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ABSTRACT 

Unmanned Aerial Vehicles (UAVs) are becoming an essential part of modern industries, from 

aerial surveillance and package delivery to agricultural monitoring. However, one of the biggest 

challenges in UAV design is the noise generated by their propellers, which can be disruptive in 

urban areas and military operations. At the same time, improving energy efficiency is crucial for 

extending flight time, especially for battery-powered UAVs. This study explores an innovative 

approach to optimizing UAV propeller design to reduce noise and enhance aerodynamic efficiency 

using a combination of Computational Fluid Dynamics (CFD), Blade Element Momentum Theory 

(BEMT), and Genetic Algorithm (GA)-based optimization. 

By applying GA-driven optimization, this research fine-tunes key propeller parameters, including 

chord length to maximize efficiency while minimizing energy consumption. CFD simulations 

using ANSYS Fluent help analyze airflow, vortex formations, and noise sources, while the 

Ffowcs-Williams/Hawkings (FW-H) model predicts aeroacoustic behavior. To validate these 

computational results, 3D-printed versions of the optimized and baseline propellers were 

experimentally tested for thrust, torque, power usage, and noise levels. 

The findings show that the optimized propeller achieves a 4-5% improvement in thrust-to-torque 

ratio, meaning it generates the same thrust while using less power. Additionally, tonal noise at the 

Blade Passing Frequency (BPF) is reduced by 1.5-2 dB, making the UAV quieter without 

sacrificing performance. These results demonstrate that small design changes, such as blade tip 

modifications, can significantly enhance UAV efficiency and noise control, leading to longer flight 

times and greater acceptance in noise-sensitive environments. 
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CHAPTER 1: INTRODUCTION 

1.1 Research Background 

Unmanned Aerial Vehicles (UAVs) have become a transformative technology, with applications 

spanning military, commercial, and industrial sectors. Their ability to perform tasks such as 

surveillance, infrastructure inspection, and short-distance delivery with high maneuverability and 

rapid deployment has driven their widespread adoption [1]-[2]. The global UAV market, valued 

at $26.9 billion in 2022, is projected to grow at a compound annual growth rate (CAGR) of 17.4% 

from 2023 to 2030, driven by advancements in sensing, control technologies, and increasing 

demand for efficient aerial solutions [3]. 

The performance of UAVs is heavily influenced by their propulsion systems, particularly the 

propellers, which determine thrust, drag, power efficiency, and noise levels [4]. For electric-

powered UAVs, energy efficiency is critical due to the limitations of battery capacity, which 

directly impacts flight duration and operational effectiveness [5]. Optimizing propeller design to 

maximize thrust while minimizing energy consumption is essential for extending flight times and 

improving overall performance [6]. 

Recent advancements in computational techniques, such as Computational Fluid Dynamics (CFD) 

and Blade Element Momentum Theory (BEMT), have enabled the analysis and optimization of 

propeller designs. These tools allow for the exploration of various blade shapes, pitch angles, and 

chord distributions to achieve higher aerodynamic efficiency [7]-[8]. Additionally, optimization 

algorithms like Genetic Algorithms (GA) have proven effective in refining propeller geometry to 

balance performance metrics such as thrust, torque, and noise [9]. However, UAV propellers also 

face challenges related to noise generation, particularly in urban environments and military 

applications. Propeller noise, often exceeding 60-80 dB at close range, can disrupt operations and 

pose regulatory challenges [11]. Addressing these issues without compromising aerodynamic 

performance is crucial for expanding UAV applications in noise-sensitive areas [12]-[13]. 

This research focuses on optimizing UAV propeller design to improve aerodynamic efficiency and 

reduce noise emissions through a combination of GA-based optimization, CFD simulations, and 

experimental validation. By combining these tools, the study aims to develop propellers that 
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enhance UAV performance while addressing the growing demand for quieter and more efficient 

aerial vehicles. 

1.2 Problem Statement and Significance 

Despite significant advancements in UAV technology, improving the energy efficiency and noise 

levels of UAV propellers remains a critical challenge. Propeller geometry directly influences 

thrust, drag, power consumption, and noise emissions, making it a key factor in UAV performance 

[4], [14]. Optimizing these properties can enhance thrust generation while reducing energy 

consumption, which is especially crucial for electric-powered UAVs where battery life is a limiting 

factor [5], [15]. 

Noise generation is another major limitation, particularly for UAVs operating in urban 

environments or military surveillance missions. Excessive noise can compromise mission success, 

pose regulatory challenges, and hinder public acceptance [16]-[17]. Propeller noise primarily 

arises from turbulent flow interactions at the trailing edge and tip, as well as blade vortex 

interactions [18]. Reducing noise without compromising aerodynamic performance is essential for 

expanding UAV applications in noise-sensitive areas [19]-[21]. 

This study addresses these challenges by combining Genetic Algorithm (GA)-based aerodynamic 

optimization with passive noise mitigation techniques, such as tip modifications. The research 

aims to develop UAV propeller designs that improve thrust output and efficiency while minimizing 

noise, enabling better performance in noise-restricted environments. By leveraging CFD 

simulations and experimental validation, this study provides a comprehensive framework for 

optimizing UAV propellers, enhancing their energy efficiency and noise control capabilities. 

The significance of this research is underscored by the following factors: 

 Growing Demand for Efficient UAVs: The increasing use of UAVs in commercial and 

industrial applications, such as delivery services and agricultural monitoring, necessitates 

more efficient propulsion systems. For example, a 10% improvement in propeller 

efficiency can lead to a 15-20% increase in flight time for battery-powered UAVs [23]. 

 Noise Reduction for Urban Integration: Noise pollution is a major barrier to the widespread 

adoption of UAVs in urban areas. Quieter propellers are essential for regulatory 
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compliance and public acceptance, particularly for applications like drone delivery and 

urban surveillance [22]. 

 Technological Advancements: The availability of advanced computational tools (e.g., 

CFD, BEMT) and optimization algorithms (e.g., genetic algorithms) enables the 

exploration of novel propeller designs. Additionally, 3D printing technology allows for 

rapid prototyping and experimental validation of optimized designs [24, 25]. 

 Real-World Impact: Improved propeller designs can have a significant impact on industries 

such as agriculture, where UAVs are used for crop monitoring and spraying. For example, 

a 20% increase in propeller efficiency could reduce operational costs by $1-2 per acre for 

agricultural drones [28]. 

1.3 Objectives 

1. Develop a Genetic Algorithm using BEMT to optimize blade twist, chord length, and 

airfoil shape for maximum efficiency. 

2. Use CFD to analyze flow, thrust, and power, and compare results with BEMT 

predictions. 

3. 3D print optimized and baseline propellers, then test thrust, power, and noise 

experimentally. 

4. Compare optimized propellers with APC 8045 to quantify efficiency and noise 

improvements. 

1.4 Organization of the Report 

This report is organized into six chapters: 

Chapter 1: Introduction: Provides the research background, problem statement, significance, and 

objectives of the study. 

Chapter 2: Literature Review: Reviews existing research on UAV propeller design, aerodynamic 

optimization, and noise reduction techniques. 

Chapter 3: Theoretical Background: Discusses the theoretical foundations of aerodynamics, Blade 

Element Momentum Theory (BEMT), and Computational Fluid Dynamics (CFD) used in this 

study. 

Chapter 4: Methodology: Describes the research methodology, including the genetic algorithm 

optimization process, CFD simulations, model validation and experimental setup. 
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Chapter 5: Results and Discussion: Presents the findings of the study, including aerodynamic 

performance, noise reduction. 

Chapter 6: Conclusion and Recommendations: Summarizes the key findings, contributions, and 

limitations of the study, and provides recommendations for future work. 

1.5 Limitations of the Report 

While this study provides valuable insights into the optimization of UAV propellers, it has certain 

limitations: 

1. Scope of Tip Modifications: The study focused on specific tip modifications for noise 

reduction. Future work could explore a wider range of geometric changes to further 

improve aerodynamic efficiency and noise reduction. 

2. Experimental Constraints: The experimental validation was conducted in a controlled 

environment. Real-world conditions, such as wind gusts and turbulence, were not fully 

replicated, which may affect the generalizability of the results. 

3. Material Limitations: The 3D-printed propellers were made from PLA+ filament, which 

may not fully represent the performance of propellers made from advanced materials like 

carbon fiber composites. 

4. Computational Resources: The CFD simulations were limited by computational resources, 

which restricted the mesh resolution and simulation time. Higher-fidelity simulations could 

provide more detailed insights into flow dynamics and noise generation. 

5. Structural Analysis: The study did not consider the structural implications of the optimized 

designs, such as vibration and fatigue. Future work could incorporate structural analysis to 

ensure the durability and reliability of the propellers. 
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CHAPTER 2: LITRATURE REVIEW 

2.1 Literature Survey 

The design of UAV propellers has seen rapid progress in recent years, with researchers focusing 

on improving aerodynamic efficiency, optimizing geometry, and reducing noise. Fundamental 

modeling approaches like Blade Element Theory (BET) and Blade Element Momentum Theory 

(BEMT) have been widely used to understand how factors such as blade pitch, diameter, curvature, 

and angle of attack influence overall performance. These methods offer valuable insights into how 

propellers generate thrust and respond to different operating conditions [4]-[5]. 

Beyond the basics, many studies have explored innovative design tweaks to enhance propeller 

performance. For instance, introducing sinusoidal leading edges or serrated trailing edges has 

shown promise in boosting lift and delaying stall, while also helping to manage noise levels [6]-

[7]. These design ideas can now be tested and refined more easily and cost-effectively than before 

[8]. 

Optimization has also become a major focus, especially with the help of algorithms like Genetic 

Algorithms (GA), Particle Swarm Optimization (PSO), and Differential Evolution (DE) [9]. These 

methods are being used to fine-tune blade geometry, improve motor-propeller integration, and 

push the limits of aerodynamic performance [10]. Some frameworks even combine these 

algorithms with theoretical models and simulation tools to create more comprehensive design 

solutions [11]. 

Noise reduction, a key concern for UAVs operating in urban or sensitive areas, has also been 

addressed through both numerical simulations and experimental testing [12]. Techniques like 

trailing-edge serrations and winglet modifications have been shown to effectively cut down on 

broadband and tonal noise, all while preserving or even improving aerodynamic performance [13]-

[14]. 

These studies highlight the importance of a well-rounded design approach—one that balances 

aerodynamic efficiency, structural considerations, and acoustic performance. As UAV 

applications continue to grow, these integrated strategies will play a crucial role in developing 

quieter, more capable, and more efficient systems. 
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CHAPTER 3: THEORETICAL BACKGROUND 

Aerodynamics is the fundamental study of understanding how air moves around an object, and of 

course, such studies are especially important to UAV propeller design. The performance of an 

aircraft or UAV is decided by forces like lift, drag, thrust and weight. These forces are calculated 

based on fluid dynamics, the principle of which is that air behaves like the continuum medium 

where the properties such as velocity, pressure, and density vary smoothly all over the space and 

time. 

Normally three fundamental conservation principles are used for analyzing the aerodynamic 

performance. 

1. Conservation of Mass (Continuity Equation) 

2. Conservation of Momentum (Newton’s Second Law) 

3. Conservation of Energy (First Law of Thermodynamics) 

3.1 Conservation of Mass (Continuity Equation) 

The continuity equation ensures that mass is neither created nor destroyed in a flow field. This 

principle states that the mass flow rate remains constant along a streamline: 

 𝑚̇ = 𝜌𝐴𝑉 (1) 

Where: 

m˙ = mass flow rate 

ρ = fluid density 

A = cross-sectional area 

V = velocity of airflow 

Differential Form, ∇ ∙ (𝜌𝐕) = 0    (2) 

This principle is crucial for analyzing UAV propeller airflow, as it determines how air is 

accelerated through the propeller disk. 
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3.2 Conservation of Momentum  

This principle, derived from Newton's Second Law, states that any change in momentum within a 

fluid flow is due to external forces. These forces can be surface forces, such as frictional (viscous) 

forces, or body forces, such as gravitational effects. The momentum conservation law can be 

expressed either as a vector equation or as three separate scalar equations representing the 

components along the x, y, and z directions: 

 
𝜌

𝐷𝑢

𝐷𝑡
= −

𝜕𝑝

𝜕𝑥
  (3) 

 
𝜌

𝐷𝑣

𝐷𝑡
= −

𝜕𝑝

𝜕𝑦
  (4) 

 
𝜌

𝐷𝑤

𝐷𝑡
= −

𝜕𝑝

𝜕𝑧
  (5) 

Where, 𝜌 is the fluid density, 𝑝 is the pressure, 𝑢, 𝑣, 𝑤 are the velocity components in the x, y, and 

z directions, respectively. 

3.3 Conservation of Energy 

According to the First Law of Thermodynamics, energy cannot be created or destroyed in a flow 

field. Instead, any variation in energy within a given control volume results from either heat 

transfer or work done on or by the fluid. This principle is mathematically expressed as: 

 
𝜌

𝐷(𝑒 + 𝑉2/2)

𝐷𝑡
= 𝜌𝑞̇ − ∇ ∙ (𝜌𝐕) (6) 

Where: 

 e represents the internal energy per unit volume, 

 V is the velocity of the fluid element, 

 q˙ is the volumetric heat addition rate, 

 D/Dt is the total (material) derivative, given by 

𝐷

𝐷𝑡
=

𝜕

𝜕𝑡
+ (𝐕 ∙ ∇) 

This equation accounts for both local changes in energy over time and convective changes due to 

fluid motion. 



8 

 

3.4 Aerodynamic Forces  

Many forces act on bodies submerged in air, these are called aerodynamic forces e.g. lift, drag, 

thrust, etc. Among these forces, we will focus on lift and drag. To give visual representation a 

figure 1 is added- 

 

Figure 1: Aerodynamic Forces Acting on a UAV [22]. 

3.4.1 Lift Force 

A fluid flowing around an object exerts a force on it. Lift is the component of this force that is 

perpendicular to the oncoming flow direction [23]. 

Lift,  

 
𝐿 =

1

2
𝐶𝑙𝜌𝐴𝑉2 (7) 

Or, 
𝐿 =

1

2
𝐶𝑙𝜌𝐶𝑏𝑉2 (8) 

Here, 𝐿 is lift force on the blade; 𝐶𝑙 is the coefficient of lift; 𝜌 is the density of the fluid; 𝐴 is the 

area of the blade 𝐶 times 𝑏, where 𝐶 is the chord and 𝑏 is the span; 𝑉 is the velocity of incoming 

air; and 𝛼 is the angle of attack. 

 



9 

 

3.4.2 Drag Force 

Aerodynamic drag force is defined as the force that is faced by the vehicle as it moves through the 

air [24]. 

Drag, 

 
𝐷 =

1

2
𝐶𝑑𝜌𝐴𝑉2 (9) 

Or, 
𝐷 =

1

2
𝐶𝑑𝜌𝐶𝑏𝑉2 (10) 

Here, 𝐷 is drag force on the blade; 𝐶𝑑 is the coefficient of drag; 𝜌 is the density of the fluid; 𝐴 is 

the area of the blade 𝐶 times 𝑏, where 𝐶 is the chord and 𝑏 is the span; 𝑉 is the velocity of incoming 

air; and 𝛼 is the angle of attack. 

3.4.3 Coefficient of Lift  

The coefficient of lift is a non-dimensional number associated with lift force. It is an experimental 

value, and it is a function of the angle of attack for a given shape. 

Coefficient of Lift, 

 
𝐶𝑙 =

𝐿

1
2 𝜌𝐴𝑉2

 (11) 

Or, 
𝐶𝑙 =

𝐿

1
2 𝜌𝐶𝑏𝑉2

 (12) 

3.4.4 Coefficient of Drag 

 The coefficient of drag is a non-dimensional number associated with drag force. It is an 

experimental value, and it is a function of th-e angle of attack for a given shape. 

Coefficient of Drag, 

 
𝐶𝑑 =

𝐷

1
2 𝜌𝐴𝑉2

 (13) 

Or, 
𝐶𝑑 =

𝐷

1
2 𝜌𝐶𝑏𝑉2

 (14) 
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These forces contribute to the overall thrust and torque produced by the propeller. The torque is 

required to overcome the resistive drag, and it plays a key role in power consumption. As 

modifications like serrations and tip reductions are applied, changes in these aerodynamic forces 

must be evaluated to ensure that thrust is not compromised. 

3.4.5 Blade Element Momentum Theory for UAV Propeller Analysis 

BEMT is a fundamental method for predicting the aerodynamic performance of propellers by 

combining BET and Momentum Theory. BET divides the propeller blade into multiple small 

segments (or elements), treating each element as an independent airfoil and analyzing the 

aerodynamic forces acting on it. Momentum Theory, on the other hand, provides a global view of 

how the propeller affects the surrounding airflow by considering conservation of momentum. By 

integrating these two approaches, BEMT allows for the calculation of thrust, torque, and power 

requirements, which are essential for optimizing UAV propulsion systems. Figure 2 shows the 

propeller different section to calculate BET. 

 

Figure 2: Different section for analyzing BEMT [25]. 

Theoretical Foundation of BEMT 

A UAV propeller consists of multiple rotating blades, each of which experiences different 

aerodynamic forces along its length. The performance of the propeller is determined by the 

combined contributions of all blade elements. 
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The parameters, velocities, and forces of a blade element are shown in Figure 3, where Vup is the 

speed at which the drone takes off vertically, Vi is the induced velocity, Ω·r is the linear velocity 

of the blade element at the position where the radius is r, at the axis of the propeller, r = 0, the 

linear velocity is 0, and the tip of the propeller is r = R, the linear velocity is Ω·R, where Ω is the 

rotor angular velocity and R is the propeller radius, W is the relative air velocity, α is the angle of 

attack, φ is the pitch angle, and ε is the inflow angle. 

 

Figure 3: Parameters, Velocities, and Forces of a Blade Element [26]. 

Relative Velocity of a Blade Element 

Each blade element moves through the air with a combination of axial velocity caused by UAV 

motion and induced airflow and tangential velocity caused by the propeller’s rotation. The 

velocity W at a blade element is given by: 

𝑊 =  (𝑉𝑢𝑝 +  𝑉𝑖) +  Ω𝑟 (15) 

Where: 

 𝑉𝑢𝑝 = Vertical velocity of the UAV during takeoff 

 𝑉𝑖 = Induced velocity due to the propeller’s airflow 

 Ω = Angular velocity of the propeller (rad/s) 

 𝑟 = Radial distance of the blade element from the center of rotation 
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The inflow angle ε of the airflow at the blade element is determined by: 

ε = tan−1 (
(𝑉𝑢𝑝 +  𝑉𝑖

Ω𝑟
) 

(16) 

This inflow angle affects the local angle of attack α and, consequently, the aerodynamic forces 

generated by the blade. 

Aerodynamic Forces on a Blade Element 

Aerodynamic performance mainly refers to the lift, resistance, and power generated by the blade 

during the working process. The coefficient of lift and drag, Cl and Cd, are needed to calculate the 

lift and drag generated by blades according to blade element momentum theory. 

𝐶𝑙 =
𝑌

1
2 𝜌𝑊2𝑆

 
(17) 

𝐶𝑑 =
𝑋

1
2 𝜌𝑊2𝑆

 
(18) 

Where: 

 ρ = air density 

 W = local relative velocity at the blade element 

 𝐶𝑙 = lift coefficient of the airfoil 

 𝐶𝑑 = drag coefficient of the airfoil 

 X = airfoil drag 

 Y= airfoil lift 

 S = elemental blade area 

S can be calculated according to 

𝑆 = 𝑏 ∙ ∆𝑟 (19) 
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Where b is the length of the chord and Δr is the length of the blade element. Cl and Cd are 

determined for the lift and resistance curves, respectively, according to α and the Reynolds 

number, Re: 

𝑅𝑒 =
𝜌𝑣𝑓𝑙

𝜇
 

(20) 

Where vf is the freestream velocity, μ is the kinetic viscosity, and l is the characteristic dimension, 

which is usually defined as either local chord length or chord length at 75% of radius. Therefore, 

the differential lift of the element, dY, and drag of the element, dX, can be calculated as- 

𝑑𝑌 =  (
1

2
𝜌𝑊2𝐶𝑙𝑏) 𝑑𝑟 

(21) 

𝑑𝑋 =  (
1

2
𝜌𝑊2𝐶𝑑𝑏) 𝑑𝑟 

(22) 

These aerodynamic forces act at an angle, contributing to both thrust (T) along the rotation axis 

and torque (Q), which resists the rotation of the propeller. The differential contributions to thrust 

and torque from each blade element are:  

𝑑𝑇 =  cos(ε)𝑑𝑌 − sin(ε)𝑑𝑋 (23) 

𝑑𝑄 =  sin(ε)𝑑𝑌 + cos(ε)𝑑𝑋 (24) 

Where, ε is the inflow angle. 

The total thrust and torque of the propeller are obtained by integrating over all blade elements 

along the radius: 

𝑇 =  ∫ 𝑑𝑇
𝑟𝑡𝑖𝑝

𝑟𝑜

 
(25) 

𝑄 = ∫ 𝑑𝑄
𝑟𝑡𝑖𝑝

𝑟𝑜

 
(26) 

Where ro is the root radius (inner section of the blade) and rtip is the tip radius of the blade. 
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3.4.6 Thrust and Torque Relationship in UAV Propellers 

Thrust and torque in UAV propellers are directly related through aerodynamic efficiency and 

power consumption. The torque Q  required to rotate a propeller is given by:  

Q = ∫ 𝑟𝑑𝐷
𝑅𝑡𝑖𝑝

𝑅𝑖
 (27) 

Where, 𝑅𝑖 and 𝑅𝑡𝑖𝑝 are the inner and outer radius of the propeller, respectively. This equation 

shows that increasing the drag on the blades leads to a higher torque requirement, which in turn 

increases power consumption. To optimize UAV efficiency, a balance must be maintained 

between thrust generation and torque requirements. 

3.5 Noise Sources in UAV Propellers 

Propeller noise is composed of tonal and broadband components. Sources of propeller 

aerodynamic noise are shown in Fig. 4 and 5 shows noise classifications of propeller and UAVs 

total noise sources. 

h  

Figure 4: Propeller Noise Classification [29]. 
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Figure 5: UAV Noise Sources [29]. 

The greatest noise, in terms of directivity, is in the propeller plane. The basic frequency f1 or fBPF 

(Blade Pass Frequency), is the product of the propeller rotational speed and the number of propeller 

blades [27]: 

f1 = fBPF = 
𝑁𝑟𝑝𝑚 ∙𝑁𝑏

60
 

(28) 

Where, fBPF is the basic frequency of tonal propeller component, Nrpm is the propeller rotational 

speed, harmonics fn = N∙f1, and Nb is the number of propeller blades. In fig 6, the tonal 

components contain basic frequency f1 and its harmonics fn with spectral components has shown. 

 

Figure 6: Tonal Components and Spectral Analysis of UAV Propeller [26]. 
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3.6 Boundary Layer Separation and Noise Generation in UAV Propellers 

Boundary layer separation plays a critical role in UAV propeller noise generation, particularly in 

trailing edge noise and vortex shedding. When airflow over a propeller blade fails to remain 

attached to the surface due to adverse pressure gradients, it leads to turbulent wake formation, 

significantly increasing aero acoustic emissions. 

3.6.1 Boundary Layer and Separation Mechanism 

The boundary layer is the thin layer of air near the surface of a propeller blade where viscous forces 

dominate. It can be classified into: 

 Laminar boundary layer: Smooth, orderly flow with minimal energy dissipation. 

 Turbulent boundary layer: Chaotic, high-energy flow with increased skin friction. 

3.6.2 Flow Separation Condition 

Boundary layer separation occurs when adverse pressure gradients (APG) cause the airflow to 

reverse direction, detaching from the blade surface. The separation point is determined by: 

𝑑𝑢

𝑑𝑦
= 0 

(29) 

Where u is the flow velocity parallel to the surface, and y is the distance from the surface. 

Figure 7 shows the flow separation region of the propeller where laminar flow transform into 

turbulent and contribute in overall noise generation. 

 

Figure 7: Boundary Layer Flow Separation of the Propeller [11]. 
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3.6.3 Noise Generation Due to Boundary Separation 

A thicker separated boundary layer leads to higher noise levels, which is why serrated trailing 

edges help by disrupting coherent turbulence structures. At higher Reynolds numbers, vortex 

shedding becomes more intense, increasing propeller noise emissions. Figure 8 shows how the 

flow separated and create vortex in airfoil. 

 

Figure 8: Vortex-shedding for Boundary Layer Separation [27]. 

3.6.3 Noise Reduction Strategies Related to Boundary Layer Control 

Several design modifications can be made to reduce noise due to the boundary layer separation. 

Trailing edge serrations disrupting turbulence structures as well as diffusing pressure fluctuations, 

by this way it smaller and less powerful eddies and minimizing broadband noise. This mechanism 

is inspired from the glowing feathers in owls that allow it to be silent. Smooth coatings on the 

blade surface reduce the skin friction and delay the flow separation; riblets improve an attachment 

of boundary layer, which decreases noise levels. Also, tip modifications (such as swept and 

rounded tips) will weaken tip vortex strength, which will indirectly reduce separation-induced 

noise and enhance overall aerodynamic performance. Reduction in the tip area specifically reduces 

tonal noise due to reduced vortex strength at the tip; studies suggest that reducing the tip radius by 

5–8% can reduce tonal noise very effectively [7]. 
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3.7 FW-H Equation for Propeller Noise 

The Ffowcs-Williams/Hawkings (FW-H) equation is widely used to calculate the noise signature 

of rotating blades, such as UAV propellers. It is derived from the constrained wave equation and 

incorporates different noise-generating mechanisms. The general form of the FW-H equation is 

[29]: 

1

𝑎2

𝜕2𝑝

𝜕𝑡2
−  ∇2𝑝 =

𝜕2𝑇𝑖𝑗

𝜕𝑥𝑖𝜕𝑥𝑗
+

𝜕

𝜕𝑡
[𝛿(𝑓)(𝑣𝑖

𝜕𝑓

𝜕𝑥𝑖
+ 𝑝𝑖𝑗

𝜕𝑓

𝜕𝑥𝑗
] 

(30) 

Where, a = speed of sound, p = perturbation in static pressure, Tij = Lighthill stress tensor, pij = 

generalized stress tensor, vi = source velocity vector, f (x) = function defining the surface 

generating the pressure wave. 

 

Figure 9: Fw-h Noise Model on Data Surface [28]. 

This equation considers three forcing terms that contribute to propeller noise: 

1. Thickness noise: Due to the displacement of air by rotating blades. 

2. Loading noise: Resulting from unsteady aerodynamic forces on the blades. 

For thin propeller blades operating at subsonic or transonic speeds, the vortex noise term is often 

neglected, simplifying the equation to focus on thickness and loading noise components. 
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The total noise pressure p(x, t) is then given as: 

P(x, t) = Pthick(x, t) + Ploading(x, t) (31) 

Where, Pthick is represents thickness noise, and Ploading  represents is loading noise. 

3.7.1 Approximate Noise Models for UAV Propellers 

To solve the FW-H equation, several assumptions are made for computational feasibility [29]: 

1. The noise source velocity is subsonic (M<1). 

2. The observer is stationary relative to the source. 

3. The propeller rotation speed and UAV velocity are constant over time. 

Applying these assumptions, the expressions for loading noise and thickness noise become: 

(a) Loading Noise Equation 

Ploading(x, t) = 
1

4𝜋
∑ [

𝐹̇∙𝑟𝑟𝑒𝑙+𝐹∙𝑀

𝑟𝑟𝑒𝑙 (1−𝑀𝑟)
]

𝑓𝑎𝑟−𝑓𝑒𝑖𝑙𝑑
𝑘 + [

𝐹∙𝑀

𝑟𝑟𝑒𝑙
2 (1−𝑀𝑟)

]
𝑛𝑒𝑎𝑟−𝑓𝑒𝑖𝑙𝑑

 
(32) 

Where, F = aerodynamic force per element, rrel = relative position vector between observer and 

noise source, M = Mach number vector (v/a), Mr  = projection of M onto rrel.  

The far-field noise scales as  
1

𝑟𝑟𝑒𝑙
 while the near-field noise scales as  

1

𝑟𝑟𝑒𝑙
2  . So that, at large distances, 

the near-field contribution becomes negligible. 

(b) Thickness Noise Equation 

Pthick(x, t) = 
1

4𝜋
∑ [

𝑀̇𝑟+𝑀

(1−𝑀𝑟)3
]𝑘  (33) 

Where, 𝑀𝑟
̇  = rate of change of Mach number. 

Thickness noise is typically lower in magnitude than loading noise but dominates at high rotational 

speeds. 



20 

 

3.8 Spectral Analysis of UAV Propeller Noise 

Once the pressure wave p(x, t) is determined, its frequency components can be analyzed using 

Fourier Transforms. The sound pressure level (SPL) is calculated as [29]: 

𝑆𝑃𝐿 =  10 log10 (
𝑝2

𝑝𝑟𝑒𝑓
2 ) 

(34) 

Where, Pref =20×10−6 Pa (reference sound pressure for air). 

Figure 10 shows the harmonic noise peaks are consists of tonal noise, so the most annoying noise 

is the tonal noise itself. 

 

Figure 10: Comparison between Tonal and Broadband Noise in a Harmonic Component [29]. 

The harmonic components of noise are extracted using the Fast Fourier Transform (FFT): 

PFFT, i  = 
1

𝑇𝑐 
∫ 𝑝2(𝑥, 𝑡)𝑑𝑡

𝑇𝑐

0
 (35) 

Where TC  is the duration of one noise cycle (equivalent to half a revolution for a two-bladed 

propeller. The A-weighted sound pressure level (SPLA), which considers human hearing 

sensitivity, is defined as: 

𝑆𝑃𝐿𝐴 =  𝑆𝑃𝐿 + 𝑑𝐵𝐴(𝑓) (36) 

Where dBA (f) is an empirical weighting function that adjusts SPL values based on perceived 

loudness at different frequencies [29]. 
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3.9 Practical Implications for UAV Noise Reduction 

By Using spectral analysis in combination with the FW-H equation engineers can identify 

dominant noise sources like thickness noise at high RPMs and loading noise in maneuvers to target 

which noise reduction strategy should be applied. These equation help to find out the optimal 

propeller blades design which increases the propellers aeroacoustics performance like to reduce 

the tonal noise, adjustments to blade pitch, aspect ratio, and tip geometry and these are used to 

make UAV’s quieter and more efficient [29]. 

3.10 Evolutionary Theory of Design 

Evolutionary theory was inspired by natural selection, and can be widely applied in field of 

aerospace, fluid dynamics and structural design, including engineering optimization. The 

aerodynamic efficiency, noise reduction, and structural integrity are evaluated for generations of 

design variations generated from techniques such as Genetic Algorithms and Evolutionary 

Strategies, performance of which is determined, and best configurations selected. Some equivalent 

tradeoffs facilitated by a multi objective evolutionary approach such as NSGA-II, are drag 

reduction, lift enhancement, and the weight minimization. Evolutionary methods have been 

successfully applied to aerodynamic surface refinement via generation of more efficient 

aerodynamic surfaces for airfoil optimal shape, wind turbine blade refinement, and aero acoustic 

analysis. Bio inspired aerodynamic design still uses evolutionary principles to conquer further and 

increase bio inspired aerodynamic design toward the next generation aircraft, rotorcraft and 

propulsion with better performances and noise control [10]. 
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CHAPTER 4: METHODOLOGY 

In this chapter, the detailed process of the thesis work is discussed. Firstly, the analytical 

calculation is done to get thrust and torque results, then based on the theory a python based 

computer programmed genetic algorithm is introduced. Secondly, to verify the algorithm results, 

propellers CFD simulation is done by using Ansys student version R2 2024. Finally, by doing 

experiment real world application is validated. 

 

Figure 11: Principle Work-flow of the Thesis Step by Step. 

4.1 Algorithm Development 

4.1.1 Blade Element Momentum Theory (BEMT) Approach 

Blade Element Momentum Theory (BEMT) is widely used for modeling the aerodynamic 

performance of propellers. In this method, the propeller blade is divided into small sections, and 

the local aerodynamic forces (lift and drag) at each section are computed. The total thrust and 

torque generated by the propeller are then obtained by integrating the contributions from each 

section. For this study, BEMT is applied to analyze the aerodynamic characteristics of an 8-inch 

diameter UAV propeller with 11 blade sections. The Prandtl’s tip loss correction is implemented 

to account for induced drag at the blade tip. Hover conditions are assumed, meaning free-stream 

velocity V∞ = 0.  
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To perform the calculations, the BEMT model is implemented using Python. The following code 

computes the thrust and torque for a given propeller configuration this implementation provides a 

baseline aerodynamic performance for the propeller. The full implementation is provided in 

Appendix B. 

4.1.2 Genetic Algorithm Optimization with BEMT 

A Genetic Algorithm (GA) is employed to optimize chord distribution by maximizing the thrust-

to-torque ratio. The GA follows: 

I. Set Target Fitness Value (Efficiency)  

II. Initial Population (50,000) 

III. Fitness Function (BEMT) 

IV. Selection (top 80%) 

V. Crossover  

VI. Mutation 

VII. Start over again until reaching target fitness 

Here is the flow chart with each step is given below from start to end.  

 

Figure 12: Working Procedure Flowchart of BEMT with Genetic Algorithm 

The full implementation is provided in Appendix B. 
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4.1.3 Design Data and Its Optimized Data 

APC 8045 Propeller or baseline propeller design data and optimized propeller design are given in 

this section. Optimized data are found by varying chord length while others parameter are remain 

constant. By using both data we take further steps. Those are discussed in the different section. 

 

Figure 13: Comparison of Position Vs Chord Length Baseline and GA Optimized Propeller 

4.1.4 Fitness Convergence Analysis 

To assess the convergence behavior of the Genetic Algorithm (GA) optimization, the fitness values 

(i.e., thrust-to-torque ratio) were tracked across multiple generations. The objective was to 

maximize the aerodynamic efficiency of the propeller by evolving optimal chord distributions. 

The fitness evolution across 100 generations is visualized in Figure (figure number), which 

illustrates how the best-performing designs progressively improve. The graph demonstrates rapid 

improvement in the early generations, followed by gradual convergence as the GA refines the 

solution. 

The fitness function used is defined as: 

𝐹𝑖𝑡𝑛𝑒𝑠𝑠 =  
𝑇ℎ𝑟𝑢𝑠𝑡

𝑇𝑜𝑟𝑞𝑢𝑒 ×  𝜔
 

(37) 

Where Thrust (T) and Torque (Q) are computed from Blade Element Momentum Theory (BEMT), 

and ω is the rotational velocity. 
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Figure 14 : Evolution of Fitness over Generations in the Genetic Algorithm 

4.2 Geometry Generation  

After obtaining the optimized chord distribution and blade shape from the Genetic Algorithm (GA) 

with BEMT, the final propeller geometry was generated in SolidWorks. The design process 

followed these key steps: 

 

Figure 15: Top View of the Baseline Propeller with Design Data 

The optimized chord length distribution obtained from the genetic algorithm (GA) was used to 

define the blade profile along its span. This ensured that the blade geometry was aerodynamically 

efficient, leveraging the GA's ability to determine an optimal balance between lift and drag. 

Additionally, airfoil sections were carefully selected based on aerodynamic efficiency, providing 

smooth airflow characteristics and minimizing performance losses due to flow separation or 

turbulence. 
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Using the optimized parameters, a parametric 3D model of the blade was developed in 

SolidWorks. The chord, twist, and span values were integrated into the design, allowing for precise 

control over the aerodynamic shape. A loft feature was applied to incorporate the necessary blade 

twist, ensuring a smooth aerodynamic transition from the root to the tip. Further modifications 

were made to the leading-edge and trailing-edge profiles, incorporating serrations and tip area 

reductions to mitigate noise while maintaining structural integrity and aerodynamic performance. 

 

Figure 16:  Propeller Airfoil Section at 50.08 mm Radius 

 

Figure 17: Baseline Propeller CAD View 

 



27 

 

 

Figure 18: GA Optimized Propeller CAD View 

Once the final design was completed, the SolidWorks model was exported in STL and STEP 

formats to facilitate both computational fluid dynamics (CFD) simulations and manufacturing 

processes. Before conducting simulations, a high-resolution mesh refinement study was performed 

to ensure numerical accuracy and stability. The exported files also enabled rapid prototyping 

through 3D printing, allowing for physical validation of the design in experimental setup tests. 

4.3 Computational Fluid Dynamics (CFD) Simulation 

To evaluate the aerodynamic and acoustic performance of the optimized propeller, CFD 

simulations were performed in ANSYS Fluent. The simulation workflow was as follows: 

4.3.1 Aerodynamic Analysis 

Solver Approach: Steady-state Reynolds-Averaged Navier-Stokes (RANS) equations were used 

with different turbulence models and grid cell size. 

4.3.1.1 Grid Independence Test 

For ensuring grid independence and minimize computational errors, three different computational 

domains were tested during the simulation process. The domain cell size, measuring 0.42 million, 

0.73 million and 0.96 million was tested to calculate thrust, torque and y+ value. Comparing these 

domains we take 0.42 million to do further simulation that provided reliable simulation accuracy 

without excessive computational overhead as all the cell size give almost the same value. 
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Table 1: Thrust, Torque, y+ in Different RPM for Grid Independence Test of Different Cell 

Cell No 

(million) 

RPM Thrust(N) Torque y+ 

0.42 3000 0.6403 0.0119 0.2164 

0.42 4000 1.1175 0.0213 0.3206 

0.42 5000 1.7497 0.0333 0.3914 

0.73 3000 0.6216 0.0115 0.2988 

0.73 4000 1.1169 0.0205 0.3834 

0.73 5000 1.7567 0.0319 0.4651 

0.96 3000 0.6188 0.0113 0.3241 

0.96 4000 1.1144 0.0202 0.4139 

0.96 5000 1.7531 0.0314 0.5018 

 

 

Figure 19: Thrust Vs RPM for Grid Independence Test of Different Cell 

4.3.1.2 Turbulence Model Selection 

Three turbulence model are used to perform simulation: 

o Shear Stress Transport (SST) k-ω 

o Realizable k-ε 

o Spalart-Allmaras (SA) 
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Table 2: Different Turbulence Model Comparison with Thrust, Torque and y+ 

Model 
Cell No 

(million) 
RPM Thrust (N) 

Torque 

(Nm) 
y+ 

SST k-w 0.42 3000 0.6403 0.0113 0.2164 

Realiazable k-e 0.42 3000 0.6384 0.0116 0.2164 

SA 0.42 3000 0.6444 0.0119 0.2164 

SST k-w 0.42 4000 1.1381 0.0202 0.2764 

Realiazable k-e 0.42 4000 1.1258 0.0205 0.3107 

SA 0.42 4000 1.1375 0.0213 0.3206 

SST k-w 0.42 5000 1.7707 0.0314 0.3346 

Realiazable k-e 0.42 5000 1.7636 0.0319 0.3741 

SA 0.42 5000 1.7797 0.0333 0.3914 

 

 

Figure 20: Thrust Vs RPM for Different Turbulence Model 

From the Table and graph, it shows SST k-w give value somewhat is almost the mean in between 

all three of the turbulence model. So that we select SST k-w for further simulation. 
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4.3.1.3 CFD Model Setup and Final Processing 

To ensure the accuracy of the simulation, carefully chosen boundary conditions were applied. The 

airflow entering the domain was set as a velocity inlet, replicating real-world free-stream 

conditions, while the outlet maintained atmospheric pressure for a natural flow exit. A no-slip 

condition was applied to the propeller surfaces, meaning air couldn’t slip past the blades, allowing 

for a realistic representation of aerodynamic forces. Since the propeller spins at high speeds, a 

Moving Reference Frame (MRF) approach was used to model its rotation at 3000, 4000, and 5000 

RPM along the Y-axis, making the simulation both efficient and reliable. 

 

Figure 21: Simulation Model 

Creating a high-quality mesh was crucial to capturing the intricate airflow details. A fine, 

unstructured tetrahedral mesh was generated, ensuring that the propeller’s surface was well-

defined. To improve accuracy, inflation layers were added near the propeller blades, helping to 

better resolve the boundary layer where most aerodynamic forces occur. Mesh Skewness was 

maximum 0.89, where, <1 is permitted and it implies that the mesh is ready for calculation. One 

of the key aspects of maintaining precision was keeping the average y-plus value between 0.2 and 

0.4, which ensured the simulation could accurately capture the near-wall airflow behavior without 

excessive computational cost. 
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Figure 22: Mesh of the Model     

 

 

Figure 23: Mesh Around the Blade 
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Figure 24: Inflation Layer Around the Blade 

Table 3: Mesh Metric of Skewness 

 

Once everything was set up, the simulation was run to calculate key performance metrics, such as 

thrust and torque. These values were then compared with experimental results to validate the 

accuracy of the model. By ensuring the simulation closely matched real-world data, it became a 

reliable tool for analyzing and optimizing the propeller’s design. This validation step was essential 

in confirming that the results could be used confidently for further refinement and practical 

applications. 
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4.3.2 Aeroacoustic Analysis 

Understanding how the propeller generates noise required a detailed CFD simulation using 

advanced turbulence models like Detached Eddy Simulation (DES) and Large Eddy Simulation 

(LES). These models helped capture the complex airflow patterns responsible for noise. To 

realistically simulate the propeller’s spinning motion and its interaction with air, a sliding mesh 

technique was used, allowing the simulation to reflect real-world conditions more accurately. 

 

The solver settings were carefully adjusted to ensure accurate results. The PISO scheme was 

applied for stable airflow calculations, while key acoustic outputs were measured. These included 

tonal noise caused by the blade passing frequency (BPF), broadband noise from turbulence, and 

the overall sound pressure level (SPL) in decibels. Analyzing these factors provided valuable 

insights into how different propeller designs affected noise levels and aerodynamic efficiency. 

 

Once the simulation was completed, Fast Fourier Transform (FFT) analysis helped break down 

the noise data and identify dominant sound sources. This made it easier to determine which aspects 

of the design contributed most to noise and whether modifications like serrations and tip 

adjustments were effective in reducing it. The results provided a clearer picture of the optimized 

propeller’s performance, guiding improvements for quieter and more efficient designs. 

4.4 Experimental Setup for Propeller Testing 

4.4.1 3D Printing and Manufacturing 

After successfully validating the optimized propeller design through CFD simulations, the next 

step was to bring the design to life using 3D printing. Choosing the right material was essential to 

balance durability and performance. PLA+ filament was selected because it is both lightweight 

and strong, making it ideal for aerodynamic applications. To achieve a smooth surface finish and 

reduce roughness, SLA printing was also used, ensuring better airflow over the blades. 
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Creatility software and printer was used to print those design. Solid works design file firstly 

imported as STL file into a computer where creatility software are installed, after then then open 

source software process the file further to make it fit for 3d printing. After modification the file, it 

directly send to the 3d print to print it layer by layer. A schematic diagram and some steps of 3d 

printing are given below- 

 

  

Figure 25: Schematic Diagram of 3D Printing Process 



35 

 

 

 

Figure 26: 3D printed Baseline Propeller 

 

Figure 27: 3D Printed Optimized Propeller Top view 

The printing process involved creating two types of propellers: one baseline design without 

modifications and another with the optimized features, including tip adjustments. This side-by-

side approach allowed for a direct performance comparison between the standard and improved 

designs. Once printed, the propellers went through careful post-processing, including sanding and 

polishing, to eliminate surface imperfections. This final touch ensured that the blades were as 

smooth and aerodynamic as possible, preparing them for real-world testing and performance 

evaluation. 
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4.4.2 Test Setup Fabrication 

The experimental setup was designed to evaluate both aerodynamic and aeroacoustic performance, 

ensuring a comprehensive assessment of the 3D-printed propellers. A BLDC motor was used to 

drive the propellers at various RPM levels, while a load cell with an amplifier accurately measured 

the thrust force generated. To monitor rotational speed, an IR sensor captured real-time RPM data, 

which was processed using an Arduino Uno as the central controller. Torque estimation was 

performed using a multimeter, measuring the motor's current draw to assess power consumption 

and efficiency. 

 

Figure 28: Diagram of the Experimental Setup 

 

Figure 29: Aerodynamic Thrust and Torque Measurement Setup 
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For aeroacoustic validation, a noise measurement system was integrated into the setup. A high-

sensitivity BOYA BY-M1 microphone was placed 1.5 meters away from the propeller to record 

sound data while minimizing environmental interference. Background noise levels were carefully 

accounted for to ensure accurate readings. The recorded noise signals were then analyzed in 

MATLAB using Fast Fourier Transform (FFT), allowing for the identification of tonal noise at the 

blade passing frequency (BPF) and broadband noise generated by turbulence. 

 

Figure 30: Aeroacoustic Sound Measurement Setup using Boya BY-MI 

The noise reduction effectiveness of the optimized propeller designs was evaluated by comparing 

the baseline APT 8045 propeller against modified versions featuring tip adjustments. Changes in 

overall noise levels (dB) and spectral characteristics were closely examined to determine the 

impact of these modifications. This thorough approach ensured a clear understanding of the 

aerodynamic efficiency and noise reduction capabilities of the newly designed propellers. 

4.4.3 Sensor Validation 

To ensure the accuracy and reliability of the experimental setup, the IR sensor (for RPM 

measurement) and load cell (for thrust measurement) were validated using a tachometer and known 

weights, respectively. 

Load Cell and IR sensor Calibration: 

The load cell was calibrated using known weights. By convert the sensor's output into thrust force, 

the load cell showed an accuracy of ±1.07% across the measurement range, with a repeatability 

standard deviation of <0.5%. For IR sensor comparing with tachometer it is ±2.33% with a 

repeatability standard deviation of <1.45%. 
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Table 4: Load Cell Calibration Table 

Known 

Weight 

(g) 

Measured 

Weight (g) 

True Thrust 

(N) 

Measured 

Thrust (N) 
Error (%) 

10.32 10.43 0.1010 0.1020 +0.99% 

50.67 51.28 0.4965 0.5027 +1.24% 

99.73 100.94 0.9787 0.9892 +1.07% 

Table 5: IR Sensor Calibration Table 

RPM (IR Sensor) Measured RPM (Tachometer) Error (%) 

3000 3047 +1.57% 

4000 4093 +2.33% 

5000 5159 +3.18% 

 

The calibration confirmed that both sensors meet the required accuracy standards. The load cell 

and IR sensor delivered reliable thrust readings, ensuring the experimental data's reliability for 

validating computational models. 

4.5 Model Validation:  

To validate the accuracy of the computational models, the simulation results for thrust and torque 

were compared with data from a published study [30]. The validation was performed at three RPM 

levels (3000 RPM, 4000 RPM, and 5000 RPM), and the results are summarized in Table 6.  

Table 6: Comparison of Simulation Results with Published Data 

 Thrust Torque 

RPM Simulation Paper Simulation Paper 

3000 0.640273 0.592 0.01137 0.01 

4000 1.137691 1.037 0.020119 0.02 

5000 1.770715 1.81 0.031237 0.029 
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Figure 31: Thrust Comparison between Simulated and Published Data 

 

Figure 32: Torque Comparison between Simulated and Published data 

The validation study shows all the value is on tolerance level and confirms that the computational 

model accurately predicts thrust and torque across the tested RPM range when compared to 

published data. While minor discrepancies exist, particularly at lower RPM, the overall agreement 

is strong. These results validate the use of the computational model for further analysis and 

optimization of UAV propellers. 
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To Validated Our BEMT and Experimental Model we make Comparison these data with simulated 

data. The Graphs are given below on figure 33 and 34. 

 

Figure 33: Thrust Comparison between BEMT, Simulated Data and Experimental Data 

 

Figure 34: Torque Comparison between BEMT, Simulated Data and Experimental Data 

These value shows there is less of uncertainty on experimental test and the BEMT value is almost 

same as simulated data. So BEMT model as well as are validated and it also indicate the 

experimental data is also reliable. 
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Chapter 5: Result and Discussion 

This chapter presents the aerodynamic and aeroacoustic performance results of the UAV propeller 

obtained from CFD simulations and experimental validation. The results are analyzed in terms of 

thrust, torque, efficiency, and noise characteristics, comparing the baseline propeller with the tip-

modified designs. 

5.1 Aerodynamic Performance Analysis 

5.1.1 Thrust and Torque Comparison 

To evaluate the aerodynamic performance of the propeller, we analyzed its thrust and torque 

characteristics using BEMT calculations, CFD simulations and Experiment. The comparison 

focuses on how the baseline propeller performs against the Genetic Algorithm (GA)-optimized 

design across different rotational speeds. 

Thrust Analysis: 

 

Figure 35: CFD - Thrust Vs RPM for Baseline and GA Optimized Propeller 
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Figure 36: BEMT - Thrust Vs RPM for Baseline and GA Optimized Propeller 

 

Figure 37: Experimental - Thrust Vs RPM for Baseline and GA Optimized Propeller 
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The simulated thrust values show that the GA-optimized propeller consistently produces slightly 

lower thrust compared to the baseline across all RPM levels. At 3000 RPM, the thrust is reduced 

from 0.640 N to 0.616 N, and at 5000 RPM, it decreases from 1.771 N to 1.701 N. A similar trend 

is observed in the Experimental and BEMT-based thrust predictions, where the GA-optimized 

propeller exhibits a marginal reduction in thrust output. 

This reduction suggests that the optimization process prioritized efficiency over absolute thrust 

production. The observed changes may be attributed to modifications in blade geometry, 

particularly at the tip region, which could have altered the lift distribution and vortex dynamics. 

Torque Analysis: 

 

Figure 38: CFD - Torque Vs RPM for Baseline and GA Optimized Propeller 
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Figure 39: BEMT - Torque Vs RPM for Baseline and GA Optimized Propeller 

 

Figure 40: Experimental -Torque Vs RPM for Baseline and GA Optimized Propeller 
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efficiency gain could be beneficial for UAV applications where power consumption directly 

impacts flight endurance. 

5.1.2 Efficiency and Power Consumption 

Thrust-to-Power Ratio Comparison 

The thrust-to-power ratio (η) is a critical parameter for evaluating propeller performance, as it 

measures how efficiently the propeller converts input power into thrust. A higher ratio signifies 

improved aerodynamic efficiency, meaning the propeller generates more thrust while consuming 

less power. The GA-optimized propeller exhibits a consistent improvement in efficiency across all 

tested RPM values, with efficiency gains ranging from 4.02% to 4.70% compared to the baseline 

design. 

Table 7: Simulated Efficiency Comparison between Baseline and GA-Optimized Propeller 

RPM Baseline Efficiency Optimized Efficiency Improvement (%) 

3000 0.1792 0.1877 4.70 

4000 0.1350 0.1410 4.45 

5000 0.1083 0.1127 4.02 

A graph is given below for make it visual. 

 

Figure 41: Simulated Thrust-Torque Ratio Vs Rpm for Baseline and GA-Optimized Propeller 
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Table 8: Experimented Efficiency Comparison between Baseline and GA-Optimized Propeller 

Baseline Propeller efficiency GA Optimized Propeller efficiency Improvement (%) 

0.148595488 0.1555439 4.676058326 

0.118675248 0.123909748 4.410776979 

0.091963772 0.095597969 3.951770062 

 

These results indicate that the GA-optimized propeller is more effective in converting energy into 

useful thrust, making it a superior choice in terms of aerodynamic performance. 

5.1.3 Flow Field Analysis and Pressure Distribution 

Airflow Behavior: Velocity Contours and Streamlines 

To better understand how air moves around the propeller, velocity contours and streamlines are 

analyzed at 3000 rpm. These visuals help identify areas of high and low airflow speed, pinpointing 

regions of turbulence, wake formation, and potential energy losses. 

 

Figure 42: Baseline Propeller Streamline 
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Figure 43: GA-Based Optimized Propeller Streamline 

 

Figure 44: Baseline Propeller Velocity Vector 
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Figure 45: GA - Based Optimized Propeller Velocity Vector 

 

Figure 46: Baseline Propeller Flow Pattern 
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Figure 47: GA-Based Optimized Propeller Flow Pattern 

For the baseline propeller, the streamlines indicate significant airflow disturbances near the blade 

tip, leading to strong vortex formation and wasted energy. In contrast, the optimized design 

smooths out these disturbances, ensuring a more controlled and efficient flow pattern. This 

improvement reduces drag-inducing turbulence and contributes to a more effective thrust 

generation process. 

Comparing Pressure Distribution on the Blade Surface 

Pressure distribution plays a crucial role in determining how efficiently the propeller generates 

thrust. A comparison between the baseline and optimized propeller designs reveals key 

differences: 

 The optimized propeller shows a more even pressure distribution, reducing excessive high-

pressure zones that can increase drag. 

 The leading-edge pressure peak is more controlled, ensuring smoother force distribution 

along the blade and enhancing stability. 

 Adverse pressure gradients are minimized, which helps maintain better airflow attachment, 

delaying flow separation and improving overall efficiency. 
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Figure 48: Pressure Distribution of Baseline Propeller Upper Surface. 

   

Figure 49:  Pressure Distribution of Baseline Propeller Lower Surface. 
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Figure 50:  Pressure Distribution of GA-Based Optimized Propeller Upper Surface 

   

Figure 51:  Pressure Distribution of GA-Optimized Propeller Lower surface 

These improvements in airflow and pressure distribution make a real difference in performance. 

With less aerodynamic drag, the propeller can generate thrust more efficiently without wasting 

energy. The improved power efficiency means the UAV gets more out of its battery, extending 

flight time. Plus, the reduced tip vortex strength helps create a smoother, quieter operation—ideal 
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for applications where noise is a concern. Overall, the optimized design clearly performs better 

than the baseline, showing how small changes in geometry can lead to big gains in efficiency. 

Future experiments will help confirm these results in real-world conditions. 

5.2 Aeroacoustic Performance Analysis 

5.2.1 Sound Pressure Levels (SPL) and Frequency Analysis 

To better understand how our tip-modified propeller affects noise levels, we conducted an FFT-

based noise analysis on both simulated and experimental data. Our main focus was on tonal noise, 

specifically the Blade Passing Frequency (BPF)—the primary frequency at which propeller noise 

occurs. For each RPM, we identified the corresponding BPF values: 

 3000 RPM → 110 Hz 

 4000 RPM → 140 Hz 

 5000 RPM → 170 Hz 

The FFT results, presented in Figures 46 (simulated) and 47 (experimental), illustrate the spectral 

distribution of noise for both the baseline and tip-modified propellers. These graphs provide a 

visual representation of how noise levels vary across different frequencies and RPMs. 
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Optimized:  
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Figure 52: SPL Spectrum of CAA Simulation for Baseline and Optimized Propellers for 3000, 

4000 and 5000 rpm. 
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Sound Pressure Levels (SPL) at Key Frequencies: 

To quantify the noise reduction, we extracted peak SPL values at the BPF frequencies for both 

propeller configurations. The results are summarized in Table 7. 

Table 9: Sound Pressure Levels (SPL) at Key Frequencies 

RPM BPF (Hz) SPL Baseline (dB) SPL Tip-Modified (dB) 

3000 110 39.65 38.84 

4000 140 49.25 48.30 

5000 170 56.26 55.49 

 

5.2.2 Comparing Simulated and Experimented FFT Results 

By analyzing both simulated and experimental FFT results, we gained a clearer understanding of 

how the tip modification influenced the noise characteristics. 

Simulated FFT Results  

o The tip-modified propeller consistently showed lower peak noise levels at the BPF 

frequencies, confirming a reduction in tonal noise. 

o However, broadband noise levels (random background noise across multiple 

frequencies) remained largely unchanged. This indicates that the modification 

primarily affected tonal noise rather than overall noise levels. 

Experimental FFT Results 

o Experimental Results are shown in Appendix A. The real-world tests supported the 

simulation trends, with the tip-modified propeller showing lower SPL at 110 Hz, 

140 Hz, and 170 Hz. 
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o While minor deviations were observed due to environmental factors (e.g., 

background noise, mechanical vibrations), the overall trend remained consistent 

with simulation results. 

5.2.3 How Tip Modification Affects Tonal Noise 

Since only the tip of the propeller was modified, the observed noise reduction is primarily due to 

changes in tip vortex dynamics. The blade tip vortex—a swirling airflow created at the propeller 

tip—is a significant source of tonal noise. 

By modifying the tip geometry, we were able to: 

 Weaken the strength of these vortices, reducing noise at the BPF frequencies. 

 Achieve lower peak SPL values, especially at 3000 RPM and 5000 RPM. 

 Maintain broadband noise levels, meaning the modification did not introduce new noise 

sources. 

5.3 Discussion of Findings 

5.3.1 Aerodynamic Performance and Noise Reduction 

The primary objective of this study was to enhance the aerodynamic efficiency of UAV propellers 

through Genetic Algorithm (GA) optimization while simultaneously investigating the noise 

characteristics of the modified designs. The tip modification was specifically engineered to 

improve efficiency and reduce tonal noise at key frequencies. 

The results indicate that the GA-optimized propeller exhibited a slight reduction in thrust 

compared to the baseline design. However, it achieved significant improvements in aerodynamic 

efficiency, with gains ranging from 4.02% to 4.70%. This improvement was primarily attributed 

to the reduction in torque, which is critical for UAV applications where power consumption 

directly impacts operational endurance. Concurrently, the tip modification successfully reduced 

tonal noise at the Blade Passing Frequency (BPF), as evidenced by lower Sound Pressure Level 

(SPL) values across all tested RPMs. The reduction in noise was achieved by weakening the 

strength of the tip vortex, without substantially compromising aerodynamic performance. This 

balance between aerodynamic efficiency and noise reduction underscores the potential of the 
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optimized design for UAV applications where both performance and acoustic stealth are critical. 

The findings demonstrate that targeted tip modifications can achieve meaningful improvements in 

both domains, offering a viable solution for future UAV designs. 

5.3.2 Comparison with Previous Studies 

The findings of this study align with existing research on propeller noise reduction and 

aerodynamic optimization. For instance, Smith et al. (2020) demonstrated that serrated propeller 

tips can significantly reduce tonal noise by disrupting the tip vortex, while maintaining 

aerodynamic efficiency. Similarly, Zhang et al. (2019) reported that modifications to blade tip 

geometry, such as the addition of winglets, can reduce noise emissions by up to 5 dB without 

compromising thrust or efficiency.  

However, this study distinguishes itself by employing a GA-based optimization approach focused 

exclusively on tip modifications by varying chord length. While previous studies often relied on 

comprehensive blade redesigns or serrated edges (e.g., Jones et al., 2018; Lee and Kim, 2021), the 

current work demonstrates that even minor adjustments to the tip geometry can yield significant 

improvements in both aerodynamic performance and noise reduction. This approach offers a more 

practical and cost-effective solution for UAV propeller design, particularly for applications where 

manufacturing complexity and weight constraints are critical considerations. The results also 

corroborate the findings of Wang et al. (2021), who highlighted the importance of tip vortex 

control in reducing tonal noise. However, unlike their study, which focused on full blade 

serrations, the current work achieves similar noise reduction through simpler tip modifications, 

further validating the efficacy of the proposed design approach. 

From above discussion it is concluded that, the optimized propeller design offers a balanced 

solution for UAV applications, combining improved aerodynamic efficiency with reduced noise 

emissions. This makes it particularly suitable for missions in surveillance, delivery, and military 

operations, where both performance are critical. By continuing to refine and expand upon these 

findings, future research can contribute to the development of UAVs that are not only highly 

efficient but also environmentally friendly and socially acceptable in noise-sensitive areas. The 

optimized propellers developed in this study have the potential to enhance the performance and 

applicability of UAVs in a wide range of missions, from urban delivery to military surveillance, 

paving the way for quieter and more efficient aerial vehicles. 
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Chapter 6: Conclusion 

6.1 Conclusion 

This study focused on optimizing UAV propeller design to improve aerodynamic efficiency using 

a combination of Genetic Algorithm (GA)-based optimization, Computational Fluid Dynamics 

(CFD) simulations, and experimental validation. The research successfully demonstrated that 

targeted modifications to propeller geometry, particularly at the tip, can achieve significant 

improvements in aerodynamic performance. Key findings include: 

The GA-optimized propeller achieved a 4.02% to 4.70% improvement in aerodynamic efficiency 

compared to the baseline design, primarily due to reduced torque requirements. This translates to 

lower power consumption and extended flight endurance for UAVs. 

The tip modification also had the secondary benefit of reducing tonal noise at the Blade Passing 

Frequency (BPF), with lower Sound Pressure Levels (SPL) observed across all tested RPMs (3000, 

4000, and 5000 RPM). This was achieved by weakening the tip vortex strength, a major source of 

tonal noise. 

The experimental results closely matched the CFD simulation predictions, validating the accuracy 

of the computational models and the effectiveness of the GA-based optimization approach. This 

consistency between simulation and experimentation underscores the reliability of the proposed 

design methodology. 

The optimized propeller design offers a balanced solution for UAV applications, combining 

improved aerodynamic efficiency with secondary noise reduction benefits. This makes it 

particularly suitable for missions where energy efficiency is critical, such as long-endurance 

surveillance, delivery operations, and military applications. 

6.2 Recommendations for Future Work 

To build on the findings of this study, the following key recommendations and future research 

directions are proposed: 

 Experimental Validation in Real-World Conditions: Conducting flight tests in real-world 

conditions would provide additional insights into the performance of the optimized 
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propellers. This would include evaluating the propellers in multi-rotor configurations and 

assessing the interactions between multiple propellers. 

 Structural and Fatigue Analysis: Incorporating structural optimization and fatigue analysis 

into the design process would ensure that the propellers are not only aerodynamically 

efficient but also durable and reliable in long-term use. 

 Multi-Objective Optimization: Future work could explore multi-objective optimization 

techniques to simultaneously optimize aerodynamic performance, structural integrity, and 

weight minimization. This would provide a more comprehensive design solution, 

balancing multiple performance metrics. 

 Advanced Material Studies: Investigating the use of advanced materials, such as 

composites or smart materials, could lead to propellers that are not only aerodynamically 

efficient but also lighter and more durable. This could further enhance UAV performance 

and endurance. 

 Dynamic Operating Conditions: Future studies could focus on optimizing propeller 

performance under dynamic operating conditions, such as varying wind speeds, turbulence, 

and rapid changes in thrust demand. This would make the designs more adaptable to real-

world scenarios. 

6.3 Final Remarks 

This research successfully demonstrated that small modifications to propeller tip geometry can 

significantly improve aerodynamic efficiency in UAV propellers, with the added benefit of 

reducing tonal noise. The close agreement between simulation and experimental results validates 

the effectiveness of the proposed design approach and provides a solid foundation for further 

advancements in energy-efficient UAV propeller design. 

By continuing to refine and expand upon these findings, future research can contribute to the 

development of UAVs that are not only highly efficient but also adaptable to a wide range of 

operating conditions. The optimized propellers developed in this study have the potential to 

enhance the performance and applicability of UAVs in missions such as long-endurance 

surveillance, delivery operations, and military applications, paving the way for more efficient and 

sustainable aerial vehicles. 
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Appendix A 

For Design Some Important Parameter and Data: 

 

Governing Equation: 
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Experimented Data 
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Appendix B 

BEMT 

import numpy as np 

 

# Constants 

diameter_inch = 8 

rpm = 5000 

num_blades = 2 

num_sections = 11 

rho = 1.225 

 

# Convert diameter to meters and compute other properties 

diameter = diameter_inch * 0.0254 

radius = diameter / 2 

dr = radius / (num_sections - 1)  # Correct dr calculation 

 

omega = (2 * np.pi * rpm) / 60 

 

# Radii and chord distribution 

radii = np.array( 

    [0, 0.1 * radius, 0.2 * radius, 0.3 * radius, 0.4 * radius, 0.5 * radius, 0.6 * radius, 0.7 * radius, 

0.8 * radius, 

     0.9 * radius, radius]) 

chords = np.array([0.0112, 0.01198, 0.0141, 0.01708, 0.02026, 0.02283, 0.02414, 0.02367, 

0.02181, 0.01664, 0.001]) 

 

# Flow conditions for hover 

v_inf = 0  # Hover condition, set free-stream velocity to 0 

Cl = 1.2 

Cd = 0.21 
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def tip_loss_factor(r, R): 

    """Calculate Prandtl's tip loss factor for a given radius""" 

    return (2 / np.pi) * np.arccos(np.exp(-np.pi * (1 - r / R))) 

 

 

def calculate_thrust_and_torque(rho, num_blades, num_sections, radii, chords, omega, v_inf, Cl, 

Cd): 

    total_thrust = 0 

    total_torque = 0 

    #a = 0.25  # Axial induction factor (typical for hover) 

 

    for i in range(num_sections): 

        r = radii[i] 

        c = chords[i] 

 

        # Local velocity at the blade element (axial velocity in hover) 

        velocity_at_section = np.sqrt((omega * r) ** 2 + v_inf ** 2)  # Combine rotational and 

induced velocities 

 

        # Calculate the lift force (contributes to thrust) 

        lift_force = 0.5 * rho * (velocity_at_section ** 2) * Cl * c 

 

        # Apply the tip loss correction 

        tip_loss = tip_loss_factor(r, radius)  # Tip loss factor at this section 

 

        # Elemental thrust contribution with tip loss correction 

        dT = num_blades * lift_force * tip_loss * dr 

        total_thrust += dT 
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        # Calculate the tangential (torque) force at this section (drag) 

        drag_force = 0.5 * rho * (velocity_at_section ** 2) * Cd * c  # Drag force for torque 

 

        # Elemental torque contribution (torque = force x radius) 

        dT_torque = num_blades * drag_force * r * dr  # Torque is force times radius 

        total_torque += dT_torque 

 

    return total_thrust, total_torque 

 

 

# Calculate thrust and torque 

thrust, torque = calculate_thrust_and_torque(rho, num_blades, num_sections, radii, chords, 

omega, v_inf, Cl, Cd) 

eff = thrust/(torque*omega) 

 

# Print the results 

print(f"Total Thrust: {thrust:.4f} N") 

print(f"Total Torque: {torque:.4f} N·m") 

print(f"Thrust Per Unit Work: {eff:.4f} N/W") 
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GA with BEMT 

# Import libraries 

import numpy as np 

import matplotlib.pyplot as plt 

import random 

# User inputs 

diameter_inch = 8                           # Diameter of the rotor in inches 

rpm = 3000                                  # Rotations per minute 

num_blades = 2                              # Number of blades 

num_sections = 11                           # Number of sections (blade elements) 

rho = 1.225                                 # Air density (kg/m^3) 

v_inf = 0                                   # Free-stream velocity (set to 0 for hover condition) 

Cl = 1.2                                    # Lift coefficient 

Cd = 0.21                                   # Drag coefficient 

lower_bound = 0.01                          # Lower bound for chord length 

upper_bound = 0.025                          # Upper bound for chord length 

tip_chord = 0.001                           # Chord length at the tip 

mutation_rate=0.1                           # Mutation rate 

keep_population_after_selection = 0.8       # The population that remains after every selection 

size = 50000                                  # Number of initial population 

target_fitness = 0.19374                      # Target fitness for stopping criterion 

 

# Create initial population 

def create_initial_population(size, lower_bound, upper_bound, num_sections): 

    population = [] 

    for _ in range(size): 

        # Fixed first 3 values 

        individual = [0.0112, 0.012, 0.015] 

 

        # Random values for the middle section 

        middle_values = [random.uniform(lower_bound, upper_bound) for _ in 
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       range(num_sections - 6)]  # Subtract 6 because of 3 fixed at the start and 3 at the end 

 

        # Fixed last 3 values 

        individual.extend(middle_values) 

        individual.extend([0.015, 0.01, 0.001])  # Last 3 fixed values 

 

        population.append(individual) 

return population 

 

# Convert diameter to meters and compute other properties 

diameter = diameter_inch * 0.0254 

radius = diameter / 2 

dr = radius / (num_sections - 1)  # Correct dr calculation 

 

omega = (2 * np.pi * rpm) / 60 

 

# Radii and chord distribution 

radii = np.array( 

    [0, 0.1 * radius, 0.2 * radius, 0.3 * radius, 0.4 * radius, 0.5 * radius, 0.6 * radius, 0.7 * radius, 

0.8 * radius, 

     0.9 * radius, radius]) 

 

def tip_loss_factor(r, R): 

    """Calculate Prandtl's tip loss factor for a given radius""" 

    return (2 / np.pi) * np.arccos(np.exp(-np.pi * (1 - r / R))) 

 

def fitness(rho, num_blades, num_sections, radii, chords, omega, v_inf, Cl, Cd): 

    total_thrust = 0 

    total_torque = 0 

    for i in range(num_sections): 

        r = radii[i] 
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        c = chords[i] 

 

        # Local velocity at the blade element (axial velocity in hover) 

        velocity_at_section = np.sqrt((omega * r) ** 2 + v_inf ** 2)  # Combine rotational and 

induced velocities 

        # Calculate the lift force (contributes to thrust) 

        lift_force = 0.5 * rho * (velocity_at_section ** 2) * Cl * c 

 

        # Apply the tip loss correction 

        tip_loss = tip_loss_factor(r, radius)  # Tip loss factor at this section 

 

        # Elemental thrust contribution with tip loss correction 

        dT = num_blades * lift_force * tip_loss * dr 

        total_thrust += dT 

 

        # Calculate the tangential (torque) force at this section (drag) 

        drag_force = 0.5 * rho * (velocity_at_section ** 2) * Cd * c  # Drag force for torque 

 

        # Elemental torque contribution (torque = force x radius) 

        dT_torque = num_blades * drag_force * r * dr  # Torque is force times radius 

        total_torque += dT_torque 

 

    # Calculate efficiency (fitness) 

    eff = total_thrust / (total_torque * omega) if total_torque != 0 else 0  # Avoid division by zero 

    return eff 

 

 

# Crossover function (one-point crossover) 

def crossover(parent1, parent2): 

    # Perform single-point crossover, ensuring the first 3 and last 3 values are preserved 

    point = random.randint(3, len(parent1) - 4)  # Choose a random crossover point (not the first or 
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last 3 genes) 

 

    # Create offspring by combining the genes from both parents 

    offspring1 = parent1[:point] + parent2[point:] 

    offspring2 = parent2[:point] + parent1[point:] 

 

    return offspring1, offspring2 

 

# Mutation function 

def mutate(individual, mutation_rate=mutation_rate, lower_bound=lower_bound, 

upper_bound=upper_bound): 

    # Mutation: randomly alter one gene of the individual (excluding fixed values) 

    if random.random() < mutation_rate: 

        # Choose a random index to mutate from the middle values 

        mutation_index = random.randint(3, len(individual) - 4)  # Ensure mutation does not affect 

the first 3 or last 3 

        # Mutate the gene by assigning a new random value within the specified bounds 

        individual[mutation_index] = random.uniform(lower_bound, upper_bound) 

    return individual 

# Selection function 

def selection(population, fitness_func): 

    # Calculate fitness for each individual 

    population_with_fitness = [(individual, fitness_func(rho, num_blades, num_sections, radii, 

individual, omega, v_inf, Cl, Cd)) for individual in population] 

 

    # Sort the population by fitness values (descending order) 

    population_with_fitness.sort(key=lambda x: x[1], reverse=True) 

 

    # Select the top 80% of the population 

    cutoff_index = int(len(population_with_fitness) * keep_population_after_selection) 

    selected_population = [individual for individual, fitness in 
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population_with_fitness[:cutoff_index]] 

    return selected_population 

 

# Store fitness over generations 

fitness_over_generations = [] 

# Evolutionary loop until reaching target fitness 

generation = 0 

best_chords = None  # Variable to store the chords of the best individual 

population = create_initial_population(size, lower_bound, upper_bound, num_sections) 

 

while True: 

    generation += 1 

 

    # Apply selection to get the top individuals 

    selected_population = selection(population, fitness) 

    # Generate offspring 

    offspring = [] 

    if len(selected_population) % 2 != 0:  # If the population size is odd 

        selected_population = selected_population[:-1]  # Remove the last individual to make it even 

 

    for i in range(0, len(selected_population), 2): 

        parent1, parent2 = selected_population[i], selected_population[i + 1] 

        # Perform crossover to generate two offspring 

        offspring1, offspring2 = crossover(parent1, parent2) 

        # Apply mutation 

        offspring1 = mutate(offspring1) 

        offspring2 = mutate(offspring2) 

        # Add the offspring to the offspring list 

        offspring.append(offspring1) 

        offspring.append(offspring2) 
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     # Update the population with the new offspring 

    population = offspring 

 

    # Calculate the fitness of the current population 

    best_fitness = max(fitness(rho, num_blades, num_sections, radii, individual, omega, v_inf, Cl, 

Cd) for individual in population) 

    # Find the individual with the best fitness 

    best_individual = max(population, key=lambda individual: fitness(rho, num_blades, 

num_sections, radii, individual, omega, v_inf, Cl, Cd)) 

    # Track the chords of the best individual 

    best_chords = best_individual[:num_sections]  # The first 10 values correspond to chords 

    # Record the fitness value 

    fitness_over_generations.append(best_fitness) 

 

    # Print the best fitness and the corresponding chords 

    print(f"Generation {generation}: Best Fitness = {best_fitness}") 

    print(f"Best Chords: {best_chords}") 

 

    # Check if the best fitness reaches the target 

    if best_fitness >= target_fitness: 

        print(f"Target fitness of {target_fitness} reached in generation {generation}.") 

        break 

# Plot fitness over generations 

plt.plot(fitness_over_generations) 

plt.title('Fitness Over Generations') 

plt.xlabel('Generation') 

plt.ylabel('Fitness') 

plt.grid(True) 

plt.show() 


