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The Mars Environmental Dynamics Analyzer will be dedicated to getting meteorological data from Mars during

NASA’s Mars 2020 rover mission. High-quality Mars atmosphere measurements are required in order to build

mathematicalmodels of the climate on a planetary scale. TheMars 2020 roverwill be equippedwith twowind sensors

installed on two separatedboomsworking in active redundancy but producing amutual aerodynamic interference on

one another’s wind measurements. This paper presents a systematic study on the interferences produced by the

sensors and the rover body itself when measuring wind velocities in order to get insight to assess the uncertainties

produced by this effect.

Nomenclature

L = characteristic length
Lfs = full-scale length
Lm = model length
P = pressure
Re = Reynolds number
Refs = full-scale Reynolds number
Rem = model Reynolds number
~u = dimensionless longitudinal velocity
V = characteristic velocity
Vfs = full-scale velocity
Vm = model velocity
~v = dimensionless transversal velocity
β = wind direction
λL = length scale ratio
λV = velocity scale ratio
λν = kinematic scale ratio
μ = dynamic viscosity
ν = kinematic viscosity
νfs = full-scale kinematic viscosity
νm = model kinematic viscosity
ρ = density

Subscripts

fs = full scale
m = model

I. Introduction

D UST is lifted in theMartian atmosphere due to many processes:
one of them being the development of dust devils. Dust devils

are particle-loaded vertical convective vortices characterized by high
rotating wind speeds, as well as reduced pressure and increased
temperature at their centers. Fitting dust devil action into theMartian

global dust is problematic [1]. A recent heuristic model of dust-devil
trajectories, which is able to simulate pressure and winds for a
different model of vortices developed by Lorentz [2], requires avail-
ablewind datawith high enough quality. Hueso et al. [3] used the new
Mars Environmental Dynamics Analyzer (MEDA) system to obtain
such data. Mars wind data are also important in other geophysical
phenomena, such as carving intracrater layered deposits [4], changes
on dunes [5], or any other aeolian processes due to the wind-driven
particle mobility [6]. In this context, Day et al. [4] studied transport
models to explain how mounds could be carved by wind. Hansen
et al. [5] studied the wind and CO2 as possible agents of change on
Mars’s northern dunes.Wind-related features and processes observed
in the Gusev crater by theMars Exploration Rover named Spirit were
presented in Ref. [7].
The Curiosity rover, on the other hand, visited the Bagnold dune

field to understand current winds and aeolian processes [8]. Wind-
driven particles inMarswere also studied in thework of Sullivan et al.
[6]. Finally, another field of interest for which the wind velocities in
Mars have relevance includeswind-driven rovers for planetary explo-
ration. For a long-term planetary surface mission, there appears to be
a need for the use of in situ propulsion; and the wind-driven rovers’
concept, such as tumbleweed, has arisen as a valid solution [9].
Previous missions to explore Mars have carried wind sensors to

measure the wind velocity and its direction in the Mars surface. The
Viking Meteorology Instrument System, described in Ref. [10],
incorporated two wind sensors based on a hot-film sensor; and they
were mounted at 90 deg from each other. Additionally, a quadrant
sensor was included to solve the wind direction ambiguity [11–13].
The Mars Pathfinder lander incorporated a meteorology instrument
(Atmospheric Structure Instrument/Meteorology Package) to mea-
sure, among other parameters, the wind speed and direction at a
height of 1.1 m. The wind sensor was on the top of a mast and
consisted of six identical hot-wire anemometer elements. Additional
details of the wind sensor can be found in Ref. [14]. A hot film
anemometer for the Martian atmosphere, described by Dominguez
et al. in Ref. [14], was on-board on the Mars Science Laboratory
(MSL) Curiosity rover [15] as part of the Rover Environmental
Monitoring System (REMS). The results of wind characterization
on the Gale surface crater on Mars, based on measurements taken by
the REMS, was recently presented by Viúdez-Moreiras et al. [16].
The Mars 2020 mission would be dedicated to the investigation of

the environmental factors in the Martian atmosphere, among others.
Spain contributed to the Mars 2020 Rover with the MEDA system:
particularly, with the design of the two wind sensors on-board. The
new wind sensors are based on hot film anemometry [14,15,17]
because it is a very robust technology, as demonstrated during
NASA’s Viking mission [11–13]. The two wind sensors are located
in a mast that supports a remote camera; due to the restrictions
imposed by the design of the rover, wind measurements will be
affected by the presence of its body (see Fig. 1 for the location of
the booms). Previous studies carried out by Bardera et al. were
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dedicated to this [18,19]. In the first work of Bardera et al. [18],
experimental and numerical characterizations of the flow around the
Mars 2020 Rover were presented. In that work, only vertical planes
that passed through theverticalmast were investigated. Particle image
velocimetry (PIV) measurements were obtained and compared to
numerical simulations, showing good agreement, except for the
detached regions.A 1/10th-scaledmodelwas usedwith awind-tunnel
air speed of 20 m∕s, leading to a Reynolds number of 2.4 ⋅ 105, and
corresponding to the maximum velocity encountered in Mars. In the
second work of Bardera et al. [19], the lowest Reynolds number
expected in the Mars conditions (Re � 6770) was investigated. A
1/45th-scaled model was placed inside a low-velocity wind tunnel
especially designed to obtain velocities of 2.5 m∕s. Laser Doppler
velocimetry (LDV) was used to obtain the three components of the
velocity near the wind sensors. However, the rover model did not
include the booms in order to use the LDV measurement technique.
A method was proposed to calculate a correction factor for wind
measurements obtained by the sensors on-board on rovers.
In the present work, the maximum expected Reynolds number

will once again be investigated. Because previousworks only showed
the vertical planes, in this investigation, the horizontal influence on
the wind sensors measurements will be studied and the errors that
could be induced by the interference of the booms on one anotherwill
be evaluated. A 1/5th-scaled model will be used instead of the 1/10th
one used in previous studies in order to gain resolution in the
measurements near the boom. To obtain the same Reynolds number,
the freestream wind-tunnel velocity has been reduced to 10 m∕s.
First, the Mars 2020 Rover is briefly introduced; after that, the

description of the experimental setup and the validity of the wind-
tunnel experiments are presented; afterward, the experimental configu-
rations tested are shown. The results and the discussion will follow,
showing both the PIV velocities map at each yaw angle studied and
the influence between booms. Finally, the conclusions are given.

II. Mars 2020 Rover

The main objective of the Mars 2020 mission is the exploration of
theMartian surface bymeans of a new rover vehicle.A set of scientific
instruments installed on board the rover will be transported around
the surface of Mars as a mobile laboratory. The vehicle itself consists
of a rectangular body supported by six wheels. The vertical mast
supports a camera and the environmental instruments constituting
theMarsEnvironmentalDynamicAnalyzer. Thepower is supplied by
the multimission radioisotope thermoelectric generator (MMRTG),
which is located in the rear end of the body; it transforms the nuclear
power of plutonium to electric power to be used by instruments and
for the propulsion of the rover. A scheme of the vehicle can be
observed in Fig. 1, where wind sensors of the MEDA are installed
on both booms: 1 and 2.A robotic arm (not represented for simplicity)
will be used to extract geological samples of Martian rocks to be
analyzed by the scientific instruments housed inside the central body
of the rover.

III. Experimental Setup

The Mars 2020 Rover experiments have been conducted in a low-
speed tunnel at theNational Institute ofAerospace Technology.More
specifically, a closed return wind tunnel with an open elliptical test
section of 2 × 3 m2 has been used. This wind tunnel is capable of
reaching a maximum airspeed of 60 m∕s, and its freestream turbu-
lence intensity is lower than 0.5%. Moreover, in order to simulate a
flat planetary surface and study the flow in the desired horizontal
plane, a vertical wooden platform has been installed in the wind
tunnel to support the one-fifth-scaled Martian rover model studied.
The model was made of plastic and built by additive manufacturing
techniques (see Fig. 2), and it was placed on a circular plate that
allowed the rotation axis to be aligned with the mast shaft axis.
Airflow around the scaled rover model was experimentally studied

by means of particle image velocimetry, which is a nonintrusive
quantitative flow measurement technique capable of obtaining the
instantaneous two-dimensional flow velocity field [20–22].
To obtain an illuminated flowfield for PIV, the flow needed to be

seeded with tracer particles. For this purpose, olive oil and an aerosol
generator based on Laskin nozzles were used [23,24], effectively
producing 1-μm-diameter tracer particles. The flow was then illumi-
nated by two Neodymium-doped yttrium aluminium garnet lasers,
delivering the maximum energy output of 190 mJ per pulse with a
pulse separation time between them of 50 μs. To get clear and sharp
images of particle positions, the pulse duration was 10 ns.
The illuminated flowfield containing the olive oil tracer particles

was recorded by one charge-coupled device camera equipped with a
Nikkon 80–200mmcamera lens.A synchronizerwas used in order to
control the camera so that the photographs could be taken simulta-
neously with the laser pulses. The resulting photographs had a
resolution of 2048 × 2048 pixels, and the field of view (FOV) of
the camera was 505 × 505 mm2. The data acquisition rate of the PIV
images was 10 Hz.
The averaged displacement of the particles was calculated by

means of a cross-correlation analysis of the photographs acquired
by the camera, which was implemented via a two-dimensional fast
Fourier transform. The calculation is based on the particles contained
within certain regions of the image known as interrogation windows
[25]. Image processing of the resultswas then performed by following
theNyquist sampling criteria. To this effect, interrogationwindows of
32 × 32 pixels with a 50% window overlap were used. The correla-
tion peak was located by fitting a Gaussian curve with subpixel
accuracy. A total of 100 instantaneous maps was acquired for every
test that was carried out and then averaged out after postprocessing in
order to obtain a set of mean flow velocity fields around the rover.
Given that the laser pulses used to acquire the data created a

vertical laser sheet relative to the wind-tunnel platform and the
desired plane of study in which the flow velocity maps were to be
taken was horizontal relative to the rover model, it was necessary to

Fig. 1 Scheme of the Mars 2020 rover vehicle. Fig. 2 Mars 2020 rover model.
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use an auxiliarywoodenverticalwall to support themodel (see Fig. 3)
so that both planes overlapped.
Figure 3 shows the Mars 2020 Rover inside the wind-tunnel test

section while being illuminated by one of the PIV laser pulses during
one of the tests undertaken. As seen in the figure, shadow zones
existed due to the rover model disrupting the laser sheet. Therefore,
wherever the lighting is poor or inadequate, there will be windows
of invalid data in the flow velocity fields. Additionally, due to
the presence of certain components of the rover at approximately
the same height as thewind sensors, and thus in close proximity to the
laser sheet, overexposed regions will also be present from light
scatter. This can be clearly seen in Fig. 4, in which the selected field
of view and a PIV image are shown.
As a result, tracer particles will not be clearly detected on those

regions, leading to low-quality data that can be removed during
postprocessing.

IV. Similarity Laws

Because the validation of experimental results in wind tunnels
relies on similarity laws, there must exist geometric similarity
between the full-scale rover and the scaled model. Therefore, the
same length scale ratio λL between all geometric dimensions of both
the scaled and full-scaled rovers is required, as given by the following
expression:

λL � Lm

Lfs

(1)

where Lm and Lfs stand for the model and full-scale lengths, respec-
tively. A length scale ratio of one-fifth was chosen to improve the
quality and resolution of the results, as well as reduce flow blockage
effects in the wind tunnel [26].
Kinematic and dynamic similarities between the model and

the prototype were also needed. The former requires both to have
the same velocity scale ratio λV at all points, as given by Eq. (2):

λV � Vm

Vfs

(2)

where Vm and Vfs represent the model and full-scale flow velocities,
respectively.
Moreover, the same Reynolds number Re for both model and

full-scale prototypes is required in order to satisfy the dynamic
similarity. Therefore,

Rem � Refs (3)

The Reynolds number is related to kinematic viscosity, the flow
velocity, and a characteristic lineal dimension of the body by the
following expression:

Re � VL

ν
(4)

Consequently, dynamic similarity of the model can be hard to
attain in some cases, especially when using low length scale ratios,
because a much higher-velocity scale ratio would be needed.
However, because of the differences in air density and viscosity

between Earth’s and Mars’s atmospheres, and hence in kinematic
viscosity, the condition given by Eq. (3) can be more easily met in
this case. The kinematic viscosity ratio is given by the following
expression:

λν �
νm
νfs

(5)

Therefore, for the dynamic similarity of the model to be attained,
the following relation between length, velocity, and kinematic
viscosity ratios is found:

λν � λVλL (6)

The kinematic viscosity ratio depends only on the fluid properties
inside the wind tunnel [around the rover model (νm))] and inside
the Mars atmosphere [the full-scale rover (νfs)], and thus cannot be
changed. Therefore, the length and velocity scale ratios must be
adjusted according to the previous expression so that the condition
given by Eq. (3) is met, and the predicted Reynolds number is
obtained.
Given that the kinematic viscosity scale is around 0.05 and the

selected length scale of the model is 0.2, the velocity scale ratio was
0.25, according to Eq. (6). Thus, assuming standard air conditions,
the proper freestream velocity of the wind tunnel in order to attain
dynamic similarity was approximately 10 m∕s.
Accordingly, the experiments were carried out with a freestream

velocity of 10 m∕s. The environmental variables during the tests
were averaged out, taking values of 947.6 hPa of barometric pressure
and 26.6°C of temperature, thus giving a Reynolds number
of 2.2 × 105.

Fig. 3 Model of theMars 2020 rover inside the wind-tunnel test section.

Fig. 4 Field of view (left) and photograph of the Mars 2020 rover model while being illuminated by the PIV laser sheet (right).
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V. Description of the Experiments

A total of 12 different yaw angles (every 30 deg) of wind incidence
relative to the model were studied in order to assess the influence of
the rover body on the speed and direction of thewindmeasured by the
MEDA of the rover. Looking at the design of the prototype shown in
Fig. 1, this influence could be of some importance at certain angles
because there are some components of the rover situated approxi-
mately at the same height of the wind sensors. The yaw angles and
axes of the model were taken as shown in Fig. 5.
The Mars 2020 rover’s MEDA system is supported by a vertical

mast, inwhich the booms of thewind sensors are located, as shown in
Fig. 6. There are two booms supporting the wind sensors; conse-
quently, there will be active redundancy between them. The first one
has a length of 170 mm and is placed toward the front of the model,
whereas the second one is larger, with a length of 400 mm, and is
rotated 120 deg clockwise relative to boom 1.
Sensors 1 and 2 will be located on the boom and will be known

as S1 and S2, respectively. Both sensors are located at the end of
each boom.
Because both booms were placed on the same horizontal plane, an

assessment of the influence of one another on themeasures wasmade
in order to account for the interference between them. To this end, a
total of four different configurations of the rover vertical mast were
studied for each yaw angle, with the only difference between them
being the wind sensor boom configuration, as depicted in Fig. 7.
Whereas configurations C0, C1, and C2 were studied to compare

the measured flow velocity in both sensors S1 and S2, configuration
C3 was included just for flow visualization purposes because it is the
only one including both booms. This is due to the technique used to
study the airflow around the model because it is not possible to know
the flow velocity in the points corresponding to sensors S1 and S2
when its respective booms are included in the model.
Therefore, the only measurements taken into consideration for

each sensor were the ones extracted from the mean flow velocity
fields when its corresponding boom is not considered. The procedure

to extract and compare the relevant data regarding airflow velocity as
seen by the sensors is depicted in Fig. 8.
The flow velocity as would be seen by sensor S1 was measured in

configurations C0 and C1, thus evaluating the interference from
sensor S2 in themeasurements taken by the former. The same applies
in the case of sensor S2. The flow velocity as would be seen by sensor
S2weremeasured in configurationsC0 andC2 in order for them to be
compared.

VI. Results and Discussion

Flow velocity fields PIVmaps around theMars 2020 Rover model
when both wind sensor booms were included (configuration C3) are
first presented in Figs. 9 and 10 as dimensionless velocity maps for
every yaw angle studied. This allows for a clear visualization of the
flow around the model in each case, providing a preliminary assess-
ment of the interference of the rover body, as well as the interference
between booms. Streamlines of the airflow have been included on the
flow velocity maps in order to further illustrate the flow direction
around the wind sensors.
A displacement of the airflow is seen in Figs. 9 and 10 due to the

presence of the robotic arm. The arm seems to alter the flow around
sensor S1 at a yaw angle of 60 deg, hence altering the velocity
measurement taken. Therefore, for a wind direction of 60 deg, there
seems to be an interference between the robotic arm and the measure-
ments of sensor S1. The wake downstream of the rear end of the

Fig. 5 Axes of the Mars 2020 rover (isometric and top views).

Fig. 6 Sketch of the 1:5-scaled rover with the wind sensors.

Fig. 7 Sketch of the rover mast configurations studied.

Fig. 8 Sketches of the data extracted from the tests.
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Fig. 9 Dimensionless flow velocity maps in configuration C3 with both sensors, with yaw angles from 0 to 150 deg.
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Fig. 10 Dimensionless flow velocity maps in configuration C3 with both sensors, with yaw angles from 180 to 330 deg.
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rover can also be seen for a wind direction of 150, 180 and 210 deg, as
well as the one downstream of the mast of the rover. Because
the flows inside both wakes are fully detached, these will be regions
where wind measurements from the sensors will not be accurate, and
therefore should not be used. Because of this, given that one of
the sensors will be in the mast wake for certain yaw angles, it is of
the utmost importance that the other one is able to provide correct
measurements. Figure 11 shows the height of the two main compo-
nents of the Mars 2020 rover that interfere in the boom zone:
the frontal articulated arm and the rear end of the rover, where the
multimission radioisotope thermoelectric generator was located. The
latter was out of the FOVof the tests undertaken. It can be observed
that these two components were indeed near the horizontal plane that
contains the booms. Both components modify the airflow around
wind sensors, as observed in Figs. 9 and 10, thus compromising the
measurements of the MEDA system.
The deflection of the airflow due to the presence of both booms is

shown as well in both Figs. 9 and 10. As has already been suggested,
because the flow deflection caused by one sensor can affect the wind
measurement taken by the other, an evaluation of the interferencewas
carried out bymeans of different mast configurations, as explained in
Sec. VI (see the configurations in Figs. 7 and 8).
The results are summarized in Fig. 12 for both sensors S1 and S2

[on the left sensor (S1) and on the right sensor (S2)]. For sensor S1,
dimensionless longitudinal and traversal velocity measurements are
plotted versus the yaw angle at the location of sensor S1 (without the
sensor S1 boom) for both configurations C0 (without any booms) and
C1 (with sensor S2 boom). For sensor S2, an equivalent figure is
obtained for configurations C0 (without any booms) and C2 (with
sensor S1 boom).
For some wind angles, laser shadows lead to nonexistent points

in Fig. 12. However, in the case of a yaw angle of 300 deg for sensor
S1, although measurements for both configurations are displayed,
sensor S2 produces a shadow; therefore, although configuration
C0 produces a valid measurement, in configuration C1, it did not.

Figure 13 illustrates this by overlapping flow velocity maps with the
photograph of the rovermodelwhile illuminated by the laser sheet for
the yaw angle 300 deg.
Figure 12 clearly shows the reduced magnitude in the ~u velocity

measurements of sensor S1 for wind directions of 150 and 180 deg,
whereas for sensor S2, the reduced magnitudes are found for wind
directions of 60 and 150 deg. Although the cavities detected in the ~u
velocity taken by sensors S1 and S2 at yaw angles of 180 and 60 deg,
respectively, are to be expected due themastwake, the one detected at
150 deg for sensor S2 requires further explanation. Similar figures to
Fig. 13 are displayed in Figs. 14 and 15 for yaw angles of 60, 150, and
180 deg to better illustrate the location of the sensors in relation to the
source of the cavities. It can be observed in Fig. 14 that, indeed, the
invalid data in the velocity found at a yaw angle of 60 deg in sensor S2
and the cavities found at yaw angles of 180 and 150 deg in sensor S1
are due to the mast wake. It can also be observed that the reduced
velocity magnitude for a yaw angle of 150 deg in sensor S2 is due to
the wake of the MMRTG in the rear end of the rover.
Besides the wakes detected, the velocity measurements shown in

Fig. 12 in both configurations are similar. To quantify the interference
between the booms, the differences between the dimensionless veloc-
ities are plotted in Fig. 16 versus the yaw angle. The wind-tunnel
airspeed was used as a reference to calculate the dimensionless
velocities.
These differences in sensor data have been defined as follows:

(
ΔuS1 � uC1S1 − uC0S1

ΔuS2 � uC2S2 − uC0S2
(7)

Fig. 11 Sketch of the rover model, the PIV laser sheet, and its interfer-
ence zone.

Fig. 12 Velocity measurements as seen by sensors S1 (left) and S2 (right), with and without the other one present.

Fig. 13 Flow velocity for a wind direction of 150 deg in con-

figuration C3.
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where the subscript refers to the location of the velocitymeasurement
(either sensor S1 or sensor S2), and the superscript is referring to the
configuration (whether C0, C1, or C2).
For example, uC1S1 would be the u component of the velocity taken

as would be seen by sensor S1 using configuration C1 of the mast.

Looking at the relative difference depicted in Fig. 16, overall, it can be
seen that the relative difference is indeed small because it is on the
order of 3% of the freestream velocity. However, there are certain
wind directions in which the relative difference is considerably larger
and cannot be neglected.
For sensor S1, large differences are encountered at yaw angles of

90, 150, 180, and 210 deg. The relative error at a wind direction of
300 deg is due to its corresponding boom being located in the border
of the shadow region, and is therefore to be considered as a spurious
point. The larger errors are found at a wind direction of 150 deg, on
account of sensor S1 being in the wake downstream of the mast, and
for a yaw angle of 210 deg, due to the fact that sensor S1 is in thewake
downstream of both the mast and boom 2. Both differences are
approximately 20% of the freestream velocity. A similar figure to
Fig. 13 is depicted in Fig. 17 for a yaw angle of 210 deg, showing that
sensor S1 is inside thewake produced by sensor S2. For sensor S2, the
larger differences shown in Fig. 16 are on the order of 10% of the
freestream velocity and occur for yaw angles of 30 and 60 deg when
sensor S2 is in the wake downstream of boom 1 and the mast,
respectively. Because the length of sensor S2 is twice the length of
sensor S1, its influence on the airflow will also be greater. The
interference between the MEDA booms is clearly seen in Fig. 17,
where the more representative flow velocity maps concerning that
interference have been represented.
Finally, the last two figures summarize the results. First, the

modulus of the velocity measured at each sensor for each angle is
plotted in a radial plot in Fig. 18. Then, Fig. 19 summarizes the
interference effect between the two booms (S1 and S2), the mast, the
robotic arm, and the MMRGT explained throughout this section.

Fig. 14 Flow velocity maps for the wind directions in which sensors S2 (left) and S1 (right) are inside the mast wake in configuration C3.

Fig. 15 Flow velocity for a wind direction of 150 deg in configu-
ration C3.

Fig. 16 Relative error between velocity measurements as seen by sensors S1 (left) and S2 (right) with and without the other one present.
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VII. Conclusions

The flowfield around the wind sensor booms in the Mars 2020
rover has been investigated by PIV measurements of the horizontal
plane that intersect both booms for 12 different yaw angles at the
highest Reynolds number expected on Mars (2.2 × 105). The inter-
ference between the booms has been assessed by also testing different
mast configurations with and without booms.
The PIV measurements have been presented, showing the impor-

tance of the wakes generated both by the camera mast (to which the
booms are attached) and the MMRTG at the rear of the rover. It has
also been found that the robotic arm influences the streamlines of the
flowfield as well. Special attention should be given to these elements
of the rover when studying its influence on the wind measurements.
The interferences between both booms have been evaluated and

shown to be important at wind incidence angles of 210 and 30 deg for
sensors S1 and S2, respectively. For those angles, the influence of
boom 1 in sensor S2 is on the order of 10% of the freestream velocity,
whereas the influence of boom2 in sensor S1 is on the order of 20%of
the freestream velocity.
The greater interference created by boom 2 with respect to the one

created by boom 1 is due to its larger length. Therefore, it can be
concluded that interference effects between booms should be taken
into account if an accuracy of over 80% is required.
A significant interference between the rear end of the body of the

rover and the wind measures taken by the MEDA system has also

Fig. 17 Flowvelocitymaps for thewinddirections inwhich sensorsS2 (left) andS1 (right) are affectedby thepresenceof theotherboominconfigurationC3.

Fig. 18 Flow velocity radialmaps at each sensorwhen the other boom is
present.

Fig. 19 Summary figure of the interferences.
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been found at a yaw angle of 150 deg, creating a cavity in the velocity
measured by sensor S2 that should be taken into account when
analyzing the wind data.
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