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INTRODUCTION 

Due to outstanding performance in the poststall region, sinusoidal leading-edge wings have attracted many attentions. 

These types of wings, which have been inspired by flippers of humpback whales, not only are able to delay the stall angle 

but also could produce the higher lift force after the stall region compared to unmodified wings. Therefore, there are a 

great number of studies in the literature which have investigated the effects of leading-edge protuberances on the fluid 

structure and the aerodynamic performance [1]. Many of these studies have focused on geometric parameters like 

wavelength [2], amplitude [3], aspect ratio [4], taper ratio [5], sweep angle [6] while the others have taken into 

consideration the effects of inflow regimes. Indeed, applicability and also aerodynamic performance of these types of 

wings could be changed when the Reynolds number is varied. The flow regime that recently has been very popular among 

scientists is low Reynolds numbers because many micro aerial vehicles work in this range. Popularity of sinusoidal 

leading-edge wings in low Reynolds numbers could be attributed to their efficiency as a means of the flow control to 

improve aerodynamics of micro aerial vehicles compared to traditional methods like thermal camber phenomenon [7] or 

boundary layer suction [8]. While classical flow control methods are very energy consuming and also lead to a weight 

penalty, sinusoidal leading-edge wings as a way of passive flow control would be a remarkable achievement.  

Guerreiro and Sousa [4] experimentally examined the capability of a sinusoidal leading-edge wing for being used in 

micro aerial vehicles. Since these types of aerial vehicles work in the range of low Reynolds number flows, experiments 

were conducted in two Reynolds numbers of 70,000 and 140,000. They revealed that excellent performance of sinusoidal 

leading-edge wings in producing lift force could be extended to lower angles of attack when the Reynolds number is 

decreased. Zhang, et al. [9] employed a leading-edge-protuberance technique to manipulate the fluid flow around a 

smooth leading-edge wing in order to achieve a higher aerodynamic performance. They experimentally tested their 

method in a low Reynolds number of 50,000 and showed that the lift coefficient and lift to drag ratio could be enhanced 

by a maximum 25% and 39.2% in the poststall regime by means of leading-edge protuberances, respectively. The goal 

of the study conducted by Rostamzadeh, et al. [10] was to numerically investigate the fluid flow in transitional and near-

turbulent regimes around a tubercled wing. They stated that in the turbulent flow regime, the unmodified wing shows a 

gradual stall and produces a higher lift than the modified wing. This result highlights the importance of Reynolds number 

on the aerodynamic performance of sinusoidal leading-edge wings. Aerodynamic performance of three wing 

configurations, including a wing without leading edge tubercles, one with tubercles of constant wavelength and amplitude 

along the span and the third with tubercles of varying amplitude and wavelength along the span was compared with each 

other by Sudhakar, et al. [11]. They found out that tubercled wing with variable amplitude and wavelength has the highest 

performance. 

Vedula, et al. [12] focused on transitional Reynolds number regime (Re=200,000 to 400,000) and compared 

aerodynamics of a biomimetic tubercle leading-edge airfoil and a smooth leading-edge one. They manifested that although 

the modified airfoil has a gentler stall than the baseline airfoil, its aerodynamic efficiency reduces by 16.6%. Heesu, et 

al. [13] experimentally visualized the fluid flow around a three-dimensional wing with tubercles. Results indicated that 

the stall angle is delayed by 7o and the maximum lift coefficient increases by 22% at the Reynold number of 180,000. 

Post, et al. [14] investigated six bio-inspired wing configurations with smooth and sinusoidal leading-edges at angles of 

ABSTRACT – Present study experimentally investigates the effects of ground clearance and 
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attack of −2 to 24 degrees for Reynolds numbers between 100,000 and 500,000. They proved that flow separation happens 

at first behind the toughs and then the peaks of the sinusoidal leading-edge wings.  

Fluid flow around wavy and unmodified airfoils in a transonic flow regime at a Reynolds number of 1,000,000 was 

studied by Sepetauskas, et al. [15]. They concluded that wavy wings have potential to be used in commercial aircraft 

wings due to their capability in preventing shock waves. Numerical simulations over finite wings with leading-edge 

protuberances were conducted by Esmaeili, et al. [16] at a Reynolds number of 140,000. In this study, they compared 

different turbulence modeling schemes, including RANS and DES, before and after stall regions. Moreover, the capability 

of the DES approach for an accurate evaluation of flow physics before and after the stall was proved. Wei, et al. [17] 

investigated the fluid flow around tapered and swept sinusoidal and smooth leading-edge wings in a Reynolds number of 

14,000 which is in the range of underwater gliders. Results showed that separations that are observed over the smooth 

leading-edge wing especially in the outboard region could be suppressed by using a sinusoidal leading-edge. Effects of 

Reynolds number, ranging from 10,000 to 60,000, on aerodynamics of sinusoidal and smooth leading-edge wings with a 

NACA0012 profile were investigated by Yasuda, et al. [18]. They showed that for angles of attack more than 10 degrees, 

the leading-edge protuberance enhances the lift coefficient regardless of Reynolds number. Formation of laminar 

separation bubbles on a sinusoidal leading-edge wing was numerically and experimentally investigated by Sreejith and 

Sathyabhama [19] at a Reynolds number of 100,000. They found that the flow structure is considerably changed by using 

a sinusoidal leading-edge. Authors have recently investigated the role of smart flaps in the aerodynamic performance of 

sinusoidal and smooth leading-edge wings. Results showed that the stall angle could be further delayed by adding a smart 

flap to the trailing-edge of the sinusoidal leading-edge wing[20]. Effects of the spanwise distribution of tubercles on the 

wing of a unmanned aerial vehicle were numerically investigated by Papadopoulos, et al. [21]. They showed that 

aerodynamic performance and efficiency increase in the Reynolds number range between 500,000 and 1,000,000 by 

applying tubercles. 

Another way of flow manipulation to improve the aerodynamic performance is to use wings in the vicinity of the 

ground where downwash velocity is reduced. This, in turn, causes the effective angle of attack to be increased, resulting 

in a drag reduction and a higher lift to drag ratio [22]. Johansson, et al. [23] have shown why bats would like to fly in the 

ground proximity. They found that the aerodynamic power of bats could be reduced by 29% when they fly near the 

ground. An experimental study was performed by Jung, et al. [24] to investigate aerodynamic coefficients of a NACA6409 

airfoil in the vicinity of the ground over a wide range of angles of attack, aspect ratios and ground clearances. They 

concluded that the lift to drag ratio increases in low ground clearances and the center of pressure is moved toward the 

leading-edge. The ground effects on the aerodynamic performance of smart flaps were numerically investigated by 

authors in two and three dimensions [22, 25]. Results showed that the tip vortex of the flap and wing is diminished in a 

low ground clearance. In another research study, authors studied the physics of fluid around an oscillating hydrofoil near 

water free surface [26].  

To summarize, many studies have been conducted to investigate fluid flow characteristics and aerodynamic 

coefficients around sinusoidal leading-edge wings. These studies either focused on investigation of geometric parameters 

or inflow regimes. However, to the authors’ knowledge, the aerodynamic performance of sinusoidal leading-edge wings 

in the vicinity of the ground has not been investigated yet. Furthermore, as shown, there are only few studies about the 

role of low Reynolds numbers in aerodynamics of sinusoidal leading-edge wings. Therefore, the main objective of the 

present study is to experimentally investigate the effects of Reynolds number and ground clearance on aerodynamics of 

sinusoidal and smooth leading-edge wings. Lift and drag coefficients of these wings are measured in the wind tunnel over 

a wide range of angles of attack from zero to 36 degrees, Reynolds numbers of 30,000, 45,000 and 60,000 and ground 

clearances of 0.5, 1 and ∞.  

 

METHODS AND MATERIALS 

Wind tunnel tests are performed in order to investigate the effects of low Reynolds numbers and ground clearances 

on aerodynamics of sinusoidal and smooth leading-edge wings. In this section, fabrication of wings is explained after 

defining the problem in detail. Next, the wind tunnel characteristics and measurement devises together with their accuracy 

are introduced.  

 

Problem Statement 

This study is conducted in the low Reynolds numbers of 30,000, 45,000 and 60,000. In order to investigate the ground 

effects, three distances to the ground (H) normalized with the mean chord of the wings (C) are considered. Two of these 

distances are in the vicinity of the ground (H/C=0.5 and 1), while the other one is far from it (H/C=∞). As shown in 

Figure 1, H is defined at the last two-thirds of the chord at mid span. Lift and drag forces of both wings are measured in 

each aforementioned Reynolds number and ground clearance for a wide range of angles of attack from zero to 36 degrees. 

The aerodynamic performance of the wings or the lift to drag ratio is also presented in this study for each case to highlight 

the overall effects of Reynolds number and ground clearance on aerodynamics of sinusoidal and smooth leading-edge 

wings. 
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Preperation of Wings 

As shown in Figure 2, two wings with different leading-edge configurations are considered in this study. The wing 

with the smooth leading-edge is named wing A and the other one with the sinusoidal leading-edge is called wing B. Both 

wings have a NACA 634-021 profile with a chord and a span of 10.2 cm and 20.4 cm, respectively. The amplitude and 

wavelength of the sinusoidal leading-edge wing are 0.12c and 0.5c, respectively. The design procedure of the sinusoidal 

leading-edge wing in the current study is the same as that mentioned by Lohry, et al. [27]. Both wings are firstly designed 

in SolidWork software and then fabricated via a 3D printer. These wings are hand polished after construction and their 

surface roughness height is much less than the critical roughness height mentioned by Custodio, et al. [3].  

 

 
Figure 1. Schematic of the wings inside wind tunnel 

 

Wind Tunnel and Measurement Instruments 

The experiments are conducted in an open circuit, low speed, and closed test section wind tunnel with a test section 

of 120 cm × 100 cm. The turbulence intensity of the wind tunnel is 0.3% at a velocity of 5 m/s. This value for turbulence 

intensity is much less than that mentioned by Mueller [28]. In order to measure lift and drag forces, two one-dimensional 

loadcells previously used in [29, 30] are employed. The hysteresis, non-repeatability, and non-linearity of force sensors 

are less than 0.02% of full scale (3 kg and 6 kg). Furthermore, the relative uncertainty in force coefficients was determined 

to be less than 1%. Forces are acquired for 50 seconds for each case at 1000 Hz. The loadcells are calibrated via known 

weights and the output functions are used to convert the average measured signals to force. An amplifier (model Dacell 

DN-AM100) is used to amplify the loadcells’ measured voltage and all signals are acquired by using a data acquisition 

board (model Advantech PCI-1710HG).  

 

Top view Side view 

 

 

 

 

 

(a) Wing A (Smooth leading-edge) 
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(b) Wing B (Sinusoidal leading-edge) 

Figure 2.  Top view and side view of fabricated wings: (a) smooth leading-edge wing (wing A) and (b) sinusoidal 

leading-edge wing (wing B) 

 

In order to change the value of the angle of attack, a mechanism demonstrated in Figure 3 is implemented. In this 

mechanism, the stepper motor (Figure 3(a)) is exploited to convert the rotational motion of the electrical motor to wings 

via a radial roller bearing (Figure 3(b)). These components are assembled and then placed into a shield shown in Figure 

3(c). Finally, the model is installed inside the wind tunnel which is depicted in Figure 4. It should be noted that in this 

experiment, in the worst case (lowest Reynolds number), about 2.95% of wings is in the wind tunnel boundary layer. This 

content is less than that of Custodio, et al. [3] where the wind tunnel boundary layer covers 4.3 % and 7.8% of the model 

span for the largest and smallest freestream velocities, respectively.  

 

 

 

(a) (b) 
  

 
(c) 

Figure 3.  Constructed mechanism for variation of angle of attack: (a) stepper motor, (b) radial roller bearing, and (c) 

shield 

 

 

Shield 

Loadcells 
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Figure 4. View of model inside the wind tunnel 

 

Validation 

In order to make assurance that experimental methodology employed in this study is reliable, lift and drag coefficients 

of the sinusoidal leading-edge wing are compared to those of Custodio, et al. [3] at a Reynolds number of 90,000. As 

shown in Figure 5, lift and drag coefficients obtained from this study could acceptably follow those of Custodio, et al. 

[3]. Furthermore, the average error between lift and drag coefficients of the present study and those of Custodio, et al. [3] 

is equal to 3.7% and 3.9%, respectively.  

 

  
(a) (b) 

Figure 5. Comparison between aerodynamic coefficients of this study and those of Custodio, et al. [3]: (a) lift 

coefficient, and (b) drag coefficient versus angle of attack 

 

RESULTS AND DISCUSSION  

Results obtained from conducting experiments on smooth and sinusoidal leading-edge wings are shown and discussed 

in this section. Lift coefficient, drag coefficient and lift to drag ratio for two aforementioned wings are plotted versus 

angle of attack (0o≤AOA≤36o) to firstly investigate the effects of Reynolds number (Re=30,000, 45,000 and 60,000), and 

then to focus on the effects of ground (H/C=∞, 1 and 0.5).  

 

Effects of Reynolds Number 

The lift coefficient of wings A and B in each ground clearance is demonstrated in Figure 6 for different Reynolds 

numbers. It should be noted that the emphasis in this subsection is on the effects of Reynolds number on aerodynamics 

of smooth and sinusoidal leading-edge wings. As can be seen from Figure 6, the lift coefficient of both wings in all ground 

clearances and Reynolds numbers linearly increases with angle of attack up to 12 degrees. After that, the lift coefficient 

non-linearly enhances and then either stalls or reaches a constant value.  

The lift coefficient of both wings enhances with increment of Reynolds number regardless of ground clearance. 

However, the range of variation from Re=45,000 to 60,000 is much less than that from Re=30,000 to 45,000. Furthermore, 

wing A in the lowest Reynolds number does not experience the intense stall that occurs in the same wing at Re=45,000 

and 60,000 because in high Reynolds numbers, the flow is attached to the wing surface in low angles of attack. Therefore, 
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a strong negative pressure region exists near the leading-edge, leading to increment of the lift coefficient. However, in 

high angles of attack, an adverse pressure gradient is formed over the upper surface of the wing due to the passage of the 

laminar flow. After that, because of the inherent lower kinetic energy of the laminar boundary layer, flow starts to separate 

as a shear layer. As soon as this shear layer is mixed with the freestream momentum, it reattaches to the wing surface as 

a turbulent boundary layer near trailing-edge and laminar separation bubbles are formed. It is worth mentioning that as 

the angle of attack increases, larger separation bubbles are created and the reattachment point moves toward trailing-edge 

[31, 32]. Further increment of the angle of attack results in a fully flow separation and consequently a large reduction of 

the lift coefficient [33]. Guerreiro and Sousa [4] clarified that the abrupt lift reduction after the stall point is mainly due 

to the burst of separation bubbles formed just before the stall.  

On the other hand, in the lowest Reynolds number, flow separation happens even at low angles of attack close to the 

trailing-edge of wing A where the laminar vortices develop. With an increase in the angle of attack, the separation point 

moves toward the leading-edge. while separation bubbles are reattached to the wing surface in high Reynolds numbers, 

the shear layer in the lowest Reynolds number is not able to reattach to the wing surface as a turbulent boundary layer, 

leading to a higher pressure drag and a poor lift production[33]. Consequently, a high discrepancy is reported between 

the lift coefficient in Re=30,000 and higher ones for wing A. However, this difference becomes smaller in high angles of 

attack because flow separation is developed for both Reynolds numbers[18]. In addition, an increase in Reynolds number 

from 45,000 to 60,000 causes the stall angle to be delayed up to 2 degrees in the smooth leading-edge wing. 

In contrast to wing A, behavior of the wing B in all Reynolds numbers is almost similar to each other. In the sinusoidal 

leading-edge wing, longitudinal vortices generated by sinusoidal leading-edge cause the flow to be attached. Therefore, 

the separation that occurs over the upper surface of the leading-edge leads to a negative pressure distribution at troughs 

[18]. Consequently, wing B has a higher lift coefficient compared to wing A in the poststall. Indeed, fluid flow is deflected 

toward the troughs and separated when it reaches the sinusoidal leading-edge wing. Separation bubbles in these zones 

create a strong negative pressure, resulting in a spanwise pressure gradient. This spanwise pressure gradient, in turn, 

causes the flow to be moved from peaks to troughs. Therefore, momentum is transferred to the separation region near 

troughs and flow is reattached [18]. The main difference between wing A and wing B is that the significant stall 

phenomenon occurs in the smooth leading-edge wing particularly in high Reynolds numbers either does not happen in 

the sinusoidal leading-edge wing or is considerably delayed. Therefore, wing B generally shows superior performance 

after the stall region or high angles of attack. As explained, this is because that the sinusoidal leading-edge enforces the 

flow to be reattached particularly in troughs by generating longitudinal vortices while the flow is separated over wing A.   

 

  
(a) H/C= ∞ (b) H/C= 1 
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(c) H/C= 0.5 

Figure 6. Lift coefficient of wings A and B for different Reynolds numbers at: (a) H/C= ∞, (b) H/C= 1 and  

(c) H/C= 0.5 

 

The drag coefficient of wings A and B in each ground clearance is demonstrated in Figure 7 for different Reynolds 

numbers. According to this figure, the drag coefficient generally increases with the angle of attack, but angles of attack 

among 12 to 20 degrees are critical since the drag coefficient of both wings non-linearly goes up in all Reynolds numbers 

and ground clearances. Furthermore, the drag coefficient of wings A and B in all Reynolds numbers and ground clearances 

is almost identical for AOA>20. In addition, the drag coefficient of both wings decreases with increment of Reynolds 

number particularly in the vicinity of the ground (H/C=1 and 0.5) and before the stall. This reduction in the drag 

coefficient for wing A is more than wing B. It should be noted that variation of the drag coefficient with Reynolds number 

is much less than that of the lift coefficient. That is to say, the drag coefficient is less sensitive to variation of the Reynolds 

number than the lift coefficient. Moreover, the drag coefficient of wing A is slightly less than that of wing B in the prestall 

region while the drag coefficient of both wings is almost identical in high angles of attack. This is in agreement to what 

Yasuda, et al. [18] showed.   

 

  
(a) H/C= ∞ (b) H/C= 1 
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(c) H/C= 0.5 

Figure 7. Drag coefficient of wings A and B for different Reynolds numbers at: (a) H/C= ∞, (b) H/C= 1 and  

(c) H/C= 0.5 

 

Lift to drag ratio or aerodynamic performance of wings A and B in each ground clearance is demonstrated in Figure 

8 for different Reynolds numbers. As can be seen, the main discrepancy in the aerodynamic performance happens before 

AOA<20, while the lift to drag ratio of both wings in different Reynolds numbers and ground clearances is almost the 

same after this angle. Furthermore, the aerodynamic performance of wings A and B significantly enhances with Reynolds 

number especially in the vicinity of the ground. This improvement for wing A is more than wing B. Except Re=30,000, 

the aerodynamic performance of wing A is higher than wing B in all distances to the ground. It should be noted that the 

maximum lift to drag ratio of both wings is generally advanced with Reynolds number increment.  

 

  
(a) H/C= ∞ (b) H/C= 1 
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(c) H/C= 0.5 

Figure 8. Aerodynamic performance of wings A and B for different Reynolds numbers at: (a) H/C= ∞ (b), H/C= 1 and 

(c) H/C= 0.5 

 

Effects of Ground 

The lift coefficient of wings A and B in each Reynolds number is demonstrated in Figure 9 for different ground 

clearances. The emphasis in this subsection is on the role of the ground in aerodynamic coefficients of smooth and 

sinusoidal leading-edge wings. According to Figure 9, the lift coefficient of both wings enhances when they reach the 

ground in all Reynold numbers. Furthermore, the slope of the lift coefficient curve in the linear region enhances for both 

wings and all Reynolds numbers when the wings get close to the ground. The best performance of both wings from the 

lift coefficient point of view happens in the closest distance to the ground (i.e. H/C=0.5). The converge-diverge shape 

between the wing lower surface and the ground is the main reason for this superior performance because it causes the 

pressure to be firstly decreased and then increased. This, in turn, makes a pressure difference around the wing and 

generates a higher lift than the wing far from the ground[22]. 

While wing A at H/C=1 experiences smoother stall and has much less maximum lift coefficient than the same wing 

far from the ground, when it gets further closer to the ground (H/C=0.5), it’s maximum lift coefficient is comparable to 

H/C=∞ and it has still smooth stall. On the other hand, the stall phenomenon that occurs for wing B at H/C=∞ is 

considerably alleviated when it reaches H/C=1. This stall is completely removed when wing B gets closer to the ground 

(H/C=0.5). It should be noted that the trend of the lift coefficient diagram for wing B at H/C=0.5 and Re=30,000 is 

entirely upward while it finally reaches a constant value for higher Reynolds numbers.  

  

  
(a) Re=30,000 (b) Re=45,000 
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(c) Re=60,000 

Figure 9. Lift coefficient of wings A and B for different ground clearances at: (a) Re= 30,000, (b) Re= 45,000 and (c) 

Re= 60,000 

The drag coefficient of wings A and B in each Reynolds number is shown in Figure 10 for different ground clearances. 

In the lowest Reynolds number, the content of the drag coefficient of both wings at different ground clearances is almost 

the same for AOA<28o. After this angle, the drag coefficient of wings A and B in the closest distance to the ground 

(H/C=0.5) has the highest value. However, in Re=45,000 and 60,000, the drag coefficient of wings A and B is reduced 

by getting close to the ground for AOA≤24o. This is because the pressure distribution at the lower surface of the wings 

increases in the vicinity of the ground, leading to a pressure drag increment. In spite of the fact that the surface shear 

stress over the upper surface of the wing is identical for all ground clearances, the shear stress distribution at the lower 

surface in the proximity of the ground is less than that far from the ground for low angles of attack. Therefore, wings 

closer to the ground have less frictional drag[22]. It should be noted that the drag coefficient of wing A is less than wing 

B in all ground clearances in particular for Re=45,000 and 60,000. 

 

  
(a) Re=30,000 (b) Re=45,000 
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(c) Re=60,000 

Figure 10. Drag coefficient of wings A and B for different ground clearances at: (a) Re= 30,000, (b) Re= 45,000 and 

(c) Re= 60,000 

 

Lift to drag ratio or aerodynamic performance of wings A and B in each Reynolds number is shown in Figure 11 for 

different ground clearances. According to this figure, content of the lift to drag ratio is almost identical for both wings in 

all ground clearances and Reynolds numbers for AOA>20o, and the discrepancy emerges before this angle especially for 

Re=45,000 and 60,000. That is to say, the effects of the ground are drastically enhanced with increment of Reynolds 

number. Furthermore, wing A is more affected by the ground than wing B. It should also be noted the angle that wing A 

reaches the maximum aerodynamic performance is higher than that for wing B in all ground clearances and Reynolds 

numbers.  

 

  
(a) Re=30,000 (b) Re=45,000 
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(c) Re=60,000 

Figure 11. Aerodynamic performance of wings A and B for different ground clearances at: (a) Re= 30,000, (b) Re= 

45,000 and (c) Re= 60,000 

 

CONCLUSIONS 

Wind tunnel tests were conducted in the present study to investigate the effects of Reynold number and ground 

clearance on the aerodynamic performance of sinusoidal and smooth leading-edge wings. Lift coefficient, drag coefficient 

and lift to drag ratio of these two wings were compared to each other in different low Reynolds numbers of 30,000, 45,000 

and 60,000, and different ground clearances of 0.5, 1 and ∞ over a wide range of angles of attack from zero to 36 degrees. 

The main findings of the present study are summarized as follows:  

• The lift coefficient and lift to drag ratio of both wings enhance with increment of Reynolds number and reduction 

of the ground clearance. 

• The drag coefficient of both wings decreases with increment of Reynolds number particularly in the vicinity of 

the ground. 

• The smooth leading-edge wing experiences a smoother stall in the vicinity of the ground than the far field case. 

• The Sinusoidal leading-edge wing experiences a smoother stall than smooth leading-edge wing in all ground 

clearances at high Reynolds numbers of 45,000 and 60,000. 

• The drag coefficient variation of both wings is more intense in the vicinity of the ground especially for smooth 

leading-edge one. 

• Effects of the ground clearance and Reynolds number on the smooth leading-edge wing are more than the 

sinusoidal leading-edge one. 

• Wing B has a better performance than wing A in the poststall region due to producing a higher lift force and also 

delaying the stall angle. 
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