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Abstract—Nuclear energy sources have been widely used in the Among the most important expeditions to Mars, it is

past decades in order to power spacecraft subsystéavertheless,
their use has attracted controversy because ofiskeof harmful

material released into the atmosphere if an actidemne to occur
during the launch phase of the mission, leadingthte general
adoption of photovoltaic systems.

As compared to solar cells, wind turbines haveeaggadvantage
on Mars, as they can continuously produce powehn ldotring dust
storms and at night-time: this paper focuses omdential of a wind
energy conversion system (WECS) considering theosgpimeric
conditions on Mars. Wind potential on Martian sogahas been
estimated, as well as the average energy requitsnaéra Martian
probe or surface rover. Finally, the expected daflgrgy output of
the WECS has been computed on the basis of bottmthpt area of
the rotor and the equivalent wind speed at theifensite.

important to point out the first nine probes of NKS
Mariner program (launched between 1964 and 1970, which
provided the earliest images of the planet) in [peravith the
Russian progranMars, which included seven shipments, all
unsuccessful except for the fifth onddrs 5), which sent 60
pictures before the breakdown of the telecommuiaicat
system.

In 1976, thanks to NASA'sViking probes, the first
successful soft landing on Mars took place and as whus
possible to acquire more scientific information atbdhe
planet, in particular its data on the temperaturel @he
atmospheric pressure, together with detailed olasiens on
seasonal sandstorms. However, the first complsiatgessful
expedition by the United States and the first aligosuccess

Keywords—Wind turbine, wind potential, Mars, probe, surfacepf the exploration of Mars were obtained thanksh® probe

rover.

|. INTRODUCTION
HE beginning of space exploration can be placetbiiv,

Mars Global Surveyor, launched in 1996, who analyzed the
whole surface of the planet, with the particulan &if seeking
a possible presence of water. Later on, there weney other
expeditions and probes which explored the Red PRlane

when the Soviet Union launched the first artificialNoteworthy among them iblars Pathfinder (landed in July
satellite, Sputnik 1. Since then, there has been a series d097), which performed important chemical analysisthe

launches, which enabled the world to achieve aesedf
successes: from the first human flight around theteuntil
the conquest of the Moon witkpollo 11.

Exhausted the lunar exploration, the field of iriigedion
was extended to the Sun, planets and minor bodés,
expeditions which made possible the mapping of Msrc
Venus, Mars and also the studying of objects sschoanets
and asteroids.

The exploration of Mars by humans began with thedh
of both Mars1960A and Mars1960B probes by the Soviet
Union in October 1960. The launch was the beginrifg
several expeditions for the exploration of the Néartsoil,

rocks and also sent back information on wind anderot
atmospheric factordylars Odyssey (launched in April 2001),
which confirmed the presence of ice in the subddidrs
Exploration Rovers, including a pair of twin rovers launched
within a month of each othe&pirit (on 13" June 2003) and
Opportunity (on 7" July 2003) andMars Reconnaissance
Orbiter, which entered into the Martian orbit on"™®larch
2006.

This lead to the last full-finished expedition bASA, the
Phoenix Mars Lander, whose realization was entirely
entrusted to the University of Arizona and endetlavember
2008: the probe gave specific evidence of the enediom of
water ice on the landing site. Chemical analyse¢b@Martian

carried out by both NASA (which gained the greatesly \yere also performed, revealing its compositiord also

successes, notwithstanding several failed expeditiand the
Soviet Union.
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identifying the presence of perchlorate.

The high rate of failures occurred during the exation of
Mars can be attributed to a large number of facidreh may
affect the exploration, most of which are still nokvn. One
of the most serious challenge for the success @& th
expeditions was the power requirements of the el in
particular of the rovers used for the exploratiomd a&he
analysis of the Martian soil, which were often taeise of the
total failure of the expedition, due to the impbsgy of the
movement of the rover itself or to the lack of sagdof both
data and information.
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The first probes sent to Mars (thiking | andll are the best

Compared to solar cells, wind turbine systems useMlars

examples) used nuclear energy power, thanks to all snmshould have the advantage of producing continuopslyer

reactor which generated radioactive isotopes fitoendiecay of
plutonium. However, with the subsequent expeditidhgas
decided to change to photovoltaic panels, used fmthhe
power of the probes themselves and also for theersov
working on the Martian surface as the solar enengs
considered less risky and invasive towards the istart
environment. The results were quite satisfactaryparticular
for the contamination of the soil, unlike it had fdre
happened with nuclear reaction landers generafd®spite
that, the photovoltaic arrays working on the swusfat¢ Mars
showed different operational problems comparechtosame
arrays on the Earth or in orbit. On several Margapeditions,
the performance of the solar arrays presented tlain m
difficulty as regards the right site to land, thecaunt of power
available for scientific operations and the dumatiof the
efficiency of the instruments day by day. The eowinental
conditions on the surface of Mars are very difféefeom the
orbital environment, where space solar panels nibymerk.
The main differences registered on the efficientyhe solar
arrays working on the Martian surface and the ocmeshe
orbit of the Earth are due to several factors:

> lower solar intensity due to a greater distancéMafs

from the sun;
» suspended atmospheric dust, which modifies ther so
spectrum and reduces the solar intensity;

» low operating temperatures;

» deposition of dust on arrays.
This last aspect caused several problems for shipenents:
because of sand deposition on the solar panefrre cases
the production of electric energy decreased up ¢oenthan
70%. In particular, during theVars Exploration Rovers
mission, the efficiency of the rov&pirit was reduced to 50
minutes a day for a long period, as only the 25%hefsolar
rays could go through the layer of dust. The pnoblgas
fortunately resolved by a particular Martian breezkich
swept the dust off the panels, thus allowing theeroto
resume almost all its autonomy.

Fig. 1 Computer-generated models of kit@rs Exploration Rover
Spirit and its lander with real surface data from theer@vpanoramic
camera, showing the deployed solar arrays (frofy: [1
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both during dust storms and at night-time. In gattr,

Kumar et al. [2] designed a 500 W Darreius-typeaigtt-

bladed vertical-axis wind turbine (S-VAWT), takinigto

consideration the atmospheric conditions on Mate $tudy
of specific wind turbines for a possible use on $Aaas object
of interest also by James et al. [3], who publishesudy on a
special buoyant wind turbine, designing both shape rotor
size after a precise investigation of the profil¢he wind.

Il. WIND PROFILE ONMARS SURFACE

Wind is the main responsible of the ever-changihghe
surface on Mars. The presence of the wind on Maas w
supposed even before spacecrafts explored thetplune to
registered changes in the brightness of the plasatpnomers
suspected that dust lifted by wind was responsibléarking
the atmosphere of the planet. The presence of winas
overwhelmingly confirmed wheklariner 9 landed on Mars in
the middle of a huge dust stormMariner and Viking
spacecrafts also revealed the features of theayriiacluding
various types of dunes, which are widespread orsMad are
very similar in appearance to the dunes on thehE#mtfact,
they change in the course of time and can inditaemain
wind direction. However, the assumptions on theualct
Iﬁ‘resence of wind on the Martian surface were cowid
subsequently, when, thanks to following expeditjcihsvas
possible to analyze in detail the movements of tost
through special photographic devices.

Fig. 2 The HiIRISE camera took this picture of aelfield within a
crater southwest of Hershel Crater hilily, 2007 (from: [4])

A fundamental factor to be taken into account it tthe
force of the wind is lower on Mars, because ofadts density
(of about a factor of 100) compared to the onehmn Earth.
Mars has a tenuous atmosphere with a pressure waielss
than one-percent with respect to the Earth. TWers
Reconnaissance Orbiter used a special high resolution camera
(HIRISE - High Resolution Imaging Science Experimen
which provided the best images of the Martian soil.
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Thanks to these photographs, the scientists wele tab
establish the actual presence of the wind, elirmgaevery
doubt about the cause of the particular dunes dmdwinds
which constantly change the surface,

"drawings" of sand. The modification of the surfégewind is
a process taking constantly place, as pointed qutthe
photographs of the atmospheric dust storms, whid&iand
perhaps even tornadoes, as shown in Fig. 3.

f §. A7 Y e i e
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Fig. 3 The HIRISE camera took this picture of adowg dust devil
casting a serpentine shadow over the Martian seidacAmazonis

Planitia on & April, 2012 (from: [4])

¥ o

Ill. ENERGY REQUIREMENTS OFMARTIAN PROBES AND
SURFACEROVERS

The first expeditions to Mars were conducted ugimges
mainly powered by nuclear energy, which resultediqaarly
effective for the purposes and tasks required. Khao a
system able to generate radioisotopes, Bo#ing 1 and 2
probes could perform significant scientific anadysin total
autonomy for at least three years. Inside thenretheas a
radioisotope thermoelectric generator (RTG), cdimgjsof an
electrical generator which obtained its power fn@dioactive
decay. In such a device, the heat released by abaydof a
suitable radioactive material was converted ingxticity by

the Seebeck effect using an array of thermocouples.

Thermocouples, though very reliable and long-lastiwere
very inefficient: global efficiencies above 10% kanever
been achieved and most RTGs presented efficiebeizgeen
3 and 7%. Thermoelectric materials which have hessd up
to now in space expeditions included silicon gerionan
alloys, lead telluride and tellurides of antimomgrmanium
and silver (TAGS). Several studies were performeds to
improve their efficiency, using other technologiesgenerate
electricity from heat. Achieving higher efficieneyould mean
the possibility to produce less radioactive fuel fbe same
amount of power, and therefore a lighter overalightfor the
generator. This is a critically important factor point out,
taking into consideration the costs of spaceflighhches.

RTGs have been used as power sources in satellites,
space probes without crew and in unmanned remotiiés,
such as a series of lighthouses built by the Sd¥igon in the
Arctic Circle.
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They are usually the most desirable power sources f
robotic or unmaintained situations, for systemschhieed at
least a few hundred watts (or less) of power forlamg spans

creating apecif time which could not be supported by fuel cebatteries or

by equipments working in places where solar celisnot be
used.

The Viking probes used plutonium-238 (238-Pu) for the
decay inside the generator: it became the mostlyidsed
fuel for RTGs, in the form of plutonium (V) oxidéPuQ).
238-Pu has a reasonable power density and an éxcalbt
low gamma of the levels of neutron radiation.

This type of plutonium has a half-life of 87.74 y®ain
contrast to the 24,110 year half-life of plutoni@39 used in
nuclear weapons and reactors. A consequence ofhibeter
half-life is that plutonium 238 is about 275 timesore
radioactive than plutonium 239.

The real problem of RTGs is that they may posesk of
radioactive contamination: if the container holditige fuel
leaks, the radioactive material may contaminate
environment. As regards spacecraft, the main conisdhat if
an accident were to occur during a launch or dutime
passage of a spacecraft close to the Earth, harméaérial
could be released into the atmosphere. For thgoretheir use
in spacecraft and elsewhere has attracted consyaver

There have been at least six known accidents imglv
RTG-powered spacecrafts and, to minimize the ritkhe
release of radioactive material, the fuel is ugualiored in
individual modular units with their own heat shieigl The
units are surrounded by a layer of iridium metal amcased
in high-strength graphite blocks and they result e
corrosion- and heat-resistant.

However, although the incidents in the nuclear gowe
probes were not so serious (and found to be smeASA
decided to abandon the radioisotope generatorsgojpistead
for a type of much more ecological source of enefgiye of
the main reasons of the abandonment of nucleaggmeas in
fact given by the risk of contaminating the landisite. In
later expeditions, it was decided to change thé tweother
systems which could have no effect on the plansingu
powerful solar panels, capable of giving both taeder and
the rover enough energy to play all major functipnsvided,
including movements.

When fully illuminated, solar panels generated aldg® W

of power for a maximum of four hours per sol (a Nar day),
while a roverneeded about 100 W to drive. Comparatively,
the solar arrays of th&ojourner rover, used in the 1997
Pathfinder expedition, could supply around 16 W of power at
noon on Mars.Sojourner was also equipped with non-
rechargeable lithium batteries, which could provasheoutput
of 300 Wh, mainly as each night situation required1997
there were not available rechargeable batteriesh wulite
reliability required for a space expedition in watigand cost
limits imposed by NASA'®iscovery program [5].

The electrical power provided by a solar panel .6f16f is
over 14 W on Mars, during the four hours aroundm§&j.
Nevertheless, the efficiency of the solar energyhenMartian
surface depends on the amount of dust in the atmeos{d7]:
the suspended atmospheric dust in Martian atmospher
consists of both a long-term dust and also dustrstowhich
temporarily add a large loading of dust into the@dphere.

the
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Dust storms can be local storms, of a few daysioned) In fact, the considerable weight of the rover (at@0 kg,
storms, covering a larger area, or "global" stormvhich unlike Spirit and Opportunity, which weighted 185 kg) has
spread from the southern hemisphere during thehsout forced scientists to abandon the idea of a landismg
hemisphere summer and can last for several momhst rockets, airbags and parachutes for deceleratioa,td a too
deposition on the solar arrays was measured dutfireg thin atmosphere for effective use of these bralsggtems
Pathfinder expedition at a rate of 0.28% per sol during thgl1].
initial 30 sols of the mission [8]. Further measuents were Curiosity will be powered by RTGs, as used by the
carried out during thiars Exploration Rover mission [9]. successful Mars landehdking 1 andViking 2 in 1976 [12].

The power system of thdars Exploration Rover included Curiosity's power source will use the Multi-Mission
two rechargeable batteries, weighing 7 kg eachchviaiould Radioisotope Thermoelectric Generator (MMRTG) depetl
have to recharge by solar power, so the rover copketate by Boeing Company's Rocketdyne Propulsion and Power
even in extreme conditions with little presencelight (at Division. Based on classical RTG technology, itresents a
night or in presence of strong dust storms). more flexible and compact development step andessged

Scientists were not sure about the degradationhef tto produce 125 W of electrical power from about0B,®V of
batteries, because the lower energy of the solaelpa- thermal power at the start of the mission. During mission,
covered with dust - could not fully charge the gagis. It was the MMRTG will generate 2.5 kWh per sol (during tHers
also believed that solar panels could still gereeegiiergy after Exploration Rover mission, the global amount of energy
90 sols. Indeed, NASA scientists had predicted ttieg produced was on the order of 0.6 kWh per sol [13]).
duration of the entire expedition was approximat#l90 sols, The MMRTG will produce less power over time as its
whereas both the rove®irit (MER-A) and Opportunity  plutonium fuel decays: at its minimum lifetime of years,
(MER-B) could not overcome the third month of thedtivity.  electrical power output will be down to 100 W [14].

These specifications have been largely superseceijrit
continued to operate on the Martian surface forwhele of
2006 (the probe had landed on Mars in January 2004)

On 4" January 2010 the rov&pirit celebrated 6 years of its
activity on the Martian surface, showing an amazesgistance
to the weather conditions that occurred on the gile®pirit
was in contact with the Earth until ¥2March 2010.
OperationSpirit was then declared closed by NASA orl"25
May 2011, unlike the roverOpportunity, which can be
considered as the expedition with the longest djperaon
Mars. The success of this mission is mainly duethe
excellent solar panels, capable of storing energyd a
recharging the batteries even in unfavorable weathe
conditions (sand deposited on the panels duringnstp

Fig. 5 View of the MMRTG (from: [15])

IV. OVERVIEW OFMARTIAN ATMOSPHERICDENSITY

The Red Planet is substantially exposed to the dsard
elements of space weather. Unlike the Earth, whih
- protected by the magnetosphere, Mars does not nirese
Fig. 4 Comparison betwed&ojourner (left) andirit (right) rovers globa! magnetlc.fleld to protect Its.elf from Solﬁmre§ and
(from: [10]) cosmic rays. While the causes of this phenomenestil not
clear, scientists agree on the fact that the iatemagnetic
Mars Science Laboratory expedition (launched on 96 dynamo of the planet turned off about 4 billion ngeago.
November, 2011: the landing of the probe, contginihe After that, the solar wind gradually has been ergdthe
rover Curiosity, is planned for the second part of 2012) willMartian atmosphere up to now, making it less thé&n ds
mark the return of nuclear power, with a new lagdigstem.  thick as the earthly one.
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Martianatmosphere is composed by 95% of carbwoxide,
by nearly 3% of nitrogeand by nearly 2% of argon with tra
gquantities of oxygen, carbon monoxide, water vapomna
and other gases. Because of its chemical compositioa
atmosphere doesn’t protect the planet from energettons,
thusMartian air density at "sea level" is roughly eqlent to
that of the earthlatmosphere at 70,000 feet altitt

The analyse and observations carried out (Mars
Pathfinder on density, temperature and pressure of Mars 1
it possible for many scientists t@ccuratelyreconstruct the
general profile of the atmosphere.

In paticular, Schofield et al. [16] analyzed the dataorted
by Mars Pathfinder probe (measured from the ground to
km above the surface) and compared them with timee
values reported byiking 1. very similar results wer
registered, except for higheltimudes (over 80 km), where tl
Mars Pathfinder atmospheric density showed a lower ve
(for at least a factor of 10) thafiking 1.
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Fig. 6 Martian atmospheric density prois derived from the
accelerometer data of different prob€ke registeredifferences are
due tothe uncertainties in the entry velocity cin the finite digital
resolution of the measuringstrumens (from: [16])

The registeredalues can vary on the surface of Mars,
to the range of temperatures (from 27 °C in sungeing the
day to —133 °C in winter at the pole).

In 1998, Tracadas at al. [17] presenithe results of a
measurement campaigof the density of the Martia
atmosphere between 170 and 180 km above the s of the
planetfor a period of 6 months, when ttsolar cycle was
beginning to rise up from the minimum of its adtv
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The measurements were made during the orbital det
the Mars Global Surveyor spacecraft, during its Science
Phasing Orbits (SPGrom April to September 1998) using
band Doppler tracking observation. The registered c
showed that, depending on the measurement periddalan
on the site where the measurement was made, atht lod
175 km above the surface, the density of the athmag
varied between 0.018 and 0.025 kg®.
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Fig. 7Measured density of the Martian thermosp at a height of
175 km above the surfe of the planet (from: [17])

Jerolmack et al. [18] suggested a value of arour®
kg/m® for Martian air density and performed several ases
of the Martian windbased on the shape of sand dunes
depressions on the surface of the Red PI

A simple interactive program was developed by NA®/
order to investigate the changes in the atmospaedetheir
effects on aerodynamic variables [1¢The model was
developed on the bases the measurements acquired in
Martian atmosphere fromMars Global Surveyor in April
1996: it considerswo zones with separate curve fits both
the lower atmosphere and the upper one. The |
atmosphere runs from the surfeof Mars to 7,000 m. In the
lower atmospherehe temperature decreases linearly anc
pressure decreases exponent with height, according to the
formulas:

T =-31 - 0.000998-h 1)
(2

where the temperature is given in Celsius degthegressur
in kilo-Pascals, and h is the altitude in metAlso in the

p = 0.699-exp.0000¢h)

upper atmospherethe temperature decreases ling,
according to the formula:
T =-23.4-0.0022h 3)
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being the eolution of the pressure the same reported ir In
each zone, the density is calculated with the equation
state:

p=p/[0.1921- (T + 273.1)] ()

Considering an altitude of 1 from the surface, the resu
of the described model determiae atmospheric density
0.015 kg/m, very similar to the valug0.02 kg/n’) already
proposed by Jerolmack et al. [18].

V.ESTIMATION OF MARTIAN WIND SPEEDS

Since the sending of the first space probes onRbd
Planet, the study of wind speed on Mars has be#reatentre
of many debates by researchers and scientists. r&
assumptions have been made in this regard, deading to
completely different resultdn fact, the study of wind he
never been the main aim of any Martian explora

campaign, because the main interestspace agencies has

always been addressed to the analysis of theisghrticular

to look for the presence of water. Nonehe rover sent on the

planet has ever been equipped with an anemometedaio
measure with precision the actual speed of winetetfore the
information obtained about wind are mainly hypoitedf
derived from calculations made in laboratory and dicectly
on the surface of the planddowever, thanks to the seve
images sent by the vars probes equipped with came it
has been possible to verify the real presence nflwin the
surface: the spacecraft sensors have often phgioggdadus

storm aw tornadoes, which frequen occur, as well as

clearer images of the ground, which show a plaoeered in
large part by sand dunes similar to those of treede of the
Earth, and altered by wind.

=

Fig. 8 Polar Martian dust storm photographedMars Global
Surveyor while erupting out from the north polar cap of v: such
dust storms are not uncommon as summer comes iotthern
emisphereThe white material is frozen carbon dioxide whidivers
much of the extreme north. A strong central jegut 900 kilometers
long, which is creating symmetric swirling vorticés visible in the
storm (from: [20])

As already previouslynentioned, atmospheric density
Mars is about 1% of the atmospherandity of the Eart. That
means, the wind on Mars heisbe blowing a 100 times fast
than the wind otearth to have the same momen.

SeveralMartian storms have passed by rovers and lan
In fact, some of them have helped their missiorss,they
removed dust settled on solar panels, particulailying
planet-wide dust storms.
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Mars is dryerand colder than the Earth and, as
consequencajust raised by these winds tends to remain ir
atmosphere longer than on Earth as there is ndpjte®on to
wash it away. The surface of Mars has a very loarrttal
inertia, which means it heats quickly when the shimes or
it. Typical daily tempeature swings, away from thpolar
regions, are around 100 K. On Earth, winds oftea i area
where thermal inertia changes suddenly, such as fea tc
land. There are no seas on Mars, but there ars arfeare the
thermal inertia of the soil chang, leading to morning and
evening winds similar to the sea breezes on E

When theMariner 9 probelanded on Mars in 1971, the
world expected to see extremely clear new pictofesurface
details. Instead, a planefde dust storr was visible, with
only the giant volcano Olympus Mons showing above
haze. The storm lasted for a month, and scientisgervec
that, during those global dust stor, the diurnal temperature
range narrowed sharply, from fifty degrees to caibput ter
degrees. On the contyawind velocities appear to change
considerable high rate: in fact, within only an hfrom the
arrival of the stormthey increased to 1m/s, with gusts up to
26 m/s.The landscape seen Opportunity (Mars Exploration
Rover) at Meridiani Planun(a plain situated near the equator
of Mars) was dominated by aeolian (w-blown) ripples at
intervals, with a surface basically composed of idfio
spherules and fragments. These ripples :ed an ordered
grain size, with well sorted coarse grained ts and poorly
sorted finer grained troughs. These ripples were Ittosi
common bed form encountered Opportunity in its passage
from Eagle Crater to Endurance Crater, and thefgred from
more common aeolian features for having crests méadery
large grains while troughs consist of much finer mate

———

Fig. 9 Coarsegrained ripples at Meridiani Plani (from: [18])

EeioAS R

e, o S - » e
Fig. 10 Picturef typical inte-ripple zone showing hematitic
spherules and fragmentss well as basaltic sand matrix (from:

(18])
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On the basis of the work of Jerolmack et al. [18]ds been
possible to determine how surface deposits of esgrained
ripples can be used to obtain information on windditions
on the surface of Mar€pportunity’s track between Eagle and
Endurance craters revealed that the concentrafibmgments
and hematitic sediment may not just be the resultimple
breeze; rather, these particles seem to create echazkd
different forms on the surface, suggesting tharidttransport
has been an additional, or even dominant, factothir
organization. Hematitic spherules are quite stiNjng to their
large size, and hence don't migrate to ripple srast fact,
ripple crest grains have a diameter 6 times highan the
largest basaltic grains in ripple troughs, whichkréiore can't
move without strong winds. At th@pportunity landing site,
wind moved particles erasing the edges of the wadmd
filling them with loose sediment, sculpting morepwedrock
because of the exposure to sandblasting.

e — P e =X
Fig. 11 Picture of typical coarse-grained ripplests, showing
monolayer of hematic fragment (from: [18])

Martian landscape shows signs of wind erosion #rathks
to probes and rovers, it was possible to obsergesttape of
shifting dunes and filled-dust craters. Small tolwes or
whirlwinds, known as dust vortexes, frequently move
throughout the planet's surface, while regular kioahl dust
storms, similar to those observed in the deserthefEarth,
often grow into enormous tornadoes which invadelaaet
for months.

VI. PRELIMINARY CALCULATION OF A SMALL MARTIAN

WECSDAILY ENERGY OUTPUT

In order to determine the energy potential of alsliW&CS
mounted on a Martian probe/rover, a global amoudr2086
equivalent hours at nominal power production pet so
(yielding to 4.9 h/sol) have been prudentially exstied.

The global amount of kinetic energy flux in the Wiog
wind with respect to rotor swept area has been ctadp
according to the formula:

Ey=%p-AV? (5)

being A the swept area of the rotor, corresponding R for
a horizontal-axis wind turbine (HAWT) of radius N, the
equivalent wind speed at the spacecraft landing. sithe
atmospheric density was prudentially assumed Okgr5°.

In order to consider a reduced rotor aerodynamic
performance due to the low Reynolds number (detexchby
the low atmospheric density), the HAWT power cazéint,
defined as:

Open field measurements were performed at Whited$San

National Monument (New Mexico), showing that shapin
Meridiani Planum coarse-grained ripples requiresviad
speed of 70 m/s (at a reference elevation of 1 pvelthe
surface). From the images of dust streaks, taketh&yMars
Orbiter Camera (MOC) during th#ars Global Surveyor
mission, scientists estimated that surface windstrea speed
of at least 40 m/s and hence may form these ripplss
occasionally. Also the conditions that would beuiegd to
move the hematitic spherules situated in the inpgle zones
have been considered, estimating a wind velocitatofeast
108 m/s.

Greeley et al. [21] analyzed the wind processedviamns
through the use of a special wind tunnel. In palég it was
proved that it is necessary a wind speed of at [ERE m/s to
move the grains of sand on flat surfaces, while elow
velocities would be required in regions of high faoe
roughness (such as cratered terrain), which coelddmes of
origin for some Martian dust storms.

In conclusion, it can be assumed that, althoughMbgian
atmosphere is very rarefied, winds are capable igh h
velocities, driven by temperature differences betwsunny
and dark areas, as well as winter and summer reghdars is
definitely a windy planet: winds are created by b#&ing
heated near and around the surface, then risingnandng
towards the poles. This is the same general patterwinds
on the Earth. From satellites orbiting around Mansl rovers
on the surface, clouds can be clearly seen, asasedtorms,
which blow across large parts of the planet.
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1979

C, =P/ (#p-AV) (6)

has been prudentially assumed as 0.10, being Ppdier
produced by the wind turbine.

Figs. 12 and 13 summarize both the nominal power
production and the daily energy production of theppsed
Martian WECS as a function of both the rotor diseneind
the equivalent wind speed at the spacecraft sigec@dn be
clearly seen from Fig. 13, considering a daily egger
requirement of 600 Wh (as for thdars Exploration Rover
mission), a rotor radius of 0.65 m is sufficientgower the
probe/rover subsystems for an equivalent wind spEfed0
m/s, while the adoption of a 1.4 m rotor radius igobe
sufficient to feed the subsystems even for lowendsi
(equivalent wind speed of 30 m/s).
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Fig. 12 Turbine nominal power production as a fiorcbf both the
rotor diameter and the equivalent wind speed asplagecraft site
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Fig. 13 WECS daily energy production as a functibboth the rotor
diameter and the equivalent wind speed at the spaitsite; the red
line evidences the daily energy requirement of\Mlaes Exploration
Rover mission (600 Wh), while the blue line represehtsruch
higher (2,500 Wh) daily energy requirement of khar s Science
Laboratory mission

Considering a daily energy requirement of 2,500 (@hfor

NOMENCLATURE

A [m? rotor swept area

G [-] turbine power coefficient

Ex [W] global amount of kinetic energy flux in the

flowing wind with respect to rotor swept
area

h [m] altitude

p [kPa] pressure

P [W] turbine power output

T [°C] temperature of Martian atmosphere

V [m/s] equivalent wind speed at the spacecraft

landing site

p [kg/m’] atmospheric density
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