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Propeller-driven rotors use compact electric motors and propellers, mounted on the main rotor
blade, to generate the mechanical torque needed to rotate the main rotor. The presented work details
experiments and model developments in three major areas: hover performance, dynamics, and con-
trols. The idea of a propeller-driven rotor has become attractive over the last several years due to the
advances in electrification of aircraft, for several reasons. First, large mechanical transmissions and
gears associated with single main rotor helicopter designs are replaced with efficient electric motors,
simplifying the rotorcraft design, maintenance, and potentially reducing weight. Second, modulating
the propeller speed can generate the control moments for the rotor, eliminating the need for a con-
ventional swashplate. Third, an unmanned design can eliminate a conventional fixed frame fuselage

and tail rotor — significantly reducing vehicle complexity and weight. Fourth, given these first three



advantages, the concept is essentially a “flying rotor design”.

Propeller-driven rotor performance and feasibility was investigated in a series of experiments
with increasing complexity. First, high quality commercial-off-the-shelf electric motors and propellers
were selected, and were were characterized in axial flight in the Low Turbulence Wind Tunnel at the
Naval Surface Warfare Center Carderock Division. Next, hover experiments using a 5.5 ft diameter
2-bladed composite rotor blade on a custom hover test stand identified performance trends and areas
for improvement, such as reduction in power. During these experiments, several propellers suffered
root failures. The next hover experiment focused on measuring propeller loads during propeller-driven
rotor operation. The results indicated that a large, previously unmodeled, propeller pitching moment
was present during propeller-driven rotor operation. Finally, propeller placement on the rotor blade
was investigated. A 2.7 ft diameter test stand was built for this experiment, and showed that a pro-
peller placed at the rotor blade mid-span location resulted in a 50% reduction in the electrical power
coefficient compared to a tip mounted propeller.

While attempting additional propeller-driven rotor hover experiments, several propeller blades
suffered root bending failures. This halted the hover test campaign, and prompted an investigation into
the dynamics of spinning a fast propeller on a rotating rotor blade. The resulting failure has since been
termed as the “propeller-driven rotor twirl phenomenon.” A rotor-propeller Coriolis interaction results
in a large propeller pitching moment that bends the propeller. Additionally, this propeller pitching
moment results in a rotor blade torsional load. The coupling of the propeller pitching moment with the
rotor blade torsion mode is the suspected cause of the propeller failures during propeller-driven rotor
operation.

The propeller-driven rotor dynamics were investigated in two vacuum chamber experiments, as

vacuum chambers remove aerodynamic effects and allow for only rotor-propeller inertial interactions



to be studied. The first vacuum chamber experiment measured propeller flapping motion on an artic-
ulated propeller. The results indicated that a large, one per propeller rev, propeller flapping motion
was present. A simplified physics model was derived, and showed the flapping was a result of the
rotor-propeller Coriolis interaction. The second vacuum chamber experiment investigated the rotor
and propeller loads, and showed that the propeller pitching moment resulted in a rotor blade torsional
moment.

The findings of the various hover and vacuum chamber experiments highlighted the need to
study the propeller-driven rotor concept using modern comprehensive rotorcraft analysis tools. A
finite-element based propeller-driven rotor comprehensive model was created, and validated using the
various datasets. Special attention was given to ensure proper modeling of the rotor-propeller Coriolis
moment. The rotorcraft comprehensive analysis model showed good agreement with the test data.
After validation, a systematic study of various propeller-driven rotor configurations was performed,
such as: impact of propeller placement on performance, propeller loads during propeller-driven rotor
operation, and propeller-driven rotor scaling.

The final section of this thesis explored a swashplateless control concept for a propeller-driven
rotor. The propeller was mounted at a slight upward angle with respect to the rotor blade chord, which
resulted in a portion of the propeller thrust to be in the vertical direction. The vertical portion of
propeller thrust was controlled by varying the propeller speed around the rotor azimuth, resulting in a
main rotor roll and pitch moment. The control concept was fabricated, characterized, and compared
to a conventional rotor swashplate. The results indicated that, for certain propeller configurations, a
2.3% variation in propeller motor throttle resulted in the same control authority as 1 deg of swashplate
excitation. Additionally, the propeller-driven rotor control scheme had excellent on-axis response, and

little off-axis response.



This exploratory study observed several areas of future work. First, the suitable propeller design
for propeller-driven rotor is still an open question. The propeller must have two properties: it has high
propulsive efficiency, and it can withstand the significant inertial loads. Vacuum chamber and hover
experiments are expected. The second area is forward flight investigations. Edgewise rotor flight
brings about harmonic, or time varying, airflows on the propeller that are not seen in hover. Forward
flight stability investigations are needed to identify new technical challenges related to propeller-driven

rotors.
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Disclaimer

The views expressed in this work are those of the author and do not necessarily represent the
views of the Naval Surface Warfare Center Carderock Division, the Naval Sea Systems Command, the

Department of the Navy, the Department of Defense, the U.S. Government, or its components.

i



Preface

Many propellers were harmed in the making of this work.

i



Dedication

To my loving wife, Leah, to whom I owe it all.

il



Acknowledgments

There are many people I would like to thank and recognize for their profound contributions to
my research and journey over the years. First and foremost, I would like to thank my advisor, Professor
Inderjit Chopra, for his guidance, mentorship, and patience over the many years. I’ll repeat what I said
in my master’s thesis — Professor Chopra taught me to never stop thinking about the problem! For
this work, he taught me how to systemically break down and explore a novel topic. I am grateful for
his lessons, and look forward to practicing them in the years to come. I would also like to thank my
committee members for their insights and thoughtful discussions.

I am grateful to the Naval Surface Warfare Center Carderock Division (NSWC Carderock) for
employing me while I obtained this degree, and I look forward to giving back technical service to
the United States of America. This research was made possible due to the Office of Naval Research
(ONR), the Naval Innovative Science and Engineering (NISE) program, and the Defense Advanced
Research Projects Agency (DARPA). I would like to give a special thanks to Dr. Krista Lossing,
NSWC Carderock Director of Research, for her support. Additionally, I would like to thank the pro-
gram officers that supported this work, who asked not to be named.

I would like to recognize my colleagues at NSWC Carderock. I would like to thank my branch
head, Dr. David Haas, for helping me grow from a fresh graduate to a practicing aerospace engineer.
I still find myself passing words of wisdom that he gave me when I started at Carderock to younger
engineers. Next, I would like to thank Eric Silberg, Unmanned Aerial Systems Lab Director, for
mentoring me on a day-by-day (sometimes minute-by-minute) basis at Carderock. I would also like
to thank the engineers that I have worked with over my time here: Dr. Judah Milgram, Dr. Jared
Soltis, Dr. Anish Sydney, John Vorwald, Zach Birkbeck, Ian Bahr, Kevin Kimmel, Chris Nunes, Will
Gottwald, and Donnie Walker. Many of them are past Alfred Gessow Rotocraft Center students, and I

v



thank them for their help and stories.

There are many friends, students, and professors at the Alfred Gessow Rotorcraft Center. For
many of my experiments, it truly was a team effort between wiring, fabricating, and conducting the
tests. I would like to thank Professor Vengalattore T. Nagaraj, Dr. Seyhan Gul, Vivek Uppoor, Howard
Zheng, Radu Teodorescu, Ismail Shah, John Jessamy, Sridatta R. Satuluri, Visesh Uppoor for their
support and friendship.

I would like to thank my devoted wife, Leah, to whom this work is dedicated. It is only because
of her encouragement and patience that I was able to achieve this dream. She knows all of the trials
and tribulations it took to accomplish this goal, and I am deeply grateful for her love and unwavering
support in helping me navigate this quagmire. Finally, I would like to thank my father, Chris Sr., my

mother, Karen, and my brothers Chris Jr. and Jack for all the help they have given me along the way.



Table of Contents

Disclaimer

Preface or Foreword
Dedication
Acknowledgements
Table of Contents
List of Tables

List of Figures

Chapter 1: Introduction

1.1 Propeller-Driven Rotor Concept . . . . . . . . . .. .. ... .. ...

1.1.1  Historical Tip-Driven Rotors

1.1.2  Swashplateless Micro Air Vehicle
1.2 Timeline of Research Effort and Key Findings . . . . .. ... ... ..........
1.3 Hover Test Stands Developed . . . . . . . .. .. ... ... .
1.4 Propeller-Driven Rotor Comprehensive Analysis . . . . . . . . ... ... ... ....
1.5 Outline of This Dissertation . . . . . . . . . .. . ... . ...

Chapter 2: Isolated Component Design and Testing
2.1 MainRotorBlades . . . . . . . .. .. ..

2.1.1 Composite Main Rotor Blades
2.1.2 3D Printed Main Rotor Blades

2.1.3 Propeller Assembly . . . . . . ... ..
2.2 Brushless Motor Characterization . . . . . . . .. .. .. ... ... ... .
2.3 Isolated Propeller Testing . . . . . . . . . . . . . . i

2.3.1 Propeller Aerodynamic Model

2.3.2 Low Turbulence Wind Tunnel Facility . . . ... ... ... ..........
233 ExperimentSetup . . . . . . . ... e e
2.3.4 Forum 79 Propellers: Description and Results . . . . . .. ... ... .. ...
2.3.5 Forum 80 Propellers: Description and Results . . . . . .. ... ... .....
2.3.6  Forum 81 Propellers: Descriptionand Results . . . . . ... .. ... .....

2.4  Wing and Propeller Characterization

24.1 ExperimentSetup . . . . . . . ...
24.2 Experimental Results . . . . . ... ... ... o
2.4.3 Performance Comparison . . . . . . . . . . ... e e

Chapter 3: Hover Performance

Vi

ii

il

iii

iv

vi

xii

16
16
16
21
22
23
27
28
32
33
34
42
48
52
55
57
59

61



3.1 Analytical Model for Tip Propeller Performance . . . . .. ... .. ... ... ... 62

3.1.1 Tip Propeller Equilibrium . . . . . ... ... ... ... ... ... . ..., . 65

3.1.2  Tip Propeller Inflow and Momentum Theory . . . . . . .. ... ... .. ... 68

3.1.3 Power Loading Comparison . . . . . ... ... ... ... ..., 70

3.2 Initial Propeller-Driven Rotor Investigation - Basic Trends and Feasibility . . . . . . . 72
3.2.1 Custom Propeller-Driven Rotor Test Stand . . . . . . .. ... ... ... ... 73

3.2.2 Propeller Characterization on a Spinning Rigid Bar . . . . . .. ... ... .. 76

3.2.3 Foreshadowing of the Propeller-Driven Rotor Twirl Phenomenon . . . . . . . . 79

3.24 Aerodynamic Impact of the Tip Motor on Rotor Performance . . . . . .. .. 80

3.2.5 Tip Propeller-Driven Rotor Performance . . . . ... ... ... ....... 84

3.3 Propeller-Driven Rotor Hover and Propeller Loads Test . . . . . . ... ... ... .. 88
33.1 TestStand . . . ... 88

3.3.2 Tip Propeller Load Cell Description . . . . . .. ... ... .......... 90

3.3.3 Facility Modifications for Propeller-Driven Rotor Testing . . . . . . . ... .. 92

3.3.4 Shaft-Driven Rotor Testing . . . . . . . . .. ... ... ... ... .. .... 95

3.3.5 Propeller-Driven Rotor Hover Test . . . . . . ... ... ... ......... 98

3.3.6  Propeller Loads during Propeller-Driven Rotor Hover Test . . . . . . ... .. 101

3.3.7 Rotor Performance Comparison . . . . . . ... .. .. ... ... ..., 103

3.4 Impact of Propeller Placement on Main Rotor Blade Span . . . . . . ... ... ... 104
3.4.1 27ftDiameter Test Stand . . . . . . ... ... ... ... ... 107

3.4.2 Propeller Placement Experimental Results . . . . . ... ... ... ..... 109

3.4.3 Propeller Placement Comparisons . . . . . . . . ... ... ... ....... 115

3.4.4 Shaft-Driven Rotor Measurements . . . . . . .. .. .. .. ... ....... 118

3.5 Comprehensive Analysis for Spanwise Propeller Placement . . . . . . . .. ... ... 120
3.5.1 Variable Propeller Placement Physics . . . . ... ... .. ... .. ..... 121

3.5.2 Hover Trim Prediction Methodology . . . . . . . ... ... ... ....... 122

3.5.3 Trim Propeller Placement Results . . . . . . ... ... ... ......... 123

3.5.4 Propeller ClimbInflow A, . . . .. ... ... oo 000000000 124

3.5.5 Propeller Loads vs Spanwise Propeller Location . . . . . . ... ... ..... 125

3.6 Fundamental Understanding of Propeller-Driven Rotor Power . . . . . .. ... ... 126
3.6.1 Torque Equilibrium . . . . . .. ... ... 126

3.6.2 Propeller-Driven Rotor Power . . . . .. .. .. ... ............. 131

3.7 Scaling Considerations . . . . . . . . . . . . . e e e e e e e e 135
3.7.1 Notional Main Rotor Design . . . . .. ... ... ... ... .. ....... 135

3.7.2  Propeller Design and Reynolds Number Impact . . . . ... ... ... .... 139

3,73 20,000Ib Aircraft . . . . ... 143

3.77.4 5,0001b Aircraft . . . . ... e 145

375 1001b Aircraft . . . . ... 147
3.7.6  Sensitivity to Main Rotor Disk Loading . . . . . ... ... .. ... ..... 149

37777 ScalingRemarks . . . ... ... .. ... 156

3.8 Summary and Conclusions . . . . . . . . . . ... e 157
Chapter 4: Dynamics 159
4.1 Propeller-Driven Rotor Twirl Phenomenon . . . . . . . ... ... ... ... .. ... 160
4.1.1 Broken Propellers During Propeller-Driven Rotor Testing . . . . . . . ... .. 160

vii



4.1.2 Rotor-Propeller Coriolis Coupling . . . . .. ... ... ... . ........ 161

4.1.3 Modeling Propeller Coriolis Moment . . . . . ... ... ........... 163
4.1.4 Rotor Blade Torsion Dynamics . . . . . .. .. ... ... ... ........ 165

4.1.5 Coupling Rotor Torsion w/ Propeller Coriolis Forcing . . . . . . ... ... .. 167
4.1.6 Impact of Number of Propeller Blades Ny, . . ... ... ... ... ... .. 169

4.1.77 Propeller-Driven Rotor Twirl Failure Modes . . . . . . . ... ... ... ... 170

4.2 Vacuum Chamber Experiment #1: Propeller Flapping Characterization . . . . . . . . . 171
4.2.1 Experiment Description . . . . . . . . ... Lo 173

4.2.2 Propeller Flapping Experimental Results . . . . . . . ... ... ... ... .. 176

4.2.3  Propeller Flapping Motion Analytical Model . . . . ... ... ... ... .. 178
4.2.4 Solutions to the Propeller Flapping Equation of Motion . . . . . . .. ... .. 181

4.2.5 Longitudinal Flapping Response 515 . . . . . . . . . . o oo vt 187
4.2.6 Explanation for Large S;; Response . . . . .. ... ... ... ... 189

4.2.7 Constant 5y and Lateral 5;. Response . . . . . . ... ... ... ....... 192
4.2.8 Comparisons with Simple Model . . . . . .. ... ... ... . ........ 194
4.2.9 Comparison with Comprehensive Analysis . . . . .. ... ... ... .... 196

4.3 Vacuum Chamber Experiment #2: Rotor-Propeller Loads . . . . . . ... ... .. .. 198
4.3.1 Comprehensive Model for Propeller-Rotor Loads Experiment. . . . . . . . .. 199
4.3.2 Predicted and Experimental Results . . . . .. ... ... .. ... ... .. 201

4.4 Propeller Rotary Flight vs Axial Flight . . . . . ... ... ... ... .. ....... 204
4.4.1 Comprehensive Analysis Models for Propeller Rotary and Axial Flight . . . . . 205

442 CasesExamined. . . . . . . .. ... 206

4.4.3 Propeller Rotary vs Axial Flight Results . . . . . .. ... ... ........ 207

4.5 Summary and Conclusions . . . . . . . . ... L Lo 208
Chapter 5: Swashplateless Control 211
5.1 Propeller-Driven Rotor Control Experiments . . . . . . . . ... ... ... ...... 211
5.1.1 Proposed Propeller-Driven Rotor Control Strategy . . . . . . .. ... ... .. 212

5.1.2 Propeller TipAngle 6 . . . . . . . . . . . 214

5.1.3 Open Loop Motor Control . . . . . .. ... .. ... .. ... ........ 215
5.1.4 Experimental Results . . . . . . .. .. ... oL 216

5.1.5 Experiment 1 - Propeller-Driven Rotor RPM Sweep . . . . . . . ... ... .. 217
5.1.6  Experiment 2 - Control Characterization . . . . . . . . ... ... ....... 218

5.2 Comparisons with Conventional Swashplate Control . . . . . . .. .. ... ... ... 220
5.2.1 Swashplate Control Sweeps . . . . . . . . ... Lo 222
5.2.2  Propeller-Driven Control vs Swashplate Control Comparison . . . . . . . . .. 224

5.3 Conclusions . . . . . . .. e e e e e 228
Chapter 6: Summary, Conclusions, and Future Work 229
6.1 Summary . . . . ... e 229
6.2 Key Conclusions . . . . . . . . . . . e e e 232
6.2.1 Hover Performance . . . . . . .. ... .. ... ... 232

6.2.2 DynamiCs . . . . . . . .. e e e e e e e e 234

6.2.3 Swashplateless Controls . . . . . . ... ... Lo oo 235

6.3 Future Work . . . . . . . e 236



6.3.1 Experiments . . . . . . . . . ... e e e e

6.3.2 Analysis

Bibliography

X



1.1
2.1

2.2
2.3
24
2.5
2.6

3.1
32
33
34
3.5

3.6
3.7
3.8
39
3.10
3.11

3.12
3.13
3.14

3.15
3.16
3.17
3.18
3.19
3.20

3.21
3.22

4.1
4.2
4.3
4.4
4.5

List of Tables

Summary of key experiments and section details. . . . . ... ... ... ... ... 11

Rotor blade structural properties without aluminum tip/root reinforcement. Standard
blade refers to a rotor blade that does not have any propeller-driven rotor modifications. 20

Motor characterizationresults. . . . . . . ... 0oL 27
Propeller characteristics. . . . . . . . . . . . . . e 35
Estimated propeller airfoil information. . . . . . . ... ... ... . 0oL 39
Propeller details. . . . . . . . . . . .. 42
Drag coefficient comparison at 20 m/s airspeed. . . . . . . . .. ... ... L. 59
Rotor configurations tested for initial feasibility. . . . . . . . ... ... ... ..... 73
Spinning Bar results with the 9x6.0 propeller, experiment vs prediction. . . . . . . .. 77
Comparison of isolated rotor to rotor with tipmotor. . . . . . . .. . ... ... .... 83
Blade-tip-propeller results with the 9x6.0 propeller, experiment vs prediction. . . . . . 85
Rotor drag comparison between the shaft-driven isolated rotor and the shaft-driven

rotor with tipnacelle. . . . . . . . .. ... L 98
Rotor, propeller, and powertrain characteristics for the propeller-driven rotor test stand. 108
Propeller placement variationresults. . . . . . . . . .. .. L Lo 112
Propeller-driven rotor performance at 300 grams of thrust. . . . . . . .. ... ... .. 116
Propeller-driven rotor performance at 500 RPM of the mainrotor. . . . . . .. ... .. 117
Propeller-driven rotor performance at 10,000 propeller RPM. . . . . . .. ... .. .. 117
Shaft-driven rotor results. Rotor collective ¢, was fixed at 8 deg. The propeller tip

angle ) was used in the control experiments, detailed in Chapter 5. . . . . . . ... .. 119
Main rotor design parameters held constant for scaling study. . . . . . . ... ... .. 136
Main rotor results for 20,000 1b aircraft. . . . . . . . . . . ... ... .. 143
Propeller-driven rotor results for 20,000 1b aircraft with main rotor disk loading of 2

Db/t 143
Main rotor results for 5,000 Ib aircraft. . . . . . . . . .. .. ... 145
Propeller-driven rotor results for 5,000 Ib aircraft with main rotor disk loading of 2 Ib/ft>.145
Main rotor results for 100 Ib aircraft with a disk loading of 2 Ib/ft2. . . . . . . .. ... 147
Propeller-driven rotor results for 100 1b aircraft with main rotor disk loading of 2 1b/ft?. 147
Main rotor results with a disk loading of 51b/ft2. . . . . . . .. ... .. ... ..... 150
Propeller-driven rotor results for 20,000 1b aircraft with main rotor disk loading of 5

ID/fE2, 151

Propeller-driven rotor results for 5,000 Ib aircraft with main rotor disk loading of 5 Ib/ft*.151
Propeller-driven rotor results for 100 Ib aircraft with main rotor disk loading of 5 Ib/ft?. 151

Impact of number of propeller blades Ny,. . . . . . . . ... ..o 169
Parameters for the propeller flapping experiment. . . . . . . ... ... ... ..... 174
Maximum flapping angle for Q@ =75RPM. . . . . . . . ... ... oL 176
Maximum flapping angle for @ =100RPM. . . . .. .. ... ... ... ....... 176
Main rotor parameters for rotor-propeller loads vacuum chamber experiment. . . . . . 200



4.6
5.1

52
5.3
54

Propeller hub loads in rotary flight. . . . . . .. ... ... ... ... .. ....... 208
Propeller-driven rotor performance with various propeller tip angles 0. Metrics are

defined in Section 3.4.2. . . . . . . . .. 218
Conventional rotor test stand characteristics. . . . . . . . . ... ... ..o 221
Comparison of longitudinal control derivatives. . . . . . . . .. .. .. ... ..... 225
Comparison of lateral control derivatives. . . . . . . .. ... ... ... .. ..., 225

xi



List of Figures

1.1 Propeller-driven rotor concept with a tip mounted propeller. Top down view. . . . . .
1.2 Early examples of tip-driven rotorcraft. . . . . . . . ... ... ... ..........
1.3 Naval tipjet concept explored by NSWC Carderock in the early 1990s. . . . . . . . ..
1.4 Cal Poly Da Vinci III human powered rotorcraft. . . . . . . . ... ... ... ... ...
1.5 Small scale free flight rotors in literature. . . . . . . . . .. .. .. ... .. ......
1.6 Propeller-driven rotor developed by Nick Rehm [11]. . . . .. ... .. .. ... ...
1.7 Timeline of propeller-driven rotor research. . . . . . .. ... .. ... ........
1.8 Hover test stands developed over the course of the program. Not to scale. . . . . . ..
1.9 Propeller-driven rotor modeled in ERA. . . . . ... .. ... ... . .

2.1 Tip propeller and composite rotor blade design. . . . . . . .. ... ... ... ....
2.2 Blade fabrication steps for a blade-tip-propeller-driven rotor. . . . . . . . . .. .. ..
2.3 Left: Rotor blade bending stiffness (EI) measurements setup. Right: Rotor blade tor-
sion stiffness (GJ) measurements setup. . . . . . . . ...l e e
2.4 The 14 inch span, 3D printed propeller-driven rotor blade. . . . . . . . ... ... ...
2.5 3D printed 2.7 ft diameter main rotor blades showing the propeller at the 1/2 span, 3/4
span, and tip locations on the rotorblade. . . . . . . . . ... ... oo
2.6 Tip propeller assembly for early feasibility testing. . . . . . . . ... ... ... ....
2.7 Electric motor characterization teststand. . . . . . . . ... ... oL
2.8 Torque versus motor RPM at various throttle settings for the EMAX 1500Kv motor.
Dots represent experimental data and the lines represent the fitted model. . . . . . ..
2.9 Equivalent brushless motor model representation. . . . . . .. ... ... ... ....
2.10 Propeller blade diagram. . . . . . . . . ... .. L L
2.11 Blade element diagram. Angles exaggerated for clarity. . . . . . .. ... ... .. ..
2.12 Isolated propeller testing in the Low Turbulence Wind Tunnel at NSWC Carderock. . .
2.13 NSWC Carderock’s 2 ft by 4 ft Low Turbulence Wind Tunnel. . . . . . ... ... ..
2.14 Sensor layout for isolated propeller axial climb testing. . . . . . .. ... ... .. ..
2.15 Electric motor, ESC, and propellers evaluated in propeller wind tunnel tests. . . . . . .
2.16 Left: Hexagon Romer Absolute Arm laser-scanner. Right: Raw point cloud produced
from the laser-scan of the 10x4.5 propeller. . . . . . .. ... ... ... .......
2.17 Process for extracting blade pitch 6, and chord ¢, information from the laser-scan point
cloud. . . . L
2.18 Propeller planform estimated from the laser-scan. . . . . . .. ... ... ... .. ..
2.19 Propeller airfoils at the 75% radius location. . . . . . . . ... ... ... .......
2.20 9x6.0 blade-element-momentum theory expected propeller performance. . . . .. ..
2.21 10x4.5 blade-element-momentum theory expected propeller performance. . . . . . . .
2.22 0 and 8 degree tilt relative to the free stream velocity expected from changes in rotor
collective Bg. . . . . . . e
2.23 Propeller thrust coefficient vs propeller climbratio. . . . . . . ... ... ... ....
2.24 Propeller power coefficient vs propeller climbratio. . . . . . ... .. ... ... ...
2.25 Propeller efficiency vs propeller climbratio. . . . . . . . .. ... ... .. ......
2.26 CAD of 3D printed adjustable pitch propeller hubs, 0y, = 35 deg shown. . . . . . . ..

xii



2.27
2.28

2.29
2.30
2.31

2.32
2.33

2.34
2.35

2.36

2.37

2.38
2.39

2.40
241
242
243

244
2.45
2.46
247
248

3.1

3.2

33
34
3.5
3.6
3.7
3.8

39

Hover test stand for the isolated propeller. . . . . . ... ... ... .. ........ 43
Propeller thrust (Cr, /o,) coefficient, torque (Co, /o,) coefficient, and figure of merit
(F'M) for different propeller pitch angles 6, . Dots indicate experimental data whereas

solid lines represent predictions. . . . . . . . ... ... e e 44
Average propeller lift C';, versus propeller collective pitch in hover experiments. . . . . 45
2D Lift curve slope for the propeller airfoil. . . . ... ... ... ... ........ 46
Propeller performance in axial climb. Dots indicate the experimental data, whereas

lines represent the predictions using the propeller aerodynamic model. . . . . . . . .. 47
Propeller performance in axial climb. . . . . . ... ... ... 00 0oL 47
CAD design of 10 in diameter 3D printed propeller that was used in propeller-driven

TOLOT tESHING. . . . . o o o o o e e e e e e e e e e e e e e e e e 49
Propeller hover test stand. . . . . . . . .. .. .. Lo 49
Propeller thrust Cr, /o, power Cp, /0, and Figure of Merit (FOM) hover test results

with various propeller root collectives 0, and no propeller twist O, . . . . . . . .. 50
Propeller thrust C, /op, power C P, /o,, and Figure of Merit (FOM) hover test results

with various propeller twist 6y, ,, and a fixed propeller root collective 6y, = 35°. . . . 50
Axial flight test results versus propeller climb ratio A.,. Both propellers had a 0, =

359, with either 04, , = 0 (circle) or Oy, , = 15° (square). . . . .. ... ... ..... 51
Axial flight test results for propeller thrust versus power. . . . . . . ... ... .... 52
Potential influence of wingtip interaction with the tip propeller. View is from the wing

trailing edge. . . . . . .. e e 53
Configurations tested in the wind tunnel. . . . . . . .. .. ... ... ........ 54
Wing and tip propeller inside the Low Turbulence Wind Tunnel. . . . . . ... .. .. 54
Overview of test setup for wind and propeller characterization. . . . . . ... ... .. 55
Test equipment at the Low Turbulence Wind Tunnel for the wing and propeller char-

aCterization. . . . . . . . . v o vt e e e 55
Load cell measurements versus wing liftanddrag. . . . ... ... .. ... ..... 56
Wind tunnel results for isolated wing and wing with nacelle. . . . .. .. ... .. .. 57
Propeller thrust for the tip propeller during the wing wind tunnel testing. . . . . . . . 58
Wing, nacelle, and spinning propellerresults. . . . . ... ... ... ... .. .... 58
Wing performance for all configurations at 20 m/s airspeed. . . . . . . . ... ... .. 59

Tip propeller modeled as rotor in axial climb, with the climb speed equal to the rotor

tipspeed. . . ... e e e e 62
Intersection of the propeller performance ratio v, with the blade-tip propeller equilib-

rium ratio ~y; to find the equilibrium propeller climb ratio A7 . . . . .. ... .. ... 66
Schematic of rotor configurations tested. . . . . . . . .. ... ... ... ... 73
Blade-tip-propeller rotor testing in the Hover Test Facility at the University of Maryland. 74
Test stand for blade-tip-propeller characterization and closeup of powered hub. . . . . . 75
Configuration 3.3b, rigid bar driven with a tip propeller on the test stand. . . . . . .. 76
Shaft torque vs RPM for the rigid bar with the tip motor attached. . . . ... ... .. 77
Predicted and experimentally observed propeller RPMs vs shaft RPM for the rigid bar

configuration with 6 = 8 using the Forum 79 9x6.0 propeller. . . . . ... ... .. 78
Power required to spin the rigid bar with 6, = 8° vs shaft RPM for both shaft-driven

and blade-tip-propeller-driven configurations (6 =8°%). . . . . . . ... .. ... ... 79

Xxiii



3.10
3.11
3.12

3.13

3.14

3.15
3.16
3.17

3.18

3.19

3.20
3.21
3.22

3.23
3.24
3.25

3.26

3.27
3.28

3.29
3.30
3.31
3.32
3.33
3.34

3.35
3.36
3.37
3.38

3.39
3.40

Broken Forum 79 10x4.5 propeller that failed during propeller-driven rotor operation. . 80

Configurations tested to quantify aerodynamic impact of tip motor placement. . . . . . 81
Required shaft torque vs rotor RPM. Dots indicate data points and lines represent
trendlines. . . . . ... 82
Rotor thrust vs rotor RPM. Dots indicate experimental data points and lines represent
trendlines. . . . . . .. L e 82
Power loading vs rotor RPM. Dots indicate experimental data points and lines represent
predictions. . . . . ... e e e e e e e 83
Propeller-driven rotor configuration. . . . . . . ... ... ... L oL 84
Rotor thrust vs rotor RPM for the blade-tip-propeller-driven rotor configuration. . . . 85
Experimental and predicted propeller RPM vs rotor RPM for the 6, = 8° blade-tip-
propeller configurations. . . . . . . . . ... L e 86
Power loading of blade-tip-propeller, isolated rotor, and rotor with tip motor configu-
TALIONS. . . o v v v i e e e e e e e e e e e e e e e e 87
Power loading vs thrust comparison between the blade-tip-propeller, isolated rotor, and
rotor with tip motor configurations. . . . . . . .. ... Lo 87
Propeller-driven rotor at the University of Maryland’s hover testing facility. . . . . . . 89
Rotor configurations tested on the hover stand. . . . . . ... ... ... ... .... 89
Composite rotor blade and tip propeller and load cell used in rotor-propeller hover
loads experiment. . . . . . . . . . L e e e e 90
Propeller driven rotor tip load cell and assembly. . . . . . . .. ... ... ... .... 91
Tip load cell reference frame, view is from the rotor blade trailing edge. . . . . .. .. 91

Tip assembly model, view is from above the rotor blade looking down. Mass M offset
from distance r from load cell creates an [,,, [, and M,, load. Angle exaggerated

forclarity. . . . . . . . e 92
Left: Hydraulic motor (inside red box) attached to shaft. Right: Test stand without

hydraulic motor. . . . . . . . . . . e e 93
Power diagram for propeller-driven rotor operation. . . . . . . . .. .. ... ... .. 94
Powered hub on top of the rotor test stand with the shaft-driven rotor with tip nacelle

configuration. . . . . . . . . ... e e e e 94
Results for the shaft-driven isolated rotor configuration, with and without tip nacelle. . 95
Nacelle drag Dy acts at a distance R and has incoming velocity v = QR. . . ... .. 96
Propeller-driven rotor configuration. . . . . . . . ... ... L. 98
Rotor thrust during propeller-driven rotor operation at 200 RPM. . . . . . . .. .. .. 99
Performance metrics for the propeller driven rotor hovertest. . . . . . . ... ... .. 100
ERA model and propeller reference frame. Note that the load cell location has some

physical offset from the propellerhub. . . . . . . ... ... ... ... .. ... 101
Propeller hub loads. Predicted (solid line) and experimental (dots) for propeller load

cell forces at 200 rotor RPM and 7000-8000 propeller RPM. . . . . . ... ... ... 102
Power loading and figure of merit for the different configurations. . . . . .. ... .. 103
Thrust comparison between the different configurations. . . . . . ... ... ... .. 104
A main rotor blade in hover has a tangential velocity proportional to its distance from

thehub. . . . . . . 105
Definition of propeller location x,,. . . . . . . ... ... ... ... ... ... . 105
Propeller climb velocities for the 1/2 span, 3/4 span, and tip mounted propellers. . . . . 106

X1V



341
342

3.43
3.44

3.45

3.46
3.47
3.48
3.49
3.50
3.51
3.52
3.53
3.54

3.55

3.56
3.57
3.58
3.59

3.60
3.61
3.62
3.63
3.64
3.65
3.66

3.67
3.68
3.69

3.70
3.71
3.72
3.73
3.74

3.75

2.7 ft diameter propeller-driven rotor test stand. . . . . . . . . ... ... ... ... 107
5 inch diameter commercial-off-the-shelf 5x5 propeller that was used for all propeller-

driven rotor experiments using the 2.7 ft diameter test stand. . . . . . ... ... ... 107
Wiring diagram for the 2.7 ft diameter propeller-driven rotor test stand. . . . . . . . . . 109
Definition of propeller offset €2, ,f7se: and the slope m between rotor RPM and pro-

peller RPM. . . . . . . e 111
Performance results for various spanwise propeller locations, for a main rotor collec-

tive of 8 deg. Dots represent experimental data while lines represent best fit. . . . . . . 112
DC electrical power versus main rotor thrust. . . . . . . . . ... ... ... .. 114
Electrical power loading versus main rotor thrust. . . . . . . . ... .. ... ..... 114
Main rotor RPM versus main rotor thrust. . . . . . . . .. ... ... ... ... 114
Propeller RPM versus main rotor thrust. . . . . . . ... .. ... ........... 114
Intersection of 300 grams of thrust for the different propeller-driven rotors. . . . . . . . 115
Intersection of 500 RPM of the main rotor for the different propeller-driven rotors. . . . 116
Intersection of 10,000 propeller RPM for the different propeller-driven rotors . . . . . 117
Propeller-driven rotor test stand modified for shaft-driven testing. . . . . . .. ... .. 118
Propeller placed at 50%, 70%, and 100% rotor span in ERA. View is above the rotor,

lookingdown. . . . . . ... 120
Impact of propeller RPM on rotor shaft torque for various spanwise propeller place-

ments. Legend indicates propeller RPM. . . . . . . . ... ... ... ... 122
ERA predictions for variable propeller placement. . . . . . . ... ... ... ... .. 123
Propeller inflow at hover trim. . . . . . . . . . ... ... ... ... . 124
Propeller hub loads versus spanwise propeller location ), on rotor blade. . . . . . . . . 125
Isolated propeller characterization in axial flight using Forum 81 propellers. Solid lines

indicate trendline and dots are experimental data. . . . . . .. ... ... ... ... 128
Trimforx, =1.. . . . .. ... . 129
Trimforz, = 3/4. . . .« . e 129
Trimforx, = 1/2. . . . . . .. 129
Trimforx, = 1/3. . . . . . .. 130
Trimforz, = 1/4. . . . . . . 130
Trim performance for a propeller-driven rotor with varying propeller location z,. . . . 131
Propeller-driven rotor tip speed and power versus propeller location x,, at 400 main

rotor RPM. . . . . L 132
Rotor designs considered in scaling analysis. . . . . . . .. .. ... oL 136
Nacelle drag Dy for propeller located at z,/2 on main rotor blade. . . . . . .. .. .. 138
Increase in propeller-driven rotor Cy ppr compared to isolated rotor C¢ as nacelle

location varies. . . . . . . ... e 139
Variation in Clark-Y airfoil performance with Reynolds number of 50,000 and 1,000,000.140
Propeller pitch angle 6, as a function of propeller blade spanr,/R,. . . ... ... .. 142
Propeller parameters held constant for scaling study. . . . . . . .. ... .. ... ... 142
Predicted isolated propeller performance for propeller used in scaling study. . . . . . . 142
Hover power for various configurations at 2 1b/ft> for 20,000 Ib aircraft. High-speed

propeller with R/ R, = 10 shown for propeller-driven rotor configuration. . . . . . . . 143
Impact of propeller design and placement on propeller-driven rotor results for 20,000

Ib aircraft with a main rotor disk loading of 2 Ib/ft%. . . . . . .. . ... ... ..... 144

XV



3.76
3.77
3.78
3.79

3.80
3.81

3.82
3.83
3.84
3.85

3.86

4.1

4.2
4.3

4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12

4.13

4.14
4.15

Hover power for various configurations at 2 1b/ft? for 5,000 Ib aircraft. High-speed

propeller with R/R,, = 10 shown for propeller-driven rotor configuration. . . . . . .. 145
Impact of propeller design and placement on propeller-driven rotor results for 5,000 1b
aircraft with a main rotor disk loading of 2 Ib/ft2. . . . . . . ... ... ... ..... 146
Hover power for various configurations at 2 Ib/ft?> for 100 Ib aircraft. High-speed
propeller with R/ R, = 10 shown for propeller-driven rotor configuration. . . . . . . . 147
Impact of propeller design and placement on propeller-driven rotor results for 100 Ib
aircraft with a main rotor disk loading of 2 Ib/ft2. . . . . . . ... ... ... ..... 148
Isolated rotor scaling results for 20,000 1b aircraft. . . . . . . ... ... ... ... .. 149
Hover power for various configurations at 5 1b/ft> for 20,000 Ib aircraft. High-speed
propeller with R/ R, = 10 shown for propeller-driven rotor configuration. . . . . . . . 152
Hover power for various configurations at 5 1b/ft? for 5,000 Ib aircraft. High-speed
propeller with R/ R, = 10 shown for propeller-driven rotor configuration. . . . . . . . 152
Hover power for various configurations at 5 1b/ft> for 100 b aircraft. High-speed
propeller with R/ R, = 10 shown for propeller-driven rotor configuration. . . . . . . . 152
Impact of propeller design and placement on propeller-driven rotor results for 20,000
Ib aircraft with a main rotor disk loading of 51b/ft. . . . . ... ... ... ... ... 153
Impact of propeller design and placement on propeller-driven rotor results for 5,000 Ib
aircraft with a main rotor disk loading of 5 1b/ft2. . . . . . . ... ... ... ..... 154
Impact of propeller design and placement on propeller-driven rotor results for 100 1b
aircraft with a main rotor disk loading of 5 Ib/ft2. . . . . . ... .. ... ... .... 155

Propellers with various spar sizes, spar materials, and propeller chords that failed
around 225 rotor RPM and 4250 propeller RPM during propeller-driven rotor test-
ing. X’s marks approximate failure location. (c: chord, d: spar diameter, CF: Carbon

fiber). . . . e 161
Coriolis force (CorF) pushes mass depending on radial movement direction. Top down

VIBW. & o ot it e e e e e e e e e 162
Coriolis force appears during propeller-driven rotor testing, and bends the propeller

blades. View is from the rotor blade tip looking towards the rotor blade root. . . . . . . 163
Schematic for rotor blade torsion dynamics coupled with a 2 bladed propeller. . . . . . 163
Magnitude of simple harmonic oscillator response with no damping. . . . . . . . . .. 168
University of Maryland’s 10 ft diameter vacuum chamber. . . . . . .. ... ... .. 172
Vacuum chamber experiment setup. . . . . . . . . . ..o 172
Definition of propeller flapping 3, and propeller azimuth ¢,,. . . . .. ... ... ... 173
Propeller flapping experiment. . . . . . . . . . ... Lo e 174
Closeup of the articulated propellerhub. . . . . .. ... ... ... ... ....... 175
Propeller flapping experiment mounted inside the vacuum chamber. . . . . . . . . .. 175
Propeller flapping results for both propeller blades at {2 = 75 RPM and (2, = 180

RPM. . e 176
Propeller flapping motion due to inertial loading in the vacuum chamber. Speeds given

INMRPM. . . e 177
Parameters for the propeller flapping model. . . . . . . ... ... ... ... ... .. 178
Moments acting on the propeller flapping hinge. . . . . . . ... ... ... ... .. 179

Xvi



4.16

4.17

4.18

4.19

4.20
4.21

4.22
4.23
4.24

4.25

4.26

4.27

4.28

4.29

4.30

4.31

4.32

4.33

4.34

4.35

4.36

4.37

4.38

4.39

4.40
4.41

Comparison between predicted (solid line) and experiment (dots) for the {2 = 75 RPM,

0, =200RPMcase. . .. .... ... ... 183
Time marching results for the €2 = 75 RPM, (2, = 200 RPM case. Solid line is the
prediction, dots are experimental data. . . . . . ... ... ... oL oL 184
Time marching result for equation 4.28 for the 2 = 75 RPM, €2, = 200 RPM case.
Without the Coriolis term present, the sinusoidal motion does not occur. . . . . . . .. 185
Propeller flapping motion at ¢, = 90° and 180°. View is from rotor tip looking towards
the rotorroot. . . . . . . L e 188
Simplified propeller flapping diagram. . . . . . . .. .. ... ... ... ... 189
Propeller non-dimensional propeller flap frequency reduces as propeller RPM increases.
............................................... 191
Expected [3;, behavior over propeller speeds (2, tested in the vacuum chamber. . . . . 191
Expected (35 behavior over a wide range of propeller speeds. . . . . . . ... ... .. 192
The rotor’s rotation € results in centrifugal loading. Diagram dimensions exaggerated
forclarity. . . . . . . . e e 194

Predicted versus experimental results for 2 = 75 RPM. Dots are experimental, solid
line is the harmonic balance method solution, and dashed line is the time matching
SOIULION. . . . . . . . e e e e e 195
Predicted versus experimental results for {2 = 100 RPM. Dots are experimental, solid
line is the harmonic balance method solution, and dashed line is the time matching

solution. . . . . .. 195
Vacuum chamber experiment modeled in ERA. . . . . .. ... ... ... ...... 196
Propeller flapping experimental results (dots) versus ERA predictions (solid line) for
75mainrotor RPM. . . . . . . . oo 197
Propeller flapping experimental results (dots) versus ERA predictions (solid line) for
100 mainrotor RPM. . . . . . .. . o 197
Predicted propeller flap harmonics for various propeller RPMs using comprehensive
analysis. Legend indicates propeller RPM. . . . . . . .. .. .. ... .. oL 198
Propeller-driven rotor loads experiment setup. Top down view. . . . . . ... ... .. 199
Propeller-driven rotor loads experiment mounted inside the vacuum chamber. . . . . . 199
ERA model and propeller reference frame. Note that the load cell location has some
physical offset from the propellerhub. . . . . . . ... ... ... ... ... 200
Rotor blade loads. Experimental (dots) versus comprehensive analysis predictions
(solid line). . . . . . . . 201
Experimental (dots) versus ERA predictions (solid line) for propeller load cell loads at
25rotor RPM. . . . . . 202
Predicted propeller harmonics for 25 rotor RPM for various propeller RPMs. Legend
indicates propeller RPM. . . . . . . . . ... 202
Experimental (dots) versus ERA predictions (solid line) for propeller load cell loads at
SOrotor RPM. . . . . . e 203
Predicted propeller harmonics for 50 rotor RPM for various propeller RPMs. Legend
indicates propeller RPM. . . . . . . . . ... 203
Propeller in axial flight, such as during isolated propeller wind tunnel test. . . . . . . . 204
Propeller in rotary flight, such as during propeller driven rotor operation. . . . . . . . 205
Propeller in rotary flight, such as during propeller driven rotor operation. . . . . . . . 206

xXvii



4.42

5.1

5.2
5.3
54
55
5.6
5.7
5.8
59
5.10
5.11
5.12
5.13
5.14
5.15
5.16

5.17
5.18

Comparison of propeller rotary flight vs axial flight. . . . .. ... .. ... ... ... 207

The propeller-driven rotor swashplateless controls research utilized the 2.7 ft diameter
test stand and 3D printed rotor blades. Full details on the test stand are in Section 3.4.1,

and details on the 3D printed main rotor are in Section2.1.2. . . . .. ... ... ... 211
Top down view of rotor plane. The tip propeller has a component of vertical thrust that
was used to generate control moments for therotor. . . . . . .. ... 212
Rolling moment strategy. . . . . . . . . . . . .. e e 213
Pitching moment strategy. . . . . . . . . . . . .. e e 213
Propeller tip angle ¢ increases the vertical component of propeller thrust and thus cre-
ates alargermoment. . . . . ... L oL L L e 215
Motor throttle variation over one rotor azimuth with vy = 30% and u;, = 5%. Some
time delay is expected between the motor throttle and the propeller speed. . . . . . . . 216
Propeller-driven rotor tip results with different ¢ angles at a main rotor collective of 8
deg. . .o e e e 217
Change in DC current for a u;, variation at 250 rotor RPM. Similar results were ob-
served fOr wie. . . . . o o e e 219
Rolling moment M, and pitching moment M/, variation with u;, at 250 main rotor
RPM with a fixed main rotor collectiveof 8deg. . . . . . . . ... ... ... ..... 219
Rolling moment M, and pitching moment M, variation with ;. at 250 main rotor
RPM with a fixed main rotor collectiveof 8deg. . . . . . . . ... ... ... ..... 220
Conventional rotor test stand using 6 ft diameter composite rotor blades. . . . . . . . . 221
Isolated rotor performance characteristics. . . . . . . . . . . ... ... ... ... .. 222
Measured (dots) and predicted (lines) rotor longitudinal cyclic sweeps at 400 main
rotor RPM. . . . . . 223
Measured (dots) and predicted (lines) lateral cyclic sweeps at 400 main rotor RPM. . . 223
Comparisons of rotor rolling moment to longitudinal input. . . . . . . ... ... ... 226
Comparisons of rotor pitching moment to longitudinal input. . . . . . ... ... ... 226
Comparisons of rotor rolling moment to lateral input. . . . . . .. ... ... ..... 227
Comparisons of rotor pitching moment to lateral input. . . . . ... ... ... .... 227

xviii



Chapter 1: Introduction

1.1 Propeller-Driven Rotor Concept

A propeller-driven rotor, shown in Figure 1.1, uses compact, electric motors and propellers
mounted on the rotor blade to generate the mechanical torque needed to rotate the main rotor. The
objective of the current study is to systematically examine the historical concept of a tip-driven rotor
system with modern high power density electric motors and comprehensive rotorcraft analysis tech-
niques. As a starting point for this research, a generic rotor system was created to study the propeller-
driven rotor concept using commercial-off-the-shelf components. The lessons learned from this initial
research would lead to studies into propeller-driven rotor hover performance, dynamics, controls, and
propeller placement impacts. The overall goal for this research was not to develop a highly optimized,
high performance rotor system, but rather it was to demonstrate its feasibility and develop a refined

methodology for analyzing the fundamental concept of a propeller-driven rotor system.

Electric Motor

/ / N
| [ e—
\

l Propeller Traditional Rotor Blade <«

Central Hub I

Figure 1.1: Propeller-driven rotor concept with a tip mounted propeller. Top down view.



The idea of a propeller-driven rotor has become attractive over the last several years due to the
advances in electrification of aircraft, for several reasons. First, large mechanical transmissions and
gears associated with single main rotor helicopter designs are replaced with efficient electric motors,
simplifying the rotorcraft design, maintenance, and potentially reducing weight. Second, modulating
the propeller speed can generate the control moments for the rotor, eliminating the need for a con-
ventional swashplate. Third, an unmanned design can eliminate a conventional fixed frame fuselage
and tail rotor — significantly reducing vehicle complexity and weight. Fourth, given these first three

advantages, the concept is essentially a “flying rotor design”.

1.1.1 Historical Tip-Driven Rotors

Propeller-driven rotors are part of a larger field known as “tip-driven rotors”. These historical
tip-driven rotors have been propelled by hot/cold gases or propellers. These gasses are exhausted out
of the main rotor blade to provide the torque to spin the main rotor. Such designs pump the gasses
from the fixed frame to the rotating frame using a pneumatic slipring.

The idea of a tip-driven rotor system dates back to one of the earliest attempts in vertical flight by
the Brennan Helicopter, shown in Figure 1.2a. This helicopter was tested between 1916-1924, and it
utilized propellers located at the tip of the rotor blade. The Brennan helicopter was the first helicopter
to be tested in the United Kingdom, and made over 70 free flight tests.

After the 1950s, the tip-driven rotorcraft design largely focused on hot or cold gas driven jets
located at the tip of the rotor blade. Arguably the most famous of these tip driven rotorcraft was the
Fairey Rotordyne [1], shown in Figure 1.2b. The Rotordyne used tipjet engines to rotate the rotor in

hover, and then flew as an autogyro with wings for high speed forward flight.



(a) Brennan helicopter (1910s). (b) Fairey Rotordyne (1960s).

Figure 1.2: Early examples of tip-driven rotorcraft.

In the 1990s, the US Navy researched the application of tipjet engines on an unmanned aerial ve-
hicle concept, as shown in Figure 1.3. The Naval Surface Warfare Center (NSWC) Carderock Division
analyzed a 1200 1b, 9 ft radius tipjet-driven vertical takeoff and landing unmanned aerial vehicle for
naval operations [2]. This configuration was designed for high speed flight, and featured a stoppable
rotor with circulation control airfoils. A 37% scale model was evaluated at NSWC Carderock’s 8 ft by

10 ft Subsonic Wind Tunnel [3].

(a) Naval tipjet concept. (b) Subsonic Wind Tunnel testing of tipjet concept.

Figure 1.3: Naval tipjet concept explored by NSWC Carderock in the early 1990s.



Also in the 1990s, Cal Poly’s Da Vinci III human powered rotorcraft featured a blade-tip-
propeller, due to its mechanical simplicity [4]. A small, 3 ft diameter, propeller was mounted at
the tip of the 50 ft radius rotor. A series of elastic bands, pulleys, and gears in conjunction with a pedal
driven bicycle arrangement transferred the forces from the human pilot through the blade skin to the

tip propeller.

Figure 1.4: Cal Poly Da Vinci III human powered rotorcraft.

More recently, a series of papers have described an electrical vertical takeoff and landing con-
figuration that utilized small electric motors and propellers [5, 6], called the F-Helix. These papers
applied the propeller-driven rotor idea to a manned 1900 Ib, 2 bladed main rotor, 14.8 ft main rotor
radius electric helicopter. Unlike the tip-driven designs that placed the actuator directly on the main

rotor blade, the F-Helix used a dedicated “power boom” to mount the electric motors and coaxial pro-



pellers. The authors estimated the required power and performed a control analysis of the configuration

in forward flight. However, this research only included theoretical calculations.

1.1.2 Swashplateless Micro Air Vehicle

Over the past 10 years, several efforts have investigated propeller-driven rotors, both analytically
and experimentally. A literature review of similar propeller-driven swashplateless rotorcraft found
three several examples. First, the 38 gram Samara II [7, 8], shown in Figure 1.5a, flight vehicle utilized
a single rotor blade with a brushless motor and propeller attached at the blade tip, and a trailing edge
flap. The brushless motor and propeller generated the torque to spin the rotor blade, and a cyclic
variation was applied to the trailing edge flap for rotor control.

Singapore University’s Monocopter [9], shown in Figure 1.5b. The 29 in wingspan, Monocopter
design was similar to the Samara II aircraft, with the addition that the motor command also varied
with rotor blade rotation. In Ref. [10], the Monocopter completely eliminated the trailing edge flap

and control of the aircraft was achieved solely through propeller RPM variations.

(a) University of Maryland’s Samara II [7]. (b) Singapore University’s Monocopter [9].

Figure 1.5: Small scale free flight rotors in literature.

The propeller-driven rotors micro air vehicles have even reached outside of academia, and have
been explored in the hobby RC community. A former Alfred Gessow Rotorcraft Student, Nick Rehm,

5



has published a series of YouTube videos regarding a 3 ft diameter propeller-driven rotor [11]. His
free-flying UAS used a clever arrangement of electric motors, servos, and control logic to enable the
UAS to “reconfigure” in flight. Propellers located at around 75% span of the main rotor blade provided
control for several flight modes: tricopter hover mode, propeller-driven rotor hover mode, and fixed
wing mode in forward flight. This idea was later expanded to be a 15 ft diameter, 4 bladed UAS. The
idea captured the public imagination, as the videos detailing the propeller-driven rotor development

have millions of views online.

Figure 1.6: Propeller-driven rotor developed by Nick Rehm [11].

In addition to free-flight research projects, there have been several academic efforts to replace
swashplate-based control for rotorcraft. In Refs. [12] and [13], a 5.6 ft diameter, 4-bladed rotor was
modified with a trailing edge flap, located at 75%-89% of the rotor radius. A brushless DC motor,
embedded in the rotor blade, actuated the trailing edge flap for roll and pitch control. Experiments
demonstrated the feasibility of the trailing edge flap based control in both hover testing and wind
tunnel testing up to a rotor advance ratio of 0.278. This work demonstrated the potential for high

frequency brushless motors to augment rotorcraft control systems.



1.2 Timeline of Research Effort and Key Findings

For reader context, a brief overview of the various efforts for this work is summarized here.
Figure 1.7 shows the timeline. More detailed descriptions are provided in the relevant sections of this
manuscript. The following works were presented at the Vertical Flight Society’s (VFS) Annual Forum

or Transformative Vertical Flight (TVF) Conference.

Forum 79: Forum 80: TVF 25: Forum 81: TVF 26:
Feasibility & Propeller Controls & Rotor-Prop Comprehensive
Performance  Loads Performance  Dynamics Analysis

0

May 2023 May 2024 Feb 2025 May 2025 Jan 2026

Figure 1.7: Timeline of propeller-driven rotor research.

Feasibility Study: May 2023, Forum 79

Initial work detailing the feasibility and performance of propeller-driven rotors was carried out
for this paper. A simplified methodology was created to characterize and analyze isolated propeller
performance, isolated rotor design, and propeller-driven rotor performance. A composite rotor blade
was fabricated that featured a removable tip propeller assembly, enabling both propeller-driven rotor
and shaft-driven rotor experiments to be conducted with the same rotor blade. A custom, 5.5 ft diam-

eter test stand was fabricated. Propeller-driven rotor thrust and power was compared to an isolated,



shaft-driven rotor. During hover testing several propellers suffered a root bending failure, indicating
that the loading environment for the propeller-driven rotor required further investigation.
Propeller-Rotor Hover Loads Measurement: May 2024, Forum 80

An experiment was conducted to measure propeller hub loads during propeller-driven rotor op-
eration. A load cell was attached to a propeller at the tip of the composite rotor blade, and passed the
signal wires through the main rotor blade composite shell. A checkout test on the tip propeller load
cell was performed using a wind tunnel test on the isolated non-rotating composite rotor blade. The
rotor blade acted as a wing for the wind tunnel test, and characterized nacelle drag impact and rotor
blade lift and drag. After this, the composite rotor blade built for the Forum 79 was integrated into the
University of Maryland’s hover test stand, resulting in a 6 ft diameter rotor. During hover testing, pro-
peller loads during propeller-driven rotor operation were recorded. Results showed a large propeller
pitching moment that was several times larger than the propeller torque moment. This large, previously
unknown, propeller pitching moment was the suspected failure cause of the Forum 79 propeller.
Swashplateless Primary Control and Propeller Placement: January 2025, TVF25

This work contained two novel investigations: a swashplateless propeller-driven rotor control
experiment and a propeller placement experiment. This test utilized a custom 2.7 ft diameter test stand
and, due to the smaller scale and large number of rotor blade designs, 3D printed rotor blades. First,
a novel method of swashplateless control for a propeller-driven rotor was developed and compared
to a conventional swashplate design. The scheme consisted of modulating the propeller rotational
speed once per rotor azimuth. The results indicated that, for certain configurations, the novel method
produced a similar amount of control authority to a conventional swashplate. Secondly, the propeller
placement on the main rotor span was varied, and showed that a propeller mounted on the rotor blade

midspan location resulted in a 50% reduction in the electrical power loading coefficient C'p. /o com-
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pared to a tip mounted propeller.
Propeller Failure and Dynamics Investigation: May 25, Forum 81

Various propellers suffered root bending failures during a 6 ft diameter propeller-driven rotor
hover test campaign. Several propeller designs were investigated but all failed. This halted the hover
test campaign and prompted an investigation into the propeller loads during propeller-driven rotor
performance. A vacuum chamber experiment was created to measure inertial loading effects on the
propeller from the main rotor rotation. Encoders on the propeller blade hub measured the articulated
propeller blade flapping motion. A large, one-per-propeller-revolution, sinusoidal propeller flapping
was observed. A simple physics model was developed to explain the results, which was used to
derive the propeller flapping equation of motion. Analyzing the propeller flapping equation of motion
revealed that the propeller blade flapping motion resulted from a rotor-propeller Coriolis interaction.
Detailed Computational Analysis and Validation: February 2026, TVF26

After the Forum 81 work, it was clear that a computational model was needed to capture the
coupled rotor-propeller dynamics and interactions in a systematic manner. A comprehensive model
was created to model the propeller-driven rotor concept. The comprehensive model was validated
using the Forum 80 hover experiment, the Forum 81 propeller flapping vacuum chamber experiment,
and a new rotor-propeller loads vacuum chamber experiment. During this work, a description of the
propeller-driven rotor twirl phenomenon was provided. After validating the comprehensive model, a
study was performed on parametric variations of several propeller-driven rotor configurations.

Additionally, a report on propeller-driven rotor performance will be presented at Forum 82 in
May 2026, and will include details on propeller design and spanwise placement impacts on propeller-
driven rotor performance and propeller-driven rotor scaling. These results have been incorporated into

this manuscript.



1.3 Hover Test Stands Developed

Three different hover test stands were developed over the course of the research program: a 5.5 ft,
a 6 ft, and a 2.7 ft diameter test stand. Each test stand investigated unique areas of the propeller-driven

rotor concept, and each stand could facilitate both conventional shaft-driven and propeller-driven tests.

Figure 1.8 shows the three test stands.

Figure 1.8: Hover test stands developed over the course of the program. Not to scale.
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Each test stand will be described in the relevant section, but a brief overview is provided here. Table
1.1 details an overview of the experiments conducted for this research, and their relevant sections in

this manuscript.

* 5.5 ft Diameter Test Stand - The first test stand developed utilized commercial-off-the-shelf
(COTS) components to assess propeller-driven rotor feasibility and performance. It featured a
high powered slipring, a composite rotor blade, and a tip propeller. This test stand lacked a

swashplate or collective change mechanism.

* 6 ft Diameter Test Stand - After initial testing, the composite rotor blade and tip propeller
assembly were integrated into the University of Maryland’s Hover Test Stand, resulting in a 6 ft
diameter rotor. This second test featured a rotor swashplate for main rotor collective and cyclic

control.

2.7 ft Diameter Test Stand - This stand was easily modifiable, and used 3D printed rotor blades
to facilitate two different experiments. The first experiment studied the impact on propeller
placement on propeller-driven rotor performance, and the second experiment was on a novel
swashplateless control concept for propeller-driven rotors. This test stand lacked a swashplate

or collective change mechanism.

Table 1.1: Summary of key experiments and section details.

Experiment Type Test Stand Rotor Blades Propeller Set
Performance & Feasibility =~ Hover 5.5 ft, 3.2.1 Composite, 2.1.1 Forum 79, 2.3.4
Propeller Loads Hover 6 ft, 3.3.1  Composite, 2.1.1 Forum 80, 2.3.5
Propeller Placement Hover 2.7f1t,3.4.1 3D Printed, 2.1.2 Forum 81, 2.3.6
Propeller Flapping Vacuum 4.2.1 Rigid Articulated
Propeller-Rotor Loads Vacuum 4.3 Composite, 2.1.1  Forum 80, 2.3.5
Swashplateless Control Hover 2.7 ft,3.4.1 3D Printed, 2.1.2 TVEF25
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1.4 Propeller-Driven Rotor Comprehensive Analysis

Early concept exploration and experimentation utilized simple analytical models of the rotor
and propeller. However as the project matured, it became critical to capture the propeller and rotor
loads in this highly coupled dynamic system for a fundamental understanding of the propeller-driven
rotor configuration. This need was highlighted after several propellers failed during the 6 ft diameter
propeller-driven rotor hover tests. Although the comprehensive rotor model was developed late in the
research timeline, a significant effort was spent on validating the comprehensive model with existing
in-house experimental data sets.

Several comprehensive analysis codes were considered, and eventually selected the Elastic Ro-
torcraft Analysis (ERA) methodology due to its capability in detailed modeling a rotating system
connected to another rotating system. ERA is a multi-body comprehensive analysis tool developed
by U.S. Army Computational Aeromechanics Branch. It is fully integrated into the U.S. Army HE-
LIOS framework. ERA’s origin is UMARC-II (University of Maryland Advanced Rotorcraft Code-11
[14]), with several key modifications. Both ERA and UMARC II were developed primarily to support
tiltrotor stability and whirl flutter investigations.

Arbitrary topologies can be modeled in ERA using Euler-Bernoulli beams with bending in flap
and lag directions, elastic torsion, and axial extension using a geometrically exact formulation and
multi-body joints. As such, large blade deformations can be modeled. Beam elements are modeled
using individual cross-section stiffness, inertial properties, and physical offsets. Joints can model
devices such as hinges, bearings, springs, and dampers with the appropriate stiffness, damping, and can
facilitate command inputs. Joints also include point/distributed mass and concentrated aerodynamic

loads (such as from a rigid fuselage). Figure 1.9 shows a propeller-driven rotor system, with the
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propeller located at the tip of the rotor blade.

-0.2
Propeller
— Shaft
& 0] Propeller
N Blades Rotor
Blade

Y [m]

Figure 1.9: Propeller-driven rotor modeled in ERA.

ERA uses lifting line aerodynamic loads along with C81 look-up tables. Linear unsteady aerody-
namic terms are included. No small term deflection assumptions are made. Main rotor induced inflow
is incorporated using modified momentum theory or Maryland Freewake. As a standalone code, the
rotor induced inflow is predicted using momentum theory, however wake models of varying fidelity
are possible with straightforward HELIOS coupling. These models include reduced order models that
uses actuator lines, freewake, and full RANS solutions. Loose coupling is used for periodic solution,
and trim and tight coupling is used for maneuver solution.

Periodic solution is obtained using Finite Elements in Time or Harmonic Balance Approach.

Maneuver solution is obtained using the Gen-Alpha time integration scheme, which encompasses
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Hilber-Hughes-Taylor (HHT) and Newmark-Beta schemes. Equations of motions are solved by trans-
forming Ordinary Differential Equations (ODEs) to algebraic equations using appropriate adapter rou-
tines. Trim equations are solved together with periodic solution algebraic equations (instead of an
outer loop solution) to enable a more efficient and robust solution. System matrices are built using
OpenMP which saves significant computation time. Rotor trim solution may be coupled to 3D CFD

through the “delta airloads” coupling approach.

1.5 Outline of This Dissertation

Each Chapter in this thesis is self contained and independent. However, subsequent chapters
build off the foundations of previous Chapters, which is critical to refine the methodology of this new

concept. The organization of this dissertation is as follows:

Chapter 2: Isolated Component Design and Testing - This chapter documents the various subcom-
ponents that were used in later experimental work. Details on rotor blade manufacturing,

propeller testing procedure, and results are given.

Chapter 3: Hover Performance - Early experimentation focused on propeller-driven rotor feasibility
and performance. Hover experiments compared propeller-driven rotor hover performance
to a conventional, shaft-driven rotor. Propeller-driven rotor performance and loads were
measured. Additionally, the propeller-driven rotor power was investigated - first at the tip
and then for various rotor blade spanwise placements. This experimental work was fol-
lowed up by comprehensive rotorcraft modeling of the propeller-driven rotor with various
propeller placements. Next, a fundamental understanding of propeller-driven rotor power
was derived. Finally, scaling effects were considered.
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Chapter 4:

Chapter 5:

Chapter 6:

Dynamics - During the performance investigation, several propellers suffered root fail-
ures. This chapter presents an explaination to these broken propellers, later termed as
the “propeller-driven rotor twirl phenomenon.” Two vacuum chamber experiments were
developed to systematically analyze rotor-propeller inertial couplings and their effect on
propeller loads. Finally, propeller loads during propeller-driven rotor operation are com-

pared to

Controls - A novel method for primary control of a propeller-driven rotor is presented.
The control scheme modulates the propeller RPM around the rotor azimuth. A vertical
portion of the propeller thrust is used to generate control moments. The 2.7 ft diameter test
stand and 3D printed blades were used. Later experiments compared the propeller-driven

rotor control scheme to a conventional swashplate system.

Conclusions and Future Work - A summary of the work is given, key results are reiter-

ated, and future work is discussed.

15



Chapter 2: Isolated Component Design and Testing

The propeller-driven rotors research in this work featured a rotor blade, electric motors, and a
variety of commercial off the shelf (COTS) and custom propellers. Prior to conducting propeller-driven
rotor experiments, these components were designed, fabricated, and tested in-house. This chapter

details the components, experimental setups, and characterization results.

2.1 Main Rotor Blades

There were two unique aspects for the rotor blade design for propeller-driven rotors. First, wires
were embedded inside the rotor blade shell and transferred electrical power from the rotor blade hub
to the propeller on the rotor blade. Secondly, the rotor blade was capable of mounting the propeller
assembly. Early experiments utilized a conventional, composite rotor blade while later experiments

used a 3D printed rotor blade for rapid iteration.

2.1.1 Composite Main Rotor Blades

The existing University of Maryland Alfred Gessow Rotorcraft Center method of blade fabrica-
tion [16, 17, 18] was modified to include three AWG16 power wires, four AWG22 signal wires, and
a reinforced box-beam carbon fiber spar for mounting the blade tip motor and propeller. Approxi-

mately 10 prototype blades were manufactured before the correct combination of wire placement, spar
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adhesive layering techniques, and leading edge weight sizing were achieved. Figure 2.1 shows the

schematic for the rotor blade.

Tip Motor ~ Aluminum tip  Carbon Fiber Aluminum root
and Propeller reinforcement Blade reinforcement

24 AWG signal wires 18 AWG po/wer wires
\

x /

Leading edge Box-beam Aluminum
weights carbon fiber spar  reinforcement

Figure 2.1: Tip propeller and composite rotor blade design.

The final blade, shown in Figure 2.1, had a length of 27 inch, a chord of 3.15 inch, and a
NACAO0012 airfoil. A single layer of £45 deg weave of carbon fiber skin was bonded to the blade
to provide additional structural support. For manufacturing simplicity, the blade had no twist and no
planform taper. The power and signal wires were located 0.5 and 1.5 inches behind the blade quarter
chord location, respectively. To balance out this added rear weight, larger leading edge weights were
used. Throughout the blade fabrication process, all weights were meticulously tracked to ensure the
final blade weights and inertias were identical. Three blades were manufactured, with the best two

blades selected for testing.
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Figure 2.2: Blade fabrication steps for a blade-tip-propeller-driven rotor.

The final blade-tip-propeller fabrication method featured 12 steps, shown in Figure 2.2:

1. A rectangular piece of foam of 27 x 3.15 x 0.5 inches was cut out. Using a template, locations
were marked on the foam for wire placement. A CNC mill was used to carve out the marked

wire locations to depth of 0.275 inches.

2. Once the wire location areas were milled out, the power and sensor wires were placed into the

rectangular foam specimen.

3. The wires were covered with a layer of compacted foam to ensure they remain along the center-

line of the airfoil.

4. The foam section was placed into a NACA0O012 blade mold, and the mold was placed into an

oven at 175°C for 1.5 hours.

5. After the blade was removed from the mold, the resulting airfoil shape was inspected.
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Next, a milling operation created space in the foam blade for the spar. This separated the blade

into a leading and trailing edge sections.

. In preparation for adding the carbon fiber skin, the leading edge section, spar, and trailing edge

section were wrapped with a green adhesive layer. This ensures the the carbon fiber skin bonded
to the airfoil. The leading edge weights were wrapped with the adhesive and placed in the

leading edge section prior to the entire leading edge section being wrapped.

All parts of the blade were assembled inside the blade mold. A +45 deg weave of carbon fiber
skin was cut into the required size. A layer of mold-release was placed between the carbon fiber

skin and the mold. Next, all the constituent sections of the blade were laid into the mold.

. A final oven process (175°C for 1.5 hours) ensured the blade assembly bonded together.

The blade was removed from the oven and inspected.

Next, the blade was post-processed. This involved sanding down the leading edge section, and

excess carbon fiber skin was removed from the trailing edge.

The blade tips and root were reinforced with a thin (0.01 inch) sheet of aluminum. The final

blades were inspected to ensure correct wire and center of mass locations.

After all the blades were fabricated, bending and torsional stiffness tests were performed to

characterize the blade properties, shown in Figure 2.3. The blades were cantilevered at the blade root

and forces were applied the blade tip, where an inclinometer recorded angular deflections. A standard

Alfred Gessow Rotorcraft Center composite rotor blade was also characterized to serve as a reference.

Table 2.1 contains the structural properties of the composite rotor blades. There were two dif-

ferences between the standard blade compared to a blade for the propeller-driven rotor. First, the
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propeller-driven rotor blades (without the aluminum reinforcement) were approximately 35 grams
heavier than the standard blade, due to the inclusion of the wires and larger leading edge weights.
Secondly, the propeller blades were slightly stiffer in bending but more flexible in torsion compared
to the standard blade. Overall, the structural results were comparable to the standard Alfred Gessow

Rotorcraft Center composite rotor blade.

R e,

Cimped

Inclinometer [%
and tip load [

—

Figure 2.3: Left: Rotor blade bending stiffness (EI) measurements setup.
Right: Rotor blade torsion stiffness (GJ) measurements setup.

Table 2.1: Rotor blade structural properties without aluminum tip/root reinforcement.
Standard blade refers to a rotor blade that does not have any propeller-driven rotor

modifications.
Blade Mass [g] EI[Nm?] GJ[Nm?]
Blade 1 278.1 21.78 25.35
Blade 2 280.9 22.86 26.15
Blade 3 279.7 23.87 24.59

Standard Blade  246.1 21.48 32.64
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2.1.2 3D Printed Main Rotor Blades

The early feasibility, performance, and propeller loads research utilized a 27 inch span compos-
ite rotor blade. After this work, the swashplateless control and impact of propeller placement were
investigated. Due to the large number of designs, 3D printing the blades was preferable instead of
using composite rotor blade designs (making CNC molds for each design, etc.) and resulted in signif-
icant time savings. Using 3D printers allowed the blade design to be systematically varied in a quick
and efficient manner. The blade tip nacelle configuration and propeller placement along the blade span
were altered. Figure 2.4 shows the blade, tip motor, and tip propeller. 3D printed rotors were used for
the propeller spanwise placement investigation detailed in Section 3.4 and the swashplateless controls

research in Chapter 5.

Figure 2.4: The 14 inch span, 3D printed propeller-driven rotor blade.

Three printers were investigated for 3D printing rotor blades: the Bambu Labs X1 Carbon, the
Prusa MK4, and the Flashforge Creator 3 Pro. A small rotor blade section was printed on each printer.
After comparing the surface quality, print times, and print options of all three printers, the Bambu Labs
X1 Carbon printer was selected as it resulted in the highest quality rotor blade section.

The 3D printed rotor blades were printed in two sections per blade and reinforced with a 4 mm
diameter solid carbon fiber beam as a spar. The blades were made of PLA and had a 1 mm thickness.

21



Spin tests revealed that the 3D printed blades were able to spin at over 1500 RPM, with a tip speed of
65 m/s or 212 ft/s.

A second objective of the 3D printed rotor blade was to evaluate the propeller-driven rotor per-
formance with the propeller placed at various locations on the main rotor span. The design of the 3D
printed rotor blade was modified to have the propeller placed at the 1/2 span, 3/4 span, and at the tip
of the rotor blade. Figure 2.5 shows the 3D printed rotor blades. All blades utilized the same propeller

and had the rotor collective 6, fixed at 8 deg.

Figure 2.5: 3D printed 2.7 ft diameter main rotor blades showing the propeller at the 1/2
span, 3/4 span, and tip locations on the rotor blade.

2.1.3 Propeller Assembly

The propeller assembly consists of the electric motor, propeller hub, propeller, and physical
mounting hardware between the motor and the rotor blade. Figure 2.6 shows the electric motor and
propeller assembly used in the early feasibility and performance research. A key concern for this
design was to minimize the tip weight as much as possible. The motor was attached to an aluminum
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adapter that bolted directly inside the blade’s box beam spar. A thin (0.01 inch) piece of aluminum was
added to structurally reinforce these bolt hole locations, and enabled the tip loads to be more uniformly
transferred to the blade. For the Figure 2.6 design, the propeller assembly had a mass of 55 grams (35

grams for the motor, 10 grams for the aluminum adapter, and 10 grams for the propeller).

“
.\ v\

Motor ~
_—

—

-
= — B A
| 4 .

Aluminum Aluminum tip
adapter reinforcement \

Figure 2.6: Tip propeller assembly for early feasibility testing.

2.2  Brushless Motor Characterization

It was important to have an understanding of electric motor performance as the electric motor
was mounted on the spinning rotor blade. Power was passed through the rotor blades, so picking the
optimal electric motor for the task was critical to reduce weight and power. This was a problem as
the small, low-cost electric motors used in this lacked manufacturer supplied data sheets of sufficient
quality for engineering design and analysis.

To address this, a motor characterization stand, shown in Figure 2.7, was developed to determine
the performance of various electric motors. These tests were used to inform propeller assembly design
and experiment operating conditions. From these tests, an informed decision on electric motor selec-
tion was made. The design of this motor characterization stand closely resembles one from previous
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work, detailed in Ref. [15]. This motor stand measured the motor torque, motor RPM, DC power, and
motor controller throttle setting over a range of test conditions. This data was used to estimate motor
and motor controller performance parameters.

The dynamometer consisted of a DC power supply, DC current and voltage sensors, a torque
load cell, a motor being tested, an AC generator, an RPM sensor, and a variable electric load. The
electric motor connected to the AC generator, and a high powered potentiometer was connected to the
output lines of the AC generator. Increasing the potentiometer resistance would impede the rotation
of the AC generator, and would result in a decrease in motor speed and increase in torque. These tests
were repeated at different motor controller (electronic speed controller, or ESC) throttle settings, and

are shown in Figure 2.8.

Variable
Electrical Load

AC-DC
Rectifier

Sensor

Sensor

AC
Generator

Motor Being
Tested

Figure 2.7: Electric motor characterization test stand.

A simplified, low-order equivalent system, methodology was developed [15] to describe the
electric motor and motor controller performance over a range of test conditions. This model was de-
veloped after testing numerous brushless motors and motor controllers over a wide range of power
settings. Figure 2.9 represents a brushless DC motor using an equivalent circuit diagram. The result-
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ing brushless DC motor performance equations closely resemble the brushed DC motor performance

equations.

70,
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Figure 2.8: Torque versus motor RPM at various throttle settings for the EMAX 1500Kv
motor. Dots represent experimental data and the lines represent the fitted model.
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DC Power
Supply
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Figure 2.9: Equivalent brushless motor model representation.

The key findings of the model are summarized here, and full details can be found in Ref. [15].
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The output torque of the brushless motor is described as:

Qm = KT([AC - [o)

where K1, Kg, [4c, and I, are the motor torque constant, the motor voltage constant, the AC current
entering the motor, and the motor no-load current, respectively. The voltage acting across the brushless
motor is:

3
—Vpcu = IACRm + KEQ

21

where Vpe is the DC voltage from the power supply, u is the motor throttle setting (normalized be-
tween 0-1), [ 4¢ is the AC current applied to the motor, R,, is the motor resistance, and (2 is the motor
RPM. Finally, the motor controller acts as a power transformer, that converts the DC power from the
DC power supply into the AC power needed to run the brushless motor. This power conversion can be
described using:

Tac

— = Cyu + C4
Ipc

where Cy and (' represent physical constants related to the transistors used on the electric motor
controller.

A simple least squares approach was used to estimate the brushless motor (K7, K., I,, ) and
motor controller ( Cy, C) parameters from the test stand data. Three motors were tested with a KDE
35A ESC: an EMAX 1500 KV motor, an EMAX 1900 KV motor, and a Ready2sky 2300 KV motor,
and the results are shown in Table 2.2. These results were combined with the isolated propeller testing

results to estimate the required electrical power usage for the motor at the blade tip.
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Table 2.2: Motor characterization results.

1500 Kv 1900 Kv 2300 Kv
Manufacturer EMAX EMAX Ready2Sky

Kp [mNm/A] 99 58 54
K. [mV/(rad/s)] 35 29 27
R, [©] 0.3 0.2 0.2

Iy [A] 1.9 1.7 3.0

Co [-] 1.2 0.93 0.72

Ch [-] -0.07 0.005 0.005

2.3 Isolated Propeller Testing

A considerable amount of effort was devoted to characterizing the isolated propeller perfor-
mance prior to propeller-driven rotor testing. Early experiments employed commercial-off-the-shelf
components and wind tunnel testing. The propeller design and characterization methods advanced as
the research effort progressed. Later experiments used custom fabricated propellers and utilized both
propeller hover and wind tunnel testing. Three separate isolated propeller tests were conducted with

various methods and components:

1. Forum 79 Set, 2023: These commercial-off-the-shelf components were used in early feasibility

studies and for developing early propeller-driven rotor analytical performance models.

2. Forum 80 Set, 2024: The propeller design was a commercial-off-the-shelf propeller blade and
a custom propeller hub. The propeller was a small scale remote control helicopter tail rotor that
was cut to size. The propeller hub design featured an adjustable root pitch angle that could be
modified in between experiments. The propeller was used for propeller-driven rotor loads hover

experiment.

3. Forum 81 Set, 2025: Fully custom 3D printed propellers that failed during propeller-driven
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rotor experiments. 3D printing enabled the propeller design, planform, airfoils, twist, and other
properties of the propeller to be systematically adjusted. Despite reinforcing the propeller spar
with carbon fiber, and later steel, the propellers continued to fail during propeller-driven rotor

operation.

2.3.1 Propeller Aerodynamic Model

Early experiments utilized a simple analytical aerodynamic model while later tested utilized the
comprehensive analysis. The simple propeller aerodynamic model is described here, and is based off
Ref. [19]. The model examines a 2D sectional load on the propeller blade, and then integrates these
loads over the propeller blade span. To start, consider section of the blade at some distance r, from

the center of rotation, shown in Figure 2.10.

2,

Figure 2.10: Propeller blade diagram.

Figure 2.11 shows the cross sectional view of this segment. The forces at this section are deter-
mined, and then integrated over the entire blade. The propeller operates at very large pitch angles over
a range of inflow conditions. As a result, to properly capture the performance in these conditions, the

traditional small angle assumptions were not made.
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Figure 2.11: Blade element diagram. Angles exaggerated for clarity.

The velocities at these blade segments are calculated radially at a distance 7, from the propeller
hub root, and are defined as:

Ur = Qpry (2.1)
Up = AR, 2.2)

where ), is the total propeller inflow, which will be described in detail later this section. Thus the total

airspeed at this section is:
U=/U2+U} (2.3)

From Figure 2.11 and the airspeed definitions, the aerodynamic angles are defined as:

¢:tmf1g§ (2.4)
a=0—¢ (2.5)

where ¢, «, and 6 represent the propeller inflow angle, angle of attack, and pitch angle, respectively.

The lift and drag coefficients are defined in terms of look-up tables (C;(«), and Cy(cx)). Following
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from this, the 2D sectional lift d . and drag dD are:

dL = %pU2Cl(a)cpdr (2.6)
Lo
dD = §pU Ca(a)c,dr 2.7

The lift and drag are transformed into the vertical force F, and horizontal force F), by an angle ¢:

dF, =dLcos¢ — dDsin ¢ (2.8)

dF, = dLsin¢ + dD cos ¢ (2.9)

Finally, the propeller thrust 7}, torque (),,, and power P, can be calculated from:

Rp
T, = Ny / dF, (2.10)
0
Rp
Qp = Ny / rdFy (2.11)
0
P, =Q,, (2.12)

where Ny, is the number of propeller blades per propeller. The nondimensional parameters are:

T
Cp = — "2 (2.13)
T pAP(QPRP)2
Co, = @ (2.14)
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Cp, =

= (2.15)
PAP(QpRp)s

where A, is the propeller disc area.
Returning now to the propeller inflow )\, from equation 2.2. The total propeller inflow is the

sum of the propeller induced inflow A;, and the propeller climb inflow A, :

A=A+ Ao, (2.16)

The propeller climb A, inflow is set by the propeller climb speed v.:

_ Propeller climb speed v,

- 2.17
Propeller tip speed QR, ( )

The induced inflow is set by the thrust performance of the propeller. From momentum theory [19], the

induced inflow can be calculated from:

Ae A

=——2 22 +1 2.18
W o @ (2.15)
where )y, is the propeller induced inflow in hover:
C
An, = 2T (2.19)

From these expressions, the total thrust is a function of the total inflow, which includes the
induced inflow, that is a function of the total thrust. As a result, a simple loop iteration scheme is

employed to resolve this, which converged within a few iterations. This model was used to validate
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various propeller axial flight experiments conducted in the Low Turbulence Wind Tunnel.

2.3.2 Low Turbulence Wind Tunnel Facility

Prior to propeller-driven rotor testing, isolated propellers were tested in the 2 ft by 4 ft Low
Turbulence Wind Tunnel, shown in Figure 2.12, located at NSWC Carderock Division. Three separate
propeller sets and one non-rotating rotor blade (wing) configuration were tested. The open circuit
tunnel features a 150 hp AC induction motor powered by a 460 V AC, 3-phase, variable frequency
speed controller — enabling the tunnel to reach a maximum speed of 40 m/s (78 knots). Figure 2.13
shows a schematic of the tunnel. The isolated propellers were tested at tunnel speeds, v, up to 25 m/s

(82 ft/s) and propeller tip speeds, (2, R, up to 100 m/s (328 ft/s).

(a) Forum 79 propeller. (b) Forum 80 propeller.

Figure 2.12: Isolated propeller testing in the Low Turbulence Wind Tunnel
at NSWC Carderock.
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Figure 2.13: NSWC Carderock’s 2 ft by 4 ft Low Turbulence Wind Tunnel.

2.3.3 Experiment Setup

The isolated propellers were mounted on an 80/20 sting in the center of the tunnel. The sensor
suite was comprised of a Chroma 40V-120A power supply, a DC power analyzer, a Mensor pres-
sure transducer, load cells, and a RPM sensor. Early experiments utilized an AMTI 6DOF FS6 Load
Cell, which featured a wide measurement range. Later experiments utilized Transducer Techniques
thrust/torque sensors, with a measurement range better suited to the small propellers. A PID controller
was implemented to regulate the propeller RPM to achieve specific propeller climb ratios. All data ac-
quisition, PID control, and data logging was controlled by a single LabView DAQ. A tunnel placement

diagram of key equipment is shown in Figure 2.14.
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Figure 2.14: Sensor layout for isolated propeller axial climb testing.

After wind tunnel testing, the propeller performance was non-dimensionalized using the follow-
ing definitions for propeller climb ratio \.,, propeller thrust coefficient C'r, , propeller power coefficient

Cp,, and propulsive efficiency 7,,:

Voo
Ao, = 2.20
= R, (2.20)
T,
Crp =—F2 (2.21)
o pA(Q,Ry)?
Qp
Cp,=Cq, = (2.22)
d 9 IOAP(QPRP)QRP
_ I, (2.23)
7727 - CP .

p
Now that a description of the facility and aerodynamic model have been given, the next sections will

provide details on the various isolated propeller data sets.

2.3.4 Forum 79 Propellers: Description and Results

The focus of the first propeller-driven rotor experiments was on feasibility and performance.

As such, high quality commercial-of-the-shelf components were selected and combined in a logical
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manner. The purpose was to see trends in propeller-driven rotor operation, and identify areas for future
improvement. Later tests would seek to refine the propeller design.

A KDE 965Ky brushless DC motor and a KDE 35A ESC were selected due to their manufacturer
provided thrust and power specifications, which assisted in the early stages of sizing the blade-tip-
propeller-driven rotor system. Two commercial-off-the-shelf propellers were used: a 2 bladed-9 inch
(9x6.0) propeller with a higher pitch angle distribution, and a 2 bladed-10 inch propeller (10x4.5)
with a more moderate pitch angle distribution. These propellers, detailed in Table 2.3, were selected
to gain insight on how propeller twist and size impacted the overall blade-tip-propeller rotor system

performance. The motor, motor-controller, and propellers are shown in Figure 2.15.

Table 2.3: Propeller characteristics.

Propeller Diameter Number of Blades Solidity

9x6.0 9in 2 9.5%

10x4.5 10 in 2 97%
KDE 965Kv KDE

Motor 35A ESC 10x4.5 in Propeller

.. ‘r) ‘l N
i'n)"

Figure 2.15: Electric motor, ESC, and propellers evaluated in propeller wind tunnel tests.

9x6.0 in Propeller

After selecting the components, they were tested in axial flight in a wind tunnel. Next, a laser-
scanner was used to extract the blade pitch, chord, and airfoil distributions of the commercial-off-the-
shelf propellers. Finally, the blade-element-momentum theory analysis described in Section 2.3.1 was

compared to the experimental data.

35



2.3.4.1 Propeller Planform Extraction via a Laser Scan

The presence of non-uniform twist and taper distributions for the commercial-off-the-shelf pro-
pellers complicated the blade-element-momentum theory analysis. A laser-scanner was used to obtain
a 3D point cloud of the propeller surface. An algorithm was developed to extract the resulting pro-
peller chord, pitch, and airfoil distribution from the dense 3D point cloud. The propeller geometry
information was then used to estimate the propeller’s aerodynamic performance.

A Hexagon Romer Absolute Arm laser-scanner, shown in Figure 2.16, was used to obtain a point
cloud of the propeller. The Romer arm is a 7 degree of freedom robotic arm, with encoders along each
joint to accurately measure the orientation of the arm as it moved around the object. The laser-scanner

was attached to the head of the arm and it produced a large, XYZ point cloud of the propeller surface.

Figure 2.16: Left: Hexagon Romer Absolute Arm laser-scanner. Right: Raw point cloud
produced from the laser-scan of the 10x4.5 propeller.

After the scan, the point cloud was imported into Matlab, shown in Figure 2.17. An algorithm
was developed to search along the blade span, identify the 2D airfoil geometry, and estimate the airfoil
pitch and chord values. The airfoil shape and orientation at a specific location along the propeller blade

span 7, was determined by acquiring all XYZ points in the point cloud within 7,£2.5%. Once the 2D
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section of airfoil points are obtained, the airfoil’s chord and pitch angle were estimated.

LS R -

Y Pixel Distance
(=]

X Pixel Distance

Figure 2.17: Process for extracting blade pitch ¢, and chord ¢, information from the
laser-scan point cloud.

The planform extraction process was repeated over all 20 radial locations of interest. The result-
ing propeller pitch and chord distributions for each propeller are shown in Figure 2.18. It was clear that
the 9x6.0 propeller had a higher pitch angle distribution than the 10x4.5 propeller over the entire span.
Both propellers have roughly the same solidity (around 9.5%), but the 10x4.5 propeller has a thicker
tip whereas the 9x6.0 propeller has a thicker root. The resulting airfoils at the 75% radius location
for both propellers are shown in Figure 2.19. The following section uses the laser-scanned planform

information in a blade-element-momentum theory analysis.

40+ o 9x6.0 Propeller
o 000QQIRRR
=30l xx;.(o x 10x4.5 Propeller C:go,g 02 XXQ ﬁ&éé){:xxxxx
A x%00000, > x % %6
> X S <50.1 x Sare)
20 | X X X %o, o
XXX X 5 %o,
‘ ‘ | XXXX e Q 0 ‘
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Nondimensional Radial Position, r,/R, Nondimensional Radial Position, r,/R,
(a) Propeller pitch 0, (b) Propeller chord ¢,

Figure 2.18: Propeller planform estimated from the laser-scan.
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(a) 9x6.0 propeller airfoil (b) 10x4.5 propeller airfoil

Figure 2.19: Propeller airfoils at the 75% radius location.

2.3.4.2 Propeller BEMT Analysis

After reviewing all the airfoils along the propeller, it was determined that they were similar
enough to be approximated by the thin, cambered airfoil at the 75% radial location for the blade-
element-momentum theory analysis. This motivated the following 2D airfoil approximation to be

used for the blade-element-momentum-theory estimation:

C, = Cl,aa -+ 0570 (2.24)

Cy= Cd70 + Cd71a + Cd72a2 (2.25)

This approach enabled the angle of attack distribution and other propeller performance indicators to
be estimated. A numerical optimization scheme was utilized to determine the 2D airfoil coefficients
that best match the experimental performance data. The estimated 2D airfoil coefficients are shown in
Table 2.4. Suggested future work would be to utilize computational-fluid-dynamics to directly estimate

the airfoil sectional lift and drag properties from the laser-scanned airfoil.
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Table 2.4: Estimated propeller airfoil information.

Item 9x6.0 Propeller 10x4.5 Propeller

Cro 4.95 5.72
Cro 0.12 0.051
Cuo 0.12 0.063
Cus 0.76 0.96
Cus 0.96 0.15

Figures 2.20 and 2.21 show the blade-element-momentum theory performance estimates for both
propellers at various propeller climb ratios A.,. Due to the 10x4.5 propeller’s lower sectional pitch
angles 0, compared to the 9x6.0 propeller, the 10x4.5 propeller experienced lower angles of attack
across the entire span. As expected, the majority of the propeller blade’s thrust generation occurs near

the 75% radius location.

15

10

= 5
3

0

1 0 0.2 0.4 0.6 0.8 1
o/ Ry
(a) 9x6.0 propeller thrust prediction. (b) 9x6.0 propeller angle-of-attack prediction.

Figure 2.20: 9x6.0 blade-element-momentum theory expected propeller performance.
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(a) 10x4.5 propeller thrust prediction. (b) 10x4.5 propeller angle-of-attack prediction.

Figure 2.21: 10x4.5 blade-element-momentum theory expected propeller performance.
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2.3.4.3 Propeller Wind Tunnel Characterization

During the later propeller-driven rotor feasibility experiments, the untwisted rotor blade was
operated at collective angles , of 0 and 8 degrees. As the blade-tip-propeller propellers were rigidly
attached to the blade tip, any change in rotor collective angle resulted in a change in the propeller
thrust vector with respect to the free stream air, as shown in Figure 2.22. Due to this change in blade

root/tip angle, the isolated propeller testing was conducted with 0 and 8 degrees tilt.

Voo Voo

0° Tilt 8" Tilt

Figure 2.22: 0 and 8 degree tilt relative to the free stream velocity expected from changes
in rotor collective 6.

The experimental and predicted results are compared in Figures 2.23-2.25. The simplified 2D
airfoil approach resulted in a slight over-prediction for propeller thrust coefficient for both the 10x4.5
and the 9x6.0 propellers at all climb ratios. The second order polynomial for drag in equation 2.25
resulted in a satisfactory estimate for the propeller power coefficient. Both of these results combined to
create an optimistic prediction for propulsive efficiency. This blade-element-momentum theory result
can be improved by using computational-fluid-dynamics to estimate the 2D lift and drag coefficients
for the laser-scanned airfoils. This approach would need to be done for each unique airfoil, and would
be subject to laser-scanning noise and could be the subject of future research.

The 9x6.0 propeller had a slightly higher propulsive efficiency and maximum climb ratio com-
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pared to the 10x4.5 propeller. Additionally, the small changes in tilt (O and 8 degrees) had a negligible
impact on the final isolated propeller results. The Forum 79 propellers were used in the propeller-
driven rotor hover experiments detailed in Section 3.2. The next propeller set would expand on the

propeller design and test procedures.

0.02 0.02
o 0° Tilt
<0.01 x 82 Tilt <0.01 2
< 001 “penr O Y
0 : 0
0 0.1 0.2 0.3 0 0.1 0.2 0.3
)\Cp Acp
(a) 10x4.5 propeller. (b) 9x6.0 propeller.

Figure 2.23: Propeller thrust coefficient vs propeller climb ratio.
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>\cp )\Cp
(a) 10x4.5 propeller. (b) 9x6.0 propeller.

Figure 2.24: Propeller power coefficient vs propeller climb ratio.
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(a) 10x4.5 propeller. (b) 9x6.0 propeller.

Figure 2.25: Propeller efficiency vs propeller climb ratio.
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2.3.5 Forum 80 Propellers: Description and Results

After the initial feasibility and performance studies, there were two clear lessons learned re-
garding propeller design. First, the propeller design should be simplified to eliminate the need for
laser-scanning the propellers for planform. Uniform propeller blade twist, pitch, mass, and other
properties were desired. Secondly, the plastic 10x4.5 propeller failed during propeller-driven rotor
operation. This indicated that stronger materials, such as carbon composite, should be utilized for
propeller design.

Given these findings, the objective for the Forum 80 set of propellers was to simplify the pro-
peller design and examine propeller loads. Instead of using commercial-off-the-shelf propellers, a
150mm carbon composite tail rotor blade of a small scale remote controller helicopter was used as a
propeller blade. Additionally, the Forum 80 propeller featured a 3D printed propeller hub that could
adjust propeller pitch angle ¢, ,,. These 3D printed blade grips, shown in Figure 2.26, enabled the same

propeller blade to be tested at different collective angles ¢ ,. Details on the propeller are found in

Table 2.5.
e
Table 2.5: Propeller details. @ \90 p
0o, 3,10, 15,20, 25, 35, 45°
R, 3in
Cp 3/4 in — ) :
o, 0.16 Isometric View Side View
Ny, 2
O 0° Figure 2.26: CAD of 3D printed

adjustable pitch propeller hubs,
0o, = 35 deg shown.
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Due to the large angles of attack seen in axial flight from the Forum 79 propellers, it was decided
to experimentally capture the stall performance of the propeller. A major improvement between the
Forum 79 and Forum 80 propellers was the ability to adjust propeller pitch angle 6 ,. It was decided
to also conduct hover testing of the propeller at high propeller collective angles 6, to help validate

the propeller aecrodynamic model.

2.3.5.1 Propeller Hover Characterization

The propeller aerodynamic model was developed through hover stand testing, shown in Figure
2.27, and validated through wind tunnel testing in axial flow condition. The hover sweep enabled
the stall performance of the propeller blade airfoil to be examined. The propeller collective 6, , was

adjusted in between experiments, and propeller thrust and power were recorded.

Adjustable
pitch hub

Thrust
load cell

Torque
load cell

4 ft strut

Figure 2.27: Hover test stand for the isolated propeller.

As this untwisted propeller was operating in a climb state during propeller-driven rotor operation,
it was necessary to determine the propeller airfoil’s lift and drag behavior at very high angles of attack.

To accomplish this, propeller hover thrust and power were recorded over a range of propeller pitch
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collective angles. The 3D printed propeller blade grips, shown earlier in Figure 2.26, were changed
out in between tests for the desired pitch setting.

Figure 2.27 shows the hover stand that was constructed for the isolated propeller. It features
a thrust load cell, a torque load cell, an RPM sensor, and an electric motor. All components were
controlled via a LabView DAQ system. The results of the propeller hover tests are shown in Figure
2.28. These results were used to construct the propeller aerodynamic model. This aerodynamic model

was validated through axial climb testing in the wind tunnel.

0.2

b@q
0.1}
&

O

0 10 20 30 40

<
N

0 10 20 30 40

0 | | |
0 10 20 30 40

Propeller Collective 6, [deg]

Figure 2.28: Propeller thrust (Cr, /0,) coefficient, torque (Cy, /7, coefficient, and figure
of merit (F'M) for different propeller pitch angles 6,. Dots indicate experimental data
whereas solid lines represent predictions.
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2.3.5.2 2D Airfoil Performance

The propeller hover experimental results, shown in Figure 2.28, were used to estimate the 2D
airfoil performance. A simple estimate of maximum lift along with drag divergence were needed to
estimate stall performance. Using this data, an equivalent Cj(«) and Cy(«r) were extracted and then
the resulting propeller aerodynamic model was validated through axial flow testing in the wind tunnel.

From blade element theory, the average C, of the rotor is:

_ C
Cp, = 6(—2

) (2.26)

Op

This represents the average lift value of all blade sections for the propeller. Figure 2.29 shows the

results of this equation applied to the propeller hover data.

0 1‘0 20 30 4‘0
Propeller Collective 0y, [deg]

Figure 2.29: Average propeller lift C'y, versus propeller collective pitch in hover
experiments.

The results of Figure 2.29 indicate that the propeller in hover was able to operate at a high
average lift coefficient. It also indicated that the stall of the propeller did not occur until above 25
degrees of propeller collective pitch 6,,. Based on these results, a simplified lift and drag model for
the propeller airfoil were selected:
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C; = max(Cl, Clmaz) (2.27)

Cd == CdO + Cleé + Cngé2 (228)

The propeller airfoil’s lift curve is shown in Figure 2.30. The results of this propeller aerody-
namic model are shown in Figure 2.28 with solid lines. The next section details the validation study
that was performed by testing the propeller’s aerodynamic model in axial climb over a range of air-

speeds through wind tunnel testing.

40 -20 0 20 40
o [deg]

Figure 2.30: 2D Lift curve slope for the propeller airfoil.

2.3.5.3 Propeller Wind Tunnel Characterization

After propeller hover testing, the isolated propeller was tested in axial flight in the Low Tur-
bulence Wind Tunnel at NSWC Carderock. The experimental and predicted results for the propeller
wind tunnel test are shown in Figure 2.31. The aerodynamic model that was developed from the hover
experimental data was applied in axial climb, and the results agreed well with the experimental data.
The 25 degree and 35 degree pitch untwisted propellers have peak propulsive efficiencies of 37.5%

and 45% respectively. From the predicted results, the angle of attack was determined. The angle of
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attack of the 75% span location ai75 was determined, and is shown in Figure 2.32. This reinforced

why it was necessary to perform such a large propeller collective sweep ¢, during the propeller hover

experiment.
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Figure 2.31: Propeller performance in axial climb. Dots indicate the experimental data,
whereas lines represent the predictions using the propeller aerodynamic model.
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Figure 2.32: Propeller performance in axial climb.
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2.3.6 Forum 81 Propellers: Description and Results

Building off the success of the adjustable propeller collective ¢ ,, from the Forum 80 propellers,
the primary objective of the Forum 81 propellers was a fully customizable propeller design for the
propeller-driven rotor. Based off key findings from the Forum 79 and Forum 80 results, the intention
was to create a high performance propeller that could minimize propeller-driven rotor power - that is
the airfoil decks, propeller planform, twist, and other key parameters would be selected based off the
propeller-driven rotor operating condition. While conducting this work, the Forum 81 propellers were
used to identify the propeller-driven rotor twirl phenomenon. After this, the focus of the Forum 81
research shifted to investigating rotor-propeller dynamics.

A custom 3D printed propeller was designed for propeller-driven rotor testing, shown in Figure
2.33. 3D printing was selected as it enabled key features of the propeller design (such as root collective,
twist rate, planform and airfoil) to be systematically and quickly adjusted. A spar hole was left in the
3D print at the propeller 1/4 chord location, and either a carbon fiber (CF) or steel (ST) rod was used
as a spar. The spar size varied between 1.5 mm, 2.0 mm, 2.5 mm, and 3.0 mm.

The remainder of this section details the Forum 81 propeller development and experimentation.
Similar to the previous Forum 80 propellers, the Forum 81 propellers were first tested in hover and then
in axial flight in a wind tunnel. Through systematic hover and wind tunnel testing, an aerodynamic
model was developed that could later be used to design an optimized propeller for propeller-driven
rotor testing. After isolated propeller characterization, the propellers were used in propeller-driven

rotor hover testing.
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Figure 2.33: CAD design of 10 in diameter 3D printed propeller that was used in
propeller-driven rotor testing.

2.3.6.1 Propeller Hover Characterization

A hover test stand, similar to the one used in Forum 80 hover experiments, was constructed to
test the propellers in hover. Two datasets were collected on the propeller hover test stand. First, the
untwisted propeller’s root collective was adjusted ¢ ,. Second, the propeller root collective was held
constant at ¢, = 35° and the propeller twist 6y, , was adjusted. Figure 2.35 and 2.36 show the results

of the two experiments.

4= 3D Printed

Electric : 7. Propeller

Motor

Sensor "

Thrust /

Sensor
Figure 2.34: Propeller hover test stand.
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Figure 2.35: Propeller thrust C'r, /o, power Cp, /0, and Figure of Merit (FOM) hover
test results with various propeller root collectives ¢, and no propeller twist 0y, .
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Figure 2.36: Propeller thrust C'r, /o, power Cp, /0, and Figure of Merit (FOM) hover
test results with various propeller twist 6, ,, and a fixed propeller root collective
o, = 35°.
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2.3.6.2 Propeller Wind Tunnel Characterization

After propeller hover testing, the 3D printed propeller was tested in the 2 ft by 4 ft Low Turbu-
lence Wind Tunnel at NSWC Carderock. The propeller thrust, power, and efficiency were obtained
over a range of axial flight speeds. Two different NACAO0O012 propellers were tested: one twisted and
another untwisted. Both propellers had a root collective 6, = 35, and the twisted propeller had a

O p = 15° twist. Figure 2.37 shows the experimental results of the propeller in axial climb.

@O.Z . .
~0.1" no ® @ 4 oUIlthSted
$ 0 Twisted” *o ce .
0 0.1 0.2 0.3 0.4
& 0.1 o‘,,,,m
=005, Tt el
O 0 S oe e

Ac,
Figure 2.37: Axial flight test results versus propeller climb ratio A. . Both propellers had

a 0y, = 35°, with either 6,,,, = 0 (circle) or 6, , = 15° (square).

The propellers were tested in axial climb speeds up to 11 m/s at a fixed propeller tip speed of

33.2 m/s. Figure 2.37 shows the non-dimensionalized propeller thrust Cr,, power C'p,, and propulsive

51



efficiency 7, experimental results versus axial climb ratio A.,. Propeller thrust C', and power Cp,
are divided by their propeller solidity o, which was 10%. It is clear that the twisted propeller had
a reduced maximum axial speed compared to the untwisted propeller. This was due to the reduction
in the propeller pitch, as higher propeller pitch is required for high speed flight. Also, the maximum
propulsive efficiency 7, occurred at a lower propeller climb ratio A, for the twisted rotor. Figure 2.38
shows the propeller thrust as a function of propeller power. From this it can be seen that for a given

propeller thrust, the twisted propeller required less power.
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Q%& 0.01 TWlSte.d"' ’ o “Untwisted
() o

0 0.005 0.01
Cp

p

®

]
oo

Figure 2.38: Axial flight test results for propeller thrust versus power.

After the Forum 81 propellers were tested, they were used in propeller-driven rotor testing where
they failed. The failure of these propellers halted the propeller-driven rotor hover test campaign, and
eventually lead to the discovery of the propeller-driven rotor twirl phenomenon. Additional details on

the experimentation can be found at the start of Chapter ??.

2.4 Wing and Propeller Characterization

The final sub component system that was tested was the non-rotating rotor blade (wing) and tip

mounted propeller. Later propeller-driven rotor hover testing would utilize a tip mounted load cell to
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measure propeller loads, more details can be found in Section 3.3. Prior to this hover testing, the tip
mounted load cell and non-rotating wing were tested in the Low Turbulence Wind Tunnel. This test
served as a critical checkout test to ensure the tip load cell was operating properly. Additionally, the
comprehensive analysis would later use the wing lift and drag properties to model the propeller-driven
rotor configuration. In this context, the rotor blade is stationary and will thus be referred to as a wing.
The wing and propeller were tested in the Low Turbulence Wind Tunnel at airspeeds of 15 and 20 m/s.

More specifically, the experiment sought to determine the nacelle drag and the influence of
propeller rotation on the wing lift. The propeller at the tip of the blade has the potential to influence the
wingtip vortex and could either add or reduce the wingtip vortex strength depending on the propeller
speed and direction. Figure 2.39 shows this potential interaction.

Wingtip Vortex

Isolated Wing

| |
Wing with Nacelle CW Propeller
and Tip Propeller Rotation

' =)

Wingtip Vortex

Figure 2.39: Potential influence of wingtip interaction with the tip propeller.
View is from the wing trailing edge.

Figure 2.40 shows the wing and propeller configurations that were tested. First, the isolated
wing was tested. Next, the tip nacelle was installed on the wing, without the propeller. Finally, the tip
propeller was installed and allowed to rotate in either the clockwise (CW) or counterclockwise (CCW)
direction. Figure 2.41 shows the tip mounted propeller on a wing in the test section of the NSWC

Carderock’s Low Turbulence Wind Tunnel.
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Figure 2.40: Configurations tested in the wind tunnel.

Figure 2.41: Wing and tip propeller inside the Low Turbulence Wind Tunnel.

54



2.4.1 Experiment Setup

A test stand was fabricated that allowed for simultaneously testing of a wing and propeller at
various airspeeds and wing angles of attack. This stand featured a Newport URSS50BCC motorized
rotary table to adjust the wing’s angle of attack, an AMTI FS6 6-DOF load cell to measure the wing
loads, and an ATI Nanol7 6-DOF load cell to measure the propeller loads. Figure 2.42 shows an

overview of the test setup and Figure 2.43 shows the hardware mounted around the tunnel test section.

Airspeed Mounting

Rotary Table

Hard
Sensc\)r araware Wing Load Cell
— J Tunnel Walls
— <+«— Wing
—_
—_
— Voo <«— Nacelle 4 ft
—_— Electric Motor ./~
—> .
— and Propeller Tip Load Cell

Figure 2.42: Overview of test setup for wind and propeller characterization.
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Figure 2.43: Test equipment at the Low Turbulence Wind Tunnel for the wing and
propeller characterization.
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An 80/20 mounting structure was installed above the tunnel. This structure holds the rotary
table, the wing load cell, and the attachment mechanism to hold the wing inside the tunnel. Numerous
parts were machined in order to ensure that the structure was as rigid as possible. The wing root bolted
into a streamlined fairing that allowed a shaft to connect it to the load cell.

For the experiment, the wing angle of attack «,,, was varied between 0 and 12 degrees at airspeeds
of 15 and 20 m/s for each configuration. For the configurations with a propeller, the propeller was
rotated at 5000 RPM and 6500 RPM for the 15 and 20 m/s airspeeds, respectively. The higher airspeed
required a higher propeller RPM to produce positive propeller thrust.

As the wing load cell was mounted to the root of the wing, it rotated with the wing angle of
attack a,,. Thus, the wing load cell was measuring the forces along the chord of the wing F,, and

normal to the wing Fy. This setup is shown in Figure 2.44.

Figure 2.44: Load cell measurements versus wing lift and drag.

Wing drag is defined parallel to the free stream airspeed v, and the wing lift is defined normal

to drag. The load cell forces are rotated to wing lift and drag by:

L = F, cosa,, — F,sin ay, (2.29)
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D = F, sina,, + F,.cosay, (2.30)

During propeller operation, the thrust of the propeller acted in the opposite direction of F,.. The
propeller thrust value from the load cell was subtracted out of this F, reading to calculate the wing lift

and drag.

2.4.2 Experimental Results

First, the isolated wing was tested at airspeeds of 15 and 20 m/s, followed by adding the nacelle
(without propeller blades). For both cases, the lift coefficient of the wing stalled around 10 degrees.

The isolated wing and the wing with the tip nacelle results are shown in Figure 2.45.
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(a) Isolated wing. (b) Wing with nacelle.

Figure 2.45: Wind tunnel results for isolated wing and wing with nacelle.

Next, the propeller was attached and rotated at different rotational speeds and directions. For the
15 m/s case the propeller rotational speed was 5000 RPM. For the 20 m/s case, the propeller rotational
speed was increased to 6500 RPM in order to ensure it still produced positive thrust at this high speed.
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Figure 2.46 shows the propeller thrust for the different airspeeds. It was observed that the propeller

thrust remained relatively constant for all wing angles of attack, and with both rotational directions.

The results for the spinning tip propeller are shown in Figure 2.47.
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Figure 2.46: Propeller thrust for the tip propeller during the wing wind tunnel testing.
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Figure 2.47: Wing, nacelle, and spinning propeller results.
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2.4.3 Performance Comparison

The four cases are compared in Figure 2.48 at 20 m/s airspeed. A 20 m/s airspeed is important
because the later rotor hover tests were conducted at a rotor tip speed of 20 m/s. From these results it
is clear that the various configurations tested had a negligible impact on wing lift and a modest effect
on wing drag. The profile drag coefficient C'py was determined for each configuration, and the results

are shown in Table 2.6.
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Figure 2.48: Wing performance for all configurations at 20 m/s airspeed.

Table 2.6: Drag coefficient comparison at 20 m/s airspeed.

Configuration Cpo % Change
Isolated Wing 0.0240 -
Wing and Nacelle 0.0296 +23%

Wing w/ CW Propeller  0.0230 -4%
Wing w/ CCW Propeller 0.0214 -10%

An increase in drag coefficient of 23% was observed between the isolated wing and the wing

with the tip nacelle. Additionally, a modest drag reduction was observed for the wing with the tip
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propeller. Little change in wing lift versus angle of attack was observed between the different cases.
The wing stalled around v, = 10°, and had a maximum lift value of only 0.8. Additionally, a relatively
low 2D lift curve slope of Cj, = 4.3 was observed. These low lift and high drag numbers are typical
of low Reynolds numbers testing. These basic performance numbers obtained in this wing-propeller

characterization study were later used in the comprehensive analysis.
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Chapter 3: Hover Performance

This chapter documents the investigations on propeller-driven rotor feasibility and hover perfor-
mance. Feasibility refers to comparing the required hover power and thrust between a propeller-driven
rotor system and a conventional, shaft-driven rotor system. Early experiments focused on propeller-
driven rotor feasibility, while later experiments focused on propeller loads and performance. Although
the comprehensive analysis was developed after several experiments, the results shown in this chapter
will be compared to the comprehensive model to help explain the experimental results.

This chapter has the following outline. First, an analytical performance model for a tip mounted
propeller is presented. Second, the initial propeller-driven rotor feasibility experiments using commercial-
off-the-shelf components are detailed. Third, propeller loads during propeller-driven rotor operation
are investigated in the rotor-propeller hover loads experiment. Fourth, the variable propeller placement
on the main rotor span was explored. Next, comprehensive rotorcraft modeling results for a variable
propeller placement are shown. These results lead to a fundamental understanding of propeller-driven
power. The chapter ends by examining scaling effects, and with a brief summary and conclusions.

Before starting, a brief note on nomenclature. The rotor refers to the main rotor. The isolated
rotor refers to the rotor alone, that is without any propeller-driven rotor modifications. The rotor with
the tip nacelle refers to the rotor with the tip nacelle assembly attached, but with no tip mounted

propeller. Shaft-driven indicates that the power required to spin the rotor system was supplied by a
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motor in the fixed frame. Propeller-driven implies that the main rotor is free to rotate about the rotor

shaft, and is propelled only by the propeller mounted on the rotor blade.

3.1 Analytical Model for Tip Propeller Performance

This simplified physics model of the propeller-driven rotor with a tip propeller was developed in
conjunction with the experimental results in Section 3.2 using the Forum 79 propellers. A tip propeller
was the logical first location to place the propeller on the rotor blade as it maximized the moment arm
to the rotor shaft. The tip propeller was modeled as a rotor in an axial climb state, shown in Figure 3.1.
The model sets the rotor drag torque equal to the moment produced by the propeller at some distance.
Next, the propeller thrust can be solved for. From this required propeller thrust, the propeller operating
conditions are determined, resulting in a propeller power estimate. This approach was found to agree

well with the experimental results.

w=or 77T
Q K
Of2 T

< >
< >

R

Figure 3.1: Tip propeller modeled as rotor in axial climb, with the climb speed equal to
the rotor tip speed.

From blade element theory, the rotor has the following performance equations:

1 6 1 [Cf
Cr = éﬁcz,a[g 3 7] 3.1

Ca?

V2
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where C'py is the power to overcome the nacelle drag. To spin the rotor for a given rotational rate, the
required torque () is:

Q = CopA(QR)’R (3.3)

From Figure 3.1, the rotational torque generated by a propeller located at the tip of the blade is
simply:

Q = NgT,R (3.4)

The torque required to spin the rotor must be equal to the torque produced by the tip propellers,

meaning equations 3.3 and 3.4 are equal to one another:

NpT,R = CopA(QR)*R

As such, the required propeller thrust can be determined as:

_ CopA(QR)?

T 3.5
b N, (3.5)
Which can be written in non-dimensional terms as:
T,
Cr = —pz (3.6)

Combining the previous results yields:

C . CQpA(QR)2 1
o Np pAp(QpRp)2
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The isolated wind tunnel performance data can be utilized after considering the propeller climb

ratio. Recall, a climb speed ratio is defined as:

Ve

Ae =

Utip

where v, is the climb velocity and vy, is the reference tip speed. For the isolated propeller tested in the
wind tunnel the climb speed v. was equal to the tunnel speed v, and v, was the propeller tip speed
,R,. For modeling of tip propeller, it was assumed that the propeller acts as a rotor in axial climb

and had a climb speed equal to the rotor tip speed:

v. = QR (3.8)

Now, a new propeller climb ratio can be defined as:

QR
= o (3.9)

Physically, the propeller climb ratio for a blade-tip-propeller system represents the ratio of rotor

tip speed to the propeller tip speed. Equation 3.9 can be combined to equation 3.7 to yield:

_ CpA
Cr, = NgA,

2
Ao
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which rearranges to:

Or,  CoA

A2 NpA,

Cp

(3.10)

with:

Tp
2
2

Isolated propeller performance —

CoA

Propeller-dri tor sizing —
ropeller-driven rotor sizing NpA,

Equation 3.10 is of significant importance for the tip propeller configuration, and will be examined in

greater detail in the next section.

3.1.1 Tip Propeller Equilibrium

An understanding of the steady-state tip propeller performance can be obtained by examining
equation 3.10, as it relates the isolated propeller performance curves from Section 2.3.4 to the sizing
of the propeller-driven rotor configuration. The left hand side of equation 3.10 can be defined as the

propeller performance ratio v,, and is a function of A :

MWAe) = 33 (3.11)

The isolated wind tunnel results for the Forum 79 propellers, shown earlier in Figure 2.23, are
used to create the graph of -, for both the 9x6.0 and 10x4.5 propellers. Figure 3.2a shows the -, for
both propellers.

The right hand side of equation 3.10 is related to the design choices of the combined blade-tip-
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propeller configuration. This is defined as the blade-tip-propeller equilibrium ratio ~,:

. Cod
= NpA,

(3.12)

where the superscript (*) refers to an equilibrium point. For the blade-tip-propeller configuration, an

equilibrium condition condition occurs when:

Cr,  CoA
X2 NpA,
W(AL) =7, (3.13)

where A; is defined as the equilibrium propeller climb ratio. The value of A7 can be found by

examining the intersection of 7, to CoA/(NgA,). This process is shown visually in Figure 3.2b.

0 9x6.0 Propeller
x 10x4.5 Propeller

10 9x6.0 Propeller |
x 10x4.5 Propeller

4+ 4.
\ - 10x4.5: A%,
cj< (SN c§< O 14
=9 = 9%6.0: ',
@) @)
Il 2 Il 2 x _ CqA
1 1
0 0
0 0 0.05 0.1 015 0.2
A,
(a) Isolated propeller performance. (b) Determination of )\’c‘p.

Figure 3.2: Intersection of the propeller performance ratio 7, with the blade-tip propeller
equilibrium ratio 7, to find the equilibrium propeller climb ratio A .
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Once the equilibrium propeller climb ratio A7 has been identified, equation 3.9 can be utilized

to determine the rotor tip speed for a given propeller tip speed:

QR =\, Q,R, (3.14)

The linear relationship between propeller RPM and rotor RPM can be written as:

Q:/\*&

e deh (3.15)

This prediction states that for some increase in propeller speed, there will be a proportional increase
in rotor speed. For example, if A7 = 0.25 and R, /R = 4.5/33, then for every 30 RPM increase in
propeller speed there will be a 1 RPM increase in rotor speed.

Using equation 3.14, the resulting rotor thrust can be written as:

T = CrpA(QR)?

T = CrpA(X; QR,)° (3.16)

Physically, equation 3.10 represents an equilibrium balance between propeller thrust and rotor
drag. Consider a rotor rotating with a tip speed of {2R. An increase in propeller RPM results in a
temporary reduction in the climb ratio QR/(§2,R,,). This reduction in climb ratio results in an increase
in propeller thrust. The increase in propeller thrust causes additional torque on the rotor, increasing
rotor RPM and drag. With the increase in rotor tip speed, the climb velocity of the propeller increases

and thus the climb ratio reduces back to its original A7 value before the propeller RPM increase.
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3.1.2 Tip Propeller Inflow and Momentum Theory

According to momentum theory, the total inflow v, of the propeller is a combination of the

induced propeller velocity v;, and the climb velocity v, :
Up = Vi, + e,
The total inflow of the isolated propeller, for a given thrust level, can be written as [19]:
i, Ve, Ve,

= — 2+1 3.17
’Uhp 2Uhp + (2’Uhp) + ( )

Tp
Upy = ’/2pAp (3.18)

A key insight will be gained by examining the ratio of propeller climb velocity v., to induced

where the hover induced velocity is

propeller hover velocity 2vy,. For a propeller-driven rotor, the required propeller thrust varies as a

function of the rotor speed, given in equation 3.5 (repeated here for convenience):

 CopA(QR)?

T, N,

Inserting the expression for propeller thrust 7),, into equation 3.18 yields:

|1 CopAQR)
e QPAP NB
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_ CoA %
v, = QR | i, = QR\/? (3.19)

Returning now to the ratio of v., to 2vy,,, the expression can now be written as:

. Q 1 [2 1
Ve _ R*:_ o= (3.20)
2'Uhp QQR\/g 2 f}/p 2’7}7

With this expression, one can now solve for the induced propeller velocity from equation 3.17:

i 1 1
Yl _ +1- 3.21)
Uhy, 275 2y

The values of v, are on the order of C(, which is around 1e-4. This indicates that the values of

1/7, become quite large, so the square root can be approximated by:

1 e 1
27;; 27;

Indicating that the final ratio approximately equals:

Uip

Uhp

where € is some small number, between 0.05 - 0.10 for the tip propeller configurations considered in
this research. This results indicates that the propeller induced velocity does not significantly contribute

to the total propeller inflow for the tip propeller design.
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3.1.3 Power Loading Comparison

The required power to spin the complete rotor system using the blade-tip-propeller design can
now be estimated. According to Ref. [19], a rotor in climb has three primary contributions to power:
the induced power F; , the climb power P, and the profile power Fy,. The power for a single propeller

can be written as:

P,=P,+ P, +P,

which can be expanded as:

B, = kT, + Tyve, + P,

where k, is some induced power factor for the propeller. Thus, the total power for the blade-tip-

propeller system is the sum of the individual propeller power over all the blades:
Pgrp = NpP, (3.22)

where BTP stands for blade-tip propeller. An interesting result can be obtained by comparing the
required power loading of a traditional, shaft-driven rotor to a blade-tip-propeller-driven rotor config-

uration. Power loading is defined as:

T
PL=~
P

Using equation 3.2, the power of the shaft-driven rotor can be written as:

PRotor = CPPA<QR>3
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The ratio of power loading of an isolated rotor to a blade-tip-propeller design can be written as:

PLRotor TRator PBTP

PLprp  Protor Tnrp

Assuming that the two configurations produce roughly the same thrust (Tsrp = Trotor), @ simplifica-

tion can be made:

PLRotor _ PBTP
PLBTP PRotor

(3.23)

Equation 3.22 can be inserted into equation 3.23 to yield:

PLRotor . NB(kPTPUip + TPUCP + Pop)
PLprp CppA(SLR)?

The expression for propeller thrust, equation 3.5, along with the fact that v., = QR are used to simplify

the expression:

PLRotor o kpvip QR 1 NBPOp 1
PLgrp QR ' QR ' CppA(QR)? =
BTP X , , PP ( )

Induced  Climb Profile

(3.24)

This result indicates that the power loading of a shaft-driven rotor system will always be higher
than the blade-tip-propeller configuration. This is due to the fact that the ratio of climb power will
always be equal to 1.0. Another way to understand this result is that this analysis predicts that the
tip propeller configuration will always require more power than a shaft-driven rotor, for the same
thrust level. Additionally, for the low climb ratios seen be fixed pitch propellers (., < 0.5), both
the induced and profile values are not negligible. With an understanding of the basic physics of a tip
propeller-driven rotor system, the next sections will compare these predictions against experimental

observations.
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3.2 Initial Propeller-Driven Rotor Investigation - Basic Trends and Feasibility

The first set of experiments utilized the Forum 79 propellers and a custom hover test stand to
compare propeller-driven rotor performance with an isolated, shaft-driven rotor. The goal was not to
produce a highly optimized system, rather for the initial investigation it was to combine high quality
commercial-off-the-shelf components in a logical manner to create first spin tests of a novel, propeller-
driven rotor system. More specifically, the goal was to observe propeller performance, validate the
simple performance model presented in Section 3.1, and identify areas of improvement.

Prior to using the propeller-driven rotor hover tests, a series of tests were conducted to assess the
system with increasing levels of complexity. Early experiments characterized the propeller at the end
of a rotating rigid bar and later experiments included both shaft-driven and propeller-driven testing.
The use of a rigid bar was to help develop the early system without a rotor blade and to observe initial

trends. The following experiments occurred:

1. First, the rigid bar was spun via a central shaft and the required torque was recorded. This torque
estimate for the bar was used to find ,, and thus the propeller performance was estimated and

compared to experimental results.

2. Second, the shaft-driven rotor blade was tested with and without the tip propeller assembly. This

allowed the increase in rotor shaft torque due to the presence of the tip nacelle to be quantified.

3. Third, the propeller-driven rotor was spun and performance was compared to the shaft-driven

rotor.

The initial set of experiments analyzed the relative performance of different rotor configurations
to one another. Table 3.1 and Figures 3.3 detail the different design configurations that were tested.
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Table 3.1: Rotor configurations tested for initial feasibility.

Configuration Figure Section Drive Method Tip Motor Propeller
Rigid Bar 3.3a 3.2.5 Shaft Yes No
Rigid Bar 3.3b 3.25 Propeller Yes Yes
Isolated Rotor 3.3c 324 Shaft No No
Rotor w/ Tip-Motor 3.3d 324 Shaft Yes No
Tip Propeller-Driven Rotor  3.3e 3.2.5 Propeller Yes Yes

O (]

(a) Rigid bar configuration, shaft-driven.

O ]

(b) Rigid bar configuration, propeller-driven.

@, I

(c) Isolated rotor configuration, shaft-driven.

CH

(d) Rotor with tip motor, shaft-driven.

A []

(e) propeller-driven rotor with tip propeller.

Figure 3.3: Schematic of rotor configurations tested.

3.2.1 Custom Propeller-Driven Rotor Test Stand

Early propeller-driven rotor experiments were conducted using a custom hover test stand at the
Hover Test Facility at the University of Maryland, College Park. This facility enabled different test
stands to be mounted on top of a common test strut, which raised the rotor several radii from the ground
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to avoid ground effect. This arrangement created a flexible testing environment for the facility, where
custom test stands can be created to study different rotor systems. Figure 3.4 shows the tip propeller

test stand in the Hover Test Facility.

BTP test
stand

Sl DAQ |
W S Equipment fe

Figure 3.4: Blade-tip-propeller rotor testing in the Hover Test Facility
at the University of Maryland.
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The blade-tip-propeller test stand was capable of conducting both freely rotating (propeller-
driven) and shaft-driven (isolated rotor) experiments. In addition, a high powered slip ring was required
to provide power from the fixed frame to the motors located at the blade tip. Figure 3.5 shows the
resulting propeller-driven rotor test stand. A changeable rotor blade grip allowed main rotor collectives
of 0 and 8 degrees to be tested. The stand featured a high-powered slip ring, with 12 power channels
(10A each) and 36 signal channels. A central drive motor, shaft belt, and pulley were used for shaft-
driven test cases. For the blade-tip-propeller testing, when the shaft drive motor is not needed, the
drive belt was simply disconnected, allowing the shaft to freely rotate.

The requirement to provide electrical power to the blade tips had an impact on the rotor hub
design as well. Placing the ESCs in the rotating frame reduced the number of high powered channels
for the slip ring. For simplicity, a power rail connected the slipring channels to the required electronics.

The hub and blade grips resulted in the final rotor having a radius of 33 inches (0.84 meters).

Hub and
Aluminum Electronics

Rod

Slipring

Drive
Blade Tip Motor
Propeller

Figure 3.5: Test stand for blade-tip-propeller characterization and closeup of powered
hub.

This custom rotor stand utilized an ATI Mini45 6DOF balance to measure rotor hub loads, along

with RPM sensors and DC power measurements. The RPMs of the tip propellers were obtained by
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measuring the line voltage between one of the motor leads and DC ground. This eliminated the need to
place an RPM sensor at the blade tip, reducing tip weight and complexity. A common Labview DAQ

interface was created to measure and record system performance.

3.2.2 Propeller Characterization on a Spinning Rigid Bar

Prior to using the tip propeller on a rotor blade, a series of tests were conducted with the blade
tip propeller attached to a rigid bar. Figure 3.6 shows the hover test stand with the propeller-driven
rigid bar (configuration 3.3b). This enabled the performance affects of the blade-tip-propeller system
to be isolated, and to generate experimental data for the mathematical model. The required power to
rotate a rigid bar using a shaft-driven method, configuration 3.3a, was compared to the propeller-driven

method configuration 3.3b.

Figure 3.6: Configuration 3.3b, rigid bar driven with a tip propeller on the test stand.

First, the bar was spun using the central shaft drive motor, with the blade grips set at an angle
of 0 and then to 8 degrees. Next, the central drive motor belt was disconnected so the hub could
freely rotate, and the experiment was repeated using the tip propeller. It was observed that the rigid

bar produced negligible thrust/lift at both 0 and 8 degrees. The required mechanical power to spin the
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rigid bar was used to compare the two methods. For the shaft-driven case, Figure 3.7 shows the the

resulting torque vs RPM curve, allowing a value of C, to be estimated.

=
= ot

Shaft Torque, Q [N*m]
(==}
o

0 100 200 300
Rotor RPM

Figure 3.7: Shaft torque vs RPM for the rigid bar with the tip motor attached.

During tip propeller operation, the input to the system was the throttle setting to the tip motor
ESC. Increasing the input throttle resulted in an increase in propeller speed, which resulted in an
increase in shaft RPM. The corresponding propeller and shaft RPMs are recorded.

The estimated values for C at 0 and 8 degrees were used to determine the value of +, for the
propeller, and thus the predicted value of the propeller tip speed climb ratio A7 was found by referring
to Figure 3.2. This value of X;p was used to predict the required propeller RPM based on RPM of the

rigid bar. The resulting predictions are overlaid with the experimental results in Figure 3.8 and the

final results are detailed in Table 3.2.

Table 3.2: Spinning Bar results with the 9x6.0 propeller, experiment vs prediction.

0o [°] Co Y Exp. A\, Predicted A.,
0 3.17e-4  0.0085 0.26 0.25
8 3.06e-4 0.0082 0.25 0.24
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Figure 3.8:
Predicted and experimentally observed propeller RPMs vs shaft RPM for the rigid bar
configuration with 6, = 8° using the Forum 79 9x6.0 propeller.
The predicted rotor/propeller speeds closely followed the experimentally observed rotor/propeller

RPMs. However, it is noted that there is some slight propeller offset at 0 RPM, €, , of the rigid bar,

adjusting the predicted propeller RPM equation to:

1 R
— 0+ 0
\; R, e

Q, =

This offset in propeller RPM (€, was due to the rotational friction of the test stand bearings and the
slip ring. However, this friction did not appear to significantly impact the climb ratio results, as seen
in Table 3.2.

Finally, Figure 3.9 compares the required power to spin the rigid bar for each configuration. The
propeller power was inferred based on the isolated propeller Forum 79 isolated propeller characteri-
zation results from Section 2.3.4 and the analytical model from Section 3.1. These results indicated
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that to spin the rigid bar, the tip propeller configuration required almost 10 times the power compared
to the shaft-driven method, for this setup. However, the systematic design of the tip propeller allows
for areas of improvement to be identified. The predicted and experimentally obtained propeller RPMs
show good agreement, indicating that a later study can closely optimize the propeller and rotor to

significantly reduce the required power.

40

o Shaft Driven, Experiment
x BTP Driven, Experiment
—BTP-BEMT Prediction

Total Power [W]
S S

—
(]

0 50 100 150 200
Rotor RPM

Figure 3.9: Power required to spin the rigid bar with 6, = 8° vs shaft RPM for both
shaft-driven and blade-tip-propeller-driven configurations (6, = 8°).

3.2.3 Foreshadowing of the Propeller-Driven Rotor Twirl Phenomenon

Although two Forum 79 propellers were tested in axial flight in the Low Turbulence Wind Tun-
nel, only one completed propeller testing on the rigid bar. While testing the 10x4.5 propellers in the
rigid bar tip propeller-driven configuration, Figure 3.3b, the 10x4.5 propellers repeatably broke at the

propeller root. This occurred at relatively low shaft rotation speeds of only 100 RPM.
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Figure 3.10 shows the broken 10x4.5 propeller. There were three suggested causes of the failure.
First, a unique noise signature was observed throughout testing that indicating asymmetric loading of
the propeller blade as it rotated around the propeller azimuth. This was assumed to be a result of the
gyroscopic forces associated with spinning a tip propeller on a rotating rotor blade. Secondly, the
10x4.5 propeller was slightly larger than the 9x6.0 propeller (5 vs 4.5 inch radius), which correlates
with larger root moments. Finally, the root area where the 10x4.5 propeller broke was significantly
thinner than the root area on the 9x6.0 propeller. In any case, the 10x4.5 propellers were unable to be

tested due to premature root failure.

Figure 3.10: Broken Forum 79 10x4.5 propeller that failed during
propeller-driven rotor operation.

Although the 10x4.5 propeller failure was not investigated at the time, later experiments ran
into a similar problem of propellers suffering root failures. Several investigations were undertaken to
identify the issue, and are detailed in Chapter 4. The result would be categorized as the propeller-driven

rotor twirl phenomenon.

3.2.4 Aerodynamic Impact of the Tip Motor on Rotor Performance

This section documents the aerodynamic impact of placing the exposed motor assembly at the
blade tip. The placement of the motor had two primary impacts on the rotor performance: increased

drag and reduced lift. First, adding a cylinder-like object to the blade increases the blade’s wetted area
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and thus an increase in drag was expected. Secondly, the bluff motor could possibly interact with the
rotor blade tip vortex in some manner, thus altering the rotor blade’s lift distribution.

The isolated rotor, configuration 3.3c, and rotor with tip motor, configuration 3.3d, for this sec-
tion are shown on the test stand in Figure 3.11. The propellers are not placed on the tip motors for this

section, allowing the impact of the motor placement to be isolated.

(b) Config. 3.3d: Rotor with tip motor, shaft-driven.

Figure 3.11: Configurations tested to quantify aerodynamic impact
of tip motor placement.

The required shaft torque, rotor thrust, and resulting power loading were used to compare the
two configurations. For the isolated rotor case (no tip motor), tape was used to secure the electrical
wires in a streamlined manner to the blade tip. The required torque from the central motor, rotor thrust,
and resulting power loading are presented in Figures 3.12, 3.13, and 3.14 respectively. Table 3.3 shows
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the relative performance between the isolated rotor and rotor with tip motor configurations.

1 — ;
x Isolated Rotor, 6y = 0° /
o Isolated Rotor, ) = 8° 7
0.8 x Rotor w/ Tip Motor, 6y = 0° //
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Figure 3.12: Required shaft torque vs rotor RPM. Dots indicate data points and lines
represent trendlines.
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x Isolated Rotor, 8y = 0° /
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Figure 3.13: Rotor thrust vs rotor RPM. Dots indicate experimental data points and lines
represent trendlines.
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Figure 3.14: Power loading vs rotor RPM. Dots indicate experimental data points and

lines represent predictions.

Table 3.3: Comparison of isolated rotor to rotor with tip motor.

Item

Isolated Rotor Rotor with tip motor

Cr(6y = 8°)
Coly = 0°)
Coby = 8°)
FOM

k,

Cao

0.0032 0.0028
1.805e-4 4.138e-4
3411e-4 6.532e-4

36.9% 15.6%

1.27 2.34

0.0235 0.0545

The isolated rotor blade had a relatively low Figure of Merit of only 36.9%. This was due to the
untwisted NACAO0012 blade design and the presence of the aluminum reinforcement at the blade tip.
Once the motor was attached to the rotor tip, the torque coefficent at 8 degrees nearly doubled from
3.411e-4 to 6.532e-4, and the thrust coefficient reduced 12.5% from 0.0032 to 0.0028. These results

indicated that a more streamlined tip propulsor design is required for future testing, such as a nacelle

or some other type of blended body design.
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Both the impact of higher torque and lower thrust were evident in the lower power loading
diagram. These results showed that the placing the exposed motor at the blade tip resulted in 2.2 times

power increase compared to the isolated rotor design, for the same rotor thrust.

3.2.5 Tip Propeller-Driven Rotor Performance

The final set of feasibility experiments compared the power loadings between an isolated rotor
(Figure 3.3c), a rotor with a tip motor (Figure 3.3d), and a blade-tip-propeller-driven rotor (Figure
3.3e) with the 9x6.0 propeller. Figure 3.15 shows the tip propeller-driven rotor, configuration 3.3e, on

the hover stand.

Figure 3.15: Propeller-driven rotor configuration.

As before with the rigid bar configurations from Section , the propeller RPM versus rotor RPM
followed a straight line trend. Table 3.4 shows the experimental and predicted results for the blade-tip-
propeller rotor configuration. Rotor thrust for the blade-tip-propeller configuration, shown in Figure
3.16, had a slightly higher thrust coefficient than the isolated rotor, 0.0033 vs 0.0032. Comparing the

rotor and rotor and tip motor (no propeller) to the blade-tip-propeller (spinning propeller), the act of
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spinning the tip propeller was found to increase C'r from 0.0028 to 0.0033. The propeller was rotated
in an opposite manner of the tip vortex.

Table 3.4: Blade-tip-propeller results with the 9x6.0 propeller, experiment vs prediction.

0o [°] Co Y Exp. A., Predicted A,
0 4.138¢-4 0.0111  0.230 0.230
8 6.532e-4 0.0176  0.285 0.235
600
X 0() =0°
o 00 =8°
500 -
780400 |
%
£300
=
—
S 200+
o
s
100 -
0%
0 100 200 300

Rotor RPM

Figure 3.16: Rotor thrust vs rotor RPM for the blade-tip-propeller-driven rotor
configuration.

For the 8 degree collective case, the predicted propeller RPM, shown in Figure 3.17, has a
higher slope value than the experimentally obtained value. The experimentally obtained value of 0.28
is higher than the maximum climb ratio of 0.25 for the 9x6.0 propeller from Figure 2.23. This indicates
that the resulting propeller-driven rotor had a lower Cy, for when the propeller was spinning compared

to the non-spinning case.
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Figure 3.17: Experimental and predicted propeller RPM vs rotor RPM for the 6, = 8°
blade-tip-propeller configurations.

The power loadings between the propeller-driven rotor system, the isolated rotor, and the rotor
with the tip motor attached are shown in Figures 3.18 and 3.19. The blade-tip-propeller configuration
had the lowest power loading values between all the configurations tested. It required 6.38 and 2.67
times as much power to rotate compared to the isolated rotor and rotor with a tip motor configurations,
respectively.

From these tests and the simple model, a large required power for the propeller-driven rotor was
observed. This is due to two primary reasons. First, the nacelle drag of the tip propeller immediately
doubled the profile drag of the main rotor. This is due to spinning a blunt cylindrical object at the
location of the largest dynamic pressure. A streamlined nacelle is recommended for future tests.
Secondly, based on Table 3.4 the propeller was operating in a region of low propulsive efficiency.

This was due to the large inflow experienced by the propeller.

86



. = Isolated Rotor
I‘.I x x Rotor w/ Tip Motor
. ! = Blade Tip Propeller
=3 |
~ i
=
) 4
= \
g2\
Q ‘\ Y
— VN
- A \
GB_) \“‘ \\\
o1
A ‘\\ xS
Y L .\K)EN \&.; ~~~~~~~
s
0 —-",—*x—-—"yl*..—u P wom— g She OV ‘
0 100 200 300
Rotor RPM

Figure 3.18: Power loading of blade-tip-propeller, isolated rotor, and rotor with tip motor
configurations.
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Figure 3.19: Power loading vs thrust comparison between the blade-tip-propeller, isolated
rotor, and rotor with tip motor configurations.
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3.3 Propeller-Driven Rotor Hover and Propeller Loads Test

After the initial feasibility work was completed, the next set of experiments sought to examine
the propeller loads during propeller-driven rotor operation. Additionally, a wider set of rotor collectives
were investigated. For these reasons, the propeller-driven rotor was integrated onto the University of

Maryland’s rotor test stand.

3.3.1 Test Stand

The rotor test stand, shown in Figure 3.20, featured a 50 hp hydraulic motor to drive the rotor, a
swashplate, a 150 channel slipring, and a rotor hub balance to record fixed frame forces and moments.
This capable test stand has been used for the past 50 years at the University of Maryland, and features
a long lineage of both hover and edgewise flight tests in the Glenn L. Martin Wind Tunnel. The rotor
test stand used the same Hover Test Facility at the University of Maryland as the custom rotor stand
that was detailed in Section 3.2.1.

Three configurations were tested: a shaft-driven isolated rotor, a shaft-driven rotor with the tip
nacelle, and the propeller-driven rotor. Figure 3.21 shows the configurations that were tested in hover.
A rotor collective 6, sweep from 0 to 16 degrees was performed on all configurations. A high 6y of
16 deg was chosen to investigate the stall performance of the different configurations. From these
experiments, the rotor C'r, C'p, figure of merit, and power loadings were recorded. These results were

later compared to comprehensive analysis predictions.
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Figure 3.20: Propeller-driven rotor at the University of Maryland’s hover testing facility.

Isolated Rotor, Shaft Driven

Rotor with Tip Nacelle, Shaft Driven

+QT

Propeller Driven Rotor, 35 CW Propeller

Figure 3.21: Rotor configurations tested on the hover stand.
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3.3.2 Tip Propeller Load Cell Description

In addition to the main rotor thrust and power measurements, the tip load cell measurements
were also recorded. The composite rotor blade was modified to enable the tip load cell signal wire to
pass cleanly through the main rotor blade shell. Figure 3.22 shows the rotor blade and tip propeller,
with the load cell signal wires passed through the blade. Prior to hover testing, this setup was tested in

the Low Turbulence Wind Tunnel, described in Section 2.4,

Tip Load
Cell Wire

Tip Nacelle
and Propeller

Rotor Blade

Figure 3.22: Composite rotor blade and tip propeller and load cell used in rotor-propeller
hover loads experiment.

Figure 3.23 shows a closeup of the tip assembly. The tip assembly mounted the propeller to
the rotor blade tip. The propeller and propeller hub were connected to the motor, which bolted to the
propeller load cell. The propeller load cell attached to a beam insert that was bolted to the rotor blade
tip. Figure 3.24 shows the reference frame for the tip load cell. The F}, value is in the direction of the
centrifugal load from the main rotor blade, I, is aligned with the propeller thrust, and £}, completes
the right hand system and so is oriented opposite of rotor thrust. All tip load cell forces and moments

were found to be relatively invariant to main rotor collective 6.
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(a) Closeup of tip nacelle. (b) Assembly mounted on rotor blade.

Figure 3.23: Propeller driven rotor tip load cell and assembly.

Tip Assembly

Rotor Blade

Figure 3.24: Tip load cell reference frame, view is from the rotor blade trailing edge.

An ATI Nano 17 6DOF load cell was used to measure propeller loads at the rotor blade tip. The
source of the loads measured by the tip load cell for each propeller axis are as follows. Propeller [, is
in the direction of the rotor blade span, and the rotor centrifugal forces. Propeller F,, is in the gravity
direction, so little load is expected once the balance has been tared. Propeller I, is in the propeller
thrust direction. The propeller moment M, is the propeller-rotor Coriolis moment. Propeller M,
comes from the mass offset ahead of the balance times the rotor centrifugal forces. Propeller M), is

the propeller shaft torque, and is close to zero for the vacuum chamber experiment.
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During hover testing, several inertial loads were measured by the tip propeller load cell. Figure
3.25 shows how a mass M offset from the load cell by some distance r creates propeller F,,,, I, and
M,,, loads. Propeller F}), is in the rotor centrifugal force direction, so some large positive number is
expected. Due to the forward offset of the assembly, an angle is created that projects some of the rotor
centrifugal force in the forward propeller thrust direction. Thus, a small positive value is expected for
F,, even in the vacuum chamber. Finally, the M, load results from the forward offset of mass M has

a centrifugal force that acts at a distance r from the load cell origin.

Prop Hub
Prop Blade <—Towards P ad
<4=—Towards y4 BLDC Rotor Root M-e -1 q F,
Rotor Root T Motor (03 -t ]F F
S Rotﬁ - L
Adapt X fd
apter /y/* > 3 - ,:/—)(—1\-\'
Balance | ooq |5 fu Balance ", 04| M, = rF,
Origin cell | |35 3 | Rotor % Origin Cell
——fF————_—] | 3 _ 1L _lchod ——F—————— ——__
Beam Insert Line

Figure 3.25: Tip assembly model, view is from above the rotor blade looking down. Mass
M offset from distance r from load cell creates an F,,, [, and M, load.
Angle exaggerated for clarity.

3.3.3 Facility Modifications for Propeller-Driven Rotor Testing

Two major changes were required to facilitate propeller-driven rotor testing. First, the hydraulic
motor that provided power to the shaft had to be removed, as the static friction of this motor prevented
the shaft from freely spinning. Secondly, power needed to be transmitted from the fixed frame to the

rotating frame and to the propellers at the blade tip.
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Figure 3.26: Left: Hydraulic motor (inside red box) attached to shaft. Right: Test stand
without hydraulic motor.

Once the isolated rotor and the rotor with the tip nacelle testing was completed, the hydraulic
motor was removed from the hover stand. Figure 3.26 shows the test stand with and without the
hydraulic motor. This enabled the shaft to freely spin for propeller-driven rotor testing.

Power was supplied to the rotating frame using a Fabricast 150 channel slip ring, as shown in
Figure 3.27. This slip ring featured 12 high powered channels capable of 60 V DC at 5SA/channel
current. These channels were wired in parallel to provide a total power of 30 A at 60 V DC, which was
substantially more than the required power for the tip motors. To avoid line losses with long cables, the
power was supplied from the 48 V DC power supply through the slip ring to the electronic components
in the rotating frame. A DC-DC step down converter was mounted to the rotor hub to step the voltage

from 48 V DC to 12 V DC for the electric motors.
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Figure 3.27: Power diagram for propeller-driven rotor operation.

In the rotating frame, a “powered hub assembly” was fabricated to convert the 48 V DC power
into the required 12 V DC power to drive the tip motor and propeller. Figure 3.28 shows the powered
hub. First, power was supplied to a DC-DC power converter that stepped the voltage down from 48
V DC to 12 V DC. Next, the 12 V DC was supplied to the motor controllers that spun the electric
motors at the tip. The motor characterization testing performed earlier was critical for properly sizing

all electronic components.

; il

DC-DC ESC Slipring Tip
Assembl

Connection
Block

Converter

RPM
Sensor

Figure 3.28: Powered hub on top of the rotor test stand with the shaft-driven rotor with tip
nacelle configuration.

Power was routed to the tip motors via wires embedded inside the main rotor blade composite

shell. There were several sensor measurements made in the rotating frame that were passed through
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the slipring. These signals included the propeller load cell signal wires, the propeller RPM sensor, and

motor commands.

3.3.4 Shaft-Driven Rotor Testing

First, the shaft-driven rotor was tested at 200, 300, and 400 RPM, and the results are shown in

Figure 3.29a. It was observed that the rotor had similar performance at all rotational speeds tested. It

had a highest Cr/o of about 0.15, and stall was observed above 6, = 14 deg. Next, the tip nacelle,

motor, and propeller hub were attached to the tip of the rotor blade. A series of tests were performed

to see how the tip load cell responded to the centrifugal loading. This established that 250 RPM was

the maximum rotor speed for the load cell range of the tip load cell. All remaining rotor testing was

conducted at 200 RPM. Figure 3.29b shows the results for the shaft-driven rotor with the tip nacelle at

200 RPM.
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(a) Isolated main rotor.
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(b) Main rotor with tip nacelle.

Figure 3.29: Results for the shaft-driven isolated rotor configuration, with and without tip

nacelle.



The shaft-driven rotor had a reduced thrust coefficient and an increased power coefficient when
compared to the shaft-driven isolated rotor. Maximum thrust coefficient reduced by nearly 50%. Ad-
ditionally, the tip nacelle nearly doubled the profile drag of the rotor, increasing the Cp /o from 0.0024
for the isolated shaft-driven rotor to 0.0047 for the shaft-driven rotor with the tip nacelle.

This increase in power was estimated from the profile drag wind tunnel results in Section 2.4.
From Table 2.6, the equivalent flat plate nacelle area fy was estimated by taking the the difference in
Cpo values between the isolated wing (C'py = 0.0240) and the wing with tip nacelle (C'py = 0.0296)
configurations. The reference area was the wing area, and thus the equivalent flat plate nacelle area

v = 3.1e-4 m?.

The power required to hover can be expressed as:
P=PFP +P,+ Py

where F; is the rotor induced power and F, is the rotor profile power and Py is the required power
to overcome the tip nacelle drag. The power to overcome nacelle drag can be estimated from Figure

3.30.

() Nacelle |V

Main Rotor Blade \-l

R :XDN

Figure 3.30: Nacelle drag Dy acts at a distance R and has incoming velocity v = Q) R.

Nacelle power can be estimated using a drag build up method. The nacelle drag Dy, the airspeed
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of the nacelle v, and the number of nacelles in the system (which is equal to the number of blades Np):

PN = NBDN’U

The nacelle drag Dy = %prU2 where fy is the nacelle flat plate area (fy = CpnAn). This

expression can be used to find an expression for nacelle power Py :

N
Py = (TBPfNUQ)U
N
Py = TBPfNU3

For a nacelle at the rotor blade tip, this airspeed v is equal to the rotor tip speed, {2R. The nacelle

power for a tip nacelle can be rewritten as:
N
Py = TBpr(QR)?’

From this, the non-dimensional nacelle power coefficient Cp,, is:

Crv = dmy (3-25)
 Npfy
Cry =7 (3.26)

The value of fy /A refers to the ratio of the nacelle flat plate area to the main rotor disk area, and has

a value of:

fZN =1.18¢e — 4 (3.27)
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Table 3.5 shows the results of this nacelle drag analysis applied to the experimental data. It can be
seen that the predicted drag, using this simple estimate, shows good agreement with the experimentally

observed value.

Table 3.5: Rotor drag comparison between the shaft-driven isolated rotor and the
shaft-driven rotor with tip nacelle.

Configuration Type Cplo

Isolated Rotor Measured 0.0024
Rotor and Nacelle Measured 0.0047
Rotor and Nacelle Predicted 0.0042

3.3.5 Propeller-Driven Rotor Hover Test

Next, the propeller-driven rotor with the tip load cell was tested. The hydraulic motor was
disconnected from the rotor shaft and the 35 deg clockwise propeller was installed at the blade tip, as

shown in Figure 3.31. The thrust performance of the propeller-driven rotor is shown in Figure 3.32.

Figure 3.31: Propeller-driven rotor configuration.
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Figure 3.32: Rotor thrust during propeller-driven rotor operation at 200 RPM.

Figure 3.33 shows the experimental results during the propeller-driven rotor test. The throttle
setting to the electric motor at the blade tip was manually adjusted to keep the rotor spinning at 200
RPM. Increasing the rotor collective increased the drag of the rotor, and an increase in propeller RPM
was required to maintain the desired rotor RPM. Figure 3.33a shows the relationship between propeller
RPM, rotor RPM, and rotor collective 6. This strategy worked well until 6, = 16 deg, when the motor
approached its maximum electrical current limit. At this high angle, the rotor RPM was reduced to
180 RPM to prevent damaging the tip motor.

The propeller climb ratio for the tip propeller is the ratio of the rotor tip speed to the propeller

tip speed:

Q
Ae, = l
TR,

Propeller propulsive efficiency measures the propeller’s ability to produce a propulsive thrust (opposite
to rotor drag). The propeller was rigidly mounted to the tip of the rotor blade, and rotated with the

rotor collective 6y. To account for this, the propulsive efficiency metric was modified to:

B Cr, e, cos Oy

p = Cr (3.28)
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(d) Tip propeller efficiency.

Figure 3.33: Performance metrics for the propeller driven rotor hover test.
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The modified propulsive efficiency, equation 3.28, for the tip propeller is shown in Figure 3.33d.
During isolated wind tunnel testing of the Forum 80 propellers, it was found that the tip propeller had
a maximum efficiency of around 45% with a climb ratio A., between 0.3 and 0.4. The results from
Figure 3.33d largely agree with this, but show the tip propeller operating at an efficiency of 25%-30%.

Later vacuum chamber experiments would expand on this test.

3.3.6 Propeller Loads during Propeller-Driven Rotor Hover Test

A key objective of the hover test was measuring propeller loads during propeller driven rotor
operation. The propeller tip assembly was detailed in Section 3.3.2. A comprehensive analysis model
was created to predict propeller hub loads during propeller driven rotor hover testing. Figure 3.34

shows the comprehensive model that was created to model the tip propeller loads.

-0.2
Load Cell
- Prop X Location
g 0 '\
N
-—-
Prop Z
0.2
1 Pro
-0.5 \
X [m]

Figure 3.34: ERA model and propeller reference frame. Note that the load cell location
has some physical offset from the propeller hub.
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Figure 3.35 shows predicted and experimental results for the propeller tip load cell. The critical
Coriolis moment M, and the propeller thrust F,, are well captured. There appears to be a slight offset
between the mass in the ERA model and the physical test stand. This is apparent as the measured
propeller I, value is larger than predicted, as well as the M, value. Again, this indicates a minor
mass discrepancy between the model and the physical test stand. Overall, the results are satisfactory.

The experiment and predictions both show a large propeller M, value. The propeller M,, has
a value close to 0.2 Nm whereas the propeller torque M, is close to 0.02 Nm. This is a difference of

one order of magnitude. The explanation for this large propeller M, load is studied in Chapter 4.
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Figure 3.35: Propeller hub loads. Predicted (solid line) and experimental (dots) for
propeller load cell forces at 200 rotor RPM and 7000-8000 propeller RPM.
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3.3.7 Rotor Performance Comparison

Power loading and figure of merit are the key metrics of efficiency for a hovering rotor, and
are shown in Figure 3.36. In addition, the thrust perfomance of all three rotors is shown in Figure
3.37. From Figure 3.36, it is clear that the power loading of the propeller-driven rotor system is the
lowest out of all the configurations studied. There are two reasons for this. First, the addition of the
tip nacelle adds twice the profile drag to the rotor. Secondly, the propeller rotor requires power to spin

the tip propeller, and the propeller efficiency was found to be between 25-30%.
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Figure 3.36: Power loading and figure of merit for the different configurations.

In regards to the thrust performance of the rotor, shown in Figure 3.37, the shaft-driven isolated
rotor had the highest C'r /o and the shaft-driven rotor with the tip nacelle had the lowest. Interestingly,
the propeller-driven rotor configuration had similar performance to the rotor and tip nacelle configura-
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tion, but did not have the same stall curve. This phenomena was not seen in the wing and tip propeller

experiments from Section 2.4.
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Figure 3.37: Thrust comparison between the different configurations.

While the propeller-driven rotor did have lower performance than the other configurations, the
main focus of this work was not to optimize the propeller-driven rotor system, but to conduct para-
metric studies of key variables on a generic propeller-driven rotor system. Instead, this early research
was focused on obtaining experimental results to develop the analytical models that describe propeller-
driven rotor operation, not to create a highly efficient system. To improve propeller-driven rotor hover

performance, the propeller placement on the main rotor span was investigated.

3.4 TImpact of Propeller Placement on Main Rotor Blade Span

After conducting two separate propeller-driven rotor hover tests, it was clear that propeller effi-
ciency had to be improved for the propeller-driven rotor concept to be a serious design concept. The
simple model from Section 3.1 and the propeller-driven rotor hover results indicated that the propeller
was operating at low propulsive efficiency 7, due to the fact that it was operating at high propeller

climb ratios A.,. A small 2.7 ft diameter test stand using 3D printed rotor blades was fabricated to
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examine the impact that the propeller placement on the main rotor blade span.
A rotor blade in hover has a change in velocity proportional to the distance from the hub, shown
in Figure 3.38. A propeller mounted on the main rotor blade will experience this incoming velocity as

a propeller climb velocity v..
ve. = QR
ve m
O
O~ |

Figure 3.38: A main rotor blade in hover has a tangential velocity proportional to its
distance from the hub.

The term z,, shown in Figure 3.39, represents the non-dimensional location along the rotor
span, relative to the hub, that the propeller was placed. An z, = 1/2 represents placing the propeller
at the half span location. Note that the propeller climb velocity v, also increased with an increased x,,
position, as v, = x,(£2R). It was assumed that the propeller radius was small relative to the main rotor
radius such that the climb velocity v, was uniform across the propeller span. Figure 3.40 shows the
change in propeller climb velocity for the different propeller placements. The 3D printed rotor blades

described in Section 2.1.2 were used for this propeller placement investigation.

Ve = T,(QR)
T
-

Q
“ ——
OH’ [] |

. » ™ Motor and
CUpR Propeller

Figure 3.39: Definition of propeller location .
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Figure 3.40: Propeller climb velocities for the 1/2 span, 3/4 span, and tip mounted
propellers.

The rational for placing the propeller at certain locations on the main rotor blade span was as follows:

* Rotor Blade Tip - The propeller is furthest from the rotor shaft and thus would produce the
largest moment arm. However, placing the motor and propeller nacelle at the tip results in a
high drag penalty. Previous studies found that this drag penalty can double the profile drag of

the rotor.

* Rotor 1/2 Span - The incoming climb velocity v. of the propeller is reduced, which could have
impacts on the propeller performance. However, the moment arm is also reduced so propeller

thrust and power could increase.

* Rotor 3/4 Span - This acts as an in-between case for the propeller placed at either the blade tip

and half span locations.
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3.4.1 2.7 ft Diameter Test Stand

A propeller-driven rotor test stand, shown in Figure 3.41, was fabricated to investigate: 1.)
propeller placement performance impacts, and 2.) to develop a propeller-driven rotor swashplateless
control strategy. This propeller-driven rotor test stand featured a high powered 12 channel slipring,
four separate force loads cells, DC power measurements, a rotor azimuth magnetic encoder, and a
microcontroller. A commercial-off-the-shelf 5x5 propeller, shown in Figure 3.42, was used for all
propeller-driven rotor experiments. A microcontroller reads the rotor azimuth location and adjusts the
motor commands accordingly. Additionally, the stand can be modified to enable shaft-driven rotor

testing. Table 3.6 summarizes the details of the propeller-driven rotor test stand.

. Motor Controller
Tip Motor and and Hub

/ Propeller
&
/

Load Cells g High power
E Slipring

3D Printed
Rotor Blade

‘._',;'t«‘;‘&y e

Figure 3.42: 5 inch diameter commercial-off-the-shelf 5x5 propeller that was used for all
propeller-driven rotor experiments using the 2.7 ft diameter test stand.
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Table 3.6: Rotor, propeller, and powertrain characteristics for the propeller-driven rotor

test stand.
Rotor Radius R 16.2 in
Rotor Chord ¢ 2.51n
Rotor Aspect Ratio R/c 6.4
Number of Rotor Blades 2
Rotor Airfoil NACAO0012
Rotor Solidity o 10%
Rotor Collective 6 8 deg
Rotor Twist None
Propeller 5x5, shown in Figure 3.42
Propeller Radius 2.51in
Propeller Chord 0.4 in
Number of Propeller Blades 2
Propeller Solidity 10%
Motor EMAX Eco II 1700 Kv
Motor Controller T-Motor Velox 50A

There were three test objectives with this 2.7 ft diameter propeller-driven rotor test stand. First,

investigate reducing propeller-driven rotor performance with the propeller mounted at various loca-
tions along the main rotor blade span. Second, compare the propeller-driven rotor to the shaft-driven
rotor performance for the various rotor configurations. Third, conduct experiments for the propeller-
driven rotor control scheme outlined in Chapter 5. The first two objectives, related to performance, are

detailed in this section and the final objective, related to control development, is detailed in Chapter 5.

Figure 3.43 shows the a schematic of the propeller-driven rotor test stand setup. A microcon-

troller read the rotor azimuth angle at a rate of over 1000 times per second. All sensors and the mi-
crocontroller were connected to a LabView DAQ and computer for real time data viewing and saving.
The motor controller was placed on the hub in the rotating frame to reduce the number of channels that

were required to transmit high powered current. The microcontroller connected to the motor controller

in the rotating frame via signal wires that went through the slipring.
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Figure 3.43: Wiring diagram for the 2.7 ft diameter propeller-driven rotor test stand.

3.4.2 Propeller Placement Experimental Results

The primary comparison metrics for the 2.7 ft diameter propeller-driven rotor tests are the thrust
loading coefficient C7/0o, electrical power loading coefficient C'p. /o, and the propeller/rotor RPM

slope m. The thrust loading coefficient C7/o is defined as:

Cr 1 T

o 0 pAQR)?

The electrical power Pp¢ is defined as:

Ppc = Vpelpe

Due to the limited number of slipring channels, propeller mechanical power could not be mea-
sured. Instead, the DC electrical power to the slipring was measured in the fixed frame and will be

used as a comparison metric, denoted as Cp,.

Ppc = CpepA(QR)® + Ppey (3.29)
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where Cp, is the electrical power coefficient that contributed to spinning the rotor whereas Ppc, is
the power component to overcome the static drag of the rotor. The static drag comes from frictional
forces in the bearings, slipring, and viscous rotor drag. From this relation, the static DC current /,
required to overcome this drag is defined as:
I, = Ppc,o

Vbe

The propeller mechanical power P, is related to the electrical power P, through the powertrain effi-

ciency npr, which includes the electric motor, motor controller, and wiring losses:

P
p _ foo

p
nper

From the experimental test data, it can be seen that the main rotor RPM (2 and the propeller RPM

(2, have a linear relationship, which can be written as:
Qp =mE + Qp o st

where m is the slope between rotor RPM and propeller RPM, called the propeller/rotor RPM
slope. The propeller RPM offset §2,, ¢ ¢sc: s the required propeller RPM to overcome the static friction
of the propeller-driven rotor test stand. Figure 3.44 shows a sketch of how (2, ,¢fs: and the pro-
peller/rotor RPM slope m are defined. The terms Ppc, 1,, and €2, ,7rs.: Were directly related to one

another.

110



15000 ¢

0 200 400 600 800
Rotor RPM

Prop RPM
S
S

S
—]
<1
=
Q
I~
S
»
U]
~

Figure 3.44: Definition of propeller offset €2, . 5.+ and the slope m between rotor RPM
and propeller RPM.

Table 3.7 shows the measured performance metrics for the test. Figure 3.45 shows the propeller-
driven rotor’s thrust, electrical power, and propeller RPM under z,, values of 1/2, 3/4, and 1. From
these results, several deductions were made. Placing the propeller at the half span location required
the propeller offset €2, , ¢ 7s.: and the DC current offset I, to nearly double due to the reduced moment
arm when compared to placing the propeller at the blade tip. However, placing the propeller at the
mid span location resulted in a 20% reduction in rotor thrust loading C'/o but a 50% reduction in
rotor electrical power loading C'p. /0. This indicated an initial higher penalty for a mid span propeller
placement, but a favorable C'p, for moderate to higher rotor RPMs.

Additionally, the propeller/rotor RPM slope m that relates propeller RPM to rotor RPM was
found to linearly vary from x, = 1/2 to 1. The 1/2 span located propeller/rotor RPM slope m is
nearly half the tip propeller/rotor RPM slope m value. Lastly, placing the propeller at the 3/4 span
location resulted in the lowest C'r/o value of any rotors, and had a higher Cp. /o value than the mid
span propeller location. This implied that placing the bluff motor body at the rotor 3/4 span location
significantly disrupted the rotor’s ability to provide thrust, and was found to be the worst performing

of any of the propeller locations.
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Table 3.7: Propeller placement variation results.

Propeller Position % R % R Tip
Cr/o 0.0573 0.0533 0.0701
Cpe/o 0.0224 0.0277 0.0450
I,[A] 1.03 0.91 0.63

m [Propeller RPM/Rotor RPM]  8.74 13.8 17.2
Q, offset [Propeller RPM] 3950 2490 2075

0 200 400 600 800
Rotor RPM

(a) Main rotor thrust vs main rotor RPM.

0 200 400 600 800
Rotor RPM
(b) Propeller DC Current vs main rotor RPM.

x 10*

Prop RPM
- &

e
o

200 400 600 800
Rotor RPM

(c) Propeller RPM vs main rotor RPM.

o

Figure 3.45: Performance results for various spanwise propeller locations, for a main
rotor collective of 8 deg. Dots represent experimental data while lines represent best fit.
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Figures 3.46 to 3.49 plot the performance of the different propeller-driven rotors versus main
rotor thrust. Figure 3.46 and Figure 3.47 show two distinct regions when comparing the propeller
placements at the midspan and tip locations. For low thrust levels, the tip driven rotor required less
electrical power to operate than the midspan located propeller. However, at higher thrust levels, the
trend reversed and the midspan located propeller required less power to generate a certain thrust com-
pared to the tip driven propeller. This crossover point occurs at around 125 grams of rotor thrust.

This observation can be explained by examining the values in Table 3.7. The 1/2 span located
propeller had a higher propeller RPM offset of 3950 compared to the tip propeller’s value of 2075.
However, the electrical power loading coefficient C'p. /o for the midspan located propeller was 50%
the value of the rotor with the tip propeller. This means that there was a higher initial electrical cost for
the midspan located propeller but a lower required power once the rotor is spinning due to the lower
Cpe/o.

As indicated in Figure 3.48, at lower rotor thrust levels the tip located propeller required less
power than the 1/2 span located propeller. However, due to the 1/2 span located propeller’s Cp. /o
value, at higher rotor thrust levels the 1/2 span located propeller required less electrical power than
the tip located propeller. The difference in electrical power increased with increasing rotor thrust.
At 400 grams of main rotor thrust, the 1/2 span located propeller required 15% less electrical power
compared to the tip located propeller. This crossover point was evident when considering the 7'/ Ppc
plot in Figure 3.47. These propeller placement results indicated that optimum propeller-driven rotor
performance benefits can be achieved by properly sizing the propeller blade geometry, the propeller

location, and the propeller-driven rotor configuration.
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3.4.3 Propeller Placement Comparisons

The performance of the propeller-driven rotor was also compared by considering three cases:
constant main rotor thrust, constant main rotor RPM, and constant propeller RPM. All results are for
the same main rotor collective of 8 deg.

Case I: Constant Rotor Thrust

This case compares the required electrical power to generate a 300 grams of thrust from the main
rotor. The intersection of the 300 gram thrust line and the corresponding electrical power points are
shown in Figure 3.50. The dimensional results are shown in Table 3.8.

Table 3.8 shows that placing the propeller at the mid span location resulted in an 18% reduction
in electrical power, an 11% increase in main rotor RPM, and a 20% reduction in prop RPM compared

to placing the propeller at the tip location.

500 |
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Figure 3.50: Intersection of 300 grams of thrust for the different propeller-driven rotors.
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Table 3.8: Propeller-driven rotor performance at 300 grams of thrust.

Propeller Position %R %R Tip

T [grams] 300 300 300
Rotor RPM 663 687 600
Propeller RPM 9,800 12,000 12,400
Ipc [A] 3.8 4.7 4.7
Ppe [W] 45.4 56.6 56.5

T/Ppc [IN/W]  0.0648 0.0520 0.0521

Case II: Constant Main Rotor RPM of 500

Next, the propeller-driven rotor performance was compared at 500 RPM of the main rotor. Figure
3.51 shows the intersection of the rotor thrust and electrical power. Table 3.9 shows that placing the
propeller at the mid span location results in an 18% reduction in thrust, a 26% reduction in electrical

power, and a 22% reduction in propeller RPM compared to placing the propeller at the blade tip.

500 ¢
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Figure 3.51: Intersection of 500 RPM of the main rotor for the different propeller-driven
rotors.

116



Table 3.9: Propeller-driven rotor performance at 500 RPM of the main rotor.

Propeller Position %R %R Tip

T [grams] 171 159 209
Rotor RPM 500 500 500
Propeller RPM 8,300 9,400 10,700
Ipc [A] 2.2 2.4 3.0
Ppe [W] 26.6 28.6 36.0

T/Ppc [IN/W]  0.0630 0.0545 0.0569

Case III: Constant Propeller RPM of 10,000

Finally, the propeller-driven rotor performance is compared at 10,000 propeller RPM. Figure
3.52 shows the intersection of the propeller RPM lines with 10,000 propeller RPM and Table 3.10
shows the propeller-driven rotor performance results. Table 3.10 indicates that placing the propeller at
the mid span location resulted in an 84% increase in thrust, a 68% increase in electrical power. This is

due to the 50% increase in rotor RPM compared to the tip propeller placement.
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Figure 3.52: Intersection of 10,000 propeller RPM for the different propeller-driven rotors

Table 3.10: Propeller-driven rotor performance at 10,000 propeller RPM.

Propeller Position %R %R Tip

T [grams] 327 188 177
Rotor RPM 692 545 460
Propeller RPM 10,000 10,000 10,000
Ipc [A] 4.2 2.8 2.5
Ppc [W] 50.0 33.6 29.8

T/Ppc [IN/'W]  0.0641 0.0549 0.0582
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Next, the propeller-driven rotor test stand was modified for shaft-driven testing so that mechani-

cal power of the different rotors could be measured.

3.4.4 Shaft-Driven Rotor Measurements

Mechanical power measurements were made by modifying the propeller-driven test stand to
enable shaft-driven testing. The slipring was removed and replaced with an electrical drive motor and
a torque cell. These modifications allowed for mechanical rotor power to be measured and compared
between the different rotor configurations. The 3D printed hingeless rotors had a rotor collective 6y
of 8 deg for all shaft-driven tests. Figure 3.53 shows the propeller-driven rotor test stand after it was
modified for shaft-driven testing. The results were compared to an isolated rotor, that is a rotor that

does not have a motor nacelle added to it.

Motor

Nacelle\ e e

Drive
Motor

Figure 3.53: Propeller-driven rotor test stand modified for shaft-driven testing.

The rotor’s mechanical power P was measured from the torque cell and RPM sensor as:

P =QQ

where () is the rotor’s mechanical torque measured from the torque cell. The rotor’s power loading
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coefficient C'p /o is defined as:

Cp 1 P

o 0 pAQR)3

From the measurement of mechanical power P, the rotor’s figure of merit (FOM) is defined as:

FOM

3/2
— M % 100%
P

Table 3.11 shows the results of the shaft-driven rotor testing for the various rotor blades along with an

1solated blade without a motor.

Table 3.11: Shaft-driven rotor results. Rotor collective ¢, was fixed at 8 deg. The
propeller tip angle d was used in the control experiments, detailed in Chapter 5.

Propeller Position 0 [°] Cr/oc Cp/oc FOM [%]

%R 0 0.0449 0.0077 27.3
%R 0 0.0408 0.0079 23.1
R 0 0.0416 0.0127 14.7
R 10 0.0421 0.0167 11.4
R 20 0.0400 0.0181 9.8
Isolated Rotor - 0.0457 0.0076 28.3

As expected, the isolated rotor performed the best and had the highest figure of merit. Interest-
ingly, placing the motor at mid span and tip locations resulted in a 1.3% and 67.1% increase in Cp /o
as compared to the isolated rotor. This indicated that placing the motor at the half span locations has
significant performance benefits for the rotor and has a rotor figure of merit similar to an isolated rotor.
Table 3.11 indicates that placing the motor further out created a bluff body was seen to reduce rotor
thrust and increase rotor power. Additionally, placing the motor at the 3/4 span was also found to

disrupt thrust and increase power, which was also seen during the propeller-driven rotor experiments.
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3.5 Comprehensive Analysis for Spanwise Propeller Placement

In an effort to understand propeller placement impact, the comprehensive model was modified to
enable variable propeller locations. Unfortunately, the propeller utilized in the small scale experiments
was too small to make out the suitable details needed for engineering analysis. Instead, the 6 ft diameter
rotor and Forum 80 propeller used in the propeller hover loads experiment, detailed in Section 3.3,
were modeled. The only modification to the comprehensive model was that the nacelle drag was
omitted, allowing only principal physics related to the effects of propeller placement to be captured.
Additionally, no aerodynamic interference between the main rotor and propeller was modeled. Figure

3.54 shows variable propeller placement modeled in ERA.
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Figure 3.54: Propeller placed at 50%, 70%, and 100% rotor span in ERA.
View is above the rotor, looking down.
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The analysis first begins by considering the physics of variable propeller placement. Next, the
trim routine and results are described. Finally, the propeller loads for the different spanwise locations

are computed.

3.5.1 Variable Propeller Placement Physics

Consider a rotor spinning at 200 rotor RPM and a propeller spinning at 4000, 5000, and 6000
propeller RPM. Each propeller produces a certain amount of thrust 7, for the given spanwise place-
ment. The torque (), on the main rotor shaft generated by the propeller thrust 7}, at location x,R
is:

Qp = Tpzp,R

In propeller-driven rotor hover trim, the torque produced by the propeller on the main rotor shaft (),
must be equal to the main rotor aerodynamic drag (). However, for any given propeller location z,,
rotor/propeller design, main rotor RPM (2, and propeller RPM (2, the main rotor is likely not to be in

equilibrium. In that case, there is a net torque (),,; on the rotor shaft:

Qnet = Qr — Q) (3.30)

Figure 3.55 shows the net rotor shaft torque (), and propeller power for each configuration. Rotor
hover trim is achieved when ), = 0. This occurs around x,, = 1 for the 6000 propeller RPM case,
around xz, = 0.8 for the 5000 propeller RPM case, and around z,, = 0.5 for the 4000 propeller RPM
case. To trim this specific rotor/propeller in hover, the 4000, 5000, and 6000 propeller RPM cases

required 6.0 W, 8.3 W, and 13.1 W per rotor blade, respectively.
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Figure 3.55: Impact of propeller RPM on rotor shaft torque for various spanwise
propeller placements. Legend indicates propeller RPM.

3.5.2 Hover Trim Prediction Methodology

Newton’s method was used to trim the propeller-driven rotor for any given propeller position
zp. The trim target to be minimized was the net rotor shaft torque (),,.;, equation 3.30, and the trim
variable was the propeller RPM (2,,. Given a guess propeller RPM (2, ,,, the next propeller RPM €2, 14

was calculated by:

Qnet

/
net

Qp7n+1 = Qp,’l’l -

where ()/,., was calculated using numerical perturbation. This iteration continued until some tolerance

was reached. Note that both ()., and ()}, were functions of propeller RPM (2, and the propeller

position T,,.
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3.5.3 Trim Propeller Placement Results

Figure 3.56 shows the hover trim solution results for 200 and 300 main rotor RPMs for an 8 deg
rotor collective. For the 300 rotor RPM case, placing the propeller at the minimum power location,
z, = 0.50, reduced propeller power by 40% compared to the tip mounted propeller location. A similar

trend was observed for the 200 rotor RPM case.
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Figure 3.56: ERA predictions for variable propeller placement.
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These ERA predictions agree with the experimental observations shown earlier using the 2.7 ft
diameter test stand. Placing the propeller at the midspan location reduced power by 50% compared to
the tip mounted propeller. Using the comprehensive rotorcraft analysis model, two additional quanti-

ties of interest can be computed: the propeller climb inflow A., and the propeller hub loads.

3.5.4 Propeller Climb Inflow A,

Propeller climb inflow )., is defined as the ratio of the propeller climb velocity v, to the propeller
tip speed €2, R,,. For a propeller-driven rotor in hover, the propeller climb velocity v, is related to the
spanwise location z,, and the rotor tip speed (R by v, = z,(2R). This yields:

v z,(2R)
B QPRP B QpRp

Aep

Figure 3.57 shows the propeller climb inflow at hover trim. Note that at z,, = 0.50, \,, = 0.30.
This corresponds to the location of peak efficiency of the propeller, shown earlier in Figure 2.31. This
can be seen in the required propeller power plot of Figure 3.56 why z,, = 0.50 corresponds to the

minimum propeller power - it is the location of peak propulsive efficiency of the propeller.
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Figure 3.57: Propeller inflow at hover trim.
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3.5.5 Propeller Loads vs Spanwise Propeller Location

Finally, the propeller hub loads are shown in Figure 3.58. As expected, placing the propeller
further out on the rotor blade span reduced the required propeller thrust due to the larger moment arm.
However, for all other loads, placing the propeller further out on the rotor blade span increased the
magnitude the propeller loads. Additionally, the rotor-propeller Coriolis moment continues to have a
large value, being several orders larger than the propeller torque.

Figures 3.56 to 3.58 strongly suggests not placing the propeller at the tip of the main rotor
blade. Increasing the spanwise location of the propeller blade increases loads, required propeller
power, and propeller tip speed. This, in turn, requires a stronger propeller and larger electric motor,

further increasing propeller assembly mass and loads.
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Figure 3.58: Propeller hub loads versus spanwise propeller location x,, on rotor blade.
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3.6 Fundamental Understanding of Propeller-Driven Rotor Power

A deeper understanding of propeller design impact on propeller-driven rotor performance can
be determined by creating a simple analytical performance model that incorporates propeller spanwise
placement on the rotor blade. The spanwise propeller placement model uses a similar approach to the
tip propeller performance model presented in Section 3.1. First, the equilibrium between propeller
torque and rotor drag torque is studied to determine propeller thrust. Next, the isolated axial flight
propeller performance is studied. Finally, a simple expression for propeller-driven rotor power is

derived.

3.6.1 Torque Equilibrium

It was assumed that there is one propeller per rotor blade. From Figure 3.39, in hover equilibrium
the propeller thrust 7}, acting at a distance x,, R from the rotor hub times the number of propellers Np

must be equal to the rotor drag:

QPDR = QRotor
NpTyz,R = CopA(QR)*R
This formula can be rearranged to:

1Cy R,
CTp_xpNB(Rp)(

QR
QR

)2 (3.31)
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For a tip mounted propeller \., = QR/(€),R,), but for a propeller located at x, on the rotor blade

span, the propeller climb ratio )., is modified to use the propeller climb speed v. = z,(2R):

zp(1R)
’ QR

which can be re-arranged to:

QR A

Cp

QR Lp

Inserting this expression back into equation 3.31 results in:

1Co, R, A

- )2 ﬁ>2

T — — ar \p

{L‘pNB Rp

Cr, 1Cy R

% R,

with:

Isolated propeller performance —

1
Propeller placement on rotor blade — —

Tp

)2

Propeller-driven rotor sizing —

Ty

2
A%

3
Tp

R

()

R,

(3.32)

This is the propeller-driven rotor hover equilibrium equation. Note that if x,, = 1, corresponding to a

tip mounted propeller, it is the same equation presented earlier in equation 3.10. Equation 3.32 has the

same components as equation 3.10 with the addition of the propeller placement term. Much like with

the tip propeller model from Section 3.1, propeller-rotor hover trim is achieved when the value of the

left hand side of equation 3.32 equals the right hand side. That is, when the non-dimensional propeller
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thrust equals the required thrust for the given propeller-driven rotor configuration. When these two
lines meet, that is the propeller trim climb ratio A7 .

The propeller-driven rotor hover trim equilibrium, equation 3.32 will be examined using the
Forum 81 propellers. Figure 3.59 shows the performance plots for the Forum 81 propellers, from
Section 2.3.6, with a trendline showing best fit. There are two propellers, both with a 35 deg root

propeller collective, one is untwisted and the other has a -15 deg twist.

Untwisted

Thrust

Twistedi%“"‘mﬁ . |
0 0.1 0.2 0.3 0.4

0 01 02 03 04
Efficiency

0 0.1 0.2 0.3 0.4

Cp

Figure 3.59: Isolated propeller characterization in axial flight using Forum 81 propellers.
Solid lines indicate trendline and dots are experimental data.

The 6 ft diameter rotor parameters used for this example result in a value of (Cy/Np)(R/R,)? =
0.011. Note that this value is fixed for all rotors, but as x, changes it has a 1/ impact on the trim
performance. The 1/ xf; term acts as a multiplier, and shifts the value of the right hand side of equation
3.32 to a higher value. As such, a lower A7 value is required to trim the rotor. As the value of A7
changes, the propeller propulsive efficiency 7, changes as well. Figures 3.60 to 3.64 shows the how
the hover trim )\:p and propeller efficiency 7, change as propeller position z,, is varied.
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Figure 3.62: Trim for z, = 1/2.
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Figure 3.63: Trim for z, = 1/3.
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Figure 3.64: Trim for z, = 1/4.

From Figures 3.60 to 3.64 it is clear that as the propeller position x, is moved from the tip
towards the root, the 1/ xf; portion continues to increase, and results in additional thrust from the pro-
peller. However, in doing so the propeller trim climb ratio A7 decreases and results in moving across
the propulsive efficiency curve. Each propeller had its own thrust and efficiency curve, and there-
fore they have different optimal locations on the main rotor blade. Note that the untwisted propeller
reached maximum propulsive efficiency near the z, = 1/2 location and the twisted propeller around

the x, = 1/3 location, respectively shown in Figures 3.62 and 3.63.
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Once the propeller trim climb ratio A7 has been determined, the resulting propeller thrust can
be determined. Figure 3.65 shows the non-dimensional performance of the propeller. To find the

propeller tip speed and propeller-driven rotor power, a rotor speed is needed.

0 02 04 06 08 1

0 0.2 04 06 08 1
— 50 Propeller Efficiency

0O 02 04 006 08 1
Lp

Figure 3.65: Trim performance for a propeller-driven rotor with varying propeller
location .

3.6.2 Propeller-Driven Rotor Power

This section examines the propeller-driven rotor power, and leads to a simple expression for
power in terms of propeller efficiency, rotor drag, and rotor tip speed. Using the trim climb ratio A7 ,

the propeller tipspeed is simply:

z,(Q2R)

QpRp = \

P

131



where a value of 400 rotor RPM is used for this example. The propeller power can be written as:

P, = C’pppAp(QpRp)3

The propeller-driven rotor power is the propeller power P, times the number of rotor blades Np:

Pppr = NpF,

Figure 3.66 shows the propeller tip speed €2, R, and propeller-driven rotor power Pppr as the propeller
location x), is varied for the two different propellers. Again, each propeller has its own performance
curve, and thus different propeller tip speeds and powers are observed. The isolated, shaft-driven rotor

power is also plotted as a comparison.

2 =400 RPM
Propeller Tip Speed

27300
& 200
=100

G 0 02 04 06 08 1
Lp
PDR Power

Twisted
= 750 Untwisted e

Isolated Rotor

0 0.2 04 06 0.8 1
Lp

Figure 3.66: Propeller-driven rotor tip speed and power versus
propeller location z,, at 400 main rotor RPM.
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It can be seen that the minimum ratio of propeller-driven rotor power to isolated rotor power is
around 1/0.41=2.44 for this example. This is informative, as the maximum isolated propeller propul-
sive efficiency 7,, shown in Figure 3.59, is about 41% for both propellers. This interesting observation
can be expressed mathematically, to arrive at an expression for propeller-driven rotor power.

To arrive at a propeller-driven rotor power Pppp expression in simple terms of propeller perfor-

mance, we begin by examining the propeller propulsive efficiency 7, definition:

n = Cr, A,
P CPp
which can be re-arranged to:
Cr e
Cp, = T
Tlp

This can be expanded using the propeller thrust found earlier, repeated here for convenience:

1 Cy, R
Cp = ——2(22)2)2
Tr ngB(Rp) c,,

plugging this back into the C'p, expression yields:

which results in an expression for the propeller power coefficient in terms of propeller-driven rotor

parameters. This expression for C'p, can be combined

Ac
s i@ £)2>‘Zp>]pAp(QpRp>3

P —
p [np x%NB(Rp
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using the climb expression:

__Go
Npnp3

z,(Q2R)
QR

b, PA( )3(QPRP)3

p, = e

= A(QR)?
p NBnpp ( )

Resulting in a simplified expression for propeller power F,. Combining this with the fact that Pppp =
NpP, results in a closed form expression for the propeller-driven rotor power with variable propeller
placement:

Pppr = %PA(QR)?) (3.33)

Mp

This equation relates isolated propeller performance 7),, to propeller-driven rotor parameters.

CP,rotor + C’P,szcelle
Tlp

Cpprpr =

If the nacelle is streamlined and/or close to the root of the main rotor blade then Cp ngceire = 0. Then

comparing isolated rotor power to propeller-driven rotor power.

Protor _ 1

Pppr 1
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For an ideal configuration 7, = 0.85, then 1/0.85 = 1.176. But if 7, = 0.90 then 1/0.90 = 1.111.
This is significant as tail rotor power in a single main rotor helicopter configuration can be 10-20%
of main rotor power. Thus, the propeller-driven rotor configuration power is comparable to single
main rotor helicopter configuration. The next section uses this simple performance model to evaluate

propeller driven rotor scaling trends.

3.7 Scaling Considerations

The propeller driven rotor concept was further explored by investigating the scalability of a
notional design, and comparing it to an isolated main rotor design. Three different sizes of aircraft
were considered: a 20,000 Ib, a 5,000 Ib, and a 100 Ib aircraft — corresponding to a UH-60-like
helicopter, a notional e-VTOL platform, and a unmanned aerial system. Helicopters typically have
rotor disk loadings between 2 and 10 Ib/ft?. For an initial analysis, a main rotor disk loading of 2
1b/ft? was selected. This study first describes the scaling methodology for an isolated rotor for a given
aircraft weight and disk loading, and then determines the required power for a propeller-driven rotor
of the same gross weight. The propeller design, placement on the main rotor span, and propeller size
were considered. Later, a sensitivity study was conducted by re-examining the concept at a higher

main rotor disk loading of 5 1b/ft?.

3.7.1 Notional Main Rotor Design

It is worth noting that an isolated main rotor cannot fly itself, it typically is included in a single-
main rotor design that also features a tail rotor. For a single main rotor, the need to “de-spin” the

fuselage means that roughly 10-20% of the main rotor power is used by the tail rotor. A propeller-
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driven rotor imparts no torque on the rotor shaft, and thus no de-spin power is required for the fuselage.
This potential power saving needs to be considered.

Figure 3.67 shows the isolated rotor, propeller-driven rotor, and single main rotor helicopter
configurations. A four bladed main rotor with a rotor blade aspect ratio of 18 was selected, resulting
in a main rotor solidity of 7.07%. For the various designs, the propeller placement was varied along
the main rotor blade span. A rotor C'r /o = 0.08 was selected. The parameters in Table 3.12 were held

constant for each configuration.

Main
Rotor
Blade |:=:'
/ Tail Rotor
[ ~ 1 I _E_ ] T ] [ ~ ]
/ \/ /
Propeller ]
and Nacelle/:_:l
Isolated Rotor Propeller-Driven Rotor Single Main Rotor Helicopter

Figure 3.67: Rotor designs considered in scaling analysis.

Table 3.12: Main rotor design parameters held constant for scaling study.

Disk Loading, DL 2 1b/ft?

¢/R 1/18
N, 4
o 7.07%
Cr/o 0.08
Cao 0.010
kn 1.15
Figure of Merit 70%
Density, p 1.23 kg/m3

Nacelle Drag fy/A  1.18¢e-4
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The scaling study begins by first sizing the main rotor based off aircraft weight and disk loading. The
main rotor disk loading is defined as:

T
DL ==
A

where 7' is the rotor thrust, and it is equal to the vehicle gross weight W, hence 7' = W. The rotor

[ W
R=y/——
7DL

After this, the rotor area is simply A = wR2. Next, the rotational speed of the main rotor {2 must be

radius R can be found using:

found. For a given rotor blade loading C'r /o and main rotor solidity o, the rotor thrust coefficient is:

Cr

o

CT:( )0'

Finally, the rotational speed of the main rotor €2 can be found:

W =T = CrpA(QR)>

[ W
O = e
CTpAR2

Note that for a constant disk loading W/A and rotor thrust coefficient C'r, the rotor tipspeed Q2R is
constant. The final step for the isolated rotor configuration is that the main rotor power P in hover.

This is found from the rotor power coefficient C'p:

C3? 5Cy

_l’_
N

Co=Cp=k, (3.34)
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and the power P is:

P = CppA(QR)?

One additional step is required for the propeller driven rotor design. The nacelle, located at a distance
of z, R on the main rotor blade, has an additional drag term that must be taken into account. A drag
build up method, similar to the shown earlier in Figure 3.30, was used. Consider the nacelle drag

shown in Figure 3.68.

Main Rotor Blade 1U Nacelle

@ ]7/ |
:l’,'pR lDN

Figure 3.68: Nacelle drag Dy for propeller located at x,, /R on main rotor blade.

The torque () y from the nacelle drag Dy is:
QN = Nb([L’pR)DN
where Dy = 1pv? fx, and he incoming velocity v = z,,(QR). This leads to:

N,
Qn = = prdfn(QR)*R

2
. Qw
Cow = pA(QR)?R
Ny s fn
Con = 79327 (3.35)



where the ratio of fy /A is considered a constant for this scaling analysis, and has a value of 1.18e-
4 from the equation 3.27 based of the propeller-rotor loads hover test from Section 3.3. Hence, the

torque coefficient for the main rotor of the propeller driven rotor is:

CQprR = CQ + CQ,N (3.36)

where Cy, is from the isolated rotor, equation 3.34, and C¢ y is from the propeller driven rotor nacelle
drag, equation 3.35. Figure 3.69 shows the change in Cy ppr as the propeller location z,, is varied.
Note that at z, = 0.5, the value of Cg ppg is only 8% larger than the isolated rotor Cg. The next

section examines scaling impacts on the propeller.

0 0.2 0.4 0.6 0.8 1
Propeller Location z,,

Figure 3.69: Increase in propeller-driven rotor C ppr compared to isolated rotor C as
nacelle location varies.

3.7.2 Propeller Design and Reynolds Number Impact

An important factor to consider when discussing scaling is the Reynolds’s number. For the
various propellers that were used in this research, they all suffered low propulsive efficiencies due to
low Reynolds numbers. For the Forum 79, 80, and 81 propellers, this was a Reynolds number around

50,000, which was evident in the low lift, high drag, and a propulsive efficiency of only 45%. Consider
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the airfoil performance of a Clark-Y airfoils at Reynolds number of 50,000 and 1,000,000, shown in
Figure 3.70. The difference in performance is quite clear, as the increase in lift and reduction in drag
as Reynolds number increases. Note that the 50,000 Reynolds number case the airfoil has a maximum
C;/Cy of only 30, compared to a maximum C;/Cy of 114 for the 1,000,000 Reynolds number case.
As such, this increase in propeller aecrodynamic performance with scaling was taken into account.
The Clark-Y airfoil with a Reynolds number of 1,000,000 was chosen. This was due to the increase
in rotor/propeller speeds with scaling, and that the Clark-Y is a common airfoil found in fixed wing
aviation propellers. Additionally, the Clark-Y has a high maximum C;/C,; compared to the NACA0012

airfoil.

Ca

Figure 3.70: Variation in Clark-Y airfoil performance with Reynolds number of 50,000
and 1,000,000.
To understand the impact that propeller design has on propeller-driven rotor performance, two
different propellers were designed: one optimized for lower speed axial flight and the other optimized
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for higher speed axial flight. Each 3 bladed propeller had no taper, and a ¢,/ R, = 1/8, which yielded
a propeller solidity o, = 11.9%. A 3 bladed propeller was chosen due to dynamic reasons that will be
discussed later in Section 4.1.6.

The propeller pitch angle distribution was estimated using the optimum angle of attack o™ (cor-
responding to a maximum C;/C,) and a design axial climb ratio A, 4.s. The low speed propeller has
a Aepdes = 0.15, and the high speed propeller has a A, 45 = 0.30. For the Clark-Y propeller with a
1,000,000 Reynolds number, the optimum angle of attack o* is 6 deg. The propeller pitch angle 0, can

be found using the propeller blade element theory model, shown earlier in Figure 2.11:

a=0,—0¢

Ae, + i SR
(,b:tan_lﬁztan_l( AL
UT Qprp

for high speed axial flight, the value of A, is much larger than A;,, implying A., + A;, &~ A.,. Using

this assumption, the propeller pitch angle distribution ¢, can be found using:

QZS — tan—l )\CPQPRP
Qryp
Ac
¢ =tan™! . /;z (3.37)
p/Llp

Thus, the propeller pitch angle distribution 6, can be determined across the propeller blade span 7,/ R,

using the design axial climb ratio A, 4c; and the optimum angle of attack a*:

AC €S
0, = o + tan~! ZRde (3.38)
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Figure 3.71 shows the propeller pitch distribution for the low speed and high speed propellers. Equa-
tion 3.38 produces very large propeller pitch angles upwards of 75 deg towards the propeller root. To
combat this, a maximum propeller pitch angle of 45 deg was imposed. Figure 3.73 shows the predicted

isolated propeller performance for the two different propellers, and Table 3.72 has the propeller details.

o0 Figure 3.72: Propeller
o5 40 parameters held constant for
i 30| . scaling study.
gzo --Low Speed |  TTTTTvveee—L L.
> 10 *_High Speed Airfoil Clark-Y
0 : : ‘ ‘ Reynolds Number 1,000,000
0 0.25 0.5 0.75 1 R,/R 1/20. 1/10, 1/5
rp/ Ry ¢,/ R, 1/8
Figure 3.71: Propeller pitch angle 0, as a ]pr 1139%
function of propeller blade span 7,/ R,,. P i
---Low Speed
—High Speed

0.3 0.4 0.5

Figure 3.73: Predicted isolated propeller performance for propeller used in scaling study.
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3.7.3 20,000 Ib Aircraft

The first aircraft considered was the 20,000 Ib aircraft, corresponding to a UH-60-like helicopter.

Tables 3.13 and 3.14 contain details on the isolated rotor and propeller-driven rotor design. Figure

3.75 compares the hover power for the different configurations, and Figure 3.75 shows details on the

propeller-driven rotor sizing.

Table 3.13: Main rotor results for 20,000 1b aircraft.

RIft] 564

Q[RPM] 65

QR [fUs] 385
Prhpl 1075

Table 3.14: Propeller-driven rotor results for 20,000 1b aircraft
with main rotor disk loading of 2 Ib/ft>.

Propeller Spec | Low Speed Propeller | High Speed Propeller
R/R, 20 10 5 20 10 5
R, [ft] 282 564 1128 | 282 564 11.28
xp, [%] 48 34 19 57 38 24
Aep 0.18 020 0.19 | 0.28 030 0.31
Q,R, [ft/s] 1001 643 394 | 774 486 305
Ny [%] 90 91 90 87 89 89
Pppr [hp] 1271 1206 1198 | 1353 1246 1217
2500
2000 - ]
£Q 1500 - .
q, 1000 - .
500 - .
Isolated Rotor SMR Helicopter Propeller-Driven Rotor

Figure 3.74: Hover power for various configurations at 2 Ib/ft? for 20,000 Ib aircraft.
High-speed propeller with R/ R, = 10 shown for propeller-driven rotor configuration.
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Propeller Placement z,, Propeller Placement z,,

(a) High speed propeller.

--PDR, R/R, =20
—PDR, R/R, = 10
--PDR, R/R, =5
—Isolated Rotor
-SMR Helicopter

0 : : : : : 0 : : :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Propeller Placement x,, Propeller Placement z,,

(b) Low speed propeller.

Figure 3.75: Impact of propeller design and placement on propeller-driven rotor results
for 20,000 1b aircraft with a main rotor disk loading of 2 1b/ft2.
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3.7.4 5,000 1b Aircraft

Next, the 5,000 Ib aircraft was analyzed using the same methodology as the 20,000 1b aircraft.
Tables 3.15 and 3.16 contain details on the isolated rotor and propeller-driven rotor design. Figure

3.76 compares the hover power for the different configurations, and Figure 3.77 shows details on the

propeller-driven rotor sizing.

Table 3.15: Main rotor results for 5,000 1b aircraft.

RIft] 282
Q[RPM] 130
QR [ft/s] 385

Plhp]l 268

Table 3.16: Propeller-driven rotor results for 5,000 Ib aircraft
with main rotor disk loading of 2 Ib/ft>.

Propeller Spec | Low Speed Propeller | High Speed Propeller
R/R, 20 10 5 20 10 5
R, [ft] 141 282 564 | 141 282 5.64
xp, [%] 48 34 19 57 38 24
Aep 0.18 020 0.19 | 028 030 031
Q,R, [ft/s] 1001 643 394 | 774 486 305
Ny [%] 90 91 90 87 89 89
Pppr [hp] 318 301 299 | 338 311 304

600

450 - .

of

=.300
0

Isolated Rotor SMR Helicopter Propeller-Driven Rotor

Figure 3.76: Hover power for various configurations at 2 Ib/ft> for 5,000 Ib aircraft.
High-speed propeller with R/ R, = 10 shown for propeller-driven rotor configuration.
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(a) High speed propeller.
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(b) Low speed propeller.

Figure 3.77: Impact of propeller design and placement on propeller-driven rotor results
for 5,000 Ib aircraft with a main rotor disk loading of 2 1b/ft2.
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3.7.5 100 Ib Aircraft

Finally, the 100 1b aircraft, representative of a notional unmanned system, was sized. Tables 3.15
and 3.16 contain details on the isolated rotor and propeller-driven rotor design. Figure 3.76 compares
the hover power for the different configurations, and Figure 3.77 shows details on the propeller-driven

rotor sizing.

Table 3.17: Main rotor results for 100 b aircraft with a disk loading of 2 Ib/ft2.

RIft] 4.0
Q [RPM] 932
QR [fts] 385
Plhp] 54

Table 3.18: Propeller-driven rotor results for 100 1b aircraft
with main rotor disk loading of 2 Ib/ft>.

Propeller Spec | Low Speed Propeller | High Speed Propeller
R/R, 20 10 5 20 10 5
R, [ft] 020 040 0.80 |0.20 040 0.80
xp, [%] 48 34 19 57 38 24
Aep 0.18 020 0.19 | 028 030 031
Q,R, [ft/s] 1001 643 394 | 774 486 305
Ny [%] 90 91 90 87 89 89
Pppr [hp] 6.36 6.03 599 |6.76 623 6.08

12

8- i

47 - 7
0

Isolated Rotor SMR Helicopter Propeller-Driven Rotor

P [hp]

Figure 3.78: Hover power for various configurations at 2 Ib/ft? for 100 1b aircraft.
High-speed propeller with R/ R, = 10 shown for propeller-driven rotor configuration.
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(a) High speed propeller.
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(b) Low speed propeller.

Figure 3.79: Impact of propeller design and placement on propeller-driven rotor results
for 100 1b aircraft with a main rotor disk loading of 2 Ib/ft?.
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3.7.6  Sensitivity to Main Rotor Disk Loading

After completing the scaling results with a disk loading of 2 Ib/ft?, a sensitivity study was per-
formed to analyze the propeller-driven rotor configuration. The main concern was the rotor and pro-
peller’s tip speeds would approach or exceeding Mach 1. Approaching supersonic speeds results in
unwanted compressibility effects, such as drag divergence. This concern is investigated in this section.

Figure 3.80 shows the isolated rotor scaling results for a 20,000 1b aircraft as the main rotor disk
loading was varied. Note that as the disk loading increases, the main rotor tipspeed ()R increases to
close to the speed of sound (roughly 1120 ft/s or 343 m/s at sea-level). A suitable propeller margin

tipspeed margin is required when considering the main rotor disk loading.

100

=50 \

ot
0 3 6 9 12

— 1200

e

=, 600 /

A

S0 ‘ ' ‘ .
0 3 6 9 12

3000

o

=.1500

R,
0 ! . ! |
0 3 6 9 12

Disk Loading [Ib/ft?]

Figure 3.80: Isolated rotor scaling results for 20,000 Ib aircraft.
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For a feasible design, the propeller-driven rotor helical Mach number )/}, should be subsonic.
The propeller helical Mach number M}, is comprised of the rotor tipspeed at the propeller location

x,(2R) and the propeller tipspeed €2, R,,, and can be written as:

\/(QR>2 + (2 RRy)?

M, =

where « is the speed of sound (1,121 ft/s at sea-level).

A main rotor disk loading of 5 1b/ft> was selected to give the propeller-driven rotor design suit-
able tipspeed margin. The remainder of this section recomputes the previous sizing results with a
main rotor disk loading of 5 1b/ft?>. Table 3.19 shows the isolated main rotor scaling results. Tables
3.20, 3.21, and 3.22 detail the propeller-driven rotor results, Figures 3.81 to 3.83 compare hover power
for the different configurations, and Figures 3.84 to 3.86 show the impact of propeller placement and
design on propeller-driven rotor performance.

It can be seen that the low speed propeller consistently produced designs that had propeller
tipspeeds above 1600 ft/s, or at roughly Mach 1.4. The high speed propeller was more forgiving,
and consistently produced feasible designs. This indicates that the propeller-driven rotor configuration
is very sensitive to main rotor disk loading, and that a lower disk loading should be considered for
practical use. Additionally, the single main rotor hover power was comparable to the propeller-driven

rotor hover power.

Table 3.19: Main rotor results with a disk loading of 5 Ib/ft2.

20,0001b 5,0001b 100 1b

R [ft] 35.6 17.8 2.5
Q[RPM] 162 326 2300
QR [ft/s] 608 608 608
P [hp] 1700 425 8.5
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Table 3.20: Propeller-driven rotor results for 20,000 1b aircraft
with main rotor disk loading of 5 1b/ft?.

Propeller Spec | Low Speed Propeller | High Speed Propeller
R/R, 20 10 5 20 10 5
R, [ft] 1.78 3.57 7.14 | 1.78 357 7.14
xp, [%] 48 34 19 57 38 24
Aep 0.18 020 0.19 | 0.28 0.30 0.31
Q,R, [ft/s] 1581 1017 623 | 1227 768 482
np [%] 90 91 90 87 89 89
Pppr [hp] 2010 1907 1894 | 2139 1970 1924

Table 3.21: Propeller-driven rotor results for 5,000 Ib aircraft
with main rotor disk loading of 5 Ib/ft?.

Propeller Spec | Low Speed Propeller | High Speed Propeller

R/R, 20 10 5 20 10 5

R, [ft] 0.89 1.78 357 | 089 1.78 3.57

xp, [%] 48 34 19 57 38 24

Aep 0.18 020 0.19 | 0.28 0.30 0.31

Q,R, [ft/s] 1581 1017 623 | 1227 768 482
Ny [%] 90 91 90 87 89 89

Pppr [hp] 503 477 473 | 535 492 481

Table 3.22: Propeller-driven rotor results for 100 1b aircraft
with main rotor disk loading of 5 Ib/ft2.

Propeller Spec | Low Speed Propeller | High Speed Propeller
R/R, 20 10 5 20 10 5
R, [ft] 0.13 025 050 | 0.13 025 0.50
x, [%] 48 34 19 57 38 24
Aep 0.18 020 0.19 | 0.28 0.30 0.31
Q,R, [ft/s] 1581 1017 623 | 1227 768 482
np [%] 90 91 90 87 89 89
Pppr [hp] 10.05 9.53 947 | 10.70 9.85 9.62
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Figure 3.81: Hover power for various configurations at 5 Ib/ft> for 20,000 Ib aircraft.
High-speed propeller with R/R,, = 10 shown for propeller-driven rotor configuration.
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Figure 3.82: Hover power for various configurations at 5 Ib/ft> for 5,000 Ib aircraft.
High-speed propeller with R/ R, = 10 shown for propeller-driven rotor configuration.
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Figure 3.83: Hover power for various configurations at 5 1b/ft> for 100 Ib aircraft.
High-speed propeller with R/R,, = 10 shown for propeller-driven rotor configuration.
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Figure 3.84: Impact of propeller design and placement on propeller-driven rotor results
for 20,000 Ib aircraft with a main rotor disk loading of 5 1b/ft2.
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(b) Low speed propeller.

Figure 3.85: Impact of propeller design and placement on propeller-driven rotor results
for 5,000 Ib aircraft with a main rotor disk loading of 5 1b/ft2.
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Figure 3.86: Impact of propeller design and placement on propeller-driven rotor results

for 100 1b aircraft with a main rotor disk
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3.7.7 Scaling Remarks

For all the scaling cases considered, a well designed propeller-driven rotor had comparable
power to an isolated rotor and a single main rotor helicopter. Well designed refers to two features.
First, that the isolated propeller had a high propulsive efficiency. Second, that the propeller was placed
at an ideal location on the rotor blade.

Two additional items are present when reviewing the propeller-driven rotor scaling considera-
tions. First, the propeller-driven rotor design was very sensitive to main rotor disk loading. For the 5
1b/ft2, the main rotor had a high tipspeed of roughly Mach 0.5. As a result, many designs had propeller
tipspeeds above Mach 1. Additionally, the higher disk loading had a faster main rotor tipspeed. For
a feasible design, the propeller-driven rotor helical Mach number M, should be subsonic. As such, a
low main rotor disk loading should be considered.

The final comment concerns the ratio of R/R,, it is desirable to have this ratio as small as
possible, corresponding to a larger propeller. From simple momentum theory, this makes intuitive
sense. As the propeller disk area increases, the propeller disk loading decreases. Additionally, the
larger propeller (R/R, = 5) saw the lowest propeller tipspeeds of any propeller sizes for all cases.
However if the propeller is too large, the design could potentially become impracticable from a ground
clearance and operations perspective. It should also be noted that as propeller size increased, the
optimum propeller location shifted closer towards the main rotor root, shifting from 62% for R/R,, =

20 t0 29% for R/R, = 5.
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3.8 Summary and Conclusions

This chapter considered the hover performance and feasibility of the propeller-driven rotor con-
cept. Three hover test stands of various scales were used to investigate aspects of hover performance.
The first hover test used the 5.5 ft diameter test stand to examine propeller-driven rotor feasibility by
taking high quality commercial-off-the-shelf components and combining them in a logical manner. Ba-
sic performance trends were observed, and the propeller-driven rotor hover power was approximately
6.4 times the power of a shaft-driven rotor. Additionally, the first propeller failed during propeller-
driven rotor testing due to the twirl phenomenon.

The second hover test, using the 6 ft diameter test stand, investigated tip propeller loads. A 6DOF
load cell was attached to the propeller, and propeller loads were measured. The experimental results
showed that the propeller experienced significant inertial loading, coming from the rotor centrifugal
force and the rotor-propeller Coriolis moment. The comprehensive analysis methodology predicted
the propeller hub loads, and had good agreement with the test data. Although a different propeller and
nacelle design were used in this second test, propeller-driven rotor hover power was still 6 times larger
than a shaft-driven rotor.

The third hover test focused on investigating rotor spanwise propeller placement on propeller-
driven rotor performance using the 2.7 ft diameter test stand. Experimental results showed that the
tip mounted propeller had twice the electrical power coefficient compared to a propeller located at the
midspan. The comprehensive analysis methodology was employed to understand this result, and found
similar findings.

A simple analytical model was created to understand the physics of propeller placement. The

simple model showed that propeller placement changes the inflow on the propeller, and that the pro-
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peller should be placed at the rotor spanwise location that resulted in peak propeller propulsive effi-
ciency. Each propeller has its own propeller performance curve, and will favor a different spanwise
placement compared to a another propeller. For the fixed pitch propellers used in this research, that
generally occurred around the rotor midspan location. As spanwise propeller location increased, re-
quired propeller thrust decreased but all other loads increased significantly.

This simple model was expanded to investigate the scalability of the propeller-driven rotor con-
cept. The change in propeller Reynolds number from 50,000 to 1,000,000 increased the maximum
C,/Cy from 20 to 120, and increased peak propulsive efficiency from 45% to 90%. Isolated rotor,
propeller-driven rotor, and single-main rotor helicopter designs for main rotor disk loadings of 2 and
5 ft/Ib* were computed. For a well designed propeller and suitable spanwise rotor blade location, the

propeller-driven rotor power was similar to the isolated rotor and single-main rotor helicopter designs.
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Chapter 4: Dynamics

While the initial focus of the research was on propeller-driven rotor feasibility and performance,
it became clear after several broken propellers that propeller-driven rotor dynamics needed to be in-
vestigated. This prompted the author to suspend hover testing to investigate the dynamics of spinning
a propeller on a spinning rotor blade. It was determined that the rotor-propeller Coriolis interaction
resulted in a bending load on the propeller blade. Two separate vacuum chamber experiments were
conducted to measure: 1.) the Coriolis impact on propeller flapping motion and, 2.) loads on the
propeller hub and rotor blade. The vacuum chamber experiments removed aerodynamics from the
experiments, so only inertial loads were present. Based on these findings, the resulting phenomenon
has been termed as “propeller-driven rotor twirl phenomenon”.

This chapter focuses on the propeller-driven rotor twirl phenomenon description, and the two
vacuum chamber experiments that were used to study it. The remainder of this chapter is as follows.
First, the propeller-driven rotor twirl phenomenon is described. Second, a vacuum chamber experiment
to measure propeller flapping motion was conducted, and a simplified model was derived. This simple
model highlighted the need for a comprehensive rotorcraft model. Third, the impact of the rotor-
propeller Coriolis load on rotor blade loads was measured and validated using comprehensive analysis.
Next, predicted loads for a propeller during propeller driven rotor operation are compared to an isolated

propeller in axial flight. Finally, and brief summary is given and conclusions are made.
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4.1 Propeller-Driven Rotor Twirl Phenomenon

This is a general term to describe broken blades for propeller-driven rotors. The rotor-propeller
Coriolis interaction plays a key role in this phenomenon, and is especially destructive due to the large
rotor and propeller rotational speeds. The understanding of this phenomenon must be built up from
first principles. An introduction to this phenomenon is examined using the one-way (i.e. propeller
loads on rotor blade torsion) coupling. Further research is needed to investigate the two-way coupling
between the rotor and propeller. While the explanation of the physics was developed after the two

vacuum chamber experiments, it is presented first here for additional context for the reader.

4.1.1 Broken Propellers During Propeller-Driven Rotor Testing

After hover and wind tunnel testing of the Forum 81 propellers, detailed in Section 2.3.6, the
propellers were tested with the propeller-driven rotor test stand shown in Figure 3.20. The purpose of
the hover test campaign was to operate at a higher main rotor speed {2 of 400 RPM compared to the
200 RPM of previous tests. Several propellers failed during hover testing of the propeller-driven rotor,
mostly around a main rotor speed of 225 RPM and a propeller speed of 4250 RPM. Close inspection
of the propeller failure indicated that the propeller spar failed at the propeller root. This was the
same observed failure as the Forum 79 propellers that failed during initial feasibility and performance
testing, shown earlier in Figure 3.10.

After the initial failure of the 1.5 mm diameter carbon fiber spar for the Forum 81 propellers,
the spar diameter was strengthened up to 3.0 mm. The spar diameter was increased to a larger size
in an effort to try and quickly move through main rotor 225 RPM region, but without success. In a

final effort, a 2.0 mm diameter steel spar was used but that also failed at the same operating region.
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Figure 4.1 shows the propeller RPM versus main rotor RPM and the RPM of the main rotor where the
propeller failed, and the various propeller designs that failed.

After breaking numerous propellers of various spar sizes and strengths, it was clear that a se-
rious problem was present. The propellers operated at higher thrust values, rotational speeds, and
axial flight speeds during isolated propeller characterization, but broke at relatively low speeds on the
propeller-driven rotor. The failures prompted a re-examination of the loads acting on the propeller

during propeller-driven rotor operation.

4500 Broken P:;p:ller Failed propeller roots
ades
4000 Propellers = / I t 4

2 ==
[al =
~ 3500
23000 «
5] “ 1.5mm CF
8‘ 2500 . s 2.0mm ST
Q:-‘ . ¢ 2.0mm CF
2000« < 2.5mm CF
1500 3.0mm CF CF CF steel CF CF
50 100 150 200 250 d=15mm d=2.0mm d=2.0mm d=2.5mm d=3.0mm
Rotor RPM c=25mm c¢=30mm c¢=30mm c=30mm c=35mm

Figure 4.1: Propellers with various spar sizes, spar materials, and propeller chords that
failed around 225 rotor RPM and 4250 propeller RPM during propeller-driven rotor
testing. X’s marks approximate failure location.

(c: chord, d: spar diameter, CF: Carbon fiber).

4.1.2 Rotor-Propeller Coriolis Coupling

The Coriolis force (CorF) results from moving mass inwards/outwards in a radial direction dur-
ing rotation. The classic example is the figure skater pulling their arms inward to spin faster. Consider
a mass situated on a rotating disk shown in Figure 4.2a. If the mass moves radially towards the center
of rotation, it reaches a location of lower angular momentum. Based on the conservation of angular

momentum, the tangential velocity of the mass must increase. The Coriolis force causes the increase

161



in tangential velocity of the mass. The result is that as the mass moves radially towards the center of
rotation, it speeds up in the tangential direction. In Figure 4.2b the situation is reversed - the mass

moves outwards and is pushed in the opposite direction of rotation.

(a) Mass moves inwards. (b) Mass moves outwards.

Figure 4.2: Coriolis force (CorF) pushes mass depending on radial movement direction.
Top down view.

Figure 4.2 has strong implication for propeller-driven rotor designs. As the propeller spins the
propeller blade moves towards and away from the main rotor’s center of rotation. This results in the
Coriolis force on the propeller blade. Consider a radial point along the propeller 7, it is moving at a
speed V' = Q,r,, where (1, is the propeller speed. A Coriolis force is generated on the elemental mass

m,dr, that has the magnitude:

CorF = —2m,Q x Vdr, 4.1)

where m,, is the propeller mass per unit length, €2 is the main rotor rotational speed, V' is the propeller
speed, and the underline denotes a vector.

The Coriolis force acts to bend the propeller, and arises from spinning a propeller on a spinning
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rotor blade. Figure 4.3 show how the Coriolis force bends the propeller blade during propeller-driven
rotor operation. The value of this Coriolis moment can be relatively large, and it was experimentally
found to be 10 times larger than the propeller torque during propeller-driven rotor hover testing. Note
that the Coriolis force does not appear during isolated testing, and is only present during propeller-

driven rotor operation.

= Propeller Q) 0
X Blade . > CorF—

— % - o

Electric Motor /\/ COTF_’

(a) Isolated propeller testing. (b) Propeller-driven rotor testing.

Figure 4.3: Coriolis force appears during propeller-driven rotor testing, and bends the
propeller blades. View is from the rotor blade tip looking towards the rotor blade root.

4.1.3 Modeling Propeller Coriolis Moment

An understanding of the dangers of the propeller-driven rotor twirl phenomenon is shown using
a simple one-way analytical model. Figure 4.4 shows a 2 bladed propeller spinning on a tip of a rotor
blade. The Coriolis moment can be found by examining the C'or " acting at some distance 7, sin ¢,

from the rotor blade torsion axis.

Propeller
Blade

o
|: GJ Rotor Blade

r

Figure 4.4: Schematic for rotor blade torsion dynamics coupled with a 2 bladed propeller.
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Using Figure 4.4 and equation 4.1, one can solve for the propeller hub moment M, in terms of

propeller azimuth angle ,,:

R,
M., () = / rpsin, x CorFdr,
0

M., () = 21,00, sin® 9, (4.2)

where [, = (1/ S)mpR2 is the propeller flap inertia per propeller blade. Consider a two bladed pro-
peller, the first propeller azimuth is 1/,,; = 1, and the second propeller blade is located at 1,5 = 1, +.

Summing both blades yields:

Ma:p(%)) = Mxp,1<¢p1) + wa,2(¢p2)

M., (v,) = 21,00, [sin2 Yy + sinQ(@/)p + )]
M,y () = ALQQ, sin1, (4.3)

Note that the steady Coriolis moment )M, can be found by integrating equation 4.3 over one propeller
revolution:

1 2T

M, = — 41,00, sin? 1, dv,,

:27'('0

M,, = 21,05, (4.4)

which is a useful expression to determine the impact a spinning propeller has on the rotor blade tor-

sion axis. Returning to equation 4.3, one can separate it using the trigonometric identity: sin”), =
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(1/2)(1 — cos 2¢,):

1 — cos 2y
Ma:p(%)) = 4IPQQP(TP>
M., () = 21,00, — 21,08, cos 21, 4.5)

which has a steady component and a propeller 2/rev component. In this example, the 2/rev originates
from the fact that this specific propeller has 2 blades. This forcing can be combined with the rotor

blade torsional dynamics.

4.1.4 Rotor Blade Torsion Dynamics

Now the one-way coupling with the rotor blade torsional dynamics are considered. For simplic-
ity, assume that the blade is spinning at some rotor speed {2 in vacuum and has a uniform torsional
stiffness G'J. Figure 4.4 shows the main rotor blade with a tip mounted propeller. The rotor blade

torsional dynamics are written as:

. d, . df
Ip(0 + Q%0) — %(GJ%) = M, (4.6)

where 6, Iy, r, My represent the main rotor blade’s torsional angle, torsional inertia, radial coordinate,
and sectional torsional load.

A direct analytical solution for equation 4.6 is not available. Instead, the main rotor blade torsion
dynamics can be studied using approximate methods using the Rayleigh-Ritz energy method. Consider

a one term shape function of:

(%)Z)Q (4.7)
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where ¢ is the generalized torsional coordinate. For a cantilevered rotor blade 6(0) = df(0)/dr =
0, indicating that the shape function is permissible. Solving for the main rotor blade’s kinetic and

potential energies, and using the Euler-Lagrange equation yields:

2 1GJ 2
2 LRi+ (=22 + Z1,R0%)q = 48
oRq+ (5 + pleBY)q = Qo (4.8)

where () is the generalized torsional load. Note that rotor torsional frequency wy can be written as:

7 6 I,R2

+ 02 4.9)

From this, the non-rotating ({2 = 0) torsional frequency can be found:

L _ [BGT
"=\ 6 IR

The analytical expression for the 1st rotor blade torsional frequency wy is:

The values for 1/15/6 = 1.5811 and 7/2 = 1.5708, indicating that the proposed shape function,
equation 4.7, is quite satisfactory.

The inclusion of the rotor-propeller Coriolis moment M, can be found by considering equation
4.8’s generalized torsional load ()y. This virtual work is the propeller’s moment ), applies to the

rotor blade tip:

Wy = Q00 = M,,007;,
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using the fact that 67;, = 0(R) = 1/2 yields:

QG = _Mxp

Thus, the rotor blade’s torsional equation of motion is:

2 1GJ 2 1
ZIhRj+ (=— + —I,R0*)q = =M, 4.10
pleftd+ (35 + 5l lta = Moy (4.10)

4.1.5 Coupling Rotor Torsion w/ Propeller Coriolis Forcing

The following considers the impact of propeller loads on the rotor torsion mode. Inserting the
expression for M,,(1,), equation 4.5, into the rotor blade’s torsional equation of motion, equation

4.10, yields:

2 1GJ 2
ZLRij+ (=—= + =I,RN*)q = [,OO, — 1,ON 2 4.11
5 9RQ+(3 I +15 0RO )q = 1,09, — 1,8, cos 21, ( )

Note that this equation has the form:
MG+ Kq = Fy+ F cos(Qpt)

with:

M= 1R
157

1GJ 2
K=Yl 2 e
SR 15

Fy = 1,0Q,
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F = —-1,Q00,cosQp

Qp =29,

which represents a forced harmonic oscillator, with:

, K 15 GJ
we = — = —
M 6 IhR?

+ Q2

which gives the same equation for wy found earlier (equation 4.9). The solution ¢(t) can be found as:

0= 37 T

we

5 cos Qpt (4.12)

q(t) = qo + qr (1)

containing both a steady component ¢, and a time varying component ¢ (). Figure 4.5 shows the
magnitude of the amplitude of the time varying response. The resonance condition occurs at {2y =

2Q, = wp, or simply:

1
0, = Lu (4.13)

3
25@2
<71

0 | | |

0 0.5 1 1.5 2
Qp /wy

Figure 4.5: Magnitude of simple harmonic oscillator response with no damping.
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4.1.6 Impact of Number of Propeller Blades V,

The previous analysis assumed a 2 bladed propeller. However, analytically varying the number
of propeller blades leads to a well known result but interesting in the context of a propeller-driven
rotor. When calculating the total moment about the main rotor blade torsional axis M,,, it is the sum

of all the individual moments M, ; of each propeller blade:

Mop(1hyp) = Z Mep,i

1=1

Nyp

My (1) = 21,00, Y~ sin® 1)y
=1

where Ny, is the number of propeller blades for each propeller. The propeller azimuth v, for each

propeller blade is:
2r(1 —1)

i = Yp +

Using these observations, an interesting trend emerges when examining the variation in the num-

ber of blades, shown in Table 4.1.

Table 4.1: Impact of number of propeller blades Ny,.

Ny S0 sin? by
1 sin® 1,
2 2 sin? Uy
3 32
4 2
5 52
Ny Nyp/2

This is significant for /V,, > 2 as now there is no harmonic oscillating component to M,,. This
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eliminates the main rotor blade torsion resonance as there are no oscillatory propeller hub loads for
more than 2 bladed propellers. However, increasing the number of propellers [V, increases the total

propeller inertia /V;, [, and thus increases the total steady propeller load M, to:

M,, = NypI,Q0, (4.14)

This indicates that spinning the rotor, propeller, or increasing the number of propeller blades can result

in a steady torsional load that can exceed the rotor blade’s torsional strength.

4.1.7 Propeller-Driven Rotor Twirl Failure Modes

This simple one-way, analysis has presented two failure modes for a propeller-driven rotor, one

static and the other dynamic:

* Rotor blade torsional static failure - Much like any static beam, a rotor blade can break stat-
ically if the applied load exceeds its torsional strength. Here, M, increases with the number
of propeller blades Ny, the propeller/rotor speeds, or from a reduction in rotor blade torsional

strength.

* Rotor blade torsional resonance - For a 2 bladed propeller, operating at 2(), = wy resulting
in forcing the system at the rotor blade torsion resonance condition. Increasing the number of

propeller blades above 2 removes this dynamic failure.

In addition to the main rotor blade static and dynamic failure modes from propeller loads, the
rotor motion effects on propeller loads (known as two-way coupling) must also be studied. The pre-

sented one-way analysis indicated that the main rotor blade could fail, which is unlikely. During the

170



hover tests, the propeller blades failed. The modeling of such a case requires two way coupling. In this
case, the torsional motion of the main rotor blade acts as forcing motion of the propeller hub. Increas-
ing oscillatory motion of the propeller hub results in increased propeller loads. This is the suspected
failure mode of the propellers in Figures 3.10 and 4.1. The rotor motion-propeller loads failure modes
requires further analysis and will be the subject of future work.

Finally, the role of aerodynamics have not been investigated in this analysis. The twirl phe-
nomenon was studied in a vacuum chamber where a motor spins the main rotor, hence no aerodynam-
ics. Aerodynamics can act to dampen oscillatory motion (such as rotor hover flap damping). However,
aerodynamics can also add energy to the system (such as flutter). Further work is needed to address this
issue. Now that these rotor-propeller interactions have been discussed, the next sections will present

the two vacuum chamber experiments and comprehensive modeling efforts.

4.2 Vacuum Chamber Experiment #1: Propeller Flapping Characterization

This vacuum chamber experiment was carried out to shed light on the effects of the Coriolis
moment on propeller motion. There were two objectives for this vacuum chamber experiment. First, to
experimentally measure the Coriolis bending on the propeller blade. Second, to generate experimental
data that was used to validate a simple analytical model of the propeller motion.

The University of Maryland’s 10 ft diameter vacuum chamber, shown in Figure 4.6, can pump
out air from inside the tank and hold it at 1% atmosphere pressure for an extended period of time. This
chamber is often used to investigate structural dynamic properties of rotor blades without aerodynamic
forces. For this experiment, removing the air from the tank allows the inertial loads to be isolated.

Inside the vacuum chamber, any motion or bending of the propeller blades arises solely from the
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inertial couplings of the rotor-propeller system.

Figure 4.6: University of Maryland’s 10 ft diameter vacuum chamber.

Figure 4.7 shows a schematic of the experimental setup inside the vacuum chamber. The setup
was designed to rotate a propeller at the end of a rotor and record the resulting propeller blade motion.
In the vacuum chamber, both the rotor and the propeller were driven by separate motors, allowing the

rotor speed (2 and propeller speed €2, to be adjusted independently.

ﬂlacuum Chamber Q \

Rotor Hub +> Qp

Propeller

Rotor Slipring
and Drive Motor

Figure 4.7: Vacuum chamber experiment setup.
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4.2.1 Experiment Description

The propeller flapping experiment was designed to measure the propeller flapping 3, as a func-
tion of the propeller azimuth v,. Figure 4.8 shows the definition of propeller flapping /3, and the
propeller azimuth 1,,. The propeller blades were attached to an articulated propeller hub. Encoders on

the propeller hub measured the propeller flapping angle.

180°

7 o
W, = 90
Figure 4.8: Definition of propeller flapping 3, and propeller azimuth 1),,.

Figures 4.9 and 4.10 show the experimental test stand that was fabricated to study the propeller
flapping motion inside the vacuum chamber. Figure 4.11 shows the experimental test stand mounted
on the rotor hub inside the vacuum chamber. Table 4.2 presents the physical parameters of the setup.

Magnetic encoders on the propeller blades measure the angle that the propeller experiences
relative to the propeller hub. A propeller slipring passed the propeller flap encoder signals from the
rotating propeller hub to the rotor. A second slipring connects all signals from the rotor hub to the fixed
frame outside the vacuum chamber. The “rotor blade” for this setup was a rigid extruded aluminum

beam that allowed for easy mounting of the propeller assembly.
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A motor controller was mounted to the rotor hub and controlled the propeller drive motor. The
ODrive Pro motor controller was used as it enabled accurate low speed control of the motor. The
propeller motor was aligned with the rotor blade and connected to the propeller shaft via a set of right
angle bevel gears. A propeller azimuth encoder recorded the rotation of the propeller shaft, and thus
the propeller azimuthal location 1),

Table 4.2: Parameters for the propeller flapping experiment.

Rotor Radius, R 11.51n
Propeller Radius from flap hinge, R, 5.157 in
Propeller flap offset, e, 0.866 in
Propeller forward offset, i 3in
Propeller blade mass, mR,, 8.5 grams

Propeller hinge stiffness, K, 0.0866 Nm/rad

Rotor RPM, 2 75, 100 RPM

Propeller RPM, (2, 160-240 RPM

\ I
Propeller Hub and Motor
Drive Motor Controller

Counterweight

Propeller Hub

Figure 4.9: Propeller flapping experiment.
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Figure 4.10: Closeup of the articulated propeller hub.

Figure 4.11: Propeller flapping experiment mounted inside the vacuum chamber.
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4.2.2 Propeller Flapping Experimental Results

The system was tested at rotor speeds €2 of 75 and 100 RPM, and at propeller speeds €2, between
160 to 240 RPM. Figure 4.12 shows the periodic flapping results over one propeller revolution for
both propeller blades. Figure 4.13 shows the experimental results over a range of rotor and propeller
speeds. For each case, the rotor speed was set and then the propeller speed was adjusted. Tables 4.3
and 4.4 shows the maximum flapping angle recorded for each case.

20 ; Blade 1 Blade 2

X xxXXXxx

o0 oC Oo xX
ﬁ 0 &° x 9@5" 000006
N o)
Q xxxx)l(x | ooomoo |
0 90 180 270 360
¥, |deg]

20

Figure 4.12: Propeller flapping results for both propeller blades at {2 = 75 RPM and

2, = 180 RPM.
Table 4.3: Maximum flapping Table 4.4: Maximum flapping
angle for (2 =75 RPM. angle for {2 =100 RPM.
Q, [RPM]  maxz(|5,]) [deg] Q, [RPM]  maz(|B,]) [deg]
160 13.1 180 19.0
180 13.5 200 20.0
200 14.6 220 22.2
220 18.5 240 243
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Figure 4.13: Propeller flapping motion due to inertial loading in the vacuum chamber.
Speeds given in RPM.

From Figure 4.13, Table 4.3, and Table 4.4, several observations can be made:

The response is sinusoidal in nature.

The response agrees with the qualitative prediction shown earlier in Figure 4.4.

* For a given rotor speed, increasing the propeller speed increased the maximum flap deflection.

* For a given propeller speed, increasing the rotor speed increased the maximum flap deflection.

In the next section, an analytical model was developed to describe the propeller flapping motion.
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4.2.3 Propeller Flapping Motion Analytical Model

To gain insight into the physics of the propeller flapping motion, a simple analytical model was
derived from first principles. The overall objective of this section is to model the propeller flapping
motion 3, in a vacuum. The final result of this derivation will be the propeller blade flapping equation
of motion for a propeller-driven rotor in a vacuum. After the derivation, several solution methods are
presented and the predicted results are compared to the experimental results.

The propeller blade flapping equation of motion was derived by defining the position, velocity,
and acceleration of a point P on the propeller blade and then integrating the inertial loads over the

propeller radius. Figure 4.14 shows an overview of the key variables.

Pr;lpzller Qp I P
0 Rot\or \ Ih 0 L p j_ﬁp
O.:l') > J O-_:. Propeller
Flap Hinge
R

Figure 4.14: Parameters for the propeller flapping model.

The modeling steps are as follows:

1. Define the reference frames of interest.

2. Find the position Rp, velocity V 5, and acceleration A, of point P on the propeller blade.

3. Find the inertial moment M about the flap hinge by integrating the acceleration of point P along

the propeller blade.

Following these steps results in the following inertial moment M; about the propeller flap hinge:
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M; = po + (Sp(ep + R)S22 cos ¥, + Ip92 cos? Uy, + I},(Qf7 — Qz) + epSpro)ﬁp
(4.15)

—S,h% — 2(I, + €,5,)Q20Q, sin 1,
where I, = (1/3)m,R3, S, = (1/2)m,,R2, h is the propeller offset ahead of the main rotor 1/4

chord location, m,, is the propeller blade mass per span, and e, is the propeller flap hinge offset. Note

that the Coriolis term in inertial moment M, equation is:
CorF = —2(I, + €,5,)QQ, sin v, (4.16)

where the [, + ¢,5, is the equivalent inertia due to flap hinge offset e, and the sin 1), term denotes
whether the propeller blade is moving towards or away from the main rotor center of rotation. Next, the
propeller flapping equation of motion can be found by examining the moments acting on the propeller

flapping hinge, shown in Figure 4.15.

My

QP

Ms M

»

Figure 4.15: Moments acting on the propeller flapping hinge.
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From Figure 4.15, the sum of the moments on the propeller flap hinge is:

M;+ My = Mg “4.17)

where M7 is the inertial moment, M 4 is the aerodynamic moment, and Mg is the flap hinge spring
restoring moment. The aerodynamic moment M 4 is zero because of the vacuum chamber and the flap
hinge restoring moment is simply:

Ms = k5, (4.18)

Combining the expression for the inertial moment M, equation 4.15, and the flap hinge spring
moment, equation 4.18, with the moment balance about the flap hinge, equation 4.17, yields the pro-

peller flapping equation of motion:

LBy + (Splep + R)Q? cos ¥, + L,0% cos® ¥, + I, (22 — Q%) + €,8,Q0 + K;) 3,
(4.19)

= S,hQ* + 2(I, + €,5,)Q0, sin 1,

The main rotor rotation €2 has several impacts on the propeller flapping equation of motion. First,
there are additional propeller stiffness terms S, (e, + R)Q? cos ¢, and I,Q* cos® .. Second, the main
rotor rotation {2 reduces the propeller stiffness by / p(Qf, — 0?). Third, a constant S,h{2? is present on
the right hand side of the equation. Finally, the main rotor rotation {2 is present in the Coriolis coupling

term 2(/,, + €,5,)$2€2, sin 1,,. The solutions to equation 4.19 are studied in the following sections.

180



4.2.4 Solutions to the Propeller Flapping Equation of Motion

Three different methods were utilized to study the response of the propeller flapping equation

(equation 4.19):

1. Numerical Periodic Solution - An optimization scheme was employed to numerically determine

the periodic coefficients that best satisfy the propeller flapping equation of motion.

2. Time Marching - The propeller flapping equation of motion was numerically integrated using
MATLAB'’s ode45 function. This method captured nonlinearities and the impacts of individual

terms.

3. Harmonic Balance Method - The periodic coefficients were directly inserted into the equation of
motion and solved for analytically. This method was tedious but provides physical insight into

the propeller flapping motion.

4.2.4.1 Method 1: Numerical Periodic Solution

For a periodic response, the propeller flap response (3, is de-constructed into a constant term [,

a lateral cyclic term ., and a longitudinal cyclic term (3;,:

Bp(l/)p) = ﬂO + ﬁlc COs wp + Bls sin 77/}1) (420)

The objective of the numerical periodic solution method is to determine the [, 1., and S5 terms for

the propeller. Using equation 4.20, the time derivatives of the flap motion are:

Bp(1p) = Qp(—Presin ey, + fis cos ) (4.21)
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Bp(p) = —=Q2(Brc cos by, + PBrgsiniy) (4.22)

A numerical optimization scheme was employed to find the periodic coefficients. This scheme
was simple to implement, does not require small angle assumptions, and could be easily extended to
include the propeller aerodynamic moment.

Consider the hinge moment balance, equation 4.17:

M;+ Ma = Mg

0= M;+ My — Mg
For any given values of (3, (15, and ., there will be a residual error €(1),) for each propeller
azimuth v, in the hinge moment balance equation:

6(1/)17) ZM]+MA—MS

Equations 4.18 and 4.15 were used to calculate the hinge and inertial moments, respectively, for each
propeller azimuth ,,. This residual error was transformed into its harmonic components over one

propeller revolution:

2w
60:/ €(1p)diy, (4.23)
0
2m
610:/ €(1p) cos pdiy, (4.24)
0
2m
615:/ €(1p) sin ¢, diy, (4.25)
0

where these integrals were calculated numerically. An optimization scheme was employed that seeks
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to minimize the error vector:

€0
€1s
by minimizing the total error J:
J=c"¢e (4.27)

Using this scheme, the optimizer adjusted values for 3y, (15, and (3. until a minimum error
was achieved. MATLAB’s fmincon optimizer was used and executed quickly. Figure 4.16 shows
the results for numeric periodic solution results for the 2 = 75 RPM, ), = 200 RPM case. The
predicted results show good agreement with the experimental results. Using this solution method,
Bo = 1.6°, B, = —0.2° and 1, = 16.2°. This solution method captures the large sinusoidal response

that was observed in the test data.

o0
)
=,

Q.

Figure 4.16: Comparison between predicted (solid line) and experiment (dots) for the
(1 =75 RPM, Q,, = 200 RPM case.
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4.2.4.2 Method 2: Time Marching

For the time marching method, equation 4.19 was numerically simulated with MATLAB’s ode45
function. Figure 4.17 shows the result compared to the experimental data over two propeller revolu-
tions. A slight, 0.1% numerical damping was added to equation 4.19 to remove high frequency os-
cillations that were associated with the flap spring. Figure 4.17 shows the predicted time marching

solution captures the experimental data well.

20

s, 0F
Q.

-20

0 180 360 540 720
u%,[deg]

Figure 4.17: Time marching results for the {2 = 75 RPM, (2, = 200 RPM case. Solid line
is the prediction, dots are experimental data.

The advantage of the time marching approach is that the original equation of motion can be
modified with ease. This enabled the relative importance of key terms to be determined. To further
understand this point, the Coriolis coupling term 2(, + €,S5,)§2, sin ¢, was eliminated from the

original propeller flapping equation (equation 4.19). This new equation can be written as:

LBy + (I, cos® 1, + S, (e, + R)Q* cos iy, + I,(Q2 — Q)

eS80 + K,) B, = Sy 0h + 2(1, + €,S9€, sin ),

(4.28)
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Figure 4.18 shows the time marching results for Equation 4.28. It is clear from Figure 4.18
that without the Coriolis coupling term, 2(1, + €,,5,)€2(2, sin ¢/, that the large flapping motion is not
captured. The numerical solution quickly converged to a value of 1.6° 4+ 0.2°, meaning the cosine
terms and the higher harmonic content in equation 4.19 are not dominant for this case. This indicated
that the Coriolis coupling term was the primary mechanism for the propeller flapping motion seen in

the vacuum chamber. Next the analytic periodic solution method is presented.

20 Coriolis Term Deleted
20 % %
@ on on O
'@ D o o°°f o oo“'
°° oo OO oo
jol s s

-20

0 180 360 540 720
Yy [deg}

Figure 4.18: Time marching result for equation 4.28 for the (2 = 75 RPM, (2, = 200
RPM case. Without the Coriolis term present, the sinusoidal motion does not occur.

4.2.4.3 Method 3: Harmonic Balance Method

The analytical solution method assumes a periodic response, equation 4.20, using Sy, (1., and
P1s. For simplicity, only the steady and first harmonics are considered. This method directly inserts
the periodic flapping response into the flapping equation of motion, collects like terms, and then alge-
braically solves for 5y, [51., 15 in terms of physical parameters of the system. The primary advantage

of this method is that closed form expressions for 3y, [i., [(1s are found. The propeller flapping
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equation (equation 4.19) is repeated here for convenience:

Ipo + (Sp(ep + R)QQ cos ¢y, + I;DQ2 cos” Yy + [p<9129 - QZ) + epSpQIQJ + Kp)Bp

= S,hQ% + 2(I, + €,5,)QQ, sin 1),

To simplify the solution process, the following expressions are used:
A=10°

B = S,(e, + R)?
C =12 — %) +¢,5,Q2 + Kg
D =2(I, + ¢,5,)09,

Using these simplifying expressions, the flap equation of motion, equation 4.19, simplifies to:
Ipo + (Acos® ¢, + Beosp, + O)B, = S,hQ? + Dsin, (4.29)

Inserting the propeller periodic flapping motion, equations 4.20 and 4.22, into equation 4.29,
ignoring higher harmonic content, and grouping periodic (constant, sin v, cos 1,,) terms on both sides
yields:

Constant expression:

1 1
ﬁ0(§A +C) + iBﬁlc = S,h? (4.30)
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Cosine expression, cos .
3 2
BoB + Bre(7 A+ C = L,,) =0 (4.31)

Sine expression, sin ,:

1
Prs(7A+C = L) =D (4.32)

We now have three equations with three unknowns. The next few sections solve these equations

and discuss trends.

4.2.5 Longitudinal Flapping Response [

From equation 4.32, the value for (3, can be solved for explicitly.

D

ﬁls =
TA+C - L2

Plugging in the terms for A, B, and C' yields:

200, (1, + €,5,)
T2+ 1,(Q2 — ) + .5, + Ky — L2

ﬁls =
Note that the IPQZ term in the denominator cancels out. The expression for 3;, reduces to:

_200,(1, + €,5,)
K+ ¢,5,02 — 31,02

Brs (4.33)

From equation 4.33 it is clear that a large, 3, response is predicted as (2, is in the numerator.

This indicates that when ¢, = 90°, the flap response will be at a large positive value, and when
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1, = 180° the flap response will be a large negative value. Figure 4.19 shows the propeller flapping

orientation.

Figure 4.19: Propeller flapping motion at 1, = 90° and 180°. View is from rotor tip
looking towards the rotor root.

It can be seen that for a clockwise spinning propeller, the inertial forces cause the propeller
blade to flap up at 1), = 90° and to flap down at v, = 270°. Note that if a counter-clockwise spinning
propeller is used, a value of —(2, is used in the analysis and thus the propeller flapping motion is
reversed.

The 3, expression, equation 4.33, is a function of the propeller design (K,, I, Sp, e,), the
propeller speed (2, and the rotor speed 2. It is not a function of the location of the propeller on the
rotor blade, as the parameter R is missing from the equation 4.33. This means the Coriolis coupling
and resulting f3; for a propeller at located 1/2 span of the main rotor is the same as a propeller located

at the main rotor blade tip.
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This Coriolis coupling is a function of both the rotor rotational speed €2 and the propeller rota-
tional speed (2,,. For a conventional isolated rotor, increasing the rotational speed of the rotor blade acts
to stiffen the blade, and thus can reduce the isolated rotor blade flapping motion. Figure 4.13 shows
that for the propeller-rotor speeds tested in the vacuum chamber, increasing the propeller rotational
speed increases the Coriolis coupling factor and thus increases the propeller blade flapping motion.

This observation is investigated in the following section.

4.2.6 Explanation for Large (31, Response

The most counter-intuitive finding from the experimental data was that, for the range of con-
ditions tested, increasing either the propeller RPM or the rotor RPM increased the propeller flap re-
sponse. When studying the isolated rotor blade flapping equation of motion, increasing the rotor RPM
stiffens the blade, and thus flapping should reduce. To explain this discrepancy, consider the simple

example propeller flapping diagram in Figure 4.20. This diagram considers only the spring force (SF),

the centrifugal force(CF), the inertial force (IF), and the Coriolis force (CorF).

CorF

Figure 4.20: Simplified propeller flapping diagram.
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For Figure 4.20, the integrated sum of the moments at the hinge must be equal to O:

SF=CorF —IF—-CF

Assuming a hinge offset e, and integrating this over the propeller radius yields:

KBy = 2(I, + €,5,) 20, sin ¢y, — [po — (I, + epSp)Q;Zaﬁp

epSp 1 K,

103 1
pbp+ (1 + AR

Q21,8 = 2(1, + €,5,)Q28, sin ¢,

2
p

Dividing both sides by IpQg yields:

Bp €pSp K, epSp\ .
21+ + )8y = 2(1 + =) 5~ sin e
Qz% I, [Psz) P I, "Q, b

The non-dimensional propeller flap frequency v, is defined as:

2 €pSp K,
vo=14+—+4+ —=
p I, IPQI%

Now consider the propeller has a periodic flapping motion that consists of just 3y:

6p(¢p) = 615 sin wp

6p(¢p) = _QZ/BIS sin ¢p

(4.34)

(4.35)

Inserting the sinusoidal periodic motion and non-dimensional propeller flap frequency into equation
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4.34 yields:

Brs(v2 — 1) sin¢y, = 2(1 + 6p—3p)2 sin ¢,

]p QP
Solving for fy:
2 e,S, . §2
Brs = (1+22)— (4.36)
I/Z —1 I, "Q,

An explanation for the increase in [3;; can be seen by examining the non-dimensional propeller
flap frequency v, and the /35 expression in equation 4.36. Figure 4.21 shows the reduction in non-
dimensional propeller flap frequency v, as a function of the propeller speed (2,,. For equation 4.36, as
the non-dimensional propeller flap frequency v, is in the denominator. A reduction in flap frequency

v, results in an increase in /315, shown in Figure 4.22.

— 3

g 2.5

~

=) j\\\\\\\““‘----‘_______

N'15 . ' ‘ '
160 180 200 220 240

Q, [RPM]

Figure 4.21: Propeller non-dimensional propeller flap frequency reduces as propeller
RPM increases.

30
. O=100RPM ...
20 e
310 (0 = 75 RPM
o) 0 | ‘ ‘
160 180 200 220 240

Q, [RPM]

Figure 4.22: Expected 3,5 behavior over propeller speeds (2, tested in the vacuum
chamber.
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However, consider the limit as 2, — oo:

2 e,S, . {2
1 g 2 Wi
1/2—1( + I, )Qp

p

0

lim 518 =
Qp—r00

The long term behavior of 3, over a large range of 2, is shown in Figure 4.23. As propeller
speed €, increases from low to medium speeds, initially an increase of (3, is observed. This trend is
observed in the experimental test data from the vacuum chamber. From Figure 4.23, eventually the
(s value reaches a maximum, and then a decrease in [ is seen as the propeller centrifugal force
increases. Increasing the rotor speed 2 shifts the plot upward. Next, the 5, and ;. solutions are

studied.

£ ;/_>~.2=100 RPM
220 II ~~~~~~~

s /Q=7RPM T Iz=----
=0

0 1000 2000 3000 4000 5000
Q, [RPM]

Figure 4.23: Expected [3;; behavior over a wide range of propeller speeds.

4.2.7 Constant 3y and Lateral ;. Response

Equation 4.30 and 4.31 contain the 3, and ;. parameters, and the equations are shown here for

convenience:
1 1 9
3 2
BoB + 610(114 +C - ]pr) =0
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These equations can be written in a linear form:

A+ C B Bo Bo Sph§2?

N[ =

B 3A+C- 1,92 | B Bre 0

where M is the 2x2 matrix of physical parameters. The solution to the linear equation is then:

By |sphe?
p— M_

/81(: 0

Let det M be the determinant of matrix M. Then:

Bo 1 %A +C - IPQZ% —-ip SthQ Sth2 %A +C - IPQZ%

det M L det M

Now the terms for A, B, and C' are plugged back in:

1 1

Bo= - 7 (Ko — ZIpQQ)sg,,hQ? (4.37)
1 2

Bre = o Sph RO (4.38)

From equations 4.37 and 4.38, several observations can be made. First, it is clear that both
quantities are a function of the offset between the propeller and the rotor 1/4 chord h. Increasing this
offset has a strong impact on 3, and ;.. Additionally, both 3, and /3;. have Q2 in the numerator,
indicating that they are functions of the centrifugal force.

Insight on the coupling between /3, and [3;. can be obtained by examining the rotor blade. Figure
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4.24 shows a rotor with an exaggerated offset 4. As the main rotor blade spins at some rotational speed
(2, a centrifugal force is created. The centrifugal force acts in a line from the center of rotor rotation.
At the center of propeller rotation, the angle that the centrifugal force makes is 4/ R. This means there

is some projection of the rotor’s centrifugal force in the / direction.

Centrifugal - /7 v

-—
Force |

\// - h/R
%’/

- h
Figure 4.24: The rotor’s rotation € results in centrifugal loading. Diagram dimensions
exaggerated for clarity.

R

4.2.8 Comparisons with Simple Model

The predictions from the three solution methods discussed in Section 4.2.4 are compared to the
experimental data in Figures 4.25 and 4.26. The harmonic balance method gives the same result as
the numerical periodic solution method, and so only the harmonic balance method result is shown.
The large, 1 per propeller rev sinusoidal motion is well captured. However, it is worth noting that at
the 100 rotor RPM and 220, 240 propeller RPM case there seems to be a disagreement between the
predictions and the experiment. The 1 per propeller rev does not capture the maximum peak seen in
the experimental data for those cases. This indicates higher harmonics are present in the experimental
data. Higher harmonics are captured using the comprehensive analysis, which is detailed in the next

section.
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(©) Qp = 200 RPM (d) Qp = 220 RPM

Figure 4.25: Predicted versus experimental results for {2 = 75 RPM. Dots are
experimental, solid line is the harmonic balance method solution, and dashed line is the
time matching solution.

(a) Q, = 180 RPM (b) 2, = 200 RPM
'?o‘ :]3_5:)) 0000
S TR
-30 \ \ 30 \ \
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p |deg] Uy |deg]
(¢) ©, = 220 RPM (d) €, = 240 RPM

Figure 4.26: Predicted versus experimental results for {2 = 100 RPM. Dots are
experimental, solid line is the harmonic balance method solution, and dashed line is the
time matching solution.
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4.2.9 Comparison with Comprehensive Analysis

The simple analytical model was instructional for understanding the physics of the propeller
flapping problem. One drawback of this hand-derived simple model was that only the first harmonic
of propeller flapping motion was predicted. From this, it was clear that a comprehensive analysis
methodology was needed for more rigorous modeling the propeller-driven rotor system.

Figure 4.27 shows the comprehensive rotorcraft model of the vacuum chamber propeller flapping
experiment. The propeller, propeller hub, propeller shaft, rotor, and rotor shaft are modeled as rigid
components, with suitable sectional properties. ERA models the propeller flapping hinge as a joint
between two nodes. Four joints are present: two commanded and two free. Commanded joints are at
the rotor/propeller hubs to prescribe the rotor/propeller rotational speeds. Free joints are the flapping
hinges, one for each propeller blade. The flapping joint included the equivalent spring stiffness /.
The periodic solution was obtained with a sufficient number of harmonics and the Newton-Raphson
method. Figures 4.28 and 4.29 on the next page show the predicted results compared to experimental

for 75 and 100 rotor RPM, respectively.

-0.1

Propeller
— Flap Hinge
ER p Hing
N
-0.5

Articulated
-0.25 Propellers

— 0
0 0.2
Figure 4.27: Vacuum chamber experiment modeled in ERA.
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0 90 180 270 360 0 90 180 270 360
Y, [deg] 1, [deg]
(a) €, = 160 RPM. (b) Q, = 180 RPM.
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(c) 2, =200 RPM. (d) €2, =220 RPM.

Figure 4.28: Propeller flapping experimental results (dots) versus ERA predictions (solid
line) for 75 main rotor RPM.

-30 : ‘ : -30 ‘ ‘ : !
0 90 180 270 360 0 90 180 270 360
wp [deg] ¢p [deg]
(a) 2, = 180 RPM. (b) €2, =200 RPM.

| | | _30 | | | i
0 90 180 270 360 0 90 180 270 360
Y, [deg] Y, [deg]
(c) ©, = 220 RPM. (d) €, = 240 RPM.

Figure 4.29: Propeller flapping experimental results (dots) versus ERA predictions (solid
line) for 100 main rotor RPM.
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The comprehensive analysis predictions show good agreement with the experimental data, and
predicts the trends first observed in the experimental data shown in Figure 4.13. Figure 4.30 shows
the comprehensive analysis predicted propeller/rev harmonic content. The analysis predicts that the
propeller flapping motion increases with propeller and rotor speeds, and higher harmonics are present
as well. These higher harmonics work to sharpen the peak response around 90° and 270° propeller
azimuth ,. After this experiment, the next focus was on how propeller loads influence rotor blade

loads.

0 1 2 3 4 0 1 2 3 4
Propeller/Rev Harmonics Propeller/Rev Harmonics
(a) 75 rotor RPM. (b) 100 rotor RPM.

Figure 4.30: Predicted propeller flap harmonics for various propeller RPMs using
comprehensive analysis. Legend indicates propeller RPM.

4.3  Vacuum Chamber Experiment #2: Rotor-Propeller Loads

After the first vacuum chamber experiment, the importance of studying the inertial loading of
the propeller-driven rotor was evident. The objective of the second vacuum chamber experiment was
to show how the rotor-propeller Coriolis moment influences the rotor blade loads. Strain gauges on
the main rotor blade measured rotor blade loads, and a 6 DOF load cell on the rotor blade tip measured
propeller loads. Propeller speed was swept from 0 to 5000 rpm for main rotor speeds of 0, 25, or 50
rpm.

Figure 4.31 shows the test apparatus that was constructed for this experiment. The same rotor,
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propeller, propeller tip load cell, and tip nacelle that was used in the propeller loads hover experiment,
detailed in Section 3.3, were used for this vacuum chamber experiment. Power and signal wires
were passed through the rotor blade. The vacuum chamber experiment used the same tip load cell

arrangement that was described in Section 3.3.2.

Propeller

L 150
Counter R\ Tip
; Rotor Strain Gauges
Weight InLaug Assembly

Figure 4.31: Propeller-driven rotor loads experiment setup. Top down view.

Figure 4.32: Propeller-driven rotor loads experiment mounted inside the vacuum
chamber.

4.3.1 Comprehensive Model for Propeller-Rotor Loads Experiment

Figure 4.33 shows the propeller-driven rotor comprehensive model and propeller reference frames.
The propeller was modeled as a rigid propeller, offset from the rotor blade 1/4 chord line A by 2 in.

The main rotor blade was modeled as elastic. Table 4.5 contains the properties for this experiment.

199



-0.2

Load Cell
- Prop X Location
A 0 i

N
N —
Prof)_Z— : Rotor Strain
v Gauge Location
0.2
1 Prop Y

Y [m]

Figure 4.33: ERA model and propeller reference frame. Note that the load cell location
has some physical offset from the propeller hub.

Table 4.5: Main rotor parameters for rotor-propeller loads vacuum chamber experiment

Rotor Radius, R

31in
Rotor Strain Gauge Location 7 in
Rotor Root Cutout 3.51n
Rotor Collective/Twist 0 deg
Rotor Structure in ERA Elastic
Rotor Sectional mass, m 0.40 kg/m
Rotor Flap Stiffness, ET 22.8 Nm?
Rotor Torsional Stiffness, GJ 25.3 Nm?
Rotor RPM, () 25, 50 RPM
Propeller Radius, 17, 3in
Propeller Collective/Twist 0 deg
Propeller Structure in ERA

Rigid
Propeller Root Cutout, 2, 0.75 in
Number of Propeller Blades, NV, 2
Propeller Offset, h 21in
Propeller Blade Mass, m(R, — R,,)

1.8 grams
Propeller RPM, (2, 1000:500:5000 RPM
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4.3.2 Predicted and Experimental Results

Figure 4.34 shows the main rotor blade loads that were measured in the vacuum chamber. The
rotor blade torsion load, originating from the propeller-rotor Coriolis interaction was well captured.
The propeller Coriolis moment results in a rotor blade torsional moment. Figures 4.35 to 4.38 show
the predicted and experiment results for the propeller load cell loads, as well as the predicted propeller
per rev harmonics. For both 25 and 50 rotor RPMs, the predicted versus experimental results show
close agreement. Additionally, 0, 2, and 4 propeller/rev harmonics are visible in the harmonic analysis,

coming from the 2 bladed propeller that was tested.
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(a) 25 main rotor RPM.
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(b) 50 main rotor RPM.

Figure 4.34: Rotor blade loads. Experimental (dots) versus comprehensive analysis
predictions (solid line).

From these tests, the vacuum chamber has proven effective for testing rotor-propeller inertial
couplings. Future designs should be validated in the chamber in conjunction with using the compre-
hensive rotorcraft model to predict loads. The next section will compare propeller loads during isolated

axial flight to those during propeller-driven rotor operation.

201



400 - o Fy,

= Fyp
o I,

2300590059‘,50

A

8 200+

8

&

[

é’ 100 ¢

f5)

[o

]

=~ Fo3 Y ———

A 0f 4

Propeller RPM

00 ‘ ' ‘ ‘
0 1000 2000 3000 4000 5000

B
o

oMmp
g “%yp
L o M,
g 30 P
Z
+~
g 20
g
s
. 10}
<
.61 13 ) -] o -] ] ]
o)
8 0 ¢ —o—o0— Y
[l

0 1000 2000 3000 4000 5000
Propeller RPM

Figure 4.35: Experimental (dots) versus ERA predictions (solid line) for propeller load
cell loads at 25 rotor RPM.
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Legend indicates propeller RPM.

202



1500 40 ¢
o o o o o o 8 8 o M:cp
° sz 'g‘ ° MZ/P
o pr 8 4 sz
° sz Z 30 : a o o o
1000 = s
7 :
& = 90!
) ]
2 =
o i
~ 500} .
210
o
=
[al
0 g : : 2 ] 2 T 0 A4 ¢ 14 LA 2 (3
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000

Propeller RPM

Propeller RPM

Figure 4.37: Experimental (dots) versus ERA predictions (solid line) for propeller load
cell loads at 50 rotor RPM.
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Figure 4.38: Predicted propeller harmonics for 50 rotor RPM for various propeller RPMs.
Legend indicates propeller RPM.
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4.4  Propeller Rotary Flight vs Axial Flight

Over the course of the propeller driven rotor research program, numerous isolated propellers
have been tested in axial flight in a wind tunnel. These isolated propellers are then placed on a hovering
rotor blade, and in the past have failed due to the unique propeller driven rotor loading environment.
This section seeks to quantify the differences between isolated propeller testing, called axial flight, and
during propeller driven rotor operation, called propeller rotary flight.

Figure 4.39 shows the axial flight condition. During isolated propeller testing, the propeller is
fixed in a wind tunnel and the propeller’s climb velocity v, is equal to the freestream air velocity v..
The primary loading on the propeller is from aerodynamic effects. The propeller hub is not moving,

so no additional inertial loads are present.

Prop
Thrust
e

Ve = Veo

2R

Figure 4.39: Propeller in axial flight, such as during isolated propeller wind tunnel test.

Figure 4.40 shows the propeller rotary flight condition. During propeller driven rotor operation,
a propeller located at r experiences a climb velocity v, equal to the incoming airspeed 2r, where €2
is the rotor rotational speed. The propeller hub is attached to the rotor blade and moving in a circular
manner. Propeller rotary flight has two main differences from axial flight. First, the incoming climb

velocity that the propeller experiences is not uniform across the propeller. The difference in climb
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velocity across the propeller (tip-to-tip) is 2(212,. Second, the inertial loading on the propeller is
significant. This comes from the rotor centrifugal forces (proportional to %), and the rotor-propeller
Coriolis force (proportional to €2,£2). These differences will be explored using the validated using the

comprehensive rotorcraft analysis methodology.

c=8Qr =171~
_,;-:::Zé}:[i:l_[_l_l_[_

9 Prop Thrust 1‘

OO

r

R

Figure 4.40: Propeller in rotary flight, such as during propeller driven rotor operation.

4.4.1 Comprehensive Analysis Models for Propeller Rotary and Axial Flight

Figure 4.41 shows the ERA propeller rotary flight model. Here the propeller used in the TVF26
dataset is mounted to the tip of a Im rigid beam. The rigid propeller blade had a fixed pitch set to
35 deg root collective, and the propeller blade had no twist. The propeller hub has a 2 inch rotor
chordwise offset i from the rigid beam’s quarter chord location. The same propeller geometry was
used for axial flight. For axial flight, the rigid beam is removed and the propeller hub fixed to a ground

node. Axial flight is achieved by simply increasing the freestream air velocity.
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Figure 4.41: Propeller in rotary flight, such as during propeller driven rotor operation.

4.4.2 Cases Examined

To illustrate the differences in propeller rotary and axial flight, three different cases were com-
puted. First, an axial flight model was run and v,, was varied between 0-10 m/s. Secondly, the
propeller rotary flight mode case was ran using the same propeller model as the axial flight case. How-
ever, instead of varying the flight speed v, here the rotational rate {2 of the rigid beam was varied.
This results in:

Ve = Voo = QR
Azial flight Rotary flight

The third and final case was the propeller rotary flight mode, but with no aerodynamics. This case

highlights the inertial loads on the propeller. The results of these cases are shown in the next section.
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4.4.3 Propeller Rotary vs Axial Flight Results

Figure 4.42 show the three cases: axial flight with aerodynamics, propeller rotary flight with

aerodynamics, and propeller rotary flight without aerodynamics. All non-dimensional loads are com-

pared using the same atmospheric density. For axial flight, only rotor thrust and torque loads are

produced. However, in rotary flight there are loads in every direction.
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Figure 4.42: Comparison of propeller rotary flight vs axial flight.

Using these results, several observations can be made regarding rotary flight. Table 4.6 summa-

rizes these results. First, the propeller I, has a large value related to the rotor centrifugal force (CF).

Second, the propeller has a small forward chordwise offset 4 which results in a portion of the rotor

CF force acting in the propeller thrust direction. Third, the rotor-propeller Coriolis moment results in
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large M, values. Finally, the propeller ', M,,, and M., all have slight variations compared to axial
flight resulting from propeller climb variation, shown earlier in Figure 4.40.

Table 4.6: Propeller hub loads in rotary flight.

Propeller Load Inertial Aerodynamic
Fyy Rotor CF w/ Prop Mass Small
Fyp Small Propeller climb variation
F.,, Rotor CF (h/R), small Propeller thrust
M,, Coriolis moment Small
M, Small Propeller climb variation
M., Small Propeller torque/drag

4.5 Summary and Conclusions

While attempting to improve propeller-driven rotor hover performance, propellers of various
spar sizes and strengths suffered root failures. An assessment of the experimental outcomes led to the
conclusion that these failures were likely due to the inertial propeller-rotor couplings during propeller-
driven rotor operation instead of aerodynamic interactions. The Coriolis force originates from spinning
a propeller on a rotating rotor, and results in sinusoidal loading of the propeller blade. This generates
a pitching moment on the propeller, which can couple with the main rotor blade torsion mode. The
resulting problem has since been termed the propeller-driven rotor twirl phenomenon.

Two vacuum chamber experiments were developed to study the propeller blade loads from in-
ertial forces. First, a propeller flapping characterization experiment was conducted to study propeller
flap motion at various rotor and propeller speeds. In the vacuum chamber, the propeller blade un-
derwent large sinusoidal motions. A first-principles model was developed to explain the propeller
blade motion. Second, a propeller-rotor loads vacuum chamber experiment was conducted using the

same propeller-driven rotor blade and propeller configuration as Section 3.3. The results showed good
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agreement with the comprehensive model.
From the first vacuum chamber study on propeller flapping characterization, the following con-

clusions are made:

* In the vacuum chamber, without the presence of aerodynamic forces, the Coriolis force bends

the propeller blades in a sinusoidal fashion.

* For the range of propeller and rotor speeds tested, increasing the propeller speed or the rotor

speed resulted in increased the peak amplitude of the sinusoidal motions.

* The motion of the propeller blade is dominated by the sinusoidal Coriolis force. The cosine
terms in the propeller flapping equation are significantly smaller than the sinusoidal terms. For
example, at {2 = 75 RPM, ,, = 220 RPM, (3. = 0.2° and §;, = 16.2°, which is 81 times the

motion.

* The Coriolis force is large and is not dependent on the propeller location along the rotor blade
span. The Coriolis moment on the propeller hub is 21,2}, sin ¢, and hence does not have a

term associated with the distance from the main rotor hub.

* The 3y and (3. are coupled and are a function of the offset h, which physically exists from the

need to place the propeller ahead of the rotor blade leading edge.

* The ;5 increases for the range of propeller and rotor speeds tested in this study. However as

propeller speed (2, increases, 3;; peaks and then eventually decreases to a smaller value.

From the second vacuum chamber study on rotor-propeller loads, the following conclusions are made:

* The variation in propeller Coriolis moment with propeller and rotor speeds was well captured.
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* The rotor-propeller Coriolis moment results in a propeller pitching moment and a rotor blade

torsional moment.

Some conclusions are made regarding propeller-driven rotor twirl phenomenon:

* Propeller-driven rotor twirl phenomenon originates from the rotor-propeller Coriolis interaction

coupling with rotor and propeller structural modes.

* Two failure modes were studied for the propeller-driven rotor twirl phenomenon: one steady and
one oscillatory. The static failure results from the rotor-propeller Coriolis moment exceeding the
rotor blade torsional strength. The oscillatory failure results from 2 bladed propeller harmonics

interacting with the rotor blade torsional mode at resonance.

* A two bladed propeller results in a steady and oscillatory load being imparted to the rotor blade
torsion mode. Increasing the number of propeller blades above two removes the oscillatory load,
but increases the steady load. Without the oscillatory load, rotor blade torsional resonance can

be avoided.

* Propeller rotary flight brings significant loading on the propeller. This is most evident in the
propeller F), (from rotor centrifugal loading), M, (from rotor-propeller Coriolis coupling), and

F, (from a propeller hub offset i/ R).

The next chapter documents an investigation on a propeller-driven rotor swashplateless control con-

cept.
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Chapter 5: Swashplateless Control

This Chapter details the experiments of a swashplateless control concept for a propeller-driven
rotor. First, the proposed strategy is described and experimental results for the small scale are pre-
sented. Next, the swashplateless propeller-driven rotor control authority is compared to a rotor using

conventional swashplate control. The Chapter ends with a summary and conclusions.

5.1 Propeller-Driven Rotor Control Experiments

The 2.7 ft diameter test stand and 3D printed rotors, shown in Figure 5.1, were used to develop
and characterize the propeller-driven rotor control experiments. This was the same hardware that
was used in the variable propeller placement investigation that was presented earlier in Section 3.4.1.
The small test stand enabled rapid experimentation and development, whereas the 3D printed rotors

allowed for the propeller-driven rotor design to be adjusted in a systematic manner.

Figure 5.1: The propeller-driven rotor swashplateless controls research utilized the 2.7 ft
diameter test stand and 3D printed rotor blades. Full details on the test stand are in
Section 3.4.1, and details on the 3D printed main rotor are in Section 2.1.2
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5.1.1

Proposed Propeller-Driven Rotor Control Strategy

A conventional rotorcraft uses a swashplate mechanism to adjust the rotor blade angle around the

rotor azimuth. The propeller-driven rotor control strategy takes advantage of the large difference be-

tween the main rotor rotational speed (250 RPM) and the tip propeller rotational speed (5000 RPM) to

generate rolling and pitching moments for primary control of the aircraft. The tip motor and propeller

are rigidly attached to the tip of the main rotor blade with a slight upward tilt. As such, a component

of the tip propeller thrust acts in the vertical direction of the rotor disk, shown in Figure 5.2.

Rotor Blade

Tip Propeller

—

Propeller
Electric

Motor \ \//T'T

| Tvertical

-

Thorizontal

Tip Propeller has a vertical
thrust component

Figure 5.2: Top down view of rotor plane. The tip propeller has a component of vertical
thrust that was used to generate control moments for the rotor.

The propeller-driven rotor combines the 1/rotor rev excitation of a swashplate from a conven-

tional rotor with the fast electronics of a quadrotor. For stable flight, a quadrotor dynamically adjusts

propeller RPM for control and lift. The scheme utilizes electric motors as high frequency actuators, ca-

pable of quickly increasing/decreasing rotational speed. The propeller-driven rotor’s control moments

are generated by increasing the propeller rotational speed on one side of the rotor disk while reducing

the rotational speed on the opposite side of the rotor disk. Figures 5.3 and 5.4 shows how rotor rolling
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and pitching moments are generated, respectively.

I Qe

Figure 5.3: Rolling moment strategy.

|
Qp + AQp 1800

P

270°- 90°

0! Q, — AQ,

Figure 5.4: Pitching moment strategy.

213



The strategy works by adjusting the propeller speed, and thus the vertical portion of propeller
thrust, at specific locations around the rotor azimuth. Consider the propeller is spinning at some
nominal rotational speed €2, 5. A positive rolling moment was generated by increasing the propeller
speed at ¢ = 90 and decreasing the propeller speed at ¢/ = 270. This corresponds to adding a

(2, 15 sin ¢ portion to the propeller speed, thus:

QP(¢) = Qp,O + Qp,ls Sin¢

A similar strategy can be considered for the pitching moment. For a positive pitching moment, the
propeller speed must decrease at ¢ = 0 and increase at ) = 180. This results in a —(2,, ;. cos ¢ portion
being added to the nominal propeller speed €2, (. Dropping the minus sign for convince, the final

strategy results is the propeller speed variation with rotor azimuth ) as:

Q,(Y) = Qo+ Qpassing + Q1. cos (5.1

where (), 1, and €2, ;. represent the longitudinal and lateral propeller RPM variations, respectively.

5.1.2  Propeller Tip Angle ¢

For propeller-driven rotor control strategy development, the vertical portion of propeller thrust is
directly related to the control moment magnitude. As such, the angle ¢ between the rotor blade chord
and the tip propeller thrust vector was adjusted. This propeller tip angle ¢ is shown in Figures 5.5. A
larger propeller tip angle ¢ tilts the propeller thrust in the vertical direction, and thus causes a larger

moment with a slight reduction of propulsive thrust.
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Figure 5.5: Propeller tip angle ¢ increases the vertical component of propeller thrust and
thus creates a larger moment.

5.1.3  Open Loop Motor Control

Due to the limited number of slipring channels on the propeller-driven rotor test stand it was
not possible to implement closed-loop propeller RPM control. Instead, the open loop motor throttle
commands u were adjusted. The motor throttle u is the Pulse Width Modulated (PWM) value to
the motor controller, and has been normalized between 0-100%. A microcontroller was added to the
propeller-driven rotor test stand to control the input throttle setting to the motor. The motor throttle
consists of a nominal portion uy and components for the longitudinal u;s and lateral ;. variations.
Additional details on the motor controller and brushless motor performance can be found in Section
2.2.

Instead of directly controlling propeller speed, such as in equation 5.1, the microcontroller ad-

justed the motor throttle based on the rotor azimuth ¢ as:

(1)) = ug + Ui cos Y + ups Sin (5.2)

The values of u, ug, u1., and u;s are normalized between 0-100% of the motor’s throttle range.
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For example, Figure 5.6 shows the motor throttle « over one rotor azimuth with a ug value of 30% and
a up, variation of 5%. Additionally, there is some time delay between the input signal and propeller
speed, which can result in some cross-axis coupling with the moments. The time delay is comprised

of the motor response, the propeller dynamics, and the rotor response.

s 40 — 6000
—~ «—1 Time Delay

35 ! 5500 2
= =
Pt ;-'
S 30 5000 &
- &
= oY
e 25 4500 9
% A
= 20 ‘ ‘ ‘ 4000

0 90 180 270 360

Rotor Azimuth, 1 [deg]

Figure 5.6: Motor throttle variation over one rotor azimuth with vy = 30% and u;s = 5%.
Some time delay is expected between the motor throttle and the propeller speed.

5.1.4 Experimental Results

The propeller-driven rotor with various propeller tip angles ¢ of 0°, 10°, and 20° was charac-
terized in two experiments. In the first experiment, an RPM sweep of the main rotor was performed
and the main rotor’s thrust, electrical power, and propeller RPM were recorded. This sweep was ac-
complished by gradually increasing the nominal motor throttle uy while the u,, and u;. values were
set to 0%. In the second experiment, the rotor’s rolling and pitching moments were characterized by
changing either u;s or u;. independently. The main rotor was held at a constant rotational speed of
250 RPM while either uq, or u;. were adjusted. The resulting change in rotor moments, rotor thrust,

and DC electrical power were recorded.
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5.1.5 Experiment 1 - Propeller-Driven Rotor RPM Sweep

The 2.7 ft diameter propeller-driven main rotor blades with propeller tip angles o of 0°, 10°,
and 20°were tested up to a main rotor rotational speed up to 700 RPM. The motor input throttle
was increased and the resulting rotor thrust, rotor electrical power, and propeller speed were recorded.
All tests were conducted at a main rotor collective of 8 deg. These results are shown in Figure 5.7.
The same metrics for main rotor thrust loading coefficient C7 /o, electrical power loading coefficient

Cpe/ 0o, and the propeller/rotor RPM slope m that were introduced in Section 3.4.2 are used.
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(c) Propeller RPM vs main rotor RPM.

Figure 5.7: Propeller-driven rotor tip results with different 6 angles at a main rotor
collective of 8 deg.
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Table 5.1 presents the measured performance metrics for this test. The rotor thrust loading
coefficient C'r /o increased by 78% between the 6 = 0° to 20° for a 24% increase in an electrical
power loading Cp./o. This increased thrust was expected as a portion of the propeller thrust was
directed in the vertical direction. This vertical propeller thrust was used to generate control moments
in the following experiment. Additionally, Table 5.1 shows an increase in /, and the propeller RPM
offset €2, 7 rse+ With an increase in the propeller tip angle 6. This was expected as the larger tip angle ¢
results in more propeller thrust directed upwards at a cost of less propulsive thrust being used to rotate

the main rotor.

Table 5.1: Propeller-driven rotor performance with various propeller tip angles J. Metrics
are defined in Section 3.4.2.

) 0° 10° 20°
Cr/o 0.071  0.094 0.127
Cpe/o 0.0455 0.0495 0.0566
I,[A] 0.63 0.89 0.88
m [Propeller RPM/Rotor RPM] 17.7 17.2 17.0
€ 0ffset [Propeller RPM] 2075 2250 2320

T/ Ppc at 500 Rotor RPM [N/W]  0.0569 0.0599 0.0623

5.1.6 Experiment 2 - Control Characterization

After the propeller-driven rotor RPM sweep performance sweep was conducted, the control
experiment characterized the variation in motor commands to rotor moments. The tip motor’s input
throttle u, was set such that the main rotor spun at 250 RPM, and the control inputs u, and u. were
varied from O to 10% of the motor’s throttle range.

Figure 5.8 shows the change in electrical power while using the propeller-driven rotor control
scheme. Electrical power was found to increase by 24.5%, 21.7%, and 22.9% for tip propeller angles

0 of 02, 10°, and 20°, respectively. Figures 5.9 and 5.10 on the next page show the rolling and pitching
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moments with change in u;5 and u;., respectively. This control scheme resulted in satisfactory on-axis
control, with little coupling between the axes. Additionally, increasing the tip angle linearly increased

the control moments.
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Figure 5.8: Change in DC current for a u,, variation at 250 rotor RPM.
Similar results were observed for uq,.
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Figure 5.9: Rolling moment M, and pitching moment M, variation with u;, at 250 main
rotor RPM with a fixed main rotor collective of 8 deg.
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Figure 5.10: Rolling moment M, and pitching moment M/, variation with u,. at 250 main

rotor RPM with a fixed main rotor collective of 8 deg.

5.2 Comparisons with Conventional Swashplate Control

The next step was to compare the propeller-driven rotor control authority to a conventional
swashplate. As such, the final set of experiments involved a measuring the rolling and pitching mo-
ments of a shaft-driven rotor using a swashplate. Figure 5.11 shows the 6 ft diameter, 2 bladed hin-

geless rotor that was tested. This was the same composite rotor blade and test stand used in Section

3.3.

The 6 ft diameter, shaft-driven rotor blade experiments were conducted at the University of
Maryland’s Hover Testing Facility. Table 5.2 contains specifications on the 6 ft diameter rotor. While
the 2.7 ft diameter rotor blades and the 6 ft diameter rotor blades are operated at different tip speeds
and had different planforms, the presented results have been nondimensional to rotor tip speed and

blade area. This ensures a representative physics were captured between the two rotors. Additionally,
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all control comparisons were conducted at the same rotor collective of 8 deg for both rotors.

Swashplate

Figure 5.11: Conventional rotor test stand using 6 ft diameter composite rotor blades.

Figures 5.12a to 5.12d show the results of a collective sweep using the 6 ft diamater rotor. The
collective sweep was between 2 and 14 degrees of rotor root collective while the rotor cyclics were
set to 0, and the corresponding rotor thrust and power were recorded. The peak figure of merit for
the rotor was found to be 33% for the untwisted rotor. After the collective sweep, the rotor control

moments to cyclics were recorded.

Table 5.2: Conventional rotor test stand characteristics.

Rotor Radius R 36 in
Rotor Chord ¢ 3.151n
Rotor Aspect Ration R/c 11.4
Number of Rotor Blades 2
Rotor RPM 400
Rotor Flap Frequency 1.78/rev
Rotor Airfoil NACA0012
Rotor Solidity o 5%
Rotor Collective 6, 2 to 14 deg
Rotor Twist None
Rotor Cyclics -4 to 4 deg
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Figure 5.12: Isolated rotor performance characteristics.

5.2.1 Swashplate Control Sweeps

Next, the rotor collective was fixed at 8 degrees and a swashplate cyclic sweep was performed
at 400 rotor RPM. The 8 degrees rotor collective was the same as the 3D printed 2.7 ft diameter rotors
used in the propeller-driven rotor control experiments. The swashplate produced 1 per rotor revolution

input on pitch angle as:

0(v) = by + 01.cosp + b15siny (5.3)

where 6 is the rotor collective, whereas ¢, and 6. are the longitudinal and lateral swashplate inputs,

respectively. The rotor’s rolling C,,,, and pitching moment C,,,,, coefficients are defined as:

M,

Cma = pA(QR)2R
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oy = ——ds__
™= SAQR)?R

For the experiment, the swashplate sweeps were conducted by varying one cyclic input while
the other cyclic was kept at 0. Figures 5.13 and 5.14 show the results for the longitudinal and lateral
sweeps compared to their predicted values, respectively. The control response to a given swashplate
input was calculated by solving the rotor blade flapping equation of motion [20]. The predicted results

show good agreement with the experimentally measured values.
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Figure 5.13: Measured (dots) and predicted (lines) rotor longitudinal cyclic sweeps at 400
main rotor RPM.
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Figure 5.14: Measured (dots) and predicted (lines) lateral cyclic sweeps at 400 main rotor
RPM.
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5.2.2 Propeller-Driven Control vs Swashplate Control Comparison

The control response can be compared by determining the control derivative for each input. The

control derivative relates the control input u to the control moment C',,, and can be written as:

C

m
g

ACuo),
du

where d(C,,/0)/du was determined by examining the slope of the lines in Figures 5.15 to 5.18. For

the swashplate control, the control moment derivatives were found to be:

Crz  d(Cina /)
o N d915

1
015 = 0.0034——6,
deg

Cry  d(Chy/0) 1
= 01 = —0.0034—80,
o db. ! 0.003 deg !

A similar argument was made for relating the propeller-driven rotor control to the propeller-
driven rotor inputs u;, and u.. Consider the propeller-driven rotor 6 = 0° longitudinal control deriva-

tive relative to C,,,,. /0

d(Chnz/0) 1
——= =0.0004—
duls %
Comparing the value of d(gr;;/ 9 1o d(cd’gi/ ?) yields:

d(Cpnafo) durs  0.0034 - %
dfys  d(Cpe/o)  0.0004  deg

Indicating that for the 6 = 0 case, 8.75% motor variation creates the same control moment as 1 deg of

swashplate input.
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Figures 5.15 to 5.18 compare the control response for both the swashplate and propeller-driven
rotor control schemes. It can be seen that the 9 = 20° cases produces nearly the same magnitude as the
swashplate cyclic controls. Tables 5.3 and 5.4 compare the propeller-driven rotor control derivative
value and their value relative to the swashplate control scheme. These results show that for the 5 = 20°
case, a motor input variation of about 2.3% is equivalent to 1 degree of cyclic variation.

Table 5.3: Comparison of longitudinal control derivatives.

0 [deg] HGeelo [1/9]  HCael?) o dmis s [G/deg]

0 0.0004 8.75
10 0.0009 3.89
20 0.0015 2.25

Table 5.4: Comparison of lateral control derivatives.

§ [deg] UCmu/o) (1/gp] HCmu/o) _dwie_gp/deg]

duic db1c d(Cmy /o)
0 -0.0005 7.12
10 -0.0010 3.50
20 -0.0015 2.31
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Figure 5.15: Comparisons of rotor rolling moment to longitudinal input.
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Figure 5.16: Comparisons of rotor pitching moment to longitudinal input.
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5.3 Conclusions

This study documents a novel control methodology for a propeller-driven rotor, where propeller
speed was modulated around the main rotor azimuth. A 2.7 ft diameter propeller-driven rotor test
stand was fabricated to experimentally develop and evaluate the novel swashplateless control scheme.
The 3D printed rotors enabled rotor blade parameters, such as propeller tip angle J and motor loca-
tion, to be varied in a systematic manner. After characterizing the motor throttle variation to control
moment performance, a 6 ft diameter rotor with a conventional swashplate was tested. This enabled
the propeller-driven rotor control scheme to be directly compared to a conventional shaft-driven rotor

with a swashplate. From this study, the following conclusions were made:

* The propeller-driven rotor control scheme was found to produce similar control moments as a
conventional swashplate system. For the tip propeller angle § = 20° case, 2.3% of motor throttle

variation was equivalent to 1 degree of swashplate input.

* For a tip propeller angle ¢ of 20°, increasing u;s by 10% required 22.9% additional electrical

power.

* Varying the motor throttle with rotor azimuth produced satisfactory on-axis control moments

and had negligible cross coupling with the off-axis.
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Chapter 6: Summary, Conclusions, and Future Work

Throughout this work the fundamental concept of a propeller-driven rotor was explored both
experimentally and analytically. The focus of the research revolved around propeller-driven rotor hover
performance, dynamics, and controls. This chapter summarizes the research, presents key conclusions,

and discusses areas of future work.

6.1 Summary

The research started by exploring the feasibility of a propeller-driven rotor and comparing it to
a conventional shaft-driven rotor. A composite rotor blade was developed that enabled the propeller
tip assembly to be rigidly bolted to the end of the main rotor blade. Isolated propeller testing in the
Low Turbulence Wind Tunnel at NSWC Carderock characterized propeller performance at various
axial flight speeds and conditions. Hover testing of the 5.5 ft diameter propeller-driven rotor enabled a
simple analytical performance model to be developed that capture general trends of propeller perfor-
mance, propeller/rotor RPMs, and propeller-driven rotor power. During initial testing, a tip propeller
broke during propeller-driven rotor operation. This suggested that the loads on a propeller-driven rotor
are different then the loads seen during propeller axial flight.

After the feasibility experiment, a second hover test was performed with the purpose of mea-

suring tip propeller loads during propeller-driven rotor operation. The tip assembly was redesigned
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to incorporate a 6 DOF load cell to measure propeller hub loads, and the signal wires were passed
through the main rotor blade composite shell. As a checkout test, a wind tunnel test was performed
on the isolated non-rotating rotor blade (acting as a wing) and the tip propeller load cell. After this,
a hover test was performed on the propeller-driven rotor. Propeller hub loads recorded a large, previ-
ously unmodeled, propeller pitching moment. Propeller-driven rotor performance remained quite poor
compared to a isolated shaft-driven rotor.

In an effort to reduce propeller power, the impact of propeller placement on main rotor blade
span was explored. A propeller was placed at 1/2R, 3/4R, and R (i.e. tip) on the main rotor blade,
and propeller-driven rotor thrust, rotor/propeller rotational speeds, and power were recorded. Three
cases were compared: constant rotor thrust, constant propeller RPM, and constant rotor RPM. The
results indicated that the midspan propeller required less power compared to a tip mounted propeller.
shaft-driven testing of the rotor blades also found that the midspan mounted propeller had a similar
rotor C'p /o compared to an isolated rotor (ie, one without a nacelle).

While conducting experiments with the 2.7 ft diameter test stand, a swashplateless control con-
cept was developed for the propeller-driven rotor. The propeller was tilted at a slight angle § with
respect to the rotor blade chord, and propeller speed was modulated around the rotor azimuth to pro-
duce control moments. A 2.7 ft diameter test stand was fabricated to explore and characterize the
concept. 3D printed rotor blades were developed to facilitate systematic variations of key parameters,
such as the rotor blade tip design. The swashplateless propeller-driven rotor control was compared to
a conventional swashplate and it was found to have similar control authority.

For the next experiment, the focus returned to the 6 ft diameter hover test stand. While testing
propeller-driven rotors at higher rotor rotational speeds, numerous tip propellers suffered propeller

blade root failures. This halted the hover experiment and prompted an investigation into propeller
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loads during propeller-driven rotor operation. A vacuum chamber experiment was created to remove
aerodynamic loads and isolate inertial loads. The experiment measured propeller flapping motion at
various rotor and propeller speeds. A large 1 per propeller rev sinusoidal propeller flapping motion was
observed. In an effort to understand this result, two models were developed: first, a simple analytical
model, and then a comprehensive rotorcraft analysis model. The resulting phenomenon was later
termed the propeller-driven rotor twirl phenomenon.

The propeller-driven rotor twirl phenomenon arises from the rotor-propeller Coriolis moment
interacting with rotor blade structural modes. As the propeller spins on the rotating rotor blade, a
Coriolis moment is generated that acts to bend the propeller. A simplified one-way coupling analysis
was developed between the propeller Coriolis load and the rotor blade torsion mode. The interaction
between the Coriolis moment and rotor blade torsion was the suspected failure of the various propeller
seen in this research.

The vacuum chamber experiment highlighted the need for a comprehensive rotorcraft analysis
framework to model propeller-driven rotor performance and loads. To address this need, a multi-body
finite element model was developed to study the propeller-driven rotor concept. The comprehensive
model allowed for arbitrary rotor/propeller typologies to be modeled, and joints are able to model
various degrees of freedom. The comprehensive rotorcraft analysis methodology was validated using
various hover and vacuum chamber datasets.

A final vacuum chamber experiment involving propeller-rotor loads was conducted. Strain
gauges on the rotor blade measured loads from propeller-driven rotor operation, and the propeller
tip assembly with the 6 DOF load cell was employed to measure propeller hub loads. Loads were
measured as rotor and propeller speeds were varied, and validated with comprehensive analysis. The

rotor-propeller Coriolis interaction results in a rotor blade torsional load.
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6.2

From

6.2.1

Key Conclusions

this work, there are several key conclusions.

Hover Performance

. Axial flight testing in the Low Turbulence Wind Tunnel was an excellent method of characteriz-

ing isolated propeller efficiency. For the low Reynolds number propellers used in this research,

the maximum propulsive efficiency seen experimentally was only 45%.

. For a constant rotor collective 6, there is a linear relationship between rotor and propeller rota-

tional speeds.

. The modeling approach of assuming the propeller located at z, has a climb velocity v, =

x,(C2R) was found to be a satisfactory predictor of propeller-driven rotor performance.

During initial feasibility testing it was found that adding the fully exposed tip motor to the
isolated rotor blade had a significantly negative impact on performance. At a rotor collective of

8 deg, the thrust coefficient reduced by 12.5% while the torque coefficient increased by 91.5%.

. For the 2.7 ft diameter propeller-driven rotor experiment featuring variable propeller placement,

the propeller located at the rotor blade half span location resulted in a 50% electrical power
coefficient reduction compared to the tip mounted propeller. Later comprehensive modeling
was able to predict these trends, leading to the development of a simplified non-dimensional

physics model.

Shaft-driven testing of the rotor blades with various propeller placements found that the propeller
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10.

located at 1/2R had a similar C'p/o as a rotor blade without a nacelle.

A simplified expression for propeller-driven rotor power was found to be Pppr = C;—f pA(QR)?
that showed that propeller-driven rotor power Pppp increased with rotor blade design and na-
celle drag C( and decreased as propeller efficiency 7, increased. For a propeller-driven rotor

design with a streamlined nacelle and propeller efficiency 7, = 0.85, this corresponds to 17%

additional power compared to an isolated, conventional shaft-driven rotor.

. Propeller placement has the following impacts on hover performance. First, the location and

rotor configuration determines the propeller climb ratio A.,. The propeller should be placed at
a location with a \., corresponding to a maximum propeller climb ratio n,. Second, the loads
for the propeller generally increase significantly with rotor spanwise placement, with a slight
reduction in propeller thrust. Finally, placing the propeller further down the rotor blade reduces

the torsional frequency of the rotor blade, and thus issues with dynamic coupling increase.

. While considering scaling effects, the main rotor should have a low disk loading to prevent the

rotor/propeller tipspeeds from approaching Mach 1. Additionally, a major benefit was predicted
due to Reynolds number scaling effects on the propeller. Scaling from a Reynolds number of

50,000 to 1,000,000 increased the maximum C;/C} of a Clark-Y airfoil from 20 to 120.

For a well designed propeller-driven rotor (ie high-efficiency propeller and optimum spanwise

placement on the rotor blade), the power is comparable to a single-main rotor helicopter design.
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6.2.2 Dynamics
On the topic of the propeller-driven rotor twirl phenomenon:

1. Numerous propellers failed during propeller-driven rotor hover testing. This suggested the load-

ing environment for the propellers rotors was different than axial flight.

2. As the propeller spins on the rotor blade, the propeller mass is moving radially into/away from
the rotor center of rotation. This results in a Coriolis force that acts to push/pull the propeller

blade in the tangential direction.

3. Propeller-driven rotor twirl phenomenon originates from coupling of the rotor and propeller
modes through Coriolis loads induced on the propeller by the rotor. The rotor-propeller Coriolis

interaction resulting in a pitching moment for the propeller and a rotor blade torsional moment.

4. While studying the one-way coupling between the propeller and the rotor blade, two failure
modes were identified: one steady and one oscillatory. The static failure results from the rotor-
propeller Coriolis moment exceeding the rotor blade torsional strength. The oscillatory failure
results from a 2 bladed propeller harmonics interacting with the rotor blade torsional mode at

resonance.

5. Increasing the number of propeller blades increases the steady Coriolis moment, on both the

propeller and the rotor blade.

6. Propellers with one or two blades should not be used to avoid rotor blade torsional resonance.
On the topic of the propeller flapping vacuum chamber experiment:

1. A large 20 deg, one per propeller rev sinusoidal flapping motion was observed for the propeller.
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2. For the speeds in the experiment, as rotor speed increased the propeller flap response increased.

3. For the speeds in the experiment, as propeller speed increased the propeller flap response in-

creased.

4. A propeller flapping equation of motion was derived to describe the experimental results. The
Harmonic Balance Method assumed a perdiodic response and the propeller flap values of Sy,
B1e, and (1 were expressed in terms of propeller-driven rotor parameters. The [3;, results from
rotor speed €2 and propeller speed €2, and is not a function of propeller spanwise placement.
The 3y and f3;. terms are coupled, and are functions of rotor speed €2, chordwise offset A, and

propeller spanwise placement.

5. Comprehensive rotorcraft modeling showed that propeller per rev harmonics increased as rotor
and propeller speeds increased. This results in a tightening of the sinusoidal peaks that matches

the experimental data.
On the topic of the rotor-propeller loads vacuum chamber experiment:

1. As rotor and propeller speeds increased, the rotor-propeller Coriolis moment increased and was

measured on both the propeller hub loads and the rotor blade torsional load.

2. The comprehensive analysis predicted the results seen in the experimental data. Careful model-

ing of the tip propeller assembly was required to adequately capture inertial loads.

6.2.3 Swashplateless Controls

1. The method of varying propeller rotational speeds with rotor azimuth resulted in excellent on-
axis control and minimal off-axis control. These are desired properties in a control system.
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2. For the propeller tip angle 6 = 20 deg case, a 2.3% motor throttle variation was equivalent to
1 deg of swashplate input. However, increasing u;s or ui. by 10% required 22.9% additional

electrical power.

3. 3D printing small scale rotor blades was found to be an effective method of rapidly prototyping

propeller-driven rotor blades with various tip geometries and propeller spanwise placements.

6.3 Future Work

This work can be extended in both experimental testing and analysis.

6.3.1 Experiments

1. The discovery of the twirl phenomenon represents an interesting opportunity for experimental
testing. More specifically, determining the correct propeller design for the propeller-driven rotor
configuration remains an open question. The solution must contain two key features. First, the
propeller should have a high propulsive efficiency and a low nacelle drag. Second, the propeller
design must be capable of withstanding the inertial loads resulting from the Coriolis moment
and the rotor centrifugal force. Testing on various propeller hub designs (articulated, gimbaled,

hingeless) is needed to adequately answer the loads question.

2. High required propeller power is one barrier for propeller-driven rotors. For this research, this
has been due to low Reynolds numbers of 50,000 that have low lift and high drag. The pro-
peller airfoils, planform, and operating speeds should be designed to facilitate a high propulsive
efficiencies, with a target propulsive efficiency of 85% or higher. Propeller designs should be
validated in axial flight and propeller rotary flight before propeller-driven rotor operation.
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3. An understanding of the propeller blade load variations with propeller azimuth ), are needed
to address the twirl phenomenon. The propeller flapping vacuum chamber experiment must
be expanded to include propeller blade loads, in flap, lag, and torsion. Additionally, strain
gauges should be used on the rotor blade to measure rotor blade loads with propeller azimuth
1p. Vacuum chamber, hover, and isolated propeller testing are needed to address this issue. This

test stand should be expanded to include propeller stability tests as well.

4. Forward flight testing is needed to continue development of the propeller-driven rotor concept.
This opens up a new regime of performance, loads, and stability testing at various forward flight
conditions. In hover, the climb velocity v. seen by the propeller is uniform around the rotor
azimuth. This is not true in forward flight, as the advancing side and retreating side of the rotor
speed must impact propeller performance. This introduces a time varying, or harmonic, element

to the propeller climb velocity v., which is sure to lead to additional discoveries.

5. The swashplateless control concept should be applied to the 6 ft diameter propeller-driven rotor
test stand to investigate the scalability of the proposed design. Additionally, the propeller should
be placed at locations other than the rotor blade tip. This experiment should also characterize
the brushless DC motor control response and its impact on propeller-driven rotor control. A full
system identification approach should be employed for future coupling with propeller-driven

rotor flight dynamics modeling.

6. After successful demonstration of the swashplateless propeller-driven rotor control concept, a
logical next step is the development of a free-flying propeller-driven rotor UAS. A “flying rotor
design” would be a complete departure from conventional rotorcraft and would not have a fuse-
lage, tail rotor, or swashplate. This custom propeller-driven rotor aircraft would require a clean
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sheet design, and feature a custom flight controller that uses the motor azimuth variation logic
described in Chapter 5. Additionally, the custom nature of the aircraft should enable the ability
to easily modify propeller spanwise placement and ¢ angles. Power and control gains for various

configurations should be examined.

. A particle image velocimetry (PIV) analysis would shed light on several areas of propeller-
driven rotor performance. First, the measurement of propeller induced velocity in propeller
rotary flight would capture the impact of uneven climb velocity experienced across the pro-
peller disk. Second, the nacelle geometry has a strongly negative impact on rotor thrust and
power. Capturing the rotor blade wake interactions with the nacelle, at various spanwise loca-
tions, would help in assisting future design considerations. Finally, propeller chordwise offset

distance h on propeller-rotor wake should be investigated.

. The final area of investigation is propeller-driven rotor aeroacoustics. During propeller-driven
rotor hover testing, the propeller-driven rotor has an unique acoustic signature. It is dominated
by the high frequency propellers, which change in pitch as they revolve around the main rotor
azimuth. The propeller acoustic pitch increases when moving towards an observer, and reduces
when moving away. This unique noise signature has been captured on videos of rotor tests,
but has not been rigorously investigated. Systematically studying propeller-driven rotor noise is
essential for future design considerations. A follow up study on propeller-driven rotor acoustics

using the University of Maryland Rotorcraft Anechoic Facility is recommended.
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6.3.2 Analysis

1. A simplified one-way analysis between propeller loads influencing rotor torsion loads was pre-
sented. This was educational but simplistic in nature, and should be expanded to include a
two-way coupling analysis. The key with two-way coupling is how rotor blade motions af-
fect propeller loads. After creation of the fully coupled system, a stability analysis should be

conducted to predict propeller failures during propeller-driven rotor operation.

2. Forward flight analysis is needed to explain experimental results from the forward flight wind
tunnel tests. The time varying loads will introduce rotor-propeller loads that are hard to capture
experimentally. The comprehensive rotorcraft methodology developed for this work can be
expanded to included forward flight analysis. Additionally, the propeller stability properties
with the propeller-driven rotor twirl phenomenon should be predicted for various flight speeds

and conditions.

3. A unexplored topic of this work is how the propeller wake interacts with the main rotor wake.
While a PIV experiment was discussed as future work, this task should be accompanied by a
detailed CFD analysis. The ERA comprehensive analysis model can couple with the HELIOS
CFD tool using the delta air loads approach. Various induced velocity models can be explored.
A challenge for this approach is the high computational complexity required for adequate time
resolution, as the propeller speed is often 100-1000’s of times larger than the rotor speed and a
propeller azimuth spacing of 0.25 deg is required. However, if such a problem was tackled then
phenomenon observed in the proposed experimental PIV datasets could be explained. This CFD

based approach could also be extended to predict propeller-driven rotor noise.
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