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 13 

ABSTRACT 14 

Wells turbine is the simplest type of an axial flow self-rectifying air turbine that can be used in 15 

conjunction with Oscillating Water Column (OWC) system in the extraction of ocean wave 16 

energy. It has been noticed that this turbine is subjected to early stall. As a consequence, several 17 

attempts for improving the energy extraction performance of Wells turbine within the stall regime 18 

have been investigated. One of these attempts was using an inclined slot as a passive flow control 19 

to obtain a delayed stall. In the following study, the impact of varying the angle for the slot on the 20 

performance of Wells turbine in the stall regime was investigated. Furthermore, the first law of 21 

thermodynamics and the entropy analysis has been used to examine the effect of the slot angle on 22 

the entropy generation features around the turbine blade. Moreover, Investigation of slot angle 23 

effect on the aerodynamics noise emission from Wells turbine airfoil during the normal operation 24 

and the stall regime is covered in this study. The blade of turbine with optimum angle of slot was 25 

investigated using the OWC based on actual data from the Egyptian Northern Coast. It was found 26 

that the optimum slot angle is 10 degrees clockwise which results in 3% improvement in the torque 27 

coefficient before the stall and 15% after the stall as compared to the 0 degree slot. Otherwise, it 28 

gives a lower global entropy generation rate than the 0 degree slot by 4% before the stall and 3% 29 

after the stall. Furthermore, using airfoil of blade turbine with a slot resulted in a reduction of 30 

aeroacoustic noise by -21.2% at the stall regime under oscillating flow conditions. 31 
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Nomenclature and Abbreviations 

 

A Total blade area ( m2) 

c       Blade chord (m) 

CD Drag force coefficient 

𝐶𝐿 Lift force coefficient 

𝐶𝑇 Torque coefficient 

D Fluid domain 

𝐷𝑠𝑠 Suction slot diameter (m) 

f  
 The cycle frequency (Hz) 

DF  
 In-line force acting on  cylinder per unit length (gf) 

G Filter function 

Ke  Specific kinetic energy (J/kg) 

𝐿𝑠𝑠 Suction slot location from leading edge in chord percentage % 

K Turbulent kinetic energy (Joules) 

Δp Pressure difference across the turbine (N/m2) 

𝑅𝑚 Mean rotor radius (m) 

genS
 

 Local entropy generation rate (W/m2K) 

GS
 

 Global entropy generation rate (W/K) 

𝑆𝑖𝑗 Mean strain rate (1/s) 

tS
 

 Thermal entropy generation rate (W/m2K) 
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VS
 

 Viscous entropy generation rate (W/m2K) 

oT
 

Reservoir temperature  (K) 

𝑡𝑠𝑖𝑛 Time period for sinusoidal wave  =1
𝑓⁄  (second) 

iu
 

Reynolds Averaged velocity component in i direction (m/s) 

V  Volume of a computation cell (m3) 

aV
 

Instantaneous Velocity (m/s) 

𝑉𝑎𝑚  highest speed of axial direction (m/s) 

oV
 

 Initial velocity for computation (m/s) 



W  
Net-work transfer rate (W) 

revW


 
 Reversible work (W) 

𝛼𝑆𝑆 Angle of suction slot (Degree)  

𝜂𝐹 Efficiency in first law of thermodynamics 

𝜂𝑆 Second law efficiency 

  Viscosity  (Kg/m.s) 

𝜇𝑡 Turbulent viscosity (N.s/m2) 

  Density (Kg/m3) 

∅̅ Flow coefficient 

𝜔 Rotor angular speed  (rad/sec) 

 jiuu  
 

Reynolds stress tensor 

CFD         Computational Fluid Dynamics 

NACA     National Advisory Committee for Aeronautics 

OWC       Oscillating Water Column 

 1 
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1. Introduction 1 

The main challenge facing the wave energy extraction devices with oscillating water 2 

column  system is to find an economical and efficient means of converting bidirectional flow from 3 

the waves motion to unidirectional rotary motion for driving electrical generators [1-3], as seen in 4 

Figure 1 A. A self-rectifying air turbine such as Wells turbine, see Figure 1 B, [4-9] can be used 5 

to extract the energy from the oscillating air column [10-15]. Wells turbine suffers low 6 

performance problem at stall condition [10, 16-21]  which is a remarkable subject that needs to be 7 

explored and improved. In case of large angles of attack and that means large flow rates, the 8 

separation area will be increased on the blade due to the separate boundary layers, which decrease 9 

the value of torque coefficient and thus the efficiency. The reason behind that, is the decrease in 10 

the lift value and also a big increase in the drag value. From references [10, 22, 23] it can be 11 

concluded that Wells turbine can produce energy at relatively low air flow rate, when other types 12 

of turbines con not  [22, 24, 25]. Furthermore, the aerodynamic efficiency increases with the 13 

increase of the angle of attack or the flow coefficient up to an appointed value, after that it 14 

decreases. Thus, most of the previous studies [10, 26] aimed to improve the torque coefficient (the 15 

turbine output) and improve the turbine performance during the stall condition. 16 

The following references [27-29] noted that the delay of stall beginning contributes to 17 

improved Wells turbine performance. Employing guide vanes on the rotor’s hub can achieve this 18 

delay [27, 30, 31]. It was found that adding guide vanes to a multi-plane turbine increases the 19 

efficiency by approximately 20% compared to the one without guide vanes. Setoguchi et al., [32] 20 

carried out a comparison between Wells turbines having two and three dimensional guide vanes. 21 

By performing a steady flow testing of Wells turbine model, and using numerical computer 22 

simulation (quasi-steady analysis), it was observed that the three dimensional case has superior 23 

characteristics in the starting and running characteristics. At high pressure values, usually a multi 24 

plane Wells turbine systems are used. Such configuration avoids the need for guide vanes and, 25 

therefore the turbine would require less maintenance and repairs [27]. The performance of a 26 

biplane Wells turbine is based on the gap between the two turbines as described in [27]. It was 27 

recommended that a gap-to-chord ratio between the two turbines was 1.0. References [33, 34] 28 

investigated experimentally the effects of rotor solidity and blade profile on hysteretic behavior of 29 

Wells turbine operating under bi-directional airflow. It is noticed that reducing rotor solidity leads 30 
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to decreasing the size of hysteretic loop of pressure coefficient. In order to investigate the relation 1 

between the hysteretic behavior of Wells turbine and the rotor solidity, setting angles, and blade 2 

thickness, Computational Fluid Dynamics (CFD) simulations were proceed for the flow field 3 

around a single blade of a Wells turbine by the following references [35, 36]. Therefore, Torresi 4 

et al., [37] studied in details the flow-field characteristics through a high solidity (σ = 0.64) Wells 5 

turbine using blades with constant chord NACA0015 profiles. For high flow rate values, a radical 6 

shift of the mass flow through the turbine due to the cascade effect [38] occurs. This leads to flow 7 

separation at the outer radii. 8 

The estimation of blade sweeps for the Wells turbine have been conducted numerically by 9 

[39] and experimentally with quasi-steady analysis by [40]. As a result, it was concluded that the 10 

Wells turbines performance was affected by the blade sweep area. Paderi M. et al., [41] carried 11 

out the experimental characterization of Wells turbine with NACA0015 profiles submitted to a bi-12 

directional flow, the results also are presented and analyzed the study mentioned in [41]. For 13 

various test conditions, the maximum efficiency of the turbine (from 30% to 43%) takes place for 14 

the flow coefficient values between 0.19 and 0.21. A modified Wells turbine with setting angle 15 

has been examined by prototype testing and numerical modeling in [42]. It was proven that the 16 

modified turbine using blades with a specific setting angle is superior to the normal Wells turbine, 17 

and that the optimum setting angle was 2 degrees for compression velocity amplitude to suction 18 

velocity ratios of 0.6 and 0.8, in both with guide vanes and without guide vanes configurations. 19 

Exergy analysis has been performed in [43] using the CFD for biplane Wells turbines [7, 20 

44] in steady state where the rotor of the upstream flow has a design point of 0.82 second law 21 

efficiency, however the downstream rotor has second law efficiency equals 0.61. The entropy 22 

generation rate, due to viscous dissipation, around different two dimension airfoil sections for 23 

Wells turbine blade was studied in [45, 46]. It was observed that, when Reynolds number was 24 

increased from 6×104 till 1×105 the total entropy generation rate increased accordingly more than 25 

double for tested airfoils. Although, Reynolds number was increased further to 2×105, the total 26 

entropy generation rate showed values ranging from 0.25 reduction to 0.2 increase compared to 27 

corresponding values at Reynolds number of 1×105. For the four different airfoils, the efficiency 28 

in compression cycle is higher than that in suction cycle at angle of attack equals to 2 degrees. On 29 

contrast, the efficiency for suction cycle was more than the compression cycle with the increase of 30 

angle of attack. The researchers in references [45, 46] suggested that a possible existence of critical 31 
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Reynolds number at which viscous entropy takes least values. A comparison of the entropy 1 

generation characteristics between a Wells turbine with a variable chord design and another one 2 

with a constant chord was investigated in [47]. The detailed results demonstrated that static 3 

pressure difference around new blade is increased and that the value of entropy generation 4 

throughout the total running range is decreased also by average 26.02 %. Second law analysis of 5 

a Wells turbine was numerically performed using the Open FOAM in [48] to express its optimal 6 

performance and show how irreversibility factors lead to exergy destruction and also second law 7 

efficiency reduction. The dielectric barrier discharge (DBD) plasma actuator is applied in the 8 

trailing edge of the turbine blade in order to improve performance and reduce aerodynamic load. 9 

It can be noted that by applying plasma the average increase in torque coefficient was about 10 

39.36% and the average decrease in lift coefficient was about 30.53%. It was also found that  the 11 

plasma be applied in the flow coefficients almost equal to ones that cause the stall, in which case 12 

39.56% increment is observed in the first law efficiency. However, the second law efficiency 13 

increases about 39.16% without considering viscous dissipation term and decreases about 64.63% 14 

with considering the viscous dissipation term. The effects of blade thickness on the performance 15 

of a Wells turbine are investigated based on aerodynamic and entropy generation analysis in [49]. 16 

Two kinds of blade profiles are being investigated, a constant thickness blade and a variable 17 

thickness blade. The computation is performed by solving the 3D steady incompressible Reynolds-18 

averaged Navier–Stokes equations. The results show the interaction between tip leakage vortex 19 

and suction surface of the blade is substantially reduced by using the variable thickness blade. The 20 

results reveal that entropy generation seems to give an advantageous effect of reducing the 21 

separation at the tip section of the variable thickness blade in the deep stall condition. At most, a 22 

63.37% increase in torque coefficient and 72.8% increase in efficiency are achieved by the variable 23 

thickness blade in the deep stall condition. The majority of the researchers, who investigated the 24 

performance of various airfoil designs and various operational conditions, were analyzing the 25 

problem based only on the first law of thermodynamic parameters. However, it is essential to take 26 

into account the second law of thermodynamic in order to form a thorough understanding, since it 27 

was proven to show highly hopeful results in many similar systems, such as gas turbine in [50, 28 

51], and wind turbine in [52-55]. 29 

Techniques were developed to manipulate the boundary layer, either to increase the lift or 30 

decrease the drag, they are classified under the general heading of boundary layer control or flow 31 
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control[56, 57]. Methods of flow control to achieve separation postponement, lift enhancement 1 

and drag reduction have been considered in these studies. Such studies have demonstrated that 2 

adding suction slot could modify the pressure distribution over an airfoil surface and have an 3 

essential impact on both the lift and drag coefficients [58-63]. Also, many studies have been 4 

conducted to draw on flow control techniques. Prandtl, 1904, [64] was the first scientist who used 5 

boundary layer suction on a cylindrical surface to delay the separation of boundary layer. The 6 

oldest recognized experimental studies on boundary layer suction for wings were conducted in the 7 

late 1930 and the 1940 [65-67]. Huang et al., [68] investigated both suction and blowing flow 8 

control mechanism on an airfoil with NACA 0012 section profile. When jet location and angle of 9 

attack were combined, perpendicular suction at the leading edge increased lift coefficient more 10 

than other suction situations. Furthermore, the downstream locations with tangential blowing have 11 

the maximum increase rate in the lift coefficient. Rosas in [69] was numerically investigated flow 12 

separation control through oscillatory fluid injection, in which lift coefficient was increased. The 13 

authors in [70] studied the optimization of synthetic jet parameters on a NACA 0015 airfoil to 14 

increase the lift and decrease the drag in different angles of attack. It can be concluded that the 15 

optimum location for the jet moved toward the leading edge, in addition the optimum angle for the 16 

jet increased with the increment of angle of attack. The CFD method has been widely used to study 17 

the technique of boundary layer control. Many flow control studies by CFD approaches [71-73] 18 

have been conducted to study the blowing and suction jets effects on the aerodynamic performance 19 

of blade or wing airfoils. 20 

Aiming at minimizing the overall environmental impact of oscillating water column 21 

technology requires a new effort to reduce the aeroacoustic noise associated with Wells turbine 22 

operation [74]. A new blade design methodology for a Wells turbine with skewed blades is 23 

investigated by [74, 75] to be very successful for reducing noise and vibrations. The flow generated 24 

sound in normal operation (unstalled) was decreased up to 3 dB by optimal backward/ forward 25 

blade skew.  The vast majority of the researchers and investigations focused on the aerodynamic 26 

noise prediction for wind turbine [76-81] and around an airfoil [82-88]. However, no study until 27 

now study the aeroacoustic noise prediction or reduction of Wells turbine at stall and near-stall 28 

conditions  under oscillating flow conditions,  even, the only research group for the aerodynamic 29 

noise prediction of Wells turbine mentioned be in [74, 75], assumed that Wells turbine work under 30 

unidirectional flow with steady state condition. 31 
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One of the best locations for applying the Wells turbine energy extractor as OWC system 1 

is the Egyptian Northern Coast. The Egyptian Coast is considered the most energetic coast of the 2 

Southern Mediterranean Basin, lying between the Nile Delta and the Libyan borders with a 3 

potential of above 6.8 kW/m wave power in winter season and 3.4 kW/m in summer season [89, 4 

90] and the wave energy of about 36003 kWh/m. The most active sea states have wave heights 5 

ranging from 1 to 4 m and wave periods between 4 and 8 s. The sea wave in Egypt is comparatively 6 

low but on the other hand stable and that are the significant differences between the sea in Egypt 7 

and other locations. Subsequently, the potential wave energy can be revealed and exploited [91]. 8 

Otherwise, sea states with the wave heights more than 5 m are not very effective for the annual 9 

power [92]. 10 

         The objective of the present work is to demonstrate the performance of Wells turbine at stall 11 

and near-stall conditions which can be effectively improved by using passive flow control 12 

technique such as blowing and suction slot with different angles. This is achieved by conducting 13 

CFD based first and second law analysis for the Wells turbine airfoil, without and with slot which 14 

has different angles, under oscillating and non-oscillating flow conditions. A typical slot is 15 

attached to the airfoil profile section, normal to the chord length , and due to the pressure difference 16 

between the two surfaces, a suction effect occurs which delays the stall. Hence, there is no need to 17 

generate any specific active suction or blowing within the airfoil or the slot. During the 18 

compression cycle, this slot pulls the flow from the high pressure area (lower surface) and blows 19 

it to the low pressure area (upper surface). On the other hand, during the suction cycle, the slot 20 

draws the flow from the upper surface (high pressure) and blows it to the lower surface (low 21 

pressure) [93], see Figures 2 A) and B). The slot will be known as a suction slot in the results 22 

which were presented henceforward. Moreover, another objective of this study is assessing the 23 

effect of slot angle on aerodynamic noise emitted from Wells turbine airfoil under oscillating and 24 

non-oscillating flow conditions. According to the literature, this is fairly a first study to use the 25 

slot with different angles in Oscillating Water System and Wells turbine design. Furthermore, this 26 

is also the first study to investigate the effect of a slot with different angles in aerodynamic 27 

performance, entropy generation and aeroacoustic noise of Wells turbine airfoil at the stall and 28 

near-stall conditions under oscillating flow conditions. 29 
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2. Mathematical Formulations and Numerical Methodology 1 

    The Large Eddy Simulation (LES) are used by the governing equations to obtain by filtering 2 

the time-dependent Navier-Stokes equations. The filtering procedure filters out eddies whose 3 

scales are smaller than the filter width or grid spacing used in the computations. The resulting 4 

equations thus decide the large eddies dynamics. A filtered variable, which denoted by an over-5 

bar, is defined by [94]: 6 

𝜙 (𝑥) =  ∫ 𝜙(𝑥′)𝐺(𝑥, 𝑥′)𝑑𝑥′ 

𝐹𝐷
        (1) 7 

Where FD is the fluid domain, and the filter function which defines the scale of the resolved eddies 8 

is represented by G.  9 

The finite-volume, in FLUENT, discretization itself implicitly provides the filtering 10 

operation [23]: 11 

𝜙(𝑥) =  
1

𝑉
∫ 𝜙(𝑥′)𝑑𝑥′,   𝑥′ ∈ 𝑉

 

𝑉
        (2) 12 

Where the volume of a computational cell is define by 𝑉. G (x, x'), the filter function, implied here 13 

is by 14 

𝐺 (𝑥,   𝑥′) =  {
1 𝑉⁄   𝑓𝑜𝑟   𝑥′  ∈ 𝑉

0   𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
        (3) 15 

The LES model will be applied to essentially incompressible flows. Filtering the 16 

incompressible Navier-Stokes equations, one obtains [95] 17 

𝜕𝜌

𝜕𝑡
+

𝜕𝜌𝑢𝑖

𝜕𝑥𝑖
= 0                      (4) 18 

𝜕𝑢𝑖

𝜕𝑡
+  

𝜕𝑢𝑖

𝜕𝑥𝑗
(𝑢𝑗) =  

𝜕

𝜕𝑥𝑗
(𝜇

𝜕𝑢𝑖

𝜕𝑥𝑗
) −  

𝜕𝜌

𝜌 𝜕𝑥𝑖
+  

𝜕𝜏𝑖𝑗

𝜌 𝜕𝑥𝑗
                  (5) 19 

Where, 𝜏𝑖𝑗 is the sub-grid-scale stress equals to: 20 

𝜏𝑖𝑗 =  𝜌𝑢𝑖𝑢𝑗 − 𝜌𝑢𝑖𝑢𝑗          (6) 21 

The sub-grid-scale stresses producing from the filtering process are unknown and need to 22 

modeling. The most of sub-grid-scale models are eddy viscosity models of the next form [96]: 23 
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𝜏𝑖𝑗 −
1

3
𝜏𝑘𝑘𝜎𝑖𝑗 =  −2𝜇𝑡𝑆𝑖𝑗         (7) 1 

Where 𝑆𝑖𝑗is the rate-of-strain tensor for the resolved scale and it is defined by: 2 

𝑆𝑖𝑗 =  
1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)          (8) 3 

and 𝜇𝑡represents the sub-grid-scale turbulent viscosity, which the Smagorinsky-Lilly model is 4 

applied for it [97]. The majority of sub-grid-scale models for Smagorinsky-Lilly model was 5 

presented by Smagorinsky[98] and was further developed by Lilly[99]. In the Smagorinsky-Lilly 6 

model, the eddy viscosity is modeled by: 7 

𝜇𝑡 =  𝜌𝐿𝑠
2|𝑆|           (9) 8 

Where, the mixing length for sub-grid-scale models is define by 𝐿𝑠
  and|𝑆| =  √2𝑆𝑖𝑗𝑆𝑖𝑗. The 9 

𝐿𝑠
  iscomputed using: 10 

𝐿𝑠
 = min (𝑘𝑑, 𝐶𝑠𝑉1 3⁄ )         (10) 11 

Where 𝑘 = 0.42, 𝑑is the distance to the closest wall,𝐶𝑠 is the Smagorinsky constant, and 𝑉 is the 12 

volume of the computational cell. Lilly derived a value of 0.23 for 𝐶𝑠 from homogeneous isotropic 13 

turbulence. However, this value was found to cause excessive damping of large-scale fluctuations 14 

in the transitional flows or in the existence of mean shear. Due to the turbulence flow at all domain, 15 

a dynamic SGS model was not necessary in the LES models. Therefore, 𝐶𝑠= 0.1 has been found 16 

to yield the superior results for a vast range of flows [5, 23, 100]. 17 

The drag and lift coefficients 𝐶𝐷 and 𝐶𝐿 are determined from FLUENT (post processing 18 

software). For each angle of attack, the average value for drag and lift coefficients was used to 19 

determine one value for torque coefficient. Thereafter, the torque coefficient can then be expressed 20 

as [29, 101, 102]: 21 

𝐶𝑇  =  (𝐶𝐿 𝑠𝑖𝑛  −  𝐶𝐷 cos)         (11) 22 

The flow coefficient �̅�  based on both axial and tangential velocties of the rotor is given by 23 

�̅� =
𝑉𝑎

𝜔∗𝑅𝑚
           (12) 24 

Where the  angle of attack equal to  25 

𝛼 =  𝑡𝑎𝑛−1 
𝑉𝑎

𝜔 𝑅𝑚
          (13) 26 
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and the torque is defined as: 1 

𝑇𝑜𝑟𝑞𝑢𝑒 =  
1

2
𝜌(𝑉𝑎

2 + (𝜔𝑅𝑚)2)𝐴𝑅𝑚𝐶𝑇       (14) 2 

The first law of thermodynamics efficiency (𝜂𝐹) is determined by: 3 

𝜂𝐹 =  
𝑇𝑜𝑟𝑞𝑢𝑒∗ 𝜔

𝛥𝑃∗𝑄
          (15) 4 

The transport equations that govern these models can be found in turbulent flow texts such 5 

as [103]. The second law of thermodynamic defines the network transfer rate 


W as [104]: 6 

genorev STWW 


                     (16) 7 

Which, it has been known as the Gouy–Stodola theorem[105]. 8 

In the absence of chemical reactions and phase change, the irreversible entropy generation 9 

could be expressed in terms of the derivatives of local flow parameters. In viscous flows, there are 10 

two main dissipative mechanisms:1) the strain-originated dissipation which corresponds to the 11 

viscous entropy generation and 2) the thermal dissipation which correspond to the thermal entropy 12 

generation [106]. Thus, it can be written as, 13 

thVgen SSS              (17) 14 

For the present case study (isothermal incompressible flow), the thermal dissipation term 15 

is insignificant. Therefore, the local viscous irreversibilities could be stated as: 16 




o

V
T

S               (18) 17 

where  is the viscous dissipation term, which could be expressed in two dimensional Cartesian 18 

Coordinates as [106]: 19 

222

2 



























































x

v

y

u

y

v

x

u
         (19) 20 

Equations 18 and 19 were used to create the user defined function (UDF) file, which is 21 

used to calculate the local entropy generation form the software (FLUENT). After that, the global 22 

entropy generation rate is expressed as: 23 


yx

VG dxdySS           (20) 24 
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𝑆𝐺 is calculated by integral the global value using the FLUENT software. 1 

The Exergy is giving as, [107]:  2 

GSKeExergy            (21) 3 

and efficiency of the second law can be written as [52]: 4 

Exergy

Ke
S             (22) 5 

Where 
2

2

1
VKe   6 

From the above equations, several conclusion can be noted. Firstly, the torque coefficient (𝐶𝑇) 7 

relates to the first law efficiency (𝜂𝐹). Secondly, the increase in torque coefficient (𝐶𝑇) leads to 8 

increase in the first law efficiency (𝜂𝐹). Thirdly, the global entropy generation rate (𝑆𝐺) relates to 9 

the second law and efficiency (𝜂𝑆). Finally, the decrease in the global entropy generation rate (𝑆𝐺) 10 

leads to an increase in the second law efficiency (𝜂𝑆). 11 

Regarding acoustic simulation, the Lighthill formulation [108, 109] for the aeroacoustic noise was 12 

the first approach, where the Navier–Stokes equations were rearranged into an inhomogeneous 13 

wave equation, shown in equation (23). 14 

𝜕2𝑃′

𝐶0
2𝜕𝑡2

−  ∇2𝑃′ =  
𝜕2𝑄𝑖𝑗

𝜕𝑥𝑖𝜕𝑥𝑗
                            (23) 15 

Where 𝑐0 is the ambient speed of the sound, 𝑃′ = 𝐶0
2𝜌 and 𝑄𝑖𝑗 is Lighthill's stress tensor. The 16 

left hand side describes the propagation of the acoustic wave in both the spatial and temporal 17 

domains, otherwise, the right hand side represents the source term. 18 

Ffowcs-Williams and Hawkings [110] modified and extended Lighthill's equation to treat the 19 

problem of sound generated by a body in arbitrary motion in both frequency and time domains. 20 

The Ffowcs-Williams and Hawkings (FW–H) equation has two extra source terms which represent 21 

monopole and dipole sources, shown in equation (24): 22 

𝜕2𝑃′

𝐶0
2𝜕𝑡2

−  ∇2𝑃′ =  
𝜕2

𝜕𝑥𝑖𝜕𝑥𝑗
 {𝑄𝑖𝑗𝐻(𝑓)} −  

𝜕

𝜕𝑥𝑖
{[𝑃𝑖𝑗𝑛𝑗 + 𝜌𝑢𝑖(𝑢𝑛 − 𝑣𝑛)]𝛿(𝑓)} +23 

𝜕

𝜕𝑡
{[𝜌0𝑣𝑛 + 𝜌(𝑢𝑛 − 𝑣𝑛)]𝛿(𝑓)}                                                                          (24) 24 

and 𝑄𝑖𝑗 = 𝜌𝑢𝑖𝑢𝑗 + 𝑃𝑖𝑗 −  𝐶0
2(𝜌 − 𝜌0)𝛿𝑖𝑗                                                          (25) 25 
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Where, 𝑃𝑖𝑗 is the compressive stress tensor and equal to 𝑃′𝛿𝑖𝑗, 𝑢𝑖 is the fluid velocity in the 𝑖 1 

direction, 𝑣𝑖 is the surface velocity in the 𝑖 direction, 𝑛𝑖 is the unit vector in the 𝑖 direction, 𝑣𝑛 is 2 

the surface velocity normal to the surface (𝑓 = 0), 𝑢𝑛 is the fluid velocity normal to the surface 3 

(𝑓 = 0), 𝐻(𝑓) is the Heaviside delta function, 𝛿(𝑓) is the Dirac delta function, 𝑓 is the 4 

mathematical surface of the moving body and 𝑃′ is the acoustic pressure at the far field and equal 5 

to 𝑃𝑇
′ + 𝑃𝐿

′ . The solution at a receiver location can be calculated analytically using generalized 6 

function theory and the free space Green's function.  7 

The thickness contribution 𝑃𝑇
′  is given by [78, 110], 8 

4𝜋𝑃𝑇
′ (𝑥, 𝑡) =  ∫ [

𝜌0(𝑢�̇�+𝑢𝑛)

𝑟(1−𝑀𝑟)2
]

𝑟𝑒𝑡
𝑑𝑠 

𝑓=0
+  ∫ [

𝜌0𝑢𝑛{𝑟𝑀𝑟+𝑐0(𝑀𝑟−𝑀2)}

𝑟2(1−𝑀𝑟)3
]

𝑟𝑒𝑡
𝑑𝑠 

𝑓=0
        (26) 9 

The loading contribution 𝑃𝐿
′  is given by[80, 110], 10 

4𝜋𝑃𝐿
′(𝑥, 𝑡) =  

1

𝑐0
∫ [

𝐿𝑟

𝑟(1−𝑀𝑟)2
]

𝑟𝑒𝑡
𝑑𝑠 

𝑓=0
+  ∫ [

𝐿𝑟−𝐿

𝑟2(1−𝑀𝑟)2
]

𝑟𝑒𝑡
𝑑𝑠 +

𝑓=0
11 

 ∫
1

𝑐0
[

𝐿𝑟{𝑟𝑀𝑟+𝑐0(𝑀𝑟−𝑀2)}

𝑟2(1−𝑀𝑟)3
]

𝑟𝑒𝑡
𝑑𝑠 

𝑓=0
                   (27) 12 

M is local Mach number, 𝑀𝑟  is the Mach number of a point on the moving surface, r is the distance 13 

to the observer. The subscript ret denotes that the integrals are computed at the corresponding 14 

retarded times, the dot above a variable represents the source time derivative of that variable.  15 

The Sound Pressure Level (SPL) in dB, see equation (28), is obtained with respect to the reference 16 

acoustic pressure 𝑃𝑟𝑒𝑓 = 2x10-5 Pa  17 

𝑆𝑃𝐿 = 20 𝑙𝑜𝑔10(𝑃′ 𝑃𝑟𝑒𝑓⁄ )           (28) 18 

3. CFD Verification and Validation Result 19 

In this study, The CFD verification and validation results for the mentioned models are 20 

presented. Furthermore, this section proposes a detailed description of the turbulence models used 21 

in stall condition, an expression of the discretization technique used and the boundary conditions 22 

for the current work. 23 
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3.1 Computational model and boundary conditions 1 

Two-dimensional numerical simulation models for NACA 0015 airfoils section were built 2 

and then validated by experimental tests under unsteady flow conditions with constant velocity, as 3 

well as, under unsteady flow with sinusoidal inlet velocity. GAMBIT code was used for 4 

discretizing the computational domain to Cartesian structured finite volume cells. In ANSYS 5 

FLUENT, the Green-Gauss cell based evaluation method is used for calculating the gradient terms, 6 

which could be applied to the application of such boundary condition types [75, 100, 111, 7 

112].Different interpolation schemes were tested to transfer cell center values to cell face values 8 

for  the variables of flow field. In addition, several convergence tests have been performed. The 9 

second order upwind [113]  interpolation scheme was used in this work. Where, there was no 10 

noticeable difference in the results when the third order MUSCL scheme was used in the current 11 

cases. More than that, the third order MUSCL scheme resulted in high oscillatory residuals during 12 

the solution, in some cases. 13 

The axial inlet flow velocity of Wells turbine boundary condition is modeled as a sinusoidal 14 

wave in current study. Hence, time-dependent inlet boundary conditions were created. The 15 

following function was used to apply the inlet boundary condition (see Figure 3 A). 16 

𝑉𝑎 =  𝑉𝑜 + 𝑉𝑎𝑚 𝑠𝑖𝑛(2𝜋𝑓𝑡𝑠𝑖𝑛)        (29) 17 

Where a time period,𝑡𝑠𝑖𝑛, of 6 seconds was used in this study based on the conducted literature 18 

survey [5, 36, 100, 114]. Time step is set as 0.0089 second in order to satisfy CFL(Courant 19 

Friedrichs Lewy) [115] condition equal to 1. For the Egyptian coasts boundary condition the 𝑡𝑠𝑖𝑛is 20 

equal to 4, 6 and 8 seconds(𝑓 equal to 0.25,0.167 and 0.125 Hz), considering the real data from 21 

the site[89, 90]. Reynolds numbers up to 2 ×104 are created due to the sinusoidal wave condition 22 

based on the reference [112]. The dimensions of the whole computational domain, location of 23 

airfoil and near views of slot mesh are shown in Figures 3 B) and C). 24 

3.2 Grid sensitivity test (Verification) 25 

In order to ensure that the numerical results are minimally dependent on the grid size, 26 

several grids had been tested to determine the grid cells required number to create a dependable 27 

model. Four grids with different mesh sizes ranging from 112603 up to 446889 cells are studied 28 

for performing grid sensitivity test. It can be noticed that the grid with mesh size of 312951 cells 29 
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gives good results within reasonable computation time (more details about this result in [45, 93]). 1 

Thus, it was chosen to conduct the investigative and analysis of the present work. 2 

3.3 Validation of the CFD model 3 

Large Eddy Simulation (LES) model was used to model the flow around NACA0015 airfoil 4 

to give the better agreement results with experimental data taken from[112] and [116]. According 5 

to the literature survey in [95, 117-124], LES model gave excellent results when they are used to 6 

simulate the airfoil in stall condition. 7 

Although, LES is definitely 3D model, there have been numerous successful endeavors to 8 

be applied in 2D engineering applications(e.g., flow over obstacles [125], hump [126], block [127], 9 

airfoils [123, 128] and Hills[129]). Moreover, numerous 2D models applications including the 10 

problems dealing with dam-break [130], mechanism of pollutant[131, 132], heat transfer[133, 134] 11 

used LES as a turbulence model. In this work two sets of experimental data from references were 12 

used to validate the numerical model. First experimental data from references [112, 135, 136] is 13 

used to validate the stall condition. Details of the first validation case, where Wells turbine 14 

prototype under investigation is characterized by the following parameters: hub radius is 101 mm 15 

and 155 mm for the tip radius. NACA0015 blade profile section with 74 mm chord length, and 16 

number of blades are 7. Furthermore, the hub-to-tip ratio is 0.65 and the solidity is 0.64, with 0.05 17 

uncertainty in the measurements. Second experimental data from reference [116] is adopted to 18 

simulate and validate the sinusoidal wave inlet flow unsteady velocity. In the second validation 19 

case, the unsteady forces ( DF ) exerted on a square cylinder under oscillating flow with nonzero 20 

mean velocity were computed and compared to experimental data. In the experiment, the 21 

oscillating air flow was generated by an AC servomotor wind tunnel. The generated oscillating 22 

velocities are almost exact sinusoidal waves. 23 

For unsteady flow with constant velocity, Figure 4 A shows a very good agreement 24 

between the experimental data for the torque coefficient from reference [112, 135, 136] and the 25 

calculated torque coefficients at Reynolds number equals 2x105 from CFD results. It can be noted 26 

that the CFD model has close stall condition value as the experimental data from reference. Table 27 

1 shows the comparison between those results and the percentage of error. Furthermore, for an 28 

unsteady flow with sinusoidal inlet velocity, Figure 4 B shows good agreement between 29 
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experimental data for the drag force from reference [116] and the calculated drag force from CFD 1 

at two different frequencies (1 Hz and 2 Hz). It can be seen from Figure 4 B that the CFD model 2 

has approximately the same characteristics of oscillating flow velocity as the experimental data 3 

from reference. The error percentage for the two frequencies is also shown in Table 2. 4 

4. Results and Discussion 5 

 A single suction slot with certain diameter(𝐷𝑠𝑠) representing  0.1% [93]of the blade chord and 6 

located at distance (𝐿𝑠𝑠)equal to 50% of the blade chord with different angles for the suction slot 7 

positions  (𝛼𝑠𝑠)(anticlockwise and clockwise) was created, with a shape of NACA0015 from 8 

reference [112, 135, 136], see Figure 5. The angles for the suction slot were varied to get an 9 

optimum value of 𝐶𝑇 and 𝑆𝐺. Table 3 highlights the different test cases that were investigated in 10 

this work. The angle of suction slots at upper and lower surface was defined with (𝛼𝑠𝑠) of upper 11 

surface only in the analysis and results which were presented hereafter. First, test cases under 12 

unsteady flow with non-oscillating velocity were investigated in order to obtain an indication about 13 

the well-performing suction slot angles. Second, these well-performing angles were investigated 14 

under sinusoidal wave condition to decide which angle provides an optimum value of 𝐶𝑇 and 𝑆𝐺. 15 

Third, investigate the effect of a slot with different angles in aeroacoustic noise of Wells turbine 16 

airfoil at the stall and near-stall conditions under oscillating and non-oscillating flow conditions. 17 

Finally a comparative analysis with different sinusoidal wave frequencies depend on operating 18 

conditions from Egyptian Northern Coast was investigated as well. 19 

4.1 Different suction slot angles under non-oscillating inlet velocity 20 

Figure 6 A shows the 𝐶𝑇 values of suction slot with different angles. It can be noticed that 21 

the suction slot with a non-zero angle gives a higher 𝐶𝑇 than that with 0 degree. For instance, the 22 

suction slots with  𝛼𝑠𝑠 equal to 35 degrees clockwise, 65 degrees anticlockwise and 55 degrees 23 

anticlockwise give 𝐶𝑇higher than that with 0 degree by 22%, 20% and 19%, respectively. Table 4 24 

lists  𝐶𝑇 values for the investigated  𝛼𝑠𝑠 angles. The  𝑆𝐺 values of suction slot with different angles 25 

are shown in Figure 6 B. It can be concluded that, the suction slot with  𝛼𝑠𝑠 equal to 15 degrees 26 

anticlockwise, 10 degrees clockwise and 10 degrees anticlockwise gives  𝑆𝐺lower than that with 0 27 

degree by 13%, 13% and 3%, respectively, see Table 5 for more details. The slot increases 𝐶𝑇 and 28 
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delays the stall angle, furthermore, at some  𝛼𝑠𝑠 not equal to zero produce higher improvement 1 

in𝐶𝑇than  𝛼𝑠𝑠 equal to zero due to the improvement in the flow layers around the aerofoil. On the 2 

other hand, 𝑆𝐺 value depends on the velocity gradient and the increases in velocity magnitude 3 

around the aerofoil lead to increase in 𝑆𝐺. Furthermore, at some  𝛼𝑠𝑠 not equal to zero, the change 4 

in velocity gradient was lower than  𝛼𝑠𝑠 equal to zero due to the improvement in the flow layers 5 

around the aerofoil. More details about the flow layers and pressure distribution around the aerofoil 6 

will be shown in upcoming sections.  7 

4.2 Optimum suction slot angles based on First and second law analysis under 8 

sinusoidal inlet velocity 9 

From the previous section, it was noted that three values of  𝛼𝑠𝑠(35 degrees clockwise and 10 

65, 55 degrees anticlockwise) provide the highest values of  𝐶𝑇(60%, 58%, and 57%) at the stall 11 

regime. In addition, two values of  𝛼𝑠𝑠 (15 degrees anticlockwise and 10 degrees clockwise) have 12 

shown to provide the lowest  𝑆𝐺value (8%) at the stall regime. In this section, the optimum  𝛼𝑠𝑠for 13 

single suction slot at the middle of the airfoil was investigated based on both 𝐶𝑇and  𝑆𝐺 values 14 

under sinusoidal wave condition. Figures 7 and 8 illustrate the hysteretic behavior due to the 15 

reciprocating flow. 16 

Figure 7 A) shows the comparison between the suction slot with 0 degree and that with 55 17 

degrees anticlockwise. It can be noted that both the accelerating flow and decelerating flow of 18 

suction slot with  𝛼𝑠𝑠 equal to 55 degrees anticlockwise have higher  𝐶𝑇than that with suction slot 19 

angel  𝛼𝑠𝑠 equal to 0 degree by 6% (accelerating) and 5% (decelerating).Furthermore, the 20 

accelerating flow for  𝛼𝑠𝑠 equal to 65 degrees anticlockwise has a lower  𝐶𝑇than that for 𝛼𝑠𝑠 equal 21 

to 0 degree by -7%, see Figure 7 B), while for the decelerating flow it provides a 3% higher  𝐶𝑇 22 

than that for 𝛼𝑠𝑠 equal to 0 degree. From the comparison in Figure 7 C) between the suction slot 23 

with 0 degree and that with 35 degrees clockwise, it can be noted that the  𝐶𝑇 is the same as an 24 

average value in accelerating flow but for the decelerating flow the 35 degrees clockwise has 25 

higher  𝐶𝑇 than the 0 degree by 7%. Figure 8 A) shows that the accelerating flow for suction slot 26 

with  𝛼𝑠𝑠 equal to 15 degrees anticlockwise has a lower  𝐶𝑇than that of the suction slot with  𝛼𝑠𝑠 27 

equal to 0 degree by -2%,while the decelerating flow has a higher  𝐶𝑇 than the suction slot with 28 

 𝛼𝑠𝑠 equal to 0 degree by 4%. Finally, Figure 8 B) shows that both the accelerating flow and 29 
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decelerating flow of suction slot with  𝛼𝑠𝑠 equal to 10 degrees clockwise has higher  𝐶𝑇than that 1 

of the suction slot with  𝛼𝑠𝑠 equal to 0 degree by 4% (accelerating) and 9% (decelerating). 2 

Figure 9 shows the instantaneous torque coefficient at compression cycle for different 3 

suction slot angles, these values are at angle of attack of 13.6degrees.It can be concluded that all 4 

five angles in Figure 9 A) and B) have higher peak value of  𝐶𝑇 than the suction slot with 𝛼𝑆𝑆 equal 5 

to 0 degree and also as average for the compression cycle. For more details about other angles of 6 

attack see Table 6.Figure 10 shows the average value of torque coefficient during the compression 7 

cycle. It can be noted that the suction slot with  𝛼𝑠𝑠 equal to 10 degrees clockwise has the highest 8 

improvement in 𝐶𝑇 value before the stall by 21%. Furthermore, both the suction slot with  𝛼𝑠𝑠 9 

equal to 55 degrees anticlockwise and the suction slot with 10 degrees clockwise have the highest 10 

improvement in 𝐶𝑇 value after the stall by 44%, see Table 6. 11 

Table 7 highlights the comparison between the values of  𝑆𝐺 for NACA0015 with suction 12 

slot at different position angles under sinusoidal inlet velocity. It can be concluded that both the 13 

suction slots with  𝛼𝑠𝑠 equal to 15 degrees anticlockwise and the suction slot with  𝛼𝑠𝑠 equal to 10 14 

degrees clockwise have  𝑆𝐺 lower than the suction slot with  𝛼𝑠𝑠 equal to 0 degree. Where, the 15 

suction slot with  𝛼𝑠𝑠 equal to 10 degrees clockwise has the lowest increase in 𝑆𝐺 value before the 16 

stall by 20%. Furthermore, the suction slot with  𝛼𝑠𝑠 equal to 15 degrees anticlockwise has the 17 

lowest increase in 𝑆𝐺 value after the stall by 18%. 18 

Figure 11shows the comparison between the second law efficiency of NACA0015 without 19 

and with suction slot which have different angles. The comparison was provided as an average 20 

value for the compression stage with various angles of attack. The increase in 𝑆𝐺 (Table 7) leads 21 

to decrease in second law efficiency in most cases than that without suction slots. Otherwise, the 22 

suction slot with  𝛼𝑠𝑠 equal to 15 degrees anticlockwise and 10 degrees clockwise give a higher 23 

second law efficiency than the NACA0015 without suction slot and with suction slot have  𝛼𝑠𝑠 24 

equal to 0 degree. Where, the suction slot with  𝛼𝑠𝑠 equal to 15 degrees anticlockwise provides a 25 

higher second law efficiency than the NACA0015 without suction slot by 0.4% before the stall 26 

(Figure 11A, B and C) and 0.7% after the stall (Figure 11 D and E) as an average value. Also it 27 

provides a higher second law efficiency than suction slot with  𝛼𝑠𝑠 equal to 0 degree by 0.5% after 28 

the stall (Figure 11 D and E) but the same value as average before the stall (Figure 11 A, B and 29 
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C). On the other hand, the suction slot with  𝛼𝑠𝑠 equal to 10 degrees clockwise has higher second 1 

law efficiency than the NACA0015 without suction slot by 0.5% before the stall (Figure 11 A, B 2 

and C) and 0.2% after the stall (Figure 11 D and E) as an average value. Furthermore, it has the 3 

same improvement in second law efficiency from suction slot with  𝛼𝑠𝑠 equal to 0 degree as an 4 

average value before the stall (Figure 11 A, B and C) and after the stall (Figure 11 D and E). 5 

The most important reason behind the improvement in the cases for the  𝛼𝑠𝑠 not equal to 0 6 

more than the cases for the   𝛼𝑠𝑠 equal to 0 due to the flow layers and pressure distribution around 7 

the aerofoil. Therefore, Figures 12, 13 and 14 were highlighting the flow layers and pressure 8 

distribution around the aerofoil at different  𝛼𝑠𝑠 values. 9 

The effect of suction slot on the separation layers around the trailing edge area can be noted 10 

at Figure 12.Where, the mean velocity magnitude path lines around the NACA0015 without and 11 

with suction slot for different 𝛼𝑠𝑠were presented. These values were at the instantaneous velocities 12 

of 2.92 m/s (Figure 12A) and 1.8 m/s (Figure 12B) for the decelerating flow and at angle of attack 13 

of 13.6 degrees (stall angle). Also, the improvement effect of suction slot on separation layer 14 

increased in the second half of the cycle (deceleration flow) because the separation region around 15 

the end of the blade increased, especially at the decelerating flow at Figure 12B). 16 

From Figure 13, it can be noted that the low pressure zones around the aerofoil, especially 17 

at the trailing edge area, were reduced by adding the suction slot. The slot with angle not equal to 18 

zero gives better result from that with zero degree, for example, 35 (clockwise) degrees or 10 19 

(clockwise) degrees. The slot with 35 or 10 degrees were reduced the low pressure area around the 20 

aerofoil and also the difference between the pressure at the upper and lower surface higher than 21 

the slot with zero degree. Therefore, the slot with 35 or 10 degrees have more improvement in the 22 

separation layer and the torque coefficient than the slot with zero degree. 23 

The flow structures over the NACA0015 aerofoil without and with suction slot has 24 

different slot angles in oscillating flow are shown in Figure 14. Figure 14shows the contours of 25 

velocity magnitude (Figure 14A) and entropy (Figure 14B) at maximum velocity 2.92 m/s and 26 

13.6 degrees angle of attack (stall angle). The improvement on flow structures was clear, due to 27 

the suction slot, when comparing the NACA 0015 airfoil section without and with slot. Mostly, in 28 

the separated layer regime that located on the end of aerofoil. The suction slot effects directly on 29 



20 

 

the flow structures that located on the end of blade, and then leads to an improvement in the 1 

separation regime. However, adding a suction slot shows a bad effect on the entropy generation 2 

rate, wherever higher entropy generation values were obtained for all suction slots cases. The 3 

suction slot with  𝛼𝑠𝑠 equal to 55 degrees anticlockwise generates the highest value of entropy with 4 

an increase of 63% than the NACA0015 without suction slot case. In addition the lowest value for 5 

aerofoil with suction slot was obtained with 𝛼𝑠𝑠 equal to 15 degrees anticlockwise, with an increase 6 

of 18% only than the NACA0015 without suction slot case. From Figure 12 A and B it can be 7 

concluded that the attached slot with angle not equal to zero to the aerofoil lead to increase in 8 

velocity magnitude around the aerofoil, furthermore, it also lead to increase in the entropy 9 

generation in Figure 14 B where the entropy value depends on the velocity gradient, see equation 10 

(19). 11 

4.3 Aeroacoustic noise analysis 12 

The Ffowcs-Williams and Hawkings (FW–H) acoustic analogy is used to calculate the acoustic 13 

pressure at a far field receiver located at 35 chord and 128 chord, perpendicular to the chord and 14 

the results that obtained of sound pressure level are investigate and analyze. Figures 15 and 16 15 

show the sound pressure level in dB for NACA0015 under non-oscillating velocity at two far field 16 

receivers with different slot angles and different angles of attack. It can be noted that, the sound 17 

pressure level (SPL) has the highest value at the stall angle (13.6 degrees). Furthermore, the 18 

NACA0015 with 𝛼𝑆𝑆 not equal to zero have direct effect on the value of SPL, however, 𝛼𝑆𝑆 equal 19 

to 65 degrees anticlockwise decreased from SPL by -12.7% before the stall and by -11.6% after 20 

the stall regime at first receiver. The value of SPL was decreased, with 𝛼𝑆𝑆 equal to 65 degrees 21 

anticlockwise, by -20.1% before the stall and by -21% after the stall regime at second receiver. 22 

Under non-oscillating velocity condition, NACA0015 with a 𝛼𝑆𝑆 not equal to zero are preferable 23 

than that equal to zero, except the 𝛼𝑆𝑆 equal to 35 degrees clockwise at 14.4 degrees. However, 24 

the maximum reduction create due to 𝛼𝑆𝑆 equal to 65 degrees anticlockwise by -16.6% at 11.7 25 

degrees at a far field receiver located at 35 chord, on the other hand, the 𝛼𝑆𝑆 equal to 65 degrees 26 

anticlockwise give the maximum reduction at a far field receiver located at 128 chord by -26.4% 27 

at 11.7 degrees, see Table 8 for more details about the overall sound pressure level in dB for 28 

NACA0015 under non-oscillating velocity with different angles of attack. 29 
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The sound pressure levels for NACA0015 under oscillating velocity at a far field receivers located 1 

at 35 chord and 128 chord with different slot angles and different angles of attack were shown in 2 

Figures 17 and 18. Compared with the non-oscillating velocity, the SPL increase due to the 3 

oscillating velocity condition at all angles of attack. It can be concluded that, the stall regime has 4 

the highest value of (SPL) at 13.6 and 14.4 degrees. Moreover, the NACA0015 with  𝛼𝑆𝑆 equal to 5 

35 degrees clockwise has the lowest value of SPL at 11.3 degrees by -4.1% at first receiver and -6 

19% at second receiver. The 𝛼𝑆𝑆 equal to 10 degrees clockwise has the lowest value of SPL with 7 

angle of attack 11.7 degrees by -5.2% at the receiver located 35 chord and by -17% at the receiver 8 

located 35 chord. The lowest value of SPL at 12.3 degrees given by 𝛼𝑆𝑆 equal to 55 degrees 9 

anticlockwise, which it was decreased by -5.2% at first receiver and -12.3% at second receiver. At 10 

stall regime, the 𝛼𝑆𝑆 equal to 10 degrees clockwise has the lowest value of SPL with 13.6 and 14.4 11 

degrees at the two receivers. Where, the SPL was decreased by -7.3% at receiver one and by -12 

21.2% at receiver two after the stall regime. Table 9 show for more details about the overall sound 13 

pressure level in dB for NACA0015 under oscillating velocity with different angles of attack. 14 

Finally, the maximum reduction create due to 𝛼𝑆𝑆 equal to 10 degrees clockwise by -8% at 13.6 15 

degrees at a far field receiver located at 35 chord, on the other hand, the 𝛼𝑆𝑆 equal to 10 degrees 16 

clockwise give the maximum reduction at a far field receiver located at 128 chord by -23.2% at 17 

14.4 degrees.  18 

4.4 Different frequencies effect 19 

It was concluded from previous section that the optimum 𝛼𝑆𝑆is 10 degrees clockwise. Since 20 

this suction slot angle gives the highest 𝐶𝑇  before and after the stall (Table 6). On the other hand, 21 

it gives a lower 𝑆𝐺 than other angles before the stall and also it gives lower  𝑆𝐺 than 0 degree angle 22 

after the stall (Table 7).So, this optimum 𝛼𝑆𝑆is studied using the OWC technique depend on the 23 

real data from the Egyptian site under different frequencies (𝑓 equal to0.25 and 0.125 Hz) and time 24 

periods (4 and 8 seconds). 25 

The  𝐶𝑇for both 𝛼𝑆𝑆 equal to 0 degree and 10 degrees clockwise have the same value (as 26 

an average) at the accelerating flow but for decelerating flow the 10 degrees clockwise has higher 27 

 𝐶𝑇 than the 0 degree by 1% (Figure 19 A). The suction slot with 𝛼𝑆𝑆 equal to 10 degrees clockwise 28 

has a higher peak value of  𝐶𝑇 than the suction slot with 𝛼𝑆𝑆 equal to 0 degree at angle of attack of 29 

13.6 degrees. On the other hand, as an average value for the compression cycle, the 𝛼𝑆𝑆 equal to 30 



22 

 

10 degrees clockwise has a lower value of  𝐶𝑇than the 𝛼𝑆𝑆 equal to 0 degree by 3% (Figures 19B) 1 

and C)). For more details about other angles of attack for sinusoidal wave with time period equal 2 

to 4 second, see Table 10. It can be noted that from Figures 20 A), B) and C), the suction slot with 3 

 𝛼𝑠𝑠 equal to 10 degrees clockwise has higher improvement in 𝐶𝑇 value before the stall than the 4 

aerofoil without slot by 7%. However, the suction slot with  𝛼𝑠𝑠 equal to 0 degree gives higher 5 

improvement in 𝐶𝑇 value after the stall by degrees 10% than the aerofoil without slot. See Table 6 

10 for more details about sinusoidal wave with time period equal to 8 seconds. 7 

It can be concluded that from Table 11, the suction slot with  𝛼𝑠𝑠 equal to 10 degree 8 

clockwise gives  𝑆𝐺 value lower than the suction slot with  𝛼𝑠𝑠 equal to 0 degree at different time 9 

period before and after the stall, except at the time period equal to 4 seconds, where the suction 10 

slot with  𝛼𝑠𝑠 equal to 0 degree has the lowest increase in 𝑆𝐺 value after the stall by 12%. 11 

The increase in 𝑆𝐺 (Table 11) leads to the decrease in second law efficiency in most cases 12 

than that without suction slots, see Figure 21.Where, the suction slot with  𝛼𝑠𝑠 equal to 10 degrees 13 

clockwise under sinusoidal wave with time period equal to 4 seconds has lower second law 14 

efficiency than the NACA0015 without suction slot by 0.3% before the stall (Figures 21 A, B and 15 

C) and after the stall (Figures 21 D and E) as an average value. Furthermore, it also has the highest 16 

second law efficiency than suction slot with  𝛼𝑠𝑠 equal to 0 degree as an average value before the 17 

stall (Figures 21 A, B and C) by 0.1% and lower than it after the stall (Figures 21 D and E) by 18 

0.2%.On the other hand, the suction slot with  𝛼𝑠𝑠 equal to 10 degrees clockwise under sinusoidal 19 

wave with time period equal to 6 seconds has a higher second law efficiency than the NACA0015 20 

without suction slot by 0.5% before the stall (Figures 21 A, B and C) and 0.2% after the stall 21 

(Figures 21 D and E) as an average value. Also, the 10 degrees clockwise has the same 22 

improvement in second law efficiency compare with the 0 degree as an average value before the 23 

stall (Figures 21 A, B and C) and after the stall (Figures 21 D and E). 24 

Finally, the suction slot with  𝛼𝑠𝑠 equal to 10 degrees clockwise under sinusoidal wave with 25 

time period equal to 8 seconds gives a lower second law efficiency than the NACA0015 without 26 

suction slot by 0.6% before the stall (Figures 21 A, B and C) and after the stall (Figures 21 D and 27 

E) as an average value. Furthermore, it has the highest second law efficiency when compared to 28 
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suction slot with  𝛼𝑠𝑠 equal to 0 degree as an average value before the stall (Figures 21 A, B and 1 

C) by 0.1% and lower than it after the stall (Figures 21 D and E) by 0.6%. 2 

As it was mentioned above, the flow layers and pressure distribution around the aerofoil 3 

are the most important reason behind the improvement in the cases with 𝛼𝑠𝑠 not equal to 0. 4 

Therefore, Figures 22 and 23 were highlighting the flow layers and pressure distribution around 5 

the aerofoil at different conditions, such as 𝑡𝑠𝑖𝑛 and 𝛼𝑠𝑠. 6 

The separation layer at the end of blade was effected by the  suction slot (Figure 22 A) can 7 

be noted at the different time periods from the path lines colored by mean velocity magnitude 8 

around the NACA0015 at 1.8 m/s velocity for the decelerating flow and at angle of attack of 13.6 9 

degrees (stall angle). More than that, both the low pressure zones and the difference between the 10 

upper and lower surface were decreased especially for the slot with  𝛼𝑠𝑠 equal to 10 degrees 11 

clockwise at different time periods, see Figures 22 B and C. It can be noted that from Figure 23 12 

the suction slots have a negative effect on the entropy generation at the different time periods. 13 

However, the suction slot with  𝛼𝑠𝑠 equal to 10 degrees clockwise has the lower 𝑆𝐺value with an 14 

increase of only 10% before the stall and 14% after the stall than the NACA0015 without suction 15 

slot by under sinusoidal wave with time period equal to 4 seconds. In addition, it has the lowest 16 

value under sinusoidal wave with time period equal to 8 seconds with an increase than the 17 

NACA0015 without suction slot by 16% before the stall and 18% after the stall. 18 

5. Conclusions 19 

Several cases were solved to determine the optimum angle for single suction slot at the 20 

middle of two-dimensional airfoil. The optimum value has been decided based on two criteria: 1) 21 

maximizing the obtained torque coefficient value to maximize the first law of thermodynamics 22 

efficiency, and 2) minimizing the generated entropy value to maximize the second law of 23 

thermodynamics efficiency. For this purpose, the entropy generation minimization method was 24 

used to obtain the local entropy viscosity predictions of the different cases. Furthermore, the effect 25 

of a single suction slot with angle equal and not equal to zero attached to airfoil section on the 26 

aeroacoustic noise at the far field. The aerodynamic noise under different operating conditions, 27 

(such as, before and after the stall regime and non-oscillating and oscillating velocity) and different 28 
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design parameters, (such as, airfoil section without slot and with slot have angle equal and not 1 

equal to zero) was analyze and investigate. Then, the comparative analysis based on actual location 2 

data relevant to northern coast of Egypt was applied using the airfoil with optimum angle of suction 3 

slot. The two-dimensional incompressible unsteady flow was used to simulate these cases under 4 

different conditions. 5 

The modeling results show that optimum angle for suction slot is 10 degrees clockwise. 6 

This angel gives the highest improvement in the torque coefficient by 21% before the stall and 7 

44% after the stall. These values are higher than the suction slot with 0 degree by 3% before the 8 

stall and 15%. On the other hand, this angel gives the lowest global entropy generation rate than 9 

the suction slot with 0 degree by 4% before the stall and 3%.The airfoils with optimum locations 10 

for multi suction slots under conditions based on Egyptian  northern coast with different frequency 11 

were investigated. The suction slot with angle equal to 10 degrees clockwise is mostly providing 12 

a higher torque coefficient and a lower global entropy generation rate than the suction slot with 13 

angle equal to 0 degree at different time periods (4, 6 and 8 seconds) before and after the stall. The 14 

delay of stall condition lead to the improvement in the torque coefficient after the stall. The suction 15 

slot increases the torque coefficient and delays the stall angle which further leads to an increase 16 

the efficiency of first law. Otherwise, it decreases the efficiency of second law. For-that, if the 17 

turbine will be under the passive flow control by using the suction slot, it is strongly recommended 18 

to use the suction slot with angle to progress the performance at the stall condition with minimize 19 

the increase in entropy generation. Otherwise, it may not be effective. Moreover than that, the 20 

aerodynamics noise can be reduction by a single slot with angle not equal to zero. The suction slot 21 

with angle equal to 10 degrees clockwise is decreased the aeroacoustic noise at the stall regime by 22 

-7.3% and by -21.2% at a far field receiver located at 35 chord and 128 chord respectively. 23 

To conclude, future study and research should concentrate on progress the efficiency of 24 

first law with a minimize entropy generation, by using numerical algorism[137] and experimental 25 

laboratory studies, to enhance the overall Wells turbine performance under flow control method. 26 

In addition, the passive flow control using slot with angle given very promising result for Wells 27 

turbine, therefore, it be worth to investigate its effect on other turbine such as water turbine[138]. 28 

Moreover, there are many parameters that can be used future study to reduction the aerodynamics 29 

noise such as the number of suction slots, the distance between suction slots, the location of suction 30 
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slots and the angle of suction slots. Furthermore, the operating conditions for the Egyptian northern 1 

coast are very appropriate for the OWC system with a wave energy extractor such as Wells turbine. 2 

Therefore, it is very important that to consider to the potential of wave energy in Egypt as the path 3 

to minimize fossil fuel usage. 4 
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Table 1 The error percentage between measured torque coefficient from reference (Torresi 2007) 

and calculated torque coefficient from CFD under unsteady flow with non-oscillating velocity 

Torque 

Coefficient 

Angle of attack (Degree) 

8.7 10.1 10.6 11.3 11.7 12.304 13.6 14.4 

Experimental 0.04881 0.06305 0.07119 0.08068 0.08746 0.0922 0.08136 0.07254 

CFD 0.050918 0.066887 0.07264 0.07928 0.08564 0.09103 0.08304 0.067587 

Error % 4 6 2 -2 -2 -1 2 -7 

 

Table 2 The error percentage between measured DF from reference (Nomura, Suzuki et al. 2003) 

and calculated DF from CFD under unsteady flow with sinusoidal inlet velocity 

Frequency 2 Hz 

DF (gf) 
Time (Second) 

14.02 14.1 14.12 14.2 14.3 14.34 14.4 14.5 14.6 14.7 14.8 14.9 15 

Experimental 3.4 7.7 9.9 14.4 12.9 3.4 4.11 2.3 7.5 14.7 10.7 3.9 2.7 

CFD 3.8 7.8 9.8 14.5 12.5 3.5 3.4 2.7 7.8 14.9 10.9 3.8 2.4 

Error % 11 1 -1 1 -4 1 -17 17 4 1 2 -2 -11 

Frequency 1 Hz 

Experimental 4.5 6.9 12.6 14.1 14.3 13 10.2 7.8 4.7 2.8 2.3 2.5 3 

CFD 4.6 7.2 12.6 13.1 14.3 13.2 10.3 8.6 4.5 2.7 2.2 2.6 3.3 

Error % 2 4 0 -7 0 1 1 10 -4 1 -4 4 10 

 

  



Table 3 The suction slot with different position angles at NACA0015. 

  

𝜶𝑺𝑺 at upper 

surface 

𝜶𝑺𝑺 at 

lower 

surface 

Figure 

𝜶𝑺𝑺 at 

upper 

surface 

𝜶𝑺𝑺 at upper 

surface 
Figure 

85 Degrees 
anticlockwise 

85 Degrees 
clockwise  

0 Degree 

(+Y axis) 
0 Degree 

(-Y axis)  

80  80  
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clockwise 
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75  75  
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Table 4 The value of improvement in torque coefficient for suction slot with different position angles 

under non-oscillating velocity. 

 

𝜶𝑺𝑺  

(anticlockwise) 
𝑪𝑻 improvement  

𝜶𝑺𝑺  

(clockwise) 
𝑪𝑻 improvement  

 

85 Degrees  0.098 17% 0 Degree 0.115 38% 

80  0.111 32% 5  0.106 26% 

75  0.097 16% 10  0.130 55% 

70  0.097 16% 15  0.095 13% 

2 65  0.133 58% 20  0.125 49% 

 60  0.129 53% 25  0.113 35% 

3 55  0.132 57% 30  0.101 20% 

 

50  0.121 44% 35  0.134 60% 1 

45  0.100 19% 40  0.107 27% 

 

40  0.094 11% 45  0.114 35% 

35  0.106 26% 50  0.116 38% 

30  0.104 24% 55  0.118 40% 

25  0.128 52% 60  0.112 33% 

20  0.102 21% 65  0.112 33% 

15  0.125 49% 70  0.096 15% 

10  0.120 42% 75  0.107 28% 

5  0.118 41% 80  0.112 33% 

0  0.115 38% 85  0.099 18% 

  Improvement in 𝑪𝑻 value higher than that for slot with 0 Degree 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 5 The value of global entropy generation rate for suction slot with different position angles 

under non-oscillating velocity. 

 

𝜶𝑺𝑺  

(anticlockwise) 
𝑺𝑮 increased by  

𝜶𝑺𝑺  

(clockwise) 
𝑺𝑮 increased by   

85 Degrees  0.147 71% 0 Degree 0.104 21%  

80  0.138 60% 5  0.105 22%  

75  0.144 68% 10  0.093 8% 2 

70  0.138 60% 15  0.104 21%  

 65  0.121 40% 20  0.113 31%  

 60  0.143 66% 25  0.120 39%  

 55  0.112 30% 30  0.117 36%  

 50  0.118 37% 35  0.106 23%  

 45  0.158 84% 40  0.148 72% 

 

 40  0.166 93% 45  0.117 36% 

 35  0.108 25% 50  0.139 62% 

 30  0.131 52% 55  0.118 37% 

 25  0.119 38% 60  0.143 66% 

 20  0.104 21% 65  0.111 29% 

1 15  0.093 8% 70  0.119 39% 

 10  0.101 18% 75  0.129 50% 

 5  0.110 28% 80  0.124 44% 

 0  0.104 21% 85  0.137 59% 

  Increased in 𝑺𝑮 value lower than that for slot with 0 Degree 

 

 

  



Table 6 The value of improvement in torque coefficient for NACA0015 with suction slot at different 

position angles under sinusoidal inlet velocity 

Torque Coefficient 
Angle of attack (Degree) 

11.3 11.7 12.3 13.6 14.4 

NACA0015 Without suction slot 0.080 0.088 0.093 0.083 0.071 

Suction slots with 𝜶𝑺𝑺 = 𝟎 (degree) 0.102 0.099 0.105 0.102 0.095 

Improvement by 27% 13% 13% 23% 35% 

Average value Before the stall (18%) After the stall (29%) 

Suction slots with 𝜶𝑺𝑺 = 𝟓𝟓  

Anticlockwise 
0.099 0.102 0.107 0.110 0.109 

Improvement by 23% 16% 15% 33% 54% 

Average value Before the stall (18%) After the stall (44%) 

Suction slots with 𝜶𝑺𝑺 =

𝟔𝟓 Anticlockwise 
0.1 0.105 0.105 0.106 0.083 

Improvement by 24% 19% 13% 29% 16% 

Average value Before the stall (19%) After the stall (23%) 

Suction slots with 𝜶𝑺𝑺 = 𝟑𝟓 𝑪lockwise 0.100 0.104 0.108 0.110 0.101 

Improvement by 25% 18% 16% 33% 42% 

Average value Before the stall (20%) After the stall (38%) 

Suction slots with 𝜶𝑺𝑺 =

𝟏𝟓 Anticlockwise 
0.1 0.102 0.107 0.109 0.093 

Improvement by 24% 16% 15% 33% 31% 

Average value Before the stall (18%) After the stall (32%) 

Suction slots with 𝜶𝑺𝑺 = 𝟏𝟎 𝑪lockwise 0.102 0.106 0.109 0.112 0.108 

Improvement by 27% 20% 16% 35% 53% 

Average value Before the stall (21%) After the stall (44%) 

  Maximum value 

 

 

 

 

 

 

 



Table 7 the value of global entropy generation rate for NACA0015 with suction slot at different 

position angles under sinusoidal inlet velocity 

The global entropy generation rate 

(W/K) 

Angle of attack (Degree) 

11.3 11.7 12.3 13.6 14.4 

NACA0015 Without suction slot 0.053 0.052 0.053 0.054 0.060 

Suction slots with 𝜶𝑺𝑺 =

𝟎 (degree) 
0.064 0.065 0.066 0.071 0.072 

𝑺𝑮  increased by 20% 27% 26% 33% 19% 

Average value Before the stall (24%) After the stall (26%) 

Suction slots with 𝜶𝑺𝑺 =

𝟓𝟓 Anticlockwise 
0.077 0.082 0.081 0.087 0.087 

𝑺𝑮  increased by 45% 59% 55% 63% 43% 

Average value Before the stall (53%) After the stall (52%) 

Suction slots with 𝜶𝑺𝑺 =

𝟔𝟓 Anticlockwise 
0.078 0.081 0.081 0.083 0.081 

𝑺𝑮  increased by 47% 57% 54% 55% 35% 

Average value Before the stall (53%) After the stall (45%) 

Suction slots with 𝜶𝑺𝑺 =

𝟑𝟓 𝑪lockwise 
0.072 0.074 0.075 0.077 0.085 

𝑺𝑮  increased by 35% 43% 42% 44% 41% 

Average value Before the stall (40%) After the stall (42%) 

Suction slots with 𝜶𝑺𝑺 =

𝟏𝟓 Anticlockwise 
0.062 0.065 0.064 0.068 0.067 

𝑺𝑮  increased by 16% 27% 21% 26% 10% 

Average value Before the stall (21%) After the stall (18%) 

Suction slots with 𝜶𝑺𝑺 =

𝟏𝟎 𝑪lockwise 
0.063 0.062 0.063 0.068 0.073 

𝑺𝑮  increased by 18% 20% 21% 27% 20% 

Average value Before the stall (20%) After the stall (23%) 

  Minimum value 

 

 

 



Table 8 The overall sound pressure level in dB for NACA0015 under non-oscillating velocity at a far 

field receivers with different slot angle and different angles of attack 

Overall sound pressure level at 35 Chord 

(dB) 

Angle of attack (Degree) 

Before the stall  After the stall  

11.3 11.7 12.3 13.6 14.4 

NACA0015 Without suction slot 28.7 28.3 28.9 29.1 27.9 

Suction slots with 𝜶𝑺𝑺 = 𝟎  

(degree) 
25.8 25.3 28.3 28.7 27.9 

Suction slots with 𝜶𝑺𝑺 = 𝟔𝟓 𝑨𝒏𝒕𝒊𝒄lockwise 

(degree) 
25.5 23.6 25.9 25.2 25.2 

Suction slots with 𝜶𝑺𝑺 = 𝟑𝟓 𝑪lockwise 

(degree) 
26.9 25.9 26.4 26.7 29.1 

Max Noise Reduction by -11.2% -16.6% -10.4% -13.4% -9.7% 

Overall sound pressure level at 128 Chord 

(dB) 
 

NACA0015 Without suction slot 16.2 15.9 16.8 17.6 15.9 

Suction slots with 𝜶𝑺𝑺 = 𝟎   

(degree) 
13.8 13.4 16.7 16.9 15.8 

Suction slots with 𝜶𝑺𝑺 = 𝟔𝟓 𝑨𝒏𝒕𝒊𝒄lockwise 

(degree) 
13.7 11.7 13.7 13.2 13.2 

Suction slots with 𝜶𝑺𝑺 = 𝟑𝟓 𝑪lockwise 

(degree) 
14.9 13.9 14.3 14.7 16.9 

Max Noise Reduction by -15.4% -26.4% -18.5% -25% -17% 

  Maximum Reduction 

 

  



Table 9 The overall sound pressure level in dB for NACA0015 under oscillating velocity at a far field 

receivers with different slot angle and different angles of attack 

Overall sound pressure level at 35 Chord 

 (dB) 

Angle of attack (Degree) 

Before the stall  After the stall  

11.3 11.7 12.3 13.6 14.4 

NACA0015 Without suction slot 36.2 36.6 36.7 39.8 38.4 

Suction slots with 𝜶𝑺𝑺 = 𝟎 (degree) 34.9 35.2 35.8 37.3 36.9 

Suction slots with 𝜶𝑺𝑺 = 𝟏𝟎 𝑪lockwise (degree) 36.1 34.7 36.7 36.6 35.9 

Suction slots with 𝜶𝑺𝑺 = 𝟑𝟓 𝑪lockwise (degree) 34.7 34.8 37.6 37.3 37.8 

Suction slots with 𝜶𝑺𝑺 = 𝟔𝟓 𝑨𝒏𝒕𝒊𝒄lockwise (degree) 35 36.3 35.5 36.9 37 

Suction slots with 𝜶𝑺𝑺 = 𝟓𝟓 𝑨𝒏𝒕𝒊𝒄lockwise (degree) 34.9 35.1 34.8 37.5 36.3 

Suction slots with 𝜶𝑺𝑺 = 𝟏𝟓 𝑨𝒏𝒕𝒊𝒄lockwise (degree) 35 36.3 36.9 37.9 38.1 

Max Noise Reduction by -4.1% -5.2% -5.2% -8% -6.5% 

Overall sound pressure level at 128 Chord 

 (dB) 
 

NACA0015 Without suction slot 21.1 21.2 21.2 25.5 23.3 

Suction slots with 𝜶𝑺𝑺 = 𝟎  (degree) 17.4 18.2 18.8 20.9 19.3 

Suction slots with 𝜶𝑺𝑺 = 𝟏𝟎 𝑪lockwise (degree) 20.2 17.6 20.9 20.6 17.9 

Suction slots with 𝜶𝑺𝑺 = 𝟑𝟓 𝑪lockwise (degree) 17.1 17.7 22.9 21 22.8 

Suction slots with 𝜶𝑺𝑺 = 𝟔𝟓 𝑨𝒏𝒕𝒊𝒄lockwise (degree) 18.3 20.1 19.1 21.2 21 

Suction slots with 𝜶𝑺𝑺 = 𝟓𝟓 𝑨𝒏𝒕𝒊𝒄lockwise (degree) 17.5 18.1 18.6 22.2 19.9 

Suction slots with 𝜶𝑺𝑺 = 𝟏𝟓 𝑨𝒏𝒕𝒊𝒄lockwise (degree) 19.1 22.5 19.9 22.1 20.6 

Max Noise Reduction by -19% -17% -12.3% -19.2% -23.2% 

  Maximum Reduction 

  



Table 10 comparison between the torque coefficients values at different time periods under 

sinusoidal inlet velocity. 

Torque Coefficient 

(4 Second) 

Angle of attack (Degree) 

11.3 11.7 12.3 13.6 14.4 

NACA0015 Without suction slot 0.116 0.118 0.124 0.115 0.110 

Suction slots with 𝜶𝑺𝑺 = 𝟎 

(degree) 
0.125 0.128 0.125 0.130 0.118 

Improvement by Before the stall (6%) After the stall (10%) 

Suction slots with 𝜶𝑺𝑺 =

𝟏𝟎 𝑪lockwise 
0.124 0.126 0.131 0.128 0.117 

Improvement by Before the stall (7%) After the stall (9%) 

Torque Coefficient 

(6 Second) 
 

NACA0015 Without suction slot 0.080 0.088 0.093 0.083 0.071 

Suction slots with 𝜶𝑺𝑺 = 𝟎  

(degree) 
0.102 0.099 0.105 0.102 0.095 

Improvement by Before the stall (18%) After the stall (29%) 

Suction slots with 𝜶𝑺𝑺 =

𝟏𝟎 𝑪lockwise 
0.102 0.106 0.109 0.112 0.108 

Improvement by Before the stall (21%) After the stall (44%) 

Torque Coefficient 

(8 Second) 
 

NACA0015 Without suction slot 0.082 0.078 0.084 0.088 0.075 

Suction slots with 𝜶𝑺𝑺 = 𝟎 

(degree) 
0.086 0.092 0.093 0.099 0.081 

Improvement by Before the stall (11%) After the stall (11%) 

Suction slots with 𝜶𝑺𝑺 =

𝟏𝟎 𝑪lockwise 
0.088 0.092 0.097 0.101 0.093 

Improvement by Before the stall (13%) After the stall (20%) 

  Maximum value 

 

 

 



Table 11 comparison between the global entropy generation rate values at different time periods 

under sinusoidal inlet velocity. 

Global entropy generation rate 

(4 Second) 

Angle of attack (Degree) 

11.3 11.7 12.3 13.6 14.4 

NACA0015 Without suction slot 0.057 0.059 0.057 0.065 0.066 

Suction slots with 𝜶𝑺𝑺 = 𝟎 

(degree) 
0.066 0.066 0.069 0.073 0.074 

𝑺𝑮  increased by Before the stall (16%) After the stall (12%) 

Suction slots with 𝜶𝑺𝑺 =

𝟏𝟎 𝑪lockwise 
0.063 0.063 0.065 0.071 0.079 

𝑺𝑮  increased by Before the stall (10%) After the stall (14%) 

Global entropy generation rate 

(6 Second) 
 

NACA0015 Without suction slot 0.053 0.052 0.053 0.054 0.060 

Suction slots with 𝜶𝑺𝑺 = 𝟎 

(degree) 
0.064 0.065 0.066 0.071 0.072 

𝑺𝑮  increased by Before the stall (24%) After the stall (26%) 

Suction slots with 𝜶𝑺𝑺 =

𝟏𝟎 𝑪lockwise 
0.063 0.062 0.063 0.068 0.073 

𝑺𝑮  increased by Before the stall (20%) After the stall (23%) 

Global entropy generation rate 

(8 Second) 
 

NACA0015 Without suction slot 0.053 0.053 0.054 0.056 0.060 

Suction slots with 𝜶𝑺𝑺 = 𝟎 

(degree) 
0.063 0.062 0.064 0.065 0.073 

𝑺𝑮  increased by Before the stall (18%) After the stall (19%) 

Suction slots with 𝜶𝑺𝑺 =

𝟏𝟎 𝑪lockwise 
0.061 0.061 0.064 0.066 0.072 

𝑺𝑮  increased by Before the stall (16%) After the stall (18%) 

  Minimum value 
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Figure Error! No text of specified style in document. OWC energy converters A) An illustration of the 

principle of operation of OWC system, where the wave motion is used to drive a turbine through the 

oscillation of air column B) Typical structure of Wells turbine rotor. 
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Figure 2 Factors affecting determination of the slot velocity direction for the pressure distribution 

and velocity vector direction A) accelerating flow at compression cycle B) decelerating flow at suction 

cycle. 
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Figure 3 Boundary conditions A) The sinusoidal wave boundary condition, which represents a 

regular oscillating water column. B) Dimensions of whole computational domain and location of 

airfoil. C) The near views of slot mesh. 
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A) Unsteady flow with non-oscillating velocity 

 

B) Sinusoidal flow with frequencies 2 Hz and 1Hz 

Figure 4 The validation results A) Measured torque coefficient from reference (Torresi 2007) and 

calculated torque coefficient from present CFD. B) Measured unsteady in-line force DF  from 

reference (Nomura, Suzuki et al. 2003), (angle of attack= 0 degree) and DF calculated from the 

present CFD. 
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Figure 5 Airfoil diagram with suction slot has angle. 
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Figure 6 The effect of suction slot with different angle at the stall angle (13.6 Degree) and 𝒇 = 0.167 

Hz A) Torque coefficient. B) The global entropy generation rate. 
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Figure 7 Hysteretic behavior comparisons between the optimum angles of suction slot with sinusoidal 

inlet velocity and 𝒇 = 0.167 Hz A) 55 degrees anticlockwise B) 65 degrees anticlockwise C) 35 degrees 

clockwise. 
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Figure 8 Hysteretic behavior comparisons between the optimum angles of suction slot with sinusoidal 

inlet velocity and 𝒇 = 0.167 Hz A) 15 degrees anticlockwise B) 10 degrees clockwise. 
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Figure 9 Comparison between the instantaneous torque coefficients for the optimum angles of 

suction slot with sinusoidal inlet velocity and 𝒇 = 0.167 Hz A) based on Force analysis B) based on 

velocity analysis. 
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Figure 10 Comparison between the average torque coefficients for the optimum angles of suction slot 

with sinusoidal inlet velocity and 𝒇 = 0.167 Hz A) based on Force analysis B) based on velocity 

analysis. 
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Figure 11 Comparison between the second law efficiency for the compression cycle for NACA0015 

with suction slots at different angles “---without suction slot” “ — 𝜶𝑺𝑺 =0 degree” (𝒇 = 0.167 Hz) 

A) 11.3 B) 11.7 C) 12.3 D) 13.6 E) 14.4. 
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Figure 12 Path-line colored by mean vorticity magnitude for sinusoidal flow around NACA0015 

without suction slot and with the optimum angles of suction slot under sinusoidal inlet velocity at the 

stall angle (13.6 Degree) and 𝒇 = 0.167 Hz A) 2.92 m/s -maximum velocity B) 1.8 m/s -decelerating 

flow 
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Figure 13 The pressure distribution around NACA0015 without slot and with the optimum angles of 

suction slot under sinusoidal velocity and 𝒇 = 0.167 Hz A) Contours of pressure coefficient B) 

pressure coefficient at the upper and lower surface 
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Figure 14 The Contour at the stall angle (13.6 Degree) for sinusoidal flow around NACA0015 without 

suction slot and with the optimum angles of suction slot at maximum velocity 2.92 m/s under 

sinusoidal velocity and 𝒇 = 0.167 Hz A) Velocity magnitude B) Global entropy generation rate 
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Figure 15 The Sound pressure level in dB for NACA0015 under non-oscillating velocity at a far field receiver 

located at 35 chord with different slot angle and different angles of attack A) 11.3 degrees B) 12.3 degrees C) 

14.4 degrees 
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Figure 16 The Sound pressure level in dB for NACA0015 under non-oscillating velocity at a far field 

receiver located at 128 chord with different slot angle and different angles of attack A) 11.7 degrees 

B) 13.6 degrees 
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Figure 17 The Sound pressure level in dB for NACA0015 under oscillating velocity at a far field 

receiver located at 35 chord with different slot angle and different angles of attack A) 11.3 degrees B) 

12.3 degrees C) 13.6 degrees 
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Figure 18 The Sound pressure level in dB for NACA0015 under oscillating velocity at a far field 

receiver located at 128 chord with different slot angle and different angles of attack A) 11.7 degrees 

B) 13.6 degrees C) 14.4 degrees 
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Figure 19 The NACA0015 without and with suction slot at optimum angle under sinusoidal wave 

with time period 4 second (0.25 Hz)  “---without suction slot — 𝜶𝑺𝑺 =0 degree”,“ —  𝜶𝑺𝑺 =10 

degrees clockwise A) The hysteretic behavior B) The instantaneous torque coefficient C) The average 

torque coefficient 
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Figure 20 The NACA0015 without and with suction slot at optimum angle under sinusoidal wave 

with time period 8 second (0.125 Hz)   “---without suction slot — 𝜶𝑺𝑺 =0 degree”,“ —  𝜶𝑺𝑺 =10 

degrees clockwise A) The hysteretic behavior B) The instantaneous torque coefficient C) The average 

torque coefficient 
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Figure 21 The second law efficiency at the compression cycle for the NACA0015 without and with 

suction slot at optimum angle with sinusoidal velocity and 𝐭𝐬𝐢𝐧 equal to 4 sec (0.25Hz), 6sec (0.167Hz), 

8sec (0.125Hz)  “∎without suction slot ∎ 𝜶𝑺𝑺 =0 degree”,“ ∎𝜶
𝑺𝑺

=10 degrees clockwise A) 11.3. 

B) 11.7. C) 12.3. D) 13.6. E) 14.4. 
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Figure 22 Flow structure around the NACA0015 and 𝐭𝐬𝐢𝐧 equal to 4 sec (0.25Hz), 6sec (0.167Hz), 8sec 

(0.125Hz) A) Path-line coloured by mean velocity magnitude B) Contour of pressure coefficient C) 

pressure distribution at upper and lower surface 
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Figure 23 The sinusoidal flow around NACA0015 without slot and with the optimum angle of suction 

slot at decelerating flow and 𝐭𝐬𝐢𝐧 equal to 4 sec (0.25Hz), 6sec (0.167Hz), 8sec (0.125Hz) A) Path-line 

coloured by mean velocity magnitude B) Contour of global entropy generation rate 
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