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Abstract. Improving wind power plant efficiency is crucial due to the increasing demand for renewable energy. 

This study analyzes the aerodynamic characteristics of a wind power plant equipped with two combined blades that 

integrate fixed blades and rotating cylinders. The object of the study is a wind power plant model designed to 

optimize airflow direction and enhance lift. The methodology involves numerical modeling using the Ansys Fluent 

software package, as well as experimental testing under laboratory conditions. The main results show that as when 

the air-flow velocity increases from 3 to 12 m/s, and thrust force rises from 0.5 N to 3.85 N. Comparative analysis 

of the minimum and maximum pressure on the blade surfaces demonstrates a strong correlation between increasing 

rotational speed and elevated pressure differentials: pmax rises from approximately 0.4 Pa to 0.7 Pa, while pmin 

increases from about 0.15 Pa to 0.4 Pa. The thrust coefficient decreases from 1.45 to 1.05 as the Reynolds number 

(Re) increases, indicating improved aerodynamic characteristics during the transition to turbulent flow. A 

comparative analysis of numerical and experimental data reveals a deviation of no more than 5%, confirming the 

model’s reliability and the soundness of the research methodology. The conclusions indicate that employing 

combined blades can enhance the aerodynamic efficiency of a wind power plant by 8–10% compared with 

traditional designs. This improvement may foster the development of more efficient and stable wind energy systems, 

particularly in regions with low to medium wind potential. 

 

Keywords:  wind power plant, combined blades, pressure distribution, aerodynamic characteristics, numerical 
modeling. 

 

1. Introduction  

In the context of growing global energy consumption and the need to reduce dependence on fossil energy 

sources, the development of renewable energy technologies, in particular wind energy, is becoming 

particularly relevant [1]. Modern wind power plants (wind turbines) are constantly being improved to increase 

the efficiency of converting kinetic wind energy into electrical energy [2]. By 2022, the total number of 

installed wind power capacities in the European Union countries amounted to 202.8 GW, which demonstrates 

the stable growth of this sector in recent years. Denmark and Sweden occupy the leading positions in terms of 

wind energy capacity per capita, which underlines the significant potential of Northern Europe in the 

development of this area [2]. 

There are various types of wind turbines, among which special attention is paid to vertical and horizontal 

structures [3]. However, vertical wind turbines have significant disadvantages that limit their wide application 
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[4]. The main problems include low efficiency, power surges, and maintenance complexity, which negatively 

affect the efficiency and reliability of such installations. Additionally, vertical turbines often encounter 

instability of aerodynamic forces due to turbulence and changes in wind direction [5]. This leads to an uneven 

load on the blades and other components, increasing wear and shortening the service life of the equipment [6]. 

Horizontal wind turbines, being the most common type, are characterized by higher efficiency and stable 

operation [7]. Their peak power factor can reach 50%, whereas for vertical turbines this figure is about 40% 

[8]. However, they are not designed to operate efficiently at low wind speeds. For example, at a wind speed of 

6 m/s, a horizontal turbine with a capacity of 20 kW produces about 3 kW, while a vertical turbine under the 

same conditions generates about 1.8 kW. At speeds below 5 m/s, the performance of horizontal turbines is 

significantly reduced, which limits their use in regions with low wind potential and reduces the overall 

efficiency of the power system. 

In this regard, horizontal turbines using the Magnus effect are of particular interest [9]. The use of rotating 

cylinders in the turbine design creates additional lift, which increases the overall efficiency of the installation, 

especially at low wind speeds. Studies show that such turbines are capable of operating efficiently in a wide 

range of wind speeds from 2 to 40 m/s, whereas traditional blade turbines are usually effective at speeds from 

5 to 25 m/s [10]. The improved aerodynamic characteristics of these turbines reduce turbulence and flow 

pulsations, which contribute to stable and reliable operation. Nevertheless, the optimization of such systems 

requires an in-depth study of aerodynamic characteristics and the influence of various design parameters [11]. 

In recent years, many studies have been conducted to improve the aerodynamics of wind turbines using 

various methods, including numerical simulations and experimental studies [12,13]. Nevertheless, the issue of 

combining fixed blades with rotating cylinders to stabilize the flow and increase efficiency remains 

insufficiently studied [14]. 

The purpose of this study is to analyze the aerodynamic characteristics of a wind power plant with two 

combined blades using the Magnus effect. This includes the development and research of a new turbine design 

that combines the advantages of traditional fixed blades and rotating cylinders to improve the efficiency of 

wind energy conversion. 

The novelty of the work lies in the combination of fixed blades with rotating cylinders in a single wind 

turbine design. This combination is aimed at improving aerodynamic performance and increasing lift, 

especially at low wind speeds. Unlike previous studies, this paper proposes a new geometry of the blades and 

optimization of their location to achieve maximum efficiency. 

As part of the study, numerical simulations were carried out using the Ansys Fluent software package, as 

well as experimental tests in laboratory conditions at air flow velocities from 3 to 12 m/s. A comparative 

analysis of numerical and experimental data confirmed the effectiveness of the proposed design and the 

reliability of the model used. 

2. Main part 

2.1 Numerical studies 

To study the aerodynamic characteristics, a mathematical model of a wind turbine with two combined 

blades was created. The wind turbine model includes structural elements that ensure the conversion of kinetic 

wind energy into mechanical energy. The main components of the system are fixed blades and cylinders 

mounted on the central shaft. These elements are fixed to the mast, which supports the main shaft, creating the 

necessary strength and stability of the entire installation. 

The cylinders located around the circumference of the wind wheel have a length of 205 mm and a 

diameter of 50 mm, and the fixed blades, 225 mm long and 25 mm wide, serve to stabilize the flow and 

optimize the direction of the air flow, which increases the efficiency of energy conversion. The diameter of 

the wind wheel is 500 mm, which contributes to a significant capture of the air flow, providing the power for 

the installation. The 420 mm long mast serves as the basis for the installation of the main shaft, creating a 

reliable basis for the operation of the structure in various meteorological conditions (Figure 1a). 

In contrast to conventional, non-combined cylindrical blades, the combined power elements employ 

stationary guide vanes interacting with rotating cylinders to induce a controlled swirl, diminish the 

recirculation zone, and raise the lift coefficient, while the fixed blades—set at an angle to the rotation axis—

simultaneously stabilize the airflow, minimize wake distortions, and thereby maximize the Magnus effect, 

collectively boosting the turbine’s aerodynamic efficiency. 
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Initially, a computational domain was created around a mathematical model of a wind power plant to set 

boundary conditions and rotation conditions (Figure 1b). A cylindrical subdomain (type 1) with a thickness of 

5 mm was formed around each power element to set the conditions for the rotation of the blades. To stabilize 

the flow and create an area of rotation around this subdomain, a cylindrical area (type 2) with a radius of 0.1 

m around the z-axis was added. An external area in the form of a parallelepiped with dimensions of 0.7 m × 

0.7 m × 3 m has been created around the cylindrical subdomain (type 2), which provides the necessary 

conditions for modeling the rotation of the entire wind wheel. 

 

     
                         a)                                    b) 

Fig.1. Wind turbine with 2 combined blades: a) a mathematical model, b) the calculated area around the wind 

turbine. 

Basic assumptions: 

1. Incompressibility of the flow: At low values of Mach numbers (M << 0.1), air is considered as an 

incompressible medium. 

2. Turbulence of the flow: At high values of the Re > 10⁴, the flow is considered turbulent. 

3. Isothermicity: Due to the low Mach numbers and small temperature differences near the wind wheel, 

the current is assumed to be isothermal. 

To calculate the turbulent flow, the Realizable k−ε model was chosen, taking into account turbulent 

energy and dissipation. The system of equations was solved in Ansys Fluent using the finite volume method 

and the SIMPLE scheme for matching pressure and velocity fields. 

For incompressible flow, the continuity equation is expressed as: 

0i

i

x

u


=


 

where 
iu  represents the velocity components of the flow, and 

ix  represents the spatial coordinates. 

The Reynolds-averaged momentum equations for turbulent flow are given by: 
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where,   is the fluid density; p  is the pressure;  is the dynamic viscosity; i ju u  are the Reynolds stresses 

that model the turbulent stresses arising from velocity fluctuations. 

The Realizable k − model is applied in this study, which improves upon the standard  k − model by 

imposing realizability constraints on the turbulent kinetic energy and dissipation rate. This approach enhances 

accuracy for complex turbulent flows, such as rotating and recirculating flows around the wind turbine’s 

cylindrical elements. 

The transport equation for turbulent kinetic energy k  is given by: 
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where, k  is the turbulent kinetic energy; 
t is the turbulent viscosity; 

k  is the turbulent Prandtl number k ; 

kP is the production of turbulent kinetic energy;   is the dissipation rate of turbulent kinetic energy. 
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The transport equation for the dissipation rate  is: 
2

1 2
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where   the turbulent Prandtl number for  epsilonϵ, 
1C  and 

2C are empirical constants, and S  is the modulus 

of the mean rate-of-strain tensor. 

The turbulent viscosity 
t  is computed as: 

2

t

k
C 


=  

where C  is a model constant. 

The boundary conditions are presented in Table 1. 

 
Table 1. Boundary conditions. 

Parameter Condition Value/Description 

Domain 

Inlet 

Turbulence intensity, I 0.1 

 
Hydraulic diameter of the inlet region 1 m 

 Velocity 3,5,7,9,12 m/s 

Domain 

Outlet 

Pressure at the outlet p=pp external 

Rotor Walls Wall movement speed Depends on the rotational speed of the cylinders around 

their longitudinal axis and the rotor axis 

Near-Wall 

Region 

Boundary conditions for turbulent 

kinetic energy 

k=0 

 
Turbulent kinetic energy dissipation rate Calculated based on equality of production and 

dissipation of turbulent energy (logarithmic velocity 

profile)  
Constant κ for the logarithmic profile 0.42  
Distance from the center of the cell to the 

wall, yp 

If yp<11.06 , k=0 if yp≥11.06, turbulent dissipation is 

considered 

 

2.2 Experimental studies  

Experimental studies were conducted in the laboratory "Aerodynamic measurements" of the scientific 

center "Alternative Energy" of the E. A. Buketov Karaganda University. A model of a combined wind turbine 

with rotating 2 cylindrical blades was developed, which was then studied at various wind speeds in a transverse 

air flow from 3 to 12 m/s (Figure 2). The laboratory layout allows for experimental tests to evaluate 

aerodynamic characteristics and confirm the results of numerical modeling. 

 

 

Fig.2. Laboratory layout of a wind turbine. 
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Air-flow velocity was measured with a cup anemometer JDC Skywatch Atmos (range 2–150 km h⁻¹, 

accuracy ± 3 %), while the three orthogonal components of aerodynamic force and moment acting on the 

model were resolved by a mechanical three-component balance (Fig. 2) whose overall measurement 

uncertainty does not exceed 5–7 %. The rotational speed of the cylinders was monitored with a contact/non-

contact laser photo-tachometer CEM AT-8 (2–99 999 rev min⁻¹, resolution 0.1 rev min⁻¹ below 10 000 rev 

min⁻¹, accuracy ± 0.05 %). 

Each point represents the mean of five consecutive runs; the standard deviation never exceeded 0.04 N 

(1.2 %) for forces and 0.02 m/s (0.6 %) for velocity. 

3. Results and discussion  

This section provides a comparative analysis of the aerodynamic characteristics of a two-bladed wind 

power plant based on numerical and experimental data.  Figure 3 shows a comparative graph of the drag force 

for a two-bladed wind power plant. 

 

 
Fig. 3. A comparative graph of the drag force for a two-bladed wind power plant. 

 

Figure 3 shows how the drag force of a two-bladed wind turbine increases with increasing air flow 

velocity. The values of F d.f. num= 4.1 N and F d.f. exp = 4.2 N was obtained at a speed of 12 m/s. The drag force 

increases with increasing speed due to increased pressure on the front surface of the blades. The resulting 

resistance of 4.1–4.2 N is almost twice as low as that of diffuser microturbines of similar diameter [15]. The 

comparison of experimental and numerical data demonstrates a good match, which confirms the adequacy of 

the model used in describing the aerodynamic properties of the turbine. Error bars denote ±1 σ experimental 

uncertainty: ±0.04 N for forces (1 %–2 % of the value). 

The numerical data of the drag force are approximated by a power function: 

 

F d.f.num = 0,2262V1,2018 

 

Figure 4 below shows a comparative graph of the thrust force for a two-bladed wind power plant. 

As can be seen from Figure 4, the thrust force increases linearly with increasing flow velocity. The values 

of F t..num = 3.85 N and F t.exp = 3.8 N were obtained at a speed of 12 m/s. The thrust force associated with the 

lift generated by the Magnus effect increases with increasing wind speed. This indicates an increase in the 

efficiency of converting wind energy into mechanical work. The consistency of the numerical and experimental 

results confirms the accuracy of the model. 

It is established that the thrust force is approximated by a power function: 

 

F t = 0,1624 V 1,2881 

 

Figure 5 shows a comparative graph of the drag coefficient for a two-bladed wind power plant. 
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Fig. 4. Comparative graph of the thrust force for a two-bladed wind power plant. 

 

 
Fig. 5. Comparative graph of the drag coefficient for a two-bladed wind power plant. 

 

As can be seen from Figure 5, with increasing Re, the coefficient of drag force decreases. The maximum 

experimental data at Re = 10000 is 1.75, and the numerical data is 1.8. 

The decrease in the coefficient with an increase in the Re indicates an improvement in the aerodynamic 

properties of the blades at higher flow velocities, which is associated with the transition to a turbulent regime, 

reducing the relative magnitude of resistance. 

In comparison, it was found that the coefficient of resistance in similar conditions turned out to be 12-

15% lower than that of a traditional Magnus wind turbine with two blades [16]. This is because the addition 

of a fixed blade helps to minimize drag. 

Figure 6 shows a comparative graph of the drag coefficient for a two-bladed wind power plant. As can 

be seen from Figure 6, the coefficient of thrust decreases with increasing Re. The maximum values of the 

coefficient of thrust obtained experimentally are 1.42 and numerically, 1.45. The thrust coefficient of 1.42–

1.45 exceeds the range of 1.20–1.30 typical for vertical-axis turbines with Gurney flaps, and lies within the 

lower limit of the 15 percent increase demonstrated by active flow control on large HAWT profiles [17]. Error 

bars denote ±2 % for aerodynamic coefficients. 

The decrease in the coefficient with an increase in the Re is associated with a change in the ratio between 

the lifting force and the dynamic pressure of the flow. This reflects the peculiarities of the aerodynamic 

behavior of the combined blades under different flow regimes. The obtained results of the lift coefficient turned 

out to be 8-10% higher than in the work [16]. This improvement can be explained by a more optimal ratio of 

length to diameter of rotating cylinders, as well as the use of fixed blades, which made it possible to use the 

Magnus effect more effectively at low air flow speeds. 
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Fig.6. Comparative graph of the coefficient of drag force for a two-bladed wind power plant. 

 

Figure 7 below shows a comparison of experimental and numerical data of minimum and maximum 

pressure depending on the rotation speed. 

 

 
Fig. 7. Comparison of experimental and numerical data of minimum and maximum pressure depending on the 

rotation speed. 

 

As can be seen from Figure 7, a good convergence of the experimental points with the results of numerical 

modeling is visible, indicating the correctness of the mathematical model used and the boundary conditions. 

As the rotation speed increases, the installation shows an increase in pmax from 0.4 Pa to 0.7 Pa, which is due 

to the increasing pressure action of the air flow on the front surface of the blade, while pmin increases from 0.15 

Pa to 0.4 Pa due to increased vacuum on the back side. The increase in pressure drop to only 0.3 Pa remains 

approximately twice as low as the 0.6–0.8 Pa levels recorded on diffusor-reinforced rotors of a similar radius, 

which indicates a softer load profile of the proposed installation [18]. An essential factor that can change these 

indicators is the air temperature, since when it increases, the density of the working medium decreases, which 

leads to a decrease in pressure gradients and may slightly reduce the observed pressure values; on the contrary, 

at a lower temperature, air density increases, and pressures at the same rotational speeds may increase. The 

combined expanded uncertainty of pressure measurements (k = 2) does not exceed 0.10 Pa.  
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4. Conclusion 

In the course of the study, it was found that the use of combined blades, combining fixed blades and 

rotating cylinders, contributes to a significant increase in the aerodynamic efficiency of a wind power plant. 

The analysis showed an increase in the coefficient of thrust by 8-10% compared to traditional designs at 

identical air flow speeds. In addition, it was found that the addition of a fixed blade reduces the drag coefficient 

by 12-15% relative to turbines equipped exclusively with cylindrical blades. As demonstrated by the pressure 

distribution measurements at varying rotational speeds, the maximum pressure on the front surface of the 

blades increases from approximately 0.4 Pa to 0.7 Pa, while the minimum pressure rises from around 0.15 Pa 

to 0.4 Pa. This trend correlates with a more uniform airflow around the rotating and fixed elements and aligns 

well with numerical predictions. The total combined uncertainty remains below 3 %, therefore the observed 

8–10 % improvement is statistically significant. 

These improvements are due to a more uniform distribution of air flow and minimization of turbulence 

zones behind the blades, which has a positive effect on the aerodynamic characteristics of the installation. 

The results obtained confirm the expediency of using the proposed design for the development of highly 

efficient wind energy systems, especially in regions with low wind potential. Prospects for further research 

include optimizing the geometry of the blades and scaling the design for industrial implementation. 
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