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Abstract: A numerical study was performed to investigate the applicability of the linear decompo-
sition method for the hydrodynamic energy conversion of an oscillating-water-column type wave
energy converter (OWC-WEC). Hydrodynamic problems of the OWC chamber were decomposed
into the excitation and radiation problems with the time-domain numerical method based on the
linear potential theory. A finite element method was applied to solve the potential flow in the entire
fluid domain including OWC chamber structure. The validity of the linear decomposition method
was examined by comparing with the direct interaction method for the turbine–chamber interaction
based on the linear pressure drop characteristics. In order to estimate the hydrodynamic energy
conversion performance under the irregular waves, the response spectrum method was applied with
the transfer function based on the linear decomposition method. Under the various irregular wave
conditions, the pneumatic power of OWC-WEC calculated by the response spectrum based on the
linear decomposition method agreed well with the direct irregular wave simulation results.

Keywords: oscillating water column; wave energy converter; hydrodynamic; NWT; turbine–chamber
interaction; potential flow; linear decomposition method

1. Introduction

A wave energy converter (WEC) generates electric power by converting the input
wave energy using its components. Various types of WEC have been studied that can be
classified according to the wave energy conversion mechanism [1–3], such as attenuator;
point absorber; terminator. The oscillating-water-column type WEC (OWC-WEC) is one
of the terminator type WECs, which has been widely used due to its simplicity: the only
moving part of the power take-off (PTO) system is the rotor of a turbine, located above
the water level, rotating at a relatively high velocity and directly driving a conventional
electrical generator [4,5]. Additionally, there is an effort to integrate the OWC-WEC with
the conventional breakwater to enhance the economic feasibility of the device [6–10].

The concept of hydrodynamic energy conversion of an OWC-WEC is shown in Figure 1.
The OWC chamber converts wave motion into the oscillating motion of the fluid contained
inside the chamber structure. The air volume change inside the chamber due to free-surface
motion induces a reciprocating airflow through the air turbine connected to the chamber.
The power take-off system, including an air turbine, a generator, and a power conversion
system, converts the pneumatic power to electric power. During the energy conversion
process, an air turbine rotation causes a pressure drop, which acts as a damping force
on the free-surface inside the chamber that suppresses the water column motion. The
interaction between turbine and chamber has a dominant effect on the hydrodynamic
energy conversion performance of the OWC-WEC.
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motion. The interaction between turbine and chamber has a dominant effect on the hy-
drodynamic energy conversion performance of the OWC-WEC. 

Theoretical descriptions for solving the hydrodynamic energy conversion problem 
of OWC devices have been proposed based on the linear potential theory, in which the 
hydrodynamic problem was decomposed into a scattering (or diffraction) problem corre-
sponding to the interaction between an incident wave and OWC chamber without pres-
sure fluctuations and a radiation problem regarding exciting pressure inside a chamber 
in the still water [11–13]. Various numerical methods have been introduced to solve the 
hydrodynamic problems of a land-based OWC chamber and the boundary value prob-
lems of the fluid domain based on the potential theory, such as a Galerkin method for the 
scattering and radiation problems [14], a boundary element method (BEM) [15–19], a 
boundary integral equation method (BIEM) [20], a higher-order BEM (HOBEM) [21,22], 
and a finite element method (FEM) [5,10,23]. 

A time-domain numerical method is required to solve the turbine–chamber interac-
tion, including the transient response analysis and the nonlinear pressure drop effects 
over time using the direct interaction modeling of the pressure drop on the dynamic free-
surface condition. The nonlinear numerical wave tank technique was developed 
[17,18,21,22] to solve the nonlinear hydrodynamic problem in the time domain. Kim et al. 
[5] focused on the combination of a linear numerical wave tank with nonlinear pressure 
drops. However, it was also used to deal with the linear hydrodynamics problem of the 
OWC chamber because it is practical to intuitively understand the hydrodynamic re-
sponse characteristics by applying the direct interaction method (DIM) even for nonlinear 
problems [5,16]. 

The objective of this study is an application of the linear decomposition method 
(LDM) to the estimation of the hydrodynamic energy conversion performance under ir-
regular waves. The FEM was used to solve the Laplace equation of boundary value prob-
lem based on the linearized potential theory. The hydrodynamic problem was separated 
into the excitation and radiation problems to deal with the interaction problems of wave–
structure and turbine–chamber individually. The validity and applicability of this decom-
position approach are discussed by comparing with the DIM. The following sections de-
scribe the numerical method for the LDM and the numerical wave tank techniques. The 
obtained numerical simulation results are presented and discussed. 

 
Figure 1. Schematic diagram of hydrodynamic energy conversion to pneumatic energy in the 
OWC-WEC with turbine–chamber interaction. 

2. Numerical Methods 
2.1. Linear Decomposition Method 

The pneumatic power take-off system using the air turbines is commonly used in the 
OWC system. Figure 2 shows the flow diagram of the wave–chamber–turbine interaction 
mechanism of an OWC-WEC. The OWC chamber contributes to converting wave energy 
into pneumatic energy, and in the next energy conversion step, this pneumatic energy is 

Figure 1. Schematic diagram of hydrodynamic energy conversion to pneumatic energy in the
OWC-WEC with turbine–chamber interaction.

Theoretical descriptions for solving the hydrodynamic energy conversion problem
of OWC devices have been proposed based on the linear potential theory, in which the
hydrodynamic problem was decomposed into a scattering (or diffraction) problem corre-
sponding to the interaction between an incident wave and OWC chamber without pressure
fluctuations and a radiation problem regarding exciting pressure inside a chamber in the
still water [11–13]. Various numerical methods have been introduced to solve the hydro-
dynamic problems of a land-based OWC chamber and the boundary value problems of
the fluid domain based on the potential theory, such as a Galerkin method for the scatter-
ing and radiation problems [14], a boundary element method (BEM) [15–19], a boundary
integral equation method (BIEM) [20], a higher-order BEM (HOBEM) [21,22], and a finite
element method (FEM) [5,10,23].

A time-domain numerical method is required to solve the turbine–chamber interaction,
including the transient response analysis and the nonlinear pressure drop effects over time
using the direct interaction modeling of the pressure drop on the dynamic free-surface
condition. The nonlinear numerical wave tank technique was developed [17,18,21,22] to
solve the nonlinear hydrodynamic problem in the time domain. Kim et al. [5] focused on
the combination of a linear numerical wave tank with nonlinear pressure drops. However,
it was also used to deal with the linear hydrodynamics problem of the OWC chamber
because it is practical to intuitively understand the hydrodynamic response characteristics
by applying the direct interaction method (DIM) even for nonlinear problems [5,16].

The objective of this study is an application of the linear decomposition method (LDM)
to the estimation of the hydrodynamic energy conversion performance under irregular
waves. The FEM was used to solve the Laplace equation of boundary value problem based
on the linearized potential theory. The hydrodynamic problem was separated into the
excitation and radiation problems to deal with the interaction problems of wave–structure
and turbine–chamber individually. The validity and applicability of this decomposition
approach are discussed by comparing with the DIM. The following sections describe the
numerical method for the LDM and the numerical wave tank techniques. The obtained
numerical simulation results are presented and discussed.

2. Numerical Methods
2.1. Linear Decomposition Method

The pneumatic power take-off system using the air turbines is commonly used in the
OWC system. Figure 2 shows the flow diagram of the wave–chamber–turbine interaction
mechanism of an OWC-WEC. The OWC chamber contributes to converting wave energy into
pneumatic energy, and in the next energy conversion step, this pneumatic energy is converted
into mechanical energy through the turbine’s rotational motion. The pressure drop caused by
the turbine operation affects the oscillating-water-column motion as a damping force acting
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on it. Therefore, the energy conversion performance of the chamber is considerably dependent
on the interaction between the pressure drop and the water column motion.
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Figure 2. Flow diagram of wave–chamber–turbine interaction mechanism of an OWC-WEC.

The turbine–chamber interaction problem can be distinguished into the radiation and
excitation problems in terms of hydrodynamics. The radiation problem corresponds to
the radiation waves on the calm water generated by an oscillating dynamic air pressure
above the free-surface inside the chamber. The excitation problem deals with the oscillation
of the water column and airflow generated by an incident wave when the dynamic air
pressure is zero. In order to decompose the boundary value problem, the velocity potential
is distinguished into the incident, the diffraction, and the radiation wave potential as
shown in Equation (1). The diffraction and radiation wave potentials correspond to the
disturbed wave potential. Similar decomposition can be applied to wave elevation ζ, as
shown in Equation (2).

φ = φI + φD + φR (1)

ζ = ζ I + ζD + ζR (2)

where the subscript I, D and R correspond to the incident, diffraction and radiation for
the wave potential and elevation, respectively. The linear dynamic free-surface boundary
condition can be decomposed into Equations (3) and (4) in terms of the excitation and
radiation problems.

∂

∂t
(φI + φD) = −g(ζ I + ζD) (3)

∂

∂t
φR = −gζR −

pr

ρa
(4)

where g and ρa are the gravitational acceleration constant and the air density constant,
respectively. pr is the radiation pressure used as the excitation pressure in the forced
radiation simulation, which corresponds to the aerodynamic pressure drop due to the
turbine rotation. Figure 3 shows the schematic diagram of the decomposed hydrodynamic
problem for the oscillating-water-column, i.e., excitation and radiation problems.
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The volumetric flow rate of the air (i.e., airflow) generated from the oscillating internal
water surface can be decomposed into the excitation and radiation airflow, i.e., QE and QR,
as shown in Equation (5).

Q = QE + QR =
x

Sc

∂

∂z
(φI + φD)dS +

x

Sc

∂φR
∂z

dS (5)

By assuming that φI and φD are linear in wave amplitude A, and φR is linear in
radiation admittance ŶR, the airflow can be expressed as the complex amplitudes [13].

Q̂ = Q̂E + Q̂R = q̂e A− Ŷr p̂r (6)

where
q̂e = qe exp

{
−i
(
ωt− εq−qe

)}
(7)

Ŷr = −Yr exp
(
iεqr−pr

)
(8)

p̂r = pr exp
{
−i
(
ωt− εq−qe − εqe−qr

)}
(9)

q̂e and Ŷr correspond to the transfer function for the airflow from the incident wave
and radiation pressure, respectively. The term ‘ˆ’ indicates the complex amplitude. εX−Y is
the phase difference from X to Y. The subscript q, qe, qr, and pr indicate the total airflow,
excitation airflow, radiation airflow, and radiation pressure, respectively. εqr−pr can be
found in the radiation problem. Then, total airflow Q̂ in Equation (6) can be expressed with
sinusoidal time variation form as follows:

Q̂ =
[
qe A−Yr pr exp

{
i
(
εqe−qr + εqr−pr

)}]
exp

{
−i
(
ωt− εq−qe

)}
(10)

Equations (9) and (10) are the implicit function for the pr and εqe−qr under the as-
sumption of an in-phase relationship between total airflow Q̂ and radiation pressure p̂r.
In these equations, the phase difference between excitation and radiation airflow εqe−qr is
the variable for the amplitude of radiation pressure pr. Then, the pneumatic power can be
estimated as follows based on the product of the pressure drop and airflow calculated by
the LDM.

Pp =
1
ω

∫
ω

p̂r·Q̂dω (11)

Figure 4 shows the concept of the linear decomposition method in terms of the
pneumatic power. The absorbed pneumatic power corresponds to the difference between
the excitation and radiation components.
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2.2. Boundary Value Problem

The potential flow theory is used to solve the hydrodynamic energy conversion
problem of an OWC-WEC by assuming an inviscid, incompressible fluid and irrotational
flow. Figure 5 shows a definition of the boundary value problem for the present study. It
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is assumed that an OWC chamber structure is fixed on the seabed, and airflow can only
pass through a turbine. The velocity potential surrounding the OWC chamber structure
could be defined in the fluid domain. The linearized boundary value problem for a given
wave-structure interaction problem is as follows.
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∇2φ = 0 in Ω (12)

∂ζ
∂t =

{
∂φ
∂z − βζ

∂φ
∂z

on SF1on SF2 (13)

∂φ
∂t =

{
−gζ − βφ

−gζ +
pr
ρa

on SF1on SF2 (14)

∂φ
∂n = 0 on SB and SW (15)

The governing equation of the potential flow is the Laplace equation presented as
Equation (12), where velocity potential is defined in the entire fluid domain Ω. The
linearized kinematic and dynamic free-surface boundary conditions are presented in
Equations (13) and (14). SF1 and SF2 correspond to the outer and inner free-surface of the
OWC chamber, respectively. An artificial damping term is added to free-surface boundary
conditions on the numerical damping zone to satisfy the radiation condition at the open
boundary, in which an artificial damping coefficient β is only effective on the numerical
damping zone [5]. The forced radiation pressure pr, i.e., pressure drop, is added to the
dynamic free-surface boundary condition. Here, the air is assumed to be an incompressible
gas. Equation (15) is the non-penetration boundary condition for the chamber structure
(SB) and wall boundary condition on the seabed (SW).

2.3. Finite Element Method

In this study, the finite element method was applied to solve the given boundary value
problem. The weak formulation of the governing equation could be obtained by applying
integration by parts with test functions ψ as follows.

y

Ω

∇φ·∇ψdV −
x

∂Ω

∂φ

∂n
ψdS = 0 (16)

After the fluid domain is discretized using a finite number of elements, the velocity
potential function and wave elevation can be approximated as a linear summation of the
continuous and differentiable test functions as follows:

φ(x, y, z, t) = ∑
i

φi(t)Ni(x, y, z) (17)

ζ(x, y, z, t) = ∑
k

ζk(t)Mk(x, y) (18)
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where Ni is a three-dimensional basis function defined in the entire fluid domain, and Mk is
a two-dimensional basis function on the free-surface. Eight-node hexahedral elements and
four-node quadrilateral elements were used in this study. By applying the Galerkin method,
the boundary value problem is finally obtained as the following linear algebraic equations:

Kij = Fi (19)

Tik
.
ζk = Pik

(
φn,k + fζ,k

)
(20)

Tik
.
φk = Pik

(
−gζk + fφ,k

)
(21)

where
Kij =

y

Ω

∇Ni·∇NjdV (22)

Fi =
x

SB

Ni
∂φ

∂n
dS (23)

Tik = Pik =
x

SF

Mi MkdS (24)

The solution of the Laplace equation is obtained from Equation (19). The free-surface
velocity potential and elevation are integrated in time by using Equations (20) and (21). In
this study, the fourth-order Adams–Bashforth–Moulton method was applied for the time
integration of the free-surface boundary condition. The conjugate gradient method was
employed for solving Equations (22)–(24).

3. Results and Discussions
3.1. Linear Decomposition Method (LDM) for OWC’s Hydrodynamic Energy Conversion

The radiation problem deals with the excitation force and resulting energy dissipa-
tion by the radiated waves outward on the calm water. In this case, the excitation force
corresponds to the oscillating aerodynamic pressure acting on the free-surface inside the
chamber. The excitation (or scattering) problem deals with the oscillating-water-column
motion caused by the incident waves when the aerodynamic pressure is set to zero. Figure 6
shows the wave fields around the OWC chamber under both wave excitation and forced
radiation simulation in the three-dimensional numerical wave tank, in which the numerical
grid of the computational fluid domain constructed based on the recommendation of [5]
corresponds to 81,855 nodes and 70,916 elements. The dimension of the OWC chamber
model corresponds to water depth 16.5 m, breadth 34 m, and front wall depth 2 m.
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Time-series data of free-surface elevation, pressure drop, and airflow measured in the
chamber under excitation and radiation simulation are shown in Figure 7. The response
of the OWC chamber excited at different frequencies ω = 1.0 and 1.5 rad/s are shown
together. In order to express the relationship between the measured data, their amplitudes
are expressed as a normalized value.
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In the wave excitation simulation, the OWC chamber is modeled to allow the airflow
caused by the free-surface oscillation to pass freely in and outside the chamber so that the
Figure 7a,c shows the zero pressure drop. In the forced radiation simulation, the sinusoidal
pressure variation excites the free-surface motion and produces the airflow. The oscillating
airflow behaves out-of-phase with respect to the free-surface elevation. Additionally, the
airflow is proportional to the vertical speed of the free-surface inside the chamber.

Figure 7b,d show that the phase difference between the exciting pressure and the
resulting free-surface elevation in the forced radiation simulation is frequency-dependent.
The free-surface elevation under the ω = 1.0 rad/s in Figure 7b behaved almost in-phase
with the excitation pressure. However, the free-surface elevation under relatively high-
frequency exciting pressure ω = 1.5 rad/s showed a clear phase difference from the
excitation pressure, as shown in Figure 7d. Therefore, it was necessary to investigate the
phase difference between the excitation pressure and the water column motion according
to the wave frequency.

The pneumatic responses of the OWC chamber under wave excitation and forced radi-
ation simulation are shown in Figure 8. The phase difference of pneumatic responses were
defined based on the radiation airflow; these phase differences under various frequencies
are shown in Figure 8a.

• εpr−qr: phase difference from pressure drop to airflow in the forced radiation case;
• εqe−qr: phase difference from wave excitation airflow to forced radiation airflow.
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Figure 8. Phase difference and magnitude of OWC chamber responses under various frequency: (a) phase difference of
decomposed pneumatic responses; (b) magnitude of excitation airflow coefficient (qe) and radiation admittance (Yr) under
various excitation frequencies.

The phase difference can be estimated based on the physical process of the coupled
turbine–chamber interaction in time under the constraint that total airflow, which is the
sum of the excitation and radiation airflow, is in-phase with the radiation pressure. εpr−qr
and εqe−qr showed frequency-dependent characteristics. εpr−qr is sensitive to the excitation
frequency in the low-frequency side (ω < 1.8 rad/s), where the fluid sloshing mode is
dominant. εqe−qr showed the opposite pattern, which was sensitive on the high-frequency
side (ω > 1.8 rad/s).

Moreover, the phases of εpr−qr and εqe−qr changed rapidly in a narrow frequency band
at around ω =1.8, 2.5 rad/s in Figure 8a, in which wave frequencies corresponded to
the first and second longitudinal sloshing modes in Figure 9, but the overall trend was
soon recovered. In the free-surface inside the OWC chamber, the piston and sloshing
modes appeared together according to the excitation wavelength, and as the wavelength
increased, it showed similar characteristics to the flat piston mode. The free-surface profile
depended on the relationship between the chamber’s longitudinal length and the incident
wavelength [5,23].
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Under the linear assumption, excitation and radiation airflow were proportional to
incident wave amplitude and radiation pressure [13], respectively, and these are expressed
as excitation airflow coefficient (qe) and radiation admittance (Yr) in Figure 8b. The qe
and Yr showed similar tendency according to the wave frequency overall, including the
condition of the first and second longitudinal sloshing mode in Figure 9, although the
peaks of qe and Yr are slightly mismatched under the piston mode dominant condition,
ω < 1.8 rad/s. The peak frequency of qe under the piston mode has appeared at a lower
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frequency than that of Yr, which can be interpreted as the effect of the standing wave
around the OWC chamber. The standing wave developed by superposition of incident and
diffracted waves affects the increasing effective water mass acting on the water column
motion under the wave excitation simulation.

The excitation and radiation airflows can be calculated by applying qe with incident
wave amplitude A and Yr with radiation pressure pr, respectively. The total airflow
can be calculated using the phase differences with each decomposed airflow component
based on Equation (7). The total airflow tends to gradually decrease as the radiation
pressure increases in Figure 10a, and the available range of the radiation pressure is limited
depending on the wave frequency. The pneumatic power calculated by the product of the
total airflow and radiation pressure was also characterized as having an optimal value
within the limited radiation pressure range, as shown in Figure 10b.
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Figure 11 shows the pneumatic power of the OWC chamber under various pressure
drop coefficients and wave frequencies. In general, the pressure drop coefficient represents
the aerodynamic characteristics of an air turbine. Here, the pressure drop coefficient
corresponds to the ratio of radiation pressure and total airflow as follows.

γL =
Q
pr

(25)
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As shown in Figure 10, the optimum pneumatic power appears at a specific radiation
pressure for each wave frequency. Therefore, the pneumatic power for the wave frequency
can differ depending on the pressure drop coefficient in Figure 11. It can be seen that the
pressure drop due to the turbine operation and its interaction with the chamber has direct
effect on the primary hydrodynamic energy conversion performance.

3.2. Comparison of Linear Decomposition Method (LDM) and Direct Interaction Method (DIM)

The direct interaction approach is a numerical method to calculate the hydrodynamic
performance of the OWC chamber regarding the wave–chamber–turbine interactions,
as shown in Figure 1. The turbine–chamber interaction problem can be modeled by
continuously updating the pressure drop (pd) generated by the air turbine while the water
column is excited by the incident wave. The pressure drop acts as a damping force on
the free-surface inside the chamber, and is modeled as a linear function of the airflow in
Equation (25), which corresponds to the fundamental aerodynamic characteristics of the
Wells turbine under constant operating conditions.

Figure 12 shows the time-series data of the OWC chamber responses in a wave
excitation simulation with DIM. The pressure drop is in-phase with the airflow, which cor-
responds to the out-of-phase free-surface elevation, as shown in Figure 12a. The pneumatic
power has a positive value in Figure 12b, which can be calculated as the product of the
in-phase airflow and pressure drop. Each time-series response is confirmed to converge to
a quasi-steady state after a certain period.
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The validity of the hydrodynamic energy conversion performance of OWC derived
from the linear decomposition method was investigated through comparison with the
direct interaction simulation results. The direct interaction method is a general numerical
method to consider turbine–chamber interactions in previous studies. In this study, the
direct interaction method was used for the benchmark test to examine the validity of the
linear decomposition method.

Figure 13 shows the comparison of the simulation results between the LDM and
DIM according to the change of the linear pressure drop coefficient (γL). The pneumatic
responses of LDM are calculated for various radiation pressures based on the excitation
airflow coefficient (qe) and radiation admittance (Yr) derived through wave excitation and
forced radiation simulations under the three-wave frequencies, ω = 1.0, 1.5, 2.0 rad/s. For
these wave frequencies, the DIM simulations were performed applying various linear pres-
sure drop coefficients, and these are expressed as symbols in Figure 13. It was confirmed
that the simulation results of LDM agree well with the DIM results at the wave frequencies
regardless of the linear pressure drop coefficient.
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The results of both numerical methods according to the wave frequency and the pres-
sure drop coefficient are compared in Figure 14. The DIM simulation results (symbols) for
various wave frequencies with three linear pressure drop coefficients are compared with
the LDM simulation results (lines). The simulation results of both numerical methods agree
well over the entire frequency domain, ω = 0.5 ~ 3.0 rad/s, including the longitudinal
sloshing mode condition where the free-surface motion inside the chamber is complex.
Therefore, it can be confirmed that the LDM and DIM under the linear assumption can
obtain the equivalent estimation results for the OWC chamber hydrodynamic perfor-
mance. Moreover, because the LDM can calculate the hydrodynamic energy conversion
performance under various pressure drop characteristics using the wave excitation and
forced radiation simulation results, it is a practical method that can significantly reduce the
numerical simulation cases.
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3.3. LDM-based Response Spectrum Method (RSM) for OWC’s Hydrodynamic Energy Conversion
under Irregular Waves

Wave energy converters operate under ocean waves; therefore, their energy conversion
characteristics need to be investigated under irregular waves, as shown in Figure 15.
This section will discuss introducing a response spectrum method (RSM) to estimate
the hydrodynamic energy conversion performance of the OWC chamber under irregular
waves. The OWC chamber’s performance is applied as a transfer function, corresponding
to pneumatic power from the incident wave, calculated based on regular wave simulation
with the LDM. The pneumatic power of the OWC chamber under irregular waves is
estimated by the response spectrum, which corresponds to the product of transfer functions
and wave spectra. The validity of the LDM-based RSM is investigated by comparing with
the DIM simulation results under irregular waves.

The irregular waves were generated in the three-dimensional numerical wave tank
based on the Pierson–Moskowitz spectrum [24] in Equation (26):

Sw(ω) =
5

16
H2

s ω4
pω−5 exp

{
−5

4

(
ω

ωp

)−4
}

(26)

where Hs is the significant wave height and ωp
(
= 2π/Tp

)
is the peak wave angular frequency.
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Figures 16 and 17 show the example of the time-domain irregular wave simulation
results, in which the incident wave condition corresponds to Hs = 2.5 m and Tp = 7.5 s,
and the simulation time is set to 3600 s (1 h). An example of the time-series free-surface
elevation measured in the numerical wave tank without the chamber structure is shown
in Figure 16a. From the correspondence between the input theoretical spectrum and the
measured wave spectrum shown in Figure 16b, it can be seen that the irregular wave is
well generated in the numerical wave tank. Figure 17 shows the pneumatic responses
of the OWC chamber, i.e., airflow, pressure drop, and pneumatic power, under irregular
incident wave simulation with DIM based on Equation (14).
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Figure 17. Time-series pneumatic responses of the OWC chamber from irregular wave simulation
with the direct interaction method (DIM): (a) airflow; (b) pressure drop; (c) pneumatic power.

Wells turbines are characterized by a pressure drop linearly proportional to the flow
rate [4]. Under the assumption of linear pressure drop, the energy conversion performance
of the OWC chamber is dependent only on the excitation wave frequency, so the linear
decomposition method and the RSM can be applied together. The response spectrum (SR)
on the basis of frequency, ω, can be found from the transfer function (G) and the wave
spectrum (Sw) by [25]:

SR(ω) = G(ω)·Sw(ω) (27)

G(ω) =
Pp(ω)

1
2 A2

(28)

where the transfer function of the pneumatic power can be calculated by hydrodynamic
simulation with DIM or LDM under a regular wave.

Figure 18a shows the pneumatic power transfer function and wave spectrum applying
three arbitrary linear pressure drop. The response spectrum calculated by the product of
the wave spectrum and transfer function based on Equation (27) is shown in Figure 18b.
The transfer function’s peak frequency is lower than that of the wave spectrum, as shown
in Figure 18a. Nevertheless, it can be seen that the peak frequency of the response spectrum
is dependent on the wave frequency. In order to increase the pneumatic power under
irregular waves, not only the pressure drop that can increase the magnitude of the transfer
function must be applied, but it is also important that the peak frequency coincides with
the peak frequency of the wave spectrum.
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Figure 18. Application of response spectrum method for hydrodynamic energy conversion problem of the OWC chamber:
(a) transfer function of pneumatic power and incident wave spectrum; (b) response spectrum of pneumatic power and
incident wave spectrum.

A physical quantity can be defined by moments of the response spectrum [25]. The
mean pneumatic power can be defined as the zero-order moment of the response spectrum
as follows.

Pp =
∫ ∞

0
SR(ω)dω = m0 (29)

In order to examine the validity of the LDM-based RSM, the numerical simulations
were performed under the three irregular wave conditions with three linear pressure drop
coefficients, as shown in Table 1.

Table 1. Simulation conditions of irregular wave conditions and linear pressure drop coefficients for
comparison of hydrodynamic energy conversion responses between the LDM and DIM.

Wave ID Hs (m) Tp (s) γL(Pa/(m3/s))

W#1 0.75 5.0 310, 503, 673
W#2 1.50 6.0 310, 503, 673
W#3 2.50 7.5 310, 503, 673

Figure 19 shows the comparison results of the mean pneumatic power under irregular
waves between the LDM-based RSM and DIM-based irregular wave simulation. The
numerical simulation results of both methods show good agreement within the 5% rela-
tive error range under all nine simulation conditions. Therefore, it can be seen that the
LDM-based RSM is quite a practical method for estimating the hydrodynamic performance
of the OWC chamber connected to the Wells turbine under irregular waves. The appli-
cation of this method is expected to contribute to reducing the computational time for
numerical simulation.
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4. Conclusions

The hydrodynamic energy conversion problems of the OWC-WEC have been inves-
tigated numerically, focusing on the hydrodynamic interactions with pressure drop. A
numerical method has been developed based on a finite element method with the linear
potential theory for wave excitation and forced radiation simulations. The linear decompo-
sition method (LDM) was introduced to estimate the hydrodynamic energy conversion
performance of the OWC chamber under various wave frequencies and pressure drop
coefficients. An excitation airflow coefficient and a radiation admittance, which were
derived from wave excitation and forced radiation simulations, respectively, were used
to estimate the extracted pneumatic power with their phase relationship. The validity of
the LDM was examined by numerically comparing the calculated pneumatic responses
between the LDM and the direct interaction method (DIM).

The response spectrum method was applied to estimate the pneumatic power of the
OWC chamber under irregular waves. The transfer functions of pneumatic responses
were derived by the hydrodynamic simulation with the LDM under regular waves. The
hydrodynamic energy conversions under irregular waves were estimated by the response
spectrum method (RSM), considering the product of transfer functions and wave spectra.
The mean pneumatic power estimated by applying the RSM agreed well with the 1 h
irregular wave simulation result. Therefore, under the assumption of an air turbine’s
linear pressure drop characteristics, it can be seen that the LDM-based RSM is applicable
to estimate the hydrodynamic energy conversion performance of the OWC chamber in
ocean waves.
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