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Abstract 

Present study aim to improve the aerodynamic performance of low Aspect Ratio (AR) military drone 

aircraft wing, through employing leading edge tubercle. For that purpose two wing model were design 

one with smooth leading edge and second with tubercle leading edge. The wing models were developed 

by using NACA0012 airfoil profile, whereas tubercles of amplitude 5% of chord (c) and wavelength of 

11% of c is employed. The numerical simulation as performed at chord based Reynolds number of 

140000 in pre-stall and post stall regime. The computational fluid dynamic simulation is performed at 

different angle of attack ranging from 0o to 25o with the interval of 5o. Computational Fluid Dynamics 

(CFD) results reveal that tubercle at the leading edge of the low AR wing has favorable effect on the 

wing performance. Aerodynamic performance of both smooth leading edge and tubercle leading edge 

wing is similar up to 15o angle of attack, whereas at 20o and 25o significant improvement in Lift-to-Drag 

L/D ratio is observed. It is estimated that at maximum increment of 53% in lift coefficient ii achieved at 

25o angle of attack for as compared to smooth LE wing model. Moreover, maximum 20.5% decrease in 

drag coefficient is estimated in case of tubercle leading edge as compared to baseline model at 20o angle 

of attack. The critical observation of field around the tubercle leading edge wing is found that tubercles 

restrict flow separation through generation of low strength vortices; these vortices enhance momentum 

exchange within the boundary layer.               
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1. Introduction 

Improving the aerodynamic performance of airfoil/ wing has remained the interest of aerodynamics 

researchers.  Over the years of research numerous flow control techniques have been developed to 

improve the aerodynamic performance of civil and military aircrafts. Those flow control techniques has 

been divided into two groups active flow control and passive flow control. Active flow control system 

requires extra energy to operate and major active flow control techniques are flaps, slots, boundary layer 

suction and blowing and so on. Whereas passive flow control is simple, easy to implement, requires no 

extra energy and the widely employed passive control techniques are winglet, vortex generator, gurney 

flap and leading edge tubercles. The concept of tubercles at the leading edge of the wing received 

attention after the work Fish and Battle [1, 2], the idea of employing tubercles at the leading edge of the 

wing has emerged during the morphological study of the Humpback whale, study found that despite of 

large size Humpback whale is capable of performing sharp turns during its prey. It is only possible if 
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humpback maintain its lift coefficient at higher angle of attack without significant stall. The detailed 

analysis of Humpback flippers revealed that round protuberance shapes at its flipper is unique than other 

aerobatic animals. Moreover, over the last few years numerous studies has been carried out to control 

flow in the subsonic [3-13] and the transonic flow regimes [14-17]. The deployment of tubercle in 

various rotating fluid machinery application such as propeller [18, 19], wind turbines [18, 20-30] and on 

the tidal turbine[31-33] to improve their aerodynamic performance, by controlling dynamic stall is 

gaining research attention over last decade. 

In addition to this, flow separation is the major problem, which degrades aircraft wing aerodynamic 

performance at higher angle of attack. Moreover, the special requirement such as short-take-off and 

landing, in this situation aircraft requires to cruise at high angle of attack, as results of which flow 

separation occurs causing to reduce lift and increase drag. Furthermore, in case of small size Unmanned 

Arial Vehicles (UAVs), these vehicles operates at low Reynolds number, where flow separation occurs 

even at low angle of attacks, thus in order to improve the aerodynamic performance of low aspect ratio 

military drone aircraft wing is need to conducted in detail. Moreover, the numerous studies have been 

conducted to analyze the aerodynamic performance of the aircraft wing.    

Recently a numerical study is conducted [34] to investigated the effect of changing wavelength of a 

finite wingspan and studied the flow behavior in pre-stall and post-stall regimes. Two different wavy 

models are used named as (𝜆0305h1) and (𝜆0503h1) with increasing wavelength and decreasing 

wavelength from root to tip respectively. Both wing models were simulated at chord based Reynolds 

number of 1.2× 105. Numerical simulation results revealed that the L/D ratio decreases in pre-stall 

regime. It is estimated that 16.89% and 4.22% for (𝜆0503h1) and (𝜆0305h1) wavy wing model 

respectively. It was also observed that the waviness of wing is only beneficial for post-stall regime.  

Another study [35] analyzed the aerodynamic performance of the NACA634-021 airfoil wings with 

different tubercles setups and performed the analysis on finite and infinite wing situations. Study results 

found that high amplitude leads to gentler stall and moderate wavelength increase the lift. The oil flow 

visualization was employed to analyze the flow behaviour over the wing models. The LSBs are formed 

on wavy wing model at lower pitch points are exposed by the pleasant fluorescent images. Another 

study [36] has accrued out direct numerical simulation to analyze the aerodynamic performance of the 

NACA0012 airfoil at Reynolds number of 1000. The direct numerical simulations were conducted by 

using the Spectral/hp Element method to observe the waviness impact on airfoil aerodynamic 

performance. Numerous combinations of amplitudes and wavelength were implemented to analyze 

waviness parameters impact on airfoil aerodynamics. Simulation results revealed that waviness results 

decrease in airfoil aerodynamic performance. 

The extensive literature review reveal that most of studies either implemented tubercles on the airfoil 

and some studies analyzed impact of tubercles at very low Reynolds number not suitable for military 

drone applications application. In this regards, present study employed tubercles at low aspect ratio 

rectangular aircraft wing and analyzed its aerodynamic performance at Reynolds number suitable for 

military drone applications.      

 

2. Numerical modeling 

2.1 CAD modeling and meshing 

To analyze the impact of employing leading edge tubercles on the military drone aircraft wing, two wing 

models were developed one with smooth leading edge (i.e baseline model) and second one with tubercle 
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leading Edge (i.e TLE). The NACA0012 airfoil is selected, and airfoil coordinates were obtained from 

university of Urbana illunus website. Moreover, both wing models were developed with aspect ratio of 

(AR=1). Both wing models were developed in Pro-Engineer software, further initially 2D airfoil is 

generated with the coordinates. The 3D CAD model is then developed with the chord length of c=140 

mm, whereas tubercle at the leading edges were employed through changing the chord length of the 

airfoil and through employing coordinate transformation equation (1) written as follow.  

2
( ) cos

2

h
X c Z c z






 
= + = −  

          (1) 

In the above Eq. (1) X denotes the transformation at specific spanwise location, chord length is denoted 

with c and Z is the length in spanwise direction. Moreover, the tubercles amplitude and wavelength are 

denoted with h and λ respectively. The designed three dimensional (3D) CAD model of the smooth and 

tubercle leading edge wing is presented in Fig. 1(a & b). Furthermore, the tubercle employed on the 

leading edge of the military drone aircraft wing have wavelength 11% of c and the amplitude 5% of 

chord (c).  

 
(a) 

 
(b) 

 
( c) 

 
(d) 

Fig. 01 The designed CAD model (a) the isometric view of the smooth leading edge wing (i.e 

baseline wing model), (b) the isometric view of tubercle leading edge wing (i.e TLE wing), (c) 

computational domain created around the wing to generate flow field (d) the meshed model of 

the computational domain with fine mesh elements near wing 
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Once the 3D CAD model of the baseline and tubercle leading edge wing model is developed then, the 

CAD model is imported to the ANSYS Design modeler for further processing. After importing wing 

model, it is pitched at the desired angle of incidences as in present study wing model is pitched to six 

different angle of attacks. Once is wing model is pitched to desired angle then fluid domain is created 

around the solid wing model. The fluid domain size is defined in terms of chord length of wing, fluid 

domain is extended 10c in upstream and 10c in the downstream direction. Whereas 5c in lateral 

directions above and below wing surface. Furthermore, 3 times the chord is extended in spanwise 

direction. To predict aerodynamic performance and 3D flow effects more accurately, one end of the 

wing is fixed with the symmetry wall as it is attached with the fuselage and the tip of the wing is free. 

The fluid domain generated around the wing model is discussed and presented in Fig. 01 (c). Once the 

fluid domain is created then the wing model is further processes in ANSYS meshing tool, where 

different face were named accordingly and the continuous fluid domain is discretized.  Tetrahedral mesh 

elements used employed to discretize the continuous fluid domain; moreover the unstructured meshing 

is performed to reduce computational resources and computational time. The elements of 5mm were 

used to discretized whole computational except the region near the solid. In the closer vicinity of the 

solid wing sphere influence is created with diameter of 4 times the chord to refine mesh near the solid 

body. The element size inside the sphere influence is kept 1.5mm for accurate prediction boundary layer 

impact. Mesh is developed with total number of 2.6×107 of cells were generated. The meshed model of 

the computational domain is presented in Fig. 01(d).         

 

2.2 CFD modeling 

Once the meshing is completed, then discretized computational domain is transferred to FLUENTTM for 

further processing. CFD modeling requires the assumption, boundary condition and operating condition, 

since the Reynolds number used in present study is low and Mach number is below 0.3 thus assumption 

of incompressibility remain valid. Thus pressure-based solver is employed, steady state flow simulation 

is performed up to 15o angle of attack and unsteady simulation is performed at 20o and 25o angle of 

attack. Air is used as working fluid and no-slip condition is applied on the surface and other three faces 

of the computational domain presented in Fig. 01(c). In addition to this, symmetry condition is applied 

on the wall that is attached to military drone aircraft wing. Two turbulence models were selected to 

encounter the effect of fluctuating component present with the flow field. Finite Volume Method (FVM) 

is employed to solve the governing fluid flow equations. The uniform velocity operating condition is 

employed at the inlet with the turbulence intensity of 0.8% is applied, the direction cosine for the 

velocity is (1, 0, 0). Outlet is defined through pressure outlet and pressure at outlet is set as zero. 

Furthermore, the governing fluid flow equation were solved through employing SIMPLE scheme and 

spatial discretization is carried out through second order upwind scheme.  

 

2.3 Computational Model 

The present study is conducted at low Reynolds number thus flow is considered as incompressible thus 

pressure based solver is employed. Moreover flow is considered as viscous, steady at low angle of attack 

and unsteady at 15o and 20o angle of attack. Air is used as working fluid that flows over the wing 

surface. Thus the governing fluid flow equations, such and continuity equation and momentum equation 

after employing Reynolds decomposition also known as Reynolds Average Navier stokes (RANS) 

equations for steady viscous and incompressible flow can be written as follow.  
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The values of i,j=1,2,3  (2)

 

The last term in above equation (2) is produced as result of Reynolds decomposition and is known as 

Reynolds stresses ( i ju u  − ), this term take into account the effect of fluctuations present with the flow. 

In Fluent TM numerous turbulence models are available to accurately model these fluctuations; however 

each model has merits and demerits. Moreover, the all developed turbulence models are mostly suitable 

for specific flow conditions. Present employed realizable k −  and k −  Shear Stress Transport (SST) 

model.  The k − realizable turbulence model is used at low angle of attacks up to 10o, since numerous 

studies employed it to analyze the aerodynamic performance of TLE wing [25, 37-40], whereas k −  

SST turbulence model is employed at high angle attacks such as 15o and 20o since the numerous studies 

suggested that k −  SST turbulence model is suitable of near wall and separated flows[25, 40-42], the 

equation of realizable k − model is written in flowing manner.   
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In the above equations, k and  are turbulent Prandtl numbers for k and  are k and , respectively, 

whereas generation of turbulence kinetic energy because of the mean velocity gradients is denoted by P. 

The present study employed model constants as 2C = 1.9, k  = 1, and   = 1.2. 
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In these equations, P represents the generation of turbulent kinetic energy due to mean velocity gradients 

and G  represents the generation of . k and  ω represents the effective diffusivity of k and , 

respectively. kY andY  represent the dissipation of k and , respectively, due to turbulence. D  

represents the cross-diffusion term. 

 

3. Results and Discussion 

3.1 Aerodynamic Forces 

The aerodynamic forces acting on the baseline and tubercle leading edge wing is discussed and 

presented in Fig. 2 & 3 in pre-stall and in post-stall regime. The aerodynamics force like lift and drag are 

produced as a result of pressure stress distribution and shear stress variation. The lift force is produced as 

a result of pressure difference between the upper and lower surface of the wing. Once the CFD 

simulation is conducted numerical values of lift and drag forces can be found and lift coefficient (CL) 

and coefficient of drag (CD) is determined from by using following relationship.  

21/ 2

L
L

F
C

U cL 

=  

21/ 2

D
D

F
C

U cL 

=    (9) 

Whereas in above equations FL denotes the lift force and FD represent the drag force, ρ, 
U

  and L 

denotes density of the air, freestream velocity and span length respectively.  

 
Fig. 2 The variation of lift coefficient for smooth leading edge and tubercle leading edge wing 

against angle of attack 

 

The lift coefficient over the baseline and TLE wing against angle of attack is plotted in Fig. 2, it is 

observed from the graph that baseline wing have slightly high lift coefficient up to 10o angle of attack, 
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whereas from at 15o AoA TLE wing lift coefficient is higher than the smooth LE wing and difference at 

higher angles increase further. After 15o angle of attack smooth LE wing under goes stall and lift 

coefficient fall suddenly, in contrast lift coefficient of TLE wing remain increasing with angle of attack. 

The drag coefficient variation is for baseline and tubercle leading edge wing is plotted against the angle 

of attacks is discussed and presented in Fig. 3. It is observed from the drag coefficient both models have 

similar drag coefficient behavior up to 15o angle of attack. However, at higher angle of attacks such as 

20o and 25o the drag coefficient of baseline wing model is significantly higher than tubercle leading edge 

wing model.    

 
Fig. 3 The variation of drag coefficient for smooth leading edge and tubercle leading edge wing 

against angle of attack 

 

The variation of the Lift-to-Drag (L/D) ratio is plotted against selected angle of attacks, discussed and 

presented in Fig. 4. From the L/D ratio of smooth LE and tubercle leading edge wing it is observed that 

both wing models have similar L/D ratio up to 15o angle of attack. Moreover, from the graph it is also 

noticed that both wing models experience stall between 10o and 15o angle of attack. From the L/D ratio 

graph it is observed that tubercle leading edge wing model have significantly higher L/D ratio as 

compared to smooth leading edge wing model in post-stall regime. This showed that deployment of 

tubercles at the leading edge of low aspect ratio wing have shown favorable impact on the wing 

aerodynamic performance in both pre-stall and post-stall regimes.     
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Fig. 4 The variation of L/D ratio against angle of attack for smooth leading edge and tubercle 

leading edge wing. 

 

3.2 Surface pressure distribution 

The static pressure distribution over the baseline and tubercle leading edge wing model is discussed and 

presented in Fig. 5 (a & b). The static pressure distribution is presented at 5o angle of attack because 

similar behaviour is observed at other tested angles. From the static pressure distribution over the 

baseline wing model it is observed that leading edge suction over the complete leading of wing except in 

small region close to free end of wing. However, in case of the tubercle leading edge wing LE suction is 

noticed only in the trough region, where at tubercle valley/trough strong leading edge suction enable 

airfoil to maintain lift coefficient closer to that of the smooth leading edge wing. The comparison of 

static pressure over both wing models reveal that reduction in leading edge suction in case of TLE wing 

is compensated with lower magnitude of leading edge suction in case smooth leading edge wing. 

Moreover, restriction of leading edge suction at tubercle valley causes the spanwise flow in case of 

tubercle leading edge wing model.  
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(a) 
 

(b) 

Fig. 5 Static pressure distribution at 5o angle of attack over the (a) smooth leading edge wing 

(b) Tubercle leading edge wing 

  

In order to clearly understand the aerodynamic behaviour at high angle of attack in post-stall regime, 

velocity vectors at 25o angle of attack is discussed and presented in Fig. 6(a-c). the velocity vectors over 

the baseline model is presented in Fig. 6(a), it is observed that flow separation start from leading edge 

then reattached approximately at 0.35c to 0.4c and then again separated near the trailing edge forming 

strong flow recirculation zone, as a result pressure difference over the wing upper and lower surface of 

the wing is decreased resulting in loss of lift coefficient. Moreover, velocity vector distribution over the 

tubercle leading edge wing valley and peak is presented in Fig. 6(b & c). It is observed from the velocity 

vector distribution over the TLE wing at tubercle significantly reduced flow separation and tubercles 

also reduced size recirculation zone.  

 

 

 

 

 

 
(A) 

 
(B) 
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(C) 

Fig. 6 Velocity vector distribution at 25o angle of attack over (a) smooth leading edge wing (b) 

tubercle leading edge wing at valley and (c) tubercle leading edge wing at tubercle peak. 

 

3.3 Flow Mechanism 

The streamline flow behaviour the smooth leading and tubercle leading edge wing is discussed and 

presented in Fig. 7(a-f). Moreover the streamline behavior is discussed and presented at 25o angle of 

attack. From the streamline behaviour over the baseline wing in Fig 7(a) is observed that strong vortices 

are produced and create strong flow recirculation zone, similar behaviour is noticed in isometric view of 

streamline presented in Fig. 7(b). Additionally the streamline flow behaviour over the tubercle leading 

edge wing peak and valley is discussed and presented in Fig. 7(c-f). From the streamline behaviour it is 

noticed that vortices produced over TLE wing have low strength and they are not distributed over the 

wing surface. Moreover, the reduction of vortices strength due to implementation of tubercle help 

reduced size of flow recirculation zone and also flow separation. The deployment of tubercles creates 

low strength vortices that enhance momentum exchange within boundary layer and restrict flow 

separation. Thus, improve the aerodynamic performance in post stall regime.        

 

 
 

(a) 

 
(b) 
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(c) 

 
(d) 

 

 
(e) 

 
(f) 

Fig. 7 The streamline flow behaviour at 25o angle of attack over the (a & b) Smooth leading edge 

wing (c & d) Tubercle Leading edge wing at tubercle peak (e & f) Tubercle Leading edge wing at 

tubercle valley/ trough 

 

4. Conclusion 

This research work analyzed the aerodynamic performance of low aspect ratio military drone aircraft 

wing by using tubercles at its leading edge. The two wing models smooth leading edge and tubercle 

leading edge were developed by suing NACA0012 airfoil. The study carried out  at chord based 

Reynolds number of 140000 in pre-stall and post stall regime. The numerical simulation results found 

that tubercle leading edge wing has shown comparable aerodynamic performance to that of the smooth 

leading edge wing in pre-stall regime. In addition this TLE wing has higher lift coefficient as compared 

to the baseline wing model in post-stall regime.   Numerical simulation results reveal that tubercle at the 

leading edge of the low AR wing has favorable effect on the wing performance. Aerodynamic 

performance of both smooth leading edge and tubercle leading edge wing is similar up to 15o angle of 

attack, whereas at 20o and 25o significant improvement in Lift-to-Drag L/D ratio is observed. It is 

estimated that at maximum increment of 53% in lift coefficient ii achieved at 25o angle of attack for as 

compared to smooth LE wing model. Moreover, maximum 20.5% decrease in drag coefficient is 

estimated in case of tubercle leading edge as compared to baseline model at 20o angle of attack. The 

critical observation of field around the tubercle leading edge wing is found that tubercles restrict flow 

separation through generation of low strength vortices; these vortices enhance momentum exchange 

within the boundary layer. 
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