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Ingenuity is considered the Martian equivalent of the Wright Flyer. Its sustained flights on
Mars proved that non-terrestrial powered flight is possible, even on planets with thin atmospheres.
However, Ingenuity was small and carried no payload. Future planetary rotorcraft will be
bigger and heavier to accomplish new scientific and exploratory goals. On dusty planets, the
associated increase in rotor thrust poses a potential challenge well known to helicopter pilots
who have flown in desert environments: dust clouds forming during take-off and landing due to
rotor wash, referred to as brownout. This work evaluates the effectiveness of existing numerical
simulation models in predicting the severity of this phenomenon for planetary rotorcraft. We
compare the output of a CFD-based dust mobilization model with data recently gathered using
image processing techniques of Ingenuity’s flights. The simulation results suggest that the
sensitivity of the wall friction velocity to the rotorcraft height may be lower than previously
assessed. We further evaluate the sensitivity of the total mass of mobilized dust to other model
parameters such as the sandblasting efficiency and the saltation threshold velocity. Finally, we
discuss the limitations of this comparison due to uncertainty in both the observation and the
numerical model.

I. Nomenclature

Sandblasting efficiency [m~!]

Inter rotor distance [m]

Diameter of saltating particle [m]

Mesh resolution [m]

Flux of mobilized dust normal to the ground [gm™2s~!]
Gravity acceleration [m s72]

Height above the ground calculated as the distance between the ground and the bottom rotor plane [m]

Saltation mass flux parallel to the ground [gm™!s!]
Rotor radius [m]

Ambient density [kgm™]

Density of a solid particle [kg m~>]

Density of particulate matter in the flow [gm™3]
Blade pitch angle [°]

Fluid kinematic viscosity [m?s~!]

Flow velocity [m sH

Particle fallout velocity due to gravity [ms™']
Impact threshold velocity [ms™!]

Fluid threshold velocity [m s™h

Far field rotor induced velocity [m s™h

Rotor rotational speed s
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I1. Introduction

LANETARY exploration with aerial vehicles, as improbable as it seemed only a few decades ago, has now proven to
Pbe a formidable opportunity to increase the yield of science missions to extraterrestrial worlds [1]]. Ingenuity —the
small helicopter deployed on Mars by NASA’s Perseverance rover and first ever man-made device to achieve powered
flight outside Earth atmosphere (Fig. [[)— has demonstrated the feasibility of operating a rotorcraft on another planet
[2]. This opens the door to many future missions to Mars and other frontiers with rotorcraft of increasing size and
complexity.

Fig. 1 Ingenuity on the surface of Mars.

Operating a rotorcraft in dusty environments presents a number of challenges and risks that must be assessed during
the design of the vehicle. In particular, the phenomenon of brownout can occur when the rotorcraft hovers close to
the ground in a region where it is said to be “in ground effect" (IGE). This region is characterized by an unsteady and
complex rotor-generated airflow. In a dusty environment, this flow interacts with the particulate matter lying at the
surface. Given certain circumstances (driven by the magnitude of the flow velocity, the fluid and particle properties,
gravity, etc.), particles can get entrained into the flow, creating a cloud of “dust” that can jeopardize safe operations and
degrade the longevity of systems.

On Earth, brownout can put helicopter operations at risk by blocking the pilot’s visibility or reducing situational
awareness. This naturally occurs during take-off and landing, where, coincidentally, precise control is most vital.
A similar danger exists for planetary rotorcraft which would use vision-based sensors or instruments. Since dust
mobilization usually increases with the rotor disk loading (and, generally speaking, with the vehicle mass) [3], this topic
needs to be accounted for in the design of increasingly heavy planetary aerial vehicles that will carry payloads and
perform more complex scientific missions [4}[5]]. Additional areas of concern related to brownout are dust erosion and/or
accumulation which, for example, could perturb the functioning of critical mechanisms (such as rotor swashplates) or
cause a premature drop in the performance of solar arrays [6]. Another potential hazard comes from the possibility of
energetic discharge of particles electrically charged by impingement of suspended material on the rotors [7]]. The risks
associated with each of these aspects must be carefully assessed for future flights on Mars and beyond. Notably, the
Dragonfly mission to Titan is expected to operate in a regime where brownout could be a factor, which has prompted a
number of investigations [8}[9]. However, obtaining reliable predictions of the brownout phenomenon is challenging
due to the complex nature of the problem: there is significant uncertainty in the processes involved which results in
modeling and parameterization errors. Thus, verification is necessary to increase confidence in available models and
their applicability in non-terrestrial environments.

Substantial work has been done on numerical modeling of helicopter brownout. In addition to analytical models,
simulation tools have been developed to produce more accurate results (see, e.g., and references therein). The
present work relies on a numerical approach that, as far as dust modeling is concerned, presents strong similarity with
these previous works. A vortex particle-mesh (VPM) method is employed to simulate the flow around Ingenuity. This
computational fluid dynamics (CFD) method is a medium-fidelity tool that enables long rotorcraft simulations at an
affordable computational cost, a critical feature that further enables parametric analyses. The CFD code determines the
velocity field in the surroundings of the rotorcraft, including its interaction with the ground. An equation is added for
the transport of a scalar that represents the density of dust, with appropriate source terms and boundary conditions that
incorporate the physics of saltation. Saltation refers to the movement of fine particles along the surface that move in a
series of irregular, discontinuous jumps under the influence of the flow. The transport of dust has been implemented in
the code specifically for this work and allows to track the distribution and total mass of mobilized dust as a function of



time in the simulations. This data is eventually compared with the observations.

This paper aims to investigate the potential for using data observed in sifu on Mars to verify the implementation of
numerical models for brownout. Specifically, a dedicated analysis of Ingenuity’s flights by Lemmon et al. [[14]] has
provided data on the mass of mobilized dust during several flight sequences. The mass has been estimated based on
images recorded by the Perseverance rover with its cameras filming the helicopter and its environment. The images have
been processed by comparing pixel brightness with a mean reference and relating changes in opacity to dust density.
This dataset provides a unique opportunity to verify models against real world data in an extraterrestrial environment.

In this paper, we simulate the Ingenuity helicopter on Mars during IGE phases. We calculate the mass of dust
mobilized for various parameters of the models and we compare our results with the observational data. Finally, we
discuss the agreement and discrepancies in regard to the assumptions made in the numerical models and in the image
processing technique.

II1. Methods

A. Computational Fluid Dynamics Solver

The VPM method solves the Navier-Stokes equations in their vorticity-velocity formulation. It utilizes a hybrid
Lagrangian-Eulerian discretization. On the one hand, vortex particles are employed to solve the flow advection. On the
other hand, the stretching and diffusion are solved on a background Cartesian grid through the use of 4th-order finite
differences. Sub-grid scale modeling is also performed by applying a filtering operation on the grid information. The
resulting method is known to have low dissipation and dispersion errors [15], while being computationally efficient
(including on massively parallel architectures) [16]. The aerodynamics of the wings and rotors are modeled using lifting
lines which take care of shedding the appropriate vorticity in the vicinity of the lifting surfaces [[17]. The ground is
modeled as a flat surface accounted for in the simulation through a no-slip boundary condition on the Eulerian domain.
This approach was verified against detached eddy simulation considering the flow around a single rotor in ground
effect [[18]. Additional comparisons with experimental and other numerical results showed favorable agreement. For
conciseness, we refer to [[16} (17, 19] for a detailed description of the method, and specifically to [20] for the description
of the sub-grid scale model (also recently reviewed in [21]). Multiple rotorcraft applications have been explored with
the VPM method [22H25 25| 26]], with consistent validation where possible. An example of a simulation of Ingenuity
in hover above a flat ground is shown in Fig. 2]

For the purpose of this work, we introduce the capability for the model to compute the friction velocity at the wall.
Assuming a smooth surface, we use the law of the wall by Reichardt [27]],

= log(1+ k) + (C = x log()) (1= ™ /M = (/1) "1, M

with the conventional definition of wall variables u* = #/u, and y* = (yus)/v, and where the boundary layer parameters
used in the following are the von Kdrmén constant x = 0.383 and C = 4.25. The equation is solved for the friction
velocity ur = 4/Tw/p. The value of u is set to the norm of the instantaneous velocity vector projected in a plane parallel
to the ground at a given distance to the wall y, typically one grid point above the surface, assuming that this location is
within the log region. This procedure is repeated for all grid points on the ground at every time step.

B. Helicopter Model

We developed a model of the Ingenuity helicopter for the VPM simulation environment. The model consists of two
counter-rotating rotors with two blades each (Fig.[3). The blade planform geometry was taken from publicly available
data [28,29]), and is shown in Fig.[d We assumed all blades were made with the CLF5605 airfoil along the entirety of
their span. Since the aerodynamics of the blades are represented with a lifting line approach in the VPM simulations,
we generated a full set of 2D polar data using Xror1r [30]. The lifting line is fed with the so-obtained lift and drag
coeflicients tabulated as a function of Reynolds and Mach numbers.

The simulations presented in this article were performed under Martian conditions. The corresponding environmental
and rotor parameters are summarized in Tables[I]and[2] While the rotors’ rotational speed was set to its nominal value,
the collective pitch angle was manually adjusted so that the total thrust balances the weight of the vehicle (for a mass of
1.8kg).



coherent vortical structure

enhanced dust production

Fig. 2 Visualization of a snapshot result from the simulation of Ingenuity hovering at /R = 2, showing the
vorticity field on the left and the density of dust on the right, by volume rendering.
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Fig. 3  3-D geometry of Ingenuity’s rotors model. Fig. 4 Chord and twist distributions of the model.

C. 3-D Dust Mobilization Model
We support the derivation of Phillips and Brown [10] and all the assumptions involved to arrive at an equation for
the transport of particulate matter with given particle properties, represented as a continuous phase of density p,

dp
a_zp +(u+uy) - Vo, = Sp+ DV py, )

with u the flow velocity, u, the particle fallout velocity, S}, a source term, and Dy an effective mass diffusivity constant.
The fallout velocity is modeled as in [10]],

ug = = (V25+ 124, - 5)1'5 : 3)

where the dimensionless particle diameter is defined as dy = d (g(ps — p)p‘lv‘z)l/ 3. The effective diffusivity is
computed as Dy = %/Se + D), where v is the flow turbulent viscosity provided by the sub-grid scale model, Sc;
is the turbulent Schmidt number, and D, is the molecular diffusivity. Our estimate for the latter is based on the
Stokes-Einstein-Sutherland equation and suggests that it is negligible compared to the sub-grid scale contribution.



The entrainment of dust particles in the flow is modeled through S, that is only active at the first grid point above
the wall. The underlying physical process that we model is that of saltation. As reviewed in depth by Kok et al. [31]],
when saltation occurs, dust particles are mobilized in a rolling-hopping motion with a direction mostly parallel to the
ground. The onset of the phenomenon depends on the balance between the gravity force, the aerodynamic drag, and the
interparticle cohesion force acting on the particles. While saltation forms a thin layer of entrained dust above the ground
surface, a fraction of the saltating particles is further entrained into the flow which then transports them away from the
surface. The source term in Eq. (2)) acts to capture this fraction of dust particles that are lifted from the ground after the
velocity reaches the saltation threshold.

Two velocity thresholds are involved in the model, which we here assume to be fixed parameters. The first one is the
saltation fluid threshold ug which characterizes the onset of saltation when lifting of a small number of particles occurs.
The second one, the impact threshold u;;, parameterizes the smallest velocity at which saltation can be sustained after it
has been initiated. On Mars, a typical value for the ratio uj;/us is 0.1 [31]].

Correlations were developed from experimental data to quantify the horizontal flux of dust that enters in saltation. A
widely accepted model [32}133] is

3
u: .
Q=2.613u3(1——‘3‘) (1+ﬂ). 4)
8 uz Ur
The vertical flux of dust entering the flow is then calculated as
F=aQ, &)

where @ is commonly referred to as the sandblasting efficiency, and has units of m~!. Finally, Sp = F/Ax is the source
term in Eq. () since F is a mass flux per unit area and we rather impose it as a source term in the volume.

Regarding the estimation of mobilized dust, the total mass is calculated as the integral of the dust density in the
whole computational domain,

M(t):/pp(x)dx. (6)

The finiteness of the domain has implications on the computed mass that are discussed at the end of this paper. The
simulations in this study assume a monodisperse particle field. The numerical values for the main model parameters are
given in Table[3]

Table 1 Environmental properties. Table 2 Rotor operating conditions. Table 3 Dust properties.
g= 3.721 m/s? R= 0605 m ps= 2000 kg/m?
p= 0.020 kg/m’ b= 0073 m d= 14 pm
v=5.65x10"* m?s7! Q= 2500 RPM See= 10 -

o= 40 ° llug|| = 0.030 ms™!

IV. Outwash Velocity Induced by Ingenuity in Hover

When a rotorcraft hovers above a flat surface, the flow induced by the rotor(s) is redirected from downwash in the
region right underneath the rotors to outwash along the surface. In the region directly above the surface, a so-called wall
jet forms with a velocity mainly pointing along the outward radial direction. The velocity profile across the thickness of
the jet has been measured experimentally for various model-scale and full-scale rotorcrafts on Earth (see, e.g., [34] and
references therein). It has been shown that, when established, the jet adopts a self-similar profile that appears to be
universal, where the similarity variables are umax and z;,. The former is the maximum velocity in the jet, and the latter
is the height at which the velocity reaches half of the maximum value. This self-similar behavior was also obtained in
CFD simulations (see, e.g., our previous work [18]]).

The time-averaged velocity profile in the jet is calculated for Ingenuity. The results are obtained from VPM
simulations in a domain of size 6R X 6R X 6R. A no-slip wall boundary condition is used to model the ground surface
while all other boundaries are set to unbounded. The background Cartesian grid uses a uniform resolution corresponding
to Ax/R = 1/48 unless otherwise specified. To simulate hover, the Ingenuity rotorcraft model is placed at a given height
above the surface and at the center of the domain in the other two directions.



The resulting velocity profiles at a radial distance of r/R = 1.5 from the center of the rotors are shown in Figs.[3]
and@ In the former, the curves are normalized with rotor variables, where w is the far field rotor induced velocity (see
also Section[V-A). In the latter, the similarity variables are used. Increasing hover height leads to decreasing maximum
velocity in the jet at a fixed radial location. On the other hand, the jet width increases until at least #/R = 4. The
self-similar profile is observed for rotor heights under /R = 3.5 but starts deviating as the rotor height further increases.
Changes in unmax and zy; are also quantified in Fig. m

To verify the consistency of the numerical modeling, the effect of the grid resolution on the calculated outwash
velocity profile was evaluated. Three simulations of increasing resolutions were performed with Ax/R = 1/24,1/32,
and 1/48. Results are shown in Fig.|8| The maximum velocity in the jet shows a converging behavior while z1 > also
saturates. Even though only three resolutions are considered here, these results and previous experience with the code in
similar configurations give us confidence in the consistency of the numerical modeling.
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Fig. 6 Outwash velocity profile at a distance of
r/R = 1.5 normalized with wall jet variables, over-
layed with full-scale helicopter data (+) from [35].

Fig. 5 Outwash velocity profile at a distance of
r/R = 1.5 normalized with rotor variables.

0.90 4 l0.275
1.00 4 0.300
0.270
0.275 N 0.88 1 )
> 0.95 < 0.265 g
= 0.250 = g S
% 250 3 £ 0.86 - [0.260 \§
£ I\ S
S 0.90 1 0.225 | 0.255
0.84 4
0.200 0.250
0851 0.82 4 . . , ,
: : : : : : ; ; — 0.175 0.020 0.025 0.030 0.035 0.040
1.0 1.5 20 25 30 35 40 45 5.0 Ax/R

h/R
Fig. 8 Effect of grid resolution on the wall jet

Fig. 7 Effect of height on the wall jet variables in variables in the simulations of Ingenuity in hover at
the simulations of Ingenuity in hover (Ax/R = 1/48). h/R =2 g y

V. Friction Velocity on the Ground

The wall jet induced by the rotor causes friction on the ground surface. The friction velocity, a measure of the
intensity of this effect, is a crucial quantity in the modeling of dust mobilization. As shown in Section [[I.C} the normal
flux of dust mass at a given location on the surface scales with u3 when the friction velocity is above the flow threshold
velocity. This section compares the values of u, calculated in the simulation with the predictions of an analytical model.

The numerical setup in this section is identical to the previous section. The friction velocity at every grid point on
the ground surface is recorded during the simulations. The data collected during the first second (or equivalently, about
40 rotor revolution periods) is discarded to let the initial transient evacuate from the simulation domain and reach an
established regime. Statistics are then collected over the following 2.5 s, that is, over about 100 rotor revolutions. The
mean friction velocity is obtained by averaging over the azimuthal direction and time. Minimum and maximum u ,



values encountered locally are also extracted from the same time interval. We compare these values with the prediction
of the analytical model presented hereafter.

A. Rabinovitch Model and Comparison to Simulation Results

In computing the friction velocity, Lemmon et al. [[14] use the model described by Rabinovitch et al. [8] which we
recall here for completeness. This model predicts the wall shear stress 7y, as a function of the radial location from the
impingement location by analogy with the analytic solution of an axisymmetric laminar stagnation flow,

1w = 1.3120 p v'2 &3 1, @)

where a is a parameter that represents a characteristic strain rate at the wall. The authors of the model propose to define

the latter as
W + Utip vortex

Aoriginal = T, (8)

where w = 24/T/(2pA) is the far-field rotor induced velocity from momentum theory with T the rotor thrust and A the
rotor swept area. The strain rate includes a correction for the effect of tip vortices which locally increase the friction
with an induced velocity estimated as up vortex = 3.667 /(0 pAQR), with o the rotor solidity.

Since this model predicts that the shear stress increases monotonously with the radius from the stagnation point, a
characteristic value is taken at the location /R = 1 which is meant as a representative value for the shear stress induced
by a rotorcraft on the ground. Let us note that this model does not account for unsteadiness and the intermittency of the
friction induced by passing coherent vortical structures.

As an illustration, we compare the analytical prediction from Rabinovitch et al. [8] with the CFD-predicted friction
velocity for Ingenuity’s rotor system hovering at a height of two rotor radii. Figure[9]shows the friction velocity including
mean, percentile, the envelope of the minimum and maximum values, and a sample instantaneous value. While the
mean u, peaks at around r/R = 1.5, the 99.5" percentile keeps growing until approximately /R = 1.8 and then
slowly decreases. This percentile value is here used as a representative value of the highest likely friction velocity as a
function of the radius, since it is statistically more meaningful than the absolute maximum encountered in the simulation.
Relatively large amplitude fluctuations arise from the instantaneous velocity field as illustrated by the instantaneous
sample. The latter presents peaks and valleys associated with the passage of coherent vortical structures, also depicted

in Fig. 2}
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Fig. 9 Friction velocity on the ground simulated for Ingenuity hovering at /R = 2 compared to the prediction
of the original model by Rabinovitch et al. [§]. The time-averaged friction velocity ( -e- ), the 99.5" percentile
value ( - ), and a sample of the instantaneous signal (----) are shown. The area depicts the minimum and
maximum values recorded for each radius.



The analytical model predicts a slightly lower friction velocity than the peak average u. calculated in the CFD.
However, substantially higher friction velocities occur as illustrated by the 99.5" value which is about 1.5 times higher
than the average.

Previous studies have suggested that dust kickups result from the action of local coherent flow features that are strong
enough to entrain a significant amount of dust in the flow at once [11}[36]. As highlighted previously, such structures
are indeed identified in the instantaneous u, sample and in the 3D vorticity and dust visualization (see also Section [VI).
For small helicopters, this mechanism drives the amount of dust entrained in the flow. Recent experimental evidence has
suggested that coherent vortical structures such as tip vortices break down earlier in the wake of heavy rotorcraft on earth
[37]] —typically, before reaching the ground vicinity—, leaving an unresolved question as to the main source of dust
kickups for these rotorcrafts. Regardless, it is desirable to predict the effect of more or less coherent turbulent structures
on the time history of the friction velocity. To simplify the analysis as a starting point, we here focus on the 99.5%
percentile friction velocity, a proxy for the higher u, Ingenuity is likely to generate as a function of its height. This
quantity might be better suited to predict the onset of the brownout phenomenon since dust will start to be entrained in
the flow as soon as the local friction velocity exceeds the fluid threshold velocity. We discuss this claim in Section|[VII}

B. Sensitivity to Rotor Height

To assess the sensitivity of the friction velocity to the rotor height, several simulations have been performed with
Ingenuity hovering at various heights. The height is defined as the distance of the bottom rotor plane to the ground. The
results are summarized in Fig.
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Fig. 10  Friction velocity on the ground predicted by the simulations of Ingenuity hovering at various heights.
The displayed simulation results include the peak mean u, ( -~ ), the peak 99.5™" percentile value ( -+ ). The
height of the bar denotes the range between the overall minimum and maximum friction velocity recorded during
the simulation. The model prediction by Rabinovitch et al.’s original model, our modified version, and a fit of the
highest likely u« ., is also shown.

Both the peak 99.5™ percentile (noted ung'SmpCt from here on) and the peak mean friction velocity exhibit a lower

sensitivity to height compared to the original formulation of the analytic model. This can be problematic when one aims
to use the analytic model to determine the flow threshold velocity from observational data, as proposed by Lemmon
etal. [14].

We revisit the analytical model by Rabinovitch et al. [8] in light of these results. First, we note that a rotorcraft wake
usually does not experience a significant expansion, as opposed to a regular jet. Instead, the area under the rotor where
the induced velocity is significant remains relatively constant over a few radii under the rotor. It even contracts close to
the rotor. While an expanding jet would induce a wall strain that decreases proportionally to the inverse of its height, we



argue that the contribution of w to a should not. This motivates the modified expression:

w Utip vortex

Amodified = R + h

On the other hand, the influence of the vortex-induced velocity still scales with the inverse of the height. Figure
shows the prediction of this modified model as a function of the rotor height. It better captures the trend in the peak
mean friction velocity for heights above i/R = 2. However, the validity of this model would need to be evaluated on
other rotorcrafts.

In addition, we are interested in modeling the maximum friction velocity. We propose to adapt again the expression

th
of the strain rate to establish a fit of u39.5 Pt calculated in the simulation. When the wake ages, large coherent structures

form as a result of the merging of blade tip vortices and subsequent vortex interactions. Since we postulate that the high
friction velocity is caused by the passage of these structures, we define the new a as the strain induced by a coherent
vortex at the location of its core radius o, :

C))

ag; = b Ucoherent vortex ) (10)
Oy
where b denotes a fitting parameter. We choose to model the vortex-induced velocity at the location of the core radius

using the point vortex formulation,

1T
Ucoherent vortex — 2_ . (11)
oy,
‘We model the circulation of the coherent structure as
1 h
I, =Ty (1+——), (12)
b2 w

where the initial circulation corresponds to the tip vortex circulation Iy = 2.3%&, the same expression as in
Rabinovitch et al[s original model with ¢ the blade mean chord and o the rotor solidity. Equation (T2) models the
growth in circulation of the coherent structures as they merge with each other. The factor #/w represents the age of the
structure when it reaches the vicinity of the ground, while b, (with units of seconds) is a fitting parameter to specify
the time it takes for the structure to double in circulation. Finally, the growth in the average core size of the coherent
structure is modeled as a typical vortex growth,

/ h
oy = r(2) + (4QLVCE); (13)

where ro = 0.1¢ is the assumed initial tip vortex core size, @y = 1.25643 is Lamb’s constant, and vg is an effective
diffusivity. The latter is also a fitting parameter.

The result of the fit with parameters b; = 0.22, b, = 0.25 s, and veg = 0.02 m?s~! is shown in Fig. The fitted

th
curve better captures the trend in u39.5 pet compared to Rabinovitch et al.s original or the modified models. However,

from the engineering perspective, it is perhaps less valuable since the fitting parameters were not derived from rotor and
operating quantities only. Hence, it cannot be directly applied to other rotorcraft if simulation or experimental data is
not available.

VI. Lifted Dust during Take-Off

We focus on the total mass of dust mobilized during take-off of the Ingenuity rotorcraft. Our aim is to compare
independent predictions of dust mobilization by the numerical simulations of this work and the dataset obtained by
Lemmon et al. [14]. While the spatial distribution of dust would be hard to compare (even qualitatively) due to the
limited resolution and the 2-D character of the images in the observations, a quantitative comparison is possible for the
total mass of dust mobilized over time. This integral diagnostic allows a narrowed focus on the potential sources of
discrepancy between the results of our numerical model and the data sourced in image processing. We identify three
main quantities that significantly affect the dust model predictions: the friction velocity on the ground, the sandblasting
efficiency which controls the vertical flux of dust, and the threshold velocities. This section illustrates the sensitivity of
the mass of lifted dust to these three parameters.

Regarding the numerical setup, the flow is again initialized as quiescent and the counter-rotating rotors start spinning
impulsively at their nominal rotational velocity at # = 0. We aim to emulate the take-off phase to match the configuration



observed in reality. However, for simplicity, the kinematics of the vehicle are omitted. Instead, the rotorcraft is held at
a fixed position in hover. The size of the domain is increased to 12R in the lateral directions while maintaining 6R
vertically. To allow faster turnaround times, the simulations are run on a coarse mesh of resolution Ax/R = 1/24.

Due to the impulsive character of the start up in both the simulation and in reality, a starting vortex forms as a result
of the merging of early tip vortices. As observed in Fig.[TT] the starting vortex travels downwards and interacts with the
dust on the surface. The wake then continues to entrain more particles from the ground, contributing to a growing cloud
of dust. Around 7 = 0.6 s, some dust starts to exit the simulation domain under the effect of the rotor outwash velocity.
Eventually, the simulation reaches an established condition in which dust is lifted from the ground, is entrained in the
outwash flow, and eventually leaves the computational domain.

For the baseline case presented hereafter, the lower rotor is at a height of two rotor radii above the ground (as
shown in Fig. . The sandblasting efficiency is set to f = 0.004 m~!, the ratio u;/uy is assigned the value 0.1, and
the threshold velocity ug = 0.54 m s~!. The latter is set to match the estimation by Lemmon et al. [14] from their
observation combined with the original Rabinovitch model.

A. Effect of Sandblasting Efficiency

The vertical flux of mobilized dust, Eq. (3)), drives the total amount of mobilized dust as it is directly proportional to
the only source of dust in our model. Therefore, the sandblasting efficiency is a key parameter of the model that however
incurs a high uncertainty. Indeed, various models have been proposed in the literature for @ and their output may vary by
several orders of magnitude. As an example, the model by Marticorena and Bergametti [38]] leads to @ = 0.00947 m~!
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Fig. 11 Instantaneous snapshots of the plane-normal vorticity (left) and the density of dust (right) in a cross
section of Ingenuity’s simulation with /R =2 and Ax/R = 1/24.
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for a soil clay content of 10% (as proposed by Phillips and Brown [[10]). The model by Lu and Shao [39] includes more
soil parameters but the output ranges between 10 and 10 for the assumed Martian conditions. In their study, Wu et al.
[40] choose a freely. They also conclude that it might not be straightforward to port the sandblasting efficiency from
one numerical implementation to another due to its sensitivity to unresolved surface layer processes.

To illustrate the effect of the sandblasting efficiency, we compute the mass of lifted dust is our simulations for
various values of @, and we compare the results to|Lemmon et al.[s processing output. The computed mass of dust
mobilized during take-off is shown in Fig.[I2]as a function of time.
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Fig. 12 Computed mass of mobilized dust as a function of time in the simulation compared to observational
data from two different Martian sols. [14]

The mass of mobilized dust calculated in the simulation reflects the vortex dynamics of the impulsively started
hovering rotor discussed above. In the initial phase, the mass grows rapidly under the effect of the starting structure that
progressively covers a larger area until it reaches the domain boundary. The mass saturates after the starting vortex
exited the domain and maintains itself at a relatively constant amount in the established phase. This amount is primarily
a function of the size of the computational domain. This is an obvious limitation of our fixed size domain approach.

A similar behavior is seen in the data observed during the take-off of two different flights that Ingenuity performed
on Martian sol 58 and sol 61. In these two instances, the rotorcraft ascends vertically up to a height of about 8§ R (16 R,
respectively) during the first 6 seconds (8 s, resp.) of the sequence and then maintains hover for at least 10 seconds. The
initial phase is characterized by a growing cloud of dust the mass of which increases linearly over the first 1.5 to 2.0
seconds. The observed amount of dust then saturates as the cloud starts leaving the field of view of the camera. The
observed mass then decreases as the cloud dissipates while Ingenuity is still in hover. Because it hovers at heights, the
friction velocity associated with its wake at the end of the ascent is smaller than during the first instants of the take-off
sequence. Dissipation and transport win over production which allows the total dust mass to decrease.

In the simulation results as well, the slope of the initial growth in dust mass is roughly linear and scales with the
sandblasting efficiency. The total mass of dust in the established phase is proportional to @ as expected. Considering the
difference in size of the computational domain with respect to the field of view of the camera and the difference in the
kinematics of the rotorcraft, it is meaningless to compare the mass of dust mobilized in the established phase between
the observational and the simulation data. However, the parameters in the initial instants of the transient phase are
similar enough to enable a more quantitative comparison of the lifted mass of dust and its rate. We note that, for the
chosen values of ug, an @ of about 0.004 m~! gives a favorable agreement of the slopes. Going further than this simple
argument based on orders of magnitude is complicated by the uncertainty on both u¢ and @. Therefore, we limit the
scope of the rest of this work to sensitivity analyses of the numerical results to model parameters.
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B. Effect of Threshold Velocities

We evaluate the effect of the fluid threshold velocity on the mass of mobilized dust. Threshold velocities are subject
to a relatively large uncertainty because they depends on unmeasured soil properties for the observational data at hand.
An additional source of discrepancy comes from modeling itself since various expressions and correlations have been
proposed for both uyg and uj (as reviewed by Kok et al. [31]).

Considering [Lemmon et al.[s estimation of ug = 0.54 ms™! as the baseline, Fig. |13|shows that a threefold increase
in ug leads to a threefold decrease in dust mass. However, a fourfold increase in ug leads to the almost complete
suppression of the dust production at the wall. The total mass of dust is thus highly sensitive to the threshold velocity
which, similarly to @, can cause orders of magnitude changes in the calculated value. It is therefore impossible to
discriminate the effect of @ and uy solely from the observed integrated mass of mobilized dust since both parameters
can induce large variations on the result.

0.35

0.30 A
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Fig. 13 Computed mass of mobilized dust as a function of time for various fluid threshold velocities.

However, if either of these parameters can be estimated separately within a certain degree of accuracy, the CFD
results on dust mass could help reduce the uncertainty on the other. In fact, an independent method to estimate the
threshold velocity was used by [Lemmon et al.. The saltation flow threshold velocity was determined empirically
from visual inspection of the video footage by noting the time when the cloud of dust started forming during landing
sequences. Knowing the height of the rotorcraft at that time, ug was determined as the friction velocity calculated with
Rabinovitch et al./s original model at the corresponding altitude. The advantage of this approach is that it is completely
independent of any assumption on the soil properties. The accuracy of the so-estimated ug mainly depends on the
accuracy of the friction velocity model. On that note, the results presented in Section [V.B]suggest that the original
model may have led to underestimated threshold velocities. If the estimation of ug from the video footages was repeated
using the modified model instead, the threshold velocity would rather lie between 1.5 to 2.0 ms~!.

Several sources in the literature report that the threshold velocity for a particle size of d = 1.4 pm (assumed here
and by Lemmon et al.) is indeed higher than 0.54 ms~!, by up to one order of magnitude (see [31} Fig.21(b)]). A
threshold velocity of ug ~ 1.5 ms™! could mean that the observed lifted particles were of a size 10 to 50 times bigger.
Nevertheless, the outputs of existing models to calculate the threshold velocity of particles as a function of their size
also range at least one order of magnitude. Even if the threshold velocity was determined very accurately from the
empirical data (assuming there is no error in the friction velocity model), the size of the lifted particles could not be
determined with certainty. Additionally, it is still unclear at this stage whether determining ug as described here based
on a model of the peak average friction velocity is appropriate, considering the highly unsteady character of the velocity
in the rotor-induced wall jet.

To conclude, it is desirable to further consolidate the estimation of the friction and threshold velocities as the CFD
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results could then help reduce the uncertainty on the sandblasting efficiency. Such an insight could help deduce useful
information about the soil properties at the location where the rotorcraft operates.

C. Effect of Height

The sensitivity of the amount of dust lifted in the computational domain is assessed with respect to changes in
rotorcraft heights for a given threshold velocity of ug = 0.54 ms~!. From the implemented dust lifting model, we
expect it to primarily depend on the value of u, through the definition of Q (Eq. @), and the ground area where the
saltation criterion u, > ug is satisfied.

dust mass [g]

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
time [s]

Fig. 14 Computed mass of mobilized dust as a function of time for various rotorcraft heights.

Figure[I4]shows the mass of dust lifted in the simulation as a function of time for Ingenuity hovering at two different
heights. On the one hand, the initial increase in dust mass has a very similar slope for both heights. This is another
indication that the starting vortex structure drives the initial rate of dust production during the transient, considering that
it has a similar circulation and structure in both cases.

On the other hand, the mass of mobilized dust in the established regime exhibits a sensitivity to rotor height, as
expected. In this configuration, the simulations reveal that the peak average u, drops by approximately 5% between
h/R = 2 and 4. This corresponds to a change in Q of —15%, everything else being kept constant. Yet, the mass of
mobilized dust decreases by more than 22%, based on the average of the values presented in Fig. [I4]over the last 1.5 s.
The difference is due to the area where the saltation criterion is met which decreases when the hover height increases.
Although these numbers need to be consolidated, the simulations confirm that tha mass of mobilized dust is not simply
proportional to Q, nor is it proportional to u,. It is also possible that the degree of coherence of the vortical structures
that reach the ground vicinity affects the efficiency of the dust-lifting mechanism. Finer simulations that can more
accurately capture the flow features close to the ground are needed to examine this supposition.

VII. Discussion

Many assumptions have been made in the simulation and modeling framework presented here, as well as in the
image processing by |Lemmon et al., This limits the representativeness of both datasets compared to the reality on Mars,
as well as the scope of the comparison that can be made between them.

Among assumptions that are common between observations and simulations but differ from the actual Martian
environment, the particulate matter considered was assumed to be monodisperse, from a single homogeneous specie. In
reality, dust is better represented with a distribution of size and species with different characteristics. Furthermore,
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saltation was assumed to be the principal mechanism acting to lift dust in the atmosphere. As highlighted by Lemmon
et al.| direct aerodynamic lifting of particles or other processes associated with aggregates likely play a role.

As valuable as they are, the empirical data were obtained outside of the controlled environment of a laboratory.
Virtually all environmental factors present uncertainty: wind conditions, variation in density of either the solid particles
or the atmosphere, soil properties, wall roughness, etc. Additionally, the numerical values of the dust mass were obtained
through image processing which further introduces its own constraints.

On the simulation side, one of the strongest assumptions made was to neglect the rotorcraft dynamics. [Lemmon et al.
mention thrust excursions of more than 20% compared to the nominal value that were necessary to execute commands
or adjust to gusts. This should be accounted for to improve the consistency between the CFD and the observations.
However, the data on the rotorcraft position, acceleration, and control inputs, is currently not publicly available. In any
case, validity of the calculated mass of dust is limited by the size of the computational domain which remains smaller
than the field of view of the camera in the observations. Also, possible depletion of particles on the ground as they get
washed away was not accounted for.

Additional parameters would need to be better known to improve the accuracy of the numerical model. The effect of
the impact threshold velocity was not discussed. From preliminary tests, the turbulent Schmidt number appeared to
play a significant role in the calculated mass of mobilized dust. However, we could not find a readily available value in
the literature for such a parameter. Let us also note that the accuracy of the friction velocity obtained from the CFD
is contigent upon the capacity of the simulation to resolve the flow in the vicinity of the wall. In the present work,
the simulation relied on a simplified representation of the wall that has shown favorable agreement with numerical
and experimental velocity profiles in the outwash of a rotorcraft. Still, before drawing any definitive conclusion, we
recommend that the results presented here be consolidated by comparison with other numerical method’s predictions
based on properly wall-resolved or wall-modeled schemes.

From the engineering perspective, it could be useful to derive a model of the dust production based on a characteristic
friction velocity induced by the rotor and the related saltation fluxes. The results of this work showed that a characteristic
area where the saltation criterion is active would need to be factored in in such a model. Nevertheless, it is unclear what
value should be used for either of these. We have suggested to use the peak average u, for the former, although it is
unclear whether this is sufficient to represent a quantity that is inherently stochastic. Additional efforts are needed to
derive and validate an appropriate engineering model.

Finally, when it comes to comparing numerical and observational data, it should be mentioned that take-off and
landing phases are quite different. The results from one should not be interchangeably used with the other. During
take-off, it is suggested that the amount of lifted dust primarily depends on the development of the starting vortex
which is associated with higher circulation and induced velocity. On the other hand, landing conditions are closer to
established hover if the rotorcraft approaches the ground slowly. In Section [V] the initial transient was explicitly removed
from the simulation results in order to focus on the established regime. On the other hand, the comparison presented in
Section[V]focused exclusively on the transient phase because the amount of dust tracked in the simulation and visible
in the observation are compatible only during the first instants of the flight. Nevertheless, there is an opportunity to
extend the comparisons to the landing phase, although this would require larger computational domains in order to
cover a wider area and track a more significant amount of dust. To account for potential errors arising from the image
processing, a similar technique could also be applied to the numerical results to backsolve the opacity perceived by the
sensor. Due to time constraints, this is left for future work.

VIII. Conclusions
The objectives of this research were to showcase the efficacy of modern numerical models to simulate brownout
on other planets by comparison with Lemmon et al.'s dataset. Despite undeniably strong assumptions made in the
simulation model as well as in the observational data processing, we reach the following conclusions:

* Critical environmental parameters driving the amount of dust lifted up during the simulation have been identified:
the friction velocity at the wall, the saltation threshold velocities (u,us), and the sandblasting efficiency.

* Among these, the numerical simulation is most valuable in reducing the uncertainty on the friction velocity.

» The simulation results suggested that the sensitivity of the friction velocity with the height of the rotorcraft may
have been overestimated in existing analytical models. A modified model as well as a fit of the peak 99.5%"
percentile have been presented.

* When comparing the calculated and the empirically-derived mass of mobilized dust, it is virtually impossible
to discriminate the effect of the saltation threshold velocity versus the sandblasting efficiency. Both parameters
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depend on soil properties that are not easily determined or measured. Additionally, they suffer from modeling
uncertainty that leads to orders of magnitude variations of the computed mass of dust. However, reducing the
uncertainty in either of the parameters could help provide insights on the other.

* For a set of arbitrarily chosen environmental parameters, the results from the simulations emulating take-off
suggested that the rate of production of mobilized dust primarily depends on the development of the starting vortex
emanating from the impulsively started rotors. In the established regime, the numerical results corroborated that
the mass of mobilized dust does not only depend on the flux of dust at the wall based on some characteristic
friction velocity. The area where the saltation criterion is active must also play a role, as may other details of the
local vortex dynamics.

Although its usability is hampered by inherent uncertainty, the data derived from Ingenuity’s observations provided a
wealth of information that still has secrets to unveil. Beyond that, Ingenuity’s unprecedented achievements certainly
paved the way for future exploration missions on extraterrestrial worlds.
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