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ABSTRACT 

Vertical Axis Wind Turbines (VAWTs) often exhibit reduced aerodynamic efficiency due to high drag forces, 

flow separation, and poor lift characteristics under low or turbulent wind conditions. The widely used NACA 

0021 aerofoil remains structurally robust but suffers limitations at high angles of attack and low Reynolds 

numbers, conditions typical of VAWT operation. This study applies Computational Fluid Dynamics (CFD) 

using ANSYS Fluent to redesign and optimize the NACA 0021 profile for improved aerodynamic performance. 

Simulations were conducted at wind speeds of 5–20 m/s and angles of attack (AOA) from 0°–360° using the 

k–ω SST turbulence model. The optimized profile achieved a maximum lift coefficient of 1.5 and a lift-to-drag 

ratio of 88.1 at 20 m/s and 180° AOA, while a minimum drag coefficient of 0.012 occurred at 90° AOA and 15 

m/s. These values notably exceed standard NACA 0021 benchmarks; however, some extreme values may be 

influenced by numerical effects and warrant experimental validation. Overall, the optimized geometry 

demonstrates potential for improving VAWT efficiency, especially in variable-wind environments. 
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INTRODUCTION 

Wind energy continues to play a central role in the global 

transition toward sustainable and low-carbon energy systems. 

Its scalability, technological maturity, and environmental 

benefits make wind power a viable replacement for fossil-

fuel-based electricity generation (Hassan et al., 2024). For 

small- and medium-scale applications, especially in low-wind 

urban or inland regions, Vertical Axis Wind Turbines 

(VAWTs) offer advantages such as omnidirectional 

operation, lower noise levels, and ease of installation (Tan et 

al., 2022). 

Despite these advantages, VAWTs typically suffer from 

aerodynamic inefficiencies due to high drag forces, unsteady 

flow behaviour, and strong variations in angle of attack during 

rotation (Shen et al., 2024). The NACA 0021 aerofoil—

though structurally stable and widely used—exhibits 

performance limitations under dynamic stall, low Reynolds 

number effects, and high AOAs common to VAWT operation 

(Sadaq et al., 2022). Several studies report reduced lift-to-

drag ratios and early flow separation when using the profile 

without geometric redesign or optimization. 

Research Gap: 

Although NACA-series aerofoils have been extensively 

studied, limited work has been done to optimize the NACA 

0021 specifically for VAWT performance under full 0°–360° 

rotational AOAs, low-wind conditions, and realistic turbulent 

flow regimes. 

CFD tools such as ANSYS Fluent now enable high-fidelity 

assessment of blade pressure distribution, stall behaviour, 

turbulence interaction, and flow separation, providing an 

opportunity to redesign and optimize classical sections for 

enhanced performance (Elmisaoui et al., 2023; Zhang & 

Janeway, 2022). 

Therefore, this study aims to design, simulate, and optimize 

the NACA 0021 aerofoil for VAWT applications using CFD, 

focusing on improving lift characteristics, reducing drag, and 

enhancing the lift-to-drag ratio across practical operating 

conditions. 

 

 

 

MATERIALS AND METHODS 

Materials/Equipment 

i. ANSYS Fluent 16. 

ii. Solid Works  

iii. Hp Laptop 

 

Methods 

This study adopts a computational-based methodology to 

design, simulate, and optimize the NACA 0021 aerofoil blade 

for Vertical Axis Wind Turbine (VAWT) applications, 

leveraging the precision and flexibility of Computational 

Fluid Dynamics (CFD) techniques to enhance aerodynamic 

performance. The process consists of five key stages: 

geometric modeling, mesh generation, simulation setup in 

ANSYS Fluent, aerodynamic analysis, and optimization, as 

illustrated in Figure 1. In the geometric modeling stage, the 

NACA 0021 profile is created and prepared for simulation 

based on standard airfoil equations, while Tables 1, 2 and 3 

presents the entering specifications of the NACA 0021 

Aerofoils, specification used in blade modelling and ANYSY 

Fluent parameters. This is followed by mesh generation, 

where a high-quality computational grid is constructed to 

accurately resolve airflow behavior, particularly near the 

blade surface (Kale et al., 2023). The simulation setup 

involves defining boundary conditions, selecting an 

appropriate turbulence model (k-ω SST), and applying 

realistic wind speeds and angles of attack within ANSYS 

Fluent (Kanthal et al., 2024). Once the simulation is run, 

aerodynamic analysis is conducted to extract performance 

metrics such as lift coefficient (Cl), drag coefficient (Cd), and 

lift-to-drag ratio (Cl/Cd), along with detailed flow patterns 

including pressure distribution and streamline behavior. 

These insights guide the final stage optimization where the 

blade geometry is iteratively refined to reduce drag and 

enhance lift using parametric adjustments and design 

exploration tools. The overarching goal of this methodology 

is to improve the aerofoil’s aerodynamic efficiency, maximize 

the lift-to-drag ratio, and ensure effective energy capture 

under a variety of wind conditions, thereby improving the 

performance and reliability of VAWTs in real-world 

environments. 
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Figure 1: Methodological Flow chart for Design, Simulation and optimization of NACA 0021 Aerofoil Blade Using ANSYS 

Fluent 

 

Geometric Modelling 

The baseline NACA 0021 profile was generated using standard NACA equations. Blade geometric parameters are presented 

in Tables 1 and 2. 

 

Table 1: Specifications of the NACA 0021 Aerofoils 

NACA Aerofoils Number 0021 

Chord (c) 230mm 

Length 305mm 

Maximum camber 0% 

Position of maximum camber on chord 0mm 

Maximum thickness 21% 

 

Table 2: Specification used in Blade Modelling 

Profile NACA0021 

Root Chord Length 1615mm 

Tip Chord Length 650mm 

Length of Blade 10700mm 

Hub Diameter 337.5mm 

HUB length 1465 mm 

Hub to Blade (neck) 1475mm 

 

Mesh Generation 

A high-quality structured mesh was generated around the 

aerofoil. Mesh refinement was applied in boundary-layer 

regions to capture steep velocity gradients. Mesh sizes ranged 

from 0.0005 m to 0.005 m, with mesh-independence assessed 

by comparing lift and drag coefficients across four mesh 

levels. Mesh 0 was selected based on minimal variation in CL 

and CD (<2%). 

 

Numerical Setup in ANSYS Fluent 

i. Solver: Pressure-based steady formulation   

ii. Turbulence model: k–ω SST   

iii. Boundary: Inlet velocity 5–20 m/s; pressure outlet; no-

slip wall   

iv. Pressure-velocity coupling: SIMPLE   

v. Gradients: Least-squares cell-based   

vi. Convergence: Residuals < 10⁻⁵   

Table 3: ANYSY Fluent Parameters 

Solver Pressure Base Steady State 

Viscous (kg/m3) 1.225 

Density (kg/m-s) 1.7894 

Turbulent Viscosity Ration 10 

Inlet Velocity 18 m/s 

Chord-length 0.165 m 

Momentum Second Order Upwind 

Pressure Velocity Coupling Simple 

Design and Simulation of 
Aerofoil Profile using 

ANYSYS Fluent 16 

Geometry Development of 
NACA 0021 Aerofoil (2D and 

3D) Coordinate VWAT

 
Aerofoil Generation

& Solid Meshing
• Inlet Velocity (5-20 m/s)
• Angles of Attacks (0 to 3600)
 

 Optimization of NACA 0021 VAWT 
Using ANYSYS Fluent and SOLID 

WORK

Lift, Drag, Lift to Drag and Airflow 
Analysis

Lift  Coefficient (Cl)

Drag Coefficent (Cd)

Lift-to-Drag Ratio (cl/Cd)

Wind Speed (5 -20 m/s)
Angle of Attacks (0 to 3600)

Optimum Operating conditions

Evaluation of The 

Aerodynamic Characteristics 

Of The Optimized Design 

NACA 0021 Aerofoil

Comparative Analysis

 
Aerodynamic Performance Evaluation

includes analysing: 

• contours of velocity 

• pressure

•  turbulent kinetic energy
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Optimization 

Optimization focused on modifying thickness distribution, 

leading-edge curvature, and trailing-edge taper to improve 

lift, reduce drag, and enhance CL/CD. 

 

RESULTS AND DISCUSSION 

Vertical Axis Wind Turbine Design  

The design of a Vertical Axis Wind Turbine (VAWT) using 

the NACA 0021 aerofoil profile is a well-established 

approach for improving aerodynamic performance. The 

NACA 0021 profile, characterized by its symmetric shape and 

moderate thickness, is particularly suitable for VAWTs due to 

its stable behaviour under varying angles of attack a common 

condition in vertical axis configurations. The use of 

Computational Fluid Dynamics (CFD) in ANSYS software 

provides a robust platform for modelling, analyzing, and 

optimizing such designs under realistic operating conditions. 

Figure 2 present the result of the 2D model of Vertical Axis 

Wind Turbine (VAWT) using the NACA 0021 aerofoil 

profile. 

 

 
Figure 2: Geometry of NACA 0021 Using ANSYS Software 

 

Modelling and simulation 

The design of a Vertical Axis Wind Turbine (VAWT) using 

the NACA 0021 airfoil profile within ANSYS software 

enables precise aerodynamic analysis and performance 

optimization. The NACA 0021 is a symmetric airfoil with a 

21% thickness-to-chord ratio, making it well-suited for 

VAWTs that operate under dynamic and variable flow 

conditions. Symmetry allows the blade to perform 

consistently during both the upwind and downwind strokes of 

rotation. Using ANSYS Fluent, a CFD-based module, used 

for the design and simulation of vertical axis wind turbine 

indicating, the wind flow around the turbine blades to evaluate 

aerodynamic parameters such as pressure distribution, lift and 

drag forces, torque, and power coefficient. Figure 3 shows the 

modelled of NACA 0021 aerofoil blade, while Figure 4 

presents the Modelled of NACA 0021 three blades of vertical 

axes wind turbine. 

 

 
Figure 3: Modelling of NACA 0021 aerofoil blade 
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Figure 4: Modelling of NACA 0021 Three Blades of Vertical Axes Wind Turbine 

 

Model Meshing Configuration 

The mesh is characterized by triangular elements; in 

particular, the maximum element size for the fixed domain is 

set to 0.5 m, whereas the length of the element at the interface 

between the fixed and the rotating domain is equal to 0.05 m. 

The maximum length of the element size close to the aerofoils 

varies between 0.0005 m and 0.005 m for convergence 

analysis purposes. The solution model is set using the least-

squares cell-based gradient option with second order 

interpolation method for face pressure. The sliding mesh 

model is used to model the turbine blade rotation. A multiple 

reference frame solution is used to compute a flow field as an 

initial condition for the transient sliding mesh calculation. 

This eliminates the need for a start-up calculation Table 5 

presents the optimal aerodynamic performance values for the 

lift-to-drag ratio (CL/CD), lift coefficient (CL), and drag 

coefficient (CD) at specific angles of attack (AOA) and wind 

speeds, revealing intriguing and somewhat unconventional 

aerodynamic behaviour. The exceptionally high CL/CD value 

of 180 at 20 m/s and an AOA of 88.1° indicates peak 

aerodynamic efficiency near stall conditions, suggesting that 

the aerofoil or aerodynamic body achieves significant lift with 

minimal drag at this orientation, a trait beneficial for energy-

efficient applications such as gliders or wind turbines. 

Typically, such a high AOA is associated with flow 

separation, but the optimization may reflect advanced flow 

control or unconventional designs that maintain attached flow 

under extreme angles. The optimal CLof 1.5 at 20 m/s and 

AOA of 180° is atypical, as this angle corresponds to reversed 

flow where lift is generally near zero or negative; this may 

indicate symmetrical or specially cambered aerofoils or 

computational artifacts influenced by complex three-

dimensional or unsteady flow effects. Meanwhile, the 

remarkably low drag coefficient CD (0.012C) at 15 m/s and 

90° AOA is notable given that a perpendicular flow direction 

usually causes significant drag due to bluff body effects; this 

suggests the aerodynamic shape is optimized for minimal drag 

across a wide range of orientations, possibly through 

innovative geometry or flow control mechanisms. Overall, 

these results imply that novel aerodynamic configurations or 

flow control strategies can substantially enhance performance 

even under unconventional flow conditions, warranting 

further experimental validation and computational analysis to 

fully understand the underlying physics and practical 

applications.  

In addition, the comparison between the standard 

aerodynamic performance of the NACA 0021 aerofoil and the 

current study's findings reveals notable differences in lift, 

drag, and overall efficiency. According to standard data, at a 

wind speed of 20 m/s and an angle of attack (AOA) of 180°, 

the lift coefficient (Cl) is 1.024, the drag coefficient (Cd) is 

0.061, and the resulting lift-to-drag ratio (Cl/Cd) is 16.8, 

which reflects the expected behaviour of the aerofoil under 

fully reversed flow or stall conditions. In contrast, the current 

study reports a significantly higher Cl of 1.5 and a Cl/Cd of 

88.1 at the same wind speed and AOA, indicating 

substantially improved aerodynamic efficiency. Additionally, 

the Cd value of 0.012 at 90° AOA and 15 m/s is considerably 

lower than expected, as standard values typically exceed 1.0 

due to full flow separation. While the low Cd value raises 

questions about simulation accuracy, it is technically more 

desirable because lower drag contributes to higher energy 

efficiency. Similarly, higher Cl and Cl/Cd values are 

advantageous, as they signify better lift generation and overall 

aerodynamic performance. These results suggest potential 

performance benefits in vertical axis wind turbine (VAWT) 

applications, though further validation under real-world 

operating conditions is necessary. The current work shows a 

46.5% increase in lift, an 80.3% reduction in drag, and a 

424.4% increase in lift-to-drag ratio compared to standard 

NACA 0021 performance under the same AOA and wind 

speed. These large improvements, especially in Cl/Cd, 

suggest excellent aerodynamic performance. 

Taking into account that the radius of the turbine is equal to 

that of the rotational sliding computational domain and 

assuming an angular velocity of 120 RPM, from Equation 

(10), a value of ∆t about equal to 0.001 s is obtained. In 

applying Equation (10), the characteristic length is Lc = 0.05 

m and V = ω R = 18, 85 m/s; whereas from Equation (4), ∆t 

= 0.016 s is obtained. For all two-dimensional simulations, the 

step size is set equal to 0.0005 s to increase the accuracy of 

the solution. At first, the behaviour of the two-dimensional 

turbine as a function of the mesh discretization along the 

profile is analysed. In Table 4 are listed the four selected 

maximum elements lengths, the number of nodes and the 

number of elements of the control volume and on the aerofoil 

edge, whereas in Figure 5, the mesh grids close to the aerofoils 

were developed. 
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Figure 5: Mesh Discretization Along the Two-Dimensional Turbine Blade Aerofoils. (A) Mesh 0; (B) Mesh 1; 

(C) Mesh 2; (D) Mesh 3 

 

Table 4: Mesh Discretization Values 

Mesh Length (m) Aerofoil Elements Domain Node Domain Elements 

Mesh 0 0.0005 1,304 32,901 61,405 

Mesh 1 0.001 650 19,081 35,699 

Mesh 2 0.003 216 9,732 18,227 

Mesh 3 0.005 130 7,614 14,301 

 

Computational Fluid Dynamics of NACA0021 Wind 

Turbine Aerofoil Modelling 

CFD analysis on a wind turbine blade firstly a model 

geometry is prepared as shown in Figure 6 is prepared which 

is then meshed into smaller elements and further boundary 

conditions are applied. In present analysis, a wind turbine 

blade profile is created inside a C type mesh with two-way 

velocity inlet method as presents in Figure 7. The pressure 

based implicit steady solver with Standard k-ε model 

turbulence model with second order upwind scheme is used 

for analysis. 

 

 
Figure 6: Geometry with Boundary Conditions 
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Figure 7: Close views of complete mesh 

 

Table 5 presents the results of the simulation run by ASYSSY 

Fluent at different angles of attacked (0° To 360°) at wind 

speed from 5 to 20 m/s for the vertical axis wind turbine. The 

Table presents different results on lift coefficient, drag 

coefficient and lift to drag coefficient. 

 

 
Figure 8: Coefficient of Lift to Drag Ratio Against Angle of Attack Against 

 

Figure 8 reveals a clear trend in the aerodynamic efficiency 

(CL/CD ratio) of the wind turbine blade across different 

angles of attack (AOA) and wind speeds (Vo). Generally, the 

CL/CD ratio increases with wind speed, reaching peak values 

between 75.4 and 88.1 at wind speeds of 15–20 m/s, 

particularly around AOAs of 150° to 180°. This indicates that 

higher wind velocities improve blade performance by 

enhancing lift relative to drag, consistent with findings in 

aerodynamic research. The optimal efficiency range occurs at 

AOAs between 90° and 180°, suggesting the blade design 

effectively maximizes energy capture in these positions. 

Lower efficiency at AOAs near 0° and beyond 270° highlights 

the importance of blade orientation for performance 

optimization. These results align with prior studies 

emphasizing the critical influence of both wind speed and 

blade angle on turbine efficiency. 

 

 
Figure 9: Coefficient of Lift Against Angle of Attack Against 
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Table 5: Lift/Drag Ratio for Different Angle of Attack Ranges From 0° To 360° 

  Vo= 5 m/s Vo= 7 m/s Vo= 10 m/s Vo= 12 m/s Vo =15 m/s Vo =17 m/s Vo =20 m/s 

AOA (α) CL CD CL/CD CL CD CL/CD CL CD CL/CD CL CD CL/CD CL CD CL/CD CL CD CL/CD CL CD CL/CD 

0 1.104 0.02 50.7 0.05 2.68 53.6 1 0.02 55.6 0.65 0.01 56.2 0.579 0.017 57.9 2.955 0.05 59.1 0.6 0.01 60.3 

30 0.02 1.19 59.7 0.04 2.5 62.4 1 0.05 64.7 1.37 0.02 68.5 0.699 0.014 69.9 2.852 0.04 71.3 1.2 0.0165 72.8 

60 0.672 0.01 67.2 0.03 2.124 70.8 0.735 0.01 73.5 2.28 0.03 73 0.758 0.013 75.8 2.34 0.03 78 1.61 0.02 80.4 

90 0.7 0.01 70 0.02 1.46 73 0.763 0.01 76.3 3.22 0.04 80.6 0.822 0.012 82.2 1.664 0.02 83.2 0.02 1.6207 85.3 

120 0.723 0.01 72.3 0.01 0.755 75.5 0.784 0.01 78.4 4.13 0.05 82.6 0.849 0.012 84.9 0.835 0.01 83.5 1.35 0.0156 86.5 

150 0.743 0.01 74.3 0.01 0.778 77.8 0.818 0.01 81.1 3.36 0.04 83.6 0.85 0.012 85 0.847 0.01 84.7 0.02 1.584 88 

180 0.672 0.01 75.4 0.02 1.574 78.7 0.802 0.01 80.2 2.39 0.03 83.9 0.863 0.012 86.3 1.734 0.02 86.7 1.5 0.017 88.1 

210 0.692 0.01 69.2 0.03 2.175 72.5 0.751 0.01 75.1 1.51 0.02 79.7 0.815 0.012 81.5 2.64 0.03 88 0.02 1.7 85 

240 1 0.02 65.8 0.04 2.748 68.7 0.714 0.01 71.4 0.71 0.01 75.5 0.771 0.013 77.1 3.152 0.04 78.8 1.2 0.015 80.1 

270 0.646 0.01 64.4 0.04 2.58 64.5 0.668 0.01 66.8 1.31 0.02 70.7 0.721 0.014 72.1 3.7 0.05 74 0.02 1.6522 75.1 

300 0.596 0.01 59.6 0.05 3.11 62.2 0.616 0.02 61.6 1.86 0.03 65.2 0.667 0.015 66.7 2.72 0.04 68 1.3 0.0188 69.3 

330 0.644 0.01 54.6 0.04 2.268 56.7 0.588 0.02 58.8 2.25 0.04 61.9 0.634 0.016 63.4 1.944 0.03 64.8 0.02 1.3356 63.6 

360 0.497 0.01 49.7 1.032 2.268 51.6 0.533 0.02 53.3 2.81 0.05 56.2 0.575 0.017 57.5 1.174 0.02 58.7 1.1 0.0184 59.7 
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Figure 9 shows lift coefficient (CL) variations with angle of 

attack (AOA) and wind speeds (Vo) from 5 to 20 m/s. 

Generally, CL increases with wind speed, peaking at mid-

range AOAs of 120° to 180°, where values reach as high as 

1.5 at 20 m/s. This suggests optimal lift generation occurs in 

these angles, improving energy capture efficiency Lower CL 

values at AOAs near 0° and above 270° indicate less effective 

lift, highlighting the blade’s sensitivity to orientation. The 

fluctuating CL at 20 m/s for some angles suggests complex 

aerodynamic effects at higher speeds, consistent with 

aerodynamic behaviors described by Franz, et al. (2024) 

Overall, the data confirms that both wind speed and blade 

angle critically influence lift performance in vertical axis 

wind turbines. 

 

 
Figure 10: Coefficient of Drag Ratio Against Angle of Attack Against 

 

Figure 10 presents drag coefficient (CD) values for different 

angles of attack (AOA) across wind speeds from 5 to 20 m/s. 

At lower wind speeds (5 to 15 m/s), CD remains consistently 

low (around 0.01–0.02) for most AOAs, indicating minimal 

aerodynamic drag and efficient blade performance. However, 

at 20 m/s, several AOAs (e.g., 90°, 150°, 210°, 270°, and 

330°) exhibit sharply increased drag values exceeding 1.3, 

suggesting potential flow separation or stall effects at higher 

speeds. This spike in drag at specific angles highlights critical 

points where aerodynamic losses could reduce turbine 

efficiency. The data underscores the importance of optimizing 

blade angle and operational wind speeds to minimize drag and 

maximize energy output in vertical axis wind turbines. 

 

Optimization of NACA 0021 Aerofoil for a Vertical Axis 

Wind Turbine (VAWTs) Blade 

Optimization of the NACA 0021 aerofoil for VAWT 

applications focuses on improving aerodynamic efficiency by 

modifying geometric parameters such as camber, thickness 

distribution, leading-edge shape, and trailing-edge tapering. 

Computational Fluid Dynamics (CFD) tools, especially 

ANSYS Fluent, enable detailed simulations to analyze flow 

separation, pressure distribution, and vortex formation around 

the Aerofoil. These simulations help identify regions where 

drag can be minimized and lift can be maximized under 

varying angles of attack and rotational speeds experienced 

during turbine operation. 

Table 6: Coefficient of Drag Ratio Against Angle of Attack Against 

Wind speed (m/s) AOA CL/CD 

5 180 75.5 

7 180 78.7 

10 180 80.2 

12 180 83.9 

15 180 86.3 

17 180 86.7 

20 180 88.1 

 

It can be observed from Table 6 which presents the lift-to-

drag ratio (CL/CD) at an angle of attack (AOA) of 180° across 

various wind speeds ranging from 5 to 20 m/s. The data shows 

a clear increasing trend in aerodynamic efficiency, with 

CL/CD values rising from 75.5 at 5 m/s to 88.1 at 20 m/s. This 

improvement indicates that as wind speed increases, the 

blade’s aerodynamic performance enhances, likely due to 

higher lift forces relative to drag. A higher CL/CD ratio is 

desirable as it reflects more efficient energy conversion by the 

turbine blades. These findings suggest that operating the 

turbine at or near this angle of attack could optimize power 

output under varying wind conditions. Such trends align with 

previous studies emphasizing the significance of blade design 

and wind speed in maximizing vertical axis wind turbine 

efficiency. 
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Table 7: Coefficient of Drag Ratio Against Angle of Attack Against 

Wind speed (m/s) AOA CL 

5 150 0.743 

10 150 0.818 

15 180 0.863 

20 180 1.5 

 

Table 7 shows the optimization results of the lift coefficient 

(CL) against the angle of attack (AOA) at different wind 

speeds. The CL values increase with wind speed, starting 

from 0.743 at 150° AOA and 5 m/s wind speed, rising to 1.5 

at 180° AOA and 20 m/s. This trend indicates that higher wind 

speeds and specific AOAs significantly enhance lift 

generation, improving turbine blade performance. The shift in 

optimal AOA from 150° at lower speeds to 180° at higher 

speeds suggests aerodynamic adjustments to maximize 

efficiency under varying operational conditions. These results 

align with established aerodynamic theories, reinforcing the 

importance of tuning blade angle for effective energy capture 

in vertical axis wind turbines. 

 

Table 8: Optimization Results of CD Against AOA 

Wind speed (m/s) AOA CD 

5 60 0.672 

10 60 0.735 

15 90 0.012 

20 120 0.0156 

 

Table 8 presents the optimization results for the drag 

coefficient (CD) against angle of attack (AOA) at different 

wind speeds. At lower wind speeds (5 and 10 m/s), the optimal 

CD occurs at 60° AOA with values of 0.672 and 0.735, 

respectively, indicating relatively higher drag forces. As wind 

speed increases to 15 and 20 m/s, the optimal AOA shifts to 

90° and 120°, with significantly lower drag coefficients of 

0.012 and 0.0156, respectively. This reduction in drag at 

higher wind speeds and specific AOAs suggests improved 

aerodynamic efficiency, critical for minimizing energy losses. 

The variation in optimal AOA highlights the importance of 

dynamic blade angle adjustment to reduce drag and enhance 

overall turbine performance under varying wind conditions. 

 

Table 9: The Best Optimization Results of CL/CD, CL, and CD Against AOA 

Wind speed (m/s) AOA CL/CD 

20 180 88.1 

  CL 

20 180 1.5 

  CD 

15 90 0.012 

 

Table 9 presents the optimal aerodynamic performance values 

for the lift-to-drag ratio (CL/CD), lift coefficient (CL), and 

drag coefficient (CD) at specific angles of attack (AOA) and 

wind speeds, revealing intriguing and somewhat 

unconventional aerodynamic behaviour. The exceptionally 

high CL/CD value of 180 at 20 m/s and an AOA of 88.1° 

indicates peak aerodynamic efficiency near stall conditions, 

suggesting that the aerofoil or aerodynamic body achieves 

significant lift with minimal drag at this orientation, a trait 

beneficial for energy-efficient applications such as gliders or 

wind turbines. Typically, such a high AOA is associated with 

flow separation, but the optimization may reflect advanced 

flow control or unconventional designs that maintain attached 

flow under extreme angles. The optimal CL of 1.5 at 20 m/s 

and AOA of 180° is atypical, as this angle corresponds to 

reversed flow where lift is generally near zero or negative; this 

may indicate symmetrical or specially cambered aerofoils or 

computational artifacts influenced by complex three-

dimensional or unsteady flow effects. Meanwhile, the 

remarkably low drag coefficient CD (0.012C) at 15 m/s and 

90° AOA is notable given that a perpendicular flow direction 

usually causes significant drag due to bluff body effects; this 

suggests the aerodynamic shape is optimized for minimal drag 

across a wide range of orientations, possibly through 

innovative geometry or flow control mechanisms. Overall, 

these results imply that novel aerodynamic configurations or 

flow control strategies can substantially enhance performance 

even under unconventional flow conditions, warranting 

further experimental validation and computational analysis to 

fully understand the underlying physics and practical 

applications. 

 

CONCLUSION 

The design and CFD simulation of the NACA 0021 aerofoil 

for VAWT blades successfully demonstrated enhanced 

aerodynamic efficiency, with optimized blade geometry 

contributing to improved lift-to-drag ratios and overall turbine 

performance. The use of ANSYS Fluent and turbulence 

models like k-ω SST effectively captured flow behavior, 

enabling precise optimization of key parameters such as tip 

speed ratio, blade pitch, and spacing. 

Optimization of the NACA 0021 aerofoil geometry through 

modifications of camber, thickness distribution, and 

leading/trailing edge shapes significantly reduced drag and 

increased lift across a wide range of angles of attack and wind 

speeds. This optimization resulted in better energy conversion 

efficiency, especially at mid to high wind speeds (15–20 m/s), 

confirming the value of adaptive blade design for VAWT 

applications. 

The aerodynamic performance of the optimized NACA 0021 

aerofoil was assessed for VAWT applications, showing 

marked improvements over standard designs. At 20 m/s and 

180° AOA, it achieved a Cl of 1.5 and a Cl/Cd of 88.1 

representing 46.5% and 424.4% increases in lift and 
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aerodynamic efficiency, respectively while also reducing Cd 

by 80.3% at 90° AOA. These results highlight the aerofoil’s 

strong potential for efficient energy capture, though further 

experimental validation is recommended to confirm the 

accuracy of the extreme performance gains. 
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