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A B S T R A C T

The paper analyses the spring-like air compressibility effect in coaxial-duct oscillating-water-column (CD-OWC)
wave energy converters (WECs). This is accomplished through a novel non-linear time-domain model for
OWC WECs implemented in the object-oriented language Modelica. Good agreement was observed between
numerical and physical model testing results. The air chamber volume significantly affected the spring-like air
compressibility effect and the converter performance. Another significant factor is the damping level of the
power take-off system. Both fixed and floating CD-OWC versions were numerically investigated, focusing on
the compressibility effect. Differences were found mainly due to the additional degrees of freedom in floating
configurations. In general, numerical and experimental results showed that air compressibility might positively
or negatively affect device power performance in regular waves, depending on whether the frequency is within
or out of an interval defined by critical frequencies. Some particular points were observed and categorised as
Equicompressum Nullum and Equicompressum critical points, representing different characteristics. Knowledge
of these critical values might be important in OWC control. Finally, some applications of the CD-OWC concept
are discussed, including considerations on the power output level provided by biradial and Wells air turbines.
1. Introduction

The energy sustainability of our societies requires research, de-
velopment, and innovation actions on renewable energy sources and,
among them, sea wave energy. Public policies and instruments are
being directed to support these actions sustainably [1–4]. In Europe, it
has been recognised that a sustainable ocean energy mix could generate
a quarter of the EU’s electricity needs by 2050. The energy mix shall
involve offshore wind, wave and tidal energy [5].

The sea waves are known to be a vast renewable energy re-
source [6,7] whose utilisation requires the development of efficient
technologies in balance with the environment. Scientific and techno-
logical knowledge associated with wave energy conversion has been
boosted in the last few years [8–11]. Unlike the horizontal axis wind
turbine, there is still no clear winning concept for wave energy conver-
sion [12,13]. An initiative that should be mentioned is the EuropeWave,
an innovative R&D programme for competitive pre-commercial pro-
curement of wave energy technologies [13]. Comprehensive develop-
ment processes have already been proposed for wave energy conversion
technologies [14–16].

The oscillating-water-column (OWC) type of wave energy converter
(WEC) is widely regarded as the simplest, most reliable, and extensively
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studied type of wave energy converter [9,17–20]. Generally, it con-
sists of a partly submerged hollow structure, with an opening below
water level, that can be fixed (e.g. bottom standing or integrated into
breakwaters) or floating (which may include wave energy platforms,
hybrid power floating systems or other multi-purpose platforms). The
air trapped above the inner free surface is alternately compressed and
decompressed by wave action and, in most cases, is forced to flow in
reciprocating motion through a self-rectifying air turbine that connects
the OWC air chamber to the atmosphere [19]. The rotational direction
in these turbines remains unchanged regardless of the airflow direction.
The axial-flow Wells turbine is the most popular self-rectifying air
turbine since it was patented in 1976 [21,22]. However, other types
of self-rectifying air turbines, of axial- and radial-flow types, have also
been proposed, developed, and used [19,23].

If the efficiency of wave energy absorption is a prime requirement,
the structure must be relatively large. Its size and shape should be
optimised depending on the local wave climate. To avoid green water
from being ingested by the air turbine in rough seas, the air chamber
volume divided by the inner free-surface area typically ranges between
3 and 8m [24]. It should be noted that the air chamber volume should
be large enough to ensure turbine safety. Indeed, as the air volume
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increases to very large values, the amplitude of the inner air pressure
oscillation becomes very small, and so does the capacity to absorb
energy from the waves [25].

The spring-like air compressibility effect in the air chamber may
significantly affect the efficiency of full-sized OWCs. It has been studied
theoretically for the first time in Ref. [26], and many times after that;
for a review, see Ref. [27]. Depending on converter geometry, power
take-off system characteristics, and incident wave conditions, this effect
may be beneficial or detrimental to wave energy absorption. It may be
accounted for in model testing in a wave tank, but that has rarely been
done [28].

Theoretical models have been presented accounting for air com-
pressibility effects on OWC performance [29–34]. A sophisticated
model in which the air compression/decompression process is allowed
to be non-isentropic (due to aerodynamic losses in the turbine) is
reported in Ref. [29]; it was found that the isentropic assumption
in the air chamber provides a good approximation to the air com-
pressibility effect on the time-averaged OWC performance. A recent
theoretical investigation [28], with experimental validation, showed
that, in regular waves, the air compressibility might affect positively
or negatively the absorbed energy from the waves, depending on wave
frequency and air chamber volume. In a given fixed-structure OWC
converter subject to regular incident waves of frequency 𝜔, it was
shown that there is, in general, a frequency range 𝜔1 < 𝜔 < 𝜔2 such that
the air compressibility effect increases the amount of energy absorbed
from the waves, the opposite being true if 𝜔 < 𝜔1 or 𝜔 > 𝜔2. The
values of 𝜔1 and 𝜔2 depend on OWC geometry and are independent
of (or weakly dependent on) turbine damping and wave amplitude.
Other theoretical works like the one in Ref. [34] also reported that
air compressibility might broaden the bandwidth of high extraction
efficiency, i.e., positively influencing wave energy extraction.

Positive and negative compressibility effects upon OWC perfor-
mance, mostly for fixed OWCs, have been reported in experimental
and numerical studies in the published literature. In Ref. [35], it
was found that neglecting compressibility effects may underpredict or
overpredict power performance considerably by up to ±30% in terms
of capture width ratio (CWR). Other studies reported only negative
effects on the hydrodynamic performance, as in Refs. [32,36], with
overestimations of up to about 10–12%. In Ref. [37], numerically ob-
tained results showed over-predictions of up to 20% for a fixed-structure
OWC equipped with Wells or impulse turbines. In another numerical
work, Ref. [38], concerning a fixed-structure OWC, the increase in air
chamber volume was found to decrease the peak CWR by up to 27%.
Differently, in Ref. [39], for the analysed cases, it was found, both
numerically (CFD) and experimentally, that effects associated with the
compressibility of the air in the pneumatic chamber improved the OWC
power performance. Maximum differences in CWR were found to be
in the order of 30%. Nevertheless, these results should be interpreted
with care because the scaling of the air chambers was relatively similar
(about 1:3), and only Froude similitude was used (disregarding the
different scaling required for the air chamber).

Another significant factor affecting OWCs’ performance is the damp-
ing level of the power take-off system. Turbine damping has been
extensively studied over the years. It depends on the type of turbine
(e.g. Wells versus impulse), geometry, size, available pressure head
to the turbine, and other operational conditions, such as rotational
speed. Comprehensive studies of various case studies using different air
turbines for fixed OWCs with consideration of compressibility effects
in the air chamber can be found, for example, in Refs. [40,41]. In
Ref. [40], a fixed OWC equipped with a Wells turbine was assessed
using CFD and lump mass parameter approaches to study further the
hysteretic behaviour reported firstly in Ref. [42]. Results demonstrated
that the often discussed hysteresis was due to compressibility effects
in the air chamber and not turbine aerodynamics. Complementary,
Ref. [41] presents an in-depth analysis of Wells and biradial air turbines
for the Mutriku wave power plant considering compressibility in the
479
Fig. 1. Coaxial-duct OWC floating concept. Mooring lines are not represented.

air chamber, highlighting the different overall behaviours and the
significant effects of the different turbine types. Overall, as it is widely
recognised, the optimisation of an OWC system must consider several
parameters, among them the spring-like effect of air compressibility
within the air chamber and the air turbine damping.

The only experimental study of the air compressibility effect in
a floating OWC equipped with orifices emulating self-rectifying air
turbines appeared in Ref. [25]. It demonstrated the difficulties in
incorporating the proper scaling for the air chamber volume and the
effect on the motions of the floating system due to the need for an
additional pneumatic tank, connection hoses, and other fittings. Re-
garding numerical modelling, a numerical CFD analysis was presented
in Ref. [43] for a two-dimensional floating OWC considering only the
heave degree of freedom; the effect of air compressibility upon the
heave motion was found to be small.

The present paper investigates the effects of spring-like air com-
pressibility in fixed and floating OWCs. Numerical models validated
with experimental data were developed for the purpose. The system
used for the investigation is the new floating OWC concept named
coaxial-duct OWC wave energy converter (CD-OWC) [16,25,44,45].
The converter has a vertical axis of symmetry and consists of two
coaxial cylindrical ducts interconnected at their bottom (see Fig. 1).
The outer duct (totally submerged) is open to the sea at its top.
The inner duct extends above sea level and communicates with the
atmosphere through a self-rectifying air turbine mounted at its top. The
device is characterised by the relatively small amplitude of its heaving
oscillations that (unlike in the sparbuoy OWC) are found to play a
minor role in the wave energy absorption process.

The paper is divided into the following sections. Section 2 presents
the mathematical model used considering the compressibility of air in
the pneumatic chamber and its implementation in the object-oriented
and multiphysics language Modelica. Section 3 describes this work’s
floating CD-OWC wave energy converter. Section 4 presents the vali-
dation approach of the numerical model. Afterwards, numerical results
with a focus on the spring-like compressibility effects are discussed in
Section 5. This is followed by the conclusions in Section 6.
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2. Time-domain model

This section introduces the theoretical modelling of the floating
OWC converter considered in this work. The water flow field is assumed
incompressible and irrotational. The wave amplitudes are assumed to
be much smaller than the typical wavelengths, and the body-motion
amplitudes are much smaller than the device’s characteristic length,
which allows linear water wave theory to be employed. The inner free
surface of the OWC is modelled as a thin circular rigid piston whose
density is equal to water density and whose diameter is much smaller
than the wavelength.

Fig. 1 shows a cross-section of the two-body system. Body 1 is the
physical floater, and body 2 is the thin rigid piston as in Ref. [46].
Sloshing modes are absent. A Cartesian coordinate system (𝑥, 𝑦, 𝑧) is
dopted, with the 𝑧-axis pointing vertically upwards and 𝑧 = 0 at the
ree surface in the absence of waves.

The floater is allowed to oscillate with six degrees of freedom:
urge (mode 1), sway (mode 2), heave (mode 3), roll (mode 4), pitch
mode 5), and yaw (mode 6). The thin piston is assumed to oscillate in
eave (mode 9) while remaining horizontal. The vector 𝐱 represents all
odes for the two-body system, with time-dependent components 𝑥𝑖,
here 𝑖 is the mode index from 𝑖 = 1 to 6 for the floater, and 𝑖 = 9 for

he piston. In the absence of waves, it is 𝑥𝑖 = 0 for all values of 𝑖. The
quations of motion may be found in Ref. [47] for an arbitrary number
f oscillating bodies and in Ref. [48] for the specific case of two bodies
scillating in heave.

In the case of the two-body problem, the mass-inertia matrix 𝐌 has
2 × 12 components. Regarding the thin piston, only the components
ssociated with heave modes are considered, which correspond to the
otal mass (mass and added-mass) of the piston (component 𝑀99 in 𝐌),
nd the coupling added-mass terms (𝑀93 and 𝑀39), assumed to exist
nly in the heave degrees of freedom (𝑥3 and 𝑥9).

The time domain model considers air compressibility in the pneu-
atic chamber and rotational speed control of the air turbine. The
odel was implemented in the object-oriented language Modelica and

alidated through experimental data of a CD-OWC floating physical
odel at a scale of 1:40 [25].

.1. OWC model: Equations of motion

The equations of motion for the 𝑖th mode in the time domain, can
e written as
6
∑

𝑗=1

(

(𝑚𝑖𝑗 + 𝐴∞
𝑖𝑗 )�̈�𝑗 + 𝑅𝑖𝑗 + 𝐶𝑖𝑗𝑥𝑗

)

+
(

𝐴∞
39�̈�9 + 𝑅39

)

= 𝐹e,𝑖 + 𝐹k,𝑖 + 𝐹pto , 𝑖 = 3 , (1)
6
∑

𝑗=1

(

(𝑚𝑖𝑗 + 𝐴∞
𝑖𝑗 )�̈�𝑗 + 𝑅𝑖𝑗 + 𝐶𝑖𝑗𝑥𝑗

)

= 𝐹e,𝑖 + 𝐹k,𝑖 , 𝑖 = 1, 2, 4, 5, 6 , (2)

𝑚99 + 𝐴∞
99)�̈�9 + 𝑅99 + 𝐶99𝑥9 + 𝐴∞

93�̈�3 + 𝑅93 = 𝐹e,𝑝 − 𝐹pto , (3)

here 𝑥𝑗 , �̇�𝑗 , and �̈�𝑗 are the displacement, velocity, and acceleration of
he 𝑗th mode. 𝑀𝑖𝑗 = 𝑚𝑖𝑗 + 𝐴∞

𝑖𝑗 terms represent the components of the
2 × 12 total inertia matrix 𝐌, i.e. each 𝑀𝑖𝑗 component includes the
ass and the added mass contributions. Note that the inertia matrix
is symmetric and comprises many zero values. 𝐶𝑖𝑗 represents the

omponents of the hydrostatic coefficients matrix 𝐂. The terms 𝐹k,𝑖 are
he forces associated with the mooring lines, which in this work were
onsidered linear springs.

Furthermore, the excitation forces 𝐹e,𝑖 can be obtained as a sum of
components of frequency 𝜔𝑛,

e,𝑖(𝑡) =
𝑁
∑

𝑛=1
𝐴𝑤(𝜔𝑛) Γ𝑖(𝜔𝑛) cos (𝜔𝑛𝑡 + 𝜙1(𝜔𝑛) + 𝜙𝑟(𝜔𝑛)) , 𝑖 = 1, 2,… , 6 ,

(4)
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here 𝜔𝑛 is the wave frequency of the regular wave component 𝑛,
𝑖(𝜔𝑛) represents the exciting force or moment response, and 𝐴𝑤(𝜔𝑛)
s the incident wave amplitude, both as functions of regular wave
omponent with frequency 𝜔𝑛. 𝜙𝑟(𝜔𝑛) and 𝜙1(𝜔𝑛) are the excitation
esponse phase to the wave component and the phase in the wave
eneration (a uniform random phase), respectively.

The radiation terms 𝑅𝑖𝑗 represent the convolution integrals con-
idered as functions of the radiation damping coefficients and given
y

𝑖𝑗 = ∫

𝑡

0
𝜅𝑖𝑗 (𝑡 − 𝜏) �̇�𝑗 (𝜏)d𝜏 , (5)

here,

𝑖𝑗 (𝑡) =
2
𝜋 ∫

∞

0
𝐵𝑖𝑗 (𝜔) cos(𝜔𝑡)d𝜔 , (6)

epresents the radiation impulse response functions. The convolution
ntegral in Eq. (5) must be solved through direct integration or some
ther method. In this work, it was obtained using Prony’s method
ormulation as presented in Ref. [41].

The coupling term 𝐹pto,𝑖 is connected to the relative heave motion of
ody 1 and body 2. This is why this term appears in equations of modes
and 9. The two-body coupling also requires the radiation cross-terms
𝐴39, 𝐴93, 𝑅39 and 𝑅93) to be considered.

The 𝐹pto,𝑖 term can be obtained from

pto = 𝑆𝑝 𝑝ac(𝑡) , (7)

here 𝑆𝑝 and 𝑝ac(𝑡) represent the piston water plane area and the
nstantaneous pressure in the air chamber, respectively. Nevertheless,
he knowledge of the pressure within the chamber to solve Eq. (7) re-
uires solving simultaneously the complete system of equations, which
ncludes the definition of the air chamber, turbine, generator, and
ontrol models. In the next sub-sections, these models are presented
s used in this work. In addition, the model also considered additional
iscous dissipation terms in the form of Morison-like equations for the
rag component, calibrated based on experimental data.

.2. Air chamber model

The air in the pneumatic chamber is assumed to satisfy the ideal gas
quation

ac =
𝑝ac
𝑅𝑇ac

, (8)

where ρac is the density, 𝑝ac is the pressure, 𝑇ac is absolute temperature
and 𝑅 is the gas constant. Here, it is assumed that the process of
turbulent and molecular diffusion is fast enough for the thermodynamic
variables to be taken as spatially uniform in the air chamber.

From the equation of continuity, the mass flow rate may be ex-
pressed as [27]

− �̇� = ρ̇ac 𝑉 + ρac �̇� , (9)

where 𝑉 is the time-dependent volume of air in the chamber. Its time
derivative �̇� represents the volume flow rate displaced by the motion
of the inner free surface (positive for upward motion).

Since the air in the chamber is partly renovated at each wave cycle,
the average temperature of the air in the chamber differs from the
outer air temperature by no more than a few degrees Celsius (and
much less than that in small model testing). This is why the heat
exchanged across the chamber and turbine walls and at the inner air–
water-free surface is very small compared with the work done by the
inner free-surface motion or with the turbine work. It follows that
the thermodynamic process that takes place in the inner air may be
considered approximately adiabatic.

Because (i) air density is much smaller than water density, and (ii)

the vertical size of the air chamber of a full-sized OWC does not exceed
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a few metres, differences in potential energy in the air chamber may
be neglected [27].

The first law of thermodynamics allows the time-derivative of the
internal energy 𝑈 (𝑡) of air in the chamber to be written as

d𝑈
d𝑡 =

{

−�̇�out (ℎout +
1
2𝑣

2
out) − 𝑝ac�̇� , if 𝑝ac ≥ 𝑝at (exhalation)

�̇�in(ℎin + 1
2𝑣

2
in) − 𝑝ac�̇� , if 𝑝ac < 𝑝at (inhalation)

. (10)

ere, ℎout and ℎin represent the specific enthalpy at the air chamber
utlet during exhalation and turbine outlet during inhalation, respec-
ively, and 𝑝at is the atmospheric pressure. In the air chamber, no work
s done on the fluid.

Dissipative processes due to non-zero viscosity occur in the airflow,
specially in the turbine or in the turbine simulator. Because of this,
he airflow is non-isentropic: the specific entropy in the air chamber
xceeds the specific entropy in the atmosphere at all times [27]. The
ariation of specific entropy Δ𝑠ac in the air chamber can be expressed
s

𝑠ac = 𝐶𝑣 ln
(

𝑇ac
𝑇at

)

+ 𝑅 ln
(

ρat
ρac

)

, (11)

where 𝑇at, ρat, and 𝐶𝑣 are the atmospheric air temperature, air density,
and the specific heat at constant volume, respectively.

2.3. Power take-off modelling

The power take-off (PTO) system comprises an air turbine driving
an electric generator. The control of its rotational speed is a major issue,
and the model is described below.

2.3.1. Turbine modelling
The performance of the turbine is frequently presented in terms of

dimensionless pressure head Ψ, dimensionless flow rate Φ, dimension-
less power output Π and efficiency ηturb defined as (incompressible flow
is assumed) (see [49,50])

Ψ =
Δ𝑝

ρa,in Ω2 𝑑2t
, (12)

Φ =
�̇�turb

ρa,in Ω 𝑑3t
, (13)

Π =
𝑃turb

ρa,in Ω3 𝑑5t
, (14)

turb = Π
ΦΨ

. (15)

Here, it is Δ𝑝 = 𝑝at 𝑝∗, where 𝑝∗ is the dimensionless relative pressure
oscillation in the chamber defined as

𝑝∗ =
𝑝
𝑝at

− 1 . (16)

In Eqs. (12), (13) and (14), Ω is the turbine rotational speed (in
radians per unit time), 𝑑t is the turbine rotor diameter, �̇�turb is the
turbine mass flow rate, and 𝑃turb is the turbine power output. It should
e noted that the time-scales of the OWC hydrodynamics and of the
urbine aerodynamics differ by several orders of magnitude [51,52].
he absence of dynamic effects in Wells turbines is better explained in
ef. [53].

The reference density ρa,in is defined in stagnation conditions at the
turbine entrance as

ρa,in =
{

ρac, if 𝑝∗ > 0 (exhalation)
ρat, if 𝑝∗ ≤ 0 (inhalation) . (17)

For sufficiently large Reynolds number Re = Ω𝑑2t ∕𝜈 > 106 and small
ach number, the performance map can be reduced to a single curve [49

0]. Figs. 2 a) and 2 b) present the dimensionless flow rate Φ, di-
ensionless power coefficient Π, and efficiency η, as functions of the
imensionless pressure head, Ψ for a biplane Wells turbine and a
iradial air turbine.
481

Ψ

The turbine aerodynamic power is computed from Eq. (14) as

turb = ρa,in Ω3𝑑5t Π(Ψ) . (18)

The mass flow rate of air through the turbine and the associated
pecific enthalpy are turbine outputs (see Fig. 3). The specific enthalpy
t the turbine’s outlet ℎoutturb is defined as

ℎoutturb =

⎧

⎪

⎨

⎪

⎩

ℎac −
(

𝑝ac − 𝑝at
ρa,in

)

ηturb, if 𝑝ac ≥ 𝑝at (exhalation)

ℎat +
(

𝑝ac − 𝑝at
ρa,in

)

ηturb, if 𝑝ac < 𝑝at (inhalation)
, (19)

where ℎat and ℎac are the atmospheric and air chamber-specific en-
thalpies, respectively.

2.3.2. Electric generator and control modelling
To maximise the turbine efficiency, it shall operate at the best

efficiency point Ψbep, which implies that the turbine power should
comply with [56]

𝑃turb
(

Ψbep,Ω
)

= ρa,in 𝑑
5
t Π

(

Ψbep
)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝑎bep=const

Ω3 , (20)

and the generator power control must follow the relation

𝑃ctrl = 𝑎bepΩ3 . (21)

In a real OWC plant subject to irregular waves, the turbine rota-
tional speed oscillates about a more-or-less averaged value, depending
on the rotational inertia of the rotating elements and on the control
strategy adopted for the counter torque 𝑇ctrl = 𝑃ctrl∕Ω of the gener-
ator. A control law proposed in Ref. [56] relates the instantaneous
generator’s counter torque to the instantaneous rotational speed Ω as

𝑇ctrlΩ = 𝑎Ω𝑏 , (22)

where 𝑎 and 𝑏 are constants; the optimised dimensionless constant 𝑏
usually takes a value of 3 [57], whereas constant 𝑎 depends widely on
turbine geometry and size.

An upper limit to the rotational speed could be imposed to protect
the turbine and/or generator from excessive centrifugal stresses. In the
case of Wells turbines, the blade tip speed should not exceed about
170m/s.

To avoid overloading the generator, the following control law was
adopted

𝑃 lim
ctrl = min

(

𝑃ctrl, 𝑃
rated
gen

)

, (23)

where 𝑃 rated
gen is the rated (maximum allowed) power of the generator.

The dynamics of the turbine and generator set can be expressed as
d
d𝑡

(

1
2 𝐼Ω

2
)

= 𝑃turb − 𝑃 lim
ctrl , (24)

where Ω, 𝐼 , and 𝑃turb are the turbine rotational speed, the moment
of inertia, and the instantaneous turbine aerodynamic power, respec-
tively. Expanding Eq. (24) yields
d
d𝑡

(

1
2Ω

2
)

= 1
𝐼
(

ρa,in Ω3𝑑5t Π(Ψ) − 𝑃 lim
ctrl

)

. (25)

he air turbine type and size, the control of the turbine rotational
peed, and the electric equipment’s rated power have a strong effect
n the power performance of an OWC [29,58].

.3.3. The Wells turbine and the biradial turbine damping
The present work considered two different air turbine types: a

ells turbine and a biradial turbine. The Wells turbine is known to
xhibit an approximately linear relationship between the pressure head
oefficient, Ψ, and the flow coefficient, Φ,

=  Φ , (26)
tW
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Fig. 2. Dimensionless flow rate, Φ, dimensionless power coefficient, Π, and efficiency, η, as functions of the dimensionless pressure head, Ψ, for a) the biplane Wells turbine and
b) the biradial air turbine, both used in time-domain numerical simulations for the cases presented here [54,55].
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Fig. 3. Schematic representation of an OWC WEC and its connectors used in
OpenModelica time-domain implementation.

where tW is a dimensionless constant that depends only on turbine
geometry but not on turbine size, rotational speed or fluid density. This
linearity is not observed when the pressure coefficient reaches values
above a critical point beyond which massive flow separation occurs
(aerodynamic stalling), which results in a sharp drop in efficiency to
near-zero values [54] (Ψ > 0.1 as found in Fig. 2 a). Within the linear
egion, 0 ≤ Ψ ≤ 0.1, the turbine damping is defined as

t =
�̇�turb
Δ𝑝

, (27)

nd it may be computed for the Wells turbine as

tW =
𝑑t

tW Ω
. (28)

Differently, experimental tests revealed, for the biradial turbine
(and more generally for self-rectifying air turbines of impulse type),
that the relationship between dimensionless values of pressure head
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and flow rate is fairly well-approximated by [59,60]

Ψ = tB Φ2 , (29)

where tB is a dimensionless constant, see Fig. 2 b). From Eqs. (12) and
(13) the biradial turbine damping is obtained

𝑘tB = 𝑑2t

( ρa,in
tBΔ𝑝

)1∕2
. (30)

From Eqs. (28) and (30), it is evident that:

1. The biradial turbine damping is strongly affected by the rotor
diameter (𝑘tB ∝ 𝑑2t ) and weakly influenced by the rotational
speed (note that Eq. (29) is an approximation).

2. The Wells turbine damping is a linear function of the rotor
diameter and decreases when the rotational speed increases
(𝑘tW ∝ 𝑑tΩ−1). It follows that, at constant rotational speed, the
Wells turbine damping is independent of the available pressure.

3. The biradial turbine damping decreases when the available pres-
sure increases (𝑘tB ∝ Δ𝑝−1∕2).

2.3.4. Viscous dissipation terms
The model considered viscous dissipation through Morison

equation-like terms, and the use of equivalent drag coefficients 𝐶𝐷,𝑖
for the flow in different parts (𝑖) of the CD-OWC. The drag force can
be expressed as

𝐹𝐷 = 1
2
ρ𝐴ref,𝑖𝐶𝐷,𝑖𝑢𝑖(𝑡) ||𝑢𝑖(𝑡)|| , (31)

here 𝐴ref,𝑖 is a reference area associated with viscous dissipation
lement 𝑖, and 𝑢𝑖(𝑡) the velocity of concern for viscous dissipation
lement 𝑖. The drag coefficients were obtained from Refs. [61] and [62]
nd were assumed constant in the range of cases considered. Viscous
issipation elements for the CD-OWC are: the annular inlet-outlet of
he totally submerged cylinder (𝐶𝐷 ≈ 2), the connection of the inner
nd outer cylindrical ducts (𝐶𝐷 ≈ 1.3), cylinder partially submerged
xternal surface (𝐶𝐷 ≈ 0.7), cylinder totally submerged external surface
𝐶𝐷 ≈ 0.7), bottom of cylinder totally submerged (𝐶𝐷 ≈ 0.7), cylinder
otally submerged internal flow (𝐶𝐷 ≈ 0.06), and cylinder partially
ubmerged internal flow (𝐶𝐷 ≈ 0.07).

.4. Time-domain implementation in OpenModelica

The time-domain model was implemented in OpenModelica, an
pen-source language-based modelling and simulation environment in-
ended for industrial and academic usage [63]. The Modelica Language
s a non-proprietary, object-oriented, equation-based language to con-
eniently model the dynamics of complex physical systems consisting of
omponents (objects) [64]. These objects can be, for example, mechan-
cal, electrical, electronic, hydraulic, thermal, control, electric power or
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Fig. 4. Main design variables of the CD-OWC.

process-oriented components. Modelica models are described by differ-
ential, algebraic, and discrete equations [65]. Modelica language-based
environments have been used in many industries [64].

The implementation of the time-domain model described in Sec-
tion 2 is depicted schematically in Fig. 3, in which the main objects and
their principal connectors are shown for one OWC WEC. As Modelica
is an equation-based language, each component is described by its cor-
responding set of equations and connectors (e.g. effort, flow, or stream
variable’s connectors) that are used to establish the directions and inter-
dependencies among the objects. OpenModelica was the open-source
environment (editor) selected for the implementation, combined with
a series of scripts in Python and C++.

Fig. 3 shows that the main effort connector variables chosen are
forces, pressures, torque and voltage, while flow connector variables
are velocities, volumetric flows, mass flows, rotational speeds, and
current intensities. Specific enthalpy is a stream connector. The effi-
ciency of the variable-frequency converter or other downstream elec-
tric/electronic systems were not considered in the present work. The
electric generator losses were ignored.

3. Coaxial-duct OWC design

The main characteristics of the full-scale CD-OWC wave energy
converter design used in this investigation are shown in Fig. 4. The full-
scale design resulted from an optimisation process based on the wave
climate of the western coast of Portugal, as presented in Refs. [66,67],
through an optimisation approach in the frequency domain, which is
similar to the one described in Ref. [66].

The hydrodynamic coefficients input to the time-domain numerical
model described in Section 2 were obtained using the software WAMIT.
A mesh of about 7500 source panels was considered for the CD-OWC.
Computations involved 320 regular wave frequencies for the six degrees
of freedom of the floating body 1 and the heave motion of body 2.
A schematic representation of the discretised coaxial-duct OWC is
depicted in Fig. 5, where the centre of reference is placed at the surface
of the water and the centre vertical axis.
483
Fig. 5. Mesh representation of the CD-OWC for hydrodynamic coefficients
computations.

4. Validation of numerical model

The numerical results using the model implemented in Modelica
(see Section 2) are compared with experimental results in this section.
The experimental results come from two different campaigns reported
in Refs. [16,25,68]. The scale of the physical model tested is 1:40,
with characteristics presented in greater detail in Refs. [16,25]. The
tests were performed at the Portuguese National Laboratory of Civil
Engineering (LNEC) at Wave Flume No. 2 (COI2). The flume is 83m
long, 3m wide, and 3m height. The working depth was 2m.

Experimental testing of floating OWCs considering the spring-like
compressibility effect in the OWC’s air chamber requires a differ-
ent scaling than the usual Froude number similitude condition (see
e.g. Ref. [28]). This is one of the main difficulties when executing
experiments considering these effects in the air chamber because they
require an additional air volume to be part of the pneumatic chamber.
This can be done easier in a fixed OWC, but in floating systems, it
affects the system’s dynamics due to the additional constraints in differ-
ent degrees of freedom. When this additional volume is not considered,
which is proportional to the square of the scaling factor and not to the
cube, as when scaling using the Froude number similarity condition,
it is said that the model tests are performed under incompressibility
conditions. In this case, the air chamber is too stiff and does not allow
the spring-like compressibility effect to behave as in full-sized OWCs.

This section presents numerical results at the model scale for in-
compressibility conditions, similar to what would be obtained scaling
the air chamber using Froude scaling, and results considering the
proper aero-thermodynamic scaling of the air chamber (i.e. considering
compressibility of air in the chamber). Regarding the experimental
results, one set of data was obtained considering the air chamber scaled
using Froude number (incompressible case) for two wave heights under
regular waves (𝐻 = 0.05 and 0.10m) and an orifice of 0.01m diameter
(with a quadratic relationship between the volumetric airflow rate and
the pressure drop through the orifice). Another set of data considers
the proper scaling of the air chamber (compressible case) under regular
waves for the same wave heights. In the latter case is worth noting that
the motions of the floating device were considerably restricted due to
the connection hoses and fittings (valves and others) to the additional
air volume [25].
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Fig. 6. Numerical results for compressible (num.) and incompressible cases (num. inc.) and experimental results for the physical model scaled using Froude similitude for an
rifice of 0.01m diameter, and waves heights of 𝐻 = 0.05m and 𝐻 = 0.10m, and different frequencies under regular waves. The figure shows the CWR, OWC RAO, dimensionless
ressure �̂�, and heave RAO of the buoy. Numerical results are shown as continuous lines and experimental results with markers.
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The case selected for discussion considers the floating coaxial-duct
WC with an orifice diameter of 0.01m, simulating a biradial air

urbine rotor diameter of 0.96m at full scale. The reader is referred to
ppendix A in Ref. [25] for a description of the approach undertaken

or determining the equivalency between an orifice and a biradial air
urbine at full scale. The regular waves with 𝐻 = 0.05m and 𝐻 = 0.10m
re equivalent to 𝐻 = 2m and 𝐻 = 4m at full-scale, respectively. The
ase of an orifice of 0.01 m diameter, was selected because it represents
case where the spring-like compressibility effects are significant. Two
ther orifices were tested experimentally (0.02m and 0.03m diameters),
ut the compressibility effects were less significant as described in
ef. [25].

The capture width ratio (CWR) is the dimensionless ratio between
he time-averaged pneumatic power (𝑃 ) and the time-averaged wave
ower per unit crest length (𝑃w) multiplied by the characteristic length
f the device (𝐷 = 𝐷o), as follows,

WR = 𝑃
𝑃w𝐷

, (32)

𝑃 is obtained from averaging the instantaneous power 𝑃 . For regular
waves, the time-averaged incident wave power per unit crest length is
computed as

𝑃w = 1
2
ρw𝑔�̄�

2
w𝑐g, (33)

where ρw is the density of water, �̄�w is the time-averaged measured
wave amplitude (𝐴w = 𝐻∕2), and 𝑐g is the group velocity [11]. The
diameter of the outer duct 𝐷o = 0.35m at model scale was considered
the characteristic length.

Fig. 6 shows the comparison of the numerical results under com-
pressibility and incompressibility conditions within the air chamber,
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and the experimental results of the physical model scaled using Froude
similarity conditions (i.e., incompressibility conditions), and aero-
thermodynamic scaling of the air chamber (compressibility conditions).
The peak of the CWR for the compressible case and 𝐻 = 0.05m (red
curve), for example, is much higher (about 300%) than the peak
CWR obtained under incompressibility conditions. Furthermore, the
incompressible curve is much flatter with the relatively larger values of
CWR towards the natural frequency of the OWC (about 0.526Hz [16]).
Indeed, the experimental results for the incompressible case are closer,
as expected, to the incompressible numerical curves. In contrast, the
compressible case experimental results are considerably different than
the experimental incompressible case and closer to the numerical com-
pressible case curves, but still with noticeable differences. Remember
that the extra volume of air connected to the model significantly alters
the dynamic of the experimental case considering compressibility. It is,
certainly, one important source of differences.

These results support the idea of having significant power output
differences when spring-like compressibility effects in the air cham-
ber are disregarded, especially in air chambers with PTOs inducing
high damping. The compressibility factor presented in Ref. [25] may
represent a measure to identify when compressibility effects are more
considerable in experimental or numerical campaigns.

The OWC and heave RAO are defined as OWC RAO = �̄�owc∕�̄�w, and
heave RAO = �̄�heave∕�̄�w, respectively. �̄�owc, �̄�heave, and �̄�w represent
he mean amplitudes of the internal mass of water (OWC), the device’s
eave motion, and the wave amplitute, respectively.

The OWC and heave RAOs shown in Fig. 6 evidence that the exper-
mental incompressible results follow the trend of the incompressible
umerical ones. Despite the excessive restriction in the device’s motion

n the compressible experimental results, it is evident a difference
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Table 1
Dimensions of the CD-OWC full-scale prototype. See Fig. 4 for
the meaning of the symbols.

Parameter Full-scale

𝐿 [m] 43.0
𝐿D [m] 33.0
𝑙o [m] 13.0
𝐷o [m] 14.0
𝐷i [m] 12.0
𝑑o [m] 9.2
𝑑i [m] 8.2
𝑒1 [m] 0.5
𝑒2 [m] 1.1
𝑀 [kg] 1.818 × 106

𝐼 [kg m2] 288.1 × 106

CoB to MWL [m] 22.6
CoM to MWL [m] 26.3
Air chamber volume 𝑉 (Froude) [m3] 528.1

between both sets of experimental data (i.e. compressible versus in-
compressible cases). In Ref. [25], a more equivalent comparison was
made between compressible and incompressible cases, which supports
this observation.

The peaks of the RAOs occur at different frequencies when compar-
ing the compressible and incompressible numerical results. It means
the shift of the OWC RAO peak under incompressibility conditions is
to the left (lower frequencies) relative to the peak for the compressible
numerical results and aligned with what was found experimentally. In
contrast, the heave RAO curve of the buoy for the incompressible case
is flatter and seems to shift slightly to the right (higher frequencies)
compared to the compressible case. It is believed that the different
phases between the OWC elevation and the heave elevation of the buoy
provoked by the different damping and stiffness in the air chamber
affect the RAOs, being the more sensitive the OWC RAO. It is also
evident that compressibility effects affect the system’s motion.

The dimensionless pressure is defined as

�̂� =
�̄�

ρw𝑔�̄�w
, (34)

where �̄�w is the mean amplitude of the waves, ρw represents the density
of water, and 𝑔 is the gravity acceleration constant on earth.

In Fig. 6, the highest dimensionless pressure (�̂�) peak is shifted
to the left as occurs with the peak in the CWR and OWC RAO for
the incompressible numerical case compared to the compressible one.
The numerical incompressible case pressure seems to overestimate the
experimental results for 𝐻 = 0.05m. This may be due to higher losses
within the actual physical model and mooring line forces oversimplified
in the numerical model.

The overall trend agrees despite some differences between the
experimental and numerical results for the incompressible cases. Re-
garding the compressible case results, it can be said that based on the
over-restricted motions of the model presented in Ref. [25], the trend
of having higher CWRs in compressible results when compared to the
incompressible agrees, and that differences increase with an increase
in frequency.

In summary, significant differences in floating OWC dynamics oc-
cur between compressible and incompressible cases. These differences
affect the hydrodynamics of the system inducing effects over displace-
ment RAOs, the pressure within the chamber, and the capture width
ratio. In addition, proper PTO optimisation and selection must involve
realistic compressible conditions within the air chamber, and per-
forming this task disregarding compressibility may induce misleading
results for the PTO. It also represents a necessary knowledge to select
appropriate air turbine systems for tuning a specific design of OWC to
be deployed in different potential locations (and conditions).
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5. Results and discussion

5.1. Chamber volume influence and compressibility effects

The chamber volume influence and compressibility effects have
been explored in several works. Nevertheless, there are still concerns
and doubts about how the underlying mechanisms can be exploited or
further used to effectively broaden the bandwidth of high extraction
efficiency. A better knowledge of the phenomenon is expected to close
the gap.

The results presented in this section concern the same OWC design
described in Section 3 at full scale but with different air chamber
volumes represented in terms of the air chamber height ℎ𝑎. The dimen-
sionless wave frequency is defined as 𝜔∗ = 𝜔

√

𝐷o∕𝑔 with 𝐷o = 14m
see Table 1). Fig. 7 presents the variation of CWR for different air
hamber heights for the coaxial-duct OWC equipped with biradial air
urbines of 0.96m and 2.93m diameters. It can be observed that for the
argest turbine, there are no perceptible variations in the CWR values.
n contrast, there is a substantial variation in the CWR values per air
hamber height for the smaller turbine. Indeed, the compressibility
ffects are more significant when using the 0.96m rotor diameter
urbine. The smaller and stiffer chambers present flatter curves, while
he 10m and the 15m air chambers present more differentiated peaks.
lear peak shifts in CWR values exist between the air chambers’ results.
ther authors [69,70] already pointed out that the PTO damping and

he chamber size were important parameters for tuning a fixed OWC
ystem to a specific range of sea states. Some particular points were
dentified and explained in the next section.

.2. Critical points of compressibility effects

A series of critical points have been identified in previous works
or which the compressibility effects are negligible or at least similar.
ompressible and incompressible air chamber models produce similar
esults when negligible effects are present. This was predicted theo-
etically for the first time for a fixed OWC in Ref. [27], and further
tudied theoretically and compared with experimental data also for
fixed OWC in Ref. [28], supported by data reported in Ref. [35].

t was shown for the fixed OWC case study that critical points with
egligible compressibility effects are located between the peaks of
aximum CWR of compressible and incompressible CWR curves [28].

n the same work, the model could predict the critical wave frequency
hen compared with the experimental results presented in Ref. [35].
urthermore, similar observations were made in another recent work
ocused on other aspects of pile-supported OWC breakwaters and their
ave field interactions [71].

It is worth noting that regarding the critical points described in
ef. [28], a critical wave frequency was shown to be independent of

ncident wave amplitude and turbine simulator type and size (i.e., ori-
ice used in experimental testing to simulate an impulse air turbine).
oreover, it was shown theoretically that the critical wave frequency

epends only on the radiation susceptance function and the air chamber
olume. However, the reader, at this point, should be aware that the
bjective of the work just described was a correction to experimental
esults that accounts for air compressibility. Consequently, extensive
nalysis considering different air chamber volumes was not addressed.

In practice, when project developers need to design OWCs and
elect the most appropriate characteristics for the OWC system, a more
eneral overview of the system’s behaviour is required. Hereinafter, it
s shown that various critical point types may be expected in the design
nd analysis of OWCs. One of these points is named as Equicompressum
ullum critical point, which is mostly independent of the air chamber
olume and corresponds to zero compressibility effects, as represented
n Fig. 7(a) by a black circle for the CD-OWC.

Nevertheless, in the same figure, additional critical points may be

bserved for any air chamber volume using the same PTO, which can be
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amed Equicompressum critical points. See, for example, the red squares
epresented in Fig. 7(a), for a selected air chamber height of 10m. These
oints represent the intersections of different CWR spectra as a function
f the air chamber volume. In contrast with the Equicompressum Nullum
ritical point, these points have compressibility effects associated, but
he relative differences in CWR between two or more spectra are coin-
ident. Therefore, the knowledge of these points may have important
mplications in the design and control of oscillating-water-column wave
nergy converters.

The reader should be aware now that for a given hydrodynamic de-
ign of OWC and a PTO, one curve of a specific air chamber volume size
an have one or more critical points (see Fig. 7 (a)). Furthermore, both
ypes of points represent inflexion points that separate the negative
rom positive (or positive from negative) effects of compressibility.

.3. Fixed and floating CD-OWC: Chamber height influence and compress-
bility effects

Numerical results for a fixed and a floating CD-OWC are presented
n Fig. 8. The CWR, OWC RAO, and dimensionless pressure �̂� are shown
or different air chamber volumes, indicated as air chamber height for
he same cross-chamber section. The lowest value of the air chamber
pproaches incompressible conditions; compressibility effects vary with
he chamber height. The figure considers a biradial air turbine of 0.96m
otor diameter and regular wave height of 2m at full scale.

It can be observed that the Equicompressum Nullum critical points for
the fixed and floating case are slightly different. This is believed to be
associated with the coupled hydrodynamic interaction of the floating
system in different degrees of freedom and moorings. Considering the
floating device, for example, the relative heave motion between the
vertical displacement of the physical device and the internal water
surface (assumed as a thin piston) is what effectively displaces the air
in and out of the air chamber. In contrast, in the fixed OWC with zero
displacements, the only source of reciprocating motion is the internal
free surface of the water. Therefore, differences were expected between
the fixed and floating devices. Nevertheless, they are small.

The Equicompressum Nullum critical point for the fixed device occurs
ery close to the dimensionless natural frequency of the internal mass
f water (at about 𝜔∗ = 0.625 where the maximum CWR occurs for the
ixed device under incompressibility conditions and a large diameter
urbine), while in the floating version occurs at about 𝜔∗ = 0.682 where
he maximum capture width ratio without significant compressibility
ffects occurs (see Fig. 7(b)).

The fixed device presents slightly higher values of CWR around
he peaks, induced mainly by the absence of influence of the device
486
otions. Remember that the CWR in the floating device is influenced
y the relative motion between the device and the displacement of the
nternal OWC, as aforementioned. Furthermore, it can be observed that
or a specific geometry of a CD-OWC (fixed or floating), the variation
n the air chamber volume changes: (i) the bandwidth of CWR perfor-
ance as a function of frequencies, which implies changes in symmetry

nd steepness, (ii) the magnitude of CWR peaks, (iii) the peaks of CWR
urves as a function of frequencies, and (iv) the relative magnitude
f positive to negative (or negative to positive) compressibility effects
etween transition regions demarked by the critical points.

The larger the air chamber height, the larger the OWC motions due
o fewer restrictions to the displacement of the water–air interface. In
ontrast, it can be seen that the pressure oscillation amplitudes (pre-
ented as dimensionless pressure amplitudes) can get optimum CWR
alues at different frequencies as a function of air chamber volume. In
ther words, for a given frequency, an optimum air chamber volume
ill give the highest CWR at that frequency.

.4. Annual mean power and turbine selection

This section presents the effect of the turbine size on the turbine
ower output for a coaxial-duct OWC at full scale for an air chamber
eight of 10m. The wave climate in Table 2, representative of the
estern coast of Portugal, was used to assess the optimal turbine rotor
iameter for both a biradial air turbine and Wells air turbine, with
haracteristic curves presented in Fig. 2. The numerical model was used
o evaluate different rotor diameters of each turbine for wave climates

to 12 from Table 2. The two most energetic sea states (and less
requent) with significant wave heights 6.99m and 8.17m were ignored
n the computations.

The influence of the turbine size on the power output is presented in
ig. 9 considering a 100% efficient electric generator. The mean annual
neumatic power available to the turbine, turbine output power, CWR,
nd turbine efficiency are shown. These values represent weighted
verages obtained from the mean values for sea states 1 to 12 weighted
y their probability of occurrence. It can be observed that the opti-
um rotor diameter for the biradial air turbine is about 1.50m, and

or the Wells turbine is about 1.75m. Lower diameters of the Wells
urbine will induce stall conditions and excessive rotational speeds,
esulting in lower turbine availability. The control implemented for
ll simulations in this work was rotational speed control to keep the
urbines working close to their best efficiency points. No additional
ontrol mechanisms were adopted. The Wells turbine presents more
ifficulties in controlling than the biradial air turbine. Other control
echanisms should be considered in actual implementations; valves are
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Fig. 8. Numerical results for the CD-OWC with a biradial air turbine of 0.96 m diameter under regular waves of height 𝐻 = 2m, and different dimensionless frequencies for
various air chamber heights. It is shown the CWR, OWC RAO, and dimensionless pressure �̂� for a) a floating and b) a fixed CD-OWC. Fig. 7a) is reproduced here for ease of
comprehension.
usually used to control the volumetric airflow and pressure within the

air chamber. Nevertheless, the Wells turbine usually is less expensive

than the biradial air turbine due to its simplicity.

Fig. 10 shows the selected turbine sizes’ power distributions de-

termined through the aforementioned parametric analysis. With the

knowledge of the wave climate of specific locations and the occurrences

of sea states, these power distributions can be used to estimate the

averaged annual power of the turbine in any place.
487
5.5. Applications potential for the CD-OWC

Some niche markets have been identified for stand-alone applica-
tions of the CD-OWC or similar WECs with similar power levels. One
of these markets is the ocean observation and navigation market, which
has current power level needs of hundreds of watts. Still, it is expected
to increase as these systems evolve into more complex observational
and navigation aid stations. As a result, their power level requirements
may pass to be in the order of tens of kW. It was highlighted about ten
years ago that this market had a value of about $16 billion [72].

Another market identified was associated with underwater vehicle
hosting and charging, representing another application with a power
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Fig. 9. Mean annual pneumatic power 𝑃ann,p, mean annual turbine power 𝑃ann,t , mean annual pneumatic capture width ratio CWRp,ann, and mean annual turbine efficiency ηt,ann
versus turbine’s rotor diameter for a) a biradial air turbine, and b) a Wells turbine. The results shown are for the Portuguese’s west coast reference sea states and were obtained
through numerical simulations.
Fig. 10. Turbine power distributions for a) biradial air turbine with a rotor diameter of 1.50m, and b) Wells turbine with a rotor diameter of 1.75m.
Table 2
Characteristic wave climate off the western coast of Portugal.
Each sea state 𝑛 of the wave climate is defined by the
significant wave height, 𝐻s, energy period, 𝑇e, and probability
of occurrence, 𝜉𝑛 [66].
𝑛 𝐻s [m] 𝑇e [s] 𝜉𝑛 [%]

1 1.10 5.49 7.04
2 1.18 6.50 12.35
3 1.23 7.75 8.17
4 1.88 6.33 11.57
5 1.96 7.97 20.66
6 2.07 9.75 8.61
7 2.14 11.58 0.59
8 3.06 8.03 9.41
9 3.18 9.93 10.07
10 3.29 11.80 2.57
11 4.75 9.84 4.72
12 4.91 12.03 2.81
13 6.99 11.69 1.01
14 8.17 13.91 0.39

level requirement in the order of a few kilowatts. This market had a
global value of $2.6 billion in 2017, which was expected to double in
less than ten years [72].

Offshore aquaculture and marine algae production are another in-
teresting set of applications for the coaxial-duct OWC. The power
level requirements for the applications range from tens of kilowatts to
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a few hundred kilowatts in small-to-medium farms [72]. The global
aquaculture products in 2018 represented about 155 million tonnes
with a market value close to $264 billion. The global marine plant
production in the same year represented about 32.4 million tonnes with
a market value of around $13.3 billion [73]. The coaxial-duct OWC
may represent one of the solutions for these applications. One or more
devices can be installed around the aquaculture farm to provide the
power required for the operations. Nevertheless, as in all applications,
specific project conditions need to be assessed to study the feasibility
of incorporating one or more coaxial-duct OWCs. Fig. 11 shows some
of these applications for the coaxial-duct OWC.

Other applications with power levels in the order of tens of kilo-
watts may be satisfied with one or more devices, such as defence
and surveillance systems involving radar and intruders monitoring,
isolated power systems for community micro-grids, ocean pollution
clean-up, and others. In any case, detailed project assessments need to
be developed to determine their feasibility.

6. Conclusions

This work presents a new non-linear model for oscillating-water-
column (OWC) wave energy converters (WECs) implemented in the
object-oriented language Modelica to assess their performance in the
time domain. It was found to be a powerful wave-to-wire conversion
tool. The study’s objective was to evaluate the spring-like air compress-
ibility effects known to be significant in full-sized OWC WECs. Such
effects should not be ignored in wave energy converter’s design.
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Fig. 11. Schematic representation of applications for the coaxial-duct OWC. Oceanographic monitoring and offshore aquaculture are shown as examples.
Numerical and experimental results showed that air compressibility
might significantly affect the OWC performance. Depending on wave
frequency, the air compressibility reduces or increases the energy the
system absorbs. The relative magnitude of positive to negative (or neg-
ative to positive) compressibility effects between transition regions is
separated by critical points. These were categorised as Equicompressum
Nullum critical point, which is mostly independent of the air chamber
volume and corresponds to zero compressibility effects; and Equicom-
pressum critical points, which represent the intersections of different
CWR curves, as a function of the air chamber volume. Knowing these
critical points brings important implications for the control of OWCs.

Compressibility effects in fixed and floating versions of the same
coaxial-duct OWC were analysed. Results showed slightly different be-
haviours; the fixed OWC exhibited slightly better performances around
CWR peaks, due to the additional modes of motion and forces in the
floating configuration. It was also found that the additional degrees of
freedom in the floating system slightly affect the frequencies associated
with the critical points.

Furthermore, a methodology for selecting air turbines for OWC
WECs was presented for a coaxial-duct OWC design and a location off
the western coast of Portugal. Finally, applications for the system power
output level were also briefly discussed.

Implementing OWC numerical models using Modelica might help
develop and design OWC converters due to this language’s potential for
modularity and flexibility, allowing for modelling much more complex
configurations of oscillating-water-columns and offshore energy farms.
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