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Design Optimization of Axi-symmetric Tall Tube Buoys 

T.O.T. Whittailer, P.A. 11aPcoko. 

70. Queen’. University of flelfoat, 
Dept. of Civil ncinanpina,. 
David Keir 0*4ld&o, 
BtrmnUiL. Rd., 
Delfoet, A. Ireland. 

’this paper esents the g.ou4;s of an #Kv6jrAwsnv&& 1001 
PPOOranwe and theoretic*] aadlV.Ls of The hydrady"a"a 0001*0 
of wove pow" axj..apewarje vj.gati.an buepo. A two 00*0.. of 
f!004en .yet*n with power cst0.at*os OaspS.ng the relative 
action Of the two beOve made. is Canoldafed. Results ore 
pDeeented far .e thoreticsl nodal. which bOO be*O v*rLti*4 
e*pOPimeatallV. 

It La concluded that the paver e*Vrontie eUf.cianay and 

S
 

frequency bandwidth of the current dee**n OS wave powered 
nevitatios bani’ coai be nonoidarably Improved, Peak osptus’e 
rooter inap*aeas popo,tional1y with %Do tubO diameter SOP tube 
/ buoy Olameter patios of up to 7%. Inoroacod tube length 
widens the S poquocoy bandwidth respopee. The i0el of applied 
4eI$ptn5 her Considerable effect as 904k performanee end 
frequency bandwidth r..ponao. With this two dc*se. es freedom 
tyasma, the Iwe40 of applied daopin* which produce WMIAUM 
capture factor are epprosiwatePy 20 titheD grestor, than th 
opt$bum valued for the 3.ablOt*d Wbtłr ipolusns. IC1aO the 
radiot0e danpiat serociotse with the two Pinovo’ sa040s ohoPił � 

aiMlor 00 that. the dampint aPplied bY Iho power entrection.. 
dyatea is matched at -both natural peeponee *sequpaoien.. The 
worn hap sedaisi acPlicatiofl to She d*stqs Of WOVe PawOdd 
Wave with a control vplLndVibl tat.r aaftilos. 

_____ � � � . .�� 

B �ra1ation 0omxsg. � � �’ . 
Ba appZied.dsmpina. (turbine dazepin*.) . 
Bob Optimum appliqo denpins at WaOP ODIUPO PeDenpfl*e. 
C dsmpjn* rafles Do / sob-
0 nan dimensional *ałiatiaO aampMs. 
P wade ewoitolion force. 
II bucyasey. 
16 Tell tube lensth gram wAter line. 
Mo added woes, (dynamic.) 
Ifs mass, (statie.) . 
11 buoy hull radius. 
r taill, tube radiuso 
X diapiacaheat from oCuiilbriUs puottipo. 

to water danaity. 
frequenCY in redL.np. 

Puffin u. refers to the busy bull. 
suffix W. reforc to the 1185Cr eoluja*. 
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During the past few pears, a receanch teen mooed in The 
Department of Civil gn;ineet’ing, The Queen’s University of 
Belfast, have been investigating the various stages In the 
power conversion ehain of waVe powered navigation buoys. This 
work has been conducted jointly with two of the ligbtbouo 
authorities in the British Zeiss. Trinity house and rish 
Lights � and e local ecapany Munster Sinus Engineering Ltd.* 
who sanufactur. Well$ tufbino generators. Althavalf the main 
thrust of the work has be" towardo the design and testing of 
Walls turbine-generators for use on Standard tail tube buowa. 
as described by Whittaker at ml (2), it has been necessary to 

� gain a fundamental undarasanding of the bydrodynemlc 
interaction between the buoy and the incident wove field. 

The use of waves, to pewar. nOvigation Duore in not a 
jnnovatio as they were first introduced in the ear3.y 
nineteenth century. Theme early systems used the rolling and 
pitching motions of the hull to sound a boil. Around ene turn 

� of the century the o.cilJeting wateP Column wee introduced. A 
long cylindrical tube open to the sea at the bottom was lOcated 
on the vertiesi centre Line of the buoy forming a water soluza 
and air chant or. above. A typical wove powered busy ao ulSd 

� ov mc XxLsh Lights Lighthouse Authority, is shown in figure 
2. Air fozołd into and out of the plenon chembor by the wave 
indueCd onoilistion of the water column WOO used to Sound a 
-whistle.Tho modern wave noweras buoy utiligen thin sane 
principle only the whistle in often rep3eoed by a turbine 
geberrotor, $agud � (2) *10scribes such a system with a 
,onvant&ongl asp1 flow turbine ppeuiring somplisated dUcta and 
nun-return. valven to rectify the oaeltating sir lien to obtain 

� vni-inOOtLen*I totatien. Whittaker at .1 (5) d..ertbes� me 
� use of the waxlet tuebibe which ban greot1. 

� . �L.npLifod tho ;power sonvarsian eya ten. 
� 

�� 1.5 
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� .The buoy has a total of seven degrees of fooedcm six to 
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dOUCX$,De the motion at the bull, plus the heave moIon of the 
water łotumn. i7w nation of the buoy hull in 
vni-direetie.al Wave. 000 be domopibed in terma of hOovef 
pitch end aurge. Calculation and oouel totting have shown that 
the sotux’nt Pitch r.Op0050 fpequonfly is outside the power 
se.rmotioa frequenew bandwidth sod sure* motion* are united in 
ldG r&eOu.ncy rant6 bV a hoONLIV damped nearing. Coupling 
between Pitch and curs, is minimal an a result of the moring 
attachment on the bottom CS the hull. Hell In not noinelly, 
exalted boanwee of the bridal Oudring which provides a two 
Point atteetnent on the tre.avegde asiC of the hull. Air 
oowplionee in the p3.enu chamber we. considered to ma email and 
usc not included in the oathoam*ieat model. 

* Thereto". the bydrodymamig node 3 was limited, to that of a Iwo 
d*gzOe of he.4mo mono, spring, denser epotob. an show" in 
figure (2) On0 name describes the heave notion of the buoy 
bulz and the second In for thO water eol.unn in the tail tuba. 
The Oquatiom at motion for Chin model Is presented in matrix 
tarn in OQUOtton to 

fMab*Nt Moiwl IBb.aa bs�*bu1 f’1 P’b bl 
L"wb ’w "wJ L wJ i8ws Bwi e.J 4lshJ � tO i,,j 1’wi 

v IFW} 
qvstion 3. 

The heava modee oxe coupled in two wet.. NydradynOgic coupling 
as indicated bY thO otf-eiegenil terms in the added. 

� moos and pedistion damping nstricej � However., the dominant 
coupling: results from the doming applied bi’ the turbine Ct the 
cii’ flaw lion the piOnum cbadeor which damps the raletiril 
notion of. the buoy hull and wst.r clun. 

The primary obitotiva of the roeaaa’oh Proarsiaw woo to 
determine bow the length and dtndtter of the tail tae pod the 
magnitude of the turbine denpini effełted thO pneumatic power 

� output tt.o this vrpe of device. This woo accomplished by 
tasting a range of buoy / tail tube eontigMratono in the Wsvp 
tank and sessuring the pneumatic pssrarneace with a IOh$0 .pf 
applied damping lØVe1*.. In addition the added maca and dnning. 
coefficient* we.. �elulted using a 3 Do diffraction lheoz’f 
progrea and the pOrtoroanae calculated my salving the .auatien 
of motion union the "freQuency roanense method’. 

The hull ahape, Ihown in figure If sea chocee for these. 
v$ptrlaente an it reppanodled one of the standard hull: terms 
used bY the lLgh;hvuev authorities thgugbout the world. a 1/20 
scale woe. cheaas for tha models to antI the 
shoradtorigtiou of the wave tank. Initially the complete irish’ 
Lights, Dey with a 345a. long, 0.740. diameter tail tebe was 

� modelled a. a control esp**Lmeflt to establish the porfOt’$*aocb 
of a typical buoy ourrostly to service. This work wee aloe used 
to &0140 a 4el3u turbine generator with notched daiiP*n* 
ahsraote,tgtLce which woo teated on a fully Lgitrutse*PCd bUCt’ 
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as coo an described by W3.ttSJI.S’ at Al (4). 

Table I �howa the full ranse or  variables tcn*.de Per onch $eU 
tube soumouts confiu*stien, the applied de*spJn$ to expressed 
In tceoa of danpinS ratio relative to the eptioum applied 
danpine for a tibad till tub.a cotteum dneptv*s boisi Oaf bed 80 
the value which producee pce* pe.unst$.e power output 

?ub  diameters. 0.6ft 007* 0911 0.16. 0.23 

Tube lenitbe, 0.2 0.3 *4 

Despise ration. 1 5 Q

 

to 

40 .30 44 50 

The stove valijen refer to model Conic 

ip.ttdat1pp of tha MatJi$ttoa1HOW,, 

The performance curvea predicted bp the theoretical *ode.t for 
the wanes of buoy esmfJ.upatLons shawe in table 1, ware eheoliee 
.*pa*’iineetsUp A sample of thb esibulated rarforea*ea curves 
in ocepered win those obtained tram the wave took **oerth*nte 
in fieste 3. . 

"II �Th17 

co I 

60 L *04 1 

frequency 1d.i scold 

OF TiE0R� Lx, 

The** curve. raiste .aturo teeter t wdfe fsequentp at eeOc 
ppole for a rorsie of applied dompsy4t, Capture *sct,r IN defined 
me the z’*t&o of pesusatle power outrut to the wave power 
iwoLdut on the beep diameter The aeserol Secede of she curves 
ore wilt sedelled over urns 09-W* frequency wane., sewever. 
scam dlfteranoea Ore evident at bishez *eve lrequeoeies. This 
in a result of the emponiometil usd01 balsa affootiv.i, A4 

n.e 

psav in the wave tank. As the wsvelen*tb is .eusl S. the took 
tdth 46t I. $3 Na. � array istezeetioi *zbsa000 pmefoysnse below 

We. freassnay and beduaSO Pezformanos bepond błemuno Of the 
phase of the radiated wave zefleitini from the tank wells; 
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WLUØkCP  (S) AVOCV Ilfles.1etj0 wea not inCluded in the 
5listheO640$. bisdisi &C thLe ponm.non dOO SAC is*iBt with 
isolated neviatjon tnews At goa.. rhoregove At wan concluded: . 
thet the calculated "*vanae was Alt 06oureto ropy a*totion of 
CM P tOPisa*tisO 

or & 

°in*t,  buw. 1$e preditiofle or the 
onthonatlesi model were eae 

m 

peaulta Published bY 
(6) for a N63mmelam buoy deaA*fl. ciselleSt a*reismSSt won observed. 

et1fldA.. 

106fo&0 prenentina the paysooter .tudp it La 
neoee.acy to diocuso the PisPtoya,cC OS the O5$Idrd�Irlah 
1$snto buoy with * O.75is, 6Lsis5cp 3. 75m. 3008 tail tube. a* 
BhOWfl in ft$%sZ* 4. 

40 

:19.14 /f\\  
1 410 J._____Cal 

04 04 14 14 1.5 
�Fr.quy geodat scsi.) 

tls..&IR$W 

90$1S WAVE  MOM UOY. 

Oeopiny Pntio sinLSlebntla, sffec$ pa o$llC5C* A double öe.* 
performance carve ido*tti1y&n the heave resonant freQuency Of 
both thQ water colums 650 bueP beIl in only experinnond with 
very lisht de*pingl a dbapl.$$ ratio of 10 However, this 00"s

 SnIP 30% of Chat obtained with 
a 

despise ratio 
ot 

ao. At thin 

hiaher despibf level. the water Column renonoree 
In aonplotolP rnspppenod vanuLUDIr in a narrow, I requesos. bandwidth response about the 

noturol 
bUe heave frequency ’bo ,eonoa for this can

 be found ha’ 0*nisj4*pjis1 the segnitudll, of thO ysliasion wave force Components tea, both model at motion, V. Shown In tiz’is.e B. A. 

thisso iv o ditS.rcc. of nerly two ordesO of ma*nitude 
in vno xsd$isttuo deapisg, is 1 depe.aib3e to #zvvtdo 

antobdO impadebSa top both Thodu* with a Carbine denasa. With the preSeSt buoy daliss ’this sarbfM. da*spiae is ehonea to Provide PeelS perfaponOlis et the buoy hisoy. *ae5u.ftoy. Thin baa the ecoondezy effect Of OOflOtZAJ.ning 

the 
sYStea to entrees power only from low pave periedel tlPpL ca3.3, 3 nec011d$ oh lull. seal.. Thin period Q,ØØ*Sn to a low - D"etval dafleity *110 typiosi sea apeotrue eV0� 

t*V’L 
0* 3m abase Icisetion. It in 

therOf ore desiPsbla to not .2V 1J1000006 00031 parfoteaniss and bandwidth rouponsis UvIt cloD to £5050000 the PCllPPC$e at. j*555f Wave p.iSsd* and obtain a bCItCP OBtehiflO be$woen the tP*nBfer function for power .*tzsotiOfl end the wove 
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aii..tubaqfonJ&trw pad Pfto*p 

The effeot Of inerepaiss tail tub. Otoontor La ehows La tiure 
S. for a 0.4m. ions tube and ,or a daspins Patio 01 1, This 

showo 

that c*pture factor teOraaaea proportionally with water 
ODJUnO area for the canpo of tubas teatsO it should be Cotad 
Mot the lownot curve 1* cinilor to that obtained for the Ulch 
tishtł buoy with unit 

deapton patio. . 

-. 

14 14 1.4 14 
� . 

cf.qU,Of looM ocale 
Jg.j. SR1ATIDN NTE 

?LuPe 6. *hose the elIcit of toil tube 1.nsth on peofoawanos 
for Unit 

d.npins eatie. Aithoush the results for the 
intermediate diowoter tube 10 Its.) are preeeatedo the trend 
was elnLia* tot the other tubes. Innthebing the tail tube . 
wid.na,4 the ronponee freqtiojwo, bond width no aooneQuanee at 
the greater ooIUwm once i.weydai the atiffa000 

# ease eatlo 

Ow 
redvelub the reasons.. Ipecuenoy at the WatOr comes h0 
prinCipal w.lu*a of added esia and eadiat ton daspius varied 
isisnifioaatts with tub. JAmath. Hoonvers a hSyh*e depree of 
hydeodvnsLa asupling woe obonevod with toe aborter colunnns, 
but this Proved to be nierLvelly LasigeifisaM when coiving 
the cowatias of notion. 

to’ 

1-0 

14 14 
Frequency (nodal stile) 

Q1AT(0N 0P !UE tL$*?$L 

As with the perlansaso. of the IriSh Z.tahta buoy danptss* proved 
so no 4M seat iigs4fieent variable Lrxeopeatjva of tube loath or CiCeater. Pipere 7 shows the port oreonon of the 0 i.6r. d&oneb.r 

tuba, with 
a rinse of denpins lavolD. An with 

the 
StoAord busy, isepoased donning cotta Lacrossed parforeasee one a vOlue via reached beyond which peek coptuee tooter was erw vł evue.. 
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pqe4. Uoweve*’. o àomporat lvi 0*anineston of ?i$roe C er, 7. 
evanin that* with the lar"r diameter tv.1. the peak �ature 

� footOs. encure at C IPiquanep between the revon&w*6 tr*łi*eney of 
� the buoy bull e00 water column. Ecaninaqien of the par’So*’msea 

� ourves tor. all thO column diameters tooted, roveoxed thet With 
e. danpilse I’etlO Cl 20 the frequency correovoodAng to P..i 
parfoypence shifted to a lower value ororooeiv.lp With 
incr..eths tube diameter. flUe rceuc1on in tequancy in 
advynteeeouo an It corresponds to m looser Wave 3entb 
Drev&OLOW better pCtOblsp with * typical Inshore sea .pcOlpu*.. 

C 
6200-4
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rows 

Frequency Inedd.wall) 
rJL. ’1ifl$ OF APPI.WD IlJltG.. 

___________________ * 

� The; standard .nftvlgation buoy sopeesents One extreme in a.emetrv 
in. wł$eC Volume crone seVttonel opec is smell  in reit.n 

to that as the Duap hull. Xn thtł coo. the buOy heave eod. 
predomines..: nod the Water celunet nets as an inertial tat 

. � 

too. the newer take-Off. Wave excitation on sne column, to smell. 
Vonpared 00 the Pressure *OOc in the plenum .cb*nb$’. As the � column diassetet

 
to increased, both me wave excitation I otee 

and  She r’sdiattoet faroO become greater until the water column 
oOt*oh ps’e.domin4tec and the nony bull b000s..s th inertial 
reference lop the powir’ tote-eU. Fisur. B shoft the variition 

� in radiation damping sdth incrospiny column diamite,. 

10 the power take-eU is not unique to seth. 0040 but apse en 
the coupling mscbsnto* between the ouov eqo water column heave, 
impedppee *%qhifl* foe both *00*0 son only he CahieVIO if the 
respective monnitueco of ne*Jotiois dampios ove of �similar 

� magnitude. This can no sobiUVed With the lOrser diameter bail 
tubes. * 

4- 
�.*...4. 

� � .� 
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Water cobm 

04 at N 04 N N 04 H  

fJiJ flOo1AosjJpL 0A$P9I6 t* 
gowevor..it to not Połutble to cetlejeo the buoy design pureir 
hcn

 1w 
d"dwnsaLo conaidorattona . Be there are 9pacttes2 

J.r4t*tje** CO the lei,sth end dLaeet.* of the tail. tube. 
DLasetiu aunt be r.ettr&atag� to 3.eOVO aSfloiant PIAnO WfttO0 
Ass In vhS hul2, to ensure floatation. As navieatien buorn cr0 
h.avt3p oonDtz’uct.d. tMe 3.iattg the oa&u*n direetor to 
apponieste2p half that. of the hull. Cotuan 3.e0*h ii.. 
restricted by the depth of water on site, and the moortn* 
onfiiurati.n buoy. *an Do noored An a water depth of ton 
hOt000 41W.40. the $OO1S$,0I moat be $tt5*hoO 10 the bettow of the 
1841 for otebiUty, a bridal owet be wood. With lo*’$e. d&$*otei 
coluane the lerth is limited to about tat, to prevent contact 
with the eoortna cbai*s. The 66MOCSIOn between the br.*0a3 afld 

.�
 

the ee.tn.eooring cbhin.at the swivel 
moot not 

teSt on the COO 
. ’ 

bed to avoid .0S4$tlnf. COIWt1I length teałt oItił be Limited to "oI$bltt handling of 
the 

buoy an the d"m of the Ohio. � %.. r .. 

7rce 
-. tbe 

first etepo Of. an e*eneive OSBOAnCIt on* dovelopooct to determine the relationship between water cOlumn �probpaowo g,eeeotry .ird the Pneumatic por’f.rmonee of *st-eymoetpie 

tell 
:t.o’ bucOc for Use ceeavlassion aldi 

the soltoldiwhas bosh A, � � a � r.it.ta er?e to pa’Opoitional to oPlisme 0,Ose aeetioosi aces fac tube / diameter W&U06 of no 

to 
7394 Z. Increased. tube 

length Widen. the frequency bandwidth PODPOhOQ bP. P.4V0L tho n8ttsta1 eolunn heave frequency. Thin in most. s**nttiosat With LOW dI*P*Ste : ration. r 3. The level- Of applied damping to the most utgntf$eont -veptabie effecting performance. fror neal-i dtotneBer tube.,, as. need te the ewr*ent biroP deetsna, a cheeSe In damping 

ratio 
food I Co P0 Lacrosse tao Posh perfeouranco br a Vector of � ,lsrea $04 CISC bUOy he* P pecuanep pruoontvsetea. o � An the power extract ion senno thO 

rolativØ motion Of the two 
neceitales łirnLlsr levels� � heave. itue0, mMohad impedance ac 

OS radiation demping for both degrees of freedom. - aWU vp evpw, e 
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� . The ampro"t wave tabOPed fl*vZ$at*Cfl bUOY dostne are, net 
�SSiaient oed  respond only to very huh wave TpeOUenc&ee. 

� 

Skmb4las the tube dl.*%otep sa only iesn’av.s peek 
prToenenoe while *’oduo*nt the. response ?Pequoncv. but. 

. . .. . 

*10 $01lP WId*nb The tPeqvenev bandwidth r.peo*se � 
�whefl *dbiapint patio �t go-Is .tetL 

6 Although hYUDdnaalo partoPe.flee improvon with ine*eaoed 
� 

water .oua diasetar and rgthf too the range of 
Vaniablea tend. furl : opiUon Is not pó.*&bZ. 

� thon. �ea prontleal linttetjona Cuob on fleatation, 
atebsaityo handling. water depth sad oneging between the 
tube and the bridal wearing.,: . � 

dpgtefVl theistic are seaez’ded to the tolioWlact 

he WOUB.n fevndan.&en top Sunding 
tao Pmee000b work. � as’. * 

Ii g,oteriars. for hifi eoasjdapgble seetceenae with the 
gethunsaUnal modelling and oat.cul.tjon at 

. toejelonta. � � 

ft* 0066"AA  and � technical bt.Sf of the University and the 
Moabava of the WOVe pews’ re.ssreb 

coon reP 

tileL, 
. 

�
 

00asidornb3e efforte in the Ovelop*ent of this ps’ooce. � tt.rSneoe 3.. 

WrAltekeri, ?.3... MaP’uko,P.A.., bcs’..G.. the Development and teat inn . of a Wave Aotivstod � liavigetien flUoy with a � . � Walls 

Tus’bine. 3rd lot- Ut’sp. łn.OUshord  JI.ansnis fln ]*ann, La, . usa, Feb* It-uP. � 3.9*8, óp . *67473, Vol 2. .. go X&evO&jyO wave itnd . Genepacor. Sat. Ce14. on she PleitYttOb of: 

tne 
eanana, pane. aope.ons. PPanee to 

Whitt&ier,T.J.T.,. Mallhagger.D.L, Dars’.A.O. � Wells Tuihines or *svinscLan 
Suave. 3rd. let.. CostS. fez gupal .sn � .. cogepejusa. Invarnase. 

SoatI and gent z*-16, 1983, . 2$9..97. . . . 4 .Wttaker.T..T.. agstP.D,L. B*P,4,, T)ldhpLoJt.6.. *Z.o*i’te*l doheidePb*iOfld .4th WAve POWó*Wtd Nt&*.tiba ALan ConSo alternative gg,s’gy hoot. Zanenrotion thd. UtiliaatjOn. CovSnteV. U.K $ept. 10.12. 5. Wb&italiÆ,T,2.?., Mur’Pay,M.A. � PoUoxeenui Cba*seteP3.etioe OS 
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The absorption of wave energy by a three-dimensional 
submerged duct 

ByLR. THOMAS 
Suheoj oFM meatica, ThiIvauity of Thleto1, Utvexsy Walk, Bristol B28 ITW 

’Becelved 20 Ma)’ 1080) 

It has been shown (Evans 1076) that the power absorbed bye. general, aalaymxnetzic 
body depends solely upon the added-mass and damping coaffidents.  These coefficients 
are fundamental properties of the body,.representing the component of the force on 
the body proportional to the acceleration and velocity of the body respectively In the 
radiation problem, where the body is forced to oscillate. In the absence of incoming 
waves. $;k.’ 4A. 

In the present paper these coeloien?bxed*tarmine& by solution of the radiation 
problem, fore. mouth-upward cylindrical duet situated on the seabed and fitted with a 
piston iinderjoing forced ceofliatione. The added-mesa and damping coefficients are 
then used bstudyIJie power absorption properties of the duct when the power take. 
off in modelledbyalit--daubpot system attached to the piston. Curves of the 
added maes, damping doefficieuts and absorption length (a measure of the power 
absorbed) anfunotlone of wavenumber an presented, for different duet diameters and 
d1ffomntdepthaofeubmergoe. 

I. IxtOdofic 
One type of wave-energy absorber, under current consideration is the submerged 

device situated on the sea. bad. Although moving away from the sea surface towards 
the seabed will, in general, tend to narrow the absorption length vs. waveniunbor 
bandwidth of the device, it has the advattage of shielding the absorber, to some 
extent, fium Jo& storms which could cause d&mage to a surface device. 

Mouth-upward-facing dusts in two dimensions have been studied by Lighthill 
(1070) using complex analysis to obtain A&a various Important hydrodynamic cooffi-
clnta. Later work by Simon (1081) extends this to three dimensioa, whom use is 
made proal one. wh she at b$ween the scattering and radjationproblaine. 
in the linear theory, together with an approximate variational technique. 

n this paper, we shall consider tltethrea.dhnsrsIpnal 0848d an npWnrd4aa1ng duct 
of circular crol-seotion, fitted with a piston, e.t sea-bed level for mathematical 
simplicity, which Is attached to a spring-dasirpot system as a means of extracting 
energy. Simon uses acimilarmodel, although bet the Infinite depth eaewberethe 
power take-off system in now modelled by an energy extraction coefficient (equivalent 
to a dsabpot) applied in the depths of the duet. 

Evans (1976) has ahown that the absorption length may be determined from 

t Absorption length thł ratio of anoW absorbed by the devise I.e the anstv per mit 
frentageoflnthdostwav.. 

7,3 
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knowledge of fundamental pzopartAen of the absorbing body: the added-mass and 
damping ccomclants. Waves Inâhnt  upon the device will be MwAtA scattering in 
afl dtrectLona and will also set the picton In motion, generating further waves. As 
explained funy In Newman (1077) the velocitypotentW can than be decomposed into 
awAteringpokuUwhere the platonis held fixed in the ceofincoeslng waves, 
and a radiation potential, where the piston In forced to osaiulats with unit amplitude 
In the absenas of Incom1n wavas The dddmaes and damping coeciente may be 
obteinedbyo atua ing the hydrodynasnlcfbroa on the piston Inthoadiatlonprublam. 

Renee, to study the absorption length we need only consider the problem of forced 
oaelilatiaaaoi the yiston.Te method of solution relienflnite depth andisdveto 

.. Garrett who considered the problems of bottomless harboum (1970) and the wave 
forceeouaolraulardock9’J1). 

Added-mass and damping curves as functions of wavenumber are given In If. 
Yor namow tubes the added-mass coeffinient xemaka fairly constant over the range 
considered, being In genral slightly larger than the mesa of water In the tube. As the 
tube length Increases, It Is shown that the abàorptton-langth bandwidth decreases at 
first before reaching a ’mum and increases again as the mouth of the duct 
approaches the surface. It appeaze that the main advantage of the tube is -that it 
reduces the p105cm motion an the tube length Increases. A compalso  of these coefl-
clauSe Is n,de with those obtained byBtoion (1981) in Ifliflito depth. 
The limiting case of an osilifisting disk on the as bad is considered in JO. This 10 

easily salved auct provides a useM check oaths computation neoaesary In the above 
case. 

In appendix Bthe absorption length and amplitnddxat&o In finite depth are derived 
for a general anisyuuneisin heaving body. in the limiting case of Infinite depth the 
expressions agree with those obtained by Beans (1916) and, as in the infinite depth 
case, the maximum absorption length obtainable by an axisyrnastric heaving body 
Is Af2v, where A Is the wanlngth of the hicoming waves which Is now dependent on 
thawater depth. - 
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2. Irormulndon 
The raS(atioapm 

A ubmeged vertical tube of length 1 and ciroulot oross-section ofadlua etanda on 
the sea bed in water of depth vi (vi> i) The tube Isfitted with aplston,w3dchlstoroed 
to osoliluto with frequeuops and unit ampUsude We wish to fled the bydmdpan& 
f0mon theplaton and bence theadded-me eer*1damphg coefliolents of the device 

Cylindzloal polur coord1natea (to 6,$) are used with z positive upwnzdu and the 
origin at the mean position cithe centre of the piston (figure 1). 

Mourning small displacements and Irrotatlousi flow, the fluid *otlon Is governed 
by dussioalllueerlzod wntor.wuve theory. Than leno S dopendencain the problem by 
symmetry, so we may Introduce a velocity potential, 

Ro((rs)r°}, (2.1) 

where, following the usual convenison, the time co.orthnatelasuppxemod Tb.potmn-
ttol#mustaaiIsr 

VIO Inthefluld,  

With the Une&4Zed boundary conditions 

so 

oubbekeeevrfeco (0�i), (2.9) 

1 ontheplstoza (Soso, r ca), (24) 

0 on the sea bad (0-0. r> a),  

ont.hetube (ra, OsZ).  

We also require ç$ toaatis the a zupriate radiation condition, 
Aar acab as r -.co, (2.1) 

wb.łSasome�aonb. 
We may solve Lapinee’s equation In the Inner (r 49 a) and outer (r Do a) regions, 

giving 

B BX(arZjz fr 4 LB).. 

whne4sreenknownoonetanta and,In the notation of Miles & Gilbert (1988), 

Z(s)cosha, where 1(i+(2l4elnb$k4 (210) 

Z(s)Nj4cos4z, where46-11+(20642a4 (Lii) 
forn1. 

.ra � 
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the bar alatcdtowthrongh thadperelontdaMon 
(aaovonb’  

anda.aretheposMrorealrootaof 

WI2IIS <+(*. 1).�� 
TheZ,(e)(n 0)forniamo laetln(0,4]wlth ineanuaquaro values 

of1. 
Notethat 

(L14 

where JIe an ordlnarr Bessel funation, 1 antI X are nmW1ed Bessel fimetlona and 
H Is the zero-order HanIF1 funiten of the first kind (the uaual superscript may be 
omitted without orsbigult as a raadt of the rathaticn eondil$on). 

ilk tmm d*/sr*ttbs4ylfn"8ahAwfi"r 16 0.1 Ac SAC i. 

BIaelcMel &Zray (1911), we ha dap ulereolutlonla theinnar 
region, w1dcbIe harmozda and es’fls ecodittone (2.8) and (2.4). 

PoEowing Mllee & Gflbert (1908) wu on*ue$çtbi  thoinner and outer regions 

=f(z) at ra, Zsçd or 
weliaveulso 

at va, 08L.  

HMO wemnaesndq/8rover0es 

(LIS) 

where 

j J(s)Z(4Jz. (2.19) 

The repesntatlmrs of oinfielmwWdoulft regions now become 

(220) 

The eeenre, and hence #Ia itintofle etr ni a ( deo matching the solution 
In thelnnerendontarzegionagtvee 

(222) 

nlldforlia L 
This maybe ahepHflad using the fommula (bramowifre & Steguat 1910) 

(aiz)4 for a 0 (128) 
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are the nohLthMof 

+Z. 
18rsft, 

v-I 
Own. 

� 

(8.13) 

� br �e.  

.ThuR 
So 

� 

8.10) 

and 

. vi. 0. (LIe) 

Bo upon aaMng the two rca) uysteme of cquatfwzv (312), (3.12) (the method 
employed lsen In Ø.3) we can evaluate F,(*) 0) and obtain a full eolutlofl for 

# 

fkmequaona (3.20), (3.21). 

4. CUlutlOfl of Added-mm and dampIng co oft" on4 en 
cuact&óu  

&t. Adlwa and damjth*gcaIcoza 

� : 

It Is shown in Newman (197T) ."t the complex force In the ith xooMon due to a 
sfnUaoidatrnu Of ampmq 0 and. nuft amplitude In the jth dbeotLon may be 
wdttanlntbeform 

(4.1) 

where 

a,,,b, are the ed d.ma and. dnmplg ooealuats r nly, be veal and 
dependent a quenoy.ł. Itin AUG ehown that by ingtsrareovartha 
bodysorfacs11, 

�PLO,(4.2)  30 

�wbea4fe thepot lcorriepondlng to mutlonlnthe ith dhactton endu Is theinit 
normal yector on the body eUrfacu directed Into the fluid.. 
In this ca*e the ouly moviable part of the body Is the platen, whiabJa reatrletedto 

nzotlOuln the, dizeetlon; hwks OflIyacv, boos now=* avd �� 

� 43) � = 

PL1.d3, (4.4).. 

wbere.9 I. the pWo eurfecs. (Per convenience, ej  be will hereafter be denoted by 
n) 

vvn #P� mviip 
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be. ehowa lobe 

vhbdi nWiba wjuae tith the itcap water can cc when the group votoelty 

1kromeovrftas. mpucaotheaddid maarntdamphigwanomenntonaUoby 

V 
M mthovOplatofleofltatoedlnh*CyllflderbfradtuaG 

d=Aq thic particubirM Inateedof the *nucaof water in the tube en that we are 
ablo to eeuelderthoflmltlng cnnaetboength af$hotubetonda.towero. 

if we 1ntrduce an*dhnciIona1 wave umber. eAifg, then 

I 4..2.(of AW] 

Further we may ttufle’ the qetBnI n afrequonoyw0 to give 14 amaxlvam this 
kequeney by a,iem1e9 we may choose 

� e(w4 (4.21) 
.Thonwehevo 

1 .1 
� 2e 4.22 

WHY 
+$sach’kd 

OA

 

8o ceehv oafthou linear 
oydows  (3.t2)tooviduato1(n O)andbenee aód . 
Own us VaatUUCCJsandAw1Ik v Iaheawnend ttUfltogfrBqf1011o7 too isCbeca � 

wlthp. 
Therasu)tsobWned erepseented 

and discussed in 16. But So," sh&ll exe*alno 
the Unitingth disseet s coodu pa abeorbarbut 
the problem can be euaUy solved and the bóhsvlour  ofth dded-nasc 

end dni. ooswwmv eVD WVfl4* � 
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5 T1ni1Hn disk case 
Li. 8tateme4 ofpvbZan end 

An Interesting limiting case of the resonant tube is that of an osaiflaisng disk on the 
an Ud. Tbeapprosah totbeproblem lees for the tube, but thofaotthd we- arenow 
matching at s’ a ovor the.whoie IntorvalED, d] produces much uimpUfled results 
providing a better insight into the bebsvlanr of the added-mean and damping cam. 
cisato (the studier curves pxoducd In the disk and tube cases 4nit4t, that this 
behaviour Is relevant to the tubeproblam). 

The formulation of the problem.ls clearly IdentIcal with that of the tube case1 
giving now, Instead of (2.26) 

B - eVe hcldbigfor 0 a 8. (6.1) 

As before multiply both sides by (1/4)Z,(z) and Integrate to obtain 

MM i0. 
Tbus 

21-4 

ire_ Wb& O 
- (eesappendlzA),  

f (a 1) wbexs Ca (see appandizA). (53) 
HMO 

() tJz(in)7W)+UI(k)J, (LI). 

slnoeH1(M) J4!es)+(k4 and 

LL Aided.w*. aedgcosjloicete 
Using (&11), (4.12) 

and 

the feet that the rereaI form .1, 

2irpanzNj4lm(Ffh’),  

O =23rP[(J_v/o)ç_Be  (°A’)}  
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ba = Jflhe),  

A( 
� awl 

X an indebted to a referee for polntln9 out that this problem of an OaoWatisg disic 
may nIce be solved using a ifanhel tronaformattou.!Ibia method iWde an oqresalatt 
for the damping ooeffiolent identical to (6.12) and the following ezpmaalon for the 
added-mesa 

AL 2w - 514 

whótetegralis to be Interpreted In the eansoof the C principal.vnlue. By a 
suitable choice of contour the integral may be evaluated, 

gluIng an expraon for the 
added-mass couffielant idenfuc3 to (6.13). 

We may now non11i nelonalize the result Inexactly the same way as In the duct 
ease and compute the nbsorpon width and aalitude ratio varIation with wavo-
numberfor the dick. 

On* point to note  for es when equa1to  two efJweba,e 
=0 and, alnoo (see appendix B) the dampingecefficlent Is proportional to the for. 

field amplitude, we may tmd=U that, for an infinite set off*uqnelas,flnoedosd1-
- of the piston produces no outward-propagatIng waves, This In In acoordaneC 
with the resulta of Black,MeI &Bray (1971)we they considered wate-wsvexndia-
tionbydosoftlatlngbod.Ies. theflruteeroofJ(ho) occurs at ka I=. 845171, 
La. 

2nd /d A 2trlsi 
4) 

or 

So, assuming the water depth Is 49-60m, then, e,Æwhen the diameter of the dick is 
equal to the water depth, the EM zero will occur at a wa’velwgth of the order of 
30-40m, which In outalde the regIon of Interest for wave-energy devices alnłe the 
imlmtmtenargy aemeelisein waves of wavólengtha betWeen 100 and Mm. 

O.S. BvisurO4Zoisntewv-O,v..cn 
AfwnO nelàa)Szàtion, 

=1 ..L!vJ (he)? (ICO)  

Whom r 

oomv*vv. ,9 mrfvom I 
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We shall now conilde the behaviour of those coefficients as v - 0. Plrab we ahaB 
1), 

v Acitanhkl, dtano,d+v 0, (5.17).(5.18) 

and, thus, as i’ -1- Owe bare p (IGJ)$ and a  -I. W. 
the budtwrg farina of J1, Y1foranall arguments (Abramowifa & Stegun 1901, 

we)avethdollgbabavlourofsand Ass v.O, 

A - ir/4(4/41 (6.9) 

-+1 - j I,fraws/d)11(ecrn/d)fn5. (6.20) 

Both Asndi land to finite ssinos as v -o, 0, the series appeadeg 1n Is converging fairly 
rapidly dam I1(z)E(s) Pd f4 as *.ii os. As usual, theabaciptirmn length will tend to 
c*roàv.+O but theanzplitud.ratlowlll toad toafinttsvalue. Webavuaav -.O, 
from (4.23) arid (5.20) above, 

g i 

PPdU and  
Thua,wahave 

16 lsirn\ fucrtAI, � (4.22) 

Agncorporatas acoickly converging serbs-and tends to a finite nine. 

6.4. Ver(ftào1iow  b3 rsaedt/or dish 
kbd(tł57) end Nowizzari (1002) have shown tha.ttha damping cc gntltreli.tsd -� 

to del"** force’ is. "ram on the body when It tow  fixed In the prosonce 
of Incoming waves In this ease evaluation of the exciting forcek azt alghtforward as 
there e.rono diffracted waves. II can buhówn from (316) and (B 20) that 

6) we 

111*,  

where Pie the exciting force ori Ohs disk, c, is the group v"dty and A in the ampU. 
tude of the lnenm4ng waves. Now P am be found by Integrating the hydrodynamie 
pressure over the piston azrflice when the piston Is held And In Incident wavas,th 

where G Be (#.r) Is the scattering potantW. This is pzetz the meldont wave 
potential as there are no dle.oted Waves. Buses 

(taking waves lncldentfroma �coslncedlrectlonlaofnoconaequencb hers). 
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Kd 

F=vxs 2. Non4 4ded.mu 000eibpim. ft*n4HuwWwaI w.veinimbee 
Kd to, the dlth, for diff.roit volues of e/d. 

AThw 
4, 

IF. -imp 
Y0 �* see

 

fo 
2wro(kr) df C-" 

. 

(L20) 

and, substituting for 7 i (5.23), 

be  (680 

Now, from (2.10), q# mi be written as 

so 

end, subatitutiug for o, In (8.30) =ing (6.81), it can be eaca that the expreeslon for 63 
agrees with that obtained from the radiation problem given by (5.12). 

INSOCAMM 4P SOMM I a. 

22-



$ 

Wave-ene’y akorpUon by a a4mayd duel 

0�2 

045 

0 04 10 id 20 

K’ 
wovenumber Kd, 

to, the cliek, tot differaut ,aluau at a/iL 

!1 

3 

�I 

0 0’S to I�5 20 

Kd 
Pram 4. V.=4b=Aawa abompdaut Ieith &,/24 a’. am.&mdoW wvenumbar 

Ed, The the disk, fOr dlffar,sb vc2uos of ./4. 

201 

23 



202 

14 

13 

10 

- a 

6 

4 

3 

J. R. TAamas 

0 01 10 14 20 
U. 

Vzoeaa A. 1oo.a1eaUtuderat1aWAl onox*4wnvionberZ,. 
for the dWc, ferd1ees Voh= of a/d. 

6. RCSUkS and discusdon 
We shall first examine the results for the disk and than prooset with astudy of the 

ductrosults. 
U. The theseabaj. 

In each an the resulte for the disk wore plotted for values of aid 04,0.25,0.5. 
lgure 2 Indleaks $hat as s/d deoresase, so the added.resss va4ation decreases over 

tbngeofYo4dfóuz/di  04 the added maaaiefafrl.yconetantoverthewboloranga, 
For c&/d C’S the curve begins to rise spin slightly ussr 

i’ ow 

2.0 as the predicted 
asymptotic ’reins Is approached. The dnsupbig curves shown In figures illusteate the 
decrease of the damp ngcoedentfromlteaàyaptotie  value at ’ 0 until It reaches 
its fiMasrowb  Omar eta Value ofv> 2.v,bonJ(ks) ci 0. 

We now tune tha disk to r0 in I�0 00 In Kandthe results are shcmmm figure 4. For. 
the disk to be a good absorber warequize IgIft> I over some appreciable rup of 
values of P. Physically this means that the disk captures all the power In a wove of 
reat length greater than the d . ft*atpr.xGwIIa3a . (2he)1aoitwould seam 

that, at the tnnc4 waveiromber, u require jig c (ri/o) Borever, as explained In 
Srokose (1079), L,/Qa does not attain its rnnrlIaum ’ofilue at v, but to the left of p0. 
This an be 

last 

easily aecu whet a/d = 0.5 1nflur64 end scours because, although 
l,/&a <(21 for P4Jisetiu able toxieeatpeandliebelow 
the curve glvn by /2a = (2ka)-1. 

While the curve for a/d 025, inpartäoular, seems promising, the amplituderatlo 
survea sbownbz figure 6 Indicate that the disk oadillatlons are toe large to satisfy the 
aasuniptton of email amplitude motion required In the lInear theory. The napitwie 

cucrww,n. ovp 
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Ewoes G. NOR.4%wealond added-usam cofclet p ve. non4husadma wave. 
==dft Jrd, for ft duct with 0.1, for different values of l/d, 

of these oscillations can be reduced by tuning to smaller wavelengths or increasing 
the 41sk diameter, however It Is not possible to combine these to make the disk & 
go &ahewbar while ensuring the motlDn remains within the bounds of linear theory. 
So, as expected, the disk Is not a. good absorber and, indeed, the main purpose of Its 
study was to provide a. check for the thLat reusta and. to provide anelytia expreaslouc 
for the added-mesa and damping oecIeute, which In many cease behave similarly 
totboasfortheduct.. 

6.2. The mouth-vpsccrd dual 
. FIgure O gives the addad-masa carvea for flxeda/d. O’l who l/d = 0’4 04, 0’8. As 

for the disk with old 04, the added incas remains fairly constant over the range of 
P, and, In each case, the values of the added mass are slightly larger than the mace of 
water In the tube. This is aince as qi gate smaller, the piston Is effootively having to 
move the slug of water In the tube and hence the added mace will approach the men 
of water In the tube. (We would expect also an end correction £, as In the case of an 
open pIpe In an infinite 

auld 

with no free surfaces present, where L = 06133a.. Bow-
ever, this value of I, will not apply has due to the pressure of the free eurfaco end 
seabed.) The damping curves given in figure 7 showsome dlffernca from thosefor the 
d*cs. for .lager flees of i/d, whets the damping now rises toe maW mnm bsfore 
decreaalngtotheflrstzero (The zervof the damping were found to occur Bt* ea.me 
nluÆtha.twers obtained for the dIsks It is not cleat Why thlakÆo.) 
The added-mass and damping curves for fixed i/d 06&e shown in figum B and 

B. Again, the larger variation In the added mass occurs for the wider The . damp-
ing in each case, although seaming to approach the same veins as that for the disk 
of the came o/4, as is .+ 0, does not fall off as rapidly as that of the disk ear increases. 
Befors examining the absorption length and amplitude ratio variation with wave-
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ird 

Yzomtu 11. Nou.dtsasnlsea) ebusptten Iauth j,JZs es  non4waWad wavent6bw Rd, Or 
the Xfd=04.v.s 1.0fordlferontv&ueaofu/d. 

number we shall stedy the UUviaw of theadded-mesa and dempisg coefficienta on 
the dupthb eases. By fixing .."a/g, w5?a/g and plotting the added mom and damping 
as funetious of eAifg we should moovurthe Infinite depth results ofØ4m  (1981) as 

00. HoweVer, it Is first noeaemry to relate the dMOVIABand added mom to 
the damping eooffioisnt, D,, and the deotivo d-gthterm. tuma by Siman. 
This cabe done by aumining the respootiva radiation problems. In the model used 
hors, a piston displsosmeat Ru(fr’9 red tesezergyawey atarate Iw’b5 1914 ’while, 
In the rsdistl’r’ problem setup by Slmon,awelume duw Bm[Qa’lin the duetradlates 
energy SMW at arate1pWEDQI2 lmon 1981). If we d$nefli Infinite depth such 
that they correspond to 1),,J difined In infinite depth by ffiurnn, than after some 
algebraweflnd 

=;()()D +i).  

Now, using this definition of V,  4 we should recover the infinite depth valusee. 
wd/g - so.Plgura 10 thevsxlatlon of V, and I with W/o, wbm oPs/g 

04. In-al) cases, the values seem tbe converging to the Infinite depth values of 
mum (1081) Thea cores ftbaresnitadeomuuaei/gIn sees andto, far c#/g 

It. fi bot poihmotobeconMentahout resaltafor M/gi.2 ear. iota 
that D,upproachealteidnite depth nluekam below, although, foreAi/g... 0.8,Dia 
gthatar than Its lnflidte depth value.. 
FIgure 11 shows the absorptioi length variatIon for and i/d 08, with  tuned 

wavunumber onee more v 0 IO. It can be Pan that widening the dust dlametr icill 
broaden the eurve. The same criterion as for the disk applies In determining whether 
the d okagoadobaorber I& as aguldewo require Ad .c Kdfe)rt the tagudwave. 
number. ON although the duet. could be butter tested, In the an oldzs0.i say, 

U0RWYfl .YD VsoØ* t 
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� Ed, for the duct with 1/4 ow 04, joe = 1.O for diffozh v&UM of aid. 
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lCd, for the duct with ł(d 0-2, v m 10 for 4ffeI5nt V&Um of 1/4. 
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S. 

Kd 

?zov*n it Non.dxnneZ ankpUtA& eeto WAI w no eoeone* ’wevenuaber 
.Kd, for the d*s with old 05, P, 10 for dlff.rent vi4iies of 1/d. 

Xd 1-2 

0 03 0.4 0-U 08 1-0 

Fioven 16. Nen nee*ton nth/oea. ift  with o/d on 0-26k p. 14, 
for different ’puluea of Zd. 
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Pwuae IS. Kbn4==tmd smpi*tudo mto 19141 v aon.d nat wvumbe Xd, with 
old 2i,i/4G9fordectvftunedwiwenuabezPa. 

figure £2 indicates that the duct6materabouldpurhaps be too large In order that the 
oeaumpt&onB of linear theory be satisfied. 

If us now study the cimorption length at fixed u/d and vary L/d, the reauhe are not 
quite so etmightforward. Mane might axpeat, figure 13 shows that a wider band. 
width seved for Ili =O4re.ther than o.8, when the duot mouth la closer tothe 
surface. But when 1/4 = 0.1 the bandwidth Is wider than In the previous two cease, 
although the curve docedrop off quicker than the curve corresponding to;/dm 0.9, ea  v 
Innrcisea. On the other hand, the amplitude ratios shown In figure 14 indicate a 
progreselve decrease In )j/4sa i/i hicreasos, over practically the whole range, and 
certainly near the tunedwavanumber. To understand further what is happening here, 
attention was focused on a flied value of v and the vaI4stion of absorption length 
with 1/4 was atudled (figure Ia). 

Surprisingly, as 1/4 Inareasse from zero, the bandwidth of the absorption, length 
curve decreases before rushing a mini’una and then Increases as the duct mouth 
gets close to the surface. Wxnm figure 16 It can be esen that the amplitude ratio faDe 
off rapidly atfiretbefore levelling of  some extent untiltho mouth becomes elm to 
the muaae when It begins to fell agaln Apparently, the advantage of the duet Is to 
decrease the amplitude ratio canelderibly hot the tube, in some saDie, tbie the 
piston fróts the htcidt wave train, althorgb this may be dilsety having the UÆ 
the hnsMtliaUiac& .. 

The effect of LaDing to different ftyanumbers may be seen In figure 17. The suati-
mum value of tiEs Is given by the curve 4/2a - (21a4*, shown dotted. P1gw. 
IS shows how the piston oscillations are reduced as c’ Increases. When v, 0.0 the 
absorption length bandwidth is very narrow and the MnplltIzde ratio rliei markedly 

31 
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above the valueewhere linear theory Is applicable. But when v0 = 1.6, the amplitude 
ratio Is greatly reduced, as noted In §6.1, linear theory Ii valid, and the absorption 
width curve exhibits a broad bandwidth. 

6.3. 4 noteon numerical methods 

We require the solution of two Infinite systems of real equations. This was obtained 
by trunaatªng the systems after Nterzna sod solving the flnitm system using a standard 
numerical procedure. Both systems have the same left-band sides so the matrix of 
coeffWenth of ç. 8,, need only be Inverted once numerically. Than. regarding the 
solutions obtained as functions of S, we require the limit as N-,co. By plotting the 
results against N-I and extrapolating to zero, we may study the convergence of the 
solutions. 

The convergence Is slow, being almost linearly dependent on 1/N for large S. as 
Garrett (1070) noted. The equations were solved with N = to, In steps of 10, up to 
N=8Oterms. UnlibeGarrett, the solution for N=40 was aoouratetowithin 10/0 
and a linear extrapolation using N am 40,50 compared well with a smooth eztsa.pola-
lion through all the values of N. Using this linear extrapolation, agreementwusfound 
to three or four significant figures In general. Per smeller values of a/d and certain 
values of P. N needs to be larger to maintain the accuracy. 

7. conr.luslon 
in this paperasimphifled model of auoacillatingwater oolunmwave-anergy absorber 

has beenuaad to attidythe behaviourof the added-mass and damping coefficlente and, 
hence, the absorption length. Expressions for the absorption length and amplitude 
ratio corresponding to those of va.ia (1976) ware derived forfeits depth, for c.general 
ccdsyxnmelaic heaving body. The 

limiting 

ease of in oscillating dish on the sm bed 
was also analysed, and while this is not apractical devise It provided some insight Into 

. the behaviour of the added-mass and damping 9oefflcloflte sawell as providing a useful 
cheek on the niunerical methods used in the duebproblem. 

The results Indicate that, unless /d 1s large, the added roses shows relatively little 
change over the range of v, while the damping coefficient still retains the zeros found 
in the disk problem, although the presence of the duct can greatly modify the curves. 
The added-mass and damping behaviour with Increasing depth is presented, showing 
bow these coefficients approach the infrilta depth value of Simon (1981). 

The variation of absorption length with wauumbà  has been illustrated for both 
fixed a/d and fixed Z/d. An unexpected result was that luoresaing the tube length can 
actually narrow the bandwidth of the curves. For moderate va1a of lfd and 2a/d the 

ah yboEed.ueed, 
to some extent, by choosing more appropriate tun *ªenürnbe*t,  for the device 
to be a, good absorber It Is necessary for i/d and 2a/4 to be quite large, i/d 0�9, 

0.4aay. 
Thus, euch a. device situated on the sea bed does not seem practical and better 

results may be obtained by bringing the device olveerto the aes-snthee. However It 
must be pointed out that devices of this type will not be isolated but will appear in 
arrays where Interaction effects can occur which may result In an increase In absorp-
tion width. 

3-5 
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Appcndix A 

Wehn.,o 

(Al) 

giving - 

D(Ydcin1jOjciifl/(4d54d5) (A 2) 

form4n,m,n1; 
AN-1 I+ 

sbqhGosO6(l+d) (A 3) In 

form 1; 
� 

(A4) 

forn)1; 
Do 

1 
’[I+ 

oink
(A5) 

Now 
(A ) 

giving Z*f BthM 
OG=(At) 

R}eJna h (A8) 

form 1. 
We kayo written. In eqwz*n (3.7), 

(A 9) 

Where V.J. are real, form > 0; now, from (3.3), 

(A IC) 
Thia 

Y1(ka) 
Y(ka))-4-1]D,+8vI (All) 

fl11 = (J(Im)+ ’fl))_1. (A 12) 

Now: Pr the dIchosb,wohavei=O, and so 

�Ave08 w 
 

(A13) 

(A14) 

.VD W1I1* T. 
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AppcndlzB 
Abaoslion widlh infinitÆ Ł71. Oona1dr the full problem of waves Incident upon 

the duct. The eqiwtAon of motion of the platonis 
(31) 

4,3arothe.,tagand damp constanta respectively, 1Js the hydrodynaraicel 
forte on the piston, and. 

(fr) 

(32) 
is the dlspbicement of the piston 

Now 

when P is the force on the platrn when It Is held fixed In the presence of Incoming 
waves (the scittlng problem), and 418 the force on the platon when it Is oscillating 
with dlaplaoanentCln the absence oflneomlngwav.s (eradiation problem). 

And, by ddnitlon, - 
4 (realpatt.undexstood), (34) 

where/ia Is defined in eqUation (4.1), i.e. 
(38) 

Subelltntiug In equation (3.1) we obtain 

(B 8) 

zaQtd r1. The eeldnd relations show that the exciting force depends only 
on the fa*2e1d potential of tha radiation potsuttal and 18 given by 

Fe ’ Lo.(#o_Q) is 

whom Re(4}is the radiation potential, defined as is 12, and 510 Ian aontavl 
surface, a cylindrical surfacs, r 4m li (avhidhg bass and top), with normal directed 
towards the origin. The Incident wave potential Is given by 00 

to 6ft, 

representing a wave of amplitude JAI, wavenumbcr kin water of finite depth d, and 
thlsrnaybsWitten 

LA emb he 0 J(kr)côsnzO (39) 

(BID) 
�-

where e 1 ci2(m1), and AV; Hg’ ore *enhelfunotlansof the Brat end 
adblndsrespeotivnlr. 

As r-.v, the %diatim.onditim imposed on 0 gives 

(Bit) 

whcre4is some (complex) cOnstant. 
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So takfngr fl as control aurfiLco and lettlngB-+ oDtheupmuionfor ?4rcduªcs’ 
to 

_ iipghA4,e’ N 
--- J eoshhzt’1z lim Rfl(b) H"(kr)� 141)(1Y)flj*)(krfl. (B 12) 

Thus 
P.,gkA XNed  13) 

where use has been made of the asymptotic forum of the Hanks] functions for large 
argumanta (&bramovlta & Stegun 1970). 

Therefore 

it (B 14) 
coahi 

or 

1, = (B 15) 

whm c,iatho poop velooityin depth d. 
Now applying Greon’e theorem to ci and ( ropresenta the complex conjugatepf 

� #),Iteanbaehownthat 

� (B16) 

whee31a the control eprydefind and, a-pco, 

4R"(kR), (B 17) 

(B 18) 

a,subtitutlngforçb, (B 10)reducesto 

b3 1A,10 
�

 

(B 10) 

(B 20) 

Ifweusathzpreas1OnfOrPln (B 16),(3 6)becontes 

(321) 

� The power abbwW by the ey8tem is the mean rateat wh1cl work is 4ofls Oitthö  
syctembythofluld, 

jl? Ibl. 

f 
cFrds (3322) 

and the powerper utdt frontage of the Incident wave Is 

PD (wave energy density) x (group velocity) 

u141D0,
 

(B 23) 

WOMMMV .YD WW=& I. 
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Hence the absorption width 14 Is givmby 

(B 24) 

28) 

Substibuting for 141AI from (B 21) and usIng (B 20) to cIin1n$e IAI, this becomes 

(B 28) 

Note that for deep water we have aP a glÆ and the deep water result is obWn4 
(Brana 1916). 
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SUPERINTENDENCIA DE INDUSTR1A V COMERCIO 
DIVISION DE(NUEVAS CREACIONES 

Radicación No. 05-44485 
Ctasificación Interhacional ([PC)-. F03B 13118 
Concepto TØcnico No. 2246 

Patente de tnvenciôn 

Via PCT (fase nacional) Cap. II ED 
No. Sot. I nternacional PCT/US2003/032377 
PublicaciOn Internacional WO 2004/033900 

Coma resultado del examen d&initivo realizado con fundamento en el articuto 48 
de la Decision 486 de la Comisiôn de Ia Comunidad. Andina, se le comunica: 

1. Documentos estudiados 

1.1. DescripciOn: Folios 17 a 186, presØntada originatmente. 

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

1.3. Dibuios: 17 figuras, folios 346 a 362. 

1.4. Prioridad: US 60/417/914 de 2002/10/10. 

1.5. pp$iciones: No se presentaron oposiciones a la solicitud. 

2. Objeto de la invenciôn 
I 

� Titulo de la solicitud: Somba hicrottica; 

� Nuevo titulo de la solicitud: Bomba hidroatica de piston con bloque 
flotante Se cambia de oficto, por ajustarse1 bon precision at objeto de la 
solicitud. 

� El objeto do la invenciOn es una bQmba .hidrostÆtica do piston anclada al piso 
marino, quo aprovecha Ia energia pOtencial do las alas. 

� La so/icitud de mode/a de utilidad so catalogO, segün Ia ClasificaciOn 
Intemacional do Patentes (/PC.) en: F03B 13/18. 

3. De la solicitud de Patente (segun el caso) 

3.1. DescripciOn (’artIculo 28 D. 486) 

La descripciOn si cumple con el to qLiisito do claildad a comprensiOn do 
acuerdo a! art. 28 de la DecisiOn 486.H 



C 

-. . 

3.2. Reivindicaciones (art1culo 30 D 486) 

� Las reivindicaciones si cumplen con el requisfto do claridad, concision ci 
sustento per ía descripciOn do acuordo a! art. 30 do la DecisiOn 486. 

4. Unidad de invención (articulo 25 D 486) 

El capItulo reivindicatorio sI cumple con el requisito do unidad do invenciOn. 

S. No es una invenc16n (articulo 15 D 486 literal a)-f)) (segün causal) 

Las reivindicaciones si son patentables, 

6. Excepción a  la patentabHidad (aiticulo 20 D486 literal a)-d,) (segün causal) 

Las reivindicaciones presentadas sl son patentables. 

7. Reivindicaciones rolativas a tmuSo &th usódistinto (articulos 14 y21 D 
486) 

El objeto de ía solicitud SI es un Objeto patentable. 

8. Determinación del Estado de la TØcnica 

Consultadas las bases de datos con qua cuenta Ia oficina y las otras 
fuentes utillzadas para determinar el estado c/c ía tØcnica, antes del 10 de 
octubre do 2002, fecha de la prioridad invocada, no so oncontrO 
documento alguno relacionado con el objeto do la solic’itud o que afectara 
su patentabilidad. 

Anªlisis de patentabitidad (articulp14 D486) 

Novedad (artIculo 16 D486) 

ReivindicaciOn 1: aombadap compronde: 
Un bloque flotante qua tiene tin volumen ajustable quo so puede operar 
pare moverse en forma reciprocante en respuesta a tine acciOn do la ole, y 
Un pistOn colocado do manera deslizable dentro do un cilindro del piston y 
conoctado con el blo quo fiotantØ, ci piston se puedo hacer mover on forma 
reciprocanto en una direcciOn y en una segunda direcciOn en respuesta a/ 
movimiente del b/a que flotante, Ø! piston se mueve on ía segunda direcciôn 
para extraer un fluido do opera ción en a/ cilindro del pistOn y so mueve en Ia 
primal-a dirocciOn pare impuisar ci fluido do operaciOn fuera del cilindro del 
pistOn. 

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

Do acuerdo con ci numeral 8 no Ce: encontrO dentro del estado do là tØcnica, 
documento alguno qua evidenciara Ia existencia do Ia invenciOn. 

Por tanto se concluye que las reivindicacions I a 28, son novedosas, de 
acuerdo a Jo estipulado on el art. 16 do là...Decj*ion 486 de ía ComisiOn do ía 
Comunidad Andina. 

I 

0� 
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OR 

9.2. Nivel inventivo (art!culo 18 D486) 

� Para las reivindicaciones I a 28, del numeral 9.1., no so encontrO dontro 
dol estado do ía tØcnica, tal como ici estipulado en el. numeral 8, documonto 
alguno que afecte of nWe! inventivo. 

� Sc concluye quo tienen nivel inventivo de acuerdo a Jo ostipufado en el art. 
18 do la DecisiOn 486 do ía Coi’flisiOn do ía Comunidad Andina 

9.3. AplLcactón  industrial (articulo 19 D 486) 

� Las reivindicaciones I a 28, çIeLpuqto  9 1, Ia irsvenciOn SI tiene AplicaciOn 
Industrial, en la industna do bombas hidrostØticas do pistOn, con blo quo 
flotante ajustable, bombas ancladas al p180 marino quo oporan con ía 
onergia potencial del movimiento de las olas. 

10. Conclusión: 

En consecuencia y por todo lo expuesto anteriormente, se recomienda Conceder 
las reivindicaciones: I a 28, folios 326 a 346, con el nuevo tItulo cambiado por 
parte de la oficina administradora: Bomba hidrostÆtiöa do piston con blo quo 
flotante. 

Bogota, D.C., 

CONCEPTO TECNICO No. E)(AMlNADOR TECNICO 
2246 ’CodigoNo 202051 


