Clarke, Modet & C°

COLOME -
‘J SUPERINT ENDENCIA DE INDUSTRIA Y COMERCIO

MRS

485- -00010-0000
Fecha: 2010-05-20 18:

SUPERINTENDENCIA DE INDUSTRIJ]

DIVISION DE NUEVAS CREACIONE{ = 1 PATEN L 040  Dop. 2020 DIRNUEVASCR

Act. 444 RESPUESTAREQUE Folies: 37

E. S. D. \ ‘

/

Re:  Expediente No. 05-044.485
Solicitud de patente 2 nombte de Independent Natural Resources, Inc.
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UTILIZATION. IUTAM SYMPOSIUM, 1985, pages 103-111,
XP008003281.

2. “THE ABSORPTION OF WAVE ENERGY BY A THREE-
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‘Design Optimization of Axi-symmetric Tail Tube Buoys

T 3.7, Whittahkoar, F.A. Mobeske.

The Quana’s Universaity of Relfasc,

Dapt, of Civil EZngineering,. .
David Keiy Building,

Stranmilliis Rd.,: .

Belfant, N, Ireland.

. Bummppy

Thie papor owessnts the pooulte of b eXperimenssl  teat
proidromme and theoreticel anslyeis of the hydyodynemie design
of wave powered axi-gymmefrio navigation bSuoys, A e degrec of
grosdom pystem with power oxtractios damping the rolative

motion ©f the NG hasve modes in conoidered. Resulty are

presented for o theoretical model. which nsu boesn verified
axperinentally. .

It in ooncluded that the  power sxtractiop offioclency and
fraqQuanoy bandwidth of the curvent AOsign ©f wAve powersd .
navigation Dbuoy can be considorably lapvoved, Feak ocapture .
factor inoreases proportionslly with the tubs diamster for tude

/ buoy daimmeter ration of up to 75K. Inoressed tube length
widens the £requondy bDANGWidth respoynos, The Jevel of appliesd
danmping has conmiderable -offect eh peak , performance end
troquency bandwidth responso, With this twe degreo of froedon

- syatom, the levels of aspplied damping which preduce ‘maxinhun

aapturs factor are a»nﬂmtou 20 times greater’ than Ty
optihum values fOr the ‘isbleted water uwolumng, KIns - the
radgiotion .damping spsociated with the two heeve moden 8hoyld be
similar g0 that the damping spplicd by “the pPswer extrdction . |
system .ie matchod at both natural respoape froduencies..’ The .

woti hap - genoral apPlication to - the dapilgh of ﬂavo mes\“ Rt
buon nub & central cvawa‘hn ﬂud# SoXumn. . ' . e

LI S P v o tults

Y »

-rmnnon danpng. K c
+ 7 appiied. dumping) (Mbsuo dmiu. . .
aptimum appliQd damping at wager apluph nunpnn.
denmping ratios Ba / Bab., .
non dimensional #adistion dusping. . . . . .
wave exeitation force.. - v < o
buayenay. . : y
%8l tube lensth from water iinc. ’
odded mosn, {(dynamie.)
wase, {static.) * . e
« Buay huil »saius, : .
teil tube radiua, ’ ' : .
ainplacetsnt from aguilibriun pooitian. - .,
wacer density, .
frequancy in radiang. I <
Buffiz o, rafors to tho buey hull, ¢
Suffin w, refers t6 tho wWater ooluma. :
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“The bduoy heas a total of seven. degreen of f£rasdami oin  to
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During the past few years, 8 redeapch toan Daded in The
Departnent  of "Civil Engincering, Tha Queen's Universisy of
Palifant, havae bGeen investigating the various otaged iIin the
power convarsion shain of - wave powerad navigation buoye. Thie
work hes been  conducted Jointly with twe of the iighthouse
authorities i ¢the Bpivish Isles, Trinity house and Irioh
Lighte, and & logsl cosmpany  Munater Simme Engineering Ltd..
who  manufacture  Wolls surbing genarasors. Although the main
thrust of the work has been towards the desian and tonting of
Walls turbine-generators for use on ptandard %aoil tube buoya,
as deseribed by Whittaker at al (1), it hes besn necosoary to
gein 8  fundemental understanding of the  hydrodvnamie
interaction batwoon the Duey and the incidont wave field,

The use of wWaves to povay navigation bueys i n'ot & Praoent
innovacion as they ware  firat introduced $n tha wearly
nineteenth contury.. These eorly aystens used the rolliag end
pitching metions 6f the hull to gound a bsll. Arcund the turm
of the eontury the oscllinting water colusn was introduced, A
Jong eylindrical tube opeh TO Tthe ssa at the bottom was lecated
on the veprsicel contra Line of the bucy forming A water oolumn
ond aly ohamier. above, A typleal wave powered buoy as used
By The Irieh Lights Lighthoupe Authority, L6 sBhown £n Zigurs

3.0 Alp foresd inte ang out of the plenum ohamber by the wave -

indueas : aspeillistion of the water column wWes usead to wound. a
‘whistle. The medesn wave povared buoy utilises this mame
princlple only ihe whistle ia often roplased bY & turbdine
goneratoy, Masuda ‘' (2) describes sush & oyotem .with a
convantiansl axial flow turbins seguiring cemplicated duots end
non-roeturn. vuvqn to reotity the escilisting alr flow to ohtein
unt-étnotmm potation, Whittaker et el (3) demaribes - She
" usic of She Wellp sell-raptifying turbine wbich has maug,
. o&wlu« tha povwer sonvarelon syotem,

Lzl’.ﬂ (- 5 [
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* deseribe the motion of the hill, plus the heave motion ©f the
water eolumn. The aotion of | the Puoy null in
. uni~dirsctional waves oen bo desorined in tarma of  heave,
piteh and spurge. Calculation sng model tovting have snown that
the natural piteh reoponse frequonny Io outeide the power
ontraasion £yequency banswidsch and surse motions apra itmited in
this. gfraguency wange By a haavily camped mooring. Coupling
hotween piteh and surge o ninizal o8 o result of the wooring
astachmant on the bottem of the hull., Rell $o not noimally .,
sxoited beoause of the Dbridal mobtring which . provides 4 two
point  cttactmant on  the tranoverse axis of the hull, Ale
¢ complionce in the plenum chumber was conpldered to bo amall and
wag not lmeludad in tha pathsmatical model.

Therefore, the hydrodvnanis modal was liumited to that of & Swo
deagrae of fresdom moen, epring, danper tystem, em ghown in.
‘ figure (2)., ‘One tade describes the heave motion of the buoy
hull and the second 49 Por the water column in the tail tuba,
. The squation of motion for this mn is prepented in matrix
tora in equation 1.

Py I oo | o B {'::f:..;i::]'::][md [

The hasve modun axre coupled In two wava. Hydrcavnamie coupling
exists as indicated by the off~dlagonial  torms in the added
,8a88 and padistion dauping matvices, However. the doninant

. eaoupling results from the damping oppliied by the turbine ot the
ai¥ flow erem tho plenuin chenber whioh damps the nnun
not&un of. the buoy hull and wWater column.

keps Prosramme. . v

" The mw objectiva ° of tho rasesarch programme wWas  to
deterpine how the length snd diaunter of the tail tube and the.'
magnitude of tha turbine damping  affectod the pneumhtic powor
output fram this t¥pe of device. This  wan accemplished by
testing & rango of buoy / tall tube sonfiguratons in the weve
tenk ond measupring the pnoumatio perfopmance with a yange.of
applied damping lsvels. In addition the added masy and damping.
coofficiants wers ¢oloulated using a 3 D. diffraction theory
progrom and the porformance caleulated by tolving the equationd
of motion uping the 'fregusncy reuponde methed’,

Phe huii sheps, om» 4n gigurw 31, was ohopen for thess.
experinents ap Lt roprosestea one of the svandard hull formp
uged by the 3lighthouse suthorities throughout tha worlid. A 1/10
acAle ‘was  chopen for the models to pult the - :
ehnoauruue- of the wave tank, Initially the complete -Irdsh
Lighsa buoy with a 3.75m, 3long, O0.7im. dlameter tei) tube was
' modelled aB & 0ontrol axperiment to eatablish the perfermanch
" of 8 typieal buoy currently in gservice. This wark was alse up.’d
to design & Wells turbine gensratop with matches Manping
ocharaosorintics whidéh wop teuted on a zunv Annmcu&nd' buoy

. .
. . .

-tine pevs  sew
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6% sea o8 deoscribed by mﬁhk‘e;- et al (8)..

'hbh 3. ehows ths full ronge of vu'ubua tented. For acch tail
tube gpoevmetric eonfiguration, the applied dsmping 16 Axpreases
4n terms . of damping patioc reletive . to the optimum applied
damping: for a £ixed tulld vubej eptimum Gemping being dofinad. an
the value which producoes puak pnounstic powar output.

Tuba dianeters. 068 0,78 0.3%  0.36 | 0.33
Tube lengthe, 0.2 0.3 o.8
Damping ratios. 3 3 30 3 20 .30 20 so

The AbBOVE Values retor %o model stsle.

‘Zable i,
The performance curves pradicted by the theoretidal medel for
the range of huoy vonfiguratians ahewn In table L. wude eheakes
axparimentally. A somple of the asléulated perforanance curves

. 4n comparss with <those obtumd tm vba wave sank anpsriments
in figure 3,

s .
8 ;"
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04 ¢ N . W & 5
.o : o Fneumy imodel um)
e Lg._g, mlsnu oF zntm-unum:m.

Thene [aurves relste capture faotor te wive frequency ot moged -
nﬂo m & yonge of applidd damping. Cepture footor io dofined
‘ ap ‘the »atio of PAOUBATLC -DOMAr CULDUL tO the - Wave. power
_dmeident ot she bucy dismater. The general s$vénds of the- aurves
_are woll mpdelled éver kost of ' the fraquancy range. However,
‘some aiftarsnacs sre ovidant ot * higher - wave fraguencins. This
15 & result of the axporimental wodel Lelng offeotively in Lina
array in the wave tank. Ab the wayelength- i8 equel to tho tank -
widgth 4t 1.33 H2.. ariay interccticn enhances perfornmince below

‘thie, frequency and IreduCas, PEDFOFNANAG Deyond DOLAUBE-Of the

“phase of the radiated wave reflosting from  the tonk walles

2
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wWhittaker (8). Arrer intera ot  included in the .
mathamaticel mnodel a8  ¢niga e::::,,:::,n does  not axint wWith
isolated nevigation buoys ag sea, Theorefars it wan concluded:
that the éalculated responsa was o  pocuPate reprotantstion of -
‘vhe performanee ©f A& oingly pyoy. The sredietions of the
mathematical model were alse eompapad with Fesulta publiched by

Evans (6) £or o Norwoglan buoy gepign. EXeellent suresmant was
otserved, T

Dofora pranenting the. pesulss of the pbFameter study it Lo
nadoeaery to disouss the performsnce ©f the Btendand’ Irish
Lighta buay with & 0.74m, giemeter 3. 75%. Jobg tall cude, ao
shown in figure A, . -

Ty -
. L e 0375 ts20
30 re 0N '
B
o

- . A A :
) L) 10 "2 " 8
‘Frequanty | wmodel scole)

Eis &, IRISH UIGHTS WAVE _POWERID _BUOY.

Domping ‘ratio significantly affects Paxforueance. A double Hoak
porformoncs curve Aidentifying ‘ths heave rescnant frequency of -
both the water colupm &ng bucy, hull is only experienced with.
very Lisht datpingi o danping ¥asio of - L. However, the pesk
parformance  n only 30K of shit obtsined with a dampins vrotio
af 20. At thio higher damping level the water colunn resdénance
3¢ completely supprepsed resulting ~ in B narrow, frequency’
bandwidth reoponse about the nstural buoy heave froguensy. The
roason for this can be found By considoriog the magnitudn of,
the FACLATION wave force ceuponents forr LOth modes of motion:
ohown in gigure B, A there is & ALfLference of nesriy tio
ordeva of magnitude ia the rediation demping, it io iupossivle
to grovide nmmtohéd impedangsd £Or Both modde with & Binkde
turbine dasign. . )

With the precent buoy depign ‘the turbine dawping Le chosen to -
provide peak performsige at the busy heava peguency. Thia has
the sotondary effect of eONSUFsining the svsten to exsract
powar only frem low wave periodsi typically 3 seconds at full,
soale. Thip poricd correcpands 10 8 low 'aspestral density in s
typicol ses epectrum oven for 6n  inshore locstion, It 4s°
thorefore denirsbie te not only indrease peak performence and
banswidth response but alPo t0 JROreame the rebpanse at, larger
wave perioss and obtoin o betiel BBSening botwoon the transfer
2unotion for power extractieon end $ho wave sprectrun. ‘ .

. »

3
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‘The effect of 1muaa£ns tall tube dlemeter 1 shown in figure |

8, for & 0.48m, long tube end FOr & dalpPing ratie of 1, This
shows  that  copture factor inoreases. proportionally with wetar
column ares for the rengsd of tubes tented. 1t should ba noted
that the lowent curve 1o nimilar o that ebtasmn for the. n‘uh
© LAERte buoy with unit Anaping rovio.

08 o8 . 12 21 16
- Frequenty (medel -seale)
fis 3, H_OF (1]

‘Piguras 6, showo the affest of . tall tube length on performence
for  unit -Aamping YAtic. ALThOUgh the - resnlts for  the
Antermadiate dilameter subs (0.1im,) are presented, the trond
- wae similan for the othar tuben, Lengthening the tail tude
_ Widened the pesponse froquoncy band width as o conseguance of
the groater oolumn masm lowarisg the stiffnens / wess ratic and
roducing the  Pesonsace frogueney of ¢he  wator column. The
Y prinelpal values of added naos and padiction. dEmping varies
‘Anaignificantly with tube leagth. However, o Bighar degras of
- hydsodvoamle aouDLing wab oboerved with the ehortar dcolumns,
+’But this prevad to be sumsricelly Snnignificant when  solving

: QM oquation of motion,

. . § ¢ ’ annd i
. 06 09 0 12 14 (13

: : Frawmy {aodet  state?
o fip. 8 THON . BE. LENGYH.

Aa mm the performange of the Irioh.Lightn buay: damping umu
to b the zost significent variabdle. irrespoctive of tube length
;. oF . Glemeter. Pigurs 7. shews the Derformance of the 0,462,
.~ OLAMOTOP tubdm, WAth a range of donping 3evels, Ap with the
standara buay, Ancrassed  danping ratio incressed performance
and & vAluo whas  xoached bayond whioh ”lh captura factor wasg



et o Y

.

seasmese

18

reduced. Howover, -4 comparative examinstion of figures & ang 7
revenls that' with the larger diameter tuds the pee¥ capturs
faoLOr eccurs 8t & freguancy betwean the respnanes fracusncy of
tha bupy huil and waser solumn, Examination of the performsncae
surves f03 all the column diawoters tesntad, revenled that with
o damping rotie of 20 tshe fraguonoy corressonding $© peak
performance shifted to o lowsr valua progressively With
incressing tube dlaveter. This raesucvion in Pregusney 4o
sovantazeous o 1t corresponds %o a. longur wWave -length
providing Deter BAtOhRR With a typical inshore ‘saa spedtrun,

10

Lalh
2rx 048

-Capture Foctor
= 3 iy

L R R TR T TR ™ e SR
. Fraquanty. (model scole)
VARIA A DAMPIN

‘The: standara .adv.unlou buoy reprevents one extreme in segmetry

when $he wator GolUnn crowe eedtionsl apes is amall in relatten
to that .of the bBuay huld. In this ‘csse, the buoy hesve node
‘predominetes: and the veter colunn 8ota ap an inertial. referapoe
for the power teke-off, Wave exsitation oh the cvlumn §p sasll

' compared YO Che pressure force An the plenum ehanbar, As'the

‘eolumn diameter io inoreawed, both the wWave oxclitation force
snd the radiation faros bDecome srestor until the  water oolumn
notion pradominstes and the 'bBucy hull becones the inerstial *

4D the power take<off is not unigua to onth. Bode.  but agSs as’.
the coupling machanism between the DUy ond water solumn heave, .
impedance wotohing for dboth modes. can only bs asvhioved if the
rewpsetive - magnituden of radiatien demping are of similar
niagnituds. This. oan b achiaved with the larger diametdr tall
tuben. : : '

.

_veference £or the powir taka-off, Fisure B shows the veristion
"in radistion deaping with incresping column dlameter. :

.
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Damping Coeff. o K
e % % 8

Water cokimn

g ... 2

M. 62 03 o4 05 04 07 00 09 W,
m_g;‘\im'mo"ﬂ OF RADIATION DAMPING (UEFF. -

Howaver, 1t £5 not poasible to optimine the buoy desipn puraly
from hydrodvnanic considarations  an  thers ore practical
Yimitations ¢o the lensth ond dismeter of the tail. tube,
Planetor mupt be reptristod - X0 - lesve  sufficlont plane water

5 £n thé Rull to ensure floatation,  As navigation buoye are

heavily conotpucted, this limivs ¢the onlunin diameter to
appronimately ‘half ' thav. of the hull: Columin length ts
restricted | by - the depth of water on aite and the mooring
santfiguration. Budya can e moored in a water depth of ton
wotran and au the mooring must bo attaohed $o the botsom of she
Hull for onbiuem o bridal oust ba used. With large. dismoted
eolunng the "langth is  1imited ‘to about Am. %o prevent onbBincs
with the pooring chains, Tht conmnaction Latwoes the bridal and

o the main.mooring ehain at the swivel. must not paet on the ada

5 bod td avold twisting, Column lenpth Hugt aluo be u\utu to
ouobxq ‘handling of the buoy on tho detok of the ship. -

lo.

; .

LR

. % From ' the: first stege of. an ‘extenaive rosaurch ond development
X proivesme ‘%o detormine the rolationship hatween water eaiumn

, Jaono

try- ohd the pnoumasic perfermsnte of axi-eymmateie tall

2UBG buoys ‘far ule AD navisstion aids, the followink has beoh

‘ "m?mbi\wdad:-

-
h-‘ .

I 1}

nmhue urcmeo 1s  vropertionst t¢ odlumd owu'.

'uaﬂom -:eu cer - fube / d&mtn roatios of un to 738

uct-oam cubo loatm widend the frogueney  bandwidih '

reuponusg by Teduoing the natukel eolumn heava fregquenay. ..

Thia $a u-t nunxﬂemt with lew am&u rot!.on.

™e  Yevel of »m&ac danping zs the most usnuuant
wvariable affocting purforimance., Fer small diameter tubesn, 8
uged. in the current buoy desiunn, o chango in damping ratio
from 1 to 20 inovecses 1tho peck pearformence by & foctor of
tmvoa anéd the bhuoy nuvo c»eeuau» predoninates,

A tbo oowor axtrastion dampo tbo rolative motion of tho two.
heave medea, nstched Awmpodsned nocasuvitates similer lmmli

o2 radsua.on dstping for hoth. dogracs of fracdom.

LT T RN
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The currént wave pokorsd mwzculan lmov donigny are not
efficient ond xrespond only. to. very hish wave frequsncles,

- DoWBIENE the tuda  dlameter nut . only fuproves poel
porformance while reducing the responsa freqguuney, DLS.

) ‘I

;#leo  oubstenially widens the ltmwew bmcw.lub responne
when & dampiag ratio of 20 4s. vsed. -

nemm hydrodynanio pertormance wmt un:n ineseavad
water eolusn  diametey: - and  length, for the range of
variables tested. foll . cptzu&uuon {8 not possidle s8
there 4Are prectisal. limitetions asush as  floetesion,
atapidicy, handling, water dupth ang mstm bomon the

‘tubm and the bridal mooring,

e&kt'gtuz thanks ara sccorded to the Pollcwing:«

The Wolfson foundetian for funding the yeuasreh work.

Br. E R Jotfrave for Mn spnbideradle susistance with the
pathemdtical modelling anu salculotion of the wanmmea

Qoareieionts.

‘The sosdense end t«hnieol um Y} tha. ﬂaimmuw and. the
meybers of the WAVS  power  Tessayed | tasm  fOr  Yheliy
: mudanblu ‘afPorte in the aa\muwmnt 'ef this projece,
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The absorption of wave energy by a three-dimensional
submerged duct

By J. R. THOMAS
Buhool of Mathorsatics, University of Brista), Usiversity Walk, Bristol BS§ 1TW

{Recalved 20 May 1980) .

It has been shown (Evans 1076) that the power absorbed by o genaral, axisymmstrio
body depends solely upon the added-mass and damping cosfleients. Thess coeflielants
ore fundamental propertiss of the body, representing the component of the faree on
the body propartional to the avceleration and velocity of the body respectively in the
radistion problem, where the body  is forced to oncillats in the absence of incoming
wavea, s

In the present paper thess confaienta™ure dstermined by solution of the radistion
problom, for & mouth-upward eylindrical duet situated on the sea bed and fitted with &
piston undergoing forced oscillations, The edded-mass and demping ccafiicients are
ther nzbd tostady the power sbsorption properties of the dust when the powaer take.
off is modalled bya linear-spring-dashpot system attached to the piston. Curves of the
added mass, demping coefficients and absorption length (s measure of the power
absorbed) as funetions of wavenumber ave presented, for different duet dismeters and
different dapthsof submergence.

1. Introduction

One type of wave-energy absorber, under ovrrent consideration is the submerged
devics situatod on the sea bed, Althongh moving away from the sea surface towards
the esn bed will, in general, tend to narrow the absorption lengtht 0s. wavenumber
bandwidth of the device, it hes tho advantage of shielding the absorber, to some
extent, from logsl storms which conld eause damags to & surface device,

Mouth-upward-facing dusts in two dimensions have bem studied by Lighthill
(1879) uzing complex analysis to obtain tha various important hydrodymamis coeffi-
cienta. Later work by Simon (1081) extends this to three dimensions, where use is
made of recdiprocal relstions which exist between tlis scattering and radiation problems
in the linear theory, together with an approximate variational technigue, )

In thip paper, we shall consider the three-dimensional oase of an upward-faaing duct
of aircular cros-section, fitted with o piston, at ssa-hed level for mathematioal
sinaplicity, which is attached to o spring—deshpot system as & means of extracting
energy. Siroon uses asimilar model, slthough he treatathe infinite depth case wherethe
power take-off system is now modalled by an energy extrastion coaficiant (equivalent
to 2 dashpot) applied in the depths of the dust.

Evans (1676) has shown thet the abeorption length may be determined from

1 Absorplion length s the mtio of energy abaorbed by tho devise to the ensrgy per unit
frontage of inaldont wave, :

) Lad
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Fiavnn 1. Mouth-upward duot of radius g, lngth 3, in water of depth d.

knowledge of fandamental properties of the absorbing body: the added-moss and
damping coefficients. Waves incident upen the device will be diffracted, scattering in
all directions, and will alsy sst ths pision In Taotion, genersting further waves, Az
explained fully in Newman (1977) the veloaity potential can thaa ba decomposed into
eoattering potential, where the piston is held fixed in the presenscs of incoming waves,
and a radintion potential, where the piston is forced to osofllate with unit smplitade
in the absence of incoming waves. The added-mass snd damping coefficients may be
obtained byevaluating the hydrodynamie farss on the piston intheradiation problem.

Henee, to atudy the ahsorption length we need only conaider the problem of foreed
oacillations of the piston. The method of solution relies on finits dapth and is dus to
Qerrett, who conzidered the problems of bottormless harbours (1970) and the wave
faress on o ciroular dock (1971).

Added-mass and damping onrves as funotions of wavenumber are given In §6.
For nerrow tubes the added-mass coofficiant remains fairly constant over the range
considered, baing in genaral slightly Jarger than the mags of waler in the tube, As ths
tube length inereases, it is shown that the abaorption-length bandwidth deoresses ot
@rat bafore reacking & mirimum and increases again as the mouth of the duet
approaches the surface. It sppears that tho main ndvantage of the tube is-thas it
reduces the piiton motion us the tube length inorensas, A comparison of thess coeffi-
clents is made with those obtained by Simon (1981) in infinite depith.

The Lmiting csab of an ondlllating disk on the sea bed is considersd in §&. This Is
eaaﬂyaolved snd provides a useful cheok on the compatation necessary in the sbove

InappandixB&haabmrpﬁon length and amplitude ratio in finite depth are derived
for a general axisymmelrio heaving body. In the imiting case of infinite depth the
expressions agroe with those obtained by Evans (1976) and, ae in the infinite depth
casy, the maximam length obtainable by an sxisymmetric heaving body
iaA/zr,whmAhthomwiugthoftbsinwmhgmmwﬂohismwdepmdmtm
thewaterdepth. .
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2, Formulation
The vadiation problem

Aaubmugadeﬁulhabeoﬂengﬂx!uddnulum%mofu&mamam

the s6a bed in water of depth d (4 > 7). The tube is fitted with o platon, which is forced
1o ossillate with frequenoy o end unit amplitude, We wish to ind the bydrodynamio
force on the piston and hence the added-mass and damping coaffisients of tha davice,

Cylindrical polar co-ordinates (7, a,,)mwmsmwupmmm
origin at the mean position of the centre of the piston (fgure 1), -

sm&lldisplsmanwandkmm&lﬁw,ﬁhoﬂuidmﬁmhgwmed

by claguical lineaxized wator-wave theory. thﬂd«pmdmmmmmblmby
symmetry, so we may introduce a veloaity potential,

O(r,54) = Rofgir,s) e, 29
Mawhg&emﬂmmﬁmmﬁmewﬁnmismppmd Thopotnn-

ﬁawmstnmfy

=24 ‘%hg 0 inihefioid, - (29).
withthahnemudhonndwoondiﬁom
| 4= =0 onthetonutice (o= d) (s.3)
‘whmx =iy,
% =1 omthepiston  (s=0, 7<a), (24)
%‘" 0 onthosea bed (=0, r>a) - (2.6) .-
%wo an thetabe (=0, 0<zSY. (2.6)
Wamnqum;mmmymsppmpmnmﬁmmm,
A% ooshke: _
ﬁ ~ -F)rm 88 £->00, . {2.7)
wheze & issome constant,
Wem&ynolvahpm‘uqmﬁmhtheinm {r € o) and oum(rau)nglm.
b= 5 BELoNT) 3 8) Ry
and | . :
= é«“éf&(a..')z.(ﬂ)-ﬂ(a-—d)-ﬂlm'l {rse) {29)

whsre 4, B, sro unkuswn consfeuts sud, in the notation of Miles & Gilbet, (1968),
Bs) = Nibomble, whao Nyw j[i+(Bdftainbibd],  (310)

Z3)= = Nytossa,s, whae X, ~ il -l-(%l)"’ﬂﬂ%il. {2.13)
forn> 1,

_[5
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Ren#htbewammhumhhdtomﬂwongh thadispmionmlaﬁon
of = ghtanhdd - {aleogivenby ag= —ik), (2.42)
anda,mﬂmpoaiﬁvemlmﬁof ‘
gatoned = - o8, (21
Withe, <@g (a3 1). . .
ofm Ztn> O)ﬁm awmplataorbhogom‘luth{o.d] with mean-aquare valnes _
Notothat
K k) = priB i), By
I =i} = Jilke), o)

where J, is an ardinory Boasel fancbion, T, and K, are modified Bessal funetions and. -
H,hhmmduﬂmhlﬁncﬁmof&eﬂutkhdﬁhsmﬂmﬁptmyh_

omitted withous smbiguity 6s o rasult of the radiation eondition).
As in Black, Mei & Bray (1871), we have includad a partioulsr solution fn theinnar
region, which ia harmonin and satisfiss sonditions (3.3) and (2.4).

Pollowing Miles & Gilbers (1988) we now constraot ¢ in the inner and outer regions .

hmdu/&umqwmmumma

%a“’) o rse, Igag4, .(a._:a)-'
wehavealso _ .
o o8 ros 0gsgk @
Eeneewemymd#/&mosziiu _
LT LY (218
where
# o aj 1) 2 ey (219)
Tbsmnhﬁmd#hﬁemmdwmnmmhem
¢= § Dpiodd sl r>a) @30
o= 3 T (')'l‘[(‘"d)"'p] reah G

The pressmes, udhﬂnw#,is mﬁnﬁnﬁsufr-c.lemd.wmhhhg&owhﬁm -

T in thehmwmﬂmteglmdm

va.ndforl"'is‘ed. |
This msy be aimplified vsing the formuls (Abramowits & Stagun 1079)

) a0 B K = ()t Tor 530, (238)

00242 1>
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Define

ik x,a .-[agaﬂzg(c,a)xé(a.a)}" for 20, @24

_mﬂeqn&ﬁon(mnhenhoums ‘ o
L RUL LI

3. Solution

Mies & Gilbert prosesded tosat up an integeal. squation; howsmvaabsllulopk

the approash of Garrett and eonstruct an !nﬁnihamm ofaimnlhmm!hmeqw 3

tions for the wnknown 37,
Omuszslmhwe,fmmeqmﬁm(ﬂs)

29;2.&:)»0 ST

leﬁrbtmud(a 1) by%m.hmsmramofmww divrdobyd L

- 23.,.-“ @ O, N (9.8)
" yehare. o
Ema(x,-_smma-c,.. R
EECH R P -' .
sod j ' . AR
R éj {@=%)—g/a']Z (o) ds ’ '.(a")
(WWAforwm D, 0. .

. 'Tho above i & complex matrix eguntion which tan be reduced htwredmatﬂx“
mﬁmwwydmwﬂumpnm.bym -

 Beagd, ' (s.'a)"-
,wbma,.b,mm.mdmmnnsthomﬂﬁmmmmowﬁalm
Nmmxwuwwfommo(mx.u-nmvsmwawm K

Wﬂths o

' B = Yut i 12 0), o
;hmy,,p,m:ea&(mamﬁ:&twmuﬂnmfowﬂmthenl‘mn(&n)m
Bt 00t BB =00 08
: Emwmdmmwhmmh =8 s - .
| £ Bata 7090 = Ot b e
A ..}3‘: ”“'bﬁ.""?nbﬂ o tofy. | ‘345,, .
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'1!3,,.3 msheuohﬂomof _ -
Yake+, 2 B 8y = Ou - . @
o ' - ﬂ"* z Bﬂﬂa aﬁa’ m = 0.‘ 2‘ oy (3.‘2)
then. - . o
‘ LALLM __ (3.48)
o by =08y B=0,1,3,..., (.14
and, inpartieulsr, N R
' By 6yt bydyy by = —aydy : (3.a8)
Tbm __ Lo _ o
A b=l )
onil - ' .
& = 05 4idy -
- {e.;,-..fil'?ﬁv}u{-&%} 230, @m

wpon salving tho two real aystewns of equations (8.11), (3.12) (ths mothod

. mployedhg&vmins&s),mmmm.ﬁ(aa O)N:dobmnui‘unaduﬁonfor

¢ from squations (2.20), {3.21),

4, Cslcuhdonofadded-mand damping coefficlents endm
_cxn'actian
4.1, Addal-mass and demping cogflicients

mmmwmummsmmhmﬂmmu

writtonin theform '
where a,,, b, are mndded’mmmddmyingmﬁa&mhmpuﬁvdy both veal and

depondant on frequenay o It is alsa shown that by integrating the preasure over the -

W’Mym
Symef, Bvas, - )

-wlmaé,fa mmwmaum&mhmcﬁmhmnhmmuhmw
nonnal vector on the body surface, dirested into the finid, .

Inthismﬂheanlymovﬂlepmdthehodyhthem.whinhhmmmadh

. mﬂon!nthudkwﬁm;hm&eoalyag,b“mmnmm

T it | e
| =pf Frauss, “o .
_whm.?iathepiahnmm (Foreomim«.aa.bawmhmmuhdmmdby
anby)
RAOAA S
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: Simﬁwmothniaofunismpﬁmdommm
%’wn wia ou". _ {4.6)
saud thos , isrelated to mW¢mm:§smmfmmy, ‘
& - - ‘ 4.8
‘ uaing (2.4), - ¢° i “a
Henes
oy iy = -p~'f ¢4s, | (o3

Umngthampmntationof#wthemre&im (2.21),

wutistys —por (" [* [gpr-ays § Tl s o))raris 09y
- -2wpw'[tg/w’-d) j rire 3 :' O‘g: | “Idagnedr  (48)
- -Snpm‘[(g/u‘-d)-i-k 5 “%&] (410)
Thus - .
oy p [(d-a/»') +Re 3 --;_;—’-] )
by = =upo I x“"—%ﬁ] e
. 48, Awmmmmmfm
® - powabaorpﬁonlengthhdaﬁmdhy |
mdihmbashownthﬂfortheﬁniudmﬂxm(mappm&xm
. 4{0’/]6)%3 - . .
b e T @19)
wamummwgmdmwmmmmmw Now:,,mybs _
st ' R
- z,az(x %ﬁw—w—%ﬂ% e } , (14

giving & maximurn value of

whm%hmmvdmgthofmhﬂmbwe,whm o
| Buogt, B=), (4.16)
"The resnlt (4.15) sgreea with the infinite dapth cose (Evans 1978), |

x;muz B 8 .
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Sionibarly U expressinn for tho vatio of ho pistan anplituds £ o the amplitudeof -
the insident wave 4, esn be shown to bo :

: | l:i'f “mﬁ%‘m | (447)

whinls again ngrees with the tlesp water 0ase aa d > o, when the gmnp've'loﬁty.
‘? ag:mmmw mlnéso!’thgqtd&ed mﬁnmﬂdnmpingmm—dimendon&&iwbj ;
' oy My, by= M, (4.18)
3 = massof water sbove piston eontained in » sylindsr of sadius

u yatpd, :

whige

choosing this purtiular M tnstesd of the msss of water In the tabe so that we ave

ohlo to consider tho Umiting oase 55 the length of the tihe tends tozevo,
1f we intraduce a nan-dimendenal wavenumber v = o'd/g, then

1 T N '
‘ . N8 : o
QR wn
"Mﬂ.mﬁgj'kﬁe'&hemhmmafnqmoy#‘hxﬁnl‘smmm;tm g
0y, by sssuming we may:chooss ‘
St | f%@dzﬁ:;,;'w‘ C (mq _
% ™ 3B s+ AT wa

‘f, (%)(3’(@&6-&”@‘”)
A~ e

(438)

m“”zd"’. = A{eg)
"omlvﬁo o Ag = Afoy)

8o, for cachvalue of the non-dimensional wuvenumber v, we solve the wo zeal Enear
systems of equations glven by (3.11), {3.12) to ovaluate 7, (w > 0) and henee s and A
Onsa the vaciation of 4 80d A with v I kaown, and » funing fraquensy w, is chosen

. osan s (4.22), (438} o study ha bsuwption length sod sarplibud ratio yarlation .

ﬂ'h"v )

The sasultis obtafned aro presented and dlseumed in §6. Bub st we shall axsmine
the liraiting case of an osdliating dialk in somie detail. 1t fano & practical shsorber but
mpmu:? et b easlly sived and the bébavionr of the added-mass and dsmiping .

anrsess ) -
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3 unﬂﬂngdiskeasa
8.1, Statement of problem and solution

Aninmmnmﬁngmdthemomﬂnhuwdaamﬂhmgdnkmm
ssa bed, Tha approach to the problem is as for the tube, but the fact thet we are now
matohing ¢ at ¢ = ¢ over the whale interval [0, 4] produces much simplified results
providing & better inaight into the bebsviour of the added-mass and dsmping coefS-
cimty (the similar surves produced in the disk and tabe mindlmtathatthh
behaviour is relovant to the tube problam),

The formulation of the problem is olearly identieal with that of the tube cass,
giving now, instead of (2.98)

n;_';”s';,n,;z,(s)-- [2—g/o —2)fa holdingfor 0&s<d. {8.1)

Ag befors, multiply both sides by (1/4) Z,.(2) and integrate to obtain

FuBa= 5[ 100515001 s (5:2)
’ =0, with }=0. {5.3)
« Thes 0, R N
b where Op= —2y (seesppendixa), (6:4)
. f,’;_% (@3> 1) wharo o.,a%% (smosppmaix&).  (56)
= S [~ ol o) i) o
= T (&) 10018 o) 4 1000 .
sinos Hy(ha) = Jo{la) + (ko) and
P = 25 [~ M) K] (58)
=g (3) Lioyo) Kiage) (m 3 1). (.9
6.8 Added-mass and damping cogfloieats
Teing (6.11), (4.12) and the fact that the &, srereal form » 1,
by = Smpuali ¥ Xm (F /4%, | (8.10)
o= amp[(d-afom5 ~Re(a £ 55 51)), ®.13)
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giving

by = 282 13 ) | (5.19)

a,am‘p[(d-g/aﬁ)-—-—m- Jz("ﬂ)mh) g ﬁ‘&‘g—%&“ﬂ} (8.13)

1 am indebted hnmﬁmbrpohﬁngo&tm&ispmbkmdmmﬂhﬁngm
moy aleo be solved using o Hankel tronsfurmation, This method yialds an expression

for ths damping coefficlent identical to (6.12) and the tollawing expeassion for the
udded-masa coeffitiant,

e AT

where the integralis to be interpreted in the ssns of the Cauchy prinaips) value, By a

suitabls choles of contour the integral may be evalusted, giving an expression for the
added-maes coofficient identionl to {5.18),

Wo may now non-dimensionalize the remult in exastly the eame way a8 in the duet
oase. mﬁmpmmaﬂmﬁonwm%udmﬁiw&ammmm“w-
numherforthe disk,

One point to note ia that for frequencies where A is equal to awoofl‘wehave
b, = 0 and, sinco (ses appendix B) the damping coafficiant inproportional to the far-
field smplitude, we may sonolude thas, for an infinite set of frequencies, forced cacll-
lation of the piston produces no cubward-propegating waves, This is in accordance
with the resulta of Black, Mei & Bray {1971) where they considered water-wave radia-
tion by rigid osclllating bodies, However, the first nero of Ji{ka) ovsurs at ke = 388171,

Feal) = 376)

8o, sssaming the water dapth is 40-50.m, then, evan when the diameter of the diskia
equal to the water dopth, the firet zero will occur at & wavelength of the order of
30-40m, whish is outside the region of intevest for wave-eneryy devices ginee the
important energy source lesin mmofmvalmgthnbatwmioo and 200m,

Lo

83, qummuv»o V-
Aihrnon-dimmﬁma!ﬂm

3 .
- __.__ Norl{e,0) K,
p=1 -WJ,(M)Y,(I:») -2 2 —"—"E"-%r&-)(a‘ a (6.16)

wherey = ¥/,
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Weshaﬂmmnﬁdnrﬁhabeh&viomnfﬁhmmmuwv-ro. Firsbweahdl

remind oureslves of the equations satisfied by » sad a(n 3 1),
V= amw’ c,dthndud‘l-l’ L 0. (B.‘nn (5'.“)

ond, thus, a8 v -» 0 we have v -» (kd)® and a, - n7.
Uning the limiting forma of Jy, Y,,formall argumonts (Abmnmm & Btegun 19':0).
wo have thefollowing bahaviour of 4 and A ss v-»0,

A - afi(a/d)P, {6.19)

a1~ 3 Lumo/d) Eyfsof)/eb. (530)

MAwdpmdehmuv+o.mmothymmwy
rapidly sinco I(2) K(2) ~ §2-* a8 2~ 0. As usual, the absorption Jangth will tend to

mouv-mbntthomplitndemﬁowmmdtosﬁnmmﬂa. We have, a8 v-+0,

'Zl" TNy _ (8.81)

from {4.28) and {8.20) above,

Now aa v+ 0,

. v ki and ﬂ,dﬂmflﬁ. “wips‘puol
Thus, wehave ' '

.Aspinpi_neorpomaqniakly mvaréngmr@dmdawaﬂni.tevﬁm
8.4, Verifioation of bg yesult for dish

Hasking (1857) snd Newman (1862) have shown that the damping cosficiantisrelated -

to the ‘exciting force® i.e. thi force mthobodywmwmhddﬂxedin&epm
of incoming waves. In this case evaluation of the exaiting foree is
there are no diffracted waves. Itmboahmfmm(n 16) and (B 20) that

whthﬁeudﬁngfmm&odhhgh&ommeddk%mpﬂ
tude of the incoming wavea. Now ¥ can be found by integrating the hydrodynsmis
pressure over the piston mwwmmhmwmmmamm

Ps -wpf 9$.dar“ Lo (e .

- where O, = Re{g,e % is the mﬁeﬁng potential, This-is jush ths inaident wave
pomﬁﬂnthmmnomudmm.xm

- thb (629
(taking wavea incident from % = ~csinge direction is of no conasquence here).

sussnins 4
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Fravne 2. Non.dimansional added-masa cosficient 4 us. non.dimensional wevenmmber
“ Kd, for the disk, for differant volues of afd.

#Thus Cre pw
i Fe—inp” o_’ﬁ,";ordrdﬂr“ (5.26)
- =ipgd e S ‘ '
‘tosh kd ofdfjo aftr Wdﬂc'"", (6.27) ]
~ipgA o
@ : o= R o e
- el J ko) o, (5.29)
and, substibuting fr F in (6.38),
by g TN, S (a0

Now, from (2.10), o, may be written as.
" S
¢y o .. (81

and, substituting for o, {n (5,30) using (5.81), it can be ssen that the expression for b
agresa with that obtained from the radintion problem given by (6.12). .
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for the diak. for diffstent valuos of a/d,

* 6, Results and discussion .

Wo ahall first mmmmmmmmmmmmam
duotrosulta,

" 8.1, Dhe disk o the ses bed -

Tn each case the results far the disk weve plotted for values of a/2 = 01, 0-25, 05,
Figure 2 indieates that, a8 6/ deoreases, so the added-maes variation dearenses over
therangéofy,nnd fora/d = 0-1 theadded misﬁ&lynmhntmthowholamgo
For a/d = 0-5 the carve begins to tiso again slightly near p w 2:0 as the

asymplotic volue is approached. The daxping curves shown in figure 8 illusteate the -
. deorense of the damping eoeffisiont from its asymptotic value ot v = 0 until it yeaches

ita first zero which will cconr aba valne of v > 2, when Jy(ks) = 0.
Woe now tune the disk 4o v, = 1:0 03 in §4, and the results ave shown in figure 4. For

tho disk to bs a good nbmrberwanqnirol,/ﬂa:»lmm&ppmdabhmguf

values of », Physioally this raeans that the disk eaptares all the power in » wave of
orest length greater than the mmm,ﬂmwm,m = (2ka)-2 80 it would ceom

that, ati the taned wavetiiziber, we fiquir k3 < Hd/a). Howsver, is explained in

Srolkosz (1079); 1;/2 does viot attain its minititum value at vy, but to the left of v,
This can be inbst easily ssen when a/d = 0+5 in figure 4 and coours becouss, sl
1s/2 < (2ka)3 for vy, },/2a ia stll able to rise above its value st v, and He below
the cuxve given by lu/26 = (2k0)™.

While the curve for a/d = 0-35, in partionlar, ssams promising, ﬂ\omplmdsmﬁo

~eurves showa in figure 5indicate that the disk ossillations axe too laxge to satiafy the

assumption of smull smplituds motion required in the linsar theery, The magnitude
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Ficuse 6. Nondimensionnl added-mnes ccefficiant g w. nen-dirgnsional wave.
naumber Kd, for the dust with o/d = 01, fordtﬁmn&vm of }/a.

of theas osvillations can be redused by tuning to emaller wavelangths or incressing
the disk diamater, however it is not posaible to combine these to make the disk &
good absmber while ensuring the motion remains within the bounds of linear theory.
Bo, a8 expected, the disk is not a good absorber and, indeed, the main purposs of ita
study was to provide a check for the dust results and to provide analytie expressions
for the added-mses and domping coefficients, whish in many easea behave similarly
tothoss for the duot.

6.2, The mouth-upward duct

lﬂg\m 6 gives the addad-maes eurves for fixed a/d = 0-1 when }/d = 0-4, 06, 08, As
farthedhkwitha/dno-l,thanddedmmahdﬁrlywnshntomthemgeof
¥, and, in each cags, the values of the added mass ave alightly largar than the maas of
wator in the tube. This is sinea, as d/d gets smaller, the piston is effostively baving to
move the slug of water in the tube and hencs the edded rmass will spproach the mass
of watar in ths tnbe. (We would expest also an end correstion I, asin the case of an
open pipe in an infinits fivdd with no fres surfoces present, where I = 0-6183s. How-
evar, this value of L will not apply here dus to ths pressure of the fres surface and
sea bad.) The damping curves given in figure 7 showsome differsnca from thosefor the
disk case for larger valves of I/d, where the damping now rises to & maximum hefore
dbcréasing to the first zero. (The seros of the damping were found to ocour st the same
values that wete obtained for the disk: it is not clenr why thia faso.)

The added-maes and demping curves for fixed 1/d = 0-5 are shown in figures 8 ond
9. Again, the larger variation in the added mass oggurs for the wider duct, The damp-
ing in each oase, although seeming to approach the same value as that for the disk
of the same a/d, as v - 0, does not fall off as rapidly as that of ths disk sa v inorenscs.
Before examining the absorption length ond amplitude ratio variation with wave-

---------
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the doot with i/d = 08, vy » 10, fur different valuss of a/d.

ammber we chal skudly $hs bohsvieus of the edded-mass snd damping coefficiants as

 the depth inceases. By fixing ofa/p, w'/g and plotting the sdded mass and darping

o5 fanctions of w%d/p we should resover the infinite dspth resnlts of Simen (1081) as
w'd/g-> o0, However, it {s firab necessary ta relate the damping and added maas to
the damping costBeient, D,, aad the effective edded-langth tarm, [, used by Biman.
"Phis can ha deme by exsmining the respastive redistion problems. In the model vsed
here, & piston displacement Re[Es-#) radintes ensrgy away at  rate jo'b, |£|* while,
in the rediation problem sst ap by Simon, s volume fow Refl in the doetradistes
energy swny at a rate $oK D, |Q® (Sitaon 1681). If we dsfine I, in finite depth such
that they comrespond to D, dafined o infinite depth by Simm, then after some

slgebrawefind - ;
i@ -Gl ene

Now, naing this definition of D[, we sbould recover the infinite depth valuesas
wd /g > 0. Figure 10gives the variation of I, snd | with w'd/g, when v'e/g = wb/g

= 0-9, Inall cases; the values seom 0 bo converging to the infinjte depth values of |

Simon (1681). The aceiracy of th reitilis decresses us 4%/ inaresses snil o, for o%/y
= 049, it fa not posifble to-bs confident about results. for wd/p > 2 soy. Note

that D, spproacheaitainfinite dspth valne fram below, although, forwid/g < 0-8,D,is

groster thaa its infinite depth value. -
Figure 11 shows the absorption length veriation for fixed 1/8 = 0-8, with tuned
wavenumber ones more ¥, = 10, It aan bo geen that widening the duct diameter will

"brosden the suxve, The same criterion as for the disk applies in determining whether

the devioo18 5 good ohsorber; 1. 0a s guide wo require kd < §(d/a)at tho tuned wave-
number. 8o, although the duot conld be better taned, in the case a/d = 01 say,
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rmnm 18, Nonlimonsional amplituda ratio |E/A| ve. non.dimensignal wavenumber Kd, with
afd = 0-28,ifd = 09 for different valueg of tunsd waventumber v,.

figure 12 indicates that the duct diameter should parhaps be too large in order that the
mmpﬁom of linear theary be satisfied.

£ If we now study the absorpiion length at fixed 6 /3 and vary I/d, the results are not
quitewamlghtfmmd As one might expest, figure 13 shown that a wider band.
width is achiaved for I/d = 0-0 rather than 0-8, when the duct month is clossr o the
surface, But when J/d «= 0-§ the bandwidth is wider than in the previcus two cases,
although the curve does drop off quiaker than the onrve corresponding to I/dw=0+9,25 v
increases. On the other hand, the amplitade ratios shown in figure 14 indicate &
progressive decreasa in |£/4] as 1/d increases, over practically the whole range, and
cortainly neor the tumed wavenumber., To understand further what is happening here,
attention wos forused on & fixed value of » and the vmaﬁonofa'bsorption length
with 1/d wea studied (figure 15),

Surprisingly, es //d increases from 2ero, the bandwidth of tho abserption length
ourve decreases before reaching a minimum and then increases as the duct mouth
geta closs to the eurfuca. From figure 16 it can be seen that the amplitude ratio falls
off rapidly at first before levelling off to some extent until the mounth becomes olosa to
the surface, when it begina to fall again. Apperently, the advantage of the dust is to
decresse tho amplitude mtio eonsidéerably but the tube, in some sanse; shields the
piston frbin the insidant wave s, althoiigh this miy e éffact by liaving the duist
niouithneatthemirfuod, ..

Thoeffeotafﬁnﬁnghdﬂmtmvenumbm mybeaminﬁgm 17, The inaii-
mum value of {,/ ia given by the curve by pae/20 = (2ka)}, shown dotted. Figure
{8 shows how the piston oseillations are redueed sa v, Inareasss. When v, = 0+8 the
ahanrption length bandwidsh is vory narrow and the amplitede vatio rises maskedly

3¢
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obavo the values whero linesr theory is sppliceble, But, when v, = 146, the amplituds
ratio is greatly reduced, as noted in §6.1, linear theory ia valid, and the absorption
wkm{ curve exhibits a broad bandwidth,

8.3. A4 not2 on nwmerical methods

W require the solution of two infinite systems of real equations. This was obtained °

by truneating tho systems after N terms and solving the finite systam using a standard
numerical procedure. Both systema have the sams left-hand sides s0 the matrix of
cocffinienta of e,, 8, need only be inverted once numerically. Then, regarding the
solutions obtained as functions of N, we require the limit as & » 0. By plotting the
results against N-! and extrapolating to zero, we may study the convergonca of the
solutions. .

The convergence s elow, being almost linenrly depsndent on 1/X for large &, as
Qarrett (1670) noted. Tho equations were solved with N = 10, in steps of 10, up to
N == 80 terms. Unlike Garrett, tho solution for N = 40 was acourate to within 19,
and a linear extrapolation using N = 40, 60 compared well with a smooth extrapola-
tion through all the values of N, Using this linsar extrapolation, egresmentwasiound
to thres or four significont figures in general, For smaller values of 6/4 and certain
values of », N needs to be larger to maintain the acouracy.

7. Conclusion

In'this paperasimplified modelof anoscillating water columnwave-energy abscrber
has bean used to studythe behaviourof the added-mass and demping coafficients and,
hence, the sbsorption length. Expressions for the abzorption Jength and amplitnde
rotio corvesponding to thoss of Evans (1976) were derived for finite dapth, for a general
axisymretric beaving body. The limiting case of an oscillating disk on the sea bed
‘eas aleo analysed, and while this is not o prastical dsviss it provided some insight into
the bebaviour of the added-mass and damping coeflicients as well as providing o useful
check on the numerical methods nsed in the duoet problem.

The results indicate that, unlass a/d islazge, the added mass shows relatively little
change over the range of ¥, while the demping coefficient still retains the zeros found

. in the disk problem, although the presenss of the duct can greatly modify the curves.

The sdded-mass and damping behaviour with inoreasing depth is presented, showing
how these coefficients approach the fnfinite depth value of Simon (1881).

The variation of absorption length with wavenumbar has been llnstrated for both
fixed a/d and fixed 2/d. An unoxpected result was that insreasing the tube length can
actaslly narrow the bandwidth of the eurves. For moderate valies 0f1/d end 2% /d the
linear theory isriot réally applicable and, ilthoughithsamplitideratiotasy bé fedueed,
to some extent, by chooaing tiore appropriata tuning Wivenumbars, for the devise
to be a good absorber it is necessary for }/d and 2a/d to be quite large, I/d =00,

’ a/d = (-460y.

Thus, such & device situated on the ssa hed does not scem practical and better
results may be obtained by bringing the device oloser to the sss- surfece. However, it
must be pointed out that devicea of this typs will not be isolated but will appear in
arrays where intornstion effects can ocour which muy result in an inereass in absorp-
tion width.
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. Appendix A

Wehavo .
Dun =3, Zute) B,
giving

Dy = (No N [ bin g, doos a8 -t dsin e, toos , 1)/(ak, 0 — 03 0%

form&n,mn2 1; .
Dpp = %gl\f;' [1+‘h-—-——-x—-—“""°”’“‘( "'"’]

form » 1; %
Do = Dy == ‘= (N, ) [kd sinh 2 cos 1+ &, d cosh Msin e, 8]/ (2l 20+ £4d9)
forn > 1; '
| Dy~ 35 [x +°‘“sz;hw+d)}-'
Now ) |
O = 5 [, ta-n-apm 240128
giving
=i [mm z“‘nh"']
u= f.: i g%n o]
form > 1,
We have written, in equation (3.7),
By = Yatiby
where ¥,,, £, ave real, form > 0; now, from (3.3),
By = (By=1) Dy 4-8ps-

Thus
Fgg%“—’g, o)+ TYEN~1] Do

Y=

= gt )+ PR

Noh Forthodiakom,wehawln 0, andao
Co= _mo

o, = Nt
ahad’

QNVIIANS b

the

(a1)
a2
(A3)
(A9

(A8

(A7

(A8)

(A9)

7 16)

(A 11)

(A12)

{A13)

(A14)
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Appendix B
" Absorplion widih in finste depth, dethafuﬂpmbhmdmvuinddeat upon
the duet. The equation of motion of the plston is

m&*’&"’&"’ Fp, (B1)
whare}, d are the spring end damper sonstants respectively, Fp is the hydrodynamical
fores on the piston, snd . £ B @9
istll;adisplnumntofthepﬁim. * Ball™q :

o Fp o K4+ F, (B8)

where ¥, is the forve on the piston when it is held fized in the presence of incoming
- wavea {the scattering problem), and F, ia the force on the piston when it is cacillating
with displacement § in the ahsance ofinmhgmm (aradistion prohlam)

Andby Ao F,=fufe™ (reslpartunderstood), B4
where fyy is defined in oquotion (4.1}, Lo, .
F, = (g4 fuby) fs—o, (B 5)
Substibating in equation (B 1) we obtain
; Fy= Ro{{(E—(m+ap) ")~ W-’-bdlﬁr“‘} (Bo)

o caloulais Fy, The Haskind relations show that the exciting foree depends sly

on the fay fsld potential of the radistion potential, snd is given by |
Fo topeon (go2-970) as, @

whore @ = Re{de*} is the radistion potentis], defined as in §2, and 5 is & control
surface, & cylindrical surface, » = B (excluding bass and top), with normal directed
towards the crigin. The incident wave patential fs given by ®, = Ro{gye~#¢},where

%“Lm“" B8)
ﬁngamdmpﬂﬁdald],mmmhﬂhhmdﬂmd@ﬁm and -
this may be written .
¢.=i—;¢;"%g 5 eatndulir) iam ®9)
L-ﬁé‘&%ﬁ 5 S i) + 9, B10)
where g = 1, &, = 2 (m 2 1), adHE’.Hﬁ’mMalfumﬂmoftheﬁrs&md. ‘
sscand kinds respestively.
Aa r < 0, tho radintion eondiﬁonimpoaedon ¢ gives _
¢~W(b)m.' , ®11)

where 4, issome (somplex) constant.

B3
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to . .
By TS Cccubtlads lim RIFRir) B lr) - HEV(l) B er). (B 12)

Thus .
Fym -‘%’&‘% N,d%'e"“. (B 13)

where use has been made of the naymptotic forms of the Hankel functions for large
sygumanta (Abramowits & Stegen 1670},

Therefore aN ) , _
b e
or
By = 4pAd,c,z e, | (B 15)
where ¢, is the group valosity in depth 2.
Now, applying Green's theorem o ¢ and § (3 represants the complex conjugate of
), it can be shown that o %
‘ it Lo (%;“3%) @, ®19
where &, s the contzol surface previcusly defined and, as R - o0,
¢~ AHPUR) T, : ® 1)
Fm 4, HPUR) D2 (B 13)

and, substituting for ¢, 3, (B 10)reduces to
e
=;4'£o,m‘]A,|‘. (B 30)
I we use the expression for F;in (B 15), (B 6) becomss ‘ _
G Al - i a)h)-io@bE (B2

- The powar ibsorbisd by the systein fs the mean rate &t which'work I8 doie on-the
systera by thefiuid, : :

and the power per unit fromtage of the incidnt wave is

F, = (wave energy density) x (group velocity) ,
= pgld*c, (B 23)

R0 & .

So taking r = R 88 control surfaco and lotting R - 0, the exprassion for F, reduses !

Peg[TtrRu-wap, @m

sy, /
L
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. Hence the absorption width ), is givan by
‘a”_'}:; ' ‘B“)
ot ~l£ ‘

Substituting fm- [£/4| from (B £1) and using (B 20) o eliminate |4,}, this becomes

s
Ll v e e (B26)

Note that for desp water wa bave w? = gk and the desp water result is obtainad

| (Evans 1976),
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SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO
DIVISION DE NUEVAS CREACIONES

Radicaciéon No. 05-44485
Clasificacion Internacional (IPC): F03B 13/18
Concepto Técnico No. 2246 :

Patente de Invencion [::]
Via PCT (fase nacional) [ | Cap. Il [ ]
No. Sol. Internacional PCT/IUUS2003/032377
Publicacion Internacional WO 2004/033900
. Como resultado del examen definitivo, realizado con fundamento en el articulo 48

de la Decision 486 de la Comision de la ComumdadéAndma, se le comunica:

1. Documentos estudiados
1.1. _Descripcién: Folios 77 a 186,'presehtada originalmente.

1.2. Reivindicaciones: 28, folios 326 a 345,."respuesta examen fondo.

1.3. Dibujos: 17 figuras, folios 346 a 362.
1.4, Prioridad: US 60/417/914 de 2002/10/10.

1.5. Oposiciones: No se presentaron oposiciones a la solicitud.

2. Objeto de la invencién

» Titulo de la solicitud: Bomba hidfogtétioa-

¢ Nuevo titulo de la solicitud: Bomba htd, I ,lca de plston con bloque
flotante. Se cambia de oficia,.por’ ajuata‘rse‘ eonh precisién al objeto de la
solicitud.

» EJjobjeto de la invencién es una bomba hidrostética de pistén anclada al piso
marino, que aprovecha la energla potencial de las olas.

e La solicitud de modelo de utI'IIdad vse 'cataldgé, segun la Clasificacién
Infernacional de Patentes (IPC.) en: FO3B 13/18.

3. De la solicitud de Patente (segln el caso)
3.1. _Descripcién (articulo 28 D. 486)

o La descripcion si cumple con el requ:sn‘o de claridad o comprensién de
acuerdo al art. 28 de la Decisi6n 486 '
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3.2. Reivindicaciones (articulo 30 D 486)

o Las reivindicaciones si cumplén' con el requisito de claridad, concisién o
sustento por la descripcién de acuerdo al art. 30 de la Decisién 486.

4. Unidad de invencién (articulo 25 D 486)
e El capitulo reivindicatorio sf cumple con el requisito de unidad de invencion.
5. No es una invencién (articulo 15 D 486 literal a)-f)) (segun causal)
e Las reivindicaciones sf son patentables,
6. Excepcionala patentablhdad (artlculo 20 D486 literal a)-d)) (segin causal)
e Las reivindicaciones presentadas sl' son patentables

..-\‘ s

7. Reivindicaciones relativas a un-uso ové'--tm uso»* distinto (articulos 14y 21D
486)

« El objeto de la solicitud si es un objeto patentable.

8. Determinacion del Estado de la Técnica

e Consultadas las bases de datos con que cuenta la oficina y las olras
fuentes utilizadas para determinar el estado de la técnica, antes del 10 de
octubre de 2002, fecha de la prioridad invocada, no se encontro
documento alguno relacionado con el objetfo de la solicitud o que afectara
su patentabilidad.

9. Analisis de patentabilidad: (artlculo 14 D486)
9.1. Novedad (articulo 16 D486) .=

» Reivindicacién 1: Bomba hidrostatica Tc;araﬁtemzada porque comprende:

o Un bloque flotante que tiene un volumen ajustable que se puede operar
para moverse en forma reciprocante en respuesta a una accion de la ola, y

o Un pistén colocado de manera_deslizable dentro de un cilindro del pistén y
conectado con el bloque flotante, el piston se puede hacer mover en forma
reciprocante en una direccién y en una segunda direccién en respuesta al
movimiento del bloque flotante, el pistdn e mueve en la segunda direccion
para extraer un fluido de operacion en el cilindro del pistén y se mueve en la
primera direccion para impulsar el fluido de operacién fuera del cilindro del
pistoén.

« Las reivindicaciones 1 a 28, folios 326 a 345, del nuevo capitulo
reivindicatorio presentado.

e De acuerdo con el numeral 8, no se encontré dentro del estado de la técnica,
documento alguno que ewdencrara la ex:stencra de la invencion.

e Por tanto se concluye que Ias relvmdfcac/ones 1 a 28, son novedosas, de
acuerdo a lo estipulado en el art. 16 de Ia Deciswn 486 de la Comisién de la
Comunidad Andina.
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8.2.

9.3.

Ay i MR R e
o e :

Nivel inventivo (articulo 18 D486) -

Para las reivindicaciones 1 a 28, del numeral 9.1., no se encontré dentro
del estado de la técnica, tal como lo estipulado en el numeral 8, documento
alguno que afecte el nivel inventivo.

Se concluye que tienen nivel inventivo de acuerdo a lo estipulado en el art.
18 de la Decision 486 de la Comis:én de la Comumdad Andina.

Aplicacign industrial (art/culo 190 486) -

Las reivindicaciones 1 a 28,idel“punto . a invencién si tiene Aplicacion
Industrial, en la industria de bombas - hldrostétlcas de pistén, con bloque
flotante ajustable, bombas ancladas al piso marino que operan con la
energla potencial del movimiento de las olas.

10. Conclusion:

En consecuencia y por todo lo expuesto ahteriormente, se recomienda Conceder
las reivindicaciones: 1 a 28, folios 326 a 345, con el nuevo titulo cambiado por
parte de la oficina administradora: Bomba hidrostatica de pistén con bloque
flotante. )

Bogota, D.C.,

CONCEPTO TECNICO No.

; - EXAMINADOR TECNICO

2246 “‘:Cédlgo No. 202051
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