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design to operate at the rated wind speed much greater than mean wind speeds in
Nigeria (in most cases above 8 m/s). Installation of these wind turbines in a similar
location to Nigeria (in terms of wind speed condition) will significantly decrease their
performance. Therefore, it become necessary to design and produce wind turbines that
will function efficiently in low wind speed locations. One of the technologies to improve
wind turbine rotor blade effectiveness in low wind regime is to boost the operating
angle of the wind turbine, and hence the prospect for the improvement of wind turbine
performance. An innovative way recognized previously by some researchers for
increasing the working angle of the blade at low wind speed for improved performance
is modification of wind turbine blade leading edge. This research studied three-bladed
wind turbine rotor with modified blades leading edges (by incorporating sinusoidal
bumps) at low wind speeds using CFD method. Two CAD models of wind turbine blades
based on 0.8m three-bladed wind turbine rotor were modelled and simulated. One
blade model is having straight leading edge (N-Blade) and the other having bumpy
leading edge (M-Blade). Both models have NASA LS (1)-0413 cross-section profile.
Simulations were run using ANSYS 20 from a velocity of 2 m/s to 10 m/s at the interval
of 2m/s considering TSR of 6 and 8. At a TSR of 6, the coefficients of performance (Cp)
values are not equal, with the straight blade having better performance than the bumpy
blade at all velocities tested; the Cp values of blade with straight leading edge are 0.180,
0.267, 0.300, 0.313, 0.322 at respective velocities of 2, 4, 6, 8, and 10m/s, while Cp
values of blade with bumpy leading edge at the same velocities are 0.165,0.250, 0.281,
0.294, and 0.303 respectively. At a TSR of 8, the Cp values closely match for both straight
and bumpy blade at all velocities tested for. Simulations were further run at constant
angular velocity of 120 rad/s for a TSR of 2, 4, and 10, where the peak performance
occurs is around TSR of 6 and 8. For instance, the Cp values of M-Blade are 0.022,0.173,
0.294,0.313, and 0.116 respectively at the TSR of 2, 4, 6, 8, and 10. At TSR of 2, 4, 8 and
10, the performance of both airfoils closely matches except at a TSR of 6 where the N-
Blade Cp value is 0.313 and is better than that of M-Blade Cp value (0.294). It shows
that the blade leading edge modification could not have advantage at all flow
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1. Introduction

Wind power is a free and inexhaustible (renewable) source of energy which releases no pollution
in to the air or water, and does not contribute to global warming. And unlike most other electricity
sources, wind turbines do not consume water or fuel. Adding wind power to the energy supply
diversifies the natural energy portfolio and reduces Nation’s reliance on fuels thus, stabilizing the
cost of electricity, reducing vulnerability to price hikes and supply disruptions, and bolstering the
security of our national energy supply.

The potential of wind power in a country varies from one region to another. For instance, most
potential locations in Nigeria experience not greater than 5.24 m/s mean wind speed [1]. However,
Jos has the highest average wind speed; 10.12m/s according to Ahmed et al., [2] and 13.8m/s
according to Oyewole [3]. In most cases internationally wind turbines are design to operate at the
rated wind speed much greater than mean wind speeds in Nigeria (in most cases above 8 m/s).
Installation of these wind turbines in a location similar to Nigeria (in terms of wind speed condition)
will decrease their performance significantly. Therefore, it become necessary to design and produces
wind turbines that will function efficiently in the low wind speed locations. One of the technologies
to improve wind turbine rotor blade effectiveness in low wind regime is to increase the operating
angle of the wind turbine, and hence the prospect for the improvement of wind turbine performance.

Imitating the bumpy geometrical shape of pectoral flippers (fins) of Humpback whales
(Megaptera Novaeangliae) (Figure 1) can improve performance of wind turbine blade the similar way
it does for the humpback whale. This animal uses the geometry of their fins as advantage to delaying
stall despite using increased working angle. This enables it do very tight movement in order to catch
their own food [4]. Miklosovic et al., [5] evaluated the effectiveness of tubercles (bumps) of a
humpback whale pectoral flipper by creating two computer models representing their shapes. The
result of their work represents a performance improvement that a stall was delayed for the model
with bumps despite the increase of working angle, the angle of attack (AOA) (12 to 17.5 degrees).

Fig. 1. Humpback whale [6]

Hansen et al., [7] is among other researchers who worked in this area. They experimentally
studied the influence of bump height and sinusoidal wavelength at the leading edge (LE) of physical
models made from two NASA airfoils family over a range of Reynolds number (Re) (1.2 x 10° to 2.74
x 10°). On testing the models, airfoils with LE bumps have greater maximum lift coefficient and
greater stall angle. And by increasing wavelength, stall characteristic improved but slightly reduced
the maximum lift coefficient. The bumps benefited one model over the other because they have
different cross-section shape. A numerical study at somehow lower Re (between 65,000 and
1,000,000) was conducted by Gawad [8] using NASA 0012 airfoil. The uppermost lift coefficient
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increases with Reynolds number, drag has increased and stall was delayed by bumps. Based on
numerical investigation done by Carija et al., [9] at a Re of 1.8 x 10° using a turbine blade with NACA
0012 cross-section, LE bumps increased Lift coefficient from 3 to 9.5 per cent and decreased drag at
an AOA larger than 10-degree, and very little changes in the lift and drag demonstrated for the AOA
below 10-degree. Stall was delayed by the sinusoidal leading edge and increased the stalling AOA by
around five degrees.

An airfoil (S809) with relatively thicker cross-section was numerically examined by Asli [10] at
1,000,000 Re, and it shown that at low AOA before stall, lift coefficient of airfoil with LE bumps
decreased slightly than that of the model with straight LE. But flow separation caused the baseline
airfoil lift coefficient decreased sharply while the modified airfoil has a gradual stall trend. Similar
trend was obtained by Zhao et al.,, [11] using numerical analysis on NACA 634-021 airfoil, and
according to them the improved airfoil performance was as a results of reduced flow separation
around both crest and trough sections of the bumpy airfoil.

One of the research works conducted on other means of airfoil modification related to aircraft is
on modification of ONERA M6 wing by Munshi [12]. He used winglets to reduce tip vortices. Flow
characteristics was examined at 30-, 60- and 75-degree winglets cant angle and by varying AOA (from
3 to 6 degrees). It shows that to a certain degree of AOA, the modification improved lift to drag ratio
better than the usual plane wing without winglets. As AOA was increased further to larger degrees it
resulted in decreasing the lift to drag ratio, hence reducing its performance.

Two-dimensional (2-D) flow study on performance of airfoil with NASA LS (1)-0413 profile by
Kunya et al., [13] at low Re (49000) show that despite the advantage of LE bumps beyond post-stall
AOA, heights of the bumps have influence on performance of the airfoil as well. Among the various
bumps sizes (heights) tested, bump’s height of 6% chord length shows better performance. More
recently, a research work that studied influence of inter-bumps distances (spacing) at airfoil LE using
same cross-section profile used by Kunya et al.,, [13] show that performance due to LE bumps
depends on Reynolds number and bumps spacing only at larger AOA beyond stall angle. The study
was conducted by Kunya et al., [14] at Re of 2.5 X 10%, 4.9 X 104 and 7.2 X 10% As Re increases
performance increases between 0- and 15-degree AOA. Bumps spacing has effect on the airfoil
performance at low air velocity (that is, low Re) at AOA in the range, 12 to 25 degrees.

LE of wind turbine rotor blade was modified and examined using 3-D computational dynamic
method (CFD) by Kunya et al., [15] at low Re and 6-degree AOA. The LE of the blade was modified
with sinusoidal bumps, and on comparison with unmodified blade it shows that the modified blade
performed better than the conventional one; according to them could be that bumps control passive
flow which could as a result improve the performance of the blade. Similarly on three-dimensional
study, Bellequant and Laurence [16] reported the performance examination results of the 5-metre
(prototype) whale power wind turbine blades (incorporating tubercles along its LE. The measurement
was conducted by the Canada Institute of wind energy, North Cape, Prince Edward Island.
Measurements were taken using a Wenvor 25 kW wind turbine on which the blades were installed.
The whale power (modified) blades have a greater power curve slope and reached rated power at
around 12.5 m/s whereas the Wenvor blades reached rated power at around 15 m/s. For the
modified wind turbine blades, the peak coefficient of power (Cp) attained is around 0.4.

There are many research works on performance of airfoil reviewed ([17-19] to mention some)
but did not consider LE bumps modification. The review of the past works on LE bumps influence on
airfoil performance brought the knowledge that bumps could improve the working angle of airfoil
beyond stall angle of a normal unmodified airfoil LE, providing greater aerodynamic boost, and gentle
stall trend. Size of bump, type of airfoil profile, and Reynold number are the important performance
dependent variables on which LE bumps modification might depend. However, from obtainable
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works, no research work done on modification of rotor blade (which has NASA LS (1)-0413 profile) of
micro wind turbines with LE bumps, and by varying tip speed ratio (TSR) and Re. around 10*.

2. Methodology

In this work CFD tools were used for the numerical analysis of wind turbine blades (WTB)
performance due to the effect of modification at their leading edge by introducing sinusoidal bumps.
Two CAD models of full span WTB were developed based on 0.8m three-bladed wind turbine rotor.
One model is having straight leading edge (Normal Blade or N-Blade) whereas the other having LE
bumps (Modified Blade or M-Blade; bumps height = 6% chord length; bumps spacing = 40% blade
span). Both models have NASA LS (1)-0413 cross-section profile. The LS (1) represent low speed first
series, the first two digits after the dash represent the design lift coefficient (0.4) and the last two
digits represent the maximum thickness to chord ratio (13%). Table 1 shows the co-ordinates of the
NASA LS (1)-0413 airfoil section in percent of chord length (c).

Table 1

The Co-ordinates of the NASA LS (1)-0413 Airfoil Section
Station Upper surface Lower Surface
(x/c) Ordinate (y/c) Ordinate (y/c)
0.0 0.0 0.0
0.0020 0.01035 - 0.00495
0.0050 0.01588 -0.00935
0.0125 0.02424 -0.01448
0.0250 0.03325 -0.01907
0.0375 0.03966 -0.02226
0.0500 0.04476 -0.02498
0.0750 0.05261 -0.02938
0.1000 0.05862 -0.03281
0.1250 0.06347 -0.03562
0.1500 0.06755 -0.03792
0.1750 0.07103 -0.03982
0.2000 0.07399 -0.04139
0.2500 0.07861 -0.04368
0.3000 0.08182 -0.04484
0.3500 0.08381 -0.04516
0.4000 0.08464 -0.04474
0.4500 0.08435 -0.04353
0.5000 0.08293 -0.04144
0.5500 0.08023 -0.03810
0.5750 0.07834 -0.03589
0.6000 0.07605 -0.03334
0.6250 0.07335 -0.03051
0.6500 0.07024 -0.02745
0.6750 0.06674 -0.02425
0.7000 0.06287 -0.02097
0.7250 0.05868 -0.01767
0.7500 0.05419 -0.01441
0.7750 0.04946 -0.01126
0.8000 0.04450 -0.00831
0.8250 0.03933 - 0.00568
0.8500 0.03397 -0.00347
0.8750 0.02843 -0.00181
0.9000 0.02275 - 0.00080
0.9250 0.01692 - 0.00058
0.9500 0.01096 -0.00135
0.9750 0.00483 -0.00336
1.0000 -0.00156 -0.00714
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The coordinates (in text document type format) when imported into modelling software appear

as shown in Figure 2.
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Fig. 2. NASA LS (1) - 0413 Airfoil Coordinate appearance in Software

Both blades were modelled using POINTWISE software and their sizes are as shown in Figure 3. A
single blade is positioned inside a fluid domain one 1m away from fluid entry face and 3m before
exit, and set to rotate through 120-degree; this represents just 1/3 of complete revolution. The fluid
domain length is 4m and has a truncated conical shape (Figure 4).
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Fig. 3. Diagram of the blades (a) N-Blade (b) M-Blade
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Fig. 4. Diagram of the flow domain showing the blade

Approximately 4.5 x 10° unstructured mesh cells were created inside the fluid domain to ensure
accurate resolutions of flow variables. Figure 5 shows the fluid domain that is meshed.
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Fig. 5. Diagram showing the meshing and dimension of the flow domain

To further reduce numerical error (and correctly resolve variables) during computational in the
software more cells are concentrated at and around the curve surface of LE and trailing edge (TE) of
both the normal and the modified blades. See Figure 6.

0.4m 0.4m

Fig. 6. Diagram showing the meshing around the blades

Simulation is carried out using the moving reference frame (MRF) method. In this method, blade
remains stationary but air in the fluid domain is rotated around the blade. Blade pitch angle of 5-
degree and K-Omega Standard Shear Stress Turbulent model (available in ANSYS 2020) were used in
this study. A boundary layer (BL) is a thin layer of flowing fluid in contact with a surface such as WTB.
A dimensionless wall distance (Y*) magnitude determines the relative importance of viscous and
turbulent processes within a BL, and it determines grid spacing in CFD. A Y* of below five (5) indicates
a viscous or laminar region where more mesh cells are required for accurate resolution of BL. A Y*
value of one (1) (less than the upper limit of laminar flow, which is 5) was used in this work. This
resulted in generating more layers of mesh cells within the viscous region. Pseudo transient algorithm
were selected from the solver numerical settings. The software was run starting with a velocity of 2
m/s to 10 m/s at the interval of 2m/s. This is done for a tip speed ratio (TSR) of 6 and 8. Simulations
were further run at constant angular speed of 120 rad/s at a TSR of 2, 4, and 10.

2.1 Governing Fluid Dynamic Equations

Continuity, Navier-Stokes, and energy equations are the general equations in fluid dynamics and
were derived respectively based on basic principles of mass, momentum, and energy balance [20].
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(Continuity equation)
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(Navier-Stokes’s equation)
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(Energy equation)
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The solution algorithm and numerical procedure for any kind of fluid dynamics system problem
determines the number of equations and combination of their terms needs to be deployed.
Depending on the nature of physics governing the fluid motion, more complex system will require
more equations and their terms.

2.2 Grid Independent Study

The grid generated within the fluid domain might not resolve the fluid domain correctly, and it
thus become very useful to vary the size and number of grid cells and observe how it influence the
result of the simulation. Result could change significantly with varying grid resolution using same
meshing scheme but when things are okay further increasing the resolution will only change the
result may be insignificantly. Grid study was conducted in this work using the conventional blade (N-
Blade) at 6m/s air velocity of 6m/s, 5-degree pitch angle and TSR of six (6). Table 2 shows the grid
independent study results.

Table 2

Grid independent study

Grid Resolution Torque
No. (million cells) (Nm) x 1072
1 2.27 3.55

2 3.81 4.98

3 4.53 5.50

4 4.96 5.54

The result is also represented as graph (Figure 7) for clear understanding of how grid resolution
can influence solution accuracy. The torque value by using grid 1 resolution has increase significantly
on improving the resolution to grid 2. The change in torque value by increasing the cell number from
grid 2 to grid 3 is relatively smaller. Even though there is significant difference in terms of cells count
(about 4.29 x 10° cells) between grid 3 and grid 4, the change in torque value is insignificant. It will
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be without doubt that utilizing grid 3 rather than grid 4 can save simulation time and still preserve
accuracy. Grid 3 has cells count of 4.53 million cells and it was used in this work.
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Grid1 (2.273) Grid2 (3.806) Grid3 (4.527) Grid4 (4.956)
Grid resolusion (million cells)

Fig. 7. Grid independent study
2.3 Boundary Conditions

The form of the boundary conditions that is required by any partial differential equation depends
on the equation itself and the way that it has been discretized. The governing equation of fluid motion
may result in a solution when the boundary conditions and the initial conditions are specified. This
work boundary condition is that the velocity of the free air stream (V) is specified as inlet and outlet
fluid velocities. The software solved the fluid flow equations within the fluid domain for pressure and
velocity fields, and then other performance parameters were calculated

2.4 Aerodynamic Forces and Equations used for Blade Design and Results Analysis

A fluid diverts from its original path when flowing past an airfoil which and causes variation in the
fluid pressure and velocity. Friction or drag force affect the fluid flow because of its viscosity. The
drag force and the lift force are together the effective force applied by the fluid on the airfoil or any

other solid body, it is called the aerodynamic force. The direction of the aerodynamic forces applied
by fluid on solid surface of airfoil is shown in Figure 8.

n L & Fn
\s/
Fr
-
a
D

Fig. 8. Airfoil Aerodynamic forces

o+

Eqg. (4) to Eg. (9) provide Mathematical relations (4-9) were used for sizing the blades and
examination of results. Optimal chord length (Cop:) across the entire length of the blade were
determined using [21]

c _2nr 8V A
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The formula for determination of blade pitch angle (B) at a radial station (r) is given by Schubel
and Crossley [21] as

L) = tan™?! (32712}\) —a (5)

Tip speed ratio (A) and angular velocity (w) [21]

PR 6
=5 ©®)
w=- (7)
Relations for determining rotor power (P) and performance coefficient are (Cp) [22]
P=Tw (8)
. 9
p %pAV3 ( )

2.5 Data Validation

Betz limit (0.593) is the extreme theoretical amount of performance coefficient of wind turbine
[22]. The average value of C, of the N-Blade and M-Blade’s rotors (0.29025) simulated at 6m/s wind
speed in this work did not reach this limit. The main reason why the C, value did not reach Betz limit
is that the size of the wind turbine is very small and the rotor blades have no twist; this is part of this
work limitations that M-Blade could not be twisted. A study by Hsiao et al., [23] revealed that lack of
blade twist could reduce C;, by significant amount. The result of this research work is thus validated.

3. Results

Simulations in this work were run from a velocity of 2 m/s to 10 m/s at the interval of 2m/s. This
is done using a TSR of 6 and 8. Usually TSR of horizontal axis wind turbine (HAWT) is between 6 and
8. Also in this study simulations were further run at constant angular velocity of 120 rad/s for a TSR
of 2,4, and 10. Single blade is considered during the process and extrapolated the result for 3 blades.
The torque values attained and by using Equations 8 & 9, the Cp values of the rotor blades were
determined. The Cpvalues are then multiplied by 3 to account for 3 blades; the plots are based on
the Cp values of 3-bladed turbine rotor.

3.1 Power Coefficient Versus Velocity at a Tip Speed Ratio (TSR) of Six (6)

Figure 9 shows the variation of power coefficient, Cp with air velocity (varied from 2m/s to 10 m/s
at the interval of 2m/s) for the two models at TSR of 6. The results have shown that the Cp values
from the results are not equal, with the straight blade (N-blade) having better performance than the
bumpy blade (M-blade) at all velocities tested. The Cp values of blade with straight leading edge are
0.180, 0.267, 0.300, 0.313, and 0.322 while that of blade with bumpy leading edge are 0.165, 0.250,
0.281, 0.294, and 0.303 at respective velocities of 2, 4, 6, 8, and 10m/s for both blades.
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Fig. 9. Power coefficient versus. velocity at a TSR of 6

The difference in performance between the two blades is thus more obvious at a TSR of 6. The
flow velocity contour plots at the surface of the two blades at different heights from the blade root
to the tip at wind velocity of 8 m/s are provided and shown in Figure 10. to the show the reason why
there is difference in their performances. The maximum flow velocity occurs at the blades’ tips, and
it can be seen in the plots that the tip speed velocity of N-Blade (46m/s) is greater than that of M-
Blade (42m/s).
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(a) (b)
Fig. 10. Flow velocity contour at the surface of the blades (a) N-Blade (b) M-Blade

3.2 Power Coefficient Versus Velocity at a TSR of Eight (8)
At a TSR of 8, the Cp values closely match for both N-Blade and M-Blade at all velocities tested as

shown in Figure 11. It shows that there is insignificant or no difference in the Cp values for all the
velocities.
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Fig. 11. Power coefficient versus velocity at a TSR of 8
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3.3 Performance Curve at Constant Rotational Speed
Figure 12 shows the power coefficient versus velocity values at a constant angular velocity of 120

radians per second. This was done to develop the performance profile for the blades at a constant
rotational speed.

120 Rads (Angular Velocity)

0.4
0.35
0.3 .
j \ == CP Straight Blade
0.25 \
0.2 CP Bumpy Blade

015 N\
0.1
0.05 /

0 2 4 6 8 10 12
Tip Speed Ratio

Coefficient of Power

Fig. 12. Performance curves at a rotational speed of 120 radians per second

It can see from the figure that the region where the peak performance occurs is around TSR of 6
and 8. At TSR of 2, 4, 8, and 10, the performance of both airfoils closely matches except at a TSR of 6
where the N-Blade is better; the N-Blade Cp value is 0.313 and is better than that of M-Blade Cp value
(0.294).

4. Conclusions
The Numerical study of wind turbine blades (WTB) performance due to the effect of modification

at their leading edge by introducing sinusoidal bumps was performed using two CAD models of WTB
based on 0.8m three-bladed wind turbine rotor. One blade model is having straight leading edge (N-
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Blade) and the other having bumpy leading edge (M-Blade). Both models have NASA LS (1)-0413
cross-section profile. Simulations were run from a velocity of 2 m/s to 10 m/s at the interval of 2m/s
considering TSR of 6 and 8. Simulations were further run at constant angular velocity of 120 rad/s for
aTSRof 2,4, and 10

i. At a TSR of 6, the Cp values are not equal, with the straight blade having better
performance than the bumpy blade at all velocities tested; the Cp values of N-Blade are
0.180, 0.267, 0.300, 0.313, 0.322 at respective velocities of 2, 4, 6, 8, and 10m/s, while the
Cp values of M-Blade at the same velocities are 0.165, 0.250, 0.281, 0.294, and 0.303
respectively.

ii. AtaTSRof8, the Cpvalues closely match for both straight and bumpy leading-edge blades
at all velocities tested for.

iii. At constant angular velocity of 120 rad/s for a TSR of 2, 4, 6, 8 and 10, the peak
performance occurs between TSR of 6 and 8. For instance, the Cp values of M-Blade are
0.022,0.173,0.294, 0.313, and 0.116 respectively at TSR of 2, 4, 6, 8, and 10.

iv. At TSR of 2, 4, 8 and 10, the performance of both airfoils closely matches except at a TSR
of 6 where there is relatively significant difference; the N-Blade Cp value is 0.313 and is
better than that of M-Blade Cp value (0.294).

v. It could be said conclusively that the blade leading edge modification could not have
advantage at all flow conditions and size of the HAWT blades; it shows no advantage on
the performance of the rotor blade tested in this research at the velocities at which the
simulation was conducted.
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