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Numerical Study of the Decoupled Aero-Hydrodynamic Properties of an Oscillating
Water Column and Their Systemic Coupling Under Nonlinear Sea Wave Excitation
Georgios D. Gkikas
Maritime Research Institute of Netherlands (MARIN), Wageningen, The Netherlands
In this work we investigate the separate effect of the hydrodynamic and thermodynamic parts of the physical modeling of an
onshore Oscillating Water Column-Wave Energy Converter (OWC-WEC) under selected monochromatic excitations, and then
present an alternative systemic way to combine these submodels. The hydrodynamic modeling of the OWC is formulated on
the basis of 2-D linear water wave theory by employing the technique of matched eigenfunction expansions, while for the
thermodynamic modeling, a nonlinear two-degree-of-freedom dynamical equations set is derived from basic principles of
open system thermodynamics. Subsequently, advanced nonlinear system identification methods are set to obtain accurate
and computationally efficient systemic equivalents in order to facilitate the modeling of the overall aero-hydromechanic
performance of the OWC-WEC under any nonlinear sea wave excitation.

NOMENCLATURE

INTRODUCTION

Amplitude
Distance between the back side of the OWC’s front wall
and the back wall (shore)
f Frequency
FS1in 45 Linear frequency-domain scattering operator
FR1in 45 Linear frequency-domain radiation operator
g Gravitational constant
G112 4t5 Impulse response function
h1 Depth of immersion of the OWC’s front wall
h Constant water depth
I Unity operator
m4t5 Air-mass inside OWC chamber
p4·5 Static polynomial operator
PD 4t5 Dynamic pressure
POWC 4t5 Total pressure inside OWC
T 4t5 Air-temperature inside OWC
T6·7 Nonlinear thermodynamic operator for the WienerHammerstein system
th Thickness of the OWC’s front wall
u4t5 System input corresponding to the spatial mean of the
free surface inside the OWC chamber
VOWC Fixed volume of the OWC chamber
V 4t5 Air-volume inside OWC chamber
W-H Wiener-Hammerstein
y4t5 System response corresponding to the dynamic pressure
inside the OWC chamber
far 45 Far-field wave elevation
¯ OWC Spatial mean of the free surface elevation inside the
OWC chamber, also termed mean wave elevation (MWE)
 Total velocity potential
S Scattering velocity potential
R Radiating velocity potential
 Angular frequency
 Water density

The motivation for initially investigating the decoupled submodels prior to the fully-coupled numerical scheme is to primarily
reveal and outline the individual characteristics of each of the components the OWC-WEC consists of, and to show, at least at a first
level, how these components can be studied separately from one
another. In doing so, the effect of the thermodynamic cycle on the
hydrodynamic forces is clearly developed, while the effect of the
hydrodynamic properties on the thermodynamic subsystem of the
OWC can also be identified and modeled independently. Furthermore, a systemic model facilitating the benefits of this decoupled
approach is developed, while the option of altering either the hydrodynamic or the thermodynamic characteristics of the OWC can be
implemented in a straightforward and explicit manner. In this way,
not only is the interaction of the OWC structure with the wave
environment successfully modeled, but also the inherent nonlinear
characteristics are better understood and outlined in a novel setup.
A number of parameters, such as the geometric characteristics of
the chamber, the bathymetry of the waveguide, or the air-turbine
and valve characteristics, may alter significantly the efficiency of
the converter for a specific wave climate. Regarding the geometry
of the OWC chamber, the typical size and shape of operating
OWC devices vary. In one of the most renowned cases of onshore
OWC power plants, i.e., the Pico-400 kW plant, the chamber’s
main dimensions are 12 m (L) × 12 m (B) × 7.3 m (H), with front
wall thickness equal to 2 m and front wall draft equal to 5.3 m.
Another pioneering OWC pilot plant is located on the island of
Islay, Scotland, i.e., the LIMPET-500 kW plant, which consists of
three chambers with horizontal dimensions of 2.3 m (L) × 6.0 m
(B) and chamber height equal to 12.8 m. As this plant was built
in-situ into a rock cliff, the upper part of the front wall chamber is
inclined at an angle of 40 , while the submerged skirt of 2.5 m
draft is almost vertical to the free surface of the sea. Another
typical OWC device can be found in Vizhinjam, India: 150 kW
with principal dimensions of 16 m (L) × 10 m (B) × 14 m (H) and
with front wall draft equal to 1.1 m. Recently, in Jeju, Korea, a
500-kW (Chagwi-Do) plant was constructed with main dimensions
of 9.1 m (L) (becoming 4.45 m at the top of the chamber) × 35 m
(B) × 13 m (H), with front wall thickness equal to 0.6 m and front
wall draft equal to 3.0 m.
In what follows, we examine the impact of the geometric
characteristics of the OWC chamber on its operating and resonance
properties, with respect to a wide variety of harmonic excitations
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and for constant bathymetry. For the formulation of the wave field,
both the far-field incident waves and the in-chamber dynamic
pressure fluctuations are taken into account. As a result of this, the
overall wave field also needs to be partitioned into a scattering
part and a radiating part. The scattering part effectively models
the phenomenon of incident waves approaching the oscillating
water column, while scattered waves are also produced due to the
existence of submerged structures, forcing the sea level inside the
chamber to oscillate and functioning as a pump to the rest of the
system. The radiating part secludes the chamber from any kind
of incoming wave excitations and solely models the effect of the
oscillation of the air inside the chamber onto the wave field.
The present approach follows the works of Evans (1982) and
Evans and Porter (1995) by employing the computationally efficient and accurate 2-D matched eigenfunction expansion method.
Besides this line of OWC modeling, there are several significant
contributions, such as the one made by Brito-Melo et al. (2001),
where a 3-D boundary element method (BEM) is formulated in the
frequency domain and used to describe in an exact manner the
geometry of the OWC of the Pico plant, as well as the surrounding
coastline and local bathymetry. Josset and Clement (2007) derived
a 3-D time-domain BEM for the hydrodynamic model, while for
the thermodynamic part they developed the energy and mass conservation equations from basic principles and flow characteristics of
a Wells turbine, respectively. Texeira et al. (2013) and Conde et al.
(2011) performed numerical simulations by means of Navier-Stokes
(NS) equations for a 2-D hydrodynamic formulation, while for
the aerodynamic model they followed Josset and Clement (2007),
in order to enhance their model with respect to the effect of the
front wall draft, turbine characteristics, and chamber height on the
internal wave elevation and pressure drop inside the chamber. Hong
et al. (2007) developed a mixed 2-D BEM using a Rankine Green
function for the wave field under the chamber and a finite-depth
free surface Green function for the flow field outside the chamber.
Liu et al. (2008) investigated the nozzle effects of the OWC chamber duct system by using a NS model for the continuity equation
and a volume of fluid (VOF) model to simulate generation of the
incoming waves. It is noted that the experimental results used for
validation by Liu et al. (2008) and Hong et al. (2007) are also
used for comparison with the numerical results obtained from the
proposed method.
As far as the thermodynamic modeling is concerned, the formulation of the equations for the corresponding processes inside the
chamber in general is derived from basic principles of open system
thermodynamics (Gyftopoulos and Beretta, 1991; Bejan, 1997).
Overall, the investigation of the OWC’s operational characteristics
is effectively partitioned into:
• a hydrodynamic investigation, formulated and solved in the
frequency domain, of the effect of the geometric characteristics of
the OWC chamber (i.e., front-wall depth, distance from the shore,
and thickness) on the spatial-mean of the internal free surface, for
a series of incoming regular waves.
• a thermodynamic counterpart, formulated and solved in the
time domain (assuming that the internal free surface harmonically
oscillates in a piston-like form) for a selected series of amplitude
and frequency combinations.
Based on the above submodels, systemic analogues are derived for
implementation in a unified systemic form, which is subsequently
used to obtain the dynamic pressure response under the excitation of
a general nonlinear, stationary wave elevation. For the hydrodynamic
subproblems, linear operators in the form of frequency transfer
functions of the in-chamber wave elevation are derived, while for
the nonlinear thermodynamic part, a system identification model

Fig. 1 2-D schematic representation of an onshore OWC chamber
and its domain of definition. The latter is divided into three
subdomains, D = D1 ∪ D2 ∪ D3 , which correspond to the wave
fields outside the chamber, under the finite-thickness front wall,
and inside the chamber, respectively. The subdomains are separated
by the vertical interfaces ¡D1 , ¡D2 , respectively, while ¡Dç , ¡DW ,
¡DF S4ext5 , and ¡DF S4int5 denote the sea bed, the OWC’s solid (wall)
boundaries, and the outside and internal free surface, respectively.
is developed (Gkikas and Athanassoulis, 2014) by using WienerHammerstein (W-H) cascades calibrated by means of selected
harmonic excitations.

OWC HYDRODYNAMICS
In the framework of 2-D linear water wave theory (Mei, 1983;
Evans and Porter, 1995), the total flow behavior inside and around
the OWC can be described by an appropriate superposition of
scattering S and radiation R complex wave potentials. Following
Evans (1982), the total velocity potential can be expressed as:
 = S −

iPD R

g

(1)

where g and  denote the gravitational constant and the sea water
density, respectively; PD denotes the dynamic pressure inside the
chamber, determined separately from the corresponding open system
thermodynamic
analysis (while being zero outside the chamber);
√
i = −1. The part S = S 4x1 z3 5 contains both incident and
scattered waves, and is associated with a specific incident angular
wave frequency , while the part R 4x1 z3 5 models the radiated
waves due to the oscillation of the entrapped air inside the OWC
chamber, and is also parametrically dependent on the frequency
. In addition, a formulation for a finite wall-thickness problem
is developed so as to enhance information with respect to (a)
any kind of design or structural issues and (b) the effects that
the wall-thickness may have on the in-chamber wave elevation.
For this finite wall-thickness approach, developed initially by
Mei and Black (1969) and Black et al. (1971), the domain of
definition is divided into three subregions, D = D1 ∪ D2 ∪ D3 , where
Di = 84x1 z52 xi+1 < x < xi 1 −h < z < si 9, i = 11 2, s1 = s3 = 0,
s2 = −h1 , x1 = , x2 = , x3 = d, and x4 = 0 (see Fig. 1).
The complex velocity potentials, S and R , must satisfy:
• The Laplace equation in each subdomain Di , i = 11 21 3,
ï 2 S1R = 0

(2a)

• The no-entrance boundary condition on every solid boundary
4¡DW 5 of the OWC and on the horizontal sea bed 4¡Dç 5, i.e.,
¡S1R
¡n

=0
¡DW

and

¡S1R
¡z

=0
¡Dç

(2b)

92 Numerical Study of the Decoupled Aero-Hydrodynamic Properties of an OWC and Their Systemic Coupling Under Nonlinear Sea …
• The free-surface boundary conditions outside 4¡DF S4ext5 5 and
inside 4¡DF S4int5 5 of the OWC, respectively:
¡S1R 2 S1R
−
 = kS1R 1
¡z
g

on z = 0

(2c)

where kS1R = 0, for x >  (outside), and kS = 0, kR = 1, for x < d
(inside).
• The appropriate conditions at infinity requiring that S behaves
like the superposition of a plane incident and a reflected wave:
S



4x1 z5 ∼ S 4x1 z5 =

e

−ik0 4x−5

+ AS0 eik0 4x−5



kn425 =

n
1
h − h1

Zn425 4z5 =
(2d)

n = 11 21 31 0 0 0

(5b)

425

425

2 cos 24kn h5 cos4kn 4z + h55
425
h − h1
cos4kn h5

(5c)

Subdomain D3 . The general representations of the velocity
potentials S1R in the finite subdomain D3 are:

and that R behaves like an outgoing plane wave:
415

R 4x1 z5 ∼ S 4x1 z5 = AR0 exp4ik0 4x − 55Z0 4z51
as x → 

(2e)

where AS1R
denote the complex amplitudes of the scattered and
0
radiated wave fields, respectively.
415
In the above equations, k0 = k0 is the wavenumber associated
with the propagating mode, obtained as the positive real root of the
dispersion relation formulated for the (constant) depth h:
K = 2 /g

K = g tanh 4kh5 1

425

and
s

415
Z0 4z51

as x → 

425

The numbers 8kn 1 n = 11 21 0 0 09 and the functions 8Zn 4z51 n =
11 21 0 0 09 are given as the eigenvalues and eigenfunctions, respectively, of vertical Sturm-Liouville problems formulated in the
interval −h < z < −h1 , satisfying Neumann boundary conditions at
both ends, i.e., z = −h and z = −h1 . Specifically:

(3a)

S1R
435 4x1 z5 =

f S1R
435
+ C0S1R cos4k0 x5Zn435 4z5
K

X
+
CnS1R cosh4kn435 x5Zn435 4z5

(6)

n=1
435

415

435

415

where kn = kn , n = 01 11 21 0 0 0, and Zn 4z5 = Zn 4z5.
The matching conditions require continuity of the velocity
potential (Co continuity: dynamic condition) and continuity of the
analogous horizontal spatial derivative, i.e., velocity (C1 continuity:
kinematic condition) on each of the two interfaces, as presented in
Eqs. 7a and 7b, respectively:

and
415

415

415

Z0 4z5 = cosh4k0 4z + h55/ cosh4k0 h5

(3b)

In accordance with the domain decomposition, the wave potentials
S and R will be obtained by formulating complete modal-type
representations in each subregion (see Mei and Black, 1969; Black
et al., 1971; Evans and Porter, 1995) and requiring their complete
matching at the vertical interfaces separating the three subdomains
(matching of the potential and its normal derivative).
For each subregion, the problem formulation is derived independently from the other two, while appropriate matching conditions
are applied to connect subsequent subregions as follows.
Subdomain D1 . The general representations of the velocity
potentials S1R in the semi-infinite subdomain D1 are:
S1R
S1R
415 4x1 z5 =  4x1 z5

+


X

415

415
AS1R
n exp4−kn 4x − 55

cos4kn 4z + h55

n=1

415

(4)

cos4kn h5

where S1R
 4x1 z5 are defined by Eqs. 2d and 2e. The set of
415
wavenumbers 8kn 1 n = 11 21 0 0 09 is obtained as the roots of the
finite water dispersion relation.
Subdomain D2 . The general representations of the velocity
potentials S1R in the finite subdomain D2 are:
1
S1R
S1R
S1R
425 4x1 z5 = 4B01 x + B02 5 p
h − h1
+


X

S1R
4Bn1
exp4−kn425 4x − b55

n=1
S1R
+ Bn2
exp4kn425 4x − 555Zn425 4z5

(5a)

S1R
6S1R
4i5 4x1 z5 − 4i+15 4x1 z5 = 07x=1x=d
" S1R
#
¡4i5 4x1 z5 ¡S1R
4i+15 4x1 z5
−
=0
¡x
¡x

(7a)
(7b)

x=1x=d

where −h < z < −h1 and i = 11 2. Moreover, the boundary conditions at the vertical solid walls, presented in Eq. 7c, should also be
taken into account:
¡S1R
4i5 4x1 z5
¡x

=
¡DW 4x=5

¡S1R
4i+15 4x1 z5
¡x

= 01

i = 11 2 (7c)

¡DW 4x=d5

The solution of the hydrodynamic scattering and radiation
problems is finally obtained by calculating the unknown complex
S1R
S1R
coefficients AS1R
n , Bn , Cn , n = 01 11 21 0 0 0 appearing in Eqs. 4, 5a,
and 6 in the subdomains D1 1 D2 1 D3 , respectively. The calculations
were based on truncating these series and the final coupled-mode
system by totally retaining 14 terms (modes), for which numerical
convergence is found to be satisfactory.
Based on the above analysis and the corresponding numerical
implementations, the effect of the geometric characteristics of the
structure’s chamber on its hydromechanic performance is further
investigated. In this direction, 3-D design charts are produced in
order to study this effect on the spatial mean of the internal free
surface elevation, also termed mean wave elevation (MWE) for
reasons of brevity, for two frequency cases of practical interest, i.e.,
one low (0.1 Hz) and one medium (0.2 Hz) wave frequency. For the
study of this effect, only the scattering part of the wave field, in the
absence of any imposed field other than the atmospheric pressure
field, is considered. The investigation is based on a series of numerical experiments with respect to the total hydro-thermodynamic
modeling. Its corresponding submodels reveal that the radiating part
actually has a relatively small effect on the overall wave elevation
inside the OWC chamber and can be conveniently neglected at this
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stage, while all necessary information with respect to the actual
dynamics taking place inside the chamber is completely retained.
Hence, it can be assumed that:
sc
¯ OWC 45 ≈ ¯ OWC
45 =

1Z
sc 4x1 5dx
d ¡DF S4int5 OWC

(8)

Nevertheless, the contribution of radiation phenomena from the
dynamic pressure fluctuation to the corresponding inner surface is
fully taken into account for the estimation of the overall MWE and
dynamic pressure response. The geometric characteristics that are
considered and varied are:
• the distance between the back side of the OWC’s front wall
and the back wall (shore), i.e., d = x3 − x4
• the depth of immersion of the OWC’s front wall, i.e., h1
• the thickness of the front wall, i.e., th = x2 − x3 =  − d
The constant water depth h can also be varied, although in this
case it is fixed throughout the analysis at ten (10) meters.
As an example of the present approach, we present in Figs. 2–5
and Fig. 8 the calculated scattering and radiation potentials, respectively, for an incident and radiated wave frequency of 0.2 Hz. The
corresponding geometric configurations of the OWC are selected
so that the effects of the immersion of the front wall h1 and the
distance d are clearly illustrated. The wave field is represented by
means of equipotential lines that also intersect every solid boundary
in a perpendicular way, showing that every imposed Neumann
boundary condition is satisfied, while at any of the two vertical
wave field interfaces, perfect matching is achieved. In addition, the
free surface wave elevation, along with the chamber’s MWE, is also

Fig. 4 Same as in Fig. 2, but for h1 = 4 m, d = 2 m, and th =
0020 m

Fig. 5 Same as in Fig. 2, but for h1 = 4 m, d = 5 m, and th =
0020 m

Fig. 2 Real part of the scattering wave potential inside and around
the OWC device for incident regular waves of frequency 0.2 Hz.
The free surface elevation outside the chamber and the spatial mean
wave elevation inside the chamber are represented by using thick
solid lines in both cases (h1 = 1 m, d = 1 m, and th = 0020 m).

Fig. 3 Same as in Fig. 2, but for h1 = 1 m, d = 10 m, and
th = 0020 m

computed and displayed. It is observed that the relatively longer
waves, with respect to the inner opening of the OWC chamber,
tend to excite the inner free surface of the OWC more than the
relatively shorter ones. In particular, the ratio d/, where  denotes
the wavelength of the incoming waves, is a key factor in the design
of the OWC-WEC, since for really low values of this ratio, i.e.,
0.02–0.10 (depending on the wave frequency), the free surface
inside the chamber may oscillate at large amplitudes. For larger
immersions, h1 , with smaller d/ values, significantly larger mean
wave elevations (resonances) can be obtained, which can be clearly
observed in Fig. 4.
For higher frequencies, the wave elevation inside the OWC
becomes more and more dependent on the immersion depth of
the front wall, which was observed from extensive numerical
investigation (but with no example in this work for reasons of
space). The deflection from the front wall becomes significant for
large immersions and high wave frequencies. For small immersion
values and relatively high wave frequency excitations, the effect of
the ratio d/ on the hydrodynamic characteristics of the device
becomes dominant.
For a more general perspective, the internal mean free surface,
¯ OWC , is plotted against the immersion (0.5 m ≤ h1 ≤ 4 m) and
inner distance (1 m ≤ d ≤ 10 m) for two frequency cases, i.e.,
one medium (0.2 Hz) and one low frequency (0.1 Hz). Thus, the
incident regular waves have a frequency, fREG , of 0.1 and 0.2 Hz and
amplitude, REG , of 1 m. To quantify the wall-thickness effect, five
different thickness cases are also considered, i.e., th = 0011 0021 0 0 0,
0.5 m. For the low-frequency case, as can be observed in Fig. 6,
the MWE is almost constant and relatively close to the amplitude
of the surrounding wave elevation, irrespective of distance and
immersion values, while it changes marginally with any kind of
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Fig. 6 3-D plot of the spatial mean wave elevation 4¯ OWC 5 inside
the OWC chamber for different front wall-immersion 4h1 5-distance
4d5 combinations and for five wall-thickness cases, i.e., th =
0011 0 0 0 1 005 m

Fig. 7 Same as in Fig. 6, but for frequency 0.2 Hz
thickness-distance-immersion combination, even for large d values.
Thus, for large mass flow rates, structures with large internal
surfaces should be preferred, as probably dictated by the turbine
characteristics for optimal operation. The results, with respect to
the front wall thickness, show that it is more beneficial (by 5–10%)
to have a larger and heavier structure that is able to hold up under
some quite energetic wave environments than a thinner and more
vulnerable front.
For the medium-frequency waves (0.2 Hz), as presented in
Fig. 7, resonance phenomena are achieved when medium-to-high
immersions and low-to-medium distances from the shore are the
case. An increase in the wall thickness also has quite positive effects,
up to 15%, on the OWC’s mean wave elevation, especially at
relatively small internal openings and medium-to-high immersions.
Observing these results, as well as those in Gkikas (2012), one
may deduce that for significant in-chamber free surface elevations,
relatively long waves, with respect to the longitudinal dimension of
the chamber, are required.
For the radiating wave field, a representative configuration
example for f = 002 Hz is presented in Fig. 8. According to the
decomposition of the velocity potential presented in Eq. 1, the
radiating velocity potential under the OWC chamber must be scaled
by i2fPD /g. It is noted that even if empirical approaches, similar
to the ones given in the highly appreciated textbook of Falnes
(2002), can be regarded as one of the first steps in a design and/or
site selection process, such a numerical investigation is deemed
essential, especially when the variation of the local bathymetry or
complex OWC geometries are considered.
Due to the lack of experimental data, we make comparisons
against numerical and experimental results presented in other similar

Fig. 8 Real part of radiating wave potential around the OWC
device for incident waves of frequency f = 002 Hz. The free surface
elevation is shown by a thick solid line (h1 = 1 m, d = 2 m, and
th = 0050 m).
works for the validation of our results. Specifically, quite favorable
agreement can be observed with the results obtained by Zhang
et al. (2010) for the geometric cases of d = 3 m, 6 m, and 10 m
and h1 = 305 m. (Zhang et al. (2010) set d = 12 m instead, and set
the still water depth to 16 m, while the slope angle of the bottom
and the base length of the slope were fixed as 26 and 23 m,
respectively.) The discrepancies range between 5–10% at the most
for the higher- frequency cases, i.e., T = 5–6 seconds, while the
corresponding amplitude amplification patterns are consistent with
this work. However, in the lower-frequency cases, the existence
of a ramp under the OWC chamber significantly enhances the
induced water velocities. Significant results, both numerical and
experimental, were also obtained by Hong et al. (2007) and Liu et al.
(2008). In the first work, Rankine Green functions (for the belowthe-chamber wave field) combined with Kelvin Green functions
(far field) were used in order to efficiently model the potential
flow inside and far away from the OWC. For the thermodynamic
part, a linear relation between the induced air-flow velocities at the
duct and the pressure drop inside the chamber (and consequently
the power output of the plant) was modeled by means of linear
constant damping. In Liu et al. (2008), instead of a potential
flow approach, a numerical wave tank was developed based on
the combination of a Reynolds-averaged Navier-Stokes (RANS)
equation and a two-phase Volume of Fluid (VOF) approach. Based
on this holistic CFD approach, this model was used to estimate
the blockage effect and air compressibility of a nozzle-simulating
turbine on the internal wave elevation, while the numerical results
were compared against experimental ones. In both of these works,
the experimental results were obtained from the laboratory wave
flume at the Maritime and Ocean Engineering Research Institute
(MOERI) for similar geometric cases. However, the effect of the
bottom slope under the OWC chamber is again considered. It turns
out that this has significant effect on both high- and low-frequency
regimes, as the differences with respect to our model are evident.

d
h1 Liu et al. Hong et al. Proposed
(m) (m)
(2008)
(2007)
method
Wave period (T )
Case I
Case II
Case III
Case IV

6.0
1.5
3.0
1.5

3.5
2.5
2.5
1.5

5 /10 (s)
1.05/1.5
+/+
1.8/+
+/+

1.25/1.5
2.3/2.0
2.6/2.0
1.5/1.5

1/1.25
1.5/1
2.0/1.1
1.2/1.0

Table 1 Comparison results for the relative OWC free surface
elevation OWC /REG
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For illustrative reasons, the experimental results derived by Liu
et al. (2008) and Hong et al. (2007) are used for comparison and
presented in Table 1. It is noted that the bottom slope angle is 26 ,
while in our case we have a constant-depth sea bed and the front
wall thickness is 1 m instead of 0.5 m. In general, agreement is
observed in the pattern of the effect of the front wall draft and
inner opening on the internal wave elevation. The discrepancies
between the experimental results and our results can be credited to
the effect of the bottom mount slope, as well as the thickness of
the front wall, for which it was deduced above that internal relative
wave amplitude enhances with increased thickness.
Hydrodynamic Transfer Functions
The systemic analogues that model the contributions of the
scattering and radiating wave fields to the internal free surface
elevation can be obtained by means of the analogous frequency
domain transfer functions, which can also serve as another means
to inspect for any resonance characteristics inherent in the OWC
hydromechanic performance. As an example of the latter observation, the scattering and radiating MWE transfer functions, which
correspond to the configurations d = 621 61 107 m, h1 = 005 m, and
th = 002 m for a constant water depth of ten (10) meters, are displayed in Figs. 9–11. For reasons of practical interest, the radiation
transfer function has been scaled by i/g, thus corresponding to
4m/P a5 units, while the scattering transfer function corresponds to
meters 4m5. It is noted here that in this work, a common scale for
both scattering and radiating parts is not feasible, as this would be
misleading due to the nonlinear characteristics of the in-chamber
pressure. For the same reason, the transfer functions cannot be
combined unless a feedback scheme, such as the one presented in
Fig. 18 and expressed concisely in Eq. 21, is implemented.
From the scattering transfer functions, it is evident that OWC
structures with large internal openings should be preferred for

Fig. 9 Transfer functions of the MWE for the Scattering and
Radiation subproblems, for h1 = 005 m, d = 2 m, and th = 002 m

Fig. 10 Same as in Fig. 9, but for h1 = 005 m, d = 6 m, and
th = 002 m

Fig. 11 Same as in Fig. 9, but for h1 = 005 m, d = 10 m, and
th = 002 m
wave climates where low-frequency waves will be frequently
encountered. From a systemic point of view, the scattering transfer
functions primarily act as low-pass filters, corresponding to the
phenomena that all high-frequency incoming wave components
either are fully diffracted or have a minor contribution to the wave
field inside the chamber. On the other hand, the radiating transfer
functions correspond to band-pass filters, due to the fact that for
low-frequency cases, the air oscillates at slow rates and the radiation
phenomenon is significantly reduced, while for higher-frequency
cases, these functions are consistent with the scattering ones in
which the high-frequency incoming waves do not cause any major
fluctuation in the internal free surface.

OWC THERMODYNAMICS
For the modeling of the thermodynamic phenomena taking place
inside the OWC chamber, the wave energy device is considered as
an open thermodynamic system (Gyftopoulos and Beretta, 1991;
Bejan, 1997). Thus, the state variables (air temperature, pressure,
etc.) inside the OWC depend mainly on the induced volume fluxes
on the lower control surface (internal free surface), as well as on
the mass flow rates (inflows or outflows) that take place on the
upper control surfaces, i.e., the effective areas of the turbine(s)
and/or the control valve(s).
The corresponding system of differential equations is derived
from the 1st Law of Thermodynamics for open thermodynamic
systems and the mass flow rate equation (for a valve-simulating air
turbine). Furthermore, the performance of the plant is divided into
two phases with respect to the air flow direction. The first phase,
termed the “compression process,” corresponds to the case in which
the pressure inside the chamber is higher than the external ambient
one, i.e., the atmospheric pressure, and thus the air particles leave
the chamber through the turbine or the by-pass valves. The second
phase, termed the “decompression process,” corresponds to the case
in which air enters the chamber through the turbine, the moment
the internal pressure becomes smaller than the ambient one. The
mass flow entering or leaving the chamber is simulated with the aid
of a valve of suitably chosen proportions in order to reproduce the
effect of the turbine on the compressibility of the air. The effective
area (or blockage effect) of the turbine-simulating valve has been
adjusted accordingly so as to have pressure responses closer to
more realistic engineering scenarios or plants, such as the one
presented in the work of Falcao and Justino (1999). The air inside
the chamber is assumed to be homogeneous since any possible
spray effects (due to wave breaking in the OWC chamber) have
been neglected, no viscous effects are considered, and the process
is assumed to be adiabatic, following Falcao and Justino (1999). It
is noted that Eq. 9 (1st Law of Thermodynamics) is essentially a
slight variant of the equation derived by Falcao and Justino (1999).
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The major difference is that in the latter work, an existing turbine
is modeled and used, while the turbine viscous losses are also
considered. Furthermore, the hydrodynamic aspects of the OWC
are modeled by means of a convolution integral, where its kernel is
a function depending on the geometry of the system. In effect,
Falcao and Justino derive a number of turbine and thermodynamic
(specific entropy) charts of significant interest, while they have set
the theoretical basis to obtain optimal efficiency graphs with and
without air flow control. The resulting thermodynamic equations
are:
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(11)
(12)

where POWC 4t5, m4t5, V 4t5, T 4t5 denote the air pressure, mass,
volume, and temperature, respectively, inside the chamber; PD 4t5
denotes the dynamic pressure; VOWC is the volume of the chamber
(for simplicity, the OWC air chamber is assumed to be a box-shaped
orthogonal with volume V 4t = 05 ≡ VOWC 5; PATM , TATM , cV , and cp
denote the atmospheric values for pressure and temperature and
the specific heat constants under constant volume and pressure,
respectively;  = cp /cV , CV , AVeq are constants corresponding to
the resistance coefficient of the gas flow through the mean effective
area of a turbine and the equivalent effective area of the latter,
respectively. The selection of values for the CV and AVeq coefficients
is based on the results from the experimental optimization of the
power take-off impedance of a model of the Pico OWC pilot
plant (Brito-Melo et al., 1995). In order to regulate these values,
it was required that the ratio POWC 4t5/ṁ4t5 should correspond to
approximately 99.4 Pa s/kg. The forcing is considered harmonic:
¯ OWC 4t5 = Acos42ft5

(13)

where A and f denote the amplitude and frequency of the oscillation
of a piston-like mean wave elevation.
The numerical results presented in Figs. 12 and 13 were derived
by implementing a 4th -order Runge-Kutta method with a fixed time
step of 0.1 s (10-Hz sampling frequency) for the system of equations
presented in Eqs. 9–13 and for the following OWC characteristics:
Internal free surface area = 144 m2 , VOWC = 1050 m3 , CV = 009,
AVeq = 0082, PATM = 10013 · 105 Pa, TATM = 293016 K,  = 104,
cp = 100405 J(Kg· K)−1 , R = 287005 J(Kg·K)−1 .

Fig. 12 Maximum dynamic pressure against oscillation amplitude
for a series of harmonic excitations

Fig. 13 3-D plot of the maximum dynamic pressure on the
Amplitude-Frequency plane for the 4A1f 5 set used in Fig. 12
In Fig. 12, it can be observed how the maximum values of
the dynamic pressure, max4PD 5, vary with the excitation’s amplitude, while keeping the oscillation frequencies constant. A nonlinear pattern appears, especially for the medium-to-low-frequency
responses, i.e., f = 00210001001 (Hz), although the higher-frequency
ones, i.e., f = 0025100011 (Hz), are also nonlinear but considerably
less so. In Fig. 13, the three-dimensional plot of the maximum
values of the dynamic pressure on the joint Amplitude-Frequency
plane shows that higher-frequency-higher-amplitude components
lead to higher pressure fluctuations, as expected. Furthermore,
as far as design aspects are concerned, such a plot can also be
quite helpful and illustrative, as it can clearly facilitate a first
estimation of the power output of an air turbine, e.g., the Wells
turbine (Raghunathan, 1995). The results in Figs. 12 and 13 prove
to be consistent with the ones derived by Conde et al. (2011) and
Texeira et al. (2013), in which the aerodynamic model with open
and closed chambers (the adjoint Wells turbine developed by Josset
and Clement (2007) for the OWC power plant) was followed.

SYSTEMIC COUPLING OF THE HYDRODYNAMIC
AND THERMODYNAMIC SUBPROBLEMS
Nonlinear System Identification
To obtain a unified systemic model, including both thermodynamic and hydrodynamic parts, a novel nonlinear system identification method describing the pressure fluctuations inside the OWC
was developed by Gkikas (2012). This identification scheme is
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Fig. 14 Structure of a Wiener-Hammerstein cascade
based on the concept of obtaining a functional representation of the
solution for a system of nonlinear differential equations through
Volterra series (Volterra, 1959). A concise identification method
based on selected harmonic excitation cases is derived by using
Wiener–Hammerstein (W-H) cascades, such as the one presented in
Fig. 14 and thoroughly studied in the works of Schetzen (1980),
Rugh (1981), and Boyd et al. (1984). The structure of a W-H
cascade consists of two linear time-invariant (LTI) filters, G1 4t5
and G2 4t5, and a static, finite-order polynomial p4·5. The term
u ≡ u4t5 corresponds, in this case, to the temporal variation of the
MWE inside the OWC chamber, while y ≡ y4t5 corresponds to the
OWC’s dynamic pressure, PD 4t5.
The first evidence of the nonlinear characteristics of the pressure
was already presented in Fig. 12. According to Gkikas et al. (2006)
and Gkikas and Athanassoulis (2014), the frequency spectra of
the dynamic pressure response under harmonic excitations exhibit
arbitrary irregular patterns as the amplitude and frequency of the
excitations vary. To be more specific, the second-order harmonics
contribute significantly when dealing with incoming waves of highfrequency and high-amplitude characteristics while they diminish
for the low-frequency cases, in which the third-order terms come
to contribute the most with respect to the second-order or any
other higher-order term. To illustrate this dependency, the ratios

Fig. 17 Structure of the nonlinear polynomial identification model
corresponding to a monochromatic input
between the magnitudes of the first three harmonic components,
i.e., Ĥ 1 4f 1A5/Ĥ 2 4f 1A5 and Ĥ 2 4f 1A5/Ĥ 3 4f 1A5, are computed
for a variety of frequency (f )-amplitude (A) combinations and
displayed below.
The identification is initiated by applying a series of monochromatic excitations, which correspond to the spatially-averaged wave
elevation oscillating inside the OWC chamber, to several distinct
combinations of amplitude and frequency. Based on the nonlinear
spectral characteristics of the dynamic pressure responses, identified
by applying Fourier transforms to the corresponding time series,
a set of filter banks and static polynomial coefficient banks is
constructed so that a direct association between the excitation and
the systemic scheme is viable. The resulting Wiener-Hammerstein
system, presented in Fig. 17, is defined in the joint frequencyamplitude lattice:
Lref = ¡ref ×ìref

(14)

where
¡ref = 8Aref 11 1Aref 12 10001Aref 1n 10001Aref 1N 9

(15)

and
(16)

ìref = 8ref 11 1ref 12 10001ref 1m 10001ref 1M 9

Thus, for a harmonic input signal of amplitude A and frequency ,
the corresponding systemic scheme is defined with respect to the
reference quantities 4Aref 1n 1ref 1m 5 as:

∗
Lref
1n1m = 4A15 2 A ∈ 6Aref 1n −ãA/21Aref 1n +ãA/251 ∈
6ref 1m −ã/21ref 1m +ã/251ãA ≥ 01ã ≥ 0

Fig. 15 Ratio between the magnitudes of the first and second
harmonic components, i.e., Ĥ 1 4f 1A5/Ĥ 2 4f 1A5

(17)

In this way, the applicability of the proposed model is appropriately extended beyond any narrow-band or energy-constraint
considerations. In Gkikas (2012) and Gkikas and Athanassoulis
(2014), it was shown that when a K-chromatic input,
ũ4t5 =

K
X

uk 4t3Bk 1k 5 =

k=1

K
X

Bk cos4k t +k 51

(18)

k=1

enters the cascade presented in Fig. 15, the overall system response
takes the form:
ỹ4t5 =

K
X

415

415

415

g2 4t3ref 1m4k5 5·a1 4Aref 1n4k5 3ref 1m4k5 5·xk 4t5

k=1

+

K X
K
X

425

425

425

g2 4t3ref 1m4i1k5 5·a2 4Aref 1n4i1k5 3ref 1m4i1k5 5·xi 4t5·xk 4t5

i=1 k=1

+
Fig. 16 Same as in Fig. 15, but for the second and third harmonic,
i.e., Ĥ 2 4f 1A5/Ĥ 3 4f 1A5

K X
K X
K
X

435

g2 4t3ref 1m4i1k1l5 5

i=1 k=1 l=1
435
435
·a3 4Aref 1m4i1k1l5 3ref 1m4i1k1l5 5·xi 4t5·xk 4t5·xl 4t5

(19)
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Fig. 18 Closed-loop OWC configuration
where
x̃4t5 =

K
X

Fig. 19 Time series of the overall oscillation of the internal free
surface (bold line) and the incoming wave excitation (thin line) for
the geometric configuration set (GCS): d = 6 m, h1 = 005 m, and
th = 002 m

415
g1 4t3ref 1m4k5 5·uk 4t3Bk 1k 5

k=1

=

K
X

xk 4t3k 1k 5

(20)

k=1

The superscripts (1), (2), and (3) denote the order of nonlinearity
of the reference set. To reduce the computational burden of
the simulation, the input signal was decomposed by means of
the Hilbert-Huang transform (Huang et al., 1999; Gkikas, 2012)
into a small number of nonlinear modes, also termed intrinsic
mode functions (IMFs). Despite having been derived by using
harmonic inputs, the systemic elements are retained in full and
successfully used in more complex input cases, resulting in a robust
model-construction process.
The Coupled Linear-Nonlinear Feedback Scheme
The systemic representations derived for the linear hydrodynamic
and the nonlinear thermodynamic problems are implemented in
the feedback system presented in Fig. 18, in order to estimate the
overall internal mean wave elevation and dynamic pressure.
For the feedback scheme presented above, the corresponding
functional expression reads as:
OWC 45 = FS1in 45far 45+FR1in 45pair 45
= FS1in 45far 45+FR1in 45·T6OWC 457
= 8I−FR1in 6T79−1 6FS1in 45far 457

(21)

where I denotes the unity operator and the brackets indicate
connection; T6·7 denotes the nonlinear thermodynamic operator
for the Wiener-Hammerstein system presented in Fig. 17, i.e.,
y = T6u7, and FS1in 45, FR1in 45 correspond to the linear frequencydomain scattering and radiation operators presented above; far 45,
OWC 45 = ¯ OWC 45 denote the far-field wave elevation and the
equivalent piston-like displacement, respectively. The proposed
feedback system is consistent with the partitioning of the velocity
potential presented in Eq. 1, while the spatial averaging is required
as an interface between the distributed hydrodynamic and the
lumped thermodynamic subsystems.
Results for the Coupled Systemic Scheme
As an example of the present approach, the unified OWC system
is subjected to a general, nonlinear, stationary incoming wave
elevation corresponding to a spectrum of significant wave height of
1.9 m and peak frequency of 0.178 Hz. The OWC’s geometric
configuration set (GCS) corresponds to d = 6 m, h1 = 005 m, and
th = 002 m. The time series of the overall OWC’s MWE, along with
the time series of the incoming wave elevation for a time window

of 150 seconds, is displayed in Fig. 19. It is noted that the small
amplitude linear wave theory is still valid for this wave spectrum,
as the wave amplitude-to-wavelength ratio is essentially quite small,
i.e., /d  1, while the ratio of the depth to wavelength (of the
most frequently encountered waves) corresponds to intermediate
water depth regimes as 001<d/<0025. Furthermore, for any of the
higher-frequency wave modes embedded in the used nonlinear time
series, the corresponding ratio is effectively beyond the deep water
limit, i.e., d/ > 005. Thus far, it has been verified that (a) we are
consistent with the context of linear-small amplitude-intermediate
water depth theory for all of the regular cases from which we
derive the transfer functions, and (b) the modes embedded in the
used wave spectrum are within the range of similar oscillatory
characteristics, a fact easily verified by the spectral properties of
the time series. Therefore, based on this verification, the proposed
model is found fit to model such wave conditions.
The numerical algorithms, implementation, and accuracy of
the nonlinear system identification method with respect to the
thermodynamic system were thoroughly investigated for both
harmonic and multi-harmonic excitation cases by Gkikas (2012)
and Gkikas and Athanassoulis (2014), where agreement between
the direct numerical simulation performed for Eqs. 9–13 and the
systemic scheme was found to be excellent. Furthermore, the
results for the overall wave elevation of the internal free surface
are in agreement with the design charts and the transfer functions,
since for the selected geometric characteristics, the amplitude of
the MWE and the dynamic pressure are under the clear effect of
low-pass filtering. Specifically, the higher-frequency waves are
diminished, while small or no attenuation is observed for the
medium-to-lower-frequency modes.
The overall dynamic pressure inside the OWC chamber is
computed and presented in Fig. 20. The dynamic pressure peaks
mainly between 2 and 4 kPa, which is expected for a mild wave
climate such as the one used in the numerical example. The
corresponding mean 45 and the maximum and minimum values
for the entire data are 1 Pa, 6049 Pa, and −6027 Pa, respectively,
while the standard deviation 45 is 1417 Pa. The standard deviation
and extreme values correspond to about 1.5% and 6% of the
atmospheric pressure. These results are consistent with the results
derived by Texeira et al. (2013), for besides the difference in the
front wall depth, the dynamic pressure magnitude for the Pico
plant geometry, as well as the turbine configuration for such wave
amplitudes, should range between 2 and 4 kPa.
According to Falcao and Justino (1999), the optimal dynamic
pressure for an air turbine of the Wells type is around 1005·103 Pa,
but in this case we seem to get approximately 20–40% of that target,
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et al. (2013) and Conde et al. (2011). In this way, the study of the
effect of the thermodynamic cycle on the hydrodynamic forces and
vice-versa can be performed in a rigorous and robust manner.
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Fig. 20 Dynamic pressure time series for the same GCS in Fig. 19
which effectively suggests adjusting the geometry of the chamber
to a smaller inner opening and a larger front wall immersion.
However, since the area of the internal surface should be around
120–150 m2 , the chamber of the OWC needs to have large wave
front (W )-over-length (L) ratios in order to match the air-mass
flow rates and dynamic pressure requirements of a typical Wells air
turbine (Falcao and Justino, 1999). In the case in which really
energetic wave climates will be encountered, it is suggested that the
W /L ratio should be adjusted to near unity values, i.e., L/W ≈ 1,
L ≈ 12. Nevertheless, as several air turbines with more efficient
power output and with different optimum operational characteristics
are developed, alternative geometric configuration sets will need to
be considered.

CONCLUSIONS
Besides applying the very efficient and accurate matched eigenfunctions expansions technique for the hydrodynamic modeling of
the OWC, the current study also presents a nonlinear thermodynamic modeling from basic principles for the dynamic pressure
fluctuation inside the OWC chamber. However, the main focus of
this work is beyond the development of these models, but still based
on them, as modern system identification techniques are employed
in order to obtain a computationally efficient numerical scheme
for the simulation of the OWC’s overall aero-hydromechanic performance. By doing so, a very compact and robust equivalent
systemic/functional approximation model can be obtained, and
control techniques can also be applied at a systemic level. Another
major advantage of this decoupled systemic approach is that it
further allows for replacing either the hydrodynamic or thermodynamic part with potentially more advanced methods (CFD), while
keeping the computational cost at significantly low levels.
As a first step, a decomposition of the modeling of an onshore
OWC-WEC into its principal hydrodynamic and thermodynamic
components is developed. Hydrodynamic and thermodynamic
design charts and results are presented in order to draw clear
conclusions with respect to the separate and optimal effect of each
of the resulting submodels on the OWC’s overall performance
and the dependence of the latter on geometric and excitation
parameters. Furthermore, comparison is made with experimental
results obtained at the MOERI, and in several cases favorable
agreement is observed, while any discrepancies can be credited to
the existence of a bottom mount slope in the experimental setup.
Subsequently, the subproblems are coupled by means of their
systemic counterparts by using a novel Volterra-Hilbert-Huang
nonlinear system identification method, in order to obtain the time
series of the overall internal free surface elevation and dynamic
pressure for irregular sea wave excitations that correspond to a
mild wave climate. The results for the nonlinear excitation case
are found to be consistent with the ones produced by Texeira
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