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Abstract

The vortical wakes produced by rotorcraft operating in
ground effect induce high shear stresses and pressure forces
on the ground, which can cause brownout conditions during
landings or takeoffs in arid environments. The objective of
the present work was to analyze the vortical and turbulent na-
ture of the rotor flow as it interacted with a ground plane,
and to better understand how the flow structures there may
influence the process of sediment mobilization and uplift, ul-
timately leading to a better understanding of brownout. De-
tailed single-phase and dual-phase particle image velocimetry
(PIV) measurements on a impermeable plane below a sub-
scale hovering rotor were analyzed and compared to simpler,
canonical flows such as a fully developed turbulent boundary
layer and a steady wall jet. PIV measurements were obtained
in the rotor wake and deep into the boundary layer region at
the ground plane. The results have shown that the mean flow
comprised certain features of a turbulent wall jet, but only
in the expanding flow well downstream from the rotor. The
instantaneous flow field at the ground closer to the rotor was
very complex and contained the remnants of the blade tip vor-
tices, the vortex sheets, and various small scale turbulence and
eddies. These flow structures significantly affected the veloc-
ity field and the Reynolds stress distributions at the ground,
which can both affect sediment mobilization and uplift. The
quadrant analysis method was also employed to help under-
stand the turbulent dual-phase flow at the ground. The results
suggested that the quadrant analysis provides considerable in-
sight into the conditions that can affect sediment mobility and
uplift, and may help to establish a future predictive capability
for brownout.

Nomenclature

A Rotor disk area, = πR2

DL Disk loading, = T/A
r Radial distance measured from rotor axis
R Rotor radius
Re Reynolds number, = (umax ymax)/ν

T Rotor thrust
u,v Velocities in r and z directions, respectively
u′,v′ Perturbation velocities in r and z directions, respectively
um,vm Mean velocities in r and z directions, respectively
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umax Maximum flow velocity
up,vp Particle velocities in r and z directions, respectively
uτ Friction velocity, =

√
(τw/ρ)

u+ Normalized wall-parallel velocity, = u/uτ

Vtip Rotor tip speed
ymax Distance of maximum velocity from wall
z Distance of rotor above ground plane
z+ Normalized distance from ground, = z(uτ/ν)
ν Kinematic viscosity
ρ Density
τ Reynolds shear stress (in 2-dimensions), = −ρu′v′
τw Wall shear stress
ψ Blade azimuth

Introduction

“Brownout” conditions occur when there is a sudden develop-
ment of a dense dust cloud around a rotorcraft as it takes off,
lands, or hovers over surfaces covered with loose sediment
particles such as sand. Beside the effects of the suspended
particles on blade erosion and mechanical wear, the intensity
of the resulting dust cloud can cause severe visual obscura-
tions and motion cue anomalies that affect a pilot’s ability
to safely fly the helicopter. The occurrence of brownout has
been reported to be the leading cause of human factor-related
helicopter mishaps in military operations [1], and civilian
helicopters also suffer from the problem [2]. While sensor
and avionics displays combined with operational tactics (i.e.,
flight path management) have helped somewhat to reduce the
frequency of brownout-related mishaps, in the longer term
an improved understanding of the physical factors that influ-
ence the occurrence of brownout and the exploration of strate-
gies to mitigate it, will be critical for ensuring safe and cost-
effective rotorcraft operations.

Underlying the physics of the problem of brownout is un-
steady, turbulent, dual-phase fluid dynamics. The dual-phase
nature of the problem arises because the fluid (or carrier)
phase produced by the rotor wake creates a dust particle (or
dispersed) phase; see Fig. 1. Recent experimental studies
have begun to expose the details of the flows on a ground
plane below a hovering rotor; see Lee et al. [3] and Milluzzo
et al. [4], the latter obtaining measurements deep into the
boundary layer at the ground. Such flow fields contain the
remnants of the tip vortices and vortex sheets from the rotor
blades, as well as various small scale turbulence and eddies;
see Fig. 2. Measurements have also been made of the dual-
phase heterogeneous flow environment from a sediment bed
below a rotor [5–7]. High surface shear stresses combined



Fig. 1: Schematic showing different modes of particle uplift and particle motions generated by a helicopter above a
mobile sediment bed.

with low pressures and the unsteady upward flow velocities
induced by the tip vortices lead to the trapping of sediment
particles, uplifting them from the bed. Any suspended parti-
cles are then convected away by the highly three-dimensional,
turbulent, unsteady flow. The smaller and lighter particles
trapped in the stronger vortical flow regions may be recircu-
lated and bombarded back onto the sediment bed, ejecting
more particles in the process and rapidly intensifying the total
quantity of suspended particles in the flow. If sufficient par-
ticle concentrations build up, thereby changing the mass den-
sity of the flow, then the carrier itself may be modified (i.e.,
the problem becomes two-way coupled). Factors compound-
ing the transport characteristics include particle-particle inter-
actions (i.e., four-way coupling) and the morphology of the
sediment bed itself (i.e., through deflation, deposition, and
dune formation).

Modeling of the brownout problem is obviously challeng-
ing, but ambitious simulations have been attempted [8–16].
Besides the complexity of the rotor flow itself, simplified as-
sumptions and approximations must be used to model particle
pickup and transport from the underlying sediment bed. Most
such pickup models are semi-empirical integral descriptions
based on the assumptions of steady, uniform, fully turbulent
boundary layer flows [17, 18]. However, in light of the grow-
ing experimental evidence, such models are more question-
able for the nonequilibrium flows found below the rotor. In
steady, uniform boundary layers, the effects on particle mo-
bility can be characterized by the shear stresses on the bed
because the statistical distributions of the turbulent fluctua-
tions scale with the shear velocity [19]. Because the lift and
drag forces that mobilize sediment particles are produced by
the integrated effects of the instantaneous fluid velocities on
the particles, the mean rate of sediment transport in such flows
can also be characterized by the shear stress. In nonuniform
or unsteady flows, however, the turbulent fluctuations do not
necessarily scale with the local bed shear stress. In fact, mea-
surements [19–22] have already shown that nonuniformities
in the flow can produce substantial changes in the near-bed
turbulence field that, in turn, play an important role in the
movement and entrainment of particles into the flow. Conse-
quently, the predicted motion of sediment particles are likely
to be inaccurate if methods developed for uniform flows are
used for brownout studies.

The objectives of the present work were to better under-
stand the processes of particle uplift from an underlying sed-
iment bed below a rotor from the analysis of both single-

phase and dual-phase flow measurements. Even in the ab-
sence of sediment particles, it is essential to understand the
fluid dynamic characteristics of the complex turbulent flow
at the ground. A longer term goal is to develop and validate
mathematical models for sediment mobility and uplift that are
applicable to rotor flows. To this end, the role of both concen-
trated vorticity and turbulence in the flow must be carefully
investigated as it influences the motion of the sediment par-
ticles on the ground below the rotor. In the present work,
particle image velocimetry (PIV) measurements on a ground
plane below laboratory-scale hovering rotors were analyzed,
including the distribution of Reynolds shear stresses. The re-
sults were compared to those of a fully developed turbulent
boundary layer and to a steady wall jet. The flow structures
below the rotor were noted to significantly affect the velocity
excursions and the Reynolds stress distributions at the ground,
which in turn will influence sediment mobilization and uplift.
The quadrant analysis was also employed to help understand
the turbulent dual-phase flow near the ground.

Fluid Mechanics of a Rotor Wake
Near a Ground Plane

As previously discussed, the physical problem of brownout
is, fundamentally, an unsteady, dual-phase, fluid dynamics
problem. When a rotor operates in ground effect, the rotor
wake impinges on the ground and generates unsteady shear
stresses, secondary vortical structures, turbulence and tran-
sient velocity excursions, all of which are contributors to the
mechanisms of sediment transport and uplift, particle entrain-
ment or suspension, and ultimately to the development of a
brownout cloud. A prerequisite to understanding this prob-
lem is obviously to understand the fluid dynamics of the rotor
wake as it approaches the ground.

Detailed measurements have been made of the flow on a
ground plane below a rotor operating in hover [4], which have
been further analyzed in the present work. Particle image ve-
locimetry (PIV) was used to make measurements of the flows
from a single-bladed rotor of radius of 0.408 m and a blade
chord of 44.5 mm with a standard tip, operating above a cir-
cular plane of 1.626 m diameter. The ground plane was po-
sitioned one rotor radius below the rotor plane of rotation to
simulate ground effect conditions; see Milluzzo et al. [4].

Figure 2 shows the essential flow features in the rotor wake
developing in ground effect by means of a flow visualization
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Fig. 2: Flow features in the rotor wake developing in ground effect shown by: (a) flow visualization, (b) corresponding
schematic of the flow characteristics.

image and a corresponding schematic of the flow field. Hav-
ing passed through the rotor, the flow is decelerated as it ap-
proaches the ground plane. However, because the flow has
to turn rapidly from a predominantly axial flow (i.e., down-
ward) to a radial flow (i.e., parallel to the ground plane), it is
accelerated again after this 90◦ turn. As more and more flow
from the low velocity region outside the rotor wake becomes
entrained, the radial stream becomes thicker, and a turbulent
wall jet starts to develop over the ground plane.

Two important features of this flow are the blade tip vor-
tices and the turbulent vortex sheets; these flow structures are
apparent in the flow visualization image in Fig. 2. The tip vor-
tices convect along the slipstream boundary; in the flow visu-
alization image they manifest as dark voids that are caused
by the action of centrifugal forces on the submicron seed par-
ticles. The vortices are stretched lengthwise as they interact
with the ground, a process that intensifies their vorticity. A
turbulent vortex sheet is also formed behind the blade; Ra-
masamy et al. [23] have performed measurements of this flow
structure. Such vortex sheets result from the merging of the
boundary layers on the upper and lower surfaces of the blade
and contain counter-rotating or Taylor–Görtler vortices; these
are caused by the streamline curvature of the boundary layer
on the blade [23, 24].

After these vortical flows have been trailed from the rotor,
they convect downstream toward the ground plane and be-
come part of the developing wall jet-like flow at the ground,
which leads to a significant increase in the overall turbulence
there. The convection and subsequent ingestion of the turbu-
lent vortex sheets into the developing flow at the ground has
been examined by Sydney et al. [7] using time-resolved flow
visualization and PIV measurements. Also, interactions be-
tween the flow structures appear to create secondary flows,
such as localized zones of flow separation or secondary vor-
ticity, which contribute further to the flow complexity and the
unsteady aerodynamic environment on the ground below the
rotor.

Results and Discussion

Flow Field at the Ground

Understanding the detailed fluid dynamic characteristics of
the complex rotor flow at the ground is important because
it is a prerequisite to establish and validate mathemati-
cal/numerical models for bedload transport and particle up-

lift models that are applicable to such rotor flows. For these
purposes, the instantaneous characteristics of the flow and the
velocity excursions at the ground are important [4,7,25]. Rep-
resentative profiles of the time-averaged and phased-averaged
(periodic) wall-parallel velocity at three downstream dis-
tances from the rotor centerline from the measurements of
Milluzzo et al. [4] are shown in Fig. 3, and appear very sim-
ilar to a developing turbulent wall jet. The phase-averaged
results were ensemble averaged over consecutive PIV flow
field realizations with the rotor blade in the same azimuthal
position, ψ (see later).

Because of the unique flow features in the rotor wake (see
Fig. 2), the resulting transient excursions of the flow veloc-
ities at the ground also contain significant turbulence lev-
els and Reynolds shear stresses, as well as the production
of secondary vortical flows. These turbulent flows, which
mainly have their initial source in the tip vortices and vor-
tex sheets, have more pronounced correlative structures com-
pared to what would be found in simpler flows such as chan-
nel or pipe flows. However, after ensemble averaging is per-
formed and only the mean quantities of the flow are resolved,
these distinct aspects of the flow are attenuated. Therefore, in
the present work special attention was given to the temporal
flow fluctuations and the Reynolds stresses in the rotor wake
as it approached the ground.

The influence of the blade tip vortices on the flow at the
ground plane become apparent when focusing on the bound-
ary layer region directly below a passing tip vortex, an in-
stantaneous realization being shown in Fig. 4. These results
show the locally higher induced flow velocities at the ground
induced by the vortex when it convects by a fixed point on
the ground. There is also a thickening of the boundary layer
on the ground as a consequence of the adverse pressure gra-
dient produced by this vortex flow. In fact, the results showed
that the boundary layer immediately below the vortex was in
a state of incipient separation; it can be expected that the flow
may separate for vortices of sufficient strength. Flow separa-
tion can affect the process of sediment uplift and entrainment,
as shown for channel and riverine flows by Nelson [19] and
for a rotor flow by Johnson et al. [6].

Figure 4 shows the detail necessary to better assess the
boundary layer state and to sufficiently resolve the near-wall
flow. Measurements in this case were made down to a height
of only 0.001R above the ground plane. Below that height,
issues associated with surface reflections of the incident laser
light sheet became problematic and the PIV measurements
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Fig. 3: Examples of the time-averaged and phase-averaged wall-parallel flow velocity on the ground plane at three
downstream distances from the rotor. Data processed from [4].
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Fig. 4: Example of the instantaneous flow details resolved near the wall surface. Instantaneous flow vectors are plotted
on background contours of wall-parallel velocity. Area of detailed image shown by the dashed line.

contained more errors. A higher spatial resolution was ac-
tually obtained compared to what is shown in this figure; to
avoid image congestion only every fifth vector is shown in
the horizontal direction although every vector is shown in the
wall-normal direction up to z/R = 0.01.

Reynolds Shear Stresses

Figure 4 shows that as the blade tip vortices approached the
ground they induced transient increases in the wall-parallel
flow velocity components. This effect, in turn, generates con-
siderably larger shear stresses. Particle motion arises, at least
in part, from the shear stresses produced on the sediment
bed by the flow [26]. When a certain threshold condition
is reached, particles are initially transported downstream into
saltation and can then be entrained and uplifted into the outer
flow by eddies or vortices [7]. Because of the highly turbulent
flow generated by a rotor, the Reynolds stresses are, in fact,
the dominant source of stresses in this case. The fidelity of
the PIV measurements was such that it allowed for the fluc-
tuating part of the flow velocities to be extracted, which were
then used for the computation of the Reynolds shear stresses.

The Reynolds shear stresses (in two-dimensions) are

τ =−ρu′v′, (1)

with the perturbation velocities u′ in the r direction (i.e., radial
perturbation velocity) and v′ in the z direction (i.e., axial or
wall-normal perturbation velocity). Performing a Reynolds
decomposition, the perturbation velocities are

u′i, j = ui, j−umi, j , (2)

v′i, j = vi, j− vmi, j . (3)

In this case, u′i, j is the perturbation velocity at a single inter-
rogation point, ui, j is the instantaneous velocity at this point
in space, and umi, j is the average u velocity at this point. The
average velocity components were calculated using

umi, j =
1
N

N

∑
k=1

ui, j(k), (4)

which in this case is for the u component, where N is the num-
ber of PIV realizations at a given blade position. This method
of averaging the flow properties is called phase-averaging. A
similar equation holds for the v component.
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Fig. 5: Reynolds shear stress distribution in the boundary
layer region below the rotor at the ground normalized by
rotor disk loading, DL.

A representative Reynolds shear stress distribution is
shown in Fig. 5 for measurements made in the boundary layer
region. Notice that the height above the ground z and the ra-
dial distance from the rotational axis r are both normalized
by the rotor blade radius R. The wall-normal distance shown
is approximately 2% rotor radius, corresponding to a physi-
cal distance of only 8 mm. From the measurements, it was
apparent that the tip vortices produced complex spatial vari-
ations in the shear stresses. The region with the highest tur-
bulent shear stresses was located where the tip vortices were
closest to the ground plane, also inducing the highest velocity
fluctuations in the flow. However, the results shown in Fig. 5
are clearly different to those of a fully developed turbulent
boundary layer, where the spatial distribution of Reynolds
shear stress is known to be approximately linear when moving
away from the wall [27].

Figure 6 shows further details of the Reynolds shear
stresses as the flow develops on the ground plane, the data
being extracted at three downstream radial locations r/R =
1.29, 1.40, and 1.60. Notice that the boundary layer region
(shown previously in Fig. 5) in the wall-normal direction is
only a small fraction of that shown in Fig. 6. It is apparent
that the maximum Reynolds shear stresses coincided with the
slipstream boundary between the accelerated flow inside the
rotor wake and the more quiescent outer flow. The tip vortices
travel downstream along this slipstream boundary (see Fig. 2),
generating additional turbulent stresses as they do so. This
behavior manifested in a pronounced peak in the Reynolds
stresses seen at all radial distances downstream from the rotor.
Notice the various other significant excursions in the shear
stress profile (Fig. 6). These excursions are a consequence of
the aperiodicity in the rotor flow and other flow features such
as the vortex sheets that are also convected and entrained into
the developing wall jet-like flow.

Notice that as this wall flow developed, the turbulent shear
stresses changed sign and became negative near the wall (see
Figs. 6(b) and 6(c)), an observation also made with steady
wall-jet flows [28, 29] that can be explained from Prandtl’s
mixing-length theory. As the fluid passes along the wall in
turbulent motion, the fluid elements retain their streamwise
momentum. The turbulent motion causes a fluid element to
be displaced from a layer nearer to the wall to a layer fur-
ther away from the wall (but still within the boundary layer).
Because the fluid element keeps its original momentum, its
streamwise velocity u is smaller than the streamwise velocity
that prevails at the new location. (The wall-normal perturba-
tion velocity v′ is defined as positive in the direction pointing
away from the wall.) The fluid particle has an excess velocity
in the wall-normal direction and, therefore, it caries a posi-

tive fluctuating velocity component v′. Because this fluid el-
ement also had a smaller instantaneous u velocity component
than the prevailing elements in its new layer (i.e., lower than
the mean value of streamwise velocity um), a mostly negative
fluctuating velocity component u′ is produced. Therefore, the
product (u′v′) is negative. For a fluid element moving in the
opposite direction, i.e., toward the wall (v′ < 0), it carries
an excess velocity in the streamwise direction, giving rise to
mostly a positive streamwise fluctuation velocity component
(u′ > 0). “Mostly” in this context means that the appearance
of fluid elements for which u′ has the opposite sign of v′ is
much more frequent, therefore, the temporal average u′v′ is
negative. For a turbulent boundary layer, the average value
of u′v′ , therefore, is always negative, while for a wall jet
it changes sign from negative to positive at the approximate
wall-normal position of the velocity maximum because of the
change in the sign of the slope of the wall-parallel velocity
profile.

It should be noted that beside the similarities in the flows
in comparison to simpler wall-bounded flows as previously
pointed out, there were also significant differences in the ra-
dial and wall-normal distribution of Reynolds stresses for the
rotor flow. For the purposes of this paper, these two more tra-
ditional, simpler flow problems are hereafter referred to as the
canonical flows.

Boundary Layer Profile

In integral models used to represent bedload transport and
particle mobility, assumptions have to be made about the na-
ture of the boundary layer over the ground. Therefore, it is
critically important to know the structure and length scales of
the boundary layer from measurements. Various approxima-
tions and assumptions have been used by numerical simula-
tions of rotor flows in ground effect, and for sediment trans-
port models (where the viscous portion of the flow at the
ground is important). However, most assumptions have not
yet been validated using actual measurements obtained from
rotor experiments. To this end, measurements of the bound-
ary layer velocity profile on the ground plane below the rotor
were examined in detail.

For the furthest downstream distance shown in Fig. 6(c),
notice the pronounced second local (negative) maximum in
the Reynolds stresses and the subsequent steep decrease in
magnitude as the wall is approached, which suggested that the
measurement points closest to the wall were within the vis-
cous sublayer. Viscous forces are predominant in this region
of the boundary layer. Therefore, the Reynolds stresses de-
crease here and become almost negligible compared to else-
where in the flow.

To better assess the state of the boundary layer and its
length scales, the mean velocity profile was plotted in wall
coordinates. Figures 6(c) and 7 suggest that the four or five
measurement points closest to the wall were within the vis-
cous sublayer. The values of u+ were not equal to z+ in
this region, which may be attributed to an under-developed
boundary layer and/or to the unique features comprising the
rotor flow. However, as z+ approaches about 30 wall units,
the flow transitions to a more logarithmic velocity profile, i.e.,
the logarithmic law of the wall. This finding is important be-
cause it has implications on the modeling of the rotor flow at
the ground, as well as for particle mobility and uplift models
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Fig. 6: Measured Reynolds shear stress profiles at several downstream distances from the rotor normalized by rotor disk
loading, DL.

Fig. 7: Semi-logarithmic plots of the wall-parallel velocity
profiles in terms of wall coordinates.
where a velocity profile at the wall may have to be prescribed.
The measurements further downstream at least, have revealed
the approximate wall-normal expansion of the viscous sub-
layer and validate the use of a logarithmic velocity profile be-
tween the viscous portion of the flow and the fully turbulent
outer flow. The same conclusion, however, cannot be drawn
for wall locations closer to the rotor.

Another interesting finding is that the mean velocity pro-
file parallel to the wall below the hovering rotor (very close to
the ground plane) appears to be similar to that of a fully devel-
oped turbulent boundary layer or the inner layer of a turbulent
wall jet, which are qualitatively the same [30]. However, this
observation is only true for the flow well downstream from
the rotor. For the turbulent boundary layers produced by the
canonical flows, the thickness of the viscous sublayer is in the
range of z+= 5 to z+= 30, depending on the Reynolds num-
ber of the flow. Therefore, a thickness of z+ ≈ 30 that was
measured for the rotor flow is in good agreement with these
canonical flows. The Reynolds number of the mean rotor flow
at the ground at r/R = 1.60 was Re = 3,000 based on the max-
imum of the wall-parallel velocity profile, umax, and the wall-
normal distance from the wall where this velocity maximum
occurred, ymax, as the characteristic length.

Turbulence Intensities of the Single-Phase Flow

Although a good level of agreement with the canonical flows
was seen for the mean velocity profiles at the wall, this is not
the case for the Reynolds stresses close to the wall; see Fig. 8.
These differences arise, in part, because the wall-parallel
mean velocity distribution scales with the Reynolds num-
ber, however, the turbulent fluctuations (i.e., the Reynolds
stresses) do not; see Wyganski et al. [30]. Furthermore, when
ensemble averaging is performed, the temporal velocity fluc-
tuations induced by the vortical structures are removed in the
mean velocity profile, and what is left is essentially the profile
of a turbulent wall jet; see Figs. 3 and 7.

Advection of multiple regions of vorticity (i.e., coherent
structures such as tip vortices), is a highly nonlinear process.
Therefore, even PIV realizations taken at the same blade po-
sition (i.e., if used to perform phase-averaging) can contain
variations in the positions of the vortices, especially at older
wake ages further downstream of the rotor. Under such con-
ditions, any form of ensemble averaging of the measurements
can remove the coherence that is present in the flow [31].
Therefore, special attention was given in the present work to
the instantaneous fluctuating velocity components and the as-
sociated turbulent Reynolds stresses.

It may be argued that the Reynolds stresses themselves are
based on an ensemble average. Through the ensemble av-
eraging involved in the calculation of the Reynolds stresses,
the aperiodic flow at the ground appears, even in terms of the
Reynolds stress distribution, similar to that of a turbulent wall
jet. Because of this aperiodicity, some of the flow structures
unique to the rotor flow appear to rapidly lose their coherence.
Therefore, an instantaneous realization of the turbulent veloc-
ity fluctuations in radial and wall-normal direction, u′ and v′,
may be more revealing than the Reynolds shear stresses them-
selves. Although Reynolds-averaging techniques do not ex-
plicitly account for coherent motions in the turbulence, some
form of instantaneous organization is apparent even in the av-
eraged terms. Otherwise, the −ρu′v′ term (i.e., the most im-
portant closure term for the incompressible RANS equations)
would be zero if the boundary layer turbulent motions were
purely random without preferred correlations between the ve-
locity components [32].



Fig. 8: Comparisons of the boundary layer flow in terms
of Reynolds shear stress u′v′ measured at the ground be-
low a hovering rotor to the canonical flows.

In Fig. 8, the flow measurements on the plane below the
rotor are compared to measurements obtained by Klebanoff
[27] for the fully developed turbulent boundary layer, and by
Irwin [29] for a turbulent wall jet. As it is conventional for
wall jets, the turbulent shear stress u′v′ was normalized by
the local maximum of the wall-parallel velocity component
umax, and the wall-normal distance y was normalized by the
distance from the wall at this local velocity maximum, ymax.
For the turbulent boundary layer, umax is the free-stream ve-
locity of the outer flow and ymax is the mean boundary layer
thickness, respectively. It should be noted that the measure-
ments for these canonical flows were not conducted at the
same Reynolds number, which has implications on the tur-
bulence fluctuations and, therefore, on the Reynolds stresses.

The thickness of the viscous sublayer, as well as the exten-
sion of the log law region of the boundary layer at the wall,
depend on the Reynolds number [33]. Comparing the dis-
tributions shown in Fig. 8 for the turbulent wall jet to those
shown in Fig. 6(c) for the rotor flow, suggests that different
length scales are involved with the rotor flow. The distance
from the wall and the shear stress were normalized by the
local length and velocity scales, repsectively. Nevertheless,
at the same normalized distance from the wall, the measure-
ment points closest to the wall (below 0.4ymax) were in the
viscous sublayer for the rotor flow (also see Fig. 7), while
they were well above it in the turbulent wall jet measurements
[29]. Likewise, the point where the Reynolds shear stresses
changed sign was located much further away from the wall
for the measurements below the rotor (see Fig. 6(c)), com-
pared to the wall jet measurements. Also, for lower Reynolds
numbers, the organized turbulent motions in a wall-bounded
flow extend further away from the wall and lead to a stronger

contribution to the Reynolds shear stresses, as was reported
by Antonia et al. [34]. For these reasons, the different length
scales obtained may be, in part, an artifact of the different
Reynolds numbers of the experiments in this case.

The higher Reynolds shear stresses produced in the near-
wall region, especially further downstream from the rotor, re-
sulted primarily from the wall-parallel perturbation velocity,
u′, which is the predominant of the velocity fluctuations at the
ground. The action of the tip vortices increased the velocity
in wall-parallel direction, as shown in Fig. 4, and the magni-
tude of Reynolds shear stresses increased there as well. The
results obtained further downstream at r/R = 1.60 showed the
highest stresses because the tip vortices were closest to the
ground, also inducing the highest instantaneous velocity ex-
cursions into the flow. At this radial location it was apparent
that below 0.2ymax, the Reynolds shear stress was lower com-
pared to the canonical flows. This outcome was attributed to
the fact that at r/R = 1.60, the last measurement points at the
wall were within the viscous sublayer (see Fig. 7), where the
turbulent stresses are suppressed. Irwin [29] and Klebanoff
[27], however, could not obtain measurements close enough
to the wall to penetrate the viscous sublayer.

Notice also the linear slope in the Reynolds shear stress
profile with distance from the wall for the canonical flows
in Fig. 8 that is not seen with the rotor flow. This outcome,
again, can be attributed to the more complex flow environ-
ment in the near-wall flow below the rotor. The canonical
flows obviously do not contain regions of concentrated vor-
ticity nor do they include structures like the turbulent vortex
sheets (described previously) trailed from the rotor blades. It
can be seen from Figs. 5, 6 and 8 that there were significant
small and large scale fluctuations in the Reynolds stresses in
the boundary layer region as well as in the outer flow, which
are not present in the canonical flows.

Dual-Phase Flow at the Ground

The results from the measurements shown thus far were from
a single-phase flow experiment (i.e., without sediment parti-
cles), and have revealed many interesting characteristics of
the unsteady flow below the rotor at the ground plane, which
may also be important for validating numerical simulations.
Further analysis of such detailed fluid flow measurements
may help to understand where sediment particles are likely

Fig. 9: A quadrant map showing the four types of motion
(turbulence events) belonging to the quadrants and their
contribution to the Reynolds shear stresses u′v′.
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Fig. 10: Dual-phase flow realization showing instantaneous velocity vectors of the carrier and dispersed phases on a
background contour of the shearing component of the instantaneous fluctuation velocities.

to become mobilized and uplifted through the action of the
shear stresses and/or the direct action of vortices. However,
from the single-phase experiments alone, no definitive con-
clusions can be drawn about sediment mobilization or uplift,
and to this end, dual-phase measurements are needed. Such
experiments are possible but extremely challenging [6, 7, 20].
Depending on the experimental configuration, it is not always
possible to perform such experiments with sediment parti-
cles of the needed size and/or the required scaling parame-
ters. However, if it can be concluded from a single-phase
flow experiment where and why sediment particles are likely
to become mobilized and uplifted, this may yield an interest-
ing new predictive capability for brownout.

To this end, a method called the “quadrant analysis” as
developed by Wallace et al. [35] has been explored in the
present work. This method is based around observations of
sequences of discrete turbulence events in the wall-bounded
turbulent flows. Wallace et al. [35] found that there were
four kinds of turbulence events, namely sweeps, ejections,
outward and inward interactions. The quadrant analysis is
based on the correlative structure of the perturbation veloci-
ties u′ and v′, which have been described previously. The four
types of motion are classified by the signs of the perturbation
velocities, u′ and v′. The measurements are then plotted in a
quadrant map, as shown in Fig. 9. The quadrant map essen-
tially shows the main directions of the turbulent momentum
transfer relative to the bulk movement of the fluid.

The interactions between sediment motions and the tur-
bulence structure of the carrier phase, and how they corre-
lated to these four turbulence events, has been studied by
Nelson et al. [19] for riverine flows. While there are obvi-
ously significant differences in the time scales, turbulence lev-
els, Reynolds numbers and spatial dimensions between sim-
ple channel flows or river bed flows and the brownout prob-
lem, the quadrant analysis may also yield an interesting ap-
proach for examining the sediment uplift, entrainment, and
suspension mechanisms that contribute to the development
of a brownout dust cloud. To this end, the dual-phase PIV
data of Sydney et al. [7] have been analyzed in the present
study. In this experiment, the plane of rotation of a small,

two-bladed rotor system was located one rotor radius above a
ground plane that was covered with a sediment bed of char-
acterized glass mircospheres; see [7] for details of the exper-
imental setup and the particles used.

Figures 11(a) and 11(b) show flow regions very close to
the bed, which are obviously critical regions for sediment
transport and uplift. These PIV measurements are taken at
the same instance as those shown in Fig. 10; in fact, it is the
same image but in this case it details the region very close to
the ground/sediment bed. Figure 11(a) shows the upstream
portion of the flow at the ground, while Fig. 11(b) shows the
downstream portion of Fig. 10 for a small wall-normal dis-
tance where most of the sediment is mobilized. Closer to the
ground plane, laser reflections from the ground/bed became
an issue and did not allow for accurate flow measurements.

Analyzing the dual-phase flow at the ground below a hov-
ering rotor from this perspective is extremely useful because
the flow environment is dominated by the turbulence, and the
motion and uplift of dust particles strongly depends on the
fluctuating part of the velocity field rather than on the time-
averaged flow field [7, 25]. It is clear that the instantaneous
flow field also includes significant turbulence and eddies of
various scales and is dominated by velocity fluctuations, as
can be seen in the realization showing the complete region at
the ground; see Fig. 10. In this figure, the background contour
is based on the instantaneous shearing component of the ve-
locity fluctuations. The classic four-lobed pattern associated
with analyzing coherent vortex structures in a Cartesian co-
ordinate system [23, 31] can be observed at r/R = 2, with the
vortex core located at a height of z/R = 0.12 above the ground
plane. Furthermore, significant local maxima in the shearing
components are apparent near the ground, which stem from
the smaller, less coherent vortical structures, but which clearly
also give rise to significant shear stresses.

From the detailed regions near the ground, the fluctuation
velocities of the carrier phase and the particle velocities of the
heterogeneous dispersed phase were obtained and plotted in
the form of quadrant maps; see Figs. 11(c) and 11(d) for the
fluctuation velocities, and Figs. 11(e) and 11(f) for the parti-
cle velocities. Notice the correlative structure of the fluctuat-
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Fig. 11: Dual-phase flow realization detailing the region just above the sediment bed for upstream (a) and downstream
(b) portions of the flow. Corresponding quadrant plots showing the fluctuation velocities of the carrier phase, (c) and (d),
and the corresponding instantaneous particle velocities for these regions, (e) and (f), respectively.



ing velocity components. However, the correlations in (u′v′)
do not show the characteristic behavior of the near-wall flow
that is found with the canonical flows. This result reflects the
temporal and spatial structures of the impinging tip vortices
and the other significant vortical flow features that comprise
the rotor wake as it interacts with the ground. Notice that up-
stream, despite the intense upwash region at r/R = 1.7 shown
in Fig. 10, there are only few sediment particles uplifted to an
elevation above the bed that allows them to be measured.

As for the quadrant plot showing the fluctuation veloci-
ties for the region upstream (Fig. 11(c)), the carrier phase
shows primarily inward interactions and ejection motions,
which are both known to be individually the least signifi-
cant of the four turbulent motions to affect sediment pickup.
The quadrant plot for the carrier phase in the downstream
region (Fig. 11(d)) shows that the predominant turbulence
events here are outward interactions and ejections. The for-
mer are the most powerful motions affecting sediment trans-
port [19]. These motions are rare in standard channel and
boundary layer flows, but are clearly significant in certain por-
tions of the flow at the ground below the rotor, as observed in
the present work. Ejections are known to be responsible for
particle suspension. This finding from simple channel flows
seems to be applicable to rotor flows as well; for the region of
interest shown in Fig. 11(b), many particles have already been
uplifted and entrained into the flow and are subsequently sus-
pended downstream. Not only that, but the quantity of mobile
particles in the flow downstream is larger compared to the re-
gions further upstream. These particles also carry a lot of mo-
mentum, primarily in the streamwise and upwards directions,
as is apparent from the particle velocities shown in Fig. 11(f).

Conclusions

Particle image velocimetry measurements in the wake of a
hovering rotor were analyzed to better understand the turbu-
lent nature of the flow as it interacted with a ground plane.
The ultimate goal was to understand how the turbulent flow
structures in the wake influence the process of sediment mobi-
lization and uplift, hence leading to a better understanding of
the problem of rotorcraft brownout. It was possible to assess
the detailed nature of the boundary layer flow at the ground,
showing that the mean flow comprised certain features of a
turbulent wall jet, but only well downstream from the rotor.
The instantaneous flow field was found to be much more com-
plex and contained the remnants of the tip vortices, the vortex
sheets from the rotor blades, and various other small scale
turbulence and eddies. Dual-phase measurements have also
been analyzed and the quadrant analysis method used to ex-
amine correlations between the turbulent motions in the car-
rier phase and the particle motion in the dispersed phase.

The following specific conclusions have been drawn:

1. The flow field at the ground below a hovering rotor com-
prises some features of a classical turbulent wall jet well
away from the rotor. The validity of the logarithmic law
of the wall between the viscous portion of the flow and
the fully turbulent outer flow was shown to apply for the
flow at the ground well downstream of the rotor.

2. Significant spatial variations were found in the important
Reynolds shear stresses at the ground below the rotor,
with the maximum shear stresses being located where

the blade tip vortices approached closest to the ground,
the vortices also inducing here the highest streamwise
perturbation velocities.

3. In general, it was found that the Reynolds stresses in the
boundary layer on the ground differed significantly from
those measured in a fully developed turbulent boundary
layer and a classical turbulent wall jet. The distribution
of the Reynolds shear stress was not linear when mov-
ing away from the wall, and the fluctuations shown were
attributed mainly to the action of the tip vortices and the
turbulent vortex sheets from the rotor blade.

4. The results from the quadrant analysis suggested that
this method has value for understanding the turbulence
characteristics of complex rotor flows. A correlation was
seen between the organized turbulent motions of the car-
rier phase and the movement and uplift of particles from
the bed below the rotor. Although the results obtained
thus far were very promising, more detailed dual-phase
measurements with higher spatial resolution still need to
be conducted and analyzed.
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