
THE SOLO DUCK 

In t roduc t ion  

One of t he  c r i t e r i a  used t o  screen  t h e  many proposa ls  f o r  new sources  

o f  energy which were made i n  1973 w a s  t h e  s i z e  of t h e  u l t ima te  resource.  

Any i d e a  which could supply l e s s  thaii a  few p e r  cent  of n a t i o n a l  consumption 

was pena l i s ed  i n  consequence. A c e n t r a l  f e a t u r e  of duck philosophy has 

always been t h a t  t he  use of t he  sea-space must be maximised. The e n t i r e  

emphasis was on U.K. mainland use and the  spine-mounted te rmina tor  was the  

r e s u l t .  

This  no te  desc r ibes  a  device  which i s  in tended  a s  a  p recu r so r  of  t he  

u l t ima te  duck s t r i n g .  I t  may be used f o r  i s l a n d  s i t e s  a t  an e a r l y  da t e .  I t  

w i l l  g ive  us experience of  gyro ope ra t ion  and sea-bed at tachments  and a t t ack  

t h e  markets a t  p r e s e n t  supp l i ed  by d i e s e l  genera t ion .  

Reference Frames 

The very f i r s t  ducks needed a  mounting wi th  s t i f f n e s s  and s t r e n g t h  i n  

both  t o r s i o n  and t r a n s l a t i o n .  The requirement f o r  t o r s i o n  was removed by t h e  

i n t r o d u c t i o n  of gyros. The requirement f o r  t r a n s l a t i o n  suppor t  was modified 

when it was discovered t h a t  moderate compliance helped performance by c a n c e l l a t i o n  

of t he  backward wave. This  was achieved i n  l a t e r  ducks by t h e  d e l i b e r a t e  

genera t ion  of  an ' un-wave' through c o n t r o l l e d  movements o f  t h e  s t e r n .  We now 

understand t h e  need f o r  both asymmetry and the  a d d i t i o n a l  degrees of freedom. 

The new s o l o  duck can r e t a i n  gyros f o r  i t s  t o r s i o n  r e a c t i o n  b u t  

we a re  a l s o  cons ider ing  an i n f e r i o r  non-gyro s o l o  u n i t  f o r  use i n  t h e  

event  t h a t  ou r  zero maintenance philosophy i s  thought  t o  be impossible .  

The e n t i r e  gyro design s t a y s  e x a c t l y  a s  i n  t h e  1981 re ference  des ign .  

However the  t r a n s l a t i o n  r e a c t i o n  i s  obta ined  through tens ion  l e g  rodes 



a t t ached  t o  p i l e s  i n  the  sea-bed. These rodes a r e  i n  t h e  form of f l a t  

t apes  wrapped around bosses  on t h e  a x i a l  ends of t he  duck. (See F ig  1.) 

The duck and i t s  s e c t i o n  of  sp ine  a r e  fused toge the r  i n  a  s i n g l e  body. 

E l e c t r i c a l  r ibbon cab le s  run along one ( o r  two) o f  t he  t apes  t o  r i g i d  

cable  on t h e  sea-bed. The buoyancy margin of t he  duck induces a  very 

l a r g e  p re t ens ion  i n  t he  t apes .  On no account must t h i s  tens ion  eve r  

go t o  zero  and s o  i t s  va lue  must be very c a r e f u l l y  considered.  

F i g  I .  A solo duck w i t h  tension legs. 

We can a d j u s t  t h e  hub depth  t o  s u i t  t i d a l  v a r i a t i o n  o r  d i f f e r e n t  wave 

s p e c t r a  by g radua l  r o t a t i o n  of  t h e  boss .  Although t h i s  w i l l  r e q u i r e  an 

extremely h igh  torque  (2400 ton  met res )  i t  i s  a very slow movement and so 

i t s  s e a l i n g  requirements  should be  e a s i e r  than those  f o r  a  power take-off 

s h a f t .  This  mechanism could a l s o  e a s e  i n s t a l l a t i o n  and even allow an 

emergency over load  r e l e a s e  f o r  very r a r e ,  once-in-a- l i fe t ime use. 

The way i n  which t h e  t a p e s  a r e  wrapped around the  boss  g ives  the  des igner  

a  powerful c o n t r o l  over t h e  t r a n s l a t i o n s  which r e s u l t  from r o t a t i o n .  



I f ,  as  i n  Fig 2 ,  we have a  s ingle  tape wrapped round a  boss and impose 

a  pa r t i cu l a r  d i rect ion of ro ta t ion ,  we w i l l  induce t rans la t ion  along the l i ne  

of zhe tape i n  e i t h e r  d i rec t ion  according t o  the po l a r i t y  of the wrap r e l a t i ve  

t o  the boss ro ta t ion.  

Fig 2. Rotation induced translat ions .  

Translat ions a t  r i g h t  angles t o  the  tape are not  of course defined. I f ,  a s  i n  

Fig 3 ,  a  second tape i s  added, t h i s  degree of freedom i s  removed. There are 

four poss ible  ways f o r  the  body t o  t r an s l a t e .  

Fig 3. The four possible movements. 



The magnitude of the  t r a n s l a t i o n  i s  equal t o  the  product of nod angle 

and boss radius.  I t  follows t h a t  by proper choice of boss diameter and wrap 

p o l a r i t y  we can chose both the  magnitude and d i rec t ion  of the  body t r a n s l a t i o n  

induced by ro ta t ion .  We can use t h i s  t o  reduce ( o r  increase)  the  e f f e c t  of 

rode extension. The bosses f o r  the  a f t  rodes do not  have t o  be the  same 

diameter a s  those f o r  the  forward ones. 

We do n o t  need t o  have the  bosses concentr ic  with curvature of  the  s t e rn .  

Nor does the  s t e r n  have t o  be exac t ly  round. There are  therefore  severa l  

poss ib le  ' un-wave' generat ing mechanisms. Furthermore, there  i s  a  p a r t i c u l a r l y  

f a sc ina t ing  p o s s i b i l i t y  of the  exp lo i t a t ion  of bosses. We can make a  so lo  duck 

behave a s  i f  i t s  mounting showed the  phenomenon of negative compliance. Some 

t y p i c a l  e f f i c i e n c y  contours of a  compliance diagram (see  pp 4.12 of our 1978 

r epor t )  a r e  shown i n  Fig 4. 

Fig 4. Efficiencg contours i n  the compliance plane. 



The p o i n t  A i s  of  high compliance i n  t h e  heave d i r e c t i o n .  A t  p o i n t  B t h e  

heave compliance i s  c lose  t o  zero.  With boss-induced t r a n s l a t i o n s  we can 

a l s o  cons ider  working a t  p o i n t  C where t h e  duck t r a n s l a t i o n s  a r e  i n  t h e  

oppos i te  d i r e c t i o n  t o  t he  app l i ed  fo rce .  I t  i s  reasonable t o  suppose t h a t  

t h e  contours  of e f f i c i e n c y  may be something l i k e  those sketched '  i n  F ig  5. 

Fig 5. A possible map o f  the uncharted compliance p l u m .  



Alternat ive ly ,  i f  there  i s  a  s u f f i c i e n t  buoyancy margin t o  maintain an upward 

b i a s  we can move even f u r t h e r  beyond po in t  A. Some careful  experimental work 

w i l l  be needed t o  decide which course i s  bes t .  But c l e a r l y  we should be 

q u i t e  ashamed i f  we cannot use those powerful design t o o l s  t o  generate the  

co r rec t  unwave f o r  the  c e n t r a l  p a r t s  of the  spectrum and thereby equal the  

performance of spine-mounted ducks. 

* 
There i s  some experimental evidence from the  work of Biscegl ia  a t  M.I.T. 

t h a t  s i n g l e  ducks i n  wide tanks can achieve capture widths up t o  1.85. 

This i s  well  supported by the  t h e o r e t i c a l  work of David Evans on po in t  

absorbers. I t  would not  be s u r p r i s i n g  i f  so lo  ducks can improve on t h e  

output  of  spine-mounted vers ions  by about 50%. Nevertheless I propose t h a t  

our  f i r s t  c o s t  es t imates  should be based on the  assumption t h a t  they only 

equal t h e  performance of the  cu r ren t  14 metre design. 

Water Depth 

Solo ducks have t o  pay a  higher proport ion of  t h e i r  cos t  f o r  rodes and 

power cable than do long spine-mounted ones. This suggests t h a t  we should 
0 

move i n t o  shallower water.  The p rov i s iona l  f igure  is  50 metres so  t h a t  45 

rodes would be about 70 metres long. S i t e s  with deep water close t o  shore 

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

Hydrodynamic Requirements 

We need a  shape which has moderate-to-large nod torque e x c i t a t i o n  without 

excessive force c o e f f i c i e n t s  i n  t h e  o the r  d i rec t ions .  The wealth of  t h e o r e t i c a l  

and experimental da ta  ava i l ab le  suggests  t h a t  an approximate e l l i p s o i d  with 

the  water l ine  length  of a 14 metre duck b u t  the  s t e r n  diameter of a  12 metre 

one w i l l  be c o r r e c t  f o r  N.E.  A t l a n t i c  condit ions.  

* Bisceg l i a ,  S .  V . ,  M.Sc. d i s s e r t a t i o n ,  M . I . T . ,  June  1978. 

"Economic F e a s i b i l i t y  of Cam-Type Wave Power Generators" . 



C i v i l  eng inee r s  do n o t  l i k e  s h u t t e r i n g  wi th  double curva ture  and so  the  

e l l i p s o i d  shape i s  approximated by c i r c u l a r  c y l i n d r i c a l  s e c t i o n s .  

We a r e  us ing  the  bulbous f r o n t  and h igh  f reeboard  of D0027 which 

main ta ins  l i n e a r i t y  up t o  l a r g e r  waves than D0019. The very  s o f t  co rne r s  

of the  e l l i p s o i d  should reduce f l u i d  load ing  i n  extreme condi t ions .  

The f i r s t  design value of  t h e  width i n s i d e  bosses  i s  37 metres.  

However t h e  experience o f  McAlpine w i t h  t h e  Evans' cy l inde r  sugges ts  t h a t  

perhaps t h i s  should be increased .  The dec i s ion  depends on whether t h e  e x t r a  

f l u i d  loading  can be taken by t h e  rodes o r  reduced by t h e  s o f t  corners .  I am 

su re  t h a t  a s  ou r  confidence i n  t ape  performance i n c r e a s e s  we w i l l  move towards 

wider u n i t s .  

The e f f e c t s  of i nc reas ing  width w i l l  be:- 

1. Power w i l l  i nc rease  a t  s l i g h t l y  l e s s  than t h e  inc rease  i n  width 

because point-absorber  e f f e c t s  a r e  s l i g h t l y  reduced. 

2. Rode t ens ions  w i l l  i n c r e a s e  d i r e c t l y .  

3. Sway motions w i l l  reduce,  probably d i r e c t l y ,  because t h e  same o r  

s l i g h t l y  reduced f l u i d  loading  w i l l  be a c t i n g  on a l a r g e r  i n e r t i a .  

4. S t r u c t u r e  c o s t s  w i l l  r i s e  l e s s  r a p i d l y  than the  inc rease  i n  l eng th  

because the  middle i s  cheaper  than t h e  ends. However . . 
5. Bending moments i n  t h e  c e n t r a l  s e c t i o n  w i l l  become l a r g e r .  We have 

a superb shape f o r  r e s i s t i n g  them and we should be us ing  t h i s  f a c t  

t o  a comfortable l i m i t .  

6 .  R e l i a b i l i t y  w i l l  improve because more gyro c a n i s t e r s  can be added. 

7. Performance i n  sho r t - c r e s t ed  s e a s  w i l l  f a l l  a s  coherence ac ros s  

t he  f r o n t  is reduced. We probably have some way t o  go be fo re  t h i s  

i s  se r ious .  

A l l  t he se  e f f e c t s  r equ i r e  c a r e f u l  harmonising of  d a t a  on wave c l imate ,  tank 

behabiour and c i v i l  cons t ruc t ion  cos t s .  



C i v i l  Construct ion 

The bosses  w i l l  be  made from s t e e l  cy l inde r s  which can provide admirable 

attachment p o i n t s  f o r  pos t - tens ioning  wires .  These should be i n  two l a y e r s  

wi th  opposed h e l i c a l  r o t a t i o n  running along geodesic  l i n e s  from one boss  t o  

t h e  o t h e r  i n s i d e  t h e  concre te  sk in .  This  p u t s  t h e  e n t i r e  s h e l l  i n t o  b i a x i a l  

compression and provides  an extremely e f f i c i e n t  s t r u c t u r e .  A s t r o n g  man can 
* 

n o t  break a  h e n ' s  egg by palm p res su re  along the  major ax i s .  

The Rodes 

We have enough t e s t  d a t a  on convent ional  ducks and the  Evans Cylinder  

t o  give a  good e s t ima te  of what t h e  rode fo rces  w i l l  be.  In  comparison t o  

the  mooring requirements  of very long sp ines  t hese  fo rces  a r e  enormous. But 

t h e  work o f  t h e  McAlpine team and Du Pont '  S development of Kevlar have given 

me much more confidence i n  t h e  engineer ing  of  high load  connect ions t o  the  

sea-bed. The i n i t i a l  e s t i m a t e  i s  t h a t  a  mean t ens ion  f o r  each rode w i l l  be 

600 tons  wi th  an u l t i m a t e ,  once i n  50 y e a r ,  duty o f  1600 tons .  There a r e  a  

number of mechanisms which could al low t h i s  peak value t o  be reduced b u t  i t  

i s  n o t  c l e a r  whether they  w i l l  be cheaper than p u t t i n g  i n  more Kevlar.  

The t ape  must be wrapped and unwrapped many times round a  boss  without  

being damaged by bending f a t i g u e .  This  i s  why we use a  t h i n ,  f l a t  tape 

r a t h e r  than  a  round rope. The requirement i s  d i f f i c u l t  b u t  t he  s p e c i f i c a t i o n  

i s  e x a c t l y  de f ined  and r i g  t e s t i n g  o f  s h o r t ,  narrow samples no t  very  expensive. 

Quite  a p a r t  from i t s  remarkable t e n s i l e  p r o p e r t i e s  ( U .  T.S. i s  

2.65 X 10' ~ / m ~ )  , Kevlar i s  unusual i n  t h a t  i ts  p r i c e  has  fallen by 20% 

over  t h e  l a s t  f i v e  y e a r s  when n e a r l y  eve ry th ing  e l s e  has  r i s e n  by a  f a c t o r  

of two. A s  Du Pont recover  more o f  t h e i r  research  investment  and a s  t h e i r  

p a t e n t s  reach t h e  end of t h e i r  l i f e  we can expec t  t h i s  t r end  t o  acce l e ra t e .  

The c o s t  of  l a r g e  Kevlar rodes was quoted on p .  A-11 of  WESC 78 P14 a s  

£0.3 p e r  tonne metre.  This  i s  confirmed by a  check on t h e  1982 r e t a i l  p r i c e  

k uncracked, f ree-range eggs only  



of a  s i n g l e  25 tonne crane s l i n g  a t  £0.50 p e r  tonne metre.  p o l y e s t e r  p a r a f i l  

i s  quoted a t  £0.17 - j u s t  over  h a l f  t h e  Kevlar cos t .  Kevlar i s  probably 

s u p e r i o r  f o r  bending and w e  can expec t  t h e  r a t i o  t o  c l o s e  i n  f u t u r e .  

S t e e l  w i r e s  c o s t  on ly  £0.06 p e r  tonne metre b u t  could n o t  wi ths tand  t h e  

bending around t h e  drum. W e  have t o  dec ide  whether o r  n o t  t o  t ake  t he  t apes  

a l l  t h e  way t o  t h e  s e a  bed o r  r i s k  t h e  u n r e l i a b i l i t y  o f  an e x t r a  s p l i c e  t o  

a  s t e e l  w i r e .  The i n f e r i o r  performance of  s t e e l  i n  f a t i g u e  sugges t s  t h a t  we 

should pay f o r  Kevlar  a l l  t h e  way and hope t h a t  i t s  c o s t  r educ t ions  cont inue.  

Tape S p e c i f i c a t i o n s  

Forward 

S lope 45O 

Length 70 m 

Width 1 1500 mm 
) of  Kevlar  

Thickness) 8  mm 

Boss d iameter  4000 mm 

Me an t ens ion  600 tonne 

Ult imate  (20m wave) 1600 tonne 

A f t  

45O 

70 m 

850 mm 

8 mm 

4000 mm 

600 tonne 

900 tonne 

T o t a l  tonne metre product  

( i nc lud ing  s i d e  rodes)  350,000 

Terminations 

I am advised t h a t  i n  a l l  t h e  exper ience  of  t h e  o i l  i n d u s t r y  i n  t h e  

North Sea none of t h e  many mooring f a i l u r e s  has  occur red  by t h e  breaking  of 

a  rode. The problems a r e  always a t  t he  te rmina t ions .  The p r o p e r t i e s  o f  

Kevlar a r e  s o  remarkable t h a t  ach iev ing  a  s a t i s f a c t o r y  te rmina t ion  w i l l  be 





even more d i f f i c u l t  than previously.  One th ing  i s  ce r t a in :  we cannot 

sn ip  a length of rode from a c o i l  and hope t o  s t a p l e ,  crimp o r  glue some 

kind of end p iece  t o  it. 

I t  would be very n ice  n o t  t o  have terminations.  There a r e  two ways 

i n  which t h i s  may be achieved. Both involve dedicated manufacture of a 

p a r t i c u l a r  length i n  the  fac tory .  The f i r s t  i s  t o  make a double length of 

endless b e l t .  However we must beware of in te r - l aye r  abrasion where the  two 

b e l t s  a re  wrapped around the  drum. 

In a second, p re fe r red ,  approach, the  yarn i s  arranged i n  a boustrophedral 

constant  tension l ay  many times back and f o r t h  around a p a t t e r n  of end p ins  

passing through terminating p l a t e s .  Material  from f r e s h  bobbins i s  progress- 

i v e l y  twis ted  i n  with those bobbins which a re  p a r t l y  used. The e n t i r e  

assembly i s  sandwiched ins ide  l aye r s  of polyurethane. Fig 6 shows end d e t a i l s .  

Both methods demand reasonably accurate knowledge of the  intended water 

depth . 

P i l e  Design 

The use of a non-yielding attachment t o  the  sea  bed runs counter t o  a l l  

previous duck philosophy. I f  we a re  t o  break with t r a d i t i o n  we must do so 

with extreme caution. 

The proposed p i l e  design e x p l o i t s  the  e x c e l l e n t  compressive s t r eng th  of 

Lewissian Gneiss. Al ternat ive  designs f o r  sand, gravel  and mud beds a re  being 

considered. The values quoted i n  the  following descr ip t ion  are  f o r  the  forward 

p i l e  r a t e d  a t  1600 tons. 

A s ing le  v e r t i c a l  hole 200 mm diameter by 25  metres deep i s  d r i l l e d  f o r  

each p i l e .  An explosive charge i s  lowered 6 metres down the  hole and 

detonated t o  produce a conica l  c r a t e r  j u s t  over 7 metres i n  diameter.  The 

fragments of debr is  remaining a re  a i r  f i l t e r e d  away. 



Fig 7 .  The piLe head 



The pile-head cons i s t s  of a s tack  of 5 t rapezoidal  sheets  of s t e e l  with 

in te r l eaved  spacing p l a t e s .  They a re  bent  and welded as  shown i n  Fig  7 t o  

produce a f r a c t i o n  of a cone with i n t e r n a l  r a d i a l  webs and a s e r i e s  of  holes f o r  

a shackle p in  o f f s e t  a l i t t l e  from the  centre.  

S i x  65 mrndiameter r e in fo rc ing  b a r s  a re  passed between the  p l a t e s  and the  

assembly is  placed i n  the  c r a t e r .  Grout i s  pumped t o  the  bottom of the  hole 

so  a s  t o  r i s e  t o  the l i p  of the  c r a t e r  b u t  rubber s leeving prevents  the  grout  

engaging the  b a r s  f o r  the  upper of t h e i r  length. The v i c i n i t y  of  the  

shackle p in  and the  post- tensioning threads i s  a l s o  protec ted .  The pro- 

t e c t i o n  device can provide moulding f o r  reference p o i n t s  f o r  any handling 

a ids .  The most obvious of these  i s  a "vee block" trough i n  l i n e  with the  

shackle-pin holes.  After  the  grout  has cured, the  ba r s  are  tensioned t o  

200 tons each. This  tens ion w i l l  be constant  so t h a t  f a t igue  w i l l  no t  occur. 

The s t e e l  tendons a r e  protec ted  from corrosion by the  a lka l ine  grout .  

The ind iv idua l  tendons of  the  Kevlar are  separated i n t o  f i v e  groups 

which a r e  terminated between s i x  s t e e l  p l a t e s .  These i n t e r l e a v e  with the  

f i v e  p l a t e s  of  the  pile-head and a r e  secured by the  p in  through the  e n t i r e  

s tack .  Because we have a t en fo ld  shear  the  p i n  diameter i s  q u i t e  moderate - 
about 120 mm. Both i t  and the  post- tensioning nuts  can be f u l l y  immersed i n  

high-density grease.  

This pile-head design uses about 9 tons  of  s t e e l  p l a t e  and 4 tons of 

post- tensioning bar .  A t  the  s tandard r a t e s  of the  Consultants '  Working 

Paper No 36 t h i s  amounts t o  £16,500 f o r  the  two forward pile-heads. 

The reduction i n  cos t s  r e l a t i v e  t o  those of  WESC 82 MA 135 is  the  

r e s u l t  o f  the  appl ica t ion  of post- tensioning techniques. S imi lar  r a t i o s  

can be achieved where post- tensioning replaces  reinforcement i n  concrete. 

Even though t h e  force  r a t i n g  i s  four  times g r e a t e r  the  weight of s t e e l  i s  

reduced by a f a c t o r  of near ly  th ree  r e s u l t i n g  i n  propor t ional  savings i n  

cranage and vesse l  cos t s .  Note too  t h a t  a l l  welds a r e  i n  compression and 

a l l  the s t e e l i s w o r k i n g  comfortably hard. Only a s ing le  rock hole i s  d r i l l e d  

ins tead  of the  fourteen holes of the  Wimpey design. 



Summary of Pros and Cons Relative t o  the Long-Spine Ducks 

I tem Remarks 

Separate Spine Removed 

Spine generation 

J o i n t s  

Removed 

Spine power co l l ec t ion  

Radial duck-to-spine bearing 

Axial duck-to-spine bearing 

Removed 

Removed 

Removed 

Removed 

J o i n t  rams Removed 

Skin Tota l ly  convex - good f o r  concrete 
s h e l l s  r e s i s t i n g  ex te rna l  pressures.  
cf .  eggs? 

Ba l las t ing  Large buoyancy surplus.  Greater 
freedom t o  adjus t  values of i n e r t i a  
and centre of gravity.  

Usable i n t e r n a l  volume Increased by a t  l e a s t  two 

Weight Reduced because of tension legs - 
saving i s  % 1700 tons 

Surface area  and shu t te r ing  Nearly halved 

Gyro can i s t e r  

E l e c t r i c a l  cable spools 

Size 

Unchanged 

Removed 

Could be made smaller without r i sk  of 
weight penalty 



Damping coef f ic ien t  

Torque l i m i t  

Work l i m i t  

Power l i m i t  ( f o r  the same 
torque and work l i m i t s )  

Water depth 

Distance from shore 

Section moment 

Concrete s t r e s se s  

Mooring forces 

Use of sea f ron t  

Hydrodynamic design 

Efficiency 

132 kV d i s t r i bu t i on  

Power col lect ion costs  

Remarks 

Reduced because of point  absorber 
e f f e c t s  

Unchanged 

Unchanged 

Increased o r  l e f t  the same with 
b e t t e r  duty fac tor  

Reduced 

Reduced 

Increased 

Lower than old spines,  higher than 
old ducks 

Much bigger and more variable 

Much worse 

More in te res t ing  

Possibly 50% higher because of point  
absorber e f f e c t s  

Unnecessary for  loca l  use 

Higher 



The Snags 

There i s  a well-known phenomenon i n  wave energy known a s  f i r s t - s i g h t  

i n f a t u a t i o n  which makes t h e  newest device ,  about which l e a s t  i s  known, 

appear t h e  most a t t r a c t i v e .  ( I t  should n o t  be f o r  me t o  sugges t  t h a t  t h e  

o l d e s t  device about which most i s  known should be our  r e a l  true-love.) The 

snags do n o t  appear u n t i l  t h e  models a r e  i n  t h e  tank and RPT begin t h e i r  

work. From then  on it i s  a r ace  between RPT th ink ing  of n a s t y  problems and 

the  device teams th ink ing  of  s o l u t i o n s .  I w i l l  now pause t o  g ive  t h e  reader  

t h e  chance t o  i d e n t i f y  t h e  f i r s t  major problem. 



Snag 1 

F i g  8. Says it a l l .  

The t a p e s  w i l l  work sp l end id ly  i n  a  narrow tank. Small models w i l l  look 

convincing i n  a  m u l t i - d i r e c t i o n a l  mixed sea .  But t h e  g e n t l e  s c u f f i n g  of a  

co t ton  th read  on t h e  f l anges  of  i t s  r e e l  becomes a  major problem when s c a l e  

i s  inc reased  and t h e  t ens ion  i s  a  thousand tons.  We have t o  work o u t  what 

happens when t h e  s o l o  duck sways. 

The f i r s t  ques t ion  t o  ask i s  how b i g  t h e  amounts w i l l  be.  The news 

from McAlpines i s  encouraging. The i r  cy l inde r s  do n o t  sway no t i ceab ly  i n  

o rd ina ry  mul t i -d i r ec t iona l  s eas .  When very l a r g e  seas  approach from l a r g e  

angles  t o  t he  normal they p r e d i c t  a  maximum excursion of  5 metres.  I f  our  



Fig 3. SphericaZ bosses t o  prevent damage due t o  sway 



0 
rodes a re  70 metres long,  the  tapes  w i l l  have t o  move through an angle of 4.1 . 
Although t h i s  seems a small angle,  and s ide  rodes could reduce i t ,  we must 

no t  allow any chafing a t  the  junction of boss and tape.  
I 

The only c e r t a i n  escape i s  t o  provide a separa te  tape drum with spher i ca l  

"swash" freedom but  t o r s i o n a l  r e s t r a i n t  on the  outs ide  of the  boss. This 

spher i ca l  motion could be provided by elastomeric bearings i n  shear .  But a s  

the  motion allows f u l l  s e a l i n g  with g a i t e r  bellows, and a s  we are  keen t o  

respond t o  the  very lowest per turbing force, it seems t h a t  hydros ta t i c  bearings 

w i l l  be more s u i t a b l e .  A t  1600 tons  the  pocket pressure  w i l l  be  l e s s  than 

400 p s i .  I t  i s  important t o  remember t h a t  the amount of motion i s  very small.  

Although it i s  tempting t o  use the  high-pressure o i l  suppl ies  ins ide  the  

power c a n i s t e r  and although the  s p h e r i c a l  bearing can operate i n  vacuum- 

s t r ipped  condit ions w e  be l i eve  t h a t  t h e  s a n c t i t y  of the  power c a n i s t e r  should 

no t  be r i sked.  A separa te  o i l  system with high-viscosi ty o i l  powered from 

the e l e c t r i c a l  o u t l e t  should be used. A sec t ion  of the  assembly drawn a t  

i t s  maximum o f f s e t  is  shown i n  F i g g .  

I am su re  t h a t  it is  r i g h t  t o  spend a g r e a t  dea l  of design e f f o r t  and 

money on nursing the  tape-to-drum i n t e r f a c e .  A s a t i s f a c t o r y  mechanism t o  

l i m i t  sway, o r  t o  allow sway t o  occur without tape damage, w i l l  allow us t o  

reduce water depth. This w i l l  save a g r e a t  deal  of money on Kevlar,  rodes 

and e l e c t r i c  cable .  Side rodes seem t o  be the  most obvious choice and t h e i r  

cos t s  a r e  allowed f o r  i n  the  es t imates .  Fortunately r e f r a c t i o n  i n  shallow 

water w i l l  make the  waves approach from angles c lose r  t o  the  f r o n t  and thereby 

reduce the  sway-exciting forces .  

We need n o t  be s o  concerned about yaw and r o l l  because these  motions 

a r e  r e s i s t e d  by the  rodes. Furthermore it is poss ib le  t o  arrange t h a t  both 

these modes a r e  damped (and t h a t  energy i s  ex t rac ted  by gyro a c t i o n ) .  

Snag 2 

We should a l s o  devote c a r e f u l  thought t o  the  r i s k s  of tapes  becoming 

slack and unwound during the  extreme trough. The l a r g e s t  force on a duck 



i s  downwards and forwards i n  such a  way a s  t o  reduce t h e  t ens ion  i n  t h e  

forward rode. A rigidly-mounted duck would be sub jec t ed  t o  extreme f o r c e s  

very c l o s e  t o  t h e  value of p r e t ens ion .  But t h e  d e n s i t y  of Kevlar i s  

1400 kg/m3. A t  f u l l  s c a l e  t h e  weight  o f  t h e  t a p e s ,  even i n  water ,  i s  

s u b s t a n t i a l .  We do n o t  expec t  downward a c c e l e r a t i o n  g r e a t e r  than one t h i r h  g ,  

s o  t h a t  the  t a p e s '  own weight  should maintain s u f f i c i e n t  t ens ion  t o  prevent  

unwrapping. Furthermore, any f l u i d  load ing  on t h e  t ape  i t s e l f  can only  

i n c r e a s e  t h i s  t ens ion .  I f  model t e s t i n g  r e v e a l s  a  problem t h e  t ape  weight 

can be i n c r e a s e d  and t h e  va lue  of  p r e t e n s i o n  inc reased .  Although t h i s  c o s t s  

more i n  Kevlar  it saves  money on concre te .  The des ign  can s t a n d  a  s u b s t a n t i a l  

i n c r e a s e  i n  p r e t e n s i o n  i f  t h i s  i s  necessary.  

Snaa 3 

To be  i d e n t i f i e d .  

Output 

The c o n s u l t a n t s '  1982 e s t i m a t e  f o r  t h e  ou tpu t  o f  a  string-mounted duck 

i n  t h e  South U i s t  wave c l imate  was a  mean d e l i v e r y  of  595 k i l o w a t t s .  This  

inc luded  an assumption about t he  wave c l ima te  f o r  100 metre water  depth 

which we b e l i e v e  t o  be i n c o r r e c t  b u t  which would be about  r i g h t  f o r  50 metre 

cond i t i ons .  I t  a l s o  inc luded  a  t a r g e t  a v a i l a b i l i t y  f i g u r e  o f  80%. A 

p e r f e c t l y  r e l i a b l e  device  would t h e r e f o r e  produce mean ou tpu t  of  740 k i l o w a t t s  

Arguments about  t h e  d e l i g h t s  of  working cond i t i ons  i n  t h e  gyro c a n i s t e r  

cont inue ,  w i th  a  f a c t o r  of  300 between c o n f l i c t i n g  op in ions .  We b e l i e v e  t h a t  

90% a v a i l a b i l i t y  can be achieved.  



C a p i t a l  Costs  f o r  2.4MW Generator Rat ing 

(where p o s s i b l e  given i n  consu l t an t s '  working paper  f t  36) 

Concrete 4500 tonne a t  £58 /m3 = £24.2/tonne 

Form work 2500 m2 a t  £12.8 /m2 

Reinforcement 90 tonnes a t  £543 /tonne 

P o s t  t ens ion  wire  50 tonnes a t  £ 1480 /tonne 7 4 

Power c a n i s t e r s  complete assembled 56 2 

Rodes 350,000 tonne metre a t  £0.3 / tonne m 105 

P i l e s :  2 o f f  a t  £16,500 each 3 3 

2 o f f  a t  9.500 19 

f 2 o f f  a t  6,000 12 

6 ho le s  a t  8,000 4 8 

Bosses + bea r ings  2 o f f  30 tonne each  a t  £2,00O/tonne 120 

Cable t o  s e a  bed inc lud ing  p lug  10 

* cab le  t o  shore  say  3 km a t  £90/m shared  between 6 ducks 45 

TOW ou t ,  i n s t a l l ,  exp los ives ,  g r o u t  e t c .  

During t h e  nominal 30 yea r  l i f e  of t h e  scheme we expec t  t he  ch ief  mainte- 

nance work w i l l  be t o  change the  rodes a t  10 and 20 years .  I f  it c o s t s  

£25,000 f o r  s e a  ope ra t ions  t h e  t o t a l  c o s t  w i l l  be £130,000. However these  

a r e  f u t u r e  expenses,  Assuming a 5% d i scoun t  r a t e  they  w i l l  have discounted 

va lues  of £79,800 and £49,000 today. The p r e s e n t  c a p i t a l  a l l o c a t i o n  i s  

t h e r e f o r e  : 1,318,000 

79,800 

49,000 

E 1,446,800 

Cred i t s  f o r  gyro s to rage  a r e  n o t  inc luded .  

T A group of s o l o  devices  can share  s i d e  rode p i l e  heads. 

* Cable c o s t s  t o  shore depend on range and number of devices  deployed. 



E l e c t r i c i t y  Costs 

In addi t ion  t o  the  repayments of  c a p i t a l  we have t o  allow f o r  cos t s  

of maintenance. An annual f igure  of 3% of the  o r i g i n a l  c a p i t a l  cos t  has 

been suggested from experience with f o s s i l - f u e l  s t a t i o n s .  However a  much 

lower f igure  i s  achieved i n  land-based hydro schemes. Large wind turbines  

genera l ly  use f i g u r e s  of 1% o r  2%. We expect t h a t  our chief maintenance 

a c t i v i t y  w i l l  be ant i - foul ing  work on the  rodes and suggest the  2% w i l l  be 

about r i g h t .  

The c o s t s  of a  kilowatt-hour of e l e c t r i c i t y  from a duck with c a p i t a l  

cos t  a s  given on page 20, a  two year  construct ion per iod ,  a  discount  r a t e  

of 5% over 30 y e a r s ,  and the  consul tants '  p roduc t iv i ty  a t  a  t y p i c a l  South 

U i s t  s i t e  a re  given f o r  various a v a i l a b i l i t i e s  and maintenance charges a s  

follows : 

Maintenance charge % of 
o r i g i n a l  c a p i t a l  

1 2 3 

Avai lab i l i ty  100% 

9 0 

8 0 

I f  p o i n t  absorber expecta t ions  a re  f u l f i l l e d  these  f igures  would be reduced 

i n  d i r e c t  proport ion.  We may expect an increase  of output  t o  about 900 kW 

mean ( a t  100% a v a i l a b i l i t y )  and cos t  reductions of  about 25% on the  f igure  

above. 

Output i n  o the r  wave c l imates  cannot be ca lcu la ted  without access t o  the 

appropriate wave data .  A cl imate with lower raw power inpu t  b u t  lower extremes 

could lead  t o  reduced force r a t ings .  A cons i s t en t  inpu t  l i k e  t h a t  of the 

trade-wind region could lead t o  very economical designs with lower s t r e s s e s  

and power r a t i n g s  but  higher duty f a c t o r s .  



Summary 

The s o l o  duck i s  a hard-skinned, f ac tory-bui l t  , bottom-re ferenced, 

asymmetric, single-body, te rminat ing  point-absorber with cont ro l led  mounting 

t r a n s l a t i o n s  and the  option of e x p l o i t i n g  negative compliance. I t  uses 

hermetical ly sea led ,  vacuum-stripped, high-pressure o i l  f o r  i n t e l l i g e n t ,  

continuous, non-l inear ,  gyro power take-off ,  with bulk,  front-end s torage  

and synchronous, mean-rated generat ion.  I t  makes heavy demands on the  

p r o p e r t i e s  of  Kevlar f o r  i t s  tens ion l e g s ,  i s  prodigal  i n  i t s  use of sea  

space and must be c a r e f u l l y  designed t o  avoid sway. I t  may achieve higher 

e f f i c i e n c i e s  than those of ducks i n  a s t r i n g ,  f o r  which it w i l l  be an 

e x c e l l e n t  test-bed. 

S. H .  S a l t e r  

August 1982 




