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Resumo

Tendo em conta o aumento do número de aeronaves de descolagem e aterragem vertical

que seguem a crescente evolução do conceito de mobilidade aérea urbana, é importante uti-

lizar uma hélice adequada para as características dessas aeronaves. O objetivo deste trabalho

passou pelo desenvolvimento da pá de uma hélice que apresentasse o melhor desempenho

propulsivo possível quando utilizada num mecanismo de passo variável. Desta forma, foi

obtida a geometria da pá de uma hélice admissível para ser utilizada em diferentes fases de

voo, tanto na descolagem ou no voo pairado onde se torna benéfico utilizar a hélice com

passo fino, como em voo de cruzeiro onde utilizar um passo grosso é mais adequado. Após

ser encontrada a geometria da hélice que assegurava os objetivos pretendidos, a mesma foi

impressa utilizando uma impressora 3D de modelagem por deposição fundida e posterior-

mente analisada no túnel de vento. Diversas técnicas foram aplicadas tanto nomodelo do de-

senho assistido por computador, como das definições de impressão da impressora e mesmo

no processo de acabamento das hélices afim de obter os resultados mais rigorosos possíveis.

Sendo assim, os resultados numéricos foram comparados com os resultados obtidos no túnel

de vento, apresentando pequenas diferenças, que por se manterem consistentes com outras

hélices analisadas sobre as mesmas condições, permitem considerar a impressão 3D como

uma opção de baixo custo para obter um protótipo de uma hélice que possa ser submetida a

testes de desempenho experimentais.

Palavras-chave

Hélice de passo variável, modelo de hélice em desenho assistido por computador, impressão

de hélice em 3D
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Abstract

Considering the evolution of the urban air mobility concept and the increasing number of

vertical takeoff and landing aircraft in development, the use of the correct propeller for this

kind of aircraft is paramount. This dissertation’s purpose is to develop a propeller blade

with a propulsive efficiency as good as possible when used in a variable pitch mechanism. A

blade propeller geometry was developed to be used in the different stages of flight. There-

fore, during take-off, climbing and hover conditions the propeller can be used with low pitch

to increase the performance in thrust per unit power. On the other hand, during cruise flight

condition the propeller can be usedwith a coarse pitch to operatewith greater propulsive effi-

ciency. A proper propeller blade geometry was achieved. The respective CADmodel with ad-

ditional features was developed to build a prototype of the propeller using a FDM3D printer.

Specific printing settings and different finishing processes were applied to obtain the most

accurate results possible. Comparing numerical and experimental results small divergences

were realized. Considering the similarity between the results and the similar divergences that

also occurred in the analysis of different propellers tested in identical conditions are indica-

tors that it is possible to use 3D printing as a low cost way of rapid prototyping low Reynolds

number propellers geometries that can be submitted to experimental performance tests.

Keywords

Variable pitch propeller, Propeller CAD model design, 3D printed propeller
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Chapter 1

Introduction

1.1 Motivation

Since forever, the humanbeingdevelopsmechanisms to facilitate daily activities and improve

its comfort. But in the last years these developments and daily activities need to concernwith

the sustainability and preservation of our planet. Greenhouse gases are the principal cause

of global warming and a considerable part of these gases come directly or indirectly from

the transportation mobility adopted by the population. At the same time, earth population

does not stop to increase and the adjustment of this growth with a convenient and sustain-

able system concerning human mobility is expected. Furthermore, traffic congestion as a

consequence of population growth has a massive impact on air pollution [1].

Urban air mobility appears as a new concept of mobility to face the necessity of overtaking

the road traffic congestion and reducing greenhouse gases emissions. A specific kind of aerial

vehicle, the electric Vertical Takeoff and Landing (eVTOL) aircraft is adjusted to this concept

[2]. Considering the diversity of eVTOL vehicles already existing, for the case of propeller

propulsion system there are still some differences in the concepts used to get thrust in the

different stages of the flight.

eVTOL can be classified as Vectored Thrust (see Figure 1.1) when the aircraft uses the same

propulsion system for take-off and cruise flight. These aircraft have a wing and the propul-

sion system tilts into a near vertical thrust line for hover, take-off and landing, tilting back the

thrust line to an horizontal direction when the aircraft transitions to cruise flight. Lift+cruise

eVTOL (see Figure 1.2) have two different propulsion systems, one for vertical flight or hover

and the other one for the cruise flight.
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Figure 1.1: Representation of a passenger Vectored Thrust Vtol concept in hover (top) and flight (bottom) from
[3]

Figure 1.2: Representation of a Lift+Cruise Vtol aircraft from [4]

The eVTOL can also be wingless, usually having multiple rotors and being efficient for take-

off and hover but not suitable for long distance operations. Additionally, there are the eHelos

that work as electric helicopters [5].

Lift+cruise eVTOL aircraft are usually manufactured with fixed pitch propellers. The pro-

pellers optimized for the vertical flight do not present great propulsive efficiency during

cruise flight and for that reason another propulsion system is working during that flight con-

dition using coarse pitch propellers. The problem of this concept design is that during the

flight there are propellers that are not producing thrust and the drag created is negatively
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affecting aircraft endurance.

In the case of Vectored Thrust eVTOL aircraft applying a variable pitch mechanism could

bring several advantages. The possibility ofmodifying the propeller pitch is the principle that

allows increasing propeller performance. For example, during themost efficient cruise flight

condition, when minimum thrust is required, propeller propulsive efficiency is greater for

coarse pitch. On the other hand, low pitch increase the performance in thrust per unit power

of the propeller for take-off, climbing andhover conditionswhen the propulsive systemneeds

to provide larger thrust magnitudes.

The issue with a propeller developed for a variable pitch mechanism is that it can only be

optimized for a certain pitch, usually the pitch to be used in cruise flight condition. The goal

of this work is to develop a blade geometry with propulsive efficiency as good as possible in

the full range of pitch values it will operate in.

1.2 Contribution

There are two main purposes with this dissertation:

1. To study different concepts applied in the design process of a blade propeller and at the

same time analyze which one generates propellers with better performance in variable

pitch operational conditions.

2. To introduce different strategies to effectively manufacture a propeller prototype using

a Fused Deposition Modelling 3D printer. This allows to speed up the validation of

a new propeller design. The development of the CAD model, insertion of additional

features, printing settings and finishing process are presented to provide a low cost

way of prototyping small UAVs, including eVTOL propellers that can be submitted to

experimental performance tests. These experimental tests can work as a complement

to the already existing propellers design and analysis programs.

1.3 Structure

This dissertation is divided into five chapters.

3



The first chapter presents the problems associated with the general mobility concept existing

mainly in the big cities and presents an alternative, the urban air mobility with the use of

eVTOLs. The objectives of this work are presented, as well as the dissertation guidelines.

In the second chapter a literature review is presented. Fundamental principles related with

propellers that are the basis of most codes used to analyze and develop new propeller ge-

ometries are presented. A state of the art is also included with a review of the relevant works

that focus on the design of propellers, as well as the works that point to the development of

propellers using FDM 3D printing.

In chapter three the methodology of the present work is described. Firstly, different steps

to measure the geometry of an existing propeller that can be later numerically analyzed are

presented. Then, different concepts to achieve a propeller blade geometry with satisfactory

performance in variable pitch operational conditions are presented. The way that desirable

propeller geometries are reproduced in a CAD model and different approaches to print the

propellers are described. Finally, the experimental setup to test 3D printed propellers in the

wind tunnel is reported.

In chapter four the obtained results are presented and discussed. Based on several numer-

ical results corresponding to the propellers designed for different variable pitch propeller

concepts, two propellers were chosen to be 3D printed and tested in the wind tunnel. Wind

tunnel results and numerical results are compared and the reason why both propellers were

3D printed is explained.

In the final chapter, the conclusions from the whole work are exposed along with some work

that can be done in the future related with this dissertation.
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Chapter 2

Literature Review

2.1 Fundamental Theory

2.1.1 Momentum theory

Themomentum theory, also designated as actuator disk theory, was first presentedbyFroude

[6] as the continuation of Rankine work [7]. In this theory the propeller is considered as a

disk and its flow forms a stream tube characterized by an acceleration when passing through

the disk. In this theory, compressibility, viscous and rotational effects in the flow are not

considered. The flow is considered purely axial.

Figure 2.1: Propeller momentum theory stream-tube

As the mass flow rate remains constant in the stream tube, the thrust produced by the pro-

peller can be calculated.

T = AρVd (VS − V0) (2.1)

WhereA is the propeller disk area, Vd the propeller disk air velocity, V0 the freestreamvelocity

and VS the upstream velocity.
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The pressure far upstream and downstream is p0. However, near the actuator disk the pres-

sure suddenly drops upstream the disk and immediately rises downstream next to the disk.

Considering the upstream and downstream velocities and that the thrust is related with the

pressure change across the propeller disk, using Bernoulli’s equation:

T = A∆p (2.2)

∆p = [p0 +
1

2
ρV 2

S ]− [p0 +
1

2
ρV 2

0 ] (2.3)

∆p =
1

2
ρ(V 2

S − V 2
0 ) (2.4)

T =
1

2
Aρ(V 2

S − V 2
0 ) (2.5)

Combining Equations 2.1 and 2.5 for the propeller disk velocity:

Vd =
1

2
(VS + V0) (2.6)

So, according to Equation 2.6 the velocity of the air passing through the propeller disk is the

average between the far upstream and downstream velocities.

2.1.2 Blade Element Theory

The momentum theory presented in 2.1.1 concerns the air flow through the stream tube cre-

ated by the propeller action. On the other hand blade element theory [8] considers the geom-

etry of the blade. The blade is divided in small elements along its span, considered indepen-

dent of each other and can be analyzed aerodynamically as two-dimensional airfoil sections

with respective chord and incidence angle. At each element, the produced thrust and torque

are calculated.
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Figure 2.2: Blade element geometry and respective local lift and drag coefficients [9]

Lift and drag forces are proportional to lift and drag coefficients and can be calculated by

Equations 2.7 and 2.8.

dL =
1

2
ρW 2CLcdr (2.7)

dD =
1

2
ρW 2CDcdr (2.8)

W 2 represents the local blade element’s relative flow speed.

Using values of lift and drag, differential thrust and torque are calculated by

dT = dL cosϕ− dD sinϕ (2.9)

dQ = r dT (2.10)

dT =
1

2
ρW 2(CL cosϕ− CD sinϕ)cdr (2.11)

dQ =
1

2
ρW 2(CL sinϕ− CD cosϕ)crdr (2.12)

This methodology only presents differential thrust and torque in each considered element

position along the blade radius. To calculate total thrust and torque of propeller, an integra-

tion across the blade radius must be done and the value multiplied by the number of blades,
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B, according to Equations 2.13 and 2.14.

T = B

∫ r

0

1

2
ρW 2(CL cosΦ− CD sinΦ)cdr (2.13)

Q = B

∫ r

0

1

2
ρW 2(CL sinΦ− CD cosΦ)crdr (2.14)

2.1.3 Blade Element Momentum Theory

The Blade Element Momentum(BEM) Theory presented by Glauert in [10] comes up as a

conjugation of the two previous theories. Induced velocities components are determined

from the momentum theory. The blade is also divided in small elements along the span and

define their own annulus when they rotate while momentum balance occurs across the rotor

plane (see Figure 2.3).

Figure 2.3: Velocities and angles decomposition at radial location r

The axial velocityWa is the sum of freestream airspeed V0 with induced axial velocity Va and

tangential velocityWt that is the sum of velocity related with propeller rotation Ωr with the

induced tangential velocity, Vt. The angle of attack α is defined as the difference between

incidence angle θ and inflow angle ϕ and is used to determine lift and drag coefficients. The

inflow angle that is the angle of the relative flow to the blade element with respect to the rotor

plane is calculated from the axial and tangential induced velocities and local speed according
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to Equation(2.15).

tanΦ =
V0 + Va

Ω r− Vt
=

V0 (1 + aa)

Ω r (1− at)
(2.15)

The axial induction factor is defined as

aa =
Va

V
(2.16)

The tangential induction factor is defined as

at =
Vt

Ω r
(2.17)

The axial and tangential force coefficients are obtained from:

Ca = CL cosΦ− CD sinΦ (2.18)

Ct = CL sinΦ + CD cosΦ (2.19)

The axial and tangential forces are obtained from the force coefficients according to:

Fa =
1

2
ρW 2cCa (2.20)

Ft =
1

2
ρW 2cCt (2.21)

The thrust and torque contribution of each blade element is:

dT = Fadr (2.22)

dQ = rFtdr (2.23)
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And finally, total thrust and torque of the propeller can be calculated from:

T = B
n∑

i=1

Fai (2.24)

Q = B

n∑
i=1

Ftir (2.25)

2.1.4 Prandtl Tip and Hub losses

In the BEM theory, the calculated two-dimensional forces do not consider the influence of

tip and hub vortices in the induced velocities near these propeller blade regions. Therefore,

Prandtl presents a correction factor (Equation 2.26) [11] that accounts for the influence of

each blade element proximity to the blade tip or hub regions to correct its capacity to generate

lift.

E =
2

π
cos−1

(
e−f
)

(2.26)

ftip =
B

2

R− r

r sinΦ
(2.27)

fhub =
B

2

r −Rhub

r sinΦ
(2.28)

When both tip and hub losses are considered, the total correction factor is

E = EtipEroot (2.29)

This correction factor is used tomodify the induction factors fromBladeElementMomentum

Theory (Equations 2.30 and 2.31).

aa =

(
4E sin2Φ

cB
2π rCa

− 1

)−1

(2.30)
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at =

(
4E sinΦ cosΦ

cB
2π rCt

+ 1

)−1

(2.31)

2.1.5 Propeller Performance Parameters

The propeller performance parameters are dimensionless coefficients used to describe, an-

alyze and compare different propellers. In propeller literature, different coefficients defi-

nitions can be found to compare the propellers. The ones presented here, follow the most

standard definition based on NACA publications. The advance ratio is defined (Equation

2.32) as the ratio of forward velocity and the product of rotational speed in revolutions per

second and diameter. In practice, it is proportional to the angle between the relative wind to

the blade tip element and the rotor plane.

J =
V

nD
(2.32)

The thrust coefficient (Ct) (Equation2.33), power coefficient (Cp) (Equation2.34) andpropul-

sive efficiency (η) (Equation 2.35) are used to analyze performance aspects of the propeller

for different values of advance ratio.

Ct =
T

ρ n2D4
(2.33)

Cp =
P

ρ n3D5
(2.34)

η =
Ct

Cp
J (2.35)

where P corresponds to shaft power that can be calculated as:

P = Ω Q (2.36)
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2.2 State of art

2.2.1 Design of optimum propellers

Themodern design of propellers can be traced back to 1979 when a propeller designmethod,

based on Betz’s condition [12] for minimum induced loss, was presented by Larrabee [13].

A series of propeller blade design equations were implemented to achieve the geometry of a

quiet and efficient propeller. Later in 1994, Adkins and Liebeck [14] based on Larrabee work

applied correction factors to get the design methods completely according with the propeller

analysis. Since then, thesemethodswere used to feed different code improvements and other

models emerged to further improve optimum propeller design.

QPROP [15] and QMIL [16] are both propeller study programs that were used in this project.

Developed by Mark Drela, QPROP is an analysis program that predicts performance of pro-

peller motor combinations and QMIL is a design program capable to generate propeller

geometries for Minimum Induced Loss (MIL), or windmill geometries for Minimum In-

duced Loss or Maximum Total Power (MTP). Both are based in an extension of blade ele-

ment/vortex formulation. A detailed and complete description of the theoretical formulation

can be seen in [9].

2.2.2 Propeller FDM 3D printing

3D printing is an additive manufacturing process where a product can be developed from a

CAD model and then a printer can produce the three-dimensional object layer by layer [17].

It appears as an alternative propeller manufacturing technique that offers the researchers

an accessible way to analyze a propeller performance in an early stage of propeller design

iteration where small changes in the product design can be made to the CADmodel followed

by the immediate printing of the 3D object.

3D printing can be divided in different types, essentially depending on the technology used

to print the layers, the most popular being Fused Deposition Modelling (FDM), Laminated

Object Manufacturing (LOM), Multi-Jet/PolyjetModelling (MJM), Selective Laser Sintering

(SLS) and Stereo Lithography (SLA) [18].

FDM is an additive manufacturing method where a thermoplastic filament is melted under
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specific conditions to be extruded creating an object where the stacking layers are fused to-

gether. The portable FDM3Dprinter can be easily acquired, showing itself as one of themost

low-cost type of 3D printing technology. Reference [19] compares different filaments used

in FDM technologies.

There are different filaments that can be used in a FDM 3D printer and the choice for the

material must consider the desiredmechanical properties for the printed product, its dimen-

sions and shape. Some of the most used filaments are Polylactic acid (PLA), Polyethylene

terephthalate glycol (PET-G) and Acrylonitrile butadiene styrene (ABS). PLA is the cheap-

est and strongest material compared with the other two and that is the reason why it is the

most used filament, being only passed over for situations where it is required amaterial with

greater tolerance to temperature and in that case ABS filament is more suitable.

2.2.3 3D printed propellers performance and mechanical properties

The usual process of propeller manufacturing involves injection molding or CNC machin-

ing. Being a non-conventional way to manufacture propellers, different studies were made

to evaluate the performance of 3Dprinted propellers comparedwithmore conventionalman-

ufacturing techniques. In [20] researchers compared an injectionmolded propeller with dif-

ferent 3DprintedPLApropellersmanufacturedwith specific printing settings, varying nozzle

extruder temperature, printing speed and layer height. According to the results, thrust read-

ing of different 3D propellers seems to resemble the values of the original injection molded

propeller from 2400 rpm to 7500 rpm. Torque readings of 3D printed propellers are gen-

erally higher than the original propeller and consequently the power consumption. How-

ever, for some specific printing settings the researchers conclude that both thrust and torque

readings of the different 3D printed propellers present similar values to the injectionmolded

propeller and for that reason 3D printing can be used as an effective type of manufacturing

propellers to approximate the performance with an injection molded propeller.

In [21] researchers use ABS to manufacture different propellers, varying infill percentage

and testing the thrust produced for each one. Increasing propeller infill suggests an increase

in the thrust produced for the propeller with small changes in its mass. In this study, re-

searchers only achieved a 78% thrust compared with injection molded propeller.
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In [20] researchers evaluated themechanical properties of 3Dmanufactured propellers using

aCharpy impact testingmachine and concluded that the impact strength of FDMpropellers is

lower than an injectionmolded propeller. Modifying printer settings (extruder temperature,

printing speed, and layer height) can have consequences in the mechanical properties of the

printed material. The use of higher tensile strength material such as carbon fiber composite

can improve the strength of the propeller [22].
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Chapter 3

Methodology

In this chapter the concepts behind the development of a blade geometry to be used in a vari-

able pitch mechanism are described as well as the CAD blade model design to manufacture

the respective blade. Firstly, an Aeronaut Camcarbon 15x8 folding blades propeller was sub-

mitted to a geometry measurement and analysis in QPROP to be used as a reference. Then,

different concepts for the development and optimization of a blade propeller to be used in

a variable pitch mechanism are presented. A specific blade propeller design is chosen to

be replicated in a CAD model and printed in a FDM 3D printer. Finally, the finishing pro-

cesses applied to the manufactured propeller before it can be tested in the wind tunnel are

presented.

3.1 Aeronaut Camcarbon 15x8 Propeller Study

An Aeronaut Camcarbon 15x8, that was the reference propeller in the development of an eV-

TOL in University of Beira Interior was analyzed in QPROP to use its performance as bench-

mark against a propeller developed specifically for eVTOL variable pitch operational condi-

tions. To be possible to analyze the performance of the Aeronaut Camcarbon propeller, it

was necessary to present a description of the blade geometry, including the blade airfoils.

3.1.1 Camcarbon 15x8 geometry measurement

Following a similar measurement procedure as presented by Mark Drela [23] and making

adjustments for the available tools, a series of steps were applied to obtain the blade geome-

try.

1. Parallel lines were drawn in a rectangular board with 1cm spacing.

2. Using hot glue, two identical drill bits and another cylindrical metal rod with the same

radius as the root hub support hole of propeller hub, the blade was attached to the
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board totally supported with the same incidence as it would have relative to the origi-

nal propeller hub and with the attachment hole axis parallel to the board drawn lines,

making sure that the tip of the blade was tangent to one of the lines drawn on the board

(see Figure 3.1).

Figure 3.1: Aeronaut Camcarbon 15x8 blade fixed to a rectangular board with 1cm spacing parallel lines

3. Starting from the tip and using a folding material the different sections were marked

in the blade previously covered with masking tape (Figure 3.2).

Figure 3.2: Illustrative moment of a folding material being used to mark different sections of the blade covered
with masking tape.

4. After being cut close to the trailing edge (to enable the measure of larger angles near

the rotational axis) the board was placed on two supports and to make sure it was over

a horizontal plane a level was used.

5. An angle ruler was used to facilitate the incidence anglesmeasuring process. Twometal

cutting saws were added to both sides of the angle ruler to work as extensions and six

smallmagnets held two nails parallel to this reference direction (threemagnets for each

nail) (see Figure 3.3).
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6. The process to measure the angle was the same for all sections. Firstly, lower the arm

of the angler ruler was positioned under the board touching it to remain parallel to

its surface and the other arm was adjusted until one nail was pointing to the leading

edge of the section being measured while the other nail was pointing to the respective

trailing edge (see Figure 3.3).

Figure 3.3: Measurement of the incidence angle of the blade in the respective section.

7. Since it is a procedure that is subjected to some uncertainty over the read value, an

exponential trend line (see Equation 3.1) was obtainedwith the read values of incidence

angles to filter out random variance and thus achieve more accurate results.

θtl = 1558.1r−0.96 (3.1)

Where θtl is the incidence angle of the trend line in the section with radius r

8. After the incidence angles of all sections were measured, the blade was released from

the board and the chord in different sections was measured using a digital caliper. The

values of chord and incidence angle in each section can be seen in Table 3.1.
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Radius
(mm)

Chord 1st
measure
(mm)

Chord 2nd
measure
(mm)

Chord 3rd
measure
(mm)

Chordmean
value (mm)

Incidence
angle (º)

Incidence angle
from the trend
line (º)

40.5 21.31 21.3 21.38 21.33 42 44.61
50.5 23.79 23.79 23.82 23.80 36 36.09
60.5 25.4 25.55 25.5 25.48 30.3 30.35
70.5 26.48 26.49 26.48 26.48 27.2 26.20
80.5 26.97 26.94 26.94 26.95 24.7 23.07
90.5 27.04 27.02 26.96 27.01 22.4 20.62
100.5 26.8 26.92 26.8 26.84 18 18.64
110.5 26.31 26.39 26.38 26.36 16.5 17.02
120.5 25.3 25.26 25.25 25.27 15.2 15.66
130.5 23.92 23.85 23.88 23.88 14.9 14.51
140.5 21.98 22.02 21.95 21.98 13 13.52
150.5 19.98 20.02 20 20.00 12.1 12.65
160.5 17.34 17.58 17.45 17.46 11.9 11.89
170.5 14.45 14.49 14.49 14.48 11.5 11.22
180.5 10.96 10.91 10.83 10.90 11.2 10.63
190.5 0.84 0.91 0.86 0.87 9.6 10.09

Table 3.1: Chord and incidence angles in different sections of Aeronaut Camcarbon 15x8 blade

9. According to [23] the 75% radius blade sectionwas carefully wrappedwith a solder wire

to replicate the airfoil in that position and then it was carefully removed from the blade

to present a clear image of the airfoil shape.

10. A picture of the respective airfoil was taken and edited to draw a perpendicular line to

the chord of the airfoil with the same length (see Figure 3.4).

Figure 3.4: Airfoil picture of Aeronaut Camcarbon 15x8 blade at 0.75 radius edited with a perpendicular line to
the chord with the same length

11. Web Plot Digitizer [24] was used to turn the airfoil shape into coordinates data. Both X

and Y axis were defined in this program. X axis crosses the chord of the airfoil, where

point 0 corresponds to leading edge point and point 1 to trailing edge point. Point 0 of
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the Y axis corresponds to the leading edge point and point 1 to the end of a perpendic-

ular line to the chord with the same length previously drawn in the picture. Numerical

data was exported and the airfoil could be analyzed.

3.1.2 Camcarbon 15x8 QPROP analysis

QPROP [15] is an analysis program that predicts the performance of propeller-motor com-

binations. Two input files are required to run the program, one of them with the description

of the blade and the other describing the motor being used. As the objective of the work

includes studying the propellers blades performance, the same motor input file which was

provided in the download program runs folder was used for every QPROP analysis . In the

file the motor characteristics are specified (Figure 3.5).

Figure 3.5: Motor input file for QPROP

Propeller input file is more complex, with a detailed description of the blade (see Figure

3.6). Line 1 specifies the number of blades and propeller radius. The values that characterize

airfoil at 0.75 blade radius are inserted from lines 2 to 5 and will be explained later. Line 6

corresponds to scaling factors once the program requires SI units. After line 7, chord and

incidence angles previously measured in different sections of the blade are inserted, so if we

introduce the values of radial station and chord inmeters and the incidence angle in degrees,

scaling factors are 1.0; 1.0; 1.0. On the other hand, if it were required to introduce for example

radial station and chord in millimeters and incidence angle in degrees the scaling factors

would be 0.001; 0.001; 1.0. Line 7 corresponds to arbitrary constants that can be added to

blade geometry, the first one referring to the radius station, second one to the chord, and

third one to the incidence angle. In this project, the third constant is particularly important

because it allows the user to study the propeller for variable pitch operational conditions

by only modifying one value in the blade description, since a propeller will be studied for
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different pitch operational conditions corresponding to a variation of incidence angle of -

10º, -5º, 0º, 5º and 10º.

Figure 3.6: QPROP Aeronaut Camcarbon 15x8 propeller input file

3.1.2.1 Camcarbon 15x8 airfoil characterization

Airfoil format data obtained fromWeb Plot Digitizer was imported to XFLR5 [25] and repli-

cated with a smoother spline to be analyzed for a Reynolds number of 100000.

Most of the values required in the QPROP propeller input file to characterize the airfoil can

be directly obtained from the XFLR5 Cl vs Cd and Cl vs α graphs (see Figure3.7 and Figure

3.8).

Figure 3.7: Cl vs Cd and Cl vs α graphs from [23] indicating corresponding value from propeller input file
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Figure 3.8: CL vs CD and CL vs α graphs of Aeronaut Camcarbon 15x8 airfoil at 0.75 blade radius.

Some values related to the airfoil performance present in propeller input file (Figure 3.6) are

not implicit (such as Cd2u and Cd2l (line 4)), so XFOIL Cl vs Cd polar was compared with

equations that QPROP [15] considers to obtain the parabola models. The process was made

in an Excel file, where bothXFOILCl vsCd polar and a parabola related to the values inserted

in propeller input file were overlapped in the same graph in such a way that by changingCd2u

and Cd2l it was possible to fit the parabola to the XFOIL polar (see Figure 3.9 ).

Furthermore, a XFOIL Cl vs Cd polar for the same airfoil but Reynolds number of 60000

was inserted in the same graph to evaluate the value of REexp (Figure 3.6 (line 5)) that would

better adjust the parabola to other Reynolds numbers.

Figure 3.9: Cl vs Cd QPROP parabola model fitted with Cl vs Cd XFOIL polar for Reynolds number 100000
and 60000

21



3.2 Design concept

Using QMIL [16] different blade geometries were developed. The program generates the

values of chord and incidence angle in different sections of a blade for Minimum Induced

Loss conditions. A set of data related with airfoil to be used in the blade is defined in the

propeller QMIL design input file. This includes Cl distribution along the blade and it is also

possible to define power or thrust required for a certain value of relative wind speed and

rotational speed. Different strategieswere applied to generate a blade geometry that presents

a suitable performance in variable pitch operational conditions.

3.2.1 Design Considerations

Using Aeronaut Camcarbon 15x8 as a term of comparison, the process to obtain a new pro-

peller geometry followed different phases. The propeller radius value was settled the same

(190.5mm) and beyond the airfoil measured in Aeronaut Camcarbon 15x8, s9000 airfoil was

also considered in the development of a new propeller. Globally presenting better perfor-

mance results in different stages of a variable pitch operational condition, s9000 airfoil was

the one considered in the propeller design to apply additional modifications.

3.2.2 Cl distribution

Different distributions were tested to find a match between Cl distribution along the blade

and the performance in a variable pitch operational condition. Thus, propellers with a Cl

distribution along the blade equal to the maximum value of Cl/Cd of the airfoil [26] and

using themaximum value ofCl for the respective airfoil until 80% of blade radius and lowest

value in its tip [27] and [28] were considered design CL distributions.

In the next chapter the numerical results seem to present satisfactory values when the distri-

bution concerning the implementation of maximum Cl until 80% of blade radius and dras-

tically decrease Cl in the tip is used with s9000 airfoil. To understand if this type of Cl dis-

tribution could still be improved, a sequence of minor changes in the Cl values were made

until a distribution which presents better results was found. A series of propeller geometries

were tested in QPROP and in those propellers the only change occurs in the distribution of

Cl along the blade. Four values of Clmax besides the value initially used were tested, until
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100%, 90%, 80% and 70% of the radius position and Cl at the tip corresponding to 0, 0.2,

0.4, 0.5, 0.6, 0.8 1.0 or 1.2.

The power specified in all the designed propellers that is imposed in the execution of QMIL

programwas 90W for an airspeed of 3 m/s at 4000 rpm. This value was not used to improve

propeller performance but as a neutral parameter so the propeller could use similar a amount

of energy compared with Aeronaut Camcarbon 15x8 in different airspeeds and rotational

speeds. A total of 75 propellers submitted to these modifications were analyzed in QPROP.

After performing a numerical analysis in QPROP of the QMIL generated propellers, one of

them (s900014 with a Cl distribution of 1.2 until 80% of blade radius and 1.0 at the tip) was

chosen for presenting the best global performance in variable pitch operational conditions

to be manufactured in a 3D fused deposition modelling printer. Despite 3D printed pro-

pellers not having the same mechanical properties than the conventionally manufacturing

techniques as injection-molded propeller, the accessible 3D FDM printing technology, low

production cost and mainly the feasibility in the performance results are good reasons to

choose this way of manufacturing propeller prototypes for wind tunnel performance testing.

3.2.3 Propeller Design Point

From the wind tunnel results of s900014 propeller that will be presented in Chapter 4, experi-

mental results do not match the numerical results for different incidence angles at which the

propeller was tested. As it will be explained later,this can be related to the 3D printing man-

ufacturing propeller process but also with the fact that the propeller was designed with a Cl

distribution nearly Cl maximum of the airfoil for 80% of radius. Despite that the numerical

results present satisfactory performance values, the actual propeller can be facing stalling

conditions.

Another propeller was designed to be 3D printed but this time with a Cl distribution cor-

responding to the best Cl/Cd of the airfoil. Furthermore, another factor was considered in

the designing process of this new propeller. The design point in QMIL input file was set-

tled as 4000 rpm at 11.5 m/s airspeed (airspeed of Aeronaut Camcarbon 15x8 propeller with

maximum efficiency for 4000 rpm) and 120 W of specified power for this point.
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To choose the specified power, different propellers were designed for the same parameters

where the only difference was the design power. The chosen propeller was the one that pre-

sented greater performance than Aeronaut Camcarbon 15x8 in the variable pitch operational

conditions according to the numerical study and, at the same time, the graph corresponding

to thrust vs airspeed ofmaximumefficiency points in the same variable pitch operational con-

ditionswas an offset with higher thrust values than the equivalent graph fromAeronaut Cam-

carbon 15x8. Different parameters introduced in QMIL to generate the propeller (s900085)

are represented in Figure 3.10.

Figure 3.10: QMIL input file description to generate s900085 propeller

3.3 CADmodel design

CADmodels necessary to 3D print the selected propellers were developed in CATIA V5 based

in the propellers geometry generated by QMIL. The output QMIL file presents 30 sections

of the blade, each one with the respective chord and incidence angle. Due to limitations

imposed by printer technical characteristics (maximum thickness that can be printed is 0.4

mm) the airfoil used in each one of the 30 sections is not the same as the one used in nu-

merical studies. New airfoils were obtained identical to s9000 airfoil but with the desirable

thickness of 0.4 mm at trailing edge using XFLR5 and defining a gap in trailing edge as a

percentage of the chord in each section.

24



3.3.1 Determination of trailing edge position in each section

Most of the numerical data necessary to create the CADmodel was obtained from the QMIL

generated propeller geometry file and from the airfoil files exported from XFLR5. However,

trailing edge position of each blade section also needs to be specified. Those points were

calculated following the concept in which the center of mass of each blade section crosses

the propeller plane of rotation.

Each blade section airfoil can be divided in smaller elements (see Figure 3.11)

Figure 3.11: Representative picture of an airfoil divided in small elements.

Each element has an area that can be calculated by the absolute value of the difference be-

tween two consecutive abscissas with the absolute value of the corresponding ordinates av-

erage.

With the area of each element, the center of area can be calculated by:

xca = Σ(Ai × xi) /ΣAi (3.2)

yca = Σ(Ai × yi) /ΣAi (3.3)

The variables needed to calculate the trailing edge position are identified in the following

Figure 3.12:
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Figure 3.12: Representative picture of centroid, angles and distance of trailing edge

1. θ represents the angle of incidence of the section that is directly specified in QMIL

output file;

2. λ is the hypotenuse length of the triangle formed by the centroid, chord and trailing

edge point;

3. σ is the angle between chord and λ

xtrailing edge = λ cos (σ+θ) (3.4)

ytrailing edge = −λ sin (σ+θ) (3.5)

σ and λ can be calculated using the calculated position of center of mass:

tanσ =
yca

1− xca
(3.6)

λ = c

√
(yca)

2 + (1− xca)
2 (3.7)

For this specific case, as each section was drawn with an airfoil with 0.4 mm thickness in the

trailing edge, another correction factor was considered to find the exact position of the two
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points that compose the trailing edge.

Figure 3.13: Trailing edge gap specifications

Considering0.4mmgap in trailing edge andnoting that each airfoil section starts to be drawn

in the upper point of trailing edge, the coordinates specified in trailing edge field are:

xtrailing edge = λ cos (σ+θ) + 0.2 sin (θ) (3.8)

ytrailing edge = −λ sin (σ+θ) + 0.2 cos (θ) (3.9)

3.3.2 Blade propeller 3D modelling

An Excel file in which the necessary input data are the radial position of each section, the

respective general coordinates of the airfoil, chord value (c), incidence angle (θ) and the exact

position of trailing edge was developed to generate each blade propeller section.

For each section the process is similar:

1. Scale

Each coordinate of the airfoil wasmultiplied by the chord value to get a new airfoil with

the section dimension. The abscissa and ordinate of the corresponding points will be

represented by X and Y, respectively.
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2. Rotation

A position vector was defined to determine the new points after the rotation corre-

sponding to the incidence angle was applied:

L is the vector length corresponding to the distance of the airfoil point to the axes origin

(0,0).

L =
√
X2 + Y 2 (3.10)

γ is the angle between position vector and abscissa’s axis.

γ = tan−1 (Y/X) (3.11)

Considering the rotation corresponding to the incidence angle, Xrotated and Yrotated

were calculated.

Xrotated = L cos (γ − θ) (3.12)

Yrotated = L sin (γ − θ) (3.13)

3. Translation

A constant to get the airfoil in the desired position (in this case the goal was to have

center of mass of each section crossing the propeller plane of rotation and aligned with

the radial direction along the blade) was added to the rotated coordinates. Previously

calculated values of the section trailing edge were used for this situation.

DX = Xtrailing edge final −Xtrailing edge rotated (3.14)

DY = Ytrailing edge final − Ytrailing edge rotated (3.15)
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Final values of section points were then calculated:

Xfinal = Xrotated +DX (3.16)

Yfinal = Yrotated +DY (3.17)

Considering the three dimensional case, the value of the third coordinate of each point co-

incides with the radius position of the section where that point is inserted. Using a macro

tool, the defined points were used to directly create splines in CATIA V5 corresponding to

the airfoil in each section. (Figure 3.14)

Figure 3.14: Splines created using Excel macro tool corresponding to s900085 blade airfoil in each section

Finally, to create the blade structure the “multi-sections solid” tool was used with all the

sections splines (Figure 3.15).

Figure 3.15: s900085 blade structure
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3.3.3 Propeller Supporting Structure

Due to the accuracy imposed in the printing process of a propeller, a structure with sup-

porting purposes was also included in the CAD model. This structure is a solid object with a

tangent interface connectionwith the blade leading edge along its span. A border surface that

could easily be removed from the supporting object was required and since the trailing edge

is featured by its thin thickness, the leading edge was chosen as the surface to be sustained

by the support structure.

3.4 3D Propeller Printing and Finishing Procedure

Both s900014 and s900085 propellers were printed and tested in the wind tunnel with the

blades in three different pitch setting incidence positions (∆β = −10, ∆β = 0, ∆β = +10

degrees) as propeller blade incidence angle to study the performance in variable pitch oper-

ational conditions.

Six blades were printed to study the s900014 propeller. For each incidence angle studied,

two similar blades with the respective incidence angle were printed and fixed to a hub. In

s900085 propeller study only two blades were printed but in this case three different hubs

were designed to analyze the propeller in the three different pitch setting angular positions

(Figure 3.16).

Figure 3.16: Hubs front view (left) and side view (right) used to change the incidence angle of s900085 propeller
for a variation of -10, 0 and +10 degrees respectively

All the propeller blades were printed on a PrusaMK3S FDM3Dprinter and thematerial used

was the Polylactic acid (PLA), one of the most common and cheapest materials. An infill of
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100% was used to get the stiffest propeller blades possible with the printed material.

3.4.1 3D Propeller Finishing

The different blades of s900014 were printed and separated from their respective support-

ing structures using an utility knife and then with the same tool the surface was scraped to

remove the visible roughness. Next, the blades were sanded with a fine sandpaper, painted

with a clear coating and sanded again to achieve a smother surface. For each of the three

printed propellers, both blades were weighted in a precision balance evaluating the simi-

larity between them. The results were not the same. The blades’ weights presented small

variations. Looking for more accurate results and to prevent vibrations in the wind tunnel

test the heavier blade was scraped near the root until it got the same weight as the other

blade. Using a similar procedure, the blades were scraped to obtain the same center of mass

position along the blades radius. The only difference in the finishing process of s900085 is

that unlike s900014, this one was not painted.

Figure 3.17: S900014 propeller∆β= -10º adjustment being weighted in a precision balance

3.5 3D Printed Propellers Prototypes

In addition to the propellers s900014 and s900085 designed to be used in a variable pitchmech-

anism, other types of propellers were also 3D printed to be tested in the wind tunnel.

In [29] the use of accessible 3D FDM printing technology as a way of rapid prototyping low

Reynolds number UAV propeller geometries was studied. QPROP was used to predict pro-

peller performance of an established propeller design. Propeller geometry was replicated in

a CADmodel design and different strategies considering the blade printing orientation were
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tested to achieve the most accurate print. On the first attempts, the blade trailing edge was

facing the printing bed to avoid the removal of leading edge from the supporter structures.

Due to its tiny thickness, the contact area was not enough to support the blade structure lead-

ing to printing failures. This way, a supporting structure to support the leading edge over a

tangent interface along the blade span was modeled. The blades were printed using PLA fil-

ament, 100% infill and an extrusion width as small as possible to achieve the most possible

precision (0.4 mm).

Figure 3.18: Model orientation of blade and support structure; Printing settings applied to the different
components [29]

Four identical blades were printed to create two identical propellers. The blades of one of

the propellers were submitted to a light scraping with an utility knife. The blades of the

other propeller were submitted to a major finishing to obtain a smooth surface. In this case

the blades were extensively scraped, sanded and painted with two layers of clear coating.

Both propellers were tested in the wind tunnel and the difference between numerical and

experimental results will be compared in Chapter 4with the same difference in the propellers

developed for a variable pitch mechanism once the same numerical program (QPROP) and

similar printing techniques in the propeller prototypes tested in the wind tunnel were used.

3.6 Wind tunnel testing

With all the blades printed and finished, all the propellers were tested in the University of

Beira Interior (UBI) subsonic wind tunnel (see Figure 3.19) where a low Reynolds number

propeller performance test rig is installed (see Section 3.6.1) .
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Figure 3.19: Propeller s900014 positioned to be tested in UBI subsonic wind tunnel

3.6.1 Low Reynolds Number Propeller Performance Test Rig

The low Reynolds number propeller performance test rig developed by Pedro Alves [30] was

used to measure the performance of the printed propellers in the wind tunnel.

The test rig mechanism to measure the thrust force was designed as a T-shaped pendulum

positioned to have the thrust vector at the center of the wind tunnel test section and making

use of the free space in the wind tunnel upper wall to place the thrust load cell, reducing

measuring disturbances associated to a complex setting arrangement inside the test section.

Figure 3.20: Low Reynolds Number Propeller Performance Test Rig [11]

A thrust load cell FN3148manufacturedbyFGPSensors& Instrumentation and torque trans-

ducers RTS-100 or RTS-200manufactured by Transducer Techniques are connected to SCB-
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68 strain gauge manufactured by Mantracourt responsible to create a high precision electri-

cal signal proportional to the measured force.

3.6.2 Propeller and Freestream Speed Measurement

A Fairchild Semiconductor QRD1114 photo-reflector that counts the number of revolutions

that the output shaft does in a fixed period was used to measure the propeller rotational

speed.

The freestream wind tunnel airspeed was measured using the values of a combination of

sensors in different locations along the wind tunnel. MKS Instruments 226ABaratron differ-

ential pressure transducer, a National Instruments LM335 thermocouple used in two static

pressure ports (one at the settling chamber and another in the entrance of the test section as

shown in Figure 3.20) as well as an absolute pressure transducerMPXA4115Amanufactured

by Freescale Semiconductor (used to measure the atmospheric pressure outside the tunnel)

provide the values to calculate the velocity in the test section using Bernoulli’s equation.

Figure 3.21: Wind tunnel configuration and static probe location [30]
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Considering the horizontal tunnel z1 = z2

V2
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2(p1 − p2)

ρ
(3.19)
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The incompressible continuity relationship:

A1V1 = A2V2 (3.20)

V1 =
A2

A1
V2 (3.21)

Combining Equations 3.19 and 3.21 the velocity in the test section is given by:

V2 =

√√√√√ 2(p1 − p2)

ρ

[
1−

(
A2
A1

)2] (3.22)
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Chapter 4

Results and discussion

4.1 Aeronaut Camcarbon 15x8 Numerical Study

Based on the propeller measurement explained in Section 3.1, the existing Aeronaut Cam-

carbon 15x8 propeller was analyzed in QPROP for variable pitch operational conditions. The

maximum efficiency of the propeller applying variations in its pitch angle is represented in

the graph of Figure 4.1. It is evident from this data that the maximum efficiency of Aero-

naut Camcarbon 15x8 increases when the blade incidence angle increases. The maximum

propulsive efficiency increases faster at lower incidence angles. This means the curve gradi-

ent is larger at low incidences and decreases as incidence increases. E. g., from ∆β = −10º

to∆β =−5º the maximum efficiency increases 27%, while from∆β =+5º to∆β =+10º the

maximum efficiency only improves 3%.

Figure 4.1: Maximum efficiency vs pitch incidence angle variation of Aeronaut Camcarbon 15x8 propeller at
8000rpm
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4.2 Airfoil Selection

A comparison between the Aeronaut Camcarbon 15x8, a propeller with s9000 airfoil and an-

other propeller with the Aeronaut Camcarbon 15x8 airfoil but designed with the same con-

cept of setting the lift coefficient for the airfoil maximum lift to drag ratio in the design pitch

incidence angle as the s9000 airfoil propeller is presented in Figures 4.2, 4.3 to investigate

if using the s9000 airfoil could bring performance benefits in the variable pitch operational

conditions in study.

Figure 4.2: Maximum efficiency of Aeronaut Camcarbon 15x8 and s9000_cl/cd_maximum for each variation
of pitch incidence angle values (8000 rpm)

It can be realized, through figure 4.2, that a slight improvement of the propeller maximum

efficiency exists with the airfoil s9000 when the propeller is used in a low pitch blade in-

cidence angle position. However, the maximum efficiency for a coarse pitch condition de-

creases when compared with the Aeronaut Camcarbon 15x8.
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Figure 4.3: Maximum efficiency of s9000_cl/cd_maximum and cam_airfoil_cl/cd_maximum for each
variation of pitch incidence angle values (8000 rpm)

In Figure 4.3 the previous propeller with s9000 airfoil is compared with another propeller

using the Aeronaut Camcarbon 15x8 airfoil at 0.75 radius, both following the same concept

of Cl distribution along the blade. Between both propellers designed over the same concept,

it seems that the one with s9000 airfoil presents better performance overall.

4.3 Numerical Study of Propellers Designed with Different

Lift Coefficient Distributions

Using s9000 airfoil, differentCl distributions are used to design propellers and consequently

identify which one presents better results in variable pitch operational conditions. Another

design alternative is a propeller blade designed to holdmaximumCl (1.2 for the s9000airfoil)

until 80% of radius and then linearly dropping to a very low value at the tip (0.4). This

propeller is designated by s90003.
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Figure 4.4: Maximum efficiency of Aeronaut Camcarbon 15x8 and s90003 for each variation of pitch incidence
angle values (8000 rpm)

The results of s90003 analysis compared with the benchmarking Aeronaut 15x8 propeller

blade are seen in Figure 4.4 to show encouraging results for all ∆β interval. Considering

coarse pitch condition (especially for∆β =+10º and∆β =+13.5º) s90003 propeller presents

very similar maximum efficiencies compared with Aeronaut Camcarbon 15x8. For all the

other∆β lower values, s90003 presents better performance than Aeronaut Camcarbon 15x8,

being this difference more emphasized the lower the value of∆β.

Despite this propeller presenting encouraging results to be used in a variable pitch mecha-

nism, other propellers were designed following a similar concept of Cl distribution along the

blade but with small changes. From the 75 different propeller blades that were designed, the

highest values of the maximum efficiency in each∆β position are presented in the Table 4.1.

∆β º Propeller Cl distribution along the blade [Cl(r/R)] Maximum efficiency
-10 S9000_10 1.2(0.3), 1.2(0.8), 1.2(1) 0.5960
-5 S9000_10 1.2(0.3), 1.2(0.8), 1.2(1) 0.7483
0 S9000_26 1.27(0.3), 1.27(0.8), 1.0(1) 0.8133
+5 S9000_29 1.2(0.3), 1.2(0.7), 0.8(1) 0.8465
+10 S9000_27 1.2(0.3), 1.2(0.7), 0.4(1) 0.8657
+13.5 S9000_27 1.2(0.3), 1.2(0.7), 0.4(1) 0.8747

Table 4.1: Maximum efficiency and Cl distribution along the blade of propellers with higher efficiency between
all the propellers with s9000 airfoil for a certain value of∆β
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The propeller blade that was chosen to be 3D printed to continuewith the experimental study

is the one designwhich presents themost consistent values ofmaximumefficiency and closer

to the highest overall in ∆β = {−10,−5, 0,+5,+10, +13.5} interval. Using that concept,

propeller chosen is s900014. The results for the maximum efficiency of s900014 propeller for

this∆β interval are presented in Table 4.2 and Figure 4.5.

∆β º Propeller Cl distribution along the blade [Cl(r/R)] Maximum efficiency
-10 0.5821
-5 0.7441
0 S9000_14 1.2(0.3),1.2(0.8),1.0(1) 0.8131
+5 0.8447
+10 0.8602
+13.5 0.8671

Table 4.2: Maximum efficiency and cl distribution along the blade of propellers with higher efficiency between
all the propellers with s9000 airfoil for a certain value of∆β

Figure 4.5: Maximum efficiency of Aeronaut Camcarbon 15x8, s90003 and s900014 for each variation of pitch
incidence angle values (8000 rpm)

In Figure 4.5, plotted against the results for Aeronaut Camcarbon 15x8, s90003 propeller

blade designs for a comparison with the chosen s900014. From this data, it is apparent that

s900014 is the most efficient of the three propellers blades designs when it is used in a low

pitch condition. Still considering the low pitch condition, the difference of maximum effi-

ciency between s900014 and s90003 is lower than the difference between Aeronaut Camcar-
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bon 15x8 and s900014 or s90003. When it starts to be used in a coarser pitch condition, the

increasing ratio of maximum efficiency from s900014 is lower comparing with s90003 which

in turn is lower than Aeronaut Camcarbon 15x8. This way, for a pitch corresponding to∆β =

+13.5º, the maximum efficiency of Aeronaut Camcarbon 15x8 is slightly superior to s90003

and s900014.

Due to restrictions imposed by the 3DFDMprinter, the numerical designed tested propellers

cannot be exactly replicated to be built by the 3D printer for testing in the wind tunnel. The

most significant adjustment required to be done in the propeller design is to increase the

trailing edge thickness, which needs to have aminimum value of 0.4mm (the diameter of the

fused filament extrusion nozzle of the 3D printer in use throughout the work). Applying that

adjustment, themaximum theoretical efficiency of numerically simulated s900014 for the∆β

interval values is presented in Figure 4.6

Figure 4.6: Maximum efficiency of Aeronaut Camcarbon 15x8, s900014 and s900014 suitable for printing
(s900014_gap2.48) for each variation of pitch incidence angle values (8000 rpm)

As seen, the maximum efficiency obtained in QPROP of s900014 applying the required mod-

ifications to be 3D printed presents lower values compared with the original propeller. The

difference is bigger for low pitch conditions.
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4.4 Numerical Study of the S900014 Propeller Blade Design

From here on, the s900014 is considered the final propeller designed with the geometrical

adjustments required to be 3D printed. Three propellers were printed varying only the inci-

dence angle set at the root of the blade, so that s900014 could be tested in the wind tunnel for

variable pitch conditions with a single folding blades propeller holding hub corresponding to

low, design and high pitch incidence angle,∆β =−10º,∆β = 0º and∆β =+10º respectively.

4.4.1 Low Pitch Setting: ∆β = −10º

In Figures 4.7, 4.8 and 4.9 the performance results of s900014, used with a pitch incidence

angle variation of -10 degrees considering its original design pitch, obtained from QPROP

and wind tunnel when it was tested at three different rotational speeds are compared. In

each figure the thrust coefficient (a), power coefficient (b) and propulsive efficiency (c) of

the propeller as functions of advance ratio is represented.

As seen in Figure 4.7 (a), maximum efficiency obtained in wind tunnel of s9000_14 pro-

peller tested for a low pitch condition (∆β = −10 is higher than the prediction obtained in

QPROP at 3000rpm. At 4000rpm the propeller presented some vibration during the wind

tunnel test and it was not possible to continue the test for higher advance ratio values. Nev-

ertheless, propeller maximum efficiency, obtained from wind tunnel data at 4000 rpm are

at least as high as the numerical predicted (see Figure 4.7 (b)). At 5000 rpm, the maximum

measured efficiency is slightly lower than the QPROP prediction as it is verified in the results

presented of the test at 5000rpm (see Figure 4.7 (c)). It is also important to note that for

all the three rotational speeds tested, the values of the maximum efficiency values obtained

by wind tunnel data takes place for an advance ratio slightly higher than the predicted by

QPROP. Thrust and power coefficient are directly related to the propeller efficiency. The

higher the value of rotational speed, the higher the gap of thrust coefficient and power coef-

ficient values between QPROP and wind tunnel data, where the values obtained from wind

tunnel data are larger than QPROP prediction except for 3000 rpm. As the difference of

power coefficient obtained from wind tunnel and QPROP data is larger at higher revolutions

compared with the difference of thrust coefficient, propeller efficiency calculated from wind

tunnel data starts to decrease compared with that obtained with QPROP as the rotational

speed is increased during the wind tunnel tests.
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Figure 4.7: Thrust coefficient (a), power coefficient (b) and efficiency (c) vs advance ratio of s900014 propeller
for∆β variation of -10º at 3000 rpm
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Figure 4.8: Thrust coefficient (a), power coefficient (b) and efficiency (c) vs advance ratio of s900014 propeller
for∆β variation of -10º at 4000 rpm
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Figure 4.9: Thrust coefficient (a), power coefficient (b) and efficiency (c) vs advance ratio of s900014 propeller
for∆β variation of -10º at 5000 rpm
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4.4.2 Design Pitch Setting: ∆β = 0º

In Figures 4.10, 4.11 and 4.12 the performance results of s900014, usedwith its designed pitch,

obtained fromQPROPandwind tunnel when it was tested at three different rotational speeds

are compared. In each figure the thrust coefficient (a), power coefficient (b) and propulsive

efficiency (c) of the propeller as functions of advance ratio is represented.

As seen in Figures 4.10 (c), 4.11 (c) and 4.12 (c), considering the propeller used with no vari-

ation of its original design pitch, the maximum efficiency obtained from wind tunnel tests

data is lower than that predicted by QPROP for the three values of tested rotational speed.

Analyzing the main variables that define the propeller efficiency (thrust coefficient, power

coefficient and advance ratio), the thrust coefficient presents a relatively similar curve to the

one predicted by QPROP, however the same thing does not happen for the power coefficient.

At 3000 rpm, the graph of thrust coefficient obtained from the wind tunnel data is similar

with the one obtained with QPROP, however the required power for the propeller to produce

that thrust is higher than the predicted as it can be seen in Figure 4.10 (b). At 4000 rpm,

thrust coefficient calculated from the wind tunnel results is slightly higher than predicted

by QPROP simulations except for advance ratio values lower than 0.3. That evidence is not

an issue since the propeller with this pitch is not expected to be used for the low airspeed

velocities at 4000 rpm corresponding to advance ratio values lower than 0.3. However the

high values of power required to achieve that amount of thrust is negatively affecting the ef-

ficiency of the propeller compared with QPROP results. At 5000 rpm the relation between

thrust and power coefficient is similar with the test at 4000 rpm but the gap betweenQPROP

predictions and wind tunnel data is even higher.
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Figure 4.10: Thrust coefficient (a), power coefficient (b) and efficiency (c) vs advance ratio of s900014 propeller
with no variation of its original pitch at 3000 rpm
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Figure 4.11: Thrust coefficient (a), power coefficient (b) and efficiency (c) vs advance ratio of s900014 propeller
with no variation of its original pitch at 4000 rpm
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Figure 4.12: Thrust coefficient (a), power coefficient (b) and efficiency (c) vs advance ratio of s900014 propeller
with no variation of its original pitch at 5000 rpm
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4.4.3 High Pitch Setting: ∆β = +10º

In Figure 4.13, the performance results of s900014 used with a pitch incidence angle variation

of +10 degrees considering its original design pitch obtained from QPROP and wind tunnel

when it was tested at 3000 rpm are compared. The thrust coefficient (a), power coefficient

(b) and propulsive efficiency (c) of the propeller as functions of advance ratio is represented.

As seen in Figure 4.13 the discrepancy between QPROP predictions and wind tunnel data

results is even more accentuated for the coarse pitch condition (∆β = +10) where the maxi-

mum efficiency achieved in the wind tunnel experimental test at 3000 rpm is 14% lower than

the value predicted with QPROP. The power coefficient calculated from the wind tunnel data

is similar to the that obtained with QPROP for the range of values where a propeller with

this pitch should be used but the thrust produced is significantly lower for the same range.

It was only possible to obtain experimental results for 3000 rpm, since the propeller was

presenting high vibration during the test for higher values of rotational speeds, possibly in-

dicating a stalled blade condition, which would be unsurprising since the S900014 propeller

was designed for maximum lift coefficient throughout the blade.
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Figure 4.13: Thrust coefficient (a), power coefficient (b) and efficiency (c) vs advance ratio of s900014 propeller
for∆β variation of +10º at 3000 rpm

52



4.4.4 Maximum efficiency vs Pitch Setting

Since the goalwas to develop a propellerwith high efficiency values in awide range of variable

pitch operational conditions, in Figure 4.14 a comparison is made between the maximum

efficiency values obtained in the three different pitch settings (∆β -10, +0 and +10) that were

tested in the wind tunnel with the equivalent propellers simulatedwith QPROP for rotational

speed of 3000 (a), 4000 (b) and 5000 (c) rpm.

As seen in Figure 4.14 the difference between QPROP and wind tunnel results is evident as

the propellers were tested at higher rotational speed. There are two main reasons that can

explain the disparity:

1. s900014 propeller is characterized for presenting an airfoil with thin thickness. At 25%

radius blade section, the chord near the root is approximately 46mmbut at 90% radius

blade section the chord is near 11 mm. Noting that the propeller was 3D printed with

PLA, some mechanical properties are not similar to a propeller manufactured with the

traditional methods. Higher flexibility near the tip and lower near the root was visi-

ble in the 3D printed propeller. For the same value of rotational speed, in the coarse

pitch operational condition the forces in the propeller are higher than in the low pitch

operational condition, and it can justify that the discrepancy between numerical and

experimental results becomes superior for coarser pitch operational conditions.

2. The other reason that can justify the difference between the results is the concept over

which s900014 was designed. The propeller was designed to present a Cl value near the

maximum of the airfoil until 80% of blade radius. Despite QPROP results predicting

interesting performance values for variable pitch operational conditions, in the experi-

mental test the propeller can be presenting stalled blade conditions at higher rotational

speeds.
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Figure 4.14: Maximum efficiency vs pitch incidence angle variation of s900014 at 3000 (a), 4000 (b) and 5000
(c) rpm
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4.5 Numerical Study of the S900085 Propeller Blade Design

Mainly to certify if the second point previously presented for the disappointing performance

of the s900014 is the reason for the difference between QPROP predictions and wind tunnel

results, a new propeller (s900085) was 3D printed to be tested in the wind tunnel. This pro-

peller was designed with a Cl distribution corresponding to the highest Cl/Cd value of the

airfoil along the blade radius and a certain required shaft power for a specified airspeed and

rotational speed in the design pitch condition as explained in Section 3.2.3.

The comparison ofQPROP results of Aeronaut Camcarbon 15x8 and s900085 concerning their

maximum efficiency as functions of pitch incidence angle variation at 6000 rpm can be seen

in Figure 4.15 (theQPROP results of s900085 already include the adjustments applied tomake

the propeller 3D printed). The maximum efficiency of s900085 is higher than Aeronaut Cam-

carbon 15x8 for all the considered variable pitch operational conditions. Similarly to the pre-

viously s900014 design, larger differences for the low pitch condition and smaller differences

for coarser pitch values.

Figure 4.15: QPROP results of maximum efficiency vs pitch incidence angle variation of Aeronaut Camcarbon
15x8 and s900085 propellers at 6000rpm

In this case three propellers were not printed with different incidence angles but instead

both blades were assembled to three different hubs designed to set the blade incidence angle

variation of -10, 0 and 10 degrees.
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4.5.1 Low Pitch Setting: ∆β = −10º

In Figures 4.16, 4.17 and 4.18 the performance results of s900085, used with a pitch incidence

angle variation of -10 degrees considering its original design pitch, obtained from QPROP

and wind tunnel when it was tested at three different rotational speeds are compared. In

each figure the thrust coefficient (a), power coefficient (b) and propulsive efficiency (c) of

the propeller as functions of advance ratio is represented.

As seen in Figures 4.16, 4.17 and 4.18, s900085 results obtained with QPROP and wind tunnel

test data when the propeller was used in a low pitch condition (∆β = −10º) present simi-

lar trends for the three values of tested rotational speeds. Both thrust coefficient and power

coefficient values from the wind tunnel test data show a slightly lower offset value than pre-

dicted by QPROP, decreasing this gap as the rotational speed increases. The 3D printed pro-

peller presents a very similar efficiency compared with QPROP prediction until its peak that

is slightly lower than the simulation and occurs for a lower advance ratio. E.g. at 5000 rpm,

maximum efficiency obtained in wind tunnel is about 2% lower than the predicted in QPROP

and occurs for an advance ratio about 6.6% lower compared with the value from QPROP.
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Figure 4.16: Thrust coefficient (a), power coefficient (b) and efficiency (c) vs advance ratio of s900085 propeller
for∆β variation of -10º at 3000 rpm
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Figure 4.17: Thrust coefficient (a), power coefficient (b) and efficiency (c) vs advance ratio of s900085 propeller
for∆β variation of -10º at 4000 rpm
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Figure 4.18: Thrust coefficient (a), power coefficient (b) and efficiency (c) vs advance ratio of s900085 propeller
for∆β variation of -10º at 5000 rpm
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4.5.2 Design Pitch Setting: ∆β = +0º

In Figures 4.19, 4.20 and 4.21 the performance results of s900085, used with its designed

pitch, obtained from QPROP and wind tunnel when it was tested at three different rota-

tional speeds are compared. In each figure the thrust coefficient (a), power coefficient (b)

and propulsive efficiency (c) of the propeller as functions of advance ratio is represented.

As seen in Figures 4.19 (c), 4.20 (c) and 4.21 (c) regarding the results of s900085 propeller

tested for the three values of rotational speed with its design pitch, it is perceptible that the

efficiency of 3D printed propeller is similar to the QPROP prediction until its peak that is

slightly lower (about 3% in the absolute value for the three tested values of rotational speed)

and occurs for a lower advance ratio (about 7% lower). This is the same trend observed in the

low pitch condition. The thrust coefficient and power coefficient values from the simulation

present a smooth function except for the lowest values of advance ratio, which is understand-

able since the propeller with the designed pitch (which is quite coarse) is not to be used in

that range of smaller advance ratio values.
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Figure 4.19: Thrust coefficient (a), power coefficient (b) and efficiency (c) vs advance ratio of s900085 propeller
with no variation of its original pitch at 3000 rpm
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Figure 4.20: Thrust coefficient (a), power coefficient (b) and efficiency (c) vs advance ratio of s900085 propeller
with no variation of its original pitch at 4000 rpm
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Figure 4.21: Thrust coefficient (a), power coefficient (b) and efficiency (c) vs advance ratio of s900085 propeller
with no variation of its original pitch at 5000 rpm
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4.5.3 High Pitch Setting: ∆β = +10º

In Figures 4.22, 4.23 and 4.24 the performance results of s900085, usedwith a pitch incidence

angle variation of +10 degrees considering its original design pitch, obtained from QPROP

and wind tunnel when it was tested at three different rotational speeds are compared. In

each figure the thrust coefficient (a), power coefficient (b) and propulsive efficiency (c) of

the propeller as functions of advance ratio is represented.

As seen in Figures 4.22, 4.23 and 4.24, the simulation of s900085 considering β variation

of +10 presents a smooth function for the thrust coefficient and power coefficient values,

except for the lower advance ratio range, where the very coarse pitch blade is expected to

be in a stalled. The corresponding values of Ct and Cp obtained from the wind tunnel data

keep showing an offset to a lower value from the simulation values for the higher advance

ratio values. In the 5000 rpm rotational speed case (Figure 4.24), the test in wind tunnel

stopped when the propeller was reaching its maximum efficiency because of the wind tunnel

maximum airspeed limitation. However, the maximum efficiency obtained from the tests

at 3000 and 4000 rpm rotational speeds follow the same trend of this propeller, previously

observed for the small and design pitch settings, occurring at a slightly lower value of advance

ratio (about 4%) when compared with QPROP and 3% lower than the prediction.
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Figure 4.22: Thrust coefficient (a), power coefficient (b) and efficiency (c) vs advance ratio of s900085 propeller
for∆β variation of +10º at 3000 rpm
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Figure 4.23: Thrust coefficient (a), power coefficient (b) and efficiency (c) vs advance ratio of s900085 propeller
for∆β variation of +10º at 4000 rpm
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Figure 4.24: Thrust coefficient (a), power coefficient (b) and efficiency (c) vs advance ratio of s900085 propeller
for∆β variation of +10º at 5000 rpm
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4.5.4 Maximum Efficiency vs Pitch Setting

In Figure 4.25 a comparison is made between the maximum efficiency values obtained in

the three different pitch settings (∆β -10, +0 and +10) that were tested in the wind tunnel

with the equivalent propellers simulated with QPROP for rotational speed of 3000, 4000

and 5000 rpm.

Figure 4.25: Maximum efficiency vs pitch incidence angle variation of s900085 at 3000 (a), 4000 (b) and 5000
(c) rpm
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Observing the results from the following graphs (see Figure 4.25), the maximum efficiencies

of the s900085 blade design obtained in wind tunnel in variable pitch operational conditions

is slightly lower but close to the values predicted with QPROP simulations.

4.6 S900014 vs S900085 Propeller Blade Design

Comparing the results from s900014 and s900085 propellers, it appears that the reason why

wind tunnel results of s900014 propeller do not accomplish the QPROP predictions is more

related to the design concept of s900014 propeller blade than to the weaker mechanical prop-

erties associated to the 3D printing manufacturing process. The s900014 propeller blade was

designed with close to maximum Cl values along the blade radius and it probably caused the

printed propeller to face blade stalling conditions while it was tested in the wind tunnel. On

the other hand, the values used in the QPROP input file to simulate airfoil characteristics

generate functions that do not properly predict the stalling conditions of the airfoil and for

that reason the results from the QPROP wrongly seemed to point to a good performance of

the s900014 in variable pitch operational conditions.

Furthermore, comparing s900085 results with the propellers results presented in [29], there

is a phenomenon that repeats in all the situations. The maximum efficiency of the propeller

tested in the wind tunnel is always slightly lower and occurs for a slightly lower advance ratio

value than predicted by the QPROP simulation. Additionally, thrust and power coefficients

of the propellers tested in wind tunnel present lower values than those predicted by QPROP.

These observable occurrences should be considered in the future development of propellers

that make use of 3D printing manufacture process to analyze propeller prototypes.
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Chapter 5

Conclusion

In this work different concepts were considered to design a propeller to be used in variable

pitch operational conditions. One of those was chosen to be manufactured for a propeller

prototype using a FDM 3D printer. The experimental results did not accomplish the nu-

merical predictions of the propeller performance and the reasons behind the lower actual

performance of the initially selected blade design concept were explained. Next, an alterna-

tive propeller blade design concept was considered, a new propeller was developed and this

time the experimental results almost accomplished the numerical predictions.

Thus, the main objective of defining a suitable concept for the design of a propeller blade

suitable for usewith a variable pitchmechanismand validating the numerical predictionwith

experimental results obtained from a FDM 3D printed propeller prototype was achieved.

5.1 Future work

Following the work that has been done, some recommendations to improve propeller design

to be used in a variable pitch mechanism are:

- Development or improvement of different airfoils to be used in different sections of the

blade that can improve propeller performance and blade structure in variable pitch opera-

tional conditions.

- Implement Prandtl root correction in the blade design once it is not considered in the QMIL

designing program while a recent study [26] has shown that it can improve the propeller

performance.

Considering the wind tunnel results, the recommendation, as an attempt to get even more

similar experimental results to those obtained from blades that use the traditional manufac-

turing techniques, is to use filaments reinforced with carbon fiber that providemore stiffness
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in the blade structure, especially when a thin airfoil is used.
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