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This paper presents rotor power optimization of the Horizontal Axis Wind Turbine of 
various parameters such as airfoil, angle of attack, and wind speed. Simulation of 
HAWT rotor power uses Blade Element Momentum (BEM). Furthermore, optimization 
using the Taguchi method with L16(43) orthogonal array. The parameters used in this 
study were: airfoil NACA (National Advisory Committee for Aeronautics) 4412, NACA 
2412, NACA 4412-NACA 2412, NACA 4412mod-NACA 2412mod; angle of attack 3˚, 4˚, 
5˚, 6˚; and wind speed of 5, 6, 7, 8 (m/s). The simulation uses the general parameter at 
1 MW HAWT. Several types of NACA airfoil, angle of attack, and wind speed were 
simulated, then optimized to obtain optimal parameters for the HAWT output power. 
The results of this study found the most optimal rotor power, namely the condition of 
the NACA 4412mod-NACA 2412mod airfoil, 3˚ angle of attack, and 8m/s wind speed. 
Wind speed is the most significant influence factor based on ANOVA analysis ranked 1st 
based on S/N ratio analysis, 2nd rank is an airfoil, and 3rd rank is the angle of attack. 
The higher the wind speed, the greater the rotor power generated.  
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1. Introduction 
 

Numerous locations in Indonesia have the potential for wind power generation growth, with 
wind speeds exceeding 5m/s [1]. However, at low wind speeds of the wind power systems at the 
inland sites, South East Asia does not produce substantial electricity [2]. According to IEC [3], a wind 
speed of 5 m/s was classed as low wind speed. A rotor blade is an essential part of the 
advancement of wind power generation. Another component that impacts wind turbine 
performance is bearings, particularly ones with exceptionally low friction that influences wind 
turbine performance. Since there's no mechanical contact between the shaft and the rotor blade, 
studying Permanent Magnetic Bearings (PMB) in wind turbine prototypes to substitute mechanical 
bearings can enhance rotational speed and torque [4]. 
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The rotor blade affects wind turbine performance, wherein it is a component that initially 
receives wind power before converting it to mechanical. Because of the lift and drag forces acting 
on the blades, wind flowing over the airfoil can cause them to rotate. A minor adjustment in 
dimensions can have an impact on the blade's efficiency. The High-efficiency of the wind turbines 
converts the kinetic energy of the wind into electric power optimised so that the blade as the initial 
component associated with the wind requires selecting chord, alpha (α), twist (β) values that fit, 
and wind speed.  

Many studied have been carried out to improve the rotor shape of Horizontal Axis Wind 
Turbines to maximize power output. Furthermore, optimize the design of low-speed wind turbine 
blades by using an NRELS series airfoil with a high aerodynamic performance from the application 
of the Wilson design method to obtain an average power of 628318W at a wind speed of 7m/s [5]. 
The study implementing the BEM Method also explains the relationship between wind speed and 
turbine output power, that the higher the wind speed, the higher power, and then the 1.5 MW of 
power reached at the wind speed of 14 m/s [6]. Comparison of power, lift and drag coefficients of a 
wind turbine blade from aerodynamics characteristics of NACA 0012 and NACA 2412 use three 
simulation models and experimental results getting NACA 2412 airfoils to have higher efficiency at 
the Tip 7-speed ratio and have a higher maximum power output than NACA 0012. Furthermore, 
NACA 2412 creates more efficient turbine blades than NACA 0012 [7].  

The experimental and numerical comparison of the power coefficient (Cp) and the lift-to-drag 
ratio of NACA 0012 airfoils with NACA 4412 airfoils revealed that the CP of the NACA 4412 is greater 
than the Cp of the NACA 0012 [8]. The airfoils (NACA 4412, SG6043, SD7062, and S833) were 
simulations of QBlade software, and the overall power coefficient (Cp) of NACA 4412 at different 
ends of the velocity ratio was to be superior to the other three airfoils [9]. The angle of attack is the 
most crucial element in determining the aerodynamics of a wind turbine revolving blade [10]. 
Furthermore, it has a significantly influenced performance of a wind turbine blade since it is directly 
proportional to the forces exerted [11]. The study of unique aerodynamic mathematical models to 
determine the optimal blade chord and twist angle distributions over the blade span, in which this 
investigation combines blade design and the airfoil analysis procedure [12]. 

Numerous studies on the influence of leading-edge airfoils with or without bumps aimed at the 
airfoil allow it to operate and perform better at higher angles of attack before stalling [13-18]. The 
study [13-14], [16-18] was for the airfoil on the airplane wing. Furthermore, the study of the airfoil 
for wind turbines with modifications to the leading edge with a bump gets the lift coefficient of the 
blade by adding a bump that is higher than the conventional blade [15].  

According to the above literature, although research on the performance analysis of HAWT was 
conduct, the works are focused on certain factors, such as airfoil type, wind speed, or angle of 
attack. It the necessary knowledge that in HAWT performance, various factors may have distinct 
and simultaneous effects on the airfoil variation and angle of attack when used at low wind speeds. 
It emphasizes the necessity of concurrent study on optimizing airfoil type, angle of attack, and wind 
speed to gain better parameters of the performance of the HAWT power rotor. Therefore, the 
purpose of this study was to optimize the HAWT rotor power from rotor blade variations in airfoil 
shape, angle of attack, and low wind speed.  
 
2. Methodology  

 
BEM (Blade Element Momentum) method has been used in this study to obtain power output. 

Furthermore, the BEM method is a popular design method for the horizontal axis and vertical axis 
wind turbines. The main goal of the BEM model is that it is less expensive and has a shorter 
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computing time than the CFD model [19-24]. BEM theory and CFD simulation are the most widely 
used approaches for predicting wind turbine performance and aerodynamic properties [25]. The 
mesh developed in the computational domain has a significant influence on the accuracy of CFD 
simulation [26] Furthermore, this approach is a model used to analyze wind turbine performance 
based on mechanical, geometric factors, and features [27]. The BEM is one of the design methods 
used to simulate and achieve the theoretical analysis of turbine rotors [28]. 

BEM theory base on the assumption of the forces acting on the two-dimensional blade element 
so that the lengthwise flow is neglected [29]. Eq. (1) and (2) is the equation of thrust and torque on 
a blade element theory. Figure 1-a is the local element of forces on the blade and Figure 1-b is the 
velocities and flow angles on the blade. 
 

 
Fig. 1. Local element (a) Forces (b) Velocities and flow angles 

 

𝑑𝑇 = 𝐵
1

2
𝜌𝑉𝑡𝑜𝑡𝑎𝑙

2 (𝐶𝑙 cos 𝜑 + 𝐶𝑑 sin 𝜑) 𝑐𝑑𝑟         (1) 

 

𝑑𝑄 = 𝐵
1

2
𝜌𝑉𝑡𝑜𝑡𝑎𝑙

2 (𝐶𝑙 sin 𝜑 − 𝐶𝑑 cos 𝜑) 𝑐𝑟𝑑𝑟         (2) 

 

Where dT is the thrust, dQ is the torque on the blade sections, B is number of blades, ρ is the air 
density, Vtotal is the resultant velocity, Cl is the lift coefficient, Cd is the drag coefficient, φ the inflow 
angle, c is the airfoil chord, and r is the distance of the element from hub. 
 
𝑑𝑇 = 4𝜋𝑟𝜌𝑈∞

2 (1 − 𝑎) 𝑎𝑑𝑟               (3) 
 

𝑑𝑄 = 4𝜋𝑟3𝜌𝑈∞Ω(1 − 𝑎) 𝑎′𝑑𝑟                (4) 
 

𝑎′ =
𝜔

2𝛺
               (5) 

 
where a’ is the axial induction factor, U∞ is the velocity far downstream, ω is the blade rotation 
speed, and Ω is the angular speed. 

This study focuses on optimizing the power rotor of HAWT (Horizontal Axis Wind Turbine) from 
the factors of airfoils, angle of attack, and wind speeds. Table 1 shows the specification of HAWT 
which is simulated using the BEM method.  

It is important to predict the power rotor at low wind speeds according to wind conditions in 
Southeast Asia. As seen in Eq. (6), wind power is proportional to the cube of wind speed. 
 

𝑃 = 1
2⁄ 𝜌𝐴𝑤3             (6) 
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where w is the wind speed and A is the cross-sectional area of blade. 
 
 Table 1 
 Parameter setup of the 1 MW HAWT Model 
Specification Value 

Air density (kg/m3) 1.225 
Number of blades 3 
Blade length (m) 55 
Radius of hub (m) 1.25 
Tower height (m) 110 

Swept area (m2) 10,023.67 

 
The optimization method used is the Taguchi method, a methodology in engineering that aims 

to improve the quality of products and processes, moreover reduce costs and resources to a 
minimum [30-32]. The target of the Taguchi method is to make the product robust against noise so 
commonly referred to as Robust Design [23-39].  

A two-way analysis of variance used for the data has two or more factors over two or more 
levels. The analysis table consists of the degrees of freedom calculation, the number of squares, the 
average number of squares, and the F-ratio. The S/N ratio is used to find the factors that influence 
the power variance. The characteristics S/N ratio used is larger the better that calculated by Eq. (7). 

 

𝑆 𝑁𝐿⁄ =  −10 𝑙𝑜𝑔 (
1

𝑛
∑

1

𝑦2
𝑛
𝑖=1 )            (7) 

 
The chosen orthogonal matrix is a matrix that has a degree of freedom value equal to or greater 

than the experimental degree of freedom value. The degrees of freedom for the matrix L16(43). 
Degrees of freedom L16(43) = (many factors) x (many levels = -1) = 3 x (4-1) = 9. So, the chosen 
orthogonal matrix is matrix L16(43). Table 2 is the parameter used in the rotor power optimization. 
Then Table 3 shows the orthogonal matrix L16(43), which has three factors and four levels. Three 
factors are airfoil, angle of attack, and wind speed. Wind speeds range from 5-8 m/s were classified 
as low wind speeds according to IEC 61400-1 (International Electrotechnical Commission) [24]. 
 

   Table 2 
   Independent Variable and Level Setting 

Factor 1 2 3 4 

Airfoil (NACA) 
Angle of attack (˚) 
Wind speed (m/s) 

4412 
3 
5 

2412 
4 
6 

4412-2412 
5 
7 

4412mod-2412mod 
6 
8 
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Table 3 
The Orthogonal Matrix L16 (43) 

No. 
Factor Control 
Airfoil (NACA) Angle of Attack, α (˚) Wind Speed, v (m/s) 

1 4412 3 5 
2 4412 4 6 
3 4412 5 7 
4 4412 6 8 
5 2412 3 6 
6 2412 4 5 
7 2412 5 8 
8 2412 6 7 
9 4412-2412 3 7 
10 4412-2412 4 8 
11 4412-2412 5 5 
12 4412-2412 6 6 
13 4412mod-2412mod 3 8 
14 4412mod-2412mod 4 7 
15 4412mod-2412mod 5 6 
16 4412mod-2412mod 6 5 

 
There are two types of main airfoils in this study, namely NACA 4412 (Figure 2) as the 1st 

variation and NACA 2412 (Figure 3) for the 2nd variation. Furthermore, the 3rd variation uses a 
combination of NACA 4412 with NACA 2412, then and the last variation is a modification of the 
lower surface prior to the trailing edge of the two airfoils NACA4412mod-2412mod. 
 

 
Fig. 2. Airfoil NACA 4412 

 
The form difference of the NACA 4412 and NACA 2412 airfoils before-after modification is 

found on the lower surface before the trailing edge such as the area marked in circular red 
(modified form) in Figures 4 and Figure 5. The standard NACA airfoil with NACA modification has a 
y-coordinate difference of 0.06 for the NACA 4412 airfoil (Figure 6) and 0.0148 for the 2412 airfoil 
(Figure 7) on the lower surface at points 0.9 to 1.  
 

 
Fig. 3. Airfoil NACA 2412 
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Fig. 4. NACA 4412mod 

 

 
Fig. 5. NACA 2412mod 

 

 
Fig. 6. Differences between Standard Airfoil and Modified NACA 4412 

 

 
Fig. 7. Differences between Standard Airfoil and Modified NACA 2412 

 
Figure 8 shows the angle of attack on the airfoil and the variations of the angle of attack 

presented in Table 1. The angle of attack should not be too large caused the air will no longer 
follow on the airfoil surface. Therefore, airflow will separate above the airfoil, and vortex will occur 

 

modified 

shape 

 

 

modified 

shape 



 Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 94, Issue 1 (2022) 138-151 

144 
 

behind the airfoil leading edge. Consequently, the drag force increases significantly, and the lifting 
force decreases. This situation is called a stall, and the critical angle at which the transition occurs is 
called the stall angle of attack. 

 

 
Fig. 8. Angle of attack and relative wind speed 

 
The lift coefficient is very influential on the performance of a turbine. The value of the lift 

coefficient will change with the change in the value of the angle of attack. Variations of it on the 
airfoil, the value of CL will increase as the angle of attack is adjusted until CL reaches its maximum 
value. The CL calculation use Eq. (8). 
 

𝐶𝐿 =
𝐹𝐿

1
2⁄ 𝜌𝑤2𝐴

               (8) 

 
Where CL is the lift coefficient  and FL is lift force. 
 
3. Results  
 

The validation has been done by comparing the power output between the CFD method by 
Oukassou [7] with the BEM method used in the present study. The power rotor has been simulated 
with the same parameters as the CFD (see Table 4). Hereafter, the power output generated by the 
BEM method is shown in Figure 9. The difference of CFD-BEM values is not so far apart, which is 
0.4%. Therefore, the BEM method was appropriate to use to simulate rotor power accord the 
boundary conditions. Validation between the two models, namely CFD and BEM Theory, is carried 
out to verify the results of the turbin performance values are reasonable [40]. 
 

Table 4 
Validation of BEM method in the present study with CFD methods [7] 
Method Airfoil v (m/s) Numbers of Blade TSR ρ (kg/m3) N (rpm) P(kW) 

CFD NACA 0012 12 3 7 1,225 12.10 5 
BEM NACA 0012 12 3 7 1,225 12.10 4,98 
% variation 0,4 
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Fig. 9. Graph of power output using the BEM Method 

 

where v is wind speed, TSR is a tip speed ratio, N is rotor rotational speed, and P is the power 
output of the HAWT. Each rotor blade design consists of 10 segments, wherein segments 1 and 2 
use circular foil. Furthermore, the third to the last segment uses either the NACA 2412 or NACA 
4412 airfoil design, a combination of both, and the modified combination of the two airfoils. The 
design and geometry of the blade design as shown in Figure 10 to 13, which are the angle of attack 
3˚. 

The results of the turbine rotor power simulation using the BEM method on the Qblade 
software are adjusted to the predetermined parameters. The power data the simulation results are 
shown in Table 5. 
 

 
Fig. 10. Rotor blade design use NACA 412 airfoil 

 

 
Fig. 11. Rotor blade design use NACA 2412 airfoil 
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Fig. 12. Rotor blade design uses a combination of NACA 4412 with NACA 2412 

 

 
Fig. 13. Rotor blade design uses modified airfoil NACA 4412 and NACA 2412 

 
  Table 5  
  HAWT Power rotor of L16 (43) 

No. 
Factor Control Power (kW) 
Airfoil (NACA) Angle of Attack, α (˚) Wind Speed, v (m/s)  

1.  4412 3 5 366 
2.  4412 4 6 626 
3.  4412 5 7 975 
4.  4412 6 8 1420 
5.  2412 3 6 619 
6.  2412 4 5 358 
7.  2412 5 8 1482 
8.  2412 6 7 992 
9.  4412-2412 3 7 1045 
10.  4412-2412 4 8 1546 
11.  4412-2412 5 5 372 
12.  4412-2412 6 6 634 
13.  4412mod-2412mod 3 8 1564 
14.  4412mod-2412mod 4 7 1037 
15.  4412mod-2412mod 5 6 646 
16.  4412mod-2412mod 6 5 368 
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ANOVA is used to determine the effect of each factor (airfoil, angle of attack, and wind speed) 
on the turbine rotor power produced. Table 6 is the analysis of the variance of each factor at each 
level tested for the rotor power. The analysis (see table 6) shows that the airfoil and wind speed 
factors significantly affect the turbine rotor power because the analysis value is less than the 
specified P value (0.05). The largest F value (2,424.3) is found in the wind speed factor so that it is 
the most influential factor on turbine rotor power compared to airfoil and angle of attack. The table 
below shows the F and P values for the contribution test of the parameters. Wind speed is the most 
significant influencing factor in generating power conforms the power output is proportional to the 
cube of wind speed, according to Eq. (6). As the wind speed increases, so does the power extracted 
by the turbine increased [6]. 

 
 Table 6  
 Analysis of Variance on Power Rotor 
Source DF Seq SS Adj SS Adj MS F P 

Airfoil 
Angle of Attack  
Wind Speed  
Error  
Total  

3 
3 
3 
6 
15 

9,295 
5.180 
2,926,710 
2.415 
2,943,600 

9,295 
5.180 
2,926,710 
2.415  

3.098 
1,727 
975.570 
402  

7.7 
4.29 
2,424.3 
  

0.02 
0.06 
0 
  

   S = 20.06 R-Sq = 99.92% R-Sq (Adj) = 99.97% 

 
Calculation of the S/N ratio of roundness through a combination of levels of each factor uses Eq. 
(2). The result of S/N ratio as shown in Table 7. 

Table 7 shows the S/N ratio value of rotor power for each factor. The S/N ratio gets the wind 
speed factor was ranked 1st or the most significant effect to the power rotor. The data of the S/N 
ratio was plotted in Figure 13, which shows of each factor affects each level. The airfoil factor at 
level 4 has a greater influence on the airfoil NACA 4412mod-NACA 2412mod provides a better 
output of rotor power. Furthermore, to the angle of attack factor, it is known that level 1 has a 
significant influence over the others (2, 3, and 4). The angle of attack of 3˚ gives a better rotor 
power output. On another factor, Level 4 of wind speed has a higher effect than levels 1, 2, and 3. 
 

               Table 7  
               Response of S/N Ratio of Roundness of Effect of Factor 

Level Airfoil Angle of Attack Wind Speed 

1 57.51 57.84 51.27 
2 57.56 57.78 56.00 
3 57.90 57.70 60,10 
4 57.93 57.58 63.53 
delta 0.42 0.26 12.26 
rank 2 3 1 

 
The speed factor has an S/N ratio of 12.26 so this factor has a significant effect on the value of 

generating rotor power. Based on the plot (Figure 14), the significant influence on the power rotor 
is the airfoil parameter NACA 4412mod-NACA 2412mod, 3˚an angle of attack, and 8m/s of wind 
speed. Accordingly, these parameters are the optimum value of the power rotor. 
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Fig. 14. S/N Ratio Plot Rotor Power 

 
The optimum power was obtained on the NACA airfoil modified. This is because the lift 

coefficient of the modified NACA airfoil (4412mod-2412mod) is greater than the standard NACA 
(4412-2412) with the CL value increased by 0.002. These results were obtained from the BEM 
method simulation as shown in Figure 15. Even though the lift coefficient insignificant increase, but 
its contributed to an increase in the performance of HAWT. 
 

 
Fig. 15. The plot of lift coefficient versus angle of attack of 
Airfoil in the study 

 
Based on the simulation result (Figure 15), the coefficient of lift of each airfoil increased as the 

angle of attack increases. Seen at angle of attach of 10˚, the CL value of at least 1.2 is higher than 
the CL limit in this study of 6 ˚, with a minimum CL of 0.6. Due to the obvious unstable character of 
the flow at high angles of attack, there is a considerable degree of uncertainty in the performance 
of airfoils and, as a result, in the performance of blades [41]. The angle of attack in this study was 3-
6 ˚ further the findings of S/N ratio computation show that the higher the alpha, the lower the 
value of the S/N ratio. The difference in the decrease of the S/N ratio of 0.26 is too small on the 
increase in the alpha value, then concluded that the angle of attack factor has no significant effect 
on the rotor power. 
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4. Conclusions 
 

HAWT rotor blades on several variations of airfoils, angles of attack, and wind speed according 
to L16(43) orthogonal array were simulated to generate output power. The rotor power optimum 
(1.56MW) obtain on the NACA 4412mod-2412mod airfoils parameters with the angle of attack of 3˚ 
and wind speed of 8 m/s. Wind speed is the most significant influencing factor based on ANOVA 
analysis, then was 1st ranked based on S/N ratio analysis. Furthermore, the 2nd rank that 
influences consecutively is an airfoil, and the last rank is the angle of attack. The higher the wind 
speed, the greater the rotor power generated. The aerodynamic characteristics of airfoil NACA 
4412 and NACA 2412 after being modified on the lower surface near the trailing edge have been 
simulated with the BEM method produce lift coefficient greater than NACA 4412 and NACA 2412 
before modification. The lift coefficient of the NACA 4412 and NACA 2412 after modified was rose 
by 0.002 for both airfoils types that contribute positively to increasing the power performance of 
the HAWT rotor. 
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