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Abstract: In this study, a method for effectively estimating the airflow rate of the turbine of an
oscillating water column (OWC) pilot plant was developed. The validity of the proposed method
was verified through computational fluid dynamics simulations. The method was applied to estimate
the airflow rate in irregular wave states based on the operation data obtained for the Yongsoo
OWC pilot plant installed in the western seas of Jeju Island, South Korea. As an alternative to
estimating the airflow rate of the OWC pilot plant, the impulse turbine performance chart-based
interpolation method is introduced, and it is shown that the airflow rate time series calculated using
the two methods were in good agreement.

Keywords: oscillating water column; wave energy converter; CFD; airflow rate

1. Introduction

As climate change and carbon-neutral issues emerge worldwide, interests in eco-
friendly renewable energy and research and development requirements are increasing
rapidly. Wave energy is a renewable energy source from the ocean, and it accounts for an
irreversible proportion in terms of energy quantity [1]. Wave energy converters (WECs)
are used to generate power from wave energy. Among the different types of WECs, the
oscillating water column (OWC) is the most widely used device because its main energy
conversion unit is located in the air and has a simple structure [2].

Pico Plant played the leading role in developing OWC technology and started opera-
tions in 1999. It powered Pico Island and was dismantled in 2018 after building abundant
experience and valuable data in operation and maintenance [3]. Mutriku OWC, which
has operated since 2011, has achieved a capacity factor of 0.11 by combining the power
generation history from 2014 to 2016 [4]. In 2017, South Korea installed the Yongsoo OWC
pilot plant with two 250 kW impulse turbines in the western sea of Jeju Island. It used the
facility as a substation for the open-sea test site and a berth to test the air turbine installed
on the OWC chamber. In addition, research is being conducted to demonstrate the feasi-
bility of commercializing OWC technology in the United States (500 kW), Korea (30 kW),
Italy (10 kW), and so on [5].

When evaluating the energy conversion performance of an OWC pilot plant, it is
necessary to estimate the airflow rate generated by the chamber. This airflow is related to
the pneumatic energy input to the turbine. It is used as basic data for evaluating the energy
conversion efficiency of the turbine and controlling power conversion. However, installing
a sensor to measure the airflow rate directly in a duct installed in a pilot plant is unsuitable
because of concerns about the transmitter failure and the obstruction of airflow into the
turbine. Sensor failure may damage turbine systems. The method for estimating the flow
rate by measuring the wave amplitude inside the chamber is also inefficient because of
the high risk of damage to the extreme environment of the wave gauge. A method of
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reversely calculating the amplitude of waves inside the chamber from the water pressure
and finally estimating the airflow rate to overcome such practical difficulties can be applied
by installing a pressure sensor in the chamber water. This method does not interfere with
the energy conversion process and has a low risk of damage.

In this study, a method for estimating the airflow of an OWC pilot plant was developed
based on data measured using a water pressure sensor attached to the Yongsoo OWC pilot
plant. The proposed method was first verified through computational fluid dynamics (CFD)
simulations and then used to analyze real sea test data of the pilot plant. The feasibility
of the proposed method was verified by comparing the results with the estimated airflow
rate results obtained using another approach.

CFD has been used to analyze the energy conversion performance of the OWC cham-
ber in relevant previous studies. Many validations have been conducted, such as evaluating
air pressure and airflow rates and comparing them with the results of a two-dimensional
wave flume model test. This is achieved by performing regular wave simulations using the
volume of fluid (VOF) method for an OWC chamber modeled with an orifice or porous
media [6–13]. The reliability of the simulation method based on Star-CCM+, a commercial
software used in this study, was validated by comparing the model test results with the
wave basin results of the sloped OWC model developed in a previous study [14].

This paper presents a method for calculating the OWC airflow rate (called the “pres-
sure method”). Moreover, the paper describes a verification process using CFD simulations
and compares the interpolation method results based on a turbine performance chart called
the “turbine DB method.” The comparison is performed based on the measurement data of
the Yongsoo OWC pilot plant, which is in operation.

2. Method for Evaluating Airflow Rate
2.1. Description of Method

Due to the chamber wall structure, progressive waves entering the OWC chamber are
partially converted to standing waves. The water pressure from the waves is divided into
static and dynamic components, expressed as follows based on the linear wave theory [15]:

Ptotal = Pstatic + Pdynamic = −ρgz + ρgη
cosh k(z + h)

cosh kh
(1)

where Ptotal is the total pressure of water, Pstatic is the hydrostatic pressure, Pdynamic is the
hydrodynamic pressure, ρ is the water density, g is the gravitational acceleration, z is the
vertical coordinate for measuring the total pressure, which is negative below the mean sea
level, η is the wave amplitude, k is the wave number, and h is the water depth.

The air pressure generated by the sealed chamber structure in the form of waves
existed at the top of the wave formed inside the chamber. Because this air pressure acts
on the entire water inside the chamber, the pressure component of Equation (1) can be
expressed as Equation (2) by adding a pneumatic pressure term in the presence of the
chamber. By combining Equations (1) and (2), the wave amplitude inside the OWC chamber
can be expressed by Equation (3).

Ptotal = Pstatic + Pdynamic + Ppneumatic (2)

η =
cosh kh

(
Ptotal − Pstatic − Ppneumatic

)
ρg cosh k(z + h)

=
cosh kh

(
Ptotal + ρgz − Ppneumatic

)
ρg cosh k(z + h)

(3)

In Equation (3), Ppneumatic is the air pressure inside the chamber. Hence, the wave
amplitude inside the chamber can be calculated using the total pressure and air pressure
inside the chamber, and the airflow rate (Q) entering the turbine can be estimated using the
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principle of mass conservation. S is the horizontal surface area inside the chamber. This
method for estimating the airflow rate is called the “pressure method” for convenience.

Q = S
dη

dt
(4)

2.2. Verification of Method through CFD Simulations

CFD analysis was performed using Star-CCM+. Based on incompressible three-dimensional
unsteady Reynolds-Averaged Navier–Stokes equations, the k-epsilon turbulence model was
adopted. The VOF method was applied to replicate the Stokes fifth-order regular waves. The
turbine damping effect was modeled by replacing it with an orifice, and the orifice diameter
was 40% of the duct diameter. The inlet and outlet were spaced apart by six times the
incident wavelength (λ) in the front and rear of the OWC chamber. The horizontal grid
spacing (1/80 of the wavelength) and the vertical grid spacing (1/13 of the wave height)
were applied around the mean sea level. The chamber length and orifice diameter were
set to 1/30 and 1/17 size grids, respectively. A grid system consisting of approximately
eight million cells was used for an incident wave period of 6 s and a wave height of 1.0 m.
Figure 1 shows the domain, boundary conditions, and grid systems used for the CFD
simulations. The chamber shape of the Yongsoo OWC pilot plant was simplified and mod-
eled, and the chamber length, width, skirt depth, skirt thickness, and duct inner diameters
were 10, 35, 2, 1.7, and 1.8 m, respectively. The water depth of 16.5 m was considered in
the simulation.

Processes 2021, 9, x FOR PEER REVIEW  3 of 10 
 

 

This method for estimating the airflow rate is called the “pressure method” for conven‐

ience. 

𝑄 𝑆
𝑑𝜂
𝑑𝑡

 (4) 

2.2. Verification of Method through CFD Simulations 

CFD analysis was performed using Star‐CCM+. Based on  incompressible  three‐di‐

mensional unsteady Reynolds‐Averaged Navier–Stokes equations,  the k‐epsilon  turbu‐

lence model was adopted. The VOF method was applied to replicate the Stokes fifth‐order 

regular waves. The turbine damping effect was modeled by replacing it with an orifice, 

and the orifice diameter was 40% of the duct diameter. The inlet and outlet were spaced 

apart by six times the incident wavelength (𝜆) in the front and rear of the OWC chamber. 

The horizontal grid spacing (1/80 of the wavelength) and the vertical grid spacing (1/13 of 

the wave height) were applied around the mean sea level. The chamber length and orifice 

diameter were set to 1/30 and 1/17 size grids, respectively. A grid system consisting of 

approximately eight million cells was used for an incident wave period of 6 s and a wave 

height of 1.0 m. Figure 1 shows the domain, boundary conditions, and grid systems used 

for the CFD simulations. The chamber shape of the Yongsoo OWC pilot plant was simpli‐

fied and modeled, and the chamber length, width, skirt depth, skirt thickness, and duct 

inner diameters were 10, 35, 2, 1.7, and 1.8 m, respectively. The water depth of 16.5 m was 

considered in the simulation. 

   

(a)  (b) 

Figure 1. Computational fluid dynamics (CFD) simulation domain, boundary conditions, and grid 

system. (a) Domain and boundary conditions; (b) Grid system. 

CFD simulations were performed for regular waves with a wave period of 6 s and a 

wave height of 1.0 m. The water pressure at the central position of the rear wall is located 

5.73 m below the mean sea level inside the chamber, wave amplitude at the central point 

of the chamber horizontal plane, air pressure inside the chamber, and airflow rate passing 

through the duct were monitored during the simulations. 

Figure 2 shows the time series of the pressure variables obtained from the CFD sim‐

ulations. The hydrostatic pressure can be calculated using Equation (1), and the hydrody‐

namic pressure can be calculated by substituting the wave amplitude simulated through 

CFD analysis into  𝜂. Both parameters were compared with the total pressure in water and 

the air pressure inside the chamber obtained through CFD simulations (Figure 2a). The 

total pressure oscillated at an amplitude of approximately 8% based on the hydrostatic 

pressure. The maximum dynamic pressure generated by the wave amplitude inside the 

chamber was approximately 28% of  the maximum air pressure. Figure 2 compares  the 

wave  amplitude  estimated using  the pressure method,  and  that monitored  inside  the 

chamber. The estimated wave amplitude was analyzed by applying curve fitting using a 

Fourier series  to resolve  the  instability during differentiation at discrete  time  intervals. 

The Fourier fitting was applied as  𝑓 𝑡 𝑎 𝑎 cos 𝜔𝑡 𝑏 sin 𝜔𝑡 , with 138.6, −1068, 

−348.1, and 1.043 as the values of  𝑎 ,  𝑎 ,  𝑏 ,  and  𝜔, respectively. The results indicated 

Figure 1. Computational fluid dynamics (CFD) simulation domain, boundary conditions, and grid system. (a) Domain and
boundary conditions; (b) Grid system.

CFD simulations were performed for regular waves with a wave period of 6 s and a
wave height of 1.0 m. The water pressure at the central position of the rear wall is located
5.73 m below the mean sea level inside the chamber, wave amplitude at the central point of
the chamber horizontal plane, air pressure inside the chamber, and airflow rate passing
through the duct were monitored during the simulations.

Figure 2 shows the time series of the pressure variables obtained from the CFD simula-
tions. The hydrostatic pressure can be calculated using Equation (1), and the hydrodynamic
pressure can be calculated by substituting the wave amplitude simulated through CFD
analysis into η. Both parameters were compared with the total pressure in water and the
air pressure inside the chamber obtained through CFD simulations (Figure 2a). The total
pressure oscillated at an amplitude of approximately 8% based on the hydrostatic pressure.
The maximum dynamic pressure generated by the wave amplitude inside the chamber
was approximately 28% of the maximum air pressure. Figure 2 compares the wave ampli-
tude estimated using the pressure method, and that monitored inside the chamber. The
estimated wave amplitude was analyzed by applying curve fitting using a Fourier series to
resolve the instability during differentiation at discrete time intervals. The Fourier fitting
was applied as f (t) = a0 + a1cos(ωt) + b1sin(ωt), with 138.6, −1068, −348.1, and 1.043 as
the values of a0, a1, b1, and ω, respectively. The results indicated that the wave amplitudes
in the chamber were directly monitored, and the wave amplitudes estimated using the
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pressure method were consistent. In addition, the airflow rate obtained by differentiat-
ing the wave amplitude using Equation (4) was consistent with the results obtained by
differentiating the directly monitored wave amplitude and the flow rate directly passing
through the duct (Figure 2c).
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Figure 2. CFD simulation results for regular waves (T = 6.0 s, H = 1.0 m). (a) Comparison of pressure
components; (b) Comparison of water elevations between measured and estimated amplitudes;
(c) Comparison of airflow rate between measured and estimated amplitudes.

3. Evaluation of Airflow Rate for Demonstration Plant
3.1. Data from Yongsoo OWC Pilot Plant

The Youngsoo OWC pilot plant is an OWC demonstration plant installed in the
western sea of Jeju Island, South Korea, in 2017. The plant is equipped with an induction
generator and a synchronic generator for two 250 kW impulse turbines and has a chamber
structure consisting of a concrete caisson. Please refer to [5] for detailed system structures
and specifications. In this study, real sea test data for approximately 25 min, obtained
from 18:05 to 18:30 on 18 January 2021, were used. Figure 3 shows the time series of
the generated power and revolution per minute (RPM) of the generator obtained using
a single impulse turbine and an induction generator during operations. The system
produced up to approximately 300 kW output during 25 min at an instantaneous time and
16.1 kWh power.
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3.2. Evaluation of Airflow Rate for Yongsoo OWC Pilot Plant

Figure 4 compares the water pressure and pneumatic pressure measured under the
relevant operating conditions in the pilot plant with the calculated hydrostatic pressure
and hydrodynamic pressure. The hydrostatic pressure was obtained by averaging the
measured water pressure over the entire time, and the hydrodynamic pressure was calcu-
lated by subtracting the hydrostatic and pneumatic pressures from the water pressure. The
trend between each pressure component was similar to the CFD regular wave simulation
results, and the calculated hydrodynamic pressure was delayed by approximately 1/4 T
for each unit wave compared to the pneumatic pressure. Based on the maximum value,
approximately 56% of the air pressure existed as hydrodynamic pressure.
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Adequate analysis of the wavenumber (k) was required to calculate the wave am-
plitude and the airflow rate using the pressure method based on water and pneumatic
pressures. The wavenumber can be directly applied when the incident wave period input
is known, such as in CFD simulations. Still, the proper approximation is required if the
irregular wave state of the sea is not measured, such as in pilot plants. In this study, the
wavenumber was approximated from the dispersion relation equation (ω2 = gk tan hkh)
for finite water depth by resolving the calculated hydrodynamic pressure time series into
each unit wave through zero-up crossings to obtain the wavenumber for each time instant
in irregular waves. In addition, when calculating the airflow rate by differentiating the
estimated wave-amplitude time series, a band-pass filter was applied to solve the insta-
bility of the discrete measurement time interval. The calculated airflow rate results were
compared (Figure 5).

Processes 2021, 9, x FOR PEER REVIEW  7 of 10 
 

 

Adequate analysis of the wavenumber (𝑘) was required to calculate the wave ampli‐

tude and the airflow rate using the pressure method based on water and pneumatic pres‐

sures. The wavenumber can be directly applied when the incident wave period input is 

known, such as in CFD simulations. Still, the proper approximation is required if the ir‐

regular wave state of the sea is not measured, such as in pilot plants. In this study, the 

wavenumber was approximated from the dispersion relation equation (𝜔 𝑔𝑘tanh𝑘ℎ) 
for finite water depth by resolving the calculated hydrodynamic pressure time series into 

each unit wave through zero‐up crossings to obtain the wavenumber for each time instant 

in  irregular waves. In addition, when calculating the airflow rate by differentiating the 

estimated wave‐amplitude time series, a band‐pass filter was applied to solve the insta‐

bility of the discrete measurement time interval. The calculated airflow rate results were 

compared (Figure 5). 

   

(a)  (b) 

 

(c) 

Figure 5. Definition of 250 kW impulse turbine in Yongsoo OWC and performance chart. (a) 

Sketch of design; (b) Snapshot of installed turbine; (c) Performance chart. 

3.3. Alternative Method 

An alternative method for calculating the airflow rate of a pilot plant was developed 

to validate the flow‐rate calculation results obtained using the pressure method. 

Figure 5 defines geometry and performance data for the 250 kW impulse turbine in 

the Yongsoo OWC pilot plant. The turbine has a rotor composed of 26 blades that have 

symmetric airfoils, and 26 guide vanes symmetrically mounted upwind and downwind 

the rotor, respectively. The performance chart was defined for the turbine in Figure 5c, 

which was drawn using the CFD analysis method described in detail in Reference [16]. 

Figure 5. Definition of 250 kW impulse turbine in Yongsoo OWC and performance chart. (a) Sketch
of design; (b) Snapshot of installed turbine; (c) Performance chart.

3.3. Alternative Method

An alternative method for calculating the airflow rate of a pilot plant was developed
to validate the flow-rate calculation results obtained using the pressure method.

Figure 5 defines geometry and performance data for the 250 kW impulse turbine in
the Yongsoo OWC pilot plant. The turbine has a rotor composed of 26 blades that have
symmetric airfoils, and 26 guide vanes symmetrically mounted upwind and downwind
the rotor, respectively. The performance chart was defined for the turbine in Figure 5c,
which was drawn using the CFD analysis method described in detail in Reference [16].
The performance chart defines various airflow rate–turbine RPM–pneumatic pressure
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inter-relationships and yielded discrete values. The airflow rate corresponding to the
turbine RPM and the air pressure in a specific state could be determined through linear
interpolation from the turbine performance chart. Next, the time series of the airflow rate
in the pilot plant was obtained by interpolating the measured turbine RPM and air pressure
in the pilot plant at each time instant. It was assumed that the turbine performance chart
plotted for the quasi-steady state was valid for continuous RPM and air pressure oscillation,
owing to the nature of the impulse turbine. The method described above is called the
“turbine DB method” for convenience.

Figure 6 shows the estimated airflow results obtained using the pressure method and
the turbine DB method based on the measurement data of the Youngsoo OWC pilot plant.
As mentioned previously, the pressure method results also were corrected through the
band-pass filter. The oscillation period and amplitude of the airflow rate for each unit wave
were reasonably consistent throughout the entire time.

Figure 7 compares the statistics of the airflow rate calculation results of the pressure
method and the turbine DB method. The significant and averaged amplitudes of the airflow
rate estimated using the pressure method were slightly higher than those estimated using
the turbine DB method. For positive amplitude values corresponding to the exhaust of the
OWC, the significant amplitude was almost identical, and the average amplitude difference
was approximately 8%. However, for negative amplitude values corresponding to the
intake of the OWC, both the significant and averaged amplitudes showed differences of
approximately 13% and 29%, respectively, indicating a somewhat higher difference than
OWC exhaust.
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4. Conclusions

In this study, a method for effectively estimating the airflow rate of an OWC pilot
plant, which is difficult to measure the airflow rate directly, owing to several practical
causes, was developed.

Based on the linear wave theory, the wave amplitude generated inside the OWC
chamber was assumed using an analytical formula, and its validity was verified through
CFD regular wave simulations.

The airflow rate was calculated using the pressure method based on real sea measure-
ment data of the Yongsoo OWC pilot plant. Based on the turbine performance chart, the
results were compared with the airflow rate estimated using the turbine DB method. The
results obtained using the pressure and turbine DB methods were reasonably consistent
for the pilot plant data; however, the turbine DB method estimated comparatively lower
airflow rates during OWC intake.

The pressure method is expected to be more accurate than the turbine DB method
because its effectiveness has been verified through CFD simulations with relatively low
uncertainty. Moreover, the turbine DB method may be an alternative if it is difficult to
install a pressure sensor under the water in the chamber of the OWC pilot plant.
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