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Abstract 
This study delves into the dynamic pressure distribution across a horizontal wind turbine blade, employing numerical 

simulations to unravel its energetic flow intricacies. Our analysis uncovers distinct pressure peaks and suctions at various blade 

cross-sections, reflecting the interplay of airfoil design and relative velocity. Moreover, the investigation exposes nuanced 

variations across different planes, shedding light on the influence of blade geometry and operational conditions. This 

exploration underscores the importance of understanding dynamic pressure for optimizing blade design and enhancing wind 

turbine efficiency, thus contributing to sustainable energy generation.   
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1. Introduction 
 

The increasing global demand for clean and sustainable energy has propelled the exploration and utilization of renewable 

resources, with wind energy emerging as a prominent contender in this transition. Among the diverse array of wind 

turbines, horizontal axis wind turbines (HAWTs) have risen to prominence owing to their versatility and efficient power 

generation capabilities. This study delves into the intricate realm of HAWTs, scrutinizing their design principles, 

performance drivers, and technological advancements. 
A pivotal aspect of HAWT optimization lies in the aerodynamic design of rotor blades, which significantly 

influences energy capture. Researchers have conducted extensive studies on blade shapes, materials, and configurations 

to enhance performance and efficiency. Works by Hansen et al. [1] offer valuable insights into aerodynamic principles 

and innovative blade designs. Various factors, including wind speed, turbulence, and site-specific conditions, exert a 

profound influence on HAWT performance. Talavera et Al. [2] have explored the impact of these factors on efficiency 

and reliability, while Mahmoud et al. [3] and Ala et al. [4] have investigated advanced control strategies to optimize 
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turbine operation under diverse wind conditions. Continual technological advancements have driven the evolution of 

HAWTs, making them more efficient, reliable, and cost-effective.  
Studies by Teng et al. [5] highlight the development of innovative materials such as carbon fiber composites, while 

Thomas et al. [6] discussed the integration of smart technologies for enhanced predictive maintenance and performance 

optimization. A central focus of research revolves around the aerodynamic optimization of HAWT blades. Sharma et al. 

[7] explore the intricate relationship between blade design, wind speed, and power output, utilizing computational fluid 

dynamics (CFD) simulations for virtual testing and optimization. Other related CFD studies can be found in Ramesh et 

al. [8] research papers. 
Studies by Kusiak et. al. [9] and Gonzales et al. [10] focus on maximizing energy production and minimizing losses 

within wind farms, while Nyugen et al. [11] and Khamies et al. [12] explore advanced control algorithms and grid 

stability strategies. 
Exciting developments in HAWT technology include floating offshore wind farms, bio-composites, and hybrid 

renewable energy systems, all aimed at improving efficiency and adaptability. Environmental and social impacts are 

also under scrutiny, with studies by Erickson et al. [13] assessing visual and ecological concerns. This paper aims to 

comprehensively analyze dynamic pressure distribution around HAWT blades, shedding light on the distinctive flow 

dynamics underlying their operation. By elucidating the potential and challenges associated with HAWTs, this study 

contributes to efforts aimed at optimizing blade design, overcoming performance hurdles, and integrating advanced 

technologies. Ultimately, it underscores the crucial role of HAWTs in addressing the global demand for clean and 

sustainable energy solutions. 
 

2. Computational Technique 
 

In this investigation, a three-bladed horizontal wind turbine design with specific blade geometry and airfoil sections is 

considered. The blade undergoes a transition from a cylindrical form near the hub to incorporate distinct airfoils at 

different sections along its span. The computational approach involves the utilization of SolidWorks for blade modeling 

and Ansys for meshing and flow domain discretization. The resulting mesh structure exhibits favorable quality metrics, 

ensuring accurate simulation outcomes. 
The boisterous wind cascades in the direction opposing the positive z-axis, as illustrated in the above diagram 

depicting the blade's orientation in Fig. 1, characterized by a velocity of 12 m/s—a standard wind speed for a turbine of 

this magnitude. Envisioning the incoming flow as the maestro, It directs the blade's graceful revolution with an angular 

velocity of -2.22 rad/s around the z-axis. The three-dimensional model, crafted for computational efficiency, deliberately 

omits the inclusion of the hub to alleviate numerical intricacies, allowing the problem to unfold with a touch of 

simplicity. Additionally, to keep the study resource-friendly, a single blade is selected for this particular simulation. 
The Table 1 displays the geometry arrangement chosen for the investigation. The three-dimensional model of the 

turbine blade is designed with the help of SolidWorks modeling software using the parameters mentioned in Table 1. 

After that, the blade model was imported to the geometry module of Ansys. Then, after importing the geometry to the 

Ansys, it was transferred to the meshing component in order to discretize the flow domain. A denser mesh structure 

formed in close proximity to the blade structure utilizing the inflation layer (Fig 3). The domain consists of 75675 

numbers of modes and 378543 numbers of elements. The average skewness and average orthogonal quality were found 

to be 0.28 and 0.76, respectively, which indicate that the mesh quality is well within acceptable limits. 
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Fig. 1 Three-dimensional model of wind turbine blade 

Table 1. Blade geometry 

 
 

Element r/R Twist ° C/R Airfoil 
1 0.075 42 0.0614 

S818 

2 0.125 32 0.06826 
3 0.175 23 0.07452 
4 0.225 15 0.07782 
5 0.275 11.5 0.07543 
6 0.325 8.2 0.07188 
7 0.375 7 0.06832 
8 0.425 6 0.06479 
9 0.475 5 0.06126 

S825 

10 0.525 4 0.05771 
11 0.575 4.15 0.05415 
12 0.625 3.85 0.05062 
13 0.675 3.25 0.04707 
14 0.725 2.75 0.0436 
15 0.775 1.25 0.04024 
16 0.825 0.75 0.03704 
17 0.875 0.55 0.03385 

S826 18 0.925 0.85 0.03066 
19 0.975 0.05 0.02747 
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Fig. 2 Cut section view of mesh near blade surface 

3. Results and discussions 
 

In the grand ballet of fluids, a hidden partner joins the waltz of pressure – dynamic pressure. Unlike its static counterpart, 

a constant presence pressing against surfaces, dynamic pressure is the energetic dancer, a manifestation of the fluid's 

motion. It carries the kinetic energy within its swirling steps, dictating the interplay between velocity and pressure in a 

mesmerizing flow choreography. Imagine a river rushing downstream. The faster the water flows, the more energy it 

carries. This kinetic energy isn't just a theoretical concept; it translates into an increase in dynamic pressure. Deeper into 

the river, where the flow slows, the dynamic pressure dips, showcasing the intimate relationship between velocity and 

its energetic signature. Dynamic pressure plays a crucial role in shaping the behavior of fluids in fascinating ways. It 

drives phenomena like Bernoulli's principle, where an increase in velocity leads to a decrease in pressure, explaining 

the lift generated by airplane wings. It also governs the force generated by jets in jet engines, where high-velocity fluids 

create significant dynamic pressure, propelling the engine forward. The significance of dynamic pressure becomes 

particularly evident in the world of wind turbine blades. As the blades spin, they interact with the flowing air, creating 

complex dynamic pressure distributions across their surfaces. Understanding these distributions is crucial for optimizing 

turbine performance. 
At the blade tip, where the wind speed is highest, dynamic pressure peaks due to the increased flow velocity. This 

high pressure contributes to lift generation, propelling the blade forward and driving the turbine's rotation. However, it 

can also lead to the formation of tip vortices, swirling regions of low pressure that can cause unwanted noise and reduce 

efficiency. Moving towards the root of the blade, the wind speed and, consequently, the dynamic pressure decrease. This 

translates to a decrease in lift generation but also reduces the intensity of tip vortices. By analyzing the dynamic pressure 

distribution across different cross-sections, engineers can optimize blade design to maximize lift while minimizing 

unwanted effects like noise and vibrations. 
Furthermore, studying dynamic pressure in conjunction with static pressure can offer deeper insights into the flow 

behavior around the blade. The total pressure, the sum of dynamic and static pressure, remains constant along a 

streamline (except for energy losses due to friction). Analyzing the variations in total pressure along different streamlines 

can reveal flow separation, boundary layer characteristics, and other crucial aspects of wind turbine aerodynamics. In 

conclusion, dynamic pressure is not just a mathematical abstraction; it is the energetic partner in the flow's ballet, 
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carrying the kinetic energy and influencing the behavior of fluids in profound ways. By understanding its significance, 

we can unlock the secrets of efficient wind turbine design, harness the power of flowing air, and generate clean energy 

with greater precision and control. As we delve deeper into the intricate dance of dynamic pressure, we pave the way 

for a future powered by a deeper understanding of the fluid world around us. 

 

Fig. 3 Contour plot 1 of Dynamic Pressure at Different Sectional Plane along Span of Blade 
 

All four planes exhibit a prominent dynamic pressure peak near the leading edge of the blade tip. This is expected 

behavior due to the higher relative velocity experienced by the tip, leading to an increase in kinetic energy and, 

consequently, dynamic pressure. All planes also show a significant suction peak (negative dynamic pressure) on the 

backside of the airfoil, particularly towards the tip. This suction area corresponds to the low-pressure region generated 

by the airfoil's shape and contributes to lift generation. 

 

Fig. 4 Contour plot 2 of Dynamic Pressure at Different Sectional Plane along Span of Blade 

The intensity of both pressure and suction peaks decreases as we move from the tip towards the root. This is because the 

relative velocity and lift generation decrease along the blade's span. There are subtle differences in the dynamic pressure 

distribution patterns across the different planes. For instance, the 15-meter plane appears to have a more pronounced pressure 

peak at the tip compared to the others. This suggests the influence of additional factors beyond simple location on the blade. 
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The dynamic pressure distribution suggests potential tip vortex formation, particularly at the 15-meter plane. Further 

investigation into the velocity field and vorticity around the tip is crucial for understanding and mitigating this phenomenon. 

Analyzing the dynamic pressure distribution in conjunction with static pressure and lift/drag coefficients can offer insights 

into the overall aerodynamic forces and torque generated by the blade. This information is crucial for optimizing blade design 

and turbine performance. Analyzing the dynamic pressure distribution under different wind speeds and turbulence conditions 

would provide a more comprehensive understanding of the blade's performance across diverse operational scenarios. 

Investigating the distribution of dynamic pressure on the pressure and suction sides separately could offer deeper insights into 

the lift and drag generation mechanisms, potentially informing strategies for noise reduction. 
By delving deeper into these aspects, we can gain a more nuanced understanding of the dynamic pressure distribution on 

the wind turbine blade and its impact on performance. This knowledge can contribute to the development of more efficient 

and optimized wind turbine designs, driving cleaner and more sustainable energy generation. 

4. Conclusions 
 

The observed dynamic pressure distribution on the wind turbine blade highlights the crucial role of kinetic energy in 

shaping flow characteristics and influencing performance. The prominent pressure peak at the tip signifies efficient lift 

generation, while the suction peak on the backside underscores the importance of airfoil design. However, subtle 

variations across the planes and the presence of potential tip vortices indicate the need for further investigation into 

blade geometry and operational conditions to optimize performance and minimize unwanted effects. By 

comprehensively understanding and harnessing the power of dynamic pressure distribution, we can design more 

efficient wind turbines, paving the way for a cleaner and more sustainable future. 
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