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Abstract: 

 The chord Reynolds number of micro air vehicles are usually in the range of 104 to 105. The laminar 

flow separation is a common phenomenon occurring in a flow over a body. The corrugated dragonfly airfoil has 

the potential ability to sustain an attached flow at low Reynolds number, thereby suppressing laminar flow 

separation or large laminar bubbles. In this project an optimized corrugated dragonfly airfoil is designed from 

the survey of standard airfoils. The flow properties of the corrugated dragonfly airfoil are measured at different 

angles of attack such as 0º, 5º, 10º and 15º for the Reynolds number of 5×104 in which the MAVs usually 

operates. The aerodynamic performance of corrugated dragonfly airfoil is compared with a traditional NACA 

0012 airfoil at the same Re and also with a corrugated dragonfly airfoil at a different Re of 34000. The 

corrugated airfoil is meshed using GAMBIT and the computational fluid flow analysis is carried out using 

FLUENT on the corrugated dragonfly airfoil at low Reynolds number of 5×104. The flow behavior around the 

airfoil is analyzed and simulations are carried out to predict the behavior of unsteady flow structures around the 

airfoil at different angles of attack. 

Introduction: 

MICRO-Air-Vehicles (MAVs), which typically refer to palm-sized aircraft (e.g. with a maximum 

dimension about 10cm and a flight speed about 10m/s), are of great interest to both military and civilian 

applications. Equipped with video cameras, transmitters or sensors, these miniaturized aerial vehicles can 

perform surveillance, reconnaissance, targeting, or bio-chemical sensing tasks at remote, hazardous or 

dangerous locations. A concerted effort supported by the Defense Advanced Research Projects Agency 

(DARPA) in recent years has resulted in advancements in miniaturized digital electronics, micro fabrication, 

miniaturized power cells, remote communication, imaging and control devices and other enabling technologies. 

Such advances have turned the concept of MAVs as rapidly deployable eyes-in-the-sky from fiction into 

demonstrated facts. The continuing demand for such small and robust miniaturized aerial vehicles is making 

MAVs an emerging sector of the aerospace market, and MAVs are expected to become commonplace in the 

next ten to twenty years. 

Methodology: 

       Computing unsteady flows at low to moderate Reynolds numbers continues to be of significant interest 

due to its application in MAVs and its relevance to insect and bird flights. Flapping and hovering flight of bird 

and insect are fine examples of optimum motion of aerodynamic surfaces that simultaneously develop necessary 

thrust for forward motion and sustained lift to keep it airborne. This is totally different from aircraft motion 

where lift and thrust are created by different sub-systems. Also, lift and thrust are created in aircraft by steady 

flow devices, while natural fliers use unsteady aerodynamics to create the same by articulating same surfaces. 

Design: 

 The process of airfoil design proceeds from a knowledge of the boundary layer properties and the 

relation between geometry and pressure distribution. The goal of an airfoil design varies. Some airfoils are 

designed to produce low drag (and may not be required to generate lift at all.) Some sections may need to 

produce low drag while producing a given amount of lift. In some cases, the drag doesn't really matter but it is 

maximum lift that is important. The section may be required to achieve this performance with a constraint on 

thickness, or pitching moment, or off-design performance, or other unusual constraints. 

 One approach to airfoil design is to use an airfoil that was already designed by someone who knew 

what he or she was doing. This design by authority works well when the goals of a particular design problem 

happen to coincide with the goals of the original airfoil design. This is rarely the case, although sometimes 

existing airfoils are good enough. In these cases, airfoils may be chosen from catalogs such as Selig's Airfoils at 

Low Speeds. The advantage to this approach is that there is test data available. No surprises, such as an 

unexpected early stall, are likely. On the other hand, available tools are now sufficiently refined that one can be 
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reasonably sure that the predicted performance can be achieved. The use of designer airfoils specifically tailored 

to the needs of a given project is now very common. 

 
Figure 1: Streamlined GA (W) - 1 Airfoil 

Design Limitation: 

 The common problems occurs during an airfoil design are 

 Design for maximum thickness  

 Design for maximum lift  

 Laminar boundary layer airfoil design  

 High lift or thickness transonic design  

 Low Reynolds number airfoil design  

 Low or positive pitching moment designs  

 Multiple design points 

Design of Corrugated Dragonfly Airfoil: 

 The corrugated dragonfly airfoil is designed using GAMBIT software. The constraints for designing 

the airfoil are taken from the journal Computational Study of Unsteady Flows around Dragonfly and Smooth 

Airfoils at Low Reynolds Numbers by H. Gao, Hui Hu, Z. J. Wang. The dimensions are shown in the below 

figure. 

 
Figure 2: Dimensions of Corrugated Dragonfly Airfoil 

 The cross section of the bio-inspired corrugated airfoil corresponds to a typical cross section of a 

dragonfly wing, which was digitally extracted from the profile given in Vargas and Mittal. The maximum 

effective thickness of the corrugated airfoil (i.e., the airfoil shape formed by fitting a spline through the 

protruding corners of the corrugated cross section) is about 15% of the chord length, which is slightly smaller 

than that of the streamlined GA(W)-1 airfoil (17% of the chord length). The bio inspired corrugated airfoil has 

the chord length of C=100 cm. The schematic diagram of the corrugated dragonfly airfoil designed using 

GAMBIT software is shown below. 

 
Figure 3: Designed Corrugated Dragonfly Airfoil 

Design constraints 

 Chord length = 100 mm 

 Thickness = 5 m 

Meshing: 

 In order to conduct a CFD analysis, three main tasks must be completed: grid generation, or pre-

processing, the actual computational processing of the analysis, and visualization of the computational results, 

or post-processing. As CFD matured over the past few decades, each of these steps has become a discipline in 

and of itself. 

Grid Generation: 

 Grid generation is done with the help of gambit software. Before CFD can be used to calculate the 

aerodynamic characteristics of a flow, the physical space through which the flow passes must be divided into a 
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number of discrete points, forming a grid. The grid must then be transformed from the physical domain into a 

computational domain, which is a form that the flow solver program understands and uses to perform the 

numerical calculations described below. This transformation between the physical and computational domain 

can be accomplished by using commercially available software, such as GridGen or GAMBIT. These programs 

take in a computer-aided design model of the flight vehicle, and with guidance from the user for details such as 

grid type and resolution, build the physical grid, which is then transformed into a computational grid ready for 

use with the flow solver. 

 
Figure 4: Grid System for Corrugated Dragonfly Airfoil 

Computational Fluid Dynamics: 

         Computational fluid dynamic (CFD) analysis is a powerful, cost-effective tool for the study of the 

aerodynamic characteristics of a flow. Through careful selection of the grid geometry and resolution, as well as 

the computational technique used, the sophistication of the analysis can be tailored to meet the needs of the 

researcher, while conforming to the imposed time and cost constraints. Today, CFD finds extensive usage in 

basic and applied research, in design of engineering equipment, and in calculation of environmental and 

geophysical phenomena. Since the early 1970s, commercial software packages (or computer codes) became 

available, making CFD an important component of engineering practise in industrial, defence, and 

environmental organizations. 

Governing Equation Using In CFD: 

 Continuity equation 

 Momentum equation  

 Energy equation 

The CFD Analysis Process: 

 In order to conduct a CFD analysis, three main tasks must be completed: grid generation, or pre-

processing, the actual computational processing of the analysis, and visualization of the computational results, 

or post-processing. As CFD matured over the past few decades, each of these steps has become a discipline in 

and of itself. 

Performance Analysis: 

 In the present study computational tests were carried out to get an understanding of the flow 

characteristics over a corrugated dragonfly aerofoil at a Reynolds number of 5×104 and at a velocity of 7.3 m/s. 

structured meshes have been used for depicting the motion of fluid over the aerofoil. First a grid has been 

selected after conducting a grid study. Two dimensional simulations were carried out with standard SST k-ω 

model using FLUENT. Computational results are compared with the data available for corrugational dragonfly 

aerofoil at a Reynolds number of 34,000 and NACA 0012 aerofoil at same Reynolds number of 5×104. The 

results obtained from the computational tests revealed the increased performance of the corrugated dragonfly 

aerofoil at Re of 5×104 over the other which are compared. 

Model for Analysis: 

 Based on the literature study carried out, the corrugated dragonfly aerofoil was found to have the 

highest aerodynamic performance at low Reynolds number. The schematic model of the traditional streamlined 

NACA 0012 aerofoil taken for comparing the performance of the corrugated dragonfly aerofoil is shown in the 

following figure. The aerodynamic performance characteristics of this aerofoil are taken from the base paper 

studied in the literature survey. The designed NACA 0012 aerofoil using the co-ordinates obtained is shown in 

the below figure. NACA 0012 aerofoil is a symmetric aerofoil used for low speed applications. Hence this 

aerofoil model is used for comparing the performance of corrugated dragonfly aerofoil. 
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Figure 5: NACA 0012 Aerofoil 

 The corrugated dragonfly aerofoil is designed using GAMBIT software using the measured design 

constraints. The schematic diagram of the designed corrugated dragonfly aerofoil is shown in the below figure. 

 
Figure 6: Corrugated Dragonfly Airfoil 

Performance Measure: 

 The results of the flow analysis over the corrugated dragonfly aerofoil are revealed and measured after 

the solver converge the solution. The pressure and velocity contours of different angle of attack are plotted. 

 
Figure 7: Contour of Dynamic Pressure At 10º AOA 

 Contour of dynamic pressure at 0º AOA (Appendix G.1) 

 Contour of dynamic pressure at 5º AOA (Appendix G.2) 

 Contour of dynamic pressure at 15º AOA (Appendix G.3) 

From all these contour diagram of dynamic pressures at different angles of attack, it is clear that the 

pressure difference between the upper and the lower surface is greater at 15 degrees of angle of attack. The 

greater the pressure difference, the greater the lift since every object moves from higher pressure to lower 

pressure. Therefore maximum lift can be obtained at this angle of attack. 

 This can be shown more clearly by plotting the pressure co-efficient contours at different angles of 

attack. 
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Figure 8: Contour of Pressure Co-Efficient At 15º AOA 

 Contour of pressure co-efficient at 0º AOA (Appendix G.4) 

 Contour of pressure co-efficient at 5º AOA (Appendix G.5) 

 Contour of pressure co-efficient at 10º AOA (Appendix G.6) 

The velocity contours shows the variation of velocity along the surface of the corrugated dragonfly 

aerofoil. At 0 degree angle of attack, the velocity distribution of air on both sides of the aerofoil is found to be 

the same. The variation of velocity distribution increases as the angle of attack increases. At 15 degree angle of 

attack, the velocity distribution on the upper aerofoil surface is seen to be more varied from the lower surface. It 

can be understood from the velocity magnitude contour diagram shown below. 

 
Figure 9: Contour of Velocity Magnitude at 15º AOA 

 Contour of velocity magnitude at 0º AOA (Appendix G.7) 

 Contour of velocity magnitude at 5º AOA (Appendix G.8) 

 Contour of velocity magnitude at 10º AOA (Appendix G.9) 

The direction of flow over the corrugated dragonfly aerofoil is shown in the velocity vector contour. At 

0º angle of attack, the flow direction is same at all the points. As the angle of attack increases from 5º to 15º, the 

reversed flow is formed on the upper surface of the aerofoil. The contours of velocity vector at different angle of 

attack are shown below. 

 
Figure 10: Velocity Vector Contour At 15º AOA 
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 Contour of velocity vector at 0º AOA (Appendix G.10) 

 Contour of velocity vector at 5º AOA (Appendix G.11) 

 Contour of velocity vector at 10º AOA (Appendix G.12) 

 These velocity vector contours clearly shows the direction of flow over the corrugated dragonfly 

aerofoil at different angles of attack. 

Performance Analysis: 

 The co-efficient of pressure (Cp) is plotted for different angle of attack along the chord length. At large 

angle of attack, the co-efficient of pressure between the upper and lower aerofoil surface is greater and it 

increases till the stalling angle. The co-efficient of pressure plots for different angle of attack is shown below. 

 
Figure 11: Co-Efficient Of Pressure Vs X/C Plot At 15º AOA 

 Co-efficient of pressure vs x/c plot at 0º AOA (Appendix G.13) 

 Co-efficient of pressure vs x/c plot at 5º AOA (Appendix G.14) 

 Co-efficient of pressure vs x/c plot at 10º AOA (Appendix G.15) 

 From these Cp plots, it is found that increasing the angle of attack increases the difference in pressure 

co-efficient between the upper and lower aerofoil surface. At 15º angle of attack, the pressure co-efficient 

difference is more resulting in high lift co-efficient. 

 The flow separation point is found out for the entire angle of attack 5 º, 10º and 15º from the velocity 

vector plot. The line/rake is selected and a line on the aerofoil surface is created at the point where the reversed 

flow occurred, using the line tool option. The velocity along the x-direction is found out and the point at which 

the flow reverses is the flow separation point. The flow separation points for the different angle of attack are 

plotted as shown below. 

 
Figure 12: X-Velocity Vs Y/C Plot 

 The flow separation point for different angle of attack is found out from the velocity vector diagram. At 

0º angle of attack, flow is not separated. At 5º angle of attack, flow separation occurs at 75% of chord. At 10º 

angle of attack, flow separation occurs at 60% of chord. At 15º angle of attack, flow separation occurs at 49% of 

chord. It is found that the flow separation point is delayed in corrugated dragonfly aerofoil compared to 

traditional streamlined NACA 0012 aerofoil. The flow separation point measured in the velocity vector plot is 

shown clearly in the below figure. 
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Figure 13: Flow Separation At 15º AOA 

The aerodynamic performance such as lift co-efficient of the corrugated dragonfly aerofoil is compared 

with that of the NACA 0012 aerofoil at same Reynolds number. Also the lift co-efficient of corrugated 

dragonfly aerofoil at a Reynolds number of 34000 is taken from the base paper and is compared with the 

analysed corrugated dragonfly aerofoil at Reynolds number of 5×104. 

 The lift co-efficient values of NACA 0012 aerofoil for different angle of attack such as 0º, 5º, 10º and 

15º obtained from the base paper are as follows 

Table 1: CL Vs α For NACA 0012 Aerofoil at Re=50000 

Angle of Attack (α)    Lift co-efficient (CL) 

0º 0 

5º 0.387 

10º 0.802 

15º 0.905 

Table 2: CL Vs α For Corrugated Dragonfly Aerofoil at Re=34000 

Angle of Attack (α)    Lift co-efficient (CL) 

0º 0.12 

5º 0.543 

10º 1.082 

15º 1.245 

 The lift co-efficient values of corrugated dragonfly aerofoil at a Reynolds number of 34000 for 

different angle of attack such as 0º, 5º, 10º and 15º obtained from the base paper are noted in the above table. 

 The lift co-efficient values of corrugated dragonfly aerofoil at a Reynolds number of 5×104 for 

different angle of attack such as 0º, 5º, 10º and 15º measured from the analysis results of FLUENT are tabulated 

as follows. 

Table 3: CL Vs α For Corrugated Dragonfly Aerofoil at Re=50000 

Angle of Attack (α)    Lift co-efficient (CL) 

0º 0.15 

5º 0.587 

10º 1.125 

15º 1.296 

The lift co-efficient result reveals that the corrugated dragonfly aerofoil at Reynolds number 5×104 has 

the highest performance compared to the other two. Thus corrugated dragonfly aerofoil can be highly used in 

micro air vehicles working at a low Reynolds number of 5×104 than the traditional streamlined aerofoil. 

 The below figure shows the comparison of the lift co-efficient for different angle of attacks for the 

corrugated dragonfly aerofoil and the traditional streamlined NACA 0012 aerofoil at same low Reynolds 

number of 50000. From this lift co-efficient plot, it is understood that corrugated dragonfly aerofoil is suitable 

for the low speed micro air vehicle applications. This improved aerodynamic performance of corrugated 

dragonfly aerofoil is due to the presence of corrugations which sustains an attached flow at low Reynolds 

number. The effect of vortices formation does not affect the aerodynamic performance at low speeds. 
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Figure 14: Lift Co-Efficient Vs Angle Of Attack Plot 

Conclusion: 

 The corrugated dragonfly aerofoil is analysed at low Reynolds number of 50000 and the flow 

properties are obtained. The flow separation point is found out which is suppressed than that occurs in 

conventional streamlined aerofoil. Suppression of the flow separation point results in delaying of stall angle. 

The lift co-efficient measurement result shows the improved aerodynamic performance of the corrugated 

dragonfly aerofoil compared to that of traditional NACA 0012 aerofoil. This increased CL is due to the 

suppression of flow separation point caused due to the presence of corrugations. Therefore more lift is occurred 

for corrugated dragonfly aerofoil than for streamlined aerofoil at same angle of attack. Also the corrugated 

dragonfly aerofoil at Reynolds number of 34000 is compared in this study and the improvement of lift co-

efficient is noted. 
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