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ABSTRACT 

Wells turbine is one type of axial turbine exclusively used for wave energy conversion in 

Oscillating Water Column type wave energy conversion device. It is a bi-directional turbine 

which can rotate in one direction irrespective of the direction of airflow. One of the main 

disadvantages of this turbine is the stall phenomenon, where the torque, as well as efficiency, 

drops drastically at a particular angle of attack. The postponement of stall can be achieved by 

installing fences along the chord of the blade at a distance from the hub. In the present work, a 

numerical analysis of Wells turbine with the stall fence is carried out using commercial CFD 

tool ANSYS. The performance characteristics of the turbine are investigated for different 

number of stall fences at different distances along the span of the blade. A detail flow analysis 

is presented to explain the effect of the stall fence on this particular turbine. 
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NOMENCLATURE 
*

0P
 

pressure drop coefficient 

0P
 

total pressure drop 

c chord length 

Cp static pressure drop coefficient  

CT torque coefficient,  

D drag force 

FN normal force 

FT tangential force 

k turbulence kinetic energy 

L lift force 

l span of blade 

P static pressure at any point 

Pa inlet pressure 

Q volume flow rate 

R rotor tip radius 

Rm rotor mean radius 

s mean solidity  

T total torque 

ua inlet air velocity 

ut blade tip velocity 

w relative velocity 
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z number of blades 

α angle of attack 

η efficiency 

λ stagger angle 

ρ density of air 

φ flow coefficient 

ω angular velocity 

Ω specific rate of dissipation of kinetic energy 

ABBREVIATIONS 

LE Leading Edge 

PS Pressure Surface 

RMS Root Mean Square 

SS Suction Surface 

SST Shear Stress Transport 

TE Trailing Edge 

INTRODUCTION 

Oscillating Water Column (OWC) type wave energy conversion device is one of the most used wave 

energy conversion devices which has been developed in the last two decades (Falcao and Henriques, 

2016). The OWC can be set up nearshore or offshore. The transfer of energy from ocean waves to 

useable electrical energy happens in three phases. First, the wave energy is converted to pneumatic 

energy inside the OWC chamber in the form of an oscillating air column. This oscillating air column 

rotates the power take-off device (usually a turbine) to convert the pneumatic power to mechanical 

shaft power. The generator connected to the turbine converts the mechanical energy into electrical 

energy. The power take-off device is generally a turbine-either an impulse or a reaction turbine. 

The Wells turbine (Fig.1) is a type of reaction turbine that uses symmetrical aerofoil type blades 

attached to the hub at 90-degree stagger angle (Fig. 2). Due to the symmetry of the aerofoil blades, 

the tangential force on the blades always acts in the same direction, irrespective of the direction of 

the airflow (Fig.2). As a result, the turbine always rotates in the same direction, even though the 

airflow acting on the turbine is oscillatory in nature. 

 

                                            
Figure 1: Wells turbine 
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Figure 2: Forces acting on the blade 

 

Many researchers have reported different blade geometries to improve the performance of Wells 

turbine. Takao et al. (2014) numerically studied a 3-D blade geometry (different blade profile at hub 

and tip) which showed better operating range and torque characteristic compared to reference blade. 

Govardhan and Chauhan (2007) reported that Wells turbine blade with variable chord length has 

better stall characteristics compared to fixed chord blades. Shaaban (2017) optimized the radial 

solidity distribution of the blade using a mathematical optimization algorithm. The optimized turbine 

rotor enhanced the efficiency by 4.7%. Blade skew strategy (Starzmann and Carolus, 2014) and blade 

sweep (Kim et al., 2002) has shown marginal improvement in operating range compared to the 

reference blade profile. Halder et al. (2015) implemented a circumferential casing groove over the 

blade profile, which shows 26% improvement in power output at a particular operating range. 

The 3-D stall in Wells turbine is characterized by incipient and deep stall (Torresi et al., 2009). 

At incipient stall, the flow starts to separate from the leading edge and at deep stall, a massive 3-D 

separation occurs around mid-span of the blade. At higher flow coefficient, the tip leakage flow 

increases and it helps to accelerate deep stall condition (Halder et al., 2015). Wing fences or stall 

fences have been used in aircraft wings to increase the lift force and delay stall by suppressing flow 

separation. In the present study, stall fences are attached along the chord of the Wells turbine blade. 

The different fence configurations for this study are chosen keeping in mind the two main factors-to 

suppress the 3-D separation around mid-span and to reduce the tip leakage vortex. A numerical study 

is carried out with different number of stall fences along the span of the blade. The results are 

compared with the reference blade and a flow analysis is carried out to understand the effect of stall 

fence on the performance of the Wells turbine blade.  

GEOMETRIC CONFIGURATION 

The reference geometry for the present study is taken from Curran and Gato (1997). The Wells 

turbine blades have NACA0015 profile with a fixed chord length of 125 mm. The turbine hub is 200 

mm with a hub to tip ratio of 0.68. The tip clearance is considered 1mm. the turbine has 8 blades on 

the hub with a mean solidity (s = zc/2πRm) of 0.64. The dimensions of the reference turbine are listed 

in Table 1. 

Table 1: Geometry of the reference blade 

 

Parameter       Specification 

Blade profile     NACA0015 

Blade chord length     0.125 m 

Hub radius     0.2m 

Tip radius     0.294m 

Tip clearance     0.001m 
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The stall fences are installed along the chord length of the blade. Figure 3 shows the detailed 

geometric dimensions of the fence. The fences have extrusion length on 2% of chord length outside 

the blade profile, and the thickness of the fence is also considered as 2% of chord length. The fences 

are attached along the chord up to 80% of chord length from the leading edge. Figure 4 shows four 

different blade configurations with stall fences attached at different distance along the blade span (l). 

For example, Blade A has one fence at 40% blade span from the hub. Similarly, Blade B, C, and D 

have 2, 3, and 4 fences respectively.  

 
 

Figure 3: Fence dimensions   

 

Blade A Blade B Blade C Blade D 

    

0.4l 0.4l-0.8l 0.3l-0.6l-0.9l 0.2l-0.4l-0.6l-0.8l 

 

Figure 4: Different blade configurations 

COMPUTATIONAL METHODOLOGY 

Figure 5 shows the computational domain for the Wells turbine considered in the present study. 

The Wells turbine is symmetric around the axis of rotation, so only one blade is considered for the 

numerical analysis to save computational cost. The computational domain is five times chord length 

in upstream and eight times chord length in the downstream direction. An unstructured mesh is 

created in the computational domain as shown in Figure 6. A fine prism layer is generated along the 

surface of the blade to capture the boundary layer. The height of the first layer from the blade is 

selected as 0.00012m to keep the y+ ≤ 1. The prism layer consists of 20 number of layers with 

exponential growth of 1.2. The unstructured mesh is generated in ICEM CFD v16.1. After a grid  

independence study (Fig. 7) using four different numbers of elements, the final element counts of the 

computational domain is chosen as 3.7 million for this study. 

Reynold’s Averaged Navier-Stokes (RANS) equation is discretized using the finite volume 

method to solve the continuity, momentum and energy equation. The fluid (air) is incompressible and 

steady flow is considered. The periodic boundary condition is imposed on the circumferential side 

and the hub, casing and rotor blade surface have a no-slip boundary condition. A steady velocity is 
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considered at the inlet and ambient pressure at the outlet.  The rotational speed of both the rotor is 

fixed at 2000 rpm.  

A finite volume based commercial code ANSYS CFX v16.1 is used for the numerical simulation. 

SST k-Ω turbulence model is used for this analysis. SST k-Ω turbulence model combines the effect 

of the k-ε model in free stream and k-Ω model near the wall. This model does not use wall function 

and gives an accurate result near the wall. The solution is considered converged when the RMS 

residual becomes less than 1e-6 and mass imbalance is 0.001.                                               

 
 

Figure 5: Computational domain 

 

 
 

                                     
 

Figure 7: Grid independence test 
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Figure 6: Mesh around the blade 
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RESULT AND DISCUSSION 

 Based on the previous literature, the Wells turbine performance is expressed using four non-

dimensional parameters:  

i. The torque coefficient:     

 

2 5T

T
C

R
=                                                                       (1) 

 

ii. The pressure drop coefficient:    
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 =                                                                       (2) 

 

iii. The efficiency:   
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iv. Flow coefficient:     

 

 a

t

u

u
 =                                                                                   (4)  

As the rotational speed of the turbine is fixed, the blade tip velocity also remains fixed. The turbine 

is simulated at six different flow coefficients from 0.075 to 0.275 by varying the inlet flow velocity. 

Figure 8 shows the comparison of the present numerical result with available experimental (Curran 

and Gato, 1997) and numerical (Torresi et al., 2008) results. It can be seen that the present results are 

in good agreement with the available experimental and numerical results till stall point (φ = 0.225). 

Beyond stall, the present result has a deviation of ± 5% with the experimental result.           

                            

 

 
                         

Figure 8: Validation with the experimental result 

 

Figure 9 shows the comparison of different blade configurations with respect to the reference 

blade. The blade A with one fence at 40% span has the similar torque characteristic as the reference 
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blade. The reference blade and blade A both stalls at flow coefficient 0.225 which is observed from 

the torque coefficient and efficiency plots. For blade C and D, the torque and efficiency match with 

reference blade for a low flow coefficient up to 0.175. At flow coefficient 0.175, the stall occurs and 

the torque, as well as efficiency, drops drastically. However, for blade B, with two stall fence, the 

stall point is shifted to flow coefficient 0.250, although the peak torque is less than the reference 

blade. For blade B, the drop in efficiency is more gradual compared to the sudden drop in efficiency 

of reference blade and blade A, C, D. The reason behind such phenomenon can be explained from 

the flow analysis around the blade. 

                                                                                
   

Figure 9: Comparison of different blade configurations  

. 

Figure 10 shows the streamlines on the suction surface of the blade at two different flow 

coefficients. For lower flow coefficient at φ=0.175, the flow is completely attached to the suction 

surface for all the blade configurations; no vortices or flow separation is observed at this flow 

coefficient. However, at higher flow coefficient, φ= 0.250, a large vortex can be observed near the 

leading edge of the suction surface of the reference blade. This happens due to the large incident angle 

at higher flow coefficient, and the flow starts separating from the leading edge of the rotor blade (post 

stall condition). The main idea of installing stall fence is to postpone the stall by delaying the flow 

separation. For blade A, due to the presence of stall fence, the flow is attached below the fence, but 

the flow separation occurs above the fence. Whereas for blade B, with two fences, there is no vortex 

formation as reference blade and the flow remains attached with the blade surface till 80% chord of 

the blade. For blade C and D, the presence of more fences creates an obstruction for the air to flow 

over the blade surface, and it could not follow the blade surface such as in blade A. Such obstruction 

in flow over the surface increases the unsteady content in the flow. The same is seen in blade B also, 

but to less extent than blade C and D.   
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Figure 10: Streamlines on the suction surface of blade  

 

Figure 11 shows the streamlines and pressure contour (in terms of static pressure drop coefficient, 

Cp = (𝑷 − 𝑷𝒂)
𝟏

𝟐
 𝝆𝒖𝒂

𝟐⁄  ) at φ= 0.250 on a plane passing through 80% blade span. For the reference 

blade and blade A, the flow separates from the leading edge which leads to a sudden drop in efficiency 

at this flow coefficient. For blade B with two fences, although the flow separates near the leading 

edge, the flow gets reattached around the mid-chord length. As a result, the drop in efficiency is not 

so sudden like reference blade. Also, the height of the separation is less compared to the reference 

blade. For blade C and D, the flow separation from the leading edge is similar to the reference blade. 

The flow separation from the leading edge can be understood by the pressure contours at the same 

plane. For the reference blade and blade A, the low-pressure zone is distributed throughout the suction 

surface of the blade. Whereas for blade B, the low-pressure zone is concentrated only near the leading 

edge of the blade. As the low-pressure region is only concentrated near the leading edge, the 

separation area is also small compared to other blades. For blade B. at this high flow coefficient, flow 

separates from blade leading edge on the suction surface of the blade. When the fence is attached, 

there might be formation of local vortices which reenergizes the flow to reattach with the suction 

surface. Such reattachment in flow helps in delaying the stall. The second separation near the trailing 

edge occurs as the fence is not present there. 

LE TE LE TE 
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Figure 11: Streamlines and pressure contours at 75% blade span for φ = 0.250 

 

CONCLUSIONS 

In the present work, a numerical analysis of a Wells turbine is carried out with stall fences installed 

at different distance from the hub. The results of the turbine with and without stall fence are compared 

and analyzed. Wells turbine with two stall fences installed at 40% and 80% of span has better 

operating range compared to the reference turbine without stall fence. The turbine with two stall 

fences helps to delay the vortex formation on the suction surface of the blade, which delays the stall. 

Using two stall fences, the stall point is shifted from 0.225 to 0.250. Although there is a reduction in 

peak torque developed when stall fences are used, the drop in efficiency at higher flow coefficient is 

more gradual compared to the turbine without stall fence. Thus, stall fence can improve the overall 
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operating range of the wells turbine when used in the ocean environment. Further analysis should be 

carried out to find out the optimum geometrical parameters of the stall fence to be used in wells 

turbine. 
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