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Abstract 
Winglets are small extensional devices attached to the wing tip of the aircraft, which is used to improve the performance 
and wing efficiency. The performance of the wing is lowered due to the induced drag caused by the trailing vortices at the 
wing tip. The difference in pressure between the upper and lower surfaces of the wing causes wing tip vortices. The main 
aim of implementing winglet is to reduce the induced drag which is responsible for 30-40% of the total drag of the aircraft. 
An ideal way to reduce the induced drag is to increase the aspect ratio of the wing which can be obtained by the application 
of wing tip devices. Some related works and papers have also provided that the use of winglet can improve the 
aerodynamic efficiency and reduce the drag coefficient. Winglets are capable of reducing the induced drag and converting 
them to additional thrust thus reduces the fuel usage and increases the efficiency of the aircraft. They can also provide 
advantages such as higher cruise speed and reduction in noise levels. This paper deals with the numerical and theoretical 
analysis of a swept back wing by adding different winglets at the main wing tip. CFD numerical analysis is carried out at 
the flight boundary condition with constant air velocity V∞=50(m/s), ambient pressure Po=101325(pa), ambient temperature 
To=288.14(K), and at air density ρo=1.225(kg/m3) with different angle of attack to the wing of the aircraft with winglet and 
without winglet. The objective of the analysis is to compare the aerodynamic characteristics of the wing with different 
winglet configuration and to investigate the performance of the wing with those winglets. 
 
Keywords: aerodynamic efficiency, induced drag, swept wing, winglet. 

 
1. Introduction 
 
       A primary hindrance to the aviation industry in the performance of an aircraft is the drag that is produced 
during flight. Drag is produced due to the interaction of a body with a fluid[10] i.e., interaction of aircraft 
structure with air. The drag produced by the aircraft are of several types but the drag which affects the 
performance of the aircraft greatly is the induced drag. Induced drag is created at the wing tip, this occurs when 
the pressure on the upper and lower surface becomes equal at the wing tips[3]. As a result a circular motion of 
air is created at the wing tip from lower surface to upper surface known as wing tip vortices[8]. Span wise flow 
on the wing produce a stream of air downward after wing called downwash known as induced drag[9]. 

       A suitable way to reduce the induced drag is to increase the aspect ratio of the wing[10], which is not 
always possible. Another choice is to develop a wing tip device on the tip of the wing where the induced drag 
is produced[10]. There are several works developed on aerodynamic characteristics of wingtip devices. 
Numerical and experimental analysis are carried out on rectangular wing with different winglets such as 
multiple winglet, blended winglet and feather like winglet and the aerodynamic efficiencies are calculated. The 
result shows that implementation of winglet greatly reduces drag coefficient and increases lift coefficient and 
also L/D ratio of the wing structure. The main aim of this project is to reduce the induced drag by 
implementing winglets at the wingtips and thereby increasing the aerodynamic efficiency of the wing structure. 
When the induced drag is reduced the total drag is also reduced and aircraft with less drag can have better 
performance be fuel efficient and cost economic. 
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1.1 Winglets 

       Winglets also called wing tip devices are small wing like extensional device attached to the main wing 
structure to increase the aerodynamic efficiency [11]. Winglets increase the aspect ratio of a wing without 
adding stress and weight to the structure[6][7]. Winglets have a variety of application in aviation industry[5]. 
Winglets can be classified depending on the wing to which it is attached commonly they are fence winglet, 
blended winglet and raked winglet[6]. Despite the benefits of using winglets there are some drawbacks such as 
the bending moment at the wing root is higher hence require additional structural reinforcement and also 
modify the handling and stability characteristics[11]. 

       In this paper the effect of implementing winglets to the tip of the wing structure is analysed numerically. 
Swept wing from a trainer aircraft is considered for analysis. Numerical analysis is carried out on the wing 
without winglet and with different winglets. The different winglet configuration used in the analysis are semi-
circular winglet, elliptical winglet and raked winglet. Numerical analysis is carried on the swept wing and 
other winglet configuration at various angle of attack (α) such as 0⁰, 2⁰,4⁰,6⁰,8⁰,10⁰,12⁰. The study involves 
the calculation and comparison of aerodynamic characteristics of the wing and winglet configurations. The 
aerodynamic characteristics of awing structure is given by coefficient of lift Cl, coefficient of drag Cd, ratio of 
Cl/Cd and also performance data such as induced drag coefficient Cdi and induced drag Di. 

 
2. Methodology  
  
       The respective swept wing model is built from NACA 642215,641212 and drafted using modelling 
software. The drafted model is imported into the analysing software and meshing is carried out. Necessary 
boundary conditions such as velocity, pressure is applied and analysis is carried out at various angle of attack 
such as 0⁰, 2⁰,4⁰,6⁰,8⁰,10⁰,12⁰. The process is repeated for the wing without winglet and with semi-circular 
winglet, elliptical winglet and raked winglet with same angle of attack. The drafted wing with and without 
winglet model are shown in figure 1 to 4.  

 
Figure 1:  Drafted swept wing model 
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Figure 2: Drafted Swept wing with semi-circular winglet model 

 

Figure 3: Drafted Swept wing with Elliptical winglet model 
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Figure 4: Drafted Swept wing with Raked winglet model 

 
2.1 Theoretical Approach 
       Formula used to determine the aerodynamic efficiency theoretically are [4] [8]. 

                                         L    = ½ ρ∞V∞2 SCl                        (1) 

                                         D   = ½ ρ∞V∞2 SCd               (2) 

                                     Cdi   = Cl2/ΠeAR                   (3) 

                                     Di = 2L2/ρ∞ Π b2 V∞2 e          (4) 

        Where, 

                L   =     Lift    (N)                            

                D   =     Drag   (N) 

                Cdi  =     Coefficient of induced drag 

                        Di   =      Induced drag (N) 

                V∞ =      Free stream velocity (m/s) 

                Cl   =      Coefficient of lift 

                Cd  =      Coefficient of drag  

                ρ∞  =      Density    (kg/m3) 

                S   =      Surface area (m2) 

                e   =       Oswald efficiency factor 

               AR =      Aspect ratio 

                b   =      wing span (m) 
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2.2 Boundary Condition  
 
       The pressure and temperature values for 0km altitude are taken from international standard atmosphere 
(ISA) which is tabulated in table I[4]. 
  

Table 1: International Standard Atmospheric (ISA) Properties at 0km Altitude[4] 

S.No Variables ISA Properties 

1. Temperature 288.16 K 

2. Pressure 101325 pa 

3. Density 1.225 kg/m3 

4. Viscosity 1.7894E-5 kg/ms 

 
3. Results and Discussions 

       The numerical analysis is carried out with ambient pressure P0 = 101325 (pa), density ρ0 = 1.225 (kg/m3), 
ambient temperature T0 = 288.16 (K), free steam velocity V∞ = 50 (m/s) and Oswald efficiency factor is taken 
to be less than 1 and the considered angle of attacks are 0⁰, 2⁰,4⁰,6⁰,8⁰,10⁰,12⁰. The coefficient of lift Cl , 
coefficient of lift Cd , lift to drag ratio L/D, coefficient of induced drag Cdi, Induced drag Di are calculated and 
tabulated.   

      The lift and drag coefficients for the swept wing is calculated and tabulated for swept wing for the 
comparison of performance characteristics. Graphical representation of angle of attack and the other 
performance parameters are created. 

Table 2: Angle Of Attack Vs Coefficient of Lift Cl for Swept Wing without Winglet and with Different 
Winglets 

Angle of 
attack in 
degree 

Cl 
Swept wing 

Cl 
Swept wing with  

semicircular winglet 

Cl 
Swept wing with 
elliptical winglet 

Cl 
Swept wing with 

raked winglet 

0 0.04792 0.052087 0.051784 0.053810 

2 0.121358 0.129356 0.128155 0.134071 

4 0.194991 0.207000 0.207499 0.214410 

6 0.268071 0.284902 0.285884 0.294476 

8 0.340899 0.362707 0.364219 0.381597 

10 0.413506 0.445811 0.441746 0.461607 

12 0.494819 0.512051 0.518774 0.535548 
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Figure 5: Angle of attack VS Coefficient of Lift Cl 

 

Table 3: Angle Of Attack Vs Coefficient of Drag Cd for Swept Wing without Winglet and with Different 
Winglets 

Angle of 
attack in 
degree 

Cd 
Swept wing 

Cd 
Swept wing with  

semicircular winglet 

Cd 
Swept wing with 
elliptical winglet 

Cd 
Swept wing with 

raked winglet 

0 0.005531 0.005372 0.005528 0.005549 
2 0.007215 0.007048 0.007203 0.007136 
4 0.01044314 0.010303 0.010303 0.010179 
6 0.015181 0.015192 0.014851 0.014724 
8 0.021488 0.021751 0.020937 0.0204136 

10 0.029401 0.029766 0.028580 0.029322 
12 0.038248 0.044983 0.037859 0.0402598 
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Figure 6: Angle of attack VS Coefficient of Drag Cd 

Table 4: Angle of Attack Vs Cl /Cd for Swept Wing without Winglet and with Different Winglets 
Angle of 
attack in 
degree 

Cl/Cd 
Swept wing 

Cl/Cd 
Swept wing with  

semicircular winglet 

Cl/Cd 
Swept wing with 
elliptical winglet 

Cl/Cd 
Swept wing with 

raked winglet 

0 8.66389 9.69601 9.367583 9.69724 
2 16.820236 18.35358 17.79189 18.78798 

4 18.67168 20.09124 20.139668 21.06395 
6 17.658322 18.75342 19.25015 19.99973 
8 15.864622 16.67542 17.39595 18.69327 

10 14.06435 14.97719 15.45647 15.74268 
12 12.93712 11.38321 13.70279 13.3023 
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Figure 7: Angle of attack VS Cl /Cd 

Table 5: Angle of Attack Vs Cd /Cl for Swept Wing without Winglet and with Different Winglets 
Angle of 
attack in 
degree 

Cd/Cl  

Swept wing 
Cd/Cl  

Swept wing with  
semicircular winglet 

Cd/Cl 

 Swept wing with 
elliptical winglet 

Cd/Cl  

Swept wing with raked 
winglet 

0 0.115421 0.10314 0.106751 0.103122 

2 0.059452 0.05449 0.05621 0.05322 

4 0.053557 0.04977 0.04965 0.04747 

6 0.056630 0.05322 0.05195 0.0500 

8 0.063033 0.059969 0.05749 0.053495 

10 0.07110 0.06677 0.06469 0.06352 

12 0.077296 0.08785 0.07298 0.075147 

 

Figure 8: Angle of attack VS Cd /Cl 
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Table 6: Angle Of Attack Vs Lift L (Theoretical) for Swept Wing without Winglet and with Different Winglets 
Angle of 
attack in 
degree 

L 
Swept wing 

(N) 

L 
Swept wing with  

semicircular winglet 
(N) 

L 
Swept wing with 
elliptical winglet 

(N) 

L 
Swept wing with 

raked winglet 
(N) 

0 905.211 1040.9412 1059.9714 1083.9910 
2 2292.461 2585.1363 2623.2164 2700.83189 
4 3683.39 4136.8257 4247.3160 4319.244 
6 5063.879 5693.6711 5851.7857 5932.15663 
8 6439.604 7248.578 7455.232 7687.1907 
10 7811.155 8909.3836 9042.1393 9298.9752 
12 9347.1638 10233.1678 10618.833 10778.501 

 

 

Figure 9: Angle of attack VS Lift L (theoretical) 

 

Table 7: Angle Of Attack Vs Drag D (Theoretical) for Swept Wing without Winglet and with Different 
Winglets 

Angle of 
attack in 
degree 

D 
Swept wing 

(N) 

D 
Swept wing with  

semicircular winglet 
(N) 

D 
Swept wing with 
elliptical winglet 

(N) 

D 
Swept wing with raked 

winglet 
(N) 

0 104.483 107.35762 113.1531 111.783 
2 136.2918 140.85192 147.4388 143.753 
4 197.271 205.9020 210.8930 205.0538 
6 286.770 303.607 303.987 296.612 
8 405.909 434.686 428.561 411.228 
10 555.386 594.864 585.007 590.686 
12 722.507 898.97 774.9393 811.025 
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Figure 10: Angle of attack VS Drag D (theoretical) 

Table 8: Angle Of Attack Vs Lift L (Numerical) for Swept Wing without Winglet and with Different Winglets 

Angle of 
attack in 
degree 

L 
Swept wing 

(N) 

L 
Swept wing with  

semicircular 
winglet 

(N) 

L 
Swept wing with 
elliptical winglet 

(N) 

L 
Swept wing with 

raked winglet 
(N) 

0 893.075 1027.0566 1045.8198 1069.5209 
2 2261.8645 2550.6347 2588.2004 2664.782 
4 3634.222 4081.6119 4190.6165 4261.5973 
6 4996.2884 5617.6782 5773.6785 5852.9626 
8 6353.6687 7151.833 7355.7188 7584.568 

10 7706.8918 8790.4652 8921.4509 9174.8482 
12 9222.4118 10096.586 10447.104 10644.481 
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Figure 11: Angle Of Attack Vs Lift L (Numerical) 

 

Table 9: Angle Of Attack Vs Drag D (Numerical) for Swept Wing without Winglet and with Different 
Winglets 

Angle of 
attack in 
degree 

D 
Swept wing 

(N) 
 

D 
Swept wing with  

semicircular 
winglet 

(N) 

D 
Swept wing with 
elliptical winglet 

(N) 

D 
Swept wing with 

raked winglet 
(N) 

0 103.081 105.926 111.651 110.293 
2 134.472 138.977 145.469 141.825 
4 194.638 203.151 208.087 202.325 
6 282.934 299.553 299.932 292.647 
8 400.492 428.894 422.848 407.284 

10 547.967 586.936 577.205 582.795 
12 712.871 886.979 764.605 800.200 
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Figure 12: Angle Of Attack Vs Drag D (Numerical) 

 

Table 10: Angle Of Attack Vs Coefficient of Induced Drag Cdi for Swept Wing without Winglet and with 
Different Winglets 

Angle of 
attack in 
degree 

Cdi 
Swept wing 

Cdi 
Swept wing with  

semicircular winglet 

Cdi 
Swept wing with 
elliptical winglet 

Cdi 
Swept wing with raked 

winglet 

0 0.000753 0.000615 0.000541 0.000566 

2 0.004827 0.003796 0.003312 0.003513 

4 0.012461 0.009721 0.008682 0.008984 

6 0.023552 0.018415 0.016481 0.016947 

8 0.038088 0.0298830 0.026750 0.028458 

10 0.089236 0.045090 0.039350 0.041642 

12 0.182978 0.059485 0.054270 0.056051 
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Figure 13: Angle of attack VS Coefficient of Induced Drag Cdi 

Table 11: Angle Of Attack VS Induced Drag Cdi for Swept Wing without Winglet and with Different Winglets 

Angle of 
attack in 
degree 

Di 
Swept wing 

(N) 
 

Di 
Swept wing with  

semicircular winglet 
(N) 

 

Di 
Swept wing with 
elliptical winglet 

(N) 

Di 
Swept wing with 

raked winglet 
(N) 

0 14.21478 12.3890 11.0738 11.3073 
2 91.18223 76.4696 67.79118 70.2061 
4 235.3891 195.8275 177.7188 179.5422 
6 444.9177 370.9662 377.3511 338.68012 
8 719.4849 600.9190 547.5482 568.7236 
10 1685.6739 908.3285 805.4588 832.2014 
12 3456.4288 1198.3127 1110.8576 1120.1605 

 

Figure 14: Angle of attack VS Induced Drag Cdi 
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4. Conclusion  
 
       Computational investigations are carried out to examine the performance and effectiveness of using 
wingtip devices in the swept wing. The results are investigated, tabulated and discussed for wing without 
winglet and with winglet configuration. Combining the numerical analysis results with theoretical result the 
following points are suggested for the implementation of winglets in the wing for better performance. 

1. From the lift coefficient and drag coefficient graph it is shown that using winglets increase lift and 
reduce drag. 

2. From the graphs and tables it is shown that aerodynamic efficiency of raked winglet is better 
compared to semi-circular and elliptical winglets. 

3. The elliptical winglet and raked winglet greatly reduces the induced drag acting on the induced drag. 
4. Thus by using winglet drag is reduced and cost economic by reducing the usage of fuel and thus 

increase the efficiency of aircraft. 
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