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ABSTRACT. Wind energy stands out as a crucial renewable resource to meet global energy demands sustainably and 

mitigate environmental impacts. Blade airfoil profiles and the angle of attack are the primary aerodynamic parameters 

governing the efficiency of horizontal axis wind turbines (HAWT). This study presents an experimental investigation into 

the aerodynamic performance of NACA 4415 and NACA 6415 airfoil profiles evaluated at two distinct angles of attack 

(15° and 30°). The experiments were systematically conducted in an open-type wind turbine test rig at a constant wind 

speed of 7.5 m/s and an air density of 1.06 kg/m³. Real-time torque and rotational speed data were recorded through a 

computer-based data acquisition system to construct dimensionless tip speed ratio versus power coefficient performance 

curves. The experimental results reveal that both blade geometry and the angle of attack significantly influence turbine 

performance. Model 1 (NACA 4415 at 15°) demonstrated the superior aerodynamic performance among all tested 

configurations, achieving the highest efficiency and peaking at approximately λ = 4.Conversely, Model 2 (NACA 4415 at 

30°) exhibited the lowest efficiency due to premature flow separation and dominant stall behavior. The NACA 6415 profile 

showed a more stable aerodynamic response at higher operational angles. These findings underline the critical impact of 

geometric and operational variables on rotor aerodynamics, providing valuable empirical data for the optimized design of 

small-scale wind turbines. 
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1. INTRODUCTION 

Wind energy has become one of the fastest-growing 

renewable energy sources among sustainable and 

environmentally friendly power generation methods. In 

recent years, studies aimed at increasing the efficiency of 

wind turbines have gained significant importance in order 

to reduce the environmental impacts of fossil fuels and 

meet energy demands through sustainable resources. 

Blade airfoil profiles and angle of attack are key 

aerodynamic parameters that significantly affect turbine 

performance (1). NACA airfoil series are commonly used 

in wind turbine applications, and their performance 

characteristics have been widely investigated through both 

numerical and experimental studies (2). However, 

experimental investigations remain crucial for evaluating 

real operating conditions. 

In this study, the performances of NACA 4415 and 

NACA 6415 airfoil profiles at different angles of attack in 

a horizontal axis wind turbine were experimentally 

investigated. Within the scope of the study, turbine 

performance characteristics were compared using blade 

models with 15° and 30° angles of attack. As a result of 

the experimental analyses, performance parameters such 

as power coefficient, aerodynamic behavior, and tip speed 

ratio were evaluated, and the effects of different airfoil 

profiles and attack angles on turbine efficiency were 

revealed. The findings obtained are expected to contribute 

to the design of highly efficient horizontal axis wind 

turbines. 

2. MATERIALS AND METHODS 

2.1 format  

In this study, an experimental setup was designed to 

investigate the performance variation of a horizontal axis 
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wind turbine under different blade profiles and angles of 

attack. The experimental system consists of an open-type 

wind turbine test rig, a voltage generator for electrical 

power output, a torque meter for mechanical torque 

measurement, an anemometer for wind speed 

measurement, and a computer-based data 

acquisition system for real-time data recording. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Open-Type Wind Turbine Test Rig 

 

The turbine blade diameter was designed as 300 

mm.NACA 4415 and NACA 6415 airfoil profiles were 

used in the experiments. 

The main reason for selecting the NACA 4415 and NACA 

6415 airfoil profiles in this study is their widespread use in 

wind turbine applications and their distinct aerodynamic 

behaviors. In particular, the performance analysis of 

NACA airfoil series in horizontal axis wind turbines has 

been extensively investigated in recent years through both 

numerical and experimental studies (3) 

The NACA 4415 airfoil is widely used in small-scale wind 

turbine applications due to its moderate camber and 

balanced lift-to-drag ratio, which provides stable 

performance under low and medium wind speed 

conditions. Recent studies have shown that this airfoil 

maintains stable flow characteristics even at low Reynolds 

numbers and provides reliable aerodynamic performance 

(4). 

In contrast, the NACA 6415 airfoil is considered to have 

higher aerodynamic efficiency potential due to its 

increased camber distribution and enhanced lift generation 

capability. Literature reports indicate that this airfoil 

shows a more sensitive response to changes in angle of 

attack, allowing more pronounced performance variations 

to be observed (5). 

The combined selection of these two airfoils enables a 

comparative analysis between a reference profile (NACA 

4415) and a higher lift-potential profile (NACA 6415). 

Thus, the effects of blade geometry and angle of attack on 

wind turbine performance can be evaluated within the 

context of recent literature. 

For both profiles, two different angles of attack (15° and 

30°) were applied, resulting in four experimental 

configurations: 

Model 1:NACA 4415 – 15° angle of attack 

Model 2:NACA 4415 – 30° angle of attack 

Model 3:NACA 6415 – 15° angle of attack 

Model 4:NACA 6415 – 30° angle of attack 

 

Figure 2. Blade Profiles and Mounted Turbine 

Configuration 

In this study, 15° and 30° angles of attack were selected 

in order to comparatively investigate the aerodynamic 

behavior of airfoil profiles in both low and high angle-

of-attack regimes. Low and moderate angles of attack 

generally correspond to the stable lift-generation region 

of airfoils, whereas higher angles of attack allow the 

observation of flow separation and stall behavior (6). 

Previous studies in the literature indicate that the angle of 

attack has a critical influence on wind turbine blade 

performance, and aerodynamic forces change significantly 

beyond certain threshold values. Therefore, evaluating 

multiple operating points enables a more comprehensive 

analysis of performance parameters such as power 

coefficient (Cp) and tip speed ratio (λ) (7). 

An angle of attack of 15° typically represents a region 

where the airfoil operates efficiently with mostly attached 

flow and effective lift generation. In contrast, 30° 

corresponds to a high angle-of-attack regime where flow 

separation becomes dominant and stall effects are clearly 

observed. The selection of these two points allows a 

comparative evaluation of both efficient and post-stall 

aerodynamic behavior  
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During the experiments, the wind speed was kept constant 

at 7.5 m/s, and the air density was assumed as 1.06 kg/m³. 

Under these conditions, angular velocity, torque, and 

voltage output were measured simultaneously. 

The experimental study was conducted at the Erciyes 

University Engines Laboratory, located within the 

Kayseri Erciyes University campus. The laboratory is 

situated at an average altitude of approximately 1,070 m 

above sea level (ranging between 1,050–1,100 m). 

Accordingly, the air density used throughout the 

experiments was considered as approximately 1.06 kg/m³ 

at 20°C. This value was used in the calculation of 

aerodynamic performance parameters. 

 

Figure 3. Voltage Generator For Electrical Power Output 

 

Figure 4. Torque Meter for Mechanical Torque 

Measurement 

The measured voltage and torque data were recorded via a 

computer-based data acquisition system and processed to 

calculate turbine power output, angular velocity (ω), 

power coefficient (Cp), and tip speed ratio (λ, TSR). This 

enabled a comparative analysis of the effects of different 

blade profiles and angles of attack on turbine 

performance.  

 

Figure 5. Data Acquisition Software Interface 

The raw data obtained from the experimental 

measurements were recorded using a computer-based 

data acquisition system and subsequently processed 

for analysis. Voltage, torque, wind speed, and 

rotational speed data were filtered, and unstable or 

erroneous measurements were removed from the 

dataset. In this way, only data corresponding to 

steady-state operating conditions were considered in 

the evaluation. 

The cleaned data were organized into separate datasets 

for each experimental condition. These datasets were 

structured to include calculated parameters such as 

angular velocity, torque, turbine power output, tip speed 

ratio (λ), and power coefficient (Cp). 

Based on the processed data, individual λ–Cp curves 

were generated for each combination of blade profile 

and angle of attack. These plots were used to perform a 

comparative analysis of turbine performance 

characteristics. 

Accordingly, the effects of different blade geometries and 

angles of attack on wind turbine efficiency were clearly 

evaluated. 

2.2 Authors 

The experimental study was designed, implemented, and 

analyzed by the authors within the Erciyes University 

Engines Laboratory. All stages of the research include 

the development of the experimental setup, selection and 

preparation of the wind turbine system, integration of 

measurement equipment, and execution of the 

experimental procedures. 

The design and configuration of the open-type horizontal 

axis wind turbine test rig, including the installation of the 

voltage generation system, torque measurement system, 

wind speed measurement device, and computer-based 

data acquisition system, were carried out by the author. In 
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addition, NACA 4415 and NACA 6415 airfoil profiles 

were designed according to the specified geometric 

parameters and integrated into the experimental setup. 

Experiments involving 15° and 30° angles of attack were 

systematically conducted under controlled laboratory 

conditions. A constant wind speed was maintained for 

each test case, and measurement data were monitored in 

real time. 

Data acquisition, filtering, and processing were performed 

by the author. Calculations of angular velocity, turbine 

power output, power coefficient (Cp), and tip speed ratio 

(λ) were carried out using the processed datasets. Finally, 

comparative performance analyses were conducted based 

on λ–Cp curves and processed experimental results. 

3. FIGURES AND TABLES 

This section presents the figures of the experimental setup, 

blade geometries, measurement systems, and the structure 

of the obtained datasets. In addition, the table structure 

created under experimental conditions and the graphs used 

for performance analysis are explained. 

To improve the clarity of the experimental study, detailed 

visual representations of both system components and data 

processing steps are provided. 

 

 

Figure 6: NACA 4415 Airfoil Profiles 

 

 

Figure 7: NACA 6415 Airfoil Profiles 

 

The airfoil profiles used in the experiments were selected 

as NACA 4415 and NACA 6415. These profiles have 

different camber and lift characteristics, enabling a 

comparative performance analysis. 

 

Table 1: Experimental Test Cases 

Case Airfoil Angle of Attack 

1 NACA 4415 15° 

2 NACA 4415 30° 

3 NACA 6415 15° 

4 NACA 6415 30° 

 

Four different test cases were defined based on 

combinations of airfoil type and angle of attack. 

Experimental data were recorded in real time using a 

computer-based data acquisition system. Voltage, 

torque, and wind speed measurements were 

simultaneously monitored during the experiments. 

 

 

Figure 8: MODEL1-MODEL2 Tip Speed Ratio (Λ) 

– Power Coefficient (Cp) Curves 

 

 

Figure 9: MODEL3-MODEL4 Tip Speed Ratio (Λ) – 

Power Coefficient (Cp) Curves 

 

For each experimental case, the relationship between 

tip speed ratio (λ) and power coefficient (Cp) was 

plotted. These curves provide a comparative 

evaluation of the effects of airfoil type and angle of 

attack on turbine performance. 
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4. EQUATION 

It represents the circular area where the turbine rotor 

captures the wind. It is the fundamental geometric 

multiplier for power calculations. 

Cross-Sectional Area: 

A= πD^2/4 (1) 

the rotor diameter is as D= 300mm = 0.3m. 

A= πx0.3^2/4 = 0.070686 m^2 

It is essential to know this area to determine the mass flow 

rate passing through the total kinetic energy that can be 

harvested from the wind. 

Available Wind Power: 

This represents the total kinetic power capacity carried 

by the wind flow passing through the swept area of the 

turbine. 

Pwind= 1/2ρAV^3 (2) 

Parameters: 

ρ (Air Density) = 1.06 kg/m^3 

A (Cross-Sectional Area) = 0.070686 m^2 

V (Wind Speed) = 7.5 m/s 

Pwind= 0.5x1,06x0.070686x7.5^3=15.8049 W 

To establish the maximum theoretical input power to be 

taken as a reference for measuring the turbine's efficiency 

(CP). 

Angular Velocity: 

ω = 2πn/60 (3) 

Turbine Shaft Mechanical Power: 

This is the net mechanical power generated on the rotor 

shaft as a result of aerodynamic forces and transmitted to 

the generator. 

Pturbine = T ω (4) 

T: Torque measured at the rotor shaft 

ω: Calculated angular velocity 

It is used to directly calculate how much mechanical 

work/power the blade profile (4415 or 6415) and blade 

angle (15 or 30) can extract from the wind. 

Tip Speed Ratio: 

It is the ratio of the linear speed of the blade tip to the 

free-stream wind speed. It forms the horizontal axis 

of turbine performance analyses. 

λ = ωR/V (5) 

Parameters: 

ω = Angular velocity (rad/s) 

R= Rotor radius (R = D/2 = 

0.15m) V = Wind speed (7.5 m/s) 

It expresses how "fast" the turbine rotates as a 

dimensionless coefficient. This allows for the 

aerodynamic comparison of turbines at different 

scales. 

Power Coefficient: 

It is the dimensionless efficiency coefficient that ratios 

the power extracted by the turbine to the total available 

power of the wind. 

CP = Pturbine/Pwind (6) 

Expanded Formula: 

CP = T ω / 1/2ρAV^3 (7) 

It determines the aerodynamic performance limit of the 

turbine (how close it gets to the Betz Limit). It is the 

primary success criterion (the main output) of the 

system in fluid mechanics and wind energy studies. 

5. RESULTS & DISCUSSION 

The figure illustrates the relationship between tip speed 

ratio (λ) and power coefficient (Cp) for NACA 4415 and 

NACA 6415 airfoil profiles at 15° and 30° angles of 

attack. The results clearly indicate that both airfoil 

geometry and angle of attack have a significant influence 

on wind turbine performance. 

 

 

Figure 10: Tip Speed Ratio (Λ) – Power Coefficient 

(Cp) Curves 

 

Model 1 (NACA 4415 – 15°) exhibits the highest 

performance among all cases, with Cp increasing 

significantly as λ increases and reaching its maximum 

values at approximately λ ≈ 4. This indicates that this 

combination provides the most efficient operating range 

under the tested conditions. This indicates that at low 

angle of attack, the flow remains more attached and 

energy conversion occurs more efficiently 

Model 2 (NACA 4415 – 30°) shows the lowest 

performance, with limited Cp growth across the lower λ 

range. This suggests that increasing the angle of attack to 

30° for the NACA 4415 profile leads to increased flow 

separation and reduced aerodynamic efficiency. This 

shows that a high angle of attack increases flow 

separation on the NACA 4415 airfoil, thereby reducing 

efficiency. 

When the obtained results are evaluated physically: 
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• At low angles of attack, the flow remains 

more attached (attached flow) 

• At high angles of attack, stall behavior 

becomes dominant 

• While the NACA 4415 shows an earlier 

tendency to stall 

• The NACA 6415 provides a wider 

operating range 

In the literature, low and moderate angles of attack are 

generally preferred for small-scale HAWT applications 

because attached flow conditions can be maintained more 

effectively. In particular, Kaya (2021) reported that 

optimum aerodynamic performance for small wind 

turbine blades is generally achieved between 10° and 18° 

depending on blade geometry and Reynolds number 

conditions. Similarly, Gören (2023) stated that 

performance degradation becomes significant beyond 

approximately 20° due to flow separation and stall 

formation. The results obtained in the present study are 

consistent with these findings. 

At 30°, the boundary layer separation increases rapidly, 

reducing lift generation and increasing drag forces. 

Consequently, the turbine cannot maintain efficient 

rotational acceleration at higher λ values. 

This phenomenon is directly related to the “camber effect 

and lift slope variation” reported in the literature [8][9]. 

Recent studies have shown that airfoil selection directly 

affects angle-of-attack sensitivity, and that the optimum 

angle varies depending on the airfoil geometry. 

When evaluated from the λ-based aerodynamic 

perspective, the performance drop at high attack angles 

becomes more evident in the low-to-medium tip speed 

ratio region. The inability of Model 2 to achieve strong Cp 

growth beyond λ ≈ 2.5 demonstrates that aerodynamic 

losses dominate the rotor behavior under post-stall 

conditions. Similar aerodynamic tendencies were 

experimentally observed by Kaya et al. (2022), where high 

blade pitch angles caused significant decreases in turbine 

efficiency due to unstable flow structures. 

The experimental findings are in agreement with recent 

literature focusing on small-scale HAWT optimization 

studies. Particularly, studies published in YÖK National 

Thesis Center and DergiPark emphasize that blade profile 

geometry directly affects angle-of-attack sensitivity, 

optimum tip speed ratio range, and stall behavior 

characteristics. Therefore, the present study contributes 

experimentally to the literature by comparatively 

evaluating two commonly used NACA airfoil profiles 

under both efficient and post-stall operating regimes. 
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