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Today you will see...

shape of an Oscillating Wave
Surge Converter (OWSC) to
maximize energy production.

x

§ N y ... how we can change the
AN

\

\

The gate model is similar to that of Carrier (1970)
except for a weak horizontal deviation of the gate
wetted surface about the vertical plane.
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State of the art

The hydrodynamics of flaps has been extensively analysed in the past. Hereafter few works:

 Plates « Parsons & Martin (1992, 1994, 1995), Evans & Porter (1996), Dean & Dalrymple
(1991), Mei et al. (2005), Falnes (2007), Linton & Mclver (2001), Porter (2014).

* Venice gates  Li & Mei (2003), Mei et al. (1994), Adamo & Mei (2005).

e OWSCs in a channel

Renzi & Dias (2012, 2013), Sammarco et al. (2013).

« OWSCs in open sea

Renzi & Dias (2013, 2014), Michele et al. (2015, 2016), Noad & Porter
(2015).

Sammarco et al. (1997), Vittori et al. (1996).

. Nonlinear theories

e Andsoon...
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Motivation of the study

Most wave theories applied to OWSCs neglect nonlinear hydrodynamic-related terms
Recently, Michele et al. (2018) showed that occurrence of subharmonic resonance and mode competition

of trapped modes increases efficiency
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Plan geometry and side view of the array

Capture Factor vs Detuning
incoming uniform waves

Period doubling scenarios in
modulated incident waves

« Analytical solutions exist for simple geometries (rectangular, circular, elliptical,...)
* In this study we analyse the effects of more complex geometries in nonlinear regimes
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Mathematical model

Gate surface equation |[xX' —X'(y,1)—48(/,7)=0

b R
a a d (xa _)"'1 Z) —_ (l—"! yf.* ZI’)//IFS @ — @f/(A;Ta)!/F)* g = C’/Af L 1= fa)"}
. 50,7 (a, b, hy=(d, b, )/X, X=X]A, §=8/8, G=g/@"A),

/

X
§‘ \ Non-dimensional quantities
\
\

q

g=1 I
=

N Governing equation |V2¢ = ()

pan
=2 - ’ ’ ’ ’
e EH Two small parameters € =A;/1' <1, p=4,/1<1, pn=0().

7 Boundary conditions on the free surface

Spring 0' < X _Gg =®T—+—€%‘V@|zs Z=€C3

o Gy +GP. +€|VP|] +€5VP - VIVO| =0, z=¢C,
h . h ;

 J

No-flux boundary conditions P.=0, z=-—h,
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Mathematical model

¥ Kinematic condition on the array surface
§‘ b % (P); — Xr + U(@\ax + @:5-) x=€eX + I»L(S
\ ¢ L/ ¢ . . . .
§ " " T80 7) ’ Equation of motion of the gth gate coupled with a linear damper
/’)-/?h‘/-a, __ E N -".’ qa J74 i ] R €
q =’_ILI 7=2| eMX, , + €CGX, + €*vX,, =/ dy {] dz (605, +6‘§IV¢I‘) +/ szz}
ﬂ (¢=)a - Jo
D\
- M = M'/(p'/lﬁ) Non-dimensional mass
)
B ; C=C[(gp'd%) Non-dimensional stifiness
Spring Of—< /ﬁ\ -
X
T v =1V'/(AZw'p'A")| Non-dimensional PTO coefficient

W
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Multiple-scale analysis and three timing

Let us introduce the following expansion for the unknowns

P =P(x,y,2, 1,1, ) +€Dr(x,y, 2, 1, 11, ) + €DP3(x, y, 2, 1, 1, 1) + O(e),
=0y, 1t b))+ €h(x, v, 1, b, ) + €5, y, 1, 1, 1) + O(€),
X, =X,1(t, 11, ) +€X0(t, 1, 1) + €X,5(t, 11, 1) + O(€),
X=X\(0,t,t1, ) +€Xo(3, t, t1, ) + X33, t, 1, &) + O(e),

Three-timing is necessary to avoid

. . — 2

secularity at the second and third [ =€t Lh=¢€1

order

Higher order solutions imply higher n

harmonlcs. Return n p.hySICaI Var!ables {cpﬁa é.H! Xq.”a XH} — Z{¢JIIII! nﬂ'm! Xq.HHIa XHH.‘}e_lmmr + K
and assume the following expansion o
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Multiple-scale analysis and three timing

Vi@ =0, in £2, The nonlinear set of governing
. equations and boundary conditions is
bum. = Gun———+ Fum,  2=0, decomposed in a sequence of linear
infa) boundary-value problems of order » and
Mnm = Qbmn? + By =0, harmonic m

qun_. = 0! = —I"l._
(bnm_\- =0, y=0,y=b,
';bnm_l- = _i”T-(UX:m; . n g,””, x=0.

The forcingterms F, B

nm? nm?

are defined for each order.

G,, and D,

qa 0

2 Y =
—J?I_Q)_qu.,m, I CXU-“-‘” = —1umwp / d_\-’ anm dZ g 'Dnm

J(g—1)a J—h
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Leading order solution O(/)

Zero-th harmonic unforced with

—_—
homogeneous b.c.

d10=Pi0(t1, 1), x10=0,

N0 =0.

First harmonic yields the trapped mode solution

C,x
g=1 m=1 p=0 NN

0
. bmr DH — X mmy .
o1 :1;@9222 L_—e % cos Tcoshk,,(h—l—z) =ixfii(x,v,2)

Dispersion relation

Real coefficients

B w_z = gko tanhiq)h,
w? = —gk,tank,h, k,=ik,,n=1,...,00

}

2 . gmm . (g—1)mmn
byg=r,— [sin —— —sin —— |,
mit 0
mm 2 1 . sinh k,,h
am=y/(5) —K Ci=35 (h+sinh’ k), D= .
b 2 w* k,

Solution of the equation of moton gives (QO-1) out-of-phase natural trapped modes and related

eigenfrequencies
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Leading order solution O(/)

« Examples of (0-1) trapped modes for an array of 0=5 gates
« The number over each gate represents the normalized amplitude

X, X
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Second order problem O(¢): zero-th harmonic
Forcing terms on the free surface and on the gate surface yield a second order drift

N20 = _L[N’bltl,l €w+ |x Iz(.f12|, +f12|\. _.f12|__)].-
&€ — | Bound wave « No dependence on
o q { w?|x|3f, the gate shape ¢
420 — o }-' - : |
M= e Jiin g "m0 Static « X, does not affect
0 S R . | 4 ower extraction
+ / dz[pio, €0 + | xI"(=f73, + /i1, ‘l‘ffh)]} displacement P
—h x=0

Second order problem O¢¢): first harmonic
Solvability condition

The gate shgpe S 9
forces’ the first // (611 V221 — 1 Vpi1) A2 = // («m — ¢, ;) ds=0

harmonic problem
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Second order problem O¢e): first harmonic — the gate shape

Evolution equation

X _lﬁx —0 c5=— dyf dz{fi1 (f11,,6 — f11,8, — f11.0.) + rwdfin, }
we

0=0 (flat gate) implies c; =0 fu 2awMr?
thus X depends on the slow tf—/ d\/ dx +/ dx/ 2firdz +Z
h

time scale ¢, only g=1

Solution

(t { ) _ ﬁ(f )e—(i(?gfl/we) _ ﬁ(f )e—ifaf Cs I'epresents a modulation of
A0 )= 7D e * the modal amplitude growth
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Response to synchronous incident waves

This is a diffraction — radiation problem forced by the incident wave field. The gates move at unison in phase.

Linearity allows the following decomposition —) ¢Ai _ ¢f 4 ¢,5 4 ¢)Ri

Velocity potential incident

waves of amplitude 4 Scattered wave potential Radiation potential
iAg coshko(h+2z) _. iAg coshko(h+2) . . = AD,
(bl _ g COS U( 1+ ) e_“"”'" gbs _ 8 0( )eli‘o'\ ¢R _ Z wx cosh k,,(/‘l n :)e'i‘”"
2¢w  coshkoh 2ew  coshkoh — kG,
Gate response
A —paAgDy /(e cosh kyh)
X = ©
2 : 32 n
—w-M + C — 1w~ pa
2 5.C,

i%_ Loughborough #InspiringWinners since 1909

7 University




Third order solution O(s’) — zeroth harmonic

At this order we invoke the solvability condition applying Green’s theorem

b X b 0 b 0
— / dy / F30l.=0 dx + / dy / G30]v=0 dz — / dy / 10930, li=x dz=10
0 0 0 —h 0 —h

Where the forcing terms on the free surface and on the gate surface are given by

{ 3o x: + x* xn

1 ) k ES
Fi = —w’r,, +— + ofii (X" b + xb35,)
1°1 2z

ge

- 20)\X|;2] VAl + ofi [x*(=da1 + xofi)) — x (&3, + X:fn)]} :

-
G30 = —E(X*Cbzl“ + xé51,) + wx, -

Solution of the integrals above gives leo =0 —_— No drift at the leading order
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Third order solution O(¢?) — First harmonic

At this order we invoke again the solvability condition applying Green'’s theorem

—€%iY,, = 0 (ca + icg) + D20* (cn +icg) + AeT9N/O (cg + icy) + idve,

If we assume a small detuning 24w with Aw/w~ &’ where
—i0, =0 (Aw +cy +icp) + 0 0 (cy +icg) +Alcs +icy) +idve | 9 = ge (@22t 0/@)

This is the evolution equation of the Ginzburg-Landau type. The coefficients ¢, and ¢, represent detuning
and damping caused by the shape of the array, ¢, represents the shift of the eigenfrequency from the
incident wave frequency, ¢, is the radiation damping due to wave radiation, ¢ and ¢, represent the energy
influx by the incident waves while ¢, represents damping due to the PTO mechanism.

R, = —R(cv + cp) — RPcgp — A(cy cos Y — cs sinyr),
, A .
v, = Aw+ Rcy + E(c,g Cos ¥ + cy sin ).

Usage of action-angle variables expressed by 9 = Re'¥ yields

Non-trivial fixed points

, S, ,, ; R One stable point or three roots, i.e. two
—R(cLv +cp+ Rocr) + \/A“(CE' + ) = RA(enR + Aw +¢4)* =0 stable points and an unstable saddle
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Results for uniform incident waves and 0=2 gates

Depth: 2=5 m; Gate width: a=5 m; Incident wave
amplitude: 4=0.1 m.

Nonlinear synchronous excitation is possible for
&, and 65
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Gate shape functions

5 b . my 5 b Ty 5 b cosh0.24(h+ z2)
= —— sin —, 5 = = COS —, =
' 10" b 710 b : 10 cosh 0.24h
Ty Ty
b sin ?} cosh0.24(h + 2) b cos — cosh 0.24(h + 2)
- ) = 2
i 10 cosh 0.24/ ) 10 cosh 0.244
Equilibrium branches (o=1.2 rad s!)
(a) 0.4 (b) 04
D3F 0.3
_ N Umo= 10" kgs™! S Vo= 10° kg s~
E 0.2 . 0.2
0.1t 0.1 y
0 ; )
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Results for uniform incident waves and 0=2 gates

Generated power Capture factor Energy flux
0 2
Pne PEA“ (w + Aw) 2kh
P\‘.m —‘2””;((1)_" ACI)) v, Ru CF = S EC{, = 1 -+ —_
! qz_; W EC,b 4k sinh 2kh

Behaviour of the maximum value of the capture factor due to nonlinear synchronous resonance

(a) _ (x 109 _ (b) ¢ < 10
- . | 0.6 0.4
i In thg presence of small-
= 03| amplitude incident waves and
';J 04 trapped modes, a device
< | |03 02| designed to resonate
= 102 synchronously can still
0.1 01| achieve significant efficiency.
12 13 14 15 16 12 13 14 15 16
w (rad s™') w (rads™")
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Subharmonic resonance

The evolution equation is similar to the synchronous case and admits both trivial and non-trivial fixed points

—i, = 9 (Aw + ¢4 + icp) + 525*(0,\; +1cp) + Aﬁ*(c,: +icp) +itve;

By using |9 =iy/Re"”

We obtain the unstable (R-) and stable branches (R*) ®) 7
; 1

R == 5 {— cr(vep +cp) — en(Aw + ¢a)

Cy +Ck —)

i\/Aj(c;- + ) (cx + ck) — [en(ver + cp) — cr(Aw + ¢y )13} 8

$5
The flat configuration is the most efficient. This is _
because the coefficient ¢, generates hydrodynamic A 0 et A et
59 y y 1.15 1.25 1.35 1.45 1.55 1.65

damping.

w (rad s71)
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Thank you for your attention
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