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Öz 

Bu çalışmada dikey eksenli rüzgâr türbinlerinden üç kanatlı çift kademeli helisel Savonius rüzgâr türbinlerinin 

(HSRT) kademeler arasındaki yarı dairesel kanatların birbirlerine olan faz açısının aerodinamik performansına 

olan etkisi hesaplamalı akışkanlar dinamiği (HAD) yöntemiyle incelenmiştir. Savonius rüzgâr türbini sisteminde 

aerodinamik performansa en ciddi katkıyı sürüklenme kuvveti etkisi sağlar. Sürüklenme kuvvetine etki edebilecek 

performans iyileştirmeleri önemli avantajlar sağlayabilir.  Bu amaç için merkezden kaçıklığı L/H=1/2 olan ve 

kademeler arasındaki yarı dairesel kanatların faz açıları Ɵ=0°, 45° ve 90° olan üç kanatlı çift kademeli helisel 

Savonius rotorları tasarlanmıştır. Tasarımlar için Solidworks R2018, analizler için ANSYS-Fluent 18.1 

programları kullanılmıştır. L/H=1/2 ve Ɵ=90° olan türbin 3B yazıcıda üretilmiş ve deneysel olarak test edilmiştir. 

Deneyler T-490 hava tünelinde gerçekleştirilmiştir. Elde edilen sonuçlar sayısal analizlere referans olarak 

kullanılmış ve en ideal türbin modeli belirlenmeye çalışılmıştır. Sayısal analizde 3,83-20,35 m/s arasında değişen 

10 farklı hava hızı kullanılmıştır. Sonuç olarak HSRT 1/2’lerde; faz açısının 0°’den, 45°’ye değiştirilmesi ile 

sürüklenme kuvvetinde %11,64 oranında artış görülmüştür. HSRT 1/2’lerde; faz açısının 0°’den, 45°’ye 

değiştirilmesi ile sürüklenme katsayısında %10,77 oranında düşüş olduğu görülmüştür. Sürüklenme kuvvetinde 

meydana gelen iyileşme ile HSRT veriminde gelişme olacağı değerlendirilmiştir. 
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Sürüklenme kuvveti 
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Abstract 

In this study, the effect of the phase angle of the semicircular blades between the stages on the aerodynamic performance 

of the three-blade, double-stage helical Savonius wind turbines (HSWT), which are vertical axis wind turbines, was 

examined by the computational fluid dynamics (CFD) method. In the Savonius wind turbine system, the drag force 

effect provides the most significant contribution to aerodynamic performance. Performance improvements that can 

affect drag force can provide significant advantages. For this purpose, three-bladed double-stage helical Savonius rotors 

with eccentricity L/H=1/2 and phase angles of the semicircular blades between the stages Ɵ=0°, 45° and 90° were 

designed. Solidworks R2018 is used for designs and ANSYS-Fluent 18.1 programs are used for analysis. The turbine 

with L/H=1/2 and Ɵ=90° was produced on a 3D printer and tested experimentally. Experiments were carried out in the 

T-490 air tunnel. The results obtained were used as a reference for numerical analysis and the ideal turbine model was 

tried to be determined. 10 different air velocities ranging between 3.83-20.35 m/s were used in the numerical analysis. 

As a result, an 11.64% increase in the drag force was observed by changing the phase angle from 0° to 45° in HSWT 

1/2s. By changing the phase angle from 0° to 45° in HSWT 1/2s, a 10.77% rise in the drag coefficient was observed. It 

has been evaluated that the HSWT efficiency improved with the increment in drag force. 

 
Keywords: Aerodynamic properties, Computational fluids Dynamics, Drag force, Numerical analysis, Phase 

angle, Wind turbine
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1. Introduction  
 

Nowadays, interest in sustainable and renewable energy sources has increased with the awareness of the 

decrease and limitation of underground resources that cause global warming and environmental pollution 

[1]. Savonius wind turbines are machines that use the kinetic energy of the wind to produce electricity and 

obtain mechanical power. Horizontal-axis wind turbines, which have a wide usage rate in the wind turbine 

group, are becoming increasingly common. There are many types of wind turbines. In the classification made 

according to rotor axes, they are classified as horizontal axis wind turbines and vertical axis wind turbines 

[2]. 

 

Vertical axis SWTs were first invented by Sigurd Savonius in 1924 and were patented in 1929 [3]. It is very 

easy to construct due to its simple structure. SWTs consist of two half-cylindrical blades placed between two 

horizontal disks and their centers shifted symmetrically to each other. Winds coming at a certain velocity 

create a positive moment on the inside of the cylinder and a negative moment on the outside of the cylinder. 

The magnitudes of these moments differ from each other. Since the moment of the inner part is greater than 

the moment of the outer part, rotational movement is achieved [4]. Reupke and Probert [5], to increase the 

operating efficiency of the SWT, replaced the curved parts of the turbine blades with a row of hinged blades. 

They obtained less flow resistance in the vanes that opened automatically under the influence of wind 

pressure. They determined that the blades automatically closed again when coming to the initial position and 

that at very low tip velocity rates, higher moments were obtained from the corrected segmented blade 

impellers compared to the classical SWTs. 

 

Wenehenubun et al. [28] conducted an experimental study on the performance of SWTs regarding the 

number of blades. They compared the power coefficients, blade tip velocity ratios, and torques of one, two, 

three, four, and five-bladed Savonius rotors at certain wind speeds. Şahin [6] placed 6 and 8 guide plates 

around the classical SWT to improve wind turbine performance. The performance and velocity ratio of the 

SWT by changing the number, length, and position of the guide plate, were examined by taking into account 

the torque and momentum coefficients. An average of 30% increase in the power coefficient of the newly 

designed SWT was determined compared to the classical turbine. Liang et al. [7] systematically examined 

the radius ratio and coupling angle of a Combined Type (Savonius + Darrieus) rotor with low initial 

conditions but aiming for high aerodynamic performance. They investigated the effects of these two 

parameters on startup performance and efficiency with a computational fluid dynamics approach. They have 

conducted many numerical studies using the Reynolds-averaged Navier-Stokes equations and the k-ε 

turbulence model to obtain the static torque. Kothe et al. [8] numerically and experimentally examined the 

aerodynamic performance of the helical Savonius rotor model consisting of a 180˚ bent blade and the two-

stage Savonius rotor model. As a result of the studies, static torque, dynamic torque, and power coefficients 

were compared. Although the helical Savonius rotor has a more complex manufacturing process than the 

two-stage SWT, it offers stable torque and a higher power coefficient. When λ = 0.65, the maximum power 

coefficient of the rotor was obtained in both cases. Saad et al. [9] investigated single, two, three-, and four-

stage Savonius rotors with helical blades to increase the performance of vertical axis wind turbines and 

compared them with a single-stage Savonius rotor with aspect ratios ranging from 1 to 4. To determine 

performance parameters such as torque, power, and thrust coefficients, they developed a three-dimensional 

flow model using the Reynolds-averaged Navier-Stokes equations and the k-ω turbulence model. As a result 

of this study, they showed that the new design of the multistage rotor with helical blades significantly 

increased the output power. Evran and Yıldır [10] evaluated the drag and lift coefficient performances of 

NACA-4415 and NACA-0009 airfoils at constant wind velocity and various angles of attack. They 

determined the drag and lift coefficients of the airfoils in the ANSYS-Fluent environment. They adopted 

attack angles and airfoil types as control factors. In conclusion; By using the NACA4415 airfoil instead of 

the NACA0009 airfoil; They achieved a higher lift coefficient and lower drag coefficient. ANSYS program 

is one of the computer-aided engineering programs where analysis and simulations are made in engineering 

studies. Thanks to this program, effective studies such as mechanics, structural analysis, computational fluid 

dynamics and heat transfer can be carried out. In this study, flow and aerodynamic performance analysis was 

carried out by ANSYS-Fluent 18.1. 
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It has been observed in the literature that the effect of the position of the plate providing the stage to the 

Savonius turbine to the origin and the phase angle of the semicircular blades between the stages in Savonius 

turbines on the aerodynamic performance has not been investigated in helical Savonius turbines. In this study, 

unlike the literature, the effect of the plate's position providing the stage and the phase angle of the 

semicircular blades between the stages on the aerodynamic performance of the three-bladed, double-stage 

helical Savonius turbine has been a numerical investigation. The novelty of this study is to investigate the 

performance improvement of 3-blade HSWT by changing the phase angle. For this purpose, the aerodynamic 

analysis (lift and drag forces and lift and drag coefficients) of the HSWT were examined numerically. 

 

2. Material and Method 
 

In this study, a research CFD investigation was conducted on the three-bladed double-stage HSWT, which 

is a vertical axis wind turbine model. In particular, the effect of the phase angle of the semicircular blades 

between the stages on the aerodynamic performance was examined. The eccentricity of the model examined 

is L/H=1/2 and the phase angle is Ɵ =0⁰, 45⁰, and 90⁰, respectively. The rotor length of HSWT is (H) = 110 

mm, rotor diameter (D) = 46 mm, and shaft diameter (d) = 5 mm. The designs for the effect of the phase 

angle on the turbine in geometries with eccentricity L/H=1/2 are given in Figure 1. 

 

 
 

Figure 1. Design of the different phase angle HSWTs a) Ɵ =0, b) Ɵ=45, c) Ɵ=90 

 

The production of the HSWT, which was designed in the Solidworks environment, with an eccentricity of 

L/H = 1/2, was carried out with an Ultimaker Extended 2 3D printer. PLA filament is used in the solid model 

produced for experimental studies. Considering the surface roughness and manufacturing time of the wind 

turbine produced; A layer thickness of 0.1 mm was determined and a 0.40 mm nozzle tip was used. 

 

In this study, experimental studies were carried out on a wind turbine with L/H = 1/2 to determine the initial 

and boundary conditions in numerical studies. Fifty experiments were carried out with this experimental 

turbine at ten different air velocities, and these processes were repeated three times. Then, air velocity (Vs), 

number of revolutions (n), and drag force (Fd) were measured by taking average values. Reynolds number 

(Re), drag coefficient (Cd), and blade tip velocity ratio (λ) were calculated. The air tunnel used in the 

experiment is an open-air tunnel. The T-490 air tunnel is designed to conduct experiments in the fields of 

aerodynamics and fluid mechanics. The Savonius rotor produced by the 3D printer was placed in the test 

area of the experimental setup. Experiments were carried out for the turbine with L/H = 1/2 at 10 different 

air velocities in the air tunnel, and the air tunnel test area during the experiment is shown in Figure 2.  
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Figure 2. Air tunnel test area during the experiment 

 

Savonius rotors work with the effect of drag force. The drag force Fd is given in Eq. 1 and the drag coefficient 

Cd is given in Eq. 2 In these equations, Vs is the wind velocity, Ap is the projection area, ρ is the density of 

the air and C is the aerodynamic coefficient [11,12]. 

 

𝐹𝑑 =
1

2
. 𝐴𝑝. 𝐶𝑑. 𝜌. 𝑉𝑠

2                                                                                                                                              (1) 

𝐶𝑑 =
𝐹𝑑

1
2 . 𝐴𝑝. 𝜌. 𝑉𝑠

2
                                                                                                                                                    (2) 

 

The Reynolds number is used to determine the characteristics of different flow regimes, such as laminar flow 

or turbulent flow. The flow regime depends on the ratio of inertial forces to viscous forces in the fluid[13]. 

Reynolds number (Re) given in Eq. 3 [14]. 

 

𝑅𝑒 =
𝜌. 𝑉𝑠. 𝑑

𝜇
                                                                                                                                                            (3) 

 

After carrying out many experiments, one of the methods developed to determine the error rates of the 

experiments is the "Uncertainty Analysis" method [15,16].  The uncertainty of the drag coefficient Cd in this 

study was calculated using Eq. 4 and Eq. 5. 

 

𝐶𝑑 = 𝑓(𝐹𝑑 , 𝑉𝑠, 𝐴𝑝, 𝜌)                                                                                                                               (4) 

𝑊𝐶𝑑
= [(

𝜕𝐶𝑑

𝜕𝐹𝑑
. 𝑊𝐹𝑑

)2 + (
𝜕𝐶𝑑

𝜕𝑉𝑠
. 𝑊𝑉𝑠

)2 + (
𝜕𝐶𝑑

𝜕𝐴𝑝
. 𝑊𝐴𝑝

)2 + (
𝜕𝐶𝑑

𝜕𝜌
. 𝑊𝜌)2]

1
2⁄

                                  (5) 

 

When the studies investigating the aerodynamic performance of SWTs examined; In many studies, it has 

been determined that only the test area of the air tunnel is modeled. Similarly, in this study; Considering the 

analysis times and the working capacity of the workstation, the flow volume created when the wind turbine 

model was placed in the test chamber was modeled and the airflow was defined as linear. When the wind 

turbine model was placed in the 200mm x 200mm x 500mm test chamber of the air tunnel, the resulting flow 

volume obtained as CAD data through the SOLIDWORKS program, and a network structure defined for this 

geometry in the ANSYS-Fluent program. By comparing the experiments and analysis results, problems that 

may arise from the experimental setup or analysis investigated and the most suitable mesh for the analysis 

obtained. The CAD drawing and mesh of the air tunnel (test zone) are depicted in Figure 3. 
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Figure 3. Air tunnel test domain a) Solid model b) Mesh model 

 

The following values were chosen as initial and boundary conditions in the numerical analysis; Air was 

chosen as the fluid in the analysis carried out in the ANSYS-Fluent program. 'Velocity-inlet' is defined as the 

entrance section of the air to the test area (air tunnel). Air velocities are Vs=3.83 m/s, 6.83 m/s, 8.47 m/s, 

10.15 m/s, 11.67 m/s, 13.26 m/s, 15.28 m/s, 16.76 m/s, 18.76 m/s and 20.35 m/s. In numerical studies, the k-

ε realizable turbulence model is used as the turbulence model. Analysis was performed steady state. 'Pressure 

outlet' is defined as the section where the air exits the test area. Except for the parts defined as velocity-inlet 

and pressure-outlet, the outer regions of the test region are defined as 'wall'. For the continuity equation, a 

convergence condition of up to 10−4 was used [17]. Some grid specifications are given in Table 1. 
 

Table 1. Grid specifications 

 

Body 

Sizing - 

Domain 

Face 

Sizing -

Wall  

Face 

Sizing – 

Other 

Body 

Sizing - 

Rotary 

Face 

Sizing - 

Turbine 

Skewness 

(max.) 

Growth 

Rate 

5mm 5mm 1mm 3mm 0.5mm 0.88 1.05 

 

When the studies on improving the aerodynamic performance of SWT were examined in the literature, it 

determined that the k-ε realizable turbulence model was widely used and this turbulence model gave better 

results. Due to the success of the k-ε realizable turbulence model in HSWT flow analysis, k-ε realizable was 

chosen as the turbulence model in this study. The transport equations valid for turbulent kinetic energy (k) 

and loss rate (ε) are written as given in Equation 6 and Equation 7, respectively. 
 

Turbulence Kinetic Energy (k) equation in Eq.6 ; 

 

𝜕

𝜕𝑡

(𝜌𝑘) +
𝜕

𝜕𝑥𝑗

(𝜌𝑘𝑢𝑗) =  
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡

𝜎𝑘

)
𝜕𝑘

𝜕𝑥𝑗

] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘                                                                    (6) 

 

Loss Rate (ε) equation in Eq.7 ; 

 

𝜕

𝜕𝑡

(𝜌𝜀) +
𝜕

𝜕𝑥𝑗

(𝜌𝜀𝑢𝑗) =
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡

𝜎𝜀

)
𝜕𝜀

𝜕𝑥𝑗

] + 𝜌𝐶1𝑆𝜀 − 𝜌𝐶2

𝜀2

𝑘 + √𝜗𝜀
+𝐶1𝜀

𝜀

𝑘
𝐶3𝜀𝐺𝑏 + 𝑆𝑒                                        (7) 

 

Turbulence viscosity equation in Eq.8; 

 

𝐶1 = 𝑚𝑎𝑥 [0,43;
ɳ

ɳ + 5
] ,       ɳ = 𝑆

𝑘

𝜀
,       𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗                                                                                                    (8) 

 

The constant values used in the turbulence model of this study are as follows; 

𝐶1𝜀 = 1.44,       𝐶2𝜀 = 1.9,       𝜎𝑘 = 1.0,        𝜎𝜀 = 1.2                                                         
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3. Result and Discussion 
 

In this study, the effect of the phase angle between the stages of the HSWT on the aerodynamic performance 

was examined numerically. The drag force and drag coefficient of double-stage helical Savonius wind 

turbines (HSWT 1/2) with eccentricity L/H=1/2 were investigated at different phase angles (Ɵ=0⁰,45⁰, and 

90⁰), and ten different air velocities. First, the grid independence study of the 3D-designed digital model was 

carried out. Second, experimental studies were carried out on HSWT (L/H=1/2) 90⁰ to serve as a reference 

for numerical analysis. Moreover, the last, the experimental results were compared with all other numerical 

analysis results.  

 

For mesh independence analysis, analysis was carried out with four different numbers of elements. In the 

analysis, the number of personnel starts from approximately 13 million and goes up to 17.5 million. Figure 

4 shows the mesh independence study. Since the analysis, results were very close to each other after the 

number of elements was 14 million, the mesh model with the number of elements 14 million was chosen. 

Another reason for choosing the model with 14 million elements is that it reduces the analysis time. The 

results given hereafter are the same as the mesh model with 14097168 elements. 

 

 
 

Figure 4. Domain mesh independency 

 

ANSYS program is one of the computer-aided engineering programs where analysis and simulations are 

made in engineering studies. Thanks to this program, effective studies such as mechanics, structural analysis, 

computational fluid dynamics, and heat transfer were carried out. ANSYS is one of the most used CAE 

(computer-aided engineering) programs in Turkey and uses the finite element method (FEA) [18]. In the 

literature, the ANSYS-Fluent program is frequently used in the analysis of wind turbines [19, 20]. 

 

Experiments were carried out on HSWT1/2 90° to verify the numerical results in this study. The experimental 

results and the numerical analysis results are shown in Figure 5. The effect of air velocity on the drag force 

was examined for numerical analysis and comparison with experimental results. According to Figure 5, as 

the air velocity increases, the error rate of the numerical analysis also increases. Here, at the highest velocity 

of 20.35m/s, the maximum error rate does not exceed 15%. When 3D WT studies in the literature were 

examined, this error rate was considered acceptable [21–23]. 
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Figure 5. Domain mesh independency 

 

In Savonius wind turbines, drag force directly affects aerodynamic performance. Many researchers have 

stated that as the drag force increases, the torque or power generation also increases[24–26]. Utomo et al. In 

their experimental studies, they stated that by adding a fin to the SWT, they obtained a drag force that 

increased the efficiency [27]. The effect of the phase angle between the stages of three different wind turbines 

on the aerodynamic performance was examined numerically. The effect of air velocity on the drag force (N) 

at different phase angles (Ɵ) of double-stage helical Savonius wind turbines (HSWT 1/2) with eccentricity 

L/H=1/2 is given in Figure 6. 

 

 
 

Figure 6. Effect of air velocity on drag force in HSWT 1/2s 

 

According to Fig. 6, the drag force increased as the air velocity increased for all three geometries. When 

compared according to phase angles, the drag force of HSWT 1/2, Ɵ= 45° was higher than the others.  As a 

result, for the highest air velocity (20.35 m/s) in HSWT 1/2s, An increase of 11.64% in the drag force was 

observed by increasing the phase angle from 0° to 45°. In HSWT 1/2s, by increasing the phase angle from 

45° to 90°, a 7.24% decrease in the drag force was observed. The effect of the Reynolds number on the drag 

coefficient in double-stage helical Savonius wind turbines (HSWT 1/2) with eccentricity L/H=1/2 is given 

in Figure 7. 
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Figure 7. Effect of Reynolds number on drag coefficient in HSWT 1/2s 

 

Wenehenubu et al. [28] studied the SWT performance related to the number of blades. They stated that the 

drag force of the four-bladed SWT was higher than that of the two- and three-bladed SWTs. For this reason, 

they stated that the four-blade SWT has produced more torque. In this study, it was tried to determine the 

HSWT model with the highest drag force at three different phase angles. When compared according to phase 

angles; It was observed that the drag coefficient of HSWT 1/2, Ɵ= 45° was higher than the others. As a result, 

for the highest air velocity (20.35 m/s); In HSWT1/2s, by increasing the phase angle from 0° to 45°, a 10.77% 

increase in the drag coefficient was observed. In HSWT 1/2s, by increasing the phase angle from 45° to 90°, 

a 4.29% decrease in the drag coefficient was observed. At maximum air velocity (20.35 m/s), according to 

numerical results, HSWT 1/2 gives the best result, Ɵ= 45°; the velocity distribution in the origin section of 

the test area of the air tunnel is depicted in Figure 8. 

 

 
 

Figure 8. Velocity contour distribution created by HSWT 1/2 Ɵ=45° in the test region (origin section) 

 

According to Figure 8, it observed that the air velocity decreased slightly in front of the turbine, and behind 

the turbine, the air velocity decreased considerably and almost stopped. At maximum air velocity (20.35 

m/s), HSWT 1/2 Ɵ=45°, the pressure distribution in the origin section of the test area of the air tunnel is 

shown in Figure 9. 
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Figure 9. Pressure distribution created by HSWT 1/2 Ɵ=45° in the test area (origin section) 

 

Figure 10 shows that the velocity vectors progress linearly from the inlet part. The velocity vectors increase 

immediately around the turbine. Especially, high-velocity distribution arrows are seen in the flow region 

breaking away from HSWT 1/2, f = 45°. Low-velocity distribution arrows are seen just behind the turbine. 

High-velocity distribution arrows are seen in the area breaking away from the lower and upper plates. The 

arrows scattered on the edges and behind the turbine become linear again towards the outlet section. 

  

 
 

Figure 10. Velocity distribution created by HSWT 1/2 Ɵ=45° in the test area 

 

The optimum wind turbine geometry was tried to be obtained by examining the drag and lift forces, drag and 

lift coefficients, as well as the effects on the power coefficient and speed of the 3-blade HSWT at different 

air velocities. With this, the HSWT model with high energy efficiency has been introduced. As a result, 

electrical energy will be produced with less loss. It is evaluated that electrical energy produced more and at 

a cheaper cost will minimize the use of fossil fuels. 

 

4. Conclusion 
 

In this study, the aerodynamic performance of the phase angle of the semicircular blades between the stages 

of a three-bladed double-stage HSWT was investigated by the CFD method. The power obtained from wind 

turbines is determined by the lift and drag forces they have at certain wind velocities. For HSWTs to be more 

efficient, a good drag force must obtained from the existing drag force. 
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- In HSWT 1/2s, it was observed that there was an increase of 11.64% in the drag force by changing the 

phase angle from 0° to 45°. 

- In HSWT 1/2s, it was observed that there was a 10.77% increase in the drag coefficient by changing the 

phase angle from 0° to 45°. 

- In HSWT 1/2s, it was observed that there was a 7.24% decrease in the drag force by changing the phase 

angle from 45° to 90°. 

 

In this study, the good performance model among the HSWTs examined was determined as HSWT 1/2 Ɵ 

=45°. The drag force and drag coefficient of this model are raiser than other models. In the future, new 

generation wind turbines will develop by combining different types of wind turbines into the ideal model 

determined in this study. 
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A: Area, m2 

Cd: Drag coefficient,- 

CFD: Computational fluids Dynamics 

Fd: Drag force, N 

HSWT: Helical Savonius wind turbine 

k: Turbulent kinetic energy, J/kg 

Re: Reynolds number 

SWT: Savonius wind turbine 

Vs: airflow velocity, m/s 

WT: Wind turbine 

Ɵ: Phase angle 

ρ: Air density, kg/m3 

3D: Three dimension 
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