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ABSTRACT: This study explores the effect of blade count on the performance of low-scale
horizontal axis wind turbines (HAWT) with NACA 0012 profiles using Computational Fluid
Dynamics (CFD) methods. The results show that the turbine with three blades achieves the
highest efficiency, with a power coefficient (Cp) of 0.54 at a Tip-Speed Ratio (TSR) of 7,
while the four-blade turbine reaches a C, of 0.48 at a TSR of 6. The mechanical power
produced by the three-blade turbine is 1,040.81 W, 28% higher than that of the four-blade
turbine (927.28 W). The progressive distribution of the pitch angle in the three-blade turbine
minimizes the risk of stall and flow separation. These findings suggest that fewer blades can
reduce flow interference and vortex-induced losses, making it an efficient solution for the
wind energy potential in Indonesia. Future research should explore geometric and material
variations for further optimization.
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1. INTRODUCTION (HEADING 1)

Electrical energy plays a crucial role in human activities, with per capita consumption in
Indonesia increasing to 1,173 kWh in 2022 (up 4% from the previous year) [1]. However,
electricity generation in Indonesia still relies on coal (67.21% in 2022) and faces distribution
challenges in the archipelago [2].

On the other hand, wind energy offers significant potential with an average speed of 3-10
m/s and a power potential of around 978 MW [3], primarily through low-scale horizontal axis
wind turbines (HAWT) (10-100 kW).

Wind turbine efficiency is influenced by blade design, airfoil selection, number of blades,
and material [4], [5] The NACA 0012 airfoil is the leading choice due to its high efficiency
and stability characteristics, which have been tested through Computational Fluid Dynamics
(CFD) simulations [6]. Although the maximum efficiency of wind turbines is limited by Betz's
law (59.3%) [7], optimization of parameters such as Tip-Speed Ratio (TSR), rotor speed,
number of blades, and distribution of twist angles can approach optimal performance [8].
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Previous studies have shown that the number of blades affects torque and aerodynamic
efficiency. CFD simulation is key in analyzing fluid-structure interactions, especially for low
scales with variable wind speeds [9][10]. In addition, balancing the load distribution through
precise blade design can reduce drag and increase output power [11].

This study aims to study the effect of the number of HAWT blades with a low-scale NACA
0012 profile using the CFD method. The study's results are expected to be a reference for
designing community-scale wind turbines that are adaptive to Indonesian wind conditions
while supporting the diversification of renewable energy.

2. METHOD

This study uses analytical methods to design the blade geometry and computational
methods based on Computational Fluid Dynamics (CFD) simulation with QBlade and ANSYS
software.

2.1. Analytical Method

The analytical method aims to determine the turbine blade design parameters through the
following aerodynamic equations. The theoretical wind power (P,) available from the airflow
is calculated by:

Py = AV (W) €
where p = air density (kg/m?), A = rotor swept area (m?), and v = wind speed (m/s).
The shaft angular speed (o) is optimized based on Tip-Speed Ratio (A):
_w _ R_w _ . Ywind -
A=—"== andw = 1 e (rad/s) (2-3)

The local radius (r) distribution along the blade is determined by:

A=r=rHub+ [(R_T Hub) X elemen] (4)
Local TSR (\):
Ap ==X 2 (5)

The optimum A value is seven based on the literature study [12]. The optimum chord length
(Copt) based on Betz momentum theory and relative velocity distribution:

2 8
Copt == 5075 (M) (6)

The distribution of twist angle (0) and pitch (P) is calculated from the geometric relationship
of the velocity triangle (Figure 1):

9=tan‘1(/%r)andﬁ=9—a (7 -8)
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Fig. 1. Airfoil velocity triangle.

2.2. Computational Method

Simulation is carried out in two stages: Airfoil analysis with Qblade to determine the
optimum lift (C.) and drag (Cp) coefficients of the NACA 0012 profile at varying angles of
attack (o). The CFD Simulation with ANSYS includes 3D Modeling for the turbine blades
designed in SOLIDWORKS based on analytical parameters and exported to Parasolid format.
Fluid Domain Creation: The rotational region is modeled as a cylinder with a radius of 5x the
blade radius. The inlet and outlet planes are spaced 3.5x% and 5.5x the blade radius, respectively,
to minimize turbulence effects [13] (Figure 2).
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Fig. 2. Simulation flowchart.
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Wind speed (v) and rotational velocity (w) are set according to the simulation scenario for
boundary condition setting. Turbulence is modeled with k- SST for near-wall flow accuracy
[14]. Post-Processing: Torque and pressure distributions are analyzed to calculate the power
coefficient (Cp).

Fig. 3. Geometry of the wind tunnel boundary.

3. RESULTS AND DISCUSSION

This research analyzes the influence of the number of blades (3 and 4) on the performance
of a low-scale NACA 0012 profile horizontal axis wind turbine (HAWT) through CFD
simulations. Analytical and computational results are presented as follows:

3.1. Analytical Results

Geometry Distribution of Blades

Based on the Betz momentum equation and design parameters (TSR =7 for 3 blades; TSR
= 6 for 4 blades), the optimum chord lengths at each local radius are obtained (Table 1-2). The
chord value decreases as the radius increases, with a similar pattern for both blade
configurations.

Table 1: Optimum chord length of a 3-blade turbine

Focal (M) Z Ci Vr (M/s) Copt (M)
0.150 14.5 0.2112
0.235 19.25 0.1591
0.320 24.53 0.1248
0.405 30.06 0.1019
0.490 35.72 0.0857
0.575 3 0.868 41.47 0.0738
0.660 47.26 0.0648
0.745 53.10 0.0577
0.830 58.95 0.0519
0.915 64.82 0.0472
1 70.71 0.0433
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Table 2: Optimum chord length of 4-blade turbine

Mocal (M) z Ci vr (M/s) Copt (M)
0.150 13.45 0.2655
0.235 17.28 0.2067
0.320 21.64 0.1650
0.405 26.27 0.1359
0.490 31.05 0.1150
0.575 4 0.868 35.92 0.0994
0.660 40.84 0.0875
0.745 45.80 0.0780
0.830 50.79 0.0703
0.915 55.80 0.0640
1 60.82 0.0587

Torsion Angle Distribution

The torsion angle (0) and pitch () are calculated based on the local TSR and the optimum
angle of attack (a=7.5¢). The 3-blade turbine has a flatter angle distribution than the 4-blade
turbine (Table 3-4), reducing the stall risk at the hub radius.

Table 3: Torsion angle of 3-blade turbine

TSRiocal 0 () 0 () B ()
1.05 43.60 36.10
1.645 31.30 23.80
2.24 24.06 16.56
2.835 19.43 11.93
3.43 16.25 8.75
4.025 7.5 13.95 6.45
4.62 12.21 4,71
5.215 10.85 3.35
5.81 9.77 2.27
6.405 8.87 1.37
7 8.13 0.63

Table 4: Torsion angle of 4-blade turbine

TSRiocal 0 () 0 () B ()
0.9 48.01 40.51
1.41 35.35 27.85
1.92 27.51 20.01
2.43 22.37 14.87
2.94 18.79 11.29
3.45 7.5 16.16 8.66
3.96 14.17 6.67
4.47 12.61 511
498 11.35 3.85
5.49 10.32 2.82
6 9.46 1.96
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3.2. Simulation Results
3.3.1. Turbine Performance Based on TSR

The simulation results show that the 3-blade turbine achieves a maximum power
coefficient (Cp) of 0.54 at Tip-Speed Ratio (TSR) 7, while the 4-blade turbine achieves a Cp of
0.48 at TSR 6 (Table 5-6, Figure 4). The highest mechanical power is generated by the 3-blade
configuration of 1,040.81 W at TSR 7, outperforming the 4-blade (927.28 W) by a difference
of 28%. The decrease in efficiency at TSR >7 is caused by an increase in drag due to airflow
separation on the blade surface, which is reinforced by the visualization of denser vortices in
the 4-blade turbine (Figure 8-9) [13]; this proves that the number of blades affects the
aerodynamic load distribution, flow stability, and energy conversion efficiency.

Table 5: Performance of 3-blade turbine at TSR variation

A o (rad/s) 7 (Nm) Po (W) Pm (W) Co
3 30 0.58 121.87 0.06
4 40 1.06 223.03 0.11
5 50 1.40 294.24 0.15
6 60 2.22 1924 467.43 0.24
7 70 4.95 1040.81 0.54
9 90 352 740.35 0.38
11 110 1.60 336.86 0.17
Table 6: Performance of 4-blade turbine at TSR variation

A o (rad/s) 7 (Nm) Po (W) Pm (W) Co
3 30 0.42 101.92 0.05
4 40 2.38 572.25 0.29
5 50 2.96 710.71 0.36
6 60 3.86 1924 927.28 0.48
7 70 3.16 759.12 0.39
9 90 2.46 591.83 0.30
11 110 1.19 286.48 0.14
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Fig. 4. TSR vs C,.

3.3.2. Effect of Angle of Attack (a)

NACA 0012 shows optimum performance at a=7.5 with the highest Cp (0.54 for 3 blades;
0.482 for 4 blades). Increasing o>7.50 causes a decrease in C./Cp and stall (Table 7-8, Figure

).
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Table 7: Simulation results for a 3-

blade turbine at a variation

o (o) 7 (Nm) Pm (W) Cp

6.5 4.0657 853.797 0.4437
75 4.95628 1040.819 0.5409
8.5 4.6832 983.472 0.5111

Table 8: Simulation results for a 4-blade turbine at o variation

o (o) 7 (Nm) Pm (W) Cp

6.5 2.9483 707.592 0.368
75 3.8637 927.288 0.482
8.5 3.378 810.72 0.421

3.3. Visual CFD Analysis
3.3.1. Pressure and Velocity Distribution

CFD simulation results show the highest pressure distribution centered on the leading edge
(Figure 6) at position R/r=1 m, with a stable pressure gradient along the 3-blade turbine blade.
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This indicates that the optimal twist angle design can maintain laminar flow and reduce the risk
of flow separation. Meanwhile, the velocity contour in Figure 7 shows a uniform airflow

distribution on the blade surface, with minimization of separation bubbles—a phenomenon that
generally reduces efficiency due to local turbulence.
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Fig. 6. Pressure contours on 3 blades a. R/r imb. R/r0.75mc. R/r0.5md. R/r 0.25 m

Fig. 7. Velocity contours on 3 blades a. R/r Im b. R/r 0.75 mc¢. R/r0.5md. R/r 0.25 m

3.3.2. Effect of Number of Blades on Vortex Formation

The vortex visualization (Figure 8-9) reveals significant differences between 3- and 4-
blade turbines. The 4-blade turbine produces denser vortices in the tip region, especially at
R/r>0.75 m, which increases tip losses by up to 12% [13]. These vortices cause kinetic energy
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dissipation and decrease the adequate pressure in the blade tail region, thus reducing the power
coefficient (CP) at TSR>6. In contrast, the 3-blade turbine exhibits a more controlled vortex
pattern, supporting higher efficiency.

Fig. 9. Visualization of the vortex on NACA 0012 4-blade turbine

3.3.3. Number of Blades and Design Optimization

The 3-blade configuration has proven more efficient on the TSR 7 due to its even
aerodynamic load distribution, avoiding the inter-blade flow interference often occurring in 4-
blade turbines. Progressive twist angle optimization on three blades also reduces stall risk by
maintaining the ideal angle of attack (a) along the blade, pushing Cp to 0.54 (close to the
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theoretical Betz limit). On the other hand, the vortex density on 4 blades increases tip losses
and widens the turbulence zone in the wake region, directly reducing the output power. These
findings reinforce the importance of balancing the number of blades with local flow
characteristics to minimize losses and maximize energy conversion.

4. CONCLUSION

This study successfully analyzed the effect of the number of blades on the performance of
a low-scale NACA 0012 horizontal axis wind turbine (HAWT) using the Computational Fluid
Dynamics (CFD) method. The simulation results showed that the 3-blade configuration
produced the highest efficiency with a power coefficient (Cp) of 0.54 at a Tip-Speed Ratio
(TSR) of 7, outperforming the 4-blade turbine which achieved a CP of 0.48 at a TSR of 6. The
mechanical power of the 3-blade turbine (1,040.81 W) was also 28% higher than that of the 4-
blade turbine (927.28 W), confirming that fewer blades reduce inter-blade flow interference
and tip losses due to vortex. The progressive distribution of twist angles on the 3 blades proved
optimal in maintaining the ideal angle of attack (0«=7.57) along the blade, thereby minimizing
the risk of stall and flow separation. CFD visualizations support these findings by showing a
stable pressure gradient at the leading edge and a controlled vortex pattern, in contrast to a 4-
blade turbine that produces dense vortices at the tip (Figures 8-9), increasing energy dissipation
by up to 12% [13]. These findings are relevant to Indonesia’s wind energy potential (speed 3-
10 m/s), where a low-scale 3-blade turbine could be an efficient solution for remote island-
based areas. Although the efficiency is still below the theoretical Betz limit (59.3%), the Cp
result of 54% at 3 blades is close to the maximum optimization for practical scale. Further
research can test variations in materials, blade geometry, and realistic wind conditions to
expand the applicability of the design. Thus, this study provides a scientific basis for
developing adaptive community wind turbines, supporting Indonesia's energy transition
towards renewables.
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