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Abstract 5 

The aim of this study is to investigate the power performance of vertical axis wind 

turbines (VAWT) that equipped with diverse gurney flaps. Gurney flaps could 

increase the aerodynamic efficiency of the airfoils. In this paper, the two-dimensional 

computational fluid dynamics simulation is used. According to the results, the gurney 

flap elevate the power coefficient at the low range of tip speed ratio (TSR). Also, it is 10 

mentioned that angled gurney flap that has the same aerodynamic performance as 

standard gurney flap, has the structural excellence and lower hinge moment. 

Ordinarily, in all gurney flap cases, the power coefficient increases by an average of 

20% at the TSR range of 0.6 to 1.8. However, the gurney flap cases do not perform 

well at the high TSR range and the results show the lower amount of  𝐶𝑝 compare to 15 

the clean airfoil. The only case that has a higher 𝐶𝑝𝑚𝑎𝑥 than clean airfoil is an angled 

gurney flap that is applied on the pressure side of the airfoil. This case could increase 

the 𝐶𝑝𝑚𝑎𝑥 by 25% at the specific TSR. Consequently, the angled gurney flap that is 

deployed to the pressure side of airfoil could improve the efficiency of VAWT at the 

particular range of TSR and has structure advantages compare to the standard gurney 20 

flap case.  

 

Keywords: Vertical wind turbines, Gurney flaps, Darrieus wind turbine, Power 

coefficients, Aerodynamic performance, Hinge moment 

 25 

 

 

 

 

 30 

 

 

 

 

 35 

                                                           
1 M.sc Student of Faculty of new sciences and technologies, University of Tehran, Tehran, Iran 

(Email: m.mousavi.092@ut.ac.ir) 
2 Faculty of new sciences and technologies, Department of aerospace engineering, University of 

Tehran, Tehran, Iran 
3 Faculty of new sciences and technologies, Department of aerospace engineering, University of 

Tehran, Tehran, Iran  

Manuscript File Click here to view linked References

https://www.editorialmanager.com/indaer/viewRCResults.aspx?pdf=1&docID=4615&rev=0&fileID=63065&msid=d14c35db-c205-498a-a4c6-c933d645d899
https://www.editorialmanager.com/indaer/viewRCResults.aspx?pdf=1&docID=4615&rev=0&fileID=63065&msid=d14c35db-c205-498a-a4c6-c933d645d899


 

Nomenclature 

 

𝐶𝑝 Power coefficient 

𝐶𝑝𝑚𝑎𝑥 Maximum power coefficient 

𝐶𝑙 Lift coefficient 

𝐶𝑑 Drag coefficient 

R Radius (m) 

N Number of blades 

c Chord (m) 

𝑉∞ Free stream velocity 

TSR Tip speed ratio 

𝐶𝑚 Moment coefficient 

𝜔 Rotational speed (rad/s) 

𝜎 Solidity 

h Gurney flap height (m) 

𝜃 Gurney flap angle 

𝜌 Density of the air 

𝐴 Surface area of the airfoils 

 

1. Main Text 40 

1.1 Introduction 

This study is intended to investigate the behavior of darrieus wind turbines 

equipped with clean NACA 0021 airfoil and airfoil with a gurney flap. The 

advantages of these turbines (VAWT) are low noise, low manufacture cost, low 

installation cost, and high-speed efficiency [1]. 45 

However, the amount of power coefficient obtained from these turbines is less than 

horizontal axis wind turbines [2-5]. The output power of four different wind turbines 

is shown in figure (1). 



 

Figure 1. Power coefficients versus TSR produced by four different wind 50 

turbines [6] 

Another main difference between VAWT and HAWT is the aerodynamic 

simulation of these turbines. Because of the different angles of attack and various 

flow velocity direction, predicting the performance of these turbines is difficult [1]. 

Besides, a lot of complicated flow phenomena such as the dynamic stall, Coriolis and 55 

centrifugal forces, aeroelastic effects, boundary layer behavior, flow curvature effects, 

blade-wake interaction and the shed vortices can make the simulation even harder [7-

11]. 

A comprehensive investigation to achieve the optimized parameters of VAWT 

such as TSR, Wind speed, solidity, number of blades, and blade shape has been 60 

conducted by Ghasemian et al. [6]. Different impacts on the wind farm, aerodynamic 

noise reduction, dynamic stall control, self-starting characteristics and effects of 

unsteady and skewed wind conditions have been reviewed. The best results were 

obtained using the PISO scheme as the solver.  

As the results suggested, the higher solidity increase the power coefficient for low 65 

TSR.  But for the high TSR, the smaller solidity rotors perform better. Accordingly, 

with increasing the solidity, the TSR operating range has been declined. It was 

mentioned that the power coefficient is shifted left with increasing the solidity due to 

the wake effect increase in a narrow passage between blades and the chance of earlier 

stalling [12]. 70 

It was shown that power variation reduces by increasing the blade number. As the 

blade number is increased, the amount of 𝐶𝑝𝑚𝑎𝑥 could be achieved in lower angular 



velocities. The smaller number of blades could improve power performance at the 

higher TSR [13]. 

It was mentioned that using guide vane is useful especially at the lower wind 75 

speeds. Guide vane advantages are minimizing the negative torque, increasing the free 

stream wind speed and change the flow direction for a better angle of attack of the 

VAWT blades, and increasing the rotational speed and working hours of the VAWTs 

[14-16]. 

Another study is focused on the condition of the flow after the collision to the 80 

buildings and urban facilities. It was mentioned that the flow could be skewed, 

fluctuating, and tilted because of these obstacles. These obstacles could increase the 

turbulence intensity of the flow and decrease the efficiency of the turbine blades [17, 

18]. 

Some papers are focused on the behavior of flow in wind farms with several wind 85 

turbines. The wind speed behind each rotor is reduced but the direction of distributed 

flow could be more favorable to generate more power in wind turbines. It depends on 

the lateral velocity and the location pattern of neighboring turbines. Overall, the wind 

farms can enhance the power generation [19-21]. 

The noise generated by VAWT was studied in different papers. The noise 90 

production of these turbines was divided into two parts. The first part is about 

aerodynamic forces and the second part is about broadband noises related to the 

turbulent structures in the wake behind the wind turbine. It was concluded that if the 

structural optimization applied on the blades and whole coupling system, the 

generated noise could be lower [22, 23]. 95 

Ingham et al [24] was studied the start-up conditions of VAWTs. It was found that 

in the critical region (TSR<1) the drag plays a significant role on the start-up torque. 

It was also mentioned that increasing the blade number could make the start-up of the 

VAWT easier but could decrease the power coefficient. Dynamics stall of blades on 

the VAWTs was investigated by hau et al [25]. According to the achieved results the 100 

stall-onset angle could increase if the non-dimensional numbers like pitch angle and 

Reynolds increased during the stall on the airfoil.  

Another study was focused on the flat deflector which was applied on the free-

stream inlet and had a significant effect on the power coefficient. It was mentioned 

that the free-stream velocity was increased in the near-wake region of the plate, and 105 

this could let the turbines perform efficiently [26]. Overlap ratio in VAWTs had a 

huge impact on starting characteristics than phase shift angle change [27]. 

The study of applying different airfoils on VAWT was conducted by Subramanian 

et al [28]. Four different airfoils NACA0012, 0015, 0030 and AIR 001 were 

considered in this study. NACA 0030 performed better in the low TSR due to the long 110 

duration of the attached flow. While NACA 0012 performed better for TSR>1.8 with 

a broader range of TSR. The shed vortex dissipates much faster for thinner airfoils 

than thicker airfoils at a higher range of TSR. Two-bladed VAWTs generated more 

power than three-bladed turbines. 

 Liebeck drove the first study about gurney flap aerodynamic effects. Various 115 

applications of gurney flap were mentioned in this study [29]. 

A complete research study about all characteristics of gurney flap was conducted 

by Jain et al. The gurney flap was simulated in six heights between 0.5% to 4% of 

chord, seven locations from 0% to 20% of chord and seven mounting angles from 30° 



to 120°. It was shown that the gurney flap with 1.5% of the chord and 90° mounting 120 

angle with the minimum distance from the trailing edge led to the best aerodynamic 

performance and maximum L/D ratio [30].  

In two other studies of gurney flap, the results showed that the gurney flap with a 

height of 2% of the chord and with a 90° mounting angle is the best choice for 

aerodynamic performance [31, 32]. 125 

Gurney flaps have different applications that recently have been studied. Fan 

blades [33, 34], compressor blades [32], helicopter rotor [31], micro aerial vehicles 

(MAV) [35] and vertical wind turbines [36-38] are the latest applications of gurney 

flaps.  

This paper tries to investigate the performance of vertical axis wind turbines 130 

equipped with airfoil with gurney flap and compare the results with the clean airfoil. 

As we could see in the gurney flap reviews the best gurney flap height is 2% of the 

airfoil chord [31]. Airfoil NACA 0021 is selected for all simulation and the Reynolds 

number is 2.89 ∗ 105 in all cases because of better performance on VAWTs [39]. The 

Reynolds number was calculated by the flow velocity that was applied to the inlet 135 

boundary.  

The innovation point of this study is about using various gurney flaps on the wind 

turbine blades and make the design of it as easy as it could be to achieve the best 

performance of the wind turbine. 

The first stage of this study is about the investigation of the power performance of 140 

each wind turbine in different modes of gurney flap and compare it to the clean 

airfoil. Then at the second stage, the structural improvement of angled gurney flap is 

investigated which could be a significant advantage in wind turbine design. 

  

1.1 Methodology 145 

This study trying to use two-dimensional CFD simulation to investigate the 

behavior of flow around VAWT. ANSYS Fluent is used for simulating the flow fields 

around the wind turbines.  

There are some definitions of VAWT that are important for investigating the 

performance of wind turbines. Solidity is one of the critical design parameters in 150 

VAWT that is calculated as: 

𝜎 = 𝑁𝑐
𝑅⁄                                                                                                  (1) 

In equation (1), N is the number of wind turbine airfoils (blades), c is airfoil chord, 

and R is rotor radius.  

Another important design parameter in VAWT is TSR or tip speed ratio and 155 

defined as: 

𝑇𝑆𝑅 = 𝑅𝜔
𝑉∞

⁄                                                                                            (2) 

In equation (2), R is rotor radius, ω is the angular speed of wind turbine, and 𝑉∞ is 

free stream velocity.  



In all cases, the amount of  𝐶𝑚 obtained from the last turbine revolution and the 160 

moment coefficient average is calculated. Power coefficient is calculated as: 

𝐶𝑚 = 𝑀𝑜𝑚𝑒𝑛𝑡
0.5. 𝜌. 𝐴. 𝑈2. 𝑅⁄                                                      (3) 

𝐶𝑝 = 𝐶𝑚 ∗ 𝑇𝑆𝑅                                                                                                  (4) 

In this study, the amount of solidity is 0.53 and the TSR range changes between 0.6 

and 3. According to the calculation of the inlet flow velocity, the Reynolds number is 165 

2.89 ∗ 105. 

As was mentioned in the prior parts, two types of gurney flap are applied on the 

airfoil. The first one is a standard gurney flap that perpendicular to the airfoil chord. 

The second one is the gurney flap that has a mounting angle but the vertical axis 

height is the same as the standard one. Figure (2) shows the geometrical parameters of 170 

the gurney flap.  

 

Figure 2. Geometrical parameters of gurney flap  

All standard gurney flaps have the height of 2% of airfoil chord and it is the same 

on the vertical axis of angled gurney flaps. The amount of θ in all angled gurney flaps 175 

is 45°.  

The boundary condition and domain around the airfoils are illustrated in figure (3). 

The rotor diameter is 2 m and the airfoil chord according to the validation reference is 

0.265 m.  

 180 

Figure 3. Boundary conditions and domain around VAWT 



It is shown in figure (4), we use the sliding mesh method and the domain is 

separated into two different sections. The outer zone is fixed with unstructured mesh. 

The inner area rotates with different angular velocity and all airfoils are located there. 

The inner circle diameter in this study is 3 meters. Correspondingly, the distance 185 

between the inlet and the center of the inner zone is 10 rotor diameter and the pressure 

outlet in the downwind boundary is located 20 rotor diameter from the inner zone 

circle. The lateral distance between the two pressure outlet boundaries is 40 meters. 

Around each airfoil, the boundary layer with the appropriate amount of 𝑦+is applied. 

The amount of 𝑦+ around the airfoil is below unity (less than 1).  190 

 

Figure 4. Mesh structure and boundary layer around the airfoil 

Ordinarily, the simulation setting was set with the help of various studies [40]. 

Since the flow is incompressible the pressure-based solver is used and the Coupled 

algorithm with second-order upwind for space discretization and second-order 195 

implicit for time discretization are used [41, 42].  

Each case is rotating at least ten revolutions to achieve the constant periodic 

amount for moment coefficient. After obtaining the constant periodic amount for 

moment coefficient, the final moment coefficient could be calculated from the 

average of data in each wind turbine angle. After calculating the average moment 200 

coefficient the average power coefficient could be obtained from formula (4). Time 

steps are selected according to the amount of ω so that it could obtain the result from 

each 1° rotation. 

For turbulence modeling, the 𝑘 − 𝜔 𝑆𝑆𝑇 model is used. The 𝑘 − 𝜔 𝑆𝑆𝑇 turbulence 

model is chosen because of the capability of this model for capturing the flow 205 

structures in oscillating domains [43-46]. In this study besides residuals that show the 

convergence criteria in CFD problems, the velocity and pressure values are other 

parameters that are confirmed the convergence of the steady simulation [40, 42]. 



1.2 Validation 

To evaluate the accuracy of CFD simulation, the results must compare to the 210 

similar experiment test case. In this study, the results of clean darrieus wind turbines 

compare with the results of Li et al [47]. The comparison of power coefficients of the 

VAWT without gurney flap in the specific TSR range has been shown at the figure 

(5). 

 215 

 

Figure 5. Comparison of power coefficient between experimental results and 

CFD simulation[47] 

According to the results, there is a good correlation between experimental and CFD 

simulation results and the error percentage of the power coefficient is under 5% in all 220 

TSR. In the validation paper, there are many experimental cases with various 

Reynolds numbers. As was mentioned prior, the Reynolds number of this study is 

2.89 ∗ 105 the same as the experiment case and the height of the wind turbine for 

validation is 2.4 m.  

The high amount of  solidity in this case, helps the gurney flap improve the amount 225 

of power coefficient in the limited TSR [6]. Therefore, a higher amount of solidity 

makes the wind turbine perform at the limited TSR with a higher power coefficient.  



1.3 Structural improvement of applying gurney flap with angle on 

the pressure side of the airfoil 

According to the Masdari et al [48], applying gurney flap on the oscillating airfoil 230 

could make structural problems. Gurney flap increases the pressure on the lower 

surface of the airfoil which makes the flow compressed in the front face of the gurney 

flap and decreases the speed of the flow. At the same time, this equipment decreases 

the pressure at the upper surface of the airfoil with two vortexes that rotate at the 

trailing edge of the airfoil on the opposite direction. Consequently, these two turning 235 

vortex structures make the flow over the suction side of airfoil go faster. As these 

turning vortex structures reduce adverse pressure near the trailing edge, gurney flap 

decelerates the flow on the lower surface of the airfoil, and makes the pressure rise up. 

Gurney flaps could increase the aerodynamic efficiency of each airfoil [48]. 

Ordinarily, the structural design of wind turbines is one of the crucial issues that 240 

need much attention. The importance of this section has become more dominant when 

some fundamental problems like fatigue happen. In this section, two basic cases of the 

airfoil with gurney flap compare and as the aerodynamic performance of each case is 

similar to the other, the only advantage is about the structural design.  

Consistently, the two significant cases in this section are airfoil with standard 245 

gurney flap and angled gurney flap. The vertical axis height of these two cases is 

precisely the same but the mounting angles are different.  

Figure 6 and 7 shows the aerodynamic difference of the two identical case which 

one of them could make an improvement in the structural prospects [48]. In figure 6 

and 7 only the airfoil chord is assumed 1 meter and the NACA 0012 airfoil oscillates 250 

in a sinusoidal manner around c/4, and its function is described as 𝛼(𝑡) = 𝛼̅ +
𝛼0sin (𝜔𝑡). In this equation 𝛼̅ is mean angle of oscillation, 𝛼0 is the amplitude of 

oscillation and 𝜔 is oscillation speed that came from reduced frequency 𝑘 =
𝜔𝑐

2𝑈∞
. The 

Reynolds number for this case only is 1.07 ∗ 105. 

The mounting angle in the angled case is 45° degrees and the vertical height of all 255 

cases is 2% of the airfoil chord that is 0.0053 m.  

It is shown in figure (6), the lift and drag coefficients are compared and the results 

show an accurate correlation between the aerodynamic performance of angled and 

standard gurney flap.  

 260 



Figure 6. The same aerodynamic performance of standard and angled gurney 

flap [48] 

To demonstrate the structural improvement of the angled gurney flap, we need to 

calculate the amount of moment coefficient on the connecting point of airfoil and 

gurney flap. As it is shown in figure (7), the amount of moment coefficient in 265 

standard gurney flap is higher. Hence, the higher amount of moment coefficient 

means bigger loads on the connecting point of the standard gurney flap and more 

complexity in the design of the airfoil with a gurney flap. More hinge moment, 

increase the possibility of fatigue or breaking issues on the wind turbine blades. 

 270 

Figure 7. Hinge moment of angled and standard gurney flap [48] 

It was mentioned prior, the advantage of the angled gurney flap could be the most 

important clue to variation of the power performance of VAWT that equipped with 

angled gurney flap and simpler design in the real world. In the following sections, the 

position of the gurney flap installation varies and through this, the angled and 275 

standard gurney flap cases are compared to each other for further considerations.  

1.4 Investigation of gurney flap applying on the pressure side of 

the airfoil 

The first section of this study is about using the gurney flap on the pressure side of 

the airfoil. The VAWT is with two blades and the basic design parameters were 280 



mentioned in the problem statement. Figure (8) shows the geometrical condition of 

standard and angled gurney flap that is applied on the pressure side. 

 

 

 285 

 

Figure 8. Geometrical condition of standard and angled gurney flap on the 

pressure side of the airfoil 

Accordingly, the gurney flap is applied to the pressure side of the airfoil and three 

cases are compared and the best performance of the wind turbine is investigated. The 290 

first case is a standard gurney flap and the second one is angled gurney flap. These 

two cases compare with clean airfoil without any gurney flap.  

 



Figure 9. Power coefficient versus TSR at the pressure side case with and 

without gurney flap 295 

It is shown in figure (9), the performance of angled gurney flap is better than other 

cases. Ordinarily, there are two separated TSR ranges in figure (9). The first range of 

TSR is between 0.6 and 2.1 that obviously, the airfoil with gurney flap increases the 

amount of power coefficient. The second range is between 2.2 and 3 that the gurney 

flap efficiency is not as well as the clean airfoil case. Therefore, airfoil with a gurney 300 

flap could improve the power performance of VAWT at the low range of TSR (0.6 to 

2.1). The amount of 𝐶𝑝𝑚𝑎𝑥 is achieved at TSR=2 in almost all cases in this segment.  

 

Figure 10. Pressure contour around angled (left) & standard (right) gurney 

flap on the pressure side [48] 305 

Figure 10 shows the compression of the streamlines around the standard and 

angled gurney flap. Standard gurney flap has a higher pressure intensity than the 

angled gurney flap although, higher pressure intensity could elevate the flow force on 

the front surface of the gurney flap and increase the fatigue in the connecting point of 

the airfoil and the gurney flap. Furthermore, strong vorticity just behind the standard 310 

gurney flap makes the pressure gradient on the upper surface more negative. 

 

As was mentioned prior, the performance of standard and angled gurney flap 

should be the same but in this case, it is shown that the angled gurney flap increases 

the maximum power coefficients of VAWT by 25%. Besides, it was shown that the 315 

angled gurney flap has an advantage in the structural design since a smaller amount of 

hinge moment on the airfoil. Using angled gurney flap could improve the 

performance of VAWT. 

Figure 11 and 12 depicts the amount of lift and drag coefficient in various azimuth 

angles. These results are captured for first blade equipped with gurney flap which 320 

applied on the pressure side. 



 

Figure 11.  Lift coefficient versus azimuth angle for standard & angled gurney 

flap on the pressure side at TSR=1.8  

Figure 11 illustrates the amount of lift coefficient versus azimuth angle of the same 325 

blade. There are some hard fluctuations in the angled gurney flap case which the 

reason could be the stronger vortexes around the angled gurney flap case. However, 

the overall figure of the angled and standard gurney flap is similar. The highest 

difference of the lift coefficient is happened at the 300° azimuth angle with the 

amount of 0.536.  330 



 

Figure 12. Drag coefficient versus azimuth angle for standard & angled 

gurney flap on the pressure side at TSR=1.8 

 Figure 12 illustrates the amount of drag coefficient versus azimuth angle of the same 

blade. There are some hard fluctuations at 100° azimuth angle in the angled case. The 335 

same hard fluctuation is happened at 300° azimuth angle in the standard gurney flap 

case. The big differences of the angled and standard case could be the result of hard 

vortex shedding of each airfoil that make the final result less accurate. The highest 

difference of the drag coefficient is happened at the 300° azimuth angle with the 

amount of 0.721.  340 

 

1.5 Investigation of gurney flap applying on the suction side of the 

airfoil 

The second segment of this study is about using the flap on the suction side of the 

airfoil. The two-bladed VAWT that equipped with two diverse gurney flaps is 345 



investigated. Figure (10) shows the geometrical condition of standard and angled 

gurney flap that is applied to the suction side of the airfoil.   

 

Figure 13. Geometrical condition of standard and angled gurney flap on the 

suction side of the airfoil  350 

The first case is a standard gurney flap and the other one is angled gurney flap. 

These two cases compare with clean airfoil without any gurney flap.  

  

 

Figure 14. Power coefficient versus TSR at the suction side case with and 355 

without gurney flap 

Accordingly, the figure (11) shows that applying gurney flap on the suction side of 

airfoil does not improve the power coefficient of wind turbine except at the low TSR. 



Angled gurney flap outperformed especially at the TSR=2. However, the amount of 

𝐶𝑝𝑚𝑎𝑥 in two gurney flap cases is lower than clean airfoil but the power coefficient 360 

slope at the TSR range of 0.6 to 1.8 is higher than clean airfoil.  

Consequently, applying the gurney flap on the suction side of airfoil could not 

improve the power performance of VAWT as much as using the gurney flap on the 

pressure side of the airfoil.  

Figure 15, 16 depicts the amount of lift and drag coefficient in various azimuth 365 

angles. These results are captured for first blade equipped with gurney flap which 

applied on the suction side.  

 

Figure 15. Lift coefficient versus azimuth angle for standard & angled gurney 

flap on the suction side at TSR=1.8  370 

Figure 15 shows the amount of lift coefficient versus azimuth angle of the same blade. 

Except at the 60° the amount of lift coefficient of each blade is close. Again at the 

360° of azimuth angle there are some big margin between the angled and standard 

case. The highest difference of the lift coefficient is happened at the 360° azimuth 

angle with the amount of 0.826.  375 



 

 Figure 16. Drag coefficient versus azimuth angle for standard & angled 

gurney flap on the suction side at TSR=1.8  

Figure 16 shows the amount of drag coefficient versus azimuth angle of the same 

blade. There is a good correlation between the drag coefficient until at 300° azimuth 380 

angle. The amount of drag coefficient decreases after 300° in the angled case 

although, the amount of drag coefficient growth after the same angle.  The highest 

difference of the drag coefficient is happened at the 360° azimuth angle with the 

amount of 0.342.  

1.6 Investigation of the gurney flap applying on both sides of the 385 

airfoil 

 The third part of this study is about using the gurney flap on the both sides of the 

airfoil. Figure (12) shows the geometrical condition of standard and angled gurney 

flap that is used on both sides. 



 390 

Figure 17. Geometrical condition of standard and angled gurney flap on the 

both sides of the airfoil  

 As was mentioned in the last two parts three cases are evaluated and the best case 

that generates more power is recommended. All design parameters are the same as the 

prior two parts.  395 

 

 

 

Figure 18. Power coefficient versus TSR at both sides case with and without 

gurney flap 400 

 Accordingly, the performance of angled gurney flap is more efficient than in other 

cases. The power coefficient slope is higher in the TSR range of 0.6 to 2 than two 



other cases. However, the maximum power coefficient that is produced at TSR=2 in 

the clean airfoil case is 20% higher than the angled case. The standard gurney flap as 

it is shown in figure (13), has the lowest 𝐶𝑝𝑚𝑎𝑥 and the power coefficient slope is 405 

higher than a clean airfoil just at the TSR range of 0.6 to 1.5. After the TSR=1.5 in the 

standard gurney, the amount of 𝐶𝑝 is lower than in the other two cases.  

The similarity between these three cases is that the amount of 𝐶𝑝𝑚𝑎𝑥 is attained at 

TSR=2. Consequently, it is obvious that the clean airfoil case is performed better 

especially at the TSR range of 1.8 to 3 but the angled gurney case has higher 𝐶𝑝 at the 410 

TSR range of 0.6 to 1.8 than in the other two cases.  

Figure 19, 20 depicts the amount of lift and drag coefficient in various azimuth 

angles. These results are captured for first blade equipped with gurney flap which 

applied on the both side.  

 415 

Figure 19. Lift coefficient versus azimuth angle for standard & angled gurney 

flap on the both side at TSR=1.8 

Figure 19 depicts the amount of lift coefficient versus azimuth angle of the same 

blade. The biggest gap between the results is at the 60° azimuth angle. The results are 

come close at 200° azimuth angle though, diverged until 360° azimuth angle. The 420 

highest difference of the lift coefficient is happened at the 60° azimuth angle with the 

amount of 0.927.  



 

Figure 20. Drag coefficient versus azimuth angle for standard & angled 

gurney flap on the both side at TSR=1.8 425 

Figure 20 shows the amount of drag coefficient versus azimuth angle of the same 

blade. Big gaps are shown at the beginning and the end of the angle range. Close 

results is illustrated around the 200° and 300° azimuth angle. The highest difference 

of the drag coefficient is happened at the 360° azimuth angle with the amount of 

0.995.  430 

1.7 The best mode of gurney flap for VAWTs 

Ordinarily, airfoil with gurney flap could enhance the power coefficients at a 

specific range of TSR. In this segment, the best mode of gurney flap according to the 

last figure (14) is depicted. Figure (14) illustrates the 7 cases that were compared in 

the previous parts. Gurney flap that is applied on the pressure side of the airfoil is 435 

called gurney in. Gurney flap that is used on the suction side of the airfoil is called 

gurney out and gurney flap that applied on both sides of the airfoil is called gurney 

both. The angled gurney flap case in the figure (14) is depicted by the “A” letter and 

the standard gurney flap without any specific letter.  



 440 

 

Figure 21. Power coefficient versus TSR in all cases 

According to the figure (14), the gurney flap that is applied to the pressure side 

could elevate the amount of 𝐶𝑝 the most. However, between the standard and angled 

gurney flap that is applied on the pressure side, angled gurney flap is performed more 445 

efficiently. Angled gurney flap enhances the amount of 𝐶𝑝𝑚𝑎𝑥 by 25% and besides, 

angled gurney flap has structural advantages that may alternate the aim of the 

modeling 

The angled gurney flap in all cases enhance the power coefficient more than 

standard gurney flap and this means more output power and more straightforward 450 

design.  

1.8 Conclusion  

In this study, the effect of the gurney flap that is applied in 3 different locations on 

the airfoil and with two diverse gurney flap conditions is investigated. 



At the first stage of this study, airfoil with standard gurney flap (perpendicular to 455 

the chord) and angled gurney flap are compared to each other. The vertical axis height 

of these two cases is exactly the same but the mounting angles of these cases are 

different. Accordingly, the results show that the aerodynamic performance of these 

two cases is similar, however, standard gurney flaps experience higher hinge moment  

than angled gurney flap on the junction of the airfoil and gurney flap. Therefore, it is 460 

concluded that the angled gurney flap case has structural advantages and decrease the 

possibility of any types of structural issues on the wind turbine blades. 

In the second stage, the idea of the first stage is developed on the different 

locations on the airfoil. Standard and angled gurney flap are applied to the three 

locations as pressure side, suction side, and both sides of the airfoil NACA 0021. 465 

Gurney flap that is applied to the pressure side of the airfoil could enhance the 

power coefficients more than other locations. It is mentioned that angled gurney flap 

could elevate the power coefficient at the low range of TSR (0.6 to 1.8) but it does not 

perform well at the high range of TSR (1.8 to 3). In this case, the angled gurney flaps 

outperformed and could enhance the 𝐶𝑝𝑚𝑎𝑥 by 25%.  470 

Gurney flap that is applied to the suction side of the airfoil could not improve the 

power coefficient of wind turbines except at the low TSR. However, the power 

coefficient slope at the TSR range of 0.6 to 1.8 is higher than the clean airfoil in this 

case.  

Gurney flap that is applied to the suction side of the airfoil could not improve the 475 

power coefficient as well as the gurney flap on the pressure side. Although, the power 

coefficient slope, in this case, is higher in the TSR range of 0.6 to 2 than two other 

cases. 

 Consequently, in almost all cases the gurney flap perform better at the low range 

of TSR between 0.6 to 1.8 however, at the high range of TSR between 1.8 and 3, the 480 

amount of 𝐶𝑝 is less than clean airfoil. Angled gurney flap that is applied on the 

pressure side could elevate the power coefficient slope more than other cases and it is 

the best case for VAWT.  

Therefore, the results show that angled gurney flap cases are performed better than 

standard gurney flaps since they have the highest amount of power coefficient, 485 

highest amount of power coefficient slope, and structural benefits for wind turbine 

blade.  
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