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ABSTRACT

A devlce to compensate for set-down beaeath eave groupe 1n long creeted

randou wave oodels hae beeo developed aud teeted stth satlsfactory results.

It ls found that, generally, aet-dorn compensetion reduces the amount of

long perl.od eaergy ln phystcal oodele. Thie ls couslgtent wlth the theory

deecrlblng the mlniuleatlon of epurlous long waves from the rrave-oaker.

Appllcatlon to e partlcular harbour model ueed Ln proJect work has agaln

lllustrated the douinance of long period noored vesael reepousee ln

controlllug berth downtfue. Thie remalned true sl.th eet-dolra compecsatlon

evea though nooriog llne loade and vessel movementa were reduced by up to

302 for some wave conditl.one. Reeults obtalaed wlth set-down conpeasatloa

can be expeeted to provl.de Bore realletlc estlrate8 of berth downtlne.

In the neer future lt ls planned to design and bulld a short crested

wave-naker for uee ln harbour nodel,llng. It ls known that set-down ln thls

nore reall.stic representatLon of the sea le dlfferent from set-dorn La loog

crested seas aod thls can be erpected to further lnfluence berth dorntl.ne

estl.oates. Research ls uaderway Lnto nethods of set-down compeoaatl.on for

abort crested weve generatora.

The work descrLbed lD thls report also ehowe how ertremee of paddle mvement

become aon-Gaussl.ao sheu eet-down coepeaaatlon is employed wLth longer

paddle etrokes belng requlred. Therefore, further research ie aleo needed

to eaable extrenea to be estlmated so that the uew wave-uaker caa be

deslgned wlth sufflclent gtroke to be capable of eet-down conpeneatlon.





CONTENTS

INTRODUCTION

EVAI.UATION I"lETHOD

2.L  Ca lcu la ted  spec t ra
2 .2  Spu r i ous  l ong  waves

EXPERIMENTAL RESULTS

3 . 1  W a v e  b a s i n  t e s t s
3 .2  Wave  f l une  tes t s
3.3 Maximum paddle st rokes
3 .4  App l i ca t i on  t o  a  phys i ca l  node l

CONCLUSIONS

REFERENCES

Page

1
I

1
I

3
6

6

7
I

10
l 0

L2

L4

TABLES:

1. Effect of  set-donn compensat ion on model of  a ship moored inside
harbour (S waves - see Figs 13 and 17 to 19)

FIGURES:

1. Pr imary wave speetrun (Case 1)
2. Low frequency paddle spectrun (Case 1)
3. Long wave spectra without surf  beat (Case 1)
4. Long wave spectra ni th surf  beat (Case 1)
5. Pr imary rrave speetrun (Case 2)
6. Low frequency paddle spectrum (Case 2)
7. Long wave spectra without surf  beat (Case 2)
8. Pr inary wave spectra (Case 3)
9. Low frequency paddle spectrun (Case 3)
10. Long wave spectra without surf  beat (Case 3)
11. Anpl i tudes of paddle movement l r i th set-down compensat ion (Case 2)
L2. Anpl i tudes of paddle movement with large set-down signal
13. Wave basin layout for harbour study
L4.  Pr imary  wave specErun (SW waves)
f5. Low frequency paddle specrrun (SW waves)
f6. Long wave spectra with and without set-down generator (SW waves)
L7. Prinary \rave speeErun (S waves)
18. Low frequency paddle spectrun (S waves)
19. Long wave spectra wlth and without set-down generator (S waves)





INTRODUCTION
This repor t  descr ibes the evaluat ion of  a devlce t 'o
ensure Ehe correct  representat ion ot  set-down beneaEh
wave groups in  harbour models us lng long cresEed
randon waves.

Research has shom (Ref  1)  that  a lEhough ser , -down rs
not  a t rue long wave i t  can excl te harbour responses
Ln a way that  ls  s iml lar  Eo f ree long waves lnc idenc
on a harbour.  Free long wave energy can a lso appear
in coasEal  areas when the lncoming set-down ref lects
f roo Ehe shorel ine.  The resul t ing seaward going long
waves are cal led sur f  beats because they were found eo
be  co r re laced  w i th  bea ts  p roduced  by  g roups  o f  waves
breaking in  che sur f  zone.  Thus,  long waves Ln
harbours can be caused boch by set-down,  which ts
bound Eo groups of inconing lncident \daves, and by
sur f  beat ,  the ref lect , ion of  set-down f rom che
coast l lne ouCside the harbour.

Recent  examinat lon of  sLte daca col lected just
of fshore of  Por t  Talbot  \ r i th  a pressure sensor (Ref  2)
lndicates that ln noderate wave condltions surf beat
wil l doninate over seE-down. But Ln storms the
dominant mechanism exciting a long wave response in
harbours is l ikely to be set-down berreath wave groups.
This happens because the uagni.tude of surf beaE
appears to be l lnearly related to Ehe wave height
whereas set-dolrn is proportional co the square of the
wave height. Thus, as wave height increases set-donn
will gradually become dominant.

Fron the above it follows that the correct
representatlon of set-down benealh wave groups ls
crucial in harbour nodell lng. Research has shown (Ref
3) Ehat the resulc of not programming the wave
generator to produce set-dowo is to Lntroduce spurious
secondary long waves but that thls spurious behaviour
can be avoided by addlcg an approprlare long period
movement to Ehe wave-naker. Provlded Ehls noveruenE
exact ly  compensaEes for  set-down aE the generator  no
unwanted long waves w111 be produeed.

In a prev ious repor t  (Ref  4)  i t  was shown Ehar.  a
microprocessor  ean be used Eo nodi fy  the inpuc s ignal
to Ehe wave-naker Eo produce seE-down correct ly .
'vJhi le  denonsEraE, lng the feasib l l l ry  of  th ls  approach
i t  was found thaE inproved f l l rer ing ln  rhe
microprocessor was needed t,o avold excessive \rave
paddle sErokes.  These improvements bave now been made
and th ls  repor t  descr ibes an evaluat lon of  Ehe updaEed
mlc rop rocesso r .

To corupensate for  set-down lE ls  necessary to generate
the appropr iate long per iod novenent  of  Ehe
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\ rave-naker.  Thls  ls  done by f i rsc calculat ing a

spectrum Eor the long per iod paddle oovement  which is

dependent on Ehe primary wave and paddle speelruo and
wat,er  depth aE the wave-maker.  Test ,s  are then carr ied
ouE uslng the seE-dordn generator  and a galn conErol  on

the devlce ls  adjusted unEi l  the measured long per lod

specErum of paddle i lovement rnaEches the calculat,ed one

over ihe f requency range of  the devlce.

l lav ing set-up an approprLaEe long per iod movemenE of

Ehe wave generat,or nave measurements can be nade to
ver l fy  EhaE Ehe long per lod d ls turbance ln the IdaEer

Ls thac expected due to seE-down beneaEh wave groups

by again checking a measured spectrum againsE a
calculat ,ed one.

In th is  reporE boch of  the above steps are descr ibed
for a number of wave specEra \t ith t,he disturbance in
t.he water being checked for the case of a unlform
nater  depth.  In  physlcal  models of  harbours seabed
contour ing appropr late to the s i te  under Lnvest igat ion
wlll exist ln front of the rtave generaEor and this
precludes checking the spectrum of the dlsLurbance in

the water as both surf beat and set-down wil l be
presenc l-n a complex pacLern of long perlod energy
that  def les caleulaElon.  This d i f f lcu l ty  can be
overcooe for uniforn depths by using the technique
descr ibed in Reference 3.  In  th is  cechnique a shingle
beach ls placed at the ead of a wave flune to absorb
pr inary waves.  I lowever,  set-down wi l l  s t i l l  re f lect
fron the beach due to lts long wave nature causing
surf beats to travel back towards the wave generator.
These surf beats w111 re-reflect from the wave board
as lt i f were a vertlcal wall giving rise to nodes and
antinodes at varl.ous dlstances fron the wave board.

For each frequency band in the long period spectrum lt

w111 therefore be possib le to calculate nodel
positions and spectral denslties neasured there with a
wave probe should contain a mLnl-mun of surf beat
energy for  that  par t lcu lar  f reguency.  Thus,  i t  ls
possib le to bui ld-up a composi te long per iod spectrum
with a ninimum of surf beat energy ln it by only using
specEral  densic ies ueasured at  a nodal  poinE for  each
frequency band. In this way a number of wave probes
placed in s t rategic  posl t ions over  an area of  uni form
iraEer depch can be used to neasure a long period

specl ruu ln  which set-dol tn ls  dominant .  This  a l lows

coupar lson wi t .h  a calculaced sec-down sPectruo which
ls defined ln terns of the prinary \{ave sPectrum and
che waEer depch.  WlE,hout  the sec-doldn generator

operacing spur ious long wave energy wi l l  a lso ex lsE aE

the nodal  posl t lons causlng a mismaEch t { l th  Ehe
calculated sec-down specErum.



2 .1 Calculated spectra
In che evaluaElon neE,hod descr ibed above t rdo sEeps
were  Lden t t f i ed .  I n  uhe  f i r sc  scep  the  ga in  con t ro l
on t ,he set-down generat .or  ls  adjusced by naklng a
compar lson wl th a calculated spectrutn for  t .he long
per iod paddle oovement .  In  lhe second step a check ls
nade on Ehe d isEurbance ln the water  by conpar lng a
measured long per iod spectrum wl th a calculaEed
seE-dordn specErum. Ilere we out,l lne the meEhod used to
calculate che paddle and set-down spectra.

The basic  equaE. ion descr ib ing

v2o= o ( r )

where water  par t ic le  moElon,  in  the ver t lca l  x ,  z
p lane of  a r ight  handed or thogonal  co-ord inate system,
wl th veloc lEy v (hor izonta l  eomponent  u and ver t ica l
component  w) is  re laEed to the veloc i ty  potencia l  0
by

v = ( u r o r w ) = - V 0

The boundary condl t ions to be sat is f led by sur face
rdaves are:

l r r oLa t l ona l  moE ion  i s

( 2 )w=0

on the bottom z = -d and

1 6 +

io2 +

( 3 )

(4 )

u r l K - n = 0

g r l -  0 r  =  0

on the free surface z = 11.

I lere,  0g indlcaEes the par t la l  der lvat ive of  Q wt th
respect to time with correspondlng meanings for the
oEher var iables wi th a suf f ix .

Equat ion (1)  can be solved for  wave mot ion by carry iag
out  a SEokes expansion.  This assumes the product
t ,erxos in  (3)  and (4)  to  be sual l  in  compar ison wi th
Lhe oEher c ,erms in Ehe equat ions.  Thus,  the fo l lowing
sec  o f  l owes t  o rde r  equa l i ons  i s  ob ta ined :

y2q(  1)  = 0

where

)  =  1 , r ( l ) ,  o  \ r ( r ) )  =  - yq ( l ) ,

and Ehe boundary condiEions are,

, ( 1 )  =  g

(s)

.r( I

( 6 )



o n z = - d a n d

n: t ) - , ( l )=o (7>

( 8 )cn( l )_ o!r)=o

o n  z  =  0 .

In the above,  var lables have a superscr ipc of  one co
denoc.e quant l t ies that  vary l lnear ly  wl th wave
amp l i t ude .

In second order ,  quant i t ies vary wiEh the square of
wave aupl l tude and are therefore denoted by a
superscr ipE,  of  two.  The basic  wave equat ion is

f6 (2)  =  o  (e)

Expandlng (4) to second order gives an expressioa for
Ehe second order correct ion Eo the wave elevaELon,

n(2)  - i  r r [ "  -  n( t ) " [ t )  -  r  (v(1) \ ) "=o ( i0)

where the r ight  hag{ ,s ide ls  evaluated on z = 0.
Subst l tur ing for  n\ ' /  ln  (3)  g lves the boundary
condit ton to be sat isf ied by the second
potent ial  on the free surface (z=0),

r[1, * tt ') = n(1)(!r(1) * r, lt)) + 2.,(

The boundary conditl.on on the bottom (z

o(2)  =  o' z

We see f rom equat lon (11)  that  second order
correct ions to the veloc l ty  potenEla l ,  amongst  them
seE-down beneath rdave groups,  are forced by produccs
o f  f i r sE  o rde r  quan t i t l es  ac t i ng  a t  t he  f r ee  su r face
[see  r i ghc  hand  s ide  o f  ( 1 f )  ) .  Assumlng  a  f i r sc  o rde r
specErum of  wave energy (exanples are shown in F lgs l ,
5 ,  8,  14 and 17)  we can def ine t .he f i rs t  order  wave
elevat lon as a sum of  f requency components wiEh random
phases where the annplitude a. of a component is
re laLed to the spectra l  densl ty  aE f requency fn,  le ,

t  ^3  =  s ( fn )d f

order

1 ) . v ( t )  ( 1 1 )
_ L

-  - d )  i s ,

( 12 )



Subsc i t u t i ng  f i r s t  o rde r  quan t i t i es  Ln to  Ehe  r i ghE

hand s ide of  ( f l )  then enables a solut ion Eo be found

fo r  0 (z )  a . rd  henge , fo r  second  o rde r  co r recE ions  Eo  the

wave  e levac lon  n \ " /  vLa  ( f 0 ) .  Th i s  l n  t u rn  enab les

def  ln lc lon of  t ,he long per iod parc of  Ehe speccruru of

dz ) .  Examp les  o f  sec -down  spec t ra  ca l cu laced  l n  t h i s

nanner are given in Flgures 3, 7 and l0 where the

expecEaE.Lon values of  spectra l  densi ty  are shown uoder

the  Eheo re t i ca l  r esu l t .

I^Ihen a wave-uaker generaEes the ldave sysEemr a

required boundary eondi t , ion is  thaE the hor izonEal

veloc lcy of  Ehe wave board equal  the hor lzonta l

ve loc i t y  o f  waEer  Pa r t i c l es  aE  Ehe  gene raEor .  Th i s

can be wr i tE,en as

et=u

where e ls the horizontal displacemenE of the wave

paddle f rorn Lts equi l ibr iun posi t ion.  To f l rs t  order

ln wave amplitude this equatlon allows calculation of

the transfer functlon between wave amplltude and

paddle st roke.  To second order  we f ind

e[2)- -o: r ) -o(1)6(r ) ( 13 )

where the rlght band side of ttre above equatlon is

evaluaced at  the equi l ibr lum posi r lon of  the

wave-maker.  Subst l tu t ing for  f i . rs t  order  quant i t ies

and the second order potential in che right hand side

of  (13)  enables an expression to be obta lned for  the

long period paddle movement needed to compensate for

sec-down. To do th is  we see f ron (13)  that

integratlon with respecc to t, ime ls needed ehlch

results ln very large paddle strokes being required

for long period conponents. In practice Ehere is a

lintt on the stroke allowed whieh neans thac the

working range of che set-down generator is bound by a

loser freguency. Exanples are shown in Flgures 2, 15

and 18 of Ehe paddle spect,rum required to compensate

for  set-down according to equat ion (13)  (see theory

eurves) .  Also shown ls  the response of  the set-dol tn

generaEor which cannot  fo l low the cheory curve for

f requenc les  (a t  f u l 1  sca le )  be low  abouE  0 .007 .  Th l s

assumes a rnodel  scale of  about  I  to  100 whlch ls

typ ical  for  harbour s tudies and the cut  of f  polnt

corresponds to a Per iod of  about  140 seconds which is

expecEed t ,o be adequate for  uosE harbour s tudles '

This is  because Ehe resonant  per lods of  hor izoncal

motion of vessels on Eheir rnoorlngs nornoally l ie

w lEh in  Ehe  range  o f  20  seconds  Eo  120  seconds .  I t  l s

emphasised EhaE th is  l i rn iE Eo Ehe work lng range of  Lhe

seE-down generat ,or  ar lses purely  f ron Ehe coechanical

l ln i ta t ions of  the wave-maker.  Should a generaEor



2.2  Spur ious  long
waves

3 EXPERIUENTAL
RESULTS

wlth a larger  work ing range be needed Ehen provided an

lncreased sEroke ls  a l lowed by the ruechanical  systen

Ehe response funct,lon of the sec-dolJn generator can be

al tered to lncrease iEs work ing range.

In Ehe absence of  secondary paddle moveurent  (13)  can

only be saEisf led by lncroduclng f ree seeondary wav?t i
Denotlng Ehe veloclty pocentlal of these waves by

and usi .ng the suf f lx  s  to idencl fy  Ehe second order

potent la l  o f  sec-doldn r re f lnd (13)  g ives

d, (2 )  =  o (2)  -  o ( r )  e ( i )'Lx sx xx

This equat ion determines rhe arnpl icude of Ehe spurious
free long ltaves which also satisfy the usual wave
equat ions ,  i€ ,  (9 ) ,  (12)  and (11)  w i th  the  r igh t  hand
side put to zero.

The presence of spurious long reaves has been
ldentified in earlier work carried out as part of che
basic research programme of the llydraullcs Research
Stat ion (see for exanple Refs I  and 3).  Their  ef fect
ln the experlments described here are apparent in
Flgures 7 and l0 where long wave spectra measured in
the absence of the set-down slgnal to the wave-maker
are shown alongside those measured with the set-down
signal.

The experlments follow the pattern outl ined ln the

previous Section wiEh the galn on the set-down
generator being adjusted first unEll che required long

period spectrum is obtained, wich the long period wave

motlon being lnvestigated subsequently.

When firsE tried out Ln a Irave basln a fault was

ident l f ied wi th in the sof t  wave developed for  che

updaced microprocessor .  This  prevented Eescs of

suf f tc ient  duracion being carr ied out  to  enable proper

def in ic ion of  long per iod spectra.  The polnt  here is

EhaE a sequence of  random data last ing about  an hour

in the uodel ( the equivalent of 10 hours at full

scale)  is  needed Eo reduce uncer ta int les ln  spectra l

ord inaces to reasonable levels .  Only then ls

compar ison wi th calculated sPectra just t f led.

Nevertheless,  these ear ly  resul ts  are Presenced for

compleEeness.

Af  cer  Ehe faul t  ldas eorrected t ,ests were carr led out

in  a uave f lune wi th a gencly s loping shingle beach aE

the end to rn in in lse ref lect ions.



F ina l l y ,  t he  e f f ecE  o f  us ing  the
a physical  nodel  of  a harbour is

EES I ,S

A wave basln about  12n wide and
This has a wedge type wave-maker
conErol led by an t l 'R Synthesizer .
shingle beach was bul l t  opposl te
absorb Ehe waves.

set-dordn generaEor

desc r l bed .

18n Long was used.
wh lch  l s  pos i t i on

A gent ly  s loping
the \dave-naker to

The pr lnary wave speccrum used for  these Eests is
shown  1 r r  F lgu re  1 .  I t  i s  r ep resencaE ive  o f  sEo rm
cond iE ions  i n  t he  No r th  Sea  w lch  Ehe  spec t ra l  peak
occu r r i ng  a t .  a  pe r i od  o f  14  seconds .  The  node l  sca le
was 1 to 100 which is  typ ical  of  harbour models.  In
fu l l  scale teros t ,he waEer depth was 32rn.  This Eoo is
representaEive of harbour models which nornally have
seabed contour ing out  to  depuhs equivalent ,  co 20n to
30rn.  BuE for  the purposes of  these tesEs the depch
was uniform aE the rnodel equlvalent of 32n.

Ilavlng set-up the pri-rmry waves and neasured the
t,ransfer function between wave height and paddle
stroke the long period paddle Bovement required to
compensate for  set-down was calculated.  I ts  spectrum
is shown as the "t.heory" curve in Figure 2. As
explained in 2.1 the very low frequency components ln
the theorecical paddle spectrum cannot be generated
due to l inits on the stroke of the lrave-maker. This
Ieads to Lhe expected set-down generator spectrum
shown in Flgure 2. A gain of 85 was found Eo produce
an actual  paddle spectrum (denoted by c l rc les in  F ig
2) which rras a good flt to che calculated one. This
good f i t  is  surpr is ing as the lLmiced length of  test
lnvolved would lead one Eo expecE large uncertalnt,les
in Uhe measured spectra l  ord inates.  In  subsequent
cases where l inited cycles of random data were used
Ehese uncertaintles became more apparent.

I laving set the long period paddle movertenE, atEenclon
was Eurned to measuremenEs ln che \rater. The result.s
are shown in F igure 3 where spect , ra l  ord inaEes rdere
neasured at  nodal  points of  Ehe sur f  beaE systen
expect .ed Eo ar ise in  che wave basln.  This fo l lovts the
technlque descr ibed in Sect ion 2.  Also shown as a
sol id  l ine ls  the expected set-donn spectrun.  IE can
be seen chat given the uncertainty ln measured
spectra l  ord inaEes due to Ehe shor t  test  length Ehe
resul ts  obcalned wi th the set-down s lgnal  to  the wave
generator  (  o)  are general ly  ln  c loser  agreeoenE wiE.h
the expecc,ed set-down spectrum than Lhe resulEs
obta ined wl thouE, t ,he sec-down sLgnal  (o) .  This
indicates Ehat  spur ious long waves f rom Ehe generaEor
are belng n in in ised by use of  Ehe addic ional  long
per iod paddle novement , .

1n

3 . 1  W a v e  b a s i n



3 .2  Wave  f l ume  t . esEs

Flgure 4 shows the fu l l  long per lod spectrum of  \ rat ,er
paddle moveoent  at  var lous polnc,s across Ehe width of
the wave basin.  Al1 four  posl t lons were Ehe sane
dlstance f rom Ehe paddle face whlch rneans thac nodes
and ant inodes of  any sur f  beaEs present  wi l l  occur  at
the sarne f requencles in  a l l  four  spectra.  This
probably expla lns the peaks and t , roughs presenc in a l l
four  spectra.  We also see thaE the ef fect  of  che
set-donn slgnal is to reduce the overall energy levels
ln che long per lod spectra and th is  ls  conslstent  wi th
mlniu isat lon of  spur ious long waves f rom Ehe wave
gene raEor .

These tesEs were carr ied out  af ter  rhe faul t  ln  che
sof tware,  whlch prevenEed Eests of  suf f ic lent  duraEion
belng per forned,  hd been corrected.  Two cases,  one
represent,lng a large swell coadition and the other a
stor[ wave condlEion, lrere considered. For the swell
o f  spectra l  peak per lod 20 seconds (F lg 5)  the
slgnificant wave height was 4m and for the storm
condi t lon ( f lg  8)  the spectra l  peak per lod was 14
seconds wl th a s lgni f ieant  r rave helght  of  5.5n.

The uodel scale was again 1 to 100 with a uniform
waE,er depth equivalent to 26n. The flune used for Ehe
Eests was 1.4n wide wi th a p is ton- type randoo
wave-maker at one end and a gently sloping shingle
beach at the other end to minimlse wave reflections.

The pattern of testing was the same as that already
described \rith the gain on the set-down generator
being adjusted first untl l the measured long period
paddle spectrun natched the calculated one over the
freguency range of the device. In the case of the
swell conditlon (Fig 5) the measured values are shorrn
as clrcles ln Figure 6 for a galn of 229' This is a
good flt to the set-down generator spectruo shown by
the solid l ine whlch, in Eurn, matches the theoretlcal
paddle speetrum required over the frequency range of
the device. Thls range exEends down to frequeneies of
about  0.007 at  fu l l  scale.

A fu l ly  random sequence of  data was used to produce
the neasured paddle specl run in  F igure 6.  The c i rc les
denote spectra l  densl t les that  are averages f ron Fast
Four ler  Transforns of  6 chunks of  data each conta ln ing
4096 values.  Thus,  24,  576 data values were used f rom
the random sequence to const,rucE t,he measured paddle
spectrum. Thls ls  equLvalent  to  a run of  randoo data
lastlng about. an hour ln che orodel. Acteropts nere
Bade to natch Eo Ehe expected seL-down generator
spectrua us lng a repeat lng sequence of  random daEa
conEain ing 4O96 values but  th is  gave specEral
densi t les thar  were of t ,en a poor f ic  to  the shape of
Ehe response curve.  But  such runs i rere usefu l  ln



es tab l i sh ing  a  f i r s t  es t ima te  o f  Ehe  ga in  requ l red  Eo

rnaE,ch to Ehe response curve.

When t,he measurement,s of the long period dLsturbances

!n the flurne were oade, again uslng averages of 6

chunks of  daEa f ron a random sequence each conEain ing
4096 values,  an encouraging mat .ch Eo the expecEed

seE-down spectrun,  over  Ehe f reguency range of  the

device,  was obta lned wich the appropr laEe gain of .  
'229

(Flg 7) .  The long wave d ls turbance ueasured wlEhouc

seE-dordn compensat ion produced a poor f i t  Eo the

expected seE-down spectrum. The lower energy levels

obcained in t ,h ls  case show thac because the

oeasurement  posi t ions i .n  the f lume were re lat ive ly

c lose to the paddle,  spur ious long waves ldere tending

t ,o cancel  set-down.

A s in i lar  p icEure emerged when t ,ests us lng the sLorm

condi t ion (F ig 8)  were per fonned.

A good fic co the required seE-doldn generaLor spectrum

was obta lned wi th a galn of  158.  These resul ts  (F ig

9)  were again obta ined wLth averages f rom 6 runs '  each

contalning 4096 values, taken out of a long randora

sequence of  data.

The corresponding long perlod disturbance ln the flume

was consi.stent tJiLh the expecced seE-down spectrum

over the frequency range of the device (Fig 10) on the

appropr iate galn of  158.  l , I i thout  seE-down
compensalion the long period spectrum rtas a poor fic

to the theoretlcal set-doltn spectrun indicating that

at  low f requencies,  at  least ,  spur ious long waves were

tending to cancel set-down. This ls again explained

by the measurement posltlons beLng relatively close Eo

che paddle.

Long period spectra Ln the flume were formed init ially

using averages from 2 chunks of data each with 4096

values and then fron 4 chunks of data and finally

uslng 6 chunks. This was done for both the swell and

sEorm wave condi t ions wi th the appropr iate level  of

seE-do\ tn compensat ion.  In  each case lc  was found thaE

the f iE E.o the expecEed set-dor tn spectrum was the
leasc good wi th an average of  2 runs and consistenEly

lmproved as the number of runs lncreased uP Eo the 6

f tnal ly  used.  This shows Ehat  re lac ively  long model

runs are needed to produce a good est imaEe of  the

sEandard deviatLon of  long per iod harbour and raoored

ships respooses.  Even longer runs would be needed to

descr ibe che probabi l t ty  d isEr lbut ions of  maximum

movement,s  wi th a s ignl f tcant  long per lod eouPonent

p r e s e n E .



3 .3 Flaxlmum paddle
s Erokes

3 . 4  A p p l l c a c l o n  t o
physical  nodeL

An exanple of a probabil lty dlstrlbuclon of maxlma
appears in  F lgure 11.  Thls shows the probaoi l i ty  of
exceedance (p) of paddle movemenc amplitudes for a 10
minuEe run ln  the oodel .  The paraneters re laEe t ,o Ehe
swel l  wave eondi t lon wi th seE-down eompensaEion (F lgs

5 to 7) .  A long run was carr led out  us lng a t ru ly
random sequence of data and naxina extracted for a
ser ies of  equal  length 10 n lnute baEches each
conEaln ing an average of  27O (zero crossing)
osci l la t lons of  the paddle.  Seventeen of  these maxima
(one forward and one backward movenent fron each
bacch) are p lot ,c .ed to show thei r  probabi l l ty  of
exceedance.

Wlthout  set-down compensaElon (no long per iod
couponent to Ehe paddle movemenr) the probabil ity of
exceedance of maxinun paddle movement anplltudes
squared would fit a Gunbel distributlon, ie, tbey
would flt a straight l ine 1n Ehe type of plot shown in
Flgure 11 where Ehe line can be deflned by the
standard deviation of paddle movement and the nuuber
of zeto crosslngs in the batch. But Ftgure 11 shows
Ehat with set-down conpensatlon the paddle moveaent
arnplitudes tend to develop sone asyil[Betry and do not
f i t  the theoret ica l  predlct ion based on t ,he tota l
standard deviaLion (including long period moveraents)
and nunber of zero crossings in the 10 minute bacch
length. This is not unexpected as set-down is a
non-Gaussian asymrnetric quantlty. Thus, compensation
for set-down can be expected to cause the resulting
paddle taovement to be non-Gausslan.

I{hen ttre galn on the set-dorrn generator nas lncreased
further Eo make the long period rlovement dorninant (the
primary slgnal was reduced to avoid running ouE of
paddle stroke making the total paddle anplitude
snaller) the deviation from Ehe theoretlcal result,
expected for a Gaussian variable became very obvlous
(Flg 12). The asymrneEry between forward and backnard
movements fron t,he nean also tncreased.

These resul ts  obta ined for  maximurn paddle movemenEs
show that research is needed co gain a E,heoret,lcal
descr ipt ion of  maxima.  WiEhout  such a descr ipt lon Ehe
design of wave-makers with set-down eorapensatlon wll l
Lnvolve guess work as to the allowance needed for
paddle st roke.

A random wave physical  model  lnvest lgat ion aE a scale
of  I  ro 110 has been carr ied out  in to a proposed new
harbour on Ehe coast  of  SouEh East ,  Asia.  BoEh wave
helght neasurements and the movemenEs and ruoorlng
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loads of  nodel  sh ips were used co evaluaEe a number of
proposals.  One of  Ehe favoured layouts 1s g iven in
Flgure 13.  I t  shows a 13n deep navigaEion channel
leading ln to the harbour and making qul te a deep euE
lnco Ehe surrounding sea bed.

I r  l s  o f  l nEe res t  t o  see  Ehe  e f f ec t  o f  us ing  the
seE-do\rn generaE,or  in  such a uodel .  To do th ls  the
Eno rrave condi.t lons given ln Figures 14 (SW waves) and
L7 (S waves)  were generated.  The requLred long per iod
paddle Bovenent  specEra were produced wi th appropr lace
gains on Lhe seE-down generator ,  i€ ,  190 for  3v{  waves
(F ig  f 5 )  and  250  fo r  S  waves  (F ig  18 ) .

The ef fecc of  the set-down generaEor can be gauged by
conparing long wave specEra roeasured at various
posi t ions ln  t ,he nodel  wi th and wi thout  set-do\rn
coupensat i .on.  The posl t ions chosen were 2,  the
nonitor probe, and 3 and 11 near the roundhead tip of
the breakwater  (F ig 13) .  The resul t ing spectra appear
in F igures 15 (SW waves)  and 19 (S waves) .  I t  is
irnmediately glear thaE set-down compensation has a
marked ef fect  for  S naves (F ig 19)  but  a smal ler
ef fect ,  for  SW naves ( f ig  f6) .  In  both cases,  however,
the effeet, Ls to reduce the overall energy l-evels in
the long per iod spectrum for  posi t lons aE some
distance f roru the wave-naker,  €9,  posi t ions 3 and 11.
This is again consistenE wlth the ldea of eliminating
spurious long waves from the wave generator. Near the
paddle,  moni tor  posi t lon 2,  the opposi te tends Lo
happen because any spurLous long waves w111 be tending
to cancel the effect of set-down (they are exactly
180o ouE of phase with one another at the paddle) so
thaE their eli.ninaLlon through set-do\fir compensation
wi-l l tend to increase long perlod energy up to Ehe
levels expected due to set-donn.

Apart  f rom the ef fect  of  set-dorrn compensat lon,
compar ison of  spectra for  posi t ions 3 and 11 ln
Flgures 16 and 19 shows that there ls noticeably more
long wave energy associaced with SW waves in spite of
the fact Ehat similar offshore rlaves \rere generated
f roo  che  Ewo  d i rec t i ons  (F lgs  14  and  17 ) .  The  reason
for  th ls  nay be l inked Eo the st rong "ref lect ion"  of
waves t ,haL occurred f rou Ehe wesEern edge of  the
navigacion channel  when SW waves \dere generaEed.  This
happens when waves oeet a channel at an angle and ic
is due Eo rdave refracEion which t,ends to bend the wave
cresE around more perpendicular ly  to  Ehe channel  ax is .
Th1.s happens as Ehe part of Ehe wave cresE over Ehe
channel  speeds up due to the increased waEer depch.
If Ehe cuE inco Ehe surrounding sea bed ls deep enough
the waves are ref racEed so sErongly chac they are
unab le  Eo  c ross  t he  channe l ,  be ing  " re f l ecced"  back  on
the s ide of  lnc idence.  In  the case of  SW waves in the
Map  Ta  PhuE  mode l  t hLs  s t rong  re f racE ion  e f f ec t  musE

l 1



cor{cl.usroNs

have resul ted in  sone addi t lonal  generaEion of  long

r{aves.  Thls would expla ln why set-down compensat lon

has less ef fecc for  S 'vJ waves-  I f  a  s igni f  lcant  par t

of the long wave energy ls generated by sEronB

refracElon ef fecE,s due to Ehe channel  any spur ious

long waves from Ehe wave-maker becorne relaEively less

imporcanE .

The above example serves to shott how complex ldave

behavlour  can be and how necessary real isc ic  physical

models are ln  evaluat ing proposed harbour

developments.  I t  a lso l l lust races t row set-down

compensat lon wi l l  have vary lng ef fects depending on

the nodel  conf igurat ion and Ehe wave condi t lons

Ees  ted .

Returnlng to S waves rre can gauge che effecc of

set-dotdn compensatlon on a nodel of a ship moored

lns lde the harbour.  The resul ts  are g iven in Table 1.

The first point to notice is che dominanL role played

by long period movements of che vessel on lts

moorings. The harbour provides very good shelter f ror:n

the prinary \taves but long waves are able to Penetrace
well into the harbour because of their long
wavelengths wlth the result that most, of the vessel
movemenE and mooring load is at periods longer chan 30

seconds. In this case set-down compensation reduces

movemencs and mooring loads by some 2Q to 3O7"-

1. A device to compensate for set-down beneath wave
groups in long crested random wave models has been

developed and EesLed wi th sat is factory resul ts .

2. l leasurements of the long period ParL of random

ltave spectra are conslstent with theory describing
the minlmisation of spurious long ltaves from the
rave-maker. In carrying out this work lt has been

found that model runs using random sequences of
waves lasting about an hour in the nodel and
containing almost 2000 waves are necessary to
obta ln agreement  wl th Ehe expecced theoreulcal
spectrum of  set-down.

3.  Probabi l lcy d is t r ibut lons of  maximun paddle

aovellents have been obtalned experimencally. They

show Ehat seE-down compensation makes the paddle

tnovement non-Gausslan in lts behaviour wlth longer
paddle sErokes belng requi red.  This wl l l
i .n f luence che deslgn of  the shor t ,  crested wave
generaEor proposed for  fu ture harbour nodel l lng.

In par t lcu lar ,  as wel l  as researehing seE-down
coopensat lon for  such wave-nnakers,  furEher
research wl l l  be needed to enable extrernes of
paddle movenenE Eo be accurate ly  esEimaced so thaE

L2



the new wave-raaker  can be designed wich suf f ic lenc

scroke to be capable of  set-down compensat lon.

4.  Appl icat lon to a par t icu lar  harbour design has
agaln l l lust raced how dominant ,  are long per iod

uoored vessel  responses in concrol l lng ber th
downEl-rne. This remains t,rue wlt,h seE-dohtn
compensat ,Lon even though Ehe amounc of  long per iod
rrave energy ts reduced. The reductlon can be

signi f icanE or  s l ighu depending on Lhe harbour
eonf lgurat lon and Ehe wave condic ion cesced.
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Table 1

Load  i n  moor ing  l l ne  l ( r )

Surge (n)

Sway

Y a w  ( o )

tleave (n)

P i t c h  (  " )

Ro11

Effeet of set-dorn conpenaatlon on nodel of a shlp noored inglde

a barbour (S revea - aee Flgs 13 and 17 ro 19)

Wlth set-down

generator

WiEhout  set-down

generauor

Low f req.  Tota l

Pa r t

To ta l*S t,orm

ParE

2 .8

5 .3

51  .4

44 .7

11 .9

2 .3

*Low freq.

par t

20 .0

19 .5

L27 .7

107  .8

40.9

20.6

2 .83

2 .34

1  . 38

0 .25

0 .  10

0 .  15

Eo pa r t s  o f

33s )  and  f

20.2

20.2

L37 .7

LL6.7

42.6

20.7

24.A

2 6 . 4

152 .0

5L.7

27  . L

24 .2

26 .9

158 .4

53 .0

27 .2

L79.O L86.2

0 .3

0 .3

0 .1

0 .15

0 .  16

1 .06

2 .85

2 .35

1  . 38

0 .29

0 .  19

1 .07

3 .57

2 .85

2 .08

0 .38

0  . 11

0 .19

3 .58

2 .87

2 .09

0 .41

0 .  19

1 .08

"Scorm" and " low frequency" refer

f  > 0.03 Hz (periods shorrer Ehan

t he  t oca l  r eco rd  w i t h

<  0 .03  Hz ,  respec t i ve l y
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