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High-speed flow visualization and high-resolution particle image velocimetry ex-

periments were conducted on a two-bladed rotor that was operated in a hovering state,

both out of ground effect (well away from the ground) and in ground effect at several

rotor heights. Recent advances in flow diagnostic instrumentation allowed measurements

of the rotor wake to be performed with unprecedented levels of resolution. In particular,

the goal of the present work was to gain a better understanding of the fluid dynamics of

the wake sheets (and the blade tip vortices) that were trailed from the blades. The present

work examined the effects produced by two blade sets: 1. A baseline untwisted blade,

2. A twisted blade with −17◦ of linear twist, and has revealed fluid dynamic details of

the wake sheet that were hitherto unknown. For the measurements made with the rotor

operating out of ground effect, the blade sets were tested at two blade loading coefficients

of 0.053 and 0.08, although only the higher loading condition was tested with the rotors

operating in ground effect. For the rotor operating out of ground effect, a helicoidal tip

vortex was shown to form at the blade tip and the associated wake sheets were initially



laid down as small-scale counterrotating vortical pairs. However, this initial vorticity

quickly diffused and the sheet was then convected as a concentrated bands of turbulence,

including several dominant eddies. Several types of sheet dynamics were documented

in the rotor wake, including sheet interactions with the tip vortices, the detailed behav-

ior of this interaction depending on both the blade twist and the rotor thrust. At earlier

wake ages, a sinusoidal wave-like perturbation was seen to be formed on the wake sheets,

although the growth in wave amplitude was limited as the sheets were convected and

stretched in the velocity gradients in the downstream wake. When the rotor was oper-

ated in ground effect, the vorticity in the wake sheets persisted to much older wake ages.

Wave-like perturbations did not form on the wake sheets when the rotors were operating

in ground effect because the outward radial stretching of the rotor wake in the presence of

the ground suppressed their development. The wake sheets were found to convect to the

ground and introduce significant vorticity into the near-wall flow field closer to the rotor,

contributing to fluctuations in the local flow velocities. The flow field near the ground

was also observed to be significantly affected by the use of twist on the blade, with the

wake impinging on the ground further inboard and closer to the rotor, which also resulted

in higher flow velocities being produced further downstream.



Contributions Towards the Detailed Understanding
of Rotor Flow Fields in Ground Effect Operations

by

Joseph Ignazio Milluzzo III

Dissertation submitted to the Faculty of the Graduate School of the
University of Maryland, College Park in partial fulfillment

of the requirements for the degree of
Doctor of Philosophy

2014

Advisory Committee:

Minta Martin Professor J. Gordon Leishman, Chair/Advisor
Associate Professor James Baeder
Associate Professor Christopher Cadou
Assistant Professor Anya R. Jones
Professor Kenneth Kiger, Dean’s Representative



Dedication

To my family and wife for their continued support, encouragement, love.

ii



Acknowledgments

First and foremost I’d like to thank my advisor and committee chair Dr. J. Gordon

Leishman for giving me the opportunity to work under his guidance on this project, and

for encouraging and motivating me. I have learned a lot from Dr. Leishman over the last

six years first as a Teaching Assistant moonlighting as a Research Assistant and then as

a full-blown Graduate Research Assistant. I will always appreciate the opportunity he

provided me to pursue my graduate degrees.

I would like to thank Associate Professor James Baeder, Associate Professor Christo-

pher Cadou, Professor Kiger, and Assistant Professor Anya R. Jones for their contribu-

tions as members of my dissertation committee.

I would like to give special thanks to the Originals (Anish Sydney, David Mayo, and

Joseph Ramsey), Ben Hance, Bharath Govindarajan, and Jamie Reel for their continued

support, guidance, and encouragement. You guys helped keep me level headed when

nothing seemed to be going right, relax when there was time, assisted with both the lab

setup and data analysis, and could always be counted on when needed.

I want to thank all of the guys who I worked with in the lab over the past six years,

Bradley Johnson, Ajay Baharani, Mark Glucksman-Glaser, Andrew Lind, Monica Syal,

John Tritschler,and Juergen Rauleder for making it fun to come to work everyday.

I would additionally like to thank the U.S. Air Force Office of Scientific Research,

who supported this work under a Multi-Disciplinary University Research Initiative, Grant

No. FA9550-08-1-0406, and Douglas Smith the grant monitor.

My deepest appreciation to: my parents, Joseph and Karen, my sister, Kalena and

iii



my beautiful new wife Brianna for their unrelenting love, support, and understanding. For

being there for the good times and the bad, and helping me to always stay focused on the

light at the end of the tunnel. Their unconditional love enabled me to accomplish all that

I have.

iv



Table of Contents

List of Tables viii

List of Figures ix

1 Introduction 1

1.1 Background to the Problem of Brownout . . . . . . . . . . . . . . . . . . 2

1.2 Fluid Mechanics of Brownout . . . . . . . . . . . . . . . . . . . . . . . 7

1.3 Rotor Wake Dynamics in Ground Effect . . . . . . . . . . . . . . . . . . 10

1.4 Sediment Particle Entrainment Mechanisms . . . . . . . . . . . . . . . . 13

1.5 Survey of Prior Work Related to Rotor Wakes . . . . . . . . . . . . . . . 17

1.5.1 Single- and Dual-Phase Experiments . . . . . . . . . . . . . . . . 18

1.5.2 Tip Vortex Measurements . . . . . . . . . . . . . . . . . . . . . 20

1.5.3 Wake Sheet Measurements . . . . . . . . . . . . . . . . . . . . . 26

1.5.4 Brownout Simulations . . . . . . . . . . . . . . . . . . . . . . . 29

1.6 Objectives of the Current Work . . . . . . . . . . . . . . . . . . . . . . . 32

1.7 Organization of the Dissertation . . . . . . . . . . . . . . . . . . . . . . 32

2 Description of the Experiments 35

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.2 Rotor System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.3 Performance Measurements . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.4 Ground Plane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.5 Particle Image Velocimetry (PIV) System . . . . . . . . . . . . . . . . . 43

v



2.5.1 Seeding of the Flows . . . . . . . . . . . . . . . . . . . . . . . . 47

2.5.2 Time-Resolved Flow Measurements . . . . . . . . . . . . . . . . 48

2.5.3 Phase-Resolved flow Measurements . . . . . . . . . . . . . . . . 50

2.5.4 Regions of Interest . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.5.5 Flow Measurement Challenges . . . . . . . . . . . . . . . . . . . 53

2.6 Uncertainties in the Measurements . . . . . . . . . . . . . . . . . . . . . 59

2.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

3 Results and Discussion 64

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.2 Performance Measurements . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.3 Out of Ground Effect Flow Field Measurements . . . . . . . . . . . . . . 74

3.3.1 Flow Visualization . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.3.2 Particle Image Velocimetry (PIV) . . . . . . . . . . . . . . . . . 83

3.3.2.1 Wake Displacements . . . . . . . . . . . . . . . . . . . 83

3.3.2.2 Averaged Velocity Field Measurements . . . . . . . . . 86

3.3.2.3 Vorticity in the Wake . . . . . . . . . . . . . . . . . . 95

3.3.2.4 Blade Tip Region . . . . . . . . . . . . . . . . . . . . 106

3.4 In Ground Effect Flow Field Measurements . . . . . . . . . . . . . . . . 153

3.4.1 Particle Image Velocimetry . . . . . . . . . . . . . . . . . . . . . 153

3.4.1.1 Wake Displacements . . . . . . . . . . . . . . . . . . . 153

3.4.1.2 Averaged Velocity Field Measurements . . . . . . . . . 162

3.4.1.3 Instantaneous Flow Field Measurements . . . . . . . . 166

vi



4 Conclusions 182

4.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182

4.2 Suggestions for Future Work . . . . . . . . . . . . . . . . . . . . . . . . 185

Appendix 189

A Algorithm used to Calculate the Circulation 189

B Q-criterion Algorithm 192

Bibliography 195

vii



List of Tables

2.1 Errors associated with the PIV measurements and the uncertainty in the

measured velocity field. . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.1 Induced power factor and mean profile drag coefficient for the rotor with

untwisted blades when operated at various heights above the ground. . . . 68

3.2 Induced power factor and mean profile drag coefficient for the rotor with

twisted blades when operated at various heights above the ground. . . . . 68

viii



List of Figures

1.1 Flow visualization in the form of natural condensation in the tip vortices

trailed from: (a) Fixed-wing aircraft (Photo by Ryan Waters); (b) Rotary-

wing aircraft (Photo by tiltrotortees.com). . . . . . . . . . . . . . . . . . 3

1.2 A Helicopter landing and encountering brownout conditions (Courtesy

USMC). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.3 Erosion damage on a rotor blade caused by frequent operations in brownout

conditions (Ref. 1). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.4 A helicopter generating an intense brownout dust cloud in which it be-

comes immersed. (Courtesy USMC.) . . . . . . . . . . . . . . . . . . . . 8

1.5 A helicopter producing a more toroidal shaped brownout dust cloud. (Photo

from Agusta Westland Inc.) . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.6 Schematic showing the different modes of sediment particle motion and

the resulting dust generated by the rotor wake from a helicopter operating

over a surface covered with loose sediment. . . . . . . . . . . . . . . . . 10

1.7 Representative flow visualization of a 2-bladed rotor wake for a rotor op-

erating (taken from Ref. 2): (a) Out of ground effect; (b) In ground effect. 14

1.8 Schematic of the forces acting on a stationary particle on a sediment bed. 15

1.9 Schematic illustrating the various sediment transport mechanisms that

may occur below a helicopter rotor when operating over a mobile sedi-

ment bed [3]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

ix



2.1 Rectangular rotor blade that was tested, showing the dimensions and twist

rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.2 Schematic showing the experimental setup used to obtain flow field mea-

surements in the wake of the rotor when operating out of ground effect. . 38

2.3 Schematic showing the experimental setup used to obtain flow field mea-

surements in the wake of the rotor when operating in ground effect. . . . . 39

2.4 Drawing showing all the individual parts that comprised the rotor hub. . . 40

2.5 Schematic showing a side-view of the rotor and ground plane when the

rotor was operated in ground effect. . . . . . . . . . . . . . . . . . . . . 41

2.6 Photograph of the rotor and ground plane used in performing the flow

measurements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.7 Schematic of the basic algorithm used in the PIV analysis. . . . . . . . . 47

2.8 Definition of wake age of a vortex filament trailed from a rotor blade and

blade azimuth position. . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.9 Regions in the wake generated by the rotor hovering out of ground effect

where velocity field measurements were obtained using PIV. . . . . . . . 54

2.10 Regions in the wake generated by the rotor hovering in ground effect

where velocity field measurements were obtained using PIV. . . . . . . . 54

2.11 Comparison of data storage requirements associated with an increase in

camera resolution from 4 Mp to 11 Mp. . . . . . . . . . . . . . . . . . . 56

2.12 Reflections off the ground plane (a) before and (b) after the implementa-

tion of reduction techniques. . . . . . . . . . . . . . . . . . . . . . . . . 58

x



2.13 Relocation of correlated vector when the interrogation windows overlap

the interface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.1 Plot of the measured power coefficient versus ideal power coefficient for

each rotor operated operated: (a) Out of ground effect (z/R = ∞); (b) z/R

= 1.5; (c) z/R = 1.0; and (d) z/R = 0.5. . . . . . . . . . . . . . . . . . . . 69

3.1 (Cont’d) Plot of the measured power coefficient versus ideal power coef-

ficient for each rotor operated : (a) Out of ground effect (z/R = ∞); (b)

z/R = 1.5; (c) z/R = 1.0; and (d) z/R = 0.5. . . . . . . . . . . . . . . . . 70

3.2 Plot showing the measured values of the lift and drag coefficients versus

angle of attack in the low angle of attack regime. Data from Ref. 4. . . . . 71

3.3 Plot of the figure of merit versus blade loading coefficient for different

rotor heights above the ground for a rotor with: (a) Untwisted blades and

(b) Twisted blades. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

3.4 Plot of the power loading coefficient versus blade loading coefficient for

different rotor heights above the ground for a rotor with: (a) Untwisted

blades and (b) Twisted blades. . . . . . . . . . . . . . . . . . . . . . . . 73

3.5 Representative flow visualization images at two rotor thrusts taken in the

rotor wake near the tip of the untwisted blades at a blade reference angle

of ψb ≈ 30◦: (a) CT/σ = 0.053; (b) CT/σ = 0.080. . . . . . . . . . . . . . 75

3.6 Representative flow visualization images at two rotor thrusts taken in the

rotor wake near the tip of the twisted blades at a blade reference angle of

ψb ≈ 30◦: (a) CT/σ = 0.053; (b) CT/σ = 0.080. . . . . . . . . . . . . . . 76

xi



3.7 Schematic showing the nature of the bound circulation distribution along

the rotor blade and the corresponding flow features trailed into the wake

by a rotor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

3.8 Flow visualization time-history of a tip vortex trailed from the rotor with

the twisted blades operating at CT/σ = 0.053 showing the consequences

of the direct interaction of the trailed tip vortex with the following blade. . 81

3.8 (Cont’d) Flow visualization time-history of a tip vortex trailed from the

rotor with the twisted blades operating at CT/σ = 0.053 showing the con-

sequences of the direct interaction of the trailed tip vortex with the fol-

lowing blade. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

3.9 Plot of the axial and radial locations of the wake sheets and tip vortices

for the rotor with the untwisted blades: (a) CT/σ = 0.053; (b) CT/σ = 0.080. 84

3.10 Plot of the axial and radial locations of the wake sheets and tip vortices

for the rotor with the twisted blades: (a) CT/σ = 0.053; (b) CT/σ = 0.080. 85

3.11 Summary of the radial and axial tip vortex locations in the rotor wake as

a function of wake age, ζ, for the rotors with the untwisted and twisted

blades: (a) Normalized radial distance; (b) Normalized axial distance. . . 87

3.12 Measured time-averaged spanwise velocity distribution at varying axial

locations in the wake trailed below the rotor with the untwisted blades:

(a) CT/σ = 0.053; (b) CT/σ = 0.080. . . . . . . . . . . . . . . . . . . . 89

3.12 (Cont’d) Measured time-averaged spanwise velocity distribution at vary-

ing axial locations in the wake trailed below the rotor with the untwisted

blades: (a) CT/σ = 0.053; (b) CT/σ = 0.080. . . . . . . . . . . . . . . . 90

xii



3.13 Measured time-averaged spanwise velocity distribution at varying axial

locations in the wake trailed below the rotor with the twisted blades: (a)

CT/σ = 0.053; (b) CT/σ = 0.080. . . . . . . . . . . . . . . . . . . . . . 91

3.13 (Cont’d) Measured time-averaged spanwise velocity distribution at vary-

ing axial locations in the wake trailed below the rotor with the twisted

blades: (a) CT/σ = 0.053; (b) CT/σ = 0.080. . . . . . . . . . . . . . . . 92

3.14 Predictions of the spanwise distributions of bound circulation for the un-

twisted and twisted blades at each rotor thrust condition using a free-

vortex method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

3.15 Contours of the normalized total flow velocity for the rotor with the un-

twisted blades at a blade azimuth angle of ψb = 10◦: (a) CT/σ = 0.053;

(b) CT/σ = 0.080 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

3.15 (Cont’d) Contours of the normalized total flow velocity for the rotor with

the untwisted blades at a blade azimuth angle of ψb = 10◦: (a) CT/σ =

0.053; (b) CT/σ = 0.080. . . . . . . . . . . . . . . . . . . . . . . . . . . 97

3.16 Contours of the normalized total flow velocity for the rotor with the twisted

blades at a blade azimuth angle of ψb = 10◦: (a) CT/σ = 0.053; (b) CT/σ

= 0.080. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

3.16 (Cont’d) Contours of the normalized total flow velocity for the rotor with

the twisted blades at a blade azimuth angle of ψb = 10◦: (a) CT/σ = 0.053;

(b) CT/σ = 0.080. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3.17 Contours of instantaneous vorticity in the wake below the rotor with the

untwisted blades at ψb = 10◦: (a) CT/σ = 0.053; (b) CT/σ = 0.080. . . . . 101

xiii



3.18 Contours of instantaneous vorticity in the wake below the rotor with the

twisted blades at ψb = 10◦: (a) CT/σ = 0.053; (b) CT/σ = 0.080. . . . . . 102

3.19 Contours of mean vorticity for the rotor with the untwisted blades at ψb =

30◦ for: (a) CT/σ = 0.053; (b) CT/σ = 0.080. . . . . . . . . . . . . . . . 104

3.20 Contours of the mean vorticity for the rotor with the twisted blades at

ψb = 30◦ for: (a) CT/σ = 0.053; (b) CT/σ = 0.080. . . . . . . . . . . . . 105

3.21 Representative contours of instantaneous vorticity showing the develop-

ment of the wake sheet behind the rotor: (a) ψb = 10◦; (b) ψb = 15◦; (c)

ψb = 30◦. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

3.22 Contours of instantaneous vorticity and corresponding flow velocity vec-

tors near the tip of the rotor with the twisted blades at a blade azimuth

angle of ζ = 3◦. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

3.23 Measured swirl velocity profile for a single vortical element contained

in the wake sheet as produced by the twisted blades at ζ = 3◦ and the

corresponding Vatistas et al. vortex model (Ref 5). . . . . . . . . . . . . 111

3.24 Variations in the local Richardson’s number with distance from the vortex

core for vortices in the wake sheet produced by the rotor with twisted

blades for ζ = 3◦ and ζ = 9◦. . . . . . . . . . . . . . . . . . . . . . . . . 112

3.25 Phase-resolved instantaneous vorticity realizations at ζ = 6◦ for the ro-

tor with the untwisted blades showing the aperiodic nature of the wake

sheet: (a) First realization; (b) Second realization; (c) Third realization;

(d) Fourth realization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

xiv



3.25 (Cont’d) Phase-resolved instantaneous vorticity realizations at ζ = 6◦ for

the rotor with the untwisted blades showing the aperiodic nature of the

wake sheet: (a) First realization; (b) Second realization; (c) Third realiza-

tion; (d) Fourth realization. . . . . . . . . . . . . . . . . . . . . . . . . . 115

3.25 (Cont’d) Phase-resolved instantaneous vorticity realizations at ζ = 6◦ for

the rotor with the untwisted blades showing the aperiodic nature of the

wake sheet: (a) First realization; (b) Second realization; (c) Third realiza-

tion; (d) Fourth realization. . . . . . . . . . . . . . . . . . . . . . . . . . 116

3.25 (Cont’d) Phase-resolved instantaneous vorticity realizations at ζ = 6◦ for

the rotor with the untwisted blades showing the aperiodic nature of the

wake sheet: (a) First realization; (b) Second realization; (c) Third realiza-

tion; (d) Fourth realization. . . . . . . . . . . . . . . . . . . . . . . . . . 117

3.26 Phase-resolved instantaneous vorticity realizations at ζ = 6◦ for the ro-

tor with the twisted blades showing the aperiodic nature of the wake

sheet: (a) First realization; (b) Second realization; (c) Third realization;

(d) Fourth realization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

3.26 (Cont’d) Phase-resolved instantaneous vorticity realizations at ζ = 6◦ for

the rotor with the twisted blades showing the aperiodic nature of the wake

sheet: (a) First realization; (b) Second realization; (c) Third realization;

(d) Fourth realization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

xv



3.26 (Cont’d) Phase-resolved instantaneous vorticity realizations at ζ = 6◦ for

the rotor with the twisted blades showing the aperiodic nature of the wake

sheet: (a) First realization; (b) Second realization; (c) Third realization;

(d) Fourth realization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

3.26 (Cont’d) Phase-resolved instantaneous vorticity realizations at ζ = 6◦ for

the rotor with the twisted blades showing the aperiodic nature of the wake

sheet: (a) First realization; (b) Second realization; (c) Third realization;

(d) Fourth realization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

3.27 Contours of instantaneous vorticity in the wake generated by the rotor

with untwisted blades operating at CT/σ = 0.08 for: (a) ζ = 6◦; (b) ζ = 30◦. 122

3.27 (Cont’d) Contours of instantaneous vorticity in the wake generated by the

rotor with untwisted blades operating at CT/σ = 0.08 for: (a) ζ = 6◦; (b)

ζ = 30◦. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

3.28 Contours of instantaneous vorticity in the wake generated by the rotor

with twisted blades operating at CT/σ = 0.08 for: (a) ζ = 6◦; (b) ζ = 30◦. . 124

3.28 (Cont’d) Contours of instantaneous vorticity in the wake generated by the

rotor with twisted blades operating at CT/σ = 0.08 for: (a) ζ = 6◦; (b) ζ =

30◦. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

3.29 Contours of instantaneous vorticity near the tip of the untwisted blade at

the low thrust condition (i.e., CT/σ = 0.053): (a) ψb = 0◦; (b) ψb = 3◦;

(c) ψb = 6◦; (d) ψb = 9◦. . . . . . . . . . . . . . . . . . . . . . . . . . . 126

xvi



3.29 (Cont’d) Contours of instantaneous vorticity near the tip of the untwisted

blade when at CT/σ = 0.053: (a) ψb = 0◦; (b) ψb = 3◦; (c) ψb = 6◦; (d)

ψb = 9◦. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

3.29 (Cont’d) Contours of instantaneous vorticity near the tip of the untwisted

blade at CT/σ = 0.053: (a) ψb = 0◦; (b) ψb = 3◦; (c) ψb = 6◦; (d) ψb = 9◦. 128

3.29 (Cont’d) Contours of instantaneous vorticity near the tip of the untwisted

blade at CT/σ = 0.053: (a) ψb = 0◦; (b) ψb = 3◦; (c) ψb = 6◦; (d) ψb = 9◦. 129

3.30 Contours of instantaneous vorticity near the tip of the untwisted blade at

CT/σ = 0.080: (a) ψb = 0◦; (b) ψb = 3◦; (c) ψb = 6◦; (d) ψb = 9◦. . . . . 130

3.30 (Cont’d) Contours of instantaneous vorticity near the tip of the untwisted

blade at CT/σ = 0.080: (a) ψb = 0◦; (b) ψb = 3◦; (c) ψb = 6◦; (d) ψb = 9◦. 131

3.30 (Cont’d) Contours of instantaneous vorticity near the tip of the untwisted

blade at CT/σ = 0.080: (a) ψb = 0◦; (b) ψb = 3◦; (c) ψb = 6◦; (d) ψb = 9◦. 132

3.30 (Cont’d) Contours of instantaneous vorticity near the tip of the untwisted

blade at CT/σ = 0.080: (a) ψb = 0◦; (b) ψb = 3◦; (c) ψb = 6◦; (d) ψb = 9◦. 133

3.31 Contours of instantaneous vorticity near the tip of the twisted blade at

CT/σ = 0.053: (a) ψb = 0◦; (b) ψb = 3◦; (c) ψb = 6◦; (d) ψb = 9◦. . . . . 134

3.31 (Cont’d) Contours of instantaneous vorticity near the tip of the twisted

blade at CT/σ = 0.053: (a) ψb = 0◦; (b) ψb = 3◦; (c) ψb = 6◦; (d) ψb = 9◦. 135

3.31 (Cont’d) Contours of instantaneous vorticity near the tip of the twisted

bladeat CT/σ = 0.053: (a) ψb = 0◦; (b) ψb = 3◦; (c) ψb = 6◦; (d) ψb = 9◦. 136

3.31 (Cont’d) Contours of instantaneous vorticity near the tip of the twisted

blade at CT/σ = 0.053: (a) ψb = 0◦; (b) ψb = 3◦; (c) ψb = 6◦; (d) ψb = 9◦. 137

xvii



3.32 Contours of instantaneous vorticity near the tip of the twisted blade at

CT/σ = 0.080: (a) ψb = 0◦; (b) ψb = 3◦; (c) ψb = 6◦; (d) ψb = 9◦. . . . . 139

3.32 (Cont’d) Contours of instantaneous vorticity near the tip of the twisted

blade at CT/σ = 0.080: (a) ψb = 0◦; (b) ψb = 3◦; (c) ψb = 6◦; (d) ψb = 9◦. 140

3.32 (Cont’d) Contours of instantaneous vorticity near the tip of the twisted

blade at CT/σ = 0.080: (a) ψb = 0◦; (b) ψb = 3◦; (c) ψb = 6◦; (d) ψb = 9◦. 141

3.32 (Cont’d) Contours of instantaneous vorticity near the tip of the twisted

blade at CT/σ = 0.080: (a) ψb = 0◦; (b) ψb = 3◦; (c) ψb = 6◦; (d) ψb = 9◦. 142

3.33 Representative tip vortex characteristics a function of wake age for a rotor

operating in ground effect: (a) Peak swirl velocity; (b) Vortex core size. . 145

3.34 Plot of the measured peak circulation in the tip vortex versus wake age

normalized by the total circulation in the outboard portion of the wake

sheet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

3.35 Plot showing the total positive, negative, and predicted circulation trailed

from the tip region of the: (a) Untwisted blade; (b) Twisted blade. . . . . 147

3.36 Example of the affect of camera resolution on the ability to resolve the

axial velocity induced by the wake sheet: (a) 11 Mp camera; (b) 4 Mp

camera; (c) 2 Mp camera. . . . . . . . . . . . . . . . . . . . . . . . . . . 150

3.37 Example of the affect of camera resolution on the ability to resolve the

vorticity contained in the wake sheet: (a) 11 Mp camera; (b) 4 Mp camera;

(c) 2 Mp camera. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

xviii



3.38 Plot of the axial and radial locations of the wake sheets and tip vortices

when operating in ground effect with: (a) Untwisted blades; (b) Twisted

blades. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

3.39 Schematic showing the reference frames used for the rotor when operat-

ing: (a) Out of ground effect; (b) In ground effect. . . . . . . . . . . . . . 156

3.40 Plot of the axial and radial locations (using a rotor based reference frame)

of the wake sheets and tip vortices in ROIs 1 and 2 using a rotor based

reference frame for the rotor with untwisted blades operated: (a) Out of

ground effect (z/R = ∞); (b) In ground effect (z/R = 1.0). . . . . . . . . . 160

3.41 Plot of the axial and radial locations (for a rotor based reference frame)

of the wake sheets and tip vortices in ROIs 1 and 2 for the rotor with the

twisted blades operated: (a) Out of ground effect (z/R = ∞); (b) In ground

effect (z/R = 1.0). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

3.42 Summary of the tip vortex locations (using a ground based reference

frame) in the rotor wake as a function of wake age, ζ, for the rotors with

the untwisted and twisted blades: (a) Normalized radial distance; (b) Nor-

malized axial distance. . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

3.43 Schematic showing the wake generated by a rotor operating in ground

effect. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

3.44 Measured time-averaged spanwise velocity distribution at varying axial

locations in ROIs 1–4 for the rotor with untwisted blades when operated

at z/R = 1.0 off the ground plane. . . . . . . . . . . . . . . . . . . . . . . 167

xix



3.45 Measured time-averaged spanwise velocity distribution at varying axial

locations in ROIs 1–4 for the rotor with twisted blades when operated at

z/R = 1.0 off the ground plane. . . . . . . . . . . . . . . . . . . . . . . . 168

3.46 Measured time-averaged velocity distribution at varying radial locations

in ROIs 5 and 6 for the rotor with the untwisted blades. . . . . . . . . . . 169

3.47 Measured time-averaged velocity distribution at varying radial locations

in ROIs 5 and 6 for the rotor with the twisted blades. . . . . . . . . . . . 170

3.48 PIV measurements of the instantaneous realization of the flow field in

ROIs 1 and 2 for the rotor with the untwisted blades at a blade azimuth

angle ψb = 30◦. Background contours are of velocity magnitude. . . . . . 171

3.49 PIV measurements of the instantaneous realization of the flow field in

ROIs 1 and 2 for the rotor with the twisted blades at a blade azimuth

angle ψb = 30◦. Background contours are of velocity magnitude. . . . . . 172

3.50 Instantaneous realization of the flow field in ROIs 1 and 2 for the rotor

with the untwisted blades at a blade azimuth angle ψb = 30◦. Background

contours are of vorticity. . . . . . . . . . . . . . . . . . . . . . . . . . . 176

3.51 Instantaneous realization of the flow field in ROIs 1 and 2 for the rotor

with the twisted blades at a blade azimuth angle ψb = 30◦. Background

contours are of vorticity. . . . . . . . . . . . . . . . . . . . . . . . . . . 177

3.52 Instantaneous realization of the flow field in ROIs 5 and 6 for the rotor

with the untwisted blades at a blade azimuth angle ψb = 30◦. Background

contours are of vorticity. . . . . . . . . . . . . . . . . . . . . . . . . . . 178

xx



3.53 Instantaneous realization of the flow field in ROIs 5 and 6 for the rotor

with the twisted blades at a blade azimuth angle ψb = 30◦. Background

contours are of vorticity. . . . . . . . . . . . . . . . . . . . . . . . . . . 179

3.54 Instantaneous realization of the flow field in ROIs 5 and 6 for the rotor

with the untwisted blades at a blade azimuth angle ψb = 30◦. Background

contours are of the wall-normal velocity. . . . . . . . . . . . . . . . . . . 180

3.55 Instantaneous realization of the flow field in ROIs 5 and 6 for the rotor

with the twisted blades at a blade azimuth angle ψb 30◦. Background

contours are of the wall-normal velocity. . . . . . . . . . . . . . . . . . . 181

A.1 Path enclosing a tip vortex utilized for evaluating the line integral. . . . . 191

A.2 Contours of instantaneous vorticity near the tip of the twisted blades when

operating at CT/σ = 0.080. . . . . . . . . . . . . . . . . . . . . . . . . . 191

xxi



Nomenclature

A Rotor disk area, πR2 , ft2

d1, d2 Empirical constants for the sectional drag coefficient

ddiff Diffraction limited minimum image diameter, µm

dτ Particle image diameter, µm

Cd0 Zero-lift drag coefficient

Clα Lift curve slope, rad−1

CP Rotor power coefficient, P/ρAΩ3R3

CPideal Ideal rotor power coefficient, C3/2
T /
√

2

CQ Rotor power coefficient, Q/ρAΩ2R3

CT Rotor thrust coefficient, T/ρAΩ2R2

c Rotor blade chord, ft

M image magnification

Nb Number of blades

P Measured rotor power, hp

Q Measured rotor torque, ft-lb

rG, zG Ground based coordinate system, m, m

rR, zR Rotor based coordinate system, m, m

rc Vortex core radius, m or ft

r0 Initial core radius, m or ft

r̄ Non-dimensional radial distance, r/rc

R Radius of blade, m or ft

xxii



Retip Tip Reynolds number, ωRc/ν

Rev Vortex Reynolds number, Γv/ν

Ri Richardson number

T Rotor thrust, lb

u, v Velocities in r and z directions, respectively, ms−1

Vtip Rotor tip speed, ms−1

Vθ Swirl velocity, ms−1

vh Hover induced velocity,
√

T/2ρA, ms−1

Γv Circulation or vortex strength, m2s−1

ΓN Total negative circulation, m2s−1

ΓP Total positive circulation, m2s−1

ΓPredicted Predicted positive circulation, m2s−1

∆t pulse separation time, s

∆x, ∆y grid spacing, m

εa Acceleration uncertainty

εc Curvature uncertainty

εM Magnification uncertainty

ε∆t Pulse separation time uncertainty

µ Dynamic viscosity, kg m−1 s−1

ν Kinematic viscosity, m2s−1

xxiii



κ Induced power factor

ρ Flow density, kg m−3

σ Rotor solidity, Nbc/πR

σrand Random error, µm

ψb Blade azimuth angle, deg

Ω Rotational speed of the rotor, rad s−1

ω Vorticity, m2s−1

ζ Wake age, deg

xxiv



Abbreviations

CCD Charge Coupled Device

CFD Computational Fluid Dynamics

CMOS Complementary Metal Oxide Semiconductor

DARPA Defense Advanced Research Projects Agency

DAQ Data Acquisition

FFT Fast Fourier Transform

fps Frames-Per-Second

FV Flow Visualization

PIV Particle Image Velocimetry

PR-PIV Phase-Resolved Particle Image Velocimetry

TR-FV Time-Resolved Flow Visualization

TR-PIV Time-Resolved Particle Image Velocimetry

xxv



Chapter 1

Introduction

The ability of a helicopter to move forward, backward, side-to-side as well as to

hover and take-off and land vertically make it uniquely suited for many different mis-

sions. For example, a helicopter is well-suited for missions performed in confined landing

zones, over unprepared surfaces, and where a loiter and/or continuous hovering flight is

required, i.e., for search and rescue, resupply, and insertion. For these reasons the modern

helicopter has become an indispensable part of all military forces throughout the world.

In particular, the U.S. Navy projects that by 2015 more than 50% of their pilots will be

helicopter pilots, which is a significant increase over previous years. While the vertical

take-off and landing capability of helicopters is indispensable for military applications,

such a capability is also needed for many civilian applications, including search and res-

cue and medical evacuation (i.e., MEDEVAC) missions.

Unlike fixed-wing aircraft whose wakes are convected quickly away from the lifting

surfaces from which they were generated (see Fig. 1.1a), the wake generated by a hovering

rotor stays in relatively close proximity to the rotor blades; see Fig. 1.1b. Therefore, many

aspects of rotor behavior (e.g. performance, unsteady airloads, vibrations, noise, etc.) are

all affected by the induced flow effects produced by of the three-dimensional vortical

wakes generated by the rotor blades. Furthermore, when operating in close proximity

to an unprepared surface, the interactions of the rotor wake with the ground can rapidly
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generate “brownout” conditions, which is a problem that has partly motivated the present

research work. However, the problem of understanding the effect that the wake sheet has

on the development of the rotor wake and in particular, the blade tip vortices is a long

standing issue.

1.1 Background to the Problem of Brownout

The problem of brownout occurs when a rotorcraft takes off or lands over surfaces

covered with loose, dry sediment, such as sand or dust. The complex fluid dynamic

interactions of the rotor wake with the sediment bed can quickly generate an intense

dust cloud that engulfs the entire vehicle. Figure 1.2 shows an example of a helicopter

encountering brownout conditions during a landing in the desert. A similar phenomenon,

known as whiteout, can occur under snowy conditions.

During near-ground operations, pilots determine the aircraft’s motion and spatial

orientation using visual cues such as the horizon, features on the ground such as vegeta-

tion (e.g., grass, bushes, trees, etc.), and various other man-made structures that are nearby

(e.g., buildings, lights, cars or trucks). The developing dust cloud can rapidly reduce the

pilot’s ability to distinguish these necessary visual cues. Furthermore, the relative motion

of the dust cloud in the pilots field of view can be perceived as apparent motion effects

or vection illusions, which can cause the pilot to experience spatial disorientation [6, 7].

Because pilots rely almost exclusively on visual cues when flying near the ground, the

sudden loss of these cues combined with other illusions makes the onset of brownout

a serious safety of flight issue. In fact, brownout is the leading cause of human-factor
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(a) Fixed-wing aircraft

(b) Rotary-wing aircraft

Figure 1.1: Flow visualization in the form of natural condensation in the tip vortices

trailed from: (a) Fixed-wing aircraft (Photo by Ryan Waters); (b) Rotary-wing aircraft

(Photo by tiltrotortees.com).
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Figure 1.2: A Helicopter landing and encountering brownout conditions (Courtesy

USMC).

related mishaps during military operations [8], and civil rotorcraft operations are not im-

mune either [9], specifically those operations performed from unprepared surfaces such

as fields.

In addition to being a safety of flight concern, the uplifted sediment particles in a

brownout cloud can also create a harsh working environment for ground personnel. An-

other important issue is the that brownout can rapidly increase wear on critical mechanical

components such as rotor blades, engines, and other mechanical components. For exam-

ple, the leading edge of rotor blades are covered with metallic strips to prevent abrasion.
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Figure 1.3: Erosion damage on a rotor blade caused by frequent operations in brownout

conditions (Ref. 1).

However, Fig. 1.3 shows that the continued impact of dust particles can quickly erode

these metallic strips to the underlying composite core [1]. Blade erosion can eventually

affect the structural integrity of the rotor blades, to the point that they need to be replaced

within tens of flight hours instead of the tens of thousands of hours for which they were

otherwise designed. Engines can also suffer from serious wear after ingesting dust, open-

ing up compressor clearances and reducing power output. The increased maintenance

required to replace/repair worn components dramatically decreases the operational readi-

ness of the aircraft.

Lately, technical efforts have been made to reduce the risk associated with flying

rotorcraft under brownout conditions. The majority of this work has focused on develop-

ing advanced sensor technology and displays, such as Head-Up displays (HUD), Head-

Down displays (HDD) or Helmet-Mounted displays (HMD), to allow the pilot to “see-
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through” the brownout cloud and thereby increase their situational awareness, DARPA’s

Sandblaster, Lockheed Martin’s Pathfinder, and PhLASH by the U.S. Air Force Research

Laboratory (i.e., Ref. 10–12) being a few examples. While advanced avionics can sig-

nificantly increase flight safety under brownout conditions, these systems do not solve

the fundamental problem of sediment mobilization and uplift. To mitigate the problem

of brownout at its source, therefore, a better understanding of the fluid dynamics of rotor

wakes interacting with the ground is needed.

Pilots have also developed landing and takeoff strategies (e.g., using flight path

management) to minimize operational time under brownout conditions [13]. A few such

techniques include: 1. Flying close to the ground at high enough speeds to outpace the

developing dust cloud before landing, and 2. Using increased rates of descent near the

landing zone, thereby landing before the dust cloud has a chance to fully develop. How-

ever, these techniques can be dangerous and require the pilot to land the vehicle quickly

and firmly before visibility is lost in the dust cloud. Furthermore, being able to land be-

fore visibility is lost depends on many factors, such as vehicle weight, density altitude,

etc., and often requires the pilot to perform a “hard” landing, which can be detrimental to

the aircraft as well as the crew.

A permanent solution to the problem of brownout may ultimately come through

means that lead to a reduction of the overall severity of the brownout cloud. Vehicle de-

sign could emerge as one such solution, however, to do this a better understanding of the

interaction of the rotor wake with the ground is required, i.e., to understand the under-

lying fluid dynamic mechanisms that are responsible for the generation of the brownout

dust clouds. With this in mind, an examination of photographs and videography of he-
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licopters encountering brownout conditions seems to indicate that some helicopters are

more susceptible to generating intense brownout conditions than others [14].

One such helicopter (shown in Fig. 1.4) produces a severe brownout signature with

the helicopter being almost completely engulfed by the large, dome-shaped cloud. How-

ever, the other helicopter shown in Fig. 1.5 clearly produces a region near the helicopter

with better visibility for the pilot. In this case, the cloud has formed into a toroidal shape

with the majority of the uplifted sediment being blown further away from the landing

zone, leaving regions of fairly good visibility for the pilot. The significance of the rotor

wake in this problem cannot be underestimated, and the effects of the rotor and airframe

design characteristics may be very important too. To this end, the goal of the present work

was to better quantify the fluid dynamics of the rotor wake as it interacted with a ground

plane, this being done in the laboratory using a sub-scale rotor system.

1.2 Fluid Mechanics of Brownout

A understanding of the fluid dynamic mechanisms involved in the formation of a

brownout cloud is a prerequisite for brownout mitigation. The problem of brownout is a

two-phase fluid dynamics problem: 1. The carrier phase describes the three dimensional,

unsteady flow from the wake produced by the rotor operating in ground effect, and 2. The

dispersed phase consists of a nonuniform concentration of sediment particles that have

been mobilized and uplifted by the interaction of the rotor wake with the sediment bed

lying over the ground. The overall fluid dynamic complexity of brownout stems from

the dual-phase nature of the flow, which significantly increases the complexity that is
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Figure 1.4: A helicopter generating an intense brownout dust cloud in which it becomes

immersed. (Courtesy USMC.)

Figure 1.5: A helicopter producing a more toroidal shaped brownout dust cloud. (Photo

from Agusta Westland Inc.)
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associated with measuring, understanding, and modeling the problem of brownout. The

complexity of the problem is increased further because of the coupled nature of the carrier

and dispersed phases of the flow, which can transfer momentum and energy between the

flow phases.

A schematic of the fluid dynamic mechanisms and the aeolian (or sedimentology)

processes involved in the problem of brownout is shown in Fig. 1.6. The mobilization of

sediment particles will be influenced by the specific characteristics of the flow fields in-

duced by the rotor wake on the ground. In particular, the rotor downwash and the vortical

flow will induce an unsteady velocity field above the sediment bed. If the flow velocity

and boundary layer shear stress exceeds some critical threshold, then the loose particles

can become mobilized and uplifted into the flow. Some of the mobilized particles will

fall back to the bed under the action of gravity, while others will encounter upward flow

velocities, especially those induced by the tip vortices and turbulent eddies as they con-

vect above the sediment bed. If the particles are then subsequently uplifted and convected

into the flow, they can remain suspended or be reingested by the rotor. The more se-

vere brownout problems seem to occur when the rotor reingests much of the suspended

dust particles, bombarding them back onto the sediment bed at higher velocity, thereby

dislodging many more particles and ejecting them into the flow [15]. Therefore, the fun-

damental nature of brownout usually manifests as a cascading process that leads to rapid

increases in the total quantity and volume of airborne dust particles [3].
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Blade erosion

Blade - particle
collisions

Figure 1.6: Schematic showing the different modes of sediment particle motion and the

resulting dust generated by the rotor wake from a helicopter operating over a surface

covered with loose sediment.

1.3 Rotor Wake Dynamics in Ground Effect

The presence of the ground below the rotor greatly influences the development of

the rotor wake. It has been well documented in the literature that rotors operating in

ground effect experience a significant increase in performance compared to operations

away from the ground [16–21]. Research has shown that the thrust of a rotor hovering in

ground effect increases for a given power supplied, or that a lower power is required for a

rotor to hover in ground effect at the same thrust (or vehicle weight). This behavior arises

because in ground effect the induced velocity at the rotor disk decreases as compared

to rotor operation out of ground effect, thereby slightly increasing the angles of attack

along the blades. Furthermore, for the rotor to produce the same thrust in ground effect,

the rotor blades can operate at reduced pitch angles, which slightly decreases both the

induced and profile power consumption of the rotor.

The action of the rotor wake is fundamental in the mobilization and uplift of loose
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sediment. Therefore, a prerequisite to understanding the problem of brownout is to obtain

a better understanding of the evolution of the rotor wake as it interacts with the ground. In

this regard, the flow field generated by a rotor hovering in ground effect is very different

to what would be obtained for the same rotor when its operating out of ground effect;

see Fig. 1.7. These flow visualization images, which are taken in a radial plane through

the rotor wake when the flow was seeded with smoke and illuminated by a laser light

sheet, show slices of the helicoidal vortex filaments trailed from the rotor blade tips.

These vortices become visible as the blade passes through the imaging plane and the

smoke particles scatter the laser light. The vortex filaments can be identified in the flow

visualization images by the presence of the darker, almost circular regions, which mark

the inner regions of the vortex cores.

Notice from Fig. 1.7 that at early wake ages when the rotor is hovering out of

ground effect the vortex cores appear relatively laminar, i.e., devoid of the turbulence

that is present in the surrounding flow field; see Fig. 1.7a. However, after only 2–3 rotor

revolutions, the action of turbulence and viscosity cause the tip vortices to diffuse their

concentrated vorticity. Furthermore, the onset of instabilities in the downstream wake can

cause adjacent turns of the helical vortex filaments to begin to interact with each other and

even pair, further complicating the overall development of the downstream wake flow.

In addition to trailed tip vortex filaments, turbulent wake sheets are trailed from the

inboard parts of the rotor blade, as shown in Fig. 1.7a. These sheets, which are often re-

ferred to as “wake sheets” [3,22,23], are of primary interest in the present work and can be

identified by the shear layers that form in the smoke streaklines. From the flow measure-

ments, Fig. 1.7a shows that these wake sheets contain a significant amount of turbulence
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and vorticity. Furthermore, the wake sheets can be seen to convect axially quicker than

the corresponding blade tip vortex and, therefore, interact with several sequential turns of

the tip vortex, i.e., the sheet also interacts with older vortices.

In the corresponding in ground effect case shown in Fig. 1.7b, the wake initially

contracts below the rotor. However, because the ground plane must be a streamline of

the flow, the direction of the wake flow turns rapidly near the ground, changing from a

primarily axial (downward) flow to a primarily radial (outward) flow and creating a wall-

jet like flow along the ground plane. This wall-jet initially thins as the flow convects

radially outward but then begins to thicken further downstream [2].

The radial expansion of the rotor wake along the ground also causes the vortex fila-

ments to stretch along their lengths. This process results in a reintensification of their

vorticity and so increasing the swirl velocities induced by the vortices [24, 25]. The

mechanism of reintensification slows and can even counter the normal process of vor-

ticity diffusion, thereby allowing the vortices to persist in a more concentrated form to

significantly later wake ages (i.e., for 4 to 5 rotor revolutions or more); see Fig. 1.7b. The

stretching of the vortex filaments can also significantly affect the process of sediment mo-

bilization and uplift because of the larger induced velocities that are now generated over

the sediment bed [3, 26]. Good explanations of the flow physics associated with rotors

hovering in ground effect is given in Refs. 2, 3, 23, 26.

When flying near the ground, rotorcraft rarely operate in a steady hover instead pi-

lots perform appropriate landing and takeoff maneuvers. In this case, the constant changes

in rotor height near the ground increase the complexity of the flow fields considerably

compared to that in a steady hover. Two characteristic flow regimes are often seen during
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these flight maneuvers [27, 28]: 1. At low forward advance ratios, a recirculation region,

and 2. At higher advance ratios a ground vortex region. Because sediment mobiliza-

tion and uplift is directly related to the flow fields produced near the ground, these flow

regimes will significantly affect the motion of the individual sediment particles [27–29].

1.4 Sediment Particle Entrainment Mechanisms

As previously explained, formation of a brownout cloud is caused by the flow field

induced by the rotor and its wake. The interaction of the flow with the sediment bed

results in the mobilization and uplift of sediment particles. Therefore, to understand the

problem of brownout it is necessary to understand both the characteristics of the rotor

wake as well as the physics involved in the transport of sediment. Sediment transport can

be decomposed into two main fields of study: 1. Wind-driven particle transport where

the sediment motion is caused by the wind, i.e. an aeolian flow, and 2. Hydrodynamic

particle transport where sediment motion is caused by oceanic or riverine flows. The

primary interest of the problem of brownout is sediment dynamics under the action of

air, which has been studied extensively in the field of sedimentology, for example see the

works of Bagnold [30] and Greeley and Iversen [31].

Wind-driven particle motion can be decomposed into three main processes: 1. Mo-

bilization, which is marked by the initial motion of the particles because of the action of

the external flow, 2. Entrainment, the process by which the sediment particles are uplifted

from the bed by the fluid flow, and 3. Transport, which governs the path the sediment

particles follow after being entrained into the flow field. The initial mobilization and en-

13



(a) Out of ground effect

(b) In ground effect

Figure 1.7: Representative flow visualization of a 2-bladed rotor wake for a rotor operat-

ing (taken from Ref. 2): (a) Out of ground effect; (b) In ground effect.
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Figure 1.8: Schematic of the forces acting on a stationary particle on a sediment bed.

trainment of a sediment particle is governed by the relationship of the forces acting to

keep it stationary (i.e., gravitational and inter-particle forces) to those acting to mobilize

it (i.e., aerodynamic forces), as shown in Fig. 1.8. The aerodynamic forces arise from

the shearing action of the boundary layer, and when these forces exceed the gravitational

and inter-particle forces the sediment particles become mobilized (i.e., by direct aerody-

namic entrainment). The vortical flow structures found in rotor induced flow fields also

significantly affect the velocity field and the resulting shear stress distribution along the

ground [32].

Rauleder and Leishman [33] related particle mobilization and uplift to the Reynolds

stresses and discrete turbulence events near the ground. They documented the significance

of turbulent events near the ground (i.e., which was expected to have their origin in the
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trailed wake sheet) and their overall importance to the problem of brownout. Johnson et

al. [26] and Sydney et al. [3] have performed experimental studies to examine the wake of

a small-scale rotor interacting with a sediment bed, and have identified several sediment

entrainment mechanisms that can occur simultaneously. Figure 1.9 shows a schematic of

the different categorizes of initial particle motion that occur below a hovering rotor. The

process of creep is characterized by the rolling motion of particles along the sediment

bed, and occurs when the forces acting in the wall-normal direction are too small to uplift

the particles, i.e., a large particle size or low wall-normal velocity. Some of these particles

also encounter large upward fluctuations in the flow velocity and enter saltation, a mecha-

nism that causes the particles to follow short ballistic-like trajectories before reimpacting

the sediment bed. Saltation is one of the primary mechanisms involved in the transport of

sediment particles in unidirectional flows.

Sydney et al. [3] showed that mobilized particles can be entrained by regions of

vortex induced upwash and can be uplifted or suspended for long or short time periods.

Once suspended, the particles can be reuplifted by other vortices or by regions of rea-

sonably concentrated vorticity such as eddies. The uplifted particles are also capable of

bombarding the sediment bed with relatively higher amounts of energy, thereby ejecting

more particles into the near-wall flow by means of bombardment mechanisms. These

ejected particles are then easily entrained into the near-wall flow where they are capable

of being uplifted. This cascading process of bombardment and ejections an quickly lead

to large amounts of sediment being uplifted and entrained into the near-wall flow.
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Figure 1.9: Schematic illustrating the various sediment transport mechanisms that may

occur below a helicopter rotor when operating over a mobile sediment bed [3].

1.5 Survey of Prior Work Related to Rotor Wakes

Brownout is a multidisciplinary problem that involves, but is not limited to, fluid

dynamics (i.e., the formation and interaction of the rotor wake), and sediment particle

dynamics (i.e., particle mobilization and transport from the bed). From a rotor perfor-

mance standpoint, a few experiments have been performed on rotors operating in ground

effect [16–21]. These studies generally explored the vehicle performance benefits asso-

ciated with rotors operating in ground effect. A considerable amount of prior laboratory

work has also been performed to measure the evolution of the vortical wake produced

by helicopter rotors, e.g., Refs. 34–44. However, fewer studies have focused on the be-

havior of the rotor wake in ground effect [14, 27, 28, 45–48], and there have been very

few measurements of the flow field in the near-wall region on the ground below the rotor.

Even fewer measurements have examined the dual-phase aspect of the brownout prob-

lem [3, 26, 32, 49].
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1.5.1 Single- and Dual-Phase Experiments

Lee et al. [2] conducted experiments to examine the fluid dynamics the wake gen-

erated by a rotor as the wake interacted with a ground plane. Two-component particle

image velocimetry (PIV) and flow visualization (FV) were used to evaluate the flow field

for different rotor heights off the ground. In particular, they showed that as the rotor wake

impinges on the ground it generates complex vortical structures and turbulence, which

can result in transient flow excursions near the ground plane. They also noted the pres-

ence of the turbulent wake sheet that was seen to be entrained into the developing flow at

the ground, which introduced a significant amount of vorticity and turbulent eddies. How-

ever, the measurement resolution was too low to document the detailed fluid dynamics of

the wake sheet and how it contributed to the flow at the ground.

Milluzzo et al. [14] used PIV to examine the flow field generated by a one-bladed

rotor operating in ground effect, with the goal of quantifying the effect of blade tip shape

on the resulting flow at the ground. The blade tip shapes tested were a baseline rectangular

blade, a simple swept tip, a BERP-like tip, and a slotted-tip. It was found that the flow

field near the rotor was affected by changes in tip shape. Specifically, the BERP-like tip

was found to trail a somewhat more diffused tip vortex compared to the rectangular and

swept blade tips. The slotted-tip blade was found to significantly diffuse the developing

tip vortex, which resulted in a more rapid growth of the vortex core. With the exception of

the slotted-tip blade design, the interaction of the wake with the ground plane ultimately

resulted in relatively similar flow fields being produced there. Furthermore, the unsteady

turbulent flow along the ground plane contained significant amounts of turbulence, much
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of which appeared to have originated from the wake sheet.

Recently, studies have expanded on this initial work by examining the wakes gen-

erated by small-scale rotors as they interacted with a ground plane covered with sediment

particles [3, 26]. Johnson et al. [26] was one of the first to to perform PIV experiments to

examine the dual-phase nature of the problem. Time-resolved, dual-phase flow visualiza-

tion, PIV, and particle tracking velocimetry (PTV) were used to identify the mechanisms

responsible for the entrainment, transport, and suspension of sediment particles in the

wake of a hovering rotor. The interaction of the tip vortices with the bed was shown to be

a primary cause of particle uplift and entrainment into the flow. This study was the first

to document the effects of particle trapping by vortices, i.e., the suspension of sediment

resulting from the strong localized upwash regions that were induced by the tip vortices.

Sydney et al. [3] built on the work of Johnson et al. [26] by using time-resolved

flow visualization, as well as PIV and PTV measurements on the wake of a rotor system

that was hovering at various heights above a mobile sediment bed. The rotor was tested

in both single-bladed and two-bladed configurations. The particles used consisted of

well-characterized glass microspheres in three diameter ranges: 1–38µm, 45–63µm, and

90–120µm. In addition to vortex-induced sediment uplift, they also documented other

mechanisms of sediment transport and suspension, such as secondary particle suspension

and the local bombardment of particles back onto the bed. Furthermore, the wake sheets

were observed to be entrained into the developing flow near the ground, thereby affecting

the near-wall flow field [3]. However, the resolution of the measurements was insuffi-

cient to understand the evolution and development of the wake sheets, as well as their

contribution to the near-wall flow field.
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Rauleder and Leishman [32] further analyzed time-resolved, dual-phase PIV and

PTV measurements in the wake of a rotor hovering in ground effect in an effort to provide

a better understanding of the near-wall flow field. Specifically, the affect of the turbulent

nature of the rotor flow and embedded vorticity on sediment mobilization and transport

was examined. They found that particle mobilization and uplift was strongly related to

the Reynolds stresses and discrete turbulence events that occurred at the ground. They

also showed the significance of the interaction of the wake sheet with the ground and the

need for a better understanding of its characteristics to better understand the problem of

brownout, which has partly motivated the present work.

All of the previous work performed in both single-phase (air only) [2,14] and dual-

phase (air and sediment particles) environments [3,26,32] have clearly shown the impor-

tance of the tip vortices in the development of the flow at the ground, and ultimately in

problem of brownout. While these works [2, 3, 14, 26, 32] have documented the presence

of trailed wake sheets in the wake of a rotor operating in ground effect, they lacked the

necessary spatial resolution to quantify the effects of the wake sheets on the developing

rotor wake. Therefore, one of the goals of the current work was to better characterize

the development and evolution of the wake sheets trailed from the rotor blades and their

effects on the downstream wake.

1.5.2 Tip Vortex Measurements

Caradonna and Tung [40] and Tung et al. [50] performed flow measurements on a

two-bladed rotor operating in hover. The loading distribution along the span of the rotor
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blade was examined using pressure measurements while simultaneously measuring the

blade tip vortex structure and strength. Their goal was to aid in the development and vali-

dation of hover based performance methods. The tip vortex was observed to be comprised

of four distinct regions: (1) A viscous core region where viscous diffusion dominates, (2)

A turbulent mixing region where turbulent diffusion dominates and the tangential velocity

reaches a maximum, (3) A transition region where the flow transitions from the turbulent

region to the outer inviscid region, and (4) A irrotational region where circulation is con-

stant. A vortex model was proposed that modeled these regions in a way analogous with

boundary layer theory, which was similar to the fixed-wing tip vortex model proposed

by Hoffman and Joubert [51]. Furthermore, Tung et al. [50] also documented that the

initial tip vortex core radius was 4% of the rotor blade chord and the peak swirl velocity

ranged from 40% to 60% of the blade tip speed. The peak swirl velocity was noted to

decrease with increasing wake age. While the presence of a wake sheet was noted, no

measurements were made to characterize its structure.

Martin and Leishman [52] used three-component LDV to examine the effect vari-

ous tip shapes had on the wake of a single-bladed rotor in hover. They determined that

changes in the geometry of the rotor wake was the main consequence of changes in tip

shape. Sweeping the blade tip decreased both the radial and axial convection of the vortex,

whereas blade taper increased the radial convection and decreased the axial convection.

Using the measured swirl velocity profiles they found that tip shape had little effect on the

vortex core growth rate, however differences were observed in the peak swirl velocities.

After normalizing the peak swirl velocities by the blade loading coefficient, it was deter-

mined that the tapered blade reduced the initial peak swirl velocity by almost a factor of
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two. A Ludwig stability analysis was used to identify the unstable regions of the vortex.

It was determined that outside the core (between r/rc = 1.5 and r/rc = 2.75) there is a

turbulence producing region that is unstable.

The idea of a multi-region vortex core was also investigated by Bradshaw [53], who

developed an analogy between meteorological flows (stratified flows) and streamline cur-

vature (rotating flows), which is based on the assertion that the flow rotation causes the

higher speed fluid to prefer the outside of the vortex while conserving angular momentum,

even if the density is assumed constant throughout the vortex. An equivalent Richardson

number was developed using energy principles and is an expression for the local strength

of the stratification. This parameter can be interpreted as a ratio of the turbulence pro-

duced or consumed inside the vortex as a result of centrifugal effects to the turbulence

produced by shearing in the flow, and is derived directly from the turbulent kinetic en-

ergy budget [53, 54]. However, in the derivation of the Richardson number, Bradshaw

derived the numerator and denominator in two different reference frames, which resulted

in a maximum stability at the core radius of the vortex [55]. Holzapfel [54] corrected

the definition by deriving the numerator and denominator in the same inertial reference

frame.

Cotel [56], and Cotel and Breidenthal [55] analyzed the turbulence in a vortex using

Bradshaw’s “Richardson number” [53] and determined a stratification threshold that is a

function of vortex Reynolds number. Their analysis is based on four non-dimensional

parameters, the Richardson number, Reynolds number, Prandtl number, and persistence

parameter. The persistence parameter is defined as the ratio of rotational to translational

speed of the vortex. If the Richardson number is above a threshold based on the vortex
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Reynolds number, the flow will remain laminar and any turbulence will be relaminarized.

The ability of the vortex core to remain laminar means that the mechanism of vorticity

diffusion occurs mainly from shear stresses at the molecular level, rather than by the more

rapid diffusion that is associated with turbulence.

Leishman et al. [57] used three-dimensional LDV measurements to examine the

formation, roll-up, and evolution of the tip vortex and corresponding wake sheet. They

found that the vortex core and corresponding wake sheet appeared to interact substantially

during the tip vortex roll-up process. Flow visualization showed that the tip vortex core

was relatively laminar and was surrounded by a band of eddy-like structures. However, as

these eddy-like structures were entrained into the vortex core they became re-laminarized.

The Richardson number concept was used to explain this re-laminarization process, and

the measurements suggested that the high streamline curvature around the vortex core

prevented the formation of turbulence, as previously postulated by Bradshaw [53] and

others [40, 50, 51, 55, 56].

Ramasamy and Leishman [58] developed a generalized tip vortex model that in-

cluded the effects flow rotation on the turbulence inside a vortex. The model was devel-

oped using a model of the eddy viscosity distribution across the vortex core, while ac-

counting for the suppressing effects flow rotation on the persistence and/or development

of turbulence. Flow rotation effects were accounted for using the modified Richardson

number [53, 55, 56], and it was shown that if the local Richardson number was above the

threshold value the vortex could not sustain turbulence. The model was found to correlate

well with measurements made at both laboratory-scale and full-scale, with increases in

vortex Reynolds number corresponding to increases in turbulence levels within the vortex.
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Ramasamy and Leishman [58] also compared the assumed eddy viscosity variation with

the average eddy viscosity model suggested by Squire [59]. This model focused mainly

on the effect of Reynolds number on the distribution of eddy viscosity in the vortex core

as it related to the persistence of the vortex in the flow.

Bhagwat and Leishman [60] used three-component laser Doppler velocimetry (LDV)

measurements around the blade and in the wake of a small-scale hovering rotor to de-

termine the relationship between the tip vortex strength and spanwise circulation distri-

bution. They estimated the spanwise circulation by using velocity field measurements

around each blade section. They found many challenges that were associated with mea-

suring the bound circulation, and that such measurements were possible only under cer-

tain conditions. The initial circulation strength of the tip vortices was found to be approx-

imately 70% of the estimated peak bound circulation on the blades. However, the details

of the wake sheet were not measured.

McAlister et al. [61] examined the wake trailed by a hovering two-bladed rotor

using stereoscopic particle image velocimetry (PIV). In particular, the development of the

tip vortex at early wake ages (i.e., less than one rotor revolution old) was characterized.

The swirl velocity profile of the tip vortex was found to be asymmetric because of the

influence of the rotor downwash. During the first rotor revolution, the vortex core was

found to contain approximately 53% of the peak bound circulation along the span of rotor

blade. The spanwise distribution of bound circulation was estimated using blade element

momentum theory. While the presence of the wake sheet in the flow was documented, no

detailed measurements were preformed.

Gupta and Loewy [62] used a small perturbation stability analysis of two infinite
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helical interdigitated vortex filaments to examine the stability of a helicopter rotor wake

in hover or axial climb. Instability modes were found to occur at all values of the wave

number. The most unstable modes corresponded to the largest divergence in the axial

locations of the vortex segments, which was found to increase as the helical pitch of the

wake was decreased, by increasing number of vortex filaments, and for decreasing wave

number. Furthermore, the stability of the wake was found to be significantly affected by

the size of the vortex core, the maximum divergence rate decreasing as the vortex core

size was increased.

Bhagwat and Leishman [44] also analyzed the stability characteristics of rotor wakes

in hovering and axial climb and descent by using an eigenvalue analysis. It was deter-

mined that the stability of the rotor wake increased with increasing rotor thrust. The in-

creased stability was a result of vortex separation distance (i.e., helical pitch of the wake),

which had a stronger influence on the wake stability than vortex strength. Consequently,

the divergence rates were seen to decrease with increasing rates of climb and increase

with increasing rates of descent. The eigenvalue analysis also showed that a rotor wake

is naturally unstable for wave numbers equal to half-integer multiples of the number of

blades were found to produce the largest values of divergence rate, while the smallest

values of divergence rate occurred at integer multiples of the blade number [44]. Addi-

tionally, vortex pairing, a phenomenon often seen in rotor wakes [63], was determined to

be associated with a long-wave instability mode.
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1.5.3 Wake Sheet Measurements

A review of previous work on the wake sheets trailed from hovering rotors showed

that very few experiments have been able to measure the structure and evolution of the

wake sheet. A seminal study on rotor wakes was performed by Landgrebe [36–38] where

the effect rotor design (i.e., number of blades, blade twist, blade aspect ratio, etc.) had

on the performance and wake geometry characteristics of hovering rotors were exposed.

Landgrebe found that the axial convection rate of the tip vortices increased proportionally

with increasing blade loading and disk loading, but decreased slightly with increasing

blade twist. Furthermore, the axial convection of the tip vortex was found to be relatively

constant until the following blade passage occurred, which increased the axial rate of

convection.

Landgrebe [36–38] also documented the presence of a wake sheet that was trailed

from the inboard part of the rotor blade. The wake sheet was found to convect axially at a

rate that was approximately twice that of the corresponding tip vortex. It was also found

that the axial convection of the sheet increased with disk loading and blade twist. The

sheet was modeled by assuming a linear convection rate below the rotor, i.e., it convected

quickest below the rotor blade tip and slowest near the root. Kocurek and Tangler [39]

performed similar measurements to develop a generalized model of the rotor wake, but

did not consider the contributions from the wake sheets in this model.

McAlister [64] performed flow visualization and three-component LDV measure-

ments in the wake of a two-bladed hovering rotor. The velocity profile in the wake was

found to be directly related to the position, size and convection rate of the wake sheet
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and the tip vortices. McAlister also noted that even at early wake ages the position of

the trailed tip vortex was found to “meander” (e.g., its spatial position was aperiodic) and

the aperiodicity increased with increasing wake age. The tip vortex core size and peak

swirl velocity were found to be 10% of the rotor blade chord and 30% of the rotor tip

speed, respectively. McAlister also noted the presence of a wake sheet that was trailed

from the inboard part of the blade section, which initially had a thickness close to that

of the blade section. The wake sheet was also observed to convect axially faster than the

convection of the corresponding tip vortex. The distribution of vorticity in the wake sheet

was measured, but not with the resolution needed to expose its detailed structure.

More recently, Ramasamy et al. [22] performed dual-plane stereoscopic particle

image velocimetry (PIV) measurements in the flow field below a hovering rotor, where

they measured the three components of velocity and all nine components of the velocity

gradient tensor. Additional high-resolution, two-component PIV measurements were also

performed. They found that the sheet was composed of small counterrotating vortical flow

structures (sometimes called Taylor–Görtler vortices), which form in this case as a result

of the streamline curvature of the flow as well as the merging of the boundary layers over

the upper and lower surfaces of the blade. These small vortices were found to contribute

significant amounts of turbulence to the overall flow field as well as affecting the roll-up

process of the tip vortices. The relatively high velocity gradients and velocity fluctuations

generated by the Taylor–Görtler vortices were found to have a a significant affect on the

transfer of momentum in the flow. While the work by Ramasamy et al. [22] provided key

insight into the initial structure of the wake sheet, only the region of the sheet near the

rotor blade tip was examined and then only at very early wake ages (i.e., for ζ < 6◦).
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Later, Ramasamy et al. [65] compared the rotor performance as well as flow fields

generated by a three-bladed rotor with untwisted and highly twisted blades (i.e., tiltrotor-

like blades). They used blade element momentum theory to further understand the likely

effects of blade twist on rotor performance and the wake structure. The performance of

the rotor with untwisted blades was determined to be comparable to that of the highly

twisted blades, if not better, at the lower thrust conditions. However, at the higher rotor

thrusts the highly twisted blade yielded improved levels of rotor performance over that

of the untwisted blade. The untwisted blade was found to produce very similar flow

fields at each of the thrust conditions tested, with a strong blade tip vortex and a weaker

wake sheet being formed inboard. However, the convection rate of the tip vortices and

wake sheets trailed from the highly twisted blades showed significant variations with

rotor thrust. At the lower thrust conditions, the inflow was non-uniform with the highest

downwash velocities being near the root of the blade and significant upwash velocities

being formed near the blade tip, which resulted in the wake sheet taking on a very steep

positive slope relative to the rotor plane. However, as the thrust was increased on the rotor

with the highly twisted blades, the upwash region near the blade tip decreased until no

discernible upwash region remained. At the higher thrust conditions, the wake sheet was

observed to contain a significant amount of vorticity that was convected uniformly in the

wake below the rotor.

While the work by Ramasamy et al. [65] has characterized the structure of the rotor

wake for a rotor with both untwisted and highly twisted blades, to obtain measurements

along the entire span of the blade a larger field of view had to be utilized, yielding only

about 500 measurement points (flow vectors) per unit radius. Therefore, these investiga-
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tors were unable to quantify the detailed structure of the entire wake sheet as it developed

and evolved in the rotor wake. Furthermore, the measurements were performed by us-

ing two different airfoil sections, i.e., an airfoil used on the XV-15 rotor for the highly

twisted blade and a NACA 0012 for the untwisted blade. These measurements were also

preformed for out of ground effect conditions.

While a majority of previous work has documented the presence of a wake sheet in

the wake of a hovering rotor, very few measurements have been performed to examine its

detailed structure and development [22,36–38,64,65]. Of these measurements only those

performed by Ramasamy et al. [22] had the necessary measurement resolution to resolve

the vortical structure of the wake sheet, which has shown that the sheet was comprised of

Taylor–Görtler vortices. However, Ramasamy et al. [22] only examined the region of the

sheet near the blade tip and also only at early wake ages (i.e., ζ < 6◦). Furthermore, these

latter studies [22, 36–38, 64, 65] have only examined the wake sheet for rotors operating

out of ground effect. The current work builds on the work performed by Ramasamy

et al. [65] by performing high resolution measurements in the wake of a rotor to better

characterize the development and evolution of the wake sheet.

1.5.4 Brownout Simulations

It has been previously mentioned that the problem of rotorcraft brownout has partly

motivated the present work. While experiments have been preformed toward gaining

a better understanding of brownout [3, 26, 32], a significant amount of computational

work has also been performed with the goal of being able to simulate the problem of
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brownout [29, 66–73]. On one hand, numerical simulations can represent full-scale rotor

geometries that are not limited by the geometric constraints and dual-phase scaling issues

that are faced with laboratory experiments [49]. On the other hand, the complexity associ-

ated with the dual-phase modeling requires varying levels of assumptions and mathemat-

ical approximations to be made. Computational fluid dynamic (CFD) techniques have

been used to model the rotor wake flows, most often using Eulerian grid-based meth-

ods based on the Reynolds-Averaged Navier–Stokes (RANS) equations [66, 70, 74, 75].

Kalra et al. [74] simulated the flow field generated by a laboratory scale rotor operating

in ground effect using a RANS method. Their simulations showed good agreement with

the measurements of Lee et al. [2]. However, to accurately resolve the vortical nature of

the flow field generated by the rotor, as well as preserve the vorticity to old wake ages,

require extremely fine grids with complex meshing strategies, which usually makes the

use of such techniques computationally expensive. The high computational cost of these

methods limits the geometric scale of the rotor (i.e., small-scale rotors) that can be sim-

ulated, as well as the flight conditions (i.e., steady, non-maneuvering flight) they operate

under [74, 75]. Furthermore, RANS methods require turbulence models to provide clo-

sure to the governing equations, and these models are developed based on assumptions

that are not necessarily representative of the flow field induced by a rotor, either in the

single-phase or dual-phase flow environments.

Compared to Eulerian grid-based methods, Lagrangian-based vortex methods [76–

78] require significantly less computational expense and are capable of indefinitely pre-

serving the vorticity in the wake. Syal et al. [72, 73, 79–81] used a free vortex method

and a particle tracking method to simulate the generation of a brownout cloud. While
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showing reasonable correlation of full-scale brownout dust clouds using free vortex meth-

ods [82, 83], these methods sacrifice some fidelity to achieve the significant reductions in

computational cost compared to RANS approaches. For example, vortex based methods

are inviscid, and therefore, require an empirical model to represent the boundary layer

flow at the ground. Furthermore, to save computational expense, the vortex sheets are

typically tracked for less than 30◦ of wake age, after which they are assumed to be rolled

up into an outboard tip vortex, which may not be a correct assumption. Therefore, it is

necessary to determine if the wake sheet significantly affects the development and evolu-

tion of the rotor wake, as well as the near-wall flow over the ground plane.

One of the main challenges involved in simulating the problem of brownout is prop-

erly modeling the mobilization and entrainment of the sediment particles that result from

the action of the rotor wake on the sediment bed. Many factors play a role in the initial

mobilization and entrainment of sediment particles, such as surface shear stresses, fluctu-

ations in the flow velocity, and discrete turbulent events. However, classic semi-empirical

sediment transport models (i.e, those of Bagnold and Shao and Lu [30, 84]) do not ac-

count for the various effects found in rotor wake flow fields, such as unsteadiness in the

flow, concentrated regions of discrete vorticity, and turbulent events. To understand how

particles become mobilized, it is necessary to fully understand how the tip vortices and

wake sheet influence the near-wall flow field, and only then can proper assumptions be

made in the development of better particle entrainment models.
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1.6 Objectives of the Current Work

To understand the significance of the trailed wake sheet as it may affect the problem

of brownout, a detailed study of the structure and evolution of the wake sheet in the

flow field induced by a rotor is required, this goal being the primary objective of the

present work. As previously explained, few experiments have documented the detailed

structure and evolution of the wake sheet from a rotor blade, and there are no detailed

measurements of the wake sheet at older wake ages or where it may interact with a ground

plane. However, recent advances in instrumentation have now allowed measurements of

the rotor wake to be made with unprecedented levels of spatial resolution. Therefore,

a goal of the present work was to quantify, with the necessary fidelity, the structure,

evolution, and development of the wake sheet for a rotor that was operating both out of

ground effect and in ground effect. The motivation was to obtain a better understanding

of the effects the wake sheet as it might affect the problem of brownout, i.e., to examine

in detail how the wake sheet evolves through the rotor flow and affects the near-wall flow

region at the ground. It will be shown that the present work has revealed details of the

evolution, structure, and development of the wake sheets that were hitherto unknown.

1.7 Organization of the Dissertation

The problem of brownout has been introduced in the present chapter, which has

partly motivated the present study. An in-depth survey of previous work on brownout,

fixed-wing tip vortex measurements, rotary-wing tip vortex measurements, and rotary-

wing wake sheet measurements has been conducted. The limitations that were associated
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with previous flow measurements of the inboard wake sheet have been discussed. These

limitations has lead to a discussion of the primary motivation of the current work, which

was to measure wake sheet trailed from a rotor that was operating both out of ground effect

and in ground effect with the necessary resolution to better understand its behavior. For

the present study, the effects of blade twist were also examined to document the effects

on the formation and evolution of the vortical wake sheets and the associated blade tip

vortices.

Chapter 2 gives a comprehensive description of the equipment and the experimental

techniques that were utilized to characterize the flow fields (i.e., high-speed flow visual-

ization and phase-resolved particle image velocimetry) and rotor performance.

Chapter 3 discusses, in detail, the results obtained in terms of flow field characteri-

zation, velocity field measurements, and rotor performance measurements. First, the rotor

performance measurements are presented for the rotors with the untwisted and twisted

blades operating in hover at different heights above the ground. Then, the flow field mea-

surements taken with the rotor operating out of ground effect are discussed. It is here that

the detailed structure, development, and evolution of the wake sheet is exposed. Further-

more, this section also documents the detailed interactions between the wake sheet and

newly formed tip vortex as they convect in the wake below the rotor. The corresponding

measurements performed with the rotor operating in ground effect are then discussed.

Finally, Chapter 4 gives the conclusions from the present study, and suggests addi-

tional avenues of research that could be conducted. For example, the wake sheets trailed

from both the untwisted and twisted blades were found to be comprised of small pairs

of counterrotating Taylor–Görtler vortices. These sheets were also found to significantly
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affect the near-wall flow field and, therefore, would be expected to significantly affect the

processes of particle mobilization and entrainment.
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Chapter 2

Description of the Experiments

2.1 Introduction

To help provide a better understanding of the intricate three-dimensional, unsteady

flow field produced below a hovering rotor, detailed flow visualization and particle im-

age velocimetry experiments were performed with the rotor operating both in and out of

ground effect. This chapter describes the experimental setup, the equipment used, the

experimental techniques and processes, and the challenges involved in undertaking these

types of experiments.

2.2 Rotor System

The measurements were conducted using a two-bladed teetering rotor system with

rectangular blades. The rotor had a radius of 0.408 m (16 inches), and the blades had

a mean chord of 44.5 mm (1.752 inches), as shown in Fig. 2.1. A NACA 2415 airfoil

was used throughout the blade length. The rotor was powered by a motor capable of

producing up to 4.5 hp and 19.5 ft-lb of torque. A combination thrust/torque cell was

used to measure the thrust produced and the torque needed for of the rotor system. The

accuracy of the balance was ±0.005 lb and ±0.00041 ft-lb in thrust and torque, respec-

tively. Flow measurements were performed with the rotor operating both in ground effect
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and out of ground effect in the hovering state, as shown in Figs. 2.2 and 2.3, respec-

tively. For the present experiments, the rotor was operated at a rotational frequency of

35 Hz (2,100 rpm), yielding a blade tip speed of 89.72 ms−1 (294.37 fts−1), correspond-

ing to a nominal tip Mach number and chord Reynolds number of approximately 0.26 and

266,077, respectively.

Two blade sets were tested to examine the effects of blade twist on the development

of the rotor wake: 1. A baseline untwisted blade, 2. A twisted blade with −17◦ of linear

twist from the rotational axis to tip. The blades were made of a Carbon-filled Nylon

12 material that provided the necessary tensile and flexural strength while maintaining a

relatively low weight. For the out of ground effect experiments, each blade was tested at

two blade loading coefficients, CT/σ, of 0.053 and 0.08, which were selected to represent

representative helicopter rotor operations at low and high thrust conditions, respectively.

However, only the higher thrust condition (i.e., CT/σ = 0.08) was tested with the rotors

operating in ground effect.

It was necessary to design a rotor hub with a mechanism that allowed the blade

pitch to be varied. Figure 2.4 shows a detailed view of the rotor hub, which allowed the

collective blade pitch, θ0, to be continuously varied between−15◦ and 25◦. The teetering

hinge design could accommodate either the one-bladed or two-bladed rotor configuration,

a counterweight being used in the case of the one-bladed rotor.

For these experiments, the rotor shaft was mounted horizontally with the rotor

blades rotating in a vertical plane. To simulate ground effect conditions, a circular ground

plane was used. Performance measurements were taken out of ground effect and with the

rotor plane situated at heights of z/R = 1.5, 1.0, and 0.5 above the ground; see Fig. 2.5.
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Figure 2.2: Schematic showing the experimental setup used to obtain flow field measure-

ments in the wake of the rotor when operating out of ground effect.
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Figure 2.3: Schematic showing the experimental setup used to obtain flow field measure-

ments in the wake of the rotor when operating in ground effect.
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Figure 2.4: Drawing showing all the individual parts that comprised the rotor hub.

For the particle image velocimetry (PIV) and flow visualization (FV) measurements, a

laser light sheet was aligned to be perpendicular to the plane traced out by the rotor blade

tips or tip path plane (TPP). Cameras (discussed later) were positioned with their view-

ing axis being orthogonal to the plane of the laser light sheet; see Figs. 2.2 and 2.3.

The cameras were focused to the desired regions of interest (ROI), as discussed later in

Section 2.5.4. While the lasers an cameras used varied between the PIV and FV measure-

ments, the setup was the same for both, as discussed in detail later in Sections 2.5.3 and

2.5.2.
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Figure 2.5: Schematic showing a side-view of the rotor and ground plane when the rotor

was operated in ground effect.
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2.3 Performance Measurements

Performance measurements were taken to determine the thrust generated and power

required by the rotor, both in ground effect (i.e., z/R of 0.5, 1.0, and 1.5) and also out of

ground effect, (i.e., z/R = ∞). Because the rotor shaft was mounted horizontally, the

combined load/torque cell experienced a bending moment, so a load cell was selected

that could measure up to 500 lb of thrust and 500 in-lb of torque. A 32 bit analogue-to-

digital (A/D) converter was used to convert the output voltage from the load cell into a

discretely sampled digital signal. Although the output voltage from the cell was relatively

small, the high sensitivity of the A/D converter allowed it to read the output signals with

low levels of amplification, which also minimized the potential of electrical interference

and noise; a low-pass filter was used to remove any remaining high frequency noise that

may have been present. The thrust and torque resolution (i.e.,±0.005 lb and±0.00041 ft-

lb, respectively) of the combined load/torque cell in terms of CT and CQ gave values of

±4.38x10−6 (i.e., 0.06% of the peak measured thrust coefficient) and ±2.74x10−7 (i.e.,

0.04% of the peak measured torque coefficient), respectively.

To determine the relationship between the output voltage and the applied loads, a

calibration was performed by using reference weights. The relationship between output

voltage and applied torques was determined using reference weights suspended at known

distances from the axis of rotation. Thrust and torque tares were also measured (i.e, with

the hub rotating without the rotor blades), and these tares were subsequently removed

from the measured balance values. Because both the thrust and power coefficients, CT

and CP, were dependent on the air density, a laboratory grade barometer and thermometer
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were utilized to measure the temperature and pressure and so calculate the local air density

using the properties of the international standard atmosphere (ISA). Daily changes in

air density required periodic adjustments of the collective pitch on the rotor system to

maintain a constant value of CT/σ

2.4 Ground Plane

Figure 2.6 shows the circular ground plane used for the rotor in ground effect mea-

surements. This plane had a diameter that was twice the rotor diameter and was mounted

on a gantry, thereby allowing it to be positioned at any desired distance or orientation from

the rotor disk plane. For the present work, performance measurements were taken out of

ground effect (i.e., with the ground plane removed) and in ground effect at distances of

z/R = 1.5, 1.0, and 0.5 away from the TPP. Honeycomb flow conditioning screens were

located upstream of the rotor, which reduced the measured values of the incoming turbu-

lence levels to less than 0.5% of Vtip [23].

Because flow recirculation in a rotor test cell is always a concern, a relatively large

test section volume was used (i.e., approximately 48 m3 or 1,600 ft3). The ground plane

was designed with flow control devices; flow diverters were mounted along the perimeter

of the ground plane, which directed the flow downstream and away from the rotor system.

2.5 Particle Image Velocimetry (PIV) System

The experiments utilized both flow visualization (FV) and particle image velocime-

try (PIV). While the basic experimental setup was the same in each case, the tests required
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Figure 2.6: Photograph of the rotor and ground plane used in performing the flow mea-

surements.
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slightly different types of equipment (i.e., different lasers, cameras, etc.). In each case,

the primary laser beam was reflected off a high intensity mirror and though convex and

spherical lenses. The convex lens converted the laser beam to a light sheet, and the spher-

ical lens thinned the sheet in the desired region of interest (ROI). From previous research

with these lenses [58], it is known that the light sheet is about 1 mm thick at its waist.

The cameras were oriented with their imaging axis aligned so that they were orthogonal

to the light sheet, focused to the desired regions of the flow, and synchronized to the laser

frequency. The process of synchronizing the laser and camera is discussed later in detail

in Section 2.5.3.

PIV was used because it could measure the flow field non-intrusively, other than for

seeding. The main advantage of PIV was the ability to measure the flow velocity over an

entire plane at an instant in time. For PIV, the flow was seeded with sub-micron tracer

particles (≈ 0.2µm) that were illuminated twice over a short time interval (∆t), which

was on the order of microseconds. A pair of images (image pair) was thus generated

from the Mie scattering from the tracer particles. The resulting image pair was then

sub-divided into thousands of smaller interrogation windows of base-2 dimensions (i.e.,

16x16, 32x32, 64x64 pixels, etc.) [85]. For each interrogation area, a defined cross-

correlation algorithm (i.e., direct, fast Fourier transform, Hart, Rohalay-Hart, etc.) was

used to calculate the pixel displacements (between the two images) of the seed particles in

the x and y directions, e.g., ∆x, ∆y, respectively. Upon completion of the cross-correlation,

the correlation peak was estimated based on a curve fit to the correlation signal using a

defined method (i.e., bilinear curve fit, three-point Gaussian, parabolic fit, centroid, etc.),

which provided the displacement of the particles to sub-pixel accuracy [58]. For the
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present work a Gaussian method was used.

A fast Fourier transform (FFT) algorithm was used to perform the cross-correlation

in the frequency domain before converting back to the spatial domain [86, 87]. The cor-

related pixel displacement (∆x, ∆y) in an interrogation area was then used to calculate the

local velocity vectors using the equation

(u,v) =
(∆x,∆y)

M∆t
(2.1)

where M is the image magnification and is defined by

M =
hi

ho
(2.2)

where hi is the camera imaging array size and ho is the object size. For the current ex-

periments, the magnification factors, M, were determined using a scale to be 0.11 for

the larger fields of view and 0.28 for the smaller fields of view (discussed later in Sec-

tion 2.5.4). The correlation procedure was repeated for all the interrogation areas in the

desired ROI, as shown for a typical vortex flow in Fig. 2.7. For the present measurements,

a signal-to-noise ratio of 2.0 was imposed.

The interrogation windows used were 16-by-16 pixels in size, which yielded the

necessary spatial resolution to resolve the velocity gradients in the vortex cores and trailed

vortex sheets. For the cross-correlations, an image deformation method with a 50% over-

lap was used, which increased the accuracy of the measurements without sacrificing spa-

tial resolution [88]. This deformation method also better resolved the high velocity gradi-

ents present in the wake of a rotor. Because the image deformation method was recursive

in nature, the interrogation window sizes were decreased from an initial size of 32-by-32

pixels to the final size of 16-by-16-pixels.
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Figure 2.7: Schematic of the basic algorithm used in the PIV analysis.

After the entire image had been correlated the spurious vectors were identified us-

ing a local median validation based on the 3-by-3 neighboring vectors. The spurious

vectors were replaced by interpolated vectors from the neighboring 3-by-3 vectors and

images containing more than 5% spurious vectors were removed from further analysis; in

practice, the rejected images were typically less than 2% of the total acquired.

2.5.1 Seeding of the Flows

Seed particles were produced by combining mineral oil and pressurized nitrogen

then heating it until the mixture vaporized. As the vaporized mixture interacted with the
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ambient air, it rapidly cooled and condensed into a dense white fog. From a calibration

[22], 95% of the seed particles were between 0.2 µm in diameter. Particles of 0.2 µm are

known to give minimal particle tracking errors in the velocity fields and velocity gradients

found in rotor wakes at this scale [89].

For the FV, a series of ducts were used to introduce seed at strategic points into

the flow field. This latter approach allowed the seed to be entrained into the desired

flow structures such as the tip vortices, producing concentrated bands of seed particles in

the images. While FV required larger amounts of seed to better highlight the important

flow structures, the PIV experiments needed a fairly sparse quantity of more uniformly

dispersed seed particles. Dispersing the seed in this manner allowed individual particles

to be identified in the PIV images, thereby providing better cross-correlations between

the image pairs.

2.5.2 Time-Resolved Flow Measurements

FV measurements in the rotor wake were performed using a high-speed flow mea-

surement system. This system allowed the temporal evolution of the wake to be doc-

umented as it was trailed from each of the rotor blades. This system also allowed the

individual vortical flow structures and other turbulent eddies to be tracked in time as they

were convected downstream into the far wake of the rotor when it was operating out of

ground effect, and into the flow region along the ground plane where the rotor was oper-

ating in ground effect.

The time-resolved flow measurement system comprised two main components a
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laser and camera. A dual diode-pumped Nd:YLF laser was used, which consisted of a

power unit, chiller, and laser head. The power unit provided power to the laser head as

well as controlling the laser settings (i.e., individual laser energy, shutter, repetition rate,

etc.). The chiller unit cooled distilled water to a temperature of 26◦F before pumping it

through the laser head to remove the heat that was generated. The laser head was capable

of producing two separate laser beams, one from each of the dual cavities, at a wave length

of 527 nm. A system of high intensity mirrors was utilized to direct the two laser beams

out of a single aperture on the front of the laser head. Each beam could be generated at

a maximum rate of 10,000 pulses per second (pps). However, the maximum energy per

pulse (10 mJ) was achieved only for rates up to 2,000 pps.

The camera used to perform FV experiments was a high-speed Phantom v641 fitted

with an 85 mm lens set to an f-stop of 1.8. The Phantom v641 has a 2,560 x 1,600 pixel

complementary metal oxide semiconductor (CMOS) sensor, which provided a maximum

spatial resolution of 4 Mp per image. At full resolution, the camera was capable of cap-

turing image pairs at a rate of 750 frames-per-second (fps), or individual images at 1,500

fps. For the current experiments, the camera was set to capture at a frequency of 750 Hz;

this frame rate provided the best illumination and spatial resolution in the desired ROI, in

addition to providing the temporal resolution necessary to track the individual flow struc-

tures that were present in the rotor wake. A high-speed controller was used to digitally

synchronize the laser pulses to the camera frame rate, this controller being connected to

a computer work station that was used to operate the entire system.
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2.5.3 Phase-Resolved flow Measurements

PIV experiments were performed using a phase-resolved system (PR-PIV) with

higher spatial resolution, which allowed the rotor wake to be examined with good detail

(i.e., greater than 1,500 measurement points per unit radius). However, the disadvantage

of this system was that it could only acquire data at a sub-multiple of the rotor frequency,

so the individual flow structures could not be continuously tracked in time throughout

the flow. However, although the flow features could not be continuously tracked, the

time-resolved FV results were used to target locations of the rotor wake for more detailed

measurements.

The PR-PIV system used a dual flashlamp pumped Nd:YAG laser. Similar to the

system used for FV, a universal power supply provided power to the laser head and con-

trolled the laser settings (i.e., individual laser energy, shutter, repetition rate, etc.). The

power supply was a single integrated cooling and electronic (ICE) unit, which provided

a compact design that allowed the laser system to be quickly repositioned for each ROI.

Deionized water was cooled in the ICE before being pumped through the laser head to

remove any excess heat. The laser head contained two Nd:YAG lasers fitted into a single

ruggedized monoblock. High intensity mirrors were incorporated to direct the two laser

beams out a single aperture. The beams had a wavelength of 532 nm and the laser was ca-

pable of firing at a maximum rate of 15 pulses per second with an energy of 200 mJ/pulse.

The cameras used were high-resolution cameras. Each camera had a 4008-by-2672

pixel resolution charge-coupled device (CCD) sensor, providing a maximum spatial res-

olution of 11 Mp per image. The camera operated at 4.2 frames per second (fps) cor-
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responding to 2.1 image pairs per second. However, for the current measurements the

cameras were operated at 1.2 fps to provide increased buffer time between successive

flow realizations. Given the same region of interest and interrogation window size, this

system yielded images of the flow field that were 2.75 times the spatial resolution that

was possible when using the high-speed PIV system.

Because the rotational frequency of the rotor (35 Hz) was greater than the maximum

imaging rate of the system (2 Hz), electronics and software were used to synchronize the

rotation of the rotor and with the imaging system. An infra-red (IR) sensor, mounted just

above the rotor shaft, provided the trigger. The one-per-rev output signal was converted

into a transistor-transistor logic (TTL) square-wave pulse before being read into a timing

hub. The timing hub could to be operated in five different modes, namely, continuous,

gated, triggered, re-triggered, and rate change. For the present experiments, the timing

hub was operated in re-triggered mode, which gave a TTL signal that pulsed approxi-

mately every seventh rotor revolution. The timing hub could also modify the TTL signal

with a phase delay that allowed the rotor flow field to be imaged at any desired blade

azimuthal position, ψb, shown in Fig. 3.11. Modifying the phase delay permitted the doc-

umentation of the flow as a function of “wake age” i.e., ζ = ψb+ i(360◦/Nb) where i = 0,

1, 2, etc. The wake age is a measure of the time since the vortex was generated, in terms

of the angular displacement (degrees of rotor rotation) of the corresponding blade. For

the current experiments 500 PIV image pairs were taken at wake age increments (∆ζ) of

30◦, and some smaller increments at earlier wake ages.
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Figure 2.8: Definition of wake age of a vortex filament trailed from a rotor blade and

blade azimuth position.

2.5.4 Regions of Interest

Figures 2.9 and 2.10 shows the primary regions of interest (ROIs) where PIV was

performed with the rotor operating out of ground effect and in ground effect, respectively.

To obtain the measurement resolution necessary to resolve the structure of the wake sheet,

multiple regions of interest (ROIs) were required. Because the wake generated by a rotor

can be aperiodic, instantaneous measurements taken in different ROIs cannot be easily

compared unless they are taken at the same time. Therefore, two 11 Mp cameras were

mounted adjacent to each other with a 60 mm overlap in their field of view, as shown

in Fig. 2.9. As previously discussed in Section 2.5, the cameras were aligned with their

imaging axis being orthogonal to the light sheet such that the two-components of the in-

plane velocity could be measured. Using two cameras to measure the flow field at the

52



same time allowed the temporally correlated images from each camera to be mosaiced

together. Each camera had an initial ROI of 270-by-180 mm (0.66-by-0.44 R), so that the

total field of view achieved after mosaicing was 480-by-180 mm (1.18-by-0.44 R). An

additional ROI (approximately 102-by-68 mm or 0.26-by-0.17 R) with higher resolution

(on the order of 3,000 measurement points per radius) was used to identify the behavior

of the tip vortices and vortex sheets. A laser pulse separation time of 6 µs was used in

ROIs 1 and 2, and and 2 µs in ROI 3.

The rotor in ground effect PIV measurements were performed using the two-bladed

rotor and with the untwisted and twisted blades, respectively. The rotor was placed at a

height of one rotor radius (z/R = 1.0) from the ground plane, and each blade set was tested

at a representative operating condition of CT /σ = 0.08. The blade pitch was readjusted to

achieve this operating thrust. The rotor in ground effect experiments were also performed

using the same cameras and setup discussed earlier in this section, yielding the same field

of view as the rotor out of ground effect experiments. Four additional ROIs were used

to track wake sheets and tip vortices as they were convected toward the ground and were

entrained into the developing flow over the surface of the ground plane; see Fig. 2.10.

2.5.5 Flow Measurement Challenges

There are many challenges associated with performing PIV, as well as unique chal-

lenges associated with performing PIV in rotor induced flow fields. For the present work

these challenges included: data processing and storage, image mosaicing and system

alignment, solid body surface reflections, and analysis techniques associated with grid-
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velocity field measurements were obtained using PIV.
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ding and masking near solid boundaries.

The high resolution of the cameras (11 Mp) used for the current work presented new

challenges in data processing and storage. Previous experiments with this rotor system

used primarily 4 Mp cameras to perform flow field measurements [23, 48, 90], which

generated raw image files that were on the order of 8 MB each. Whereas, the 11 Mp

cameras used in the current work generated raw image files that were on the order of

20 MB each; see Fig. 2.11. The higher resolution of the 11 Mp cameras also significantly

increased the average processing time per run from around 4 hours for the 4 Mp cameras

to greater than 24 hours for the 11 Mp cameras. The increase in camera resolution yielded

a total processing time of approximately 23 months and required more than 5 TB of

storage. To accommodate the large data storage requirements a Drobo data storage system

was selected. The Drobo system comprised 8 hard drive ports and provided hot swappable

drive capability with dual-disk redundancy. Using 3 TB hard drives the Drobo system

provided over 16 TB of data storage capability.

As previously discussed in Section 2.5.4, two cameras were used to measure the

flow field and the temporally correlated images from each camera were mosaiced to-

gether. The mosaicing process introduced new challenges in system alignment, as well

as in determining the necessary overlap region between the two ROIs. Because the ROIs

were combine together small misalignments in the each camera were exacerbated at the

mosaicing line. Therefore, it was necessary to ensure that the cameras were the same

distance from the light sheet, aligned orthogonal to the light sheet, and the light sheet

was vertical. Because the two ROis were being mosaiced together the amount of image

overlap needed to be determined; see Fig. 2.9. The overlap region was selected such that

55



Raw Image File (MB) Vector File (MB) Experiment (100 GB)  

4 Mp 11Mp 4 Mp 11Mp 4 Mp 11Mp 

Figure 2.11: Comparison of data storage requirements associated with an increase in

camera resolution from 4 Mp to 11 Mp.
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a spatial point of commonality could be identified without sacrificing too much of the

overall field of view. For the current work an overlap of 60 mm was selected.

When the laser light reflects off a solid surface, the resulting intensity can be signifi-

cantly higher than the Mie scattering from the seed particles in the flow, making it difficult

to obtain good cross-correlations with the PIV image pairs. An example of this latter issue

is shown in Fig. 2.12a. Several techniques were implemented to reduce or eliminate these

surface reflections, namely, paint selection, judicious alignment of the laser sheet relative

to the ground plane, and periodic cleaning of the ground plane to remove any oil from

the condensed seed particles; see Fig. 2.12b. While several different types of paint were

evaluated, only flat black paint was effective in reducing the surface reflections. Laser

alignment also resulted in a substantial reduction in surface reflections. Specifically, the

light sheet was aligned such that the ground plane bisected the light sheet, resulting in the

centerline of the light sheet being parallel to the surface of the ground plane. Although

this laser alignment method resulted in some of the laser light sheet energy being lost

below the ground plane, it still provided the necessary illumination in the desired ROI.

An additional challenge associated with performing PIV near solid boundaries arises

from the spatial misplacement of the velocity vector because the interrogation window

overlaps the boundary interface. Because PIV algorithms naturally place the vectors at

the center of the interrogation window, if the window overlaps the boundary the correla-

tion window will not coincide with the center of the window; see Fig. 2.13. Therefore, it

would be necessary to adjust the spatial location of the correlated vector such that its final

location coincided with the center of the correlated region [91]. To alleviate this issue the

bottom of the first correlation windows were anchored to the boundary, and defined such
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(a) Before

(b) After

Figure 2.12: Reflections off the ground plane (a) before and (b) after the implementation

of reduction techniques.
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Figure 2.13: Relocation of correlated vector when the interrogation windows overlap the

interface.

that no windows overlapped the boundary.

2.6 Uncertainties in the Measurements

Sources of uncertainty in the flow measurements using PIV include tracking errors

of the tracer particles, background noise, interrogation window size, pulse separation

time, and laser light reflections. Because the seed particles do not perfectly follow the

flow, errors in the velocity field measurements can arise. However, the seed particles used

in the present work were such that these errors were relatively small [89].

Background noise was a result of noise in the camera signal, and manifested as ar-

tificial intensities in the raw image that can produce erroneous correlations. To limit such

errors, a minimum signal-to-noise ratio of 2.0 (i.e., higher than previous PIV measure-

ments [3, 23, 26, 58]) was used to assess the validity of each vector.

Because the seed particles are assumed to have linear motion between image frames,
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flow curvature and shearing is always a concern when performing PIV in flow fields with

significant vorticity concentrations To minimize such errors the pulse separation time was

chosen to be as small as possible while maintaining the necessary particle displacement

to obtain good correlations, i.e., a displacement of about one-quarter the interrogation

window size.

As previously discussed in Section 2.5.4, an image deformation method was im-

plemented to removed the errors that were associated with large velocity gradients [88].

Laser light reflections can obscure the tracer particles in the raw images, resulting in a

loss of signal or erroneous velocity vectors.

The components of the uncertainty in the velocity field measurements were deter-

mined using the method discussed by Ramasamy and Leishman [58] and Lazar et al. [92].

A breakdown of the error associated with the current measurements, as well as the cor-

responding uncertainty in the measured velocity field, is shown in Table 2.1. The total

propagated uncertainty in the flow velocity measurements was estimated using the equa-

tion

∆U =

√(
∆εa

∂U
∂a

)2

+

(
∆ε∆t

∂U
∂∆t

)2

+

(
∆εM

∂U
∂M

)2

+

(
∆εc

∂U
∂c

)2

(2.3)

where εa, ε∆t , εM, and εc correspond to the uncertainties in the particle acceleration, pulse

separation time, magnification factor, and particle curvature. The estimated uncertainty

in the measured velocity fields was determined to be 1.5% in the mosaiced ROI and 1.0%

in the blade tip ROI, as summarized in Table 2.1.
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Table 2.1: Errors associated with the PIV measurements and the uncertainty in the mea-

sured velocity field.

Mosaiced ROIs Blade Tip ROI

Diffraction limited minimum image diameter, ddiff, µm 4.04 6.68

Particle image diameter, dτ, µm 4.04 6.68

Random error, σrand, µm 0.28 0.334

Acceleration uncertainty, εa 1.24 0.350

Curvature uncertainty, εc 0.0034 0.0012

Magnification uncertainty, εM 0.00775 0.0095

Pulse separation time uncertainty, ε∆t 0.00017 0.0005

Uncertainty, % of the peak velocity 1.5 1.0
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2.7 Summary

The present chapter has discussed the experimental setup and procedures used to

make the various measurements. The main components of the experimental setup in-

cluded the rotor system, a load cell, and the various flow field measurement systems (i.e.,

PIV). This chapter has also discussed the technical challenges involved in performing

the measurements, as well as the errors associated with the PIV measurements and the

resulting uncertainty in the velocity field data.

As discussed in Section 2.2, the rotor system used was a two-bladed teetering rotor

design with rectangular blades. Tests were conducted on: 1. A baseline untwisted blade,

and 2. A twisted blade with −17◦ of linear twist from the rotational axis to tip. Flow

field measurements were performed both out of ground effect and in ground effect with

the rotor in the hovering state. For the out of ground effect flow measurements, each rotor

was tested at two blade loading coefficients, namely CT/σ, of 0.053 and 0.08. However,

for the in ground effect flow field measurements, only the higher blade loading coefficient

was tested.

Performance sweeps (i.e., thrust and power measurements, as discussed in Sec-

tion 2.3) were performed with the rotor hovering out of ground effect and in ground effect

at three rotor heights. Sections 2.5.2 and 2.5.3 have discussed the experiments performed,

which used both FV and PIV.

The technical challenges associated with performing PIV measurements near solid

boundaries were discussed in Section 2.5.5. Several techniques were implemented to

mitigate or eliminate these issues. Specifically, surface treatment and judicious alignment
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of the laser relative to the ground plane were used to limit the reflections.

As discussed in Section 2.6, uncertainties in the PIV flow field measurements can

arise from particle tracking errors, background noise, interrogation window size, and laser

pulse separation time. The interrogation window size, laser pulse separation time, and

seed particle size were judiciously chosen to minimize such errors. For the present work,

the estimated uncertainty in the measured velocity field was found to be 1.5, and 1.0 % of

the peak velocity in the larger and smaller ROIs, respectively.
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Chapter 3

Results and Discussion

3.1 Introduction

As discussed in Chapter 1, the wake generated by a hovering rotor is comprised of

vortices trailed from the blade tips as well as wake sheets trailed from along the span of

each rotor blade. The details of the formation and roll-up of the vortical wake behind

a rotor blade is directly related to the distribution and magnitude of the aerodynamic

loads that are produced along the blade span, i.e., the distribution of bound circulation

and the circulation gradient. Specifically, the blade twist, operating disk loading and

blade loading coefficient and the rotor height above the ground, all significantly affect the

distribution of bound circulation over the blade. Therefore, the questions that the current

work aimed to answer were:

1. Do the effects of rotor thrust and blade twist (i.e., the thrust distribution over the

rotor disk) significantly affect the development and evolution of the tip vortices and

the wake sheets as they are convected downstream of a rotor? If so, what were the

fluid dynamics that were responsible for these differences?

2. Do any of these effects change when the rotor is hovering in ground effect versus

when it is operating away from the ground? If so, what might the implications be

on the flow environment that is produced at the ground and the potential effects on

64



the problem of brownout?

3. Does blade twist have an affect on the flow near the ground after the dominant

flow features (i.e., the tip vortices and wake sheets) have been convected and aged

significantly in the downstream wake? In other words, do the trailed wake sheets

persist in the flow to older wake ages and so contribute significantly to the flow

environment near the ground plane?

The present study has examined the formation and evolution of the wake sheets and asso-

ciated blade tip vortices that were generated by a rotor with untwisted and twisted blades.

The rotor was operated both out of ground effect and in ground effect, as previously de-

scribed in Chapter 2.

3.2 Performance Measurements

The measured power coefficient, CP, versus the ideal power coefficient, CPideal is

shown in Fig. 3.1 for the rotor operating out of ground effect (i.e., at z/R = ∞) and in

ground effect (i.e., at z/R of 1.5, 1.0, 0.5, respectively). A least-squares fit to the mea-

sured performance data was performed using modified momentum theory [63]. The two-

dimensional profile drag on the airfoil sections was assumed to vary according to the drag

polar given by

Cd =Cd0 +Cd1α+Cd2α
2 (3.1)

where α is the blade section angle of attack, Cd0 is the mean zero-lift profile drag coeffi-

cient, and Cd1 and Cd2 are empirical constants. Using the quadratic profile drag polar, the
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integrated profile power coefficient for the rotor, CP0 , can be written as

CP0 =
σCd0

8
+

(
2Cd1

3Clα

)
CT +

(
4Cd2

σC2
lα

)
C2

T (3.2)

where σ is the rotor solidity, Clα is the two-dimensional lift-curve-slope of the airfoil sec-

tions (discussed next), and CT is the rotor thrust coefficient. The total power coefficient,

CP, for the rotor becomes

CP =CP0 +
κC3/2

T√
2

=
σCd0

8
+

(
2Cd1

3Clα

)
CT +

(
4Cd2

σC2
lα

)
C2

T︸ ︷︷ ︸
profile

+
κC3/2

T√
2︸ ︷︷ ︸

induced

(3.3)

where κ is the induced power factor that accounts for many nonideal effects (i.e., nonuni-

form inflow, tip losses, nonideal wake contraction, etc.) [63]. The values of Cd0 , Cd1 , Cd2 ,

and Clα were determined from the measured airfoil characteristics given in Ref. 4 (see

Fig. 3.2) to be 0.0101, 0.00458, 0.3282, and 5.953, respectively. The induced power fac-

tor, κ, was the determined using a least squares fit of Eq. 3.2 to the measured data shown

in Fig. 3.1.

At higher values of rotor thrust, the induced losses dominate the power required

and the slope of the power coefficient (CP) versus the ideal power coefficient (CPideal) line

approaches the value of κ. When operating out of ground effect, the induced power factors

of the two rotors were determined to be 1.1612 and 1.1336 for the untwisted and twisted

blades, respectively. When the rotors were operated at zero thrust, the inboard sections

on the twisted blade produced positive thrust (i.e., they operated at a positive angles of

attack) whereas the outboard sections produced a negative thrust. Therefore, the values

of CP0 measured for the twisted blade were found to be slightly higher than that of the

untwisted blade, as shown in Tables 3.1 and 3.2.
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The induced power factors, κ, and mean profile drag coefficient, Cd0 , determined for

the three rotor heights off the ground as well as out of ground effect are given in Tables 3.1

and 3.2. It is interesting to note that both blade sets produced an increase in the induced

power factor as the rotor was moved from out of ground effect operation to a rotor height

of z/R = 1.5. However, as z/R was decreased further, the induced power factor for the un-

twisted blade was seen to decrease; see Table 3.1. For z/R≤ 1.0 the induced power factor

for the untwisted blade was just less than 1.0, which indicated that the ground decreased

the induced losses associated with hovering flight. While the induced power factor for

the rotor with the twisted blades also decreased as z/R decreased, the performance gains

were less pronounced as compared to the untwisted blades; see Table 3.2.

One measure of rotor efficiency is the value of the figure of merit (FM) as given by

FM =
CPideal

CP
(3.4)

where CP is the actual power required to hover and CPideal is the ideal power required to

hover and is defined by the equation

CPideal =
C3/2

T√
2

(3.5)

where CT is the rotor thrust coefficient, as before. Figure 3.3 shows the variation of the

values of FM for the rotor with untwisted and twisted blades as a function of the blade

loading coefficient, CT /σ, for the each of the operating conditions tested. As expected,

decreasing the rotor height above the ground resulted in an increase in the values of FM

(see Fig. 3.3) and a decrease in the power required to hover at a given thrust (see Fig. 3.4).

The rotor with untwisted blades experienced the most significant increase in the peak

values of FM, which increased by approximately 20% relative to the out of ground effect
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Operating state OGE r/R = 1.5 r/R = 1.0 r/R = 0.5

Induced power factor, κ 1.1612 1.1732 0.9104 0.7739

Table 3.1: Induced power factor and mean profile drag coefficient for the rotor with un-

twisted blades when operated at various heights above the ground.

Operating state OGE r/R = 1.5 r/R = 1.0 r/R = 0.5

Induced power factor, κ 1.1336 1.1494 1.1278 1.0361

Table 3.2: Induced power factor and mean profile drag coefficient for the rotor with

twisted blades when operated at various heights above the ground.

values; see Fig. 3.3a. Conversely, the twisted blades exhibited a much less significant

increase in the values of the FM from the maximum out of ground effect (i.e., FM =

0.55) to the maximum in ground effect (i.e., FM ≈ 0.65), as shown in Fig. 3.3b. On one

hand, the increased efficiency of the rotor with the untwisted blades in ground effect can

most likely be attributed to changes in the inflow distribution resulting from the presence

of the ground. On the other hand, the addition of twist to the blade modified the inflow

distribution and, therefore, the presence of the ground most likely had less of an effect on

the inflow distribution. These effects are discussed later from the perspective of the flow

field measurements.
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(a) Out of ground effect

(b) In ground effect at z/R = 1.5

Figure 3.1: Plot of the measured power coefficient versus ideal power coefficient for each

rotor operated operated: (a) Out of ground effect (z/R = ∞); (b) z/R = 1.5; (c) z/R = 1.0;

and (d) z/R = 0.5.
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(c) In ground effect at z/R = 1.0

(d) In ground effect at z/R = 0.5

Figure 3.1: (Cont’d) Plot of the measured power coefficient versus ideal power coefficient

for each rotor operated : (a) Out of ground effect (z/R = ∞); (b) z/R = 1.5; (c) z/R = 1.0;

and (d) z/R = 0.5.

70



(a) Lift coefficient

(b) Drag coefficient

Figure 3.2: Plot showing the measured values of the lift and drag coefficients versus angle

of attack in the low angle of attack regime. Data from Ref. 4.
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(a) Untwisted blade

(b) Twisted blade

Figure 3.3: Plot of the figure of merit versus blade loading coefficient for different rotor

heights above the ground for a rotor with: (a) Untwisted blades and (b) Twisted blades.
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(a) Untwisted blade

(b) Twisted blade

Figure 3.4: Plot of the power loading coefficient versus blade loading coefficient for

different rotor heights above the ground for a rotor with: (a) Untwisted blades and (b)

Twisted blades.
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3.3 Out of Ground Effect Flow Field Measurements

While an examination of the flow field produced by a rotor operating in ground

effects is critical to better understanding the problem of brownout, analyzing the flow

field generated by a rotor operating out of ground effect can yield significant insight into

the initial development and evolution of the wake sheets and the tip vortices.

3.3.1 Flow Visualization

To obtain good flow visualization (FV), the seed was judiciously introduced into the

flow in concentrated bands to highlight the primary flow structures. Figures 3.5 and 3.6

show representative FV images for each blade set and at each blade loading coefficient,

with the reference blade in this case being at ψb ≈ 30◦, i.e., the blade had just passed

through the light sheet. The FV images showed that the untwisted and twisted blades

produced qualitatively similar flow fields, with a dominant vortex being trailed from the

blade tip and an associated wake sheet being trailed behind the entire blade. Notice that

the nominally helicoidal rotor wake intersected the laser light sheet at wake age incre-

ments of ∆ζ = (360◦/Nb), which corresponded to wake ages of ζ = ψb + i(360◦/Nb)

where i = 0, 1, 2, etc. For the present case, a rotor with two blades (Nb = 2) at a blade

azimuth angle of approximately 30◦ (ψb≈ 30◦), this condition corresponded to wake ages

of ζ = 30◦, 210◦, 390◦, etc.

The blade tip vortices can be identified by the presence of darker almost circular

regions in the FV, which arises from the small but finite centrifugal and Coriolis forces

that act upon the seed particles. However, these darker regions are not completely devoid
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(a) Untwisted blade, CT/σ = 0.053

Rotor plane
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ζζ == 2 1 0 oV o r t e x s h e e t

(b) Untwisted blade, CT/σ = 0.080

Figure 3.5: Representative flow visualization images at two rotor thrusts taken in the rotor

wake near the tip of the untwisted blades at a blade reference angle of ψb ≈ 30◦: (a) CT/σ

= 0.053; (b) CT/σ = 0.080.
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(a) Twisted blade, CT/σ = 0.053
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(b) Twisted blade, CT/σ = 0.080

Figure 3.6: Representative flow visualization images at two rotor thrusts taken in the rotor

wake near the tip of the twisted blades at a blade reference angle of ψb ≈ 30◦: (a) CT/σ

= 0.053; (b) CT/σ = 0.080.
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of seed particles, which allowed PIV measurements to be obtained. Furthermore, the

radial dimensions of the darker regions do not necessarily reflect changes in the local

flow structure or vortex strength because seeding can vary between FV images. The wake

sheets, which are of primary interest in the present work, can be easily identified by the

shear layer (i.e., discontinuities in the smoke streaklines) that form initially almost parallel

to the trailing edge of the blades. While these shear layers are often referred to as a wake

sheet, strictly speaking a “wake sheet” is only obtained when the vorticity lies in a surface

of zero thickness. Nevertheless, it is convenient for further discussion to refer to this flow

feature as a wake sheet.

The FV results also indicated that the tip vortices produced by the untwisted blades

rolled-up almost immediately behind the trailing edge, and could be considered fully-

formed at a wake age as early as ζ = 3◦. However, the tip vortices produced by the

twisted blades appeared to take somewhat longer to roll-up, and not until ζ≈ 15◦ to 20◦

did they appear to have fully-formed. Although the rotor was operated at the same thrust

and CT/σ, the differences in the vortex roll-up seen in the flow visualization may be a

consequence of the changes in the loading distributions produced over the tip region of

each blade set.

The structure and behavior of the wake sheets are of particular interest in the present

work, which as mentioned previously appeared as shear layers that were trailed behind the

full span of each of the blades. At the most basic level, these shear layers are formed as a

consequence of the merging of the boundary layers off the upper and lower surfaces of the

blades. Furthermore, these sheets contained an initial vortical strength (i.e., distribution

of circulation strength) that was related to the magnitude and spanwise gradient of lift
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Figure 3.7: Schematic showing the nature of the bound circulation distribution along the

rotor blade and the corresponding flow features trailed into the wake by a rotor.

(i.e., the “bound” circulation) over the blade, as shown in Fig. 3.7. The spanwise gradient

of lift can be reconciled with classical lifting-line theory, which states that the trailed

circulation strength, dΓw, is proportional to the local circulation gradient [93], i.e.,

dΓw =

(
∂Γb

∂r

)
dr (3.6)

where ∂Γb/∂r is the local circulation gradient along the rotor blade and dr is the radial

distance over which the change in circulation occurs.

Initially, the wake sheets were trailed directly behind the entire blade span (see

Fig. 3.5 and 3.6), however, the subsequent behavior of the wake sheets depend on many

factors. Specifically, as the sheets and tip vortices convected in the nonuniform flow
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below the rotor disk they experienced various forms of distortions; see Figs. 3.5 and 3.6.

Furthermore, a comparison of Figs. 3.5 and 3.6 showed that the wake sheets produced by

the rotor with twisted blades appeared to be significantly thicker and more turbulent than

the sheets produced by the untwisted blades.

As previously documented by Landgrebe [36–38], the wake sheets produced by a

rotor with untwisted blades convect relatively non-uniformly, with the fastest axial con-

vection being near the blade tip. The faster axial convection below the tip region caused

the portion of the sheet below the blade tip to assume a pronounced downward orientation

relative to the rotor TPP, as shown in Fig. 3.5. The wake sheets produced by the untwisted

blades were also seen to take on two different slopes (i.e., a negative slope inboard and

positive slope outboard) at a local point on the sheet; this latter effect occurred as a con-

sequence of the local interactions of the sheet with the adjacent tip vortex. Conversely,

the wake sheets produced by the twisted blade were observed to convect more uniformly,

resulting in the portion of the sheet near the tip assuming an upward orientation relative

to the rotor TPP; see Fig. 3.6.

The FV results also showed that turbulent eddies originating from the vortical sheet

underwent a process of stretching and relaminarizaton as they were entrained into the tip

vortex cores. This behavior was a consequence of the high rotational flow accelerations

found in the core region [53,55,56], which suppressed the creation of turbulence and can

even lead to rotational stratification of existing turbulence. The FV shown in Figs. 3.5

and 3.6 confirms that a smooth, eddy-free, almost laminar flow existed in the vortex core

regions. Ramasamy & Leishman [58], studied the foregoing behavior in terms of a ro-

tational stratification effect using a Richardson number (i.e., a measure of the ratio of
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turbulence produced or consumed inside the vortex to the turbulence produced by shear).

The Richardson number can be written as

Ri =

(
2Vθ

r2

)
∂(Vθr)

∂r(
r

∂(Vθ/r)
∂r

)2 (3.7)

where r is the radial distance from the vortex core, and Vθ(r) is the swirl velocity profile.

Ultimately, if the local Richardson number is above the threshold (i.e., Ri ≈ Re1/4
v ) tur-

bulence cannot form [55, 56, 58]. The ability of the tip vortex core to remain above the

threshold (i.e., maintain a laminar core) helps to explain why the tip vortices persisted to

older wake ages and significant downstream distances compared to the vortices contained

in the wake sheet (as discussed in more detail later in Section 3.3.2.3).

For the rotor with the twisted blades when it was operated at the lower value of

CT/σ (i.e., 0.053), it was interesting to note the lack of coherent tip vortices after about

one rotor revolution (i.e., for ζ ≥ 360◦). Figure 3.8 shows a time-history of the wake

produced behind the twisted blade at this condition for wake ages of approximately 125◦

to 215◦. By ζ = 125◦, the tip vortex appeared to have fully rolled-up and had begun to

convect axially downward in the rotor wake. However, because the tip vortex remained

closer to the TPP of the rotor, as the following blade passage occurred (see Fig. 3.8b) it

directly interacted with the tip vortex, as detailed in Fig. 3.8c. Such direct or head-on

interactions of the blade with a tip vortex (i.e., a form of perpendicular blade vortex inter-

action or BVI) caused the rapid diffusion of the vorticity in the vortex core. Consequently,

in this case no distinguishable vortices were present in the rotor wake after approximately

one rotor revolution (i.e, for ζ≥ 360◦); see Fig. 3.8d.
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(a) ζ = 125◦

(b) ζ = 155◦

Figure 3.8: Flow visualization time-history of a tip vortex trailed from the rotor with

the twisted blades operating at CT/σ = 0.053 showing the consequences of the direct

interaction of the trailed tip vortex with the following blade.
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(c) ζ = 185◦

(d) ζ = 215◦

Figure 3.8: (Cont’d) Flow visualization time-history of a tip vortex trailed from the rotor

with the twisted blades operating at CT/σ = 0.053 showing the consequences of the direct

interaction of the trailed tip vortex with the following blade.
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3.3.2 Particle Image Velocimetry (PIV)

3.3.2.1 Wake Displacements

Figures 3.9 and 3.10 quantify the locations of the tip vortices and the wake sheets

as a function of wake age for each rotor at each of the values of CT/σ. The results showed

that the wake sheets produced by the untwisted blades convected faster below the blade tip

region, with very little axial convection of the sheets near the blade root. In this case, the

more linear spanwise downwash distribution in the wake below the rotor was the source of

this non-uniform convection, which also resulted in a smaller axial distance between the

wake sheets; see Fig. 3.9. However, because the rotor with the twisted blades produced

a more uniform velocity distribution in the wake (discussed next) the sheets convected

more uniformly, resulting in larger axial distances between adjacent sheets, as shown in

Fig. 3.10.

Notice from Figs. 3.9 and 3.10 that a wave-like perturbation was formed on the

wake sheets shortly after they were trailed from the blades. This perturbation was more

pronounced on the sheets produced by the twisted blades, and initially grew relatively

quickly in amplitude as the sheet aged; see Figs. 3.10a and 3.10b. However, as the sheets

convected further axially downward in the wake, they were stretched by the non-uniform

velocity field (discussed quantitatively next), which appeared to suppress any additional

growth in the wave amplitude. Furthermore, the wake sheets trailed by the untwisted

blades were seen to take on two distinct slopes relative to the TPP (i.e., negative inboard

and positive outboard), as discussed previously and shown in Fig. 3.9. Figure 3.10a also

shows that at the lower value of CT/σ, the tip vortices produced by the twisted blades
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(a) Untwisted blade, CT/σ = 0.053

(b) Untwisted blade, CT/σ = 0.080

Figure 3.9: Plot of the axial and radial locations of the wake sheets and tip vortices for

the rotor with the untwisted blades: (a) CT/σ = 0.053; (b) CT/σ = 0.080.
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(a) Twisted blade, CT/σ = 0.053

(b) Twisted blade, CT/σ = 0.080

Figure 3.10: Plot of the axial and radial locations of the wake sheets and tip vortices for

the rotor with the twisted blades: (a) CT/σ = 0.053; (b) CT/σ = 0.080.
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were convected axially more slowly than for the other cases, the outcome being that it

caused the following blade to collide with the tip vortex at early wake ages, a behavior

previously discussed and shown in Fig. 3.8.

The radial and axial positions of the center of the vortex core (determined using

the Q-criterion and discussed in Appendix B) as a function of wake age are summarized

in Fig. 3.10a. It is clear from Fig. 3.11a that the wake produced by the rotor with the

twisted blades contracted radially inward significantly more than the untwisted blades.

While the radial position of the tip vortices varied with both blade twist and rotor thrust,

smaller variations were seen in the axial position of the tip vortices, which was a direct

consequence of the differences in the axial convection velocities; see Fig. 3.11b. No-

tice that, the rate at which the vortices convected axially (i.e, the slope of the curves in

Fig. 3.11b) was seen to increase suddenly after the passage of the following blade, similar

to the results first observed by Landgrebe [36–38] and Kocurek & Tangler [39], as well

as other investigators. It is interesting to note that the vortices produced by the rotor with

twisted blades (when operating at the higher value of CT/σ) convected axially at approx-

imately the same rate as the vortices produced by the untwisted blades (when operating

at the lower value of CT/σ), which was a consequence of the differences in the spanwise

downwash distribution in the wake (discussed next).

3.3.2.2 Averaged Velocity Field Measurements

Figures 3.12 and 3.13 show the time-averaged velocity fields in the wake of each

of the rotors with untwisted and twisted blades, respectively. The results confirmed that
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(a) Normalized radial distance

(b) Normalized axial distance

Figure 3.11: Summary of the radial and axial tip vortex locations in the rotor wake as a

function of wake age, ζ, for the rotors with the untwisted and twisted blades: (a) Normal-

ized radial distance; (b) Normalized axial distance.
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the twist of the blade significantly affected the distribution of the axial velocity in the

downstream wake. Notice that in each case, the rotor wake initially contracted and so

the velocity of the slipstream increased with distance downstream from the rotor disk,

as would be expected based on conservation of mass within the slipstream boundaries.

The contraction of the wake also affected the axial displacement of the wake sheets. As

previously discussed in Section 2.5.5, any abrupt change in the velocities seen at the upper

boundary between the mosaiced measurements are erroneous and are an artifact of local

blade surface reflections in the PIV images, which cannot be completely avoided.

The axial flow velocities in the wake below the rotor with the twisted blades was

found to be more uniformly distributed, with the highest values occurring around mid-

span; see Fig. 3.13. Conversely, the untwisted blades produced a velocity distribution

that was biased toward the blade tip, with the lowest axial velocities being found inboard

of mid-span. As noted by Landgrebe [36–38], an increase in the slipstream velocities at

higher values of rotor thrust (i.e., those associated with the increase of the rotor disk load-

ing) lead to the tip vortices and wake sheets both being convected axially more quickly

in the downstream wake. As a consequence, the helical pitch was increased between ad-

jacent turns of the rotor wake. As shown in Ref. 44, a higher helical pitch decreases the

susceptibility of the downstream wake to the development perturbations and instabilities

because fewer interactions occur between adjacent turns of the vortex wake.

The flow velocities induced in the wake are, of course, directly related to the circu-

lation strength of the vortices. Namely, a higher circulation strength would be expected

to produce higher flow velocities. Bhagwat and Leishman [60] showed that the initial cir-

culation strength of the tip vortices was approximately 70% of the estimated peak bound
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circulation on the blades. While it is possible to measure the bound circulation along the

span of the blade [60], there are many challenges involved in doing so. However, the

results obtained using a model (in this case a free-vortex method) can provide a good

estimate of the distribution of bound circulation on the blade and can also help to explain

the nature of some of the wake measurements shown in the present work.

Figure 3.14 shows the spanwise distribution of bound circulation for the rotors with

the untwisted and twisted blades at the two thrust conditions, as calculated using the free-

vortex method [94]. A comparison of the results given in Fig. 3.14 indicated that the

addition of blade twist off-loaded the blade tip region and also reduced the peak value

of bound circulation, the calculated peak bound circulation along the twisted blade being

approximately 75% of the peak bound circulation along the untwisted blade, which is

consistent with experimental measurements. Therefore, the tip vortices produced by the

rotor with the twisted blades would be expected (based on the free-vortex method) to

contain 25% less circulation than the corresponding tip vortices produced by the untwisted

blades.

This latter conclusion is supported by the PIV results shown in Figs. 3.15 and 3.16,

which show the total flow velocities in the wake produced below the two rotors at a

reference blade azimuth angle of ψb = 10◦. The tip vortices produced by the rotor with

the untwisted blades induced significantly higher local flow velocities compared to the

vortices produced by the twisted blade. As previously discussed, the tip vortices produced

by the rotor with the untwisted blades when operating at the lower thrust condition were

convected axially through the flow somewhat faster than the vortices produced by the

twisted blades and were, therefore, below the rotor TPP when the following blade passage
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Figure 3.14: Predictions of the spanwise distributions of bound circulation for the un-

twisted and twisted blades at each rotor thrust condition using a free-vortex method.
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occurred, as discussed previously in Section 3.3.1. The faster axial convection allowed

the vortices produced by the untwisted blade to persist in the wake to significantly older

wake ages (i.e., to ζ > 450◦) compared to the twisted blades (to ζ ≤ 360◦), a behavior

that affected the overall structure of the developing wake; see Fig. 3.15a and 3.16a. The

persistence of the tip vortices produced by the rotor with the untwisted blades would also

be expected to significantly affect the flow field near the ground.

As previously discussed, the differences seen between the two blade sets can be

attributed to changes in their loading distribution (i.e., to the bound circulation on the

blade), specifically the offloading of the tip region of the twisted blade; see Fig. 3.14.

While differences in the wake flows between the two blade sets were found to be some-

what less at the higher rotor thrust, some differences were still apparent inboard near

the blade root where the twisted blades produced relatively higher flow velocities; see

Fig. 3.16. Specifically, in the downstream contracted wake the flow velocities were noted

to be significantly higher when using the twisted blades. Furthermore, in this case the

flow near the root of the blade appeared to be more turbulent and also showed the signa-

ture of a more concentrated region of vorticity that was indicative of a root vortex, which

is discussed further in Section 3.3.2.3.

3.3.2.3 Vorticity in the Wake

Previous work has shown that the wake sheets trailed behind a rotor blade consist

of small pairs of counterrotating vortices [22], which are usually called Taylor–Görtler or

T–G vortices [95]. These T–G vortex pairs can be seen in Figs. 3.17 and 3.18 by the red
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and blue vorticity contours, i.e., vorticity of clockwise and counterclockwise rotations,

respectively. Notice that the much larger regions of concentrated vorticity indicate the

presence of the tip vortices.

The signatures of the tip vortices trailed by the twisted blades can be seen in

Fig. 3.18, and the vortices remain in close proximity to the wake sheet. Locally high

induced velocities in the wake sheet, resulting from the closer proximity of the tip vor-

tices to the sheet can lead to an increased susceptibility to vortex–wake sheet interactions.

These interactions can significantly affect the subsequent behavior of the wake sheet.

Conversely, the tip vortices produced by the untwisted blades convected axially further in

the wake, thereby minimizing the interactions between the wake sheet and the previously

trailed tip vortex.

Compared to the rotor with untwisted blades, the twisted blades were noted to pro-

duce a significantly more intense wake sheet containing stronger vorticity and a higher

total circulation (of similar overall magnitude to that the tip vortex). Lifting-line the-

ory [93] shows that the distribution of circulation trailed into the wake will depend on the

spanwise circulation gradient along the rotor blade, as previously shown in Eq. 3.6. The

addition of blade twist biases the production of more lift and circulation further inboard

(see Fig. 3.14) and it is, therefore, expected that more circulation will be initially trailed

into the wake sheet rather than rolling up into the tip vortex. However, the instantaneous

vorticity contours shown in Figs. 3.17 and 3.18 were found to be significantly different

to the mean values of vorticity because of the presence of the T–G vortex pairs. Further-

more, the measurements indicated that in most cases one of each T–G pair was actually

somewhat stronger than the other.
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Figure 3.17: Contours of instantaneous vorticity in the wake below the rotor with the

untwisted blades at ψb = 10◦: (a) CT/σ = 0.053; (b) CT/σ = 0.080.
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Figure 3.18: Contours of instantaneous vorticity in the wake below the rotor with the

twisted blades at ψb = 10◦: (a) CT/σ = 0.053; (b) CT/σ = 0.080.
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An ensemble phase-average of the vorticity where the blade was at ψb = 30◦ is

shown in Figs. 3.19 and 3.20, with the tip vortices and wake sheets being identified by

concentrations of vorticity and a thin band of vorticity, respectively. Figure 3.19 shows

that the wake sheet was comprised of vorticity of entirely opposite sign to that of the tip

vortex, except for the outboard region. The sign of the mean vorticity contained in the

wake sheet followed the expected distribution of bound circulation along the blade; see

Fig. 3.14. Similar results can also be seen in the wake produced by the twisted blades, as

shown in Figs. 3.20a and 3.20b, with the outboard 40% of the sheet containing the same

sign of vorticity as the tip vortex and the inboard 60% of the sheet containing vorticity of

the opposite sign.

Notice that compared to the untwisted blades, the twisted blades (at both the higher

and lower rotor thrust conditions) produced a notable region of vorticity near the blade

root (i.e., what might be referred to as a root vortex). It is also interesting to note the

presence of a region of concentrated positive vorticity in the wake sheet near 65% span of

the twisted blade, as shown in Fig. 3.20a and 3.20b. The circulation here was unexpected

because this location is near to the point of the expected maximum bound circulation on

the blade, where the circulation gradient will be lower (i.e., the circulation trailed into the

wake should be lower), as shown in Fig. 3.14.

While the wake sheet contained relatively larger amounts of concentrated vorticity

at the early wake ages (i.e., for ζ≤ 30◦), this initial vorticity was found to quickly diffuse

as it convected downstream; see Fig. 3.21. By ζ = 15◦ in this case, the concentrated re-

gions of vorticity in the wake sheet had already degenerated into smaller turbulent eddies.

After ζ = 30◦, the initial vorticity was seen to have diffused even further into turbulence,
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Figure 3.19: Contours of mean vorticity for the rotor with the untwisted blades at ψb =

30◦ for: (a) CT/σ = 0.053; (b) CT/σ = 0.080.
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Figure 3.20: Contours of the mean vorticity for the rotor with the twisted blades at ψb =

30◦ for: (a) CT/σ = 0.053; (b) CT/σ = 0.080.
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and only the outboard part of the wake sheet contained discernible vorticity, as shown in

Fig. 3.21c. However, the turbulence that comprised the sheet was found to persist to much

older wake ages in the downstream wake.

3.3.2.4 Blade Tip Region

Regions of interest (ROIs) 1 and 2 allowed the development of the wake sheets to

be examined along the entire span of the blade. However, a single ROI in the blade tip

region (i.e., ROI 3) allowed the development of the wake sheet and the associated tip

vortex to be examined in detail, specifically to document the evolving turbulent nature

of the wake sheet. The PIV images in this region contained over 70,000 measurement

points, corresponding to over 3,000 points per unit rotor radius in the radial direction.

Figures 3.25 and 3.26 show contours of instantaneous (phase-resolved) vorticity

and the corresponding velocity vectors in the wake sheet for the rotor with the untwisted

and twisted blades, respectively. As previously noted, the wake sheet produced by both

blade sets was comprised of concentrated regions of counterrotating T–G vortices that

generated significant affected the local velocity. However, it can be seen from Fig. 3.26

that the twisted blade produced a stronger wake sheet, as indicated by the higher local

levels of vorticity. These high levels of vorticity further inboard suggest that the bound

circulation on the twisted blade was biased further inboard in comparison to that found

on the untwisted blade, an outcome also seen previously using the free-vortex method, as

shown in Fig. 3.14.

While the wake sheets appear to contribute significant overall turbulence to the de-
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Figure 3.21: Representative contours of instantaneous vorticity showing the development

of the wake sheet behind the rotor: (a) ψb = 10◦; (b) ψb = 15◦; (c) ψb = 30◦.
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veloping wake, it was not possible to statistically quantify the turbulence because of the

aperiodic nature of the wake. For example, the four realizations of the phase-resolved

instantaneous vorticity in Figs. 3.25 and 3.26 show that each time the wake sheet inter-

sected the laser sheet the location of the vorticity and turbulence relative to the blade (i.e.,

a fixed coordinate system) was slightly different. The aperiodic nature of a rotor wake

is well known and has been studied in great detail [48, 57, 61, 96]. Methods for collocat-

ing dominant flow structures (such as the tip vortices) to determine the local turbulence

statistics have been developed [48,58,97]. However, in the case of the wake sheet, which

contains a broad spatial distribution of vorticity, such collocation techniques cannot be so

easily applied. Therefore, local turbulence statistics for the wake sheet, as in the manner

that has been developed for tip vortices are difficult to acquire.

The transition of the initial vorticity in the sheet to turbulence is of considerable

interest because it affects the dynamics of the wake sheet and the possible participation

of the sheet in the longer-term development of the tip vortex. The initial vorticity in

the sheets were found to diffuse rapidly as they was convected in the wake, as shown

in Figs. 3.28 and 3.27. By ζ = 30◦, the initial vorticity had already begun to diffuse

into smaller scale eddies and turbulence. However, because the rotor with twisted blades

initially produced a somewhat more concentrated wake sheet, the vorticity in this case

persisted to somewhat older wake ages.

Unlike the tip vortices, which were approximately circular regions of concentrated

vorticity, the majority of the T–G vortices contained in the wake sheet had more irregular

shapes. However, it was possible to identify a few T–G vortices that were approximately

circular regions of vorticity; see Fig. 3.22. The higher resolution achieved in the current
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Figure 3.22: Contours of instantaneous vorticity and corresponding flow velocity vectors

near the tip of the rotor with the twisted blades at a blade azimuth angle of ζ = 3◦.

experiments yielded approximately 10–15 measurement points across the dimensions of

most of the T–G vortices, which allowed their velocity profiles to be extracted.

By making a vertical cut through a roughly circular region of vorticity in the sheet

(as shown in Fig. 3.22) a swirl velocity profile was acquired, as shown in Fig. 3.23. How-

ever, because of the aperiodic nature of the flow (as previously discussed) it was not

possible to measure the mean characteristics (i.e., turbulence statistics, swirl velocity pro-

file, vortex core size, etc.) in the wake sheet and only instantaneous profiles could be

obtained. Therefore, to generate an approximate “average” swirl velocity profile (i.e.,
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devoid of large velocity fluctuations) a least-squares fit of the measurements were made

using the Vatistas et al. [5] model, as shown in Fig. 3.23. In this model the tangential (or

swirl) velocity, Vθ, is defined as

Vθ(r̄) =
(

Γv

2πrc

) (
r
rc

)
(

1+
(

r
rc

)2n
) 1

n
(3.8)

where Γv is the circulation contained in the vortical element, rc is the radius of the core,

r is the distance from the core, and n is an integer value. A value of n = 2 (an algebraic

approximation to the Lamb-Oseen model) was selected in this case because it provided

the best fit to the measured swirl velocity gradient in the core.

Using the fitted swirl velocity profile, it was possible to obtain the Richardson’s

number. As previously given in Eq. 3.24, the Richardson’s number (Ri) is a ratio of the

turbulence produced or consumed inside the vortex to the turbulence produced by shear

[53, 55, 56]. For a Richardson’s number above Ri ≈ Re1/4
v turbulence cannot form [55,

56, 58]. Figure 3.24 shows the variation of the Richardson’s number with the normalized

distance from the core for wake ages of 3◦ and 9◦. It is shown here that at relatively early

wake ages (i.e., ζ = 3◦) more than 75% of the core region was above the Re1/4
v threshold.

However, as the sheet convected in the wake, the portion of the core region above the

threshold rapidly decreased. By ζ = 9◦ less than 40% of the core was above the threshold.

Because only a small portion was above the threshold, this vortical element was expected

to rapidly diffuse into small scale turbulence, as can be seen in Fig. 3.21 It is important

to note that these calculations were performed for the wake sheet produced by the rotor

with twisted blades and as previously discussed, the twisted blades produced significantly

stronger wake sheets compared to the sheets produced by the untwisted blades. Therefore,
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Figure 3.23: Measured swirl velocity profile for a single vortical element contained in the

wake sheet as produced by the twisted blades at ζ = 3◦ and the corresponding Vatistas et

al. vortex model (Ref 5).

the vortical elements contained in the wake sheets produced by the rotor with untwisted

blades would be expected to diffuse into smaller scale turbulence somewhat faster than

those produced by the twisted blades.

This persistence of the vorticity (and the associated self-induced velocity field) also

led to the development of a wave-like perturbation in the wake sheet of larger amplitude,

as shown previously in Fig. 3.10. Such a wave-like perturbation was seen to form in the

wake sheets produced by both the untwisted and the twisted blades. Even on the basis
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Figure 3.24: Variations in the local Richardson’s number with distance from the vortex

core for vortices in the wake sheet produced by the rotor with twisted blades for ζ = 3◦

and ζ = 9◦.
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of inviscid arguments, the generally unstable nature of the wake sheet arises from the

local self-induced velocities that are formed within the sheet; see Fig. 3.31d. Because the

wake sheets are not completely planar and have non-uniform distributions of vorticity, the

amplitude of the wave on the sheet has a tendency to grow rather quickly within a few

degrees of blade rotation.

Figures 3.29 through 3.32 show contours of the instantaneous vorticity field with

the corresponding velocity vectors being superimposed. While these images are not tem-

porally correlated, they are still representations of the flow fields that were produced at

the respective wake ages. Figures 3.29 and 3.30 show how the wake sheet convected

faster relative to its associated tip vortex. Furthermore, it can be seen that the relative

intensity of the vortices contained in the wake sheet decreased rapidly as they convected

in the wake, and by ζ = 9◦ the initial vorticity in the sheet was significantly diffused, as

shown in Figs. 3.29d and 3.30d. The twisted blades, however, produced more intense

wake sheets that merged into the tip vortex, as shown in Figs. 3.31 and 3.32. Changes to

the downwash distribution below the rotor (see Figs. 3.12 and 3.13) also caused the sheet

to convect more slowly in the tip region, thereby allowing a longer interaction with its

associated tip vortex.
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The rotor with the twisted blades produced a similar behavior to the untwisted

blades, and at both the higher and lower values of CT/σ. However after ζ = 9◦, in this

case the sheet was seen to be entrained into the tip vortex as well as into another (sec-

ondary) dominant vortex that had formed in the region of the sheet near the blade tip, as

shown in Fig. 3.32d. The formation of this secondary vortex was particularly interesting,

and was likely a consequence of changes in the bound circulation along the blade span

from the addition of blade twist (discussed previously in Section 3.3.2.2), which should

have resulted in a shallower circulation gradient at the blade tip, as predicted by the free-

vortex method and shown in Fig. 3.14. These two vortices (i.e., the main tip vortex and

the secondary vortex at the end of the wake sheet) then begin to pair and merge together,

as shown in Fig. 3.32d.

Figures 3.29 through 3.32 show that the roll-up of the tip vortices with the corre-

sponding wake sheet was a process that did not occur immediately upon being trailed

from the rotor blade. In fact, Figs. 3.31d and 3.32d show that tip vortex trailed from the

rotor with the twisted blades did not appear to be fully developed, even at a somewhat

older wake age of ζ = 9◦.

To investigate the roll-up process further, the circulation of the primary vortex (i.e.,

tip vortex) and each individual wake sheet vortex was calculated from the PIV measure-

ments. Details of this circulation calculation are given in Appendix A. To quantify the

roll-up process, it was necessary to develop a metric characterizing the evolution of the

primary vortex. It would be expected that a fully developed tip vortex would contain the

total circulation trailed from the outboard portion of the blade. Therefore, in the present

work the circulation of the primary vortex was normalized by the total circulation out-
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board of r/R = 0.85, which is plotted as a function of wake age in Fig. 3.34.

Notice that for the untwisted blade, the primary vortex (i.e., the tip vortex) contained

more than 86% of the total outboard circulation by a wake age of 3◦, and more than 95%

by a wake age of 9◦, i.e., it could be considered fully rolled up by that point. The primary

vortex trailed by the twisted blade, however, contained 63% of the total circulation by

ζ = 3◦ (approximately 25% less than the untwisted blade) and only 70% of the total

circulation by a wake age of 9◦. In fact, the circulation in the primary vortex trailed from

the twisted blade did not reach over 90% of the total circulation until a wake age of 60◦

was reached. Therefore, it is clear that the tip vortex produced by twisted blade took

considerably longer to roll-up than the tip vortex produced by the untwisted blade, which

is most likely related to the differences in the distributions of bound circulation along the

blades, as shown in Fig. 3.14.

Figure 3.33 shows the representative variation in the peak swirl velocity and vortex

core radius as a function of wake age for a rotor operating in ground effect. The peak

swirl velocity was found to be very sensitive to small changes in the structure of the vortex

filament (see Fig. 3.33a) and variations in the peak swirl velocity began to manifest as the

vortex filaments interacted with the ground. In particular, as the vortex began to interact

with the ground the swirl velocities were significantly reintensified as the vortex filament

was stretched along its length.

The stretching of the vortex filaments was also reflected in the variation of the vortex

core size with wake age; see Fig. 3.33b. Initially, the trailed vortices grew (logarithmi-

cally) with wake age, however, as the vortices began to interact with the ground the vortex

filament was stretched, which caused the growth of the core size to be reversed, i.e., the
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core size decreased with further increases in wake age. As found with the peak swirl

velocities, the core radius of the tip vortices changed very little at older wake ages (i.e.,

ζ≥ 420◦), which was because diffusion and reintensification were more in equilibrium.

The evolution of the wake sheet and its contribution to the total circulation con-

tained in the near tip region of the flow was also examined. Because the wake sheet was

comprised of T–G vortices of both positive (i.e., the same sign as the tip vortex) and neg-

ative circulation, it was necessary to isolate their total contribution to the final circulation

in the fully developed rotor wake. Therefore, the total positive and negative circulation of

the tip vortex and outboard portion of the wake sheet was plotted as a function of wake

age, which is shown in Fig. 3.35.

Figure 3.35 shows that at early wake ages the rotor with twisted blades produced

a wake sheet that contained a substantial amount of negative circulation (i.e., ΓN and

the blue markers), on the order of one-sixth that of the total positive circulation (i.e., ΓP

and red markers). Conversely, the rotor with untwisted blades produced a wake sheet

with significantly lower negative circulation. Furthermore, the total negative circulation

contained in the outboard portion of the wake sheet decreased with increasing wake age,

with very little negative circulation remaining by ζ > 15◦. The total positive circulation

also decreased as the tip vortex and wake sheet aged in the flow, as also shown in Fig. 3.35.

If at a given wake age the negative circulation is assumed to be completely rolled up

into the tip vortex, then the decrease in the total positive circulation closely matches the

measured decrease in total negative circulation at subsequent wake ages. In particular, it

was possible to predict the total positive circulation at a later wake age by summing the

total measured positive and negative circulations at the previous wake age.
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(a) Peak swirl velocity

(b) Vortex core size

Figure 3.33: Representative tip vortex characteristics a function of wake age for a rotor

operating in ground effect: (a) Peak swirl velocity; (b) Vortex core size.
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Figure 3.34: Plot of the measured peak circulation in the tip vortex versus wake age

normalized by the total circulation in the outboard portion of the wake sheet.

The predicted positive circulation (i.e., ΓPredicted and the green markers in Fig. 3.35)

for both the untwisted and twisted blades at ζ ≥ 6◦ closely matched the corresponding

measured positive circulation (see Fig. 3.35), indicating that outboard portion of the wake

sheet had a significant influence on the development and evolution of the tip vortex. Fur-

thermore, the tip vortex produced by the twisted blade was affected significantly more by

the wake sheet than the tip vortex produced by the untwisted blade, with the total positive

circulation decreasing by almost one-third.

Most of these latter observations are consistent with the findings of Duraisamy et

al. [98], who showed using measurements and CFD modeling (RANS) that as a vortex

is trailed from the blade tip a smaller region of negative vorticity is formed, which is
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(a) Untwisted blade

(b) Twisted blade

Figure 3.35: Plot showing the total positive, negative, and predicted circulation trailed

from the tip region of the: (a) Untwisted blade; (b) Twisted blade.
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surrounded by a band of positive vorticity, i.e., of the same sign as the tip vortex. The

present results also found that counter vorticity is produced by the untwisted blades, as

shown in Figs. 3.29a and 3.30a. The region of counter vorticity may be a consequence

of the interaction of the newly formed tip vortex with the upper surface of the blade, as

also pointed out by Duraisamy et al. [98]. As the vortex rolls up, it can be expected to

induce a strong adverse pressure gradient on the upper surface of the blade, which will

then cause the boundary layer to grow in thickness. Eventually, as the adverse pressure

gradient builds, vorticity of opposite sign to the tip vortex (i.e., negative) is shed from the

boundary layer. As shown in Figs. 3.29a and 3.30a, this region of negative vorticity was

seen in this case only for the untwisted blades.

The PIV measurements that were conducted in the present research have given sig-

nificant new insight into the flow field induced by a hovering rotor and its downstream

wake behavior. In particular, the relatively high spatial resolution of the measurements

compared to prior work [22, 23, 48, 61, 90, 98, 99] allowed for the formation and evolu-

tion of the wake sheet trailed from the inner part of the blade to be quantified with an

unprecedented level of fidelity.

To better demonstrate the improvements in measurement fidelity, the simulated ef-

fects of measurement resolution on the ability to resolve the wake sheet are shown in

Figs. 3.36 and 3.37. Figure 3.36 shows instantaneous contours of axial (slipstream)

velocity in the same ROI using three effective measurement resolutions, the lower res-

olutions being simulated by degrading the vector density. While the general features

of the flow were retained as the resolution was degraded from 11 Mp (Fig. 3.36c) to

4 Mp (Fig. 3.36b), such as that used in Ref. 22, 23, 48, 61, 90, 98, 99, and then to 2 Mp
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(Fig. 3.36a), such as that used in Ref. 64, the lower measurement resolutions resulted in

a non-physical smearing of the velocity field. More importantly, however, the reduction

in measurement resolution also significantly affected the ability to resolve velocity gra-

dients and so the estimated levels of vorticity in the flow, as shown in Fig. 3.37, which

correspond to the measurements of the flow velocities shown in Fig. 3.36. Because of

the small scale vorticity and relatively high velocity gradients that are present in the wake

sheets laid down by the rotor, a reduction in the measurement resolution from 11 Mp to

4 Mp (see Figs. 3.37c and 3.37b, respectively) greatly affected the ability to resolve the

flow, and a further reduction in the measurement resolution to 2 Mp resulted in only the

tip vortex being resolved, as shown in Fig. 3.37a.

The foregoing results suggest that that to properly resolve the velocity gradients in

the overall flow field that is generated generated by a hovering rotor, and thereby also

obtain good measurements of derived flow quantities such as vorticity and turbulence, it

will be necessary to strive for at least 3,000 measurement points per unit radius. This goal

certainly requires high resolution cameras, but image storage and PIV processing time

also become important issues. Such spatial resolutions are also challenging to obtain with

current computational methods, even with CFD methods like RANS, but future advances

in processing capability and memory will eventually make these resolutions possible.

Meantime, the present measurements set resolution standards for which CFD methods

can aspire to reach.

The out of ground effect measurements presented in this section have provided

significant insight into the initial structure, development, and evolution of the wake sheets

trailed from the inboard parts of the rotor blades. Furthermore, the interaction of the
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(c) 11 Mp camera

Figure 3.36: Example of the affect of camera resolution on the ability to resolve the axial

velocity induced by the wake sheet: (a) 11 Mp camera; (b) 4 Mp camera; (c) 2 Mp camera.
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(b) 4 Mp camera
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(c) 11 Mp camera

Figure 3.37: Example of the affect of camera resolution on the ability to resolve the

vorticity contained in the wake sheet: (a) 11 Mp camera; (b) 4 Mp camera; (c) 2 Mp

camera.
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wake sheets with the newly formed blade tip vortices, as well as the roll-up process, has

been quantified. While significant insight has been gained into the initial formation and

evolution of both the blade tip vortices and wake sheets, the problem of brownout is a

rotor in ground effect problem. Therefore, additional measurements of the flow field

induced by a rotor hovering in ground effect were required, which are presented in the

next section.
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3.4 In Ground Effect Flow Field Measurements

By carefully examining the wake generated by the rotor when operating out of

ground effect it has helped to quantify the effect of blade loading coefficient (i.e., CT/σ)

and blade twist on the characteristics of the rotor wake, such as the tip vortices and wake

sheets. However, because the problem of brownout occurs when a rotor is operating

in ground effect, measurements were also taken with the rotor operating over a ground

plane, in this case with the rotor TPP at a representative height of one rotor radius above

the ground (i.e., z/R = 1.0). These latter measurements have helped to quantify the effects

of blade twist on the evolution and development of the flow as it reached the ground and,

particularly, the participation of the wake sheet as it influenced the developing flow over

the ground surface.

3.4.1 Particle Image Velocimetry

3.4.1.1 Wake Displacements

Similar to the approach described in Section 3.3.2.1, the PIV data were analyzed

to quantify the rotor wake behavior in ground effect operation. Figure 3.38 documents

the locations of the tip vortices and the wake sheets as a function of wake age for both

blade sets when the rotor was operating at CT/σ = 0.08. The results showed that the

wake sheets trailed from the untwisted blades convected axially faster near the blade tip

region, whereas near the root the wake sheets convected more slowly. The non-uniform

convection of the wake sheets was caused by the more linear spanwise distribution of
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downwash in the wake below the rotor that had the untwisted blades. In contrast, the more

uniform axial velocity distribution in the wake of the rotor with the twisted blades resulted

in the wake sheets convecting more uniformly in the downstream wake; see Fig. 3.38b.

For a rotor when it is operating in ground effect, it is convenient to use a reference

frame that is located at the ground and coincident with the rotor shaft axis, which for

the current work was referred to as a ground based reference frame; see the schematic

in Fig. 3.39b. In this reference frame, the location z/R = 1 and r/R = 1 corresponded

to the position of the rotor blade tip at a blade azimuth angle of ψb = 0◦. However,

when the rotor is operated out of ground effect (i.e., z/R = ∞) a ground based reference

frame could not be used. Therefore, a reference frame located coincident with the rotor

shaft and in the plane of rotation of the rotor disk (i.e., a rotor based reference frame)

was used, as shown in Fig. 3.39a. In a rotor based reference frame, a position of z/R =

0 and r/R = 1 corresponded to the position of the rotor blade tip at ψb = 0◦. Because

the reference frame varied depending on operating state of the rotor (i.e., out of ground

effect or in ground effect), the measurements obtained for the rotor in ground effect (i.e.,

in a ground based reference frame) were converted to a rotor based reference frame by

using the equations rR = rG and zR = zG− z, where rR and zR are the radial and axial

coordinates, respectively, in the rotor based reference frame, rG and zG are the radial and

axial coordinate, respectively, in the ground based reference frame, and z is the height of

the rotor above the ground (i.e., for the current work z = R ).

The locations of the tip vortices and wake sheets (in the rotor based reference frame)

as a function of wake age are shown in Fig. 3.40 for the rotor with the untwisted blades,

when it was operating both out of ground effect and in ground effect. The results showed
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(a) Untwisted blade

(b) Twisted blade

Figure 3.38: Plot of the axial and radial locations of the wake sheets and tip vortices when

operating in ground effect with: (a) Untwisted blades; (b) Twisted blades.
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rRRotor

zR

Ω

(a) Rotor based reference frame

rG

Rotor

zG

Ω

(b) Ground based reference frame

Figure 3.39: Schematic showing the reference frames used for the rotor when operating:

(a) Out of ground effect; (b) In ground effect.
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that the non-uniform convection of the wake sheets was qualitatively similar for both op-

erating conditions, with the quickest axial convection occurring in the wake outboard of

r/R = 0.6; see Fig. 3.40. However, the behavior of the wake sheets was significantly af-

fected by the presence of the ground. As discussed previously in Section 3.3.2.1, when the

untwisted blade set was operated out of ground effect, the wake sheets were seen to take

on two different slopes relative to the rotor disk (i.e., a negative slope inboard and posi-

tive slope outboard) as they convected in the wake, as shown in Fig. 3.40a. Figure 3.40b

shows that the wake sheets trailed from the untwisted blades in ground effect also took on

two different slopes as they convected in the wake below the rotor. However, in this case

the slopes on the inboard (i.e., negative) and outboard (i.e., positive) sections of the sheet

were significantly shallower; see Fig. 3.40.

Notice from Fig. 3.40 that at early wake ages (i.e., for ζ ≤ 120◦) the wake sheets

trailed from the rotor the with untwisted blades convected axially at approximately the

same rates. However, after ζ= 120◦, the wake sheets from the untwisted blades convected

axially slower below the rotor when it was operating in ground effect. For example, on

one hand Fig. 3.9 shows that at a wake age of ζ = 180◦ only the inboard 75% of the

wake sheet was above z/R = −0.35 for the rotor operating out of ground effect. On the

other hand, when the rotor was operated in ground effect the entire wake sheet remained

above z/R = −0.35 until a wake age of ζ ≥ 210◦ was reached. In this case, the slower

axial convection was because of the presence of the ground, which modified the spanwise

downwash distribution in the wake below the rotor.

As discussed previously in Section 3.3.2.1, when the rotor was operated out of

ground effect a wave-like perturbation formed on the wake sheets shortly after they were
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trailed from the untwisted blade; see Fig. 3.40a. However, as the sheet convected axially

below the rotor it was stretched, which effectively suppressed any additional growth in

the wave amplitude. From an examination of Fig. 3.40b, it can be see that when the rotor

was operated in ground effect, no wave-like perturbation was observed to form on the

sheet. In this case, the radial stretching of the wake because of the presence of the ground

appeared to be the source of the change in the behavior of the wake sheet. Figure 3.40b

shows that as the wake sheet convected below the rotor it was stretched axially, however

the expansion of the rotor wake also caused the sheet to stretch radially. In this case,

the combination of both axial and radial stretching of the sheet appeared to completely

suppress the tendency to form of any wave-like instabilities, as shown in Fig. 3.40b.

Figure 3.40 shows that at early wake ages (i.e., for ζ ≤ 210◦) when the rotor with

the untwisted blades was in ground effect and out of ground effect, the radial and axial

locations of the tip vortices below the rotor were very similar. However, the interaction of

the wake with the ground caused it to expand radially outward. This expansion could be

seen in the change of the radial position of the tip vortices at older wake ages (i.e., for ζ≥

210◦); see Fig. 3.40b. For example, at a wake age of ζ = 390◦, the radial location of the tip

vortex trailed from the rotor in ground effect was approximately 0.05R further outboard as

compared to the out of ground effect case, as shown in Fig. 3.40. Furthermore, Fig. 3.40b

shows that the axial convection rate of the tip vortices was also affected by the presence

of the ground. Specifically, for ζ ≥ 330◦ the tip vortices trailed from the rotor when out

of ground effect convected approximately 0.03R further in the wake below the rotor than

the corresponding tip vortices in ground effect; see Fig. 3.40.

Figure 3.41 shows the locations of the tip vortices and wake sheets (in the rotor
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based reference frame) as a function of wake age for the rotor with twisted blades when

it was operating both out of ground effect and in ground effect. The results showed that

the wake sheets convected more uniformly in the wake below the rotor because of the

more uniform spanwise velocity distribution; see Fig. 3.41. However, as with the rotor

the with untwisted blades, the wake sheets trailed from the rotor with twisted blades

convected axially slower than the corresponding out of ground effect case; see Fig. 3.41.

Furthermore, for the rotor with untwisted blades (see Fig. 3.40a), the presence of the

ground resulted in the suppression of the wave-like perturbation on the wake sheets, as

shown in Fig. 3.41b.

Compared to the rotor with twisted blades when operating out of ground effect,

the tip vortices were noted to convect axially slower for ζ ≥ 180◦ compared to when

the rotor was operating in ground effect; see Fig. 3.41. For example, at a wake age

of ζ = 450◦ the tip vortex trailed from the rotor when out of ground effect convected

axially approximately 5% of the rotor radius further in the wake than the corresponding

tip vortex trailed in ground effect, as shown in Fig. 3.41. As previously discussed in

Section 3.3.2.1, a lower helical pitch increased the susceptibility of the downstream wake

to develop perturbations and instabilities [44].

Figure 3.42 shows the radial and axial locations of the vortex cores as a function

of wake age produced by the untwisted and twisted blades when the rotor was operated

in ground effect. Because the tip vortices convected along the slipstream boundary their

positions represent the wake boundary. Examination of Fig. 3.42a shows that the wake

generated by the rotor with the twisted blades contracted radially significantly more than

the wake from the untwisted blades (i.e., r/R ≈ 0.08). Specifically, the wake produced
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(a) Out of ground effect, (z/R = ∞)

(b) In ground effect, z/R = 1.0

Figure 3.40: Plot of the axial and radial locations (using a rotor based reference frame)

of the wake sheets and tip vortices in ROIs 1 and 2 using a rotor based reference frame

for the rotor with untwisted blades operated: (a) Out of ground effect (z/R = ∞); (b) In

ground effect (z/R = 1.0).
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(a) Out of ground effect, (z/R = ∞)

(b) In ground effect, z/R = 1.0

Figure 3.41: Plot of the axial and radial locations (for a rotor based reference frame) of

the wake sheets and tip vortices in ROIs 1 and 2 for the rotor with the twisted blades

operated: (a) Out of ground effect (z/R = ∞); (b) In ground effect (z/R = 1.0).
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by the twisted blades did not begin to expand radially until ζ ≈ 420◦, whereas the wake

produced by the untwisted blades began expanding as early as ζ ≈ 330◦; see Fig. 3.42a.

While the radial position of the tip vortices varied significantly with blade twist, the ax-

ial locations (shown in Fig. 3.42b) indicated smaller variations between the blade sets.

Before the first blade passage occurred, the vortices produced by the rotor with twisted

blades convected axially slower (i.e, a shallower slope of the curves in Fig. 3.42b) than

the corresponding tip vortices produced by the untwisted blades. However, the rate at

which the vortices convected axially was increased after the passage of the following

blade [36–39], which resulted in the tip vortices convecting at approximately the same

rate (i.e., the curves shown in Fig. 3.42b had similar slopes).

3.4.1.2 Averaged Velocity Field Measurements

Figures 3.44 and 3.45 show the time-averaged velocity fields in ROIs 1–4 (Fig. 2.10)

for the rotor with the untwisted and twisted blades, respectively. The results confirmed

that the velocity distributions in the rotor wake were significantly affected by blade twist.

Notice in Figs. 3.12 and 3.45 that the wakes produced by the both the untwisted and

twisted blades contracted radially at first, which caused the magnitudes of the velocities

in the rotor wake to increase. However, as the wake interacted with the ground it began

to expand and also turn radially outward, going from a primarily downward axial flow to

a primarily outward radial flow. Figures 3.44 and 3.45 show that as the wake expanded,

the magnitude of the velocity in the downstream wake decreased, which affected the con-

vection of wake sheets and tip vortices (see Figs. 3.40 and 3.41). It is important to note
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(a) Normalized radial distance

(b) Normalized axial distance

Figure 3.42: Summary of the tip vortex locations (using a ground based reference frame)

in the rotor wake as a function of wake age, ζ, for the rotors with the untwisted and twisted

blades: (a) Normalized radial distance; (b) Normalized axial distance.
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that the spanwise velocity profiles in ROIs 5 and 6 were not shown in Figs. 3.44 and 3.45

because in these regions the flow was primarily in the radial direction. The flow fields in

ROIs 5 and 6 will be discussed in more detail next.

Notice from Fig. 3.45 that the spanwise velocity distribution in the wake below the

rotor with twisted blades was more uniformly distributed, with the highest flow velocities

occurring around the midspan of the blade. Conversely, the untwisted blade produced the

highest velocities toward the blade tip region; see Fig. 3.44. Because the twisted blade

produced higher velocities closer to the rotor shaft, it would be expected to change the

structure of the near-wall flow. This latter conclusion is supported by the PIV results

in Figs. 3.46 and 3.47, which show background contours of the time-averaged velocity

fields in ROIs 5 and 6 (as shown in Fig. 2.10) for the rotor with the untwisted and twisted

blades, respectively. To better show the development of the flow along the ground, only

every 30th measured vector is shown in the radial direction.

On examination of Figs. 3.46 and 3.47, an inner and outer slipstream boundary are

visible. The outer slipstream boundary separated mostly the quiescent flow outside the

rotor wake from the relatively higher velocity flow inside the rotor wake, whereas the

inner slipstream boundary separated the higher and lower flow velocity regions inside the

rotor wake, a schematic of this being shown in Fig. 3.43. For the rotor with the untwisted

blades, the more linear spanwise velocity distribution (shown in Fig. 3.44) resulted in the

inner slipstream boundary impinging on the ground plane at a radial position of r/R ≈

1.0, as shown in Fig. 3.46. Conversely, the more uniform spanwise velocity distribution

in the wake below the twisted blades (shown in Fig. 3.45) resulted in the inner slipstream

boundary impinging on the ground at a significantly closer radial location (i.e., r/R ≈
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0.85); see Fig. 3.47.

Outboard of the radial point where the inner slipstream boundary impinged on the

ground, the velocity of the near-wall flow was seen to increase rapidly; see Figs. 3.46

and 3.47. Therefore, the impingement of the inner slipstream boundary at a closer radial

location with the rotor with the twisted blades would be expected to result in higher flow

velocities along the ground plane closer to the rotor. This conclusion was supported

by the velocity contours in Figs. 3.46 and 3.47, which showed that the rotor with the

twisted blades produced significantly higher flow velocities outboard of r/R = 1.2 than

the corresponding velocities from the rotor with the untwisted blades.

Previous research [3,26,49] has shown that as a rotor wake interacted with a ground

plane, the average flow in the near-wall region had the potential to mobilize sediment par-

ticles. Namely, if the velocity in the near-wall flow exceeded some threshold velocity (i.e.,

the minimum flow velocity or equivalent shear stress required to mobilize the sediment)

then the particles would become entrained into the flow. The process of particle mobi-

lization begins with the heavier particles rolling along the sediment bed, disturbing other

particles along their path. Some of these particles may encounter upward flow fluctuations

and begin saltating. Therefore, it would be expected that the the higher flow velocities

found in the near-wall flow produced by the rotor with the twisted blades would mobilize

sediment closer to the rotor. The mobilization of sediment closer to the rotor would be

expected to exacerbate the problem of brownout [6, 7].
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Figure 3.43: Schematic showing the wake generated by a rotor operating in ground effect.

3.4.1.3 Instantaneous Flow Field Measurements

Figures 3.48 and 3.49 show representative instantaneous flow realizations of the

total flow velocities in the wake produced below the two rotors at a reference blade az-

imuth angle of ψb = 30◦. The tip vortices produced by the rotor with the untwisted blades

were found to induce significantly higher local flow velocities compared to the twisted

blade. However, the most significant differences in the flow velocities were observed in-

board, where the twisted blade produced substantially higher magnitudes as well as larger

fluctuations; see Fig. 3.49.

As previously discussed in Section 3.3.2.3, the wake sheets trailed behind both

rotor blades consisted of T–G vortex pairs [95]. These T–G vortices can also be seen

in Figs. 3.50 and 3.51, which show contours of instantaneous vorticity corresponding to

the total velocity contours in Figs. 3.48 and 3.49. The T–G vortex pairs are identified
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by the red and blue vorticity contours, i.e., vorticity of clockwise and counterclockwise

rotations, respectively, whereas the larger regions of concentrated vorticity were the tip

vortices.

Compared to the rotor with untwisted blades, the twisted blades were noted to pro-

duce a wake sheet that contained more concentrated regions of vorticity. As previously

discussed in Section 3.3.2.2, the use of blade twist tends to bias the bound circulation

further inboard (see Fig. 3.14), which based on classical lifting-line theory [100], would

be expected to trail more circulation into the wake sheet rather than it rolling up into the

tip vortex.

When operating out of ground effect, the wake sheets trailed from both rotors were

observed to quickly diffuse as they convected downstream in the rotor wake (discussed

previously in Section 3.3.2.3 and shown in Fig. 3.21), with only smaller scale vorticity

remaining after ζ = 30◦. However, Figs. 3.50 and 3.51 show that when the rotor was

operated in ground effect, the wake sheets trailed from both the untwisted and twisted

blades contained regions of concentrated vorticity to much older wake ages.

As discussed previously in Section 3.4.1.2, sediment mobilization would be ex-

pected to occur when the near-wall flow velocities and corresponding shear stresses ex-

ceed the necessary threshold condition. These mobilized particles then have a tendency

to saltate. However, the work by Johnson et al. [26] and Sydney et al. [3] documented

that the uplift of most of the particles around a rotor was caused by the blade tip vortices

interacting with the sediment bed. Specifically, the particles within the saltation layer

were easily entrained by the upwash velocities induced by the tip vortices. Therefore, it

was concluded that the generation of a brownout cloud was likely the result of both the
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formation of a saltation layer initiated by the rotor downwash, as well as by the interaction

of the blade tip vortices with that saltation layer.

Because the problem of brownout is linked to the structure of the near-wall vortic-

ity, Figs. 3.52 and 3.53 show representative instantaneous realizations of the vorticity in

ROIs 5 and 6 for both blade sets at a reference blade azimuth angle of ψb = 30◦. A con-

siderable amount of small scale vorticity in the wakes was observed inboard of the inner

slipstream boundary (i.e., for r/R ≤ 0.6). As previously discussed in Section 3.3.2.3, in

ground effect the small scale vorticity that comprised the wake sheets was found to persist

in the wake to older wake ages. Therefore, it would be expected that the small scale vor-

ticity seen in Figs. 3.52 and 3.53 was conveyed there by the sheets. Furthermore, because

the twisted blade initially trailed a more intense wake sheet (discussed in Section 3.3.2.3),

the vorticity in the near-wall flow would be expected to have higher magnitudes as com-

pared to the corresponding untwisted blade, as shown in Figs. 3.52 and 3.53.

As previously discussed, the formation of a brownout cloud results from the inter-

action of the tip vortices with the saltation layer along the ground [3, 26]. Specifically,

the mobilized sediment along the ground becomes “trapped” in the higher velocities in-

duced by the vortices and is suspended around the rotor. Therefore, the question becomes,

how does the vorticity in the near-wall flow (as shown in Figs. 3.52 and 3.53) affect the

wall-normal velocities?

To help answer this question, contours of the wall-normal velocity in ROIs 5 and

6 are shown in Figs. 3.54 and 3.55 for the untwisted and twisted blades, respectively.

The tip vortices are identified in Figs. 3.54 and 3.55 by the red (upwash) and blue (down-

wash) pairs. While the tip vortices induced strong upwash velocities and, therefore, would
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have the potential to uplift large amounts of previously mobilized sediment particles, the

smaller scale vorticity (shown in Figs. 3.52 and 3.53) also induced significant upwash

velocities, and also closer to the rotor; see Figs. 3.54 and 3.55.

As discussed previously and shown in Figs. 3.52 and 3.53, the convection of the

wake sheets to the ground introduced a significant amount of vorticity into the near-wall

flow field (see Figs. 3.54 and 3.55). It would be expected that the fluctuating velocities

associated with the wake sheets could uplift sediment particles, and so will be a contribut-

ing mechanism to the problem of brownout. Without the flow fluctuations induced by the

wake sheet, it is likely that the saltation layer would develop further downstream and,

therefore, the initial uplift of particles would be further away from the rotor.

The impingement point of the inner slipstream boundary would also be expected to

affect sediment mobilization and uplift. As discussed previously in Section 3.4.1.2, with

the twisted blades the inner slipstream boundary impinged on the ground plane closer to

the rotor, which would be expected to result in higher flow velocities along the ground

closer to the rotor. The higher flow velocities is likely to cause sediment to be mobilized

closer to the rotor, resulting in the earlier formation of a saltation layer. Therefore, the

combination of the earlier formation of a saltation layer and the velocity fluctuations

associated with the wake sheets (and the tip vortices) would be expected to uplift and

suspend particles significantly closer to the rotor. It remains to be seen, however, if indeed

this would be the actual outcome. Further studies using a ground plane covered with a

mobile sediment bed and dual-phased flow measurements would provide further insight

into this problem.
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Chapter 4

Conclusions

4.1 Conclusions

Detailed flow visualization and phase-resolved particle image velocimetry experi-

ments were conducted on a two-bladed rotor that was operated in the hovering state, both

out of ground effect and in ground effect. The measurements were complemented by ro-

tor performance measurements (i.e., thrust and power as function of blade pitch angle) for

several rotor heights off the ground. A specific goal of the work was to better understand

the fluid dynamics of the turbulent wake sheets and their interactions with the blade tip

vortices as they were laid down by the rotor blades.

A rotor system with two different blade sets were tested: 1. A baseline untwisted

blade, 2. A twisted blade with −17◦ of linear twist measured from the rotational axis out

to blade tip. For the out of ground effect experiments, each blade set was tested at two

blade loading coefficients of 0.053 and 0.08, although only the higher loading condition

was tested with the rotors operating in ground effect. Flow field measurements with high

spatial resolution were made along the span of the blades, as well as in the vortex roll up

region at the blade tip. Similar measurements were performed with the rotor operating in

ground effect, but in this case additional measurements were made in intermediate zones

between the rotor and the ground where the wake began to distort under the presence of

the ground plane, as well as in the immediate near-wall region at the ground plane.
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The following conclusions have been drawn from the research that was conducted:

1. Decreasing the rotor height above the ground resulted in a significant increase in the

effective rotor efficiency, i.e., an increase in the power loading and effective values

of the figure of merit of the rotor relative to operations out of ground effect. As the

rotor height above the ground was decreased, the rotor with untwisted blades ex-

perienced the most significant increase in efficiency compared to the rotor with the

twisted blades. This increased efficiency was shown to occur because of changes

in the magnitude and distribution of the inflow induced at the blades because of the

presence of the ground plane.

2. The wake sheets were found to contain relatively large amounts of concentrated

vorticity at early wake ages just after they were formed behind the blades. In par-

ticular, the rotor with the twisted blades was found to produce somewhat stronger

wake sheets compared to the untwisted blade. The instantaneous vorticity trailed

into the wake sheets was shown to be comprised of small pairs of counterrotat-

ing vortices of unequal strength. However, the phase-averaged vorticity contained

in the wake sheet followed the gradient of bound circulation along the blade as

would be expected based on outcomes from classic lifting-line theory. The con-

centrated vorticity contained in the sheets quickly diffused as they were convected

in the wake, but the small scale vorticity and turbulence in the sheets persisted to

relatively old wake ages, even as far as the ground plane.

3. The breakdown of the wake sheet from regions of concentrated vorticity to that

of small scale vorticity and turbulence was quantified in terms of a Richardson’s
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number. An examination of the variation in the Richardson’s number across the

core of a vortical element contained in the wake sheet at a relatively early wake ages

showed that the majority of the core was above the laminar threshold and, therefore,

would be expected to be laminar. However, by a wake age of ζ = 9◦ less than half

the core was above the threshold, which coincided with the transition of the vortical

characteristics of the wake sheet into smaller scale vorticity and turbulence.

4. The use of blade twist was shown to modify the spanwise distribution of flow ve-

locities in the rotor wake, resulting in a more uniform spanwise downwash distribu-

tion. On one hand, this more uniform downwash distribution resulted in the wake

sheets being convected more uniformly and the tip vortices experiencing slower

axial convection velocities. On the other hand, the rotor with the untwisted blades

generated a more linear spanwise downwash distribution, which resulted in a much

more non-uniform convection of the wake sheets, this effect also causing the axial

spacing between successive turns of the sheets to be reduced.

5. The structure of the wake below the rotor disk was significantly affected by blade

twist, with the slipstream boundary contracting more for the rotor with the twisted

blades. Furthermore, the radial position of the tip vortices was shown to vary with

both blade twist and rotor thrust. However, the axial locations showed smaller vari-

ations, which were associated with the differences in the axial convection velocity.

Furthermore, the wake produced by the rotor with the twisted blades was found

to impinge on the ground further inboard (i.e., closer to the rotor) than the corre-

sponding wake produced by the untwisted blades. This outcome resulted in higher
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flow velocities being produced on the ground plane closer to the rotor. Such dif-

ferences could also be expected to change the nature of the brownout problem, i.e.,

the processes of sediment mobilization and uplift.

6. At early wake ages, sinusoidal wave-like disturbances were seen to form on the

wake sheets, with the most significant perturbations being produced on the sheets

laid down by the rotor with the twisted blades. This wave initially grew in magni-

tude as it developed in the wake, but the wave amplitude was limited as the sheet

convected axially and was stretched by the velocity gradients in the downstream

wake. However, when the rotors were operated in ground effect, this wave-like per-

turbation was not observed to form. In this case, the radial stretching of the wake

sheet under the presence of the ground was the source of the change in the behavior,

which suppressed the natural tendency of the sheet to develop waves.

7. The tip vortex from the untwisted blade was found to roll up significantly earlier

than the corresponding vortex trailed from the twisted blade. Once fully rolled

up, the tip vortices from the untwisted blades were found to contain more circu-

lation compared to the twisted blades. These differences can be attributed to the

differences in the distribution of bound circulation along the different blades and

especially the magnitude and distribution of the peak loading near the blade tip.

4.2 Suggestions for Future Work

This dissertation has documented a systematic study into the fluid dynamics of the

wake sheets trailed from a rotor, and has provided an improved understanding into the

185



structure, development and evolution of these wake sheets. The detailed structure of

the wake sheet as it interacted with a ground plane has also been documented, showing

the importance of the vorticity contained in the wake sheets as it influenced the flow

developments near the ground. However, there are still several areas of further research

and investigation that could be pursued to further the work that has been described in this

dissertation.

1. While the vorticity in the wake sheets was weaker compared to that contained in the

blade tip vortices, this vorticity contributed significantly to the flow environment at

the ground. Therefore, to fully predict the development of the rotor wake, the flow

conditions at the ground and the problem of brownout, the vorticity contained in the

wake sheets must be properly accounted for. Specifically, from a CFD perspective,

grids with the necessary resolution will be required to fully resolve this vorticity,

as well as to preserve the vorticity to the relatively old wake ages where the inter-

actions with the ground actually occur. Because of the high spatial resolution of

the measurements in the current work, the measurements can be used to help in the

validation of new and existing models, as well as to provide insight into the regions

of the rotor wake that may require special types of grids.

2. Grid-based RANS methods also require turbulence models to provide closure to the

governing equations. However, current models are developed based on assumptions

that are not necessarily representative of the flow field induced by a rotor. The

present work has resolved the structure of the small scale vortical flows found in

the wake induced by a rotor, which was hovering both out of ground effect and in
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ground effect. It is possible that these new data can aid in the validation of models

that better represent the physical aspects of the flow fields generated by rotors.

3. The current work has also shown that while the outboard portion of the wake sheet

becomes rolled up into the developing tip vortex, the inboard sections of the sheet

remained as such to relatively older wake ages and, therefore, will affect the down-

stream wake and near-wall flow field. This observation brings into question the

assumption made in most free-vortex methods that the planar wake sheets roll up

into an outboard tip vortex after some predetermined wake age. Therefore, there is

a need to determine the effect this assumption has on the modeling of the near-wall

flow field as well as the overall development of the rotor wake. The measurements

made in the present work may also aid in the validation and development of im-

proved free-vortex wake models.

4. While the high spatial resolution measurements obtained in the present work has

provided significant insight into the structure of the wake sheets and their inter-

actions with the tip vortices, these interactions are rather complex and not easily

generalized, i.e., they depend not only on the blade shape but also the specific op-

erating state of the rotor, i.e., the rotor thrust, blade loading coefficient, tip speed,

etc. With the current rate of advancement of measurements technology it may soon

be possible to obtain a full time-history of the development and interaction of the

wake sheets and tip vortices while also maintaining the necessary spatial resolution

to fully resolve the small scale vortical structures contained in the sheets. Such an

ability would yield significant further insight into the development and evolution of
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the rotor wake, as well as perhaps the problem of brownout if dual-phase (including

the dust) measurements can be performed.

5. The structure and evolution of the wake sheets and their contribution to the near-

wall flow field has been quantified in the present work. However, the majority of the

dual-phase fluid dynamic research has been preformed on smaller scale laboratory

rotors compared to the somewhat larger (albeit still small-scale) rotor used in the

current work. There is a clear need to understand how the structure, development,

and evolution of the wake sheet scales with rotor size (i.e., blade chord Reynolds

number, tip Mach number, vortex Reynolds number, etc.).

6. While the ability to quantify the turbulence contained in the wake sheet would pro-

vide further insight into the evolution of the rotor wake, the inherent aperiodicity

in the wake makes the determination of the turbulence statistics extremely difficult.

Therefore, there will be a need to develop new aperiodicity correction techniques

that are capable of correcting for the varying spatial aperiodicity of the vortex sheets

along their lengths.

7. The current work has documented the fluid dynamics of the wake sheets trailed

from a rotor operating both in and out of ground effect, as well as the wake sheets

affect on the near-wall flow field. However, the present measurements were un-

able to quantify the effect the wake sheet might have on sediment mobilization.

Although a ambitious task for a rotor even at small-scale, complete dual-phase

measurements will be required to quantify the effect of the wake sheet on sediment

mobilization and brownout.
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Appendix A

Algorithm used to Calculate the Circulation

In previous work [23], the circulation was obtained through the evaluation of a line

integral around a path enclosing the flow feature (see Fig. A.1), i.e.,

Γv =
∮
~V ·d~s (A1)

where ~V is the velocity field (obtained using PIV) and d~s is the line segment directed

along the path of integration. A rectangular grid was utilized for convenience because

it coincided with the PIV grid [23]. For the current measurements this method was not

ideal because the vortices varied in size and shape as well as being too closely spaced; see

Fig. A.2. However using Stokes’ theorem, the line integral of velocity around a closed

path can be converted into an area integral of vorticity, i.e.,

Γv =
∮
C

~V ·d~s =
∫∫
A

~ω ·~n dA (A2)

where ~V is the velocity field obtained using PIV, d~s is the directed line segment, ~ω is

the vorticity field,~n is a unit normal vector, and dA is an incremental area. The vorticity

field was calculated from the gradients of the PIV velocity field using the 4-point central

differencing method given by

(
du
dx

)
n
=
−2un−2−un−1 +un+1 +2un+2

10∆x
(A3)

(
du
dy

)
n
=
−2un−2−un−1 +un+1 +2un+2

10∆y
(A4)

189



(
dv
dx

)
n
=
−2vn−2− vn−1 + vn+1 +2vn+2

10∆x
(A5)(

dv
dy

)
n
=
−2vn−2− vn−1 + vn+1 +2vn+2

10∆y
(A6)

where u and v are the velocities in the horizontal and vertical directions, ∆x and ∆y are the

distances between adjacent measurement points in the horizontal and vertical directions,

and n is the measurement point being evaluated. The calculated velocity gradients were

used to determine the vorticity field in the z, r plane using

ω =
dv
dr
− du

dz
(A7)

To identify the tip vortices as well as the vortices contained in the wake, a vorticity thresh-

olding method was implemented. This algorithm identified all the points above the given

vorticity threshold, and grouped connected points into distinct vortices. Their correspond-

ing circulation was then calculated using the discretized form of Eq. A2 given by

Γv =
∫∫
A

~ω ·~n dA = ∑
i

∑
j

ωi j ∆ri j ∆zi j (A8)
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Figure A.1: Path enclosing a tip vortex utilized for evaluating the line integral.
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Figure A.2: Contours of instantaneous vorticity near the tip of the twisted blades when

operating at CT/σ = 0.080.
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Appendix B

Q-criterion Algorithm

The Q-criterion is defined as the discriminant of the velocity gradient tensor as

given by

Q =
1
4

S2−q (B1)

where S is the trace of the velocity gradient tensor given by

S =
∂u
∂x

+
∂v
∂x

(B2)

and q is the determinant of the velocity gradient tensor given by

q =
∂u
∂x

∂v
∂y
− ∂u

∂y
∂v
∂x

(B3)

The velocity gradients were calculated using 4-point central differencing method given

by (
du
dx

)
n
=
−2un−2−un−1 +un+1 +2un+2

10∆x
(B4)(

du
dy

)
n
=
−2un−2−un−1 +un+1 +2un+2

10∆y
(B5)(

dv
dx

)
n
=
−2vn−2− vn−1 + vn+1 +2vn+2

10∆x
(B6)(

dv
dy

)
n
=
−2vn−2− vn−1 + vn+1 +2vn+2

10∆y
(B7)

where u and v are the velocities in the horizontal and vertical directions, ∆x and ∆y are the

distances between adjacent measurement points in the horizontal and vertical directions,

and n is the measurement point being evaluated. The calculated gradients were then used
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to determine q and S. With the determinant of the velocity gradient tensor and trace of the

velocity gradient tensor a value of Q at every measurement point could be determined.

Typically, a maximum value of Q corresponded to the center of the vortex core.
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