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In this work, brownout simulations using both Lagrangian and Eulerian frames of reference are presented. 
The work compares results between these two methods and with experimental results. The numerical 
models used for the carrier and dispersed phases are presented along with the obtained results. Then, 
follows a description of the simulations performed for brownout clouds around aircraft at different flight 
configurations. Different flight configurations involve several thrust coefficients, taxiing speeds and the 
presence of the fuselage. Finally, analyses have been conducted on the influence on the computational 
efficiency of Eulerian and Lagrangian approaches, and the two models are compared in terms of parallel 
efficiency. Results show that Eulerian model can be more affordable in terms of computational cost.
© 2023 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY 

license (http://creativecommons .org /licenses /by /4 .0/).
1. Introduction

For rotorcraft operating in the desert, the brownout phe-
nomenon is a major risk. Brownout stems from the influence of 
the rotor wake on loose sediment. When the rotor wake interacts 
with the ground, dust particles may be uplifted, generating a dense 
cloud all around the aircraft. The main effect of this cloud, moving 
around the aircraft, is on the pilot’s visual environment. However, 
the rotorcraft structure and system can also be affected. The lack of 
pilot visibility defines brownout and whiteout (cloud due to snow) 
as Degraded Visual Environment (DVE) conditions. In recent years, 
efforts have been made to help pilots in these situations, devel-
oping sensors and advanced cockpit displays. Dynamic roll over 
and collisions with objects are common accidents due to the low 
visibility [1,2]. Furthermore, the most common cause of human 
factor mishaps during military operations is related to brownout 
[3]. Due to the complexity of these phenomena and the safety is-
sues they may lead to, rotor wakes IGE have been studied using 
different approaches, both numerical and experimental. Numerical 
works focus on the possibility to predict the cloud generated by 
different aircraft configurations (single rotor, tandem or tilt rotor) 
or flight conditions (different advance ratios and weights) [4–6]. 
Others tried to define how different manoeuvres may impact on 
brownout severity [7] [4].
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Brownout works may also be divided based on the approach 
used to predict the dust cloud. The most common approach is La-
grangian, and in this case, every single dust particle is tracked in 
the flowfield during a simulation. This approach has the advantage 
to be accurate, especially when particles interact with the ground, 
ejecting more particles, or when they interact with other rotors 
or nearby structures. In [8], Tan et al. presented brownout simu-
lations using a Lagrangian model for the particle motion and the 
vorticity method to solve the flowfield. The approach involves a 
direct computation of particle-surface and particle-particle inter-
action, results have been validated with [9] experimental results. 
Li et al. [10] investigated the possibility to use rotor disk model 
to simulate brownout clouds [10]. Furthermore, the same research 
group, in [11], investigated the effect of cross wind on brownout 
cloud. Lagrangian models have also been used to investigate the 
effect of different rotor tip shapes on brownout cloud for full-scale 
hovering rotors [12]. Furthermore, Hu et al. [13] investigated the 
influence of forces acting on particles including the Saffman and 
Magnus forces. However, Lagrangian approach may be very ex-
pensive due to the huge amount of particles contained in a fully 
developed brownout cloud. On the other hand, the Eulerian ap-
proach considers the dispersed phase as a continuum, usually de-
scribed using a scalar transport equation, solved after the flowfield 
model. This approach has also been used in this work. A summary 
of the literature for the Eulerian-based models used for brownout 
is presented later in this work. In general, this approach is more 
affordable in terms of computational cost, but may not be possi-
ble to track the particles with enough accuracy to evaluate their 
interactions with surrounding objects and the ground. However, it 
may be still possible to evaluate the pilot visual environment and 
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Nomenclature

Latin

u Flowfield velocity vector, . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
up Particle velocity vector, . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
A Bangold model constant, A=0.0123
ap Particle acceleration, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s2

B Ballistic coefficient, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m2

c Blade chord, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
C D Drag coefficient
CT Thrust coefficient, CT = T

1
2 ρ∞ V 2

tip A

D Rotor diameter, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
dp Particle diameter, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . μm
d� Dimensionless particle diameter
di Distance between particle and the i-th cell centre, . m
DL Disk loading, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N/m2

E Ratio of erodible to total surface
F Vertical flux, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/(ms)
f Clay fraction
fbi Body force in the i-th direction, . . . . . . . . . . . . . . . kgm/s2

g Gravitional acceleration, g = 9.81m/s2

mp Particle mass, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg
Nb Number of blades
Np Number of particles
Q Horizontal flux, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/(ms)
R Rotor radius, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
rmax Maximum distance travelled by the particle during 

�t , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Re Reynolds number, Re = Vtipc/ν∞
Sd Source term, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (Np)/m3

S p Frontal particle area, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

Srotor Rotor disk area, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

Sc Schmidt number, Sc = ν/D
T Rotor thrust, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . N
t f Fluid characteristic time, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
tp Particle characteristic time, . . . . . . . . . . . . . . . . . . . . . . . . . . . s
u∗ Friction velocity, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s

ui Flowfield velocity i-th component, . . . . . . . . . . . . . . . . m/s
uri Relative particle-fluid velocity i-th component, . . . m/s
wt Particle terminal velocity, . . . . . . . . . . . . . . . . . . . . . . . . . m/s
u∗

t Wall friction velocity threshold, . . . . . . . . . . . . . . . . . . . m/s
upi Particle velocity i-th component, . . . . . . . . . . . . . . . . . . m/s

Greek

β Bangold model constant, β = 0.0003 kg/s2

μ Advance ratio, 
V∞
Vtip

μ∗ Normalized advance ratio, 
μ√

CT /2
ν Kinematic viscosity, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2/s
νp Diffusion coefficient, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2/s
φ Volume fraction occupied by particles
ρ Density, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m3

ρd Density of particulate, (Np)/m3

ρp Density of soil material, . . . . . . . . . . . . . . . . . . . . . . . . kg/m3

σ Rotor solidity, Nb
π R/c

τw Shear stress at wall surface, . . . . . . . . . . . . . . . . . . kg/(ms)

Super and sub scripts

∞ Freestream value
air Air
p Particle
tip Blade tip value

Acronyms

C F D Computational Fluid Dynamics
D V E Degraded Visual Environment
IG E In Ground Effect
MT O W Maximum Takeoff Weight
MU SC L Monotone Upstream Centred Schemes for Conserva-

tion Laws
O G E Out of Ground Effect
P I V Particle Image Velocimetry
the DVE severity due to the cloud. Brownout experimental works 
are not common, due to the high cost and risks involved. Tanner 
and Wong [9], used photogrammetry, and mapped the brownout 
cloud generated by a E H − 60L helicopter at different flight con-
figurations, while Rodgers [14], used samplers to measure the dust 
concentration of a brownout cloud around a full-scale H-21 air-
craft. There are also examples of small scale experiments [15,16], 
where the dispersed phase has been simulated using soda glass 
spheres or talcum powder.

1.1. Contribution and novelty

In the present work, computational fluid dynamics (CFD) is em-
ployed to analyse rotors operating IGE at different advance ratios. 
The Eulerian approach has been used for brownout clouds gen-
erated by rotors studied previously. Comparisons in terms of dif-
ferent advance ratios and different rotor thrust coefficients were 
performed. The effect of the fuselage has also been studied. Fur-
thermore, the Lagrangian employed particle tracking model is pre-
sented, and obtained results are compared with the Eulerian ap-
proach and experiments [9]. This direct comparison is new in the 
brownout literature. Even if the models have been discussed sev-
eral times, they have never been compared in the same CFD frame-
work, so that Eulerian and Lagrangian use identical flow field. All 
2

Table 1
Published works employing Eulerian model.

Authors (Year) Carrier Phase model Validation

Wenrnen et al. [17] (2006) Vorticity Confinement None
Haehnel et al. [18] (2008) Vorticity Confinement Rodgers [14]
Phillips and Brown [6] (2009) VTM Nathan and Green [15]
Ghosh et al. [5] (2010) RANS Nathan and Green [15]
Polzin et al. [19] (2011) RANS None
Garrick et al. [4] (2013) RANS Nathan and Green [15]

CFD simulations have been performed using the HMB3 (Helicopter 
Multi-Block) CFD solver of the University of Glasgow.

1.2. Eulerian methods for brownout

Brownout and whiteout are due to the presence of particles in 
the flowfield. The former involves sand and the latter snow. How-
ever, other kinds of particles can be involved such as rain, ice and 
even small rocks. Several works used CFD and numerical models 
to predict brownout. In general, the main approach is to use CFD 
to predict the flowfield around an operating rotor, and solve an ad-
ditional set of equations for the particle motion. Some of Eulerian 
works for brownout are listed in Table 1

In the majority of works, the one-way coupling assumption 
has been adopted. It describes the dispersed phase as rare in the 
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fluid, and is thus possible to neglect the effect of the particles 
on the flowfield properties. In the past, various approaches have 
been used to predict the flowfield around the rotorcraft, including 
Vortex Tracking Model (VTM) [20] or RANS (and URANS) models 
with different turbulence models [5,4,21]. In the Lagrangian ap-
proach, the particles (or parcels of particles) are tracked through 
the flowfield and the local cloud properties are defined by their 
properties as they pass through a point in the flowfield. For this 
approach, the motion of the particles is calculated using Newton’s 
second law. This method has the advantage of accuracy in terms 
of particle velocities and positions, which is fundamental for mod-
elling interactions with the ground. However, the computational 
cost may become prohibitive when the amount of particles is large, 
like in the case of a dense brownout cloud. Previous works us-
ing the Lagrangian frame of reference are [7,22,23,1]. For Eulerian 
methods, the properties of the particles are assumed continuous 
within the field. Thus, transport equations are written and discre-
tised, and their solution gives the properties of the cloud. Works 
have already been published [5,4,19] for Eulerian particle track-
ing. All these used the same flowfield and dust models to pre-
dict brownout. The flowfield has been solved using incompressible 
RANS, with a momentum source term used to introduce the rotor 
effect in the flowfield. In Ghosh et al. [5] validation with experi-
mental results (by Rabbott [24]) was performed for the rotor blade 
loading, while Garrick et al. [4] compare UH60 rotor performance 
(torque coefficient) at different advance ratios with experiments. 
The dust model used in these works consists of a convection-
diffusion equation that include the terminal velocity effect (which 
allows taking into account gravity) and a source term for parti-
cles uplift. A qualitative validation of the dust model used in these 
works is described in the Ghosh et al. [5] who compared obtained 
cloud shape with experiments by Nathan and Green at University 
of Glasgow. [15]. Results presented by Garrick et al., [4] focused on 
comparing the cloud at different advance ratios, including land-
ing manoeuvres. On the other hand, Ghosh et al. [5] presented 
results comparing different rotor cases (single rotor, tandem, tilt-
rotor and quad-rotor) at different heights above the ground. Results 
presented in these works show that all of these variables (height 
above the ground, rotor layout, taxiing speed) have an impact on 
the developed brownout cloud. A similar Eulerian model is pre-
sented in [17,18]. In these works, the flowfield has been computed 
as laminar and incompressible adding the vorticity confinement 
method, to obtain vortices near the boundary layer. The Eulerian 
method used a convection equation with the terminal velocity ef-
fect and source term based on the Bangold model. However, the 
diffusion effect has been considered negligible. Haehnel et al. [18]
presented a quantitative validation of the dust density around a 
H-21 helicopter, compared with results presented by Rodgers et 
al. [14]. They focused on the development of the brownout cloud 
with time. Other works about brownout using the Eulerian frame 
of reference have been performed by Philips and Brown [6,25,20]. 
In these works, the dust model is a diffusion-convective model 
for dust, including source terms. Philips and Brown validated both 
their flowfield and dust models with experimental results, the for-
mer quantitatively using Lee et al. work [26] and Preston et al. [27]
work, the latter qualitative with the Nathan and Green experi-
ments [15]. Part of their work focused on the different develop-
ment and cloud shape generated by different rotor configurations 
(mainly between tandem and single rotor), at different forward 
flight conditions. Results presented by Philips and Brown also in-
clude the effect of rotor blade twist on the dust cloud.
3

Table 2
Forward flight and rotor geometry data.

V∞ [kts] 10 5 2.5
V∞ [m/s] 5.14 2.57 1.1
Re 144’500 72’200 36’200
μ 0.0233 0.011 0.005
N blades 4 4 4
R [m] 5.5 5.5 5.5
c [m] 0.41 0.41 0.41
σ 0.095 0.095 0.095

2. Numerical models

2.1. CFD solver

The HMB3 (Helicopter Multi-Block) [28,29] is used for all CFD 
calculations in this work. It solves the Unsteady Reynolds Averaged 
Navier-Stokes equations (URANS) in integral form with ALE for-
mulation (Arbitrary Lagrangian Eulerian) for time-dependent do-
mains (moving boundaries). URANS equations are discretised using 
a cell-centred finite volume approach on a multi block structured 
grid. HMB3 uses the Osher [30] and Roe [31] approximate Rie-
mann solvers to evaluate the convective fluxes, and the viscous 
terms are discretised using second order central differencing. Third 
order accuracy in space is provided by the Monotone Upstream 
Centred Schemes for Conservation Laws (MUSCL) [32]. To avoid 
non-physical spurious oscillations, HMB3 uses the alternative form 
of the Van Albada limiter [33] where large gradients exist in the 
flowfield. An implicit dual time stepping method is employed to 
perform the temporal integration. Overset grids (used in this work) 
[34] and the sliding plane [35] methods are available in HMB3 
to allow for the relative motion between mesh components, rep-
resenting ground and rotor blade. Various turbulence models are 
available in HMB3, including one-, two-, three- and four- equa-
tion turbulent models. Large-eddy Simulation (LES), Detached-Eddy 
Simulation (DES) and Delay-Detached-Eddy Simulation (DDES) can 
also be used with HMB3.

2.2. Forward flight and hover setup

The forward flight conditions and the rotor geometric data are 
listed in Table 2. Three advance ratios have been computed. Fur-
thermore, for all test cases, two disk loading configurations have 
been tested. The wake structure of a forward flight rotor strongly 
depends on its taxiing speed. At lower taxiing speed, a recircu-
lation region is formed in front of the aircraft, while in the case 
of higher taxiing speed the flowfield develops to a horseshoe vor-
tex. The particle tracking analyses performed in this paper were 
strongly influenced by the obtained wakes. Two different wake 
patterns may generate different scenarios in terms of brownout 
clouds. Furthermore, using two different thrust coefficients for the 
same helicopter in forward flight, shows how the weight influences 
the dust cloud. The influence of the fuselage has also been studied, 
with simulations for low advance ratio with and without it. Previ-
ous works [36,37], show how helicopters with higher disk loading, 
in hover, generate the most dangerous scenarios. In this work, a 
similar analysis was performed for the forward flight case. Hover 
was approximated using low advance ratio forward flight, with an 
almost zero V∞ (Table 3).

Flowfield calculations were performed with a chimera mesh 
system, using background and foreground grids. The mesh setup is 
presented in Fig. 1. The inner grid contains the fuselage geometry, 
and it is of cylindrical shape. It contains approximately 15 million 
cells. The fuselage was an approximate shape of a utility helicopter 
[38]. On the other hand, the background mesh was Cartesian. It 
was refined near the ground and near its centerline, following [38]. 
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Table 3
Simulations performed for Eulerian particle tracking.

V∞ [kts] Mesh CT Steady/Unsteady
0 (Hover) low μ 0.0125 Steady
0 (Hover) low μ 0.0175 Steady
5 low μ 0.0125 Steady
5 low μ 0.0175 Steady
10 low μ 0.0125 Steady
10 low μ 0.0175 Steady
10 low μ (without fuselage) 0.0125 Steady

Fig. 1. Forward Flight Grid Setup.

For this taxiing speed, the wake is expected to extend in the span-
wise direction, in this case, the width is 40R, while the stream 
wise length is about 64R as shown in Fig. 1. The background mesh 
contains 30 million points. The ground has been computed as a 
solid moving wall, moving with the freestream velocity. The rotor 
has been modelled with a steady, non uniform actuator disk [39]. 
Previous works considered a similar setup for analysis of wake en-
counters [40,38].

2.3. Threshold model

The Bangold model (see [41,42]) has been used in several 
brownout works to simulate particle uplift. Based on this model, 
Shao et al. [43] proposed a threshold formulation that has been 
adopted in this work. The threshold model is based on the wall 

friction velocity u∗ =
√

τw

ρ
, and a threshold value that depend on 

particle and fluid properties as:

u∗
t =

√
A

(
ρp

ρair
gdp + β

ρairdp

)
, (1)

where A and β are coefficients: A=0.0123, β=0.0003 
kg

s2
. The par-

ticle values, used in this work, are listed in Table 4, while for 
air and gravity acceleration the following values have been used: 
ρair = 1.225kg/m3 and g = 9.81m/s2. Particle properties are cho-
sen to be closer to real sand grains, as described in [44]. When 
u∗ > u∗

t particles are uplifted and entrained the flowfield.

2.4. Particle motion equation

For Lagrangian particle tracking, an in-house simulation method 
has been used. The tool can compute particle paths for mass and 
4

Table 4
Properties of particles used in this work.

ρp (kg/m3) dp ( μm) C D B (kg/m2) u∗
t (m/s)

2650 9 1.048 0.03 0.58

massless particles. Both particles types are driven by the flowfield 
velocities and their positions in time are obtained by integrating 
their equations of motion. The integration method used is a fourth 
order Runge-Kutta. In the case of massless particles, there is no slip 
between a particle and the flowfield. In other words, particle and 
flowfield velocities are equal (u =up), where up is particle velocity 
and u is the velocity of the flowfield at the position of the particle. 
Particles have first to be localized in the computational domain to 
obtain the velocity of the flowfield in their particle positions. Then, 
to obtain the particle position it is necessary to integrate the par-
ticle motion equation. The position of the particle xp is computed 
by:

∂xp

∂t
= u(tn,xn

p). (2)

For particles with mass, the particle and flowfield velocities are not 
the same, and the particle acceleration has to be computed, using:

ap = 0.5ρair(u − up)||(u − up)||
B

− g (3)

Here, ap is the acceleration of the particle, up is its velocity, u is 
the velocity of the flowfield in the position of the particle and B 
the particle ballistic coefficient, B = mp

S p C D
. Also, mp is the par-

ticle mass, S p = πd2
p/4 is the particle frontal area (particles are 

assumed spherical), C D is the particle drag coefficient, and g is the 
acceleration of gravity. The particle properties used in this work 
are listed in Table 4, and correspond to the size and density of 
particles used in earlier brownout experimental and computational 
works [44,22,45]. The particle motion equation has been non-
dimensionalized using the flowfield reference values for length, ve-
locity and density. The reference value lref is the rotor blade chord, 
c, Vref is V∞ , i.e. the rotor forward speed and, ρref = 1.225kg/m3. 
To integrate the particle acceleration, the fourth order Runge-Kutta 
method has been used. To obtain the velocity and position of par-
ticles at any time step, it is necessary to integrate two vector 
equations, one to obtain the particle’s velocities, one for its po-
sition.

2.4.1. Search algorithms
During the particle tracking process, it is necessary to know the 

flowfield properties in the space occupied by the particle. In other 
words, the particles have to be localized inside the computational 
domain. Two search methods are included in the Lagrangian par-
ticle tracking code. The first is used when the flowfield is seeded 
with particles for the first time. The distances between their start-
ing positions and the centers of the grid cells are computed. The 
seeding particle is then assigned to the nearest cell in the domain. 
This “brute force” search method is expensive in terms of compu-
tational cost, and it is done only during the first time step to have 
the starting particle positions. The second search method is used 
after the first search, to update the particle position inside the do-
main, using the initial positions. To avoid the high computational 
cost, the search area is delimited around the neighbour cells of 
the particle’s position at time tn . The search area is within by the 
maximum distance travelled by the particle during the �t between 
time instances tn and tn+1. The area is delimited by the maximum 
range, rmax , computed as: rmax = ||up ||�t . A cell, i, is considered in 
the search area if ri < rmax , where ri is the distance between the 
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cell centre xi , and the position of the particle at tn , ri = ||xn
p − xi ||. 

The particle is then searched in the delimited area, comparing the 
distance between the cell centre and the particle position at tn+1. 
Finally, the particle is assigned to the nearest cell. Furthermore, 
once a particle is found, an interpolation is performed to obtain 
the flowfield properties at locations of the particle. The influence 
of all the cells around the particles are weighted with respect to 
their distance from the position of the particle. In all simulations, 
the grids were multi-block structured with hexahedal cells, so the 
cells around the one contain the particle, are 27 in total, except for 
cells near domain boundaries.

The employed equations are:

u f low(xn+1
p ) =

27∑
i=0

u f low(xi)qi, (4a)

di = ||xi − xn+1
p ||, (4b)

qi =
1
di∑27

i=0
1

di

, (4c)

where u f low(xn+1
p ) is the flowfield velocity in the position occu-

pied by the particle and u f low(xi) the flow velocity as the centre 
of the i-th cell. xi is the position of the i-cell centre, while xn+1

p is 
the particle position at time step n+1. A particle is near the domain 
boundaries, its neighbours cells are fewer. In that case the interpo-
lation is using the “halo cells” of the mesh. Two layers of halo 
cells are added at the boundary of the domain, and these contain 
the information of the first two layers of cells inside the domain of 
the neighbour block. This way, it is always possible to interpolate 
values from 27 cells. When the code runs in parallel every particle 
is associated with a single processor, which searches only for the 
particle assigned to it.

2.5. Eulerian method

The particle dust transport model used here is:∫
V

∂ρd

∂t
dV +

∫
V

(u+wt) ·∇ρddV =
∫
S

Sd ·ndS +
∫
V

νp∇2ρddV (5)

and start using a number density: ρd = Np

V
[Np/m3] where wt is 

the fall out velocity, which takes into account the effect of grav-
ity with, νp the particle diffusion coefficient, and Sd the source 
term, computed starting from the uplift Bangold method. To model 
the fall out velocity, the formula presented by Cheng has been 
used [46]. The same formula has been used in other Eulerian 
brownout works, [6]. The fall out velocity is computed starting 

from the dimensionless particle diameter: d� = dp

(
gb

ν2∞

)1/3

, with 

b = ρp − ρ∞
ρ∞

. The fall out velocity is a vector, and considering the 

gravity direction as z, it can be written as wt = [0 0 ŵt]T , with

ŵt = ν∞
dp

(√
25 + 1.2d2

� − 5

)1.5

(6)

The source term can be modelled using the mass fluxes defined 
by Marticorena [47], in the horizontal (Q) and vertical (F) direction. 
In this case, the x and y axis define the ground plane, while z 
is normal to it. We define Fm = [Q Q F ]T . It is necessary start 
with the horizontal, computed starting from the threshold friction 
velocity.
5

Q = Ecu3∗
ρ

g

(
1 − u∗

t

u∗

)(
1 + u∗2

t

u2∗

)
(7)

Where u∗t is the threshold friction velocity (Bangold model), while 

u∗t =
√

τw

ρ
is the friction velocity. Furthermore, c = 0.261 is a co-

efficient of the model, ρ is the flowfield density, and E is the ratio 
of erodible to total surface area, taken as 1 for simplicity. From the 
horizontal flux, it is possible to compute the vertical flux [47] as:

F = Q e13.4 f −6.0 (8)

In this work the parameter was set to f=0.1, following [47]. The ver-
tical flux F is defined in [47] as the mass of fine particles passing 
thought a horizontal unit area per unit time. The equation derived 

by Manticorena [47], is defined as a mass flux, with units of [ kg

ms
]. 

To use it for the source term, it must be modified to obtain a flux 
as number of particles per unit volume. The flux mass has been 

modified as: Sd = [Q Q F ]T dp

mp Ap
. Where mp is the particle mass, 

dp is the particle diameter and Ap the particle frontal area, which 
can be considered the smallest area through a particle can enter 
the flowfield from the ground. Then,

Q
dp

mp Aref
= Ecdp

mp Aref
u3∗

ρ

g

(
1 − u∗

t

u∗

)(
1 + u∗2

t

u2∗

)
= pu3∗

mp Aref

ρdp

g

(9)

where p = Ec

(
1 − u∗

t

u∗

)(
1 + u∗2

t

u2∗

)
, and contains only dimension-

less values. It is important to notice that if u∗t > u∗ , the threshold 
model is not satisfied, in other words, particles cannot be uplifted, 
and this may lead to a zero flux, leading to Sd = 0, in case of 
u∗t > u∗ . We now define φ, the volume fraction occupied by the 
particles as φ = ρd V p . To obtain this, we can multiply both sides 
of equation with V p , volume of the particle. It also necessary to 
apply the divergence theorem to the source term in equation (5), 
to obtain:∫
V

∂φ

∂t
dV +

∫
V

(u + wt) · ∇φdV = V p

∫
V

∇ · SddV +
∫
V

νp∇2φdV

(10)

Considering an arbitrary volume, we can obtain:

∂φ

∂t
+ (u + wt) · ∇φ = V p∇ · Sd + νp∇2φ (11)

It is now necessary to non-dimenzionalize equation (11), using:

t̃ = t

lref /Vref

x̃ = x

lref

(12)

and define σ = ρ

ρp
, which is the ratio between the density of the 

fluid and the density of particles material soil (ρp = 2650kg/m3). 
We also define the ratio between the particle diameter and the 

reference length: d̂p = dp

lref
.

Rewriting the expression, with the dimensionless variables, we 
obtain:

∂φ

∂̃t

Vref

lref
+ (̃u + w̃t) · ∇φ

Vref

lref
= V p

lref
∇ · Sd + ∇2φ

1

l2
ν

Sc
(13)
ref
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Fig. 2. Validation of the Eulerian and Lagrangian models. Experiments (gray dots) [9] vs present study results. The rotor was operating at μ = 0.058, CT = 0.017. Particle 
properties are listed in Table 4.
and with some algebra, it is possible to obtain:

∂φ

∂̃t
+ (̃u + w̃t) · ∇φ = V p

Vref
∇ · Sd + ∇2φ

1

Sc

1

Re
(14)

where n can be defined as n = [0 0 1]T , in this way:

∇ · Sd

=
(

∂

∂x

(
pũ∗3

)
+ ∂

∂ y

(
pũ∗3

)
+ ∂

∂z

(
pũ∗3

)
e13.4 f −6.0

) V 3
ref ρV pdp

gmp Ap

(15)

∂φ

∂̃t
+ (̃u + w̃t) · ∇φ

=
(

∂ pũ∗3

∂x
+ ∂ pũ∗3

∂ y
+ ∂ pũ∗3

∂z
e13.4−6.0

)

× V 3
ref

V pρ

g

1

ρp V p
π d̂plref

4

1

Vref
+ ∇2φ

1

ScRe
(16)

Defining S =
(

∂ pũ∗3

∂x
+ ∂ pũ∗3

∂ y
+ ∂ pũ∗3

∂z
e13.4−6.0

)
, for simplicity, 

and using the first term on the right of equation we obtain:

S V 3
ref

ρ

g

V p

ρs V p

π d̂2
pl2ref

lref

Vref
= S V 2

ref
4σ V p

gπ d̂p

(17)
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roducing σ = ρ

ρs
and the Froude number as F r2 = V 2

ref

glref
we 

e:

+ (̃u + w̃t) · ∇φ = S
4F r2σ

π d̂p

+ ∇2φ
1

ScRe
(18)

e Sc number can be modelled using the Einstein-Stokes equa-
n for brownian motion. [48]. Then,

= kT

3πμdp
, (19)

ere k is the Boltzmann constant, T is the temperature, μ is the 
id viscosity, and as usual dp particle diameter.

Results

. Validation test case - EH-60L Wong and Tanner experiments

Eulerian model and Lagrangian particle tracking have been val-
ted using experimental results obtained by [9]. Experiments 
e been performed using photogrammetry to obtain qualitative 

ults of the brownout cloud development of a EH-60L taxiing. 
e aircraft was operating at around 15 m (around 1.8R) altitude 
d 12 m/s (approx 25 kts). A flowfield simulation has been per-
med for the same mesh, described previously, with a higher ad-
ce ratio (μ = 0.058) and for a CT = 0.017. The ground has been 
ded considering a density of particles on the ground around 8 

rticles /m2, with particles covering all areas where the friction 
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Fig. 3. Lagrangian particle tracking and Eulerian Particle Tracking Validation. Experiments (black dots) [9] vs present study results (dots/isosurfaces with contours). The rotor 
was operating at μ = 0.058, CT = 0.017. Particles properties listed in Table 4.
threshold model is satisfied. The experiment results show the de-
velopment of the cloud at different time steps. To compare these 
unsteady results with steady state simulations, experimental re-
sults have been collected in a single cloud shape. The aircraft 
position was then moved to the origin of the domain, while the 
relative position between the aircraft position and the cloud points 
was preserved. In these simulations, particles have the properties 
listed in Table 4. The number of particles per square unit has been 
chosen as a trade-off between the finite computing resources avail-
able, and the need to have enough particles in the flowfield to 
represent the brownout cloud. Even if the number may appear 
small, the final cloud, counts millions of particles. Fig. 2, quantifies 
the differences between the experimental results and the numeri-
cal simulations. Considering the difficulties of comparing different 
clouds in terms of shape and size, the clouds have been approx-
imated with a polynomial curve obtained using the least squares 
method.

Fig. 2 (A) is a top view. As can be seen in Fig. 2 (A), closer to the 
rotor (for X/R < 5), the two numerical methods present similar 
results, with a distance of 0.3R at X/R = 1.5. While the distance 
between the experiments and the numerical methods is about 1R 
for X/R < 5. Furthermore, when the distance from the rotor in-
creases, the two numerical methods slightly differ. For X/R > 5, 
the Lagrangian method is more accurate, preserving an error of 1R 
with experiments. This error is almost constant for all the range of 
X/R considered, and the shape of experimental results, is close to 
the numerical. On the other hand, Eulerian results worsen further 
from the rotor, showing up to 3R of difference with experiments 
at around X/R = 20. Fig. 2 (B) shows the side view. Here, the 
scatter in the experimental results is more evident, and the com-
parison with CFD is more difficult. However, it is noticeable that 
the distance between numerical and experimental data is within 
the scatter of experiments. Like in the top view considered pre-
viously, the two numerical methods show similar results, with a 
difference between the CFD and experiment of around 0.1R, while 
the distance between the experiments is around 0.5R. From the 
top view, it is possible to say that the Lagrangian is more accu-
rate than the Eulerian method for X/R > 5. However, this method 
is limited by the amount of particles it can handle.

Full cloud results are presented in Fig. 3 and Fig. 4.
7

The results reveal that the Lagrangian particle tracking pro-
vides a good approximation to the brownout cloud in Fig. 3 (B). 
Computational and experimental results follow the wake shape, 
forming a parabolic dust front. A small difference can still be no-
ticed between experimental and computational results, however, 
this difference can be due to the comparison between steady-state 
simulations and unsteady experimental results. The computational 
results, however, underestimate the maximum height of the cloud, 
showing a maximum cloud altitude around 1R, while the maxi-
mum experimental cloud reaches almost 1.5R (Fig. 4 (B)). These 
differences may be due to the low number of particles used in 
the Lagrangian code. Furthermore, in a real scenario, particles have 
different shapes and dimensions, instead of the uniform properties 
used here. In general, the Eulerian model follows the Lagrangian 
particle tracking results, as shown in Figs. 3 (A) and 4 (A) with 
similar agreement with experiments.

3.2. Particles uplift

Results in terms of uplift particle areas are now presented. To 
obtain these results, the Bangold model has been applied on the 
ground, computing the friction velocity and comparing it with the 
threshold proposed by Shao et al. [43]. Figs. 5, 6 and 7 show parti-
cle uplift results for two disk loading condition, and for all advance 
ratios simulated. In general, higher thrust coefficients lead to wider 
uplift areas. The uplift area increases by almost 1R at higher CT , in 
all cases considered. In hover, shown in Figs. 5, the uplift area is 
3420 m2 (roughly 25Arotor ) for CT = 0.0125, while for CT = 0.0175
it grows to 4928 m2 (approx 36Arotor ). Some differences are seen 
between the forward and aft one even if it is the hover case. This 
is mainly due to the presence of the fuselage. For both forward 
flight cases, the uplift area decreases. For V∞ = 2.5m/s shown in 
Fig. 6 the uplift area is about 980 m2 (approx 10Arotor ) for the 
CT = 0.0125 and 1536 m2 (roughly 16 Arotor ) for CT = 0.0175. 
The uplift area drops more by increasing the taxiing speed. In this 
case (Fig. 7, V∞ = 5.14m/s), the uplift area is 800 m2 (roughly 
8.4 Arotor ) for CT = 0.0125, and 1240 m2 (approx 13 Arotor ) for 
CT = 0.0175. Furthermore, it is possible to notice, how the uplift 
area shape changes increasing the taxing speed. For the hover case, 
the uplift area is almost circular, however, it became stretched 
downstream, with increasing taxiing speed. For higher advance ra-
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Fig. 4. Lagrangian particle tracking and Eulerian model validation. Experiments (black dots) [9] vs present study results (dots/isosurfaces with contours). The rotor was 
operating at μ = 0.058, CT = 0.017. Particles properties listed in Table 4.

Fig. 5. Particle uplift criterion results. The rotor was operating in hover, h/R=1.66. Particles properties listed in Table 4.
tios, the uplift area extends mainly behind the rotor, while for 
the hover case it is almost equally distributed around the rotor 
describing a circle area. This is due to the change of the wake 
topology influenced by the different advance ratios of the simu-
lations. The wake topology changes due to different taxiing speeds 
have been deeply described in previous works including [38], [49].

3.3. Lagrangian and Eulerian results comparisons

Eulerian results are now presented using isosurfaces of volume 
fraction occupied by dust particles (isosurfaces at φ = 10−3) and 
compared with massless Lagrangian particle tracking. These simu-
lations are performed as steady, imposing at the first time step a 
3cm sand thickness layer on the ground. On the other hand, La-
grangian particle tracking has been set up using the information 
extracted from the uplift analysis. To avoid further increases of ex-
ecution time, the ground has been seeded with the particles only 
where they are more likely to be uplifted by the flowfield. The 
ground has been seeded considering the same density of particles 
8

on the ground of 8 particles /m2, with particles covering all ar-
eas where the friction threshold model is satisfied. Furthermore, 
different layers of particles have been placed at different heights 
on the ground, from zero up to 3cm thickness with a Gaussian 
distribution. As a final result, the low speed forward flight with 
CT = 0.0125, has been seeded with 6110 particles, resulting in a 
final cloud of 91 million points, while the case with CT = 0.0175
the particles on the ground were 10,000, resulting in a final cloud 
of 150 million particles. For this comparison, the particles are con-
sidered massless, and gravity has not been taken into account.

Brownout clouds computed with the Eulerian approach are now 
presented. In Figs. 8 (A) and (B) the clouds generated for the low-
est advance ratio condition are shown. In these results, the forward 
speed is limited, and the case can be considered almost in hover. 
At this advance ratio, the effect of forward speed is minimal and 
the cloud surrounds the rotor in almost every direction, leaving 
a small clearance only behind it. For both thrust coefficients, the 
cloud reaches 20R distance in the lateral direction and around 20R 
behind the rotor. However, particles also spread in front of the air-
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Fig. 6. Particle uplift criterion results. The rotor was operating in forward flight μ = 0.011, h/R=1.66. Particles properties listed in 4.

Fig. 7. Particle uplift criterion results. The rotor was operating in forward flight μ = 0.022, h/R=1.66. Particles properties listed in 4.
craft, generating a dense recirculation region that extends to 15R 
in hight. Furthermore, the particles can reach 6R height above the 
ground. As said, in this case, the cloud completely surrounds the 
aircraft, generating a severe DVE condition. The two thrust con-
figurations show very similar results. However, when the thrust 
coefficient is higher, the cloud spreads more, reaching higher and 
further positions with respect to the other case. In general, the 
Lagrangian particle tracking agrees with the Eulerian results, the 
main cloud features can also be seen in Figs. 8 (C) and (D). How-
ever, some differences can still be noticed. The Lagrangian results 
show more asymmetry in the flowfield. In the Eulerian case the 
two sides of the cloud look similar in terms of dimensions, while 
the cloud side at Y /R < 0 expands more in the X/R direction with 
respect to the other side (Y /R > 0) for the Lagrangian methods. 
This may be due to the differences on ground seeding between the 
two models, and the limited number of particles in the Lagrangian 
case. Small asymmetries entities were expected in the flowfield 
due to the presence of the fuselage and the usage of a non-uniform 
actuator disk in these simulations. A comparison between the two 
models can also be used at higher advance ratio cases, in Figs. 9
(C) and (D). At this taxiing speed, the cloud spreads in front of the 
rotor and behind it, following the rotor wake. Behind the rotor, the 
9

cloud spreads in two separate branches, that can reach a distance 
of 20R in the lateral direction, and 2.5R in height. This part of the 
brownout cloud may affect other aircraft operating nearby, spoiling 
their visual, or the driven dust may be ingested by their engines. 
Furthermore, particles may damage structures and give problems 
to ground personnel. As seen in previous works, higher disk load-
ing configurations are able to generate bigger clouds [50,37]. For 
this advance ratio value, the two models agree better than for the 
previous case. The branches of the cloud are quite symmetric in all 
cases presented, and the cloud shape and dimensions agree among 
the two computational models. When the taxiing speed is further 
increased, the cloud is strongly influenced by the wake topology, 
like in the previous cases. At μ = 0.022 (Figs. 10 (A) and (B)) the 
cloud is formed by a dense region in front of the rotor and by two 
branches behind the aircraft, however, some differences can still be 
noticed. First of all, the region in front of the rotor is smaller for 
the higher advance ratio, decreasing the severity of the DVE condi-
tion, with respect to the lower advance ratio case. In this case, the 
recirculation region stops at 4R in front of the rotor. As before, 
an higher thrust coefficient leads to larger and taller brownout 
clouds. Figs. 10 (A) and (B) can be compared with Figs. 10 (C) 
and (D) for a direct contrast of results obtained with the two dif-
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Fig. 8. Lagrangian particle tracking and cloud isosurfaces, with the rotor was operating in hover, h/R=1.66. Massless particles.
ferent approaches. Results are comparable mainly everywhere in 
the domain. Particles can reach similar results for the cloud shape, 
maximum height and distance reached. The final cloud is 15R wide 
and with a maximum height of around 3R. Furthermore, both ap-
proaches show larger clouds in the case of higher rotor thrust 
coefficient configurations. Comparing 10 (B) and 10 (C), it is pos-
sible to notice some differences in proximity to the rotor. In the 
Lagrangian case, some particles reach high positions during recir-
culation. This number of particles is low and they are not visible in 
the Eulerian results which show an isosurface of φ = 10−3. Fig. 11
compares the Eulerian and Lagrangian results for the no fuselage 
configuration. In both cases, it is possible to notice that asymmetric 
of the previous clouds was due to the fuselage. The clouds shown 
in Figs. 11 (a) and (b) look very similar. Both clouds follow the 
wake topology, with a limited recirculation region in front of the 
rotor. In this part of the cloud, the particles are not reingested by 
the rotor itself, however, their height is enough to spoil the visual 
of the pilot on the ground.
10
3.4. Timing and performance comparison of the methods

In this section, performance analysis is shown, comparing Eu-
lerian and Lagrangian execution times and parallel performances. 
Both codes can run in serial and parallel computers. In the La-
grangian particle tracking, the total amount of particles is shared 
among processors. When a new particle is uplifted inside the flow-
field, it is assigned to a single processor, which tracks it for the 
whole simulation. In general, the size of the mesh has an influence 
on the total execution time of Lagrangian code. Searching parti-
cles in finer meshes is computationally more expensive. However, 
the mesh size does not have a strong influence on parallel scal-
ing, all processors having to read the input flowfield files. On the 
other hand, in the Eulerian method, the code takes advantage of 
the multi-block approach used in HMB3 and processors solve the 
transport equation for the assigned number of blocks. Blocks are 
shared among the processors to obtain an equal amount of work. 
Due to the nature of the Eulerian approach, the total amount of 
particles is not known a priori. A single diffusion equation is com-
puted, independently from the number of particles that a specific 
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Fig. 9. Lagrangian particle tracking and cloud isosurfaces, with the rotor was operating in forward flight μ = 0.011, h/R=1.66. Massless particles.
test case may take into account. In Fig. 12 it is possible to see how 
performances improve increasing number of processors. The speed 
up is close to the ideal-linear behaviour for a very limited number 
of processors in both cases, however, the Lagrangian case is closer 
to the ideal cases with a higher number of processors. When 8 
processors used, the speed-up of the Lagrangian code is around 
6.3 and 6.6 (depending on the number of particles used), while 
Eulerian speed up stops at 5.5. This is a function of the employed 
number of blocks, dividing further any more CPU can lead to better 
performances. It is important to say that in the Eulerian case, the 
amount of memory used for the simulation is limited, and shared 
among the processors, while in the case of the Lagrangian code, 
with more processors are used, more memory is needed to store 
the flowfield. In the Lagrangian code, to limit the number of in-
formation exchanges between processors, the flowfield is read by 
every processor, increasing the total amount of memory needed for 
the simulation.

As already said, in the Eulerian approach, the number of parti-
cles has no influence on timing performance. In general when the 
11
amount of particles is limited, the Lagrangian approach is better 
than the Eulerian, it allows a faster and more accurate calculation. 
However as this amount grows, the total execution time becomes 
prohibitive. In Fig. 13 the total execution time for the Lagrangian 
and Eulerian codes are compared. The total execution time for La-
grangian code scales linearly with the total number of particles in 
the flowfield, and this execution time is computed starting from 
the linear behaviour computed for a smaller amount of particles 
[50]. On the other hand, the Eulerian execution time is indepen-
dent of the number of particles. Every sub-plot of Fig. 13, em-
phasizes a number of particles uplifted. When the total amount 
of particles in the simulation is greater than the threshold, the La-
grangian execution time overcomes the Eulerian, and it became 
less efficient. It is also possible to notice that when the number of 
processors increases, the threshold grows. This is due to the fact 
that the Lagrangian method speed-up is faster with respect to the 
Eulerian, as shown in Fig. 12. The linear slope of the Lagrangian 
curve decreases faster than the Eulerian fixed value, as shown in 
Fig. 13 This is due to the larger amount of memory needed to run 
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Fig. 10. Lagrangian particle tracking and cloud isosurfaces, with the rotor was operating in forward flight μ = 0.022, h/R=1.66. Massless particles.
the Lagrangian test case. Furthermore, the Lagrangian output files 
contain a very large number of points, and may become difficult 
to post-process.

4. Conclusions and future steps

Eulerian and Lagrangian approaches have been used, in the 
past, for brownout simulations. In this work these two approaches 
have been compared using the same test cases. Results show very 
similar behaviour in cloud shape and size, even if some differ-
ences can be noticed. In general, brownout clouds follow the wake 
topology in both approaches. A dust wall is formed in front of 
the rotor, following the recirculation region ahead of the fuselage. 
However, the cloud also spreads behind the rotor, separating in 
two branches that cover a wide area around the flight path. Similar 
results have been shown for the two approaches in the test cases 
taken into account. Both methods agree on the cloud size, defining 
different clouds for different configurations of taxiing speed and 
disk loading. Both numerical methods show fair comparison with 
experimental results. The Lagrangian methods can estimate the in-
12
fluence of the wake on particles path, however, the limits of the 
code are clear when the maximum height of the clouds are com-
pared. A limited number of particles can be computed, and this 
limits the final cloud shape. A more detailed analysis of Eulerian 
and Lagrangian results for different rotor flight configurations show 
good agreement between the two methods. However, the compu-
tational cost to simulate brownout clouds with Lagrangian particle 
tracking can be prohibitive. The execution time needed to simulate 
a brownout cloud is influenced by the total amount of particles 
in the flowfield and it may become very high. For this reason, an 
Eulerian approach can be considered better for brownout. Results 
show that the uplift of particles is influenced by the taxiing speed, 
and higher advance ratios lead to a smaller uplift area on the 
ground. Furthermore, the advance ratio also has an influence on 
the uplift area shape. The almost circular uplift area shown in the 
hover case changes increasing the taxiing speed. Furthermore, up-
lift and brownout simulations are shown as the disk loading con-
figurations increase the uplift area and the cloud size, potentially 
leading to more dangerous scenarios for the crew and the ground 
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Fig. 11. Lagrangian and Eulerian, without fuselage. The rotor was operating in forward flight μ = 0.022, h/R=1.66. Massless particles.

Fig. 12. SpeedUp Lagrangian vs Eulerian.

Fig. 13. Timing Lagrangian vs Eulerian for different numbers of processors.
13



F. Rovere, G.N. Barakos and R. Steijl Aerospace Science and Technology 137 (2023) 108306
personnel. Similar conclusions have been reported in [21,50,37]. 
In all cases presented, particles keep following the wake, reach-
ing height altitude with respect to the ground. The current results 
mainly cover massless particles. With mass and gravity considered, 
the brownout clouds may be different, but their size is expected to 
be smaller. For this reason, the sizes of clouds shown here, may 
be used for initial estimation of safety zones around hovering and 
taxiing helicopters.
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