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Abstract
To understand the aerodynamic performance and acoustics of a coaxial counter-rotating
con�guration, an experimental study was conducted where the rotor-rotor separation
distance was varied in both hover and forward �ight conditions. A novel phase control
scheme was utilized to maintain a0� blade crossover location for acoustic consistency.
As the separation distance is increased from 0.2 rotor radii to 1.1 rotor radii, the higher
harmonic tonal noise decreases by around 10 dB. Conversely, the broadband noise
increases by around 2 dB with increasing separation distance. The peak frequency of
the broadband noise also decreases as separation distance is increased. In hover, the
best aerodynamic e�ciency was found at a separation distance of 0.4R while the lowest
noise was found at 0.65R. As the edgewise �ight speed increases from hover to 10 m/s,
the total system e�ciency decreases on average by 10% . The upper and lower rotor
are similarly a�ected over this speed range. Both higher harmonic tonal noise and
broadband noise are also found to increase with increasing �ight speed. Increasing the
separation distance in edgewise �ight speeds at 10 m/s shows an increase on average by
around 2% in the overall e�ciency of the system. The higher harmonic tonal noise is also
seen to decrease by around 6 dB with separation distance. With increasing separation
distance, the broadband noise becomes the dominant source of noise in forward �ight at 10
m/s. By understanding the acoustic interactions and unsteady loading of coaxial rotors,
researchers can devise strategies to maximize e�ciency and minimize noise emissions.
The physical mechanisms and trends identi�ed in this thesis provide insight to coaxial
rotor system designers regarding the key design trades.

iii



Table of Contents

List of Figures vi

List of Tables xi

List of Symbols xii

Acknowledgments xiv

Chapter 1
Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2 Literature Survey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.1 Prior Aerodynamic Studies . . . . . . . . . . . . . . . . . . . . . . 6
1.2.2 Prior Aeroacoustic Studies . . . . . . . . . . . . . . . . . . . . . . 8

1.3 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

Chapter 2
Theoretical Background 11
2.1 General Theory of the Blade Element Momentum Theory . . . . . . . . . 11

2.1.1 Application of the BEMT to Coaxial Rotors in Hover . . . . . . . 15
2.1.2 Approximation of the wake skew angle . . . . . . . . . . . . . . . 18

2.2 Aeroacoustic Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2.1 Ffowcs Williams - Hawkings Equation . . . . . . . . . . . . . . . 20
2.2.2 Rotorcraft Noise Sources and its Directivity . . . . . . . . . . . . 21
2.2.3 Acoustics of Coaxial Rotors . . . . . . . . . . . . . . . . . . . . . 23

Chapter 3
Technical Approach 25
3.1 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 Post Processing Method . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2.1 Performance Processing . . . . . . . . . . . . . . . . . . . . . . . 30
3.2.2 Acoustic Processing . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2.2.1 High pass �lter . . . . . . . . . . . . . . . . . . . . . . . 32
3.2.2.2 Vold-Kalman Filter . . . . . . . . . . . . . . . . . . . . . 33

iv



3.2.2.3 Welch's method . . . . . . . . . . . . . . . . . . . . . . . 36
3.2.2.4 Moving Median Filter . . . . . . . . . . . . . . . . . . . 37
3.2.2.5 Acoustic Metrics . . . . . . . . . . . . . . . . . . . . . . 38

Chapter 4
Experimental Results 40
4.1 Comparisons between Coaxial Counter-Rotating Rotors and Single Iso-

lated Rotor Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
4.1.1 Performance Results . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.1.2 Acoustic Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.2 Separation Distance Variations in Hover . . . . . . . . . . . . . . . . . . 47
4.2.1 Performance Results . . . . . . . . . . . . . . . . . . . . . . . . . 47
4.2.2 Acoustic Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.3 Separation Distance Variations in Edgewise Flight . . . . . . . . . . . . . 55
4.3.1 Performance Results . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.3.2 Acoustic Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

Chapter 5
Conclusions and Future Work 68
5.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.2 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.3 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

Appendix A
Experimental Results at 1500 RPM 71

Appendix B
Experimental Results at 3500 RPM 74

References 80

v



List of Figures

1.1 eVTOL con�gurations [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Various eVTOL aircrafts with di�erent con�gurations . . . . . . . . . . . 3

1.3 Sikorsky X-2 [2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4 Sikorsky XH-59 [3] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.5 eVTOL aircrafts with the coaxial rotor con�guration . . . . . . . . . . . 5

1.6 Comparison of the noise produced by F7/A3 and F7/A7 as a function of
axial spacing [4] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.1 Aerodynamic forces of a blade element [5] . . . . . . . . . . . . . . . . . . 12

2.2 Flow model of a single rotor in hover [5] . . . . . . . . . . . . . . . . . . 15

2.3 Flow model of the coaxial rotor system with lower rotor in the vena
contracta of the upper rotor [6] . . . . . . . . . . . . . . . . . . . . . . . 16

2.4 Wake skew angle model [5] . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.5 Rotorcraft noise sources and its direction of propagation [7] . . . . . . . . 22

2.6 Categorization of Rotor Noise Sources [8] . . . . . . . . . . . . . . . . . . 23

3.1 Components of CATS [9]. . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2 CATS in a coaxial counter-rotating con�guration in hover mode [9] . . . 26

3.3 Vertical microphone array elevation angles [9] . . . . . . . . . . . . . . . 27

vi



3.4 2+2 Coaxial counter-rotating rotors . . . . . . . . . . . . . . . . . . . . . 29

3.5 Overall, tonal and broadband PSD at Microphone 8 at 4500 RPM . . . . 37

4.1 Torque pro�le of the coaxial rotors at 0.2R with 0� crossover phase as a
function of RPM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.2 Comparisons of thrust coe�cient between a two-bladed single rotor and
the upper and lower rotor of the coaxial rotor con�guration . . . . . . . . 42

4.3 Comparisons of power coe�cient between a two-bladed single rotor and
the upper and lower rotor of the coaxial rotor con�guration . . . . . . . . 43

4.4 Comparisons of power loading between a two-bladed single rotor and the
upper and lower rotor of the coaxial rotor con�guration . . . . . . . . . . 43

4.5 Comparisons of thrust coe�cient between a two-bladed single rotor and
the upper and lower rotor of the coaxial rotor con�guration . . . . . . . . 44

4.6 Comparisons of power coe�cient between a two-bladed single rotor and
the upper and lower rotor of the coaxial rotor con�guration . . . . . . . . 45

4.7 Comparisons of power loading between a two-bladed single rotor and the
upper and lower rotor of the coaxial rotor con�guration . . . . . . . . . . 45

4.8 Comparisons of SPL directivity between single two-bladed rotor, single
four-bladed rotor and 2+2 coaxial rotor . . . . . . . . . . . . . . . . . . . 46

4.9 Comparisons of the narrowband spectra between a single two-bladed rotor,
single four-bladed rotor and a 2+2 coaxial rotor . . . . . . . . . . . . . . 48

4.10 Comparisons of the broadband PSD between a single two-bladed rotor,
single four-bladed rotor and a 2+2 coaxial rotor . . . . . . . . . . . . . . 49

4.11 Power loading as a function of separation distance in0� crossover phase
at 1500, 3500 and 4500 RPM . . . . . . . . . . . . . . . . . . . . . . . . 49

4.12 Comparisons of overall SPL directivity at 1500, 3500 and 4500 RPM . . . 50

4.13 Thrust coe�cient as a function of separation distance in0� crossover
phase at 4500 RPM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

vii



4.14 Power coe�cient as a function of separation distance in0� crossover phase
at 4500 RPM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.15 Power loading as a function of separation distance in0� crossover phase
at 4500 RPM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.16 Comparisons of the narrowband spectra of 0.2R, 0.35R, 0.65R and 1.10R
separation distances in0� crossover phase at 4500 RPM . . . . . . . . . . 53

4.17 Tonal SPL for the 1st, 2nd , 3rd and 4th blade passing frequency and
broadband SPL of Microphone 8 in0� crossover phase at 4500 RPM . . . 54

4.18 Comparisons of SPL directivity of 0.2R, 0.35R, 0.65R and 1.10R separation
distances in0� crossover phase at 4500 RPM . . . . . . . . . . . . . . . 55

4.19 Broadband power spectral density from 0.5 kHz to 10 kHz at18� below
rotor plane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.20 Thrust and power coe�cients as a function of �ight speeds at 4500 RPM
in 0� crossover phase angle . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.21 Power loading as a function of forward �ight speeds at 4500 RPM in0�

crossover phase angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.22 Thrust coe�cient as a function of separation distance at edgewise �ight
of 5 m/s and 10 m/s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.23 Power coe�cient as a function of separation distance at edgewise �ight of
5 m/s and 10 m/s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.24 Thrust coe�cient as a function of separation distance at edgewise �ight
of 5 m/s and 10 m/s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.25 Comparisons of SPL directivity of �ight conditions in 0� crossover phase
at 0.2R, 4500 RPM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.26 Comparisons of tonal SPL directivity at 2nd BPF and higher with varying
separation distance in edgewise �ight of 5 m/s and 10 m/s, 4500 RPM . 62

4.27 Comparisons of tonal SPL directivity at 3rd BPF and higher with varying
separation distance in edgewise �ight of 5 m/s and 10 m/s, 4500 RPM . 62

viii



4.28 Comparisons of broadband SPL directivity with varying separation dis-
tance in edgewise �ight of 5 m/s and 10 m/s, 4500 RPM . . . . . . . . . 63

4.29 Comparisons of overall SPL directivity with varying separation distance
in edgewise �ight of 5 m/s and 10 m/s, 4500 RPM . . . . . . . . . . . . 63

4.30 Comparisons of the narrowband spectra of 0.2R, 0.35R, 0.65R and 1.10R
separation distances in edgewise �ight speed of 5 m/s, 4500 RPM at Mic 864

4.31 Comparisons of the narrowband spectra of 0.2R, 0.35R, 0.65R and 1.10R
separation distances in edgewise �ight speed of 10 m/s, 4500 RPM at Mic 866

4.32 Comparisons of broadband PSD at varying separation in edgewise �ight
speed of 5 m/s and 10 m/s, 4500 RPM at Mic 8 . . . . . . . . . . . . . 67

A.1 Aerodynamic performance as a function of separation distance in0�

crossover phase at 1500 RPM . . . . . . . . . . . . . . . . . . . . . . . . 72

A.2 Comparisons of SPL directivity of 0.2R, 0.35R, 0.65R and 1.10R separation
distances in0� crossover phase at 1500 RPM . . . . . . . . . . . . . . . . 73

B.1 Aerodynamic performance as a function of separation distance in0�

crossover phase at 3500 RPM . . . . . . . . . . . . . . . . . . . . . . . . 75

B.2 Comparisons of SPL directivity of 0.2R, 0.35R, 0.65R and 1.10R separation
distances in0� crossover phase at 3500 RPM . . . . . . . . . . . . . . . . 76

B.3 Thrust coe�cient as a function of separation distance at edgewise �ight
of 5 m/s and 10 m/s at 3500 RPM . . . . . . . . . . . . . . . . . . . . . 77

B.4 Power coe�cient as a function of separation distance at edgewise �ight of
5 m/s and 10 m/s at 3500 RPM . . . . . . . . . . . . . . . . . . . . . . . 77

B.5 Power loading as a function of separation distance at edgewise �ight of 5
m/s and 10 m/s at 3500 RPM . . . . . . . . . . . . . . . . . . . . . . . . 78

B.6 Comparisons of tonal SPL directivity at3rd BPF and higher with varying
separation distance in edgewise �ight of 5 m/s and 10 m/s, 3500 RPM . 78

B.7 Comparisons of broadband SPL directivity with varying separation dis-
tance in edgewise �ight of 5 m/s and 10 m/s, 3500 RPM . . . . . . . . . 79

ix



B.8 Comparisons of overall SPL directivity with varying separation distance
in edgewise �ight of 5 m/s and 10 m/s, 3500 RPM . . . . . . . . . . . . 79

x



List of Tables

2.1 Upper rotor wake overlap ratio, x/R . . . . . . . . . . . . . . . . . . . . 20

3.1 Rotor geometry and con�guration . . . . . . . . . . . . . . . . . . . . . . 29

3.2 Bandwidth of V-K �lter before frequency scaling . . . . . . . . . . . . . . 35

3.3 Bandwidth of moving median �lter . . . . . . . . . . . . . . . . . . . . . 37

3.4 Bands used in SPL calculation . . . . . . . . . . . . . . . . . . . . . . . . 38

xi



List of Symbols

A rotor disk area,m2

BMM moving median �lter bandwidth, Hz

Bvk Vold-Kalman �lter bandwidth, Hz

CD drag coe�cient

CL lift coe�cient

CP rotor power coe�cient

CT rotor thrust coe�cient

dmic distance from the rotor to the microphone,m

f frequency,Hz

kUL ; kLU in�uence coe�cients of upper and lower rotor of a coaxial rotor system

L lift per unit span, N=m

M Mach number

Nb number of blades

P power, W

Pabs absolute pressure,Pa

p acoustic pressure,Pa

Q torque, Nm

R blade radius,m

~rw wake contraction ratio

xii



T thrust, N

Tij Lighthill stress tensor

U resultant velocity, m=s

UP induced in�ow velocity component,m=s

UT blade rotation velocity component,m=s

V1 forward velocity, m=s

x(t) deterministic or harmonic signal,Pa

y(t) total signal, Pa

� angle of attack,deg

� Dirac delta function

� R rotor radius ratio

� collective pitch angle,deg

� C rotor climb velocity, m=s

� forward �ight advance ratio

� air density, kg=m3

� in�ow angle or microphone elevation angle,deg

� wake skew angle,deg

 cross-over angle or phase control angle,deg


 rotor revolutions per minute

BPF blade passing frequency,Hz

FOM �gure of merit

PL power loading,N=W

PSD power spectral density,Pa2=Hz

SPL sound pressure level,dB

� Z=R vertical separation distance over rotor radii

xiii



Acknowledgments

First, I would like to express my deepest gratitude and appreciation to my research
advisor, Dr. Eric Greenwood, for his invaluable guidance, support, and mentorship
throughout my research journey. Without his unwavering dedication, patience and
expertise, this research work would not have been possible. His keen eye for detail and
ability to o�er alternative perspectives have signi�cantly enriched the quality of my work.

I would also extend my gratitude towards my readers, Dr. Mark Miller, Dr. Jose
Palacios and Dr. Amy Pritchett for taking their time to review my thesis. Your invaluable
feedback has greatly enhanced the quality and depth of this thesis.

This research would also not have been possible without the amazing team that I
have worked with, namely Raja Akif Zahirudin, Zach Birbeck, Aaron Hafner and Noah
Robertson. Only you guys know the countless amount of hours we spent in the anechoic
chamber. I am deeply grateful of your hard work and commitment.

It goes without saying that the unrelenting encouragement and belief from my family
and my girlfriend, Ashley Hade, had given me the strength to persevere throughout this
journey. Thank you.

This research was funded by the Government under Cooperative Agreement No.W911W6-
21-2-0002. The U.S. Government is authorized to reproduce and distribute reprints
for Government purposes notwithstanding any copyright notation thereon. The views
and conclusions contained in this document are those of the authors and should not be
interpreted as representing the o�cial policies or position, either expressed or implied,
of the U.S.Army Combat Capabilities Development Command (DEVCOM), Aviation
Missile Center (AvMC), or the U.S. Government.

xiv



Chapter 1 |
Introduction

The transportation industry is on the cusp of a revolutionary transformation, driven by

the rapid advancements in electric vertical take-o� and landing (eVTOL) aircraft and

the emergence of the urban air mobility (UAM) infrastructure. These advancements in

technology are important in revolutionizing urban transportation, o�ering a new era of

e�cient and sustainable aerial mobility. The attraction to eVTOL technology is due

to the ability of being able to take o� and land vertically, eliminating the need for

conventional runways which are costly and di�cult to site in urban areas. As a result,

eVTOL aircraft o�er the potential to alleviate tra�c congestion, enhance transportation

e�ciency and provide faster and more �exible point-to-point travel. Additionally using

electric propulsion systems, these eVTOL aircraft promise lower carbon emissions. The

applications for these eVTOL aircraft include small package delivery aircraft, emergency

services and larger passenger-carrying "air-taxis.� In recent years, the eVTOL and UAM

industry have witnessed major growth with numerous companies and startups racing to

develop innovative aircraft designs and infrastructure solutions. These companies have

adapted di�erent con�gurations and the propeller designs to accomplish their respective

mission and objectives. Figure 1.1 shows four di�erent eVTOL con�gurations with their

respective propulsive capabilities.

The multicopter con�gurations are relatively small wing-less aircraft with a simple

mechanical structure and low disk loading. They boast high e�ciency in take-o�, landing

and hover modes. However, the overall e�ciency, in terms of energy consumption and

�ight endurance, decreases greatly when operating in cruise mode due to the lack of a

�xed wing. To compensate for this, a larger battery is required which in turn increases the

overall weight of the aircraft. Furthermore, the multicopter con�gurations typically have

four or more rotors operating at high rotational speeds in which the coherent addition

of the noise from each of the rotors adds to a higher overall noise as compared to other

1



Figure 1.1: eVTOL con�gurations [1]

con�gurations. The Lift+Cruise con�guration combines the vertical take-o� and landing

capability of a multicopter with the e�cient cruise �ight of a standard �xed wing aircraft.

This combination also allows for a potentially larger payload capacity compared to a

purely multicopter con�guration. However, the noise emissions of this con�guration are

higher, as compared to the other con�gurations, due to higher disk loadings and blade

tip speeds. The tilt wing and tilt rotor con�gurations are similar in terms of capability

with the exception that they use slow turning open multi-blade props, which produce less

noise than lift+cruise con�gurations. The tilt rotor con�guration combines the features

of helicopters and �xed-wing aircraft where only the rotors blades mounted on nacelles

are tilted either vertically or horizontally. The tilt wing, however, tilts the entire wing

assembly which includes the main wing and the control surfaces to change the aircraft's

�ight characteristics. The tilting feature of these designs is more mechanically complex as

additional control systems are required. Leading eVTOL companies such as Volocopter,

Uber, Joby Aviation and Archer Aviation have adapted these respective con�gurations

into their designs of their aircraft as shown in Figure 1.2.

Another important factor in the consideration of these designs is the noise produced

by the aircraft. As these eVTOL aircraft operate around communities, noise has become

one of the main factors that could limit public acceptance and adoption of these systems.

Therefore, there is a need to �nd quieter and more e�cient rotor and propeller con�gu-

rations for use in UAM concepts. The promising results from recent investigations of

multi-rotor con�gurations have garnered signi�cant attention in the designs of eVTOL

aircraft. One such con�guration is the utilization of a coaxial counter-rotating (CCR)

rotor con�guration. Several other manufacturing companies other than those mentioned

above have also adopted the coaxial rotor con�guration for their eVTOL vehicles, as

2
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