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ABSTRACT 

Tubercles are small protuberances or bumps on the leading-edge of humpback whale’s 

pectoral fin. Tubercles have a significant effect on the aerodynamic properties of airfoils 

and wings especially in the post-stall region. However, the exact mechanism behind these 

advantages of tubercles is not well understood. At present, it is only known that tubercles 

generate a pair of counter-rotating vortex in the streamwise direction and behave as a 

vortex generator. This paper reviews the findings of research done on tubercles in recent 

years. Humpback whales have high agility and maneuverability attributable to the lumps 

and protuberances it has on the leading-edge of its pectoral fin. Tubercles increase the 

performance in terms of lift and drag considerably in the post-stall regime especially in low 

Reynolds number flows at high angles of attack. Therefore, they are being tested for 

implementation on wind turbines blades, on rudders of marine vehicles and on propeller’s 

blades. Tubercles have also been implied on the flapping wings to explore their potential in 

the design of micro aerial vehicles. The performance of flapping wings with tubercles 

degrades in terms of thrust production; however, it is considered beneficial for lift. Further 

research in this domain may help in determining the optimal combination of tubercle’s 

parameters for wing design to enhance aerodynamic characteristics.  

Keywords: Aerodynamics, Humpback whale tubercles, Tubercles, Unsteady Motion,  

Flapping wings  

  

1. INTRODUCTION  

Tubercles are large protuberances, bumps 

or projections found on the leading-edge 

(LE) of humpback pectoral fin as shown in 

Figure 1. They can be defined by two 

parameters, amplitude (A) and wavelength 

(λ) as shown in Figure 2. Tubercles act as 

a flow control device to increase the 

agility of the humpback whale. Humpback 

whales have the tendency to make sharp 

turns and rolls due to these protuberances. 

Jurasz and Jurasz [1] first noted that 

humpback whales, despite their large size 

and huge body, can perform quick 

maneuvers and acrobatics. Later Fish and 

Battle [2] found out that the agility of 

humpback whale is due to the LE on its 

pectoral fin.  
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It has now been proven that the tubercle 

leading-edge (TLE) airfoils, wings or 

hydrofoils delay the stall angle (up to 42%) 

and increase the aerodynamic 

performance such as lift (upto 4%) 

effectively in post-stall regions [2,3]. 

However, the reason for this is still 

illusive. It is postulated that tubercles 

produce a pair of counter-rotating vortex 

which delays the stall. Tubercles are 

effective at high angles of attack near the 

stall angles [3,5,7].  

2. HUMPBACK WHALE  

Humpback whales belong to a specie  

 
named as Baleen whales. This animal has a 

length of approximately 15.6 m and a 

weight of about 34 tons [4]. The most 

amazing characteristic of the humpback 

whale is its maneuverability. The presence 

of tubercles on the LE of its pectoral fin 

allows it to turn through a very sharp 

radius of about 14.8 m [5].  

There are approximately 10 to 11 bumps on 

the LE of humpback’s pectoral fin. The 

pectoral fin is elliptical in shape and it has 

a high aspect ratio of about 3.0 to 5.0 [6]. 

  

Fig ure   1:   Humpback Whale with  

tubercles on the leading - edge of  

pectoral fin:   ( From  [32])   
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Frank Fish was the first one to notice 

tubercles on the humpback whale  

 
and he was able to relate its high 

maneuverability to these tubercles  

[2,6,14].  

The purpose of the present work is to 

summarize the findings of research work 

done on the TLE in the recent years. A 

summary of such studies is given in 

Appendix I. and Appendix II. Appendix I 

summarizes studies performed on fixed or 

steady wing while Appendix II. consists of 

flapping or unsteady motion of wings.  

3. MECHANISM OF TUBERCLES  

There  are  different  mechanisms 

describing the flow field generated by 

tubercles. Out of these the widely 

accepted theories are described below. It 

is generally believed that tubercles 

generate a pair of counter-rotating vortex 

as shown in Figure 3. These pair of 

vortices have opposite direction. Within a 

pair, one vortex is created by the 

downwash of the crest and other in the 

opposite direction by the upwash of 

trough [10, 11]. However, still the exact 

flow  behavior  depicting  the 

 real phenomenon behind the tubercles is 

unclear.  

3.1 Vortex Generator  

The most accepted and strong theory was 

proposed by Miklosovic et al. [5], who 

suggested that tubercles act as vortex 

generators.  Vortex generators are the 

small protuberances protruded above the 

surface of foil or wing in order to create  

 
a high momentum flow in the boundary 

layer (BL) which keep the flow attached to 

the surface and delay the stall [11]. It is 

important to note that the height of vortex 

generators mounted on the conventional 

aircraft is typically less than the BL 

thickness.  Van Nierop et al. [9] suggested 

that it is impossible for the tubercles to 

behave like vortex generators as the 

amplitude of tubercles is larger than the 

total height of vortex generators. Hansen 

et al. [8] calculated the effective height of 

tubercles to be amplitude times the sine of 

angle of attack (AoA).  He regarded the 

ratio of effective-height-of-tubercles-

toboundary-layer-thickness (heff/δ) to be 

the significant tubercle parameter to find 

out optimum tubercle amplitude. Zhang et 

al. [10] plotted heff/δ ratio against the 

angles of attacks and found out that this 

ratio remains less than 1.0. So, he 

concluded that tubercles might act as low-

profile vortex generators. Later in 2014, 

Zhang [17] determined the heff/δ ratio to 

be 0.1-0.5 which is similar to the vortex 

generators height. So, in his both 

researches, he concluded that tubercles 

might act as low-profile vortex generators 

or Micro Vortex generators (MVGs).  

To find out whether tubercles act as vortex 

generators or not, Stein and Murray [27] 

conducted an experiment on NACA-0020 

airfoil with LE tubercles having an 

amplitude of about 7.1mm and wavelength 

of 36.5mm and then comparing the results 

Fig ure   2 :   A schematic of leading - 

edge tubercles and its parameters   

Fig ure   3 :   Streamwise counter - 

rotating vortex pairs due to tubercles  

( view from TE of wing )   
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of this airfoil with a smooth airfoil with 

vortex generators attached. He found that 

the foil with vortex generators produced 

the same lift in the pre-stall region as the 

smooth foil but there was small rise in the 

lift in post-stall region. On the other hand, 

the foil with LE tubercles produced the 

same amount of lift only between 0o to 3o 

angles of attacks (AoA) as the smooth foil 

but after this, its lift was substantially 

decreased. This might imply that the LE 

tubercles do not act as vortex generators. 

Moreover, similar results were obtained by 

the experiments conducted by Hansen et 

al. [8] and Johari et al. [11], that is, 

increase in lift in the post-stall regime 

using foils with vortex generators. So, on 

the basis of these studies, it is not correct 

to jump to the conclusion that tubercles 

act as vortex generators.   

3.2 Induced Flow and Downwash  

Induced Flow is the flow produced due to 

the tip effects of a 3D wing. This creates 

downwash on the wing which reduces 

effective AoA and stall is delayed at the 

cost of lower lift and higher drag. This 

phenomenon exists only in finite wings.  

[10]      

With the introduction of tubercles on the 

LE, this phenomenon can be observed in 

airfoil or infinite wings. Van Nierop et al. 

[9] suggested another theory based on 

downwash of the wing. The downwash of a 

wing can be broken down into two 

components; spanwise uniform downwash 

and non-uniform downwash due to the 

protuberances. There is local downwash at 

every peak and upwash at every trough. 

The nonuniform downwash component 

reduces the effective AoA, causing a delay 

in the stall. This spatial change of stall 

angle along the span produces a smooth 

and gradual stall.    

3.3 Vortex Lift  

Vortex lift is the lift induced by the 

vortices due to attachment of high 

momentum flow similar to highly swept 

back or delta wings. Vortex lift theory 

proposed that the tubercles generate 

vortex lift and the downwash of these 

vortices keep the flow attached with 

surface and delay stall. This type of vortex 

lift is clearly seen in delta wings.  

Custodio [13] presented this vortex lift 

theory based on delta wings. The vortex 

lift generated by delta wing is comparable 

to the vortex lift produced by small 

tubercles in the straight wing. These 

tubercles occupy a very small area of the 

whole wing, so they can create very small 

lift due to vortices. On the other hand, 

delta wings can generate high vortex lift 

due to their large sweep angle. Custodio 

does not account for the regions of upwash 

in his theory. Similarly, the induced flow 

theory, explained in the preceding 

section, does not account for the vortex 

lift.  

The vortex lift changes the pitching 

moment of foil, as it alters the lift 

distribution over the foil. The strength of 

vortices produced by tubercles is 

insignificant due to their smaller area but 

the question is that how much vortex lift a 

small tubercle can generate. If tubercles 

produce significant amount of lift by 

vortices than there should be high pitching 

moments. An experiment conducted by 

Miklosovic [5] showed that the pitching 

moments before and after the stall for 

finite and infinite wings were not 

significantly different as compared to 

baseline wing. It indicates the weakness of 

tubercle's vortex lift but during stall, the 

pitching moments were fluctuating for 

finite wing and lower pitching moment for 

infinite wing for AoA ranging 10o-17o for 

foil and 16o-18o for wing. The tubercles 

typically increased the lift in the post-stall 

regime. So, if the tubercles had produced 
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high vortex lift in the stall region than it 

must also produce vortex lift in the post-

stall region for the reasons mentioned 

above. But the reality is otherwise and no 

change in pitching moment is observed 

after stall. This indicates that vortex lift 

theory also needs some explanation and 

cannot be applied to tubercles to describe 

its flow characteristics.   

 C. Huang et al. [13] conducted a wind 

tunnel experiment of a TLE delta wing 

having sweep angle of 52o. The values of 

amplitude and wavelength used were  

0.025c, 0.05c, 0.12c and 63.5mm, 

42.3mm, 31.7mm respectively. Nine 

combinations of these parameters were 

analyzed. A strong dependence of 

maximum lift coefficient (CLmax) was found 

on the amplitude of the tubercles rather 

than the wavelength. As the amplitude was 

increased, there was a general trend in 

each combination that the lift curve slope 

flattened out reducing the CLmax and 

delaying the stall angle. The maximum 

CLmax was for the lowest amplitude and 

highest wavelength combination, about 

0.91% greater than the baseline wing. 

While the remaining combinations 

produced lower values of lift with the 

lowest CLmax by 19.31% for largest 

amplitude and lowest wavelength as 

compared to baseline wing. There was no 

sudden loss of lift for the largest amplitude 

combinations so, there exact stall angle 

could not be measured. For the remaining 

combinations the largest amplitude and 

largest wavelength combination showed a 

delay in stall angle by 30.76%. So, the 

difference between results of above two 

studies conclude that further investigation 

is required before jumping to any 

conclusion whether theory of vortex lift 

does explain the flow behavior due to 

tubercles or not.  

3.4 Pressure Distribution  

The flow passing over the wing generates 

pressure distribution both in the spanwise 

and chordwise direction. Pressure 

distribution theory states that the 

tubercles delay stall due to the variation 

of pressure distribution along the span. It 

is observed that the pressure over the 

peaks is greater than the pressure over the 

troughs [11, 13]. This creates highpressure 

gradients behind the troughs which cause 

the flow to separate earlier than the flow 

behind the crests. The cause of high-

pressure gradients behind the troughs is 

also the shorter chord length which 

decreases the local Reynold number. 

There may also be lateral flow due to span-

wise pressure gradients that can inverse 

the whole effect. So, it is unclear to say 

whether this theory predicts the flow 

phenomena of tubercles or not and to what 

extent.  

3.5 Compartmentalization  

Compartmentalization refers to the 

creation of blockages over the wing to 

prevent the spanwise motion of air. On 

aircraft, physical wing fencing is used to 

stop the spanwise progression of the stall. 

This spanwise progression of stall results in 

sudden loss of lift at stall angle. The 

introduction of tubercles on the LE of a 

wing serves as a virtual wing fence. It 

keeps the chordwise motion and direction 

of flow and stops any spanwise progression 

of flow separation by generating counter-

rotating streamwise vortices as shown in 

Figure 3 [7]. The tip effects or induced 

flow at tips are responsible for the 

spanwise flow pattern. In the case of a 

rectangular wing with one taper ratio, the 

root of the wing stalls first and this stall 

progresses towards the wing tips. But as 

taper ratio is reduced the initial stall 

location moves towards the tips and flow 

separates from wing tip to root.   
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4. EXPERIMENTAL WORK  

Wind tunnel experiments showed that LE 

tubercles on a humpback whale pectoral 

fin delay stall angle, increase the 

maximum lift coefficient and reduce the 

drag near the stall angle [3, 5, 13]. The  

 

flipper used by Miklosovic et al. [5] was a 

scaled model of humpback pectoral flipper 

with a wavelength and amplitude 

decreasing towards the tips. At a Reynolds 

number of about 500,000, this flipper 

model was tested over a wide range of 

angles of attacks. The velocity of wind 

tunnel was kept one-half of the whale’s 

lunge-feeding speed (2.6m/s). There was a 

significant delay in the stall angle of   

about 40% than the baseline flipper  

(tubercle-less). The CLmax increased 

monotonically to about 6% over the 

baseline flipper and the stall phase was 

developed gradually as compared to the 

baseline flipper. The drag coefficient of 

TLE flipper was about 32% less in the range 

of 11.8o to 17o of angles attacks.  

However, there was not much difference 

in the drag of both wings below 10o. The 

aerodynamic efficiency L/Dmax increased 

only by 3.1% at approximately 7.5o AoA  

[5].  

Miklosovic et al. [3] performed another 

wind tunnel test comparing two scaled 

models of humpback whale’s flipper; a 

semi-span and a full span to study the 

effect of tubercles on 2D and 3D wing 

geometry. These two wings are shown in 

Figure 4.  The semi-span wing was shape 

like a pectoral flipper of humpback whale 

with LE tubercles just like in his previous 

experiment [5] while the full span was an 

infinite rectangular wing with TLE. The 

test was performed at a Reynolds number 

of 270,000. The amplitude of tubercles on 

the wing decreased from root to tip. There 

was a significant difference in results for 

both full-span and semi-span flippers as 

shown in Figure 5. Full span protuberated 

flipper, acted as an airfoil, had benefit in 

a deep stall condition, that is, less loss of 

lift. The CLmax was reduced by about 16%. 

L/D reduced by 17% above 8o of the AoA 

where the lift curve broke off. However, in 

the poststall regime, the loss in the lift was 

only 13% than the baseline as can be seen 

in Figure 5. The tubercle increased the 

drag between 7o to 16o AoA. The pre-stall 

drag was 137% higher and 6% lower in 

poststall for tubercled LE. The moment 

coefficient about aerodynamic center (AC) 

decreased by 44% as compared to the 

baseline airfoil.  

The semi-span flipper acted like a 3D wing 

and it has the same trends of CL, CD and 

L/D as was in his previous experiment [5]. 

The maximum lift coefficient increased by 

4% and the drag was reduced by 8.5%. The 

stall angle was delayed significantly by 

42%. Although in the pre-stall region, the 

lift coefficient was reduced, the reduction 

was still 81% lower than the full span. The 

post-stall gains were 65% higher than the 

full span. The maximum increment in the 

pre-stall drag for the semi-span wing was 

only 6% of the full span drag gain but the 

( a )   

  

( b )   

Fig ure   4 :   A schematic of (a) full span  

wing (b) semi - span wing   
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poststall drag was reduced by four times. 

The loss in pitching moment in pre-stall 

was also 88% lower for semi-span and 

poststall increment in the moment was 

40% lower than the full span.   

The opposite trends in the post-stall 

regime for the semi-span might be due to 

the wing tip effects. Wing tip-induced flow 

creates spanwise flow pattern which 

reduces the wing lift and increases drag. 

The vortical flow created by the LE 

tubercles might have caused an earlier 

flow separation in full-span which reduced 

the effectiveness of the airfoil.  

On the contrary, the tubercles maintained 

the chordwise flow and inhibited any 

spanwise stall progression hence reducing 

the induced drag and delaying the stall 

angle.  

The above study shows that generation of 

vortices due to tubercles was only 

beneficial to 3D planforms within the 

range of Reynold numbers tested in this 

experiment. The 2D airfoils with tubercles 

are advantageous only in the post-stall 

regime.   

Johari et al. [11], Hansen et al. [8] and  

Custodio [13] studied the effects of the LE 

tubercles on the aerodynamic 

performance of 2D airfoils based on NACA-

63(4)-021 and NACA-0021 series.  

The stall behavior of the airfoils with LE 

tubercles was not abrupt rather it was 

gradual as compared to the airfoils with 

straight LE.   The water tunnel tests 

showed that the lift coefficient was 50% 

higher in the post-stall region than the 

straight airfoil.  Johari et al. [11] showed 

that the wavelength of tubercles had a 

minor effect on the performance of foil 

but the amplitude of tubercles had a  

significant effect on aerodynamic forces 

and moments. The airfoils with the 

smallest amplitude (2.5% of MAC) had a 

lesser reduction of CLmax (0.88% for λ=0.25c 

and 7.08% for λ=0.50c) but greater CDmin 

than the baseline and other combinations. 

Flow visualizations using surface tufts 

revealed that the flow behind the troughs 

separates earlier because of high-pressure 

gradients behind the troughs than the flow 

behind the crest and the wavelength had a 

negligible effect on the flow separation.   

The studies showed that the LE tubercles 

on the airfoils have no significant benefit 

if they are not used in post-stall conditions 

[5,12,14]. The LE tubercles have 

significant benefits for the 3D platforms 

[5,14]. The 2D airfoils have a reduction in 

max lift and gain in drag although stall is 

still delayed. The 3D wings have wingtip 

vortices due to pressure difference in the 

upper and  

 

Fig ure   5 :   Lift slope variation with  

Ao A for foil and wing with smooth  

and tubercles LE. [3]   
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lower surfaces which produce induced drag 

and decrease lift. But due to the presence 

of LE tubercles on 3D wings, they maintain 

the chordwise direction of flow and 

prevents any spanwise flow movement due 

to tip vortices. In this way, tubercles 

reduce drag and increase the lift [14].  

5. COMPUTATIONAL STUDIES  

A lot of work has been done to find out the 

hydrodynamics effects of LE tubercles on 

the humpbacks pectoral fin as well as a 

fixed wing for other applications. The 

tubercles in every study showed better 

performance near stall and post-stall 

regions. The 2D wings showed lower CLmax 

and stall angles but very gradual loss of lift 

in the post-stall region and still keeping 

the post-stall lift greater than the smooth 

LE. For the case of the 3D wing, the 

opposite results were seen. The CLmax was 

increased significantly, increasing the stall 

angle as well. Also, the loss of lift after the 

stall was gradual and greater in magnitude 

than the smooth wing.    

A computational model based on DES by 

Pedro and Kobayashi [7] used the geometry 

of a humpbacks pectoral fin and compared 

the results with a previous experiment [5]. 

The tubercles act as passive flow control 

devices delaying the stall and maintaining 

the streamwise flow. The tubercles 

prevent the tip stall to proceed towards 

the inboard section of wings due to the 

formation of vortices. The tubercles act as 

flow separator preventing the growth of 

separation from outboard to inboard 

section of the wing.   

Most of the researchers suggested that 

tubercles work as vortex generators. They 

re-energize the flow within BL by 

generating a pair of counter-rotating 

vortex which keeps the flow attached with 

the surface for longer distance.  

Van Nierop et al. [9] presented a different 

reason for the tubercles in delaying stall. 

In his analytical study, he pointed out that 

tubercles cannot act as vortex generators. 

The amplitude and wavelength of 

tubercles are larger than the BL thickness 

so they cannot act as a vortex generator. 

However, Zhu [31] commented on his 

results that Van Nierop neglected the 3D 

effects and applied inviscid and 

irrotational potential flow theory to a 

rotational problem. VanNierop et al. [9] 

proposed that the tubercles decrease the 

effective AoA due to the local leakages 

around the bumps. The stall is delayed due 

to the nonuniform component of 

downwash at the peaks. The large adverse 

pressure gradients behind the trough 

which make the flow to separate earlier 

than the flow behind the peaks are 

responsible for the delay in the stall. 

These large pressure gradients are due to 

the shorter distance behind the troughs.  

The effect of waviness ratio (the 

proportion of wing span covered by 

tubercles) on the aerodynamic properties 

was studied numerically by Yoon et al.  

Fig ure   6 :   Wing with different waviness ratios   
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[15]. He used a low aspect ratio wing of 

AR =1.5 with a fixed tubercle wavelength 

and amplitude (20%, 2.5%, respectively) 

of MAC but varying tubercle percentage 

over the LE of the wing. The wing with 

the waviness ratio of 1.0 showed the best 

performance of lift and stall among other 

waviness ratios. This means a wing with 

100% TLE will get 100% benefit of 

tubercles. The wing with waviness ratio 

can be seen in Figure 6 with the root as 

starting point for tubercles.  

6. CURRENT  APPLICATIONS 

 OF TUBERCLES  

6.1 Marine Applications  

Tubercles are being used in LE of 

rudders of marine vehicles. Weber et al. 

[30] studied the effect of employing 

tubercles on the LE of rudders.  He 

conducted an experiment using NACA 

0016 airfoil in a water tunnel for a range 

of . He used 

two combinations of LE tubercles; one 

with three tubercles and other with five 

tubercles. The tubercles for both 

combinations performed better in terms 

of lift and drag characteristics. He 

concluded that the introduction of TLE on 

the rudders increased the lift 

characteristics in post-stall region and 

does not decrease the performance of lift 

in the pre-stall regime, as concluded by 

Miklosovic and Johari [3, 5,11].  The wing 

with tubercles performed a smooth 

transition into the stall regime as 

compared to the smooth wing.  

6.2 Wind Turbines  

Wind turbine blades at low Reynold 

numbers and very slow Tip Speed Ratios 

(TSR) (ratio of tip tangential speed of 

blade and actual wind speed) encounter a 

phenomenon known as dynamic stall. This 

is due to the variations of AoA of rotating 

blades. The lift changes periodically over 

the blades causing blades to rotate in a 

non-uniform manner. This causes sudden 

variations in the torque and the reduction 

in the power extraction capabilities from 

it is reduced. Tubercles can be employed 

at the LE of blades as lift enhancers and to 

deal with the dynamic stall of blades. 

Currently these tubercles    are only 

employed for experimental academic basis 

and its commercial application is not easy 

to find.  

A numerical study was conducted by 

Zhenyu Wang and Mei Zhuang [19] to test 

out the effect of LE tubercles on the 

blades of H-type Vertical Axis Wind 

Turbines (VAWT) with the variations of 

TSRs. They used LE serrations having a 

wavelength of λ=0.33c and amplitude 

h=0.025c and this combination proved to 

be the best out of all tested combinations. 

It not only enhanced the power output of 

turbine even at low TSRs and low Reynolds 

numbers but also the capability of the 

turbine to extract maximum energy at 

optimal TSR. The flow separation is 

delayed by the introduction of TLE and 

moreover, there is a delay in the dynamic 

stall as well as an increase in the maximum 

lift. Hence, dynamics stall of VAWT can be 

controlled by employing LE tubercles.  

An experimental and numerical simulation 

was performed by Gupta et al. [20] on 

three different geometric configurations 

of an airfoil which are commonly used in 

the blades of wind turbines. He used a 

slotted, winglet and tubercled geometry 

to analyze their effects on the lift of 

blades and power generated by the 

turbine. The geometries of these three-

wing configuration are shown in Figure 7. 

The slotted profile was just like slotted-

flaps use in the aircraft having four slots at 

the bottom of blades to create high 

pressure under the wing which ultimately 

increases the lift. The second geometry 

consists of winglets at the tips of blades to 
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reduce induced drag, increasing the 

efficiency of VAWT. The third design 

comprises of LE tubercles on the airfoil 

which delays the stall due to pressure 

variation behind the peaks and troughs. 

Comparison of these three geometries 

proved slotted design to be the best among 

all. It generated the maximum output 

power increasing it by 13.4% as compared 

to un-slotted one while the TLE delayed 

the stall and kept smooth flow over the 

airfoil. It was suggested that TLE is 

effective at high airspeeds. Since blades of 

wind turbines have a high AoA, it would be 

beneficial to implement TLE on the blades.  

6.3 Exhaust Fan  

Exhaust fans are used for the ventilation 

purposes of railway tunnels and 

underground metro stations. They are big 

in size and usually rotating at slower 

speeds. In order to provide good 

ventilation, they need to have blades at 

high AoAs to enhance the suction purpose 

of air.  

Corsini et al. [21] performed numerical 

simulations using OpenFOAM software to 

find out the effect of TLE on the blades  

 

of an exhaust fan.  He performed his 

calculations to find the optimal 

parameters of tubercles such as the 

number of tubercles, wavelength, and 

amplitude of tubercles. He found that four 

and a half sinusoids from root to tip, 0.03c 

wavelength and 0.05c amplitude was the 

best configuration. Hence, by only 

increasing slight pressure of 1% of the flow, 

tubercles increased the poststall 

performance of blades of the exhaust fan.   

7. FLAPPING MOTION  

So far, we have discussed the studies done 

on the steady wings with tubercles. 

Tubercles do have advantages over the 

flapping (unsteady) motion as well. 

Tubercles have been used in the plunging, 

heaving and pitching modes of motion to 

analyze their effects on the lift, drag and 

power coefficients of wings. Following are 

some studies performed on the unsteady 

flapping motion of wings with tubercles.   

Stanway [22] compared the performance 

(mean thrust CT, power coefficient CP and 

( a )   

( b )   

( C )   

Fig ure   7 :   A schematic of (a) cross - 

section of slotted wing (b) wing with  

winglet (c) wing with tubercles   
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efficiency η) of two flapping hydrofoils: 

straight LE and tubercle LE in-water tunnel 

to study the dynamic stall behavior of a 

foil.  The foils resembled the humpback 

pectoral fin in shape. For  

Re range of  and  , he used  

Particle Image Velocimetry (PIV) system to 

observe the flow pattern induced by 

tubercles. He concluded that tubercles 

degrade the performance of the flapping 

wing. TLE produced less thrust while 

almost using the same amount of power. 

The foil produced about 6.22% less thrust 

than the straight LE foil and are less 

efficient than the smooth airfoil. The 

reverse Karman vortices that are 

responsible for generating thrust in the 

flapping motion of wing, weaken in 

strength due to the formation of chordwise 

vortices by the LE tubercles. This energy is 

used up by the tubercles to break down the 

strength of vortices across the span and 

restricting the flow in only chordwise 

direction. So, tubercles deteriorate the 

performance of flapping foils in 

propulsion.  

Ozen and Rockwell [23] performed an 

experimental study over a flat plate in the 

water tunnel at a Re=1300 and AoA of 8o. 

They visualized the flow using PIV system 

too as can be seen in Figure 8 and 

concluded that tubercles prevent the 

spanwise motion of flow from root to tip of 

the wing. Moreover, Figure 8 also shows 

that tubercles also reduce the tip effects 

i.e. tip vortices and align the vortices in 

the chordwise direction. It was suggested 

that tubercles may be used in rotating or 

revolving wings where the spanwise flow is 

dominant.  

A numerical simulation was carried out by 

Zhang et al. [24] to study the effect of LE 

tubercles on flapping and gliding flight of 

wing. At a Re = 104, he used NACA 0014 

airfoil with λ =0.25c, 0.5c and 

A=0.05c,0.1c to perform his analysis. He 

concluded that mean lift was 21.05% 

higher for the lowest amplitude and 

highest wavelength combination of 

tubercles while the minimum thrust 

coefficient was lower than the base foil by 

33.33% for h=10%c and λ=25%c as can be 

seen in Figure 9. It was observed that 

tubercles had negligible effect on the lift 

and drag of airfoil with the variation of 

wavelength just like Johari [11] reported.   

His study revealed that tubercles increase 

mean lift during forward flapping and 

gliding flight as shown in Figure 9. The 

performance of airfoils in terms of lift can 

further be improved using LE tubercles by 

increasing load (AoA) of airfoil during the 

flapping flight.   
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It can be seen in Figure 9 that TLE 

diminishes the performance of flapping 

wing by reducing the jet thrust at higher 

loads of airfoil but if tubercles have to be 

used on flapping foil then it is best to use 

on the foils which are lightly loaded [22, 

24]. At the same time tubercles at the LE 

of foil enhance the performance of the 

wing by increasing the mean lift 

coefficient. Studies have shown that the 

higher the loads on the airfoil, the greater 

would be the lift performance of the TLE 

foils flapping wings [24]  

Wang et al. [25] conducted numerical 

simulations at Re=1×10^6 to study the 

performance of TLE for static and pitching 

modes. For static wing, the tubercles at 

low Reynold number of 103 and AoA of 0-

65o decreased the performance of wing in 

terms of lift in deep stall region in the 

range of 30o to 48o of AoA. The reason for 

the reduction in lift was stated that 

spanwise vortices were removed due to 

the generation of strong streamwise 

vortices by the LE tubercles. This 

weakened the pressure over the top 

surface of wing. Wang et al. study for the 

static wing is in contrast to the conclusion 

drawn by Favier et al. [26]. He showed 

about 58% increase in lift and 59% decrease 

in drag at a Re 1.2×10^5 in the post stall 

regime as compared to the straight LE 

Fig ure   8 :    PIV image of flapping wing with and without leading - edge tubercles  

( From  [23])   

Fig ure   9 :   Mean lift and thrust coefficients of plunging wing at Re=10 
4 
  ( From  [3])   
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wing. This increased in performance was 

due to the decrease in the separation area 

of flow over the wing.  

 Favier [26] showed that the tubercle 

performance (lift) depends on the 

amplitude of tubercles rather than the 

wavelength. He reported a decrease in the 

performance (lift) with A=0.03c but there 

was an increase in performance when the 

amplitude of tubercles was increased to 

0.07c. So, it shows that further 

investigation is required for selecting 

optimum parameters for the tubercles to 

enhance performance and conclusions 

cannot be drawn by just studying only one 

amplitude as done by Wang et al. [25].   

For the static wing in turbulent flow, Wang 

et al. [25] showed that his results clearly 

match with the Stanway’s results [22] that 

tubercles are advantageous to the thinner 

foils having high Reynold number flow. At 

high Re, tubercles delay the stall and 

attain a higher lift as compared to un-

tubercled wing [25]. Wang also observed 

the effect of TLE on pitching motion of 

wing using NACA-0010 airfoil. He showed 

that the LE tubercles have negligible 

effect on the thrust of wings. The 

difference between both wings (Straight 

and TLE) was less than 1% as concluded by 

Stanway [22]. Wang et al. observed that 

the jet thrust in the wake of TLE wing and 

smooth wing was quite unchanged. Also, 

the vortices at the trailing edge (TE) were 

similar to the smooth wing. This is because 

the  

Leading-Edge Vortices (LEV) have already 

been shed while reaching the TE. Hence, 

backward jet thrust for the both wings 

were similar unlike suggested by Stanway 

[22].  

8. RECOMMENDATIONS FOR FUTURE 

WORK  

Several discrepancies related to tubercles 

have been found. It has been noticed that 

tubercles degrade the performance in the 

pre-stall region but its reason need to be 

explained further. Additional studies are 

required to study the effect tubercles on 

aerodynamic characteristic at higher Re. 

As mentioned earlier, there is not a single 

generalized theory describing the flow 

behavior of tubercles. The theories 

mentioned previously are not agreed 

completely by all authors and researchers 

due to some of discrepancies.eg, Van 

Nierop et al. [9] denied that tubercles can 

act as vortex generators and he had his 

own logical reasons for that and that are 

true too. Optimum parameters of 

tubercles for high performance have not 

yet been studied. So, this need to be 

sorted out. It will help in designing 

tubercle foil.   

Further studies are required to understand 

the flow behavior and mechanisms related 

to wings with tubercles. Studies should be 

conducted to find out the effect of sweep 

angle and taper ratio of TLE. Moreover, 

there are fewer researches on flapping 

motion of wings with tubercles. So, this 

area needs to be investigated for 

propulsion and energy extraction potential 

of such wings. Optimization studies may be 

carried out to find the best parameters for 

tubercles to improve performance. 

Further research is needed to employ 

tubercles on the wind turbines and marine 

applications for commercial use.  

9. CONCLUSION  

The current review summarized some of 

the recent works carried out on LE 

tubercles. The inspiration of tubercles 

comes from the pectoral fin of the 

humpback whale. It is known that 

tubercles enhance the aerodynamic 

performance of wings but the exact reason 

for this is still not clear. Some authors 

agree that tubercles act as vortex 

generators to keep the flow attached to 
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the surface while others believe that 

tubercles cannot behave as vortex 

generators due to their large size. The 

delay in stall due to the tubercles is 

attributed to large adverse pressure 

gradients behind the troughs. Tubercles 

also act as wing fences and prevent 

spanwise flow which increases lift and 

reduces drag due to reduction in tip 

effects. Tubercles also generate vortex lift 

similar to a delta wing. These theories 

explain the positive effects of TLE but 

there is none universally accepted.  

Tubercles are more beneficial at low 

Reynold numbers and high AoA as they 

delay stall and does not have a sudden loss 

of lift at or after stall. They are tested to 

be implemented on wind turbines, marine 

vehicle's rudders and exhaust fan. At 

present, their application to these areas 

are limited to experimental grounds and 

none instance is found of using them on 

commercial scale.    

For the flapping wings, TLE produces more 

mean lift than the smooth wing but at the 

same time, it reduces the mean thrust 

coefficient of the wing. It was suggested to 

use tubercles only for flapping wings for 

propulsion when the airfoil is at lower AoA. 

The reason for this phenomenon was that 

the tubercles produce pair of counter-

rotating vortex in the chordwise direction 

but in flapping motion thrust depends upon 

the reverse Karman street downstream of 

the TE. Therefore, the energy required for 

this purpose to generate thrust is 

consumed by tubercles to produce 

vorticial structure over the surface of the 

wing in chordwise direction. This 

decreases the efficiency of foil with 

tubercles. On the other hand, the same 

reason is responsible for increasing the lift 

over the foil. There is still enough room for 

additional studies over flapping wings with 

tubercles to be conducted to explore its 

potential in flapping wing micro aerial 

vehicle.  
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Appendix I.    Summary of Studies on Airfoils with Tubercles  

Reference  Study Type  Airfoil  
Wavelength 

of tubercles  

Amplitude of 

tubercles  
Reynold Number  Observations  

Miklosovic 

et al. [5]  

Experimental  

(Wind  

Tunnel)  

NACA-0020 

3D wing  

Tapered 

down the 

wing  

Tapered down 

the wing  
  

Act and perform the same as the 

vortex generators. Post-stall 

characteristics improved.  

Pedro and  

Kobayashi 

[7]  

Numerical 

(DES)  
NACA-0020  

Tapered 

down the 

wing  

Tapered down 

the wing  
 

   

Tubercles act as passive flow control 
devices delaying the stall due to the  
formation of streamwise vortices and 

these tubercles constraint the LE 

separation to wing tips  

Van Nierop 

et al. [9]  

Analytical 
and  

Numerical  

Based on  

lifting line 
theory  

Semi-elliptic 

wing  

8 and 4 bumps 

on a wing  

2.5%, 5%, 12% of 

Mean 

Aerodynamic 

chord length  

  

Lift curve flattens out as the 
amplitude of bumps is increased.  

Stall delay is insensitive to 
wavelength.  

The stall is delayed due to larger 
adverse pressure gradient behind the 

trough. It is impossible for the 
tubercles to act as a vortex generator  

  

Johari et al. 

[11]  

Experimental  

(Water  

Tunnel)  

NACA-634- 

021  

Rectangular  

2D wing  

25% and 50% 
of mean  

aerodynamic 

chord (MAC)  

2.5%, 5% and  

12.5% of MAC    

Stall occurred very smoothly and 
higher drag in pre-stall. The  

wavelength of TLE has a minute  

effect and stall behavior at troughs 

was depicted in flow visualization  



 

 

 

  
  

Miklosovic 

et al. [3]  
Experimental  NACA-0020  

Tapered 

down the 

wing  

Tapered down 

the wing    

TLE produced more lift at high AoA 
due to vortices.  

2D scalloped LE airfoils benefits in a 

deep stall.  
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HS Yoon et 

al. [15]  
Numerical  

NACA-0020  

  
20% of MAC  2.5% of MAC    

Wing with waviness ratio of 1.0 
showed the best aerodynamic  

performance among other ratios 

(0.2,0.4,0.6,0.8 and 1.0)  

D. Serson 
and J.R.  

Meneghini  

[16]  

Numerical  
NACA-0012  

  

25%,50% and 

100% of MAC  

9 different 

amplitudes    

Flow behind troughs separate earlier 
than the flow behind peaks.  

The wavelength has little effect on 

lift, drag and lift-to-drag ratio and 

stall characteristics of the wing.  

Favier et 

al. [26]  

Numerical 

DNS  
NACA 0020  0.25c to 2.0c  0 to 10%c    

Streamline vortices influence the BL 

separation.   
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Authors  Study Type  Kinematics  
Aerodynamic 

parameters  

Geometric  

parameters  

Tubercles 

parameters  

Reynold 

number  
Observations  

Stanway 

[22]  

Experimental  

(Water  

Tunnel)  

Roll-pitch 
flapping 
motion  

St=0.3,0.6 

αmax=20o,30o 

h0.7/c =  

1.5,2  

St=0.3,0.6 

αmax=20o,30o 

h0.7/c = 1.5,2  

NACA 0020  

AR=4.132 
The shape 
of  
humpback  

pectoral fin  

Sinusoidal 
Humpback  
pectoral fin LE 

inspired  

1 × 104 < Re  

< 4 × 104  

Tubercles degrade the 

performance of airfoil in 

terms of mean thrust 

coefficient.  

Ozen and  

Rockwell  

[23]  

Experimental  

(Water  

Tunnel)  

Flapping 
forward 
flight  

St=0.3  

Φ = ±30o 

αmax= 8o  

  

St=0.3  

Φ = ±30o 

αmax= 8o  

  

Rectangular 
flat plate  
AR =2.0  

A/c=0.098 

λ/c=0.246  
Re=1300  

The tubercles reduced the 
spanwise flow from root to  

tip  

Zhang et 

al. [24]  

Numerical 
simulations  
(K-ω SST)  

Forward 
flapping  

and gliding 

flight  

αmax= 10o  

  

NACA 0014  

AR=4.0  

  

A={0.05c,0.1c} 

λ={0.25c,0.5c}    

TLE increased the 

performance by increasing 

mean lift value.  



 

 

 

  

WANG et 

al. [25]  

Numerical  

Simulations  

(K-ω SST)  

Static and  

Pitching 

wing  

α= 10o TO  

60O θ = 10o 

and  

20o  

NACA 0010  

  

A=0.05c 

λ=0.25c  

  

static  

 for  

static and  

dynamic  

  

Static and flapping case had 
no performance  

enhancement. It was  

hypothesized that thinner 
airfoils would generate  

more lift at high Reynold 

numbers.  

Appendix Ii.  Summary of Flapping Wings with Tubercles  

  

  


