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ABSTRACT

Newton’s Third Law states that for every action, there is a reaction. The aircraft can
propel itself by pushing air backward, it may propel a high quantity of air at a low speed,
or a small quantity at higher velocities. Aircraft that operate at low Mach produce thrust
by a combination of engine and propeller. Accurate propeller predictions are crucial in
aircraft performance since further analysis would consist of computational simulations or
experiments, which are highly time-consuming. In this thesis, an analytical method to
improve the design and performance of a propeller is presented, using MATLAB. First,
the implementation of Blade Element Momentum Theory, based on a database built by
XFOIL. After validating the results with analytical and experimental results from other
theses, an algorithm of optimization Accelerated Differential Evolution was implemented.
The main objective is to create an approach, that defines an optimal airscrew that will
best suit an engine. The results provided a propeller’s higher efficiency of 4% compared
to the one made for an electrical aircraft.

Keywords: propeller, blade, thrust, optimization.
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1 INTRODUCTION

1 Introduction

The purpose of this thesis is to develop an approach to predict an optimal propeller
(or fan) for engines that operate in low Mach with its main parameters: torque and RPM.
Blade Element Momentum Theory (BEMT) and Accelerated Differential Evolution (ADE)
are combined to achieve this goal, resulting in low-consuming processing. A validation of
BEMT was achieved after comparing the results to analytical and experimental results
from other theses. On the one hand, there exists software on the web that provides
analytical results for the thrust and torque required. On the other, they do not specifically
define an optimal design for a specific engine, or the propeller’s parameters to achieve the
result.

The main advantage of developing this program is the possibility of defining the blade
geometries constraints to a specific case, and still getting an optimum result. For example,
some aircraft have a propeller’s diameter limitation because of their structure, or the goal
is not efficiency, but the thrust. Machine Learning provides the capability to define the
best set of parameters in the earlier stages of aircraft development, which will reduce the
time consumed to design an optimum propeller given the conditions imposed. It makes
the code much more versatile than other programs.

Firstly, is mandatory to obtain the capability of understanding the fundamentals before
calculating propeller performance. To do this, the basic content of fluid mechanics, aero-
dynamics, and propulsion are considered. Then, the propeller aspects and classification
are explained.

Following, the BEMT equations are presented and briefly the Machine Learning con-
cept is shown to explain the reason that ADE was chosen. To validate the BEMT al-
gorithm, a comparison between analytical and experimental results is made. Once the
model is set up, the implementation of ADE is possible.

Finally, the ADE results are discussed in Chapter 7, and conclusions on the work
performed along with recommendations for future studies are described in Chapter 8.




2 FUNDAMENTALS

2 Fundamentals

To understand the propeller’s performance, it’s necessary to understand all the char-
acteristics of an aircraft, so a basic understanding of aeronautical engineering is presented.

2.1 Fluid Mechanics

Cengel [16] defines fluid as a substance in the liquid or gas phase as a fluid. The
distinction between a solid and a fluid is made based on the substance’s ability to resist
an applied shear (or tangential) stress that tends to change its shape.

Therefore, it’s necessary to classify the work fluid for this document:

e Internal or external: depending on the fluid flows in a confined space or over a
surface;

e Compressible or incompressible: depending on the level of variation of density dur-
ing flow, incompressibility is an approximation made to simplify the calculus, in
which the flow is said to be incompressible if the density remains nearly constant
throughout the motion ;

e Laminar, transitional or turbulent: depending on the disorder of the fluid, the
Reynolds Number (Re) is a parameter established to determine the flow regime
at each point, as shown in Figure 1;

e Unsteady or steady: the steady and uniform flow implies no change of properties, like
velocity, temperature, etc., and the unsteady, is the opposite, also called transient,
that is typically used for developing flows.

Figure 1: Laminar, transitional, and turbulent flows over a flat plate.
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Source: Cengel [16]
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For this research, the assumptions of an external, incompressible, laminar, and steady
flow were made. The flow near the blades of the propeller is unsteady, but for airscrew,
it’s considered the overall flow field rather than the details.

2.2 Aerodynamics

The study of the dynamics of both liquids and gases under the same general heading is
called fluid dynamics. Certain differences exist between the flow of liquids and the flow of
gases; also, different species of gases have different properties. Therefore, fluid dynamics
is subdivided into three areas as follows:

e Hydrodynamics: flow of liquids
e Gas dynamics: flow of gases

e Aerodynamics: flow of air

As there are many similarities and identical phenomena between them, the word “aero-
dynamics” has taken on a popular usage that sometimes covers the other two areas. Aero-
dynamics is an applied science that studies the properties of moving air and the interaction
between this fluid and solid bodies moving through it.

Figure 2: Tlustration of Flow Velocity and Streamlines
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Source: Anderson [3|

The section of a wing represented in Figure 2 is designed to produce the best relation
between lift and drag for each situation. In this Image, the Lift force is upward and is the
primary force for lifting the aircraft in the air, thus, it must be maximized. Drag force
always acts as a counter-motion force, thus, it must be minimized.

In airplanes, there are four major forces: lift, drag, thrust, and weight. Which are
represented by Figure 3.
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Figure 3: The major forces in airplanes.
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Source: Anderson [3|

Focusing on the wing’s section, the aerodynamic forces could be illustrated in Figure
4, the moment caused by this movement can make the construction of the wing difficult,
since the objective of the wing is to generate less drag. Then, it has to be evaluated during
the aircraft’s conceptual process to provide the structural resistance necessary.

Figure 4: Resultant aerodynamic force and moment on the airfoil.

Source: Anderson [3|

Regardless, the main forces can be represented by Figure 5, the Lift is the perpendicular
force relative to the relative velocity(V,,), while the Drag’s component is parallel.

Figure 5: Component of aerodynamic forces.

Source: Anderson [3|
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e The chord (c) is the linear distance from the leading edge to the trailing edge of the
body;

e The angle of attack («) defined as the angle between ¢ and V.

Sometimes the component R is divided into two major forces: N normal force, the
component perpendicular to ¢, and A axial force, the component parallel to ¢. The last
dimension that has to be mentioned is the span ().

Figure 6: Main airfoil geometrical parameters.
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Source: Anderson [3|

2.2.1 Drag

As explained earlier, there are two forces most utilized to understand airfoil perfor-
mance, Drag and Lift, the first one is calculated by the following formula:

- pV2ODA

D= (1

where

Drag force(D);

Density of the fluid(p);

The speed of the object relative to the fluid(V);

The cross-sectional area(A);

Drag coefficient(Cp);

The drag is classified into 2 types: Parasite and Induced Drag. The parasite is made
out of Interference Drag, Friction Drag, and Form Drag.

e Form Drag: A body that moves through the fluid displaces it. Each aspect as
roughness and thickness will more or less increase or decrease Drag as the streamlined
body with low thickness will have small drag.;
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e Skin Friction Drag: since air immediately attached to a body has null flow speed
due to friction forces and viscosity. Surface friction causes heating of the outer skin
of a body, leading to a loss of kinetic energy in thermal,;

e Interference Drag: different components on a body impose aerodynamic interference,

for example where the wings are attached to the fuselage (wing structures, etc).

Induced drag is the result of pressure equalization between the high pressure under
the wing and the low pressure above the wing. In other words, parasite drag is all the
drag independent of the lift, while the induced drag is formed due to the lift.

Figure 7: Parasite Drag and Induced Drag effect with Speed.
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Source: ANAC [1].

2.3 Propulsion

The powertrain is designed to produce thrust, mainly by Newton’s Third Law: Action
and Reaction. The idea is to generate a force forward pushing back the airflow that passes
from the engine at a higher velocity. In an airbreathing engine, a mixture of air and fuel
generates power through combustion. This energy will produce thrust directly or it will
be converted to axis power to activate a mechanism that pushes a higher quantity of fluid.

The propeller or fan cooperates with the engine producing this increase of intake
airflow to reduce the necessity to speed up the exhaustion gas. However, this concept of
interaction won’t be discussed in this document. In short, the propeller is used on piston,
turboprop, and turboshaft engines [12].

According to Sadraey [12], each engine type has the best condition to operate, and
the ones that contain propellers have an optimal performance at low-velocity operation at
lower altitudes. These engines have a maximum velocity, due to their limitation of RPM.
At one point the propeller cannot produce higher thrust due to the relative airspeed, so
the airplane won’t accelerate and will reach maximum operating speed, as Figure 8 shows
that the turboprop’s efficiency drops significantly.
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Figure 8: Engines typical propulsion efficiency.
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Figure 9: A comparison between operating limits of various engines.
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Prop-driven engines are mostly used on small and medium-sized aircraft, generally
more efficient at speeds below 201[m/s]. On short take-off and landing (STOL) aircraft
and short-haul regional routes, the difference in flight time compared to a long flight be-
comes evident. These prop-driven engines consume approximately 1/3 less fuel in regional
flights, compared to jets, so they are more profitable in short flights.

Thus, propulsion directly affects the aircraft’s performance. There are two types of
longitudinal power generated by the aircraft, the Power Available (P4) and the Power
Required (Pg). The first one is the output power of the engine-propeller combination,
while the second is the power required to maintain an unaccelerated flight. So, Required
Power is directly related to Drag, Sadraey [12] defines it as "the engine power required for

a specific mission". Considering thrust force (7') by aircraft speed (V), it can be calculated
by the following formula:

Py=TV (2)
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Figure 10:
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Typical variations of specific fuel consumptions(SFC) along Mach number.
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Figure 11 represents the velocities studied by Aircraft Performance Engineers to pro-
vide instruction to the pilots and define the best conditions of flight for each stage. How-
ever, there’s no need to explain these velocities, this Subchapter was meant to explain the
impact of a propeller.

Figure 11: Available power vs Required power of an aerodesign model.
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3 Propeller

A propeller is a device that causes a ship or aircraft to move, consisting of two or
more blades that spin at high speed. Its purpose is to convert the engine torque into axial
thrust, or propwash.

As explained in Subsection 2.3, the propeller pushes the working fluid which is the
volume of air. The blade is an airfoil and works similarly to the wing, but as it ro-
tates, the working fluid is at a higher velocity along the root to tip. It accompanies the
need for a twist to have an optimum attack angle, including many other variables that
will be presented. Therefore it’s indispensable to understand propeller parameters and
classification.

3.1

Figure 12: Propeller angles and aerodynamic forces.
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Propeller Properties

3.1.1 Propeller Terminology

Blade element: theoretically thin cross-section of the prop blade and is perpendicular
to the blade’s major axis. The blade profile is the shape of this cross-section of the

blade;

Propeller’s back: the curved, upper surface; to better understand, this part of the
prop is viewed from in front of the aircraft;

Prop blade: relatively flat surface corresponds to the wing’s under surface, thrust
face, or pressure face due to this side of the propeller producing air pressure above
ambient;

Shank: located at the blade root and being circular, it is designated to give strength
to the blade. It plays no part in producing thrust, although it does produce drag.
It’s important to notice that not all propellers have shanks;

Propeller’s boss: the thick central non-aerodynamic part of a wooden fixed-pitch
prop, it transmits the power delivered from the engine;
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e Hub: the same central position as the boss but is a separate unit to which the blades
and constant-speed unit are attached;

e Spinner: the streamlined fairing covering the hub area. On some aircraft, it is used
for aesthetic reasons or it may also be an essential item on other aircraft to smooth
the airflow into the engine air intakes, and reduce drag;

e Prop blade’s leading and trailing edges plus the tips and roots, all share the same
terminology as applied to an aircraft wing;

e Blade cuff: located at the blade root to enhance airflow into the engine intakes and
for greater propeller solidity.

Figure 13: Propeller angles.
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Source: Hitchens [7]

Figure 13 shows the relationship of the blade’s notable points:

e helix angle: AB-AC;

e the blade angle: AB-AD:;

e the angle of attack: AC-AD;

e the advance per rev: B-C;

e the geometric pitch: B-D;

e the slip: C-D;

e the experimental pitch: B-E;

e the prop’s axial (or forward) component: B-E;

e the tangential component or plane of prop rotation: A-B;

e Relative air flow (RAF).

10
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3.1.2 Propeller Pitch

The angle between the relative velocity and the plane of the propeller rotation is called
the helix angle of advance. For a particular airplane velocity, the helix angle varies from
the root to the tip since the propeller tip revolves faster than the root sections; the helix
angle approaches 90° at the blade root. The blade angle or the pitch angle is the total
angle from the plane of the propeller rotation to the chord line of the blade section, which
is the sum of the helix angle and angle of attack for that section.

When a screw rotates, it will advance a given distance in each turn equal to its pitch;
in other words, its advance per revolution is a fixed quantity equal to its pitch. The
geometric pitch of the screw is the distance between each adjacent thread.

Under certain operating conditions of aircraft forward speed and prop RPM, the ad-
vance per rev equals the geometric pitch.

Figure 14: Propeller geometric pitch.
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For this thesis, it will be assumed that the given blade section works on a fixed-pitch
propeller (the simplest propeller which will be presented further) where the geometric
pitch and experimental pitch both remain constant and the advance per rev and slip are
variables.

3.1.3 Helix Angle

The helix angle which is also known as the angle of advance, is the angle between the
propeller’s plane of rotation and the resultant direction of the relative airflow, vector AC
in Figure 13.

When the engine is operational, the propeller rotates with a velocity vector (A-B) as
shown in Figure 13. During this rotation, the propeller covers a circumferential distance
equal to 27 R, where R represents the radius. This rotational velocity is commonly referred
to as the tangential velocity.

Simultaneously, when the aircraft is in motion, it acquires a forward velocity along
the axial vector component. This forward movement results in the propeller covering a
specific distance per revolution, known as the ’advance per rev’ or ’effective pitch,” within
a given unit of time. The magnitude of this advance per rev depends on the forward speed
of the aircraft.

11
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Any alteration in the propeller’s RPM or the advance per rev brings about a change
in the helix angle. The blade element chosen follows a helical flight path represented by
vector A-C. The helix angle is directly related to the advance per rev or effective pitch.

In summary, when the engine is running, the propeller’s rotational velocity, forward
velocity of the aircraft, and helix angle all interact to determine the propeller’s performance
characteristics.

The helix angle is calculated by the following formula:

APR
2rr

tan(0) =

e Axial component or effective pitch (APR);

e Prop radius (r);
Therefore, the effective pitch can be found from the formula:

APR = 27nr.tan(0) (5)

3.1.4 Blade Angle and Twist

The blade angle is defined as the angle between the propeller’s plane of rotation (A-B)
in Figure 13, Propeller Terminology, and the prop blade’s chord line (A-D) combing the
helix angle plus the angle of attack. It has the same meaning as a wing’s angle of attack
171

To produce the maximum lift /drag ratio, each blade section must have a small angle
attack of 3 to 4 degrees. To achieve this constant angle of attack, along the length of the
blade, the propeller blade must be twisted. This is known as the propeller’s geometric
twist where the angle between the blade chord and its plane of rotation varies along the
blade’s length. This requires the blade angle to be greater at the root with a gradual
reduction towards the tip, as mentioned above. The geometric pitch of the propeller then
remains constant due to the blade angle decreasing with an increase in blade radius. The
actual blade twist is designed to provide the correct angle of attack at the design cruise
speed, which normally is the most durable flight phase.

3.1.5 Experimental Pitch

The experimental pitch refers to the propeller’s advance per revolution when it gen-
erates zero net thrust. Figure 15, Experimental Pitch, illustrates that as the advance per
rev (APR) increases from point B to E, the angle of attack decreases until it reaches a
negative angle (AD-AE), causing the blade section to stop producing thrust. In this state,
the relative airflow aligns along the line from E to A, similar to the wing’s 'zero lift line,’
and becomes the propeller’s zero thrust line.

From a designer’s perspective, the experimental pitch is regarded as the ’'ideal pitch’
because it possesses a distinct value and length determined by the propeller’s character-
istics. This pitch can be utilized for experimental measurements, hence its name |7].

12
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In summary, the experimental pitch represents the advance per revolution at which
the propeller ceases to generate net thrust. It serves as an important reference point for
designers and can be employed for experimental purposes due to its well-defined value and
length.

Figure 15: Experimental pitch diagram.
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A fixed-pitch propeller has only one experimental pitch, while a constant-speed prop’s
pitch is variable over the available operating range of the blade angles between the fine
and coarse pitch stops. The experimental pitch may also be known as the ‘zero thrust
pitch’ or the ‘exponential mean pitch’.

3.1.6 Geometric Pitch

The geometric pitch refers to the distance covered by the propeller in a single revolution
when the blades’ angle of attack is set to zero degrees.

Figure 16: Geometric Pitch diagram.
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Source: Hitchens [7]

The geometric pitch (H) is found when the prop is advancing with zero degrees angle
of attack, it’s equal to the advance per rev. To maintain a constant pitch, the angle of
each blade section must increase from the blade tip to the blade root to obey the law.
The equation below should hold true for the whole length of the prop blade. However,
if it doesn’t unfold, the geometric pitch is stated for one section of the blade only at
the ‘standard radius; this point is located at the 70% station along the blade span. It’s
possible to find the geometric pitch of a propeller in inches as follows:

H
tanp = Gy (6)
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Upon examining Figure 16, which illustrates the Geometric Pitch, one can observe
a slight presence of slip. Even at a zero-degree angle of attack, the propeller’s curved
back generates a small amount of thrust. Typically, the geometric pitch is lower than the
experimental pitch, although exceptions to this rule may exist.

Figure 17: Propeller Pitches Lift Coefficient vs Angle of Attack.
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Source: Hitchens [7]

In a similar analogy, the propeller blades can be likened to the wings and tailplane
of an aircraft. While the vertical tail features a symmetrical airfoil with equal curvature
on both sides, most aircraft (except for aerobatic ones) have a cambered main wing. The
cambered airfoil exhibits a greater curvature on the upper surface compared to the lower
surface, similar to the shape of propeller blades.

Figure 17, showcasing the Lift Coefficient V. Angle of Attack, reveals that a symmet-
rical airfoil section ceases to generate lift at a zero-degree angle of attack. However, what
is of particular interest here is that, at a zero-degree angle of attack, the cambered airfoil
continues to generate lift (or thrust in the case of the propeller), as indicated by a positive
lift coefficient. This corresponds to the propeller’s geometric pitch.

Further reducing the angle of attack to minus two or three degrees eventually results
in a zero lift coefficient, known as the angle of zero lift for the wing or the angle of zero
thrust for the propeller. This corresponds to the propeller’s experimental pitch.

3.1.7 Slip

The ‘slip’ of the propeller can be defined as the ‘difference between the advance per
rev and the geometric pitch’. When the advance per revolution matches the experimental
pitch, a slightly negative angle of attack is present, resulting in zero thrust. However,
under normal operating conditions, the angle of attack typically ranges around positive
three degrees, while the advance per revolution is significantly less than the geometric
pitch.

In Figure 16, Geometric Pitch, it can be observed that the combination of the advance
per revolution (B-C) and the slip (C-D) equals the geometric pitch (B-D). In order for the
propeller to achieve maximum thrust and efficiency, slip is necessary due to the fact that
air is not a solid medium. Maximum efficiency is attained when the slip, expressed as a
percentage, is approximately 30% of the length of the geometric pitch. In other words,
slip represents the difference between the actual distance the propeller travels forward in
one revolution (B-C or effective pitch) and the distance it would theoretically cover in one
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revolution if its advance per revolution were equal to the geometric pitch (B-D). Slip is
expressed as a percentage of distance.

Given the prop RPM, prop pitch in inches, and true airspeed in knots, the slip can be
found using the following formula:

, RPM.H.60
P = 508012 ™)
It must be emphasized that slip is related to the geometric pitch and the advance per
rev. Figure 16, shows a small amount of slip (C-D) is present when the prop blades are
operating at zero angle of attack (geometric pitch). To produce thrust, the slip must be
present with the maximum prop efficiency occurring at around 30% slip or 30% of the
geometric pitch.

3.1.8 Advance/Diameter Ratio

The aircraft designer faces the task of selecting the propeller that possesses the most
appropriate pitch and diameter for the specific aircraft, its intended mission, and the
design airspeed. When presented with a range of propellers, each with blade angles in-
creasing in a systematic order, a helpful parameter to consider is the advance/diameter
ratio. This ratio allows for the characterization of a propeller using a non-dimensional
form.

The advance/diameter ratio, denoted as J, is defined as the quotient of the aircraft’s
True Air Speed (TAS) and the product of the propeller’s RPM and diameter. By employ-
ing this ratio, designers can effectively assess and compare the performance attributes of
different propellers, taking into account the specific requirements and characteristics of
the aircraft.

J=— (8)

e Advance/diameter ratio(J);
o RPM(Q);

e Propeller diameter(d).

In Figure 18, the Advance/diameter Ratio plot illustrates the relationship between the
advance/diameter ratio and efficiency for a range of propellers with increasing pitch. The
numbers displayed above the curves indicate the blade angles for each propeller. Efficiency
exhibits an upward trend as the ratio increases, but only up to a certain threshold. When
the ratio becomes too high, the angle of attack of the blades surpasses the stalling angle at
lower forward speeds, resulting in a decrease in available thrust for take-off. Decreasing the
propeller’s diameter also decreases efficiency by placing excessive strain on the propeller

blades.

A fixed-pitch propeller’s efficiency curve shifts to the left when RPM and True Air
Speed (TAS) decrease, and to the right when RPM and TAS increase. Furthermore,
Figure 18 showcases the efficiency curves for a fine/flat pitch propeller (10 degrees) and
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a coarse pitch propeller (40 degrees). The majority of single-engine light aircraft employ
propellers that fall between these two extremes. In contrast, a constant-speed propeller
offers an infinite number of curves within the range of fine and coarse pitch limits, allowing
the pilot to select the optimal setting for climb or cruise.

Slip function and effective pitch are alternate names for the advance/diameter ratio.

Figure 18: Advance/diameter ratio.
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Source: Hitchens [7]

3.2 Propeller Classifications

Sadraey [12] separates the 3 types of propellers. Fixed-pitch propeller, the simplest
type of propeller that exists is the cheapest to install and maintain. Due to the absence
of a constant-speed unit (CSU) which is the design feature to better utilize the power
produced by the engine, the disadvantage is the maximum efficiency at only one airspeed,
so it’s better for aircraft that operate at low speed.

The second, variable pitch propeller, as engines with greater horsepower were developed
to operate at greater cruise speeds, the fixed-pitch props suffered in performance. So, a
variable-pitch (VP) in 1916 occurred the first try-out in an airship, an airscrew with
forward and reverse thrust to help with maneuvering. After, it was able to change the
pitch long axis (coarse to fine or any angle between) to change the blade pitch during the
flight controlled by the pilot, which was called a controllable-pitch propeller.

Controlling the blade pitch, allows the pilot to set the attack angle. To provide the
best lift-drag ratio.

Figure 19: Fine pitch.
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Source: Hitchens [7]
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Figure 20: Coarse pitch.
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Source: Hitchens [7]

The last one, the constant-speed propeller was patented in 1924, the main idea is to
not depend on the pilot during the flight to control the blade pitch, he only sets the desired
engine speed. So, the aircraft’s best performance is assured by the CSU, which controls
the propeller’s governor to change the blade pitch automatically.

The main benefit of the constant speed propeller is that it provides peak performance
in every phase of flight from take-off to landing, the pilot can select the RPM that provides
the most suitable power for any situation, it improves fuel efficiency and reduces train from
the engine.

3.3 Thrust and Efficiency

As already explained propeller’s purpose is to convert the engine torque into axial
thrust, the objective of this chapter is to detail how it’s possible to obtain the maximum
thrust /brake power ratio. Propeller efficiency can be defined as:

THP

"= BHPp ®)

Thrust Horsepower (THP) is the power that is imparted by the propeller to the air,
while brake horsepower (BHP) is the horsepower actually delivered to the output shaft.
The horsepower (HP) is calculated by the product of torquex RPM, just to clarify, the
equation to calculate horsepower is:

2Q

P=—2 1
5,252 (10)

The propeller efficiency is defined as, the coefficient between useful power, and propeller
power required. Now, it’s possible to measure this by decomposing the Equation 9 with
the already stated in Subchapter2.3, considering torque needed () at a rotational speed
of the engine (€2). It’s important to note that this power required is different from the
power required there 2.3.

P T
L 1V (11)

"= 00

The choice of this definition is not arbitrary. In the case of helicopters, where a hover
flight condition is possible, this definition should be changed and written after a different
figure of merit, since in hover, the airspeed far from the disk is zero, and, therefore,
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the efficiency would be null too. Other equations to analyze propeller performance are
explained further.

First of all, the propeller’s material can change substantially the efficiency, as the
propeller tends to be thinner to present better aerodynamics, there are two parameters
that influence this choice: the structural strength and the weight. So, the composite is
the best option currently.

Figure 21: Efficiency versus True Air Speed.
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4 Blade Element Momentum Theory

Glauert’s analysis, as presented in [5], delves into the equations governing propeller
performance. This model combines unidimensional momentum theory with blade element
theory. The former approximates airscrews as very thin discs interacting with airflow
to exchange energy, while the latter considers the number of blades and their shapes to
compute the balance of forces in the rotor.

dT = C’T%prdA (12)

1
dQ = Cy §pVx2dAr (13)

To compute the forces involved, the airscrew disk is divided into infinitesimally small
annular sections with radius dr. For these annuli, the area dA can be approximated as
rdr. Consequently, dT" and d() represent thrust and torque, respectively. Each annulus is
associated with thrust and torque coefficients, denoted as Cr and Cg. These coefficients
are directly linked to the acceleration experienced by the fluid as it passes through the
disk.

The acceleration is considered through the definition of interference parameters: a,,
representing axial acceleration, and a,,, associated with the rotational motion imparted to
the fluid. These parameters are integral to equations 14 and 15, alongside F', a parameter
capturing energy losses due to the formation of vortices.

Cr=4Fa,(1+ a,) (14)
Vy
Co =4Fa,(1+ ax)v (15)

As it was mentioned, the blade element theory uses airfoil polars, which in the tool
developed are obtained as described further. However, in equations 16 and 17, B stands
for the number of blades, so it can be written:

1
dT = BC’IépWQCdr (16)

1
dQ = BC’y§pW20rdr (17)

The airscrew, also, is divided radially into stations to calculate the forces that appear.
But, Cr and Cj are calculated differently as they are a function of the plan form of the
blade section, and relative airflow, which is represented by W [13]|. By decomposing the
forces in Image 13, the forces in the blade section are presented in Figure 22 below.
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Figure 22: Forces in blade section.
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W=/ (Va(l+a.))? + (Vy(1 - a,))? (18)
But in this case:
Cy|  |cos —sind| | C; (19)
Cy|  |sin@ cosf | |Cy

In these Equations, C; and Cy denote lift and drag coefficients, while C, and C,, signify
force coefficients in the axial and tangential directions. By setting the quantities d7" and
d@) obtained from different theories equal to each other, these equations yield the following
interlinked solution. Here, 6 represents the inflow angle, delineating the difference between
local § and « and establishing the direction of the local airstream.

C,o

“ T AFsin20 1+ Cyo (20)
C

Oy = Tt (21)

4F'sin?0 + Cyo

Upon determining the values of the interference parameters, the remaining parameters
involved in the preceding equations can be derived. This model serves to assess propeller
performance, and the resolution of the aforementioned equations is explored in Section

4.3. In this section, a comparison is made between the methods proposed by Adkins [2]
and Ning [11].

Upon solving BEMT equations and obtaining the values of C, and C,, thrust and
torque per station are calculated using Equations 16 and 17. Subsequently, the total thrust
and torque are determined by summing the contributions from each section into which
the blade is divided. This summation is performed through a trapezoidal approximation,
where the subscripts 2 and ¢ + 1 correspond to their respective stations, and r denotes the
axial position of the station:
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n—1
dT; + dT;
T=Y S (22)
i=1
n—1
dQ; + dQ;
QZZ—Q 2Q+17“z‘+1—7“z‘ (23)
i=1

As Section 3 explained the efficiency, other non-dimensional quantities that help com-
pare propeller performance are now defined in equations from 24 to 27:

J= (24)
Cr = — (25)
Co = pngdg, (26)

T (1)

Parameter J is called advance ratio and is used when operating conditions of a propeller
are defined, n, is the number of stations, so that propeller performance Cr and Cg Cp
and 7, can be recalled.

4.1 Model parameters
4.1.1 Geometry

The list of propeller geometry parameters is:

Number of blades (B);

Diameter (d);

Cut-off ratio (Roui—ofy);

Distribution of stations along the blade (£(r));

Chord and twist distribution (e(£(r))) and (8(£(r)));

Number of stations(n).

As there are functions of the distance from the axis rotation and twist and chord
distribution, it can be figured out with a correlation with the distributions of stations
along the blade span. These parameters are implemented as vectors, with the current
position assigned.
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The parameters mentioned earlier are sufficient for characterizing propeller geometry.
However, there are additional parameters that can be derived from them and play a crucial
role in the Blade Element Momentum Theory (BEMT) equations. One such parameter is
the blade solidity, which appears in Equations 37 and 38. Blade solidity is defined as the
ratio of the total blade area to the area of the circular disc swept by the blades.

_Be

- 2nr (28)

If the airscrew’s movement resembled that of a screw in a rigid medium, each section
would move forward by a distance of 27 tan 5. This displacement, termed H, is known as
the geometrical pitch of the propeller. A propeller with a twist distribution following the
law in Equation 6 is classified as having a constant geometric pitch. While the geometrical
pitch lacks aerodynamic significance, the H/d ratio proves valuable for propeller classi-
fication. Figure 23 illustrates efficiency vs. advance ratio curves for a propeller family
across various H/d ratio values.

Figure 23: Efficiencies of a propeller family.
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4.1.2 Air conditions

Also, other fundamental variables to discuss is the fluid that surrounds the propeller:

e Forward speed of the aircraft (V);

Rotational speed (€2 or ny);

Density (p);

Speed of sound (Vj);

Airflow speed (V).
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Forward speed minus airflow speed and rotational speed module result in local flow
speed, as in Figure 22. The tool works with the module of these speeds and is easily
implemented as they are scalar parameters. Density and temperature that depend on
the phase of the aircraft mission are needed to compute Reynolds and Mach numbers,
numbers that lift and drag coefficients are functions of.

4.1.3 Database and aerodynamics

The BEMT is based on knowing the lift and drag coefficients of the section, which are
a function of Reynolds and Mach numbers, angle of attack, and airfoil of the section. Two
main issues appear when trying to write a code that solves the BEMT equations, which
are: how to obtain airfoil characteristics and when the routine needs them. Starting with
the latter, it is clear that, the process of solving BEMT equations affects the times in
which the user needs to provide lift and drag coefficients as an input, and depending on
the routine, this number of times varies.

There are two possibilities to get lift and drag coefficients, one is calculating them
directly by an implementation of any existing method and the other is to call other routines
that calculate aerodynamic coefficients only when it is needed to. XFOIL is an interactive
program for the design and analysis of subsonic isolated airfoils [4]. Developed by Professor
Mark Drela and released under the GNU General Public License, can be used to obtain
the aerodynamic information searched. Therefore it is possible to call XFOIL during the
resolution of the BEMT equations or write a program that automatizes the creation of
a database of polar curves for different Reynolds and Mach numbers. This database is
created prior to the start of the calculations and retrieved during program execution. It’s
important to notice that XFOIL, the software used to construct the database considers
the air an incompressible fluid.

Figure 24: XFOIL processing to build the database.
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Calling XFOIL between iterations to obtain direct lift and drag coefficients is very
flexible. Also, if necessary, it could allow a parametrization of airfoil geometry to include
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this parametrization as a variable during propeller geometry optimization. However, this
would be very time-consuming. Then, an approach utilizing an already saved polar for
each airfoil is utilized and such parametrization wouldn’t be considered.

Preparing a polar database presents new difficulties. XFOIL is designed to provide
subsonic data and, for high subsonic Mach numbers, it is inaccurate. Therefore, other
sources of aerodynamic data must be considered to compensate for the absence of this
data. So, to extrapolate data for angles of attack higher than that of the stall, the Viterna
method[14] is explained in Subsection 4.2.

Martin [10] in his thesis, he presents a Harris [6] study. It presents data for the
NACA 0012 symmetric airfoil at high subsonic Mach numbers, gathered from wind tunnel
experiments, is provided. An example of this data is displayed in Figure 25. On the other
hand, implementing this data for just one airfoil wouldn’t contribute this much to the
objective of this thesis. For higher Mach conditions, it was considered the same as the

highest value extracted from XFOIL, 0.5.

Figure 25: C, and Cp of NACA 0012 M = 0.76.
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XFOIL allows exporting the database calculated as text files, and later opened by other
computer programs. MATLAB can save the data in files .mat. This format is simple to
understand and since it is an own MATLAB file, it doesn’t require computational time to
read the data. Therefore, this type of format was chosen to compose the database.

The matfiles in the database are composed of columns of data on the lift and drag
coefficients as a function of the angle of attack. Every text file contains these values for a
couple of Reynolds and Mach values. Martin [10], in his master’s degree thesis separated
for every airfoil, the Reynolds and Mach numbers of which the database is made, take
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discrete values from 5.10* up to 5.10° in steps of 5.10* and 0 up to 0.5 in steps of 0.05
respectively. So, this thesis also utilizes this step, because it was considered a good spacing.

During the database construction, XFOIL showed some miscalculation in converging
its results. XFOIL uses an interaction method to calculate the interaction of fluid with
panels. However, when the interaction doesn’t converge, the program doesn’t save the
result, as you can see on Figure 26 some blank spaces.

Figure 26: Polynomial generated by CLARK Y in Re = 50000 and Mach = 0.35.
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Source: Own authorship.

To solve this issue, the creation of codes to read and fix the files were created. They
read the files, and checked the number of rows, if they had a low quantity of rows, the
code acquired data again from XFOIL, but with a little change in Reynolds number.

Therefore, a polynomial was created by four sets of data collected in the files that
contain the closest Reynolds and Mach numbers exemplified by Figure 26. Then, these
polynomials were interpolated to define the specific coefficient of lift and drag exemplified
by Figure 27.
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Figure 27: Example of specific Alpha = 18.9.
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4.2 Viterna extrapolation

Viterna extrapolation, also known as the Viterna method, is a technique used in aero-
dynamics to estimate the performance of an airscrew at high wind speeds. As it’s designed
to operate optimally within a specific range of wind speeds, during extreme weather con-
ditions or gusty winds, the wind speed can exceed the turbine’s designed limit.

The Viterna extrapolation method helps predict how an airscrew will perform beyond
its rated wind speed by using a combination of experimental data and mathematical
modeling. It is particularly useful in estimating the propeller’s power output and loads
on components when operating in high-speed wind conditions. This situation can appear
for several reasons: low horizontal speed versus rotational speed ratio, high pitch of the
blade, etcetera.

The following equations are based on Viterna [14] and [8]. This method takes into
account the stall angle of attack and lift coefficient, maximum drag coefficient, and aspect
ratio of the blade to provide this consideration.

Cp = Bysin®a + Bycos’a (29)

2
Cr = A1sin2a + As cos @

(30)

Stno

As these variables (A;, Ay, By, and Bj) will be defined with a loop till converge
these equations, C';, and C'p must be known to facilitate the iteration. In this case, these
variables are proportional as shown in the Equations below.

Ay = B, /2 (31)
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SiN0g

Ay = (Crg — CDMsinOzscosas)M (32)
B, =Cp,, (33)
By = (Cuy — Cp, ) 200 (34)

27 \ihs Prl” cosag

e Lift at stall angle of attack (CfLg);
e Drag at stall angle of attack (Cp,,);

e Stall angle of attack (ay);

Since stall angle is defined by Anderson [3| as the angle when the lift reaches the
highest value, it’s possible to define these coefficients after defining a correlation of axCl.

4.3 BEMT Interation

Tarraran [13| used an iterative method similar to the one used in this analysis that is
shown in the flow chart on Image 28.

Starting with the provided chord and twist distributions, the number of blades, the
airfoil section, and the propeller diameter, an initial estimation is used for the parameter
¢. Figure 22 illustrates the connection between the inflow angle, angle of attack, and local
twist angle. Using this relationship, the angle of attack is determined using the initial
estimation and the known twist distribution. The angle of attack, along with the Reynolds
and Mach numbers, allows for the computation of lift and drag coefficients. Subsequently,
C, and C), are calculated based on the chord and twist distribution. The process then
proceeds to calculate the Goldstein loss factors K and K’ as follows:

_ G

 4sin%¢ (35)
G

 4cospsing (36)

These two factors are crucial parameters that consider losses and facilitate the adjust-
ment of BEMT equations in the quest for the desired solution. With the help of these
factors, it becomes feasible to compute the interference factors, denoted as a, and a,, as
follows:

oK

= 37

R (87)
oK'

Y F ok (38)
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Figure 28: BEMT equations calculation algorithm.
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The Prandtl factor Fp, which accounts for tip losses, is determined using the following
expression. The variable f is defined as follows, with ¢, representing the inflow angle at
the tip.

2
Fp = Zarccose™ (39)
m

f=20-8/sino, (10)

As the BEMT equations are solved individually for each station, the determination of
the inflow angle at the tip adheres to the requirement that the vortex sheet in the wake
forms a rigid helical surface. This condition is achieved through the use of the following
equation:

B )
tan ¢, = 5(1—&)/sm¢t (41)
Lastly, with the updated interference factors in hand, considering the speed triangle
formed by the axial speed (V') and rotational speed (§2) that have been adjusted by the
interference factors depicted in Figure 22, we can calculate the new orientation of the local
airstream. This new inflow angle value is obtained using the following equation:

V(1+ay)
rQ(1 — ay)

Onew = arctan (42)

This updated angle ¢ is then compared to the value associated with the current iter-
ation. If the difference exceeds the acceptable error threshold, the inflow angle value is
adjusted, and the algorithm recommences its calculations until ¢ converges. At this stage,
all the required variables have been computed, allowing for the determination of the
propeller’s performance, as elaborated in Subsection 4.1. It’s worth noting that this algo-
rithm might halt before reaching convergence, especially because the calculations become

increasingly sensitive once the Prandtl loss factor is computed (as indicated in Equation
39).

While the approach introduced by Ning in [11] is suitable for resolving Blade Element
Momentum Theory (BEMT) equations, it establishes the possibility of always discovering
a solution for Equation 43. Notably, this equation exclusively relies on the inflow angle
¢. Given a fixed propeller geometry (o), along with specified flight conditions involving
horizontal speed (V,) and rotational speed (V, at the station), and, of course, having a
database of polar data prepared, the primary objective is to determine the value of ¢ that
serves as the solution to this equation.

V,(4F sin* ¢ — Cpo) — V,(2F sin2¢ + C,o) =0 (43)
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5 Accelerated Differential Evolution

Martins [9] introduces optimization as a human instinct, in biology, it’s exemplified
as the evolution of species. Mathematically it’s a much more precise concept, the best
possible solution may be found by changing the variables that affect the result.

While some simple problems can be solved analytically, many cases are too complex
to solve this way. The advent of computational evolution allowed the development of
high-level optimization algorithms. So, many methodologies were created to find these
better results in less time.

Figure 29: Example of engineering machine learning algorithms.
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A large segment of applications focuses on the design of engineering systems. Op-
timization of propeller geometry showed a dependence on some variables that only a
complex method could define an optimum result.

Figure 30 demonstrates the flow chart to formulate an optimization process. This
document describes all the criteria imposed further. The constraints can be improved
since XFOIL doesn’t have precise results for high Mach, as it considers incompressible
fluid, however, the output is considered close to real.
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Figure 30: Optimization problem formulation steps.
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5.1 Genetic Algorithms

Genetic algorithms (GAs) are the most well-known and widely used type of evolu-
tionary algorithm. This type of method defines individuals with a set of variables (chro-
mosomes), in the population, the individuals are selected, and the chromosomes suffer
crossover and mutate, based on natural selection(evaluation). It allows the members of
the population to acquire favorable adaptations to survive longer and contribute more to
the population goal.

Differential evolution (DE) is a method that optimizes a problem by iteratively trying
to improve a candidate solution concerning a given measure of quality. Such methods
are commonly known as metaheuristics as they make few or no assumptions about the
optimized problem and can search very large spaces of candidate solutions. However,
metaheuristics such as DE do not guarantee an optimal solution is ever found.

Accelerated Differential Evolution (ADE) is a GA refers to enhancements and modi-
fications made to the basic DE algorithm to improve its convergence speed and solution
quality. These enhancements include:

e Advanced Mutation Strategies: Using more sophisticated mutation strategies that
adapt to the problem’s characteristics. This could involve techniques like self-
adaptive scaling factors or different mutation strategies for different individuals;

e Adaptive Control Parameters: Dynamically adjusting algorithm parameters (such as
mutation and crossover rates) as the optimization progresses to fine-tune the search
process;

e Local Search Techniques: Incorporating local search methods to explore the solution
space around promising individuals in a more focused manner, potentially increasing
exploitation capabilities;
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e Population Diversity Maintenance: Strategies to maintain diversity within the pop-
ulation, such as crowding or niching techniques, to prevent premature convergence
to suboptimal solutions;

e Parallelization: Utilizing parallel computing to evaluate multiple candidate solutions
simultaneously, which can speed up the optimization process;

e Hybrid Approaches: Combining Accelerated Differential Evolution with other opti-
mization techniques or problem-specific heuristics to leverage their strengths.

The term "Accelerated" implies that these enhancements and modifications aim to
make the optimization process more efficient and effective, allowing the algorithm to find
better solutions in a shorter amount of time compared to the basic Differential Evolu-
tion(DE) algorithm. However, the specific techniques used in ADE may vary based on
the problem at hand and the research advancements in the field.

So, ADE presents an optimum approach to start the process of defining the best pro-
peller for a specific engine. Due to its fast designing approach to favorable results, it can be
used for the project conceptual stage, succeeded by Computational Fluid Dynamics(CFD)
in the other stages, to optimize even more the airscrew.

Figure 31: ADE application in BEMT.
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5.2 BEMT Aplication

First, the design variables are the propeller parameters, which include number of
blades, blade radius, section quantity, airfoil, inflow angle, twist angle, and chord. Also,
the conditions are necessary, the 2 and Torque, as these conditions depend on the engine,
which has the optimum operating condition, the rotation per minute was established as
constant, and the Torque is penalized if it’s higher than the maximum condition defined.

Since the twist and chord can be seen as a second-degree polynomial, shown in Figure
32. These parameters are calculated as a section position function. Based on Adkins’
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propeller|2], the inflow angle can be defined as a first-degree polynomial added to the
value of twist angle, also as a section function.

c=cax’ + cpx + cco (44)
B = Bz? + Bpzr + Be (45)
¢ = Bax® + [Bp + dalr + Be + ¢35 (46)

Other assumptions were made: For a construction and structural limit, the chord
section was stipulated to not be less than 0.04 meters. Also, the blade can’t have more
than two airfoils, due to the complexity of the construction.
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6 Validation

6.1 Analytical validation

Using Ning’s approach to resolve BEMT equations the performance of a propeller that
helped as an example in [2] was obtained. Adkins provides an example of the use of the
algorithm described in its article. The propeller was designed to work at 110 mph (49m/s)
and 2400 rpm. The airfoil of the section is the NACA 4415 and is maintained constant
along the span. An extract of the article in which the geometry is defined is present in
Table 1.

Table 1: Adkins’ propeller parameters

r [mm| c[mm| f [deg] ¢ [deg]
152.4 104.3 58.3 54.8
273.0 140.3 41.8 38.3
393.7  130.1 32.2 28.7
514.3 108.7 22.2 22.7
634.9 85.2 18.7 18.7
755.6 58.3 15.9 15.9
876.3 0.0 13.8 13.3

Figure 32: Adkins propeller geometry.
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Source: Adkins [2]

For this propeller, its performance was calculated and confronted with the results
achieved in the Adkins[2]. First, Figure 33 represents the global thrust and torque gener-
ated by the propeller. Figures 34, 35 and 37 display two curves, those in red are obtained
with the tool developed, and in black is the data present in the article, while an asterisk
marks the design point for which the propeller was designed. Figure 36 does not provide
information about the required torque coefficient obtained through the Adkins algorithm
as there was no data provided.
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Figure 33: Thrust and Torque Adkin’s propeller results from BEMT.

1800

Thrust and ton

que vs velocity

1600 e,
1400 -
1200 -
1000 -
800 -

600 -

Thrust[N] and Torque[Nm]

400

200-

Thrust
Torgue

Propeller designed speed

(B R

0 L L
10 20 30

40
Velocity[m/s]

50

60

Source: Own authorship.

Figure 34: Adkin’s propeller efficiency comparison of results.
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Figure 35: Adkin’s propeller thrust coefficient comparison of results.
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Figure 36: Adkin’s propeller torque coefficient BEMT results.
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Figure 37: Adkin’s propeller power coefficient comparison of results.
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It’s possible to state with Figure 34 that the results were similar to the ones presented
by Adkins. The small deviation were calculated and presented in the Table 2.

Adkins’ algorithm’s credibility was established in the article [2| through favorable com-
parisons with real propeller performance data obtained from experiments. Since the algo-
rithm appears to yield consistent results with validated data, it is reasonable to perform
another confrontation with real propeller performance.

Table 2: Efficiency error compared to the Adkins’ result

J Error
0.4 11.96%
0.5 10.32%
0.6 7.83%
0.7 5.74%
0.8 3.37%
0.9 1.15%

6.2 Experimental validation

The approach introduced by Martin[10] demonstrated a strong agreement with Ad-
kins’ method for the assessment of propeller performance. This alignment is particularly
encouraging, as Adkins’ algorithm’s credibility was established in the article[2] through
favorable comparisons with real propeller performance data obtained from experiments.
However, given that the algorithm appears to yield results consistent with validated data,
and considering the similarities between the calculations conducted using the developed
tool and the algorithm, it is reasonable to perform another confrontation with real pro-
peller performance.
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Table 3: Xiang’s propeller parameters

r [mm| c[mm| 3 [deg|] ¢ [deg]
600 1282 660  62.0
134.0 1417 579  53.9
2450 149.8 406  36.6
356.0 1419 314 284
467.0 1196  26.1  20.1
5780  90.2 218 188
689.0  60.7 175 145
800.0 0.0 160  13.0

Xiang et a[l15] research studies a propeller with the parameters in Table 3 and RAF
6. The experiment results are displayed in Figures 38 to 42. Also, their document shows
another method to analyze the propeller performance that won’t be discussed in this
thesis, however, with more experimental results of different propellers, BEMT and the

method proposed could be compared to define the best approach.

Figure 38: Thrust and Torque results from BEMT.
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Figure 39: Efficiency comparison of test results and numerical BEMT results.
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Figure 40: Thrust coefficient comparison of test results and numerical BEMT results.
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Figure 41: Torque coefficient comparison of test results and numerical BEMT results.
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Figure 42: Power coefficient comparison of test results and numerical BEMT results.
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In the comparison of the black curves with the red ones, a deviation presented in Table
4 is noticed. It is noticeable that discrepancies occur in all the ranges of the Advance Ratio.
Since the RAF 6 database was the most inconsistent, it wasn’t possible to define the reason
for this error. Taking into consideration the deviation, it still brought reliable results.

40



6.2 Experimental validation 6 VALIDATION

Table 4: Efficiency error compared to the Xiang’ result

J  Error
04 8.3™
0.5 6.43%
0.6 6.36%
0.7 5.64%
0.8 4.23%
0.9 5.60%

Also, another comparison was made, the results between the Martin|[10]| algorithm
and the one proposed in this thesis. Overall, there is a good correlation between the
computations of the two calculating methods presented in this section.
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7.1 ADE Results

The ADE results are divided into three stages based on the convergence or divergence
of setup parameters. The first stage probably is devoted to understanding the ADE
interaction with BEMT. The second is a prior analysis to understand the convergence of
parameters, and the third is the final definition of the set up of limits to define the best
propeller for the case proposed.

7.1.1 First Stage

To introduce, the first ADE BEMT analysis involved a setup of a high range of limits
from some parameters, while small to others. The main idea of this phase, as mentioned
above, is to study this method and not make any hasty conclusions. First, the polynomial
coefficients were obtained from Adkins’ propeller. Later, set up a small margin for these
three variables. The limits and the results are shown in Table 5.

Table 5: First stage ADE iteration results

Parameters Inferior limit Superior limit Iter 1 Iter 2 Iter 3
B 2 5 ) 4 4
Radius|m] 0.60 0.90 0.84 0.71 0.71
np 6 10 9 9 9
Root foil 1 6 NACA 4415 NACA 4412 NACA 4412
Tip foil 1 6 NACA 4412 NACA 4412 NACA 4412
Foil change 4 14 2 n/a n/a
Ba 92.0 115.0 107.6 96.3 96.3
Bg -170.0 -150.0 -163,8 -167.7 -167.7
Be 69.0 84.0 69.0 83.6 83.6
DA -2.9 -0.9 -2.6 -0.9 -0.9
OB 2.0 9.0 4.6 2.0 2.0
cA -0.52 -0.30 -0.48 -0.42 -0.42
cB 0.18 0.33 0.33 0.29 0.29
co 0.05 0.21 0.16 0.09 0.09

The database built contains only six airfoils [NACA 0012, NACA 4412, NACA 4415,
NACA 0015, RAF 6, CLARK Y], that’s the reason that the selection of airfoils varies
from 1 to 6.

The criteria of evaluation were based on the sum of the thrust multiplied by the
efficiency. The algorithm analyzed 5[m/s| above and below the cruise speed, considering
the score in the cruise speed twice.
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Figure 43: Thrust and torque of numerical BEMT results in ADE First Stage.
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Figure 44: Propeller efficiency of numerical BEMT results in ADE First Stage.
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At first glance, it’s possible to understand that this graphic doesn’t represent the thrust
and torque correctly, due to the abnormal results, Since efficiency is their reason is also
plausible to conclude that it isn’t reliable. So, based on the validation with experimental
and analytical results in Chapter 6 it’s normal to assume that this approach is reliable,
however, the database built by the XFOIL is not for some airfoils. XFOIL in Mach next
to 0.5, as mentioned earlier, has a limitation in these conditions.
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7.1.2 Second Stage

Therefore, due to the understanding of the flaws in the database, the next step was
optimizing the parameters of Xiang’s propeller, since it operates at a lower Mach speed.
So, the same process was made, setting the following parameters presented in Table 6
with the same limitations mentioned in the First Stage.

Table 6: Second Stage fixed parameters.

Parameters Value
B 2
My 8
Radius[m|  0.80
Foil change 1
V 37.6
Q 1600

The criteria of evaluation were almost the same, the efficiency was not considered. The
objective was to produce a higher thrust with a limited torque.

Table 7: Second stage ADE iteration results

Parameters Inferior limit Superior limit Iter 1 Iter 2 Iter 3
Root foil 1 6 NACA 4415 NACA 4412 NACA 4412
Tip foil 1 6 NACA 4415 NACA 4412 NACA 4412

Foil change 1 14 n/a n/a n/a

Ba 95.0 115.0 104.90 101.94 101.94
Bgp -170.0 -150.0 -157.9 -161.0 -161.0
Be 69.0 84.0 75.07 76.80 76.80
oy -2.9 -0.9 -2.31 -2.90 -2.90
OB 2.0 9.0 5.53 8.13 8.13

ca -0.52 -0.30 -0.410 -0.506 -0.506
CB 0.18 0.33 0.219 0.314 0.314
co 0.05 0.21 0.122 0.070 0.070

The results are shown in Figure 45 and 46. For this problem, the main idea is finding
the best propeller in cruise velocity, the three show great efficiency in cruise speed. Iter 2
and 3 converged to the same propeller parameters but were not considered the best due to
the difference in lower speed thrust, so Iter 1 was considered the best considering all the
factors. Normally, Iter 2 and 3 presented the same results, and both can be considered an
optimum airscrew.
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Figure 45: Thrust and torque of numerical BEMT results in ADE Second Stage.
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Figure 46: Propeller efficiency of numerical BEMT results in ADE Second Stage.
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Finally, a comparison between the best propeller developed and the presented by Ad-
kins is compared, to evaluate the improvement made by this approach, the results are
presented below.
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Figure 47: Thrust and torque comparison to Xiang’s propeller.

900 T
Thrust[experiment]
800 —— Torque[experiment] | |
Thrust[analytical]
700 ——— Torque[analytical]
Thrust[developed]
° 600 —©6— Torque[developed]
>
o
5 500
'_
2 400
<
@
2 300
e
|_
200
100 oA 2
D
0
-100 I 1 l 1 l 1
10 15 20 25 30 35 40 45
Velocity[m/s]
Source: Own authorship.
Figure 48: Propeller efficiency comparison to Xiang’s propeller.
1.2 T T T T T
Experiment
Analytical
1r Developed |
08 B
=
s}
5
3 0.6 - i
=
L
0.4 B
0.2 B
0 1 1 1 1 1 |
0 0.2 0.4 0.6 0.8 1 1.2

Advance Ratio(J)

Source: Own authorship.

In conclusion, the propeller developed presented an efficiency 4% higher in comparison
to the presented by Xiang[15], and even with the efficiency lower at low speeds, it was
very close. Also, it’s evident that the efficiency in higher speeds would be better and the
thrust was higher, taking into consideration that the engine can support this torque.
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8 Conclusion

The propeller analysis has been a success. In Chapter 6, the implementation of all
equations presented brought a result undeniably good compared to the one presented by
Adkins|2|. Since it was a validation of methodology, the next step was to compare the
results with a real experiment, studied by Xiang|9|, which also led to an algorithm result
confirmation.

Once the model validated, it was proposed a methodology of an optimization algorithm
Accelerated Differential Evolution in Chapter 5, which seemed to be promising for this
analysis. Therefore, Chapter 7 shows the optimized propeller for all the cases, presented in
Figures 48 and 47 that have higher thrust and 4% efficiency higher in the speed stipulated.
Finally, considering all the statements realized, it’s possible to claim that it’s a great
approach to optimize the propeller in the first stages of development.

Even though the modeling of propeller performance calculations showed an excellent
result, to further enhance the propeller studies some implementations can be made:

e Implement a constant speed propeller configuration.

e A hub analysis can approach the analytical result to experiments.

e Another method to acquire data seems more reliable to Mach higher than 0.4 be-
cause even with reliable XFOIL data, the results showed a controversial statement,
especially because compressibility effects become more significant after this value.

e At low advance ratio values, thrust, and torque curves exhibit oscillations. These
oscillations are attributed to significant blade stall conditions, prompting the use of
the Viterna method to approximate the aerodynamic coefficients. The potential for
improving this approximation by exploring alternative methods is worth considera-
tion.

e A model of noise and vibrations could be also introduced to study these parameters
that are important to qualification in norms.

e Previous structural limits studies of propeller resistance can improve the reliability
of constructing it.

e CFD models can analyze propellers with higher accuracy.

e Acquisition of more airfoils to build the database can be considered.
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