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Graph 1 shows t h e  d i f f e reccc  i n  e f f i c i ency  b e t m n a  the  old balsa wood 

model ( ~ 0 0 0 5 )  t e s t e d  by C-GB mci t h e  Qr.1 19'75 (D0011) nodel v i t h  inproved 
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of t h e  nodel.  ilt the  b e s 0 ~ ) ~ r i . o G . s  t ; ~ e  assi~~~~ptioi m d e  by S a l t e r  ( ~ a t u r e ,  VC?, 249, 
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The attached copy of our o r ig ina l  timetable shows cmpleted 

work crossed out. Host of the  apparatus scheduled f o r  completion by 

February 1976 has been b u i l t ,  and most of the  t e s t i n g  scheduled f o r  

completion by Hay 1976 has been done. Descriptions and r e s u l t s  of 

these t e s t s  a r e  attached. Duck mechanics a r e  be t t e r  understood and 

same performance improvements have been achieved. 

There seems no reason t o  nake any major changes t o  the time 

t ab le  except t o  bring forward the  second phase of t h e  wave maker building 

from January 1977. This w i l l  allow a commercial company t o  ge t  i n t o  

production. Delays i n  building work a t  Riccarton may become a problem 

next year, and plans f o r  an a l t e rna t ive  tank have been submitted. 

The extraordinary good for tune with which the  p ro jec t  has been 

blessed was in terrupted i n  August with the  i l l n e s s  of M r .  J e f f rey  which 

l e f t  him paralysed below the waist. He is mdciny a good recovery but 

the  da te  of h i s  re tu rn  is not yet  known, 

'.?he high r a t e  of i n f h t i o n  has forced us t o  de fe r  orders s ince  

June t o  avoid overspending. Nerr cos t  ?laming i s  based on the projected 

average of e l e c t r i c a l  and mechanical engineering cos t s  published by t h e  

Department of Industry. 

The f i n a l  decision about the  f e a s i b i l i t y  of wzve power needs 

information about duck performance on the  heaving surging r i g  and on a 

f r e e  f l o a t i n g  backbone. On the  basis  of one year ' s  work I can say t h a t  

the  p o s s i b i l i t y  of economic power from sea waves has not  been excluded. 

S, H. S a l t e r  

30th September, 1975 
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Graph 5 contains a s e t  of efl ' icicnsy curves for an wbi-Lrsrg choice of 

ballast and hub depth us in?  rliff ere?.-? clanpins factors .  Curves for damping 

fac tors  2 ,-.,re c lose  t o  the,:;;: for 3. ?C C O : ~ . C ~ X ~ C ~  iA2.L damping f ac to r  i s  not 

p l l t i c ! r l a r l  y c r i t i c a l .  



















Problems with Frequency Response Neasurement 

Graphs 10 and 11 reveal  a p r o b l a  with instrumentation. The natural  nodding 

frequency of a duck i s  of great  i n t e r e s t .  'de have t r i e d  t o  measure i t  by 

applying a sinusoidal  d r ive  torque and recording response. A t  resonance 

the  v e l ~ c i t y  should reach a maximum and be i n  phase with excitat ion.  

The amplitude p lo t  i s  c l e a r l y  useless. A s t a t i s t i c a l  mean of the  phase 

readings is  more informative. The duck was sending waves i n t o  the  bes t  

beach avai labfe  t o  us  which was 100 shee t s  of Ekpamet. Its r e f l ec t i on  

coef f ic ien t  was only 4%. The number of t e s t  points  shows how much work 

is involved. The tank needs about one minute per point. 







Mk I bJave I\laker Character is t ics  

19th ,June 1975 

There i s  a f r u i t f u l  cross f e r t i l i s a t i o n  between putter-inners and taker-outers. 

Graph 12 shows some t e s t s  on the l i n e a r i t y  of the duck shape a s  a wave maker. 

We sent  waves i n t o  a 100 sheet Expamet beach with only wave gauges i n  the 

tank, The curves show tha t  there is some s t i c t i o n  i n  the  wave maker bearings 

and that t he  amplitude response i s  not l i nea r  with frequency. We would 

l i k e  t o  try cross pivot l ea f  spr ings  t o  ge t  r i d  of s t i c t i o n  and some 

compensation e lec t ron ics  t o  f l a t t e n  frequency response, 





EFFICIE3ICP AND VAVE S I% E FXPRRIMENTS 

2G,6,75 

Graph 13 shows thc  e f f ec t s  of wave s i z e  on e f f i c iency  a t  frequencies 

of I ,7  13z and 1.2 Rz, The V:?liL'S motor i s  l i m i t e e  i n  torque t o  .C$ Newton metem. 

( V ~ ~ Y G  u n i t s  with 3 times t l ~ e  f o r q ~ e  a r e  on o rder - )  

We def ine  the t o q u e  r a t i o  a s  the 3ctua1 torque suppl-ied, divided by 

the  torque demand frorr thc  d m p i n g  s e t t i ng .  The extreme value of .09 occurred, 

A t  wave powars of 3 few m i l l i w r ~ t t s  s t i c t i o n  prlobabl-y acccunts f o r  the 

low eff'icicccjr. Note t hn t  ef f ic iency i s  s t i l l  climbing even r i i tk .  value of  P 
l e s s  than .75. The abscissz  i s  wave an;@:--tudt., i .e .  ha l f  trough t o  c r e s t  height, 

r e l a t i v e  t o  duok diarnetnr, So that even with %ii? r a the r  low torque l i m i t  

the  ducks a r e  wcrking tolerfilAy a t  100 x scale  and 100 kw/meter power densi t ies .  

But t h e r e  i s  roon! f o r  improvement;. V25Y'6 curves w i l l  be most i n t e r e s t i ng .  





VARIA3L E INERTIA EXPER1PIE"JTS 

Graphs 1 4  aid 15 show t h e  r e s u l t s  of a d j u s t i n g  b a l l a s t  on D001 1 .  

Ve were t r y i n g  t o  push t h e  response peak t o  lower frequencies.  They show 

some very  high e f f i c i e n c i e s  which we would p e r f e r  t o  keep conf iden t i a l  a t  

t h i s  s t age .  d l a r g e  number of f a c t m s  s o  I ~ t o  the calcul. l t i on .  Ve be l i eve  

t h a t  -the r e s u l t s  a r e  accura te  t o  about4-%. They .sre  included $ 0  show t h e  

shape .rather t h , m  t h e  8Gscluie values.  

The ix iangulzr  p o i n t s  on G r a ~ l l  14 were made brith a deck cargo of 

b a l l a s t  which may n3.t be seaworthy. Future models must be made with more 

b a l l a s t  spsce.  

More dramatic extensions t t~ low frequency performance can be 

produced by e l e c t r o n i c  t r i c k e r y  which car, reduce t h e  ' spr ing  r a t e 1  wifhout 

a l t e r i n g  duck s 1 ~ p n  or i n e r t i e .  E f f i c i ency  of 2% a t  1 Hz has been prodwed.  

It may be poss ib le  t o  Zmylemeat t h i s  on F d l  s c a l e  ecpipmen-t us ing  'sroartt  

hydraulics .  







Ins tan  t Pi&suda 

One of the more a t t r a c t i v e  methods f o r  ge t t ing  power out of sea 

waves k s  been devised by bhsuda. He uses a s t ruc ture  cons i s t ing  of 

ve r t i c a l  c e l l s  open at  the  bottom t o  the  sea  and closed a t  t h e  top. 

Vater r i s i n g  and f a l l i n g  i n s ide  each tube blows and sucks a t  t h e  air above 

i t ,  !be a l t e r n a t i n g  a i r  flows can be r e c t i f i e d  and used t o  d r ive  a turbine. 

There a r e  no primary moving par ts .  Nasuda suggests tha t  a number of tubes 

could be arranged i n  a r i ng  of diameter l a r g e r  than a wave length  s o  t h a t  

i t  w i l l  form a f a i r l y  s t ab l e  platforn.  This is i n  contras t  t o  h i s  e a r l i e r  

work with the  s i n g l e  c e l l  suck-and-blow technique which he has used very 

successfully t o  power navigation buoys and which has been analysed by 

NcCormick, 

On t h e  assumption t h a t  the  l a rge  r i n g  of c e l l s  provides a s t a b l e  

reference we t e s t ed  jus t  a s i n g l e  var iable  geometry c e l l  made of perspex 

on a r i g i d  mounting. It has s l i d i n g  walls f o r e  and a f t ,  an adjustable  

compression r a t i o  and ou t l e t  nozzle a rea ,  iJork i s  measured as the  product 

of pressure di f ference and a i r  flow. Ehergy is  d i ss ipa ted  by turbulence 

i n  t he  nozzle, Flow is sensed by measurements of the  water posi t ion ins ide  

the  c e l l .  

Resonant frequency i s  well predicted by taking i n t o  account the  

added v i r t u a l  mass of the  water below the  vessel.  The performance shows the  

f ami l i a r  shape of a resonant absorber but we could g e t  e f f i c ienc ies  of only 

about 3@, much l e s s  than 1hsucia. Deflections of t h e  perspex were v i s i b l e  

and it would be well worth f i t t i n g  the  mounting with s t r a i n  gauges. Tracer 

f l u i d  shows turbulence around t h e  entrance l i p s  despi te  round edges. Some 

careful  redesign of the entrance i s  indicated.  A t  resonance there  was a 
0 

90 p h s e  l a g  bebeen  water l eve l  ins ide  and outside t h e  ce l l .  Compression 

r a t i o  does not seem an important f ac to r .  

The ga t e  posi t ion f o r  resonance is  such t h a t  not  much energy is 

transmitted behind but ra ther  a l a rge  amount is  ref lected.  I f  a load could 

be devised which added some i n e r t i a  or  reduced some s t i f f n e s s  then a smaller 

ga te  depth could be used and perhaps some of the  transmitted energy taken by 

ex t ra  ce l l s .  In  t h i s  way I would hope t o  ge t  e f f i c iency  of the  whole above 

505;. It would be i n t e r e s t i ng  t o  t r y  deeper c e l l  walls t o  t h e  rear.  

It w i l l  not be so  easy t o  submerge a la rge  i n s t a l l a t i o n  and there  

is l i t t l e  chance of ge t t i ng  water over the  top t o  reduce wave thrust .  Masuda 

agrees t h a t  mooring w i l l  be more of a problem than with ducks. The drag 

coef f ic ien t  w i l l  be high. 



Our instrumentatioi? ~ o u l d  be b e t t e r  with twin wire flow sensors. 

The s ing l e  wire un i t s  need re-ctrlibretion a f t e r  each change i n  geometry 

because the  perspex is run e l e c t r i c a l  insrrlator. Pressure transducers 

capable of resolving t o  l e s s  than 1 mn of water a r e  necessary. 1'Je had 

noise  and d r i f t  problems. Unti l  improvements a r e  made we pre fe r  not t o  

r e l ea se  performance curves. 

I f e e l  thnt  the idea t r i l l  be most useful  i n  appl icat ions  where 

some value can be put on the r e a l  e s t c t e  of the  top deck, 



Wount ing Forces 

P l o t s  18, '19 and 20 give information about the  surge and heave 

forces  on a r i g i d  mounting. A constanl; s ca l e  of 1 cm = 2 Newtons is used 

tkrroughout, P l o t s  18 and 19 a r e  one p ~ r t i c u l a r  duck model a t  1.2 and 1 He. 

Plot  20 is a cylinder of diameter 10 ca, the  same as the  basic diameter of 

the  duck model, Both cylinder and duck a r e  29.7 cm long. 

A t  small wave leve l s ,  f o r  example 19(a),  t he  forces  a r e  sinusoidal  

and t he  value of t h e  horizontal  component is  predicted exact ly  by c l a s s i ca l  

wave force theory, (see Weigel, ILL. ,  Oceanographic Engineering, p, 254, 

B e n t i c e  Hall,) 

Ver t ical  forces  seem t o  be l e s s ,  perhaps because nearness t o  surface 

reduces Cm from 2 t o  1.5. Orientation of t h e  Lissajous is shown by points 

a and b, These were determined by s e t t i n g  a wave gauge at  one wave length 

behind the duck and using a squared up version of its output t o  operate the  

brightness of t he  oscilloscope. Note d i f fe ren t  ob l i qu i t i e s  between 19(a) and 

20(a), As expected the force  i s  dominated by i n e r t i a  components. It seems t o  

r i s e  more o r  l e s s  l i n e a r l y  with wave height r a the r  than with the  square of it 
as would t he  ve loc i t y  forces.  Indeed a f t e r  (d) they seem t o  grow r a the r  slower 

than they should. Both i n e r t i a  and ve loc i t y  forces should r i s e  with t h e  cube 

of scale.  

The speed of m0vemei.t of the  point round t h e  L i s sa j  ous f igure  is  not 

constant and so  t h e  posi t ion of t he  centroid of t he  f i gu re  is not an indicator  

of mean resu l tan t  force. Instead ;re ;jut t he  force  s igna l s  through low pass 

f i l t e r s ,  and mark the r e s u l t a n t  a t  point X on each force plot .  Ve f ind  t h a t  

there is not a s  much down wave force as n igh t  be expected. Indeed on t h e  

cylinder measurement 20 b, c, d there  i s  a small but detectable  net  f o r ce  

towards t he  wave maker. Jhen released t he  cylinder moves slowly but sure ly  

up the  tank. Perhaps t h i s  is caused by water breaking over the cylinder which 

has a very small pos i t ive  buoyancy. 

The heclve force  which is  downwards i n  t h e  c r e s t  of the  wave shms a 

d e f i n i t e  b ias  such a s  t o  si;& the  equipment, TZs looks more promising as a 

self-protection mechanism t A i n  does the  leading buoy, The pseudopodic 

protuberances on the  higher wave p lo t s  a r e  a splendid t e s t  f o r  :iave theor is ts .  

Plot  18(h) shows the  r e s u l t s  of l a rge  waves on a r i g i d  duck shape. 

Duck nodding was prevented by lock s t raps ,  Yave conditions were the  same as f o r  

18(f) .  Heave and surge forces  a r e  nearer t o  being i n  phase, so t h a t  the  

~ e s u l t a n t  peak force  is higher than f o r  a working duck. 













Very High I n e r t i a  Tests 

Graph 21 shows tha r e s u l t s  of an a t t m p t  t o  extend low frequency 

performance. D0011 was r a the r  beak heavy with f u l l  b a l l a s t  i n  a l l  

tubes. There is  not enough clearance between torque motor housing 

and r e a r  skin  f o r  ad jus tab le  ba l las t  tubes so  we b u i l t  D0012 with 

semi-permanent ba l l a s t  i n  its r ea r  section.  Restoring t r i m  with 

forward ba l l a s t  would produce a l a rge  i ne r t i a .  It was a lousy idea. 
/ 

The heavier ba l las t ings  would have sunk the whole duck s t r ing .  





More Yave Efficiency Size  and Period Experiments 

25,8.15?'75 

Graphs 22a t o  h provide data on D0015 f i t t e d  with t h e  new more 

powerful V25Y6 torque motors. They extend the  t e s t s  shown i n  Graph 13 

using D001 1 . 
We were t ry ing  t o  go fo r  a broad eff ic iency band ra ther  than 

extreme e f f ic iency  a t  one point. The duck was ba l las ted  f o r  bes t  performance 

a t  1 * 2  EIz. B c h  curve shows e f f ic iency  against  wave amplitude up t o  t he  

biggest  s t a b l e  waves we can produce with the present wave maker. For a 

hundred t o  one s c a l e  t h i s  would represent trough c r e s t  heights of about 

3 metres and power d e n s i t y l e v e l s  of 90 kilowatts  per  metre, The f a l l  a t  

the  low amplitude end, where model power is only 2 mw is  probably caused 

by bearing f r i c t i o n .  The f a l l  a t  the high end i s  probably caused by non- 

l inear i ty .  Also shown i s  the  duck nod amplitude. It is  l i n e a r  with wave 

s i z e  t o  the  point where efficiency begins t o  f a l l .  

The new torque motors allow us t o  play with smart hydraulics. 

The spot po in t s  show the  r e s u l t s  of ad jus t ing  spring r a t e  and these a r e  

combined with s tupid  hydraulic data i n  t he  efficiency/frequency curves on 

Graph 23. Dramatic improvements t o  performance a r e  produced a t  high frequencies 

by add i t iona l  pos i t i ve  spring r a t e .  For a small p a r t  of the cycle t he  system 

i s  putt ing power i n t o  the  m t e r  but it  is amply repaid. 

Hydraulics people say  t ha t  anything we can do with t r a n s i s t o r s  

they can do slower but more powerfully, We believe t ha t  this f i e l d  is 

very promising. 

This s e r i e s  of t e s t s  was the f i r s t  outing f o r  00015. Ve hope t o  do 

a b i t  be t t e r  with more experience. The FIollison/~uneman programme should show 

whether a broad 8& is  be t t e r  than t he  peaky 95$ of D0011. Bigger wave makers 

a r e  going t o  be bu i l t .  





















Sra7hs 24a, b and c 

The previous note showed t h e  r e s u l t s  of negative and pos i t ive  

sp r inz  r a t e  on widening the  :~bsorbtion bmd .  For these experiments a duck 

was optimised f o r  perf ornance a t  1 .4 SIz. It was then t e s t ed  across t he  

hand of frequencies and both dampins and sgr ing r a t e  were adjusted f o r  

each frequency, The d i a l  s e t t i n g s  were noted. The spr ing r a t e  control  i s  

taken from the  in tegra l  o l  t h e  duck ve loc i ty  signal. A var iab le  amount of 

i t  c m  be added t o  or subtracted from the  force  s igna l  demand. The torque 

cornand signal i s  computed by an i n s t r m e n t  we c a l l  the  *dynaboxt. The 

t r ans f e r  func'iion of t h i s  box was measured a t  each frequency and knob s e t t i n g  

and t he  r e s u l t s  sho:m i n  Graphs Z4a and b. It should be c l ea r ly  understood 

t ha t  t h i s  i s  a "pink box". L human is twiddling knobs f o r  each frequency and 

the r e s u l t s  would not apply t o  a d i f f e r en t  frequency, The technique could 

only be used t o  ?ick out the  most useful  par t  of t he  energy spectrum. Note 

t ha t  the  amplitude response r i s e s  on e i t h e r  s ide  of 1.4 Hz which was t h e  

o r i g i n a l ~ o p t i a i s i n g  frequency, ' he  phase l a s s  with r i s i n g  frequency and 

leads  with f a i l i n g  frequency. 

It i s  widely believed that because of previous arrangements made 

by Dr .  Bode a knowledge of the  amplitude response of a network i s  su f f i c i en t  

t o  deduce i t s  phase response, and tha t  no network can have a r i s i n g  amplitude 

and lagging phase as the  frequency r i s e s ,  or a r i s i n g  and leading one as it 

f a l l s .  hamina t ion  of books oil networl; synthesis  showed t h a t  the  prohibit ion 

applied only t o  'minimum phase networkst. A 1 1  passive RCL networks a r e  minimum 

phase networks but some ac t i ve  ones with more than one s i gna l  pathway escape 

the  ban, 

O u r  f i r s t  a t t enp t  was an anlosue nodel of the mass/spring/dashpot 

with valucs t he  sane a s  t he  duck. The force  and veloci ty  connections were 

used a s  t h e  feedback network f o r  an operetional  amplifier. It produced a 

perfect  amplitude response u i t h  exact ly  t he  wrong phase. One point t o  Dr .  Bode. 

For our second attenipt we replot ted 24a and b i n  Cartesian form on 24c. The 

r e s u l t  was par t i cu la r ly  exciting. iJaves seemed t o  be doing something sens ib le  

a t  l a s t ,  



The normal connection f o r  an operaticnal  ampl i f ier  used as an 

in tegra tor  gives a Byquist p l o t  along the pos i t ive  imaginery ax i s  with a 

J ~ i g h  p i n  a t  low frequencies and zero output a t  i n f i n i t e  frequency. Each 

doubling of frequency halves the  d i s t a r~ce  t o  the  origin. Similar ly  the  

response of the  normal d i f f e r e n t i a t o r  i s  a1on;j; t he  negative imaginery ax i s  

with zero frequency a t  t he  or igin  and a doubling of t h e  response f o r  each 

doubling of frequency* The Nyquist p lo t  of the  old damping alone is ju s t  

a point on the  pos i t ive  r e a l  ax i s .  The r i g h t  combination of a l l  th ree  is 

all that is needed f o r  the  smart hydraulics black box which works f o r  

d i f f e r en t  frequencies a t  the  sclne t i a e .  

P r ac t i c a l  in tegra tors  need a leak r e s i s t o r  t o  s top  them dr i f t ing .  

Prac t ica l  d i f f e r en t i a to r s  require  a s e r i e s  r e s i s t o r  t o  limit the  noise output 

a t  high frequencies, The r e s u l t  of t h i s  is t o  t u rn  the l i n e  of 24c i n t o  an 

a r c  of a la rge  c i r c l e  which crosses t he  negative r e a l  ax i s  and has a phase 

such as t o  produce osc i l l a t ions  when connected t o  a duck. This tendency is 

balanced by the  f a l l i n s  response of t h e  duck. The t heo re t i c a l l y  perfect  

s e t t i ngs  a r e  highly  strung, Although s t a b l e  on t h e i r  own they throb exc i t ing ly  

when t h e i r  dynaslics a r e  changed by t he  touch of a hand. The non-linearity of 

the  duckss own spring r a t e  curve leads t o  problems in heavy seas. The duck 

sometimes r e a r s  up out of the  water and holds i t s e l f  poised before plunging 

down t o  below its normal position. The torque/angle ind ica tor  diagram looks 

ra ther  peculiar ,  iJe expected tha t  the normal e l l i p s e  with axes along X and y 

would jus t  be t i l t e d  t o  one s i de  or t he  other. This hppens  f o r  a small amount 

of smartness, But the  best  s e t t i ngs  give shapes s o  reminiscent of transformer 

hysteres is  curves t ha t  the re  may be some magnetic a r te fac t .  @ark 111 

dynarnmeters f o r  the f l o a t i n g  s t r i n g  w i l l  use high speed motors geared down 

t o  duck speed mounted on torque sensors,)  
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Graph 25 

Grayh 25 shows a comparison between dmping only and damping 

plus negative spr ing and i ne r t i a .  

S'inart hydraulics helps both s i de s  of t h e  normal optimum but 

does best  a t  holding up the  high frequency performance of a duck a t  

law power levels .  There s t i l l  remains some s o r t  of b a r r i e r  f o r  wave 

lengths of more than f i f t e e n  duck 2iancters .  




