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Brownout Simulations of Model-Rotors In
Ground Effect
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Abstract. In this work computational fluid dynamics is used to validate
experimental results for a two-bladed small rotor In Ground Effect
conditions. The paper focuses on the evaluation and prediction of the rotor
outwash generated in ground effect. Time-averaged outflow velocities are
compared with experimental results, and the simulated flow field is used for
safety studies using the PAXman model and particle tracking methods. The
aircraft weights have been studied, evaluating scaling factors to define how
helicopter weight can affect the outflow forces and the particle paths. Results
show how the wake generated by heavier helicopters can lead to stronger
forces on ground personnel and push the particles farther away from the
rotor.

Nomenclature

Acronyms

CFD Computational Fluid Dynamics
DVE Degraded Visual Environment
IGE In Ground Effect

MTOW Maximum Take-Off Weight

MUSCL Monotone Upstream Centered Schemes for Conservations Laws OGE Out of
Ground Effect
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PIV Particle Image Velocimetry

Greek

N Kinematic viscosity m2/s
Y  Local azimuth angle, deg.
p  Density, kg/m3

875 Collective pitch at three-quarter radius, deg.

Latin

u  Flow field velocity vector, m/s
up Particle velocity vector, m/s
a  Speed of sound, m/s
a, Particle acceleration, m/s?
B Ballistic coefficient, kg/m?
C Blade chord, m
Cp Drag coefficient
Cqo Rotor torque coefficient, Cq=Q/(0.5 0 V%ip Srotor R)
Cr Rotor thrust coefficient, Cr=T/(0.5 @ VZip Srotor)
d, Rotor diameter, m
g  Gravity acceleration, m/s?
hpaxman PAXman height scaled, m
M Mach number, M=V,/a
m, Massparticle, kg
N, Number of blades
Q Rotor torque, N - m
Rotor radius, m

r  Radial coordinate along blade span, m
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Re Reynolds number, Re = Vy;, c/v
S,  Frontal particle area, m?

Srotor Rotor disk area, m?

T  Rotor thrust, N

U  Velocity x-component, m/s

u®  Friction velocity, m/s

V  Velocity y-component, m/s

vi  Hover induced velocity,

vmax Highest value of radial velocity

Via= Ucos(W) + V sin(W), m/s

Super and sub scripts

fs  Full scale

p  Particle

ss  Small scale

tip Blade tip value

oo  Freestream value

1 Introduction

The flow fields generated by rotors operating In Ground Effect (IGE) are complex and
unsteady and may also interact with the ground plane. The result of this interaction is the
transition of the rotor induced flow from vertical (downwash) to radial flow (outwash). This
flow field can be the source of risks for ground personnel, equipment and landscape due to
the forces generated by high outflow velocities. Furthermore, in case of brownout or whiteout
the flow field can interact with a loose sediment bed, uplifting particles all around the aircraft.
The prediction of the outwash is fundamental for safety of helicopter IGE operations. The
downwash typically affects activities directly under the aircraft (like search and rescue
operations), while the outwash impacts on the surrounding environment like people,
equipment and structures during landing and take-off. As already mentioned, brownout and
whiteout may occur when a rotorcraft is operating in ground proximity and they are due to
the interaction of rotor wake with the particles of a loose sediment bed such as sand, snow
etc. This interaction can eventually cause the uplift of particles from the ground and their
entrainment into the air flow. When operating in desert areas or in snowy regions, the number
of particles entrained can become extremely high creating a cloud around the rotorcraft. The
main effects of this cloud of particles moving around the aircraft are on the pilot's visual
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environment and on the rotorcraft structure and equipment. The lack of pilot visibility defines
brownout and whiteout as Degraded Visual Environment (DVE) conditions. In recent years,
efforts have been made to help pilots in these situations, developing sensors and advanced
cockpit displays. Dynamic rollover and collisions with objects are common accidents due to
the lack of visibility [1]. In [2] NATO statistics are given about mishaps due to brownout or
whiteout: US Air force lost 30 special operation aircraft and 60 crew members lost their lives
during landing in desert environments since 1990. In the same report authors specify that
brownout cost to US services $100M/yr. Other NATO members experienced similar
statistics. UK had 24 brownout mishaps in the period 2005-2009. The German defence force
had more than 30 accidents due to dust and snow. In [3], the authors refer that the occurrence
of brownout is the most common cause of human factor mishaps during military operations.
In the present work, computational fluid dynamics (CFD) analysis of a micro two-bladed
rotor operating IGE is compared with experimental results. The test case simulated was
experimentally investigated at the University of Maryland by Lee et al. [4]. The flow field
data was obtained by 2D Particle Image Velocimetry (PIV), while the rotor performance was
measured by a micro mass balance. Once the CFD analysis was complete, the outflows
produced were used to evaluate the forces produced on ground personnel, properly scaled,
and using the PAXman model, and particle tracking. To obtain realistic full-scale scenarios,
a scaling factor has been applied to velocities using three different aircraft, categorized in
terms of weight. After this, safe zones are defined where it was possible to consider the
outflow forces and the presence of the particles as negligible. Existing safety separation
criteria can then be tested. A possible separation distance is suggested by FAA for wake
encounters [5] [6]. In that case, a distance of 3 rotor diameters is suggested to allow the
dissipation of the wake generated by a rotor in hover or taxiing. Investigations are conducted
to verify if the same distance can be considered safe for forces due to the outflow acting on
ground personnel and for the presence of particles in the area that can spoil the pilot view of
a near aircraft or hit people operating inside the 3 rotor diameters area. All CFD simulations
have been performed using the HMB3 (Helicopter Multi-Block) CFD solver of Glasgow
University.

2. CFD solver

The HMB3 (Helicopter Multi-Block) [7] [8] is the solver used for CFD calculations in this
work. It solves the Unsteady Reynolds Averaged Navier-Stokes equations (URANS) in
integral form with ALE formulation (Arbitrary Lagrangian Eulerian) formulation for time-
dependent domains (moving boundaries). URANS equations are discretised using a cell-
centred finite volume approach on a multiblock structured grid. HMB uses the Osher [9] and
Roe [10] approximate Riemann solvers to evaluate the convective fluxes, the viscous terms
are discretized using second order central differencing. Third order accuracy in space is
provided by The Monotone Upstream Centred Schemes for Conservation Laws (MUSCL)
[11]. An implicit dual time stepping methods is employed to perform the temporal
integration. Oversets grids (used in this work) [12] and sliding plane [13] methods are
available in HMB to allow for the relative motion between mesh components, representing
ground and rotor blades.

2.1 PAXman model

The PAXman model was originally developed for military personnel and it is used to
compute wind forces on people operating in proximity to the rotor. It is based on the
projection of a crouching 6ft tall person immersed in the outwash. The details of the geometry
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of the PAXman model are shown in figure 1, as reported in [14] and [15]. To be comparable
with the small rotor size, the PAXman height is scaled with the rotor radius for three different
full-scale rotors, chosen to represent three different weight categories: light, medium and
heavy. Their technical data are listed in table 2.
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Figure 1: PAXman model [15]
Table 1: Polynomial coefficients used in figure [1]
a0 4.30939¢-01
al -4.63972¢-02
a2 -1.39649¢-01
K] 1.37545e-01
a4 1.37545e-01
as -5.49253e-04
ab 2.21653e-04
a7 -4.18444e-05
a8 1.45194e-05
a9 -7.80009¢-08
al0 -1.89822¢-07
Table 2 Helicopters technical data [16]
Category MTOW (kg) R (m) Viip (mss) Cr
Light 3000 5.5 220 0.009
Medium 8000 8.1 216 0.015
Heavy 11000 8.1 220 0.0176

The PAXman height has been scaled with the rotor radius, giving of hpaxman = 0.3R for
the lighter aircraft, while for the medium and the heavy cases the result is the same, due to
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the similar size of the rotor radius, which lead to hpaxman= 0.2R. Using the reference area
expressed by the polynomial representation of figure 1, the distribution of the force produced
by the outwash on the ground personnel is computed as proposed in [14]. To obtain
comparable forces with the safety criteria, velocities are scaled using the blade tip velocity,
listed in table 2. For this first scaling is necessary, to obtain velocities expressed in m/s, that
can be used, later, to compute the PAXman forces in N. However, a second scaling is
necessary to take into account the difference in Cr of the three different cases. A common
reference value for outflow velocities is the dimensionless hover induced velocity Ai ,

expressed as 4=VC1)/2_ The scaled rotor thrust coefficient obtained by the simulation of the
micro rotor is Ct* = 0.03, while the Cr® can be obtained by the data, considering the aircraft
in hover flight, and thrust equal to the weight, that in this case is considered the maximum at
take-off. Wmrow ,Viip, and Srotor Or are specified in table 2, while for the acceleration of
gravity and for the air density the following values have been assumed: g = 9.81m/s? and pair=
1.225kg/m?
— 2WmTow ( 1 )
0-5PVt2ipSrotor
It is possible, taking into account the effect of the different thrust coefficient to scale the
velocities using the ratio of hover induced velocity between full-scale and small-scale cases.

T

ss
The scaling factor obtained is Cr /C s - This way, itis possible to estimate the outflow
T

velocities generated by a full-scale rotor operating at the same high values of thrust
coefficient of the scaled rotor. According to [14] and [15] the caution zone starts when the
force acting on the PAXman is more than 80 Ibf (335 N), and the hazard zone is defined after
115 1bf (510 N). The distribution of the force over the body is calculated as: fpjxman =
0.5p,4irV 2,.q4x Where pair is density of the air, Vra the radial velocity and x is the horizontal
coordinate of the PAXman model. The total force is the integral of the distribution of the
force over the height of the PAXman model.

FPAXman = fh fPAXmandx (2)

PAXman
Using this model, it is possible to calculate the force distribution acting on a human body

at a specific radial station.

2.2 Particle tracking

Brownout and whiteout are due to the presence in the flow field of particles. The former
involves sand, and the latter snow. However, other kinds of particles can be involved such as
rain, ice and even small rocks. To properly simulate the behaviour of them in the flow field
it is necessary model their motion. There are basically two approaches for the numerical
simulation of dispersed phases, and they can be categorized into Lagrangian tracking or
Eulerian modelling approaches. In the Lagrangian approach, the particles (or parcels of
particles) are tracked through the field and the local cloud properties are defined by their
properties as they pass the point in the field. For methods that involve this approach the
motion of the particles is tracked solving the Newton’s second law. Important works in
Lagrangian frame of reference are [17] [18]. In the case of Eulerian methods, the properties
of the particles are assumed to be continuous within the field. Thus, differential conservation
equations are written, discretised, and the solution of these gives the properties of the cloud.
[19] [20]. For particle tracking, an in-house software has been used. The particles are driven
by the flow field velocities and their positions in time are obtained by integrating their
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equations of motion. The integration method used is a fourth order Runge-Kutta, and the
equation for particle tracking acceleration is.

0.5pqir(u— -
— P (u up)”u up”_g (3)

p B
Where a, is the acceleration of the particle, u, is its velocity, u is the velocity of the flow
field in the position of the particle and B is the ballistic coefficient, B = m, / (Sp -Cp ) Here
m, is the particle mass,S; is the particle frontal area (particles are assumed spherical) and Cp
is the particle drag coefficient, and finally g is acceleration of gravity. The particle proprieties
used in this work are listed in table 3, they reflect the size and the density of particles used to
simulate brownout in experimental and computational works [21] [22] [23].

Table 3 Properties of particles used in this work.

pp(kg/m’) | dp(pm) | Cp B
2650 9 1.048 | 0.03

3. Computations and safety considerations

Previous works show the full validation of the current methods [24]. Here a brief summary
of the work is presented. IGE configuration the rotor was modelled using two overset grids,
and the ground was modelled imposing no-slip and no-penetration conditions. The full rotor
domain was computed as unsteady. Comparisons in terms of performance are given in figure
2 and show small differences with of the experiments of [4]. The thrust coefficient shows
results very close to the result proposed by Lee et al. [4]. The increment of thrust coefficient
IGE is about 12% with respect to the OGE case. The result of the power coefficient is slightly
higher Co!E’/ Co0¢E =1.02. However, it can be considered that the power between OGE and
IGE is fairy than what expected constant, with a small increment in the thrust coefficient, as
expected. Similar results in terms of Cq'E/ CoP%Ehave been obtained by Karla et al. in [25]
for the same test case.

1.457

Lee et al Experiment Cp/z=0.015
Lee et al Experiment Cpi-=0.016
Lee et al Experiment Cpi:=0.016
Fradenburg Experiment Cpi»=0.005

OGE condifions|

i

W
a

Fradenburg Experiment Cpi=0.01
Fradenburg Experiment Cpi=0.015

L J
HoNOON®

§ a i CFD Karla 2010 §
= 1.34 CFD o
§ 1 @ %
= 1.25] o
L8 2 07
B 12 ® s
2 ® ) 0.61 @  Leeetal Experiment Ci=0.1
2 115 “ 3 ® B Lecetal Experiment C,ic=0.115
= g Lee et al Experiment C /::=0.125
= “ 0.5 Fradenburg Experiment C.i==0.05
1.1 o ' B Fradenburg Experiment C,i=0.1
! _l~ @  Fradenburg Experiment C,i==0.115
] Karla (CFD) 2010
’ 4 0.41 [ | CFD
1.05
1 ° ? s
1:--- ----L- --’--.-l NOGE conditions. 0.3 l | l
605 118 2 25 5 B8 4 A4¢ U IS S B RN S
Ground Plane distance, z/R Ground Plane distance, z/R
(a) CTIGE/ CTOGE (b) CQIGE/ CQOGE

Figure. 2: Experimental and CFD results for the trust (left) and power (right) ratios IGE. The rotor
was operating at 075 = 12deg, Rei, = 35000 and Mg, = 0.08. Experimental data taken from [4] and
additional CFD data from [25].
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In figure 3, the rotor wake is presented as (b) iso-surfaces of Q-criterion and (a) contours
of vorticity magnitude. The Q criterion is related to the velocity gradient tensor, ant its iso-
surfaces are a good indicator of how vortical flow may be [26]. As expected, the wake,
reaches the ground and expands. The presence of tip vortices and vortex sheets are also
expected

Vorticity Magnitude

Ground

Iso-surface of Q criterion (0.015) Plane

(a) Vorticity (b) Q-criterion isosurfaces

Figure. 3 Wake Visualization, for the IGE case. The rotor operating at 675 = 12deg, Re;;, = 35000,
M;ip = 0.08, /R = 1 and Cr= 0.03.

In figure 4 the time-averaged radial velocities are shown in comparison with experiments.
The time-averaged outflow has been scaled using two different velocities. The left side of
figure 4 shows results scaled with the reference hover induced velocity (as proposed by Lee
et al. [4]), while on the right side of figure 4 the same results are scaled as a jet, using the
peak radial velocity vma. Finally, the dashed line represents the PAXman model height. The
time-averaged velocities show good agreement with experiments in terms of maximum radial
velocity and outflow distribution for both scaling methods, figure 4 (a) (b), (c) and (d), near
the rotor. For higher radial positions, the peak velocity is underestimated, and its position is
higher with respect to the ground, with some differences over the height distribution shown
in figure 4 (e). This could be due to the few rotor revolutions performed in the simulation.
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Figure. 4 Experimental and CFD time-averaged outflow velocity profiles at different radial positions.
The rotor was operating 075= 12deg, Re;;p, = 35000 Mg, = 0.08 and Cr = 0.03. Left column results are
scaled with induced hover velocity, while the right column results are scaled with jet-scaled velocity.
Experimental data taken from [4].

Figure 5 (a) shows the total forces acting on a scaled human body at different distances
by the outflow produced by the rotor. As mentioned before, the forces have been computed
scaling the velocities with the V tip of full-scale aircraft, to obtain more realistic values and
compare them with the safety threshold suggested for civilian and military operations. The
forces for all three aircraft reach their peaks at a radial distance between 1.25R and 1.5R, but
they weaken for larger radial stations. This result is due to the outflow distribution at different
radial stations, with the higher velocities occurring around 1.5R. As expected, the strongest
force is produced by the aircraft with higher Cr, which is the heaviest helicopter taken into
account. The outflow forces produced by the lightest helicopter are small in comparison to
the other two helicopters and also with respect to the safety thresholds suggested by the
PAXman method. For the other two cases, the forces exceed the caution limit, but do not
reach the danger zone threshold. This result is in agreement with other works, such as in [15]
where the PAXman forces of a V-22 have been computed starting from an experimental
outflow survey. This reference involved several configurations of disk loading and it has been
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shown that higher values of disk loading result in forces that reached a peak of 600 N. In all
three cases, after 2R, the force drops quickly. This is due to the outflow velocities that drops
away from the rotor. After 3R the forces are almost negligible based on the PAXman model.
Figure 5 (b), (c) and (d) show the distributions of the forces over the PAXman height at
different radial stations for the three helicopters. For all three cases, at early distance from
the rotor the force is strongest at a specific PAXman height (corresponding to the PAXman
chest). This result is due to the shape of the outwash distribution and the larger blocking area
at the chest level. This result is in accordance with other experiments. In [14] the force peaks
were around the middle of the human body, however the experiments performed by Silva et
al., were full-scale. Figure 5 (b) shows the results for the light aircraft. Here the PAXman
height is higher with respect to the other two cases. This is due to the smaller size of the rotor
blade of the lightest helicopter. Furthermore, the forces at every radial distance are smaller
respect to heavier cases. This is in agreement with what is shown in figure 5 (a), where the
lightest produces weaker forces in comparison to the medium and the heavy.

L 035
.....................
500~ | '|Danger Zone| I
[ EEEE N .
- [PAXman Height
Z400
3 0.25
g )
E O e M o ==
Sa0ol-
c « |
o N
3 0
5200
w — Light weight aircraft
= s Medium weight aircraft 1R=0.8
° e Heavy weight aircraft tR=1
100 1iR1.25
rR=1.5
0.05 rR=1.75
riR=2
rR=3
{l i 4 |
0 ] 0 200

1 2 3 4 5 6 50 100 150
Radius distance from the rotor center Force Distribution on PAXman [N]

(a) Total radial force Fpaxman for the three helicopters  (b) Radial force distribution fpaxman for light weight aircraft

025 025~
E PAXman Height PAXman Height
0.2 0.2 EEEEESEEEE SN
i i ; 1
0.15 = \ 015
€ ) \ S
N F / N
0.1 |/ 01k
/ — 1/R=0.8
R=1 R=1
0.05 i 005 s 1/R1.25
/R=1.5 rR=1.5
P ‘ n‘ﬂ_z.'l ri::;JS
riR=: r/R=:
L.—/(J -~ ,_-—r—'rJ o
0 J L I ] 0 J : 1 A I 1
400 400

100' ’ '20‘ ’ v300 100I 200 300
Force Distribution on PAXman [N] Force Distribution on PAXman [N]

(c) Radial force distribution fraxman for medium (d) Radial force distribution feaxman for heavy
weight aircraft weight aircraft
Figure. 5 PAXman model forces calculated using the employed micro-rotor, scaled to V tip m/s. The

micro rotor was operating at 075= 12deg, Re;i, = 35000, My, = 0.08, h/R =1 and Cr = 0.03. Scaling
Viip and Cr for full scale rotor are listed in table 2.

10
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In [24] the computed shear stress on the ground of the domain allowed to calculate the
particle velocity uplift threshold. It was shown that the peak of the uplift ratio u/u* is in
proximity of 1 R distance from the rotor. Using this information, it was possible to seed the
ground with the particles that are more likely to be affected by the flow field. Figure 9 shows
the evolution of the particles with time for two weight helicopter cases taken into account,
with the rotor at two different heights above the ground h/R=1 and h/R=0.5. Different seeding
positions have been defined between 1R and 1.5R in proximity of the ground level.
Bombardment effect has not been considered for these simulations. These simulations
involve about 100 revolutions, for a total time of 30 seconds. The flow field generated by the
model rotor was not able to lift particles. As for the PAXman force computations, to obtain
more realistic results the flow field has been scaled using a possible operational V tip for
light and heavy weight helicopters considered in table 2, and with the Cr scaling factor. When
the rotor is operating at h/R=1, the particles are uplifted by the flow field, and then move
away from the rotor, following the radial direction. Particles are driven by the outflow that
pushes them away from the rotor. However, depending on the strength of the outflow they
reach different positions. Heavy weight helicopters have a stronger outflow, and in this case,
particles can reach a maximum radial distance of 8.5R, and a maximum height above the
ground of 1R. Once the particles reach the maximum altitude value, they fall again on the
ground. The light weight helicopter case, shows lower values for maximum h/R and r/R
(0.75R and 6.5R), however particles go further, the 3D separation criteria for wake
encounters. On the other hand, when the helicopter is operating at h/R=0.5 particles show a
different behaviour. Initially particles are uplifted from the ground, then two main branches
spread, following different paths. Some of them, are re-ingested by the rotor, reaching the
highest distance from the ground (around 2R for heavy weight test case and 1.75R for light
weight). These particles can be dangerous for the crew and the aircraft. The rest of the
particles keep following the radial direction far from the rotor and fall again on the ground
(almost 7R for heavy weight helicopter and more than 6R for light). Particles that move away
from the rotor can be dangerous for ground personnel and equipment, while the recirculation
of the particles creates risks for the helicopter and the crew itself. During the re-ingesting
phase particles can hit blade and fuselage and they create the cloud that degrades the visual
of the pilot, creating a dangerous DVE condition.

EEE e
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Rotor Disk Plane ! g
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- [FAA 3D wake separation| -
lcriteria for hover/taxiing

Figure. 6 Particle tracking, using velocities scaled with the light weight aircraft, tip velocity (V tip =
220 m/s) and thrust coefficient for hovering at MTOW : Cr= 0.009. The rotor was operating at 075=
12deg, Reiip = 35000, Miip = 0.08, h/R = 0.5 and Cr= 0.035. Contours correspond to the magnitude
vorticity and the FAA 3 diameters separation distance is shown for comparison [5].
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Figure. 7 Particle tracking, using velocities scaled with the heavy weight aircraft, tip velocity (V tip =
220 m/s) and thrust coefficient for hovering at MTOW : Ct = 0.017. The rotor was operating at 675=
12deg, Reiip = 35000, M, = 0.08, /R = 0.5 and Cr = 0.035. Contours correspond to the magnitude
vorticity and the FAA 3 diameters separation distance is shown for comparison [5].
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Figure 8. Particle tracking, using velocities scaled with the light weight aircraft, tip velocity (V tip =
220 m/s) and thrust coefficient for hovering at MTOW : Cr = 0.009. The rotor was operating at 675 =
12deg, Re ip= 35000, Mtip = 0.08, /R = 1 and Cr = 0.03. Contours correspond to the magnitude
vorticity and the FAA 3 diameters separation distance is shown for comparison [5].
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Figure. 9 Particle tracking, using velocities scaled with the heavy weight aircraft, tip velocity (V tip =
220 m/s) and thrust coefficient for hovering at MTOW : Ct = 0.017. The rotor was operating at
075=12deg Rei, 35000, Mij, = 0.08, h/R =1 and Cr= 0.03. Contours correspond to the magnitude
vorticity and the FAA 3 diameters separation distance is shown for comparison [5].
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4. Conclusions and future steps

CFD results demonstrate fairly good agreement with the experimental data in terms of rotor
performance and flow field, even with some differences in the outflow predictions for larger
radial stations. The differences can be important if used to evaluate safety regions near the
helicopter. Results employing different scaling approaches show different agreements with
experiments, and only scaling with the hover induced velocity gives a complete
understanding of the outflow analysis in terms of safety. The normalized magnitude of the
radial velocity peak in the outflow and its position, related to PAXman height, are
fundamental to obtain correct force estimations. In general, safety considerations show that
the distance criterion based on the PAXman forces, can be deducted by the outflow analysis.
Outflow forces after a distance of 3R are low for the three helicopter cases considered.
Furthermore, for the lightest helicopter, there is no risk due to the outflow forces for ground
personnel. It is clear that the wake encounter criterion of 3D can be adopted for ground
operation, if the presence of particles on the ground can be excluded. A more detailed analysis
shows that the forces obtained for the medium and heavy aircraft are high enough to be
dangerous for personnel and equipment in an area between 1R and 2R away from the rotor,
but after 3R it is safer. The force distributions suggest that the chest is the part of the human
body that is most influenced by the force due to the outflow, and this result can be part of the
evaluation on definite safety regulations for people acting in proximity of the rotor. Particle
tracking results show that particles can reach large distances away the rotor, exceed the limit
of 3D. In general, it seems that the FAA limit for wake encounters cannot guarantee safety
in presence of particles on the ground. It is also clear that to define a particle free zone , it is
necessary to take into account the rotor operating conditions due to the strong influence of
the disk loading and in general of the size of the aircraft on the particle paths. Particle paths
are also strong influenced by the position of the rotor with respect to the ground. In this work,
scaling factors are applied to a small-scale rotor to obtain full-scale PAXman forces and
particle paths, however, the full physics of the brownout cannot be simulated in this way, due
to the several factors. In general, the Reynolds number that is involved in the small and the
full-scale scenario is dissimilar, leading to differences in the uplift phenomena and to a
different evolution of the brownout cloud. This study can be a starting point for evaluating
safe operational zones around a helicopter. A future step will consist of high detailed
simulations to identify a proper safe zone from particles and compare it with other distance
safety regulations like the 3 rotor diameters separation distance for wake encounters
suggested in the Manual of Air Traffic Service [5] [6].
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