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ABSTRACT

This paper dlacusses the characteristics of the Cockerell device
.for wave power extrsction. A system conslistas of one pontoon contoured
on a sollitary wave was considered, The effect of both wave and
pontoons characterliatics on the extracted powver was theoretically
investlgated. Curves are presented shoving the variation of ths
extracted power with time during wave propagatlion for various values
of Froude nuaber, head of undisturbed £flov and pontoons length,
thickness and speciflic gravity. The reaults shov a great dJdependence
of the axtracted pover on the Froude number, head of undisturbed £flow
and pontoons 1length, whils the pontoons thlcknesa anpd mwmaterial
epeciflc gravity have a negllgible effect on the extracted power.

INTRODUCTION

Water waves represents a large, pocllutlon-free energy reacurce,
Surprislngly enough thla energy potentlal has, untll recently, baen
neglacted in the aclentlfic literature although the patent lliteraturs
ahows hundreds of proposals for extracting snergy from waves, Hovever,
throughout the last fev years several research projecta on large-acale
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vave-pover conversion have baen started [1].

The patent lliterature 1s full of suggeated devices for extractlng
energy from wvavea such as floats, ramps, £flapa and converglng
channela. Although very large amounts of pover are avallable Lln the
vaves, lt la lmportant to conslder how much powver csn be extracted. A
fev ysars ago only a fsv percent efflclency had bean achleved.
Recently, hovever, several devices have been studied wvhich have
relatively hlgher efficiencles. Some devices of the highest
efflciencies to date have been cobtalned with the device lnvented by
Salter, wvhich ls callad Salter’'s duck [(2), Another eystea lnventad by
Masuda (1975), uses a bell-shaped chamber fllled wvlth air which Ia
pumped through an alr-turblne by the rlsing and falling motlon of tha
vater. Glendennlng (3] reperted that Masuda has conducted a number of
experlments to identify the best conflguratlon for a many chambered
buoy. Several hundred devices of this sort are Iin continuous uase
around the worlid (3,4]).

Tanaka et al (2] teated the wvave powver absorbed by a rocking body
of SJalter's duck. They examined the effect of the shape of the front
section on the efficlency and also the effesct of the load
characterlstlcs on the efflclency. Lighthlil (5] dJdescrlbed analysls
relevant to the absorption of wave ensrgy by submergad resonant ducts,
vhlch la connacted to a submarged device ({(walls alr-turbins} to
extract a slgnlflcant fractlion of the Incident pover. The varistion of
energy absorption and the amplltude of the duct reaponse wvwith

frequancy for varlous depths of submerqence were atudied by Simon (&1
and Thomas (7]. .

Other devlces could have Ruch,
smaller dlsplacementas and hence,
pesslblllty, much 1lowver apeclfic,
costs. An exanple of these- devices
ia the contourlng raft aystem,
lnvented by Cockersll as reportsd
In referencas (3,4}. He propoasd a
serien of artlculated pontoons
vhlch would contour to the wave and
extract enerqy from the relatlve -
motion of hinges. This ayatem looks wave propagatlion
very promlaing and might be &
improved. Experimantal tests wverse
carrled out by the Britlsh Hovercraft Fig.(l) ¥av
Corporation to contirm the langth of pontoog,‘s;qg:,:,§°g;°g;;:grall
sach-pentoon (31.

The objective of the presant study ls to investigate
theoretlcally the effect of load characteristlcs {vave parameters} as
vall as the effact of pontoons length, thickness snd material apacitic
gravlity on the extracted pover from the Cockereil device. This can be
sinpllflied by studying the forces and moments vwhich cause the relatlve
motlon at the pontoons hinges to evaluata thea extractad povar.

THEORETICAL ANALYSIS

The Cockerell device for axtracting pover can be treated as a
problem of floatling body over a wvavy surface. Conaider an unrestralned
floeting object that is relatively amall compared to the vave length.
Since this objact dieplaces its ovn welght of vater, it ia clasr that
the forces on the object are exactly those that would have occurrsd
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on the displaced fluld and hence the motlon of tha object vill be Lthe
sape as that of the displacad fluld. For objects that are restralnae:d
or large such that the klnematlics change signiflcantly ovar the object
dlmenslon, Gthe altuatlon becomes more complex am the object affects
the wave. In the following study the kinematlcas change over the objactl
dimenslons wlll be consldered, whlle the effact of the cbject on Lthe
vave will be neglected.

Conslder the case of a rectangular object (pontcon) contoured on
the free surface, vhlch 1s affected by the propagation of a sclltary
wave. The pontoon 1ls assumed to have a unlt breadth and the wvave 1=
consldered vide enocugh and can be treated as a two-dlmenslonal one.
Therefore the flov parameters (head, preasure, veloclty components)
are recommended to be calculatad according to the two-dimenalonal
modal described 1n {8,3). The flov parameters for ataep propagatlng
solltary wvaves vere obtalined ln the folloving form (81

H 2
6 = —— =1 +( 4y -1 ), sech™ B veranisansrasnealldl
Hy
Hﬂ 2 k)
g = = 1 + % F" |1 - Exp {-4 In F (1 + — 1n F))]i eesentl2)
Hy 2

vhere; F ths Froude Humber
H} the head of undlsturbed flow
H the head st a sectlon of dlstance x from the wvave vertax
Hy maxlmum head at wvave vertax

X 3 .
B = — 1ln F is a dimenslon llnear coordlinate
Hy 2

o o
The horlzontal and vertlcal components of veloclity uy and ug at the
fras aurface were obtalned in the follovling form;

o 3 1
uy = \Jq H .\J-F - 2{4 - 1). I =

1 + H2 set:h'I Nx tanh2 Nx

o 3 | sech2 Nx tanh Hx
uy, = - \J g h \J F" -2 (4 - 1).

2

1 + M2 sech? Hx tanh? Nx

vhere 4 and N are functlons of F as follows;

H=(4d4-1 }\l 6 ln.F

1 3
He — —— 1in F
Hy 2
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The potential theory 1s applicable Iln most cases and the
boundary conditlons are well known (li]. Therefore knoving the free-
surface boundary conditions as mentlioned above and aasuming thet the
vertical component of veloclty changes linearly from bottom to top,
the following relatlone were obtained for the horlzontal and vertical
components of veloclty at any point 1n the flov £ield (uy,ug) (BF;

N
o
Uy = uy + (H2 - 2% 3 [l(o - 1)\[35 \'Pz_ 20(8-1}
HH (1 +(8-1) sech™ HNx]
H

2

M sech‘ Nx tanh2 Hx

1
Fou + 3 2 ) o+
2 1 2 Hy F“ - 2(8 - 1) sech” Nx
1l + H® mech HNx tanh™ Hx .
: 1
Uy
+ ! llH2 sech‘ Nx - 2H2 sech‘Hx tanh2 Hx]]

2
\jl + H2 sech‘ Nx tanh2 Nx

O £ ]

o =
Uy = upg — caresnrenane(B)

H
vhere x and z are the coordinates of the considered polnt wmeasured
from the channel bottom. .

Also the pressure at any consldered polnt can be calculated usling
Bernoulll's equation. -

The above relatliona describe the flov £fileld durlng the
propagation of steep wavea ln open channela, The numerical solution of
these eguations glves the longltudinal and vertical components ot
veloclity (uy,uz} , head {H) and pressure (P) at any polnt ln the flow
fleld.

Conslder the rectangular
object {pontoon}? 1lluatrated in
Flg. {(2), whlch ia partlially
lnmersed ln vater. The extracted
anergy is assumed to be taken from
rods connected at the middle of the
pontoona sldes wlith its axis
passing through the canter of
gravity of the object. Tha rod axla
is situated in the direction about
vhich the pontoons will plitch. The
pltch moment about ths center of
gravity conslats of a primary
contribution due to preaaura on
the large horlzontal bottom surface
and a smaller contributlion from the
two ends of the object. Referring
to Flg. {2) the pltch moment about Flg. (2) 8ketch of pressure
the center of gravity H,; can be distrlbution actlng on pontoons
vrltten as follows; sides and bottom
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My = My + Hz + Hj3 T £ )
vharae; -

+B/2 0

Hy = _j/ “// (z1 - z) Pi(x,y,z) dz dy T
~B/2 -d;
+R/12 0

Hp = J/’ J/’ (zy - z) Pix,y,z) dz dy vesrnnaanas{B)
-B/2 -d;

+ B/2 +L/2

My = v}/- v// {xy - x) P (x,y,2} dx Qy rrenracaaalB)

-B/2 -L/2

vhere; B pontoons breadth;
dj,dq 1s the depth of the lmmarsed ends of the pontoon;
X, Y:Z systemn coordinates;
X1:Z1 coordinates of the center of gravity of the pontoon;

The first tvo lntegrals M)} and M; represent the contribution of
the two ends, and the thlrd lntegral 1s the moment due to ths pressure
acting on the bottom of the object.

Knowing the flov parameters (velocity and head) ln the undisturbed
section, then the preasmure dlatribution on the pontoone can be
determlned using the above relatlons. Coneequently the force applled
on any ealement and lts moment about the center of gravity of the
pontoona can be calculated. The lntegrals (7),{(8) and (9} also can be
determlned numerlcally and added together to get the resultant applled
moment at the consldered posltlon of the pontoona wlth reapact to
vava vertex.

The pontoon !s aesumed to be flxed vhlle the vave la propagated.
After a small interval of time /At the pontoon will be subjected to
another presaure dlatrlbutlon as the pontoons wlll occupy another
poaltlon on the vave surface. Durlng the lnterval of tlme At the wave
slope will be varied by an angle /\ a. Neglecting the Ilnertla forcea
caused due to the movement of tha pontoon, then the change ofF the
angle of iIncllinatlon of the pontoon can be assumed equals to A\ a.
Then the angular valoclty of the pontoon (A a / /A t) can be
multiplled by the reeultant moment to calculate the sxtractad pover by
the pontoon. The above procedure can be repeated at a nev posaitlon
after another Interval of tilme /\ t and so on.

A computer program was constructed folloving the above mentloned
method of aolutlon to atudy the effact of load charactarlatics
{lnitial head and Frouda number) and also the effact of pontoons
shape and material speclfilc gravity on the extracted pover.
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BESULTS ANDR DISCUSZIONS

Flg. {3} Is presented in dlmensionleee form to show the wave
proflle for dlfferent values of Froude number. From thls flgure it 1=
clear that lncreaslng Froude number lncreases the vave steepneess. IL
Is knowvn that as the vave steepnese lncreases the kinematice of the
Elov change strongly untll a certaln value after vhich the vsve musl
be broken [10].

Flge. (4) and (5) shov the extracted pover from Cockerell device,
agalnet the time T. The device 1s composed of one pontoon floating on
a solitary vave at dlfferent lntervals of time corresponding to
different longltudlnal dlstancea in the directlon of vave propagatlon,
The extracted pover ls presented In dimenslonless form {(devided by the
kinetlc wenergy of the Eluld In the undlsturbed reglon and multlplled
by half the wave perlod). 1ln figure (4) the head In the undlisturbed
teglon H)=3 m., the pontoons length {L) , thlckneea (D) and speclElc
gravity (Ps_q.) are 2 m., 1 m., and 0.5 respectivaly. Fig. (5) vasa
obtalned for Hy = 4 m., L = 2 m., D = 1lm and Pg g, = 0.5, The
presented extracted pover vas obtalned per meter langgh of pontoons
length Efor dlfferent values ¢f Froude number. From Flgs. (4} and (53)
It 1s clear that iIncreasing the Froude number, l.e. Increaslng wvave
steapness lncreases the extracted pover. Thls can be explalned due ¢to
the Increase of wave energy wlth lncreasing Froude number (5], whlch
in turn Increases the amount of extracted pover. One lmportant thilnqg
to be notlced 1ls that in both Flqures the curves characterlzlng the
relatlon change drastically vhen the Froude number reaches a certaln
value. Of course thls ls due to lncressing vave steepness, vhlch ls
strongly connected vlth vave break, since In neture the vaves begln to
broken when Froude number reaches about 1.2. Thls velue depends to =&
great - extent on the wave head, vwhlch la a Eunctlon of the head of
undlsturbed flov H; ( at F=1.2 and for H) = J m, ths vave head egquals
about 1.33 n., vhlle for Hj=4 m. the vave head equals about 1.76 m.).
Therefore the posalblllty of wave break can be expected at lover value
of Frouda number Eor Hy= 4 m. The total extracted powver durlng the
propagatlon of the wave through a certaln Eractlon of tlme can be
calculated by the numerlical lntegratlon of the extracted powver. This
can be done by computling the area under the consldered curve. Flgure
{6} ahowvs the total axtracted powver through a certaln fractlon of tlmn
(0.88 Beac.) versus Frouds number. A falr meaaure of agreement can be
notlced between the obtalned performance oFf the Cockerell davice and
that of Salters device reported iIn [(3]1. In both cases- the extracted
pover lncreases until 1t reaches lts maximum value at a csrtaln
distance from the vave vertex after vhich 1t decreases. The positlon
at vhlch the maximum pover is obtained occurs at the sectlon vhare thn
vave slope changes lts dlrectlon. Thls posltlon vas deduced by [8] andd
vas found to be equal to 0.537//1n F.

Filgqure (7) Indlcstes the extracted pover agalnst tha tlme T for
dlEEerent values of the head of undlaturbed Elov Hj;., The extracted
pover lncreases wvlth the decrsass of H;. Indeed as Hy lncreases to a
great extent (l.e. Eor deep vater), the vave has a mlnor effect on the
pressurs dlstribution Iin Gthe Elov domaln and the dietrlbutlon
approaches that of the statlc one. ¥Whlle at lover valuas of Hy; thn
pressure dlatrlbutlon takea another dlstribution wvlth relatlvely
higher values near the free surface of the vave {8]). This can explain
vhy the extracted pover lncreases wlth lncreamlng Hj. Therefore it 1In



Hansoura Englneering Journal (MEJ) Vol.15, No.l,June 1990 M.67

recommended to conatruct such wunitee in =mlld places. The total
extracted power through a certaln Eraction of time {0.88 =mec.) againat
the head H; la ahown ln Flg. (8).

The effect of pontoone length (L} 1s shown in Flg., (9), vhere
the extracted pover ia drawn agalnst the tlme for dlfferent valuee of
pontoone length. The preeented axtracted pover was calculated per
unlt 1length of the pontoon. From thls Flgure Lt can be seen that the
extractad pover per unlt length lncreases vwlth lncreaslng pontoons
length. Thls result agrees enough with that obtalned experlmentally by
the Britlah Hovercraft Corporatlon, as reported In (3], vhare
exparimental tests wvere carrled out and suggested a serles oF thres
pontoons wlth 30 - 40 m. long at full scale. The total extracted
pover Lthrough a certaln fractlon of time {(0.88 sec.) agalnst the
dimensionless pontoons langth is lllustrated 1ln Flg. (10).

The effect of pontoons thlcknees (D) ls shown in Flg. (11} and
{12}. The change of pontoone thickness has a negllgible effect on the
total extracted powver as shown In Flq.i{12). Also the speclflic gravity
of the pontoons material has a mlinor effect on the extracted power as
indicated In Flg, (13). Thls can be explalned due to small pressure
changes near the free surface of the wvave, therefore the change of the
pontoons thlckness or speclflc gravity has a mlnor effact on the
extracted energy.

CONCLUSIONZ

1n thls paper a slmpllfled model of Cockerell device Eor
extracting péver Erom vaves has been used to study the behavior of the
devlce. Curves of the extracted pover agalnst the tlme durlng vwvave
propagatlon vwsre obtalned in dimenslonless form. The repults are
sunmarized as followm: -
1} The extracted povwer Increases wlth the lncrease of Froude number.
2) The decrease of the head o¢of undlaturbed £flow Increases the
extracted pover, therefors it ls recommended to construct such wunltes

1n mlld spaces.
3) The lncrease of the pontoons length lncreases thes extractsd pover.

The 1limltatlon of whlch must be strongly dependent on pstructural
material and deslgn. _

4) Both pontoons thickness and materlal spaclfle gravity hsve a
alnor effect on the aextracted power.

NOMENCLATURE
B pontoone breadth
D pontoone thlcknese

d3,d2 submergence level at pontoons ands
Froude number

g gravlitatlonal acceleratlon

H head

Hy head of undlsturbed flow

Heg head at the vave vertex (maxlmum head}

L pontoons length

M functlon of Froude number

Mg resultant pitch moment

My moment resulting ddue to force on the flrst side

M7 moment resultlng due to force on the second slde
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M3 moment resulting due to force on the bottom

H function of Froude nuaber

P pressure

Ps.g. opeclfic gravity of pontoons material

T time

Uy horizontal component of veloclty

Ug vertlcal component of veloclty

by horizontal component of velocity at the free surface
ﬁz vertlcal component of veloclity at the free surface

X,¥,Z 3yatem coordlnates -
vave length

31 height of thes center of gravity above channel bottom
a angle of lncllnatlon of the wave surface

n dimenslon llnear coordinate

[ head ratlo

1" maximum head ratlo
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