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Abstract.   This paper analyzes the fish-ridge type wind turbine performance and characteristics of energy 
extraction applied in a low wave Oscillating Water Column (OWC) system. This article contributes to 
providing a better understanding of the application of OWC and VAWT in a low wave environment. The 
aerodynamic characteristics of the three-blade fish-ridge turbine in an OWC chamber have been successfully 
investigated. CFD simulation with Reynolds-Averaged-Stokes (RANS) equations was used to obtain airspeed 
and air pressure contours under compressed and decompressed conditions in the turbine blades. Experiments 
on laboratory scale test rig also obtained data. The blade torque and turbine power coefficient at different AoA 
were validated through the experimental test to obtain numerical equations for the relationship between 
airspeeds, torque, tip speed ratio, and turbine power. The turbine design was 0.2 m long and 0.1 m wide and 
with an overlap ratio of 15%. The maximum tested airspeed was 20m/s. We found that the fish-ridge turbine 
has a homogeneous air velocity distribution and pressure due to the 15% overlap area. The maximum 
efficiency of the fish-ridge turbine under compressed conditions was 30% at TSR 0.9, while under 
decompressed conditions, the maximum efficiency reached 28% at TSR 0.6. 
 

Keywords:   wind energy; wind turbine; oscillating water column; CFD; dynamic wind effects; pressure 

distribution; RANS equations; Navier-Stokes equations 

 
 
1. Introduction 

 

In a system with oscillating water column (OWC) technology, turbines play an essential role in 

converting ocean wave energy into electrical energy. We believe that the ocean is an unlimited 

natural resource (Hiron et al. 2019). Turbine performance measures are generally seen from the 

power coefficient (CP) (Kavade and Ghanegaonkar 2020) and the torque coefficient (CT). The 

higher the CP value, the better the turbine efficiency. Several aerodynamic resistance factors 

influence the Vertical Wind Axis Turbine (VAWT) efficiency. They are the number of blades, weight 

of the material, and distribution of airspeeds required of the turbine blade. Generally, the turbine's 

efficiency is between 20% and 30% (Sobczak et al. 2020).  
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VAWT applied in an OWC system has been used to extract low wind speeds (Lipian et al. 2020). 

The VAWT generally has a maximum CP at TSR = 0.8 to 1.02 (Bachtiar 2019) (Yao et al. 2019), 

(Chen et al. 2016), which means it works at low airspeeds, while Horizontal Wind Axis Turbine 

(HAWT) are generally designed for high airspeeds (Matoug et al. 2020).  

A two-blade Savonius-type VAWT in an e OWC system at low waves yielded CP=20%, while a 

fish-ridge turbine in an OWC system resulted in CP = 24.5% (Hiron et al. 2019). Therefore, many 

researchers have proposed different designs so that the CP can exceed 20%. 

The works reported in this paper investigate a fish-ridge turbine performance based on the turbine 

model proposed by Song et al. (2013). The focus of observations is on the aerodynamic 

characteristics of the turbines under compressed and decompressed conditions in an OWC system. 

There is little information regarding this area in the literature. The parameters observed are CP ( 

Lipian et al. 2020), torque coefficient (CT) (Agbormbai and Zhu 2020), turbine rotation (rpm), wind 

power, and turbine power against the angle of attack (AOA). Here, we propose a modified turbine 

fish-ridge with an overlap ratio (OR) of 15%. This turbine design associated with turbine design 

from (Song et al. 2013), (Chao et al. 2017) uses an OR of 29.8%, which in our opinion, the better 

OR for savonius is between 10% - 16% as shown by Bachtiat (2019) and (Chen et al. 2016). 

Overlap on turbine blades affects the performance of the turbine. The test results prove that an 

overlap of 10% -16% produces the best performance (Bachtiar 2019), while inside (Hassanzadeh 

and Mohammadnejad 2019) has confirmed that 20% overlap makes the best performance; this is 

also the same as savonius with three blades (Morshed et al. 2019). Therefore in this article, the 

overlap is set at 15%. 

Song et al. (2013) first introduced the fish-ridge turbine. According to Song, the ideal blade shape 

for a fish-ridge turbine is a chord length value of 18% of the initial design value, the radius of 

curvature is 4% of the initial design value, and the stagger angle is 23% of the original design (Song 

et al. 2013). In 2015, Song continued his research, comparing the fish-ridge performance with 

savonius in an open spaces environment (Song et al. 2015). The results showed the fish-ridge turbine 

had a higher power coefficient than the savonius. The fish-ridge turbine produced higher power and 

higher torque coefficient. It was 7% greater than the savonius at an airspeed of 10m/s. Several studies 

related to VAWT performance can be seen in Table 1. 

The implementation of the fish-ridge type VAWT turbine in the OWC system provides novelty 

in energy diversification research. So far, studies on fish-ridge have only been carried out in open 

spaces (Chao et al. 2017), (Hassanzadeh and Mohammadnejad 2019),(Chao et al. 2017). In an OWC 

system, two different conditions occur alternately for rotating the turbine. They are compressed and 

decompressed conditions. The compressed condition is when the water level rises, thus creating high 

air pressure in the turbine chamber. The decompressed condition is when the water level drops, 

creating a state for decompressed in the air space. Both the compressed and decompressed conditions 

generate/cause high airflow, thus turning the turbine. 

This article presents a detailed analysis based on works that have been carried out on the fish-

ridge turbine as reported by Song (2013), Hiron et al. (2019), Chao et al. (2017), Hassanzadeh 

(Hassanzadeh and Mohammadnejad 2019), and Chao et al. (2017). The aerodynamic phenomenon 

of the airflow inside the OWC with a fish-ridge turbine is simulated using ANSYS to produces 

parameters of the generated wind power and the static torque to AoA of the turbine so that the fish-

ridge work on the OWC system can be explained in more detail. The analysis is carried out on the 

upstream speed variations in the OWC chamber, namely 6m/s, 10m/s, and 14m/s. Static torque is 

carried out at one full rotation at angle of 0 degrees to 360 degrees. A CFD simulations uses  

Reynolds-Aaveraged Navier – Stokes (RANS) equations (Muneer et al. 2015), (Yang et al. 2021) to 
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Table 1 Previous research on three-blade and two-blade savonius 

Blade number Cp TSR OR Author 

3 31% 1.02 10% (Bachtiar 2019) 

3 23% 0.8 15% (Chen et al. 2016) 

3 22.8% 0.9 15% (Yao et al. 2019) 

3 30% 0.8 15% (Sobczak et al. 2020) 

2 21% 0.8 10% (Hassanzadeh and Mohammadnejad 2019) 

2 35% 0.8 16% (Chen et al. 2016) 

2 24.5% 0.45 15% (Hiron et al. 2019) 

 

 

obtain detailed data related to free-stream velocity and air pressure dynamics on the turbine surface. 

We compared the CFD results and the lab-scale prototype experiment data to validate the fish-ridge 

static torque analysis. 

 

 

2. Research method 
 

The static torque of the turbine uses two approaches. The first test is based on CFD. The second 

is based on the prototype measurements using a digital torque meter and anemometer with a data 

logger, as shown in Fig. 8. The program is ANSYS version 18.2. The equation on the relationship 

between turbine rpm and airspeeds at OWC is obtained through prototype measurements, as shown 

in Fig. 8. The CP value against TSR can be calculated using Eq. (5). The modification parameters 

of the fish-ridge turbine are suggested in Table 2. 

The fish-ridge turbine performance analysis is conducted based on simulation in two conditions. 

They are in compressed and decompressed states. The position of the turbine blade in the direction 

of wind flow is divided into four angles, at 90 degrees, 60 degrees, 30 degrees, and 0 degrees. The 

simulation results show airspeeds contours and air pressure under compressed and decompressed 

conditions. The methods are as follows: 

 

2.1 Fish-ridge turbine 
 

The fish-ridge rotor model used in this research is modified from the savonius blade reported by 

Song et al. (2013). The fish-ridge turbine design is based on the curvature of the fish-ridge fish-

ridge. The goal is to reduce aerodynamic drag on the turbine blades. In work reported by Song et al. 

(Song et al. 2015), they studied the fish-ridge with savonius in an open-air environment. It was 

found, at an airspeed of 10 m/s, the fish-ridge efficiency can be reached 24.22% and 18.52% for the 

savonius turbine (Chao et al. 2017).  

The turbine fish-ridge design is shown in Fig.1. The property of the fish-ridge turbine consists of 

large radius arcs (R2). The value of R2 is determined using Eq. (3). The other parameters are the 

radius of small arcs (R1), turbine diameter (D), stagger angle of small-arcs (α), stagger angle of 

large-arcs (β), diameter axis (d), diameter overlap (S), and chord length (L). Based on Chao et al. 

(Chao et al. 2017), the curvature of fish-ridge blades in computational form is represented by Eq. 

(1), where constanta 𝜓 =0.977 and constanta 𝜉 = 0.8719. The distance between the blades is 120 

degrees, using Eq. (2), then the total angles of 𝛼1 and 𝛼2 must be 120 degrees. The overlap ratio  
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Fig. 1 Design of radius of curvature and small arc fish-ridge (Chao et al. 2017) 

 

 

(OR) is determined using Eq. (4). From these provisions, it forms a fish-ridge turbine blade 

formation as shown in Fig. 1. 

𝑦(𝑥, 𝑡) = (𝜓𝑥 + 𝜉𝑥2)𝑠𝑖𝑛(1.2516 + 1.4924)                     (1) 

𝛼1 +  𝛼2 ≈ 1200                                 (2) 

                                  (3) 

𝑂𝑅 = (𝑆 − 𝑑)/𝐿                                (4) 

 

2.2 Oscillating water column mechanism 
 

Fig. 2 shows the working system mechanism of an OWC that we proposed, and as an affirmation, 

we give a border as the scope of the study in this article. In simple terms, OWC converts ocean wave 

energy into kinetic energy based on the oscillations that occur in the chamber. Our observation area 

is the turbine working environment in the chamber, as shown in Fig. 2. 

 

 

 

Fig. 2 The mechanism of the OWC with a fish-ridge turbine 
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An illustration of the implementation of OWC as part of a sea wave power plant using a wind 

turbine is shown in pada Fig. 3. We designed the OWC building to be placed long away on the 

coastal area, especially beaches threatened with abrasion by sea waves. The OWC design that we 

present has multi-functions, including a power generator; OWC can become seawall for coastal 

conservation solution. 

Koefisien torque Static and coefficient Power of turbine 

Turbine performance is generally determined from two main variables, namely CP and CT. CP 

stated that the turbine efficiency in extracting the energy received from the energy produced is in 

the form of mechanical energy (Kavade and Ghanegaonkar 2020). Therefore, The CP is expressed 

as Eq. (5), which is the ratio between the turbine power (PT) and the airspeeds. The airspeed power 

is the multiplication of the constant value=0.5. The air density (ρ) is in kg/m3, and the swept area of 

the turbine (A) is in m2 and the airspeeds (V) in m/s. The value of PT can be obtained from the 

multiplication of the turbine torque (TT) in N.m against the turbine shaft rotation (ωT) in rad/s. PT 

can also be obtained through CFD simulations. 

The turbine efficiency based on torque extraction is calculated using Eq. (7). The TS is the torque 

produced by the turbine in N.m, and R is the turbine radius in meters. 

𝐶𝑝 =
𝑃𝑇

0.5 𝜌𝐴𝑉3                                  (5) 

𝑃𝑇 =  𝑇𝑇𝑥𝜔𝑇 (𝑤𝑎𝑡𝑡)                             (6) 

𝐶𝑇 =
𝑇𝑇

0.5 𝜌𝐴𝑅𝑉2                             (7) 

                                 𝐶𝑇 =
𝑇𝑇

0.5 𝜌𝐴𝑅𝑉2                             (8) 

 

2.3 Turbine geometry 
 

The fish-ridge turbine is designed with three blades, following a design (Chao et al. 2017). The 

fish-ridge blade formation is based on the parameters shown in Fig. 1, where the blade curve 

geometric shape is based on Eq. (1). We modify it at OR = 15%. Details and differences in turbine 

parameters are presented in Table 2. 

 

 

Fig. 3 The Illustration of OWC implementation as a low-wave power plant 
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Table 2 Turbine parameter comparison 

* (Chao et al. 2017), (Song et al. 2013) 
 

 

 
 

(a) (b) 

Fig. 4 The design of the fish-ridge turbine. (a). The side view of the fish-ridge turbine with overlap ratio 

(OR) and (b). Fish-ridge turbine 3D design 
 

 

The turbine prototype and model used in CFD follow the basic design as shown in Fig. 4. To 

identify the AoA angle, we give the initials blade (A), blade (B), and blade (C) as shown in (Fig. 

4(a)). Each blade has a 120 degrees angle to the other blade. Fish-ridge turbine 3D design with the 

initials D as the diameter (m) of the turbine and H as the turbine length in meter (Fig. 4(b)). 

 

2.4 Domain meshing 
 

The boundary domain of the fish-ridge turbine model consists of the rotating and stationary zones. 

The rotating zone is a vertical cylindrical shape with a position in the middle plane. The stationary 

zones are the part that supports the turbine, as shown in Fig. 5. The boundary domain consists of 

inlet and outlet velocities, as shown in Fig. 6. The inlet velocity is where the air flows into the turbine. 

The outlet is the place where air flows out of the turbine. 

 

 

Geometrical Parameters Symbols 
Dimension 

Proposed Song et al.*, Chao et al 

Height turbine 

Diameter turbine 

H 

D 

200 mm 

100 mm 

700 mm 

700 mm 

radius of curvature R 27.8 mm 192.5 mm 

stagger angle α 10.110 10.11° 

chord length L 55,2 mm 386 mm 

small arc Lm 17 mm 30 mm 

Diameter axis d 14.5 mm 45 mm 

Diameter overlap S 22.8 mm 160 mm 

The angle of the large circular 

Overlap ratio (OR) 
α1  

α2 

OR 

850 

350 

15% 

910 

270 

29.8% 
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Fig. 5 Rotating and stationary zones in isometric view 

 

 

Fig. 6 Computational domain scheme 

 

 

The meshing model uses a maximum size of 0.08 mm across all domains. A hexahedral meshing 

is chosen to obtain a high computational resolution in the computational process to form airspeeds 

and air pressure contours. In contrast, around turbine blades, a tetrahedral meshing type is used to 

solve the complex geometry around the surface of the turbine blades. 

Torsion testing on the simulation experiment is carried out at airspeeds of up to 20 m/s. The 

prototype static torque measurement is measured using a torque meter model HNJ-1 equipped with 

a data logger. Turbine torque is measured at an AoA angle from 0 degrees to 360 degrees. 

Analysis of airflow dynamics in a VAWT turbine is based on the linear potential theory described 

by Kang et al. (2018). The Reynolds-Averaged Navier – Stokes (RANS) equations (Langer and 

Swanson 2020). RANS involves continuity equations, momentum equations, and energy equations 

as governing equations form (Kang et al. 2018). The turbulent model is needed to solve the closure 

of the regulatory equation. However, the suitability of the turbulence model is still a matter of debate. 

The turbulence model of the Spalart-Allmaras equation was chosen to describe the complex flow of 

the turbine rotor (Rahman 2020). In general terms, the Navier – Stokes equation is expressed as 

follows 

𝜌
𝜕𝑈i

𝜕𝑡
+ 𝜌𝑈𝑗

𝜕(𝑈i𝑈𝑗)

𝜕𝑋j
= −

𝜕𝑝

𝜕𝑋i
+

𝜕

𝜕𝑋j
( 

𝜕Ui

𝜕𝑥j
 + 

𝜕Uj

𝜕𝑥i
)                    (9) 

𝜌
𝜕𝑈i

𝜕𝑡
+ 𝜌𝑈𝑗

𝜕𝑈i

𝜕𝑋j
= −

𝜕𝑝

𝜕𝑋i
+

𝜕

𝜕𝑋j
((

𝜕Ui

𝜕𝑥j
 +  

𝜕Uj

𝜕𝑥i
)  −  𝜌𝜇�́�𝜇𝑖́̅̅ ̅̅ ̅̅ )              (10) 
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3. Results and discussions 
 

3.1 Static torque with CFD 
 

The CFD simulation was applied to obtain the static turbine torque. The numerical approach was 

used based on Navier – Stokes, as Eqs. (9) and (10) as presented in Table 3. In the simulation model, 

the turbine blades are given the initial A, B, C to indicate the position of the blades concerning AoA. 

Observations were made on blade C because blade C is the blade positioned behind the wind 

direction, so blade C is the blade that gets the minor drag power from the wind. 

Table 3 shows the distribution of airflow in fish-ridge turbines based on variations in the AoA 

angle. Using CFD simulation, the air distribution in the turbine shows different airflow dynamics 

based on variations in the AoA angle. The observation area is an image with a red circle. The 

simulation is displayed in the form of zoom-out for the simulation area, and zoom-in only shows the 

observation area. 

The simulation results of observations from Table 3 can be described as follow: 

1. AoA = 0 degrees, the wind flow appears to hit the concave plane of blade B. Large circular and 

small circular play a role in distributing the thrust of downstream wind flow in a laminar form 

from blades B and A to the concave plane of blade C. then, downstream flow forms a vortex 

flow on blade C. This downstream flow then provides thrust support on blade C to contribute 

to an even distribution of airspeed in each blade. 

2. At AoA = 20 degrees, it appears that there is a continuous flow of air on blade C so that at an 

angle of AoA=20 degrees, it can be concluded that there is no significant aerodynamic 

resistance. No 3 shows the continuation of the wind flow that occurs in No 2. At AoA = 40 

degrees, it appears that there is an increase in airflow in the C blade due to OR, so that at the 

angle AoA = 400, it can be concluded that there is no significant aerodynamic resistance. 

3. At AoA = 40 degrees, the airspeeds flowing in the OR become more solid than in No 1, 2, 3.  

4. AoA=60 degrees is the angle where the OR inlet space faces the wind accident, which then 

causes the wind flow to accelerate on the C blade. This condition proves that the curvature of 

the fish-ridge blades allows the wind flow to be more easily distributed than conventional 

savonius turbines. 

5. AoA=80 degrees, the high airspeeds in the OR area causes blade C to get high thrust, even 

though blade B still occurs slowly due to aerodynamic drag from blade A, but blade C provides 

considerable power compensation. 

6. AoA=100 degrees. There is low airspeed distribution between blade B and blade C. Even 

though there is high flow in the OR area. The aerodynamic resistance on blades B and C is 

lacking. 

 

From the description of Table 3, it can be concluded that OR=15 contributes to the thrust of the 

blade, which indirectly gets the thrust from the incoming wind. These results prove the facts from a 

study conducted by (Shamsoddin and Porté-Agel 2020). 

We present the static torque test results on the turbine rotor rotation at airspeeds of 5m/s. However, 

we have managed to collect static torque data against AoA at several turbine rpm, which varies from 

7.5 rpm to 120 rpm, as shown in Fig. 7. This analysis can conclude that the more rotation of the 

turbine, the smaller the torque produced. The turbine rotor rotation at low speed (15 rpm) has the 

highest torque of 0.00686 N.m. the average torque obtained by the maximum value is 0.044 occurs 

at AoA 10 degrees, 120 degrees, 250 degrees. 
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Table 3 The contour of air distribution in fish-ridge turbine 

 

 

 

No Observation area in Zoom out Observation area in Zoom in 

1 

  

2 

  

3 

  

4 

  

5 

  

6 
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Fig. 7 Static torque vs. AoA at various rpm 

 

 
Table 4 Peak torque at various turbine rotation 

 

 

Fig. 7 also shows that fish-ridge turbines at high rpm appear to reduce torque, creating negative 

torque. The torque reduction is because, at high speeds with low airspeeds, fish-ridge turbines 

experience decreased performance. This condition is a weakness of the commonly encountered 

VAWT turbines. by previous researchers. 

Static torque testing of variations in turbine rotor rotation is concluded in Table 4, and the AoA= 

10 degrees to 20 degrees occurs a rotation at 15 rpm, 30 rpm, and 90 rpm. The AoA=70 degrees to 

80 degrees occurs at rotation 7.5 and 120 rpm. The AoA=120 degrees occurs at a rotation of 60 rpm. 

 

3.2 Static torque with prototype experiment 
 

We were also testing the prototype turbine on the experimental as in Fig. 8. The airspeeds towards 

the turbine are set at 5 m/s. The results of the mean torque measurement of five repetitions are shown 

in Fig. 9. Then it is compared with the simulation results at the mean torque of Fig. 7. 

Comparison of static torque observations based on the simulation against the prototype 

measurement as in Fig. 9 shows that the two tests show that the maximum torque occurs at AoA 80 
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degrees, 200 degrees, and 320 degrees. The result is that our prototype produces 0.007 Nm of torque 

while the simulation, the turbine, produces 0.078 Nm. 

From the static torque test, it can be concluded that the fish-ridge turbine has a high response at 

low airspeeds; therefore, the fish-ridge turbine is very suitable for use in low-wave OWC systems. 

Using the mean torque value from Fig. 7, then numerically through the curve fitting as in Eq. 

(11), shows the relationship between the airspeeds and the torque generated by the fish-ridge turbine 

Fig. 10. TR is the turbine rotor torque (N.m), WS is the airspeeds (m/s). 

𝑇𝑅 = −0.0005 (𝑊𝑆) +  0.0054                          (11) 

The relationship of TSR to fish-ridge turbine torque can be calculated numerically using Eq. (12), 

where TR is the turbine rotor torque (N.m), constanta, and constanta. TSR is obtained using Eq. (8). 

The graph of the TSR relationship to turbine torque is shown in Fig. 11. 

𝑇𝑅 = Π(𝑇𝑆𝑅2)  + Ψ (𝑇𝑆𝑅) +  0.00543                       (12) 

 

 

 

Fig. 8 The turbine static torque measurement on the OWC prototype 

 

 

 

Fig. 9 Rotor torque vs. AoA 
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Fig. 10 Turbine torque vs. airspeeds 

 

 

 

Fig. 11 Rotor torque vs. wind velocity 

 

 

Fig. 12 shows a graph of the correlation between the turbine speed (m/s) and airspeeds (m/s). A 

linear equation is obtained based on the prototype measurement data sampling as shown in Eq. (13), 

where Ws is wind speed (m/s), Θ = −345.603619236845 , Λ = 396.2937800495123 , and 

Ω =170.99764196071726. RT is the turbine rotor rotation (rpm), WS is the airspeeds in the OWC 

system (m/s). From Fig. 12, it appears that the fish-ridge turbine produces high turbine rotation at 

low airspeeds. This condition is due to the turbine's lightweight and the increased air pressure in the 

chamber OWC. In actual conditions, the turbine rotation speed is influenced by the turbine forming 

material. 

𝑅𝑇  =  Θ +  Λ (Ws) +  Ω (𝑊𝑆2)                       (13) 
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Fig. 12 Rotor rotation vs. airspeeds 

 

 

3.3 Aerodinamik fish-ridge in OWC 
 
Like the OWC chamber in actual conditions (Fig. 2), the water level inside the OWC chamber is 

determined by the water surface behavior outside the chamber. The chamber water surface has three 

different states; they are steady, high, and low. The steady-state is where there are no waves outside 

the chamber. The low-state is where the increased air pressure comes from inside the chamber area 

and then flows to the turbine then goes to the air outlet, called a compressed condition. The low-

state is where the wave peak is at the negative peak so that high air pressure comes from the outlet 

to the turbine and is stuck in the chamber, which is called a decompressed condition. This condition 

is continuous during wave oscillation outside the chamber, while the turbine rotation continues in 

one direction under compressed conditions and calm conditions. 

A CFD simulation of a fish-ridge turbine performance that depicts airspeeds and air pressure 

contours in the OWC system under compressed conditions is described in Fig. 19. In contrast, the 

decompressed state is represented in Figs. 15 and 16. 

Fig. 13 shows a contour of airspeeds on a fish-ridge turbine under compressed conditions. At 

ϴ=90 degrees, it appears that the airspeeds from the chamber have a slow rate. It was 0.127 m/s on 

the surface of the concave area of the A2 blade. The airspeeds in laminar form occur in the overlap 

area and towards the concave blade area of sections A1 and A3. This laminar form due to the 

significant pressure in the A2 concave area of the blades. 

At ϴ=60 degrees, turbulence begins to form in the A2 and A3 blades concave plane, increasing 

the wind flow rate in A2. When ϴ=30 degrees, the turbulence-shaped flow becomes very significant 

with a speed of 1.1 m/s in the concave area of blade A1. The greater the turbulence flow at ϴ=0 

degrees. The overlap area with OR = 15% allows airflow in the laminar form to support the non-

thrust blades have more thrust. This cycle occurs for each blade; therefore, this cycle is repeated for 

each of the blades. 

Fig. 14 shows a contour of compressed air pressure on a fish-ridge turbine in an OWC system. 

At ϴ=90 degrees, the immense pressure is 0.368Pa on the concave surface of A2 blades, while at 
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Fig. 13 Airspeeds on turbine blades under compressed conditions 

 

 

 

Fig. 14 Air pressure on the turbine in the chamber under compressed conditions 

 

 

 

Fig. 15 The contour of airspeeds distribution at decompressed conditions 

 

 

low pressure, 0.045 Pa occurs on convex A3. At ϴ=60 degrees, low pressure occurs on the concave 

and convex A3 parts of 0.107Pa at ϴ=30 degrees, low pressure occurs at convex A2 and continues 

at ϴ=0 degrees. This cycle occurs for each blade of the fish-ridge turbine. 
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Fig. 16 The contour of air pressure distribution at decompressed conditions 

 

 

 

Fig. 17 Power coefficient vs. TSR at the compressed condition 

 

 

From Figs. 13 and 14, it can be concluded that, in the distribution of wind flow, the fish-ridge 

turbine with OR=15% of the wind flow is continuously distributed. The fish-ridge turbine also 

proved that the aerodynamic drag of the turbine did not occur significantly. The shape of the OWC, 

which tends not to have free air space, makes air pressure isolated on one blade only, while the other 

blades experience low air pressure. In the compressed conditions based on Figs. 14 and 15, with 

varying airspeeds 3 m/s, 5 m/s, 7 m/s, 9 m/s in the fish-ridge turbine model in the compressed 

condition, we can draw a relationship of power coefficient (Cp) to TSR under compressed conditions 

as shown in Fig. 17. 

The airspeed variation applied to the model appears that the maximum turbine efficiency reaches 

30% at TSR=0.9, as shown in Fig. 17. These results prove that the implementation of the fish-ridge 

turbine in the OWC system produces better efficiency than applied to open spaces as has been done 

in (Song et al. 2013). Compared to the savonius study (Hassanzadeh and Mohammadnejad 2019),  
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Fig. 18 Power coefficient vs. TSR at the decompressed condition 

 

 

the fish-ridge turbine produces higher efficiency. In the OWC system, there is high air pressure due 

to the oscillation of the water surface in the chamber. 

From Fig. 17, it appears that high compressed condition causes the turbine to extract energy in 

the TSR range between 0.8 to 1.2, meaning that the fish-ridge turbine experiences optimum 

efficiency at low waves (TSR=0.8) to high waves (TSR=1.2). This fact proves that the application 

of a fish-ridge turbine can work optimally at low to high waves. 

Fig. 15 shows a contour of airspeeds on a fish-ridge turbine under decompressed conditions. The 

wind flow from the inlet to the turbine is not the same during the compressed conditions, so the wind 

flow contour analysis starts from ϴ=0 degrees and ends at ϴ=90 degrees. 

When ϴ=0 degrees, the high-speed wind flows on concave B1 and partially flows to the B2 blade 

through the overlap area in the form of laminar flow. At ϴ=30 degrees, the wind flow increases on 

the blades of concave B1 and concave B2. At ϴ=60 degrees, the laminar flow with a speed of 1,899 

m/s is evenly distributed over the concave section of blade B3. A turbulent stream begins to appear 

at the convex end of the B2 blade. At ϴ=90 degrees, the flow of laminar shape with a velocity of 

2,848 m/s flows on concave B3, and the turbulence flow increases in the convex area of blade B2. 

Fig. 16 shows a contour of decompressed air pressure in a fish-ridge turbine in an OWC system. 

Analysis of air pressure under decompressed conditions starts from ϴ=0 degrees and ends at ϴ=90 

degrees. At ϴ=0 degrees, high air pressure occurs in the concave area B1, while B2 and B3 

experience low air pressure. At ϴ=30 degrees, the air pressure in the concave area of B1 drops 

significantly, while the air pressure in the concave area of B3 becomes high. At ϴ=60 degrees, the 

maximum air pressure occurs in the concave area of B3, up to ϴ=90 degrees. This procedure is one 

duty cycle for each turbine. 

Figs. 15 and 16 decompressed conditions with varying airspeeds, namely 3 m/s, 5 m/s, 7 m/s, 

and 9 m/s in the fish-ridge turbine model OWC decompressed system that the maximum efficiency 

of the turbine reaches 28% at TSR=0.6 (Fig. 18). this value is lower than in the compressed 

condition. However, at TSR=1.0, the turbine efficiency still came 26%, then plunged at TSR> 1.0. 
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Fig. 19 Power turbine vs. airspeeds 

 

 

Fig. 20 Torque vs. TSR 

 

 

Compared to turbine efficiency under compressed conditions (Fig. 17), turbine efficiency under 

decompressed conditions (Fig. 18) is more sensitive at low airspeeds. Still, the TSR range and 

efficiency levels are minor than under compressed conditions. 

From the above observations, it can be concluded that the aerodynamic behavior in compressed 

conditions involves maximum airspeeds of 1.90 m/s and air pressure of 0.36 Pa in the system. In 

comparison, in a decompressed condition, the maximum airspeed was 2.86 m/s with a maximum air 

pressure reaching 0.085 Pa., meaning that the turbine rotates more slowly but with enormous torque 

during the compressed condition. In contrast, when in the decompressed condition, the turbine 

rotates faster but with lower torque than under compressed conditions. The fish-ridge turbine in the 

OWC system absorbs wind energy into kinetic energy at faster rotation at low airspeeds. This 

condition is proof that fish-ridge has little aerodynamic resistance. 
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Using the simulation results from Table 3 by collecting the CFD data, the relationship between 

the airspeeds in the chamber and the power generated by the turbine is obtained, as shown Fig. 19. 

It appears that there is a fish-ridge turbine power which increases with increasing airspeeds on the 

turbine. Numerically, the relationship between the airspeeds and the turbine power generated is 

expressed in Eq. (14), where PT is the turbine power (watts), Ws is the wind speed or airspeeds in 

the OWC (m/s), Π  = -0.005112414150319368, Γ  = 0.0027620508076888735, Υ 

=0.005307706457862304. The torque coefficient of the turbine with variations in airspeeds shows 

in Fig. 20. The test results obtained a linear relationship with the airspeeds around the turbine, as in 

Fig. 20. It appears that in the variation of airspeeds in the OWC system, the peak torque coefficient 

of the fish-ridge turbine occurs at TSR = 0.3, then drops significantly at TSR> 0.4. We agree that 

the fish-ridge turbine in the OWC system is very easy to rotate at low speeds. 

𝑃𝑇  =  Π + Γ(𝑊𝑆)  +  Υ(𝑊𝑆
2)                         (14) 

 

 

4. Conclusions 
 

This article presents a fish-ridge turbine's performance results on an OWC system from an 

aerodynamic perspective regarding airspeeds and pressure for energy extraction. Our proposed 

design shows low wind resistance. Fish-ridge turbine behavior in an OWC system at decompressed 

conditions is more sensitive than at compressed conditions. An Overlap ratio OR=15% causes a 

laminar flow from the turbine blades that do not directly thrust from the accident wind. The 

distribution of wind flow is evenly distributed on all turbine blades. In the compressed condition, 

the maximum efficiency of the fish-ridge turbine was 30% achieved at TSR 0.9. 

In contrast, in the decompressed condition, the maximum efficiency of the turbine was 28%. And 

it was achieved at TSR 0.6. We also found that the fish-ridge turbine is more sensitive to achieve 

maximum performance in the decompressed condition. The maximum torque coefficient of the 

turbine was 55% at TSR 0.3 
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