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 The increasing demand for sustainable energy solutions has 

encouraged the development of renewable energy technologies that 

can be integrated into various applications, including transportation 

systems. Wind energy generated from vehicle-induced airflow 

represents an alternative energy source that remains underutilized 

due to complex aerodynamic characteristics and unstable flow 

conditions. This study aimed to optimize the aerodynamic 

performance of vehicle-mounted axial wind turbine blades by 

determining the most suitable angle of attack using Computational 

Fluid Dynamics (CFD) simulations. The research method involved 

numerical analysis using CFD software to evaluate the aerodynamic 

behavior of turbine blades under different angle-of-attack variations 

of 0°, 5°, 10°, 15°, and 20°. Performance evaluation was conducted 

based on the lift-to-drag ratio and velocity contour distribution to 

identify the optimal blade configuration. The results showed that the 

angle of attack significantly affected aerodynamic performance, 

with the 10° configuration producing the highest lift-to-drag ratio 

and the most favorable airflow characteristics. Higher angles of 

attack resulted in increased flow separation and aerodynamic losses, 

whereas lower angles produced insufficient lift generation. The 

optimized turbine design consisted of six blades with a rotor 

diameter of 0.35 m, demonstrating the potential application of 

vehicle-induced airflow energy harvesting systems. In conclusion, 

CFD-based optimization provided an effective approach for 

improving the performance of vehicle-mounted wind turbine blades 

and supported future development of renewable energy technologies 

for sustainable transportation applications. 

 

 

 

   

 

INTRODUCTION 

The increasing global energy demand has accelerated the development of efficient and 

sustainable renewable energy technologies (Emmanuel & Ngabala, 2026; Gyamfi et al., 

2025; Kumar & Rathore, 2023; Mohamed et al., 2024; Mohsin et al., 2022; Paramati et al., 

2022). Among various renewable energy sources, wind energy possesses significant potential 
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due to its wide availability and adaptability across different scales of power generation 

systems (Ahmed et al., 2024; Arabzadeh & Frank, 2024; Desalegn et al., 2022; Medina et al., 

2022; Roy et al., 2022). In recent years, wind turbine technology has continuously evolved 

through aerodynamic and structural optimization to improve energy conversion efficiency 

(Firoozi et al., 2024). In this context, parameters such as blade geometry, angle of attack, 

pressure distribution, and fluid flow characteristics are recognized as critical factors 

influencing wind turbine aerodynamic performance (Mansi & Aydin, 2022). 

Along with advancements in computational technologies, Computational Fluid 

Dynamics (CFD) has become one of the most widely adopted approaches for analyzing wind 

turbine aerodynamic characteristics in a detailed and efficient manner (Rajamohan et al., 

2022). Numerous studies have investigated the influence of blade geometry and angle-of-

attack variations on the lift and drag characteristics of wind turbines (Zhao et al., 2022). 

However, most existing studies have primarily focused on stationary wind turbines operating 

under relatively stable open-environment airflow conditions. 

Conversely, airflow generated by moving vehicles presents considerable potential as an 

alternative small-scale energy source that remains largely underutilized (Bouhentala et al., 

2025; Das et al., 2025; Moreno-Pacheco et al., 2024). The airflow characteristics surrounding 

moving vehicles are inherently dynamic and turbulent, requiring more comprehensive 

aerodynamic investigations (Douvi & Douvi, 2023). Although several studies have explored 

vehicle-based wind turbine concepts, investigations concerning the aerodynamic optimization 

of axial wind turbine blades utilizing vehicle-induced airflow through CFD approaches 

remain limited, particularly regarding the effects of angle-of-attack variations on lift and drag 

characteristics, pressure distribution, and flow behavior. 

The development of Computational Fluid Dynamics (CFD) has provided significant 

opportunities for analyzing complex aerodynamic phenomena in wind turbine systems. CFD 

enables researchers to simulate airflow characteristics, pressure distribution, velocity 

contours, turbulence behavior, and aerodynamic forces with high accuracy while reducing 

experimental costs. Studies conducted by Rajamohan et al. (2022) and Zhao et al. (2022) 

demonstrated that CFD approaches are effective tools for evaluating the influence of blade 

geometry and angle-of-attack variations on wind turbine performance. Through numerical 

simulations, researchers can identify optimal blade configurations and improve turbine 

efficiency under various operating conditions. However, most CFD-based wind turbine 

studies have focused on conventional stationary turbines operating under relatively stable 

atmospheric wind conditions. 

Despite significant progress in stationary wind turbine research, the utilization of 

airflow generated by moving vehicles remains an emerging and relatively unexplored 

research area. Transportation systems, particularly large vehicles such as trucks, generate 

substantial airflow during operation that contains kinetic energy potential. This airflow has 

traditionally been considered a source of aerodynamic drag rather than a potential renewable 

energy resource. However, with appropriate turbine design and aerodynamic optimization, 

vehicle-induced airflow could potentially be harvested to generate additional electrical energy 

for auxiliary vehicle systems. The aerodynamic characteristics surrounding moving vehicles 

are complex due to turbulence, fluctuating velocity, vehicle geometry, and environmental 
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conditions, making the development of vehicle-mounted wind turbines a challenging 

engineering problem (Douvi & Douvi, 2023). 

The primary challenge in developing vehicle-mounted axial wind turbines lies in 

achieving an optimal blade configuration capable of efficiently extracting energy from 

unstable airflow conditions. Unlike conventional wind turbines that operate under predictable 

wind directions and speeds, vehicle-mounted turbines experience rapidly changing airflow 

caused by vehicle speed variations, road conditions, and surrounding aerodynamic 

disturbances. Therefore, blade parameters such as the angle of attack must be carefully 

optimized to achieve an appropriate balance between lift generation and drag reduction. 

Existing research has investigated aerodynamic optimization of wind turbine blades; 

however, limited studies have examined axial wind turbines mounted on moving vehicles 

using CFD simulations to evaluate the relationship between angle-of-attack variations, lift-to-

drag ratio, and airflow characteristics. 

Several previous studies have investigated aerodynamic optimization methods for wind 

turbine blades. Zhao et al. (2022) examined aerodynamic performance variations of wind 

turbine blades under different angles of attack using CFD analysis and demonstrated that 

aerodynamic efficiency changes significantly depending on blade orientation. Similarly, 

Rajamohan et al. (2022) applied CFD-based optimization methods to horizontal-axis wind 

turbines and highlighted the importance of numerical simulations in improving blade 

performance. Afshari et al. (2023) combined CFD analysis with experimental investigations 

to evaluate airflow characteristics around NACA airfoil blades under different wind speeds 

and blade angles. Furthermore, Kasmaiee et al. (2024) investigated unsteady CFD 

simulations of rotor blades under varying wind conditions, emphasizing the importance of 

understanding dynamic airflow effects. Although these studies provide valuable insights into 

aerodynamic optimization, they primarily focus on stationary wind turbines rather than 

vehicle-mounted turbine applications. 

Based on previous studies, a research gap can be identified regarding the limited 

understanding of aerodynamic optimization strategies for vehicle-mounted axial wind turbine 

blades operating under vehicle-induced airflow conditions. Existing studies have not 

sufficiently addressed how variations in blade angle of attack influence aerodynamic 

efficiency when turbines are exposed to airflow generated by moving vehicles. Furthermore, 

limited research has investigated the relationship between CFD-generated velocity contours, 

lift-to-drag ratio, and optimal blade configurations specifically for mobile wind energy 

harvesting applications. Therefore, further investigation is required to develop an 

aerodynamic optimization framework suitable for vehicle-mounted wind turbines that can 

operate effectively under dynamic airflow conditions. 

The urgency of this research is associated with the increasing demand for innovative 

renewable energy solutions within the transportation sector. Transportation remains one of 

the largest contributors to global energy consumption and carbon emissions, creating a need 

for alternative technologies that improve energy efficiency. Vehicle-mounted wind turbines 

represent a potential approach for utilizing previously wasted aerodynamic energy generated 

during vehicle operation. Optimizing turbine blade performance is essential to ensure that 

harvested energy exceeds aerodynamic losses and provides practical benefits for vehicle 

auxiliary systems, such as battery charging, lighting, sensors, and communication equipment. 
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Therefore, research focusing on the aerodynamic optimization of vehicle-mounted turbines 

contributes to broader efforts toward sustainable transportation and renewable energy 

integration. 

The novelty of this study lies in applying a CFD-based aerodynamic optimization 

approach specifically for vehicle-mounted axial wind turbine blades by evaluating different 

blade angles of attack to determine the most efficient configuration. Unlike previous studies 

that have mainly focused on stationary turbines, this research investigates the aerodynamic 

behavior of turbine blades designed to utilize airflow generated by moving vehicles. The 

study evaluates aerodynamic performance based on lift-to-drag ratio and velocity distribution 

characteristics to identify the optimal blade configuration. The simulation evaluates angle-of-

attack variations of 0°, 5°, 10°, 15°, and 20° to determine the configuration that produces the 

highest aerodynamic efficiency. 

Therefore, this research aims to optimize the aerodynamic performance of vehicle-

mounted axial wind turbine blades using CFD simulations by analyzing the influence of 

angle-of-attack variations on airflow characteristics and lift-to-drag ratio. The research 

contributes theoretically by expanding knowledge regarding aerodynamic optimization of 

mobile wind energy harvesting systems and practically by providing a foundation for 

developing efficient vehicle-mounted renewable energy devices. The findings are expected to 

support future prototype development and experimental validation under real operating 

conditions. The optimized turbine design may provide opportunities for utilizing vehicle-

induced airflow as an alternative energy source, contributing to sustainable transportation 

technologies and reducing dependence on conventional electrical energy sources. 

 

METHOD 

The realization process of the proposed wind turbine design followed the research 

flowchart presented in Figure 5. First, the turbine specifications were determined, followed 

by the selection of an appropriate blade type for the wind turbine design. The selected blade 

design was then optimized through simulations using the Computational Fluid Dynamics 

(CFD) FLUENT software package. 

Based on the simulation results, the optimal blade dimensions for the designed wind 

turbine were determined. Subsequently, the dimensions of other turbine components, 

including the shaft, gears, casing, and supporting components, were established. After 

completing the component design, the parts were assembled into a functional wind turbine 

prototype for testing. The completed wind turbine was then tested to evaluate its 

performance, and the obtained data were analyzed to draw conclusions regarding the design 

effectiveness. Through this process, a movable wind turbine prototype was successfully 

developed. 

The blades of the movable wind turbine were manufactured from wood and consisted 

of six blades. The blades were covered with aluminum sheet metal to improve structural 

protection. The blade diameter was 0.35 m. The turbine developed in this study was classified 

as an axial-type movable wind turbine. 
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RESULTS AND DISCUSSION 

For optimazing the turbine blades in this research, the variables used are the angles of 

attack which will result in the highest lift/drag ratio. While other test parameters such as air 

pressure, wind speed and others are held constant. In this research the angles of attack are 

used ranging from (0, 5, 10, 15, and 20) degrees. To obtain the optimum size of blade is used 

package program Computational Fluid Dynamic “FLUENT”. 

The data of the tested results are shown in the figure 6 up to figure 11. The research 

result shows that the maximum wind speed that can be achieved by the wind turbine is 30.7 

m/s on the wind turbine truck cruising speed of 80 km/h. 

Results of the parametric optimization of blade are shown in figure 6. The angle of 

attack which gives the optimum size of blade is ten degrees. Consideration of the best angle 

of attack is based on the biggest ratio of the lift/drag force. 

Contours of velocity magnitude for angles of attack 0, 5, 10, 15, and 20, degrees 

respectively, are shown in the figure 1 up to figure 5. 

In inspecting the images which are shown in figure 3 up to figure 5, we observed that 

the best contours of velocity magnitude is figure 3 which give the angle of attack equal to ten 

degrees. 

 
Figure 1. Mobile Wind Turbine Design Process Flow Diagram 
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Figure 2. Relation between Lift/Drag ratio versus angle of attack of turbine wind blades 

 
Figure 3. Contours of velocity magnitude for turbine wind blade at different angles of 

attack (0° and 5°) 

 
Figure 4. Contours of velocity magnitude for turbine wind blade at an angle of attack of 

15° 
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Figure 5. Contours of velocity magnitude for turbine wind blade at an angle of attack of 

20° 

Lift-to-Drag Ratio Analysis 

Based on the CFD simulation results presented in Figure 6, the aerodynamic 

performance of the blade is strongly affected by the angle of attack. The lift-to-drag ratio 

(L/D), which is commonly used as an indicator of aerodynamic efficiency, shows a 

significant variation as the angle of attack changes from 0° to 20°. An increase in the angle of 

attack from 0° to 10° results in a progressive improvement in the L/D ratio, indicating a more 

favorable aerodynamic condition for energy extraction. 

At low angles of attack, namely 0° and 5°, the airflow interacts with the blade surface 

without generating a substantial pressure difference between the upper and lower surfaces of 

the airfoil. Consequently, the generated lift force remains relatively low, resulting in a lower 

lift-to-drag ratio. Although drag force is also relatively small in this region, the aerodynamic 

efficiency of the blade is still limited due to insufficient lift generation. 

The highest lift-to-drag ratio was obtained at an angle of attack of 10°, indicating the 

optimum aerodynamic configuration among all tested cases. This result suggests that the 

blade geometry at this angle is capable of producing a favorable balance between lift 

generation and drag reduction. The increased pressure difference around the blade surface 

contributes to higher lift forces while maintaining aerodynamic stability. Therefore, the 10° 

configuration provides the most effective condition for converting the kinetic energy of 

airflow into useful rotational energy. 

When the angle of attack was further increased to 15° and 20°, the lift-to-drag ratio 

decreased. This reduction indicates that the increase in drag force becomes more dominant 

than the increase in lift force. Higher blade inclination tends to disturb the airflow around the 

blade, reducing aerodynamic efficiency. Similar trends have been reported in aerodynamic 

studies of wind turbine airfoils, where excessive angles of attack result in increased flow 

disturbances and reduced aerodynamic performance. Therefore, the CFD results confirm that 
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an angle of attack of 10° represents the optimum operating condition for the proposed 

vehicle-mounted axial wind turbine blade. 

Velocity Contour Analysis 

The velocity contour distributions presented in Figures 7–11 provide further insight into 

the aerodynamic behavior of the blade under different angle-of-attack conditions. The 

contour plots illustrate the interaction between the incoming airflow and the blade surface, 

allowing the evaluation of flow acceleration and potential flow disturbances around the blade. 

For the 0° angle of attack, the velocity distribution remains relatively uniform around 

the blade profile. Only a limited acceleration of airflow can be observed on the upper surface 

of the blade, indicating a relatively small aerodynamic loading. As a result, the generated lift 

force is expected to be lower than that of the other tested configurations. 

At an angle of attack of 5°, the velocity contours indicate a stronger acceleration region 

over the blade surface. This condition suggests an increase in the pressure difference between 

the upper and lower surfaces of the blade, leading to improved lift generation. However, the 

aerodynamic performance has not yet reached its optimum level. 

The most favorable velocity distribution is observed at an angle of attack of 10°. The 

airflow accelerates smoothly along the blade surface and maintains a relatively stable flow 

pattern around the airfoil. Compared with the other configurations, the velocity contour at 

this angle exhibits the most balanced flow behavior, which is consistent with the highest lift-

to-drag ratio obtained from the CFD simulations. This result indicates that the blade operates 

under a highly efficient aerodynamic condition. 

For the 15° and 20° angle-of-attack configurations, the velocity contours exhibit 

increasingly complex flow patterns. Localized low-velocity regions and flow disturbances 

become more noticeable near the downstream side of the blade. These characteristics suggest 

the possibility of flow separation and increased turbulence intensity, which contribute to 

additional aerodynamic losses. Consequently, the aerodynamic efficiency decreases despite 

the larger blade inclination. 

Overall, the velocity contour analysis supports the lift-to-drag ratio results and confirms 

that the 10° angle of attack provides the most favorable aerodynamic characteristics among 

the investigated configurations. 

Engineering Implications for Vehicle-Mounted Applications 

The findings obtained in this study have important implications for the development of 

vehicle-mounted wind energy harvesting systems. Unlike conventional wind turbines that 

operate in relatively stable atmospheric conditions, the proposed turbine utilizes airflow 

generated by the motion of a moving vehicle. Therefore, achieving an optimal blade 

configuration is essential to maximize energy extraction while maintaining aerodynamic 

efficiency. 

The identification of a 10° optimum angle of attack demonstrates that proper blade 

design can significantly improve the capability of the turbine to convert vehicle-induced 

airflow into mechanical energy. A higher lift-to-drag ratio allows more effective utilization of 

the available airflow energy while minimizing aerodynamic losses. This characteristic is 

particularly important for mobile applications where the available airflow is directly related 

to vehicle speed and operating conditions. 
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Furthermore, the optimized blade configuration can contribute to improved power 

generation performance for auxiliary electrical systems installed on trucks and other large 

vehicles. The harvested energy may be utilized for battery charging, lighting systems, 

sensors, communication devices, or other low-power electrical loads. Such applications could 

reduce the dependence on conventional electrical power sources and support the 

implementation of sustainable transportation technologies. 

Despite the promising results obtained from the CFD simulations, several limitations 

should be acknowledged. The present study was conducted under a constant airflow velocity 

of 22 m/s and focused primarily on blade aerodynamic characteristics. In actual operating 

conditions, airflow around a moving vehicle is influenced by vehicle geometry, traffic 

conditions, crosswinds, and road environments. Therefore, future studies should incorporate 

transient CFD analyses and experimental validation using a full-scale prototype installed on a 

moving vehicle to obtain a more comprehensive assessment of system performance. 

 

CONCLUSIONS  

The results of this study demonstrate that Computational Fluid Dynamics (CFD)-based 

aerodynamic optimization is an effective approach for determining the optimal configuration 

of vehicle-mounted axial wind turbine blades. The simulation results indicate that variations 

in the angle of attack significantly influenced the aerodynamic performance of the turbine 

blades, as reflected by changes in the lift-to-drag ratio and velocity distribution 

characteristics. Among the tested configurations, an angle of attack of 10° produced the most 

favorable aerodynamic performance, providing the highest lift-to-drag ratio and the most 

stable airflow pattern compared with angles of 0°, 5°, 15°, and 20°. The optimized blade 

configuration, consisting of six blades with a rotor diameter of 0.35 m, demonstrated the 

potential for utilizing vehicle-induced airflow as an alternative energy source to support 

sustainable transportation systems. This research contributes to the development of mobile 

wind energy harvesting technology by providing an aerodynamic optimization framework for 

vehicle-mounted turbine applications. 

Future research should focus on validating the CFD simulation results through 

experimental testing using a physical prototype installed on an actual moving vehicle. Further 

investigations are also recommended to incorporate more complex operating conditions, 

including variations in vehicle speed, crosswind effects, transient airflow behavior, vehicle 

geometry influences, and real-world environmental conditions. In addition, future studies 

may evaluate the complete energy conversion performance of the system, including turbine 

rotational speed, electrical power generation, energy conversion efficiency, and the 

aerodynamic impact on vehicle fuel consumption. These improvements will provide a more 

comprehensive understanding of the practical feasibility of vehicle-mounted wind turbines 

and support their potential implementation as an innovative renewable energy technology in 

the transportation sector.. 
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