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ABSTRACT

This study presents the experimental optimization of the SG6043 airfoil for horizontal axis wind turbines (HAWTs)
using the Schmitz equation, focusing on enhancing power output and elucidating the surface flow structure. Two blade
models, M1 (conventional) and M2 (optimized), were designed and tested at rotational speeds of 400 rpm and 600 rpm
across a range of tip speed ratios (TSR). The M2 model, optimized using Schmitz equations, demonstrated significantly
improved performance compared to the M1 model at both rotational speeds. At 400 rpm, the maximum power coefficient
(Cp) for M1 was 0.274, while M2 reached 0.419, indicating a 52.91% improvement. At 600 rpm, M1 achieved a
maximum Cp of 0.293, whereas M2 attained 0.458, representing a 56.31% enhancement. The M2 model also showed
superior performance at higher TSRs, with the highest percentage increase in Cp recorded at 4.9 TSR, reaching 574.54%.
Additionally, dynamic surface oil-flow visualization experiments were conducted to examine flow behavior on the blade
surfaces. Results indicated better flow attachment in the M2 blade due to its optimized twist angle and chord length,
particularly in the mid-section, leading to delayed flow separation. The reattachment observed on the suction side of the
M2 model, following the laminar separation bubble (LSB), which was absent in the M1, contributed to its higher
aerodynamic efficiency and overall power performance. These findings confirm that the optimized SG6043 airfoil
design, guided by Schmitz equations, offers significant improvements in HAWT performance, particularly under varying
operational conditions.

Keywords: Horizontal axis wind turbine, Schmitz theory, Rotor blade design, Experimental
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1. INTRODUCTION

In contemporary society, energy has become an indispensable requirement, with global demand
continuously escalating. Since the Industrial Revolution, fossil fuels have served as the
predominant energy source, underpinning the vast majority of energy production processes [1,2].
However, the combustion of fossil fuels results in the emission of greenhouse gases, contributing
significantly to atmospheric pollution, which poses severe threats to public health and disrupts
ecological balances [3-4]. The degradation of the ozone layer due to these emissions exacerbates
the harmful effects of solar radiation, thereby increasing the risks to biological systems. Moreover,
the finite nature of fossil fuel reserves introduces volatility in energy markets, with fluctuations in

supply and demand leading to increased costs [5].

The aforementioned environmental and economic drawbacks of fossil fuels have necessitated the
exploration and adoption of alternative energy sources. In this regard, renewable energy
technologies, including solar, geothermal, biomass, and particularly wind energy, have gained
substantial attention [6,7]. These renewable sources are not only inherently sustainable due to their
reliance on inexhaustible natural resources, but they also offer significant environmental
advantages, such as reduced greenhouse gas emissions [8]. Among renewable energy technologies,
wind energy stands out, especially with the advent and optimization of horizontal-axis wind
turbines (HAWTs), which have demonstrated high efficiency and a broad range of applicability in
various energy sectors. HAWTs, through their aerodynamic and structural advancements, have
become pivotal in maximizing the energy capture from wind resources, thereby contributing

significantly to the transition towards a more sustainable energy future.

When oriented perpendicularly to the wind flow, the blades generate aerodynamic lift, leading to
rotation [9]. The design of HAWTs results in higher efficiency compared to veritcal-axis wind
turbines (VAWTS), as it allows for continuous energy extraction throughout the full rotational
cycle of the blades, especially under stable wind conditions. Furthermore, HAWTs are unaffected
by the backtracking effect [10]. For HAWTs, various optimization objectives can be pursued, such
as maximizing aerodynamic efficiency, reducing structural weight, minimizing fatigue loads,
lowering noise levels, and cutting costs, all of which contribute to enhancing overall performance

and reliability.

620



Int J Energy Studies 2024; 9(4): 619-636

In recent times, there has been an increasing focus in the literature on HAWTs blades, particularly
on how different design modifications and optimization strategies can enhance their energy capture
efficiency, leading to improved performance and broader commercial adoption. Kim et al.
conducted a study that demonstrated how modifying the leading edge (LE) and trailing edges (TE)
of airfoils can significantly impact the aerodynamic performance and power (P) production of
HAWTs, with findings showing that the S809r airfoil with a more rounded LE increased P output
by 2.3 times, and the S809gx airfoil by 2 times [11]. The literature presents the Blade Element
Momentum (BEM) method as a primary integral method for conducting aerodynamic analysis
around HAWT rotors and optimizing blade design. This method is particularly effective in
assessing the impact of twist angle (0) and chord length (c) variations, leading to highly efficient
rotor performance. To initiate the blade design process, the Schmitz theory is used, providing an
initial blade configuration. Following this, the BEM theory is applied to calculate the forces (F),
torque (T), and P extracted by the turbine, enabling further optimization of the blade geometry
[12-13]. Zidane et al. conducted a study using CFD-BEM modeling and neural networks, revealing
that under sandstorm conditions, the P output of large-scale HAWTs can decrease by up to 30%
due to aerodynamic losses, and developed a model to predict erosion rates on turbine blades as a
function of debris flow rate, Reynolds number (Re), and angle of attack (o) [14]. Bouhelal et al.
developed and validated a machine learning-based approach, integrating an optimized Artificial
Neural Network (ANN) with the BEM theory, which efficiently predicts aerodynamic
performance of wind turbine rotors, demonstrating accuracy with over 2x10"? training data points
and offering a rapid alternative for cases where airfoil data is unavailable [15]. Hamlaoui et al.
developed a novel stall delay model for small HAWT blades, improving the prediction of 3D lift
coefficients (Cr) by correcting 2D lift data, with results showing enhanced accuracy in P and T
predictions when validated against NASA Ames wind tunnel data and NREL Phase VI turbine
measurements [16]. Bouhelal et al. conducted a comparative study between BEM and CFD-RANS
methods for predicting HAWT performance, finding that while BEM underestimates normal Fs
and overestimates tangential Fs—leading to a T overprediction of over 30% at high wind speeds—
CFD-RANS demonstrated uniform accuracy across all flow conditions, particularly in capturing
flow separation [17]. Mansi and Aydin developed a new blade profile with a fixed TE flap for
small-scale HAWTs, showing through BEM analysis and CFD validation that the modified design
increased the power coefficient (Cp) by 8.3% and annual energy yield to 6944 kWh, with CFD
predicting a 14% higher power coefficient than BEM [18]. Abdelsalam et al. developed and

experimentally validated a new linearized rotor blade design for small-scale HAWTs, achieving a
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Cp,max 0 0.426 at a tip-speed ratio (TSR or A) of 5.1 and a 10 m/s wind speed, while reducing blade
volume by 26% compared to a classical rotor, demonstrating superior performance at lower wind
speeds [19]. Wang et al. optimized the local 8s of wind turbine blades using a kriging surrogate
model, achieving a 4.83% increase in wind Cp for the NREL Phase VI blade and 3.44% for the
WindPACT blade, though with increased structural loads on the optimized blades [20]. Akbari et
al. optimized the c and 6 of a small wind turbine blade using a genetic algorithm, resulting in a
140% increase in startup T and a reduction in startup wind speed from 6 m/s to 4 m/s, with only a
1.5% decrease in Cp compared to the base blade [21]. Siram et al. designed and tested four small-
scale HAWT models using BEM theory and wind tunnel experiments, finding that the M1 rotor,
composed of an E216 airfoil, achieved the Cpmax of 0.34 at 9 m/s, which is 92% of the BEMT
prediction, demonstrating superior performance compared to the other rotors [23]. Rodriguez and
Celis developed a hybrid CFD/BEM/GA methodology for optimizing the blade design of a 5 kW
HAWT, achieving a Cpmax of 0.4658 at TSR of 6, with the optimized airfoil demonstrating a Cr
of 1.2437 and a lift-to-drag ratio (Cr/Cp) of 67.36 at an o= 5.55° [23]. Jha et al. extended the BEM
theory to account for wake effects in small-scale HAWT blade design, selecting the SG6043 airfoil
for its high spanwise ratio, and demonstrated that the designed blade closely matches experimental
results and efficiently maximizes P even at low wind speeds [24]. Tokul and Kurt, in their study
comparing NACA 6409 and NACA 2414 airfoils using the BEM, demonstrated that NACA 6409,
with a 4% higher camber ratio and 5% lower thickness ratio, achieved a higher Cr and greater
energy production, particularly at a wind speed of 10 m/s, where NACA 6409 outperformed
NACA 2414 in energy generation [25]. However, while there are numerous studies involving the
BEM theory, there is no existing research that specifically examines the effect of the Schmitz

equations in optimizing the SG6043 airfoil in an experimental setting.

Originality of the present experimental study is to elucidate surface flow structure of the turbine
blade via dynamic surface oil flow visualization experiment and evaluate the performance of
variation on HAWT with optimized and unoptimized turbine blade design. The main contributions
of the present study are elucidation of the surface flow structure on turbine blade via dynamic
surface oil flow visualization method and optimized blade design via Schmitz Equations by
comparing unoptimized blade. Turbine blades with SG6043 airfoil are designed designed using
Schmitz equation, optimizing critical parameters such as twist angle (8) and chord (c). The
optimized turbine blade having SG6043 airfoil profile is then compared to the simple turbine blade

having SG6043 model. This comprehensive approach aims to provide new insights into the turbine
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blade design via Schmitz by contributing the advancement of wind turbine blade design

methodologies and elucidating surface flow structure around the designed turbine blade.

2. EXPERIMENTAL SETUP
The experimental setup consists of 3 sub-section that are blade design, torque measurement and

dynamic surface oil flow visualization.

2.1. Blade Design

In HAWT, blade design plays a critical role for turbine performance [26]. The aerodynamic
characteristics of the turbine blade, such as lift and drag coefficient, depend on the type of airfoil.
Therefore, blades with high aerodynamic efficiency are used in turbine blade design [27]. In this
regards, it is an important parameter that the airfoil selected for the efficiency of the turbine has a
high L/D ratio in turbine blade design [26]. Considering this criterion, the SG6043 airfoil profile,
has a high L/D ratio designed by Giguere and Selig [28] for small-scale horizontal axis wind
turbines and this airfoil has been studied in the literature on the acrodynamic performance HAWTs
[29-31]. Therefore SG6043 airfoil profile was selected to design the turbine blade via Schmitz

equations.

Determination of the blade's chord length and twist angle distribution, selection of the airfoil,
number of blades and design A constitute the basic aerodynamic design parameters of the wind
turbine rotor. Table 1 lists the design parameters for the blades optimization. In order to determine
the design lift coefficient (C;)p, the study by Singh et al. [30] at Re of 100,000 was taken as
reference. According to this study, the maximum C; of the SG6043 airfoil at the optimum angle
was found to be 1.26. It is seen that the design a is 6° for the case where the L/D ratio is maximum.
In addition, the design tip speed ratio of 4 was selected. Manwell et al. [32] suggested 3-4 wind

turbine blades for a speed ratio of 4. The rotor radius for the turbine was determined as 0.45 m.

Table 1. The design parameters of HAWT rotor blade

Parameters Values
Design tip speed ratio, Ap 4

Rotor radius, R 0.45m
Blade number, B 3
Design angle of attack, ap 6°
Design lift coefficient, (C;)p 1.26
Airfoil type SG6043
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In turbine blade design, formulas such as Betz and Schmitz are the methods used to obtain the
optimum blade geometry [33]. According to Betz, no wake rotation or drag is assumed to provide
maximum power from the turbine blade [32]. The Betz method is ideal for wind turbine blade
design, but more advanced optimisation methods are often used in practice [34]. As a result, it is
more appropriate to design the optimum horizontal axis wind turbine blade according to Schmitz
formulas. Therefore, in this study, the datas for the variation of the chord lengths and twist angles

along the blade for the optimum turbine blade geometry are obtained from Schmitz formulas.

The following equations are used to obtain optimum horizontal axis wind turbine blade. Among
the designed blades, the model designed by using Schmitcs equation is named as M1 and the model
designed by using the section 1 and section 10 values (chord and twist angles) calculated in this
equation is named as M2. The blade is divided into 10 sections as seen in Figure 1 for M2 and

the chord length and twist angle in each section can be found as follows,

16 (1 R
c(r) = - (CZ;D sin? (; arctan (—r AD)> (1)
0(r)= % arctan (%) - ap (2)
D

where R is rotor radius, r is blade section radius, (C;)p is design lift coefficient, A is design tip
speed ratio, B is blade number and ap, is design angle of attack respectively. The data of chord

lengths and twist angles thus obtained are given in Table 2 and Figure 1.

Table 2. Chord lengths and twist angles at different sections for optimum wind turbine blade

Section No Blade section radius, r (m) Chord, ¢ (m) Twist Angle, 6 (°)
1 0.045 0.0893 39.466
2 0.09 0.1036 28.227
3 0.135 0.0945 20.537
4 0.180 0.0820 15.337
5 0.225 0.0709 11.710
6 0.270 0.0618 9.080
7 0.315 0.0545 7.103
8 0.360 0.0486 5.569
9 0.405 0.0438 4.349
10 0.450 0.0398 3.357
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r: 0.225 ¢: 0.0709 0: 11. 710
r:0.270 ¢: 0.06180: 9.080 «——~_
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Figure 1. Schematic view of the design HAWT blades for M1 and M2

The designed M1 and M2 models were produced using a 3D printer, as seen in Figure 2. The

surface of these blade models was made smooth by applying putty and then sanding.

2.2. Torque Measurement
The power coefficent measurements of the 3-blade small scale HAWT developed using the

designed M1 and M2 blade models were carried out in a blown type wind tunnel. The general view
of the torque measurement experimental setup is given in Figure 2. The torque measurement
system consists of a hysterisis brake, a rotary torque device, a 3-bladed turbine rotor and blowing
type wind tunnel. Magtrol HB-450M-2 hysteresis brake was used to measure the torque from the
rotary torque device. GW Instek 3323 power supply was utilized to load the hysterisis brake that
allowing to measure turbine torque at the rotary torque device. This torque device can measure
torque and turbine rotational speed up to 5 Nm and 15000 rpm, respectively. The blowing type
wind tunnel has 1.25 m x 1.25 m sqaure test section and can provide free stream velocity changing
between 0 and 11 m/s. In the open test section, the wind speed can be precisely adjusted to the

desired speed with the help of a frequency inverter. Rotary torque measurement was performed at
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constant angular velocity. To do this, the braking mechanism (via Magtrol HB-450M-2 hysteresis
brake) used to keep the rotation speed of the HAWT turbine rotor while increasing the free-stream
velocity. Each torque measurement was taken for 75 seconds with 20 torque data per second from

the torque device.

Rl il
%Ml. Hysteresis Brakes
| 2. Rotary Torque Device

S e

S

3. 3 bladed HAWT Rotor
4. Blowing Type Wind Tunnel

Figure 2. Experimental setup of dynamic torque measurement for 3 bladed HAWT for M1 and
M2

The Cr and Cp values were obtained from Equations 3-4, based on the measured torque [35].
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1 2

T = ECTpARUO 3)

Cp == CT * A (4)

Cr represents the torque coefficient, p denotes the density and A represents the swept area. The A

or TSR term in Equation 5 is explained in Equation 5 [36].

1 =R (5)

Uo
where, o is defined as the rotation speed of the wind tiirbine.

2.3. Dynamic Surface Qil Flow Visualization

A dynamic surface oil flow visualization experiments was carried out to obtain the flow structure
around the turbine blade during rotation of the 3-blade HAWT models. The mixture to be used in
the oil flow visualization experiment consists of titanium dioxide, oleic acid and kerosene in a
ratio of 1:5:7, respectively. This mixture was applied to both suction and pressure surfaces of the
turbine blade. For M1 and M2 model, each experiment was performed at 600 rpm for
approximately 30 minutes. Images of the flow structures formed on the turbine blade surface were

captured using a GoPro Hero 7 black camera.

3. RESULTS AND DISCUSSION

The power performance of a novel M2, developed using the Schmitz equation, has been
experimentally compared with a conventional M1 model at two different rotational speeds. The
experiments were conducted at 400 rpm and 600 rpm, across a range of TSRs. Figure 3.a and 3.b,
respectively, present the Cp and percentage enhanced Cp performance graphs for the M1 and M2
HAWT models at 400 rpm, based on dynamic torque measurements at different TSRs (M 1= 2.8-
4.6 A and M2= 3.4-6.3 A). The fact that each model operates at different TSRs results from
obtaining more accurate and stable Cp values at the specified TSR ranges. The findings also reveal
that the M2 model consistently outperforms the M1 model across all TSRs, with the performance
improvement becoming more pronounced as the TSRs increase. When comparing the Cp max values
of the M1 and M2 models, they were found to be 0.274 and 0.419, respectively, indicating a

52.91% improvement in performance. The A range where both models were measured
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simultaneously is between 3.4 and 4.5, as the M1 model was unable to generate any torque beyond
a TSR of 4.5, resulting in no observable power coefficient. Within the A range from 3.4 to 4.5, the
power coefficient of the M2 model increased in a parabolic manner compared to the M1 model,

with the highest enhanced Cp recorded at 4.5 A, reaching a 361% improvement.

0.5
400
044 —=— M2 at 400 rpm b
' ‘lkl\l —e— M1 at 400 rpm
Co 1 . F 300
0.3 | .\ - E
N 5
g
b =
N \‘\-‘\ . : 200
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o 100
; \
0.0 °
—rT - 1 - 1 - T 1 1 T 1T ( —— A N
TSR TSR

Figure 3. Cp performance for M1 and M2 HAWT models at 400 »pm: a) Cp, b) Percentage
enhanced Cp at different TSRs

Figure 4.a and 4.b, respectively, present the Cp and percentage enhanced Cp performance graphs
for the M1 and M2 HAWT models at 400 rpm at different TSRs (M1 =2.7-5 A and M2 =3.4-7.8
A). Similar to the results observed at 400 rpm, the M2 model consistently demonstrated
significantly higher performance than the M1 model at 600 rpm across all TSRs. Furthermore, the
maximum Cp for the M1 model was recorded as 0.293 at a A of 3.1, while for the M2 model, it was
0.458 at a A of 4.2, indicating a 56.31% improvement over the M1 model. On the other hand, both
models were only compared within the TSR range of 3.5 to 4.9. As was the case at 400 rpm, the
effect of the Schmitz equation became more pronounced with increasing TSRs at 600 rpm, with

the M2 model showing a 574.54% performance increase over the M1 model at a A of 4.9.
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Figure 4. Cp performance for M1 and M2 HAWT models at 400 rpm: a) Cp, b) Percentage
enhanced Cp at different TSRs

At both rotational speeds, the traditional blade failed to generate torque at higher TSRs, resulting
in no measurable power coefficient, while the optimal model continued to generate power at higher

TSRs. This indicates that the blade profile designed with the Schmitz equation enables HAWTs to
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maintain power output even in conditions of high wind speeds.This suggests that the optimized
blade geometry, guided by the Schmitz equation, enhances the overall efficiency and energy

capture capability of the turbine under various operational conditions.

In the study of Chen and Liou [37], they investigated the variation of Cp with respect to TSR by
varying the pitch angle () of turbine blade (that indicates the incident angle of incoming flow to
blades) between 5° and 25° instead of designing the optimal turbine blade. As seen in Figure 5,
they have shown that Cp of the HAWT increases spectacularly with the decrease of the pitch angle
of the blades. Similarly, in the study of Hsiao et al. [38], there is a significant difference between
the Cp values of optimum blade design (OPT) and unoptimized turbine blade (UnOPT) models as
shown in Figure 5. This difference between optimized and unoptimized turbine blade is due to
stall situation especially in unoptimized turbine blade. As can be concluded from Figures 5, these
increases in turbine performance are not surprising when the turbine blade is optimized as it was

in the present study.

0.5 .
Chen and Liou [37] Hsiao et al. [38]

C, | —=p=25° —e— UnOPT

0.4

0.3 1

Present Study

M2 at 600 rpm
0.24 A M2 at 800 rpm
M1 at 600 rpm

P’

0.1 1

0.0 T T T T T T T T T T T T T T

Figure 5. Cp — TSR results of the present study compared with Chen and Liou [37] and Hsiao et
al. [38]
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Figure 6. Surface oil-flow visualizations of the M1 and M2 at 600 rpm

In Figure 6, the dynamic surface oil-flow visualizations at a A of 3.9 for the M1 and M2 models at
600 rpm are shown in two regions: suction and pressure region. In both blade models, flow
separation occurred at the root-section, as indicated by the thick layer of oil, which is an expected
outcome. This is due to the low angular velocity in the root region, resulting in reduced kinetic
energy. In both the M1 and M2 blades, the flow in the root region lacks sufficient momentum to
overcome the adverse pressure gradient, leading to early boundary layer separation. On the
pressure and suction surfaces of the M2 blade, an accelerated flow from the root-section towards
the mid-section region, caused by centrifugal acceleration, is observed, indicating that the flow
remains attached to the blade surface in this region. However, this attachment at the mid-section,
seen in the M2 blade, is not observed in the M1 blade. This difference is attributed to the varying
twist angles along the spanwise, which is a result of the Schmitz equation's influence on the blade
design. For the M1 blade, after flow separation occurs in approximately 50% of the mid-section

and 20% of the tip-section, no reattachment of the flow is observed along the rest of the blade. A
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laminar separation bubble (LSB) refers to a flow phenomenon where laminar flow separates from
the airfoil surface due to an adverse pressure gradient but reattaches after a short distance. In the
M2 blade, however, the flow remains attached along the leading edge throughout the spanwise,
maintaining laminar flow. From the mid-section to the tip-section, an LSB forms over
approximately 20% to 50% of the surface. After this, reattachment occurs around the middle of
the blade, with the flow remaining attached up to the trailing edge. Notably, no trailing edge flow
separation (TEFS) is observed in the mid-section or tip-section of the M2 blade. The reattachment
observed in the mid-section of the M2 blade, which does not occur on the M1 blade surface, as
shown in Figure 4.a at 3.9 TSR, serves as evidence for the higher power coefficient exhibited by
the M2 blade. When evaluating the pressure side, it is observed that in the M2 blade, the flow
begins to attach to the surface in a region between the root and mid-section. This attached flow
progressively expands towards the tip, with the entire surface at the tip-section exhibiting fully
attached flow. On the pressure side of the M1 blade, the flow begins to attach between the mid-
section and the tip region; however, no region, including the tip, exhibits fully attached flow across
the entire surface. When examined overall, suction and pressure region of in the M2 model, the
flow remains more attached to the blade surface, indicating better acrodynamic performance, while
in the M1 model, flow separation occurs earlier along the blade, leading to a less efficient flow
structure. This suggests that the optimized blade geometry of the M2 model, influenced by the
Schmitz equation, allows for better control of the boundary layer and delayed flow separation,

which contributes to its superior performance at higher TSRs.

4. CONCLUSION
In this study, the aerodynamic performance of two HAWT blade models, M1 and M2, was
experimentally compared, with the M2 model being optimized using the Schmitz equation.
Through extensive testing at different TSR values and rotational speeds, the optimized blade
geometry of the M2 model consistently demonstrated superior performance over the M1 model.
The findings highlight the effectiveness of the Schmitz equation in optimizing blade geometry for
enhanced energy capture and efficiency under various operational conditions.
e The M2 model outperformed the M1 model at both 400 rpm and 600 rpm across all TSR
values, showing a maximum improvement in power coefficient of 56.31% at 600 rpm and

52.91% at 400 rpm.
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e Flow visualization revealed that the M2 model maintained better flow attachment along
the blade surface, particularly on the suction side, with a laminar separation bubble (LSB)
reattaching to the surface, contributing to enhanced aerodynamic efficiency.

e The optimized blade geometry in the M2 model, influenced by the Schmitz equation, led
to delayed flow separation and better boundary layer control, resulting in superior
performance, especially at higher TSR values.

e The findings suggest that using the Schmitz equation for blade optimization in HAWTs
can improve energy capture efficiency, even in conditions of high wind speeds, making it

a valuable method for designing more efficient wind turbines.
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