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Abstract 

The main purpose of the upcoming article is to investigate 

the effects of using a blade with two NACA 0015 airfoils 

with a geometric ratio of 0.5 on the output power of a 

vertical-axis wind turbine exposed to wind with a constant 

speed of 10 m/s at different rotational speeds. 

Initially, creating a suitable strategy for the numerical 

simulation of a straight-blade vertical axis wind turbine 

using a 2D mesh has been discussed. This 2D simulation 

was done via Ansys 2021 commercial software and results 

were verified with experimental results. Appropriate 

settings have been used to solve the issue of not modeling 

the airfoil edge vortices in a 2D simulation and 

minimizing its effects. Although in addition to the errors 

of a 2D modeling, the Reynolds-averaged Navier-Stokes 

(RANS) solvers have errors compared to the Direct 

Numerical Simulation method, however different settings 

and modeling have been used to extract closest results to 

experimental data. Additionally, the sliding mesh 

technique has been utilized, which provides lower 

computational cost than the dynamic mesh technique. The 

result of this numerical solution has 90% accuracy relative 

to simulation using SST K-ω model. 

Following, based on the validated results and using 

similar settings, the effects of using double-airfoils in two 

different modes have been investigated and the results 

have been compared with the single airfoil turbine. 

Ultimately, the power coefficient at variable rotational 

speeds has been evaluated for single and double-airfoil 

turbines, which indicates the power coefficient of the 

turbine has increased by 12% on average. 
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Introduction 

As reported by the Renewable 2017 Global Status Report, 

since the beginning of the 21st Century, Wind and Solar 

energy have been the most dominant used renewable 

energies [1]. The energy mix produced by REN21, as 

shown in Fig. 1, indicates that the contribution of 

renewable energy is around 487 GW, with an increase of 

11% since 2015. With a contribution of approximately 

4%, wind energy leads all other non-conventional 

renewable energy sources [1]. 

 

 
Figure 1. The contribution of different energy production 

sources in electricity production in the world, End-2016 

 

Horizontal axis wind turbines (HAWT) and vertical 

axis wind turbines (VAWT) are the two types into which 

the wind turbines are divided. Due to their massive size 

and excellent power output capability, HAWTs currently 

dominate the wind energy market [2]. The benefits of 

VAWTs, however, have recently received more attention 

[3]. These benefits include being more suitable for urban 

environmental applications than the more widely used 

HAWTs due to a number of important factors, including 

low maintenance costs, a straightforward blade shape, 

omnidirectional work capability, and low noise [4]. 

For VAWT to be commercialized, performance 

improvement is a crucial requirement. Given its 

distinctive spinning motion, a VAWT's blade captures the 

most wind energy on the perimeter facing upwind, and as 

a result, its power coefficient is typically lower than that 

of a HAWT [5]. 

Many researchers have explored ways to improve the 

performance of the VAWT. Three types of performance-

improving techniques exist: modifying the wind turbine 

layout [6–9], using an additional boost device [10–12], 

and exploiting of the advantageous aerodynamic 

interaction between VAWTs [13]. The Savonius wind 

turbine and the Darrieus wind turbine, both of which are 

seen in Figure 2, are the two primary varieties of vertical 

axis wind turbines. [14]  
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This paper discusses about the second category, the 

analysis of effect of additional boost device which is a 

secondary airfoil on the performance of a VAWT. 

 

 
Figure 2. Most widely used configurations of vertical axis 

wind turbines. A Savonius drag-based wind turbine (figure a) 

and a straight bladed lift-based Darrieus wind turbine (figure c) 

can be seen in the figure. 
 

VAWT Model 

The turbine used in the experimental tests, which was 

investigated in the article by Bravo et al. [15], has the 

following characteristics mentioned in table 1. 

 
Table 1. characteristics of the wind turbine investigated 

experimentally by Bravo et al. 

Details Parameters 

3 Number of Blades 
NACA 0015 Airfoil 

3 Blade Height (m) 
0.4 Chord length (m) 

1.25 Turbine Radius (m) 

30-122 Rotational Speed 

(rpm) 
10 Wind Speed (

𝑚

𝑠
) 

0.4-1.6 TSR 
 

Due to the wide range of parameters involved in the 

power output produced by a vertical axis wind turbine, 

Bravo et al. [15] investigated the power output produced 

by the turbine in varying rotational speed and constant 

wind speed using appropriate equipment and brake 

system. 

In the first section of the present study, a 2D CFD 

model has been developed to validate the results of the 

numerical model with the experimental results. In the 

second section, using the same 2D CFD model, an 

investigation of the redesigned rotor of the turbine has 

been carried out.  

The redesign process involves using a smaller 

secondary NACA 0015 airfoil with chord length of 0.2m 

near the main NACA 0015 airfoil. In the initial design, the 

secondary airfoil is placed on top of the main airfoil at a 

distance of 13cm. In the second design, the secondary 

airfoil is fixed beneath the main airfoil at a distance equal 

to 13cm. 

 

Numerical Setup and Boundary Conditions 

In this study, the simulations were performed using Ansys 

2021. In recent years, SST k-𝜔 turbulence model has been 

widely used to develop valid simulation of air flow in 

VAWT studies. After performing the steps corresponding 

to the numerical simulation, the following calculation 

domain (Figure 3) has been selected to check the output 

torque and power coefficient calculated from equation (1). 

 

 
Figure 3. Computational domain and boundary conditions 

 

The center of the rotor is located at a distance of 5 

times the distance from the velocity inlet, and the distance 

from the computation domain outlet is 18 times the radius 

of the turbine.  

Also, the two upper and lower boundaries are 4 times 

the radius of the turbine rotor from each other. The inlet 

boundary has the velocity inlet condition and the outlet 

boundary has the pressure outlet condition. Further, the 

two upper and lower boundaries were considered as 

symmetry boundary conditions to eliminate the effect of 

small domain width. The scope of the solution is selected 

based on the study by Lanzafame et al. [16]. 

 

Meshing 

In this study, the sliding mesh technique has been used to 

simulate the rotation of the turbine and reduce the 

computational cost for modeling the aerodynamic 

phenomena around the airfoil. According to the model 

used for simulation, the boundary layer mesh around the 

airfoil is created with Y+ smaller than 1. 

Due to the extreme changes in the angle of attack of 

the airfoil during the rotation of the rotor, in some angles 

of attack many vortices are created in the region near the 

airfoil surface. Therefore, in order to better model the 

flow, it is necessary to use a properly structured mesh 

around the airfoil. Moreover, due to the better modeling 

of wake and turbulence by structured mesh compared to 

unstructured mesh, in the stator part of the solution 

domain, the structured mesh has been used. 

Another major point in the sliding mesh technique is 

the uniformity of the size of the cells on both sides of the 

interface boundaries, which is included in the meshing. 

 

 
Figure 4. Mesh grid of the solution domain for rotor A 

 

Mesh Grid Independency 

To ensure that CFD results do not depend on the mesh 

density, four meshes were assessed numerically, 

comprising between 152,000 and 637,000 cells. The 𝐶𝑝 
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values were extracted at ω=12.8 radians per second. Table 

2 summarizes the 𝐶𝑝 values obtained with all meshes 

considered for the 2D VAWT model with NACA0015 

airfoils. 

 

 
Figure 5. grid generation surrounding the airfoil 

 

 
Figure 6. Airfoil leading edge grid generation 

 
Table 2. Results of mesh grid independency 

Total 

Number of 

cells 

Airfoil’s 

regions 

Rotor 

region 

Stator 

region 
𝐶𝑝 

152683 91235 30063 31385 0.1768 

312543 196490 64859 51194 0.1893 

484505 321353 91654 71498 0.1907 

637752 398426 106542 132784 0.1913 

 

As it is clear in table 2, there is only 0.3% difference 

between the results obtained from 484505 cells and 

632752 cells. Consequently, to prevent unnecessary 

computational costs, the mesh with 484505 cells has been 

selected for the numerical study. 

 

Numerical Simulation Model and Applied settings 

Numerical simulation of a 3D experiment using a 2D grid 

has an unwanted error due to the lack of modeling of the 

vortices created at the upper and lower edges of each 

blade. In this simulation, through examining different 

solvers as well as different discretization methods such as 

PISO and Coupled discretization methods, the best 

simulation results were obtained using the SST K-ω 

model and the PISO discretization method. In the PISO 

discretization method, the relaxation factors values are 

adjusted according to the rotational speed of the rotor. 

Lanzafame et al.[16] have proposed a time step of 

0.0005 seconds for the simulation of the desired wind 

turbine, thus the flow solution in this research is also 

based on this time step. 

 

Results and Validation 

Due to the instability of the solution, an appropriate 

criterion should be used to detect convergence in solution. 

To achieve this goal, the solution is considered converged 

at each time step when the residual values reach 0.001. In 

addition, the inlet and outlet mass flow rates should be 

equal in the solution domain. Another parameter is the lift 

coefficient produced by each blade in each revolution of 

the turbine, which must be periodical. The most important 

convergence factor is the periodization of the total torque 

produced by the turbine in each revolution, which is the 

best criterion for checking the convergence of the 

unsteady solution for a wind turbine. 

After ensuring that all the convergence conditions of 

the solution are satisfied, by obtaining the value of the 

total torque of the turbine in one revolution, the power 

coefficient for a vertical-axis wind turbine would be 

calculated using the following equation: 

 

𝐶𝑝 =
𝑇𝜔

1

2
𝜌𝑉3𝐴

                                                                           (1) 

 

In the diagram of Figure 7, the experimental test 

results are compared with the simulation results. In this 

diagram, the horizontal axis represents the ratio of the 

rotational speed of the blade tip relative to the wind speed, 

which can be calculated using the equation (2). Also, the 

horizontal axis represents the production power factor of 

the turbine. 

 

𝑇𝑆𝑅 =
𝑟𝜔

𝑉
                                                                        (2) 

 

 
Figure 7. Comparison of the results of numerical 

simulation and experimental test  

 

As illustrated in the diagram of Figure 7, the results of 

the numerical simulation with an average error of 10% are 

consistent with the experimental results and the accuracy 
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of this simulation can be confirmed. It should be noted 

that the difference between obtained results and 

experimental data is increased in rotational speeds higher 

than 14 radians per second, which is due to the change in 

the behavior of the vortices on the two edges of the airfoil, 

which should be solved using the 3D computing mesh and 

different settings in the mentioned speed rate for more 

accurate simulation.  

The important point is that this simulation has very 

good accuracy in 80% of the operating range of the 

turbine. 

 

Results of Design Improvement and Discussion 

In this section of the study, the results of using a double-

airfoil rotor have been investigated. for this purpose, a 

secondary NACA0015 airfoil with 0.2 m chord length has 

been attached to the main airfoil at a distance of 13 cm.  

The first design includes the main airfoil and a 

secondary airfoil on top of the main airfoil (rotor B), while 

the second design includes the main airfoil and a 

secondary airfoil at the bottom of the main airfoil (rotor 

C). Figure 8 illustrates the design of both rotor B and rotor 

C. 

 

 
Figure 8. The design of rotor B (left) and rotor C (right). 

 

 
Figure 9. Blade setup and mesh grid around double-airfoil 

blade for rotor C. 

 

Both rotor B and C have the same mesh grid around 

the double-airfoil blades, the only difference is in the 

position of the secondary airfoil which does not affect the 

number of cells and grid size due to using mesh mirror 

technique. By applying the same simulation model and 

criteria as rotor A to rotor B and rotor C, the following 

results shown in figure 10-12 were obtained. 

As it has been shown in figure 10, the decrease in air’s 

kinetic energy and creation of the wake on the right side 

of the turbine due to transformation of the kinetic energy 

of air to kinetic energy of the turbine is obvious. Also, 

extreme stall phenomena and large-scale vortices around 

the blades of rotor B has been shown in figure 11. The 

stall phenomena cause significant decrease in the amount 

of produced lift by the blades. Also, these vortices could 

cause huge damages to the turbine by increasing the 

fatigue stress on the blades.  

Based on the results obtained from the simulation 

using the validated model, it has been deemed that 

although using double-airfoil NACA0015 blades does not 

affect the starting torque of the wind turbine, but the 
amount of output power considerably differs between 

rotor A and two other rotors in higher Tip Speed Ratios. 

 

 
Figure 10. Velocity contour for rotor B at TSR=1.6 

 

 
Figure 11. Turbulent Kinetic Energy contour for rotor B at 

TSR=1.6 

 

At TSR=0.8, although there is no significant 

difference between rotor A and B, but rotor C has been 

experienced 60% increase in 𝐶𝑝, which is a significant 

improvement in the efficiency of the turbine. 

At TSR=1.1, rotor A has the highest 𝐶𝑝 while rotor C 

has 46% decrease in 𝐶𝑝. Finally, at higher TSRs, both 

rotor B and rotor C are able to produce the same amount 

of power which leads to 20% more power generation than 

rotor A at TSR=1.6. 
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Figure 12. Power coefficient comparison for rotor A, B and C 

 

Conclusions 

In this study, a newly designed double-airfoil rotor 

was investigated numerically using Ansys Fluent. 

This double-airfoil rotor has been designed using 

two NACA0015 airfoils. In comparison with the 

experimental investigation by Bravo [15], the 

numerical model was deemed capable of predicting 

the performance of the wind turbine. Although there 

has been no change in the starting torque of the 

turbine, the results indicate that the average 

performance of the turbine is increased by 12% for 

the double-airfoil rotor with the secondary airfoil 

beneath the main airfoil. This increase in 

performance can be considered a significant 

improvement in the efficiency of an energy 

extraction process. 
 

Nomenclatures 

A     Swept Area 

𝐶𝑝    Power Coefficient 

T     Output Torque 

V    Wind Speed 

𝜌     Air Density 

𝜔    Angular Velocity 
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