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A B S T R A C T

Turbine-induced damping is a critical parameter affecting the performance of oscillating water column (OWC)
wave energy converters. Therefore, selecting the appropriate turbine-chamber combination is an essential step in
their design. In this work, a methodology is developed to determine the optimum turbine diameter for a given
chamber, i.e., the diameter which maximizes the pneumatic energy capture of the chamber under an extensive
set of wave conditions—covering virtually the entire range of wave conditions relevant for wave energy
exploitation. This novel approach combines physical and numerical modelling with dimensional analysis.
Importantly, it results in a turbine diameter that enables the turbine to operate at maximum efficiency. Through
the different modelling techniques applied, the methodology accounts for air compressibility effects and other
non-linear effects. It is applicable to non-linear turbines, with the study focusing on the promising biradial
turbine. The results indicate that using the proposed methodology to select the turbine diameter significantly
improves the capture-width ratio of the OWC, with increases of up to 100% for individual sea states. Two turbine
diameters were identified as appropriate for the proposed OWC chamber design, 1.1 m for low-energy sites, and
1.4 m for mid- and high-energy sites.

1. Introduction

With its vast untapped potential worldwide (Martinez and Iglesias,
2020), wave energy has a significant role to play in the energy transi-
tion. Wave energy can be exploited alone or in combination with wind
energy (Astariz and Iglesias, 2016, 2017; Michele et al., 2019)—a
promising option, which can be realised through hybrid systems
mounted on shared substructures (Perez-Collazo et al., 2018, 2019;
Pérez-Collazo et al., 2023) or through co-located farms consisting of
structurally independent offshore wind turbines and WECs (Astariz
et al., 2016). Research is under way on new hybrid wave energy systems
(Bao et al., 2023; Chen and Wu, 2024; Cui et al., 2021), hybrid farms
(Zheng et al., 2020b) and, more generally, novel wave energy converters
(Lamont-Kane et al., 2024; López et al., 2018; Zheng et al., 2020c).

Among the variety of wave energy converters (WECs), oscillating
water column (OWC) WECs are one of the most established (Falcão and
Henriques, 2016) and present significant advantages. They lend them-
selves to integration with offshore wind turbines (Li et al., 2022; Liu
et al., 2024; Veigas and Iglesias, 2015). In addition, multiple OWCs may
be combined in a single platform (Zheng et al., 2020a; Zhou et al., 2021).

Another interesting possibility is their integration into coastal struc-
tures, such as breakwaters (Kim et al., 2022; Teixeira and Didier, 2023;
Zheng et al., 2019). OWCs consist of a chamber partially filled with
seawater and open below the water surface, along with an air turbine.
The air inside the chamber is alternately compressed and decompressed
by wave action, originating an alternate air flow through the turbine
duct that propels the turbine and, consequently, the electric generator.
The most common alternatives to take advantage of bidirectional air
flow are the Wells and self-rectifying impulse turbines (Falcão et al.,
2018). The Wells turbine (Raghunathan, 1995) is traditionally used in
OWC wave energy converters, although it is currently undergoing new
developments (Kotb et al., 2023). It is a reaction turbine that presents a
high peak efficiency but a narrow operating range, being its behaviour
approximately linear. Impulse turbines, both axial-flow (Luo et al.,
2019) and radial-flow (Pereiras et al., 2011), present a comparatively
wider operating range, but a lower peak efficiency. Over the last few
years, a novel concept of self-rectifying impulse turbine, named biradial
turbine, has emerged (Falcão et al., 2013). The biradial turbine presents
a design in which both the inlet and the outlet face the radial direction,
with centripetal inlet flow and centrifugal outlet flow. Importantly, the
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biradial turbine merges the best of both Wells and impulse turbines, i.e.,
a high peak efficiency and a wide operating range (Falcão et al., 2018).
Its reliability and performance have been demonstrated in sea trials at
the Mutriku wave power plant (Gato et al., 2022).

In addition to the characteristics of the turbine, various factors
related to the chamber affect the hydrodynamics and efficiency of an
OWC device. These factors include the geometrical configuration of the
entrance (Boccotti, 2007; Rezanejad et al., 2013), the slope of the
chamber walls (Gaspar et al., 2020), the height of the underwater
opening (Çelik and Altunkaynak, 2018, 2020) or the thickness and im-
mersion depth of the front wall (Morris-Thomas et al., 2007). Among the
parameters affecting the performance of an OWC device operating under
a given wave climate, in addition to the characteristics of the turbine and
chamber themselves, the coupling between these two elements, turbine
and chamber, is of paramount importance (Çelik and Altunkaynak,
2019; López et al., 2015). The turbine induces a damping on the oscil-
lations of the water column, thereby affecting the capture of pneumatic
power (López et al., 2014). Simultaneously, this damping, which regu-
lates the pressure versus flow rate relation achieved in the chamber,
determines the operating conditions of the turbine, and hence its effi-
ciency (Pereiras et al., 2015). Thus, selecting the most appropriate tur-
bine for a given OWC chamber is a complex task due to the interplay of
the hydrodynamics of the entire system. Matching the turbine to the
chamber is, therefore, a common challenge in the development of an
OWC power plant.

In previous works, a methodology has been developed to identify the
value of the damping that maximizes the performance for a given OWC
chamber at a particular costal location, that is, operating under a spe-
cific maritime climate (López et al., 2019). However, from a design
perspective, it is more practical to provide a physical parameter of the
turbine—such as the turbine diameter—rather than a value of the
damping, which cannot be directly used for turbine design. Various
approaches have been followed for matching the air turbine and the
chamber in an OWC device. In most cases, stochastic methods based on
linear wave theory were applied (Falcão, 2004). These methods, though,
assume a linear behaviour of the turbine (a Wells turbine) or require
linearization procedures that enable the turbine to be roughly modelled
through a linear equation (Falcão et al., 2014). A non-linear method-
ology for matching a turbine to an OWC chamber was developed in
(Pereiras et al., 2015) for axial and radial self-rectifying impulse tur-
bines. Nevertheless, this approach considered only a limited number of
regular wave conditions. Consequently, the motivation for this research
arises from the lack of a straightforward method to determine the op-
timum turbine diameter for a non-linear turbine, particularly the bira-
dial turbine, for a given OWC device operating under realistic irregular
wave conditions while performing an accurate modelling which does
not disregard important non-linear effects.

In this work, a procedure was developed to determine the best
turbine-chamber combination for an OWC device operating under an
extensive set of irregular wave conditions when equipped with a non-
linear turbine, in particular, a biradial turbine. Thus, the objective was
to identify, for a given chamber geometry, the biradial turbine diameter
that enables the turbine to operate at its maximum performance, while
maximizing the capture of wave energy of the chamber. To this end, a
hybrid modelling methodology that combines physical and numerical
modelling is proposed. Importantly, air compressibility effects, which
are often disregarded albeit important in full-size OWC devices (López
et al., 2020), were considered alongside other important non-linear ef-
fects, such as viscous losses. First, physical model tests were conducted
under an extensive set of irregular wave conditions, considering four
values of the turbine-induced damping, each representative of a specific
turbine. These tests were complemented by computational fluid dy-
namics (CFD) numerical modelling, based on the Navier-Stokes equa-
tions for two compressible fluids. The numerical model plays an
essential role in determining the pressure versus flowrate curves,
enabling calculation of flowrate based on pressure drop measurements

from the physical model tests—measuring flowrate in wave flume
experimental modelling is challenging. While numerical modelling was
preferred in this case for its comprehensive analysis capabilities, alter-
native methods could also be considered. These include physical
modelling in air tunnel (Sheng et al., 2014) or theoretical thermody-
namic models (Medina-López et al., 2016, 2017; Sheng et al., 2013).
Finally, dimensional analysis techniques were applied to develop a
procedure for matching the turbine-induced damping to the turbine
diameter which maximizes the turbine efficiency. By comparing the
pneumatic energy capture of the different turbine diameters, that which
performs better could be determined.

The structure of the paper is as follows. In Section 2, the physical
modelling is presented, describing the OWC model, the experimental
set-up, the testing campaign and the parameters evaluated. In Section 3,
the numerical modelling is thoroughly depicted, including its validation
against experimental data and the results obtained. In Section 4, the
turbine dimensioning procedure is presented, along with its theorical
basis. In Section 5, the impact of turbine diameter on the OWC perfor-
mance is evaluated. Finally, the conclusions of the study are drawn in
Section 6.

2. Physical modelling

2.1. OWC model

The OWC model represents at 1:30 scale the geometry designed in
previous works (López et al., 2021) (Fig. 1). It extends across the entire
width of the flume, being divided into three equal chambers, each
measuring 0.186 m in width. The subsequent results pertain specifically
to the middle chamber. The geometry of the model is based on the
L-shaped OWC design, in which a horizontal duct is added to the
chamber to increase the resonant frequency of the system (Howe and
Nader, 2017; Rezanejad et al., 2019). The dimensions of the device were
appropriately tunned in order to achieve near-resonant conditions when
operating under the sea states with the highest energy at the site of in-
terest. In particular, the aim was to achieve near-resonant conditions for
periods around 9–10 s at low to moderate water depths.

The wet part of the model was scaled to ensure that Froude number is
equal between the model and prototype. This is necessary when dealing
with free surface flows (Hughes, 1993). In addition, to correctly repro-
duce air compressibility effects—a significant effect in full-size OWC
converters (Falcão and Henriques, 2019)—the approach proposed in
(Falcão and Henriques, 2014) was followed. According to this approach,
the ratio of model to prototype air chamber volume must follow:

Vp

Vm
= np λ2 δ, (1)

where V represents the volume of the air chamber; np is the polytropic
exponent of the turbine; λ is the scale factor (in this case 30); δ is the ratio
of model to prototype water density, and the subscripts m and p refer to
the model and prototype, respectively. An alternative approach, based
on the isentropic assumption, and hence most appropriate for repre-
senting the exhalation phase, is proposed in Falcão and Henriques
(2019).

According to Eq. (1) and considering a water density ratio δ = 0.98
and a polytropic exponent of the turbine np= 1.2 (Falcão and Henriques,
2014), the volume of the air chamber at model dimensions must be Vm=

267.9 dm3. To achieve this air volume, a practical solution is to connect
the air chamber of the model to a rigid-walled air reservoir partially
filled with water to adjust the air volume to the desired value. Given that
the air chamber of the model (Fig. 1), scaled assuming perfect geomet-
rical similarity, has a volume of 10.5 dm3 and the connection pipe be-
tween the model and the air reservoir adds another 19.4 dm3, an
additional air volume of 238 dm3 was provided through the reservoir.

The impact of the turbine on the system was simulated using an
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orifice, which replicates the quadratic relation between the pressure
drop and the air flow rate in impulse turbines (Falcão and Gato, 2012).
This is a well-established method for emulating the turbine-induced
damping of non-linear turbines, as demonstrated in previous studies
(Falcão and Henriques, 2014). Four different orifice diameters were
tested: d= 17, 22, 25 and 29 mm, corresponding to orifice ratios (orifice
area over cross-sectional plan area of the model air chamber) of 0.6%,
1.0%, 1.3% and 1.8%, respectively.

2.2. Experimental set-up

Tests were conducted at the Hydraulic Laboratory of the University
of Santiago de Compostela, provided with a wave flume that is 20 m
long, 0.65 m wide, and has a height of 0.95 m. The wave generation
system consists of a piston-type paddle equipped with an active wave
absorption system to prevent re-reflections. The experimental set-up is
presented in Fig. 2. The instrumentation used encompassed nine wave
gauges to measure the free surface elevations at different positions, two
ultrasonic level sensors to monitor water column oscillations, and a
differential pressure transducer to record the difference in pressure be-
tween the atmosphere and the interior of the chamber.

The experimental campaign consists of two sets of tests. The first one,
which comprises 15 regular wave conditions, aims to validate the

Fig. 1. Cross-section of the OWC physical model at 1:30 scale (dimensions in mm) (left) and photograph of the model set up in the wave flume (right).

Fig. 2. Experimental set-up.

Table 1
Regular wave conditions tested in the experimental campaign.

Test Prototype dimensions Model dimensions

H (m) T (s) H (m) T (s)

1 1.0 7 0.033 1.28
2 1.0 8 0.033 1.46
3 1.5 8 0.050 1.46
4 2.0 8 0.067 1.46
5 1.0 9 0.033 1.64
6 1.5 9 0.050 1.64
7 2.0 9 0.067 1.64
8 2.5 9 0.083 1.64
9 3.0 9 0.100 1.64
10 1.5 10 0.050 1.83
11 2.0 10 0.067 1.83
12 2.5 10 0.083 1.83
13 3.0 10 0.100 1.83
14 2.5 11 0.083 2.01
15 3.0 11 0.100 2.01
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numerical model (Table 1). The second set comprises 42 irregular wave
conditions, each representing a specific energy bin (Fig. 3). These energy
bins are bivariate intervals which discretize the sea states based on their
significant wave height (Hm0) and energy period (Te) (Carballo and
Iglesias, 2012). An interval size ofΔHm0= 1 m andΔTe= 1 s was used. A
JONSWAP spectrum (Hasselmann et al., 1980) was assumed for testing
each of the representative wave conditions. A total of 228 tests were
carried out, taking into account the regular and irregular wave condi-
tions, as well as the different orifice diameters tested.

2.3. Performance evaluation

The mean pneumatic power captured by the OWC converter was
computed following:

Pp =
1

tmax

∫tmax

0

Δp Q dt, (2)

whereΔp is pressure drop;Q is air flow rate; and tmax is the total duration
of the test. First, the ratio Δp Q− 2 of each orifice diameter was obtained
from numerical modelling (see Section 3). Once these ratios were
known, they were used to obtain the flow rate through the orifice from
the pressure drop measurements in the experimental campaign.

The mean wave power for each test was calculated as:

Pw = ρwg
∫∞

0

S(f)Cg(f) df , (3)

where ρw represents the density of water; S(f) is the spectral energy
density obtained from an incident-reflected wave analysis; and Cg is the
group velocity of each frequency band.

The capture-width ratio was computed as:

CWR =
Pp

Pwwc
(4)

where wc is the air chamber width (in direction parallel to wave fronts).

3. Numerical modelling

3.1. Governing equations

The compressibleInterFoam multiphase solver, which is a finite-
volume-based solver integrated into the OpenFOAM package, was
used to solve the wave-WEC interaction while considering air
compressibility effects. The governing equations of the solver are the
continuity (5), momentum (6), and energy (7) equations:

∂ρ
∂t +∇ • (ρU) = 0, (5)

∂(ρU)
∂t +∇ • (ρUU) = − ∇p+∇ • τ + ρg + fST , (6)

∂(ρTK)

∂t +∇ • (ρTKU) − ∇ •
(
αeff∇TK

)
= −

(
γ

cv,liquid
+
1 − γ
cv,gas

)(

∇

• (pU)+
∂(ρK)

∂t +∇ • (ρKU)
)

, (7)

where ρ is the density of the mixture of the two phases; U is the velocity
vector; t is time; p is pressure; τ is the viscous stress tensor; g is the
gravity vector; fST is the surface tension force; TK is the temperature; αeff
is a phase-averaged thermal diffusivity; cv,liquid and cv,gas are the specific
isochoric heat capacities of the liquid and the gas phases, respectively; K
is the kinetic energy per unit mass; and γ is the volume-of-fluid (VOF)
phase-fraction function (Hirt and Nichols, 1981), which represents the
liquid fraction in each cell, and enables the tracking of the interface
between the two phases. Thus, both fluids are jointly considered as a
mixture whose properties vary in space according to the volume fraction
of each phase, e.g.:

ρ= γρliquid + (1 − γ)ρgas . (8)

The ideal gas equation was used to model the air compressibility:

ρgas =
p

RSTK
, (9)

where RS is the specific gas constant. The water was considered as an
incompressible fluid, i.e., ρliquid is constant.

For the closure of the equations, a turbulence model that enables the
calculation of the viscous stress tensor is needed. The k-ω-SST model
(Menter et al., 2003) for compressible flows was used. Finally, wave
generation was implemented using the waves2Foam toolbox (Jacobsen
et al., 2012), which employs the relaxation zone technique to create
(and absorb) waves. The relaxation zone is a numerical approach that
forms part of the internal wave generation methods, in which waves are
generated within a region defined inside the computational domain.
Furthermore, the relaxation zone enables passive wave absorption for
dealing with reflected waves and avoiding re-reflections into the
domain. The method modifies the volume fraction and velocity fields by
blending a target solution with the computed solution:

ϕ=(1 − ωR) ϕtarget + ωR ϕcomputed, (10)

where ϕ is eitherU or γ; andωR is the relaxation function, an exponential
weighting function which varies along the relaxation zone, taking on a
value of unity at the interface between the relaxation zone and the
propagation zone (see numerical set-up below) and a value of zero at the
boundary of the computational domain. The relaxation zone was origi-
nally implemented for the incompressible interFoam solver but has been
applied in this work to the compressible version, compressibleInterFoam,
by modifying its source code.

3.2. Computational domain

Fig. 4 presents the computational domain, which mirrors the

Fig. 3. Irregular wave conditions tested in the experimental campaign, in
prototype dimensions (in black) and model dimensions (in blue). The left and
bottom axes indicate the boundaries of the energy bins and the top and right
axes the representative conditions of each bin.
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experimental shown in Fig. 2. It constitutes a 3D model that includes the
OWC device, the air reservoir and the connection between both ele-
ments, with the addition of an extra upstream section for implementing
the internal wave generation and absorption method. The air reservoir is
dimensioned to provide the same air volume as in the experimental
model while its width is adjusted to match that of the chamber. By
resorting to a symmetry boundary condition, only half chamber is
considered.

Hexahedral elements were used to discretize the computational
domain using the blockMesh and snappyHexMesh utilities from the
OpenFOAM package (Fig. 5). The mesh can be divided into two main
regions based on whether it is parametrized according to the wave

conditions or not: (i) the parametrized flume region; and (ii) the
unparametrized model-testing region. The parametrized mesh ensures
an optimal mesh configuration for propagating waves, irrespective of
the generated wave conditions. However, in the zone of the domain
where the mesh has to be adapted to the model geometry, it is preferable
to have an orthogonal mesh consisting of squared hexahedra, which is
achieved by creating the non-parametrized region. The combinations of
these two approaches ensures optimal conditions for both wave propa-
gation and the meshing of the model, regardless of the testing
conditions.

The flume region comprises the relaxation zone, the propagation
zone, and a transition zone in which the cell size is gradually adjusted

Fig. 4. Numerical set-up.

Fig. 5. Numerical mesh: (A) side view of the whole mesh domain; (B) 3D view of the non-parametrized zone; and (C) detail of the OWC mesh.

I. López et al.
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from the propagation zone to the model-testing region. A uniform mesh
was defined along the x-direction in this region (Fig. 5) with a cell size
that ensures 50 cells per wavelength, as recommended by (Vanneste and
Troch, 2015). On the contrary, a non-uniform mesh was used in the
z-direction, with a finer grid around the free surface (López et al., 2014).
The cell size in the z-direction was established to ensure that, at least,
there exist 8 cells per wave height (Simonetti et al., 2018). The number
of cells in y-direction was limited to 4, given that no 3D effects are ex-
pected in this region. As can be seen in Fig. 4, lengths of one wavelength
and one-third of the wavelength were used for the relaxation zone and
the transition zone, respectively.

As previously mentioned, the model-testing region consists of an
unparametrized mesh with a base cell size of Δx = Δy = Δz = 0.04 m,
resulting in a mesh with an aspect ratio of one. The mesh around the
OWC model was refined by using up to four refinement levels (in each
refinement the cells are halved) and subsequently morphed to fit the
geometry of the OWC model. A minimum cell size of 2.5 × 10− 3 m was
used. The boundary conditions are summarized in Table 2. The final
mesh contained approximately half a million cells. The computations
were performed on an Intel Xeon E5-2680 V3 processor. Each case was
executed in parallel, utilizing 6 cores; the computation for a single case
required approximately 4 days to complete.

Assuming the pressure versus flow rate relationship for each orifice
diameter is nearly constant, i.e., it does not depend on the wave con-
ditions (López et al., 2020), a sample of four wave conditions were
simulated: H = 0.033 m, T = 1.46 s; H = 0.050 m, T = 1.64 s; H = 0.067
m, T = 1.83 s; and H = 0.083 m, T = 2.01 s. To validate the numerical
model, both the water column oscillations (at the same positions where
the two ultrasonic level sensors were located in the experimental tests)
and the differential air pressure were obtained. Furthermore, the air
flow rate through each orifice was computed to calculate the ratio of
pressure drop to air flow rate.

3.3. Numerical model validation

The validation of the numerical model was carried out by comparing
the oscillations of the water column and the pressure drop time series
with the numerical model data. The goodness-of-fit was evaluated based
on the coefficient of determination (R2) and the normalised root mean
square error (NRMSE) (Table 3). In general, the agreement found is very
good, with average values of the NMRSE below 5% for the free surface
elevations and around 6% in the case of the pressure drop. The coeffi-
cient of determination presents values well above 0.90 for the three
variables.

For illustration, the time series from experimental and numerical
models are presented in Figures Figs. 6 and 7. It can be seen that both the

amplitude and period of the different time series are accurately repro-
duced by the numerical model. In fact, even in the case when the os-
cillations of the water column do not follow a piston-like motion (i.e.,
the amplitude of the oscillations at the front and rear positions are not
the same), the agreement is very good (e.g., Fig. 6, top and mid panels).
Furthermore, the results are consistent for the different orifice diameters
that were tested.

3.4. Pressure drop versus air flow rate ratios

Fig. 8 shows the pressure versus air flow rate data points obtained
from the numerical model simulations are represented for the four
orifice diameters. The ratio Δp Q− 2 of each orifice diameter was ob-
tained by fitting a parabola to the data points of each orifice, following
the procedure described in (López et al., 2020). The pressure versus air
flow rate ratios were determined for the orifice diameters tested d = 17,
22, 25 and 29 mm, resulting in values of 2.1 × 107, 7.5 × 106, 4.6 × 106

and 2.6 × 106 kg m7, respectively. Once these ratios were known, they
were used to obtain the flow rate in the experimental campaign, from
the pressure drop measurements.

4. Turbine dimensioning

4.1. Dimensional analysis of the chamber

The flow rate through the turbine of an OWC wave energy converter
(Q) can be expressed as a function of the pressure drop between the
interior of the chamber and the atmosphere (Δp), the wave height (H),
the wave period (T), the gravitational acceleration (g), the water density
(ρw) and the characteristic length of the device (L) (e.g., the diameter in
the case of an axisymmetric device):

Q= fQ(Δp,H,T, g, ρw, L) . (11)

The surface tension and viscosity forces are ignored in the analysis
because, as stated above, in free surface flows they are of comparatively
much less importance than the inertia forces (Hughes, 1993). Applying
Buckingham Pi theorem, the following dimensionless products are
obtained:

Π1=
Q

L5/2g1/2
, (12)

Π2=
Δp

L ρw g
, (13)

Π3=
H
L
, (14)

Π4=
L1/2

T g1/2
. (15)

Thus, Eq. (10) can be rearranged in dimensionless form as:

Q
L5/2g1/2

= fΠ1

(
Δp

L ρw g
,
H
L
,
L1/2

T g1/2

)

. (16)

where the last dimensionless product of the right-hand side of the
equation is the Froude number.

The combination of the dimensionless products П1 and П2 yields the
dimensionless damping coefficient of the chamber:

Bc =
Δp1/2

Q
Ac

ρ1/2w
. (17)

where Ac is the cross-sectional plan area of the air chamber, chosen to
better represent the geometry of rectangular-shaped chambers. The
dimensionless damping coefficient of the chamber represents the
turbine-induced damping, i.e., the attenuation that the turbine exerts on

Table 2
Summary of the boundary conditions applied to the different fields (wave-
function: waves2Foam wave generating functions; wall-function: special wall
functions for the turbulence model; inlet-outlet-vel: zero-gradient for outflow,
calculated value for inflow; inlet-outlet: zero-gradient for outflow, fixed value
for inflow).

phase-
fraction

pressure velocity temperature k/ω

inlet wave-
function

calculated wave-
function

zero-
gradient

zero-
gradient

outlet zero-
gradient

calculated no-slip zero-
gradient

zero-
gradient

top inlet-outlet calculated inlet-
outlet-vel

inlet-outlet inlet-outlet

bottom zero-
gradient

calculated no-slip zero-
gradient

wall-
function

front symmetry symmetry symmetry symmetry symmetry
back symmetry symmetry symmetry symmetry symmetry
model zero-

gradient
calculated no-slip zero-

gradient
wall-
function
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the water column oscillations. The values of Bc for the tested orifice
diameters (d = 17, 22, 25 and 29 mm) are 5.4, 3.2, 2.5 and 1.9,
respectively.

4.2. Dimensional analysis of the turbine

Assuming large values of the Reynolds number and ignoring Mach
number effects, the dynamics of an air turbine are described in dimen-
sionless form through the application of Buckingham Pi theorem as
(Dick, 2015):

Φ= fΦ(Ψ), (18)

Ξ= fΞ(Ψ), (19)

where Ψ is the dimensionless pressure head; Φ is the dimensionless flow
rate; and Ξ is the dimensionless power coefficient, which are defined as:

Ψ=
Δp

ρaΩ2D2
, (20)

Φ=
ṁturb

ρaΩD3
, (21)

Ξ=
Pturb

ρaΩ3D5
, (22)

Table 3
Values of the coefficient of determination (R2) and the normalised root-mean-square error (NRMSE) for the numerical model validation tests. The wave conditions are
presented in Table 1. The subscripts refer to pressure drop (Δp) and free surface elevation at ultrasonic level sensor 1 and 2 (US1 and US2, respectively).

Wave condition Orifice diameter (mm) R2Δp NRMSEΔp R2US1 NRMSEUS1 R2US2 NRMSEUS2

02 17 0.94 7.18% 0.97 5.69% 0.98 5.02%
06 17 0.96 5.97% 0.97 5.79% 0.97 5.83%
11 17 0.95 7.13% 0.97 5.07% 0.97 5.17%
14 17 0.94 8.97% 0.96 6.29% 0.97 5.17%
02 22 0.94 6.45% 0.98 5.30% 0.98 5.12%
06 22 0.96 5.54% 0.98 4.44% 0.98 4.87%
11 22 0.96 6.18% 0.98 3.98% 0.98 4.23%
14 22 0.96 6.90% 0.98 4.71% 0.98 3.64%
02 25 0.94 6.26% 0.97 5.03% 0.97 4.69%
06 25 0.97 5.16% 0.99 3.12% 0.99 3.42%
11 25 0.97 4.81% 0.98 3.94% 0.98 4.35%
14 25 0.97 6.59% 0.98 5.07% 0.98 3.89%
02 29 0.95 5.75% 0.97 5.21% 0.97 5.06%
06 29 0.96 5.04% 0.97 4.93% 0.97 5.37%
11 29 0.97 5.23% 0.98 3.89% 0.98 4.42%
14 29 0.97 5.66% 0.97 5.19% 0.98 4.08%

Fig. 6. Comparison of the oscillations of the water column at US1 (top panel)
and US2 (mid panel) positions and pressure drop (bottom panel) from experi-
ments and numerical model. The wave condition for this data is H = 0.05 m and
T = 1.64 s, with an orifice diameter of d = 22 mm (– numerical model; ○

experimental measurements).

Fig. 7. Comparison of the oscillations of the water column at US1 (top panel)
and US2 (mid panel) positions and pressure drop (bottom panel) from experi-
ments and numerical model. The wave condition for this data is H = 0.067 m
and T = 1.83 s, with an orifice diameter of d = 25 mm (– numerical model; ○

experimental measurements).
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where Ω is the rotational speed of the turbine; D is the rotor diameter;
ṁturb is the mass flow rate of air through the turbine; and Pturb is the
instantaneous turbine aerodynamic power.

Based on these coefficients the turbine efficiency is defined as:

ηturb =
Ξ

Ψ Φ
. (23)

Operating with the dimensionless flow rate (Φ) and dimensionless
pressure head (Ψ) coefficients, the dimensionless damping coefficient of
the turbine can be defined as:

Bt =
Φ

Ψ1/2 =
Q

Δp1/2
ρa
1/2

D2
. (24)

4.3. Calculation of turbine diameter

The optimum turbine diameter for a given chamber is that which
enables the operation of the turbine at maximum performance and, at
the same time, provides to the chamber the damping that maximizes the
capture of wave energy. Combining Eqs. (16) and (23), the turbine
diameter can be obtained as:

D=

(
Ac ρ1/2a

Bt Bc ρ1/2w

)1/2

. (25)

In Eq. (24), the dimensionless damping coefficient of the chamber (Bc)
that maximizes the capture of wave energy can be determined from
experimental modelling. In addition, the value of the dimensionless
damping coefficient of the turbine (Bt) can be fixed to that corre-
sponding to the best efficiency point (Bt,bep), i.e., the value of the
dimensionless damping coefficient of the turbine under which the tur-
bine operates at its maximum performance. The performance charac-
teristics of a biradial turbine expressed in terms of the efficiency (ηturb)
and the dimensionless flow rate (Φ) and power (Ξ) coefficients are
presented in Fig. 9.

Based on Fig. 9, the dimensionless damping coefficient of the turbine
(Bt) that corresponds to the best efficiency point is Bt = Bt,bep = 0.186.
Thus, the biradial turbine that, for a given OWC chamber, provides a
given value of the damping (Bc) while overall providing optimum per-
formance, must have a diameter that follows Eq. (24), with Bt = Bt,bep =
0.186. For the case study presented in this work, the diameter of the full-
size biradial turbines that correspond to the values of the dimensionless
damping coefficient of the chamber (Bc) tested, considering a cross-
sectional plan area of the full-size air chamber Ac = 5.58 × 6.0 =

33.48 m2, are presented in (Table 4).
It is important to note that in the case of impulse turbines, the

damping that the turbine exerts on the oscillations of the water column
is not significantly affected by the rotational speed of the turbine (Falcão
and Gato, 2012), which enables this methodology to be applied. If the
rotational speed of the turbine influences the damping, using a single
orifice—which yields a single damping value—will be inadequate to
accurately represent the behaviour of the turbine. Different approaches
would be necessary in the case of linear turbines, such as the Wells
turbine (Falcão, 2004; Falcão et al., 2014). Furthermore, it should be
emphasized that the proposed methodology does not enable the opti-
mization of the geometric characteristics of the turbine (e.g., hub-to-tip
ratio or solidity) but rather focuses on selecting the turbine diameter
once the turbine has been optimized and its dimensionless performance
curves characterized. Additionally, a limitation arises from the simula-
tion of the turbine by means of an orifice, which, while providing a
reasonable approximation to the behaviour of a biradial turbine, does
not fully replicate the performance of a real controlled turbine.

Fig. 8. Pressure drop versus air flow rate data points and fitted parabolic
curves for the four tested orifice diameters: (1) d = 17 mm; (2) d = 22 mm; (3)
d = 25 mm; and (4) d = 29 mm.

Fig. 9. Efficiency (ηturb), dimensionless flow rate (Φ) and dimensionless power
(Ξ) as functions of the dimensionless pressure head (Ψ) for a biradial turbine
(adapted from (Henriques et al., 2019)) (top); dimensionless damping coeffi-
cient of the turbine with the value that corresponds to the best efficiency point
(Bt,bep) marked (bottom).

Table 4
Representative values of the pressure versus flow rate ratio (Δp Q− 2), dimen-
sionless damping coefficient of the chamber (Bc) and equivalent full-size biradial
turbine diameter (D) for the four tested orifice diameters (d).

d (mm) Δp Q− 2 (kg/m7) Bc (− ) D (m)

17 2.1 × 107 5.4 1.1
22 7.5 × 106 3.2 1.4
25 4.6 × 106 2.5 1.6
29 2.6 × 106 1.9 1.8
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5. Impact of turbine diameter on the capture-width ratio

Fig. 10 presents the capture-width ratio matrices for the four tested
values of turbine-induced damping, each corresponding to a specific
turbine diameter. The OWC geometry attains the highest efficiencies for
energy periods in the range of 8 s < Te < 10 s, as shown in each indi-
vidual capture-width ratio matrix. Importantly, this result is indepen-
dent of the diameter of the turbine, that is, the resonant frequency of an
OWC chamber is not significantly affected by the turbine-induced
damping. Therefore, the geometry of the chamber must be designed to
achieve near-resonant conditions for the range of energy periods of the
sea states that provide the bulk of energy at the location of interest.
Additionally, an appropriate chamber design can be achieved for prac-
tically any value of turbine-induced damping.

When comparing the different graphs, it is apparent that the turbine-
induced damping greatly influences the performance of the OWC. In
fact, the capture-width ratio varies up to 100% (or even higher for
specific energy bins) depending on the value of the damping coefficient.
For instance, for an energy bin with 2 m < Hm0 < 3 m and 6 s < Te < 7 s,
the capture-width ratio changes from CWR = 20.8% for Bc = 1.89 to CWR
= 42.9% for Bc= 5.4. It is important to note that the damping coefficient
of the chamber can be adjusted by selecting the appropriate turbine
diameter without compromising the performance of the turbine. Spe-
cifically, there are multiple turbine diameters that can yield the same
damping effect as a given orifice. Among these possible options, the
turbine that offers the best performance is the selected one. Therefore,
by following the methodology proposed in this work, the turbine is
dimensioned to operate at maximum efficiency. Furthermore, when
dealing with non-linear turbines, as the biradial turbine, these results
are independent of the rotational speed.

The optimum value of the turbine-induced damping varies depend-
ing on the sea state: for the lowest significant wave heights (Hm0< 2 m),
the highest damping (Bc = 5.4) is that which provides the highest values
of the capture-width ratio; for sea states with higher wave heights (Hm0
> 2 m), and especially intermediate and large periods (Te > 8 s), the
second highest damping (Bc = 3.2) is that which leads to the higher
efficiencies. In total, the highest capture-width ratio is achieved with the
highest damping for 21 sea states and the second highest damping for
the remaining 21 sea states. These values of the damping coefficient are
provided by biradial turbines of diameter D = 1.1 m and 1.4 m. The
lowest values of the damping coefficient, though, can be discarded as do
not provide best figures of capture with ratio for any sea state. Thus, two
turbine diameters should be retained for further analysis as provide the
highest figures of pneumatic energy capture: D = 1.1 m, appropriate for
low energetic locations in which the bulk of energy is provided by sea
states with low wave heights (Hm0 < 2 m), and D = 1.4 m, appropriate
for mid and high energetic locations in which the bulk of energy is
provided by sea states with moderate to high wave heights (Hm0 > 2 m).

6. Conclusions

In this work, a comprehensive methodology based on physical and
numerical modelling, combined with dimensional analysis, was pre-
sented and applied to determine the best turbine-chamber configuration
for an L-shaped OWC wave energy converter. This methodology is
applicable to non-linear turbines, with this work focusing on the novel
self-rectifying biradial turbine.

The methodology encompassed several key steps. First, an experi-
mental campaign was conducted to determine the performance of the
OWC under a wide range of irregular wave conditions, virtually

Fig. 10. Capture-width ratio (CWR) matrices of the OWC device for the four tested values of the damping coefficient of the chamber (Bc) and equivalent full-size
biradial turbine diameters (D).
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comprising the entire range of wave conditions relevant for wave energy
exploitation. The campaign considered four values of the turbine-
induced damping. Importantly, air compressibility effects, which are
typically ignored in small-scale model tests but are known to be signif-
icant in full-size OWC devices, were modelled. Second, a numerical
model based on the Navier-Stokes equations for two compressible fluids
was implemented and validated to determine the pressure versus flow
rate relation for the different damping conditions tested. The outputs of
both models, physical and numerical, were combined to provide the
representative capture-width ratio for each sea state. Finally, dimen-
sional analysis was applied to obtain the diameter of the biradial turbine
which provides each one of the four damping conditions tested while
operating at maximum performance. On this basis, the capture-width
ratio matrices of the OWC were determined for the four turbine
diameters.

The results achieved showed that conveniently adjusting the turbine-
induced damping by selecting the correct turbine diameter significantly
improves capture-width ratio figures, with potential increases of up to
100% for individual sea states. Incidentally, the methodology ensured
that the turbines operate at their maximum efficiency for each diameter.
Among the four biradial turbine diameters investigated, two diameters
(D= 1.1 and 1.4 m) were particularly effective in maximizing pneumatic
power capture. The smaller diameter (D = 1.1 m) should be used for
OWC converters at low-energy sites, where the bulk of the energy is
provided by sea states with small wave heights (Hm0 < 2 m); conversely,
the larger diameter (D = 1.4 m) is appropriate for mid- and high-energy
sites, where the wave energy resource is provided chiefly by sea states
with moderate and large wave heights (Hm0 > 2 m).

The primary contribution of this research lies in the development of a
versatile and straightforward methodology applicable to any OWC ge-
ometry. Essential inputs for its implementation include: (i) the damping
exerted on the water column oscillations; and (ii) the performance
characteristic curves of the non-linear turbine of interest. This meth-
odology enables designers to determine the biradial turbine diameter
that best matches the air chamber of a given OWC wave energy con-
verter at any site, ensuring maximum performance of both elements,
turbine and chamber. Future work will focus on further validation of the
proposed methodology, incorporating the efficiency of the turbine-
generator set to identify any necessary adjustments.
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