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In this paper, experimental and numerical investigations were carried out to evaluate the drag force 

of a combined frame with movable vanes. For this purpose, the combined frame model was 

developed from a flat plate with three movable vanes and one Darrieus straight bladed NACA0012. 

A straight-bladed Darrieus NACA0012 airfoil is attached at the tip of the model structure. The 

design increases the starting and total torque of the model on the side, which rotates to wind 

direction, hence increasing the drag coefficient 𝐶𝑑 and reduces the negative torque on the other side 

of the frame that rotates opposite to the wind. Combined frame in experimental work is tested in 

the subsonic wind tunnel to analyze the performance parameters like drag force𝐹𝑑  and drag 

coefficient 𝐶𝑑. The frame is tested under different wind speed ranging from 4 m/s to 28 m/s, test 

results show the reliable and efficient performance. The results indicated that the maximum drag 

force 𝐹𝑑 for the combine frame is 6 N at experimental work and 5.649 at numerical simulation 

under the same condition (wind speed V=28 m/s and azimuth angle θ = 90°). Computational Fluid 

Dynamic software (CFD) ANSYS FLUENT is used in this simulation which is carried out for the 

combined frame to investigate the drag force and drag coefficient, The finite volume method with 

Shear Stress Transport (STT), k-𝜔 turbulence model is used, the predicted results show that the 

flow through the combined frame at the negative side when all the vanes are freely open. The static 

pressure drops across the combined frame when the combined frame rotates to the negative side 

and the resistance of the combined frame to the flow decreased. This case helps to increase turbine 

angular velocity (𝜔) and this leads to an increase in the power coefficient of the turbine. 
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I. INTRODUCTION  

 The need for the development of renewable energy has been increasing because of the 

continuing oil crisis and environmental pollution, and one of these resources is wind energy. The 

survey carried out in the USA and Europe showed that about 12% of the global power generation 

would be substituted with wind power by 2020 (http://www.spiedl.org/ 2015). Wind energy is the 

most potential renewable energy resource and low cost compared with conventional fossil 

resources. Wind energy can help in reducing the dependency on fossil fuel. Many countries realized 

the importance of wind energy as an important power resource. Necessary measures are being taken 

up across the world to harness maximum power from wind and its effective utilization in power 

production. It has been predicted that roughly 10 million MW of wind energy continuously 

available on the surface of the earth [1]. 

Wind turbine, which has a mainly horizontal axis type and vertical axis type, can convert 

wind energy into mechanical energy. Although the horizontal axis wind turbine (HAWT) is the 

most common type, the demand for a vertical axis wind turbine (VAWT) has been increasing in the 

world, especially the straight-bladed vertical axis wind turbine (SB-VAWT) because of its 

advantages such as low in price, easy installation and maintenance and many more. However, the 

capability of self-starting of the (SB-VAWT) is very low, which is one of its disadvantages. On the 

contrary, the Savonius and flat plate rotor, which are a drag-type (VAWT), has good starting 

performance. Therefore, the Savonius and flat plate rotors can be used as a starter for the (SB-

VAWT) to increase the start torque at low rotation and low wind speed. 

Takao and other researchers worked on improving the performance parameters with the 

addition of guide vane row around the turbine. As a result, they observed an increase in power 

coefficient to 0.215, which is 1.8 times higher than that of the original turbine without any guide 

vane row [2]. 

The straight bladed Darrieus vertical axis wind turbine (VAWT) is very attractive for its low 

cost and simple design. Here in the Caribbean, there is little use of wind turbines with more 

emphasis on solar energy. This research is generally towards sensitizing the general population to 

the possible use of wind turbines for the power generation [3]. Research has shown that properly 

designed wind turbines have the potential to compete with other renewable sources of energy and 

can be economically feasible [4]. Increasing the power output of these VAWT can increase its 

attractiveness as an option for power generation.  

The overall performance of a rotor is mainly influenced by rotor geometry, rotational speed, 

airfoil shape, the mean angle of attack, amplitude, and oscillation of the instantaneous angle of 

attack, Reynolds number, the turbulence levels and type of motion of the blades [5]. 

In this study, and to increase the drag force and the drag coefficient for the combined frame, 

different frame designs were tried. Varying the install points of airfoil NACA0012 with flat plate 

were tested, this case leads to increase the starting frame torque, total frame torque, and turbine 

output power. A combined frame model from SB- Darrieus NACA 0012 with three movable vanes 

flat plate is designed. Based on the wind tunnel tests data, the drag force, starting torque 

performance and drag coefficient were simulated and analyzed, and the feasibility of the 

combination was discussed.  

Payam Sabaeifard et al. [6] also, did a computational and experimental study into the 

aerodynamics and performance of small scale Darrieus-type straight-bladed VAWT and as a result, 
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it has been found that a 3-bladed turbine with 35% solidity has the best self-starting ability and 

efficiency among all geometries.  Jon De Coste [7] made a model of SB-VAWT using NACA0012 

profile evaluates the performance of it. It was found that VAWT performs well at certain TSR. At 

starting, it faces negative torque, which is referred to as “dead band” in which low or negative 

torque makes unable to start the turbine as low TSR. So, it considers as a major drawback of VAWT. 

Shrikant D. Had et al. [8] analyze the effectiveness of CFD used to simulate various airflows and 

directions for a model of VAWT. For accurately predicting the performance of VAWT various 

computational models can be used that can numerically predict the wind turbine performance and 

offers a tremendous benefit over classic experimental technique. 

Rosario Lanzafame et al. [9] describes the strategy to develop a 2D CFD model of H-Darrieus 

Wind Turbines. The model was implemented in ANSYS Fluent solver to predict wind turbine 

performance and optimize its geometry. As the RANS Turbulence modeling plays a strategic role 

in the prediction of the flow field around wind turbines, different Turbulence Models were tested. 

The results demonstrate the good capabilities of the Transition SST turbulence model compared to 

the classical fully turbulent models. The 2D CFD model was calibrated and validated comparing 

the numerical results with two different types of H-Darrieus experimental data, available in 

scientific literature. A good agreement between numerical and experimental data was found. 

2. METHODOLOGY 

2.1 The blade design and fabrication 

This paper presents the design of the combined wind turbines blade, which is measured by a 

drag force, and drag coefficient for the combined model blade in order to evaluate the proposed 

designs. The model consists of a flat plate with three movable guide vanes and a shaft. Installation 

of SB- Darrieus NACA 0012 airfoil  [10] was made to increase the performance of the combined 

wind turbine blade. 

2.1.1 Vane 

The flat plate is fabricated with 3 sections of horizontal movable vanes which attached to a 

blade, these movable vanes are able to open or close perfectly depends on wind direction. 

Performance of movable vanes is to be evaluated based on its drag force. Therefore, the blade has 

been designed based on the consideration to get high values of the drag factor. The dimensions of 

this vane are, width c=5.6 cm, height H=11 cm, thickness t = 1mm. 

 

H 

c 
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Vanes 
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Figure  1: Flat Plate with Closed Movable 

Vanes. 
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2.1.2 Straight bladed- Darrieus NACA 0012 airfoil 

In this design, NACA 0012 airfoil is selected, see in Fig. 2. (a) The selected airfoil is 

symmetrical and the four digits of any NACA series airfoil define the wing profile by the following: 

 Maximum camber as a percentage of the chord is described by the first digit. 

 The distance of maximum camber from the airfoil leading edge in terms of a percent of the 

chord is described by the second digit. 

 The maximum thickness of the airfoil as a percent of the chord is described by the last two 

digits. 

From the above three points, the selected airfoil profile is described that it has no camber and 

it has 12 % thickness to its chord length ratio. 

 

 

                                                                                                 

 

 

2.2 Combined blade 

The shape of a combined blade vertical axis wind turbine under test has constructed from mild steel 

(only NACA 0012 airfoil constructed from PLA thermoplastic), with vane dimensions, c = 5.6 cm, 

H=11 cm, t =1 mm, as drag device and the Darrieus wind turbine dimensions for NACA 0012 

airfoil was selected considering its thickness and aerodynamic performance. The chord length C = 

0.035 m, airfoil thickness t =0.12C = 0.0042 m as a lift device. The specifically designed combined 

structure is shown in Figure 3. 

The wind tunnel uses stationary turbofan engines that suck air through a duct, equipped with 

a viewing port and instrumentation where model on the shaft are mounted for experimental work.  

Drag coefficient 𝐶𝑑, for each model can be calculated as: 

Figure  2. (a) NACA 0012 Airfoil; (b) Straight Blade Profile for VAWT 

Designed in Solid Works. 

Figure  3. (a) Front View for Combined Blade, (b) Blade in Wind Tunnel. 
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𝐶𝑑  =𝐹𝑑 / (0.5ρA𝑉2) 

Where:  

𝐹𝑑 = Drag force, ρ = Air density, A = Projected area, V = Wind velocity. 

The tests were carried out using the wind tunnel in a laboratory. The experiment setup of 

combined design in the wind tunnel is shown in Figure 3. The operating range of wind velocity is 

(4-28) m/s. The results later will be measured under wind velocity variations for investigating these 

designs. 

2.3 Experimental results and discussion 

The combined blade was placed in the middle of a wind tunnel and the blade was subjected to 

the wind that was traveling up to a maximum velocity of 28 m/s. As the wind velocity increases, 

the blade rotates faster, resulting in the increase in drag force as shown in Figure 4. indicates that 

the combined blade has shown a significant increase in drag force with the increase of wind 

velocity. The maximum drag force 5.989 N, at wind speed 28 m/s.  Figure 5 shows increasing wind 

velocity leads to decreasing drag coefficient 

 

 

Figure 6 shows the drag coefficient results for the combined blade with different azimuth 

angles (𝜃). 

0

0.5

1

1.5

2

0 5 10 15 20 25 30

D
ra

g
 c

o
ef

fi
ci

en
t 

  
C

d

Wind velocity    m/s
CD-0 CD-45 CD-90

Figure  5: Experimental Drag Coefficient 

Blade Under Different Wind Velocity. 
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2.4 The test for combined blade design in CFD software 

 

For test confirming, the combined blade as shown in Figure 7 is testing by using CFD 

software [Fluent 14.5, 𝑘 − 𝜔] at different wind speeds. Figures (8, 9) show the top view airflow 

pressure and velocity distribution on combined blade closed vanes position at azimuth angle 𝞱 = 

90ᵅ under action two wind speed values (𝑉𝑤𝑖𝑛𝑑 = 6  𝑚/𝑠  and   𝑉𝑤𝑖𝑛𝑑 = 28  𝑚/𝑠). 

The results of the test for combined blade design using CFD Fluent, 𝑘 − 𝜔, standard Shear 

Stress Transport (SST) software show that the airstream passes on the side of the combined blade 

with high speed, and the design can decrease the effect of vortex creating behind the combined 

frame. The theoretical results from CFD software show that the combined blade has the high drag 

force. The CFD software test is confirming the results obtained by the experimental tests in the 

wind tunnel. 
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Figure  6: Experimental Drag Coefficient Results 

For Combined Blade with Different Azimuth 

Angles (𝜽). 
 

Figure  7: Combined Frame Tested in CFD 

Software. 
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Figure 8: Top View Air Flow Pressure Contour Distribution on One Combined Frame Closed 

Vanes Position Under Action Wind Velocity 28 M/S with Azimuth Angle 𝞱 = 90ᵅ By CFD 

Software 

 

 

 

Figure  9: pressure Contour Distribution on One Combined Frame Closed Vane Position (V= 28 

M/S) With Azimuth Angle 𝞱 = 90ᵅ By CFD Software 

 

 

3. CONCLUSION 

 

In this paper, an attempt was made to measure the performance flat plate blade and a combined 

straight bladed Darrieus - flat plate blade. The following conclusions are summarized in the study. 
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 The combined model blade has shown a significant increase in drag force and drag 

coefficient as a result when tested with wind velocity variations. The design enables the wind 

turbine to capture high wind energy, hence generating higher torque. 

 The scoop condition of the blade enables higher positive torque, the higher angular speed 

of a rotating shaft by using straight bladed Darrieus NACA 0012 airfoil attached to the blade which 

produces better lift force and high angular velocity 

 The movable vanes act to produce maximum positive torque while reducing the negative 

torque as it is opened when in the opposite direction of the wind. 

The presently combined blade can be used with the Darrieus-type vertical axis wind turbine as its 

producing higher starting torque and a higher number of revolutions (RPM) by minimizing the 

disadvantage of Darrieus-type when starting at a low wind speed condition. 
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