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ABSTRACT 

            The rapid depletion of conventional energy resources like fossil fuels has harmed the environment. 

Hence, there is an urgent need to seek alternative and sustainable energy sources. Wind energy is 

considered one of the efficient sources of energy that can be converted to a useful form of electrical 

energy. Though the field of wind engineering has developed in recent years there is still scope for 

improvement in the effective utilization of energy. The turbine blades' aerodynamics and the turbulent fluid 

flow characteristics largely determine the wind turbine's energy efficiency. Hence, in the present studies, we 

investigated the improvement of small wind turbine blade design by incorporating bioinspired tubercles into 

blades. One of the issues of small wind turbines is the low-capacity factor in power. The wind in such 

circumstances under buildings and other adjacent obstructions for small turbines is normally weak, 

unstable, and turbulent in wind speed and direction. Thus, the design of small turbines needs to be improved 

to capture low wind speeds and to respond quickly to turbulent wind resource areas. Biomimetics is a 

science that helps us adapt designs from nature to solve modern problems. The wing-like flipper of the 

humpback whale (Megaptera novaeangliae) has a morphology with potential for aerodynamic applications. 

The humpback whale flipper has several sinusoidal rounded bumps, called tubercles which modify the flow 

over the blade surface, creating vortices between the tubercles. Therefore, we conducted an XFOIL analysis 

of symmetrical NACA airfoils and we observed that NACA0012 could produce the best lift/drag ratio. The 

airfoil was then validated using Computational Fluid Dynamics (CFD) analysis in which the results were 

found comparable to that of the published data. Finally, CFD analysis was conducted for tubercles with a 

different pitch-to-amplitude ratio (p/A) and the tubercled airfoil with p/A of 6 provided the best result. 

Keywords: Wind Energy, Aerodynamics, Turbulence, Bioinspired Design, CFD Analysis  
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INTRODUCTION 

            The problems of global warming, environmental pollution, and energy security have increased 

interest in developing renewable energy sources such as wind, solar, hydropower, geothermal, hydrogen, 

and biomass as replacements for fossil fuels. Wind energy can be a suitable solution to the global climate 

change and energy crisis. Using wind power essentially eliminates emissions of harmful gases such as CO2, 

SO2, NOx, and other harmful wastes as in traditional coal-fuel power plants or radioactive wastes in nuclear 

power plants. As fossil fuels are subject to price and supply instability, Wind energy dramatically reduces 

the dependence on fossil fuels, thus strengthening global energy security. The global wind power capacity 

increases by at least 40% every year and more than 80 percent of the global installations are in Europe. 

There has been tremendous growth in wind power all over the world during the recent three decades. So, our 

major focus is on non-conventional energy resources like Wind energy, a pioneer of renewable energy, 

which is developing very quickly all over the world [1]. 

      Due to atmospheric pressure gradients, wind results from the movement of air. The larger the 

atmospheric pressure gradient, the higher the wind speed and thus, the greater the wind power that can be 

captured from the wind using wind energy-converting machinery. Wind energy is an important player in the 

world's energy market and is considered the energy of the future. Among the resources wind energy is 

available in plenty, has no harmful emissions during operation and less space requirements and there is 

provision for a clean source of energy, sustainability, compatibility with other land uses, rapid instigation of 

power, and Cost-effectiveness. The wind turbine is the device that converts the kinetic energy of the wind to 

electrical energy. Though big wind turbines and their associated wind farms have many advantages they 

have also challenges in aerodynamics. An increase in Reynolds number and blade flexibility are their typical 

effects on aerodynamics. The accuracy of its aerodynamic models of wind turbines is important for the 

development of wind energy. Wind energy presents several significant advantages that make it an appealing 

choice for renewable energy generation. Firstly, it is a clean source of energy, producing no greenhouse gas 

emissions or pollutants during operation, which helps mitigate climate change. Additionally, wind energy is 

abundant and renewable, harnessing the natural power of wind without depleting resources. The technology 

related to wind energy generation has advanced significantly, resulting in more efficient turbines that can 

operate effectively at various wind speeds [2]. Moreover, wind energy systems typically have low operating 

costs and require minimal maintenance compared to fossil fuel plants, making them economically viable in 

the long term [3]. Wind power also contributes to energy diversification, enhancing energy security and 

reducing reliance on imported fuels [4]. Overall, the advantages of wind energy include sustainability, 

reduced environmental impact, and cost-effectiveness, positioning it as a key player in the transition to a 

cleaner energy future. 

       Even though the cost of wind power has decreased dramatically over the past several decades, wind 

projects must be able to compete economically with conventional sources of electricity, and some locations 

may not be windy enough to be cost-competitive. So, Wind power generation faces several significant 

challenges that impact its efficiency and integration into the energy grid. Key challenges include the 
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intermittent and variable nature of wind, which leads to unpredictability in energy output, making power 

scheduling and management difficult [5]. In addition, the integration of wind power into existing power 

systems presents technical and operational issues, such as voltage and frequency fluctuations, which require 

advanced control strategies [6]. Infrastructure limitations, including the need for improved grid connection 

capabilities and the development of energy storage technologies, also hinder the effective deployment of 

wind energy [7]. Furthermore, economic considerations, such as the high initial capital expenditures and 

competition with traditional energy sources, pose additional barriers to the expansion of wind power 

generation. These multifaceted challenges necessitate ongoing research and innovation in technology and 

policy frameworks to ensure the sustainable growth of wind energy as a vital component of the renewable 

energy landscape. 

     Wind turbine technology has evolved remarkably over the years, establishing itself as one of the most 

exciting and dependable renewable energy sources available today. This advancement not only showcases 

innovation but also highlights our commitment to a sustainable future. It has moved very fast, since the 

early 1980s, from wind turbines of a few kilowatts to today’s multimegawatt-sized wind turbines [8-10]. In 

addition to their size, the design of wind turbines has shifted from being convention-driven to being 

optimized for the operating regime and market environment. Wind turbine designs have evolved from fixed-

speed, passively controlled systems with gearboxes to variable-speed, actively controlled systems, utilizing 

advanced power electronics, aerodynamics, and mechanical drivetrain designs, with or without gearboxes. 

Hence, the present study was undertaken to validate the baseline simulation results with already published 

experimental data, to analyze the effect of tubercle parameters on the aerodynamic performance of the 

rectangular blade, and to recommend the arrived specifications of tubercle for the given application. 

       Therefore, to arrive at the specifications of leading-edge protuberances of a rectangular blade for 

performance enhancement of wind turbines under low wind speed conditions after understanding the 

working mechanism of leading-edge tubercles through a literature survey [11-31] relevant to the designing 

of rectangular blades with and without protuberances for the wind turbine, the present study was undertaken 

to conduct XFOIL or 2D analysis of symmetrical NACA airfoils for finalizing rectangular blade 

specifications at a given Reynolds number, to validate CFD predictions with already published experimental 

data on baseline rectangular blade, to analyze the effect of tubercle parameters on the aerodynamic 

performance of the rectangular blade and finally recommend the arrived specifications of tubercle for the 

given application. 
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MATERIALS AND METHODS 

Figure 1 illustrates the methodology employed in this research: 

 

Figure 1: Methodology flowchart outlining the steps undertaken in this research 

 

XFOIL or 2D analysis for finalizing specifications of the airfoil 

         XFOIL is a web-based software tool for designing and testing isolated airfoils under subsonic 

conditions. XFOIL version 6.99 was used to calculate pressure distribution on a 2D airfoil, lift, and drag of 

it with the input coordinates, Reynolds number, and Mach number. 

     XFOIL tool was used for the analysis of 4-digit National Advisory Committee for Aeronautics airfoils 

(NACA) series airfoil (NACA 0005, NACA 0010, NACA 0011, NACA 0012, NACA 0013, NACA 0014, 

NACA 0015, NACA 0020, NACA 0025) which are symmetrical. 4-digit NACA series airfoils were used 

because they have good stall characteristics, a small center of pressure movement across a large speed 

range, and roughness has little effect on the performance of these blades. They are used in general aviation 

and horizontal tails. Symmetrical airfoils were used because they have the same top and bottom faces, which 

lend themselves well to rotary wing applications because they have virtually no center of pressure. Travel 

remains almost constant across the full range of angles of attack and delivers optimal lift-drag properties for 

all the velocities between the rotor blade root and tip. They are used in supersonic jets, helicopter blades, 

shrouds, missile/rocket fins, etc. 
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Consider a NACA 4-digit series airfoil as: NACA MPXX 

Here, 

 M= Maximum camber divided by 100. For example, M=2 so the camber is 0.02 or 2% of the 

chord 

 P= Position of the maximum camber divided by 10. For example, P=4 so the maximum camber is 

at 0.4 or 40% of the chord 

 XX= Thickness divided by 100. For example, XX=12 so the thickness is 0.12 or 12% of the chord. 

 XFOIL has capabilities for the determination of airfoil characteristics such as shape, lift, drag, and 

stall. XFOIL has been used by several researchers for the design and testing of airfoils. 

The analysis was conducted for a Reynolds number of 50000 (lowest possible Reynolds number for the 

wind turbine application), Mach number of 0.13, and Ncrit (critical N-factor) value of 9. Ncrit value is used 

to model the turbulence of the fluid or roughness of the airfoil. The value of Ncrit was selected as 9 for 

average wind tunnel conditions using the following table (Table 1): 

 Table 1: Ncrit values and their applications  

Situation Ncrit 

Sailplane 12 to 14 

Motorglider 11 to 13 

Clean wind tunnel 10 to 12 

Average wind tunnel 9 

Dirty wind tunnel 4 to 8 

 

     After XFOIL analysis, the aerodynamic performances of the airfoils were compared and the airfoil 

with the best performance was selected. 

Validation of baseline simulation results with already published 

experimental data 

       For validation purposes, we used CFD analysis for the parameters as mentioned by Winslow et. al [32]. 

   The software used for meshing is ICEM-CFD and the software used for simulating the meshes was 

ANSYS Fluent. CATIA V5 was used to make baseline 3D geometry. CATIA, an acronym of computer-

aided three-dimensional interactive application, is a multi-platform software suite for computer-aided 

design (CAD), computer-aided manufacturing  (CAM), computer-aided engineering (CAE), Product 

Lifecycle Management (PLM), and 3D, developed by the French company Dassault Systèmes. 

   The CFD solver used in this study to investigate low-Reynolds number aerodynamics is the ANSYS 

FLUENT and has been widely used in the past for flows past airfoil and rotor blades at high Reynolds 

numbers with confidence.  

   Validation was conducted using Winslow’s experimental results of the baseline airfoil. 

 

 

https://en.wikipedia.org/wiki/Computer-aided_design
https://en.wikipedia.org/wiki/Computer-aided_design
https://en.wikipedia.org/wiki/Computer-aided_manufacturing
https://en.wikipedia.org/wiki/Computer-aided_engineering
https://en.wikipedia.org/wiki/Product_lifecycle_management
https://en.wikipedia.org/wiki/3D_modeling
https://en.wikipedia.org/wiki/Dassault_Syst%C3%A8mes
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Analyzing the effect of tubercle parameters on the aerodynamic 

performance of the rectangular blade 

         After validation, when the simulation results were verified, the boundary conditions remained 

unchanged in the software for further analysis. The baseline 3D airfoil of the airfoil selected after XFOIL 

analysis (if different from the airfoil used in validation) was constructed using CATIA V5. The tubercles of 

the pitch-to-chord ratio (p/c) of 0.25 with p/As of 1, 3, 6, 9, and 12 were constructed using coordinate files 

containing the points of sinusoidal wave and ICEM CFD, which imported the coordinates and created the 

complex geometry with smoothness applicable for aerodynamic analysis. Then, ICEM CFD was used for 

meshing all these six geometries. These meshes (if boundary conditions were correct) were solved using 

ANSYS Fluent for obtaining the aerodynamic performance (lift, drag coefficients, and lift-to-drag ratio). 

Recommending the arrived specifications of tubercle for the given 

application 

After obtaining the aerodynamic performances of all the airfoils, the performances of these airfoils were 

compared with each other, and the tubercled airfoil with the best performance was selected.  

RESULTS 

XFOIL-2D Analysis 

The profile of the airfoils tested using XFOIL software is shown in Table 2 below: 

Table 2: Results of XFOIL-2D Analysis 

Airfoil 

Analyzed 

Schematic in XFOIL Geometric Properties 

NACA 0005 

 

 

Area of Airfoil= 0.03425 m
2 

 

Thickness of Airfoil= 0.05001 m 

 

NACA 0010 

 

 

Area of Airfoil= 0.06851 m
2
 

 

Thickness of Airfoil= 0.10003 m 
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NACA 0011 

 

 

Area of Article =0.07536 m
2
 

 

Thickness of Airfoil =0.11003 m 

 

NACA 0012 

 

 

Area of Airfoil= 0.08221 m
2
 

 

Thickness of Airfoil= 0.12003 m 

 

NACA 0013 

 

 

Area of Airfoil= 0.08906 m
2
 

 

Thickness of Airfoil= 0.13004 m 

 

NACA 0014 

 

 

Area of Airfoil= 0.09591 m
2
 

 

Thickness of Airfoil= 0.14004 m 

 

NACA 0015 

 

 

Area of Airfoil= 0.10276 m
2
 

 

Thickness of Airfoil= 0.15004 m 
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NACA 0020 

 

 

Area of Airfoil= 0.13701 m
2
 

 

Thickness of Airfoil= 0.20006 m 

 

NACA 0025 

 

 

Area of Airfoil= 0.17126 m
2
 

 

Thickness of Airfoil= 0.25007 m 

 

 

The results obtained by simulating the above airfoils at different angle of attack (), showing coefficient 

of lift (CL), coefficient of drag (CD) and lift-to-drag ratio (L/D) are as follows: 

Table 3: NACA 0005 XFOIL Analysis Results 

α (Degree) CL CD L/D 

0 0 0.01373 0 

1 0.0942 0.01384 6.81 

2 0.1866 0.01424 13.1 

3 0.2755 0.01523 18.1 

4 0.4456 0.02667 16.71 

5 0.5538 0.03963 13.97 

6 0.644 0.07555 8.52 

7 0.6841 0.09091 7.52 

8 0.6888 0.10438 6.6 

9 0.6993 0.11912 5.87 

10 0.7168 0.13557 5.29 

11 0.731 0.15142 4.83 

12 0.738 0.16464 4.48 

13 0.7776 0.18559 4.19 

14 0.7974 0.20027 3.98 

15 0.8241 0.21602 3.81 

16 0.8372 0.22181 3.77 
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Table 4: NACA 0010 XFOIL Analysis Results 

α (Degree) CL CD L/D 

0 0 0.01751 0 

1 0.0242 0.01815 1.33 

2 0.0685 0.02024 3.38 

3 0.3946 0.02168 18.2 

4 0.5141 0.02053 25.05 

5 0.5831 0.02353 24.79 

6 0.669 0.03016 22.18 

7 0.751 0.03992 18.81 

8 0.7928 0.05499 14.42 

9 0.7338 0.08037 9.13 

10 0.6151 0.12149 5.06 

11 0.6339 0.137 4.63 

12 0.6432 0.15092 4.26 

13 0.6663 0.16603 4.01 

14 0.7071 0.18404 3.84 

15 0.7106 0.19367 3.67 

16 0.7367 0.2067 3.56 

 

Table 5: NACA 0011 XFOIL Analysis Results 

α 

(Degree) CL CD L/D 

0 0 0.01901 0 

1 -0.0027 0.01983 -0.14 

2 0.1162 0.02276 5.11 

3 0.4289 0.02242 19.13 

4 0.5308 0.0217 24.46 

5 0.6035 0.02368 25.49 

6 0.6805 0.02874 23.68 

7 0.7631 0.03637 20.98 

8 0.8178 0.04814 16.99 

9 0.8202 0.06567 12.49 

10 0.6043 0.12038 5.02 

11 0.605 0.13429 4.51 

12 0.6207 0.14845 4.18 

13 0.6397 0.16263 3.93 

14 0.6777 0.17968 3.77 

15 0.6886 0.19035 3.62 

16 0.7267 0.2064 3.52 
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Table 6: NACA 0012 XFOIL Analysis Results 

α (Degree) CL CD L/D 

0 0 0.02098 0 

1 -0.0308 0.02189 -1.41 

2 0.207 0.02477 8.35 

3 0.4551 0.02338 19.47 

4 0.547 0.02303 23.75 

5 0.6233 0.02448 25.46 

6 0.6962 0.02829 24.61 

7 0.7749 0.03438 22.54 

8 0.8349 0.04393 19.01 

9 0.8442 0.05861 14.4 

10 0.6599 0.09832 6.71 

11 0.5935 0.13285 4.47 

12 0.6165 0.14815 4.16 

13 0.6224 0.16086 3.87 

14 0.6399 0.17422 3.67 

15 0.6929 0.19377 3.58 

16 0.6991 0.20269 3.45 

 

Table 7: NACA 0013 XFOIL Analysis Results 

α 

(Degree) CL CD L/D 

0 0 0.02358 0 

1 -0.0217 0.02462 -0.88 

2 0.3032 0.02613 11.61 

3 0.4805 0.0245 19.62 

4 0.5658 0.02437 23.21 

5 0.6414 0.0257 24.95 

6 0.7144 0.02864 24.94 

7 0.7886 0.03353 23.52 

8 0.8492 0.04135 20.54 

9 0.8901 0.05212 17.08 

10 0.8016 0.07262 11.04 

11 0.5552 0.13059 4.25 

12 0.5734 0.14482 3.96 

13 0.6003 0.15952 3.76 

14 0.6494 0.17735 3.66 

15 0.6435 0.18563 3.47 

16 0.6773 0.19938 3.4 

 

Table 8: NACA 0014 XFOIL Analysis Results 

α (Degree) CL CD L/D 

0 0 0.02695 0 

1 0.1104 0.02808 3.93 

2 0.3877 0.02708 14.32 

3 0.5067 0.02582 19.63 

4 0.5872 0.02578 22.78 
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5 0.6597 0.02713 24.32 

6 0.7344 0.02943 24.96 

7 0.7998 0.03373 23.71 

8 0.8657 0.03971 21.8 

9 0.9038 0.04907 18.42 

10 0.8171 0.06753 12.1 

11 0.5489 0.13099 4.19 

12 0.5793 0.14652 3.95 

13 0.5818 0.15794 3.68 

14 0.5927 0.17009 3.48 

15 0.6473 0.18876 3.43 

16 0.649 0.19639 3.3 

 

Table 9: NACA 0015 XFOIL Analysis Results 

α (Degree) CL CD L/D 

0 0 0.0312 0 

1 0.2427 0.03062 7.93 

2 0.4499 0.0281 16.01 

3 0.5339 0.02737 19.5 

4 0.6081 0.02753 22.09 

5 0.6801 0.0287 23.69 

6 0.7476 0.03099 24.12 

7 0.8159 0.03437 23.74 

8 0.8685 0.0399 21.77 

9 0.9135 0.04746 19.25 

10 0.8714 0.06141 14.19 

11 0.5322 0.13085 4.07 

12 0.5362 0.14315 3.75 

13 0.5443 0.15533 3.5 

14 0.5721 0.16919 3.38 

15 0.6046 0.18232 3.32 

16 0.6385 0.19718 3.24 

 

Table 10: NACA 0020 XFOIL Analysis Results 

α 

(Degree) CL CD L/D 

0 0 0.04757 0 

1 0.3199 0.04472 7.15 

2 0.5301 0.04095 12.95 

3 0.6949 0.03783 18.37 

4 0.7368 0.03913 18.83 

5 0.7749 0.04109 18.86 

6 0.7894 0.04464 17.68 

7 0.7513 0.05104 14.72 

8 0.7067 0.05822 12.14 

9 0.4536 0.0892 5.08 

10 0.3084 0.11868 2.6 

11 0.3624 0.13202 2.75 

12 0.385 0.14208 2.71 

13 0.3981 0.15235 2.61 
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14 0.4577 0.1671 2.74 

15 0.4644 0.17556 2.65 

16 0.4998 0.18671 2.68 

 

Table 11: NACA 0025 XFOIL Analysis Results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this study, CL, CD and L/D obtained by XFOIL analysis at different  for different airfoils are shown in the 

figures below: 

 

Figure 2: CL vs  (XFOIL Analysis) 

α 

(Degree) CL CD L/D 

0 -0.0032 0.06497 -0.05 

1 0.1258 0.06561 1.92 

2 0.156 0.06879 2.27 

3 0.151 0.07406 2.04 

4 0.2624 0.08029 3.27 

5 0.3764 0.08748 4.3 

6 0.3893 0.09885 3.94 

7 0.3275 0.10618 3.08 

8 0.1591 0.11891 1.34 

9 0.1734 0.12447 1.39 

10 0.1729 0.1309 1.32 

11 0.1919 0.1377 1.39 

12 0.256 0.15093 1.7 

13 0.2471 0.15533 1.59 

14 0.2848 0.16468 1.73 

15 0.3341 0.17622 1.9 

16 0.391 0.19118 2.05 
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Figure 3: CD vs  (XFOIL Analysis) 

 

Figure 4: L/D vs  (XFOIL Analysis) 

In our investigation, XFOIL 2D analysis revealed that: 

 Highest CL at stall angle: NACA 0015 (CL=0.9135) @ 9 degrees followed by NACA 0014> 0013> 

0012> 0011> 0010> 0020> 0025>0005. 

 NACA 0005 showed an early stalling at 3 degrees, followed by NACA 0020 and 0025 at 6 degrees, 

NACA 0010 at 8 degrees and other airfoils at 9 degrees. 
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 The drag increased with an increase in lift even after stalling because of the phenomenon known as 

“induced drag” or “drag due to lift”. In aerodynamics, lift-induced drag, induced drag, vortex drag, 

or sometimes drag due to lift, is an aerodynamic drag force that occurs whenever a moving object 

redirects the airflow coming at it.  

 In pre-stall, the CD showed a decline with a decrease in thickness from NACA 0025 to NACA 0005 

and in post-stall, the CD showed a reverse effect. 

 The L/Ds of NACA 0012 and 0011 were higher than that of other airfoils. However, the lift-to-drag 

ratios between NACA 0010 to 0015 were in the same range. 

 The L/Ds of NACA 0005, 0020 and 0025 were very low compared to that of other airfoils. 

 Therefore, based on the observations obtained from XFOIL analysis we selected NACA0012 airfoil 

for investigating the effect of leading-edge tubercles on baseline airfoil as it has the highest L/D. 

CFD analysis for validation  

          The computational study was conducted on airfoil to simulate flows at Reynolds number at 3x10
5
. 

The airfoil investigated in CFD analysis was NACA0012 with chord length of 1 m. The airfoil was analyzed 

for angle of attack ranging from 1 to 24. The airfoil was examined for lift and drag characteristics and 

compared with results obtained from the experimental data of Winslow et. al for the same parameters [32]. 

The geometry of NACA 0012 constructed using CATIA V5 is shown in Figure 5. 

 

 

Figure 5: Geometry of NACA 0012 using CATIA V5 

        By importing the above geometry into ICEM CFD and meshing it using a C-type mesh, we get the 

following mesh: 

https://en.wikipedia.org/wiki/Aerodynamics
https://en.wikipedia.org/wiki/Aerodynamic_drag
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Figure 6: Side view of the mesh of baseline airfoil in ICEM CFD 

 

Figure 7: 3D view of the mesh of baseline airfoil with in ICEM CFD 

 

Figure 8: 3D view of the mesh of baseline airfoil isolated in ICEM CFD 

The size of the mesh was found to be: 

 

Figure 9: Size of the mesh 
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The Eriksson Skewness of the mesh was found to be: 

 

Figure 10: Eriksson Skewness of the mesh 

 

The boundary conditions applied in ANSYS Fluent were: 

 

Figure 11: Boundary conditions of the mesh in ANSYS Fluent 

        From Figure 11, we observed that the inlet boundary condition was represented by a dark blue colour 

surface with a velocity inlet condition, the outlet boundary condition was represented by a red colour 

surface with a pressure inlet condition, side walls were represented by light blue colour with periodic 

boundary condition and the upper surface of the airfoil (SS or Suction Surface) and the lower surface of 

airfoil (PS or Pressure Surface) were represented by wall boundary condition. 

The Y-Plus value of the mesh was found to be: 

 

Figure 12: Y-Plus value of the mesh 

Therefore, the characteristics of mesh and boundary conditions were of high quality. 
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     After simulating in ANSYS Fluent for higher iterations, we get the following comparison between the 

results of the experiment and the simulation: 

Table 12: Comparison of CL at various  (between Experiment and Simulation) 

α CL (Experiment) CL (3D CFD 

Simulation) 

1 0.05 0.03 

2 0.19 0.15 

3 0.3 0.27 

4 0.405 0.38 

5 0.525 0.48 

6 0.605 0.57 

7 0.675 0.65 

8 0.775 0.75 

9 0.81 0.83 

10 0.9 0.92 

11 0.95 0.97 

12 0.85 0.92 

13 0.775 0.75 

14 0.7 0.68 

15 0.65 0.63 

16 0.625 0.61 

18 0.6125 0.59 

20 0.6125 0.6 

21 0.625 0.61 

22 0.7 0.68 

24 0.75 0.78 
 

Table 13: Comparison of CD at various  (between Experiment and Simulation) 

Angle of Attack (α) CD (Experiment) CD (3D CFD 

Simulation) 

1 0.01 0.005 

2 0.01 0.005 

3 0.01 0.005 

4 0.01 0.005 

5 0.015 0.006 

6 0.015 0.007 

7 0.015 0.008 

8 0.02 0.009 

9 0.02 0.014 

10 0.02 0.02 

11 0.04 0.03 

12 0.055 0.04 

13 0.085 0.06 

14 0.125 0.1 

15 0.19 0.16 

16 0.21 0.2 

17 0.23 0.22 

18 0.25 0.24 

19 0.275 0.27 

20 0.3 0.32 
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After plotting, we get: 

 

Figure 13: Plot of CL vs  (between Experiment and Simulation) 

 

 

Figure 14: Plot of CD vs  (between Experiment and Simulation) 

     It was observed that the lift and drag characteristics obtained in our analysis were comparable (as 

shown in the graphs of CL versus  and CD versus ) to those obtained by experimental method of 

Winslow et. al [32], thereby validating our method of simulation. 

CFD analysis of baseline 3D airfoil and airfoil with tubercles 

From the results of XFOIL analysis, NACA 0012 was selected. Since, XFOIL used a default chord length of 

1 m, hence we used the same airfoil that we chose for validation and so the same mesh. The geometry and 

meshing of the airfoils with tubercles using ICEM CFD is shown in Table 14. 
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Table 14: Geometry and meshing of airfoils using ICEM CFD 

p/c p/A Geometry of airfoil using ICEM 

CFD 

Meshing of airfoil using ICEM 

CFD 

0.25 1 

  
0.25 3 

  

0.25 6 

  

0.25 9 

  
0.25 12 
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Using the same procedure that was implemented for validation but changing Reynolds number to 50000 

(as selected for XFOIL analysis), we got the following results: 

Table 15: CFD Analysis results for 3D baseline NACA 0012 airfoil 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 16: CFD Analysis results for tubercled airfoil with p/c=0.25 and p/A=1 

α (Degree) CL CD L/D 

0 0 0.018 0 

1 -0.02 0.019 -1.05876 

2 0.27 0.022 12.40239 

3 0.5 0.020 24.53386 

4 0.6 0.020 29.95507 

5 0.68 0.021 31.65736 

6 0.745 0.025 29.45828 

7 0.82 0.031 26.13129 

8 0.88 0.041 21.50012 

9 0.91 0.056 16.36396 

10 0.63 0.101 6.217923 

11 0.56 0.136 4.122194 

12 0.58 0.151 3.837248 

13 0.59 0.164 3.600635 

14 0.61 0.177 3.442049 

15 0.66 0.197 3.35417 

16 0.67 0.206 3.257329 

α (Degree) CL CD L/D 

0 0 0.021 0 

1 -0.03 0.022 -1.41 

2 0.21 0.025 8.35 

3 0.45 0.023 19.47 

4 0.55 0.023 23.75 

5 0.62 0.024 25.46 

6 0.7 0.028 24.61 

7 0.77 0.034 22.54 

8 0.83 0.044 19.01 

9 0.84 0.059 14.4 

10 0.66 0.098 6.71 

11 0.59 0.133 4.47 

12 0.62 0.148 4.16 

13 0.62 0.161 3.87 

14 0.64 0.174 3.67 

15 0.69 0.194 3.58 

16 0.7 0.203 3.45 
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Table 17: CFD Analysis results for tubercled airfoil with p/c=0.25 and p/A=3  

α (Degree) CL CD L/D 

0 0 0.015 0 

1 0 0.016 0 

2 0.3 0.019 15.98295 

3 0.56 0.017 32.22094 

4 0.65 0.017 38.16794 

5 0.72 0.018 38.96104 

6 0.79 0.022 35.4419 

7 0.85 0.028 29.95067 

8 0.91 0.038 23.99156 

9 0.94 0.053 17.86733 

10 0.61 0.104 5.847393 

11 0.54 0.139 3.889089 

12 0.56 0.154 3.632825 

13 0.57 0.167 3.416037 

14 0.59 0.180 3.273776 

15 0.64 0.200 3.203684 

16 0.65 0.209 3.114668 

 

Table 18: CFD Analysis results for tubercled airfoil with p/c=0.25 and p/A=6 

α (Degree) CL CD L/D 

0 0 0.006 0 

1 0.05 0.007 7.256894 

2 0.37 0.010 37.87103 

3 0.63 0.008 75.179 

4 0.72 0.008 89.66376 

5 0.79 0.009 83.33333 

6 0.86 0.013 64.71031 

7 0.92 0.019 47.47162 

8 0.98 0.029 33.87487 

9 1.01 0.044 23.15983 

10 1.02 0.083 12.24196 

11 0.47 0.148 3.178898 

12 0.49 0.163 3.003371 

13 0.5 0.176 2.843171 

14 0.52 0.189 2.748124 

15 0.57 0.209 2.730277 

16 0.58 0.218 2.664339 

 

 



www.ijsrmst.com 

International Journal of Scientific Research in Modern Science and Technology (IJSRMST)                      (22) 

Table 19: CFD Analysis results for tubercled airfoil with p/c=0.25 and p/A=9 

α (Degree) CL CD L/D 

0 0 0.009 0 

1 0.03 0.010 3.033367 

2 0.34 0.013 26.6249 

3 0.6 0.011 52.72408 

4 0.69 0.011 62.55666 

5 0.75 0.012 60.09615 

6 0.82 0.016 50.33763 

7 0.88 0.022 39.32082 

8 0.94 0.032 29.4394 

9 0.97 0.047 20.81098 

10 0.98 0.086 11.3531 

11 0.5 0.145 3.451847 

12 0.52 0.160 3.246956 

13 0.53 0.173 3.066065 

14 0.55 0.186 2.953496 

15 0.6 0.206 2.915877 

16 0.61 0.215 2.841306 

 

Table 20: CFD Analysis results for tubercled airfoil with p/c=0.25 and p/A=12 

α (Degree) CL CD L/D 

0 0 0.012 0 

1 0.01 0.013 0.775795 

2 0.32 0.016 20.29169 

3 0.58 0.014 40.3338 

4 0.67 0.014 47.75481 

5 0.73 0.015 47.15762 

6 0.8 0.019 41.47227 

7 0.86 0.025 33.88495 

8 0.92 0.035 26.33839 

9 0.95 0.050 19.14937 

10 0.96 0.089 10.74787 

11 0.52 0.142 3.665844 

12 0.54 0.157 3.436207 

13 0.55 0.170 3.237961 

14 0.57 0.183 3.111014 

15 0.62 0.203 3.057652 

16 0.63 0.212 2.97605 
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Recommendation of the arrived specifications of tubercle for the given application  

Plotting the results of simulations of various airfoils, we get: 

 

Figure 15: CL vs  for baseline and tubercled airfoils 

 

Figure 16: CD vs  for baseline and tubercled airfoils 
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Figure 17: L/D vs  for baseline and tubercled airfoils 

     From the above figures, we observed that the L/D and CL of a tubercled airfoil with p/A of 6 had the 

best aerodynamic performance compared to any other airfoil. Hence, it was recommended to use a tubercled 

airfoil of p/A of 6 for low-speed wind turbine application. 

DISCUSSIONS 

           The effects of the cutting-edge tubercles on the aerodynamics of the blades of wind turbines are 

fascinating in terms of their effectiveness and potential. Among the airfoils we investigated, we found that 

the NACA 0015 had the highest CL at a stall angle of 9 degrees (which was superior to the other airfoils), 

and lift reduced as stall angle increased across the NACA series [33]. This result agrees with what was 

found by other investigators, who also revealed the higher aerodynamic stability of cutting-edge 

modifications that induce a vortex to boost lift after a stall [34]. 

       Our measurements showed early stall for the NACA 0005 airfoil at just 3 degrees, supporting other 

research that indicates lead edge modifications can effectively prevent separation of flow and therefore 

postpone stall [35]. We made similar observations, where tubercles reduced the early stall effects for various 

designs, indicating that they were effective in preventing lift loss. Stall delay is critical to the performance 

of wind turbines, especially when they are running in unstable conditions. 

       Impaired drag plays a critical role in lift, with induced drag increasing drag after high lift following a 

stall (our study observed). It is an established feature of aerodynamics, where drag from lift becomes 

important, and hence design optimization is needed. This finding aligns with studies that reported these 

shifts in drag over lift in tubercled airfoils and helped explain the role of design in performance parameters. 

       As for CDs, we found a negative trend between pre-stall and post-stall, due to the increasing airfoil 

thickness, and a negative trend towards post-stall. This result aligns with recent studies that indicate heavier 

airfoils typically have lower CD in flight, although stall transition has its own effect, depending on design 

[36]. These kinds of subtle effects illustrate how thickness and shape are critical to aerodynamic efficiency. 
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       The higher L/D values for NACA 0012 and 0011 suggest superior performance, which is consistent 

with other reports pointing to the relative benefits of certain airfoil designs, particularly in terms of turbine 

efficiencies. Our decision to select NACA 0012 based on optimal L/D performance reinforces prior 

recommendations that efficient turbine design requires an optimal balance of aerodynamic and structural 

performance with the use of smart airfoils. 

        Lastly, the effectiveness of our simulation approaches (XFOIL analysis and CFD validation) in line 

with the literature is that the computing systems are able to simulate airfoil performance well for early small 

wind turbine designs. Preliminary research has been similar in the same regard to the validity of 

computational simulations to predict aerodynamic properties against experimental data [37]. Further, the 

improved performance at p/A ratio 6 for tubercled designs is consistent with results that specified optimal 

p/A ratios for better performance in low-speed environments [35].  

CONCLUSION 

           To conclude, the present investigation revealed NACA 0015 had the highest CL at stall angle of 9 

degrees and early stalling by NACA005 at 3 degrees. The drag increased with an increase in lift even after 

stalling because of the phenomenon known as “induced drag”. In pre-stall, the CD showed a decline with a 

decrease in thickness from NACA 0025 to NACA 0005, and in post-stall, the CD showed a reverse effect. 

The L/Ds of NACA 0012 and 0011 were higher than that of other airfoils. NACA 0012 was chosen as it had 

the best L/D compared to other airfoils. Comparison of the data from simulated airfoil and experimental 

results indicated that the simulation procedure was adequate for predicting the aerodynamic performance 

and performing preliminary design of small wind turbines. From the simulation of tubercles of different 

p/As and comparison of the aerodynamic performances of the baseline airfoil versus the tubercled airfoil, 

p/A of 6 was obtained to provide the best performance for low-speed wind turbine application. 

      More in-depth research on the application of tubercle technology to wind turbine aerodynamics is 

required as the goal of wind energy research is to help the technological development of new 

environmentally friendly and cost-effective wind energy systems. In future simulations, the airfoil can be 

expanded to have at least 6 tubercles, instead of having only four tubercles as in the present study. In the 

future, it would be worth modeling an airfoil more closely resembling a humpback flipper. Also, other 

mechanisms for performance enhancement such as the generation of streamwise vortices, which improve 

momentum exchange in the boundary layer can be investigated. 
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