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ABSTRACT 

Refe rence  f rames  a r e  a  c r i t i c a l  p a r t  o f  any wave ene rgy  

c o n v e r t e r .  D e s p i t e  a p p a r e n t  complex i ty  g y r o s  have  many a t t r a c t i v e  

f e a t u r e s  and i n d e e d  have  a  l o n g  r e c o r d  o f  s u c c e s s f u l  d u t y  a t  s e a  

i n  t h e  s i m i l a r  t a s k  o f  s t a b i l i s i n g  s h i p  r o l l .  C h a r a c t e r i s t i c s ,  

p r a c t i c a l  d e t a i l s  and r e l i a b i l i t y  a r e  d i s c u s s e d .  O f f i c i a l  

e s t i m a t e s  show t h a t  t h e  c o s t  o f  d u c k - g e n e r a t e d  e l e c t r i c i t y  frorx 

t h e  1 9 8 1  d e s i g n  i s  ve ry  c l o s e  t o  t h a t  o f  more c o n v e n t i o n a l  methods.  

R e l i a b i l i t y  i s  o f  c r u c i a l  impor t ance  and improvements  t o  assumed 

l e v e l s  o f  r e l i a b i l i t y  cou ld  c l o s e  t h e  r e m a i n i n g  gap .  



R e f e r e n c e  f r a m e s  

I t  i s  q u i t e  e a s y  t o  d e s i g n  a n  o b j e c t  w h i c h  w i l l  move v i g o r o u s l y  

i n  r e s p o n s e  t o  s e a  waves .  I n d e e d  i t  i s  q u i t e  d i f f i c u l t  t o  d e s i g n  

one which  w i l l  n o t .  But  i f  t h i s  movement i s  e v e r  t o  p e r f o r m  u s e f u l  

work t h e n  t h e  d e s i g n e r  mus t  p r o v i d e  a r e f e r e n c e  f rame  a g a i n s t  which  

h i s  power  c o n v e r s i o n  mechan ism c a n  r e a c t .  The s t u d y  o f  s u c h  

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

v a r i e t y  o f  d e s i g n s  o f  wave e n e r g y  d e v i c e .  R e f e r e n c e  f r a m e s  a r e  more 

i m p o r t a n t  a n d  more e x p e n s i v e  t h a n  t h e  p r i m a r y  i n t e r f a c e  t o  t h e  s e a .  

A l t h o u g h  t h e  f i r s t  duck  m o d e l s  w e r e  t e s t e d  a s  s i n g l e  u n i t s  i n  a 

n a r r o w  t a n k  on a r i g i d  a x i s ,  w e  a l w a y s  b e l i e v e d  t h a t  e c o n o m i c  r i g i d  

a t t a c h m e n t s  c o u l d  n e v e r  s u r v i v e  i n  e x t r e m e  w a v e s .  F u r t h e r m o r e  we 

w a n t e d  t o  b e  i n  d e e p  w a t e r  a n d  t o  h a v e  a v e r y  low d e p e n d e n c e  on t h e  

g e o l o g y  and t o p o g r a p h y  o f  t h e  s e a  b e d .  From t h e  v e r y  b e g i n n i n g  we 

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

number o f  d u c k s .  The i d e a  was t h a t  i f  t h e  s p i n e  was l o n g  enough  t o  

s p a n  a v a r i e t y  o f  p h a s e s  o f  wave t h e  n e t  f o r c e  on t h e  w h o l e  s t r u c t u r e  

would  t e n d  t o w a r d s  z e r o .  A duck  moving up w o u l d  work a g a i n s t  a n o t h e r  

moving down, somewhere t o  l e f t  o r  r i g h t .  The a d v a n t a g e s  w e r e  t h a t  

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

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

we a v o i d e d  s i d e - t o - s i d e  c o l l i s i o n s ,  t h a t  a t t a c h m e n t s  t o  waves  o f  

o p p o s i t e  p h a s e  w e r e  a c h i e v e d  w i t h  a mechanism which  was i t s e l f  a  

u s e f u l  power  g e n e r a t o r  and  t h a t  n e a r l y  a l l  t h e  work c o u l d  b e  d o n e  

i n  f a c t o r i e s  on l a n d  r a t h e r  t h a n  i n  t h e  open s e a .  We r e c o g n i s e d  

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

would b e  p a r t i c u l a r l y  s e v e r e .  

We e x p e c t e d  t h a t  t h e  power  mechanism would  b e  some form o f  pump 

a c t i n g  b e t w e e n  duck a n d  s p i n e .  We r e c e i v e d  many c o n g r a t u l a t i o n s  on 

t h e  s i m p l i c i t y  o f  t h e  pump mechanism p r o p o s e d  i n  1 9 7 3  (1) which  i s  

r e p r o d u c e d  i n  F i g .  1. 

Fig. l. T h e  delightfulli/ 

s i m p l e  f i r s t  i d c L ~ .  



We knew t h a t  t h e s e  pumps w o u l d  p r o d u c e  L a r g e  t o r s i o n s  i n  t h e  s p i n e .  

B u t  e v e n  w o r s e  w e r e  t h e  b e n d i n g  moments w h i c h  w e r e  c e r t a i n  t o  o c c u r  

i n  e x t r e m e  w a v e s .  Duck e v o l u t i o n  h a s  b e e n  d o m i n a t e d  by  o b s e s s i o n s  

w i t h  b e n d i n g  moments .  E v e r y t h i n g  m u s t  b e  d o n e  t o  u n d e r s t a n d  t h e  

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

c o u l d  t o  r e d u c e  t h e  r e q u i r e m e n t  f o r  s t r e n g t h .  We b e l i e v e d  t h a t  

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

work o r  t o  h a v e  a n y  p a r t  w i t h  a  s t , r e s s  e x c e e d i n g  t h e  v a l u e  i t  w o u l d  

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

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

a b o v e  them.  The b a c k g r o u n d  t o  t h e  d i s c o v e r y  t h a t  t h e  s p i n e s  d i d  n o t  

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

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

G o t h e n b u r g  c o n f e r e n c e  ( 2 ) .  Our  c u r r e n t  L e s t s  on  a v e r y  l o n g  s p i n e  

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

i n  r andom s e a s  b e n d i n g  moments r e d u c e  a b o v e  a  c r i t i c a l  minimum l e n g t h .  

It d i d  n o t  t a k e  v e r y  l o n g  t o  f a l l  o u t  o f  l o v e  w i t h  t h e  s i m p l e  

pumps o f  f i g .  1. We w e r e  t o  d i s c o v e r  t h a t  c o n s i d e r a b l e  p e r f o r m a n c e  

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

t a k e - o f f  f o r c e  s o  t h a t  i t  p r o v i d e d  t h e  r e a c t i v e  c o m p o n e n t s  o f  

n e g a t i v e  s p r i n g  a n d  p e r h a p s  a l s o  n e g a t i v e  i n e r t i a .  ( 3 )  T h i s  meant  

t h a t  we w a n t e d  a p o w e r  c o n v e r s i o n  mechan i sm t h a t  c o u l d  b e  c o n t i n u o u s l y  

c o n t r o l l e d .  The ' s i m p l e '  pump s u f f e r e d  f r o m  e n d  s t o p s  w h i c h  w o u l d  

b e  u n a c c e p t a b l e  i n  r o u g h  c o n d i 5 i o n s .  'The e n d  s t o p s  o f  3ny wave 

e n e r g y  mechan i sm h a v e  t o  b e  d e s i g n e d  w i t h  e x t r e m e  c a r e .  T e s t s  i n  

b i g  w a v e s  made u s  r e a l i s e  t h a t  i t  was e s s e n t i a l  t o  e s t a b l i s h  p r 8 , c i s e  

d e s i g n  l i m i t s  f o r  t o r q u e s ,  p o w e r s  a n d  p r e s s u r e s  and  t h a t  i t  was vt.ry 

d e s i r a b l e  t o  u s e  mechan i sms  which  c o u l d ,  i f  n e c e s s a r y ,  b e  d i s e r : g a g c d .  

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

of t h e  c o n s e q u e n t  i m p o r t a n c e  o f  i s o l a t i n g  e v e r y t h i n g  f r o m  s e a  w a t e r .  

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

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

f r o n t  o f  t h e  p o w e r  t r a i n .  

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

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

G v r o s  

I h a v e  n e v e r  known any  i d e a  w h i r h  t v c e i v c ~ d  a s  much i n i t i a l  

r e s i s t d a n c e  a s  t h e  s u g g e s t i o n  t o  usc gyro:; f o r  t h t ~  power  conver .s iorr  

r e f e r e n c e  f r a m e .  Bu t  I am happy  t c  r cpor ' i  t h a t  f h i s  i n i t i a l  re f l i , i  i r ) r l  

i s  a l m o s t  i n v a r i a b l y  r e p l a c e d  b y  nt t i u .  i Ism i r i  p i  o p l l  p r r lpa r rc l  t c ,  

u n d e r s t a n d  t h e  t e c h n i c a l  a r g u m i ~ n t  .;. 



There  seem t o  be  s e v e r a l  r e a s o n s  f o r  an t agon i sm.  One i s  a  

S U S ~ ~ C ~ O ~  of t h e  c o u n t e r - i n t u i t i v e  b e h a v i o u r  o f  g y r o s  combined w i t h  

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

a l s o  t h e  a s s o c i a t i o n  w i t h  t h e  s u p e r b  p r e c i s i o n  demanded from 

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

F i n a l l y  t h e r e  i s  t h e  need  t o  t h i n k  of  r o t a t i o n s  i n  t h r e e  d imens ions  

which i s  much h a r d e r  t h a n  t r a n s l a t i o n s  i n  two d i m e n s i o n s .  I t  i s  

q u i t e  d i f f i c u l t  t o  w r i t e  a  c l e a r  e x p l a n a t i o n  o f  why g y r o s  behave  a s  

t h e y  do .  I p r o p o s e  t o  e v a d e  t h e  p rob l em by r e f e r r i n g  r e a d e r s  t o  

b e t t e r  a u t h o r s  ( 4 )  ( 5 ) .  P r o v i d e d  we know w h a t  t h e y  do  we can use  

them w i t h o u t  knowing why t h e y  d o  i t .  A f t e r  a l l  n a v a l  a r c h i t e c t s  have  

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

i s  f u n d a m e n t a l  t o  a l l  t h e i r  c a l c u l a t i o n s  o f  buoyancy .  E l e c t r o n i c  

e n g i n e e r s  c a n  make t h e  c l e v e r e s t  c i r c u i t s  w i t h o u t  knowing what  

e l e c t r o n s  a r e  made o f .  

Gyro c h a r a c t e r i s t i c s  

L e t  u s  f o r g e t  f o r  t h e  t i m e  b e i n g  e v e r y t h i n g  a b o u t  moments o f  

i n e r t i a  and a n g u l a r  momentum. Le t  u s  t r e a t  t h e  g y r o  and i t s  mount ing  

f r ames  a s  a s e a l e d  b l a c k  box w i t h  two s h a f t s  a s  shown i n  f i g .  2 .  

L e t  us  f o r g e t  t h a t  f a m i l i a r  o b j e c t s  move i n  t h e  d i r e c t i o n  o f  t h e  

f o r c e s  a p p l i e d  t o  them and t h a t  most s h a f t s  r o t a t e  i n  t h e  d i r e c t i o n  

of  a p p l i e d  t o r q u e .  S h a f t s  emerg ing  f rom b l a c k  boxes  do  n o t  have  t o  

be  s o  b o r i n g .  They can  f o l l o w  any r e l a t i o n s h i p  chosen  by t h e  box 

d e s i g n e r .  

F i g .  2. An i n v a l u a b l e  p i e c e  o f  

e q u i p m e n t  f o r  e v e r y  

i n v e n t o r  

The r e l a t i o n s h i p  t h a t  we s p e c i f y  f o r  o u r  box i s  t h a t  t h e  a n g u l a r  

v e l o c i t y  o f  one s h a f t  s h o u l d  b e  p r o p o r t i o n a l  t o  t h e  t o r q u e  on t h e  

o t h e r  and v i c e  v e r s a .  The a l g e b r a  d e s c r i b i n g  t h i s  i s  n o t  d a u n t i n g :  

T~ a W~ 

T~ a w~ 



P r o p o r t i o n a l i t i e s  can  be  c o n v e r t e d  t o  e q u a l i t i e s  by t h e  u se  o f  a  

c o n s t a n t .  

We a r e  f r e e  t o  choose  any symbol f o r  t h e  c o n s t a n t  and I choose 

t o  u s e  t h e  r a t h e r  odd  symbol^. ~ h e o k e e p s  t h e  symbols  from 

g e t t i n g  s e p a r a t e d .  Our e q u a t i o n s  a r e  n o t  much more d i f f i c u l t  t h a n  

t h e  e a r l i e r  p r o p o r t i o n a l i t i e s  : 

Nobody h a s  s a i d  a n y t h i n g  y e t  a b o u t  i n p u t  o r  o u t p u t ;  t h e  r e l a t i o n s h i p s  

a r e  e n t i r e l y  s y m m e t r i c a l .  Fu r the rmore  nobody h a s  s a i d  a n y t h i n g  abou t  

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

t o r q u e s  a r e  t h e  c a u s e s  o f  v e l o c i t i e s  and a c c e l e r a t i o n s  b u t  t h e r e  a r e  

many c a s e s  where a c c e l e r a t i o n s  and v e l o c i t i e s  c a u s e  f o r c e s .  I t  i s  

b e s t  t o  pos tpone  p r e c o n c e p t i o n s  a b o u t  what  c a u s e s  wha t .  Le t  us make 

s u r e  t h a t  we u n d e r s t a n d  t h e  b l a c k  box by c o n s i d e r i n g  a  few c a s e s  o f  

i t s  b e h a v i o u r  when v a r i o u s  o b j e c t s  a r e  c o n n e c t e d  t o  t h e  s h a f t s .  

F i r s t l y  we remove a l l  f r i c t i o n  s p r i n g s ,  dampers and i n e r t i a l  

w e i g h t s  from s h a f t  B  s o  t h a t  i t  i s  t o t a l l y  f r e e  t o  move. T h i s  means 

t h a t  T~ i s  z e r o .  I t  f o l l o w s  t h a t  w A  i s  a l s o  z e r o  i . e .  s h a f t  A 

c anno t  move no m a t t e r  how l a r g e  t h e  t o r q u e  a p p l i e d  t o  i t .  Freedom 

on one s h a f t  h a s  l ocked  t h e  o t h e r ,  and o f  c o u r s e  l o c k i n g  one s h a f t  

would comple t e ly  f r e e  t h e  o t h e r .  

Le t  us now connec t  s h a f t  B t o  a  damping mechanism. Dampers a r e  

d e v i c e s  which p r o v i d e  a  t o r q u e  i n  p r o p o r t i o n  t o  and i n  phase  w i t h  t h e  

a p p l i e d  a n g u l a r  v e l o c i t y .  The damper we c o n n e c t  h a s  damping 

c o e f f i c i e n t  K 

T~ = K w B  

Where we have  a  t o r q u e  we can  r e p l a c e  i t  w i t h  an a n g u l a r  

v e l o c i t y  o f  t h e  o t h e r  s h a f t .  

Le t  us change b o t h  s i d e s  

T h i s  means t h a t  s h a f t  A w i l l  f e e l  a s  i f  i t  i s  connec t ed  t o  a  damping 

d e v i c e  w i t h  a  v a l u e  dependent  on t h e  r e c i p r o c a l  o f  t h e  damper on B .  

Low damping c o e f f i c i e n t s  on one s i d e  look l i k e  h i g h  ones  on t h e  o t h e r .  

Th i s  seems t o  be a  p a i n l e s s  way o f  o b t a i n i n g  t h e  h i g h  damping 



c o e f f i c i e n t s  which wave ene rgy  d e v i c e s  need .  

I f  we doub le  t h e  damping on s h a f t  H ,  s a y  by a d d i n g  a  s econd  

damper i n  p a r a l l e l  w i t h  t h e  f i r s t ,  we h a l v e  t h e  a p p a r e n t  damping s e e n  

on s i d e  A :  T h i s  means t h a t  components which a r e  p a r a l l e l  on one s i d e  

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

Next l e t  us t r y  a  s p r i n g  on s h a f t  B .  

S p r i n g s  a r e  d e v i c e s  which p r o v i d e  f o r c e s  p r o p o r t i o n a l  t o  

d i s p l a c e m e n t .  Angular  s p r i n g s  produce  t o r q u e s  p r o p o r t i o n a l  t o  a n g l e .  

We g e t  a n g l e s  by i n t e g r a t i n g  v e l o c i t i e s .  I f  t h e  s p r i n g  c o n s t a n t  i s  S 

T, = sSob d t .  

What does  t h i s  f e e l  l i k e  a t  s h a f t  A ?  

T h i s  means t h a t  t h e  v e l o c i t y  o f  s h a f t  A w i l l  be t h e  i n t e g r a l  o f  t h e  

t o r q u e  a p p l i e d  t o  i t .  T h i s  means i t  must f e e l  l i k e  an i n e r t i a .  

Fu r the rmore  a  very  s m a l l  s p r i n g  a t  B f e e l s  l i k e  a  ve ry  l a r g e  i n e r t i a  

at A .  A s p r i n g  o f  z e r o  v a l u e  would f e e l  l i k e  an i n f i n i t e  i n e r t i a .  

It i s  n o t  a  l a r g e  s t e p  t o  a r g u e  backwards t h a t  i n e r t i a s  l ook  l i k e  

s p r i n g s  and t h a t  ve ry  s m a l l  i n e r t i a s  l1.1ok l i k e  very  s t i f f  s p r i n g s .  

When we l e t  s h a f t  B be  f r e e  we were i n  e f f e c t  c o n n e c t i n g  i t  t o  

i n e r t i a ,  s p r i n g  and damping w i t h  z e r o  v a l u e .  The r u l e s  o f  t h e  b l a c k  

box make s h a f t  A f e e l  t h a t  i t  h a s  i n e r t i a  s p r i n g  and damping o f  

i n f i n i t e  v a l u e .  I t  i s  n o t  s u r p r i s i n g  t h a t  t h i s  combina t ion  made t h e  

s h a f t  immovable . 
When one i s  d e a l i n g  w i t h  m y s t e r i o u s  b l a c k  boxes  i t  i s  always 

wor th  check ing  t h a t  t h e y  do n o t  violatca t h e  p r i n c i p l e  of t h e  

c o n s e r v a t i o n  of  e n e r g y .  I n p u t  power t o  s h a f t  A will be 

T~ w~ 

T h i s  i s  s e e n  t o  be  

IQ W B  
- 
m 

So what goes  i n  t o  A comes ou t  s a f c l y  f ' r o r n  F' and t h ( '  d e c e n c i e s  o f  

energy  a c c o u n t i n g  a r e  g i v e n  t h t  r e s p e c t  1hc.y r i e s t - r v c s .  

Let us now t u r n  t o  t h e  int1ar .d~ o f  t h( b 1 a c . k  t )  )X. 'l'hc~rc~ a r e  no  

p r i z e s  f o r  g u e s s i n g  t h a t  t h e  c o n s t a ~ i t  a, w t ! i c t t i  w~ u s i , t i  t o  c o n v e r t  



o u r  p r o p o r t i o n a l i t i e s  i n t o  e q u a t i o n s ,  i s  made up o f  t h e  p r o d u c t  o f  
4 2 

t h e  moment o f  i n e r t i a  of t h e  Gyro d i s c  a b o u t s  i t s  a x i s ( n D  P L  i n  kgm ) 
-3-2 

and i t s  s p i n  i n  r a d i a n s  p e r  s econd .  I t  i s  ve ry  c o n v e n i e n t  t h a t  we 

can v a r y  t h e  ' g y r o n e s s l  by chang ing  s p i n  s p e e d .  

The o n l y  t h i n g  t o  s p o i l  t h e  p r o p e r t i e s  o f  t h e  b l a c k  box i s  t h a t  

t h e  above e q u a t i o n s  a r e  o n l y  s t r i c t l y  a c c u r a t e  when t h e  s p i n  a x i s  o f  

t h e  g y r o  and  t h e  two s h a f t s  A and B a r e  m u t u a l l y  p e r p e n d i c u l a r .  

When we a p p l y  a t o r q u e  t o  s h a f t  A t h e  g y r o  p r e c e s s e s  a b o u t  s h a f t  B 

t o  t r y  t o  a l i g n  i t s  a x i s  o f  s p i n  w i t h  t h e  a x i s  o f  t h e  i n p u t  t o r q u e .  

We have  t o  modify t h e  above e q u a t i o n s  t o  t a k e  accoun t  o f  t h i s  

p r e c e s s i o n .  I f  t h e  a n g l e  o f  p r e c e s s i o n  measured  from t h e  m u t u a l l y  

p e r p e n d i c u l a r  s t a r t i n g  p o i n t  h a s  t h e  v a l u e  @ t h e  e x a c t  e q u a t i o n  i s :  
T A  =@ YB C O S 0  

A s  t h e  a n g l e  o f  p r e c e s s i o n  i n c r e a s e s  t h e  v a l u e  of  p r e c e s s i o n  v e l o c i t y  

a l s o  i n c r e a s e s .  

I t  t u r n s  o u t  t h a t  we always want t o  keep t h e  cos0  b i t  a l o n g -  

s i d e  t h e m c o n s t a n t .  I t  seems b e s t  t o  i n c l u d e  i t  i n  t h e  same box 

s o  t h a t  t h e  key e q u a t i o n  t o  remember i s :  

T A  a-3 OB 

The c o s i n e  o f  30' i s  o n l y  13% l e s s  t h a n  l s o  t h a t  q u i t e  l a r g e  

a n g l e s  o f  p r e c e s s i o n  must o c c u r  b e f o r e  t h e  gy ro  becomes i n e f f e c t i v e .  

Some g y r o  mechanisms o p e r a t e  s o  a s  t o  keep a l l  t h e  a x e s  m u t u a l l y  

p e r p e n d i c u l a r .  I have  n o t  been a b l e  t o  d e v i s e  one s u i t a b l e  f o r  wave 

power a p p l i c a t i o n s .  We seem t o  be f o r c e d  i n t o  u s i n g  an a r r angemen t  

i n  which t h e  l a r g e s t  wave we can use d r i v e s  t h e  g y r o  t h r o u g h  i t s  

maximum p r e c e s s i o n  a n g l e  o f  Il r a d i a n s .  T h i s  i n t r o d u c e s  a  l i m i t  t o  

t h e  p r o d u c t  o f  t0rqu.e and t ime  i n  a d d i t i o n  t o  t h e  l i m i t s  t o  t o r q u e  

and power. 

F i g .  3 .  G y r o  b ~ l ~ n ~ i o u r  



L e t  u s  summarise t h e  p r o p e r t i e s  o f  t h e  g y r o  a s  f o l l o w s :  

S h a f t  A 

Torque  

F r e e  

L i g h t  damping ? 

S m a l l  i n e r t i a  

3 
S e r i e s  

Power = T W A A 

A p p l i c a t i o n  t o  wave e n e r g y  

S h a f t  B 

V e l o c i t y  

Locked 

Heavy damping 

La rge  i n e r t i a  

Large  s p r i n g  

P a r a l l e l  

The same power = T W 
B B 

There  a r e  two ways i n  which we c o u l d  have  u sed  g y r o s  f o r  t h e  

power c o n v e r s i o n  r e f e r e n c e .  The s i m p l e s t  one s k e t c h e d  i n  f i g .  3 

more f u l l y  d e s c r i b e d  i n  r e f e r e n c e  ( 2 ) ,  h a d  an  u n f o r s e e n  s n a g  which 

we d i s c o v e r e d  a f t e r  b u i l d i n g  an  a n a l o g u e  g y r o  s i m u l a t o r  and  

c o n n e c t i n g  i t  t o  a  model i n  a  nar row t a n k  w i t h  t o r q u e s ,  s p i n s ,  

damping and i n e r t i a s  , a l l  c o r r e c t l y  r e p r e s e n t e d .  T h i s  s i m p l e  d e s i g n  

u sed  p a i r s  of  g y r o s  w i t h  o p p o s i t e  s p i n  and mounted t h e  power 

c o n v e r s i o n  mechanism a b o u t  t h e  p r e c e s s i o n  a x i s .  We were  d e l i g h t e d  

w i t h  t h e  g a i n  ( o f  a b o u t  t h r e e )  be tween  t h e  a n g u l a r  v e l o c i t y  o f  t h e  

duck and t h e  p r e c e s s i o n  v e l o c i t y .  T h i s  g a i n  c o u l d  be  i n c r e a s e d  by 

t h e  e a s y  method of  r educ ing@.  



We d e s i g n e d  a  r i ng -cam pump a r o u n d  t h e  p r e c e s s i o n  a x i s .  Ring- 

cam pumps have  many a t t r a c t i v e  f e a t u r e s  f o r  s low s p e e d  h y d r a u l i c s .  

The cam shape  i s  shown i n  F i g .  4 .  

F i g .  4 r i n g - c a m  pump 

The pumps were  f i t t e d  w i t h  many r o l l e r  f o l l o w e r s  and v a r i a b l e  

d i s p l a c e m e n t  was a c h i e v e d  by e n a b l i n g  a  v a r y i n g  number o f  t h e  i n l e t  

v a l v e s .  The pump o u t p u t  f e d  two h igh - speed  a x i a l  p i s t o n  pump/motors 

d r i v i n g  e a c h  g y r o  d i s c  and  a n o t h e r  d r i v i n g  a synch ronous  e l e c t r i c a l  

g e n e r a t o r .  The motors  d r i v i n g  t h e  g y r o  d i s c  were  programmed t o  keep  

t h e  p r e s s u r e  i n  t h e  f e e d  l i n e  f rom t h e  r ing-cams t o  a chosen  v a l u e .  

I f ,  d u r i n g  a  b u r s t  o f  wave a c t i v i t y ,  t h e r e  was a  s u r p l u s  o f  ene rgy  t h e  

e x c e s s  was u sed  t o  i n c r e a s e  t h e  g y r o  d i s c  s p e e d  by a few rpm. I f  

t h e  r ing-cam o u t p u t  was e q u a l  t o  i t s  mean va lue  t h e n  t h e  swash 

p l a t e  i n s i d e  t h e  d i s c  d r ive -moto r s  moved t o  t h e  m i d - p o s i t i o n  s o  t h a t  

t hey  c o a s t e d .  But d u r i n g  a  l u l l  t h e  swash p l a t e s  moved t o  c o n v e r t  

t h e  a x i a l  p i s t o n  machines i n t o  pumps which drew ene rgy  from d i s c  

r o t a t i o n  and s o  m a i n t a i n e d  f u l l  g e n e r a t o r  o u t p u t .  The g y r o  d r i v e -  

motors  had  a l s o  t o  s u p p l y  t h e  ene rgy  l o s t  i n  t h e  g y r o  b e a r i n g s  and 

a s  d r a g  e x e r t e d  by t h e  r e s i d u a l  g a s e s  a round t h e  g y r o  d i s c .  These 

l o s s e s  a r e  a n e c e s s a r y  ove rhead  payment f o r  t h e  b e n e f i t  o f  g y r o s .  

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

power s t a t i o n s , w h i c h  have  ' house  l o a d s 1  o f  abou t  5% o f  f u l l  o u t p u t .  

With a  s t a b i l i s e d  p r e s s u r e  and t h e  very  l a r g e  r e s e r v e s  o f  ene rgy  

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

machine.  I t s  d r ive -moto r  was programmed t o  produce  a t o r q u e  

c o r r e s p o n d i n g  t o  t h e  r e q u i r e d  o u t p u t  c u r r e n t .  T h i s  meant t h a t  any 

amount o f  power w i t h i n  t h e  g e n e r a t o r  r a t i n g  c o u l d  b e  drawn f o r  s h o r t  

p e r i o d s .  The o n l y  r u l e  was t h a t  i f  t h e  amount t a k e n  exceeded  t h e  

wave i n p u t  we would g r a d u a l l y  s low t h e  g y r o  s p i n  and t h a t  i f  we drew 

l e s s ,  t h e  s p i n  s p e e d  would r i s e .  There  i s  an e x a c t  p a r a l l e l  w i t h  a  

c o n v e n t i o n a l  hyd ro  scheme d r a i n i n g  w a t e r  from a  r e s e r v o i r  f i l l e d  by 

a  r i v e r .  I ndeed  we cou ld  even  impor t  e n e r g y  from t h e  l a n d  and 

t h e r e b y  a c t  l i k e  a  pumped s t o r a g e  scheme.  



We c l a i m e d  t h e  f o l l o w i n g  a d v a n t a g e s :  

The re  was no  t o r q u e  r e a c t i o n  on t h e  s p i n e  s o  

t h a t  t h e  d u t y  r e q u i r e d  o f  i t  was r e d u c e d .  

The re  was a  u s e f u l  g a i n  i n  a n g u l a r  v e l o c i t y  

w i t h  a  c o r r e s p o n d i n g  r e d u c t i o n  i n  pump t o r q u e .  

The re  was a  v e r y  l a r g e  r e s e r v o i r  o f  s t o r e d  e n e r g y  

s o  t h a t  c o n s t a n t - v o l t a g e ,  synch ronous  g e n e r a t i o n  

was made p o s s i b l e .  T h i s  made p a r a l l e l  power 

c o l l e c t i o n  e a s y  and  a v o i d e d  t h e  l o s s e s  and  

expense  o f  r e c t i f i e r s  and  i n v e r t e r s .  

We c o u l d  b u i l d  an  o i l  c e n t r i f u g e  i n t o  t h e  g y r o  

s h a f t  and  s o  o b t a i n  u l t r a  c l e a n  work ing  

c o n d i t i o n s  w i t h o u t  t h e  p r e s s u r e  d r o p  o f  

c o n v e n t i o n a l  f i l t e r s .  

Most i m p o r t a n t  o f  a l l  was t h e  f a c t  t h a t  we h a d  

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

g e n e r a t i n g  equipment  from t h e  o u t s i d e  w o r l d .  

A l l  t h a t  emerges  from t h e  power c a n i s t e r  i s  

an  e l e c t r i c a l  c a b l e .  

r e a d e r  s e e  t h e  d i f f i c u l t y ?  

We h a d  measured  t h e  maximum i n p u t  a n g u l a r  v e l o c i t i e s  o f  ducks  

i n  a  comprehens ive  s e t  o f  t e s t s  i n  e x t r e m e  waves a n d  were  a b l e  t o  

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

would have  i n d u c e d .  They were h i g h  b u t  we t h o u g h t  t h a t  t h e y  were  

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

g y r o  a r r angemen t  managed t o  f i n d  a  way t o  move faster t h a n  t h o s e  

w i t h  no  power t a k e - o f f  a t  a l l .  I t  seemed t o  be  wave s t e e p n e s s  

r a t h e r  t h a n  wave a m p l i t u d e  t h a t  was t h e  c a u s e  o f  t h e  problem.  The 

a n a l o g u e  g y r o  t o l d  us  t h a t  f o r  a  ve ry  s m a l l  b u t  n e v e r t h e l e s s  

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

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

b e c a u s e  t h e  duck was moving t o o  f a s t .  Fu r the rmore  we r e a l i s e d  t h a t  

i f  f o r  any r e a s o n  we l o s t  p r e s s u r e  i n  t h e  p r e c e s s i o n  pump we would 

make T~ e q u a l  t o  z e r o .  Gyro a c t i o n  would t h e n  r e q u i r e  t h a t  t h e  

duck i n p u t  v e l o c i t y  would be  z e r o .  I f  t h e  waves d i d  n o t  s h a r e  t h i s  

o p i n i o n  we would have  a  n e a r l y  i r r e s i s t i b l e  f o r c e  m e e t i n g  a n  

immovable o b j e c t .  We were  f a i l i n g  t o  d a n g e r .  The whole emphas i s  

o f  duck s a f e t y  d e s i g n  h a s  a lways  been t o  i n c r e a s e  v e l o c i t y .  T h i s  

seemed now t o  be  i n  d i r e c t  c o n t r a d i c t i o n  t o  t h e  r e q u i r e m e n t s  o f  t h e  

f a s t  g y r o  b e a r i n g s .  

The o n l y  way o u t  o f  t h i s  impasse  was t o  add a  s econd  gymbal frame 



and p l a c e  t h e  power c o n v e r s i o n  mechanism on t h e  f r o n t  s i d e  o f  t h e  

gyro .  The g y r o s  a r e  a l l owed  t o  p r e c e s s  f r e e l y  t h e r e b y  l o c k i n g  

t h e  r o t a t i o n  o f  t h e  s econd  f rame.  The a r r angemen t  i s  s k e t c h e d  i n  

F i g .  5 .  T h e  s e c o n d  g y r o  a r r a n g e m e n t  

We l o s e  t h e  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  and  t h e r e b y  i n c r e a s e  

t h e  need  f o r  i n p u t  t o r q u e .  But i t  t u r n e d  o u t  t h a t  moving t h e  power 

t a k e - o f f  t o  t h e  o t h e r  s i d e  o f  t h e  gy ro  a l l o w s  much l a r g e r  r ing-cams 

t o  b e  f i t t e d .  The t o r q u e  deve loped  by a  r i ng -cam pump i s  

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

p r o v i d e  t h e  e x t r a  t o r q u e  r e q u i r e d .  The o t h e r  f o u r  a d v a n t a g e s  were 

r e t a i n e d .  We found t h a t  t h e  p i p i n g  t o  t h e  g y r o  d r i v e - m o t o r s  was 

more t o r t u o u s  b u t  t h a t  t h e  p i p i n g  t o  t.he g e n e r a t o r  was s h o r t e r .  I t  

was ve ry  c o m f o r t i n g  t o  know t h a t  by d i s e n a b l i n g  t h e  commands t o  t h e  

r ing-cam v a l v e - g e a r  we c o u l d  comple t e ly  d i s c o n n e c t  a l l  incoming power 

and g u a r a n t e e  t h e  s a f e t y  o f  t h e  g y r o  b e a r i n g s .  

The g y r o  ana logue  t a u g h t  us a n o t h e r  v a l u a b l e  l e s s o n .  Gyros 

d r i f t .  A c e n t r a l i s i n g  s p r i n g  te rm can  b e  added t o  oppose t h e  d r i f t  

b u t  t h i s  s p r i n g  can s e t  up o s c i l l a t i o n s .  Glen K e l l e r  d i s c o v e r e d  

t h a t  i t  i s  b e t t e r  t o  use  a  t e rm he c a l l e d  ' i n t e g r a l  o f  s p r i n g ' .  

T h i s  i s  l i k e  a  s p r i n g  which pushes  back a t  you h a r d e r  t h e  l o n g e r  you 

have  d e f l e c t e d  i t .  I t  h a s  t h e  same phase  a s  damping and i s  s p l e n d i d  



f o r  s t o p p i n g  d r i f t  w i t h o u t  s t a r t i n g  o s c i l l a t i o n s .  

Gyro B e a r i n g s  

The f u l l  power-convers ion  t o r q u e  o f  t h e  duck i s  s h a r e d  be tween 

f o u r  g y r o s .  I t  must p a s s  t h r o u g h  t h e  s low-speed  gymbal frame 

b e a r i n g s  and  t h e  h igh - speed  g y r o  s h a f t  b e a r i n g s .  The r a d i a l  f o r c e s  

i n d u c e d  by t h e s e  t o r q u e s  a r e  l a r g e .  I n  a d d i t i o n  t h e  b e a r i n g s  have  

t o  s u p p o r t  t h e  we igh t  o f  t h e  assembly  i n  w h a t e v e r  a t t i t u d e  t h e  duck 

may choose .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  f o r c e s  due t o  t h e s e  

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

due t o  a n g u l a r  v e l o c i t y .  The f o r c e  r a t i n g  o f  o u r  1 9 8 1  r e f e r e n c e  

d e s i g n  i s  170  t o n s .  

The d e s i g n  o f  t h e  s low b e a r i n g s  was n o t  d i f f i c u l t .  We have  a 
g u a r a n t e e d  s u p p l y  o f  h i g h - p r e s s u r e  o i l  and  t h e  c h o i c e  o f  h y d r o s t a t i c  

b e a r i n g  d e s i g n s  w a s  o b v i o u s .  

Le t  me g i v e  a b r i e f  r e m i n d e r  of  t h e  p r i n c i p l e s .  F i g .  6 
shows an a x i a l  view o f  a h y d r o s t a t i c  b e a r i n g  

F i g .  6 .  A c o n v e n t i o n a 2  

h y d r o s t a t i c  

b e a r i n g  

The i n n e r  p a r t  o f  t h e  b e a r i n g  i s  s u r r o u n d e d  by p o c k e t s  which a r e  

s u p p l i e d  w i t h  o i l  t h rough  an impedance from a s o u r c e  o f  h i g h  p r e s s u r e .  

I f  t h e  b e a r i n g  i s  un loaded  t h e  e s c a p e  c l e a r a n c e s  from a l l  

p o c k e t s  and t h e  p r e s s u r e s  i n  a l l  p o c k e t s  a r e  e q u a l .  There  i s  a  

p r e s s u r e  d rop  a c r o s s  each  impedance s o  t h a t  t h e  p r e s s u r e  i n  e a c h  

p o c k e t  i s  abou t  h a l f  t h e  s u p p l y  p r e s s u r e  o r  p e r h a p s  a  l i t t l e  more. 

The s u p p l y  impedance and t h e  e s c a p e  c l e a r a n c e  a r e  a c t i n g  l i k e  

r e s i s t o r s  i n  a  p o t e n t i a l  d i v i d e r .  

I f  a  l o a d  i s  a p p l i e d  t o  t h e  b e a r i n g  t h e  c e n t r a l  p a r t  moves 

c l o s e r  t o  one p o c k e t ,  c l o s i n g  t h e  e s c a p e  c l e a r a n c e  from t h a t  pocke t  

and open ing  t h e  c l e a r a n c e  on t h e  o t h e r  s i d e .  P r e s s u r e  r i s e s  on t h e  

l o a d e d  s i d e  and f a l l s  on t h e  un loaded  s i d e  s o  t h a t  a  r e s t o r i n g  f o r c e  



i s  produced t o  oppose t h e  load .  

H y d r o s t a t i c  b e a r i n g s  can t a k e  very  h i g h  loads .  They a r e  more 

compact t h a n  r o l l e r  b e a r i n g s  and not  much more expensive  t o  machine 

than p l a i n  b e a r i n g s .  They have been used f o r  many y e a r s  f o r  

a p p l i c a t i o n s  such a s  t e l e s c o p e  mountings and advanced machine t o o l s .  

If they  a r e  c o r r e c t l y  des igned  f o r  t h e  loads  invo lved  and i f  they  

a r e  con t inuous ly  s u p p l i e d  wi th  c lean  o i l  t h e r e  i s  never  any s o l i d -  

t o - s o l i d  c o n t a c t  and t h e i r  l i f e  i s  i n d e f i n i t e l y  long.  I b e l i e v e  

t h e i r  use would be more common were i t  n o t  f o r  t h e  t r o u b l e  of 

supp ly ing  a r e l i a b l e  s o u r c e  of  c l e a n  h igh-pressure  f l u i d ,  which ducks 

a l r e a d y  have.  

The d e s i g n  o f  t h e  f a s t  gyro b e a r i n g s  was a  good d e a l  h a r d e r .  

We cons ide red  r o l l i n g  element b e a r i n g s ,  a c t i v e  magnetic b e a r i n g s ,  

conven t iona l  hydrodynamic u n i t s  and f i n a l l y  h y d r o s t a t i c  ones.  The 

r o l l i n g  b e a r i n g  d e s i g n  was r e j e c t e d  becvase  our  c a l c u l a t i o n s  showed 

t h a t  i t s  l i f e  would be t o o  s h o r t .  Act ive  magnet ic  b e a r i n g s  can 
2 only  develop ' p r e s s u r e s '  of  about 0 . 5  N/mm (80 p s i )  and s o  we would 

need t o  n e s t  s e v e r a l  c o a x i a l  l a y e r s  t o  g e t  enough b e a r i n g  a r e a .  It 

seemed t h a t  t h e  weight and volume would be uncomfortably l a r g e .  We 

would a l s o  have t o  p rov ide  c o o l i n g  i n  the  evacua ted  gyro compartment 

and t h e  methods o f  d o i n g  t h i s  were j u s t  a s  awkward a s  any of  t h e  

h y d r o s t a t i c  b e a r i n g  d e s i g n s .  We t h e r e f o r e  r e j e c t e d  magnetic 

technology b u t  would r e c o n s i d e r  i t  f o r  a p p l i c a t i o n s  w i t h  much h i g h e r  

gyro speeds .  The hydrodynamic des igns  a l l  s u f f e r e d  very high energy 

l o s s e s .  We t h e r e f o r e  decided t o  use h y d r o s t a t i c  b e a r i n g s .  But i t  

i s  no t  c h i l d ' s  p l a y  t o  make a  b e a r i n g  fo , r  170 tons  a t  1500 rpm which 

does not  have a  very l a r g e  power d i s s i p a t i o n .  Our d e s i g n  i s  t h e  

work of  my co l l eague  Robert Clerk .  

There a r e  two sourc 'es of  energy l o s s  i n  a  h y d r o s t a t i c  b e a r i n g .  

The f i r s t  i s  t h e  v i scous  s h e a r  l o s s  i n  t h e  o i l  l a y e r  between t h e  two 

moving s u r f a c e s .  The second i s  t h e  leakage l o s s  which amounts t o  

t h e  p roduc t  o f  t h e  supply  p r e s s u r e  from t h e  pump and t h e  volume o f  

i t s  o u t p u t .  

Both s o u r c e s  o f  l o s s  f a l l  wi th  b e a r i n g  d iamete r .  We can 

ach ieve  a  s m a l l  d iamete r  by i n v e r t i n g  normal b e a r i n g  p r a c t i c e  and 

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

Fig .  7. 



Fig. 7. The  i n v e r t e d  c o n f i g u r a t i o n  

r e d u c e s  d i a m e t e r  

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

p o i n t  t h a t  i t  i s  n e a r l y  i n  d a n g e r  from b e n d i n g  moment f a i l u r e  a t  t h e  

. r o o t .  I t  might  b e  t h o u g h t  t h a t  b e n d i n g  t h e  c e n t r a l  s p i g o t  l i k e  a  

b a n a n a  would j a m  t h e  f i n e  c l e a r a n c e s  a r o u n d  i t .  I f  t h e  f o u r  p o c k e t s  

were  e q u a l l y  s i z e d  t h i s  would b e  s o .  But b e c a u s e  t h e  f o r c e s  a b o u t  

one a x i s  a r e  much g r e a t e r  t h a n  t h o s e  a b o u t  t h e  o t h e r  we can  r e -  

a r r a n g e  t h e  p o c k e t s  a s  i n  F i g .  8 .  

Fig. The new p o c k e t  

a r r a n g e m e n t  

T h i s  a l l o w s  400 mic rons  o f  d e f l e c t i o n  a t  t h e  t i p  o f  t h e  s p i g o t  

w i t h o u t  f o u l i n g  t h e  c l e a r a n c e s  o f  o n l y  25  microns .  

Most b e a r i n g s  work w i t h  h i g h e s t  e f f i c i e n c y  when t h e  s h e a r  l o s s e s  

and l e a k a g e  l o s s e s  a r e  e q u a l .  We found t h a t  o u r  f i r s t  s e l e c t i o n  o f  

l a n d  w i d t h s ,  c l e a r a n c e s  and v i s c o s i  t i e s  gave t o o  much s h e a r  and n o t  

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

t h e  match between t h e  two l o s s  s o u r c e s .  

F i n a l l y  we grudged t h e  energy  l o s t  a c r o s s  t h e  impedance f e e d i n g  

t h e  b e a r i n g  p o c k e t s .  Conven t iona l  p r a c t i c e  u s e s  f i x e d  impedances 

c o n s i s t i n g  o f  c a p i l l a r y  p a t h s  o r  o r i f i c e  p l a t e s .  I f  we cou ld  make 



t h e  impedances a d j u s t a b l e  we cou ld  s a v e  much o f  t h i s  l o s s .  The i d e a l  

a r r angemen t  would b e  t o  use  h i g h  v a l u e s  o f  impedance i n  t h e  unloaded  

c o n d i t i o n  s o  t h a t  pocke t  p r e s s u r e s  and  l e a k a g e  power a r e  low. When 

l o a d  i s  a p p l i e d  we would l i k e  t h e  impedance on t h e  l o a d e d  s i d e  t o  f a l l  

s o  t h a t  n e a r l y  t h e  f u l l  p r e s s u r e  can  b e  s u p p l i e d  t o  oppose  l o a d .  

The l e a k a g e  w i l l  n o t  b e  e x c e s s i v e  b e c a u s e  p o c k e t  e s c a p e  c l e a r a n c e s  

a r e  s m a l l .  We want t h e  impedance on t h e  un loaded  s i d e  t o  r i s e  s o  

t h a t  i t s  l e a k a g e  f low i s  r e d u c e d  and  no u n n e c e s s a r y  p o c k e t  p r e s s u r e s  

a r e  a i d i n g  t h e  l oad .  

F o r t u n a t e l y  we a l r e a d y  have  an a c c u r a t e  r e l i a b l e  measure o f  what 

t h e  g y r o  b e a r i n g  l o a d s  w i l l  b e .  They h a v e  a l l  come t h r o u g h  t h e  

s low h y d r o s t a t i c  b e a r i n g  on t h e  gymbal frame and i t s  p o c k e t  

p r e s s u r e s  can g i v e  an e x a c t  s i g n a l  o f  what  i s  g o i n g  on.  We can  use  

them t o  d r i v e  a  s l i d i n g  s p o o l  impedance c o n t r o l l i n g  t h e  f a s t  b e a r i n g s .  

T h i s  i d e a  a l l o w s  t h e  f a s t  b e a r i n g s  t o  u se  t h e  e n t i r e  r a n g e  o f  t h e i r  

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

d i s s i p a t i o n .  A t  f u l l  l o a d  and s p e e d  t h e  b e a r i n g  d i s s i p a t i o n  i s  

13.4 k i l o w a t t s .  Losses  s t e a d i l y  r educe  a t  lower  power l e v e l s  and 

we can a r r a n g e  f o r  a  summer e q u i v a l e n t  o f  h i b e r n a t i o n  i n  which 

e s s e n t i a l  l u b r i c a t i o n  s e r v i c e s  f o r  t h e  whole duck consume l e s s  t h a n  

one k i l o w a t t .  

R e l i a b i l i t y  

The B r i t i s h  wave ene rgy  programme i s  s u b j e c t e d  t o  a  r i g o r o u s  

p r o f e s s i o n a l  s c r u t i n y  by c o n s u l t a n t s  a c t i n g  f o r  t h e  Department  o f  

Energy.  T h e i r  s u c c e s s i v e  c o s t  e s t i m a t e s  p r o v i d e  an e x c e l l e n t  mark 

o f  p r o g r e s s .  The breakdown o f  c o s t s  h i g h l i g h t s  t h e  a r e a s  i n  which 

f u r t h e r  work i s  needed.  The e s t i m a t e s  o f  t h e  d e v i c e  teams a r e  n o t  

always i n  e x a c t  agreement  w i t h  t h o s e  o f  t h e  c o n s u l t a n t s  and t h e  

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

y e a r .  The b i g g e s t  s i n g l e  s u b j e c t  f o r  d i s a g r e e m e n t  i n  1981 was 

t h e  a s sumpt ion  made a b o u t  t h e  l o s s  o f  o u t p u t  due t o  i m p e r f e c t  

, r e l i a b i l i t y  and t h e  consequen t  n e c e s s a r y  expense  o f  ma in t enance .  

Were i t  n o t  f o r  t h e s e  two f a c t o r s  t h e  c o s t  o f  e l e c t r i c i t y  d e l i v e r e d  

t o  t h e  g r i d  by t h e  ducks o f  1981 would be  below t h e  c o s t  t o  domes t i c  

consumers on t h e  UK ma in l and .  I t  i s  still t o o  h i g h  t o  compete w i t h  

t h e  sent, out. cost. of' t l t i c ' t . r i c i t , y  t 'ronl r1t.w c o a l  p l a n t  and f a r  above 

t h e  c o s t  t o  consumers i n  Norway. Wait u n t i l  1991. C l e a r l y  we 

have t o  g i v e  t h e  q u e s t i o n  o f  r e l i a b i l i t y  a  ve ry  g r e a t  d e a l  o f  

a t t e n t i o n .  



It  may be  h e l p f u l  t o  draw up a  l i s t  o f  a l l  t h e  s o u r c e s  o f  s h o r t  

l i f e  and  bad  r e l i a b i l i t y .  

SOURCE OF PROBLEM 

H e a t ,  t h e r m a l  g r a d i e n t s  and  changes  

D i r t ,  d u s t ,  s l u d g e ,  g r i t ,  a s h  

I m p r e c i s e  knowledge o f  d u t y  r e q u i r e m e n t  

Chemica l  a t t a c k ,  c o r r o s i o n ,  oxygen,  ozone 

Animal a t t a c k ,  v e g e t a b l e  growths  

M i  c r o - b i o l o g i c a l  a c t i v i t y  

Neut ron  e m b r i t t l e m e n t ,  u l t r a  v i o l e t  r a d i a t i o n  

P r e s s u r e  t r a n s i e n t s  

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

H e a v i l y  l o a d e d  s o l i d - t o - s o l i d  moving c o n t a c t s  

Incompe ten t  i n s p e c t i o n  and ma in t enance  

S a l t  d e p o s i t s ,  i c e ,  snow, f r o s t  

C o n c r e t e  s p a l l i n g ,  r u s t  f l a k e s  

V i b r a t i o n ,  a c c e l e r a t i o n  
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We do n o t  b e l i e v e  t h a t  equipment  a t  s e a  i s  s u b j e c t e d  t o  

s u p e r n a t u r a l  emana t ions  i n d u c e d  by t h e  i n t e r a c t i o n  o f  cosmic r a y s  

and  w a t e r .  If some th ing  f a i l s ,  i t  does  s o  f o r  a n  i d e n t i f i a b l e  

p h y s i c a l  r e a s o n  which can  be  s t u d i e d  and remedied .  

Nea r ly  e v e r y  u n p l e a s a n t n e s s  i s  a b s e n t  from t h e  work ing  

c o n d i t i o n s  o f  duck power c a n i s t e r s .  We e n j o y  c o n s t a n t  t e m p e r a t u r e s ,  

u l t r a  c l e a n  working  c o n d i t i o n s ,  e x a c t  s p e c i f i c a t i o n s  o f  t h e  d u t y  and 

f reedom f rom chemica l  and b i o l o g i c a l  p rob lems .  We have  no a d i a b a t i c  

i c i n g  d i f f i c u l t i e s .  We a r e  f r e e  from t h e  m i n i s t r a t i o n s  o f  f i t t e r ' s  

mates .  Nea r ly  e v e r y  b e a r i n g  u s e s  f u l l  h y d r o s t a t i c  l u b r i c a t i o n .  

Where t h i s  h a s  n o t  been  p o s s i b l e ,  i n  p a r t i c u l a r  i n  t h e  c o n t a c t  between 

t h e  r ing-cam and i t s  r o l l e r s ,  we can compare o u r  r e q u i r e m e n t s  w i t h  

t h o s e  o f  r o l l i n g  b e a r i n g s  and r a i l w a y  w h e e l s .  H e r t z i a n  s t r e s s  

c a l c u l a t i o n s  show t h a t  90% o f  o u r  r o l l e r s  w i l l  l as t  f o r  a  hundred  

y e a r s  and we can p e n s i o n  o f f  t h o s e  t h a t  do n o t .  If we compare o u r  

poppe t  v a l v e s  w i t h  t h o s e  o f  d i e s e l  e n g i n e s  i n  heavy goods v e h i c l e s  

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

c r y o - f l a s k s ,  we g e t  s i m i l a r l y  e n c o u r a g i n g  c o n c l u s i o n s .  Our main 

s t r e s s o r s  a r e  t h e  h i g h  f r equency  v i b r a t i o n  from t h e  s p i n  o f  g y r o  

d i s c s  and g e n e r a t o r  r o t o r s  and t h e  low f r equency  a c c e l e r a t i o n s  from 

wave a c t i o n .  We must b a l a n c e  o u r  r o t a t i n g  machinery s u f f i c i e n t l y  



w e l l  t o  remove t h i s  h a z a r d .  We can  do n o t h i n g  a b o u t  t h e  s e a  mo t ions  

s o  duck equipment  must s t a n d  up t o  a c c e l e r a t i o n s  a t  t h e  wave s p e c t r u m  

which we e s t i m a t e  a t  + 1 .5g .  I t  t u r n s  o u t  t h a t  t h e  s t r e s s e s  i n d u c e d  

i n  t h e  machinery  by t h e s e  a c c e l e r a t i o n s  a r e  f a r  below t h o s e  a s s o c i a t e d  

w i t h  u s e f u l  g y r o s c o p i c  e f f e c t s .  The o n l y  t e chn icaZ  o b j e c t i o n  we 

have  s o  f a r  r e c e i v e d  f rom r e l i a b i l i t y  e x p e r t s  i s  t h a t  t h e  n u t s  w i l l  

a lways  come l o o s e .  We would welcome f u r t h e r  t e c h n i c a l  c r i t i c i s m  o f  

a p r e c i s e ,  n u m e r i c a l ,  t e s t a b l e  n a t u r e  f rom p a r t i c i p a n t s  a t  t h i s  

c o n f e r e n c e .  

Conc lus ion  

Gyros c a n  be  u sed  t o  p r o v i d e  a  r e f e r e n c e  f rame f o r  t h e  t o r q u e  

i n p u t s  t o  a  wave e n e r g y  d e v i c e .  They o f f e r  a d v a n t a g e s  i n  r emov ing  

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

h e r m e t i c  i s o l a t i o n  o f  t h e  e n t i r e  power c a n i s t e r  f rom t h e  o u t s i d e  

wor ld .  I n t e r n a l  work ing  c o n d i t i o n s  a r e  s o  v e r y  good t h a t  i t  seems 

wrong t o  a p p l y  r e l i a b i l i t y  p r e d i c t i o n s  b a s e d  on e x p e r i e n c e  w i t h  

no rma l  exposed  mar ine  a p p l i c a t i o n s .  Cos t  of  t h e  g y r o  mechanism c a n  

be  j u s t i f i e d  by t h e  v a l u e  o f  e n e r g y  s t o r a g e  a t  t h e  f r o n t  o f  t h e  power 

t r a i n  and  t h e  consequen t  p o s s i b i l i t y  o f  synch ronous  g e n e r a t i o n  and 

t r a n s m i s s i o n  a t  mean r a t h e r  t h a n  peak  l e v e l s .  
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