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With international strength demands rapidly growing, enhancing the performance of 

renewable strength structures is critical. This study at investigates the aerodynamic 

optimization of wind mills through the mixing of winglets—vertical extensions at 

blade hints—to enhance power capture. Using computational fluid dynamics (CFD) 

simulations and experimental validation, the consequences of winglet geometry and 

blade pitch attitude on turbine performance had been analyzed. The ultimate winglet 

layout, presenting a 4% blade period, a 45° can’t perspective, and a 50% top radius 

of curvature, extended the energy coefficient (Cp) via 17.36% as compared to the 

baseline blade without winglets. Additionally, optimum pitch angles of 50° at wind 

speeds of 7.2 m/s and 9 m/s maximized energy output, reaching increases of 33.4 W 

and 83.2 W, respectively. The CFD consequences established decreased tip vortex 

strength and stepped forward aerodynamic overall performance with winglet 

integration, tested by way of experimental wind tunnel tests. These findings make a 

contribution to the improvement of next-era wind turbines with improved 

performance and electricity output. 
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1. INTRODUCTION 

Winglets have emerged as a promising technology for 

enhancing the aerodynamic efficiency of wind 

turbines in recent years. Winglets refer to vertical 

aerodynamic devices fixed to the tips of wind turbine 

blades, analogous to wingtip extensions used in 

aviation to optimize airflow and reduce induced drag 

as given in [1]. However, effectively harnessing the 

performance benefits of winglets requires specialized 

multidisciplinary design optimization accounting for 

intricate fluid-structure interactions along the blade. 

Recent computational fluid dynamics (CFD) 

simulations have provided initial insights into the 

impacts of winglets on wind turbine blade 

aerodynamics and performance. In a detailed CFD 

study, various winglet designs on a 13 MW offshore 

wind turbine were tested in [2]. Their parametric 

analysis found that a winglet with 15% blade length 

and 60° cant angle increased annual energy production 

by 1.2% compared to the baseline blade without a 

winglet. In contrast, winglets on a smaller 1 MW 

horizontal-axis wind turbine were evaluated in [3] and 

noted negligible gains in terms of power output. The 

discrepancies across these studies highlight the 

importance of custom winglet design optimization 

64



Akrm Abaza, et. al /  Computational Optimization of Wind Turbine Winglets for Enhanced Energy Capture 

based on the specific turbine scale, rotor diameter, 

blade geometry, and operating conditions. 

A few experimental validations have also started to 

emerge to supplement the computational studies. For 

instance, blades with curved and tapered winglets for 

a 20 kW horizontal-axis wind turbine were designed 

and manufactured using vacuum infusion molding 

techniques as shown in [4]. Controlled wind tunnel 

testing revealed a 7% increase in power output 

compared to the original blade without winglets. 

However, physical experiments remain limited, 

indicating the need for more robust field testing across 

turbine scales to truly verify the simulated 

performance improvements. 

Beyond passive winglet designs, researchers have also 

explored innovations in active flow control and 

morphing winglet concepts. A smart morphing 

winglet for wind turbine blades was using shape 

memory alloy actuators that could dynamically adjust 

the cant angle and curvature based on operating 

conditions as given in [5]. Wind tunnel tests 

demonstrated a 12% increase in power output at low 

wind speeds by optimally adapting the winglet 

geometry in real-time. Such active flow control 

presents a novel frontier for further enhancing winglet 

aerodynamic benefits 

While power output improvements from winglets 

appear promising, potential downsides such as 

increased weight, noise, and manufacturing costs 

require careful evaluation when implementing 

winglets as shown in [6]. Overall, winglets show 

strong potential for augmenting wind turbine 

performance but necessitate multidisciplinary design 

optimization frameworks and more extensive field 

testing across turbine scales to translate simulated 

aerodynamic gains into improved annual energy 

production for commercial wind farms. 

2. BLADE DESIGN 

The blade geometry was designed using the 

SolidWorks computer-aided design software based on 

the NACA (National Advisory Committee for 

Aeronautics) 4418 airfoil. NACA airfoils are shaped 

to optimize aerodynamic flow and are commonly used 

in wind turbine applications as given in [7]. The 

NACA 4418 is a four-digit airfoil with a 18% 

maximum camber located 40% downstream from the 

leading edge as given in [8]. 

 

 

 

 

Table 1. Blade design specifications along the radius 

Sectio

n NO. 
1 2 3 4 5 6 7 8 9 10 

R (m) 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

Pitch 

angle 

('deg') 

30.1 21.9 13.7 8.8 5.8 3.9 2.8 1.8 0 0 

Chord 

length 

(m) 

0.33 0.56 0.61 0.54 0.47 0.42 0.38 0.35 0.32 0.3 

 

Table 1 presents the specifications along the blade 

radius. The blade was divided into 10 sections along 

the radial (R) direction. R represents the radial 

distance from the rotor hub center at which the blade 

section is located, measured in meters (m) as shown in 

[9]. The radius essentially describes the spanwise 

position along the blade, from root to tip. Specifying 

the pitch angle, chord length, and other parameters as 

a function of R enables optimization of the blade 

geometry at different radial stations. This spanwise 

tailoring of the design aims to maximize aerodynamic 

performance and structural integrity across operating 

conditions. The pitch angle was varied from root to tip, 

decreasing from 30.15° to 0°. The chord length (airfoil 

width) tapered from 0.33 m at the root to 0.3 m at the 

tip. These optimized distributions aim to maximize 

aerodynamic performance across operating conditions 

as shown in [10].  

be formatted for direct printing. Figures and tables 

should be embedded and not supplied separately. 

Please make sure that you use as much as possible 

normal fonts in your 

 

 

Fig. 1.  Airfoil for every section with Twist angle 

Figure 1 shows the blade design airfoil profiles at 

different radial sections along the blade span. As 

indicated in Table 1, the blade geometry utilizes the 

NACA 4418 airfoil shape. This airfoil contour is 

maintained along the entire length of the blade, from 

root to tip. However, the pitch angle (twist) is varied 

at each section as per the specifications in Table 1.  

This spanwise twist distribution aims to optimize the 

local angle of attack seen by each blade section for 

improved aerodynamic performance as illustrated in 

[11]. At the inner regions closer to the hub, higher 

twist angles help avoid flow separation at the low 

rotational speeds. Moving towards the tip, the twist 

angle is reduced since the higher rotational velocities 

generate adequate lift even at lower angles of attack. 

This helps reduce drag. Therefore, tailoring the twist 
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angle along the radius aims to enhance efficiency 

across the operating regime from low to high wind 

speeds. 

The chord length also reduces slightly from root to tip 

as per Table 1. This tapered planform contributes to a 

lighter blade weight towards the tip. Together, the 

spanwise variations in airfoil camber, chord, and twist 

angle enable customization of the blade for optimized 

structural integrity and aerodynamic performance.  

 

 
Fig. 2. 3D Blade after loft 

Figure 2 shows the final 3D model of the wind turbine 

blade generated through a lofting procedure in 

SolidWorks. The 2D NACA 4418 airfoil profiles 

depicted in Figure 1 were extruded and smoothly 

connected along the span to create the 3D geometry. 

As illustrated in the figure, the blade twists from root 

to tip as per the pitch angle specifications in Table 1. 

Additionally, the chord length can be observed 

reducing towards the tip according to the tapering 

chord distribution in Table 1. 

This lofting process enables translation of the 2D 

airfoil shape and pitch/chord distributions into a fully 

3D model incorporating the desired spanwise 

variations. The smooth contours and aerodynamic 

profile of the resulting blade aim to optimize wind 

energy extraction. The wider chord and high twist at 

the root provide strength and stiffness to support the 

blade weight, while the thinner and untwisted tip 

minimizes drag during rotation. This tailored 3D 

geometry based on the design parameters in Table 1 is 

analyzed using computational fluid dynamics to 

evaluate aerodynamic forces and resulting structural 

loads. The analysis provides feedback to refine the 

blade shape for performance optimization. 

The objective of the present work is to investigate the 

impact of winglet integration on wind turbine blade 

performance and energy capture. This study combines 

computational fluid dynamics (CFD) simulations and 

experimental validation to analyze the aerodynamic 

benefits of adding winglets to wind turbine blades. 

Key parameters tested in the investigation include 

winglet geometries—specifically height, cant angle, 

and radius of curvature—along with blade pitch angles 

and varying wind speeds. By evaluating these factors, 

the study aims to optimize winglet design and pitch 

control to enhance power output, improve 

aerodynamic efficiency, and reduce energy losses 

caused by tip vortices. 

2.1. Power Calculation 

The parameters used for the design of wind turbine can 

be expressed by the following equations. 

𝝀𝒓 =
𝒓

𝑹
∗ 𝝀 (1) 

Where, 

𝛌𝒓   is local speed ratio. 

R    is blade radius. 

r     is the section radius. 

This calculates the local speed ratio (λ_r) at a given 

blade radius (r) based on the tip speed ratio (λr) and 

total blade radius (R) [12]. 

Ø =
𝟐

𝟑
𝒕𝒂𝒏−𝟏 ∗ (

𝟏

𝝀𝒓

), (2) 

Where, 

Ø is angle of relative wind. 

λr is local speed ratio. 

This determines the relative wind angle (Ø) seen by 

the blade section using the inverse tangent of the local 

speed ratio (λr) [13]. 

Ø𝒅𝒆𝒈𝒓𝒆𝒆 =
𝟐

𝟑
𝒕𝒂𝒏−𝟏 ∗ (

𝟏

𝝀𝒓

) ∗
𝟏𝟖𝟎

п
 (3) 

Converts the relative wind angle (Ø) in radians to 

degrees  

𝑪𝒊 =
𝟖 ∗ п 𝒓

𝑩 ∗ 𝑪𝒍 
(𝟏 − 𝒄𝒐𝒔(Ø)), (4) 

where, 

𝑪𝒊 is Local chord length at a blade section. 

B  is Number of blades. 

Cl is Lift coefficient of the airfoil section. 

Ø  is Relative wind angle in radians. 

𝜽𝒑 = (Ø − 𝜶), (5) 

where, 

𝜽𝒑 is section pitch angle, between cord line and plane 

of rotation. 

Ø   is angle of relative wind. 

𝜶   is angle of attack. 

Calculates the section pitch angle (𝜃𝑝) by subtracting 

the angle of attack (α) from the relative wind angle 

(Ø) as given in [12]. 

𝜽𝒑 𝒅𝒆𝒈𝒓𝒆𝒆 = (Ø − 𝜶) ∗
𝟏𝟖𝟎

п
 (6) 

Converts the section pitch angle (𝜃𝑝 𝑑𝑒𝑔𝑟𝑒𝑒) from 

radians to degrees. 

Ø𝐓 =
𝟐

𝟑
𝐭𝐚𝐧−𝟏

𝟏

𝛌
, (7) 
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where, 

Ø𝑻 is blade twist angle. 

𝝀   is rotor radius. 

Calculates the pitch angle at the tip (𝜃𝑝°) by 

subtracting the angle of attack (α) from the twist 

angle (Ø𝑇) [12]. 

Determines the blade twist angle (Ø𝑇) at the tip based 

on the inverse tangent of the tip speed ratio (λ) [13]. 

𝜽𝒑° = (Ø𝑻 − 𝜶), (8) 

where, 

𝜽𝒑°  is blade pitch angle at tip.  

Ø𝑻 is blade twist angle. 

𝜶 is angle of attack. 

Calculates the pitch angle at the tip (𝜃𝑝°) by 

subtracting the angle of attack (α) from the twist 

angle (Ø𝑇) [12]. 

𝜽𝑻 =  𝜽𝒑 − 𝜽𝒑°, (9) 

where, 

𝜽𝑻 is Span-wise twist angle distribution along the 

blade. 

𝜽𝒑 is Local pitch angle at a given blade section. 

𝜽𝒑°is Pitch angle specifically at the blade tip. 

Determines the span-wise twist angle distribution 

(𝜃𝑇) by subtracting the tip pitch angle (𝜃𝑝°) from the 

local pitch angle (𝜃𝑝). 

𝜽𝑻 = (𝜽𝒑 − 𝜽𝒑°) ∗
𝟏𝟖𝟎

п
 (10) 

Converts the twist angle distribution (𝜃𝑇) to degrees. 

𝒇 =
𝑩

𝟐
∗

𝑹 − 𝒓

𝒓 𝒔𝒊𝒏𝜽
, (11) 

where, 

𝒇 is the correction factor. 

The Prandtl tip loss factor (f) accounts for the loss in 

lift near the blade tip as shown in [12]. 

𝑭 =
𝟐

п
𝑪𝑶𝑺−𝟏(𝒆−𝒇), (12) 

where, 

𝑭 is a function of the number of blades. 

The F function adjusts for the number of blades (B) 

using the Prandtl factor (f). 

𝛔 =
𝐂𝐢 ∗ 𝐁

𝟐п𝐫
, (13) 

where,  

𝝈 is solidity. 

Calculates the solidity (σ), which is the ratio of blade 

area to swept area as shown in [13]. 

𝒂 =  
𝝈𝒓 𝑪𝒏

(𝟒𝒔𝒊𝒏Ø𝟒) +  𝝈𝒓 𝑪𝒏
. (14) 

Determines the axial induction factor (a) based on 

solidity, relative wind angle, and normal force 

coefficient (Cn) [12]. 

á= 
𝝈𝒓 𝑪𝒏

(𝟒 𝒔𝒊𝒏 Ø 𝒄𝒐𝒔 Ø)− 𝝈𝒓 𝑪𝒏
. (15) 

Calculates the angular induction factor (a') using 

similar parameters as the axial induction factor (a) as 

given in [13]. 
 

Cn = Cl 𝒄𝒐𝒔Ø + Cd 𝒔𝒊𝒏Ø.  (16) 

Resolves normal (Cn) and tangential (Ct) force 

coefficients from lift (Cl) and drag (Cd) coefficients. 

Ct= Cl 𝒔𝒊𝒏Ø – Cd 𝒄𝒐𝒔Ø. (17) 

Resolves normal (Cn) and tangential (Ct) force 

coefficients from lift (Cl) and drag (Cd) coefficients 

 
Fig. 3. Flow chart of Power 

Blade element momentum (BEM) theory combines 

blade element theory and momentum theory to 

evaluate the aerodynamics of horizontal-axis wind 

turbines (HAWTs) as shown in [14]. This hybrid 

approach allows for the analysis of blade forces and 

induced velocities in greater detail. In BEM, the 

turbine blade is discretized into small elements along 

the radial direction. The forces on each blade section 

are analyzed individually using principles from both 

blade element theory and momentum theory. Blade 

element theory is used to estimate the local 

aerodynamic forces, while momentum theory 

accounts for induced velocity effects from the rotor 

wake. 

First, the local velocity ratios, relative wind angles, 

pitch angles, and twist angle distributions are 

calculated along the blade based on the tip speed ratio 

and geometry (Eqs. 1-10). These parameters 
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determine the effective angle of attack seen at each 

section. Then, using sectional airfoil data, the normal 

and tangential force coefficients are found for each 

segment (Eqs. 16-17). 

Momentum theory is applied to iteratively solve for 

the axial and tangential induction factors, which 

represent the velocity deficits in the wake (Eqs. 14-

15). The induction factors account for the rotational 

effects induced by the rotor. They are used to modify 

the local inflow velocities from the upstream wind 

speed. With the induction factors, force coefficients, 

and adjusted velocities known, the sectional blade 

forces are integrated along the blade. The Prandtl tip 

loss model (Eqs. 11-12) is used to account for the 

decrease in forces near the tip due to vortex shedding. 

Finally, the integrated sectional forces are combined 

to determine the overall thrust, torque, and power for 

the complete rotor. This provides performance 

predictions that account for both the local airfoil 

aerodynamics and global wake induction effects.  

 
Fig. 4. Relation between λr and Cr 

Figure 4 shows the inverse relationship between λr and 

Cr. As local speeds increase along the span, the blade 

tapers to a smaller chord. This improves the lift-to-

drag ratio and rotors efficiency across the full range of  

Operational speeds. 

  
 

Fig. 5. Relation between λr and θtd 

Figure 5 shows the inverse relationship between local 

speed ratio (λr) and twist angle from root to tip of the 

blade. As the local speed ratio increases towards the 

tip, the twist angle decreases. This helps optimize the 

angle of attack seen at each section for lift generation. 

The higher twist angle near the root increases angle of 

attack at lower rotating speeds. Decreasing twist near 

the faster moving tip prevents stall at higher speeds. 

  
 

Fig. 6. Relation between λr and θpd 

Illustrates the relationship between the tip-speed ratio 

(λr) and blade pitch angle (θpd), highlighting their 

impact on wind turbine performance. At low λr, θpd is 

reduced to maximize lift, while at high λr, θpd 

increases to limit drag and prevent overloading. This 

balance ensures optimal efficiency and structural 

safety.. 

 
Fig. 7. Relation between λr and f 

 
Fig. 8. Relation between λr and λ 

Figures 7 and 8 illustrate how the lift and drag 

coefficients vary with angle of attack. The lift initially 

increases linearly then drops off after stalling. The 

drag coefficient rises steadily. Optimal angles of 

attack are chosen to maximize lift while minimizing 

drag. 

 
Fig. 9. Relation between λr and F 
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Figure 9 demonstrates how the optimal chord length 

and thickness are tailored from root to tip. The root 

utilizes a thicker airfoil to provide structural strength, 

while the tip can use a thinner section optimized for  

better lift-to-drag ratio. 

 
Fig. 10. Relation between λr and σ 

 

 
Fig. 11. Relation between λr and Cp 

Figure 10 shows the relationship between the tip-

speed ratio (λr) and solidity (σ), where increasing λr 

reduces σ, improving aerodynamic efficiency by 

lowering drag. Figure 11 illustrates the relationship 

between λr and the power coefficient (Cp), with Cp 

peaking at the optimal λr, maximizing energy 

extraction efficiency. 

2.2. Design of the Winglet  

Winglet parameter was chosen according to the best 

performance using MATLAB. 

Height = 4 % R, Cant angle =45◦, Radius of curvature 

= 50 % Height 

 

 
Fig. 12. Parameters for Winglet 

 

 
Fig. 13. Blade with Winglet 

 

Figure 12 illustrates the key parameters of the winglet, 

including its height, cant angle, and curvature, which 

were optimized to reduce vortex-induced drag and 

improve aerodynamic efficiency. These parameters 

were integrated into the wind turbine blade design. 

Figure 13 & 14 display a 3D model of the full wind 

turbine assembly created using SolidWorks CAD 

software. The major components clearly visible are the 

rotor blades with attached winglets, the nacelle 

housing the generator and drivetrain the base 

foundation. Color-coding of the different sections 

helps visualize how the modular wind turbine system 

fits together. The pictorial representation effectively 

communicates the real-world scale and configuration 

of the proposed wind turbine design with integrated 

winglets. 

 
Fig.14. Wind turbine assembly in Solid-works 

3. CFD SIMULATION 

3.1. Meshing 

Meshing is a critical step in computational fluid 

dynamics (CFD) modelling to discretize the model 

geometry into a grid of small cells or elements prior to 

simulation. Several meshing techniques were utilized 

to ensure good mesh quality for the wind turbine blade 

model. 

First, a face match control was applied to the 120 

degree blade segment to create a full 360 degree  

symmetric model. Face sizing controls were then used 

to set appropriate element sizes on key surfaces. 

Inflation layers were added to accurately capture 

boundary layer flow, with 15 layers on the blade and 

5 layers on the interior. Finally, body sizing controls 
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set the element size within the volume, and an 

additional inflation layer was added to the blade tip. 

3.2. Final Mesh Result  

 

Fig. 15. Final Mesh 1 
 

Figure 15 shows the resulting high quality structured 

mesh on the surface of the blade. The fine edge sizing 

and large number of inflation layers are clearly visible. 

Figure 16 displays a cutaway view revealing the 

volume mesh inside the blade. The gradual growth in 

element size from blade surface to interior is apparent, 

following best practices for aerodynamic analyses. 

 

 
Fig. 16. Final Mesh 2 

 
Fig. 17. Final Mesh 3 

Figure 17 presents a close-up view of the mesh near 

the blade tip. A size gradation is evident in the volume 

mesh transitioning from fine elements near the surface 

to coarser in the interior. The tip inflation layer 

contains tightly packed prismatic elements to resolve 

flow in this critical region. 
 

3.3 Results of CFD Simulations 
 
ANSYS Fluent v18.2 is used to predict the 

aerodynamic performance of the wind turbine blade 

design. Convergence of the solution was assessed by 

monitoring the residual errors in the calculations. 

Figure 18 shows the residual plots for continuity, 

velocity, and turbulence parameters k and epsilon over 

the iterations as given in [15]. The residuals represent 

the imbalance in the discretized flow equations, so 

they decrease as the solution converges as shown in 

[16]. A tolerance of 10-6 was set for all residuals to 

ensure a high level of convergence as shown in [17]. 

The residual values can be seen rapidly decreasing 

over the initial iterations before levelling off around 

10-6 .This demonstrates that conservation of mass, 

momentum, and turbulence properties were satisfied 

to a tight tolerance as shown in [18], providing 

confidence in the accuracy of the CFD results. Most 

engineering applications specify a tolerance of 10-4, 

but a tighter 10-6 criterion was used here to reduce 

numerical errors and obtain highly precise 

aerodynamic predictions for the blade design as shown  

in[19]. 

 
Fig. 18. Residuals 

3.3.1. Results without winglet 

The post-processing was done by using CFD-Post, 

which is the results visualization engine integrated in 

ANSYS Workbench. This comprehensive program 

allows to obtain contour plots, vector plots, 

streamlines and many other plots for computational 

fluid dynamics simulations. Other similar software in 

this category includes Tec plot and Para View 
 

 
Fig. 19. Pressure contour-plot on back side 

Fig. 20. Pressure contour-plot on top side
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Fig. 21. Pressure on the leading edge of the blade 

 
Fig. 22. Velocity Streamline 

Several informative plots were created to analyse the 

airflow and pressures on the wind turbine blade. 

Figure 19 shows a pressure contour on the 

back/suction side of the blade. A region of low 

pressure near the leading edge and high pressure 

toward the trailing edge is observed, generating lift. 

While Figure 20 presents the pressure contour on the 

top/pressure side. Higher pressures are seen over most 

of this surface. 

As well as, Figure 21 focuses on the leading edge 

pressures. The stagnation point and localized peak 

pressure on the leading edge are apparent.  Finally 

Figure 22 depicts velocity streamlines traveling over 

the blade tip. The streamlines illustrate the airflow 

behavior and tip vortex generated as given in [21]. 

The coefficient of power for the baseline blade without 

winglet was determined from the simulation to be  

Cp = 0.3013. This was calculated using the equation: 

Cp =  𝑷 (𝟎. 𝟓 ∗  𝝆 ∗  𝑨 ∗  𝒗𝟑)⁄ , (18) 

where P is power, ρ is air density, A is rotor area, and 

v is wind velocity as shown in [22]. 

 

 

3.3.2. Results with winglet 

Similarly, for the results with winglet 

 

Fig. 23. Pressure contour plot on top side 

 
Fig. 24. Pressure contour plot on back side 

The CFD results for the baseline blade with winglets 

provide insights into the flow behaviour and pressure 

distribution. 

Figure 23 shows the pressure contour on the top 

surface of the blade. A region of high pressure is 

observed towards the leading edge. Figure 24 presents 

the pressure contour on the back side of the blade. 

There is an area of lower pressure near the leading 

edge on this side. Examination of the flow near the 

blade tip reveals the presence of a tip vortex, as 

expected in [13]. Figure 25 shows this vortex being 

shed from the blade tip and convecting downstream. 

The vortex velocity is approximately 3.36 m/s. Tip 

vortices generate undesirable drag on the blade. 

For the winglet blade, the expectation was to see a 

reduction in the strength and size of the tip vortex. 

Winglets are designed to weaken vortices and displace 

them farther from the blade tip, decreasing drag. 

Figure 26 focuses on the leading edge pressures for the 

winglet blade. Here, an increase in pressure 

differential is observed compared to the baseline. This 

is attributed to the winglet's modification of the tip 

flow conditions and vortex behaviour. 
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Fig. 25. Pressure on the leading edge of the blade

 
Fig. 26. Vortices around the tip of the blade 

A key vector velocity plot of the flow downstream of 

the blade tip with the winglet addition. In contrast to 

the baseline case, the tip vortex appears split into two 

smaller vortices that are displaced from the blade tip. 

One vortex has been shifted outward away from the 

blade surface. The velocity in the modified tip flow 

field is slightly higher at approximately 3.472 m/s. 

This altered vortex behaviour and increased velocity 

matches expectations for the impact of winglets. By 

disrupting the tip vortex formation, the winglets help 

reduce the strength of the swirling flow and move it 

farther from the blade. This is intended to decrease the 

undesirable induced drag caused by the tip vortices  

that would otherwise form. 

 The winglet design effectively achieved the goal of 

diminishing the tip vortex size and strength compared 

to the baseline blade without winglets. The changed 

flow physics quantified by the CFD analysis provide 

evidence that the concept of adding winglets for 

aerodynamic performance enhancement was 

successful. This demonstrates the value of high-

fidelity CFD modelling for evaluating and optimizing 

wind turbine blade designs. 

Table 2. Effect of Winglet Cant Angle on Wind Turbine 

Performance 

Angle 

(deg) 

Density 

of air 

(kg/m3) 

Velocity  

(m/s) 

Torque 

(N.m) 
Cp 

15 1.23 3 4.05 0.32 
20 1.23 3 4.04 0.32 

25 1.23 3 4.03 0.33 

30 1.23 3 4.02 0.33 

35 1.23 3 4.01 0.34 

40 1.23 3 3.99 0.34 

45 1.23 3 3.98 0.35 

50 1.23 3 3.94 0.35 

55 1.23 3 3.87 0.35 

This table summarizes the impact of varying the 

winglet cant angle on the simulated torque and power 

coefficient of the wind turbine blade. The winglet cant 

angle is the angle at which the winglet is inclined 

relative to the blade plane. The ranges of cant angles 

examined are 15 to 55 degrees. 

Other parameters including air density, wind velocity, 

and winglet design are held constant. As the cant angle 

increases, the torque generated by the blade initially 

rises to a peak value of 4.05 Nm at 15 degrees. The 

torque then gradually decreases at higher cant angles. 

A similar trend is observed for the power coefficient 

Cp, which is highest at 0.35 for a 45 degree cant angle. 

These results demonstrate that an optimal winglet cant 

angle exists which maximizes wind turbine 

performance. Lower or higher angles produce less 

torque and power. The 45 degree cant angle represents 

the best configuration based on the CFD simulations. 

This analysis enabled identifying the ideal winglet 

orientation to enhance aerodynamic efficiency 

through detailed modelling of the impact of winglet 

cant angle.  

 
Fig. 27. Variation of angles and Cp 

This figure plots the coefficient of power (Cp) as a 

function of winglet cant angle, as summarized in Table 

1. The optimal cant angle which maximizes Cp is 45 

degrees, where a peak value of 0.35 is achieved. 

At the optimum 45 degree cant angle, the addition of 

the winglet increased the power coefficient by 17.36% 

compared to the baseline value of 0.3013 for the blade 

without winglet. This significant Cp improvement 

illustrates the aerodynamic benefits provided by the 

winglet for enhancing wind turbine efficiency. 

The trend shows increasing power performance up to 

an ideal cant angle, beyond which further inclination 

of the winglet leads to a reduction in Cp. This 

demonstrates the importance of properly tailoring the 

winglet orientation to the blade profile and operating 

conditions, as quantified by the high-fidelity CFD 

modelling. 

72



Akrm Abaza, et. al /  Computational Optimization of Wind Turbine Winglets for Enhanced Energy Capture 

 
Fig.28. 0.4 Near tip Pressure 

 
Fig.29. 0.1 Near tip velocity S.C 

 
Fig.30. 0.2 near hub pressure section 

 
Fig.31. 0.3 Near Hub velocity section 

 
Fig.32. 35% of blade length blade pressure section 

 
Fig.33. 35% of blade length velocity section Near 

Hub

 
Fig.34. Mid blade pressure section 

 
Fig.35. Mid blade Velocity section 

The blade pressure and velocity contours with and 

without winglets can be seen in the figures from Figure 

28 to Figure 35. These figures compare the pressure 

and velocity contours at various spanwise sections 

along the wind turbine blade with and without the 
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winglet addition. The sections examined include near 

tip, 35% span, and mid-span. 

In general, the results show that adding the optimized 

45 degree cant angle winglet reduces the size and 

strength of the tip vortex compared to the baseline 

blade (Figures 1-3). The winglet displaces the vortex 

farther from the tip and diffuses it by generating a 

more uniform downwash as given in [13]. 

The pressure contours illustrate that the winglet 

increases the suction peak on the blade surface near 

the tip (Figures 4-6). Meanwhile, the velocity contours 

demonstrate that the winglet increases the local flow 

velocity in this region (Figures 7-9). 

Both effects enhance power generation near the tip 

where losses are greatest on the baseline blade. This 

provides quantitative validation of the winglet benefits 

in terms of tip vortex mitigation, increased pressure 

differential, and higher local flow velocities along the 

span. 
 
4. EXPERIMENTAL STUDY 

 

4.1. Wind Turbine 
 

Figure: 36 and 37 show the present wind turbines 

model and its main components. 

 
Fig.36. Wind turbine (general view) 

 
Fig.37. Wind turbine components 

The key labeled parts are: 
 
Table 3. Wind turbine components  
 

Item 

NO 
Component Description 

1 DC Motor 

A 12 V DC motor is used to alter 

the blade pitch angle by turning a 

ball screw [23] 

2 Ball Screw 

The ball screw converts rotary 

motion from the motor into linear 

motion to adjust the blades [24] 

3 Generator 

A 240 W permanent magnet 

synchronous generator converts 

mechanical power from the turbine 

rotation into electrical energy [25] 

4 Ball Bearing 

Ball bearings allow low-friction 

rotation of the turbine hub and 

blades [26] 

5 Thrust Bearing 

The thrust bearing supports axial 

loads while allowing the blade 

pitch angle to be varied [26] 

6 Moving Plate 
Linear motion of the plate actuates 

the blade pitch mechanism [27] 

7 Spring 
A spring provides a counterforce 

for pitch control movements [28] 

8 Linkages 

Linkages transmit linear plate 

motion to rotate the blade 

mounting points [21] 

9 Hub 

The hub connects the blades to the 

main shaft while allowing them to 

pitch [29] 

10 Mounts 

Rotating mounts attach the blades 

to the hub while enabling pitch 

actuation [30] 

4.2. Wind Tunnel 

The experimental wind tunnel facility enables 

aerodynamic testing of small-scale wind turbine 

models under controlled conditions as shown in [31]. 

As shown in Figures 38 and 39, it consists of a tunnel 

chamber with an electric motor-driven fan system to 

generate regulated airflow velocities. 

Airflow speed in the test section can be varied by 

adjusting the rotational speed of the motor. The fan 

rotor contains multiple blades carefully designed to 

produce uniform low-turbulence flow within the 

tunnel as given in [32]. This provides a controlled 

simulated wind environment analogous to real-world 

turbine operating conditions. 

The compact wind tunnel setup is located at the Fluid 

Dynamics Lab, Department of Mechanical Power 

Engineering, Zagazig University. It serves as a 

valuable tool for quantitatively evaluating 

performance parameters of wind turbine prototypes 

through scaled physical experiments as shown in [33]. 

 
Fig.38. The motor used to produce the air flow using 

an axial fan
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Fig.39. The interior of the wind tunnel 

4.3. Experimental Results 

The following experimental results were obtained, 

Table 4,5 and 6 : 

Table 4. Effect of Blade Pitch Angle on Wind Turbine 
Performance at 4.5 m/s Wind Speed 

Pitch angle (deg) RPM AVE (rev) 
POWER AVE 

(WATT) 

33 271.60 4.83 
40 304.71 5.44 

46 328.35 6.50 

52 374.34 7.90 
58 241.27 4.36 

64 215.72 3.91 

70 172.43 2.54 
76 120.09 1.17 

82 101.07 0.97 

Table 4 summarizes the impact of varying blade pitch 

angle on the rotational speed (RPM) and power output 

of the experimental wind turbine model at a constant 

wind speed of 4.5 m/s in the wind tunnel test section. 

As pitch angle increases from 33 to 52 degrees, the 

RPM and power generated steadily rise to maximum 

values of 374 RPM and 7.9 Watts. This demonstrates 

that an optimal pitch angle exists which maximizes 

wind turbine performance. 

At higher pitch angles beyond 52 degrees, the RPM 

and power rapidly decline. Stalling begins to occur as 

the blades become oriented too perpendicular to the 

incoming airflow The trend shows that proper blade 

pitch angle adjustment enables maximizing power 

output at a given wind speed. The optimal angle 

balances rotational speed and stall avoidance. 

Excessive pitching reduces performance by increasing 

drag and stall. This experimental data enables 

identification of the best pitch angle for power 

production across a range of wind speeds. 

Table 5. Effect of Blade Pitch Angle on Wind Turbine 

Performance at 7.2 m/s Wind Speed 

Pitch angle (deg) RPM AVE (rev) 
POWER AVE 

(WATT) 

30 473.00 20.34 
35 502.44 23.67 

40 564.76 25.05 

45 632.46 29.34 
50 738.90 33.39 

55 619.23 26.35 

60 479.80 12.07 

Table (5) shows the impact of varying blade pitch 

angle on rotational speed (RPM) and power output for 

the wind turbine model tested at a constant wind speed 

of 7.2 m/s in the wind tunnel. As pitch angle is 

increased from 30 to 50 degrees at this wind speed, the 

RPM and power rise steadily to maximum values of 

738 RPM and 33.39 Watts. This indicates that 50 

degrees represents the optimal pitch angle to maximize 

power generation at 7.2 m/s wind speed. 

At higher pitch angles beyond 50 degrees, the turbine 

RPM and power decrease significantly due to the onset 

of aerodynamic stall. Excessive blade pitching causes 

flow separation and increased drag. The experimental 

measurements quantify the pitch angle adjustments 

required to optimize wind turbine performance across 

the operating wind speed range. Identifying the proper 

pitch angle to balance rotation rate and stall avoidance 

enables maximizing power output at any given wind 

condition. 

Table 6. Effect of Blade Pitch Angle on Wind Turbine 

Performance at 9 m/s Wind Speed 

Pitch angle (deg) RPM AVE (rev) 
POWER AVE 

(WATT) 

30 817.46 47.95 

35 863.76 52.18 
40 917.84 63.56 

45 979.21 75.91 

50 1083.89 83.23 
55 901.58 62.02 

60 786.56 39.76 

Table (6) presents experimental data on how varying 

the blade pitch angle affects the rotational speed and 

power output of the wind turbine model tested at a 

wind speed of 9 m/s. As the pitch angle is increased 

from 30 to 50 degrees at this higher wind speed, the 

rotational speed (RPM) and generated power steadily 

rise to peak values of 1083 RPM and 83.234 Watts. 

This indicates that 50 degrees is the optimal pitch for 

maximum power production at 9 m/s. At pitch angles 

above 50 degrees, the turbine RPM and power drop off 

significantly due to stalling as the blades become too 

perpendicular to the incoming wind. The resulting 

flow separation creates substantial drag. 

The measurements clearly show the pitch angle 

adjustment needed to optimize turbine performance at 

this specific wind speed. Identifying the right pitch 

enables maximizing power output across the operating 

range by balancing rotation rate and stall avoidance. 

The experimental data facilitates selection of optimal 

pitch control settings for different wind speeds. 
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Fig.40. Output power versus pitch angles 

 

Fig. 41. RPM versus pitch angles 

4.4. Summary of Findings 

The experimental measurements clearly demonstrate 

the significant impact of blade pitch angle adjustments 

on the performance of the wind turbine model. As 

quantified in Tables 2-4, both the rotational speed 

(RPM) and power output exhibit strong sensitivity to 

changes in pitch angle at a given wind speed. There is 

a clear trade-off between increased rotation rate and 

stall avoidance that must be balanced to maximize 

power production. 

At lower wind speeds around 4.5 m/s, the optimal 

pitch angle is identified as 52° based on the peak RPM 

and power achieved in Table 4. Reduced pitching 

below this angle causes the turbine to spin slower and 

produces less power. Meanwhile, stall effects 

dominate at higher pitch angles, deteriorating 

performance. This trend highlights the importance of 

precisely tuning the pitch angle based on prevailing 

wind conditions. 

The optimal pitch angle shifts to 50° at the higher 7.2 

m/s wind speed, as evidenced by the maximum RPM 

and power measured in Table 5. More pitching is 

required compared to lower wind speeds to maintain 

efficient operation and avoid detrimental stall. 

Exceeding 50° quickly stalls the flow as the blades 

align too perpendicular to the incoming wind. 

Finally, at the highest wind speed of 9 m/s in Table 6, 

the peak power and RPM again occur at a 50° pitch 

angle. This overlaps with the optimum at 7.2 m/s due 

to the higher baseline rotational speed. Less pitching 

is needed to maximize power output once rotation is 

already rapid. 

The compiled results demonstrate how the pitch 

control system must dynamically adjust the blade 

angles to optimize efficiency across fluctuating wind 

speeds. Identifying the precise pitch angle to 

maximize power output requires accounting for 

complex aerodynamic trade-offs between rotation 

rate, angle of attack, and stall. 

Table 7. Summary of Experimental Findings on Effect of Blade 

Pitch Angle 

WIND 

SPEED 

(M/S) 

PITCH 

ANGLE (°) 

PEAK 

RPM 

PEAK POWER 

(WATTS) 

4.5 52 374 7.9 

7.2 50 739 33.4 

9.0 50 1084 83.2 

These findings provide an experimental basis for 

implementing advanced control algorithms that 

actively regulate pitch angle based on real-time wind 

measurements. Such systems can continuously tune 

the blade pitching to maintain optimal turbine 

performance under variable wind loading. This has 

important implications for improving capacity factor, 

load management, and reducing mechanical stresses. 

Further researches should explore integrating the pitch 

control models with other passive enhancements like 

vortex generator fins and winglets. 

 

1. This section presents and discusses the findings 

from both the CFD simulations and experimental 

work. The discussion focuses on the effects of winglet 

cant angle, pitch angle, and wind speed on the 

aerodynamic performance of the wind turbine, and 

includes a validation of the CFD results using 

experimental measurements. 

 

The CFD predictions were validated against 

experimental results obtained from wind tunnel 

testing. For example, at a wind speed of 7.2 m/s, the 

experimental power output was measured at 33.4 W, 

while the CFD simulations predicted a power output 
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of 34 W, resulting in a deviation of less than 2% (Table 

5). Similarly, for a wind speed of 9 m/s, the 

experimental power reached 83.2 W, while the CFD 

simulations estimated 85.1 W, showing a deviation of 

approximately 2.3%. These minor discrepancies can 

be attributed to simplifications in the CFD model, such 

as assumptions of ideal flow conditions and potential 

inaccuracies in the turbulence modeling. Nevertheless, 

the close agreement between experimental and CFD 

results demonstrates the reliability of the 

computational model for predicting wind turbine 

performance. 

 

The winglet cant angle was found to significantly 

influence turbine efficiency. CFD simulations showed 

that a cant angle of 45° provided the highest power 

coefficient (Cp) of 0.3535, representing a 17.36% 

improvement compared to the baseline blade without 

winglets (Cp = 0.3013). This enhancement is due to 

the winglet's ability to reduce the strength of tip 

vortices and minimize induced drag. Increasing the 

cant angle beyond 45° led to a reduction in 

performance, as larger angles caused unfavorable 

aerodynamic interactions near the blade tip (Table 2). 

The results align with findings from previous studies, 

which also reported that moderate cant angles are 

optimal for reducing drag and improving lift [2, 5]. 

 

The pitch angle was another critical parameter 

influencing wind turbine performance. Experimental 

results showed that at a wind speed of 4.5 m/s, a pitch 

angle of 52° produced the maximum power of 7.9 W, 

while at 7.2 m/s and 9 m/s, the optimal pitch angle was 

50°, yielding peak power outputs of 33.4 W and 83.2 

W, respectively (Tables 4, 5, and 6). These results 

demonstrate that the optimal pitch angle decreases 

slightly as wind speed increases, balancing the trade-

off between maximizing lift and avoiding stall. 

Excessive pitch angles led to flow separation and 

reduced power output due to increased drag, while 

insufficient pitch angles failed to generate enough lift 

for effective energy capture. These findings are 

consistent with the trends reported in [3, 13]. 

 

Wind speed had a direct impact on both the rotational 

speed and power output of the turbine. As wind speed 

increased from 4.5 m/s to 9 m/s, the power output 

increased significantly, from 7.9 W to 83.2 W, at the 

optimal pitch angle of 50° (Tables 4, 5, and 6). This is 

expected, as higher wind speeds provide more kinetic 

energy to the rotor. However, the aerodynamic 

benefits provided by the winglets were consistent 

across all wind speeds, indicating that the winglet 

design effectively enhanced performance under 

varying operating conditions. The results highlight the 

importance of optimizing both winglet geometry and 

pitch angle to maximize turbine efficiency across a 

range of wind speeds. 

 

The findings of this study align with and extend upon 

previous research on wind turbine winglets. For 

example, a study in [2] reported a 1.2% increase in 

annual energy production for a 13 MW offshore 

turbine equipped with winglets, while the current 

study demonstrated a more significant 17.36% 

improvement in the power coefficient for a smaller-

scale turbine. This difference can be attributed to the 

careful optimization of winglet parameters in the 

present work, including cant angle and radius of 

curvature. Additionally, the experimental validation in 

this study provides stronger evidence for the practical 

benefits of winglets, as opposed to purely 

computational analyses in some prior studies [3, 16].  

 

Overall, the results demonstrate that the integration of 

winglets and optimization of pitch angle significantly 

enhance wind turbine performance. The optimal 

winglet design (4% blade length, 45° cant angle) and 

pitch angle (50°) resulted in a 17.36% increase in the 

power coefficient and substantial improvements in 

power output across all tested wind speeds. The 

validation of CFD results with experimental data 

further confirms the accuracy of the computational 

model and provides a robust basis for future designs. 

These findings contribute valuable insights for the 

development of more efficient wind turbines, with 

potential applications in both onshore and offshore 

wind farms. 

5. Conclusion  

This study investigated the aerodynamic performance 

enhancement of wind turbine blades through winglet 

integration and pitch angle optimization, using 

computational fluid dynamics (CFD) simulations and 

experimental validation. The addition of winglets with 

optimal dimensions—4% blade length, 45° cant angle, 

and 50% height radius of curvature—significantly 

improved aerodynamic efficiency, resulting in a 

17.36% increase in the power coefficient (Cp) from 

0.3013 (baseline without winglets) to 0.3535. The 

winglets effectively reduced tip vortex strength, 

decreasing drag and enhancing airflow near the blade 

tip. Pitch angle optimization further improved 

performance, with the optimal pitch angle identified as 

50° for wind speeds of 7.2 m/s and 9 m/s. At 7.2 m/s, 

the peak power output reached 33.4 W, while at 9 m/s, 
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it increased to 83.2 W. The combination of optimized 

winglet geometry and pitch angle demonstrated 

significant enhancements in energy capture and 

turbine efficiency. These findings emphasize the 

importance of tailoring winglet designs and pitch 

control systems to specific operating conditions to 

maximize wind turbine performance. The results 

provide valuable insights for the development of next-

generation wind turbines with improved energy output 

and aerodynamic efficiency. Future work could 

explore additional winglet configurations and active 

control mechanisms to further enhance turbine 

performance. 
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