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Abstract

Improving the conversion of incident wave energy into useful pneumatic power requires a
clear understanding of the coupling among floating body motions, internal water column
oscillation, air compression, and pneumatic damping in oscillating water column (OWC)
systems. In this study, a coupled multi degree of freedom (MDOF) analytical framework
is developed by incorporating the surge, heave, and pitch motions of the floating body
together with internal water column oscillation and compressible chamber air dynamics. A
distinctive feature of the framework is the direct comparison between a simplified single
degree of freedom (SDOF) configuration and the coupled MDOF configuration, which
enables the contribution of body motion coupling to pneumatic energy conversion to be
explicitly identified. Based on potential flow theory, frequency-domain hydrodynamic
characteristics are coupled with the pneumatic response to evaluate added mass, radiation
damping, hydrodynamic impedance, chamber pressure, pneumatic power, and capture
width ratio (CWR). The MDOF results exhibit two distinct pneumatic power peaks. The
dominant peak reaches a non-dimensional pneumatic power coefficient P* of approximately
0.88 at ω ≈ 0.4 (kh ≈ 0.13), whereas a secondary peak of approximately 0.06 appears in the
higher frequency regime (kh ≈ 2.2), reflecting the primary water column resonance and the
contribution of coupled structural responses, respectively. Comparison with wave-basin
measurements reproduces the principal CWR trend and resonance peak location, although
the peak magnitude is overpredicted near resonance. The results clarify how body motion
coupling and pneumatic damping jointly govern the transfer of incident wave energy into
pneumatic power and provide a practical framework for resonance tuning and preliminary
performance optimization of OWC systems.

Keywords: wave energy conversion; oscillating water column; hydrodynamics; pneumatic
power; capture width ratio

1. Introduction
The efficient exploitation of ocean energy is a major objective in the development of

wave energy conversion technologies [1]. Among the available concepts, the OWC is one
of the most widely investigated [2]. Incident waves drive oscillation of the internal water
column, causing alternating compression and expansion of the chamber air and thereby
converting wave-induced mechanical energy into pneumatic energy [3].
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Over the past few decades, OWC technology has been extensively explored as a
promising solution for wave energy conversion. Fixed-bottom OWC devices, in particular,
have been widely studied because of their structural simplicity and ease of integration
with coastal infrastructure. Their hydrodynamic behavior, chamber pressure dynamics,
and energy conversion performance have been investigated using analytical, numerical,
and experimental approaches [4–6]. In parallel with improvements in hydrodynamic
modeling, geometric design has been recognized as another important factor governing
OWC performance. A recent systematic review of Constructal Design applications to wave
energy converters identified OWC devices as the most frequently studied converter type
and showed that geometric degrees of freedom can strongly influence hydropneumatic
performance [7]. For example, Constructal Design studies have demonstrated that chamber
aspect ratio and submergence can materially alter the hydrodynamic power of an OWC [8].
These studies emphasize the importance of geometry; the present work, however, keeps
the device geometry prescribed and focuses on the dynamic coupling among body motion,
internal water column oscillation, and pneumatic damping.

Numerous experimental prototypes and full-scale facilities have also demonstrated the
feasibility of OWC technology in practical marine environments [9–12]. Various air turbine
concepts, including Wells and impulse turbines, have been implemented and optimized
to improve pneumatic power extraction. Brito Melo et al. [13], for example, analyzed the
sensitivity of OWC performance to Wells turbine design parameters, while Liu et al. [14]
investigated the unsteady performance and self-starting behavior of an axial flow impulse
turbine under reciprocating airflow. Although these studies have established a strong basis
for fixed OWC systems, offshore floating configurations introduce additional hydrody-
namic degrees of freedom and therefore more complex energy transfer mechanisms.

Floating OWCs are increasingly considered for offshore wave energy harvesting, par-
ticularly in deep-water regions where bottom-fixed installations may be uneconomical.
Floating configurations provide deployment flexibility and access to energetic offshore
wave climates [15,16], but their rigid-body motions directly affect the relative displace-
ment between the device and the internal water column. Manimaran [17] showed that
the hydrodynamic response of floating OWC and BBDB concepts depends strongly on
their coupled motion characteristics. Wang et al. [18] further demonstrated that hydrody-
namic interaction and relative positioning can enhance the performance of a dual OWC
system, while Gadelho et al. [19] experimentally showed that chamber damping can sig-
nificantly modify the motions and internal free-surface response of a backward bent duct
buoy (BBDB). Related confined-fluid resonance studies, although based on different struc-
tural configurations, also show that allowing heave or floater motion can shift resonant
conditions and modify wave loads, and that nonlinear focused wave groups can trigger
pronounced transient resonance [20–22]. These observations reinforce the importance of
explicitly accounting for structural motion when interpreting resonance and energy transfer
behavior in floating OWC systems. Floating systems are also sensitive to mooring, stability,
and coupled hydrodynamic–pneumatic effects [23].

Floating OWCs can exhibit nonlinear behavior because structural dynamics, hydrody-
namic forces, internal water column oscillation, and chamber air compressibility interact
simultaneously [24]. Under irregular or strongly transient waves, nonlinear free-surface
effects, turbulence, and wave–structure interaction can further influence the response.
Rezanejad et al. [25] experimentally demonstrated that the configuration of a floating dual-
chamber OWC substantially affects its motion and conversion performance. Resonance
between platform motions and the internal water column can lead to multimodal excitation
and either amplify or suppress energy capture depending on the tuning condition [26]. In
addition, compressible airflow introduces pressure drop and transient flow effects that
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complicate prediction of pneumatic power, particularly near rapid flow reversals [27].
Accordingly, simplified models must be applied with a clear understanding of the physical
effects they retain and those they neglect.

Many theoretical and numerical OWC models therefore rely on idealizations such as
linearized free-surface conditions, simplified PTO damping, or reduced sets of rigid-body
modes [28,29]. Liu et al. [30] developed an integrated chamber–turbine model to reduce
errors associated with decoupled air–water dynamics. Abbasnia et al. [31] subsequently
developed a fully nonlinear two-dimensional potential flow framework with compress-
ible chamber pressure, with emphasis on resolving nonlinear free-surface evolution and
chamber–flow interaction. Chen and Wu [32], by contrast, developed a frequency-domain
potential flow solution method capable of evaluating radiation, diffraction, and frequency-
dependent hydrodynamic coefficients, while Chen et al. [33] applied related hydrodynamic
modeling to a BBDB configuration. Hybrid frequency–time formulations have also been
used to connect frequency-domain hydrodynamic data with time-domain dynamic re-
sponse [34,35]. These approaches provide important high fidelity or specialized capabilities,
but their objectives differ from the system-level coupling analysis pursued here.

The present study therefore develops a coupled analytical framework for a floating
OWC in which the surge, heave, and pitch motions of the body are combined with internal
water column oscillation and compressible chamber air dynamics. The main contributions
are threefold. First, the model organizes hydrodynamic, pneumatic, and structural effects
within a unified frequency and time-domain formulation. Second, SDOF and MDOF
configurations are compared directly to isolate the influence of body motion coupling on
chamber pressure, hydrodynamic impedance, pneumatic power, and CWR. Third, the
model identifies a dominant and a secondary pneumatic power peak and evaluates the
predicted resonance behavior against published wave-basin measurements. The aim is not
to replace fully nonlinear or CFD approaches for resolving local viscous flow structures,
but to provide a compact system-level framework for interpreting resonance, pneumatic
damping, and preliminary OWC performance.

2. Analytical Framework
2.1. Mathematical Model

Establishing an appropriate mathematical model is essential for ensuring the accuracy
of subsequent analyses. For example, in the study by Kim et al. [36], a two-dimensional
mathematical model was developed to simulate the behavior of a BBDB in a wave flume,
providing valuable insights into the hydrodynamic performance of the device.

The present study adopts a reduced-order potential flow formulation rather than a
computational fluid dynamics (CFD) model; consequently, the Navier–Stokes equations
are not solved directly. The water domain is treated as inviscid, incompressible, and
irrotational, so the fluid motion is represented by a velocity potential satisfying the Laplace
equation. Frequency-domain potential flow analysis supplies the wave excitation, added
mass, and radiation damping terms, which are assembled into the SDOF and MDOF
equations of motion. The body and internal water column responses are then coupled
with the chamber pressure evolution and nonlinear orifice flow relation. The resulting
equations are integrated in the time domain by the Newmark β scheme with an iterative
pressure–motion coupling procedure. The formulation was implemented through an in-
house numerical routine rather than a CFD solver, and its system-level response is assessed
against the physical model data described in Section 3.3.

The mathematical model of the coupled OWC system is schematically represented
in Figure 1. The overall fluid domain is decomposed into three subdomains: the exterior
wave field (Ω1), the flume domain beneath the OWC (Ω2), and the internal air chamber
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region (Ω3). These subdomains are bounded by distinct interfaces, including the external
free surface (Sf1), the internal air–water interface (Sf2), and the impermeable boundaries
such as the side walls and the seabed (Sw_out, Sb1, Sb2, and Sd). The upper boundary of the
air chamber, denoted as Sout, corresponds to the outlet through which airflow is exchanged
with the atmosphere, typically representing the orifice. Under incident wave excitation
from the open sea, the water column inside the chamber oscillates vertically, inducing a
reciprocating airflow in the compressible air volume above. This configuration forms the
basis for developing the governing equations that describe the coupled hydrodynamic and
thermodynamic processes of the system.

Figure 1. The mathematical model.

2.2. Governing Equations and Boundary Conditions
Flow Field Description

For the wave–structure interaction analysis, the water is assumed to be inviscid,
incompressible, and irrotational. Under these assumptions, the fluid motion is represented
by a scalar velocity potential φ(x,z,t), which is decomposed into incident, diffraction, and
radiation components:

ϕ(x, z, t) = ϕinc + ϕdi f f + ϕrad

= ϕinc + ϕdi f f +
6
∑

j=1

.
X j(t)ϕrad

j
(1)

where ϕinc is the incident wave potential, representing the incoming waves generated far
from the structure; ϕdi f f is the diffraction potential, induced by the scattering of incident
waves due to the presence of the structure; ϕrad

j are the radiation potentials associated with
unit velocity in the j th degree of freedom (j = 1, 2, . . ., 6), corresponding to the surge, sway,
heave, roll, pitch, and yaw motions, respectively.

Each component satisfies the Laplace equation within the fluid domain Ω1∪Ω2. The
respective boundary conditions are defined over multiple surfaces, including the free
surface, air–water interface, impermeable walls, and the body’s wetted surface. Each
component satisfies the Laplace equation:

∇2ϕi = 0 i ∈ (inc, di f f , rad) ∀(x, z) ∈ Ω1 ∪ Ω2 (2)

On the free-surface Sf1, the linearized kinematic and dynamic conditions are imposed
and combined into a single boundary condition:

∂2ϕi

∂t2 + g
∂ϕi

∂z
= 0 z = 0 (3)
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At the internal water–air surface Sf 2, the vertical velocity of the free surface equals the
velocity of the internal water column, denoted as ξ(t). The dynamic boundary condition
accounts for the pressure jump across the air–water interface:

∂ϕ

∂t
+ gξ(t) = − p(t)

ρ
(4)

∂ϕ

∂z
=

dξ(t)
dt

=
.
ξ(t) (5)

On the impermeable boundaries, including the tank walls and bottom surfaces Sb1,
Sb2, and Sd, the Neumann type no flow condition is enforced:

∂ϕdi f f

∂n
= 0 (6)

∂ϕrad

∂n
= n · V(t) =

6

∑
j=1

nj
.

X j(t) (7)

These boundary conditions ensure that each potential component satisfies its own
physical excitation mechanism. The chamber is open to the atmosphere via the outlet
surface Sa,out, which represents the turbine exhaust interface. The boundary condition at
Sa,out governs the airflow rate through the orifice, modeled non linearly as:

Q(t) = Cd Awsign(p(t)) ·

√
2|p(t)|

ρa
(8)

where Q(t) is the volumetric airflow rate through the orifice; Cd is the discharge coefficient
accounting for non-ideal flow through the orifice, Cd = 0.9; p(t) is the air pressure inside the
chamber; Aw is the effective cross sectional area of the exhaust orifice, (=1133.54 mm2); and
ρa is the air density (=1.225 kg/m3).

2.3. Hydrodynamic Forces

The hydrodynamic forces acting on the floating body and the internal water column
are obtained, and key coefficients such as added mass and radiation damping are derived.
These quantities are essential for establishing the motion equations in the frequency and
time domains. From the unsteady Bernoulli equation, the pressure field is

p = −ρ

(
∂ϕ

∂t
+ gz

)
(9)

The hydrodynamic force in the j th direction on the OWC system surface (Sb1 and Sb2)
is computed by integrating the pressure over the wetted surface:

Fexc
j (t) =

∫
Sb1∪Sb2

pnjdS (10)

In the frequency domain, the radiation force due to motion is given by:

Fexc
j (ω) =

∫
Sb1∪Sb2

pinc(x, y, z, ω)njdS (11)

The formulation of force due to body motion introduces the added mass mj(ω) and
damping cj(ω):

Frad
j (ω) = −ω2mj(ω)Xj(ω)− iω2cj(ω)Xj(ω) (12)
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2.4. Coupled System Dynamics

The coupled OWC system is analyzed using two configurations with different levels
of physical complexity. In the SDOF configuration, all external rigid-body motions are
constrained and only the vertical oscillation of the internal water column is retained;
this displacement is denoted by xw. In the MDOF configuration, the floating body is
allowed to move in surge (x1), heave (x3), and pitch (x5), while the internal water column
simultaneously oscillates in the vertical direction (xw). Thus, the MDOF generalized
coordinate vector is x = [x1, x3, x5, xw]T. This definition clearly separates the rigid-body
heave x3 from the internal water column coordinate xw and enables the effect of body
motion coupling on pneumatic energy conversion to be assessed systematically.

For the SDOF configuration, only the internal water column coordinate xw is retained.
The governing equation of motion is

−ω2(mj + ma
)
x′′

w(t) + iω
(
bj + bp

)
x′w(t) + cjxw(t) = Fexc

j (13)

where ma, bp, and cj denote the added mass, pneumatic damping, and hydrostatic restoring
terms, respectively, and characterize the dynamic response of the retained internal water
column degree of freedom.

Using xw as the SDOF displacement, the impedance Z(ω) is defined as:

Z(ω) = −ω2(mj + ma
)
+ iω

(
bj + bp

)
+ cj (14)

The internal water column displacement can therefore be expressed as a function of
wave excitation force and impedance at wave frequency ω:

xw = Z−1(ω)Fexc
j (15)

Then, the instantaneous pneumatic power can be derived as:

P = p(t)Q(t) (16)

Thus, considering the Formulas (8), (9), and (16), the average pneumatic power over
one wave period is

P =
Cd Aw

T

√
2
ρa

∫
p(t)>0

p
3
2 (t)dt (17)

Assuming that the sinusoidal pressure p(t) = pasin(ωt), the time averaged power becomes

P =
2Cd At p

3
2
a

3πω

√
2
ρa

(18)

The pressure amplitude pa is linked to the internal water column displacement xw

through the pressure evolution equation:

dpa

dt
=

p0 Aw

V0
x′w − pa

V0
Q(t) (19)

In the MDOF configuration, the floating body undergoes surge (x1), heave (x3), and
pitch (x5), while the internal water column is represented independently by xw. The
generalized coordinate vector is

x = [x1, x3, x5, xw]
T (20)
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The coupled frequency-domain equations of motion are:

Z(ω) · x = Fexc(ω) (21)

The internal water column displacement is taken as the fourth component of x:

xw(ω) =
[
Z−1(ω)

]
4
· Fexc(ω) (22)

Then, the pressure response is given by:

pa(ω) = iω
p0 Aw

V0
xw(ω) (23)

By combining Equations (20)–(24), the expression for the pneumatic power of the
OWC system under MDOF motion can be finally derived as:

P =
2Cd Aw

3πω

√
2
ρa

∣∣∣∣∣ ∑
j=1,3,5

Fexc
j

Zj(ω)

∣∣∣∣∣
3
2

(24)

The SDOF and MDOF formulations serve complementary purposes. The SDOF model
retains only xw and therefore isolates the water column–air interaction without rigid-body
motion. The MDOF model additionally includes body surge x1, heave x3, and pitch x5,
allowing direct assessment of how floating body motion changes chamber pressure and
pneumatic power. Comparing the two configurations therefore provides a consistent
measure of the influence of fluid–structure–air coupling on wave energy conversion.

2.5. Hydrodynamic Analysis and Solution

To generalize the analysis and enable comparative evaluation across different con-
figurations and sea states, several non-dimensional coefficients are defined based on the
governing parameters introduced above. These non-dimensional quantities provide in-
sights into the relative significance of hydrodynamic and pneumatic contributions to the
energy conversion process and facilitate performance comparison under various design
and wave conditions:

m∗ =
mj

ρl3 (25)

c∗ =
cj

ρl3ω
(26)

Z∗ = m∗ + ic∗ (27)

P∗ =
P

ρgl3ω3 (28)

where l is the chamber water depth; m* is the non-dimensional added mass coefficient; c* is
the non-dimensional radiation damping coefficient; Z* is the non-dimensional hydrody-
namic impedance coefficient; and P* is the non-dimensional pneumatic power coefficient.

To incorporate the effect of air pressure coupling with its motion, the air-induced
feedback force vector is defined as:

Fair(pa) = [pa(t), pa(t), pa(t),−Aw pa(t),]
T (29)

Then the MDOF dynamic system is written as:

−ω2(mj + ma
)
x” + iω

(
bj + bp

)
x’ + cjx = Fexc

j + Fair(pa) (30)
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The added mass, radiation damping, and hydrostatic restoring terms used in the
coupled equations are obtained from the frequency-domain potential flow formulation.
Because these hydrodynamic coefficients are frequency dependent, the coefficients cor-
responding to each prescribed regular wave frequency are used for that wave condition
and are kept constant during the associated time-domain integration. This frequency by
frequency transfer of hydrodynamic data avoids treating a single coefficient set as represen-
tative of the entire frequency range and provides a consistent link between the frequency-
domain hydrodynamic solution and the time-domain pneumatic coupling [37,38].

The time-domain equations for the body motions and internal water column are
coupled with the compressible air model and discretized using the second order implicit
Newmark β scheme. At each time step, the displacement and chamber pressure vari-
ables are updated iteratively through the residual and Jacobian relations given below.
This procedure resolves the nonlinear pressure–orifice flow feedback while retaining the
hydrodynamic coefficients associated with the prescribed wave frequency.

xn+1 = xn + ∆tx’
n + ∆t2

[(
1
2
− β

)
x”

n + βx”
n+1

]
(31)

This method leads to nonlinear residuals:

Res(k) = −ω2(mj + ma
)
x”(k) + iω

(
bj + ba

)
x’(k) + cx(k) − Fexc − F(k)

air (32)

At each time step, iteration is employed. The Jacobian matrix:

J(k) =

 ∂Res
∂x

∂Res
∂(pa)

∂(p′a)
∂x

∂(p′a)
∂(pa)

 (33)

Update values computed as:[
δx
δpa

]
= −

(
J(k)

)−1
[

Res(k)

p′a
(k) − pt

]
(34)

At each iteration, the air pressure rate mismatch is evaluated together with the dis-
placement correction. Convergence is accepted when both ||δx|| < 10−6 and ||δpa|| <
10−6. These tolerances are applied consistently to all cases. Because the present framework
is an analytical/potential flow model rather than a CFD simulation, no spatial CFD mesh is
involved in this solution procedure.

3. Results and Discussion
The theoretical results are compared with the published physical model measurements

of the pentagonal BBDB reported by Wu et al. [39], the concrete model was showed in
Figure 2. The validation data were obtained from three-dimensional regular wave-basin
tests in which incident wave height and period, internal water surface elevation, and the
pressure difference between the inside and outside of the air chamber were measured. The
principal parameters of the physical model are summarized in Table 1.

Considering the dispersion relation:

ω2 = gktanh(kh) (35)

The calculated results originally presented as functions of wave frequency ω can also
be transformed into functions of the relative water depth kh for further analysis.
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Figure 2. The concrete OWC model.

Table 1. Principal parameters of the physical model from literature [39].

Parameter Symbol Value

Water depth h 0.75 m
Model mass M 30 kg
Nozzle diameter Dn 45 mm
Nozzle area An 1.59 × 10−3 m2

Mooring chain length Lm 1.23 m
Incident wave height H 0.10 m

In order to measure the ability of OWC to convert wave power into pneumatic power,
the expression for CWR is defined as:

CWR =
Pair
Preg

× 100% (36)

where Pair is the pneumatic power, and Preg is the regular incident wave power, derived as:

Preg =
1

16
ρgH2B

ω

k

(
1 +

2kh
sinh(2kh)

)
(37)

where B is the reference width of the OWC normal to the direction of wave propagation.
Accordingly, Preg represents the total incident wave power available over the reference
width B, rather than the wave power per unit crest width. With this definition, a CWR
above 100% does not imply that the device extracts more energy than is available in the
surrounding wave field. Rather, it indicates that, near resonance, the effective hydrody-
namic capture width is greater than the selected geometrical reference width B because of
diffraction, radiation, and resonant wave–body interaction.

3.1. SDOF Mode

Figure 3 shows the four non-dimensional SDOF coefficients as functions of wave
frequency over 0 < ω ≤ 6. The added mass coefficient m* initially increases and reaches
a local maximum near ω ≈ 1.8, then decreases over the intermediate frequency range
before rising slightly again for ω > 4. The radiation damping coefficient c* decreases to a
minimum in the mid-frequency range, indicating reduced radiative resistance there. The
magnitude of the hydrodynamic impedance Z* varies smoothly as the combined influence
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of inertia and damping changes with frequency. Most notably, the pneumatic power
coefficient P* exhibits a pronounced maximum near ω ≈ 2.5. Away from this resonance
band, P* decreases rapidly, indicating a substantially weaker pneumatic response at both
sub-resonant and super-resonant frequencies.

Figure 3. Variations in the dimensionless SDOF with ω.

As shown in Figure 4, the behavior of the added mass coefficient m∗ demonstrates
a classical decay with increasing kh, dropping from a value of approximately 0.55 at low
wavenumbers to around 0.11 when kh = 6. This decline highlights the reduced influence
of surrounding fluid inertia at higher frequencies, where the wavelength becomes much
shorter relative to the model scale. In contrast, the damping coefficient c∗ rises mono-
tonically over the entire range of kh, indicating a progressively stronger wave radiation
effect. Such growth is consistent with the increasing energy dissipation associated with
shorter wavelength interactions. Z∗ displays a smooth transition: it remains elevated in the
intermediate range of kh ∈ [2,4], suggesting enhanced hydrodynamic responsiveness.

Figure 4. Variations in the dimensionless SDOF with kh.

Of particular interest is the trend of the dimensionless pneumatic power coefficient P*,
which declines consistently over the entire range of kh, with its maximum occurring at the
minimum kh value. This downward trend in P* highlights a critical physical insight: as
wavenumbers increase (i.e., wavelengths shorten), the interaction between wave-induced
motion and the internal air compression becomes weaker, leading to diminished airflow
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and reduced energy conversion. The result implies that, for the given chamber geometry
and turbine characteristics, the floating OWC is best tuned for longer waves, and efficiency
drops significantly as wave periods decrease.

3.2. MDOF Mode

As the frequency increases, the non-dimensional added mass coefficients m∗ associated
with the four motion modes exhibit distinct dynamic characteristics, shown in Figure 5. In
the surge direction (x1), the coefficient rises progressively, reflecting the intensifying inertia-
induced by accelerating horizontal wave motion. The heave component (x3) decreases
from 0.45 to 0.33 as ω rises from 0.1 to 3.2, then climbs as ω increases. The pitch mode (x5)
displays an oscillatory behavior rather than a monotonic trend, fluctuating between 0.37
and 0.52. This pattern suggests that the rotational added mass is sensitive to frequency-
dependent wave excitation, possibly due to the interaction between wave moments and
geometry. Meanwhile, the water column mode (xw) maintains near constancy across the
frequency spectrum, implying its behavior is dominated by internal air compressibility
rather than hydrodynamic radiation.

Figure 5. Variation m* of MDOF with ω.

Figure 6 compares m* for four degrees of freedom as a function of kh. For the surge
mode (x1), m* exhibits a distinct peak near kh = 0.8, followed by a gradual decline to a
minimum at kh = 2.0, and then increases again. In the heave direction (x3), m* reaches its
lowest value at 1.0 and increases steadily thereafter, indicating enhanced vertical inertia
due to stronger wave–body interaction at higher wavenumbers. For the pitch mode (x5), the
coefficient decreases continuously from 0.2 to 0.1 with increasing kh. This trend confirms
that shorter waves produce smaller hydrodynamic moment arms, thereby reducing the
rotational added mass. The change of x5 shows a monotonic increase, highlighting that
wave confinement becomes stronger at higher kh, intensifying the effective inertia of the
oscillating water column within the chamber.

At low frequencies (ω < 1.0), all four modes exhibit relatively high values of c*,
particularly in the surge and pitch directions, as shown in Figure 7. This is attributed
to the fact that, at low wave frequencies, the wavelength becomes much larger than the
OWC dimensions, resulting in slow but large-amplitude fluid motion. The body’s motion
generates significant wave radiation resistance to maintain continuity, especially in surge
and pitch, where horizontal and rotational water movements dominate. Such behavior
enhances energy dissipation, leading to high damping coefficients.
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Figure 6. Variation m* of MDOF with kh.

Figure 7. Variation c* of MDOF with ω.

As ω increases, the damping coefficients for x1, x3, and x5 decrease initially due to
the diminishing effectiveness of long-wave radiation. Subsequently, each mode displays
a localized minimum or inflection point, followed by a moderate increase or plateau.
The damping of xw shows a more monotonic decreasing pattern, reflecting the reduced
interaction time between the oscillating interface and the compressible air chamber at
higher frequencies.

The variation of dimensionless damping coefficients c* with kh reveals insightful
frequency–depth coupling effects across the four degrees of freedom, as shown in Figure 8.
All four curves initially increase and then decline with rising kh, reflecting frequency-
selective radiation characteristics of the OWC. For surge (x1), the curve peaks at kh ≈ 3.7
and then declines. Heave (x3) increases and reaches a local maximum at kh ≈ 4.2. Pitch (x5)
shows a sharp peak at kh ≈ 2.8. Water column motion (xw) grows monotonically and peaks
near kh ≈ 5.0, indicating intensified air–water exchange.
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Figure 8. Variation c* of MDOF with kh.

At low frequencies (ω < 0.5), all four curves exhibit the high initial values shown
in Figure 9, primarily driven by the dominant contribution of radiation damping over
added mass in this regime. This behavior is physically consistent with the fact that at low
frequencies, the system responds more sluggishly, and energy dissipation through wave
radiation becomes relatively more significant than inertial effects. For surge (x1), heave
(x3), and water column motion (xw), Z* increases rapidly beyond ω = 0.5, reaching peak
values between ω = 1.5 and ω = 2.0, followed by a gradual decrease. This behavior reflects
resonance characteristics in these modes, where both radiation damping and added mass
synergistically enhance the system’s dynamic resistance at specific frequency bands. In
contrast, the pitch mode (x5) shows a relatively flat Z* profile, fluctuating mildly around
0.4 across the entire frequency range. This indicates that pitch motion is less sensitive to
frequency-dependent hydrodynamic effects, likely due to the geometric symmetry and
shorter moment arm involved in rotational excitation.

Figure 9. Variation Z* of MDOF with ω.

Figure 10 illustrates that all four curves exhibit a clear non-monotonic behavior: as kh
increases, Z* first rises, reaches a peak, and then gradually decreases. In the surge direction
(x1), Z* reaches its maximum near kh = 3.4, indicating a strong hydrodynamic resonance
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influenced by long-wavelength OWC interactions. For the heave mode (x3), Z* peaks at
kh = 2.5, where the highest overall Z* is observed, signifying dominant added mass and
radiation effects typical of vertical motion in semi-submerged structures. The pitch mode
(x5) peaks earlier at kh = 1.8, yet exhibits the smallest peak magnitude, highlighting weak
rotational coupling. In contrast, the internal water column motion (xw) exhibits a broad and
pronounced maximum at kh = 4.2, reflecting intensified coupling with the compressible
chamber at high wavenumbers.

Figure 10. Variation Z* of MDOF with kh.

Despite the OWC system having only a single chamber, the computed dimensionless
pneumatic power coefficient P* demonstrates a distinct double-peak pattern across the
frequency range, as shown in Figure 11. The first and dominant peak, occurring at ω

≈ 0.4, corresponds to the natural resonance of the internal water column. The second
peak, located at ω ≈ 4.4, though significantly smaller in magnitude (about 0.06), reveals an
important dynamic phenomenon: at higher frequencies, other structural modes become
more active, generating differential pressure that contributes to intermittent airflow and
secondary energy transfer. This suggests that even in a single-chamber design, multiple
hydrodynamic modes can indirectly modulate the airflow rate, especially under nonlinear
response conditions.

Figure 11. Variation P* of MDOF with ω.
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A detailed inspection of P* as a function of kh reveals two energetically significant
regimes, as shown in Figure 12. The dominant peak at kh = 0.13, where P* = 0.88, occurs
under long-wave conditions. This suggests a resonance-like phenomenon between the
heaving water column and the compressible air chamber, where the large stroke of water
motion efficiently pumps air through the orifice. As kh increases, P* rapidly declines due
to reduced wave-induced fluid penetration and diminishing oscillation amplitude. A
secondary peak in P* emerges near kh = 2.2, where the coefficient reaches approximately
0.06. This localized peak is attributed to a higher-order resonance condition in which
the internal water column oscillation is synchronously amplified by the wave-induced
forcing. At this kh, the phase relationship between the water column motion and the air
compression reaches a near-optimal condition, resulting in pneumatic output despite the
system operating away from the primary resonance.

Figure 12. Variation P* of MDOF with kh.

3.3. Validation Against Physical Model Tests

As shown in Figure 13, the theoretical and experimental CWR curves exhibit the
same principal resonance trend: the response rises to a pronounced maximum near the
natural period and then decreases on either side of the peak. Quantitatively, the published
wave-basin experiment reaches a maximum CWR of approximately 146.8%, whereas the
theoretical curve reaches approximately 180% in the present calculation, corresponding to
an overprediction of about 23% at the peak. From the discrete points shown in Figure 13, the
theoretical maximum occurs at approximately T = 1.30 s and the experimental maximum
at approximately T = 1.25 s, giving a peak period shift of about 0.05 s (approximately 4%).
At shorter periods (T < 1.1 s), the theoretical CWR approaches zero more rapidly than the
measured response.

These discrepancies are primarily associated with the simplifications adopted in the
theoretical formulation. The MDOF model retains four coupled generalized coordinates.
Chamber air compressibility is represented through the pressure evolution relation and
acts as a coupled pneumatic response rather than as an independent mechanical degree of
freedom. The hydrodynamic formulation is based on linear potential flow assumptions
and therefore does not explicitly resolve viscous damping, vortex shedding, turbulent and
local orifice losses, valve hysteresis, or internal sloshing. In addition, the theoretical outlet
area used in the present model is not identical to the 45 mm nozzle used in the validation
experiment, which is another plausible contributor to the difference in peak magnitude.
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No damping coefficient or other free parameter was tuned to force agreement with the
experimental CWR curve.

Figure 13. Comparison between the experimental results reported by Wu et al. [39] and the present
theoretical results.

Experimental effects can also broaden or suppress the measured resonance peak. The
validation study measured incident wave properties, internal water elevation, and chamber
pressure difference [39], and unavoidable effects such as wave reflection, sensor calibration,
and small geometric or mooring asymmetries may contribute to the observed spread.

Taken together, the agreement in the overall CWR trend and peak period location
indicates that the analytical framework captures the dominant resonance mechanism, while
the peak magnitude difference defines the present limit of its quantitative accuracy. The
model is therefore most appropriate as a design-oriented tool for examining parameter
sensitivity, motion coupling, resonance tuning, and preliminary performance trends rather
than as a replacement for high-fidelity viscous flow simulations when detailed local losses
are required.

3.4. Comparison with Previous Studies

The present results can be placed in context by comparing the objectives of represen-
tative OWC modeling approaches. Abbasnia et al. [31] resolved nonlinear free-surface
evolution under compressible chamber pressure using a fully nonlinear two-dimensional
potential flow model, whereas Chen and Wu [32] focused on a frequency-domain potential
flow solution for radiation, diffraction, and hydrodynamic coefficients. The present frame-
work uses a more compact system-level formulation: frequency-dependent hydrodynamic
terms are coupled with internal water column motion and chamber pressure dynamics, and
SDOF and MDOF configurations are compared directly. Its main benefit is therefore the
transparent attribution of changes in pneumatic power and CWR to body motion coupling
rather than higher-fidelity resolution of local viscous flow.

The validation against Wu et al. [39] provides an additional experimental benchmark.
The analytical model reproduces the principal CWR resonance band and peak period
location without parameter fitting, although it overpredicts the peak magnitude. This
behavior is consistent with the intended role of the model as a mechanism and design-
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oriented framework. Moreover, the motion-induced shifts in resonance observed in related
heaving and floating body gap resonance studies [20–22] support the broader conclusion
that structural motion can alter resonant fluid response; the present OWC results extend
this concept to the coupled conversion of wave energy into pneumatic power.

4. Conclusions
This work has established a comprehensive analytical framework for evaluating the

hydrodynamic and pneumatic behavior of a floating OWC system equipped with a PTO
mechanism. The modeling approach integrates key dynamic components, including the
platform’s rigid-body motions, the vertical oscillation of the internal water column, and the
compressible air dynamics within the chamber. Based on potential flow theory, governing
equations are derived and implemented in both frequency and time domains. To facilitate
comparative analysis, two configurations are considered: a simplified SDOF model focusing
on internal oscillation, and a fully coupled MDOF system capturing body–fluid interactions.

The theoretical results reveal that the non-dimensional pneumatic power coefficient
P* reaches a dominant peak of 0.88 at ω = 0.4 (or kh = 0.13) and a secondary peak of 0.06
near kh = 2.2, attributed to a higher-order resonance where the internal water column is
synchronously amplified by wave-induced forcing, resulting in non-negligible pneumatic
output even beyond the primary resonance band. The heave-mode added mass m* de-
creases from 0.45 to 0.33 as ω increases, while pitch-mode damping c* peaks around kh = 4.2.
Impedance Z* in surge direction shows maximum resonance at kh = 3.4. Comparisons with
wave tank experiments demonstrate good agreement in the trend and peak location of the
CWR, affirming the model’s ability to reproduce dominant resonance behavior.

Despite the use of linear theory, the model omits viscous effects, turbulence, et al., which
may cause local deviations from experimental results. Nevertheless, the present framework
effectively captures the coupled hydrodynamic–pneumatic mechanisms and provides a useful
tool for performance prediction and preliminary design of OWC systems. Future work may
extend the model to include nonlinear pneumatic damping behavior, mooring dynamics, and
irregular wave input for enhanced accuracy under real-sea conditions.
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