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One of the succeeded methods to enhance the performance of horizontal axis wind 
turbine (HAWT) is an attaching a winglet to the blades tip. The current paper study the 
effect of four key parameters that are used to describe the winglet on the performance 
of wind turbine which are winglet height H%R, cant angle θ, twist angle β, and taper ratio 
Λ. A five design cases for each geometric parameters were numerically investigated using 
computational fluid dynamics (CFD) by ANSYS18.1 software, which totally give a twenty 
different response. A validation of present computational model with reference 
experimental results successfully carried out with maximum inconsistency of 3%. A 
mathematical correlation was established from the CFD results and being used in 
predicting the turbine power for the different winglet geometric parameters. From CFD 
and mathematical correlation response, the effect of H and θ were greater than β and Λ 
on the turbine power. The epoxy E-glass unidirectional material was selected for current 
study to investigate the effect of winglet on blade structure. The power increases by 2% 
to 30% due to adding winglet to a wind turbine blade. The maximum power increment 
corresponds to the design case of W6 with H= 8%R, 𝜃=30°, β = 3°, and Λ = 0.8. Form the 
structural analysis the addition of winglet changes the stress distribution over the blade, 
increasing stresses at the blade root, and achieved the transfer of the maximum 
deformation from the blade tip to the winglet tip. 
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1. Introduction 
 

Nowadays, discovery of alternate clean energy resources is of great interest due to different 
aspects related to regular fossil fuel such as emissions, acid rains and global warming problems beside 
expected exhaust of the fossil fuel. One of the most valuable alternatives is the wind energy. It 
expected to be elaborate in producing up to 20% of global electricity production by 2030 [1]. 

Numerous researchers have studied the aerodynamic characteristics of HAWT in order to explain 
the extraction of energy by rotor. The flow around the rotor blade contains much complex 
interactions due to vortex generation and produced turbulence. Studying such problem in 
experimental mean needs equipment that provided detailed measurement with accurate and 
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sensitive sensors. The validated numerical simulations considered a better alternate to explain the 
flow characteristics. The most reliable approaches that used to investigate aerodynamics forces are 
the Computational Fluid Dynamics (CFD) and the Blade Element Momentum (BEM) theory. In BEM 
the blade was dividing into number of elements. The BEM solves number of equations at each section 
depending on experimentally measured lift and drag coefficients related to the airfoil available in 
literature. Airfoils used in the design of practical HAWT to convert the kinetic energy within the wind 
into valuable energy. The sectional blade consists of the two-dimensional airfoils. These airfoils 
considered the main source for producing lift and drag forces by asset of pressure variations between 
its pressure, and suction surfaces [2]. Although BEM is a simple method, but it is limited to certain 
wind speed after that it fails to predict the acquired torque [3]. The reason as referred by the 
researchers is due to tip losses that not predicted using the BEM. There are many correction factors 
regarding tip loss that made BEM more realistic [4]. 

CFD becomes a common mean on simulating different flow field problems. CFD has been 
considered a reliable tool to investigate the performance characteristics of the HAWT with the ability 
of capturing the tip vortices and its related characteristics. Recently, many researches have studied 
the performance enhancement of HAWT by investigating the aerodynamics of blades. The vortices 
near the blade tip are of great effect on reducing lift force and increasing the induced drag. The key 
role of the winglet is then to reduce the tip vortices effect by moving the vortices far from the plane 
of rotation. The winglet may be a good load carrier that decreases the spanwise flow. It works on 
diffusing the tip vortex distant from the rotor plane reducing the downwash and thus the induced 
drag of the blade [5]. 

Johansen and Sørensen [6] has numerically analyzed the effect of different winglet parameters 
such as curvature radius, height, sweep and twist angles on the aerodynamic performance of the 
wind turbine, they have concluded that adding winglet to the conventional blade increases the power 
up to 2.8% due to the increase of winglet height by 4%R. Johansen and Sørensen [7] performed other 
study using CFD to investigate five winglets with different twist distribution and camber at constant 
height 1.5%R and cant angle 90°. They found that the power increased around 0.6% to 1.4% for wind 
speeds larger than 6 m/s. 

Gupta and Amano [8] have investigated the performance of wind turbine blade with winglet, two 
key parameters are taken in the consideration of the design of winglet, as a result of adding winglet 
to the straight wind turbine blade, 20% increase in the generated power with winglet height 4% of 
rotor radius, and cant angle of 45°. Satwika et al., [9] have attained an experimental study on HAWT 
with winglet to increase the lift force developed by each airfoil of the blade, the results indicate that 
adding winglet to the blade increase the starting torque in case of low tip speed ratio. Imamura  et 
al., [10] have investigated the numerical analysis of the wind turbine blade with winglet, and 
calculated that the power coefficient is increased by adding winglet duo to smaller installation angle 
of the winglet that result from the increase of the circumferential component of the lift. 

Elfarra [11] has studied the performance of HAWT with winglet, bending of the winglet is towards 
the suction side of the blade and concluded that the generated power increased to 9.5 % comparing 
with the straight blade. Congedo and De Giorgi [12] concerned to improve the rotor performance 
using CFD by studying the effect of downwind winglet height and curvature radius, they concluded 
that the power increased by 1.7% when the winglet height increased by 25%. Ali [13] has 
experimentally and numerically analyzed the effect upwind and downwind winglet configurations, 
concluded that in the case of upwind winglet, the power coefficient increased up to 6.67%, and in 
case of downwind winglet, the power coefficient reduced by 8.89%. Gaunaa and Johansen [14] has 
numerically concerned to determine the maximum aerodynamic efficiency of wind turbine rotors 
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with winglets, they found that, at the same length of winglet, downwind winglet (bending to suction 
side) is more effective than upwind winglet (bending to pressure side). 

During wind turbine operation, the blade may be deformed as result of the generated 
aerodynamic loads. The deformed blade had led to new flow field characteristics on the blade and 
extra load deviation [15]. The interaction between fluid force and structural deformation existed 
once pressure has created on the structure that successively causes structure distortion counting on 
material of the blade [16]. It is then necessary to better select the blade material that could withstand 
and resist the applied aerodynamic loads. The common material being used in the industry of the 
small wind turbines blades includes wood, metals, glass fiber reinforced polymers, carbon fiber 
reinforced polymers, natural fiber reinforced polymer, and Nano-composites [17]. Fluid Structure 
Interaction (FSI) problem is often too complex to solve analytically, so they can be analyzed by means 
of numerical simulation, therefore, aerodynamics load and structure components are required to FSI 
model to investigate the blade performance [18]. Many researchers have considered the FSI of the 
HAWT [19-21]. 

Wang et al., [15] have calculated the aerodynamic loads using a CFD model, and also have 
determined the blade structural responses using a FEM model on a 1.5 MW HAWT blade. The results 
have indicated the blade tip flap-wise deflection within (1.785 m) at 12 m/s wind speed. The 
maximum tensile and compressive stresses have been checked and compared with the material 
strength limits. Zhang et al., [22] have numerically simulated the FSI using ANSYS. The simulations 
have indicated increase of wind shear effect on both displacement and stresses response curves. The 
nonlinear increases of the displacement of blade airfoil have been achieved along the blade span. 
The maximum displacement has been achieved at the blade tip. The maximum stress located at the 
mid span of the blade. MacPhee and Beyene [23] have numerically studied the FSI of symmetric blade 
subjected to variable loading. The study suggested some geometrical morphing to improve lift to 
drag ratios. They have used FSI program included three open source programs, (GMSH, ELMER, and 
XFOIL). 

The current paper aims to investigate the winglet effect on both aerodynamics and the structural 
characteristics of the HAWT blade using CFD and FEM in ANSYS 18.1 software. The BEM theory has 
been used to design a HAWT. The CFD software was validated and provided an accepted percentage 
of error. The numerical simulations have investigated the performance of straight blade at the design 
conditions. The simulations were then conducted to the blade with winglet. Then the tip deformation 
and root stresses were investigated. 
 
2. Theoretical and System Modeling Analysis  
2.1 Rotor Blades Configuration 
2.1.1 Conventional blade design 
 

BEM is the basic theory of wind turbine blade design. The theory combining between blade 
geometry and momentum theory, at each blade element, the theory solves a set of equations based 
on balancing the axial momentum and angular momentum. The theory predicts the element forces 
based on experimentally obtained lift and drag coefficients from two-dimension cascade 
measurement in wind tunnel available in literature. The design of three-bladed rotor was conducted 
using BEM theory. The NREL’s S809 rotor airfoil was considered for the blade while the Reynolds 
number equals 5×105. The designed rotor blade parameters are presented in Table 1. 

The chord lengths and pitch angles distribution were calculated by using the following equations:  
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Chord distribution for each element. 
 

Cschmitz(i) =
1

𝑍
∗
16𝜋𝑟𝑖

CL
∗ (

sinɸ1

3
)2            (1) 

 
where (CL) is the lift coefficient and (r) is local radius of blade 
 

Table 1 
Rotor design parameters according to blade element momentum 
theory 
Name Symbol Value Unit 

Rated power Prat 50 watt 
Rated wind speed Vrat 8 m/s 
Design tip speed ratio λ 4 - 
Blade radius R 35 cm 
Number of blades Z 3 blade 
Design angle of attack α 7 degree 
Rated rotor speed ω 91.43 Rad/s 
Power coefficient Cp 0.45 - 

 
The subscript, i is the number of elements along the blade and 
 

ɸ1 = Tan
-1(

𝑅

𝜆𝑟𝑖
)              (2) 

 
Relative wind angle φi for each element 
 

φi =
2

3
*ɸ1              (3) 

 
pitch angle, 
 
βi =φi – α              (4) 
 

By solving these equations, the chord lengths and pitch angles distribution can be obtained as 
shown in Table 2, The three-dimensional view of the blade geometry, which was generated using 
Ansys Design Modeler software, is shown in Figure 1. 
 

 
Fig. 1. Three-dimensional rotor blade 
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Table 2 
The chord lengths and pitch angles distribution 
Section r/R Chord length(m) Pitch angle (degree) 

1 0.1 0923 35.2 
2 0.2 0.107 27.23 
3 0.3 0.098 19.54 
4 0.4 0.085 14.33 
5 0.5 0.073 10.71 
6 0.6 0.064 8.08 
7 0.7 0.056 6.1 
8 0.8 0.050 4.57 
9 0.9 0.045 3.35 
10 1 0.041 2.36 

 
2.1.2 Winglet design  
 

Winglet is a small device at the blade’s tip. That is used to reduce the induced drag by eliminating 
turbulence [24]. It was used successively in upgraded airplane's wing to improve the aerodynamic 
performance like lift to drag ratio by scattering the shed wingtip vortex [25]. However, another drag 
produces by the added winglet due to winglet shape and increased in surface area. The main 
characterizing parameters used to describe and design the winglet are height (H), twist angle βt, cant 
angle θ and taper ratio ᴧ as shown in Figure 2. 
 

 
Fig. 2. Definition of 
geometrical parameters 
describing the winglet [26] 

 
Blade geometry with winglet is generated also in Design Modeler. Figure 3 shows the blade with 

winglet. 
 

 
Fig. 3. The constructed blade geometry with winglet by solid works 
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The last four parameters are taken in consideration in the design of winglet in this study, 
depending on the varying of these parameters, twenty different winglet designs have been analyzed. 
The aerofoil used is same in all the twenty cases, which is S809. Based on the previous studies, all 
winglet designs bent towards the suction side. As indicated in Table 3, the winglet designs from 1 to 
5 kept constant at three parameters (cant angle, twist angle and taper ratio), and only winglet Height 
varied from 4% to 12%. The winglet designs from 6 to 10 were made at constant three parameters 
(height, twist angle and taper ratio), and only cant angle varied from 30° to 70°. The winglet designs 
from 11 to 15 were made at constant three parameters (height, cant angle and taper ratio), and only 
twist angle varied from 1° to 5°, and finally The winglet designs from 16 to 20 were made at constant 
three parameters (height, cant angle and twist angle), and only taper ratio varied from 0.2 to 1. 
 

Table 3 
Parameters variation of winglet designs 
Winglet 
Number 

H%R θ β ᴧ 

(degrees) 

W1 12% 50 3 0.6 
W2 10% 
W3 8% 
W4 6% 
W5 4% 
W6 8% 30 3 0.6 
W7 40 
W8 50 
W9 60 
W10 70 
W11 8% 

 
50 1 0.6 

W12 2 
W13 3 
W14 4 
W15 5 
W16 8% 50 3 0.2 
W17 0.4 
W18 0.6 
W19 0.8 
W20 1 

 
2.2 CFD Modeling 
 

CFD model of wind turbine blade has been established using ANSYS FLUENT 18.1. which is the 
most common software that is used for CFD modelling. 
  
2.2.1 Computational domain generation  
 

Since the wind turbine model was asymmetrical along its center of rotation, the three blades 
were often modeled employing a single blade in a 120° radial stream tube domain section with 
periodic faces. The boundary conditions at the front and top planes were set as velocity inlets with 
incoming free stream air velocity. The rear plane was set as a pressure outlet. The upstream velocity 
inlet was located 7 times the blade length upstream the rotor blade. The pressure outlet is fixed at 
atmospheric pressure and located 15 times the blade length downstream of the rotor blade [27]. The 
computational domain and the blade inside the domain are presented in Figure 4. 
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Fig. 4. Computational domain and boundary conditions 

 
2.2.2 Mesh generation and grid independence studies 
 

After geometry construction, and before the CFD solution, indicating the fluid volumes and 
discretizing them by meshing is of great importance. There are different types of mesh methods 
depending on the discretization elements shapes such tetrahedral, quad-lateral and hexahedral 
elements shapes. Tetrahedral mesh is used in the present study. Figure 5(a) and Figure 5(b), show 
the mesh of the fluid domain as well as inflation layer applied at the wall. The mesh density increases 
in the location of interest and gradually decreases in the far away areas from the blade. 

The precision of the CFD solution is influenced by the quality of the mesh grid. Also, the accuracy 
and percentage error of the simulation result depend on the number of grid elements and element 
sizes. The current study was checked for grid elements number independence. The simulation was 
carried out for seven different grids. The results for the seven meshes considered in the grid 
independence study were presented in Figure 6. The results have indicated that the mesh with 
number of elements equal 1.3 million corresponding to power output with the percentage deviation 
of 3.08% from the finer grid with 3.0 million elements which costs more computation time. 
Accordingly, this number, 1.3 million elements is used for all results reported in the current paper. 
Finer mesh clustering was applied near the blade tip edges to capture the tip vortices. Also, prismatic 
inflation layers were applied to resolve the boundary layer in near wall region. Fifteen prismatic 
inflation layers were used on the blade surface, with expansion growth rate of 1.2. The first layer 
thickness assures dimensionless wall distance (Y+) less than 5. (Y+) is a non-dimensional wall distance 
that is used to guarantee precise modelling of the boundary layer. 
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(a) 

 
(b) 

Fig. 5. (a) Tetrahedral mesh of the computational domain, (b) sectional view 
for mesh configuration around the blade 

 

 
Fig. 6. Grid sensitivity effect on the turbine output power 
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2.2.3 Turbulence model  
 

The most flows encountered in actual life are turbulent in nature. The turbulence motion flow is 
mostly rotational which are formed by the viscous effects of boundaries and the fluid separation from 
the surface The flow characteristics were obtained by solving the steady state Reynolds Averaged 
Navier-Stokes Equations (RANS) with 𝑘 − 𝜔 SST (shear stress transport) [28]. The 𝑘−𝜔 SST is a two-
equation eddy-viscosity model that uses the turbulence kinetic energy k and also the specific rate of 
dissipation ω to predict turbulence. The main advantage of the 𝑘 − 𝜔 SST model is its precision in 
predicting the flow behavior of the wall boundary layer. This model was recommended because of 
its good accuracy in adverse pressure gradient and separating flow [29]. 
 
2.3 Numerical Model Validation 
2.3.1 Mathematical model 
 

As mentioned before that the BEM theory used to analyze aerodynamic loads for small wind 
turbine blades. This method can also estimate the power extracted by the turbine, therefore, to 
validate the numerical model, the extracted power calculated mathematically using BEM and 
compared to the extracted power computed using numerical model. The MATLAB software was used 
in calculation of the total power. The axial induction factor, (ai), defined as the fractional decrease in 
wind velocity between the free stream and the turbine plane, is expressed as: 
 

a𝑖 =
1

1+
4𝑓𝑖×𝑠𝑖𝑛

2𝜑𝑖
𝜎𝑖×𝑐𝑙×cos⁡(𝜑𝑖)

             (5) 

 
Where σi is the solidity ratio which can be defined as the ratio of the planform area of the blade and 
the swept area of the blade, The solidity ratio, 
 

σi =𝑍 ×
𝐶𝑖

2𝜋𝑟𝑖
              (6) 

 
Prandtl tip loss fi: which presents a tip loss correction factor 
 

fi =
2

𝜋
× 𝑐𝑜𝑠-1(e(−

𝑧

2
×

1−
𝑟𝑖
𝑅

𝑟𝑖
𝑅
×𝑠𝑖𝑛𝜑𝑖

))           (7)  

 
Elemental torque, 
 

dTi= σi π ρ 
𝑉2(1−𝑎𝑖)

2

𝑠𝑖𝑛2𝜑𝑖
× CLsinφi- Cdcosφi⁡×ri×dr         (8) 

 
Where ρ density of air, Cd drag coefficient, dr radial length of element. The total power from each 
element is: 
 
P = z×ΣdTi× ꭥ              (9) 
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2.3.2 CFD model 
 

The validation of the current CFD setup including turbulence and geometrical models is 
accomplished by the comparison with the results of the experimental measurements introduced by 
NREL (the National Renewable Energy Laboratory). The computation was carried out for the rotor at 
incoming wind velocity ranging between 6.3 and 17 m/s. Figure 7 shows a close agreement of the 
current computations with those of NREL [30]. The results indicated maximum inconsistency up to 
3% between the computed and reference values. This may be explained as result of not considering 
the friction and power transmission efficiency during the current computations. 
 

 
Fig. 7. Comparison between present CFD results and referred experimental values by NREL [30] 

 
3. Fluid Dynamic Analysis Results  
3.1 Conventional Blade Performance 
 

The CFD analysis results such aerodynamic forces and torque that acting in the blade, was 
displayed after the solution is converged, power developed from the conventional blade can be 
calculated by using following equation: 
 
P= Z⁡× T ×⁡ꭥ                        (10) 
 

From CFD results, the calculated torque acting on the blade and power generated equals to 
0.1668 N.m, and 45.77 W respectively. The results indicate a small deviation between mathematical 
and CFD computed power of 2.88%. The pressure contour and velocity vectors are presented in 
Figure 8(a), which illustrates the effect of tip vortex on the rotor performance. In addition, it presents 
the velocity vector of the flow transferred from the pressure side to the suction side due to pressure 
difference. This leads to generation of tip vortices, which responsible for increase in induced drag. 
The tip vortex can be obviously noticed from the Figure 8(b). The pressure contour in Figure 8(b) 
obviously illustrates the vortex core location through the dark blue color at the blade tip. On the 
other hand, the blade with winglet able to reduce the tip vortex effect through shifting the vortex 
core far from blade tip. 
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(a) (b) 

Fig. 8. (a) Velocity vectors and (b) pressure contour of the conventional blade 

 
3.2 Effect of Winglet Height on Rotor Performance 
 

Parametric studies for the winglet geometrical parameter were conducted. Effect of winglet 
height on the wind turbine performance was studied. Figure 9 shows the five winglet heights from 
W1 to W5 considered in the study (4, 6, 8, 10, and 12 %R). The determination of varying winglet 
height is to reduce to a variant level the tip flow from high pressure side to low pressure side at tip 
section of the blade. The increment of winglet height is limited to corresponding increment in drag 
force penalty. The power increment was calculated with different winglet height while the cant angle, 
twist angle and taper ratio are kept equal 50°, 3° and 0.6 respectively. The power increased up to 
28.7% corresponding to winglet height equal 10%R. Increasing winglet height over 10%R affected the 
rotor performance by increasing the drag force and as result reduces the consumed power 
 

 
Fig. 9. Variation of power with winglet heights 

 
3.3 Effect of Cant Angle on Rotor Performance 
 

The effect of cant angle were investigated in order to improve the aerodynamics performance 
through reducing the induced drag, which lead to power increment. The blade with winglet with cant 
angles of 30, 40, 50, 60 and 70 degrees were studied at winglet height, twist angle and taper ratio of 
8%R, 3°, and 0.6 respectively, represented by the designs from W6 to W10 in Table 3. The results 
indicated a power reduction with cant angle increase. But the design case of W10 at cant angle of 70 
degrees achieves power of 50.08 W more than that of conventional blade without winglet by 10.55%. 
Figure 10 presents the variation of power with winglet cant angle. Where the design case of W6 at 
cant angle of 30 degrees achieves power increment of 30% enhancement. The effect of winglet can 
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obviously have noticed in Figures 11(a) and Figure 11(b). It shows the velocity vectors and pressure 
contour of the W6 at cant angle of 30 degrees, where the vortex core at tip of the winglet is weaken 
compared with conventional blade without winglet at Figure 8(b). The figure shows vortex dissipation 
far away from blade tip, which Confirms the positive gain from adding winglet. 
 

 
Fig. 10. Variation of power with winglet cant angle 

 

  
(a) (b) 

Fig. 11. (a) Velocity vectors and (b) pressure contour of blade with winglet 

 
3.4 Effect of Twist Angle on Rotor Performance 
 

The twist angle directly affects the angle of attack of the winglet with respect to incoming flow. 
The power calculated at different winglet twist angles with winglet height, cant angle and taper ratio 
are equal 8%R, 50° and 0.6 respectively. Little dependence on winglet twist was observed according 
to Figure 12.  
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Fig. 12. Variation of power with winglet twist angle 

 
3.5 Effect of Taper Ratio on Rotor Performance 
 

Taper ratio is the ratio of winglet tip to root chord lengths. The effect of taper ration was studied 
with winglet height, cant angle and twist angle are kept equal 8%R, 50° and 3° respectively. It is one 
of the geometric parameters, which directly affect three-dimensional drag and lift coefficients. Figure 
13 presents the variation of power with winglet taper ratio. It could be inferred that there is a certain 
winglet taper ratio, which corresponding to minimum drag coefficient and maximum power 
augmentation. W 16 with taper ratio 0.2 gives the minimum percentage in power increased, just only 
2% increasing in power. Increasing the taper ratio up to 0.8 increased the generated power by 
reducing the tip vortices intensity near the tip region.  
 

 
Fig. 13. Variation of power with winglet taper ratio 
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3.6 Effect of Winglet on Pressure Coefficient  
 

Figure 14 present distribution of pressure coefficient over the blade cross section near the tip. 
The comparison is done between the blade without winglet at the design conditions (V=8m/s & 
ω=91.43 rad/s), and the blade with winglet at the design at the optimum winglet parameters; H = 
8%R, θ of 30°, β of 3° and Λ of 0.6. The increases in pressure coefficient are observed with sections 
radius ratio starting from r/R= 0.85. It is obvious that at the adjacent to the blade tip, the pressure 
difference increases, therefore that is a conclusive proof that adding winglet accomplishment in 
separating the tip vortex and pushing it away from the blade. 
  

 
(a) 

 
(b) 

 
(c) 

Fig. 14. Pressure coefficient distribution (A) r/R=0.85, (B) r/R=0.95, 
and (C) r/R= 1.0 at V =8 m/s 
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4. Mathematical Correlation Results 
 

The turbine power depends on cant angle (θ), winglet height (H), twist angle (β), and taper ratio 
(Λ). By the results of the numerical simulation, the least squares method is used to calculate the 
mathematical correlation coefficient. This fitted mathematical correlation is used in predicting the 
turbine power for any winglet configuration with S809 airfoil can be expressed by: 
 

𝑃 = (94.0889) ×
𝐻0.1488×Λ0.0944

𝜃0.21×𝛽0.0093
                     (11) 

This mathematical correlation is useful in the prediction of the turbine power at any winglet 
configuration. Table 4 shows a comparison between the CFD results and mathematical correlation 
response. Figure 15 and Figure 16 show the predicted effect of the cant angle and winglet height on 
the turbine power at different taper ratios and twist angles. The turbine power increases with 
increasing the winglet height. On the other hand, the turbine power decreases with increasing the 
cant angle. While the twist angle and taper ratios has relatively slight effect. 
 

Table 4 
Comparison between the CFD results and mathematical correlation response 
H (%R) θ (degrees) Β (degrees) Λ CFD 

P (watt) 
Math. Correlation 
response (watt)  

Error (%) 

12% 50 3 0.6 57.29 59.2 3.2 
10% 58.94 55.73 -5.8 
8% 53.71 53.18 -1.0 
6% 52.17 51.18 -1.9 
4% 49 49.55 1.1 
8% 30 3 0.6 59.97 47.97 -25 

40 56.53 50.95 -11 
50 53.71 53.18 -1.0 
60 51.5 54.98 6.3 
70 50.68 56.49 10.3 

8% 
 

50 1 0.6 53.47 53.72 0.5 
2 53.3 53.38 0.1 
3 53.71 53.18 -1.0 
4 52.75 53.04 0.5 
5 52.51 52.93 0.8 

8% 50 3 0.2 46.7 47.94 2.6 
0.4 47.5 51.18 7.2 
0.6 53.7 53.18 -1.0 
0.8 54 54.65 1.2 
1 50.1 55.81 10.2 
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(a) (b) 

 

 

(c) (d) 

 

(e) 
Fig. 15. Effect of winglet height and cant angle on the turbine power at variable taper 
ratio and twist angle 
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(c) (d) 

 

(e) 
Fig. 16. Effect of cant angle and winglet height on the turbine power at variable taper ratio 
and twist angle 

 
5. Structure Analysis Result 
5.1 Material Selection 
 

There are many articles focusing on dynamic modeling response of the wind turbine blades. The 
current paper studies the effect of winglet on the HAWT blades, the aerodynamic loads are calculated 
using CFD and blade structural responses are determined using FEA. The coupling strategy is based 
on a strategy, in which the computed aerodynamic loads from CFD are mapped to FEA modelling as 
load boundary conditions. The materials used for blade construction should combine the necessary 
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structural properties namely high strength to weight ratio, fatigue life and stiffness with low cost. It 
should be easy to fabricate into the desired aerodynamic shape and it should be low density and 
excellent corrosion resistance [31,32]. 

The wind turbine blades were built from fiber reinforced polymer composites such as E glass 
epoxy and carbon fiber composites. Carbon fibers represent a very promising alternative to the 
traditional E-glass fibers. Carbon fibers have a higher cost than E glass fiber. It was then 
recommended combination of carbon and E-glass fibers as a promising solution. This has made 
combination of higher stiffness (due to carbon fibers) with limited cost increase [33]. In comparing 
aluminum alloy with composite materials (epoxy e glass and carbon fiber) for wind turbine blade 
manufacturing for the same loading conditions. A 15% reduction in weight can be obtained by 
replacing an aluminum turbine blade with a composite turbine blade [34]. Ravikumar et al., [35]. 
recommended that aluminum alloy for hub design is safe for 20 years’ time of wind turbine life time 
because of the longer fatigue life of aluminum alloy. In general, glass fiber reinforced composite 
material became the preferred material for wind turbine rotor blades [36,37]. 

The CFD modeling process was consisted of four main steps starting with the generation of 
geometry and therefore, the computational domain, then mesh generation, setting up the boundary 
conditions of the problem, and finally solving and post process of the results. The aerodynamics load 
was mapped to the Finite Element Analysis (FEA) modeling as load boundary conditions. The 
structure analysis depends on the FEA that is capable of analyzing the expanded stress distributions 
among every layer of composite blade structure. The FEM method will be used to analysis the 
stresses of the wind turbine blade, the analysis will be carried out by using ANSYS Static Structural 
module. The FEA study was conducted using epoxy E-glass unidirectional (EEGUD, Properties are 
presented in Table 5. 
 

Table 5 
Properties of EEG (UD) 
Properties E(X) 

(MPa) 
E(Y) 
(Mpa) 

E(Z) 
(Mpa) 

υ(XY) υ(YZ) υ(XZ) G (XY) 
(Mpa) 

G (YZ) 
(Mpa) 

G (XZ) 
(Mpa) 

Density 
(Kg/m3) 

Value 45000 10000 10000 0.3 0.4 0.3 5000 3846.2 5000 2000 

 
5.2 Structural Analysis of Rotor Blade without Winglet 
 

The aerodynamic pressures on the blade obtained from CFD modelling were applied to the FEA 
model as load boundary conditions. Having define the materials, geometry, mesh, boundary 
conditions and aerodynamic loads, the different types of structural analysis, such as static stresses 
analysis and deformations have performed. The study performed under the design conditions at wind 
speed 8m/s and angular velocity 91.43 rad/s. Figure 17 represents the total deformation and static 
stresses that act on the rotor blade. It observed from the Figure 17(a) that the maximum deformation 
is about to 0.1285 mm at the tip of blade due to rotation and airflow around the tip, which result in 
high loads near tip. The minimum deformation at the root of blade due to the fixation at the hub, 
also it can be noticed from Figure 17(b) that maximum stresses equal 6.32 Mpa. 
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(a) 

 
(b) 

Fig. 17. The deformation and stresses distribution of EEGUD without winglet 

 
5.3 Structural Analysis of Rotor Blade with Winglet 
 

The structural analysis for the blade with winglet is similar in sequence discussed before for 
conventional blade. The structural analyses performed for the case corresponding to highest power 
with H = 8%R, θ = 30°, β = 3° and Λ = 0.6. Figure 18 represents the total deformation and static stresses 
on rotor blade. The maximum deformation transferred from the blade tip to the winglet tip due to 
transition of tip vortex. The maximum deformation equals 0.37mm. The maximum stress equals 
16.37 Mpa at the blade root. In addition, there is a little stress concentration in the region of the 
bending of winglet.  
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(a) 

 
(b) 

Fig. 18. The deformation and stresses distribution of EEGUD with winglet 

 
6. Conclusion 
 

The numerical results of the HAWT with winglet discussed during current study. The numerical 
analysis conducted using ANSYS 18.1 software. The paper presents a parametric study for winglet 
height (4% to 12% R), cant angle (30° to 70°), twist angle (1° to 5°), and taper ratio (0.2 to 1) at wind 
speed 8m/s. The analysis aimed to investigate the effect of winglet on the aerodynamic performance 
of the wind turbine, and its effect on the structure of rotor blade using epoxy E-glass unidirectional 
as the main material. The main conclusions summarized as 

i. Respectable agreement of the current CFD model (with maximum deviation equal 3%) in 
comparison with the results of the experimental measurements introduced by NREL (the 
National Renewable Energy Laboratory). 

ii. The results globally showed that adding winglet to the conventional HAWT blade increases 
the generated power approximately up to 30% depending on winglet geometry. 

iii. The winglet has reduced the effect of wingtip vortices, which has produced due to pressure 
difference between lower and upper blade surfaces. 

iv. It concluded that the most important two parameters in the design of winglet were the 
winglet height and cant angle 

v. The mechanical power decreases as the cant angle increases. 
vi. The mechanical power increases as the winglet height increase to a specific limit then 

decreases due to extra winglet height, which increases the induced drag. 
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vii. The optimum key parameters for winglet design that gives maximum power are 
corresponding to winglet height of 8%, cant angle of 30°, twist angle of 3°, and taper ratio of 
0.8, at wind velocity of 8m/s. 

viii. The mathematical correlation is established and being used in predicting the turbine power 
for any winglet configuration with S809 airfoil which is expressed as 
 

𝑃 = (94.0889) ×
𝐻0.1488 × Λ0.0944

𝜃0.21 × 𝛽0.0093
 

 
ix. The maximum deformation transferred from the blade tip to the winglet tip, however. Its 

value increased compared to straight blade. 
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