
ABSTRACT

Title of thesis: UNDERSTANDING BROWNOUT USING DUAL-PHASE
PARTICLE IMAGE VELOCIMETRY MEASUREMENTS

Anish Joshua Sydney, Master of Science, 2011

Thesis directed by: Professor J. Gordon Leishman
Department of Aerospace Engineering

To better understand the development of brownout dust clouds generated by rotor-

craft, the dual-phase flow environment produced by one- and two-bladed laboratory-scale

rotors operating over a mobile sediment bed were studied. Three size ranges of character-

ized glass microspheres were used to represent the sediment particles. Time-resolved flow

visualization, particle image velocimetry, and particle tracking velocimetry were used to

make the flow measurements. The high imaging rate of these systems allowed the time-

history of the rotor wake interactions with the sediment bed to be documented, providing

a better understanding of the transient processes and mechanisms that lead to the uplift

of sediment and the formation of dust clouds near a rotor in ground effect operation. In

particular, the fluid dynamics of the blade tip vortices near the bed were examined in

detail, which were shown to have a primary influence on the mobilization of sediment.

In general, the near-wall measurements documented at least five fundamental uplift and

sediment transport mechanisms below the rotor: 1. Creep, 2. Modified saltation and

saltation bombardment, 3. Vortex induced trapping, 4. Reingestion bombardment (local

and global), and 5. Secondary suspension. In addition, a further mechanism related to the



local unsteady pressure field induced by the convecting wake vortices was hypothesized

to contribute to the uplift of sediment. The highest sediment entrainment levels occurred

within the wake impingement zone, mainly from the erosion aspects of the tip vortices on

the bed. Once entrained, significant quantities of sediment were intermittently trapped in

the vortex-induced upwash field. Secondary sediment suspension was found to be more

prevalent with the two-bladed rotor because of the propensity for merging of adjacent

blade tip vortices and the resulting higher upwash velocities. The trapping of suspended

sediment particles into the vortex flow was shown to cause recirculation of the particles

back onto the sediment bed, thereby ejecting more sediment through bombardment mech-

anisms.
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Chapter 1

Introduction

1.1 The Problem of Brownout

“Brownout” is a phenomenon that occurs when rotorcraft operate in arid environ-

ments over ground surfaces covered with loose sediment such as dust or sand. The prob-

lem occurs when a flying rotorcraft becomes close enough to the ground such that its

rotor wake (or wakes if there is more than one rotor) interacts with the loose material on

the sediment bed, mobilizing the material and initiating the onset of a rapidly develop-

ing and dense dust cloud. A helicopter photographed during a landing and encountering

brownout conditions is shown in Fig. 1.1, where the action of its rotor wake has produced

sufficiently strong aerodynamic forces to mobilize and uplift the dust that was originally

stationary on the ground. Encounters with brownout conditions are the leading cause of

human factor-related mishaps during military rotorcraft operations [1], and civilian heli-

copters have also suffered from the problem [2].

A major practical concern with the occurrence of brownout is that the pilot loses

visibility of the landing or take-off zone, which results in a loss of situational awareness.

The detrimental effects of the dust cloud manifests in two main ways: loss of visual cues

needed for landing and spurious sensory cues. To safely land the helicopter, the pilot

needs to use certain visual cues from the ground such as the horizon, a nearby structure

such a building, blades of grass, etc. and the loss of such cues poses a serious safety of
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Figure 1.1: A landing helicopter experiencing brownout conditions in a desert environ-

ment (courtesy of OADS).

flight risk. The pilot may also experience spurious sensory cues from the swirling and

convection of the forming dust cloud; the relative motion of the dust cloud often causes

the pilot to experience vection illusions that may result in the pilot making undesirable

control inputs too near the ground that can result in a crash.

Besides losses of visibility, the suspended dust particles cause rapid abrasion of the

rotor blades as well as engine wear, creating serious maintenance issues and reducing the

flight readiness of the aircraft. Blades have been reported to last for only tens of hours

if frequent brownout conditions are encountered in operational service, causing expen-

sive maintenance issues. In addition to maintenance, the swirling dust cloud creates a

hazardous environment for ground crew personnel, thereby hampering or limiting ground

operations.

There have been several attempts at mitigating the brownout problem, although

none yet from a rotorcraft design perspective. Pilots have adopted operational strategies
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such as flying faster near the ground to outpace the evolving dust cloud. Another possible

option is to minimize the time in the flare during landing, thereby potentially stirring up

less dust. Pilots have also tried increasing the rate of descent in an attempt to land be-

fore the dust cloud has had time to fully develop. Such landing strategies have served to

operationally mitigate brownout, but only to a limited extent. This is because the tech-

niques are vehicle specific, depend on the weight of the vehicle and the density altitude at

which it operates, the types of dust that are encountered, etc., and they may just be unsafe

maneuvers (e.g., flying fast near the ground is never safe).

Other attempts at brownout mitigation have been directed toward the development

of sensors that seek to penetrate the dust cloud, which are combined with advanced dis-

play avionics to replace missing visual information for the pilot [3–5]. Such systems have

been reasonably effective in improving safety of flight when they are combined with cer-

tain operational tactics and flight path management. However, the number of operational

mishaps with rotorcraft remains unacceptably high, and brownout related maintenance

issues continue to reduce mission readiness rates and drive up operational costs.

The foregoing issues demonstrate a need to see if there is an option of mitigating

brownout at its source, i.e., recognizing brownout as a fluid mechanics problem with (po-

tentially) a fluid mechanics solution, which is the motivation behind the present research

work. Anecdotal evidence at least, suggests that the development and formation of a dust

cloud is dependent on the specific vehicle and have shown that some helicopters have less

severe brownout signatures, implying that there may be certain features of the vehicle

design (e.g., the rotor) that could be used or changed as a viable approach to brownout

mitigation. For example, Fig. 1.2 shows an image taken of a helicopter landing over a bed

3



Figure 1.2: A landing helicopter with the formation of a more favorable ring or toroidal

shaped dust cloud away from the immediate landing zone.

of loose sediment, which generates a more preferable type of brownout cloud in the form

of a toroidal dust ring. While there is still a considerable amount of sediment uplifted, in

this case it is blown a significant distance away from the helicopter, allowing the pilot to

better see the landing zone. Other helicopters are known to produce large dome-shaped

dust clouds that may completely engulf the aircraft, which is also accompanied by sig-

nificant reingestion of dust back through the rotor(s) and bombardment of the suspended

dust back onto the sediment bed and ejecting more dust in the process, which can produce

the most severe brownout conditions. The reason(s) for such profound differences in the

dust clouds, however, are not yet understood.

Except for limited data contained in Refs. 4–6, there is still a relative dearth of use-

ful quantitative measurements for rotorcraft encountering actual brownout conditions. In

an attempt to begin to understand why some rotorcraft produce worse brownout signatures

than others, work has been done by Milluzzo and Leishman [7] to characterize brownout

severity for different rotorcraft based on the geometric and aerodynamic operating condi-
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Figure 1.3: A measure of brownout severity as a function of downwash velocity and total

wake strength (From Milluzzo and Leishman [7].)

tions of the main rotor(s). Figure 1.3, which relates average induced downwash from the

rotor to a measure of wake strength, implies that the unique characteristics of each vehicle

can significantly impact the intensity of a brownout cloud. Figure 1.3 also identifies three

regions of brownout severity, although they were based on subjective assessments of pho-

tographs and videography of rotorcraft encountering actual brownout conditions. The first

region is typical of a cloud that is relatively benign and does not completely attenuate the

required visual cues for landing. The next two regions are progressively worse brownout

signatures and create dust clouds that may become severe enough to affect safety of flight.

While the total wake strength used in this particular correlation includes the number of

blades, blade loading coefficient, rotational tip speed, rotor radius, and blade chord, the

importance of each variable to the problem of brownout is yet to be fully determined. As
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Figure 1.4: A schematic of some of the fluid dynamic mechanisms involved in the up-

lift and transport of sediment in the development of brownout conditions surrounding a

helicopter over a mobile sediment bed.

such, the goal of the present work is to better identify the fundamental sediment mobi-

lization and uplift mechanisms involved in the brownout problem, and how certain rotor

design variables may effect these mechanisms.

1.2 Fluid Dynamics of Brownout

The problem of brownout obviously requires a fundamental understanding of the

underlying fluid dynamics. A schematic of the fluid dynamics of the problem is shown

in Fig. 1.4, which identifies at least some of the physical mechanisms involved. The fluid

dynamics of brownout is fundamentally one with two fluid phases: 1. The carrier phase,

i.e., the three dimensional, unsteady flow in the rotor wake and 2. The dispersed phase,

which is the sediment particles that are mobilized by the rotor flow. The two fluid phases

may interact with one another (e.g., momentum coupling, particle collisions, etc.), fur-

ther increasing the complexity of the problem. The characteristics of the rotor wake flow

near the ground are responsible for initiating the various fluid dynamic forces that mobi-
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lize and uplift the dust particles and, therefore, play a central role in producing brownout

conditions. Such forces involve (but are not limited to) shear, pressure, and turbulence.

Measurements made with landing helicopters [4, 5] have shown that brownout clouds are

actually composed of small dust particles (<10 µm in diameter). Such particles are rela-

tively more cohesive and are not as easily mobilized by the boundary layer shear stresses

induced below a rotor, raising some interesting questions as to how such small particles

then end up constituting most of the brownout dust cloud. Answering this question is one

of the main goals of the present work. To this end, the local action of the rotor blade tip

vortices and the bombardment of particles back onto the underlying bed seems to play a

particularly important role in the uplift of sediment and the creation of dust clouds [8].

Compounding the brownout problem is that different levels of brownout severity can be

expected based solely on the nature of the sediment bed over which a helicopter is operat-

ing; the size and mineralogy of the particles, as well as their compactness, cohesiveness,

moisture content, etc., can all effect the initial uplift of sediment particles because they

change the magnitude of the interparticle forces.

Recent computational work to model brownout [9–17], including attempts at for-

mulating mitigation strategies [18, 19], has met with mixed levels of success. The diffi-

culty in simulating brownout dust clouds is that the mathematical models must accurately

resolve the detailed vortical structures and turbulent flow produced at the ground by the

rotor wake, as well as modeling the uplift and subsequent convection of billions of dust

particles. Fluid modeling challenges include the need to accurately represent the effects

of unsteady boundary layers, wall-jets, shear layers, concentrated vorticity in the form

of trailed tip vortices, and turbulence. The modeling of sediment particles and their as-
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sociated dynamics also significantly increase the complexity of the simulation, overall

creating a very challenging computational problem.

While such brownout simulations are becoming increasingly credible, they still re-

quire validation with experimental measurements if they are to be used confidently to

make quantitative predictions. To this end, detailed laboratory measurements are required

for prototypical rotor flow problems, as well as field measurements in the actual brownout

environment. Therefore, the focus of this work was to use a small-scale rotor operating

over a mobile sediment bed to undertake a detailed, quantitative study of the mobilization

and uplift mechanisms that actually contribute to the generation of a brownout dust cloud.

1.2.1 Rotor Flow Physics in Ground Effect Operation

Complicating the problem of understanding brownout is that the flow on the ground

below a rotor operating in-ground-effect (IGE) is not yet fully understood, though it has

been studied to some limited extent [20, 21]. The rotor wake contains vortical flows, tur-

bulence and other flow structures that interact not only with the ground plane, but also

with each other. Clearly, an understanding the flow of the rotor near the ground in the ab-

sence of sediment is a necessary prerequisite to understanding the complex phenomenon

of brownout. Most experimental data for rotors operating in-ground-effect document ro-

tor performance [22–27], generally exploring the advantages of a rotor in ground effect in

terms of reducing power requirements for a given thrust. While some studies have focused

on the fluid dynamics of the problem [20, 21, 28–30], there are relatively fewer quantita-

tive measurements available for the flow field in the near wall region on the ground below
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the rotor, and even fewer such measurements over a mobile sediment bed.

Lee et al. [20] has explored the aerodynamic flow field of a small-scale rotor oper-

ating at varying heights above a ground plane, quantifying the evolution of the wake as

it interacted with the ground. They also examined the blade tip vortices produced by the

rotor and the effect stretching and straining had on the vortices as the rotor height was low-

ered. A preliminary analysis of the effect of turbulence and diffusion on the vortices was

also given. The present work significantly expands on the single-phase study performed

by Lee et al., giving much further insight into the flow environment produced below a

hovering rotor as it interacts with a ground plane. Milluzzo et al. [21] measured the evo-

lution of the helicoidal blade tip vortex filament in-ground-effect for different blade tip

shapes in an effort to quantify the local flow near the ground as it could potentially effect

the mobilization of sediment and, ultimately, the creation of brownout conditions. The

core size and velocity profile of the tip vortices for each blade tip shape was measured,

as well as the resultant swirl velocities in the near-wall region. They also examined the

effect that each tip shape had on flow velocity profiles along the ground and how this

effected the local boundary layer profile at given radial locations.

Both of these foregoing studies, however, were limited to non-contiguous instan-

taneous realizations of the flow field. Brownout, however, has many temporal elements

and, as such, studying the transient, unsteady aspects of the flow is necessary prerequi-

site to better understand the problem. To this end, the present work expands on the work

of both Lee et al. [20] and Milluzzo et al. [21] to a dual-phase environment, examining

how the characteristics of the rotor wake relate to the fundamental sediment uplift and

mobilization mechanisms.
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Figure 1.5: Flow visualization of a rotor OGE.

Figure 1.5 shows the flow visualization of a rotor out-ground-effect (OGE), which

can be used to convey the general complexity of the wake system of a helicopter rotor.

The wake is visualized using smoke, which is illuminated in a radial plane using a thin

laser light sheet. The flow enters the plane of the rotor disk and immediately begins to
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Figure 1.6: Flow visualization of a rotor IGE.

contract as it is accelerated, thereby producing thrust on the rotor system. Under the

influence of diffusion and turbulence, however, the flow eventually begins to expand and

slow. A dominant feature of the wake flow is the helicoidal vortex that is trailed off the tip

of each blade, which convects along the slipstream boundary, occasionally merging with

adjacent vortices. These vortices, also under the influence of viscosity and turbulence,

normally diffuse within a few rotor revolutions (2 to 3 revolutions).

Notice from Fig. 1.6 that the flow of the rotor when it operates in-ground-effect

(IGE) is very different compared to that in OGE conditions. The rotor wake in this case is

forced to radially expand in a direction that is more parallel to the ground plane, a process

that is discussed later in this thesis in greater detail. The radial expansion of the downwash

creates a turbulent wall-jet like flow along the ground that initially thins, and eventually

thickens as it develops further downstream over the wall. The tip vortices also come

periodically in close proximity to the ground and interact with the developing flow there.
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The rotor wake in this case is laden with concentrated vorticity that, in contrast to the

OGE case, persists to much older wake ages (4 to 5 rotor revolutions), which is a result of

the stretching and straining of the helicoidal tip vortex filaments. This reintensification of

vorticity produces high local velocities in the near wall region, rather strongly influencing

the initial mobilization and uplift of sediment [8], and is a process that is also examined

in detail in the present work.

1.2.2 Sediment Transport

Understanding the formation of a brownout dust clouds necessitates the basic un-

derstanding of the detailed particle physics that are involved in the processes of their

mobilization and uplift. This goal requires detailed experiments, which was the primary

objective of the present work. When on the ground, a sediment particle is influenced by

the characteristics of the boundary layer that develops along the sediment bed, and also

by the tip vortices that were generated by the rotor as they subsequently convect over the

bed, the vortices being a key contributor to the initial uplift and, ultimately, the suspen-

sion of these sediment particles [8].Once the forces and moments induced by the flow on

the sediment particle exceed those caused by gravity and the interparticle cohesive forces,

the particle will become mobilized. If the particle is then subsequently uplifted into the

flow, the particle experiences additional aerodynamic and inertial forces. The particles

also extract energy from the surrounding flow and their subsequent motion is primarily

effected by the lift, drag, and weight of each particle; see Fig. 1.7.

Previous work in the field of aeolian sciences to study sediment transport are also
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Figure 1.7: A schematic of the classic aeolian creep and saltation sediment transport

mechanisms and the particle forces involved in mobilization and suspension.

useful, but are somewhat limited for improving the understanding the brownout prob-

lem. Such studies have dealt with wind-blown sands, riverine sediment flows, and simple

jet-type flows [31–33]. These conditions are not entirely representative of the flow con-

ditions found below rotors, which, as previously described, are generally dominated by

discrete vorticity (i.e., vortices and larger turbulent eddies). Specific measurements are

also critically required for the extraction of the parameters needed in the development of

semi-empirical models derived from these studies to better describe the onset of sediment

mobility.

13



For riverine and channel flows, the classic forms of sediment transport are creep and

saltation [31, 32]. The process of creep is one in which sediment particles initially meet

a threshold velocity criterion, i.e., the shear stress induced on the particles by the fluid

is high enough to cause the particles to be mobilized. The sediment then rolls and trans-

lates across the surface, dislodging other sediment particles. Saltation occurs when these

creeping particles encounter a local upwash in the flow, such as a local turbulent fluctua-

tion, and are uplifted. These particles follow ballistic like trajectories in the flow, and can

extract enough momentum from the surrounding fluid to eject more particles when they

impact the sediment bed. The processes of creep and saltation create a layer of shifting

sediment near the ground called a saltation layer [31,32], a schematic of both mechanisms

and the associated forces on the sediment particles being shown in Fig. 1.7. These mech-

anisms, however, have yet to be studied in detail under a rotor in ground effect operation

and it cannot be assumed that they occur in the same manner as observed in classical

aeolian sciences. The presence of the rotor wake and its embedded tip vortices near the

ground can obviously be expected to significantly effect the fluid mechanisms near the

sediment bed, and so the resulting particle field can also be expected to be significantly

different. To this end, the present work examines how these classic sediment transport

mechanisms are modified by a rotor flow, and if any new mechanisms are introduced into

the problem.

There have been few experiments that have examined details of the combined dual-

phase flow environment below a rotor. This type of research requires unique experimental

facilities, advanced types of instrumentation, and sophisticated analysis capabilities that

can properly discriminate between the two fluid phases. Nathan and Green [34] performed
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a qualitative study of the dual-phase flow environment of a rotor in-ground-effect, study-

ing the general motion of the sediment to begin scoping out the problem of the effects of

the rotor wake. This work examined a small-scale rotor in hover as well as in low-speed

forward flight, shedding light onto the movement of dust in both operating conditions. In

an attempt to begin quantifying the dual-phase environment in more detail, Johnson et

al. [8] performed dual-phase particle image velocimetry on a lab scale rotor over a sed-

iment bed, which has provided a foundation for the work presented in this thesis. This

work studied the interaction between a rotor wake and sediment bed, and qualitatively

observed a number of different sediment transport mechanisms; they concluded that there

were significant differences from classical aeolian sediment transport. While this study

had enormous value in scoping out the fundamental sediment transport mechanisms, it

was only a preliminary investigation into the problem, with the present work expanding

significantly on their initial findings.

Haehnel and Dade [35–37] have studied aspects of the brownout problem, but more

so from a classical sedimentology perspective. Their studies used high-speed videogra-

phy to observe the detailed sediment dynamics occurring in the near wall region under

the action of a propeller wake. Measurements of the sediment bed profile were made to

quantify the erosion properties and bed morphology in this non-uniform flow. Different

densities of sediment particles were examined in both air and water giving insight into

the aerodynamic scaling of the problem. A preliminary investigation of the flow field

was also performed using hot wire anemometry, this investigation yielding values of flow

velocity and estimates of wall shear stress. Unlike the measurements taken in the present

work, they did not measure concurrent time histories of the flow field and the sediment
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dynamics, and so the interactions between the two phases could only be inferred. Heli-

copter brownout is fundamentally a phenomenon in which two phases interact with one

another, so the concurrent time histories of both phases is needed to fully understand the

problem.

In other related work, Mulinti and Kiger [38] have used a coaxial jet system to

produce an impinging jet, vortex ring, or combination of both, over a mobile sediment

bed. These studies used particle image velocimetry and high-speed videography to char-

acterize each flow, detailing the interaction between the carrier flow and the sediment

bed. Geiser and Kiger [39, 40] catalogued the evolution of a vortex ring and a jet as it

approached and interacted with a ground plane. This study found that there were strong

secondary vortical flows produced upon the interaction of the ring with the ground. The

unique property of these studies was the ability to decompose the rotor flow into its con-

stituent parts, i.e., a vortical flow superimposed upon a axial jet-like flow. They, however

were unable to fully quantify the sediment dynamics in these simplified flows or to tem-

porally correlate their measurements, which was one of the objectives of the present work.

1.3 Objectives of the Present Work

The fluid dynamic complexity of brownout is such that experimental measurements

under carefully controlled conditions are needed to properly understand the mechanisms

of sediment uplift and entrainment under the action of the rotor wake in ground-effect op-

eration. Very few experiments have been conducted on the single-phase flow environment

below a rotor operating near a ground plane let alone the combined dual-phase problem.
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As previously described, recent measurements have begun to expose the details of the var-

ious fluid dynamic mechanisms at work, and new computational work is also providing

additional insight. However, further experimental measurements of these mechanisms,

and of the complex particle-particle interactions near the ground, is needed for the valida-

tion of modeling approaches, which is a prerequisite for the accurate prediction (and the

eventual mitigation) of brownout.

To this end, the main objectives of the present work were to better understand the

details of the dual-phase fluid dynamics involved in the development of the dual-phase

environment generated by a rotor. One of the specific goals of the present work was the

quantitative measurement of vortical flows in the rotor wake and how they change when

they encounter the ground. A detailed study of the flow interactions in the near-wall region

has been undertaken to further gain a fundamental understanding of the fluid dynamic

mechanisms. In particular, the role of concentrated vorticity was investigated as to how

it influenced the mobilization and transport of the sediment particles, the various types of

fluid-fluid and particle-particle interactions, and the overall properties of the developing

two-phase flow field. The overall focus of the various experiments was to expose the

fundamental sediment mobilization and uplift mechanisms present on the ground under an

impinging rotor wake using detailed flow visualization and time-resolved particle image

velocimetry.
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1.4 Organization of Thesis

A discussion of the problem of rotorcraft brownout, including a summary of prior

work conducted into its better understanding, has been presented in the current chap-

ter. Next, Chapter 2 explains the experimental set up and techniques used to acquire the

present measurements. Chapter 2 also gives a detailed explanation of particle image ve-

locimetry (PIV) and particle tracking velocimetry (PTV), which were techniques used in

the present work to analyze the flow measurements. Furthermore, this chapter explains

the technical challenges that arose in data acquisition and how these challenges were ad-

dressed. Chapter 3 is comprised of two main parts: the single-phase flow results and the

dual-phase flow results. Each section first focuses on the flow visualization used to scope

out the problem, followed by the PIV and PTV results. Finally, Chapter 5 documents the

conclusions drawn from the present research and suggests avenues for future research.
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Chapter 2

Description of the Experiments and Instrumentation

2.1 General Description of the Experiments

The experiments were conducted in the controlled environment of a dust chamber

using a prototypical flow generated by a small rotor that was hovering over a ground

plane covered with sediment. The purpose of the experiments was to capture the essen-

tial features of the rotorcraft brownout problem, recognizing that the proper scaling of

the problem (geometric, aerodynamic, and aeolian) would require further studies beyond

those conducted here. The focus of the research was to better identify and quantify the

various sediment mobility and uplift mechanisms, and to examine how these mechanisms

were affected by the operating state of the rotor and its height above the ground. To this

end, a range of rotor operating conditions were used to expose the details of the wake

interactions with the ground, and to isolate the different sediment mobility and uplift

mechanisms that may ultimately affect the formation of a brownout dust cloud.

Most of the experiments performed involved the use of a mobile sediment bed be-

low the rotor and a sediment laden environment, so to protect the equipment all of the

measurements were obtained in a specially designed dust chamber. A photograph of this

test facility is shown in Fig. 2.1. This chamber provided a controlled environment for

both the single- and dual-phase flow experiments. The walls of the chamber were sealed

such that no dust could escape from the confines of the test area. The chamber was 2 x
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Figure 2.1: The specially built dust chamber in which both the single-phase and dual-

phase flow experiments with the rotor were performed.

2 x 2 meters in dimension, and the 8 m3 volume was large enough volume to limit flow

recirculation from the small rotor over the time-scales of the experiments. Additionally,

flow diverters were placed at the periphery of the ground plane to direct the flow down

and away from the rotor; see Fig. 2.2.

The structural frame of the dust chamber was constructed using slotted aluminum

beams. The walls were made using Plexiglas sheets seated in the aluminum slots, ensuring

sealed retaining walls for the dust chamber. The optically clear Plexiglas allowed for
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Figure 2.2: Schematic of the flow within the dust chamber.

minimal attenuation of the laser light and relatively unimpeded image capturing. To limit

laser light reflections, specific portions of the chamber were lined with black cloth.

The experiments were performed in hover using a small rotor with a radius of

85 mm (≈3.346 in). The blade cross-section was a cambered flat plate airfoil of 3%

thickness-to-chord ratio with a sharpened leading edge, which is aerodynamically prefer-

able at the lower chord Reynolds numbers produced on this scale of rotor [41]. Exper-

iments were conducted using both a 1- and 2-bladed rotor configuration mounted on a

teetering hub system. The teetering hub allowed the second blade to be interchanged with
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Figure 2.3: The rotor system used for the experiments shown in a 1-bladed configuration.

an equivalent counter-mass to produce a 1-bladed rotor configuration. Figure 2.3 shows a

photograph of the rotor system in its 1-bladed configuration.

A schematic of the overall set-up used for the experiments is shown in Fig. 2.4. An

adjustable height ground plane was arranged so that it was parallel to the rotor tip-path-

plane. This ground plane was constructed out of a rigid, flat material that was painted

matte-black to minimize laser light reflections. The rotor was placed above the ground

plane to simulate hover in-ground-effect conditions. For the dual-phase experiments, a

circular sediment bed comprised of glass microspheres was placed below the rotor, with

further details of the particles used and the bed geometry being given later in this thesis.
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Figure 2.4: Schematic showing the experimental setup used to perform the PIV and PTV.

2.2 Instrumentation

The present study used particle image velocimetry (PIV) to measure the flow field.

Specifically, a time-resolved particle image velocimetry (TR-PIV) system was imple-

mented in which the CMOS camera and Nd:YLF laser were able to capture flow images

at a frame rate of up to 3,000 Hz. However, to give sufficient camera resolution and ac-

ceptable image intensity, the maximum frame rate was limited to 1,500 Hz in the present

work. This particular rate yielded good temporal resolution for the flow measurements,

giving the ability to observe and analyze the transient development of the flow and the

sediment particles that comprised the resulting dust cloud. The high frame rate also al-

lowed for the observation of the evolution of turbulent eddies and secondary vorticity in

the near-wall flow.

A Nd:YLF high-speed dual laser was used for both the flow visualization and for

the PIV. The laser was capable of producing 20 mJ per pulse. The laser beams were
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passed through a series of cylindrical lenses that turned the beams into diverging light

sheets. They were then passed through a spherical lens to minimize the thickness of the

sheets. These light sheets were oriented to intersect the rotor shaft axis and also remain

perpendicular to the ground plane to illuminate all three regions of interest (ROI) that were

examined in the present work. The axis of the camera was orthogonal to the light sheets

and focused on the selected ROI. Both the laser and camera were digitally synchronized

by a timing hub to capture precisely timed images. A schematic of the instrumentation

setup is shown in Fig. 2.5.

2.3 Seeding and Sediment Particles

Submicron smoke particles were used as the seed particles for the carrier flow. The

seed was produced by mixing high-pressure nitrogen and mineral oil in a heat exchanger,

which brought the oil to its boiling point. The resulting fluid was ejected out of a nozzle

into the ambient air where it rapidly cooled, causing the oil to condense into submicron

sized particles. From a previous calibration [42], about 95% of these particles were 0.2

µm in diameter and were small enough to follow the flow without significant tracking

errors.

The seed particles were also small enough to allow good phase discrimination from

the sediment particles. A thresholding process used to separate the carrier and dispersed

phase (explained in detail later) was dependent on the Mie scattering intensity from the

carrier and dispersed particles. The smaller diameter seed particles give a different Mie

scattering signature, allowing for successful phase discrimination between the carrier and
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Figure 2.5: Schematic showing the instrumentation setup.

dispersed fluid phases. For the PIV studies, seed was introduced into the chamber be-

fore the beginning of the experiments and appropriately dispersed to provide the uniform

concentrations that were required to make successful cross-correlations of the resultant

images of the flow.

Another goal of the present experiments was to begin scoping the effects of the
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(a) 1–38 µm diameter microspheres (b) 1–38 µm glass sphere size range

(c) 45–63 µm diameter microspheres (d) 45–63 µm glass sphere size range

(e) 90–120 µm diameter microspheres (f) 90–120 µm glass sphere size range

Figure 2.6: Microscope images and PSD of the glass microspheres.
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size of the sediment particles on the mechanisms of uplift and dust cloud formation. In

previous experiments, several different particle types were tested but using nonuniform

sizes and more irregular (tetrahedral like) shapes [8]. To be consistent with the more

commonly used dust cloud modeling assumptions, however, the present experiments used

characterized glass microspheres in more uniform size ranges. Three different particle

sizes were studied in the range of diameters: 1–38 µm, 45–63 µm, and 90–120 µm, which

are shown in Fig. 2.6.

An X-ray sedigraph was conducted by an outside laboratory to obtain these size

ranges. The technique involves measuring the gravity induced settling rates of different

size particles in a liquid with known properties. The particle size can be calculated from

the measured settling velocity using Stokes’ law. This technique provided both the size of

the particles and the mass frequency of each particle diameter used in the present work.

After the sensitivities of the dual-phase flow with respect to the different size ranges

were established, the particles could be combined to achieve any desired combination of

size distributions. However, most of the experiments in the present work were performed

with the 45–63 µm diameter particles because this particular size range gave the best sedi-

ment mobility as well as good phase discrimination, and were better suited for identifying

the various mobilization and uplift mechanisms. The particles were arranged below the

rotor as a circular sediment bed of sufficient depth to prevent complete erosion during the

test period.
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2.4 Operating Conditions

The height of the rotor plane above the ground plane or sediment bed was varied

from 2.0R down to as low as 0.25R. Flows from both the 1- and 2-bladed rotor con-

figurations were studied. Two operating conditions were used in this study, the first at

a rotational frequency of 75 Hz yielding a tip speed of 40.06 ms−1 and Retip of about

40,000. The second was at a rotational frequency of 60 Hz yielding a tip speed of 32.04

ms−1 and Retip of about 35,000.

Changing the height of the rotor above the ground plane, the tip speed, and number

of blades all individually effect the performance and aerodynamic parameters of the ro-

tor system. Therefore, to perform a meaningful quantitative comparison between all the

different rotor operating conditions, a metric that is kept constant between all test cases is

required. One metric used in performance studies is rotor disk loading (DL), which is the

ratio of rotor thrust to rotor disk area, to which the average downwash from the rotor can

be related. Brownout, however, is a phenomenon that is also driven by effects other than

average rotor downwash velocities, particularly the vortices [8]. The comparison metric

chosen for the present study was the blade loading coefficient, CT/σ, because the tip vor-

tex strength is directly proportional to CT/σ (see later). Keeping this parameter constant

for all operating conditions (i.e., varying height, number of blades, and tip speed) also

means that the lift generated by each blade is the same.

The thrust of the 2-bladed rotor at 1.0R and a blade pitch of 12◦ was measured

and yielded a CT/σ of 0.0136. The 2-bladed rotor has twice the solidity of the 1-bladed

rotor. Therefore, to compare between the 1- and 2- bladed cases, the 2-bladed rotor was
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run at twice the thrust of the 1-bladed rotor (i.e., both configurations were operated at

the same tip speed to keep all parameters in CT constant other than the thrust). To this

end, the pitch of the 1-bladed rotor was set such that the rotor produced half the thrust at

the same rotor tip speed, thereby keeping the values of CT/σ constant. The rotor thrust

was measured with a microbalance, which had an accuracy of ±0.1 grams. As the rotor

was lowered, more thrust was produced for a given tip speed, so to compensate the blade

pitch was progressively reduced to produce the same target CT/σ. For the cases with

increased tip speed, the collective blade pitch was again lowered to produce the desired

value of CT/σ. Notice that while this approach keeps the value of CT/σ constant (and

hence keeps the strengths of the vortices the same), the average induced velocity through

the rotor is increased approximately by a factor of
√

2, which also increases the mean

flow at the ground plane. For a rotor (at least of the present design) is not possible to hold

constant the strengths of the blade tip vortices as well as the mean flow velocities while

maintaining tip speed and other parameters.

2.5 Regions of Interest

To quantify the aerodynamic environment below the rotor and near the ground, the

flow field was dissected into several different regions. The three flow regions of interest

(ROI) studied are shown in Fig. 2.7. These specific regions were identified from initial

scoping experiments, converging to the three ROI’s that were studied in detail in the

present work.

ROI 1 allowed measurements to be made of a larger area of the flow field so as to
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Figure 2.7: Schematic showing the different regions of interest (ROI) used in this study.

gain an overall understanding of what flow features were actually present in the rotor wake

and in the near-wall flow at the ground plane. This region also provided a good field of

view to compare the overall differences in the flow field in response to the changing rotor

operational parameters (i.e., from the effects of the number of blades and rotor height

above the ground plane). ROI 1 exposed what sediment dynamics needed to be studied

in greater detail, and where the primary interactions between the rotor flow field and the

sediment bed actually occurred. This region was used primarily for the single-phase and

dual-phase flow visualization (FV) and the single-phase particle image velocimetry (PIV).

ROI 2 was used to identify and quantify the dust uplift mechanisms and the subse-

quent sediment dynamics in more detail, this location having been partly determined by

outcomes from studies in ROI 1. This region was useful because it provided an opportu-

nity to observe the evolution of the sediment and flow interactions near the ground plane
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that ultimately lead to the formation of a dust cloud. ROI 2 was also used to assess the

dependence of particle size on sediment uplift and mobility, and to examine how changing

the particle characteristics effected the nature of the of particle uplift and suspension.

The smaller region of ROI 3 allowed for an even more detailed investigation into

the fundamental sediment mobilization and uplift mechanisms. This region was used

specifically to examine the fluid dynamics involved with each mechanism, and how the

interaction between the local flow and the sediment caused it to be mobilized and uplifted.

ROI 3 was also used to document the complex boundary layer fluid dynamics and particle-

particle interactions that occurred near the sediment bed.

2.6 Tests Performed

Flow visualization (FV) was primarily performed in ROI 1 with the laser and cam-

era firing at a frequency of 1,500 Hz. Tests were conducted with the rotor plane positioned

at heights of z/R = 2.0, 1.5, 1.0, 0.75, 0.5, and 0.25 above the ground and/or sediment bed.

The FV gave the ability to track the motion of the sediment particles as they were influ-

enced by the rotor wake. The rotor was situated above the ground plane and single-phase

flow experiments were performed for each rotor height. For the dual-phase experiments,

the sediment particles were arranged in a 1 cm thick circular bed that was approximately

6 rotor radii in diameter. To prepare the bed, the sediment was poured in a confined area

below the rotor. A straight edge was used to equally distribute the sediment and smooth

the bed. For the FV and TR-PIV, image capturing began three seconds (about 200 rotor

revolutions) after the rotor was started to allow for any transients in the flow to diminish.
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The TR-PIV experiments were conducted in ROI 1 and ROI 2 with the laser and

camera firing at a frequency of 1,000 Hz and in ROI 3 at a frequency of 1,500 Hz. The

lower capture rate in ROI 1 and 2 was required to ensure sufficient laser intensity to

illuminate the seed particles for a given f-stop on the camera lens. In ROI 1 and 2, single-

phase experiments were performed for the 1- and 2-bladed rotors at heights of 1.0R. In

ROI 2, dual-phase experiments were conducted for both the 1- and 2-bladed rotors at a

rotor height of 1.0R off the bed using three sediment sizes. In ROI 3, the 1-bladed rotor

was placed at 1.0R above the sediment bed. For ROI 1, ROI 2, and ROI 3, lenses with

focal lengths of 105 mm, 200 mm and 400 mm were used, respectively.

2.7 Particle Image Velocimetry (PIV)

For both the single-phase and carrier-phase experiments, particle image velocime-

try (PIV) was used to measure the velocity fields. This laser based technique is a non-

intrusive experimental method that can make 2-dimensional flow field measurements,

even in areas close to a solid boundary such as the ground plane. The camera was syn-

chronized with two laser pulses such that the laser pulses straddled the camera capture.

This synchronization allowed enough light to enter the camera aperture, while simultane-

ously capturing two images over a very small time period apart (on the order of microsec-

onds). The ∆t between PIV image frames was chosen to be 20 µs for ROI 1 and ROI 2,

and 15 µs for ROI 3.

Figure 2.8 shows a schematic of how the PIV software extracts the velocity mea-

surements out of the two particle images. The first step is to take frames A and B, and
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Figure 2.8: Schematic depicting the PIV cross-correlation process.

dissect them into interrogation windows. These windows are normally sized such that

5–15 seed particles are contained within each window, and that the particles move ap-

proximately a quarter of the window length in the primary direction of motion. The inter-

rogation window must also be sized so that the contained seed particles translate mostly

in one direction with the same magnitude with negligible flow curvature or shearing. The

effects of flow curvature can manifest as velocity errors if the straddle time between laser

flashes is too long [43].

For the same window in each frame, there are a number of particles in frame A that

have translated to a new location in frame B after a pulse separation time ∆t. The software
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takes both frames and performs a cross-correlation, Φ f g, according to the equation

Φ f g(m,n) = ∑
i

∑
j

f (i, j) × g(i+m, j+n)

with the intensity maps, f and g, corresponding to frames A and B respectively and m and

n corresponding to the x and y pixel displacements. This process essentially takes frame B

and translates it to each (i, j) coordinate in frame A, and then looks for the greatest simil-

itude between the two frames. The translation in the i and j directions, in conjunction

with the time difference ∆t and magnification factor of the camera, are used to calculate

a velocity vector for each interrogation. This process is repeated for all the interrogation

windows in the image to produce the resultant flow field. The process is relatively com-

puter intensive, especially with the large data sets that were typical of the present work.

Notice that the images were spatially calibrated to provide the conversion factor between

pixels and the engineering units required to calculate the flow velocities.

A square interrogation window with a deformation grid was implemented [44, 45],

with the window size ranging from 40-by-40 pixels to 24-by-24 pixels, with the final size

being small enough to properly resolve the swirl velocities and velocity gradients sur-

rounding the vortex flows and in the wall-jet region at the ground. Masking was used for

the regions adjacent to the ground to minimize reflections and to constrain the interroga-

tion to begin just above the wall. Masking forces the interrogation windows within the

area to yield zero velocity vectors. To further refine the cross-correlation, two passes of

the Rohaly-Hart analysis were used. Each vector was validated using a universal median

test and a signal-to-noise ratio of 2. Any image exceeding 5% spurious vectors of the total

was removed from the analysis (the number of rejected vectors was typically low).
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2.8 Phase Separation

Dual-phase image processing requires the use of a suitable phase separation algo-

rithm before the velocities of the carrier- and dispersed-phases can be resolved using PIV

and particle tracking velocimetry (PTV), respectively. In the present work, an intensity

thresholding method was used to subtract the dispersed-phase from the carrier-phase, a

schematic of the procedure being outlined in Fig. 2.9. For each raw image, an optimum

intensity gray scale threshold was determined, and pixels above this threshold were sub-

tracted from the original images thereby yielding separate carrier-phase and dispersed-

phase images. The upper path of Fig. 2.9 shows the analysis of the carrier-phase using

conventional PIV. Notice that the carrier-phase images had some masked “holes” in them

from the subtraction of the dispersed-phase, therefore, a 3-by-3 local vector validation

and interpolation procedure was performed to assess the validity of the resulting velocity

vectors. The lower path of Fig. 2.9 shows the dispersed-phase analysis made using PTV,

i.e., direct tracking of each particle (discussed next). Finally, the carrier-phase PIV and

dispersed-phase PTV are recombined to produce measurements of the dual-phase flow

field. This form of analysis yielded detailed quantitative measurements of both phases of

the flow.

2.9 Particle Tracking Velocimetry (PTV)

The dispersed-phase does not contain the concentration of particles present in the

carrier-phase and is, therefore, unsuitable for applying a cross-correlation method like

PIV. Instead, each particle is individually tracked, as explained with the flow chart shown
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Figure 2.9: Dual-phase image phase separation and processing techniques.

in Fig. 2.10. Given an image with only the dispersed-phase present, the same intensity

threshold used for phase separation is chosen to identify each individual sediment parti-

cle. For example, in a 3 x 3 pixel box surrounding one sediment particle, the software

identifies whether the intensity, I, of each pixel is greater or less than the intensity thresh-

old. If so, the algorithm identifies this pixel as potentially part of a sediment particle.

Once this process has been completed for the entire image, the algorithm then identifies

individual sediment particles in each frame. The selection process is based on a number

of parameters, including pixel connectivity and minimum and maximum diameter.

After successful particle identification, an ellipse or circle is fitted over the pixels

that correspond to the location of the particle. The PTV software then individually tracks

each particle in frames A and B. This tracking is done by noting the pixel location in

frame A and searching the surrounding pixels in frame B. The software identifies the

“same” particle in frame B using the following parameters: total area, major and minor

ellipse axes, Ferrets diameter (an average measure of the particle size), circumference,

36



I < I
thresh

I > I
thresh

I > I
thresh

I > I
threshI > I

thresh

I < I
thresh

I < I
thresh

I < I
thresh

I < I
thresh

Frame A

Frame B

Figure 2.10: Schematic depicting the PTV algorithm used to extract the velocity of the

dispersed phase.

intensity, background flow deviation, and number of surrounding neighbors. The velocity

vector for each viable sediment particle in the dispersed phase is then obtained.
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2.10 Technical Challenges in Data Acquisition

There were a number of technical challenges that arose while obtaining the mea-

surements. One of the goals of this research was to find ways to either mitigate or al-

leviate these challenges, and to develop the most efficacious techniques for undertaking

such dual-phase flow measurements in the dual-phase flow environment below the rotor

at the ground. The various challenges encountered can be subdivided into two categories:

software/computing issues and experimental methods.

One of first problems encountered was dealing with the large amounts of the data

that were collected. Each flow field image was on the order of 1 MB, so at 1,000 images

per run this amounted to 1 GB of data. The large data sizes caused two problems, the

first being the transfer of data from the camera to the computer. This problem was solved

by using memory buffer on the camera. The camera was equipped with software that is

capable of capturing contiguous images at a high frame rate by storing the images on the

onboard memory before transferring the data to the computer. The second problem is

physical storage space needed on the computer, which was resolved by transferring the

data onto multiple hard drives before processing and analysis.

While the available camera memory limited each run to 1,000 images, it was suf-

ficient for statistical averaging but only providing 1 second worth of contiguous data per

run. Each of the 1,000 images then had to be processed individually. For the single-phase

runs, this process required processing each image through the PIV cross-correlation al-

gorithm. To minimize the amount of time spent processing each image, the direct image

correlator was replaced with a fast Fourier transform correlator, and the number of pri-
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mary and secondary iterations were reduced from 3 and 2 down to 2 and 1, respectively.

This procedure was found to minimize both the velocity errors and time it took for the

vector fields to be processed. For the dual-phase runs, the signatures of the sediment

had to be masked out of the image before the carrier-phase could be analyzed, adding an

additional step and, therefore, additional time to the overall data processing.

Reflections were encountered within the dust chamber, an inevitable outcome of

firing a high powered laser into a confined location. The Plexiglas used for the walls of

the chamber were optically clear, but still produced some internal and surface reflections.

For example, when the beam entered the dust chamber it reflected off the back wall and

caused a “ghost” light sheet behind the original light sheet. This problem was mostly

mitigated by lining the chamber with a black, non-reflective fabric.

The laser light sheet also has the tendency to reflect off of any solid boundary,

including the ground plane; see Fig. 2.11. Figure 2.11a shows an unaltered raw image

with laser reflections near the ground. The reflections in the near-wall region completely

obscure the crisp seed particles that are needed to provide good correlations with the PIV.

To help mitigate this problem, the laser was aligned such that the centerline of the light

sheet was parallel to the ground plane. As shown in Fig. 2.11b, however, there are still

some reflections from the wall. The final image, as shown in Fig. 2.11c, is the result

of an additional post-processing step that has used a background subtraction algorithm,

which collects the minimum intensity pixels over a number of images and subtracts it

from each raw image. Finally, a background mask is placed over the ground region,

thereby providing the resultant (final) image that is more suitable for the cross-correlation

procedure.
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Appendix A
PIV Measurements Near Interfaces

The challenges in establishing reliable cross-correlations
of PIV images made near an interface are summarized in
Ref. 30 and include: 1) The presence of non-uniform laser
reflections; 2) Signal truncation; 3) A high wall-normal
velocity gradient; 4) Vector relocation when correlation
windows overlap the interface.

Techniques to Reduce Laser Reflections
Because PIV cross-correlation procedures match patterns
in pixel intensities to determine particle displacements,
the presence of non-uniform intensity patterns from laser
reflections can adversely contaminate the correlation pro-
cess, resulting in poor signal-to-noise ratios and erroneous
velocity estimates. For example, Fig. A.1(a) shows a raw
PIV image sample that overlaps the interface region. In
this case, the interface is contaminated with high intensity
pixels of much higher greyscale values than those from the
tracer particles. When standard cross correlation methods
are used, each high intensity pixel at the interface will cor-
relate well with every other high intensity pixel.

Consequently, a completely biased correlation map will
be produced, with correlation peaks running parallel to the
direction of the interface—see Fig. A.2. Instead of provid-
ing one distinct correlation peak at the true particle dis-
placement, this effect leads to spurious velocity vectors.

Improved Experimental
Technique

Background Subtraction
and Masking

(a) Unaltered experiment

(b) Improvement through experimental techniques

(c) Improvement through background subtraction and masking

Figure A.1: Improvement in near-ground PIV in-
terrogation through experimental and image pre-
processing techniques.

Figure A.2: Example of a correlation map (left), and
one contaminated by laser reflections (right).

Figure A.3: Improved experimental technique and im-
age processing allowed the flow to be successfully mea-
sured well into the boundary layer region.

Even in regions where the reflections are less intense—
see Fig. A.1(b)—the flow measurements made there will
still be biased toward zero velocity. This is because cross-
correlation algorithms cannot differentiate between the
signals produced from tracer particles or from laser re-
flections. Because the pixel regions affected by laser re-
flections generally do not change much from the first PIV
frame to the second, they are essentially registered as
tracer particles with zero displacements.

To reduce the intensity of laser reflections in the present
work, a Rhodamine 6G fluorescent paint was applied
to the ground plane. This paint shifted the wavelength
of the reected laser light from 532 nm to 590 nm. A
532 nm notch filter was then placed in front of the camera
such that the high intensity reflected light (now mostly at
590 nm) was filtered out. A second approach used to re-
duce surface reections was to align the laser sheet so that
the incident light rays were more parallel to the interface.

After acquisition, the images were pre-processed with a
background subtraction technique—see Ref. 47. A binary
mask image was created in which each pixel was assigned
a ”0” or ”1” based on its spatial location; all pixels in the
flow area were given a value of 1, and all pixels in the
interface were given a value of 0. This binary mask was
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(c) Image after background subtraction and image masking

Figure 2.11: Process used to improve reflections at the ground plane.

As the vortices impinge upon the ground they slowly erode the sediment bed, caus-

ing a deflation region to form in the impingement zone, followed by a dune just down-

stream; see, for example, Fig. 2.12. This change in bed topology, when it becomes a

significant fraction of the rotor dimensions, can also change the flow in some cases, and

can encourage interactions between adjacent elements of the vortex filaments where oth-

erwise there would be none. To this end, the rotor experiments were run as soon as the
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Deflation region Dune formation

Figure 2.12: FV image showing the deflation and dune regions that can form over ex-

tended test times.

rotor was at its desired operating speed, not giving the rotor wake enough time to signifi-

cantly erode the sediment bed.

Another consequence of running dual-phase experiments is in the particle identifi-

cation process. The nature of the brownout problem is that a lot of sediment is typically

uplifted and suspended; see Fig. 2.13. However, if these particles become too highly con-

centrated in the flow, the particle identification software cannot individually identify each

particle in the dispersed-phase because the reflections from the particles begin to saturate

the overall image. The rotor parameters and operating conditions were selected such that

the dispersed phase was always relatively dilute, thereby mitigating this problem.

One of the challenges associated with the thresholding method of phase separation

are the “holes” remaining in the carrier phase image; see Fig 2.14. While these holes

were masked, sometimes they will provide a correlation in the PIV if they become large

enough. For most of the present experiments, a simple 3 x 3 interpolation grid was found
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Image saturation

Figure 2.13: Dual-phase image depicting the light saturation caused by too many uplifted

and suspended sediment particles.

holes

Figure 2.14: Phase separation “holes” in the carrier-phase after thresholding has been

performed.

to be sufficient to fill in all of the holes in the data matrix and allow for successful cross-

correlations of the carrier phase.

42



2.11 Uncertainties in the PIV Measurements

Sources of uncertainty in the flow measurements using PIV include tracking er-

rors of the tracer particles, background noise, interrogation window size, pulse separation

time, and laser light reflections. Tracer particle errors are a result of the seed particles

slipping or not perfectly following the flow. However, in the present work, this source

of error was very small. Background noise is a result of noise in the camera signal that

can cause artificial intensities in the raw image that result in inaccurate correlations. To

limit this error, a stringent signal-to-noise ration was used to assess the validity of each

vector. Interrogation window size and pulse separation time are chosen such that there is

minimal flow curvature or shearing within each window. However, in a flow with signif-

icant vorticity there is always some deviation of the flow in each interrogation window,

so an image deformation approach was implemented to help alleviate this source of error.

Laser light reflections, similar to background noise, obscure the tracer particles in the raw

image resulting in a complete loss of signal or erroneous vectors. The amalgamation of

all these sources of error resulted in approximately 4.7% error in the pixel displacements

and 4.9% error in the velocity measurements, which was quantified using the equation

∆U =

√(
ε∆x

∂U
∂∆x

)2

+

(
ε∆t

∂U
∂∆t

)2

+

(
εM

∂U
∂M

)2

where ε∆x, ε∆t , and εM are the errors associated with pixel displacement, pulse separation

time, and magnification factor respectively.

43



2.12 Particle Identification Errors in PTV

There are a number of limitations that hinder the identification of all the imaged

particles in PTV. The majority of the unidentified particles arise because the particle do

not scatter enough light or is not completely within the laser light. There are also errors

in the particle tracking as a result of the parameters used for identification and tracking.

In particular, the calculation of the centroid of the particle (Xc, Yc), which had an error of

up to 5 pixels in each dimension. With the centroid defined as Rc = (Xc, Yc) and the length

|Rc| = Xc + Yc, the uncertainty is

∆|Rc|=

√(
εXc

∂|Rc|
∂Xc

)2

+

(
εYc

∂|Rc|
∂Yc

)2

where εXc and εYc are the uncertainties in Xc and Yc, respectively. The centroid uncertainty

was calculated to be approximately 1.0% of the particle location.

2.13 Summary

This chapter has described the experiments that were performed in the present re-

search. The dust chamber, rotor system, ground plane, seeding, sediment particles, and

PIV/PTV system were all described. The flow visualization and PIV methods used were

explained in detail. The present work used time-resolved particle tracking velocime-

try (PTV) to study the dual-phase flow environments below a hovering rotor at varying

heights with different numbers of blades. Different size ranges well-characterized of glass

microspheres were used to create the sediment bed. For the dual-phase experiments, a

phase separation algorithm was used to analyze the carrier- and dispersed-phases sepa-
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rately in three regions of interest. The technical challenges involved in data acquisition

have also been described. Estimates of the various sources of errors in the measurements

were discussed.
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Chapter 3

Results and Discussion

This chapter discusses the results from the experiments that were performed. The

chapter is organized such that the single-phase results using flow visualization (FV) are

discussed first, followed by the PIV results. The dual-phase results are then discussed,

again starting with FV followed by PIV. The dual-phase results include a detailed analysis

of the sediment mobilization and uplift mechanisms, and an exposition of how the rotor

height of the ground plane, two blades versus one blade, and the size of the sediment, can

effect the nature of the resulting dual-phase flow environment.

3.1 Single-Phase Results

A prerequisite toward understanding the dual-phase brownout environment is to

gain an understanding of the characteristics of the single-phase flow (i.e., the carrier-

phase). To this end, flow visualization (FV) was used to examine the various flow inter-

actions and the detailed time-histories of the evolving flow structures that were present in

the rotor wake. The FV was performed by introducing concentrated regions of seed above

the rotor such that it was directly entrained into the salient features of the rotor wake. The

brighter and denser concentrations of seed served to identify the main structures of the ro-

tor wake, such as the tip vortices and the vortex sheets. For the time-resolved experiments,

continuous filaments of more concentrated seed were needed to bring out the salient flow
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features. For example, the presence of a blade tip vortex was easily identified by a distinct

dark “void” regions (caused by small Coriolis and centrifugal forces) in the FV images.

However, such regions do not imply that the flow there is completely unseeded. It is also

important to note that any differences seen in the images in regard to the relative size of

such dark regions should not be used to directly imply the strength of the vortices or any

other differences in their flow characteristics.

3.1.1 Rotor Wake

As the blades pass through the imaging plane, the signature of the helicoidal vortex

filaments that trail from the tips of each blade into the rotor wake can be seen. For

example, Fig. 3.1 shows a schematic for a case when the rotor is operating out-of-ground-

effect (OGE) (also recall Fig. 1.5 in Chapter 1). The rotor does work on the air to produce

thrust, and so an increase in its velocity through the rotor is produced and the downstream

wake contracts as a consequence. At further downstream distances, however, the wake

begins to expand slowly as viscous and turbulent diffusion progressively reduces the axial

slipstream velocities of the flow inside the wake boundaries.

The helicoidal vortex filaments that trail from the blade tips are seen to convect

along the slipstream boundary that separates the relatively high velocities inside the rotor

wake boundary from the quiescent flow outside the wake boundary. These vortices are

seen to have mostly smooth laminar cores, devoid of the small eddies and turbulence that

are present in the surrounding flow. Figure 3.1 shows that after only 2–3 rotor revolutions,

the tip vortices have begun to spin-down under the action of viscosity and turbulence.
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Figure 3.1: Schematic of a rotor operating OGE at z/R = ∞. ψb = 0◦.

The older vortices in the far wake were also more susceptible to the development of

instabilities and the pairing of adjacent turns of the helical wake.

The schematic in Fig. 3.2 shows that when the rotor is operated in proximity to a

ground plane i.e., in-ground-effect (IGE), the structure of the wake is very different to

that found in hover. The rotor wake in this case is forced to turn sharply as it approaches

the ground plane and it then expands radially outward. Compared to the OGE condition,

it is also apparent that the flow under the rotor contains discrete vortical structures that
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Figure 3.2: Schematic of a rotor operating IGE at z/R = 1.0 above a ground plane. ψb =

0◦.

persist to much older wake ages than was found in hover.

3.1.2 Behavior of the Tip Vortices

The rapid expansion of the rotor wake when it encounters the ground causes the

vortex filaments to stretch along their lengths as they convect radially outward. This

process reintensifies their vorticity which, in turn, increases their swirl velocities. This

process also causes the vortices to persist in the flow to much older wake ages [21,46], in

this case to 4–6 rotor revolutions old. Stretching occurs because of volume conservation

of the fluid elements; lengthening causes a thinning of the fluid elements in the directions

perpendicular to the stretching direction [46], thereby reducing the radial length scales

over which the associated vorticity is distributed. The vorticity, is therefore, confined to

a smaller area of the flow, the consequence being higher swirl velocities that are typical
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of vortices at younger wake ages. As will be further described, this is an important fluid

mechanics behavior that ultimately participates in the uplift of sediment and, ultimately,

in the brownout problem.

Near the ground plane, the vortices interact with the flow there. They are sheared

by the velocity gradients in the flow near the ground plane, which causes them to begin to

diffuse more rapidly. The flow further downstream consists of residual vortical elements

and larger turbulent eddies. If the vorticies are not sheared and/or do not diffuse at a fast

enough rate, then the vortex filament eventually thins to a point were it is more suscepti-

ble to the development of instabilities or to a rapid breakdown. Such instabilities (if they

occur) manifest as wave-like perturbations along the lengths of the vortices. If such per-

turbations become sufficiently large enough in amplitude, then they can cause an element

of the vortex filament to burst, rapidly spreading the contained vorticity and reducing the

associated swirl velocities [40].

3.1.3 Wake Sheet

With the passing of each blade, it was noted that a wake sheet was also trailed off

each blade. This wake sheet is created by the merging of the boundary layers on the

upper and lower surfaces of the blade, and comprises smaller levels of vorticity. These

turbulent vortex sheets (which are actually comprised of counter rotating Taylor-Görtler

vortex pairs) convect under the influence of a range of downwash velocities because they

span over the length of the blades. In fact, it was clear from the flow visualization that

each wake sheet convected downward relatively faster than the tip vortex to which it was
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originally connected, eventually overtaking it and interacting with an older tip vortex in

the flow.

As each vortex sheet approached the ground plane, it was noted that the outboard

portion of the sheet becomes ingested by an older tip vortex and at least part of the tur-

bulence becomes relaminarized inside the vortex core. The relatively small eddies in the

wake sheet are entrained in the laminar vortex core and become stretched and flattened

during this process, effectively undergoing a relaminarization process; see also Ref. 21

for a detailed description of this behavior. The remnants of the turbulent wake sheet that

persists to the ground then begins to interact and mix with the developing flow at the

ground, as shown in Fig. 3.3.

As the wake sheets approach the ground, it was noted that they also have a propen-

sity to become unstable and roll over on themselves. Some of the associated turbulence

contained in the sheets continues to be relaminarized by the nearly tip vortices, while

other turbulent flow structures persist in the wake and contribute to defining the flow con-

ditions at the ground plane (1.e., the wall). Upon reaching the wall, the remnants of the

wake sheet are forced to expand radially outward with the remainder of impinging rotor

wake, and the net flow then constitutes the developing conditions at the wall.

3.1.4 Flow at the Wall

The flow at the wall below the rotor takes on the characteristics of an expanding

wall-jet with a boundary layer below; see the discussion later in this thesis and also

Ref. 21. The ingestion of the wake sheet introduces a significant amount of turbulence
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Figure 3.3: Sequence of images depicting the evolution of the wake sheet as it is interacts

with the flow at the ground and is ingested by the turbulent flow there (z/R = 1.5).
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Fig. 10. Details of the tip vortex pairing and shearing in the developing flow near the ground flow.

Figure 14 shows the near-wall phase-averaged velocity profiles for
a rotor height of z/R = 1.0. In this case, the results are just for the
zone within 0.4 of a rotor radius off the ground plane. Note that the
profiles again show the characteristic features of a classic wall jet, with
the boundary layer region in the fully developed downstream flow being
relatively thin. The boundary layer thickness was estimated for the fully
developed cases by using the location where the flow velocity reached
99% of its peak, the results being shown in Fig. 15. Note also that the
boundary layer becomes thinner when moving radially away from the
rotor. While the initial boundary layer thickness will depend somewhat
on the rotor height off the ground, the thickness in the fully developed
wall jet was approximately the same in each case.

Shear stress estimates

The foregoing results have shown that the detailed fluid dynamic
mechanisms by which the wake interacts with the ground plane are very
complicated. However, it is these very mechanisms that influence the
problem of brownout in terms of the uplift and convection of loose sedi-
ment particles, e.g., through the processes of saltation, trapping of sedi-

Fig. 11. Wall jet flow at the ground was shown to exhibit the features
of a thin turbulent boundary layer near the surface and a shear
region above.

ment by vortices, bombardment of suspended particles onto the ground
from reingestion, and so on. While the measurement of the surface shear
is clearly extremely difficult even under ideal conditions, estimates were
made from the measured velocity profiles. Ultimately, however, the tur-
bulent flow features of the flow near the ground must be fully resolved
to understand the problem of sediment pickup and brownout cloud
developments.

Although it must be acknowledged that the flow in the boundary layer
region is always likely to be affected to some degree by the vorticity and
turbulence in the shear region, Eriksson et al. (Ref. 35), George et al.
(Ref. 36), and Haehnel and Dade (Ref. 37) have shown that the wall jet is
fairly self-similar and behaves mostly like that of a boundary layer with
a laminar sublayer region and a log law region. To this end, estimates
of the time-averaged shear stress on the surface were obtained from
curve-fits using such a model to the measured velocity profiles so as to
estimate the velocity gradients at the ground. Alternative methods for
determining surface shear such as the Preston method, as discussed by
Wu and Rajaratnum (Ref. 38), may also be useful, but such an approach
has not been investigated in the present work.

Estimates of surface shear stress are shown in Fig. 16 for rotor heights
of z/R = 1.5, 1.0, 0.5, and 0.25, where it can be seen that they all
generally correlate with the mean flow velocity at the wall; see Fig. 7.
For z/R = 1.5, the surface shear is low, but it increases markedly as
the rotor height is reduced to z/R = 1.0. Note that the peak shear is
obtained outside the periphery of the rotor disk at about r/R = 1.5. This
result also correlates quite well with the maximum levels of erosion (i.e.,
scour) observed in experiments with jets directly impinging onto loose
sediment beds (Ref. 37). Decreasing the rotor height further to z/R = 0.5
causes the peak shear to move radially outward, but this is followed by a
secondary peak near r/R = 1.8. In this case, the secondary peak can be
correlated with the physics of bundling and merging of the vortical rotor
wake (see Fig. 7(c)) a flow feature not present with a simple jet. For the
lowest rotor height the shear stress decreases markedly, and this result is
again consistent with the form of the velocity field shown previously in
Fig. 7(d).

Figure 17 shows an example of the time-varying components of sur-
face shear at a rotor height of z/R = 1.0. Note that the fluctuations are
particularly large near the point of highest average shear stress, which is
also at the point where there is considerable straining imposed upon the

022005-11

Figure 3.4: Schematic of the wall-jet like flow below a hovering rotor.

into the developing wall-jet flow; see Fig. 3.3. As the wake expands radially, the wall-jet

thins and its average velocity increases to conserve momentum and mass. Eventually, the

viscous and fluid shearing forces become dominant, and the energy in the flow is diffused

and dissipated, causing the wall-jet to thicken and slow. A schematic of this wall-jet flow

shown in Fig. 3.4

3.1.5 Effect of Rotor Height

Of significant interest in the present work were the effects of the rotor height above

the ground plane (i.e., the value of z/R) on the developing wake structures, and how rotor

height affected the flow environment at the ground. To this end, Fig. 3.5 shows FV results

for the 1-bladed rotor at the first operating condition (rotational frequency of 75 Hz) for

seven different values of z/R above the ground.

At z/R = 2.0, the wake shows many of the characteristics of the rotor when it oper-
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(g) 1-bladed rotor at z/R = 0.25

Figure 3.5: Single-phase flow visualization for the 1-bladed rotor at various heights.
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ates OGE, the tip vortices undergoing a certain amount of diffusion before they reach the

ground, with the wake initially contracting and then slowly expanding because of viscous

shearing and the eventual interaction of the wake with the ground. The resulting flow over

the ground plane in this case is highly turbulent because the remaining vorticity from the

tip vortices and the wake sheet are now ingested into the developing wall flow, causing

significant fluctuations in the flow velocities there.

When the rotor was lowered to z/R = 1.5, the wake contracts below the rotor and

then convects more quickly outward along the ground plane, expanding radially and thin-

ning in the vertical dimension. In this case, there was evidence of the stretching and

straining of the vortices to the extent that they now persisted in the flow to relatively older

wake ages (about 4 or 5 rotor revolutions in this case). As previously mentioned, stretch-

ing the vortex filaments maintains (and can even intensify) their vorticity. A rotor height

of z/R = 1.5 is the first condition at which the vortices are close enough to the ground

such that any initial diffusion of the tip vortices is counteracted by their stretching and

straining.

The detailed time-histories of the trailed tip vortices were examined to help under-

stand their fluid dynamic interactions at the ground plane, mainly because their behavior

participates in the uplift of sediment (discussed later). To this end, as the rotor was fur-

ther lowered toward the ground plane the frequency at which vortex-vortex interactions

occurred (i.e., the susceptibility to pairing) was found to increase. An associated fluid

dynamic mechanism here is the merging of adjacent vortices, i.e., the viscous merging of

the adjacent turns of the helicoidal rotor wake. This merging process was found to begin

at a rotor height of z/R = 1.5 and arises because of the mutual interactions and pairing
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between closely spaced turns of the helicoidal vortex filament. The consequence of this

behavior (in most cases) is that the viscous merging of the net vorticity field causes inten-

sification of the respective upwash and downwash regions in the combined vortical flow.

As the rotor height was lowered to z/R = 1.25, 1.0 and 0.75, the intrinsic aperiodicity in

the flow became increasingly evident and the susceptibility of vortex merging interactions

occurred more frequently.

Further details of this type of vortex merging process is shown by the sequence of

FV and PIV images in Fig. 3.6. In this case, an older vortex enters the imaging frame,

which is then followed by a younger vortex (180◦ of wake age younger in this case).

The older vortex begins to roll above the younger vortex (i.e., pairing with a younger

vortex). The younger vortex then convects directly underneath the older vortex such that

the upwash and downwash regions of both vortices begin to merge with one another,

creating a more powerful flow that contains the combined circulation that was initially

present in both of the original vortices.

It is important to note that while both original vortices from the blades had fairly

laminar cores, the combined vortex flow has been formed by the viscous merging of the

flows and does not have much of a laminar core; in fact, the observations suggested that

this was rarely the case. The merging of two adjacent vortices is an unsteady phenomenon

and occurs in the presence of a shear layer (the slipstream boundary between the turbu-

lent wall-jet and quiescent flow). This merging process inevitably contains some of the

surrounding turbulence which, in conjunction with the merging process itself, is not con-

ducive to the suppression of turbulence in the vortex core region.

Secondary vortical flows in the wall region were also produced in most cases, this
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Figure 3.6: Flow visualization in ROI 1 and PIV in ROI 2 showing the time-history of the

vortex merging process.
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Figure 3.6: (Cont’d) Flow visualization in ROI 1 and PIV in ROI 2 showing the time-

history of the vortex merging process.
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Figure 3.6: (Cont’d) Flow visualization in ROI 1 and PIV in ROI 2 showing the time-

history of the vortex merging process.
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Figure 3.6: (Concluded) Flow visualization in ROI 1 and PIV in ROI 2 showing the time-

history of the vortex merging process.
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effect being an artifact of the shearing forces produced during the vortex-vortex interac-

tions as well the adverse pressure gradient at the wall. An adverse pressure gradient in the

flow can be deduced from the observed thickening of the boundary layer region immedi-

ately below the vortex, or in some cases by incipient flow separation. After the merging

of adjacent vortices, the corresponding measured velocity field (discussed next) showed

a transient increase in both the upwash and downwash velocities near the locations of

the merging process. Vortex merging was found to also introduce much higher velocities

above the shear layer that demarcated the wake boundary, increasing the apparent turbu-

lence levels in this region of the flow. This increase in turbulence above the slipstream

boundary was found to be important where sediment was uplifted into the flow (discussed

later).

As the rotor height was further lowered, the phase-resolved spatial positions of the

rotor wake and the vortex filaments tended to become even more aperiodic, also increasing

the propensity for vortex-vortex pairing and merging. Pairing differs from merging in

that it involves an older tip vortex rolling above a younger tip vortex. However, instead

of merging together and mixing, in this case the pair continue to rotate about a common

center of circulation as they convect parallel the ground plane. One of the outcomes of

this behavior is that the vortices were seen to maintain more distinct cores to longer times

(wake ages) as they continued to convect along the ground plane. The frequency at which

pairing occurred increased markedly when the rotor was in the z/R = 0.75–1.25 height

range above the ground.

Moving the rotor height down to z/R = 0.5 caused the rotor wake to expand outward

quickly across the ground plane. The results suggested that instabilities formed on the
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vortex filaments because of their close proximity to the ground, and caused them to diffuse

at relatively younger wake ages. This effect, in turn, caused the older adjacent vortices

to merge more frequently when they were at younger wake ages, thereby introducing a

significant amount of turbulence further upstream in the flow. This process was further

intensified as the rotor was lowered to a height of z/R = 0.25; in this case the wake

contracted and expanded very quickly, and upon reaching the ground the tip vortices were

observed to rapidly diffuse. For both these latter rotor heights, significant diffusion of the

tip vortices does not have time to manifest before the vortices interact with the wall flow.

Not only do the dynamics of adjacent blade tip vortices at the ground introduce

vorticity and turbulence into the flow, but they also powerfully interact with each other

[8]. To investigate this effect further, the flow field of the 1-bladed rotor was studied at

the same heights above the ground as for the 2-bladed rotor. Results in this case for a

representative height of 1.0R, are shown in Fig. 3.7. The immediate observation is that

the 2-bladed rotor produces twice the number of vortices and wake sheets as compared

to the 1-bladed rotor. While this observation may seem obvious, it becomes an important

consideration when the near-wall interactions are examined in quantitative detail (see

later). As expected, both rotors produce a wake that initially contracted and then radially

expanded as it interacted with the ground plane. The vortices in both cases follow the

slipstream boundary between the wake and the quiescent flow, occasionally interacting

with each other.

The addition of a rotor blade into the problem also means more vorticity from the

wake sheets and the spacing between adjacent turns of the trailed vortices is consider-

ably smaller. The resulting flow field, however, is far from a simple superposition of
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Figure 3.7: Single-phase flow visualization comparison of the 1- and 2-bladed rotors at a

height of z/R = 1.0.

two interdigitated vortex flows. In this case, the lower effective helicoidal pitch of the

wake was observed to cause an increased susceptibility to the pairing of adjacent vor-

tex filaments and production of higher levels of aperiodicity in the flow, especially in

the near-wall region. The tip vortices for the 1-bladed rotor experienced merging and

pairing only occasionally, while the 2-bladed rotor produced more significant interactions

between adjacent turns of the vortex filaments. The turbulent nature of the wall-jet, in

conjunction with the natural aperiodicity in the flow and closer spacing of the adjacent

turns of the vortex filaments, led to a more unsteady far-field and more persistent vortical

flow structures, as shown in Fig. 3.7.

The differences in the wakes of both rotors can be further exposed by using the PIV

measurements taken in ROI 1 with both rotors at a height of z/R = 1.0. Figures 3.8a and

Fig. 3.8b compare the vorticity fields for the two tests, and Fig. 3.8c and Fig. 3.8d compare

the wall-normal velocity; again red indicates an upwash and blue indicates a downwash,
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Figure 3.8: Vorticity in ROI 1 for the 1- and 2-bladed rotors. ψb = 302.4◦.
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Figure 3.8: (Cont’d) Wall-normal velocity in ROI 1 for the 1- and 2-bladed rotors. ψb =

302.4◦.
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thereby making a red-blue pair the “signature” of a vortex flow. The magnitude of the

vorticity contours showed that the relative strength of the vortices generated by each rotor

was almost the same (recall from previously that CT/σ was held constant for all the test

conditions).

While the 24 x 24 PIV interrogation window grid used in the present tests was

not quite fine enough to resolve all of the small-scale turbulent eddies inside the rotor

wake, it did identify areas of increased turbulence that were produced when using the 2-

bladed rotor. This effect can be seen by the yellow contours depicting increased levels of

vortical flow directly below the rotor and also in the wake at the older wake ages. As with

many of the images, in this particular set of images of the 2-bladed rotor, it produces two

adjacent helicoidal vorticex filaments that are in the process of pairing and merging. The

equivalent vorticity plot (Fig. 3.8b) shows that there are two distinct centers of circulation

that correspond to two adjacent vortices that have paired. As can be seen in the velocity

contours (Fig. 3.8d), this behavior causes a local transient increase in both the upwash

and downwash in the flow from the resulting larger vortical flow region containing the

combined vorticity fields of both of the original vortices.

Further reintensification of the vortical flow results in the persistence of the net

vorticity to older wake ages in this case when compared to the flow obtained with the

1-bladed rotor. The adjacent, further upstream vortex in both the 1- and 2-bladed rotor

cases, have essentially the same vorticity magnitudes. However, in the 1-bladed case the

diffusive action in the flow becomes dominant and counteracts the stretching and straining

of the vortex filament, resulting in lower swirl velocities. For the 2-bladed rotor, the

pairing and merging of the two vortical structures augments the stretching and straining
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process, and creates the large wall-normal velocities that were seen in Fig. 3.8d. The

implications of this latter behavior on the uplift of sediment particles is discussed later.

The significance of the observed vortex dynamics on the flow field at the ground can

be better understood from the measured velocity profiles. Figure 3.9 shows results for the

wall-parallel velocity contours and corresponding two-dimensional velocity profile for the

1-bladed rotor in ROI 2. The velocity profile has been extracted at r/R = 2.0 (measured

downstream from the rotor shaft axis). This sequence of measurements were separated by

194◦ of blade rotation. Figure 3.9b shows the velocity profile near the ground is similar to

a classical wall-jet (see Fig. 3.4) but is about to encounter the influence of a tip vortex. As

the vortex passes over the cut location (see Fig. 3.9e), there is a transient excursion that

creates a localized region of high wall-parallel flow velocity. This result is indicative of

a high swirl velocity induced near the ground by the vortex flow, i.e., the velocity in both

the wall-parallel and wall-normal directions undergoes sharp increases in its magnitude

under the influence of the vortex.

The foregoing excursions in the flow are increased even further when two adjacent

vortices pair and merge; see Fig. 3.10. Both the wall-parallel and wall-normal velocities

still show the characteristic excursions from the mean flow, however, the excursions are

now larger and produce a number of distinct velocity peaks that arise from the merging

process of vortices and the creation of secondary vortical flows. The transient excursions

from the mean flow velocity extend into the slipstream boundary of the rotor wake, and

so could be expected to affect the motion any sediment lying below this region (described

next). Another important observation here is that these perturbations are produced at

significant heights above the ground, up to 60–70% of the rotor radius.
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(a) PIV at time ψb ≈ 261◦

(b) Velocity profile at time ψb ≈ 261◦

Figure 3.9: Sequence of images tracking the evolution of the near-wall flow field; contours

show wall parallel velocity. Velocity profile is taken at z/R = 2.0 (indicated by black

dashed line).
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Figure 3.9: (Cont’d)Sequence of images tracking the evolution of the near-wall flow field;

contours show wall parallel velocity. Velocity profile is taken at z/R = 2.0 (indicated by

black dashed line).
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Figure 3.9: (Concluded) Sequence of images tracking the evolution of the near-wall flow

field; contours show wall parallel velocity. Velocity profile is taken at z/R= 2.0 (indicated

by black dashed line).
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Figure 3.10: Wall-normal and wall-parallel velocity profiles for two vortices that have

merged for a 2-bladed rotor at z/R = 1.0.

3.2 Considerations of Scale

The rotor used in the current work obviously has a relatively small diameter when

compared to full-scale helicopter rotors (it is roughly 0.0096 scale). This large difference
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(a) Velocity profile comparison (b) Non-dimensionalized velocity profile comparison

Figure 3.11: Velocity profile comparison for a 0.16 m diameter rotor and a 1.0 m diameter

rotor at a radial location of r/R = 1.6

in geometric size brings into consideration possible aerodynamic scaling issues that are

associated with laboratory-scale experiments with rotors in general, and in the two-phase

flow environment in particular. Figure 3.11a shows a comparison of a wall-parallel veloc-

ity profile at the ground taken at r/R = 1.6 for the rotor used in current experiments with

results from a larger rotor with a diameter of approximately 1 meter operating at a tip

Reynolds number of approximately 250,000 [21]. Both velocity profiles were obtained

from an ensemble average over a large data set of 1000 flow realizations for the smaller

rotor and 100 flow realizations for the larger rotor.

Notice that the peak velocities for both rotors are relatively similar, with the values

for the smaller rotor being slightly lower, but the disparity of geometric scales means that

the boundary layer thicknesses are very different. However, if the velocity and rotor height

above the ground are non-dimensionalized by the hover induced velocity from momentum

theory, vh, and rotor radius, R, respectively, as shown in Fig. 3.11b, it is significant to see
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that the two velocity profiles now become very similar. This outcome shows that even

though the rotor used in the present experiment is relatively small, the results obtained

may be representative of what would be obtained at larger scales. The outcomes here,

however, do not necessarily imply that the present results would be fully representative of

those obtained at full-scale, i.e., with actual helicopters. While other aspects of the flow

properties would also need to be compared (e.g., turbulence spectra), these initial results

suggest that flow measurements that are representative of those at a larger scales can be

adequately studied in the laboratory at much smaller scale, which becomes a particularly

important consideration when the dual-phase flow environment must be measured.

3.3 Dual-Phase Results

Dual-phase FV was first conducted in ROI 1 below the rotor to gain a general un-

derstanding of the processes of sediment entrainment and mobilization under the action

of the rotor wake. The overall goal was to understand, in good detail, the mechanisms

of sediment uplift off the ground and how the sediment was suspended in the flow by the

rotor wake, i.e., the eventual development of a dust cloud. For most of the dual-phase FV

and PIV conducted in the present work, the sediment bed was composed of particles in

the 45–63 µm diameter range, which was found to be the most mobile type of sediment.

3.3.1 Dual-Phase Flow Field

Figure 3.12 shows the two-phase flow in ROI 1 for the 2-bladed rotor operating

at a height of z/R = 1.0 above the ground. This image shows waves of sediment that
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Figure 3.12: Dual-phase flow visualization of the 2-bladed rotor at z/R = 1.0 above a

sediment bed depicting the characteristic waves of sediment that are induced by the vortex

passage over the underlying bed. ψb = 108◦.

are lifted by the rotor wake flow and are convected along the ground just ahead of each

passing vortex. This observation confirms previous observations [8] that the vortices

play a primary role in the uplift of sediment particles from a bed underlying the rotor.

Towards the right-hand-side of the image, the vortex induced swirl velocities here have

decreased and the sediment particles in this region of the flow are more heavily influenced

by gravity and inertial forces. Further downstream, the flow has become more turbulent

and the sediment was noted to follow more random paths under the action of this type of

turbulent flow.

3.3.2 One Versus Two Blades and Effect of Rotor Height

As was done using the single-phase FV, the flows generated by the 1- and 2-bladed

rotors were examined at various rotor heights above the ground plane when operated at the
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same blade loading coefficient, but this time over the mobile sediment bed. Figure 3.13

shows a comparison of the results for both rotor systems at heights of z/R = 1.5, 1.0 and

0.5 above the ground. As the height of the 1-bladed rotor was lowered, it was noted that

the amount of sediment that was uplifted did not significantly increase. This outcome is

because the vortex filaments do not undergo as much pairing and merging as was observed

with the 2-bladed rotor. Therefore, the tip vortices eventually spin down under the action

of shearing and turbulence, as was seen in the single-phase results.

The results obtained with the 2-bladed rotor were found to be different in that the

interdigitated helicoidal vortex filaments more readily interacted with each other, as previ-

ously explained. In this case, the resulting uplift and suspension of the sediment particles

in the flow was greatly increased as the rotor height was lowered toward the ground.

The single-phase results showed that as the 2-bladed rotor was lowered there was also

an increase in aperiodicity in the flow. The dual-phase FV indicated that this increase

in aperiodicity (because of the vortex-vortex interactions such as pairing and merging)

correlates with significant sediment mobilization and uplift. It was shown in Fig. 3.9 that

vortex-vortex interactions produced large excursions from the mean flow velocity, con-

firming that these transient excursions play a very important role in the mobilization and

uplift of sediment. It was clear that the characteristic waves of uplifted sediment seen

in the two-phase images were mostly a consequence of the local velocity excursions that

were caused by the high swirl velocities induced by the vortices.

It is important to note the change in the topology of the sediment bed that eventu-

ally occurs in each test. From Fig. 3.13(f), there is a clear difference in the bed topology

created by the 2-bladed rotor versus the 1-bladed rotor case after the approximately the
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(d) 2-bladed rotor at z/R = 1.0

Figure 3.13: Comparison of the flows for 1- and 2-bladed rotor at various heights over a

sediment bed comprised of 45–63 µm particles. ψb = 54◦.

same running time. This outcome is because the impingement of the vortices creates a de-

flation region near where the vortices impinge upon and interact with sediment bed. The

sediment particles removed from this region are either uplifted into the flow or deposited

further downstream in the form of a dune. The consequence of dune formation is that

when it reaches a critical height relative to the rotor dimensions it begins to alter the wall

flow such that, in some cases, it can precipitate the onset of vortex-vortex interactions.

This effect ultimately leads to higher flow fluctuation velocities than would have other-
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Figure 3.13: (Cont’d) Comparison of the flows for 1- and 2-bladed rotor at various heights

over a sediment bed comprised of 45–63 µm particles. ψb = 54◦.

wise occurred with a completely flat sediment bed. Measurements of the developing bed

morphology under similar vortical flow conditions has been done by Dade et al. [35], but

in the present case further measurements will be required to quantify this effect in detail.

3.3.3 Sediment Uplift and Mobilization Mechanisms

To gain a more complete understanding of the dust field that was created under

the influence of the rotor wake, it was necessary to examine in close detail the areas

of the bed where sediment was actually being entrained into the flow. From the dual-

phase FV made in ROI 1, it can be concluded that the dual-phase flow environment at the

ground is intricately complicated. To this end, ROI 2 was chosen to encapsulate the region

that was responsible for mobilizing and entraining a majority of the sediment. The goal

for these experiments was to identify and quantify the fundamental uplift mechanisms

that occurred at the bed, and to understand how these mechanisms related to the overall
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Figure 3.14: Schematic showing the different modes of sediment particle motion and the

fundamental uplift mechanisms as observed in the near-wall region.

transport of sediment up into suspension around the rotor.

A schematic of the observed near-wall two-phase flow mechanisms is shown in

Fig. 3.14. Identified in red are the sediment transport mechanisms that were observed to

contribute most significantly to sediment mobilization, including particle uplift and sus-

pension. These mechanisms are: creep, modified saltation, bombardment, unsteady pres-

sure effects, vortex-induced trapping, and secondary suspension. These mechanisms can

be further subdivided into two categories: classical sedimentology (i.e., aeolian) mecha-

nisms and rotor-specific mechanisms, with both mechanisms being associated with pri-

mary and secondary ejection of sediment particles as well as entrainment.

3.3.3.1 Creep and Saltation

The first two mechanisms (creep and saltation) have been studied in great detail

in the field aeolian sciences [31–33]. Below the rotor, these mechanisms appear in the
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near-wall region, but in significantly modified forms. Creep is a process by which loose

sediment particles on the ground (usually the larger particles) roll along the surface of the

bed, subsequently disturbing other particles along their paths. These creeping sediment

particles move under the shearing action produced by the turbulent flow at the wall, which

produces forces that are sufficient to mobilize the particles but does not generally have

sufficiently high wall-normal velocities to uplift or entrain the particles into the flow.

Saltation occurs when loose sediment particles on the ground obtain a vertical ve-

locity through a surface collision or a wall-normal excursion in the flow velocity (e.g.,

from the action of turbulence). These particles initially jump from the sediment bed

and then follow ballistic-like trajectories back toward the ground. The saltating particles

extract energy from the surrounding flow such that they gain velocity and impact the sed-

iment bed with considerably more momentum and energy, causing the ejection of many

new particles. A schematic of the dynamics of this particular mechanism is shown in

Fig. 3.15(a).

The process of saltation, however, occurs in a significantly modified form below

the rotor because the airborne particles are also influenced by the impinging vortices

and highly vortical flow produced by the rotor wake. These factors can either slow or

accelerate the velocity of the saltating particles, changing their trajectories compared to

what would be obtained in a more uniform flow. Therefore, there are actually many

different saltation trajectories that the particles can undergo after being uplifted from the

bed, not just simple ballistic trajectories.

Figure 3.15(b) shows PTV results for the 90–120 µm glass microspheres in the

wake of the 1-bladed rotor in a magnified region of ROI 2. This figure shows 20 overlaid
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Figure 3.15: Top: Schematic showing modified saltation bombardment and creep. Bot-

tom: PTV data of 20 overlaid images showing some saltation trajectories.

PTV images, with each white circle representing an individual particle that was identified

by the particle tracking algorithm, which allows for the tracking of particles from image

frame-to-image frame. The red arrows depict different saltation trajectories that occur

after the sediment particles are uplifted. Even from only 20 images, it was clear that the

sediment particles can follow short or long paths as they convect in the flow and impact

the downstream regions of the bed. While not all such particles paths are parabolic, they

mostly conform to this profile.

The observations in the present work also showed that modified saltation bombard-

ment is a cascading process that manifests by a significant increase in the airborne particle

density at increasingly downstream distances, as well as a gradual thickening of the salta-

tion layer (discussed next). The newly ejected particles that are uplifted from the process

of saltation bombardment immediately begin to creep or saltate if they are not directly en-
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trained into the flow, causing even more particles to be ejected from the bed. This process

eventually forms the so-called saltation layer.

3.3.3.2 Saltation Layer

Figure 3.16 shows a schematic of a saltation layer responding under the influence

of two impinging vortices, along with a corresponding measured PIV/PTV image. The

image contours represent the wall-normal velocity, while the white circles with red vec-

tors indicate sediment particles with their corresponding velocities. The vortices were

observed to create a local thickening of the saltation layer as the particles in this layer

convected along the sediment bed. The particles are generally moving in the same direc-

tion as the flow but are heavily influenced by inertial forces, causing them to deviate from

the mean flow in both velocity magnitude and direction.

Within the saltation layer it was noted that there is a relatively high particle den-

sity, which can lead to inter-particle collisions. Figure 3.17 shows one example of two

particles in the 45–63 µm diameter range that collide under the influence of a vortex flow.

The two particles are initially lifted off the ground into saltation, but because they have

different velocities and are also of different sizes, they follow different trajectories. In

this case, these trajectories intersect at the collision point—see Fig. 3.17(b)—where the

software in this case has actually identified the two particles as one large particle because

their intensity signatures overlap. At this point, the particles rebound off each other and

undergo a momentum transfer, moving away from each other with altered trajectories.

The foregoing example is just one of simplest of the many possible collisions that
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Figure 3.16: Schematic and PIV/PTV of a saltation layer under impinging vortex flows.

were observed in the saltation layer near the ground. Recall that the flow field here is

very unsteady and highly three-dimensional, so particles collide both in and out of the

measurement plane in all three spatial dimensions. Furthermore, groups of particles that

are traveling close to each other (or they may convect as aggregates because of residual

cohesive forces) were found to be burst apart by a more complex collision with a particle

that intersects its saltation trajectory. These observations obviously raise some interesting

issues in regard to the detailed modeling of the sediment dynamics in the near-wall region.
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Figure 3.17: PTV depicting the collision of two sediment particles with intersecting salta-

tion trajectories: (a) particles saltating; (b) particles colliding
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Figure 3.17: PTV depicting the collision of two sediment particles with intersecting salta-

tion trajectories: (c) particles rebounding; (d) particles with altered trajectories.
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Figure 3.18: Schematic and PIV/PTV measurements of showing particles in the saltation

layer being entrained into the vortex-induced upwash.

3.3.3.3 Vortex-Induced Trapping

The FV made in ROI 1 revealed that characteristic bursts or waves of sediment

(see previously in Fig. 3.12) were convected over the ground just downstream of the
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passing blade tip vortices, which appeared to be responsible for uplifting a majority of

the sediment into suspension. Besides the effects of pressure forces, for particles to move

in the near-wall normal direction above the saltation layer they must entrained by an

upwash region in the flow field, such as the upwash induced by an impinging vortex on

the bed; see Fig. 3.18. As the upwash region of a vortex passes within proximity to the

bed, particles suspended within the saltation layer in this region are immediately uplifted.

If the vortex is strong enough and the sediment on the bed is mobile enough, then these

particles can be directly entrained from the surface into the upwash region, i.e., through

the mechanism of vortex induced sediment trapping.

Subsequently, the heavier particles that have been entrained by the vortex flow are

spun out under the action of centrifugal forces unless they are captured by another flow

structure (i.e., secondary trapping), in which case they follow ballistic trajectories back

toward the bed. For the smaller particles, the momentum they extract from the flow is

sufficient to convect them well above the flow at the bed and into overall suspension in

the particle field. Particle suspension will occur when the balance of forces on the particle

from the vertical flow and turbulent fluctuations in the surrounding flow is greater than

the gravitational forces on the particle.

3.3.3.4 Secondary Suspension

Once particles have been suspended clear of the bed, one of three possibilities oc-

curs. The first, as previously alluded to, is that the particles can remain in suspension if

the local turbulent flow fluctuations are sufficiently large, i.e., the vertical perturbations
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Figure 3.19: Schematic and PIV/PTV measurements of the secondary suspension process.
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in the flow are greater than the settling velocities. However, if the conditions for sus-

pension are not met, the particles will slowly settle back towards the bed under gravity.

Figure 3.19 shows that such suspended particles can encounter the upwash region of a

younger vortex that is convecting along the ground, and almost parallel to the bed. If this

event happens, then the particle is uplifted back into suspension again. This process can

continue indefinitely, meaning that the suspended sediment can by resuspended as long

as upwash regions remain present in the flow field. As more and more of the particles

are suspended, the probability of these particles encountering these upwash regions in the

flow becomes much more likely. This process reveals itself in the suspended sediment

field as swirling particle flows and a rapid overall accumulation of suspended particles,

and in some cases bursts of accumulated sediment.

The process of secondary suspension suggests that the generation frequency of vor-

tices plays a strong role in sediment suspension and, therefore, in the development of

brownout cloud. Recall that for the flow visualization in ROI 1, more particles were seen

to be in suspension for the 2-bladed rotor than for the 1-bladed rotor; see Fig. 3.13. This

outcome arises because as particles settle back towards the surface they have a higher

probability of encountering the upwash region of one of the vortices as a result of the

higher vortex generation frequency for the 2-bladed rotor. These upwash regions are, at

times, significantly larger than those produced by the 1-bladed rotor because the 2-bladed

rotor flow field is more susceptible to vortex pairing and merging, and higher levels of

aperiodicity in the flow. The transient excursions from the mean flow velocities were pre-

viously shown to be much larger for a pair of merged vortices, with the consequence that

they have a greater influence on the mobilization and uplift of sediment.
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3.3.3.5 Bombardment of Sediment

Downwash regions present in the flow can also be responsible for mobilizing parti-

cles by means of bombardment of the suspended particles back onto the bed. Such effects

can be produced by the downwash of the rotor itself (i.e., a global region of downwash

below the rotor) or by the downwash of the passing vortices (i.e., a local downwash).

In practice, the process of reingestion bombardment may occur in any downwash

flow region. Shown in Fig. 3.20 is a local form of bombardment that ejects copious

amounts of sediment into the developing saltation layer. The particle depicted in this

figure orbits around the vortex and impacts the bed and, as with the other forms of bom-

bardment, is responsible for ejecting many new particles from the bed up into the saltation

layer.

Particles that are suspended high enough off the bed can be reingested by the rotor

flow and then convected downward to produce bombardment on the bed, a process that has

previously been called reingestion bombardment [8]. This process is somewhat similar to

saltation bombardment, but the generally higher momentum of the particles in this case

ejects many more new particles into suspension than would otherwise have occurred in

more wall-parallel flow. In fact, field observations [4] of the brownout problem suggest

that helicopters that experience reingestion of suspended dust through the rotor system

tend to have the worst over types of brownout signatures.

During this global bombardment, the point that a given particle impacts the bed is

not necessarily limited to the region in which sediment entrainment has been previously

observed. Reingestion bombardment can also occur much closer to the region directly

89



1.4 1.91.81.71.61.5

0

.1

.2

Non-dimensional radial distance, r / R

N
on

-d
im

en
si

on
al

he
ig

ht
,z

/R

V/Vtip

Vortex

Wall jet
velocity profile

x

y

(a) Sediment entrained into vortex upwash

Vortex

Wall jet
velocity profile

x

y

V/Vtip

1.4 1.91.81.71.61.5

0

.1

.2

Non-dimensional radial distance, r / R

N
on

-d
im

en
si

on
al

he
ig

ht
,z

/R

(b) Entrainment into downwash flow

Vortex

Wall jet
velocity profile

Ejected Particles

x

y

1.4 1.91.81.71.61.5

0

.1

.2

Non-dimensional radial distance, r / R

N
on

-d
im

en
si

on
al

he
ig

ht
,z

/R

V/Vtip

(c) Sediment bombarding bed

Figure 3.20: Sequential schematic and PIV/PTV measurements of a sediment particle

undergoing the process of reingestion and ejecting new particles after bombardment onto

the sediment bed.

below the rotor, ejecting particles in a region that would have otherwise gone uninfluenced

by the effects of the mean flow or by the blade tip vortices.
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3.3.3.6 Pressure Effects

A previously unexamined mechanism in the brownout problem is the effect in-

duced by the pressure field created near a vortex flow [32, 47]. While it is not possible

to directly measure local unsteady pressure from the PIV, there were certain characteris-

tics of the sediment motion in near-wall region that suggested that pressure forces were

playing some role in particle uplift and entrainment into the flow. Greeley et al. [47]

have investigated the effects of tornadoes on sediment mobility and have concluded that

pressure effects caused by vortices participate in the problem and will affect the threshold

conditions for mobility compared to that obtained without the pressure effects.

For example, Fig. 3.21 shows a schematic and FV image that shows a concentration

of particles that are directly beneath the centerline of a passing vortex. These particles

have not been entrained into any upwash region, yet they are still moving almost verti-

cally upward in the flow away from the wall. While this particular mechanism remains

a hypothesis at this point, the observation suggests that the onset of particle motion in

this case may be more influenced by the pressure field caused by the unsteady convection

of the vortices near the ground rather than by shear forces. Future experiments could be

undertaken to measure the induced pressure on the ground plane with the goal of more

completely understanding these effects.

3.3.4 Summary of Identified Mechanisms

All of the foregoing mechanisms will play some lesser or greater role when it comes

to producing the dust fields surrounding a rotor in ground effect operation above a mobile
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Figure 3.21: Results showing the influence on the sediment motion by the induced pres-

sure field of a convecting vortex: (a) schematic of the behavior; (b) flow visualization

image.

sediment bed. In the present research, the different modes of sediment transport have been

better delineated. The near-wall measurements documented at least five fundamental up-

lift and sediment transport mechanisms below the rotor: 1. Creep, 2. Modified saltation

and saltation bombardment, 3. vortex-induced trapping, 4. Reingestion bombardment

(local and global), and 5. Secondary suspension with a possible sixth mechanism relat-

ing to the unsteady pressure forces created by a convecting vortex. These mechanisms
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Figure 3.22: A single PIV/PTV image containing several simultaneously occurring sedi-

ment uplift and mobilization mechanisms.

were described individually, however, in practice they will occur simultaneously, creat-

ing a very complex two-phase flow environment near the ground. For example, Fig. 3.22

shows a PIV/PTV image that depicts a number of the previously described mechanisms

in simultaneous process. The uplift mechanisms all interact with one another to a lesser

or greater degree, causing a cascading effect that ultimately results in the development

of a relatively thick saltation layer and, consequently, the mobilization and uplift of large

amounts of sediment into suspension.
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3.3.5 Initial Investigation of the Effect of Sediment Size

Another aspect of the problem that was examined in this study, at least initially, was

the effect of sediment size. Three different particle diameters in the range of 1–38 µm,

45–63 µm, and 90–120 µm were tested under the influence of the 1-bladed rotor. The

rotor was operated under the same conditions for each size of sediment, as previously

described, so that the observed effects could be directly compared.

An overall comparison of the results is shown in Fig. 3.23. The smallest size of

particles were found to experience little to no movement, which is because of the rela-

tively large cohesive forces that exist between them [31]. There are a number of particles

that are suspended by the turbulence in the flow, but relatively few particles are actually

entrained by the rotor wake flow. The particles that do become airborne closely follow

the surrounding flow vectors because they have low mass and drag.

The medium sized particles (45–63 µm diameter) were the more mobile of those

used in the present work, with many particles in this case being mobilized to form the

initial saltation layer. This mobility is a consequence of the sediment particles being large

enough to have relatively lower cohesive forces, but still being small and light enough

to be uplifted and suspended into the flow. It was observed (see previously) that the

vortices that convect over the sediment bed can easily entrain these particles into the

upwash regions of the flow and also bombard them back onto the bed in the downwash

regions. The passing of each vortex resuspends some of the particles, although though

there are relatively few particles suspended in the overall flow in this case. As previously

explained, this outcome arises because the suspended particles (at least in this case) have
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Figure 3.23: FV of the dual-phase flow below the rotor for three different sediment sizes.
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average settling velocities that are greater than the surrounding upward flow velocities

and turbulent flow fluctuations.

The largest particle diameter range (90–120 µm) was relatively mobile, but not

as much as for the medium size range because in this case they are relatively heavier.

These particles experienced creep and saltation, but it was observed that there were fewer

particles being uplifted into suspension.

A further understanding of the the differences in the sediment particle fields for

each particle size group was accomplished by examining the PIV/PTV results, as shown

in Fig. 3.24. The flows obtained with smallest size range (1–38 µm) showed that almost

no particles were suspended, but more interestingly there was no saltation layer. This

outcome is because the action of the flow velocities and shear stresses on the ground

below the rotor is too low to even initiate creep and/or saltation. The smallest particle

sizes also stand out from the other two size ranges because they have the tendency to

form clumps or aggregates under the action of the cohesive forces. The resulting mass of

the aggregate further resists direct entrainment and uplift from the action of the boundary

layer.

For the flows that were studied, the medium size range of particles (45–63 µm

in diameter) generally produced a clearly formed saltation layer over the bed. In this

case, the particles underneath the impinging vortex flow were convected upward by the

surrounding upwash field. The smaller particles in the range were thrown into suspension,

while the larger particles were spun out of the influence of the vortex by centrifugal forces

and then had a tendency to impact the bed, as shown by the thicker saltation layer in the

far right of the image. However, with the larger particles, several previously identified
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Figure 3.24: Comparison of PIV/PTV results for flows with different sediment sizes.
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mobilization and uplift mechanisms were absent. There was still a well-formed saltation

layer, however, the vortex flow did not trap many particles, which has been previously

shown to be the mechanism that contributes the most to particle uplift and suspension,

when it occurs. Consequently, there were fewer particles suspended in the flow and all

secondary suspension was absent. This observation shows that all of the aforementioned

mechanisms must be active to form a saltation layer that is sufficiently laden with particles

to ultimately generate significantly concentrated particle fields near the rotor.

3.4 Chapter Summary

This chapter has described the experimental results obtained using flow visualiza-

tion and time-resolved particle image velocimetry of a rotor hovering above a ground

plane or sediment bed. Single-phase and dual-phase flow observations were for made for

a rotor (in both a 1- and 2-bladed configuration) that was operated at various heights off

the ground. It was shown that decreasing the heights and/or using two blades resulted

in a significant increase in vortex-vortex interactions such as pairing and merging and,

therefore, an increase in the aperiodicity in the flow. With the passing of each blade

tip vortex, there was found to be large transient excursions in both the wall-parallel and

wall-normal flow velocities, which was a phenomenon primarily responsible for mobiliz-

ing and uplifting sediment. Five fundamental mobilization and uplift mechanisms were

observed: modified creep and saltation, vortex-induced trapping, secondary suspension,

and reingestion bombardment, with unsteady pressure effects being a hypothesized sixth

mechanism. The onset of creep and saltation bombardment were found to be cascade-
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producing mechanisms, creating a significantly concentrated saltation layer from which

particles were more easily uplifted. Within this saltation layer, it was seen that densely

packed particles also had the propensity to collide with each other. The effects of sedi-

ment size were also examined. It was noted that the smaller particles were more cohesive

and less easily mobilized, while the larger size of particles were too heavy to be uplifted.

The medium range size of particles used in the present work, unlike the other two size

ranges, experienced all five uplift and mobilization mechanisms and were more likely to

be uplifted by the impinging rotor wake.
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Chapter 4

Conclusions

4.1 Summary

Time-dependent flow visualization and particle image velocimetry measurements

were performed with a laboratory-scale rotor system that was operated at different heights

above a mobile sediment bed. The rotor was tested in both in a single blade configuration

and with two blades. Two-phase flow measurements were taken with sediment particles

comprising glass microspheres in three diameter ranges: 1–38 µm, 45–63 µm, 90–120 µm.

Measurements were taken over more complete regions of the flow field, as well as in two

detailed near-wall regions. The near-wall measurements were used to understand the

details of the complex two-phase fluid dynamic processes that occur on the sediment bed

under the action of the vortical rotor flow. Particle tracking velocimetry was performed in

these regions to study the interaction between the aerodynamic structures at the ground,

and their participation in the ultimate generation and development of a dust cloud. The

present research goals included: 1. Better understanding the effects of rotor geometric

and operational factors on the wake behavior and blade tip vortex structures, including

how these flow characteristics changed at the ground plane; 2. Understanding the details

of how the wake vortices interacted with the mobile sediment bed, and how the resulting

two-phase flow developed in this region.
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4.2 Specific Conclusions

The following conclusions have been drawn from the research that was conducted:

1. The results have shown that the blade tip vortices contribute significantly to the

mobilization and uplift of sediment from the ground below a rotor. In fact, five of

the six sediment mobilization and uplift mechanisms identified in this research work

were directly affected by the near-wall effects produced by such vortical flows.

2. Five fundamental sediment transport and uplift mechanisms below the rotor were

identified: 1. creep, 2. modified saltation bombardment, 3. vortex-induced trap-

ping, 4. reingestion bombardment (local and global), and 5. secondary suspension.

In the dual-phase flow environment produced below the rotor, all of these mecha-

nisms usually occurred simultaneously, their interactions often creating a sustaining

or cascading effect that served to rapidly entrain more sediment particles into the

flow.

3. The effects of saltation bombardment created a relatively concentrated saltation

layer near the ground as the flow developed over the ground. Mobile particles

in the saltation layer were shown to be easily trapped by the upwash region of a

passing vortex and quickly convected upward. Such particles often experienced

bombardment back into the bed if they were recirculated into the vortex flow or

if they experienced secondary suspension when trapped in the flow by a younger

vortex.

4. The passing of each vortex created transient excursions in the local flow velocities.
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These excursions significantly increased the wall-parallel and wall-normal veloc-

ities and also had effects to substantial distances above the ground plane. These

excursions tended to be large enough to both mobilize sediment, as well as trap

sediment in the swirling flow of the vortex, either uplifting the particles into sus-

pension or bombarding them back into the sediment bed.

5. The process of bombardment of suspended sediment particles back onto the un-

derlying bed was shown to eject copious amounts of new particles, which rapidly

concentrated the saltation layer and so increased the number of uplift-eligible par-

ticles near the ground. This process was observed to contribute significantly to

the number of particles that were uplifted and seems particular to dual-phase flows

with coherent downwash regions in the near-wall region such as those produced by

a rotor flow.

6. Lowering the rotor height increased the aperiodicity of the rotor wake and increased

the susceptibility of the helicoidal wake vortices to exhibit vortex-vortex interac-

tions such as pairing and viscous merging of adjacent vortices. The consequences

included increases in the quantity of uplifted sediment because of the large tran-

sient excursions in the combined flow of the merged vortices that was subsequently

produced.

7. The 2-bladed rotor was shown to increase the propensity of vortex induced trapping

and local transient excursions from the mean flow velocity over that seen with the 1-

bladed rotor. The 2-bladed rotor also increased the overall levels of aperiodicity in

the flow and the amount of sediment that was entrained in the upwash regions of the
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vortices. The associated excursions in flow velocity also created an increase in the

frequency and intensity of bombardment of the sediment back onto the underlying

bed, which in turn produced a thicker and more concentrated saltation layer near

the ground.

8. Observations of the near-wall sediment motion suggest that there is a sixth possi-

ble mechanism affecting sediment mobility and uplift that is produced by the low

pressure field induced by the vortices. In this regard, it was noted that sediment

particles on or near to the bed can, at times, move almost vertically upwards as a

vortex convects directly above. While further studies will need to be conducted,

it has been hypothesized that the unsteady pressures caused by a convecting vor-

tex may be strong enough to directly entrain particles and/or alter their trajectories

within the saltation layer, even in the absence of other mobilization and uplifting

effects.

4.3 Suggestions for Future Work

The results from this work have given a new understanding of the possible mech-

anisms involved in the mobilization and uplift of sediment in the problem of helicopter

brownout. However, there are still several other experiments that could be conducted to

help provide a better understanding of the generation and evolution of a brownout dust

cloud. These experiments could include, but are not limited to, an examination of the

effects of blade tip shape, tip anhedral, radius, blade planform, and blade twist. Further-

more, all the experiments conducted in the present work were for a rotor operating in
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hover. In reality, brownout is a problem that occurs when a rotorcraft is taking off or

landing, i.e., with some combination of vertical and/or translational motion. To this end,

the flow environment produced under these conditions will help to further understand the

fluid dynamics associated with the formation of a brownout dust cloud.

The blade tip vortices were observed to contribute significantly to the quantity of

uplifted sediment. This outcome suggests that significantly diffusing the blade-tip vor-

tices and spreading the distribution of their induced velocity field may also reduce the

quantity of uplifted sediment. To this end, the slotted-tip is an idea that has been studied

in some detail [21, 48–50], and may be a good candidate to explore for brownout miti-

gation. Figure 4.1 shows an image of the slotted-tip design; the slots at the leading edge

passively draw in air and eject it out of the side edge of the blade, at the location the tip

vortex originally form. The four “jets” serve to inject turbulence and vorticity into the

otherwise laminar core of the tip vortex, causing it to become turbulent and diffuse more

quickly. By the time the vortices reach the ground, significantly lower swirl velocities

remain as compared to an equivalent rectangular tipped rotor blade [21]. However, to

properly investigate whether the slotted tip can potentially mitigate brownout, it needs to

be thoroughly studied in a dual-phase environment.

The work conducted in the present research has also hypothesized that there was an

unsteady suction pressure effect that contributed to the uplift and entrainment of sediment

particles into the flow. To quantify this phenomenon, a detailed measurements of the

pressure field below an impinging rotor wake will be required. For example, a row of

pressure transducers below a hovering rotor would give a time history of the pressure

loads that are produced on the sediment bed and may help to quantify the significance of
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Figure 4.1: Slotted-tip design, with four slots passing from the leading edge to the side

edge of the blade.

this possible mechanism.

The rotor flow is intricately complex and three-dimensional. In an effort to quan-

tify this three-dimensionality, a number of different PIV experiments can be performed.

To further understand the overall flow, the test volume can be dissected into a number of

radial planes, with phase-resolved and time-resolved PIV being performed in both. This

approach can work in single-phase and dual-phase environments and may provide fur-
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ther insight into the three-dimensionality of the flow field. This approach can be further

refined by taking one of these radial planes, namely the plane coincident with the rotor

shaft axis, and performing phase-resolved PIV. This technique measures all three velocity

components simultaneously.

The effect of three different sediment diameter ranges was studied in the present

work, however, there are a number of combinations of these size ranges that can be exam-

ined. To properly quantify the dual-phase environment, the sediment bed should, in the

first instance at least, be prepared with sediment sizes corresponding to infield sediment

particle diameter distributions. The challenge with this approach is that the sediment dy-

namics and forces involved do not typically scale directly. There are, in fact, 15 different

scaling parameters in the field of sedimentology alone. To this end, a scaling study should

be performed and according to the results of said study, a sediment bed can be prepared

corresponding to the infield particle size distribution, effectively performing a test that

scales the problem of helicopter brownout down to the laboratory scale.

Another avenue of fruitful research that would potentially be useful in understand-

ing the two-phase problem further is to attempt to individually study the effects of spe-

cific flow features on the mobilization and uplift of sediment. For example, the flow at

the ground under a rotor is comprised of two characteristic components, namely a wall-jet

type flow and dominant vorticity (i.e., the tip vortices). To further understand and quantify

the fluid mechanisms responsible for sediment uplift, a comparison of a classic wall-jet

and a rotor flow would be extremely useful. The information that can be gathered from a

single-phase and dual-phase wall-jet study, such as sediment threshold friction velocities,

flow couplings, sediment mobilization mechanisms, turbulence quantities, etc. would be
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helpful in better understanding the fundamental physics of rotor wake interactions with a

sediment bed.

The dual-phase observations in this study have been primarily qualitative and have

identified the fundamental uplift and mobilization mechanisms involved in the problem of

helicopter brownout. While these observations are extremely useful, they do not quantify

the dual-phase flow. To this end, the particle field can be analyzed using a concentration

map, effectively binning each image to obtain a density field for each ROI. Other ap-

proaches, such as measuring particle fluxes across radial planes should also be explored

in an attempt to quantify this dual-phase flow. This study can also be performed in an ROI

that is in the pilots field of view, i.e., orthogonal to those studied in the present work. The

quantification of the sediment particle field in this region will help in the understanding

of vertical transport and concentrations of sediment in the areas pilots require visibility.
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Forum Proceedings, Montréal, Canada, April 29–May 1, 2008.

[10] Phillips, C., and Brown, R., “Eulerian Simulation of the Fluid Dynamics of Heli-

copter Brownout,” American Helicopter Society 64th Annual Forum Proceedings,
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