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BUILDING THE WIDE TANK 

Our aim was t o  construct  a tank with complete control  of d i r ec t i ona l  

d i s t r i bu t ion  of energy as  wel l  a s  spec t r a l  shape. This control  i s  important f o r  

several  types of wave power device bu t  it i s  of c r i t i c a l  importance f o r  the  design 

of the  backbone of a duck s t r i n g .  

WAVE FRONT GEOMETRY 

The mixed sea  tank a t  HRS Wallingford cons i s t s  of a group of 10 wavemakers 

arranged i n  a crescent.  They send waves towards a cen t r a l  area. Conditions are  

wel l  defined over a two metre cen t r a l  square. While t h i s  was exce l len t  f o r  work 

on o i l  r i g s ,  it looked as though a duck s t r i n g  would need a much wider f ron t  of 

control led sea. We decided t o  examine the  p o s s i b i l i t y  of using a s t r a i g h t  l i n e  

of wavemakers. We reasoned t h a t ,  by cont ro l l ing  the  phase dif ference between the  

s igna l s  s e n t  t o  adjacent wavemakers, it should be possible  t o  generate wavefronts 

a t  an angle t o  the  l i n e  of wavemakers. The analogy with Huygen's p r inc ip l e  i n  

op t i c s  may be helpful .  
- 



We discussed the  problem with the  Department of C iv i l  Engineering a t  

Heriot-Watt Universi ty,  who had been generous t o  us  with time i n  narrow tank t e s t s ,  

and who were planning a mixed sea  tank a t  t h e i r  new laboratory a t  Riccarton. They 

agreed t o  t r y  the  idea .  We b u i l t  an orchestra t ion u n i t  based on an I n t e r s i l  micro- 

processor which could produce the  s igna ls  f o r  20 wavemakers. This was tes ted  

successful ly  i n  April  1977. T t  was very c l e a r  t h a t  diagonal f ron t s  could be 

produced. 

SIZE 

The choice of model s ca l e  of 1 :l50 was easy bu t  the decision about the  

s i z e  of tank t o  bu i ld  was p a r t i c u l a r l y  d i f f i c u l t  t o  make. We believed t h a t  the 

cen t r a l  p a r t  of an i n f i n i t e l y  long backbone should have lower bending moments 

than those i n  one which spanned a s ing l e  wave c r e s t .  But how wide was i n f i n i t y ?  

I t  was c l e a r  t h a t  a plan t o  use a l e c tu re  t hea t r e  would leave us sho r t  of width. 

The f i n a l  choice was based on the  es t imate  of nine c r e s t  lengths ,  the  amount of 

money avai lable  and the  s i z e  of  the  s i t e .  These a l l  converged Cowards a tank 

with ou te r  dimensions of 27.5 X 11 m. Temporary planning permission was given 

on the understanding t h a t  demolition could be demanded i n  1982. I t  was important 

t o  ensure t h a t  the  tank could e a s i l y  be moved. 

We chose t o  bu i ld  t he  tank wal ls  from precas t  concrete u n i t s  known a s  

"Belcons", ava i lab le  from Messrs. Be l l  & Webster of Essex Road, Hoddesdon, Herts. 

These are  L-shaped modules avai lable  i n  a range of heights  with a var ie ty  of 

corner designs. Their  own weight, aided by the weight of l i qu id  on the toe  of 

the  L ,  allows them t o  contain f l u id s  with spec i f i c  g rav i ty  up t o  1.6. We chose 

a width of 3 '  and a height  of 5 '  which would allow a freeboard of about 300 mm 

above a water depth of 1 . 2  m. Be l l  & Webster charge £21 each (1977) and can make 

reduced shape spec i a l s  by adding i n s e r t s  t o  the  mould f o r  50% ex t r a ,  A generous 

margin must be l e f t  f o r  the  labour of placing them i n  posi t ion.  

The weight of a Belcon u n i t  would probably stop it s l i d ing  bu t  we bedded 

them on t o  mortar and d r i l l e d  holes  f o r  s t e e l  p ins  i n t o  the  concrete base. The 

laying cannot be exact  and the  p i tch  gained about 6 mm pe r  module. 

A waterproof l i n ing  of a polyurethane-backed f e l t  was i n s t a l l e d  by 

Messrs. Edmund N u t t a l l ' s  Insituform Division, Unit 6 ,  Roundwood Tndustrial  Es t a t e ,  

Osse t t ,  West Yorkshire. I t  seemed t h a t  t h i s  could e a s i l y  be punctured by f a l l i n g  

ob jec t s ,  bu t  we f i nd  t h a t  the  water serves a s  a valuable protect ion.  Two ear ly  

leaks were found 'usingan e l e c t r i c a l  potentiometric method) and sealed.  Since then 

no fur ther  leaks have occurred desp i te  some spectacular  f a l l i n g  objects .  



It miqht have been possible t o  s e a l  f loor  cracks and gaps between the Belcon uni t s  

with a sui table  preparation and dispense w i t h  the p l a s t i c  l in ing  but  the amount of 

outward deflection caused by water pressure suggests t h a t  ex t ra  corner brackets 

would have been desirable fo r  t h i s  method of sealing. P l a s t i c  l inings provide the 

valuable feature of complete separation between water and concrete which helps with 

corrosion problems. 

Belcon uni t s  are  an a t t r a c t i v e  a l te rna t ive  t o  Braithwaite panels because 

you only pay for  the perimeter ra ther  than the area of your tank. I f  holes are 

needed, the use of a H i l t i  impact d r i l l  is  strongly recommended. 

ABSORPTION 

Most wavemakers are controlled by s ignals  which f i x  t h e i r  

They behave as r i g i d  ref lectors .  We were convinced t h a t  wave power 

wavemakers capable of acting as beaches, absorbing incident waves. 

wavemaker needs an input which controls the force s ignal  applied by 

displacements . 
research demands 

To do this, the 

the f lap  t o  the 

water, and a transducer t o  measure the velocity of the flap.  The velocf t y  voltage 

i s  amplified and fed to  the force input. This gives a force proportional t o  veloci ty  

which is  the requirement for  absorbing energy. An external  s ignal  added i n  t o  the 

same input  makes waves without affect ing the absorption. 

DISPLACER 

Any design of wavemaker can be f i t t e d  with absorbing features  but force 

control w i l l  be eas i e r  and power consumption halved i f  the displacer does not move 

water t o  the rear.  This points t o  ducks, s l id ing  wedges o r  flap/membrane combinations 

I t  is  much eas ier  t o  make the ro ta t ing  location f o r  f laps  and ducks than the s l id ing  

one fo r  wedges. The curved surfaces of ducks are harder t o  make than the f l a t  

surfaces fo r  flaps.  We used a f lap  made i n  the shape of an isosceles  prism, hinged 

a t  i t s  apex. I t  was made from four t r iangular  p l a t e s  with folded edges which were 

riveted between rectangular f ron t  and back plates .  

Anodising has so f a r  prevented corrosion. We have 

with aluminium and concrete. I f  tank water has t o  

may be t h a t  GRP f laps  would be more sui table .  The 

with r ig id i ty .  

MEMBRANE 

We used 18 SWG HS 30 l i g h t  alloy. 

previously mentioned problems 

be i n  contact with concrete, it 

design must combine low i n e r t i a  

The single-sidedness so desirable fo r  making absorbing wavemakers can be 

achieved by using f laps  t o  support a waterproof membrane. We chose a woven nylon 
0.2 

fabr ic  with a polyurethane backing. The thickness i s  &2 mm. It i s  made by 

Carrington Viyella (GDD) , 183 Thornton Road, Bradford, BD1 2JR.  I t  i s  necessary 

t o  cut  the fabr ic  and glue i n  t r iangular  gussets a t  the p i tch  of the wavemakers. 



The gussets form a r o l l i n g  s e a l  between adjacent wavemakers. We are  indebted t o  

Er ic  Wood f o r  the  glueing technique. Polyurethane i s  soluble  i n  tetrahydrofuran,  

commonly known as  THF. A small amount brushed on makes the  f i lm behave l i k e  an 

adhesive tape f o r  about 45 seconds. The f a b r i c  can only be glued polyurethane t o  

polyurethane . 
The s t rength  of the  Carrington f a b r i c  i s  remarkable. We would have 

used a l i g h t e r  one i f  it had been avai lable  and would have no hes i t a t i on  about 

using .02 mm a t  a l a rger  sca le .  I t  is ,  however, important t h a t  the ends of the  

gussets and t h e  hinge l i n e  of the  f l aps  should coincide. This can be achieved 

by using the  f a b r i c  i t s e l f  a s  the  hinge. 

FLAP SIZE 

The most c r i t i c a l  decision i n  wavemaker design i s  concerned with the 

depth of immersion of the  f lap.  There is  a d i r e c t  c o n f l i c t  between the  generation 

of l a rge  waves a t  low frequencies and the  absorption of r e f l ec t i ons  a t  high 

frequencies. Flaps run ou t  of displacement a t  the bottom end of the  spectrum and 

have too much added hydrodynamic i n e r t i a  a t  the  top. Dis tor t ion occurs with large 

angles of movement and cross  waves break ou t  i f  there  i s  too much displacement too 

low i n  the  water. We decided t o  go f o r  optimum performance a t  1 Hz and f i n a l l y  
0 

chose a hinge depth of .S m and angular movements of + 15 . Forces, ve loc i t i e s ,  

dr ive  power and wave height were then immediately defined. Gi lber t ,  Thompson and 

Brewer") have wr i t t en  an invaluable paper on wavemaker design. Their curves allow 

f o r  the pred ic t ion  of angles,  phase and forces ,  as  a function of wave height  and 

period. We regard t h i s  information as  e s s e n t i a l  f o r  the  production of an economical 

sys tem. 

The width of the  f l a p  i s  a compromise between the  need t o  generate and 

absorb high frequencies a t  large f ron t  angle and the  r e s t r i c t i o n s  on the  number of 

p a r t s  t o  make. We wanted t o  use Dexion f o r  the  wavemaker supports and t h i s  i s  

supplied with holes  on a 1.5" module. We chosen 12" f o r  the wavemaker p i t ch  and 

l e f t  a clearance between un i t s  of .7" .  We would advise wealthy tank bu i lders  t o  

consider something even narrower. 

DRIVE 

The next  c r i t i c a l  decision i s  the  choice of motor. Our previous experiencc 

with pr in ted  armature motors had been sa t i s fac tory .  These have a very low i n e r t i a  

and give a torque which is  proportional t o  current  minus a roughly constant amount 

t o  overcome s t a t i c  f r i c t i on .  



I f  we were t o  use the  i npu t  t o  a current  ampli f ier  dr iving the  motor 

as  the  force input ,  we would have a system t h a t  would respond badly t o  low l eve l  

input  s i gna l s  because of t h i s  e r ro r .  This would give us poor absorption and impure 

wave generation. To overcome this problem we use a force feedback system, which 

reduces these e r r o r s  by about 95%. Force i s  sensed by a transducer mounted on the  

f lap .  The force voltage i s  compared with the  input  voltage and any dif ference i s  

fed t o  the  power ampli f ier  dr iving the  motor. This changes the  force voltage u n t i l  

the  dif ference is  zero. With i n f i n i t e  gain i n  t h i s  loop, one can see t h a t  the  force  

i s  constrained so  t h a t  it always equals t he  input.  In  p rac t i ce  w e  have achieved a 

gain of about 20 before the onset  of i n s t a b i l i t y .  

Pr in ted  armature motors are produced i n  the UK by Pr inted Motors Ltd., 

(Aldershot, Hants.) but  the  company i s  notorious f o r  poor delivery.  We found a 

supply of scrapped G12M motors which had previously been used i n  computer d i s c  dr ives .  

The new p r i ce  f o r  a G12M i s  about £100 bu t  Electronic  Brokers Ltd. of 49/53 

Pancras Road, London SW1 2QB were charging p r i ce s  from £25 f o r  an unused u n i t  down 

t o  £2 f o r  severely  damaged ones. We bought 120 from which about 100 have been 

r ebu i l t .  The most common f a u l t  was the f a i l u r e  of the  bond between the  pr in ted  

armature and the  spindle.  Our r epa i r  technique may be of i n t e r e s t .  

A motor cannot be opened by pu l l i ng  i t s  end p l a t e s  apar t  because i t s  
0 

magnets a r e  too strong. But i f  a ba r  i s  screwed t o  one p l a t e  and ro t a t ed  45 

about the  motor ax i s ,  then opposite magnetic poles w i l l  f o ~ c e  the  motor t o  open 

i t s e l f .  Armatures can be reglued ea s i l y .  We found high temperature Araldi te  r e s in  

from CIBA very s a t i s f ac to ry .  

Unfortunately, opening the  motor t o  reglue the  armature destroys a l a rge  

p a r t  of t h e  magnetic f i e ld .  I f  the  motor i s  reassembled i t s  torque w i l l  be about 

one f i f t h  of normal. Labels on the  motor faces warn t h a t  disassembly makes the 

guarantee void. I f  these l abe l s  are  removed, two e l e c t r i c a l  terminals w i l l  be 

found. They a re  connected with a wire coi led round each of the  magnets which may 

be used t o  remagnetise them. We found t h a t  severa l  pulses  of 7,000 amps were 

e f f ec t i ve .  This may be obtained by the  discharge of low impedance paper capaci tors ,  

We used 1,000 F charged t o  1,000 vo l t s .  An old-fashioned kn i fe  switch f l i cked  by P 
hand produced a splendid f lash.  I t  was necessary t o  catch the  back EMF with a 

diode. The voltage and current  ra t ings  must be care fu l ly  chosen. We used two 

In te rna t iona l  Rec t i f i e r  45LR100 diodes i n  p a r a l l e l .  The e l e c t r i c a l  connecti ons 

must be kept  very sho r t  and f l a t .  We used 3" wide s t r i p s  of 16 SWG NS4 aluminium. 

The e a s i e s t  way t o  confirm t h a t  a s a t i s f ac to ry  magnetic f i e l d  has been made i s  by 

measurement of the  output voltage generated when the  motor i s  driven by gripping 

i t s  spindle i n  t he  chuck of a.,bench d r i l l .  



D R l V E  WIRES 

The connection between motor and f l a p  must have no f r i c t i o n  o r  l o s t  

motion. I t  is  c l e a r  t h a t  the  maximum backward dr ive  force can never exceed the 

outward hydros ta t ic  force of t he  water. Tf it d id ,  the  water would be l e f t  behind. 

This means t h a t  a wire can be used f o r  a pull-only drive.  

We can wrap a wire i n t o  a screw thread cu t  i n t o  a pul ley mounted d i r e c t l y  

on t o  the  motor spindle.  The choice of wire and pu l ley  diameter demands some carefu 

thought. When a wire is  wrapped around a cyl inder ,  each s t rand i s  repeatedly bent.  

The s t r a i n  depends on the  r a t i o  of wire s t rand  diameter t o  pu l ley  diameter. Small 

pul ley diameters give a l a rge  step-down between motor and f l ap  and so l e t  the motors 

approach the  high speeds necessary f o r  e f f ic iency  b u t  they induce high leve ls  of 

fa t igue  i n  the  dr ive  wires. We chose a wire made from 7 X 7 s t rands  with a t o t a l  

outs ide  diameter of 1.5 mm, When wrapped around a 40 mm pul ley,  t h i s  w i l l  s u f f e r  

about 4,000 micro s t r a i n  which is  wel l  i n t o  the  fa t igue  area. We judge t h a t  wire 

replacement i s  b e t t e r  than an intermediate gear box. The wire used i n  the  narrow 

tank shows no s ign  of fa t igue  a f t e r  9 months. About ha l f  the  wires i n  the wide 

tank show s igns  of t rouble  a f t e r  6 months. This may have Been c a s e d  by a traumatic 

inc iden t  e a r l y  i n  t h e i r  l i f e  before a s a f e ty  box protected the  wavemakers from 

overdrive. We continue t o  experiment with wire types bu t  there  i s  plenty of warning 

before breaking occurs and, a s  replacement of wires takes only a few minutes per  

wavemaker, we reckon it a small p r i ce  t o  pay f o r  such a cheap drive.  

I t  i s  i n t e r e s t i n g  t o  note t h a t  wire d r ives  ge t  more su i t ab l e  a s  sca le  

r i s e s  because t he  same f i n e  s t rands can be used i n  7 X 19 cables on bigger pulleys.  

The screw thread i n  the  pul ley i s  cu t  with a t o o l  t i p  radius  matched t o  the  wire 

diameter. We found t h a t  two tu rns  of wire would creep round the  pul ley by about 

one thread per  week, bu t  t h a t  f i v e  tu rns  show no s ign of creep. 

SPRINGS 

Single-sided f l aps  need some 'form of spr ing  t o  balance the  subs t an t i a l  

hydros ta t ic  forces.  The r a t e  of this spr ing can be chosen t o  cause a resonance a t  

the  most useful  frequency. 

We found t h a t  a r i ch  var ie ty  of spr ing r a t e s  can be assembled from 

combinations of chest  expander spr ings  made by Herbert Terry & Sons Ltd., CMillsbro 

Road, Redditch B 9 8  7 B U ) .  For l a rger  wavemakers, it may prove sensible  t o  generate 

a large capacity zero r a t e  spr ing  with a vacuum cyl inder  and then add a small amount 

of pos i t i ve  spr ing d i r ec t l y .  



FORm SENSING 

The force-sensing tranzducer should be as close t o  the water and as 

r i g i d  as possible. We decided t o  use a p a i r  of piezo e l e c t r i c  discs  i n  a sandwich 

with a cent ra l  shim electrode. Piezo e l e c t r i c  devices are  well su i ted  t o  charge 

amplifiers made with modern low-offset current FET operational amplifiers. Their 

s ens i t iv i ty  versus r i g i d i t y  performance i s  probably b e t t e r  than any r e s i s t i v e  f i lm 

s t r a i n  gauge element and they do not need a s t ab le  supply for  excitation. But they 

cannot provide any zero frequency s t a b i l i t y  and t h i s  may cause some problems with 

very low frequency osc i l la t ions .  A var iety of piezo e l e c t r i c  c rys ta l s  are  available 

from Vernitron Ltd. , Thornhill,  Southampton, S09 5QF. 

VELOCITY SENSING 

The coupling between motor and tachogenerator i s  a possible source of 

resonance and so must be very r igid.  Our G12M motors have double-ended spindles. 

We used the r ea r  spindle t o  drive a tachogenerator and joined the two with c o l l e t  

tube and pinch blocks. 

Delivery problems forced us t o  change from a purpose-bui lt tachogenerator 

t o  a component designed for  use as a motor. There i s  very l i t t l e  difference i n  the 

design of the two, the main one being a larger  spread of output voltage against 

sha f t  speed. We used Trident MAXON S 2325.921, cal ibrated each uni t  and calculated 

a r e s i s t o r  value f o r  the conditioning c i r cu i t ry  t o  correct  the small variations.  

These motors cost  E8 each and have proved sat isfactory.  One small problem map 

be of i n t e r e s t ;  the skew winding of the cup armature w i l l  give an output from an 

axia l  sha f t  movement. An e lusive osc i l l a t ion  was traced t o  t h i s  e f f ec t .  

POWER 

The laws of conservation of energy have t o  be observed by wavemakers. 

Designs which use single-sided f laps and correctly chosen spring r a t e s  w i l l  look l i k e  

r e s i s t ive  loads from the point of view of the motor drive. They w i l l  be very 

e f f i c i e n t  and the power requirements can be eas i ly  calculated from the s i ze  of the 

waves. generated. Long crested breaking waves a t  1 Bz and converging peaks .5 m high 

can be generated by power amplifiers using only two power t rans is tors .  We f e e l  t h a t  

very many wavemakers are  grossly over-powered and tha t  e lectronic  drive should be 

feasible  i n  a l/lOth scale  tank. But it i s  important t o  avoid heavy, inertia-dominatee 

displacers and t o  ge t  the spring r a t e  correct.  

BE ACHE S 

Natural beaches make waves break when they come in to  water depth &out the 

same as t h e i r  own height. The angles which give low ref lec t ions  are s o  nearly 

horizontal  t h a t  large areas of building space would be wasted i f  simple slopes were 

used i n  wave tanks. Most of the diss ipat ion i s  caused by breaking ra ther  than by 



rubbing on the bottom and so the f i r s t  p a r t  of the  slope i s  j u s t  used f o r  the  

change from deep t o  shallow water and does no t  help t o  d i s s ipa t e  energy. 

t 
We have been experimenting f o r  some time with beaches made from v e r t i c a l  

sheets  of 'Expamet'. A pa t t e rn  of s l i ts  i s  cu t  i n t o  a t h in  shee t  which i s  then 

pul led out  and corrugated. The r e s u l t  is l o t s  of sharp corners and no volume. 

We use a grade known as  ' F i l t a f o i l '  Type 451A (003" thick with .055" s t rand) .  

I t  i s  avai lable  i n  1.83 m X .91 sheets  a t  60 p per  square metre (1978) from 

Expamet Indus t r i a l  Products Ltd. , P. 0. Box 14, Stranton Works, Hartlepool,  

Cleveland TS25 1PR. 

Our f i r s t  beach designs f o r  the  narrow tank consisted of loose sheets  

packed with some attempt a t  higher densi ty  t o  t he  rear.  But f o r  the wide tank 

we now f e e l  t h a t  it i s  b e t t e r  t o  pack the  mater ia l  i n t o  t r i angu la r  wedge-shaped 

cages arranged side-by-side. The cages a re  made of folded sheets  of weldmesh 

which are  hot-dip galvanized a f t e r  cu t t ing  and folding.  We argued t h a t  the  

progressive increase  i n  densi ty  'would not l e t  the  waves know which b i t  t o  

r e f l e c t  from' . 
We hoped t h a t  r e f l ec t i on  coef f ic ien ts  would be independent of amplitude 

bu t  t h i s  is not  the  case. The beaches show very much the  same re la t ionsh ip  of 

re f lec t ion  t o  wave steepness as  o ther  des5gns. With 2,000 sheets  along the  tank, 

performance was disappointing. But a fu r the r  1,000 shee ts  packed t i g h t l y  a t  the  

r ea r  of the wedges gives s a t i s f ac to ry  r e s u l t s  except a t  very low wave amplitude. 

I t  may be t h a t  t h e  b e s t  possible  design would use expanet wedges i n  f r o n t  of 

ac t ive  absorbers. The l a t t e r  a r e  probably the  b e s t  way t o  g e t  r i d  of small 

amplitude waves. 

This beach design i s  not cheap. The cos t ,  including cages, i s  about 

£5,000, one-sixth of the  cos t  of the whole tank. 

WORK PLATFORMS 

Groups of four beach wedges l i e  ins ide  frames made from v e r t i c a l  scaf fo ld  

poles and 90 X 50 mm rectangular hor izontals .  They were galvanized a f t e r  welding. 

They are  joined by scaf fo ld  tubing. We sprayed the scaffolding connectors with a 

cold zinc aerosol and no corrosion has occurred. 

Work platforms, made from 22 mm phenolic glue chipboard, l i e  across the  

frames. They are  reinforced by Dexion channel and painted with Marine deck p a i n t  

containing an abrasive. A narrower work platform i s  provided i n  f r o n t  of the 

wavemakers. The wavemaker motors and e l ec t ron i c  control  boards are  a l l  mounted on 

a Dexion frame which hangs down from the  roof and i s  t i e d  t o  the  back Belcon un i t s .  

Dexion i s  an expensive way t o  buy s t e e l  bu t  a cheap way t o  buy p a i n t  and holes. 

We f ind  t h a t  the channel sect ion i s  the  most useful. 



SIGNAL DISTRIBUTION 

I f  you take a wire layout f o r  a s ingle  wavemaker and multiply everything 

by 89, you end up with a spaghetti  f igh t .  We put a good deal of e f f o r t  i n t o  the 

design of a s ignal  multiplexing system. Commands fo r  a l l  the wavemakers are carr ied 

on one common wire which is  p a r t  of a 25-way ribbon cable. I t  i s  joined t o  control 

boards a t  each wavemaker by insulation-piercing connectors so t h a t  there i s  an 

unbroken path along the length of the tank. De-multiplexing c i r cu i t ry  i s  b u i l t  

i n t o  each control board and operated by a D type f l ip-f lop acting as p a r t  of a long 

s h i f t  reg is te r .  The multiplexing switches come i n  a package containing four. We 

used the spare three t o  send back t o  the control desk information about the forces,  

ve loc i t ies  and posi t ions of each wavemaker. These have proved very useful fo r  

commissioning because an ordinary oscilloscope can display the information i n  a 

'God's eye view' s p a t i a l  form. We may be able t o  use t h i s  force and velocity 

information t o  measure power sent  out and power ref lected.  Other wires i n  the 

25-way ribbon are used fo r  clocking the s h i f t  r eg i s t e r ,  d i s t r ibut ing  and checking 

low leve l  power supplies and recording any overload conditions. 

The high current supplies a re  sent  along the tank on three bus-bars made 

from 20 mm square l i g h t  alloy. They are  joined by f i s h  p l a t e s  and 8 mm Bolts and 

have 6 mm holes tapped a t  the p i tch  of the wavemakers. They are insulated by a 

polythene pipe which is pierced by the 6 mm screws taking power t o  each amplifier. 

The high current display can provide 500 amps and - + 30 volts.  I t  operates 

from a three-phase input  and was special ly  b u i l t  by Douglas Electronic Tndustries, 

Louth, Lincolnshire. The power amplifiers were designed t o  r e j e c t  power supply 

r ipple  and no reservoir capacitors were provided. 

KEY POINTS FOR TANK BUILDERS 

The paper by Gilbert ,  Thompson and Brewer is  essent ia l .  I t  i s  very 

important t o  achieve the lowest possible f r i c t i o n  i n  the wavemaker movement. The 

more t h a t  there i s  then the higher must be the loop gain of the feedback network, 

the harder it w i l l  be to  achieve s t a b i l i t y  and the worse w i l l  be the qual i ty  of the 

waveform. While the  t e x t  books of dynamicists are  f u l l  of simple mass spring systems 

with one natural  frequency, any p rac t i ca l  object  can f ind hundreds of ways t o  

osc i l l a t e .  I t  is essent ia l  t o  measure and understand the frequency response of your 

system. 

The displacer  and i t s  force sensor must be r i g i d  but l i g h t  so t h a t  

resonances are pushed t o  high frequencies. With our design the dominant resonance 

i n  the wavemaker drive was a t  60 Hz. 

I t  i s  important t o  have f ree  access to  as  large an area of tank as possible.  

Work platforms and glass  s ides  should make it as easy as possible t o  see and ge t  

near the waves. 



WIDE TANK U S E R S '  G U I D E  
--.-p 

A I  M 

The Edinburgh Wide Tank was constructed spec i f i ca l ly  f o r  wave power work. 

The aim was t o  be able  t o  t e s t  a 150th sca le  model of a duck-based power s ta t ion .  

The t e s t s  would cover both averaged-sized seas and extreme storm conditions. typ ica l  

of the North Atlant ic .  

PHYSICAL DETAILS (See Figure 1) 

We do not  know how long a spine w i l l  be needed t o  give ducks a su i tab le  

reference t o  r eac t  against  but  we bel ieve t h a t  a tank width of 25 m should cover 

a l l  p o s s i b i l i t i e s .  The useful length of the  tank i s  7.3 m and the  water depth i s  

1 . 2  m. This gives a f u l l  sca le  depth of 180 m which can be considered "deep" f o r  

a l l  but the very longest  waves. ("Deep" water i s  water whose depth i s  equal t o  

o r  g rea te r  than ha l f  a wave-length.) 

The waves a re  generated by a bank of 89 wavemakers along the west end 

of the tank. Each wavemaker i s  . 3  m wide and has t he  capabi l i ty  of absorbing 

incident  waves. Beaches composed of expanded aluminium held i n  galvanized s t e e l  

cages are  placed along the e a s t  and south s ides  of the tank, while a t  the north 

end, a view ins ide  i s  provided by a g lass  window 9.1 m wide extending - 2 5  m below 

the water surface.  This i s  where a l l  the control  and instrumentation equipment 

sits and space i s  avai lable  f o r  s torage,  model preparation,  e t c .  

Access t o  the  tank i s  normally v ia  a passage t o  the James Clerk Maxwell 

Building a t  the  north end, but  a large r o l l e r  b l ind  entrance a t  the NW allows l o r r i e s  

t o  unload inside.  There are  two walkways running the width of the tank; the one 

a t  the  west end i s  placed over the beaches and i s  2 m wide, while the  other  i s  much 

narrower and is  mainly intended as  a maintenance ga l le ry  f o r  the  wavemaker e lec t ron ics .  

Two half-ton cranes w i l l  soon be avai lable .  They a re  placed a t  the  1/4 and 3/4 

width points  and can t r ave l  t he  length of the tank using r a i l s  i n  the roof. The 

work area a t  the  north of the  tank i s  lit by skyl ights  bu t  the  r e s t  of the  building 

is lit e l e c t r i c a l l y .  13 amp sockets a re  provided a t  frequent i n t e r v a l s  around the 

wal ls  but not above the tank. Prospective users a re  advised t o  br ing several  

extension leads. Three-phase power is available.  
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SEA SPECIFICATION (See Figure 2) 

The usefu l  frequency range of the  tank i s  .7 Hz t o  2.2 Hz. There a re  

two ways of con t ro l l ing  the  wavemakers. The simplest  i s  t o  dr ive  them a l l  i n  

p a r a l l e l .  They follow an e l e c t r i c a l  command s igna l  and can generate a spectrum of 

waves a l l  t r ave l l i ng  along the  length of the tank. Figure 2a shows the  t r ans fe r  

function. 

However, t o  make f u l l  use of the  wavemakers, a minicomputer (Plessey 

Miproc PKI i s  capable of con t ro l l ing  them individual ly  v i a  a s e r i a l  multiplexer 

(A  new s igna l  i s  s e n t  t o  each wavemaker 20 times per  second and s to red  i n  a sample- 

and-hold c i r c u i t . )  This enables us t o  specify:  

1. amplitude of waves 

2. spectrum of waves 

3. d i r ec t i ona l i t y  of waves. 

1. AMPLITUDE OF WAVES 

The l a r g e s t  possible  waves a re  made by focusing the outputs of a l l  the  

wavemakers on one po in t  i n  the tank. Using t h i s  technique a trough-to-crest height  

of .5 m can be had a t  .8 Hz. 

I f  a l l  t he  wavemakers are driven i n  p a r a l l e l ,  breaking waves can be made 

down t o  a frequency of 1 Hz. This corresponds t o  a trough--to-crest height  of -22 m. 

The forcecfeedback system incorporated i n  the  wavemaker cancels ou t  most 

of the  f r i c t i o n  i n  the dr ive  mechanics, so t h a t  the wavemaker w i l l  continue t o  

respond i n  a l i n e a r  fashion t o  very small command s igna l s  (see Fi  gure 2c) . 
2. WAVE SPECTRUM 

The minicomputer does not generate a continuous spectrum bu t  2 1  d i s c r e t e  

l i n e s  of a spec t r a l  curve. (We w i l l  have 70 l i n e s  avai lable  i n  l a t e  1978.1 These 

can be var ied i n  amplitude and frequency under software control .  Choice of 

frequency spacing can vary t he  repeat  time of the  quasi-random sea  t o  a maximum 

of 54.6 minutes. Any parameters which a re  l i n e a r  functions of the wave height can 

be e a s i l y  processed. Data obtained by sampling a parameter f o r  the  repeat  time of 

the  p a r t i c u l a r  s e a  running can be "perfect ly"  analysed by an FFT program and the 

amplitudes and phases of the l i n e s  resolved. Use of a quasi-random dr ive  s igna l  

means t h a t  seas  can be re-run and t e s t s  show t h a t  r epea t ab i l i t y  i s  good (see Fig. 31. 



Each of the l i n e s  i n  the  spectrum can be considered a wavefront and 

have i t s  d i rec t ion  of t r a v e l  spec i f ied ,  provided it l i e s  within the  useable area  

shown i n  Graph 4a, The way this i s  done i s  a s  follows. Each of the  l i n e s  i n  the 

spectrum has t o  be a s ine  wave. A t  any i n s t a n t  the  minicomputer can provide 

wavemaker 1 with phase X of t h i s  s ine  wave, wavemaker 2 phase ( X  + n) , wavemaker 3 

phase (X + 2111 and so  on. I t  can be seen t h a t  phase the phase of the  wave generated i 

always n radians advanced - 3  metres t o  the  l e f t .  "n" i s  spec i f ied  f o r  each of the 

f ron t s  i n  the  minicomputer program. 

The width of the  wavemakers limits the  angle of f r o n t  t h a t  can be used 

a t  high frequency. Graph 4a shows the  area  of frequency vs angle t h a t  i s  sa fe  : 

attempts t o  operate outside t h i s  area  w i l l  r e s u l t  i n  spurious f ron t s  occurring a t  

o ther  angles. These f ron ts  a r e  p red ic tab le  and one can conceive of a very 

sophis t ica ted  program using t h e m  de l ibera te ly .  

Each f r o n t  must have i t s  amplitude, frequency, phase increment and 

s t a r t i n g  phase defined. To s impli fy  the  spec i f ica t ion  of a s ea ,  we have developed 

software t o  run on o the r  computers. A l l  we need do i s  specify energy period o r  

wind speed ( a t  f u l l  sca le )  and the  programs ca lcu la te  the  appropriate Pierson- 
n 

Moskowitz spectrum and Mitsuyasu o r  cos spreading function. They then compute 

the  bes t  way of approximating these  using the  f ron t s  avai lable  and produce a 

paper tape which can be fed d i r e c t l y  t o  the Plessey minicomputer. We have a l ibraxy 

of t he  more commonly used seas ;  changing from one t o  another takes  no more than 

t h i r t y  seconds. (This ,  coupled with the sho r t  tank s e t t l i n g  time provided by the  

beaches and absorbing wavemakers, means t h a t  there  i s  a very sho r t  delay between 

experiments.) A s ea  not i n  the  l i b r a r y  can be produced i n  about ha l f  an hour 

with our 4051 computer and i n  a few seconds with the  more powerful machines which 

w i l l  be avai lable .  

Currently,  Mitsuyasu's spreading function i s  considered the b e s t  ava i lab le ;  

the  software can a1 so give cos1', which may be pre fe r red  f o r  some work. 

Additional software has been wr i t t en  t o  f a c i l i t a t e  most simpler sea  

spec i f ica t ions .  

TANK SETTLING TIME 

This important parameter i s  a function of the coe f f i c i en t  of absorption 

of the  beaches around the  tank and the wavemakers. Figure 4b shows the  beach 

performance. We have not  measured the  wavemakers i n  the  wide tank s ince t o  do so  

would require e i t h e r  an opposing bank of wavemakers o r  a r i g i d  r e f l e c t o r  running 

the  whole width of the  tank i n  f r o n t  of the  beaches. What we have measured i s  the  

absorption of t he  prototype wavemaker i n  our narrow tank. This i s  shown i n  Figure 4c, 



and should be representat ive  of the wide tank performance. 

THE FUTURE 

1. IMPROVEMENTS 

Work cur ren t ly  i n  hand w i l l  boost the number of f ron t s  generated by the 

Plessey t o  70. This w i l l  increase  the realism of the  mixed seas we can produce. 

An i n t e r f ace  ( B I B  compatible) is being b u i l t  f o r  the  Plessey which w i l l  allow it 

t o  communicate d i r e c t l y  with another computer, ra ther  than v i a  paper tape a s  a t  

present.  T h i s r w i l l  o f f e r  two b i g  advantages - it w i l l  reduce the time needed t o  

change from one s ea  t o  another,  and it w i l l  mean t h a t  e n t i r e  experiments covering 

a wide var ie ty  of sea  condit ions can be performed under computer control .  . 

Experiments a re  being ca r r i ed  ou t  t o  f ind  a su i t ab l e  addi t ive  t o  c l ea r  

the water i n  the  tank. I t  is current ly  being f i l t e r e d  through sand bu t  v i s i b i l i t y  

i s  not  very good and we suspect the  problem has a b io log ica l  or igin .  

2. INSTRUMENTATION 

A t  the  moment, a l l  we can o f f e r  tank users  i s  a c lu s t e r  of three  wave 

gauges, and NEL have had t o  supply anything ex t r a  themselves. We w i l l  soon be 

making a s e t  of t h i r t y  three-wire wave gauges which w i l l  be posit ioned i n  f r o n t  

of t he  wavemakers. These w i l l  be plugged i n t o  a s e r i a l  multiplexer and t h e i r  

outputs w i l l  then be access ible  t o  the  main instrumentation computer. 

This computer has been ordered and should a r r i ve  by August 1978 - it is 

a DEC PDP 11/60. When it i s  f u l l y  operat ional  it should be able  t o  read and process 

up t o  about 256 channels of da ta  i n  r e a l  time. I t  w i l l  a c t  as  a B I B  cont ro l le r  and 

thus be able t o  manage the  Plessey,. ~t w i l l  a l so  be ab le  t o  control  the  random 

access multiplexer system t h a t  we have already b u i l t  f o r  our TEK 4051 minicomputer. 

This current ly  gives us 64 input  channels, which a r e  d i s t r i bu t ed  along the top of 

t h e  beaches, b u t  i s  designed t o  handle 256 channels. When these are a l l  avai lable  

there  w i l l  be inputs  t o  t he  computer a l l  round the  tank,  each labe l led  with f ts own 

address. Longer term plans include increasing the  number of channels by a f a c t o r  

of perhaps 4 and bui lding another s e r i a l  multiplexer f o r  a backbone of ducks. 

CONCLUSION 

We were t ry ing  t o  bu i ld  a tank which allows newcomers t o  concentrate 

on wave power without worrying about the  control  system. There i s  an e laborate  

s a f e ty  box designed t o  p ro t ec t  the  wavemakers from mistakes. Anyone i n t e l l i g e n t  

enough t o  be working on wave power should master the  system without d i f f i c u l t y .  
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SIMULATING MIXED SEAS 

( 1 ) CHOOSING FREQUENCIES 

To represent a sea  of spectrum E ( f )  by n d i s c r e t e  wavefronts of equal 

amplitude, we simply divide the  area under E ( f )  i n t o  n equal pa r t s .  This i s  

espec ia l ly  easy f o r  the  Pierson-Moskowitz spectrum Because it can be ana ly t ica l ly  

integrated.  The wavefront corresponding t o  each frequency band has amplitude 

a = H  x m. I t  therefore has the r i g h t  amount of energy f o r  the frequency rms 
band it i s  t o  represent.  I t  can a lso be given the r i g h t  power by choosing i t s  

posi t ion t o  correspond t o  the  energy period of the band. 

( 2 )  CHOOSING STARTING PHASE 

We can e i t h e r  choose the  phases of our wavefronts independently a t  random 

o r  so as  t o  achieve a pa r t i cu l a r  freak r e s u l t  which would occur only very r a r e ly  

i n  r e a l  seas. With 20 wavefronts we can achieve a maximum of 6 . 3  H (zero t o  
rms 

peak) ,  which would occur l e s s  than once i n  ten mil l ion years. (To a t t a i n  a run - 
of high waves, we a l s o  need t o  have a narrow spectrum.) 

( 3 )  CHOOSING DIRECTIONS 

Consider f i r s t  the d i r ec t i ona l  spread on i ts  own; f o r  s impl ic i ty  assume 

t h i s  i s  given by a s ing le  function of angle (unlike Mitsuyasu) . We can divide the 

area  under the  d i r ec t i ona l  d i s t r i bu t ion  curve equal ly ,  j u s t  a s  f o r  the  frequency 

spectrum, and choose one wavefront i n  a d i rec t ion  from each sector .  

Two problems a r i s e .  ( a )  We do not  w a n t  t o  choose the  exact  centre  of each 

sec tor  s ince this would always give us exact ly  the same s e t  of angles w i t h  wavefronts 
S 

a t  p a i r s  of mirror-image direct ions .  (b) For a s t r i b u t i o n  such as  "cos 8" and 
m 

Mitsuyasu "cos (8/2In it i s  e a s i e r  t o  choose randomly than t o  ca lcu la te  po in t s  on 

the  d i s t r i bu t ion  curve. 

We ge t  around these problems simultaneously as follows: i f  we want a 
- 

di rec t ion  representat ive  of t h e  mth s ec to r  out of n ,  we simulate a s e t  of n d i rec t ions ,  
th 

pu t  them i n  order ,  and s e l e c t  the  m . 
In  assigning d i rec t ions  t o  d i f f e r e n t  wavefronts we want a r u l e  such t h a t  

each successive group of 2 o r  3 wavefronts (taken i n  order of frequency) represents 

as  well  as  possible  the overa l l  spread of the  d i r ec t i ona l  d i s t r ibu t ion .  This seems 

espec ia l ly  important f o r  the  Mitsuyasu d i rec t ion ,  where we want our s e t  of perhaps 

only 20 wavefronts t o  vary from widely spread Cany consecutive 2 o r  3 low frequency 

wavefronts) through narrowly spread (near  the  centre of the  spectrum1 t o  widely 

spread again ( f o r  any 2 t o  3 high frequency wavefronts). 



The ru le  is: 

If we choose t he  mth sec tor  out of n f o r  one wavefront, we choose the 

m + (.37n) t h  out  of n f o r  the next wavefront. This i s  completely empirical ,  bu t  

achieves the  desi red r e su l t .  

This method has the fu r the r  advantage t h a t  it does no t  matter  i f  the 

d i r ec t i ona l  d i s t r i bu t ion  i s  varying with frequency (as  i n  the  Mitsuyasu ca se ) ,  

s ince each wavefront i s  chosen r e l a t i v e  t o  i t s  own d is t r ibu t ion .  n should be small 

enough f o r  economy of computing time, bu t  large enough t h a t  the  se lec ted  d i rec t ion  
th 

( m  ) does not  vary too widely between simulations,  a s  we might otherwise defea t  

our purpose and end up with two consecutive wave f ron t s  from s imi l a r  d i rec t ions ,  

n equal t o  about 20 achieves s a t i s f ac to ry  r e su l t s .  
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