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Flow visualization and particle image velocimetry (PIV) experiments were con-

ducted on a small-scale rotor hovering over a ground plane covered with a mobile sed-

iment bed to help understand the effects of certain selected scaling parameters on the

processes of sediment mobilization, entrainment, and uplift as induced by the rotor. Flow

visualization using high-speed videography was used to study the rotor flow structures,

their evolution in the rotor wake, and their interaction with the ground plane. Time-

resolved PIV measurements of the rotor wake flow at the sediment bed quantified the

flow velocities where most of the sediment mobilization was observed to occur. Dual-

phase PIV experiments were conducted using ten different sediment samples of known

characteristics to vary the values of five of the similarity parameters: 1. Particle diameter-

to-rotor radius ratio, 2. Particle-to-fluid density ratio, 3. Ratio of characteristic flow (or

wind) speed to particle terminal speed, 4. Densimetric Froude number, and 5. Threshold

friction velocity ratio. The particle-to-fluid density ratio was shown to have the greatest

effect on the resulting two-phase flow, followed by the threshold friction velocity ra-



tio. The flow was also sensitive to changes in the particle diameter-to-rotor radius ratio.

Changes in the densimetric Froude number and ratio of the characteristic flow speed to

particle terminal speed also showed good correlations to observations of the quantity of

uplifted particles. The effects of the passage of the tip vortex near the bed was shown

to increase the shear stresses on the bed, which was observed to be closely correlated to

an increase in the quantity of entrained sediment particles if the threshold conditions for

particle mobility was exceeded. The observations and results were used to make recom-

mendations regarding scaling on dual-phase experiments to better simulate the problem

of rotorcraft brownout in the laboratory environment.
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Nomenclature

a speed of sound, ms−1

A particle cross-sectional area, m−2

ctip chord length at blade tip, m

C contour of integration

CD particle drag coefficient

CT thrust coefficient = T/ρπΩ2R4

d sediment bed deflation or deposition, m

D aerodynamic drag force, N

Dp particle diameter, m

e coefficient of restitution

F∗ densimetric Froude number = Uchar/
√

(ρsρ−1)gDp

Fb buoyancy force, N

g gravitational acceleration, ms−2

I pixel intensity, (grayscale value)

Id dispersed phase image subset, (grayscale value)

Ithresh threshold intensity, (grayscale value)

L∗ Monin-Obhukov atmospheric stability length, m

Li all other topographical horizontal dimensions, m

M magnification factor, mpixel−1

Mtip blade tip Mach number

R rotor radius, m

R particle location, m

xv



Rep particle Reynolds number = ρUFDp/µ

Retip blade tip Reynolds number = ρVtipctip/µ

Rev vortex Reynolds number = Γ/ν

t time, s

u∗ friction velocity, ms−1

u∗t threshold friction velocity, ms−1

U wall parallel velocity, ms−1

u′, v′ velocity fluctuations, ms−1

U , V mean velocity, ms−1

Uavg average U velocity, ms−1

Uchar characteristic flow velocity, ms−1

UF particle terminal (or settling) velocity, ms−1

UT , VT tangential velocities along integration contour, ms−1

V wall normal velocity, ms−1

V fluid velocity vector, ms−1

Vtip blade tip speed, ms−1

Vθ(r) vortex swirl velocity, ms−1

W particle weight, N

x,y,z Cartisian coordinate system, m

Xc, Yc particle centroid location, m

z height above ground or sediment bed, m

z+ nondimensional height in boundary layer

zo surface aerodynamic roughness height, m

xvi



Greek Symbols

γ particle cohesiveness, Nm−1

Γv vortex circulation, ms−1

εAb uncertainty in bin area, m2

ε∆t uncertainty in pulse separation time, s

ε∆x uncertainty of particle displacement in x, m

ε∆Xc , ε∆Yc uncertainty in particle centroid, m

εN uncertainty in number of particles per bin
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Chapter 1

Introduction

1.1 Background to the Problem of Brownout

The phenomenon of “brownout” has been a continuing problem for rotorcraft that

operate in dry, dusty environments. Brownout occurs when a rotorcraft is operating in

close proximity to terrain covered with loose sediment such as dust or sand (e.g., during

takeoff and landing maneuvers in a desert environment). As the rotor wake interacts with

the loose material on the ground, it causes the uplift and suspension of small sediment

particles into the air. A helicopter photographed during a landing in which it encounters

brownout conditions is shown in Fig. 1.1.

The practical consequence of brownout conditions is that the suspended dust can

build to sufficient concentrations such that it leads to a rapid loss of visual references for

the pilot and the development of various visual anomalies and vection (apparent motion)

illusions, possibly leading to spatial disorientation. Vision is the predominant coordi-

nating sense that pilots rely upon for a safe landing, so being suddenly immersed in a

blinding dust cloud can be catastrophic for the pilot if such a situation occurs close to the

ground. The loss of visual cues combined with spatial disorientation increases the risk for

mishaps such as collisions with nearby objects. In fact, as many as 60% of human-factor

related accidents in military helicopters (many of them involving fatalities) have resulted

from encounters with brownout conditions [3], although civilian helicopters also suffer
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Figure 1.1: A helicopter encountering brownout conditions during a landing maneuver.

(Courtesy of Optical Air Data Systems LLC.)

from the problem [4].

In addition to the piloting problems associated with brownout occurrences, other

consequences of the dust cloud include a harsh working environment for ground personnel

and mechanical wear and tear of vital drivetrain components. Rotor blades, bearings, and

engine components all suffer a severely reduced operational life because of the abrasion

caused by the sediment particles, creating a serious and costly maintenance issue [5].

Several technical efforts have been undertaken to attempt to mitigate the piloting

risks associated with the occurrence of brownout. Much of the work has been focused on

developing advanced sensing and display technologies. These sensors are intended to be

integrated into the vehicle’s avionics package, the intent being to provide vital information

to the pilot, allowing the pilot to effectively “see” though the dust cloud during brownout

conditions [6–9]. The overarching goal of these important programs is to develop systems
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that can increase the situational awareness of the pilot during an encounter with brownout

and, therefore, increase the safety of flight.

In addition to the available technical solutions, pilots have adopted certain oper-

ational tactics in the form of flight path management to avoid or minimize the impact

of the developing brownout cloud on their visibility of the ground and surrounding fea-

tures. These tactics usually involve flying at high speeds close to the ground to outpace

the developing dust cloud, or increasing the rate of descent to try and land before being

engulfed in the cloud. Although these tactics are sometimes successful in avoiding the

dust cloud, they may not be unique and usually result in “hard” landings in an attempt to

get the vehicle on the ground as quickly as possible before brownout conditions develop.

While the role of sensing/display technologies and effective piloting strategies for

brownout mitigation should not be underestimated, they do nothing to reduce the intensity

or development of the dust cloud, and therefore the maintenance and abrasion issues still

remain, reducing mission readiness rates and driving up operational costs. Overall, the

problem of brownout is serious enough in terms of loss of life, hull damage, wear and

tear on the aircraft, etc. to warrant a detailed scientific study of its characteristics, with

the longer-term view of understanding the underlying mechanisms that may lead to its

eventual mitigation.

It seems unlikely that future generations of military rotorcraft could be fielded with-

out brownout considerations being part of the constraints imposed during their design.

The challenge for the research community is to ultimately understand all aspects of the

brownout problem such that mitigation strategies can be properly formulated and even-

tually practically implemented. Brownout has not yet proved predictable, although this
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is not for want of gallant efforts [10–16]. Published dust cloud simulations, while often

looking realistic to the casual observer, are but tentative. When examined critically in

terms of optical properties, such dust cloud simulations generally fall well short of the

needed fidelity. As of yet, quantitative prediction of brownout has not been shown by

any method, and appreciating the overall complexity of the fluid dynamics of the problem

suggests that reaching a true predictive capability is a longer way off. To this end, a neces-

sary prerequisite is the characterization of the dust cloud by using meaningful quantitative

metrics. The creation of high quality experimental measurements of the two-phase fluid

dynamics of the wake near the ground is also badly needed, including the boundary layer

characteristics, turbulence spectra, and quantification of the mechanisms by which dust is

uplifted and entrained into the rotor flow. Such measurements are essential for the valida-

tion of modeling efforts, which will always remain tentative unless they can be shown to

quantitatively predict the dust clouds for the correct reasons.

It is impractical to make most of the needed measurements of brownout phenom-

ena in the field, and laboratory experiments performed under controlled conditions are

required. For example, the measurement of the two-phase nature of the problem with

sufficient spatial resolution when using dual-phase particle image velocimetry is limited

to relatively small fields of view, and to much smaller fields if the details of the sed-

iment mobility and uplift mechanisms are to be documented. The need for laboratory

experiments, however, brings to the forefront the issues of scaling, both in terms of the

aerodynamics and of the transport of the sediment. While the aerodynamic similarity pa-

rameters and the scaling issues for rotor flows by themselves are fairly well understood,

there are additional similarity parameters that will govern the movement of sediment and
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dust. In fact, according to Greeley and Iversen [17] there are at least fifteen similarity pa-

rameters that must all be satisfied to obtain dynamic similarity in aeolian flows. Clearly,

there are significant challenges in satisfying both aerodynamic and aeolian similarity in

laboratory-scale experiments, such as with sub-scale rotors operated in dust chambers or

in wind tunnels. To this end, the purpose of this thesis is to begin to expose the dynamic

scaling factors governing the problem of brownout, with a view to understanding the types

of experiments that will provide the highest value in future validation studies.

1.2 Physics of Brownout

Fundamentally, brownout is a complex, three-dimensional, unsteady, two-phase,

fluid dynamics problem. A schematic illustrating some of the fluid dynamic mechanisms

involved in brownout is shown in Fig 1.2. Clearly, there are many factors involved in the

development of the dust cloud, including the characteristics of the rotor wake in ground

effect (i.e., downwash, vortices, turbulence) and the sediment characteristics (i.e., particle
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Figure 1.2: A schematic of some of the fluid dynamic mechanisms involved in the uplift

and transport of sediment in the development of brownout conditions.
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size, mass density, mineral content, moisture content, etc.). The two-phase flow consists

of: 1) the carrier phase, which is represented by the unsteady flow induced by a rotor-

craft operating in ground effect and 2) the dispersed phase, which is represented by the

sediment particles suspended in the flow. It is imperative to understand the physics and

mechanisms of each phase to gain a better overall understanding of the formation of dust

clouds in brownout conditions.

Some helicopters appear to be more susceptible to brownout problems and others

somewhat less so. For example, a helicopter with a toroidal shaped brownout cloud is

shown in Fig. 1.3. This cloud seems to be blown away further from the landing area,

leaving zones of better visibility for the pilot. The more severe brownout problems arise

because of a susceptibility to re-ingest the uplifted dust back through the rotor disk, fol-

Figure 1.3: A toroidal brownout cloud produced by a helicopter. (Courtesy of AWI).
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lowed by the bombardment of dust back onto the sediment bed at high velocity [18]. The

ejection of more dust then follows through a cascading process, rapidly intensifying the

brownout cloud surrounding the helicopter. While the reasons for favorable or unfavor-

able brownout characteristics still need to be understood, the severity of a brownout cloud

can be correlated to several interdependent design parameters including (but not limited

to) rotor disk loading, blade loading, rotor height off the ground, number and placement

of rotors, number of blades, blade twist, blade tip shape, fuselage shape, etc. [19].

1.2.1 Flow Physics

Challenges in understanding the fluid dynamic processes involved in the problem of

brownout include the measurement and prediction of the rotor wake flow near the ground,

as well as the need to expose the detailed processes of sediment lift-off from the under-

lying bed. The sedimentology or aeolian transport aspects of the problem are obviously

related to the properties of the particles, but also to the condition of the particles on the

surface of the bed (e.g., whether they are compacted or not) as well as the topology of the

surface (e.g., smooth or with troughs and dunes). The flow below the rotor, however, is

obviously of primary concern, especially as it approaches the ground. An understanding

of this flow is obviously a necessary prerequisite to understand the complex phenomenon

of brownout.

The flow induced by a rotorcraft is complicated enough, but it is significantly dif-

ferent when the vehicle is operating in close proximity to the ground. The problem of

rotors operating in ground effect has been studied extensively in [20–25]. However, most
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of these studies have focused on the aerodynamic effects of operating in ground effect on

rotor performance. Only recently have several studies been conducted to understand the

detailed fluid dynamics of the flow below a rotor near the ground [1,26,27]. These studies

have shown that the rotor wake in ground effect is intricately complex and contains turbu-

lence, unsteadiness, and helicoidal tip vortices that persist to relatively old wake ages. It is

these flow features that are responsible for the mobilization and entrainment of sediment

particles in brownout conditions [1, 2, 28].

Flow visualization images showing the differences in the wake structure between

out-of-ground-effect (OGE) and in-ground-effect (IGE) conditions are shown in Figs. 1.4(a)

and 1.4(b), respectively. The structure of the flow induced below a rotor IGE obviously

changes considerably to when the rotor is operating OGE. In OGE operations, as shown

in Fig. 1.4(a), the rotor wake flows down axially, initially contracting and then expanding

only slightly and progressively further downstream. Helicoidal tip vortices trail from each

blade and convect along the wake slipstream boundary, but then begin to diffuse after only

two or three rotor revolutions, resulting in a mostly turbulent far wake downstream.

In the IGE case, however, the flow is very different, as shown in Fig. 1.4(b). The

rotor wake in this case initially contracts, but because an impermeable surface must be a

streamline of the flow, the flow turns sharply in the radial (outward) direction, expanding

over the ground plane and developing into a turbulent wall flow. The tip vortices in this

case persist significantly longer (six or eight rotor revolutions) than when the rotor is

operating OGE because of a reintensification of the vorticity from the stretching of the

vortex filaments [29, 30]. More details about the aerodynamics of the rotor wake for IGE

conditions are explained by Lee [1].
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(a) Flow visualization of a two-bladed rotor operating OGE

(b) Flow visualization of a two-bladed rotor operating IGE

Figure 1.4: Flow visualization images of a two-bladed rotor operating IGE and OGE [1].
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1.2.2 Particle Physics

Understanding the formation of the dust cloud also requires an understanding of the

particle physics involved. Fundamentally, the uplift of sediment is caused by the interac-

tion of the rotor wake with the particle bed. The forces acting on a particle on the ground

include shear forces from the boundary layer, gravitational forces, unsteady pressure ef-

fects, and cohesive forces between particles [17, 31]. A schematic of the forces acting on

a particle comprising a sediment bed is shown in Fig. 1.5(a). For a particle to become

mobilized, the gravitational and cohesive forces must be overcome by the aerodynamic

forces. Once entrained, the dominant forces on the particle are the aerodynamic lift, drag,

and the weight of the particle. A schematic of the forces on an airborne particle is shown

in Fig. 1.5(b).

1.3 Principles of Sediment Transport

To understand the effects of scaling on the uplift of sediment particles first requires

knowledge of the fundamental sediment entrainment and transport physics. In the aeolian

sciences, the principles of sediment entrainment and transport have been well established

for wind and riverine flows. These include particle creep, saltation, bombardment, among

others [17,31]. However, these mechanisms occur in modified forms for a rotor flow. The

mechanisms responsible for brownout have been identified by Sydney [2]. A schematic

showing each of the mechanisms is given in Fig. 1.6.
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Methodology

Modeling of the Rotor Flow in Ground Effect

The aerodynamic flow field below the rotor was modeled us-
ing a time-accurate Free-Vortex Method (FVM) configured
for maneuvering flight conditions. Details of the FVM have
been published elsewhere (Refs. 24–29). An image system
(Fig. 2) was used to model the flow tangency condition at the
ground plane (Ref. 30). In the FVM, the blades are repre-
sented using a Weissinger-L type model with a full span near
wake. The near wake from each blade was coupled by means
of a circulation preserving boundary condition to a far wake
consisting of a rolled-up tip vortex. The far wake consisted
of vortex trailers, usually up to 10 or 12 rotor revolutions in
length, which were discretized into continuous straight-line
elements connected by discrete wake markers.

Fig. 2: Free-vortex wake solution and matching interface
for the sediment mobility calculations.

The convection of the wake markers is governed by the
three-dimensional, incompressible Navier–Stokes equations,
which under the assumptions of irrotational and incompress-
ible flow can be written in the form of a vorticity transport
equation (Ref. 31). The governing equation for the wake
displacements is further reduced to an advection equation,
which is then discretized in space and time with the veloc-
ity source terms (i.e., free-stream, induced, maneuvering, in-
fluence of the ground, etc.) appearing on the right-hand
side. The solution algorithm for the wake displacements is
based on five-point central differencing in space and two-point
backward differencing in time (Refs. 26, 29). These numeri-
cal approximations are second-order accurate, and are con-
sistent with the accuracy obtained for velocity field recon-
struction using straight-line vortex filament segmentation with
the Biot–Savart law (Ref. 27). The vortex model incorpo-
rated into the FVM is Reynolds number dependent and ac-
counts for diffusion of vorticity (Ref. 28) and filament stretch-
ing (Refs. 32, 33).

From the wake solutions, the resulting distributions of the
airloads on each blade are computed by resolving the three-
component velocity field at each blade element using the con-
ventional approach. Linear and nonlinear aerodynamic char-
acteristics are represented using the Beddoes (Ref. 34) model.

The rotor thrust etc. are then obtained by integrating the air-
loads over the blade span and around the rotor azimuth. Be-
cause the blade response determines the wake/blade attach-
ment boundary condition, this process necessitates a tight cou-
pling of blade motion to the rotor wake solution and blade
loads. During the solution process, the rotor is continuously
trimmed using collective and cyclic blade pitch inputs at the
specified flight conditions with the needed rotor thrust. While
the aerodynamic analysis has the capability of representing
the airframe and the tail rotor, the present results consider the
effects only of the main rotor.

Computation of Sediment Mobility

Stationary particles on the ground (sediment bed) below the
rotor can experience several forces such as shear, pressure,
inter-particle, and gravitational; see Fig. 3. Shear stresses are
created on the sediment bed by the turbulent boundary layer,
which forms an unsteady jet-like flow. Unsteady pressures
are produced in the vorticity-laden flow field below the rotor.
In particular, the low pressures produced by the convecting
vortices can affect both the onset of sediment particle motion
and the subsequent trajectories of the particles (Ref. 20). The
particles will then mobilize when shear and pressure forces
overcome the gravitational and inter-particle forces (e.g., co-
hesion).

The flow field close to the ground is a more viscous-
dominated boundary layer region. Therefore, in the present
work an inviscid-viscous matching method has been used for
predicting particle mobility from a combination of a rotor flow
field model (an inviscid potential flow) and the flow environ-
ment at the ground; see Fig. 2. The rotor wake solution pro-
vides the induced velocity and unsteady pressure fields at a
computational interface a small distance above the ground.
The induced velocity field at the edge of the interface comes
from the application of the Biot–Savart law (Ref. 27), and

Fig. 3: The forces acting on sediment particles on a mobile
bed under the action of an external flow.

(a) Particle in mobile sediment bed

Particle Convection

Once the particles are entrained into the flow field near the
ground, the resulting forces acting upon the particles gov-
ern their convective motion. It is assumed hereafter that the
resulting two-phase flow is lightly loaded by the particles
in that the particle motion is driven by the air but not vice-
versa (i.e., one-way coupling), which is reasonably well jus-
tified based on the results in Fig. 6(b). This means that the
particles are considered as a discrete phase and the path-
way of each individual particle is tracked in time. From the
statistics of the particle trajectories, this approach is also
able to calculate particle density concentrations and other
useful data (such as optical metrics).

The forces on the particles are shown in Fig. 11 and
include a drag force Fd , a lift force FL, gravity force Fg,
buoyant force Fb, apparent mass forces Fm, Basset forces
FBasset , etc. The Basset-Boussinesq-Oseen (BBO) equation
governs the resulting dynamic behavior of the particles. The
Bassett force, which depends on the time-history of the par-
ticle motion, manifests as an apparent drag force but it can
be neglected because it is important only in flows with light
particles and steep velocity gradients. Furthermore, apart
from drag and gravitational forces, all other forces vary pro-
portionally to the ratio of the gas to particle density, which
is of the order of 10−3 in air (Ref. 35). Therefore, perhaps
with some exceptions, the other forces can be justifiably ne-
glected for brownout problems.

Fig. 11: Forces acting on an airborne particle.

The equations of motion describing the particles (i.e.,
the BBO equation) can then be simplified to

m
dVp

dt
= ∑F (5)

= Fd +Fg +FL +Fm +Fb +FBasset +FI (6)
� Fd +Fg (7)

= −1
2

ρ CdA |Vp −U|(Vp −U)+mg (8)

where Vp and U are the particle and flow velocities, respec-
tively, at any instant in time.

In the present model, monodisperse spherical particles
with an equivalent diameter of dp were assumed, so A =

πd2
p/4. The drag coefficient, Cd is a function of particle

Reynolds number Rep, i.e.,

Cd(Rep) =
24

Rep

�
1+0.15Re0.687

p

�
(9)

where

Rep =
|Vp −U|dp

ν
(10)

For the size of particles prominent in brownout clouds then
Rep << 1, i.e., the particles behave as in Stokes’ flow. For
such flows, Cd is given by

Cd =
24

Rep
(11)

The equations of motion for the particles then become

dVp

dt
= − (Vp −U)

τp
+g (12)

where τp is the particle response time as given by

τp =
m

1
2 ρCd (Rep)A |Vp −U|

(13)

For spherical particles in Stokes-type flows then

τp =
ρpd2

p

18ν
(14)

Notice that the particle response time is a function the den-
sity of the particle and its size.

Equation 12 describes the three-dimensional equation of
motion of dust particles moving in the flow field. Assuming
dilute flows (i.e., assuming no inter-particle interactions and
coupling to the carrier flow), the equations of motion can be
decoupled in the three spatial dimensions and written as

dVpx

dt
= − (Vpx −Ux)

τp
(15)

dVpy

dt
= − (Vpy −Uy)

τp
(16)

dVpz

dt
= − (Vpz −Uz)

τp
−g (17)

These equations can also be written in the form

d
dt

�
Vpxet/τp

�
= Fx(t)et/τp (18)

d
dt

�
Vpyet/τp

�
= Fy(t)et/τp (19)

d
dt

�
Vpzet/τp

�
= Fz(t)et/τp (20)

where the terms

Fx =
Ux

τp
(21)

Fy =
Uy

τp
(22)

Fz =
Uz −gτp

τp
(23)

(b) Airborne particle

Figure 1.5: Forces acting on a particle while in a mobile sediment bed and while in

suspension.
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Figure 1.6: Mechanisms of sediment entrainment in brownout [2].

1.3.1 Threshold Criteria

Identifying the threshold of motion for sediment particles is an important and highly

studied topic in the aeolian sciences. The shear stress on the sediment bed can be given

as an equivalent velocity, u∗, known as the friction velocity. According to boundary layer

theory, u∗ is related to the shear stress by

u∗ =
√

τw

ρ
(1.1)

where τw is the shear stress at the surface and ρ is the density of the fluid. The threshold for

mobility can also be expressed as an equivalent velocity, known as the threshold friction

velocity, u∗t . This quantity is representative of the minimum shear stress required to

overcome the gravitational and cohesive forces that resist particle motion. When the

friction velocity, u∗, exceeds the threshold friction velocity, sediment particles will start

to become mobilized from the sediment bed, i.e., when the conditionu∗ ≥ u∗t is met.
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1.3.2 Shields Parameter

The Shields parameter is another parameter that is used in the field of sedimentol-

ogy to establish a threshold for sediment mobility, i.e.,

τ∗ =
τ

(ρs−ρ)gDp
(1.2)

This parameter gives a relationship between the fluid forces on the particle and the grav-

itational forces on the particles. It can also be viewed as a non-dimensionalization of

the shear stress on the sediment bed. It has been a common practice to use a Shields

diagram to calculate the incipient motion of sediment particles. However, there has been

controversy around the work of Shields regarding inconsistencies in his data [32,33]. Fur-

thermore, this parameter is difficult to use in practice because it requires trial and error to

establish the threshold for mobility for a given set of fluid and sediment parameters. This

iterative process can make its application rather inconvenient [34]. Therefore, the present

work uses the threshold friction velocity rather than the Shields parameter to define the

threshold of particle motion.

1.3.3 Saltation

Particles larger than about 50 µm in diameter tend to exhibit an initial motion from

the bed known as saltation. In this type of motion, particles are uplifted off the bed by

shear, pressure, or other external forces, and then follow ballistic trajectories until they

fall back and impact the bed [17]. A schematic of a particle undergoing saltation is shown

in Fig. 1.7. This process can repeat, resulting in many particles hopping and bouncing

along the surface. When many such particles undergo saltation, they form a layer known
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Figure 1.7: Schematic of particles undergoing saltation and creep.

as the saltation layer. Notice that individually saltating particles can impact the bed and

eject many more particles into the saltation layer, resulting in a cascading process that

entrains more and more particles [35]. Particles that are too big and heavy to undergo

saltation, simply roll along the surface in a type of motion known as particle creep [31].

1.3.4 Vortex Induced Sediment Trapping

The mechanism of vortex-induced sediment trapping was first identified for a rotor

flow in proximity to a sediment bed by Johnson et al. [28] and Sydney et al. [2]. The

vortices were seen as the primary drivers in the processes of sediment mobilization and

uplift. In this mechanism, as a vortex passes over the sediment bed, it causes increased

shear and mobilizes and uplifts particles from the bed. The high swirl velocities of the

vortex causes particles to become trapped in the strong upwash of the flow, resulting in

a wave of uplifted sediment. The schematic shown in Fig. 1.8 illustrates this process of

vortex-induced sediment trapping.

The heavier particles that have been entrained by the vortex flow are usually spun
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Figure 1.8: Schematic of vortex induced trapping mechanism.

out under the action of centrifugal forces. They then 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 near the bed and into suspension. Particle

suspension occurs when the balance of forces on the particle from the vertical flow and

turbulent fluctuations in the surrounding flow is greater than the gravitational effects on

the particle. In general, mostly the smaller particles tend to remain in suspension for the

periods of time over which brownout occurs.

1.3.5 Bombardment

Bombardment is a mechanism by which particles impact the bed and can eject even

more particles into the flow. In a rotor flow, there are three types of bombardment: salta-
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Figure 1.9: Local bombardment in a vortex flow.
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tion bombardment (as previously described), local bombardment, and global (or reinges-

tion) bombardment [2]. Saltation bombardment occurs when a saltating particle impacts

the bed and transfers its momentum to other particles, causing them to become mobilized.

In local bombardment, a particle is uplifted into the flow, such as by a vortex or a large

turbulent eddy. The particle then follows a circular path around the vortex flow and im-

pacts the ground with greater momentum and energy, ejecting even more particles in the

process. A schematic of the process of local bombardment is shown in Fig. 1.9. Global or

reingestion bombardment occurs when suspended particles become uplifted high enough

to be ingested through the rotor disk before impacting the ground and then ejecting more

particles in the process.

1.4 Consideration for Scaling of the Brownout Problem

Most of the previous experimental studies on brownout [2, 28, 36], while providing

valuable results, have not addressed dynamic similarity or scaling issues. Therefore, it is

difficult to know if the results obtained from such studies are, in fact, representative of

the brownout problem at full-scale. Conducting full-scale tests [37,38], while potentially

very valuable, can be highly expensive and time consuming because of the size, com-

plexity of the setup, and the cost of specialized equipment needed to conduct flow field

measurements at full-scale, if indeed this is even possible. Therefore, laboratory scale

tests must be considered to gather experimental data and so to develop a detailed under-

standing of the problem of brownout. While the efforts to simulate brownout conditions

in a small-scale laboratory experiment are certainly important, the effects of scaling down
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such a complex problem are also important to address.

It is expected that most (if not all) detailed fluid mechanics studies of brownout will

have to be conducted in a laboratory environment using small-scale rotor models. In these

experiments, scaling becomes an issue because it may alter the physics of both the flow

problem and the behavior of the dust and, therefore, the overall results that are obtained.

The effect of scaling needs to be explored to establish a better understanding of how it

affects the measurements, so that future experiments that simulate the brownout problem

with small-scale models can be properly designed to give the best and most representative

types of results.

As stated previously, the problem of brownout is fundamentally a two-phase prob-

lem. The proper scaling of both the phases needs to be understood to have a good overall

understanding of the effect that scaling has on the brownout problem. For this problem,

there are two groups of similarity parameters: 1) The classic aerodynamic scaling for flow

similitude, and 2) Similarity parameters associated with the sediment or aeolian similarity

parameters. The issues with scaling for each type are outlined in the subsequent sections.

1.4.1 Scaling of the Carrier Phase

In the field of aerodynamics, there are two primary nondimensional flow similarity

parameters that need to be matched with full-scale values to achieve flow similitude: 1)

Reynolds number and 2) Mach number [39]. There may be other scaling parameters

too, such as reduced frequencies, but they are generally of lesser importance in all flows

other than those with high levels of unsteadiness. It is well known that closely matching
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these parameters in a controlled experiment to the full-scale values can be a challenge

because of the dependencies on geometric quantities such as the model size (in the case

of Reynolds number), fluid properties (i.e., viscosity, density, temperature), and also their

interdependencies [40].

For rotorcraft, the reference values for Reynolds number and Mach number are

usually referenced to the tip of the rotor blade. The equations for the Reynolds number

and Mach number at the blade tip are given by

Retip =
ρVtipctip

µ
(1.3)

Mtip =
Vtip

a
(1.4)

where Vtip = ΩR is the blade tip speed in hover. Clearly, the Reynolds number and Mach

number are related by Vtip. Solving for Vtip in Eq. 1.4 and substituting the result into

Eq. 1.3 gives

Retip =

(
ρactip

µ

)
Mtip (1.5)

It is clear, therefore, that using scaled down models for aerodynamic testing can raise

concerns about aerodynamic scaling and flow similitude. For example, if a 1/10th scale

model of a rotor was tested in air (assuming all other parameters are the same as the

full-scale), the tip speed would have to be increased to 10 times the full-scale value to

match the tip Reynolds number. Obviously, compressibility effects would then become

an issue when using such high tip speeds. Assuming the same 1/10th scale model, if the

Mach number were matched to full-scale (i.e., Vtip is equivalent to full-scale value), then

the ratio between ρ and µ would have to increase by 10 times the full-scale value to also

match the Reynolds number. Achieving this condition would either require changing the
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fluid properties via temperature changes, or using a different fluid altogether (e.g., with

the use of a gas such as Freon), which would require specialized facilities [40]. Clearly,

with only two similarity parameters, it is a challenge to achieve flow similitude in the

laboratory.

1.4.2 Scaling of Dispersed Phase

Scaling parameters also govern similitude of the dispersed phase. Greeley and

Iversen [17] have listed potentially up to 18 physical variables that govern the characteris-

tics of sediment mobilization, entrainment, and uplift. These parameters include variables

such as particle diameter, particle density, a characteristic length (the rotor radius in this

case), wind speed, fluid viscosity, among others. The complete list of variables is given

in [17]. Assuming that p is equal to the number of physical variables (18 in this case) and

k is equal to the number of independent fundamental physical quantities or dimensions

used to express those variables (3 in this case: mass, length, and time), the methods of

dimensional analysis can be applied to this set of variables giving p− k = 18− 3 = 15

independent nondimensional similarity parameters. The expressions and descriptions of

these parameters are given in Table 1.1.

From a first examination, the number of parameters appears rather daunting from a

scaling point of view. The challenges associated with matching just the Reynolds number

and Mach number for aerodynamic scaling of the model rotor are significant on their

own, as previously discussed in Section 1.4.1. To match 15 more parameters would be

extraordinarily difficult, if not impossible. For example, if just parameters 2 and 3 are
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# Expression Description

(1) d/R Deposition or deflation depth ratio

(2) Dp/R Particle diameter-to-rotor radius ratio

(3) U2
char/gR Froude number

(4) e Coefficient of restitution

(5) Uchar/UF Ratio of windspeed to particle terminal speed

(6) Li/R,(z/R)/R,η/R Topographical geometric similarity

(7) zo/R Roughness similarity

(8) L∗/R Boundary layer stability similarity

(9) UcharR/ν Reynolds number

(10) Uchar/u∗t ,Uchar/u∗ Friction speed ratios

(11) ρs/ρ Density ratio

(12) Uchart/R Time scale

Table 1.1: Nondimensional similarity parameters for aeolian transport.

considered for a 1/10th scale model rotor system, the particle diameter, Dp, would have to

be 10 times smaller than what is found at full-scale to have similitude. Similarly, to satisfy

scaling of the Froude number, the characteristic velocity will also have to be significantly

reduced, possibly reducing it to below the threshold friction velocity for particle motion,

resulting in no particle entrainment at all.

In light of the foregoing issues, the goal of this thesis was to explore the effects

of scaling on the processes of sediment uplift and entrainment and attempt to establish

the sensitivity of the problem to the similarity parameters. While studying the effects

of every parameter would be ideal, in the present work the effects of only a few of the

relevant parameters were studied, namely:

21



1. Particle diameter-to-rotor radius ratio, Dp/R

2. Particle-to-fluid density ratio, ρs/ρ

3. Ratio of characteristic flow (or wind) speed to particle terminal speed, Uchar/UF

4. Densimetric Froude number, Uchar/(
√

(ρs/ρ−1)gDp)

5. Threshold friction speed ratio, Uchar/u∗t

In the present work, the densimetric Froude number was substituted for the Froude num-

ber given by Greeley and Iversen [17] because it was particle specific, while the original

definition was not.

All of the similarity parameters could not be studied because of the sheer number

of parameters as previously discussed, as well as the fact that some parameters do not

change from sediment to sediment and are flow specific. These values will change be-

tween sediment samples so they can be studied using the same flow while only changing

the type of sediment.

1.5 Objectives of the Present Work

The main goal of the present work was to help improve the fundamental under-

standing of the effects of scaling on the mobilization, uplift, and entrainment of sediment

particles below a rotor operating in ground effect above a sediment bed. The relative im-

portance of each of the studied similarity parameters was also established. The work also

contributed by providing quantitative measurements of the two-phase flow in response
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to changes in the similarity parameters. Apart from one study done on saltation thresh-

old [41], there is a dearth of information on the effects of variations in the other similarity

parameters, and none at all on particle entrainment below a rotor flow.

To provide an understanding of the effects of the similarity parameters on the mo-

bilization and uplift of sediment particles, a series of experiments were performed with a

small-scale, one-bladed rotor system operating above a ground plane. Different particle

species of known size range, density, and mineral composition were distributed on the

ground plane to simulate a sediment bed below the rotor. Various flow diagnostic tech-

niques were used to measure the two-phase flow. The use of a particle tracking and iden-

tification algorithm allowed for separate measurements of the flow and sediment phases.

High resolution phase-resolved particle image velocimetry allowed the characteristics of

the tip vortex and the turbulent wall flow formed by the rotor flow to be studied. These

measurements established the characteristics of the flow near the ground that were used

in calculating the various similarity parameters. The results obtained establish the signif-

icance of scaling for brownout experimental studies and help to make recommendations

regarding scaling for future small-scale brownout experiments.

1.6 Organization of Thesis

A background to the brownout problem has been given in the present chapter, along

with the fundamentals of the rotor flow in ground effect and sediment transport processes.

A discussion of scaling and its significance to experimental studies on brownout was also

given, along with an explanation of the similarity parameters that govern the physics
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of the problem. Chapter 2 provides a comprehensive explanation of the experimental

techniques and instrumentation used to study the rotor flow field, as well as how scaling

affects the particle mobilization and entrainment into the rotor flow. These descriptions in-

clude the flow diagnostic techniques of flow visualization and particle image velocimetry.

Chapter 3 discusses the results in terms of flow field characterization, single-phase flow

velocity measurements of just the rotor flow in ground effect, and dual-phase flow mea-

surements of the combined air-sediment environment near the ground. Finally, Chapter 4

discusses some of the conclusions of the present study, and suggests direction for future

experimental research toward better understanding of the effects of scaling on brownout

experimental studies.
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Chapter 2

Description of the Experiments

2.1 Overview

Experiments were performed to explore both the single-phase and dual-phase flow

environments below a rotor in simulated hovering flight above a mobile sediment bed.

The goals were to better understand the effects of varying the selected aeolian similarity

parameters on particle mobility and uplift, and how the type and characteristics of the par-

ticles may contribute to the problem of rotorcraft brownout. To recap what was explained

in Chapter 1, the similarity parameters that were studied in the present work were:

1. Particle diameter-to-rotor radius ratio, Dp/R

2. Particle-to-fluid density ratio, ρs/ρ

3. Ratio of characteristic flow (or wind) speed to particle terminal speed, Uchar/UF

4. Densimetric Froude number, Uchar/(
√

(ρs/ρ−1)gDp)

5. Threshold friction speed ratio, Uchar/u∗t

The present chapter describes the experimental setup and instrumentation, as well

as the flow diagnostic techniques and data processing techniques that were used. This

chapter also discusses the numerous challenges in performing such measurements.
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2.2 Experimental Setup

This section gives a description of the rotor system, the ground plane and the dust

chamber, as well as a description of the regions of interest (ROI) that were studied in the

flow.

2.2.1 Rotor System and Ground Plane

A small, laboratory scale, one-bladed rotor, with a radius of 77 mm (3.03 inches)

was used to generate the rotor wake for these experiments. The blade used was an un-

twisted, cambered flat plate with a sharpened leading edge and a rectangular (i.e., constant

chord) planform shape. Figure 2.1 shows a photograph of the blade and its principal di-

mensions. These cambered flat plates are known to be more aerodynamically efficient

than traditional airfoil shapes in the low Reynolds number regime [26]. The blade was

constructed out of a single piece of thin carbon fiber sheet and was mounted to a teetering

hub to allow for small flapping displacements. A counter-mass was placed on the hub

Figure 2.1: Photograph of the rotor blade and its principal dimensions.
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opposite to the blade. The rotor was driven by a small DC motor coupled to a 4:1 gear

reduction unit. The frequency of rotation was controlled by varying the input voltage to

the DC motor. A schematic of the rotor system is shown in Fig. 2.2.

The rotor was adjusted to operate in hover at a height of one rotor radius (z/R = 1.0)

centered over a rectangular horizontal ground plane. A schematic of the overall setup is

shown in Fig. 2.3. The ground plane was constructed from a stiff, rigid PVC material.

The surface of the ground plane was dulled by sanding and then painted matte-black to

limit laser light reflections. The ground plane extended seven rotor radii outwards from

the rotor shaft to allow enough clearance from the rotor to the edge of the plane. The

Rotor blade
Teetering hub

Motor

Reduction gearbox

Rotor shaft

Counter mass

Support structure
Hall effect 
sensor

Magnet

Figure 2.2: Schematic showing the components of the small-scale rotor system used for

the present experiments.
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Figure 2.3: Schematic of the experimental setup.

reference coordinate system was centered directly below the rotor shaft at the center of

the ground plane, as defined in Fig. 2.3.

For the present experiments, the rotor was operated at a nominal rotational fre-

quency of 85 Hz, which corresponds to a blade tip speed of 41.12 ms−1 and a chord

Reynolds number at the blade tip of approximately 47,000. The solidity of the rotor was

σ = 0.074. The pitch of the blade was fixed to 12◦ using a known reference angle mea-

sured with a digital inclinometer. Under these operating conditions, the rotor produced

a thrust of 31.3± 0.1 grams when measured using a micro-balance, which corresponds

to a thrust coefficient of CT = 0.00828 and a blade loading coefficient of, CT/σ = 0.111.

These values are representative of those found on an actual helicopter rotor. The rotor

was operated at this condition to give the same flow conditions for each experiment.

The main goal of the research was to identify changes in the entrainment and uplift

of sediment particles from changes in the values of the particle parameters alone. To
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this end, a mobile sediment bed consisting of dust particles of known characteristics (i.e.,

known size and mass density) was laid out over the ground plane in a circular disk with

an approximate thickness of 11 mm. The top of the sediment bed was made smooth with

a scraper to ensure that the surface was consistent between the experiments that were

performed with the different sediment samples.

For both the single-phase and dual-phase experiments, a laser light sheet was ori-

ented parallel to the rotor shaft axis and orthogonal to the ground plane to illuminate the

region of interest. This light sheet was used for both particle image velocimetry (PIV)

and flow visualization (FV) experiments. A digital CCD or CMOS camera was aligned

to be orthogonal to the light sheet and was uniformly focused on the region of interest to

capture the images. As shown in Fig. 2.3, the blade azimuth angle, ψ, is defined to be

ψ = 0◦ when the quarter-chord location at the blade tip passes through the plane of the

light sheet.

2.2.2 Dust Chamber

All of the experiments were performed inside a dust chamber, as shown in Fig. 2.4.

This chamber provided a controlled environment for conducting the experiments and also

fully contained any suspended dust particles that were uplifted from the sediment bed

during the dual-phase tests. The 2 x 2 x 2 meter chamber was also large enough to limit

significant flow recirculation effects from the operation of the small rotor.

The frame of the chamber was constructed using slotted aluminum beams. Opti-

cally clear Plexiglas was seated in the slots and served as the dust chamber walls. The
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Plexiglas allowed for unattenuated transmission of the laser light into the test section and

also for unimpeded image capturing. All sensitive instrumentation (i.e., laser, PIV cam-

era, synchronizer, optics) were kept outside of the chamber and safely away from the dust

particles.

S e e d i n g i n p u t v e n t

E x h a u s t f a n s / v e n t s

A l u m i n u m f r a m e
C l e a r P l e x i g l a s
w a l l s

F a n c o n t r o l

T e s t s e c t i o n

Figure 2.4: Dust chamber facility used to conduct flow diagnostic experiments.

30



The dust chamber was also designed with an input vent in the ceiling to allow for

the introduction of seeding particles into the test section and an exhaust ventilation system

to evacuate the chamber. The input vent was connected to a smoke generator with flexible

aluminum ducting. During experiments, the exhaust fans could be turned on to draw the

smoke into the chamber. The multiple exhaust fans could be independently turned on

or off to precisely control the flow seeding to the desired seed concentration. The fans

could also be used to vent out suspended sediment particles after a dual-phase experiment.

Specific portions of the chamber were lined with black cloth to limit reflections from the

laser light.

2.2.3 Regions of Interest

Several regions of interest (ROI) in the flow were studied to explore the effects of

the similarity parameters on sediment uplift. The ROIs studied are shown in Fig. 2.5.

ROI 1, which consisted of the region from y/R = 0.50 to y/R = 2.50, allowed measure-

ments to be made of the entire flow field to gain an overall understanding of what flow

features were present and what areas in the flow then needed to be studied in greater de-

tail. This region was used for the single-phase and dual-phase FV, as well as PIV. ROI 2,

which consisted of the near wall region from y/R = 1.75 to y/R = 2.60, was used to

study the region where much of the sediment was found to be mobilized. Single-phase

and dual-phase PIV and FV were also conducted in ROI 2 to characterize the flow and

to quantify the sediment uplift off the ground plane as it was affected by changes to the

various particle similarity parameters.
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Figure 2.5: Schematic showing the flow regions of interest.

2.3 Time-Resolved Flow Visualization

The complex flow induced by the rotor in ground effect was first qualitatively stud-

ied using high-speed imaging of the flow field. This flow consisted in part, of vortices

trailed from the blade tips. Time-resolved flow visualization (TR-FV) allowed for the

temporal tracking of the vortical flow structures in the rotor wake and of the develop-

ment of the turbulent wall flow on the ground plane. In the dual-phase FV, the region of

maximum particle uplift could also be identified and studied using FV.

The FV images were captured with the camera viewing axis orthogonal to the plane

of the laser light sheet. A high-speed CMOS camera was used in conjunction with a high-

speed Nd:YLF laser to capture these images. The CMOS camera was able to capture

images at a maximum rate of 3,000 fps with a pixel resolution of 1,024-by-1,024 pixels
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(1 Mp). The Nd:YLF laser emitted light at a wavelength of 527 nm with 20 mJ per

pulse. Given the large number of high-resolution images being transferred to the data

acquisition system in a relatively short time, a hyperstreaming system was used to provide

a temporary data buffer before the images were sent to the data acquisition system.

During the TR-FV, the flow field was more heavily seeded with smoke to highlight

and track the individual flow structures, as well as to visualize the flow field as a whole.

A smoke generator was used to produce submicron seed particles. Inside this generator,

high pressure nitrogen was mixed with a mineral oil solution, which was then vaporized

after being heated to its boiling point. As the vapor left the nozzle, it mixed with the

air, producing a dense white smoke containing the tracer particles, and was routed to the

input vent in the ceiling of the dust chamber. These seed particles were passed through a

plenum and honeycomb structure under the influence of a weak pressure gradient, which

helped to remove most of the larger turbulence and eddies from entering the test section.

A calibration determined that the seed particles contained in the smoke had a nom-

inal diameter of 0.2 µm [42]. These submicron particles were large enough to produce

enough Mie scattering of the laser light, but also small enough to faithfully follow the

rotor wake flow [43–45].

For the present TR-FV measurements, the frame rate of the camera was chosen to

be 1,000 fps. There was a trade-off between the frame rate and image intensity because

at higher frame rates there was less time for the camera to capture the available light

energy. Therefore, at very high frame rates the camera captures darker images, which can

sometimes be unusable for analysis. A frame rate of 1,000 fps was found to be satisfactory

between balancing the temporal resolution with the image intensity. In each run, 1,000
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sequential images were captured, which corresponded to about 85 revolutions of the rotor.

2.4 Particle Image Velocimetry

Particle image velocimetry was used to quantitatively study the flow field in both

ROIs, as previously discussed in Section 2.2.3. Both the phase-resolved PIV (PR-PIV)

and time-resolved PIV (TR-PIV) techniques were used. Dual-phase PIV was also per-

formed to study the detailed mobilization, uplift, and entrainment of particles from the

ground plane, and how they were affected by the similarity parameters.

2.4.1 Method of PIV

PIV is a non-invasive flow diagnostic technique that allows for an instantaneous

measurement of the entire two-dimensional velocity field in a given ROI. To perform

the PIV measurements, the flow is first carefully seeded with small (usually micron or

submicron) tracer particles, as previously discussed. The selection of an appropriate tracer

particle is critical for PIV because the particles must be small and light enough to be able

to follow the flow faithfully without significant tracking errors, but also large enough to

scatter enough light and be captured by the imaging sensor on the camera. Furthermore,

for PIV a uniform distribution of tracer particles in the flow is desired to give the best

results.

A planar laser light sheet is used to illuminate the seed particles present in the flow,

and a digital camera is oriented orthogonally with respect to the light sheet, as previously

discussed. The light sheet is created by passing the laser beams through a series of cylin-
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drical and spherical lenses. The light sheet thickness for the current experiments was less

than 2 mm at its waist. The camera was then uniformly focused over the ROI illuminated

by the sheet.

In PIV, the entire illuminated flow field is imaged twice by the camera in quick

succession. The two images are separated by a small pulse separation time, ∆t, (a few

microseconds); the first image is denoted Frame A, and the second is denoted Frame

B. These image pairs comprise the raw data used for the cross-correlation process; the

image pairs together contain the relative pixel displacements of the tracer particles over

the prescribed pulse separation time, providing the spatial information needed to calculate

the local flow velocity.

To derive the PIV results, the images are first sub-divided into many smaller inter-

rogation windows of a given size, which for the present experiments was 24-by-24 pixels

(TR-PIV) or 16-by-16 pixels (PR-PIV). The PR-PIV measurements could be analyzed

with a finer grid because the raw images were of higher spatial resolution. To calculate

the displacements, an image cross-correlation procedure is used to match the unique in-

tensity pattern produced by the group of tracer particles in a single interrogation window

between Frame A and Frame B. This cross-correlation process was conducted by per-

forming a Fast Fourier Transform (FFT) on the data and conducting the analysis in the

frequency domain [46].

The resulting pixel displacements of the group of tracer particles, (∆x,∆y), are cal-

culated to sub-pixel precision, and can then be used to accurately calculate the local flow
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velocity using the equation

{
U

V

}
=

1
M∆t

{
∆x

∆y

}
(2.1)

where U and V are the wall-parallel and wall-normal velocity components, respectively,

and M is the magnification factor that depends on the camera resolution and lens used

to capture the image. The magnification factor, M, was calculated within the PIV soft-

ware by imaging an object of known dimension (usually a ruler or scale), which allows a

calibration ratio between pixels and millimeters to be computed.

The cross-correlation sequence is then repeated for each set of the remaining in-

terrogation windows in the image pair, resulting in velocity measurements for the entire

∆x

∆y
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correlation

Image acquisition

∆t

Particle displacements
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Figure 2.6: Schematic showing PIV methodology.
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planar flow field. This sequence is shown for a vortex flow in Fig. 2.6. In the present

work, all the PIV cross-correlation calculations utilized a deformation grid algorithm,

which is discussed by Scarano in [47]. Additional information about the PIV technique

can be found in [48–52].

2.4.2 Phase-Resolved PIV

In the present work, phase-resolved PIV was used to characterize the flow field and

the properties of the wall flow at the ground. In this particular setup, a Nd:YAG dual

laser that emitted light at a wavelength of 532 nm with 90 mJ per pulse was used to

illuminate the flow field, and a 4 Mp CCD camera was used to capture the images. The

pulse separation time, ∆t, for these set of experiments was chosen to be 20 µs, which

corresponded to only 0.612◦ of blade rotation. 1,000 image pairs were collected for each

data set to provide enough data from a statistical viewpoint. A lens with a focal length of

105 mm was used to capture the entire flow field that measured approximately 13.5 cm-

by-13.5 cm. Only single-phase measurements were conducted using PR-PIV (i.e., no

sediment particles were used).

In the PR-PIV experiments, images were captured when the blade was at a defined

azimuthal position, ψ. This technique allowed the blade tip vortices to be studied as a

function of wake age, ξ, which is defined as the time the flow structures (e.g., the vor-

tices) have been in the wake in terms of degrees of blade rotation since they were formed.

To this end, the rotor was instrumented with a Hall effect sensor that allowed measure-

ments of rotational frequency. The sensor was mounted onto the rotor shaft support.
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When a magnet on the rotor shaft passed by the sensor while the rotor was spinning, the

changing magnetic field induced a current in the sensor. This once-per-revolution signal

was conditioned and used to trigger and synchronize the laser and camera. A time delay

could be implemented from the acquisition of the reference signal to capture images at a

desired blade azimuth position. The blade azimuth angles studied with the PR-PIV were

ψ = 0◦ to ψ = 330◦ in 30◦ increments.

2.4.3 Time-Resolved PIV

Because of the unsteadiness and aperiodicity of the flow, time-resolved PIV was

used to study the time-history of the flow field and the entrained dust particles, i.e., this

type of PIV allowed for high temporal resolution measurements of the flow field to be

obtained. The principles of TR-PIV are similar to those of PR-PIV, except that instead

of capturing images at prescribed azimuthal blade locations the images are recorded as

a continuous time-history at a high frame-rate. The high-speed capability of TR-PIV

allowed for the evolution of the tip vortices, as well as the developing flow over the

ground plane, to be studied in some detail.

The same Nd:YLF high-speed laser and CMOS camera setup, as discussed previ-

ously in Section 2.3, were used to make the TR-PIV measurements. In this case, the laser

and camera were both synchronized with a timing hub to allow image capturing at a frame

rate of 1,000 fps. This high frame rate allowed enough light to enter the camera, while

still preserving the full spatial resolution of the images. The pulse separation time in this

case was set to ∆t = 20 µs, and 1,000 image pairs were recorded for each condition. Both
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ROIs were studied using TR-PIV, with ROI 1 being imaged with a 105 mm focal length

lens (15 cm-by-15 cm field of view) and ROI 2 being imaged with a 200 mm focal length

lens (6.7 cm-by-6.7 cm field of view).

While a higher temporal resolution is the main benefit of using the TR-PIV system,

the spatial resolution is lower than the resolution possible with the PR-PIV system. The

high repetition rates of the TR-PIV system also requires the need to stream large amounts

of data over short periods of time, the resolution of the high-speed camera used for the

present work was limited to 1 Mp. In comparison, the PR-PIV system is only capable of

making measurements at a maximum rate of 15 fps, but as previously mentioned, a 4 Mp

resolution camera was used in this case.

2.4.4 Dual-Phase PIV

Dual-phase experiments were conducted using the TR-PIV system. In these experi-

ments, the rotor was impulsively started and image capturing was initiated approximately

3 seconds (or 255 revolutions) later to allow the rotor to reach the desired rotational speed

of 85 Hz. As previously described, the rotor was operated at a height of z/R = 1.0 off the

ground plane for all of the experiments.

In each case, the sediment bed consisted of ten different sediment species. Each

sediment sample had different properties that affected the values of the similarity param-

eters that were studied. The particle samples that were used were:

1. Glass microspheres of diameters 1–38 µm

2. Glass microspheres of diameters 45–63 µm
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3. Glass microspheres of diameters 90–125 µm

4. Glass microspheres of diameters 53–63 µm (from sieving)

5. Glass microspheres of diameters 45–53 µm (from sieving)

6. Glass microspheres of diameters 90–106 µm (from sieving)

7. Kaolinite

8. Ottawa sand

9. Arizona Test Dust of diameters 0–5 µm

10. Arizona Test Dust of diameters 0–10 µm

Glass microspheres were chosen because they were well characterized with respect to

their shape and size. Kaolinite was used because it is a naturally occurring clay-like

material that is comprised of very small, non-cohesive particles. Ottawa sand was cho-

sen because it has larger naturally occurring round particles and has become a standard

material to use in the field of sedimentology and sediment transport science; see also Sec-

tion 3.4.2. The two varieties of Arizona Test Dust (AZTD) were chosen because they

were naturally occurring sediment samples that were also characterized by a consistent

average particle size.

A sieving procedure was used to separate some of the species of glass microspheres

(as noted above) and to narrow the range of particles so that the effects of particle size

could be more precisely studied. The 45–63 µm diameter glass microspheres were passed

through a sieve with a 53 µm mesh to yield the samples containing 53–63 µm and 45–53
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µm particle diameters. The 90–125 µm diameter glass microspheres were passed through

a sieve with a 106 µm mesh to yield the sample containing 90–106 µm diameter particles.

Although sieving the 90–125 µm diameter particles also yielded 106–125 µm diameter

particles, there was not enough sediment of this size to create a full bed, so it was not

used.

2.4.5 Particle Recognition Technique

One challenge of making dual-phase measurements was in the proper separation of

the dispersed-phase from the carrier-phase such that it could be analyzed independently

with minimal cross-talk. In the present work, a thresholding technique [53] was used to

discriminate between the two flow phases based on the intensity of laser light that was

scattered by each phase. The light that was scattered by the dispersed-phase particles

produced a higher intensity signal than the light scattered by carrier-phase particles. This

property of the phases allowed a thresholding technique to be used to discriminate be-

tween the sediment particles and the tracer particles in each image.

To this end, a subset of dispersed phase images with pixel values Id(m,n) was cre-

ated by using an algorithm that checked the intensity grayscale value of each pixel in a

given image against a specified minimum threshold value, Ithresh. The integers m and n

represent the pixel location in the image. If the pixel intensity was above the threshold

value, it was considered part of the dispersed phase, otherwise it was considered part of
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the carrier phase, i.e.,

Id(m,n) =





I(m,n) if I(m,n)≥ Ithresh

0 otherwise

(2.2)

The value of Ithresh is a user-defined grayscale value between 1 and 255, and was chosen

as 40 for the present work because almost all of the sediment particles had an intensity

above this value.

After thresholding, a particle identification algorithm was used to recognize groups

of connected pixels as sediment particles. For example, if a pixel at location (i, j) pos-

sessed an intensity value of I(i, j) that was greater than the threshold intensity value,

Ithresh, the algorithm would then examine each of its eight neighboring pixels. Each neigh-

boring pixel that met or exceeded the threshold intensity value was connected with pixel

(i, j). This process was repeated until each particle in the thresholded image was identi-

fied by a connected group of pixels. Figure 2.7 illustrates this process, with the shaded

squares representing pixels that have met the threshold and the arrows representing the

checking of neighboring pixels.

The geometric center of each identified particle was then determined by finding the

average X and Y coordinates of the connected pixels, i.e.,

Xc =
1
N

N

∑
k=1

X(i, j); Yc =
1
N

N

∑
k=1

Y (i, j) (2.3)

where N is the total number of pixels in the connected group, k is an integer assigned to

each pixel in the group, and X(i, j) and Y (i, j) are the spatial locations of each pixel with

respect to the entire image. The particle center, (Xc,Yc), represents the location of the

particle within the image.
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I(i,j) > Ithresh

I(i+1,j-1) > IthreshI(i-1,j-1) < Ithresh

I(i-1,j) < Ithresh I(i+1,j) > Ithresh

I(i+1,j+1) < IthreshI(i-1,j+1) < Ithresh I(i,j+1) < Ithresh

I(i,j-1) > Ithresh

m = i-1 m = i+1m = i

n = j-1

n = j

n = j+1

n = 1,024

...m = 1,024(m,n) = (1,1)...

...
...

Figure 2.7: Particles were identified by connecting neighboring pixels that met the inten-

sity threshold.

2.4.6 Challenges in the Flow Measurements

Making the various types of flow measurements described above presented several

unique experimental and other challenges. For the FV, the smoke had to be introduced in a

precise location to be entrained into the flow and illuminate the vortical flow structures in

the rotor wake. The FV also required precise timing of the image capture system because

the smoke would otherwise quickly saturate the dust chamber.

Accomplishing successful PIV measurements also posed several challenges. For

example, the concentration of seeding had to be sufficient such that there were enough

seed particles in the flow to allow for accurate cross-correlations, but not over-seeded to
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the point where individual seed particles could no longer be discerned from other nearby

seed particles. Also, careful selection of a ∆t between image pairs was needed because

it depends on several factors such as the maximum flow velocities and the size of the

interrogation windows to be used for the cross-correlation process. On one hand, if ∆t is

too large, the tracer particles may have displacements that are too high, which can give

inaccurate measurements of the flow velocities. Also, the particles may move out of the

interrogation window, resulting in poor cross-correlations. On the other hand, if ∆t is

too small, then the particles may have sub-pixel displacements that cannot be accurately

quantified.

Laser reflections from the ground plane made the cross-correlations here rather dif-

ficult. For example, Fig. 2.8(a) shows a region near the ground that is affected by such

reflections. The individual seed particles there are masked by bright reflections and are

no longer visible in the images, obviously preventing any PIV measurements in the near

wall region. Such reflections were reduced by carefully aligning the laser light sheet such

that the rays of light traveled more parallel to the ground plane and so passed directly

above the surface without significant reflections being produced. Figure 2.8(b) shows

the same region near the ground after such an alignment. Although this technique re-

duced the reflections, some reflections were inevitable when attempting to make velocity

measurements directly above the ground plane.

In the dual-phase measurements, saltating sediment particles can saturate the im-

ages in the near-bed region, making the recognition of individual particles impossible.

Regions of the flow that had the highest quantities of sediment uplift also had similar

issues because the particles were so close together. In this case, the scattered light from
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(a) Intense laser light sheet reflection at the ground

(b) Reduction of reflections after laser light sheet alignment

Figure 2.8: Reduction of laser light reflections near the ground by better alignment of the

laser light sheet.

one particle merged from the scattered light from another, appearing as one large particle

instead of two or more smaller ones. Consequently, the particle recognition algorithm

can interpret this result as just one particle, or it may not recognize it at all based on the

settings used in the particle identification analysis.

2.4.7 Uncertainties in PIV Measurements

Sources of uncertainty in the flow measurements using PIV include tracking errors

of the tracer particles, background noise, interrogation window size, and others [48, 54].

Tracking errors are a result of the inability of the tracer particles to perfectly respond to
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changes in flow velocities (i.e., the particles experience a finite amount of slip). Back-

ground noise in the image sensor of the cameras can cause spurious peaks in the cross-

correlation, and may make it difficult to accurately determine the particle displacements

if the signal-to-noise ratio is too low. All these sources of error affect the ability to accu-

rately calculate the pixel displacements for the cross-correlation process. Another source

of error in the PIV measurements is the uncertainty in the magnification factor, M, be-

cause there are always some uncertainties in the measurement of the size of the reference

object. There is also some uncertainty in the determination of the pulse separation time,

although it is very small.

For the present work, the uncertainty in the pixel displacements used to measure the

velocity fields was estimated to be 4.7%. When combined with the uncertainties in the

values of the pulse separation time, ∆t (0.005%), and magnification factor, M (0.95%),

the total propagated uncertainty in the flow velocity measurements was estimated to be

4.9% when using

∆U =

√(
∆ε∆x

∂U
∂∆x

)2

+

(
ε∆t

∂U
∂∆t

)2

+

(
εM

∂U
∂M

)2

(2.4)

where ε∆x, ε∆t , and εM are the uncertainties in the pixel displacement, pulse separation

time, and magnification factor, respectively.

2.4.8 Particle Identification Errors

In general, all of the particles in the imaged dual-phase flow cannot be identified

because of limitations with the particle identification algorithm. For example, some parti-

cles may not scatter enough light and so will not be registered as a single sediment particle
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because the signal is below the intensity threshold. Lowering the threshold is only effec-

tive up to a point because the grayscale values at the edges of a particle are typically

lower than at the center, and so this approach may cause the inclusion of pixels that are

actually part of the tracer particles rather than sediment particles. Furthermore, a lowered

threshold would most likely increase the number of neighboring pixels that are part of a

single particle, leading to artificially larger particles.

Such errors will also affect the calculation of the particle centroid, (Xc,Yc). The

uncertainty in the pixel location of Xc and Yc was estimated to be 5 pixels for each value.

If a position vector of the particle centroid is defined as R = (Xc,Yc) with length |R| =
√

X2
c +Y 2

c , then the uncertainty in |R| is

∆|R|=
√(

εXc

∂|R|
∂Xc

)2

+

(
εYc

∂|R|
∂Yc

)2

(2.5)

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

in the particle centroid was estimated to be 1.0% of the particle location. These errors also

resulted in an uncertainty of 3.4% in particle concentration maps which was estimated by

using

∆C =

√(
εN

∂C
∂N

)2

+

(
εAb

∂C
∂Ab

)2

(2.6)

where N is the number of particles in a bin and Ab is the area of the bin, with εN and εAb

representing their uncertainties, respectively.

Another source of error is the high sediment particle concentration that occurs near

the ground plane (as discussed in Section 2.4.6). If the edges of any particles overlap

each other, then it is impossible to distinguish one particle from another, resulting in

the recognition of fewer particles than are actually present in the flow. Because of such
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errors, it was estimated that only 85% of the particles that were uplifted were actually

successfully identified by the particle identification algorithm.

2.5 Summary

This chapter has described the experimental setup and methods used in the cur-

rent work. The rotor system, ground plane, and dust chamber were described. The flow

visualization technique and operating principles of PIV have been explained, and the

experimental equipment used in each setup has been given. The present work utilized

time-resolved flow visualization (TR-FV) to qualitatively study the single and dual-phase

flows and PIV to gather quantitative data relevant to the problem. Phase-resolved parti-

cle image velocimetry (PR-PIV) and time-resolved particle image velocimetry (TR-PIV)

were used to acquire velocity field measurements of the full flow field and of a near wall

region. Dual-phase tests were conducted in both regions with different sediment samples

using the time-resolved system. A particle thresholding technique was utilized to discrim-

inate between the two phases, and a particle identification algorithm was used to identify

individual particles as a group of connected pixels. Several challenges of performing flow

measurements were also discussed.
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Chapter 3

Results and Discussion

3.1 Overview

This chapter describes the results and analysis from the measurements made during

the single-phase and dual-phase flow experiments with the rotor and the beds comprising

the different sediment particles. Flow visualization was used to make qualitative observa-

tions of the rotor wake flow, especially as it convected in proximity to the ground plane,

and to identify the regions of interest in the flow that needed to be studied in greater

detail. Single-phase particle image velocimetry measurements were used to make quan-

titative measurements of the flow field, which better characterized the carrier flow near

the ground plane. Dual-phase PIV experiments were performed and a particle identifica-

tion algorithm was utilized to identify the airborne particles in the flow for the different

sediment samples. The resulting data were used, in part, to generate suspended particle

concentration maps to quantify and compare the effects of varying the selected similarity

parameters on the uplift of sediment from the ground plane below the rotor.

3.2 Time-Resolved Flow Visualization

Single-phase, time-resolved flow visualization (FV) was primarily used to identify

the flow structures present within the rotor wake as the rotor was operating near the ground
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plane. FV was also used to qualitatively characterize certain significant features in the

flow and to study their evolution over time. The dual-phase FV provided considerable

insight into the regions of the flow where the majority of sediment mobilization and uplift

was observed from the ground plane.

3.2.1 Single-Phase Flow Visualization

A precursor to understanding the much more complex dual-phase flow, is to prop-

erly understand the single-phase flow environment below the rotor. Figure 3.1 shows an

instantaneous FV image of the flow field beneath the rotor at the ground plane with the

rotor operating at a height of one rotor radius. Even superficially it can be seen that the

flow is rather complex, consisting of a blade tip vortex embedded in the turbulent rotor

wake, turbulent vortex sheets trailed behind the blade, and a developing turbulent wall

flow at the ground plane. Notice that because a one-bladed rotor was used, the rotor trails

a single helicoidal tip vortex in this case. This helicoidal wake initially contracts below

the rotor disk, but quickly begins to radially expand as it encounters the presence of the

ground plane. The concentrated vortex trailed from the blade tip convects along the wake

slipstream boundary and then approaches the ground plane at a radial location of about

y/R = 1.4 where y is the radial distance measured from the rotor shaft.

The darker voids seen in the FV images are characteristic signatures left by the

blade tip vortex. These seed voids form primarily because of centrifugal effects on the

seed particles resulting from the high swirl velocities in the vortex core, which causes

them to spin outward away from the vortex axis [45]. As the parts of the vortex filament
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Figure 3.1: Single-phase flow visualization of a rotor in ground effect, z/R = 1.0.

impinge on the ground and reach older wake ages (3 to 4 revolutions old), the coherent

vortex structure begins to break down and mix with the remainder of the flow, resulting

in little or no visible seed void signatures of the vortex further downstream. Furthermore,

the vortex has a tendency to persist to older wake ages than when the rotor is operating out

of ground effect [1]. This behavior arises because of vortex stretching, which intensifies

vorticity and commensurately increases the swirl velocity. The persistence of the tip

vortex near the ground, as will be elaborated in later sections, greatly affects the flow as

it develops over the ground plane.

The set of FV images shown in Fig. 3.2 also reveals that the flow induced by a

one-bladed rotor has relatively low levels of aperiodicity compared to previous similar

experimental studies such as [2] and [28], both of which have used a two-bladed rotor

configuration. Although the flow generated here with the single bladed rotor is consid-
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(a) ψ = 0◦, t1 (b) ψ = 0◦, t2

(c) ψ = 0◦, t3 (d) ψ = 0◦, t4

(e) ψ = 0◦, t5 (f) ψ = 0◦, t6

Figure 3.2: Flow visualization of the rotor flow in ground effect at a blade azimuth angle

of ψ = 0◦ to show the relatively low levels of aperiodicity and the repeatability of the flow

induced by a one-bladed rotor at wake ages of ξ = 360◦, 720◦, and 1080◦.
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erably simplified compared to an actual helicopter rotor, it was still representative of the

rotor wake flow and highly suitable for this study because of its relative simplicity. Each

image in Fig. 3.2 was taken at a different instant in time, denoted by tn.

It was noted that the rotor flow was very repeatable at the same wake age; this

repeatability is highly desirable for the present study because the variability (i.e., non-

repeatability) in the flow realizations between sequential test cases was all but eliminated.

It is well known that adjacent vortices in a rotor wake can often pair and merge into a “su-

pervortex,” especially in multi-bladed rotor systems, mainly as a result of the relatively

low helical pitch between vortex filaments and the excitation of unstable wake deforma-

tion modes [55]. This combined vortex flow can have significantly higher swirl velocities

than a single vortex, and may significantly affect the uplift of sediment particles at the

ground [28]. However, the wake generated by a one-bladed rotor is very periodic because

it is more difficult to excite its unstable modes. Using the one-bladed rotor all but elimi-

nated the occurrence of these aperiodic pairing and merging events, resulting in a cleaner

and more periodic flow, and ensured that any major changes in the processes of sediment

uplift would be attributed mostly to changes in the particle parameters rather than to the

flow parameters.

More detailed FV was also performed for a near wall region imaging a field of view

from y/R = 1.75 to y/R = 2.60 (i.e., ROI 2); see Fig. 3.3. This region was chosen because

it was observed to be the region where the maximum quantity of sediment uplift occurred,

and so it contained relatively high quantities of airborne sediment particles (as determined

from the dual-phase measurements—see later in Section 3.2.2).

Figure 3.3 shows a FV image of the flow near the ground plane. In this case, the tip
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Figure 3.3: Flow visualization of near wall region, y/R = 1.75 to y/R = 2.60.

vortex has entered the image from the left. Notice that the vortex is inducing a counter-

rotating flow region just ahead of it near the ground. Further downstream, the remnants

of the previous (i.e., older) parts of the tip vortex are found; the elements of the vortex

here quickly diffuse and the flow becomes more turbulent in this region. With parts of

the vortex continuously passing by at once-per-rotor revolution, the near-wall flow is both

unsteady and is still somewhat aperiodic. As will be described in the following sections,

the overall unsteadiness in the flow significantly affects the flow velocity at a fixed point

on the ground.

54



3.2.2 Dual-Phase Flow Visualization

Dual-phase FV was performed to study the corresponding two-phase flow. In this

case, the sediment bed consisted of glass microspheres with diameters in the range of

45–63 µm and a mass density of 2,230 kg m−3. Figure 3.4 shows an image taken during

dual-phase tests when the blade was at an azimuth angle of ψ = 0◦ (i.e., the blade is in the

plane of the light sheet and moving away from the observer). Immediately noticeable is

that the region of sediment uplift is confined to downstream regions, although the vortices

actually come close or impinge on the ground plane further upstream. Waves of sediment

Region of sediment uplift

Rotor TPP

y/R = 1.75 y/R = 2.60

Particles trapped  by vortex

High sediment 

particle concentration

Absence of particle reingestion 
through rotor disk

Formation of 

saltation layer

Figure 3.4: Dual-phase flow visualization with a sediment bed consisting of 45–63 µm

glass microspheres on the ground plane.
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particles are observed because the vortices uplift and “trap” sediment [28]. Closer to

the rotor, there is little to no observable occurrence of particles there. However, it was

observed that there was a forming saltation layer above the sediment bed that gradually

thickens along the bed surface.

Also notable, is the concentrated region of sediment particles directly above the sed-

iment bed in the downstream region. PIV measurements in the near bed region are chal-

lenging because no seed particles can be identified to establish cross-correlations (i.e., no

PIV measurements can be made in this region). The sediment particle concentration also

poses a problem for particle identification and tracking because the individual sediment

particles in this region are no longer discernible as a consequence of the sheer number of

particles that are present in the flow.

While there are waves of dust that are uplifted and suspended by the tip vortices,

the particle field near the ground is relatively dilute and high particle concentrations are

limited to the near wall region, at least when using this particular type of sediment. Fur-

thermore, little in the way of uplift and reingestion of suspended particles through the

rotor disk is seen, whereas this particular behavior seems to be a key feature in the forma-

tion of the most severe brownout clouds with actual rotorcraft [19].

Obviously, the properties of the sediment used as well as the operating conditions

of the rotor will affect the processes of sediment entrainment and transport. To study the

effects that scaling has on the uplift of sediment particles, various similarity parameters

can be varied by using sediment samples with different properties, and the differences

seen in the uplift of particles from the bed can then be measured. This was an important

goal of subsequent parts of the present work, as will be described.

56



3.2.3 Summary

Single-phase and dual-phase flow visualization measurements were performed on

the flow beneath a rotor hovering above a ground plane. The nature of the flow was

studied and the flow structures present were identified. The flow generated by the rotor

was observed to be very repeatable with low occurrences of vortex pairing and merging,

as previously described. With the rotor operating in ground effect, the tip vortices were

observed to persist to older wake ages because of reintensification of the vorticity from

filament stretching. A near wall region from y/R = 1.75 to y/R = 2.60 was also studied

because this region was identified to be a region responsible for much of the sediment

uplift. The high particle concentration in the saltation layer, as will be described in detail

later in this chapter, impeded the ability to perform PIV and particle identification in the

region directly above the sediment bed.

3.3 Phase-Resolved PIV Results

This section describes the results from the phase-resolved PIV (PR-PIV) experi-

ments. Measurements were taken over a range of blade azimuth angles from ψ= 0◦ to 330◦

in increments of 30◦. Each data set consisted of 1,000 separate measurements. Phase-

averaging of the measurements at each ψ was performed; the resulting phase-averaged

measurements were used to characterize the properties of the tip vortex and to study the

developing turbulent flow above the ground plane.
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3.3.1 Vortex Characteristics

The blade tip vortices have previously been identified as a primary mechanism for

sediment uplift in [2] and [28]. Therefore, it is important to precisely quantify the char-

acteristics of the vortices that were produced by the rotor. Such quantities include the

circulation, vortex Reynolds number, and swirl velocity profile. Measurements of other

properties such as turbulence spectra may be useful, but were not performed in the present

study.

The vortex Reynolds number is given by

Rev =
Γv

ν
(3.1)

where Γv is the circulation contained in the vortex flow and ν is the coefficient of kine-

matic viscosity. The circulation is given by the closed loop line integral

Γv =
∮

C
V ·ds (3.2)

where V is the local fluid velocity and ds is the directed line segment aligned tangentially

to the closed contour of integration, C. The circulation in the vortex was calculated using a

circulation box method, as illustrated in Fig. 3.5. Any closed curve that does not intersect

the vortex can be used, but for ease of calculation a rectangular contour was chosen in the

present case. Because the velocity data calculated from the PIV were given at discrete

locations over the flow field, a discrete form of the integral in Eq. 3.2 must be used. In

this case, the integral in Eq. 3.2 can be written as

Γv =
∮

C
V ·ds = ∑UT ∆x+VT ∆y (3.3)
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Figure 3.5: Circulation box method used to estimate the circulation of a vortex.
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Figure 3.6: Integration process around the vortex (in this case at ξ = 210◦) to estimate its

circulation.
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where UT and VT are the horizontal and vertical velocity components of the flow, tan-

gential to the integration contour, respectively, and ∆x and ∆y are the corresponding grid

spacings of the velocity field measurements.

A value for the circulation was found by first starting with a small closed contour,

and then increasing its size until the calculated circulation reached a nominally constant

value, as shown in Fig. 3.6. Care was taken not to encompass areas containing extra-

neous sources of circulation, such as nearby vortices or the blade itself, so that only the

circulation of the vortex would be determined.

Using this contour integration method, the circulation contained in the vortex, for

the given operating conditions of the rotor, was estimated to be 0.2410 m2s−1 (2.594

ft2s−1), giving a vortex Reynolds number of about 16,000. Notice that these quantities

were calculated for a vortex at a wake age of ξ = 210◦ because measurements of the

entire vortex flow are available at this wake age. However the circulation is known to be

relatively constant for all wake ages [56] because dissipation is a relatively slow process.

The swirl velocities in the vortex flow were also extracted from the PIV data. First,

the center of the vortex was located and a vertical cut was taken through the data at that

location, as shown in Fig. 3.7(a). The U velocity along the cut was then plotted as shown

in Fig. 3.7(b) (in this case, the data shown are for a vortex at a wake age of ξ = 210◦). The

velocity in Fig. 3.7(b) is the swirl or tangential velocity, Vθ(r), because with a vertical cut,

the U and V velocities at the cut location represent the tangential and radial velocities of

the flow, respectively. The maximum swirl velocity of the vortex was found to be about

10 ms−1. From the location of the maximum swirl velocity, the core radius was estimated

to be about 2 mm (0.0787 inches). In this case, the U velocity of the core is nearly
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(a) Cut location in vortex flow
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Figure 3.7: PIV velocity field of a vortex at a wake age of ξ = 210◦ and the resulting swirl

velocity profile.
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zero because the cut is taken at a relatively early wake age when the vortex is primarily

convecting vertically through the wake (i.e., the horizontal convection velocity of the core

is very low).

Notice the relatively few number of points in the immediate core region, which is

a result of the lower spatial resolution of the measurements relative to the magnitude of

the velocity gradients; greater spatial resolution in the measurements would be required

to increase the number of data points inside of the vortex core. Nevertheless, the present

measurements still have sufficiently high spatial resolution to resolve the flow in the core

region.

3.3.2 Wall Flow Characteristics

In the field of classical aeolian sciences, sediment uplift is often studied by assum-

ing the flow above the particle bed is a steady uniform flow. However, directly underneath

a rotor the flow is clearly different because of the unsteady effects caused by the passage

of individual tip vortices.

Figure 3.8 shows contours of the wall-parallel or U velocity for the flow field for

blade positions at ψ = 0◦ to 330◦ in 30◦ increments. Each measurement is an ensemble

average of 1,000 PR-PIV images captured with the blade “phase-locked” at a given az-

imuth angle (i.e., they were phase-averaged). A red colored contour signifies that the flow

is traveling to the right, or away from the rotor, and a blue colored contour signifies that

the flow is traveling to the left, or towards the rotor; a red-blue pair signifies the “signa-

ture” of a vortex flow. On examining the velocity field near the ground, it is clear that
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(b) ψ = 30◦
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(c) ψ = 60◦
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(e) ψ = 120◦

Nondimensional radial distance, y/R

N
o

n
d

im
e

n
s
io

n
a

l 
h

e
ig

h
t,
 z

/R

0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

0

0.2

0.4

0.6

0.8

1

1.2

Ground plane

Rotor TPP

(f) ψ = 150◦

Figure 3.8: Phase-averaged velocity fields of the wall-parallel velocity shown for blade

azimuth angles of ψ = 0◦ to 150◦ in 30◦ increments.
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(g) ψ = 180◦
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Figure 3.8: (Cont’d) Phase-averaged velocity fields of the wall-parallel velocity shown

for blade azimuth angles of ψ = 180◦ to 330◦ in 30◦ increments.
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the presence of a tip vortex alters the magnitude of the velocity of the flow at the wall,

thereby causing significant unsteady fluctuations in the overall flow as it passes by.

To better show the influence of a passing vortex on the near-wall flow, a vertical cut

through a radial location at y/R = 2.07 on the ground is plotted in Fig. 3.9. In Figs. 3.9(a),

3.9(c), and 3.9(e), contours of the phase-averaged wall-parallel velocity at the ground are

shown with every 10th vector plotted along the x-axis to avoid congestion; all vectors

are plotted along the y-axis. The corresponding plots of the wall flow velocity profile, as

shown in Figs. 3.9(b), 3.9(d), and 3.9(f), illustrate the influence of a passing tip vortex on

the phase-averaged velocity profile.

In Fig. 3.9(a), at a blade azimuth angle of ψ = 0◦, a vortex is convecting over and

near to the ground plane and is just about to intersect the location of the defined cut. The

corresponding velocity profile, as shown in Fig. 3.9(b), indicates that the flow there is still

uninfluenced by the incoming vortex. Figure 3.9(d) shows the increased peak velocity

of the wall flow from the vortex passing through the cut region at ψ = 150◦. Finally,

Fig. 3.9(f) shows the velocity profile after the vortex has passed the cut location, and the

wall flow velocity has returned to its more steady condition. Notice that the gray colored

areas above the ground in Figs. 3.9(b), 3.9(d), and 3.9(f) indicate regions where the PIV

cross-correlation algorithm produced erroneous data points. These “bad” vectors were

caused by the laser light reflecting off the ground plane, which could only be minimized

to a certain level.

As previously mentioned, in the field of aeolian sciences particle entrainment is

often studied by using a uniform flow of velocity U . In that case, it is clear that the

characteristic velocity of the flow, denoted by Uchar, is defined as Uchar = U . However,
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(b) Velocity profile at the ground, ψ = 0◦
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(d) Velocity profile at the ground, ψ = 150◦
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(f) Velocity profile at the ground, ψ = 330◦

Figure 3.9: Fluctuation of flow velocity profile at the ground at y/R = 2.07 with the

passage of a tip vortex at blade azimuth angles of ψ = 0◦, 150◦, 330◦.
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In the present work, the sequence of plots in Fig. 3.9 show the unsteady nature of the

near-wall flow under the rotor, i.e., the velocity is not constant over time. Therefore, it

is not immediately clear as to how to define Uchar for the vortical rotor flow. However,

it is clear that Uchar must be characterized carefully because it is a key variable used

for calculating many of the similarity parameters, such as the terminal velocity ratio,

(Uchar/UF), the threshold velocity ratio, (Uchar/u∗t ), and the densimetric Froude number,

Uchar/(
√

(ρs/ρ−1)gDp).

In the present work, Uchar was defined as the average peak wall-parallel velocity

over the ground plane from y/R = 1.75 to y/R = 2.60 because this was the region of the

flow where many sediment particles were mobilized. The processes of sediment entrain-

ment and transport are time-dependent phenomena, so time-resolved measurements were

used to calculate Uchar, as described in Section 3.4.1. The resulting velocity would be

representative of the flow velocities (on average) over the sediment bed.

3.3.3 Summary

The results obtained from the phase-resolved PIV experiments have been analyzed.

The blade tip vortices were studied and quantified by calculating their circulation, vortex

Reynolds number, and by extracting the swirl velocity profile from the phase-averaged

PIV measurements. The primary characteristics of the wall flow were also studied using

PIV, and it was shown to be highly unsteady, exhibiting large velocity excursions from

the mean flow with the passage of each blade tip vortex. In the aeolian sciences, parti-

cle entrainment is studied with uniform flows where the characteristic velocity is easily
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defined. However the unsteady nature of the wall flow below a rotor makes it difficult to

define a characteristic velocity for this flow. In this case, a method of averaging was pro-

posed to calculate the characteristic velocity of the unsteady wall flow using time-resolved

measurements, which is described later in Section 3.4.1.

3.4 Time-Resolved PIV Results

Single-phase and dual-phase measurements of the flow field under a rotor were

acquired using time-resolved PIV (TR-PIV) where a continuous time-history of measure-

ments could be taken. These measurements helped to characterize the wall flow as well

as to quantify the effects of changing the similarity parameters on the entrainment of

sediment particles. The similarity parameters for the two-phase flow were

1. Particle diameter-to-rotor radius ratio, Dp/R

2. Particle-to-fluid density ratio, ρs/ρ

3. Ratio of characteristic flow (or wind) speed to particle terminal speed, Uchar/UF

4. Densimetric Froude number, Uchar/(
√

(ρs/ρ−1)gDp)

5. Threshold friction speed ratio, Uchar/u∗t

The values of the similarity parameters were calculated for each type of sediment

using the flow velocity measurements, along with results from the particle characteriza-

tion studies. Instantaneous and time-averaged particle concentration maps of the flow

were produced for each sediment sample. From this form of analysis, the effects of the

similarity parameters on the processes of sediment uplift were then investigated.
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3.4.1 Time-Averaged Wall Flow

The flow at the near wall region from y/R = 1.75 to y/R = 2.60 (i.e., ROI 2) was

measured using single-phase, time-resolved PIV. The objective in this case was to extract

a characteristic velocity, Uchar, for the flow that could be used in calculating the selected

nondimensional similarity parameters.

As previously mentioned, the wall flow is unsteady because of the passage of the

tip vortex. To address this issue, a time-average of the flow field near the ground plane

was computed. In the current work, 1,000 PIV images were captured in ROI 2, which

corresponded to approximately 85 revolutions of the rotor. The data were then averaged

using Eq. 3.4 where N is the total number of measurements (1,000 in this case), m is an

integer denoting the measurement number, and (i, j) denotes the spatial location in the

PIV measurement, i.e.,

Uavg(i, j) =
1
N

N

∑
m=1

Um(i, j) (3.4)

The result in this case is a time-average of the flow field near the ground plane,

as shown in Fig. 3.10. Again, every 10th vector along the x-axis is shown here to avoid

image congestion. It can be seen that the time-averaged wall flow no longer contains

the unsteady velocity fluctuations from the tip vortices because they have been averaged

out. The maximum velocity of the wall flow in this region is located at a height of about

z/R = 0.10.

Using this averaged flow, a characteristic velocity then can be extracted. First, the

peak U velocity of the wall flow was found for each radial station in the time-averaged

PIV data. Then, the average of those peak velocities was computed, giving an average of

69



Nondimensional radial distance, y/R

N
o

n
d

im
e

n
s
io

n
a

l 
h

e
ig

h
t,
 z
/R

1.75 1.90 2.05 2.20 2.35 2.50 2.65

0.0

0.15

0.30

0.45

Rotor wake 
slipstream 
boundary

Boundary layer 

thickness

Figure 3.10: Contour plot of time-averaged wall flow in ROI 2.

the peak wall flow velocity, Uchar, over this region. This result is given by

Uchar =
1
N

k

∑
i=1

max(U(i)) (3.5)

where k is the total number of data points in the radial direction, and max(U(i)) is the peak

U velocity in the wall flow at radial index i in the time-averaged wall flow measurement.

Using this process, the characteristic flow velocity of the wall flow at the conditions being

studied was found to be Uchar = 4.104 ms−1.

3.4.2 Particle Characteristics

The selected similarity parameters depend on the physical properties of the particles

(i.e., particle diameter and density) so it is important to accurately quantify these proper-

ties. As discussed in Chapter 2, ten different sediment samples were used in the current

work to represent the particle bed. Each sample had unique size and material properties

that will affect the aeolian similarity parameters. The properties quantified in this thesis
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are the particle diameter and particle density, but the particle properties are not just lim-

ited to these quantities. The mineral composition for the naturally occurring samples was

also obtained, and is given in Appendix A.

The particle size is used in calculating the ratio between the particle diameter, Dp,

and the characteristic length, R (i.e., Dp/R). This ratio would be trivial to calculate if

the sediment bed consisted of monodispersed particles (i.e., all particles were of the same

diameter). However, a monodispersed particle bed is impossible to achieve in practice,

and the sediment samples actually consist of a range of particle sizes. In this regard,

it was necessary to measure the particle size distribution (PSD) for each sample. The

information from a PSD can then be used to calculate a mean or effective diameter for

each sample.

Two techniques were used to measure the particle sizes: 1. X-ray sedigraph and

2. Laser light scattering. Both tests were conducted by an outside laboratory. The X-ray

sedigraph technique determined particle size by measuring the gravity induced settling

rates of different size particles in a liquid with known properties. By using Stokes’ law,

the particle size can be calculated from the measured settling velocity. For this method

to work successfully, the particle Reynolds number while settling must be less than 0.3

to use Stokes’ law (i.e., laminar flow around a spherical particle). The mass frequency

for each size was determined by using a beam of X-rays directed towards the settling

particles in the liquid medium. The transmittance was measured as the particles settled

and the attenuated intensity was used to calculate the mass fraction for a given particle

size in the measuring zone. This technique can measure particle sizes within a range of

Dp = 0.1–300 µm [57].
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The laser light scattering technique is used to measure particles with a size range of

Dp = 0.1–1500 µm. This technique was used on the samples that have particles larger than

could be measured by the sedigraph technique. The basic principle behind this method

is that suspended particles in a liquid medium are illuminated with a laser light source.

The light scattered by the particles is then captured by a photodetector device. Using

Mie theory, the light scattering pattern data can be reduced and used to characterize the

particles by size [58]. More detailed information on these methods can be found in [57]

and [58].

Figures 3.11–3.17 show the results of the PSD tests for each sediment sample and

a corresponding photograph taken with a microscope at 5x magnification. For each PSD,

the mass frequency is plotted against the particle diameter. Notice that most of the sam-

ples have a Gaussian-like distribution with a single defining peak. The exception is the

kaolinite, as shown in Fig. 3.14(a), which has a double peak in its PSD because it contains

an increased frequency of two primary particle sizes rather than just one.

Once the particle size distribution is known, a mean value of the particle diameter

for each sample can be calculated by using a weighted mean, as given by

Dp,mean =
Dp1 p1 +Dp2 p2 + ... Dpn pn

p1 + p2 ...+ pn
(3.6)

because the distribution may be skewed towards a certain particle diameter. In this equa-

tion, Dpn and pn are the particle diameter and the corresponding mass frequency, respec-

tively.

The mass density of each sample was also measured by taking a known mass of

each sample and submerging it in a known volume of vegetable oil. Oil was used instead
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of water because some compounds in the sediment could be soluble and would dissolve in

water. The volume displacement of the oil was measured after adding the sediment, and

the density for each sample was then calculated. The uncertainty in the density measure-

ments was estimated to be ± 0.011 g cm−3. Both the calculated mean particle diameter

and the mass density for each sample is given in Table 3.1.

The microscope images shown in Figs. 3.12(b) and 3.13(b), indicate that the glass

microspheres of diameter ranges 45–63 µm and 90–125 µm are almost uniformly spher-

ical in shape and also exhibit little cohesion. As for the 1–38 µm diameter glass micro-

spheres, it was difficult to confirm from the photograph in Fig. 3.11(b) if the particles

were spherical or not. However, a photograph taken at 20-times magnification confirmed

that those particles were indeed closely spherical. Figure 3.17(b) shows that the Ottawa

sand has remarkably round-shaped grains, while the other naturally occurring samples

contained more irregularly shaped grains, as shown in Figs, 3.14(b), 3.15(b), and 3.16(b).

The finer samples were also observed to form aggregates and clumps of particles because

of the greater levels cohesiveness between such particles.

In Fig. 3.18, the PSD for each of the glass microsphere samples are plotted to-

gether. Notice that the 45–63 µm and 90–125 µm diameter glass microspheres have a

much narrower distribution than the 1–38 µm glass microspheres, which have a wider

spread. Figure 3.18 shows that the two larger size ranges contain more particles that are

closer to the calculated mean particle size than the smaller size range.
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(a) PSD of 1–38 µm glass microspheres

100 µm

(b) 1–38 µm glass microspheres under a microscope

Figure 3.11: PSD and microscope image of the 1–38 µm microspheres.

(a) PSD of 45–63 µm glass microspheres

100 µm

(b) 45–63 µm glass microspheres under a microscope

Figure 3.12: PSD and microscope image of the 45–63 µm microspheres.
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(a) PSD of 90–125 µm glass microspheres

100 µm

(b) 90–125 µm glass microspheres under a microscope

Figure 3.13: PSD and microscope image of the 90–125 µm microspheres.

(a) PSD of Kaolinite

100 µm

(b) Kaolinite under a microscope

Figure 3.14: PSD and microscope image of the kaolinite sediment sample.
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(a) PSD of Arizona Test Dust 0–5 µm

100 µm

(b) Arizona Test Dust 0–5 µm under a microscope

Figure 3.15: PSD and microscope image of the Arizona Test Dust 0–5 µm sediment

sample.

(a) PSD of Arizona Test Dust 0–10 µm

100 µm

(b) Arizona Test Dust 0–10 µm under a microscope

Figure 3.16: PSD and microscope image of the Arizona Test Dust 0–10 µm sediment

sample.
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(a) PSD of Ottawa sand

100 µm

(b) Ottawa sand under a microscope

Figure 3.17: PSD and microscope image of the Ottawa sand sediment sample.

Figure 3.18: Combined PSDs of the glass microsphere particles.

77



Sediment sample Mean diameter, Dp (µm) Mass density, ρs (kgm−3)

Glass microspheres, 1–38 µm 10.80 2,475

Glass microspheres, 45–53 µm 47.24 2,535

Glass microspheres, 53–63 µm 54.43 2,578

Glass microspheres, 45–63 µm 54.61 2,238

Glass microspheres, 90–106 µm 91.26 2,453

Glass microspheres, 90–125 µm 97.04 2,217

Arizona Test Dust, 0–5 µm 1.81 2,630

Arizona Test Dust, 0–10 µm 3.549 2,640

Ottawa Sand 359.92 2,650

Kaolinite 1.49 2,160

Table 3.1: Calculated mean particle size and mass density measurements for each sedi-

ment sample.
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3.4.3 Dual-Phase TR-PIV Results

Measurements of the dual-phase flow environment were made with each of the

sediment samples placed on the bed below the rotor. A particle identification algorithm

was used to give the location of each identified particle in the dual-phase measurements,

as described previously in Section 2.4.5. This information was used to generate particle

concentration maps that showed the location and relative concentration of the mobilized

and uplifted particles over the measurement region. The basic idea in the use of this

method was to expose the differences between sediment samples in the volume and spatial

distribution of sediment particles that were uplifted from the bed by the action of the rotor

flow.

An example of the process used for computing the concentration maps from the

measured data is illustrated in Fig. 3.19. A raw dual-phase image, as shown in Fig. 3.19(a),

is first analyzed with the particle identification software. Then, the resulting particle field

is divided into a specified number of boxes or bins (32-by-32 bins in this case), as shown

in Fig. 3.19(b). Each particle is then sorted into one of these bins by using the correspond-

ing x- and y-coordinates of the particle centroid. After the binning procedure is complete,

the number of particles in each bin is divided by the area of the bin to give a value with

units of particles per unit area, which is a measure of the effective particle concentration

in the flow. This concentration value can then be plotted as a contour map, as shown

in Fig. 3.19(c). The areas of high particle concentration are represented by red colored

contours and levels of low concentration are represented by blue colored contours.

Figure 3.20 shows the particle concentration maps generated from the instantaneous
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(a) Raw image of particle field (b) Gridded image after particle identification
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(c) Resulting particle concentration map

Figure 3.19: Example of process used to generate particle concentration maps.
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(a) 1–38 µm glass microspheres

Nondimensional radial distance, y/R

N
o
n
d
im

e
n
s
io

n
a
l 
h
e
ig

h
t,

 z
/R

1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6

0

0.1

0.2

0.3

0.4

0.5

0.6

(b) 45–53 µm glass microspheres
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(c) 45–63 µm glass microspheres
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(d) 53–63 µm glass microspheres
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(e) 90–106 µm glass microspheres
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(f) 90–125 µm glass microspheres

Figure 3.20: Particle concentration maps showing the variance in the quantity and location

of particles uplifted between glass microsphere sediment samples.

81



Nondimensional radial distance, y/R

N
o
n
d
im

e
n
s
io

n
a
l 
h
e
ig

h
t,

 z
/R

1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6

0

0.1

0.2

0.3

0.4

0.5

0.6

(g) AZTD 0–5 µm
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(h) AZTD 0–10 µm
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(i) Kaolinite
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(j) Ottawa sand

Figure 3.20: (Cont’d) Particle concentration maps showing the variance in the quantity

and location particles uplifted between the naturally occurring sediment samples. Images

are from ROI 2.

measurements for each sediment sample in ROI 2. The data shown are from rotor wake

flows that are at approximately the same wake ages. Figures 3.20(a)–3.20(f) show the

concentration maps for the different samples of glass microspheres, and Figs. 3.20(g)–

3.20(j) show the concentration maps for the remainder of the sediment samples. All of

the glass microspheres tend to have similar uplift patterns, with the exception of the 1–
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38 µm diameter glass microspheres where significantly fewer suspended particles were

observed. The 90–125 µm and 90–106 µm diameter glass microspheres showed slightly

fewer particles higher above the bed compared to the 45–53 µm, 53–63 µm, and 45–63 µm

diameter glass microspheres, but in general, the concentration maps were similar near the

ground. As shown in Figs. 3.20(g) and 3.20(h), the Arizona Test Dust (AZTD) samples

experienced relatively low levels of uplift, and no significant difference was observed in

this case between the two diameter ranges.

In Fig. 3.20(i), it is apparent that the kaolinite exhibited a tremendous amount of

uplift, with many regions in the flow having high particle concentrations. The particles

are also transported to greater heights above the sediment bed as compared to the other

samples. In contrast, the Ottawa sand exhibits almost no particle uplift, as shown in

Fig. 3.20(j), which is a result of its greater threshold conditions for the onset of mobility,

as explained later in Section 3.4.9.

While analyzing the instantaneous measurements is useful, any aperiodic pairing

and merging of adjacent parts of the vortex filament can lead to increased sediment up-

lift and can artificially skew the comparison. To address this issue, time-average parti-

cle concentration maps were also generated by averaging 1,000 instantaneous TR-PIV

measurements. Figure 3.21 shows the results of this time-averaging. Time-averaging re-

veals that the particle concentration maps for most of the glass microspheres, as shown in

Fig. 3.21(b)–3.21(f), are almost identical over time with respect to the location of parti-

cles and the particle concentration. Once again, the 1–38 µm particle sample, on average,

exhibits very little uplift from below the rotor, as shown in Fig. 3.21(a).
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(a) 1–38 µm glass microspheres
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(b) 45–53 µm glass microspheres
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(c) 45–63 µm glass microspheres
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(d) 53–63 µm glass microspheres
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(e) 90–106 µm glass microspheres
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(f) 90–125 µm glass microspheres

Figure 3.21: Time-averaged particle concentration maps.
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(g) AZTD 0–5 µm
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(h) AZTD 0–10 µm
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(i) Kaolinite
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Figure 3.21: (Cont’d) Time-averaged particle concentration maps.

In Figs. 3.21(g) and 3.21(h), the Arizona Test Dust samples both experienced low

levels of uplift, with the 0–5 µm diameter range showing slightly more particles suspended

above the bed as compared to particles in the 0–10 µm diameter range. Again, the kaoli-

nite occupied most of the region, although the regions of higher particle concentration in

this case were limited to near the bed surface, as shown in Fig. 3.21(i). In Fig. 3.21(j), it is

clear that the Ottawa sand showed little uplift because of its greater threshold for mobility,
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as will be discussed further later.

A study was conducted to examine whether the differences seen in the particle

concentration maps between the samples can be correlated with the changes in the values

of the five selected aeolian similarity parameters, as given in Table 3.2. Using the wall

flow and particle characteristics that have been calculated in the previous sections, the

similarity parameters for each sediment group were calculated and are listed in Table 3.2.

Notice that large (sometimes orders of magnitude) differences were obtained between the

samples. Although the threshold friction velocity, u∗t , was not directly measured in the

present work, a semi-empirical model was used to estimate its value for each sample,

which is explained in Section 3.4.8.
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Sediment sample Dp/R ρs/ρ Uchar/UF Uchar/
√

(ρs/ρ−1)gDp Uchar/u∗t

Glass microspheres, 1–38 µm 1.40×10−4 2,101 493 8.70 86.97

Glass microspheres, 45–53 µm 6.13×10−4 2,153 27 4.11 41.08

Glass microspheres, 53–63 µm 7.09×10−5 1,900 23 3.80 37.95

Glass microspheres, 45–63 µm 7.07×10−5 2,189 20 4.06 40.67

Glass microspheres, 90–106 µm 1.18×10−3 2,083 8.53 3.01 30.05

Glass microspheres, 90–125 µm 1.26×10−3 1,883 8.42 3.06 30.65

Arizona Test Dust, 0–5 µm 2.35×10−5 2,233 16,291 20.6 205.89

Arizona Test Dust, 0–10 µm 4.61×10−5 2,241 4,243 14.7 146.90

Ottawa Sand 4.67×10−3 2,250 1.21 1.46 14.56

Kaolinite 1.93×10−5 1,834 29,362 25.1 250.60

Table 3.2: Calculated similarity parameters for each sediment sample for this flow.
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3.4.4 Effect of Particle Size on Entrainment

The effect of particle size on entrainment is shown in Fig. 3.22. On the y-axis is

the normalized number of uplifted particles, and on the x-axis is the particle diameter-

to-rotor radius ratio, Dp/R. The average number of particles per measurement for each

sediment group was normalized by the sample that had the highest average number of

uplifted particles, which was the kaolinite in this case. Figure 3.22 suggests that the

changes in the quantity of entrained sediment particles can be correlated with changes in

particle size. As the size increases, the number of suspended particles drops off sharply,
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Figure 3.22: Normalized quantity of uplifted particles plotted against the particle

diameter-to-rotor radius ratio, Dp/R.
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with very few particles being entrained and uplifted for the Ottawa sand, which has the

largest particle size. The kaolinite, which had the smallest sized particles, exhibited the

most uplift. However, the other samples with particles of small sizes had relatively very

little uplift, most likely because of cohesive effects between particles. Although more data

might be needed to establish specific trends, the results of the current work clearly suggest

that particle entrainment is sensitive to changes the particle diameter-to-rotor radius ratio,

Dp/R; as Dp/R increased the quantity of suspended particles decreased.

3.4.5 Effect of Density Ratio on Entrainment

The effect of particle-to-fluid density ratio, ρs/ρ, was also investigated. The tem-

perature of the test section was nominally 80 ◦F, and the corresponding density of the air

was calculated using the measured ambient pressure. Figure 3.23 shows the normalized

quantity of uplifted particles plotted against the particle-to-fluid density ratio, ρs/ρ, of

each sample. It is clear that a correlation exists between the density ratio and the quantity

of sediment particles being uplifted. In this case, the kaolinite, which showed the highest

quantity of uplifted particles, also had the lowest density ratio. In contrast, the Ottawa

sand, which showed the lowest quantity of uplifted particles, also had the highest density

ratio.

Recall that the density ratio, ρs/ρ is important because it affects the amount of time

that a particle will spend in the flow after it is uplifted off the bed; a denser particle will

tend to fall more quickly under the influence of gravity, while a less dense particle will fall

slower and will tend to stay airborne longer. The glass microspheres had some variations
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Figure 3.23: Normalized quantity of uplifted particles plotted against the particle-to-fluid

density ratio, ρs/ρ.

in their density, although they were made of the same material. However, the quantity of

particles that were uplifted did not differ greatly, except for the 1–38 µm diameter glass

microspheres, which exhibited very little uplift. The trend observed here is that for the

same flow, as the density ratio was increased the quantity of sediment particles that were

uplifted and suspended decreased.
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3.4.6 Effect of Particle Terminal Velocity

The terminal or settling velocity of a particle is defined as the maximum speed it

attains while in free fall through a fluid under the influence of gravity. This terminal

condition occurs when the forces acting on the particle (weight, drag, and buoyancy) are

in equilibrium, i.e.,

W = Fb +D (3.7)

where W is the weight of the particle, Fb is the buoyancy force on the particle, and D

is the drag force. Assuming a spherical particle, the weight and buoyancy forces on the

particle are

W =
π
6

D3
pρsg (3.8)

and

Fb =
π
6

D3
pρg (3.9)

respectively, then the drag force in the particle at its terminal velocity is

D =
1
2

ρU2
FCDA (3.10)

where CD is the particle drag coefficient, A is the cross sectional area of the particle, and

UF is the terminal velocity. Substituting Eq. 3.8, 3.9, and 3.10 into Eq. 3.7, and solving

for UF gives

UF =

√
4gDp

3CD

(
ρs−ρ

ρ

)
(3.11)

For very small particles, Stokes’ law can be used to estimate the drag coefficient, which

is given by

CD =
24

Rep
(3.12)
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where Rep is the particle Reynolds number (Rep = ρUFDp/µ). Substituting Eq. 3.12 into

Eq. 3.11 gives

UF =
gD2

p

18µ
(ρs−ρ) (3.13)

However, Stokes’ law is only valid when the particle Reynolds number while settling

is less than 0.3 because it assumes only laminar flow around a spherical particle; this

assumption is only valid for particles with very small diameters (Dp <50 µm); larger

particles will have higher Reynolds numbers because of the larger diameter and higher

falling velocity. For example, consider a particle with 100 µm diameter. The maximum

settling velocity allowed for the particle Reynolds number to be less than 0.3 is only

0.15 ms−1. This velocity is much slower than what would practically occur for a particle

of that size. Therefore, another model is needed that is valid over a larger range of particle

Reynolds numbers to account for larger particle sizes.

The following model from [59] predicts the terminal velocity for both smaller par-

ticles, (where Stokes’s law is valid), and for larger ones (where it no longer holds). In this

case

UF =
σpgD2

p

C1ν+
(
0.75C2σpgD3

p
)0.5 (3.14)

In Eq. 3.14, C1 and C2 are constants that depend on the shape of the particles and σp is

the submerged specific gravity of the particles, as given by

σp =

(
ρs−ρ

ρ

)
(3.15)

For this analysis, values of C1 =18 and C2 = 0.4 were assumed, corresponding to smooth,

spherical particles, as explained in [59].
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Figure 3.24: Normalized number of sediment particles plotted against the characteristic

velocity-to-terminal velocity ratio.

Figure 3.24 shows the normalized number of particles plotted versus the charac-

teristic velocity-to-terminal velocity ratio, Uchar/UF . Kaolinite has the highest terminal

velocity ratio, and also showed the highest quantity of uplifted particles. As this ratio

decreases, there is a sharp drop in the quantity of uplifted material. Most of the glass

particle samples have similar values of terminal velocity, and are grouped close together.

Notice that the quantity of uplift for these samples is higher than some of the samples

that have a larger ratio of Uchar/UF . The reason for this behavior might be because of the

low cohesiveness between the particles. However, to determine a complete explanation
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of the behavior would require further study. Nonetheless, the correlation observed from

the measurements is that an increase in the terminal velocity ratio results in an increase in

the quantity of uplifted particles.

3.4.7 Effect of Froude Number

The densimetric Froude number, F∗, was calculated for each sediment sample using

F∗ =
Uchar√

(ρs/ρ−1)gDp
(3.16)

This expression for the Froude number was taken from [60], where F∗ was used as a

parameter to help predict the onset of sediment mobility. Recall that, in general, the

Froude number is the ratio between inertial forces and gravitational forces. This means

that a higher Froude number conveys that the inertia of the particle is dominant, and a

lower Froude number means that gravity has more influence on the particle.

Figure 3.25 shows the normalized number of uplifted particles for each sediment

sample plotted versus the densimetric Froude number. The kaolinite had the highest

Froude number (i.e., less influenced by gravity) and also had the highest number of up-

lifted sediment particles for the flow studied here. The particle count decreased as the

Froude number decreased because gravity had more influence on these particles, caus-

ing fewer particles to remain suspended. Most of the glass microsphere samples have

low Froude numbers, but unlike the other samples, they showed larger quantities of up-

lifted particles. Once again, to fully explain the behavior of the glass microspheres would

require further studies.
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Figure 3.25: Number of sediment particles plotted against the densimetric Froude number.

3.4.8 Effect of Threshold Friction Velocity on Sediment Entrainment

Measurements of the threshold friction velocity, u∗t , were not obtained during the

course of the present studies. To this end, measuring u∗t would require a steady, uniform

wall flow in which the velocity can be precisely controlled, i.e., the wall flow would have

to be directed over a sediment bed with the velocity incrementally being increased until

the point of mobilization is achieved. Flow field measurements would then be taken at

this condition to identify the threshold friction velocity using a procedure similar to that

used in estimating the friction velocity, u∗. This procedure is described in Section 3.4.9.

In the present work, u∗t was calculated using a semi-empirical model [61], which is
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given by

u∗t =

√
f (Re∗t)

(
ρs

ρ
gd +

γ
ρd

)
(3.17)

where f (Re∗t) is a function of the particle Reynolds number at the threshold friction

velocity and γ is a constant representing the cohesiveness of the particles. From [61], the

recommended values for f (Re∗t) and γ were 0.0123 and 3×10−4 kgs−2, respectively.

Figure 3.26 shows the normalized quantity of uplifted particles plotted against the

threshold friction velocity ratio, Uchar/u∗t . Notice that the sample with the greatest quan-

tity of uplift has the lowest threshold friction velocity ratio (i.e., they are more difficult to

mobilize) and the samples that have lower quantities of uplift have higher friction velocity
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Figure 3.26: Particle uplift versus threshold friction velocity using Shao-Lu model.
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ratios (i.e., they are less difficult to mobilize). The results from this model suggests that

the kaolinite had the highest threshold to achieve mobilization. However, this result is the

opposite to what was observed in the experiments because the kaolinite was actually seen

to be the most mobile of all the samples.

Two other threshold friction velocity models, given by Eq. 3.18 and 3.19, were

subsequently explored to determine if they could predict the trends that were seen in

the present experiments. The first was developed by Bagnold [31] and the second was

developed by Greeley and Iversen [17], i.e., in this case

Bagnold model, u∗t = AB(Re∗t)
√

ρs

ρ
gDp (3.18)

Greeley and Iversen model, u∗t = A1

√
ρs

ρ
gDpF(Re∗t)G(Dp) (3.19)

where AB is a function of Re∗t but is a constant between 0.1 and 0.2 for Re∗t > 3.5. Here

it was assumed that AB = 0.1 from [31]. In Eq. 3.19, A1 is a constant, F is a function

of Re∗t , and G is a function of the particle diameter, Dp. The detailed expressions for

F(Re∗t) and G(Dp) are given elsewhere [17].

The predicted threshold friction velocity, u∗t , as a function of particle diameter

using each model is plotted in Fig. 3.27. The Bagnold model predicts u∗t to steadily de-

crease with decreasing particle diameter. The models of Greeley and Shao-Lu, however,

predict the value of u∗t to decrease with decreasing particle diameter to a minimum value

and then increase again, which physically represents the effects of the greater cohesion

between the smaller particle diameters.

Now using the Greeley and Bagnold models, the quantity of uplifted particles is

plotted against Uchar/u∗t in Figs. 3.28 and 3.29. While the Shao-Lu and Greeley models
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make similar predictions of the threshold velocity, Bagnold’s model predicts the behavior

to be more closely aligned with that observed in the present experiments. The trend here

using the Bagnold model is that as Uchar/u∗t increases, the quantity of particles uplifted

also increases.
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Figure 3.27: Threshold friction velocity plotted against particle size using three different

models.
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Figure 3.28: Particle uplift versus threshold friction velocity using Greeley model.
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Figure 3.29: Particle uplift versus threshold friction velocity using Bagnold model.

3.4.9 Friction Velocity at the Ground

The friction velocity, u∗, was measured from the TR-PIV data. Measuring this

quantity is very challenging because it requires acquiring velocity measurements very

close to the ground plane, which has several problems including laser light reflections.

The value of u∗ is given in boundary layer theory by

u∗ =
√

τw

ρ
(3.20)
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where τw is the shear stress at the wall. The wall shear stress, τw, is comprised of two

components, the viscous shear stress, τv, and the turbulent shear stress, τt , i.e.,

τw = τv + τt (3.21)

The viscous component of τw is given by

τv = µ
(

dU
dz

)∣∣∣∣
z→0

(3.22)

where dU/dz is the velocity gradient and and z is the distance above the ground. The

turbulent component of the wall shear stress is given by

τt =−ρu′v′ (3.23)

where U ′ and V ′ are the instantaneous velocity fluctuations from the mean velocities.

U =U +u′; V =V + v′ (3.24)

u′v′ is calculated by taking the mean of the product u′v′ over all the PIV measurements.

The turbulent shear stress can be a significant component of the total shear stress,

and therefore it was important to quantify its value for the present flow. A profile of the

turbulent shear stress at multiple radial locations is given in Fig. 3.30. In this case, the

turbulent shear stress near the ground was observed to go nearly to zero, and so it can be

safely ignored for the purposes of calculating the wall shear stress, i.e., in the present case

it is sufficient to assume that

τw = τv = µ
(

dU
dz

)∣∣∣∣
z→0

(3.25)

To measure the velocity gradient, dU/dz, velocity measurements must be taken

down into the laminar sublayer of the boundary layer, where the velocity profile is linear
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Figure 3.30: turbulent shear stress profile.

and the velocity gradient is nominally constant. A schematic of this flow region is shown

in Fig. 3.31.

To establish a criteria for whether a flow measurement is in the sublayer, a nondi-

mensional height, z+, can be defined as

z+ =
z u∗

ν
(3.26)

Normally, the viscous sublayer region is defined as z+ < 5 [62]. In the present experi-

ments, the last valid data point closest to the wall was at a z+ just above 5 and, therefore,

just at the edge of the sublayer. Therefore, by assuming a linear velocity profile (i.e.,

constant velocity gradient) to the ground plane from this last valid data point while en-
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Figure 3.31: Schematic of the velocity profile at the ground and the laminar sublayer

region.

forcing the no-slip condition, is a reasonable assumption for the purposes of estimating

the friction velocity, u∗.

Shown in Fig. 3.32 are the instantaneous velocity profiles at the ground at a radial

location of y/R = 2.0. The blue curve shows the velocity profile before the passage of a

tip vortex with ψ = 160◦, and the red curve shows the velocity profile during the passage

of a tip vortex with ψ = 210◦. There are obviously significant excursions from the mean

flow resulting from the relatively high swirl velocities near the vortex core. The last valid

data points near the ground are highlighted. If the shear stress and friction velocity are

calculated using these points, the shear stress is more than doubled when the vortex passes

by, as given in Table 3.3.

It is known from [2] and [28], and also from the present work, that the tip vortices

in the rotor wake are responsible for the mobilization and uplift of much sediment. Fig-
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Blade azimuth angle (dU/dz) (s−1) τw (Nm−2) u∗ (ms−1)

ψ = 160◦ 1,843 0.0341 0.1702

ψ = 210◦ 5,227 0.0968 0.2867

Table 3.3: Calculated velocity gradient, wall shear stress, and friction velocity before

(ψ = 160◦) and during (ψ = 210◦) the passage of a tip vortex.

ure 3.33(a) shows the fluctuations in u∗ as a function of degrees of blade rotation. Lines

denoting the threshold friction velocity values for kaolinite using each of the three models

(Bagnold, Shao, and Greeley) are also given.
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Figure 3.32: Unsteady excursions in the wall flow velocity profile from the passage of a

tip vortex at y/R = 2.0.
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(a) Friction velocity at y/R = 2.0 versus degrees of blade rotation. Lines denoting the

threshold friction velocity for kaolinite using three models are also given.
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(b) Close up of Fig. 3.33(a) showing the fluctuations in u∗. Increases in u∗ are ob-

served with the passage of a tip vortex.

Figure 3.33: Friction velocity, u∗ plotted with threshold friction velocity values for kaoli-

nite at y/R = 2.0.
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(a) Instantaneous velocity profile before the passage of a tip vortex at y/R = 2.0

0.00

0.15

0.30

0.45

0.60

N
o

n
d

im
e

n
s
io

n
a

l 
h

e
ig

h
t 
a

b
o

v
e

 g
ro

u
n

d
, 
z
/R

1.85 2.0 2.15 2.30 2.45 2.60 2.75

Nondimensional radial distance, y/R

Ground plane

(b) Dual-phase measurement with kaolinite before the passage of a tip vortex

Figure 3.34: Velocity profile before the passage of a vortex at y/R = 2.0 and corresponding

dual-phase measurement using kaolinite.
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(a) Instantaneous velocity profile during the passage of a tip vortex at y/R = 2.0
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(b) Dual-phase measurement with kaolinite during the passage of a tip vortex

Figure 3.35: Velocity profile during the passage of a vortex at y/R = 2.0 and corresponding

dual-phase measurement using kaolinite.
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(b) Concentration map with kaolinite during the passage of a tip vortex at y/R = 2.0

Figure 3.36: Particle concentration maps of kaolinite before and during the passage of a

tip vortex at y/R = 2.0.
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Figure 3.33(b) shows a detailed region of Fig. 3.33(a) so that the fluctuations in u∗

can be identified. It can be seen that several peaks in u∗ occur when a vortex passes at

y/R = 2.0. In this case, the unsteady excursions increase u∗ above the value of u∗t for

kaolinite.

This observed increase in u∗ can be correlated to the initial uplift of sediment par-

ticles from the ground plane, as shown in Figs. 3.34 and 3.35. Figure 3.34(a) shows the

mean velocity profile and the instantaneous velocity profile before the passage of a vortex

at y/R = 2.0. A corresponding dual-phase measurement is shown in Fig. 3.34(b). Notice

that at y/R = 2.0, there are few particles being mobilized, with most of them having been

previously uplifted from the passage of an older part of the helicoidal vortex. However,

Figs. 3.35(a) and 3.35(b) show the increased velocity at the ground from the passage of a

vortex filament and the corresponding sediment uplift, because in this case the friction ve-

locity has exceeded the threshold friction velocity. Figure 3.36 shows the corresponding

particle concentration maps of Figs. 3.34(b) and 3.35(b).

In contrast, when the measurements using Ottawa sand (i.e., the least mobile sed-

iment) were analyzed, the observed behavior is different. Figure 3.37 shows the same

curve for u∗ as shown in Fig. 3.33(b), but now with threshold values given for Ottawa

sand. In this case, u∗ does not exceed any of the threshold values and the mobilization

of any particles would not be expected. This behavior is fully consistent to what was

observed in the present experiments.

Figure 3.38(a) and 3.38(b) show the velocity profile and corresponding dual-phase

measurement using Ottawa sand before the passage of a tip vortex. No particles are

suspended in the flow because the threshold condition has not been met. Figures 3.39(a)
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Figure 3.37: Friction velocity at y/R = 2.0 versus degrees of blade rotation. Lines denot-

ing the threshold friction velocity for Ottawa sand using three models are also given.

and 3.39(b) show the velocity profile and dual-phase measurement during the passage of a

vortex. Figure 3.40 shows the corresponding particle concentration maps of Figs. 3.38(b)

and 3.39(b). Although the velocity and shear stress have increased, no mobilization of the

sediment particles is observed in this case because the friction velocity, u∗, is below the

threshold friction velocity for Ottawa sand.
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(a) Velocity profile before the passage of a tip vortex at y/R = 2.0
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(b) Dual-phase measurement with Ottawa sand before the passage of a tip vortex

Figure 3.38: Velocity profile before the passage of a vortex at y/R = 2.0 and corresponding

dual-phase measurement with Ottawa sand.
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(a) Velocity profile during the passage of a tip vortex at y/R = 2.0
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(b) Dual-phase measurement with Ottawa sand during the passage of a tip vortex

Figure 3.39: Velocity profile during the passage of a vortex at y/R = 2.0 and corresponding

dual-phase measurement with Ottawa sand.
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(a) Concentration map with Ottawa sand before the passage of a tip vortex at

y/R = 2.0
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(b) Concentration map with Ottawa sand during the passage of a tip vortex at

y/R = 2.0

Figure 3.40: Particle concentration maps of Ottawa sand before and during the passage

of a tip vortex at y/R = 2.0.
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Figures 3.41–3.48 show the fluctuations in u∗ versus degrees of blade rotation with

lines denoting the threshold values for the remaining samples. Corresponding dual-phase

measurements and particle concentration maps during the passage of a vortex are shown

in Figs. 3.49–3.64. The same flow conditions produced different results depending on

the properties of the particles comprising the sediment bed. Clearly, there was a corre-

lation between the vortices passing over the sediment bed causing the friction velocity

to increase above the threshold value, and the mobilization and entrainment of sediment

particles into the flow. While the vortices clearly cause peaks in the values of u∗, other

significant peaks in the friction velocity are observed without the presence of the vortex

flow. Such peaks most likely arise from eddies or turbulence in the flow. Further stud-

ies obviously will need to be conducted to better understand the turbulent features of the

vortical flow near the ground and the effect of turbulence on particle entrainment.
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Figure 3.41: Friction velocity at y/R = 2.0. Threshold friction velocity for 1–38 µm glass

microspheres using three models is also given.
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Figure 3.42: Friction velocity at y/R = 2.0. Threshold friction velocity for 45–53 µm

glass microspheres using three models is also given.
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Figure 3.43: Friction velocity at y/R = 2.0. Threshold friction velocity for 53–63 µm

glass microspheres using three models is also given.
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Figure 3.44: Friction velocity at y/R = 2.0. Threshold friction velocity for 45–63 µm

glass microspheres using three models is also given.
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Figure 3.45: Friction velocity at y/R = 2.0. Threshold friction velocity for 90–106 µm

glass microspheres using three models is also given.
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Figure 3.46: Friction velocity at y/R = 2.0. Threshold friction velocity for 90–125 µm

glass microspheres using three models is also given.
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Figure 3.47: Friction velocity at y/R = 2.0 versus degrees of blade rotation. Threshold

friction velocity for AZTD 0–5 µm particles using three models is also given.
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Figure 3.48: Friction velocity at y/R = 2.0 versus degrees of blade rotation. Threshold

friction velocity for AZTD 0–10 µm particles using three models is also given.
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(a) Dual-phase measurement with 1–38 µm diameter glass microspheres before the pas-

sage of a tip vortex at y/R = 2.0
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(b) Dual-phase measurement with 1–38 µm diameter glass microspheres during the

passage of a tip vortex at y/R = 2.0

Figure 3.49: Dual-phase measurement with 1–38 µm diameter glass microspheres before

and during the passage of a tip vortex
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(a) Concentration map with 1–38 µm diameter glass microspheres before the pas-

sage of a tip vortex at y/R = 2.0
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(b) Concentration map with 1–38 µm diameter glass microspheres during the pas-

sage of a tip vortex at y/R = 2.0

Figure 3.50: Particle concentration maps of 1–38 µm diameter glass microspheres before

and during the passage of a tip vortex at y/R = 2.0.
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(a) Dual-phase measurement with 45–53 µm diameter glass microspheres before the

passage of a tip vortex at y/R = 2.0
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(b) Dual-phase measurement with 45–53 µm diameter glass microspheres before the

passage of a tip vortex at y/R = 2.0

Figure 3.51: Dual-phase measurement with 45–53 µm diameter glass microspheres before

and during the passage of a tip vortex
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(a) Concentration map with 45–53 µm diameter glass microspheres before the

passage of a tip vortex at y/R = 2.0
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(b) Concentration map with 45–53 µm diameter glass microspheres during the

passage of a tip vortex at y/R = 2.0

Figure 3.52: Particle concentration maps of 45–53 µm diameter glass microspheres before

and during the passage of a tip vortex at y/R = 2.0.
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(a) Dual-phase measurement with 53–63 µm diameter glass microspheres before the

passage of a tip vortex at y/R = 2.0
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(b) Dual-phase measurement with 53–63 µm diameter glass microspheres during the

passage of a tip vortex at y/R = 2.0

Figure 3.53: Dual-phase measurement with 53–63 µm diameter glass microspheres before

and during the passage of a tip vortex

123



Nondimensional radial distance, y/R

N
o

n
d

im
e

n
s
io

n
a
l 
h

e
ig

h
t,

 z
/R

1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6

0

0.1

0.2

0.3

0.4

0.5

0.6

(a) Concentration map with 53–63 µm diameter glass microspheres before the

passage of a tip vortex at y/R = 2.0
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(b) Concentration map with 53–63 µm diameter glass microspheres during the

passage of a tip vortex at y/R = 2.0

Figure 3.54: Particle concentration maps of 53–63 µm diameter glass microspheres before

and during the passage of a tip vortex at y/R = 2.0.
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(a) Dual-phase measurement with 45–63 µm diameter glass microspheres before the

passage of a tip vortex at y/R = 2.0
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(b) Dual-phase measurement with 45–63 µm diameter glass microspheres during the

passage of a tip vortex at y/R = 2.0

Figure 3.55: Dual-phase measurement with 45–63 µm diameter glass microspheres before

and during the passage of a tip vortex
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(a) Concentration map with 45–63 µm diameter glass microspheres before the

passage of a tip vortex at y/R = 2.0
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(b) Concentration map with 45–63 µm diameter glass microspheres during the

passage of a tip vortex at y/R = 2.0

Figure 3.56: Particle concentration maps of 45–63 µm diameter glass microspheres before

and during the passage of a tip vortex at y/R = 2.0.
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(a) Dual-phase measurement with 90–106 µm diameter glass microspheres before the

passage of a tip vortex at y/R = 2.0
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(b) Dual-phase measurement with 90–106 µm diameter glass microspheres during the

passage of a tip vortex at y/R = 2.0

Figure 3.57: Dual-phase measurement with 90–106 µm diameter glass microspheres be-

fore and during the passage of a tip vortex
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(a) Concentration map with 90–106 µm diameter glass microspheres before the

passage of a tip vortex at y/R = 2.0
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(b) Concentration map with 90–106 µm diameter glass microspheres during the

passage of a tip vortex at y/R = 2.0

Figure 3.58: Particle concentration maps of 90–106 µm diameter glass microspheres be-

fore and during the passage of a tip vortex at y/R = 2.0.
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(a) Dual-phase measurement with 90–125 µm diameter glass microspheres before the

passage of a tip vortex at y/R = 2.0
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(b) Dual-phase measurement with 90–125 µm diameter glass microspheres during the

passage of a tip vortex at y/R = 2.0

Figure 3.59: Dual-phase measurement with 90–125 µm diameter glass microspheres be-

fore and during the passage of a tip vortex
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(a) Concentration map with 90–125 µm diameter glass microspheres before the

passage of a tip vortex at y/R = 2.0
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(b) Concentration map with 90–125 µm diameter glass microspheres during the

passage of a tip vortex at y/R = 2.0

Figure 3.60: Particle concentration maps of 90–125 µm diameter glass microspheres be-

fore and during the passage of a tip vortex at y/R = 2.0.

130



0.00

0.15

0.30

0.45

0.60

1.85 2.0 2.15 2.30 2.45 2.60 2.75

Nondimensional radial distance, y/R

N
o

n
d

im
e

n
s
io

n
a

l 
h

e
ig

h
t 
a

b
o

v
e

 g
ro

u
n

d
, 
z
/R

Ground plane

(a) Dual-phase measurement with AZTD 0–5 µm particles before the passage of a tip

vortex at y/R = 2.0
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(b) Dual-phase measurement with AZTD 0–5 µm particles during the passage of a tip

vortex at y/R = 2.0

Figure 3.61: Dual-phase measurement with AZTD 0–5 µm diameter particles before and

during the passage of a tip vortex

131



Nondimensional radial distance, y/R

N
o

n
d

im
e

n
s
io

n
a
l 
h

e
ig

h
t,

 z
/R

1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 2.6

0

0.1

0.2

0.3

0.4

0.5

0.6

(a) Concentration map with AZTD 0–5 µm diameter glass microspheres before

the passage of a tip vortex at y/R = 2.0
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(b) Concentration map with AZTD 0–5 µm diameter glass microspheres during

the passage of a tip vortex at y/R = 2.0

Figure 3.62: Particle concentration maps of AZTD 0–5 µm diameter glass microspheres

before and during the passage of a tip vortex at y/R = 2.0.
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(a) Dual-phase measurement with AZTD 0–10 µm particles before the passage of a tip

vortex at y/R = 2.0
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(b) Dual-phase measurement with AZTD 0–10 µm particles during the passage of a tip

vortex at y/R = 2.0

Figure 3.63: Dual-phase measurement with AZTD 0–10 µm diameter particles before and

during the passage of a tip vortex
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(a) Concentration map with AZTD 0–10 µm diameter glass microspheres before

the passage of a tip vortex at y/R = 2.0
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(b) Concentration map with AZTD 0–10 µm diameter glass microspheres during

the passage of a tip vortex at y/R = 2.0

Figure 3.64: Particle concentration maps of AZTD 0–10 µm diameter glass microspheres

before and during the passage of a tip vortex at y/R = 2.0.
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3.4.10 Summary

The objective of the present work was to examine the effects of five similarity pa-

rameters on sediment entrainment and uplift below a hovering rotor. The similarity pa-

rameters studied were: 1. Particle diameter-to-rotor radius ratio, Dp/R, 2. Particle-to-fluid

density ratio, ρs/ρ, 3. Ratio of characteristic flow (or wind) speed to particle terminal

speed, Uchar/UF , 4. Densimetric Froude number, Uchar/
√

(ρs/ρ−1)gDp, and 5. Thresh-

old friction speed ratio, Uchar/u∗t .

The time-averaged wall flow below the was analyzed and the characteristic velocity

was determined to be Uchar = 4.104 ms−1 for the operating conditions used in the present

work. The particle size and density of each sediment sample were also measured. Using

this information, the similarity parameters for each sample were then calculated. Differ-

ences in the quantity and location of sediment uplift between samples were studied using

particle concentration maps.

Measurements of particle entrainment to changes in the values of the similarity

parameters were made. Particle entrainment was observed to decrease with increasing

Dp/R and decrease with increasing ρs/ρ. The particle terminal velocity, UF , was cal-

culated using a model from [59]. As the ratio Uchar/UF increased, particle entrainment

was observed to increase. As the Froude number increased, the quantity of suspended

particles increased.

While measurements of u∗t were not obtained, the values were calculated using

three threshold friction velocity models developed by Bagnold, Shao, and Greeley. Bag-

nold’s model was found to correlate better with the behaviors of sediment mobility that
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observed in the experiments. Generally, as Uchar/u∗t increased, the quantity of suspended

particles also increased. In addition, measurements of the friction velocity showed signif-

icant excursions in the wall shear with a passing tip vortex. The increased friction velocity

was shown to correlate closely with the uplift of sediment particles from the bed.

3.5 Ranking of Similarity Parameters

Identifying the parameters that have the greatest effects on the mobilization and up-

lift of particles is the first step towards more closely simulating the physics of brownout

at the smaller scales needed in laboratory experiments. To this end, the results shown

previously can be used to rank the similarity parameters in an order of importance. These

rankings were determined from the observations of the sensitivity of the quantity of up-

lifted particles to changes in the value of a given similarity parameter.

The density ratio, ρs/ρ, had the most important effects, with large differences in

uplift occurring with only moderate changes in density. Changes in the particle size-

to-rotor radius ratio, Dp/R, also had a significant effect, but the glass particle samples

did not necessarily follow the same trends. A trend was recognized with changes in

the Froude number, but again the glass particles did not seem to follow the trend. For the

terminal velocity ratio, Uchar/UF , sediment uplift was less sensitive because large changes

in uplift required large changes in the value of Uchar/UF . The effect of the threshold

velocity ratio is clear when using the relatively simple Bagnold model, but the results

from the other, more comprehensive models, did not agree with the observations made

in the experiments. In this case, the difference in the predicted behavior and the actual
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behavior of the sediment particles can be attributed to the fact that these models are semi-

empirical in nature, and the values of the empirical constants used may not be the same for

the particles samples studied in the present work. Further work will be required to better

understand the effect that the threshold friction velocity ratio, Uchar/u∗t , has on particle

entrainment below the rotor.

Using the results obtained in this study, the ranking of importance are assigned as

follows: 1) Particle-to-fluid density ratio, ρs/ρ; 2) Particle diameter-to-rotor radius ratio,

Dp/R; 3) Densimetric Froude number, Uchar/
√

(ρs/ρ−1)gDp; 4) Ratio of wind speed to

particle terminal speed, Uchar/UF ; and 5) Threshold friction speed ratio, Uchar/u∗t . These

outcomes can be used as a basis for designing future experiments to more closely simulate

the physics of brownout in the laboratory.

3.6 Summary

This chapter has described the experimental results and analysis of the effects that

varying the similarity parameters has on the dual-phase flow environment below a hover-

ing rotor. The vortices were characterized from the PIV measurements to determine their

circulation, vortex Reynolds number, and swirl velocity profile. Phase-averaged measure-

ments also showed that the flow near the ground was unsteady and aperiodic because of

the convection of tip vortices over the ground plane, and a characteristic velocity was cal-

culated. The characteristics of the sediment samples that were needed to calculate values

of the various similarity parameters were measured and quantified.

Particle concentration maps showed that the processes of sediment entrainment and
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transport were sensitive to the values of the similarity parameters. Changes in the density

ratio and particle size ratio had the strongest correlations with changes in particle uplift.

Changes in the Froude number were correlated with changes in particle uplift, with some

samples deviating from the trend. Sediment entrainment was shown to be less sensitive

to changes in the terminal velocity ratio. The threshold friction velocity ratio showed

different trends depending on the model used to calculate u∗t , but more studies will be

required to establish the effects on scaling. Based on the present results, rankings were

assigned to the similarity parameters with a view to understanding better ways to simulate

the fluid mechanics of brownout in the laboratory environment.
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Chapter 4

Conclusions

4.1 Summary

The results obtained during the course of the present work have provided a new

understanding into the effects that certain key sedimentology (or aeolian) similarity pa-

rameters have on the uplift of sediment particles from a mobile bed underlying a hov-

ering rotor. Questions about producing dynamic similarity of the two-phase flow were

addressed. To this end, the work has involved both single-phase and two-phase flow ex-

periments using a small-scale rotor that was hovering at a fixed height over a mobile bed

comprised of different particle species. The outcomes from the work have contributed

to the understanding of how certain similarity parameters can affect the dusty two-phase

flow environment generated by a rotor, and may help in performing better matching of

such similarity parameters to simulate the physics of brownout under controlled labo-

ratory conditions. An overall goal of the work was to provide a better physical insight

into the physics of the problem of rotorcraft brownout, which continues to be a serious

operational problem.

In the experiments that were conducted, high-speed flow visualization and time-

resolved particle image velocimetry were used to conduct temporal tracking of the flow

features and to make appropriate measurements of the flow field. In the dual-phase ex-

periments, the mobilized sediment particles were identified and tracked through the flow
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by using particle identification software. All of the sediment samples used in the present

study were carefully characterized with respect to their size and mass density, and in some

cases their mineralogy. The two-phase flow field measurements and known sediment

properties then allowed for the calculation of the certain groups of similarity parameters

for each sediment sample. The quantity and locations of uplifted particles were measured

for each sample under the same rotor operating conditions, and any relationships between

the sediment uplift with changes in the defined similarity parameters were then examined.

In the present work, five similarity parameters were studied in that they were considered

to have potentially the most important effects on the developing two-phase flow below the

rotor.

In general, the outcomes from the experiments showed that processes of sediment

entrainment and transport below the rotor were sensitive to changes in all of the scaling

or similarity parameters that were selected. However, it was found that not all the simi-

larity parameters had as large or important effects on the two-phase flow, suggesting that

in practice the sediment uplift below a rotor will be more sensitive to some parameters

than to others. This outcome also suggests that while designing specific laboratory exper-

iments to study the two-phase flow and particle physics of rotorcraft brownout, it may be

sufficient for the purposes of producing a representative two-phase flow to match a few of

the similarity parameters that have the most influence on particle entrainment, rather than

trying to match all of the relevant similarity parameters simultaneously.

Designing an experiment that would match all of the similarity or scaling parame-

ters of full-scale brownout conditions is clearly a significant challenge if not impossible.

Not only are there geometric considerations, such as scaling particle size, but also con-
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siderations of the innate properties of the particles, such as density, settling velocity, and

threshold friction velocity. It is also not guaranteed that changing one of the properties

might not also, as a consequence, change the others. For example, if a small-scale ex-

periment, similar to the one used in the present work, were to be considered where the

similarity parameters were perfectly matched to full-scale values (given in Appendix C

for a representative helicopter), the particles would have to be 0.05 µm in diameter, have

the same density as naturally occurring sediment (ρs ≈ 2,650 kgm−3), have very low set-

tling velocities of 0.0008 ms−1, and have a threshold velocity of 0.147 ms−1. According

to the currently used threshold mobility models, the threshold friction velocity for par-

ticles of this size and density would be much higher (u∗t = 8.09 ms−1) than what would

otherwise be desired. It may be that using custom designed particles (if it is at all possi-

ble) in which the properties can be precisely controlled, or changing the fluid (discussed

under future work), might be a way forward to accomplish better dynamic similitude.

4.2 Specific Conclusions

The following specific conclusions have been drawn from the present study:

1. The particle-to-fluid density ratio was observed to have the most important effects

on sediment uplift below the rotor. As this density ratio increased, the quantity of

particles entrained into the flow steadily decreased. This outcome arises because

the denser particles have the tendency to descend faster in the carrier flow than

the less dense particles. Also, because of their inertia, the denser particles do not

respond to changes in the flow velocity as quickly as the less dense particles. One
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important outcome of this effect is that fewer particles are uplifted and trapped by

the vortical features of the rotor flow as they pass near the bed. Particle size also had

obvious effects on sediment entrainment, the larger particles having higher velocity

thresholds needed to produce particle mobility and uplift from the bed. However,

some of the samples with the smaller particles were also shown to be less mobile

than the larger ones, most likely because of inter-particle forces such as cohesion.

2. Changes in the densimetric Froude number and terminal velocity ratio both had

observable effects on sediment mobility and entrainment below the rotor. As the

Froude number increased, the quantity of entrained particles increased, which is

because the inertial forces on the particle became more important relative to their

gravitational forces. However, the glass microspheres that were used in the present

experiments did not seem to follow the same trends that were shown by some of the

other particles; most of the glass microspheres had relatively lower Froude numbers

but were entrained into the flow more readily than particles with higher Froude

numbers. A similar trend was observed with respect to the terminal velocity ratio;

particles with higher terminal velocity ratios experienced greater levels of particle

mobilization. However, again the glass microspheres did not seem to follow these

trends, showing greater quantities of entrained particles than for the samples with

higher terminal velocity ratios.

3. The flow measurements made near the ground revealed that the passage of a tip vor-

tex not only caused unsteady excursions in the wall-parallel flow velocity profile,

but it also caused significant increases in the wall shear stress and friction veloc-
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ity. The increase in friction velocity from the passing of the tip vortices above the

sediment bed could be correlated in some (but not all) cases to the increased mobi-

lization of sediment particles. This observation confirms the premise that the close

passage of the blade tip vortices trailed from the rotor and their proximity to the sed-

iment bed is a primary mechanism that is responsible for sediment mobilization as

well as uplift (i.e., “trapping”) and, ultimately, in the development of rotor-induced

brownout conditions.

4. It was found that the semi-empirical threshold friction velocity models that are

used in current practice may not be fully applicable to the flow environment found

on the bed below the rotor. The results predicting the onset of sediment mobility

using the Bagnold threshold friction velocity model was found to correlate well

with the behavior shown in the present experiments. It was shown that the kaoli-

nite was the most readily mobilized sediment sample and the Ottawa sand was the

least mobile, which agreed with predictions made by Bagnold’s threshold friction

velocity model. However, the Shao and Greeley threshold friction velocity models

predicted that the kaolinite would have the highest threshold friction velocity (i.e.,

it would be the most difficult to mobilize) and that Ottawa sand would have the low-

est threshold friction velocity (i.e., the most easily mobilized). It is recognized that

such differences between experimental observations and predicted threshold val-

ues can arise because because of several other reasons besides the effect of particle

size and density. Nevertheless, these contradictory outcomes suggest that currently

used threshold friction velocity models should be used cautiously in the prediction
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of rotorcraft brownout conditions.

4.3 Suggestions for Future Work

The specific objectives of the work were to help better the understanding of the

effects that certain key aeolian similarity parameters have on the processes of sediment

mobilization, uplift, and entrainment from a mobile sediment bed below a rotor. While the

present work is by no means complete, it has provided new fundamental insight into the

two-phase fluid mechanics below a rotor hovering above a mobile sediment bed. There

are obviously still many issues that could be addressed in the future to better understand

the scaling effects, and how they contribute to the problem of rotorcraft brownout.

4.3.1 Measurements of Threshold Friction Velocity

The models used in the present work to estimate the threshold friction velocity

did not correlate in all cases with the observed movement of the sediment particles. Such

differences between experimental observations and predicted values can arise because be-

cause of several reasons, including properties of the sediment that go beyond particle size

and density. For example, the chemical structure, actual geometric shapes, and mineral

content of the particles may also affect their mobilization characteristics. Furthermore,

there are pressure forces acting on the particles below the rotor, which may also affect

their mobilization thresholds. Actual measurements of the threshold friction velocity for

the types of wall-jet type flows found below the rotor would help to better estimate this

quantity, and perhaps allow more accurate values of mobilization thresholds to be ob-
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tained. For example, measurements of the threshold friction velocity, u∗t , in a wall-jet

type of flow would require not only the ability to generate a very controlled flow but also

an ability to measure the turbulent velocity profile deeply into the boundary layer region

at the wall.

4.3.2 Effects of Unsteadiness

The unsteadiness of the wall flow from the passage of tip vortices has significant

effects on the processes of sediment mobilization, as shown in the present work. There-

fore, quantifying the unsteadiness of the flow and studying its effects can provide further

insight into the mobilization of particles in a rotor flow. For example, a higher frequency

of tip vortices passing over the sediment bed may cause the uplift and continued suspen-

sion of more particles than a lower frequency [19]. The vortices can also cause unsteady

pressure effects that may affect the threshold conditions required for sediment mobiliza-

tion. The reduced frequency parameter quantifies the unsteadiness of a flow [40] and can

be defined as k = Ωc/2Uchar for the wall flow below a rotor. For the present work, k =

1.17 so the wall flow is considered to be highly unsteady, and therefore, the effects of

unsteadiness on mobilization needs to be examined in more detail.

4.3.3 Phase Separation

There are obviously many challenges in the accurate measurement of two-phase

flows, especially those that involve vortical elements and high velocity gradients. An in-

tensity thresholding method has been used in the present work to separate the carrier phase
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and the dispersed phase. While fairly effective at separating the phases under many condi-

tions, the method still leaves locations (“holes”) of zero pixel intensity in the carrier phase

where the sediment particles used to be. These holes can bias the cross-correlations in the

carrier phase leading to less accurate PIV measurements, especially in regions of higher

sediment particle concentrations. Furthermore, near the ground plane entire regions of the

carrier phase can be masked by the presence of particles, and PIV measurements are much

more difficult to make here. Flow measurements in this region are important because it is

exactly where the sediment mobilization and uplift occurs.

Several other phase separation techniques are possible, i.e., other than thresholding

techniques. These include methods that use fluorescence for separation [63], and methods

that use advanced image processing to separate the phases with minimal loss of informa-

tion [64]. Fluorescence techniques work by doping the dispersed phase with a fluorescent

dye and using coplanar red and green light sheets to illuminate the flow. The Mie scatter-

ing from the carrier phase and fluorescence from the dispersed phase are then captured by

two separate cameras with appropriate filters. In theory, each camera contain information

from one phase and the two phases can be processed separately. This technique, however,

is difficult to use in practical application.

Advanced image processing techniques have been proposed that make use of a two-

dimensional median filter to generate better separate images of the two phases. The me-

dian filter sorts the grayscale intensity values of a user-defined small area, A, around a

pixel location (i, j) and then selects the median grayscale value in window A to replace

the value at (i, j). This method effectively increases the signal-to-noise ratio of the image

and has been tested to quantify errors induced by the filter. More information on this
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approach is given elsewhere [64]. However, the type of approach still leaves “holes” in

the carrier phase images. Obviously, a measurement or processing technique that allows

for phase separation while preserving the carrier phase information (i.e., no holes) would

be ideal, although there are obviously many challenges to this end.

4.3.4 Selection of Sediment Particles

With the new understanding of sediment mobility and uplift below a rotor flow

that has been gained throughout the current study, it is evident that the types of particles

comprising the sediment bed can greatly affect the resulting two-phase flow. The current

work utilized several different types of particles for the bed that had varying size, den-

sities, shapes, and other properties. When comparing the sediment samples, sometimes

more than one property changed from sample-to-sample. To better study the effects of

the similarity parameters, it would be useful to conduct more tests with the glass micro-

spheres; such closely spherical particles can be consistent from sample-to-sample while

only varying particle size.

4.3.5 Experiments in Water

All of the experiments in the present work were performed with air as the working

fluid. However, it might be useful to observe the results obtained when similar experi-

ments are conducted in a different carrier medium such as water, which is about 800 times

as dense as air and 50 times as viscous. However, the particles used would also have to be

about 800 times as dense as naturally occurring sand or silca-type sediments to match the
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particle-to-fluid density ratio to those of the brownout problem. This goal would prove

difficult even if the particles were made of the most dense metals (e.g., platinum, iridium,

tungsten, etc.) because they are only about 10 times as dense as the naturally occurring

materials. Matching of Reynolds numbers and other similarity parameters would also be

challenging. Nevertheless, the particles would behave differently in this case, not least

of because water has higher viscosity and higher density. In this way, it may be possi-

ble to match some similarity parameters to the full-scale values. However performing

flow measurements in water have a different set of challenges in the areas of seed particle

selection, light refraction, and phase discrimination [65, 66].
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Appendix A

Mineral Composition for Naturally Occurring Sediment Samples

The mineral compositions of each of the naturally occurring sediment samples were

determined through a diagnostic technique known as X-ray diffraction (XRD). XRD was

chosen because it is a standard nondestructive (i.e., the sample is preserved) technique

used to identify the minerals or phases present in soil and clay samples.

XRD is conducted by directing a beam of X-rays through the sample. When the

X-rays interact with the materials in the sample, they are deflected into a diffraction pat-

tern and captured on an image detector. Every known crystalline material has a unique

diffraction pattern. These patterns are then compared with standard diffraction patterns to

identify the minerals that comprise the sample. The mass percent of each mineral is de-

termined from an XRD spectrograph, which is a reduced form of the raw XRD data. The

spectrograph shows the relative intensity of the signals captured by the image detector,

which is used to determine the relative concentration of each mineral.

One of the drawbacks of using XRD is that it can only accurately detect materials

that have a crystalline chemical structure. Any amorphous (i.e., non-crystalline) material

will not be detected by XRD and requires other techniques such as X-ray fluorescence.

The mineral composition of the naturally occurring samples used in the present

work are given in Table A.1. All values in Table A.1 are given as a mass percentage of

the sample. More detailed information on the XRD technique is given in [67].
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Mineral Name Chemical Formula Kaolinite AZTD 0–5 AZTD 0–10 Ottawa Yuma

Quartz SiO2 <5 29 60 >95 33

Kaolinite Al2Si2O5(OH)4 90 <3 — — —

Mica/illite (K,Na,Ca)(Al,Mg,Fe)2(Si,Al)4O10(OH,F)2 <3 20 — — 12

Chlorite (Mg,Fe,Al)6(Si,Al)4OH10(OH) <3 — — — >5

Smectite (Ca,Na) x(Al,Mg,Fe)4(Si,Al)8O20(OH,F)4•nH2O — 20 — — —

Plagioclase feldspar (Na,Ca)Al(Si,Al)3O8 — 15 20 — 24

K-feldspar KAlSi3O8 — 8 12 — 15

Clinoamphibole Ca2(Mg,Fe)5Si8O22(OH)2 — — — — <2

Calcite CaCO3 — <3 5 — 8

Hematite Fe2O3 — <3 — — —

”Unidentified” — <5 <5 <5 <5 <5

Table A.1: Mineral content of the naturally occurring sediment samples as determined by X-ray diffraction.
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Appendix B

Particle Sizing Data

The results of the X-ray sedigraph and laser light scattering tests are given in this

appendix. The sedigraph data was reported as “Cumulative Mass Finer” and “Mass Fre-

quency” versus the particle size. The cumulative mass finer values represent the mass

percentage of particles in a sample that were measured to be smaller than a given particle

diameter. The mass frequency values represent the mass percentage of particles in a sam-

ple that were of a given particle diameter. The laser light scattering data was reported as

the “Differential Volume” versus the particle size, which is equivalent to mass frequency.

Some samples are identified with an alias in the data reports. Table B.1 gives the sedi-

ment sample, its alias (if applicable), and the method used to determine the particle size

distribution. Notice that the data reports are given in the same order as in Table B.1.

Sediment Sample Alias Method

Kaolinite Sample 1 X-ray sedigraph

AZTD 0–5 µm Sample 2 X-ray sedigraph

AZTD 0–10 µm Sample 3 X-ray sedigraph

Yuma Soil Sample 5 X-ray sedigraph

Ottawa Sand Sample 6 Laser light scattering

Glass microspheres 90–125 µm — Laser light scattering

Glass microspheres 1–38 µm — Laser light scattering

Glass microspheres 45–63 µm — Laser light scattering

Table B.1: Method used to determine PSD for each sediment sample.
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Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/8/2010 10:01:37AM Run Time: 0:34 hrs:min
Reported: 11/8/2010 11:24:12AM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7229 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   35.0 °C Mean Base/Full:  132 /  90 kCnts/s

Full Scale Mass: 100.0 % Reynolds Number:  0.21

Comments: 100W

Combined Report

Report by Size Table
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(Percent)

 300.0  99.5  100.0  99.5  20.00  99.7  0.500  59.8
 250.0  99.5  75.00  99.5  10.00  97.7  0.100  38.3
 200.0  99.5  50.00  99.5  5.000  92.6
 150.0  99.5  40.00  99.4  1.000  69.7
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1006516.SMP : Sample 1

Summary Report
Full scale pump speed:   3 Stir time:    0 s

Bubble detection:   Medium Stir speed:   High
Starting Size:   50.00 µm Probe time:    0 s
Ending Size:    0.18 µm

Weight (g)   6.000 Probe (sec) 300.000 Dispersant  80.000
Mass Distribution Arithmetic Statistics

Mean  2.159 Mode  0.282
Median  0.312
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Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006516.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/8/2010 10:01:37AM Run Time: 0:34 hrs:min
Reported: 11/8/2010 11:24:12AM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7229 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   35.0 °C Mean Base/Full:  132 /  90 kCnts/s

Full Scale Mass: 100.0 % Reynolds Number:  0.21

Comments: 100W

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Mass
Finer

(Percent)

 
Mass 

Frequency
(Percent)

Cum. Mass
Standard
Deviation
(2 tests)

 51.58  48.70  50.12  99.5   0.0   0.6
 48.70  45.97  47.32  99.5   0.0   0.5
 45.97  43.40  44.67  99.5   0.0   0.5
 43.40  40.97  42.17  99.4   0.0   0.5
 40.97  38.68  39.81  99.4   0.0   0.4
 38.68  36.52  37.58  99.4   0.0   0.4
 36.52  34.47  35.48  99.4   0.0   0.4
 34.47  32.55  33.50  99.4   0.0   0.4
 32.55  30.73  31.62  99.4   0.0   0.4
 30.73  29.01  29.85  99.4   0.0   0.3
 29.01  27.38  28.18  99.5  -0.1   0.2
 27.38  25.85  26.61  99.6  -0.1   0.2
 25.85  24.41  25.12  99.6  -0.1   0.1
 24.41  23.04  23.71  99.7   0.0   0.0
 23.04  21.75  22.39  99.7   0.0   0.0
 21.75  20.54  21.13  99.7   0.0   0.0
 20.54  19.39  19.95  99.6   0.0   0.1
 19.39  18.30  18.84  99.6   0.1   0.1
 18.30  17.28  17.78  99.5   0.1   0.1
 17.28  16.31  16.79  99.3   0.1   0.1
 16.31  15.40  15.85  99.2   0.2   0.1
 15.40  14.54  14.96  99.0   0.2   0.1
 14.54  13.72  14.13  98.8   0.2   0.1
 13.72  12.96  13.34  98.6   0.2   0.1
 12.96  12.23  12.59  98.4   0.2   0.0
 12.23  11.55  11.89  98.2   0.2   0.0
 11.55  10.90  11.22  98.0   0.2   0.1
 10.90  10.29  10.59  97.8   0.2   0.1
 10.29  9.716  10.00  97.6   0.2   0.2
 9.716  9.173  9.441  97.4   0.3   0.3
 9.173  8.660  8.913  97.1   0.3   0.4
 8.660  8.175  8.414  96.7   0.3   0.4
 8.175  7.718  7.943  96.3   0.4   0.5
 7.718  7.286  7.499  95.9   0.4   0.5
 7.286  6.879  7.079  95.5   0.4   0.5
 6.879  6.494  6.683  95.0   0.5   0.5
 6.494  6.131  6.310  94.6   0.5   0.4
 6.131  5.788  5.957  94.1   0.5   0.4
 5.788  5.464  5.623  93.5   0.5   0.3
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Submitter: Materials Characterization Services
File: C:\...\11NOV\1006516.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/8/2010 10:01:37AM Run Time: 0:34 hrs:min
Reported: 11/8/2010 11:24:12AM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7229 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   35.0 °C Mean Base/Full:  132 /  90 kCnts/s

Full Scale Mass: 100.0 % Reynolds Number:  0.21

Comments: 100W

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Mass
Finer

(Percent)

 
Mass 

Frequency
(Percent)

Cum. Mass
Standard
Deviation
(2 tests)

 5.464  5.158  5.309  92.9   0.6   0.3
 5.158  4.870  5.012  92.3   0.6   0.3
 4.870  4.597  4.732  91.6   0.7   0.2
 4.597  4.340  4.467  90.9   0.7   0.2
 4.340  4.097  4.217  90.2   0.8   0.2
 4.097  3.868  3.981  89.4   0.8   0.2
 3.868  3.652  3.758  88.5   0.8   0.2
 3.652  3.447  3.548  87.7   0.8   0.2
 3.447  3.255  3.350  86.8   0.9   0.1
 3.255  3.073  3.162  86.0   0.9   0.1
 3.073  2.901  2.985  85.1   0.9   0.0
 2.901  2.738  2.818  84.2   0.9   0.0
 2.738  2.585  2.661  83.3   0.9   0.1
 2.585  2.441  2.512  82.3   0.9   0.1
 2.441  2.304  2.371  81.4   0.9   0.1
 2.304  2.175  2.239  80.5   0.9   0.1
 2.175  2.054  2.113  79.6   0.9   0.1
 2.054  1.939  1.995  78.7   0.9   0.1
 1.939  1.830  1.884  77.8   0.9   0.0
 1.830  1.728  1.778  77.0   0.9   0.0
 1.728  1.631  1.679  76.1   0.9   0.0
 1.631  1.540  1.585  75.3   0.8   0.0
 1.540  1.454  1.496  74.5   0.8   0.0
 1.454  1.372  1.413  73.7   0.8   0.0
 1.372  1.296  1.334  73.0   0.7   0.0
 1.296  1.223  1.259  72.2   0.7   0.0
 1.223  1.155  1.189  71.5   0.7   0.0
 1.155  1.090  1.122  70.8   0.7   0.1
 1.090  1.029  1.059  70.1   0.7   0.1
 1.029  0.972  1.000  69.4   0.7   0.2
 0.972  0.917  0.944  68.6   0.7   0.2
 0.917  0.866  0.891  67.9   0.7   0.2
 0.866  0.818  0.841  67.2   0.7   0.2
 0.818  0.772  0.794  66.5   0.7   0.2
 0.772  0.729  0.750  65.7   0.7   0.2
 0.729  0.688  0.708  64.9   0.8   0.3
 0.688  0.649  0.668  64.1   0.8   0.3
 0.649  0.613  0.631  63.2   0.9   0.4
 0.613  0.579  0.596  62.3   0.9   0.4
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Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Mass
Finer

(Percent)

 
Mass 

Frequency
(Percent)

Cum. Mass
Standard
Deviation
(2 tests)

 0.579  0.546  0.562  61.3   1.0   0.4
 0.546  0.516  0.531  60.3   1.0   0.5
 0.516  0.487  0.501  59.3   1.0   0.5
 0.487  0.460  0.473  58.2   1.1   0.5
 0.460  0.434  0.447  57.1   1.1   0.4
 0.434  0.410  0.422  55.9   1.1   0.4
 0.410  0.387  0.398  54.7   1.2   0.4
 0.387  0.365  0.376  53.5   1.2   0.4
 0.365  0.345  0.355  52.3   1.3   0.4
 0.345  0.325  0.335  51.0   1.3   0.5
 0.325  0.307  0.316  49.6   1.3   0.5
 0.307  0.290  0.299  48.3   1.4   0.6
 0.290  0.274  0.282  46.9   1.4   0.7
 0.274  0.259  0.266  45.5   1.4   0.8
 0.259  0.244  0.251  44.2   1.3   0.8
 0.244  0.230  0.237  42.9   1.3   0.8
 0.230  0.218  0.224  41.6   1.3   0.8
 0.218  0.205  0.211  40.4   1.2   0.8
 0.205  0.194  0.200  39.3   1.1   0.7
 0.194  0.183  0.188  38.3   1.0   0.7
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 300.0 100.2  100.0 100.2  20.00 100.7  0.500  18.5
 250.0 100.2  75.00 100.2  10.00 100.2  0.100   5.7
 200.0 100.2  50.00 100.2  5.000  98.7
 150.0 100.2  40.00 100.2  1.000  42.0
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Summary Report
Full scale pump speed:   3 Stir time:    0 s

Bubble detection:   Medium Stir speed:   High
Starting Size:   50.00 µm Probe time:    0 s
Ending Size:    0.18 µm

Weight (g)   6.000 Probe (sec) 300.000 Dispersant  80.000
Mass Distribution Arithmetic Statistics

Mean  1.603 Mode  1.679
Median  1.189
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Submitter: Materials Characterization Services
File: C:\...\11NOV\1006517.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/8/2010 10:09:36AM Run Time: 0:32 hrs:min
Reported: 11/9/2010 4:22:25PM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7228 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   35.0 °C Mean Base/Full:  129 /  70 kCnts/s

Full Scale Mass: 100.0 % Reynolds Number:  0.21

Comments: 100W

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Mass
Finer

(Percent)

 
Mass 

Frequency
(Percent)

Cum. Mass
Standard
Deviation
(2 tests)

 51.58  48.70  50.12 100.2   0.0   0.2
 48.70  45.97  47.32 100.1   0.0   0.1
 45.97  43.40  44.67 100.2   0.0   0.1
 43.40  40.97  42.17 100.2   0.0   0.1
 40.97  38.68  39.81 100.2   0.0   0.1
 38.68  36.52  37.58 100.3  -0.1   0.1
 36.52  34.47  35.48 100.4  -0.1   0.1
 34.47  32.55  33.50 100.4  -0.1   0.1
 32.55  30.73  31.62 100.4   0.0   0.0
 30.73  29.01  29.85 100.5   0.0   0.0
 29.01  27.38  28.18 100.5   0.0   0.0
 27.38  25.85  26.61 100.5   0.0   0.1
 25.85  24.41  25.12 100.5   0.0   0.1
 24.41  23.04  23.71 100.6   0.0   0.2
 23.04  21.75  22.39 100.6   0.0   0.2
 21.75  20.54  21.13 100.7  -0.1   0.1
 20.54  19.39  19.95 100.7  -0.1   0.1
 19.39  18.30  18.84 100.7   0.0   0.0
 18.30  17.28  17.78 100.8   0.0   0.0
 17.28  16.31  16.79 100.8   0.0   0.1
 16.31  15.40  15.85 100.7   0.0   0.1
 15.40  14.54  14.96 100.7   0.1   0.1
 14.54  13.72  14.13 100.6   0.1   0.1
 13.72  12.96  13.34 100.5   0.1   0.0
 12.96  12.23  12.59 100.4   0.1   0.0
 12.23  11.55  11.89 100.3   0.1   0.1
 11.55  10.90  11.22 100.2   0.1   0.1
 10.90  10.29  10.59 100.2   0.1   0.1
 10.29  9.716  10.00 100.2   0.0   0.1
 9.716  9.173  9.441 100.1   0.0   0.1
 9.173  8.660  8.913 100.1   0.0   0.1
 8.660  8.175  8.414 100.1   0.0   0.1
 8.175  7.718  7.943 100.0   0.0   0.1
 7.718  7.286  7.499 100.0   0.1   0.1
 7.286  6.879  7.079  99.9   0.1   0.2
 6.879  6.494  6.683  99.7   0.1   0.2
 6.494  6.131  6.310  99.6   0.2   0.2
 6.131  5.788  5.957  99.4   0.2   0.3
 5.788  5.464  5.623  99.1   0.2   0.3
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Sample ID: Sample 2
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006517.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/8/2010 10:09:36AM Run Time: 0:32 hrs:min
Reported: 11/9/2010 4:22:25PM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7228 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   35.0 °C Mean Base/Full:  129 /  70 kCnts/s

Full Scale Mass: 100.0 % Reynolds Number:  0.21

Comments: 100W

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Mass
Finer

(Percent)

 
Mass 

Frequency
(Percent)

Cum. Mass
Standard
Deviation
(2 tests)

 5.464  5.158  5.309  98.9   0.3   0.3
 5.158  4.870  5.012  98.6   0.3   0.3
 4.870  4.597  4.732  98.2   0.4   0.3
 4.597  4.340  4.467  97.8   0.4   0.2
 4.340  4.097  4.217  97.3   0.5   0.2
 4.097  3.868  3.981  96.6   0.7   0.2
 3.868  3.652  3.758  95.8   0.8   0.1
 3.652  3.447  3.548  94.8   1.0   0.1
 3.447  3.255  3.350  93.6   1.2   0.1
 3.255  3.073  3.162  92.2   1.4   0.1
 3.073  2.901  2.985  90.6   1.6   0.2
 2.901  2.738  2.818  88.7   1.8   0.2
 2.738  2.585  2.661  86.7   2.0   0.3
 2.585  2.441  2.512  84.4   2.2   0.3
 2.441  2.304  2.371  82.0   2.4   0.3
 2.304  2.175  2.239  79.5   2.6   0.4
 2.175  2.054  2.113  76.8   2.7   0.4
 2.054  1.939  1.995  74.1   2.8   0.4
 1.939  1.830  1.884  71.2   2.8   0.4
 1.830  1.728  1.778  68.4   2.9   0.3
 1.728  1.631  1.679  65.5   2.9   0.3
 1.631  1.540  1.585  62.6   2.9   0.2
 1.540  1.454  1.496  59.8   2.9   0.1
 1.454  1.372  1.413  56.9   2.8   0.0
 1.372  1.296  1.334  54.1   2.8   0.0
 1.296  1.223  1.259  51.4   2.8   0.0
 1.223  1.155  1.189  48.6   2.7   0.1
 1.155  1.090  1.122  45.9   2.7   0.0
 1.090  1.029  1.059  43.3   2.6   0.0
 1.029  0.972  1.000  40.7   2.6   0.0
 0.972  0.917  0.944  38.2   2.5   0.1
 0.917  0.866  0.891  35.8   2.4   0.1
 0.866  0.818  0.841  33.6   2.3   0.1
 0.818  0.772  0.794  31.4   2.2   0.2
 0.772  0.729  0.750  29.3   2.1   0.2
 0.729  0.688  0.708  27.3   2.0   0.2
 0.688  0.649  0.668  25.5   1.9   0.3
 0.649  0.613  0.631  23.7   1.7   0.3
 0.613  0.579  0.596  22.1   1.6   0.3
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Sample ID: Sample 2
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006517.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/8/2010 10:09:36AM Run Time: 0:32 hrs:min
Reported: 11/9/2010 4:22:25PM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7228 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   35.0 °C Mean Base/Full:  129 /  70 kCnts/s

Full Scale Mass: 100.0 % Reynolds Number:  0.21

Comments: 100W

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Mass
Finer

(Percent)

 
Mass 

Frequency
(Percent)

Cum. Mass
Standard
Deviation
(2 tests)

 0.579  0.546  0.562  20.6   1.5   0.3
 0.546  0.516  0.531  19.2   1.4   0.3
 0.516  0.487  0.501  18.0   1.3   0.3
 0.487  0.460  0.473  16.8   1.2   0.2
 0.460  0.434  0.447  15.7   1.1   0.2
 0.434  0.410  0.422  14.7   1.0   0.2
 0.410  0.387  0.398  13.7   0.9   0.2
 0.387  0.365  0.376  12.9   0.9   0.1
 0.365  0.345  0.355  12.0   0.8   0.1
 0.345  0.325  0.335  11.2   0.8   0.1
 0.325  0.307  0.316  10.5   0.7   0.1
 0.307  0.290  0.299   9.8   0.7   0.1
 0.290  0.274  0.282   9.2   0.7   0.2
 0.274  0.259  0.266   8.5   0.6   0.2
 0.259  0.244  0.251   8.0   0.6   0.2
 0.244  0.230  0.237   7.4   0.6   0.2
 0.230  0.218  0.224   6.9   0.5   0.3
 0.218  0.205  0.211   6.3   0.6   0.4
 0.205  0.194  0.200   5.7   0.6   0.5
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Sample ID: Sample 2
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006517.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/8/2010 10:09:36AM Run Time: 0:32 hrs:min
Reported: 11/9/2010 4:22:25PM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7228 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   35.0 °C Mean Base/Full:  129 /  70 kCnts/s

Full Scale Mass: 100.0 % Reynolds Number:  0.21

Comments: 100W
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Sample ID: Sample 2
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006517.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/8/2010 10:09:36AM Run Time: 0:32 hrs:min
Reported: 11/9/2010 4:22:25PM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7228 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   35.0 °C Mean Base/Full:  129 /  70 kCnts/s

Full Scale Mass: 100.0 % Reynolds Number:  0.21

Comments: 100W

Particle Diameter (µm)
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Sample ID: Sample 3
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006518.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/8/2010 12:43:35PM Run Time: 0:32 hrs:min
Reported: 11/8/2010 1:22:53PM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7228 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   35.0 °C Mean Base/Full:  129 /  67 kCnts/s

Full Scale Mass: 100.0 % Reynolds Number:  0.21

Comments: 100W

Combined Report

Report by Size Table
 

Low 
Diameter 

(µm)

Cumulative
Mass
Finer

(Percent)

 
Low 

Diameter 
(µm)

Cumulative
Mass
Finer

(Percent)

 
Low 

Diameter 
(µm)

Cumulative
Mass
Finer

(Percent)

 
Low 

Diameter 
(µm)

Cumulative
Mass
Finer

(Percent)

 300.0 100.1  100.0 100.1  20.00 100.0  0.500   5.1
 250.0 100.1  75.00 100.1  10.00  98.1  0.100   1.8
 200.0 100.1  50.00 100.1  5.000  82.5
 150.0 100.1  40.00 100.0  1.000   9.9
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Cumulative Finer Mass Percent vs. Diameter
1006518.SMP : Sample 3

Summary Report
Full scale pump speed:   3 Stir time:    0 s

Bubble detection:   Medium Stir speed:   High
Starting Size:   50.00 µm Probe time:    0 s
Ending Size:    0.18 µm

Weight (g)   6.000 Probe (sec) 300.000 Dispersant  80.000
Mass Distribution Arithmetic Statistics

Mean  3.522 Mode  3.548
Median  3.089
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Sample ID: Sample 3
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006518.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/8/2010 12:43:35PM Run Time: 0:32 hrs:min
Reported: 11/8/2010 1:22:53PM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7228 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   35.0 °C Mean Base/Full:  129 /  67 kCnts/s

Full Scale Mass: 100.0 % Reynolds Number:  0.21

Comments: 100W

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Mass
Finer

(Percent)

 
Mass 

Frequency
(Percent)

Cum. Mass
Standard
Deviation
(2 tests)

 51.58  48.70  50.12 100.1   0.0   0.3
 48.70  45.97  47.32 100.0   0.0   0.2
 45.97  43.40  44.67 100.0   0.0   0.2
 43.40  40.97  42.17 100.0   0.0   0.2
 40.97  38.68  39.81 100.0   0.0   0.1
 38.68  36.52  37.58 100.0   0.0   0.1
 36.52  34.47  35.48 100.0   0.0   0.1
 34.47  32.55  33.50 100.0   0.0   0.1
 32.55  30.73  31.62 100.0   0.0   0.1
 30.73  29.01  29.85 100.0   0.0   0.1
 29.01  27.38  28.18 100.0   0.0   0.1
 27.38  25.85  26.61 100.0   0.0   0.1
 25.85  24.41  25.12 100.0   0.0   0.1
 24.41  23.04  23.71 100.0   0.0   0.1
 23.04  21.75  22.39 100.0   0.0   0.1
 21.75  20.54  21.13 100.0   0.0   0.2
 20.54  19.39  19.95  99.9   0.0   0.2
 19.39  18.30  18.84  99.9   0.0   0.2
 18.30  17.28  17.78  99.8   0.1   0.2
 17.28  16.31  16.79  99.7   0.1   0.2
 16.31  15.40  15.85  99.6   0.1   0.2
 15.40  14.54  14.96  99.5   0.1   0.1
 14.54  13.72  14.13  99.3   0.2   0.1
 13.72  12.96  13.34  99.1   0.2   0.1
 12.96  12.23  12.59  98.9   0.2   0.1
 12.23  11.55  11.89  98.7   0.2   0.1
 11.55  10.90  11.22  98.5   0.2   0.1
 10.90  10.29  10.59  98.2   0.3   0.1
 10.29  9.716  10.00  97.9   0.3   0.1
 9.716  9.173  9.441  97.5   0.4   0.1
 9.173  8.660  8.913  97.1   0.4   0.1
 8.660  8.175  8.414  96.6   0.5   0.1
 8.175  7.718  7.943  95.9   0.7   0.1
 7.718  7.286  7.499  95.1   0.8   0.1
 7.286  6.879  7.079  94.0   1.1   0.1
 6.879  6.494  6.683  92.7   1.3   0.1
 6.494  6.131  6.310  91.0   1.6   0.2
 6.131  5.788  5.957  89.1   2.0   0.2
 5.788  5.464  5.623  86.8   2.3   0.2
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Sample ID: Sample 3
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006518.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/8/2010 12:43:35PM Run Time: 0:32 hrs:min
Reported: 11/8/2010 1:22:53PM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7228 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   35.0 °C Mean Base/Full:  129 /  67 kCnts/s

Full Scale Mass: 100.0 % Reynolds Number:  0.21

Comments: 100W

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Mass
Finer

(Percent)

 
Mass 

Frequency
(Percent)

Cum. Mass
Standard
Deviation
(2 tests)

 5.464  5.158  5.309  84.1   2.7   0.2
 5.158  4.870  5.012  81.1   3.0   0.2
 4.870  4.597  4.732  77.7   3.3   0.2
 4.597  4.340  4.467  74.1   3.6   0.2
 4.340  4.097  4.217  70.3   3.9   0.1
 4.097  3.868  3.981  66.2   4.0   0.1
 3.868  3.652  3.758  62.1   4.1   0.0
 3.652  3.447  3.548  57.9   4.2   0.1
 3.447  3.255  3.350  53.7   4.2   0.2
 3.255  3.073  3.162  49.6   4.1   0.2
 3.073  2.901  2.985  45.6   4.0   0.2
 2.901  2.738  2.818  41.9   3.8   0.2
 2.738  2.585  2.661  38.3   3.6   0.2
 2.585  2.441  2.512  35.0   3.3   0.1
 2.441  2.304  2.371  32.0   3.0   0.1
 2.304  2.175  2.239  29.2   2.8   0.0
 2.175  2.054  2.113  26.7   2.5   0.0
 2.054  1.939  1.995  24.5   2.2   0.0
 1.939  1.830  1.884  22.5   2.0   0.0
 1.830  1.728  1.778  20.7   1.8   0.1
 1.728  1.631  1.679  19.1   1.6   0.1
 1.631  1.540  1.585  17.6   1.5   0.1
 1.540  1.454  1.496  16.3   1.3   0.1
 1.454  1.372  1.413  15.1   1.2   0.2
 1.372  1.296  1.334  14.0   1.1   0.2
 1.296  1.223  1.259  12.9   1.0   0.2
 1.223  1.155  1.189  12.0   1.0   0.2
 1.155  1.090  1.122  11.1   0.9   0.2
 1.090  1.029  1.059  10.3   0.8   0.2
 1.029  0.972  1.000   9.6   0.7   0.2
 0.972  0.917  0.944   8.9   0.7   0.2
 0.917  0.866  0.891   8.4   0.6   0.2
 0.866  0.818  0.841   7.8   0.5   0.2
 0.818  0.772  0.794   7.4   0.5   0.2
 0.772  0.729  0.750   7.0   0.4   0.2
 0.729  0.688  0.708   6.6   0.4   0.2
 0.688  0.649  0.668   6.3   0.3   0.1
 0.649  0.613  0.631   6.0   0.3   0.1
 0.613  0.579  0.596   5.8   0.3   0.1



SediGraph III V1.04 Unit 2 Serial Number: 864 Page 4

Sample ID: Sample 3
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006518.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/8/2010 12:43:35PM Run Time: 0:32 hrs:min
Reported: 11/8/2010 1:22:53PM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7228 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   35.0 °C Mean Base/Full:  129 /  67 kCnts/s

Full Scale Mass: 100.0 % Reynolds Number:  0.21

Comments: 100W

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Mass
Finer

(Percent)

 
Mass 

Frequency
(Percent)

Cum. Mass
Standard
Deviation
(2 tests)

 0.579  0.546  0.562   5.5   0.3   0.1
 0.546  0.516  0.531   5.2   0.3   0.1
 0.516  0.487  0.501   5.0   0.3   0.1
 0.487  0.460  0.473   4.7   0.3   0.1
 0.460  0.434  0.447   4.4   0.3   0.2
 0.434  0.410  0.422   4.2   0.3   0.2
 0.410  0.387  0.398   3.9   0.3   0.2
 0.387  0.365  0.376   3.6   0.3   0.2
 0.365  0.345  0.355   3.4   0.2   0.2
 0.345  0.325  0.335   3.2   0.2   0.2
 0.325  0.307  0.316   3.0   0.2   0.2
 0.307  0.290  0.299   2.8   0.2   0.2
 0.290  0.274  0.282   2.6   0.2   0.2
 0.274  0.259  0.266   2.5   0.2   0.2
 0.259  0.244  0.251   2.3   0.1   0.1
 0.244  0.230  0.237   2.2   0.1   0.1
 0.230  0.218  0.224   2.0   0.1   0.1
 0.218  0.205  0.211   1.9   0.1   0.0
 0.205  0.194  0.200   1.8   0.1   0.0
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Sample ID: Sample 3
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006518.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/8/2010 12:43:35PM Run Time: 0:32 hrs:min
Reported: 11/8/2010 1:22:53PM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7228 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   35.0 °C Mean Base/Full:  129 /  67 kCnts/s

Full Scale Mass: 100.0 % Reynolds Number:  0.21

Comments: 100W
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Sample ID: Sample 3
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006518.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/8/2010 12:43:35PM Run Time: 0:32 hrs:min
Reported: 11/8/2010 1:22:53PM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7228 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   35.0 °C Mean Base/Full:  129 /  67 kCnts/s

Full Scale Mass: 100.0 % Reynolds Number:  0.21

Comments: 100W
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Sample ID: Sample 5
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\REPORTED\1006520.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/9/2010 2:52:33PM Run Time: 0:35 hrs:min
Reported: 11/11/2010 7:59:05AM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7239 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   34.9 °C Mean Base/Full:  129 /  88 kCnts/s

Reynolds Number:  0.21

Comments: 100W.  Sieved through #16, 30, 70, and 325.  

Combined Report

Report by Size Table
 

Low 
Diameter 

(µm)

Cumulative
Mass
Finer

(Percent)

 
Low 

Diameter 
(µm)

Cumulative
Mass
Finer

(Percent)

 
Low 

Diameter 
(µm)

Cumulative
Mass
Finer

(Percent)

 
Low 

Diameter 
(µm)

Cumulative
Mass
Finer

(Percent)

 300.0  68.5  100.0  56.7  20.00  48.2  0.500  10.8
 250.0  67.2  75.00  52.8  10.00  45.0  0.100   3.5
 200.0  65.6  50.00  49.3  5.000  38.2
 150.0  62.5  40.00  49.0  1.000  17.8

Particle Diameter (µm)
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Cumulative Finer Mass Percent vs. Diameter
1006520.SMP : Sample 5

Summary Report
Full scale pump speed:   3 Stir time:    0 s

Bubble detection:   Coarse Stir speed:   High
Starting Size:   50.00 µm Probe time:    0 s
Ending Size:    0.18 µm

Weight (g)   2.000 Probe (sec) 300.000 Dispersant  80.000
Mass Distribution Arithmetic Statistics

Mean  102.8 Mode  97.67
Median  56.61
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Sample ID: Sample 5
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\REPORTED\1006520.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/9/2010 2:52:33PM Run Time: 0:35 hrs:min
Reported: 11/11/2010 7:59:05AM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7239 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   34.9 °C Mean Base/Full:  129 /  88 kCnts/s

Reynolds Number:  0.21

Comments: 100W.  Sieved through #16, 30, 70, and 325.  

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Mass
Finer

(Percent)

 
Mass 

Frequency
(Percent)

Cum. Mass
Standard
Deviation
(2 tests)

  1029  971.6   1000  75.7   0.3   0.0
 971.6  917.3  944.1  75.4   0.3   0.0
 917.3  866.0  891.3  75.1   0.3   0.0
 866.0  817.5  841.4  74.8   0.3   0.0
 817.5  771.8  794.3  74.4   0.3   0.0
 771.8  728.6  749.9  74.1   0.3   0.0
 728.6  687.9  707.9  73.8   0.3   0.0
 687.9  649.4  668.3  73.5   0.3   0.0
 649.4  613.1  631.0  73.1   0.3   0.0
 613.1  578.8  595.7  72.8   0.3   0.0
 578.8  546.4  562.3  72.5   0.3   0.0
 546.4  515.8  530.9  72.1   0.3   0.0
 515.8  487.0  501.2  71.8   0.4   0.0
 487.0  459.7  473.2  71.4   0.4   0.0
 459.7  434.0  446.7  71.0   0.4   0.0
 434.0  409.7  421.7  70.7   0.4   0.0
 409.7  386.8  398.1  70.3   0.4   0.0
 386.8  365.2  375.8  69.9   0.4   0.0
 365.2  344.7  354.8  69.5   0.4   0.0
 344.7  325.5  335.0  69.1   0.4   0.0
 325.5  307.3  316.2  68.7   0.4   0.0
 307.3  290.1  298.5  68.3   0.4   0.0
 290.1  273.8  281.8  67.9   0.4   0.0
 273.8  258.5  266.1  67.5   0.4   0.0
 258.5  244.1  251.2  67.1   0.4   0.0
 244.1  230.4  237.1  66.6   0.4   0.0
 230.4  217.5  223.9  66.2   0.4   0.0
 217.5  205.4  211.3  65.8   0.4   0.0
 205.4  193.9  199.5  65.3   0.5   0.0
 193.9  183.0  188.4  64.8   0.5   0.0
 183.0  172.8  177.8  64.2   0.6   0.0
 172.8  163.1  167.9  63.5   0.7   0.0
 163.1  154.0  158.5  62.8   0.7   0.0
 154.0  145.4  149.6  62.1   0.7   0.1
 145.4  137.2  141.3  61.3   0.8   0.1
 137.2  129.6  133.4  60.5   0.8   0.1
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Sample ID: Sample 5
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\REPORTED\1006520.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/9/2010 2:52:33PM Run Time: 0:35 hrs:min
Reported: 11/11/2010 7:59:05AM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7239 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   34.9 °C Mean Base/Full:  129 /  88 kCnts/s

Reynolds Number:  0.21

Comments: 100W.  Sieved through #16, 30, 70, and 325.  

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Mass
Finer

(Percent)

 
Mass 

Frequency
(Percent)

Cum. Mass
Standard
Deviation
(2 tests)

 129.6  122.3  125.9  59.6   0.8   0.1
 122.3  115.5  118.9  58.8   0.8   0.1
 115.5  109.0  112.2  58.0   0.8   0.1
 109.0  102.9  105.9  57.1   0.8   0.1
 102.9  97.16  100.0  56.3   0.8   0.2
 97.16  91.73  94.41  55.5   0.8   0.2
 91.73  86.60  89.13  54.7   0.8   0.2
 86.60  81.75  84.14  53.9   0.8   0.2
 81.75  77.18  79.43  53.1   0.7   0.2
 77.18  72.86  74.99  52.4   0.7   0.2
 72.86  68.79  70.79  51.8   0.7   0.2
 68.79  64.94  66.83  51.2   0.6   0.2
 64.94  61.31  63.10  50.6   0.5   0.2
 61.31  57.88  59.57  50.2   0.5   0.2
 57.88  54.64  56.23  49.8   0.4   0.1
 54.64  51.58  53.09  49.4   0.3   0.1
 51.58  48.70  50.12  49.2   0.2   0.1
 48.70  45.97  47.32  49.1   0.1   0.0
 45.97  43.40  44.67  49.0   0.1   0.0
 43.40  40.97  42.17  49.0   0.0   0.1
 40.97  38.68  39.81  49.0   0.0   0.1
 38.68  36.52  37.58  49.0   0.0   0.1
 36.52  34.47  35.48  49.0   0.0   0.1
 34.47  32.55  33.50  49.0   0.0   0.1
 32.55  30.73  31.62  49.0   0.0   0.1
 30.73  29.01  29.85  48.9   0.0   0.1
 29.01  27.38  28.18  48.9   0.1   0.0
 27.38  25.85  26.61  48.8   0.1   0.0
 25.85  24.41  25.12  48.7   0.1   0.0
 24.41  23.04  23.71  48.6   0.1   0.0
 23.04  21.75  22.39  48.4   0.1   0.0
 21.75  20.54  21.13  48.3   0.1   0.0
 20.54  19.39  19.95  48.1   0.2   0.0
 19.39  18.30  18.84  48.0   0.2   0.1
 18.30  17.28  17.78  47.8   0.2   0.1
 17.28  16.31  16.79  47.6   0.2   0.1
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Sample ID: Sample 5
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\REPORTED\1006520.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/9/2010 2:52:33PM Run Time: 0:35 hrs:min
Reported: 11/11/2010 7:59:05AM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7239 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   34.9 °C Mean Base/Full:  129 /  88 kCnts/s

Reynolds Number:  0.21

Comments: 100W.  Sieved through #16, 30, 70, and 325.  

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Mass
Finer

(Percent)

 
Mass 

Frequency
(Percent)

Cum. Mass
Standard
Deviation
(2 tests)

 16.31  15.40  15.85  47.3   0.2   0.1
 15.40  14.54  14.96  47.1   0.3   0.1
 14.54  13.72  14.13  46.8   0.3   0.1
 13.72  12.96  13.34  46.5   0.3   0.1
 12.96  12.23  12.59  46.2   0.3   0.0
 12.23  11.55  11.89  45.9   0.3   0.0
 11.55  10.90  11.22  45.6   0.3   0.0
 10.90  10.29  10.59  45.2   0.4   0.0
 10.29  9.716  10.00  44.8   0.4   0.1
 9.716  9.173  9.441  44.3   0.4   0.1
 9.173  8.660  8.913  43.8   0.5   0.1
 8.660  8.175  8.414  43.3   0.5   0.1
 8.175  7.718  7.943  42.8   0.5   0.1
 7.718  7.286  7.499  42.2   0.6   0.1
 7.286  6.879  7.079  41.6   0.6   0.1
 6.879  6.494  6.683  41.0   0.6   0.1
 6.494  6.131  6.310  40.4   0.6   0.1
 6.131  5.788  5.957  39.8   0.6   0.1
 5.788  5.464  5.623  39.2   0.6   0.1
 5.464  5.158  5.309  38.5   0.6   0.1
 5.158  4.870  5.012  37.9   0.7   0.1
 4.870  4.597  4.732  37.2   0.7   0.1
 4.597  4.340  4.467  36.5   0.7   0.1
 4.340  4.097  4.217  35.8   0.7   0.1
 4.097  3.868  3.981  35.1   0.7   0.1
 3.868  3.652  3.758  34.4   0.7   0.1
 3.652  3.447  3.548  33.7   0.7   0.1
 3.447  3.255  3.350  32.9   0.7   0.1
 3.255  3.073  3.162  32.2   0.7   0.1
 3.073  2.901  2.985  31.4   0.8   0.1
 2.901  2.738  2.818  30.7   0.8   0.1
 2.738  2.585  2.661  29.9   0.8   0.1
 2.585  2.441  2.512  29.1   0.8   0.1
 2.441  2.304  2.371  28.3   0.8   0.1
 2.304  2.175  2.239  27.6   0.8   0.0
 2.175  2.054  2.113  26.8   0.8   0.0



SediGraph III V1.04 Unit 2 Serial Number: 864 Page 5

Sample ID: Sample 5
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\REPORTED\1006520.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/9/2010 2:52:33PM Run Time: 0:35 hrs:min
Reported: 11/11/2010 7:59:05AM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7239 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   34.9 °C Mean Base/Full:  129 /  88 kCnts/s

Reynolds Number:  0.21

Comments: 100W.  Sieved through #16, 30, 70, and 325.  

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Mass
Finer

(Percent)

 
Mass 

Frequency
(Percent)

Cum. Mass
Standard
Deviation
(2 tests)

 2.054  1.939  1.995  26.1   0.8   0.0
 1.939  1.830  1.884  25.3   0.7   0.0
 1.830  1.728  1.778  24.6   0.7   0.0
 1.728  1.631  1.679  23.8   0.7   0.1
 1.631  1.540  1.585  23.1   0.7   0.1
 1.540  1.454  1.496  22.4   0.7   0.1
 1.454  1.372  1.413  21.7   0.7   0.1
 1.372  1.296  1.334  20.9   0.7   0.1
 1.296  1.223  1.259  20.2   0.7   0.1
 1.223  1.155  1.189  19.6   0.7   0.1
 1.155  1.090  1.122  18.9   0.7   0.0
 1.090  1.029  1.059  18.2   0.7   0.0
 1.029  0.972  1.000  17.5   0.7   0.0
 0.972  0.917  0.944  16.8   0.7   0.0
 0.917  0.866  0.891  16.1   0.7   0.1
 0.866  0.818  0.841  15.5   0.7   0.1
 0.818  0.772  0.794  14.8   0.7   0.1
 0.772  0.729  0.750  14.2   0.6   0.1
 0.729  0.688  0.708  13.6   0.6   0.1
 0.688  0.649  0.668  13.0   0.6   0.1
 0.649  0.613  0.631  12.5   0.5   0.1
 0.613  0.579  0.596  12.0   0.5   0.0
 0.579  0.546  0.562  11.5   0.5   0.0
 0.546  0.516  0.531  11.0   0.5   0.1
 0.516  0.487  0.501  10.6   0.4   0.1
 0.487  0.460  0.473  10.2   0.4   0.1
 0.460  0.434  0.447   9.7   0.4   0.1
 0.434  0.410  0.422   9.3   0.4   0.1
 0.410  0.387  0.398   8.9   0.4   0.1
 0.387  0.365  0.376   8.5   0.4   0.1
 0.365  0.345  0.355   8.1   0.4   0.1
 0.345  0.325  0.335   7.7   0.4   0.1
 0.325  0.307  0.316   7.4   0.4   0.1
 0.307  0.290  0.299   7.0   0.3   0.1
 0.290  0.274  0.282   6.7   0.3   0.1
 0.274  0.259  0.266   6.4   0.3   0.1
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Sample ID: Sample 5
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\REPORTED\1006520.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/9/2010 2:52:33PM Run Time: 0:35 hrs:min
Reported: 11/11/2010 7:59:05AM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7239 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   34.9 °C Mean Base/Full:  129 /  88 kCnts/s

Reynolds Number:  0.21

Comments: 100W.  Sieved through #16, 30, 70, and 325.  

Report by Size Class
 

High 
Diameter 

(µm)

 
Low 

Diameter 
(µm)

 
Average 
Diameter 

(µm)

Cumulative
Mass
Finer

(Percent)

 
Mass 

Frequency
(Percent)

Cum. Mass
Standard
Deviation
(2 tests)

 0.259  0.244  0.251   6.0   0.3   0.1
 0.244  0.230  0.237   5.6   0.4   0.1
 0.230  0.218  0.224   5.2   0.4   0.0
 0.218  0.205  0.211   4.7   0.5   0.0
 0.205  0.194  0.200   4.1   0.6   0.1
 0.194  0.183  0.188   3.5   0.7   0.2
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Sample ID: Sample 5
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\REPORTED\1006520.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/9/2010 2:52:33PM Run Time: 0:35 hrs:min
Reported: 11/11/2010 7:59:05AM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7239 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   34.9 °C Mean Base/Full:  129 /  88 kCnts/s

Reynolds Number:  0.21

Comments: 100W.  Sieved through #16, 30, 70, and 325.  

Particle Diameter (µm)
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Sample ID: Sample 5
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\REPORTED\1006520.SMP

Material/Liquid: Kaolin / 0.05% Sodium Metaphosphate (w/w)
Measurement Principle: X-Ray monitored gravity sedimentation

Calculation Method: Stokes sedimentation and Beer's law of extinction

Test Number: 2 Analysis Type: High Speed(Adj)
Analyzed: 11/9/2010 2:52:33PM Run Time: 0:35 hrs:min
Reported: 11/11/2010 7:59:05AM Sample Density:    2.600 g/cm³

Liquid Visc:    0.7239 mPa·s Liquid Density:    0.9941 g/cm³
Analysis Temp:   34.9 °C Mean Base/Full:  129 /  88 kCnts/s

Reynolds Number:  0.21

Comments: 100W.  Sieved through #16, 30, 70, and 325.  
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Sample: Sample 6
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006521.SMP          

Test Number: 2 Model: (1.450, 0.1000000), 1.331
Analyzed: 11/10/2010 3:39:31PM Material: SiO2 / Water
Reported: 11/10/2010 4:00:21PM Background: Water RI 1.331

Background: 11/10/2010 9:28:03AM Smoothing: Medium

Combined Report

Particle Diameter (µm)
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Cum. Volume vs. Diameter

Summary Report

Analysis Conditions
FlowRate: 16.6 l/m Ultrasonic intensity: Not Used

Circulation time: Not Used Ultrasonic time: Not Used
Sample

Sample Concentration: 0.38501 %
Obscuration:  38.3 %

Weighted Statistics (Volume Distribution)
Std Dev of 2 Std Dev of 2

Mean 359.929   0.294 Mode 446.480   0.000
Median 362.173   3.330

Selected Percentiles by Volume
Percent Finer Diameter (µm)

 90.0 520.303
 50.0 362.173
 10.0 197.051
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Sample: Sample 6
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006521.SMP          

Test Number: 2 Model: (1.450, 0.1000000), 1.331
Analyzed: 11/10/2010 3:39:31PM Material: SiO2 / Water
Reported: 11/10/2010 4:00:21PM Background: Water RI 1.331

Background: 11/10/2010 9:28:03AM Smoothing: Medium

Report by Size Class
High Particle

Diameter
(µm)

Low Particle
Diameter

(µm)

Average
Particle

Diameter
(µm)

Cumulative
Volume Finer

Percent

Incremental
Volume
Percent

Cumulative
Volume
Percent
(StdDev)

1029.201 1029.201 1029.201 100.0   0.0   0.0
1029.201 971.628 1000.000 100.0   0.0   0.0

971.628 917.276 944.061 100.0   0.0   0.0
917.276 865.964 891.251 100.0   0.0   0.0
865.964 817.523 841.395 100.0   0.0   0.0
817.523 771.792 794.328 100.0   0.0   0.0
771.792 728.618 749.894 100.0   0.0   0.0
728.618 687.860 707.946 100.0   0.0   0.0
687.860 649.382 668.344 100.0   0.0   0.0
649.382 613.056 630.957  99.4   0.6   0.1
613.056 578.762 595.662  97.6   1.9   0.3
578.762 546.387 562.341  94.1   3.4   0.6
546.387 515.822 530.884  89.2   4.9   0.7
515.822 486.968 501.187  83.1   6.0   0.6
486.968 459.727 473.151  76.5   6.6   0.3
459.727 434.010 446.684  69.8   6.7   0.0
434.010 409.732 421.697  63.2   6.6   0.4
409.732 386.812 398.107  56.9   6.3   0.7
386.812 365.174 375.837  50.8   6.0   0.9
365.174 344.747 354.813  45.0   5.8   1.0
344.747 325.462 334.965  39.5   5.6   0.9
325.462 307.256 316.228  34.2   5.3   0.7
307.256 290.068 298.538  29.4   4.9   0.5
290.068 273.842 281.838  25.0   4.4   0.2
273.842 258.523 266.073  21.2   3.8   0.0
258.523 244.062 251.189  18.0   3.2   0.1
244.062 230.409 237.137  15.3   2.7   0.2
230.409 217.520 223.872  13.1   2.2   0.1
217.520 205.353 211.349  11.2   1.9   0.0
205.353 193.865 199.526   9.6   1.6   0.1
193.865 183.021 188.365   8.2   1.4   0.1
183.021 172.783 177.828   7.0   1.2   0.1
172.783 163.117 167.880   6.0   1.0   0.1
163.117 153.993 158.489   5.1   0.9   0.1
153.993 145.378 149.624   4.3   0.8   0.0
145.378 137.246 141.254   3.6   0.7   0.0
137.246 129.569 133.352   3.0   0.6   0.1
129.569 122.321 125.893   2.6   0.4   0.1
122.321 115.478 118.850   2.3   0.3   0.1
115.478 109.018 112.202   2.0   0.3   0.1
109.018 102.920 105.925   1.8   0.2   0.1
102.920  97.163 100.000   1.7   0.2   0.1
 97.163  91.728  94.406   1.5   0.1   0.1
 91.728  86.596  89.125   1.5   0.1   0.0
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Sample: Sample 6
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006521.SMP          

Test Number: 2 Model: (1.450, 0.1000000), 1.331
Analyzed: 11/10/2010 3:39:31PM Material: SiO2 / Water
Reported: 11/10/2010 4:00:21PM Background: Water RI 1.331

Background: 11/10/2010 9:28:03AM Smoothing: Medium

Report by Size Class
High Particle

Diameter
(µm)

Low Particle
Diameter

(µm)

Average
Particle

Diameter
(µm)

Cumulative
Volume Finer

Percent

Incremental
Volume
Percent

Cumulative
Volume
Percent
(StdDev)

 86.596  81.752  84.140   1.4   0.1   0.0
 81.752  77.179  79.433   1.3   0.1   0.0
 77.179  72.862  74.989   1.3   0.1   0.0
 72.862  68.786  70.795   1.2   0.0   0.0
 68.786  64.938  66.834   1.2   0.0   0.0
 64.938  61.306  63.096   1.1   0.0   0.0
 61.306  57.876  59.566   1.1   0.0   0.0
 57.876  54.639  56.234   1.1   0.0   0.0
 54.639  51.582  53.088   1.1   0.0   0.0
 51.582  48.697  50.119   1.1   0.0   0.0
 48.697  45.973  47.315   1.0   0.0   0.0
 45.973  43.401  44.668   1.0   0.0   0.0
 43.401  40.973  42.170   1.0   0.0   0.0
 40.973  38.681  39.811   1.0   0.0   0.0
 38.681  36.517  37.584   1.0   0.0   0.0
 36.517  34.475  35.481   1.0   0.0   0.0
 34.475  32.546  33.497   1.0   0.0   0.0
 32.546  30.726  31.623   1.0   0.0   0.0
 30.726  29.007  29.854   1.0   0.0   0.0
 29.007  27.384  28.184   1.0   0.0   0.0
 27.384  25.852  26.607   1.0   0.0   0.0
 25.852  24.406  25.119   1.0   0.0   0.0
 24.406  23.041  23.714   1.0   0.0   0.0
 23.041  21.752  22.387   1.0   0.0   0.0
 21.752  20.535  21.135   1.0   0.0   0.0
 20.535  19.387  19.953   1.0   0.0   0.0
 19.387  18.302  18.836   0.9   0.0   0.0
 18.302  17.278  17.783   0.9   0.0   0.0
 17.278  16.312  16.788   0.9   0.0   0.0
 16.312  15.399  15.849   0.9   0.0   0.0
 15.399  14.538  14.962   0.9   0.0   0.0
 14.538  13.725  14.125   0.9   0.0   0.0
 13.725  12.957  13.335   0.9   0.0   0.0
 12.957  12.232  12.589   0.9   0.0   0.0
 12.232  11.548  11.885   0.9   0.0   0.0
 11.548  10.902  11.220   0.9   0.0   0.0
 10.902  10.292  10.593   0.9   0.0   0.0
 10.292   9.716  10.000   0.9   0.0   0.0
  9.716   9.173   9.441   0.9   0.0   0.0
  9.173   8.660   8.913   0.9   0.0   0.0
  8.660   8.175   8.414   0.9   0.0   0.0
  8.175   7.718   7.943   0.9   0.0   0.0
  7.718   7.286   7.499   0.9   0.0   0.0
  7.286   6.879   7.079   0.9   0.0   0.0
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Sample: Sample 6
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006521.SMP          

Test Number: 2 Model: (1.450, 0.1000000), 1.331
Analyzed: 11/10/2010 3:39:31PM Material: SiO2 / Water
Reported: 11/10/2010 4:00:21PM Background: Water RI 1.331

Background: 11/10/2010 9:28:03AM Smoothing: Medium

Report by Size Class
High Particle

Diameter
(µm)

Low Particle
Diameter

(µm)

Average
Particle

Diameter
(µm)

Cumulative
Volume Finer

Percent

Incremental
Volume
Percent

Cumulative
Volume
Percent
(StdDev)

  6.879   6.494   6.683   0.9   0.0   0.0
  6.494   6.131   6.310   0.9   0.0   0.0
  6.131   5.788   5.957   0.8   0.0   0.0
  5.788   5.464   5.623   0.8   0.0   0.0
  5.464   5.158   5.309   0.8   0.0   0.0
  5.158   4.870   5.012   0.8   0.0   0.0
  4.870   4.597   4.732   0.8   0.0   0.0
  4.597   4.340   4.467   0.8   0.0   0.0
  4.340   4.097   4.217   0.8   0.0   0.0
  4.097   3.868   3.981   0.8   0.0   0.0
  3.868   3.652   3.758   0.8   0.0   0.0
  3.652   3.447   3.548   0.8   0.0   0.0
  3.447   3.255   3.350   0.8   0.0   0.0
  3.255   3.073   3.162   0.8   0.0   0.0
  3.073   2.901   2.985   0.8   0.0   0.0
  2.901   2.738   2.818   0.8   0.0   0.0
  2.738   2.585   2.661   0.8   0.0   0.0
  2.585   2.441   2.512   0.8   0.0   0.0
  2.441   2.304   2.371   0.7   0.0   0.0
  2.304   2.175   2.239   0.7   0.0   0.0
  2.175   2.054   2.113   0.7   0.0   0.0
  2.054   1.939   1.995   0.7   0.0   0.0
  1.939   1.830   1.884   0.7   0.0   0.0
  1.830   1.728   1.778   0.7   0.0   0.0
  1.728   1.631   1.679   0.7   0.0   0.0
  1.631   1.540   1.585   0.6   0.1   0.0
  1.540   1.454   1.496   0.5   0.1   0.0
  1.454   1.372   1.413   0.5   0.0   0.0
  1.372   1.296   1.334   0.5   0.0   0.0
  1.296   1.223   1.259   0.5   0.0   0.0
  1.223   1.155   1.189   0.5   0.0   0.0
  1.155   1.090   1.122   0.5   0.0   0.0
  1.090   1.029   1.059   0.5   0.0   0.0
  1.029   0.972   1.000   0.5   0.0   0.0
  0.972   0.917   0.944   0.2   0.3   0.1
  0.917   0.866   0.891   0.0   0.2   0.0
  0.866   0.818   0.841   0.0   0.0   0.0
  0.818   0.772   0.794   0.0   0.0   0.0
  0.772   0.729   0.750   0.0   0.0   0.0
  0.729   0.688   0.708   0.0   0.0   0.0
  0.688   0.649   0.668   0.0   0.0   0.0
  0.649   0.613   0.631   0.0   0.0   0.0
  0.613   0.579   0.596   0.0   0.0   0.0
  0.579   0.546   0.562   0.0   0.0   0.0
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Sample: Sample 6
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006521.SMP          

Test Number: 2 Model: (1.450, 0.1000000), 1.331
Analyzed: 11/10/2010 3:39:31PM Material: SiO2 / Water
Reported: 11/10/2010 4:00:21PM Background: Water RI 1.331

Background: 11/10/2010 9:28:03AM Smoothing: Medium

Report by Size Class
High Particle

Diameter
(µm)

Low Particle
Diameter

(µm)

Average
Particle

Diameter
(µm)

Cumulative
Volume Finer

Percent

Incremental
Volume
Percent

Cumulative
Volume
Percent
(StdDev)

  0.546   0.516   0.531   0.0   0.0   0.0
  0.516   0.487   0.501   0.0   0.0   0.0
  0.487   0.460   0.473   0.0   0.0   0.0
  0.460   0.434   0.447   0.0   0.0   0.0
  0.434   0.410   0.422   0.0   0.0   0.0
  0.410   0.387   0.398   0.0   0.0   0.0
  0.387   0.365   0.376   0.0   0.0   0.0
  0.365   0.345   0.355   0.0   0.0   0.0
  0.345   0.325   0.335   0.0   0.0   0.0
  0.325   0.307   0.316   0.0   0.0   0.0
  0.307   0.290   0.299   0.0   0.0   0.0
  0.290   0.274   0.282   0.0   0.0   0.0
  0.274   0.259   0.266   0.0   0.0   0.0
  0.259   0.244   0.251   0.0   0.0   0.0
  0.244   0.230   0.237   0.0   0.0   0.0
  0.230   0.218   0.224   0.0   0.0   0.0
  0.218   0.205   0.211   0.0   0.0   0.0
  0.205   0.194   0.200   0.0   0.0   0.0
  0.194   0.183   0.188   0.0   0.0   0.0
  0.183   0.173   0.178   0.0   0.0   0.0
  0.173   0.163   0.168   0.0   0.0   0.0
  0.163   0.154   0.158   0.0   0.0   0.0
  0.154   0.145   0.150   0.0   0.0   0.0
  0.145   0.137   0.141   0.0   0.0   0.0
  0.137   0.130   0.133   0.0   0.0   0.0
  0.130   0.122   0.126   0.0   0.0   0.0
  0.122   0.115   0.119   0.0   0.0   0.0
  0.115   0.109   0.112   0.0   0.0   0.0
  0.109   0.103   0.106   0.0   0.0   0.0
  0.103   0.097   0.100   0.0   0.0   0.0
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Sample: Sample 6
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006521.SMP          

Test Number: 2 Model: (1.450, 0.1000000), 1.331
Analyzed: 11/10/2010 3:39:31PM Material: SiO2 / Water
Reported: 11/10/2010 4:00:21PM Background: Water RI 1.331

Background: 11/10/2010 9:28:03AM Smoothing: Medium
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Sample: Sample 6
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006521.SMP          

Test Number: 2 Model: (1.450, 0.1000000), 1.331
Analyzed: 11/10/2010 3:39:31PM Material: SiO2 / Water
Reported: 11/10/2010 4:00:21PM Background: Water RI 1.331

Background: 11/10/2010 9:28:03AM Smoothing: Medium
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Sample: Sample 6
Operator: TN

Submitter: Materials Characterization Services
File: C:\...\11NOV\1006521.SMP          

Test Number: 2 Model: (1.450, 0.1000000), 1.331
Analyzed: 11/10/2010 3:39:31PM Material: SiO2 / Water
Reported: 11/10/2010 4:00:21PM Background: Water RI 1.331

Background: 11/10/2010 9:28:03AM Smoothing: Medium
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Appendix C

Estimation of Full-Scale Similarity Parameters

The similarity parameters studied in this thesis were estimated for full-scale he-

licopters to examine the differences in the similarity parameters between those at the

laboratory scale and those at full-scale. Groundwash velocity data for a CH-54 hovering

near the ground [68] was used to calculate the characteristic flow velocity. The particle

characteristics (i.e., mean diameter and mass density) were measured using a soil sample

from Yuma Proving Ground (YPG) that was analyzed in the same manner as the other

sediment samples. Table C.1 shows the values of the dimensional variables (i.e., rotor

radius, particle diameter, etc.) that were used for this analysis. From these values, the

nondimensional similarity parameters for the full-scale problem were calculated, which

are given in Table C.2.

R (m) Dp (m) Uchar (ms−1) UF (ms−1) u∗t (ms−1) ρs (kgm−3) ρ (kgm−3)

10.97 6.82×10−6 18.98 0.0036 0.679 2,650 1.225

Table C.1: Values of the dimensional variables at full-scale for a CH-54.

Dp/R ρp/ρ Uchar/UF Uchar/
√

(ρs/ρ−1)gDp Uchar/u∗t

6.22×10−7 2,250 5,313 48.93 27.94

Table C.2: Values of similarity parameters at full-scale for a CH-54.

192



Compared to the values at the laboratory scale given in Table 3.2, some of the simi-

larity parameters are very different, in some cases by an order or orders of magnitude. In

this case, the value of Dp/R at the full-scale for this helicopter is two orders of magnitude

smaller than was used at the laboratory-scale. The value of Uchar/u∗t is about 1.5 times

greater than the largest value obtained at the laboratory-scale, meaning that the flow ve-

locities are more likely to be above the threshold required for particle mobilization. The

value of ρs/ρ is similar to the values obtained at the laboratory scale because the densi-

ties of the fluid and sediment were similar between the different scales. Uchar/UF is larger

than most of the values at the laboratory-scale, but smaller than the values for the AZTD

0–5 µm and kaolinite samples. The Froude number at full-scale is almost twice as high

as the most mobile particles in the laboratory-scale experiments, meaning that the gravity

forces are less significant here. The differences in the values of the similarity parameters

will obviously have quantitative differences in sediment entrainment and uplift between

scales.
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