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Wave energy has the potential to play a crucial role in the ongoing energy transition towards the exploitation of
renewable energy sources. Among the wave energy converters, Oscillating Water Column (OWC) is recognized to
be one of the most promising technologies. Despite the amount of research conducted on those devices, there is
no consensus on the optimal OWC configuration. In this context, circular OWCs emerged as an attractive option
as it is a configuration unaffected by the direction of the incoming waves. Recently, research focused on devices
equipped with multiple chambers in order to increase the overall device efficiency via the introduction of
concentric chambers. This paper studies a multi-chamber concept arising from the partition of a cylindrical single
chamber OWC into multiple chambers spanning a reduced inner angular width. Within the linearized potential
flow theory, throughout the eigenfunction expansion matching method, and considering a linear power take off,
a semi-analytical solution is obtained. Next, numerical results pertaining to the cases of a circular OWC
comprising two and three chambers, spanning the whole inner sector, are discussed. The numerical analysis
shows that the use of multiple chambers having a reduced angular width increases the overall energy-wise
performance of the system with respect to the case of a single chamber OWC.

1. Introduction

The potential role of ocean energy in the transition from fossil fuel to
renewable energy production is widely recognized (Cruz Joao, 2008;
Mgrk et al.,, 2010). In particular, estimates on the theoretical global
wave energy potential stand upon 32 000 TWh/year (Lehmann et al.,
2017; Taveira-Pinto et al., 2015), which is sufficient to meet the world
energy demand of about 22,848 TWh/year reached in 2019 (IEA, 2021).
Key characteristics of the wave energy resource are its predictability and
its density distribution (about 2-3 kW/m?), which is much higher than
solar or wind energy densities, respectively, of 0.17 kW/m? and 0.5
kW/m? (Shi et al., 2024).

Various wave energy converters (WECs) have been proposed for
harvesting the energy from sea waves. The classification of those devices
made based on their working principle divides them into three cate-
gories: overtopping devices (ODs), oscillating bodies (OBs), oscillating
water columns (OWCs) (Falcao, 2010). Among them, OWCs are the most
promising in terms of reliability and energy production (Babarit, 2015).
Their working principle is based on the oscillation of a water column
induced by the wave motion through an opening located below the
mean water level. This oscillation causes compression and
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decompression of the air pocket located above the water column, which
in turn generates an alternating airflow through an opening at the top of
the device. By using a turbine, this airflow can be harnessed to produce
electrical energy. These devices can be deployed both offshore and
onshore, either floating or fixed, and can be integrated into existing
structures such as port harbors or breakwaters. The main geometrical
configurations are rectangular and circular. In particular, the circular
shape has the advantage of being unaffected by the direction of
incoming waves.

Despite a relevant number of research projects has been conducted
on those devices, there has not been reached convergence towards one
type of design. Evans and Porter (1995) investigated the hydrodynamics
within the linearized potential flow theory by considering a 2D thin
vertical OWC. Martins-Rivas and Mei (2009) studied a circular OWC
installed at the tip of a thin breakwater by showing, via an exact
analytical solution, the independence of energy absorption from the
direction of the incoming waves. Lovas et al. (2010) extended this
analytical approach to examine a large circular OWC installed at the tip
of a coastal corner for two specific geometries: a convex and a concave
corner of right angle. By solving the radiation and diffraction problems
via the eigenfunction expansion matching method, they demonstrated
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the effects of the main geometrical parameters. In order to enhance the
wave energy production, Deng et al. (2014) developed an analytical
theory for a circular bottom-mounted OWC equipped with a V-shaped
channel at the opening. Michele et al. (2019) investigated a circular
OWC provided with an internal cylinder and a skirt on the external
cylinder and assessed its remarkable effects on the global OWC response.
Zheng et al. (2020) studied the size and position of the chamber opening.
All of the circular OWCs previously investigated consider an inner
chamber spanning the whole circular sector. Instead, the parametric
investigations conducted by Spano et al. (2024) on a circular OWC,
showed that reducing the angular width of the chamber is an effective
strategy to improve the overall OWC energy performance.

Recently research focused on devices hosting multiple chambers to
increase overall efficiency. Ning et al. (2018) improved the design
proposed by Zhou et al. (2018) by introducing a concentric shell to
investigate the surface elevation and energy conversion efficiency. The
two chambers were connected at the top of the device. Results show the
broadening of the operative frequency bandwidth. Gang et al. (2022)
presented a cylindrical dual-chamber OWC semi-embedded into a
breakwater and investigated the effects of the opening angle of the
chamber. The effects of multiple chambers (up to 5 chambers) have been
numerically and experimentally evaluated (Fu et al., 2023; Ning et al.,
2024). The multi-chamber configurations show an increase in energy
efficiency and frequency bandwidth. However, a large number of
chambers does not yield a higher global efficiency, due to the wave
induced interferences. A stationary cylindrical offshore OWC equipped
with three concentric chambers was analytically investigated by Qian
et al. (2024), by providing the effects of the number of chambers, and of
the main geometrical parameters. The research carried out by Liu et al.
(2024) experimentally evaluated a compact-ring OWC device called
Rainbow using 1:10 scale fixed models in a wave tank. Two configura-
tions (B-BDB and F-BDB) were tested under regular and irregular waves.
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Performance varied by module position and wave conditions. The F-BDB
setup showed superior energy capture, reaching a peak capture width
ratio of 0.26. Results provide benchmarks for future floating designs and
optimizations.

This paper introduces a multi-chamber concept construed by parti-
tioning a single cylindrical OWC with multiple chambers of reduced
angular width, covering the same circular ring. The notable feature of
this device is that the water column operates only in the vicinity of
external cylindrical boundary. Therefore, it can be employed in
conjunction with or totally embedded into complex systems or in-
frastructures, such as multi-purpose platforms or Very Large Floating
Structures (Abhinav et al., 2020; Lamas-Pardo et al., 2015). This article
develops a mathematical model based upon the linearized potential flow
theory for quantifying the response and power output of this system
under the assumption that it is equipped with a linear Power Take-Off
(PTO) unit. Specifically, it analyses two case studies concerning a cy-
lindrical OWC with two and three chambers spanning the whole circular
sector. Also, a comparison between single and multi-chamber OWC
outputs has been made in order to emphasize advantages and disad-
vantages of the proposed configuration. In passing, note that the
mathematical model herein developed can be applied also to other
geometrical configurations involving, for instance, a higher number of
chambers or even the case of OWC chambers occupying only a limited
portion of the cylindrical structure.

The paper is organized as follows. Section 2 describes the mathe-
matical model. Section 3 shows the numerical results and the compar-
ison between single and multi-chamber OWCs. Conclusions are given in
Section 4.

2. Mathematical model

The investigated structure is a vertical floating cylinder (Fig. 1)
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Fig. 1. Three-dimensional view (lower panels) and plan-view (upper panels) of the 2-chamber OWC (left panels) and of the 3-chamber OWC (right panels).
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described in a cartesian coordinate system Oy, with the origin located at
the intersection of the mean water level (O, plane) and the vertical
central axis of the cylinder. Considering a constant water depth d, the
structure is submerged up to a depth hs, and has opening between h; and
hy. The chamber is partitioned into N, chambers, characterized by equal
radial width AR = R, — Ry and angular amplitude A6y = Ofin_nc — Gin—nc
(in whichn, =1, 2, ..., N,), It is important to note that, assuming that
the inner walls separating the OWC chambers are infinitely small and by
considering that all the chambers have the same angular width, 0;;_nc =
Ofin—(nc—1) for n. > 1. For mathematical convenience, the chambers are
distributed such that the bisector of the first one is aligned with the x-
axis, which is the axis of wave propagation.

The mathematical model is developed by adopting the linearized
potential flow theory. Therefore, the fluid is assumed inviscid and
incompressible, and the water particle motion is irrotational. The theory
is employed by working in a cylindrical vertical coordinate system
(r,0,2) in which the z-axis is the axis of the vertical cylinder, and the
origin of this cylindrical reference frame is located at the centre of the
cylinder on the mean water level. In this context, the mathematical
problem is formulated through the scalar velocity potential function:

@(r,6,2, t) = Re{¢(r,0,2) e}, W

where Re{-} denotes the real part of a complex number; i is the imagi-
nary unit; @ is the angular wave frequency; and t is the time variable.
Time dependence is sorted out by considering a time-harmonic motion.

The linearized potential flow theory allows applying the super-
position principle, as done by Evans and Porter (1995). The potential is
given by the superposition of three contributions: incident, diffracted,

0, atz=0in Q3 ., A=D

09, 3-n. w?
S _n = { iwP, . , forn.=1,...
0z g P15 lw—gfar,lﬁ, atz=01in Q3 ,, A=R
and radiated potentials.
N
¢(r7 07 Z) = ¢I(r7 67 Z) + ¢D (r7 9, Z) + Z ¢Rj(r7 07 Z) (2)

Jj=1

where ¢;(r,0,2) is the incident wave field, ¢, (r,0,2) is the diffracted
wave field, ¢p; are the radiated wave fields associated with the motion
of each oscillating water column. The incident potential flow in cylin-
drical coordinates, as reported by Linton and Mclver (2001), for an
incident plane wave propagating from the positive x direction is

igA korcosd

= io €m(—1™)cos(mb) Jy(kr) Xo(2) 7

¢)(r,0,2) = —— ¢ Z) =

1 ) p X0(2) o %0(0)
3

in which A is the wave amplitude, kg = —ik is the wavenumber, ¢, is the

Neumann symbol (1 if m = 0; 2 if m > 0), Jn(kr) is the Bessel function of
the first kind of order m, and y,(z) is the vertical eigenfunction. The
wave number is the solution of the equation

6()2

kqtan(k,d) = s @

in which n = 0 denotes the propagating mode, and k, with n > 0 the
evanescent modes. The vertical eigenfunction is given by the equation
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2.1. Boundary value problem

In order to describe the diffracted and radiated potentials, the
domain is partitioned into 2 + 2N, sub-domains:

Q(r, 0, 2) ={re[Rs; +); z€[—d; 0]; 6 €[0;2x]},

Q(r, 0, 2) ={r€[0; Rs}; z € [-d; —hs]; 6 €[0;27]},

93771[ (r7 97 Z) = {I' € [Rﬁ R2]§ LS [7h2; 0] [AS [ain—nc;efin—nc]}7 for ne
=1,..,N,

and
94,nc(r, 0, Z) = {I' S [Rz; Rg]', PAS [—hz; —hl]', (4
€ [ein—nc:,gﬁn—nc} }7 for n.= 1*,“~7Nc-

Denoting ¢, ; either diffracted (A = D) or radiated (1 = R) potential
into the i th subdomain, the following boundary value problem is posed:

V2¢A,i (rs 6% Z) =0 (6)
0, w? .
azflf s $1=0atz=0inQ, )
,Nc ®
0 .
n = 0 on the structural solid boundary and on the seabed 9
. 01 .
kr@g}ﬁ(%f lkqﬁM) —0 (10)

In Egs. (6-10) P,, is the air pressure amplitude inside the chamber n,,
p is the water density, n is the unit vector normal to the solid boundary,
and & ,, is the Kronecker delta function (6,, ,, = 1, otherwise &, , =
0).

2.2. Velocity potentials
The solution to the boundary value problem (6-10) is sought by the

eigenfunction expansion matching technique, which allows represent-
ing the velocity potentials into each subdomain as

b= Y ab VFo) cos(mO)rV (z) + dioim, an
m=0 n=0
b= > a2 cos(md)y? (z), (12

3
Il
o
3
i
o



A.S. Spano et al. Applied Ocean Research 161 (2025) 104695
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resenting both the diffracted velocity potential 5pp = 1 and the radiated &
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Iy, (kn'Rs) 2.3. Computation of the unknown coefficients
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The coefficients are determined by projecting Eqs. (29)-(33) in the
space of vertical eigenfunctions, where the unknown coefficients are
calculated as the solution of a linear system of algebraic equations ob-
tained by truncating the infinite series expansions.

2.4. PTO system

The power output of each OWC is computed under the assumption
that the air pressure is uniform inside the chambers. For this purpose,
the volume flow rate into each air chamber is computed by the equation

Gn, (t) = Qron, (t) + qg_n (t), forn.=1,...,N, (34)

so that the volume flow is given by the superposition of the radiation
flow rate (generated by the air pressure fluctuations into the chambers),
and the excitation flow rate (generated by the incident and diffracted
wave fields). Following the approach presented by Falcao et al. (2016), a
linear relationship between the volume flow rate and the air pressure
inside the chamber is considered:

Von, dpn.

= g Crrona(t), forne=1,....Ne (35)

qn. (t)

that takes into account the volume of air inside the chamber Vj,, in still
conditions, the polytropic term v related to the average efficiency of the
turbine (necessary to express the relationship between the fluctuation of
air density inside and outside the chamber), the air chamber pressure
Dn, (t), and the turbine characteristics Cpro, (in terms of diameter and
rotational speed).

Considering the linearity of eq. (35) and the time dependence in the
velocity potential (1), flow rates and pressures can be analysed in fre-
quency domain. That is,

{qnc(t)-, dE-n. (t)v qr-n, (t)7 Dn, (t)} = {any QE—nc-, QR—ncy Pn(}eiim[, for ne
-1,...,N,
(36)

The excitation volume flow rates can be regarded as the elements of a
vector Qg, that are computed directly from the diffracted potentials by
the equation

by,

2 R
{Qi},, = / /(ad’g%) rdrdo 37)
2=0

Abn. Ry
2

Similarly, the radiated flow rates can be computed by defining a
matrix Qg having dimension N, x N, whose elements are given by the
equation,

Qe = (P / / (122 a0 = ~((Ch, - M) P,

(38)
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Table 1

OWC geometrical parameters.
d 10 m
Ry/d 0.1
Ry/d 0.5
Rs/d 0.55
hi/d 0.2
hy/d 0.6
hs/d 0.65

where P is a vector encapsulating the chamber’s air pressure amplitudes,
and C and Mypp are radiation damping and added mass matrices,
respectively. It is worthy to note that the diagonal elements of the matrix
having dimensions [N, x N.] represent the values produced by the ra-
diation activated in the chamber under consideration, while the off-
diagonal terms indicate the values observed in adjacent chambers due
to radiation from the considered chamber.

From Egs. (34) and (35), using the formulation of Egs. (37) and (38),
the relationship providing the air pressure amplitudes is derived. That is,

P = [Cpro + C — i(Mpro + Mapp)] ' Qs (39)

in which Mpro and Cpro are diagonal matrices with non-zero diagonal
elements given by the equations

CUVOn
M, =
{Mprol s, =02 (40)
and
{CFTO}ncnc = \/{C}ncncz + ({MPTO}HCHC + {MADD}nCnc)Z' (41)

In this regard, note that Cpro is derived under the stipulation that the
power absorption is optimal (Michele et al., 2019). Given the air pres-
sure amplitudes, the mean power available to the turbine is readily
calculated by the equation,

1
Pm«nc = E{CPTO}nCnC I{P}nE ‘2' (42)

In order to evaluate the energy performances of the device, the
capture width (Babarit, 2015) CW,, (A#) pertaining to the chamber n,
having angular width Aé,, is employed. It is defined as the ratio between
the mean power available at the turbine and the incident wave power:

P,
CW, (A, ) =~ (43)
P,
The incident wave power is calculated by the equation
1
Py = EnggA2a (44)

C, being the wave group celerity and A being the incident wave
amplitude.

3. Numerical results

Herein, a description of the OWC geometrical configuration utilized
for estimating the power output of the system is presented in conjunc-
tion with numerical studies assessing the convergence of the proposed
velocity potential representations. Next, the numerical results pertain-
ing to the case of multi-chamber OWCs comprising N, = 2 and N, = 3
chambers are discussed. In all case studies, the air chamber height is
2z,=10 m. The main geometrical parameters of the OWC configuration
are shown in Table 1.

Prior to the determination of the OWC response, a numerical study
has been conducted to evaluate the convergence of the developed
eigenfunction expansion. Considering the case of an OWC with N, = 2,
Fig. 2 shows the results in terms of volume excitation flow rate, radiation
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Fig. 2. Convergence study for a fixed geometry and frequency =1.35, in terms of Volume excitation flow, Radiation damping, Added mass (Continuous line: frontal

chamber, dashed line: backside chamber).

damping and added mass into the up-wave and down-wave chambers.
All of them are normalized as proposed by Lovas et al. (2010):

- d ~ ~ d
QE:A—ng/g Qsi (©. Fapn) = V8L (¢ My, 45)

In passing, note that the plots show the frequency domain behaviour
of the diagonal elements {C},; and {Mapp}, ;, and of the off-diagonal
elements {C},, and {Mapp},,. These elements are sufficient to

characterize the entire added mass and radiation damping matrices, as
the geometrical configuration of the investigated OWC implies that
these are Toeplitz matrices (Gray, 2006).

The numerical results show that convergence to reliable estimates is
obtained by retaining N = 20 and M = 10 terms.

The next subsections show also the free surface elevation inside the

chambers evaluated as

Fig. 3. Double chamber OWC (Continuous lines: upwave chamber; dashed lines: downwave chamber; dashed-dotted lines: single upwave chamber).
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Ne
”(rv 0) = Re{Ad)D (r7 07 0) +plg Z {P}j¢R,j(r7 07 O) }7 (46)

=1

where an incident wave of unitary amplitude has been considered (A =
1).

To assess the advantages and disadvantages of a multi-chamber
system, the Qucror(A0) and the rpor(A0) are used. They are given by
the equations

> CWa (80)

Qfactor (A0) = TN.CW(AG) (47)
and

n_1CWa, (A0)
rfactor(A97 Aesin‘gle) = . (48)

vasingie (Agsingle) '

The qpucror(A0) describes the ratio between the capture width of a
multi-chamber device with chambers having angular width A¢ and the
capture width obtained from N, independent single chamber devices
with the same chamber width A@. This parameter is used for evaluating
the effects of the interferences due to the radiated waves that occur in a
multi-chamber device, as it allows investigating whether the presence of
additional chambers results in constructive or destructive interactions.
The second one is the ratio between the capture width of a multi-
chamber device with chambers having angular width A against the
capture width of a single chamber device spanning the full circle. The
rﬁmr(AQ7 Agsingle) highlights the advantages and disadvantages of a
multi-chamber device compared to the most common cylindrical OWC
considered in literature.

3.1. Double chamber cylindrical OWC

The first numerical study concerns a vertical cylinder with two
chambers having the same angular width A¢; = A9, = 7. The upwave
chamber is located so that the bisector line is aligned with the incident
wave direction. The performance of the system is evaluated via the non-
dimensional parameters defined in Eq. (45) and the capture width in Eq.
(43). The results are shown in frequency domain in Fig. 3. Note that, in
order to emphasize the comparison against the single chamber case,
Fig. 3 shows the results pertaining to the two chamber cases as well as
the ones determined from a single chamber case. It is seen that the multi-

w=1.44
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chamber device exhibits larger output values into the upwave chamber,
while there are no significant differences in the distribution over the
frequency domain. Specifically, the volume excitation flow rate per-
taining to the frontside chamber gains intensity and after the peak (kd =
2.13) decays as the single chamber OWC; the backside chamber has a
slight shift of the flow rate peak towards lower frequencies (kd = 2) with
a more rapid decay in the high frequency tail. Comparable conclusions
can be drawn by comparing the radiation damping and the added mass
of multi- and single-chamber OWC. The capture width plot shows that
peaks are achieved at the same frequency values. The chamber exposed
to the direct action of the incoming waves reaches higher values when
embedded in a multi-chamber system.

The surface motion inside the chamber is strictly related to the
examined frequency. In order to analyse the wave field inside the
chamber, the first peak of the capture width has been taken into account
(kd = 2.13;w = 1.44 rad/s). As shown in Fig. 4, the surface elevation
has been plotted by considering both single and multi-chamber OWCs.
As the incident wave field propagates, higher values are observed inside
the chamber facing the incoming waves, especially near the inner ver-
tical cylinder, while the back chamber shows surface levels below zero.
Overall, it is seen that, given the same incident wave, the multi-chamber
configuration gives rise to larger wave motion amplitudes, with a peak
value close to 7,,,, = 1.6, which is larger than the surface elevation
peak value of #,,,, = 1.2 observed in the single chamber OWC.

3.2. Triple chamber cylindrical OWC

The second numerical study considers a vertical cylinder with three
chambers having the same angular width A¢; = Af; = Af; = 27/3. In
this regard, note that chambers are numbered from the upwave one in
anticlockwise order. Fig. 5 shows the results in terms of volume exci-
tation flow rate, radiation damping, added mass and capture width, for
the chamber 1 (continuous line), chamber 2 (dashed line), as well as for
a single chamber OWC having the same angular width (dashed-dotted
line). Due to the symmetry of chambers 2 and 3, the same numerical
results are observed. Therefore, only one line is shown. An increase of
volume excitation flow rate is seen in chamber 1 compared to the single
OWC case. The peak is reached at the same frequency kd = 2.16, with a
few differences in the low frequency band and an almost perfect overlap
of the curves in the high frequency tail. The curve representing chamber
2 (and 3) shows a less marked trend, with a peak at a lower frequency

w=1.44
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Fig. 4. Surface elevation inside the chamber (Left: multi-chamber OWC; Right: single chamber OWC). Top view.
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Fig. 5. Triple chamber OWC (Continuous line: upwave chamber; dashed line: both downwave chambers; dashed-dotted line: single upwave chamber).
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Fig. 6. Surface elevation inside the chamber (Left: multichamber OWC; Right: single chamber OWC). Top view.

(kd = 1.95). The damping and added mass curves of the upwave
chamber and of the single OWC chamber show quite similar patterns.
The only difference relates to a more marked peak of chamber 1. Instead,
chamber 2 exhibits significantly lower values of all the parameters under
investigation, that can take also negative values as expected by the fact
that are curves pertaining to the out-of-diagonal elements of the added
mass and radiation damping matrices. The CW plot shows that the multi-
chamber system offers advantages in terms of energy peaks, especially in
the chamber exposed to the direct incident wave action.

For analysing the wave motion inside the chamber of the device, the
frequency associated with the first peak of the CW is considered (kd =
2.16;w = 1.46 rad /s). Fig. 6 shows a top view of the free surface
displacement. It is seen that the use of a multi-chamber system amplifies
the oscillation inside the chamber, with higher values (,,,, = 2) near
the cylinder’s center compared to the single-chamber case (1,,,, =1.2).

Chambers 2 and 3 exhibit symmetrical behavior, with a negative free
surface elevation value due to the phase difference with respect to the
crest in chamber 1 and shallower troughs (3,,;, = — 0.6).

3.3. Multi-chamber OWC vis-a-vis single-chamber OWC

Comparisons are pursued between single-chamber and multi-
chamber devices via the ryucor(A). As shown by Spano et al. (2024),
the parameter that most influences the energy production of a cylin-
drical OWC is the angular width of the chamber. Considering CWi,,1 as
the sum of the CW reached by every chamber:

Ne
CWioa = Y CWi, (49)
n.=1



A.S. Spano et al.

12,

=
o

rfactor(Ael 27'[)

Fig. 8. rfucor concerning AQ = 7 (Nc=2, dashed line) and A¢ = 27 /3 (Nc=3,
dotted line), against a single chamber OWC with Abgng, = 27.

rfactar (A@, TI)

Fig. 9. . I'faetor concerning A9 = 7 (Nc=2, dashed line) and A0 = 27 /3 (Nc=3,
dotted line), against a single chamber OWC with Abgng, = 7.

Fig. 7 shows the CW values for single-chamber devices (left panel),
with angular widths of A@ = 2z (continuous line), A9 = z (dashed line),
and AQ = 2r/3 (dotted line). The right panel shows the CW,,; for multi-
chamber devices with N, = 2 (A8,. = x, dashed line) and N, = 3 (A&,
= 27/3, dotted line) chambers. In case of single-chamber devices,
reducing the internal angle significantly increases the CW peak.
Furthermore, the reduction of the chamber angular width is associated
with a more efficient exploitation of the high frequency waves. The right
panel show that the CW,y, of the two devices reaches even higher
values.

The rfmr(Ae, Aasingle) has been introduced to evaluate the differ-
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Fig. 10. Qfacror(A0) (Continuous line: Nc=2; dashed line: Nc=3).

ence between a single OWC equipped with multiple chambers. Fig. 8
shows the ry,or (A0, 27) with two lines, corresponding to the case of N, =
2 (A8 = &, dashed line) and N, = 3 (Ad = 27/3, dotted line) against the
CW,otal Pertaining to a single chamber OWC with A9 = 2z. The two lines
follow a similar trend up to kd = 3.09, highlighting a significant in-
crease in the productivity of multi-chamber devices compared to the
more common single-chamber device found in the literature. Moving
towards higher frequencies, the presence of more chambers allows
harvesting more efficiently the available wave energy. Overall, this
parameter highlights the convenience of splitting the OWC into multiple
chambers to better harvest the wave energy in shorter waves.

As depicted in Fig. 7, the optimal strategy to significantly increase
the energy-wise performance of a cylindrical OWC is to reduce the
angular width of the internal chamber, with A = 7 being the optimal
solution. To verify whether this solution remains advantageous
compared to a multi-chamber device, the ry,r (A9, 7) is calculated by
comparing the CW of the two multi-chamber devices (Nc = 2 dashed
line; Nc = 3 dotted line) to a single-chamber OWC with an angular width
of Abginge = 7. From Fig. 9, it is shown how at low frequencies, where
piston-like motion in the chamber is dominant, the productivity of the
devices is doubled. The entire curve stays above 1, suggesting the further
effectiveness of the multi-chamber system compared to the optimal so-
lution of a single-chamber OWC with reduced angular width.

Next, the gpcor(Af) is taken into account. As shown in Fig. 10,
Qfactor(A0) is plotted for the cases of two-chamber devices (continuous
line) and three-chamber devices (dashed line). At low frequencies, the
curves show a similar behavior. Moving to higher frequencies, they
show an almost constant difference of approximately 0.2. The first and
second peak of the qg,cor(A6) are observed at the associated CW peaks
(kd = 2.13 for the N, = 2 case, kd = 2.16 for the N, = 3 case). The
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minimum value reached by the curve representing the N, = 2 case is
around 0.6. This means that a device equipped with two chambers can
potentially reach the 80-60 % CW values achieved by an array of two
(non-interacting) devices equipped individually with just one chamber
of equal size. For the N, = 3 case, CW reaches a minimum of 0.39. In this
case, a multi-chamber device equipped with three chambers can theo-
retically reach from 39 % to 78 % the CW values achieved by three in-
dependent OWCs equipped with one chamber of equal size.

4. Concluding remarks

Common studies conducted on cylindrical OWCs focus on devices
comprising a single chamber spanning the entire inner space. To maxi-
mize energy production, research is moving towards devices with mul-
tiple chambers arranged concentrically. This study considers the
arrangement of multiple chambers with reduced angular widths, whose
performance is compared vis-a-vis the results of a classical single
chamber OWC spanning the entire circular sector or just a limited
angular width.

This paper presents an analytical solution based on the linearized
potential flow theory. Diffracted and radiated wave fields have been
determined by using the eigenfunction expansion matching method. A
linear PTO has been considered. The analysis has concerned volume
excitation flow rates, radiation damping, added mass and capture width
values.

Two cases concerning a vertical cylinder equipped with two and
three chambers, respectively, have been investigated. In both cases, the
upwave chamber is oriented such that the bisector line is aligned along
the upcoming incident wave direction. Both cases show an increase in
capture width for multi-chamber devices, especially when compared to
a single-chamber OWC device having the same angular width. This fact
has been observed also by evaluating the surface elevation inside the
chamber.

The ryaeror (AG, AHsmgle) was introduced to compare the advantage of a
multi-chamber device compared to a single-chamber OWC. The results
highlight the improvement of a multi-chamber OWC compared to the
classical circular OWC with an angular width spanning the full sector A9
= 27, and also against a single chamber characterized by A9 = z.

The gfacior(A0) was used for evaluating the interferences that occur
between the chambers of a multi-chamber OWC. The results show a few
reductions in terms of productivity.

This paper examined a multi-chamber OWC device by adopting a
semi-analytical approach in the framework of the linear potential flow
theory. Therefore, overestimations due to neglecting the effects of vis-
cosity and the modelling of air compressibility may characterize the
obtained numerical results. For this reason, future studies will consider
other models, such as the ones based on Computational Fluid Dynamics,
or experimental tests for assessing the performance of the system.
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