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ABSTRACT

The Backward Bent Duct Buoy (BBDB) oscillating wat®lumn (OWC) wave energy converter (WEC)
has been invented following the so-far most sudab&3NVC navigation buoys in wave energy utilisation
with aims to build large and efficient OWC wave myyeconverters for massive wave energy production.
The BBDB device could use its multiple motion motieenhance wave energy conversion, however, the
mechanism of the motion coupling and their contiins to wave energy conversion have not been well
understood in a systematic manner. In particulae, numerical modelling has been very limited in
exploring how these motions are coupled and howinge energy conversion capacity can be improved.

As in this part of the research of a systematiaystusing numerical modelling, focus is on the
understanding of the hydrodynamic performance ffier BBDB OWC wave energy converter. In the
study, the boundary element method based on pakdlistiv theory has been applied to calculate treda
hydrodynamic parameters for the floating BBDB OWfTicture and the water body in the water column
in the BBDB OWC device. With the calculated hydrodsnic parameters and the decoupled and coupled
models for the BBDB OWC dynamics, it is possiblei@amine these hydrodynamic parameters in details
and to understand how they interact each otherhamd they contribute to the relative internal water
surface motion, a most important response in tafnwgave energy conversion of the OWC devices. All
these will provide a solid base for further studyiie power performance of the BBDB devices for

converting energy from waves as shown in the sepandof the research.

Keywords. Wave energy converter; oscillating water columagckward bent duct buoy (BBDB);

frequency-domain analysis; hydrodynamic performane@e energy conversion
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1 INTRODUCTION

Wave energy is well known to have a potential totdbute to the renewable energy mix in future and
remains one of the largest untapped renewable mes®$o far since the technologies are not matured
enough for efficiently, reliably and economicallytmacting energy from sea waves [1, 2]. Researchers
and developers have made great efforts in advaneciavg energy technologies since 1799 when a French
father and son filed a patent for their wave enatgyice and more than a thousand of wave energy
technologies have been patented (see [3]). To taeanost successful story for wave energy utibsat
would be the navigation buoys powered by wave enendnich were invented and developed by a
Japanese, Yoshio Masuda, since 1940s, a pionarodiern wave energy technologies. The developed
navigation buoys were very successful: 700 buoy® leeen used in Japan, while other 500 have been
sold to the other countries including 20 in thetddiStates [4]. Based on the current terminologyafe
energy technologies, those navigation buoys arefact the oscillating water columns (OWCs).
Interestingly, the OWC wave energy converters wigs called the Masuda devices following the
inventor's name, and much later named as oscifjatiater column as we used formally now, according
to Ross [5]. Though it is not very clear when tlaene is firstly used, the references the authorchedr
show that Evans used it in 1978 when he first fdated the relevant mathematical equations for the
hydrodynamics of OWCs [6]. Though very successfutiose OWC navigation buoys, Masuda had
further worked on the OWC energy conversion prilggipiming to build large and efficient OWC wave
energy converters for massive wave energy productiat is, first ‘Kaimei’ [7] and then Backward e
Duct Buoy (BBDB) [4]. As a unique advantage for B&/C devices as pointed out by Evans [8], they
may be the only wave energy converters which céatifely overcome the challenges for converting

the low-frequency motion in waves (~0.1 Hz) inteaticity of 50 or 60 Hz.

OWC wave energy converters are now being regardedna of the most promising wave energy
converters, and probably the most practical anidbigl wave energy converters due to their inherent
wave energy conversion principle. It is interestingee that the most recent European Wave and Tida
Energy Conference (EWTEC 2017) (Cork, Ireland) piiMvww.ewtec.org/ewtec-2017/) has shown a
significantly increased interest in OWC wave enetgghnologies. While many other wave energy
converters utilise the low-speed motion of the dewstructure(s) or water body (thus large forces) f
direct power conversion, OWC wave energy converenploy the air flow driven by the internal water
surface (IWS) motion (the relative motion betweles structure and the water body in the water cojumn
in the water column of the OWC devices. In the O\Wd@wer conversion from pneumatic power to
mechanical power, the air flow driven by the IWStimo is normally accelerated by many times (roughly
at 50-150 times [9]), and the accelerated air ftmwld drive the air turbine Power Take-offs (PT®s)
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high rotational speeds (up to 3000 rpm for the ®alrbines and 1500 rpm for impulse turbines [10]).
This high rotational speed of the PTO system allaisw torque acting on the PTOs when compare to
the direct conversion in many other wave energhnetogies, and thus it is very beneficial for ahhig

reliability in the OWC PTO and the other relevaatmponents (including the structure of the device) i

terms of a long-term wave energy production. Thisrgy conversion principle is very analogous to the
conventional power stations, where the steam tagbimve a very high rotational speed, normally at
3000rpm or 3600 rpm (50Hz or 60Hz), hence allovangall torques acting the steam turbines, allowing a

very high reliability in long-term energy produgatio

Currently, some OWC technologies have been progdess high level of technology readiness levels,
and a few of them even to practical wave energgtpldevices. The shoreline plants include LIMPET
[11, 12], PICO [13, 14], Mutriku [15, 16] and tHedting OWC devices includes the BBDB OE Buoy [17,
18]. It has been reported that the LIMPET OWC plea generated electricity to the grid for morentha
60,000 hours in a period of about 10 years [19]/svDceanEnergy Ltd have sea-trialled their 1/lext
‘Back Bent Duct Buoy (BBDB)' in Galway Bay (Irelapdor more than 3 years [18]. At the time of
writing this article, OceanEnergy Ltd are in thegss of manufacturing a full scale OE buoy and are
planning to undergo an open-sea trial in the ogenirs Hawaii, US, in near future. In addition, aenet
research report by the EU Joint Research Centr€)(J& has shown that the current capacity factors
achieved 25 % in the case of OWC wave energy ctergeand 10 % for other device types (capacity
factor is defined as the ratio of the actual anmugput of energy production divided by the ratesver

of the device and the hours of the year). Als®inthe capacity factor for the economically viabtean
energy production is recommended at 30% - 40%thithregard, OWC wave energy converters may be

the wave energy technology which has a very clapadity factor level to the requirement.

To assess and optimise the hydrodynamic and powdprmance of the OWC devices, numerical
methods and experimental methods both are impoatatithave been used widely. Since Evans firstly
formulated the theory for OWC devices in 1978 f@]merical methods have been advanced a great deal,
and both analytical and numerical models have lgreposed and used [6, 9, 20-24]. Currently, two
distinguishing methods in mathematical/numerical delling are used for studying the OWC
performance. The first approach is called the meassbiston model [6, 25] for which the internateva
surface (IWS) in the water column is taken as asteas rigid piston (a zero-thickness structure), the
motion of the internal water surface is solved tbge with other hydrodynamic parameters. A slightly
different version of the massless piston model tw@body system for the OWCs [9, 24, 26], in which
the first rigid body is the device itself whilstetlsecond rigid body is an imaginary piston (witleragth)

for replacing the internal water surface in theevaolumn. In the latter method, when a PTO isiefpl
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and coupled into the dynamic system, the presquitetee thus modified internal water surface indhe
chamber can be solved using the coupling of therdudythamics and thermodynamics for the OWC

devices (see [27]).

The second approach is the pressure distributiotetrf@1], in which on the internal water-surface th
dynamic air pressure is distributed [22, 28, 28]1tHe numerical modelling, a reciprocity relationsnbe
employed as shown by Falnes [30] such that thearttional boundary element methods (BEMs) can be

used accordingly.

In linear cases, the two methods mentioned abowvdeanly different when the higher-order motioms i
the water column are considered, and it is belighiatithe pressure distribution method is moreablsat

for accommodating the high-order motions in theewatolumn [29]. However, for the purpose wave
energy conversion, the heave motions account dlg.higher-order motions do not contribute to the n
wave energy conversion, and thus can be excludebeiranalysis as it does in this research. A point
should be noted here that in the OWCs with nontimératurbine PTOs, the numerical and experimental
data have both shown that the pressures in tlehamber in OWC devices are much more nonlinear than
that of the IWS motions. In this regard, solving titVS motion first in the hydrodynamic module isrmo
reasonable since the frequency-domain potentiat fleeory can not handle the nonlinear motions and

forces.

As one type in the floating OWCs, the backward Rt buoy (BBDB) OWC attracted a lot of interest
from both researchers and developers since it irgtsshown by Masuda in 1987 [4]. Due to its unique
design, the BBDB OWC devices could use its multipletion modes to enhance the device power
performance. This implies a more complicated hygnaghic couplings among the motions and has made
the numerical studies more difficult. As a resdlsoch difficulties, the BBDB hydrodynamic and pawe
performance are found to be difficult to be optimdidecause the strong interactions among the reultip
motion modes, namely, surge, heave and pitch nm®tadrthe structure, as well as the internal water
motion. This is why limited attempts have been masiag numerical models for the BBDB converters
[28, 31-33], and a systematic study on the hydradyins and thus the optimisations on the BBDB OWC
devices have not been carried out effectively.

To streamline the development and provide the eafsr wave energy converters, National Renewable
Energy Laboratory (NREL) and Sandia National Labmsaunder the US DoE financial support have
established the reference models for marine rerleveatergy (wave and tidal energy [34]). A BBDB has
been chosen as one of three reference wave enengerters, named RM6 [23] (other two are: floating
point absorber, RM3 and the bottom-fixed oscillgtdurging wave energy converter, RM5, see [35]). In
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this research, a systematic study on the refe®B&@B OWC is aimed to provide better understanding t

its hydrodynamic and power performance.

In this research, focus is on the hydrodynamicthefRM6 BBDB, including some basic issues with the
numerical convergence, coupling and decouplinghefrnotions and most importantly, how to identify
and how to optimise the device so that an impradedce would have better motion performance for
more efficient wave energy conversion. The wor&rimnged as follows: in Section 2, the RM6 model is
briefly introduced, together with a short descoptof panels used for the numerical modelling; iBac?

gives the introduction to the methodologies usetthim study; in Section 4, a validation is madaggshe

available published data, while Section 5 givesapproaches for improving hydrodynamic and power

performance. The conclusions are drawn in Section 6

2 RM6 REFERENCE MODEL

Reference Model 6 (RM6) is a Backward Bent Duct B(BBDB) oscillating water column wave energy
converter, which was designed as part of the DQiasmred Reference Model Project [35] (see Figure 1)
The BBDB has a horizontal water column of 35m lohgm high and 27m wide and a vertical water

column of an area of 17.5m*27m (4723m

To study the BBDB OWC device, the panels/patchesl irs numerical modelling can be seen in Figure 2.
The coordinate origin for studying the motions éortes on this particular OWC device is locatethat
centre of the free surface in the water column {Sgare 2), with x-y plane on the calm water suefac
and z-axis pointing up. This approach could singplife motion and the force analysis and avoid the
manipulations of the motion and force transformatfcfom the centre of gravity to the centre of free
surface in the water column). In the chosen coatdinthe translational motions (named the motions
along x-axis, y-axis and z-axis, respectively) Wil different from those at the centre of gravitgried
formally surge, sway and heave). However, for gppse of simplification, the translational motioris a
the chosen coordinate will be still called as susyey and heave in the following analysis.

35
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Figure 1 RM6 design model (from [23])

Figure 2 Panels on RM6 for hydrodynamic analygieén: solid surfaces, Cyan: panels for thin stanes)

The matrix for inertia is defined by following tNéAMIT manual [36],

m
0
0
0

mz

L~ MY,

0 0 0
m 0 -mgz
0 m my,
—mz, My, I
0 -my, 1y
mx, 0 I,

mz, -my, |
0 my,
-mx, 0

12
I 22

|32

(1)

wherem is the massx, y, Z) are the coordinates of the centre of gravityhia body coordinate system.

The moments of inertia are defined are given in Maw's book ([37], p307), as

11 = .U.[/(y2 + 2% Jdm,
1 = ], [ + zzgjmo
5 = I, 0+ yz)dmo
2=1n= _II.[/ Xydm,
3= 13 = _”.[/ xzdm

I
I
I
log =13 = _.U.[/ yzdm

)

whereV represents the whole volume of the structure,cangthe distributed mass of the structure.

Based on the structure as above, the device hiaplackment of 1995.84%rand the radii of moments of

inertia at the centre of gravity are given in Table

Table 1 Radii of the moment of inertia (taken frf28])

R« =12.53n Rxy =0rr

R, =3.3Em




Ry =0T R, =14.33n R,,=0m
R, =3.3tm R,,=0m R,,=14.54n

158 3 METHODOLOGIES

159 In this research, the two-body system is used, thighstructure of the BBDB device being taken &s th
160 first body and the piston for replacing the watedy in the water column as the second body. The
161 motions and forces will be calculated based onci@sen coordinate (see above), with the centre of
162 gravity of the structure at (5.16m, 0, -4.29m) [23]

163 3.1 Two-body system

164 Considering the BBDB wave energy converter, it raggerience 6 DOF motions in waves. In the body
165 coordinate, only the heave motions of the structune the piston, more specifically, their relatinetion
166 contributes for pneumatic power conversion. Howgwance the complicated structure, both heave
167 motions may be strongly coupled with other motioodes. Hence for a completion, following motion
168 modes must be included in the dynamic equatiorf) 8iDOF motions for the structure and one motion
169 mode for the piston. The other motion modes foriséon are ignored because the piston can be taken
170 a very thin structure, hence they could not contglto the dynamic system. For this reason, theehea

171  motion of the piston is re-defined as motion mode Nfor a convenience in the following analysis):

172 X1: surge motion of the structure;

173 Xo: sway motion of the structure;

174 X3 heave motion of the structure;

175 X4 roll motion of the structure;

176 Xs: pitch motion of the structure;

177 Xe: yaw motion of the structure;

178 X7: heave motion of the ‘imaginary piston’.

179 In the frequency domain, the dynamic equation lfier RM6 BBDB OWC with an air turbine PTO in

180 waves can expressed as
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N =S
UL

X
X
a31 a32 a33 a34 a35 a36 a37 X3 FS + pA)
a 4y Q3 Qy 3 Qy Gy X4 = I:4 (3)
aSl a'52 a53 a'54 aSS aSG a'57 X 5 I:5
aGl a62 a63 a64 a65 a66 a67 X 6 FG
a'71 a72 a'73 a74 a'75 a‘76 a77 X7 I:7 - ppb
with
ajk = _“f(M jké-jk + Ajk )+ i “(Bjk + B}/lis)+c )

K G, k=1,...,7)

wheredy =1 whenj =k andoy =0 § # K); M;=M; is the corresponding mass or moment of inertiehef t

bodies based on the motion modes as defined asabEvBy and Cy are the added mass, radiated
vis

damping coefficients and the restoring coefficierll‘afé is the linear viscous damping coefficieKf;the
complex motion amplitude of the corresponding motioode;F; the complex excitatiorp the complex
chamber gauge pressure (note: the positive presstine air chamber will increase the heave motibn
the structure, and reduce the heave motion ofigterp In the case without a PTO, the chamber press

p=0); andA, the sectional area of the water column at watzmenl

3.2 Numerical convergence

In this numerical modelling, the higher-order pamadthod is used in the BEM analysis (see [36]). By
controlling the relevant parameters in the numeérioadelling, the number of unknowns in linear

dynamic system can be different for studying thenerical convergence. In the comparisons, the
unknowns solved in the linear system are 1788 Hier fine panels and 1258 for the coarse panels,
respectively. For these two quite different pan#ig, RAOs of the motions are almost identical, with
some very small differences at the peaks. Thisigoafthat the convergence of the numerical modgllin

has been well achieved and gives the confidenoabtain the relevant hydrodynamic parameters for

further analyses.
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Figure 3 RAO comparisons for cases of differentgan

3.3 Linear viscous damping

In the boundary element method, only the dampingnfthe radiated wave is included. In reality, other
types of damping may exist, for instance, dampioghfthe viscosity of the water. In this study, reehr

viscous damping is adopted by following Bull [2&jth a form as
. - .
B}?S =00 mjj + Ajj i (] —1,...,7) ( )

This is a generic linear viscous damping coefficexpression, usable for general purposes. Howéwser,
specific wave energy converters, the linear visaaraping coefficients may be needed to be adjdsted
a better representation of the effect of viscousplag, depending on the practical design of theewav

energy converters.
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The choice of the additional linear damping istfeo reasons: the first reason is that the addititimaar
damping could allow the frequency domain analyselich could simplify the dynamic problem
significantly; and the second reason is that th@iegtion of the additional linear damping coulohii the
motion responses within an acceptable range as thmdinear additional damping coefficients, altjiou

these linear additional damping coefficients maybly applicable for a certain limited motion antdie.

With the added linear viscous damping (‘with viss@lamping’ in the figures), the RAOs are much more
acceptable when compared to the RAOs without visdamping (‘no viscous damping’). The RAOs of
heaves (structure and piston), piston and theriatevater surface (‘IWS’ in the figure) with thevgh
additional damping shown in Egs. (5) and the RAGthaut additional damping coefficients are
compared in Figure 4. It can be seen that withatliditional damping coefficients, the maximal RAGs o
the heave and IWS motions are more acceptableinBtance, the maximal heave RAO is about or less
than 2 both for the structure and for the pistorg the relative motion of the water body in the avat

column is less 3.

] no viscous damping 0.5 no viscous damping
1 — — —with viscous damping ’ — — —with viscous damping
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z E 03}
E g
™ ~
X =< 0.2}
0.1F
= | 0 |
15 20 25 5 10 15 25
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(a) Heave RAOs (structure) (b) PiIStRAOS (structure)
no visous damping 5 I no viscous damping
45 — — —with viscous damping I i | === with viscous damping
4+
£ £
£ E
= n
3 2
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(c) Heave RAOs (piston) (d) Relative RAOs

Figure 4 RAOs of motions with and without lineeceus damping

3.4 Added massand damping coefficients (radiated)

To examine the couplings between the motion maddse RM6 BBDB OWC wave energy converter, its
added mass and damping coefficients for both selél cross- terms have been studied in an incident
angle 45° of the waves, such a wave direction éflatouplings between motion modes can be easily

sorted out.

3.4.1 Self-radiated added mass and damping coefficients

The self-radiated added mass and damping coefficiare important in the dynamic system, and
generally they are frequency-dependefiure 5 shows all these curves: added mass and damping
coefficients are both similar in shap&ig(re & andFigure % for added mass and damping coefficients
respectively), but the magnitudes of the RAOs cawvdry different. For instance, the added moment of
inertia and the damping coefficient for pitch hawech larger values (in the figures their values are
reduced by 100 times for better comparisons). Tdaed masses have the most frequency-dependent
values in the short wave periods from 2-10s, bymmasote to constants at large waver periods. The
damping coefficients have normally maximal valuesaeen 7-8s, and asymptote to zero at both zero
wave period and frequency. Obviously, the maximaingding coefficients are be very different for

different motion modes.

FromFigure § it can be seen that all the self-radiated addaskes and damping coefficients are positive.

<107 <108
5 "
9 —8B,,(Nsim)
— — —B_,(Ns/m)
8
4 B, /100(N"m"s)
\ g~ d e _d____1 o7 B,,(Ns/m)
” p £
g3 S g6
E ©
Re] g 5
(]
o 2
k- 2 © 4
— A, (k) R
— — —Ay(k)
1 A /100(kg"m?) 2
A, (kg) 1
0 0 = . -
5 10 15 20 25 5 10 15 20 25
T(s) T(s)

(a) Self-radiated added mass/moment of inertia  (b) Self-radiated damping coefficients

Figure 5 Added mass for different motion modese{rmtided moment of inertia and radiated dampindfoment
for pitch have been divided by 100 for better corigjons)
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3.4.2 Cross-radiated added mass and damping coefficients

Cross-radiated added masses from other motion nadssirge motion have shown that only the heave
motions of both structure & piston and the pitchtioo would have significant effects since thesessro
terms (added masses and damping coefficients) dmwparable magnitudes (positive or negative) to the
self-radiated terms (segure & and Figure 7a), while the sway, roll and yaw omtihave little effects
on the cross-terms to surgégure & and Figure 7b). Obviously, these motions (suingeyves and pitch)

are strongly coupled each other.

It is also seen that the coupling effects can teeepositive or negative manner. From the mathieadat
equation, the positive and negative cross-term caaalzsses can be understood as following: a positive
A1z means that an increased heave motion (structulleause a decrease in surge motion, and negative
Ais and A; mean that the increased pitch motion (pitchingendswn is positive) and heave motion of

the piston will induce an increase in the surgeionot

Similarly, for the structure heave motion, $égure & and Figure 7c, large coupling effects could come
from surge, pitch and piston heave. Frbigure &l and Figure 7d, it can be seen that the pitchands

strongly coupled with the piston heave motion.

In all, for the RM6 BBDB device, the surge, heastucture), pitch and the piston heave are alhgfiso
coupled, while other motion modes (sway, roll aad/yare not coupled to these motions. From thetpoin

of view of wave energy conversion, only surge, leeguitch (structure) and the heave (piston) will

contribute.
8 107
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3.5 Decoupled motions

In the numerical modelling, it is possible to stutig fully decoupled motions of the structure ahe t

piston. This can be done by setting all the cress$ as zeros in the dynamic equation (3), that is,

a, 0 0 0 0 0 0)X) (F
0 a, 0 0 0 0 O0fX||F
0 0 a, 0 0 0 OX,| |F
0O 0 0 a, O 0 OJX,|=F (6)
0O 0 0 0 a, 0 OX| |F
0 0 0 0 0 a, O/ X| |F
0 0 0 0 0 0 a,/lX,) \F

Principally, the fully de-coupled dynamics can ik fully reproduced in physical modelling, besau
in physical modelling, it is possible to limit cairt motions. For instance, a mechanism can be tased
allow only heave motion of the structure (identifigs ‘heave only (structure)’) while other motiondes
are limited. However, for the BBDB OWC device, theave motion of the water body in the water
column is always present regardless of the straagnotion modes, even for the fixed structure. Ashsu
the heave motions of the structure and of the pistdl still couple together in reality. One spdcia
decoupled case in physical modelling is the fixald@ in which only the heave motion of the piston is

allowed, thus it is fully decoupled from all the tiom modes of the structure.

In numerical modelling of the decoupled motion ge, it is easy to fully decouple all the motioard
it provides a good way to examine the natural rasoa periods for all motion modes, while they may b
impossible to obtain from physical modelling. SalyiEq. (6) yields the decoupled resonance perieds a

in the following table.

Table 2 Motion natural periods using the decouphethod

Motion Resonanc descriptiol

mode period (s)

Surge  ~73.92 K;,=200,00CN/m
Sway  ~75.00 K,=200,000 N/r
Heav¢ 18.76: Decouple:

Roll 18.7¢s Decouple:
Pitctr 15.14s Decouple:
Yaw ~250:¢ Ks=2,000,000 Nr
Pistor 13.75¢ Fix OWC/decouple

14



2901
292
293
294
295
296
297
298
299
300
301

302
303
304
305
306
307
308

309
310

The RAOs for the fully decoupled motions are pldtie Figure 8§ and it can be seen that these are the
typical RAOs for the independent motions, with egéapeak at the resonance periods. However, if all
these decoupled RAOs are plotted against the IWS RAmotion coupling, an interesting comparison
can be seen in Figure 9: 3 peaks in the IWS RAOcareesponding to 3 different periods, i.e., 8.61s,
12.08s and 16.11s, while are all different from tasonance periods of structure heave (18.76s} pit
(15.14s) and the piston heave (13.75). Due to tioeg coupling between different motion modes, the
individual resonances will no longer present diseitt the IWS RAO, with its peaks being differendrn

the main contributors: the heave (structure), paod heave (piston). This is essentially very défife
from the symmetrical OWC as studied in [28]: forat-symmetrical spar OWC, its two peaks in IWS
RAO are directly linked to the resonance of thedtrre heave and the piston heave motions (they are

only weakly coupled).

Because the strong couplings among the motion medgecially the surge, heave and pitch (structure)
and the heave (piston), to get an expected resgongee IWS motions (which can be regarded asago
indicator for power performance since a high RAOMWS means a possible high power conversion
capacity), the optimisation of the BBDB OWC wavey converter needs a systematic approach, rather
than a simple adjustment of one individual resogaeriods. In this research (including the secanrt) p

a systematic approach will be carried out to opgienthe device design so a better hydrodynamiclam t

power performance may be achieved using the optinis approaches.

E E
E 15 E 8
< X7 6
10
4
5
2
0 0
10 20 30 40 50 60 70 80 90 100 5 10 15 20 25
T(s) T(s)
(@) Surge RAO: ~73.92s (b) H=RAO (structure): 18.76s
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Figure 8 RAOs of the decoupled motions in wavés ¢ve linear viscous damping)

4 . —e— WS
—— Heave(structure)
| — pitch
- heave(piston)
3 -
2.5
2 L
1.5}
1 L
0.5
0
5

Figure 9 IWS RAO against decoupled RAOs of thevaatemotion modes (all with viscosity). Note: tleealipled
RAOs have been scaled for comparison: heave (ste)t0.2; pitch*4; heave (piston)*0.5

4 VALIDATION

To validate the numerical method schemed in theigue sections, the responses of the water body
motion and the IWS motion from the numerical maddegllare compared to the experimental data (the
experimental data are taken from Ref. [23]). Figl®eand Figure 11 give the comparisons of the water
body (piston) motion and the IWS motion, i.e., thkative heave motion between the water body aad th

structure, respectively. The numerical modellinguies agree quite well with the experimental d&tam

the comparisons, it can be seen that the mainrEsanf the RAOs of the piston heave motion and the

internal water surface (IWS) motion are both welkkdicted, though the peak values may not be well
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325 predicted in the numerical modelling. Considering general linear viscous damping coefficients gisin
326 Eg. (5), the RAOs of the piston heave motion amdl¥iS motion are both slightly over damped. Buaas

327 generic formulation, Eqg. (5) is still considerechtma good generic expression.

3.5

— & —exp
num| -

X7(m/m)

328 T(s)

329 Figure 10 Water body motion RAOs (comparison ofemizal modelling and physical model test data)

3

2.5}

IWS(m/m)
&

5 10 15 20
330 T(s)

331 Figure 11 IWS motions in the BBDB RM6 wave eneogyerter

332 5 MOTION COMPARISONS AND OPTIMISATIONS

333 In this section, motion RAO comparisons will be mddr different scenarios, including different devi
334 orientations, duct lengths, water column sizes miedring stiffness. The comparisons will be made for
335 the motions of structure surge, heave and pitch @nithe piston heave, with special attention to the

336 motion of the internal water surface (IWS), which the most important factor for wave energy
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359

conversion for the BBDB OWC devices (more detads te found in the second part of the research
[38]).

51 BBDB and FBDB

An interesting factor is the orientation of the bdact buoy. From all the experience and the releva
research work, the backward bent duct buoy (BBDB’) is proposed because this is the orientation
bent-duct OWC device is most efficient (see the evalirection for BBDB inFigure 2. Here a
comparison is made to the forward bent duct bu&BDB’), for which the wave comes to the duct
opening, i.e, the BBDB and FBDB are orientated iaves in 180 difference.Figure 12 shows the
comparisons for different motion modes. For thevhemotions of the structure, small heave RAOs can
be seen for the waves with periods of 5-15s for BEBigure 12). For the pitch motions, again small
difference in RAOs can be seen at both small angelavave periods, while there is no significant
difference for wave periods between 10s and Ebgie 1d). For the heave motion of the piston, large
deficits in RAO happen in the wave periods of 54@s for FBDB, especially the piston heave RAO for
FBDB is very small at the wave periods from 5-7\8%en the wave period is larger than 10s, these two

orientations have very close RAOs.

Under the strong coupling of above motions, the I&ions shows a complicated combinatibiyre
12d). The BBDB IWS RAO is larger than the FBDB IWS BAexcept the wave periods between 10s and
12s for which the FBDB IWS RAO is slightly largdrain that of BBDB. The largest difference in the
RAOs is in the wave periods below 8s, where the BBfas very small IWS RAQOs, which could be a
worst IWS RAO in terms of wave energy conversioertdéds can be seen in the second part of the

research).
——BBDB
- —-FBDB D5
2 0.14
0.12
~ 1.5 =
5 £ o
£ g
& 1 = NG 0.08
0.06
0.5 [ P 0.04
0.02 s
0= 0
5 10 15 20 25 15 20 25
T(s) T(s)
(a) Heave RAOs (structure) (b) Pitch RAOs
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Figure 12 RAO comparison for BBDB and FBDB

5.2 Effect of wave angles

It is well known that the BBDB OWC device has aHagt energy conversion efficiency when the
incoming waves head to the back of the BBDB dewitence, the BBDB devices are generally deployed
heading to the dominant wave direction at the s$#tewever, in reality, waves may propagate to the
device in different directions. Following examped comparison of the motions of the device in head
waves and in 45° waves. For the heave motion ofsthecture, large difference can be seen near the
peaks and trough&igure 1&) while relatively smaller difference can be foundhe heave motion of the
piston €igure 1%). For the pitch motionFgure 1%), some difference can be seen, with the pitch RéxO

FBDB having smaller magnitude.

From Figure 131, it can be seen that the IWS RAO in 45° wavesmaller than that in the head waves,

which is an indicator that the device is less @fitin 45° waves than in head waves.

——0deg 0.16 ——0deg
— ——45deg ———45deg
2 0.14
! 0.12
—~ 15 ( =
€ ' £ o1
£ J ®
~% f == £ 0.08
xm 1 P Ii = xm
A ) 0.06
05 / ! ! 0.04
' N 0.02
N ,/
0 0 =
5 10 15 20 25 25
T(s) T(s)
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Figure 13 RAO comparisons in head wave and in wafd§°

5.3 Caseswith limited motions

In the section, attention is paid to the casesimnitdd/isolated motions, the cases that the stractu
motions are limited to the given motion mode. Fmtance, ‘surge only’ means the device structure ca
only move in surge whilst all other motion modesugture) are set to zeros. The same methods are
applied for heave and pitch only, in which the stiuge heave and pitch are only allowed. A very gbec
case is the case with a fixed structure (‘fix’),igthmeans the device structure is fixed, hencentsire

motions are allowed.

It must be noted that such isolated motion scesatite water body in the water column will not be
limited, hence the heave motion of the piston lievadd in all the isolated cases. Also, it will bees in
the flowing comparisons that the heave motion ef piiston is always strongly coupled with the given

motion mode of the structure.

All comparisons are made for the allowed motionaireg} the decoupled motions (from Eq. (6)). As a
decoupled motion in mathematics, it is fully isethtirom effect or coupling from other motion modes.
Figure 14shows the comparisons of the isolated motion hadlecoupled motion. Due to the coupling of
the isolated motions with the water body in the ewatolumn, the heave and pitch motions in their
motion-isolated cases are very different from tleadipled motions, with RAO peaks happening at
different wave periods (sd&egure 14 andFigure 14£) while the surge motion has different in the paak
the RAOSs, and there is a small peak in the surfyefonthe wave at period of 10&igure 14), which is

actually caused by the coupling of the surge aadudter body in the water column.
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In the fixed case, the water body motion is fullplated from any other motion modes of the stractur

physically, hence it is exactly as in same conditis the decoupled case for the heave motion of the

piston. As a result of this, these two RAOs araiigdal (Figure 14).

30

[ decoupled
— — —surge only

25¢

20+

25

E
é_ 15}
x
10+
5>
o —
10 20 30 40 50 60 70 80 90 100
T(s)
(a) Decoupled surge and surge only
q I
0.7F H decoupled| 4
,“ — — —pitch only
0.6 Iy
0.5F
E
é 0.4
X 0.3}
0.2
0.1+ \
20

1A5
T(s)

(c) Decoupled pitch and pitch only

X3(m/m)

decoupled
— — —heave only

X7(m/m)

10 15 20
T(s)

25

(b) Decouplegtdhand heave (structure) only

A "

decoupled| 7

25

(d) Decoupled heave (piston) andifxice

Figure 14 RAO comparisons of the decoupled anatedimotions

5.4 Effect of horizontal duct lengths

Duct length of the BBDB devices have large effanisgthe motions of the device (and eventually to the

energy conversion efficiency). The following casdhie comparison of the motion RAOs for the devices

with different duct lengths. For a fair and simptamparison, all the device parameters (such asethiee
of gravity, the displacement, the moment of ingréae kept unchanged and achievable. Hence the

differences are mostly caused due to the added amkslamping coefficients as well as the excitation

forces on the structure and the water body in themcolumn.
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Figure 15shows the comparisons of the motion RAOs for tifeknt duct lengths. The original design

is same as the RM6 [23, 28], which has an overadt ééngth of 35m, and a longer duct (‘10m longer’)
means the duct length is 10m longer, i.e, the diveuat length is 45m. Due to the change in dungth,

the motion RAOs are changed. For the heave RAQstre), two peaks can be seen, rather than 3 peaks
in the original design, with peaks happening dighiy larger wave periods{gure 1&). Obviously, the
largest difference is seen for the pitch motiofigure 1%). The RAO change in pitch is dramatic, in
which 3 peaks are more evenly distributed, inclgdime peak values, whilst in the original desidmg t

pitch has a dominant response in the wave perid@®ef

The heave motion (piston) has changed, similarithéoheave motion of the structure. Again, the peak

can be seen happening at the slightly larger waviegs for the longer ducFigure 1%).

An interesting result can be seen of the IWS mati¢iigure 1%1). With a longer duct, the RAO is
smoother than the original design. Unlike the ordgdjidesign, where there is a deficit at the wawsode
of 11s (this is very unfavourable for wave energgwersion, see [28]), the device with a longer diosts

not have such a deficit, hence it is beneficialifimproving wave energy conversion.

original 0.16 original
———10m longer ——~=10m longer
7 0.14
0.12
£ 15 £ o1
£ E 0.08
0.06
0.5 0.04
0.02
0= 0
5 10 15 20 25 5 10 15 20 25
T(s) T(s)
(a) Heave RAOs (structure) (b) Pitch RAOs
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Figure 15 RAO comparisons of the original BBDB émger BBDB

5.5 Effect of mooring stiffness

An interesting finding in the numerical modelling the effect of the mooring stiffness on the mation
Conventionally, mooring system is designed to amnfhe device within a pre-defined profile and feenc
the device can only move with a limited excursiemen in the extreme wave conditions. For such a
purpose, the conventional mooring may have a velgtismall stiffness, thus its resonance periods fo
surge, sway and yaw motions are quite large (ndynmabre than 60s, and in this case, about 74s) to
avoid the resonance in the energetic waves. Howesla case study here, the mooring stiffness is
increased 10 times (from 200 kN/m to 2000 kN/m§ #urge resonance period is changed from 74s to
29s figure 1@). Since the coupling among the surge motion heromotion modes, the heave motions
(structure and piston both) and pitch motion ateffiécted Figure 1b-d), with a significant change on
pitch motion Figure 1&) even at small wave periods. When a larger mgasiiffness is applied, the IWS
RAO has changed accordingl§iqure 1&). With a stiffer mooring, it is possible to impeothe motion
performance for the wave periods less than 15swkich most interested waves are included for wave
energy conversion. Hence it is possible to imprineeBBDB device power performance using a stiffer

mooring.
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5.6 Maodification of vertical water column

In the original design of RM6, the vertical watelwnn has a larger area (17.5mx27m) than thateof th
horizontal column (14mx27m). In a modification betdesign, a study is made to the modified vertical
column size, so the vertical water column has aessime as that of horizontal water column (14mx27m,
‘new water column’). The motion comparisons arensedrigure 17 As a simple purpose for the uniform
water column, it is to avoid the fluid being accated or decelerated when the flow move in theedifit

size of the water column. However, the hydrodynaofianges are much more than the accelerated or
decelerated flow. Due to the change of the veriiggkr column, significant changes can be seehan t
structure heave and pitch RAQSdure 1A & b). Relatively, the change for the piston heBR¥O is less

dramatic, however, a much enlarged peak can beaddha wave period of about 88gure 1T).

As a result of the change, the IWS RAO shows vegpad increase for the wave period less than 15s,
and the largest benefit would be the removal ofdbfcit in the IWS RAO as shown in the original
design Figure 1d), though the modification may lead to less effintifor longer wave (more than 15s).
Since we are not very interested in long wavesoitairrence is low), it can be expected that trenghd

water column may be very beneficial for improvingwe energy extraction from seas.

origina; / original, ‘l
— — —new water column " — — —new water column I
2t e i 0.2} I :
E 15 "\»\ ;E\ 0.15
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<"} »° 0.1
0.5} L ] 0.05}
; \
0 - ‘ 0 , = =
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Figure 17 RAO comparisons of the original waterurnh and the new water column (uniform)

CONCLUSIONS

The backward bent duct buoy (BBDB) oscillating watslumn wave energy converters are very

promising wave energy converters because of thaique features using multiple motion modes to

enhance its power performance. This research mewite methods for hydrodynamic analysis and thus

for optimising the BBDB OWC wave energy convertsosfor maximising wave energy conversion for

the BBDB OWC wave energy converters. From the sttalpwing conclusions can be drawn:

Due to the non-symmetry of the BBDB OWC devices, itiotions of the structure surge, heave and
pitch and of the ‘piston’ heave are all stronglyupled, and these motions must be solved in a
coupled manner so for studying the hydrodynamidoperance (the energy conversion as well) of

the BBDB devices.

The internal water surface (IWS) motions is essadipta result of the strong couplings among these
motions. Individual resonance periods from the depted model can be very different from those

shown in the coupled responses. Hence a changeeofndividual resonance period may induce

some complicated results. As such, the optimisationst be carried out in a systematic manner.

It has been shown that the backward bent duct wioald much better hydrodynamic performance
(thus the power performance) than the forward et in terms of hydrodynamic performance in

the wave periods of 5-10s (which cover the mainegaior wave energy conversion). When waves
come from a different direction (for instance 45)reduction of the hydrodynamic performance

(mainly on IWS response) would be expected.
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- Longer horizontal duct could significantly improtre hydrodynamic performance in terms of wave
energy conversion in the case of RM6 design.

- Using a uniform size of the water column may imgrakie hydrodynamic response, especially the
removal of the deficit in the IWS response (aroddg). This can be regarded as an indicator of a
better power performance for the device.

- Mooring system could be an effective factor for impng wave energy conversion, since it is
possible to use a stiffer mooring to increase ydrddynamic performance of the BBDB device for

the purpose of wave energy conversion.
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Highlights:

- Formulate the Hydrodynamic equation for BBDB oscillating water column wave energy
converters.

- Provide the decoupled hydrodynamic model for further understanding of the coupling
between motions.

- Perform the analyses of hydrodynamic performance of the BBDB device.

- Optimise the BBDB device for better hydrodynamic performance.



