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Pavan Reddy

Rotors are a crucial component of VTOL(vertical take-off and landing) devices like un-

manned aerial vehicles (UAVs) or helicopters, etc., By generating a rotational force, they

create the necessary thrust to lift and maneuver the vehicle in the air. In recent years,

there has been a growing emphasis on developing rotor designs that are more efficient and

effective for eVTOL. This has led to the emergence of several unconventional swept rotor de-

signs that can improve aerodynamic and aeroacoustic performance. The present thesis aims

to investigate the impact of achieving a balanced sweep distribution across a rotor blade

and how it affects aerodynamic performance. The study explores the potential benefits and

drawbacks of unconventional swept rotor designs and compares their performance curves to

traditional straight rotor designs. The investigation begins with an overview of rotor design

criteria and literature on swept rotor designs. A comprehensive design and analysis of the

aerodynamic performance of various rotor designs are conducted using NASA’s OpenVSP

and VSPAero, a low-fidelity solver that implements the Vortex lattice method. The results

are then compared with wind tunnel experiments. Based on the load distribution analysis of

multiple sweep designs, it is noted that swept rotors exhibit decreased performance at lower

advance ratios. However, as the speed or advance ratio increases, the overall performance

of swept rotors significantly improves. This conclusion is drawn from the load distribution

data obtained for each blade of the rotors, and by comparing the figure of merit (FOM) of

various designs.
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Picture this: a sleek unmanned aerial vehicle (UAV) soaring through the air, its Propellers

whirring efficiently and quietly. What makes this possible? The answer lies in the design

of the rotors themselves. Rotors are critical components of UAVs, providing the necessary

thrust to lift and maneuver the vehicle in the air. And with the growing demand for more

efficient and effective eVTOLs (Vertical take-off and Landing) vehicles, unconventional swept

rotor designs have emerged as game-changers in the industry. The present thesis delves into

the impact and effects of Parametric swept designs on rotor aerodynamic performance. The

study seeks to uncover the potential benefits and drawbacks of these designs and compare

their performance curves to traditional straight rotor designs. The study starts by looking

at how rotors are designed and what others have done with similar designs. Various rotor

designs have been thoroughly examined in terms of their aerodynamic characteristics using

NASA’s OpenVSP and VSPaero, a low-fidelity solver that uses the Vortex lattice method. To

verify the tools, this data are compared with wind tunnel tests. Due to its cheap computing

cost, OpenVSP makes it possible to investigate these discoveries in an economical manner.

According to the results, swept rotors perform better at higher speeds than conventional

rotors.
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The objective of this chapter is to establish a foundation for understanding the current state

of development of Unconventional Swept rotors by providing an overview of the research

objectives, motivation, and background.

This study on Unconventional swept rotors aims to achieve the following objectives:

1. Conduct a comprehensive literature review of previous research on rotor sweep design

and its effects on aerodynamic performance.

2. Design and evaluate unconventional swept rotor configurations using numerical solvers

and simulations.

3. Provide guidelines for the use of parametric tools such as OpenVSP (Vehicle Sketch Pad)

and VSPAero.

4. Verify and validate the low-fidelity CFD Solver VSPAero by comparing its results to

experimental data.

5. Investigate and understand the direct impact of sweep angles and load distribution on

Aerodynamic performance curves for different advance ratios.

6. Identify the most effective swept rotor design based on the results obtained from the

parametric study.
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Unconventional sweep rotors have been a topic of interest in the field of aerodynamics, es-

pecially in the design of UAV rotors. OpenVSP, an open-source parametric aircraft design

software, has been used to conduct a parametric study on the effect of the incremental

increase in sweep angles on the performance of the rotor. The use of UAVs has grown sub-

stantially in recent years, with military operations and civilian applications such as mapping,

surveillance, and delivery services. As the demand for UAVs continues to increase, there is

a need to improve their performance and reduce their operational costs. Unconventional

swept rotors may offer a solution to these challenges by providing better performance and

efficiency. Furthermore, unconventional swept rotor designs, such as those with non-uniform

blade twist or anhedral/dihedral angles, can provide further enhancements by better match-

ing local flow conditions and reducing noise generation [7]. These designs have shown promise

in both wind tunnel and computational studies, but further investigation is required to fully

comprehend their potential benefits and limitations.

The aim of studying unconventional swept rotors on UAVs is to explore new design ideas that

can improve UAVs’ overall performance, particularly their acoustic performance. Traditional

straight-bladed rotors encounter limitations due to flow separation and increased drag at

higher advance ratio, which restrict their performance in certain flight regimes[7] and make

them noisier. By implementing swept blade designs, flow separation can be delayed and drag

reduced, resulting in better efficiency, wider stall margin, and improved performance at high

speeds and altitudes. Additionally, swept rotors offer greater acoustic benefits [7]. However,

while numerous studies have focused on the noise benefits of swept rotors, little research has

been conducted on the trade-off between aerodynamic performance and the sweeping of a

rotor. Therefore, this research will concentrate primarily on how rotor sweeping impacts rotor

performance and whether it is worthwhile to proceed with noise analysis for unconventional

swept rotors. In conclusion, the motivation for studying unconventional swept rotors is to
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identify new design approaches that can enhance the performance and capabilities of rotors,

resulting in more efficient and environmentally friendly drones.

The field of propeller design is constantly evolving, with new research and developments

emerging. This is particularly due to the growing need for more efficient and reliable aerial

vehicles. While rotors have seen improvements such as noise reduction, increased efficiency,

and reduced rotor interaction in quad-copters, there are still significant benefits can be gained

from swept rotors. In this regard, several ongoing studies on rotors will be discussed.

A notable research conducted by Wiedmann (2020) [7] explored the aerodynamic and aeroa-

coustic characteristics of non-traditional propeller designs for a small UAV in comparison

with a straight blade propeller. The aerodynamic properties were evaluated using aluminum

propellers manufactured using CNC milling methods. The experimental results showed that

the aerodynamic efficiency of the propellers did not significantly differ between the designs,

suggesting that the sweep of the propeller blade can be altered to minimize noise without

hampering performance. The aeroacoustic investigation used computational and experimen-

tal methods to evaluate the tonal differences between the conventional and swept propellers.

The computational results indicated that the swept designs were slightly louder, likely due

to the integration along a longer chord length, but still showed potential to generate maxi-

mum interference between the loading and thickness noise. The experiment suggested that

more dramatic swept designs produce less noise, but further testing is necessary to establish

definitive results.

The study by Pisharoti et al (2022)[8] investigated the effect of sweep on the aerodynamic

and aeroacoustic performance of a UAV rotor. An experimental study was conducted to
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compare a swept and unswept rotor design, and it was found that introducing a sweep did

not compromise the aerodynamic performance of those 2 rotors tested. The swept rotor

had a lower noise level in the mid-frequency range and reduced the broadband noise range.

However, it had a higher level of high-frequency noise at an increased advance ratio. A

URANS CFD analysis was also carried out, which supported the experimental observations

and provided a qualitative analysis of the wake and boundary layer characteristics. The

difference in high-frequency noise observed could be due to the differences in transition and

separation phenomena observed on the rotor surface.

In a study conducted by Whelchel et al.(2022) [6], the impact of various factors on the aero-

dynamic performance and noise of four commercially available propellers was investigated

in an indoor wind tunnel facility at Virginia Tech. Various parameters including inflow ve-

locity, rotational rate, blade number, and propeller yaw were analyzed, including T-motor

30 × 10.5 CF rotor was evaluated experimentally. The findings revealed that broadband

noise plays a significant role in the overall measured far field noise and is crucial to consider

when designing electric Vertical Take-off and Landing (eVTOL) systems that are quiet. Fur-

thermore, the study examined the noise associated with the electric drive system and the

switching rate of the Electronic Speed Controller (ESC). The results indicated that simple

acoustic barriers placed around the motor helped reduce tonal noise at high frequencies for

all observer locations. Additionally, increasing the switching rate substantially decreased

tonal content at higher frequencies.

Khalafallah et al [9] examined the effects of swept blades on the performance of HAWTs using

CFD simulation and experimental data validation. The results suggest that downstream

swept blades have higher power coefficients but increased thrust, and the best performance

is achieved when the starting blade sweeps at 25% of the blade radius. Hager and Vrabel [10]

developed advanced blade designs incorporating sweep to mitigate compressibility issues and
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as an extra benefit incidentally they found out reduction in noise levels. The Single Rotor 3

(SR-3) with sweep demonstrated increased efficiency and 5dB noise reduction at Mach 0.8

compared to the conventional rotor design (SR-2), with the authors noting that blade sweep

should not exceed 60 degrees due to structural concerns.

The aerodynamic and aeroacoustic performance of T-motor 30 × 10.5 CF rotor was evaluated

computationally by Pisharoti et al (2023)[11] using High fidelity URANS-CFD simulation

with an overset mesh. Five different turbulence models were used, and the study found

that transition models were advantageous in predicting torque over fully turbulent models,

particularly the SST-based models. However, the SA model underperformed in aerodynamic

characterization. The study also identified differences in predicting trailing edge separation,

far-field wake, and laminar to turbulent flow transition, which significantly influenced the

broadband noise spectrum.

Quinten Michael’s [12] research delves into the issue of drone noise, particularly for multi-

copter designs. The goal is to minimize aeroacoustic noise without compromising aerody-

namic performance. The study employs computational fluid dynamics and a computational

aeroacoustics, to evaluate different tip geometries and design changes. Results reveal that

a 60-degree anhedral winglet and tapered tip enhance aerodynamic performance, whereas

Ogee, Vane, and tapered tips reduce low-frequency noise. The only two design variables that

could yield both aerodynamic and acoustic benefits are twist and a greater angle of attack.

Overall, the current state of the art on Unconventional swept rotors is promising, and more

research is needed to explore the potential benefits of sweeping the rotors further. The use

of swept rotors is expected to become more prevalent in future UAV designs as the demand

for noise-reducing and acoustic-enhancing technology increases.



In this chapter, we will find an overview of the rotor design process, as well as a comprehensive

explanation of the terminology used in rotor analysis.

To put it simply, a rotor is made up of multiple airfoil sections placed in a continuous line

from the hub to the blade tip, similar to how a straight line is a series of connected dots.

However, the arrangement of these airfoils can result in a highly complex geometry. To

improve the clarity of these terms, the author will utilize the standard rotor terminology

approved by the International Towing Tank Conference (ITTC) [13]. Let’s begin with the

basics.

Rotor diameter refers to the distance across the rotor blades from tip to tip. Diameter affects

the amount of air displaced by the rotor per rotation, which, in turn, affects the amount of

thrust generated by the rotor [2]. The diameter of a rotor is typically defined in inches or

millimeters, and it varies depending on the application and the aircraft’s size and weight.

Generally, it is denoted by ”d”, half of it would be radius (r). The diameter will be constant

6
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at 30 inches (0.762m) throughout the study to ensure meaningful comparisons. This value

was selected based on the typical diameter of commercially available larger rotors for UAV’s,

such as the T-motor CF 30 × 10.5 rotor, which has a diameter of 30 inches or a radius of

381 mm.

The angle between the chord line of a section and a plane that is perpendicular to the shaft

axis at a particular radius, r/R, is known as the rotor’s pitch angle., this also called as the

geometric pitch angle. [13]. The pitch distribution of a rotor is an essential design parameter

as it affects the rotor’s overall performance. The pitch distribution of a rotor can be either

uniform or non-uniform, depending on the desired performance characteristics. A uniform

pitch distribution means that the pitch angle is constant along the blade length, while a non-

uniform pitch distribution means that the pitch varies along the blade length. Optimizing

pitch distribution is also a vital component while designing the rotor as it has a major effect

on aerodynamic performance.

The chord length is the distance between the leading edge and the trailing edge of the blade

section, which varies along the length of the rotor blade. In general, the chord length of a

rotor is larger at the root and decreases towards the tip of the blade. This is because the

blade’s root generates more thrust as it moves through a larger mass of air, while the tip

generates less thrust as it moves through a smaller mass of air. Therefore, a larger chord

length is needed at the root to generate more thrust, and a smaller chord length is needed

at the tip to prevent excessive drag [2].
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Rake is the angle between the rotor blade plane and the hub plane axis. It indicates the

forward or aft tilt of the rotor blades in relation to the hub. A positive rake angle implies

that the blades are tilted backward, while a negative rake angle implies that they are tilted

forward.

Skew is the angle between the blade chord line and a line perpendicular to the rotor hub

axis. In rotor blade design, skew refers to the twist or angular displacement of the blade

cross-section about its chord line.

The terms Rake and Skew refer to the orientation of the rotor blades and are defined with

respect to the local chord orientation rather than the propeller plane of rotation. Rake is

perpendicular to the chord line, while Skew is parallel to the chord line [14].

Sweep can be defined as the angle at which the rotor blades are tilted back from the hub

plane along the rotor axis [15]. A positive sweep angle implies that the blades are swept

backward, while a negative sweep angle implies that the blades are swept forward. In essence,

sweep refers to the angular rotation of a blade section in the plane, in a positive direction

relative to the direction of rotation. We will now focus on a sweep and try to understand

its significance. To elaborate, imagine taking the adjacent airfoil section in a specific radial

location of a rotor and moving it either forward or backward along the cylinder axis of the

rotor as shown in Fig 2.1. There are two types of sweep can be applied - Balanced sweep

and Biased sweep
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Figure 2.1: Rotor Coordinate System with sweep and helical vortex [1]

In rotor design, balanced sweep and biased sweep are two techniques used to optimize the

sweep distribution. A rotor designed with a balanced sweep has a mid-chord line that initially

tilts forward of the directrix at the inner regions of the blade span, then tilts backward at

the outer regions. On the other hand, a biased sweep design has a mid-chord locus that

predominantly moves backward relative to the directrix along the blade’s span [2]. To put

it plainly, a balanced sweep refers to rotor blades that are swept forward and then back at

almost same angle on both sides of the hub, creating a symmetrical sweep distribution. In

contrast, a biased sweep means that the rotor blades are swept more prominently on one

side of the hub than the other, resulting in an asymmetrical sweep distribution. Choosing

between balanced and biased sweep designs depends on the specific needs and performance

goals of the rotor application. Designers must consider various factors, such as flight speed,

altitude, rotor diameter, and blade count, to determine the most suitable sweep design. In

the following chapters, we will examine a few sweep analyses and explore this topic further.
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The cross-section of a rotor blade is an essential design parameter in rotor design. The

cross-section shape of the blade influences the aerodynamic performance of the rotor, in-

cluding its thrust, moment and overall efficiency. Typically, the cross-section shape of a

rotor blade is designed to generate maximum lift and minimize drag [16]. The shape of a

rotor’s cross-section is characterized by its thickness and camber, which affect its lift and

drag. To optimize performance, airfoil shapes are used. The camber of an airfoil deter-

mines its lift distribution along the blade’s span, with a cambered blade generating lift when

rotated through the air, while a symmetric blade produces little to no lift. To select the

appropriate airfoil, various options, and optimizing tools are available, and in this study, the

16 series NACA profile airfoil was chosen for its superior efficiency. Results for this choice

are presented in Chapter 4.

The thickness distribution of a rotor refers to the variation in the blade cross section’s

thickness from its leading edge to its trailing edge. The thickness distribution of a rotor

blade is typically designed to balance the structural strength of the blade with the blade’s

aerodynamic performance. A thicker blade can provide more strength and stiffness but may

result in increased weight and drag, reducing the efficiency of the rotor. A thinner blade, on

the other hand, can reduce weight and drag, increasing the efficiency of the rotor, but it may

be more susceptible to structural damage. The optimal thickness distribution depends on

several factors, such as the rotor’s diameter, the blade count, and the desired performance

characteristics. In general, the thickness distribution of a rotor blade is designed to be

thinner near the leading and thicker towards the trailing [2]. This design allows for the blade
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to maintain its structural integrity while reducing drag and improving the rotor’s efficiency.

CLi

The coefficient of lift (CL) is a dimensionless quantity that expresses the non-dimensionalized

lift generated by an airfoil per unit area for a given angle of attack. The design coefficient of

lift is the maximum CL value that the airfoil can generate without stalling [2]. For a given

airfoil design, the ideal coefficient of lift is determined by its shape, including its camber,

thickness, and curvature, as well as its pitch angle. The lift coefficient value increases linearly

with the angle of attack at low angles of attack, until it reaches the ”maximum lift coefficient”

or ”design lift coefficient” at a certain value.

In this section, Rotor Performance theory refers to the principles and equations used to

predict the aerodynamic behavior of rotors. It involves the study of lift and drags forces

on rotor blades, and how they vary with different rotor designs, operating conditions, and

environmental factors. Key factors that affect rotor performance include blade geometry,

airfoil properties, rotational speed, blade angle of attack, and inflow conditions such as wind

speed and direction. By using rotor performance theory, we can optimize rotor design to

improve efficiency, reduce noise, and enhance stability and control.

The following are some important performance terms related to rotors[4] [3]:

Advance ratio (J): it is a dimensionless parameter used to describe the relative speed of a
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rotor blade to the fluid in which it is operating. It is defined as the ratio of the inflow velocity

to the product of the rotor’s angular velocity and the diameter of the rotor. In other words,

it is a measure of how fast the rotor is advancing into the air.

J =
V1

n � d
(2.1)

Lift Force (L’): The force generated by the rotor that acts perpendicular to the plane of

the rotation, typically measured in Newtons. The lift force is generated by the pressure

difference created between the upper and lower surfaces of the blade as it moves through the

air.

L0 = � � V1 � � (2.2)

Lift coefficient (cl): it is a dimensionless coefficient that describes the lift generated by an

airfoil, It is defined as the ratio of the lift force to the product of the dynamic pressure and

the reference chord length.

cl =
dL

0:5 � � � V 2
ref � c

(2.3)

Drag Force (D): Drag is the aerodynamic force that opposes the motion of an object through

a fluid, such as air or water. In the case of a rotor, drag is generated by the airflow over the

blades and is a function of the blade’s shape, size, and angle of attack. The drag force acts

opposite to the direction of motion of the rotor and causes a reduction in the rotor’s speed

and power output.

Drag Coefficient (cd): it is a dimensionless value that represents the amount of drag generated

by an object moving through a fluid. It is defined as the ratio of the drag force on the object

to the product of the dynamic pressure of the fluid and the reference chord length.

cd =
dD

0:5 � � � V 2
ref � c

(2.4)
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Thrust (T): Thrust is the force generated by a propulsion system, such as an engine or a

rotor, that propels an object forward through a fluid. It is the opposite force to drag and is

usually measured in Newtons (N) or pounds-force (lbf). In the context of a rotor, thrust is

the force generated by the rotor blades as they move through the fluid, pushing the vehicle

forward.

Thrust Coefficient (kT): it is a dimensionless parameter used to describe the efficiency of a

rotor in producing thrust. It is defined as the ratio of the thrust generated to the dynamic

pressure of the incoming fluid multiplied by the area swept by the rotor blades. The per-

formance of a rotor across a range of speeds is typically evaluated by plotting the thrust

coefficient against the advance ratio.

kT =
T

� � n2 � d4
(2.5)

Moment (Q): it is a measure of the twisting force exerted on the rotor shaft as a result of

the aerodynamic forces acting on the rotor blades. It is usually measured in Newton-meters

(Nm) or foot-pounds (ft-lb)

Moment Coefficient (kQ): it is a dimensionless parameter used to describe the efficiency of

a rotor in producing twisting force. It is defined as the ratio of the torque generated to the

dynamic pressure of the incoming fluid multiplied by the area swept by the rotor blades.

Similar to the thrust coefficient, the torque coefficient is often plotted with advance ratio to

analyze the rotor’s performance.

kQ =
Q

� � n2 � d5
(2.6)

Power (P): it is the rate at which work is done or energy is transferred. In the context

of rotors, power refers to the amount of energy that is transferred from the rotor to the

surrounding fluid per unit time. It is calculated as the product of the torque and angular
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velocity of the rotor, and its unit is usually expressed in watts or horsepower.

Pin = 2 � � � n � Q (2.7)

Power coefficient (kP): it is a dimensionless parameter used to describe the efficiency of a

rotor in converting the power from the incoming fluid to rotational mechanical power. It is

defined as the ratio of the mechanical power generated by the rotor to the power contained

in the fluid stream.

kP = 2�kQ (2.8)

Efficiency (�): it refers to the ratio of the useful output of a system to the total input

provided. In the context of rotors, it is the ratio of the power output of the rotor to the power

input required to rotate the rotor. Higher efficiency means that the rotor is able to generate

more lift or thrust while consuming less power, resulting in better overall performance. It is

an important performance metric for any rotor system.

� =
J

2�

kT

kQ
(2.9)

Blade area: refers to the total surface area of the blades of a rotor. It is an important

parameter in determining the performance of a rotor as it affects the amount of lift and

thrust generated. The blade area is typically calculated by multiplying the length of the

blade by its chord length and then summing up the areas of all the blades.

Disc area: Disc area refers to the circular area swept by the rotor blades as they rotate. The

disc area is an important parameter in rotor performance analysis as it is used to calculate

the mass flow rate through the rotor.

Adisc = � � r2 (2.10)
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�7�`�Q�K �/�B�7�7�2�`�2�M�i �#�H���/�2�b �H�2���p�B�M�; �i�?�2 �b�m�`�7���+�2 �r�B�i�? �+�Q�M�b�i���M�i�@�T�B�i�+�?�- �+�Q�M�b�i���M�i�@�`���/�B�m�b �?�2�H�B�+���H �p�Q�`�i�2�t

�7�B�H���K�2�M�i�b �+���M �#�2 �Q�#�b�2�`�p�2�/ �B�M �6�B�;�k�X�8�7�X
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�h�?�2 �E�m�i�i���@�C�Q�m�F�Q�r�b�F�B �i�?�2�Q�`�2�K �B�b �m�b�2�/ �i�Q �+���H�+�m�H���i�2 �+�B�`�+�m�H���i�B�Q�M �b�i�`�2�M�;�i�?�- �r�?�B�+�? �b�i���i�2�b �i�?���i �i�?�2

�B�M�p�B�b�+�B�/ �H�B�7�i �7�Q�`�+�2 �B�b �M�Q�`�K���H �i�Q �i�?�2 �B�M�+�B�/�2�M�i �p�2�H�Q�+�B�i�v ���M�/ �i�?�2 �p�B�b�+�Q�m�b �/�`���; �7�Q�`�+�2 �B�b �i���M�;�2�M�i�B���H

�i�Q �i�?�2 �B�M�+�B�/�2�M�i �p�2�H�Q�+�B�i�v�X �A�M�/�m�+�2�/ �p�2�H�Q�+�B�i�v �7�`�Q�K �+�B�`�+�m�H���i�B�Q�M �+���M �#�2 �+���H�+�m�H���i�2�/ �m�b�B�M�; �i�?�2 �"�B�Q�i�@

�a���p���`�i �H���r�X �h�?�2 �B�M�/�m�+�2�/ �p�2�H�Q�+�B�i�B�2�b ���`�2 �+���H�+�m�H���i�2�/ ���i �+�Q�M�i�`�Q�H �T�Q�B�M�i�b �Q�M �i�?�2 �H�B�7�i�B�M�; �H�B�M�2 �H�Q�+���i�2�/

���i �`���/�B���H �T�Q�b�B�i�B�Q�M�b �` �U�K�V�- �r�?�2�`�2 �K �`���M�;�2�b �7�`�Q�K �R �i�Q �K �_�2�/�/�v ���M�/ �"�`�B�x�x�Q�H���`�� �(�9�)

�a�2�+�i�B�Q�M���H �i�?�`�m�b�i ���M�/ �K�Q�K�2�M�i �+���M �#�2 �+���H�+�m�H���i�2�/ �7�`�Q�K �i�?�2 �B�M�/�m�+�2�/ �p�2�H�Q�+�B�i�B�2�b�X �h�?�2 �Q�p�2�`���H�H

�i�?�`�m�b�i ���M�/ �i�Q�`�[�m�2 �Q�7 �i�?�2 �`�Q�i�Q�` �+���M �#�2 �Q�#�i���B�M�2�/ �#�v �B�M�i�2�;�`���i�B�M�; �i�?�2 �b�2�+�i�B�Q�M���H �i�?�`�m�b�i ���M�/

�i�Q�`�[�m�2 �p���H�m�2�b �7�`�Q�K �?�m�# �i�Q �i�B�T ���M�/ �K�m�H�i�B�T�H�v�B�M�; �i�?�2�K �#�v �i�?�2 �M�m�K�#�2�` �Q�7 �#�H���/�2�b�X �P�M�+�2 �i�?�`�m�b�i

���M�/ �i�Q�`�[�m�2 ���`�2 �F�M�Q�r�M�- �T�2�`�7�Q�`�K���M�+�2 �T���`���K�2�i�2�`�b �+���M �#�2 �+���H�+�m�H���i�2�/�X

�o�G�J �7�Q�` �`�Q�i�Q�` �T�2�`�7�Q�`�K���M�+�2 �m�b�2�b �b�2�p�2�`���H �7�Q�`�K�m�H���b ���M�/ �2�[�m���i�B�Q�M�b �i�Q �+���H�+�m�H���i�2 �p���`�B�Q�m�b �T���`���K�@

�2�i�2�`�b �(�R�d�)�X �a�Q�K�2 �Q�7 �i�?�2 �+�Q�K�K�Q�M�H�v �m�b�2�/ �7�Q�`�K�m�H���b ���`�2 �(�R�3�)�,

�G�B�7�i �B�b �+���H�+�m�H���i�2�/ �7�`�Q�K �i�?�2 �F�m�i�i���@�D�Q�m�F�Q�r�b�F�B �i�?�2�Q�`�2�K �7�`�Q�K �i�?�2 �;�B�p�2�M �+�B�`�+�m�H���i�B�Q�M �p���H�m�2�b�X

L = �V 1 � �U�k�X�R�9�V

�*���H�+�m�H���i�B�Q�M �Q�7 �#�Q�m�M�/ �p�Q�`�i�2�t �b�i�`�2�M�;�i�?�,

� =
4�V bsin (� )

Nc
�U�k�X�R�8�V

�*���H�+�m�H���i�B�Q�M �Q�7 �#�Q�m�M�/ �p�Q�`�i�2�t �T�Q�b�B�i�B�Q�M�,

s(i ) =
(i � 1)c

N
�U�k�X�R�e�V



�k�9 �+�Ñ�ž�ÿ���¶�� �l�Y � �̀ñ���ñ�� �B�é�����ñ�²���«���Ô�ñ�é �V�;�¶�é�¶���ž�ã�W

�*���H�+�m�H���i�B�Q�M �Q�7 �i�?�2 �p�2�H�Q�+�B�i�v �B�M�/�m�+�2�/ �#�v �� �#�Q�m�M�/ �p�Q�`�i�2�t�,

u�
a(i; j ) =

� j

4�
�

s(i )
r j

� cos(� j ) �U�k�X�R�d�V

u�
t (i; j ) =

� j

4�
�

s(i )
r j

� sin(� j ) �U�k�X�R�3�V

�*���H�+�m�H���i�B�Q�M �Q�7 �B�M�/�m�+�2�/ ���t�B���H �p�2�H�Q�+�B�i�B�2�b�-

u�
a�U�K�V=

MX

i =1

�( i )u�
a(i; j ) �U�k�X�R�N�V

�a�B�K�B�H���`�H�v �+���H�+�m�H���i�B�Q�M �Q�7 �B�M�/�m�+�2�/ �i���M�;�2�M�i�B���H �p�2�H�Q�+�B�i�B�2�b�-

u�
t �U�K�V=

MX

i =1

�( i )u�
t (i; j ) �U�k�X�k�y�V

�a�2�+�i�B�Q�M���H �G�B�7�i�-

dL = �b(i )Vrel (i )�( i ) �U�k�X�k�R�V

�a�2�+�i�B�Q�M���H �.�`���;�-

dD =
1
2

� � � V 2
rel � c � r (i ) � cd �U�k�X�k�k�V

�a�2�+�i�B�Q�M���H �h�?�`�m�b�i�-

dT = dL � cos(� ) � dD � sin(� ) �U�k�X�k�j�V

�a�2�+�i�B�Q�M���H �h�Q�`�[�m�2�-

dQ = r
�
dL � sin(� ) � dD � cos(� )

�
�U�k�X�k�9�V
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�*���H�+�m�H���i�B�M�; �h�?�`�m�b�i�-

Thrust = N �
Z

dT �U�k�X�k�8�V

�*���H�+�m�H���i�B�M�; �h�Q�`�[�m�2�-

Torque= N �
Z

dQ �U�k�X�k�e�V

�k�X�j�X�9 �S���M�2�H �J�2�i�?�Q�/

�A�i �B�b ���M ���2�`�Q�/�v�M���K�B�+�b �+�Q�K�T�m�i���i�B�Q�M���H �K�2�i�?�Q�/ �i�?���i �+�Q�M�b�B�/�2�` �i�?�2 ���+�i�m���H �b�?���T�2 �Q�7 �i�?�2 �b�2�+�i�B�Q�M

�i�Q ���M���H�v�x�2 �i�?�2 �7�H�Q�r �7�B�2�H�/ ���`�Q�m�M�/ �+�Q�K�T�H�2�t �;�2�Q�K�2�i�`�B�2�b�- �B�M�+�H�m�/�B�M�; �`�Q�i�Q�`�b�X �h�?�B�b �K�2�i�?�Q�/ �/�B�p�B�/�2�b

�i�?�2 �;�2�Q�K�2�i�`�v �B�M�i�Q �� �b�2�i �Q�7 �T���M�2�H�b ���M�/ ���T�T�`�Q�t�B�K���i�2�b �i�?�2 �7�H�Q�r �7�B�2�H�/ �Q�p�2�` �2���+�? �T���M�2�H �r�B�i�? ��

�K���i�?�2�K���i�B�+���H �2�[�m���i�B�Q�M ���b �b�?�Q�r�M �B�M �6�B�;�k�X�d�X �"�v �m�i�B�H�B�x�B�M�; �+�Q�M�b�i���M�i �b�i�`�2�M�;�i�? �b�Q�m�`�+�2�b �Q�` �b�B�M�F�b

�Q�M �2���+�? �7�H���i �T���M�2�H �Q�7 �i�?�2 �Q�#�D�2�+�i�ö�b �b�m�`�7���+�2�- �i�?�2 �S���M�2�H �J�2�i�?�Q�/ ���T�T�`�Q�t�B�K���i�2�b �i�?�2 �7�H�Q�r �7�B�2�H�/�X

���b �� �`�2�b�m�H�i�- �i�?�2 �p�2�H�Q�+�B�i�v ���M�/ �T�`�2�b�b�m�`�2 ���i ���M�v �T�Q�B�M�i �B�M �i�?�2 �7�H�Q�r �7�B�2�H�/ �+���M �#�2 �/�2�i�2�`�K�B�M�2�/ �#�v

�b�m�T�2�`�B�K�T�Q�b�B�M�; �i�?�2 �+�Q�M�i�`�B�#�m�i�B�Q�M �Q�7 �2���+�? �T���M�2�H�ö�b �7�H�Q�r �7�B�2�H�/ �(�k�)�X

�h�Q �m�i�B�H�B�x�2 �i�?�2 �T���M�2�H �K�2�i�?�Q�/�- �i�?�2 �7�B�`�b�i �b�i�2�T �B�b �i�Q �+�`�2���i�2 �� �K�2�b�? �Q�7 �T���M�2�H�b �Q�M �i�?�2 �Q�#�D�2�+�i�ö�b

�b�m�`�7���+�2�X �h�v�T�B�+���H�H�v�- �2���+�? �T���M�2�H �B�b �/�2�7�B�M�2�/ �#�v �7�Q�m�` �p�2�`�i�B�+�2�b�- ���M�/ �B�i�b �p�Q�`�i�2�t �b�i�`�2�M�;�i�? �/�B�b�i�`�B�#�m�i�B�Q�M

�B�b �`�2�T�`�2�b�2�M�i�2�/ �#�v �� �b�2�i �Q�7 �b�Q�m�`�+�2 �Q�` �b�B�M�F �b�i�`�2�M�;�i�?�b �i�?���i �p���`�v �H�B�M�2���`�H�v�X �h�?�2�b�2 �b�i�`�2�M�;�i�?�b ���`�2

�/�2�i�2�`�K�B�M�2�/ �#�v �b�Q�H�p�B�M�; �� �b�v�b�i�2�K �Q�7 �H�B�M�2���` �2�[�m���i�B�Q�M�b�X ���7�i�2�` �/�2�i�2�`�K�B�M�B�M�; �i�?�2 �T���M�2�H �b�i�`�2�M�;�i�?�b�-

�i�?�2 �p�2�H�Q�+�B�i�v �T�Q�i�2�M�i�B���H ���i ���M�v �T�Q�B�M�i �B�M �i�?�2 �7�H�Q�r �7�B�2�H�/ �+���M �#�2 �+���H�+�m�H���i�2�/ �#�v �b�m�K�K�B�M�; �i�?�2

�+�Q�M�i�`�B�#�m�i�B�Q�M�b �Q�7 �2���+�? �T���M�2�H �m�b�B�M�; �� �M�m�K�2�`�B�+���H �B�M�i�2�;�`���i�B�Q�M �i�2�+�?�M�B�[�m�2�X �"�2�`�M�Q�m�H�H�B�ö�b �2�[�m���i�B�Q�M

�+���M �#�2 ���T�T�H�B�2�/ �i�Q �Q�#�i���B�M �i�?�2 �T�`�2�b�b�m�`�2 �/�B�b�i�`�B�#�m�i�B�Q�M �Q�M �i�?�2 �Q�#�D�2�+�i�ö�b �b�m�`�7���+�2�X �h�?�Q�m�;�? �i�?�2

�T�`�Q�+�2�b�b �+���M �#�2 �+�Q�K�T�H�2�t�- �i�?�2 �T���M�2�H �K�2�i�?�Q�/ �B�b �?�B�;�?�H�v �`�2�H�B���#�H�2 �7�Q�` �b�B�K�T�H�2 �;�2�Q�K�2�i�`�B�2�b�X
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�� �T���M�2�H �K�2�i�?�Q�/ �B�b �� �m�b�2�7�m�H �i�Q�Q�H �7�Q�` �T�`�2�/�B�+�i�B�M�; �i�?�2 ���2�`�Q�/�v�M���K�B�+ �T�`�Q�T�2�`�i�B�2�b �Q�7 �Q�#�D�2�+�i�b�- �B�M�@

�+�H�m�/�B�M�; �H�B�7�i�- �/�`���;�- ���M�/ �T�B�i�+�?�B�M�; �K�Q�K�2�M�i�X �A�i �+���M �#�2 ���T�T�H�B�2�/ �i�Q �� �r�B�/�2 �`���M�;�2 �Q�7 �b�?���T�2�b ���M�/

�+�Q�M�7�B�;�m�`���i�B�Q�M�b ���M�/ �B�b �Q�7�i�2�M �m�b�2�/ �B�M �i�?�2 �/�2�b�B�;�M ���M�/ �Q�T�i�B�K�B�x���i�B�Q�M �Q�7 ���B�`�+�`���7�i�- �r�B�M�/ �i�m�`�#�B�M�2�b�-

���M�/ �Q�i�?�2�` �2�M�;�B�M�2�2�`�B�M�; �b�v�b�i�2�K�b�X

�h�?�2 �S���M�2�H �J�2�i�?�Q�/�- �/�2�b�T�B�i�2 �B�i�b �#�2�M�2�7�B�i�b�- �?���b �b�2�p�2�`���H �/�`���r�#���+�F�b�X �P�M�2 �Q�7 �i�?�2 �K���B�M �H�B�K�B�i���i�B�Q�M�b

�B�b �i�?���i �i�?�2 ���+�+�m�`���+�v �Q�7 �i�?�2 �`�2�b�m�H�i�b �Q�#�i���B�M�2�/ �i�?�`�Q�m�;�? �i�?�2 �S���M�2�H �J�2�i�?�Q�/ �`�2�H�B�2�b �?�2���p�B�H�v �Q�M �i�?�2

�M�m�K�#�2�` �Q�7 �T���M�2�H�b �m�i�B�H�B�x�2�/ �i�Q �/�B�b�+�`�2�i�B�x�2 �i�?�2 �;�2�Q�K�2�i�`�v�X �A�M���+�+�m�`���i�2 �`�2�b�m�H�i�b �K���v ���`�B�b�2 �r�?�2�M ��

�b�K���H�H �M�m�K�#�2�` �Q�7 �T���M�2�H�b ���`�2 �m�b�2�/ �r�?�B�H�2 �m�b�B�M�; �i�Q�Q �K���M�v �T���M�2�H�b �+���M �H�2���/ �i�Q �H�Q�M�; �+�Q�K�T�m�i���i�B�Q�M

�i�B�K�2�b�- �M�m�K�2�`�B�+���H �B�M�b�i���#�B�H�B�i�B�2�b�- ���M�/ �+�Q�M�p�2�`�;�2�M�+�2 �7���B�H�m�`�2�b�- ���b �?���b �#�2�2�M �Q�#�b�2�`�p�2�/ �B�M �i�?�2 �+���b�2 �Q�7

�i�?�2 �o�a�S���2�`�Q �i�Q�Q�H�X �6�Q�` �� �+�Q�K�T�`�2�?�2�M�b�B�p�2 �b�i�m�/�v �i�?���i �B�M�+�H�m�/�2�b �b�r�2�2�T�- �i�?�2 �S���M�2�H �J�2�i�?�Q�/ �K���v

�#�2 �i�Q�Q �p�Q�H���i�B�H�2 �7�Q�` �i�?�2 �p�Q�`�i�2�t �b�i�`�m�+�i�m�`�2�- ���M�/ �i�?�2�`�2�7�Q�`�2�- �i�?�2 �o�Q�`�i�2�t �G���i�i�B�+�2 �J�2�i�?�Q�/ �K���v �#�2 ��

�K�Q�`�2 �b�m�B�i���#�H�2 ���H�i�2�`�M���i�B�p�2�X
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�U���V �o�Q�`�i�2�t �/�B�b�i�`�B�#�m�i�B�Q�M �B�M ���M ���B�`�7�Q�B�H�U�#�V �"�Q�m�M�/ �p�Q�`�i�B�+�B�i�v �Q�` �H�B�7�i�B�M�; �b�m�`�7���+�2
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�6�B�;�m�`�2 �9�X�R�y�, �*�Q�M�p�2�`�;�2�M�+�2 �`�2�b�m�H�i �Q�7 �q���F�2 �L�Q�/�2�b �Q�M �h�?�`�m�b�i

�6�B�;�m�`�2 �9�X�R�R�, �*�Q�M�p�2�`�;�2�M�+�2 �`�2�b�m�H�i �Q�M �q���F�2 �L�Q�/�2�b �Q�M �J�Q�K�2�M�i
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�6�B�;�m�`�2 �9�X�R�k�, �q���F�2 �M�Q�/�2 �b�i�`�m�+�i�m�`�2 �2�t���K�T�H�2 �Q�7 �� �b�B�K�m�H���i�B�Q�M

�9�X�k�X�j �h�B�K�2 �b�i�2�T �b�i�m�/�v

�� �i�B�K�2 �b�i�2�T �b�i�m�/�v �B�b �� �i�v�T�2 �Q�7 �b�B�K�m�H���i�B�Q�M ���M���H�v�b�B�b �i�?���i �B�M�p�Q�H�p�2�b �p���`�v�B�M�; �i�?�2 �i�B�K�2 �b�i�2�T �m�b�2�/ �B�M

�� �M�m�K�2�`�B�+���H �b�B�K�m�H���i�B�Q�M �i�Q �B�M�p�2�b�i�B�;���i�2 �B�i�b �B�K�T���+�i �Q�M �i�?�2 ���+�+�m�`���+�v ���M�/ �b�i���#�B�H�B�i�v �Q�7 �i�?�2 �`�2�b�m�H�i�b�X

�A�M �+�Q�K�T�m�i���i�B�Q�M���H �7�H�m�B�/ �/�v�M���K�B�+�b �U�*�6�.�V�- �7�Q�` �2�t���K�T�H�2�- �i�?�2 �i�B�K�2 �b�i�2�T �B�b �i�?�2 ���K�Q�m�M�i �Q�7 �i�B�K�2

�i�?���i �i�?�2 �b�Q�H�p�2�` ���/�p���M�+�2�b �#�2�i�r�2�2�M �2���+�? �+���H�+�m�H���i�B�Q�M �b�i�2�T�X �*�?�Q�Q�b�B�M�; �i�?�2 ���T�T�`�Q�T�`�B���i�2 �i�B�K�2 �b�i�2�T

�B�b �+�`�m�+�B���H �7�Q�` �Q�#�i���B�M�B�M�; �i�`�m�b�i�7�m�H �`�2�b�m�H�i�b�- ���b �B�i ���7�7�2�+�i�b �#�Q�i�? �i�?�2 �b�i���#�B�H�B�i�v ���M�/ �i�?�2 �+�Q�K�T�m�i���i�B�Q�M���H

�2�7�7�B�+�B�2�M�+�v �Q�7 �i�?�2 �7�H�Q�r ���/���T�i�2�/ �r���F�2�X �� �i�B�K�2 �b�i�2�T �i�?���i �B�b �i�Q�Q �H���`�;�2 �+���M �+���m�b�2 �B�M�b�i���#�B�H�B�i�v �B�M

�i�?�2 �b�B�K�m�H���i�B�Q�M�- �r�?�B�H�2 �� �i�B�K�2 �b�i�2�T �i�?���i �B�b �i�Q�Q �b�K���H�H �+���M �H�2���/ �i�Q �2�t�+�2�b�b�B�p�2 �+�Q�K�T�m�i���i�B�Q�M���H �+�Q�b�i�-

�+�Q�M�p�2�`�;�2�M�+�2 �7���B�H�m�`�2�- ���M�/ �b�H�Q�r �/�Q�r�M �i�?�2 �b�B�K�m�H���i�B�Q�M�X �h�?�B�b �i�v�T�B�+���H�H�v �B�M�p�Q�H�p�2�b �`�m�M�M�B�M�; �� �b�2�`�B�2�b

�Q�7 �b�B�K�m�H���i�B�Q�M�b �r�B�i�? �/�B�7�7�2�`�2�M�i �i�B�K�2 �b�i�2�T�b ���M�/ �+�Q�K�T���`�B�M�; �i�?�2 �`�2�b�m�H�i�b�X �h�?�2 �b�B�K�m�H���i�B�Q�M�b �+���M �#�2

�`�m�M �7�Q�` �� �7�B�t�2�/ �T�2�`�B�Q�/ �Q�7 �i�B�K�2 �Q�` �m�M�i�B�H �� �b�T�2�+�B�7�B�+ �+�Q�M�p�2�`�;�2�M�+�2 �+�`�B�i�2�`�B�Q�M �B�b �K�2�i�X �h�?�2 �`�2�b�m�H�i�b �+���M

�i�?�2�M �#�2 ���M���H�v�x�2�/ �i�Q �/�2�i�2�`�K�B�M�2 �i�?�2 �Q�T�i�B�K���H ���/���T�i�2�/ �r���F�2 �#�2�?�B�M�/ �i�?�2 �`�Q�i�Q�` �i�?���i �T�`�Q�p�B�/�2�b �i�?�2

�/�2�b�B�`�2�/ �H�2�p�2�H �Q�7 ���+�+�m�`���+�v ���M�/ �+�Q�K�T�m�i���i�B�Q�M���H �2�7�7�B�+�B�2�M�+�v�X �A�M �T�`���+�i�B�+�2�- �i�?�2 �Q�T�i�B�K���H �i�B�K�2 �b�i�2�T
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�r�B�H�H �/�2�T�2�M�/ �Q�M �i�?�2 �b�T�2�+�B�7�B�+ �b�B�K�m�H���i�B�Q�M �b�2�i�m�T ���M�/ �i�?�2 �b�Q�H�p�2�` �m�b�2�/�X �6���+�i�Q�`�b �b�m�+�? ���b �i�?�2 �b�B�x�2 �Q�7

�i�?�2 �/�Q�K���B�M�- �i�?�2 �+�Q�K�T�H�2�t�B�i�v �Q�7 �i�?�2 �;�2�Q�K�2�i�`�v�- ���M�/ �i�?�2 �T�?�v�b�B�+�b �#�2�B�M�; �b�B�K�m�H���i�2�/ �+���M ���H�H ���7�7�2�+�i

�i�?�2 �Q�T�i�B�K���H �i�B�K�2 �b�i�2�T�X

�A�M �P�T�2�M�o�a�S�- �i�?�2 �i�B�K�2 �b�i�2�T �B�b �+�Q�M�i�`�Q�H�H�2�/ �#�v �i�?�2 �ô�h�B�K�2�n�a�i�2�T�ô �b�2�i�i�B�M�; ���b �b�2�2�M �B�M���X�3�- �r�?�B�+�?

�/�2�i�2�`�K�B�M�2�b �i�?�2 �i�B�K�2 �B�M�i�2�`�p���H �#�2�i�r�2�2�M �b�m�+�+�2�b�b�B�p�2 �B�i�2�`���i�B�Q�M�b �Q�` �b�m�+�+�2�b�b�B�p�2 �`�Q�i���i�B�Q�M�b �Q�7 �� �T�`�Q�@

�T�2�H�H�2�`�X �"�v �/�2�7���m�H�i�- �P�T�2�M�o�a�S �m�b�2�b �� �i�B�K�2 �b�i�2�T �Q�7 �y�X�y�y�R�k�8 �b�2�+�Q�M�/�b �7�Q�` �R�y �`�2�p�Q�H�m�i�B�Q�M�b ���i �k�y�y

�M�m�K�#�2�` �Q�7 �i�B�K�2 �b�i�2�T�b �r�?�B�+�? �B�b �2�[�m�B�p���H�2�M�i �i�Q ���H�K�Q�b�i �R�3� �- �#�m�i �i�?�B�b �+���M �#�2 �B�M�+�`�2���b�2�/ �Q�` �/�2�@

�+�`�2���b�2�/ �/�2�T�2�M�/�B�M�; �Q�M �i�?�2 �/�2�b�B�`�2�/ �H�2�p�2�H �Q�7 ���+�+�m�`���+�v�X �h�?�2 �T���`���K�2�i�`�B�+ �B�M�7�Q�`�K���i�B�Q�M �Q�M ���m�i�Q

�i�B�K�2�b�i�2�T�- �M�m�K�#�2�` �Q�7 �`�2�p�Q�H�m�i�B�Q�M�b�- ���M�/ �i�B�K�2 �b�i�2�T �b�B�x�2 �B�b �b�?�Q�r�M �B�M �6�B�;�"�X�8�b�m�#�b�2�[�m�2�M�i �B�K���;�2�b�X

�a�B�M�+�2 �i�?�2 �i�B�K�2 �b�i�2�T �b�B�x�2 �B�K�T���+�i�b �i�?�2 �*�Q�m�`���M�i�@�6�`�B�2�/�`�B�+�?�b�@�G�2�r�v �U�*�6�G�V �M�m�K�#�2�`�- �B�i �B�b �� �+�`�B�i�B�+���H

�7���+�i�Q�` �i�?���i �+���M ���7�7�2�+�i �i�?�2 ���+�+�m�`���+�v ���M�/ �b�i���#�B�H�B�i�v �Q�7 �i�?�2 �b�B�K�m�H���i�B�Q�M�X

�h�Q �B�K�T�`�Q�p�2 �i�?�2 �b�B�K�m�H���i�B�Q�M�ö�b ���+�+�m�`���+�v�- �� �`���M�;�2 �Q�7 �`�Q�i���i�B�Q�M ���M�;�H�2�b �7�`�Q�K �y�X�8� �i�Q �d�y� �i�Q �+�Q�K�T�H�2�i�2

�� �`�2�p�Q�H�m�i�B�Q�M �r���b �b�i�m�/�B�2�/�X �h�?�2 �`�2�b�m�H�i�b �b�i���`�i�2�/ �+�Q�M�p�2�`�;�B�M�; ���`�Q�m�M�/ �8�y� �r�?�B�+�? �;�B�p�2�b �`�2�H���B���#�H�2

�/�2�T�2�M�/�2�M�i �Q�M �i�?�2 �i�v�T�2 �Q�7 �r���F�2 �;�2�Q�K�2�i�`�v �`�2�H���t���i�B�Q�M ���H�;�Q�`�B�i�?�K�X ���7�i�2�` �b�2�p�2�`���H �i�`�B���H ���M�/ �2�`�`�Q�`

���i�i�2�K�T�i�b�- �� �i�B�K�2 �b�i�2�T �Q�7 �e�y� �T�2�` �i�B�K�2 �b�i�2�T �r���b �b�2�H�2�+�i�2�/�- �`�2�[�m�B�`�B�M�; �b�B�t�@�i�B�K�2 �b�i�2�T�b �i�Q �+�Q�K�T�H�2�i�2

�� �`�2�p�Q�H�m�i�B�Q�M�X �A�M�i�2�`�2�b�i�B�M�;�H�v�- �m�M�H�B�F�2 �K�Q�b�i �+�Q�/�2�b�- �B�M�+�`�2���b�B�M�; �i�?�2 �`�2�b�Q�H�m�i�B�Q�M �/�Q�2�b �M�Q�i ���H�r���v�b

�`�2�b�m�H�i �B�M �B�K�T�`�Q�p�2�/ �T�2�`�7�Q�`�K���M�+�2 �7�Q�` �i�?�2 �o�a�S���2�`�Q �b�Q�H�p�2�`�X �h�?�2 ���+�+�Q�K�T���M�v�B�M�; �B�K���;�2�b �T�`�Q�p�B�/�2

�b�m�T�T�Q�`�i�B�M�; �2�p�B�/�2�M�+�2 �7�Q�` �i�?�B�b �+�Q�M�+�H�m�b�B�Q�M �r�B�i�? �M�m�K�#�2�` �Q�7 �i�B�K�2 �b�i�2�T �T�H�Q�i�i�2�/ ���;���B�M�i �i�?�`�m�b�i ���M�/

�i�Q�`�[�m�2 �7�Q�` �+�Q�M�p�2�M�i�B�Q�M���H �`�Q�i�Q�` ���M�/ �m�M�+�Q�M�p�2�M�i�B�Q�M���H �`�Q�i�Q�`�X

�6�B�;�9�X�R�j�b�?�Q�r�b �� �+�Q�M�p�2�`�;�2�M�+�2 �b�i�m�/�v �Q�M �i�?�2 �i�B�K�2 �b�i�2�T �b�B�x�2 �7�Q�` �i�?�`�m�b�i �p�2�`�b�m�b �i�B�K�2 �b�i�2�T �r���b

�+�Q�M�/�m�+�i�2�/�X �h�?�2 �`�2�b�m�H�i�b �b�?�Q�r�2�/ �i�?���i �i�?�2 �i�?�`�m�b�i �T�`�2�/�B�+�i�B�Q�M �B�M�B�i�B���H�H�v �B�M�+�`�2���b�2�/ ���b �i�?�2 �i�B�K�2 �b�i�2�T

�b�B�x�2 �/�2�+�`�2���b�2�/�X �>�Q�r�2�p�2�`�- ���i �� �+�2�`�i���B�M �T�Q�B�M�i�- �i�?�2 �i�?�`�m�b�i �T�`�2�/�B�+�i�B�Q�M �b�i���`�i�2�/ �i�Q �Q�b�+�B�H�H���i�2 ���M�/

�/�2�p�B���i�2 �7�`�Q�K �i�?�2 ���+�i�m���H �p���H�m�2 ���b �i�?�2 �i�B�K�2 �b�i�2�T �b�B�x�2 �/�2�+�`�2���b�2�/ �7�m�`�i�?�2�`�X �h�?�B�b �T�Q�B�M�i �B�b �+���H�H�2�/

�i�?�2 �+�Q�M�p�2�`�;�2�M�+�2 �H�B�K�B�i ���M�/ �`�2�T�`�2�b�2�M�i�b �i�?�2 �b�K���H�H�2�b�i �i�B�K�2 �b�i�2�T �b�B�x�2 �i�?���i �+���M �#�2 �m�b�2�/ �r�?�B�H�2

�K���B�M�i���B�M�B�M�; �b�i���#�H�2 �`�2�b�m�H�i�b�X
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���b �b�?�Q�r�M �B�M �6�B�;�9�X�R�e���M�/�9�X�R�d�- �i�?�2 �Q�p�2�`���H�H �T�2�`�7�Q�`�K���M�+�2 �;�`���/�m���H�H�v �`�2���+�?�2�/ �� �+�Q�M�p�2�`�;�2�M�+�2 �H�2�p�2�H

���7�i�2�` �� �e�y� �i�B�K�2 �b�i�2�T�- �r�?�B�+�? �A �r�B�H�H �m�b�2 �i�?�`�Q�m�;�?�Q�m�i �i�?�2 �T���`���K�2�i�`�B�+ �b�i�m�/�v �r�?�B�+�? �B�b �T�?�v�b�B�+���H�H�v

�`�2�T�`�2�b�2�M�i�2�/ �B�M �6�B�;�9�X�R�3�X �h�?�2 �i�?�`�m�b�i ���M�/ �i�Q�`�[�m�2 �+�Q�2�7�7�B�+�B�2�M�i�b �`�2�/�m�+�2�/ �;�`���/�m���H�H�v ���b �i�?�2 �i�B�K�2
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�T�`�Q�+�2�2�/ �r�B�i�? �e�y� �i�B�K�2 �b�i�2�T �7�Q�` �i�?�2 �b�i�m�/�v�X

�6�B�;�m�`�2 �9�X�R�j�, �*�Q�M�p�2�`�;�2�M�+�2 �b�i�m�/�v �`�2�b�m�H�i�b �Q�M �i�B�K�2 �b�i�2�T �7�Q�` �i�?�`�m�b�i �p�f�b �i�B�K�2 �b�i�2�T

�6�B�;�m�`�2 �9�X�R�9�, �*�Q�M�p�2�`�;�2�M�+�2 �7�Q�` �� �p���b�i �`���M�;�2 �Q�7 �i�B�K�2�b�i�2�T ���M�;�H�2�b �Q�M �i�?�`�m�b�i
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�6�B�;�m�`�2 �9�X�R�8�, �*�Q�M�p�2�`�;�2�M�+�2 �7�Q�` �� �p���b�i �`���M�;�2 �Q�7 �i�B�K�2�b�i�2�T ���M�;�H�2�b �Q�M �i�Q�`�[�m�2

�6�B�;�m�`�2 �9�X�R�e�, �*�Q�M�p�2�`�;�2�M�+�2 �b�i�m�/�v �Q�M �i�?�2 �F�h �S�2�`�7�Q�`�K���M�+�2 �+�m�`�p�2 �Q�7 �+�Q�M�p�2�M�i�B�Q�M���H �T�`�Q�T
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�U���V ���m�i�Q �i�B�K�2 �b�i�2�T�U�R�3� �V �r�B�i�? �k�8�e �r���F�2 �M�Q�/�2�b�U�#�V �e�y� �i�B�K�2 �b�i�2�T �r�B�i�? �k�8�e �r���F�2 �M�Q�/�2�b
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