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The aim of this work is to determine the Aerodynamic properties of the corrugated 

dragonfly airfoil in comparison to the traditional smooth NACA 2.5411 airfoil. A 
simplified dragonfly airfoil is analysed in the current work, at low speeds. A 3D printed 

model is tested using Six Component strain gauge and the results are compared with 

NACA 25411 airfoil. Aerodynamic performance is evaluated at low Reynolds number 

to associate the results with the regular section. In order to streamline the results both 

experimental and numerical work is carried over the model at different wind speeds 

and wind angles. Data obtained provides a valuable insight to the physics of the model 

which showed a completely nonlinear behaviour resulting in positive aerodynamic 

forces. 
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1. Introduction  

 

The basic idea of flying and its evolution is an inspiration from the natural fliers i.e. birds and 

insects. After decades of studies and advancements in technology, we have successfully developed 
the aircraft and other aerial vehicles for various civil purposes like transportation, communication 

and military purposes like surveillance, targeting, bio-sensing etc. [5,14]. Yet today, it is still not 

possible for the technology to exactly imitate the flying techniques of birds and insects which mostly 
fly in low Reynolds number regimes [2,23]. This area of aeronautics, which is focused on bio-inspired 

models, is still in its infancy. 

Of all the natural fliers, dragonfly stands out for its peculiarity in wing structure and flying [24]. 

While most of the birds and insects have only a pair of wings, the dragonfly has two sets of wings i.e. 

forewings and hind wings. These powerful and agile fliers flap their forewings 180º out of phase with 

their hind wings. Dragonflies can act in different ways during their flight, mostly it would be classical 
type, supercritical lift, and high angle lift vortex lift [4]. The cross section of its wing is unusual and it 

is expected to be the reason behind the peculiarity in dragonfly’s flight. Unlike other bio-inspired 
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wing cross-sections which are simple and smooth cambered surfaces, dragonfly wing’s cross-section 

is found to be a corrugated surface. Many studies are being conducted to learn the advantages; the 
corrugated cross-section has to offer. Dragon fly could delay the stall and large flow separations at 

higher angle of attack up to 12.5 deg when compared with regular GA-1(W) airfoil and with flat plate 

as measured with PIV [7,3]. A study conducted on spanwise cross-sections at different locations of a 
dragonfly wing, where the geometry of cross-sections varies for each location [7]. 

 

(a) (b) (c) 
Fig. 1. (a) Corrugated Dragonfly Airfoil [19,20] and its (b) structure at various spanwise locations [19,20]  

(c) Cross-section at the mid-section of the fore wing [17] 

 

                                 
Fig. 2. Cross-sections of Dragonfly Airfoil [3] 

 

The dragonfly cross section produced high lift at low Re flight regime during gliding [8]. This was 

found to be due to an increase in negative lift on the upper surface of the wing because of the 
corrugated cross-section. This shows that geometrical location of valleys, the bends as shown in 

Figure 2 and the asymmetric nature of the airfoil along the chord length also plays an important role 

for negative lift generation [14,16]. This work is focused on the experimental analysis of dragonfly 
airfoil cross-section forewing of a dragonfly at the mid chord at section N as narrated in Figure 2 at 

low Reynolds number is tested.  The bio-inspired airfoil can be incorporated in Micro Air Vehicles 

which usually fly in the same Re as that of a dragonfly. 
 

2. Methodology  

2.1 Numerical Analysis 

2.1.1 Introduction 

 

Numerical analysis is a technique that uses mathematical formulations to determine and analyze 

the solutions of various fluid flow problems[26]. Though it has the advantages like no requirement 

for a physical setup, there are also limitations like understanding, mathematical modeling and 

availability of computational power. Also, the results obtained by using this technique may not be 
exact, but approximate solutions. 

Computational Fluid Dynamics is one of the applications of the numerical techniques where the 

flow conditions are simulated and analyzed using supercomputers, which are advanced than manual 

operations, accurate and fast[25][26]. The Navier-Stokes equations are the basis of CFD problems, 
from which various other equations like Euler equations, full potential equations and linearized 
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potential equations are derived according to the flow model defined in the problem [10,18]. These 

CFD results can be validated either by a Wind-Tunnel Test or a full-scale flight test.  

In this work a numerical tool is used, to perform a 2-D numerical analysis over NACA 2.5411 airfoil 
and Dragonfly airfoil at different angle of attacks for a range of velocities. The numerical analysis 

procedure consists of following steps. 

 
2.1.2 Geometry 

 

The 2-D geometries for NACA 2.5411 airfoil and Dragonfly airfoil are created using the Design 
Modeler and Space-claim design modules respectively. For the NACA 2.5411 airfoil, the coordinates 

are directly imported to Design Modeler, which are obtained from mathematical formulations using 

MATLAB. The Dragonfly airfoil geometry is taken from [23]. A comparatively large rectangular 
boundary is drawn in Figure 3 and 4 around the airfoils to imitate the wind-tunnel test section 

conditions, so as to compare them. 

Fig. 3. Geometry of NACA 2.5411 Airfoil                     Fig. 4. Geometry of Dragonfly Airfoil 

 
2.1.3 Mesh 

 

An intelligent mesh tool is utilized in current study, which generates the best possible accurate 
and efficient mesh for the given geometry in a single click. It provides full control over the mesh, for 

experienced users to further fine-tune it with fine mesh is shown in Figure 5 leading edge and Figure 

6 trailing edge. The geometry of NACA 2.5411 and Dragonfly airfoil that are created earlier are 
directly used, for the mesh process. Figure 7 and 8 presents the clear details of the mesh boundary 

which are utilized in capturing the physics effectively.  

 

2.1.4 Solver 

 

The Solver tool uses Finite Volume Method for calculations, where the domain is divided into 
discrete finite number of control volumes. Post-Processing is performed by a tool CFD-Post. It gives 

the user an insight of the simulation results. The results like plots, animations and high quality images 

of flow phenomena can be visualized and understood easily. There are a wide range of options for 
the user can choose from, depending on the requirement and understanding. Verification and 

validation of obtained results can also be done. In this work, post-processing involves contour images 

of dynamic pressure and velocity, and important end data like values of Cl and Cd. 
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2.1.5 Results 

 

This is the last step in the numerical analysis process. It simply displays the end results of the flow 
simulation in tool format. Which need to be converted or reproduced as per the requirement of the 

research analysis. 

 
  

Fig. 5. Mesh at the leading edge of NACA 

2.5411 

Fig. 6. Mesh at the trailing edge of 

NACA 2.5411 Airfoil 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Expanded view of the Dragonfly 

Airfoil’s mesh 

Fig. 8. Inflation layers over the surface 

of Dragonfly Airfoil 

 

2.2 Experimental Analysis 

2.2.1 Introduction 

 

Experimental analysis is different from numerical analysis in many ways. Numerical analysis is 

done using a computer, whereas experimental analysis is performed using a physical setup of special 

equipment like a wind tunnel. The results obtained from experimental analysis are more exact and 

reliable than those obtained from numerical analysis [11,12]. This is because the experimental setup 

depicts the real-life scenarios. It is also easy to understand. But, the setup being costly, confined to a 

place and requiring additional gauges and sensors for measurements are the major disadvantages 
[2]. 

A wind tunnel is a physical experimental setup used to determine the flow effects over different 

bodies [1]. The main concept of it is, air flow is allowed to move past the test body to determine data 
such as aerodynamic forces, moments, pressure distribution etc.  A typical wind tunnel parts consist 

of fan, inlet, settling chamber, test section and diffuser. The fan rotates when power is supplied and 

sucks in the air. The air that has been sucked in through the inlet is turbulent and is made to pass 
through a series of flow straighteners in the settling chamber to obtain laminar flow [10]. In the test 
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section, a scaled or real-size model is placed depending on the test section dimensions and testing is 

done. Then the flow is expanded and slowed down in the diffuser part and exited [2,22]. 

Aerodynamic forces and moments can be calculated by pressure calculations, where static 
pressure and local pressures at particular positions on the body are noted, from which lift and drag 

are obtained. Experimental investigation is carried at IARE low speed tunnel facility in Figure 9 to 

measure aerodynamic forces and moments over the model. The most basic type of instrument in 
Figure 10 used in this type of testing is the force balance, where three forces (lift, drag, and side force) 

and three moments (pitch, roll, and yaw) can be determined. In this work, the wind tunnel used is a 

low-speed wind tunnel with a maximum speed of 50m/s and test section dimensions 600mm x 600 
mm x 2000mm, in which the fabricated models of NACA 2.5411 airfoil and Dragonfly airfoil is tested. 

 

2.2.3 Fabrication 

 

Fabrication of NACA 2.5411 airfoil is made as per the details given in table 1, the geometry 

created in the Airfoil tools, using which ribs are cut out of foam board and wood. The ribs are joined 
using spars, one at the quarter-chord point and one at the rear end. The ribs are then covered with 

architecture sheet, which acts as skin for the model. An L-clamp is affixed on the lower surface of the 

model to enable it to be fixed to a 6-component balance for testing in Figure 13. For Dragonfly airfoil, 

the ribs are printed in a 3-D printer. The ribs are joined using heavy bond. An L-clamp is affixed on 
the mount of the setup lower surface of the model. 

 

 
Fig. 9. Low-speed Wind Tunnel Fig. 10. Six Component Balance  

 

 
             Fig. 11. Geometry of NACA 2.5411 Airfoil generated in Airfoil tools 

 

 
Fig. 12. Geometry of Dragonfly Airfoil [13] 
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   Fig. 13. NACA 2.5411 Airfoil Fabricated Model                          Fig. 14. Dragonfly Airfoil Fabricated Model 

 

2.2.4 Testing 

 

Both NACA 2.5411 airfoil and dragonfly airfoil are tested on a six component balance, at different 

angle of attacks over a range of velocity.  
                                   

 

 

 

 

 

 

 

 

 

 

Fig. 15. Models Mounted on a six component strain gauge balance strut 

 

3. Results and Discussions  

3.1. Results 

 

Test data obtained from graphs of Cl and Cd at different angle of attacks over a range of velocity 

are drawn in Figure 16 and 17. From the numerical results of Figure 16 and 17, it can be seen that 

the values of Cl for the Dragonfly Airfoil are higher when compared to the NACA 2.5411 Airfoil. 
Although, the values of Cd for the Dragonfly Airfoil are more than that of NACA 2.5411, owing to the 

corrugated cross-section of Dragonfly Airfoil. But, the aerodynamic efficiency, which is determined 

by lift-to-drag ratio, is seen to be higher for Dragonfly Airfoil especially at higher angle of attacks 
[9,15]. The experimental results above, the similar trend can be observed at higher angle of attacks 

i.e. higher Cl and Cl/Cd values for the Dragonfly Airfoil than those of NACA 2.5411, despite having 

more Cd as shown in Figure 18 and 19.  
 

Table 1  

Geometric Specifications of Dragonfly Airfoil 

 

 

 

 
 

 

Geometric Specifications of NACA 2.5411 Geometric Specifications of Dragonfly Airfoil 

C 25 cm C 20 cm 

m 0.025c 

p 0.4c T 2 mm 

t 0.11c 
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From both the dynamic pressure and velocity contours for NACA 2.5411 Airfoil, it can be deduced 

that the flow follows Kutta condition i.e. it leaves the trailing edge smoothly [10]. Also, according to 
traditional smooth airfoil theory NACA 2.5411 has lower pressure on upper surface and sufficient 

high pressure on the lower surface at AOA>5, so that lift is generated. This means the flow must have 

low velocity on the lower surface and higher velocity on the upper surface [6,13,21], which is also 
justified which is shown in Figure 20 to Figure 27. 

 

 
Fig. 16. Cl vs AoA plot for Numerical Results of airfoils at V= 11.8 m/s and V=15.4m/s 

  

 

 
 

 

 
 

 

 

 

 

 
Fig. 17. Cd vs AoA plot for Numerical Results of airfoils at V= 11.8 m/s and V=15.4 m/s 

 

Fig. 18. Cl vs AoA plot for Experimental Results of airfoil at V= 11.8 m/s and V= 15.4 m/s  
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Fig. 19. Cd vs AoA plot for Experimental Results of airfoil at V= 11.8 m/s and V= 15.4 m/s 

 

From the plots of numerical analysis, it can be inferred that the Dragonfly Airfoil has better 

aerodynamic performance for both the speeds than NACA 2.5411 Airfoil, especially at high angle of 
attack.  From the graphs for experimental results, it can be inferred that the Dragonfly Airfoil has 

better aerodynamic characteristics over NACA 2.5411 Airfoil. Dragonfly Airfoil: It can be observed 

from the dynamic pressure contours, that a small vortex bubble has been formed at the first valley 
on the lower surface in Figure 20 to 27. This means the flow tends to rotate in the valleys due to 

vortex. Also, the high pressure on the upper surface of airfoil tends to decrease with increase in AOA 

from 0 deg to 15 deg.  
 

3.2. Dynamic Pressure and Velocity Contours 

 

The below results are shown for Reynolds number 180,545. 

  
Fig. 20. Dynamic Pressure and Velocity Magnitude contours at AOA= 0 Deg, V= 11.8 m/s 

 

  
Fig. 21. Dynamic Pressure and Velocity Magnitude contours at AOA= 5 Deg, V= 11.8 m/s 
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Fig. 22. Dynamic Pressure and Velocity Magnitude contours at AOA= 10 Deg, V= 11.8 m/s 

 

  
Fig. 23. Dynamic Pressure and Velocity Magnitude contours at AOA= 15 Deg, V= 11.8 m/s 

 

The below results are shown for Reynolds number 243,894. 

  
Fig. 24. Dynamic Pressure and Velocity Magnitude contours at AOA= 0 Deg, V= 15.4 m/s 

 

  
Fig. 25. Dynamic Pressure and Velocity Magnitude contours at AoA= 5 Deg, V= 15.4 m/s 
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Fig. 26. Dynamic Pressure and Velocity Magnitude contours at AoA= 10 Deg, V= 15.4 m/s 

 

  
Fig. 27. Dynamic Pressure and Velocity Magnitude contours at AoA= 15 Deg, V= 15.4 m/s 

 

4. Conclusions 

 

From both the numerical and experimental analyses results obtained, it is concluded that the 
Dragonfly Airfoil has better aerodynamic characteristics like high Cl and Cl/Cd. It is obvious that the 

Dragonfly Airfoil has more Cd when compared to NACA 2.5411 Airfoil, due to its corrugated cross-

section. But, the advantages it offers in producing lift are more, which can be clearly established from 
the high lift-to-drag ratio. The high lift of Dragonfly Airfoil is expected to be due to the vortices 

generated at the valleys in the cross-section. Negative pressure is developed due to the vortices, and 

a net negative pressure on the upper surface can be obtained for AOA greater than 0. Therefore, 
more lift is generated by the Dragonfly Airfoil when operated at an AOA. The data provides an insight 

to further research work to investigate from this baseline data to analyse on complete fly wing by 

integrating the current data with the full sections. 
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