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Abstract
This work presents numerical simulations of the brownout phenomenon produced by the Bo105 helicopter’'s
rotor in HIGE conditions, at a height equal to one rotor blade radius. A Lagrangian approach is implemented
in the CIRA free-wake aerodynamic solver RAMSYS to model both the direct entrainment and the bombard-
ment mechanisms of the brownout. Simulations use silica dust and sand of various granulometry, ranging from
1to 1000 um, and density of 2650 kg/m3. The results indicate that particles of 100 um are easily uplifted, while
1 um particles are never mobilized because the friction velocity produced by the rotor flow is not sufficient to
break the high inter-particle forces. A toroidal cloud forms around the rotor, which, however, even in the most
severe condition, does not obscure the pilot's visibility. Preliminary results are also shown for the brownout

produced by coaxial and side-by-side rotors.

1. NOTATION

Symbols
CcT Thrust coefficient T/pmR? (QR)?

d, Particle diameter, um
k Karman’s constant, (= 0.41)
k, Nikuradse equivalent roughness
length
m, Mass of the impacting particle, kg
m, Mass of the ejected n particle (=
my), kg
mpg Mass of the rebounded particle (=
my = my), kg
R Rotor radius, m
T Thrust of the rotor, N
u U Flow velocity, m/s
U, Friction velocity, m/s
Uy Threshold friction velocity, m/s
Vp Inflow velocity in hover (QR+/CT/2),
m/s
Vo Impacting particle velocity vector,
m/s
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2 INTRODUCTION

Brownout is a complex and hazardous phenomenon
that affects rotorcraft during landing, take-off, and
near-ground flight operations over dusty or sandy un-
prepared ground surfaces. An illustrative example is
shown in Figure 1.
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Figure 1: A helicopter encountering brownout con-
ditions

The combined effects of downwash flow and the prox-
imity of the rotor wake to the ground create a velocity
field that, when sufficiently intense, can cause loose
sediment particles to begin moving. Depending on the
vertical velocities near the ground, the sediment may
either fall back to the surface or be lifted and carried
away by the external flow. The close proximity of the
individual vortices in the wake to the sediment bed is
likely responsible for stirring up a significant amount
of dust, Ref.[1].

This phenomenon involves multiple scales and en-
compasses complex events such as ground effects
on rotor wake, turbulent bursts, surface wall jets, tip
vortices, and their interactions. These aerodynamic
interactions, combined with particle interactions, cre-
ate a complicated multiphase phenomenon. Along-
side the vortical wake caused by the rotor, there are
unsteady effects from the bluff body beneath the ro-
tor, as well as the dynamics of the particles, which
further complicate the physics involved. In near-
ground operations, highly unsteady wind velocities
are common and significantly influence the behaviour
of the particulate clouds that lead to brownout condi-
tions.

Rotorcraft can produce various types of dust clouds
that differ in size, concentration, and the speed at
which they form. For instance, some helicopters cre-
ate radially expanding, toroidal-shaped dust clouds
with minimal vertical dust entrainment, allowing the
pilot to maintain good visibility within the cloud. In

contrast, other helicopters generate large, dome-
shaped dust clouds that can fully envelop the aircraft,
often resulting in significant recirculation of dust
through the rotor disk. This recirculation can lead to a
vertical bombardment of dust particles back onto the
ground at relatively high speeds, which stirs up even
more dust through a cascading mechanism. Even
when the same rotorcraft performs similar take-off or
landing manoeuvres, different brownout conditions
can arise depending on the characteristics of the sur-
face sediment, including the type and size of the par-
ticles, their compaction, moisture content, and other
factors.

The loss of visibility caused by dust clouds during
brownout conditions can lead to spatial disorientation
for pilots, which is a major cause of accidents related
to human factors. This can also hinder the autono-
mous flight of unmanned rotorcraft if their onboard
guidance, navigation, and control (GNC) technology
relies on vision.

In both scenarios, brownout poses significant risks,
leading to loss of life and damage to aircraft. Indeed,
rotorcraft operating in brownout conditions suffer from
reduced lifetime of rotor blades, engines, and other
components due to the abrasive nature of the dust
cloud. This dust can also cause malfunctions of
onboard sensors.

There are two common ways to mitigate the adverse
effects on rotorcraft operations during brownout. The
first one is to use on-board sensors to support the pi-
lot to maintain proper orientation and situational
awareness of the surrounding area. The second way
is to weaken the effects of the wake system gener-
ated by the rotor. This can be obtained by acting on
several rotorcraft design factors like the number of
blades, blade radius, disk loading, blade root cut-out,
blade chord, blade twist, blade geometry, rotor speed,
ground proximity, rotor and fuselage configuration,
and orientation, etc.

To develop an effective strategy for mitigating brown-
outs, it is essential to understand the fundamental
physical principles that lead to the formation of dust
clouds due to rotor downwash in various flight condi-
tions. Significant efforts are being made by multiple
research laboratories and universities through full-
scale flight tests, scaled laboratory tests, and the de-
velopment of advanced computational models. These
initiatives aim to better understand and predict the
physics behind brownout characteristics under differ-
ent operating scenarios. A collection of references



related to the experimental studies on brownouts can
be found in Ref.[2].

The full-scale flight-test data play an important role in
understanding brownout characteristics, but they are
rare and may have problems with data quality and re-
peatability. Laboratory experiments on scaled rotor
models were carried out under controlled conditions
using particle image velocimetry Refs.[1], [3]. Ghosh
and Ragajopalan, Ref.[2], studied the effects of fuse-
lage shapes on rotor in-ground-effect aerodynamics,
which is relevant in understanding the problem of ro-
torcraft brownout. Ramasamy et al., Ref.[4], con-
ducted a series of laboratory experiments to identify
and understand various flow phenomena contributing
to tandem rotor downwash and outwash, and also
evaluated the scaling effects by comparing the
model-scale measurements with full-scale measure-
ments.

Data obtained from laboratory-scale experiments are
often better conditioned; however, it can be challeng-
ing to relate the scaled-down particles used in these
experiments to actual full-scale scenarios. While
there are very few full-scale flight tests and experi-
ments, and they may have noisy data and scalability
issues, these tests provide valuable insights into un-
derstanding the brownout phenomenon and help val-
idate computational models.

Due to the limited number of experimental analyses
available, computational modelling has become an
essential tool for understanding the physics of brown-
out and for finding ways to mitigate it by adjusting de-
sign parameters and operating conditions. Fully vali-
dated models can help identify key design and oper-
ational factors that influence the overall intensity of
the dust cloud, directing research towards more ef-
fective long-term solutions for reducing brownout.
These factors may include, but are not limited to,
careful selection of rotor disk loading, blade loading,
rotor tip speed, the number of blades, blade tip shape,
number of rotors, and fuselage shape.

Investigating the brownout problem through numeri-
cal methods requires consideration of several key as-
pects. These include: the aerodynamic flow around a
rotor in ground effect, the “carrier phase”; the direct
entrainment of sediment particles from the ground,
due to the shear stresses produced by the rotor flow
to the ground particles; the motion of these particles
in the air, their interactions with the ground, and the
process of saltation bombardment.

Additionally, developing a model for the brownout
cloud is particularly complex due to the need for it to:

a) effectively represent multiple modes of parti-
cle uplift and entrainment;

b) contain a sufficient number of dust particles
to accurately describe the essential features
and characteristics of the brownout cloud;

c) avoid including so many particles that the
computations become infeasible.

Furthermore, a prerequisite for modelling brownout is
the accurate modelling of the time-dependent rotor
flow for a rotorcraft manoeuvring near the ground,
which in itself is extremely challenging.

Two approaches are popular in modelling particle en-
trainment and transport processes.

In the Lagrangian approach, the dynamics and trajec-
tories of the representative dust particles under the
influence of the rotor flow are modelled using New-
ton’s second law of motion. The characteristics of the
dust cloud are then derived from the behaviour of
these representative particles. Wachspress et al. at
Continuum Dynamics, Refs.[5], [6], employed a low-
fidelity real-time free wake model, coupled with a dust
and debris transport model, that uses analytical meth-
ods in a Lagrangian framework. D’Andrea, Ref.[7],
used a “brownout simulation tool”, a computational
chain based on the aerodynamic solver ADPANEL,
an unstructured panel code with a time-stepping non-
linear free wake vortex model and constant vorticity
contour model, which is coupled to a particle transport
model to assess the brownout characteristics under
unsteady vortical flows of rotorcraft operating on the
ground. Leishman and his research group at the Uni-
versity of Maryland also used the Lagrangian ap-
proach for particle tracking during a brownout. They
coupled the Lagrangian particle tracking model with
the free vortex method, Refs.[8], [9], [10], [11], and
RANS equations to model the in-ground effect of the
rotor during various rotorcraft manoeuvres. Go-
vindarajan and Leishman, Ref.[12], carried out a
study on landing manoeuvres with different rotor
placement and configuration using a time-dependent
free-vortex wake modelling approach. To model the
particle transport, they used particle tracking ap-
proach based on solutions to a decoupled form of
Basset—Boussinesq—Oseen equations appropriate
for particles at low Reynolds number Stokes flow.

One of the disadvantages of the free-wake method is
that the flow field predicted is inviscid and needs



empirical models to approximate the ground bound-
ary layer. A hybrid approach proposed by Thomas et
al., Ref.[13], combined the vortex wake method with
the Eulerian method to efficiently model the flow field
around the rotor while using a Lagrangian approach
to model the particle transport. Additionally, the free
vortex method with the Lagrangian approach for par-
ticle tracking has a high computational cost when
wake discretization or the number of particles is in-
creased. This can result in processing time ranging
from hours to days on CPUs. To reduce the compu-
tational expense of the Lagrangian approach, several
techniques can be applied. As relevant examples,
D’Andrea adopted a Multi-Processor (MPI) imple-
mentation of the ADPANEL code, Ref.[7], whereas
Govindarajan et al. applied a particle clustering
method, in which the equation of particle motion is ap-
plied to a group or cluster of particles instead of indi-
vidual particles, Ref.[14]. Syal used a GPU-based
parallel computing, Ref.[9].

A novel approach to helicopter brownout was devel-
oped by Tan et al., Ref.[15], by coupling a vortex par-
ticle method and a discrete element method. The dy-
namics of individual sand particles including the par-
ticle-particle and particle-surface interactions was di-
rectly computed, and coupled with the flow field of the
rotorcraft through air forces acting on individual sand
particles. The authors concluded that compared with
Lagrangian dust cloud simulations, the front edge and
the height of the dust cloud were predicted better by
this novel approach.

In the Eulerian approach, the overall dynamics of the
particle distribution in the air are modelled using suit-
able transport equations. This approach was applied
to the brownout problem by Ryerson et al., Ref.[16]
and Haehnel et al., Ref.[17]. Both these works use a
two-phase model to represent the particle dynamics
and assume a one-way coupling between the fluid
and the particles, that is, the fluid affects the particle
but not the other way around. Another study of the
brownout problem using the Eulerian approach was
conducted by Phillips and Brown, Refs.[18], [19].
They used the vorticity transport model to solve the
rotor flow field and coupled it with an Eulerian-based
dust transport equation to represent the dust entrain-
ment process. The dust transport model uses empiri-
cal correlations borrowed from sedimentology to
model the evolution of particle density distribution and
its relation with the flow field velocity and vorticity.

Both the Lagrangian and Eulerian approach have
their advantages and disadvantages. On the one
hand, the Lagrangian approach can model the dy-
namics of distribution of the particles with varying
properties with great details. Accurate modelling of
particle dynamics is particularly important near the
ground, where the saltation process with particle up-
liftment by discrete vortices and bombardment mech-
anisms occurs. The disadvantage of the Lagrangian
approach is that it needs to model a very large num-
ber of particles to accurately measure the dust den-
sity within the flow around the rotorcraft. On the other
hand, in the Eulerian approach, the particles are rep-
resented by particle density field. The dynamics of
particulate distribution are obtained by solving a par-
tial differential equation (PDE) that governs the evo-
lution of particle density, thus making the process
computationally very efficient. The disadvantage is
that it cannot model the local particle dynamics such
as saltation near the ground and needs some particle
flux model to handle the entrainment process.

Rovere et al., Ref.[20], presented a comparison of
brownout simulations using both Lagrangian and Eu-
lerian frames of reference. They concluded that, alt-
hough the results exhibited very similar behaviour in
terms of cloud shape and size, the Eulerian model is
generally more cost-effective in terms of computa-
tional resources.

The present work illustrates the implementation activ-
ity, carried out at CIRA, of a Lagrangian approach in
the in-house free-wake aerodynamic solver RAMSYS
for the numerical simulation of the brownout of a hel-
icopter rotor in HIGE conditions. In particular, section
3 describes the main characteristics of the aerody-
namic solver and the results of the carrier phase. The
particle transport model, at the base of the brownout
direct entrainment mechanism, and the bombard-
ment mechanism are illustrated, along with the results
obtained, in sections 4 and 5, respectively. In addi-
tion, section 6 shows the results of the brownout pro-
duced by the direct entrainment mechanism on a
counter-rotating coaxial rotor and by a side-by-side
co-rotating and contra-rotating rotor. Finally, section
7 outlines the principal conclusions drawn from this
study and delineates possible future developments.



3 THE ROTOR FLOW (THE CARRIER PHASE)
3.1  The numerical solver RAMSYS

The unsteady flow induced by the rotorcraft was mod-
elled by using the in-house developed medium-fidel-
ity code RAMSYS, Ref.[21]. which is an unsteady, in-
viscid and incompressible free-wake vortex lattice
boundary element methodology (BEM) solver for mul-
tirotor, multi-body configurations developed at CIRA.
It is based on Morino's boundary integral formulation
for the solution of Laplace's equation for the velocity
potential ¢. The surface pressure distributions are
evaluated by applying the unsteady version of Ber-
noulli equation, which is then integrated to provide the
forces and moments on the configuration and the sur-
rounding obstacles. A computational acceleration is
obtained by applying the module for symmetrical
flows and geometries implemented in the solver and
the parallel execution via the OpenMP API.

3.2 The Bo105 helicopter

All the brownout simulations described in the present
document dealt with the full-scale main rotor of the
Bo105 helicopter hovering, in ground effect (HIGE),
one blade radius above the ground (z/R = 1).

The Bo105 is a small multipurpose helicopter built by
MBB (now Airbus Helicopters) and is powered by two
Allison 250 C20 engines. It is a relatively small heli-
copter with an empty weight of about 1200kg and a
maximum gross weight of 2300kg. Typical uses of the
highly manoeuvrable Bo105 helicopter are transport,
off-shore, police, and military missions. The Bo105
has a hingeless main rotor with four rectangular
blades, constituted by a NACA23012 airfoil, and a
two-bladed teetering tail rotor. The main rotor is in-
stalled 3m (z/R = 0.61) from the ground. The cabin
has a height of 1.25m and its top is approximately
located 1 m below the main rotor. The main properties
are summarized in Table 1, while the details can be
found in Lehmann, Ref.[22].

Figure 2: Bo105 helicopter

Table 1: Main characteristics of the Bo105 main
rotor

Description Value
Radius, R 4912 m
Rotor speed, Q 424 RPM
Blade chord, ¢ 0.27m

Number of blades 4

Pre-cone angle, B, 2.5°
Main rotor shaft tilt, agy, -3.0°
First aerodynamic section (22%R) 1.1m
Twist (linear), 8,,, —6.2°
Effective blade mass, M 24.2 kg

In order to expedite the calculation, the fuselage and
the tail rotor were not included in the calculations. In
addition, the pre-cone and the shaft tilt angles were
set equal to zero for simplicity.

3.3 Space and time discretization

In consideration of the extremely intensive calcula-
tions required for the brownout simulations, the dis-
cretization of each of the four rectangular blades was
limited to 20 panels chordwise and 10 panels
spanwise, with a refinement toward the blade tip in
order to have a more accurate description of the tip
vortex. Similarly, an azimuth step of 15° was used for
each rotor revolution. Both the number of wake spi-
rals and rotor revolutions were set equal to 21 in order
to enable a 3s simulation of the brownout phenome-
non.

3.4 Analysis of the Bo105 main rotor in HIGE

The aerodynamics of the Bo105 main rotor hovering
in ground effect (HIGE) was simulated by applying the
Method of Images (MIM).

The application of this method is accurate and effi-
cient, but it can only be employed when symmetry
conditions in the flow field are identifiable. This is not
the case for a rotor flying near surfaces of arbitrary
shapes, where this method cannot be used. Instead,
the Surface Singularity Method (SSM), offering
greater modelling flexibility, would be necessary, alt-
hough more computationally intensive.

However, in consideration of the relevant computa-
tional time required for brownout simulations, it was
assumed that they would be carried out only for ro-
torcraft in the proximity to flat surfaces, which can
therefore be simulated by a symmetry plane. With this
assumption, the ground effect was modelled by ap-
plying the MIM only.



The main rotor was trimmed in hover flight out of
ground effect (HOGE) in order to produce the thrust
required to balance the helicopter weight of 2300 kg.
This was obtained by setting the blade collective pitch
6, to 8.08°. This value was kept constant in all the
calculations in HIGE conditions. In order to evaluate
and demonstrate the capability of RAMSYS to simu-
late HIGE flight conditions, a direct comparison was
made with the analytical expression by Cheeseman
and Bennett, Ref.[23], of the thrust increase in IGE
conditions with respect to the OGE condition.

In hover flight, the analytical expression is given by
the relationship:
Tige _ 1

(1) OGE_ z
1= ()

which is obtained by considering the power as con-
stant.

Figure 3 illustrates the numerical predictions both at
constant collective pitch and at constant power (more
precisely, since RAMSYS is an inviscid solver, the re-
sults were obtained at constant induced power). As
expected, the ones at constant power produced a
very satisfactory agreement with the analytical for-
mula.
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Figure 3: Rotor thrust ratio T;;5/Tycr - Compari-
son between RAMSYS numerical results and the
Cheeseman & Bennet analytical ones.

Figure 4 illustrates the time history of the wake devel-
opment. As the wake approaches the ground, the ini-
tial downwash is deflected in an outwash, pushing the
wake roll-up outward all around the ground surface
(referred to as groundwash).
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Figure 4: Time history of the wake development —
Cross-sectional planes
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The final shape of the wake system, after 21 rotor rev-
olutions, is shown in Figure 5, while Figure 6 high-
lights the groundwash process and the strong vortex
roll-up occurring at the outer boundary of the wake
system. These are the two mechanisms that trigger
the particle entrainment, which gives rise to the
brownout.

Figure 5: Wake development after 21 rotor revolu-
tions — Top view (top); Side view (bottom)
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Figure 6: Time-averaged induced velocity contour
map & Streamlines after 21 rotor revolutions —
Cross-sectional plane passing through the rotor
hub centre.

The change with height from the ground of the radial
velocities in the wake, generated by the rotor in HIGE
condition, is illustrated in Figure 7 for six radial dis-
tances from the rotor hub. These velocities were non-
dimensionalized with respect to the inflow velocity

v, = QR./CT /2. With reference to Figure 6, it can be

observed that around the rotor blade tip, the velocity
change with height is mainly produced by the shear



layer and extends over the whole height. Outside of result of the groundwash that is generated by the
the rotor, the change in radial velocity is concentrated  presence of the ground, which deflects the rotor
in the proximity to the ground with a maximum value = downwash outward.

reached at the radial station r/R = 1.50. This is the
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Figure 8: Radial velocities of the rotor in HIGE for the small-scale rotor of Ref.[24]



The lack of flow field experimental data for this con-
figuration did not allow the validation of the predicted
radial velocities. For this reason, additional calcula-
tions were made for a test case proposed by Lee et
al., Ref.[24], for which the experimental radial veloci-
ties were available. The rotor is a small one with two
blades, in ground effectat z/R = 1, having rectangu-
lar blades of radius R = 0.086 m, chordc = 0.019m
and speed 2 = 3600 RPM. The experimental thrust
coefficient CT was set equal to 0.015. Figure 8 shows
the comparisons at six radial stations. The agreement
with the experimental measurements is satisfactory
until the radial station r/R = 1.50. Beyond this sta-
tion, the numerical results show a higher acceleration
of the velocity while approaching the ground surface.

4 PARTICLE TRANSPORT MODEL

A brownout particle cloud is composed by billions of
sediment particles per cubic volume that span a wide
range of diameters. On the Earth, studies conducted
by Cowherd on the brownout characteristics gener-
ated by six rotorcraft, Ref.[25], demonstrated that the
dimension of these particles ranges from 2 um to
350 um. Depending on their diameter, they are clas-
sified as dust if their diameter is < 62.5 um, and as
sand if their diameter is between 62.5 and 2000 um.
The mechanism through which this particle cloud
generates and develops in time is explained in the
present section.

4.1 Friction velocity

Particles of dust and sand, initially at rest below the
boundary layer flow, are subject to several forces, in-
cluding inter-particle cohesive, lift, drag, and gravita-
tional forces, as shown in Figure 9.

Boundary layer flow

Aerodynamic force

Mean free surface

Roughness

height Sediment bed

Gravitational force

Figure 9: Forces acting on a particle initially at rest
on the ground surface

Ground surface

The aerodynamic forces acting on the stationary par-
ticle are produced by the surface boundary layer flow,
which causes the rise of strong shear stresses t on

the particle to which correspond a friction velocity u,
conventionally expressed as:

(2) u, =

Bagnold, Ref.[26], observed that an increase in the
velocity induced by the surface flows increases the
friction velocity, and where it reaches a certain thresh-
old, i.e., u, > u,,, particles that are initially in equilib-
rium on the ground then move downstream in salta-
tion under the effect of the lift force, in the absence of
impact with other particles. Owen, Ref.[27], evaluated
a simple expression for the initial vertical velocity in
the saltation layer as expressed by V,, = 2.8u,,. This

expression was used in the present investigation.

T/p

In order to quantify the entity of the friction velocity w,,
the properties of the turbulent boundary layer gener-
ated by the surface flow must be known. In the pre-
sent investigation, centred on an inviscid model of the
aerodynamics, the external flow is predicted but the
near-wall boundary layer region itself is not resolved.
In this case, a self-similar logarithmic velocity profile
of the form:

; = tog(2)
3) ul@) = rlog 3
is assumed in this boundary layer region. The term z
is the average height of the particle within the bound-
ary layer, k is the Karman’s constant, equal to 0.41,
and k, represents the Nikuradse equivalent rough-
ness length. Its value usually depends on several
characteristics of the flow and the surface properties
but a common approximation is to use the value k, =
d,/30, which is valid for a flat bed of sand particles.

The process for finding u, with an inviscid model also
requires the assumption of a nominal boundary layer
thickness, §. In this case:

B u(6)
"= klog(8/k,)

where u(8) is evaluated by the RAMSYS inviscid aer-
odynamic solver. Experiments have shown that the
thickness of the boundary layer in the fully developed
wall-jet flow on the ground below a rotor is of the order
of 5% of rotor radius, Refs.[1], [24], [28]. This assump-
tion was followed in the present investigation, and a
boundary layer thickness § = 0.25m was used. Fig-
ure 10 illustrates a contour map of the variation of the
time-averaged groundwash velocity at the outer edge
of the boundary layer §. In addition, the distribution
along the longitudinal and lateral axes is also

(4)



represented. Underneath the rotor disk, the velocity is
extremely small but increases rapidly moving outward
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and away from the rotor, reaching a maximum value
in the region where the wake roll-up occurs.
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Figure 10: Variation of time-averaged groundwash velocity at the outer edge of the boundary layer —
Contour map (left); Distribution along longitudinal and lateral axes (right)

4.2 Threshold friction velocity

Fundamentally, u,; is a measure of the inertia of the
surface to the boundary layer shear stress acting on
sediment bed and its value is affected by moisture
content, roughness, cohesiveness, and other factors.

Bagnold, Ref.[26], derived a threshold friction velocity
expression considering the effect of only aerody-
namic drag and gravity forces, which can be applied
with success to particles of large size only. The major
limitation of this model is in the fact it cannot be ap-
plied to small particles where cohesive inter-particle
forces, including van der Waals forces, water adsorp-
tion forces, and electrostatic forces, dominate. Cohe-
sive forces are the most difficult to measure and can
only be approximately estimated for the development
of mathematical models. Greeley and Iversen,
Ref.[29], extended Bagnold’s model to the considera-
tion of inter-particle forces, but the resulting expres-
sion involves complicated empirical functions. There-
fore, a simplified and elegant expression for u,,,
found by Shao and Lu, Ref.[30], is commonly used,
i.e.

Pp—p B
(5) u,=A d, +—

where A = 0.1109 and 8 = 3 x 10~* for aeolian flows.
The first term under the square root corresponds to

Bagnold’s term, applicable to large particles and line-
arly increasing with the particle diameter. The second
term accounts for the inter-particle cohesive forces
which dominate the small particle and is inversely
proportional to the particle diameter. Figure 11 shows
an example of the variation of the threshold friction
velocity with particle size of silica sand. It can be seen
that u,, reaches a minimum for particles of intermedi-
ate sizes (about 100 um). For larger particles, gravi-
tational forces dominate and the friction velocity in-
creases with \/d_p. For smaller particles, the inter-par-
ticle cohesive forces increase the threshold friction
velocity and thereby limit particle motion through the
mechanism of saltation. Notice that the value of u,; is
higher for particles of sizes smaller than 10 ym. How-
ever, the concentrations of particles with sizes <
10 um tend to dominate the developments in a typical
brownout dust cloud. This suggests that the direct
aerodynamic entrainment after reaching threshold
conditions is not the only mechanism with which dust
particles are entrained into a brownout cloud. Indeed,
another mechanism of the entrainment of dust parti-
cles is through the saltation motion of larger particles,
which can impact the sediment bed and cause the
ejection of new particles through a process known as
bombardment.

Finally, Figure 11 also shows the values of the veloc-
ities at the edge of the boundary layer beyond which



the entrainment process is activated. It is clearly ob-
servable that, due to the high inter-particle cohesive
forces, much higher velocities are required to entrain
small particles than big ones.
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Figure 11: Variation of the threshold friction veloc-
ity and of the velocity at the outer edge of the
boundary layer as a function of the particle diame-
ter

4.3 Particle convection

Once the particles are entrained into the flow field
near the ground, the resulting forces acting on the
particles govern their convective motion. It is as-
sumed hereafter that the resulting two-phase flow is
lightly loaded by the particles, in that the particle mo-
tion is driven by the air but not vice versa (i.e., one-
way coupling), which is an approximation strictly valid
for low particle densities only. This means that the
particles are considered as a discrete phase and the
pathway of each individual particle is tracked in time.

In the most general case, the forces acting on the par-
ticles include a drag force Fp, a lift force F;, gravity
force F;, buoyant force Fg, apparent mass forces F,,,
Basset forces Fg,s0:, €1C. The Basset-Boussinesg-
Oseen (BBO) equations govern the resulting dynamic
behaviour of the particles. The Bassett force, which
depends on the time-history of the particle motion,
manifests as an apparent drag force ,but it can be ne-
glected 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 proportionally to the ratio of the gas to par-
ticle density, which is of the order of 1072 in air. There-
fore, perhaps with some exceptions, the other forces
can be justifiably neglected for brownout problems.

Aerodynamic lift

Inertia force

Relative velocity
Up

Spin Aerodynamic drag

Acceleration
Ap

\
Gravitational force

Figure 12: Forces acting on the air-borne particle

Referring to Figure 12, the BBO equations of motion
describing the particles can then be simplified to:

av,
mW = Z F=F,+F;
6 1
© = ~30CoAlV, U] (v,
-U)+mg
where V,, and U are the particle and flow velocity vec-
tors, respectively, at any instant in time.

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

mdj/4. The drag coefficient, C), is a function of parti-
cle Reynolds number Re,, i.e.:

24
) Cb(Rep)==E;;(1-+(l15Re£687)
where
V,—Uld
®) Re, = Vo= Uldy
v

For the size of particles prominent in brownout clouds
then Re, « 1, i.e., the particles behave as in Stokes’

flow. For such flows, C,, is given by:
24

©) Co = Re,

Eq. (6) can be rearranged in a more compact form as:

(10) vy =_(Vp_U)+

dt T

g9
P

where 7, is the particle response time as given by:

m

11 =7
an 50Co(Rey)AlV, — U]

For spherical particles in Stokes-type flows Eq. (11)
then becomes:



T, = Podp

18v
The vector Eq. (6) can be split in its three components
as:

(12)

dt Tp
(13) dVpy _ _(pr_ y)
dt Tp

A, _ (Ve = Us)

=- -9
dt Tp

A method for solving the three scalar equations is the
one proposed in Ref.[8], according to which Egs. (13)
are re-written as:

d
& (pwe/) = E 0/

d
—(V

(14) = (Vye

t/rp) — Fy(t)et/rp

d
= (oe™) = E(D)et/®

with the terms:

F,=—=
X Tp

U
F,=-2

Tp

U,—grt
g = zTgp

D

representing the forcing functions. The solution to this
set of equations is obtained by applying a set of re-
currence equations of the form:

Vpi(t + At)

t+At
(15) = Vpie /™ + e~ (t+A0/Tp f F(o)e?/™do

t

=V,

e M+, F(D)(1— e™2/)

where i = 1,2,3 corresponding to the three x,y,z di-

rections. This equation is accurate for any value of
At /T, because no approximation is made for it. The
only approximation involved regards the term F(o)
which is assumed to remain constant during the pe-
riod of time At.

Once evaluated the effective velocity V,, of each par-
ticle, the update of each particle’s position x,, in space

is obtained by applying a third-order Adams-Bash-
forth explicit scheme:

xp" =2, 4 [23V,(0) — 16V, (¢t — Ab) +

(16) 5V, (t — 2A0)| At/12

4.4 Turbulent boundary layer

The potential nature of RAMSYS solver, centred on
an inviscid model of the aerodynamics, enables the
prediction of the external flow but does not resolve the
near-wall boundary layer region. To overcome the
problem, a turbulent boundary layer model, based on
a self-similar logarithmic velocity profile, was applied,
having the form of Eq.(3).

However, this equation does not consider the fluctu-
ating component present in the flow field, which is re-
quired to properly simulate the entrainment process.
A solution to the problem is illustrated by Haehnel et
al. in Ref.[17], where the stochastic modelling pro-
posed by Teunissen, Ref.[31], is described.

In this model, the instantaneous velocity component
in the i-th direction can be written as V, =V, +V';
where V; is the mean value, evaluated by Eq.(3), and
V'; represents the fluctuation that is evaluated by us-
ing the stochastic model. It is useful to note that this
evaluation is required only in the proximity to the
ground, where the particle entrainment takes place,
and not in the whole flow field. Following Teunissen,
Ref.[31], the turbulence intensity T; = V';/V; in the at-
mospheric boundary layer (ABL) can be expressed as

Ty ~ 1/log (Zi) and T, ~ Ty, /2. Then, the fluctua-
0
tion can be expressed as:

(17) V' =T,

where ( is a normally distributed random number var-
ying between —1 and 1. Using Eq.(17), a fluctuating
velocity component field for each of the coordinate di-
rections near the surface at each time step is gener-
ated.

A drawback of this stochastic modelling of turbulence
is that it does not capture the nature of real turbulent
flow - that is, correlation in time and space - and the
random stochastic fluctuations may not correctly
transport the suspended particles since temporal cor-
relations are neglected.

4.5 Calculation procedure

A monolithic approach was followed to numerically
simulate the brownout, in the sense that the model for



the particle transport was fully integrated in the aero-
dynamic solver RAMSYS.

In order to set up the computational procedure, the
sketch of the aeolian sand transport, described by
Wang et al. in Ref.[32], was used as a reference, and
is illustrated in Figure 13. The ground soil consists of
two layers: in the static layer, whose width is defined
by the Nikuradse equivalent roughness length k,., de-
scribed in section 4.1, the particles are still and are
not mobilized by the surface flow; the creep layer is a
dense shear flow of particles driven by the shear
stress 7, Eq. (2), applied on the surface of the creep
layer. The interface region between the ground soil
and the stream flow is represented by the outer layer,
composed by the saltation layer, a dilute rapid particle
flow in which heavier, saltating particles are acceler-
ated by the stream flow before impacting the creep
layer, and a suspension layer in which lighter particles
are lofted into the air and remain in suspension.

Outer layer

Creep layer

Staticlayer

Figure 13: Sketch of the particle transport model

The simulation starts by reading the rotor geometry,
the test conditions and the initial distribution of parti-
cles lying on a flat ground surface. Despite this initial
distribution can be composed by particles of different
granulometry (density and diameter) and different
concentration, the simulations described in the pre-
sent document refer to a uniform distribution of parti-
cles all having the same density and diameter.

The simulation proceeds by starting a time evolution
of both the aerodynamic flow field and the brownout.
In particular, for each time step, the following five
points are executed:

1. Laplace’s equation for the velocity potential ¢,
Ref.[21], is solved, and the pressure distribu-
tion and the loads acting on the rotor are eval-
uated;

2. The velocities on a surface at the outer edge
of the boundary layer are calculated,;

3. Depending on the position of each single par-
ticle at the current time step, three different
conditions are possible:

a. The particle is outside of the boundary
layer, in the outer layer: in this case, the
full particle convection model, described
in section 4.3, is applied;

b. The particle is inside the boundary layer
but outside of the creep layer: in this case,
the particle convection model of section
4.3 is applied with the constraint that the
vertical particle velocity w, is produced by
the gravitational force and the flow turbu-
lence;

c. The particle is inside the boundary layer
and inside the creep layer. In this case,
the friction velocity u, and the threshold
friction velocity u,, are evaluated. If u, >
u,; then the particle is uplifted with initial
vertical velocity w,, = 2.8u,,, according to
Owen'’s hypothesis, Ref.[27]; otherwise, if
u, < u,, then vV, = 0 and the particle re-
mains still.

4. The particles’ positions are updated: ‘%” =V,

5. Anewtime stepis set: t"*1 = t" + At and the
calculation is repeated from point 2.

4.6 Results of the brownout simulations

Brownout simulations were carried out for the helicop-
ter rotor hovering at a height from the ground equal to
one rotor blade radius (z/R = 1). The ground was
modelled as a flat surface and its presence was sim-
ulated by applying the Method of Images (MIM). A
70 m x 70 m portion of the ground surface, centred
with the rotor hub, was disseminated with a single-
layered, uniform distribution of 250000 particles of sil-
ica sand (density p, = 2650 kg/m?), all having the
same size. The thickness of the sand soil, z,;;, was
set equal to 0.24 m, taking into account the consider-
ations made by D’Andrea in Ref.[7], stating that the
thickness value is about 1 foot (0.3048 m), and by
Syal in Ref.[9], according to which this value is about
2% of the rotor blade radius (i.e. 0.10 m in the specific
case). The initial vertical position of the particles was
set equal to zg,;;-

Six test cases were analysed, each with a different
particle diameter:



e Dust particles: 1um; 10um; 50um;
e Sand particles: 100um; 500um; 1000um

Figure 14 illustrates the brownout cloud shapes after
3s of simulation for three particle diameters. In the
case of d, = 1um, the gravitational forces are negli-
gible but the inter-particle cohesive forces are so
strong that the groundwash generated by the helicop-
ter rotor is unable to entrain particles. Indeed, accord-
ing to the values indicated in the diagram of Figure
10, the maximum value of the groundwash reached
at the outer edge of the boundary layer, u(8), is only
about half the value of the velocity required to over-
come the threshold friction velocity u,, (~32m/s vs
~68 m/s). Consequently, no particle is mobilized.

When the particle diameter is d,, = 10um, Figure 14a,
the gravitational forces are still small but the inter-par-
ticle forces exert a lower effect, as indicated in Figure
11. In this case, the velocity required to overcome u,;
becomes lower than the maximum value of u(6)
(~19m/s vs ~32 m/s), and many particles, under
the effect of the groundwash, are entrained from the
ground and uplifted. The particles underneath the ro-
tor hub are subject to the downwash of the rotor not
yet converted into an outwash. For this reason, the
friction velocity is extremely low and the particles stay
still.

a)d, = 10um

b) d, = 100um

The case with particle diameter of d,, = 100um, Fig-
ure 14b, is the one where u,, reaches the minimum.
The velocity required to overcome u,, becomes much
lower than the maximum value of u(§) (~7m/s vs
~32 m/s).

Sand particles with diameter d,, = 1000um, Figure
14c, are dominated by the gravitational forces. They
are extremely heavy but nevertheless the u,, is suffi-
ciently lower than the maximum value of u(§)
(~12m/s vs ~32 m/s) to enable their mobilization.
The particles, under the effect of the groundwash,
start a saltation process during which, once uplifted,
they quickly fall back to the ground because of their
weight, producing smooth ballistic-like trajectories.

A detail of the process of brownout cloud formation is
illustrated in Figure 15 for the case of sand particles
having diameter d,, = 100um. The sequence shows
the brownout evolution every 1s. In the first second of
simulation, the particles are mobilized and spread
outward from the rotor hub with only an incipient uplift.
In the next second of simulation, the outward spread-
ing continues and the uplift becomes significant. In
particular, att = 2s particles are rolled up by the rotor
wake and fall back to the ground This process contin-
ues during the last second of simulation.

c)d, = 1000um

Figure 14: Brownout cloud development for particles of different diameters. Top view (top); Side view (bot-
tom)
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Figure 15: Time evolution of the brownout cloud for particles of diameter d,, = 100um.Top view (top); side
view (bottom)

A quantification of the fraction of mobilized particles
for the different particle diameters, after 2s and 3s of
simulation, is shown in Figure 16. The maximum
value is reached by sand particles of diameter d,, =
100um.
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Figure 16: Fraction of mobilized particles as a
function of particle diameter at 2s and 3s

Figure 17 illustrates the fraction of mobilized particles
distributions at the different heights from the ground,

d, =10 um
7 7

d, =100 um

for the different particle diameters, after 3s of simula-
tion. Each bar represents an altitude range of 0.25m,
having its upper boundary in the value indicated in the
ordinates (e.g.: the bar corresponding to the abscissa
1m, accounts for all the particles having a height from
the ground from 0.75m to 1.00 m). With the only ex-
ception of the case d,, = 1um, for which no mobiliza-
tion of particles occurs, as the particle diameter in-
creases, the particles are gradually more cconcen-
trated toward the ground. In particular, with reference
to the position of the helicopter, Figure 18-left, parti-
cles of diameter d, = 10um generate a brownout
cloud that fully envelopes the helicopter but only a
fraction of less than 5% can potentially obscure the
visibility of the cabin (between 3m and 4m). In addi-
tion, only 0.55% of particles are suspended in the re-
gion of the helicopter rotor (between 4.5m and 5m).
However, Figure 18-right shows that the cloud is suf-
ficiently away from the helicopter to create visibility
problems to the pilot or damages to the helicopter.
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Figure 17: Fraction of mobilized particles vs particle height from the ground at 3 s of simulation
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Figure 18: Brownout cloud around BO105 helicopter at 3 s of simulation using sand particles of diameter
d, = 100um — Side view — detail around the helicopter (left); Global view (right)

Figure 19 illustrates the average velocities reached
by the fractions of mobilized particles, after 3s of sim-
ulation, for the different particle diameters. Since no
particle of diameter d,, = 1um is mobilized, the aver-

age velocity is zero. For the particle diameter d,, =

between 10m/s and 14m/s, whereas for the case
d, = 100um the same velocities are reached by
about 35% of particles. At d,, = 1000um, as the parti-
cles are much heavier, the velocities reduce signifi-
cantly and the majority of them have a velocity be-

10um about 23% of particles reach velocities tween 2m/s and 4m
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Figure 19: Fraction of mobilized particles vs particle velocities at 3 s of simulation
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Figure 20: Average velocity (left) and height (right) of particles of various diameters in 3s of simulation

The time histories of the average height and velocities
reached by the particles in the brownout clouds for
the different particle diameters are illustrated in

Figure 20. From the velocity diagram, it can be ob-
served that the first particles to be mobilized are those
having diameter d, = 100um, followed, in the order,



by those with d, = 50um, 500um, 1000um, and finally
by those with d, = 10um. This is fully in line with the
respective values of the threshold friction velocities as
shown in Figure 11. The average values suddenly in-
crease and after some fluctuations tend to reach a
plateau that is higher for the light particles of d, =
10um, for which the gravitational forces are still small
and the inter-particle forces are less intense. The
smallest particles of d,, = 1um stay still. The average
heights follow the trends of the velocities but show an
almost monotonic growth, which would imply a further
increase in height as the simulations continued.

Finally, some examples of the trajectories followed by
the particles are given in Figure 21. Four initial posi-
tions are shown, having increasing distances from the
rotor hub. The six different particle diameters were
considered.

Depending on the initial distance from the rotor hub,
the particles having diameter between 10um and
100um show different behaviours. In particular:

a) starting from the initial position of x = 6.10 m, the
particles with d, = 10um and 50um are immedi-
ately uplifted, fall back to the ground and are then
uplifted again. Instead, the particle with d, =

Particle initial position: x =6.10 m; y = 0.07 m
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100um initially creeps along the ground surface,
is then uplifted and finally falls back to the ground;

b) starting from the initial position of x = 12.55m, the
three particles are immediately uplifted but only
the lighter one, with diameter d,, = 10um remains
in suspension throughout the 3s of simulation,
while the other two particles show a similar be-
haviour as for the initial position of x = 6.10m;

c) Further increasing the distance from the hub, at
the initial position equal to x =3.57m and y =
14.66 m, the three particles are immediately up-
lifted and remain in suspension;

d) atthe highest distance from the hub, x = 25.05m
and y = 0.07m, only the lighter particles are up-
lifted, to a low height though, whereas the particle
with diameter d,, = 100um shows the tendency to
saltate only.

Finally, the heaviest particles, of diameter d, =
500um and 1000um clearly show a creeping or sal-
tating behaviour, running shorter distances and
reaching low heights as the initial position is farther
from the rotor hub. A magnification of the saltation tra-
jectory is shown in Figure 22
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Figure 21: Trajectories of particles of various diameters, at different initial positions, in 3s of simulation.
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Figure 22: Saltation of the particle of diameter d,, = 500um and d,, = 1000um at two different initial posi-
tions in 3s of simulation

5 BOMBARDMENT

During its dynamic evolution, an entrained sediment
particle might hit the ground due to the vortical flow of
the rotor wake and the gravitational force. The impact
forms a crater from which new particles are ejected,
while the impacting particle itself first slides along the
ground and then rebounds, Figure 23.

Impacting particle

Rebounding particle
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Figure 23: A sediment particle impacting the
ground rebounds and generates a crater from
which new particles are ejected

In turn, the rebounded and ejected particles may un-
dergo the same process by hitting the ground and fur-
ther ejecting new particles. This cascade effect is
called bombardment and represents the main mech-
anism with which the brownout cloud is formed. To
detail the phenomenon, three forms of bombardment
can be identified: in the saltation bombardment the
particles saltating on the sediment bed can eject more
particles; in the local re-ingestion bombardment, sus-
pended particles, trapped by the vortical flow are first
uplifted and then bombarded back on the sediment
bed, thus ejecting more particles; in the global bom-
bardment, highly suspended particles may be re-in-
gested by the rotor disk and bombarded back to the
ground under the strong effect of the rotor downwash.

Since a brownout cloud can be composed of tens of
billions of particles per cubic meter, the computation
of the motion of every single particle is computation-
ally prohibitive. For this reason, a probabilistic ap-
proach is applied to investigate the problem.

The numerical model implemented in RAMSYS, is
based on the model by Lu and Shao, Ref.[33], that
gives a measure of the volume removal (crater) by
impacting particles, and on the model by Syal and
Leishman, Ref.[10], that evaluates the velocity of the
rebounded particle and the ejected particles starting
from the velocity of the impacting particle. The de-
scription of the two models is illustrated in the follow-
ing.

5.1 Volume of crater and number of particles
ejected

The volume 9 of the crater formed by the impacting
particle, having velocity V, and inclination a, with re-
spect to the ground surface, is evaluated by Lu and
Shao, Ref.[33], by solving the equation of motion for
ploughing particles:

. 7TppdSlVolz

9= 2P, (sin 2a, — 4sin’a,

(18) 7.5n|V0|sin3a0>

Bvdy

where B, = \/2P.dp/m,.

P, represents the plastic pressure of the soil on the
particle, and its value ranges between 10 to
25 x 107° N/m?. The value used in the present simu-
lations was set equal to 1000 N/m? as also used by
Lu and Shao for smooth and fine-grained unaggre-
gated sediment beds.



The number of particles N ejected by the impinge-
ment of a single particle is evaluated by dividing the
volume of the crater 9 by the volume of the particle:
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Figure 24: Number of particles ejected by a particle having diameter d,, = 250 um and density p,
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Figure 24 illustrates an example of the number of par-
ticles ejected by an impacting particle obtained by us-
ing Eqgs.(18) and (19). In particular, Figure 25 illus-
trates the number of particles ejected by a particle
having assigned impact velocity, impact angle, den-
sity, and variable diameter, as a function of the diam-
eter of the particles lying on the sediment bed. The
figure highlights that the particles having a diameter
of 1 and 10 um, when impacting the ground, can eject
particles of diameter not greater than 50 and 350 um,
respectively.
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Figure 25: Number of particles ejected by a parti-
cle having assigned impact velocity, angle and
density and variable diameter, as a function of the
diameter of the particles lying on the sediment
bed

5.2 Initial velocity of the rebounded and ejected

particles

The evaluation of the initial velocity of the rebounded
and ejected particles during bombardment was car-
ried out by making a set of simplifying assumptions
and approximations. In particular, the impacting par-
ticle does not shatter when it hits the ground, and all
the ejected particles are assumed to have the same
diameter and density as the impacting particle. This
simplifying assumption makes the modelling of the
bombardment process much easier to approach than
considering particles of different diameters and den-
sities, as would happen in reality.

When the impacting particle hits the ground with ve-
locity V,, it is subjected to a compression, then to a
creeping phase, and finally rebounds. The dynamic of
the process is described by the set of Eqgs.(20):

VRX = Vox + gxf(l + e)VOZ

(20) VRy = Voy + Syf(l + e)VOZ
VRZ = —GVOZ
where & = Vo,/ [Vo,” +Vo,” and g =

Vo,/ Vo, +Vo,”

These equations express the three components of
the rebounding velocity mainly as a function of the
vertical velocity of the impacting particle. The



Coulomb frictional force that the ground exerts on the
particle during the creeping phase is expressed by
the frictional coefficient f, which, for silica particles,
assumes the value of 0.14. The coefficient e is the
coefficient of restitution that expresses how much of
the impacting vertical velocity is recovered thanks to
the elasticity of the particle after the impact: e =
|VRZ/VOZ|. This value has been set equal to 0.6 as also
used by Syal et al., Ref.[10].

The velocities of the N ejected particles were evalu-
ated by following a probabilistic approach described
in the following.

It was assumed that these velocities are distributed
normally according to the following trivariate normal
distribution:
1 -1
GOz, P 7 [
- ”B)TZB_l(Vn - MB)]

This distribution depends on u;z and X that are the
mean and covariance matrices of the distribution, re-
spectively:

(21) D (up, Xp) =

1
22 - z
( ) I'lB NB + 1 Vn
n=1
0% 0%y 0%
(23) Iy =|0)x oy Oy

2 2 2
Ozx Ozy Oz

where each element of the covariance matrix is the
variance of the i-th dimension with the j-th one and is
expressed as:

(24)

1 Np+1
0_5 = Np +1 Zl (Vﬂl _'uBi) (V”} _‘uBi)

n=
The evaluation of uz and X is therefore necessary to
calculate the velocities V,, of the ejected particles. For
this purpose, it was applied the conservation of the
momentum equation that links momentum of the re-
bounding particle to that of the ejected particles:

Np+1
meVp = Z myVn
n=1

The simplifying assumption of particles of the same
density and diameter, my = m,,, transforms this equa-
tion into a simple relation between velocities.

(25)

Eq.(22) allows the evaluation of the mean matrix ug
by knowing the value of the velocity V; of the re-
bounded particle:

(26) e =

To evaluate the covariance matrix Xz, the conserva-
tion of the kinetic energy was applied. More specifi-
cally, it was assumed that the kinetic energy of the
impacting particle was in part dissipated in the form
of heat during the creep phase, and that the remain-
ing part was equally subdivided as kinetic energy Ey
of the rebounding particle and kinetic energy of the
ejected particles, according to the equation:

L 1NB+1
(27) Bp =5 malVal? =2 D malVyl?

n=1
Also in this case, the assumption of equal density and
diameter between the rebounding particle and the
ejected ones makes Eq.(27) a simple relation be-
tween velocities.

A further simplification was made by considering the
covariance matrix Xz fully diagonal, thus assuming
that the three dimensions are not coupled.

o2 0 0
(28) =0 g O
0 0 o3

The expression of the generic diagonal element 67 is
given by:
Ng+1

1 2
JizizNB+1rLZ(Vni_MBi)

=1
(29) . 2
TNp+ 1 Z (h* = 2Vt

n

=1
+“Bi2)

Np+1

which, for each of the three dimensions, considering
Eqgs.(26), (27) and (29), can be rearranged as:

) 2ER Ve’
gL =
P mp(Ng + 1) VRxZ + VRy2 + VRz2
Vi’
(N +1)?
(30) i
0_2 _ ZER VRy
Y mgp(Ng + 1) VRxZ + VRyz + VRZ2
2
Ve
(Np + 1)?



. 2ER Vi,
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Once calculated the mean and covariance matrices
ps and X, the ejected velocities were evaluated by
using the Box-Muller algorithm, Ref.[34], for each of
the three dimensions.

5.3 Analysis of the results

The analyses of bombardment were carried out for six
particle diameters: 1um, 10 um, 50 um, 100 um,
500 um and 1000 um and for a duration of 2.2s, cor-
responding to 14 rotor revolutions. This limitation was
imposed by the extremely high number of particles
generated in some cases, which made it prohibitive,
in terms of computational time, to continue the runs.
The test conditions were the same as for the analysis
of the direct entrainment condition only.

Figure 26 shows the results in terms of the number of
particles mobilised as a function of particle diameter,
after 2.2s of simulation. The changes in particle diam-
eters produce order-of-magnitude differences in the
amounts of newly generated particles, the maximum,
0(107), reached at d, = 100um, as also obtained in
the simulations without bombardment. Instead, no
mobilisation of particles is shown for 1um particles, as
already observed in the simulations without bombard-
ment, thus indicating that, at least for the test condi-
tions investigated, the friction velocity produced by
the rotor flow is not sufficient to break the high inter-
particle forces.

Nr. of Particles

—@— Direct Entrainment + Bombardment - 25
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Figure 26: Number of mobilised particles as a
function of particle diameter at 2.2s

The evolution in time of the number and nature of par-
ticles generated during the brownout is illustrated in
Figure 27. It refers to the case with particles of

diameter 100 um, which produced the largest number
of particles, equal to about 17 million, during the last
time step of the simulation. Each particle was tagged
to distinguish the nature of its entrainment mecha-
nism.

Before the start of the bombardment phase, the par-
ticles are uplifted under the effect of the shear stress
exerted by the vortical flow on the ground surface.
This is the direct entrainment, which begins after
about 0.38s from the start of the simulation. In this
phase, no additional particles are generated, and
those mobilised either remain within the boundary
layer, some inside the creep layer, some outside, or
are suspended in the flow. About 0.10s later, the bom-
bardment begins: some particles, once they hit the
ground, rebound and generate new particles. Initially,
this phase presents some fluctuations where the pro-
cess of particle rebound and ejection is slowed down
or accelerated. However, after about 1s, a purely ex-
ponential phase begins. Furthermore, the figure
shows that a significant part of the ejected particles
remains confined within the boundary layer but out-
side the sediment bed.

10°

Non mobilized particles

| Entrained particles - Inside CL & Inside BL
10° Entrained particles - Qutside CL & Inside BL
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Figure 27: Evolution in time of the number and na-
ture of 100 um particles generated during the
brownout

Figure 28 shows a detail of the cloud of 100 um parti-
cles generated during the brownout, with or without
simulation of the bombardment. In particular, the
comparison highlights that no change in the shape
and extension of the two clouds can be globally iden-
tified. Instead, a significant difference can be ob-
served regarding the concentration of particles,
mainly toward the lower part of the cloud. These two
features would suggest the following two considera-
tions:



1. Any simulation focused on the evaluation of
the particle cloud shape and spatial extension
can avoid the modelling of the bombardment,
thus saving an enormous amount of computa-
tional time;

2. Conversely, the bombardment is essential if
its simulation is required to make subsequent
evaluations about the obscuration effects pro-
duced by the brownout cloud.

Figure 28: Cloud of 100 um particles generated during the brownout. Top view (top); detail of the side
view (bottom): without bombardment (left); with bombardment (right)

A comparison of the simulations with and without
bombardment, for particles of 100 um of diameter, is
shown in Figure 29 in terms of the number of mobi-
lised particles vs particle height from the ground and
velocities at 2.2s of simulation. The simulation of the
bombardment, as previously discussed, does not

7
mmm=m  Direct entrainment + Bombardment
=== Direct entrainment

sl

5k

Height [m]

0 |
10° 10' 10° 10° 10* 10° 10° 10
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change the distribution of the particles at the several
heights from the ground, but greatly increases the
number of particles entrained. Instead, the effect on
the particle velocities is significant, as higher veloci-
ties, up to 34 m/s, are reached by modelling the bom-
bardment.
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Figure 29: Number of mobilised 100 um particles vs particle height from the ground (left) and velocities
(right) at 2.2s of simulation

6 EXAMPLE OF BROOWNOUT FOR MULTI-

ROTOR CONFIGURATIONS

The brownout of two multirotor configurations was

simulated to evaluate their influence on the density

and extension of the generated cloud. Only the direct
entrainment model was considered, for a particle di-
ameter of d,, = 100um.



6.1 Counter-rotating rotors

The brownout of two counter-rotating rotors in ground
effect was simulated. Each rotor consisted of two
blades, the same as those of the four-bladed rotor
used for the nominal investigations, and set at the
same collective pitch. The vertical distance between
the two rotors was set at 10% of the rotor radius, while
the distance from the ground was set at z/R = 1,
measured with respect to the mean distance between
the two rotors. The rotor speed was the same as the
nominal four-bladed rotor.

Figure 30 shows a more non-isotropic shape of the
toroidal cloud generated by the counter-rotating ro-
tors in comparison with the one produced by the nom-
inal four-bladed rotor. Despite this difference, their
horizontal and vertical dimensions remain compara-
ble.

Figure 31-left shows that the nominal rotor uplifts par-
ticles up to a slightly higher distance from the ground.
Instead, the counter-rotating rotors accelerate more
particles to the speed of 10 m/s, as shown in Figure
31-right.

Figure 30: Brownout cloud (Top view - top; Side views: YZ — centre; XZ - bottom) generated by the coun-
ter-rotating rotors (brown circles) and compared to the one produced by the nominal four-blade rotor
(black circles).
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Figure 31: Number of mobilised 100 um particles vs particle height from the ground (left) and velocities
(right) at 3s of simulation



6.2 Side-by-side rotors

The brownout of two side-by-side rotors in ground ef-
fect was also simulated. Each rotor consisted of two
blades, the same as those of the four-bladed rotor
used for the nominal investigations, and set at the
same collective pitch. The distance between the two
rotor hubs was set at 1.2 rotor diameters, while the

distance from the ground was set at z/R = 1. The
rotor speed was the same as the nominal four-bladed
rotor. The number of particles was set equal to
640000 in consideration of the larger area of the two
rotor disks. The analysis was conducted with the ro-
tors in both co-rotating and counter-rotating configu-
rations.

Figure 32: Top view of the time evolution, from left to right, of the brownout cloud generated by side-by-
side counter-rotating rotors (top) and co-rotating rotors (bottom) after 1.5s; 2.5s; and 3s, respectively.

Figure 32 illustrates the time evolution, from left to
right, of the brownout cloud generated by side-by-side
counter-rotating rotors (top) and co-rotating rotors
(bottom) after 1.5s; 2.5s; and 3s, respectively. It re-
veals that the particles initially lying between the two

rotor disks (e.g. after 1.5s) are progressively washed
outward by the wake system of the side-by-side ro-
tors, and the particle uplift in this region is extremely
reduced.
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Figure 33: Side view of the brownout cloud generated by side-by-side counter-rotating rotors after 2s,
4s and 6s



This behaviour is more clearly illustrated by the side
view of the brownout cloud displayed in Figure 33.
Specifically, even when the simulation time is dou-
bled, the brownout cloud shows a region of reduced
uplift between the two rotors.
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Similarly to what was already observed for the coaxial
rotors, Figure 34-left shows that side-by-side co-rotat-
ing rotors uplift particles up to a slightly higher dis-
tance from the ground, whereas the side-by-side
counter-rotating rotors accelerate more particles to
the speed of 10 m/s, as shown in Figure 34-right.
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Figure 34: Side-by-side rotors: Number of mobilised 100 um particles vs particle height from the
ground (left) and velocities (right) at 3s of simulation

7 CONCLUSIONS & FUTURE DEVELOPMENTS

A Lagrangian approach was implemented in the CIRA
free-wake aerodynamic solver RAMSYS for the nu-
merical simulation of the brownout phenomenon.

The full-scale four-bladed main rotor of the Bo105
helicopter was set in HIGE conditions, at a height
from the ground equal to one blade radius (z/R = 1)
and was trimmed to produce the thrust necessary to
counterbalance the helicopter weight. The presence
of the ground was simulated by the application of the
Method of the Images (MIM). The flow field generated
by the rotor was investigated in terms of loads and
velocities induced on the ground surface and on a
cross-sectional plane passing through the rotor hub
centre. In order to demonstrate the capability of RAM-
SYS to correctly evaluate the flow field characteristics
in ground effect, additional calculations were made on
a small-scale isolated rotor, for which experimental
results were available. A satisfactory numerical-ex-
perimental agreement was found.

The particle transport model was implemented by fol-
lowing a time-marching Lagrangian approach. The
simulations were made for a total amount of time of
3s by using particles of silica sand having density
equal to 2650 kg/m3, and six different

diame-

ters: 1um; 10um; 50um; 100pum; 5000um; 1000um.
Six runs were made, one for each particle diameter,
in which particles of the same diameter were initially
uniformly distributed on a flat ground surface, and
their evolution in time, under the effect of the flow field
produced by the rotor, was investigated.

The implemented particle transport model enabled
the investigation of the particle entrainment, uplift,
saltation and suspension phases. The results ob-
tained showed the following characteristics:

1. The smallest particles (d, = 1um), despite their
lowest weight, were not mobilized by the ground-
wash generated by the rotor because of the ex-
tremely high inter-particle cohesive forces;

2. Particles with diameter d,, = 10um were uplifted
and remained in suspension thanks to their light
weight and lower effect of the inter-particle forces.
They produced a toroidal brownout cloud all
around the helicopter rotor. Nevertheless, their
concentration in the region of the helicopter cock-
pit was sufficiently low to avoid visibility problems
to the pilot. The majority of the particles reached
a time-averaged velocity between 10m/s and
14 m/s;



3. Particles with diameter d, = 100um, character-
ized by the lowest threshold friction velocity, were
uplifted, but showed the tendency to fall back to
the ground because of their weight. As such, a
large concentration of particles remained con-
fined within 0.50m from the ground. As for the
previous case, the majority of the particles
reached a time-averaged velocity between 10m/s
and 14 m/s.

4. The heaviest particles, having diameter d, =
1000um, were accelerated by the stream flow fol-
lowing smooth ballistic-like trajectories in a layer
0.25m thick above the ground;

5. The results obtained after 3s of simulation did not
highlight serious brownout problem for the inves-
tigated rotor for any granulometry of the particles.
Nevertheless, a more long-lasting simulation
might produce more severe brownout conditions;

6. The particle bombardment was implemented by
following the models proposed by Lu and Shao to
evaluate the volume removal (crater) caused by
the impacting particles, and by Syal and Leish-
man to probabilistically assess the dynamics of
new particles generated by the collision of the in-
coming particles with the ground. In this context,
the difference from the brownout model, only im-
plementing a direct entrainment mechanism,
proved to be significant. Indeed, millions of new
particles were generated, particularly in the case
involving particles of 100um. Given the enormous
number of new particles, the calculations were
limited to 2.2 seconds of simulation, as the com-
putational time and memory requirements be-
came prohibitive. Nevertheless, the analysis of
the results obtained led to the following conclu-
sions:

a. Any simulation focused on the evaluation
of the particle cloud shape and spatial ex-
tension can avoid the modelling of the
bombardment, thus saving an enormous
amount of computational time;

b. Conversely, the bombardment is essen-
tial if its simulation is required to make
subsequent evaluations about the obscu-
ration effects produced by the brownout
cloud.

The brownout generated by two multirotor configura-
tions - coaxial rotor and side-by-side rotors - was

simulated under the same HIGE and operational con-
ditions as the nominal four-bladed rotor. Little differ-
ences with respect to the nominal case were found for
the former configuration. Conversely, the side-by side
configuration, regardless of the sense of rotation of
the two rotors, highlighted a region with few particles
between the two rotor hubs.

The future developments of the methodology will fo-
cus on the parallel implementation in RAMSYS of the
bombardment mechanism, by using the Message
Passage Interface (MPI), and on the application of a
suitable particle clustering technique to enable a
longer and more detailed simulation of the brownout.
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