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Abstract

Although wind turbines have great potential for capturing wind energy, their blades suffer from
unstable aerodynamic loads as a result of operating for extended time in challenging conditions. Both
structural and aerodynamic performance are negatively impacted by these loads. The effectiveness of
the wind turbine and the use of wind energy are significantly impacted by the choice airfoil. Commonly
used airfoils include NACA 4412, NACA 23012, and SG6043. The lift and drag characteristics of an
airfoil blade or wing are primarily influenced by its geometric shape, along with the angle of attack.
XFOIL program is used to compare the lift coefficient, drag coefficient and lift to drag ratio for
NACA4412, NACA 23012 and SG6043 airfoils at Reynolds numbers 1.0 x 10°and 5.0 x 10% Results
like the drag, lift coefficients, lift to drag ratio vary with the Reynolds number and angle of attack which
show that SG6043 airfoils have better average performance criteria with higher lift to drag ratio. A
CAD model of the blade is designed using SolidWorks software and SG6043 airfoils. A polymer
composite made of carbon filler epoxy and jute fiber wind turbine blade with a 1 MW power generating
capability is designed and developed. The mechanical test revealed that the composite exhibits good
tensile strength (average value of 932 MPa). The average strength of impact recorded for the composite
was 152 kJ/m2. Experimentally determined density was 1420 kg/m3 and shows that blades are light
enough to be easily set in motion by the wind.

Keywords: Airfoil, angle of attack, composite blades, density, drag coefficient, impact, lift coefficient,
tensile strength, Xfoil

INTRODUCTION

Global warming and the energy crisis have prompted a great deal of effort to learn more about
renewable energy. Wind power is one type of renewable energy in which wind turbines capture wind
energy and transform into fuel energy [1].
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Consequently, the overall performance of the
turbine can be enhanced by the ideal wind blade
geometry [2]. The output metrics of the blade
performance are reflected in the geometry of the
blade, specifically distributions of airfoil types
along the span, chord length and torsion angle
distribution optimization and the ratio of blade
thickness to chord length [3]. The selection of the
airfoil, a component of the wind turbine blade, is
also a crucial element that needs to be taken into
account during blade design.

Natural fibers are biodegradable and have
significant environmental advantages. Furthermore,
compared to synthetic-fiber composites, they are
typically easier to recycle, which aids in waste
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reduction and the advancement of a circular economy in the wind energy sector [4]. In terms of
economics, natural fiber composites are typically less expensive to manufacture than synthetic fiber
composites [5].

The use of composite materials is common in wind turbine blade production due to their excellent
mechanical properties and relatively lower weight compared with the use of steel or other metals [6].
Natural fibers are sometimes used as a substitute in some composite applications instead of carbon
fibers. The advantages of natural fibers, as sisal, flax, hemp, jute, are the low costs, availability, and
environmental friendliness. The disadvantages are the quality variations, high moisture uptake and low
thermal stability of the raw fibers [7].

The performance of the blade is characterized by the lift and drag forces that result from the motion
of an airfoil-shaped body in a fluid. By adjusting the airfoil's shape and angle of attack, the lift can be
maximized [8]. A high lift-to-drag ratio is a general requirement for airfoil designs. Although it does
not increase torque, raising the lift coefficient increases thrust, which lowers the drag coefficient and
boosts aerodynamic efficiency [9]. Using analytical equations that describe the camber (curvature) of
the mean-line (geometric center line) of the airfoil section as well as the thickness distribution of the
section along its length, the early NACA airfoil series, the 4-digit, 5 digits and modified 4-/5-digit were
created [10].

The airfoils chosen for this study are pertinent because the geometries are openly accessible and there
is a wealth of experimental data that can be used to assess simulation results. The wind turbine database
was used to choose various airfoil types recommended for small horizontal axis wind turbines. Current
study compares NACA4412, NACA 23012 and SG6043 airfoils at Reynolds numbers 1.0 x 10° and
5.0 x 10° mainly using XFOIL program. For each airfoil, lift ratio, drag ratio, maximum lift to drag
ratio and optimal attack angle were calculated and an experimental model of small wind turbine blades
made of composite material was designed and developed.

METHODOLOGY

The enormous size of the wind turbine blades used to generate power, makes them labor-intensive
and challenging to construct and test. The efficiency of the wind turbine depends on the airfoil selection,
manufacturing difficulty, blade quality, and aerodynamic performance. In this case, the XFOIL software
was used to compare and analyze the aerodynamic characteristics of NACA 4412, NACA 23012,
SG6043 at Re 100,000 and 500,000 and AOA between —15 and 20 degrees. Of these, NACA4412
shows that the airfoil type has a maximum thickness of 12% at 30% chord and maximum camber of 4%
at 40% chord length (Figure 1). NACA 23012 shows that the airfoil's maximum relative camber is 1.8%,
in relation to the chord length 12.7% and maximum thickness of 10% (Figure 2). SG6043 has a
maximum thickness of 10% at 32.1% chord and maximum camber of 5.1% at 53.3% chord length
(Figure 3).

Figure 1. NACA 4412

Figure 2. NACA 23012.
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Figure 3. SG6043.

First digit indicates the maximum relative camber of the airfoil and the second digit indicates the
position of the maximum relative camber relative to the chord length. The last three digits indicate the
arc in the airfoil and its relative thickness [11].

The lift coefficient and drag coefficient are two crucial metrics that demonstrate the performance of
the airfoil. Drag force is the parasitic force, while lift force generates the blade's rotational action.
Although the parameters of two forces are the same, their coefficients differ. The following equation
(1) is a representation of the blade's Reynolds number [12].

Re = pvC/T

p = Density of air (KG/m3),

v = Velocity of air (m/sec)

C = Chord length of blade (m)

T = Dynamic viscosity of air (N.Sec/m?)

Glide ratio (GR), in addition to Re, is an important airfoil performance metric. Another name for it
is the lift-to-drag ratio. Since it increases rotor torque and reduces bending moments on the rotor blade
for a specific lift value, a higher lift to drag ratio is anticipated. Thus, the following equation (2) provides
the glide ratio [13].

GR=L/D=CL/CD
L=L.ift force(N)
D=Drag force (N)

A CAD model of the blade is designed using SolidWorks software and SG6043 airfoils. A polymer
composite made of carbon filler epoxy and jute fiber wind turbine blade with a 1 MW power generating
capability is designed and developed.

Composite preparation

The matrix was made by combining epoxy resin with Butanox M-60 hardener. A modified matrix is
produced by adding carbon fillers at weight percentages of 10 [14]. To equally disperse the carbon
fillers in the modified matrix, a mechanical stirrer operating at 200 rpm for 15 minutes was used to mix
a predetermined quantity of fillers and resins in a container. The epoxy resin matrix was stirred for an
additional two minutes after the appropriate quantity of hardener was added.

Manufacturing of composite blades

Aluminum molds, one for each type of blade with two separate components, were created in order to
produce the wind turbine blades (Figure 4). The composite fibers were disposed of in the aluminum
molds by switching between one layup of carbon fillers reinforced epoxy and one layup of jute fiber.
Ultimately, jute fibers were positioned along the model to strengthen the airfoil. In the initial stage of
manufacturing of blades degreasing of the mold is done with acetone followed by application of clearing
agent to separate the structure after polymerization from the mold. Using a template similar to selected
three airfoils, the composite fiber layups are cut. A wooden framework was positioned in the gripping
zone where the blade and generator flange would be joined and one layup of carbon filled epoxy resin
and one layup of jute fiber were placed on top of it (Figure 5). Applying a layer of peel ply is the last
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step to prevent the vacuum bag from sticking to the airfoil (Figure 6). The blades are cured at room
temperature (23°C) for 24 h, followed by a post-curing stage at 60°C for 16 h to enhance mechanical
properties and dimensional stability. The assembled composite small wind turbine blades and
experimental model is depicted in Figure 7, Figure 8.

Figure 5. Placement of epoxy resin and jute fiber layups.

- =

Fgure 6. Mold under vaccum process.

Figure 7. Experimental model made up of composite material.

© STM Journals 2026. All Rights Reserved 82



Journal of Polymer & Composites
Volume 14, Issue 1
ISSN: 2321-2810 (Online), ISSN: 2321-8525 (Print)

Figure 8. Testing of experimental model.

Test for tensile strengths

Experiments were performed in compliance with ASTM D3039 guidelines with 100 kN load cell of
MTS universal testing machine, at 1 mm/min cross speed under room temperature (Model 810 —
Microcomputer Controlled Electro-hydraulic Servo Universal Testing Machine). Five specimens, each
measuring 240 x 10 x 4 mm?, were cut from composite.

Specimens immersed in water for 20 days were used in the test to determine the effect of water
absorption and hybridization on the deterioration of the composite’s tensile strength. Room temperature,
50°C, and 70°C were the three temperatures at which water was submerged.

Test for impact

ISO 179-1 (2010) guidelines was followed for conducting the Charpy impact test. Five unnotched
specimens, each measuring 85 x 15 x 6 mm?, were made for each test. Wet specimens were created by
immersing in a water bath for 20 days in order to examine the impact of water absorption on the
deterioration of the composite’s impact strength. Pendulum Impact Testing Machine, Model: DI-Impact
300 with impact energy 300 J was used to perform the impact test. The specimens were pounded in both
normal and flat direction. The experiments were conducted at room temperature.

Test for density

Density measurement was conducted using Archimedes' method and an analytical balance Pioneer
PX224 (Ohaus) along with a density measurement kit for solids. The fluid employed for these
measurements was ethanol (99.3% purity), which has a known density variation depending on
temperature. An average value was calculated based on five separate measurements.

RESULTS

The X Foil software is used to analyse and compare NACA 4412, NACA 23012 and SG6043 airfoils
at Re 1.0x1075, and 5.0x1075 and the angle of attack from -10 to 20 degrees. At Re 1.0x10"5, the
highest lift coefficient of 1.63 for SG6043 at angle of attack 14.75° is observed followed by 1.44 for
NACA 4412 and 1.03 is noted for NACA 23012 at the same angle of attack.

In contrast, the highest lift coefficient of 1.48 for NACA 4412 is recorded at an angle of attack of
14.25° and the highest of 1.27 for NACA 23012 is recorded at an angle of attack of 13° (Figure 8).
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NACA 4412 has a drag coefficient of 0.028, NACA 23012 has a drag coefficient of 0.025, and
SG6043 has the drag coefficient of 0.02 at angle of attack 6.75° at Re 1.0x1075. On the other hand
NACA 4412 registers the drag coefficient of 0.017 at an angle of attack of 1.5°, while NACA 23012
records the drag coefficient of 0.0147 at an angle of attack of 1°. SG 6043 thus had least drag coefficient
at highest angle of attack compared to other two foils (Figure 9).

Results also show that for SG 6043 the average maximum lift to drag ratio at Re of 1.0x10"5 is 66.46
with an angle of attack of 7°, while for NACA 4412 airfoils it is 54.09. It is also observed that, lift to
drag ratio for NACA23012 is 35.64 at same angle of attack. This indicates that SG 6043 airfoils are
more effective in areas with low wind speeds. Conversely, the NACA 4412 had a lift to drag ratio of

56.1 at an angle of attack of 6.2°, while the NACA 23012 lift to drag ratio is 36.38 at an angle of attack
of 5.5° (Figure 10).

2
515
2
& SG6043
S NACA 4412}
& NACA 23012
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5 10 15 20
Angle of attack (deg)
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Figure 9. The lift coefficient performance curves for the NACA 4412, NACA 23012 and SG6043
airfoils at Re=1.0x10"5.

SG6043
NACA 23012

Drag coeflicken!

NACA 4412

-15 1o 5 [} 5 10 15
Angle of attack (deg)

Figure 10. The drag coefficient performance curves for the NACA 4412, NACA 23012 and SG6043
airfoils at Re=1.0x10"5.
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Figure 11 displays that, with an angle of attack of 15.5°, the highest lift coefficient of 1.7038 for
SG6043, 1.517 for NACA 4412, and 1.40 for NACA 23012 at the same angle of attack are recorded at
Re 5.0x10"5. While the highest lift coefficient of 1.43 for NACA 23012 is measured at an angle of
attack of 14.25°.

At angle of attack 0.75° and Re 5.0x10"5, the drag coefficients of NACA 4412, NACA 23012 and
SG6043 are 0.00693, 0.00723 and 0.00682 respectively. However, for NACA 4412 at angle of attack
0.25° the drag coefficient recorded was 0.05 (0.00681) whereas NACA 23012 has 0.05(0.00683) at
angle of attack of 0.25° (Figure 12).

Lift vo deag ratso

/ NACA 4412
14 L g \/ 3 0 < )

4 Anghe of anack (deg)

Figure 11. The lift to drag coefficient performance curves for the NACA 4412, NACA 23012 and
SG6043 airfoils at Re=1.0x10"5.
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Figure 12. The lift coefficient performance curves for the NACA 4412, NACA 23012 and SG6043
airfoils at Re=5.0x10"5.
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Figure 13 illustrates how the angle of attack affects the lift-to-drag coefficient ratio for the chosen
airfoils at Re of 5.0x10”5. The highest ratio for SG 6043 reached at a 3.5 °angle of attack is 143, shows
that lift is significantly higher than drag, which is ideal for small wind turbine design.

The higher lift to drag ratio value of this airfoil indicating that the theoretical aerodynamic
performance of this airfoil is superior to the other two (Figure 14). The lift-to-drag ratio has an impact
on the rotor torque and power generation, particularly at low wind speeds. Results also show that, the
average maximum lift to drag ratio for NACA 4412 airfoils is 100.7 and for NACA 23012 is 60.3.
Results also depicts that, the average maximum lift to drag ratio for NACA 4412 airfoils at angle of
attack 6° is 108 and for NACA 23012 is 77 at an angle of attack of 9°.

&4
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Figure 13. The drag coefficient performance curves for the NACA 4412, NACA 23012 and SG6043
airfoils at Re=5.0x10"5.
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Figure 14. The lift to drag coefficient performance curves for the NACA 4412, NACA 23012 and
SG6043 airfoils at Re=5.0x10"5.
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Figure 15. Mechanical test results depicting the average tensile strength of five samples with standard
deviation
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Figure 16. Mechanical test results depicting the average impact strength of five samples with standard
deviation

The polymerization process at room temperature took place over a duration of 72 to 96 hours.
Subsequently, the composite airfoils were removed from the molds, and additional post-processing
methods were implemented to achieve the final experimental small wind turbine blade made of
composite material is depicted in Figure 7, 8.

In order to ascertain the tensile characteristics of the chosen composite material used for small wind
turbine blades, two different kinds of mechanical tests were carried out throughout this investigation.
The mechanical test revealed that the composite \exhibits good tensile strength (average value of 932
MPa with a standard deviation of 0.0158) (Figl5). The average strength of impact recorded for the
composite was 152 KJ/m? with a standard deviation of 0.068 (Fig16). Moreover, the experimentally
determined density was 1420 kg/m? and it shows that the blades are light enough to be easily set in
motion by the wind.

DISCUSSION

In wind turbine blade design, aerodynamic performance is crucial, and airfoil shape affects
aerodynamics. It is crucial to make sure that the airfoil used to design wind turbine blades does not
experience any operational instability. In particular, maintaining a relatively constant angle of attack is

© STM Journals 2026. All Rights Reserved 87



Design And Analysis of Carbon Filler Reinforced Composite Small Wind Turbine Blades Rao et al.

essential for pitch-controlled wind turbines in order to maintain full operability. The lift and drag
coefficient describe the performance of airfoil. For all the selected airfoils of small horizontal wind
turbine blades, as the angle of attack increases, the lift and drag coefficient increases till certain angle
change. However, the rate of increment is much higher after a certain angle of attack due to flow
separation [15]. Increase in the thickness, camber, and angle of attack of airfoil increases the lift
coefficient [16]. Controlling flow separation on an airfoil improves the airfoil's performance by raising
the lift coefficient, lowering the drag coefficient, and raising the lift to drag ratio [17]. The airfoil
SG6043 has the highest lift coefficient and the flow separation occurs at the angle of attack 14.75°.
Both the drag and lift coefficients account for the angle of attack (AoA). This angle of attack has a
significant role in the magnitude of the lift and drag coefficient, which means that it also influences the
amount of lift and drag force that is generated [18].

The operating Reynolds number of each airfoil is one of the key parameters. Reynolds number has a
major impact on the airfoil's drag and lift characteristics and is a function of the airfoil's performance
characteristics. As the Reynolds number decreases, the drag coefficient's overall level rises and
additionally, the blade's Reynolds number tends to decrease as its length does [19]. There was an
increase in the drag coefficient for SG6043, NACA 4412, and NACA 23012 as the Reynolds number
decreased from 5.0 x 10° to 1.0 x 10°. However, at both Reynolds numbers, the drag coefficient values
with SG6043 were the lowest. An increase in Reynolds number results in an increase in the airfoils lift
curve slope, maximum lift coefficient, and critical attack angle. Mueller and Batill on a range of airfoils
also concluded that maximum lift coefficient consistently increases with higher Reynolds numbers and
that the minimum drag coefficient significantly decreases [20]. For SG6043, NACA 4412, and NACA
23012, the lift coefficient increased as the Reynolds number increased from 1.0 x 10° to 5.0 x 10° with
SG6043 recording the highest lift coefficient. Additionally, as the minimum drag coefficient falls, the
lift to drag ratio increases [21].

Using a vacuum-assisted oven the same results can be obtained as in case of using the autoclave
technology. Applying a layer of peel ply prevents the vacuum bag from sticking to the airfoil [22].
According to configurations evaluated by Bej et al[23]., the mechanical properties of the carbon fiber
composite are better to those of the glass fiber composite. Similar to this carbon fillers used in the
current investigation had shown high tensile and impact strengths for the composites.

CONCLUSION

Aerodynamic performance of the three different airfoils studied shows that SG6043 has the lowest
drag coefficient value and highest lift coefficient at Reynolds number 1.0 x 10° and 5.0 x 10°. SG6043
also depicted the highest lift to drag ratio at the same Reynolds humber which increased with increase
in Reynolds number and also increase in angle of attack. After a detailed aerodynamic comparison, it
was concluded that SG6043 is the most suitable airfoil for the small horizontal axis wind turbine
operating at low wind speeds. Hence SG6043 can be suggested as the best performing airfoil among
the compared airfoils for the given Re range. Hence an experimental model of small wind turbine blades
made of composite material was designed and developed using SolidWorks software and SG6043
airfoils and tested for tensile and impact strengths. In the present study, an experimental small wind
turbine is assembled and tested in a wind tunnel to determine its performance.
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