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”All men dream, but not equally. Those who dream by night in the dusty recesses of their

minds, wake in the day to find that it was vanity: but the dreamers of the day are dangerous
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This work presents the development, validation and calibration of the air temperature sen-

sors (ATS) and the air and wind retrieval method of the HABIT (HabitAbility: Brines,

Irradiation and Temperature) instrument. HABIT is one of the two European payloads

of the ESA/Roscosmos ExoMars 2022 mission that will land at Oxia Planum (18.20◦N,

335.45◦E), on Mars.

One of the main novelties of this Ph.D. thesis is to use the thin fins that work as ATS on

HABIT as a wind sensor for the planetary boundary layer of Mars. The thesis is based on

the study and modelling of heat transfer along three rods when exposed to forced convection

in a gaseous fluid, and that is tested: (1) through computational fluid dynamic simulations,

which provided inputs to the early design of the HABIT structure; (2) under laboratory

conditions, with the use of a specifically designed prototype and a cooling fan; and (3)

within a subsonic wind tunnel facility under terrestrial conditions.

A preliminary validation of the wind speed retrieval approach is first performed using tem-

perature measurements from Mars provided by the Rover Environmental Monitoring Station

(REMS) instrument, on board the NASA Curiosity rover of the Mars Science Laboratory

(MSL) mission. The method is based on forced convection modelling of the ATS of REMS

when assumed as thin rods immersed in the extreme low-pressure and high-radiating at-

mospheric conditions of the Martian thermal boundary layer, at a height of ∼ 1.5 m from

the surface. Assuming the previously reported REMS wind sensor (WS) retrieval errors

of 20% for wind speed, ±30◦ for the horizontal “front” wind directions, and ±45◦ for the

horizontal “rear” wind directions, agreement with the WS values between 36% and 77% of

the acquisition time, on average, for wind speeds and coincidence between 60% and 80% of

the time for wind directions is reported for some sols. These promising results are limited

to only evening extended acquisitions from 18:00 to 21:00 local mean solar time (LMST)



and orientations within the validity region of the retrieval. That is, the method was only

considered valid over a narrow angle range of 13◦ to 107◦ in azimuth angle. In addition

to this, the results of this first study suggested a new optimal orientation when using the

ATS for wind speed and direction retrievals of +60◦ clockwise with respect to the forward

direction of the Curiosity rover.

The wind retrieval model is also validated and calibrated with the HABIT engineering and

qualification model (EQM) in the Aarhus Wind Tunnel Simulator (AWTS) of the Aarhus

University, Denmark. The AWTS is designed to reproduce typical winds on the surface of

Mars. The data acquired during the wind tunnel campaign were used to validate the forced

convective and radiative heat transfer model for each of the three ATS. The campaign in-

vestigated winds in steady CO2 flows at a pressure of 9.9 mbar, an ambient temperature

of 25◦C, and for horizontal free-stream velocities between 0.8 and 12 m/s. Several rela-

tionships between the Nusselt number and the Reynolds and Prandtl numbers reported in

the literature were evaluated in the tunnel to model forced convection through the ATS

rods. Where needed, corrections to account for radiative heat transfer within the AWTS

were implemented to correct for experimental artefacts. The tests demonstrated that this

retrieval method can be used to derive wind speed for frontal winds on Mars in the range

of 0 to 10 m/s, with an error of ±0.3 m/s, using the cooling profile of the ATS rod 3, and

for lateral winds in the range of 0 to 6 m/s, with an error of ±0.3 m/s, using the ATS rod

2 cooling profile.

The thesis also includes the calibration of the HABIT ATS flight model (FM) in the clean-

room of Omnisys Instruments AB, and the retrieval model that will be used in operations

during the ExoMars 2022 mission and for archiving in the Planetary Science Archive (PSA)

of the European Space Agency (ESA).

Finally, the wind retrieval method developed in this thesis can be applied not only to

the future analysis of HABIT data at Oxia Planum, but also to re-analyse the ATS data

of REMS at Gale crater, and for future comparative analysis with the HABIT/ExoMars

2022, the Temperature and Wind Sensors for InSight (TWINS)/InSight, and the Mars

Environmental Dynamics Analyzer (MEDA)/Mars 2020 rover instruments.
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IPDA “International Planetary de Data Alliance”

IR InfraRed radiation

IRF “Institutet för RymdFysik”

GAS Group of Atmospheric Sciences

GTS Ground Temperature Sensor

ISRU In-Situ Resource Utilization

LDA Laser Doppler Anemometer

LMST Local Mean Solar Time

LN2 Liquid Nitrogen

LTU Lule̊a University of Technology

xix



List of acronyms xx

MastCam Mast Camera

MAVEN Mars Atmosphere and Volatile Evolution

MEDA Mars Environmental Dynamics Analyzer

MAHLI MArs Hand Lens Imager

MPL Mars Polar Lander

MSL Mars Science Laboratory

NASA National Aeronautics and Space Administration

PBL Planetary Boundary Layer

PDS Planetary Data System

PDS3 PDS version 3

PDS4 PDS version 4

PI Principal Investigator

PS Pressure Sensor

PSA Planetary Science Archive

PSU Power Supply Unit

REMS Rover Environment Monitoring Station

RH Relative Humidity

RDM Radiation and Dust sensor, METOP package

RMS Root Mean Square

RNAV Rover NAVigation frame

RPM Revolutions Per Minute

RSM Remote Sensing Mast

SNSA Swedish National Space Agency

SP Surface Platform

TES Thermal and Emission Spectrometer

TWINS Temperature and Wind sensors for INSight

TGO Trace Gas Orbiter

TOA Top Of the Atmosphere

TVAC Thermal and VAcuum Chamber

UV Ultra Violet radiation

UVS Ultra Violet radiation Sensor

WS Wind Sensor

XML Extensible Markup Language



List of physical constants

Constant Name Symbol Constant Value [Unit]

Average gravity vector on Mars ~gM = 3.711 [m s−2]

Boltzmann constant kB = 1.3806488·10−23 [m2 kg s−2 K−1]

Stefan-Boltzmann constant σ = 5.670·10−8 [W m−2 K−4]

Universal Planck constant hp = 6.62607004 · 10−34 [m2 kg s−1]

Wien’s constant Cw = 2.898 · 10−3 [m K]

Universal gas constant R = 8.314472 [J K−1 mol−1]

Molar-weight-specific CO2 gas constant RgCO2 = 188.9 [J kg−1 K−1]

CO2 thermal conductivity at T0 = 273 K kf0 = 0.0146 [W m−1 K−1]

CO2 dynamic viscosity at T0 = 273 K µf0 = 1.370 N s m−2]

CO2 Sutherland constant for µf SµCO2
= 222 [K]

CO2 Sutherland constant for kf SkCO2
= 1800 [K]

Solar constant on Mars S0 = 590 [W m−2]

Kinetic diameter for the CO2 DCO2 = 4.64·10−10 [m]

Mars orbit accentricity eM = 9.34·10−2 [Dimensionless]

Mars solar inclination εM = 25.2 [◦]

Speed of light in vacuum c0 = 2.99792458·108 [m s−1]

Average distance Sun - Mars r0 = 1.5236 [AU]

xxi





List of symbols

Symbol Description Unit

a Larger side ATS cross-section m

ai Coefficient i for the Cp polynomial expression Ki−1, i = 1...5

as Speed of sound m s−1

A Area m2

Ac Area of ATS rod cross-section m2

AR Standard constant DIN EN 60751 ◦C−1

As Area of ATS rod lateral surface m2

b Shorter side ATS cross-section m

Bi Biot number Dimensionless

BR Standard constant DIN EN 60751 ◦C−2

Cp Specific heat at constant pressure J kg−1 K−1

CR Standard constant DIN EN 60751 ◦C−2

Cv Specific heat at constant volume J kg−1 K−1

d Diagonal ATS rod cross-section, d =
√
a2 + b2 m

dAn Differential surface m2

dAi Differential emissive opaque surface m2

dw Solid angle sr

D Diameter m

Dh Diameter of cylinder with similar cross-section m

e Specific internal energy J kg−1

E Grey body emissive power W m−2

Eb Black body emissive power W m−2

Eλ Spectral emissive power W m−2

~fm Volumetric specific intertial forces N kg−1

Fij View factor Dimensionless

FSM Direct solar insolation on Mars surface W m−2

FSMD Diffuse solar insolation on Mars surface W m−2

FTOAM Instant insolation at the TOA W m−2

G Black body irradiation W m−2

h Total heat transfer coefficient, h = hc + hr W m−2 K−1

xxiii



List of symbols xxiv

h Average total heat transfer coefficient, h = hc + hr W m−2 K−1

hc Convective heat transfer coefficient W m−2 K−1

hc Average convective heat transfer coefficient W m−2 K−1

hcATSi|Nu hc of ATSi derived from Nu

hcATSi|m hc of ATSi derived from m

he Specific enthalpy J kg−1

hl Solar angle ◦

hr Radiative heat transfer coefficient W m−2 K−1

hr Average radiative heat transfer coefficient W m−2 K−1

hsi hr from external sources to ATSi W m−2 K−1

hsopti Optimised hsi of ATSi W m−2 K−1

hsri hsopti estimated from the radiative model W m−2 K−1

I Radiation intensity W m−2 sr

Iλ,e Spectral radiation intensity W m−2 sr

I Unit tensor Dimensionless

J Radiosity W m−2

kf Fluid thermal conductivity W m−1 K−1

KATSi Thermal conductivity of ATSi in x-direction W m−1 K−1

Kopti Optimised KATSi W m−1 K−1

Koptri Optimised KATSi for hsri W m−1 K−1

Kn Knudsen number Dimensionless

l Length m

L ATS rod length m

Lc Characteristic length m

Lcross ATS cross-section length m

m m-parameter Dimensionless

m Average m-parameter Dimensionless

M Mach number Dimensionless

n Natural number Dimensionless

nd Refraction index Dimensionless

Nu Nusselt number Dimensionless

NuDh Nu parallel to cylinder Dimensionless

NuDv Nu perpendicular to cylinder Dimensionless

NuD0◦ Nu for β = 0◦ Dimensionless

NuD90◦ Nu for β = 90◦ Dimensionless

p Specific pressure Pa kg−1



List of symbols xxv

P Pressure Pa

Per Perimeter m

Pr Prandtl number Dimensionless

Pw Heating power W

q̇ Radiative heat flux per unit area W m−2

q̇ext Incident radiative heat flux per unit length W m−1

q̇λ Radiative heat flux per unit area of wavelength λ W m−2

q̇l
Circumferentially averaged net radiative heat flux per

unit length
W m−1

q̇si
Averaged net radiative heat flux per unit area from ATSi

faces
W m−2

Q̇ Net radiative heat flux W

Q̇li Net radiative heat flux per unit length for ATSi W m−1

r Distance in polar or spherical coordinates m

~r Position vector of a finite element m

R0 Reference resistance Ω

RF Resistance of Pt1000 sensors at 0◦C Ω

Rs Resistance Ω

Re Reynolds number Dimensionless

Recr Critical Reynolds number Dimensionless

ReL/R Reynolds number based on cylinder ratio length/radius Dimensionless

ReR Reynolds number based on cylinder radius Dimensionless

RH Relative humidity %

St Strouhal number Dimensionless

tc Characteristic time s

tp Perihelion passing time, Martian orbit s

T Temperature K

Ta Temperature at χ = 1 K

Tb Temperature at χ = 0 K

TLn Temperature at χ = 1/4 K

Tf Fluid temperature K

Tp Orbital period, Martian orbit s

Ts Averaged ATS rod surface temperature K

T∞ Fluid temperature far from the thermal boundary layer K

u Horizontal velocity component m s−1

uc Characteristic speed m s−1



List of symbols xxvi

uv Argument of the latitude ◦

U∞ Free stream speed m s−1

v Vertical velocity component m s−1

V Speed m s−1

−→
V , ~v Velocity vector m s−1

−→
V h Horizontal velocity vector m s−1

Vin Voltage input V

Vout Voltage output V

wp Argument of the perihelion ◦

x Longitudinal coordinate along the ATS rods m

X Ratio temperature differences, (TLn − Ta)/(Tb − Ta) Dimensionless

Greek

symbol
Description Unit

α Horizontal angle of incidence ◦

αr Absorptivity Dimensionless

β Angle of incidence ◦

γ Angle of incidence ◦

γCO2 CO2 adiabatic index ratio Dimensionless

γi Order of magnitude of Kopti W/(m· K)

γir Order of magnitude of Koptri W/(m· K)

δS Solar declination ◦

δT Thermal boundary layer thickness m

δv Viscous boundary layer thickness m

ηi Order of magnitude of hsopti W/(m2·K)

ηir Order of magnitude of hsri W/(m2·K)

ε Emissivity Dimensionless

εATS Emissivity of the ATS rods Dimensionless

εCU Emissivity of the CU Dimensionless

εP Emissivity of the aluminium supporting plate Dimensionless

ελ Emissivity for the wavelength λ Dimensionless

λ Wavelength m

λmax Wavelength for maximum emission power m

λf Mean free path between two collisions m

µf Dynamic viscosity Pa s



List of symbols xxvii

ν Kinematic viscosity m2 s−1

νr Radiation frequency s−1

ρ Density kg m−3

ρCO2 CO2 density kg m−3

ρr Reflectivity Dimensionless

σd Standard deviation Dimensionless

σs Scattering coefficient Dimensionless

τ Transmissivity Dimensionless

τ Viscous stress tensor Pa

τM Atmospheric opacity on Mars Dimensionless

θ Excess temperature K

θ0 Zenith angle ◦

θb Excess temperature at χ = 0 K

θPi Polar angle i ◦

ϕl Latitude angle ◦

φ Azimuth angle ◦

φh Yaw angle ◦

Φ Scattering phase function Dimensionless

ψh Pitch angle ◦

Ω Volume m3

χ Dimensionless x-coordinate, χ = x/L Dimensionless





CHAPTER 1

Introduction

1.1 Past missions to the Martian surface: temperature and

wind observations

Given the poor characterisation of winds on the surface of Mars, it is very difficult for the

scientific community to provide an accurate description of the current environment and its

implications for the future exploration of the planet.

It is believed that near-surface wind stress is responsible for lifting much of the dust from

the Martian surface, particularly during dust storms (Basu and Richardson, 2004; Kahre

et al., 2006; Newman et al., 2002a). The former occurs when near-surface winds exceed a

threshold speed. Therefore, knowing the near-surface wind speed is essential to describe

the dust cycle, which is in turn vital to understanding the planetary boundary layer (PBL)

dynamics on Mars, and its thermal environment. Accurate knowledge of the wind profile

in the near-surface environment is also crucial for the entry descent and landing (EDL)

stages of surface exploration missions, for planning the robotic operations, and for dust

accumulation and lifting, including its impact on the lifetime of solar panels (Fonseca et al.,

2019; Hassler et al., 2014; Madeleine et al., 2011; Newman and Richardson, 2015; Vicente-

Retortillo et al., 2015). Aeolian processes, which are driven by the near-surface wind field,

are also considered critical for the Martian dust cycle (Cantor et al., 2006; Haberle and

Leovy, 1982; Kahre et al., 2006; Newman et al., 2002a,b) and the likely dominant force of

the evolution of the surface features of Mars (Greeley et al., 2006; Wilson and Zimbelman,

2004).

Furthermore, the proper characterisation of the PBL and near-surface wind dynamics may be

needed to explain the observed variability in trace gases, such as methane, on Mars (Fonseca

et al., 2018). Similarly, in-situ measurements of winds and other environmental parameters

on the surface, such as pressure and temperature, are required to assess the performance of

numerical models within the Martian PBL (Newman et al., 2017; Pla-Garcia et al., 2016;

Rafkin et al., 2016). Also, the wind characterisation may help us defining the planetary-

protection requirements for future human exploration on Mars as it has implications on the

1
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natural transport of contamination through aerosols; the current general circulation models

(GCM) are not accurate enough for this purpose (Kminek et al., 2018; Race et al., 2015).

The very low-pressure and low-temperature regime on the surface of Mars, with typical

values of 700 Pa and 240 K, respectively, and the amount of dust particles in suspension,

especially during dust storms (Zurek, 1982), produce very peculiar flows around any sensor

that is sent to the surface of the planet. The low air density, the high thermal gradients,

the degradation due to dust, the turbulence, and the rapidly changing winds are challenges

that must be faced by any temperature and wind sensor on Mars. These factors make wind

sensing particularly difficult as any potential device requires extra robustness to survive the

extreme environmental conditions as well as the severe stress that spacecraft probes have to

withstand during the EDL phases.

So far, only four surface missions have provided useful data of the wind-surface pattern

(Mart́ınez et al., 2017; Newman et al., 2017) in addition to the current Mars Science Labo-

ratory (MSL) and InSight missions. Thermal sensors have been the preferred approach when

measuring wind speed and direction on the surface of Mars; except for the Phoenix space-

craft “Telltale” wind sensor, which was based on the deflection of a Kapton tube hanging

in Kevlar fibres and recorded by a camera (Holstein-Rathlou et al., 2010). From the NASA

Viking landers 1 and 2 (Chamberlain et al., 1976; Hess et al., 1977; Jones et al., 1979), which

used hot-film wind sensors, to the NASA Mars Pathfinder (Schofield et al., 1997; Sullivan

et al., 2000), which included six hot wires that were evenly distributed at the top of a mast

and could only provide wind direction data, thermal anemometry has been implemented as

the preferred solution. The thermal anemometry technique is mainly based on the analysis

of variations in the heat transfer between hot wires and the surrounding airflow. Also other

missions, which unfortunately failed to land successfully, used this approach, such as the

thermal sensors of the Mars Polar Lander (MPL) (Polkko et al., 2000) or the Beagle 2 wind

sensor (Towner et al., 2004), which used a similar concept to the Mars Pathfinder sensor.

This principle has also been implemented on the Rover Environmental Monitoring Station

(REMS) (Domı́nguez et al., 2008; Gómez-Elvira et al., 2012; Gómez-Elvira et al., 2014)

onboard the NASA Curiosity rover of the MSL mission, which has been operating on Mars

since august 2012. Also, the “Temperature and Wind Sensors for InSight” (TWINS)/InSight

(Banfield et al., 2019, 2020), whose design is based on the booms of the REMS instrument,

has been characterising the winds from the surface of Mars since it landed at Elysium Plani-

tia on November 2018. Furthermore, future wind sensors, such as the “Mars Environmental

Dynamics Analyzer” (MEDA)/NASA of the Mars 2020 rover mission, will also use thermal

anemometry (Pérez-Izquierdo et al., 2018). Finally, as a continuation of these environmental

instrumentations, the HabitAbility: Brines, Irradiation and Temperature (HABIT) instru-

ment, which will be sent to the surface of Mars onboard the ExoMars 2022 mission, will
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characterise, among other variables, the ambient temperature and wind speed at the mission

landing site, in Oxia Planum.

1.2 The Rover Environmental Monitoring Station (REMS)

instrument

The MSL mission landed on Gale crater (4.59◦S, 137.44◦E) on August 6th 2012 (Ls = 151◦).

The instruments of MSL, and the REMS instrument in particular, have so-far provided al-

most eight years of valuable in-situ scientific data (Gómez-Elvira et al., 2014). The MSL

mission has the overall scientific goal of characterising the habitability at Gale crater. Within

this goal, the main purpose of the REMS instrument is to serve as a meteorological sta-

tion providing air and ground temperature, ultraviolet (UV) radiation in several bands,

atmospheric pressure, relative humidity, and wind speed and orientation. These variables

define the meteorology and climate of the landing site, and they are strongly related to

the present-day habitability. Combined, they have been used to retrieve interesting on-site

phenomena such as the thermal inertia or the abundance of water vapour, where the latter

is fundamental for the characterisation of the expected water cycle on the Martian surface.

Furthermore, the characterisation provided by REMS on the landing site has been compared

to previous datasets at other landing sites, such as the Viking landers, the Mars Pathfinder

or the Phoenix missions (Mart́ınez et al., 2017), allowing to expand this kind of studies to a

planetary scale. This characterisation has now been continued by the TWINS instrument,

on InSight, monitoring the environmental conditions at Elysium Planitia (Banfield et al.,

2019, 2020).

With the same approach, the instrument HABIT is thus designed to provide new mea-

surements of the surface environmental variables, at Oxia Planum, and expand the current

knowledge about the Martian surface habitability conditions. Some of the sensing method-

ologies of HABIT are common to REMS. In particular, the air temperature sensors (ATS)

are designed similarly.

1.3 The HabitAbility: Brines, Irradiation and Temperature

(HABIT) instrument

The instrument HABIT from the Lule̊a University of Technology (LTU) was selected as

European payload of the ExoMars 2022 surface platform (SP), called “Kazachok” (Mart́ın-

Torres et al., 2020). The instrument is designed to operate on the surface of Mars. ExoMars
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is a joint program by the European Space Agency (ESA), Roscosmos and the Space Research

Institute of the Russian Academy of Sciences or “Institut Kosmicheskih Issledovanyi” (IKI).

The program is formed by two missions; that is, ExoMars 2016 and ExoMars 2022. The

2016 mission consists of the Trace Gas Orbiter (TGO), that is now in operation on Mars

monitoring traces gases, such as methane and water in the atmosphere (Korablev et al.,

2019; Liuzzi et al., 2019). The TGO has its own scientific goals, and it will serve as a

relay for the 2022 surface mission. The latter, composed by the “Rosalind Franklin” surface

rover and the SP, will be launched in August-October 2022 and will land at Oxia Planum

(18.20◦N, 335.45◦E) on Mars.

HABIT is composed of two modules: the “Environmental Package” (EnvPack), to char-

acterise the present-day habitability on Mars by quantifying the thermal ranges, the wind

regime and ultraviolet radiation reaching the surface; and the “Brine Observation Transi-

tion To Liquid Experiment” (BOTTLE), an in-situ resource utilisation (ISRU) instrument

to demonstrate the potential of producing water for the future exploration of Mars, and to

study the formation of transient liquid brines on the surface of Mars, the atmospheric dust

cycle, and the electrical conductivity properties of the Martian atmosphere. BOTTLE will

be used also to investigate the hypothesis of a present-day atmospheric-ground water cycle,

testing if liquid water can exist on the surface of Mars, and for how long, in the form of

brines (Mart́ın-Torres et al., 2015; Mart́ın-Torres et al., 2020). The SP will also contain a

suite of meteorological instruments (Rodionov et al., 2018), in addition to HABIT; the SP

includes a pressure sensor and a relative humidity (RH) sensor whose measurement shall

be complementary to HABIT. In particular, the pressure sensor acquisition is required to

calculate the air density that is needed to retrieve the wind speed, as it will be shown later

in this thesis.

The ExoMars mission will pursue one of the outstanding questions of our time by attempting

to establish whether life ever existed, or is still active on Mars today (Vago et al., 2017),

and will bring the first European/Russian rover and SP to the surface of the planet. This

is precisely the goal of the payloads of the Rosalind Franklin rover (Vago et al., 2016) and

HABIT, mounted on the SP, will contribute to this later goal; namely, it will assess the

present-day habitability of Oxia Planum in terms of key environmental variables.

This thesis is devoted to the ATS of the EnvPack, an evolved version of the REMS ATS with

a similar working principle. The ATS are three devices, each one with two simultaneous

functions: (1) to provide the air temperature on the landing site; and (2) to infer information

about the wind speed and heat fluxes in the vicinity of the Kazachok SP. In HABIT, no

dedicated wind sensor was included. Following the thermal anemometry approach that has

proven to be reliable in the past, present and planned missions to the surface of Mars, a

wind retrieval algorithm has been developed to use the three ATS of the instrument as wind
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sensors. This approach is consistent with past missions; that is, it is robust because the

hardware is even simpler than active thermal anemometry, which is based on maintaining

a constant temperature difference between temperature transducers through a sigma-delta

modulator (Domı́nguez et al., 2008; Makinwa and Huijsing, 2001, 2002). Additionally, this

approach is efficient and cost-effective, with no extra power or hardware required for the

retrieval. Any added measurement of surface winds is of critical importance because a

single instrument in a specific spot is not enough for the characterisation of the entire

planet (Viúdez-Moreiras et al., 2019a). Therefore, because the HABIT ATS are also similar

to the ones of TWINS and REMS, the successful implementation and full development of

this retrieval could provide comparable in-situ and high-rate wind speed data at different

locations on Mars simultaneously.

HABIT was proposed by the principal investigators (PIs) of the Group of Atmospheric Sci-

ences (GAS) at the LTU and supervisors of this thesis. Its development and implementation

up to a flight model (FM) was done by GAS, with Omnisys Instruments AB as industrial

partner. The instrument development at Omnisys was funded by the Swedish National

Space Agency (SNSA). Omnisys provided two engineering model (EM) devices, an engi-

neering and qualification model (EQM), and a FM. The final EQM and FM qualification

tests were performed by Omnisys, and the final calibration activities, before the delivery of

the FM to IKI for its integration in the SP, were performed by GAS.

1.4 The approach followed by this research

The main goals of this thesis are:

• To characterise and describe the HABIT ATS design and mission constraints.

• To explain and analyse in detail the air temperature and wind measuring principles

using the HABIT ATS, including the experimental setups that have been developed

to validate their operability.

• To define the limitations and the calibration functions that will be used to retrieve the

final wind speed and air temperature data once in operations on Mars.

• To define the data product that will be archived in the ESA’s Planetary Science

Archive (PSA).

The thesis has been divided into four parts. Part I is composed by two chapters and describes

the work performed in support of the development of the HABIT ATS and wind retrieval.
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It starts by describing in Chapter 2 the preliminary mechanical designs that were proposed

for HABIT and the ATS during the negotiation stages with the SP engineering teams from

IKI and the industrial partner, Omnisys Instruments AB, to satisfy the constraint of mass,

thermal behaviour, fluid flow and envelope limitations imposed by the mission requirements.

Part I continues with the development of these sensors in Chapter 3. Here, the design and

manufacturing of an EM prototype for laboratory testing under ambient conditions are

detailed. With this prototype, the preliminary hypothesis for the wind retrieval algorithm

were tested for the first time on a representative geometry of the HABIT EM mechanical

design.

Part II focuses on developing the wind retrieval method for its application on the surface

of Mars. Chapter 4 describes the preliminary testing on the existing REMS/Curiosity data

measured at the surface of Mars. These tests allowed to refine some of the initial hypothesis

established in the laboratory experiments.

Part III is dedicated to the testing and calibration of the ATS of the HABIT EQM and FM.

The EQM was thermally qualified at the Swedish Institute for Space Physics or “Institutet

för Rymdfysik” (IRF), and the ATS measurements were analysed to verify the correct func-

tioning of the instrument in Chapter 5. The HABIT EQM and FM were later thermally

calibrated at dedicated campaigns in the SpaceQ chamber at LTU and the thermal and

vacuum chamber (TVAC) of Omnisys Instruments AB, respectively, whose main output has

been summarised in Chapter 6.

Part IV describes the activities related to testing and calibrating the HABIT wind sensing

retrieval, on the EQM. The EQM was used for wind tunnel tests under Martian conditions at

the Aarhus Wind Tunnel Simulator (AWTS) facility, in Denmark. The calibration performed

and the wind retrieval algorithm are discussed in Chapter 7. Finally, the retrieval and

calibration functions implemented on the HABIT software for operations are detailed in

Chapter 8. They shall be used to obtain the final scientific data that are archived by ESA

at the PSA for public access. The conclusions of this work, the future implications, and a

summary of the refereed articles and conference abstracts that have been submitted and/or

published within this thesis are presented in Chapter 9.
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CHAPTER 2

HABIT preliminary mechanical de-

sign

The main scientific goal of HABIT is to quantitatively assess the potential habitability of

the ExoMars 2022 landing site, including these two major objectives:

• To characterise the environmental conditions at the landing site, by measuring the air

and ground temperature, the incident UV radiation and the wind speed.

• To validate experimentally, in-situ, the potential formation of liquid water in the form

of brines caused by the hydration and deliquescence of specific highly-hygroscopic salts

that are found in the Martian regolith.

In order to accomplish these objectives, the HABIT instrument design was divided into two

conceptual units:

• EnvPack, composed by the sensors that characterise the environment by measuring

the air temperature, the ground temperature, the local wind speed pattern, and the

UV radiation in five narrowband channels and one integral channel (200 nm to 400

nm).

• Brine Observation Transition To Liquid Experiment (BOTTLE), dedicated to testing

the hypothesis of hydration of salts and liquid brine formation on the surface of Mars.

In this chapter we describe the preliminary mechanical design of HABIT and the modifica-

tions introduced from this work as new design requirements.

2.1 HABIT ATS and wind retrieval mechanical and thermal

requirements

Any space instrumentation is constrained by the capabilities of the platform that provides

power, memory, data storage and mechanical support. Because of power budget limitations,

9
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HABIT did not include any traditional thermal-anemometry method, which requires high

power consumption to overheat some element such as a wire or a dice. Instead, HABIT uses

the limited amount of available power to: 1) guarantee its own operation, by heating the

electronic unit up to the minimal operation temperature (-30◦C); and to 2) dehydrate the

salts of BOTTLE when needed. As a result, the instrument could not include a dedicated

sensor for measuring the wind pattern as the REMS instrument did for the MSL mission.

In this context, the goal of this research is to demonstrate the potential of the three ATS

rods of HABIT to be used as passive, simpler, thermal anemometers. Each ATS rod weights

merely 0.5 g and has three thermocouple sensors inserted. This retrieval algorithm is later

presented in Chapter 3. It has to be noted that the power budget available for REMS

was of the order of fourteen times bigger than for HABIT, and the Kazachok SP offered

locations with limited exposure to the free, unperturbed, airflow on Mars. Hence, a dedicated

hardware for wind sensing was discarded at the proposal stage.

The BOTTLE experiment was designed to passively measure the water absorption of a

set of specific salts: Calcium Chloride (CaCl2), Ferric Sulphate (Fe2(SO4)3), Magnesium

Perchlorate (Mg(ClO4)2) and Sodium Perchlorate (NaClO4). These salts have been reported

to exist on the surface of Mars, and thus the experiment aims to reproduce the theoretical

hydration and brine formation process on the surface regolith under controlled conditions.

In order to monitor the interaction of the salts with atmospheric water, the BOTTLE

experiment measures their electrical conductivity. The BOTTLE structure is covered by a

High-Efficiency-Particulate (HEPA) filter and by a solid lid (see Figure 2.1); the latter is

used to protect from dust deposition while allowing the air to flow in and out from the salt

containers.

As can be seen in Figure 2.1, the preliminary mechanical design of HABIT consisted of two

main bodies. On one hand, the electronic unit (EU), in the left, with four screws to attach

the instrument to the platform. In this box, the primary circuitry was allocated, including

the field-programmable gate array, which is essential for the communication between the

platform and the instrument and for the data and command transmission. It has to be noted

that the EU box includes the ground temperature sensor (GTS), consisting on a thermopile

that detects the ground temperature in the infrared channel. This GTS is similar to the

sensor included in the REMS instrument, and it needs to point to the ground as far as

possible from the platform to avoid thermal contamination of the latter (Buenestado et al.,

2015). The inclination angle was set to 45◦ with respect to the horizontal plane.

On the other hand, the second main body of HABIT is the container unit (CU), which was

attached to the EU box with four screws thermally insulated. It consisted of a structure

that contained six vessels aimed to store the salts selected for the experiment. In the original
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Figure 2.1: Preliminary design of the HABIT instrument developed by Omnisys Instru-
ments AB in collaboration with LTU. The instrument is composed of an electronic box,
which was designed to be screwed to the ExoMars 2022 SP and included the ground tem-
perature sensor (GTS); and a main body containing all the ultra-violet sensor (UVS), ATS
and the BOTTLE experiment. (Above) overall view of HABIT UVS, ATS and GTS. (Be-
low) HEPA filter with its frame. This design was later changed because of envelope interface

requirements in the SP, see the final FM in Figure 6.3, Chapter 6.

design, only five of these vessels would contain salts (or mixtures of them). The sixth vessel

was intended to be empty and open to the Martian atmosphere to be progressively filled

with the Martian dust that typically accumulates on top of the instruments on Mars. The

design was later simplified to reduce the number of electrodes and electronic circuitry, and

comply with the mass, volume and envelope allocated by the SP. Each vessel was originally

designed with two vertical and cylindrical pins coming out of their base. The purpose was

to detect a change in the electrical conductivity of the medium in between the pins (i.e.,

the hydrated salt mixture). In order to detect the amount of water absorbed by the salts,

the pins would have several measurement levels from the base to the top. The HEPA filter

had to be protected from the dust accumulation that could block the airflow, and thus a

protective cover was added. In the original design, on top of this cover, five UV radiation

sensors were attached, as in REMS. These photodiodes measure the irradiance in the UV

spectral bands A, B, C, D and ABC.

Finally, the container would have three ATS rods coming out at three different orientations
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and two different directions. These ATS were also selected to be similar to the ATS used

in the REMS instrument. The rods, of 2 mm x 3 mm x 35 mm, were designed to be

made of FR4, a composite material with low thermal conductivity to minimise the thermal

contamination coming from the platform. Each ATS would have three Pt1000 class A

thermistors distributed at the base, within the metal structure, at an intermediate point,

and at the tip of the rod.

2.1.1 HABIT CU cover redesign and approach to the fluid-dynamic prob-

lem

After iterations with the industrial partner and with the SP engineering teams, some re-

designs were made in the proposed mechanical design to comply with the allocation pos-

sibilities and still maintain the instrument functional requirements. The CU cover was

redesigned, this time estimating the opening distance requirements for the Martian air to

flow with minimal thermal perturbation from the hardware.

As it can be observed in Figure 2.1, the distance between the wall of the CU and the cover

was originally set to 1 mm. This distance was chosen arbitrarily. However, to guarantee

sufficient airflow in/out the BOTTLE experiment, a minimum separation between the CU

cover and container had to be estimated.

In order to design the CU gap accordingly to the needs of BOTTLE, the order of magnitude

of the thermal boundary layer thickness near the BOTTLE container and cover was esti-

mated for given nominal wind speed. Without loss of generality, the study was performed

assuming Martian surface temperature and density conditions similar to those observed by

REMS at Gale crater on MSL mission sol 45 (i.e., the 45th Martian solar day from the

beginning of the MSL operations on Mars).

The physics behind the heat transfer problem over HABIT is focused on the modelling

of the fluid flow around the instrument and its interaction with the structure. For this

modelling, the scales in which the problem is being addressed and the validity range of the

implemented equations need to be defined. The hypothesis described here about the Martian

air fluid properties and the transport parameters also apply to the following chapters. For

this preliminary study, a simplification is used: the HABIT initial mechanical design is

investigated when attached to a ramp of the ExoMars 2022 SP, which is modelled as an

inclined cylinder. Sections 2.1.1.1 to 2.1.1.5 develop the fluid model hypothesis for the

assessment of the minimum distance between the cover and the BOTTLE container, 2.1.1.6

applies these hypotheses to actual REMS data on the surface of Mars, and 2.1.1.7 sets the

requirements for HABIT.
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2.1.1.1 The fluid model

The modelling of the fluid flow around the HABIT instrument on-board the ExoMars surface

platform is performed by deriving the well-known Navier-Stokes equations. By applying the

conservation of mass, momentum and energy to an arbitrary fluid volume Ω around the

instrument, we can obtain the conservation of mass equation 2.1, the Cauchy momentum

equation 2.2, and the energy equation 2.3 in a vectorial form.

∂ρ

∂t
+∇ · (ρ~v) = 0, (2.1)

∂(ρ~v)

∂t
+∇ · (ρ~v~v) = −∇pI +∇ · τ + ρ~fm, (2.2)

ρ

[
∂

∂t

(
e+

1

2
v2

)
+ ~v · ∇

(
e+

1

2
v2

)]
= −∇ · (p~v) +∇ · (τ · ~v) +∇ · (kf∇T ) + ρ~fm · ~v +Q,

(2.3)

where ρ is the fluid density, ~v the velocity vector of a fluid particle, p the pressure, τ the

viscous stress tensor, ~fm the result of the volumetric inertial forces, e the specific internal

energy, kf the fluid thermal conductivity, and Q a term that covers external sources of

energy to the control volume, such as the radiation. These equations, when applied to

the existing atmospheric conditions on the surface of Mars, and for the fluid problem here

developed, may be simplified under certain assumptions. Sections 2.1.1.2, 2.1.1.3 and 2.1.1.4

establish the hypothesis that are applied to simplify the integration of equations 2.3 in the

fluid volume. Some of these considerations are later on used for the definition of the wind

retrieval method in Chapter 4.

2.1.1.2 Continuity hypothesis

Next, we assume the fluid flow around HABIT in local thermodynamic equilibrium. Only

in this case, the medium can be considered continuous, and the equations 2.1-2.3 can be

integrated in this model.

This local equilibrium is reached when the collisions between molecules of the Martian air

are frequently enough to reach a new different macroscopic state in the magnitude that is

being observed; only in this case the state of a molecule could be approximated as the state

of the surrounding molecules at a specific time. The frontier between a continuous and a

discrete medium is determined by the dimensionless Knudsen number, Kn:

Kn =
λf
Lc
, (2.4)
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where λf is the mean free path between two collisions followed by a molecule of the Martian

air, and Lc is the characteristic length. This length is defined as the distance where the

microscopic magnitude that is being observed changes; that is, this is the relevant scale of

the problem. If Kn > 1, the mean free path is long enough to be comparable or even bigger

than the scale of the problem, and thus the fluid in this case would be considered discrete.

On the other hand, if Kn 6 0.1, the number of collisions between molecules is high enough

to consider the fluid as a continuous medium; that is, a molecule is in local thermodynamic

equilibrium with the surrounding molecules (Murri, 2010; Schoenenberger et al., 2005). The

transitional state from discrete to continuous is not considered valid for this study.

As a result, by calculating the expected Kn on the surface of Mars it is possible to find the

minimum characteristic length to which the problem can be both modelled as a continuous

medium and solved through the equations 2.1-2.3. The mean free path λf is defined as 2.5:

λf =
kBT√

2πD2
CO2

P
, (2.5)

where kB is the Boltzmann constant, T the air temperature, P the air pressure and DCO2

is the kinetic diameter of the CO2 molecule (i.e., the size assumed for the molecules of the

Martian atmosphere). The minimum scales to which the results would be consistent with

the fluid-continuity hypothesis would range from Lc min ∼ 3.9 · 10−5 to Lc min ∼ 8.8 · 10−5

m for a simplified CO2 atmosphere depending on the average pressure and temperature

seasonal oscillations. These scales are thus valid within the ranges P ∈ [700, 1000] Pa and

T ∈ [180, 280] K as measured by MSL at Gale crater, respectively (Mart́ınez et al., 2017).

Here, the kinetic diameter has been assumed DCO2 = 3.94 · 10−10 m according to Ismail

et al. (2015). Because Lc min/Lcross ∼ 10−2, the atmosphere was considered a continuous

fluid in this model and the ideal gas law was assumed.

2.1.1.3 Laminar incompressible flow

Once the fluid is modelled as a continuous medium for the scales of our problem, it is

necessary to establish the fluid regime expected around the instrument on the surface of

Mars. This regime will affect the thermal model, which is later discussed. Depending on

this flow regime, equations 2.1-2.3 are simplified differently. Similarly, the viscous and ther-

mal boundary layers have to be analysed to characterise the momentum and heat transfer

within the fluid. Without loss of generality, the in-situ environmental variables measured

by REMS on sol 45 (Gómez-Elvira, J., 2013a,b,c) are used when calculating the values of

the characteristic variables of the problem.
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First, it is necessary to determine if the fluid flow around the setup composed by HABIT

attached to a platform ramp, or solid element of the SP, is laminar or turbulent for the

expected atmospheric conditions on the surface. In short, we refer to laminar flow when

the fluid flows in parallel layers, without lateral mixing, following streamlines. On the

other hand, we refer to turbulent flow when the fluid undergoes irregular fluctuations, or

mixing; that is, the movement of the fluid particles is chaotic and the fluid flow equations

are treated statistically. Here, the flow presents strong three-dimensional vortex generation

and dissipation mechanisms, and the equations 2.1-2.3 would need to be reformulated to

include this effect. As it may be inferred, the regimes are strongly conditioned by the length

scale assumed to be characteristic in the study.

We first need to determine the critical Reynolds number Recr, which is the dimensionless

number that set the transition from laminar to turbulent flow. The value of this number is

dependent on the geometry considered, and is experimentally determined. As an example,

for a cylinder immersed in a cross-flow, this critical Reynolds number is Recr ∼ 2 · 105

(Achenbach, 1971).

Second, we need to determine if the fluid flow around the instrument would be incompressible

or compressible; that is, if the density of the airflow can be modelled as a constant variable

in the heat transfer problem. For liquids, the density is usually modelled as constant, since

the changes in density as a consequence of the changes in pressure at a particular location

are usually negligible in comparison with the pressure changes. However, the density in gas

flows can vary substantially. Depending on the movement, the density can be assumed as

constant or variable, and the limit is established by the Mach number M = V/as, being V

the speed and as =
√
γCO2 ·RgCO2 · T is the speed of the sound. The latter depends on the

adiabatic index or ratio of specific heats γCO2 = Cp/Cv, where Cp and Cv are the specific

heat of CO2 at a constant pressure and at a constant volume, respectively. RgCO2 is the

molar-weight-specific gas constant for CO2. If the Mach number is below 0.3, the density

can be assumed constant and the flow incompressible, which simplifies the heat transfer

problem.

2.1.1.4 Dimensionless numbers and transport parameters

The Reynolds number, Re, is defined as the dimensionless ratio between the convective and

the viscous terms from the equations that describes the fluid dynamics. From the Cauchy

momentum equation 2.2, this ratio is expressed as:

Re =
ρucLc
µf

, (2.6)
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where uc is the characteristic speed of the fluid flow around the body, the setup of study in

our case, and µf the dynamic viscosity of the medium, which in this study is as a CO2 gas.

As it can be observed, the Reynolds number depends on a characteristic length Lc. The

selection of this length ultimately determines the Reynolds number, and the fluid regime,

and thus it has to be noticed that depending on the scale of the study, the Reynolds number

could be above or below the critical Reynolds number value (i.e., overpass the transition

from laminar to turbulent flow). Also, depending on the shape of the obstacle considered,

this number may have been previously characterised for specific fluid regimes.

Because the Re value is proportional to the Lc value, a clear case of maximum possible

speed and length was considered to establish if the problem goes through a transition from

laminar to turbulent flow under Martian typical conditions. Annex A includes a more in-

depth analysis of the limit of these assumptions and some basic concepts of boundary layer

theory.

The Prandt number, Pr, represents the balance between the viscous and the thermal diffu-

sivity terms of the fluid dynamics equations. From equation 2.2 it can be obtained:

Pr =
Cpµf
kf

. (2.7)

Finally, the third major dimensionless number relevant for the present study is the Nusselt

number, Nu. This number expresses the dominant kind of heat exchange that takes place

between a solid surface and a surrounding fluid flow when there is a temperature difference

between them. This dimensionless number represents the balance between the convective

terms and the conductive terms of the energy equation 2.3, and its general form is:

Nu =
hcLc
kf

. (2.8)

As it can be observed, Nu is dependent on the convective heat transfer coefficient, hc. This

dimensionless number is essential to describe the kind of convection expected around the

instrument HABIT, and it is dependent on both the Reynolds and Prandt numbers.

In order to model these numbers in the context of the atmospheric conditions on the surface

of Mars, it is necessary to model the specific heat at a constant pressure Cp, the thermal

conductivity kf , and the viscosity µf . As it was specified before, an atmosphere of CO2 is

assumed for these parameters.

Because the temperature on the surface of Mars can easily vary from 200 K to 290 K daily,

the models used for these parameters were chosen to fit in this range. A similar strategy

was followed for the pressure, where, according to the literature, a different behaviour exists
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depending on the pressure regime. Three pressure ranges can be considered: a very low-

pressure regime, when the pressure is below 1 bar, low pressure, when it is between 1 bar

and 10 bar, and high pressure when it is above 10 bar. For a typical pressure of 750 Pa =

7.5 mbar found on Gale crater, the modelling would be chosen according to the first range.

The specific heat Cp (T ) was modelled following the temperature-dependent polynomial

expression for a very low-pressure regime (P < 1 bar) and temperatures T ∈ [200, 3500] K

(Kee et al., 2000).

Cp(T )

Rg
= a1 + a2 · T + a3 · T 2 + a4 · T 3 + a5 · T 4, (2.9)

where the coefficients [a1, a2, a3, a4, a5] = [3.85746029, 4.41437026·10−3, −2.21481404·10−6,

2.45919022 · 10−9, −1.43699548 · 10−13]. Later on, when this formulation is applied to

temperatures lower than 200 K, the Cp (T ) coefficient is assumed to vary linearly and the

values are extrapolated.

Similarly, the dynamic viscosity and thermal conductivity of the fluid, µf (T ) and kf (T ),

were modelled following the Sunderland’s temperature-dependent kinetic theory approach

for a low-density CO2 atmosphere and for temperatures T∈[190, 1700] K for µf (T ) and

T∈[180, 700] K for kf (T ), with an error estimation of ±2% for the mentioned temperature

ranges (White, 2011). The Sutherland’s law assumes ideal intermolecular-force potential:

µf
µf0
≈
(
T

T0

)3/2 T0 + SµCO2

T + SµCO2

, (2.10)

kf
kf0
≈
(
T

T0

)3/2 T0 + SkCO2

T + SkCO2

, (2.11)

where µf0 = 1.370 · 10−5 N·s/m2 and kf0 = 0.0146 W/(m·K) correspond to the dynamic

viscosity and thermal conductivity of the CO2 at T0 = 273 K, and SµCO2
= 222 K and

SkCO2
= 1800 K correspond to the CO2 “Sutherland constants”; that is, the effective tem-

peratures tabulated for each gas. This model is particularly applicable to dilute gases, and

its use is correct as long as there is only one gas specie. Because a low-density, pure CO2

atmosphere was being considered, this theory was applicable to our problem.

2.1.1.5 Navier-Stokes equations simplification

In order to simplify the Navier-Stokes equations when modelling the fluid flow in this work,

the critical Reynolds number has been approximated considering a overall characteristic

length scale corresponding to the size of the entire instrument HABIT. It has to be noted
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that the later analysis will be focused in smaller scales, of at least one order of magnitude

smaller, but this first approach allows us to set an upper value for the Recr to clearly

distinguish if the expected regime is indeed laminar or turbulent. In this simplification,

the bluff shape of the instrument was not considered and thus, the lateral walls of the CU

structure were simplified as plates.

Atmospheric pressure of 700 Pa and two air temperatures representative of a diurnal and a

nocturnal scenario have been assumed for the application of the transport parameter models.

The results are summarised in Table 2.1.

T Cp(T ) kf (T ) µf (T ) ρ(T, P )

[K] [J/(kg·K)] [W/(m·K)] [Pa·s] [kg/m3]

200 7.3457 · 102 9.489059 · 10−3 1.007661 · 10−5 1.853 · 10−2

250 7.9264 · 102 1.293792 · 10−2 1.259069 · 10−5 1.482 · 10−2

Table 2.1: Transport coefficients, Cp(T ), kf (T ) and µf (T ), and density ρ values for a
CO2 gas atmosphere at both nocturnal (T = 200 K) and diurnal (T = 250 K) scenarios.

The density in Table 2.1 was calculated assuming an incompressible ideal gas of a CO2

atmosphere, ρCO2 = P/(RgCO2 ·T ). This assumption is justified next, considering the value

of the Mach number at the conditions of the Martian surface collected in the REMS wind

dataset.

By calculating the adiabatic index γ of a CO2 atmosphere for both the nocturnal and diurnal

scenarios shown in Table 2.1, it was possible to estimate the speed of sound. For a wind

speed of 10 m/s, which is a representative value of the speeds recorded by REMS on Gale

crater, the expected Mach numbers were estimated (see Table 2.2).

T ρCO2 γCO2 as M

[K] [Kg/m3] [−] [m/s] [−]

200 1.853 · 10−2 1.346 225.538 4.434 · 10−3

250 1.482 · 10−2 1.313 249.020 4.016 · 10−3

Table 2.2: Mach values for a nominal wind speed of 10 m/s within a CO2 gas atmosphere
at both nocturnal (T = 200 K) and diurnal (T = 250 K) scenarios.

As it can be observed, the Mach number is two orders of magnitude lower than the unit,

i.e., M � 1 for both diurnal and nocturnal cases. Thus, the assumption of incompressibility

is adequate for the fluid flow modelling. Despite the fact that these calculations have been

performed for a constant pressure of 700 Pa, and that the pressure can easily vary ∼ 100 Pa
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from night-time to day-time, it has to be considered that the Knudsen number is inversely

proportional to the pressure; that is, this approach is still conservative.

Assuming the HABIT geometry CU as a streamline body attached to a platform, it was

first assumed that the characteristic length of the problem is the total lateral length of the

CU, Lc = 185.6 mm. In this case, only frontal winds were considered with respect to the in-

strument main axis, which was the most extreme case for the preliminary mechanical design

of the HABIT CU when considering the characteristic length of the instrument structure.

This would give the biggest Reynolds number value for the same wind speed, density and

temperature. Introducing this Lc into the Reynolds number definition, together with the

values for both diurnal and nocturnal cases of thermal conductivity and density, a Reynolds

number value for a wind speed of 10 m/s of 3.4 ·103 and 2.2 ·103 were obtained, respectively.

In both cases the fluid flow was laminar; both Re values were two order of magnitudes lower

than the Recr for a plate (i.e., Recr|CU ∼ 5 · 105). In in this first approach, the HABIT

structure is assumed to be streamlined; however it has a bluff shape, and the transition

from laminar to turbulent flow is constrained to each individual orientation of the airflow

with respect to the instrument (given its complex shape). In section 7.3.3, a more realistic

treatment of the HABIT CU viscous boundary layer is discussed. Later analysis will focus

on smaller scales where these considerations still apply.

In addition to laminar and incompressible, this preliminary study assumed stationary flow;

that is, the characteristic time of the changes in magnitude of the fluid flow around the instru-

ment are much larger than the time that it takes for a fluid particle at a characteristic speed

uc to pass around an obstacle of characteristic length Lc, tc. Formally, quasi-stationarity

is being assumed when the dimensionless Strouhal number, St = (Lc/uc)/tc, is St � 1 for

this laminar incompressible flow at M � 1.

Furthermore, the assumption of an incompressible fluid flow allows to uncouple the energy

equation 2.3 in the problem because now the density remains constant. In addition to

this, the modelling of the atmosphere as an ideal CO2 gas simplifies the modelling of the

specific enthalpy, he, as a function only dependent on the temperature according to its

thermodynamic definition; that is, ρ is constant and thus he = Cp · T . This means that the

convective flux of internal specific energy can be expressed as a flux of specific enthalpy:

he = e+
p

ρ
= Cp · T. (2.12)

Finally, by introducing all the assumptions exposed in this section, and considering only

the inertial forces originated by the Martian gravity field ~gM , the equations 2.1-2.3 can be
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simplified in the present study for a incompressible laminar CO2 flow as:

∇ · ~v = 0, (2.13)

ρ∇ · (~v~v) = −∇(pI) +∇ · τ + ρ~gM , (2.14)

ρ

[
~v · ∇

(
Cp · T +

1

2
v2

)]
= −∇ · (p~v) +∇ · (τ · ~v) +∇ · (kf∇T ) + ρ~gM · ~v +Q. (2.15)

2.1.1.6 CU boundary layer thickness estimation under Martian surface condi-

tions

Next, the order of magnitude of the terms in equations 2.13-2.15 are analysed to estimate

the order of magnitude of the thickness of the viscous and thermal boundary layers on the

HABIT CU.

The values measured by REMS/Curiosity are taken as a reference. Figure 2.2 (Left) shows a

summary of the maximal and minimal diurnal pressure and air temperature values measured

by REMS during the first 1000 sols of the MSL mission. Figure 2.2 (Right) shows the diurnal

maximal and minimal wind speed measurements provided by the REMS WS. Figure 2.2

(Right) also shows the yearly variation of the day-time density, as derived from the pressure

and the air temperature measurements.

Figure 2.2: (Left) Maximum and minimum pressure and air temperature measured values,
as observed by REMS at the base of Gale crater, on the Martian surface. (Right) Maximum
and minimum measured wind speeds (most measurements took place during day-time), as
observed by REMS at the base of Gale crater, on the Martian surface. Comparison with

the yearly variation of the day-time density.

The boundary layer values can be derived from the values included in Table 2.3, where

Cp(T ), kf (T ) and µf (T ) have been approximated following the fluid hypothesis detailed in

section 2.1.1.4. For the density, the ideal gas equation of state has been applied. The first

case is considered as night-time scenario (T = 200 K) and the second and third ones as

day-time scenarios (T = 250 K, T = 270 K).
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T Cp(T ) kf (T ) µf (T ) ρ(T, P )

[K] [J/(kg·K)] [W/(m·K)] [Pa·s] [kg/m3]

200 7.3457 · 102 9.489059 · 10−3 1.007661 · 10−5 1.853 · 10−2

250 7.9264 · 102 1.293792 · 10−2 1.259069 · 10−5 1.482 · 10−2

270 8.1443 · 102 1.355696 · 10−2 1.438082 · 10−5 1.372 · 10−2

Table 2.3: Transport coefficients, Cp(T ), kf (T ) and µf (T ), and density ρ values for a
CO2 gas atmosphere at both nocturnal (T = 200 K) and diurnal (T = 250 K, T = 270 K)

scenarios.

Next, these transport parameters are used to estimate the thermal and viscous boundary

layer thickness both for day and night scenarios and for a range of vertical free stream

wind speeds U∞ from 0.5 to 5 m/s. These wind speeds, collected in Tables 2.4, 2.5 and

2.6, represent typical values observed by the REMS wind sensor (WS). As a characteristic

length, Lc, the main vertical dimension of the CU Lc ' 0.1 m is assumed. With these

assumptions, a representative airflow that enters perpendicular to the gap between the CU

cover inner wall and the CU lateral wall was simulated.

U∞ Re δv δT

[m/s] - [m] [m]

0.5 8.9084 · 101 1.0595 · 10−2 1.1467 · 10−2

1.0 1.7817 · 102 7.4918 · 10−3 8.1014 · 10−3

1.5 2.6725 · 102 6.1170 · 10−3 6.6204 · 10−3

2.0 3.5634 · 102 5.2975 · 10−3 5.7335 · 10−3

2.5 4.4542 · 102 4.7382 · 10−3 5.1282 · 10−3

3.0 5.3450 · 102 4.3254 · 10−3 4.6814 · 10−3

3.5 6.3259 · 102 4.0045 · 10−3 4.3341 · 10−3

4.0 7.1267 · 102 3.7459 · 10−3 4.0542 · 10−3

4.5 8.0176 · 102 3.5317 · 10−3 3.8223 · 10−3

5.0 8.9074 · 102 3.3504 · 10−3 3.6262 · 10−3

Table 2.4: Viscous and thermal boundary layer thickness for a velocity range from 0.5 to
5.0 m/s considering a Lc of 0.1 m at night-time (T = 200 K, Pr= 0.8537).

2.1.1.7 New design requirement

Based on the measurements, assumptions and results described in section 2.1.1.6, it was

concluded that the previously defined gap between the inner surfaces of the BOTTLE lateral

walls and the cover would be smaller than the order of magnitude of the thickness of both

viscous and thermal boundary layer for the expected nominal day and night scenarios. The
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U∞ Re δv δT

[m/s] - [m] [m]

0.5 5.7113 · 101 1.3232 · 10−2 1.4877 · 10−2

1.0 1.1423 · 102 9.3576 · 10−3 1.0520 · 10−2

1.5 1.7134 · 102 7.6396 · 10−3 8.5894 · 10−3

2.0 2.2845 · 102 6.6161 · 10−3 7.4387 · 10−3

2.5 2.2857 · 102 5.9176 · 10−3 6.6533 · 10−3

3.0 3.4268 · 102 5.4020 · 10−3 6.0736 · 10−3

3.5 3.9979 · 102 5.0013 · 10−3 5.6231 · 10−3

4.0 4.5691 · 102 4.6783 · 10−3 5.2599 · 10−3

4.5 5.1402 · 102 4.4107 · 10−3 4.9591 · 10−3

5.0 5.7113 · 102 3.1844 · 10−3 4.7046 · 10−3

Table 2.5: Viscous and thermal boundary layer thickness for a velocity range from 0.5 to
5.0 m/s considering a Lc of 0.1 m at day-time (T = 250 K, Pr= 0.7926).

U∞ Re δv δT

[m/s] - [m] [m]

0.5 4.9813 · 101 1.4169 · 10−2 1.6173 · 10−2

1.0 9.9625 · 101 1.0019 · 10−2 1.1436 · 10−2

1.5 1.4944 · 102 8.1803 · 10−3 9.3376 · 10−3

2.0 1.9925 · 102 7.0844 · 10−3 8.066 · 10−3

2.5 2.4906 · 102 6.3364 · 10−3 7.2329 · 10−3

3.0 2.9888 · 102 5.7844 · 10−3 6.6027 · 10−3

3.5 3.4869 · 102 5.3553 · 10−3 6.1129 · 10−3

4.0 3.9850 · 102 5.0094 · 10−3 5.7181 · 10−3

4.5 4.4831 · 102 4.7229 · 10−3 5.3911 · 10−3

5.0 4.9813 · 102 4.4805 · 10−3 5.1144 · 10−3

Table 2.6: Viscous and thermal boundary layer thickness for a velocity range from 0.5 to
5.0 m/s considering a Lc of 0.1 m at day-time (T = 270 K, Pr= 0.7675).

thickness of the two layers has a similar order of magnitude, although δT is always slightly

greater for these assumptions, and this was therefore taken as reference.

The depth of the thermal influence is, for the case of a minimal theoretical wind speed of

0.5 m/s, of about 1.2 · 10−2 m at night-time and ∼ 1.5 · 10−2 m at day-time. For the case of

a wind speed of 2.5 m/s, it could be assumed that the solid-BOTTLE surface would affect

the flow up to ∼ 5.2 · 10−3 m at night-time and ∼ 6.9 · 10−3 m at day-time. For the case

of a wind speed of 5 m/s, it could be assumed that the solid-BOTTLE surface would affect

the flow up to ∼ 3.6 · 10−3 m at night-time and ∼ 4.9 · 10−3 m at day-time.
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This seemed to suggest that, by applying the minimal measured REMS speeds of 2.5 m/s,

a gap of ∼10 mm should be left between the cover and the BOTTLE container to allow

the flow of Martian air without excessive thermal contamination. For higher wind speeds

this magnitude decreases noticeably. Under these assumptions, a separation of 10 mm was

chosen between the container and the cover, and the size and shape of the HABIT CU cover

was modified. In addition to this, the cover structure was modified to be manufactured as

thin as possible to reduce the thermal mass; that is, to minimise the thermal contamination

induced from the platform into the experiment, while also complying with the mechanical

stability requirements.

2.1.2 HABIT CU ATS position redesign

In the original proposal of HABIT, in response to the announcement of opportunity of ESA

for European payloads in the ExoMars SP, the design was optimised assuming two potential

locations, one of them on the legs of the SP. After being selected, and during the iterations

with the SP mechanical integration team, the mechanical design had to be re-adapted to a

different location with very stringent envelope requirements.

In the original preferred location, HABIT would be slightly below the platform deck and less

affected by the artificially higher temperatures that the presence of the platform introduces

in the environment. Also, the environmental parameters would be closer to the actual

surface conditions, which vary strongly with height because of the low convection of the

Martian atmosphere. As an alternative, one of the corners of the platform deck was also

suggested as second-best option. Here, the influence of the platform on the vicinity of the

instrument would be more relevant than in the former option, and the instrument would

always be in the viscous and thermal wake of the entire platform for at least half of the

possible wind orientations. In Figure 2.3 it can be seen the 3D model of the ExoMars 2022

SP with the solar panels deployed, the ramps folded, and the rover on top of the structure.

In order to evaluate the thermal effect of the HABIT location on-board the Kazachok SP

and, in particular, the operation of the ATS sensors potentially used as wind sensors, a pre-

liminary set of computational fluid dynamics (CFD) simulations were performed to identify

the main thermal contamination sources over the instrument and their impact on the ATS

operation. Again, the studies were performed before the final location of the instrument

was approved, and thus, one of the two positions shown in Figure 2.3 had to be selected for

such purpose; that is, the chosen scenario had the preliminary designed HABIT structure

attached to the legs of the deployable ramp.
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Figure 2.3: 3D-model of the ExoMars 2022 Kazachok SP. The two suggested locations for
the instrument are highlighted in yellow. The preferred one is at one of the folded legs that
composes the ramp used by the rover to descend to the ground (A); and the alternative
location is at the edge of the platform, close to one of the SP corners (B). Credit: Russian

Academy of Science Space Research Institute, 2015.

In order to test the thermal environment context, the atmospheric conditions corresponding

to the MSL sol 45 on Gale crater were again used as example. The software ANSYS Fluent

16.0 was used for the 3D CFD simulations. The setup consisted of a model of the HABIT

structure with similar dimensions to the mechanical design at the proposal stage attached

to an inclined cylinder that is in contact with a basaltic ground. The fluid model for the

Martian atmosphere implemented in the CFD relied on the hypothesis discussed in section

2.1.1.5. Section 2.1.2.1 describes the radiative heat transfer model that includes both the

direct solar radiation over HABIT and the infrared (IR) radiation interchange between

surfaces. Finally, section 2.1.2.3 shows the main results from these CFD simulations and

the implications they had in the final HABIT mechanical design.

2.1.2.1 Radiative heat transfer problem

Thermal radiation emitted by a body is defined as the transmission of energy through

electromagnetic waves because of the amount of internal energy that the body presents,

which is measured by its temperature. The main difference between this form of energy

transfer and conduction and convection is that thermal radiation does not need a medium

to propagate; that is, energy travels through photons at the speed of light.
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For photons, the radiation frequency, νr, and wavelength λ, are correlated through the speed

of light in the vacuum c0 as:

λ =
c0

νr
. (2.16)

The wavelength range from 10−1 to 10−2 µm is defined as the thermal radiation range (Welty

et al., 1997). Because of its electromagnetic nature, the behaviour of the thermal radiation

when colliding into a surface is similar to the behaviour we observe in optics in the visible

range. It can therefore be reflected, absorbed or transmitted, and thus in this situation we

have:

ρr + αr + τ = 1, (2.17)

where ρr is the reflectivity, αr is the absorptivity, and τ the transmissivity. Each factor cor-

responds to the fraction of the incident radiation that is reflected, absorbed, or transmitted,

respectively. Depending on the kind of medium or surface, the distribution of weights in

these fractions varies. In addition to this, it must be noted that in general this distribution

is specific for a specific wavelength, although for certain cases we can assume them to have

constant properties in certain wavelength ranges.

The emissivity and absorptivity have a spectral and directional dependency. The Stefan-

Boltzmann radiation law applied to grey bodies provides a useful expression that allows us

to model the radiative heat flux exchange. In this step, the magnitudes of the emissive power

and irradiance implemented are considered for all possible directions and wavelengths.

Due to the spectral dependency of the problem, its solution would need a priori the inte-

gration of the radiative heat flux over all the wavelengths. However, when observing the

Martian environment, this can be simplified by reducing the calculation to those wavelengths

that are meaningful for the expected temperature range in the problem. As a result, only

some specific spectral bands are considered. On the other hand, it has to be noticed that

the radiation emitted by a body in all directions is closely correlated with the way the inci-

dent radiation is projected all over its surface. For this purpose, we introduce the radiation

intensity I (Incopera et al., 2007), defined as the power per unit surface area of incident

radiation for a specific angle of incidence.

The spectral emissive power introduced in the Stefan-Boltzmann law presents a dependency

with both the temperature and the wavelength Eλ(λ, T ). Considering the radiation emitted

by a differential surface dA1, at a specific direction determined by the angles of azimuth,

φ, and zenith, θ0, the differential surface crossed by this radiation at a distant r, dAn, is

defined by:

dAn = r2sinθ0dθdφ. (2.18)
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Here, the solid angle is introduced, which represents a three-dimensional angle and which is

defined as:

dw =
dAn
r2

. (2.19)

As it can be inferred from expressions 2.18 and 2.19, for any direction the solid angle can

be then represented as:

dw = sinθdθ0dφ. (2.20)

It is possible to determine the total surface area crossed by the radiation emitted from the

differential surface area dA1 by just specifying the appropriate integration limits for the

azimuth and zenith (see Nusselt’s Sphere Unit representation in Incopera et al. (2007), page

730).

At this point, the spectral radiation intensity Ie,λ(λ, θ0, φ) is defined as the fraction of the

total radiation intensity that corresponds to a wavelength λ, for the direction determine by

r, per unit emitting surface area perpendicular to the direction dAn, per solid angle unit

dw, and per unit of wavelength interval dλ over λ:

Iλ,e(λ, θ0, φ) =
dq̇λ

dA1cosθ0 · dw · dλ
, (2.21)

where dq̇λ = dq̇
dλ is the radiation flux of wavelength λ emitted by the differential surface dA1

that cross the area dAn at a distance r. By integrating over the appropriate surface, it is

possible to obtain the spectral emissive power. A diffuse emitter is defined as an element

where the radiation emitted by its surface is not dependent on the direction; that is, it

only depends on the wavelength considered and the temperature. This simplification allows

expressing the spectral emissive power at a wavelength λ as:

Eλ(λ) = πIλ,e(λ). (2.22)

As a result, only the spectral distribution for the spectral emissive power E(λ, T ) must be

calculated as a function of λ, for which Planck introduced the expression 2.23 for a black

body (Incopera et al., 2007):

Iλ,b(λ, T ) =
2hpc

2
0

λ5

[
exp

(
hpc0

λkBT

)
− 1

] . (2.23)

Here, hp is the Planck universal constant and T the absolute temperature of the body.

When applying the concepts of diffuse emitter and the grey body emissivity for a specific
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wavelength λ, ελ, to the Plank expression, the spectral emissive power can be expressed as:

Eλ(λ, T ) = ελ ·
2πhpc

2
0

λ5

[
exp

(
hpc0

λkBT

)
− 1

] . (2.24)

Finally, by integrating the Planck distribution for all the wavelengths, the Stefan-Boltzmann

law for a grey body can be obtained.

Eb =

∫ ∞
0

Eλ(λ), dλ. (2.25)

Once the expression for a the spectral emissive power of a grey body as a function of the

wavelength and the temperature is known, it is possible to establish which spectral bands

are relevant in the model for the integration. By differentiating the Planck distribution with

respect to the wavelength, and equalising this expression to zero, it is possible to obtain the

wavelength that corresponds to the maximum spectral emissive power that the body can

have at a particular temperature. The Wien’s law establishes a correlation between the

body temperature and this wavelength as constant, called the radiation constant Cw:

λmax · T = Cw. (2.26)

Considering the distribution that the spectral emissive power presents as a function of the

temperature and for a black body, it is possible to infer that a temperature increase in the

body induces a decrease in the value of λmax and an increase in the maximum spectral

emissive power Eλ,n,max.

Considering the low temperatures that can be observed on the surface of Mars, typically

within a range of 200 K to 280 K in average, a spectral band between 1 and 20 µm corre-

sponding to the IR spectrum (Welty et al., 1997) is assumed. In Table 2.7 the values for

the temperatures assumed as representatives of the day-time and night-time on Mars are

included. Because the wavelength corresponding to the maximum spectral emissive power

T [K] λmax [µm]

200 14.490

250 11.592

5800 0.499

Table 2.7: λmax corresponding to diurnal (250 K) and nocturnal (200 K) cases in [µm]
according to Wien’s Law.

decreases with the temperature, in order to include temperatures above the maximum air

temperature values expected (i.e., to take into account over-heated surfaces by the Sun or
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local heat-sources at the platform and higher ground temperatures) the wavelength range

was extended until 1 µm.

In addition to the radiative heat-flux exchange between bodies, an external radiative heat-

source had to be included to add the effect of the direct solar radiation over the entire

HABIT setup. Because of the thin and low-dense Martian atmosphere, in comparison with

the Earth, the solar radiation becomes a major actor in the thermal distribution of any

platform on the surface.

For the Martian atmosphere, FTOAM (t) represents the instant insolation at the top of the

atmosphere (TOA) of the planet, and it can be expressed as:

FTOAM (t) = S0

(r0

r

)2
cosθ0, (2.27)

where S0 is the solar constant. The solar constant represents the flux density per unit area,

on a surface perpendicular to the rays, at one astronomical unit (AU) from the Sun (roughly

the distance from the Sun to the Earth). On Mars this is scaled to the average distance

between the Sun and Mars, r0. r(t) is the position of the planet in the heliocentric reference

system with respect to the time, and θ0 is the instantaneous zenith angle of the Sun in a

reference system centred on Mars (Vallado, 2013).

Considering the eccentricity of the Martian orbit eM � 1 negligible, eM ∼ 0, we can simplify

the equation in polar coordinates of an elliptic orbit:

r0

r
'

1 + eM cos(1− 2πtp
Tp

)

1− e2
M

. (2.28)

In equation 2.28, tp is the time starting from the instant in which Mars pass by the perihelion,

and Tp the orbital period of a Martian orbit. On the other hand, the estimation of the instant

zenith angle θ0 of the equation 2.27 can be performed by passing from the heliocentric

reference system to a geocentric reference system on Mars.

The instant zenith angle can be estimated by applying spherical trigonometry (Vallado,

2013). Considering the huge distance between the Sun and Mars, it is assumed that the

incident solar rays are parallel to each other. According to the cosine theorem, it can be

developed:

cosθ0 = cos
(π

2
− ϕl

)
cos
(π

2
− δS

)
+ sin

(π
2
− ϕl

)
sin
(π

2
− δS

)
coshl, (2.29)
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where ϕl is the latitude considered, δS the solar declination, and hl the solar angle. Here,

the solar declination can be estimated as:

sinδS = sinεMsin(uv − wp), (2.30)

where εM is the inclination of the Martian ecliptic, uv is the argument of the latitude, and

wp is the argument of the perihelion. Finally, by introducing the trigonometric correla-

tions cos
(
π
2 − ϕl, δS

)
= sin(ϕl, δS) and sin

(
π
2 − ϕl, δS

)
= cos(ϕl, δS), the FTOAM (t) can be

estimated with equation 2.31.

FTOAM (t) = S0

(
1 + eM cos(1− 2πtp

Tp
)

1− e2
M

)2

(sinϕlsinδS + cosϕlcosδScoshl). (2.31)

With the expression 2.31, it is possible to estimate the FTOAM (t) by only introducing the

appropriate values for the latitude ϕl, which depends on the location we consider on Mars.

In order to be consistent with the rest of the assumptions applied to the model, and based

on data from the REMS instrument on board the MSL rover, a ϕl = 4.5◦ South location

was assumed together with a local angle for the midday of 0◦. The results are not be very

different for the ExoMars landing site at Oxia Planum.

2.1.2.2 Radiation model implementation in ANSYS Fluent

The presence of dust on the Martian atmosphere is a major factor affecting the thermal

behaviour of the system at a global scale. These aerosols absorb radiation, and depending on

the amount of dust present in the atmosphere, the difference between the incident radiation

at TOA and the incident radiation reaching the surface can be notable. This effect is

introduced in the model by using the concept of opacity τM (Lemmon, 2014). This quantity,

is included together with the slant path that depends on the zenith angle:

FSM (t) = FTOAM (t) · e
−
(
τM
cosθ0

)
. (2.32)

The FTOAM (t) is attenuated depending on atmospheric opacity, the slant path that the

direct beam covers at a given time, and position of the sun in the geocentric reference

system centred on Mars. Finally, the effect of both the diffuse and direct solar radiation as

a consequence of the attenuation considered through the atmosphere was also introduced.

In this study, 20% of the total incident radiation was assumed as diffuse instantaneous

insolation FSMD(t), and 80% as direct, FSM (t). A summary of the numerical values for the
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radiative scenario of the Martian MSL sol 45 at 14:00 LMST considered for the simulations

is exposed in Table 2.8.

Parameter Symbol Unit Value

Average distance to the Sun r0 [UA] 1.52

Mars orbit eccentricity eM Dimensionless 0.0935

Mars solar inclination εM [◦] 25.2

Argument of latitude MSL sol 45 uv [◦] 175.04

Solar declination δS [◦] 2.1097

Solar angle hl [◦] 30

Latitude ϕl [◦] -4.5

Zenith angle θ0 [◦] 30.6967

Martian atmosphere opacity τM Dimensionless 0.7156

Instant direct insolation FSM (t) [W/m2] 235.66

Instant indirect insolation FSMD(t) [W/ m2] 58.92

Table 2.8: Parameters and coefficients for MSL sol 45 at 14:00 LMST.

For the CFD studies it is necessary to integrate the equations in the spectral bands that

include the effect of the insolation within the fluid volume considered. For this purpose, the

Sun was assumed to be a black body at 5800 K, which corresponds to a maximum wavelength

according to the Wien’s law of λmax ∼ 0.5µm. Thus, the second spectral band considered

for the integration was from 0.4 µm to 0.7 µm. The calculation of the radiation intensity

within the control volume is the key to solve the radiative heat transfer problem; that is, by

integrating within the two spectral bands and introducing the geometry of the problem for

the MSL sol 45 at 14:00 it is possible to have, in first approach, a typical radiative scenario

for the HABIT instrument daily operations.

Equation 2.33 represents the expression the software ANSYS Fluent solves in the CFD

simulations at every cell of the three-dimensional mesh into which the control volume was

divided (i.e., in order to apply the equation to the heat transfer problem, the control volume

is divided into “infinitesimal” elements, called finite elements).

dI(~r,~s)

ds
+ (αr + σs) · I(~r,~s) = αrnd

2σT
4

π
+
σs
4π

∫ 4π

0
I(~r,~s,)Φ(~s · ~s,)dw. (2.33)

Here, ~r is the position of each finite element within the control volume, ~s is the direction of

the radiation rays, s their module, αr is the absorption coefficient of the medium, σs is the

scattering coefficient or radiation dispersion, ~s′ is the direction of the dispersion vector, nd
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is the refraction index, σ is the Stefan-Boltzmann constant, Φ is a scattering phase function

and dw the differential solid angle.

Within the control volume, a pure CO2 atmosphere is assumed, and thus a transmissivity

τ = 1, a null absorption coefficient αr = 0, and a refraction index nd = 1 are implemented.

Furthermore, because the size of the control volume is negligible when compared to the

atmospheric volume of the whole planet, null radiation dispersion is assumed. Introducing

these assumptions, equation 2.33 is simplified as:

dI(~r,~s)

ds
' 0⇒ I(~r,~s) ' constant. (2.34)

As a consequence, only the coefficients included in the radiation intensity expression were

needed for the solution. Two different materials were assumed for the solid bodies considered

in the model, and CO2 for the fluid volume.

The surfaces of the HABIT instrument and platform were assumed to have the same emis-

sivity that is obtained by application of a white space qualified paint similar to the one

used in the FM of the instrument. These paints were selected to have a high emissivity and

low absorptivity, which protects the instrumentation against excessive local overheating. In

particular, the values assumed for this first approach were similar to the space paint used

for REMS with emissivity ε = 0.88 and αr = 0.2. On the other hand, the ground surface

in contact with the platform ramp was modelled as a basaltic ground. As reference values,

ε = 0.9 and αr = 0.5 were considered. All emissivities were assumed constant, with no

wavelength dependency.

2.1.2.3 Computational fluid dynamics results

The purpose of this study is to demonstrate the hypothesis of this thesis visually. Namely,

that, on Mars, the thin rod that forms each ATS has a thermal profile dependent on the full

heat-transfer problem and sensitive to the incident wind. This simulation will also be used

to illustrate the interferences produced by an obstacle, the effect of the viscous wake, and

the perturbations to the ATS rods boundary layer. A summary of the results obtained from

the numerical simulations is shown in Table 2.9. This study considered, for an horizontal

angle of attack of α = 45◦, a range of incoming free stream speeds U∞ where the laminar

flow hypothesis developed in section 2.1.1.5 for the Navier-Stokes equations are applicable.

For these simulations, a reference system with the origin at the intersection of the three ATS

rods was established. In this system, the left ATS rod was pointing to +Z, the right ATS rod

to −Z, and the front ATS rod to +X (see Figure 2.4). Figure 2.4 shows the total heat flux
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distribution over the surface of the instrument for the case 3 in Table 2.9. Also, a detail view

of the front ATS rod is presented, including the points and differential surfaces used for the

estimation of the convective heat transfer coefficient and the temperature distributions as

seen by the Pt1000 sensors. Each differential surface consisted on a ring in contact with the

ATS sensor surfaces of 1 mm long following the rods axial direction. The average convective

heat transfer coefficients exposed in the Table 2.9 per ATS rod i, hc|i, was calculated by

averaging the estimated convective heat transfer coefficients of the intermediate and tip

rings (i.e., for the Pt1000 thermistors at χ = 1/4 and χ = 1, respectively).

This simulation, and in particular the results summarised in Table 2.9, illustrates the change

of average heat flux in each ATS depending on the wind speed and angle of attack. The

order of magnitude and the qualitative behaviour is compatible with what was observed

experimentally later on at the wind tunnel testing campaign under representative Martian

surface winds.

Case Wind speed hc|Left hc|Front hc|Right
- [m/s] [W/(m2·K)] [W/(m2·K)] [W/(m2·K)]

1 0.5 2.7375 3.4820 0.6860

2 1.0 3.5745 4.7835 0.9335

3 2.5 5.3980 7.4055 1.8675

4 3.0 3.5980 7.4105 2.6205

5 3.5 6.3345 8.6765 2.6205

6 4.0 6.7390 9.2360 2.9330

Table 2.9: Simulation results for the HABIT preliminary mechanical design under Martian
surface conditions under MSL sol 45 at 14:00 LMST conditions.

Figure 2.4: Total heat flux over the HABIT preliminary mechanical design under Martian
surface conditions according to MSL sol 45 at 14:00 LMST for winds at α = 45◦ and U∞ = 1
m/s. (Left) overall instrument heat flux distribution. (Right) detail view of the frontal
ATS rod, including the differential surfaces used for the convective heat transfer coefficient
estimation and temperature measurements. Each point and surface is located as seen by

each Pt1000 thermistor. CFD software: ANSYS Fluent 16.0.



CHAPTER 2. HABIT preliminary mechanical design 33

As it can be observed along each ATS rod, hc|i is averaged through surfaces that do not

present a uniform heat flux distribution. The overall heat flux varies both circumferentially

and axially, where the local forced convection effects, as a consequence of the presence of the

HABIT CU edge, is clear for the ATS rod front at the intermediate station. Additionally,

the evolution of the hc coefficient over the rods is not linear, as can be seen in Figure 2.4.

Figure 2.5 presents the temperature distribution over the instrument for the case 2.

Figure 2.5: Temperature distribution over the HABIT preliminary mechanical design
under Martian surface conditions according to MSL sol 45 at 14:00 LMST for winds at
α = 45◦ and U∞ = 1 m/s. (Left) top view at Y = 0 plane. (Right) 3D view of the
instrument thermal wake. CFD software: ANSYS Fluent 16.0. Published in Soria-Salinas

et al. (2016).

Figure 2.5 illustrates how for this example of wind orientation the right ATS rod is com-

pletely immersed in the thermal wake of the instrument. As it can be expected, the thermal

profile along this rod will be utterly biased from the other two rods, which are clearly exposed

to the external flow. A similar situation was observed experimentally with the Martian wind

tests of the HABIT EQM (see Chapter 7). Finally, Figure 2.6 shows the distribution of the

estimated convective heat transfer coefficients and the temperatures for each ATS rod and

case 2. As it can be observed in Figure 2.6 (left), the temperature profiles of the ATS rod

front and left are relatively similar; both are exposed to a clean airflow. For the right ATS

rod however, the thermal wake works against the cooling of this sensor under ambient con-

ditions. In the same graph it is also possible to see the convective heat transfer coefficient

distribution for each rod. As it was observed in Figure 2.4, the front ATS rod presents a local

anomaly in the computation of the overall heat heat flux for the differential surface located

at the intermediate station. Because the fluid must surround the obstacle of the HABIT

CU structure, at this orientation the flow is accelerated in the vicinity of the intermediate

Pt1000 sensor of the front ATS rod, and the local forced convection phenomenon is thus

stronger than in the intermediate Pt1000 sensor of the left ATS rod. For the latter, the flow

has enough distance to reduce its local speed to the external flow value. This local forced

convection phenomena is not detected by the temperatures; they are computed at one single

point in the centre of the rods. Figure 2.6 (right) shows a fit for the temperature profiles
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and an estimation of the overall fluid temperature based on the slope of this fit; the later is

further explored in Chapter 3. As it was expected, the fluid temperature that corresponds

to the temperature profile of the right ATS rod is higher than the values detected by the

other two sensors as a consequence of the thermal wake of HABIT.

Figure 2.6: Distribution of the convective heat transfer coefficient hc and the temperature
along each ATS rod for the HABIT preliminary mechanical design under Martian surface
conditions, according to MSL sol 45 at 14:00 LMST, for winds at α = 45◦ and U∞ = 1 m/s.

This analysis, which was performed for the HABIT preliminary mechanical design, can be

extended without loss of generality to the final design. These simulations show that the heat

transfer coefficient distribution along the ATS sensors is affected by local forced convection

on Mars, and that, depending on the wind orientation, certain orientations would blind
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some ATS rods as a consequence of the HABIT thermal wake. Also, the order of magnitude

of the heat transfer coefficients that are here calculated by simulations, are comparable to

the ones calculated later on based on the experimental tests at the AWTS under Martian

conditions.

As a consequence of this analysis, the ATS rods were inclined with respect to the horizontal

plane in order to minimise the local forced convection phenomena and the thermal wake

of the CU structure for any orientation. This solution was proposed assuming horizontal

wind fields. The preliminary inclination angle was 17◦ with respect to the horizontal plane,

above the minimum 16◦ established; that is, according to the HABIT EM ATS rod design,

this angle was the minimum required for the intermediate Pt1000 sensors to stay outside

the viscous wake of the CU. However, later updates on the envelope interface requirements

for the HABIT structure increased this up to 33.6◦.





CHAPTER 3

HABIT wind and air temperature

retrieval development under Earth

laboratory conditions

3.1 The m-parameter model

The HABIT instrument ATS are designed to provide the air temperature in the vicinity of

the ExoMars 2022 SP. The air temperature at the surface of Mars varies mostly because of

the incident solar radiation, following the daily thermal tide (about 90 K between day and

night) and then, along the year, following a seasonal behaviour. It is also sensitive to the

amount of dust in the atmosphere, which is monitored by the opacity. Dust absorbs and

scatters the down-welling solar radiation and emits in the IR band, affecting the temperature

profile of the atmosphere. The temperature also affects the Martian air density, and thus, it

has an impact on any heat-transfer process. Additionally, the temperature recordings may

show fluctuations in response to the natural convection that takes place at the PBL during

the day. These fluctuations may also show the temperature of air masses brought by wind

from other locations, such as in the case of down-slope katabatic winds, or may vary rapidly

in response to the very fast phenomena; that is, dust-devils or wind gusts. To monitor the

air temperature in the vicinity of the platform, HABIT incorporates three ATS with three

different orientations. Figure 3.1 shows one of the HABIT EM ATS rods and the CAD

model of one of the FM ATS rods.

In this particular case, the sensors were composed by a rod made of polyamide and three

Pt1000 class A thermistors distributed along its length. Each rod counts with a fixation

point that is within the CU structure. The thermistors are located at three points such that

there is one at the “tip” of the rod, Ta, one right at the point where the rod of the ATS

comes out from the CU metal structure, which is considered the “base” of the rod, Tb; and

one at 1/4 of the distance between the two previous thermistors, TLn, which is L = 35 mm,

starting from the base. This distribution is chosen to obtain the needed information about

37



CHAPTER 3. HABIT wind and air temperature retrieval development 38

Figure 3.1: HABIT ATS rod design. Each rod presents three Pt1000 temperature sensors
distributed along their length to measure three temperatures: at the base, Tb, at a middle
point TLn, and at the tip Ta. Ta is measured at distance L = 35 mm from Tb, and TLn at
L/4 from Tb. The rods are made of FR4-type material. (Above) HABIT EM rod, with the
printed circuit in zigzag and a cross-section of 1 mm x 4 mm. (Below) CAD design of one
of the HABIT FM ATS. The base of the rods was modified to improve the attachment to

the internal CU electronic board.

the thermal profile. The cross section at the HABIT EM ATS rods was 1 mm x 4 mm,

although the final FM ATS rods presents a 2 mm x 3 mm cross-section.

The purpose of this design is to minimise the conductive heat exchange between the Pt1000

thermistors and the platform by using low thermal conductivity materials. The printed

cables connecting the thermistors are manufactured in a zigzag pattern to dissipate the heat

coming from the platform, which is conducted by the metal cables to the Pt1000 sensors.

The base thermistor, on the other hand, would be ideally at the same temperature of the

instrument structure.

As shown by previous thermal studies (Buenestado et al., 2015), an artificially hotter plat-

form on the Martian ground modifies the ground and air temperature conditions on the

surroundings, affecting the environmental context of the landing site. In order to limit

this effect, the REMS team applied an ambient temperature retrieval based on Mueller



CHAPTER 3. HABIT wind and air temperature retrieval development 39

and Abu-Mulaweh (2006). The proven effectiveness of this approach made this method a

suitable option to be implemented in the air temperature retrieval of HABIT. Here, an algo-

rithm for cylindrical rods based on an energy balance equation in temperatures along these

rods was able to provide the total heat transfer coefficient averaged over the length of these

rods. In the experimental work developed by Mueller and Abu-Mulaweh (2006), a rod was

artificially heated at its base above ambient temperature. The heat-transfer along the rod

was modelled as a 1D system, and the thermal profile, in the absence of forced convection,

was solved analytically and compared with the experimental observations. This can also be

applied on Mars, where the temperature increase at the base of the rod would be produced

by the platform and the survival heating of the electronics. As it can be inferred, the heat

flux is not constant during the day-night cycle on the surface, but it is assumed that its

variation is slow enough to consider the heat flux as stationary, and thus constant when

measuring at 1 Hz (i.e., the characteristic times of the air temperature variation are much

smaller than the times for temperature changes at the platform, which has a higher thermal

inertia).

Thanks to the three temperatures provided by the thermistors distributed along the ATS

rods, an algorithm, based on the analytical solution, was implemented in the REMS tem-

perature readings to solve for the temperature of the fluid. In this retrieval algorithm, it is

assumed that the ratio diameter/length of the rods are high enough to consider uniformity

in temperatures at each cross-section along the rods. Here, x is the longitudinal coordinate

from the base of each ATS rod. From the original algorithm, the energy balance equation

in temperatures can be expressed as:

d

dx

(
KATSiAc

dT

dx

)
︸ ︷︷ ︸

Conduction

−hc
dAs
dx

(T − T∞)︸ ︷︷ ︸
Convection

− εATSσ
dAs
dx

(T 4 − T 4
∞)︸ ︷︷ ︸

Radiation

= 0, (3.1)

where the first term corresponds to heat conduction through the rod, the second term to

the convective heat losses, and the third term to the radiative heat losses. Here, KATSi

is the thermal conductivity of the rod i, Ac the cross section of the rod, dAs the lateral

surface area of a differential piece of rod, εATS the emissivity of the rod, T the temperature

of the rod at x, and T∞ the temperature of the free stream, outside the influence of the ATS

rods. The variable hc is the convective heat transfer coefficient averaged for a cross-section

of differential thickness, which in general varies along the rod depending on the position x.

Similarly, KATSi and εATS would vary along the rods as a function of the temperature, but

for this study - and due to the small range of temperatures - they can be assumed to be

constant. Here, the model assumes uniformity in temperatures in the cross-section of the

rods, which will be justified experimentally later on in Chapter 7 by estimating the expected

range of the Biot number for the ATS rods. All the properties are evaluated at the so called
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film temperature (i.e., the temperature of the fluid within the thermal boundary layer); that

is, it is assumed Tf = (T + T∞)/2.

Initially, Mueller and Abu-Mulaweh (2006) developed this algorithm considering the nat-

ural convection heat exchange at ambient Earth conditions, without taking into account

the forced convection regime. In this work, for HABIT and REMS, we assume that hc in-

cludes forced convection. This requires some extra modelling for the forced convection heat

exchange, which is developed in Chapter 4, but for now we assume that the hc coefficient

covers a combination of both terms. As far as the radiative heat loss term is concerned, it

can be rearranged considering:

hr = εATSσ(T 2 + T 2
∞)(T + T∞). (3.2)

Here, the temperature of the surrounding environment is approached as the temperature

of the incoming unperturbed fluid flow, T∞, in the infinity with respect to the thermal

boundary layer transversal scale. The equation 3.1 can be rewritten then as:

d2T

dx2
− hAs
KATSiAc

(T − T∞) = 0, (3.3)

where h = hc + hr is the total heat transfer coefficient. Introducing the excess temperature

θ = T − T∞, and the dimensionless coordinate along the rod χ = x/L:

d2θ

dχ2
−m2θ = 0. (3.4)

As it can be inferred from equation 3.4, the m-parameter m is a dimensionless number that

depends on the geometry, the thermal conductivity of the rod, and the total heat transfer

coefficient, h:

m = L

√
hAs

KATSiAc
. (3.5)

The differential equation 3.4 presents a stationary problem with second derivatives in the

dimensionless coordinate χ, and thus, two boundary conditions are needed on χ to find the

excess temperature distribution along the rods (i.e., the temperature profile of the rod). At

the base, the temperature is known, since the ATS sensors have a thermistor at this position

measuring Tb, and thus here it can be imposed:

θ |χ=0= θb. (3.6)
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In this one-dimensional model it is assumed that the heat flux through the cross-section at

χ = 1 (the tip of the rod) is negligible with respect to the heat flux through all the lateral

surface of the rod. For the ATS rods, the ratio Ac/As ∼ 2 · 10−2 � 1, which justifies the

boundary condition simplification at χ. As a result:

dθ

dχ

∣∣∣∣
χ=1

' 0. (3.7)

The system composed of equations 3.4 and 3.5 represents a non-linear two-point boundary

value problem. It is possible to have the analytical solution given by equation 3.8:

θ(χ) = θb
cosh[m(1− χ)]

cosh[m]
, (3.8)

m = L

√
hAs

KATSiAc
. (3.9)

As it can be observed, the m-parameter varies along the cylinder with its axial position. It

depends on the heat transfer coefficient, which varies with χ, and the temperature through

the excess temperature; as the latter also depends on the position. However, the solution

includes average values for the m-parameter, m, and the heat transfer coefficient over the

length of the rods, h. For the case of the ATS rods of the HABIT instrument, this approach

was adapted by introducing the characteristic dimensions of the actual cross-section of the

rods; that is, a rectangular cylinder with a cross-section of Ac = a x b = 2 x 3 mm2:

m = L

√
2 · (a+ b) · h
KATSi · a · b

. (3.10)

It is possible to solve equation 3.8 as a non-linear system of two equations with two un-

knowns, the m and the fluid temperature Tf :

Ta − Tf = (Tb − Tf ) · 1

cosh[m]
(3.11)

TLn − Tf = (Tb − Tf ) ·
cosh[m ·

(
1− 1

n

)
]

cosh[m]
. (3.12)

Here, the analytical solution for the boundary problem developed by Mueller and Abu-

Mulaweh (2006) is applied at the tip of the ATS rods, x = L (equation 3.11), and at

x = L/n; that is, where the intermediate Pt1000 of the rods is located (equation 3.12).

For the REMS and HABIT ATS rods, the intermediate Pt1000 sensor that provides the

TLn temperature readings is located at x = L/4 (χ = 1/4); hence, n = 4 in equation

3.12. Assuming the heat transfer condition of the system varies slowly enough to consider a
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succession of stationary states, this approach was applied to REMS ATS temperature data

to provide air temperature values on the surface of Mars (Gómez-Elvira et al., 2012). Here,

Tf and m are retrieved simultaneously. Tf is archived as data product, the air temperature,

but until now m, which contains useful information about the heat flux regime, has been

discarded. In fact, once m is calculated the average heat transfer coefficient h can be

retrieved (equation 3.10). This coefficient combines the radiative and convective effects,

where the latter is dependent on the natural and forced convection, and thus on the wind

speed.

In summary, the average m-parameter is a dimensionless coefficient that represents the

shape of the temperature profile along the ATS rods, and it depends on the overall average

heat transfer coefficient. Temperature profiles along the rods will be “shaped” by forced

convection when exposed to wind. Thus, if a correlation between the changes in the averaged

convective heat transfer coefficient and the wind pattern is found, the averaged m-parameter

at each ATS rod could be used as a proxy of the local airflow speed. This means that the

decay shape of the temperature profiles at each rod could be used to retrieve wind speed.

The development of the wind retrieval through the use of the ATS temperature readings is

detailed in the Chapter 4.

3.2 Calibration of the HABIT EM ATS under Earth condi-

tions

The HABIT EM is a first version of the instrument where the main functional requirements

were fulfilled, although the performance requirements may not be fully accomplished. EMs

are essential in the development of an instrument for space, as they allow to have an early

version of the instrument for testing and validation. On this version, usually of lower cost

than the final product, it is possible to perform tests of the expected operations under par-

tially representative conditions in order to detect possible errors in the design or unexpected

difficulties in the operation of the instrument. In addition to this, the procedures for the

instrument handling and sensor calibration are also tested. The HABIT EM ATS were cali-

brated under laboratory ambient conditions, and some of the processes performed would be

later applied to the final FM calibration.

Because of the high sensitivity and fast response of the EM Pt1000 sensors to the changing

ambient conditions during the tests, it was considered essential for calibration that these

sensors were not disturbed by undesired airflows. The ATS rods are designed to sense the air

temperature, and potentially the wind speed, under Mars surface atmospheric conditions.

This means that they are conceived to operate in an atmosphere that is about one hundred
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times less dense than the air on the surface of the Earth. Because of the density difference,

the heat exchange through forced convection is much stronger on Earth; that is, the airflows

on Earth are much more efficient when cooling down the rods, and this introduces high

oscillations in the temperature acquisition. For the calibration, the Pt1000 sensors had to

be then immersed in a steady environment; ideally, this test would be performed in vacuum,

which was actually done for the FM calibration. However, the EM sensors were not designed

to operate under vacuum conditions, and thus an alternative process had to be conceived.

For this purpose, the HABIT EM CU was introduced within a protective foam mould with

cavities for the ATS rods. This avoids any undesirable breeze or thermal perturbation that

could disturb the Pt1000 temperature readings. Additionally, this mould was covered by

a cardboard box. HABIT was initiated during three hours before the test. The reason is

that the instrument suffers from self-heating when switched-on. This produces a transient

increase of temperature, of around 0.6 K for the EM, which is high enough to affect the

temperature sensor readings, especially the temperature differences between sensors. This

was later on observed also on the EQM and the FM. The resolution of the Pt1000 readings

at the EM ATS tips was 0.05 K, and the resolution of the differences between the tip sensors

and the middle and base sensors, 0.002 K (see Table 3.1).

Variable Value [K]

Absolute low temperature 143

Absolute high temperature 353

Absolute resolution 0.050

Relative temperature range between Pt1000 ± 4

Relative temperature resolution between Pt1000 0.002

Table 3.1: HABIT EM ATS operational characteristics.

Figure 3.2 shows the temperature readings from all the temperature sensors during this test.

One particularity of the initial design of the EM ATS retrieval was that, unlike the REMS

ATS readings (and unlike the final HABIT FM design), only one absolute temperature

measurement was recorded at each ATS tip. The other two temperature readings at each

ATS rod were expressed as a difference with respect to the tip temperature. The reason of

this strategy was that it made possible to increase the resolution of the temperature readings

with respect to the tip sensors up to 2 mK, which improved the resolution of temperature

differences along the ATS rods. The aim was to improve the sensitivity for the m-parameter

and wind speed retrievals. This was however changed later on, and the three absolute

temperatures were recorded instead.

In this test, the instrument was connected to a 28 V portable power supply unit (PSU) and

the readings were recorded with HABIT EM LabView interface. As it can be seen in Figure
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Figure 3.2: HABIT EM ATS calibration test temperature measurements. The instru-
ment was switched on three hours before the test to reach equilibrium. The temperature
differences at each ATS rod are performed with respect to the temperature at the tip, Ta.

3.2, the temperature was stabilised after at least 10800 seconds, or 3 hours. The calibration

process could have started after this period, but instead, another test was performed; the

purpose was to check if the software readings were affected by the start of the program. After

2 hours and 30 min, approximately, the software was restarted, and the HABIT CU, which

was already in thermal equilibrium, showed again peaks and an artificial heating/cooling

until the values were stabilised back. These peaks, however, were not observed in later tests

on the HABIT EQM and FM.

After an initial data analysis, it was decided to use the last 4633 seconds, or 1 hour and 17

min and 13 s, to correct the offsets observed in the ATS rods. Figure 3.3 presents a detail

view of this section.

As it can be observed in Figure 3.3, the temperatures reached an equilibrium. The latter

should have reflected the expected temperature profiles along the ATS rods; that is, the

overheated instrument was warmer than the ambient temperature in the laboratory and,

thus, higher temperatures should have been recorded closer to the EM CU structure by the

ATS rods. This meant that whichever the temperature measured by the tip Pt1000 sensor

was, the differences between the tip temperature and the middle and base temperatures

should be negative, with the former less negative than the latter. As Figure 3.3 shows, ATS

rods 2 and 3 readings presented the expected temperature profile tendency, although the

relative temperature differences on each rod were different: ATS rod 3 presented a stronger

thermal gradient with respect to ATS rod 2.
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Figure 3.3: HABIT EM ATS calibration temperature data detail view. Initial offsets do
not correspond to a temperature profile in agreement with the observed overheated CU
structure with respect to the ambient temperature. The initial offsets are thus of the same
order of magnitude than the temperature differences expected for the overheating of the
instrument when switched on. The temperature differences are computed with respect to

the temperature at the tip, Ta.

A different temperature profile was recorded at each ATS rod when switching on the in-

strument and after reaching thermal equilibrium with the ambient. The temperature offsets

between Pt1000 sensors, which are solely due to self-heating of the instrument, were cali-

brated and corrected as an offset.

It should also be noted from equations 3.11 and 3.12 that the m-parameter is only dependent

on relative temperature differences along the ATS rods, and not on absolute temperature

values. Actually, absolute temperatures are required when calculating Tf , but not m. The

initial calibration of the EM was focused on reducing the temperature differences between

Pt1000 sensors at each ATS rod without considering the absolute reference in temperatures.

In particular, it was assumed that the temperature at the tip was already calibrated and

correct for later tests. In the calibration procedure of the FM, an additional step was per-

formed to remove the offsets of all the temperatures with respect to a reference temperature

probe and correct the absolute values of the ATS readings.

After averaging the temperature differences of each ATS sensor with respect to their tip

temperature, the resulting values were zeroed with the difference between the temperature

at the tip and the rest of the values. The calibrated results of the temperature differences

in equilibrium were of the order of ∼ 10−3 K; that is, the same order of magnitude of the

resolution of the temperature differences. Table 3.2 shows the calibration results, in absolute

error values.
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T-Difference Initial [K] Calibrated [K]

(Ta − Tb)|ATS1 0.083 0.004

(Ta − TLn)|ATS1 0.102 0.005

(Ta − Tb)|ATS2 0.119 0.004

(Ta − TLn)|ATS2 0.058 0.004

(Ta − Tb)|ATS3 0.190 0.004

(Ta − TLn)|ATS3 0.155 0.004

Table 3.2: HABIT EM ATS temperature corrections.

In Figure 3.4 it can be observed the result of this calibration with all the Pt1000 temperatures

corrected.

Figure 3.4: HABIT EM ATS temperature readings for each Pt1000 sensor after calibra-
tion. Light-blue colour readings correspond to the Pt1000 thermistors of the ATS rod 1,

yellow to the ones of the ATS rod 2, and red to the ones of the ATS rod 3.

3.3 HABIT wind retrieval algorithm concept

The working principle of the wind retrieval developed to use the HABIT ATS was to establish

an analytical correlation between the m-parameter values obtained from the temperature

profiles along each ATS rod with the local horizontal wind speed. This correlation was mod-

elled through the average heat transfer coefficient within the definition of the m-parameter

(see equation 3.10).

The average heat transfer coefficient consists of the sum of the radiative and convective

terms, h = hr + hc. If a correlation between hc and the local wind speed is defined, the
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changes in the average m-parameter at each rod can be translated into wind speeds values.

This can be performed by using the average Nusselt number over each ATS rod. For each

rod, the incident wind can be decomposed into a perpendicular term and a longitudinal term.

As in this model the heat-transfer through the tip is ignored, this model retrieve winds that

are perpendicular to the rods. For this system, the rods are modelled as cylinders exposed

to a normal flow, and the characteristic length Lc as the diameter of each cylinder. The

preliminary Nusselt number assumed for tests under laboratory conditions was, according

to Churchill and Bernstein (1977):

Nu = 0.3 +
0.62Re1/2Pr1/3

1 +
(

0.4
Pr

)1/4
[

1 +

(
Re

2.82 · 105

)5/8
]4/5

(3.13)

For the retrieval performed in the laboratory, a constant fluid temperature of T = 20◦C was

assumed for the calculation of the transport parameters and a pressure of 1013 mbar was

assumed to derive the air density (at the time of these tests there was no static pressure

sensor available).

Equation 3.13 provides an expression that is dependent on the horizontal wind speed and

the average convective heat transfer coefficient; for the laboratory ambient conditions tests,

the radiative terms were first neglected. The convective terms were assumed dominant for

the range of wind speeds tested.

This process represents the basis of the wind retrieval algorithm, which is refined in later

sections by improving the modelling of the convective heat transfer coefficient and the effects

of the surrounding elements.

3.4 Validation of the m-model under Earth conditions

A dedicated engineering prototype of the HABIT CU was conceived and designed to perform

tests under ambient laboratory conditions. Next we analyse the relationship between the m-

parameter, the temperature difference ratio X = (TLn−Ta)/(Tb−Ta), and the corresponding

fluid temperature, Tf ; see Figure 3.5. This analysis applies equally to the EM, the EQM

and FM models of HABIT.

As it can be observed in Figure 3.5, there is a range of m-parameter values where there is

not a univocal correspondence with Tf . First, there is a singularity where m = 0 and the

fluid temperature tends to −∞. This region limits the low-velocity region of the model;

that is, the temperature profile here, provided by X, is outside the model validity range

because the fluid temperature obtained when solving the system of equations, Tf , does not
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Figure 3.5: Variation of the fluid temperature Tf and the parameter X = (TLn−Ta)/(Tb−
Ta) with the m-parameter. The results of the system of equations 3.11 and 3.12 do not have
physical meaning when the m-parameter tends to zero, i.e., the fluid temperature tends to
−∞. The fluid temperature is shown for temperature differences ∆T = (Ta − Tb) between

10 K and 5 K.

have a physical meaning. As a consequence, the model has a minimum m corresponding to

a temperature profile along the ATS rods, above which the m-parameter model output is

coherent. For this example, the range of validity corresponds to m > 2.2, or X < 0.47.

Then, for m > 2.2 the retrieved fluid temperatures are unique for each initial temperature

difference ∆T = Tb − Ta considered. There is also an upper limit for the m-parameter in

which, despite the fluid temperatures derived are correct, the sensitivity to changes in the

shape of the temperature profiles along the ATS rods decreases beyond the resolution of the

Pt1000 sensors. In this region, strong m-parameter changes are barely perceived by the X

values. The systematic errors when estimating the X parameter can be expressed as:

δX = |X| ·

√(
δTLn + δTb
|TLn − Tb|

)2

+

(
δTa + δTb
|Ta − Tb|

)2

. (3.14)

Here, changes of the order of 0.05 K in temperatures, and assuming a X = 0.1, introduce

changes of the order of ∼ 4 units in m-parameter values. For this example, it was assumed

|Ta − Tb| = 2 K and |TLn − Tb| = 0.2 K. In addition to this, the errors in the estimation

of the m-parameter are amplified when estimating the corresponding wind speed because

the relationship is not proportional, as it is explained later in section 3.4.2. As a result, the
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lower limit in X values was set to 0.1. The final errors of the wind speed retrieval are later

explained in Chapter 7.

3.4.1 Definition of the HABIT CU and ATS prototype mechanical and

thermal properties

The HABIT CU prototype was designed as a metallic structure similar to the HABIT CU.

Three ATS rods would be attached in the same configuration chosen for the HABIT final

design, and three Pt1000 sensors would be attached along these rods with the same ratios

of χ = 1 and χ = 1/4 for Ta and TLn, respectively.

To perform the test under Earth ambient conditions two properties of the design were

allowed to be changed in the CU ATS prototype design: the material and the length of the

ATS rods. The length of the rods had to be, ideally, similar to the actual HABIT EM ATS

rods, of 35 mm, but it was defined considering the sensitivity of the system of equations

when estimating the wind speed and angle of incidence. The materials were constrained

to manufacturing capabilities. The sensitivity of the m-parameter equations to these two

variables was analysed for a range of representative wind speeds U∞ =∈ [0.5, 10] m/s and

horizontal angles of incidence α ∈ [0◦, 80◦]. Finally, the selection of both material and length

was performed such that 0.1 < X < 0.47 when exposed to wind speeds U∞ ∈ [0.5, 10] m/s.

Figure 3.6: Fluid temperature as a function of the horizontal wind speed, V ∼ U∞, and
the horizontal angle of incidence, α, for an ATS rod of L = 70 mm and for three different

materials: Cu (Tf1), Al (Tf2) and Brass (Tf3).



CHAPTER 3. HABIT wind and air temperature retrieval development 50

First, the sensitivity of the material chosen for the rods was addressed assuming an arbitrary

length for the rods of 70 mm. Figure 3.6 includes the solution surfaces corresponding to

three different materials available for this research: copper, aluminium and brass. It has to

be noted that the fluid temperature should have been ideally the same for the three materials

when solving for the same wind speeds and angles. Only the wind speed and the angles

were modified in this parametric study. As it can be observed in Figure 3.6, for velocities

above U∞ ∼ 9 m/s and angles α ∼ 0◦ (perpendicular to the rods), the differences between

the three materials were negligible. However, for horizontal wind speeds U∞ < 2.5 m/s, the

fluid temperature fell around 10 K for copper and about 5 K for aluminium with respect

to the brass for α ∼ 80◦, which is almost constant for the entire domain. The results thus

suggested the use of brass for the manufacturing of the CU prototype ATS rods. However,

this prototype was aimed to be manufactured using metal 3D printing technology, which for

the shape and size of HABIT CU was around four times more cost-effective than the milling

of the structure and rods at a workshop. Because brass material was not available for the

ATS rods 3D print, copper was chosen instead.

A similar study was performed in order to find a proper rod length that could fit into the

Earth wind tunnel facilities available at the LTU, but at the same time that allowed the

testing of different wind speeds without entering in a region for the m-parameter values

where the fluid temperature lost physical meaning. Figure 3.7 presents the solution surfaces

when solving the system of equations 3.11, 3.12, 3.10 and 3.13 for a rod made of copper of

three different lengths: 35 mm, 70 mm and 100 mm.

As it can be observed in Figure 3.7, the solutions for L = 35 mm clearly provided inconsistent

temperatures for the whole wind speed range under Earth laboratory ambient conditions.

For wind speeds U∞ > 5 m/s, the solutions for L = 70 mm and L = 100 mm are similar for

α < 45◦.

Finally, Figure 3.8 presents the surfaces of the results for the average m-parameter as a

function of the horizontal wind speed and the horizontal orientation. In this case, the

surfaces showed the range in which the m-parameter would vary for the range of wind

speeds and orientations considered. According to Figure 3.5 in section 3.4, m-parameter

values m 6 2.2 produced non-univocal solutions to the fluid temperature problem.

From the results of this analysis it was concluded that the best ATS rods that could be

manufactured for these tests would be a rod of L = 100 mm length. However, because of

manufacturing capabilities and the available space within the wind tunnel AF1300 at LTU,

a compromised solution of copper rods of L = 70 mm was selected instead. The solution

surfaces in this case presented a higher bias for velocities U∞ < 2.5 m/s and α > 80◦.

Thus, the orientation in the tests was fixed to α = 0◦, and the wind speed range was set to
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Figure 3.7: Fluid temperature as a function of the horizontal wind speed, V ∼ U∞, and
the horizontal angle of incidence, α, for three copper-made ATS rods of L = 35 mm, L = 70

mm and L = 100 mm.

Figure 3.8: Average m-parameter, m, as a function of the horizontal wind speed, V ∼ U∞,
and the horizontal angle of incidence, α, for three copper-made ATS rods of L = 35 mm,

L = 70 mm and L = 100 mm.
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U∞ > 5 m/s without limiting the validity of the conclusions. Let us point out that α = 0◦

is precisely the orientation perpendicular to the ATS rod; that is, α = 0◦ is indeed the ideal

orientation to compare with since the retrieval model delivers the wind speed component

that is perpendicular to the rods.

3.4.2 HABIT CU prototype mock-up

A 3D-printed metallic CU structure composed by the containers, the lower lid, and three

copper rods was manufactured for the Earth laboratory-conditions tests. Because the testing

would be focused on the fluid and thermal dynamics around the ATS rods of the mock-up

(i.e., at scales of the order of the cross-section of the ATS rods), the upper lid of the CU

was not included. The metallic assembly was screwed to a vertical aluminium plate, which

was screwed to a vertical aluminium pole, and secured with holding stripes to reinforce the

interface contact between the CU rear face and the plate. This plate simulated the surface

platform thermal interface and it was heated up for the tests.

Figure 3.9 shows the 3D Computer-Aided Design (CAD) of the CU prototype assembly.

This model was built by using additive manufacturing technology, printed by i.materialise R©

online company service. The overall dimensions and mass of each 3D-printed item are

detailed in Table 3.3. The dimensions of the CU structure were exactly similar to the

HABIT CU structure to reproduce conductive heat transfer and the expected fluid flow

around the structure of the instrument.

Figure 3.9: HABIT CU 3D printed CAD model. The dimensions of the CU are similar
to the HABIT FM values. The cross section of the ATS rods are similar to the HABIT FM
ATS, where their length has been selected in order to have a mock-up adapted to laboratory

ambient conditions tests.
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Item Volume [mm] Material Mass [g] Tolerance [%]

HABIT CU structure 147.6 x 28.8 x 31.6 AlSi10Mg 40.880 0.2

HABIT CU tap 125.6 x 31.6 x 5.0 AlSi10Mg 5.162 0.2

ATS rod (x 3) 83.0 x 8.0 x 2.0 Cu 0.552 (x 3) 2

Table 3.3: Overall CU 3D printed prototype mechanical properties and dimensions.

Figure 3.10 shows the CU prototype attached to the aluminium plate. The constant heat

flux from its base was introduced by using three heaters Vishay Series LTO50 in contact

with the vertical aluminium plate.

Figure 3.10: Overview of the HABIT CU prototype assembly. Three Vishay Series LTO50
heaters (light-blue cables) are placed in between two aluminium plates, which are in direct
contact with the back of the CU prototype to simulate the expected heat flux on the

ExoMars SP.

To avoid interferences from the ground in the unperturbed incoming airflow, the platform

allowed a distance from the ATS rods to the ground larger than 20 times the characteristic

length considered for the ATS retrieval. The dimensions of this platform were also compat-

ible with the inner testing space of the AF1300 subsonic wind tunnel, where the HABIT

EM would be tested later on.

The Pt1000 temperature sensors used for the CU prototype were three analogue Platinum-

chip PCA 1.2003.1S class-A thermistors; similar to the temperature sensors used in the

HABIT FM unit. Their operational temperature goes from -70◦C to +400◦C. They include

Pt-Ni wires of 10 mm and their tolerance value between -30◦C and +300◦C is of ±0.15◦C

according to DIN EN 60751:2008. The working principle of these sensors is based on the

change of their electrical resistance when the temperature changes. If the analogue signal
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that crosses the Pt1000 sensors is monitored, it is possible to translate the resistance changes

to voltage changes by using a simple voltage divider circuit. Figure 3.11 shows this concept.

Figure 3.11: Voltage divider sketch where Vin is the voltage input, R0 the reference
resistor, Rs the resistance value of the Pt1000, and Vout the output voltage measured.

After measuring the Vout voltage, the Ohm Law can be used as in equation 3.15 to estimate

the corresponding resistance. Consequently, if the resistor R0 is considered as reference

and the voltage through the Pt1000 (i.e., Vin − Vout) changes with temperature, then the

resistance Rs changes to a new value. The Pt1000 sensors are characterised by a Rs value of

1000 Ω when the temperature is 0◦C, i.e., RF = 1000 Ω. A pre-calibration of each individual

Pt1000 is usually performed to check this correlation for later measurements. This curve is

assumed to behave as a parabola for positive temperatures; see equation 3.16.

Rs = R0 ·
Vout

Vin − Vout
(3.15)

Rs = RF · [1 +AR · T +BR · T 2], (3.16)

where AR = 3.9083·10−3 (◦C−1) and BR = −5.7750·10−7 (◦C−2) are standardised constants

defined in DIN EN 60751. For negative temperatures, an extra constant CR = −4.1830·10−12

(◦C−2) is added to the polynomial form.

Three voltage dividers, one per thermistor, were placed in a breadboard. Next, to measure

and translate to digital values the voltage changes, a dedicated highly-accurate analogue

to digital converter (ADC) Iowa Scaled Engineering ARD-LTC2499 was implemented as

interface with an ARDUINO UNO microcontroller. This ADC was used to obtain Rs for

each thermistor by measuring Vout and Vin with equation 3.15 and then, using equation 3.16,

to obtain the correspondent temperature. Here it has to be added that the digital conversion

of Vout was used in 3.15 to estimate Rs. This high-resolution delta-sigma ARDUINO shield,

with a reference voltage of 2.048 V, contains a LTC2499 24-bit ADC coupled with a LT6654

precision voltage reference capable of converting 16 single-ended channels simultaneously

and acting as direct interface for the Pt1000 sensors. As a result, no operational amplifiers

were needed for converting the analogue signal to digital.
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With this mock-up, the high-precision temperature readings were monitored in real time

using serial communication. The total power used for the heating system was Pw = 12.3 V

x 0.79 A = 9.7 W, and it was powered up through a bench power supply RND 320-KA3305P.

Each heater provided of ∼ 1.5 W that raised the temperature of the HABIT CU setup (∼
41 g of AlSi10Mg) ∼ 10 K above the laboratory ambient conditions. This temperature

difference is similar to the temperature differences that are frequently seen on Mars by the

ATS of the REMS instrument. The temperature readings were acquired every 2708 ms, and

later averaged over 10 s to reduce the noise introduced by external factors, such as unstable

electrical contacts on the breadboard.

3.4.3 Wind retrieval concept validation on HABIT CU prototype

Even though each Pt1000 of the HABIT CU prototype presented the same standard and the

same calibration function, they were attached to the rods using thermal paste and Kapton R©.

This means that differences in the thermal contact with the surface of the rods or in the

length of the cables that reached each Pt1000 are error sources that can artificially corrupt

the retrieval process. This effect was corrected with the calibration described in section

3.4.3.1 before the tests performed in section 3.4.3.2.

3.4.3.1 ATS Temperature calibration procedure

Similar to the EM calibration described above, the calibration of the prototype ATS only

required a steady environment with constant temperature. If all the Pt1000 sensors are in

equilibrium with the environment, and in the absence of heating/cooling sources and air

flows, they should all measure the same temperature at the base, Tb, middle point, TLn, and

tip, Ta. This was the case of the HABIT CU prototype because no electronic element was

attached to the structure; that is, there was no CU self-heating due to electronics.

A single-point calibration was applied to the temperature readings; the measurements pro-

vided by each Pt1000 at a rate of 2.7 s were averaged over a 30-min period. The temperature

of the tip, Ta, was used as reference temperature, as it is supposed to be in equilibrium with

the surrounding environment.

Figure 3.12 shows an example of temperature readings of one ATS rod from the CU prototype

during calibration; before and after the offsets were applied. Here, the first measurements

obtained were Ta − Tb (black dots) and Ta − TLn (orange dots), using as reference the

temperature at the tip of the ATS, Ta; the latter was expected to be closer to equilibrium

with the inner box ambient conditions.
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Figure 3.12: Temperature readings of the Pt1000 temperature sensors from the CU ATS
prototype before and after the initial calibration. The calibration was performed using Ta as
reference. The first 30 min of the test provided the readings ’(Ta−Tb)’ and ’(Ta−TLn)’. After
performing the root mean square (RMS) over these temperature differences, the average
offsets were subtracted and a second 30 min test was performed, readings ’(Ta − Tb2)’ and

’(Ta − TLn2
)’.

After analysing the data and performing root mean square (RMS) calculations to each

temperature difference over 30 min, the results were included as an offset correction. The

second 30 min run of this test showed the corrected values, Ta − Tb2 (purple dots) and

Ta − TLn2 (yellow dots). As it can be seen, the noise in the temperature measurements was

always present, of the order of ∼ 0.02 K and comparable to the maximum resolution of each

Pt1000 (i.e., 0.01 K).

3.4.3.2 HABIT CU prototype setup for wind retrieval tests

The laboratory assembly consisted of the CU prototype and a holder. They were placed in

front of an industrial fan powered by an inverter FVR-E9S series. Even though this fan was

not designed to provide steady airflows, but to remove heat from big hardware assemblies,

this device served the purpose of demonstrating the principle of operation. The inverter

allowed to modify the fan rotational speed to specific constant values with a resolution of

0.1 Hz. Following the analysis described in section 3.4.1, the study focused in cases where

the wind speeds were higher than 5 m/s, and the airflow was perpendicular to the ATS

rods. Only one ATS rod was used for this study. Because the industrial fan did not provide

a frequency to wind speed correlation, a commercial anemometer was used to monitor the

resulting wind speed. In Figures 3.18 and 3.19 the tests are labelled with respect to the fan

rotating frequency.
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The wind-speed tests with the CU prototype were performed using as a reference the Davis R©

Wind Speed and Direction Smart Sensor S-WCF-M003 anemometer of the commercial me-

teorological HOBO station. The resolution of the sensor for wind speed measurements is

±0.5 m/s, and the accuracy ±1.1 m/s or ±5 % over the full scale. The sensor records wind

speed values at 0.1-Hz, and its measuring principle is based in classic anemometry technol-

ogy; that is, the translation from cup revolutions to wind speed by counting the accumulated

revolutions every three seconds for the logging interval introduced. Figure 3.13 shows the

commercial anemometer.

Figure 3.13: (Left) Davis R© Wind Speed and Direction Smart Sensor S-WCF-M003.
(Right) 12-Bit Temperature Smart Sensor S-TMB-M0xx.

Because the commercial fan used was not designed for creating an oriented and stable

laminar flow, a small precession movement around its rotation axis was observed. This

affected the airflow that reached the assembly. These perturbations were also partially

detected by both the anemometer and the ATS rod. No flow direction guidance mesh was

available to be placed between the prototype and the fan. This fact however is useful to

demonstrate the robustness of this method under uncontrolled environmental conditions.

As far as the air temperature retrieval is concerned, a 12-Bit Temperature Smart Sensor

S-TMB-M0xx was used as a reference for comparison (see Figure 3.13-Right). The accuracy

of this sensor is 0.2 K and the resolution ±0.03 K, which are comparable to the error of the

Pt1000 sensors attached to the CU prototype.

The complete assembly was deployed as shown in the Figure 3.14. The CU prototype

was placed in front of the fan and the anemometer and air temperature sensor were put

symmetrically with respect to the fan axis.

3.4.3.3 HABIT CU prototype tests and results

The first test was meant to demonstrate the existence of a correlation between the average

m-parameter and the horizontal wind speed. The last tests were focused on the selection of

the best characteristic length scale for the treatment of the heat transfer problem.
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Figure 3.14: Overall view of the preliminary wind speed retrieval tests over the HABIT
CU prototype. The fan is facing the ATS rods perpendicularly and the air stream is normal
to the rod. The Davis R© Wind Speed and Direction Smart Sensor S-WCF-M003 is placed
symmetrically to the ATS with respect to the fan axis, and the 12-Bit Temperature Smart

Sensor S-TMB-M0xx is located right below the anemometer.

• Wind retrieval

When the velocity of the fan was set to wind speeds beyond 6 m/s, the full structure

of the instrument was refrigerated, instead of just the ATS rods. This phenomenon

in turn reduced the thermal gradient range along the ATS sensor, producing a flat

profile (i.e. m tends to zero).

Because of the Earth’s air density, the refrigeration of the entire CU prototype struc-

ture through forced convection was too efficient; on Mars, this is not expected to

happen because the air density on the surface is not high enough to refrigerate the

HABIT CU structure, which is coupled to the full SP. This fact was demonstrated

by the tests performed in the wind tunnel of Aarhus under Martian conditions (see

Chapter 7).

To prevent the forced convection cooling of the prototype holding structure, a layer

of foam was wrapped around the CU. This layer reduced the refrigeration of the CU

and increased the overheating of the assembly for the same heating power. The extra

insulating layer was carefully accommodated with special emphasis on minimising its

effect on the fluid dynamics around the ATS rods. Figure 3.15 shows this assembly.
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Figure 3.15: Insulating foam layer wrapped around the CU structure. The attachment
was designed to minimise the effect of the extra layer into the fluid dynamics around the

CU prototype structure.

Figure 3.16 and Figure 3.17 show two initial examples of the correlation between the

average m-parameter and the wind speed, as well as the response of the retrieval to

both steady and changing wind speeds when applied to the HABIT CU prototype.

Figure 3.16: Example of the wind speed retrieval from the HABIT CU prototype at
a constant speed averaged over 10 s. The retrieved m-parameter from the temperature
readings is shown in yellow and the wind speed estimated values through the simplified

forced convection model detailed in section 3.4 is represented in grey.
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Figure 3.17: Wind retrieval test results for the HABIT CU prototype. The wind flow
provided by the fan over the ATS was suddenly stopped after 400 s to observe the response

of the system. The measurements were averaged over 10 s.

As it can be observed in Figure 3.16, for Earth atmospheric densities, changes of ∼ 0.2

units on the m-parameter corresponded to changes in the retrieval of the wind speed

of ∼ 0.9 m/s. This correlation is not constant; that is, the correlation depends on

the magnitude of the wind speed values. The small changes of ∼ 0.2 units on the

m-parameter values could be caused by several facts, such as noise on the temperature

readings, disturbances in the flow coming from the fan, vibrations of the structure and

cables that connects the Pt1000 to the electronics, the circuitry of the breadboard, or

the precession of the fan around its axis. These modulations of wind speeds, of ±1.1

m/s, were within the error of the anemometer.

The next test started with a constant fan frequency, and then after 400 s, the fan

was turned off suddenly to observe the transient behaviour before a new thermal

equilibrium is reached, see Figure 3.17. After ∼ 4 s, the wind speed retrieval estimated

a wind speed of ∼ 0.2 m/s. As it can be observed, the wind speed output still presents

oscillations of around ±0.15 m/s, which can be considered as the error caused by the

Pt1000 temperature oscillations. The transient decrease of the retrieved wind speed

after the fan was switched off was due to the thermal inertia of the copper rod of the

CU prototype and the time it took to get to a new equilibrium. Also, as the test was

not performed in a closed wind tunnel facility, there may have been uncontrolled air

currents flowing around the ATS.

It has to be noted that the resolution, overall accuracy and thermal inertia values

observed in this test are specifically associated to the CU prototype rods, and different

to those of the HABIT EM, EQM and FM.
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The speeds recorded after switching off the fan were of the order of ∼ 0.1 m/s. These

values are smaller than the accuracy of both the S-TMB-M0xx and the CU prototype

ATS.

• Selection of the characteristic length, Lc

As it was developed in section 3.1, the energy balance along a rod of longitude Lc,

cross section Ac, perimeter Per and surface area As = Per ·dx with a local temperature

T and an ambient temperature T∞ is expressed in 3.1. Considering the radiation heat

loss coefficient hr = εATSσ(T 2 + T 2
∞)(T + T∞), it is possible to write the boundary

value problem 3.3 with the boundary conditions T |x=0= Tb and dT
dx

∣∣
x=1
' 0, where

h = hc + hr. If the excess temperature θ = T − T∞ and the dimensionless longitude

χ = x/L are introduced, the system is reduced to equation 3.4, where the m-parameter

is defined in equation 3.5. The solution for a uniform heat transfer coefficient is

equation 3.8, in equilibrium, where three Pt1000 sensors provide a two-equation system

to calculate an average m-parameter along the rods, m (equation 3.10), and the fluid

temperature, Tf . Here, the thermal conductivity of each rod i, KATSi, and their

emissivity, εATS , are assumed constant. For a cylindrical ATS rod of length L:

h =
KATSD

4
·
(
m

L

)2

(3.17)

Notice that the rods are not cylindrical but square-based prismatic. Thus, alternative

combinations of the dimensions were used to calculate Lc were considered when com-

paring the ATS wind speed retrieval results with the reference anemometer values.

Similarly, the averaged h coefficient in 3.17 should take into account the radiative

terms.

For each measurement of the three temperatures, a system of two equations is solved to

calculatem and Tf (system 3.12). Them is used to calculate the averaged heat transfer

coefficient using equation 3.17, and by implementing a model of forced convection that

can correlate hc, contained in h, with the horizontal wind speed, the latter could be

finally retrieved. The tests were performed for airflows perpendicular to the ATS rod

of the CU, which was assumed to be cylindrical by introducing the average Nusselt

number expression 3.13 (Churchill and Bernstein, 1977) detailed in section 3.4.

Five different wind speeds higher than 5 m/s were tested. At each wind speed, five

different hypothesis were considered when modelling the characteristic length for the

dimensionless numbers, Lc, the average heat transfer coefficient, h, and the radia-

tion terms in h, hr. Table 3.4 summarises the hypothesis assumed and the modified

expressions.
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Index Assumption Description

Dh Lc ∼ Dh

h = KATSiD
4 ·

(
m
L

)2
The Lc is assumed to be the hydraulic diameter that
corresponds to the ATS cross section, i.e. Lc ∼
Dh = 2.76 mm

Rrect Lc ∼ a
h = KATSiab

2(a+b) ·
(
m
L

)2
The Lc is assumed to be the largest side of the rod
cross-section, i.e. Lc = a = 3 mm. Vertical cross
section b = 2 mm.

RMix Lc ∼ a || Lc ∼ Dh

h = KATSiab
2(a+b) ·

(
m
L

)2
The Lc is assumed to be the largest side of the rod
cross section, i.e. a = 3 mm, while the modelling of
convection from the rods is performed by using the
hydraulic diameter Dh = 2.76 mm.

RrectIR Lc ∼ a
h = KATSiab

2(a+b) ·
(
m
L

)2 −
εATSσ(T 2

s +T 2
∞)(Ts+T∞)

The radiation terms are included, and the surface
temperature is computed as Ts = (Ta+Tb+TLn)/3.
The Lc is assumed to be the diagonal of the rod
cross-section, Lc = d = 3.6 mm, and the copper
emissivity is assumed to be 0.87 (rusty copper).

RMixIR Lc ∼ a || Lc ∼ Dh

h = κab
2(a+b) ·

(
m
L

)2 −
εATSσ(T 2

s +T 2
∞)(Ts+T∞)

The same scenario ofRrectIR, but the Lc is assumed
to be the largest side of the rod cross-section, i.e.
a = 3 mm, while convection from the rods is mod-
elled by using the hydraulic diameter Lc = Dh =
2.76 mm.

Table 3.4: Assumptions considered when modelling the characteristic length Lc and the
impact of the radiative terms in the wind retrieval under ambient laboratory conditions.
Dh is the diameter of a cylinder that has the same cross-section area of the ATS rod.

Figure 3.18 represents an example of the output for each of the hypothesis included in

Table 3.4 and for a test at a constant wind speed of 8.3 m/s, in average, and ±0.5 m/s

of accuracy. The tests performed at an average wind speed of 8.3 m/s showed that the

retrieved wind speed was optimal when the model used as characteristic length the

diagonal of the cross section of the rods, Lc = d, and considered the radiative terms

(i.e., the model RectIR according to Table 3.4).

Figure 3.19 shows the final tests performed with this model at wind speeds of about 6

m/s, 7 m/s, 8 m/s and 9 m/s, as measured by the HOBO anemometer. A systematic

shift of around 0.4 m/s in average between the wind speed provided by the S-WCF-

M003 anemometer and the wind speed retrieval was observed. As it will be later shown

in Chapter 7, (i.e., in the wind tunnel tests under Martian conditions), the nearby

environment introduces thermal perturbations than can cause an artificial offset of

wind speed. Even though this offset was not corrected for this setup, the error in wind
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Figure 3.18: Wind speed retrieval for the models explained in Table 3.4, and for an
averaged wind speed measured by the Davis R© Wind Speed and Direction Smart Sensor

S-WCF-M003 sensor of 8.3 m/s.

speed retrieval from the HABIT CU prototype under ambient laboratory conditions

was ∼ 6% of the absolute wind speed values.

Figure 3.19: Summary of the wind speed retrieval tests at four different wind speeds for
the RectIR model (“Rect” in the figure for simplification). At each colour, each dash code
is used for the Davis R© Wind Speed and Direction Smart Sensor S-WCF-M003 retrieval.
The sensor 60-s and 10-s average readings (“v HOBO mean” and “v HOBO 10s means”,
respectively), and the wind speed retrieval for the test 60-s and 10-s average values (“v Rect

mean” and “v Rect 10s mean”, respectively) are shown.

The prototype used in this study was specifically built for this thesis, and the tests
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described above, whereas the HABIT EM, EQM and FM instruments were manu-

factured by Omnisys Instruments AB. The latter were therefore available for limited

time, and they were more valuable and delicate to be operated. This means that for

each test described in this thesis using these instruments, only minor modifications

with respect to their assembly in secured facilities were allowed. Hence, the use of

this dedicated EM prototype allowed to perform multiple tests and demonstrate the

working principle of the wind speed retrieval while developing the codes required for

its implementation. We describe next the results of the first m-parameter retrieval

test performed with the HABIT EM.

3.4.4 m-parameter retrieval test on the HABIT EM under Earth ambient

conditions

The next tests were run within the subsonic AF1300 wind tunnel available at LTU under

ambient conditions: pressure P = 1010.32 mbar, temperature T = 22.8◦C, and relative

humidity RH = 41%. Three heaters (Vishay Series LTO50) were attached to an aluminium

plate to which the HABIT EM CU was bolted (see Figure 3.20). The heaters were each

powered up through a bench power supply (RND 320-KA3305P) at 28 V, providing a heating

power of 1.5 W that increased the temperature of the 78.5 g of aluminium 7075-T6 HABIT

CU setup around 5 K above ambient conditions. This heating was maintained constant

during the wind tunnel tests. The samples were recorded at 1 Hz and averaged over 10 s.

To create a reference of the airflow temperature and wind speed for comparison with the

retrieval, a commercial wind sensor ComfortSense R©-Mini 54N95 with a T33 probe was used

together with an NI cDAQ-9178 rack and a 16-bit analogue-to-digital converter NI-9215

from National Instruments R©. The T33 probe is an omnidirectional thin-film sensor that

measures both wind speed and temperature. It consists of a quartz sphere of 3 mm in

diameter coated with a thin film of nickel that is refrigerated when immersed in an airflow.

The probe measures the energy needed to maintain the temperature difference between this

sphere and a replica, which is later translated into wind speed measurements through a

calibrated voltage to wind speed function. This setup provided reference readings with 5%

accuracy in speed and 0.2-K accuracy in temperatures for wind speeds ranging from 0 to 5

m/s. Also, the Reynolds numbers tested under Earth’s ambient conditions over the HABIT

ATS rods were almost two orders of magnitude higher than the expected values on the

surface of Mars.

As shown in Figure 3.20, the m-parameter followed the wind speed pattern. The latter

was set manually to different wind speeds, U∞ ∈ [0, 2.5] m/s. In this test, the ATS rod

could exchange heat with the ambient air through conduction, radiation, and convection.
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Figure 3.20: (Above) HABIT EM and ComfortSense R©-Mini 54N95 T33 probe within the
test chamber of the LTU subsonic AF1300 wind tunnel. (Below) 10-s averages of wind
speed measured by the ComfortSense R©-Mini 54N95 T33 probe (VFlow) and retrieved m-
parameter from the three temperature sensors along the left ATS rod. The airflow was
normal to the rod, at P = 1010.32 mbar, ambient T = 22.8 ◦C and relative humidity

RH = 41%. Published in Soria-Salinas et al. (2020a).
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For the airflows tested in the tunnel, the dominant heat transfer mechanism for the rod

was forced convection. This mechanism involves the presence of relative movement between

the solid body and the gas at the interface of the media. When the wind speed is reduced

in the tunnel, the rod is expected to evacuate less heat through forced convection. When

the wind speed is increased in the tunnel, the cooling performed by forced convection over

the overheated ATS rods is expected to increase, which modifies the temperature profile

along the rod. As can be observed in equations 3.11 and 3.12, the system that provides

the m-parameter depends on the temperature difference between Pt1000 readings (i.e., the

temperature gradient) and not on absolute temperatures. We see in Figure 3.20 that the

m-parameter values at the start of the test, t ∈ [350, 450] s, and after the first maximum in

speed, t ∈ [2500, 2900] s, are similar, even though in the latter the instrument was previously

working under a 2.5 m/s airflow. Even though the temperatures collected by each Pt1000

may differ in absolute terms in both cases because of the higher cooling of the CU structure

originated during the 2.5 m/s stage, the ratio between temperature readings was similar,

and so was the m-parameter value. The actual absolute temperatures values affect, however,

the fluid temperature retrieval, Tf , which is not displayed in Figure 3.20.

Note that the output of the m-parameter model is also affected by the electronic noise of the

HABIT EM. In addition to this, the Pt1000 sensors attached to the ATS rods of the HABIT

EM are directly exposed to the external airflow, and not encapsulated between two layers of

FR4 as occurs in the REMS ATS or HABIT FM ATS rods. This makes the Pt1000 readings

more sensitive to wind oscillations than the REMS ATS temperature readings, especially

when exposed to winds with Earth’s densities.

For the periods t ∈ [2100, 2400] s, t ∈ [3500, 3600] s, and t ∈ [3000, 3400] s, the estimation

of the m-parameter value changes, even though the wind speed of the tunnel is set to a

constant value. Because the wind speed in the wind tunnel was set to values & 1.5 m/s

for these cases, it is possible that this airflow regime created some vibrations on the rod

structure. The HABIT EM ATS rods were not designed to operate under these wind speed

values at ambient atmospheric densities on Earth; the attachment of the ATS rods to the

HABIT structure is not meant to handle such aerodynamic drag. Furthermore, the higher

heat transfer rates on Earth than on Mars at the speeds observed in these periods appear to

be strong enough to cool the overheated CU metallic structure. The greater thermal inertia

of the CU with respect to the ATS rods makes the system converge more slowly (∼ 300

s) to the new equilibrium condition when increasing the speed to values & 1.5 m/s. The

longer response time is particularly evident for the change in wind speed from 0 to 1.5 m/s

at t ∼ 2900 s. As a result, because the equilibration time for the ATS in Martian conditions

is found to be 20 to 80 s (Gómez-Elvira et al., 2014), any longer response times evident in

Figure 3.20 may be due to the larger changes in Reynolds numbers on Earth than on Mars
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and the thermal inertia of the full structure. It is for these reasons that no higher velocities

had to be tested in the tunnel. It has to be noted that for this setup the higher the change

in velocity is, the longer it takes for the ATS to achieve a new equilibrium condition and

the model to converge to a new m-parameter.

The results from the HABIT EM tests in a wind tunnel under terrestrial atmospheric con-

ditions confirmed, under controlled wind conditions, that the dimensionless m-parameter

averaged over an ATS rod that is overheated at its base is sensitive to the normal compo-

nent of the wind (Figure 3.20).





Part II

HABIT wind retrieval algorithm

evaluation on the surface of Mars.
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CHAPTER 4

HABIT wind retrieval application to

REMS on the surface of Mars

4.1 Validation of the m-parameter model under Martian con-

ditions

The concepts and results of this chapter have been published in Soria-Salinas et al. (2020a).

The WS and ATS dataset provided by the NASA MSL REMS instrument is here used

to demonstrate the operability of the wind retrieval under uncontrolled Martian surface

atmospheric conditions. Because the HABIT and REMS ATS rods present a similar design,

this illustrates the operation within a spacecraft on Mars. The forced convection modelling

described here will also be later on applied to the tests of the HABIT EQM in the AWTS.

However, two major differences exist: 1) REMS has two ATS, one on each boom, separated

by an angle of 120◦ in the horizontal plane, and mounted on the rover mast, whereas HABIT

has three ATS separated by an angle of 90◦, and mounted on the SP and; 2) The REMS

ATS thermal conductivity and emissivity were never calibrated, whereas the HABIT ATS

have been calibrated in the wind tunnel to fulfil the wind retrieval requirements. In contrast,

REMS has only one wind sensor (out of the two) operative, the one of Boom 2, and the

wind speed and direction are given with respect to the optimal orientations for this wind

sensor.

In this section, we test the wind retrieval with REMS ATS by making multiple assumptions

trying to provide information that is comparable with the REMS WS. The actual output

of the ATS rod wind retrieval is the wind speed normal to the fin, as it will be shown in

the wind tunnel tests. However, to compare this output with the REMS WS, this section

makes an adaptation to the geometry of the two REMS ATS to attempt to provide both

wind speed and angle. Interestingly, if this method is implemented, it can also provide the

MSL mission with additional wind data; the REMS WS dataset ends after sol 1492, when

the REMS WS finally stopped due to an accumulation of failures on October 2016.
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4.1.1 Forced convection modelling on the surface of Mars

Section 4.1.1.1 summarises the fluid model basis for the modelling and 4.1.1.2 the Nusselt

number theory.

4.1.1.1 Fluid model

The atmospheric conditions within the Martian thermal boundary layer at 1.5 m over the

surface and the forced convection around REMS ATS rods have been modelled according the

assumptions exposed in section 2.1.1.1. The air was assumed to be a continuous fluid when

applying the Navier-Stokes equations. This assumption implies that the validity range of

this analysis is constrained to a Knudsen number, equation 2.5, Kn = λf/Lc < 0.1 (Murri,

2010; Schoenenberger et al., 2005). The dynamic viscosity and conductivity of the fluid,

µf (T ) and kf (T ), used the Sunderland’s temperature-dependent kinetic theory (equations

2.10 and 2.11) for a low-density CO2 atmosphere and for temperatures T∈[190, 1700] K for

µf (T ) and T∈[180, 700] K for kf (T ). Cp(T ) was modelled using equation 2.9. For the

present model, additional assumptions are included. The molecular weight is assumed to

be 43.49 g/mol, corresponding to 2.7 mol %N2, 1.6 mol %Ar, and 0.15 mol %O2 (Seiff and

Kirk, 1977).

To model the expected fluid regime around the ATS rods using experimental models de-

scribed in the existing literature, the compressibility and Reynolds number range were es-

timated by using REMS measurements (Gómez-Elvira, J., 2013b). As it was explained in

section 2.1.1.3, depending on the magnitude of the latter, the fluid regime could belong to

the laminar regime, turbulent regime or a transition between both; this in turn determines

the heat transfer equations used when modelling the forced convection phenomena.

For the considered length scales, the flow was assumed to be incompressible; the Mach

number is M ∼ 1 · 10−3 for the nominal range of pressures and temperatures in Gale Crater

and for a modelled CO2 atmosphere. On the other hand, the Reynolds number for the

widest expected wind speed range according to Viúdez-Moreiras et al. (2019b) and based on

the longest cross-sectional characteristic length Lc = 3.6 · 10−3 m was 5 < Re < 120. It has

to be added that for the wind speed range considered, peak wind speeds may have exceeded

the averaged speeds that have been released as reliable.

Although the critical Reynolds number for circular cylinders in cross flow presents a broad

agreement with Recr ∼ 105 (Achenbach, 1971), this value varies greatly for rectangular

cylinder scenarios, where no clear limit exists for the transition from laminar to turbulent

flow. Experimental and numerical simulations at low Re numbers have been performed for
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this flow region, providing values of Recr ∼ 40, although the width-to-height ratio D/H of

the rectangular cylinder cross section has been demonstrated to affect the appearance of this

transition, with Recr ∼ 500 for D/H = 2 and Recr ∼ 103 for D/H = 3 (Okajima, 1982).

The wind speed observed on the Martian surface by REMS WS was usually on the order

of U∞ . 10 m/s, corresponding to Re . 38. In addition to this, transition studies did

not consider the angle of incidence of the flow over the rectangular cross section, which is

expected to reduce its bluff shape. Thus, this model does not consider possible transition

to turbulent flow, and laminar incompressible flow is assumed.

4.1.1.2 Forced convection from the ATS rods

To model forced convection from the ATS rods and establish a correlation between the con-

vective heat transfer coefficient and the wind speed, the average Nusselt number at each rod

was modelled for a laminar incompressible flow. This number represents a ratio between

the convective and conductive heat-transfer terms within the flow around the rods, Nu

= hcLc/kf . Numerous previous studies have focused on forced convection over cylinders, in-

cluding curvature effects and skin-friction deviations, although not many studies considered

cylinders with a rectangular cross section. The Nusselt number in this study was developed

for a rod assumed to be a cylindrical body of D = 2.76 · 10−3 m and a length-to-diameter

ratio of L/D ∼ 12. This cylinder, however, is always exposed to both axial and cross flows;

therefore, the total average Nusselt number should consider the effect of the angle of in-

cidence of the flow with respect to the axial direction of the cylinder, β. Oosthuizen and

Mansingh (1986) experimentally studied the average Nusselt number of ‘short’ cylinders

that were immersed in flow with different angles of incidence and proposed an empirical

correlation that considers both the Nusselt numbers across and along these cylinders for

different L/D ratios. Thus, one can correlate the angle of incidence β with the total forced

convection that acts over the cylinders. An experimental correlation (4.1) is obtained for

L/D ratios from 0 to 12:

Nu/NuDh = f(NuDv/NuDh), (4.1)

where NuDh represents the Nusselt number if only the forced convection parallel to the

cylinder is relevant, whileNuDv applies if only the normal forced convection over the cylinder

is important. Consequently, both Nusselt numbers are assumed to follow the relationships

(4.2) and (4.3):

NuDh = NuD0◦ · [cos(β)]0.25 (4.2)

NuDv = NuD90◦ · [sin(β)]0.25. (4.3)
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Here, NuD0◦ and NuD90◦ represent the Nusselt numbers at an angle of incidence of β = 0◦

and β = 90◦ respectively. Finally, an experimental correlation was provided by Oosthuizen

and Mansingh (1986) for the total average Nusselt number over the cylinders depending on

the ratio L/D, which we have approximated according to their results for L/D = 12.62 as

(4.4):

Nu = NuDv +NuDh. (4.4)

Since, according to the section 3.1, the modelling of the m-parameter only considers convec-

tive heat transfer normal to the rods, the axial contribution to the overall forced convection

is removed from the total average convective heat transfer coefficient. Equation 4.5 is pro-

posed for the average convective heat-transfer coefficient hc over the ATS rods following an

equivalent reasoning to that of (Mueller and Abu-Mulaweh, 2006):

hc =
m2 · κATS · a · b
L2 · 2 · (a+ b)

−

Radiative heat transfer coefficient hr︷ ︸︸ ︷
σε(T 2

s + T 2
∞)(Ts + T∞) =

=
kf
Lcv
·NuDv −

kf
Lch
·NuDh . (4.5)

In equation 4.5, Ts represents the surface temperature of the ATS rods, which was modelled

as the average of the three Pt1000 measurements Ts ≈ (Ta + TLn + Tb)/3. Similarly, T∞ is

the fluid temperature at infinity and the characteristic lengths Lc chosen are the diagonal of

the rectangular cross-section of the rods, Lc ∼ 3.6 · 10−3 m for NuDv , and the length of the

rods Lc ∼ 3.5 · 10−2 m for NuDh . Additionally, the estimated fluid temperature is assumed

to be similar to the value at infinity as seen by the characteristic length scale, T∞ ≈ Tf .

• Axial-flow Nusselt number approach

The axial Nusselt number distribution along a cylinder under laminar incompressible

flow has been extensively studied in the past (Cebeci, 1970; Choi, 1982; Curle and

Lighthill, 1980; Eswara and Nath, 1992; Glauert and Lighthill, 1955; Jaffe and Oka-

mura, 1968; Karnis and Pechoc, 1978; Kelly, 1954; Lin and Shih, 1980; Na and Pop,

1996; Rotte and Beek, 1969; Sakiadis, 1961; Sawchuck and Zamir, 1992; Seban and

Bond, 1951; Stewartson, 1955).

In particular, (Beese and Gersten, 1979) proposed a Nusselt number distribution for

cylinders within laminar incompressible flow, providing a solution for Navier-Stokes

equations as an asymptotic expansion with respect to the perturbation parameter ξ =

1/
√
ReR. Here, ReR is the Reynolds number based on the radius of the cylinder. In this

case, the approach considers the second-order effects of the curvature of the cylinder
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on the viscous and thermal boundary layers, which depend on the Prandtl number

Pr. Although the ATS rods are modelled as cylinders and, thus, would not present a

specific curvature, the removal of the additional terms would leave the Nusselt number

approach similar to the Nusselt number for a plate, which is a far more inadequate

approximation than the cylindrical approach. After numerically integrating both the

inner and outer asymptotic solutions for the boundary layer with several representative

Prandtl values, for Pr = 0.7 (model’s Prandtl order of magnitude) the average Nusselt

number along the ATS rods is assumed to be:

NuDh =

1storder︷ ︸︸ ︷
0.349 ·

√
ReL/R +

2ndorder︷ ︸︸ ︷
0.366 · L

R︸ ︷︷ ︸
Curvature

+

√
L

R
· θ′23(L/R, 0, P r)︸ ︷︷ ︸

Interaction

, (4.6)

where ReL/R is a Reynolds number based on the dimensionless ratio L/R and θ′23 is

the dimensionless interactive term resulting from the integration of the asymptotic

solutions for the ratio L/R and Pr = 0.7.

The effects of the curvature of a cylinder over the surrounding flow is considered with

the second-order terms, one for the curvature and the other for representing the inter-

action between the pure curvature terms and the first- order approximation; the latter

depends on the Prandtl number, the ratio L/R and the dimensionless scaled distance

from the wall to the external flow. The defined scale is small enough to consider this

limit to be the infinity. This last term,
√

L
R · θ

′
23(L/R, 0, P r), must be integrated for

every Prandtl number, which could not be performed with the retrieval process that is

proposed here (i.e., based on three real-time temperature measurements). The order

of magnitude of the interaction terms is at least “Interaction” ∼ 4 · 10−2 (Beese and

Gersten, 1979) and for the expected flow regime, the Prandtl number is Pr ∼ 0.7. As

a result, the term is assumed to be constant for Pr = 0.7 in this retrieval; therefore√
L
R · θ

′
23(L/R, 0, 0.7) = 0.19.

• Cross-flow Nusselt number approach

The Nusselt number for a cylinder that is immersed in a cross flow was also exten-

sively studied for low Reynolds number regimes and rarefied gases, most of which were

based on changes in the Reynolds and Prandtl numbers with the transport parame-

ters. These correlations were developed for certain margins of Re and Pr numbers

and adapted to meet the requirements at a specific range of (Re,Pr). Although most

of these correlations were experimentally measured by using liquids, their agreement

was not entirely clear for different (Re,Pr) regimes (Sanitjai and Goldstein, 2004).

Some of these approaches were tested to establish the best method for the model.



CHAPTER 4. HABIT wind retrieval application to REMS data on Mars 76

In particular, the empirical expressions for forced convection that were proposed by

McAdams (1954), Whitaker (Van Der Hegge Zijnen, 1956), Fand and Keswani (1972),

and Perkins and Leppert (1964) were studied here because their operational ranges

encompass the expected range for Mars. These expressions are detailed in Table 4.1,

and Figure 4.1 shows the variations in the Nusselt-number expressions for representa-

tive environmental and wind speed conditions at Gale Crater. The expected Reynolds

number and wind speed ranges are highlighted for these atmospheric conditions. As

it can be seen in Figure 4.1, the average Nusselt number variation with the Reynolds

number does not show clear uniqueness for the expected window of wind speeds; that

is, each model presents a different Reynolds number (and thus a different wind speed)

for the same Nusselt number value. As a result, a CFD study was required under

representative Martian conditions in order to choose which model fit the best to the

expected fluid flow. Section 3.5 details the results of this study.
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Figure 4.1: Variation in the Nusselt number as proposed by McAdams (1954), Whitaker
(Van Der Hegge Zijnen, 1956), Fand and Keswani (1972), and Perkins and Leppert (1964)
with respect to a Reynolds number based on D = 2.76 · 10−3 m for the atmospheric con-
ditions of the MSL mission sol 730 averaged between 19:30 and 19:40: P = 765.82 Pa
and Tf = 225 K. The highlighted values correspond to the expected velocity field and the

subsequent Reynolds and Nusselt number values.
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Author ReD range Average Nusselt number approximation

McAdams (1954) [1, 105] NuDv = (0.4Re0.5 + 0.06Re2/3)Pr0.4(µf/µs)
0.25

Whitaker (1956) [0.1, 103] NuDv = 0.32 + 0.43Re0.52Pr1/3

Fand (1972) [0.01, 2 · 105] NuDv = 0.184 + 0.324Re0.5 + 0.291Ren

n = 0.247 + 0.0407Re0.168

Perkins (1964) [40, 105] NuDv = (0.31Re0.5 + 0.11Re0.67)Pr0.4(µs/µf )
0.25

Table 4.1: McAdams (1954), Whitaker (Van Der Hegge Zijnen, 1956), Fand and Keswani
(1972), and Perkins and Leppert (1964) Nusselt number empirical approximations in Figure

4.1.

4.1.2 REMS instrument data retrieval on board MSL Curiosity rover

The physical concepts that define the functioning of the REMS WS and ATS are briefly

described here so that their limitations, advantages, and differences can be fully understood

and to allow for a meaningful comparison.

4.1.2.1 REMS WS operation

The REMS WS consists of a set of six boards distributed over two booms. At each boom,

three of these boards are aligned with the axial direction of the boom and oriented at 120◦

with respect to each other (see Gómez-Elvira et al. (2012); Newman et al. (2017)). As

detailed in Domı́nguez et al. (2008), each board presents four hot dice, which are actively

heated to maintain a constant temperature difference with respect to a reference (a fifth

die) that is far enough from the others to be considered beyond any thermal interference

(Figure 4.2 shows an image of Boom 1 board 3 on Mars on sol 526). This approach is

achieved through a first-order sigma-delta modulator. Each cubic die, which is 1.5 mm

long and 0.4 mm high, has its own temperature sensor and heater and all are assumed

to be thermally insulated from the boom structure through four Pyrex pillars with low

thermal conductance. The temperature at each hot die is assumed to be uniform, with an

estimated error of 0.5% at a temperature difference of 30 K with respect to the reference

die (Kowalski et al., 2010). The purpose of this four-dice configuration is to monitor the

assumed two-dimensional behaviour of the forced convection that occurs over their squared

surfaces (Gómez-Elvira et al., 2012), which are immersed in the thermal boundary layer of

the booms. This measurement is performed by recording the required power to maintain a

constant temperature difference for each die with respect to the reference. When combining
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the four signals, the systematic conduction losses to the structure can be removed (to the

first order), which is critical in this approach. Radiation and conduction losses in the dice

are calibrated for different power-injection scenarios and implemented as constants for all

the dice (Gómez-Elvira et al., 2012).

By combining the four dice signals in pairs, two sinusoidal functions that are 90◦ phase-

shifted and dependent on the angle of incidence of the in-plane airflow are obtained and

converted to conductance along and across the four-dice setup. These two sinusoidal func-

tions are characterised for each board under a certain wind regime and, later, the set of the

three boards’ combination obtained at each boom is implemented in an inverse model that

correlates conductance values with a dimensionless Reynolds number, Re = ρ · U∞ · Lc/µf ,

across each boom. This number, traditionally used to describe flow regimes around obsta-

cles, represents the ratio between the inertial forces and viscous forces of the airflow when

surrounding the REMS booms. Depending on its value, a fluid flow can be classified as

laminar or turbulent, and it depends on the fluid density ρ, the flow dynamic viscosity µf ,

the speed of the flow or wind speed U∞, and the characteristic length Lc; that is, the scale

of the physical system considered.

The correlation between conductance and velocity is thus performed through the Reynolds

number obtained from the inverse model, and the translation from Reynolds number values

to velocity vectors is determined through a mesh of experimental values that are measured

in wind-tunnel facilities (Gómez-Elvira, J., 2013a,b,c; Gómez-Elvira et al., 2012). The local

planar components of the longitudinal and cross conductance are then input parameters,

and the output consists of the Reynolds number, which needs to be translated to wind speed

values, the yaw angle φh (in the horizontal plane), and the pitch angle ψ (in the vertical

plane). The wind-tunnel tests were performed in order to build a three-dimensional mesh

of (Re, φh, ψ) values of 13 x 18 x 16 points for the “low-speed” case; that is, for wind

speeds U∞ ∈ [0, 20] m/s where greater resolution was desired, and 5 x 18 x 14 points for the

“high-speed” case, for wind speeds U∞ ∈ [25, 70] m/s. Each of these points corresponds to

the longitudinal or cross conductance, Glong or Gcross, respectively, of one of the six REMS

boards; thus, 12 hyper-surfaces (Re, φh, ψ, Glong or Gcross) are obtained.

A tessellation-based linear interpolation on these surfaces is applied to derive the final points

(Re, φh, ψ) from each set of conductance values, and the final step implies a conversion

from Reynolds numbers to wind speed values. The Reynolds number that is used for REMS

is based on the diameter of the booms D; that is, the characteristic length assumed is

Lc ∼ D = 30 mm. Here, the booms are considered cylinders within an external and

normal cross-flow. The air dynamic viscosity µf is modelled according to Sutherland’s law

(Newman et al., 2017), and the atmospheric density ρ is derived from both the ideal gas

law and REMS pressure and temperature data. On Mars, the temperature required for
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the Reynolds number and wind speed calculations is selected at each measurement as the

lowest between the fluid temperature that is measured by the tip values of ATS Boom 1 and

ATS Boom 2 (Gómez-Elvira, J., 2013c). If the collected differential thermal conductance

data to be converted to wind speed and direction are too noisy, they are collected with

voltages that are out of the established valid range or they present a gain that is not fully

characterised, these data are removed by the WS, and not used for this conversion (Gómez-

Elvira, J., 2013c). This situation is usually encountered during the night and its duration

depends on the planetocentric solar longitude, which measures the position of Mars in its

orbit around the Sun, as described in section 2.2.3 of Newman et al. (2017); that is, from

∼ 02:00 until approximately dawn around local summer solstice and from ∼ 20:00 until ∼
08:00 around local winter solstice. Finally, velocity values are averaged every 5 min and

angles are provided as the most frequent in these 5 min, and these data are then archived,

quality labelled, and released in the PDS public base.

The instrument was calibrated in different wind-tunnel facilities in combination with a set

of computational fluid dynamics (CFD) simulations to achieve a wind-sensing resolution

of ±0.5 m/s for both vertical and horizontal speed and ±30◦ for the angles. Similarly, a

wind-sensing accuracy of 1 m/s and 30◦ was targeted (Gómez-Elvira, J., 2013a,b,c). Most

of the calibration tests were performed under ambient temperature conditions within the

Mars Simulation Linear Tunnel (Gómez-Elvira et al., 2012) at the Center of Astrobiology

(CSIC-INTA). In addition to this, the air temperatures introduced in the inverse model

were not the minimum between those calculated from both ATS, as is done on Mars, but

were recorded by an external sensor within the tunnel, and the range of wind speeds was

not directly simulated over the REMS setup. Most importantly, to simulate representative

Martian fluid regimes, the Reynolds number of the airflow provided by the tunnel was

modified by changing the pressure, and thus the density, instead of the velocity.

Three out of six boards that composed the WS have never actually worked on Mars; the

WS boards 2 and 3 in Boom 1 and board 1 in Boom 2 have not been operative since

MSL landed. A possible explanation for this issue was the impact of small rocks onto the

boards while landing, although this possibility has not been confirmed (Newman et al.,

2017). Thus, the on-ground calibrated wind retrieval algorithm, based on an inverse model

that interpolates the solution on an experimental mesh of (Re, φh, ψ) values obtained from

wind tunnel tests by measuring 12 sets of conductance values (a pair of Glong and Gcross

values at each board), was no longer applicable. Instead, this mesh was reconstructed by

combining only four conductance values, corresponding to the Glong and Gcross values on

boards 2 and 3 from Boom 2, even though REMS was already on the surface of Mars. The

final retrieval then relied on a system of less information than initially required. This must

have produced an uncontrollable error, although the PDS maintained the originally defined
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error for the WS values. The retrieval also used the results of CFD studies performed with

a fluid flow and heat transfer simulation software (EFDLab) over a representative geometry

of the REMS booms and the Curiosity rover mast (RSM) and Mast Camera (MastCam).

The purpose was to include the effect of the rover body (especially the RSM) on perturbing

the airflow around the booms, to develop an algorithm that chooses the appropriate boom -

the one least perturbed - from which to use the data. The placement of the two booms was

designed such that at least one board would always be exposed to the free stream airflow

on Mars’s surface, outside the thermal or viscous wake of the RSM. However, because only

boards 2 and 3 on a single boom (Boom 2) were used after landing to measure the velocity

field, these boards were immersed in the viscous and thermal wake of the MSL platform for

some rover orientations. Because of this, the WS wind direction retrieval range was also

reduced. The WS retrieval algorithm provides “front” directions if the wind is coming from

0◦ to 90◦ and from 270◦ to 360◦ according to the Rover Navigation Frame (RNAV) (Kim

et al., 2014) (see Figure 4.2). Similarly, it provides “rear” directions if the wind is coming

from 90
◦

to 270◦, with an associated error in this configuration of ±45◦; that is, rear winds

can only come from 135◦ (rear-right quadrant) or 225◦ (rear-left quadrant) according to the

RNAV reference system. The final wind direction is provided as the most frequent value

over 5 min of 1-Hz data.

The WS retrieval algorithm provides wind directions with an error of ±7.5◦ if wind is coming

from the hemisphere in front of the rover (i.e., from 0◦ to 90◦ or from 270◦ to 360◦ according

to the RNAV (see Kim et al. (2014), and Figure 4.2). However, if the wind is coming from

the hemisphere to the rear of the rover (i.e., from 90◦ to 270◦), the WS retrieval algorithm

has an error of ±45◦. In other words, rear winds can only be determined to come from

135◦ ±45◦ (the rear-right quadrant) or 225◦ ±45◦ (the rear-left quadrant) according to the

RNAV reference system. In addition, wind speeds may only be retrieved for front winds;

hence no wind speed information is available for rear winds.

Because of the reduced WS field of view, research activities focused on wind acquisition

required specific orientations of the rover with respect to the airflow. This operation was

performed and prioritised, for example, during the Bagnold Dunes campaign (Newman

et al., 2017). Only front winds were considered; that is, winds approaching the rover with

a negative XRNAV component according to the RNAV (Kim et al. (2014), see Figure 4.2).

Section 4 includes a complete geometrical description of both booms within the RNAV

system. For these front winds, Newman et al. (2017) estimated an uncertainty of 20%

without considering the effects of the rover body, which physically and thermally modifies

the surrounding environment. The 5-min averages of the REMS WS data do not generally

include values acquired for every second within that interval. These averages discard data

packages that were produced with excessive electronic noise or rear wind measurements
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(Newman et al., 2017). Because of the natural underlying fluctuating nature of the winds

during the given interval, it is unclear how the error is reduced or increased by averaging

a 5-min sequence of partially filtered data. Finally, Boom 2 board 2 was reported to have

failed on mission sol 1485, whereas Boom 2 board 3 failed on sol 1491. This implies that

from sol 1491 (October 16th, 2016) to the present, no wind speed measurements have been

recorded on the MSL mission.

4.1.2.2 REMS ATS operation

The ATS consist of two thin rods of FR4 material, each attached to one of the REMS

booms at the mast of the MSL Curiosity rover. Each rod has three bonded Minisens RTD

Thermistors Pt1000 class A, which provide temperature readings with an accuracy of 5 K

and a resolution of ±0.1 K. These readings are at the base, Tb, where they are assumed

to be equal to the base temperature of the booms; at an intermediate point, TLn; and at

the tip of the rod, Ta (Gómez-Elvira et al., 2012). Each FR4 rod is 35 mm long and has a

cross section of 2 mm x 3 mm. The ATS are each mounted on a different boom, pointing

to the surface with a 60◦ inclination angle with respect to the horizontal plane. Boom 2, its

ATS rod, and the forward direction of the rover or “front direction” are contained within

the vertical RNAV XZ plane, and Boom 1 and its ATS rod are contained within a vertical

plane at 120◦ clockwise with respect to the RNAV XZ plane; that is, the plane formed when

rotating the RNAV XZ-plane 120◦ around the positive RNAV Z-axis. Figure 1 shows the

ATS rod disposition along Boom 1 with respect to the RNAV reference frame. Temperatures

are recorded at a rate of 1-Hz over the first 5 min of each hour for nominal acquisitions or

during the entire hour for extended acquisitions (Newman et al., 2017). To obtain the

temperature surrounding the ATS rods, as explained in previous chapters, the measuring

principle is based on the energy-balance equation for the temperatures along each ATS rod,

assuming local thermal equilibrium. For ATS temperature retrieval, we choose the approach

developed by Mueller and Abu-Mulaweh (2006) to model the ATS rods, which are heated

at their base. On Mars, the metallic base where the booms are attached can be hotter or

colder than the air, depending on the time of day, but this method also works for the inverse

thermal situation. A detailed description of the application of Mueller and Abu-Mulaweh

(2006) for REMS ATS temperature retrieval is provided in Gómez-Elvira et al. (2012). This

method is already used in REMS operations to give air temperatures at a frequency of 1-Hz;

finally, the temperature data are archived and used later as temperature reference for the

retrieval of the WS.
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+Z-RNAV

ATS clockwise around Z+RNAV.

Figure 4.2: Rover navigation frame over Boom 1 on the mast of the Curiosity rover on
Mars, January 28th 2014, as seen by the Mars Hand Lens Imager (MAHLI) on sol 526. Boom
1 is 120◦ clockwise in +ZRNAV with respect to Boom 2, which points toward +XRNAV .

REMS Boom Image Credit: NASA/JPL-Caltech.

4.1.3 Wind retrieval algorithm application to REMS instrument data

The retrieval algorithm developed until this point has been focused on the modelling of forced

convection from an ATS rod and the use of the temperature measurements to estimate the

wind speed of the incoming airflow. The model was applied to atmospheric conditions

typically found on the surface of Mars, according to the REMS data, with the purpose of

validating the wind speed retrieved against the dataset provided by the REMS WS.

However, the orientation of the wind vector with respect to the ATS rods has not been

considered yet. As it was detailed in section 4.1.1.2, forced convection is modelled taking

into account a particular angle of incidence. The preliminary tests performed on the CU

prototype, and later on the HABIT EM always included an airflow perpendicular to the

ATS rod that was tested, which removed the unknown variable of orientation from the

overall system. But if this angle is not known or assumed in advance, the system would

need at least two extra equations to solve the system for the two angles that are required

to describe a generic wind vector with respect to the RNAV. Because the retrieval model

has been adapted here to allow for a comparison with the REMS WS, we had to retrieve an

angle orientation at the same time that the wind speed. For HABIT, however, this will be

simplified; only the normal component of the wind incident on each of the three ATS rods

will be delivered. The latter is mostly due to the strong perturbation introduced by the SP



CHAPTER 4. HABIT wind retrieval application to REMS data on Mars 83

and the sheltered location of the HABIT CU, where the three ATS are packed closely; that

is, this configuration is different to the REMS WS, which is deployed on two independent

booms coupled to the rover mast, away from the MSL deck, and where at least one of the

ATS rods is always exposed to the free flow of air.

In this work, the vertical component of the wind vector was assumed negligible, and only

horizontal wind vectors were considered in the retrieval algorithm. As a result, only one

extra equation was required to estimate the horizontal wind speed and direction from the

temperature readings of the ATS. This extra equation was obtained using the geometry

of the REMS ATS and assuming that both ATS rods are immersed in a similar field of

horizontal wind vectors; that is, assuming that both ATS temperature readings are sensing

the same wind field under the same conditions. Once the system was closed, it was possible

to solve the system of equations (i.e., equations 4.5 and 4.6 and one of the models for the

cross-flow Nusselt number of Table 4.1) to retrieve the horizontal wind speed and direction.

Later, the cross-flow Nusselt numbers would be evaluated to test which model fits the best

the heat transfer problem. With these inputs, a complete retrieval algorithm could be finally

defined.

4.1.3.1 Closure of the retrieval algorithm

Before choosing the best model for the cross-flow average Nusselt number, an additional

equation is included to equal the number of equations to the number of unknowns in the

heat transfer problem and to compare the wind speed results. As it was mentioned in the

previous section, this is achieved by establishing a geometrical relationship between both

ATS rods.

When introducing this relationship, it is assumed that both REMS ATS rods are measuring

the same horizontal wind field in the same temperature condition. This assumption implies

that if the wind presents the same orientation with respect to both ATS rods, the temper-

ature profile developed along them should be identical. When introducing this additional

equation, the system can be solved when applied to the temperatures measured at the ATS

rods, and this opens the possibility to test in controlled conditions which of the four models

considered for the cross-flow Nusselt number is the best for the retrieval as far as the fluid

regime encountered is concerned. This comparison was performed through a set of CFD

simulations of the REMS instrument on-board the MSL rover Curiosity on Mars surface

conditions. Details of this study can be found in section 4.1.3.2.

By neglecting the vertical component of wind over the REMS structure, the system of

equations 3.11, 3.12, 4.2, 4.3, 4.4, 4.5, 4.6 provides a model of forced convection from each
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ATS rod, which depends on the external horizontal wind speed and angle of incidence Nu

= f(Vh, α). This α angle is defined in the horizontal plane from Boom 2 to Boom 1; that

is, any horizontal wind vector between booms would be at α◦ with respect to Boom 2 and

at α◦ − 120◦ with respect to Boom 1.

By introducing the equation for the axial Nusselt number (equation 4.6) and the equation

for one of the models corresponding to the cross-flow Nusselt number listed in Table 4.1 into

equation 4.5, together with the definition of the Reynolds number, we obtain an expression

at each ATS rod with two unknowns: V = f(VBoom1, α) for the ATS rod of Boom 1 and

V = f(VBoom2, α) for the ATS rod of Boom 2. VBoom1 and VBoom2 correspond to the

component of the horizontal wind speed vector when projected normal to the ATS rods of

Boom 1 and Boom 2, respectively; that is, the wind speed that the m-parameter perceives

at each ATS rod (as explained in sections 3.1 and 3.3). Thus, the application of these

equations to each ATS rod results in a system of two equations with three unknowns. To

close this problem, a geometrical relationship between the projections of the horizontal

velocity vector normal to each ATS rod is proposed in equation 4.7. In this expression, the

temperature profile at each ATS rod is assumed to be shaped only by the forced convection

as a consequence of a unique horizontal wind-velocity field
−→
V h. A detailed view of the

geometry of the problem is represented in Figure 4.3.

VBoom2

VBoom1
=
Vh · sin(β)

Vh · sin(γ)
=

Vh · sin[acos[cos(α) · sin(30◦)]]

Vh · sin[acos[cos(120◦ − α) · sin(30◦)]]
(4.7)

The velocity field is represented by horizontal vectors
−→
V h that describe an angle α with

respect to Boom 2 axis ≡ X+
RNAV , which is positive clockwise from Boom 2 to Boom

1. Because of the actual geometry of the problem, equation 4.7 can only be applied to

a certain range of (VBoom2/VBoom1, α) to provide a system with a unique solution. As a

result, α ∈ [12.95◦, 107.05◦] for VBoom2/VBoom1 ∈ [0.88, 1.13]. Figure 4.4 shows the validity

region between the two booms. Other configurations of the ATS in different platforms would

require a minor modification to this geometrical term.

It should be noted that both ATS rods were assumed to be under the same forced convection

conditions; however, Boom 2 was 5 cm higher than Boom 1. Thus, the temperature of Boom

1 at its base is expected to be higher under similar wind conditions than that of Boom 2,

which can change the shape of the temperature profile along ATS rod 1 with respect to ATS

rod 2. It is worth noting that HABIT will have all three of its ATS rods attached in the

same horizontal plane.
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Figure 4.3: Geometry of REMS angles implemented in the algorithm to retrieve both

the horizontal wind speed and direction (|
−→
V h|, α) from temperature distributions. β and

γ correspond to the real angles that the horizontal wind speed vector forms with ATS rod
from Boom 2 and Boom 1, respectively. These angles are measured by including both the−→
V h vector and the cylinder axis that models each ATS rod in the same plane. In these two
planes, VBoom1 would be the normal projection of the horizontal wind-speed vector to ATS
rod from Boom 1, and similarly VBoom2 to ATS rod from Boom 2. Their representation

has been omitted for clarity.

4.1.3.2 Cross-flow Nusselt number modelling selection

As it was concluded in section 4.1.1.2, because of the differences in the existing literature for

the cross-flow Nusselt number modelling stated in Figure 4.1, a study that provides, under

the same conditions, a comparative analysis of each of them when included in the system of

equations developed in section 4.1.1.2 is required. The expressions provided by McAdams

(1954), Van Der Hegge Zijnen (1956), Fand and Keswani (1972) and Perkins and Leppert

(1964) were evaluated for the expected (Re, Pr) regime under the surface conditions of Mars

through representative 3D CFD studies over a geometry model for REMS booms with the

ANSYS-Fluent R© 16.0 software. Figure 4.3 shows the geometry model that was implemented

for the simulation of forced convection around the ATS rods on the MSL rover. Figure 4.5

includes the control volume of the CFD study and the model assumed for the MSL rover

deck.

The geometry presented in Figure 4.5 consists on a mast of 1 m length accommodated on

top of a simulated 2.5 m x 2.2 m x 0.2 m rover deck. According to the CFD studies for the

REMS WS calibration (Gómez-Elvira et al., 2012), Boom 2 is attached to the mast with its
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Figure 4.4: Validity range of equation 4.7 for angle α in the horizontal plane: α ∈
[12.95◦, 107.05◦] for VBoom2/VBoom1 ∈ [0.88, 1.13]. The striped area shows the small region

between the booms that is outside this valid region. A horizontal velocity vector
−→
V h within

the admissible region for the wind speed and direction retrieval is included as an example.

The angle α corresponding to
−→
V h is also included. The red geometry scheme corresponds

to the proposed “coarse” retrieval applied to the example velocity vector
−→
V h, as explained

in detail in section 4.1.3.2.

axis at a height of 39.3 cm with respect to the deck upper surface, Boom 1 is located 5 cm

lower and at 120◦ with respect to the Boom 2 axis in the horizontal plane, and both booms

are modelled according to their actual dimensions. The control volume defined for the CFD

simulations is 10 m x 10 m x 10 m, where the structure was located at a height from the

ground so Boom 2 axis is at 1.5 m from the Martian surface.

This analysis focused on a representative environment at Gale Crater as recorded by REMS.

In particular, the conditions were set for MSL sol 730 and averaged between 19:30 and 19:40.

The temperature at the platform as recorded by the REMS UVS was set to 241 K, the air

temperature to 225 K, and the ground temperature to 223 K. Night-time conditions were

chosen to avoid the limited capabilities of ANSYS-Fluent R© when modelling infrared and

solar radiation. This phenomenon creates strong local heating on the rods and modifies the
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Figure 4.5: Geometry composed by the two REMS booms, the mast and a simulated
rover deck immersed in the control volume defined for the CFD study. (Above) a control
volume of 10 m x 10 m x 10 m was used, with the rover mast assumed to be 1-m long
and the rover deck 2.5 m x 2.2 m x 0.2 m. (Below) detailed view of the REMS booms
configuration. In green it has been highlighted the mast interface, the two ATS rods, and

the WS boards. CFD software: ANSYS Fluent 16.0.

thermal profile along their structure, which could bias the correlation between the average

m-parameter and the wind speed, as well as the hypothesis of equation 4.7; both ATS

rods may not be at the same thermal condition. Consequently, night-time conditions are

preferred for this CFD analysis. The infrared radiation was also removed for the present

study, although it must be noticed that the removal of the radiation terms within the CFD

analysis did not affect the purpose of the study; that is, the radiation term is common to

all models and does not add value to the study when selecting the best cross-flow Nusselt

number theory. The removal of the radiation effect in the CFD fluid model also facilitated

the convergence to the solution.
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In this context, the hr term corresponding to the radiative heat transfer between the ATS

rods and the environment was omitted in equation 4.5 for the simulations. The wind ori-

entation was set to α = 60◦ to force the same incidence of the flow over both ATS rods

and provide an estimation of the expected error when assuming that both ATS rods are

subjected to the same forced convection regime under similar conditions.

VInlet Case VBoom1 VBoom2 Vh α |VInlet−Vh
VInlet

| · 100 | 60
◦−α
60◦ | · 100

[m/s] - [m/s] [m/s] [m/s] [◦] [%] [%]

2
Nominal 0.52 0.47 0.52 31.35 74.0 46.1

Average 1.21 1.22 1.26 62.01 37.0 3.35

4
Nominal 2.98 2.75 2.99 38.79 25.3 35.4

Average 3.59 3.56 3.69 57.79 7.8 3.7

6
Nominal 5.35 4.97 5.37 40.82 10.5 31.9

Average 5.99 5.91 6.15 57.02 2.5 4.9

8
Nominal 7.68 7.19 7.72 42.78 3.5 28.7

Average 8.27 8.16 8.49 56.77 6.1 5.4

10
Nominal 9.85 9.13 9.9 40.05 1.0 33.3

Average 10.71 10.40 10.92 52.65 9.2 12.3

16
Nominal 14.66 14.70 15.16 60.80 5.3 1.3

Average 14.56 15.36 15.51 73.68 3.1 22.8

Table 4.2: Retrieval results from the model as proposed by Fand and Keswani (1972),
which was applied to temperature data from simulations performed for a range of wind
speeds [2,20] m/s and 60◦ with respect to +XRNAV , clockwise. ’Nominal’ refers to actual
temperature values, and ’Average’ refers to the results when the temperatures at the bases
of both ATS rods were averaged. VBoom1 and VBoom2 are the wind speed values from ATS
rod 1 and ATS rod 2; Vh is the modulus of the horizontal wind vector; and α is the angle
between the horizontal wind vector and Boom 2, whose theoretical value is 60◦ according
to the input parameters of the simulation. The relative errors for both the horizontal wind

speed and direction are also included.

The addition of the equation 4.7 to the equations 3.11, 3.12, 4.2, 4.3, 4.4, 4.5, 4.6 results

in a system of two non-linear equations with two unknowns for the set of temperature data

measured at each ATS rod in the simulation (i.e., (Tb, TLn, Ta)ATS1 and (Tb, TLn, Ta)ATS2).

Each of these equations is the result of introducing the Nusselt number models and the

definition of Reynolds number into equation 4.5 at each ATS. Thus, each expression would

present as unknowns (VBoom1, α) and (VBoom2, α) for ATS from Boom 1 and ATS from

Boom 2, respectively. By using the geometrical constraint provided in equation 4.7, the

two expressions can be expressed as a function of (VBoom1, α) or, alternatively, (VBoom2, α).

Once the system is solved, VBoom1 or VBoom2 is calculated by using equation 4.7, where the
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true incidence angle is β = acos[cos(α) · sin(30◦)] and the final horizontal velocity module

is |
−→
V h| = VBoom2/sin(β).

A battery of tests at different wind speeds were simulated for this orientation. VInlet refers

to the wind speed value selected for the velocity field at the entrance of the control volume in

which the setup composed of the REMS booms, the mast, and the rover deck are immersed

in. The results for the approximation proposed by Fand and Keswani (1972) are listed in

Table 4.2. In this table, the results when solving the two non-linear equations for the set

of temperatures (Tb, TLn, Ta) measured at each ATS rod are presented as the “nominal”

case, whereas the results when the temperature at the base of the rods is averaged between

the Tb of ATS rod 1 and ATS rod 2 are presented as the “averaged” case. The latter is

considered a solution to reduce the effect of the difference in height between the booms on

the ATS temperature profiles; that is, according to the hypothesis introduced in equation

4.7. Namely, we assume that both ATS rods present the same temperature profile under

VInlet Case Vh|Fand α|Fand Vh|Whit. α|Whit. Vh|Per. α|Per. Vh|McA. α|McA.

[m/s] - Err. [%] Err. [%] Err. [%] Err. [%] Err. [%] Err. [%] Err. [%] Err. [%]

2
Nom. 74.00 46.10 87.50 49.99 68.50 49.98 68.50 49.94

Ave. 37.00 3.35 93.00 30.33 69.50 49.97 69.50 49.92

4
Nom. 25.30 35.40 52.00 49.86 52.25 50.00 54.25 50.00

Ave. 7.80 3.70 7.25 26.41 24.25 47.53 18.75 45.02

6
Nom. 10.50 31.90 19.67 46.16 44.83 50.00 43.83 50.00

Ave. 2.50 4.90 50.00 22.52 4.67 29.94 4.50 31.33

8
Nom. 3.50 28.70 5.63 41.36 7.00 43.38 9.00 45.29

Ave. 6.10 5.40 10.63 19.62 10.50 16.80 11.13 22.50

10
Nom. 1.00 33.30 3.10 43.03 1.50 40.04 3.70 43.89

Ave. 9.20 12.30 12.90 23.98 11.60 16.93 12.80 29.59

16
Nom. 5.30 1.30 2.13 7.92 6.93 6.03 4.06 2.13

Ave. 3.10 22.80 1.44 13.69 5.25 8.69 1.31 19.36

Table 4.3: Comparison of the retrieval relative errors in horizontal wind speed and direc-
tion, i.e. Err.|Vh

[%] = |VInlet−Vh

VInlet
| · 100 and Err.|α [%] = | 60

◦−α
60◦ | · 100, when applying each

cross-flow Nusselt number theory to the temperature measurements recovered at simulations
over the REMS booms geometry described in Table 4.2. “Fand” refers to the results when
using the theory developed by Fand and Keswani (1972), “Whit.” by Van Der Hegge Zijnen
(1956), “Per.” by Perkins and Leppert (1964), and “McA.” by McAdams (1954). “Ave.”
refers to the results when temperatures at the base ATS rods were averaged while “Nom.”
refers to the results when the actual temperatures collected at each ATS rods were used.

the same wind condition. The unknowns (VBoom1, α) were selected to solve the non-linear

equation system, and VBoom2 and Vh were obtained from them. Finally, a comparison of the
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relative error between the horizontal wind speed and angle obtained through the retrieval,

|
−→
V h| and α, and the actual velocity field implemented in the simulation at the entrance of

the control volume (i.e., the unperturbed conditions) are included in the last two columns.

Similarly, Table 4.3 presents a comparison of the relative errors for each of the four theories

considered for the cross-flow Nusselt number modelling, based on which we concluded that

the best approach to be implemented in the retrieval is the model proposed by Fand and

Keswani (1972) because it resulted in the lowest relative errors in the estimation of both

|
−→
V h| and α compared with the other three theories.

The solution for VInlet = 8 m/s is represented in Figure 4.6, where F1 and F2 are the solution

field of each of the equations for (VBoom1, α) and each Nusselt number model that is used. In

this figure, the intersection of both solution fields with the plane F (VBoom1, α) = 0 provides

the solution curve for each equation separately and for each Nusselt number model. When

the corresponding solution curves of a specific model intersect, the values of (VBoom1, α) at

this point represent the solution of the system of equations, which is unique for the specified

range of α.

The disagreement between the Nusselt number models mentioned in section 4.1.1.2 can

be observed here; that is, those that predict higher Nusselt number values for the same

Reynolds number produce lower wind speed values for VBoom1. As can be observed, the

Whitaker and Perkins approaches for VBoom1 exceed the 8 m/s of the horizontal wind speed

field, while Fand’s VBoom1 < 8 m/s.

A small deviation from the solution is reported, which should be along the α = 60◦ axis

for all the Nusselt number approximations because the incident velocity field was set to

this angle in the simulations. This mismatch is associated with the small difference in the

temperature profiles along the ATS rods because of the 5-cm difference in height between

the booms with respect to the rover deck, introducing a temperature difference along the

ATS rods of ∼ 0.3 K at Tb and ∼ 0.05 K at TLn (see Figure 4.7). These differences could

be higher on Mars, introducing errors in the wind speed and angle calculations provided

by this retrieval. In Table 4.2, the relative error in the nominal wind speed retrieval for

U∞ > 4 m/s is . 10%. Then, the average retrieval seems to significantly improve the speed

predictions at wind speeds U∞ . 6. For the wind orientations, the average retrieval clearly

improved the predictions to . 12% for U∞ . 10 m/s. In general, for all cases, the average

solution gives the wind speed with an error < 10% for wind speeds above 4 m/s and the

orientation with 6 12% error for wind speeds below 10 m/s.

Non-linear equation systems such as that proposed for wind retrieval require an initial point

to start the iterative calculation, which must be chosen carefully to avoid spurious solutions

or divergence. In addition, this model is highly limited to orientations that can fit within
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Figure 4.6: Curves of solutions for each of the two non-linear equations for the V = 8 m/s
case resulting from the intersection of both F1 and F2 solution fields with F = 0. (Above)
space of solutions. (Below) Solution plane, intersection at F=0. In this plane, a solution
is found in the common intersection of the pair of solution curves for each Nusselt number
theory, i.e., at the intersection where F1 = 0 and F2 = 0. The solutions for the forced
convection approach of Fand (green), Whitaker (purple) and Perkins (cyan) are shown,

whereas the exact solution is located at α = 60◦.
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Figure 4.7: Temperature domain of the CFD stationary solution for the case study with
an horizontal wind speed VInlet = 8 m/s. CFD software: ANSYS Fluent 16.0.

the validity region for α angles. As a result, because of the expected changing conditions on

the surface of Mars, a great number of wind speed and direction values are expected to be

lost because the 1-Hz temperature profiles cannot be converted in this “refined” model. A

more robust approach is considered to increase the wind speed measurement rate to 1 Hz.

To tackle this uncertainty, a “coarse” approach was proposed to first solve the problem

only for wind speed, neglecting the effect of the true incidence angle at each ATS rod

and the forced convection along the rods (β ∼ α). This means that only normal forced

convection to the ATS is considered when shaping the thermal profile along the ATS rods,

which simplifies the geometry of the problem. Similar simplifications when modelling the

average Nusselt number distribution over heated rods have been performed in previous wind

sensor concepts on Mars’s surface, such as the perpendicular hot films of the Viking 1 wind

sensor (Kynkäänniemi et al., 2017). The modulus of the horizontal velocity vector |
−→
V h| is

computed by applying the area properties of the irregular trapezium that is formed by the

two normal components of this velocity vector to the axes of the booms and the constant

angle between booms, which is 120◦. Figure 4.4 emphasises this approach in red. It is
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possible to calculate the diagonal of the trapezium; that is, the module of the horizontal

wind vector, by calculating sides c and b from values d and a. Assuming VBoom1 ∼ d and

VBoom2 ∼ a, this modulus can be computed as:

|
−→
V h | =

√
(a · d+ b · c) · (a · c+ d · b)

a · b+ d · b
. (4.8)

This wind speed provides an initial point for solving the non-linear equation system, together

with an initial angle α, which can be set, for instance, to 45◦. Although the angle is not

measured in this approach, this coarse evaluation is notably more robust since it can be

applied without any restriction to the set of VBoom1 and VBoom2 values that are provided.

The overestimation from the Whitaker (McAdams, 1954) approach in the CFD studies (see

Figure 4.6) provided a good solution for calculating the wind speed when the wind direction

did not fulfil the retrieval requirements.

4.1.3.3 Wind retrieval algorithm

We propose two levels of precision for wind retrieval calculations as an alternative to the

non-operational REMS WS for night-time wind retrievals or any other future instruments,

such as HABIT. Figure 4.8 describes this concept.

The temperature readings from both REMS ATS rods are first processed and “cleaned” for

use in the calculation of the fluid temperature Tf and the average m-parameter, m, over each

ATS rod estimation. For this step, REMS pressure sensor (PS) values and all temperature

readings must be known, the “confidence level” of each boom must be satisfactory according

to the standards of each instrument so that the measurements are reliable enough, the

uncertainty of the temperature readings must be lower than the differences that are used in

the retrieval, and the temperature profile must be within the validity limits of the model.

Next, the retrieval is applied by assuming that only the normal component to each ATS rod

modifies the temperature profile. The solution of this system provides a coarse intermediate

retrieval, which can provide an approximation of the horizontal wind speed modulus at a

rate of 1 Hz by using Whitaker (McAdams, 1954) modelling for forced convection around

the ATS rods, independent from the wind direction: |
−→
V h| = f(Tf ,m).

In the final step, the refined output is reached. The wind speed provided by the coarse

approach is used as an initial point for solving the non-linear system of equations, assuming

an initial horizontal incidence angle α = 45◦. Here, the retrieval is based on the model of

Fand and Keswani (1972), which provides both the wind speed and direction at a 1-Hz rate

from ATS temperature measurements. This step can be applied as long as the wind direction
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is within the valid region of the algorithm for α (Figure 4.4), where
−→
V h = f(Tf ,m). In both

cases, physical obstacles would affect the retrieval output.

Figure 4.8: Proposed algorithm for wind retrieval on the surface of Mars from the REMS
ATS temperature readings (see text for details). “UNK” refers to an “unknown” value in

the Planetary Data System (PDS) terminology.

4.1.4 Wind data validation against Mars surface dataset

The purpose at this stage of the HABIT development was to provide specific examples

that show proof of concept in the field (i.e., on the surface of Mars) of the developed wind

retrieval method, and not to analyse the entire MSL dataset for every mission sol. Thus,

only a subset of results are shown. These results were compared with REMS WS data

that are publicly available from the PDS (Gómez-Elvira, J., 2013a,b,c). As explained in

section 2.1, REMS nominal measurements consist of the first 5 min of every hour at a 1-Hz

sampling rate, and the WS provides wind speed values averaged every 5 min. In nominal

scenarios, only one point every hour is provided, which is insufficient to properly validate

the retrieval performance. Consequently, this analysis focused on mission sols with more

extended acquisitions; that is, with more hours where REMS was measuring the entire

hour at a 1-Hz rate. Furthermore, to discard possible extra artefacts caused by direct solar

radiation, we considered periods where the Sun was already hidden but the temperatures
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were not yet low enough to arrest acquisition or corrupt the data packages (note that the WS

wind retrievals used for comparison suffer from electronic noise at very low temperatures).

Thus, this analysis mostly focused on evening hours, from 18:00 to 21:00 Local Mean Solar

Time (LMST).

Wind speeds and directions are simultaneously presented to contextualise the rover orien-

tation and wind direction, which affected the validity region of the algorithm and indicated

the presence of physical obstacles. It should be noted that the preferred rover orientation

for WS wind retrieval; that is, with the rover facing the incoming wind with Boom 2, is not

within the valid range for the proposed retrieval. For those sols that were dedicated to wind

measurement campaigns, when more extended WS acquisitions were available, the rover

heading was prioritised according to the needs of the WS retrievals. For the case of Bagnold

Dunes campaign (Newman et al., 2017), some of the sols were suitable for the comparison

of the model with REMS WS values; for example, some sols had extended acquisitions in

the evening and rover headings that allowed the wind vectors to enter the ATS retrieval

model’s validity range.

Next, we discuss a set of six sols as examples of situations where (1) the wind speed and

direction were not properly retrieved, (2) the wind speed estimation was similar to the WS

values when the wind orientation with respect to the rover was not suitable for the refined

retrieval, and (3) the incoming horizontal wind vector was within the limits of the refined

retrieval method and both the speed and angle were similar to the REMS values. These

sols were selected from the 60 sols of the MSL mission with a higher number of extended

acquisitions (a continuous observation of 1 h at 1 Hz) and within the operative time of the

WS (sol 0 to 1491), plus sol 730, in which the extended acquisition was within the optimal

window of time for the evening (from 18:00 to 21:00 LMST).

The measured wind speeds from the coarse method using the Whitaker approach and aver-

aged over 5 min were retrieved (V5mWhitaker). Similarly, both the coarse and refined model

outputs using the Fand and Keswani (1972) approach were calculated for 20-s and 5-min

averages (V20sFand and V5mFand, respectively) in the case of the former approach, and 5-min

averages, V (V 1, α)5mFand, in the case of the refined approach. Even though REMS WS is

not validated for wind retrievals with an acquisition frequency higher than 5-min averages,

the ATS wind retrieved 20-s values were included for two main purposes. The first was to

qualitatively demonstrate that higher-resolution observations of the fluctuating nature of

winds can be achieved with this technique. However, to assess the true validity of these

rapidly varying observations, the actual scale of the ATS time-response to fluctuating winds

should be studied in detail separately by using a reference probe within adequate facilities,

such as a wind tunnel under representative Mars near-surface atmospheric conditions. This

will be the focus of future work. The second was to illustrate how quickly the wind pattern
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can change around REMS, for both the ATS rods and WS; that is, when interpreting these

results, it must be considered that even though both the WS and the new ATS retrieval

are averaged over the same period, the averages are not performed over the same points

in time within that period. This is because corrupted packages for the WS, constrained

to the WS dice outputs specified in section 4.1.2.1, do not have to be corrupted for the

ATS temperatures (such as electronic noise or any of the exclusion factors considered in the

filtering of the dataset when applying the retrieval to the air temperatures, see Figure 4.8),

and vice versa.

Because these 5-min slots for REMS (VWS) did not always include the same points for the

calculated wind speed values from the retrieval, it represented a source of mismatch between

velocity measurements, whose variability can be observed in the 20-s averages. The wind

directions were included using the standard meteorological definition as the direction from

which the wind blows. Here, the winds coming from north direction set the reference at 0◦,

clockwise. The orientation of the forward direction of the rover or XRNAV (“Yaw”), the

angle that was measured by the REMS WS (“AngleWS”), and the angle that was provided

by the refined solution (“AngleFand”) were included in 5-min slots. The values shown are,

in both cases, the most common values, which is the criterion followed by the WS angle

retrieval. Here, the two boundaries that limit the valid range of the refined approach are

highlighted with dashed red lines; that is, valid wind directions that are equivalent to an

α ∈ [12.95◦, 107.05◦] are contained between these two boundaries. The 5-min approaches

may have missed strong velocity fluctuations whose characteristic time was less than 5 min.

Depending on the position, the average was determined from these fluctuations, and the

final value could differ from the REMS values, whose 1-Hz wind-speed oscillations are not

available at the PDS and thus are not considered as validated.

The shadowed regions correspond to situations where the horizontal wind vector was within

the refined valid range between Boom 1 and Boom 2 (including error margins). When

interpreting the results, it must be noted that the actual wind vector may not have been

within the validity region of the refined approach because of the uncertainty of the WS values.

The error bars for the REMS values were included, assuming the reported uncertainty of

20% for the wind speed and ±30◦ for the horizontal wind direction, although these values

have not been confirmed, as discussed in section 2.1, after the recalibration consequence of

the failure of Boom 1 after landing. Wind speed values and orientations from the proposed

retrieval process assumed the same uncertainty as REMS, which was the minimum that the

retrieval could provide because it is validated against REMS WS dataset.

Figure 4.9 corresponds to mission sol 1211 as an example of a retrieval in the evening,

immediately after sunset. As can be observed in Figure 4.9, in this example, the coarse

approach (V20sFand, V5mFand, and V5mWhitaker) was always available, independent of wind
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direction. The Whitaker approach (in green) shows relatively good agreement with respect

to the REMS measurements. Rear winds caused the artificial constant incidence angle that

was measured by REMS (orange) at ∼ 100◦ with respect to North, where no wind speed

measurement was possible with only Boom 2 operative and where both ATS rods were

partially blinded.

Figure 4.9: Results for the evening time from 18:00 to 21:00 LMST on sol 1211 including
the wind speed (VWS) and horizontal angles with respect to North (AngleWS), clockwise, as
provided by REMS WS, and results from the retrieval when applying the proposed Nusselt
number approximations by both Fand and Keswani (1972) (V20sFand in 20-s averages,
V5mFand in 5-min averages) and Van Der Hegge Zijnen (1956) (V5mWhitaker for 5-min
average) in the “coarse” approach, and the Fand and Keswani (1972) for the “refined” case
[V (V 1, α)5mFand] in 5-min averages, where V 1 refers to VBoom1). The rover orientation with
respect to North (Yaw) is included. The shadowed regions are periods when the horizontal
wind vector (including error margins) retrieved from WS data suggested that the true wind
direction was within the boundaries of the “refined” ATS retrieval’s validity (the range of
direction between the red dotted or dashed lines). However, “refined” retrievals are often
missing from the shadowed regions or present outside these regions. This corresponds to
times when the ATS- and WS-retrieved wind directions differed. The wind directions were
included using the standard meteorological definition of the direction from which the wind

blows, with the North direction set as the reference at 0◦, clockwise.

This situation explains why rover operations must be considered for interpreting wind mea-

surements: if the rover is not correctly oriented, the wind retrieval output may not be

sufficiently representative. Similarly, REMS wind measurements were constrained to front

winds; that is, winds coming from the hemisphere in front of the rover (Viúdez-Moreiras

et al., 2019a). Because of the limitations of the wind directions that the WS could retrieve,

typical secondary flows that were present alongside dominant flows could be captured in the

5-min window. This means that within the REMS WS 1-Hz dataset, secondary winds, or
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winds from directions that occurred over only a small portion of the 5-min period considered,

are also counted when performing the 5-min wind speed averages. In contrast, if the rover

is not correctly oriented, the dominant wind directions could be mostly missed and the WS

output would characterise secondary winds. In general, this orientation was not prioritised

for wind measurements, except for a few specific campaigns, such as that described in New-

man et al. (2017). Therefore, the uncertainty in wind measurements may have increased

with respect to the original estimations of Newman et al. (2017) and Gómez-Elvira et al.

(2012). This illustrates why data reported over the entire MSL mission may contain several

biases.

The wind speed and direction from the refined approach, V (V 1, α)5mFand, were reported

when the orientation of the rover allowed the wind direction to enter the validity region of

the retrieval. Low sensitivity to wind direction changes were noted with a wind direction

close to constant. However, the wind directions were close to the edges of the refined

valid range according to REMS WS data, which makes it more difficult to retrieve wind

direction. As expected, the different thermal environments of both ATS rods due to their

different distances from the rover deck made convergence to the right solution difficult. The

retrieval output improved when the wind direction approached α ∼ 60◦. For periods where

the horizontal wind vector entered the validity region of the refined model approach, the

retrieved angles matched the WS angles (allowing for WS wind direction errors of ±30◦ for

front winds of REMS WS) ∼ 66% (2 out of 3) of the time when both REMS WS and the

retrieval output were available. Similarly, for the same period, the coarse retrieval presented,

for an assumed WS wind speed error of 20%, an agreement to the WS values ∼ 38% (3 out

of 8) of the time between 18:00 and 21:00 LMST.

Figures 4.10 - 4.12 presents the results for other sols during the late evening hours from 18:00

to 21:00 LMST. The effect of wind direction variations during evenings, usually clockwise

with respect to ZRNAV (Newman et al., 2017), provided better approximations for some

sols depending on the orientation of the rover at a specific sol.

For sol 730, the wind speeds were underestimated when the wind direction originated from

the front-left quadrant of the rover; that is, wind vectors with -XRNAV and +YRNAV com-

ponents. The rover mast blinded the ATS rod from Boom 1, which was in the viscous

wake, generating notably lower forced convection. When this direction rolled clockwise and

passed the forward direction of the rover; that is, the horizontal wind vectors came from the

front-right quadrant with a -YRNAV component, both ATS rods were adequately exposed to

airflow and the coarse output described a similar profile to that from the WS. From ∼ 19:45

onward, WS retrieval disappeared and the coarse output decreased to ∼ 0; that is, wind

characterisation appeared to become too exigent for the WS onboard sensors. Even though

the velocities may have been too low for REMS WS to detect, the coarse approach retrieved
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Figure 4.10: As in Figure 4.9 but for sols 730 and 996.

some values between ∼ 0.5 and ∼ 2.5 m/s. For the period when the horizontal wind vector

was in the front-right quadrant (-XRNAV and -YRNAV components) and where both yaw

and REMS WS data were available, from ∼ 18:30 onward, the coarse approach and REMS

WS wind speed values reached agreement of ∼ 71% (5 out of 7) of the time when both data

points were available (to within 20%, the assumed error). However, the direction of the

wind was near the boundary of the validity region during the evening of this sol, with only

one measurement for the refined approach to compare with REMS WS direction retrieval

at ∼ 18:30 that matched the REMS value (allowing for WS errors of ±30◦).
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Figure 4.11: As in Figure 4.9 but for sols 1096 and 1169.

A similar situation was observed during sol 996 and sol 1096. In the former, a clear roll

of the wind direction between 18:00 and 21:00 LMST is visible. Before 19:00, the wind

direction was still within REMS WS retrieval’s valid range (i.e., the front-left quadrant),

with an underestimation of the coarse output. Between ∼ 19:00 and ∼ 19:25, the oscillation

in direction values was outside the field of view of the WS; that is, winds came from the

rear-left quadrant (+XRNAV and +YRNAV components), and again from ∼ 19:35 to ∼ 20:35,

with a short 10-min period from ∼ 19:25 to ∼ 19:35 when winds entered in the front-left

quadrant. From ∼ 20:30 onward, winds finally entered the front-right quadrant (-XRNAV

and -YRNAV components). Here, the coarse description seemed to be close to REMS WS
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Figure 4.12: As in Figure 4.9 but for sols 1172 and 1416.

speeds. In the shadowed region, the coarse approach provided the wind speed, allowing for

REMS WS errors of 20% in speed, for ∼ 53% (8 out of 15) of time between 18:30 and 21:00

and for ∼ 88% (7 out of 8) of the time from 19:30 onward when WS points were available.

The more restrictive conditions for the refined output only provided one horizontal wind

vector point within the valid region that matched the WS speed and direction values at ∼
20:45.

During sol 1096, most of the evening had winds coming from the front direction, oscillating

between the front-left (-XRNAV and +YRNAV components) and front-right (-XRNAV and



CHAPTER 4. HABIT wind retrieval application to REMS data on Mars 102

-YRNAV components) quadrants, because of the orientation of the rover, which was suitable

for REMS WS but outside the valid retrieval region for the refined output. This situation

clearly exposed the limitations of this retrieval, providing wrong angles from 18:00 to ∼
19:55 according to REMS WS data. From ∼ 19:50 onward, the roll of the wind direction

allowed the refined retrieval to match 90% (9 out of 10) of the time the WS directions when

both data points were available within the valid region (to within ±30◦, the assumed WS

error for front winds, and to within ±45◦, the assumed WS error for rear winds), and ∼ 69%

(9 out of 13) of the time if we considered from 18:00 onward. The coarse approach, however,

described the wind speed in agreement to the available REMS WS speed values (to within

20%, the assumed WS error) for ∼ 77% (17 out of 22) of the time between 18:30 and 21:00,

demonstrating its robustness toward wind direction oscillations. During sol 1169, where from

∼ 19:15 to ∼ 20:25, desired orientations for the refined approach were dominant according

to REMS WS values, the agreement between WS speed values and retrieval values, allowing

for WS errors of 20%, was ∼ 69% (9 out of 13) of the time in the coarse case according to

the available WS data points. In the shadowed region, the refined algorithm recorded wind

speed and directions that matched, assuming WS errors of 20% in speed, ±30◦ in front wind

orientations, and ±45◦ in rear winds, ∼ 69% (9 out of 13) and ∼ 77% (13 out of 17) of the

time, respectively, to REMS WS values (when available).

A similar case was observed in sol 1172, where the refined direction output matched the

REMS WS values when coming from the front-right quadrant (-XRNAV and -YRNAV com-

ponents) at ∼ 20:45. The coarse approach provided a worse estimation of the wind speed

with respect to sol 1169 the more that the dominant wind orientation approached the rover’s

front direction, clockwise. This result could be explained by mast wake interference. From

18:00 to 19:00, the dominant wind directions came from the front-left quadrant (-XRNAV

and +YRNAV components); that is, outside the valid region of the refined approach. How-

ever, even though the estimated directions are different with respect to the WS direction

data points, the wind speed values of this approach matched, allowing for WS errors of 20%,

the WS values ∼ 60% (6 out of 10) of the time until ∼ 19:05, when the refined estimations

were available. Similarly, the coarse approach agreed with WS values ∼ 66% (8 out of 12)

of the time for the same period when the coarse estimations were available. As can be

observed, 19:00 to 20:00 was not an extended-acquisition hour, which supports the need to

use extended-acquisition sols to compare the proposed retrieval with REMS measurements.

From 20:00 onward, the WS wind direction margins reached the boundaries of the refined

approach and moved into this region over time. However, both coarse and refined retrievals

underestimated wind speed according to the WS. Between 18:00 and 21:00, the refined wind

direction estimations matched ∼ 63% (5 out of 8) of the time to the WS directions when

the horizontal wind vector was included in the defined retrieval’s valid region (the shadowed

region in Figures 4.10, 4.10 and 4.10).
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Finally, sol 1416 closed the analysis with a different rover orientation. This sol was part of

the wind-measurement campaign in Bagnold Dunes (Newman et al., 2017). As can be seen,

the orientation of the rover, which was set for REMS WS measurements, was not appropriate

for the proposed algorithm with respect to the dominant wind directions because the rover

front direction was outside the valid measurement region of the refined approach, partially

blinding the ATS rod from Boom 1. However, because of the oscillation of the wind around

the rover front direction, the refined solution partially captured the wind pattern. When the

WS directions entered the valid region of the refined retrieval (to within ±30◦, the assumed

WS error for front winds, and to within ±45◦, the assumed WS error for rear winds); that

is, between 18:05 and ∼ 18:50, the refined model values matched the WS direction data

points 80% (4 out of 5) of the time, and the coarse approach agreed ∼ 78% (7 out of 9) of

the time with REMS WS wind speeds for the same period (to within 20%, the assumed WS

error in wind speeds).

Considering the refined wind direction results for the sols analysed, we noted that wind

directions within the validity region for α angles were also retrieved when the WS values

were clearly outside this range. This could be explained by considering the 1-Hz data used

for the 5-min averages, which is never the same for each retrieval. Because the refined

approach only provides data when the wind directions enter the valid region, this approach

might provide the average of wind speed and most common direction for only a few data

points in the entire 5-min dataset. This means that the 5-min average of these few cases

would correspond to non-dominant winds; that is, only those winds that, for a short period,

entered the valid region.

In contrast, we observed that most of the congruent results for wind directions took place

when the WS values entered the valid region of the model, where the error bars of both WS

and refined retrieval were large enough to cover most of the valid orientations. In this case,

no secondary winds affected the refined averaged direction values; that is, now the dominant

wind direction was contained in the valid region. However, the low sensibility to direction

changes suggests that the conditions established for the refined approach to provide any

output may be too strict to give more information than just the average wind speed and

the most common direction of a few points within the 5-min averages close to the optimum

(i.e., α ∼ 60◦).



CHAPTER 4. HABIT wind retrieval application to REMS data on Mars 104

4.2 Conclusions of the comparison between the REMS WS

and the wind retrieval when applied to REMS ATS data.

A novel method based on available REMS/MSL ATS temperature data from the PDS

(Gómez-Elvira, J., 2013a,b,c) has been tested and is proposed as an alternative technique

that may eventually be able to provide the NASA MSL mission with wind information, after

the complete failure of the WS reported in sol 1491. We illustrated our methodology with

a few evening scenarios of REMS Martian observations, from 18:00 to 21:00 LMST, and for

a limited range of horizontal wind directions.

The algorithm was applied to several MSL sols as examples of the different limitations and

potentialities of the retrieval method. Assuming a REMS WS error of 20% in wind speeds,

we demonstrated agreement between the retrieval wind speed “coarse” estimations and the

WS wind speed data points from ∼ 36% to ∼ 69% of the time between 18:00 and 21:00

LMST. This estimation did not require the wind orientation to be previously known.

Similarly, assuming a REMS WS error of ±30◦ in front wind orientations (winds approaching

the Curiosity rover from ±90◦ with respect to the front direction or +XRNAV ) and ±45◦

in rear winds (winds approaching the rover from +90◦ to 270◦ with respect to +XRNAV ),

the retrieval “refined” wind directions coincided with the WS direction values between 60%

and 80% of the time between 18:00 and 21:00 LMST when the dominant wind direction was

within the established validity region, α ∈[12.95◦,107.05◦]. Here, α is the horizontal angle

clockwise from REMS Boom 2, pointing to the front of the Curiosity rover, relative to Boom

1. However, from the 5-min wind direction comparison, we concluded that this technique is

still under development, as it cannot yet determine whether the wind direction is within the

range of wind directions for which the method is deemed to be suitable. Nevertheless, this is

a promising method for wind speed retrieval, provided that the wind direction is within the

validity region; the analysis of angle of incidence is more relevant as a method to determine

the region of applicability than as a procedure to retrieve wind orientation. For this valid

region, agreement of coarse wind speed with WS speed values (to within 20%, the assumed

error) increased to ∼ 77% of the time between 18:00 and 21:00 LMST.

Furthermore, a new optimal orientation for future rover wind retrievals of 60◦ clockwise

from +XRNAV can be inferred from the model, as an alternative to the currently preferred

front orientation for REMS WS acquisitions, which would maximise wind characterisation

based on the two ATS, instead of the one single WS boom that was used before.

The validation presented in this work cannot offer a resolution higher than the reference

used; that is, REMS WS 5-min averages. The validation is also constrained to existing
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uncertainties of this reference when computing the 5-min points from the 1-Hz WS mea-

surements; retrieval and WS present different definitions for the 1-Hz corrupted packages.

The thermal equilibration time of the REMS ATS is reported to be 20 to 80 s (Gómez-Elvira

et al., 2014), which may limit the applicability of this method for shorter periods of time.

Finally, the method has been tested only for evening hours, to avoid direct solar radiation

and the usual rapid air temperature changes during the day-time on Mars. In this work, we

did not explore the application of the retrieval to night-time conditions beyond 21:00 LMST,

when the high electronic noise may affect temperature data availability for the application

of the retrieval and WS wind data for comparison.

This method could extend the wind characterisation of the Gale Crater for future Curios-

ity rover data acquisitions by re-analysing air temperature measurements and provide the

scientific community with a data set for future comparative analysis with the Tempera-

ture and Wind Sensors for InSight (TWINS)/InSight, the HabitAbility: Brines, Irradiation

and Temperature (HABIT)/ExoMars 2020, and the Mars Environmental Dynamics Ana-

lyzer (MEDA)/Mars 2020 rover instruments. Previous research with similar purposes has

been developed in past missions such as the reconstruction of Viking Lander wind sensor

data from its unheated cylinders, as described by Murphy et al. (1990) and Kynkäänniemi

et al. (2017), which proved the usefulness of such works for the maximisation of a Martian

scientific mission output.

After this work, the development of the HABIT wind speed retrieval had reached the ma-

turity to be tested in a wind tunnel facility that could reproduce the Martian near-surface

atmospheric conditions. Part III, including Chapters 5 and 6, is dedicated to the calibration

and testing of the HABIT EQM and FM.
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CHAPTER 5

HABIT EQM qualification campaign

After the final manufacturing and delivery of both the HABIT EQM and FM, on July 2019,

a series of tests had to be performed by the HABIT LTU team for each sensor to calibrate

the output of the instrument under operational representative conditions. These tests had

to be performed before the delivery of the FM for its integration into the Kazachok SP.

5.1 HABIT EQM testing campaign at IRF TVAC facility

This section summarises the results from the HABIT EQM tests performed in May 2019 at

the IRF, in Kiruna (Sweden), in collaboration with Omnisys Instruments AB. In particular,

the data analysis presented here allowed to detect some issues which were later on corrected

on the FM. The tests were also useful to check the regular operation of the HABIT instru-

ment under different thermal scenarios (including those where heating was acting on the

electronics because of the instrument self-heating survival mode).

The tests were performed within the IRF TVAC facility as part of the qualification tests.

It has to be noted that the tests performed on the EQM were not meant for calibrating the

ATS, but for thermal vacuum qualification. The tests did not include a dedicated probe to

quantify the ambient temperature around the instrument or in the vicinity of the ATS rods

in vacuum configuration. The time scales of the heating and cooling processes were derived

from this campaign, and the lower limits of temperature detection because of thermal offsets

in the pt1000 readings.

Figure 5.1 presents an overview of the ATS Pt1000 response for all the tests performed at the

TVAC. Six different qualification tests were performed with the HABIT EQM sequentially

and without any interruption. Table 5.1 shows a summary of the purpose of each test. The

temperature readings of the external thermocouples are shown in Figure 5.1. The tests did

not include a pressure sensor.

Next, an overview of the output values of each Pt1000 sensor is shown. In these tests, the

temperature readings TBase, TMid and TT ip correspond to Tb, TLn and Ta, respectively.
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Test Description

1 Vacuum with no temperature control at ambient conditions

2 Start-up from hot case

3 Start-up from cold case

4 Operation under cold case conditions

5 Instrument ON when cooling down

6 Heating CU at 100% starting at a cold case

Table 5.1: Overview of the tests performed at the TVAC on the HABIT EQM.

Figure 5.1: External thermocouple readings from the tests performed at the TVAC in
Kiruna by Omnisys Instruments AB on the HABIT EQM. Probes T1, T2, T3, T13, T14
are located over the HABIT structure, and “T Shroud” refers to the sensors attached to
the inner chamber walls. The location of the probes on the EQM is described in Table 5.2.
“TF” and “S” refer to “Top Front” and “Side”, while “BB” and “BF” refer to “Bottom

back” and “Bottom Front”, respectively.

5.1.1 Test 1: Vacuum with no temperature control

The first test corresponds to a scenario where the HABIT EQM is within the TVAC chamber

under ambient temperature and vacuum conditions.

In this test it was observed that, even in equilibrium conditions, such as the scenario of

this test after the initiation of the instrument data acquisition, the power consumption of

the electronics induced self-heating of the CU of up to ∼ 2◦C. This self-heating unavoidably
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Probe Location

T1 CU “dark” side; i.e., it sees only radiative sink but no direct sun simulation

T2 CU attachment bracket

T3 Topside of EU (UVS surface)

T13 Lower lid of the EU

T14 Actual EU PCB temperature

Table 5.2: Description of the external temperature probes placed on the HABIT EQM.

Figure 5.2: HABIT EQM temperature readings from Test 1.

induced a temperature difference with respect to the external environment and also a thermal

gradient along each ATS rod. The scenario here described can be observed on the CU probe

readings in Figure 5.2. During the time of self-heating, the ATS and the CU changed their

temperatures to a new equilibrium condition reflected by the stable temperature profiles at

a slightly warmer temperature than the initial values.

In the absence of heating sources, the ATS rod profiles should present the highest temper-

ature at the base of the rods, the lowest at the tips, and an intermediate temperature at

χ = 1/4. However, the experiments showed TMid < TBase < TT ip for the three ATS; for

ATS1 readings they seemed to converge to TBase = TT ip.

From the analysis of this test, the order of magnitude of the temperature offsets along the

ATS rods due to self-heating was quantified.
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Figure 5.3: Detail view of the HABIT EQM temperature readings from Test 1.

Figure 5.4: Temperature differences TBase–TMid and TBase–TTip of each ATS sensor from
the HABIT EQM temperature readings during Test 1. For this case, and given the fact that
the container unit is warmer than the environment, TBase − TMid and TBase–TTip should
be positive, and |TBase–TTip| > |TBase − TMid|. The ATS3 shows an abnormal behaviour.
Note: ATS2 data cannot be used as the Pt1000 located at tip was not operating correctly.
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The Pt1000 sensor located at the tip of the ATS rod 2 measured incorrectly 69◦C for all

the tests performed during the campaign. The sensor was replaced for the calibration tests

performed later on with the EQM at the SpaceQ chamber (see Chapter 6) and wind tunnel

(see Chapter 7). It was also observed that the system took around 2 hours and 30 min

to achieve equilibrium under laboratory ambient conditions. A closer view can be seen

in Figure 5.3. Figure 5.4 shows the temperature differences found along the ATS rods at

ambient conditions when the EQM was on.

The non-calibrated offsets between Pt1000 sensors observed on the ATS rod 3 were of the

same order of magnitude than the temperature differences along the ATS rods, and thus,

the temperature profile did not correspond to a rod heated at the base at a constant heat

flux. This scenario should have provided positive temperature differences, as it is observed

for the ATS rod 1.

5.1.2 Test 2 to Test 6

In the Annex A, the results of the different qualification tests performed on the HABIT

EQM within the IRF TVAC facility are briefly commented. The results have been included

for completeness.





CHAPTER 6

Calibration of the ATS/HABIT EQM

and FM

6.1 HABIT EQM testing campaign at LTU SpaceQ chamber:

ATS calibration

The calibration tests on the HABIT EQM were performed at Omnisys Instruments AB

facilities and LTU laboratories. Due to the schedule of production and qualification of the

different HABIT models delivered by the industrial partner (Omnisys Instruments AB), the

calibration tests were first performed on the FM in the cleanroom environment at Omnisys

Instruments AB, and prior to the delivery to the ESA office in Moscow. Once the FM was

safely delivered, the EQM, which serves as spare, was moved from the cleanroom to the

laboratories of LTU for further calibration and testing. The EQM is equal in every part

to the FM, and thus the sensor calibration should be equivalent for both. The calibration

of the EQM ATS was performed at LTU SpaceQ chamber (Vakkada-Ramachandran et al.,

2019).

Figure 6.1: HABIT EQM calibration setup at the LTU SpaceQ chamber.

Figure 6.1 shows the SpaceQ TVAC chamber at LTU and the setup used for the calibration

of the EQM ATS Pt1000 temperature sensors. As it can be observed, the dimensions of the
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chamber, of 30 x 30 x 30 cm3, were very small with respect to the EQM structure dimensions,

and it was not possible to use the fixation plate that held HABIT during the TVAC tests at

IRF. This fixation plate partially reproduces the relative orientation and thermal contacts

between HABIT EU and CU. Instead, as it can be seen in Figure 6.1 (right), both the CU

and the EU were directly in contact with the cold plate. The CU was aligned along the

edge of the refrigerating plate; with this configuration, the possible interference of this plate

on the temperature profiles of ATS rod 1 and ATS rod 3 would be at least similar. This,

however, would not prevent the three sensors from perceiving a different ambient absolute

temperature.

Figure 6.2: HABIT EQM Pt1000 temperature readings calibration at the LTU SpaceQ
chamber. The calibration was performed under ambient temperature and constant pressure
conditions, i.e., temperature T ∼ 20◦C and P = 7.1 mbar. The reference ambient temper-
ature was provided by a Vaisala HMT 334 probe, with a Pt100 RTD Class F0.1 IEC 60751
temperature sensor of ±0.2◦C accuracy at T = 20◦C. Offsets were added to the Pt1000
readings of each ATS rod to remove the nominal temperature profile as a consequence of

the EQM switch-on.

Figure 6.2 shows the EQM ATS calibration results. The calibration of the Pt1000 sensors

inserted at each ATS rod was performed by adding offsets to their temperature readings

that fit the ambient temperature measured by an external reference sensor. The latter was

a Vaisala HMT 334 probe, which includes a Pt100 RTD Class F0.1 IEC 60751 temperature

sensor with an accuracy of ±0.2◦C at T = 20◦C. This allowed subtracting the systematic

shift produced by the electronics self-heating. This phenomenon was previously observed

in the TVAC tests at the IRF (see Figures 5.2 and 5.3). Any other added temperature

gradient along the ATS rods would be then caused by heat-flux from the platform to which

the instrument is attached, and the heat-flux interaction with the surrounding environment.
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Thus, in order to set a constant temperature within the SpaceQ chamber for the calibration

of the ATS, within the error of the reference probe (±0.2◦C), and maintain thermal gradients

for a period of time of at least 1 hour, the calibration was performed at ambient temperature.

Figure 6.2 shows the results of the calibration of the Pt1000 temperature readings with the

Vaisala HMT 334 reference probe.

As it can be observed in Figure 6.2, despite the fact that the temperature was not completely

constant during the 2.2 hours test, the temperature increase within this time was of the

order of 0.2◦C, which is of the same order of magnitude of the errors of the reference probe.

The data for this calibration was recorded 3 hours and 45 min after the switch-on of the

instrument, assuming the stabilisation time of 2 hours 30 min observed at the TVAC facility.

This rise in ambient temperature was then associated to the laboratory ambient temperature

increase over time.

6.2 The HABIT Flight Model

The HABIT FM is equal in components and fabrication processes to the EQM. Because

the FM is expected to land on Mars, it required following additional cleaning and handling

protocols; the instrument was kept under ISO-5 conditions permanently within a laminar

flow cabinet. Figure 6.3 shows the HABIT FM and the supporting plate used for testing

within this laminar flow cabinet. Figure 6.4 shows a detail view of one of the three ATS

rods attached to the HABIT FM CU structure.

Figure 6.3: HABIT FM overview during the calibration campaign at Omnisys facilities.
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Figure 6.4: Detail view of ATS rod 1 attached to the side of the HABIT FM CU, and
partial view of the frontal ATS rod, ATS2. Three Pt1000 thermistors are located at x = 0,
x = L/4 and x = L in order to record the temperature at the base, Tb, at the intermediate
point, TLn, and at the tip of the rods, Ta. The Pt1000 at the base of the rod, x = 0, is not

visible. Published in Mart́ın-Torres et al. (2020).

6.2.1 Calibration of the ATS/HABIT FM

In this section the ATS/HABIT FM calibration procedure, and some preliminary results of

the testing campaign are explained. The calibration of the thermistors on the FM ATS was

performed close to vacuum conditions in a TVAC chamber available at Omnisys Instrument

laboratories (Gothenburg, Sweden). Figure 6.5 shows the setup for this calibration test

within this chamber. The test was performed at ambient temperatures for 12 hours using a

reference temperature probe HEL-705-T-0-12-00 with an accuracy of ±0.5◦C or ±0.8% at a

constant pressure of 1 · 10−6 bar.

The pressure at the chamber was monitored by a “Leybold TR-211 Thermovac Pirani Vac-

uum Sensor”. The probe was fixed close to the ATS rods to expose the sensor, as much as

possible, to a similar radiative environment. In this test, all the nine temperatures provided

by the Pt1000 were fit to the reference probe. For this, as was done before in the calibration

of the prototypes and the EQM, an average offset with respect to the reference ambient

temperature probe was calculated using the measurements of each sensor. This allowed to

remove the initial temperature profiles originated from the self-heating of the instrument

when switched on. Because HABIT measures at 1-Hz the first 5-min of every hour in nom-

inal acquisition mode, the instrument was configured to perform an extended acquisition of

3 hours at 1 Hz for the calibration. The differences were corrected with the averaged offsets
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Figure 6.5: Setup of the HABIT FM for the ATS calibration under vacuum conditions and
reference temperature probe HEL-705-T-0-12-00 within the Omnisys Instruments TVAC

facility. Published in Mart́ın-Torres et al. (2020).

that each thermistor presented during the central hour of the extended acquisition period.

The results of the calibration can be observed in Figure 6.6.

During the ATS calibration the reference probe presented an oscillation of ±0.1◦C limited

by the capability of the thermal plate that was set to maintain the HABIT structure tem-

perature at 25◦C. However, it should be noted that the overall accuracy of the probe for

the temperatures tested is around ±0.2◦C, which makes this variation negligible. Figure 6.6

(Below) shows the context of the calibration performed in terms of accuracy. As it can be

observed, the stability of the Pt1000 readings in this hour of extended acquisition is clear,

always contained within the boundaries of the errors of the reference temperature probe. As

a result of this calibration, the Pt1000 measurements at each rod were capable of measuring

temperatures at a resolution of 0.05◦C and with an accuracy of ±0.2◦C.
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Figure 6.6: Results of the ATS calibration under ambient (T = 25◦C) and vacuum
(P = 1 · 10−6 bar) conditions. (Above) The temperatures provided by each Pt1000 were
corrected against the HEL-705-T-0-12-00 reference probe (TProbe) during the central hour
of a 3-hours extended acquisition period. (Below) As before but including the temperature

probe HEL-705-T-0-12-00 absolute error of ±0.8%.
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CHAPTER 7

HABIT wind retrieval validation cam-

paign at the AWTS

The concepts and results of this chapter have been included in Soria-Salinas et al. (2020b).

In this chapter, the results of the tests performed with the HABIT EQM within the Aarhus

Wind Tunnel Simulator (AWTS) facility of the Aarhus University are discussed. As the

HABIT FM could only be manipulated in cleanroom environments, the EQM, which is

identical to the FM, was used for this campaign. The tests were performed with the purpose

of checking the correct functioning of all the EQM sensors under representative Martian

surface conditions in terms of air density, composition, and wind speeds, and to calibrate

the ratio of two parameters which are critical for the heat-flux model: the emissivity and

thermal conductivity of the ATS rods. Furthermore, the facility allowed us to test the wind

speed retrieval algorithm developed from the m-parameter model, and already applied to

the REMS ATS readings, on the HABIT EQM.

7.1 The AWTS facility

The AWTS facility consists of a low-pressure CO2 climate chamber that includes an internal

re-circulating system capable of reproducing low wind speeds of up to 20 m/s. The chamber

is cylindrical, of about 8-m length and 2.5-m width, although the internal effective diameter

for testing, free from wall-effect disturbances, is ∼ 0.4 m. The wind generating system is

powered by an electric motor Danfos VLT5001 that, located outside the vacuum chamber,

moves an internal fan; the fan is magnetically coupled. The tunnel presents an internal shell

that can be de-pressurised to typical Martian surface pressure values (6-10 mbar). The shell

is surrounded by an aluminium flange with a long copper coil pipe internally sealed.

For simulating Martian temperatures, liquid Nitrogen (LN2) is passed through the copper

pipe to reduce the chamber temperature down to typical Martian surface cryogenic values.

The cooling of the chamber however can take several hours and consumes 10 litres of LN2

per hour, which makes this option of the facility expensive and inefficient, and thus it is only
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used when it is strictly necessary. A radial thermal gradient of 30◦C is found between the

flange and the inner measuring region of the tunnel, which makes necessary to cool down the

tunnel to -90◦C to reproduce a typical Martian surface temperature of -60◦C in the testing

area. This strong, unrealistic, thermal gradients within such a small volume are undesired

for the heat-flux tests that are here described. Because of these reasons, all the tests were

implemented at ambient temperatures.

To simulate typical Martian surface pressures, the gas within the chamber is evacuated

through an Edwards single-stage rotatory pump. The pump allows to reach pressures of

about 1 mbar in 1 hour. The whole process is monitored with a Pfeiffer TPR265 pressure

sensor. This pressure sensor operates optimally only for P < 1 mbar, which are lower

than the typical operating pressures within the tunnel, and is meant for air (i.e., not CO2),

presenting an error of 20% for pressure readings up to 100 mbar. The tunnel is also capable

of simulating Martian dust, whose effect is critical for the operations of some instruments

that were sent to the Martian surface. These characteristics makes the tunnel suitable for

the testing of instrumentation designed to operate on the surface of Mars, such as HABIT,

as well as unique.

The wind flow regime offered by the tunnel was characterised in early studies by a com-

mercial Dantec Laser Doppler Anemometer (LDA) system. For nominal configurations, the

generated fluid flow presents a turbulence value of about 16% for wind speeds U∞ > 3 m/s,

which can be reduced to around 4% for most of the wind speeds in the range U∞ ∈ [0, 10]

m/s when a double nylon mesh is installed at the beginning of the tunnel. This mesh gener-

ates, however, a pressure gradient in the fluid flow that reduces the correlation between the

fan rotation frequency and the wind speed; that is, the mesh limits the maximum generated

wind speeds to lower values of the order of 8 m/s. Similarly, the tunnel has cooling fins that

can also be installed to reduce turbulence and the temperature gradient across the tunnel

section, by circulating LN2 through them. However, these fins introduce a limitation in the

maximal testing velocities. As can be seen in Figure 7.1, the fluid flow circulates towards

the location where the HABIT EQM was installed when suctioned by the fan that stands

behind. The flow is then re-circulated back to the front of the tunnel through the sections

that are above and below the two central horizontal panels.

The 2-days wind-tunnel campaign performed with the EQM at the AWTS had the main

purpose of validating and calibrating the wind sensing retrieval under representative Martian

surface atmospheric conditions before the delivery of the FM to IKI. Given the limited

amount of time, the wind orientations tested were then selected to maximise the information

when analysing data. Test 1 was performed under fluid flows coming from α = −90◦ with

respect to the CU frontal direction (X-axis, see Figure 7.2), where the ATS rod 2 (ATS2) was

exposed to unperturbed normal flows. Test 2 was performed under fluid flows coming from
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Figure 7.1: (Left) HABIT EQM setup within the AWTS. The instrument is attached
to an aluminium plate mimicking the attachment to the Kazachok Surface Platform. The
aluminium plate was attached to a mast that could rotate in the horizontal plane. In the
backside, the suctioning fan of the tunnel is visible. (Right) Cross-section of the wind tunnel
during the installation of the HABIT EQM. The upper and lower horizontal aluminium
plates that separate the testing area from the re-circulating flow are visible. The tunnel
windows and available flanges for the cabling connections can be seen on the walls of the

tunnel.

α = 0◦; that is, where ATS rods 1 and 3 (ATS1 and ATS3) were exposed to ideal unperturbed

normal flow conditions. The angle of incidence α was controlled, with a resolution of 0.1◦,

by a rotating mast to which the EQM and aluminium plate were attached.

7.2 HABIT EQM performance under representative Martian

near-surface winds

The cooling system of the tunnel was not used in the testing campaign. As it was mentioned

in the previous section, the tunnel requires a considerable amount of LN2 and time that

makes ineffective and expensive its use. Furthermore, as it was exposed in section 5.1, the

low-temperature performance of the EQM was already evaluated at the tests performed

within the TVAC of the IRF. Since the main reason for this campaign was the evaluation

of the m-parameter model under representative Martian near-surface winds, the tests at

the AWTS were performed under ambient temperature conditions. Artificial heating was

required to generate the thermal gradients on which the m-parameter model is based. On

Mars, this gradient is not created artificially by the instrument, but as a consequence of the

thermal coupling of the instrument to the SP.

The validation of the wind retrieval on Mars surface by applying the algorithm to the

REMS ATS temperature data was based on the thermal gradients naturally created due

to the difference in temperatures between the massive platform (Curiosity rover) and the
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ATS 3
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Top view

ATS 1 ATS 2 ATS 3 ATS 2ATS 1

Figure 7.2: Schematic views of the HABIT EQM setup for the AWTS tests. The ref-
erence system for the tests has been included in the top view, as well as the definition of
the horizontal wind angle α for a horizontal wind vector Vh. For simplicity, the HABIT
Electronics Unit (EU) has not been included in the drawings. A section of the aluminium
plate used for the fixation of the instrument is included to show a more detailed view of

the assembly.

thin Martian air. Even though the thermal gradients generated by the Kazachoc SP will

probably be different from the gradients observed on the Curiosity rover (which carries a

radioisotope thermoelectric generator as a power source), this is not expected to be an issue

for the functioning of the retrieval; that is, the m-parameter estimation does not depend on

absolute temperature values, but on the ratio between temperature differences. As it was

shown in section 3.4, higher absolute value of these temperature differences could provide the

retrieval with a better resolution. Because the ATS Pt1000 thermistors present a resolution

of 0.05 K, if the temperature gradient is not strong enough the temperature differences could

fall into values similar or lower than the resolution of the sensors. This would “blind” the

retrieval for those wind speeds.

For these tests we used the heating system of the HABIT CU; though the heaters are de-

signed to dehydrate the salts contained in the CU and thus, not meant to be used for this

purpose. Because it is designed to provide heat under Martian night-time surface tempera-

tures (i.e., lower than −30◦C, down to −100◦C), the heating system was set here to operate

at only 60% of its capacity. The pressure in all the tests performed was also constant and

P = 9.9 mbar.



CHAPTER 7. HABIT wind retrieval validation campaign at the AWTS 127

The AWTS wind speed is controlled by modifying the revolutions per minute (RPM) of

the tunnel inner fan from a control room. Thus, no direct control over the exact wind

speed was available when performing the tests, but the exact RPM of the fan. A typical

relationship between RPM and wind speeds values of U∞ = RPM/60 m/s was used to pre-

set the desired range of wind speeds during the testing campaign according to the AWTS

technicians’ instructions. After the tests, the wind speed of the free flow of CO2 in the

wind tunnel was calibrated using a set of fifteen predefined RPM values between 60 and

960 RPM of the fan and the resulting axial wind speed values measured by a Dantec Laser

Doppler Anemometer (LDA) system at ∼ 0.5 m before reaching the testing area. For each

of these points, the RPM and the LDA values were averaged over 2 min. Figure 7.3 shows

the results of this process and the linear interpolation used to transform, for each HABIT

test, RPM to wind-speed values. It has to be remarked that despite the accuracy that this

technique may have, the calibration was not performed during the tests and it relies on the

hypothesis that the correlation function estimated between RPM and m/s was maintained

during the two previous testing days.

Figure 7.3: Calibration of the AWTS wind speed. Linear interpolation has been imple-
mented for the correlation between the wind tunnel fan RPM and the LDA wind speed
values in the axial direction of the tunnel. The linear fit function, the R-squared value, and

the standard deviation σd are also included.

Next, the temperature retrieval from each ATS rod and the m-parameter output from each

test are shown in Figure 7.4. It can be observed that in both tests, several wind speeds were

set in the tunnel from low to high values. The tests were performed in such a way that each

wind speed tested was maintained during 10 min. After estimating the RPM corresponding

to the wind speed values through the LDA calibration function, 10-min wind speed averages
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Test 1: α = −90◦, P = 9.90 mbar

RPM 60 120 240 360 480 600 720

[m/s] 0.81 1.73 3.59 5.46 7.34 9.21 11.08

Test 2: α = 0◦, P = 9.90 mbar

RPM 60 120 180 240 300 360 420 480 540 600 660 720 780 840 960

[m/s] 0.81 1.74 2.67 3.59 4.53 5.46 6.40 7.34 8.27 9.21 10.15 11.08 12.01 12.94 14.82

Table 7.1: RPM and equivalent wind speeds tested in the AWTS at α = −90◦ (Test 1)
and α = 0◦ (Test 2) according to the LDA calibration function.

were computed. VTunnel refers to the free stream speed, U∞, correlated to the RPM values

recorded and following the calibration function of Figure 7.3.

At α = 0◦ (Test 1), front winds reached both ATS rod 1 and ATS rod 3 in the same

conditions, since the CU is symmetric with respect to the X-axis. However, in Figure 7.2 it

can be observed that the experiment plate to which the CU is attached is not symmetric.

This asymmetry represents a potential source of mismatch between the actual wind sensed

at the locations of both rods; that is, the subsonic fluid flow does not surround both sensors

in the same way because of different nearby obstacles.

The RPM set in Test 1 and Test 2 and corresponding wind speeds obtained from the LDA

calibration function are included in Table 7.1. As it can be observed in Figure 7.4, the

temperature values in the container unit, TCU , were decreasing with the increase of the

tunnel wind speed values, as expected, until these values reached VTunnel ∼ 8 m/s. Beyond

this speed value, it is observed how the temperature of the gas flow first stabilises and then

increases for higher values of wind speed. The temperature measured by the probe in the

tunnel, on the other hand, is approximately constant until V ∼ 5 m/s, but it increases for

greater wind speeds. The reason for this phenomenon is, according to the responsible staff

of the facility, the overheating of the gas flow when circulating through the tunnel because

of the friction with the tunnel’s walls and fins. This value used to be at around 14 m/s,

but since the cooling fins were installed, although not used, during the tests, the threshold

values decreased to the range of ∼ 6 m/s. This heating effect is artificial and a limitation

of this testing facility. Thus, beyond 8 m/s, where the TCU starts to clearly increase, the

context of the analysis cannot be described completely; that is, beyond this point not all the

variables change as if they were under open atmospheric conditions. The presence of these

fins also reduced the nominal turbulence of the tunnel, and thus, this configuration was

better for low-speed tests. This abnormal behaviour of the gas flow temperature raising was

also observed in the retrieval of the fluid temperatures of each ATS rod and the m-parameter
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Figure 7.4: HABIT EQM m-paremeter and Tf output for front winds and lateral winds
within the AWTS, i.e., α = 0◦ and α = −90◦, respectively. A set of fifteen different
measurements were taken from fan revolutions between 60 and 960 RPM, which according to
the LDA calibration values correspond to wind speeds VTunnel ∈ [0, 15] m/s, approximately,
for the test at α = 0◦. For the test at α = −90◦, a set of eight different measurements were
taken from fan revolutions between 60 and 840 RPM, i.e., for wind speeds VTunnel ∈ [0, 13]

m/s. See Table 7.1 for the specific recorded free stream speed values.
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values. The analysis of the wind retrieval exposed in the next section is thus performed only

considering wind speeds VTunnel . 11 m/s.

As it can be observed in Figure 7.4 for the test at α = 0◦, the m-parameter provided by

both ATS rod 1 and ATS rod 3 were slightly different, which could already be foreseen as

the thermal profile along each rod is different. The actual distance of separation between

the lateral ATS rods and the ExoMars SP is in fact comparable to the configuration of the

ATS 3 (not shown). This means that ATS1 is placed, for this testing campaign, in an almost

blind configuration as it is too near the solid fixation plate; at the time of the AWTS testing

campaign no other holding mechanical piece qualified for the HABIT EQM was available.

However, this asymmetry may be of interest for us to interpret the interference placed by

nearby objects on the wind flow and on the retrieval method. Also, the asymmetric fixation

of the CU to the platform could also introduce an asymmetric thermal distribution in the

CU structure, which could partially explain the strong differences between the ATS Pt1000

thermistors located at the base of each rod and that are not exposed to the external gas flow

or radiative heat sources. Furthermore, several other factors can contribute to a possible

mismatch, such as differences in the mechanical attachment of each ATS rod to the CU

structure or differences in the manufacturing of the rods material and the insertion of the

Pt1000 circuitry.

For the case of the test at α = −90◦, see Figure 7.4, the set of RPM points was reduced

because of scheduling constraints. In this case, the m-parameter of the ATS rod 3 clearly

shows the thermal wake created by both the CU structure and ATS rod 1. This wake

appears to modify the local wind speed and in turn the temperature profiles, which affect to

the m-parameter values. Also, from this test it can be observed that a correlation between

the response to wind orientation from both ATS rods 1 and 3 could be used to determine

the dominant wind direction. Future studies will investigate the time-response of the system

and the possibility to retrieve, from the three ATS, the wind angular orientation and wind

speed, instead of the normal component of the wind vector with respect to each ATS.

Let us emphasise that the purpose of each ATS is to measure the air temperature and

the wind speed locally, at the place where they are installed. This means that, although

locally the speed may be lower because of the existence of obstacles close to the sensors,

the free stream wind speeds to which the RPM reference values were correlated may be

higher. It is therefore not possible to accurately use the nominal tunnel wind speed values

for calibration and comparison of local wind speed measured by each ATS rod in all cases;

that is, some deviation is expected depending on the local fluid flow and ATS rod considered.

Furthermore, as mentioned above, the true configuration of the HABIT FM on the SP is

slightly different from the setup shown in Figure 7.2. The actual final relative angle between

the FM CU and the SP, including the shape of the latter, are different; both ATS1 and ATS3



CHAPTER 7. HABIT wind retrieval validation campaign at the AWTS 131

are expected to be equally close to the platform. In summary, although certain physical

parameters such as thermal conductivity, physical dimensions, and emissivity, will be the

same for the three ATS rods on the SP, they will be exposed to slightly different local wind

fields and thus show different responses to the same incident wind.

As a result, we shall first analyse the comparative response of the three ATS rods in the

wind tunnel to a common wind field in order to understand how different the local response

to a normal free flow is. Next, we shall consider the ATS rod whose response is the closest

to the expected values as our reference sensor for calibration of the true response (i.e., with

respect to the incident normal local wind, which in our case is taken from the calibration of

the RPM values of the tunnel). Then, those calibrated values shall be applied to the other

sensors, which will provide now true local wind measurement estimates; these values do not

necessarily coincide with the free stream wind speeds considered as the reference flow in the

tunnel.

7.3 Wind retrieval under simulated Martian near-surface con-

ditions

The maximum wind speed range was prioritised over the laminarity of the flow when testing

the wind speed retrieval at the AWTS. However, the flow self-overheating effect in the tunnel

was not expected. Part of the wind speeds tested in the campaign entered in a region where

some of the variables were not completely controlled; that is, several sources of uncertainty

could have affected the results and conclusions from the data analysis. In addition to this,

the tunnel presented a small leak that progressively increased the inner pressure during the

tests. This led to some periodic stops while operating the tunnel to partially empty the inner

gas volume and fill it up back again with CO2 to the targeted pressure (i.e., 9.9 mbar).

At the time of these tests there were two variables affecting the wind speed retrieval algo-

rithm that were still unknown. Both are related to the thermal properties of the ATS rods:

the thermal conductivity of the material of the rod i in the axial direction, KATSi, and the

emissivity of the rod i, εATSi. For the wind retrieval, which is based on the heat flux, the

ratio of these two constants must be known. This is calibrated within the following tests.

In both cases, the information about the material used for the manufacturing of the rods,

“Low-Halogen Filled TG150 Material”, was known. The ATS rods however also include an

integrated circuit that connects the Pt1000 thermistors immersed in the rods to the rest of

the instrument circuitry, and thus, the actual thermal properties of the manufactured rods

affecting the heat transmission measured between thermistors are not necessarily the same

as those of the base material. For the emissivity, the changes because of the printed circuits
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were expected to be negligible; that is, the entire circuitry was immersed within the body

of the rods. Only the head of each Pt1000 is slightly exposed to ambient, but the surface

area of these two “points” is several orders of magnitude smaller than the rest of the lateral

surface of the rods.

The strategy followed to perform the m-parameter and wind retrieval tests at the AWTS

facility with the EQM was the calibration of the thermal conductivity at each ATS rod,

by first assuming an emissivity of 0.95 (which is standard for the type of material the rods

are made of), and second by calculating the thermal conductivity that minimised the errors

when comparing the tunnel wind speeds VTunnel, derived from the RPM values and averaged

over 10 min, with the values provided by the wind speed retrieval algorithm. The thermal

conductivity KATSi along the ATS rod i was expected to be a combination of the in-plane

laminates’ thermal properties and the internal wiring between Pt1000 sensors. For printed

circuit boards (PCB) glass-fibre laminates, this value is typically of the order to ∼ 0.8

W/(m·K) for the in-plane dimension (Sarvar et al., 1990).

The retrieval algorithm is based in the estimation of the wind speed value that makes

equal the average convective heat transfer coefficient obtained through the modelling of the

Nusselt number at each rod, hcATSi|Nu , and the average convective heat transfer coefficient

that corresponds to the estimated m-parameter, hcATSi|m. From equation 4.5:

hc =

hc|ATSi = hT (KATSi)|m − hr(ε)|ATSi︷ ︸︸ ︷
m2 · κATS · a · b
L2 · 2 · (a+ b)

− σε(T 2
s + T 2

∞)(Ts + T∞) =

hcATSi|Nu︷ ︸︸ ︷
kf
Lc
·NuD90◦ , (7.1)

where NuD90◦ represents the cross-flow averaged Nusselt number for horizontal cylinders

when the fluid flow is normal to the rod lateral surface. The cross-flow Nusselt number

models considered in this chapter are those evaluated in Chapter 4; that is, McAdams

(1954), Whitaker (Van Der Hegge Zijnen, 1956), Fand and Keswani (1972) and Perkins and

Leppert (1964). We illustrate in Figure 7.5 an example (for KATS = 0.5 W/(m·K)) of the

evolution of the ATS measured average convective heat transfer coefficient, hc|m, radiative

heat transfer coefficient (left-hand graph), hr, and the theoretical convective heat transfer

coefficient according to U∞ measured by the tunnel (lower graph), hc|Nu , for ATS rod 2 at

α = −90◦ (Test 1), and for ATS1 and ATS3 at α = 0◦ (Test 2).

In Figure 7.5 (Above), it can be observed both the convective heat transfer coefficient

estimated from the m-parameter values, hcATSi|m, dependent on the thermal conductivity,

and the coefficient corresponding to the radiation losses, hr(ε)|ATSi, which is removed from

the total heat transfer coefficient hT (KATSi)|m to retrieve the convective terms. In Figure

7.5 (Below), the evolution of the convective heat transfer coefficients, according to the

models considered for the averaged cross-flow Nusselt number, corresponding to the VTunnel,
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Figure 7.5: (Above) Convective transfer coefficient measured by each ATS, estimated
from the m-parameter, hcATSi|m (i.e., hc ATS1, hc ATS2 and hc ATS3 in the figure), and
the equivalent heat transfer coefficient for the radiation losses according to equation 3.2, hr
(i.e., hr ATS1, hr ATS2 and hr ATS3 in the figure), at α = 0◦ for ATS1 and ATS3, and at
α = −90◦ for ATS2. The difference hc = h(m)− hr(Tf ) should provide the contribution of
the convective heat transfer. (Below) Theoretical convective heat transfer predicted by each
of the models assumed for the cross-flow Nusselt number corresponding to VTunnel recorded
at α = 0◦ for ATS1 and ATS3, and at α = −90◦ for ATS2. The fluid temperature from each
ATS i, Tfi, and the average of the temperatures provided by the three thermistors at each
ATS i, Tsi, have been used for the evaluation of the transport coefficients. The cross-flow
Nusselt number models evaluated in the retrieval are those studied in Chapter 4; that is,
McAdams (1954), Whitaker (Van Der Hegge Zijnen, 1956), Fand and Keswani (1972) and

Perkins and Leppert (1964).

hcATSi|Nu , is represented. The evaluation of the transport parameters in the estimation of

this coefficient was performed using the fluid temperature provided by the m-parameter
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model at each ATS rod, Tf , and the average of the temperatures provided by the three

thermistors for the surface temperature at each ATS rod, Ts.

Considering the expected range of hcATSi|Nu in the figure, and assuming KATS = 0.5

W/(m·K), the Biot number (Bi) for the ATS rods (i.e., rectangular cylinders) can be es-

timated. This dimensionless number represents the ratio between the resistance to heat

conduction within a body and resistance to convection across the fluid boundary layer, Bi

= hc · Lc/KATS . If Bi << 1, conductive heat transfer through a body is negligible when

compared to convection, and it is reasonable to assume the inner temperature distribution

as uniform during a transient process. For the ATS rods, this number is expected to be

0.01 . Bi . 0.1, which confirm the one-dimensional model for the temperature distribution.

As it can be observed when comparing the figures, at wind speeds close to zero (and then

over the range 1 to 4 m/s), the convective heat transfer coefficient estimated from the

m-parameter model gives a negative value that depends on the ATS rod. The reason for

this offset is the presence of nearby local radiative heat sources and sinks that, at the low-

pressure environment of the test (9.9 mbar) and under the low wind speed values simulated,

represent an important contribution to net heat-flux developed through the lateral surfaces

of the ATS rods. To subtract this offset from the setup, an additional average heat transfer

coefficient term should be included in equation 7.1, hs|ATSi, that accounts for the additional

radiative heat sources from the surrounding surfaces (and not included in the original m-

parameter model developed for operations under open ambient conditions). According to

dimensional analysis, the incident heat per unit length reaching the ATSi lateral surfaces

from the exterior q̇ext should be scaled with the temperature difference (Ts − T∞) and the

perimeter of a differential rod section dAs = Per · dx, where Per = 2 · (a+ b) (see equation

3.1 for the energy balance along an ATS rod), resulting in a term dimensionally compatible

with the average heat transfer coefficient, [hs] ≡ [W/(m2·K)]. The modified equation reads:

hcATSi|m = hT (KATSi)|m − hr(ε)|ATSi − hs|ATSi︷ ︸︸ ︷
m2 · κATS · a · b
L2 · 2 · (a+ b)

− σε(T 2
s + T 2

∞)(Ts + T∞)− q̇ext
2 · (a+ b)(Ts − T∞)

=

hcATSi|Nu︷ ︸︸ ︷
kf
Lcv
·NuD90◦ , (7.2)

where T∞ is assumed to be the fluid temperature estimated from the m-parameter model

at each ATS rod, Tfi and the surface temperature is assumed to be the average of the tem-

peratures provided by the three Pt1000 sensors at each rod, Tsi. As it can be inferred from

this equation, a possible solution to apply the wind retrieval algorithm to the temperature

readings from Test 1 and 2 and, at the same time, obtain the thermal conductivity of each

rod would be to optimise both KATSi and hsi to fit the wind speed output to the VTunnel

values. The calibration of KATSi and hsi was performed by fitting the retrieved wind speeds

from the ATS2 temperature readings on Test 1, and from the readings of ATS1 and ATS3
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on Test 2, to the reference free stream, U∞, though a least-squared scheme. We assumed an

emissivity for the ATS rods of 0.95, and let as free parameter KATSi, which can vary within

the interval [0.3, 1.5], and hs|ATSi. However, because both the actual thermal conductivity

in the local x-axis at each ATS rod and the q̇ext were unknown, the result of this optimisation

would be meaningless unless a reference order of magnitude is known for comparison. In

this equation, the sign that the external heat flux per unit length q̇ext presents is considered

negative towards the surface of the rods.

Thus, in order to test the retrieval algorithm at the AWTS and estimate reasonable thermal

conductivity values for each ATS rod and for the best fit of tunnel wind speeds, the radiative

heat exchange between each ATS rod i and the nearby external surfaces within the tunnel

should be modelled first to verify the order of magnitude of both hsi and KATSi. If the

optimised values for the thermal conductivity and the heat transfer coefficient, KATSopti and

hsopti, were of a similar order of magnitude to the values estimated theoretically through

this preliminary radiative heat exchange model, the optimisation would be accepted. Also,

KATSopti had to present similar order of magnitude to the values found in literature for

printed PCB glass-fibre laminates (i.e., KATSopti ∼ 0.8 W/(m·K)).

7.3.1 ATS radiative heat exchange model

The main local heat source in this model is the HABIT CU, which was the hottest element

within the wind tunnel and the closest to the ATS rods.

The modelling of the heat exchange between surfaces in an enclosure strongly depends on

the geometry of the surfaces involved; that is, their relative orientation, temperature, and

radiative properties. However, because of the complex geometry of the setup, the surfaces

were simplified. Also, it was assumed that these surfaces were separated from each other

by a non-participating medium; that is, vacuum. This assumption implies that the medium

would not emit, absorb or scatter radiation; it would not affect the heat exchange between

surfaces. The latter represents, in general, a right approach for gases, especially for the

low-pressure values simulated in the tests. Figure 7.6 shows the surrounding surfaces to

which each ATS rod was exposed.

For ATS rod 2, the most exposed faces were the external front and bottom surfaces of

the CU; that is, surfaces red and yellow in Figure 7.6, respectively. ATS1 and ATS3 were

also mainly exposed to the CU lateral faces and the external bottom face, surfaces orange

and yellow in Figure 7.6, but they were relatively closer to the aluminium plate to which

HABIT was attached with respect to ATS rod 2. Furthermore, the inclination and varying

shape of this plate made the distances to the ATS rod 1 and 3 different. However, while
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A5 ATS1 ≡ A5 ATS3

A5 ATS2

A2 ATS1

A1 ATS1
A3 ATS2

A1 ATS2

A4 ATS3
A3 ATS3

A4 ATS3

A3 ATS3

A3 ATS3

A2 ATS1

A5 ATS1 ≡ A5 ATS3

A5 ATS2

Figure 7.6: Radiating surfaces considered for the heat exchange at the thermal radiation
model. The view factors have been estimated by simplifying the geometry of the real
surfaces A1 to A6 to rectangles of the same dimensions and area. The disposition and the
value of the surfaces A1 to A4 are similar for each ATS rod. Surface A6 is also common to
all the ATS rods, and surface A5 is different for ATS rod 2 (see red surface) with respect

to the other two sensors (see orange surface).

the external surfaces of the HABIT EQM are painted with space-grade white paint with an

emissivity εCU = 0.88, the surface of the aluminium plate presented a emissivity of the order

of εP ∼ 0.05-0.09. In addition to this, the temperature of this plate was also considerably

lower than the temperature of the CU in the tests performed. The latter was heated by
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the CU heater set at 60% of its capacity, while the small heat flux introduced in the plate

from the EU when the instrument was switched on was negligible when comparing the

substantial thermal mass of the aluminium plate against the EU mass. As a result of these

considerations, together with the complex geometry of the lateral face of the aluminium

plate mentioned earlier, the plate element was removed from the radiation exchange model.

The radiation model used for the heat exchange between surfaces enclosed within the wind

tunnel only considered the coloured surfaces shown in Figure 7.6.

In order to establish the mathematical model for the heat exchange between radiating sur-

faces, it is necessary to introduce first the concept of view factor Fij . It is defined as the

fraction of the radiation leaving surface i that is intercepted by surface j. Considering two

arbitrarily oriented surfaces of differential areas dA1 and dA2 connected by a straight line

of length l, which form the polar angles θP1 and θP2 with respect to the normal vector of

each of these surfaces ~n1 and ~n2, we define the view factor F12 as:

F12 =
1

A1

∫
A1

∫
A2

cosθP1cosθP2

πl2
dA1 dA2. (7.3)

According to the definition of view factor, and considering the same two surfaces mentioned,

A1 and A2, the net heat exchange through the surface A1 (assuming black body theory)

would be:

q̇1 = A1F12Eb1 −A2F21Eb2 = A1F12σ(T1
4 − T1

4). (7.4)

In equation 7.4 the properties of the view factors have been considered. The net heat

exchange through the surface A2 would be similar to q̇1 but with the opposite sign. From

this equation, it can be inferred an analogy between the radiative heat transfer between

surfaces in an enclosure and the electrical current flow through a resistor. In this analogy,

the voltage would be the emitted power Ebi = σTi
4, the electrical current would correspond

to the net radiative heat exchanged, q̇i, and the resistor to the factor 1/(AiFij).

Considering now grey, opaque, and diffuse surfaces, the total incident radiation on a surface

is defined as irradiation, G [W/m2]. Similarly, the total radiation that leaves a surface is

called radiosity, J [W/m2]. Because the surfaces were assumed opaque, τ = 0 and, by

definition, the sum of the absorptivity and reflectivity was then α + ρ = 1. In the same

line, according to Kirchhoff’s law the emissivity would be in this scenario equal to the

absorptivity, α = ε, and thus ρ = 1−α = 1− ε. According to these definitions it is possible

to express the radiosity as a function of the irradiation, the temperature, and the emissivity:

J = εEb + ρG = εEb + (1− ε)G. (7.5)
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The net heat power that leaves from or is absorbed by a specific surface of area Ai is, by

definition, q̇i = Ai[Ji −Gi], which considering the expression 7.5 can be expressed as:

q̇i =
Aiεi

1− εi
[Ebi − Ji]. (7.6)

Equation 7.6 provides an expression for the net radiative heat transfer rate from a surface.

Coming back to the analogy of an electrical circuit, it is possible to observe here that the

transfer of heat is driven by the “potential” Ebi − Ji through a surface with a radiative

“resistance” 1−εi
Aiεi

. Considering an enclosure where the total irradiation reaching a surface

Ai, Gi, is originated from the combination of the radiosities Jj of the rest of the n surfaces,

it is possible to express the net heat power leaving from or absorbed by a surface Ai as a

function of the view factors and the radiosities within the enclosure:

q̇i = Ai

Ji − n∑
j=1

FijJj

 =

n∑
j=1

Ji − Jj
1

AiFij

. (7.7)

Finally, by combining equations 7.6 and 7.7, it is possible to establish an analogue to the

radiative heat exchange between the relevant surfaces for each ATS rod. In this analogue,

stationary conditions were considered, convection effects neglected, and all surfaces were

assumed diffuse and grey. Figure 7.7 shows the equivalent “electrical circuit” considered

for this problem, and equations 7.8 show the corresponding linear system to calculate the

corresponding net radiative heat transfer rate from a surface i, q̇i, with i = 1, 2, ..., 7.

Figure 7.7: Equivalent thermal circuit system for the heat exchange between each ATS
surface and the CU structure within the AWTS.
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Eb1 − J1
1−ε1
A1ε1

+
J5 − J1

1
A1F15

+
J7 − J1

1
A1F17

= 0 (7.8a)

Eb2 − J2
1−ε2
A2ε2

+
J5 − J2

1
A2F25

+
J6 − J2

1
A6F26

+
J7 − J2

1
A2F27

= 0 (7.8b)

Eb3 − J3
1−ε3
A3ε3

+
J5 − J3

1
A3F35

+
J6 − J3

1
A6F36

+
J7 − J3

1
A3F37

= 0 (7.8c)

Eb4 − J4
4−ε4
A4ε4

+
J6 − J4

1
A4F46

+
J7 − J4

1
A4F47

= 0 (7.8d)

Eb5 − J5
1−ε5
A5ε5

+
J1 − J5

1
A1F15

+
J2 − J5

1
A2F25

+
J3 − J5

1
A3F35

+
J7 − J5

1
A5F57

= 0 (7.8e)

Eb6 − J6
1−ε6
A6ε6

+
J1 − J6

1
A1F16

+
J2 − J6

1
A2F26

+
J3 − J6

1
A3F36

+
J7 − J6

1
A6F67

= 0 (7.8f)

In this system, the areas A1, A2, A3 and A4 correspond to the lateral surfaces of each

ATS rod. Similarly, areas A5 and A6 correspond to the areas of the front and bottom

surfaces of the CU (see Figure 7.6). Finally, the node Eb7 represents the inner walls of

the tunnel, where it was assumed that the room inside the facility was large enough to

model de inner walls as a single black body. Consequently, the surface resistance for this

node was assumed 1−ε7
A7ε7

= 0, and thus Eb7 = J7. The orientation of each face of the

rod i was similar with respect to the local area A5, where the upper and bottom surfaces

were always correlated to A1 ATS i and A4 ATS i, respectively. The right face of the

rod i when looking at the face of area A5 ATS i has an area A2 ATS i, and the opposite

face, an area A3 ATS i. As it may be inferred from Figure 7.6, only two emissivities were

considered according to this nomenclature; that is, ε1 = ε2 = ε3 = ε4 = εATS = 0.95 and

ε5 = ε6 = εCU = 0.88. The temperature at each rod surface was assumed similar and

uniform, where Ts1 = Ts2 = Ts3 = Ts4 = (Tai + TLni + Tbi)/3. The surface temperature for

s5 and s6 was also assumed uniform and equal to the CU temperature, measured by an inner

Pt1000 in contact with the CU structure, Ts5 = Ts6 = TCU . The temperature considered for

the tunnel inner walls was the temperature probe that was hanging from the tunnel upper

wall, Ts7 = TTunnel. Finally, only four areas were considered (i.e., A1 = A4 and A2 = A3).

The spatial resistances were included conveniently by using the view factor property AiFij =

AjFji for the unknown surface area of the inner walls of the tunnel, A7. By naming the

faces in this way, the three ATS rods presented the same diagram shown in Figure 7.7, and

only the value of the view factors and the areas had to be changed when solving the system

7.8. Also, because these view factors were calculated within an enclosure, they must fulfil∑n
j=1 Fij = 1, and considering the problem geometry, it was possible to establish the system
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of equations 7.9 for the calculation of the Fij .

F15 + F17 = 1 (7.9a)

F25 + F26 + F27 = 1 (7.9b)

F35 + F36 + F37 = 1 (7.9c)

F46 + F47 = 1 (7.9d)

F51 + F52 + F53 + F57 = 1 (7.9e)

F62 + F63 + F64 + F67 = 1 (7.9f)

Some simplifications were introduced, however, when calculating the value of these factors,

and thus the value of each “spatial resistance” 1
AiFij

and “surface resistance” 1−εi
Aiεi

. When

comparing the system 7.8 with the actual geometry represented in Figure 7.6, the coloured

areas, namely A1 to A6, were reduced to rectangles with the overall dimensions of each face.

Figure 7.8 shows the parameters chosen for this simplification, which was reduced to two

parallelograms whose planes form an angle αp.

Figure 7.8: Parameters used for the description of the surfaces considered in the estimation
of the view factors F15, F25, F26, F35, F36, F46. The values of each Fij estimated for the three

ATS rods are collected in Table C.1 of the Annex C.

A summary of the values of each Fij estimated for the three ATS rods is presented in Table

C.1 of the Annex C. In these tables, Fji values were estimated according to the relationship

Fji =
AiFij
Aj

. Similarly, the estimation of the view factors Fi7, with i = 1, ..., 6 was performed

by solving the system of equations 7.9.
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7.3.2 Application of the radiative model to Test 1 (ATS2, α = −90◦) and

Test 2 (ATS1 and ATS3, α = 0◦)

In this section, the results from the application of the radiative heat transfer surface exchange

model to the measurements provided by both the HABIT EQM and the AWST are analysed.

The purpose here is to find the order of magnitude of the average heat transfer coefficient

hs for each ATS rod; for ATS rod 2 in Test 1 (α = −90◦) and for ATS rod 1 and 3 in Test

2 (α = 0◦). This coefficient comes from scaling a net radiative heat flux per unit length

at the ATS rod lateral surface resulting from the radiative heat exchange between nearby

radiating elements.

The system of equations 7.8 was applied to each ATS rod separately. In the solution it was

observed, first, the geometry of the ATS rod 2, where the surface area A5 is considerable

more significant than for the other two rods; and second, the geometry of the ATS rod 1 and

3, symmetric with respect to the XZ plane. If the latter two rods had similar temperature

profiles, the net radiative heat fluxes, estimated from equations 7.8, would be similar; the

net radiative heat flux for the other rod could be estimated by interchanging the heat fluxes

at A2 and A3. In case one of the Pt1000 sensors was broken during operations in one of

these two rods, this equivalence could be used for the final wind speed retrieval scheme. In

the case of ATS rod 2, both net heat fluxes at A2 and A3 would be similar, with minor

errors, since, according to the simplifications assumed, both surfaces are exposed to the

same radiative elements and with the same relative orientation (i.e., equations 7.8b and 7.8c

are similar in ATS rod 2).

With this radiative model it was possible then to calculate, within the assumptions men-

tioned, a net radiative heat flux at each ATS rod surface, Q̇ [W]. However, the final goal was

to estimate the order of magnitude of the average heat transfer coefficient corresponding

to the external heat flux per unit length q̇ext reaching the rod surfaces, hs (see equation

7.2); this coefficient was scaled with the averaged temperature difference Ts − Tf , and the

length 2 · (a+ b). Thus, first the net radiative heat flux at each ATS rod surface had to be

scaled to a characteristic length to obtain Q̇li [W/m], with i = 1, ..., 4. The selected scale

was the length of the ATS rods, common to all the four surfaces, L = 0.036 m. This scale

agreed with the differential equation for the energy balance in temperatures 3.1, so it was

possible to define a differential lateral area dAs that is later integrated in x (i.e., along the

rods, between x = 0 and x = L) to obtain the overall heat flux per unit surface in the rod.

This integration was one-dimensional; that is, it did not distinguish faces on the ATS rod.

We considered q̇l =
4∑
i=1

(Q̇li)/4 [W/m] as the “circumferentially” averaged net radiative heat

flux per unit length. At this point, the average heat transfer coefficient that collected the

effect of the external radiative heat flux reaching the ATS rod i would be the sum of the
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radiative losses coefficient hr to the net coefficient:

hs|ATSi =

∣∣∣∣ q̇l
2 · (a+ b)(Tsi − Tfi)

∣∣∣∣ + |hr(ε)|ATSi|, i = 1, ..., 3. (7.10)

Note in equation 7.10 that q̇l 6= q̇ext. The former is referred to the net heat flux per unit

length while the latter is referred to the incident heat flux per unit length. The net heat

flux per unit area q̇si [W/m2] at each lateral face of the ATS rod i can also be calculated

directly from the Q̇i. Figure 7.9 shows on the left column the evolution of the q̇si for each

rod with the wind speed increase within the tunnel and the averaged value per rod. Also,

on the right column, the evolution of the heat transfer coefficients hs, hr and the original

hc calculated according to equation 7.1 for each ATS i.

As it can be observed in Figure 7.9, all the net heat fluxes per unit area decrease with the

wind speed as the overheated temperatures of the surfaces involved decrease also with forced

convection. This decrease however is affected by the overheating of the tunnel, and thus,

under open environmental conditions and for the same ambient temperature, the slope of

this cooling could be more accentuated. For the ATS rod 2 at α = −90◦, top-left, both

lateral surfaces A2 and A3 presented a similar net heat flux, as expected, and A1 the closest

radiative heat flux to the averaged value of the rod. For the ATS rods 1 and 3, centre-left

and bottom-left, respectively, it can be observed the symmetry of the radiative problem. As

it can be observed in Figure 7.6, ATS rod 1 A3 surface was more exposed to both A5 and

A6 than A2; for ATS rod 3 the situation was inverted. Because the CU temperature is the

highest within the tunnel and the lateral faces of the structure have an εCU = 0.88, it was

expected that the more an ATS rod lateral face was exposed to a CU face, the more incident

radiative heat flux this face would present, in addition to the heat flux introduced from the

tunnel inner walls. According to this approach, from Figure 7.6 it could be advanced that

A2 would present the highest net radiative heat flux at ATS rod 1, and the same for A3 in

ATS3. A2 and A3 in ATS2 were also the surfaces with the highest net radiative heat flux,

which agreed with this approach.

On the right column in Figure 7.9, the range of the average heat transfer coefficient hs can

be observed for the wind speeds tested in both Test 1 and Test 2. When compared to the

convective heat transfer coefficient resulting from the m-parameter hc = hT − hr + hs, in

black, the effect of the temperature difference Ts − Tf scaling on the ATS rod 2 output

is clear; that is, this difference is reduced with the increase of wind speed and thus, the

coefficient also increased. It has to be remarked that an hypothetical longitudinal thermal

conductivity KATS = 0.5 W/(m2·K) was assumed for comparison in the figure, and thus the

actual absolute values of this coefficient were not validated yet. This fact, however, was not

expected to affect the conclusions extracted from the evolution of hc with the wind speed
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Figure 7.9: HABIT EQM radiative heat exchange model output for ATS2 at α = −90◦

(Test 1), and for ATS1 and ATS3 at α = 0◦ (Test 2). Left-column: absolute value of the
net radiative heat flux rate per unit area q̇si for the lateral surface i of each ATS rod,
and the average of the four surfaces. Right-column: average convective transfer coefficient
hc estimated from the m-parameter, the equivalent average heat transfer coefficient for
the radiation losses hr, and the average heat transfer coefficient corresponding to the net

radiative heat flux hsi for each ATSi, see equation 7.2.

because, in any case, the thermal conductivity is assumed constant in the m-parameter

model calculations.

When comparing hc between ATS1 and ATS3, the evolution of the order of magnitude

of the coefficient is similar for wind speeds V . 6 m/s. Beyond this point the trend
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changes drastically. This change is also slightly noticed in ATS3 trend for the same values.

However, this change in the coefficient tendency is not obvious when considering hs. This

could be due to two causes: either the inclusion of the aluminium plate into the radiative

model was relevant for the accurate calculation of the radiative heat fluxes in ATS1, and

possibly in ATS3, or the reason behind comes from the m-parameter change, from which

the hT coefficient was derived. In truth, both phenomena are coupled, and even though the

radiative terms were expected to be more relevant, in general, for low wind speeds, as it

can be observed in Figure 7.5, the effect of the plate in the radiative model was reasonably

neglected in section 7.3.1. The effect of this plate in the fluid flow around the ATS rods,

however, was not considered in the modelling of forced convection through the averaged

cross-flow Nusselt number from the rods, nor the metallic structure of the supporting setup.

ATS rod 2 was, in first approach, not affected by these additional structures from the fluid

dynamic point of view (α = −90◦ for Test 1), which is coherent with the constant tendency

of hc. This perturbation, although different, would also be present in the Kazachok SP.

Future tests with a representative geometry of the final position of the HABIT FM on the

platform would help to characterise the perturbation of the platform when modelling forced

convection from the ATS rods. Table 7.2 summarises the range of the hs values for each

ATS rod, as well as the averaged values over the tests. The order of magnitude of these

values is later used for comparison with the results obtained from the optimisation.

Let us clarify that these radiative exchange terms with the walls of the CU are very significant

on this experiment; that is, in this setup, it is precisely here where the heaters are acting.

The heaters are used artificially to induce a thermal contrast, producing a strong disruption

of the local thermal radiative equilibrium that has to be corrected. However, on Mars, the

CU and ATS will be present a similar temperature, and the SP and electronic unit, which

are far behind, will work as a large structure with large thermal inertia. This structure

is expected to produce a thermal gradient (without the action of heaters) and to be in

radiative equilibrium with the environment. Thus, the coefficient hs that is here calibrated

and subtracted is an offset of this specific setup.

7.3.3 Optimisation: thermal conductivity KATSi and the heat transfer co-

efficient hsi

In this section, the results from the optimisation of the thermal conductivity KATSi and the

average heat transfer coefficient hs are discussed. The test with frontal winds, α = 0◦, was

suitable for obtaining the Kopt and hsopt values of both the ATS rod 1 and 3, while the test

for α = −90◦ was the cleanest scenario for the ATS rod 2.
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ATS α hs min hs max hs AV E Kopt Mc Kopt W Kopt F Kopt P

1 0.0 6.7963 7.2697 7.0478 0.9163 0.9749 1.0547 0.9226

2 -90.0 8.7408 10.8233 9.6523 0.4206 0.4576 0.5079 0.4240

2∗ -90.0 8.7408 9.5859 9.1395 0.4750 0.5802 0.6702 0.4642

3 0.0 7.2352 8.0780 7.5853 0.5976 0.6357 0.6873 0.6018

Table 7.2: Averaged heat transfer coefficient hsr estimated from the radiative heat ex-
change model for ATS2 at α = −90◦, and for ATS1 and ATS3 at α = 0◦. “Kopt” refers to
the optimised thermal conductivities for the range hsr at each ATSi, Koptri. “Mc” refers

to McAdams, “W” refers to Whitaker, “F” refers to Fand, and “P” refers to Perkins.

A least-squares numerical scheme was used for the optimisation assuming the wind tunnel

wind speeds as a reference, VTunnel. According to the initial hypothesis exposed in section

7.3, we assumed εATSi = 0.95, the thermal conductivity KATSi ∈ [0.3, 1.5], and the average

heat transfer coefficient hs ∈ [0, 20] W/(m2·K). Similarly, and considering the limits dis-

cussed in the previous section, only free stream speeds ≤ 10 m/s were considered for the

optimisation; that is, higher wind speeds strongly affected by the artificial overheating of

the tunnel would bias the optimum values of these two parameters in first approach.

Figure 7.10 shows, for ATS rod 2 at α = −90◦, a comparison between the convective heat

transfer coefficient corresponding to the m-parameter (i.e., hcATSi|ATSim = hT (kATSi)|m −
hr|ATSi + hs|ATSi for each cross-flow Nusselt number model when introducing Kopt and

hsopt, see left term in equation 7.2), and the theoretical convective heat transfer coefficient

considering the same cross-flow Nusselt number models and optimal values but for the free

stream wind speeds measured by the tunnel U∞, hcATSi|Nu (see right term in equation 7.2).

The temperatures measured by the tunnel probe (TProbe) and the CU internal Pt1000 sensor

(TCU ) are also shown, which beyond 4 m/s clearly expose the tunnel internal overheating

because of, mainly, wall friction. Table 7.3 summarises the errors found when comparing

the retrieved wind speed values with VTunnel for each Nusselt number model considered in

this study.

As it can be observed in Figure 7.10 and Table 7.3, the agreement of the retrieval for

wind speeds VTunnel ∼ [0, 10] m/s was of the order of ±0.4 m/s in average for all models,

which improves to around ±0.35 m/s for ∼ VTunnel ∈ [0, 6] m/s. In comparison with the

accuracy of the wind speeds measured by the tunnel, of ±0.3 m/s (Merrison et al., 2008),

the agreement of the retrieval through ATS2 was found for this test acceptable within the

limitations of the testing platform.

For the range of wind speeds VTunnel ∈ [6, 10] m/s, the agreement was found to be, in average,

around ±0.53, although it was considerably biased by the increase observed for VTunnel > 8
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Figure 7.10: (Left) HABIT EQM ATS2 convective heat transfer coefficient hcATS2
agree-

ment at α = −90◦ for each Nusselt number model considered. Comparison between the
hcATS2

|ATSim corresponding to the m-parameter obtained from the temperature readings
when introducing the optimal values for Kopt and hsopt of each cross-flow Nusselt number
model (hMopt, hWopt, hFopt, hPopt in the figure), and the theoretical values of each hc for the
same cross-flow Nusselt number models assuming the tunnel wind speed values, hcATS2 |Nu

(hMcAdams, hWhitaker, hFand, hPerkins in the figure). Right: HABIT EQM ATS2 wind speed
agreement at α = −90◦ with respect to the wind tunnel measurements, U∞ ≡ VTunnel, for
each cross-flow Nusselt number model (VMcAdams, VWhitaker, VFand, VPerkins). The optimi-

sation has been performed in the range of wind speeds V ∈ [0, 12] m/s.

ATS 2, α = −90◦

Nu ε for VTunnel ∈ [0, 10] [m/s] ε for VTunnel ∈ [0, 6] [m/s] ε for VTunnel ∈ [6, 10] [m/s]

- εmin εmax εave εmin εmax εave εmin εmax εave

McAdams 0.0195 0.8172 0.3931 0.0195 0.4844 0.3373 0.1919 0.8172 0.5046

Whitaker 0.0195 0.8648 0.4128 0.0195 0.5062 0.3491 0.2156 0.8647 0.5402

Fand 0.0195 0.9598 0.4482 0.0195 0.5534 0.3785 0.2156 0.9598 0.5877

Perkins 0.0195 0.7687 0.3694 0.0195 0.4354 0.3137 0.1919 0.7697 0.4808

Table 7.3: Results from the optimisation performed for U∞ < 10 m/s over the ATS rod
2 temperature data at α = −90◦ (Test 1) for the thermal conductivity KATS2

and the
average heat transfer coefficient hsATS2

. The optimisation was performed with respect to
the theoretical convective heat transfer coefficients from each cross-flow Nusselt number

model assumed, which are derived from the wind tunnel wind speed values, VTunnel.

m/s. The overheating of the tunnel ambient temperature, whose effect was observed in the

temperatures measured by the EQM for VTunnel > 8 m/s, may have contributed to this

overestimation of the wind speed. However, this would not explain the slight overestimation

perceived at VTunnel . 1.8 m/s. A possible explanation of these two scenarios could be

originated, as it was deducted for the effect of the aluminium plate from the radiative model

output in section 7.3.1, in the modelling of the fluid dynamics around both the ATS rod 2

and EQM CU structure.
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In the range of wind speeds VTunnel > 8 m/s, an increase in the retrieved wind speed is

observed with respect to the reference values provided by the tunnel calibration. A possible

explanation of this overestimation could be the evolution of the fluid flow when surrounding

the CU structure, but in this case, for the presence of separation bubbles along the front side

of the CU for the Reynolds numbers observed in this regime. Although the purpose of this

work is not the characterisation of the viscous and thermal boundary layer of the 3D HABIT

CU structure geometry (i.e., that is, a bluff body with highly complex geometry), a rough

approach to a two-dimensional rectangle in the horizontal plane can be assumed for the CU.

This could provide an estimate of the order of magnitude of some specific dimensionless

numbers that, when compared to those found on the literature, could shed some light in the

context of the retrieval overestimation in the Test 1 configuration.

To this respect, and based on the CU horizontal plant dimensions, for the flow at α = −90◦

of Test 1 the obstacle would be seen by the two-dimensional flow as a rectangle cylinder

with a ration B/A ∼ 4 called aspect ratio (AR). Here, A corresponds to the length of the

small lateral faces of the CU where ATS1 and ATS3 are attached to, and B to the front

face length (see Figure 7.11). The analysis of the effect of the aspect ratio B/A into the

Reynolds and Strouhal numbers around rectangular cylinders has been extensively studied

in the literature, both experimentally and numerically.

Figure 7.11: Simplified rectangular geometry assumed for the HABIT EQM CU structure
under an horizontal two-dimensional flow when interpreting the wind retrieval results from

ATS2 in Test 1 (α = −90◦). The aspect ratio of the simplified geometry is Ai/Bi ∼ 4.

For AR from 4 to 8, Okajima (1990) found a complicated variation of the Re number with

the St number and the base pressure, which was further investigated, for a broader range of

ratios 0.6 . AR . 0.8, numerically and for a wide Re-range. For rectangular sections with

an AR > 3, the separation of the laminar boundary layer in the leading edge is found to be

for Re ∼ 90 (Okajima, 1982; Ortega-Casanova, 2017). First, at these very low Re number
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regimes, there is a steady reattachment right behind the leading edges, and if the Re number

keeps increasing, the flow finally separates at the trailing edges. At moderate Re number

values, the initial separation at the leading edge is developed along the faces B, reattaching

alternatively for a brief period of time either to the front-B or the rear-B face during a period

equivalent to a vortex shedding. In particular, for this aspect ratio, Okajima (1990) observed

that the separation bubbles are formed at both long faces (front and rear) for Re ∼ 200,

and vortex shedding right after rear-A face. For higher Reynolds numbers, the separated

flow tends again to reattach on the lateral surfaces at Re ∼ 500, thanks to the aspect ratio

of the obstacle (Okajima, 1990). However, in this case this reattachment is not steady, but

alternative between front-B and rear-B faces. Similarly, the point of reattachment is not

stationary, and it moves up and down downstream. Finally, for higher Re numbers the

transition from laminar to turbulent flow is produced. Although Okajima (1982) did not

study the critical Reynolds number values for the present AR ∼ 4, both AR ∼ 2 and AR

∼ 3 were tested. The former presented a Recr ∼ 500, while the latter a Recr ∼ 3 · 103; that

is, for AR∼ 4, the critical Reynolds number is expected to be Recr > 3 · 103.

Figure 7.12: Left: HABIT EQM ATS2 convective heat transfer coefficient hcATS2 agree-
ment at α = −90◦ for each Nusselt number model considered. Comparison between the
hcATS2

|ATSim corresponding to the m-parameter obtained from the temperature readings
when introducing the optimal values for Kopt and hsopt of each cross-flow Nusselt number
model (hMopt, hWopt, hFopt, hPopt in the Figure), and the theoretical values of each hc for the
same cross-flow Nusselt number models assuming the tunnel wind speed values, hcATS2 |Nu

(hMcAdams, hWhitaker, hFand, hPerkins in the Figure). Right: HABIT EQM ATS2 wind
speed agreement at α = −90◦ with respect to the wind tunnel measurements, U∞ ≡
VTunnel, for each cross-flow Nusselt number model (VMcAdams, VWhitaker, VFand, VPerkins)
and Reynolds number evolution based on the side of the CU, ReA (see Figure 7.11. The

optimisation was performed in the range of wind speeds U∞ ∈ [0, 6] m/s.

As it can be qualitatively observed in Figure 7.12 and numerically checked in Table 7.4, the

retrieval improves for the range of wind speeds VTunnel ∈ [0, 6] m/s, to later be completely

biased for VTunnel > 6 m/s, as expected. For the first three values of wind speed on Figure

7.12, VTunnel < 3.6 m/s, the retrieval perfectly follows the evolution, with an absolute

error in average ≤ 0.24 m/s for VTunnel ∈ [0, 6] m/s. The Reynolds number based on the
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ATS 2, α = −90◦

Nu ε for VTunnel ∈ [0, 10] [m/s] ε for VTunnel ∈ [0, 6] [m/s] ε for VTunnel ∈ [6, 10] [m/s]

- εmin εmax εave εmin εmax εave εmin εmax εave

McAdams 0.1135 3.2642 0.8837 0.1135 0.2728 0.2025 1.2278 3.2642 2.2460

Whitaker 0.1370 3.4779 0.9468 0.1370 0.2964 0.2202 1.3225 3.4779 2.4002

Fand 0.1370 3.9531 1.0655 0.1370 0.3199 0.2378 1.4881 3.9531 2.7206

Perkins 0.1135 2.9553 0.8086 0.1135 0.2491 0.1907 1.1332 2.9553 2.0443

Table 7.4: Wind speed absolute errors resulting from the optimisation performed for
U∞ < 6 m/s using the ATS rod 2 temperature data at α = −90◦ (Test 1) for the thermal
conductivity Kopt and the average heat transfer coefficient hsopt. The optimisation was
performed with respect to the theoretical convective heat transfer coefficients from each
cross-flow Nusselt number model assumed, which are derived from the wind tunnel wind

speed values, VTunnel.

shorter side of the CU, defined according to the standard analysis performed over squared

cylinders (Okajima, 1982, 1990), ReA, was included in Figure 7.12 for comparison. As a

result, it can be observed that in this first sector ReA . 127, and thus the horizontal laminar

flow around the CU is still attached to the lateral walls, or immediately steady-reattached

after passing the leading edge, according to Okajima (1982). Because the ATS rod 2 is

located at the middle of the larger side of the CU, it appears that this reattachment is

produced before reaching the sensor. However, between the third and fourth tested points

(i.e., 3.6 < VTunnel < 5.5 m/s) the slope of the retrieved wind speed values changes, although

the order of magnitude of the errors at VTunnel = 5.5 m/s is still similar to the wind tunnel

speed values uncertainty of ±0.3 m/s (see Table 7.4 for the segment VTunnel ∈ [0, 6] m/s). In

this range of wind speeds, it appears that the reattachment point advanced in the Y + axis

and finally reached the location of the ATS rod 2. Beyond VTunnel = 5.5 m/s, the separation

bubbles could have developed along the entire front face of the CU as predicted; here the

193 . ReA . 386 for 5.5 . VTunnel . 11 m/s and (Okajima, 1990) estimated this point for

ReA ∼ 200. This phenomenon appears to be quantitatively reflected in the retrieved local

speeds, which for this second segment of VTunnel ∈ [6, 10] m/s lead to an average deviation

with respect to the free flow wind speed of about ∼ 2.4 m/s. As it can be observed, the

Recr is not reached in this test, nor the regime of alternating boundary layer reattachment

expected for Re ∼ 500.

Although this analysis is based on the strong simplification of the flow around the CU

structure, the order of magnitude of both ReA and the retrieved wind speeds appears to

support this simplified hypothesis, which in turn would imply that the ATS rod 2 could not

be used for wind speeds V > 6 m/s. This preliminary analysis however is only based on
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Test 1, which is an extreme case of wind coming at α = −90◦. For other orientations, the

development of the boundary layer around the instrument should be more carefully studied.

In Test 2, frontal winds (α = 0◦) reached the lateral ATS rods, namely both ATS1 and ATS3,

perpendicularly and unperturbed. Because these rods are located at the lateral surfaces A1

and A2 (see Figure 7.11) at just 5.55 mm distance from the CU front-B face, it is expected

that the separation of the viscous boundary layer, in this case at ReB ∼ 35 for AR ∼ 1/4, as

well as the bubble formation and the final detachment that perturbed the flow around the

ATS rod 2 in Test 1, do not affect the ATS1 and ATS3 temperature readings of for the range

of wind speeds tested. The flow in this case is not expected to reattach to the surfaces A1

and A2 since they are not large enough. However, in this situation the platform to which the

HABIT CU is attached is located behind the rods, which will interact or destroy the vortex

shedding formed after the trailing edge of the CU. Also, it should be kept in mind that,

as mentioned above, ATS rod 1 is unfortunately too close to the experimental aluminium

plate. This plate is an obstacle right after the rod at a distance of the same order of

magnitude of the rod length; that is, some local distortion is expected. Figure 7.13 presents

the comparison between hcATSi|m and hcATSi|Nu for ATS1 (left) and ATS3 (right), as well as

the wind tunnel internal fluid flow overheating by wall friction and recirculation (see TProbe

and TCU ). Similarly, Figure 7.14 shows the corresponding wind speed predictions provided

by the retrieval algorithm compared to the VTunnel values. Finally, Table 7.5 provides a

quantitative summary of the agreement between wind speeds shown for both ATS1 and

ATS3 in Test 2.

Figure 7.13: Agreement between hcATSi|ATSim and hcATSi|Nu
, for HABIT EQM ATS1

(Left) and ATS3 (Right), under frontal representative Martian winds (α = 0◦) at ambient
temperature. Notation similar to Figure 7.12 (left). Optimisation performed for wind

speeds VTunnel ∈ [0, 12] m/s.

As can be observed, hcATS1|m shows a clear deviation beyond values of VTunnel > 10 m/s

with respect to hcATS1|Nu , which is later on reflected in the wind speeds. This deviation

is experienced with independence of the cross-flow averaged Nusselt number selected for
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Figure 7.14: HABIT EQM ATS1 and ATS3 retrieval wind speed agreement for frontal
representative Martian winds (α = 0◦) at ambient temperature. Notation similar to Figure

7.12 (right). Optimisation performed for wind speeds VTunnel ∈ [0, 12] m/s.

ATS 1, α = 0◦

Nu ε for VTunnel ∈ [0, 10] [m/s] ε for VTunnel ∈ [0, 6] [m/s] ε for VTunnel ∈ [6, 10] [m/s]

- εmin εmax εave εmin εmax εave εmin εmax εave

McAdams 0.0920 0.8328 0.4075 0.0920 0.6498 0.2666 0.3451 0.8328 0.4075

Whitaker 0.0696 0.8101 0.4008 0.0696 0.6271 0.2553 0.3679 0.8101 0.4635

Fand 0.0247 0.7874 0.3849 0.0247 0.5818 0.2252 0.3908 0.7874 0.3850

Perkins 0.1313 0.8328 0.4165 0.1313 0.6724 0.2816 0.3222 0.8327 0.4165

ATS 3, α = 0◦

Nu ε for VTunnel ∈ [0, 10] [m/s] ε for VTunnel ∈ [0, 6] [m/s] ε for VTunnel ∈ [6, 10] [m/s]

- εmin εmax εave εmin εmax εave εmin εmax εave

McAdams 0.0021 0.1629 0.0665 0.0021 0.1629 0.0714 0.0155 0.1179 0.0592

Whitaker 0.0206 0.1629 0.0706 0.0206 0.1629 0.0820 0.0155 0.1179 0.0534

Fand 0.0012 0.2082 0.0936 0.0662 0.2082 0.1123 0.0012 0.1179 0.0655

Perkins 0.0190 0.1409 0.0673 0.0190 0.1176 0.0626 0.0301 0.1409 0.0743

Table 7.5: Wind speed absolute errors resulting from the optimisation performed for
VTunnel < 12 m/s using ATS rod 1 and ATS rod 3 data at (α = 0◦) (Test 2) for the
thermal conductivity Kopt and the average heat transfer coefficient hsopt. The optimisation
is performed with respect to the theoretical convective heat transfer coefficients from each
cross-flow Nusselt number model assumed, which are derived from the wind tunnel wind

speed values.

modelling forced convection around ATS 1 rod. ATS rod 3 shows, on the contrary, a good

agreement for values VTunnel ∈ [0, 12] m/s. Furthermore, a deviation from the theoretical

predictions of hcATS1|m is observed for all models in ATS1 for VTunnel > 4 m/s, although
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only the Perkins model shows a deviation larger than 0.5 W/(m2·K). Because ATS1 and

ATS3 are exactly in the same relative position with respect to the wind field, the origin

of this deviation must be in an external element not contemplated by either the radiative

model or the forced convection model. Nevertheless, the overall tendency of hcATS1|m and

hcATS1|Nu are similar, which was not observed for ATS rod 2 when VTunnel > 6 m/s. This

means that even though the temperatures recorded by each ATS rod may be different, the

evolution of the profiles should be similar or proportional with the increase of the wind speed

values. A similar result is observed for the retrieved wind speeds with ATS1 and ATS3 in

Figure 7.14, and whose errors are collected in Table 7.5.

A possible explanation of the disturbances observed in hcATS1|m is the aluminium plate, as it

was advanced in the previous section. It appears that the effect of the plate presence on the

ATS rod 1 retrieval is not strong enough when the wind speeds are 0 < VTunnel < 10 m/s,

but beyond this point, some fluid flow interaction affects the thermal profiles developed

along the ATS rod 1 that results in artificially biased hcATS1|m values. Observing the

evolution of hcATS3|m values, it appears that the larger distance to the aluminium plate

from the ATS rod 3 delays to higher wind speed values the interference observed in ATS

rod 1. The distance seems to be large enough to withstand an increase of 2 m/s beyond the

limit observed for the retrieval through the ATS rod 1. It is also possible to observe the

deviation of the retrieval when the CU stops cooling down as a consequence of the forced

convection and starts heating up because of the friction of the air within the tunnel, which

naturally is not included in the model. Thus, the disturbances observed into ATS rod 1

predicted hcATS1|m values could be the result of a combination of both overheating and

plate interference effects.

In the same context, Figure 7.14 shows the disturbances observed in the estimation of

hcATS1|m transmitted to the wind speed retrieval. Although the linear fit from the cali-

bration with the LDA offered a coefficient of determination R2 = 0.999 (i.e., a standard

deviation of σd ∼ 0.1 m/s), an error of ±0.3 m/s was adopted for the wind tunnel speed

according to the characterisation of the AWTS viscous boundary layer performed by Merri-

son et al. (2008). ATS rod 3 shows a fair agreement to the wind speeds tested, with a slight

deviation towards the end of the test for VTunnel > 10 m/s still of the order of the ±0.3 m/s

margin.

From Table 7.5, as happened for ATS rod 2, a more accurate retrieval for the first segment

of wind speeds tested, VTunnel ∈ [0, 6] m/s, can be observed for ATS rod 1 with respect to

VTunnel ∈ [6, 10] m/s. The averaged absolute error value found in the former is . 0.28 m/s,

similar to the ∼ 0.21 m/s error found in average for ATS rod 2. For ATS3 the first segment

provides, in average, an absolute error in wind speeds of . 0.11 m/s, and the second, an
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error . 0.07 m/s. The overall absolute error for the range VTunnel ∈ [0, 10] m/s is . 0.09

m/s, comparable to the standard deviation of the LDA ∼ 0.1 m/s.

7.3.4 HABIT EQM wind retrieval parameters

Next, Table 7.6 summarises the optimal values obtained from the optimisation for the ther-

mal conductivity and the heat transfer coefficient, Kopt and hsopt, for each of the Nusselt

number models considered in this retrieval.

ATS α hs Mc hs W hs F hs P Kopt Mc Kopt W Kopt F Kopt P

- [◦] [W/(m2·K)] [W/(m·K)]

1 0.0◦ 3.8437 5.5825 6.2112 3.3925 1.2155 1.1106 1.1312 1.2642

2 -90.0◦ 8.7871 10.1779 10.8858 8.5225 0.4923 0.4496 0.4593 0.5109

2∗ -90.0◦ 7.4736 8.9336 9.5184 7.2275 0.6713 0.6194 0.6464 0.6870

3 0.0◦ 5.2159 6.8544 7.5243 4.8026 0.7501 0.6847 0.6964 0.7806

Table 7.6: Results from the optimisation performed for the thermal conductivity Kopt

and the average heat transfer coefficient hsopt with respect to the theoretical convective
heat transfer coefficients from each cross-flow Nusselt number model assumed, which are
derived from the wind tunnel wind speed values. Optimisation performed for ATS rod 2 at
α = −90◦ (Test 1) and VTunnel ∈ [0, 6], and for ATS1 and ATS3 at α = 0◦ (Test 2) and
VTunnel ∈ [0, 10]. “Mc” refers to McAdams, “W” refers to Whitaker, “F” refers to Fand,

and “P” refers to Perkins.

In order to accept the optimised values collected in Table 7.6, the experiment coefficients

hsopt should have the same order of magnitude than the heat transfer coefficients estimated

by the theoretical radiative heat exchange model summarised in Table 7.2, hsri. Further-

more, Table 7.2 also includes the order of magnitude of the optimum thermal conductivity

Koptri for the values estimated of hsri from the radiative model and for the wind speed

range of each test. For ATS2, the same results are included considering the assumptions

introduced regarding the CU boundary layer dynamics; that is, the Kopt here is estimated

for the values of hs corresponding to VTunnel < 6 m/s.

For the case of ATS3 in Table 7.6, the order of magnitude of the hsopt3 estimated, η3, is,

depending on the model, η3 ∼ 5.2 - 7.5 W/(m2·K), similar to the hsr3 coefficients predicted

by the radiative model η3r ∼ 7.2 - 7.6 W/(m2·K) (see Table 7.6). The order of magnitude

of the optimal thermal conductivities Kopt3 estimated for ATS3, γ3, on the other hand, is of

the order of γ3 ∼ 0.69 - 0.78 W/(m· K), similar to the order of the thermal conductivities

optimised from the values hsr3, Koptr3; that is, γ3r ∼ 0.6 - 0.69 W/(m·K).
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For ATS2, and considering the optimisation for the wind speed range VTunnel ∈ [0, 10] m/s,

η2 ∼ 8.8 - 10.9 W/(m2·K), which is of the same order of η2r ∼ 8.7 - 10.8 W/(m2·K). In

the same line, the optimal thermal conductivities present an order of magnitude γ2 ∼ 0.44 -

0.51 W/(m·K), similar to the order of γ2r ∼ 0.42 - 0.51 W/(m·K). The agreement is slightly

reduced when only considering VTunnel < 6 m/s (marked with ∗), although η∗2 ∼ 7.5 - 9.5

W/(m2K) is similar to η∗2r ∼ 8.7 - 9.6 W/(m2K) and γ∗2 ∼ 0.61 - 0.69 W/(m·K) is similar to

γ∗2r ∼ 0.46 - 0.67 W/(m·K). Because the values of the thermal conductivity were expected

to be between 0.3 (thermal conductivity for the Halogen Filled TG150 glass-fibre laminates)

and 0.8 W/(m·K) (typical for in-plane PCB laminate thermal conductivities), and Koptri

also had a similar order of magnitude with respect to the optimised conductivity hsri (Kopti

in Table 7.6), these results were accepted as physically viable. Thus, ATS2
∗ case would be

assumed in the retrieval.

It should be noted that ATS1 results showed η1 ∼ 3.8 - 6.2 W/(m2·K), of the same order

of η1r ∼ 6.8 - 7.2 W/(m2·K). However, the optimum thermal conductivities presented γ1 ∼
1.11 - 1.26 W/(m·K), which is similar to γ1r ∼ 0.91 - 1.06 W/(m·K) but around 0.3 - 0.4

W/(m·K) higher than the Kopti values for both ATS2 and ATS3, and also higher than the

expected range of 0.3 - 0.8 W/(m·K). Changes of the order of 0.1 - 0.2 W/(m·K) could be

expected because of possible differences between the attachment of the rods to the structure,

manufacturing, connections and cable resistances, or limitations of the model. These results

suggested that, despite the agreement of order of magnitudes observed, the wind speeds of

the fluid flow when reaching ATS rod 1 were lower than the actual wind speed set in the

tunnel. Because of the position of ATS rod 1, close to the aluminium plate, the horizontal

subsonic velocity-field could be reduced in the surroundings of ATS1 and thus be different

to the U∞ that reaches ATS3; that is, the aluminium plate interference could be transmitted

forward to the ATS rod 1 boundary layer. The latter is observed in the the values for Kopt1 ∼
0.95 - 1.1 W/(m·K), which are obtained when the data are forced to fit the free-stream wind

speeds U∞ (i.e., the VTunnel dataset).

In order to corroborate this hypothesis, the radiative heat transfer model hs values could be

used to correct the retrieval at each wind speed point, and the optimised thermal conduc-

tivity value could be later obtained for this range of coefficients hs. Table 7.6 provided lower

values for the thermal conductivity closer to ∼ 0.8 W/(m·K), which in first approach could

provide a more reasonable retrieval. Figure 7.15 shows the application of the hs and Kopt

values from the radiative model to the retrieval, together with the original optimisation,

and the theoretical values. Table 7.7 summarises the errors of the retrieval with this new

approach for quantitative comparison with the original optimisation.

As it can be observed in Figure 7.15, overall, the prediction of both hcATS1|ATS1m and

the wind speed for each Nusselt number model is relatively close to the theoretical values,
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Figure 7.15: HABIT EQM ATS1 retrieval agreement for frontal representative Martian
winds (α = 0◦) at ambient temperature. hsr1 values and the corresponding Koptr1 have
been used for the wind speed retrieval. (Left) Similar to Figure 7.13. (Right) Similar to

Figure 7.14.

ATS 1, α = 0◦, hs|model
Nu ε for VTunnel ∈ [0, 10] [m/s] ε for VTunnel ∈ [0, 6] [m/s] ε for VTunnel ∈ [6, 10] [m/s]

- εmin εmax εave εmin εmax εave εmin εmax εave

McAdams 0.1592 0.8082 0.6041 0.6655 0.8082 0.7391 0.1592 0.7421 0.4016

Whitaker 0.0708 0.7421 0.3815 0.1343 0.6724 0.3446 0.0708 0.7421 0.4367

Fand 0.0562 0.7194 0.3445 0.0562 0.5818 0.2132 0.2537 0.7194 0.5166

Perkins 0.1137 0.8766 0.6627 0.7783 0.8739 0.8368 0.1136 0.7421 0.4017

Table 7.7: Wind speed errors resulting from the optimisation performed for VTunnel < 12
m/s over the ATS rod 1 at α = 0◦ (Test 2) for the thermal conductivity KATSi assuming the
average heat transfer coefficient hsri estimated from the radiative heat exchange model. The
optimisation is performed with respect to the theoretical convective heat transfer coefficients
from each cross-flow Nusselt number model assumed, which are derived from the wind tunnel

wind speed values.

although the original optimisation presents a better agreement in general. To this respect,

only the Fand prediction improves with respect to the original optimisation in the entire

range of VTunnel ∈ [0, 10] m/s, as well as in the first segment VTunnel ∈ [0, 6] m/s. For

VTunnel < 6 m/s, the maximum error is reduced by ∼ 0.01, and by ∼ 0.04 m/s for the whole

range of wind speeds VTunnel ∈ [0, 10] m/s. In the second segment, however, the averaged

absolute error increases in ∼ 0.13 m/s. However, the values of the thermal conductivity

that would correspond to the corrected values for hsi at each speed point are still too high

with respect to the results obtained from the other two ATS rods; that is, Kopt2 and Kopt3.
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7.3.5 Operational approach on Mars

The comparison of ηi with respect to ηir for each cross-flow Nusselt number model on ATS2

and ATS3 (see Table 7.6 and Table 7.2) suggested the Whitaker and Fand cross-flow Nusselt

number approaches as the best options to be considered on the final wind speed retrieval.

Both models showed differences in Kopti . 0.06 W/(m·K) between ATS rod 2 and 3, and

differences |Kopti − Koptri| . 0.05 W/(m·K). These small differences are acceptable and

are possibly attributed to manufacturing or assembly biases. Finally, the error analysis

performed on the test results demonstrated a better prediction of the Whitaker approach

with respect to the Fand theory (see Table 7.4 and Table 7.5) to evaluate hcATSi|Nu , and

thus the former was chosen for the HABIT wind speed retrieval on Mars. As a result, the

thermal conductivities will be assumed to be KATS2 = 0.62 W/(m·K), and KATS3 = 0.69

W/(m·K) in equation 7.2.

The experimental results also suggested that the testing platform to which the HABIT EQM

was attached interfered on the ATS1 forced convection dynamics; that is, the ATS rod 1

was not exposed to an unperturbed horizontal velocity field at U∞, but to a local fluid flow

with a lower speed value. As a consequence, the latter was not correlated to the RPM set

on the tunnel and calibrated through the LDA (see Figure 7.4). Although the configuration

of the EQM in this study was not identical to the final assembly on the ExoMars SP (see

Figure 7.3), the setup was useful to illustrate the role of nearby obstacles.

From the operational point of view, because the Kopt1 values obtained for ATS rod 1 were

found to be excessively high and both ATS1 and ATS3 present similar mechanical configu-

rations, KATS1 ≈ KATS3 ± 0.1 W/(m·K) will be assumed on Mars for the retrieval of local

wind speed in the vicinity of ATS rod 1; this in turn will lead to an error of V1Local±0.93 m/s

for U∞ ∈ [0, 6] m/s. On the other hand, the results of these tests allowed for the estimation

of the expected biases on the retrieval of frontal winds at U∞ from the ATS rod 1 as a result

of possible ExoMars SP interferences. However, for this test in the tunnel, the optimal ther-

mal conductivity (Kopt1 = 1.11 W/(m·K)) allows for free stream wind speed retrievals with

errors . 0.81 m/s that can be used to compare with U∞. These two modes are compared

next in Figure 7.16 to retrieve both V1Local and U∞. The Whitaker approach is applied on

the three ATS rods, where ATS rod 2 was exposed to lateral winds and ATS rods 1 and 3 to

front winds at U∞ ∈ [0, 10] m/s. It is worth mentioning that the retrieved ATS1 local wind

speed is, as expected, lower than the free flow wind of the tunnel, confirming the role of the

nearby plate as an obstacle slowing down the gas flow. On the contrary, the ATS2 shows

an increase in the local wind speed when the separation bubbles have developed along the

entire front face of the CU as predicted, for wind speeds above 5.5 m/s.
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Figure 7.16: HABIT wind speed retrieval algorithm output for front (α = 0◦) and lateral
(α = ±90◦) horizontal wind fields, and for wind speeds U∞ ∈ [0, 10] m/s for different

thermal conductivities.

As it can be observed on Figure 7.16, the wind speed retrieval will be capable of measuring

frontal (α = 0◦) wind speeds at U∞ ± 0.3 m/s in the range of U∞ ∈ [0, 10] m/s (ATS3),

and lateral wind (α = ±90◦) speeds at U∞ = ±0.3 m/s in the range of U∞ ∈ [0, 6] m/s

(ATS2). For any other orientation in the range of α ∈ [−90◦, 90◦], the ATS rods will measure

the normal components of the horizontal free stream; that is, the horizontal wind vector

may be reconstructed by combining the retrievals of each ATS rod. For horizontal winds

coming from the front-left quadrant (i.e., α ∈ [90◦, 0◦]), the X− component Ux∞ will be

measured by ATS3 as Ux∞ ± 0.3 m/s for Ux∞ ∈ [0, 10] m/s, and the Y + component by

ATS2 as Uy∞ ± 0.3 for Uy∞ ∈ [0, 6] m/s. Similarly, for front-right horizontal winds (i.e.,

α ∈ [0◦, 90◦]), X− component will be measured as Ux∞ ± 0.81 m/s for U∞ ∈ [0, 10] m/s by

ATS1 and Y − components by ATS2 as Uy∞ ± 0.3 m/s for Uy∞ ∈ [0, 6] m/s. The possible

interference of nearby obstacles in the fluid flow should have to be however characterised

for these range of incident angles.

The wind retrieval on Mars will implement this method, and the obtained data will be stored

at the Planetary Science Archive (PSA) following the PDS4 standard format. Chapter 8

details the archive standards and the processing steps that will be applied to HABIT data.
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7.3.6 HABIT EQM wind retrieval: conclusions

The capabilities of the ExoMars HABIT wind-speed retrieval algorithm were experimentally

assessed under representative near-surface Martian winds in the Aarhus Wind Tunnel Simu-

lator. The retrieval is based on modelling forced convection around three rectangular-based

fins (ATS rods), and obtaining information about the heat-flux between the fins and the

nearby environment. With this method, the thermal profile of the fin can be used to retrieve

the fluid temperature Tf and the local wind speed VLocal simultaneously.

The EQM ATS rods thermal conductivities KATSi were calibrated and the m-parameter

model, designed to operate in open conditions, was adapted to operate within a low-pressure

wind tunnel facility. The latter was performed by completing the m-parameter model with

the effect of local heat sources and sinks hsi that affect the ATS rods temperature condition

under the specific experimental conditions of these tests. A least-square optimisation of

both KATSi and hsi was applied at each ATS rod i in order to fit the theoretical average

convective heat transfer coefficient of each ATS rod i, hcATSi|Nu , derived from the AWTS

wind speed data, to the estimated coefficient from the m-parameter model, hcATSi|m. Two

tests were performed at ambient temperature conditions, T ∼ 25◦C, and P = 9.9 mbar: Test

1, for lateral winds (α = −90◦) at U∞ ∈ [0, 10] m/s; and Test 2, for front winds (α = 0◦)

at U∞ ∈ [0, 12] m/s. The results of the optimisation were validated against a model of the

expected radiative heat exchange between surfaces within the AWTS and applied to each

ATS rod. The optimisation was accepted when 1) the order of magnitude of the radiative

terms estimated in the radiative model hsri, and for the range of wind speed at each test,

was similar to the optimised value for hsi, 2) if the optimised thermal conductivity Kopti

had a similar order of magnitude to the optimum conductivity value assuming hsri, Koptri,

3) if Kopti is of the same order of the expected values for a PCB based on Halogen Filled

TG150 glass-fibre laminates.

The response of four experimental cross-flow average Nusselt number models for horizontal

cylinders were assessed. The results demonstrated that the Whitaker model (Van Der

Hegge Zijnen, 1956) is more adequate to predict the free stream speed. The wind retrieval

was demonstrated to provide U∞ ± 0.3 m/s for frontal winds (α = 0◦) in the range of

U∞ ∈ [0, 10] m/s (ATS3) and U∞ ± 0.3 m/s for lateral winds (α = ±90◦) in the range of

U∞ ∈ [0, 6] m/s (ATS2).

The wind-sensing retrieval capabilities were experimentally explored for steady flows for at

least 10 min. The instrument was designed to measure the normal component of local winds

and thus with the tests performed here the error in retrieval of the normal component has

been calibrated. We conclude that for the operations on Mars, and due to the symmetric
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configuration of ATS1 and ATS3 with respect to the SP, we can also use the ATS1 to measure

local winds by assuming KATS1 = KATS3.





CHAPTER 8

HABIT air temperature and wind

retrieval software implementation

The air temperature and wind retrieval detailed in this research work were developed to be

implemented in the analysis of the HABIT FM data, when operating on Mars onboard the

ExoMars 2022 mission. Hence, the final product of this thesis is the processing algorithm

and instructions that are required to convert the electronic readings of three ATS rods

into air temperature and wind speeds. These conversions have to be performed during the

operations of the HABIT instrument on Mars, and they will later on be archived at the ESA

Planetary Science Archive (PSA) system.

These data will provide ancillary information for other instruments operating on the SP or

the rover, and will be used by the scientific community. It is therefore critical that the data

recorded are rapidly transformed into meaningful variables, and that they are archived in

an easy-accessible form. Section 8.1 briefly describes the different modes of operation of the

HABIT FM, and section 8.2 shows the main data processing steps to be followed, from the

early acquisition to the final scientific products.

8.1 HABIT operations

The instrument HABIT has been designed to acquire data autonomously on the surface of

Mars. First, when switched-on, the instrument has a thermostat, designed to operate under

extremely low temperatures and that controls a heater. Only when the temperature of the

electronics inside the instrument is above a minimum temperature threshold value the full

power system is enabled and the instrument acquisition starts.

The nominal instrument operations consist of 1-Hz measurements during the first 5 min

and 22 sec of each hour; that is, what is called regular sessions. Also, the instrument is

designed to perform one extended acquisition session per sol, consisting on up to 3 hours of

measurements at 1-Hz without interruptions. This session was designed to monitor in detail

161
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the 3 hours before sunrise, which is the most favourable period for brine formation in the

BOTTLE experiment.

The instrument is controlled by a scheduling system, which is used to enable different

options during this nominal operation mode or to switch to extended acquisition mode when

required. The instrument works according to the last schedule uploaded to its memory; the

extended acquisitions have priority over the regular sessions. If more than one extended

acquisition is required, it has to be manually uploaded to the HABIT memory before. The

time can also be shorter than 3 hours, but in case additional time was needed, the schedule

should be updated again before each extended session. The data is stored in the HABIT

internal memory, and the data packages are transmitted to the SP when receiving a data

request in the interface and memory unit (BIP).

Time-code and time-stamps are needed from the BIP to set the actual real-time logic of

HABIT. Also, the samples to be recorded must be a multiple of 23 because the data packages

have a fixed size of 2032 bytes. This is the reason of recording 5 min and 22 sec in regular

sessions, which are equivalent to 14 packages of 23 samples, each including both engineering

data from the BIP and science data from the sensors.

In summary, HABIT will record data according to the predefined schedule of its internal

memory. When powered up, the instrument will set its internal clock to the time-stamp

received from the SP BIP; the time is recorded relative to the Martian sols (i.e., each sol

is 24 hours and 40 min). During the operations set by the schedule, the instrument will

record engineering and science data packages that will be later stored in a 512 MB NAND

flash memory. Then, once per sol, the BIP will request all the stored data to HABIT, which

will send the latter to the SP on-board computer in binary format. The SP is in charge of

sending back data to the Earth through the TGO, and commands to the BIP from Earth

for scheduling updates.

8.2 HABIT ATS: air temperature and wind speed data archiv-

ing at the PSA

According to ESA policy, the data acquisition performed by HABIT on the surface of Mars

shall be released for public use. All data will be archived at the PSA service provided by

ESA. The PDS version 4 (PDS4) standard, created by NASA, has been agreed among the

European payloads for the data format as ESA is a member of the International Planetary

Data Alliance (IPDA). The main purpose of the IPDA is to guarantee a close cooperation
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partnership between agencies to standardise the quality, performance and format of any

data provided by the planetary research of space missions.

The Extensible Markup Language (XML) international standard was adopted for the PDS4.

The XML standard, widely used by online data systems in many others industries, provides

a standard syntax and structure for describing data that can directly be integrated into

web-based applications. This allows the data to be rendered in a number of different for-

mats by directly using the metadata; thus, HABIT instrument will process data differently

from REMS instrument, which was designed for PDS3. Currently, ExoMars 2016, “Mars

Atmosphere and Volatile Evolution” (MAVEN), “Origins, Spectral Interpretation, Resource

Identification, Security, Regolith Explorer” (OSIRIS-REx) and InSight missions are using

the new PDS4 standard.

The HABIT data processing shall be performed every sol and the data will be delivered as a

bundle. A common mission approach is expected to be adopted by the PSA for the bundle

of every instrument in the mission, plus a bundle for the “mission” including non-instrument

data, such as spacecraft housekeeping or mission documentation.

The HABIT bundle will consist on a set of collections that could be of type “data”, “cal-

ibration”, “document”, “geometry”, “browse”, “miscellaneous”, “context”, “spice kernels”

and “xml schema”. Except for the “data” and “miscellaneous” collections, the rest of bun-

dles must keep the type name. The latter may change to “miscellaneous ancillary”, as it

is stored by the ExoMars TGO. The former, however, may be divided into four different

types corresponding to four different level of data processing: “data raw”, “data partial”,

“data calibrated” and “data derived” (more than one collection could be constructed here

depending on the processing needs). Each collection corresponds to a different levels of

data processing, and they must be divided into collections corresponding to each mission

phase; that is, Earth phase, cruise phase, etc. Also, each phase could be divided into smaller

directories, such as one per week.

Next, the collections implemented for the ATS air temperature and wind speed retrieval are

explained. At each collection, two inventory files in “.csv” and “.xml” format are included

to detail which directories are stored in the collection and the size, respectively. Also, a

directory for the range of missions sols corresponding to a specific phase. The latter, again,

includes two inventory files in “.csv” and “.xml” format for the range of sols specified, and

two files in “.TAB” and “.xml” format containing the data processed at the collection level.
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• Level 1: “data raw”

The first level of processing performed by HABIT is the “data raw” collection. Here,

the binary data downlinked by IKI/Roscosmos is received and processed to hexadec-

imal. In this step, no additional information is provided with the exception of the

SP time-stamp as a reference for all the instruments integrated. The processing to

hexadecimal data was developed by Omnisys Instruments AB in collaboration with

LTU, and it is performed internally by HABIT. As it was described in section 8.1, the

instrument is operated through hexadecimal commands, which is the format of the

instrument output. The usual size of the “data raw” files for each sol is 350 KB in

nominal operations.

• Level 2: “data partial”

The second level of processing converts the “data raw” data into partially processed

data. The latter is saved in an ASCII data-file distributed in columns, which are sepa-

rated by commas. Each column corresponds to one of the instrument variables. Up to

this point, only data directly measured by HABIT is provided, plus the SP time-stamp,

and only the calibration of the ATS temperature measurements is applied. The reason

behind the exception for the ATS is the straight-forward conversion from resistance

values to temperatures, including the offsets estimated in the calibration campaign

at the Omnisys AB TVAC in section 6.2.1. The rest of the variables presented are

not provided in physical magnitudes; only the digital value of each sensor is provided.

The files for each sol present 39 columns and has a size of approximately 10 MB (for

nominal operations).

• Level 3: “data calibrated”

The files processed at this level are obtained after the transformation of the variables

provided by each column of the “data partial” collection files. Now, the instrument

output is delivered with actual physical magnitudes, applying the corrections and cal-

ibration functions obtained for each sensor. In this case, the files present 61 columns

because now several derived variables resulting from the combination of variables mea-

sured by HABIT are also included.

At this level, the ATS air temperature retrieval is here performed and the m-parameter

model is used. The fluid temperature, Tf , is included in one of the new columns. Also,

the total average heat transfer coefficient, h, derived from the m-parameter at each

rod is provided. Both magnitudes are estimated from the three Pt1000 temperatures

provided by each ATS rod, but some filtering was included in the estimation of the

m, and thus the Tf and h, according to the model hypothesis.
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First, only admissible temperature profiles are accepted for the calculation of m to

avoid retrievals where these profiles have been excessively affected by the CU struc-

tural shape. This limitation was exposed in section 2.5. This is performed by only

considering measurements at each rod where |Ta−Tb| > |Ta−TLn|. Furthermore, and

considering the resolution of the Pt1000 measurements at each rod, only temperature

profiles that fulfilled |Ta − Tb| > 0.1 K and |Ta − TLn| > 0.1 K are accepted.

On the other hand, and taking into account the asymptotic behaviour of the math-

ematical model that defines the m-parameter (see section 3.4) of m < 2.2, the m

estimations were reduced to temperature profiles where X ∈ [0.01, 0.47]; only in this

range the fluid temperature retrievals were observed to show values with physical

meaning (see asymptote in Figure 3.5).

The “.TAB” and “.xml” files at this level will be composed of 61 columns and the

complete set of new variables that the instrument is capable of measuring. In nominal

operations, these files have usually a size of 19 MB.

• Level 4: “data derived” data

The last step in the data processing consists on the combination of the data col-

lected into the “data calibrated” collection with the relevant ancillary information

provided by the SP and any other instrument on-board contained in the “miscella-

neous ancillary” collection. Thus, at this level of processing, the output files provide

not only the magnitudes directly measured or interpreted by the instrument, but also

those that, by considering extra variables, can be indirectly measured by the instru-

ment after the application of physical models. Furthermore, the data stored at this

level would also include quality checks of the data points to assess the confidence level

of the measurements performed when applying the models. For instance, several con-

trol flags are included to indicate the presence of dust over the UVS, the UVS diffuse

irradiance (when the direct Sun beam is outside of the field of view), the shadows

coming from other platform elements for each Sun position, systematic errors for each

measurement, noise, and sensor degradation, among others.

This is the processing level where the wind speed retrieval developed in this research

work will be implemented. As it was already advanced in Figure 4.8, when the wind

retrieval concept was applied to the REMS temperature data (see section 4.1.3.3) the

algorithm required some previous steps before the calculation of m and Tf . When

targeting the wind speed retrieval, specific conditions had to be fulfilled on the tem-

perature profiles developed along the ATS rods in order to assume the hypothesis of

the model. Also, the uncertainty of the temperature measurements was considered

to accept the errors when performing temperature differences along the rods, and the
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pressure measured by the PS was also introduced. The ancillary data provided by the

platform was collected in the ADR files for REMS.

For the wind retrieval applied to the HABIT ATS temperature measurements, the

same ancillary information is required when calculating m and Tf for the later estima-

tion of the wind speed. As it can be observed in Figure 4.1, any Nusselt number model

needs the air density, which, by using the fluid temperature estimated from the m-

parameter model, Tf , and the ambient pressure, can be calculated assuming the ideal

gas law. Except for the pressure data, the rest of the filtering was already included

in the previous processing level. In the case of the ExoMars SP, this pressure is pro-

vided by the METEO-P sensor of the METEO-M meteorological package (Nikkanen

et al., 2018), which also includes a humidity sensor (METEO-H), a radiation and dust

sensor (RDM), and a magnetic field sensor (AMR). The METEO-P, developed by the

Finnish Meteorological Institute, has an extensive heritage from past missions on the

surface of Mars, including the REMS Pressure Sensor (PS). Thus, the processing of the

wind speed by using the METEO-P is defined similarly to the wind speed estimations

already made by the retrieval using REMS PS as ancillary information (see chapter

4).

In case of failure of this sensor, or in the absence of real time integration of the

measurements of both instruments, the pressure values can be estimated using previous

observations of the Oxia Planum region through remote sensing instruments such as

the Thermal Emission Spectrometer (TES), and using GCM and meso-scalar models

to predict the diurnal and seasonal variation of pressure. The preliminary studies

of GAS at LTU using TES observation have demonstrated that the expected surface

pressure at Oxia Planum will be of the order of 750 Pa, at the time of landing, with

a diurnal variability of about ±50 Pa. This introduces an uncertainty in the density

of about ±10% which, for instance, would lead at most to an error of ∼ ±11% when

estimating a wind speed of ∼ 5 m/s.

It has to be noted though that the dependency of the wind retrieval to error sources

in the pressure acquisition was not developed in this research work because the AWTS

tests could only be performed at a constant pressure. Thus, in case the METEO-

P sensor did not provide pressure data, some extra wind tunnel tests at the AWTS

would have to be scheduled to characterise the error of the wind speed retrieval due

to uncertainties in the density (through uncertainties in the pressure).

In addition to the pressure, some extra ancillary information is required to contextu-

alise or correct the wind speed retrieval output. The retrieval model considers the ATS

rods to be completely exposed to the radiating environment, including the direct solar

insolation. A stationary cooling or heating rate is assumed for the m-parameter model
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hypothesis, as it can be observed in equation 3.1, but if the sun rays were blocked

by an obstacle before reaching one of the ATS rod Pt1000 sensors, creating partial

shadows, this hypothesis would not be fulfilled.

Let us point out that for the m-model, because it relies on the difference of tempera-

tures pairs, any systematic offset caused by a common source of heat such the direct

or diffuse solar irradiance power (W/m2) acting on a differential section of the rod,

would be cancelled. It is however critical, that all the cross-sections of the ATS rods

are exposed to the same conditions, and thus partial shadows would invalidate this

approach. The same applies, of course, to other wind retrieval methods based on the

heat-flux balance on a solid element, such as the dice used in REMS WS.

As a result, at this level, the m, Tf , h, and wind speed outputs would include flags

to indicate partial shadows over one or two Pt1000 sensors at each ATS rod and

pressure data availability. In particular, for the shadows estimation, the solar zenithal

angle (SZA), stored at the ancillary information in SPICE format by the ESA SPICE

Service, will be used in this processing in a similar way to what is actually implemented

on REMS. The final platform location, orientation and inclination also affect the SZA

calculations for shadows and for the field of view of the UV, as well as the HABIT CU

and platform geometry.

The “.TAB” and “.xml” files in this level of processing have not been completely

developed yet; some ancillary data is not available yet to provide the whole series

of derived values at this level of processing. Currently, the nominal operation with

HABIT provides a file of derived values of 65 columns and 22 MB per sol.

Figure 8.1 shows a summary of the PDS4 PSA data storage under development for each of

the HABIT ATS rods.
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Figure 8.1: Processing levels for the air temperature and wind speed retrieval at the
HABIT PDS4 bundle scheme.



CHAPTER 9

Conclusions and future research

9.1 Final remarks

This thesis is focused on the study of the heat transfer along the HABIT ATS rods when

exposed to forced convection to retrieve wind speed on the surface of Mars, in the vicinity of

the ExoMars Surface Platform (SP). The solution of this heat-transfer problem constitutes

the working principle of the HABIT ATS sensor and has imposed specific functional re-

quirements that affected the design and development of HABIT from its very initial stages.

The underlying hypotheses were first tested through computational fluid dynamic (CFD)

studies, and, later on, in laboratory tests and within a wind tunnel facility at LTU (un-

der Earth-laboratory ambient conditions) using an engineering prototype developed for this

purpose. The air temperature and wind retrieval method were first tested by analysing the

existing data from REMS, onboard the NASA Curiosity rover on Mars. Finally, the wind re-

trieval method has been fully calibrated with the HABIT EQM model, equivalent to the FM

that is already integrated into ExoMars. These tests were performed in the Martian Wind

Tunnel Simulator (AWTS) in Aarhus, Denmark. The thesis also includes the calibration of

the HABIT ATS FM in the cleanroom facilities of Omnisys Instruments AB, IRF, and the

SpaceQ at LTU. The work finalises by defining the processing steps that will be applied to

the dataset produced by HABIT during operations on Mars and the data archiving in the

Planetary Science Archive (PSA) of ESA.

Part I is devoted to the development of the ATS and wind speed measuring concepts for

the HABIT instrument. In Chapter 2, the HABIT CU structure is re-designed to facilitate

a better ATS operation, and thus, wind speed retrieval operation. Based on the analysis of

the expected fluid flow conditions on the surface of Mars, the CU cover lid was modified

in order to guarantee an optimal air exchange between the salts contained in the BOTTLE

experiment and the surrounding environment, while compromising with the allowed vol-

ume and mass allocated for HABIT. Furthermore, a battery of CFD simulations under the

expected radiative environment on Mars, as seen by the REMS instrument on the MSL mis-

sion, suggested inclining the HABIT ATS rods to minimise the contamination of local forced

convection effects. Once the final design of the HABIT CU was approved, an Earth-scaled
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metal 3D-printed CU prototype was developed, as described in Chapter 3, with the main

purpose of testing the initial hypothesis made for the m-parameter model and the concept of

wind speed retrieval for this virtual wind sensor. A commercial meteorological station was

used as a reference for this work. Also, the HABIT EM ATS sensors calibration results were

presented, and the m-parameter was tested on the HABIT EM in an AF1300 subsonic wind

tunnel at LTU. Although the instrument ATS rods were not designed for tests under Earth

laboratory conditions (i.e., the Reynolds numbers on Earth are several orders of magnitude

higher than the expected values on the surface of Mars for the same wind speeds), the tests

corroborated the existence of a correlation between the average m-parameter, m, and the

wind speed through the average convective heat transfer coefficient, hc.

Part II was focused on the validation of this technique under Martian near-surface conditions

by applying, in Chapter 4, this method to actual Martian data from the REMS instrument

onboard the MSL Curiosity rover. Data from the PDS (Gómez-Elvira, J., 2013a,b,c) was

used for this purpose and the retrieval results showed that this concept might be a potential

alternative to extend the wind measurements of the NASA MSL mission for upcoming

years after the WS complete failure reported in sol 1491. The analysis was reduced to a

few mission sols at evening scenarios of REMS Martian observations, from 18:00 to 21:00

LMST, and for a limited range of horizontal wind directions. The comparison was based on

REMS WS 5-min average data-points, and it was observed that this retrieval could also be

applied to the InSight, ExoMars 2022, and NASA 2020 missions because they use similar

ATS concepts. Although more statistical analysis of the entire REMS dataset would be

required to directly apply the proposed retrieval technique to the REMS ATS measurements,

the results suggested that a limited but valid in-situ wind speed characterisation could be

performed on Mars by using the ATS/REMS, ATS/HABIT and, potentially ATS/TWINS,

operating simultaneously at different locations on the surface of the planet.

A REMS WS error of 20% in wind speeds was assumed, and two levels for the retrieval

concept were addressed in the study. First, a “coarse” approach, where only the cross-flow

Nusselt number model provided by Whitaker (Van Der Hegge Zijnen, 1956) was applied to

the temperature measurements. Here, it was assumed that the wind speed corresponded to

the normal component to the ATS rods, and thus, by combining both ATS rod outputs the

actual horizontal wind vector was derived. In this case, an agreement between the retrieval

wind speed “coarse” estimations and the WS wind speed data-points in the range of ∼ 36.4%

to 77% of the time was demonstrated between 18:00 and 21:00 LMST, and the results did

not require the wind orientation to be previously known. Second, a “refined” approach

that provides wind speed and direction data based on the Fand and Keswani (1972) cross-

flow Nusselt number model. The approach was developed under the assumption that both

REMS ATS1 and ATS2 rods were under the same cooling conditions. For this approach,
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even though coincidence was observed in the sols for the wind direction retrieval in 5-min

averages, it was concluded that the 5-min averaged data comparison was not enough to assess

the wind direction retrieval capabilities. However, a new optimal orientation for future rover

wind retrievals, based on the two operating ATS of REMS, of 60◦ clockwise from +XRNAV

is suggested from the model. Also, it was concluded that the thermal equilibration time

of the REMS ATS (of 20-80 seconds according to Gómez-Elvira et al. (2014)) might limit

the applicability of this method for shorter periods of time. Finally, for simplification, this

study only showed the applicability to evening hours, to avoid direct solar radiation and

usual rapid air temperature changes during the day-time on Mars. Daytime analysis should

be implemented to demonstrate full applicability. It is worth mentioning that the REMS

ATS of FM or EQM were never calibrated, nor designed for this purpose, and thus many

assumptions regarding the thermal conductivity and emissivity, and self-heating offsets have

been made. On the contrary, for the case of HABIT ATS, a dedicated set of experiments

in the Mars wind tunnel facility and in vacuum chambers have been devoted to calibrating

all the unknowns and estimating the true error and offsets under controlled conditions. The

results of this retrieval comparison against the REMS PDS dataset explained in Chapter 4

are published in Soria-Salinas et al. (2020a).

Part III describes the calibration procedure and results of the ATS/HABIT EQM in the

SpaceQ chamber at LTU, in Chapter 5, and the ATS/HABIT FM at the Omnisys Instru-

ments AB TVAC chamber, in Chapter 6. These calibration campaigns were performed

under ambient temperature conditions. For the FM, vacuum conditions were implemented

at the Omnisys TVAC chamber, while for the EQM, a typical Martian pressure of P = 7.1

mbar was simulated within the LTU SpaceQ chamber. The calibration was reduced to an

offset correction of the Pt1000 temperature output with respect to an ambient temperature

reference probe in stationary conditions. This procedure also eliminated the initial tempera-

ture profile developed along the HABIT EQM and FM ATS rods because of the instruments

self-overheating when switched-on. The tests were considered valid when the temperature

oscillation of the Pt1000 output was within the error of the reference probe for at least 1

hour.

In Part IV, the wind tunnel tests results are discussed in Chapter 7, where the thermal

conductivities KATSi of the EQM ATS rods were calibrated from the experiments; here the

m-parameter model was adapted for operations under closed conditions. The wind retrieval

was tested for wind speeds when the airflow is normal to the ATS rods, and thus two tests

were performed. Test 1 consisted on lateral airflows at α = −90◦, normal to ATS rod 2. Test

2 included front winds at α = 0◦, normal to ATS rods 1 and 3. The tests were performed

for a range of wind speeds VTunnel ∈ [0, 13] m/s.
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The results from the AWTS Test 1 and Test 2, exposed in sections 7.3.1 to 7.3.4, demon-

strated that, for the range VTunnel ∈ [0, 6] m/s, each sensor is able to provide the normal

wind speed values with an accuracy, in average and for this range, between ±0.19 m/s and

±0.23 m/s for the case of ATS2, between ±0.23 m/s and ±0.28 m/s for ATS1, and between

±0.06 m/s and ±0.11 m/s for ATS3, depending on the cross-flow Nusselt number model

considered. The maximum absolute errors found in this range of wind speeds were ±0.32

m/s for ATS2 when the Fand model was applied to the temperature measurements (and

Kopti and hsiopt were optimised for VTunnel ∈ [0, 6] m/s), ±0.67 m/s for the Perkins model

in ATS1, and ±0.21 m/s for the Fand model in ATS3.

The reference VTunnel provided had an error of ±0.3 m/s (Merrison et al., 2008), which

represented the limit of final wind speed retrieval accuracy. In this context, only ATS rod 1

presented peak errors of about 0.6 m/s, but the higher value of the Kopt1 with respect to the

other ATS, of ∼ 0.91− 1.06 W/(m·K), suggested that additional tests should be performed

using a holding platform that does not interfere in the force convection dynamics around

the ATS rod 1. The parametric optimisation was performed assuming all the three ATS to

be exposed to the tunnel VTunnel speed, but local obstacles around ATS1 made evident that

this free flow speed may not be the actual wind speed of the fluid flow that is cooling down

ATS rod 1.

The results also showed for wind speeds VTunnel ∈ [6, 10] m/s that there exists a limitation

in the retrieval of the ATS rod 2 for lateral winds (α = −90◦) because of the EQM CU

geometry. The order of magnitude of the Reynolds number based on the CU plant aspect

ratio suggested that this limitation could be the consequence of the separation of the viscous

boundary layer developed along the CU structure.

Finally, the results demonstrated that the ATS rod 3 provided the most accurate retrieval

with independence of the Nusselt number approach selected. For wind speeds VTunnel ∈
[0, 10] m/s, the error of the retrieval with the ATS3 was never above the wind tunnel accuracy

limit of±0.3 m/s, with an error average between 0.07 and 0.09 m/s, depending on the Nusselt

number approach. For VTunnel > 10 m/s ATS3 wind speed retrieval showed errors in average

of the order of ∼ 0.1 m/s.

In summary, and because this testing campaign was conditioned to the accuracy of the

wind tunnel free stream speed characterisation, the results demonstrated that the Whitaker

approach detailed in Van Der Hegge Zijnen (1956) is more adequate when modelling the

cross-flow Nusselt number model to predict a free stream speed normal to the ATS rods.

This conclusion agreed with the results from the retrieval application to the REMS ATS

data in Chapter 4. The wind retrieval was demonstrated to provide U∞±0.3 m/s for frontal

winds (α = 0◦) in the range of U∞ ∈ [0, 10] m/s (using the ATS3) and U∞ ± 0.3 m/s for
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lateral winds (α = ±90◦) in the range of U∞ ∈ [0, 6] m/s (using the ATS2). The results of

the wind speed retrieval calibration within the AWTS were included in Soria-Salinas et al.

(2020b).

9.2 Future work

Considering the AWTS results exposed in Chapter 7, it was concluded that further analysis

would be required with the EQM attached to a platform that simulates the ExoMars SP

and avoids abnormal fluid flow interference around the ATS1 with respect to ATS3.

As far as the applicability of the wind retrieval for Martian operations is concerned, the

actual time response of the retrieval is still unknown. Although the HABIT data acquisition

is performed at 1-Hz, the time the ATS rod’s thermal profiles need to reach equilibrium at

the new wind speed condition has to be characterised. This response time is, however,

expected to be between 20 and 80 s, since the fluid temperature provided by the REMS

ATS rods, similar to the HABIT ATS rods, was reported to oscillate in this range. Further

experimental tests would be required to observe the actual performance of the wind retrieval

under a horizontal wind field at varying speeds.

Similarly, only frontal and lateral winds were tested at this campaign, and the characterisa-

tion of the wind retrieval implemented in the PSA was thus limited to winds normal to the

ATS rods. A future wind campaign could also test additional wind orientations in order to

find a correlation between the averaged m of each rod and the actual wind direction. This

would serve to define and validate a preliminary method to provide wind orientation using

the HABIT ATS rods; that is, using a similar approach to what was presented for the REMS

“refined” method. Furthermore, wind tunnel tests focused in both the retrieval performance

under lower temperatures and different CU heating power values could also be performed.

The former would establish the actual wind retrieval error dependency with the variations

of the Martian ambient temperature, which could oscillate up to 90 K in a sol. The latter

could establish the m-parameter method resolution with the absolute temperature difference

between the ATS rods and the surrounding air.

Finally, once in operation on Mars, the instrument shall be commissioned and the data

shall be transformed and labelled according to the criteria described above. Thus, the most

immediate continuation of this work is the actual exploitation of the air temperature and

wind speed observations at Oxia Planum. Also, this sensor will provide for the first time

on Mars a direct measurement of the diurnal and seasonal variability of the heat flux of a

known element on the surface of Mars. This can be used to constrain the design of future
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landed missions on Mars and also as input for the models of heat interaction between the

surface of Mars and the atmosphere.
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Annex A

Fundamentals of viscous boundary

layer

One important remark regarding the fluid flow around HABIT is that the instrument is

mostly a blunt body; the flow is not “attached” to the surface, but separated for a certain

range of wind speeds and orientations. In order to contextualise the approach followed

in section 2.1.1.5, some concepts regarding the so-called viscous boundary layer are next

exposed.

The Navier-Stokes equations 2.13-2.15 describe the fluid dynamics assuming the environ-

mental conditions described in section 2.1.1.5. When the fluid flow around a geometry

presents a high Reynolds number, Re� 1, it can be assumed that the order of magnitude

of the viscous terms are negligible with respect to the convective terms in the equation

of momentum 2.14. This assumption can also be applied to the energy equation 2.15 by

neglecting the conductive terms when Pr · Re � 1. As a result, we obtain the Euler’s

equations:

∂ρ

∂t
+ ~v · ∇ρ+ ρ∇ · ~v = 0, (A.1)

∂~v

∂t
+ ~v · ∇~v +

∇p
ρ

= ~gM (A.2)

∂e

∂t
+ ~v · ∇e+

p

ρ
∇ · ~v = 0. (A.3)

This simplification allows us to solve the fluid dynamics for an entire fluid volume around

a body with relatively low computational effort. However, the high-order derivative terms

in temperatures and velocities are implicitly neglected. No boundary conditions can be

defined at the surface of the body, and thus, the solution of equations A.3 is not valid in the

proximity of a body. This makes necessary to impose boundary conditions such that the

velocity field at the interface of the fluid with the body is tangent to the surface of the latter

(in absence of mass flows through the interface). Similarly, no temperature condition can be

imposed at this interface. However, according to the hypotheses explained in section 2.1.1.1,

the fluid is assumed to be a continuous medium; that is, the velocity and temperature of
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the fluid must be equal to the velocity and temperature of the surface of the body at the

interface (i.e., assuming no chemical reaction, phase change, or mass transfer).

This scenario makes necessary the existence of a region where the viscous and conductive

terms from equations 2.1 and 2.2 have the same order of magnitude than the convective

terms. Here, the velocity and temperature of the fluid could vary as much as their order

of magnitude until reaching the same values that correspond to the surface of the body at

the interface. This region is known as boundary layer, and it can be distinguished between

viscous boundary layer and thermal boundary layer depending on the magnitude considered

(i.e., momentum or temperature, respectively).

The estimation of the thickness of these layers is crucial when modelling fluid dynamics

through CFD tools because the mesh of finite elements where the fluid domain is integrated

needs to have enough resolution to correctly solve the physics of the problem. Otherwise, the

momentum and heat exchange between the body and the fluid is not be correctly computed.

To estimate the thickness of the viscous boundary layer δv, a semi-infinite two-dimensional

solid body is assumed next when exposed to an incompressible laminar flow (according to the

Mach and Reynolds numbers expected on the surface of Mars). This situation corresponds

to a flat plate, which, in first approach, could be used to model some parts of the HABIT

instrument geometry if the size of the scale considered is small enough (i.e., if the distance

to the instrument walls is small enough).

The thickness of the viscous boundary layer δv is defined as the vertical distance from the

wall, where the velocity is zero according to the continuity hypothesis, to a point where the

flow velocity has reached the “free stream” velocity. The latter refers to the region where

the Euler equations A.1-A.3 are applicable because the viscous terms are negligible when

compared to the convective terms. Following an asymptotic approach, the solution of the

fluid flow dynamics can be divided into: 1) the velocity field provided by the solution of

the equations A.1-A.3, where the flow can be assumed to be convective; and 2) the solution

within the boundary layer, where the velocity field provided by the Euler solution is used as

the asymptotic upper limit of the viscous boundary layer. In this study, the exact location

of this transition is not calculated, but only the order of magnitude of the thickness of this

layer, in order to mesh the fluid volume accordingly when performing CFD studies on the

HABIT instrument.

For this analysis, a local curvilinear reference system is introduced, or laminar boundary

layer reference system, which is based in a family of curves that are parallel to the surface

of the body. Here, the x coordinate is the distance from the previous stagnation point,

and y is the normal distance from the surface of the body. Cartesian coordinates are not

used unless the surface of the body is flat. As long as the radius of the curvature of the
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surface R is much larger than the scale along the y coordinate, R � y, the approach is

valid. The velocity components are the longitudinal wind speed u and the traversal wind

speed v according to this reference system, and l is the characteristic length that has to

be traversed along x to have a change in δv of the order of the body characteristic length.

Similarly, vc is the characteristic transversal velocity, and ∆δP the order of magnitude of

the transversal pressure variations. The longitudinal component of the velocity field varies

from zero to the value of the free stream outside the boundary layer, Ue(x), provided by the

non-viscous Euler solution, and within the layer is uc ∼ U . Finally, considering the Euler

equations A.1-A.3 for a two-dimensional flow, the longitudinal pressure variations along the

boundary layer are ∆lP ∼ ρU2.

To estimate the order of magnitude of δv, vc, and ∆δP , the balance between the order

of magnitude of the main terms of the equations 2.13 and 2.14 is performed. From the

continuity equation:
∂u

∂x
+
∂v

∂y
= 0. (A.4)

Considering the order of magnitude of each variable and assuming the order of both terms

similar:
U

l
∼ vc
δv

; vc ∼ U
δv
l
� U. (A.5)

Equation A.5 indicates that the magnitude of the transversal velocities along the surface

of the body, within the boundary layer, is much smaller than the order of the longitudi-

nal velocities. Similarly, for the momentum equation in the longitudinal direction x and

introducing equation A.5:

u
∂u

∂x
+ v

∂u

∂y︸ ︷︷ ︸ = −1

ρ

∂p

∂x︸ ︷︷ ︸+ν

∂2u

∂x2
+
∂2u

∂y2︸ ︷︷ ︸
 (A.6)

U2

l
∼ Uvc

δv

∆lP

ρl

U

l2
� U

δ2
v

where ν is the kinematic viscosity. The convective terms present the same order of mag-

nitude, of ∼ U2/l according to the continuity equation A.5. As far as the terms for the

momentum of diffusivity are concerned, and assuming that the Reynolds number is large

enough to consider δv � l (i.e., a convective flow), the diffusive term in the axial direction

can be assumed negligible with respect to the transversal term. At this point, by imposing,

within the viscous boundary layer, that the convective terms ∼ U2/l and the viscous terms

∼ νU/δv2 are equally dominant, the order of magnitude of δv can be expressed as follows:

δv ∼
√
νl

U
∼ l
√

ν

Ul
∼ 1√

Re
� 1. (A.7)
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It is possible to estimate the order of magnitude of the pressure gradients −1
ρ
∂p
∂x ; that is,

the longitudinal pressure variations established by the external non-viscous Euler solution.

Within the viscous boundary layer region, this term must be as important as the convective

terms by definition, and thus:

− 1

ρ

∂p

∂x
∼ 1

ρ

∆lP

l
∼ 1

ρ

ρU2

l
∼ u∂u

∂x
. (A.8)

Next, by applying the equation of momentum along the y coordinate in the viscous boundary

layer:

u
∂v

∂x
+ v

∂v

∂y︸ ︷︷ ︸+O

(
U2

R

)
︸ ︷︷ ︸ = −1

ρ

∂p

∂y︸ ︷︷ ︸+ν

∂2v

∂x2
+
∂2v

∂y2︸ ︷︷ ︸
 . (A.9)

Uvc
l
∼ v2

c

δv

U2

l

∆δP

ρδ

vc
l2
� vc

δ2
v

Here, ρU2

R represents the order of magnitude of the term that introduces the curvature

effect of the surface. The convective terms are both of the same order; that is,
√

U3

l3
when

introducing the relation provided by equation A.5. The same occurs for the viscous terms;

ν vc
δ2v
∼
√
ν U

3

l3
. These terms are, however, negligible when compared to the curvature term,

and because the transversal pressure gradient term must be as much important as the

curvature term, we can obtain the order of magnitude of the transversal pressure gradients

across the viscous boundary layer:

∆δP ∼ ρU2 δ

l
� ρU2 ∼ ∆lP. (A.10)

From expression A.10 we can assume that, within the viscous boundary layer, the pressure

only depends on the longitudinal dimension. This means that the pressure distribution can

be approximated to the external solution provided by the Euler equations, p(x, y) ≈ pe(x).

Thanks to this assumption, the pressure is not unknown when solving the boundary layer

equations. The equations for the viscous two-dimensional incompressible boundary layer

are then:

∂u

∂x
+
∂v

∂y
= 0 (A.11)

u
∂u

∂x
+ v

∂u

∂y
= −1

ρ

dpe
dx

+ ν
∂2u

∂y2
. (A.12)

Equations A.12 conform a system of parabolic equations with second derivative terms in

the longitudinal velocity u with respect to the transversal coordinate. The derivative terms
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indicate the need of two boundary conditions along the dimension y for u, and one for v. For

u it can be imposed that at the surface of the body this component must be zero because

of the hypothesis of the fluid as a continuous domain (i.e, the velocity of the fluid and the

surface of the body must we equal at the interface). The same occurs for the transversal

component v, which has first order derivatives. Here, the only boundary condition that can

be imposed is v = 0 at the surface of the body. For the second condition in u, we assume

that at the end of the boundary layer the velocity profile tends to the external solution

provided by Euler, ue(x):

y = 0 : u = v = 0 (A.13)

y →∞ : u = ue(x). (A.14)

In addition to this, another condition is required in the dimension x for u. This is intro-

duced as an initial condition that provides a velocity profile at the beginning of the viscous

boundary layer:

x = 0 : u = u0(y). (A.15)

Finally, from the Euler equation for the momentum in the longitudinal dimension x, it is

possible to express the external pressure as a function of the external velocity distribution:

ue
due
dx

= −1

ρ

dpe
dx

. (A.16)





Annex B

HABIT tests additional information

The results of the qualification tests performed on the HABIT EQM within the IRF TVAC

facility are next exposed.

B.1 Test 2: Start-up from hot case

In this test, the instrument was switched on in a “hot” scenario to emulate the day-time

conditions. The lamp that simulates the solar radiation was also on, although no information

about its position, orientation or direct insolation was available. The output of all the

temperature sensors available for the test is represented in Figure B.1. In Figure B.1 the

ATS2 Tip values are not represented because of the sensor failure detected on Test 1. During

Test 2, the HABIT EQM was switched on from an initial steady and hot scenario, although

it can be seen that the temperatures were not completely constant. The switch-on of the EU

also induced the extra self-heating observed in Test 1, which at the end of this test meant an

Figure B.1: HABIT EQM temperature readings from Test 2 within the IRF TVAC. The
external thermocouple readings from probes T1, T2, T3, T13, T14 are located over the
HABIT structure according Table 5.2, and “T Shroud” refers to the sensors attached to the

TVAC inner walls.
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Figure B.2: Detail view of the HABIT EQM temperature readings from Test 2.

overheating of around 15◦C with respect to the CU temperature. However, this overheating

was not only caused by the EU, since it can be observed in the “Shroud” signals that both

“T Shroud TF” and “T Shroud S” are suddenly activated. TF and S refer to “Top Front”

and “Side”, while BB and BF refer to “Bottom back” and “Bottom Front”. It has to be

remarked that no information was available concerning the correlation between the actual

TVAC sides and the locations that this nomenclature refers to.

Based on the results shown in figure B.1, it can be seen that these two walls of the chamber,

located at the front-upper part of the inner chamber volume, constitute a heating source

that is reflected in the other two shroud walls and the EU structure. The sensors T13, T14

and T3 are attached to the EU.

Figure B.2 shows a smooth increase of the temperatures provided by the CU and all the

ATS sensors.

As it can be observed, the temperature differences between Pt1000 sensors at each ATS rod

show a consistent profile for an external heating scenario; that is, “ATSiT ip” temperature is

higher than both ATSiBase and ATSiMid temperatures at ATS1 and ATS3. Here, we have

the opposite case to Test 1. Figure B.3 provides an overview of the temperatures recorded

in this test.

It should be noted in Figure B.2 that the mid-temperature is close but slightly lower than

the CU temperature for all three ATS rods. For a temperature profile that corresponds

to a scenario where the CU is warmer than the ambient or colder than the ambient, these

differences should be either both positives (first case) or both negatives (second case). It can
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Figure B.3: Temperature differences TBase–TMid and TBase–TTip of each ATS sensor from
the HABIT EQM temperature readings Test 2. For this case, considering that the container
unit was warmer than the environment, the differences TBase−TMid and TBase–TTip should

have been positive, and |TBase–TTip| > |TBase − TMid|.

also be seen that both ATS1 and ATS2 presented similar temperature difference between

the base and the middle Pt1000 sensor.

B.2 Test 3: Start-up from cold case

The purpose of this test was to reproduce the scenario of the HABIT EQM switch-on under

representative Martian night temperature conditions and vacuum. As it can be observed

in Figure B.4, right after the instrument was switched on, the internal heater in the EU

was activated to maintain the electronic components above a minimum temperature. In

this case, it can be seen that at around 19:24 the heater entered in a cyclic mode; that is,

the EU heater is switched on and off to maintain the temperatures above the threshold.

In this night (cold) case, where the UV lamp was switched off, the CU is hotter than the

ambient temperature because the previous state was the “hot case”. Thus, here all the ATS

temperature profiles should have presented the highest temperature at the base of the ATS

rods, and the lowest at the Tip. This would make the temperature differences Base-Tip and

Base-Middle positives, with |TBase − TT ip| > |TBase − TMid|.

Despite the fact that these sensors were not calibrated at the time of this testing campaign,

the temperature differences observed in Test 1, when all the ATS rods were close to ambient

temperatures, were of the order of 0.2◦C or more. Here, we can see temperature gradients
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Figure B.4: HABIT EQM temperature readings from Test 3. The external thermocouple
readings from probes T1, T2, T3, T13, T14 are located over the HABIT structure according

Table 5.2, and “T Shroud” refers to the sensors attached to the TVAC inner walls.

Figure B.5: Detail view of the HABIT EQM temperature readings from Test 3. The
external thermocouple readings from probes T1, T2, T3, T13, T14 are located over the

HABIT structure according Table 5.2.
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Figure B.6: Temperature differences TBase–TMid and TBase–TTip of each ATS sensor
from the HABIT EQM temperature readings Test 3. For this case, and given the fact that
the container unit is warmer than the environment, TBase − TMid and TBase–TTip should

be positive, and, |TBase–TTip| > |TBase − TMid|.

of the order of 10◦C to 17◦C. Figure B.6 represents these temperature differences. This is

consistent with Figure B.5.

B.3 Test 4: Operation under cold case conditions

This test consisted in heating up the instrument from the previous cold condition by stopping

the cooling of the chamber. In Figure B.7 it can be seen that all the temperatures converge to

an equilibrium because of this scenario, although at the beginning of the test it is possible

to see the action of the heaters of the EQM. The heaters stopped when the instrument

temperature control reading was above ∼ -50◦C. Figure B.8 provides a more detailed view

of this transition.

In Figure B.9 it has been included the temperature differences for this test. As it can be

observed, the values are coherent with the evolution of the ambient temperature in the test.

At the beginning, the instrument and the chamber were in the cold condition. However,

once the chamber was set to ambient temperature, the surroundings heated up the HABIT

EQM CU. The temperature differences, all positive at the beginning, start to decrease,

until the point when they reach negative values. Each tip reaches the ambient temperature

faster than the CU, and thus the profile is here inverted. This evolution is similar on ATS1

and ATS3, and different for ATS2. The explanation proposed is the geometry of the CU,

symmetrical for the ATS1 and ATS3 and different for ATS2. The differences of ATS1 and
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Figure B.7: HABIT EQM temperature readings from Test 4. The external thermocouple
readings from probes T1, T2, T3, T13, T14 are located over the HABIT structure according

Table 5.2, and “T Shroud” refers to the sensors attached to the TVAC inner walls.

Figure B.8: Detail view of the HABIT EQM temperature readings from Test 4. The
external thermocouple readings from probes T1, T2, T3, T13, T14 are located over the

HABIT structure according Table 5.2.
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Figure B.9: Temperature differences TBase–TMid and TBase–TTip of each ATS sensor from
the HABIT EQM temperature readings of Test 4. For this case, and given the fact that
the container unit is warmer than the environment, TBase − TMid and TBase–TTip should

be positive, and, |TBase–TTip| > |TBase − TMid|.

ATS3 with respect to ATS2 were relatively high because of the base of each ATS is “further”

from the platform than the ATS2 base, and thus the time for reaching ambient temperatures

along the ATS rods is higher.

B.4 Test 5: Instrument ON when cooling down

This test provided measurements of the HABIT EQM while cooling down. The expected

response of the temperature sensors was the opposite to the one observed in Test 4. Figure

B.10 presents the temperature output of the HABIT EQM, the chamber, and the external

temperature probes. Similarly, a detail view of the readings from the HABIT EQM and

external probes is presented in Figure B.11.

Finally, Figure B.12 shows the temperature difference evolution along each ATS. Once the

cooling starts, the tips of the ATS rods quickly decrease in temperature, and the temperature

profiles along the rods is inverted.

B.5 Test 6: Heating CU at 100% starting at a cold case

In this test, the instrument started from the cold case and it was heated up by the heater

of the CU at 100% of its capacity. As it can be seen in Figure B.13, the temperature at
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Figure B.10: HABIT EQM temperature readings from Test 5. The external thermocouple
readings from probes T1, T2, T3, T13, T14 are located over the HABIT structure according

Table 5.2, and “T Shroud” refers to the sensors attached to the TVAC inner walls.

Figure B.11: Detail view of the HABIT EQM temperature readings from Test 5. The
external thermocouple readings from probes T1, T2, T3, T13, T14 are located over the

HABIT structure according Table 5.2.
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Figure B.12: Temperature differences TBase–TMid and TBase–TTip of each ATS sensor
from the HABIT EQM temperature readings of Test 5. For this case, and given the fact
that the container unit is warmer than the environment, TBase − TMid and TBase–TTip

should be positive, and, |TBase–TTip| > |TBase − TMid|.

Figure B.13: HABIT EQM temperature readings from Test 6. The external thermocouple
readings from probes T1, T2, T3, T13, T14 are located over the HABIT structure according

Table 5.2, and “T Shroud” refers to the sensors attached to the TVAC inner walls.

the container unit was increased by about 40◦C in 1 hour. In this scenario, it is possible to

observe the huge temperature gradient along the ATS rods (see Figures B.13 and B.14).

In this test, the temperature gradients observed along the ATS rods were too strong to

apply the m-parameter model and calculate the ambient temperature; the temperature

profiles were beyond the retrieval operational limits. These thermal gradients, however, are

only expected during the operation of HABIT on Mars when dehydrating the brines in the
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Figure B.14: Detail view of the HABIT EQM temperature readings from Test 6. The
external thermocouple readings from probes T1, T2, T3, T13, T14 are located over the

HABIT structure according Table 5.2.

BOTTLE containers of the CU. It can also be observed the temperature difference between

the ATS1 Tip and ATS3 Tip, close to 10◦C. These two temperatures should be similar, since

they are symmetric with respect to the CU geometry. However, the heating does not affect

equally to the bases of both ATS1 and ATS3. This difference is also amplified at the ATS

tips because of the low conductivity of the ATS rods. Thus, this test provides some evidence

that the temperature retrieval is constrained to the local environment of each sensor when

internal heating is being applied.

From this test it was concluded that during the execution of a heating mode, the wind

speed and air temperature retrievals should be ignored, as they are not representative of

true environmental conditions. Figure B.15 shows the temperature differences for this test

at each ATS.
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Figure B.15: Temperature differences TBase–TMid and TBase–TTip of each ATS sensor
from the HABIT EQM temperature readings of Test 6. For this case, and given the fact
that the container unit is warmer than the environment, TBase − TMid and TBase–TTip

should be positive, and, |TBase–TTip| > |TBase − TMid|.





Annex C

View factors for the HABIT EQM

AWTS tests

Figure C.1 presents the surface geometry used for the calculation of the view factors between

the ATS rods and CU lateral surfaces.

Figure C.1: Parameters used for the description of the surfaces considered in the estima-
tion of the view factors F15, F25, F26, F35, F36, F46. The final values for Fij and Fj,i, with

i = 1, 2, 3, 4 and j = 5, 6, are shown in Tables C.1.

Table C.1 shows the values of the estimated view factors Fij in each ATS rod. Fji values

were estimated according to the relationship Fji =
AiFij
Aj

.
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ATS 1

Fij i = 1 i = 2 i = 3 i = 4 i = 5 i = 6

j = 1 0.0000 0.0000 0.0000 0.0000 0.0085 0.0000

j = 2 0.0000 0.0000 0.0000 0.0000 0.0053 0.0005

j = 3 0.0000 0.0000 0.0000 0.0000 0.0052 0.0007

j = 4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0085

j = 5 0.0679 0.0118 0.0452 0.0000 0.0000 0.0000

j = 6 0.0000 0.0065 0.0272 0.0313 0.0000 0.0000

j = 7 0.9321 0.9817 0.9276 0.9687 0.9809 0.9909

ATS 2

Fij i = 1 i = 2 i = 3 i = 4 i = 5 i = 6

j = 1 0.0000 0.0000 0.0000 0.0000 0.0032 0.0000

j = 2 0.0000 0.0000 0.0000 0.0000 0.0016 0.0008

j = 3 0.0000 0.0000 0.0000 0.0000 0.0016 0.0008

j = 4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0010

j = 5 0.1072 0.0784 0.0784 0.0000 0.0000 0.0000

j = 6 0.0000 0.0451 0.0451 0.0384 0.0000 0.0000

j = 7 0.8928 0.8765 0.8765 0.9616 0.9912 0.9955

ATS 3

Fij i = 1 i = 2 i = 3 i = 4 i = 5 i = 6

j = 1 0.0000 0.0000 0.0000 0.0000 0.0085 0.0000

j = 2 0.0000 0.0000 0.0000 0.0000 0.0052 0.0007

j = 3 0.0000 0.0000 0.0000 0.0000 0.0053 0.0005

j = 4 0.0000 0.0000 0.0000 0.0000 0.0000 0.0085

j = 5 0.0679 0.0452 0.0118 0.0000 0.0000 0.0000

j = 6 0.0000 0.0272 0.0065 0.0313 0.0000 0.0000

j = 7 0.9321 0.9276 0.9817 0.9687 0.9809 0.9909

Table C.1: View factors Fij , for i = 1, ..., 6 and j = 1, ..., 7, for ATS1, ATS2 and ATS3.



 




