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Abstract. This paper presents a comprehensive numerical investigation of the aerodynamic performance of a 

three-bladed vertical-axis Darrieus wind turbine equipped with asymmetric airfoil blades, with the primary aim of 

evaluating the influence of blade geometry on torque generation and overall aerodynamic efficiency. The study 

focuses on a detailed analysis of rotor flow behavior, including the spatial distributions of velocity and pressure 

fields, the formation and evolution of flow separation zones, and the development of a turbulent wake structure 

downstream of the rotor over a wide range of operating conditions. Numerical simulations were carried out using 

the Reynolds-Averaged Navier–Stokes equations coupled with the k–ω SST turbulence model, which provides 

reliable prediction of near-wall flow behavior, adverse pressure gradients, and unsteady aerodynamic effects 

typical for vertical-axis wind turbines. The obtained results demonstrate that the asymmetric blade profiles interact 

more effectively with the incoming airflow at moderate tip speed ratio values, leading to improved torque 

characteristics and a noticeable reduction in negative torque regions. In particular, the maximum average torque 

coefficient was observed at tip speed ratio values close to 2.5, where the aerodynamic performance of the rotor 

reached its optimum due to balanced lift and drag forces acting on the blades. At higher tip speed ratio values, 

despite the stabilization of the flow structure and reduction of large-scale vortical formations, a decrease in 

aerodynamic efficiency was identified, and the findings of this study provide a scientific basis for optimizing blade 

geometry and selecting efficient operating regimes in the design of Darrieus-type vertical-axis wind turbines with 

asymmetric airfoils.  

 
Keywords:  Vertical-axis wind turbine; Darrieus rotor; asymmetric airfoil; aerodynamic performance; torque 
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1. Introduction  
 

Increasing global warming and growing concerns about environmental degradation are prompting many 

countries to reduce their dependence on fossil fuels and transition to clean energy sources. Wind energy holds 

a special place among renewable energy sources due to its abundant reserves, inexhaustible nature, and low 

environmental impact. Modern scientific research in this field demonstrates that wind energy has high potential 

to complement or replace traditional energy sources. Wind turbines are the primary technical devices for the 

efficient use of wind energy. A wind turbine is a complex engineering system designed to convert the kinetic 

energy of atmospheric airflow into mechanical energy and then into electrical energy [1]. Its operating 

principle is based on the coordinated control of aerodynamic forces and energy conversion processes, which 

determines the overall efficiency and energy productivity of the system. Depending on their axis of rotation, 

wind turbines can be divided into horizontal-axis wind turbines (HAWT) and vertical-axis wind turbines 

(VAWT) [2]. Horizontal-axis wind turbines (HAWT) are currently the most widely used wind turbines in large 
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wind farms due to their high efficiency [3]. However, vertical-axis wind turbines (VAWT) have distinct 

advantages. They are particularly suitable for use in turbulent or urban environments.  Vertical-axis wind 

turbines (VAWTs) have not yet been fully studied [4]. This is mainly due to the fact that the aerodynamic 

characteristics of vertical-axis wind turbines are more complex than those of horizontal-axis wind turbines. 

However, VAWT offer unique advantages, including ease of design and maintenance [5], the ability to operate 

in any wind direction without the need for expensive turning mechanisms [6], low noise levels, and suitability 

for installation in urban areas [7, 8]. Recent recognition of the structural and aerodynamic advantages of 

vertical-axis wind turbines has led to a revival of this trend and the need for extensive scientific research [9-

11]. One of the key elements determining the efficiency of the Darie wind turbine is the blade profile. 

Symmetrical and asymmetrical profiles are used in design practice, each with its own advantages and 

disadvantages. Symmetrical blades have identical upper and lower surfaces, while asymmetrical blades have 

different upper and lower surfaces. Asymmetrical blades are more efficient than symmetrical ones in areas 

with low and variable wind speeds due to their high starting torque and self-starting capability. Asymmetrical 

blades have been extensively studied in recent years to improve the aerodynamic performance of vertical-axis 

wind turbines and offer several significant advantages over symmetrical profiles. Therefore, another effective 

solution for increasing the power of vertical-rotor wind turbines is the development of specialized airfoils for 

such turbines, as they can significantly impact wind energy efficiency and the flow field around the blade [12]. 

Asymmetric airfoils, characterized by a curved shape, improve the aerodynamic performance of wind turbines 

under various conditions. For example, [13] showed that by optimizing the angle of asymmetric blades, 

performance at low wind speeds can be significantly improved. 

The growing interest in asymmetric blades is explained by their ability to control complex flow processes. 

Asymmetric geometry balances aerodynamic loads during the positive and negative half-periods of the rotor, 

preventing flow interruption or stall. At the same time, such modifications can improve the maximum power 

factor (Cp) of the rotor not only at medium speeds but also in low- tip speed ratio (TSR) regimes. For example, 

[14–15] demonstrated that an asymmetric blade profile not only improves self-starting performance compared 

to a symmetric blade profile but also increases (Cp) by up to 26.83%. This makes vertical-axis wind turbines 

suitable for regions with low wind speeds, thereby expanding their application range. 

Asymmetric and modified blades for vertical-axis Darrieus wind turbines have been shown to improve 

aerodynamic efficiency in low-TSR regimes [16–19]. Experimental and numerical analyses confirm that blade 

geometry directly influences the formation of pressure, velocity, and torque fields. These results support the 

relevance of in-depth numerical studies of asymmetric blades. 

Thus, the literature review demonstrates that the use of asymmetric blades can significantly improve the 

aerodynamic performance of vertical-axis Darrieus wind turbines. 

2. Methodology  

2.1 Model geometry  

Figure 1 shows the geometric model of an asymmetric three-bladed Darrieus wind turbine. In this study, 

the aerodynamic characteristics of an asymmetric three-bladed Darrieus vertical-axis wind turbine were 

analyzed using numerical simulation methods. The primary objective of the study was to evaluate the impact 

of asymmetric blade geometry on rotor performance and determine the aerodynamic efficiency under various 

operating conditions. 

 

 
 

Fig.1. Asymmetric three-bladed Darrieus wind turbine. 
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The object of the study was an asymmetric configuration of a three-bladed Darrieus rotor. The blade 

shape was achieved by modifying the aerodynamic profiles to improve the interaction of the rotor with the 

wind flow at different phases. Table 1 shows the geometric parameters of the vertical-axis Darrieus turbine; 

this data is taken from the article [20]. As shown in Figure 2, a rectangle and a cylinder were chosen as the 

computational domain. We consider the rectangle as a stationary domain, and the cylinder as a moving domain. 

This approach allowed us to accurately represent the flow around the rotor and the interaction of the airflow 

with its blades. Table 2 shows the geometric parameters of the computational domain, taken from [20]. 

 

Table 1. Geometrical parameters of the vertical-axis Darrieus turbine. 
Parameter Mean 

Aerodynamic profile NACA 0021 

Number of blades (N) 3 

Chord length (C) 0,04 m 

Rotor diameter (D) 3 m 

Relative density of the turbine (σ) 0,3 

 

 
 

Fig.2. Computational domain of an asymmetric three-bladed Darrieus wind turbine. 

 

Table 2. Geometric parameters of the computational domain for modeling the aerodynamics of an 

asymmetric three-bladed Darrieus wind turbine. 
Parameter Mean 

Rotor diameter D 

Moving domain diameter 1,5D 

Distance from the rotor center to the left border 20D 

Distance from the rotor center to the right border 40D 

Distance from the rotor center to the upper and lower boundaries 10D 

 

One way to improve the Darrieus rotor is to introduce controlled geometric asymmetry into the blade 

configuration. Geometric modification improves the aerodynamic interaction of the blade with the airflow, 

expands the range of operating angles of attack, and increases torque stability. This study proposes the design 

of a three-bladed asymmetric Darrieus wind turbine, where the asymmetry is formed based on a combination 

of NACA0021 airfoils [21–24]. By trimming the main airfoil to a smaller airfoil, we obtain a modified 

NACA0021 blade, shown in Fig3. 

This approach allows for the redistribution of loads along the arc of rotation, altering the blade's thickness, 

surface area, and local aerodynamic curvature. This improves the lift-to-drag ratio, potentially increasing the 

rotor's power factor. Furthermore, the proposed geometric design reduces vibration loads and torque 

fluctuations, a crucial factor for low-power vertical-axis wind turbines. 
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Fig.3. Asymmetrical blade NACA 0021 

 

To provide a quantitative description of the blade geometry and to improve the reproducibility of the 

numerical model, the coordinate data of the NACA 0021 profile were analyzed. The chord length in the 

coordinate file is equal to 400 coordinate units and was scaled to the chord length used in the numerical model, 

C = 0.04 m. The maximum profile thickness obtained from the coordinates is tmax/C = 0.2100, which 

corresponds to the NACA 0021 airfoil. The maximum thickness is located at xt/C = 0.3014. The main 

geometrical parameters extracted from the coordinate data are presented in Table 3.  

 

Table 3. Geometrical parameters of the blade profile based on the coordinate data. 

Parameter Symbol Value 

Initial aerodynamic profile — NACA 0021 

Chord length C 0.04 m 

Chord length in coordinate data Ccoord 400 

Maximum upper-surface ordinate ymax/C 0.1050 

Maximum lower-surface ordinate ymin/C −0.1050 

Maximum profile thickness tmax/C 0.2100 

Maximum profile thickness tmax 0.0084 m 

Position of maximum thickness xt/C 0.3014 

Leading-edge coordinate x/C; y/C 0; 0 

Trailing-edge coordinate x/C; y/C 1; 0 

Trailing-edge thickness δTE/C 0 

Number of coordinate points Np 201 

 

2.2 Basic Equations 
Dimensionless aerodynamic parameters such as the power coefficient (Cp), torque coefficient (Cm), lift 

coefficient (Cl), and drag coefficient (Cd) are used to quantify the aerodynamic performance of a wind turbine. 

These coefficients allow one to determine the turbine's energy efficiency and compare the obtained calculation 

results. The actual power (P) extracted by the turbine from the flow is determined by the ratio of its theoretical 

maximum power (Pₐ), and the power coefficient is given by the following expression: 

 

𝐶𝑃 =
𝑃

1

2
𝜌𝐴𝑉3

                                                                                                                                                (1) 

where ρ – air density (kg/m³), A – rotor projection area (m²), and V – wind speed at the inlet (m/s). 

The power generated by a turbine is determined by the product of torque (T) and angular velocity (ω): 

 

𝑃 = 𝑇 ⋅ 𝜔                                                                                                                                                  (2) 

Using this relationship, the power factor can be expressed in terms of torque characteristics: 

 

𝐶𝑃 =
𝑇⋅𝜔

1

2
𝜌𝐴𝑉3

                                                                                                                                                (3) 
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The torque coefficient (Cm) is determined by the following formula: 

𝐶𝑀 =
𝑇

1

2
𝜌𝐴𝑅𝑉3

                                                                                                                                             (4) 

where R – rotor radius (m). 

The relationship between Cp and Cm is defined as follows: 

 

𝐶𝑃 = 𝐶𝑀 ⋅ 𝜆                                                                                                                                              (5) 

where 
R

V


 =  – blade TSR. 

The physical model of flow near a blade surface is based on the laws of conservation of mass, momentum, 

and energy. For incompressible and isothermal airflow, these processes are described by the Navier-Stokes 

equations: 

𝛻 ⋅ 𝑢 =  0                                                                                                                                                  (6) 

 
𝜕𝑢

𝜕𝑡
+ (𝑢 ⋅ 𝛻)𝑢 = −

1

𝜌
𝛻𝑝 + 𝜈𝛻2𝑢 + 𝑓                                                                                                       (7) 

 

where 𝑢 – flow velocity vector, p – pressure, ρ – air density, v – kinematic viscosity, f – mass forces. Here, f 

is the body force term. In this study, body forces were neglected due to their insignificant influence on the 

considered incompressible and isothermal airflow; therefore, f = 0 was used in the numerical simulations. 

Because direct numerical modeling (DNS) is computationally expensive for high-Reynolds number 

flows, Reynolds-averaged Navier-Stokes (RANS) equations are used in engineering calculations. Averaging 

leads to turbulent Reynolds stresses, so a turbulence model must be introduced to describe the system. The 

averaged continuity equation is: 

 
𝜕𝑢𝑖

𝜕𝑥𝑖
= 0                                                                                                                                                      (8) 

 

The average momentum equation is: 

 
𝜕𝑢𝑖

𝜕𝑡
+ 𝑢𝑗

𝜕𝑢𝑗

𝜕𝑥𝑗
= −

1

𝜌

𝜕𝑝

𝜕𝑥𝑖
+ 𝜈

𝜕2𝑢𝑖

𝜕𝑥𝑗
2 −

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
                                                                                                       (9) 

 

where 𝑢𝑖 – average flow rate, 𝜏𝑖𝑗 = 𝑢𝑖
′ 𝑢𝑗

′  – Reynolds tensor of turbulent stresses. 

To fully capture the system, the k-ω SST turbulence model, widely used in engineering aerodynamics, 

was chosen. This model allows for synergy with the k-ε model in the free-flow zone while maintaining 

accuracy in high-gradient regions. The model consists of two main auxiliary equations: the turbulent kinetic 

energy (k) and the specific dissipation rate (ω): 

 
𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝑘)

𝜕𝑥𝑗
= 𝑃𝑘 − 𝛽∗𝜌𝜔𝑘 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗
]                                                                         (10) 

 
𝜕(𝜌𝜔)

𝜕𝑡
+

𝜕(𝜌𝑢𝑗𝜔)

𝜕𝑥𝑗
= 𝛾

𝜔

𝑘
𝑃𝑘 − 𝛽𝜌𝜔2 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝜔𝜇𝑡)

𝜕𝜔

𝜕𝑥𝑗
] + 2(1 − 𝐹1)𝜌𝜎𝜔2

1

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
                     (11) 

 

where ρ – density, k – turbulent kinetic energy, Рk – a source of turbulent energy caused by a change in velocity, 

β*, γ, β – empirical constants, ω – specific dissipation rate, μ – dynamic viscosity, μ – turbulent viscosity, σk – 

diffusion coefficient for k.  

The system of governing equations (6)–(11) was solved using the finite volume method. A transient 

pressure-based solver was applied to describe the unsteady aerodynamic interaction between the rotating 

blades and the airflow. Pressure–velocity coupling was performed using the SIMPLE algorithm. The pressure 

equation was discretized using a second-order scheme, while the convective terms in the momentum and 

turbulence equations were approximated by a second-order upwind scheme. The transient terms were 

discretized using a second-order implicit formulation. The gradients were calculated using the least-squares 

cell-based method. The convergence criterion for the residuals of the governing equations was set to 10⁻⁵, and 
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the torque coefficient was additionally monitored until a periodic solution was obtained over several complete 

rotor revolutions. 

The computational domain consisted of an inner rotating cylindrical region and an outer stationary 

rectangular region. The rotating region contained the three-bladed rotor, and its angular velocity was prescribed 

according to the selected TSR value. The outer region remained stationary and represented the far-field flow 

with specified inlet, outlet, and side boundary conditions. The RANS equations with the k–ω SST turbulence 

model were solved in both regions using the finite volume method. The interaction between the rotating and 

stationary domains was implemented through a sliding mesh interface, where pressure, velocity, and 

turbulence quantities were exchanged at each time step. 

 

2.3 Mesh generation 
 

In this study, a multi-layer hybrid mesh was used to accurately calculate the aerodynamic characteristics 

of a wind turbine. The mesh structure is designed to accurately represent the boundary layer near the blade, 

vortex shedding regions, and complex flow fields around the rotor. The images below illustrate the mesh 

features in various regions. 

 

 
 

Fig.4. Mesh near the NACA0021 asymmetric blade 

 

The mesh shown in Figure 4 is a multi-block hybrid structure designed to accurately discretize the flow 

region near a blade airfoil. In the region close to the blade surface, prismatic elements with 15–25 layers are 

used to accurately describe the boundary layer, ensuring the condition y⁺≈1–5, while the mesh is significantly 

denser to correctly account for sharp changes in pressure gradients at the leading and trailing edges. As the 

distance from the blade increases, the element sizes gradually increase in accordance with geometric patterns, 

improving the computational efficiency of the entire domain. While the structured regions of the mesh 

accurately capture the complex geometry of the airfoil, the free-form elements in the outer regions do not 

disrupt the natural flow distribution. Overall, this mesh enables highly accurate computation of turbulent flow–

especially vortex structures at the blade tip and separation zones at the rear. 

The mesh configuration in Figure 5 is designed to discretize the entire flow domain of a vertical-axis 

Darrieus wind turbine and accurately model aerodynamic phenomena around a rotor with complex geometry. 

The three-dimensional mesh of the rectangular computational domain (left figure) is formed using mesh 

densification near the rotor to accurately determine vortex structures, flow separation, and low-pressure zones 

in the rotor region.  

 
 

Fig.5. Grid of computational domains for an asymmetric three-bladed Darrieus wind turbine. 
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In distant regions, element sizes gradually increase, reducing the overall computational load. In regions 

close to the cylindrical rotor body located in the center, triangular-tetrahedral meshes ensure a natural flow 

distribution along the complex geometry. The mesh of the three-bladed rotor, located within the cylindrical 

region shown in the figure on the right, is based on a multi-block structured system. To accurately model the 

boundary layer near each blade, concentric layers are formed in the radial direction, and the mesh is particularly 

fine in the high-gradient regions near the blade tips. The cylindrical outer boundary ensures constant flow 

conditions at the outlet and inlet, while maintaining the geometric consistency of the mesh. Overall, the mesh 

quality enables highly accurate calculations of flow variations. 

 

2.4 Grid and time-step independence analysis 
To ensure the stability and reliability of the obtained numerical results, a convergence analysis of the 

numerical solution was carried out during the CFD simulations. During the calculations, the residuals of the 

governing equations were monitored, and the stabilization of the main aerodynamic parameters, including the 

torque coefficient (Cm), was analyzed over several complete rotor revolutions. In addition, a grid independence 

study was performed to evaluate the influence of mesh resolution on the calculated aerodynamic 

characteristics.  

 
Fig.6. Mesh sensitivity analysis. 

 

Three mesh levels, namely coarse, medium, and fine, were considered, as shown in Table 4. The 

comparison was performed for the representative operating condition TSR = 2.5, where the rotor demonstrates 

the highest positive torque coefficient and the maximum average useful torque. The average torque coefficient 

and power coefficient were selected as the main convergence criteria. 

 

Table 4. Grid convergence analysis 
Mesh type Number of elements Type of elements First layer thickness y⁺ 

Coarse 486,325 Predominantly triangular elements 5 × 10⁻⁴ m 6.8 

Medium 1,204,786 Hybrid mesh (quadrilateral + triangular elements) 10⁻⁵ m 0.85 

Fine 2,148,532 Fine hybrid mesh with quadrilateral refinement 10⁻⁶ m 0.12 

 
3. Results and discussion 
As the rotor rotates, the blade's angle of attack constantly changes, which in turn directly affects the 

pressure distribution and the formation of flow lines on the blade surface. While pressure contours indicate the 

location of high and low pressure regions, flow lines visually describe the overall flow dynamics. The 

configuration and location of these regions constantly change as the rotor rotates, so it is important to analyze 

changes in the pressure field and flow structure at different rotation angles.  

In this regard, the study comprehensively examined pressure changes and flow structure reorganization 

at various rotor azimuthal positions. This analysis allows us to determine the characteristics of airflow-blade 

interactions and assess the impact of the angle of attack on turbine aerodynamic performance. The results 

obtained provide the basis for a deeper understanding of time-dependent flow behavior during rotor operation 

and for analyzing the effectiveness of blade geometry. 
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3.1 Pressure contour 
Figure 7 shows the numerical results of the pressure distribution for a three-bladed Darrieus rotor with a 

modified asymmetric profile. There are the static pressure contours for various TSR values for a three-blade 

Darrieus rotor with an asymmetric profile. At low TSR values (1.5–2.0), high-pressure zones are clearly visible 

on the leading edge of the blades, while low-pressure zones are visible on the trailing edge, indicating a high 

aerodynamic load on the rotor. As the TSR value increases (2.5–3.0), the pressure field somewhat equalizes, 

and the distribution of high- and low-pressure zones stabilizes. At high TSR values (3.5–5.0), the pressure 

gradient decreases, and a uniform flow distribution around the rotor is observed, indicating stabilization of 

aerodynamic interactions and a stable operating mode. 

 

 
TSR 1,5 TSR 2 

 
 

TSR 3,5 TSR 4 

Fig.7. Contours of static pressure around an asymmetric 3-blade Darrieus rotor at different values of TSR. 

 

3.2 Turbulent wake contour 
Figure 8 shows the turbulent wake contours for a three-blade Darrieus rotor with an asymmetric airfoil at 

different TSR values. At low TSR values (1.5–2.0), distinct and irregular turbulent structures form behind the 

rotor, and a high level of vorticity is observed. As the TSR value increases (2.5–3.0), the turbulent wake 

lengthens, its structure becomes somewhat more regular, and energy losses are gradually distributed along the 

flow. At high TSR values (3.5–5.0), the turbulent wake intensity decreases, and the vortex amplitude decreases, 

indicating flow stabilization and improved rotor aerodynamic performance. 

 

3.3 Change in torque coefficient at different TSR values per one complete revolution 
Figure 9 shows a comparative dependence of the torque coefficient (Cm) on the azimuth angle (Ѳ) for a 

three-bladed Darrieus rotor with an asymmetric profile at TSR = 1.5–5.0. These results clearly illustrate the 

nature of the change in aerodynamic load and the differences in efficiency in different rotor operating modes. 

At low and medium TSR values (TSR = 1.5–3.0), the Cm amplitude is significantly higher, and 

oscillations are clearly visible. Especially at TSR = 2.5, the highest positive torque coefficient values are 

recorded, and the influence of negative torque zones is weak. In this mode, the blade angle of attack is in the 

aerodynamically favorable range, and lift is generated efficiently. As a result, the average useful torque 

obtained from the rotor is maximum, characterizing the TSR = 2.5 mode as the most efficient operating zone. 

Although positive Cm values predominate at TSR = 1.5 and TSR = 2.0, the presence of regions with 

oscillation amplitude and negative torque indicates a more frequent occurrence of flow separation. This 

situation reduces rotor stability and limits overall energy efficiency. In the high TSR region (TSR = 3.5–5.0), 

the Cm curves flatten out, and the oscillation amplitude decreases significantly. 
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TSR 1,5 TSR 2 

 
TSR 3,5 TSR 4 

Fig.8. Turbulent wake contours generated by an asymmetric 3-blade Darrieus rotor at different TSR values. 

 

 

 
Fig.9. Variation of the torque coefficient Cm for asymmetric blades at full rotation at different values of TSR. 

 

However, this stability is accompanied by a decrease in the average torque coefficient. At TSR = 3.5, a 

negative torque is observed in a certain azimuthal region (approximately 170–210°), indicating increased 

inertial and aerodynamic losses. In TSR = 4.0–5.0 regimes, although the negative torque regions weaken, the 

positive torque also remains low, which is explained by the inability of the blades to fully effectively extract 

energy from the flow. 

A general comparative analysis revealed that the most favorable combination of torque coefficient and 

maximum average value is achieved in the TSR range of 2.5. This finding confirms the aerodynamic advantage 

of asymmetric blades in medium TSR modes and the limited optimal operating range for Darrieus-type 

vertical-axis wind turbines. 



44  Eurasian Physical Technical Journal, 2026, 23, 2(56)                                                                                         Energy 

 

3.4 Power factor versus TSR 
Figure 10 shows a comparison of the power factor Cp as a function of TSR for an asymmetric 3-blade 

wind turbine, where the experimental values are taken from the literature [25]. For the asymmetric blade (blue 

line), the power factor increases as TSR increases from 1.5 to the range of 2.0–2.2, reaching its maximum 

value around Cp ≈ 0.24–0.25. This range is the most efficient operating mode of the turbine. As TSR further 

increases (after 2.5), Cp gradually decreases. At TSR ≈ 4–5, the power factor decreases significantly, indicating 

an increase in aerodynamic losses. This phenomenon is explained by the flow disturbance in the blade, 

increased turbulence, and inefficiency of the rotation mode. 

According to experimental data (red line), Cp starts at low values and steadily increases with increasing 

TSR. The maximum power factor is observed in the range of TSR ≈ 3.2–3.5, reaching Cp ≈ 0.28–0.29. This 

value indicates that the efficient operating mode is achieved at increasingly higher TSR values than the 

calculated maximum obtained for the asymmetric blade. 

 

 
Fig.10. Power factor Cp versus TSR for an asymmetric 3-blade wind turbine. 

 

It should be noted that the comparison between the experimental and numerical results is qualitative rather 

than a direct one-to-one validation, since the experimental data correspond to a turbine with a symmetric blade 

profile, whereas the present CFD results were obtained for a modified asymmetric blade. The discrepancy in 

the maximum Cp value and optimal TSR can be explained by differences in blade geometry, rotor scale, 

Reynolds number, three-dimensional flow effects, end losses, support elements, mechanical losses, and 

idealized CFD boundary conditions. Nevertheless, both curves show the same general trend: Cp increases with 

TSR up to an optimal range and then decreases due to aerodynamic losses, wake development, and flow 

separation. Therefore, the comparison confirms the physical consistency of the numerical results, while further 

experimental validation of the proposed asymmetric blade geometry is required. 

 

4. Conclusion 
This study, using numerical simulations and experimental data, conducted a comprehensive analysis of 

the aerodynamic and energy characteristics of a vertical-axis wind turbine with asymmetric blades. The results 

showed that the power factor (Cp) depends on the total speed ratio (TSR) and that blade geometry plays a 

decisive role in determining turbine efficiency. 

An analysis of the power factor versus TSR curves showed that the highest efficiency of the asymmetric 

blade is observed at low and medium TSR values (approximately TSR ≈ 2.5). At this point, Cp reaches its 

maximum value, demonstrating the turbine's ability to efficiently generate power even at low rotational speeds. 

With further increases in TSR, Cp gradually decreases, which is associated with increased aerodynamic losses, 

flow disturbance zones, and turbulence levels at high rotational speeds. 

According to experimental data, the maximum power factor is observed at higher TSR values (TSR ≈ 3–

3.5), and the maximum Cp value is higher than that of the asymmetric computational model. This indicates 

the complexity of inertial effects, three-dimensional flow structures, and blade-flow interactions under real-

world conditions. At the same time, this difference highlights the need to refine the computational model and 

the importance of adapting the turbine operating mode to real-world conditions. 

An analysis of the flow velocity and pressure contours showed that the load is uniformly distributed 

across the asymmetric blade, and in the effective TSR region, high-velocity flows continuously form on the 

blade surface. In inefficient modes (at high TSR), the contours show an increase in turbulent zones, an increase 

in vortices, and a decrease in the pressure difference, which directly contributes to a reduction in the power 

factor. Overall, the obtained results demonstrate the effectiveness of a vertical wind turbine with asymmetric 
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blades in areas with low wind speeds and low relative drag coefficients. This design makes it promising for 

use in areas with light to moderate wind conditions. The study's findings can serve as a basis for optimizing 

wind turbine blade geometry, increasing their energy efficiency, and further improving their aerodynamic 

performance. 
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