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Resumo

Na sequéncia do crescente interesse na utilizagcdo de drones, esta tese centra-se no estudo e analise
do seu desempenho, mas utilizando um tipo especifico de rotor: o ciclorotor.

Assim, os fundamentos do ciclocoptero, que € o nome que recebe este tipo de UAV, sao explicados
tanto do ponto de vista dimensional como aerodindmico. Este objectivo é alcangcado através do
desenvolvimento de alguns codigos numéricos que permitem aproximar e assim, compreender o
comportamento do escoamento em torno das pas do ciclorotor.

Finalmente, o impulso produzido e a poténcia consumida sado os valores mais importantes a obter e
assim, sdo apresentados alguns resultados mostrando a evolug¢do destas variaveis quando alguns

parametros dimensionais ou aerodinamicos sao variados.

Palabras-chave: cCiclocoptero, Aerodinamica Instacionaria, Velocidade Induzida, Tubo Duplo.



Vi



Abstract

Following the growing interest in the use of drones, this thesis is focused on studying and analysing
their performance but using a specific type of rotor: the cyclorotor.

Like this, the fundamentals of cyclocopter, which is the name that receive this type of UAV, are
explained from both dimensional and aerodynamic point of view. This objective is achieved by developing
some numerical codes which allow to approximate and so, to understand the behaviour of the flow
around the blades of the cyclorotor.

Finally, the thrust produced and the power consumed are the most important values to obtain and so,
some results are presented showing the evolution of these variables when some dimensional or

aerodynamic parameters are varied.

Keywords: Cyclocopter, Unsteady Aerodynamics, Induced Velocity, Double-Multiple Streamtube.

Vii



viii



Table of Contents

o o0 g1[=To (o 1= o 1= ) €SS iii
RESUMO ... ettt ettt s et e bt skt bt e b e e Rt e st e e e b e s b e eE e e R e eh e e st e e et nbeeEeeReer e et et e neenaenes v
Y 0 1] 1 =T SRR vii
LIST Of TADIES ..ttt bbbt bbbt Xii
IS Qo) o USSP Xiv
o 1) 101 SRS XVii
NOMENCIATUIE ...ttt bbbt bbb et b e e b e s bt bt e bt e st e e e nb et e ebe et e enes XiX

1 Introduction 1
1.1 IMOBIVALION .t b bbb b bbbt bbb ettt e 1
1.2 ODJECHVES ...ttt bbb bbb bbb bbbt b et 1
1.3 TRESIS STUCIUIE ..o bbbt bbb ettt be e 2

2 The Cyclocopter 4
2.1 GENEIAl CONCEPLS.. .ottt bbbt bbb bbbt b bbbt b ettt be b 4
2.2 SHALE OF A .ot E bbb bbbt bbb e ne et 5
2.3 SCIENTITIC STUAIES ....eiuiitiiiiiitie bbb bbbttt b ettt b 9
2.4 CYClOCOPIET STTUCLUIE .....oveiviiiiiitiieeeet ettt bbbttt bbb bbb b b s 17

2.4.1 CycCloCopPer BIAAES .......ccooviiiiiiiiiie e 17
2.4.2 Blade Pitching MeChaniSIm ..ot 17

3 Aerodynamic Analysis 21

3.1 Unsteady ACIOAYNAMIC .....covuiiiiiiiiitiiieicte ettt bbbttt bbbttt b bbbt sbe s 21
.11 INIFOAUCTION ittt b bbbt 21
3.1.2  Sources of Unsteady ArodyNamIC ..........cocciiiriiiriiiiniieine et 22
3.1.3  Reduced FreqUENCY (K) ..ottt sttt bbb 23

3.2 UNSLEAAY MOUEIS ...ttt bbb bttt et b b e sae e 23
3.2.1 Theodorsen’s TREOKY .......cciiiiiiiiieie e bbbt sb e bbb 23

3.2.1.1 Pure angle of attack OScillations..............eeiiiiii e 26
3.2.1.2 Pure pluging OsCillations..........cuoiiiiiiieiiie e e 27
3.2.2.3 PitCh OSCIllatiONS. ... ..eiiiiiiiie ittt e e e e neee s 29
3.2.2 Indicial Response: Wagner's Problem............cciiiiiiiiiiie e 31



3.2.2.1 Recurrence Solution to the Duhamel Integral ............cccoiiiiiinii e, 31

3.3 INFlOW DYN@MIC ANATY SIS ..ottt bbb 32
3.3.1 HOVEIFHGE ...ttt 32
3.3.1.1 Single Streamtube Model ............oiiiiiiiiii e 33

3.3.1.2 Double-Multiple Streamtube Model .............oooc i 35

R N o 1= | o | S 38
Hover Flight Analyses 40
4.7 NUMENCAI MOGEIS ....coiiiniiiiiiiee bbbttt be ettt 40
41,1 INItIal PArameters ........oiiiiiieiieie et e 40
4.1.2 Single Streamtube COde ..o 41
4.1.3 Double-Multiple Streamtube Code............cccviiiiiiiiie e 42

4.2 MOAEIS ValIAtON ....coiiiiiiiiiiiciieiee bbb b ettt bttt 42
4.2.1 Sinusoidal Pitch Angle Variation.............ccccciiiiiiiiie e 42
4.2.2 Four-bar Linkage Pitch Angle Mechanism ............ccccciiiiiii e, 45

4.3 Analyses of HOVEr FIIGht .........ooiiiiii e e e 48
4.3.1 Sinusoidal Pitch Angle Variation............coooiiiiiiiiii e 48
4.3.2 Four-bar Linkage Pitch Angle MechaniSm ............cccoceiiiiiiiiiiiii e 61
Forward Flight Analyses 70
5.7 NUMEICAI MOUEI ...ttt sttt bt re e st eseesbestestenre e 70
Tt O T (01 = T = T = 41 (=R 70
5.1.2 Simplified NUmMerical MOAEL ..........ccovi i 70

5.2 MOdel Validation .......c.oiiiiie e bbb 71
5.3 Analyses of Forward Flight ..........cooo e 73
Conclusions 81
6.1 GOAIS ACNIEVEM ...t bbbttt bbb bbbt e e e bbb b e 81
6.2 COdES APPHCALION ....oiiiiie et e e 81
6.3 FUTUIE WOTKS ... .ottt ettt sttt et e s et e e sa e testeete e s e eneeseeneeneeneeeneeneens 83
= 1] ] Te o | ir=] o] 0} VZ PR 85



Xi



List of Tables

4.1
4.2
4.3
4.4
4.5

5.1

Geometry of cyclocopter used in figure 4.1.........oooiiiiii e 44
Geometry of cyclocopter used in fIQure 4.2..........c.ooi i 44
Geometry of cyclocopter used in figure 4.3..........oooo i 45
Geometry of cyclocopter used in figures 4.4 and 4.5..........oooiiiiiiie e 46
Geometry of cyclocopter used in figures 4.6 and 4.7..........coooeiiiiiieeie i 48
Geometry of cyclocopter used in figure 5.1 72

Xii



Xiii



List of figures

P2 B 03 Vo1 o1 (o F=1 I (] (o gl I I USSR 4
2.2 Forces in each azimuthal POSItioN [1] ..o e 5
2.3 (a) Salmoljot aircraft (b) Unknown french aircraft [8]..........ccccooiiiiiiiniiiee, 5
2.4 Brook’'s CYCIOQYIO [8] ..uviveiueiiiieiiitisieseeeestes e s e s te et e et e st e st be s te e e e st e e e e e sbesaeateaneenteae e e neesrenreaneaneas 6
2.5 New CaldWell deSIgN [8] ... ccciiiiiiiii ittt ettt et e s aestesrease e e et e seesresreaneenens 6
2.6 Nagler's CYCIOGYIO [9] ..o bbb 7
2.7 Rohrbach’s CYCIOGIro [8] ......cocoiiiiiiiiiiie et 7
2.8 (a) Schroeder’s cylcogyro (b) Platt’s design [8] ... 7
2.9 Rahn Aircraft Corp. CYCIOGYI0O [8] ....cci ittt st re e eneas 8
2.10 Marcel's patented CYCIOrOtOrS [8] .....ccciiiiiiiiiii et sre s re e eneas 8
2.11 (a) Sharpe’s first version (b) Sharpe’s second Version [8] .......ccccccvveiiiiiiinieiisiecie s 8
2.12 Crimmins’s flYiNg Crane [8] .......cooiiiiiiiii bbb 9
2.13 HEeINZ'S CYCIOGYTO [B] ..ottt bbbttt ee s 9
2.14 Bosch Aerospace cycloidal propulsion System [8] ........cccccoieiiiiiiiiiiiiesc e 9
2.15 Experimental cycloidal propeller [T1] ..o 10
2.16 Experimental setup of losilevskii and Levy analysis [14] .......cccocoviiiiiiiiie e 10
2.17 Seoul National University cyclocopter designs [18] ... 11
2.18 Seoul National University 2-D CFD model [17].....cccviiiiiiiiiieineee e 12
2.19 Yu’'s UVLM model and reSUlS [19] .....oooiiiiiiiiiiee e 12
2.20 Yu'’s 5-bar pitching mechanism [20].........ccccvriiiiiiie s 13
2.21 Sirohi’s experimental SEIUP [271] .....uiii i 13
2.22 2-D CFD model of Acuity Technologies [22] .........ccoocieiiiiiiiiiiiiiiiee e 13
2.23 Siegel’'s 2-D CFD MOdel [23].......uiiiiiiiiiiie ettt e e st e e e e abeeee e e e e 14
2.24 Hara’s new mechanism design [24] ...t 14
2.25 Nozaki’s cycloidal FOtOr [25] ... e e e e 15
2.26 Kan’s 3-D SimUIAtion [26] ......ccooiiiiiiiiiiee ettt e e 15
2.27 Nakai’s 2-D PIV MeasuremMent [27] ......ccooiii ittt e e e e e e e e e e e e e e e e e e e aaaeaan 15
2.28 NASA'’s (a) first design, (b) second design and (c) third design of Venus mission cyclocopter

225 PSSR 16
2.29 Side view of Benedict and Atanu’s cyclocopter [29]........cooiiiiiiiiiieiee e 16
2.30 Elena’s all-terrain cyclocopter design [S0].. ... cuuriiieei i e 17
2.31 (a) Blade pitching structure (b) Description of the mechanism [1] .........ccccoov i, 18
2.32 Schematic for kinematic equations [2] .......coooiiiiiiii i e ————— 18
3.1 Decomposition of the blade MOtION ...........cooiiiiiiii e 22
3.2 Flow field structure COMPOSITION .......coiiiiiiiiiiiee s 22
3.3 Theodorsen’s model representation [3] ... 24



3.4 TheodOorSEN'S fUNCHION ........ciiiiiiii ettt et e e e ettt e e s bt e e s s st e e e s sbaa e s sbbenesssbbeessbeasessarns 25

3.5 Circulatory part of the lift reSPONSE [3] ..o e s 25
3.6 Normalised (a) Lift amplitude and (b) Phase of lift for pure angle of attack oscillations ............. 26
3.7 Normalised (a) Pitching moment amplitude about Y4-chord and (b) Phase of pitching moment for
pure angle of attack OSCIllatioNS ... 27
3.8 Normalised (a) Lift amplitude and (b) Phase of lift for pure plunging oscillations........................ 28
3.9 Normalised (a) Pitching moment amplitude about %-chord and (b) Phase of pitching moment for
pure plunNging OSCIIAtIONS .........coiiiit i e s e e e e e e et e e e e e s arnaeees 29
3.10 Normalised (a) Lift amplitude and (b) Phase of lift for pitch oscillations ..............ccccccooviniinnnnne. 30
3.11 Normalised (a) Pitching moment amplitude about %-chord and (b) Phase of pitching moment for
o] 1e] a0 1= 1= 1 T o SRR 30
3.12 Wagner’s function and approXimations [3] ......cccooiiiiiiiiiiiiiiiiee e e 32
3.13 (a) Single Streamtube Inflow (b) Double-Multiple Streamtube Inflow [1] ......cccoeeeeiiiiiiiiiiiniinee. 33
3.14 Velocities in the deformed and undeformed frames [1] ... 34
3.15 Flow environment of the Double-Multiple Streamtube Model [4] ..........coooiiiiiiiieeiiiiieeeeeeee, 36
3.16 Forward motion kinematic analySis [2] .......cccueeiiiii i 38
4.1 Resultant Thrust (7) VS Rotation Speed (Q) for maximum pitch amplitude of §~=159................. 44
4.2 Resultant Thrust (7) VS Pitch amplitude (&) for rotation speed of Q=300rpm............ccccverenne 45
4.3 Resultant Thrust (7) VS Rotation Speed (Q) for maximum pitch amplitude of §7=25°.................. 45
4.4 Resultant Thrust (7) VS Rotation Speed (Q) (BOSCh CaS€)........cocueeiiiiiiiiiiiiieiiiee e 47
4.5 Power consumed (P) VS Rotation Speed (Q) (BOSCh CASE).......ccccveiieviiiiiiiiece e 47
4.6 Resultant Thrust (7) VS Rotation Speed (Q) (IAT271 CaS€).....ccoiiuiiiiiiieiiiiie e 48
4.7 Power consumed (P) VS Rotation Speed (Q) (IAT271 CaSE)....cceviuiiiiiiiieeiiiiieeiiee e 48
4.8 Comparison among the Algorithms in Duhamel integral/ DS inflow model..............cccccccceoonee. 49
4.9 Effect of win the thrust produced (Theodorsen/ DS inflow model)...........cccccoooiiiinin. 50

4.10 Comparison of steady and unsteady models with the rotation speed (Sinusoidal variation/DS
inflow model) for pitch amplitudes of (a) 8,=152 and (b) 8p=202..............eeiiiiiiii e, 51

4.11 Effect of blade radius (R) on the thrust produced for (a) Steady case, (b) Duhamel integral and
(c) Theodorsen with high unsteady effects (Sinusoidal variation/DS inflow model).................... .53

4.12 Effect of number of blades (Ny) on the thrust produced for (a) Steady case, (b) Duhamel integral
and (c) Theodorsen with high unsteady effects (Sinusoidal variation/DS inflow model).............. 54

4.13 Comparison of unsteady models with the rotation speed (Sinusoidal variation/SS inflow model)
compared with experiments from [1] . ..o 55

4.14 Effect of pitch angle amplitude (8,) on the thrust produced(Sinusoidal variation/SS inflow model)
compared with experiments from [1] .. ..o e 55

4.15 Effect of blade radius (R) on the thrust produced for (a) Steady case, (b) Duhamel integral and
(c) Theodorsen with high unsteady effects (Sinusoidal variation/SS inflow model)..................... 57

4.16 Effect of number of blades (Ny) on the thrust produced for (a) Steady case, (b) Duhamel integral
and (c) Theodorsen with high unsteady effects (Sinusoidal variation/SS inflow model).............. 58

4.17 Comparison of steady and unsteady models with the pitch amplitude (Sinusoidal variation/DS
XV



INFIOW MOAEI)...... et e £eeerabe e e e aaeee 59

4.18 Effect of rotation speed (Q) on the thrust produced for (a) Steady case, (b) Duhamel integral and
(c) Theodorsen with high unsteady effects (Sinusoidal variation/DS inflow model)..................... 60

4.19 Comparison of unsteady models with the pitch amplitude (Sinusoidal variation/SS inflow

4.22 Effect of the phase angle of eccentricity (€) on the thrust produced for (a) L,=0.01m and (b)
L,=0.03m (4-bar mechanism/DS inflow Model)............cooeeeiiiiiiiiee e 65

4.23 Effect of the magnitude of eccentricity (L,) on the thrust produced for (a) € =02 and (b) £ =102 (4-
bar mechanism/DS inflow MOdel)..........oooiiiiiiiiii e s 66

4.24 Effect of the phase angle of eccentricity (€) on the thrust produced for (a) L,=0.01m and (b)
L,=0.03m (4-bar mechanism/SS inflow Model)............ccuuiiiiiiiiiiii e e 67

4.25 Effect of the magnitude of eccentricity (L,) on the thrust produced for (a) € =02 and (b) £ =102 (4-
bar mechanism/SS INflow MOdel).........c.uiiiiiiii e 68

5.1 Angle of attack variation for hover, forward, backward, upward and downward perfomances with

rotations speeds of (a) 500rpm, (b) 2000rpm and (c) experiments from [2]...........cccoceeieeiiinnnnne. 73
5.2 Variation of (a) thrust and (b) power with the rotation speed (Forward flight)................ccc.onn. 74
5.3 Variation of (a) thrust and (b) power with the rotation speed (Backward flight)............................ 75
5.4 Variation of (a) thrust and (b) power with the rotation speed (Upward flight).............cccccccinniie 76
5.5 Variation of (a) thrust and (b) power with the rotation speed (Downward flight).............ccccc.o.... 77
5.6 Variation of power with the advance velocity fixing thrust and pitch angle variation.................... 78

5.7 Variation of power with the advance velocity fixing thrust for different pitch angle variations....... 79

5.8 Variation of power with the advance velocity fixing thrust and rotation speed............ccccccceennneen. 79
5.9 Variation of power with the advance velocity fixing thrust for different rotation speeds................ 80
6.1 Matlab application interface for (a) hover case and (b) forward flight..............cooccviiiiiiniiiien, 83
6.2 Matlab application interface for pitch calculation...............cooi s 84

XVi



XVii



Acronyms

2D

3D
BEMT
CFD
DS
MAV
MIT
NACA
NASA
PIV
SS
UAV
UVLM

Two-Dimensions

Three-Dimensions

Blade Element Momentum Theory
Computational Fluids Dynamics
Double-Multiple Streamtube

Micro Aerial Vehicle

Massachusetts Institute of Technology
National Advisory Committe for Aeronautics
National Aeronautics and Space Admistritation
Particle Image Velocimetry

Single Streamtube

Unmanned Aerial Vehicle

Unsteady Vortex Lattice Method

XViii



XiX



Nomenclature

a adimensional localization of pitching axis at “4-chord
A blade area

A A, constants of Wagner’s function

AR aspect ratio

by, by exponential constants of Wagner’s function
b blade span

c blade chord

c Theodorsen’s function

Cy drag coefficient

C lift coefficient

(o] circulatory part of lift coefficient

cye non-circulatory part of lift coefficient

Cpo sectional profile drag coefficient

Cpi induced drag coefficient

Ciu lift curve slope

e Oswald efficiency factor

F resultant force

k reduced frequency

Ly, Ly, L3, Lg 4-bar linkage mechanism lengths
-

L lift

M Mach number

N, number of blades

P power consumed

Q torque about the axis of rotation
q pitch rate

R blade radius

R. Reynolds number

s reduced time

t time step

Tres resultant thrust

Ur resultant velocity

Up, Ur normal and tangential velocity components
Vg downstream induced velocity

Vy upstream induced velocity

Vv; induced velocity

v flow velocity

V,, V, horizontal and vertical advance velocities

XX



w far downstream velocity

X Ya recursive functions of angle of attack
X5 Yq recursive functions of pitch rate
weight

Greek symbols

a angle of attack

a. effective angle of attack

6 direction of the resultant thrust
nr localization of pitching axis at “4-chord
0 pitch angle

8, pitch angle in forward flight

p flow density

€ phase angle of eccentricity

¢ Wagner’s function

W azimuthal angle

w angular velocity

0 rotation speed

XXi



XXii



Chapter 1

Introduction

1.1 Motivation

The tendency of using UAV (Umanned Aerial Vehicles) is increasing year after year due to the huge
variety of applications in which this type of vehicles can be used. Drones can be used in areas like
surveillance, meteorology, plague control, among others.

Moreover, most of drones have some advantages that conventional aircrafts can not achieved like
more reduced dimensions, less consumption, an easier control and adaptability due to the fact that they
do not have a pilot on board and several drones can be controlled by one on the ground. That is why
drones are a very common topic for the present day researches.

Different types of drones can be found, explaining their huge utility. One classification is between
fixed-wing and rotating-wing drones, being this last type the objective of this thesis because they can
perform movements that the fixed wing can not like hover and moreover, they can be a great option in

many activities due to their specific characteristics.

1.2 Objectives

The main goal of this thesis is to describe and analyse the aerodynamic of the cyclocopter studying
velocities and forces that appear on the blades and a calculation of the power consumed is then
performed. The hover case is first analysed and next, the forward motion. Moreover, three
computacional models will be created using Matlab (two for hover and one for forward) and validated
with experimental values obtained from different researches and like this, the general operation of the

cyclocopter will be able to be represented.

In addition, a variation of some parameters that define the geometry and structure of the cyclocopter

is going to be done and so, their effect on the aerodynamic of the cyclocopter could be obtained.



1.3 Thesis Structure

The thesis is divided in 5 chapters:

- Chapter 1: This initial chapter establishes an introduction to the analysis that is going to be carried
out along the thesis, explaining the objetives of it as well as the motivations for doing it.

- Chapter 2: This chapter focus on showing the state of art of cyclopter and some scientific studies
that were done. Finally, some general concepts related to the structure of the cyclocopter are described.

- Chapter 3: The main goal of this chapter is to describe the fundamentals of unsteady aerodynamic
as well as the main theories used to approximate these effects appearing around the cyclocopter. In
addition, two inflow models are going to be explained in order to be used to obtain results about the
performance of the cyclocopter (velocities, forces, thrust...).

- Chapter 4: This chapter is focus on hover situation. First, the code which has been developed is
explained in order to be next validated using some experimental results extracted from bibliography.
Finally, some results about this performance are presented showing the most important conclusions.

- Chapter 5: The same that it was done in chapter 4 is now explained in chapter 5 but changing to
forward motion. Therefore, the explanation and validation of the model, the results obtained with it and
the comparison with the hover case are shown in this chapter analysing four movements (forward,
backward, upward and downward).

- Chapter 6: This final chapter has the aim of exposing all the conclusions obtained along the thesis

as well as a posible application which may be developed using the codes explained.






Chapter 2

The Cyclocopter

2.1 General Concepts

A cycloidoal rotor, cyclorotor or cyclocopter is a rotating-wing system where the span of the blades

runs parallel to the axis of its rotation, like it is schematized in figure 2.1.

Blades

Rotation

Axis of
rotation
Direction of
flight Pivot point

Figura 2.1: Cycloidal rotor [1]

In this type of aircraft, the pitch angle of each blade is varied cyclically by mechanical means such
that each blade experiences positive geometric angles of attack at both the top and bottom halves of its
circular trajectory. The variation of the amplitude and phase of the cyclic blade pitch is used to change
the magnitude and direction of the net thrust vector (Tres) produced by the cyclorotor. This resultant
thrust can be decomposed into the vertical and horizontal directions (lift and forward thrust respectively

which are shown in figure 2.2).



Figure 2.2: Forces in each azimuthal position [1]

In comparison to a conventional rotor, each spanwise blade element operates at similar
aerodynamic conditions and so, the blades can be more easily optimized to achieve the best

aerodynamic efficiency.

The next sections 2.2 and 2.3 are related to the state of art of the cyclocopter as well as the scientific

studies developed during the century XXI.

2.2 State of Art

The concept of the cyclopter is more than 100 years old but its origin is not so clear yet. The earliest
reported work was in 1909 done by E. P. Sverchkov. This military engineer in St. Peterburg (Russia)
developed an aircraft called “Samoljot” (figure 2.3(a)) [8]. This “wheel-orthopter”, which was another
name that this vehicle received, had three flat surfaces, a rudder and the rear edge of one of surfaces
could be bent replacing the action of an elevator. In order to create the lift and thrust, Samoljod had
paddle wheels consisting of 12 blades and the pitch angle were changed by means of pulleys and
springs. However, the vehicle did not pass the tests successfully because it not only did not come off
ground but even did not move from the place.

Figure 2.3: (a) Salmoljot aircraft (b) nnown french aircraft [8]

Few years later, a cyclogyro design (figure 2.3(b)) was found out in France between 1909 and 1914.
However, not too much information is available from this vehicle, only a video footage which shows two

unsuccessful attempts [8].



In 1920, C.Brooks form Pattonville (Montana) designed an aircraft with a paddle-wheel actuator
(figure 2.4) with an assembly frame in front of the engine which allowed to assume that thrust had to be
produced by one more engine with the traditional propeller [8]. Moreover, there was a short, rotating
upper wing for forward flight. However, one more time, this vehicle does not look like that it was be

successful.

Figure 2.4: Brook’s cyclogyro [8]

The next information comes from 1923, when Jonathan Edward Caldwell, an aeronautical engineer
from US, filed for a patent on a device that he called the cyclogyro [8]. This aircraft consisted of an
airplane fuselage with two paddle-wheel rotors which were powered by an engine in the fuselage. Like
in an actual cyclocopter, the lift of the airfoils could be tuned to produce thrust in any direction by
changing the pitch continuously. Moreover, by changing the angle of attack, the vehicle could move in
any direction with differential thrust between the two rotors yawing could be achieved.

In 1937, Caldwell took again the model of 1923 and created a modified prototype (figure 2.5.) [8]. In
this new design, Caldwell mounted two long three-bladed airfoil-equipped paddlewheels to the sides of

a conventional-looking aircraft fuselage.

Figure 2.5: New Caldwell design [8]

In 1926, Bruno Nagler patented a cyclogyro with two 4-bladed cycloidal propellers on either side
(figure 2.6) [9]. A particularity of this design was that the blade pitching mechanism was passive and
since the blade center of gravity was coincident with the pitching axis, this passive mechanism is fully
governed by the aerodynamic forces. Like this, the required blade kinematics changed depending on

the flight condition and the pilot had pitch, roll and yaw control during all times.



Figure 2.6: Nagler’s cyclogyro [9]

Meanwhile, Adolf Rohrbach created a cyclogyro with two cyclorotors operating like wings of a high-
wing monoplane (figure 2.7) [8]. This aero-technician achieved on this aircraft that the variation of

angles of attack were calculated in such way that both lift and thrust are developed during a most part of

revolution.

Figure 2.7: Rohrbach’s cyclogyro [8]

In 1930, Schroeder developed a single-place cyclogyro replacing the conventional screw propeller
for two large cycloidal propellers (figure 2.8 (a)) [10]. Three years later, Haviland Hull Platt used the
Rohrbach’s cyclogyro research to design his own cyclogyro (figure 2.8 (b)) [8] whose paddle-wheel wing
arrangement was awarded a US patent. Thanks to this, Platt’s cyclogyro was used in an extensive

wind-tunnel testing at MIT (Massachusetts Institute of Technology).

Figure 2.8: (a) Schroeder’s cyclogyro [10] (b) Platt’s design [8]

In 1935, the next design appears by Rahn Aircraft Corp. This consists of a one-seater aircraft with
two 6 feet rotating wings on each side that allow the plane to rise or descend vertically and fly laterally
without a propeller (figure 2.9) [8]. However, there is not any record which demonstrates that this

cylogyro accomplished any of these feats.



Figure 2.9: Rahn Aircraft Corp. cyclogyro [8]

In 1976, Marcel Chabonat filed a patent for a new type of cyclorotors that he named propulsive lifting
rotors (figure 2.10) [8]. In this new type of two-bladed rotors, the variation of an angle of incidence was
obtained in a passive way using the aerodynamic and/or centrifugal forces. However, he changed this
later using profiled cams to vary the angle of incidence. Depending on the mode of flight (take-off,

climb...), the set of cams changed.

A

L
=
( =4 ‘
N /) u ]

Figure 2.10: Marcel’s patented cyclorotors [8]

In 1977, Thomas H. Sharpe patented an aircraft design where cyclogyros were used to increase the
lift (figure 2.11 (a)) [8]. These cyclorotors are placed in a wing and used as ordinary fans ans thanks to a
simplified eccentric mechanism, the angles of incidence are controlled. Later, a second version of this

design was done and this was intented for high-speed aircraft (figure 2.11(b)).

Figure 2.11: (a) Sharpe’s first version (b) Sharpe’s second version [8]

In 1980, Arthur G. Crimmins designed a composite aircraft whose main goal was to be a flying crane
(figure 2.12) [8]. The particularity of this model is that had different configurations like “classical” airship,
“classical” cyclogyro and all intermediate configurations. Thanks to this possibility of changing the
configuration, the thrust vector could be orientated in all directions without restrictions and that is what a

flying crane needs.



Figure 2.12: Crimmins’s flying crane [8]

Finally, in 1992, Heinz A.Gerhardt patented a “"paddle wheel rotorcraft” (figure 2.13) [8]. This was
basically a cyclogyro and one main feature of it was the absence of kinematic management of an angle
of incidence of blades. The control was done by a computer which provided the required blade

kinematics achieving the optimum performance in all regimes of flight.

Figure 2.13: Heinz’s cyclogyro [8]

2.3 Scientific Studies

Like it was explained in the previous section 2.2., the early attempts that the different engineers did
in order to make possible the creation of a flying cyclocopter failed. The main reason was because they
did not understand so well the physics of this type of vehicles. So, the next step was to do some
scientific studies in order to solve all the problems that appear and this is the content of this section
focusing on researches done during the century XXI.

From 1961 to 1998, there was a stop in the researches about cyclocopter. However, Bosch
Aerospace revived the idea in 1998 studying the feasibility of using a cycloidal propulsion system for an

UAV with around 300 kg of weight (figure 2.14) [8].

Figure 2.14: Bosch Aerospace cycloidal propulsion system [8]
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Although the company wanted to use this system for heavier-than-air UAV, finally the cyclorotor was
used for control aims. Bosh Aerospace built a cyloidal propeller with a test rig (figure 2.15) [11] which

was capable of measuring the rotation speed, the lift and the torque that the propeller needed.

Figure 2.15: Experimental cycloidal propeller [11]

Then, the company collaborated with Mcnabb of the Raspet Flight Laboratory from Mississippi and
they developed a simplified unsteady aerodynamic model based on Garricks’s formulation for a
cycloidal propeller operating in hover and small forward flight speeds [12]. The forces predicted by this
model was compared with the wind tunnel data obtained by Wheatley in 1935 and also with the results
from the tests conducted by the company itself [13]. In conclusion, it was found that the unsteady effects
had to be included not only to the lift and the pitching moment but also to the drag and this would
explain the underprediction of power that was found in the analysis.

In 2003, losilevskii and Levy carried out a combined experimental and numerical study on a
cyclorotor operating at Reynolds numbers around 40000, measuring the forces and moments produced

thanks to a experimental rig (figure 2.16) [14].

Figure 2.16: Experimental setup of losilevskii and Levy analysis [14]

The conclusion obtained was that the resultant thrust formed an angle with the vertical due to a
lateral force that appeared. The origin of this force was attributed to the Magnus effect produced by the
rotor spinning in the induced flow originated by it [14].

In addition, a 3-D CFD simulation was done in order to compare the average forces obtained with
this new method with the experimental results. Thanks to this, the direction of the thrust led by about 102
but the trend was correct [15].

Like losilevskii and Levy’s research, from 2003 to 2008, Seoul National University did an study

combining experimental and computational analysis. In comparison to previous study, this research
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used double-multiple-streamtube theory for predicting the resultant thrust produced which is compared
later with the experimental values [16].

In relation to the experiments, the university carried out some of them with different geometries and
aerodynamic parameters [4,16,17]. Among these parameters were the rotor diameter, number of
blades, rotational speed and the blade pitching amplitude and phase. The results showed that the thrust
and power varied as the square and cube of rotational speed respectively. Moreover, it was found that
the resultant force was inclined like losilevskii and Levy also stated. However, the reason for this lateral
force was not only attributed to the Magnus effect, because this research stated that the curvature of the
induced flow in the downstream part of the rotor also caused this partly. Other conclusions obtained
were:

- Cyclocopter blades did not stall and so, there was not a decrease in the thrust until a picthing
amplitude of 3092,

- Increasing in thrust until this high pitching amplitudes was attributed to the dynamic stall
phenomenon.

- Possibly also due to this dynamic stall, the power also suffered a fast increase with pitch angle.
However for a constant thrust, the power loading (thrust/power) increased with pitching amplitude until
302 and the rotor with the highest radius had the highest power loading.

- When the number of blades was changed, it was observed that the increase in thrust was not
proportional to the increase in number of blades. In addition, the 3-bladed rotor produced the highest
power loading. The next was the 2-bladed rotor and finally, the 6-bladed rotor.

- For a constant tip speed, the thrust increased with the rotor radius.

Seoul National University also built a range of UAVs with cycloidal blades system in order to
evaluate its potential for VTOL vehicles in hover and low speed forward flight. Some of these

cyclocopters are shown in the following figure 2.17 [18].

Figure 2.17: Seoul National University cyclocopter designs [18]

Finally, now a 2-D CFD analysis was also done using STAR-CD, a commercial software, to
determine the aerodynamic design parameters of the cyclocopter rotor system [4,16,17]. The objective
was to understand the flow conditions around the blades (figure 2.18) and like this, be used for
aerodynamic design goals. In conclusion, the resultant forces from the CFD model adapted well to the

experiments.
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Figure 2.18: Seoul National University 2-D CFD model [17]

In 2006, Yu from the National University of Singapore did an analysis to predict the thrust and power
of a MAV-scale cyclorotor in hover using a 3-D Unsteady Vortex Lattice Method (UVLM) which assumed
that the flow was inviscid and irrotational [19]. Yu used some vortex rings which were selected as

singular elements and deployed on blade surfaces and wake sheets (figure 2.19).

Figure 2.19: Yu's UVLM model and results [19]

Thanks to this UVLM analysis, the effect of blade pitching amplitude, planform taper ratio, blade
span-to-rotor diameter ratio and winglets at blade tips was studied in relation to power loading at
constant disk loading. The conclusions obtained were:

- The moderate pitching amplitude provided the highest power loading.

- Blade planform taper-ratio did not have any significant effect on power loading.

- For the same disc area, the rotor with the smallest radius and highest blade span provided the
highest power loading.

- The presence of winglets decreased the power loading.

In addition, an experimental study was carried out using a newly developed innovative 5-bar based
pitching mechanism (figure 2.20) [20]. These experiments was done to investigate the effect of the

blade airfoil section comparing flat plate with NACA 0012 and planform taper ratio.
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Figure 2.20: Yu’s 5-bar pitching mechanism [20]

Meanwhile, Sirohi performed systematic experimental parametric studies on 3- and 6-bladed micro-
scale cyclorotors at the University of Maryland in 2006 (figure 2.21) [21]. The aim was to measure the
thrust and torque produced varying the rotational speed and pitching amplitude. It was found that thrust
increased as the square of rotational speed and power, as the cube. The most important conclusion
obtained from the study was that cyclorotor could be promising at very low Reynolds number which is a

typical range of operation of MAVs.

Figure 2.21: Sirohi’s experimental setup [21]

Other research that was developed in 2006 was done by Acuity Technologies which performed both
experimental and 2-D CFD studies on a model cyclorotor [22]. The objective was to built a VTOL
transport aircraft using cyclorotors. In relation to the 2-D CFD model (figure 2.22), the analysis was
carried out on different blade shapes and rotor geometries for determining the forces, torques and

power requirements in hover and high speed forward flight.

Figure 2.22: 2-D CFD model of Acuity Technologies [22]
13



One year later, in 2007, Siegel from the US airforce continued with the 2-D CFD analysis in order to
demonstrate the capability of a cycloidal propeller to use unsteady, dynamic lift for operation at MAV-
scale Reynolds number (figure 2.23) [23]. For the CFD computations, the full compressible Navier-
Stokes equations were solved based on the Finite Volume Formulation. The simulations were done
varying the forward flight speeds with different combination of frequency, radius of the foil motion, phase

and pitch amplitude.

Figure 2.23: Siegel's 2-D CFD model [23]

The same year as before, two engineers developed new types of mechanism. The first one was
designed by Hara and it was a more efficient and innovative flying mechanism for cyclogyro-based
horizontal axis rotorcrafts (figure 2.24) [24]. The mechanism had two different parts, a revolving slinder-
crank mechanism and a pantograph-link. Due to the motions, the wing segments located on the

pantograph links reciprocated and swung around the center of the wing chord.
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Figure 2.24: Hara’s new mechanism design [24]

The other engineer was Tanaka who designed a new variable angle of attack mechanism. The main
feature of this mechanism was the eccentric rotational point which had the ability to change the blade
pitch angle with the azimuthal positions of the blades in a passive way. The aim of this experiment was
to maximize the lift produced by the rotor.

In 2009, Nozaki developed experimental researches on a cycloidal rotor to be used on a 20 meter
airship (figure 2.25) with the aim to determine the thrust produced [25]. The resultant conclusion was
consistent with the previous studies because the direction of the thrust was found to have a phase lag of

102 with the vertical direction.
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Figure 2.25: Nozaki’s cycloidal rotor [25]

One year later, in 2010, Kan from the University of Maryland carried out 2-D and 3-D simulations of
a MAV-scale cyclorotor in hover (figure 2.26) [26]. For these simulations, it was used OVERTURNS
which is a compressible Reynolds-Averaged Navier-Stokes (RANS) solver with the goal of investigating
the performance and flow physics and like this, developing a computational methodology to understand
the complex aerodynamics of the cyclorotor. Thanks to the code, it was found that the maximum vertical
force and power was achieved when the blade was at the lowest azimuthal position in circular blade
trajectory. The reason was due to the virtual camber effect which imposed a positive camber on the

symmetric airfoil at the bottom of the cyclocopter cage and a negative camber at the top.

Figure 2.26: Kan’s 3-D simulation [26]

In 2010, Nakai developed an experiment about the flow around a cycloidal propeller using a particle
image velocimetry (PIV) system whose data acquisition was synchronized with the propellers angular
position (figure 2.27) [27]. The images obtained revealed the presence of a downwash around the

propeller during the generation of lift.

Figure 2.27: Nakai’s 2-D PIV measurement [27]
15



In 2016, G.Warmbroth and S.Husseyin, two engineers from NASA, tried to design a stopped rotor
cyclocopter to be used for a mission to Venus [28]. This cyclocopter should be capable of flying in all
atmospheric layers of Venus. Moreover, the cyclorotor blades would be used as both a propulsive
system and for VTOL during the mission. Therefore, three main designs were tested with three different
yaw angles of a cyclorotor in the stopped position (figure 2.28). The models were created in Rhino and
simulated in RotCFD for both high altitude properties on Venus and low altitude flow properties. Finally,
plots of lift coefficient vs angle of attack were created to find the stall angle of these designs and like

this, identify the cyclorotor yaw angle with the least drag compared to lift.

(@) l (b) ‘ ().

Figure 2.28: NASA'’s (a) first design, (b) second design and (c) third design of Venus mission

cyclocopter [28]

Finally, two interesting studies developed during this year 2021 are going to be presented. The first
one is the development of a nonlinear aeroelastic coupled trim model of a twin cyclocopter in forward
flight by engineers Moble Benedict and Atanu Halder [29]. This twin cyclocopter consisted of two
cycloidal rotors as main thrusters and a conventional nose rotor for pitch-torque balance (figure 2.29). In
this coupled trim procedure, blade aeroelastic response equations and vehicle trim equations were
solved together by simultaneously updating control inputs and blade response. Once the model was
validated with previously published data by the authors, it was used to understand the trim behaviour of

a micro-air-vehicle-scale twin cyclocopter in forward flight.

Figure 2.29: Side view of Benedict and Atanu’s cyclocopter [29]

The other study was the design and experimental validation of an all-terrain cyclocopter micro-air-
vehicle capable of power-efficient aerial, terrestrial and aquatic locomotion wihh seamless transition
between the modes [30]. The cyclopcopter was designed by engineer Elena Shrestha and it had four
cycloidal rotors whose rotational speeds and thrust vectors were individually modulated to sustain

stable hover in aerial model. For the aquatic mode, a similar control strategy using the aerodynamics
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forces was developed. For the terrestrial mode, two wheels were efficiently integrated into the carbon

fiber rotro endplates. Seamless transition was achieved using a retractable landing gear system.

Pitching

Carbon fiber mechanism

endplate wheel

Figure 2.30: Elena’s all-terrain cyclocopter design [30]

2.4 Cyclocopter Structure

The main challenge in the cyclocopter design is to obtain the lowest possible weight and mechanical
complexity. However, this is a complex task due to the structural design. The reason is because in a
cyclorotor, there is a large rotating structure which has to be carefully designed to be strong enough to
handle the large centrifugal loads and light enough to be used on a flying vehicle.

For dealing with this problem, the two mains part of a cyclopcopter are going to be discussed in the
following subsections and are:

- Blades (following reference [1]).

- Blade Pitching Mechanism (following references [1] and [2]).

2.4.1 Cyclocopter Blades

In order to obtain an efficient cyclorotor, it is necessary to analyse the structural design of the
blades. Thin flat blades are very flexible but thanks to some researches, it was found that the flexibility
degrades the performance of the cyclocopter. If the thickness is increased, the blades are stiffer but
turned out to be heavier. So, one of the main objectives is to make blades which are light and also
structurally stiff enough to withstand the high centrifugal forces. In addition, this centrifugal forces act in
the transverse direction and so, the blade design has to be stiff enough to limit transverse bending and
torsional deformations. Increasing the bending and torsional stiffness results in heavy blades and now,
the rotor structure weight has also to be higher in order to compesate the increase in the blades weight.
All these changes resulted in cyclocopters which are considerably heavier than their conventional
counterparts.

However, thanks to the new manufacturing techniques and high power-to-weight ratio propulsion

systems, it looks feasible to design a cyclocopter at smaller scales.

2.4.2 Blade Pitching Mechanism
This mechanism is necessary to allow the cyclorotor to be used on a flying vehicle. It is passive mechanism
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consisting mainly of two bearings, one inserted in the other, and the linkages are connected to the offset ring which
is installed around the second bearing (figure 2.31 (a)). So, if the connection between the axis of rotation and the
mechanism is direct, the only losses that appear are due to the friction of the moving components. The geometry

of itis shown in figure 2.31 (b).

Blade pitching

-
\
r] \.‘ ﬂ
3 \
Centerof |,
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Figure 2.31: (a) Blade pitching structure (b) Description of the mechanism [1]

Like it is represented in the schematic of the figure 2.31, there is an offset (L,) between the axes of
the bearings. The connection between the second bearing and the blades is done at points A and B,
defining the distances L; and L3 Finally, the distance between A and B is L, The resulting system is
four-bar linkage mechanism which allows to obtain the required cyclic change in blade pitch and also, in
the angle of attack. In order to change the pitch amplitude, the offset length L, can be varied and like
this, the magnitude and direction of the thrust produced.

The next step is to try to find an analytical model that approximates the kinematics of this
mechanism and be able to calculate the pitch angle 8 and the angle of attack a in every azimuthal

position W of the blades.

T
6=E—a ; a=a; +a

where a;and ayare defined in figure 2.32.
According to reference [2], the equations can be found applying sine and cosine theorems to the

triangles that are defined in figure 2.32.

Ir
o |
-

—
Figure 2.32: Schematic for kinematic equations [2]
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Therefore, the equations that define the problem are the following

a® = L5 + L — 2L;Lycos(W+¢d+T/5) (2.1)
D = cos(WHp+T/) 22
LZ a 2 )
L3 = a? + I3 — 2aL,cos(ay) (2.3)

where all the lengths and angles are shown in figure 2.32.
Thanks to the last equations and the definitions of the pitch angle and the angle of attack, the result

is:
a’?+d*-1%

o(t) = g— sin™t [%2 cos(W+d)]—cos1 ( 2l

) =Fwi) (@4)

Once the initial blade positions are known, their pitch angles at each instant can be obtained using

the equation (2.4).
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Chapter 3

Aerodynamic Analysis

This chapter is focus on explaining the origin and the effects of the unsteady aerodynamics. Thanks
to this, it will be possible to see how it affects to the performance of the cyclocopter and so, to the forces
that it generates and the power consumed.

The first step is to explain the reduced frequency and how the unsteady effects can be quantified
using this parameter. This will allow us to differentiate among steady, unsteady and highly unsteady
problems.

Next, two unsteady models are studied in order to approximate the unsteady aerodynamics. The first
one will be Theodorsen’s model in which three different types of movement will be considered (pure
angle of attack oscillations, pure plunging oscillations and pitch oscillations). The other one is the
indicial response method which is based on Wagner function and Duhamel superposition principle in
order to solve the problem.

Finally, two inflow models are explained in order to predict and analyse the unsteady aerodynamics
around the cyclorotor. These two inflow models are the Single Streamtube (SS) and Double-multiple

Streamtube (DS) models.

3.1 Unsteady Aerodynamic

All the information which is going to be presented in the following sections is obtained from reference

(31.

3.1.1 Introduction

Like in helicopter performances, the design of new UAVs has improved due to the ability to predict
accurately the aerodynamic behaviour of the rotor (cyclorotor) in all the operational envelope. However,
the maijor difficulty is to describe the unsteady aerodynamic effects that appear, especially in high speed
forward flight and during maneuvers with the aim to approximate their impact on the airloads and the
performances.

In the following points, the origin of this unsteady effects are going to be explained as well as
different models that have been developed in order to predict and take into account them in the codes

which finally are going to be explained
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3.1.2 Sources of Unsteady Aerodynamic

First of all, it is important to define the movements that determine the blade motion (figure 3.1). The

angle of attack of a typical blade is a combination of forcing from collective and cyclic blade pitch, twist

angle, elastic torsion, blade flapping velocity and elastic bending.

Blade motion

Torsion (High freq.,
high amp.)

Control (Low freq.,
high amp.)

—>
—> Pitch

—

—>
L) Flapping

Trim (Low freq., high

amp.)

_,|

Bending (High freq.,
low amp.)

Figure 3.1: Decomposition of the blade motion

In addition, the flow field structure can be decomposed into periodic and non-periodic effects (figure

3.2). Inside the periodic effects, it is found the high velocity fields, induced downwash effects and sweep

of them. On the other hand, the non-periodic effects are the fuselage flowfield, the discrete vortices

produced at the blade tips and the wake distortion.
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Wake Distorsion
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Figure 3.2: Flow field structure composition
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In relation to the unsteady effects, these can be divided into perturbations to the local angle of attack
and velocity field. Other point of interest is to study the amplitude and frequency of these effetcs. When
the angle of attack is low with fully attached flow, the unsteady effects appear as moderate amplitude
and phase variations relative to the quasi-steady airloads. However, with high angles of attack when
time-dependent flow separation from the airfoil may be involved, a new phenomenon occurs called
dynamic stall which involves large overshoots in lift, drag and pitching moment and much larger phase
variations in the unsteady airloads. Moreover, these stalled airloads and more precisely, the amplitude
and phase effects that they produced can lead to aeroelastic problems on the rotor limiting the

performances.

3.1.3 Reduced Frequency (k)

The next step is to try to characterize these unsteady effects. In order to achieve this, the reduced
frequency (k) is the most important parameter which allows the definition of a degree of unsteadiness of

the problem. The definition of this parameter in terms of the airfoil semi-chord b=c/2is:
k=22=2 (3.1)

where w is the angular frequency of the problem, cis the airfoil chord and Viis the flow velocity.

Moreover, it can be shown using dimensional analysis the resultant force F that appears on an airfoil
depends on the Reynolds number (Re), Mach number (M) and also, on this reduced frequency
parameter to take into account the unsteady effects which may occur.

The degree of unsteadiness using the reduced frequency is measured in the following way:

- k = 0: Flow is steady.

-0 <k < 0.05: Flow can be considered quasi-steady, so the unsteady effects are generally small and
they may be neglected completely for some problems.

- 0.05 < k < 0.2: Flow is unsteady and now, the unsteady terms can not be neglected.

-k = 0.2: Flow is highly unsteady and the unsteady terms dominate the behaviour of the airloads.

However, this parameter is only an approximation and its use is only to illustrate the potential significance of
unsteady effects. Therefore, if the problems are more transient, the reduced frequency loses its significance and

so, it is normal to work with the reduced time s whose definition is:

1t 2 [t
s=—Jth=—Jth
bJ, CJy

This new parameter represents the relative distance travelled by an airfoil through the flow in terms of airfoil

semi-chords during a time interval ¢

3.2 Unsteady Models

3.2.1 Theodorsen’s Theory

Theodorsen solved in 1935 [3] the problem of finding the airloads on an oscillating airfoil that Glauert
started to study in 1929. Theodorsen’s model gives a solution to the unsteady airloads on a 2-D
harmonically oscillated airfoil in inviscid, incompressible flow and subject to small disturbance

assumptions (figure 3.3).
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Figure 3.3: Theodorsen’s model representation [3]

The representation of the airfoil and its shed wake is done using a vortex sheet. The shed wake is
shown like a planar surface due to the angle of attack disturbances remain small and it extends from the
trailing edge downstream to infinity. Moreover, the shed wake comprises counter circulation that is shed

at the airfoil trailing edge and is convected downstream at the free-stream velocity.

As it is shown in figure 3.3, two types of vorticity appear. One of them, the bound vorticity y, can
sustain a pressure difference and therefore, a lift force. The other vorticity, the wake vorticity y,, must be
force free with zero net pressure jump over the shed wake. Thanks to these vorticities, Theodorsen’s
problem is focus on obtaining the solution for y, on the airfoil surface under harmonic forcing conditions.
However, this problem is not trivial but for simple harmonic motion, Theodorsen gives a simple solution
in terms of lift and pitching moment for a general motion combination of pitching (a, ¢) and plunging (h)

motion in a flow of steady velocity V/
. 2 3 .
L =mpV?b [%h + gd - %ad] + 2mpV?b [3 +a+ bva(% - a)] C(k) (3.2)

M = —pb? (7‘[ E - a] Vba + mb? E + az] @ — anbﬁ) + 2pVb?*n (a + %) (Va +h+b E - a] 0'() Ck) (3.3)

where a is the pitch axis location relative to the mid-chord of the airfoil and p is the density of the flow.
Moreover, in these two equations 3.2 and 3.3, it is possible to difference two different terms. The first
set is the non-circulatory or apparent mass effect which results from flow acceleration effects. The

second terms are the circulatory effect and they arise from the creation of circulation about the airfoil.

In addition, the complex function that appears in the circulatory term C(k) = F(k) + iG (k) is known
as Theodorsen’s function and it is used to take into account the effects of the shed wake on the

unsteady airloads. This function can be expressed in terms of Hankel functions A which are defined as

Hﬁz) = J, — i¥,, with J, and Y,, being Bessel functions of the first and second kind respectively.

clo = 6
~HP ) + iHP (1)

J1Us + YY) + (Y = Jo)
(U1 +Y)? + (Jo — 11)?

_ 1Yo +Jio
U1 + Y%+ (o — 11)?

Real(C(k)) =F = ; Imag(C(k)) =G =
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With these definitions, the amplitude and phase of Theodorsen’s function is represented in the
following figure 3.4:

ICt) =VFZ+G2 ;6= tan_l(g)

Theodorsen function
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Figure 3.4: Theodorsen’s function

As it can be seen in figure 3.4 and also in equations 3.2 and 3.3, Theodorsen’s function allows to
introduce an amplitude reduction and phase lag effect on the circulatory part in comparison to the quasi-
steady conditions. This effect on the lift response can be seen in the following figure 3.5.
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Figure 3.5: Circulatory part of the lift response [3]

For £=0, C,is linearly proportional to a (steady case) and when £ is increased, the lift plots develop
into hysteresis loops and these loops rotate such that the amplitude of the lift response decreases with
increasing reduced frequency. If & tends to infinity, the circulatory part of the lift amplitude is half and
there is not phase lag angle.
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If the equations 3.2 and 3.3 are expressed in coefficient form, the result is the following:

Cl=nb[%ﬁ+%d—%ad]+2n[§+a+%(§—a)]€(k) (3.4)

(|1

o=l flrofa- ) en(or (o brofi-d)ews o

However, these equations 3.4 and 3.5 can be simplified if a particular movement is considered like

they are presented in the following subsections.

3.2.1.1 Pure Angle of Attack Oscillations

For this movement, a pure harmonic variation in the angle of attack is considered (a = c?ei‘“t). The

resultant lift and pitching moment responses are the following:

__L _ ; ; ~plwt
¢, = Vi [2n(F + iG) + ink]ae (3.6)
Cp = —i”z—k&ei“’t (3.7)

In these two last equations, the first term is the circulatory part and the second, the apparent mass
contribution. The results of these normalised responses with the variation of the reduced frequency are
shown in figures 3.6. and 3.7.
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Figure 3.6: Normalised (a) Lift amplitude and (b) Phase of lift for pure angle of attack oscillations
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Figure 3.7: Normalised (a) Pitching moment amplitude about “-chord and (b) Phase of pitching
moment for pure angle of attack oscillations

3.2.1.2 Pure Plunging Oscillations

Now, the blade motion considered is a harmonic plunging movement (h = Eeiwt) and the results

obtained are:
C, = [2mk(iF — G) — nkz]%ei“’t (3.8)
_r ZE iwt
Cn = " k 5 € (3.9)

As the previous movement, the normalised responses with the variation of the reduced frequency
are shown in figures 3.8 and 3.9.
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Figure 3.8: Normalised (a) Lift amplitude and (b) Phase of lift for pure plunging oscillations
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(b) 181
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Figure 3.9: Normalised (a) Pitching moment amplitude about Y4-chord and (b) Phase of pitching
moment for pure plunging oscillations

3.2.1.3 Pitch Oscillations
For this last motion, a harmonic pitch oscillations are considered where the forcing is now given by
a = @e'®? and the pitch rate by @ = iw@e't. So, the responses are:
C, = 2n[F(1 + ik) + G(i — k)]@e'®t + nk (i - g) gel®t  (3.10)

k (3 N —
Cm:%(gk—l)ae“"t (3.11)

Finally, the results are presented in figures 3.10 and 3.11.
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(b) Pitch Oscillations
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Figure 3.10: Normalised (a) Lift amplitude (b) Phase of lift for pitch oscillations
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for pitch oscillations
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3.2.2 Indicial Response: Wagner’s Problem

For a rotor analysis, Theodorsen’s theory is somewhats less useful because in a rotor environment,
the non-steady value of IVmeans that the reduced frequency 4 is an ambiguos parameter. Therefore, a
theory formulated in the time domain is more general and usually more useful. Wagner (1925) [3] has
obtained a solution for the indicial lift on a thin airfoil undergoing a step change in angle of attack in
incompressible flow.

This method is very useful if the indicial aerodynamic response can be determined. Then, it is
possible to find the unsteady aerodynamics forces and moments in the time domain as a result of
arbitrary variations in angle of attack and/or inflow velocity through the superposition of indicial
aerodynamic responses using the Duhamel integral.

However, this method has two problems. The first one is to determine the indicial response functions
which are known in incompressible flow but in subsonic compressible flow, they are not known exactly.
The second difficulty is that numerical methods must be devised to enable the superposition process to
be conducted accurately and efficiently.

The time-varying value of the lift coefficient can be expressed in terms of the Duhamel integral as:

s da

Ci(s) = Ciala(sy) d(s) + fSoE (0) d(s — 0)do] = Cipa.(s) (3.12)

where s is the distance traveled by the airfoil in semi-chords, ¢(s) is the indicial response, also called
Wagner’s function, to an unit step input of the angle of attack and, by analogy with Theodorsen’s
function, accounts for the effects of the shed wake, Cy, is the lift curve slope and «,(s) simply represents
an effective angle of attack and contains within it all of the time-history effects on the lift due to the shed
wake. Moreover, if V/=constant, then s = 2Vt/c.

For solving equation 3.12, it is necessary to use a numerical method for discrete values of time and

like this, a,(s) can be written for a discretely sampled system at times s = sy, g ... 65,01, s as:

o da

ae(s) = a(so)d(s) + XiZ1 - (0)d(s — 0)A0; = a(so)(s) + a’(a1)d(s — 01)A0; + a'(02)d(s —
0,)Aoy+...+a'(0;)d(s — o;)Ao; +. ..

The problem here is, although the Wagner's function &(s) is known exactly (figure 3.12), its
evaluation is not in a convenient simple analytic form. However, there are some alternatives in order to

solve the problem.

3.2.2.1 Recurrence Solution to the Duhamel Integral

One solution to the problem is supposing that the Wagner’s function takes the form of a general two-
term exponentially growing function (figure 3.12), attributed to R.T.Jones (1938,1940) [3]:
d(s) =1 —Ase7 015 — A,ebes
where the indicial coefficients take the following values:4; = 0.165; A, = 0.335; b; = 0.0455; b, = 0.3.
It will be noted that A; + 4, = 0.5, according to Wagner’'s exact result. In addition, the exponential
approximation has the main advantage of having a simple Laplace transform and although the
exponential behaviour of the Wagner’s function is not an exact representation of the physical behavior, it

is usually sufficiently accurate for practical calculations.
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Figure 3.12: Wagner’s function and approximations [3]

Thanks to this, the Duhamel integral from equation 3.12 can be expressed as:

Sda
ae(s) = a(se)(1 — Aye™15 — A,e7b25) + f a(a)(l — Aje015 — A e7b25)do
So

Moreover, the terms A;a(sy)e 1 and A,a(sp)e "2 can be neglected because they are short-
term transients containing only the initial value of a. Finally, the Duhamel integral can be written in

compact form as a,(s) = a(s) — X(s) — Y(s) where the Xand Yterms are given by:

N

X(s)=A Sd_a “b1(5=9)dg : Y(s)=A d_a —bay(s-0) g
() =41 | —(0)e o5 V() =4 | —(0)e o

So So

After some calculations and using the rectangle rule of integration, the resultant formulas are the

followings:
X(s) =X(s —As)e 185 + A Aag ; Y(s) =Y(s—As)e 0225 + A,Aaq

This form of X and Y terms is named as one-step recursive formulas or Algorithm D-1. These

recursive functions contain all the time history information of the unsteady aerodynamics and are simply

. . . . . . biAs b,As
updated once at each time step. The relative error in this algorithm is € = 2 — ——F—F — —>——. In
1-e~P185  1-—e~b28S

order to obtain low errors, a relatively small time step is needed. If it is not possible and in order to

minimize the error, another approximation can be done using the midpoint rule. Therefore, this new

method produced the Algorithm D-2:
X(s) = X(s — As)e D185 4 A Aage 1852 y(s) = Y(s — As)e™P2AS + A, Aar e P2AS/2

byAse~P14s/2 p, pge—b24s/2

Now, the relative error is € = 2 — e - . However, while the above mentioned
1—e—b1abs 1—e—b24s

methods have seen some previous use in comprehensive rotor analyses, other methods based on the

trapezoidal rule or Simpson’s rule can also be used. Using Simpson’s rule, the Algorithm D-3 is

obtained:
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A _bys
X(s) = X(s — As)e™P1hs 4 ?Aas (1 +4e 2 + e‘b1A5>

4, _bys
Y(s) = Y(s — As)e D285 + ?Aas(l +4e” 2 + eDh2hs)

b1As biA b
biAs| 1+4e 2 + e P18S _baAs
i i ! ( ) byAs(1+4e” 2z + e~b2bs)
The new relative erroris € = 2 — —7 — —
6(1—e~b18s) 6(1—e~b2bs)

3.3 Inflow Dynamic Analysis

The goal of this section is to define different inflow models which are going to be used in order to
predict and analyse the aerodynamics of the cyclocopter. First, the hover situation is going to be

covered and next, the forward flight.
3.3.1 Hover Flight

In this subsection, two inflow models are going to be defined for approximating the hover situation.
These two inflow models are based on blade momentum theory and are the followings:

- Single Streamtube Model (SS) [1]: The entire rotor is immersed in a unique streamtube (figure 3.13
(@)

- Double-Multiple Streamtube Model (DS) [4]: The rotor is divided into a number of streamtubes and

the influence of the upper half of the rotor on the lower half is taken into account (figure 3.13 (b)).

Figure 3.13: (a) Single Streamtube Inflow (b) Double-Multiple Streamtube Inflow [1]

3.3.1.1 Single Streamtube Model

The final result of the models is the blade aerodynamic loads (lift and drag). So, the first step is the
calculation of the section angle of attack which has two components: the wind velocity (Vw) from rotor
inflow and the blade velocity at the % chord location (V) relative to the hub fixed frame:

V=V, +V,=Vi+Vj+Vk
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Moreover, these two terms can be decomposed in:
Vo = Vigul + Vg J + Vi sk
Vox =0 5 VW =—vicos(¥ =B); Vy, =—v;sin(¥ —p)
where ¥ is the azimuth angle, 8 is the direction of the resultant thrust and v; is the inflow velocity.

These two last parameters, as well as the thrust force 7, are defined by the following expressions:

/KT _(FA
v, = 24 ; B=tan1<ﬁ> ; T= /FZZ+F}?

where A s the blade area, Ffand F#are the aerodynamic forces in the non-rotating inertial frame which
are the final result of the problem. So, it is necessary to make an iterative process in order to use the
final solution to obtain these two variables and solve again the problem with the correct values.
Moreover, « is a correction factor from the inflow and it is assumed to be 1.15 which is a typical value as
it is indicated in reference [1]. Continuing now with the blade velocities expressions:
Vy = Voul + ViyJ + Vi k
Vox = —(¥" + w'6;)n, cos(8,) — (W' — v'6; ), sin(6,)
Vpy =V — 1, sin(8,)6; + 2(w + 7, sin(6,) + R)
Vpz = W + 1, c05(61)8; — 2(v + 1, cos(6,))

where vis the tangential bending, wis the radial bending, 6, = 8 +¢ (0 is the pitch angle and ¢ is the
elastic twist), Q is the rotation velocity, R is the rotor radius and if the blade is pitching at 4a-chord,
1, = —0.5¢ (c is the blade chord).

However, the velocities are needed to be expressed in the deformed frame in order to calculate the
blade section loads. Therefore, the rotation matrix from undeformed to deformed frame is:

UIZ WIZ ! !

1———
2 2 v w
2 12

v w
Tpy = |~V cos(8,) —w'sin(6,) (1 - 7) cos(6,) — v'w'sin(6,) <1 - T) sin(6;)
12 12

v'sin(6;) —w'cos(8;) — (1 - —> sin(0,) — v'w'cos(8,) (1 - WT> cos(6;)

2

Applying this rotation, the new velocities obtained are the followings that can be seen in figure 3.14:

Uy Vy
Ur| = Tpy Vy
Up v

Figure 3.14: Velocities in the deformed and undeformed frames [1]
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where a = tan™! (?) is the angle of attack and U = /UZ + UZ is the deformed frame velocity
T

magnitude.
In order to solve the aerodynamic of the cyclocopter and take into account the unsteady effects, the
indicial response method explained in section 3.2.2 is going to be used.
Moreover, the same exponential approximation for the Wagner function is used:
d(s) =1—Ae™015 — A,e7028
where A, = 0.165,4, = 0.335, b, = 0.0455 and b, = 0.3 which are approximated values of the

coefficients obtained from reference [3].

The sectional lift coefficient can be decomposed in circulatory and non-circulatory components.

C, =Cf+Cre
The circulatory component of the lift has the contribution from both angle of attack (a) and pitch rate
(g). The same Wagner function is used for both contributions. The Duhamel integral is solved following
the steps explained in section 3.2.2.1 and it is used the Algorithm D-1:
X, () = X, (s —As)e ™85 + A Aay 5 Y (s) = Yu(s — As)e 0285 + A, Aa
Xq(s) = Xq(s — As)e D185 + A Aq, Yo(s) = Y, (s — As)e™P285 4+ 4, Aq,
Due to this formulation, it is necessary to define the effective angle of attack( @.) and the effective
pitch rate (g.) which have the time history effects:
e =a—Xo(S)=Yo(s) ; qe=q—Xq(5)=Y4(s)

Therefore, the circulatory and non-circulatory components are expressed as:

1 T . MW CN\%:
Clc=Claac+EClaqe ; lnc=ﬁca_2(ﬁ) aa

where a = -0.5 (the pitching axis is at 4-chord) and C;,, = 0.11 according to experimental studies from
reference [5]. However, a finite span correction is applied to the C,, using twice the aspect ratio
AR = b%/A. The aim is to take into account the blade attachment and end-plates which partially covers

the blade tips.

C _ Cla
lafinite — C
la

U+ 72Rrn
In relation to the total drag coefficient, this is given by the sum of profile C,;, and induced drag C,

components:
Cq = Cgo + Cy;
The sectional profile drag is approximated by the following expression:
Cao = do + dya + dya?
where d, = 0.0334,d, = 0 (symmetric airfoil) and d, = 2.511 obtained thanks to a 2-D CFD study
according to reference [1].
The induced drag is given by:
Cai = e
n2ARe
where eis the Oswald’s efficiency factor and it is assumed to be 0.85 which is a typical value according

to reference [1].
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The next step is to calculate the forces in the deformed frame. The normal and chordwise forces are
given as:
EA =0.5pU%c(Cicosa + Cysina) ;  FA = 0.5pU?%c(C;sina — Cycosa)
The force in the spanwise direction EA =0 is ignored. Like it is done with the velocities, it is

necessary to rotate the forces but now from the deformed frame to the undeformed frame.

FA EA

A
F é = TgU F.
Fi, Fi

Therefore, the aerodynamic forces in the non-rotating inertial frame are given by:
Fft = Efsin¥ + Eficos¥ ; Ff = —Efcos¥ + Efsiny
Finally, the power consumed is given by:
P =M
where Q is the rotation speed and Mis the aerodynamic moment whose expression is the following one:
Np
M= Z (F;‘iRcos(‘I’i) + F;}Rcos(‘l’i))
i=1

3.3.1.2 Double-Multiple Streamtube Model

Like it was explained in the introduction of section 3.3, this analytical method uses a multiple-
streamtube model divided into two parts: one for the upstream half-cycle of the rotor and the other for
the downstream half-cycle (figure 3.15).

In this way, each streamtube intersects the blades’ path twice, once on the upstream pass and again
on the downstream pass. For the problem, the flow through the rotor is considered to be one
dimensional, quasi-steady, incompressible and inviscid and the cyclorotor is idealised as an
infinitesimally thin actuator cylinder over which a pressure difference between inner and outer surface
exits. Therefore, the two halves of the cycle are going to be analysed separately but also take into

account the interaction between them.

Figure 3.15: Flow environment of the Double-Multiple Streamtube Model [4]

36



Upstream half of the rotor (0 < ¥ < 1)

From the momentum and energy conservation laws in each streamtube, the element thrust in the

upper half can be expressed as:

dT, = 2pR (s:;:ll’)z dy  (3.13)
where v, is the induced velocity in the upstream half of the rotor.

Moreover for a rotor with A, identical blades (with ¢ as blade chord and C,, as lift curve slope), the
resultant incremental lift and drag per unit span on a blade element are, using the momentum theory:

P Uz(Nbd‘P
—2PYR\Top

where Uy, is the resultant velocity. So, the element thrust in the upper part of the rotor is:

dT, = dLcosd—dDsind (3.14)

_ prC

)cCl ;dD UZCyd¥

/[

Equating equations 3.13 and 3.14, the following expression is obtained:

MompA? = 0Cie (1 + 22)[(6 —d))cosd)—%sind)]sinz'{’ (3.15)

where o is the blade solidity, ¢ is the relative inflow angle, 6 is the pitch angle, k.., is an empirical
factor to take into account non-uniform flow, 3-D effects, tip losses, etc... and it is assumed to be 1.15
according to reference [4]. Thanks to equation 3.15, the constant A can be found which is necessary to
obtain the velocities and forces of the problem.

The resultant local flow velocity at any blade element has a perpendicular component Up normal to
the rotor as a result of the induced inflow and a tangential component U; parallel to the rotor due to the
blade rotation. The equations which define these velocities are:

Up=v,=AR0N ; Ur=RN

Therefore, the resultant velocity Ui and the relative inflow angle ¢ at the blade element are:
— 2 2 . — -1(Up
Us =JUZ+UZ ; o¢=tan (U—T)

In addition, the effective angle of attack is « = 6 —¢ where @ is the pitch angle. Finally, the far

downstream velocity of the upstream half w can be obtained thanks to the following equation:

W= (316)
sin¥

Downstream half of the rotor (T < ¥ < 2m)

Like it was done in the upstream half, applying the momentum and energy conservation laws to the

lower actuator disk, the element thrust produced is:

dT,; = ZpRvd\/w2 + 2wvgsin® +v3 d¥  (3.17)

where v, is the induced velocity in the downstream half of the rotor.
Now, the perpendicular and tangential components of the resultant local flow velocity are given by:
Ur = RO +wcos¥ ; Up =wsin¥ + v,

where the far downstream velocity wis obtained from equation 3.16 thanks to the upper half.
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The equations which define the lift and drag coefficients are the same as the upper half changing

only the value of the resultant velocity U,. Therefore, using equations 3.14 and 3.17, it is found that:

4(A — ¢ tan®) /2% + ¢2 = o[(1 + ¢)? + 22][C;, (60 —d)cosd—Cysind] (3.18)

wcos¥

where ¢ = and the values of w are given by equation 3.16 because for this downstream half, wis

considered as an input condition of the flow at each streamtube defined in the upper half. Moreover,
thanks to equation 3.18, the induced velocity in the downstream half of the rotor can be obtained using
the constant A:
vg = ARQ — wsin¥
Since the velocities in both up and down halves of the rotor are obtained, the lift and drag
coefficients are calculated choosing one of the unsteady models of section 3.2 or the steady case

obtaining the values thanks to reference [5]. Therefore, the next step is to determine the forces and the

power consumed. Therefore, the radial and tangential forces are:
Fp=Lcosd—Dsing ; Fr=Lsind+Dcosd (3.19)

In order to obtain the total thrust produced on a rotor with N, blades, the horizontal and vertical

forces can be obtained using the previous radial and tangential forces defined.
Np 27 . Np r2m .
Fy = ;fo (Frcos¥ + FrsinW)dy ; F, = ;fo (Frsin¥ — FrcosW)dy¥ (3.20)

The torque about the axis of rotation (Q) has two components. One is due to the tangential force
which is composed of the profile drag and the induced drag. The other is an additional torque arising

from maintaining the oscillation of the blade per revolution. Hence, the total torque is given by:

Np Ma

Q=2(J;" RFraw - 7) (3.21)

2
Therefore, the total thrust produced and the power required can be obtained by the followings

equations:

T=\JF2+FZ ; P=0Q0 (322

3.3.2 Forward Flight

This simplified numerical model used to approximate the forward flight is explained thanks to
reference [2]. It is obtained by simple Cartesian vector analysis and the application of the Pythagorean

theorem to the triangles which are represented in figure 3.16.

Figure 3.16: Forward motion kinematic analysis [2]
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Therefore, the equations obtained according to figure 3.16 and which bring up a primary analysis
method for the forward motion are the following ones:
Vi = QR + Vy, sin(¥) + V, cos(¥) (3.23)
Vy =V, cos(¥) — 1, sin(¥) (3.24)

_ Vn _ 2 2 _
y—arctanV— ; Ve = |Vi+ V5 6,=v+86
T

where Vrand V) are the velocity tangential and normal components respectively, V, and V/, are the
horizontal and vertical advance velocities respectively, y is the resultant velocity slope in relation to the
tangential axis and 6, is the angle of attack for each blade in forward motion. The different types of
motion (forward, backward, upward and downward) can be studied thanks to the values of V/,and V.
As it happened in the DS code for hover case, the lift and drag coefficients calculation follows the

same procedure and the forces and the power consumed are obtained from equation 3.19 to 3.22.
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Chapter 4

Hover Flight Analyses

In this new chapter, the codes which have been developed for the hover situation are going to be
explained. These codes have been done with Matlab using the different expressions which were shown
in the last chapter. Finally, the results of the codes are going to be presented as well as be compared

with experimental values in order to validate the codes.

4.1 Numerical Models

The aim of this section is to explain the numerical codes developed using the equations and

expressions explained in sections 3.2 and 3.3 for the next two inflow models:
- Single Streamtube (SS) Code.

- Double-Multiple Streamtube (DS) code.

4.1.1 Initial Parameters

First of all, it is necessary to define what are the initial parameters which have to be defined in order
to start with the codes. These initial parameters are:
e Blade chord (c).
e Blade radius (R).
e Blade span (b).
e Number of blades (N,,).
e Maximum pitch amplitude (G,).
e Rotation speed ().

Like the blades of cyclocopter are assumed to be rigid, the blade deformation parameters (v, the
tangential bending, w, the radial bending and ¢, the elastic twist) which appear in the balde velocity
equations are null.

In addition, one of the previous parameter can be varied in order to see its effect on the performance

of the cyclocopter and show like this, the evolution of variables as velocities, forces, power...
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4.1.2 Single Streamtube Code

When the initial parameters are defined, the first step is to obtain the wind and blade velocities (V,,,,
Vwz Vby, Vi) in the rotating undeformed coordinate system as well as the resultant velocities (V,, V,).
For doing this, it is necessary to initialise the induced velocity v; with values near to zero and vary it
since the convergence is achieved. The same occurs with the variable B which, at zero azimuth angle, is

supposed to be null.

Next step is to rotate the undeformed frame velocities to the deformed frame velocities (U, Up) using
the rotation matrix 75, Moreover, thanks to these new velocities, the angle of attack (a) and the

modulus of the resultant velocity (U) can be obtained.

Before calculating the forces, the lift and drag coefficients need to be defined. In relation to the lift

coefficient, there are different ways to calculate it:

- Steady case: If the steady case is considered, the lift coefficient can be obtained directly from Xfoil
which is a program that allows to obtain the curves with the evolution of the coefficients versus the angle

of attack [7]. Moreover, this procedure can be also applied to obtain the drag coefficient.

- Unsteady case: If the previous case is not possible because the unsteady effects are not negligible,
an unsteady model needs to be used. In this thesis, the two unsteady models which are going to be

used are Theodorsen and Duhamel (both were explained in section 3.2).

If Theodorsen’s theory (section 3.2.1) is selected, first the reduced frequency (k) is calculated. So,
an angular frequency (w) need to be supposed in order to obtain & from equation 3.1 where the flow

velocity is now V = 0R.

With this reduced frequency, functions F and G can be calculated and finally, the lift coefficient

selecting one of the three cases shown in section 3.2.1 (angle of attack, plunging or pitch oscillations).

On the other hand, if Duhamel model (section 3.2.2) is chosen, the time step (¢) and the reduced

time (s) are fixed using the following equations:

2
t_E ; S_ZUt (4.1)

Therefore, these two variables are defined each azimuthal position as well as their increments (Af=t-
t,»and As=s-s,,). Moreover,aand & are assumed to be zero at first. Finally, one of the three algorithms
(D-1, D-2 or D-3) is selected and with it, the coefficients X,, Y,, X, and Y, and the lift coefficient are
calculated.

In relation to the drag coefficient, the way to calculate it is explained in section 3.1.1.

The final step is to determine the forces, first in the deformed frame (F, and F,) and next, in the
undeformed frame (F, and F,). So, the aerodynamic forces can be calculated as well as the resultant
thrust and the parameter 8. This resultant thrust (7) is again used to obtain the induced velocity v;and
another iteration of the code is done (using also the new value of 8 obtained) until the convergence of T
is achieved. This is done when the difference between two consecutive values of Tis less than a certain
tolerance.

When the convergence is achieved, a new azimuthal position is assumed until all the 3602 are

covered following always the same procedure.
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4.1.3 Double-Multiple Streamtube Code

The main difference between this code and the previous one is that now the cycle is divided into an
upper and lower parts like it was explained in section 3.3.2. Therefore, the upper half needs to be

solved first in order to solve next the lower part.

Upstream half of the rotor (0 < ¥ < )

For each azimuthal position, the equation 3.14 is solved obtaining the value of A. For doing this,
the relative inflow angle ¢ is initialised as zero and a drag coefficient is assumed. Thanks to the value
of A obtained, the velocities (U, and U) can be calculated as well as the resultant velocity, the angle of
attack and the new value of the relative inflow angle.

In relation to obtain the lift and drag coefficients, the procedure is the same as it was explained in
the Single Streamtube code. This cycle is iterated until the convergence of the relative inflow angle is
achieved.

Next step is to determine the induced velocity (v,) and the far downstream velocity of the upstream
half (w)for each azimuthal position considered.

Downstream half of the rotor (m < ¥ < 2m)

For the first azimuthal position, the last values of the upstream half are used to initialise the relative
inflow angle and the drag coefficient for this downstream half. With these values and the variable
which can be also determined using the values of w which were calculated in the upstream part for
each streamtube created, the equation 3.17 is solved and with it, the value of A is obtained. Like it was
done in the upstream half, the velocities, angle of attack, relative inflow angle and the induced velocity
(v,) in the downstream half are calculated as well as the lift and drag coefficients. This cycle is again

run until the convergence in the code is obtained and for all azimuthal positions.

When all the cycle is solved, the next step is to determine the forces using the equations which

appear in section 3.3.2. With them, the resultant thrust can be obtained and the problem is solved.

4.2 Models Validation

The first step which is necessary to do everytime a model is developed is to validate it. The aim of this is to
show if the model can approximate and adapt well to the reality. In order to make it possible, the results obtained
from the model are compared with experiments. Two subsections are going to be presented using two different
ways to vary the pitch angle: one considering a sinusoidal variation and the other with the four-linkage

mechanism explained in section 2.4.2.

4.2.1 Sinusoidal Pitch Angle Variation

Sinusoidal Pitch Angle Variation

The sinusoidal variation of the pitch angle along the azimuthal position is expressed by the following equation:
6 = 0, sin(¥)

where 6, is the amplitude of the sine and so, the maximum value of the pitch angle. In particular, the
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experimental results used in this subsection are extracted from references [1] and [4] and their values are
obtained using the web [6].

The performance parameters that define the geometry of the cyclocopter and which are used to
obtain the following graphs are shown in table 4.1, 4.2 and 4.3, respectively. In the first two figures 4.1
and 4.2, the results obtained from the two inflow models developed (section 3.3) are compared with
experiments extracted from reference [4]. Moreover, the two unsteady theories explained in section

3.2 are used and the solution obtained with each of them is also shown in the figures.

Table 4.1: Geometry of cyclocopter used in figure 4.1
Characteristic c(m) R(m) b(m) N, 6
0.15 0.4 0.8 6 15°
T VS Omega for §,=15°

8000 T T T T
Duhamel(SS)
7000 1 Duhamel(DS) ]
Theo-High(SS)
6000 + Theo-High(DS) .
*  Exper.[4]

5000 - b
Z. 4000 f :
-

3000 b

*
2000 | 4
1000 7
0 _ | 1 | |
0 100 200 300 400 500 600

Q [rpm]
Figure 4.1: Resultant Thrust (7) VS Rotation Speed (Q) for maximum pitch amplitude of 8,= 152
Table 4.2: Geometry of cyclocopter used in figure 4.2

Characteristic c(m) R(m) b(m) N, Q(rpm)
0.15 0.4 0.8 6 300

44



T VS Pitch Amplitude for 2=300rpm

3500
Duhamel(SS)
3000 Duhamel(DS)
Theo-High(SS)
Theo-High(DS)
2500 |+ *  Exper.[4]
2000
Z
|_
1500
1000
500
0

6, [°]

Figure 4.2: Resultant Thrust (7) VS Pitch amplitude (&) for rotation speed of Q=300rpm

As it can be seen in the previous figures, the Double-Multiple Streamtube model (DS) using
Theodorsen’s theory with high unsteady effects is the model which adapts better to the experimental
values. Moreover, this adaptation to experiments is better when the rotation speed (Q) is varied than
when the pitch angle amplitude (8,) is modified.

Now, the experimental values from reference [1] are compared using the geometric parameters

which appear in table 4.3.

Table 4.3: Geometry of cyclocopter used in figure 4.3
Characteristic c(m) R(m) b(m) N, 6
0.0254 0.077 0.1524 3 25°
T VS Omega for 00=25°

3000 T T
Duhamel(SS)
Duhamel(DS)
2500 Theo-High(SS) 1
Theo-High(DS)
*  Exper.[1]
2000
£. 1500
}_

1000

500

Q [rpm]

Figure 4.3: Resultant Thrust (7) VS Rotation Speed () for maximum pitch amplitude of 8,= 25°
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This last figure 4.3 corroborates the result observed before because the Double-Multiple
Streamtube model (DS) using Theodorsen’s theory with high unsteady effects is the best one in
comparison to both experimental values from references [1] and [4]. Therefore, this conclusion allows
to validate this model as the most suitable one to be used to obtain results about the performance of
cyclocopters. However, in the following sections, the results from the other models are also going to

be shown in order to be compared with this best model.

4.2.2 Four-bar Linkage Pitch Angle Mechanism

The equation which defines the pitch angle variation using this type of mechanism is 2.4 and the
experimental values used now come from reference [2] and again, the web [6] was used to obtain
them. As in previous subsection, DS model with Theodorsen’s theory is found to be the best one
compared with experiments, this model is going to be used in this subsection but supposing three
cases depending of the value of the angular frequency w (and therefore, of the reduced frequency &):
Theodorsen with steady effects, Theodorsen with low unsteady effects and Theodorsen with high
unsteady effects.

In addition, the table 4.4 shows the geometric parameters used to obtain the following graphs as
well as the 4-bar parameters which are needed to define the structure of the mechanism and whose

definitions are:
- L7 Rotor radius (m).
- Lz Magnitude of eccentricity (m).
- Lz Length of control rod (m).
- Lz Length d (m).
- £: Phase angle of eccentricity (2).

Table 4.4: Geometry of cyclocopter used in figures 4.4 and 4.5
Characteristic c(m) R(m) b(m) Ny
0.3048 0.6096 1.2192 6

4-bar parameters L;(m) Ly(m)  Lz(m) Ly(m) £

0.6096 0.0315 0.6134 0.075 0°
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T VS ) for Bosch case

1200 T T T T T
Theo-Steady (DS)
Theo-Low (DS)
1000 - Theo-High (DS)
*  Exp.[2]
800 - A
Z
g 600 - A
c
'_
400 A
200 A
o 1 1 1 1 1 1 1 1 |
150 200 250 300 350 400 450 500 550 600 650

Q [RPM]
Figure 4.4: Resultant Thrust (7) VS Rotation Speed (Q) (Bosch case)

P VS  for Bosch case

45 T T T T
40 - Theo-Steady (DS)
Theo-Low (DS)
Theo-High (DS)
351 *  Exp.[2]
30 b
E 25 i
:
3 20 .
o
15 .
10 7
5 -
0 *I 1 1 1 | 1 1 | 1
150 200 250 300 350 400 450 500 550 600 650

Q [RPM
Figure 4.5: Power consumed (P) V[S Rot]ation Speed (Q) (Bosch case)

In relation to this Bosch case (figures 4.4 and 4.5), the three models give more or less the same
values of thrust and power at low rotation speed. However, at higher speeds, the models start to give
different solutions and so, Theodorsen’s model with high unsteady effects is the best one for
approximating the experimental values, which is in concordance with the result obtained with the
sinusoidal variation of the pitch angle. Now, another case is shown in figures 4.6 and 4.7 with its

respective experimental values and geometric parameters (table 4.5):
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Table 4.5: Geometry of cyclocopter used in figures 4.6 and 4.7
Characteristic c(m) R(m) b(m) N,

0.52 0.6 1.2 6

4-bar parameters L;(m) L,(m) Ly(m) Lim) €

0.6 0.038 0.6055 0.09 0°

8000

7000 -

6000 -

5000 -

Thrust [N]
S
o
3

3000

2000

1000 [

0

T VS Q for IAT21 case

Theo-Steady (DS)
Theo-Low (DS)
Theo-High (DS)
*  Exp.[2]

1

1 1 1 1 1 1 1

200

300

400 500 600 700 800 900 1000 1100
Q [RPM]

Figure 4.6: Resultant Thrust (7) VS Rotation speed (Q) (IAT21 case)

P VS () for IAT21 case

450 T T T T
400 F Theo-Steady (DS)
Theo-Low (DS)
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350 *  Exp.[2] 1
300
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g
3 200 r
o
150
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Figure 4.7: Power consumed (P)VS Rotation speed (Q) (IAT21 case)
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In figures 4.6 and 4.7 (IAT21 case), it is possible to see that the models results are worse in
comparison to the Bosch case (figures 4.4 and 4.5) because the experimental values deviate from the
predicted ones. However, these results are still acceptable due to the order of magnitude of them and
also the trend obtained.

4.3 Analyses of Hover Flight

The results are going to be divided using again the same two different subsections like in the
previous section: the first one considering the sinusoidal variation of the pitch angle with the azimuthal

position and the second one considering the four-bar linkage mechanism.

4.3.1 Sinusoidal Pitch Angle Variation
Thrust VS Rotation speed

This first part of the subsection is focus on the Double-Multiple Streamtube code (DS), which is a
better model than the Single Streamtube code (SS). Moreover, the geometric values used for
obtaining results from this DS code were shown in table 4.1.

Therefore, the first conclusion that it is interesting to show is the selection of the Algorithm if the

Duhamel model is chosen.

Thrust vs Q for pitch amplitude 00=20° (Duhamel integral/ DS Model)

3000 T T T T T
Algorithm D-1
Algorithm D-2
2500 Algorithm D-3 7
2000 | —
Z
[0}
I
L 1500 - 1
7]
2
<
|_
1000 ) 7
/
/
500 i
0 L 1 1 1 1
0 100 200 300 400 500 600

Rotation speed [rpm]

Figure 4.8: Comparison among the Algorithms in Duhamel integral/ DS inflow model

As it can be seen in figure 4.8, the selection of the Algorithm is not important because the results
obtained with each of them are really similar. Therefore, Algorithm D-1 is going to be used because it
is the simplest one.

If now Theodorsen’s model is selected, the influence of the angular frequency (w) is shown in
figure 4.9 and so, the influence of the unsteady effects. In this figure 4.9, three cases are presented
which are related with an specific value of w:

- w = 0: Theodorsen with steady effects.
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- w = 5: Theodorsen with low unsteady effects.

- w = 10: Theodorsen with high unsteady effects.

Thrust vs Q for pitch amplitude 00=20°(Theodorsen:Pitch Osc./DS Model)
6000 T T T T

5000

4000 [

3000

Thrust force [N]

2000

1000 [

0 100 200 300 400 500 600
Rotation speed [rpm]

Figure 4.9: Effect of w in the thrust produced (Theodorsen/ DS inflow model)

According to figure 4.9, if w increases, which is in relation with the important of the unsteady
effects (kincreases), the thrust produced by the cyclocopter decreases for an specific rotation speed.
This makes sense because if the flow is more unsteady, the thrust which the cyclocopter can produce
is less.

The next figure 4.10 allows us to compare the different aerodynamic models, as well experimental
values from reference [4], in relation to the thrust produced when the rotation speed is varied for two
different maximum amplitudes of the pitch angle.
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600

Thrust vs  for pitch amplitude §_=15°/ DS Model
(a) 0
4000 T T T T T
Steady
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Theo-High
*  Exp.[4]
3000

Z 2500

[0}

o

£ 2000

@

2

= 1500

1000
500
0 —l 1 1
100 200 300 400 500
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(b) Thrust vs Q for pitch amplitude §,=20°/ DS Model
5000 T T T T
4500 - Steady |
Duhamel
L Theo-High |

4000 *  Exp.[4]

3500 7
= 3000 7
(0]

I
L 2500 1
7
2
£ 2000 .
|_

1500 7

1000 7

500 7
0 S 1
0 100 200 300 400 500 600

Rotation speed [rpm]

Figure 4.10: Comparison of steady and unsteady models with the rotation speed (Sinusoidal

variation/DS inflow model) for pitch amplitudes of (a) §,=152 and (b) 6,=209

account in these codes.
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As it is possible to see in figure 4.10, the steady case adapts better to the experimental values
when the rotation speeds are low and when it is increased, the model which approximates better the
performance of the cyclocopter is Theodorsen (with a high value of reduced frequency). This last
conclusion is in concordance with the result extracted during the validation of the models (section
4.2.1). In addition, comparing the two graphs of figure 4.10, it is possible to see that if the pitch angle
amplitude is increased, the thrust produced is higher. However, this increase causes that the angle of

attack were higher and so, the stalling of the profile may be achieved, fact which is not taken into



If the radius of the blades is changed, the results obtained appear in figure 4.11.

TVS @ for §,=10° STEADY CASE/ DS Model
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__ 8000 1
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‘ e ey
0 L
0 100 200 300 400 500 600
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(b) TVS Q for 00=10° DUHAMEL CASE/ DS Model
6000 T T . . .
R=0.2m
R=0.4m
5000 R=0.8m i
__ 4000 [ .
£
©
o
£ 3000 - .
®
2
c
|_
2000 - .
1000 - 4
0 ! ; 44——’—/1’//
0 100 200 300 400 500 600

Rotation speed [rpm]
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(c) T VS 2 for §,=10° THEODORSEN HIGH/ DS Model
10000 . . . .

R=0.2m

9000 - R=0.4m -

R=0.8m

8000 - 1

7000 | J

6000 [ .

5000 [ :

4000 J

Thrust force [N]

3000 [ :
2000 :

1000 - J

! -
0
0 100 200 300 400 500 600
Rotation speed [rpm]

Figure 4.11: Effect of blade radius (/) on the thrust produced for (a) Steady case, (b) Duhamel

integral and (c) Theodorsen with high unsteady effects (Sinusoidal variation/DS inflow model)

In the three graphs of figure 4.11, the conclusion obtained is the same: when the radius is
increased, the thrust force produced increases as well and the slope of this increase is also higher. In
the three cases, the trend of the curves of the same blade radius is pratically independent of the
model used. Moreover, the strongest increase in thrust occurs in the steady case which may be
possible due to the fact that it is the ideal case. However, the stalling of blades has not been taken
into account and it could be possible that some of these thrusts can not be achieved in steady case as
well as in both unsteady cases.

Another experiment which can be done is to change the number of blades but maintaining the total
blade area. In order to do this, the blade chord and/or span is varied when the number of blades

changes. The results are shown in figure 4.12.

(a) TVS Q for 00=1 0° STEADY CASE/ DS Model
3000 ; . .
Nb=3
2500 | N,=6 .
Nb=10
2000 |
Z
[0]
e
L 1500 |-
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|_
1000 -
500 |
ol ‘
0 100 200 300 400 500 600

Rotation speed [rpm]
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(b) TVS Q for 00=10° DUHAMEL CASE/ DS Model

1800 T T T T
1600 - Np=3 .
N, =6
1400 Nb=10 i
1200 - .
Z
8 1000 - 1
RS
g 800 N
£
|_
600 - 7
400 N
200 h
O 1 _— Il 1 1
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(c) T VS Q for 00=10° THEODORSEN HIGH/ DS Model
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2
£ 1000 -
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500 [
oL B
0 100 200 300 400 500 600

Rotation speed [rpm]
Figure 4.12: Effect of number of blades (A,) on the thrust produced for (a) Steady case, (b)
Duhamel integral and (c) Theodorsen with high unsteady effects (Sinusoidal variation/DS inflow

model)

Thanks to figure 4.12, it is possible to see that increasing the number of blades, the thrust
produced also increases and the trend which the curves follow is always more or less the same. In
addition, the different between the thrusts produced is higher when the number of blades changes
from 6 to 10 than the change from 3 to 6. This could show a possible increase in the growth of the
thrust produced if the number of blades is further increased. However, the weight of the cyclocopter is
higher and in some cases, it may be not a good choice to increase the number of blades since it can
be heavier configuration, which may not be a desirable option.
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Now, the code is changed to the Single Streamtube (SS) and the geometric values which are used
appear in table 4.3. Using this model, the results obtained are presented in the following figures and

compared with experimental values from reference [1]:

Tr VS RPM for §,=40°/ SS Model

5000 [ .
Duhame

4500 - Theo-High
Exp. [1]

4000

3500

3000

Thrust [N]
N
3
o

2000

1500

1000

500

500 1000 1500 2000
Rotation velocity [RPM]

Figure 4.13: Comparison of unsteady models with the rotation speed (Sinusoidal variation/SS

inflow model) compared with experiments from [1]

In contrast to the DS code, with this SS model, Duhamel’s theory approximates better the
experimental values. If this theory is used and the pitch angle amplitude is modified, the graph

obtained is the following one:

T VS RPM (DUHAMEL CASE AND EXP. FROM [1])/ SS Model

3500 T T
25°
*  Exp.-25°
3000 30° 7
*  Exp.-30°
35°
2500 Exp.-35° i
40°
. *  Exp.-40°
Z, 2000 .
@
2
= 1500 x
3
1000 .
*
500 .
0
500 1000 1500 2000

Rotation velocity [RPM]

Figure 4.14: Effect of pitch angle amplitude (&) on the thrust produced (Sinusoidal variation/SS

inflow model) compared with experiments from [1]
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In relation to figure 4.14, the conclusion is the same as previously: an increase in the pitch angle
amplitude causes an increase in the thrust produced. However, the difference between results
obtained with the codes and experiments are now further than in the DS code, which is a reasonable
conclusion due to the fact that this SS code is not so accurate.

Changing now the blade radius, the new results are:

(a) 104 TR VS  for 00=10° STEADY CASE/ SS Model
X
12 T T
R=0.077m
R=0.2m
10 F R=0.8m 4
8 r _

Thrust [N]
(o))

N

500 1000 1500 2000
§ [rpm]

4+ T,VS Qfor# =10° DUHAMEL CASE/ SS Model
(b) 10 %10 R 0
R=0.077m
R=0.2m .
R=0.8m

Thrust [N]
(&)}

500 1000 1500 2000
Q [rpm]
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(c) 4T, VS Q for 6 =10° THEODORSEN HIGH/ SS Model
x10% R 0

12 T
R=0.077m
R=0.2m
10 + R=0.8m _

Thrust [N]
(e}

4 - -
2 | |
500 1000 1500 2000

Q [rpm]
Figure 4.15: Effect of blade radius (/) on the thrust produced for (a) Steady case, (b) Duhamel

integral and (c) Theodorsen with high unsteady effects (Sinusoidal variation/SS inflow model)

Again when the radius is increased, the resultant thrust increases as well. Moreover, the change
on the thrust produced when the radius changes from 0.2m to 0.8m in this figure 4.15 is quite higher in

comparison to figure 4.11, but this conclusion may be due to the different geometric values used to
obtain each result.

Finally, if the number of blades is varied:

T, VS Q for 6,=10° STEADY CASE/ SS Model
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(b) To VS @ for 6,=10° DUHAMEL CASE/ SS Model
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Figure 4.16: Effect of number of blades (A,) on the thrust produced for (a) Steady case, (b)
Duhamel integral and (c) Theodorsen with high unsteady effects (Sinusoidal variation/SS inflow

model)

The conclusion remains the same as before: increasing the number of blades, the thrust produced
also increases. In addition, the same effect occurs in this figure 4.16 if it is compared to figure 4.12
that the changes in thrust when the number of blades is varied is higher in the SS model than in DS
model.
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Thrust VS Pitch Angle Amplitude

Like it was done in Thrust VS Q, the first part uses the DS code and with it, the results obtained are

shown in the following figures:

1800 Thrust VS Pitch amplitude for 2=400 rpom/ DS Model

Steady
1600 Duhamel 7
Theo high

1400 g

1200 .

1000 7

Thrust [N]

800 .

600 - g

400 4

200 .

O | 1 1 | 1 1 1 | 1
0 2 4 6 8 10 12 14 16 18 20

Blade pitch angle amplitude [°]
Figure 4.17: Comparison of steady and unsteady models with the pitch amplitude (Sinusoidal

variation/DS inflow model)

From figure 4.17, it is possible to see that the steady case gives the highest thrust and Duhamel’s
model, the lowest one which is in concordance with all previous figures. Moreover, all models follow
more or less a linear dependant between this two variables.

If now the rotation speed is varied, the curves obtained are shown in figure 4.18.
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(b) Thrust VS Pitch amplitude for DUHAMEL CASE/ DS Model

3000
Q=300rpm
Q=400rpm
2500 - Q=600rpm b
2000 4
z
g 1500 7
c
l_
1000 7
500 7
0 1 | 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Blade pitch angle amplitude [°]

(c) 5000 Thrust VS Pitch amplitude for THEODORSEN HIGH/ DS Model
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Figure 4.18: Effect of the rotation speed (©2) on the thrust produced for (a) Steady case, (b)
Duhamel integral and (c) Theodorsen with high unsteady effects (Sinusoidal variation/DS inflow
model)

In relation to the graphs from figure 4.18, the thrust produced is higher when the rotation speed
increases in any of the models used which is reasonable. Moreover, it seems to be a linear
dependence between the two variables like it was observed in figure 4.17. The problem that may
appear is a structural limitation of the cyclorotor which not allow to increase more the rotation speed

above a certain limit.
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Changing to the SS code, the results are the followings:

TR VS 00 for 2=1500 rpm/ SS Model
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Figure 4.19: Comparison of unsteady models with the pitch amplitude (Sinusoidal variation/SS

inflow model)

Thanks to figure 4.19, it is possible to show that the linear dependence between thrust and pitch
angle amplitude remains in this SS code and now, a change in the slope of the line can be seen
around 102 of the pitch angle amplitude.

If now, the rotation speed is varied:

(a) TR VS 00 DUHAMEL CASE/ SS Model
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(b) To VS 6, THEODORSEN HIGH/ SS Model
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Figure 4.20: Effect of the rotation speed (Q) on the thrust produced for (a) Duhamel integral and (b)

Theodorsen with high unsteady effects (Sinusoidal variation/SS inflow model)
From figures 4.19 and 4.20, the conclusions which were writen previously are corroborated with

these new results from SS code.

4.3.2 Four-bar Linkage Pitch Angle Mechanism
Thrust VS Rotation speed

The procedure is going to be the same like it was done with the sinusoidal pitch angle variation,
starting with DS code and next, with the SS code. The geometric values used in this first part appear
in table 4.2 and the goal is to vary the four-bar linkage mechanism parameters (L, L, L3 Lsand €) in
order to see their influence in the thrust produced. In particular, the two parameters which are going to
be used are the magnitude of eccentricity (L,) and the phase angle of eccentricity (). So, four cases
are going to be analysed and like this, the results obtained are the following ones:

- CASE 1: L;=0.4m L,=0.01m L3=0.5m L,=0.4m  e=0°

- CASE 2: L;=0.4m L,=0.01m L3=0.5m L,=0.4m  £=10°

- CASE 3: L;=0.49m L,=0.03m L3=0.5m L,=0.4m  e=0°

-CASE 4. L,=0.9m L,=0.03m L3=0.5m L,=0.4m  €=10°
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T VS  THIRD CASE (DS Model)
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Figure 4.21: Comparison of steady and unsteady models with the rotation speed for four cases (4-

bar mechanism/DS inflow model)

Comparing the four graphs of figure 4.21, the first conclusion which can be extracted is that
changing the length L, from 0.01m to 0.03m, the thrust produced using the steady model passes to be
the highest one to the lowest. However, in order to see in a better way the effects of the four-bar

linkage parameters, figures 4.22 and 4.23 are shown:
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(a) T VS Q THEODORSEN HIGH/DS Model (L2=0.01m)
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T VS 2 THEODORSEN HIGH/DS Model (L, =0.03m)
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Figure 4.22: Effect of the phase angle of eccentricity (¢) on the thrust produced for (a) L,=0.01m
and (b) L,=0.03m (4-bar mechanism/DS inflow model)

Thanks to figure 4.22, it is possible to see that the effects of changing € are higher when L,
increases as well as increasing & causes a disminution on the thrust produced. These two conclusions

can be also demonstrated using the next figure 4.23.
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Figure 4.23: Effect of the magnitude of eccentricity (L,) on the thrust produced for (a) =02 and (b)

£=102 (4-bar mechanism/DS inflow model)

In addition, figure 4.23 demonstrates that increasing L, the thrust produced also increases.
Changing to the SS code, the graphs obtained are:
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(a) Thrust VS Q THEODORSEN HIGH/SS Model (L2=0.01 m)
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(b) Thrust VS (: THEODORSEN HIGH/SS Model (L,=0.03m)
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Figure 4.24: Effect of the phase angle of eccentricity (¢) on the thrust produced for (a) L,=0.01m
and (b) L,=0.03m (4-bar mechanism/SS inflow model)

In this SS code, the effect of varying ¢ is lower than in the DS code like it is possible to see in the

two graphs of figure 4.24.
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(a) Thrust VS 2 THEODORSEN HIGH/SS Model (e=0°)

4000
L2=0.01m
3500 L2=0.03m
3000 [ A
2500 .

Thrust [N]
S
3

1500 | |
1000 | |
500 - |
0 . | . |
0 200 400 600 800 1000 1200 1400
Rotation speed [RPM]
(b) 4000 Thrust VS 2 THEODORSEN HIGH/SS Model (e=10°)
L2=O.O1m
3500 L,=0.03m
3000 |
2500 |

Thrust [N]
N
3
o

1500

1000 [

500

0 | 1 | 1
0 200 400 600 800 1000 1200 1400

Rotation speed [RPM]

Figure 4.25: Effect of the magnitude of eccentricity (L;) on the thrust produced for (a) e=02 and (b)

£=102 (4-bar mechanism/SS inflow model)

This figure 4.25 also proves that increasing L, increases the thrust produced but now, in contrast

to the conclusion exposed before from figure 4.24, the effect of varying L, is higher than in the DS
code.
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Thrust VS Pitch Angle Amplitude

These graphs are represented in the last subsection (Thrust VS Rotation speed) when the four-bar

linkage mechanism parameters are varied because this causes that the pitch angle amplitude
changes. The problem here is that there is not a direct relation between the pitch amplitude and the
variation of it like it occurred when a sinusoidal variation was considered. So, obtaining these graphs
is not so easy and figures 4.22 to 4.25 are used to show this relation knowning that:

- Increasing L, the pitch amplitude is higher when the other lengths/angles remain fixed.

- The pitch amplitude does not change too much when ¢ is varied.

To sum up and analysing all the results which are shown during the chapter for hover case, DS
model is the best one because approximates better the experimental values and inside it, the best
option is to use Theodorsen’s theory with high unsteady effects, independently what type of pitch
angle varition is supposed (sinusoidal or 4-bar linkage mechanism).

However, if SS code is chosen, the most suitable unsteady model to be used is Duhamel, although

the error committed in comparison to DS code is so significant.
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Chapter 5

Forward Flight Analyses

This new chapter is focused on studying the forward flight and analysing the code which has been
developed using Matlab. This code and the results obtained with it are going to be presented in the

following sections and subsections.

5.1 Numerical Model

As well as it was done with the hover situation, the initial parameters which are necessary to be

defined and the equations which describe the numerical model are explained in this first section.

5.1.1 Initial Parameters

The initial parameters needed to start running the code are:
e Blade chord (c).
e Blade radius (R).
o Blade span (b).
o Number of blades (N,,).
e  Maximum pitch amplitude (8y).
e Rotation speed (Q).
e Horizontal advance velocity (V).
o Vertical advance velocity (V).
In comparison to hover case, the new initial parameters which have to be defined are the horizontal
(forward/backward motions) and vertical (upward/downward motions) advance velocities. The other

parameters remain the same.

5.1.2 Simplified Numerical Model

After defining the previous initial parameters, the velocities are obtained from equations 3.23 and
3.24. This is done for every azimuthal position in which the lift and drag coefficients are also calculated
thanks to unsteady models of section 3.2 or supposing directly the steady case. In this thesis,
Theodorsen’s model is the only one that it is going to be used in order to obtain results.

Next, the forces and the torque can be calculated using equations from 3.19 to 3.21 and with them,

the trusth produced and the power consumed from equation 3.22.
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5.2 Model Validation

In this case, the validation of the model is done comparing the variation of the angle of attack
showed in reference [2] with the variation obtained thanks to the DS code using Theodorsen model
with high unsteady effects for hover case and the simplified numerical model for the four types of
movement (forward, backward, upward and downward). The parameters which have been used

appear in table 5.1 and the figure 5.1 shows the results obtained for two different rotation speeds.

Table 5.1: Geometry of cyclocopter used in figure 5.1

Characteristic c(m) R(m) b(m) N,
0.3 0.8 1.6 6
4-bar parameters L;(m) L,(m) Ls(m) Lim) &

0.8 0.04 0.8041 0.09 10°

(a) 50 Angle of attack VS Azimuth angle for =500 rpm
HOVER(DS Model/Theo high)
40 + FORWARD 1
BACKWARD
30 - UPWARD i
DOWNWARD

a [°]

0 50 100 150 200 250 300 350 400
7]
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(b) 10 Angle of attack VS Azimuth angle for 2=2000 rpm
HOVER(DS Model/Theo high)
FORWARD
20 BACKWARD .
UPWARD
DOWNWARD

10

o]

-10

0 50 100 150 200 250 300 350 400

(c)

O s T e
[= HOVERING STATE =—— FORWARD MOTION| [——— HOVERING STATE === BACKWARD MOTION |

[ HOVERING STATE = UPWARD MOTION] |—— HOVERING STATE === DOWNWARD MOTION |

Figure 5.1: Angle of attack variation for hover, forward, backward, upward and downward

performances with rotation speeds of (a) 500rpm, (b) 2000rpm and (c) experiments from [2]

Thanks to figure 5.1, the validation of the model is achieved because according to reference [2],
the maximum angle of attack is obtained for downward motion and the minimum one for upward.
Moreover, the rest of movements are in agreement with reference [2] in value and also in curve shape,

particulary when the rotation speed is 500rpm.
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5.3 Analyses of Forward Flight
The parameters used to obtain all the graphs which are going to be presented in this section
appear in table 5.1.

The first results that are going to be presented are the variation of thrust and power with the

rotation speed for the four types of movement and using different advance velocities.

(a) TVS Q FORWARD FLIGHT
2500 T T T T T T
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2000 - VvV, =10 m/s |
— 1500
Z
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(b) P VS 2 FORWARD FLIGHT
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1 |
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Figure 5.2: Variation of (a) thrust and (b) power with the rotation speed (Forward flight)
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According to figure 5.2, increasing the forward velocity (1/;), the thrust produced increases and the

power consumed decreases. Moreover, in comparison to hover case, the thrust is higher and the
power is lower.

(a) TVS (2 BACKWARD FLIGHT
2500 T T T T T T
Hover(DS Model/Theo high)
Vh=-5 m/s
2000 - Vh=-10 m/s |

— 1500
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2
c
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500
ok
600 800 1000 1200 1400 1600 1800
Q [RPM]
P VS Q9 BACKWARD FLIGHT
(b) 3500 . : . . : :
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Vh=-5 m/s
3000
Vh=-10 m/s
2500
g
< 2000
g
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o
1000
500
0 1 1 1 1 1 1
600 800 1000 1200 1400 1600 1800
Q [RPM]

Figure 5.3: Variation of (a) thrust and (b) power with the rotation speed (Backward flight)

For backward motion (figure 5.3), the same conclusions can be extracted as the forward
performance because the followed trend and the difference between the thrust produced when the

horizontal velocity (/) is changed are more or less the same in both cases.
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T VS Q UPWARD FLIGHT
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Figure 5.4: Variation of (a) thrust and (b) power with the rotation speed (Upward flight)
This upward motion does not follow a certain trend about the dependence between the thrust and
power when the vertical velocity changes and the same occurs when the results are compared with

the hover case. The only conclusion that can be obtained is that for the vertical velocities (/) used in

the figure 5.4, the power needed for upward flight is always lower than the hover case.
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T VS Q2 DOWNWARD FLIGHT
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Figure 5.5: Variation of (a) thrust and (b) power with the rotation speed (Downward flight)

However, in this downward flight, the tendence is clear because the thrust and power increase
when the downward velocity increases and they are higher than the hover situation.

Comparing now the four previous figures (from 5.2 to 5.5), it is possible to see that for the same
value of the advance velocity, the maximum thrust produced is in backward motion which may be due
to the help of gravity force for doing this motion. Moreover, this also could explain the opposite case
(upward flight) because it produces the lowest thrust. However, the power consumed in backward

motion is also the highest one.
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Another result which may be interesting to show is the relation between the power consumed and
the advance velocity. In order to do this, it is necessary to fix two parameters between these three:
thrust, rotation speed or pitch angle variation. In this thesis, the thrust is going to be fixed and the

showed graphs are going to be obtained fixing one of the other two and varying the other one.

- FIRST CASE: Thrust and pitch angle variation fixed/ Rotation speed variable.
The result obtained is represented in figure 5.6 in which each marked point shows the necessary
rotation speed to achieve this thrust.

P VS FORWARD VELOCITY FOR T=2000 N AND L ,=0.04 m
3000 | T T | T

Evolution
+ Rotation speed 1600

2500

2000

1500

Power [KW]

1000

500

5 10 15 20 25 30 35
Vh [m/s]

Figure 5.6: Variation of power with the advance velocity fixing thrust and pitch angle variation

Thanks to figure 5.6, it is possible to see that the power consumed is decreasing with the forward
velocity until it reaches a minimum and from this point, the power starts to increase. Therefore, this
forward velocity in which the power is minimum should be a necessary parameter to know when the
thrust and the pitch angle variation are fixed. Moreover, it is possible to see that the rotation speed is
always decreasing when the advance velocity increases.

If now the pitch angle variation is fixed but with different values, the result appears in figure 5.7.
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Figure 5.7: Variation of power with the advance velocity fixing thrust for different pitch angle

variations

According to figure 5.7, the change in the pitch angle variation is done varying the length £, whose
relation with the maximum pitch angle was determined in subsection 4.2.2.2 (increasing L, increases
the maximum pitch angle). Therefore, the forward velocity in which the power is minimum is higher

when the length L,increases.

- SECOND CASE: Thrust and rotation speed fixed/ Pitch angle variation variable.
This second case is represented in figure 5.8 in which each marked point shows the value of the

length L,which is necessary to define in order to achieve the fixed thrust.
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Figure 5.8: Variation of power with the advance velocity fixing thrust and rotation speed
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The relation between the power and the advance velocity in this new case remains the same as
the first case because the power is decreasing until a minimum value and from this point, it starts to
increase. Moreover, the length L, has also the same tendence as the rotation speed in case one, as
the forward velocity is increasing, this lenght is always decreasing.

Varying now the fixed rotation speed, the result appears in the following figure 5.9:

P VS FORWARD VELOCITY FOR T=2000 N

4500
Q=1500rpm
4000 Q=1700rpm B
Q=2000rpm
3500 7
3000 i
i 2500 .
o
= _
(@]
o
| |

5 10 15 20 25 30
Vh [m/s]

Figure 5.9: Variation of power with the advance velocity fixing thrust for different rotation speeds

Thanks to figure 5.9, it is possible to see that the forward velocity in which the power consumed is
minimum is higher when the fixed rotation speed increases, occurring something similar to the

previous case with the length L.
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Chapter 6

Conclusions

6.1 Goals Achieved

The main goal of this thesis was to study, analyse and explain the basic fundamentals about
cyclocopters. Thanks to the models presented and the numerical codes developed, their
performances have been able to be approximated.

Using some experimental values from different references, the three codes developed (Single Streamtube
and Double-multiple Streamtube codes and the forward flight simplified numerical code) could be validated
and with it, the results obtained with them. Thanks to these results, some conclusions have been able to be
extracted about the behaviour of cyclocopter for hover situation and forward flight.

Finally, the DS code with highly unsteady Theodorsen’s model was proved to be the best model

because it is the one which is best suited to the experiments.

6.2 Codes Application

According to the last paragraph of the previous subsection 6.1, the DS code may be used to obtain
results about the performance of cyclocopters when an user fixs the parameters which define the
cyclorotor’s problem. Therefore, an application could be elaborated in order to establish a better
interface to the user in relation to the data input, solving some difficulties which might appear if the
changes are directly done in the DS code. If the forward flight wants to be analysed, the code
developed for it can be also used.

This could be achieved using the app-designer tool of Matlab in which an easy application can be
developed helping the user about what variables are needed to be introduced to DS code and/or the
forward code. With them, the application runs the specific code and displays on the screen the final
results of the problem.

Thanks to my teammate Carlos Gallardo Borrego, the cyclocopter application has been posible to be
developed with two different options in relation to the inputs which are necessary to be introduced to
run the program.

The first one is shown in figure 6.1 and this is a directly application of the developed codes. In figure
6.1, it is possible to see that there are different tabs which allow to select the performance calculation
between sinusoidal variation of pitch angle or using the 4-bar linkage mechanism system as well as to

change between hover situation and forward flight. The initial parameters which are necessary to be
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known (and therefore, to be introduced in the application) also appear in figure 6.1 and finally, the

thrust produced and the power consumed are displayed on the screen.

Cyclocopter Detailed Design

(a Top Level Requirements Single rotor: hover performance Single rotor- forward flight Cy pitch
Cyclocopter characteristics Flight conditions
Number of blades 4
Chord 0.0000 [m]
Radius 0.0000 [m] Alfituce 0.00 [m]
Rotation speed 0 [rpm]
Blade span 0.0000 [m]
Sinusoidal pitch variation Four-bar linkage mechanism system
Pitch amplitude 0.00 [deg]
L2 0.0000 [m]
Maximum pitch angle 0.00 [deg]
L3 0.0000 [m]
L4 0.0000 [m]
Calculate
Phase angle of eccentricity 0.00 [deg]
Thrust 0.0 [N] Maximum pitch angle 0.00 [deg]
Power 0.0 W]
Calculate
Thrust 0.0[N]
Power 0.0 (W]

( b) Cyclocopter Detailed Design
Top Level Requirements Single rotor: hover performance Single rotor: forward flight performance Cyclocopter: pitch calculation

Cyclocopter characteristics Flight conditions
Number of biades 4 Altitude 0.00 [m]
Chord 0.0000 [m]
Radius 0.0000 [m] Horizontal velocity 0.00 [m/s]
Rotation speed 0 [rpm]
Blade span 0.0000 [m] Vertical velocity 0.00 [mis]
Sinusoidal pitch variation Four-bar linkage mechanism system
Pitch amplitude 0.00 [deq] 12 0.0000 [m]
Maximum pitch angle 0.00 [deq] L3 0.0000 [m]
L4 0.0000 [m]
Calculate
Phase angle of eccentricity 0.00 [deg]
Maximum pitch angle 0.00 [deg]
Thrust 0.0 [N]
Calculate
Power 0.0 [W]
Thrust 0.0 [N]
Power 0.0 W)

Figure 6.1: Matlab application interface for (a) hover case and (b) forward flight

The second option is shown in figure 6.2 and the aim of it is to calculate the pitch angle variation
which is needed in order to obtain a certain thrust. In this application, a sinusoidal variation od the pitch
angle is supposed and so, the solution will be directly the pitch angle amplitude. Therefore, the user
need to introduced the thrust wanted as well as the rotation speed and the other parameters that
appear in figure 6.2. With them, the application shows the lowest pitch angle amplitude (in the range
that the user also defines) that is possible to produce the thrust which is also shown on the screen
because it depends on the tolerance introduced respecting to the thrust wanted. With this solution, the

power consumed is also shown.
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Cyclocopter Detailed Design
Top Level Requirements Single rotor: hover performance Single rotor: forward flight performance Cyclocopter: pitch calculation

Cyclocopter characteristics

Number of biades 4 Number of rotors 4

Radius 0.0000 [m] Chord 0.0000 [m]

Blade span 0.0000 [m] Rotation speed 0 [rpm]

Hover fiight conditions Forward flight conditions
Altitude 0.00 [m]
Altitude 0.00 [m]

Horizontal velocity 0.00 [m/s]
Hover calculations for each rotor Vertical velocity 0.00 [mis]

Forward flight calculations for each rotor

Bottom limit of pitch angle amplitude 0.00 [deg)
Top limit of pitch angle amplitude 0.00 [deg] Bottom limit of pitch angle amplitude 0.00 [deg]
Thrust convergence tolerance 0.00 [N} Top limit of pitch angle amplitude 0.00 [deg]
Thrust convergence tolerance 0.00 [N]
Calculate 5 !
Pitch amplitude 0.00 [deg] Calculate

Thrust 0.0MN Pitch ampiitude 0.00 [deg]

Power 00w Thrust 0.0[N]

Power 0.0[W]

Figure 6.2: Matlab application interface for pitch calculation
6.3 Future Works

After completing the thesis and extracting all the conclusions from the results obtained, some future
works can be done in order to continue with this research about the cyclocopter:

- Restricting the results shown in the thesis considering the onset of the blades stalling as well as
due to the weight of the cyclorotor.

- Calculating the interaction between cyclorotors in the same aircraft as well as being possible to
control the thrust module and direction of them in order to do the required performance.

- Analysing the effect of change the blade profile as well as using high-lift devices like flaps during
some performances.

- As the forward flight is analysed using a simplified model, some of the results obtained need to be
reviewed, maybe developing a more accurate model and analysing the drag coefficient effect on the

performance.
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