure t h a t  they f l o a t  a t  the  r i g h t  

a t t i t u d e ,  Each duck c o n s i s t s  of 2 d i s t i n c t  

p a r t s  v iz :  



a )  Duck Beak - t h i s  w i l l  be  o f  a l l  s t e e l  con- 

s t r u c t i o n  and  w i l l  c o n t a i n  t h e  main p r e s s u r e  

v e s s e l  c o n s i s t i n g  o f  a  s t e e l  t u b e  4.8m O . D .  

( c o n t a i n i n g  t h e  g y r o s c o p e s ,  g e n e r a t o r s  e t c ) .  
I t  w i l l  a l s o  c o n t a i n  3 s m a l l e r  buoyancy 

p r e s s u r e  v e s s e l s .  The e n v e l o p e  is o f  welded 

s t e e l  p l a t e  c o n s t r u c t i o n ,  t h e  s p a c e  between 
t h e  v a r i o u s  p r e s s u r e  v e s s e l s  and  t h e  e n v e l o p e  

b e i n g  o c c u p i e d  by f r e s h  w a t e r .  The beak i s  

a t t a c h e d  t o  t h e  body a t  f o u r  main a t t a c h m e n t  

p o i n t s  which t r a n s m i t  t h e  hydrodynamic f o r c e s  

be tween  t h e  two w i t h o u t  e x c e s s i v e  r e s t r a i n t  

which  m i g h t  c a u s e  d i s t r e s s  t o  t h e  p r e s s u r e  

v e s s e l .  L i g h t l y  s t r e s s e d  a t t a c h m e n t s  c o n n e c t  
t h e  e d g e s  o f  t h e  e n v e l o p e  o f  t h e  beak t o  t h e  

duck  body. I t  is i n t e n d e d  t h a t  a l l  conn- 

e c t i o n s  be tween  beak and  body c a n  e a s i l y  b e  

s e v e r e d  f o r  r e c o v e r y  o f  t h e  beak f rom t h e  s e a  

b e d  i n  t h e  e v e n t  o f  t h e  duck  a c c i d e n t a l l y  

S i n k i n g .  

b )  Duck Body - t h i s  may b e  o f  s t e e l  p l a t e  con- 

s t r u c t i o n  o r  o f  c e l l u l a r  l i g h t w e i g h t  con- 

c r e t e .  

i )  S t e e l  Duck Body - t h i s  would b e  o f  s t e e l  

p l a t e  c o n s t r u c t i o n  h a v i n g  f u l l  d i a p h -  

ragms a t  a p p r o x i m a t e l y  800mm c e n t r e s ,  

a n d  l o n g i t u d i n a l  p l a t e  s t i f f e n i n g  r i b s  

a t  800mm c e n t r e s .  I t  would c o n t a i n  

s e v e r a l  c y l i n d r i c a l  p r e s s u r e  v e s s e l s  f o r  

buoyancy.  The d u c k s  a t t i t u d e  i n  t h e  



w a t e r  would b e  c o n t r o l l e d  by t a k i n g  on 

s e a  w a t e r  b a l l a s t  i n t o  t h e  buoyancy 

chambers .  The s p a c e  be tween  t h e  buoy- 

a n c y  v e s s e l s  and t h e  e n v e l o p e  would b e  

o c c u p i e d  by f r e s h  w a t e r .  

C o n c r e t e  Duck Body - t h i s  would be  con- 

s t r u c t e d  f rom r e i n f o r c e d  l i g h t w e i g h t  

" L y t a g '  c o n c r e t e  u s i n g  n a t u r a l  s a n d  

f i n e s  and h a v i n g  a  h i g h  cement  c o n t e n t .  

The duck  body would b e  o f  s e g m e n t a l  

c o n s t r u c t i o n ,  t h e  s e g m e n t s  b e i n g  j o i n t e d  

u s i n g  a n  epoxy r e s i n  and  would be  pre-  

s t r e s s e d  t o g e t h e r  l o n g i t u d i n a l l y .  In-  
t e r n a l  v o i d s  may b e  f l o o d e d  w i t h  s e a  

w a t e r  t o  c o n t r o l  t h e  buoyancy and a t t -  

i t u d e  o f  t h e  duck .  Wi th  b o t h  t y p e s  o f  

body ,  a  main d i aph ragm o c c u r s  a c r o s s  t h e  

body a t  two p o i n t s  a l o n g  t h e  l e n g t h  a t  

which  t h e  r e t a i n i n g  s t r a p s  a r o u n d  t h e  

s p i n e  a r e  a t t a c h e d  on t h e  one  hand and 

t h e  p r e s s u r e  v e s s e l  on t h e  o t h e r .  I n  

t h e  c a s e  o f  t h e  c o n c r e t e  body ,  t h e s e  

a t t a c h m e n t s  w i l l  b e  p r e s t r e s s e d  to-  

g e t h e r .  

2 . 3 . 3  Des ign  P a r a m e t e r s  f o r  t h e  Duck 

a )  The  duck  i s  t o  w i t h s t a n d  a  l o c a l  p o i n t  

p r e s s u r e  o f  up  t o  190  K N / ~ ~  d u e  t o  dynamic 

wave a c t i o n .  

b )  The  duck  i s  t o  w i t h s t a n d  a  work ing  hydro- 

s t a t i c  p r e s s u r e  o f  300 K N / ~ ~  a n d  a n  u l t i m a t e  

h y d r o s t a t i c  p r e s s u r e  o f  1000 K N / ~ ~  d u e  t o  

submergence  t o  30 and  l O O m  r e s p e c t i v e l y .  



c )  The  duck is t o  f l o a t  i n  s t i l l  w a t e r  w i t h  t h e  

c e n t r e  o f  t h e  s p i n e  5.5m be low w a t e r  l e v e l ,  

a n d  t h e  c e n t r e  l i n e  o f  t h e  duck  i n c l i n e d  a t  

37" t o  t h e  h o r i z o n t a l .  

d )  The  c e n t r e  o f  g r a v i t y  o f  t h e  duck  i s  t o  be 

s u c h  t h a t  a  l i n e  f rom it  t o  t h e  c e n t r e  o f  t h e  

s p i n e  s h a l l  make a n  a n g l e  o f  2O - 7.50 w i t h  

t h e  c e n t r e  l i n e  o f  t h e  duck  and h e n c e  r e n d e r  

t h e  duck s e l f - r i g h t i n g .  

e )  The  f r e e - b o a r d  and t h e  a t t i t u d e  o f  t h e  duck  

i s  t o  b e  c o n t r o l l e d  by u s e  o f  s e a  w a t e r  b a l l -  

a s t .  

f )  The  beak is t o  be  b o l t e d  t o  t h e  body t o  a l l o w  

f o r  r e c o v e r y .  

g )  The  power c a b l e  c o n n e c t i n g  t h e  duck  t o  t h e  

s p i n e  i s  t o  b e  a b l e  t o  accommodate t h e  duck 

m o t i o n  w i t h o u t  t h e  u s e  o f  moving c o n t a c t s .  

2 . 3 . 4  Des ign  F e a t u r e s  
7 

a )  Buoyancy 

The d i s p l a c e m e n t  o f  t h e  duck  when f u l l y  sub- 

merged is a b o u t  1220  t o n n e s ,  and when f l o a t -  

i n g  i n  t h e  c o r r e c t  a t t i t u d e  ( i n  s t i l l  w a t e r )  

i t  is a b o u t  1150  t o n n e s .  Hence i t  h a s  a n  

e f f e c t i v e  buoyancy m a r g i n  o f  a b o u t  1 7 0  

t o n n e s .  B a l l a s t / b u o y a n c y  t a n k s  a r e  p r o v i d e d  

t o  m a i n t a i n  a t t i t u d e  and  d e p t h ,  and may b e  

u s e d  t o  s i n k  t h e  duck  ( and  t h e  n e u t r a l l y  

b u o y a n t  s p i n e )  be low wave a c t i o n .  



S t r u c t u r a l  S t r e n g t h  

i )  S tee lwork  

The enve lope  would be  d e s i g n e d  t o  w i t h -  

s t a n d  t h e  dynamic w a t e r  f o r c e s  o n l y .  

The f r e s h  water  i n s i d e  t h e  duck would be 

s e p a r a t e d  from t h e  s e a  wa te r  o u t s i d e  by 

a  diaphragm i n c o r p o r a t i n g  a  p r e s s u r e  

e q u a l i s i n g  d e v i c e ,  and o n l y  t h e  i n t e r n a l  

p r e s s u r e  v e s s e l s  would be  d e s i g n e d  t o  

w i t h s t a n d  t h e  f u l l  h y d r o s t a t i c  f o r c e s .  

ii) Concre te  S t r u c t u r e  

The c o n c r e t e  body would be  d e s i g n e d  t o  

w i t h s t a n d  t h e  f u l l  h y d r o s t a t i c  f o r c e s  

a c t i n g  on t h e  enve lope .  I t  shou ld  a l s o  

b e  a b l e  t o  w i t h s t a n d  t h e s e  h y d r o s t a t i c  

p r e s s u r e s  i n  any of  t h e  i n t e r n a l  v o i d s .  

L o n g i t u d i n a l  p r e s t r e s s i n g ,  a s  w e l l  a s  

s e r v i n g  t o  s t r i n g  t o g e t h e r  p r e c a s t  seg- 

ments  i n  t h e  e v e n t  of  t h i s  mode of con- 

s t r u c t i o n  b e i n g  used ,  i s  proposed t o  

w i t h s t a n d  t h e  f a t i g u e  e f f e c t s  of a s  y e t  

u n q u a n t i f i e d  r a c k i n g  s t r e s s e s  caused by 

o b l i q u e  wave f r o n t s .  Some t r a n s v e r s e  

p r e s t r e s s  i s  a l s o  e n v i s a g e d  th rough  t h e  

narrow neck between s p i n e  and beak t o  

cope  w i t h  l o c a l  s t r e s s  c o n c e n t r a t i o n  due 

t o  h a n d l i n g  i n  t h e  c o n s t r u c t i o n  ya rd  a s  

w e l l  a s  a t  s e a .  Due t o  t h e  complex i ty  



o f  t h e  n e c e s s a r y  s t r e s s  a n a l y s e s  which 

w i l l  p r o b a b l y  r e q u i r e  f i n i t e  e l e m e n t  

me thods ,  d e t a i l e d  s t r u c t u r a l  c a l c u l a -  

t i o n s  t o  v e r i f y  t h e  c o n c r e t e  s i z e s  e t c  

h a v e  n o t  y e t  been  f i n a l i s e d .  

c )  The Power c a b l e  c o n n e c t i n g  duck t o  S p i n e  

The  power c a b l e  c o n n e c t i n g  t h e  duck  t o  t h e  

s p i n e  p a s s e s  down t h e  l e n g t h  o f  t h e  duck  i n  a  

d u c t  c o n t a i n i n g  s e a  w a t e r .  A t  one  end  o f  t h e  

d u c t  it p a s s e s  i n t o  t h e  main p r e s s u r e  v e s s e l  

c o n t a i n i n g  t h e  g y r o s c o p e s  and g e n e r a t o r s ,  and 

a t  t h e  o t h e r  end  it i s  wound on  a  c o n c e n t r i c  

c a b l e - r e e l  o f  a b o u t  2.4m d i a m e t e r ,  From t h e  

c a b l e - r e e l  i t  p a s s e s  t h r o u g h  t h e  duck  w a l l  

a n d  round  t h e  o u t s i d e  o f  t h e  s p i n e ,  e n t e r i n g  

t h e  s p i n e  on t h e  o p p o s i t e  s i d e  t o  t h e  duck .  

A s  t h e  duck ' k o d s "  t h e  c a b l e  is  t a k e n  up o r  

l e t  o u t  by t h e  r e e l  which i s  d r i v e n  by a  b e l t  

r o u n d  t h e  s p i n e  and r e e l  drum. 

d )  L o n g i t u d i n a l  L o c a t i o n  o f  t h e  Duck on t h e  

S p i n e  

Rubber  t y r e s  on  c o m p l i a n t  m o u n t i n g s ,  l o c a t e d  

i n  s o c k e t s  a t  e a c h  e n d  o f  t h e  duck  and 

r u n n i n g  on  t h e  e x t e r n a l  s p i n e  f l a n g e s  s e r v e  

t o  l o c a t e  t h e  d u c k s  l o n g i t u d i n a l l y  on  t h e  

s p i n e .  

T h e  S p i n e  

The s p i n e  c o m p r i s e s  a  number o f  s e c t i o n s  e a c h  c a r r y i n g  

a p a i r  o f  Ducks.  C u r r e n t l y  j o i n t s  be tween  e a c h  l e n g t h  

o f  s p i n e  have  s o  been  d e s i g n e d  t o  p r o v i d e  f l e x i b i l i t y  



up t o  - + 12' per j o i n t  and hydraul ic  rams arranged t o  

c o n t r o l  the  j o i n t  both h o r i z o n t a l l y  (surge)  and ver t -  
i c a l l y  (heave) .  This  compliance of the  sp ine  ( i . e .  t he  

c o n t r o l  of these  j o i n t s )  is  a  p a r t i c u l a r  f e a t u r e  of the  

concept ,  which allows maximum hydrodynamic e f f i c i e n c y ,  

low mooring f o r c e s ,  and t h e  poss ib le  opportuni ty 

( l a t e r )  of a  s i g n i f i c a n t  increase  i n  the  captured 

power. 

I t  is envisaged t h a t  the  sp ine  w i l l  be of concrete  con- 

s t r u c t i o n  and t h a t  it w i l l  be i n  s e c t i o n s  9.8 metres i n  

diameter by 60  metres long. The j o i n t s  w i l l  be a  com- 

p l e t e  s t e e l  f a b r i c a t i o n  embodying a  Hookes j o i n t ,  about 

which a l l  movements take  p lace ,  and a  f ixed  element. 
Each j o i n t  w i l l  conta in  1 2  double a c t i n g  rams arranged 

around a  7 .5  m diameter p i t c h  c i r c l e .  B u t  i n t o  the  

c e n t r a l  2m s e c t i o n  which allows a l l  e l e c t r i c a l  conn- 

e c t i o n s  t o  be made a t  sea r e fe r red  t o  a s  a  "sea-mate- 
ab le"  j o i n t .  These rams w i l l  be c r o s s  connected i n  

s e t s  of 3 .  T h u s  the  f r o n t  end of a  group of th ree  

surge  rams on one s i d e  w i l l  be connected t o  t h e  rear  of 

t h e  oppos i te  s e t  of 3 surge  rams and v ice  versa  so  t h a t  

one connecting pipe w i l l  be a t  high pressure  while the  

o t h e r  i s  a t  low pressure  ( see  drawing No 1 0 1 1 ) .  A 

swashplate motor (of the  type used i n  the  duck i t s e l f )  

complete w i t h  i t s  own A.C generator  w i l l  be connected 

between the  high and low pressure  s i d e s .  The swash- 

p l a t e  can now be used t o  con t ro l  the  pressure  i n  the  

rams and the re fo re  the  appl ied bending moment. Com- 

p l i a n c e  of the  j o i n t  w i l l  be con t ro l l ed  and the  power 

t h u s  generated could be absorbed i n t o  the  transmission 

system. 



The c y l i n d e r s  w i l l  be approximately 750 mm bore dia- 

meter with a  rod of 250 mm diameter each giving some 

800 tonnes t h r u s t .  The bending moment generated w i l l  

be up t o  20,000 tonne metres.  

2 . 4 . 1  General Requirements fo r  the  Spine 

a )  To connect ducks i n t o  a s t r i n g  t o  provide the  
s p e c i f i c  degree of r i g i d i t y  which w i l l  opt- 

imise the  duck peformance. 

b )  To provide a  continuous duct  fo r  rout ing  up 

t o  100 MW of e l e c t r i c a l  power and a  pro tec ted  

pa th  for  c o n t r o l  cab les .  

c )  To have n e u t r a l  buoyancy i n  t h e  opera t ing  

condi t ion  but  w i t h  an i n t e r n a l  reserve  f o r  

trimming. 

d )  To provide attachment l o c a t i o n s  f o r  mooring 

cab les .  

e )  To provide a  housing fo r  step-up t ransformers  

a t  i n t e r v a l s  a t  which t h e  cab le  l i n k s  t o  

shore  occur. 

2 . 4 . 2  General Descript ion of t h e  Spine 

The sp ine  w i l l  c o n s i s t  of concrete  tubes ,  pre- 

s t r e s s e d  l o n g i t u d i n a l l y  and re inforced  i n  t h e  
c i r cumferen t i a l  d i r e c t i o n s  i n  l eng ths  of approx- 

imately 6 0  metres ,  w i t h  two ducks mounted on 

each. These l eng ths  w i l l  be connected by a 

mechanical un ive r sa l  j o i n t  con t ro l l ed  by a  hydr- 

a u l i c  ram system by means of which the  com- 

p l i a n c e  of the  sp ine  a s  a  whole can be varied.  



The mechanical and hydraulic parts of the joint 

are carried by a steel fabrication which is 
attached to the concrete tubes by prestressed 

bolts, and also serves as a closing bulkhead at 

the open end of each tube. 

The concrete tube is provided with internal and 

external flanges in reinforced concrete which 

act as stiffening to the tubular walls against 

non-uniform pressures exerted, for instance, by 

the duck bearings. The external flanges also 

serve as a longitudinal location for the ducks 

and for the attachment of mooring cables. Bear- 

ing rings of Cupro-nickel plate are strapped and 

glued to the outer surface of the spine to 

provide a suitable surface for the duck bearing 

material ("slubber") to run on. 

Buoyancy reserve is provided by means of a 

number of steel pipes acting as ballast tanks 

within the concrete tube so that stabilization 

of the spine can be achieved. 

2.4.3 Design Parameters for the Spine 

a) The deflection of the mechanical/hydraulic 

joint will prevent the bending moment at the 

end of the concrete tube rising above 20,000 

tonne-metres up to a maximum angle of + 12O - 
the maximum angle which can be achieved with 
ram technology. Limit stops prevent joint 

deflection exceeding lZO leading to increased 

joint moments in extreme conditions. Data 

from future wide tank experiments will con- 

firm the exact requirements here which could 

involve alternative joint designs with longer 



a n g u l a r  c a p a b i l i t i e s .  Our e s t i m a t e  of  t h e  

p r o b a b i l i t y  o f  v a r i o u s  a n g l e s  i s  g i v e n  i n  

Appendix 9 .  

b )  A l o n g i t u d i n a l  t e n s i l e  f o r c e  of 1 ,000  t o n n e s  

due  t o  chord  s h o r t e n i n g  d u r i n g  wave d e f l e c t -  

i o n  o f  t h e  s p i n e .  T h i s  c o u l d  be s i m u l t a n e o u s  

w i t h  t h e  d e s i g n  bending moment above,  and i s  

l i m i t e d  by z ig-zagging t h e  s p i n e .  

c )  A t o r s i o n  o f  10 ,000 tonne-metres  due t o  t h e  

z ig-zag. 

d )  A t r a n s v e r s e  s h e a r  of  2,000 t o n n e s  which is  

n o t  s i m u l t a n e o u s  w i t h  t h e  d e s i g n  bending 

moment. 

e )  Account must be t a k e n  of  t h e  n e c e s s a r y  f a t -  

i g u e  l i f e  of  t h e  s t r u c t u r a l  e l ements .  In  a  

25 y e a r  l i f e  a p p r o x i m a t e l y  8  X l o 7  waves w i l l  

b e  e n c o u n t e r e d ,  o f  which i t  is a n t i c i p a t e d  

1.1 X l o 7  w i l l  c a u s e  bending moments a t  t h e  

j o i n t s  of  20,000 tonne-metres .  A number of 

c a s e s  of  moment exceed ing  t h i s  v a l u e  may 

o c c u r  a s  i n d i c a t e d  above;  t h e  number and ex- 

t e n t  of  such exceedances  c a n n o t  be e s t i m a t e d  

u n t i l  f u r t h e r  r e s e a r c h  h a s  been done.  A l t e r -  

n a t i v e l y  t h e y  may be  l i m i t e d  i n  number by 

s i n k i n g  t h e  duck s t r i n g  i n  ext reme 

c o n d i t i o n s .  ( S e e  4 t h  and 5 t h  y e a r  r e p o r t s  of 

Edinburgh U n i v e r s i t y  Wave Energy Group) . 

f )  Due t o  wave a c t i o n  on t h e  l e n g t h  o f  s p i n e  be- 

tween t h e  j o i n t s ,  a  l o c a l  bending moment a t  

t h e  c e n t r e  o f  a  60m s e c t i o n  o f  28-30,000 

tonne-metres  may occur .  



2.4.4 Desiqn F e a t u r e s  

a )  Buoyancy 

The d i s p l a c e m e n t  of a  60 m e t r e  module l e n g t h  

o f  t h e  s p i n e  i s  a b o u t  4050 t o n n e s  and t h e  

combined b a r e  weight  o f  t h e  s p i n e  and mech- 

a n i c a l / h y d r a u l i c  j o i n t  is  a b o u t  3400 t o n n e s  

g i v i n g  a  n e t  buoyancy of 650 t o n n e s .  B a l l a s t  

t a n k s  a s  d e s c r i b e d  above a r e  p rov ided  t o  

m a i n t a i n  a t t i t u d e  and d e p t h  r e g a r d l e s s  of  

v a r y i n g  w e i g h t s  of s t r u c t u r e ,  machinery ,  and 

mar ine  growth.  

b )  S t r u c t u r a l  S t r e n q t h  

( i )  The bending s t r e n g t h  o f  t h e  s p i n e  h a s  

been c a l c u l a t e d  u s i n g  normal we igh t  con- 

c r e t e  of  50 N/mm2 cube  s t r e n g t h  pre- 

s t r e s s e d  e i t h e r  t o  0.2 f c u  o r  0.25 f c u  

( i e  1 0  o r  12 .5  ~ / m m ~ )  u s i n g  p r e s t r e s s i n g  

t e n d o n s  of 18mm d i a m e t e r  "Dyform" s t r a n d  

( e x e r t i n g  i n  t h e  l a t t e r  c a s e ,  a  t o t a l  

f o r c e  of  16 ,500 t o n n e s ) .  A g r a p h  i l l u s -  

t r a t i n g  t h e  v a r i a t i o n  of ext reme f i b r e  

s t r a i n  w i t h  bending moment i s  a t t a c h e d  

(Drg No L 2001) from which a l s o  t h e  

" f a i l u r e "  bending moment can  b e  seen .  

I t  i s  t h e n  n e c e s s a r y  t o  a p p l y  t h e  

c o n c e p t  o f  " f a t i g u e  l i f e "  t o  d e t e r m i n e  

t h e  number of  bending moment r e v e r s a l s  

t h a t  can  s a f e l y  be  s u s t a i n e d  over  t h e  

d e s i g n  l i f e  of t h e  s p i n e ;  t o  do  t h i s ,  i t  

i s  n e c e s s a r y  t o  have  a  h i s t o g r a m  o f  

o c c u r r e n c e s  of  bending moments of  

d i f f e r e n t  v a l u e s  and a l s o  t o  have S  - N 



curves ( s t r e s s  range versus  number of 

r e p e t i t i o n s  t o  f a i l u r e )  f o r  concrete  and 

p r e s t r e s s i n g  s t e e l ,  appropr ia te  t o  t h e  

circumstances;  from these ,  by app- 
l i c a t i o n  of Miner's Rule, t h e  adequacy 

of the  s t r u c t u r a l  s t r e n g t h  can be deter-  

mined. Current ly,  i t  is poss ib le  only 

t o  e s t ima te  the  number of bending moment 
occurrences of a  given value from the  

t h e o r e t i c a l  behaviour of a  r i g i d  spine 

i n  s impl i f i ed  wave condi t ions  which 

y i e l d s ,  fo r  ins t ance ,  the  f i g u r e  quoted 

i n  3e above. Also, t h e r e  i s  l i t t l e  

information on the  f a t i g u e  behaviour of 
concre te ,  e i t h e r  p l a i n  or re inforced ,  i n  

compression, or of the  behaviour of pre- 

s t r e s s i n g  s t rand.  

From the  bending moment/strain diagram, 

t h e  s t r a i n s  f o r  t h e  var ious  bending 

moments can be t r a n s f e r r e d  onto t h e  

appropr ia t e  s t r e s s / s  t r a i n  diagrams f o r  

concre te  and p r e s t r e s s i n g  s t e e l  and the  

s t r e s s  ranges obtained i n  each case;  

t h i s  has been shown on the  diagrams (Drg 

Nos L 2002 and 2003) f o r  bending moments 

of 20,000 and 30,000 tonne-metres. The 

diagrams on Drg Nos L 2004  and E 2005 

a r e  t e n t a t i v e  S - N curves fo r  p l a i n  

concre te  and p r e s t r e s s i n g  s t e e l .  The 

curves f o r  concrete  a r e  based on t e s t s  

on p l a i n  concrete  cubes reported i n  the  

Abeles Symposium "Fat igue of Concrete" - 
i t  w i l l  be seen t h a t  f o r  a  moment of 

2 0 , 0 0 0  tonne-metres ( a s t r e s s  range of 

0 . 4 9  and a  maximum of 0 . 7 6 )  we can 



a n t i c i p a t e  a  l i f e  o f  p e r h a p s  3  X l o 5  
r e p e t i t i o n s  and  f o r  3 0 , 0 0 0  t o n n e - m e t r e s  

( a  s t r e s s  r a n g e  o f  0 .76  w i t h  a maximum 

o f  0 .86)  a l i f e  o f  600  r e p e t i t i o n s .  The 

c u r v e s  f o r  p r e s t r e s s i n g  s t e e l  (Drg  L 

2005)  a r e  b a s e d  o n  a Goodman d i a g r a m  f o r  

2  X 106  c y c l e s  s u p p l i e d  p r i v a t e l y  b y  

B r i d o n  Wire L i m i t e d ,  a n d  i n d i c a t e  t h a t  

t h e  f a t i g u e  l i f e  f o r  20 ,000  t o n n e - m e t r e s  

moment i s  a p p r o x i m a t e l y  1 X 107  r epe -  

t i t i o n s  a n d  f o r  3 0 , 0 0 0  t o n n e - m e t r e s ,  5 X 

1 0 6  r e p e t i t i o n s .  T h e s e  f i g u r e s ,  p a r t -  

i c u l a r l y  f o r  t h e  c o n c r e t e ,  t e n d  t o  

s u g g e s t  t h a t  f a t i g u e  p e r f o r m a n c e  w i l l  b e  

i n a d e q u a t e  b u t  t h e r e  a r e  a number o f  

a reas  i n  wh ich  t h e  c a l c u l a t i o n s  a r e  v e r y  

p e s s i m i s t i c :  

F i r s t l y ,  i n  d e r i v i n g  t h e  b e n d i n g  moment 

/ s t r a i n  c u r v e s ,  t h e  s t r e s s / s t r a i n  d i a -  

gram f o r  c o n c r e t e  (Drg  No L 2002)  h a s  

b e e n  t a k e n  f rom CP110; t h i s  is b a s e d  on  

t h e  b e h a v i o u r  o f  r e c t a n g u l a r  beams i n  

b e n d i n g  a n d  g i v e s  a n  u l t i m a t e  s t r e s s  o f  

0 .44 f c u .  Regan a n d  Hamadi i n  t h e i r  

p a p e r  o n  "Hol low C y l i n d r i c a l  Members i n  

Combined S h e a r  a n d  Bend ing"  i n  t h e  

C o n c r e t e  i n  t h e  O c e a n s  r e s e a r c h  pro-  

gramme s t a t e  t h a t  f o r  s u c h  members i t  is  

more  a p p r o p r i a t e  t o  c o n s i d e r  t h e  s t r e s s  

i n  t h e  c o m p r e s s i o n  f l a n g e  a s  a n  a x i a l  

c o m p r e s s i o n .  They  t h e r e f o r e  u s e  a n  

u l t i m a t e  s t r e s s  o f  0 .72  f c u  i n  t h e i r  

a n a l y s i s ,  and  f i n d  v e r y  good c o r r e l a t i o n  

w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  The  

a d o p t i o n  o f  a h i g h e r  u l t i m a t e  s t r e s s  



f i g u r e  such as  t h i s ,  would produce sub- 

s t a n t i a l l y  lower concre te  s t r e s s  range 

va lues  f o r  the  spine.  

Secondly, the  S - N curves f o r  concrete  

a r e  based on p l a i n  concre te  cubes, s ince  

we have found t h a t  a l l  experimental  

f a t i g u e  work on re inforced  concrete  has 

been on beams i n  bending where t h e  

f a t i g u e  s t r e n g t h  has been l imi ted  by the 

t e n s i l e  reinforcement.  I t  i s  t o  be 

expected t h a t  the  reinforcement i n  com- 

press ion  members (0  r  compression 

f langes)  would have a  very he lp fu l  

e f f e c t  i n  extending f a t i g u e  l i f e ;  a l s o ,  

i t  is l i k e l y  t h a t  the  smooth p r o f i l e  of 
a  c y l i n d r i c a l  tube a s  compared w i t h  the  

angular  na ture  of a  cube would lead t o  

improved f a t i g u e  performance. Of the S 

- N curves presented a  number have been 

est imated,  but f u r t h e r  curves a t  lower 

maximum s t r e s s  values r e l evan t  t o  f u l l  

e s t ima t ion  of f a t i g u e  l i f e  cannot be 

ex t rapo la ted .  

L a s t l y ,  the  S - N curves fo r  p res t r e s s -  

ing s t e e l  a r e  based on very l imi ted  in-  

formation. The Goodman diagram supplied 

t o  u s  i s  l a r g e l y  conjec ture ;  while 

o s t e n s i b l y  f o r  2 X 106 cyc les ,  5 t e s t s  

o u t  of 9 were stopped without f a i l u r e  a t  

t h a t  number, 2 were c a r r i e d  t o  10  X 1 0 6  

c y c l e s  without f a i l u r e ,  and 2 samples 

f a i l e d  a t  l e s s  than 2 X 1 0 6  c y c l e s  (1 

probably due t o  g r i p  damage). I t  i s  

probable t h a t  i f  thorough and extensive 



tests t o  f a i l u r e  were c a r r i e d  o u t ,  t h e  

f a t i g u e  p e r f o r m a n c e  would b e  found  t o  b e  

b e t t e r  t h a n  s u g g e s t e d  by t h e  S - N c u r v e  

p r e s e n t e d .  

The d i s c u s s i o n  above  is t h e r e f o r e  i n t e n -  

d e d  t o  e x p l a i n  o u r  a p p r o a c h  t o  t h e  

f a t i g u e  p rob lem and  n o t  t o  j u s t i f y  by 

i t s e l f  t h e  s t r u c t u r a l  s o l u t i o n  i n d i -  

c a t e d ,  a l t h o u g h  w e  a r e  c o n f i d e n t  t h a t  

t h e  s o l u t i o n  w i l l  b e  found  v i a b l e .  

( i i)  The  s h e a r  s t r e n g t h  o f  t h e  S e c t i o n  o f  t h e  

s p i n e  h a s  been  c h e c k e d  a f t e r  r e f e r e n c e  

t o  t h e  " C o n c r e t e  i n  t h e  Oceans"  r e s e a r c h  

o n  p r e s t r e s s e d  c o n c r e t e  c y l i n d r i c a l  

t u b e s  and  found  t o  be a d e q u a t e  t o  meet 

t h e  r e q u i r e d  v a l u e .  

( i i i)  The  d i r e c t  t e n s i l e  f o r c e  w i l l  h ave  t h e  

e f f e c t  o f  r e d u c i n g  t h e  t o t a l  p r e s t r e s s -  

i n g  f o r c e  f rom 1 6 , 5 0 0  t o n n e s  t o  1 5 , 5 0 0  

t o n n e s  t h u s  m o m e n t a r i l y  r e d u c i n g  t h e  

b e n d i n g  r e s i s t a n c e  o f  t h e  s p i n e  b y ,  s a y ,  

6%.  A t  t h e  c u r r e n t  s t a g e  o f  t h e  d e s i g n ,  

t h i s  would n o t  a p p e a r  t o  b e  a  s i g n i -  

f i c a n t  p rob lem.  

( i v )  The  t o r s i o n  i n  t h e  s p i n e  d u e  t o  t h e  z ig -  

z a g  p r o d u c e s  a  s h e a r i n g  s t r e s s  which is  

h a l f  t h a t  c a u s e d  by  t h e  t r a n s v e r s e  

s h e a r ,  and  i s  s a t i s f a c t o r y .  



(No te .  I t  i s  presumed i n  items (ii) and ( i v )  

t h a t  t h e  f a t i g u e  b e h a v i o u r  d o e s  n o t  d i f f e r  

s i g n i f i c a n t l y  f rom t h a t  i n  b e n d i n g  and t h a t  

i t  i s  o n l y  n e c e s s a r y  t o  check  t h e  s t r e s s  

r a n g e s  i n  t h e  same way a s  f o r  b e n d i n g s )  . 

2.5 S p i n e  B e a r i n q  

The b e a r i n g s  u sed  be tween  t h e  duck  and t h e  s p i n e  re- 

q u i r e  t o  h a v e  a  low C O - e f f i c i e n t  o f  f r i c t i o n  and t o  

f u n c t i o n  when f u l l y  submerged f o r  l o n g  p e r i o d s  w i t h o u t  

a t t e n t i o n .  Rubber is a  s u i t a b l e  m a t e r i a l ,  u s e d  i n  con- 

j u n c t i o n  w i t h  a c u p r o - n i c k e l  s h e e t  f a c i n g  on t h e  s p i n e  

l o c a l  t o  t h e  b e a r i n g  (see Drg No 1 0 1 2 ) .  The l o a d s  ex- 

p e c t e d  a r e  r e l a t i v e l y  small amount ing  t o  some 1 0  t o n n e s  

p e r  m e t r e .  The l o a d s  a r e  r e v e r s i n g  e v e r y  1 0  s e c o n d s  o r  

s o  d u e  t o  wave a c t i o n  and  t h i s  f a c t  is e x p l o i t e d  by t h e  

u s e  of  a  s e r i e s  o f  s e l f -pumping  c i r c u l a r  p a d s  mounted 
a r o u n d  t h e  s p i n e ,  e a c h  a c t i n g  r a t h e r  l i k e  a  m i n i a t u r e  

h o v e r c r a f t .  I n s t e a d  o f  a i r  p r e s s u r e  t h e  pad i s  f e d  

w i t h  w a t e r  f rom a  s e c o n d  chamber w i t h  c o r r u g a t e d  

b e l l o w s  f o r  w a l l s .  By a  s u i t a b l e  a r r a n g e m e n t  ' o f  

a u t o m a t i c  r u b b e r  v a l v e s  t h i s  s econd  chamber is  

r e c h a r g e d  by  e a c h  wave m o t i o n ,  c a u s i n g  t h e  h o v e r c r a f t  

t o  f l y  o v e r  t h e  c u p r o - n i c k e l  w i t h  n e g l i g i b l e  f r i c t i o n  

a n d  wear .  Wi th  two s u c h  b e a r i n g s ,  e a c h  a  metre wide ,  

l o a d s  o f  1 5 0  t o n n e s  p e r  b e a r i n g  (10  t o n n e s  p e r  m e t r e )  

c r e a t e  p r e s s u r e s  o f  a  l i t t l e  o v e r  20 l b s / i n 2  

An a l t e r n a t i v e  d e s i g n  u s i n g  c o n v e n t i o n a l  r u b b e r  t y r e d  

w h e e l s  is r e g a r d e d  a s  a  ' f a l l  back '  t o  t h e  p r e f e r r e d  

w a t e r  o p e r a t e d  and l u b r i c a t e d  b e a r i n g  d e s c r i b e d .  T h i s  

may a l s o  be u s e d ,  i n  c o n j u c t i o n  w i t h  t h e  p r e f e r r e d  

w a t e r  l u b r i c a t e d  b e a r i n g s ,  s p e c i f i c a l l y  t o  h a n d l e  t h e  

s t a t i c  l o a d  c o n d i t i o n s .  



2.6 Moorinqs 

S t r i n g s  o f  d u c k s  w i l l  b e  moored e i t h e r  p a r a l l e l  t o  t h e  

p r e d o m i n a n t  wave f r o n t  o r  i n  a  s m a l l - a n g l e d  ' z i g - z a g '  

l y i n g  g e n e r a l l y  a l o n g  t h e  p r e v a i l i n g  wave f r o n t .  The 

i n d i v i d u a l  m o o r i n g s  w i l l  c o m p r i s e  a  s y s t e m  o f  Ange l s  

a n d  Buoys d e s i g n e d  t o  g i v e  n e a r  c o n s t a n t  t e n s i o n  i n  t h e  

moor ing  r o p e s  t o g e t h e r  w i t h  minimum b e n d i n g  a t  t h e  end 

f i t t i n g s .  The s y s t e m  is b e i n g  d e s i g n e d  t o  a l l o w  t h e  

s t r i n g  t o  b e  submerged t o  a b o u t  30 m e t r e s  unde r  s t o r m  

c o n d i t i o n s ,  s h o u l d  t h i s  p r o v e  t o  b e  t h e  p r e f e r r e d  

method ,  a l l o w i n g  f u l l  o u t p u t  t o  b e  m a i n t a i n e d  w h i l s t  

e n s u r i n g  t h e  s u r v i v a l  o f  t h e  s t r u c t u r e s .  Wi th  t h e  

moor ing  f o r c e s  d e r i v e d  f rom t a n k  t e s t s  and  w i t h  t h e  

c o m p l i a n c e  o f  t h e  s y s t e m ,  i t  h a s  been  e s t a b l i s h e d  t h a t  

t h e  duck s t r i n g  c a n  b e  e f f e c t i v e l y  moored u s i n g  c u r r e n t  

m a t e r i a l s  and  t e c h n o l o g y ,  and t h e  r o p e  m a n u f a c t u r e r s  

a n t i c i p a t e  t h a t  a n  a c c e p t a b l e  l a y o u t ,  f u l f i l l i n g  t h e  

r e q u i r e d  25  y e a r  d e s i g n  l i f e ,  c a n  b e  d e v i s e d .  

2.7 G e n e r a t i o n  and T r a n s m i s s i o n  

T h i s  is  d e s c r i b e d  i n  f u l l  by Merz and  McLel lan i n  t h e  

Scopa  R e p o r t ,  Re f .  N1307/469 o f  November 1979 .  Gen- 

e r a t i o n  w i l l  b e  a t  3 .3  kV f rom a  s y n c h r o n o u s / i n d u c t i o n  

wound mach ine ,  d r i v e n  by  a  s w a s h p l a t e  t y p e  h y d r a u l i c  

pump/motor u n i t .  T h i s  motor  d e r i v e s  power f rom a  

h y d r a u l i c  ma in ,  f e d  by  a  s e r i e s  o f  r i n g  cam pumping 

c y l i n d e r s .  These  pumps a r e  a c t u a t e d  by t h e  

p r e c e s s i o n a l  movement o f  f o u r  1 7  t o n  g y r o  f l y w h e e l s .  

The  f l y w h e e l s ,  3.05m i n  d i a m e t e r  t u r n i n g  a t  1500  rpm, 

a r e  d r i v e n  by a  f u r t h e r  p a i r  o f  s w a s h p l a t e  m o t o r s  and 

t h e  s y s t e m  i s  s u c h  t h a t  e x c e s s  power i s  f e d  t o  t h e  

f l y w h e e l  f o r  s t o r a g e  w h i l s t  a  s h o r t a g e  i s  made up  by 

a b s o r b i n g  power f rom t h e  f l y w h e e l .  The c o n t r o l  o f  t h i s  

l o a d  c y c l e  i s  by a d j u s t m e n t  o f  t h e  s w a s h p l a t e  a n g l e .  



Tota l  power generated by each duck is l imi ted  by the 

number of r i n g  cam pump cy l inder s  se lec ted  by the  on- 

board power output  c o n t r o l l e r .  Power from the  

genera to r ,  mounted i n  t h e  power module i n  t h e  duck 
beak, i s  taken v i a  a  cons tant  tens ion  r e e l i n g  drum t o  

t h e  sp ine  and thence along the  sp ine  t o  a  transformer.  
The output  from 68 ducks (34 each s i d e  of the  t rans-  

former) i s  then converted t o  132 kV and s e n t  v i a  a  

f l e x i b l e  cable  t o  a  sea-bed junct ion box. The output  

from 3  of these  junct ion boxes is s e n t  ashore along a  
submarine cable  of 4 0 0  M W  capaci ty .  

5 such u n i t s ,  g iving 2000 MW t o t a l ,  a r e  c o l l e c t e d  on 

shore  and stepped up t o  4 0 0  kV.  

2.8 - On-Board Control and Condition Monitorinq 

Each duck w i l l  be provided w i t h  e l e c t r o n i c  equipment t o  

c o n t r o l  t h e  var ious  e l e c t r i c a l ,  hydraul ic  and mech- 

a n i c a l  funct ions .  The c o n t r o l  u n i t  w i l l  r ece ive  d a t a  

from an on-shore c o n t r o l  s t a t i o n ,  from the  ducks own 

sensors  and from adjacent  ducks. I t  w i l l  s e t  the  l e v e l  

of genera t ion ,  submergence, sp ine  compliance and o ther  

a s p e c t s  of opera t ion  s o  a s  t o  opt imise performance t o  

t h e  sea s t a t e .  Embodied i n  t h e  equipment w i l l  be a  

d a t a  logger ( s e e  2 . 9 )  and f a c i l i t i e s  t o  handle and 

process  t h e  s i g n a l s  received from t ransducers  mon- 

i t o r i n g  such aspects  a s  wear on t h e  r ing  cam pump per- 

formance. 

2 . 9  Operation 

Overa l l  c o n t r o l  f o r  a  s t r i n g  of ducks w i l l  be from a 

land based opera t ing  desk. Each duck w i l l  c a r r y  a  d a t a  

logger  ( r a t h e r  ak in  t o  t h e  black box c a r r i e d  by 

a i r c r a f t )  and t h i s  w i l l  be in te r roga ted  a t  regular  



i n t e r v a l s  from t h e  s h o r e .  Normal o p e r a t i o n  o f  each 

duck w i l l  be a u t o m a t i c ,  under i t s  own c o n t r o l  sys tem,  
b u t  any s p e c i a l  i n s t r u c t i o n s  needed t o  a l l o w  f o r  wind 

d i r e c t i o n ,  imminent s t o r m s  o r  t h e  l i k e  can  be imposed 

from t h e  s h o r e  s t a t i o n .  

S t a r t - u p  c o n d i t i o n s ,  whereby t h e  g e n e r a t o r  i n  a  duck 

becomes a  motor and t h e  coup led  h y d r a u l i c  u n i t s  become 

pumps, can  be a r r a n g e d  from t h e  s h o r e  s t a t i o n  b o t h  f o r  

i n i t i a l  s t a r t - u p  of each duck and f o r  subsequen t  s t a r t s  

a f t e r  a  p ro longed  a b s o l u t e  calm. 

S i m i l a r  p r o c e d u r e s  would be used whenever need a r o s e ,  

t o  e x p l o i t  t h e  c o n s i d e r a b l e  ene rgy  s t o r a g e  a v a i l a b l e  t o  

a s s i s t  land-based power s t a t i o n  o p e r a t i o n s .  

2.10 C o n s t r u c t i o n  

For t h e  c o n c r e t e  components of  t h e  duck and s p i n e  a  

' g r e e n - f i e l d '  s i t e  h a s  been a l lowed.  I t  is a n t i c i p a t e d  

t h a t  t h e  60m r e i n f o r c e d  c o n c r e t e  s p i n e  s e c t i o n s  w i l l  be 

c o n s t r u c t e d  from p r e c a s t  r i n g  s e c t i o n s .  These r i n g s  

w i l l  be c a s t  v e r t i c a l l y ,  l i f t e d  and r o t a t e d  th rough  90° 

and t h e n  l o c a t e d  i n  a  j i g  w i t h  l O O m m  j o i n t  between r i n g  
segments  which w i l l  be c a s t  i n s i t u .  T h e  comple te  60m 

s p i n e  s e c t i o n  w i l l  be  p o s t  t e n s i o n e d .  I t  i s  an- 
t i c i p a t e d  t h a t  t h e  duck body w i l l  be c a s t  i n  t r a n s v e r s e  

s e c t i o n s  t h e  method be ing  g e n e r a l l y  a s  fo l lowed i n  t h e  

s p i n e  manufacture .  

The l e n g t h s  of  s p i n e  w i l l  be f i t t e d  w i t h  p r e - f a b r i c a t e d  

s tee l  j o i n t s  a t  each end,  t h e s e  b e i n g  imported t o  t h e  

s i t e  a s  a  comple te  u n i t .  A f u r t h e r  p r o d u c t i o n  l i n e  

w i l l  p roduce  t h e  duck b o d i e s  i n c l u d i n g  c a s t i n g  i n  t h e  

power module c o n t a i n i n g  t h e  main g e n e r a t i o n  machinery 

a l r e a d y  s e a l e d  w i t h i n  t h e  p r e s s u r e  v e s s e l .  



For t h e  p u r p o s e s  of c o s t i n g  t h e  Laing s i t e  a t  Gray thorp  

h a s  been used a s  a  b a s e  f o r  t h e  manufac tu re  and/or  a s s -  
embly of s t e e l  components. S e e  Drg No 1013. Procure-  

ment from s p e c i a l i s t  m a n u f a c t u r e r s  h a s  been a l lowed i n  

t h e  c a s e  o f  g e n e r a t o r s ,  g y r o  a s s e m b l i e s ,  h y d r a u l i c  

equipment ,  ( i n c l u d i n g  s w a s h p l a t e  pump/motor u n i t s ) ,  

i n s t r u m e n t a t i o n ,  c o n t r o l l e r s ,  rams, pumps, compressors ,  

s p e c i a l  e l e c t r i c a l  p l u g s  and t h e  l i k e .  The duck beak, 

s p i n e  j o i n t s  and s i m i l a r  equipment  would be f a b r i c a t e d  

on  s i t e .  A l l  items a r e  seen  a s  b e i n g  barge-loaded f o r  

onward t r a n s p o r t a t i o n  t o  t h e  s p i n e  and body manufact- 

u r i n g  s i t e .  

A completed s p i n e  l e n g t h  and two ducks  w i l l  be f l o a t e d  

i n  calm o r  s h e l t e r e d  wa te r  and assembled t o g e t h e r .  

S t r i n g s  of  a  minimum o f  6  s p i n e  l e n g t h s  ( i . e .  1 2  ducks)  

c o m p r i s i n g  some 360m i n  l e n g t h ,  w i l l  be  t a k e n  t o  

s t a t i o n  a t  one t ime .  Once on s t a t i o n  t h e  ' s ea -  

m a t e a b l e '  s e c t i o n  w i t h i n  t h e  a p p r o p r i a t e  j o i n t s  w i l l  be 

used  t o  s t r i n g  t h e  l e n g t h s  t o g e t h e r .  

A s  each l e n g t h  of  ducks  is added t o  t h e  s t r i n g  it w i l l  

b e  b rough t  i n t o  o p e r a t i o n  by c o n n e c t i o n  t o  t h e  3.3 kV 

l i n e  and i n s t r u c t i n g  t h e  c o n t r o l  sys tem from t h e  shore-  

s t a t i o n  t o  o p e r a t e  t h e  " s t a r t - u p "  sequence .  The gen- 

e r a t o r ,  i n  each  duck i n  t u r n ,  w i l l  r un  on i t s  i n d u c t i o n  

winding d r i v i n g  t h e  h y d r a u l i c  u n i t  a t  each end i n  t h e  

pumping mode, p r e s s u r i s i n g  t h e  h y d r a u l i c  main t o  3200 

p s i .  T h i s  e n a b l e s  e d u c t o r  pumps p o s i t i o n e d  i n  t h e  sump 

t o  r a i s e  a u t o m a t i c a l l y  t h e  i n l e t  p r e s s u r e  t o  50 p s i .  

The g y r o  h y d r a u l i c  u n i t s  w i l l  be i n  t h e  motor ing  mode 

and w i l l  commence t o  s p i n  t h e  f l y w h e e l s .  Once t h e  

g y r o s  have some r o t a t i o n  t h e y  w i l l  beg in  t o  respond t o  

wave motion.  The r i n g  cam pumps a r e  t h u s  e n e r g i s e d  and 



the change-over to the generating mode effected. Then 

the generator hydraulic units will become motors merely 

by angling their swashplates to the other side and the 

generator will revert to normal. The synchronisation 

of the generator is thereafter controlled by the swash- 

plate angle. Power into and out of the flywheels is 

similarly controlled by the angle of the s~ashpla~es in 

their hydraulic units. 

Maintenance and Replaceme 

A feature of the concept is that the generation mach- 

inery, including the gyros, is being designed to be 

maintenance free for 25 years. The whole of this 

equipment is being built into a large pressure vessel 

in a non-corrosive, non-oxidising atmosphere at low 

pressure. It is felt that under these conditions the 

long maintenance free period is achieveable. Examples 
are cited under Appendix 7 "Reliability Con- 

siderations." 

In the event of failure however, facilities are built 

into each joint to enable a spine/duck assembly to be 

removed and replaced by another. This can be done by 

temporarily shutting down one transformer group, a 

section of 133 MW output, of some 7% of the station. 

The faulty unit can then be towed to base, stripped 

down, refurbished as necessary, and retained as a 

spare. 



3 .0  THE MANUFACTURING AND CONSTRUCTION PROJECT 

3 .1  O v e r a l l  P r o j e c t  Concep t  

The e s t a b l i s h m e n t  o f  a  f a v o u r a b l e  e n v i r o n m e n t  f o r  t h e  

g y r o c o p e s  and  a s s o c i a t e d  power g e n e r a t i o n  equ ipmen t  i s  

a  ma jo r  f e a t u r e  o f  t h e  c o n c e p t .  T h i s  w i l l  e n s u r e  low 

windage  l o s s e s  f o r  t h e  g y r o c o p e  d i s c s .  

I t  is a n t i c i p a t e d  t h a t  t h e  e n t i r e  power module  w i l l  be  

b u i l t ,  f i t t e d  o u t ,  e v a c u a t e d  and  t e s t e d  m e c h a n i c a l l y  

a n d  e l e c t r i c a l l y  b e f o r e  b e i n g  d e l i v e r e d  t o  t h e  main 

c i v i l  c o n s t r u c t i o n  s i t e .  

F o r  t h e  p u r p o s e s  o f  t h i s  r e p o r t  t h e  m e c h a n i c a l  con- 

s t r u c t i o n  s i t e  i s  t a k e n  a s  G r a y t h o r p  on T e e s s i d e  ( S e e  

Drg No 1 0 1 3 )  b u t  t h i s ,  o f  c o u r s e ,  c o u l d  b e  any  c o a s t a l  

s i t e  w i t h  b a r g e  l o a d i n g  f a c i l i t i e s .  I t  i s  assumed t h a t  

f u l l y  a s sembled  g y r o s c o p e s  a r e  d e l i v e r e d  t o  t h i s  s i t e .  

A l s o  a l l o w e d  f o r  i s  t h e  b a s i c  m a n u f a c t u r e  o f  t h e  s p i n e  

j o i n t  u n i t s .  

Towing f a c i l i t i e s  u s i n g  b a r g e s  and t u g s  a r e  a l l o w e d  f o r  

i n  t h e  c o s t i n g s  t o  t h e  f i n a l  a s s e m b l y  s i t e  somewhere on 

t h e  west c o a s t  o f  S c o t l a n d .  A t  t h i s  s i t e  p r o d u c t i o n  

l i n e s  f o r  c a s t i n g  o f  s p i n e  s e c t i o n s  and duck b o d i e s ,  

h a n d l i n g  f a c i l i t i e s  f o r  t h e s e  s e c t i o n s  and means o f  

p o s t  t e n s i o n i n g  t h e  u n i t s  on a  p r o d u c t i o n  b a s i s  a r e  

a l l o w e d ;  t o g e t h e r  w i t h  f a c i l i t i e s  f o r  embodying t h e  

s p i n e  j o i n t s  i n t o  t h e  s p i n e  c o n s t r u c t i o n .  Completed 

b e a k s ,  i n c l u d i n g  t h e  power module ,  a r e  a s sembled  t o  

d u c k  b o d i e s .  Completed b o d i e s  and s p i n e s  a r e  f l o a t e d  

i n t o  a  b a s i n  and a s sembled  i n t o  one  u n i t .  A s e r i e s  o f  

s p i n e / d u c k  u n i t s  w i l l  t h e n  be  towed t o  s t a t i o n  and a t t -  

a c h e d  t o  p r e l a i d  moor ings .  



3.2 Major Mechanical Components 

3.2.1 Gyro Assembly 

The gyro assembly comprises a laminated flywheel 

3.050 m diameter clamped onto a 1 metre diameter 

hollow shaft, The laminated flywheel consists 

of two opposed stacks of pressformed cymbal 

shaped discs. The stacks are clamped to the 

shaft such that the centres are under 

compression, this compression then partially 

balances the tensile stresses induced at the 

operating speed of 1500 rpm. For details of the 

prestressed laminated flywheel see Appendix 7.1. 

Driving torque is transmitted from the shaft to 

the flywheel by two light alloy drive plates 

which are clamped to the shaft and to the lam- 

inated discs by conical rings at the hub. 

Inside the hollow flywheel shaft are two swash- 

plate motor/pump units which put energy into and 

take it from the flywheel. Also inside the 

shaft are the flywheel support bearings; loads 

are transmitted through these bearings to the 

gimbals. The gimbals are supported by, and 

precess within, the gimbal support bearings, 

which are located rigidly on the inner wall of 

the power module. Both the flywheel support 

bearings and gimbal support bearings operate on 

the hydrostatic principal and their selection 

has been the result of careful consideration of 

the many static and dynamic loads to which they 

could be subjected. 



The use of the inside of the hollow shaft for 

housing the motor/pumps and the bearings result 

in a compact, torsionally rigid assembly, and 

with its operation in a controlled environment, 

is ideally suited for a maintenance free 

operation lasting 2 5  years. 

3.2 .2  Clerk Swashplate Motor/Pumps 

The drive motors for the gyroscopes and for the 

generators are mechanically identical and conse- 

quently are both covered by this section of the 

report. 

By making the two units identical we are able to 

reduce considerably the number of different com- 

ponents within the duck with the consequent im- 

provement in reliability and reduction in cost. 

This has been achieved, without any loss in 

efficiency, by adjusting the gyroscope propor- 

tions such that energy exchange through the 

gyroscope motor/pumps is the same as that 

through the generator motor/pumps, 

1. The function of the gyroscope motor/pump is 

to: 

(a) initially run the gyroscope up to speed 

to make the duck operational 

(b) increase the speed of the flywheel to 

store surplus energy whenever the energy 

in a wave exceeds the design limit. 



take stored energy from the flywheel to 

supplement that from the ring cam pumps 

and so maintain a constant supply for 

power generation. 

to make up gyro bearing and windage 

losses. 

function of the generator motor/purnps is 

supply oil to the gyroscope motor/pumps 

in order that they may run the gyroscope 

up to speed as in l(a) above 

use power from the ring cam pumps, to 

run the generators at 1500 rpm to supply 

electrical energy to the grid. 

From the above it was determined that the rating 

of the motor/pump unit would need to be 1.125 MW 

at 1500 rpm and 3200 psi hydraulic oil pressure; 

it must also be capable of operating at 2000 

rpm; these requirements would have to be met 

both with the unit operating as a motor and as a 

pump, and be continuously variable between the 

two extremes, The other principal requirement 

is, of course, that the unit should be designed 

for 25 years maintenance free operation. We 

have available to us the design of the Clerk 

swashplate motor/pump which meets the above 

requirements and is partially developed and it 

is appropriate at this stage to consider some of 

the aspects of the Clerk motor/pump which make 

it eminently suitable for use in the duck. 



The C l e r k  u n i t  which i s  f u l l y  d e s c r i b e d  i n  

Appendix P O  i s  a  d r y  sump u n i t  w i t h  a l l  bear -  

i n g  p o i n t s  h y d r o s t a t i c a l l y  f l o a t e d ;  w i t h  t h e  

c o n s e q u e n t  l a c k  o f  o i l  c h u r n i n g  which is  nor- 

m a l l y  p r e s e n t  i n  a  s w a s h p l a t e  pump o p e r a t i n g  

w i t h  a n  o i l  f i l l e d  c a s i n g .  The s w a s h p l a t e  i s  

f l o a t e d  on  h y d r o p a d s  which  a r e ,  i n  t u r n ,  

c a r r i e d  by a  h y d r o s t a t i c  a r c  b e a r i n g .  

2 .  High v o l u m e t r i c  t h r o u g h p u t  a t  a  h i g h  speed  

h a s  been  a c h i e v e d  b y  c o u n t e r b a l a n c i n g  t h e  

p o r t f a c e  which e n a b l e s  t h e  s e a l i n g  c l e a r a n c e  

t o  b e  a u t o m a t i c a l l y  a d j u s t e d  t o  s u i t  opera-  

t i n g  c o n d i t i o n s .  A l s o ,  p o r t  f a c e s  a r e  a n g l e d  

a n d  shaped  t o  p r e v e n t  s t a r v a t i o n  o f  

c y l i n d e r s .  

3 .  F u l l y  f l o a t i n g  c y l i n d e r  s l e e v e s  have  hydrau-  

l i c  p r e s s u r e  o u t s i d e  a s  w e l l  a s  i n s i d e  t h e  

c y l i n d e r .  C o n s e q u e n t l y  t h e  s l e e v e s  a r e  sub- 

j ec t  t o  c o m p r e s s i v e  s t r e s ses  o n l y  and  c a n  

t h u s  be  made o f  h a r d  w e a r i n g  c e r a m i c s  and t h e  

a b s e n c e  o f  e x p a n s i o n  unde r  p r e s s u r e  r e d u c e s  

l e a k a g e .  

4 .  A s  a l l  t h e  i n t e r - r e l a t e d  s u b - a s s e m b l i e s  a r e  

a r t i c u l a t e d ,  a  t o t a l l y  r i g i d  c a s i n g  i s  n o t  

n e c e s s a r y ,  and  a  l i g h t  c o n s t r u c t i o n  c a n  be  

u s e d ;  a l s o  t h e  t o p  and bo t tom c a s i n g s  do  n o t  

e v e n  have  t o  b e  s p i g o t t e d  t o g e t h e r ,  b e c a u s e  

p e r f e c t  a l i g n m e n t  is n o t  n e c e s s a r y .  

B e a r i n g  i n  mind t h e  a v a i l a b i l i t y  o f  t h e  C l e r k  

s w a s h p l a t e  d e s i g n  t h e r e  were two o b v i o u s  c o u r s e s  

t o  f o l l o w  t o  o b t a i n  a  s u i t a b l e  u n i t ;  



( i) 

(ii) 

B0 th 

Contact a pump manufacturing company with 

a suitable smaller unit, who would be pre- 

pared to extend their range upward. 

Contact a suitable company who specialise 

in high quality production in the hydrau- 

lics field to develop the Clerk 

motor/pump. 

possibilities were explored and a satis- 

factory solution was found when we contacted a 

well known hydraulic equipment manufacturer. 

They had for some time been considering exten- 

ding their existing range of swashplate pumps to 

cater for the increasing demand at the 'large' 

end of the market and had recently made the dec- 

ision to develop a new pump, based on their 

excellent experience with their smaller units. 

Here was a company actually looking for a pump 

to develop and in talking to us, finding one al- 

ready well beyond the prototype stage. 

The firm were very impressed with the Clerk 

motor/pump and were readily able to appreciate 

the many features which make the unit more eff- 

icient, more reliable and more easily 

manufactured than any known variable swashplate 

Pump * 

Subsequent visits to their manufacturing facil- 

ities and discussions with their technical staff 

confirmed their suitability for the development 

and production of this pump in small quantities 

- say up to ten per week; extended manufacturing 
facilities being required before the full 



production r a t e  of 1 0 0  per week could be 

achieved. 

Ring Cam Pumps  

The r i n g  cam pumps a r e  t h e  f i r s t  s t a g e  i n  

convert ing the  precess ional  force  of the  gyro- 

scope i n t o  e l e c t r i c a l  energy; they a r e  p o s i t i v e  

displacement p i s t o n  pumps. 

I f  we consider  t h e  swept volume of precessing 

gyroscope a s  being our P lane t  then the  pumps a re  

loca ted  about the  Tropics  of Cancer and 

Capricorn; t h i s  f r e e s  the  Equator for  s t r u c t u r e  

members, and al lows smaller cam r ings ;  t h e  pumps 

a r e  ac tua ted  by s t a t i o n a r y  r i n g  cams located a t  

t h e  Tropics ,  the pumps themselves being ca r r i ed  

on the  gimbals. There a r e  2 4  p a i r s  of pumping 

c y l i n d e r s  being ac tua ted  by 2 1  p a i r s  of cam 

lobes  f o r  each of t h e  two cam r i n g s  on a  

gyroscope. (See Drgs No 1006 and 1 0 0 7 ) .  A s  the  

cam fol lowers  pass  over the cam lobes ,  p a i r s  of 

pumping c y l i n d e r s  a r e  ac tua ted  simultaneously,  

consequently t h e r e  is  no n e t t  force  on the  ring 

perpendicular  t o  i t s  motion. 

The unequal numbers of pumps and lobes ensure a  

smooth power take off  a s  each p a i r  of cy l inder s  

w i l l  be on a  d i f f e r e n t  p a r t  of i t s  s t r o k e  a t  any 

g  iven moment . 
The pumps themselves use e x t e r n a l l y  pressur ised  

l i n e r s  which a re  i d e n t i c a l  t o  those used i n  the  

swashplate pump ou t l ined  i n  paragraph 3.2.2. 

The energy of precession is t ransmi t ted  t o  the 

pumps through levered  cam fo l lowers  t o  t h e  



p i s t o n s .  A l l  c o n n e c t i o n s  a r e  a l l  s p h e r i c a l l y  

mounted t o  a v o i d  c o n f l i c t s  f o r  minor  rnisalicjn- 

m e n t s .  I t  is v e r y  i m p o r t a n t  t o  l o a d  t h e  r o l l e r s  

e v e n l y  o v e r  t h e i r  c o n t a c t  l i n e  w i t h  t h e  r i n g  

cam. 

The i n l e t  p o p p e t  v a l v e  i s  e l e c t r o m a g n e t i c a l l y  

o p e r a t e d .  O p p o s i t e  p a i r s  o f  u n i t s  ' i d l e '  i f  

l e s s  t h r o u g h p u t  i s  r e q u i r e d .  The o p e r a t i o n  of  

t h e  v a l v i n g  i s  c o n t r o l l e d  by a  comput ing  e l e c t r -  

o n i c  c i r c u i t  which i s  p a r t  o f  t h e  duck" main 

s y s t e m  c o n t r o l l e r .  

The p o p p e t  v a l v e s  a r e  c h o s e n  a s  t h e  mos t  r e l i a -  

b l e  v a l v e  w e  c a n  f i n d .  The S i r c h a u s t  v a l v e s  of  

i n t e r n a l  combus t ion  e n g i n e s  c a n  a c h i e v e  l i f e -  

times a p p r o a c h i n g  o u r  r e q u i r e m e n t s  i n  a much 

more h o s t i l e  medium. 

3 .2 .4  Ring C a m s  - 

The two d o u b l e  f a c e d  r i n g  cams p e r  g y r o s c o p e  a r e  

l o c a t e d  a s  d e s c r i b e d  i n  p a r a g r a p h  3 .2 .3 ,  a t  t h e  

T r o p i c s  of  Cancer  and C a p r i c o r n  a d j a c e n t  t o  t h e  

r i n g  cam pumps. The r i n g  cams t h e m s e l v e s  a r e  

s t a t i o n a r y  r e l a t i v e  t o  t h e  g y r o s c o p e  and have 2 

opposed  p a i r s  o f  l o b e s  e a c h  o f  6 3 , 5  mm r i s e .  

The nomina l  d i a m e t e r  o f  e a c h  r i n g  i s  4.0m. 

The cam p r o f i l e  h a s  been  d e s i g n e d  t o  e n s u r e  t h a t  

t h e r e  a r e  no shock  l o a d s  and t h i s ,  combined w i t h  

t h e  s u i t a b l e  s t e e l  and s u r f a c e  h a r d e n i n g  of t h e  

f a c e s ,  w i l l  g i v e  t h e  low wear  c h a r a c t e r i s t i c s  

e s s e n t i a l  f o r  t h i s  a p p l i c a t i o n .  



Wear c h a r a c t e r i s t i c s ,  t h e  n e c e s s a r y  s u r f a c e  

t r e a t m e n t  and e x p e c t e d  l i f e  f a c t o r s  a r e  encoun- 

t e r e d  i n  t h e  m a n u f a c t u r e  o f  b a l l  r a c e s  and a l l  

f a l l  w i t h i n  known t e c h n o l o g y  i n  t h i s  f i e l d .  

S i m i l a r  background  e x i s t s  i n  t h e  m a n u f a c t u r e  o f  

l a r g e  pumps u s i n g  r i n g  cams and  c o n f i d e n t  

p r e d i c t i o n  i s  p o s s i b l e .  

3 . 2 - 5  J o i n t  Rams -- 

The f u n c t i o n  o f  t h e  j o i n t  rams i s  t o  c o n t r o l  t h e  

r e l a t i v e  m o t i o n  be tween  s e c t i o n s  o f  s p i n e ,  b o t h  

i n  s u r g e  and i n  heave .  A t  e a c h  j o i n t  t h e r e  a r e  

t w e l v e  rams e q u a l l y  s p a c e d  w i t h i n  t h e  p e r i m e t e r  

o f  t h e  s p i n e .  The rams o p e r a t e  i n  4 s e t s  o f  

t h r e e  t o  p r o v i d e  p o s i t i v e  and  n e g a t i v e  t h r u s t  i n  

s u r g e  and  h e a v e ,  r e s p e c t i v e l y ,  a b o u t  t h e  H o o k e g s  

j o i n t  which c o n n e c t s  t h e  s p i n e  s e c t i o n s .  

The rams a r e  on a  7 .5  m e t r e  p i t c h  c i r c l e  d i a -  

m e t e r  and  t h e y  e a c h  have  a  d i a m e t e r  o f  750mm and 

a s t r o k e  o f  1 . 5 ;  o p e r a t i n g  p r e s s u r e  i s  up  t o  

3200 p s i  and t h i s  w i l l  e n a b l e  se t s  o f  t h r e e  rams 

t o  p r o d u c e  t h e  r e q u i r e d  t h r u s t s  o f  p l u s  o r  minus  

2750 t o n n e s .  Each ram c y l i n d e r  i s  of  s t e e l  and 

mounted on  g i m b a l s  t o  a l l o w  f o r  t h e  d e s i g n e d  - + 
12' r e l a t i v e  a n g u l a r  movement o f  t h e  s p i n e  

s e c t i o n s .  The p i s t o n  rod  i s  a l s o  u n i v e r s a l l y  

mounted and  a l l  b e a r i n g  p o i n t s  a r e  hydro- 

s t a t i c a l l y  f l o a t e d .  To e n s u r e  shock-f  ree load-  

i n g  t h e  p i s t o n s  have  b e e n  d e s i g n e d  s u c h  t h a t  

j u s t  b e f o r e  b o t t o m i n g  t h e i r  movement i s  con- 

s i d e r a b l y  dampened. The e n e r g y  which i s  t o  be 

d i s s i p a t e d  i s  u t i l i s e d  i n  d r i v i n g  a  s w a s h p l a t e  

motor/pump which  w i l l  d r i v e  a  g e n e r a t o r / m o t o r  

a n d  would p r o d u c e  a d d i t i o n a l  power.  C o n v e r s e l y  



e x t e r n a l  power c a n  be  used  t o  d r i v e  t h e  rams and 

d i c t a t e  t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  s p i n e  sec-  

t i o n s .  The s w a s h p l a t e  motor/pump is  i d e n t i c a l  

t o  t h a t  u sed  t o  d r i v e  t h e  g e n e r a t o r s  and f l y -  

w h e e l s  i n  t h e  d u c k s  t h e m s e l v e s ,  and s o  k e e p s  t h e  

number o f  d i f f e r e n t  components  t o  a  minimum. 

The t o t a l  d i s t a n c e  moved by t h e  rams d u r i n g  one 

y e a r ' s  o p e r a t i o n  w i l l  be  o f  t h e  o r d e r  o f  1 5  Km. 

H y d r a u l i c  F l u i d  Low P r e s s u r e  R e t u r n  - P u m ~  

The p u r p o s e  o f  t h i s  pump is  t o  r e t u r n  l u b r i c a t -  

i n g  o i l  f rom t h e  sump a t  t h e  bo t tom o f  t h e  power 

module  t o  t h e  low p r e s s u r e  c i r c u i t .  A 

d i f f i c u l t y  i s  t h a t  t h e  p r e s s u r e  w i t h i n  t h e  power 

module i s  o n l y  l O m m  Hg. a b s o l u t e .  T h i s  means 

t h a t  v e r y  l i t t l e  s u c t i o n  head  i s  a v a i l a b l e  t o  

p r e v e n t  t h e  s c a v e n g i n g  pump f rom c a v i t a t i n g .  

T h i s  problem is s o l v e d  however by u s i n g  k i n e t i c  

e n e r g y  t y p e  s c a v e n g i n g  pumps mounted i n  s u c h  

p o s i t i o n s  t h a t  wh icheve r  a t t i t u d e  t h e  duck 

a d o p t s  t h e r e  i s  a  p o s i t i v e  h e a d  o f  l i q u i d  t o  t h e  

pump which  e n s u r e s  s a t i s f a c t o r y  s u c t i o n  con- 

d i t i o n s .  The pump used  i s  a n  e l e c t r i c  motor  

d r i v e n  u n i t  o f  a p p r o x i m a t e l y  20 KW. 

S t a r t - % H y d r a u l i c  F l u i d  P u m p a n d  D r i v e r  - 

B e f o r e  a  duck c a n  b e  p u t  i n t o  o p e r a t i o n  a l l  t h e  

h y d r a u l i c  b e a r i n g s  w i l l  h ave  t o  b e  f l o a t e d  u s i n g  

h i g h  p r e s s u r e  o i l .  A s  o i l  f rom t h e  r i n g  cam 

pumps w i l l  n o t  b e  a v a i l a b l e  f o r  s t a r t - u p ,  a  pump 

is r e q u i r e d  t o  t a k e  o i l  f rom t h e  r e s e r v o i r  and 

b o o s t  i t  t o  3200 p s i  f o r  u s e  i n  t h e  b e a r i n g s  and 

f o r  d r i v i n g  t h e  s a v e n g i n g  pump. 



The pump t o  be used w i l l  be a  swashplate pump 

dr iven  by an e l e c t r i c  motor. Once the  duck i s  

o p e r a t i o n a l  the  pump w i l l  be stopped and bearing 

o i l  w i l l  then be taken from t h e  main high 

p ressu re  o i l  c i r c u i t  fed by the  r ing  cam pumps. 

Duck Cable Reel 

The purpose of the  cable  r e e l  i s  t o  feed cable  

between t h e  sp ine  and t h e  duck a s  they move 

r e l a t i v e  t o  each o the r .  The movement of the  

cab le  must be kept t o  a  m i n i m u m  such t h a t  s t r a i n  

i n  the  f l a t  s t randed copper cable  is  low enough 

t o  ensure no f a i l u r e  i n  1 0 8  cyc les .  The edges 

of the  f l a t  cable  w i l l  be s t e e l  for  p ro tec t ion  

of the  copper. The drum on which the  cable  is 

s t o r e d  w i l l  be rewound by an opposing, more 

e l a s t i c  b e l t .  T h i s  w i l l  keep the  e l e c t r i c a l  

c a b l e  under con t ro l l ed  t ens ion  d e s p i t e  var- 

i a t i o n s  i n  duck t o  backbone d i s t ance .  

From the  sp ine  t h e  cab le  i s  wound round the  

drum, the  chamber passes  through the  drum cen t re  

and along the  chamber a x i s  before en te r ing  the 

module, T h i s  ensures  adequate length  i n  which 

t h e  cab le  can absorb t h e  necessary f l e x u r e  

without s i g n i f i c a n t  s t r e s s .  

Re la t ive  angular movement between the  sp ine  and 

t h e  duck w i l l  be l e s s  than 3000 and the  drum, 

which w i l l  be 2.5m diameter ,  w i l l  r o t a t e  through 

3l/3 r evo lu t ions  maximum. 



3.2.9 Duck B a l l a s t  System 

The duck incorpora tes  a  b a l l a s t  system t o  reg- 

u l a t e  t h e  l e v e l  of f l o t a t i o n .  This  could be 

used f o r  submergence during storm per iods  and 

resu r fac ing  once weather condi t ions  r e t u r n  t o  

normal. The b a l l a s t  system has been designed t o  

al low t h e  duck t o  move from normal sur face  

opera t ion  t o  a  submerged depth of 30m i n  one 

hour and t o  r e t u r n  t o  normal su r face  operat ion 

i n  a  s i m i l a r  period. 

The b a l l a s t  system w i l l  comprise the  following 

equipment: 

B a l l a s t  chambers, of t o t a l  capac i ty ,  180m3, w i l l  

be placed a t  s t r a t e g i c  p o s i t i o n s  w i t h i n  t he  

duck. These chambers w i l l  admit sea water t o  

t h e  duck t o  br ing about the required changes i n  

buoyancy. Each chamber is  connected t o  the sea 

by a  balancing valve which i s  used t o  con t ro l  

r a t e  of descent /ascent ,  trimming e t c .  Each 

b a l l a s t  chamber i s  f i t t e d  with a diaphragm t o  

s e p a r a t e  sea water from the  a i r  used t o  provide 

t h e  motive power f o r  discharging b a l l a s t .  

Two diaphragm compressors withdraw motive a i r  

from the  b a l l a s t  chamber and t r a n s f e r  i t  t o  high 

p ressu re  s to rage  b o t t l e s .  Provided t h a t  motive 

a i r  remains f r e e  of contamination no s e r i o u s  

problems a r e  expected w i t h  diaphragm l i f e .  Heat 

from the  compressor i n t e r  and a f t e r  coo le r s  i s  

r e j e c t e d  i n t o  t h e  ducks main hydraul ic  o i l  

system. 



High pressure  s to rage  b o t t l e s  s t o r e  the  motive 

a i r  received from the  compression system whi ls t  

the  duck is submerged i n  readiness  f o r  surfac- 

ing. These b o t t l e s  opera te  a t  a  maximum 

pressure  of 2 0 0  ba r .  In add i t ion  a  f u r t h e r  s e t  

of s to rage  b o t t l e s  supp l i e s  make up a i r  t o  the 

b a l l a s t  system t o  ensure t h e  charge remains 

adequate.  

A con t ro l  system regu la tes  a l l  v a r i a b l e s  i n  the 

b a l l a s t  system and ensures  the  normal 

submergence opera t ing  cyc le  i s  completed 

smoothly, and a l s o  opera tes  the  compressors a t  

regular  i n t e r v a l s  t o  prevent  d e t e r i o r a t i o n  and 

ensure a v a i l a b i l i t y  a t  a l l  t imes.  

3,2.10 Pressure Vessel 

T h i s  environmental container  fo r  the  power gen- 

e r a t i o n  equipment i s  a  vesse l  25m long X 4.8m 

diameter and weighs 108 tonnes empty. I t  w i l l  

conta in  about l 6 0  tonnes of machinery. I t  i s  of 

a l l  welded, mild s t e e l  cons t ruc t ion  w i t h  s t i f f -  

ened f l a t  p l a t e  ends, and c i r cumferen t i a l  s t i f f -  

ening r ings .  There a r e  four s t r a k e s  of th icker  

ma te r i a l  i n  l i n e  w i t h  the  four  gyro assemblies,  

and the  vesse l  embodies means of attachment t o  

t h e  duck beak. These two f e a t u r e s  ensure t h a t  

the  torque generated by the  nodding of the  duck 

i s  passed d i r e c t l y  i n t o  t h e  gyroscope assem- 

b l i e s .  (See Appendix 1 ) .  



- 4 3  - 

3 . 3  Manufacturina F a c i l i t i e s  

Manufacture of the mechanical and e l e c t r i c a l  components 

w i l l  be placed w i t h  s p e c i a l i s t  companies throughout the 

country.  I t  may well  be t h a t  f o r  c e r t a i n  components, a  

number of sources w i l l  be e s t a b l i s h e d ,  F u l l  cognai- 

sance w i l l  be taken of the  q u a n t i t i e s  involved t o  keep 

t h e  c o s t s  a s  low a s  poss ib le .  I t  may be necessary t o  

e s t a b l i s h  new f a c t o r i e s  t a i l o r e d  t o  handle the  required 

volume of products.  

The pressure  vesse l  and beak, together  w i t h  the  spine 

j o i n t s  a r e  allowed f o r  a s  being manufactured a t  a , spec-  

i a l l y  set-up yard,  a t  which assembly of the  o ther  mech- 

a n i c a l  components w i l l  t ake  place.  

3 . 4  Construct ion F a c i l i t i e s  

Costs  a r e  based on the  establ ishment  of a  green-f ield 

s i t e  somewhere on the  West Coast of Scotland car ry ing  

o u t  a l l  the  c i v i l  a spec t s .  

Three l i n e s  of seven c a s t i n g  p o s i t i o n s  a r e  envisaged 

f o r  the  duck bodies ,  producing one body every two work- 

ing days. 

A s i m i l a r  arrangement ad jacent  w i l l  poduce one spine 

u n i t  every four days. 

The breakdown of c o s t s  is  given i n  Appendix 7 . 7 .  

3 .5  Component Tes t ing  

The cons t ruc t ion  philosophy assumes t h a t  each component 

w i l l  be ex tens ive ly  t e s t e d  and inspected (beyond normal 

acceptance s tandards)  a t  i t s  p lace  of manufacture. 



T h i s  work may w e l l  b e  c a r r i e d  o u t  by  a  s e p a r a t e  

i n s p e c t i o n  o r g a n i s a t i o n .  

Each h y d r a u l i c  motor  w i l l  b e  r u n  on a s u i t a b l e  dynamo- 

m e t e r  and  i t s  o u t p u t  checked .  

Each f l y w h e e l  a s sembly  w i l l  b e  r u n  up t o  i t s  maximum 

s p e e d  o f  2 , 0 0 0  rpm i n  a  s u i t a b l e  e n c l o s u r e .  

H y d r a u l i c  and  e l e c t r i c a l  components  w i l l  be  s i m i l a r l y  

t e s t e d  t o  h i g h  s t a n d a r d s .  

All components  w i l l  be  s u i t a b l y  p r o t e c t e d  a g a i n s t  t h e  

i n g r e s s  o f  d i r t  d u r i n g  d e l i v e r y  t o  t h e  a s s e m b l y  s i t e .  

3 . 6  Commissioning 

3 .6 .1  On Land 

A f t e r  f i n a l  a s s e m b l y  o f  a l l  equ ipmen t  i n t o  t h e  

power module ,  t h e  v e s s e l  w i l l  b e  s e a l e d ,  

e v a c u a t e d ,  s u p p l i e d  w i t h  h y u d r a u l i c  f l u i d ,  

f u r n i s h e d  w i t h  i t s  u l t i m a t e  e n v i r o n m e n t  and p u t  

t o  work i n  a  s u i t a b l e  r o c k i n g  f i x t u r e  s i m u l a t i n g  

t h e  mo t ion  o f  a  duck and t h e  e l e c t r i c a l  power 

o u t p u t  w i l l  be  checked  f o r  v o l t a g e ,  c u r r e n t  and 

f r e q u e n c y .  

3.3 KV w i l l  b e  a p p l i e d  t o  t h e  pod o u t p u t  term- 

i n a l s  w i t h  t h e  c o n t r o l  c e n t r e  s e t  t o  t h e  s t a r t -  

u p  mode. G e n e r a t i o n  mode w i l l  t h e n  b e  s e l e c t e d .  

A s e r i e s  o f  d i a g n o s t i c  s i g n a l s  w i l l  b e  a p p l i e d  

t o  t h e  duck c o n t r o l  c e n t r e  and t h e  r e s p o n s e s  

checked .  



3.6 .2  A t  S e a  -- 

Once t h e  a s s e m b l y  i s  p o s i t i o n e d  on s t a t i o n  and  

a t t a c h e d  t o  i t s  moor ings  and  i t s  o u t p u t  c a b l e ,  

i n  s u i t a b l e  numbers ,  t h e  s t a r t - u p  mode w i l l  be  

i n s t i t u t e d  f rom t h e  S h o r e  C o n t r o l  S t a t i o n ,  t h e  

g y r o s c o p e s  r u n  up  t o  f u l l  s p e e d  and t h e  s t r i n g  

s e t  t o  " g e n e r a t e . "  Au toma t i c  c o n t r o l  from t h e  

on-board  c o n t r o l  c e n t r e  w i l l  t h e n  b e  est-  

a b l i s h e d .  

3 - 7  P l a c i n g  Moorinqs 

Al lowance  h a s  been  made f o r  t h e  p l a c i n g  o f  moor ings  by 

c o n v e n t i o n a l  u s e  o f  b a r g e s  and t u g s ,  Each s e t  of  moor- 

i n g s ,  e v e r y  60m, w i l l  be p r o v i d e d  w i t h  a  c e n t r a l  marker  

buoy  a t  which p o i n t  t h e  d u c k s  w i l l  be  f i n a l l y  a t t a c h e d .  

The  r o d e s  f o r  e a c h  moor ing  w i l l  b e  c o n t i n u o u s  f rom 

a n c h o r  t o  a n c h o r  w i t h  a  c l amping  s y s t e m  used  a t  t h e  

d u c k s  and e a c h  buoy and s i n k e r .  PVC S h e a t h e d  " K e v l a r "  

o r  " P a r a f i l "  a r e  t h o u g h t  t o  be  s u i t a b l e  m a t e r i a l s .  

Tow-out and H o o k - 9  -- 

I t  is  assumed t h a t  moor ings  w i l l  be  p r e - l a i d .  C o s t s  

h a v e  been  a r r i v e d  a t  on t h e  b a s i s  o f  c o n v e n t i o n a l  t u g s  

a n d  b a r g e s  f o r  p o s i t i o n i n g  d u c k s  on s t a t i o n .  

I t  is  i n  mind, however ,  t h a t  w i t h  a  s u i t a b l e  power in-  

p u t ,  t h e  s p i n e  j o i n t s  c o u l d  be  e n l i v e n e d  s u c h  t h a t  a  

s e t  of  a p p r o x i m a t e l y  e i g h t  d u c k s  ( o n  f o u r  s p i n e s )  may 

b e  p e r s u a d e d  t o  s w i m  i n  a n  e e l - l i k e  f a s h i o n ,  t h u s  

d i s p e n s i n g  w i t h  t h e  t ug .  H e l i c o p t e r s  c o u l d  be  used  t o  

s u p e r v i s e  a l l  movements. 



I t  i s  a n t i c i p a t e d  t h a t  s i x  p a i r s  o f  d u c k s  would be p u t  

on  a  s t a t i o n  a t  one  t i m e  w i t h  t h e  fixec7 sea -ma tab le  

j o i n t  be tween  them a l r e a d y  made. The j o i n t  be tween  t h e  

se t s  o f  s i x  would b e  made a t  s e a  i n  t h e  manner 

d e s i g n e d .  

3 . 9  Programme - 

C o s t  c a l c u l a t i o n s  have  been  done  on  t h e  b a s i s  of  one  

duck  p e r  two d a y s  and one  s p i n e  p e r  f o u r  d a y s .  

T h i s  summates t o  a n  o v e r a l l  t e n  y e a r  p e r i o d  f o r  1020 

d u c k s  ( i . e .  2 GW o u t p u t )  a l l o w i n g  n i n e  months  w i t h i n  

t h e  p e r i o d  t o  s e t  u p  t h e  m a n u f a c t u r i n g  f a c i l i t i e s .  

T h e r e  i s ,  o f  c o u r s e ,  s c o p e  t o  a c c e l e r a t e  p r o d u c t i o n  

beyond t h i s  c o s t  b a s i s .  The programme a n t i c i p a t e s  t h a t  

d u c k s  w i l l  be  p u t  t o  work i n  se t s  o f  6 8 ,  w i t h  a n  o u t p u t  

c a p a b i l i t y  o f  some 1 5 0  MW. These  a r e  c o n v e n i e n t  

s e c t i o n s  f o r  e l e c t r i c a l  c o n n e c t i o n  and c o u l d  be  added 

t o  a t  a p p r o x i m a t e l y  e i g h t  mon th ly  i n t e r v a l s  o v e r  n i n e  

y e a r s .  

E s t i m a t i n g  h a s  been  c a r r i e d  o u t  on t h e  f o l l o w i n g  u n i t  

p r i c e s  where no f i r m  q u o t a t i o n  was a v a i l a b l e .  

High  p r e c i s i o n  machined components  

Medium q u a l i t y  machined components  

High  g r a d e  s t ee l  f a b r i c a t i o n s  

Low g r a d e  s t e e l  f a b r i c a t i o n s  

C o n c r e t e  ( p l a c e d )  

F u l l  d e t a i l s  o f  e s t i m a t e d  m e c h a n i c a l ,  c i v i l  and c o n s t r -  

u c t i o n  c o s t s  a r e  g i v e n  i n  Appendix 7 .  



4.0 OPERATION OF THE POWER STATION 

4.1 I n t r o d u c t i o n  

The t o t a l  connec ted  c a p a c i t y  of  t h e  s t a t i o n  i s  2.25 MW 

X 1020 ducks  g i v i n g '  2295 MW - a  l i t t l e  over  1 0 %  i n  

e x c e s s  of t h e  nominal r a t i n g  of  2  GW. 

D e t a i l s  of t h e  b a s i c  e l e c t r i c a l  c o n t r o l  sys tem w i l l  be 

found i n  Scopa Repor t  N13.7/469. I t  w i l l  be noted  t h a t  

t h e  u s e  o f  l a r g e  gyroscope  f l y w h e e l s  p r o v i d e s  a  

s p i n n i n g  energy  s t o r e  of  a b o u t  1 MW p e r  duck. Genera- 

t i o n  is synchronous  a . c .  and a p p r o p r i a t e  on-duck and 

s h o r e  s t a t i o n  s w i t c h i n g  is  prov ided  t o  e n s u r e  maximum 

e f f i c i e n t  u s e  of  t h e  o u t p u t .  

4.2 O u t p u t  L e v e l s  over  t h e  Year - 

The maximum o u t p u t  t h a t  can  be  a n t i c i p a t e d  from t h e  

s t a t i o n  i s  7 5  KW p e r  n e t r e  of  wave-f ront ,  g i v i n g  a  

t o t a l  of  2295 MW. I t  is a n t i c i p a t e d  t h a t  such l e v e l s  

w i l l  be  a c h i e v e d  f o r  a  l a r g e  p r o p o r t i o n  of  t h e  t ime 

d u r i n g  t h e  w i n t e r  months o f  October  t o  February .  

Dur ing t h e  remainder  of  t h e  y e a r ,  o u t p u t  l e v e l s  f a l l  t o  

a s  low a s  6 KW p e r  me t re .  I t  is though t  t h a t  a  t o t a l  

y e a r l y  o u t p u t  would be  1 4  X 30 X 1020 X 24 X 365 = 

3 ,753  X 1 0 9 K ~ ~ .  

O u t p u t  L e v e l s  over  --- - 25 Years  

I t  i s  n o t  e x p e c t e d  t h a t  f u l l  o u t p u t  from a l l  t h e  equip-  

ment w i l l  be p o s s i b l e  over  25 y e a r s .  30% redundancy 

h a s  been b u i l t  i n t o  v u l n e r a b l e  i t e m s  such a s  t h e  r i n g  

cam pumps. The u s e  of  an  i n d i v i d u a l  on-board c o n t r o l  

sys tem i n  e a c h  duck shou ld  e n s u r e  a  f i g u r e  o f  80% 

a v a i l a b i l i t y  over  t h e  25 y e a r s  when i t  i s  r e a l i s e d  t h a t  

p a i r s  of ducks  can be r e p l a c e d  i n  t h e  e v e n t  of s e r i o u s  



failure, and that a pair of ducks represents 0.1% of 

the installation. 

4.4 Shore Facilities - -- 

Overall supervision of the station will be from an ele- 

ctronic control console at an on-shore station. Nor- 

mally all the ducks will be controlled each from its 

own on-board control, the on-shore station acting 

purely as a monitor. The on-shore unit, however, will 

be capable of starting up all the ducks; demanding 

output appropriate to the requirements of the grid; 

monitoring the performance of all the equipment within 

individual ducks; responding to emergency signals from 

ducks and shutting down malfunctioning ducks. The on- 

shore station will also monitor the complete trans- 

mission system from ducks to grid and be capable of 

remote operation of the switchgear. 

4.5 Manpower 

Allowance has been made in the costings for a labour 

force of some 200 men as maintenance support plus eight 

Supervising Engineers at the on-shore control station 

giving 24 hour cover. Helicopters, tugs, barges and 

the support vessels are allowed for on a contract 

basis. 

aintenance Facilities - -  

The 200 men allowed for maintenance support are assumed 

to be housed in a 100,000 sq. ft. building with access 

to a deep water basin. No attempt at a maintenance at 

sea will be made but pairs of ducks will be brought to 

this basin. Complete beak power modules will be 

removed, refurbished and reinstated or replaced as 

appropriate. 



a n u f a c t u r i n g  f a c i l i t i e s  f o r  duck  b o d i e s  a n d  s p i n e s  

w i l l  b e  r e t a i n e d ,  

.7 O p e r a t i n g  C o s t s  

Fo r  t h e  p u r p o s e s  o f  c a l c u l a t i n g  t h e  o p e r a t i n g  c o s t ,  t h e  

f o l l o w i n g  f i g u r e s  are  used:  

C a p i t a l  i n v o l v e d  i n  p r e l i m i n a r i e s  

s e t t i n g  up m a n u f a c t u r e ,  deve lopmen t  

t o o l i n g  e tc .  

E l e c t r i c a l  t r a n s m i s s i o n  i n s t a l l a t i o n  

c o m p l e t e  lump sum 

D i r e c t  m a n u f a c t u r i n g  c o s t  o f  one  duck  

+ h a l f  o f  one  s p i n e  ( i n c l u d i n g  

c o n t i n g e n c y  o f  1 0 % )  21.66 x ~0~ 

R a t e  o f  m a n u f a c t u r e  

( I n c l u d i n g  5 1  s p i n e s  p e r  y e a r )  

D a i l y  s e r v i c e  c h a r g e  E50F000/day  

T o t a l  p r o j e c t  l i f e  2 5  y e a r s  

A D i s c o u n t e d  Cash Flow C a l c u l a t i o n  a t  PO 

g i v e s  7,97 pence/KWH. A D i s c o u n t e d  C a s h  Flow C a l e u l a -  

t i o n  a t  5 %  i n t e r e s t  i v e s  5 .5  pence/KWH- 

O t h e r  me thods  o f  c a l c u l a t i o n  c a n  b e  used  which w i l l  

g i v e  lower  costs/KWh, b u t  t h e  r a n g e  would seem t o  b e  

Wh t o  8p/KWh, 



The c o n c e p t  o f  t h e  duck a s  a  wave energy  d e v i c e  goes  

back some f i v e  y e a r s .  S tephen  S a l t e r  and h i s  team a t  

Edinburgh U n i v e r s i t y  have  c o n c e n t r a t e d  on s m a l l  t ank  

models  o f  a p p r o x i m a t e l y  1 / 1 O O  s c a l e .  E a r l y  i n  1978 

Scopa and La ing  j o i n e d  f o r c e s  w i t h  Edinburgh and comm- 

enced  i n v e s t i g a t i o n  i n t o  t h e  problems l i k e l y  t o  be  

e n c o u n t e r e d  i n  p roduc ing  a  f u l l  s c a l e  d e v i c e .  T h i s  

r e p o r t  is  concerned w i t h  t h a t  i n v e s t i g a t i o n .  F u r t h e r  

i n f o r m a t i o n  i n t o  p a s t  a c t i v i t i e s  can  be o b t a i n e d  from 

Edinburgh Wave Power R e p o r t s  1st Year ,  2nd Year ,  3 rd  

Year and 4 t h  Year (1978) .  Refe rence  may a l s o  be made 

t o  "Recent  P r o g r e s s  on Ducks" - a  paper  p r e s e n t e d  t o  

t h e  Wave Energy U t i l i s a t i o n  Symposium i n  Got tenburg ,  

Sweden - October  1979 c o n t a i n e d  i n  Appendix 7.8. 

Problem Areas  

I n  t h e  i n t r o d u c t i o n  i t  was no ted  t h a t  t h e  d e v i c e  team 

was aware of a r e a s  where a  t e c h n i c a l l y  a c c e p t a b l e  s o l -  

u t i o n  had been i n c o r p o r a t e d  i n  t h e  r e f e r e n c e  d e s i g n  b u t  

where i t  was f e l t  t h a t  r e f i n e m e n t s  and improvements 

were  n e c e s s a r y  t o  p r o v i d e  g r e a t e r  r e l i a b i l i t y  and in- 

c r e a s e  c r e d i b i l i t y .  The main a r e a s  i n  t h i s  c a t e g o r y  

a r e :  

S p i n e  j o i n t s  and f o r c e s  

Moorings and mooring f o r c e s  

High v o l t a g e  f l e x i b l e  c a b l e s  

Gyro e q u a t o r i a l  b e a r i n g s  

The duck/spine  b e a r i n g  

The p r e s s u r e  v e s s e l  

H y d r a u l i c  pumps/motors 



S p i n e  J o i n t s  and F o r c e s  

The s p i n e  j o i n t  i s  an  a r e a  of  c o n s i d e r a b l e  

i n t e r e s t .  The c o n c e p t  of  p r o v i d i n g  r e s t r a i n t  

up  t o  a  c e r t a i n  l i m i t ,  and a  c o m p l i a n t  system 

t h e r e a f t e r ,  a p p e a r s  t o  b e  t e c h n i c a l l y  t h e  

most  f a v o u r a b l e  s o l u t i o n .  However, t h e  

f o r c e s  a c t i n g  a c r o s s  t h e  j o i n t  and t h e  

a n g u l a r  movement r e q u i r e d  a t  t h e  j o i n t  need 

v e r i f i c a t i o n  b e f o r e  a  f i n a l  d e s i g n  is poss- 

i b l e .  

C o n s i d e r a b l e  t e s t i n g  of  t h e  long  duck s t r i n g  

i n  t h e  wide t a n k  a t  Edinburgh w i l l  be necess-  

a r y  b e f o r e  f u l l  d e s i g n  i n f o r m a t i o n  i s  

a v a i l a b l e .  

I t  shou ld  a l s o  be emphasised t h a t  t h e  b a s i c  

d e s i g n  wave and any d i r e c t i o n a l  p r o p e r t y  i t  

p o s s e s s e s  h a s  n o t  been c l e a r l y  d e f i n e d .  

Moorings and Moorinq F o r c e s  

The d e v i c e  a s s e s s m e n t  h a s  been based on mea- 

s u r e d  f o r c e s  f o r  a  duck model i n  t h e  narrow 

t a n k  a t  Edinburgh.  Based on t h i s  exper- 

i m e n t a l  d a t a ,  t h e  mooring f o r c e s  a r e  v e r y  

low, and i t  h a s  been conf i rmed t h a t  s u b j e c t  

t o  t h e  e l i m i n a t i o n  o f  bending f a t i g u e  t h e  

mooring sys tem f o r  t h e  Edinburgh Device i s  

w i t h i n  c u r r e n t  t echno logy .  

The r e s u l t s  o f  t h e  wide t a n k  t e s t s  on t h e  

l o n g  s t r i n g  o f  ducks  w i l l  f u r n i s h  

c o n f i r m a t o r y  d a t a  and e s t a b l i s h  f i r m e r  d e s i g n  



p a r a m e t e r s .  

I t  i s  n e v e r t h e l e s s  c l e a r  t h a t  t h e  mooring 

f o r c e s  g e n e r a t e d  by t h e  duck s t r i n g  a r e  g r a t -  

i f y i n g l y  low. 

High Vol tage  F l e x i b l e  C a b l e s  

The t r a n s m i s s i o n  sys tem from duck s t r i n g  t o  

s h o r e  c a l l s  f o r  a  132  KV submar ine  f l e x i b l e  

c a b l e  ( a l t h o u g h  t h e  f l e x u r e  c a n  b e  q u i t e  

e a s i l y  l i m i t e d  i n  b o t h  i t s  e x c u r s i o n s  and 

bend r a d i u s )  . 

A l s o  r e q u i r e d  i s  a  submar ine  r i g i d  c a b l e  of 

. t h e  same v o l t a g e .  

D i s c u s s i o n s  w i t h  Messrs  P i r e l l i  a t  E a s t l e i g h  

s u g g e s t e d  t h a t  t h e y  c o u l d  d e v e l o p  such a 

c a b l e  g i v e n  t i m e  and money. D i s c u s s i o n  w i t h  

Messrs  W.L. Gore, Dumfermline b rough t  f o r t h  a  

d e s i g n  t h a t  would meet b o t h  r e q u i r e m e n t s .  

CEGB (CERL Lea the rhead)  , i n  d i s c u s s i o n  wi th  

Dr H W h i t t i n g t o n  o f  Edinburgh U n i v e r s i t y ,  

s t a t e d  t h a t  "132 KV c a b l e s  were e a s y ,  400KV 

was under development .  ." and " t h e i r  S  F6 

c a b l e  c o u l d  be  m a r i n i s e d .  ." Messrs  P i r e l l i  

a r e  manufac tu r ing  t e s t  specimens  of  S F ~  c a b l e  

a t  p r e s e n t .  

I t  would f u r t h e r  appear  t h a t  a  7 6 5  KV f l a t  

c o n f i g u r a t i o n  tower t r a n s m i s s i o n  would have 

a d v a n t a g e s  over  t h e  400KV d o u b l e  c o n s t r u c t i o n  

c i r c u i t  proposed and t h a t  1050KV i s  v i r t u a l l y  



becoming s t a n d a r d  i n  t h e  USSR. T h e s e  

d e v e l o p m e n t s  m i g h t  b e  o f  f u t u r e  u s e  i n  wave 

e n e r g y .  ( R e f e r  t o  SCOPA r e p o r t  No 13.7/469 

[November 19791 ) . 
Gyro - E q u a t o r i a l  B e a r i n g s  

The  ma in  g y r o  b e a r i n g s  c a r r y  t h e  e n t i r e  

t o r q u e  e x e r t e d  by  a  duck  p l u s  t h e  p e r p e n d i -  

c u l a r  component  o f  f r a m e  t o r q u e .  T h e s e  bea r -  

i n g s  m u s t  w i t h s t a n d  a  l o a d i n g  o f  some 1 6 0  

t o n s  e a c h .  H y d r o s t a t i c ,  hyd rodynamic  and a  

p r o p r i e t r y  t y p e  h a v e  b e e n  advanced  by  M e s s r s  

G l a c i e r  Metals L i m i t e d .  Deve lopment  i s  nec- 

e s s a r y  b e f o r e  a  2 5  y e a r  l i f e  c a n  b e  a c h i e v e d  

f o r  t h e s e  componnents .  

5.2.5 - The -- Duck/Spine B e a r i n q  

E f f o r t  is b e i n g  d i r e c t e d  a t  t h e  w a t e r  l u b r i -  

c a t e d  h o v e r c r a f t  t y p e  o f  p r e s s u r e  pad  and  

M e s s r s  Avon Rubber Company o f  Melksham h a v e  

o f f e r e d  t o  u n d e r t a k e  t h e  d e v e l o p m e n t  work in-  

v o l v e d .  A f a l l b a c k  s i t u a t i o n  i n v o l v i n g  t h e  

u s e  o f  c o n v e n t i o n a l  r u b b e r  t y r e s  i s  u n d e r  

c o n s i d e r a t i o n  b u t  is t h o u g h t  t o  b e  somewhat 

cumbersome r e q u i r i n g  a l o n g e r  a n n u l a r  s p a c e  

b e t w e e n  t h e  duck  and s p i n e .  Work w i l l  con- 

t i n u e  on t h i s  a s p e c t .  

5 .2 .6  The P r e s s u r e  V e s s e l  
--p- 

W h i l s t  t e c h n i q u e s  f o r  p r o d u c i n g  p r e s s u r e  

v e s s e l s  e x i s t  w i t h i n  i n d u s t r y ,  t h e r e  h a s  

n e v e r  b e e n  a r e q u i r e m e n t  f o r  a s e a l e d  v e s s e l  

t o  h o l d  a  vacuum f o r  2 5  y e a r s .  B e a r i n g  i n  



mind, however, c o n t a i n e r s  f o r  n u c l e a r  was te ,  

s t ee l  vacuum v e s s e l s  f o r  mercury a r e  r e c t -  

i f i e r s  and s i m i l a r  v e s s e l s ,  i t  i s  f e l t  t h a t  

t h i s  is  a  m e t a l u r g i c a l  problem t h a t  i s  

c a p a b l e  of  s o l u t i o n .  A c e r t a i n  amount of de- 

velopment  work may be  n e c e s s a r y ,  pe rhaps  on 

t h e  p o r o s i t y  o f  v a r i o u s  s t e e l s  t o g e t h e r  wi th  

methods o f  impregna t ion  o r  c o a t i n g  of  t h e  

f i n i s h e d  v e s s e l .  

D e t a i l s  o f  t h e  v e s s e l  e n v i s a g e d  appear  i n  

Appendix 1. 

H y d r a u l i c  Pump/Motors 

T h i s  i tem of  equipment  i s  t h e  key u n i t  i n  t h e  

e n t i r e  d e s i g n  and 1 2  a r e  used i n  each  duck. 

T h e  p r o p s e c t  of  a  h i g h  e f f i c i e n c y ,  low main- 

t e n a n c e  power-unit  o f f e r e d  by t h i s  d e s i g n  i s  

e x t r e m e l y  a t t r a c t i v e .  The d r y  c a s i n g ,  f u l l  

h y d r o s t a t i c  b e a r i n g s ,  ba l l - ended  p i s t o n  r o d s  

and v a r i o u s  o t h e r  f e a t u r e s  a r e  worthy of  f u l l  

development ,  p a r t i c u l a r l y  s i n c e  t h e  d e s i g n  

h a s  a l r e a d y  been l a r g e l y - p r o v e d  by p r o t o t y p e  

running.  Messrs  Towler H y d r a u l i c s  L imi ted  ( a  

member of t h e  Thorn Group) have a l r e a d y  made 

a n  o f f e r  t o  c o n t i n u e  t h e  development  and 

manufac tu re  o f  t h e  i t e m  a s  a n  a d d i t i o n  t o  

t h e i r  range .  

5.3 - - -  Fur the r -Deve lopment  --W Work Required 

5.3.1 On t h e  S p i n e  -- 

E s t i m a t e s  have  been made o f  t h e  v a r i o u s  

f o r c e s  a c t i n g  upon t h e  s p i n e  based upon theo- 



retical considerations and assumptions as to 

the character of the wave climate. Imminent 

tests in the wide wave tank will provide 

experimental results to give reliable figures 

in place of these estimates. In many 

respects these figures will be crucial to the 

satisfactory structural design of the spine. 

In order to correctly calculate the fatigue 

life of the spine, a diagram similar to Drg 

No L2006 (Appendix 2) is required, giving the 

number of occurrences of bending moments (and 

other forces) throughout the design life; the 

value of such a diagram depends not only on 

the tank tests but also on the accuracy of 

the wave climate information. 

Further information is required upon the fat- 

igue performance of both concrete and pre- 

stressing steel; some may be available from 

sources such as CIRIA. 

On the Duck 

The main problems with the ducks are related 

to cost and buoyancy. The correct buoyancy 

is relatively easy to achieve in an all steel 

duck but the cost may be prohibitive. 

The present design for a 10m concrete duck 

does possess the correct buoyancy and self- 

righting properties, but with very little 

real margin for changes in detail. This 

margin could be improved by changing the rear 

profile of the duck slightly, and by in- 

creasing the breadth of the body of the duck. 

Alternatively reducing the overall buoyancy 



o f  t h e  duck  f rom t h e  p r e s e n t  1 7 0  t o n n e s  t o  

s a y  100  t o n n e s  ( i . e .  r e d u c i n g  t h e  f r e e - b o a r d )  

would have  a  s i m i l a r  e f f e c t .  

The u s e  o f  a  c o m p l e t e l y  d i f f e r e n t  m a t e r i a l  

s u c h  a s  f e r ro -cemen t  may p r o v i d e  a c h e a p e r  

and  p o t e n t i a l l y  l i g h t e r  s t r u c t u r e  and  t h i s  

s h o u l d  b e  c o n s i d e r e d  d u r i n g  l a t e r :  s t a g e s  o f  

t h e  p r o j e c t .  

I n  t h e  wave t a n k :  

F u r t h e r  r e s e a r c h  i s  r e q u i r e d  t o  e s t a b l i s h  

movements,  s h e a r s ,  a x i a l  f o r c e s ,  a n g l e s ,  

e x c u r s i o n s  o f  moor ings ,  powers ,  e f f i c i e n c i e s ,  

e t c .  a s  a  f u n c t i o n  o f  s e a  s t a t e ,  s t r i n g  

a n g l e ,  z i g - z a g g i n g  and backbone  s t i f f n e s s  is  

r e q u i r e d  t o  d e t e r m i n e  w h e t h e r  t h e  "Cut-back 

r e a r "  o f  t h e  duck e n v i s a g e d  i n  t h e  p r e s e n t  

d e s i g n  a d v e r s e l y  e f f e c t s  t h e  e f f i c i e n c y  o f  

t h e  duck .  F u r t h e r  r e s e a r c h  would a l s o  in-  

d i c a t e  whe the r  i n c r e a s i n g  t h e  b r e a d t h  of  t h e  

duck  ( a s  s u g g e s t e d  above )  would b e  d e t -  

r i m e n t a l  t o  e f f i c i e n c y .  

5 . 3 . 3  The Beak -- 

R e s e a r c h  i s  needed t o  d e t e r m i n e  t h e  permea- 

b i l i t y  and  a b s o r p t i v i t y  o f  l i g h t w e i g h t  

L y t a g '  c o n c r e t e  i n  s e a  w a t e r ,  s i n c e  t h i s  

w i l l  a f f e c t  t h e  buoyancy o f  t h e  duck ,  and t h e  

d u r a b i l i t y  o f  t h e  r e i n f o r c i n g  and  pre-  

s t r e s s i n g  s t e e l .  A means o f  r e d u c i n g  s u r f a c e  



permeability of lightweight concrete by 

impregnation of the external faces with 
polymers may also be worth investigation as 

to methods and effectiveness. 

The proposal for an all timber beak surround- 

ing the pressure vessel should be pursued. 

Ekki is suggested as a suitable material by 

Messrs Mallinson & Co. and the initial 

costing is extremely favourable. (See 

Appendix 1) . 
Mechanical E q u i p m e  

Tests scheduled for the near future in the 

wide tank will also produce much valuable in- 

formation for areas of doubt in the mech- 

anical field particularly in respect of spine 

joints (see 5.2.1). Refined efficiency 

curves will also be taken into account when 

optimising loads on gyro bearings (see 5.2.4) 

and duck/spine bearings (see 5.2.5) . Essen- 

tial development is foreseen in respect of 

these items in addition to the hydraulic 

pump/motors (see 5.2.7), ring cam pumps and 

gyroscope flywheels. A full size counter- 

rotating pair of gyros complete with pumps 

etc. should be mounted fully-piped and opera- 

tional in the pressure vessel in the designed 

atmosphere and rocked simulating the sea. 

They should then be fully loaded, whereby the 

proposed generator can be tested at the same 

t ime . 



CONCLUSIONS 

It is an attractive prospect to be able to produce energy 

without depletion of natural fuel resources, which can be 

put into commercial service within a decade. The promise of 

intelligent ducks hardly stretches the imagination when one 

considers recent advances in the microprocessor. 

The mechanical and hydraulic system maintenance problems are 

largely solved by enclosing the equipment in a non-corro- 

sive, non-oxidising, low-pressure environment. 

The swashplate pump/motor unit requires proving but confi- 

dence is lent here by the fact that this unit has been taken 

up by a large commercial firm operating in this field. 

The operating costs quoted cover a range which is largely 

affected by the interest rate obtaining. Attention is drawn 

to the Discounted Cash Flow Calculations in Appendix 7.7. 

An agreed basis should be established for such assessment. 

It is felt that immediate development work should be carried 

out on the following: 

a) Experimental operation of a full size gyro disc. 

b) Experimental verification of all the proposed bearings. 

C) A full size pair of gyros in a pressure vessel to est- 

ablish the best atmospheric environment. 

d) Experimental work on civil materials to optimise final 

structural design. 



e) Research into the suitability of concrete to be used 

for spine construction. 

f) Work to prove the bearing on the spine joint. 

g) Marine testing of materials, cables and components. 

This report has concentrated on the technical and economic 

aspects of the Device. It is obvious that there are polit- 

ical financial and environmental aspects of Wave Energy, of 

both national and international significance, which are 

outside the scope of this report. No allowance has been 

' made for spin-off advantages in allied fields. 

When these factors are set beside the attractiveness Q£ the 

prospect and the confidence in the cost estimates obtained, 

the Device has an overwhelming appeal. 


