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Measurements of Organized Turbulence
in the Dual-Phase Flow Below a Rotor

Jürgen Rauleder∗ J. Gordon Leishman†

Department of Aerospace Engineering
University of Maryland, College Park, MD 20742

Time-resolved particle image velocimetry and particle tracking velocimetry measurements of the flow
field were made below a laboratory-scale rotor hovering in ground effect over a mobile sediment bed.
Single-phase and dual-phase measurements were compared to examine how the mean flow, turbulence
fields, and coherent vortex structures were modified by the uplifted particles contained within the
dispersed-phase. The helicoidal blade tip vortices were tracked in the flow as they developed, diffused
and reintensified while convecting over the ground plane. It was found that the vortex flows were
distorted by the particles, accelerating the processes of diffusion and vortex break-up. The two-phase
flow contained a more complicated vorticity field with smaller length-scales in the environment near
the ground. The mean flow and turbulence characteristics were modified by the particles close to the
sediment bed but also further away from the ground where they produced turbulence and increased the
anisotropy of the turbulence. The results also give a better understanding of the boundary conditions
that would be required for the development and validation of models used for the simulation of the
complex turbulent two-phase flows typical of rotorcraft brownout conditions.

1. NOMENCLATURE

c Rotor blade chord
CT Rotor thrust coefficient, = T/ρπΩ2R4

k Turbulent kinetic energy (in 2-d), = 1
2 (u
′2 + v′2)

Nb Number of rotor blades
r Radial distance measured from rotor axis
R Rotor radius
Rec Chord Reynolds number, = Vtipc/ν

Remax Wall jet Reynolds number, = umaxzmax/ν

Rev Vortex Reynolds number, = Γv/ν

t Time elapsed after rotor blade passage
T Rotor thrust

Tu Streamwise turbulence intensity, =
√

u′2/vh

Tv Wall-normal turbulence intensity, =
√

v′2/vh
u,v Flow velocities in r and z directions, respectively
u,v Mean velocities in r and z directions, respectively
u′,v′ Fluctuation velocities in r and z directions
umax Maximum flow velocity of wall jet
vh Hover induced velocity, =

√
CT/2

Vtip Rotor tip speed, = ΩR
z Distance from the ground
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zmax Distance of maximum velocity from wall
Γv Vortex circulation
ζ Wake age, = ψb +Ωt(180◦/π)
µ Dynamic viscosity
ν Kinematic viscosity, = µ/ρ

ρ Air density
σ Rotor solidity, = Nbc/πR
ψb Blade azimuth angle
Ω Rotational speed of the rotor

2. INTRODUCTION

Brownout conditions occur when a dense dust cloud de-
velops around a rotorcraft as it takes off, lands, or hovers
over surfaces covered with loose sediment, such as found
in arid or desert operating environments. The high concen-
trations of suspended dust particles in such conditions can
cause severe visual obscurations and motion cue anomalies
that affect the pilot’s ability to safely fly the helicopter. The
occurrence of brownout has been reported to be a leading
cause of human factor-related helicopter mishaps in mil-
itary [1] operations, and civilian operators too have suf-
fered consequences [2]. Improved sensors and avionics to
“see” through the dust clouds, combined with operational
tactics, have helped somewhat to reduce the frequency of
brownout-related mishaps. However, in the longer term an
improved understanding of the fluid dynamic factors that
influence brownout and the exploration of strategies to mit-



Fig. 1: Schematic showing different modes of particle uplift and particle motions generated by a helicopter en-
countering brownout conditions.

igate its severity will be needed to ensure safe and cost-
effective rotorcraft operations.

Underlying the physics of the brownout problem are
highly three-dimensional unsteady, turbulent, dual-phase
fluid dynamics. The dual-phase nature of the problem
arises because the fluid (or carrier) phase flow field pro-
duced by the intense rotor wake causes sediment particles
from the ground to be picked up and entrained into the flow
around the rotor. Some of the mechanisms that lead to
sediment uplift and transport in the flow field near a heli-
copter operating in ground effect conditions are illustrated
in Fig. 1. It has been suggested that if the generation of
brownout and the underlying fluid dynamics that lead to
particle mobilization and uplift can be better understood,
then a predictive capability could be developed [3, 4], per-
haps making brownout mitigation possible through the pro-
cess of rotorcraft design [5–7].

Recent experimental studies have begun to better ex-
pose the fluid dynamic details of the single-phase flow
near the ground below hovering rotors; see [5, 8]. Such
flow fields contain the coherent tip vortices and vortex
sheets created at the rotor blades, as well as eddies and
small-scale turbulence, thereby producing a highly com-
plex flow environment at the ground with intermittent char-
acteristics; see Fig. 2. Measurements have also been made
of the dual-phase heterogeneous flow environment near a
sediment bed below a rotor [9–11]. High surface shear
stresses, combined with velocity fluctuations and the tur-
bulent Reynolds stresses, discrete turbulence events, local
pressure gradients, and the unsteady upward flow velocities
induced by the tip vortices, lead to the pickup and suspen-
sion of sediment particles [12]. Any suspended particles
can then be convected by the turbulent, unsteady, vortical
flow surrounding the rotor. The smaller and lighter parti-
cles trapped in the stronger vortical flow regions may also
be recirculated back onto the sediment bed, ejecting more
particles by bombardment mechanisms, and so rapidly in-
tensifying the total quantity of suspended particles [11,13].

Despite the abundance of particle-laden flows in both
nature and industry, a generally applicable theory or model

for predicting the behavior of such two-phase flows is cur-
rently unavailable. This situation arises because of the lack
of consistent experimental data that is available for both
model formulation and validation purposes [14]. Even for
more canonical dual-phase flows, measurements and pre-
dictions of straightforward metrics such as the turbulent
kinetic energy show contradictory results; see [15] for an
overview. For more complex, vortically-dominated flows,
such as found in the flow near a helicopter rotor, detailed
quantitative assessments of the combined two-phase flow
characteristics by the addition of a dispersed particle phase
do not yet exist.

If high enough particle concentrations in the flow build
up, thereby changing the particle volume and mass load
(and possibly other flow properties as well), then the flow
structure and the turbulence properties of the carrier (or
continuous) phase may be modified [16, 17]. This means
that the problem becomes two-way coupled (i.e., the par-
ticles affect the carrier-phase flow), or even four-way cou-
pled (particle/particle interactions become important). A
coupling between the phases further increases the complex-
ity of the dual-phase flow problem, especially from a mod-
eling perspective.

It is because of the lack of experimental data that the
validation of predictive dual-phase models has been held
back. Such models should also include interphase turbu-
lence transfer terms for turbulence modulation [18]. In the
absence of sufficient experimental data, turbulence models
used in CFD simulations of two-phase flows merely em-
ploy simple extensions of the standard single-phase k− ε

model, which may not be correct; see e.g., Montante and
Magelli [19].

Results from channel flow experiments [20, 21]
and other types of more canonical solid/liquid and
solid/gaseous dual-phase flows have already exposed that
the particle phase can affect the flow properties of the fluid
phase to a lesser or greater degree. Zhang et al. [22] investi-
gated the effects suspended sand particles have on the wind
field found in the desert. Depending on the particle size,
as well as the mass and volume fraction of the particles in
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Fig. 2: Flow features in the rotor wake developing in ground effect shown by: (a) flow visualization, (b) corre-
sponding schematic of the flow characteristics.

the flow, the dispersed-phase may produce or suppress the
turbulence of the carrier-phase. Poelma et al. [14] showed
that suspended particles can produce turbulence and that
the dispersed-phase can increase the anisotropy of the tur-
bulence. However, these results are not necessarily uni-
versal because they will depend not only on the particle
volume fraction, but also on the type of flow. Therefore,
results found, for example, in a channel flow with particles
suspended in water, may not be applicable to the complex
flow environment produced by a rotor where many particles
are picked up from the ground by vortical flow features.

It has been recognized that turbulence plays an impor-
tant role in particle mobilization by the wind [23–25], and
that turbulence events (or organized turbulence) are pri-
marily responsible for the initiation of sediment motion
[26, 27]. However, turbulence effects on particle mobiliza-
tion have not yet been modeled satisfactorally [28]. In this
regard, sediment transport and particle uplift models, such
as the well-known models of Bagnold [23] and Shao and
Lu [29], do not explicitly account for the effects of tur-
bulence and unsteadiness in the flow. These models also
do not account for the possibility that particles can alter
the carrier-phase, affect the coherent flow structures, and
modify the turbulence. Such modifications to the fluid flow
properties may then, in turn, influence particle pickup and
entrainment. From experiments, Xuan [28], Williams [30],
and Xuan and Robins [31], concluded that turbulence may
significantly influence dust mobilization and the resulting
particle mass flux.

It has yet to be shown whether the effects of two-way
coupling are important for simulating rotor flows near the
sediment-covered ground and/or further away from the sed-
iment bed (i.e., permitting the application of simplified
one-way coupling models). Rauleder and Leishman [12]
showed how the Reynolds stresses, concentrated vorticity
(such as the tip vortices), and turbulence events of the fluid
phase affected sediment mobilization, pickup, and subse-
quent entrainment of particles from a sediment bed below
a rotor. These results from time-resolved, dual-phase flow
measurements have better exposed the complex interplay

between the carrier and dispersed phases in a rotor flow en-
vironment. The Reynolds stress distribution of the carrier
near the ground was found to be altered by the presence
of suspended sediment particles in the flow, even at rela-
tively sparse particle concentrations. While these were the
first experimental time-resolved studies of turbulence mod-
ification by solid particles in the flow below a rotor, only a
region very close to the ground was analyzed; see [12].

It is clear that more comprehensive comparative single-
phase/dual-phase results are necessary for the validation of
the numerical models. Therefore, new experimental results
must be obtained to quantify to what degree the addition
of a dispersed-phase in the flow modifies the turbulence
characteristics of the carrier-phase in the near-wall flow on
the ground below a rotor. To this end, the objectives of
the present work were to measure how the addition of a
dispersed solid particle phase alters the turbulence charac-
teristics of the carrier-phase, and to quantify how the parti-
cles may change the organized turbulence and the coherent
vortex structures. Another objective was to provide useful
approximations and boundary conditions for the develop-
ment and validation of models used for the simulation of
two-phase vortical flows and, thus, for the modeling of ro-
torcraft brownout conditions.

3. DESCRIPTION OF THE EXPERIMENT

3.1 Time-Resolved Dual-Phase Flow Measurements

The experiments were conducted using a two-bladed rotor
system with a radius of 0.085 m (0.279 ft). Thin, cam-
bered airfoils with a sharpened leading edge and a chord
of 0.018 m (0.059 ft) were used for the rotor blades. The
rotor was placed with its rotational plane at a height of one
rotor radius above a ground plane; see Fig. 3. The rotor
was operated at a nominal rotational frequency of 60 Hz
(3,600 rpm), which corresponded to a blade tip speed of
32.04 ms−1 (105.12 fts−1) and a tip chord Reynolds num-
ber, Rec, of approximately 35,000. The blade pitch was
set to produce a representative blade loading coefficient,



CT/σ, of 0.0136 in ground effect. This blade loading pro-
duced a tip vortex with a measured circulation (i.e., vortex
strength) of Γv = 0.0172 m2s−1 (0.185 ft2s−1) giving a vor-
tex Reynolds number of Rev = 1,100. The hover induced
velocity from rotor theory [32] was calculated to be vh =√

CT/2 = 3.3 ms−1 (10.8 fts−1).

Single-phase and dual-phase time-resolved flow field
measurements below the rotor were analyzed to study the
two-way coupling between the phases, i.e., how the addi-
tion of a dispersed particle phase may alter the flow field
generated by the rotor near the ground. In particular, it
was investigated to what degree the particles modify the
turbulence quantities and coherent flow structures in the
vortically-dominated flow near the sediment bed, as well
as further away from the ground. All of the flow measure-
ments were performed using particle image velocimetry
(PIV) for the single-phase flows and for the carrier-phase
in the dual-phase experiments, while particle tracking ve-
locimetry (PTV) was used to measure the velocities of the
sediment particles in the dispersed-phase.

A high-speed 1 MP CMOS camera and Nd:YLF dual-
laser system were used to perform the PIV and PTV. The
laser and the camera were digitally synchronized and con-
trolled by a timing hub. The laser beam was passed through
cylindrical and spherical lenses to create a thin, diverging
light sheet that had a thickness of approximately 1 mm
in the interrogation region. The system was capable of
capturing image pairs at 1,500 Hz at full camera resolu-
tion, and allowed for a contiguous time-history of the flow
to be recorded. However, a frame rate of 1,000 fps was
found to be satisfactory for balancing the temporal reso-
lution needed to track the coherent vortex structures and
the displacements of the sediment particles, with the image
intensity needed to perform successful cross-correlations
with the image pairs.

The laser pulse separation time was set to 15 µs, which
proved to be a good balance for accurately measuring the
flow velocities and particle displacements while the out-of-
plane losses were minimized by the relatively small pixel
displacements. In each run, 500 sequential image pairs
were obtained, which corresponded to 30 rotor revolutions.
A hyper-streaming system was used to buffer the large
quantity of data before transferring it to a computer for sub-
sequent image processing and analysis.

For the dual-phase experiments, the particles were
loosely deposited over the ground plane forming a mobile
sediment bed of a thickness of 11 mm (0.433 in). Well-
characterized glass microspheres with a diameter of 45–
63 µm were used, and the surface of the bed made smooth
with a scraper. Experiments with smaller and bigger par-
ticles were also performed, however, the 45–63 µm glass
microspheres were found to give the best trade between
the necessary particle mobility and a particle oversatura-
tion of the recorded images. On one hand, oversaturation
occurs when the particles are uplifted too easily from the
sediment bed, giving concentrated bursts of particles and
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Fig. 3: Schematic showing the smaller rotor system
used for both the single-phase and dual-phase flow mea-
surements.

making it difficult to detect and track individual particles
with the PTV algorithm. On the other hand, if the particles
are too large, then the quantity of individual particles be-
ing uplifted over time is insufficient to give a statistically
meaningful particle quantification, as it would be needed
for measuring the local particle flux.

3.2 Image Processing and Analysis

The analysis of the single-phase and carrier-phase mea-
surements were performed using standard PIV cross-
correlation algorithms. The images were first spatially cal-
ibrated. Masking was used for the regions adjacent to the
ground. A multipass method with square interrogation win-
dows was used and a deformation grid implemented. The
initial interrogation window size was 40-by-40 pixels, with
a final window of 24-by-24 pixels. To further refine the PIV
cross-correlations, two passes of the Rohaly-Hart analysis
were used. Each vector was validated using universal me-
dian and signal-to-noise tests. All processed images used
for subsequent analysis contained less than 5% spurious
vectors. This approach permitted measurements with good
spatio-temporal resolution to resolve the coherent vortex
structures in the flow, and also allowed the small-scale fluc-
tuations from turbulence to be resolved.

The dual-phase flow measurements required clean
phase separation before the individual velocities of the car-
rier and dispersed phases could be resolved. As the sizes of
the sediment particles and the tracer particles (mineral oil-
based with average diameter of 0.2 µm) were more than two
orders of magnitude different, the dispersed-phase could be
distinguished from the carrier-phase tracer particles by us-
ing a size and brightness thresholding method. An opti-
mum intensity gray scale threshold for the images was de-
termined, and pixels above this threshold were subtracted
from the raw images thereby yielding separate carrier-
phase and dispersed-phase images [11]. The carrier-phase
with the submicron seed particles was then analyzed using
conventional PIV techniques, as previously described.

In the dual-phase measurements, the carrier-phase im-
ages contained some masked holes, which is a consequence



Fig. 4: Dual-phase flow realization above the sediment bed showing instantaneous velocity vectors of carrier and
dispersed phases on a background contour of instantaneous Reynolds shear stress, also depicting the positions of
the tip vortices.

of the subtraction of the dispersed-phase. In addition, the
flow under investigation was vortically dominated, and so
any residual analysis for vector validation based on the
global mean velocities is impractical because it would not
take the local coherent motion into account. For these rea-
sons, a 3-by-3 local median test was performed to assess
the validity of the velocity vectors, replace them, and re-
supply any masked holes with the local median (instead of
the local or global mean).

The dispersed-phase analysis (which contains relatively
sparse numbers of particles compared to the carrier-phase)
was then performed using PTV. The PTV algorithm identi-
fied individual sediment particles by the size and brightness
thresholding method explained previously, and tracked
them across each PTV image pair. From the particle dis-
placements, the velocities for each particle could then be
calculated based on the known laser pulse separation time.
Finally, the carrier-phase PIV and dispersed-phase PTV
measurements were recombined to produce the net dual-
phase flow field. This form of analysis yielded accurate
quantitative simultaneous measurements of both phases of
the flow.

4. RESULTS AND DISCUSSION

Comparative single-phase and dual-phase rotor experi-
ments were analyzed to examine how the mean flow prop-
erties, turbulence fields, and coherent vortex structures
(such as the rotor blade tip vortices), were affected by the
dispersed-phase particles uplifted from the sediment bed;
see Fig. 4. A contiguous time-history of the flow as it
developed over the ground plane was obtained. The res-
olution of the PIV system used in the present work was
such that the dual-phase environment could be resolved
with good spatio-temporal detail. Coherent vortex struc-
tures were tracked as they developed, diffused, and rein-
tensified while convecting toward the ground plane. Such a

comparison made it possible to assess how the mean flow,
vorticity, and turbulence of the carrier-phase were modified
by the presence of the sediment particles.

Figure 4 shows an instantaneous planar realization of
the dual-phase flow environment generated by the rotor.
Also shown are the locations of the coherent tip vortices,
which are of expanding helicoidal form near the ground.
The signature of the tip vortex seen further downstream at
r/R = 2.0 shows a distinct quadrupole (or four-lobed) struc-
ture that is associated with coherent vortices when shearing
stresses (or strain rates) are analyzed in a Cartesian co-
ordinate system [33, 34]. Beside the concentrated vortic-
ity, smaller-scale u′v′ correlations that indicate small vor-
tex structures, eddies, and secondary flow structures, were
also present. The latter were induced through the interac-
tion of the primary vortex structures with the ground, or by
interactions between the vortices themselves. The occur-
rence of such small-scale vortical structures was found to
be more frequent in the dual-phase flow environment; see
also a comparison of Figs. 7 and 8.

In the region of interest (ROI) depicted in Fig. 3, the
sediment particles were detected and counted by the PTV
algorithm. Therefore, particle concentration and flux mea-
surements could be performed to quantify sediment trans-
port. The particle volume fraction in the ROI was mea-
sured to be 10−4. According to Poelma et al. [14], this vol-
ume fraction is in the so-called “two-way coupled” regime
where there is likely to be interactions between the parti-
cles and the fluid, yet the load is low enough to neglect
particle/particle interactions.

Elghobashi [35] classified three coupling regimes be-
tween the phases on the basis of the particle volume frac-
tion in the fluid. For a volume fraction less than 10−6,
the presence of the particles has a negligible effect on tur-
bulence and the interaction between the particles and tur-
bulence is “one-way coupled.” For a volume fraction be-
tween 10−6 and 10−3, the momentum transfer from the



particles is large enough to alter the turbulence structure
and turbulence modifications may occur, also depending on
other flow parameters. This interaction is termed “two-way
coupled.” For a volume fraction greater than 10−3, parti-
cle/particle collisions become important and the turbulence
of the carrier-phase can also be affected by such collisions,
which is termed “four-way coupled.”

4.1 Mean Velocities in the Single- and Dual-Phase Flow

Notice from Fig. 3 that the flow from the rotor disk turns
from a mostly vertical (toward the wall) direction to a
mostly wall-parallel flow as it develops to a jet-like flow
along the ground plane, but still contains the discrete vor-
ticity induced by the tip vortices; see Fig. 5. The Reynolds
number based on the maximum velocity at the ground and
the wall-normal distance where this maximum occurred
was measured to be Remax = umaxzmax/ν = 7,000.

Fig. 5: Representative near-wall mean flow as found
below a rotor.

The mean wall-parallel flow velocity profiles are shown
in Fig. 6 for two locations downstream from the rotor for
both the single-phase and the carrier in the dual-phase flow.
These two experiments were conducted under the same ro-
tor operating conditions (same rotor thrust, blade loading,
etc.). Time-averaging was performed over all blade az-
imuth positions after a contiguous time-history containing
500 consecutive vector fields was obtained.

The mean velocity profiles obtained for the near-wall
flow below the rotor clearly appeared to be similar to those
of a developing turbulent wall jet [36]. Canonical flows
such as channel or pipe flows certainly contain organized
turbulence structures in the near-wall region [37]. How-
ever, the initial source of turbulence in such flows is not
the more concentrated vorticity as seen here with the rotor
flow. Therefore, at least some differences in the near-wall
turbulence structures are to be expected for these reasons
alone. Downstream, measurements of the dual-phase flow
(solid lines) could not be made to as close to the ground
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Fig. 6: Mean wall-parallel velocity profiles for the fluid
phases at two downstream distances from the rotor.

as for the single-phase flow (dashed lines) because of laser
light reflections from the bed.

At the ground, the velocities were found to be greater
when the dispersed-phase was included in the flow. The
particles caused more vigorous turbulent mixing and en-
hanced energy transfer near the wall, causing an increase
in the rate of strain and the velocity gradient adjacent to
the wall, thereby also increasing the friction velocity. This
result is consistent with findings for more canonical flows,
e.g., for a channel flow with water and a solid particle phase
such as conducted by Kiger et al. [21].

While a large difference in the single- and dual-phase
velocity profiles could be observed for the measurement
location upstream (r/R = 1.66; red lines), the differences
were found to be much less pronounced further down-
stream (r/R = 2.26; blue lines); see Fig. 6. This finding
suggested that the augmented turbulent mixing and energy
transfer caused by the particles produced a faster redistri-
bution of kinetic energy in the flow as it developed along
the ground. At locations further downstream, however, the
near-wall flow was fully developed such that the velocity
profiles for the single- and dual-phase flows were more
similar.

4.2 Vortical Structure of the Flow

Figures 7 and 8 show instantaneous flow realizations of the
single- and the dual-phase flows, respectively. Instanta-
neous velocity vectors are shown on background contours
of vorticity magnitude for every sixth flow realization, i.e.,
every sixth time step of the contiguous time-history. With a
recording frequency of 1,000 Hz, the results are separated
by 6 ms or 130◦ in terms of wake age. The wake age, ζ, of
a vortex is the time (in degrees) that has passed between the
current realization and the point in time it was produced at
the blade. The image sequences were chosen such that at
the starting point of the time series, the primary tip vortices
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Fig. 8: Sequence of instantaneous dual-phase flow real-
izations showing every sixth measured vector field.



were approximately at the same downstream distance from
the rotor for both the single- and the dual-phase flows.

From the first three flow realizations (a)–(c), it can be
seen that with and without a dispersed-phase, an intensifi-
cation of the vorticity contained in the tip vortices occurred
as they convected downstream [33]. Furthermore, in the
field of view shown here the tip vortices convected under
the influence of the near-wall flow, which is becoming a
wall jet-like flow. As the tip vortices convected along the
slipstream boundary (or shear layer) between the acceler-
ated flow near the wall and the more quiescent flow further
away from the wall, they experienced a stabilizing (if not
intensifying) effect through the action of the wall jet be-
cause their rotational flow is augmented by the accelerated
mean flow at the ground.

The carrier in the dual-phase flow showed more com-
pact contours of relatively larger vorticity, but these pock-
ets of greater-than-average vorticity were distributed over
a wider part of the ROI. While the vorticity was more con-
centrated in the discrete tip vortices in the single-phase
flow, the concentrated vorticity in the dual-phase flow was
noted to diffuse more quickly into smaller vortical struc-
tures. From (e)–(f), it can be seen that the vortices in
the single-phase flow were coherent even beyond r/R =
2, while the vortices in the dual-phase flow have mostly
lost their coherent structure. Furthermore, notice that the
overall structure of the carrier-phase became more compli-
cated in regions where larger quantities of particles were
suspended in the flow.

Comparing Figs. 7 and 8 shows that the distortion or dif-
fusion of the large-scale vortex structures in the dual-phase
flow takes place primarily in regions of high particle con-
centrations, and so it can be attributed to the presence of the
uplifted particles. This distortion, and the quicker break-
up of coherent flow structures by the particles, yielded a
vorticity field with smaller length scales in the particle-
laden case (Fig. 8), which also causes a more rapid energy
transfer to the small-scale vortical structures. This result
is consistent with the findings of Eaton [38], who investi-
gated turbulence modification by particles in shear flows,
and also with Poelma et al. [14] who studied a dual-phase
flow in a pipe with grid-generated turbulence.

4.3 Turbulence Intensities and Production

Although Reynolds-averaging techniques do not explicitly
account for coherent motions in the turbulence, some in-
stantaneous organization is apparent even in the averaged
terms. The turbulence intensity is a measure of the effect
turbulent structures such as eddies and larger coherent vor-
tical structures have on the mean flow. Sediment motion
arises, at least in part, from the velocity fluctuations, turbu-
lence intensities and turbulent (Reynolds) stresses [23].

The fluctuating parts of the flow velocities were ex-
tracted from the measurements, which were then used for

the computation of the turbulence quantities. By perform-
ing a classic Reynolds decomposition, then the fluctuation
(or perturbation) velocities are

u′i, j = ui, j−ui, j (1)

v′i, j = vi, j− vi, j, (2)

respectively. In this case, u′i, j is the fluctuation velocity at a
single interrogation point, ui, j is the instantaneous velocity
at this point, and ui, j is the average u velocity. The average
velocity components were calculated using

ui, j =
1
N

N

∑
k=1

ui, j(k), (3)

where N is the number of contiguous PIV realizations. A
similar equation holds for the v component.

As a measure of the strength of turbulence, the tur-
bulence intensities in the streamwise and wall-normal di-
rections, Tu and Tv, and the turbulent kinetic energy, k,
were calculated from the measured velocity fluctuations;
see Figs. 9, 10, and 11, respectively. In the dual-phase re-
sults, the extremely high values for these turbulence quan-
tities downstream of r/R≈ 2.1 just above the sediment bed
are erroneous because of the loss of carrier-phase informa-
tion when particle concentrations become too high, causing
significant laser light reflections.

As discussed previously, the flow at the ground below
the rotor was dominated by concentrated vorticity con-
tained in the blade tip vortices. The vortices induced sig-
nificant local velocity fluctuations, and the increased tur-
bulence levels in the near-wall region were also mainly
because of these vortices. As also discussed, the concen-
trated vorticity contained in the vortices was reintensified
by stretching effects between r/R = 1.45–1.80 as the vor-
tices convected downstream over the ground. Such inten-
sification was found to be more pronounced for the single-
phase flow. It is also this reintensification of the vortices
that caused the elongated distribution of Tu, Tv, and k, as
seen in Figs. 9, 10, and 11, respectively.

It is apparent that the distributions of turbulence inten-
sity in the dual-phase flow are different from those mea-
sured for the single-phase flow, the former showing greater
values closer to the sediment bed. Further away from
the bed, the turbulence intensities were also greater in the
dual-phase flow, but only in regions downstream where
most sediment particles were suspended; also compare to
Figs. 8, 13, and 14. For both the single- and dual-phase
flows, the streamwise component Tu was greater than Tv
very close to the ground plane (or the sediment bed in the
dual-phase flow), while it was smaller than Tv further away
from the ground.

The term describing turbulence production in the energy
equation for turbulent flows can be written as −u′v′

(
∂u
∂z

)
.

Its values are shown in Fig. 12. Turbulence production by
the action of the tip vortices extended to greater radial dis-
tances from the rotor for the single-phase flow. However,
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Fig. 9: Streamwise turbulence intensity, Tu =
√

u′2/vh, for the single- and dual-phase flows. (Operating conditions
as defined in the text).
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Fig. 10: Wall-normal turbulence intensity, Tv =
√

v′2/vh, for the single- and dual-phase flows. (Operating condi-
tions as defined in the text).
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Fig. 11: Turbulent kinetic energy, k, normalized by hover induced velocity, vh. (Operating conditions as defined in
the text).
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Fig. 12: Turbulence production measured in the single- and dual-phase flows. (Operating conditions as defined in
the text).
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Fig. 13: Time-averaged wall-parallel particle flux.
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Fig. 14: Time-averaged wall-normal particle flux.

downstream of this region of intense production, the tur-
bulence production rapidly approached zero in the single-
phase flow. In contrast, the production of turbulence in the
dual-phase flow environment remained at higher levels fur-
ther downstream, which is the region where most sediment
particles were suspended. The larger region of maximum
turbulence production corresponded to the wall-normal lo-
cation of the shear layer between the accelerated flow near
the wall and the more quiescent flow above, and can be at-
tributed to the combined action of the vortices and the shear
layer, hence producing turbulence. Further downstream,
where the tip vortices were more significantly diffused (see
Fig. 8), however, additional turbulence was produced by
the suspended particles themselves, as shown in Fig. 12(b).

The turbulence intensities were also examined for cuts
made at the downstream location where the global maxi-

mum occurred, i.e. in this case at r/R = 1.66 (red lines),
and also at a location further downstream where most sedi-
ment was seen to be uplifted, i.e. at r/R = 2.26 (blue lines);
see the local particle flux in the wall-normal direction in
Fig. 14. Results for the single-phase measurements (dashed
lines) and for the carrier in the dual-phase measurements
(solid lines) are shown for the streamwise turbulence in-
tensity, Tu, in Fig. 15, and for the wall-normal turbulence
intensity, Tv, in Fig. 16.

The dual-phase flow showed more excursions in both
the vertical and streamwise turbulence intensities for the
carrier-phase in the region downstream, where most sed-
iment particles were seen to be uplifted, suspended, and
transported in the flow; see Figs. 13 and 14. These ex-
cursions were seen to be more pronounced for the wall-
normal turbulence (Fig. 16) than for the streamwise turbu-
lence (Fig. 15). Furthermore, it can be observed that the
wall-normal turbulence intensity, Tv, reached greater mag-
nitudes than the streamwise component, Tu, further away
from the wall, while this trend reversed as the wall was ap-
proached; also see Figs. 9 and 10. Although this finding
has not been documented for a wall-bounded flow as gen-
erated by a rotor, for canonical wall-bounded flows (such
as the flow over a flat plate) it is known that the turbulence
in the wall-normal direction can be suppressed close to the
wall [39].

Comparing the single-phase to the dual-phase results for
Tu and Tv, it can be seen that the measured turbulence in-
tensities close to the wall for both locations were greater
in the dual-phase flow environment. However, this was not
universally true further away from the wall (or bed) where
particle concentrations were more sparse. For the upstream
measurement location (r/R = 1.66), Tu and Tv were both
greater in the single-phase flow, but only above the wall-
normal distance where they reached their maximum (i.e.,
above z/R ≈ 0.13). In the region downstream, where
most particles were suspended, the values of Tu mostly
dominated over Tv in the dual-phase flow; also compare
Figs. 9(b) and 10(b). This preference in the distribution of
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Fig. 15: Streamwise turbulence intensity for the single-
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ditions as defined in the text).
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Fig. 16: Wall-normal turbulence intensity for the
single-phase (SP) and dual-phase (DP) flows. (Operat-
ing conditions as defined in the text).

turbulence drives its anisotropy, and so the increased turbu-
lence anisotropy in the dual-phase flow (even further away
from the sediment bed) can be attributed to the increase in
streamwise turbulence caused by the suspended particles;
see Fig. 17(b).

4.4 Anisotropy of Turbulence

As previously discussed, the concentrated vorticity in the
tip vortices induce velocity fluctuations, and hence tur-
bulence and Reynolds stresses, and can also induce sec-
ondary vortical flows. Furthermore, the induced velocity
excursions at the ground yield high shear rates. Such flow
characteristics at the ground contribute to the increased
anisotropy, |

√
u′2−

√
v′2|/vh, as shown in Fig. 17. Recall

that the extremely high values in Fig. 17(b) downstream
of r/R ≈ 2.1 just above the sediment bed are erroneous be-
cause of the loss of carrier-phase information when particle
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Fig. 17: Turbulence anisotropy normalized by hover in-
duced velocity, |

√
u′2−

√
v′2|/vh. (Operating conditions

as defined in the text).
concentrations are too high, causing significant laser light
reflections.

Compared to the dual-phase results shown in Fig. 17(b),
the turbulence near the ground showed a more isotropic
distribution in the single-phase flow; see Fig. 17(a). The
only source of turbulence anisotropy in the single-phase
flow were the tip vortices, which convected downstream
at almost a constant height above the ground (on average
at a height of z/R ≈ 0.13); this is the reason for the two
elongated streaks in the streamwise direction apparent in
Fig. 17. These two regions are divided by a region of rel-
atively low values, which represents the approximate path
of the vortex cores as they convected downstream.

The relatively high degree of turbulence anisotropy,
even in the single-phase flow (see Fig. 17(a)) is not sur-
prising because in highly swirling flows and stress-driven
secondary flows the anisotropy of turbulence has a domi-
nant effect on the mean flow [39]. In the dual-phase flow,
turbulence anisotropy was more pronounced in proximity
to the sediment bed where the highest particle fluxes were
measured, and also in regions further away from the wall,
but only downstream where most sediment particles were
seen to be suspended in the flow; compare Fig. 17(b) to the
measured particle fluxes shown in Figs. 13 and 14.

These findings confirm that particles in the flow increase



the anisotropy in the turbulence, which is consistent with
results for a pipe flow [14]. Therefore, in regions where
large quantities of particles are transported and airborne,
the assumption of isotropic turbulence is an incorrect one
for the external flow conditions of this study. Hence, tur-
bulence models that are based on this assumption are likely
to yield inadequate predictions of such a two-phase rotor
flow.

5. CONCLUSIONS
Comparative single-phase and dual-phase rotor experi-
ments were analyzed to examine how the mean flow prop-
erties, turbulence fields, and coherent vortex structures,
were affected by dispersed-phase particles uplifted from
a mobile sediment bed below a rotor. Contiguous time-
histories of the flow generated by the rotor and the subse-
quent flow development over the bed were obtained with
good spatio-temporal detail. The following specific con-
clusions have been drawn from the study:

1. The mean flow velocities and the turbulence charac-
teristics of the rotor-generated flow near the ground
were modified by the addition of the dispersed parti-
cle phase. The sediment particles were found to pro-
duce turbulence in the carrier-phase in regions that
contained relatively large quantities of suspended par-
ticles.

2. The presence of sediment particles changed the vor-
tical flow structures at the ground. In particular, the
coherent tip vortex structures were distorted by the
particles, resulting in the quicker radial diffusion of
vorticity and, in some cases, vortex break-up. As a
consequence, a more complicated vorticity field with
smaller length-scales was found in the dual-phase flow
environment.

3. For both the single-phase and dual-phase flows, the
wall-normal turbulence intensities were found to be
greater than the streamwise turbulence intensities fur-
ther away from the wall, while the wall-normal com-
ponent was suppressed closer to the wall (or to the
sediment bed) and was consequently smaller.

4. The anisotropy of turbulence was increased by the
presence of sediment particles in the dual-phase flow.
This effect was found to be particularly strong near the
sediment bed, in regions with increased streamwise
particle flux where particles saltated along the bed and
were transported downstream, and also in other re-
gions where more sediment particles were suspended.

5. Better insight has been obtained into the approxima-
tions and boundary conditions needed for the devel-
opment and validation of models for two-phase rotor-
generated flows to better simulate the problem of ro-
torcraft brownout. Clearly, if high enough particle
concentrations build up, then one-way coupling as-
sumptions between the phases cannot be justified.
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