Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 120, Issue 2 (2024) 155-173

Journal of Advanced Research in Fluid
Mechanics and Thermal Sciences

Journal homepage:
SEMARAK ILMU https://semarakilmu.com.my/journals/index.php/fluid_mechanics_thermal_sciences/index
FUBLISKING ISSN: 2289-7879

Simulation of Torque, Tip Speed Ratio, Power, and Power Coefficient of 1
MW Horizontal Axis Wind Turbine in Modified NACA 4412-2412 Variation
of Airfoil Blades

Kriswanto™”, Mohammad Misbachul Munir?, Dony Hidayat Al-Janan?’, Samsudin Anis?, Rizqi Fitri
Naryanto?, Arimaz Hangga!, Wirawan Sumbodo?, Rusiyanto?, Andri Setiyawan?, Aldias
Bahatmaka?, Imam Sukoco?, Basyirun?, Naufal Baihaqi Al Afkar?, Jamari Jamari3

1 Department of Mechanical Engineering, Universitas Negeri Semarang, Gd E5 Kampus UNNES, Semarang, Indonesia

School of Mechanical Engineering, University of Adelaide, North Terrace, South Australia, 5005, Australia
Department of Mechanical Engineering, University of Diponegoro, JI. Prof. Sudharto Kampus UNDIP, Semarang, Indonesia

2
3

ARTICLE INFO ABSTRACT

Article history: The rotor power of HAWT can be affected by the type of airfoil and airfoil modifications
Received 23 April 2024 on a blade. However, no study of wind turbine blades from arranges types of airfoils or
Received in revised form 30 July 2024 altering the leading and trailing edges has been conducted. To determine the maximum

Accepted 13 August 2024

- ! torque, TSR, power, and power coefficient values at Horizontal Axis Wind Turbine (HAWT)
Available online 30 August 2024

1MW, simulations of turbine blades with various airfoil designs are performed. NACA
4412 and 2412 airfoils were utilized, with the leading and trailing edges modified. The
method used is Blade Element Momentum simulation on 20 blade variations with
modified NACA airfoils. The HAWT simulation parameters use the specifications of a 1MW
wind turbine with a blade radius of 54m, wind speed of 7 m/s, number of blades 3. Due
to the aerodynamic simulation results, the percentage error between the CFD from the
other study and the BEM values is only 2.6%. The blade code that produces high torque
on the HAWT is 4T-4LT (4412 TE mod-4412 LE-TE mod). The high torque value is
influenced by the lift and drag coefficients. High torque does not usually imply high
power; rather, the TSR as a function of angular speed determines this. The angular speed
of a horizontal axis wind turbine is visibly affected by the aerodynamics of the rotor blade.
C4412-2412 group combination blade designs, particularly blade codes 4L-2LT, 4T-2LT,
41T-2L, 4LT-2T, and 4LT-2LT, can produce more than 1IMW. The highest TSR, power, and
coefficient power of HAWT was obtained from blades with circular foil segments 1 and 2,

Keywords: segments 3 to 9 using NACA 4412 LE-TE mod airfoil, and segments 10 to 11 using NACA
Airfoil; blade element momentum; 2412 LE-TE airfoil. Although the difference is slight (0.20%), the combination of modified
HAWT; leading edge; airfoil trailing and leading edge NACA 4412 and 2412 airfoils outperforms modified leading edge
modification; trailing edge airfoils alone.
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1. Introduction

The renewable energy development that has high potential is wind energy because of its easy
utilization, high stability, and cost-effectiveness [1]. Due to its abundant and non-polluting nature,
wind energy is considered to have great potential and can increase quickly for electricity production
compared to other renewable energies [2]. Wind turbines have potential for use in Southeast Asia;
one such country is Indonesia, where wind speeds can reach 4 to 7 m/s [3]. The wind speed is
categorized as low-medium on the basis of the Beaufort scale [4]. Additionally, although the medium
wind speed classification has the potential to be used, it hasn't yet been able to provide highly
efficient power. For small-capacity power plants with a 10-100 kW capacity, wind speeds of 7 m/s
are often adequate [5]. Therefore, it is required to design a wind turbine blade that generates
maximum power. The rotor is the main part that influences the performance of the Horizontal Axis
Wind Turbine (HAWT) because it is designed to capture as much wind energy as possible to convert
it into electrical power. The power efficiency of wind turbines depends on the aerodynamic
characteristics of the rotor blades being designed [6]. HAWT has been developed into various
variations based on the number of blades because turbine efficiency is be affected by the number of
blades applied to the turbine rotor [7].

Typically, the design of the rotor HAWT affects the power produced, as well as the parts and
considerations that go into constructing a suitable blade. The airfoil type and attack angle are
variables that must be taken into consideration in the HAWT's blade development [8]. According to
research, the most effective rotor design used 55xx blades to create a power of around 500 kW at 9
m/s wind speed (0020, 0018, 0015, 0012, 5520, 5518, 5515, and 5512) [9]. The maximum lift
coefficient is found when the angle of attack increases, according to a BEM analysis of the best attack
angle for the NACA 0012 and NACA 2412 blades. Furthermore, the NACA 2412 airfoil outperforms
the NACA 0012 in terms of maximum power and efficiency at a tip speed ratio of 7 [10].

The NACA 2412 airfoil exhibits higher efficiency at a tip speed ratio (TSR) of 7 then produces a
maximum power output in comparison to the NACA 0012 airfoil, according to research on the best
angle of attack for the NACA 0012 and NACA 2412 blades to obtain the maximum lift and drag ratio
using the BEM [11]. The effect of adjusting the pitch angle with variations in displacement, specifically
+6°, +3°, 0°, -3°, and -6°, to obtain the power coefficient for TSR variations from 3 to 7 using BEM
calculations, as well as the fact that the pitch angle setting of 0° and +3° has the best influence on
turbine efficiency [12]. The SD7080 airfoil was analyzed to have the optimum lift coefficient value
and lift-to-drag ratio in a study optimization of small-scale wind turbine design on the variants of
NASA airfoils [13].

Blade Element Momentum (BEM) can be used to design and analyze horizontal axis wind turbines
in addition to using CFD solutions. QBlade is software based on BEM theory and has been used
extensively for simulation, optimization, and validation of HAWT designs [14]. Much research has
been carried out on changes to standard airfoil designs to get maximum power HAWT. In comparing
the standard NASA LS (1)-0413 airfoil with a similar airfoil modified at the leading edge, the result
was that the airfoil experienced an increase in performance of 27.8% [15]. Analysis of the trailing
edge modification of the NACA 4412 and NACA 2412 airfoils on a 1 MW HAWT vyields the lift
coefficient value increased by 0.002 on both modified airfoils compared to the standard airfoil.
Changes in the two airfoils affect the HAWT rotor power [16].

Optimization of a 1 MW wind turbine with variations in airfoil, angle of attack, and pitch angle
using the Taguchi method and ANOVA analysis found that the most significant parameter affecting
turbine power was the type of airfoil with a contribution value of 42.34%. Furthermore, the angle of
attack has a contribution value of 32.16%, and the most contribution is the pitch angle (17.09%) [8].
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Blade design and optimization using the CFD method on the NACA 4412, NACA 0012, NACA 4418,
and NACA 0015 airfoil variations has been carried out and obtained the best Cl value on the NACA
4412 of 1.13154 [17]. Analysis and optimization of the HAWT aerodynamic characteristics with airfoil
SG-604 derived the highest C_p value was 0.35 [18]. The optimization and selection of airfoil blades
in small-scale wind turbines shows that the type of airfoil on the turbine blade influences the power
coefficient and turbine startup time [19].

HAWT power simulation using the QBlade program on changes in wind speed affecting HAWT
rotor power obtained that the higher the wind speed, the more ideal the power value. A higher power
coefficient value results in more wind energy, which, depending on the TSR value, can be converted
into mechanical energy [20]. When compared to wind turbines without additional bumps, airfoil
leading edge modification for wind turbine rotors resulted in a greater lift coefficient [21]. Airfoil
analysis with the inclusion of bumps on the wings of aircraft to improve operating performance at a
specific angle of attack [22-24].

Based on the previous study above, the type of airfoil and airfoil modifications on the wind
turbine blade can affect power. However, there has been no analysis of wind turbine blades from
combining types of airfoils or modifying the leading and trailing edges to obtain optimal turbine
power above 1 MW. Simulations of the turbine blades with various airfoil configurations are carried
out to know the maximum torque, TSR, power, and power coefficient values at HAWT 1MW. The
airfoil as a shape of the HAWT blade influences the aerodynamic characteristics and performance.
This research aims to determine the torque, TSR, power, and power coefficient values of a 1 MW
HAWT from blade variations with a combination of modified NACA 4412 and NACA 2412 airfoils on
the leading edge and trailing edge at low wind speeds (7 m/s).

2. Methodology

This study uses blade element momentum simulation with software to determine maximum
torque, TSR, power, and power coefficient. BEM theory combines two methods, namely the blade
element method and momentum theory. The blade element method tests the force produced by the
lift and drag coefficients of the airfoil. Momentum theory is the balance of momentum of the air
rotating through the turbine [25].

Based on BEM theory, the blade is divided into several elements, where each part has a certain
twist angle and chord length [19]. BEM theory is widely used due to its simple operation and
appropriate calculation accuracy [26]. Another advantage is that BEM theory requires more time and
cost efficiency when compared to other popular methods, for example, Computational Fluid
Dynamics (CFD) [27].

The blade is divided into numerous segments, with the assumption that each element is
independent and that the fluid flow is unidirectional. The force and moment of each segment must
be computed. As a result, the total of forces and moments was an integration of each element's
forces and moments [28,29]. Thrust is generated on each blade segment based on blade element
theory, as shown in Eq. (1). Therefore, the torque acting on each segment can be calculated using Eq.
(1) based on Figure 1 [8].

dT = B %thzotal(Cl cos ¢ + Cg4 sin @) cdr (1)

Following the determination of thrust, the torque acting on each blade segment can be computed
using the equation
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dQ = B%thzotal (C,sing — C4 cos @) crdr (2)

Viotar = U002 + (wr)? (3)

where dT is the thrust, dQ is the torque on the blade sections, B is the number of blades, p is the air
density, Viorar is the resulting velocity, G is the lift coefficient, w is the blade rotation speed, Cyis the
drag coefficient, ¢ is the inflow angle, c is the airfoil chord, and ris the element radius from the hub.

dT = 4nrpUZ (1 — a) adr (4)

dQ = 4nr3pU,2(1 —a) d'dr (5)
f_ @

a = (6)

where Uy, is the natural wind speed, 2 is the angular speed, and a’ = axial induction factor. The force
acting on an airfoil is the angle of attack (a), and the chord line to the line of rotation is the pitch
angle (8), as shown in Figure 1(a) and Figure 1(b) [8].
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Fig. 1. Local element (a) forces (b) velocities and flow angles [8]

The angle of attack, as shown in Figure 2, is known as the angle between the relative wind speed
line at the leading edge and the chord line. The magnitude of the lifting and drag forces varies
depending on variations of the angle of attack. A large lift will occur when the angle of attack is small,
while the drag force is small when the angle of attack is certain. The twist and pitch of the blade are
affected by the angle of attack [30].
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Angle of Attack g ., W
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Fig. 2. Angle of attack [30]
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Rotor power is the mechanical power produced by the turbine rotor. Torque is the rotational
force resulting from the rotation of the turbine shaft. Rotor power and torque calculated by the
equation

Protor = Tw (7)
T =Fl (8)

where Protor is the power rotor (W), T is the torque (Nm), and w is the the angular velocity (rad/s), F
is the force (N), and / is the turbine blade length (m).

The power coefficient is the ratio of the power generated by the rotor to the available wind
energy. Based on the Betz limit theory, wind turbines cannot convert all the energy from the wind.
Therefore, theoretically, the optimum C, value that can be achieved by wind turbines is 0.593 [31].
The equation is used to determine the power coefficient.

PT'O or
C, = oter (9)

Pwind

where C,, is the power coefficient, Protor is the rotor power (W), and Puwind is the wind power (W).
TSR is the ratio between the tip speed of the rotor blades and the wind speed. The TSR, A equation
is as follows

[0
A= E (10)
where A is the Tip Speed Ratio, Uy, is the wind speed (m/s), and r is the rotor radius (m).

The BEM simulation uses QBlade to determine the torque, TSR, C,, and power values of a 1 MW
HAWT. The HAWT parameters used are as in Table 1. Table 1 presents the HAWT parameters in this
study and refers to previous research [8]. Apart from that, the HAWT with a diameter of 54 m is still
below the size of the commercial HAWT made by Siemens Gamesa type SG 2.1-114 with a diameter
of 56 m [32]. These commercial HAWTs have been installed in many countries and on various
continents.

The HAWT rotor design consists of 3 blades with a blade length of 54 meters devided into 11
segments. Furthermore, segments 1 and 2 use a circular foil, while the next segment uses a
combination of two modified airfoils. In segments 3 to 9 uses a modified airfoil of the first variation,
and segments 10 and 11 use a different modified airfoil from the previous segment. An illustration
of the blade design is shown in Figure 3. Segment position size (Position), Chord Length (L), and the
shape (airfoils) of each segment are presented in Table 2.

Table 1

The 1 MW HAWT parameters [8]
Specification Value
Blades number 3

Wind speed, v (m/s) 7

Air density, p (kg/m?3) 1.225
Length of blade, / (m) 54

Radius of hub, r: (m) 1.25
Tower height, h (m) 110
Swept Area, A (m?) 10,023.67
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Fig. 3. Rotor design of the 1 MW HAWT model

Table 2
Shape and dimension blade segment
Segment Segment position, Lpos (m) Chord length, L (m) Shape
1 0 1.5 Circular foil
2 5.4 3 Circular foil
3 10.8 2.2 Airfoil modification
4 16.2 2.15 Airfoil modification
5 21.6 2.1 Airfoil modification
6 27 2.05 Airfoil modification
7 324 2 Airfoil modification
8 37.8 1.95 Airfoil modification
9 43.2 1.9 Airfoil modification
10 48.6 1.85 Airfoil modification
11 54 1.8 Airfoil modification

As shown in Table 3, this study used six modified airfoils from Airfoil NACA 4412 and NACA 2412.
Modifications were made to the leading edge (LE), trailing edge (TE), and leading-trailing edge (LE-

TE) on both NACA airfoils.
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Table 3

Type of airfoil for each segment in blade variations

No Blade Shape of blade segment
Code Segment 1-2 Segment 3-9 Segment 10-11

1 4L-4LT Circular foil 4412 LE mod 4412 Mod LE-TE
2 4LT-4L Circular foil 4412 LE-TE mod 4412 LE mod

3 4T-4LT Circular foil 4412 TE mod 4412 LE-TE mod
4 41T-4T Circular foil 4412 LE-TE mod 4412 Mod TE

5 aLT Circular foil 4412 LE-TE mod 4412 LE-TE mod
6 2L-2LT Circular foil 2412 LE mod 2412 LE-TE mod
7 2LT-2L Circular foil 2412 LE-TE mod 2412 LE mod

8 2T-2LT Circular foil 2412 TE mod 2412 LE-TE mod
9 2LT-2T Circular foil 2412 LE-TE mod 2412 TE mod
10 2LT Circular foil 2412 LE-TE mod 2412 LE-TE mod
11 4L-2LT Circular foil 4412 LE mod 2412 LE-TE mod
12 4T-2LT Circular foil 4412 TE mod 2412 LE-TE mod
13 4LT-2L Circular foil 4412 LE-TE mod 2412 LE mod

14 4LT-2T Circular foil 4412 LE-TE mod 2412 TE mod
15 4LT-2LT Circular foil 4412 LE-TE mod 2412 LE-TE mod
16 2L-4LT Circular foil 2412 LE mod 4412 LE-TE mod
17 2T-ALT Circular foil 2412 TE mod 4412 LE-TE mod
18 2LT-4L Circular foil 2412 LE-TE mod 4412 LE mod

19 2LT-4T Circular foil 2412 LE-TE mod 4412 TE mod
20 2LT-4ALT Circular foil 2412 LE-TE mod 4412 LE-TE mod

The NACA 4412 Airfoil design was modified from its standard shape. The NACA 4412 LE mod airfoil

(Figure 4) has 11 leading edge points of the NACA 4412 airfoil on chord points 0 m to 0.176 m, which
are modified and changed to 11 points from the NACA 2410 airfoil so that the modified airfoil has a
higher lift coefficient [8]. NACA 4412 TE mod airfoil (Figure 5) has 6 points on the trailing edge of the
NACA 4412 airfoil at chord points 1.98 m to 2.2 m, which are modified so that the airfoil has a higher
lift coefficient than the standard NACA 4412 [16]. The NACA 4412 LE-TE mod airfoil (Figure 6) is the
combination of the NACA 4412 LE mod airfoil and the NACA 4412 TE mod so that the shape changes
are on the leading edge (LE) and trailing edge (TE). The change in shape of the NACA 4412 airfoil
before and after the modification is calculated by the difference in an area using Eqg. (10). The area
difference of the airfoil after modification is less than 0.2%, as shown in Table 4.

Change of areas, Aa (%) = W X 100% (11)
0

where Ap is the area of NACA airfoil standard, Amod is the area of NACA modification airfoils.

Table 4
Difference in NACA 4412 airfoil area before and after modification

Airfoil Area, A (m?) Change of areas, Aa (%)
NACA 4412 0.397896

NACA 4412 LE mod 0.397603 0.07

NACA 4412 TE mod 0.397735 0.04

NACA 4412 LE-TE mod 0.397425 0.12
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162



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 120, Issue 2 (2024) 155-173

= NACA 4412 LE-TE Mod
= NACA 4412

B

1.0

0 m} {0,176 m 1,98 m} {22m

Change of Area 0,118%
N\ /—NACA 4412 LE-TE Mod

G A S O o o - W e

i S T naca 42—/ SCALE 1: 25
Fig. 6. Geometry of NACA 4412 LE-TE mod airfoil

The NACA 2412 LE mod airfoil (Figure 7) has 11 leading edge points of the NACA 2412 airfoil at
chord points 0 m to 0.026 m that changed with 11 points from the NACA 1410 airfoil so that the
modified airfoil has a higher lift coefficient [8].

—— NACA 2412 LE Mod
NACA 2412

NACA 2412 LE Mod

Change of Area 0,04%

NACA 2412

SCALE1:25
Fig. 7. Geometry of NACA 2412 LE mod airfoil

NACA 2412 TE mod airfoil (Figure 8) has 6 points on the trailing edge at chord points 1.98 m to
2.2 m that was modified, so the airfoil has a higher lift coefficient than the standard NACA 2412 [16].
The NACA 2412 LE-TE mod (Figure 9) combines the NACA 2412 LE mod airfoil and the NACA 2412 TE
mod, similar with the NACA 4412 LE-TE mod. The airfoil changes are found on the leading edge (LE)
and trailing edge (TE). The difference area of the airfoil after modification is less than 0.2%, as shown
in Table 5.
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Fig. 8. Geometry of NACA 2412 TE mod airfoil
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Fig. 9. Geometry of NACA 2412 LE-TE mod airfoil
Table 5
Difference in NACA 2412 airfoil area before and after modification
Airfoil Area, Ai (m?) Change of areas, Aa (%)
NACA 2412 0.397971
NACA 2412 LE mod 0.397809 0.04
NACA 2412 TE mod 0.397385 0.15
NACA 2412 LE-TE mod 0.397298 0.12
3. Results

This study uses a validation test to confirm the validity level of the results with prior studies that
used the Computational Fluid Dynamics (CFD). The study of the rotor using CFD with the parameters
presented in Table 6 shows that the CFD simulation in research by Yin et al., [33] produces a power
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of 255 Watt with these parameters. Rotor power simulation using BEM base to the parameters Table
6 obtained a rotor power of 262 Watts, as shown in Figure 10.

% error = 2=%° % 100% (12)

X1

where X is the rotor power in present study, and Xpis the rotor power from CFD.

Table 6
Differences of power rotor HAWT of CFD method vs. BEM simulation (present study)
Parameters Simulation Model
CFD BEM
Airfoil NACA 4412 NACA 4412
Blades number 3 3
Wind speed, v (m/s) 11.5 11.5
Length of blade, / (m) 0.575 0.575
Power, P (W) 255 262
% Error 2.6%

The aerodynamic simulation results show that the percentage error between the CFD from study
by Yin et al., [33] and the BEM values is only 2.6%. As a result, the desired conditions are followed by
the BEM aerodynamic simulation on the HAWT rotor. Validation was also acquired by reviewing
research by Kog et al., [34] that compared the CFD and the BEM using the rotor parameters listed in
Table 6. Validation between the two models, CFD and BEM, is undertaken to guarantee that the
turbine performance values are realistic [35]. The computational domain mesh has a considerable
impact on CFD simulation accuracy [36]. This method also serves as a model for analyzing wind
turbine performance using mechanical, geometric, and feature aspects [37]. The advantages of the
BEM model are that it is less expensive and takes less time to compute than the CFD model [38-43].

P W]

268
266
264
262
260
258
256

254 W [mfs]

11.0 11.5 12.0

Fig. 10. HAWT power rotor using BEM simulation

The selection of the angle of attack is carried out by simulating the power and power coefficients
using the BEM software. The blade uses the NACA 4412 LE mod — 4412 LE-TE mod airfoil configuration
wherein the HAWT parameter settings follow Table 1. The angle of attack is varied from 0-25° with a
discrete 5°. The simulation results (Table 7) show that the highest power value (997,325 W) and the
highest power coefficient (0.473) are found in blades with an angle of attack of 0°. Furthermore, the
angle of attack 0° was used as a fixed parameter in this simulation.

Based on Table 7, the highest power and power coefficient results are at an angle of attack of 0°,
while the lowest is at an angle of attack of 25°. As the blade's angle of attack increases, the power
and power coefficient decrease. Another study by Kriswanto et al., [16], the HAWT power simulation
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on the NACA 4412 and 2412 airfoil modifications, revealed a loss in power as the angle of attack rose.
The greater the angle of attack, the more airflow passing through the airfoil cannot flow until it
touches the airfoil rear, which causes air turbulence at the airfoil rear. As a result, the lifting force on
the HAWT blade is not optimal, resulting in decreased wind turbine performance [44].

Table 7

Rotor power simulation results based on variations in attack angle

Attack angle, a (°) Torque, T (Nm) TSR Power, P (W) Co

0° 1,141,760 8.02 997,325 0.473
5° 1,167,940 6.94 949,366 0.451
10° 978,626 6.58 798,114 0.379
15° 548,927 7.9 537,094 0.255
20° 367,871 7.42 338,150 0.160
25° 103,897 8.25 105,081 0.050

Airfoil selection is an important factor in designing horizontal axis wind turbines. The
configuration of the wind turbine airfoil also affects the power generated. The blade design on a
horizontal axis wind turbine uses thicker airfoils at the base (near the hub) to withstand bending
moments and structural pressures, while smaller/thinner airfoils on the primary/tip/blade ends
produce more aerodynamic torque so that kinetic energy can be maximum conversion [45].

The airfoil on the blade should be divided into three sections: the root, primary, and tip for the
root part. While the root section has to support all of the aerodynamic, gravitational, centrifugal,
gyroscopic, and operational loads operating on the blade, structural aspects are more significant than
aerodynamic. As a result, the cross-section of the turbine blade's root portion is thick. Thin airfoils
are utilized as the primary and tip sections to reduce drag. Aerodynamics takes precedence over
structural factors in this case. In this part, the lift force rotates the blades, which drives the generator
to generate energy [25].

The standard and modified NACA 4412 airfoils were simulated to determine the lift and drag
coefficient value, and the magnitude of the difference was calculated using the Eq. (12) and Eq. (13).
The lift and drag coefficient difference between the modified and standard of the NACA airfoils is
present in Table 8 and Figure 11.

% diff Cl = C"C# x 100% (13)
ls
) : _ Cas— Cdab,c 0
% diff Cd = X 100% (14)
ds

where Cis is the lift coefficient of NACA 4412 airfoil standard, Ciq4,cis the lift coefficient of NACA 4412
modification airfoils, Cys is the drag coefficient of NACA 4412 airfoil standard, Cq g, is the drag
coefficient of NACA 4412 modification airfoils.
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Fig. 11. NACA 4412 standard and modified Lift and drag coefficient values

Table 8

The lift and drag coefficient of NACA 4412 standard and modifications

Airfoils C Difference Ci(%) Ca Difference Cq (%)
4412 Standard 0.4745 - 0.0068 -

4412 LE mod 0.4775 0.62 0.0075 10.29

4412 TE mod 0.4778 0.69 0.0068 0

4412 LE-TE mod 0.4806 1.27 0.0074 8.82

Standard and modified NACA 2412 airfoils were also simulated to obtain lift coefficient values,
and differences were calculated using the Eq. (12). The percentage of C difference between the
airfoils shows that the blade with the 2412 LE-TE mod airfoil compared to the standard has a high
percentage difference, namely 1.27% (Table 9). The NACA 4412 standard lift and drag coefficient
values and modifications are in Figure 12.

NACA 4412 leading edge modified (4412 LE mod) airfoils have the highest drag coefficient of
10.29 (Figure 11) compared to modified or standard NACA 4412. The Cq value on the NACA 2412
leading edge mod is the same as the NACA 2412 trailing edges, which is 0.0075. The percentage
difference in Cy between standard NACA 2412 and modified NACA on the leading edge is 41.07%. The
modified Naca 4412 trailing edge gets a lower Cy value than the standard NACA 2412, with a

difference of 1.78%.
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Table 9
The lift coefficient of NACA 2412 standard and modification
Airfoils C Difference C (%) Cy Difference Cq4 (%)
2412 Standard 0.2372 0.0056
2412 LE mod 0.2511 5.53 0.0079 41.07
2412 TE mod 0.2533 6.35 0.0055 -1.78
2412 LE-TE mod 0.2633 9.87 0.0079 41.07

Simulation of HAWT blade airfoil modification variations through BEM software QBlade obtains
torque, tip speed ratio, power, and power coefficient results, shown in Table 10.

Table 10

Turbine simulation results based on various types of modified airfoils

No Blade Code Combination grup  Torque, T (Nm) TSR Power, P (W) Cp

1 4L-4LT A4412-4412 1,004,100 8.02 997,325 0.4734
2 4LT-4L 971,915 8.25 994,141 0.4718
3 4T-4LT 1,004,830 8.01 998,046 0.4737
4 4LT-4T 970,934 8.26 993,138 0.4714
5 aLT 970,921 8.25 993,125 0.4711
6 2L-2LT B2412-2412 817,205 8.86 896,402 0.4255
7 2LT-2L 816,970 8.85 896,145 0.4253
8 2T-2LT 817,084 8.84 896,270 0.4254
9 2LT-2T 817,073 8.85 896,258 0.4254
10  2LT 817,065 8.85 896,250 0.4253
11 A4L-2LT C4412-2412 927,466 8.85 1,017,350 0.4829
12 AT-2LT 927,722 8.86 1,017,631 0.4830
13 ALT-2L 927,457 8.85 1,017,340 0.4829
14 ALT-2T 927,560 8.85 1,017,453 0.4829
15 ALT-2LT 927,835 8.87 1,017,754 0.4831
16 2L-4LT D2412-4412 903,744 7.77 870,878 0.4133
17 2T-4LT 905,474 7.78 872,545 0.4141
18  2LT-4L 905,063 7.78 872,149 0.4139
19  2LT-4T 905,039 7.78 872,125 0.4139
20  2LT-4LT 905,347 7.78 872,422 0.4141
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The highest torque on the 4T-4LT blade code (1,004,830 Nm), while the lowest is the 2LT-2LT
blade code (817,065Nm), as shown in Figure 13. The torque difference between blades is close,
where the A4412-4412 combination is 3.37%, the B2412-2412 combination is 0.028%, the C4412—
2412 combination is 0.04%, and the D2412-4412 combination is 0.19%. Furthermore, the torque
value of the 2412-2412 combination is the lowest because the lift coefficient value is the lowest and
the drag coefficient is the highest compared to the others.
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Fig. 13. Blade variations vs torque and TSR

A fascinating fact regarding the contributing factors is the coexistence of almost identical blades
and marginally varied torque values [46]. The torque on the 4T-4LT blade (1,004,830Nm) is higher
than the 4L-4LT (1,004,100Nm) this is because the C value of code 4412 TE (0.4778) is higher than C
4412 LE (0.4775) and the Cy value of 4412TE (0.0068) is lower than Cy 4412 LE (0.0068). At the same
entering velocity, the lift and drag coefficients of Table 11 compares the values between the two
modified blades where the high Cy value on the 4412 LE causes calculation results with a low inflow
angle, which reduces the torque value.

Table 11

Blade, airfoil, lift and drag coefficient, and inflow angle at segment 3 (pos=10.8m); ¢ = 16.52°
No Blade Airfoil G Cy C,singp — Cycos @
1 4L-41T 4412 LE mod 0,4775 0,0075 0,1286

2 4T-4LT 4412 TE mod 0,4778 0,0068 0,1293

Blade code 4T-4LT consists of segments 3 to 9 using NACA 4412 TE mod with Cjof 0.4775 and Cy4
of 0.0068 then segments 10 to 11 using NACA 4412 LE-TE with C of 0.4806 and Cy of 0.0074.

The highest TSR value (8.87) is for blade code 4LT-2LT, while the lowest (7.77) is for blade code
2L-4LT. The TSR difference between blades is close, where the A4412-4412 combination is 3.02%, the
B2412-2412 combination is 0.22%, the C4412-2412 combination is 0.22%, and the D2412-4412
combination is 0.13%. TSR affects how quick the wind turbine rotates. The higher the TSR, the higher
the angular velocity, which increases the power and power coefficient of the wind turbine. The 4LT-
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2LT blade code has the highest TSR (8.87), resulting in the highest HAWT power (1,017,754) and the
highest power coefficient (0.4831). Simulation results using blade element momentum (BEM) in
Figure 14 for power and power coefficient values according to theoretical Eqg. (6) and Eqg. (9).
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Fig. 14. Blade variations vs power and power coefficient

Similar previous research on optimizing HAWT rotor power with variations in wind speed, airfoil,
and angle of attack obtained the highest rotor power on blades with NACA 4412 and 2412 airfoils
modified at the trailing edge point [16]. The lift coefficient is increased by 0.69 for NACA 4412 and
6.53 for NACA 2412 airfoils are modified compared to the standard. The rotor power at 7m/s wind
speed is 1.037 MW, which is more than the power of the current study (1.018 MW) because the
present research blade's variation in radius size is 1 meter smaller. The torque value affects the
turbine power value, while the blade radius affects the torque value.

Other studies modified the leading edge of NACA 4412 and NACA 2412 airfoils, which raised the
lift coefficient compared to the standard but was less significant than alterations to the trailing edge
[8,16]. The results of HAWT IMW rotor power optimization with variations in airfoil, angle of attack,
and pitch angle obtained a power of 1,016 MW on the leading edge modified NACA 4412 and NACA
2412 airfoil at an angle of attack of 0° and a pitch angle of 0°. The most significant parameter analysis
that influences turbine power is the airfoil.

The blade variations that can produce above 1MW are blade designs C4412-2412 group
combination, namely blade codes 4L-2LT, 4T-2LT, 4LT-2L, 4LT-2T, and 4LT-2LT. The modified airfoil
affects the lift and torque coefficients and influences the angular speed value of the turbine blade.
The higher TSR value in this simulation (Table 10) increases the HAWT power value. The high TSR is
due to the high rotational speed resulting from the influence of the airfoil profile of each segment.
The highest HAWT power (1,017,754 W) was obtained from blades with circular foil segments 1 and
2, segments 3 to 9 using NACA 4412 LE-TE mod airfoil, and segments 10 to 11 using NACA 2412 LE-
TE airfoil.

This study's HAWT rotor power is more than that of the comparable research by Kriswanto et al.,
[16] with identical parameters, proving the superiority of the modified NACA 4412 and 2412 at the
leading edge and trailing edge.
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4. Conclusions

The difference between the CFD from the other study and the BEM (present study) is only 2.6%,
BEM method is valid and use in this study. Furthermore, the variation angle of attack (0;5;10;15;20)
was simulated using BEM and obtained that an angle of attack of 0° produced maximum power and
then used in parameter setup. The NACA 4412 and NACA 2412 airfoils with the leading and trailing
edges modified have the highest lift coefficient compared to other modified and standard airfoils.
However, the drag coefficient value is higher than the standard. The greatest torque was discovered
in blade code 4T-4LT (4412 TE mod-4412 LE-TE mod), which is affected by the lift and drag
coefficients. Designing a high torque HAWT rotor must consider the lift and drag coefficient values.

The rotational speed of the wind turbine influences TSR. The higher the TSR, the greater the
angular velocity, which enhances the wind turbine's power and power coefficient. The maximum TSR
was generated in the 4LT-2LT blade code, which results in the highest HAWT power and power
coefficient. Blade designs of the C4412-2412 group combination, especially blade codes 4L-2LT, 4T-
2LT, 4LT-2L, 4LT-2T, and 4LT-2LT, can produce more than 1IMW. High torque does not always equate
to high power values; instead, the TSR value as a function of angular speed influences this. The
aerodynamics of the rotor blade obviously affect the angular speed of a horizontal axis wind turbine.
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