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Abstract 

This research work numerically studied the effect of varying inter-bumps distances 

(spacing) at the leading edge of aerofoil on efficiency using NASA LS(1)-0413 cross-

section profiles; it’s an inspiration from the natural Humpback Whale pectoral flippers. 

Spalart Allmaras turbulence model was used for numerical solutions. The parameters 

investigated include, lift, and drag, angle of attack and inter-bumps distance at Reynolds 

numbers of 2.5 X 104, 4.9 X 104, and 7.2 X 104. The validation of this work with an 

experimental work has shown a reasonably good prediction. The results show that bumps 

on the blade leading edge have an advantage at a higher angle of attack on the 

performance and varies with Reynolds number and bumps spacing. As Reynolds number 

increases performance increases between 00 and 150 angles of attack. Bumps spacing has 

effect on the aerofoil performance at low wind speed (that is, low Reynolds number) at 

angle of attack in the range, 120 to 250. This research can offer more insight into the 

design of wind turbine blades and aerofoil for other aerodynamic applications especially 

at low wind speed locations. 

Keywords: Angle of attack, lift coefficient, drags coefficient, Reynolds number, and inter-

bumps distance. 

 

1. Introduction 

 

Wind speeds in most potential 

locations in Nigeria are still low for 

efficient power generation and other 

aerodynamic activities. Cities like 

Minna, Sokoto, Kano and Jos 

experiences average wind speeds in the 

range of 3.65 to 5.24 m/s (Pam, 2008). 

The highest average wind speed found in 

Jos was 10.12m/s (Ahmed et al., 2013), 

and more recently up to 13.8m/s 

according to Oyewole and Aro (2018). 

Low wind speed may affect the 

performance of wind intercepting 

devices and thus, to improve their 

performance is to increase the angle of 

attack by the wind. However, increasing 

the angle of attack eventually causes the 

stall. The prospect for improving the 

performance of aerodynamic device as 

wind turbine is by boosting the operating 

angle of the blade. Li et al. (2019) 

optimized a design of aerofoil for low 

wind speed locations. They observed 

that cost of energy could be reduce by 

using low wind speed technology; 

though a significant challenge on the 

design of wind turbine blade (WTB) can 

be an impediment. Their design 

successfully increased aerofoil lift 
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coefficient as well as proportion of lift-

to-drag and reduced noise of the system.  

Humpback whale (Megaptera 

novaeangliae) (Figure 1) is a species of 

the largest group of baleen whale. The 

humpback has a distinct body shape, 

with long pectoral flippers (fins). The 

flippers have a series of sinusoidal-

shaped bumps called tubercles on their 

leading edge. The unique leading edge 

of the flipper that incorporates distinct 

bumps or “tubercles” might play a role 

in the feeding process of these whales 

according to Fish and Battle (1995). The 

existence of these bumps might increase 

the maneuverability of humpback whales 

relative to other baleen whales, and their 

evolutionary adaptation of the “bubble 

wall hunting” process where small 

radius turns are beneficial for their 

enhanced feeding success. 

 

 
Figure 1 Humpback whale (Clapham, 2018) 

 
Miklosovic et al. (2004) evaluated 

the effectiveness of tubercles by 

developing two CAD models of a foil 

with the same platform shape and cross-

section as that of humpback whale 

pectoral flipper. One CAD model had 

the smooth leading edge of a 

conventional foil, while the other 

included eight sinusoidal bumps. The 

results showed increased maximum lift, 

equal or reduced drag, and a delay in 

stall (from approximately 12° angle of 

attack (AoA) for the conventional foil to 

about 17.5° AoA for the foil with 

tubercles). Zhu et al. (2020) investigated 

numerically three kinds of designs of 

novel flow-deflecting-gap (FDG) blade 

aimed at enhancing stall features and 

dynamic stall elimination during a 

revolution of vertical axis wind turbine. 

They found that FDG improves the stall 

angle of attack (AOA) by 2° and raises 

proportion of lift-drag at high AOA 

when compared with clean aerofoil.  

Significant research works have been 

conducted in this field, Experimental 

study on the influence of bumps height 

(from 3% to 11% of the chord) at the 

leading edge of NASA 65-021 and 

NASA 0021 aerofoils was conducted by 

Hansen et al. (2011) over a range of 

Reynolds numbers from 1.2 x 105 to 

2.74 x 105. The NASA 65-021 aerofoil 

showed a greater benefit of the tubercles 

than the NASA 0021 aerofoil from the 

results and that both tubercle foils 

showed increased maximum lift 

coefficient and a larger stall angle than 

the conventional foil. Stall 

characteristics were improved but 

slightly reduced maximum lift 

coefficient for both foils by increasing 

wavelength. Numerical simulation of the 

effect of tubercles on the flow 

characteristics around NASA 0012 

aerofoil at Reynolds number between 65 

X 103 and 106 and the angles of attack 

from 0° to 25° was done by Gawad 

(2012) using the standard k-ε model as 

the turbulence modeling technique. It 

was found that tubercles delay stall at 

higher angle of attack. For both 

aerofoils, the maximum value of lift 

coefficient and the angle at which stall 
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occurs increases with Reynolds number. 

The values of the drag coefficient of 

tubercle aerofoil are greater than that of 

conventional aerofoil. 

The aerodynamic performance of 

turbine blades with NACA 0012 cross-

section and sinusoidal-shaped bumped 

leading edge (LE) and one with the same 

cross-section profile but with straight 

leading edge were investigated by Carija 

and Fucak (2014) using the numerical 

method at the Reynolds number of 1.8 X 

105 and 0° to 30° angle of attack range. 

At an angle of attack larger than 100, the 

bumped blade has shown an increase in 

the lift (3% to 9.5%) and decreased drag, 

while negligible differences in the lift 

and a smaller drag exhibited for the 

angle of attack smaller than 10°. The 

sinusoidal leading edge also delayed the 

stall, increasing the critical angle of 

attack by approximately 5o over the one 

for the blade with a straight leading 

edge. 

The results of computational fluid 

dynamics (CFD) study of protuberances 

at the leading edge of thick aerofoil 

(S809) at 106 Reynolds number revealed 

that at low angles of attack before the 

stall region, lift coefficient decreased 

slightly rather than the baseline model 

(Asli et al., 2015). However, the 

modified aerofoil has a smooth stall 

trend while, the baseline aerofoil lift 

coefficient decreased sharply due to the 

separation, which occurred on a suction 

side. Similarly, it was found on NACA 

634-021 aerofoil at low Reynolds 

number that the tubercle aerofoil could 

provide more aerodynamic lift than the 

smooth one within the post-stall region 

and the stalled process was rather gentle 

(Zhao et al., 2017). Within stall region, 

an interesting converged and diverged 

vortical flow in adjacent trough sections 

of tubercles ('bi-periodic' phenomenon) 

was created with the complicated 

evolution of the generated stream-wise 

counter-rotating vortex pairs, resulting in 

the degraded aerodynamic 

characteristics. For the post-stall cases, 

the improved aerofoil performance 

according to them was due to the 

impaired flow detachment around both 

peak and trough sections of tubercles.  

Numerical and experimental 

investigation at very low Reynolds 

number (4.9 X 104) was done by Kunya 

et al. (2019); The effect of varying 

sinusoidal bumps (or tubercles) height at 

the leading edge of aerofoil on efficiency 

using NASA LS (1)-0413 cross-section 

profiles was studied. The results show 

that bumps on the blade leading edge 

have an advantage at post-stall angles of 

attack on the performance and varies 

with bumps height. Bumps height of 6% 

chord length was generally better in 

aerofoil performance. Kunya et al. 

(2019) recent work involved three-

dimensional flow simulation of three-

bladed wind turbine rotor at low wind 

speed by modifying the blades leading 

edges (introducing sinusoidal bumps). 

The coefficients of performance 

investigated for the rotating wind turbine 

blades with leading-edge bumps and 

those with the smooth leading edge. The 

results show that the bumpy blade can 

perform better than the smooth one in 

the low wind speed condition even at a 

lower angle of attack (60); the bumps act 

as passive flow control devices. 

It can be said that bumps allow 

aerofoil to operate and perform better at 

higher angles of attack before stall 

would occur (i.e. they delay stall) by 

providing higher maximum lift based on 

a survey of the previous studies on the 

effect of leading-edge aerofoil tubercles 

(bumps). Some investigations found that 

the tubercled aerofoils could provide 

more aerodynamic lift than the smooth 

one within the post-stall region and the 
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stalled process was rather gentle. 

Furthermore, the leading-edge tubercles 

advantage on the performance of 

aerofoil might depend on the tubercle 

size, type of aerofoil, and Reynolds 

number used. Many research works are 

on aerofoil studies but did not include 

the effect of bumps. Based on the 

available literature, this is the first-time 

research on the study of the effect of 

sinusoidal bumps spacing at the leading 

edge of an aerofoil with NASA LS (1)-

0413 cross-section profile (a low-speed 

aerofoil profile) at low Reynolds 

Number (in the order of 104) is 

conducted. 

 

 

 

2. Methodology 

 

The study is about the numerical 

simulation of an aerofoil with NASA 

LS(1) – 0413 cross-section profile. The 

aerofoil section profile selected is a low-

speed one and shows better performance 

than the other members of its family. 

Effect of Bumps with the sinusoidal 

shape at the leading edge of the aerofoil 

was studied; The specified bumps height 

is 6% chord length (as approximately 

there on the natural whale pectoral fins) 

and bumps spacing (inter-bumps 

distance) are 22%, 40%, 67% and 200% 

span. The aerofoil models and the C-grid 

domain are created in the modelling 

software; five different aerofoils are 

created using the selected profile, and 

their geometrical details are presented in 

Table 1.  While Figure 2 shows the 

illustrations of the models.  

 
 Table 1 

Geometrical details of aerofoil models 

Aerofoil model                Bumps height 

CLEM-00 Conventional model 

BLEM-6C-22(5)S 22% of span 

BLEM-6C-40(3)S 40% of span 

BLEM-6C- 67(2)S 67% of span 

BLEM-6C-200(1)S 200% of span 

 

 
Figure 2 The aerofoil models used in the study 

 

(c) BLEM-6C-

67(2)S 

(d) BLEM-6C-

40(3)S  

(b) BLEM-6C-200(1)S 

 

(e) BLEM-6C-

22(5)S  

(a) CLEM-00 
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      Four volumes are created within a C-

grid computational domain, and the grid 

is divided into four regions for proper 

meshing as shown in Figure 3.  

 
Figure 3 The mesh of the computational domain: (a) The entire Domain ad (b) Aerofoil 

surrounding 

      The pressure-based (coupled) solver 

was used to perform the simulations in 

fluent. It is applicable for most single-

phase flows, and is more superior in 

performance than pressure-based 

segregated solver even though it requires 

1.5 to 2 times more memory. The semi-

implicit method for pressure-linked 

equations (SIMPLE) scheme (the default 

scheme, and very robust) was used to 

resolve the pressure-velocity coupling. 

First-order upwind scheme was 

implemented, and then switched to 

second-order upwind scheme for 

discretizing the convective terms of the 

momentum equation and second-order 

pressure interpolation scheme (finding 

pressure at the cell-faces) was used. 

Default under-relaxation factors (used to 

increase the stability of the calculation) 

provided in the solver is used.  

 

 

 2.1 Governing Fluid Dynamic Equations 

      

   

   Fluid dynamics is the study of fluid 

motion that involves forces that cause 

acceleration and forces that resist 

acceleration. The equations governing 

the fluid motion are the three 

fundamentals principles of mass, 

momentum, and energy conservation. 

These are (Ashgriz, 2020): 

                  

      Continuity equation:  
𝜕𝜌

𝜕𝑡
+ ∇. (𝜌𝑉) = 0                                         (1)               

   

      Navier-Stokes equation: 𝜌
𝜕𝑉

𝜕𝑡
+ 𝑉. ∇(𝜌𝑉) = ∇. 𝜏𝑖𝑗 − ∇𝑃 + 𝜌𝐹                   (2)  

  

      Energy equation:  𝜌
𝐷𝑒

𝐷𝑡
+ 𝑃(∇. 𝑉) =

𝜕𝑄

𝜕𝑡
− ∇. 𝑞 + Φ                           (3)  

   

      Where ∇ 𝑖𝑠 (
𝜕

𝜕𝑥
+

𝜕

𝜕𝑦
+

𝜕

𝜕𝑧
)  

      One or more terms might be 

neglected depending on the nature of 

physics governing the fluid motion. The 

solution algorithm and the numerical 

procedure thus depend on the presence 

of the terms in the fluid dynamic 

equations. 

      The Reynolds averaged Navier-

Stokes (RANS) equations are primarily 

used to describe turbulent flows and can 

be used with approximations based on 

knowledge of the nature of flow 

turbulence to give approximate time-
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averaged solutions to the Navier-Stokes 

(N-S) equations. Each instantaneous 

quantity in the N-S equation can split 

into time-averaged and fluctuating 

components, and the resulting equation 

time-averaged, to yield (for 

incompressible flow):  

 ∇. �̅� = 0                                                                                              (4)  

      

 
𝜕�̅�

𝜕𝑡
+ �̅� ∇. �̅� =

𝜇

𝜌
∇2�̅� −

1

𝜌
 ∇. �̅� + �̅� −  ∇. 𝑉𝑖2̅̅ ̅̅ ̅̅ ̅̅                               (5)  

      The non-linear Reynolds stress term 

( ∇. 𝑉𝑖2̅̅ ̅̅ ̅̅ ̅̅ ) requires additional modelling 

to close the RANS equation for solving 

and has led to the creation of many 

different turbulence models such as 

Spalart Allmaras (one equation) 

turbulence model (Hakim et al., 2018). 

 

2.2 Grid Independent Study 

      When conducting a new study, it is 

not likely that the first grid generated 

contains the necessary resolution to 

sufficiently capture the flow physics. For 

this work, the grid study carried out by 

Kunya et al. (2019) is adopted since the 

same mesh and numerical set-up under 

the same condition were used. It was 

conducted using the selected 

conventional aerofoil at an angle of 

attack of 5 degrees and velocity of 6m/s. 

The results are tabulated (Table 2). From 

Table 2 the lift coefficient changes from 

the first grid to the second, but did not 

significantly change after the second 

grid and it maintained a lift coefficient 

of around 0.84 from the fourth grid. 

Similarly, the drag coefficient reduces 

from grid one to grid two but maintained 

a close value after grid three with an 

average drag coefficient of 0.032. Due to 

this, the Fourth grid with a resolution of 

1655000 cells is chosen as the basis for 

all the grids in this work. 

Table 2  
Grid convergence study 

Grid Resolution 

(Cells) 

Lift 

Coefficient 

Drag 

Coefficient 

1 224000 0.79693 0.097121 

2 980000 0.82985 0.031595 

3 1385000 0.83498 0.031998 

4 1655000 0.83984 0.031995 

5 1925000 0.84095 0.031742 

6 2195000 0.84129 0.032082 

                       

2.3 Aerodynamic Forces 

 

      The resistance forces due to fluid 

viscosity as it flows past an aerofoil and 

the force arising from the pressure over 

the surface of the aerofoil are 

collectively the resultant force exerted 

by the fluid on the body, known as the 

aerodynamic force. The aerodynamic 

force is resolved customarily into two 

orthogonal components that are 

directionally referred to the free stream 

velocity (V) (Douglas, 2005): 

      1.   Drag-component (D) parallel to 

the direction of the relative motion 

      2.   Lift- component (L) 

perpendicular to the direction of the 

relative motion 
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Figure 4 shows the direction of these 

forces exerted by the fluid on the 

aerofoil

. 

 
Fig. 4 Aerofoil aerodynamic forces 

 

Where D is drag force per unit length, L 

is lift force per unit length, FN   is total 

normal force per unit length, FT   is total 

tangential force per unit length, 𝑡  is unit 

vector aligned to the chord, and �⃗⃗� is a 

unit vector perpendicular to the chord. 

     Lift and drag coefficients are given 

respectively as (Douglas, 2005):  

𝐶𝐿 =
𝐿

1
2⁄  𝜌 𝑈𝑜

2 𝐶
                    (6)  

  

 𝐶𝐷 =
𝐿

1
2⁄  𝜌 𝑈𝑜

2 𝐶
                 (7)  

    

    

2.5 Validation of the numerical code 

 

     The numerical results of the 

investigation were validated with the 

experimental research work of Kunya et 

al. (2019) conducted with the same 

aerofoil size and shape used in this 

research work under the same wind 

condition. The wind tunnel in which the 

experiment was performed is the AF100 

SUBSONIC OPEN CIRCUIT. 

      The lift and drag values from the 

simulation were compared and validated 

with the experimental values using the 

aerofoil model with leading edge bumps 

(BLEM-6C-22(5)S). The comparison of 

the lift coefficients as a function of angle 

of attack is shown in the Figure 5(a). 

The simulation results are in good 

agreement with experimental values. 

The lift values increase in linear rate 

until around stall angle, which is 10-

degree angle of attack. Closer 

agreements occur for both models except 

that the simulation under predict 

experiment at negative angles. The 

trends of the drag coefficients of the 

simulation and the experimental results 

are generally similar; and the rate of 

variation of drag values with an angle of 

attack is approximately the same, thus 

closer agreements. However, the 

simulation under predicts drag values for 

all positive angles of attack (See Figure 

5(b)). 

 

      
 (a) Lift                                                        (b) Drag 

Figure 5 Comparison of experimental and simulation lift and drag values at 7.1m/s 
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The numerical and experimental 

(absolute) values for the lift coefficients 

show slight deviations with the average 

percentage error of about 4.3%. These 

deviations could be responsible due to 

the difficulty and uncertainty in setting 

up the manometer reading of the wind 

tunnel to set the desired air velocity 

during the experiment, and generally, 

uncertainty with the manual setting of 

the airfoil angle of attack in the wind 

tunnel as explained by Kunya et al. 

(2019). Therefore, the result of the 

experiment has reasonably validated the 

numerical result. 

 

3. Results and Discussion 

3.1 Effects of Reynolds Number on 

Lift at Different Angle of Attack 

 

      The graphs of lift and drag 

coefficients are plotted for the 

conventional airfoil (CLEM-00), and for 

the model with five leading-edge bumps 

(BLEM-6C-22(5)S, that is, bumps 

height: 6% chord length, inter-bumps 

distance: 22% span at three different 

Reynolds numbers (2.5 X 104, 4.9 X 104, 

and 7.2 X 104) and different angles of 

attack (-100 to 250). The Reynolds 

numbers correspond to  3.6m/s, 7.1m/s 

and 10.5m/s air velocities. 

    
 

(a) Re: 2.5 X 104                                           (b) Re: 4.9 X 104 

 

 
 

(c) Re: 7.2 X 104 

 

Figure 6 Lift coefficients versus angles of attack at different Reynolds number (Re) 
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      It can be seen in Figure 6 that for the 

CLEM-00, stall started at 10-degree 

angle of attack for all velocities. The 

BLEM-6C-22(5)S plot shows a flat stall 

regime; its lift curve did not drop as 

much as the conventional aerofoil after 

the 10-degree marks for all velocities but 

stayed fairly leveled. The lift curve for 

the convectional model achieved a 

higher maximum lift coefficient than the 

bumpy aerofoils but quickly dropped 

below that of the bumpy aerofoils due to 

stall effects. The zero angle of attack lift 

coefficient for the CLEM-00 and the 

BLEM-6C-22(5)S is 0.385, 0.421 and 

0.429 for the velocities 3.65m/s, 7.1m/s 

and 10.5m/s respectively. The max lift 

coefficient for the CLEM-00 at 3.6m/s is 

below 1.2, that of 7.1m/s is at 1.2 and for 

10.5m/s its max lift coefficient is above 

1.2. The max lift coefficient for the 

BLEM-6C-22(5)S at 3.6m/s is at 1, at 

7.1m/s is slightly above 1 and for 

10.5m/s its max lift coefficient is also 

above 1. The point at which the CLEM-

00 curve dipped below the BLEM-6C-

22(5)S curve is between the angles of 10 

and 15 degrees for all velocities. From 

the angle of -100 to 50, the lift curves are 

aligned for both models. At 50, flow 

separation starts for all aerofoils and 

their lift curves are no longer aligned; 

the effects of profile drag become 

dominant and flow separation starts a 

little.  

      In Figure 7, for the CLEM-00 and 

the BLEM-6C-22(5)S drag starts at the 

same point (10 degree) for all the 

velocities; they follow the same path 

from the angle of -10 to 5 degree. From 

the angle of -100 to 50, skin friction drag 

is dominant hence; the drag curve is 

aligned for both CLEM-00 and BLEM-

6C-22(5)S at all velocities. After the 5-

degree angle of attack, the BLEM-6C-

22(5)S curve deviates from that of 

CLEM-00. The drag curve for the 

BLEM-6C-22(5)S follows a straight line 

from the angles of 5-degree, while the 

CLEM-00 drag curve shows a non-linear 

path between the angle of 5-degree to 15 

degree. At 50, flow separation starts for 

all aerofoils regardless of velocity 

involved due to profile drag becoming 

dominant. After the angle of 15-degree 

both aerofoil models plots shows a linear 

path up to 150 for all velocities involved.  

 

      
 

(a) Re: 2.5 X 104                                           (b) Re: 4.9 X 104 
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(c) Re: 7.2 X 104 

 

Figure 7 Drag coefficients versus angles of attack at different Reynolds number 

      

Comparing the lift curves for the CLEM-

00 and the BLEM-6C-22(5)S (Figure 8) 

for all the three velocities (and or 

corresponding Reynolds numbers), it 

shows that maximum lift value increases 

with air velocity for both models

. 

 

       
(a) CLEM-00                                       (b) BLEM-6C-22(5)S 

Fig. 8 Comparison of Lift coefficients for different air velocity 

 

      

However, the drag curves for the 

CLEM-00 and the BLEM-6C-22(5)S 

(Figure 9) obtained using the three 

velocities show little or no differences 

except between -100 and -50, and 

between 50 and 100 angle of attack

. 

 

    
(a) CLEM-00                                       (b) BLEM-6C-22(5)S 

Fig. 9 Comparison of drag coefficients for different air velocity 
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Results were obtained for three different 

spacing of bumps (22%, 40%, 67%, and 

200% span) and simulated at 7.1m/s. 

Figure 10 and 11 show respectively the 

result curves of lift and drag for the 

aerofoil models (each one has 6% chord 

bumps height).

 

 

 
Fig. 10 Lift coefficients versus angles of attack for different bumps spacing 

 

      

The major difference varying the inter-

bumps distance has on the airfoils occurs 

between the angles of 5 degree and 15 

degree in all the cases. Firstly, in Figure 

the BLEM-6C-22(5)S and the BLEM-

6C-40(3)S have almost the same 

maximum lift values but, it is lower than 

that of the other models.  BLEM-6C-

200(1)S has the highest maximum lift 

coefficient. From around 150 up to 250 

angles of attack, BLEM-6C-22(5)S and 

the BLEM-6C-40(3)S have greater lift 

values

. 

 

 
 

Fig. 11 Drag coefficients versus angles of attack for different bumps spacing 

 

     The drag curves show that the major 

activity occurs between the angles of 5 

degree and 15 degree in all the cases. In 

Figure 11 the drag coefficient are all 

aligned regardless of bump inter-bumps 

distance at a velocity of 7.1m/s. The 

22% span aerofoil has a straight drag 

curve from the fifth angle of attack to the 
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25th. Also, the 40% span aerofoil has a 

non-linear drag curve between the 5 and 

15 degree angle of attack which appears 

between the 22% span and other 

aerofoils. Similarly, the 67% span, the 

200% span, and the convectional 

aerofoils have a non-linear drag curve 

between the 5 and 15 degrees angle of 

attack, which appears below the 40% 

span drag curve. After the 15 degree 

angle of attack, all drag curves converge 

and continue linearly.  

      Figure 12 shows the contours of 

pressure. Adverse pressure gradient 

exists due to the pressure difference 

between the two surfaces of the airfoil 

(high-pressure region exists below the 

model, and the low-pressure region is on 

top of it) and slows down the velocities 

inside the boundary layer which causes 

the recirculation region close to the top 

surface of the airfoil.  

 
Fig. 12 Pressure contours for conventional and bumpy model (BLEM-6C-22(5)S) 

 

    

Figure 13 show the velocity contours for 

the flow over the airfoil boundaries. The 

flow is intact from the angle of 00 to 50, 

there is no flow separation and the lift 

curves are aligned for both conventional 

and bumpy airfoils. At 50, flow 

separation starts for all the airfoils and 

continue at higher angles, the effects of 

drag becomes dominant and the airfoil 

enters stall conditions.  

 
Fig. 13 Velocity contours for conventional and bumpy model (BLEM-6C-22(5)S) 
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      Flow separation is delayed for the 

airfoils with bumps as compared with 

conventional one at a 150 angle of attack 

since according to a study (Kunya et al., 

2019) leading-edge bumps produce 

stream-wise vortices. These vortices 

carried higher momentum flow in the 

boundary layer, which kept the flow 

attached to the surface of the airfoil and, 

in turn, delayed separation, and thus 

enables a higher lift coefficient during 

post stall. 

 

4. Conclusions 

 

A comprehensive study has been made 

on the effect of bumps spacing at the 

leading edge of an aerofoil with NASA 

LS(1) – 0413 cross-section profile. The 

bumpy aerofoils showed increased 

maximum lift coefficient and a larger 

stall angle after stall than the 

conventional aerofoil. Thus, this 

indicates higher performance at angles 

beyond the conventional model stall 

angle. As the Reynolds number increases 

the aerofoil models performance (which 

is a function of lift coefficient) increases 

between 00 and 150 angles of attack. 

Variation of bumps spacing has shown 

reduction in maximum lift from the 

smaller bumps spacing model to highest 

one. The conventional model still has the 

maximum lift coefficient. However, the 

reverse is the case after around a 150 

angle of attack. The model with smaller 

bumps spacing (BLEM-6C-22(5)S) 

shows better performance at low wind 

speed (that is, low Reynolds number) 

than the other models with larger bumps 

spacing (and the conventional model) at 

angle of attack in the range, 120 to 250. 

 

References 
 

Ahmed, A., Bello, A. A. and Dandakuta, 

H. "An Evaluation of Wind Energy 

Potential in the Northern and Southern 

Regions of Nigeria on the Basis of 

Weibull and Rayleigh Models," 

American Journal of Energy 

Engineering, vol. 1, no. 3, pp. 37-42, 

2013, doi: 10.11648/j.ajee.20130103.11. 

 

Ashgriz, J. M. N. "An introduction to 

computational fluid dynamics," in Fluid 

Flow Handbook, J. Saleh Ed. University 

of Toronto. Canada: McGraw-Hill 

Professional 2002, ch. 20, pp. 24.1-

24.52. 

 

Asli, M., Mashhadi Gholamali, B. and 

Mesgarpour Tousi, A. "Numerical 

Analysis of Wind Turbine Airfoil 

Aerodynamic Performance with Leading 

Edge Bump," Mathematical Problems in 

Engineering, vol. 2015, 2015, doi: 

10.1155/2015/493253. 

 

Čarija Z. and Fućak, N. S. "Numerical 

analysis of Aerodynamic Characteristics 

of a Bumped leading edge Turbine 

Blade," Engineering Review, vol. 34, no. 

2, pp. 93-101, 2014. 

 

Clapham, P .J. "Humpback Whale: 

Megaptera novaeangliae," in 

Encyclopedia of Marine Mammals 

(Third Edition), B. Würsig, J. G. M. 

Thewissen, and K. M. Kovacs Eds.: 

Academic Press, 2018, pp. 489-492. 

 

Douglas, J., Gasiorek, J., Swaffield, J. 

and JACK, L. Fluid Mechanics. Pearson 

Prentice Hall, 2005. 

 

https://www.bayerojet.com/


  ISSN: 2449 – 0539  

BAYERO JOURNAL OF ENGINEERING AND TECHNOLOGY (BJET) VOL.16 No.1, JAN, 2021 PP119-132 

 

Also available online at https://www.bayerojet.com  132 

  

Fish, F. E. and Battle, J. M. 

"Hydrodynamic design of the humpback 

whale flipper," Journal of Morphology, 

vol. 225, no. 1, pp. 51-60, 1995. 

 

Gawad, A. F. A. "Numerical Simulation 

Of The Effect Of Leading-Edge 

Tubercles On The Flow Characteristics 

Around An Airfoil," in International 

Mechanical Engineering Congresss & 

Exposition, Houston, Texas. USA, 2012: 

ASME.  

 

Hansen, K. L., Kelso, R. M. and Dally, 

B. B. "Performance variations of 

leading-edge tubercles for distinct airfoil 

profiles," AIAA journal, vol. 49, no. 1, 

pp. 185-194, 2011. 

 

Kunya, B. I., Folayan, C. O., Pam, G. Y., 

Anafi, F. O. and Muhammad, N. M. 

"Experimental and numerical study of 

the effect of varying sinusoidal bumps 

height at the leading edge of the NASA 

ls (1)-0413 airfoil at low reynolds 

number," CFD Letters, Article vol. 11, 

no. 3, pp. 129-144, 2019. [Online]. 

Available: 

https://www.scopus.com/inward/record.

uri?eid=2-s2.0-

85064137439&partnerID=40&md5=cf9

0134171a48bd16e12f59322786010. 

 

Kunya, B. I., Folayan, C. O., Pam, G. Y., 

Anafi, F. O. and Muhammad, N. M. " 

Performance study of whale-inspired 

wind turbine blade at low wind speed 

using numerical method," CFD Letters, 

Article vol. 11, no. 7, pp. 11-25, 2019. 

 

Li, X., Zhang, L., Song, J., Bian, F. and 

Yang, K. "Airfoil design for large 

horizontal axis wind turbines in low 

wind speed regions," Renewable Energy, 

vol. 145, pp. 2345-2357, 2020/01/01/ 

2020, doi: 

https://doi.org/10.1016/j.renene.2019.07.

163. 

 

Miklosovic, D. S., Murray, M. M., 

Howle, L. E. and Fish, F. E. "Leading-

edge tubercles delay stall on humpback 

whale (Megaptera novaeangliae) 

flippers," Physics of Fluids, vol. 16, no. 

5, pp. L39-L42, 2004, doi: 

10.1063/1.1688341. 

 

Oyewole, J. and Aro, T. "Wind speed 

pattern in Nigeria (a case study of some 

coastal and inland areas)," Journal of 

Applied Sciences and Environmental 

Management, vol. 22, no. 1, pp. 119-

123, 2018. 

 

Pam, G. Y. "Potential of Wind Energy 

Utilisation in Northern States of 

Nigeria," Ph. D Dissertation, Ahmadu 

Bello University, Zaria, Nigeria, 2008.  

 

Zhao, M., Zhang, M., and Xu, J. 

"Numerical simulation of flow 

characteristics behind the aerodynamic 

performances on an airfoil with leading 

edge protuberances," Journal of 

Engineering Applications of 

Computational Fluid Mechanics, vol. 11, 

no. 1, pp. 193-209, 2017.. 

 

Zhu, H., Hao, W., Li, C. and Ding, Q. 

"Effect of flow-deflecting-gap blade on 

aerodynamic characteristic of vertical 

axis wind turbines," Renewable Energy, 

vol. 158, pp. 370-387, 2020/10/01/ 2020, 

doi: 

https://doi.org/10.1016/j.renene.2020.05.

092. 

https://www.bayerojet.com/
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85064137439&partnerID=40&md5=cf90134171a48bd16e12f59322786010
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85064137439&partnerID=40&md5=cf90134171a48bd16e12f59322786010
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85064137439&partnerID=40&md5=cf90134171a48bd16e12f59322786010
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85064137439&partnerID=40&md5=cf90134171a48bd16e12f59322786010
https://doi.org/10.1016/j.renene.2019.07.163
https://doi.org/10.1016/j.renene.2019.07.163
https://doi.org/10.1016/j.renene.2020.05.092
https://doi.org/10.1016/j.renene.2020.05.092

