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Abstract: We explore the incorporation of an oscillating water column (OWC) device into a monopile foundation designed for 
offshore wind power generation. The hydrodynamic characteristics of the structure are investigated, including the free water 
surface and air pressure response inside the OWC chamber, the wave energy capture performance, and the wave load response 
under various power take-off (PTO) damping and wave conditions. An orifice is employed to represent the quadratic PTO 
damping effect. Results indicate that increasing the PTO opening ratio increases the peak frequency of the water surface 
oscillation coefficient inside the OWC chamber, as well as the OWC pneumatic power. The load-reduction effect of the OWC 
device in the positive direction is likely related to the water surface oscillation inside the chamber and the wave energy 
extraction efficiency. At high wave frequencies, the water surface oscillation coefficient is relatively small, while the 
pneumatic power remains at a large value, and the OWC device can effectively reduce wave loads in the direction of incoming 
waves. The optimal opening ratio of 1.51% may balance wave energy utilization efficiency with structural protection for the 
device.

Key words: Oscillating water column (OWC); Offshore wind power; Monopile; Wave energy converter; Wave loads

1 Introduction 

Global renewable energy production is expected 
to keep growing rapidly in the coming years. With its 
large-scale development and utilization, wind energy 
has gained maturity in the field of renewable energy 
(Liu et al., 2023). Offshore wind represents a new 
trend in wind power development, boasting favorable 
conditions such as high wind speed, small wind shear, 
low turbulence intensity, and long annual utilization 
hours (Liu et al., 2021). Monopile foundations, as a 
primary offshore wind power foundation type, display 
strong adaptability to water depth and mature con‐
struction technology, which can be applied even in 
deep-sea environments (Lee et al., 2023). However, the 
safety of monopile foundations in deep-sea conditions 

is of vital concern, due to the elevated wave loads they 
frequently encounter.

Many efforts have been made in the design of 
offshore wind power monopile foundations to reduce 
wave loads, such as using high-performance materials 
instead of steel pipes to reduce the monopile diameter 
(Ma and Yang, 2020), opening holes in the monopile 
hull to alter the flow patterns around the structure 
(Andersen et al., 2020), and attaching a shell to the 
foundation to reduce the flow resistance (Schopf, 
2009). These measures can effectively decrease the 
area experiencing high forces or dissipate the wave 
energy, providing higher protection. In contrast to de‐
signs that dissipate wave power, a more favorable ap‐
proach might involve the integration of wave energy 
converters (WECs) with wind power (Michele et al., 
2019). This would enable the device to capture addi‐
tional energy from waves, while effectively reducing 
the wave loads on the monopile foundations.

Wave energy is characterized by high predictabil‐
ity, utilization, and power density (He et al., 2023a). 
Many areas in the coastal waters of eastern China 
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have been identified as suitable for wave energy de‐
velopment (Shi et al., 2022). WECs can be classified 
according to the types of power take-off (PTO) 
(Sheng, 2019). Among various WECs, the oscillating 
water column (OWC) device is the most widely used 
due to its simple structure and low number of mechan‐
ical components, displaying advantages of lower cost 
and higher durability (He et al., 2012; Falcão and 
Henriques, 2016; Zheng et al., 2020a). An OWC de‐
vice consists of a fixed or floating pneumatic chamber 
with an underwater opening, in which water inside 
the chamber reciprocates to form an airflow. The air‐
flow passes through a turbine fitted to the air chamber 
so that power can be generated.

Thus far, the main challenges to the widespread 
deployment of offshore OWC devices include high 
construction and maintenance costs (Chang et al., 
2018). To improve cost-effectiveness, OWC devices 
have been integrated with breakwaters for additional 
benefits, including wave power supplementation and 
increased energy dissipation (He et al., 2016). The hy‐
drodynamic characteristics of integration with various 
breakwater types, such as bottom landed (Boccotti 
et al., 2007; He and Huang, 2016; Kuo et al., 2017; 
Zheng et al., 2019, 2020b; Chen et al., 2020; Zhu 
et al., 2020; Zhao et al., 2022), pile supported (He 
and Huang, 2014; He et al., 2019; Qu et al., 2021), 
and floating (Koo, 2009; He et al., 2013, 2017; Howe 
et al., 2020; Ram et al., 2022), have been widely 
investigated.

More recently, OWC devices have been extended 
to offshore wind power monopile foundations, allow‐
ing efficient wave energy extraction along with foun‐
dation protection. The OWC device serves as an auxil‐
iary module to provide power supplemental to the 
wind power. Besides utilizing a portion of wave 
energy, the process of vortex evolution in the flow 
field around the OWC device also dissipates a fair 
amount of wave energy (He et al., 2023b); thus, the 
wave loads on the monopile foundations can be signif‐
icantly reduced. Moreover, due to the large-scale de‐
velopment of offshore wind power, the installation 
and maintenance costs of OWC devices can be con‐
siderably lowered.

A few previous studies have explored the integra‐
tion of OWC devices into monopile foundations and 
investigated their hydrodynamic performance. For in‐
stance, Perez-Collazo et al. (2018) proposed a hybrid 

system consisting of an OWC device and a monopile 
foundation, and examined the hydrodynamic response 
of the OWC subsystem to different wave conditions. 
Similarly, Zhou et al. (2020) attached a shell-like 
OWC device to a monopile foundation, and evaluated 
the hydrodynamic performance and wave loads with 
numerical and experimental methods. Cong et al. 
(2021) proposed a four-chamber OWC device inte‐
grated into a monopile foundation, and numerically 
investigated its hydrodynamic performance using a 
higher-order boundary element method (HOBEM). It 
was found that the wave force on the four-chamber 
OWC device can be balanced by the wave force on 
the monopile foundation under certain conditions, re‐
sulting in essentially zero external force on the whole 
system. Li et al. (2022) also incorporated a cylindrical 
OWC device within a monopile foundation. The un‐
derwater opening of the OWC device was on the hull 
of the monopile foundation, with the hull of the mono‐
pile foundation forming the pneumatic chamber of the 
OWC device. As a result, no additional structural con‐
figuration was required. Compared to OWC devices 
integrated outside the monopile foundation, the pro‐
posed OWC device was more deeply integrated with‐
in the monopile foundation. Consequently, there was 
no increase in the amount of forced area, and im‐
proved wave load performance was expected. Up 
until now, the hydrodynamic performance of OWC 
monopiles has been investigated under different wave 
characteristics, chamber geometries, and PTO parame‐
ters. However, the effect of wave loads on OWC 
monopiles has not yet been studied.

In this study, the hydrodynamic performance of 
the OWC monopile proposed by Li et al. (2022) is ex‐
perimentally investigated. Specifically, the air pres‐
sure fluctuation inside the chamber, water surface os‐
cillation inside and outside the chamber, and wave en‐
ergy extraction efficiency are analyzed. Moreover, the 
wave loads on the OWC monopile are examined and 
compared with an ordinary monopile of equal diame‐
ter. The practical load-reduction characteristics of the 
OWC monopile are verified for a sea state with wide 
wave frequencies, and an optimal PTO opening ratio 
is recommended. The results of this work can aid the 
design of multifunctional monopile foundations for 
offshore wind power, particularly in terms of wave en‐
ergy extraction and foundation protections.
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2 Experiments 

2.1 Physical model and experimental setup

The experiments were carried out in a 25.00 m 
long, 0.70 m wide, and 0.70 m high wave flume in 
the Port Engineering Laboratory of the Ocean College, 
Zhejiang University, China. A piston-type wave maker 
equipped with an active wave-absorbing system is in‐
stalled at one end of the flume, and a wave-absorbing 
beach with a 1∶6 slope covered with porous media is 
installed at the other end of the flume for reducing wave 
reflections. The pre-experimental results indicated that 
the wave-absorbing beach functioned effectively, with 
the wave reflections from the end being kept to less 
than 5% throughout the experiments.

Our model design followed the Froude similarity 
law. According to the dimensions of the wave flume 
and model prototype, a geometric scale factor of 1∶50 
was adopted; thus, the time scale factor was 1∶7.07. 
Two sets of foundation models for offshore wind 
power were designed. The models were made of plexi‐
glass. Model I was an OWC monopile, and Model II 
was an ordinary monopile with the same outer diame‐
ter as Model I. As Model II was a simple closed cylin‐
drical structure, we do not present it here to save fig‐
ure space. The geometric details of Model I are illus‐
trated in Fig. 1. There is an arc-shaped opening of 
0.10 m height and 120° on the side hull of the mono‐
pile. The opening is located underwater to communi‐
cate with the external fluid environment. From the 
bottom of the underwater opening and upwards, the 

monopile hull forms the pneumatic chamber of the 
OWC device. The outer diameter of the monopile D 
is 0.14 m, and the hull thickness δ is 0.005 m. There‐
fore, the diameter of the OWC chamber Dc is 0.13 m.

In laboratory-scale tests, it is generally too diffi‐
cult to fabricate a realistic mini-turbine, and instead, 
an orifice is commonly used to simulate an impulse 
turbine (He and Huang, 2017). This preserves the 
flow characteristics of a quadratic PTO mechanism. 
Different flow characteristics of the PTO mechanism 
can be simulated by replacing PTO covers with differ‐
ent orifice sizes. The influence of PTO damping on 
Model I was the focus of this study, and five orifice di‐
ameters (DPTO=0.012, 0.014, 0.016, 0.018, and 0.020 m) 
were tested. The corresponding opening ratios (e), i.e., 
the area of the aperture opening divided by the cross-
sectional area of the OWC chamber, were 0.85%, 
1.16%, 1.51%, 1.92%, and 2.37%, respectively, cover‐
ing a broad range. As shown in Fig. 1, several holes 
(A–D) existed on the top of Model I for installing sen‐
sors and PTO cover. After installation, the connec‐
tions between the holes and sensors were all sealed. 
As a result, the air above the water column inside the 
OWC chamber could only pass through the orifices in 
the PTO cover. Incidentally, the study by Hayati et al. 
(2020) indicates that altering the position of the PTO 
cover of the OWC device does not significantly affect 
the wave energy conversion efficiency. Therefore, the 
position of the PTO cover in Model I was not strictly 
controlled. From the perspective of wave energy utili‐
zation rate in engineering applications, the energy-
capturing effect of the PTO cover at any position on 
the top of the OWC chamber (or even on the side hull 
of the OWC chamber) is similar, and the PTO cover 
installation location can be optimized based on field 
conditions.

As illustrated in Fig. 2, Model I was positioned 
at a distance of 13 m away from the wave maker in 
the experiments. The force chain was used to measure 
the wave loads on the model. The model was firmly 
mounted to the force chain, with a 0.02 m gap be‐
tween the monopile bottom and the flume bottom. 
Consequently, there was no bottom friction affecting 
the total horizontal wave force measurement, and the 
gap was small and deep enough to avoid large vertical 
wave force on the monopile bottom. Three wave 
gauges (WG1–WG3) were used to measure the in‐
stantaneous surface elevation. WG1 was 5.00 m away Fig. 1  Geometric details of Model I
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from the wave maker to measure the incident wave 
height, WG2 was 0.04 m in front of the model’s 
wave-facing surface to measure the water surface os‐
cillation outside the OWC chamber, and WG3 was on 
the model to measure the water surface oscillation in‐
side the OWC chamber. The air pressure sensor (PS) 
was used to measure the air pressure fluctuation in‐
side the OWC chamber. Since Model II does not have 
an air chamber, WG3 and PS were not installed. Apart 
from this, the installation location of Model II and the 
mounting positions of the remaining sensors were the 
same as those depicted in Fig. 2.

The wave gauges and force chain were recali‐
brated before and after the experiments on each day 
to ensure measurement accuracy. The sampling fre‐
quency was 100 Hz for all sensors. All sensors were 
connected to a synchronous collector to ensure that all 
data were recorded in the same time series.

2.2 Testing conditions

In this study, the water depth h was kept at 
0.40 m for all test conditions, and so the draft of the 
OWC chamber Dr was fixed at 0.06 m. The wave pe‐
riod T was varied from 0.70 s to 1.60 s at an interval 
of 0.10 s, and the target incident wave height Hi was 
varied from 0.03 m to 0.06 m at an interval of 0.01 m. 
The arc-shaped opening on the side hull of the mono‐
pile was kept underwater throughout all experiments 
to avoid air leakage. We used the dimensionless wave 
number kh to present the results, where k denotes the 
wave number. For the range of the tested wave period, 
kh varied from 0.89 to 3.30. Details of the testing con‐
ditions are summarized in Table 1 for reference.

2.3 Analysis methods

According to the linear wave theory, the incident 
energy flux PI per unit of wave-crest length can be ex‐
pressed as:

PI =
1

16
ρgH 2

i σ
k

é

ë
êêêê

2kh
sinh(2kh)

+ 1
ù

û
úúúú  (1)

where ρ is the water density; g is the gravitational ac‐

celeration; σ is the wave angular frequency, σ =
2π
T

, 

satisfying the dispersion equation as:

σ 2 = gk tanh kh (2)

where the wave number k can be determined for a 
given wave angular frequency σ and water depth h. 
The pneumatic power PE extracted by the OWC cham‐
ber from the wave field within one wave period can 
be calculated by:

PE =
S
T ∫

t0

t0 + T

p(t)u(t)dt (3)

where S is the cross-sectional area of the OWC cham‐
ber; t0 is a selected starting moment after the experi‐
mental test has reached the steady state; p(t) is the 
measured air pressure inside the OWC chamber; u(t) 
is the vertical velocity of the water surface inside the 
chamber; t is the time.

In the experiments, the capture width ratio Cc is 
used to quantify the wave energy extraction capacity 
of the OWC device, which is defined as:

Cc =
PE

PI Dc

. (4)

Table 1  Summary of test conditions

Parameter

Water depth, h

Incident wave height, Hi

Wave period, T

Wave angle, β

Value

0.40 m

0.03–0.06 m (with an interval of 
0.01 m)

0.70–1.60 s (with an interval of 
0.10 s)

0°

Fig. 2  Schematic diagram of the experimental setup
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The pressure coefficient Cp representing the air 
pressure fluctuation inside the OWC chamber is de‐
fined as (He and Huang, 2016):

Cp =
Dp
ρgH i

 (5)

where Δp is the difference between the maximum and 
minimum values of p(t) inside the chamber. The am‐
plifying coefficient Ca representing the water surface 
oscillation inside the OWC chamber is defined as:

Ca =
Dη
H i

 (6)

where Δη is the difference between the maximum and 
minimum values of η(t), which is the water surface el‐
evation inside the OWC chamber as measured by the 
wave gauge WG3. The ratio of load reduction RL is 
used to characterize the effect of the OWC device in 
reducing wave loads on the monopile, and is given by:

RL =
F II

max -F I
max

F II
max

´ 100% (7)

where F II
max is the maximum horizontal wave load of 

Model II; F I
max is the maximum horizontal wave load 

of Model I. A positive RL value means that the OWC 
device exerts a load-reduction effect.

3 Results 

3.1 Water surface oscillation

The relationship between the in-chamber water 
surface oscillation coefficient Ca and the dimension‐
less wave number kh is shown in Fig. 3, for different 
incident wave heights Hi under five different PTO 
conditions. It should be noted that increasing Hi will 
correspondingly decrease Ca, except for some speci‐
fied experimental cases with large opening ratios e 
and low wave frequencies. This may be explained by 
the quadratic damping effect of the orifice. The larger 
the incident wave height Hi, the stronger the free 
water surface oscillation inside the chamber, which re‐
sults in a larger air pressure inside the OWC chamber. 
Because of the quadratic damping effect of the orifice, 
the air pressure inside the chamber increases more and 

more quickly with the increase of the air volume flow 
rate, leading to a decrease in Ca. When the chamber is 

Fig. 3  Variation of in-chamber water surface oscillation 
coefficient Ca versus kh for different values of Hi with: (a) 
e=0.85%; (b) e=1.16%; (c) e=1.51%; (d) e=1.92%; (e) e=
2.37%

503



|    J Zhejiang Univ-Sci A (Appl Phys & Eng)   2025 26(6):499-511

equipped with an orifice whose opening ratio e is large 
enough, the PTO damping effect could be equivalent 
to linear damping for low-frequency wave conditions, 
where Ca is nearly independent of the changes in Hi.

It is worth noting that the curves of Ca exhibit a 
local minimum around kh=1.05 (Fig. 3), which ap‐
pears to be insensitive to the change of the incident 
wave height Hi and the opening ratio e. However, nei‐
ther significant natural vibration of the model nor an 
unusual inhomogeneity of the water surface inside the 
chamber were observed in the experiments around 
kh=1.05. We believe that the appearance of the local 
fluctuation in the trend of the Ca curves may be related 
to the flow characteristics at the side hull opening of 
the device, although this hypothesis needs to be veri‐
fied by further investigation of the flow field around 
the OWC monopile.

In addition to the local minimum mentioned 
above, there are other noteworthy peaks. As the open‐
ing ratio e increases, a set of peaks appears on the 
curves of Ca and then shifts toward higher wave fre‐
quencies (Fig. 3). The case at Hi=0.03 m is a typical 
example. When e=0.85%, the curve of Ca basically 
follows a decreasing trend with kh (Fig. 3a). A peak 
begins to appear when e=1.16%, with a frequency of 
kh=1.16 (Fig. 3b). Subsequently, when e gradually in‐
creases to 2.37%, the peak shifts to a higher frequency 
of kh=2.06 (Figs. 3c–3e). This phenomenon is ob‐
served at each test group for different incident wave 
heights, but is less pronounced when the incident 
wave height is relatively large. For example, for the 
relatively large incident wave height of Hi=0.06 m, 
the peak does not start to appear until the opening 
ratio e=1.92% (Fig. 3d), and there is a slight frequency 
shift when the opening ratio continues to increase 
to e=2.37% (Fig. 3e).

This phenomenon can be explained as follows. 
When the air volume flow rate is small or the orifice 
opening size is large enough, the nonlinear effect of 
the orifice damping may not be fully reflected, and the 
orifice effect is essentially equivalent to linear damp‐
ing, i.e., the damping coefficient is approximately a 
constant value and independent of the air volume 
flow rate. When the air volume flow rate is large or 
the orifice opening size is small, the quadratic damp‐
ing effect of the orifice becomes quite strong, and a 
small change in the volume flow rate could lead to a 
much larger change in the air pressure inside the cham‐
ber, compared to when the air volume flow rate is 

small. For such circumstances, the strong nonlinearity 
of the orifice is not like linear damping, and a non-
negligible increase of the instantaneous damping coef‐
ficient occurs with the increase of air volume flow 
rate. Under this damping effect, the increase of kh 
causes the water surface oscillation inside the chamber 
to accelerate, and the air volume flow rate increases, 
increasing the damping sharply. The air pressure in‐
side the chamber then increases too quickly, inhibit‐
ing the water surface oscillation.

For large opening ratios, the quadratic effect of 
the orifice damping is more difficult to fully reflect. 
Therefore, at low wave frequencies, the air volume 
flow rate is small and the damping coefficient is ap‐
proximately a low constant value. As kh increases, the 
velocity and acceleration of water particles near the 
wave surface are greater, and the water exchange 
through the side hull opening of the OWC monopile 
becomes more pronounced. At this time, Ca increases 
with kh. However, if kh continues to increase, the air 
volume flow rate becomes larger, causing the orifice 
to again show a quadratic damping effect. The air 
pressure inside the chamber then increases with large 
damping, and the inhibition of the water surface oscil‐
lation inside the chamber gradually increases. As a re‐
sult, the Ca curve will reach a peak and then decrease. 
The change in damping effects also explains why the 
peak shifts to higher wave frequencies with increas‐
ing opening ratios. This is because for orifices with 
larger opening ratios, a larger air volume flow rate 
(i.e., a larger kh) is required for the orifice to exhibit 
quadratic damping. In addition, the water surface os‐
cillation inside the chamber would cause a greater air 
volume flow rate with greater Hi. In this case, the in‐
crease of kh is more likely to cause a non-negligible 
increase of the instantaneous damping coefficient, 
which makes the shift in peak frequency more subtle.

3.2 Air pressure fluctuation

Fig. 4 presents the data associated with the open‐
ing ratio e=1.51%, in which the curves show the vari‐
ation of air pressure coefficient Cp versus the dimen‐
sionless wave number kh for different incident wave 
heights Hi. The curve shapes and peak frequencies of 
Cp corresponding to the remaining opening ratios are 
similar (Fig. S1 of the electronic supplementary mate‐
rial). Cp is positively correlated with Hi, and the Cp 
curve shifts upwards as Hi increases. This is mainly 
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because when Hi becomes larger, the free water sur‐
face fluctuation inside the chamber is enhanced, and 
the air volume flow rate increases. The existence of 
the quadratic damping effect of the orifice makes the 
air pressure fluctuation above the water surface larger, 
resulting in an increase in Cp inside the chamber.

Cp increases as kh increases, reaching a maxi‐
mum value at a certain wave frequency representing 
(or close to) the chamber resonant frequency (Elhanafi 
and Kim, 2018), and then decreases with a further in‐
crease in kh. The peak frequency of Cp is at kh=2.55 
for Hi=0.03 m and at kh=2.06 for all other incident 
wave height test groups; thus, it can be inferred that 
the chamber resonant frequency should be within kh=
2.00–2.50. Near the peak frequency and at higher fre‐
quencies, the change in the amplitude of air pressure 
fluctuation inside the chamber resulting from changes 
in incident wave height is not significant. However, it 
becomes more pronounced in lower-frequency waves, 
far from the peak frequency. For example, as shown 
in Fig. 4, when Hi changes from 0.03 m to 0.06 m, Cp 
only increases by 10% when kh=2.06, yet Cp increases 
by 78% when kh=0.89.

3.3 Wave energy extraction capacity

The variation curves of pneumatic power PE ver‐
sus the dimensionless wave number kh under five dif‐
ferent PTO conditions, when Hi=0.04 m, are shown in 
Fig. 5a. With the increase of kh, PE first increases and 
then gradually decreases after reaching a peak. Al‐
though the change of PTO has no significant effect on 
the overall trend, the peak frequency of PE continues 
to shift to higher frequency with increasing e. For in‐
stance, the peak frequency of PE when e=0.85% oc‐
curs at kh=1.48, while for e=2.37% it is observed at 
kh=2.06. This is similar to the effect of changing e in 
Fig. 3. As mentioned in Section 3.1, the change of e 

directly affects the response of the free water surface 
and air pressure in the OWC chamber. For the OWC 
monopile, the free water surface oscillation fluctua‐
tion inside the chamber causes air pressure oscillation 
above, as well as air flow rate changes at the orifice. 
A similar trend of an increase in peak frequency with 
the increase of the opening ratio is observed in the PE 
curves, mirroring the behavior seen in the Ca curves. 
As shown in Fig. 5a, when kh is higher than 1.50, the 
opening ratio e=1.51% results in more extracted wave 
energy than the other examined opening ratios. Ac‐
cordingly, PE is about 1.05–1.16 times of that for e=
0.85%, and the peak frequency of PE appears at kh=
2.06. When kh is lower than 1.50 in the examined 
cases, PE decreases with the increase of e.

The variation curves of capture width ratio Cc 
versus the dimensionless wave number kh under five 
different PTO conditions, for Hi=0.04 m, are illustrated 
in Fig. 5b. Similar to the trend of the PE curves, as kh 
increases, Cc first increases to a peak and then gradu‐
ally decreases. However, the peak frequency of Cc is 
insensitive to the change of e, and the peak frequency 
under each opening ratio consistently occurs at kh=
2.51. One can conclude that if the main wave frequency 
range of the particular sea state is wide and relatively 
large (kh>1.5), e=1.51% could be the optimal opening 
ratio of the OWC device. With this configuration, the 

Fig. 4  Variation of the air pressure coefficient Cp versus 
kh for different values of Hi with e=1.51% Fig. 5  Variation of (a) the pneumatic power PE and (b) the 

capture width ratio Cc versus kh for different values of e 
with Hi=0.04 m
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OWC device’s output power could be maintained at a 
relatively high level.

Incident wave height has an important impact on 
the capture value and extraction efficiency of wave 
energy. Taking the experiments with an opening ratio 
of e=1.51% as an example, Fig. 6 shows the effects of 
the incident wave height Hi on the frequency responses 
of the pneumatic power PE and the capture width ratio 
Cc. As expected, PE increases significantly with the in‐
crease of Hi, indicating that the OWC device can ex‐
tract more wave energy in a sea state with larger wave 
heights. According to Fig. 6a, when Hi changes from 
0.03 m to 0.06 m, i.e., the incident wave height dou‐
bles, PE increases by a factor of 3.38–6.87. This phe‐
nomenon is similar to the remaining opening ratio 
conditions (Fig. S2 of the electronic supplementary 
material).

The trend of Cc with Hi at different wave fre‐
quencies is not consistent. As shown in Fig. 6b, when 
kh is less than 1.50, Cc increases with the increase of 
Hi. In contrast, the opposite trend is observed when kh 
is greater than 1.50. One possible reason for this is 
that since the wavelengths are short, the increase of Hi 
will intensify the free water surface oscillation in the 
OWC chamber, and make the spatial distribution of 
the free water surface inside the chamber more un‐
even, resulting in greater energy dissipation (Li et al., 

2022). Overall, the peak of Cc occurs at Hi=0.03 m 
and kh=2.55.

3.4 Wave loads

We next compared the wave loads of the OWC 
monopile with those of a traditional offshore wind 
power monopile, to verify the safety and engineering 
feasibility of the new integrated structure. The water 
depth and the incident wave height are kept at h=
0.40 m and Hi=0.04 m, respectively, for the wave load 
measurement. The ratios of load reduction RL in the 
direction of incoming waves (defined as the positive 
direction) and the opposite direction of incoming 
waves (defined as the negative direction) are shown 
in Figs. 7a and 7b, respectively, as a function of the 
dimensionless wave number kh under different open‐
ing ratios.

As seen in Fig. 7a, we divide the results into three 
wave frequency ranges based on the load-reduction 
effect of the OWC monopile on wave loads in the pos‐
itive direction. At high wave frequencies (kh≥2.50), 
the OWC device shows a load-reduction effect, which 
is more obvious as e increases. At medium wave fre‐
quencies (kh=1.30–2.50), the load-reduction effect of 
the OWC device is highly correlated with the opening 
ratio. For small opening ratios (i.e., e=0.85% and e=
1.16%), the OWC device can reduce loads, or at least 

Fig. 6  Variation of (a) the pneumatic power PE and (b) the 
capture width ratio Cc versus kh for different values of Hi 
with e=1.51%

Fig. 7  Variation of the ratio of load reduction RL versus 
kh for different values of e with Hi=0.04 m in (a) the positive 
direction and (b) the negative direction
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maintain zero or slight increases in loads. However, 
as the opening ratio increases, the OWC monopile 
will be subjected to an additional wave load burden. 
At low wave frequencies (kh≤1.30), the load charac‐
teristics of the OWC monopile are mainly affected by 
kh rather than the opening ratio. With the increase of 
kh, the effect of the OWC device gradually shifts 
from load reduction (RL>0) to load increase (RL<0).

The variation of RL in the positive direction may 
be explained by the trend of the in-chamber water sur‐
face oscillation coefficient Ca and pneumatic power PE 
(Figs. 3 and 5). A larger oscillation of the in-chamber 
water surface indicates better water exchange through 
the side hull opening, as well as more prominent mo‐
mentum transfer between the water particles and the 
structure. As a result, a relatively large value of Ca typ‐
ically corresponds to a large wave load in the positive 
direction on the OWC monopile. In addition, since 
the OWC device only extracts a portion of the inci‐
dent wave energy, an increase in PE can theoretically 
reduce wave loads on the OWC monopile. At low 
wave frequencies, Ca is kept at a large value for differ‐
ent opening ratios; meanwhile, the value of PE is small. 
As a result, the monopile’s wave load is increased 
after the integration of the OWC device. The value of 
PE stays high for medium wave frequencies, although 
it does fluctuate when the opening ratio changes. How‐
ever, Ca changes significantly depending on the open‐
ing ratios. At medium wave frequencies, the value of 
Ca is smaller for small opening ratios and larger for 
large opening ratios, compared to low wave frequen‐
cies. As the opening ratio increases, the peak of the Ca 
curve with Hi=0.04 m appears, and the peak frequency 
shifts from low to medium wave frequencies. As a re‐
sult, in medium-frequency waves, the OWC device at 
large opening ratios increases the wave loads on the 
monopile, while at small opening ratios (i.e., e=0.85% 
and e=1.16%), the loads can even reduce (Fig. 7a). At 
high wave frequencies, Ca is kept low, while the value 
of PE is high. Therefore, the OWC device displays a 
strong load-reduction effect at high wave frequencies.

The load characteristics of the OWC monopile 
in the negative direction are shown in Fig. 7b. In most 
cases, the OWC device applies an additional wave 
load burden on the monopile, especially at low wave 
frequencies (kh≤1.30) and medium-high wave fre‐
quencies (kh=2.06–2.55), where the absolute incre‐
ment of RL can be up to 20%–40%. A set of peaks 

appears on the RL curves with kh=1.30–1.72, where 
wave loads in the negative direction on the OWC de‐
vice do not increase much at all, or even reduce slightly 
(kh=1.72 and e=2.37%). From the results of water sur‐
face oscillation, air pressure fluctuation, and wave en‐
ergy extraction capacity, it is challenging to summa‐
rize a definitive explanation for the fluctuations of the 
RL curves in the negative direction. For the negative 
direction flow in the oscillatory flow field, the geo‐
metrical boundaries of the side hull opening may pro‐
duce complex vortex shedding, which could be the 
reason for large wave loads upon the OWC monopile.

It is worth noting that in Fig. 7, at a particularly 
high wave frequency of kh=3.30, wave loads in the 
positive direction are significantly reduced, and mean‐
while wave loads in the negative direction are not 
overburdened. This is in keeping with our results, 
since we found that for a certain incident wave height, 
water depth, and pile diameter, the wave load for the 
monopile in the positive direction from high-frequency 
waves tends to be the maximum horizontal wave load 
(FHmax) in a wide-frequency sea state (i.e., a realistic 
sea state encompassing many frequencies of waves) 
(Fig. 8). Considering wide wave frequencies, the OWC 
device reduces the maximum horizontal wave load in 
the positive direction, except for when the opening 
ratio is large (i.e., e=2.37%), which causes a load surge 
at kh=2.06 (Fig. 8a). The maximum horizontal wave 
load in the negative direction increases for the OWC 
monopile compared to a traditional monopile. How‐
ever, it does not exceed the maximum horizontal 
wave load in the positive direction (Fig. 8b). Overall, 
while OWC devices with large opening ratios show 
better load-reduction effects in both directions at high 
wave frequencies, they perform poorly for load reduc‐
tion in the positive direction at medium wave frequen‐
cies. Therefore, it is recommended to use medium 
opening ratios (e.g., e=1.16% or e=1.51%) to obtain a 
better load-reduction effect.

The OWC monopile exhibits good load-reduction 
characteristics upon experiencing very high frequency 
waves. Thus, we further explore the effects of differ‐
ent incident wave heights Hi and opening ratios e on 
the ratio of load reduction RL when kh=3.30. Accord‐
ing to Fig. 9, the load-reduction performance of the 
OWC monopile deteriorates as Hi increases. As Hi 
increases, the incident wave energy flux also in‐
creases. We discussed earlier that the increase of Hi 
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can effectively increase the pneumatic power PE so 
that more wave energy is extracted per unit time, but 
this effect is clearly not enough to fully compensate 
for the increase in wave energy flux. Therefore, wave 
loads on the OWC monopile increase, and the value 
of RL correspondingly decreases.

For offshore wind farms that experience high fre‐
quency waves for long durations, the load reduction 

offered by the OWC monopile will be particularly 
useful. Furthermore, compared with traditional mono‐
piles, the OWC monopiles have the unique advantage 
of complementary wind-wave energy utilization, mak‐
ing their improved energy efficiency an important con‐
sideration in addition to their structural protection 
benefits. Considering the energization characteristics 
of the OWC device in Fig. 5, and the load-reduction 
characteristics in Figs. 7 and 8, we recommend choos‐
ing a medium opening ratio (e.g., e=1.51%). With a 
medium opening ratio, the OWC device maintains 
high wave energy utilization efficiency and good load-
reduction ability in a wide-frequency sea state.

4 Conclusions 

We experimentally investigated the hydrodynamic 
characteristics, wave energy utilization efficiency, and 
wave load characteristics of an offshore monopile 
foundation integrated with an OWC device (OWC 
monopile).

The in-chamber water surface oscillation coeffi‐
cient Ca and the pneumatic power PE were found to be 
affected by the height and frequency of incident 
waves. Specifically, all results showed that with the 
increase of the opening ratio e, the peak frequencies of 
the Ca and PE curves shift to higher wave frequencies. 

Fig. 9  Variation of the ratio of load reduction RL versus e 
for different values of Hi with kh=3.30 in (a) the positive 
direction and (b) the negative direction

Fig. 8  Variation of the maximum horizontal wave load for Models I and II under five different PTO conditions in (a) the 
positive direction and (b) the negative direction
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This is mainly due to the orifice-induced quadratic 
damping, which presents different equivalent linear 
damping effects depending on the air volume flow rate.

Additionally, the wave load characteristics in the 
positive direction of the OWC monopile are related to 
the water surface oscillations inside the chamber, as 
well as the wave energy extraction power of the OWC 
device. In particular, an OWC device with a smaller 
Ca and a larger PE shows a better load-reduction effect 
in the positive direction.

The OWC device can reduce the positive wave 
loads in high wave frequencies, thus reducing the 
maximum horizontal wave load on the monopile in 
wide-frequency sea states for most cases. However, a 
large opening ratio is not suitable because it will lead 
to a load surge at medium wave frequencies. There‐
fore, in order to achieve a better load-reduction effect, 
medium opening ratios should be used (e.g., e=1.16% 
or e=1.51%).

An opening ratio of approximately e=1.51% 
should be used to fully leverage the advantages of the 
OWC-integrated structure, in terms of both the wave 
energy utilization efficiency and the load-reduction 
effect. This opening ratio not only displays its advan‐
tages at high wave frequencies (i.e., achieving the 
highest wave energy capture efficiency and good load-
reduction effect), but also demonstrates strong adapt‐
ability to low- and medium-frequency sea states.

It is worth noting that this study focused on hy‐
drodynamic behavior, and a detailed structural engi‐
neering analysis of OWC monopiles. For instance, 
using the finite element method should be performed 
to ensure that the structural strength meets the criteria 
during the design phase. Also, further study of the 
flow field details would be beneficial for understand‐
ing wave energy dissipation. In addition, in this work, 
we only considered normal incident waves. The load 
characteristics of the OWC monopile for different in‐
cident wave angles may be an interesting avenue for 
further study.
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