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Abstract

Describing the present-day processes that may induce changes in the water content of the
surface is critical for determining the habitability of the Martian surface. This also helps
in our understanding of the atmospheric water cycle and the efficiency of future water
extraction procedures from the regolith or atmosphere for In-Situ Resource-Utilization
(ISRU). This PhD thesis describes the design, development, and plausible uses of a
Martian environmental facility ‘SpaceQ chamber’ which simulates the near-surface water
cycle.

This facility has been specifically designed to investigate processes that may be af-
fected by the water and thermal cycles on the surface of Mars. SpaceQ has been used
to investigate the material curation and has demonstrated that the regolith when mixed
with super absorbent polymer (SAP), water, and binders exposed to Martian conditions,
can form a solid block, and retain more than 80% of the added water, which may be
of interest to screen radiation with a low weight material. The thesis also includes the
testing of HABIT operation, of the ESA/IKI ExoMars 2022 robotic mission to Mars,
within the SpaceQ chamber, under Martian conditions similar to those expected at Oxia
Planum, the landing site of ExoMars. The tests monitor the electric conductivity and
thermal changes in the container unit (CU) when deliquescent salts are exposed to at-
mospheric water.

In this thesis, a COMSOL Multiphysics computational model of the SpaceQ has been
implemented to simulate and investigate the thermal gradients and the near-surface wa-
ter cycle under Martian temperature and pressure experimental conditions within the
chamber. The model shows good agreement with experiments on the thermal equilibra-
tion time scales and gradients. The model is used to extrapolate the one-point relative
humidity measurement of the experiments to each grid point in the simulation. This
gives an understanding of the gradient in atmospheric water relative humidity to which
the experimental samples such as deliquescent salts and Martian regolith simulants are
exposed at different time intervals. The comparison of the thermal simulation and the
experimental behavior of HABIT instrument tests shows an extra internal heating source
of about 1 W which can be attributed to the hydration and deliquescence of the salts
exposed to Martian conditions when in contact with atmospheric moisture.

Finally, this work has investigated experimentally the near-surface water cycle on
present-day Mars, demonstrating that pure liquid water can persist for 3.5 to 4.5 hours at
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Mars surface conditions. The simulated ground captured 53% of the atmospheric water
either as pure liquid water, hydrate, or brine. The result concludes that the relative
humidity values at night-time on Mars may allow for significant water absorption by
the ground, which is released at sunrise. The water cycle dynamics near the surface
are therefore always out of equilibrium. After frost formation, thin films of water may
survive for a few hours. The results of this thesis about the water cycle on Mars, and
about the interaction of atmospheric water with regolith and salts, have implications for
the present-day habitability of the Martian surface and planetary protection policies.
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Chapter 1

Introduction

1.1 General Overview

Mars has long been a target for exploration in search of habitable environments capable of
supporting life. Various science goals and strategies, such as ‘Follow the water,’ ‘Explore
habitability,’ and ‘Seek Signs of Life,’ have been proposed over the years to align the
efforts that will permit to make significant discoveries about the red planet [1]. Among
the various discoveries about Mars, the possibility of liquid water, either in its ancient
past or currently preserved in the surface or subsurface, stands out above all [2]. Water
is required for life on Earth as we know it, so studying liquid water on Mars is critical to
furthering our understanding of the search for signs of life beyond Earth.

On Mars due to the large diurnal temperature fluctuations, and despite the small
amount of water in the atmosphere, the Relative Humidity (RH) of the surface can
go from 0% to 100% RH within one day [3]. Studies and observations have shown
water is not stable as a liquid on Mars, but it can exist as frost and ice on the surface
and subsurface [4–7], and in the atmosphere, as vapor [8, 9], fogs [10], and as cloud
nuclei [11, 12]. Moreover, water can also be bonded or adsorbed to salts in the Martian
soil or regolith. There have been numerous studies that suggest that sulfates, perchlorate,
and chloride salts in the regolith can absorb water from the atmosphere under present-day
conditions forming hydrates, by absorption, and then liquid brines, through deliquescence
and hydration [13–25]. In this state, there can be an interchange of water between the
regolith and the atmosphere under present-day conditions due to the diurnal and seasonal
variations of temperature and relative humidity. Studies show that the water vapor is
transported from the Martian polar caps to the equator [26, 27], this small increase in
water vapor volume can condense on the cooler Martian ground in the night [4] and when
the temperature increases during sunrise it may evaporate creating a near-surface water
cycle on Mars.

Previous missions were not designed to investigate the atmospheric-regolith water
vapor exchange process on Mars, but this subject will soon be investigated by the Hab-
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4 Introduction

itAbility: Brine Irradiation and Temperature (HABIT) instrument onboard the planned
ExoMars 2022 mission [28]. The goal of this instrument is to investigate the habitabil-
ity of present-day Mars in terms of three critical parameters for life as we know it: (i)
availability of liquid water (ii) UV irradiance dose and (iii) thermal ranges. The in-
strument’s Brine Observation Transition To Liquid Experiment (BOTTLE) module will
investigate the hydration and deliquescence of salts in-situ on Mars, confirm the possibil-
ity of atmosphere-regolith interaction, and identify the stability period of transient liquid
water, which would open the discussion about the possibility of life on present-day Mars.

According to the Planetary Science and Astrobiology Decadal Survey, 2023-2032 [29],
characterizing Mars’s current water cycle is critical for understanding climate, the po-
tential for in situ resource utilization (ISRU), and habitability. This survey suggests the
need to invest in experimental facilities to replicate surface conditions to study how water
vapor sinks interact, as well as the kinetics of water uptake and loss by salts and regolith
under Mars-like conditions. This objective is precisely at the core of this research work.

1.2 Research questions

This thesis focuses on experimentally simulating the near-surface Mars conditions to
study the atmosphere-regolith water exchange process and to investigate the influence of
water on certain phenomena. A new experimental facility has been designed, commis-
sioned, modeled, and operated to answer the following questions:

1. How much water can be captured daily as a part of the atmospheric regolith water
cycle on the surface of Mars?

2. Can pure liquid water be stable around the vicinity of the triple point on Mars?
3. How do regolith, salt, and other future ISRU materials perform exposed to this

water cycle?
4. What is real-time response of the HABIT instrument exposed to a representative

environmental condition of its future operation in ExoMars?
5. How does the near-surface atmosphere affect curation or corrosion of certain ma-

terials?

1.3 Dissertation Outline

The main results of this thesis have been published in four refereed articles, which are
presented in part II of the thesis.

Chapter 2 summarizes the state of the art, previous to the development of this the-
sis. Some other results have been included as a contribution to other refereed articles.
This chapter begins with a discussion of the importance of water and a review of our
current knowledge of water vapor in the Martian atmosphere. A description of thermo-
dynamic concepts relevant to water phase transitions is provided, as well as a concept
of the atmosphere-regolith water interchange process. Furthermore, previous mission
observations of frost formation on Mars are discussed, as well as an explanation of the



1.3. Dissertation Outline 5

theory behind the process of deliquescence and efflorescence of salts. Following that, a
discussion of the salts on Mars and the formation of brines, together with a discussion of
the potential use of these salts for in situ resource utilization applications. The chapter
concludes by discussing the significance of laboratory experiments for Martian studies
and the purpose of developing the planetary chamber used in this thesis.

Chapter 3 discusses the planetary chamber developed for this thesis and its appli-
cations. The results of this chapter have been published in [30].

Chapter 4 presents the heat transfer model of the planetary chamber used in the
study and the main findings in comparison to the experiments. The results of this chapter
have been published in [31].

Chapter 5 discusses the environmental conditions used in the experiments to demon-
strate the stability of thin films around the triple point of water and to demonstrate the
timescale of absorption under Martian experimental conditions, the behavior of four del-
iquescent salts. The results of this chapter have been published in [32].

Chapter 6 provides an overview of the HABIT instrument. Additionally, this chap-
ter introduces the results of the Brine Observation Transition To Liquid Experiment
(BOTTLE) module when exposed to the simulated near-surface water cycle expected on
Mars’ Oxia Planum. The results of this chapter have been published in [28].

Chapter 7 summaries the contribution of the PhD student to the appended papers
in part II of the thesis.

Chapter 8 provides conclusions of the thesis and an outline for future work.
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Chapter 2

Background

2.1 Mars environment

Mars is the fourth planet in our solar system. By observing geological features on Mars,
several orbiter and lander missions have revealed that possible large amounts of liquid
water flowed at one time on the surface. These features include evidence of dense valley
networks and large flood features [33], deformed ocean shoreline [34] and open basin
lakes [35]. So, was early Mars warm and wet, or cold and dry? This is a major debate
in the scientific community [36], as both environments could have provided a habitable
environment for primitive life [37].

The present-day Mars atmosphere is primarily composed of 96% carbon dioxide
(CO2)and is much thinner than that of Earth [38]. The surface pressure can vary between
6.55 mbar and 10.2 mbar depending on the location and time of year [39]. Water is far
less abundant in its atmosphere than on Earth, accounting for less than 1% [40]. The
majority of Mars' atmosphere has been lost to space over the planet's history, and the
process of atmospheric loss continues to this day [41]. Due to the thin atmosphere and
low thermal inertia, the surface temperature on the southern polar caps can vary as low
as 142 K [42], while the maximum surface temperature can reach up to 300 K at the
equator [43].

2.2 Liquid water on Mars

Liquid water is a requirement for life as we know it. It can be stable on the surface of a
planet if i) the environmental temperature (T) and partial pressure (P) values are within
the liquid region of the phase-state diagram; and ii) the atmosphere is saturated against
liquid water, i.e., that the Relative Humidity (RH) –with respect to liquid water- is 100%.
These conditions, as described in the water phase diagram, are universal, which means
that they must be met everywhere, whether on Earth, Mars, or any other potentially
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8 Background

habitable planet where liquid water may be sought. On Mars, most of these variables are
changing diurnal and seasonally, and therefore these conditions are met only transiently,
and locally, which may lead to transient stability of water, evaporation, condensation,
sublimation, etc. Water has a triple point temperature of 273.16 K and a pressure of
6.11 mbar.

Therefore, the surface environmental conditions on Mars are in the vicinity of the
triple point of water. However, the partial pressure of water is far below this level.
Studies have shown that if we consider stability against boiling and freezing point, pure
liquid water can exist over about 29% of the Martian surface and last up to 37 sols,
however, it cannot be stable against evaporation [16]. To be stable against evaporation,
pure liquid water must have a partial vapor pressure greater than the saturation vapor
pressure at the temperature of the water. This climate condition is currently not satisfied
on average on Mars, as the atmosphere is generally dry, although the surface pressure
may be above the triple point, the partial vapor pressure is lower around 1Pa [44,45] and
therefore, bulk pure liquid water is not stable on the surface of Mars. But can it form
and be stable for a short period? Part of the goals of this thesis is to perform experiments
under simulated wind-free conditions to test this hypothesis both with pure liquid water
and brines. As the SpaceQ chamber is used to replicate the plausible near-surface water
cycle on Mars, it is important to understand how much water can be captured daily as a
part of an atmospheric regolith water cycle on the surface of Mars? We investigate this
by using deliquescent salts and soil simulants by subjecting them to the water cycle and
quantifying the maximal absorption capabilities by absorption of atmospheric moisture.

2.3 Water vapor on Mars

The Martian atmosphere consists of minute amounts of water vapor which was first de-
tected using Mount Wilson 100-inch reflector, an Earth-based telescope in 1963 [46].
Later, the Mariner 9 spacecraft with its Infrared Interferometer Spectrometer (IRIS)
instrument confirmed the water vapor measurements of the mean column density of 10-
20 precipitable micrometers (pr µm) [8]. After a few years, the Viking orbiter’s Mars
Atmospheric Water Detectors (MAWD) showed that the total column abundance can
vary between 0-100 pr µm, depending on location and season. This result also implied
the presence of exchange of water vapor with the surface [47]. There have been several
experiments onboard various spacecraft since the early 2000s, such as the Thermal Emis-
sion Spectrometer (TES) onboard Mars Global Surveyor [48], and Spectroscopy for the
Investigation of the Characteristics of the Atmosphere of Mars (SPICAM) on Mars Ex-
press [49]. The observed results show a global annual average column abundance of 10-15
pr µm and this water vapor cycle is repeated for each season of every year. Sublimation
of the seasonal polar cap causes a maximum of 50-70 pr µm at 70-80◦N latitude during
early summer. This water vapor in the atmosphere is gradually transported to northern
mid-latitudes which are in the range of 20–25 pr µm. During this season the column den-
sity decreases to 5 pr µm at low southern latitudes [9]. Furthermore, with the sublimation
of the southern seasonal polar cap in late southern spring, water vapor increases at high
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southern latitudes. Near the South Pole, the southern hemisphere water vapor maxi-
mum of about 20–30 pr µm occurs [9]. The Thermal and Electrical Conductivity Probe
(TECP) instrument onboard the Pheonix lander measured near-surface atmospheric hu-
midity in situ, revealing that there is a significant water exchange between the regolith
and the atmosphere at night. This result indicated that the atmosphere was saturated,
and frost deposition on the surface was observed in the mission's latter half [44]. At Gale
crater, similar diurnal patterns have been observed resulting in depletion of atmospheric
water vapor in the evening before saturation [3]. However, no frost-formation has been
detected at the Gale crater to date.

2.4 Atmosphere-regolith water exchange on Mars

When the partial pressure of water vapor in the air equals the saturation vapor pressure
above the surface, the air is said to be saturated with water vapor. The air is said to
be supersaturated if the partial pressure of water vapor exceeds the saturation vapor
pressure. When saturated, the rate of condensation to the surface exceeds the rate of
evaporation from the surface resulting in a deposit of water vapor on the surface. Many
factors influence the rate of condensation such as the difference between partial pressure
and saturation pressure, total air pressure and temperature [50]. Water vapor molecules
are transferred to the surface in either the liquid or ice phase. When the partial pressure
of water vapor is less than the saturation vapor pressure, the rate of evaporation from
the surface will exceed the rate of condensation to the surface. This results in water
vapor molecules leaving the liquid or ice phase to enter the atmosphere. On a seasonal
and daily time scale, these thermodynamic processes account for the atmosphere-regolith
water exchange on Mars.

Previous studies have also focused on characterizing the atmosphere-regolith inter-
change [17,51–56]; and several past experimental studies have focused on surface morphol-
ogy changes produced by water under Mars-like conditions [55,57,58]. Furthermore, [59]
investigated the effect of wind and temperature on the sublimation rate of pure water ice
under Mars conditions and concluded that temperature is the most critical parameter
controlling the sublimation rate of water.

2.5 Observational evidence of surface frost on Mars

Previous landed missions have demonstrated the visual observation of frost formation. In
1977, a thin layer of frost was seen at the Viking Lander 2 (VL2) landing site at Utopia
Planitia (47.64◦N 225.71◦W). The first time in 1977 [60] and then one Martian year
later (Fig. 2.1), in 1979 [61], and both times during the northern hemisphere winter. In
2009, [20] showed the observational and theoretical evidence for liquid brines in disturbed
and undisturbed areas at the Phoenix landing site. The thruster plumes of Phoenix lander
removed the topsoil and splashed the soil mixed with melted ice into struts of its leg [62].
This splashed material adhered to the struts and grew via deliquescence and formed
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spheroids as shown in (Fig. 2.2b) [20]. The frost or ’soft ice’ was discovered in one of the
trenches dug by the Phoenix robotic arm (Fig. 2.2a) and the spheroids was most likely
frozen brine formed previously by perchlorates on icy soil. But the frost formation has
not been observed at the MSL site where the measured environmental conditions favor
its formation [43].

Figure 2.1: Images taken from Viking lander camera 2 at the landing site Utopia Planitia
showing a small amount of condensate visible in the bottoms of the trenches. (a) image (P-
21841) taken on May 18, 1979, which shows thin coating of water ice on rocks and soil (b)
colour image (P-21873) shows a thin layer of water ice frost on the Martian surface thought to
be only thousandths of centimetre thick. Image credit: NASA

Levin and Levin (1998) [63] suggested that the ground may act at night as a cold sink
scavenging atmospheric water, trapping all the available moisture in the total column of
air, and then, when the temperature increases during sunrise, the soil may retain minute
quantities of liquid water while it evaporates. Recent theoretical studies have investigated
this process at the VL1 and VL2 sites, using a column model (with cloud/radiation inter-
action and Prandtl slope wind terms), which had been validated before with the Phoenix
and Curiosity in-situ observations [64]. The model predicts diffusion and adsorption of
atmospheric water into the regolith in the evening, including forming very thin layers
of frost on the ground from about midnight and an early morning fog when this water
is released (i.e., a saturated air up to 1.6 m above the surface). The theoretical model
also explains why frosts sublimate away after sunrise, allowing desorption and diffusion
of water off the regolith. Can the thin film of pure water be formed on the ground and be
stable? Here in this thesis, we demonstrate experimentally and visually if the formation
of thin film on the working table can be stable around the vicinity of the triple point.
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Figure 2.2: Images from the Phoenix landing site (a) Two colour images taken on Sols 20
and 24 (June 15 and 19, 2008), shows sublimation of ice in the trench dug by the robotic
arm. Group of lumps visible on lower left corner on Sol 20 disappeared on Sol 24, suggesting
a similar process to evaporation. (b) View underneath the lander on Sol 97 at (September 1,
2008) showing the growth of clumps adhering to the leg strut suggesting specks of salt may have
landed on strut and began attracting atmospheric moisture that freezes and accumulates. Image
credit: NASA/JPL-Caltech/University of Arizona/Max Planck Institute/ Texas AM University

2.6 Polar ice caps

The ice caps on Mars are distinct from the rest of the planet. The polar ice on Mars
shrinks in the summer and expands in the winter, similar to the ice caps in the Arctic and
Antarctic on Earth [65]. These ice caps consist mostly of solidified carbon dioxide, which
sublimates to gas from its solid form and enters the atmosphere as the ice caps shrink.
The residual north polar cap on Mars is a major source of atmospheric water during the
northern summer [66]. This atmospheric water is transported from the equator towards
the low northern latitudes by end of summer.(Fig. 2.3) shows images taken from NASA’s
Hubble Space Telescope (HST) when looking down the north pole of Mars during October
1996, January, and March 1997. The images capture the seasonal retreat of Mars’s north
polar cap.

2.7 Water ice clouds

Clouds form when certain particles of the air are saturated with respect to water, the
molecules of water vapor in the atmosphere then condense or deposit on an aerosol
particle to form visible ice crystals. On Mars, both carbon dioxide and water ice crystal
clouds have been observed in the atmosphere [67]. The Phoenix lander observed the
water ice clouds using the onboard light detection and ranging (LIDAR) instrument.
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Figure 2.3: Images from NASA’s Hubble Space Telescope (HST) was looking directly down on
the Martian North Pole taken at three different months. During October 1996 early spring,
images taken between 8th and 15th, the ice cap extends down to 60N latitude. But as the
temperature warms and spring approaches in January 1997, the carbon dioxide ice sublimates
to the atmosphere. The ice caps has fully retreated by March 1997, leaving just the residual ice
cap. Image credit: JPL/NASA/STScI

The findings suggested that water ice was transported downward near the surface by
precipitation at night, then sublimated into the atmosphere as the temperature rose in
the morning [68].

2.8 Hydrated minerals on Mars

Hydrated minerals include molecules of water or hydroxyl (OH) in their structure. Identi-
fication of hydrated minerals on Mars implies the presence of water during the alteration
of the surface material. The first detection of these hydrated minerals was provided
by the Mars Express Observatoire pour la Minéralogie, L'Eau, les Glaces et l'Activité
(OMEGA) instrument. These results showed hydrated minerals such as phyllosilicates
and sulfates [69]. Experiments have shown that during the diurnal variation in tempera-
tures and relative humidity on Mars, a few minerals can change their hydration state by
absorbing water vapor from the atmosphere or losing water to the atmosphere through
their mineral structures [70].

2.9 Adsorption

Adsorption is a process by which the gas molecules adhere to and create a film upon a
substrate. This is a surface process that can occur theoretically overall temperatures and



2.10. Deliquescence and efflorescence of salts 13

pressures. Results from the Thermal and Electric Conductivity Probe (TECP) of the
Phoenix lander has shown that adsorption is critical and can account for the significant
diurnal exchange of water vapor [71].

2.10 Deliquescence and efflorescence of salts

Deliquescence is a phase transition from a crystalline solid to an aqueous solution that
occurs when the RH is equal to or greater than the deliquescence relative humidity (DRH)
of a salt and the temperature is within a certain temperature range determined by the
salt phase diagram [72, 73]. The reverse process, efflorescence is a phase transition from
an aqueous solution to a crystalline solid that occurs when the RH of a salt is equal to
or less than the efflorescence relative humidity (ERH) [72].

The water activity (aw) of the brine formed at equilibrium can be related to the
relative humidity as aw= RH % /100 [74]. The water activity over a saturated salt
solution is thus used to estimate the deliquescence relative humidity (DRH) [75]. DRH
and ERH levels for each salt vary with temperature, with deliquescence occurring at
temperatures as low as the salt's eutectic point [74]. DRH rises as temperature falls (salts
become less hygroscopic at lower temperatures), owing to a change in solubility [75].
When a metastable state is achieved due to kinetic limitations, salt solutions tend to
supersaturate at RH<DRH and exhibit hysteresis [72, 76] . This hysteresis behaviour
may allow liquid brine solutions to exist at low relative humidity, which is relevant to the
Martian day [77]. Because of the kinetic inhibition of salt crystallization in supercooled
solutions, the ERH is lower than the DRH for most inorganic salts [72, 74].

2.11 Salts and formation of brines

Recent research has focused on the interaction of salts in the soils with atmospheric
water. There have been numerous studies that suggest that sulfates, perchlorate and
chloride salts in the regolith can absorb water from the atmosphere forming hydrates,
by absorption, and then liquid brines, through deliquescence and hydration [3,13–24,78].
Brines are aqueous saline solutions where the presence of salts decreases the freezing
temperature of the solution and its saturation water vapour pressure [79], allowing it to
capture water from the atmosphere when the relative humidity (RH) is higher than the
threshold known as deliquescence relative humidity (DRH) [73]. It has been speculated
that the salts present in the Martian regolith can absorb atmospheric water and produce
certain features at a large scale. Recurring slope lineae (RSL), a geomorphological feature
observed on Mars, are suggested to have been induced due to the salt activity [80]. A
recent theoretical model by [29] investigated the properties of (meta)stable theoretically
brines at equilibrium with the ambient atmosphere and found that brines can develop
and persist over 40% of the Martian surface and occur transiently for around 3 hours
per sol which is 0.4% of the Martian year during the summer from the equator to high
latitudes. Contrary to the case of frost formation, the absorption of atmospheric water by
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salts does not require RH=100%, i.e., saturation conditions. If salts exist in the regolith
in sufficient amount, they will absorb atmospheric moisture and saturation (and thus
frost formation) is less probable.

To illustrate this process, a set of laboratory and outdoors experiments were per-
formed to obtain an estimate of the amount of water captured and released by CaCl2
and quantify the brine formation process by weight. For one experiment, we used a
sample of 1.2 g of anhydrous CaCl2 prepared in a petri dish. For the other experiment,
we used a mixture of 1.2 g Mars regolith simulant (MMS-1 Mojave Mars Simulant, Fine
Grade, The Martian Garden) and 20% anhydrous CaCl2 (0.3 g). These experiments were
exposed to the arctic climatic conditions of Lule̊a, Sweden for 3 days. Images were taken
and the petri dish with samples were weighed at noon every day. These experiments
provided us a quantitative estimation of the amount of liquid brine that could be formed
from a known amount of CaCl2 and regolith-CaCl2 samples.

The sample of 1.2 g of anhydrous CaCl2 (Fig. 2.4) exposed to the arctic climatic condi-
tions during December 2017, yielding up to 3.7 g of water in 3 days through deliquescence
in an environment with temperature between 268.16 K and 273.16 K and relative humid-
ity between 68% and 88%. We also observed a direct deliquescence process (Fig. 2.5) in
the other sample with a mixture of 1.2 g Mars regolith and 20% anhydrous CaCl2 (0.3
g) when exposed to the outdoor climatic conditions. It took three days of exposure to
the atmospheric moisture to enable the salt-regolith mixture to capture up to 1.025 g
of water in an environment with low temperature (271.16 K) and high relative humidity
(88%). Then we placed the petri dish in a laboratory environment at a temperature of
295.16 K and relative humidity varying from 7% to 22%, where we observed the sample
turning into crystalline solids [81].

Figure 2.4: Left to Right: Example of deliquescence process at ambient conditions observed in
1.2g anhydrous CaCl2 from T+0days to T+3days. Images were taken at noon each day. This
experiment, performed by the author of this thesis, has been published in [81]

2.12 In-Situ Resource Utilization

In-situ resource utilization (ISRU) is a concept used to name all the new processes that
will be developed to allow the local, extraction and transformation of resources in space
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Figure 2.5: Left to Right: Example of deliquescence process at ambient conditions observed in
1.2g anhydrous CaCl2 mixed with MMS regolith emulant from T+0days to T+3days. Images
were taken at noon each day. This experiment, performed by the author of this thesis, has been
published in [81]

to facilitate exploration. For Mars exploration, NASA’s MOXIE (Mars Oxygen In-Situ
Resource Utilization Experiment) onboard Perseverance rover [82] collects CO2 from the
Martian atmosphere, then electrochemically splits the CO2 molecules into O2 and CO.
The O2 is then analysed for purity before being vented back out to the Mars atmo-
sphere along with the CO and other exhaust products. This demonstrates how future
Mars explorers might produce oxygen from the Martian atmosphere for propellant and
breathing.

The in-situ experimental investigation of the formation of brines and hydrates on the
surface of Mars, will be tackled soon by HABIT (HabitAbility: Brine Irradiation and
Temperature) onboard ExoMars Surface Platform 2022. For that, HABIT will carry four
of the known deliquescent salts in the surface of Mars: calcium chloride (CaCl2), ferric
sulfate Fe2(SO4)3, magnesium perchlorates Mg(ClO4)2 and sodium perchlorate (NaClO4)
as a demonstrator to produce liquid water for future Mars exploration. In this thesis we
investigate the process of hydration and deliquescence of these salts in the form they are
prepared in HABIT, to demonstrate under controlled conditions the potential of them
to extract atmospheric water on Mars and be used as an In-Situ Resource Utilization
(ISRU) method.

2.13 Space and Mars simulation facilities

Space simulation chambers are used to recreate an environmental condition close to
the one that a spacecraft or piece of hardware or material will experience in space.
These chambers can also be used to qualify instruments and space components used
in spacecraft. Simulating these conditions in the laboratory environment using space
simulation facilities gives us a better means to evaluate the responses that the scientific
payloads will have on Mars. These tests are critical to interpreting the mission data. In
particular, some of these chambers are used to analyze spacecraft behavior, evaluating
its thermal balance and functionalities to ensure mission success and survivability [83].
There are two different types of space simulation chambers (i) with a solar simulator and
(ii) without solar simulator [84]. The chamber with a solar simulator is used to study
the thermal balance when a spacecraft is exposed to the Sun. Chambers without solar
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simulators are known as Thermal Vacuum Chambers (TVC) [85].
Thermal vacuum chambers are ideal for putting components through rigorous testing

in a simulated space environment. They not only allow spacecraft components to be
tested in a space-like vacuum, but they also allow component performance to be evaluated
at different temperatures. The European Cooperation for Space Standardization (ECSS)
has set certain standards that instruments onboard a spacecraft has to undergo before
launch. Two of these standards can be done using a thermal vacuum chamber (i) ECSS-
Q-ST-70-02C: to perform thermal vacuum outgassing test (ii) ECSS-Q-ST-70-57C: to
perform dry heat microbial reduction (DHMR) tests.

In addition to the simulation of vacuum conditions, since the 1960s, there have been
numerous developments of simulation chambers around the world to simulate the plane-
tary environment, mainly for Mars. Starting from the chamber to study the behavior of
terrestrial microorganisms under artificial Martian conditions [86] and continuing with
multiple simulating facilities for planetary and space research [87–96]. The design of this
kind of facility is still an active area of interest, as each one is generally built with a
few specific objectives. For instance, just recently, a Mars environmental chamber has
been developed to allow dust to remain in suspension and to calibrate an optical particle
counter [97].

To investigate the near-surface Martian atmosphere-regolith water cycle experimen-
tally, in this thesis we have developed the SpaceQ chamber to test HABIT instrument
that can simulate the near-surface water cycle in laboratory conditions [30]. This cham-
ber can be used to perform experiments related to astrobiology and habitability studies
that depend on moisture since water is a requirement for life as we know it and test
scientific instruments. We test the HABIT instrument within the chamber to simulate
the plausible near-surface conditions at Oxia Planum, Mars. When it comes to experi-
ments, there can be a limitation to what can be done in a laboratory setting. One such
physical limitation is mounting multiple sensors on the chamber, most of the chambers
rely on one-or two-point measurement from the environmental sensors to interpret the
data of the entire system.Can these one- or two-point measurements be extrapolated to
the entire volume of the chamber? We have developed a computational fluid dynamic
model (CFD) of the chamber that can help us understand the temperature and water
vapor distribution to which the samples and local atmosphere are exposed and compare
it with the experimental data and the future observations on Mars.



Chapter 3

Design and development of SpaceQ
chamber with its applications

This chapter discusses the planetary chamber, which was designed to simulate the
near-surface water cycle and environmental conditions that will be experienced by the
HABIT (HabitAbility: Brines, Irradiation and Temperature) instrument of the ExoMars
2022 mission to the surface of Mars. Pre-testing under representative space conditions is
required to raise the Technological Readiness Level (TRL) of any instrument proposed
for use on a space mission. This chamber can also be used to test instrumentation pro-
cedures and phases, primarily design, qualification, and calibration, under representative
conditions with temperature and pressure changes.

3.1 The SpaceQ chamber

The SpaceQ chamber (Fig. 3.1) is a cubical facility made of stainless steel with an alu-
minium door and has an internal volume of 27, 000cm3 (27 L). The dimensions of the
working table plate are 20cm × 20cm × 1.8cm. The chamber consists of various opti-
cal and electrical feedthroughs with two quartz window viewports, two thermocouple
feedthroughs, a vacuum compatible UV lamp, a cold cathode/Pirani combination gauge
to measure the pressure, two gas inlets, ports for a vacuum pump and connections of USB,
DB25 to read the data in real-time and connectors for the optical cable to spectrometer.
The detailed description of SpaceQ is presented in paper A.

3.2 Experimental procedure

A Martian atmosphere is created by evacuating the SpaceQ chamber with a rotary pump
down to 10−3 mbar and filling it with pure carbon dioxide (CO2) gas up to pressures
between 6 and 8 mbar which is a representative range of the average atmospheric pressure
on Mars. This is monitored by a Pirani gauge reader. Once the CO2 gas has stabilized,
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Figure 3.1: Overview of the SpaceQ chamber. (a) This figure shows the entire setup of the
chamber, including the external Pirani gauge display, the rotary pump, the CO2 gas cylinder
(to insert a Mars-like atmosphere) and the syringe for water injection. (b) Detail of the ex-
perimental table where samples are cooled down to the desired temperature and the KJLC Cold
Cathode/Pirani Combination Gauge on the right side. (c) Viewport at the front of the cham-
ber, used to take pictures during the experiment. (d) LN2 Dewar used to cool down the working
table. This image is published in [32]

we inject water into chamber using the Swagelok stainless steel syringe, and the working
table that serves as a ground surface is then cooled with liquid nitrogen (LN2). As the
temperature cools down the water vapor in the air condenses rapidly on the table by
reducing the atmospheric water mass mixing ratio and in turn the atmospheric relative
humidity; once frost forms on the table, the LN2 supply is turned off. The entire process
of achieving close to Martian condition takes about an hour. The working table acts
as a sink either forming frost or absorbing water to the salts–regolith mixtures. As the
temperature of the working plate gradually rises, the water is slowly released back into
the atmosphere, allowing for the relative humidity of the air to increase again. This is
how we simulated the plausible near-surface water cycle on Mars during the night-day
transition.

When the table is refrigerated, thermal gradients are unavoidable, and the external
walls of the chamber become warmer as they come into contact with ambient laboratory
temperatures. When water is injected, the pressure is maintained by adjusting the rotary
pump's pressure valve. The relative humidity (RH) of the air is measured from the
beginning of the experiment; the probe measures the relative humidity of the air with
respect to the liquid at approximately 10.2 cm above the table and 5.2 cm from the
sidewalls. The sensors directly measure the ground temperature (Tg), air temperature
(Ta), the relative humidity of the air (RHa), and pressure (P) while the relative humidity
of the ground with respect to ice and liquid (RHg

i RHg
l) is calculated.
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3.3 Applications of SpaceQ chamber

The SpaceQ is used to demonstrate three different applications detailed in paper A of
part II of the thesis. The three main applications are (i) Near-surface water cycle (ii)
Curation of materials under martian conditions (iii) Testing space instrument.

Fig. 3.2 shows the environmental conditions around the vicinity of triple point of
water that occur on Mars during the transition from night-time (when due to the low
temperature the surface humidity reaches its highest value and may saturate) to daytime
(when the surface temperature increases releasing the water to the atmosphere).

Figure 3.2: Example of the time evolution of some of the environmental parameters inside
the chamber when simulating the transition from a Martian night to day. For this specific
configuration, the ground relative humidity is saturated, and allows for frost formation, when
the ground temperature is under 260K. This image has been published in [30]

The SpaceQ is used to demonstrate, curation of mixtures of Martian soil simulants
when mixed with composite products at different concentrations under Martian con-
ditions. These kinds of products have been cured previously at ambient Earth condi-
tions [98–100], but this chamber allows to test the effect of temperature, pressure, UV,
and atmospheric moisture under Martian conditions. The purpose of this test is to
demonstrate, for the first time under Martian conditions, the fabrication of a solid block
with potentially enhanced radiation screening properties due to the presence of water.
To enhance the water retention capability of a block, we have also tested the addition
of other product, i.e., a super absorbent polymer (SAP), which can hold up to 150–300
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Figure 3.3: (a) 3g soil (b) 3g soil + SAP (c) 3.5g soil (d) 3.5g soil + SAP (e) 4g soil. Examples
of solid blocks of different amounts of soil and binder, sulfate, SAP and water, after 5 hours of
a curation under Martian environmental conditions. This image has been published in [30]

times its weight in water in a jelly state [101, 102]. For some tests, we have used ferric
sulfate (Fe2(SO4)3), which is a salt that exists on the surface of Mars and has deliques-
cent properties. We hypothesize that if this kind of products can be incorporated into
construction elements, this would reduce the weight of structures and still have strong
radiation protection properties because of the high content of water [103]. In addition,
by using these water-absorbing elements within the composite mixture at Martian con-
ditions, we force a slower dehydration, which may be interesting to emulate the slow
curation process on Earth.

Super Absorbent Polymer (SAP) was used as an extra additive with higher amounts
of soil and binder to make a solid matrix. The samples in Fig. 3.3 shows materials after
5 h of curation, these samples were cured into a solid block, and those with SAP and
water have managed to hold 83% of the water added initially. The novelty of this cured
material is that it has been cured completely in a low pressure, CO2-rich atmosphere
with temperatures down to 258 K, whereas all studies done previously were cured under
Earth ambient conditions.



Chapter 4

Heat transfer study of SpaceQ
chamber

In this chapter we describe the heat transfer studies performed for the SpaceQ facility
that has been designed to perform tests under vacuum and Martian conditions. We
implement and validate a heat-transfer simulation to investigate the thermal behavior and
provide insights into the expected relative humidity within the chamber under different
operating scenarios. The thermal behaviour of HABIT is modeled and presented. This
work is, to our knowledge, the first report devoted to simulating computationally an
existing Martian environment experimental facility. The detailed description of model is
presented in paper B.

4.1 Heat transfer model

A simplified 3D model (Fig. 4.1) of the chamber was built to reduce the number of
elements and avoid possible errors during meshing. So, all the flanges, nuts and bolts
were not modelled. The model was setup in COMSOL Multiphysics 5.6 on a computer
with 64-bit operating system, Intel Core TM i7-7700 CPU 3.6 GHz processor and 16 GB
RAM. In this study we simulate the near-surface water cycle under Martian temperature
and pressure experimental conditions as tested inside the chamber and we compare the
simulations with the experimental data.

4.2 Water cycle simulation

Our results indicate that water should first condense on the refrigerated table, at 250
K, where the relative humidity is saturated, and frost should form. As the temperature
increases to 290 K our computational simulation shows that water will be redistributed
and at the end the full chamber will be almost saturated, see Fig. 4.2. For instance, in
this configuration the atmospheric relative humidity is below 80% beyond 40 mm at 200
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Figure 4.1: Meshed model (left) sketch of the 3D coarser mesh (right) inside view of the meshed
chamber model. This image is published in [31]

min and falls below 80% beyond 50 mm at 400 min above the refrigerated table. This
shows that at the end, at ambient temperature the water has been released from the
table and the full chamber is almost saturated. Our experimental observations confirm
this trend.

Figure 4.2: (Above) 2D cross-section of the time evolution of the relative humidity RH inside
the chamber in percentage (%). The atmosphere is saturated for values above 100 % (Below)
Images of the water on the refrigerated table of the chamber during the experiments, at the
corresponding time. (a) shows the overview of the relative humidity inside the chamber at 0
min which shows over saturation at the working table which for these conditions shall lead to
frost formation (b) RH at 200 min, at this RH frost is no longer stable and should sublimate
or be transiently stable as liquid, (c) RH at 400 min. This image is published in [31]
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Fig. 4.3 shows the time evolution of the relative humidity of the working table in
the simulation model shows saturation as expected at the beginning, as the table is
refrigerated at 250 K and covered with frost in the experiment. This frost disappears as
temperature increases and water is released to the atmosphere. Through some transient
time, a few droplets of water are formed on the surface. Notice that the working table
is made of aluminum and is hydrophilic with droplet contact angle less than 90 degrees.
To derive the relative humidity of a given point inside the chamber we use the 31,647
random generated exported data points for different grid point temperature (T), one
point air temperature (Ta) at the spot where the RH probe is measuring, pressure (P)
values from the simulation which is constant at 7 mbar throughout the simulation. Then
we use the measured relative humidity of air (RHa) from the experiment at one point to
calculate the overall relative humidity (RH).

Figure 4.3: Calculated relative humidity of the ground (RHg) from the simulation and the
experiment showing over saturation (> 100%) at the start due to frost formation and slowly
reaches below 100% as the water droplets starts to form on the table and measured relative
humidity of the air (RHa) from the experiment with calculated RHa from the simulation. This
image is published in [31]
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4.3 Thermal behaviour of HABIT

This study investigates the expected thermal distribution when a simplified model of the
HabitAbility: Brines, Irradiance and Temperature (HABIT) instrument is placed inside
the chamber at Martian conditions [28]. In this present study, for simplicity, we model
only a simplified version of the container unit (CU) of HABIT Engineering Model (EM),
shown in (Fig. 4.4).

Figure 4.4: Schematic and meshed view of the chamber with the HABIT container unit placed
inside. This image is published in [31]

In the simulation, we observe as time evolves the CU warms up and maintains the
temperature above 240K (this is the requirement for the electronics to operate on Mars)
and the trend is similar to the previous experiment (Fig. 4.5). But we see a thermal offset
between the experimental and simulation temperatures of the CU. We hypothesize that
this temperature difference is because the CU in the experiment is filled with 6 grams
of salts. When the upper layers of these salts interact with the atmospheric moisture
there is an exothermic reaction that produces heat. An example of such exothermicity
is clearly observed in the experimental measurements shown in (Fig. 4.5), as a sudden
rise in temperature at 370 min. Although this simulation is not fully representative of
the experiment as we have not modelled the EU and not included the salts inside and
the CU, this simplified study can help us understand the heat exchange processes and
be used to interpret qualitatively the calorimetric studies of experiments under Martian
conditions with water hydration. In the simulation, after 400 min the CU with 0.44W
and the table temperature equilibrates around 289K and 285K, respectively.

As the water vapor is not simulated in this model, to understand the relative humidity
distribution inside the chamber to which the salts were exposed in the experiment we
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Figure 4.5: Comparison of the time evolution under Martian conditions of the table temper-
ature (Tg) and container unit temperature (Tcu) from COMSOL simulation and experimental
measurements. The CU temperature is simulated for two different continuous power of 0.44W
and 1.5W to compare with the experimental data. This image is published in [31]

use this simulation of HABIT CU to calculate numerically. At each grid point using the
temperature and pressure from the simulation and the one-point air relative humidity
from the experiment. (Fig. 4.6) shows the 2D cross section and evolution of relative
humidity inside the chamber at different intervals of time. We observe that water first
condensates on the table, at 200 K, where the relative humidity is saturated, and frost
formations starts. As the temperature increases the water redistributes and the full
chamber will be almost saturated by the end of 400 min. The time evolution of the
relative humidity of the table in the simulation shows saturation at the beginning, similar
to the table refrigerated at the start and covered with frost in the experiment. As the
time evolves the temperature increases and the water droplets start to appear on the
table, later these droplets release slowly back to the atmosphere as water vapor, allowing
for the RHa to increase which is in turn captured by the salts in the container.
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Figure 4.6: (Above) Calculated relative humidity of the ground (RHg) and air (RHa) from the
simulation and the experiment. (Below) 2D cross-section of the time evolution of the relative
humidity RH under Martian conditions inside the chamber with CU placed on the table in
percentage (%). (left) shows the overview of the relative humidity inside the chamber at 0 min
which shows over saturation at the working table which for these conditions shall lead to frost
formation (middle) RH at 200 min, at this RH frost is no longer stable and should sublimate
or be transiently stable as liquid, (right) RH at 400 min. The graph showing over saturation
(>100%) at the start due to frost formation and slowly reaches 80-90% as the water droplets
starts to form on the table and measured relative humidity of the air (RHa) from the experiment
with calculated RHa from the simulation. This image is published in [31]



Chapter 5

Martian atmosphere-regolith water
cycle studies using SpaceQ chamber

This chapter discusses the experiments to investigate the stability of thin films around
the triple point of water and to quantify the maximal absorption capability of salts and
regolith by absorption of atmospheric moisture. We simulate an environment that mimics
the night-to-day thermal transition, and we will compare it with the observed changes in
water vapor partial pressure at Gale crater, Mars. We compare the measured evaporation
rates and quantify the duration of the metastability of this pure liquid water, which may
be available for life. The detailed description of experiments and results is presented in
paper C.

This work has implications for the definition of Special Regions in planetary protec-
tion, developed to protect the regions where there is water ice in the near-surface [104].
If liquid water can be transiently stable during the night-to-day transition, all locations
which eventually reach saturation conditions at their surface may need to be incorporated
into this category.

5.1 Experimental conditions

The experiments were run over 8 to 9 h, and the evolution of the environmental vari-
ables (RH, T, and P) in every experiment was recorded once the Martian conditions were
reached, as shown in Fig. 5.1. In this set of images, the temperature of the table is repre-
sented by Tg to simulate the temperature of the ground surface on Mars. In Experiment
numbers 1 and 2, we cool the experimental table to about 250 K because we want to
study the frost formation and the occurrence of water droplets around the triple point of
water. However, the air above was warmer. This situation is similar to the present-day
night-time Mars environment. At night-time, there are differences of about 20 K between
the ground temperature and the air temperature where the RH sensor is, at 1.6 m above
the ground [105]. When the table is refrigerated, and saturation (and over-saturation) is
reached at the table (ground), the water from the atmosphere condensates rapidly on the
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Figure 5.1: Evolution of the environmental variables inside the experimental chamber. The
ground temperature (Tg) and air temperature (Ta), relative humidity of the air (RHa) and total
pressure (P) are measured, whereas the relative humidity with respect to ice and liquid (RHg

i,
RHg

l) are derived using Formulae (1)– (5). (a) Experiment 1: The water was injected; the table
was cooled down to 250 K, and the pressure was controlled at Martian surface values. Then
the temperature was raised slowly up to ambient conditions. RHa and RHg were significantly
different due to the thermal gradient between the air and the ground. At the ground (table), the
conditions are such that ice (frost) can be formed. (b) Experiment 2: Same conditions as in
Experiment 1, with different products. (c) Experiment 3: Ambient temperatures. This image is
published in [32]

surface, which acts as a cold trap and produces a drastic reduction of the atmospheric
relative humidity. As on Mars, RHa and RHg have been demonstrated to be significantly
different due to the thermal gradient between the air and the ground. As we shall show,
at the ground (table), conditions are met for ice formation and liquid water formation.
As the temperature of this plate increased slowly, this water was later released back to
the atmosphere, allowing for the air RHa to increase again. In Experiment number 3,
all the cycle was run with the experimental table at ambient temperatures in the range
292–295 K. All the experiments were run with four samples inside the chamber.

5.2 Experimental observations

From our near-surface water cycle experiments, we visually confirmed that saturation
is reached at night and that after sunrise, the temperature increases above 273 K, and
pure liquid water can be formed on the surface of Mars and be stable for 3.5–4.5 h.
Considering that there is no exposure to winds or direct sunlight in our experimental
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facility, our simulations may represent liquid evaporation conditions in sheltered areas,
such as caves, under rocks, or in small-sized regions artificially created within parts of
spacecrafts in contact with the ground and atmosphere.

Our experiments indicate the capability of the salts to absorb water as hydrates and
then as liquid brines under Martian conditions. The experimental salt mixtures have
increased the weight (through water absorption) between 32 and 47% with respect to
their initial weight of 9 g, after exposure to about 7.5 h of Martian conditions with
atmospheric vapor. This demonstrates that these products are viable substances for
water harvesting in present-day Martian conditions. Finally, 45% of the atmospheric
water was captured and retained when mixed with MMS dust as regolith emulants.

Interestingly, our experiments show that the regolith could absorb as much as 50% of
its weight in water when the surface reaches saturation for a few hours, in this case for
a mixture of 10% CaCl2 in MMS dust. The experiments have shown that the metallic
table can capture up to 45% of the injected mass of water in the form of the dew of pure
liquid water and 0.6 g of salts used in the experiments.
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Chapter 6

Testing of HABIT instrument
under Martian conditions

This chapter focuses on simulating the HABIT operation, within the SpaceQ cham-
ber, under Martian conditions similar to those expected at Oxia Planum [28]. The
HabitAbility: Brines, Irradiance and Temperature (HABIT) instrument will characterize
the habitability at the landing site of the mission, Oxia Planum [106] [107], in terms
of Ultra-Violet (UV) radiation, air and ground temperature (T), as well as liquid wa-
ter availability and in-situ atmospheric water extraction usage. It will also monitor the
near-surface winds, and the atmospheric dust cycle. Additionally, it will provide mea-
surements of the air electric conductivity (which changes with the relative humidity of
the air) and over time, when dust is accumulated in one of the open cells of HABIT, it
will provide an estimate of the electric conductivity of the dust.

6.1 HABIT instrument

HABIT and its modules are shown in (Fig. 6.1). The dimensions of the Container Unit
(CU) the Electronic Unit (EU) are 150 mm x 63 mm x 43 mm and 172 mm x 172 mm x
55 mm respectively. The Electronic Unit (EU) is protected with a heater that is activated
when its temperature is below -33 ◦C and disabled if the temperature of the electronics of
HABIT rises above -30 ◦C. This implies that the CU, at nighttime when the RH% peaks,
will be warmer than the Martian ground. The instrument weights 918 g; requires a power
consumption that ranges between 0.7 and 13.0 W (when the heaters are activated) and a
baseline data rate of 1.55 MB/sol. The CU, the lid and the filter holder are manufactured
in aluminum, the electrodes are made of gold, to prevent corrosion, and the magnetic
rings around the UV photodiodes are made of samarium cobalt.
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Figure 6.1: HABIT Flight Model (FM): (a) Container Unit (CU) with BOTTLE and the three
ATS, (b) Electronic Unit (EU) with the UVS and GTS, (c) Open view of the empty containers
of BOTTLE with the golden electrodes, and (d) Electrode dimensions and separations. This
image is published in [28]

6.2 HABIT Martian night-day transition

We simulated a plausible Martian night-day cycle with the HABIT Engineering Model
(EM) inside the SpaceQ chamber (Fig. 6.2) while controlling the temperature, relative
humidity and carbon-dioxide atmosphere identical to the ExoMars 2020 landing site, Oxia
Planum. The progression of the Martian simulated environmental conditions during the
experiment is shown in (Fig. 6.3). We also calculated the relative humidity for water with
respect to ice (RHCU

i) and liquid (RHCU
l) phases for the temperatures of the container

unit to estimate the relative humidity to which the salts are exposed.

(Fig. 6.4) shows the electrical conductivity (EC) measurements of the salt-SAP mix-
tures during the Martian day-night simulation. We could observe two distinguishable
EC characteristics corresponding to the water capture, one at the beginning and one to-
wards the end of the simulation. When the relative humidity of the air was increased to
86% as the water was injected, we see a spike in the electrical conductivity values. This
behaviour lasted for a short time until the moment when the relative humidity reduced
due to cooling and the table acted as a sink, where frost was formed. Cell-1 which was
empty also showed this behaviour probing that the EC measurements are sensitive also
to the air relative humidity. As the temperature of the chamber increased, water was
released from the cold table, and the air relative humidity increased too. This allowed
favourable conditions for the salt-SAP mixtures to capture water which resulted in a
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Figure 6.2: SpaceQ chamber facility: (a) SpaceQ chamber with the rotary pump, syringe used
to inject water, CO2 cylinder and the pressure display (b) HABIT EM placed on the working
table and integrated with the DB 25 pin for operation. This table is refrigerated with liquid N2.
This image has been published in [28]

Figure 6.3: Simulated environment inside the SpaceQ chamber. Different variables recorded
such as temperature of both air (Ta) and BOTTLE temperature (TCU), pressure (P), relative
humidity of air (RHa) and relative humidity at which BOTTLE salts are exposed, calculated
with respect to ice (RHCU

i) and liquid (RHCU
l). This image has been published in [28]

gradual increase in the EC values. Both of these EC increases were complemented with a
visible increase in the BOTTLE (CU) temperature which is not observed in the EU due
to the exothermic nature of the deliquescence process. The final electrical conductivity
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values indicated the extent of water capture by each of the salt-SAP mixtures as shown in
(Fig. 6.4). All the salt-SAP mixtures captured water and particularly, calcium-chloride
salt-SAP mixture produced liquid brine (Fig. 6.5). The maximum electrical conductivity
value of the CaCl2 brine of 102µScm-1.

Figure 6.4: Electrical conductivity measurement (in log scale) of the salts in BOTTLE Engi-
neering Model during the Mars Sol simulation in the SpaceQ chamber. For this experiment the
salts were distributed as, Cell-1: Empty, Cell-2: CaCl2, Cell-3: Fe2(SO4), Cell-4: Mg(ClO4)2,
Cell-5: NaClO4, Cell-6: Mg(ClO4)2. This experiment simulates HABIT for the study during its
launch and cruise phase with a more representative diurnal variation on Oxia Planum, Mars.
This image has been published in [28]
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Figure 6.5: Images of the salt-SAP mixtures after the experiment. Left to right: Initial con-
ditions of 1.5 g each of magnesium-perchlorate (Mg(ClO4)2), sodium-perchlorate (NaClO4),
magnesium-perchlorate (Mg(ClO4)2), ferric sulphate (Fe2(SO4)), calcium-chloride (CaCl2),
with 0.75 g SAP in each salt. Calcium-chloride in the right corner produced liquid brine also
showing relevant electrical conductivity values of 102 µScm-1. All other salt-SAP mixtures also
captured considerable amounts of water as appearing wet in the images. (Image Credit: HABIT
team)
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Chapter 7

Summary of Contributions

The following section lists all publications included in Part II of the thesis. A short
summary of each paper is presented and the contribution by the PhD student is high-
lighted.

7.1 Summary of appended papers

Paper A: Space Environmental Chamber for Planetary Studies
Authors: Abhilash Vakkada Ramachandran, Miracle Israel Nazarious, Thassh-

win Mathanlal, Maria-Paz Zorzano, Javier Martin Torres.
Published in: Multidisciplinary Digital Publishing Institute, Sensors
Summary: The first paper describes the SpaceQ chamber that has been developed

for this thesis. There is a detailed description of the setup that was designed, developed,
and commissioned. Furthermore, this paper discusses the facility’s applications, partic-
ularly those related to the Martian near-surface water cycle, material curation under
simulated Mars conditions, and instrumentation testing.

Contributions: The PhD student was responsible for the design, negotiation, and
commissioning of the planetary chamber, as well as the near-surface water cycle experi-
ments and material curation tests. The PhD student tested the Engineering Qualification
model of the HABIT instrument for Ground Temperature Sensor (GTS) calibration in-
side the SpaceQ. The other coauthor performed the data analysis for GTS calibration.

Paper B: Numerical heat transfer study of a space environmental testing facility
using COMSOL Multiphysics

Authors: Abhilash Vakkada Ramachandran, Maria-Paz Zorzano, Javier Martin
Torres.

Published in: Elsevier, Thermal Science and Engineering Progress
Summary: This paper focuses on computer simulation studies of the SpaceQ cham-

ber. Here, a heat transfer model is implemented to investigate the thermal behavior and
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provide insights into the expected relative humidity within the chamber under different
operating scenarios. This model is validated using experimental results obtained inside
the chamber, and a comparison is provided.

Contributions: The PhD student was responsible for implementation of the heat
transfer model used in the study comparing with the experimental measurements and
analysis of the data.

Paper C: Experimental Investigation of the Atmosphere-Regolith Water Cycle on
Present-Day Mars

Authors: Abhilash Vakkada Ramachandran, Maria-Paz Zorzano, Javier Martin
Torres.

Published in: Multidisciplinary Digital Publishing Institute, Sensors
Summary: This paper is dedicated to investigating experimentally the atmosphere

regolith interaction. This study simulates an environment that mimics the night-to-day
thermal transition and compare it with the observed changes in water vapor partial
pressure at Gale crater, Mars. The experiments presented in this chapter demonstrates
experimentally the stability of thin films around the triple point of water. The evapora-
tion rates are measured and the duration of the metastability of this pure liquid water
is quantified. To demonstrate the timescale of absorption under Martian experimental
conditions, the behaviour of four deliquescent salts, similar to those carried on the Hab-
itAbility: Brine Irradiation and Temperature (HABIT) instrument, is studied as pure
components or mixed in the regolith.

Contributions: The PhD student was responsible for conducting experiments. The
design of the experiments, data analysis and interpretation of results was done along with
co-authors.

Paper D: The HABIT (HabitAbility: Brine Irradiation and Temperature) environ-
mental instrument for the ExoMars Surface Platform 2022

Authors: Javier Martin Torres, Maria-Paz Zorzano, Alvaro Soria Salinas, Miracle
Israel Nazarious, Samuel Konatham, Thasshwin Mathanlal, Abhilash Vakkada Ra-
machandran, Juan Antonio Ramirez-Luque and Roberto Mantas-Nakhai .

Published in: Elsevier, Planetary and Space Science
Summary: This paper describes in detail the HABIT instrument and sensors, to-

gether with the calibration of its Flight Model (FM) and the Engineering Qualification
Model (EQM) versions.

Contributions: The PhD student was responsible for adapting the instrument and
SpaceQ conditions to this test, conducting near-surface water cycle experiments and data
analysis while exposing the HABIT instrument to the specific environmental conditions
of Oxia Planum inside the planetary chamber.
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Conclusion and Future work

This thesis is focused on simulating the near-surface water cycle on Mars inside an
environmental facility to test the HABIT instrument and to investigate the atmosphere-
regolith interaction.

A versatile environmental chamber ‘SpaceQ’ was designed and built, that can simulate
the entire range of Martian atmospheric conditions in terms of temperature, pressure,
and relative humidity. This facility can operate with temperatures from 163 to 423 K,
pressures from < 10−5 mbar to ambient and relative humidity from 0-100%. In addition
to simulating planetary environments, it can be used to qualify the behavior of specific
components when exposed to thermal vacuum, outgassing, baking, low temperatures, and
dry heat microbial reduction procedures. With its optical and electrical feedthroughs,
it can log the data in real-time from the instruments and monitor the environmental
parameters such as temperature, pressure, and relative humidity inside the chamber.
The SpaceQ chamber is specifically suitable to study the near-surface water cycle on
Mars and can simulate the Martian diurnal/seasonal temperature and relative humidity
variation within the Martian pressure range. This facility is more resourceful and can be
used to test the curation of materials under the Martian environment and to study its
degradation when exposed to the high-intensity UV lamp inside the chamber. Results
show the curation of materials under dry Martian conditions which demonstrate, as a
first step, it is potentially feasible to fabricate and cure, within a few hours, small brick-
like elements produced with a specific mixture of regolith, binders, and water retaining
products

A plausible thermal transition of the night to-day, atmosphere-regolith near-surface
water cycle as on Mars has been investigated, with the working table acting as a ground
surface that can trap all the atmospheric water at lower temperatures and release it
back to the atmosphere when the temperature increases. HABIT instrument has been
tested in SpaceQ chamber demonstrating that the salts can absorb water within a few
hours of exposure to increased ambient humidity and that this water can be in-directly
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monitored by the changes of electric conductivity which can vary between 10−8 µScm-1

for dehydrated salts to 102 µScm-1 for brines. Furthermore, tests illustrate how BOTTLE
can monitor the hydration state of a set of four salts, which have been found on Mars,
calcium chloride, ferric sulphate, magnesium perchlorate, and sodium perchlorate by
measuring their electric conductivity (EC). The operation of HABIT has been simulated
under Martian conditions similar to those expected at the ExoMars landing site, in Oxia
Planum. Further, we have calibrated the HABIT GTS instrument inside the SpaceQ
chamber with an overall accuracy within 1.5 ◦C.

To further aid in the understanding of the thermal gradients when the table is re-
frigerated inside the chamber, with the external walls warmer as it is in contact with
ambient laboratory temperatures, a 3D model thermal simulation study was performed
of the SpaceQ experimental facility using COMSOL. Accurate knowledge of the actual
temperature, its evolution and gradients, and the heat-flux sources and sinks are crit-
ical to designing and upgrading the chambers, planning experiments, and interpreting
observations. This simulation gives a full representation of the system and compares the
results with our experimental data. Three different experimental conditions which are
routinely tested inside the chamber were simulated.

The near-surface water cycle with Martian temperature and pressure inside the cham-
ber was modeled and simulated. The main aim of this study condition was to create a
plausible night-day transition as on the near-surface of Mars. This study validated the
simulation results with the experimental data by comparing the thermal control points
of the table and air temperature inside the chamber which shows good agreement on
the equilibration time scales and thermal gradients. This model is further validated by
extrapolating the one-point relative humidity of the experimental data to each grid point
in the simulation using temperature and pressure values. This calculated relative humid-
ity for the simulation model shows a correlation with the frost and liquid water droplets
forming on the table in comparison with the studies associated with the Martian water
cycle experiment.

A simplified version of the ExoMars HABIT (HabitAbility: Brine Irradiation and
Temperature) instrument container unit (CU) was modeled to study the thermal be-
havior. This model shows that, in addition to the continuous effect of the externally
applied electronics power, there is an extra internal heating source of about 1 W which is
due to the hydration and deliquescence of the salts in the CU when exposed to Martian
conditions and contact with atmospheric moisture.

To simulate heating of the chamber for qualification tests we have performed the
analysis in the model to evaluate the thermal hot spots and the time needed for the
chamber to reach the upper limit temperature (420K) under vacuum before subjecting
the chamber to such high temperatures. This study result shows that the chamber
requires approximately 2.5 hours to reach 420K without any instruments placed inside
for testing. If the mass of the instrument is considered the time required will probably
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increase, this is important information to plan the duration of experiments. Further
analysis of the model shows the conductive heat flux is predominantly observed at the
external walls as it heats up and then at the bottom wall of the chamber close to the
working table.

After experimentally demonstrating the near-surface water cycle and understanding
the thermal gradients inside the chamber, we investigated the stability of pure liquid in
the vicinity of the triple point. The results obtained confirm that pure liquid water could
be formed and be transiently stable under present-day Mars conditions if saturation has
been reached at the surface. While the actual vapor pressure of water in the atmosphere
is less than the saturation vapor pressure of the liquid on the surface, any liquid water
will evaporate until either the air is saturated, or the liquid supply is exhausted. These
experiments simulate evaporation under wind-free conditions. This scenario is not unre-
alistic as, according to REMS observations, the nighttime to sunrise winds may be very
mild with speeds under 2 m/s. Experiments show how a pool of water is formed and
remains stable for about 3.5 to 4.5 hours while evaporating and releasing water to the dry
atmosphere. This is similar to the process of dew formation and evaporation on Earth.
On Earth, dew is composed of liquid water droplets that are formed as water vapor con-
denses on cold surfaces, mostly at night, on surfaces of temperature below its dew point
temperature. This is especially interesting to condense water from the atmosphere and
provide a source of water for the survival of individual plants and animals in dryland
regions where liquid water is scarce. A recent study about the formation of dew in a
semi-arid plateau in China has shown that the maximum dew residence time was about
18 hours/day.

The experiments have also demonstrated that a mixture of 10% of deliquescent salts
with the regolith can absorb as much as 18% (for ferric sulfate), or 50% (for calcium
chloride), of its weight in water when exposed to the hydration cycle. It forms some
granular structures, similar to the ones observed on the dunes of Mars. These experiments
also suggest that once the water has been captured in the regolith can be released later
and can also produce new chemistry. When exposed to UV, water molecules attached to
the regolith may be broken apart by photolysis, leading to the production of oxygen (O2)
and hydrogen (H2), and thus be a source for the recent detection of abnormal seasonal
variations of the atmospheric concentration of O2 on the surface of Mars. Finally, the
existence of this non-equilibrium water interchange between the atmosphere and the
regolith may have implications on the formation of avalanches and explain the dry-wet
mechanisms that are proposed to be responsible for Recurrent Slope Lineae and other
large-scale features that are observed on Mars on specific slopes and certain seasons.
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Future work

SpaceQ chamber improvements

The SpaceQ chamber used in this study has not been fully tested to the limits, so the
chamber will be tested to even lower pressures using the turbomolecular pump to reach
10−5 mbar this can help in various testing procedures or simulating different planetary
atmospheres. Another feature of the chamber that needs to be implemented is the heating
cycle using external jackets. With this combination of lower pressure and heating, this
chamber can be used for a test such as a thermal vacuum test.

Experimental studies

As demonstrated visually in Chapter 5, the stability of pure liquid in the vicinity of
the triple point. The next step in this study will be focused on characterizing brines
and minerals formed or altered inside the chamber using ultraviolet-visible–near-infrared
(UV–VNIR) spectrometry. The chamber has been prepared to be coupled with SMA-905
vacuum feedthrough to connect the VNIR spectrometer with a range of 200-2500nm.

Further, studies will be performed on varying the surface conditions and reproducing
the diurnal surface variation (including partial water pressure control and thermal profile)
expected at different latitudes and seasons. With the improvement of the water injection
system, smaller amounts of water will be injected into the chamber to maintain a lower
air relative humidity. To explore the stability of frozen brines, salts buried within a
thicker layer of regolith mixed in different ratios will be studied.

Future studies will focus on simulations including both the EU and Container Unit of
HABIT inside the chamber to compare with actual observations on Mars when HABIT
starts its operation on Mars in the ExoMars surface platform. Also, this chamber can be
used to monitor the metabolic activity of soils incubated under Martian conditions, with
instruments like METABOLT [108].
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Space Environmental Chamber for Planetary Studies

Abhilash Vakkada Ramachandran, Miracle Israel Nazarious, Thasshwin Mathanlal,
Maŕıa-Paz Zorzano and Javier Mart́ın-Torres

Abstract

We describe a versatile simulation chamber that operates under representative space con-
ditions (pressures from < 10−5 mbar to ambient and temperatures from 163 to 423 K),
the SpaceQ chamber. This chamber allows to test instrumentation, procedures, and ma-
terials and evaluate their performance when exposed to outgassing, thermal vacuum, low
temperatures, baking, dry heat microbial reduction (DHMR) sterilization protocols, and
water. The SpaceQ is a cubical stainless-steel chamber of 27, 000cm3 with a door of alu-
minum. The chamber has a table which can be cooled using liquid nitrogen. The chamber
walls can be heated (for outgassing, thermal vacuum, or dry heat applications) using an
outer jacket. The chamber walls include two viewports and 12 utility ports (KF, CF, and
Swagelok connectors). It has sensors for temperature, relative humidity, and pressure, a
UV–VIS–NIR spectrometer, a UV irradiation lamp that operates within the chamber as
well as a stainless-steel syringe for water vapor injection, and USB, DB-25 ports to read
the data from the instruments while being tested inside. This facility has been specif-
ically designed for investigating the effect of water on the Martian surface. The core
novelties of this chamber are: (1) its ability to simulate the Martian near-surface water
cycle by injecting water multiple times into the chamber through a syringe which allows
to control and monitor precisely the initial relative humidity inside with a sensor that
can operate from vacuum to Martian pressures and (2) the availability of a high-intensity
UV lamp, operating from vacuum to Martian pressures, within the chamber, which can
be used to test material curation, the role of the production of atmospheric radicals, and
the degradation of certain products like polymers and organics. For illustration, here we
present some applications of the SpaceQ chamber at simulated Martian conditions with
and without atmospheric water to (i) calibrate the ground temperature sensor of the
Engineering Qualification Model of HABIT (HabitAbility: Brines, Irradiation and Tem-
perature) instrument, which is a part of ExoMars 2022 mission. These tests demonstrate
that the overall accuracy of the temperature retrieval at a temperature between 50 and
10 ◦C is within 1.3 ◦C and (ii) investigate the curation of composite materials of Martian
soil simulant and binders, with added water, under Martian surface conditions under dry
and humid conditions. Our studies have demonstrated that the regolith, when mixed
with super absorbent polymer (SAP), water, and binders exposed to Martian conditions,
can form a solid block and retain more than 80% of the added water, which may be of
interest to screen radiation while maintaining a low weight.

Keywords: space; environmental chamber; Mars simulation; vacuum; planetary at-
mosphere; space instrumentation
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1 Introduction

The interest in designing instrumentation for the exploration of the Moon or Mars has
increased over the past few years, and various space agencies and companies have demon-
strated it. The hardware used in these missions must be capable of operating under
extreme environments. In order to facilitate the procedures and phases of instrumen-
tation mainly to design, qualify, and calibrate, we have designed the SpaceQ chamber.
The primary purpose of this chamber is to test sensors and components when exposed
to representative space conditions with thermal or pressure changes. It is also used to
recreate conditions of the Martian or Lunar surface.

One specific capability of this chamber is that it allows simulating the water cycle and
environmental conditions that will be experienced by the HABIT (HabitAbility: Brines,
Irradiation and Temperature) instrument of the ExoMars 2022 mission that will land
at Oxia Planum and operate from the Martian surface. Pretesting under representative
space conditions is a requirement to raise the technological readiness level (TRL) of any
instrument proposed to a space mission. HABIT will investigate the potential present-
day habitability at Oxia Planum, Mars, examining the ground and air temperature, the
electric conductivity of the air, ultraviolet (UV) radiation, wind and liquid, and brine
formation by deliquescence of a set of salts [1]. It will operate autonomously through
day and night, acquiring environmental observations for, at least one Martian year of
nominal operation of the Surface Platform “Kazachok.”

Since the 1960s, there have been numerous developments of simulation chambers
around the world, including the chamber to study the behavior of terrestrial microor-
ganisms under artificial Martian conditions [2] and other multiple simulating facilities
for planetary and space research [3–17]. The design of this kind of facilities is still an
active area of interest, as each one is generally built with a few specific objectives. For
instance, just recently, a Mars environmental chamber has been developed to allow dust
to remain in suspension and to calibrate an optical particle counter [18]. Due to the need
for simulating the Martian water cycle to test the HABIT instrument and other processes
that depend on moisture, we have developed the SpaceQ chamber. The core novelties of
this chamber are: (1) its ability to simulate the Martian near-surface water cycle by in-
jecting water multiple times into the chamber through a syringe which allows to control,
precisely, the initial relative humidity inside and (2) the availability of a high-intensity
UV lamp operating within the chamber, which can be used to test material curation, the
role of the production of atmospheric radicals, and the degradation of certain products
like polymers and organics. This chamber can test scientific instruments and, since water
is a requirement for life as we know it, this chamber will allow to perform experiments
related to astrobiology and habitability.

Mars has a thin atmosphere, which consists mostly of carbon dioxide (CO2), and
water is only a minor component. However, due to the large diurnal thermal oscillations,
the surface can go from 0 to 100% relative humidity (RH) within 1 day [19]. Water is
not stable as a liquid on Mars, but it can exist as frost and ice in the ground, and in
the atmosphere as vapor, fogs, and cloud nuclei. Moreover, water can also be bonded
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or adsorbed to salts in the regolith. In this state, there can be an interchange of water
between the regolith and the atmosphere under present-day conditions due to the diurnal
and seasonal variations of temperature and relative humidity. Then, additionally, water
can be fixed in the mineral crystal structure, or as hydroxyl, but this water is only
released at temperatures above 200 ◦C and up to 1000 ◦C or higher, depending on the
mineral.

Some of the salts that exist on Mars may even deliquesce and form liquid brines
that are stable at these pressures and temperatures. The presence of salts on Mars has
implications on the water circulation and water cycle as well as on life and materials and
instruments exposed to these surface environmental conditions. This chamber allows
testing the performance of certain materials. Some metallic materials may be damaged
when they come in contact with brines, as they are usually very corrosive. Other materials
may hydrate or dehydrate differently as on Earth, so this chamber allows to test the
properties of certain materials during curation under Martian conditions. Moreover,
finally, since liquid water is needed for life, the formation of brines may have implications
on life and planetary protection protocols. In the Experimental Procedure section, we
present some examples of the applications of the SpaceQ chamber.

2 Detailed description of the SpaceQ chamber

The SpaceQ is a stainless-steel cubic-shaped (Fig. 1) customized chamber manufactured
by Kurt J. Lesker Company (https://www.lesker.com/index.cfm). The door is made
of aluminum, and the internal volume is 27, 000cm3. The quartz silica viewports (Zero-
Length, 4-1/2'' UHV) fitted on the top and left-hand side allow to monitor the experiment
inside. The glass window is of Kodial with a viewing diameter of 65 mm. This glass is
compatible with high vacuum and can withstand a bake-out temperature of up to 623
K. The heating jackets are custom made by Eltherm (https://eltherm.com/). The outer
cover of the jackets is made of glass fabric PTFE coating, and the inner cover is of glass
fabric. The thermal insulation is made of 15 mm glass wool and uses Velcro fasteners
as fixing material around the chamber. The jackets are fitted to the external walls of
the chamber and have an operating temperature from ambient to 423 K. It has platinum
(PT) 100 as its sensing element with 700 W nominal output to supply heat through the
walls. The temperature is set using an electronic temperature controller (ELTC)-15 with
an output relay and a programmable ramp. This feature is used for outgassing tests and
to convert the chamber into a thermal vacuum test (TVT) chamber where instruments
can be tested and thermally cycled to perform space qualification and investigate thermal
balance and gradients within the hardware. The chamber wall is fitted with 12 utility
ports (KF, CF, Swagelok) on which different instruments are fitted to perform the tests
inside. It has sensors for temperature (T), relative humidity (RH%), and pressure (P),
an ultraviolet (UV) irradiation lamp, an ultraviolet (UV)–visible (VIS)–near infrared
(NIR) spectrometer, as well as a stainless-steel syringe for water vapor injection, and
universal serial bus (USB) and distribution board (DB) 25 ports to read the data from
the instruments. A functional diagram of SpaceQ is shown in (Fig. 2).
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Figure 1: Overview of the SpaceQ chamber fitted with different components.

Figure 2: Schematic representation of SpaceQ chamber showing different components fitted.

SpaceQ is very versatile in terms of its operating temperatures; it can operate in
the temperature range of 163–423 K and the pressure range from < 10−5 mbar (high
vacuum) to ambient pressure equipped with different sensors. As the SpaceQ chamber
can operate up to 423 K, through an external heating jacket, it can be used to qualify
components for space operations by performing TVT (ECSS-Q-ST-70-02C), outgassing,
and sterilization through dry heat microbial reduction (DMHR) tests (ECSS-Q-ST-70-
57C). The SpaceQ has been used to simulate the Martian environment and the water and
thermal cycle to investigate the dew point, the frost formation point, and the formation
and stability of brines [20]. It can be used to perform microbiological experiments and
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Figure 3: Detailed view of the cooling plate setup which allows for the flow of liquid nitrogen.

test the curation of different materials that have been so far only tested under Earth
ambient conditions [21]. The specifications of the chamber are summarized in Table. 1

Table 1: Specifications of SpaceQ
Parameter Characteristics

Chamber dimensions 30 cm x 30 cm x30cm
Operating temperature 163 K to 423 K
Operating pressure < 10−5 mbar to 1000 mbar
Viewport Fused silica quartz
UV lamp 115-400 nm
Data output USB and DB 25
RH and Temperature 0-100% and 203 K to 453 K
Gas inlet CO2and water
VNIR spectrometer 200 - 2500 nm

The dimensions of the cooling plate (Fig. 3) are 200mm × 200mm × 18mm, and
it has an inbuilt thin pipe for liquid nitrogen (LN2). The temperature of the surface is
controlled by passing liquid nitrogen from a Dewar using a feedthrough. The temperature
control is performed by a proportional integral differential (PID) controller, which is in
a feedback through a PT100 sensor allowing the solenoid valve to open and permit the
flow of liquid nitrogen. We monitor the temperature of the working plate connected to
a K-type thermocouple located on the left wall of the chamber. The temperature of the
samples inside the chamber can be reduced up to 163 K.

Phase DUO 10 M rotary pump allows to reach from ambient to < 10−3 mbar, and a
HiPace 80 turbo molecular pump can reach up to < 10−5 mbar. The pressure is controlled
by a Cold Cathode/Pirani Combination Gauge, covering a range from 1000 to 1< 10−9

mbar.

Martian or planetary atmospheres are investigated by injecting gas from an external
pressurized bottle. For simplicity, the initial testing is conducted with 100% CO2 to
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simulate the Martian atmosphere. The chamber has the flexibility to simulate different
gas compositions and pressures. Martian pressure conditions were simulated by first
evacuating the chamber and then flushing with CO2 until it reaches 6–7 mbar. To
inject trace amounts of water, we use a KD Scientific stainless-steel syringe from Fischer
Scientific. It has a capacity of 20 mL and is fitted on a Swagelok connector, which is
in turn connected through a tube to a manually operated Swagelok fitting ball valve.
The smallest amount that can be injected is 0.5 mL, and this allows us to have precise
control on the initial relative humidity conditions. The water can be injected several
times during the experiment. When the ball valve is open, the water is sucked into the
vacuum or reduced pressure environment.

To measure the atmospheric temperature and relative humidity inside the chamber,
a Vaisala HMT334 sensor is used [22]. This sensor can operate from Martian pres-
sures to vacuum conditions. This sensor can operate from Martian pressures to vacuum
conditions. A similar sensor is operating on Mars since 2012, as part of the Rover Envi-
ronmental Monitoring Station (REMS) instrument, onboard the Curiosity rover [23]. It
can measure the temperature in the range of 203–453 K and the relative humidity from
0 to 100%. This is fitted on the chamber through an M22 × 1.5 thread with the probe
exposed to the inner atmosphere which is tested for vacuum-tight installations. Apart
from the Vaisala sensor, the chamber has two type K thermocouple feedthroughs (top
and left side) which can be used to connect PT 1000 sensors to measure temperatures
at any location inside the chamber required by the experiment. The thermocouple wires
are made of Chromel (positive wire) and Alumel (negative wire). The feedthrough is a
KF 16 flange.

A Hamamatsu S2D2 VUV lamp with output stability fluctuation 0.05% p-p (max-
imum) can be used, operating directly within the chamber, to simulate the high UV
irradiance levels that are experienced in space and on Mars. It can also be used to ster-
ilize the chamber for specific experiments, to induce photodissociation of molecules in
the gaseous atmosphere and to test the degradation of some materials such as polymers
when exposed to UV and Martian atmospheric conditions. This lamp irradiates within
the spectral range of 115–400 nm. It can be incorporated on the top flange of the SpaceQ
chamber. It uses a deuterium lamp with a magnesium fluoride (MgF2) window fitted
with a flexible tube allowing to irradiate objects and samples at a very close distance
to be operated under depressurized conditions. UV, visible, and infrared reflectometry
studies of samples can be performed by combining two spectrometers (AvaSpec-ULS2048
LTEC-USB2-RS and AvaSpec-NIR256-2.5-HSC-EVO) covering UV–VIS–NIR range with
200–2500 nm. It uses a mini-halogen lamp as a light source to irradiate the sample and
measure the reflectance. It is fitted onto the chamber using two vacuum feedthroughs
SMA-905, which have an M12 thread housing with Viton O rings designed for the fiber
optics in vacuum chambers that interconnects to couple with the probes inside.
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3 Martian near-surface water cycle and thermal stud-

ies

We simulate the environmental conditions that occur on Mars during the transition from
night-time (when due to the low temperature the surface humidity reaches its highest
value and may saturate) to daytime (when the surface temperature increases releasing
the water to the atmosphere). The simulation is done by evacuating the air in the
SpaceQ chamber with a rotary pump down to < 10−3 mbar and replacing it by carbon
dioxide CO2 gas to 6–8 mbar, which is a representative range of the average atmospheric
pressure on Mars. A Pirani gauge reader monitors this. Once the CO2 gas stabilizes, we
inject water using the Swagelok stainless steel syringe and then use liquid nitrogen (LN2)
to cool the working table down to 250.15 K. This whole process of achieving close to
Martian condition takes about 1 h, and the tests are done with pure CO2 gas and minute
amounts of water. When water is injected, the relative humidity within the chamber
changes depending on the temperature. There are unavoidable thermal gradients, which
occurs when the table is refrigerated with LN2, and the external walls of the chamber
are warm due to the contact with the ambient laboratory temperatures. For this specific
setup, the relative humidity (RH) probe monitors the air relative humidity with respect
to liquid at roughly 10.2 cm above the table and 5.2 cm from the sidewalls. (Fig. 4)
shows an example of a simulation from a Martian night-to-day transition. The ground
temperature (Tg) and air temperature (Ta), the relative humidity of the air (RHa), and
pressure (P) are directly measured, whereas the relative humidity of ground with respect
to ice and liquid (RHi and RHl) are derived by using the formulae (1–5) [19].
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Where,
RH(Ta) can be applied to the air, to retrieve vmr and then be used to calculate RHg(Tg).
Here RHi represents the relative humidity with respect to ice, whereas RHl represents
the relative humidity with respect to liquid.
P: Pressure in mbar
vmr: volume mixing ratio in parts per million
Tg : Table temperature in K
ewliq(Tg) : saturation partial pressure over liquid water at a given temperature
ewice(Tg) : saturation partial pressure over ice at a given temperature
Mw = 18.0160(molecular weight of water)
Md = 43.3400(molecular weight of dry air on Mars)
W = water mass mixing ratio

In the example of (Fig. 4), at 12:00 p.m., the temperature of the table is reduced to 240
K. This is named Tg in the graph, as it represents the nighttime ground temperature at a
Martian location. LN2 is then stopped, and the temperature increases due to the thermal
equilibration with the ambient laboratory temperature, which is around 290 K. As the
table temperature is cold, the water vapor in the atmosphere condenses on the table and
may even permit the formation of frost when the RHg

i is at or above saturation. At the
first moment, the ambient air humidity RHa is close to zero as all the water condenses on
the cold surface. As the table temperature increases slowly, this water is released back
to the atmosphere, which in turn produces an increase of the chamber pressure P, while
also raising RHa. The pressure is maintained within 8 mbar by manipulating the valve.

This kind of simulated near-surface water cycle environment conditions on Mars can
be used to test instruments for In Situ Resource Utilization (ISRU), curation of materials
for construction, testing materials for corrosiveness, to study the stability of liquid water
or brines, and to investigate the limits of microbial life under Martian conditions.

4 Material testing studies

The plans of deep-space human exploration require first the demonstration of in situ
Resource Utilization (ISRU) possibilities for the Martian and lunar surfaces. It has been
suggested that the regolith available on the Moon and Mars, can be used as critical foun-
dational material for the construction of structures, which will provide effective shielding
against the high-energy radiation bombarded from the outer space [24–27]. To be pre-
pared for the future exploration of Mars, it is important to first demonstrate and prove
the method for curation in a small-scale simulating conditions here on Earth. This will
reduce the cost of transportation of materials from Earth. This is one of the applications
of the SpaceQ.
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Figure 4: Example of the time evolution of some of the environmental parameters inside the
chamber when simulating the transition from a Martian night to day. For this specific con-
figuration, the ground relative humidity is saturated, and allows for frost formation, when the
ground temperature is under 260K.

The main goal of the experiment that follows is to demonstrate, the application of the
SpaceQ chamber to cure under Martian conditions mixtures of Martian soil simulants
when mixed with composite products at different concentrations. These kinds of products
have been cured previously at ambient Earth conditions [28–32], but this chamber allows
to test the effect of temperature, pressure, UV, and atmospheric moisture under Martian
conditions. The purpose of this test is to demonstrate, for the first time under Martian
conditions, the fabrication of a solid block with potentially enhanced radiation screening
properties due to the presence of water. To enhance the water retention capability of a
block, we have also tested the addition of other product, i.e., a super absorbent polymer
(SAP), which can hold up to 150–300 times its weight in water in a jelly state [33, 34].
For some tests, we have used ferric sulfate (Fe2(SO4)3), which is a salt that exists on
the surface of Mars and has deliquescent properties. We hypothesize that if this kind of
products can be incorporated into construction elements, this would reduce the weight
of structures and still have strong radiation protection properties because of the high
content of water [35]. In addition, by using these water-absorbing elements within the
composite mixture at Martian conditions, we force a slower dehydration, which may be
interesting to emulate the slow curation process on Earth.
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4.1 Materials and Methods

To simulate the Martian soil, we have used Mojave Martian Simulant (MMS-1) unsorted
grade obtained from The Martian garden, Texas, with the composition of high-quality
iron-rich basalt mostly used for research purposes [36]. The binder used in this study was
EPON 828 epoxy resin purchased from Polysciences because of its excellent mechanical
properties and ease of mixing with the regolith. It also has great radiation-screening
properties, and many previous studies have reported the use of epoxy resins as binders
with the simulants. The hardener used was m-Xylylenediamine from Sigma Aldrich.
Ferric sulfate Fe2(SO4) and SAP (poly(acrylamide-co-acrylic acid)) (C6H8KNO3) were
purchased from Sigma Aldrich. The samples were prepared in a glass beaker.

In these tests, we prepared two sets of samples under laboratory conditions. One was
then placed inside SpaceQ and the other one left at ambient conditions on a laboratory
bench. The sample inside SpaceQ was frozen by cooling the table to 258 K with the LN2,
to prevent the semiliquid mixture from rapid sublimation when the chamber is vacuumed.
Once the chamber was vacuumed, we injected CO2 and let the temperature rise to am-
bient Earth temperatures by reaching equilibrium with the laboratory environment. For
this test, the atmosphere was dry, so the wet sample released water to the atmosphere
during the curation process. Although the sample dries up, the relative humidity (RH)
at the air above increases. We consider that the curation has ended when the relative
humidity in the chamber is stabilized.

4.2 Results

For the study, we prepared two different samples (i) mixture of soil, salt, and binder and
(ii) mixture of soil, salt, a binder with the addition of SAP and water

For this test, we used small amounts of samples spread over a large area and prepared
five different samples with increasing soil to binder ratio:

a) 1 g soil + 0.1 g Fe2(SO4) + 0.2 g binder
b) 1.5 g soil + 0.15 g Fe2(SO4) + 0.2 g binder (exposure to UV)
c) 1.5 g soil + 0.15 g Fe2(SO4) + 0.2 g binder
d) 2 g soil + 0.15 g Fe2(SO4) + 0.2 g binder
e) 2.5 g soil + 0.15 g Fe2(SO4) + 0.2 g binder

The samples were prepared in large beakers, spread over the bottom crystal, placed
inside the SpaceQ, and covered with a high efficient particulate air (HEPA) filter to
protect the chamber from potential micron sized splashes of the prepared mixture, which
may be released abruptly during the vacuum phase. For this test, sample (b), which
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Figure 5: (a) 1g soil (b) 1.5g soil with UV (c) 1.5g soil without UV (d) 2g soil (e) 2.5g soil

was equal to (a), was irradiated with a UV lamp fitted on the chamber to check if the
resin was damaged upon UV exposure. The UV lamp was switched off after 1 hour(h)
of irradiation. As the table temperature rose, the RH stabilized, and the experiment
was stopped. The final sample mixtures are shown in (Fig. 5). Only the samples with a
higher ratio of binder to soil were able to form conglomerate (a, b, and c). No significant
difference was observed due to UV exposure (b).

We demonstrated that Martian simulants, when mixed with binders and salts at
different concentrations, could be cured under a simulated dry Martian environment. In
the study, we found that the samples with a higher binder to soil ratio (Fig. 5a–c) were
able to mix and form solid grains unlike in Fig. 5d,e which was quite loose and dispersed.
In addition to the granular binding properties, it is essential to mold the material into a
solid unit.

So, next we used a smaller beaker for the mixture to form a solid block. In this test,
we used SAP, as an extra additive, and higher amounts of soil and binder to make a solid
matrix. We used a ratio of 30% of the binder with respect to soil, as the previous test
demonstrated that a high ratio is needed to get a consolidated product. This time, we
also added SAP and water from the initial phase.

a) 3 g soil + 0.3 g Fe2(SO4) + 0.9 g binder
b) 3 g soil + 0.3 g Fe2(SO4) + 0.9 g binder + 0.3 g SAP + 0.35 g water
c) 3.5 g soil + 0.35 g Fe2(SO4) + 0.9 g binder
d) 3.5 g soil + 0.35 g Fe2(SO4) + 0.9 g binder + 0.35 g SAP + 0.35 g water
e) 4 g soil + 0.4 g Fe2(SO4) + 0.9 g binder

The prepared samples were treated as before, i.e., they were placed inside the SpaceQ
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Table 2: Summary of the weights of samples
Weight Sample a Sample b

(SAP)
Sample c Sample d

(SAP)
Sample e

Initial (g) 4.2 4.85 4.75 5.45 5.30
Final (g) 4.18 4.79 4.73 5.39 5.27
Weight difference (g) -0.02 -0.06 -0.02 -0.06 -0.03
Water retention (%) n/a 83% n/a 83% n/a

Figure 6: (a) 3g soil (b) 3g soil + SAP (c) 3.5g soil (d) 3.5g soil + SAP (e) 4g soil. Examples
of solid blocks of different amounts of soil and binder, sulfate, SAP and water, after 5 hours of
a curation under Martian environmental conditions.

at Martian conditions and frozen before the vacuum phase, and then, CO2 was injected,
and the table temperature was raised so that the product dries out and cures slowly.
Once the RH was stabilized, the experiment was stopped, and the samples were taken
out and weighed. Table. 2 summarizes the comparison of the weights. The two samples
shown in Figure (Fig. 6) b,d were mixed with SAP with 0.35 g of added water from the
start. After 5 h of curation, these samples were cured into a solid block, and those with
SAP and water have managed to hold 83% of the water added initially.

The procedure, which has been here presented for illustration, allows to demonstrate
on Earth within a controlled environment the production of a solid block under Martian
conditions. This block retains water as part of its structural composition. As epoxy and
SAP are not available on Mars, the process requires transporting them from Earth. This
is always assumed as a base cost for all In Situ Resource Utilization methods for Mars.
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According to this specific study, we would need to transport 30% binder of the weight of
the final product. In order to use these materials for construction, the structural integrity
of these blocks should be demonstrated before. Future studies in the SpaceQ may ex-
plore other compositions, with other binders and other regolith simulants, concrete, etc.
to evaluate its potential for construction, as suggested by other authors [28, 29, 31, 32],
and to optimize the process with respect to transportation of materials from Earth. The
novelty of this material is that it has been cured completely in a low pressure, CO2-rich
atmosphere with temperatures down to 258 K, whereas all studies done previously were
cured under Earth ambient conditions. Furthermore, this is the first material that incor-
porates SAP and added water into its structural composition. Future experiments will
be focused on characterizing the structural integrity and mechanical properties of mate-
rials cured under Martian conditions (i.e. tension, compression, thermal properties, and
ionizing radiation screening properties). Similar experiments can be done to investigate
the use of other binders, such as elemental sulfur (ES)-based binder, which have been
suggested for Mars [28], or other Mars regolith simulants.

5 Instrument Testing in SpaceQ: HABIT GTS Op-

eration

As a demonstration of the use of the chamber for instrument testing and calibration,
here, we report the tests of the ground temperature sensor (GTS) of the Engineering
Qualification Model (EQM) of HABIT (HabitAbility: Brines, Irradiation and Temper-
ature) instrument onboard the ExoMars 2022 Surface Platform (ESA-IKI Roscosmos).
This instrument will investigate the habitability of present-day Mars, monitoring tem-
perature, winds, dust conductivity, ultraviolet radiation, and liquid water formation [1].
The GTS is a lightweight, low-power, and low-cost pyrometer that will measure the soil
kinematic temperature of the Martian surface during the nominal mission lifetime of
one Martian year. It benefits from a simple design with no moving parts and pointing
to the Martian surface at an angle of 45◦. The sensor acquires its heritage from the
Rover Environmental Monitoring Station (REMS) ground temperature sensor (GTS), an
instrument aboard the National Aeronautics and Space Administration (NASA) Mars
Science Laboratory [37,38]. This section describes the calibration procedure of the 8–14
µm wavelength band-sensitive infrared thermopile and presents the results of the tests
done inside SpaceQ (Fig. 7).

The SpaceQ provides appropriate atmospheric conditions in terms of temperature,
pressure, and carbon dioxide atmosphere as that of Mars. Some of the instrument tests
that can be carried out include instrument operation testing during thermal cycle in a vac-
uum and under the presence of Mars atmosphere, thermal balance studies and response
to heaters, instrument material testing for outgassing, and similar science experiments
relevant to the application area of instrument operation, to name a few. As an example,
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Figure 7: Configuration for the HabitAbility: Brines, Irradiation and Temperature (HABIT)
ground temperature sensor (GTS) calibration inside SpaceQ chamber. The thermopile points to
a small-sized thermographic paint-coated aluminum plate that serves as blackbody target, which
is used as a reference for the calibration.

we demonstrate a part of the calibration of the ground temperature sensor (GTS) of the
HABIT instrument. Other complementary calibration tests were performed outside of
the chamber, using a blackbody source, whereas other tests were done using the Flight
Model in a clean room facility [1].

Due to the test requirements, the cooled part of the setup was mounted in contact
with the working table, and the rest was protected with an insulation layer. The SpaceQ
is equipped with a DB-25 port on the inside of the chamber that is coupled with a similar
connector on the exterior of the chamber via a vacuum sealed adapter. Hence, all the test
equipment used inside the chamber must comply with this connection setup for power
and data transmission (see Fig 2.2).

For calibration tests, we used the Engineering Qualification Model (EQM) of HABIT,
mounted on the SpaceQ’s working table with a spacer acting as an insulation layer and a
thermographic paint-coated aluminum plate (similar to a blackbody) bolted directly on
the working table. The objective of the calibration tests is to measure the response of
the infrared thermopile of the GTS as a function of the temperature difference between
the GTS ambient temperature and the target maintained at Mars relevant temperatures.
Hence, the tests were carried out at temperatures between 10 and 50 ◦C and with a
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Figure 8: (a) Thermopile output voltage as a function of the difference between the target
temperature and GTS ambient temperature. (b) Relationship between the target temperature
and the ground heat flux as measured by the GTS. (c) Estimation of error in temperature
retrieval at different temperatures.

carbon dioxide pressure between 6 and 8 mbar. For reference, we used a MELEXIS
MLX90614 infrared thermometer with a 70 to 380 ◦C temperature measurement range
having a 0.5 ◦C measurement accuracy and 0.02 ◦C resolution.

(Fig. 8a) shows the GTS response (in millivolts) as a function of the difference between
the target temperature and GTS ambient temperature calibrated with the experimental
setup in SpaceQ.

The relation between the target temperature and the ground heat flux (φI
g) is shown

in (Fig. 8b). The target temperature, Tg can then be calculated from the resultant ground
heat flux using a second-order polynomial least-square fit as expressed in Equation (6).

Tg = −0.0578.(φI2

g ) + 2.0917.φI
g + 276.2693 (6)

The retrieved target temperature is the brightness temperature considering the black-
body with an emissivity, ε = 1. For surfaces where ε �= 1, the assumed emissivity from
the literature can be substituted to recalculate the φ I

g term. The accuracy of the tem-
perature retrieval for a sample GTS measurement is shown in (Fig. 8c). The overall
accuracy of temperature retrieval at a temperature between 50 and 10 ◦C is within 1.3
◦C.
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6 Conclusions

We have built a versatile environmental chamber to simulate Martian atmospheric con-
ditions. The SpaceQ chamber is a unique facility that can operate with pressures from
< 10−5 mbar to ambient and temperatures from 163 to 423 K. As SpaceQ has an internal
volume of 27, 000cm3, it can expose multiple samples in one experiment. It can be used
to qualify the behavior of specific components when exposed to thermal vacuum, out-
gassing, baking, low temperatures, and dry heat microbial reduction procedures. With its
optical and electrical feedthroughs, it can log the data in real-time from the instruments
and monitor the environmental parameters such as temperature, pressure, and relative
humidity inside the chamber. Other existing simulating facilities have the possibilities to
mimic planetary atmospheric composition, pressure, temperature, and irradiation. How-
ever, the SpaceQ chamber is specifically suitable to study near-surface water cycle on
Mars and can simulate the Martian diurnal/seasonal temperature and relative humidity
variation within the Martian pressure range. This facility is more resourceful and can be
used to test the curation of materials under the Martian environment and to study its
degradation when exposed to the high-intensity UV lamp inside the chamber.

As an example of the tests that can be done, we have simulated (i) a plausible transi-
tion of night to day atmosphere-regolith water cycle on Mars, (ii) the curation of materials
under dry Martian conditions, and (iii) the calibration tests of HABIT GTS. Future ex-
periments will be focused on creating a complete diurnal cycle of a Martian solar day
and simulating different regolith mixtures to check for brine stability, investigating the
habitability of Martian soils, and studying different binder-based materials for concrete
fabrication under Martian conditions.

Our studies demonstrate, as a first step, that it is potentially feasible to fabricate and
cure under Martian conditions, within a few hours, small brick-like elements produced
with a specific mixture of regolith, binders, and water retaining products. Future studies
will evaluate the properties of these materials, testing for radiation screening, and their
structural integrity to evaluate if the material can be further used as a construction
material for Mars habitation.

Also, we shall study the phase characterization of these brines and minerals formed or
altered inside the chamber using ultraviolet–visible–near infrared (UV–VNIR) spectrom-
etry. This facility is unique for investigating the effect of water on the Martian surface.
In particular, our studies have demonstrated that the regolith, when mixed with SAP,
water, and binders and cured under Martian conditions, can retain more than 80% of
the added water.
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Abstract

Environmental chambers are used to test the expected performance of space instrumen-
tation and to investigate certain processes which are relevant in space or other planetary
environments. In this study, a computational model of an existing Martian experimental
facility is investigated numerically using COMSOL Multiphysics. For this purpose, we
simulate the near surface water cycle under Martian temperature and pressure experi-
mental conditions as tested inside the chamber and we compare the simulations with the
experimental data. The model shows good agreement with experiments on the equilibra-
tion time scales and thermal gradients. Due impossibility to place sensors at multiple
locations inside the chamber, we use the model to extrapolate the one-point relative
humidity of the experimental data to each grid points in the simulation. This model
gives an understanding of the gradient in atmospheric water relative humidity to which
the experimental samples such as deliquescent salts and Martian regolith simulants are
exposed at different time intervals. The performance of HABIT instrument during the
tests, of the ESA/IKI ExoMars 2022 robotic mission to Mars, when compared with the
model shows the existence of an extra internal heating source of about 1 W which can be
attributed to the hydration and deliquescence of the salts exposed to Martian conditions
when in contact with atmospheric moisture. In addition, the presented model is used
to predict the thermal gradients and understand the time response when the chamber
is heated in vacuum conditions. Our analysis shows that for thermal vacuum tests, the
chamber will take about 2.5 h to reach the test temperature of 420 K.

Keywords: Mars; 3D model; space chamber; vacuum; Heat transfer; test facility

1 Introduction

The design and testing of instruments, hardware, and materials for space is strongly
constrained by the required environmental conditions of operation, namely high vac-
uum, radiation exposure and varying extreme temperatures. Thus, before launching any
spacecraft platform to space, every component or scientific instrument must be tested to
demonstrate that it survives through this thermal dynamic process and, when applicable,
its functionality must be shown through different thermal ranges within dedicated cham-
bers. Space simulation chambers, capable of reaching high levels of vacuum to simulate
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the low-pressure environment in deep space, have been developed since the 1960's, and
numerous space simulating facilities have been built for planetary and space research.
They have been used for simulating different planetary environments mainly under Mar-
tian conditions to test instrumentation and perform research related to its application
to astrobiology [1–5]. These chambers are used to perform qualification tests such as
Thermal Vacuum Tests (TVT), and outgassing and sterilization through the Dry Heat
Microbial reduction (DHMR) tests as defined in the standards [6, 7]. These tests have a
significant role in validating the integrity and thermal performance of the components.

The boom of space exploration and the potential to demonstrate and investigate in-
situ Resource Utilization (ISRU) methods for Mars exploration requires developing new
instruments that can operate at the surface of such planetary environment. Mars has
a very low-density atmosphere with a surface pressure of 6-10 mbar [8] which mainly
consists of carbon dioxide (CO2) gas and traces of water vapor, but the relative humidity
(RH) at the surface can vary from 0% RH to 100% RH in a single day due to the large
diurnal thermal oscillations [9]. The surface temperature can be as low as 142 K [10]
on the southern polar caps while the maximum surface temperature can reach up to 300
K [11]. Simulating these representative conditions in the laboratory environment gives
us a better means to evaluate the responses of the scientific payloads which can provide
us a valuable support while interpreting the mission data and planning the operation
of instruments. But considering the spatial constraints in the simulation chambers to
mount sensors at multiple locations is not a feasible idea. Hence most of the chambers
rely on one-or two-point measurements from the sensors to interpret the data of the entire
system.

Previous works have documented similar simulation studies for various facilities, and
where possible, certain measured variables that are measured are compared with the
simulations. For instance, recently a simulation based on FLUENT software has been
implemented and validated at a pressure of 1500Pa, (15 mbar) to predesign a potential
future wind facility box operating under Martian pressures. The preliminary results have
been presented in the form of conference proceedings [12]. In another work, numerically
solved finite element technique written using the Buongiorno’s nano liquid approach of
a cubical cavity containing a cylinder and a heat source is studied for the convective
energy transport within the chamber saturated by nanofluids by comparing the 2D and
3D analysis with the experimental data [13]. The foreseen fluid flow and heat transfer
characteristics for horizontal and vertical CO2 enclosures on the surface of Mars have
been investigated by numerical studies using FLUENT 14.0 software [14]. A Monte
Carlo 3D simulation has been done to study the radiative heat exchange inside vacuum
furnaces [15]. A conjugate heat transfer study using FLUENT has been used to predict
the transient temperature fields of a rocket combustion chamber and has been compared
with the experimental results [16]. Several finite element method (FEM) software’s such
as COMSOL Multiphysics, ANSYS FLUENT and other packages have been used to study
the heat transfer characteristics of different instruments for mass gauging, validation with
experimental results for testing facilities and for other purposes [17–25]. COMSOL has
also been used to simulate, the thermal environment in large rooms with specific thermal
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insulation and heat transfer for different external conditions [26].

In this work we use the SpaceQ facility, which was developed at the Lule̊a Univer-
sity of Technology, Sweden, to test the performance of hardware and certain products
under vacuum and Martian conditions [27]. We implement and validate a heat-transfer
simulation to investigate the thermal behavior and provide insight into the expected
relative humidity within the chamber under different operating scenarios, see (Fig. 1).
The SpaceQ chamber operates in the pressure range from < 10−5 mbar (high vacuum)
to ambient pressure and in a temperature range from 163K to 423 K. It is mainly used
to mimic the plausible near surface Martian water cycle by injecting minute amounts
of water through a syringe into the chamber. The temperature of the chamber is con-
trolled by two means: (i) cooling of the chamber is performed by passing liquid nitrogen
through the working plate with a proportional integral derivative (PID) controller which
is in feedback through a temperature sensor; and (ii) heating is performed by an external
jacket wrapped on the chamber walls that can operate from ambient temperatures up to
423 K. The SpaceQ has been mainly designed for (i) simulating Martian conditions and
(ii) to test and qualify instrumentation and materials for space with varying thermal,
water content and/or pressure changes. The chamber can also be used to qualify com-
ponents for space operations by performing TVT, outgassing, and sterilization through
DHMR tests.

This paper introduces and validates a computational model to investigate the tran-
sient temperature field of this test facility. Here we have used the COMSOL Multi-
physics Heat transfer module's Conjugate Heat Transfer Laminar Flow model to solve
the heat-flux and the Navier-Stokes equations under certain given boundary conditions
and compare the simulation temperature control points with temperature sensors from
experiments to understand the equilibration time scales and thermal gradients. The com-
putational results will then be used to increase our understanding of the existing thermal
gradients in our laboratory facility and to understand the implications and limitations
for the practical applications of the chamber for tests and experiments. For example,
one of the cases where thermal gradients may affect the experiments is when water is
incorporated as a minor component of the atmospheric composition. As the SpaceQ
chamber is subjected to a temperature difference produced either by cooling or heat-
ing locally, while being immersed in a laboratory environment at room temperature, a
thermal gradient will inevitably be developed. And this will influence the local relative
humidity (RH), which is strongly dependent on temperature. The existing, unavoidable,
temperature gradients may thus have an influence on the planning and interpretation of
the experiments. Water may condense where the temperature is very low and there is
saturation, while it may be in gaseous phase elsewhere. Since in the SpaceQ chamber
the relative humidity (RH %) is only monitored at one point with a dedicated probe, its
extrapolation to the rest of the chamber using the model must be inferred through the
local temperature (T) and pressure (P) field. Pressure equilibrates within the full cham-
ber, and thus a single point measurement is sufficient. However, the temperature can be
only measured at a few spots within the chamber due to the natural room limitations of
this closed facility. Computer thermal simulations can be used to extrapolate this field
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to other points.

This work is, to our knowledge, the first report devoted to simulating an existing
Martian environment experimental facility. The heat transfer simulation study may
serve for the space and engineering community, to be applied in their own facilities in the
previous phases of designing chambers and experiments. Without loss of generality, we
will illustrate the usefulness of this kind of simulations with a few specific applications
for the SpaceQ chamber facility.

2 Materials and Methods

2.1 Summary of the SpaceQ chamber facility

To simulate the space and Mars environment for different research and technological ap-
plications, the SpaceQ chamber (Fig. 1) has been developed [27,28]. It can cover a range
of environmental conditions, from ambient pressures to < 10−5 mbar and temperatures
between 163 K and 423 K which are reached by cooling the working plate with liquid
nitrogen or heating the walls with an external heating jacket. We use a Vaisala HMT
334 sensor to measure the ambient air temperature and relative humidity at one spot
of the chamber. This sensor can measure the temperature in the range of 203.15 K to
453.15 K with an accuracy of ±2K and the relative humidity from 0–100% RH with an
accuracy of ±1% RH. A KD Scientific stainless-steel syringe with a capacity of 20 mL
from Fischer Scientific fitted on to a 1/4'' Swagelok connector is used to inject water into
the chamber. It has several utility ports including two view ports (Zero-Length,4-1/2''
UHV), thermocouple feedthroughs, pressure control Pirani gauge (range of 1×10−9 mbar
to 1000 mbar), gas inlets, rotary and molecular turbo pump ports, USB connections, and
DB25 to read the instrumentation data in real time.

A Martian atmosphere is created by vacuuming the chamber to 10−3 mbar and then
100% pure CO2 gas is injected from a cylinder until the pressure inside the chamber
reaches 7 mbar (average pressure range on Mars). Trace amounts of water are injected
into the chamber through a stainless-steel syringe. Then liquid nitrogen (LN2) is used
to refrigerate the working plate that acts as ground surface. For some experimental
conditions, saturation is reached at the cooling table. When liquid nitrogen is turned
off the temperature raises by equilibration with the external laboratory conditions. If
frost has been formed, as the temperature of this plate increases slowly, water is released
slowly back to the atmosphere, thereby producing a near surface water cycle.

Under vacuum conditions (i.e., without CO2 or water injection), this chamber can also
be used to perform Thermal Vacuum Test (TVT) (ECSS-Q-ST-70-02C), outgassing, and
sterilization through dry heat microbial reduction (DMHR) tests (ECSS-Q-ST-70-57C).
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Figure 1: Internal view of the SpaceQ chamber, a 300× 300× 300 mm3 cubical chamber, with
its volume of 27l, showing the working table (200 mm squared plate with a thickness of 18 mm)
used to refrigerate and the Vaisala Relative Humidity probe used to measure temperature and
relative humidity of the air.

2.2 Governing equations, boundary conditions and COMSOL
implementation

To simulate the system we assume the fluid flow to be continuous inside the chamber
with Knudsen number Kn= λ/Lc < 0.1, where λ is the mean free path between the gas
molecules and Lc is the characteristic length [29–31]. The average number of mean free
path gas molecules inside the chamber is calculated with the equation 1

λ =
kBT√
2D2

gasP
(1)

where, kB is the Boltzmann constant
T is the air temperature
P is the air pressure
Dgas is the kinetic diameter of the gas considered.

The kinetic diameter DCO2 is assumed to be 3.9×10−10m according to [32]. The aver-
age mean free path of the CO2 molecules inside the chamber according to the calculation
is found to be 8.3144×10−6m for the air temperature of 285 K and air pressure of 7 mbar.
So, the Knudsen number is of the range 1.662× 10−4, this shows the fluid flow inside the
chamber is continuous and hence the Navier-Stokes equation is applicable for this study.
We consider laminar flow because in low vacuum conditions during the experiments the
gas particles are assumed to be in the layers constantly parallel to each other, this might
change into turbulent flow only when the pressure is manipulated during the pump down
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Figure 2: Geometrical model of the SpaceQ chamber built in COMSOL (a) wire frame model
showing the working table and the external wall of the chamber covered with a heating jacket
and the point probe for air temperature measurements (b) overview of the 3D model of the
chamber (c) 3D model of the chamber with the front boundary disabled showing the temperature
monitoring probes.

or venting of the gas inside the chamber. So, for simplicity, in this model of the SpaceQ
chamber we use COMSOL’s conjugate heat transfers laminar flow model.

The geometry of the chamber is shown in (Fig. 2), which shows a wireframe of the
model dimension 300 × 300 × 300mm3 cubical chamber fitted with the working plate
of dimensions 200 × 200 × 18mm3 and an external heating jacket. When we simulate
Mars conditions, we disabled the heating jacket option (which is only used for tests under
vacuum conditions). The simulating materials taken from the in-built COMSOL library,
as shown in Table. 1, this library takes into account the changes of properties with respect
to temperature. The external walls of the chamber are stainless steel, the working plate
is aluminum, the heating jacket is made of glass wool and the internal gas we use CO2

for Martian and air for vacuum simulations. The temperature is monitored at 162 mm
above the working table as a point probe and on the working table as a point probe to
compare the temperature profile with the experimental results.

In this study, we use time dependent heat transfer equation (2) and the Navier-Stokes
equations for the motion of fluids in the case of compressible Newtonian flow to study
the fluid density in response to pressure change (3) solved together with the continuity
equation (4). The equations that describe this system are

ρCp
δT

δt
+ ρCpu.∇T = ∇.(k∇T ) +Q (2)

ρ(
δu

δt
+ u.∇u) = −∇p.+∇.(µ(∇u+∇u)T )− 2

3
µ(∇.u)I) + F (3)
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δρ

δt
+∇.(ρu) = 0 (4)

where, ρ is the fluid density (kg/m3),
Cp is the heat capacity at constant pressure [J/(kg*K)],
T is the temperature (K),
u is the velocity field (m/s),
k is the thermal conductivity [W/(m*K)]
Q is the heat source (W/m3),
u is the fluid velocity field (m/s),
p is the fluid pressure (Pa),
µ is the fluid dynamic viscosity (Pa.s)
F is the volume force field (N/m3)

Heat flux through external natural convection is applied on (i) the 4 vertical walls,
with a length of 304 mm, and (ii) the upside horizontal plate, with a characteristic length
of 304 mm, of the chamber. This is represented by Robin’s boundary condition as in
equation (5)

q = h(Text − T ) (5)

where, q is the inward heat flux (W/m2),
h is the heat transfer coefficient
Text is the external temperature (K)
T is the temperature at the boundary (K)

Here, in this study, the heat flux through the bottom surface is neglected as this
bottom external surface is attached to a steel frame on which the entire chamber is
mounted. We have not included the frame which supports the chamber in this version
of the model, but this will be implement in the future study.

The surface-to-surface radiation condition is applied to all boundaries to account for
the shading and reflection between radiating surfaces as represented in equation (6)

q = εσ(T 4 − T 4
amb) (6)

where, q is the heat flux (W/m2),
ε is the emissivity,
σ is the Stefan–Boltzmann constant
T is the temperature of the boundary (K)
Tamb is the ambient temperature (K)

The external boundary was considered at room temperature of 295 K and the work-
ing table used to simulate Martian temperatures was refrigerated to 200-250 K, which
is a typical temperature for simulations of the Martian surface night-time temperature,
with pressure in the fluid domain at 7 mbar of CO2. Notice, that for simplicity, for the
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experiments with minor amounts of water (8 ml) we disregard the thermal properties of
water in the atmosphere and the phase state changes under Martian conditions, i.e., we
assume a pure CO2 atmosphere. For the simulation studies presented in section 3.2 with
HABIT instrument configuration we shall use similar conditions as mentioned above to
simulate Martian temperatures and pressure, adding to the simulation in this case only
the heater that is fitted to the instrument. The initial temperature of the HABIT instru-
ment is set initially at 243K, and the simulated heater activates as the temperature goes
below 240 K. This simulation is done to understand the energy dissipation when heaters
are activated and to quantify the effect of salts hydration in the thermal equilibration
of the system. For the studies under vacuum conditions, presented in section 3.3, we
consider the external domain as the heat source with 700 W power and the fluid domain
inside the chamber as air with a pressure of 10−3 mbar and the temperature as ambient
initially.

2.3 Simulation Setup

A simplified 3D model of the chamber was built to reduce the number of elements and
avoid possible errors during meshing. So, all the flanges, nuts and bolts were not mod-
elled. The model was setup in COMSOL Multiphysics 5.6 on a computer with 64-bit
operating system, Intel Core TM i7-7700 CPU 3.6 GHz processor and 16 GB RAM.

A model with a good mesh should aim for high element quality (greater than 0.01),
sufficient resolution and low computational cost but each of these factors are codependent.
Keeping these factors in mind we have modelled a 3D coarser mesh (Fig. 3) with 112,185
tetrahedra, 754 pyramids, 20,866 prisms with others a total of 133,805 elements where
each of the elements are measured by a skewness quality with a minimum element quality
of 0.01059 and an average element quality of 0.5691. The initial model for 3D was done
with two types of mesh to compare the results as shown in Table. 2. The extra coarse
mesh had a total of 63693 elements and a minimum element quality of 0.008234, this is
considered as a low quality hence a coarser mesh was implemented to obtain a better
result. Finally, a coarse mesh with 313779 elements and minimum element quality of
0.01684 was also generated. This later mesh requires too long computational times,
and it was not practical for simulations in standard personal computers. Comparing
the result of the different meshes to obtain the temperature at 7 mbar pressure under
Martian conditions at two control points shows a small variation: the coarser mesh with
a maximum error value of 3.72% had an overall average percentage difference of 0.05%
when compared with the experimental measurement of the table temperature (Tg) for one
specific experimental setup under representative Martian conditions, see Fig. 4. As we
shall see, the main temperature error sources are not attributable to the computational
mesh but to the simplified simulation setup where certain elements, like the nitrogen
pipe whose influence dominates at the beginning of the experiment, are not included.
We conclude that beyond this level of resolution the model produces similar results, and
therefore we use the coarser mesh model which, given all the uncertainty sources in our
model, is sufficiently good for our studies.
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Table 1: Model parameters value used in the COMSOL simulations
Parameter Value Unit

Conditions for Mars simula-
tions
Pressure of CO2 gas 7 [mbar]
Initial CO2 air temperature 285 [K]
Ambient external temperature 295.15 [K]
Conditions for Vacuum simu-
lations
Pressure of air 10−3 [mbar]
Initial air temperature 293.15 [K]
Ambient external temperature 295.15 [K]
Aluminum
Density 2700 [kg/m3]
Emissivity 0.07
Thermal conductivity 238 [W/(mK)]
Heat capacity at constant pres-
sure

900 [J/(kgK)]

Stainless steel
Density 7850 [kg/m3]
Emissivity 0.6
Thermal conductivity 44.5 [W/(mK)]
Heat capacity at constant pres-
sure

475 [J/(kgK)]

Acrylonitrile butadiene
styrene (ABS)
Density 1050 [kg/m3]
Thermal conductivity 0.13 [W/(mK)]
Heat capacity at constant pres-
sure

1400 [J/(kgK)]

Glass wool batt
Density 22 [kg/m3]
Heat capacity at constant pres-
sure

850 [J/(kgK)]

The time step used in our studies is automatically selected using the implicit backward
differentiation formula (BDF) time stepping method because of its accuracy to provide
tolerances at low computational cost and maximum robustness. This solver uses back-
ward differentiation formula with a variable discretization order and selects the step size
automatically. These step sizes are adapted based on the local error estimates in relation
to the tolerances and the solution of the output times are computed by interpolation
between the steps taken by the solver.
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Table 2: Comparison of different mesh parameters
Mesh Number of

elements
Minimum
element
quality

Computational
time required
for 400 min of
simulation

Extra coarse 63693 0.008234 47 min
Coarser 133805 0.01059 4 hours

Figure 3: Meshed model (left) sketch of the 3D coarser mesh (right) inside view of the meshed
chamber model.

3 Results and Discussion

3.1 Near surface Mars Conditions

Dry simulations: The time evolution of the temperature and heat transfer inside the
chamber filled with 7 mbar CO2 gas were investigated. We take two thermal control
points, one on the working table and the other 162 mm above the working table, to
compare with the experimental data of “ground” temperature (Tg) and air temperature
(Ta). The time dependent evolution of the system is investigated for a period of 400
minutes (6.7 hours), as this is the time taken in the experiment to equilibrate with the
ambient temperature once the liquid nitrogen cooling of the table has been switched
off. The total time taken for the 3D model to compute the results is approximately 3
hours. The temperature evolution comparison in 3D and a 2D cross-section is shown in
(Fig. 5) at different time intervals of 0, 200 and 400 min. At the start of the simulation
the working plate is set to 250 K. As the system is allowed to evolve the temperature
increases slowly to 290 K due to the contact with the ambient laboratory environment.

(Fig. 6) shows the time evolution of the temperature profile of this simulation, at
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Figure 4: Comparison of the evolution of the experimental and simulated temperature profile
under Martian conditions at 7 mbar pressure for different mesh types, compared for the table
temperature (Tg) and air temperature (Ta). This experiment is further described in Figs. 5 and
6.

the two thermal control points, and the temperatures measured in the experiment. The
ground/working table temperature (Tg) and the air temperature (Ta) of both simulation
and the experiment follow a similar trend. We observe how the temperature of the
working table increases over time from 250 K to 290 K until it reaches equilibrium. The
observed differences are attributed to parts that have been omitted in the simulation.
For instance, at the beginning, there is some discrepancy between the temperature of
the simulation and the measurements, probably due to the thermal inertia of the liquid
nitrogen pipe which is not simulated in the model. This shows that the COMSOL
simulation that has been designed can be used to plan different experimental setups and
estimate thermal gradients and thermal equilibration times.

Water cycle simulation: In this study, we validate the simulation results with the
experimental data obtained during an experiment that simulates the near surface water
cycle of Mars. In the experiment [33], we consider the working table as a Martian ground
assuming no regolith (a layer of dust, soil or broken rock) or salts exists, simulating a
non-porous Martian bedrock. We consider a Martian environment condition to simulate
a plausible night-day transition where the initial surface temperature is minimum while
the air above is warmer. The experiment is started by evacuating the chamber with a
rotary pump to a pressure of 10−3 mbar and is filled with pure CO2 gas till the pressure
reads 7 mbar. Next using a stainless-steel syringe, we inject 0.5ml of water into the
chamber in multiple steps while the relative humidity of the air is monitored. Then,
the liquid nitrogen is passed through the pipes to refrigerate the working table which
acts as a cold sink simulating the Martian surface. As the temperature cools down from
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Figure 5: Time evolution of the temperature inside the chamber (Top) 3D model of the chamber
(Bottom) 2D cross section view model of the chamber (a) shows the overview of the temperature
distribution inside the chamber at 0 min with the working plate close to 250 K (b) temperature
at 200 min (c) at 400 min, almost reaching ambient temperature conditions.

ambient to 250K the water vapor in the air condenses rapidly on the table by reducing
the atmospheric water mass mixing ratio and in turn the atmospheric relative humidity,
once we observe the frost formation on the table then the LN2 supply is switched off.
During the experiment, the air and surface relative humidity were significantly different
due to the thermal gradient between the air and the ground. For this amount of water
and this range of temperatures, as we shall see, at the table, saturation conditions are
met for ice and liquid water formation. As the temperature of this plate increases slowly,
the water was later released slowly back to the atmosphere, allowing for the air relative
humidity to increase again. This is how we have simulated the plausible near surface
water cycle during the night-day transition on Mars. Here, in this heat transfer study
we simulate the temperature and pressure conditions similar to that of the experiment
except that, for simplicity, we do not include the small amounts of water vapor in the
fluid parameters. Instead, we use the one-point measurement of relative humidity from
the experimental data (RHa), and we derive its value for each grid point of the rest of
the chamber using the obtained temperature and pressure values from the simulation.
This helps us understanding the relative humidity distribution inside the chamber. We
calculate the relative humidity using equations 7-11 [9], see (Fig. 7).

In this experiment, we injected a total of 8 ml of water, maintaining the P between
7-8 mbar. In our simulations, however, we keep a constant pressure of CO2 of 7 mbar,
and we ignore water phase state changes. Also, we have not included the water vapor
condensation and sublimation, which should also contribute to the heat-transfer problem.
Our results indicate that water should first condense on the refrigerated table, at 250
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Figure 6: Comparison of the time evolution of the table temperature (Tg) and air tempera-
ture (Ta) under Martian conditions at 7 mbar from COMSOL simulation and experimental
measurements.

K, where the relative humidity is saturated, and frost should form. As the temperature
increases to 290 K or computational simulation shows that water will be redistributed
and at the end the full chamber will be almost saturated, see Fig. 7. For instance, in
this configuration the atmospheric relative humidity is below 80% beyond 40 mm at 200
min and falls below 80% beyond 50 mm at 400 min above the refrigerated table. This
shows that at the end, at ambient temperature the water has been released from the
table and the full chamber is almost saturated. Our experimental observations confirm
this trend. (Fig. 8) shows the time evolution of the relative humidity of the working table
in the simulation model shows saturation as expected at the beginning, as the table is
refrigerated at 250 K and covered with frost in the experiment. This frost disappears as
temperature increases and water is released to the atmosphere. Through some transient
time, a few droplets of water are formed on the surface. Notice that the working table is
made of aluminum and is hydrophilic with droplet contact angle less than 90 degrees. To
derive the relative humidity of a given point inside the chamber we use the 31,647 random
generated exported data points for different grid point temperature (T), one point air
temperature (Ta) at the spot where the RH probe is measuring, pressure (P) values from
the simulation which is constant at 7 mbar throughout the simulation. Then we use the
measured relative humidity of air (RHa) from the experiment at one point to calculate
the overall relative humidity (RH). (Fig. 8) shows how this is applied to calculate the
relative humidity at the table RH(Tg).
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RH(T ) =

(
P

ewT

)(
vmr

1 + vmr

)
× 100 (7)

ewliq(T ) = 6.112× e

(
17.62× T − 273.14159

243.12 + (T − 273.14159)

)
(8)

ewice(T ) = 6.112× e

(
22.5× 1− 273.14159

T

)
(9)

W =
Mw
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× RH

100
× ewT(

P − RH

100
× ewT

)
× 1000

(10)

vmr =
Md

Mw ×W × 1000
(11)

Where,
RH(Ta) can be applied to the air, to retrieve vmr and then be used to calculate RHg(Tg).
Here RHi represents the relative humidity with respect to ice, whereas RHl represents
the relative humidity with respect to liquid.
P: Pressure in mbar
vmr: volume mixing ratio in parts per million
Tg : Table temperature in K
ewliq(Tg) : saturation partial pressure over liquid water at a given temperature
ewice(Tg) : saturation partial pressure over ice at a given temperature
Mw = 18.0160(molecular weight of water)
Md = 43.3400(molecular weight of dry air on Mars)
W = water mass mixing ratio

3.2 Thermal behaviour with an instrument with internal heat-
ing: HABIT for ExoMars

This study investigates the expected thermal distribution when a simplified model of the
HabitAbility: Brines, Irradiance and Temperature (HABIT) instrument is placed inside
the chamber at Martian conditions [34]. HABIT is one of the two European payloads on
the Surface Platform Kazachok that is part of the ExoMars 2022 mission to Mars [34].
HABIT consists of two modules (i) Container unit (CU) and (ii) Electronic unit (EU),
the main objective of this instrument is to characterize the habitability and demonstrate
the in-situ resource utilization (ISRU) on Mars. The CU unit has six different containers
fitted with electrodes in each container. This unit will carry four different deliquescent
salts in four different containers and two empty containers will collect airborne dust.
These salts are known to exist on the surface of Mars. It has been hypothesized that
upon exposure with the small amounts of water contained in the Martian atmosphere,
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Figure 7: (Above) 2D cross-section of the time evolution of the relative humidity RH inside
the chamber in percentage (%). The atmosphere is saturated for values above 100 % (Below)
Images of the water on the refrigerated table of the chamber during the experiments, at the
corresponding time. (a) shows the overview of the relative humidity inside the chamber at 0
min when there is over saturation at the working table which for these conditions shall lead to
frost formation (b) RH at 200 min, at this RH frost is no longer stable and should sublimate
or be transiently stable as liquid, (c) RH at 400 min, at this time the table-condensed water has
completely been released to the ambient.

these salts would hydrate or deliquesce allowing for an active present-day atmosphere-
regolith interaction. The electronics in the instrument is protected from the extreme
temperatures through the heaters in the EU which are activated when the temperature
drops below 240K and is disabled if it raises above 243K. Additionally, there is a heater
on the CU which can be activated upon command to dehydrate the salts and restart the
experiment.

In this present study, we model only a simplified version of the CU of HABIT Engi-
neering Model (EM), shown in Fig. 9. This unit is made of aluminium with 6 different
containers and has a total dimensions of 150 mm x 63 mm x 43 mm with an insulating
base made of ABS plastic. We shall compare the results with the results obtained in the
experiment with the full HABIT instrument (i.e. both EM and CU) [34]. Since we have
not included the EU to simplify the complexity of the simulation, we assume here that
the heating of the EU is directly applied to the CU (which represents 40% of the total
mass of HABIT instrument).

In our simulation, the heater works with a power of 8.8W which activates when the
temperature drops below 240K and is disabled when temperature reaches 243K. Along
with this, to mimic the real operation, in our simulation we also supply a continuous
power of 0.44W to the CU for the sensors and electronics to function and record the data.
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Figure 8: Calculated relative humidity of the ground (RHg) from the simulation and the experi-
ment showing over saturation (> 100%) at the start due to frost formation.This slowly converges
towards 100% as water droplets form on the table. While water sublimates and evaporates from
the table, the relative humidity of the air (RHa) increases.

Figure 9: Schematic and meshed view of the chamber with the HABIT container unit placed
inside.

This modelled CU is subjected to the Martian night to day simulation as done in water
cycle simulation in 3.1 section to study the thermal distribution of the instrument when
placed inside and apply the heating resistance at the nominal night-time temperature
and compare it with the experimental data. The initial temperature of the table is set
to 200K and the container unit is set initially to an arbitrary low temperature of 243K,
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which is similar to the first registered temperature of the HABIT-CU temperature in
our experiment. In the simulation, we observe as time evolves the CU warms up and
maintains the temperature above 240K (this is the requirement for the electronics to
operate on Mars) and the trend is similar to the previous experiment (Fig. 10). But we
see a thermal offset between the experimental and simulation temperatures of the CU. We
hypothesize that this temperature difference is because the CU in the experiment is filled
with 6 grams of salts. When the upper layers of these salts interact with the atmospheric
moisture there is an exothermic reaction that produces heat. Indeed, previous research
on the equivalent power produced by the hydration or deliquescence of certain salts
has demonstrated that, for instance, the hydration of K2CO3 and MgCl2.2H2O at 7.5
mbar produces a peak power of 0.31W/g at 32◦C and 0.3W/g at 42◦C respectively [35].
Similarly, the hydration of pure (CaCl2) reaches an average power of 0.5W/g at 80◦C
[36]. In our study we can qualitatively match the thermal behaviour if we increase the
continuous power supply to the CU from 0.44W to 1.5W (arbitrary value). We conclude
that the extra 1.06W power can be produced by the hydration and deliquescence of the
upper layers of the 6g of the four deliquescent salts in the HABIT container. An example
of such exothermicity is clearly observed in the experimental measurements shown in
Fig. 10, as a sudden rise in temperature at 370 min. Although this simulation is not fully
representative of the experiment as we have not modelled the EU and not included the
salts inside and the CU, this simplified study can help us understand the heat exchange
processes and be used to interpret qualitatively the calorimetric studies of experiments
under Martian conditions with water hydration. In the simulation, after 400 min the CU
with 0.44W and the table temperature equilibrates around 289K and 285K, respectively.

Fig. 11 shows the overall thermal distribution inside the chamber at different time
intervals where we can observe how the table and CU equilibrates at the end of the
simulation. As the water vapor is not simulated in this model, we use this simulation
of HABIT CU to calculate numerically equation 7-11. At each grid point using the
temperature and pressure from the simulation and the one-point air relative humidity
from the experiment. Fig. 12 shows the 2D cross section and evolution of relative humidity
inside the chamber at different intervals of time. We observe that water first condensates
on the table, at 200 K, where the relative humidity is saturated, and frost formations
starts. As the temperature increases the water redistributes and the full chamber will
be almost saturated by the end of 400 min. The time evolution of the relative humidity
of the table in the simulation shows saturation at the beginning, similar to the table
refrigerated at the start and covered with frost in the experiment. As the time evolves
the temperature increases and the water droplets start to appear on the table, later these
droplets release slowly back to the atmosphere as water vapor, allowing for the RHa to
increase which is in turn captured by the salts in the container.

3.3 Qualification conditions at vacuum

In the case of heating in vacuum the chamber has an option to be fitted with an external
heating jacket of 700 W input power made of glass wool with a thickness of 15 mm. The
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Figure 10: Comparison of the time evolution under Martian conditions of the table tempera-
ture (Tg) and container unit temperature (Tcu) from COMSOL simulation and experimental
measurements. The CU temperature is simulated for two different continuous power levels of
0.44W and 1.5W to compare with the experimental data.

aim of this qualification test is to perform Thermal Vacuum Tests (TVT), outgassing and
sterilization through the Dry Heat Microbial reduction (DHMR) tests. These tests play a
significant role in validating the integrity and thermal efficiency of the components. High
vacuum, radiation exposure and changing temperatures are the predominant atmospheric
conditions in space. Thus, any component or scientific instrument must be checked
to demonstrate that it survives through this thermal dynamic phase before launching
at different temperature ranges. Before subjecting the chamber to such high levels of
temperature in vacuum and to understand the thermal distribution inside along with
time to reach 420K (limit to perform TVT and DHMR test) we use this COMSOL
model. The external domain of the model (Fig. 2) is applied as the heat source with 700
W power and the fluid domain inside the chamber is Earth air with a pressure of 10−3

mbar.

In this section we simulate the expected behaviour of the chamber at the upper
temperature limit of the chamber by heating the external walls at vacuum conditions
using a heating jacket. For this purpose we use the model as in the previous section, in
addition we apply a heating jacket with a input power of 700W on the outer walls and
instead of CO2 gas we replace it with air at 10−3 mbar (vacuum conditions). The required
computational time of the 3D model for each study case is around 2 hours. We observe
in (Fig. 13) the temperature profile of the chamber, at the start of the experiment we see
that the chamber is at ambient temperature conditions at 295 K. As the time increases
the external walls where the jacket is fitted, heat up and the temperature dissipates
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Figure 11: Time evolution of the temperature profile under Martian conditions with container
unit of HABIT inside the chamber (Top) 3D model of the chamber (Bottom) 2D cross-section
view model of the chamber (a) shows the overview of the temperature distribution inside the
chamber at 0 min with the working plate close to 200 K (b) temperature distribution inside the
chamber at 200 min (c) temperature distribution inside the chamber at 400 min

inwards to the table. We observe that it takes around 150 min to heat the working table
to 420 K. It is in this plate where instruments would be mounted and if we consider
the mass of the instrument, this upper temperature limit will probably be reduced once
instrumentation is set inside the chamber. This is an essential information to plan the
duration of experiments and know in advance the thermal stress that the hardware or
materials will experience. In particular, at the latest stages, the table (and any element
mounted on it) is heated at a rate of 3 K/min. We see the time evolution of temperature
in Fig. 14 of the working table temperature and air temperature in 3D model.

(Fig. 15) shows that heat transfer mode is dominated by conduction as the external
walls of the chamber are heated up. The maximum intensity of the heat flux through
conduction is around 2300 W/m2 at the walls where the heating jacket is in close contact.
This heating jacket can provide a maximum heat flux up to 6500 W/m2. The blackbody
radiation intensity (Fig. 16) heat transfer mode is the next dominant source which is
maximum at 800 W/m2 at the bottom of the chamber as the walls slowly radiates the
heat inwards into the chamber. The convective mode of heat transfer is minimal as the
air inside is in vacuum and does not affect the model in any significant way.

4 Conclusions and future work

We have performed 3D model thermal simulation studies of the SpaceQ experimental fa-
cility using COMSOL to model the time evolution of temperature distribution within the
chamber during its operation. Accurate knowledge of the actual temperature, its evolu-
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Figure 12: (Above) Calculated relative humidity of the ground (RHg) and air (RHa) from the
simulation and the experiment. (Below) 2D cross-section of the time evolution of the relative
humidity RH under Martian conditions inside the chamber with the CU placed on the table in
percentage (%). (left) shows the overview of the relative humidity inside the chamber at 0 min
which shows over saturation at the working table which for these conditions shall lead to frost
formation (middle) RH at 200 min, at this RH frost is no longer stable and should sublimate
or be transiently stable as liquid, (right) RH at 400 min. The chamber has reached an almost
uniform level of 80-90% RHa.

tion and gradients, and the heat-flux sources and sinks are critical to design and upgrade
the chambers, to plan experiments and to interpret observations. This study gives a full
representation of the system and compares the results with our experimental data. We
simulate some of the different experimental conditions which are routinely tested inside
the chamber (i) near surface water cycle at Martian temperature and pressure (ii) ther-
mal behaviour when HABIT is operated under Martian temperature, pressure and water
content conditions (iii) heating in vacuum for qualification or sterilization tests.

In the first condition, we have modelled and simulated the near surface water cycle
with Martian temperature and pressure inside the chamber. This study condition was to
create a plausible night-day transition as on the near surface of Mars. We have validated
the simulation results with the experimental data by comparing the thermal control
points of the table and air temperature inside the chamber which shows good agreement
on the equilibration time scales and thermal gradients. This model is further validated
by the extrapolating the one-point relative humidity of the experimental data to each
grid points in the simulation using temperature and pressure values. This calculated
relative humidity for simulation model shows correlation with the appearance of frost
and liquid water droplets as observed in the studies associated with the Martian water
cycle experiment. We have also modelled a simplified version of the hydration tests
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Figure 13: Time evolution of the temperature profile inside the chamber under vacuum condi-
tions (Top) 3D view of the chamber and (Bottom) 2D cross-section when the heating jacket is
operating at the external boundaries (a) shows the overview of the temperature distribution of
the chamber at 0 min at ambient 295 K, (b) at 75 min, (c) at 150 min as the temperature of
the table reaches 420K.

Figure 14: Comparison of the time evolution of the table temperature (Tg) and air temperature
(Ta) from simulation under vacuum condition with an external heating jacket.

of the ExoMars HABIT (HabitAbility: Brine Irradiation and Temperature) instrument
container unit (CU). This model shows that, in addition to the continuous effect of the
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Figure 15: Conductive heat flux magnitude inside the chamber under vacuum condition with an
external heating jacket (Top) 3D view of the chamber and (Bottom) 2D cross-section when the
heating jacket is operating at the external boundaries (a) shows the overview of the conductive
heat flux inside the chamber at 0 min (b) conductive heat flux inside the chamber at 75 min (c)
conductive heat flux inside the chamber at 150 min.

Figure 16: Blackbody radiation intensity inside the chamber under vacuum condition with an
external heating jacket (Top) 3D view of the chamber and (Bottom) 2D cross-section when the
heating jacket is operating at the external boundaries (a) shows the overview of the radiation
intensity inside the chamber at 0 min (b) radiation intensity inside the chamber at 75 min (c)
radiation intensity inside the chamber at 150 min.

externally applied electronics power, there is an extra internal heating source of about
1 W which can be attributed to the hydration and deliquescence of the salts in the CU
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when exposed to Martian conditions and contact with atmospheric moisture.
Our third study case simulates the heating of the chamber walls to evaluate the

thermal hotspots and the time needed for the chamber to reach the targeted upper limit
temperature (420K) of the qualification tests under vacuum. This study shows that
the chamber requires approximately 2.5 hours to reach 420K without any instruments
placed inside for testing. If we consider the mass of the instrument the time required will
probably increase, this is an important information to plan the duration of experiments.
Further analysis of the model shows the conductive heat flux is predominantly observed
at the external walls as it heats up and then at the bottom wall of the chamber close to
the working table.

The simulation study that we have presented may be used by engineers and scientists
to simulate their own space simulating facilities. Future studies will focus on simulations
including the two units of HABIT inside the chamber to compare with actual observations
during operations on Mars. In the future, we will include other materials like regolith
emulant, solid rock cores and dust to understand the thermal behaviour of these materials
exposed to Martian surface environmental conditions. Also, an additional temperature
sensor will be added in the future experiments, in particular on the outer shell, to compare
with the simulations and further characterise these strong thermal gradients.
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simulation of the flow and heat transfer in an electric steel tempering furnace,”
Energies, vol. 13, no. 14, 2020.

[21] M. A. Siegler, S. E. Smrekar, M. Grott, S. Piqueux, N. Mueller, J.-P. Williams, A.-C.
Plesa, and T. Spohn, “The InSight Mars Lander and Its Effect on the Subsurface
Thermal Environment,” Space Science Reviews, vol. 211, no. 1, pp. 259–275, 2017.

[22] H. Behi, M. Behi, D. Karimi, J. Jaguemont, M. Ghanbarpour, M. Behnia,
M. Berecibar, and J. Van Mierlo, “Heat pipe air-cooled thermal management system
for lithium-ion batteries: High power applications,” Applied Thermal Engineering,
vol. 183, p. 116240, 2021.
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Abstract

The water content of the upper layers of the surface of Mars is not yet quantified. Lab-
oratory simulations are the only feasible way to investigate this in a controlled way on
Earth, and then compare it with remote and in situ observations of spacecrafts on Mars.
Describing the processes that may induce changes in the water content of the surface is
critical to determine the present-day habitability of the Martian surface, to understand
the atmospheric water cycle, and to estimate the efficiency of future water extraction pro-
cedures from the regolith for In Situ Resource Utilization (ISRU). This paper illustrates
the application of the SpaceQ facility to simulate the near-surface water cycle under Mar-
tian conditions. Rover Environmental Monitoring Station (REMS) observations at Gale
crater show a non-equilibrium situation in the atmospheric H2O volume mixing ratio
(VMR) at night-time, and there is a decrease in the atmospheric water content by up to
15 g/m2 within a few hours. This reduction suggests that the ground may act at night
as a cold sink scavenging atmospheric water. Here, we use an experimental approach to
investigate the thermodynamic and kinetics of water exchange between the atmosphere,
a non-porous surface (LN2-chilled metal), various salts, Martian regolith simulant, and
mixtures of salts and simulant within an environment which is close to saturation. We
have conducted three experiments: the stability of pure liquid water around the vicinity
of the triple point is studied in experiment 1, as well as observing the interchange of
water between the atmosphere and the salts when the surface is saturated; in experiment
2, the salts were mixed with Mojave Martian Simulant (MMS) to observe changes in
the texture of the regolith caused by the interaction with hydrates and liquid brines,
and to quantify the potential of the Martian regolith to absorb and retain water; and
experiment 3 investigates the evaporation of pure liquid water away from the triple point
temperature when both the air and ground are at the same temperature and the relative
humidity is near saturation. We show experimentally that frost can form spontaneously
on a surface when saturation is reached and that, when the temperature is above 273.15
K (0 ◦C), this frost can transform into liquid water, which can persist for up to 3.5 to 4.5
h at Martian surface conditions. For comparison, we study the behavior of certain deli-
quescent salts that exist on the Martian surface, which can increase their mass between
32% and 85% by absorption of atmospheric water within a few hours. A mixture of these
salts in a 10% concentration with simulant produces an aggregated granular structure
with a water gain of approximately 18- to 50-wt%. Up to 53% of the atmospheric water
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was captured by the simulated ground, as pure liquid water, hydrate, or brine.
Keywords: Mars; pure liquid water; water cycle simulation; habitability; planetary

protection; ISRU

1 Introduction

Liquid water is a requirement for life as we know it. The triple point of water is at
273.16 K (0.01 ◦C; 32.02 F) and a partial vapor pressure of 6.1166 mbar (611.66 pascals).
The atmosphere of Mars is generally dry, and, although the surface pressure may be
above this point, the partial vapor pressure is generally much lower and therefore, liquid
water is not stable on the surface of Mars. However, the recent measurements of relative
humidity (RH) provided by the Rover Environmental and Monitoring Station (REMS)
onboard the Curiosity rover have shown that saturation may be reached at the surface at
night, even at near-equatorial latitudes [1]. Previous landed missions have demonstrated
it visually. In particular, in 1977, a thin layer of frost was seen at the Viking Lander
2 (VL2) landing site at Utopia Planitia (47.64 N 225.71 W). The first time occurred in
1977 [2] and then it was spotted again, one Martian year later, in 1979 [3], and both
times during the northern hemisphere winter. Levin and Levin, 1998 [4], suggested that
the ground may act at night as a cold sink scavenging atmospheric water, trapping all the
available moisture in the total column of air, and then, when the temperature increases
during sunrise, the soil may retain minute quantities of liquid water while it evaporates.
Recent theoretical studies have investigated this process at the VL1 and VL2 sites, using
a column model (with cloud–radiation interaction and Prandtl slope wind terms), which
had been validated before with the Phoenix and Curiosity in situ observations [5]. The
model predicts diffusion and adsorption of atmospheric water into the regolith in the
evening, including the formation of very thin layers of frost on the ground from about
midnight and an early morning fog when this water is released (i.e., a saturated air up
to 1.6 m above the surface). The theoretical model also explains why frosts sublimate
after sunrise, allowing desorption and diffusion of water off the regolith.

In 2002, Hecht investigated theoretically and experimentally the metastability of liq-
uid water on Mars [6]. In the experiments, he monitored the evaporation of water ice
with an atmosphere of N2 at room temperatures and low pressures with the water ice
at temperatures between 0 and 10 ◦C. The measured evaporation rates were successfully
compared with the theoretical predictions. In particular, he obtained a surface evapora-
tion rate of 0.055 g/cm2/h at 6.7 mbar. Later on, the experimental results from [7], using
CO2 and lower temperatures, calculated an evaporation rate of 0.023 g/cm2/h. These
experiments suggested that thin films of liquid water may be transiently stable when ice
(or frost) evaporates.

The recent observations of REMS in the Curiosity rover at Gale crater have shown
strong thermal gradients between the surface and the air above Mars. In particular, the
REMS instrument typically measures a ground temperature of 180 K at night and at
1.6 m above the surface, an air temperature of 200 K [1]. This temperature difference
produces a gradient in water saturation vapor density, leading to a gradient in vapor
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pressure that produces thermodynamic non-equilibrium situations. This large diurnal
thermal contrast is characteristic of Mars at Gale and other sites, such as those explored
by the Phoenix mission [8] and InSight [9]. At night, the surface may become saturated
and form frost or be absorbed by the surface, at least on a small scale, due to the drastic
temperature drop. Then with the increase in temperature during the day, this water
may be released back to the atmosphere. In this work, we shall simulate experimentally
this trend allowing for the temperature to go above the triple point temperature while
monitoring simultaneously in real-time the changes in relative humidity and water vapor
pressure that occur within the air above the ground while these changes take place in a
situation that is comparable to the one observed at Gale. To our knowledge, this is the
first time that this monitoring has been performed.

Recent research has focused on the interaction of salts in the soils with atmospheric
water. There have been numerous studies that suggest that sulphates, perchlorate and
chloride salts in the regolith can absorb water from the atmosphere, forming hydrates,
by absorption, and then liquid brines, through deliquescence and hydration [1, 10–22].
Brines are aqueous saline solutions where the presence of salts decreases the freezing
temperature of the solution and its saturation water vapor pressure [23], allowing it
to capture water from the atmosphere when the relative humidity (RH) is higher than
the threshold, which is known as deliquescence relative humidity (DRH) [24]. It has
been speculated that the salts present in the Martian regolith can absorb atmospheric
water and produce certain features at a large scale. Recurring slope lineae (RSL), a
geomorphological feature observed on Mars, are suggested to have been induced due to
the brine activity [25]. A recent theoretical model by [26] investigated the properties of
theoretically (meta)stable brines at equilibrium with the ambient atmosphere and found
that brines can develop and persist over 40% of the Martian surface and occur transiently
for around 3 hours per sol, which is 0.4% of the Martian year during the summer from
the equator to high latitudes. Contrary to the case of frost formation, the absorption
of atmospheric water by salts does not require RH = 100%, i.e., saturation conditions.
If salts exist in the regolith, they will absorb atmospheric moisture and saturation (and
thus frost formation) is less probable.

There are also previous studies that have focused on characterizing the atmosphere re-
golith interchange [27–33]; and several past experimental studies have focused on surface
morphology changes produced by water under Mars-like conditions [6, 31, 34]. Also [35]
has studied the effect of wind and temperature on the sublimation rate of pure water ice
under Mars conditions and concluded that temperature is the most critical parameter
that controls the sublimation rate of water.

In this work, we demonstrate experimentally (and visually) the stability of thin films
around the triple point of water. We simulate an environment that mimics the night-
to-day thermal transition, and we will compare it with the observed changes in water
vapor partial pressure at Gale crater, Mars. We compare the measured evaporation rates
and quantify the duration of the metastability of this pure liquid water, which may be
available for life. For comparison, we have also studied the behavior of certain deliques-
cent salts as pure components or mixed in the regolith to demonstrate the timescale of
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absorption under Martian experimental conditions. The future ExoMars 2022 mission
will conduct the HabitAbility: Brines, Irradiance and Temperature (HABIT) experi-
ment, which will be devoted, among other things, to investigating this interaction of
deli-quescent salts with atmospheric moisture in situ [36].

The purpose of this work is two-fold: (1) to investigate the stability of pure water
under Martian conditions in the vicinity of the triple point, and (2) to quantify the max-
imal absorption capability of salts and regolith by absorption of atmospheric moisture.
This work has implications for the definition of Special Regions in planetary protection,
developed to protect the regions where there is water ice in the near-surface [37]. If liq-
uid water can be transiently stable during the night-to-day transition, all locations which
eventually reach saturation conditions at their surface may need to be incorporated into
this category.

2 Diurnal water cycle at Gale crater

After more than 4.5 Martian years of operations, the rover Curiosity has acquired an un-
precedented data record of near-surface measurements that provides invaluable ground
truth to the moisture content of the lower atmosphere [1] [38]. The coordinated measure-
ments of REMS and DAN (Dynamic Albedo of Neutrons, which monitors the subsurface
H- content) onboard the Curiosity rover, along its traverse, have suggested that there
is a water interchange between the soil and the atmosphere that changes seasonally [1].
Some sensors have been carefully recalibrated during operations [39], and all the data
published in the Planetary Data System (pds.nasa.gov) have been reviewed and updated
accordingly. We have analyzed here the diurnal and seasonal water cycle using REMS
and Curiosity data throughout 2027 sols (almost three Martian years) corresponding to
a traverse of the rover on Mars of 18,790 m after 2456 drive maneuvers.

Fig. 1 shows the maximum volume mixing ratio (VMR) values at the time of REMS
measurement for every night, between 21:00–05:00 Local Mean Solar Time (LMST),
during the mission. Fig. 1 uses reliable data from REMS corresponding to local times
between 21:00 and 05:00 (labelled as 04:00 for the maximum in the 04:00 to 05:00 period,
with equivalent notation for other hours). The solar longitude (Ls) is marked in color.
Fig. 1a,b show a non-equilibrium situation in the atmospheric H2O VMR, that at Gale
only occurs at night-time, as inferred from REMS data. The amount of atmospheric
H2O decreases at night, from 21:00 through 05:00, and is sensitive to the place where
the rover is standing (see Fig. 1a). Some of the sites show a strong and differentiated
behavior, with a much more substantial reduction than other nearby sites visited in the
same season, suggesting again the existence of an atmospheric–regolith water interchange
mediated by the regolith (Fig. 1a). This analysis shows that the atmospheric conditions
during the night change, and it looks as though there was a large sink of water in the soil
whose behavior changes with the temperature of the ground. Indeed, during these hours
the ground temperature drops, reaching its minimal value at about 5:00. The measured
night-time decrement of VMR between 21:00 LMST and 05:00 LMST is converted into
g/m2 for each sol of the mission in Fig. 1b. This image also includes the water absorption
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rate per hour, in %. There is a certain seasonality but overall, the soil can absorb up to
15 g/m2 within one night. This water is then released back to the atmosphere, but the
daytime REMS Relative Humidity (RH) measurements are nearly zero and are therefore
not reliable enough to monitor the diurnal changes of water VMR.

REMS measures the RH of the air, the ambient pressure P, the air, and ground
temperatures. To calculate the VMR and later on for the next experimental sections, we
use these formulae [1]

RH(T ) =

(
P

ewT

)(
vmr

1 + vmr

)
× 100 (1)

ewliq(T ) = 6.112× e

(
17.62× T − 273.14159

243.12 + (T − 273.14159)

)
(2)

ewice(T ) = 6.112× e

(
22.5× 1− 273.14159

T

)
(3)

W =
Mw

Md

× RH

100
× ewT(

P − RH

100
× ewT

)
× 1000

(4)

vmr =
Md

Mw ×W × 1000
(5)

Where,
RH(Ta) can be applied to the air, to retrieve vmr and then be used to calculate RHg(Tg).
Here RHi represents the relative humidity with respect to ice, whereas RHl represents
the relative humidity with respect to liquid.
P: Pressure in mbar
vmr: volume mixing ratio in parts per million
Tg : Table temperature in K
ewliq(Tg) : saturation partial pressure over liquid water at a given temperature
ewice(Tg) : saturation partial pressure over ice at a given temperature
Mw = 18.0160(molecular weight of water)
Md = 43.3400(molecular weight of dry air on Mars)
W = water mass mixing ratio

Another instrument onboard the Curiosity rover, ChemCam, has measured during
daytime (from 10:00 to 14:00 LTST) seasonal variations between 2 pr-µm and 12 pr-
µm [38], notice that 1 pr-µm =1 g/m2. The values are comparable with the REMS data
shown in Fig. 1b.

To investigate the impact of this cycle on the surface, we will next perform experiments
where we inject a total of about 8 g of water into a chamber at Martian pressure conditions
with a base surface of 30cm×30cm, allowing for a total column of water of 89 g/m2. This
corresponds to about 90 pr-µm, which is only about five times greater than the maximal
observed night-time water absorption change at Gale, a dry region near the equator.
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Figure 1: Night-time water behavior inferred at Gale crater from REMS data. a) Night-time
water VMR (units of ppm) for the first 2,027 sols of Curiosity operations. The different coloured
lines show the maximum value within each hour interval as measured from 21:00 (to 22:00) to
4:00 (to 5:00) local time. The time of the year (Ls) for a given measurement is shown using
the colour scale on the right; b) Night-time water absorption rates for the first 2,027 sols of
Curiosity operations. The rate calculated with the exponential law is coincident with the hourly
variation. The measured night-time decrement of VMR between 21:00 and 05:00 LMST is
converted into g/m2 for each sol of the mission (here at 230 K mean temperature and scaled
for 6.1 mbar).

3 Materials and Methods

3.1 SpaceQ Chamber

The design and development of Mars simulation facilities is still active in experimental
research [40,41]. For this purpose we have developed “ the SpaceQ” experimental facility
[42, 43], see Fig. 2 , to simulate the space and Mars environment for dif-ferent research
and technological applications. It can cover pressures from ambient to < 10−5 mbar, and
temperatures from 163 K to 423 K by (i) cooling (using liquid nitrogen, LN2) the plate;
and (ii) heating the walls (using an external heating jacket). To measure the atmospheric
temperature and relative humidity inside the chamber, and to use the heritage from the
REMS RH sensor, we use a Vaisala HMT 334 sensor fitted at 10.2 cm above the plate
and 5.2 cm from the sidewalls, which can work under vacuum and Martian conditions
to perform water vapor studies [44]. It can measure the temperature in the range of
203.15 K to 453.15 K with an accuracy of ±2 K and the relative humidity from 0–100%
RH with an accuracy of ±1% RH. This is fitted on the chamber through an M22× 1.5
thread with the probe exposed to the inner atmosphere. The thread has been tested
for vacuum-tight installations. Water is injected into the chamber using a KD Scientific
stainless-steel syringe from Fischer Scientific (Fig. 2a). It has a capacity of 20 mL and
is fitted on to a Swagelok connector on the right side of the chamber, which is in turn
connected through a tube to a manually operated Swagelok fitting ball valve. The
water can be injected several times during the experiment, as it is communicated with
the chamber through a valve. When the valve is opened, the water is injected into the
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depressurized environment of the chamber.

The SpaceQ chamber is a cubical facility made of stainless steel with an aluminium
door and has an internal volume of 27, 000cm3 (27 L). The dimensions of the working
table plate are 20cm× 20cm× 1.8cm. The chamber consists of various optical and elec-
trical feedthroughs with two quartz window viewports, two thermocouple feedthroughs,
a vacuum compatible UV lamp, a cold cathode/Pirani combination gauge to measure
the pressure, two gas inlets, ports for a vacuum pump and connections of USB, DB25 to
read the data in real-time and connectors for the optical cable to spectrometer. There is
also an extra port that can be used to install additional sensors if required. The pressure
in the chamber is controlled by a cold cathode Pirani gauge (Fig. 2b) (KJLC , United
Kingdom, Cold Cathode/Pirani Combination Gauge), which has been designed for the
vacuum measurement of gases in the range of 1×10−9 mbar to 1000 mbar. There are
two steps involved in reducing the pressures down to 10−5 mbar, first using the Pfeiffer
1-phase DUO 10M rotary pump (Fig. 2a) to achieve a vacuum level of 10−3 mbar, then
we achieve higher orders of vacuum by coupling it with a turbo molecular pump (Pfeif-
fer HiPace 80). The working table is fitted with a Liquid Nitrogen (LN2) feed-through,
which is connected to a 50L Dewar (Fig. 2d) controlled by a solenoid valve that is used to
regulate the flow of the LN2 supply. The temperature sensor fitted on the working table
is used to provide input to the thermal control unit, which acts as feedback to cool down
the table to the targeted temperature. The quartz silica viewports (Zero-Length,4-1/2''
UHV) fitted on the top and left-hand side allow us to monitor the experiment or initiate
an action using a specific wavelength onto the sample. The window is made up of Kodial
glass (Alkali Borosilicate 7056) with a viewing area of 65 mm.

3.2 Salts and Mars regolith simulant

Calcium chloride (CaCl2) (anhydrous, 793,639), ferric-sulphate Fe2(SO4)3 (hydrate, 307,718),
magnesium-perchlorate Mg(ClO4)2 (ACS reagent, 222,283), sodium-perchlorate (NaClO4)
(ACS reagent, 98.0%, 410,241) are purchased from Sigma Aldrich Sweden. To mimic the
actual experiments of the HABIT instrument of the ExoMars platform, we also use
for some tests a Superabsorbent Polymer (SAP), a Poly (Acrylamide-co-Acrylic Acid)
(C6H8KNO3) (432,776) polymer acquired from Sigma Aldrich. The water (W4502) used
for injection is from Sigma Aldrich, filtered at 0.1 m to guarantee sterility and cleanness.

In addition to these salts and SAP we use Mojave Martian Simulant (MMS-1) as a
Mars regolith simulant. These simulants consist of silica (49%), aluminum oxide (17%),
iron oxide (11%), calcium oxide (10%) and small amounts of magnesium oxide and sul-
fates [45]. They are available in different grades. We use the “fine” grade bought from
The Martian Garden, Austin, Texas. There are different simulants available, such as
Johnson Space Centre JSC Mars-1 [46], Salten Skov I [47], Engineering Soil (ES-x) [48],
and Jining Martian Soil Simulant (JMSS-1) [49], which are used by scientists to replicate
specific characteristics of the Martian regolith. A new Martian global simulant (MGS-1)
has recently been developed by CLASS Exolith Lab which has characteristics of Rock-
nest soil at Gale crater [50] and may be used in our future studies. The Mojave Martian
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Figure 2: Overview of the SpaceQ chamber. (a) This figure shows the entire setup of the cham-
ber, including the external Pirani gauge display, the rotary pump, the CO2 gas cylinder (to
insert a Mars-like atmosphere) and the syringe for water injection. (b) Detail of the exper-
imental table where samples are cooled down to the desired temperature and the KJLC Cold
Cathode/Pirani Combina-tion Gauge on the right side. (c) Viewport at the front of the cham-
ber, used to take pictures during the experiment. (d) LN2 Dewar used to cool down the working
table.

Simulant (MMS-1) was chosen as a regolith simulant for this study due to its availability
at the time of the experiments and previous studies related to the water cycle. This
simulant has been used before as an analogue for other experiments to investigate the
role of dust on heterogeneous nucleation and water ice cloud formation [51].

The experiment materials are placed in glass beakers and covered with a High-
Efficiency Particulate Air (HEPA) filter. This configuration mimics the configuration
of the HABIT instrument of the ExoMars mission, which will carry a set of salts that
will be in contact with the atmosphere and absorb water. This absorption will be indi-
rectly monitored by measuring the electric conductivity of the resulting salt hydrate or
brine [36, 52].

The weight was measured with a high precision scale before and after every experiment
in an ambient laboratory environment to evaluate the increase in mass that is produced
by the water capturing process. A series of images and the time stamp were taken
during the experiment through the viewport on the chamber and before and after the
experiment.

3.3 Experimental procedure

A Martian atmosphere is created by evacuating the SpaceQ chamber with a rotary pump
down to 10−3 mbar and filling it with pure carbon dioxide (CO2) gas up to pressures
between 5 and 8 mbar. After stabilization, water is injected at ambient temperatures
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using the Swagelok stainless steel syringe. Unavoidable thermal gradients occur when the
table is refrigerated, and the external walls of the chamber are warmer as it is in contact
with ambient laboratory temperatures. This whole process of achieving close to Martian
condition takes about an hour. When water is injected, the pressure is maintained by
manipulating the pressure valve of the rotary pump. The relative humidity (RH) of the
air is monitored from the start of the experiment. The working table that serves as a
ground surface is then cooled with liquid nitrogen (LN2). The table acts as a sink either
forming frost or absorbing water to the salts–regolith mixtures.

The experiments were run over 8 to 9 h, and the evolution of the environmental
variables (RH, T, and P) in every experiment was recorded once the Martian conditions
were reached, as shown in Fig. 3. In this set of images, the temperature of the table
is represented by Tg to simulate the temperature of the ground surface on Mars. The
temperature of the air in the chamber at the place where the RH sensor is located is
indicated by Ta. The RH measured by the Vaisala probe gives the RH of the air (RHa),
while the RH of the “ground” (RHg) is derived through the measured values of P, RHa

and Ta using the formulae given above. Experiments 1 and 2 have been run with the
working table refrigerated to 250 K, to mimic the ground and serve as a cold trap.

All the experiments were run with four samples inside the chamber. In Experiment
number 3, all the cycle was run with the experimental table at ambient temperatures in
the range 292–295 K. After water injection, the RH reached almost saturation and the
pressure increased up to 8 mbar.

For all the experiments, after the products were put in a beaker and placed onto
the working table, the chamber was closed and vacuumed from 960 mbar down to close
to 10−3 mbar. Then it was flushed with CO2 gas, and then CO2 was injected into the
chamber until the atmosphere inside reached about 7 mbar. The Martian surface is
simulated by a refrigerated table whose temperature is reduced with liquid nitrogen. At
the end of the experiments, the atmospheric mixture of CO2 and water, H2O, was released
by opening the valve, the chamber was set again to ambient atmospheric pressures. The
products were extracted and weighed immediately after opening the chamber door at
ambient laboratory conditions.

In Experiment numbers 1 and 2, we cool the experimental table to about 250 K
because we want to study the frost formation and the occurrence of water droplets around
the triple point of water. However, the air above was warmer. This situation is similar
to the present-day Mars environment. At night-time, there are differences of about 20
K between the ground temperature and the air temperature where the RH sensor is, at
1.6 m above the ground [53]. When the table is refrigerated, and saturation (and over-
saturation) is reached at the table (ground), the water from the atmosphere condensates
rapidly on the surface, which acts as a cold trap and produces a drastic reduction of the
atmospheric relative humidity. As on Mars, RHa and RHg have been demonstrated to
be significantly different due to the thermal gradient between the air and the ground.
As we shall show, at the ground (table), conditions are met for ice formation and liquid
water formation. As the temperature of this plate increased slowly, this water was later
released back to the atmosphere, allowing for the air RHa to increase again. The relative
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Figure 3: Evolution of the environmental variables inside the experimental chamber. The ground
temperature (Tg) and air temperature (Ta), relative humidity of the air (RHa) and total pressure
(P) are measured, whereas the relative humidity with respect to ice and liquid (RHg

i, RHg
l) are

derived using Formulae (1)– (5). (a) Experiment 1: The water was injected; the table was cooled
down to 250 K, and the pressure was controlled at Martian surface values. Then the temperature
was raised slowly up to ambient conditions. RHa and RHg were significantly different due to
the thermal gradient between the air and the ground. At the ground (table), the conditions are
such that ice (frost) can be formed. (b) Experiment 2: Same conditions as in Experiment 1,
with different products. (c) Experiment 3: Ambient temperatures.

humidity of the ground (RHg) is calculated using the known environmental parameters
(RHa, T and P) and the water mass mixing ratio with Equations (1)–(5).

4 Results

4.1 Experiment 1

This experiment was conducted to study the stability of pure liquid water around the
vicinity of the triple point and to observe the interchange of water between the atmosphere
and the salts when the surface is saturated. For this experiment, as shown in (Fig. 4a),
the four sample beakers of salts and SAP with 1.5 g and 0.75 g, respectively (2:1 ratio),
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were placed inside the chamber. At Martian pressures, we injected water using the syringe
into the chamber once the air temperature stabilized. The water was injected in amounts
of 0.5 mL. After the first injection, the relative humidity of air (RHa) increased to 2.5%
and then subsequently, the water was injected 16 times as the RHa reached 81%. A total
amount of 8 mL (8 g) of pure water was injected. As in previous experiments [19] [54],
when water vapor is released from the table, which acts as a cold trap, to the air above,
the pressure was maintained within 7–8 mbar by pumping the chamber (see Fig. 3a).
The amount of water injected was five times greater than the one observed at Gale by
REMS, which is high enough to allow all the sinks (regolith or salts and solid table) to
extract, absorb and retain water as needed.

As we circulated LN2 through the circuit that refrigerated the table that simulates the
Martian surface, its temperature was reduced drastically, and the surface reached over-
saturation conditions. Because of this, some water droplets appeared, and when the table
temperature, Tg, was below 250.15 K, frost started to form on the table (Fig. 4a), and
the cooling was stopped. While this happened, the relative humidity of the air dropped;
this is due to the water absorption on the table. The refrigeration was switched off,
and the table temperature was let to increase slowly to ambient temperatures. During
all the execution of the experiment, the surface RH was saturated (i.e., close to 100%).
As the temperature increased, water droplets started to appear at 145th min (Fig. 4b).
The environmental conditions inside the chamber were: table temperature Tg at 275.4
K, total pressure at 7.544 mbar, air temperature Ta at 290.76 K and relative humidity
RHa at 36.76%. When the temperature Tg reached 287.4 K with pressure at 7.523 mbar
and relative humidity RHa at 65.69%, the water droplets started to evaporate (Fig. 4c).
After 400 min, when the table temperature Tg was at 289.5 K and pressure at 7.8 mbar,
almost all the droplets had evaporated. At this moment, the air temperature Ta was
292.44 K and the RHa 82.72% (Fig. 4d). At the end of the experiment, the chamber door
was opened, the remaining pure liquid water was absorbed with a syringe and weighed
on a petri dish at ambient laboratory conditions. After 3.5 h of exposure to (P, Tg) at
the limit of the liquid–gas region of stability limit, the total amount of water collected
as pure liquid water droplets from the experimental table was 0.73 g.

The partial pressures of water for each temperature, pressure, and RH measurement
are shown in Fig. 4 (Top) for each representative stage. As it can be seen, the pairs
of table temperature (Tg) and derived (from the measurements) partial water vapor
pressures evolve exactly along the phase state boundaries. First, when frost forms on the
surface by condensation of atmospheric vapor (a), the conditions lie within the boundary
between solid and gaseous phases. A thin film of liquid water forms as the temperature
increases and the partial pressures are just above the triple point. (b). We measured the
size of the thin layer that was formed (length = 20 cm and width = 2 cm). Assuming
that this film contains almost all the water, then there was a surface water density of
about 0.2 g/cm2. This value will be used later to calculate the evaporation rate of thin
films under Martian surface conditions. As the temperature continues to increase, the
partial pressure always lies within the liquid and gas phases boundary, while the thin
film of liquid water continues to evaporate.
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Figure 4: (Top) Derived partial water vapour pressure, Tg conditions and saturation water
vapour pressure ew(T g) for liquid or ice. The surface RHg was always close to 100% during
this experiment, and the air was still drier. (Bottom) The series of images taken during the
experiment shows first the formation of frost, then liquid water droplets, and a meandering
narrow water flow that prevails for longer than the droplets. (a) As the water is added and the
table temperature lowered down to 250 K, it starts to form frost. (b) With a gradual increase in
the temperature as it passes through the triple point of water, the stable droplets begin to appear
on the table (c). Then, as the temperature Tg increases to 287 K, the droplets start to disappear
on the sides of the table (d). Finally, most of the droplets evaporate as the table reached 289 K.

Due to the strong thermal gradients, there are large relative humidity differences
between the cold table that emulates the ground and the air above. We performed a
computer simulation using COMSOL Multiphysics heat transfer to illustrate the thermal
and relative humidity gradients, see Fig. 5 [55]. The initial condition of the computer
model considered an external boundary of the chamber at room temperature of 295 K
and the working table at 250 K as in the experiment with pressure in the fluid domain at
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Figure 5: 2D cross-section of the computer simulation of the relative humidity evolution (a)
shows over saturation as the frost starts to form at the working table at 0 min (b) relative
humidity of air increases as the frost sublimate to liquid water droplets at 135 min (c) at 200
min increase in air relative humidity as the water is released into the air (d) the relative humidity
inside the chamber is uniform by the end of the experiment at 400 min.

7 mbar of pure CO2. For simplicity, the small amounts of water vapor in the fluid param-
eters were not considered in this thermal simulation. Instead, the one-point measurement
of relative humidity from the experimental data (RHa) was used, and the value for each
grid point of the rest of the chamber was derived using the obtained air temperature,
grid point temperature and pressure values from the simulation to calculate the relative
humidity using Equations (1)–(5). This helps to visualize the water vapor distribution
within a space with large thermal contrasts. When the table is refrigerated, its relative
humidity is saturated or oversaturated. As the temperature increases and becomes more
similar to the one of the air, the relative humidity of the air increases, and the final
result, when the ground and air temperature are closer, is more uniform. The computer
simulation is also useful for understanding the thermal equilibration process’ time scale
and for comparing it with the actual experimental runs.

The RHg
i (relative humidity of the ground table with respect to ice) and RHg

l (relative
humidity of the ground table with respect to liquid) are supersaturated as the water from
the atmosphere rapidly condensates on the table when the table is cooled using liquid
nitrogen. In fact, they maximized at 120% as the frost started to form after 15 min,
corresponding to a situation similar to the one in Fig. 5a. At 135th min, the RHg

l peaks
at 102% as the liquid water droplets begin to appear on the table, creating a situation
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Table 1: Results of the simulations of the water-cycle interaction between the atmosphere and
the ground under Martian conditions. Summary of the amount of water captured as weight
total percentage (wt %) (mass increase/total weight) in the product, the final increase of mass
of water and, for the case of formation of pure liquid water, the residence time, i.e., time of
observation of water as liquid beyond the point of stability.

Experiment 1 Experiment 2 Experiment 3
wt% Mass

(g)
Residence

time
wt% Mass

(g)
Residence

time
wt% Mass

(g)
Residence

time
Calcium
chloride
(CaCl2)

47% 1.06g 50% 0.82g 85% 1.91g

Ferric
sulphate
Fe2(SO4)3

32% 0.71g 18% 0.3g 42% 0.95g

Magnesium
perchlo-
rate Mg
(ClO4)2

41% 0.93g 36% 0.59g 68% 1.53g

Sodium-
perchlorate
(NaClO4)

37% 0.83g 30% 0.49g 46% 1.03g

Pure liquid
water on
the table

0.73g 3.5 hours 0.95g 4.5 hours 0g 1 hour

similar to the one of Fig. 5b. While this water is rapidly released into the air, the RHa of
the air increases (in spite of the increasing temperature, which, in the case of a constant
amount of water, would have produced a reduction of RH), corresponding to a situation
similar to the one of Fig. 5c,d.

As for the salt and SAP mixtures in the beakers, the RHg, Tg, conditions passed well
beyond their eutectic temperatures and DRH, allowing for the formation of hydrates of
some of them and liquid brines of some others (see Fig. 6a). The mixtures of salts and
SAP from the beaker were removed and weighed (see Table. 1). The amount of water
absorbed by them was 3.53 g. After exposure to 6.5 h of evaporation under saturated
surface conditions, a total of 53.25 % from the initially injected water (8 g) was still
recovered on the surface as pure liquid water or as hydrate or brine.

4.2 Experiment 2

This experiment was similar to Experiment 1. However, the beakers had now Mojave
Martian Simulant (MMS) mixed with salts to observe changes in the texture of the
regolith caused by the interaction with hydrates and liquid brines, and to quantify the
potential of the Martian regolith to absorb and retain water. The salts were mixed in four
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Figure 6: Images of the samples subjected to the simulated Martian atmosphere. (a) Experiment
1: The set of images taken after the experiment, which indicates the capture of water from the
formation of brines in CaCl2 mixture and sponge-like textures in Fe2(SO4)3, Mg(ClO4)2 and
NaClO4. (b) Experiment 2: These are mixtures with 10% salts of the simulant weight showing
brine formation in CaCl2 and darkening of the simulant observed in the other three mixtures
indicating water capture and hydrated state. (c) Experiment 3: Same as in (a) for different
environmental conditions.

glass beakers with 10% of the simulant weight (1.5 g MMS + 0.15 g salt). After Martian
pressure conditions were set, water was injected in increments of 0.5 ml. We started the
first water injection as the pressure rose to 7.008 mbar with relative humidity RHa 0.83%
and the table temperature Tg at 292.3 K. After the last insertion of water, the relative



124 Paper C

humidity RHa rose to 80.78% with pressure at 7.77 mbar. We injected 14 times in a
total of 7 mL of water and maintained the pressure by manipulating the rotary pump
valve, releasing the gas seven times. Then, the table was cooled down using LN2 as the
table temperature Tg reached 252 K, the RHa dropped, and frost started to form on the
table (Fig. 7a) after 4 min, and we stopped the LN2 supply. During all the experiments,
the surface was supersaturated or saturated. The table temperature Tg raised slowly to
ambient temperature. As it traversed above the triple point of water, the frost started
to turn into water droplets. After 143thmin, the first droplet appeared at 7.64 mbar, a
relative humidity RHa of 36.31% and a table temperature Tg 275.4 K. As the temperature
increased, the table was full of liquid water droplets (Fig. 7b).

At 340 min, once Tg crossed 287.3 K, the droplet started to evaporate from the sides
of the table (Fig. 7c), at pressure 7.88 mbar and RHa 74.63%. By 500 min of exposure,
almost all the small water droplets evaporated from the surface of the table (Fig. 7d).
Only the larger ones were left when the pressure was 7.92 mbar, RHa 86.105% and Tg

290.54 K. The experiment was stopped at this point, and the remaining larger droplets
were absorbed with a syringe after opening the chamber door for weighing at ambient
lab conditions (Table. 1). As for the salt and SAP mixtures in the beakers, the RH,
T conditions passed well over their eutectic temperatures and DRH. This allowed the
formation of some of the hydrates and liquid brines of some others (see Fig. 6b). We
recovered 3.15 g of water which is 45% of the mass of injected water. Here the pure liquid
water was stable for 4.5 h after passing the triple point of water.

4.3 Experiment 3

This experiment was aimed at understanding the evaporation of pure liquid water away
from the triple point temperature when both the air and ground are at the same tem-
perature and relative humidity conditions are near saturation. Water was injected in
small increments to allow for equilibration. This experiment allows for quantifying a
limit to the maximal residence time of dew and the behavior of salts exposed to the
same conditions. Here, four sample beakers with salts and SAP mixed in 2:1 ratio (1.5
g salt and 0.75 g SAP) were placed in the chamber. Once the chamber was in Martian
pressure conditions, water was injected in small increments of 0.5 ml. The first injection
was after 3 min, and the pressure increased to 6.228 mbar with relative humidity RHa

rising to 0.4% at table temperature Tg of 292.3 K, where the droplets evaporated. At
the 43rd min, during the thirteenth injection, stable water droplets started to form on
the table (Fig. 8a) with pressure at 7.84 mbar, relative humidity RHa at 73.77% and the
table temperature Tg at 292.65 K. At the next water injection, at 48th min, one can
observe how droplets start to form on the table (Fig. 8b). We injected 25 times, a total
12.5 g of water, until the liquid water was observed at the 58th min when the conditions
inside were 8.04 mbar, at relative humidity RHa 89.91% and the table temperature Tg

at 293 K. Then we let the water droplets evaporate and observed at what conditions the
evaporation started. At the 105th min, only one droplet was on the table (Fig. 8c), and
it started to evaporate at 8.04 mbar with relative humidity RHa at 93.55% and table
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Figure 7: (Top) Environmental P, Tg conditions, during this experiment, the surface RHg was
100%, and the air was always drier. (Bottom) Images of the sample taken at different time
intervals show the different phase transitions of water droplet formation and evaporation and
the mixture of soil simulant with salts. (a) When the table temperature Tg reached 251 K, the
frost started to form. (b) As the table temperature Tg passed through the triple point at 274
K, the liquid water droplets were formed. (c) These droplets were stable till 283 K, and they
started evaporation on the sides. (d) All the tiny droplets were evaporated at 287 K, whereas
some relatively large droplets were extracted through a syringe after the chamber door was open.

temperature Tg at 294 K. As the time progressed, the last droplet was evaporated after
108 min with the final pressure conditions at 8.02 mbar, relative humidity RHa at 92.87%
and table temperature Tg at 294 K. The environmental conditions of the experiment are
indicated in Fig. 3c.

As for the salt and SAP mixtures in the beakers, the (RH, T) conditions passed well
over their eutectic temperatures and DRH, this allowed for the formation of hydrates for
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some of them and liquid brines for others (see Fig. 6c). After weighing the salts, the
total water absorbed was 5.42 g. Overall, 43.36% of the injected water was recovered.
This is summarized in Table. 1. Here we found that the pure liquid water was stable on
the working plate for 1 h.

Figure 8: (Top) Environmental P, Tg conditions, during this experiment, the air and ground
were in equilibrium, at almost saturated conditions, and the salts in the beakers were absorbing
water. (Bottom) Images were taken as the water droplets formed inside the simulated Martian
environment on the table. (a) As the water is injected at 292.6 K, the first few droplets start
to form. (b) More droplets begin to form and be stable at 293 K. (c) These droplets persist for
a period of one hour in the gas phase, and finally, the last droplet evaporated at 294 K.
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5 Discussion

In order to understand the small-scale processes that are involved in the water cycle on
Mars and to quantify the existing near-surface water reservoirs for life and exploration,
there is a need to perform extensive experimental simulations under controlled laboratory
conditions. This is an example of one of these studies, with dedicated sensors, where
quantitative conclusions can be obtained despite the inherent limitations of simulating
a planetary environment within a small facility. In this study, we have investigated the
transient stability of pure liquid water around the triple point and the processes that may
induce changes in the water content of the regolith through a set of experiments where we
have simulated the environmental conditions on Mars, including pressure, temperature
gradients and relative humidity variations. For this purpose, we have conducted three
experiments in a Martian chamber, considering the working table as the non-porous
Martian bedrock. We have considered a total water column of about 90 pr-µm (or
g/cm2) to provide sufficient water. The analysis of the data of the REMS instrument on
the Curiosity rover shows that there is a drastic reduction in the water content of the
atmosphere, suggesting that the soil can absorb up to 15 g/m2 within one night, and that
this water is released back to the atmosphere during the day. This interchange seems to
vary with seasons. Another instrument onboard the Curiosity rover, ChemCam, has also
measured during daytime (from 10:00 to 14:00 LTST) the seasonal variations between 2
pr-µm (2 g/m2) and 12 pr-µm (12 g/m2) [38]. The Thermal Emission Spectrometer (TES)
and Mars Global Surveyor observations have demonstrated a maximum in water vapor
abundance is observed at high latitudes during midsummer, reaching a maximum value
of 100 pr-µm in the northern hemisphere and 50 pr-µm in the southern hemisphere [56].
This pattern was also confirmed by the instrument Spectroscopy for the Investigation
of the Characteristics of the Atmosphere of Mars (SPICAM) onboard the Mars Express
orbiter [57].

From our experiments, we visually confirmed that saturation is reached at night and
that after sunrise, the temperature increases above 273 K, and pure liquid water can be
formed on the surface of Mars and be stable for 3.5–4.5 h. Considering that there is no
exposure to winds or direct sunlight in our experimental facility, our simulations may
represent liquid evaporation conditions in sheltered areas, such as caves, under rocks, or
in small-sized regions artificially created within parts of spacecrafts in contact with the
ground and atmosphere. The “residence time” or duration of stability, and the amount
of water captured, are summarized in Table. 1. Experiments 1 and 2 simulate the surface
temperature increase from the freezing point to the vicinity of the triple point of water
in the saturated surface with respect to water.

Notice that the relative humidity RH is defined as the ratio of water vapor pressure to
the saturated water vapor pressure at that temperature, multiplied by 100%. The water
vapor pressure is one of the water molecules above the liquid film of water or above the
water ice. The saturated water vapor pressure is a function of temperature only and does
not depend on the presence of other gases. So, for a given measured or derived RH, one
can calculate the partial water vapor pressure at that temperature. These experiments
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show that when there is a cold sink that traps water, such as the ground at a very low
temperature, when the water is released back to the atmosphere, the partial pressure of
water just above this reservoir increases freely, even at levels above the total pressure of
CO2. As the system is out of equilibrium, this large pressure difference should push the
water molecules into the upper layers of the atmosphere while the solid ice layer or liquid
film would continue to sublimate or evaporate until exhaustion. Moreover, these near-
surface water cycle dynamics would be followed by a rapid redistribution of water in the
atmospheric column, particularly within the boundary layer, whose temperature evolves
during the day. Finally, water is pumped out of the atmosphere through atmospheric
escape processes: the hydrogen and oxygen present in these water molecules pushed to
higher altitudes could be accountable for the atmospheric escape observations [58, 59],
which are lost at a rate of 2–3 kg/s to space on present day Mars and even at a higher
rate if there is enhanced solar UV radiation.

We have also simulated a plausible near-surface water cycle on Mars to study the
atmospheric–regolith interchange using the four salts used in the HABIT instrument to
study in situ the water cycle on Mars within the ESA/Roscosmos ExoMars 2022 mission.
Our experiments mimic the instruments performance on Mars, and the capability of the
salts to absorb water as hydrates and then as liquid brines under Martian conditions. The
experimental salt mixtures have increased the weight (through water absorption) between
32 and 47% with respect to their initial weight of 9 g, after exposure to about 7.5 h of
Martian conditions with atmospheric vapor. This demonstrates that these products are
viable substances for water harvesting in present-day Martian conditions. Finally, 45% of
the atmospheric water was captured and retained when mixed with MMS dust as regolith
emulants.

Interestingly, our experiments show that the regolith could absorb as much as 50% of
its weight in water when the surface reaches saturation for a few hours, in this case for
a mixture of 10% CaCl2 in MMS dust. Furthermore, some granular structures appeared
on the mixture of regolith with iron sulfate (see Fig. 6b), indicating the cohesive forces
of water and brines. The experiments have shown that the metallic table can capture up
to 45% of the injected mass of water in the form of the dew of pure liquid water and 0.6
g of salts used in the experiments.

The liquid water evaporation rate, which is roughly derived from Experiment 1, 8
g/(20 cm×2cm)/3.5 = 0.057g/cm2/h is in fact comparable to the previous theoretical
prediction and experimental observation of 0.055 g/cm2/h, at 6.7 mb, by [6].

There are inherent limitations to what can be experimentally tested within a Mars
simulation facility. A reduced environment can hardly mimic the large-scale processes
on a planet, including the water mixing dynamics over the full length of the planetary
boundary layer and the role of global circulation and topographic flows, etc., and cannot
simulate the different gravity of Mars. There are large thermal gradients within this
space because the chamber is in turn coupled thermally with the external ambient of the
laboratory, but these gradients serve to simulate the thermal stratification between the
ground and air at night-time.
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6 Conclusions, Implications, and Future Work

Our experiments confirm that pure liquid water could be formed and be transiently
stable under present-day Mars conditions if saturation is reached at the surface. While
the actual vapor pressure of water in the atmosphere is less than the saturation vapor
pressure of the liquid on the surface, any liquid water will evaporate until either the air is
saturated, or the liquid supply is exhausted. These experiments simulate evaporation
under wind-free conditions. This scenario is not unrealistic as, according to REMS
observations, the night-time to sunrise winds may be very mild with speeds under 2
m/s [60]. Our experiments show how a pool of water is formed and remains stable for
about 3.5 to 4.5 h while evaporating and releasing water to the dry atmosphere. This
is similar to the process of dew formation and evaporation on Earth. On Earth, dew
is composed of liquid water droplets that are formed as water vapor condenses on cold
surfaces, mostly at night, on surfaces of temperature below its dew point temperature.
This is especially interesting to condense water from the atmosphere and provide a source
of water for the survival of individual plants and animals in dryland regions where liquid
water is scarce. A recent study [61] about dew formation in a semi-arid plateau in China
has shown that the maximum dew residence time was about 18 h/day.

A mixture of 10% of deliquescent salts with the regolith can absorb as much as 18%
(for ferric sulfate), or 50% (for calcium chloride), of its weight in water; when exposed
to the hydration cycle it forms some granular structures, similar to the ones observed on
dunes of Mars. These experiments also suggest that once the water has been captured in
the regolith, it can be released later and can produce new chemistry. When exposed to
UV, water molecules attached to the regolith may be broken apart by photolysis, leading
to the production of oxygen (O2) and hydrogen (H2), and thus be a source for the recent
detection of abnormal seasonal variations of the atmospheric concentration of O2 on the
surface of Mars [62]. Finally, the existence of this non-equilibrium water interchange
between the atmosphere and the regolith may have implications on the formation of
avalanches and explain the dry–wet mechanisms [63–65] of the downslope movement of
materials that are observed on Mars on specific slopes and certain seasons. We conclude
that the relative humidity values at night-time on Mars may allow for significant water
absorption by the ground, which is released at sunrise. The water cycle dynamics near
the surface are therefore always out of equilibrium. In particular, after frost formation,
thin films of water may survive for a few hours. This has implications for the present-day
habitability of the Martian surface and planetary protection policies.

Future experiments will be focused on controlled experiments to quantify indepen-
dently every process and to investigate the amount of water absorbed over time by
separating each salt into different observations and also to test for the absorption capac-
ity of the MMS-1 simulant without any salts. We will consider further experiments on
varying surface conditions to reproduce the diurnal surface variation (including partial
water pressure control and thermal profile) expected at different latitudes and seasons,
with lower air relative humidity (smaller amounts of water), simulating what happens
when the salts are buried within a thicker layer of regolith or mixed in different ratios,
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or in shadowed regions, such as caves, and to explore the stability of frozen brines.
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Clegg, J. Lasue, S. Maurice, V. Sautter, S. L. Mouélic, R. C. Wiens, C. Fabre,
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H. Savijärvi, N. Rennó, J. Rodriguez-Manfredi, W. Schmidt, et al., “Mars science
laboratory relative humidity observations: Initial results,” Journal of Geophysical
Research: Planets, vol. 119, no. 9, pp. 2132–2147, 2014.

[40] J. M. Sobrado, “Mimicking the martian hydrological cycle: A set-up to introduce
liquid water in vacuum,” Sensors, vol. 20, no. 21, p. 6150, 2020.

[41] Z. Wu, Z. Ling, J. Zhang, X. Fu, C. Liu, Y. Xin, B. Li, and L. Qiao, “A mars environ-
ment chamber coupled with multiple in situ spectral sensors for mars exploration,”
Sensors, vol. 21, no. 7, p. 2519, 2021.

[42] A. Vakkada Ramachandran, M. I. Nazarious, T. Mathanlal, M.-P. Zorzano, and
J. Mart́ın-Torres, “Space Environmental Chamber for Planetary Studies,” Sensors,
vol. 20, p. 3996, jul 2020.

[43] M. I. AU - Nazarious, A. V. AU - Ramachandran, M.-P. AU - Zorzano, and J. AU -
Martin-Torres, “Measuring Electrical Conductivity to Study the Formation of Brines
Under Martian Conditions,” JoVE, no. 173, p. e61217, 2021.

[44] Y. M. Shirke, A. M. Abou-Elanwar, W. K. Choi, H. Lee, S. U. Hong, H. K. Lee,
and J. D. Jeon, “Influence of nitrogen/phosphorus-doped carbon dots on polyamide



134 Paper C

thin film membranes for water vapor/N2 mixture gas separation,” RSC Advances,
vol. 9, no. 55, pp. 32121–32129, 2019.

[45] G. H. Peters, W. Abbey, G. H. Bearman, G. S. Mungas, J. A. Smith, R. C. Anderson,
S. Douglas, and L. W. Beegle, “Mojave Mars simulant—Characterization of a new
geologic Mars analog,” Icarus, vol. 197, no. 2, pp. 470–479, 2008.

[46] C. C. Allen, K. M. Jager, R. V. Morris, D. J. Lindstrom, M. M. Lindtsrom, and
J. P. Lockwood, “Martian soil simulant available for scientific, educational study,”
Eos, Transactions American Geophysical Union, vol. 79, no. 34, pp. 405–409, 1998.

[47] P. Nørnberg, H. Gunnlaugsson, J. Merrison, and A. Vendelboe, “Salten skov i:
A martian magnetic dust analogue,” Planetary and Space Science, vol. 57, no. 5,
pp. 628–631, 2009. Mars Analogues.

[48] T. P. Gouache, N. Patel, C. Brunskill, G. P. Scott, C. M. Saaj, M. Matthews, and
L. Cui, “Soil simulant sourcing for the ExoMars rover testbed,” Planetary and Space
Science, vol. 59, no. 8, pp. 779–787, 2011.

[49] X. Zeng, X. Li, S. Wang, S. Li, N. Spring, H. Tang, Y. Li, and J. Feng, “JMSS-1: a
new Martian soil simulant,” Earth, Planets and Space, vol. 67, no. 1, p. 72, 2015.

[50] K. M. Cannon, D. T. Britt, T. M. Smith, R. F. Fritsche, and D. Batcheldor, “Mars
global simulant MGS-1: A Rocknest-based open standard for basaltic martian re-
golith simulants,” Icarus, vol. 317, pp. 470–478, 2019.

[51] L. A. Ladino and J. P. D. Abbatt, “Laboratory investigation of Martian water ice
cloud formation using dust aerosol simulants,” Journal of Geophysical Research:
Planets, vol. 118, pp. 14–25, jan 2013.

[52] M. I. Nazarious, A. V. Ramachandran, M.-P. Zorzano, and J. Martin-Torres, “Cali-
bration and preliminary tests of the brine observation transition to liquid experiment
on habit/exomars 2020 for demonstration of liquid water stability on mars,” Acta
Astronautica, vol. 162, pp. 497–510, 2019.
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Abstract

The HABIT (HabitAbility: Brine Irradiation and Temperature) instrument is a Eu-
ropean pay-load of the ExoMars 2020 Surface Platform Kazachok to characterise the
present-day habitability on Mars at its landing place in Oxia Planum. HABIT consists
of two modules: (i) EnvPack (Environmental Package) that monitors the thermal en-
vironment (air and ground), the incident ultraviolet radiation, the near surface winds
and the atmospheric dust cycle; and (ii) BOTTLE (Brine Observation Transition To
Liquid Experiment), an In-situ Resource Utilization instrument to produce liquid wa-
ter for future Mars exploration. BOTTLE will be used also to investigate the electrical
conductivity properties of the Martian atmosphere, the present-day atmospheric ground
water cycle and to evaluate if liquid water can exist on Mars in the form of brines, and
for how long. These variables measured by HABIT are critical to determine the present
and future habitability of the Martian surface. In this paper, we describe in detail the
HABIT sensors, together with the calibration of the Flight Model (FM) and the Engi-
neering Qualification Model (EQM). The EnvPack module has heritage from previous
missions operating on the surface of Mars, and the environmental observations of its sen-
sors will be directly comparable to those delivered by those missions. HABIT can provide
information of the local temperature with ±0.2◦C accuracy, local winds with 0.3 m/s,
surface brightness temperature with ±0.8◦C, incident UV irradiance in the UVA, UVB,
UVC ranges, as well as in the total UVABC range, and two additionally wavebands,
dedicated to ozone absorption, with 10% of its absolute value. The UV observations can
be used to derive the total column of dust and thus monitor the dust and ozone cycles.
BOTTLE can demonstrate the hydration state of a set of four deliquescent salts, which
have been found on Mars (calcium chloride, ferric sulphate, magnesium perchlorate and
sodium perchlorate) by monitoring their electric conductivity (EC). The EC of the air and
the dry salts under Earth ambient, clean room conditions is of the order of 0.1 µScm-1.
We have simulated HABIT operation, within an environmental chamber, under Martian
conditions similar to those expected at Oxia Planum. For dry, CO2 atmospheric condi-
tions at Martian pressures, the air EC can be as low as 108 µScm-1, however it increases
with the relative humidity (RH) percentage. The laboratory experiments show that after
an increase from 0 to 60% RH within a few hours, the EC of the air increased up to
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101 µScm-1, magnesium perchlorate hy-drated and reached values of 10 µScm-1, whereas
calcium chloride deliquesced forming a liquid state with EC of 102 µScm-1. HABIT will
operate with a regular cadence, through day and night. The Electronic Unit (EU) is pro-
tected with a heater that is activated when its temperature is below -33◦C and disabled
if the temperature of the surface platform rises above -30◦C Additionally, the heaters
of the BOTTLE unit can be activated to dehydrate the salts and reset the experiment.
HABIT weighs only 918 g. The power consumption of HABIT depends on the operation
mode and internal temperature, and ranges between 0.7 W, for nominal operation, and
13.1 W (when heaters are turned on at full intensity), and has a baseline data rate of
1.55 MB/sol. In addition to providing critical environmental observations, this light and
robust instrument, will be the first demonstrator of a water capturing system on the
surface of Mars, and the first European In-Situ Resource Utilization in the surface of
another planet.

Keywords: Mars, ExoMars, Surface Platform, instrumentation, habitability, water,
ISRU, Atmosphere, regolith, brines, astrobiology

1 Introduction

The search for present life and habitability on Mars is conditioned by the availability of
liquid water. Also, the future potential exploration of Mars by humans is conditioned by
the availability to produce in-situ critical products such as water, oxygen or propellant.
Recently it has been shown that liquid water can be stable on Mars in the form of
brines [1]. Two other environmental conditions constrain the habitability of the near
surface of Mars: the thermal range and the ultraviolet radiation dose [2]. The quest
about the habitability of present-day Mars is still open and a crucial aspect for the
future human space exploration. The HabitAbility: Brines, Irradiance and Temperature
(HABIT) instrument, will focus on this subject. HABIT is one of the two European
payloads of the Surface Platform Kazachok that is part of the Exomars 2022 mission
to Mars. ExoMars is a joint program by the European Space Agency (ESA) and the
Russian Space Agency (Roscomos) which comprises two missions, in 2016 and 2022. The
2016 mission is called Trace Gas Orbiter (TGO), which is now in operation on Mars
monitoring traces gases, such as methane and water in the atmosphere [3,4]. In addition
to its own scientific goals, TGO will serve as relay for the ExoMars 2022 surface mission.
This mission, to be launched in 2022 (final windows date to be decided), shall land at
Oxia Planum (18.20 ◦N, 335.45 ◦E) on Mars, a plain with an elevation more than 3,000
m below the martian mean. It will search for signs of present or past life on Mars with its
rover and surface platform and will bring the first European/Russian rover and Surface
Platform (SP) to the surface of Mars.

HABIT will characterize the habitability at the landing site of the mission, Oxia
Planum [5–7], in terms of Ultra-Violet (UV) radiation, air and ground temperature (T),
as well as liquid water availability and in-situ atmospheric water extraction usage. It will
also monitor the near surface winds, and the atmospheric dust cycle. Additionally, it will
provide measurements of the air electric conductivity (which changes with the relative



1. Introduction 141

humidity of the air) and over time, when dust is accumulated in one of the open cells
of HABIT, it will provide an estimate of the electric conductivity of the dust. Having
in-situ information about these processes is also key for the design of future missions to
Mars.

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 [8]. This is
specifically the goal of the payloads of the rover (http://exploration.esa.int/ mars/45103-
rover-instruments/) and HABIT, mounted on the Surface Platform, will contribute to
this later goal, namely it will assess the present-day habitability of Oxia Planum, in terms
of key environmental variables. The thermal ranges, water availability and UV radiation
doses are critical environmental parameters that condition the habitability of Mars. The
correct characterization of the wind and heat fluxes on Mars are also important for
the operational performance of spacecraft platforms and for our understanding of the
boundary layer dynamics. The dust cycle and the electric conductivity may also be
potential hazards to the future exploration of Mars.

Finding unequivocal proofs of liquid water on present day Mars is a prominent do-
main of Mars research with implications for the conditions promoting habitability and
the future of Mars exploration as well as for the definition of planetary protection pro-
tocols [2, 5]. HABIT includes the BOTTLE (Brine Observation Transition To Liquid
Experiment) module to capture at night-time atmospheric water by hydration and deli-
quescence of salts, and three environmental sensors – Ground Temperature Sensor (GTS),
Air Temperature Sensor (ATS), and UltraViolet Sensor(UVS) – devoted to monitoring
the full diurnal and seasonal variations of the ground and air temperature, the near
surface winds and the UV irradiance. BOTTLE also includes two open containers to
study the electrical conductivity properties of the martian atmosphere. The informa-
tion provided by the three environmental sensors of HABIT will allow to constrain the
habitability at the landing site in terms of metabolic and reproduction temperature, cal-
culating the heat-flux and the UV biological dose, study the atmosphere/surface water
interchange, providing information about winds (which shall be useful also for the rover
drilling and sampling operations and for validation of global and meso-scalar circula-
tion models), about thermal inertia and subsurface thermal profile and hydration level
complementing the studies of the other platform and rover instruments. The analysis of
the measured UV irradiance may also be used to provide the concentration of the atmo-
spheric trace gas ozone (complementing orbiter observations from NOMAD-TGO) and
the total column of dust or opacity (providing continuous monitoring of the dust cycle).
Additionally, the environmental observations of HABIT will be compared with those of
REMS on board the Curiosity rover of the Mars Science Laboratory mission [9, 10] and
of other environmental sensors which are designed with heritage of REMS, such as Twins
on InSight and MEDA on the Mars 2020 NASA Perseverance rover. The BOTTLE mod-
ule is furthermore designed as an ISRU (In-situ Resource Utilization) demonstrator that
shall quantify the amount of water (and derived products such as H2 and O2) available
for future landed missions on Mars. Thus, HABIT will allow for extra long-term climate
and atmospheric monitoring and will provide an unequivocal proof, for the first-time, of
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the existence of liquid water on Mars, while demonstrating the ISRU capabilities of salts.
The scientific objectives of the ExoMars program are defined as follows [8]: 1) To

search for signs of past and present life on Mars; 2) To investigate the water/geochemical
environment as a function of depth in the shallow subsurface; 3) To study martian at-
mospheric trace gases and their sources; and 4) To characterize the surface environment.
The scientific objectives of HABIT are:

1. Investigate the habitability of the landing site in terms of the three most critical
environmental parameters for life as we know it: avail- ability of liquid water, UV
biological dose and thermal ranges (on Earth, microbial metabolism has only been
found above 240 K and reproduction above 255 K);

2. Provide environmental information (air and ground temperature, ground relative
humidity (RH) and UV irradiance), to investigate the atmosphere/regolith water
interchange, the subsurface hydration, as well as the ozone, water and dust atmo-
spheric cycle and the convective activity of the boundary layer;

3. Demonstrate an In-Situ Resource Utilization technology for future Mars explo-
ration.

4. The clear detection of a high conductivity signal within BOTTLE would reveal
that the deliquescence mechanism is in effect on Mars. This would have major
implications. First, it would confirm the possibility of a present-day atmosphere-
regolith interaction that may lead to the formation of briny mixtures which, in
the case of deep slopes may be observed from orbit through large-scale features
like Recurrent Slope Lineae. This is still a controversial topic, i.e., see [5, 11].
The identification of the transient liquid water and its stability time scales would
open the discussion about the possibility of life in present day Mars and various
other key points linked with the future human exploration. It is also expected that
the demonstration of the formation of liquid brine would have implications on the
definition of special regions defined for planetary protection purposes.

HABIT is designed to be a robust, small and light instrument that complies with the
ExoMars science objectives and priorities:

1. Search for signs of past and present life on Mars: The clear detection of transient
liquid conditions is key to assessing the possibility of present life on Mars, since
water is a requirement for life as we know it. The determination of the surface and
subsurface thermal range will allow evaluating if the landing site complies with the
known thermal limits of terrestrial microbial reproduction and metabolism;

2. Investigate the water/geochemical environment as a function of depth in the shallow
subsurface: The investigation of the diurnal cycle of water, the formation of frost
and the hydration of salts at the surface and the subsurface will allow to investigate
the water environment as a function of depth in the upper meters of the regolith
where the diurnal and annual thermal wave act;
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3. Study martian atmospheric trace gases and their sources: Water is a trace gas on
Mars and HABIT will investigate the water cycle, its sources (when released from
the soil dehydration) and sinks (absorbed by the soil). O3 is a trace gas produced
by atmospheric photolysis with UV, the concentration of O3 can be monitored with
the UV sensor, its cycle anti-correlates with atmospheric water. The UV irradiance
also drives the concentration of other minor gases that are produced from CO2:
CO, O2;

4. Characterize the surface environment: HABIT will evaluate the habitability of the
near surface environment, in terms of thermal range, water availability and UV
dose. It will also provide critical environmental information regarding the dust
cycle, and wind activity, as well as the thermal tide response, heat-fluxes and
planetary circulation at the boundary layer.

This paper is aimed at describing the HABIT instrument, its operation and sens-
ing elements and the calibration and validation of the HABIT Flight Model (FM) and
HABIT Engineering Qualification Model (EQM) which have been developed by Omnisys,
Sweden, and the Group of Atmospheric Science at Lule̊a University of Technology (LTU),
with support of the Swedish National Space Agency (SNSA). Following ESA policy, the
HABIT data will be released for public use and archived at Roscosmos/IKI and mirrored
at the Planetary Science Archive (PSA), and thus this document shall serve as reference
for the future scientific analysis of the HABIT data. It is also the intention of this arti-
cle to describe the potential and limitations of the instrument, so that the data can be
interpreted correctly.

2 Instrument design

HABIT and its modules are shown in (Fig. 1). The dimensions of the Container Unit
(CU) the Electronic Unit (EU) are 150mm×63mm×43mm and 172mm×172mm×55mm
(L x B x H) respectively. The Electronic Unit (EU) is protected with a heater that is
activated when its temperature is below -33 ◦C and disabled if the temperature of the
Surface Platform rises above 30 ◦C. This implies that the CU, at nighttime when the
RH% peaks, will be warmer than the martian ground. The instrument weights 918 g;
requires a power consumption that ranges between 0.7 and 13.0 W (when the heaters are
activated) and a baseline data rate of 1.5 MB/sol. The CU, the lid and the filter holder are
manufactured in aluminium, the electrodes are made of gold, to prevent corrosion, and the
magnetic rings around the UV photodiodes are made of samarium cobalt. The instrument
measures at 1 Hz, on its nominal operation mode, during 5 min at the beginning of each
hour. It can also operate in extended mode, within programmable continuous periods of
time.

The container Unit (CU) which includes the six containers of BOTTLE and the three
Air Temperature Sensors (ATS) will be exposed to the free flow of air, mounted on the
edge of the ExoMars SP. The Electronic Unit (EU) is mounted on top of the SP deck,
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Figure 1: HABIT Flight Model (FM): (a) Container Unit (CU) with BOTTLE and the three
ATS, (b) Electronic Unit (EU) with the UVS and GTS, (c) Open view of the empty containers
of BOTTLE with the golden electrodes, and (d) Electrode dimensions and separations.

with the ultraviolet sensors (UVS) pointing to the sky, and the ground temperature
sensor (GTS) pointing to the side, with a clean field-of view, to monitor the temperature
of the surface of the ground. The UVS is located in the EU lid centre and it includes
six different photodiodes embedded within magnetic rings to deflect the trajectory of in-
falling airborne dust and extend the lifetime of the sensors by keeping their field of view
clean. The UVS has a free view of sky of 60◦ solid angle which make HABIT exposed
to both direct sunlight and diffuse irradiance without any shielding. The GTS is located
on the short edge of the instrument. This sensor is pointing toward the ground in an
angle of 45◦. The CU contains the six electric conductivity cells of BOTTLE and three
ATS. Two cells are open and four are sealed with a High Efficiency Particle Air (HEPA)
filter, with pore size 0.3 µm, and covered by a roof that allows the flow of air while
preventing direct obstruction by dust. The filter has two purposes: it prevents inbound
and outbound bio-burden (organics or microbes) contamination. The two open cells
are aimed at investigating the electrical conductivity of the Martian air, as it changes
throughout days and seasons depending on the amount of atmospheric water. Also, when
airborne dust starts to accumulate at the bottom of these containers, the electrodes will
provide a measurement of the conductivity of dust. The four central cells of BOTTLE are
filled with four deliquescent salts that have been reported on Mars, and a super absorbent
polymer that will form a hydrogel when the deliquescent salts absorb water. This hydrogel
will keep the brine in a semi-solid state, avoiding capillarity of the pure liquid phase while
supporting the capture of water and thus allowing to measure electrical conductivity. The
two open air cells have two electrodes, whereas the cells with the encapsulated products
have three electrodes. The quantity of products is chosen such that the dry product
covers fully the lower electrode, allowing for expansions and contractions as the products
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absorb water, freeze or melt. When the salt turns into liquid brine the volume increases,
and the mid electrode may also be in contact with the salt. The upper electrode is for
control in case of inclination of the platform.

The data acquired by the sensors will be complemented with the timestamp of the
acquisition moment and the platform inclination will be taken into account as ancillary
data. This ancillary information is needed to interpret the solar UV measurements,
because the response of the sensors depends on the angle of incidence of the direct
irradiance from the Sun, also the estimate of the total column of dust depends on the
traversed slant path from the Sun to the platform. A set of engineering housekeeping
temperature sensors monitors the temperature of the UVS, GTS and the EU and CU.
The UVS and GTS temperature sensors are needed to apply the adequate calibration
functions and retrieve the observable variables. Whereas the EU and CU temperature
measurements are needed to activate the heaters.

The instrument shall operate autonomously at day- and night-time and communicate
with the central computer once per sol. The regular, nominal, cadence of observation will
be five minutes at the beginning of each hour, acquiring data at 1 Hz. The EU includes
different electronic functions such as start-up heaters, power supply, data handling and
sensitive analogue sensor circuits.

3 Air temperature and wind retrieval from the Air

Temperature Sensors (ATS)

The HABIT Air Temperature Sensors (ATS) design, main working principles, and oper-
ation modes are illustrated in section 3.1. Also, the calibration procedure of the HABIT
FM ATS is included in that section, together with results of the FM calibration campaign
at Omnisys Instruments AB facilities. The ATS in HABIT is an evolved version of the
REMS ATS currently operating on the surface of Mars on board the NASA Mars Science
Laboratory/ Curiosity rover. In addition, we summarize, a novel wind retrieval method
that is based on the analysis of the heat-flux of the ATS. In section 3.2, we will present
an example of the calibration of the ATS for wind retrieval under Martian conditions, in
the wind tunnel facility of Aarhus.

3.1 Design and operation of the ATS

The near-surface air temperature changes mostly with the solar irradiance, varying about
90 K between the day and night following the diurnal thermal tide; and following a
seasonal behaviour along the year, depending on the solar longitude. The temperature
also affects the Martian air density and it is therefore important to assess the existing
heat-transfer processes. Further-more, the temperature may show slow fluctuations in
response to natural convection that takes place at the planetary boundary layer during
the day; it may also show the temperature of air masses brought by wind from other
locations, such as in the case of katabatic winds; and it may also vary rapidly in response



146 Paper D

Figure 2: Detailed view of one of the ATS 1 attached to the side of the HABIT FM CU, and
partial view of the frontal ATS. 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, respectively. The Pt1000 at the base of the rod, x = 0, is not visible.

to very quick phenomena, such as dust-devils. To monitor the air temperature in the
vicinity of the platform, HABIT incorporates three ATS in three different orientations.

Fig. 2 shows a detail view of ATS rod 1 attached to the HABIT FM CU structure.
Each ATS consist on three rods of length L = 3.6 cm made of FR4 material with three
Pt1000 thermistors attached at three different positions, to measure the temperature
profile along the rods. The temperatures recorded by each Pt1000 are expected to be
thermally influenced by the conductive heat exchange between the rods and the HABIT
structure, which is in turn thermally coupled to the SP. By monitoring these temper-
ature profiles, the ATS can obtain an ambient temperature corresponding to the film
temperature of the SP. The material of the rods has a low thermal conductivity, of k =
0.7 W/mK.

The air temperature acquisition performed by HABIT is similar to the REMS ATS
recording [9], and it is based on modelling the energy balance along a fin that is cooled by
natural convection [12]. Considering a local coordinate system at the ATS rods, where x
= 0 is at the interface between the ATS rods and the CU wall (see Fig. 2). Each rod has
one thermistor at the tip (x = L) recording the temperature Ta, a second one at the base
(x = 0) recording Tb, and a third one at an intermediate point, x = L/4, recording the
temperature TLn. By assuming the HABIT CU structure in thermal equilibrium with the
ambient, it is possible to express analytically the temperature distribution along each rod
as a function of an average dimensionless variable (here referred as the m-parameter), m
,dependent on the thermal conductivity k, geometry, and average heat transfer coefficient
h of the rods.
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θ(χ) = θb
cosh[m(1− χ)]

cosh(m)
(1)

m = L

√
hAs

kAc

(2)

Here, θ = T − T∞ is the excess temperature, θb = T b − T∞ the excess temperature
at the base of the rod, and T∞ the temperature outside the thermal boundary layer of
the rod. The latter was assumed to be similar to the fluid temperature T∞ ∼ T f. As and
Ac represent the lateral and cross-section areas of the rods, respectively. It should be
noted that the h coefficient collects the radiative and convective terms, hc and hr, where
constant emissivity ε, and thermal conductivity have been assumed along the rods. The
h coefficient is assumed uniform and equal to:

h = hc + hr = hc + εσ(T 2 + T 2
∞)(T + T∞) (3)

where ε is the Stefan-Boltzmann constant. By introducing the three temperature
readings at each ATS rod in Equation (1), it is possible to establish a system of two
equations with the average m-parameter, m, and the fluid temperature, T f, as unknowns:

T a − T f = (T b − T f)
1

cosh(m)
T Ln − T f = (T b − T f).

cosh[m(1− 1
n
)]

cosh(m)
(4)

This approach is implemented on REMS, to obtain Tf, by solving the system (4).
HABIT is designed to replicate this working principle for the ExoMars SP [13]. As can
be inferred when solving the system of equations (4), the fluid temperature Tf depends
on the absolute temperatures provided by the thermistors, but m, as seen on Equation
(1), is only dependent on the temperature differences. The temperature readings need
to be calibrated against a reference temperature probe to obtain the actual Tf.

The calibration of the thermistors was performed in a thermal vacuum chamber
(TVAC) close to vacuum conditions. On Mars, because of the low atmospheric den-
sity, the dominant heat-exchange mechanism is radiative heat transfer, while on Earth,
at ambient pressures, the higher density environment makes natural convection the dom-
inant process. One of the calibrations was performed under vacuum conditions in order
to reduce the influence of the atmosphere and correct for the self-heating contamination
produced by the initiation of the instrument. Fig. 3 shows the setup used for the HABIT
flight model (FM) within the Omnisys Instruments AB TVAC 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 ±0.8% (around ±0.2C at 25◦C) at a pressure of
1×106 bar.

The pressure at the chamber was monitored by a ‘Leybold TR-211 Thermovac Pi-
rani Vacuum Sensor’ and maintained to 1×106 bar, and the reference temperature was
measured by a ‘HEL-705-T-0-12-00’ probe with an accuracy of ±0.8%. The probe was
fixed close to the ATS rods in order to expose the sensor to the most similar radiative
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Figure 3: Setup for the HABIT flight model (FM) ATS calibration under low-pressure con-
ditions, P=1×106 bar, and ambient temperature, T=25 ◦C, in the Omnisys Instruments AB
TVAC. The reference temperature probe was a HEL-705-T-0-12-00 with an accuracy of ±0.8%
and the pressure monitored by a ‘Leybold TR-211 Thermovac Pirani Vacuum Sensor’.

environment possible. In this test, all the nine temperatures provided by the Pt1000
were fitted to the reference temperature. An average offset with respect to the reference
temperature was calculated using the measurements of each sensor. This allowed us to
remove the initial temperature profiles originated from the self-heating of the instrument
when switched-on. 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 that each thermistor presented during the central hour of the extended acquisition
period. The results of the calibration can be observed in Fig. 4.

As it is shown in Fig. 4, during the ATS calibration the reference probe presented
an oscillation of ±0.1 limited by the capability of the thermal plate that was set to
maintain the HABIT structure temperature at 25 ◦C. However, it must be noted that
the overall accuracy of the probe for the temperatures tested is around ±0.2, as indicated
in Fig. 4 by the error bar, which makes this variation negligible. As can be observed in
the figure, the stability of the Pt1000 readings in this hour of extended acquisition are
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 are now capable of
measuring temperatures at a resolution of 0.05 ◦C and with an accuracy of ±0.2.

3.2 Wind retrieval from the ATS heat-flux analysis.

The recent results from the analysis of REMS ATS and WS dataset on Mars suggested
the possibility of using the REMS ATS temperature data to provide the MSL mission
with wind speed [13]. The main working principle of this wind retrieval method is the
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Figure 4: Results of the ATS calibration at P=1×106 bar and T=25 ◦C. conditions, including
the temperature probe HEL-705-T-0-12-00 absolute error of ±0.8%, during the central hour of
a 3-h extended acquisition.

use of the estimated average m-parameter at each rod, m. This parameter was calculated
in the original fluid temperature retrieval performed by REMS, but it was neither stored
nor further processed. According to its definition, the m-parameter is correlated with the
wind speed through the average convective heat transfer term, hc, included in the average
heat transfer coefficient, h = hc+ hr (see equation (2)). In addition, the hc coefficient
of each rod is dependent on natural and forced convection; that is, on the relative speed
of the airflow that surrounds the ATS rods. Thus, if the correlation between the hc

coefficient and cooling airflow relative speed around each rod was modelled, wind speed
could be retrieved, in first approach, from the estimated m-parameters. The proposed
wind-retrieval method is thus based on modelling the forced convection on the ATS rods.

Results from [13] concluded that this retrieval technique, when applied to REMS
ATS data, matched the REMS WS wind speed values (allowing for WS errors of 20%,
the error of the sensor according to [9] [10]) up to ∼ 77% of the time when the incident
horizontal wind field direction was α ∈ [12.95◦,107.05◦] (α is defined as the horizontal
angle clockwise from REMS Boom 2 relative to Boom 1, see [13]).

Because the HABIT ATS design is based on REMS ATS, the wind retrieval devel-
oped for the REMS dataset is also applicable to HABIT. In this case a set of calibration
experiments are needed to convert the derived heat-transfer to the corresponding wind
speed. A wind tunnel campaign was performed in the Aarhus Wind Tunnel Simulator
(AWTS), Aahrus University, Danemark, with the main goal of assessing the overall error
of the wind retrieval concept when applied to the HABIT EQM ATS temperature mea-
surements. This facility has been frequently used for the testing of space hardware for
Mars ( [14]). Two tests were performed so that the ATS rods were exposed to a normal
airflow. These tests were also used to verify the thermal conductivity of the HABIT ATS
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Figure 5: (Left) HABIT EQM setup within the AWTS. The instrument is attached to an alu-
minium mast through a thick aluminium plate. The mast could rotate in the horizontal plane
360 with respect to the centre of the EQM CU. The tunnel fan that suctions the air towards the
EQM is visible behind the setup. (Right) HABIT CU top view including the reference system
used for the tested wind orientation. Test 1 simulated front winds (α = 0◦) and Test 2 simulated
lateral winds (α = −90◦).

rods after the Pt1000 thermistors and associated printed circuity ( [15]). The tunnel
consists on a TVAC that possess an electric motor (Danfos VLT5001) that moves an in-
ternal fan magnetically coupled. This fan creates a close circuit of low-pressure air that
can replicate typical low-speed winds on the surface of Mars. The cylindrical tunnel is
around 8m×2.5m, although the effective testing area, far from wall interference, is about
0.4 m in diameter ( [16]). Wind speeds up to ∼ 16 m/s could be simulated within the
tunnel, although beyond ∼ 8 m/s the friction of the recirculating air artificially overheats
the flow ( [15]).

Fig. 5 shows the setup for the two tests performed within the AWTS and the reference
system considered. Test 1 simulated front winds (α = 0◦), where the airflow is perpen-
dicular to both ATS rod 1 and ATS rod 3. Test 2 simulated lateral winds (α = −90◦);
that is, airflows perpendicular to the ATS rod 2. The range of wind speeds tested in
the tunnel was limited to V ≤ 12 m/s because of excessive overheating of the airflow
observed during the operations.

As it was early mentioned, the HABIT WS retrieval relies on the modelling of forced
convection on the ATS rods. The main purpose is then to obtain an analytical expression
that correlates the averaged convective heat transfer coefficient at each rod, hc, estimated
from m with the local wind speed. This was performed through the average Nusselt
number, Nu, defined as the ratio of convective to conductive heat transfer terms within
the boundary layer developed around the ATS rods, Nu= hc.

Lc
k
. Here, Lc represents the

characteristic length.
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The rectangular-based ATS rods were assumed to be cylinders and several empirical
formulations of Nu for normal cross-flow were assessed [17–20]. These Nu models were
developed for similar fluid flow regimes to the expected low-density airflows on the surface
of Mars and for the Lc of the heat transfer problem on the ATS rods; in this case Lc ∼
diameter of the cylinders. As a result, by comparing the hc coefficient estimated from m
with the hc resulting from the averaged Nusselt number model at each rod, it is possible
to obtain the wind speed. Equation (5) summarizes the analytical expression developed
for the WS retrieval, whose solution provides wind speed from the estimated m values.

hc =
m2K.a.b

L2.2.(a+ b)
− σε(T 2

s + T 2
∞)(T s + T∞) =

k

Lc

.Nu (5)

Here, a=2 mm and b=3 mm correspond to the sides of the rectangular cross-section of
each ATS rod, T∞ is the temperature of the fluid Tf which is retrieved through equation
(4) and Ts the temperature of the ATS surface which is calculated from the average
of the temperatures provided by the three ATS thermistors. From the wind tunnel
tests performed in the AWTS, and according to the concussions from the application
of the retrieval concept to the REMS temperature data when compared to the REMS
WS values [13], the average Nusselt number model developed by S. Whitaker [20] was
selected for the ATS rods (see equation (6).

Nu = (0.4.Re0.5 + 0.06.Re2/3).P r0.4.(µf/µs)
0.25 (6)

In equation (6), Re = ρLc/µ is the Reynolds number, which represents the ratio
between the viscous and convective terms of a fluid flow of density with unperturbed
wind speed U∞ which for our tests is VTunnel, and dynamic viscosity µ around the rods
of diameter Lc.P r = µ.Cp/k is the Prandtl number, that represents the ratio between
the momentum diffusivity and thermal diffusivity within a fluid flow of specific heat at a
constant pressure Cp and thermal conductivity k. µf and µs correspond to the dynamic
viscosity evaluated at the fluid temperature, T f, and at the averaged surface temperature
of the rods, T s respectively.

The final accuracy of the ATS wind speed retrieval was set based on the comparison
with the wind tunnel reference values. The latter were obtained after the calibration of
the correlation between the fan revolutions per minute, and the measurements provided
by a commercial Dantec laser Doppler anemometer; the nominal errors at the testing
area for the selected range of wind speed is ±0.3m/s [16].

Although both ATS 1 and ATS 3 were equally exposed to the same free stream, the
experiments suggested that the aluminium plate to which the HABIT CU was attached
locally modified the horizontal velocity field in the vicinity of the ATS rod 1; that is,
ATS rod 1 was too close to the plate and the perturbation introduced in the flow by the
latter modified the airflow upstream. As a result, no reference value of the actual wind
speed sensed by the ATS rod 1 was available to be compared with the retrieval prediction.
When compared to the free stream speed values, the maximum error observed in the ATS
rod 1 retrieval, assuming the Whitaker approach, was 0.81 m/s for VTunnel∈[0,10] m/s.
ATS 3, on the contrary, demonstrated to be sufficiently separated from the plate and
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this hypothetical perturbation into the ATS rod 3 surrounding airflow was not observed,
providing a maximum wind speed retrieval error of 0.28 m/s with respect to the reference
values for VTunnel∈[0,10] m/s. It should be noted that both the shape of the aluminium
plate and CU relative orientation to the platform are not similar to the final configuration
on board the SP, both ATS1 and ATS3 are similarly distant from the SP. However, for
calibration purposes we shall use the tests of the ATS that is less perturbed by its holding
structure. Then on Mars, the three ATS will provide the wind measurement at the place
where they are installed, namely this local wind may be significantly different from the
free flow of air on Mars. This contamination is unavoidable for any instrumentation
mounted on a landed spacecraft on Mars. As a result, from the AWTS analysis an error
of 0.81 m/s was assumed for both sensors to predict possible unknown interference on
the retrieval of frontal winds [15].

Results from Test 2, where the CU was exposed to lateral winds (α = −90◦), demon-
strated the ATS 2 wind speed prediction capabilities, for the Whitaker approach, with
an maximum error of 0.29 m/s for VTunnel∈[0,6] m/s; that is, comparable to the wind
tunnel wind speed reference probe error. However, ATS rod 2 results exposed a limitation
in the wind speed retrieval for VTunnel∈[6,10] m/s inherent to the instrument structural
design. The results suggested that, for horizontal lateral winds, the viscous boundary
layer developed along rectangular shape of the CU structure could present separation
bubbles along its entire lateral surface for wind speeds > 5.5m/s [21] predicted this point
for a Reynolds number, based on the length of the larger side of the CU (Lc=A), at
ReA ∼ 200, which agrees with the Reynolds at VTunnel=5.5 m/s; that is, ReA=193 [15].

Fig. 6 shows as an example the retrieval output when applied to ATS rod 3 under
front winds in Test 1 (α = 0◦).

As can be seen on Fig. 6 (left), the average convective heat transfer coefficient esti-
mated from m,hWopt, fairly match the theoretical predictions of this coefficient, hWhitaker,
when the wind speed measured by the tunnel probe, VTunnel, is used for its calculation
(instead of m). Also, the overheating of the airflow because of the friction of the flow
with the inner tunnel walls can be observed on the temperature evolution of the tunnel
temperature probe, TProbe. Fig. 6 (right) shows the comparison between the wind speed
retrieval and the free stream wind speed values tested. Here, the tunnel wind speed
reference error of ±0.3 m/s has been included. Each wind speed value tested was kept
constant for 10 min, and both the reference and retrieval wind speed values were averaged
for this period.

In summary, the wind tunnel campaign performed in the AWTS allowed us to assess
the capabilities and main limitations of the HABIT ATS wind retrieval for frontal and
lateral winds. The formers are expected to be retrieved with a maximum error of 0.81
m/s from ATS 1 and ATS 3 for horizontal wind speeds V∈[0,6] m/s, assuming some
perturbation from the ExoMars SP. The latter, with a maximum error of 0.29 m/s from
ATS 2 for horizontal wind speeds V∈[0,6] m/s; the platform is not expected to interfere
in the airflow around ATS rod 2 in this case. Future wind tunnel studies are planned
to investigate the time response sensitivity to varying winds, the role of the temperature
and the possibility to extract information about the angle of incidence of the wind.
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Figure 6: (Left) Comparison of the evolution of the average convective heat transfer coefficient
estimated from m, hWopt (assuming the Whitaker approach for the Nu modelling), with respect
to the theoretical coefficient associated to the free stream wind speeds, hWhitaker, on the ATS rod
3. The estimated fluid temperature, Tf3, as well as the temperatures from the CU Pt1000, TCU,
and the tunnel, TProbe (which is in a distant position in the tunnel), are also included. (Right)
Comparison of the wind speed prediction performed by the ATS rod 3 with the free stream wind
speed values. The errors associated to the wind speed reference estimation of ±0.3 m/s have
been included.

4 Ground Temperature Sensor (GTS)

The HABIT Ground Temperature Sensor (GTS) monitors the temperature at a single
spot of the surface at the landing site. The GTS is a light weight, low power, and low-
cost pyrometer that will measure the soil kinematic temperature of the Martian surface
during the nominal mission lifetime of one Martian year. It benefits from a simple design
with no moving parts and is fixed pointing to the Martian surface at an angle of 45◦. The
sensor acquires its heritage from the Rover Environmental Monitoring Station (REMS)
Ground Temperature Sensor (GTS), an instrument aboard the NASA’s Mars Science
Laboratory [9, 10]. Fig. 7 shows the Flight Model of HABIT, including GTS as a part
of the Electronics Unit (EU). In this section, we describe the design of GTS, the energy
balance model and the associated calibration with the Engineering Qualification Model
(EQM) and the Flight Model (FM).
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Figure 7: Image of the HABIT instrument Engineering Qualification Model (EQM) in the
SpaceQ chamber highlighting the Container Unit (CU), Electronic Unit (EU) with Ground Tem-
perature Sensor (GTS) and other sensors.

Figure 8: Schematic representation of a cross-section of a thermopile and its components.

4.1 Design and operation

The core of the GTS is an 8-14µm wavelength band sensitive infrared thermopile (Fig. 8),
which depending on the total energy influx from its field of view, converts this to a
corresponding voltage output.

The sensing area of the thermopile that receives the energy from its field-of-view and
converts it to a voltage is the bolometer. The response depends on the difference in
temperature with the thermopile case base (cb) as measured with the help of a Pt1000
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temperature sensor. The incoming energy passes through an 8-14µm band-pass filter
to measure temperatures in a range specific to the Mars. The blackbody temperature
for a peak wavelength can be calculated using the Wien’s displacement law as shown in
equation (7).

λmax =
2898

T
(µm) (7)

The thermopile with its 8-14 µm band-pass filter is sensitive to measure a temperature
range between -66.17 ◦C and 89.07 ◦C.

4.2 Measurements and calibration

The GTS measures the thermopile case base (cb) temperature and the thermopile output
as ADC counts. HABIT uses a 12-bit ADC (4096 step resolution) with a reference voltage
(Vref ) of 4.096 V. The amplifier gain (Av) is set to 201 in order to read the output
signal, since the output voltage produced by the thermopile is marginally smaller that
the reference voltage. The thermopile output voltage (Vthermopile) can be calculated using
equation 8.

Vthermopile =
1

Av

×
(
ADC counts× Vref

ADC resolution

)
= ADC counts× 100

201
(µV ) (8)

The resultant voltage output is a function of the difference in temperature between
the thermopile case base (cb) and the bolometer (s) as expressed in equation 9.

Vthermopile = f(Tcb)(Ts − Tcb) (9)

where, Tcb is the temperature of the thermopile case base, and Ts is the temperature
of the bolometer.

For the IPHT TS-100 thermopile used in the GTS, the relationship is provided by
the manufacturer as in equation 10.

f(Tcb) = −88.86×10−4+3.057×10−4.Tcb−0.01526×10−4.T 2
cb+3.366×10−9.T 3

cb−2.788×10−12.T 4
cb

(10)
For a set of 100 thermocouples connected in series in the thermopile, equation 10 is

modified to equation 11

Vthermopile = 100.f(Tcb)(Ts − Tcb) (11)

Energy balance model

In a non-contact measuring instrumentation like the thermopile, the energy flux con-
tributing to the temperature measurement could be of conductive, convective and radia-
tive nature as shown in Fig. 9

The energy balance equation [9, 22] is expressed in equation 12:
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Figure 9: Graphical representation of the conductive, convective and radiative energy fluxes
associated within the thermopile and with the external environment. The green arrows show the
interaction between the different components of the thermopile with the subscripts depicting if
the nature of the energy flux is conductive, convective or radiative in nature.

PR,g−s + PR,f−s + PR,cc−s + PR,cb−s + PC,cb−s = 0 (12)

where, P – Energy, R – Radiation, C – Conduction, g – Ground, f – Filter, cc – Thermopile
case cap, cb – Thermopile case base, s – Bolometer.

Considering constants K1, K2, and K3, each representing the relative weight of dif-
ferent energy transfer processes, and assuming filter temperature, Tf and the thermopile
case cap temperature, Tcc are the same as the thermopile case base temperature, Tcb,
since there are in contact with each other, the simplified energy balance equation obtained
is shown in equation 13.

K1(Φ
I
g − ΦI

s) +K1(Φ
O
cc − ΦO

s ) +K2(Φ
T
cc − ΦT

s ) +K3(Tcb − Ts) = 0 (13)

where,
Φ - Heat flux
I – Heat flux of radiation passing through filter (wavelength restricted)
O - Heat flux radiation not passing through filter
T - Heat flux of radiation in total spectrum (all wavelengths)

The different heat flux terms are calculated using Planck’s law as shown in equations
14 - 19.

ΦI
g = εg

∫ λb

λa

Tf (λ)
2hc2

λ5 (ehc/λkBTg − 1)
dλ (14)
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ΦT
cc =

∫ ∞

0

2hc2

λ5 (ehc/λkBTcc − 1)
dλ (15)

ΦI
cc =

∫ λb

λa

Tf (λ)
2hc2

λ5 (ehc/λkBTcc − 1)
dλ (16)

ΦT
s =

∫ ∞

0

2hc2

λ5 (ehc/λkBTs − 1)
dλ (17)

ΦI
s =

∫ λb

λa

Tf (λ)
2hc2

λ5 (ehc/λkBTs − 1)
dλ (18)

ΦO
cc = ΦT

cc − ΦI
ccΦ

O
s = ΦT

s − ΦI
s (19)

where,
αs - Bolometer absorptivity = 1
εg - Ground emissivity
εcc - Thermopile can cap emissivity = 1
εcb - Thermopile can base emissivity = 1
εs - Bolometer emissivity = 1
Tf (λ) - Filter transmittance = 0.754
ρf (λ) - Filter reflectance = 0
Tg - Ground temperature
Tf - Filter temperature
Tcc - Thermopile case cap temperature
Tcb - Thermopile case base temperature
Ts - Bolometer temperature
Tf = Tcc = Tcb

h = Planck’s constant = 6.626 × 10−34 m2kgs−1

c = Speed of light = 3 × 108 m/s
kB = Boltzmann constant = 1.3806 × 10−23 m2kgs−2K−1

λa = Minimum limit of the wavelength band of the thermopile filter = 8 µm
λb = Maximum limit of the wavelength band of the thermopile filter = 14 µm

Thermopile output voltage vs temperature

The purpose of calibration of the GTS was to determine the calibration constants in the
energy balance equation and represent the output voltage produced by the thermopile
to the brightness temperature of the target area in its field-of-view. The blackbody cali-
bration source with emissivity (ε) equal to 1 was used to establish this relationship. The
calibration constants and the resultant energy balance equation obtained will be used for
the accurate conversion of the thermopile output voltage to the target temperature as-
suming the emissivity of the Martian surface from literature. The calibration procedure
of the GTS consisted of three different blackbody targets to cover the entire thermal
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Figure 10: Experimental setup of the GTS mounted against the LumaSense Technologies black-
body calibration source where the distance between the blackbody source and the GTS is main-
tained at 6 cm.

range of Mars: 1) Blackbody calibration source and controller (LumaSense Technolo-
gies M315X4-HT, Exit port: 101 mm × 101 mm) for ambient laboratory temperature
experiments; 2) Peltier-controlled thermographic paint coated copper plate for colder
temperatures inside the climate chamber; and 3) Thermographic paint coated copper
plate inside the SpaceQ Mars simulation chamber at Martian temperature, pressure and
carbon dioxide atmosphere [23]. A MELEXIS MLX90614 infrared thermometer (with a
temperature measurement range of -70 ◦C to 380 ◦C and a measurement accuracy and
resolution of 0.5 ◦C and 0.02 ◦C respectively) was used as a reference for this application.

This experiment was conducted in three parts: i) under laboratory ambient, with
blackbody temperatures between 25 ◦C and 73 ◦C using LumaSense Technologies black-
body calibration source (see Fig. 10); ii) under Martian temperatures in a climate cham-
ber, with blackbody temperatures between 10 ◦C and -50 ◦C using the peltier-controlled
blackbody source (see Fig. 11); and iii) under Martian conditions of temperature, pressure
and carbon dioxide atmosphere in a simulation chamber, with blackbody temperatures
between 10 ◦C and -50 ◦C with 10 ◦C interval using the thermographic paint coated cop-
per plate with paint properties same as (ii), see Fig. 12, attached to the liquid nitrogen
cooled working table of the chamber. All the experiments were conducted in an ISO
Class 5 cleanroom with HABIT EQM.

All the experiments were performed by maintaining a blackbody temperature be-
tween 73 ◦C and -50 ◦C, decreasing the temperature at 10 ◦C intervals while the ambient
temperature was maintained relatively constant. For the experiment (iii) under Martian
conditions, an insulating spacer was used to isolate the Electronics Unit (EU) from the
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Figure 11: Experimental setup of the GTS against the Peltier-controlled thermographic paint
coated aluminium plate inside the climate chamber where the distance between the blackbody
source and the GTS is maintained at 2 cm.

Figure 12: Experimental setup of the GTS against the thermographic paint coated aluminium
plate inside the Mars simulation chamber where the GTS is maintained at a slant distance of
3.25 cm and pointed at an angle of 45◦, representative of the operational scenario on Mars.

cold working table. The response of the thermopile was recorded for 100 data points at
a frequency of 1 Hz.

The different distance between the GTS and the blackbody calibration source for
each of the experimental setup (6 cm for LumaSense Technologies blackbody calibration
source, 2 cm for peltier-controlled for thermographic paint coated aluminum plate, and
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3.25 cm for thermographic paint coated aluminum plate inside the SpaceQ Mars simu-
lation chamber) was maintained such that the oval footprint of the thermopile’s field-
of-view was covering only the calibration target of the blackbody. Hence, the difference
in distances does not affect the accurate retrieval of the target temperature but rather
provide an average brightness temperature from the area of coverage in the field-of-view
of the thermopile. During HABIT deployment on Mars, the distance between the GTS
and the Martian surface will be about 1.5 m. Since the temperature is computed from
the overall radiation within the field-of-view, the same calibration can be used without
any modification for its use on Mars.

Ground temperature calculation

From the energy balance equation 12 and adding radiation from blackbody reflections
φreflection, we obtain equation 20.

K1(Φ
I
g + φreflection − ΦI

s) +K1(Φ
O
cc − ΦO

s ) +K2(Φ
T
cc − ΦT

s ) +K3(Tcb − Ts) = 0 (20)

For this calibration, all the data points from ambient laboratory tests with the
Lumasense blackbody calibration source, the Martian temperature tests in the climate
chamber and the Martian condition tests inside the SpaceQ Mars simulation chamber
were used.

Solving this equation for pairs of blackbody temperatures,

K1(Φ
I
g1 + φreflection − ΦI

s1) +K1(Φ
O
cc1 − ΦO

s1) +K2(Φ
T
cc1 − ΦT

s1) +K3(Tcb1 − Ts1) = 0

-
K1(Φ

I
g2 + φreflection − ΦI

s2) +K1(Φ
O
cc2 − ΦO

s2) +K2(Φ
T
cc2 − ΦT

s2) +K3(Tcb2 − Ts2) = 0

K1(Φ
I
g1 − ΦI

g2 − ΦI
s1 + ΦI

s2) + K1(Φ
O
cc1 − ΦO

cc2 − ΦO
s1 + ΦO

s2) + K2(Φ
T
cc1 − ΦT

cc2 − ΦT
s1 +

ΦT
s2) +K3(Tcb1 − Tcb2 − Ts1 + Ts2) = 0

(21)

K1(=1), K2, and K3 are achieved from equation 21 using linear least square algorithm.

[K1 K2 K3] = [1 113.4336 –7462.499]

Using the constants K1, K2, and K3 in equation 13, the ground heat flux term, can
be computed, as shown in Fig. 13, for the measured blackbody temperatures.
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Figure 13: Computed ground heat flux values for the corresponding blackbody target temperatures
based on equation (7).

The target temperature, Tg can then be calculated from the resultant ground heat
flux using a 3rd order polynomial least square fit as expressed in equation 22.

Tg = 9.235e−05.ΦI3

g − 0.0103.ΦI2

g + 1.8493.ΦI
g + 285.3986 (22)

The retrieved target temperature is the brightness temperature considering the black-
body with an emissivity, ε = 1. For Martian surfaces where ε �=1, the assumed emissivity
from the literature can be substituted to recalculate the ΦI

g term in equation 14 to retrieve
the soil kinematic temperature on Mars.

4.3 GTS performance

The purpose of this experiment was to verify the overall performance of the GTS ther-
mopile response after obtaining the calibration constants from the tests described in
calibration section. This experiment used the same setup of the LumaSense Technologies
blackbody source and the HABIT EQM but was performed as a continuous single sweep
in the blackbody temperatures from 73 ◦C to 40 ◦C including the transitions between
temperatures. The experiment was also conducted in an ISO Class 5 cleanroom with
GTS thermopile at ambient temperature and maintaining 6 cm between the blackbody
source and the GTS. The results are shown in Fig. 14.

With the current calibration, the error in temperature retrieval is within 0.8 ◦C.
With more calibration data points for intermediate temperatures and more stability
in maintaining constant temperatures, the energy balance model can be improved and
thereby the error can be minimized.
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Figure 14: GTS performance tests. The retrieved GTS temperatures obtained using the calibra-
tion function are shown in d).

5 Ultraviolet Sensor (UVS)

In this section, we present the Ultraviolet Sensor (UVS) design and the calibration tests
which have been conducted on the FM, EQM and a UVS engineering calibration pro-
totype. The UVS is located on the top surface of the EU of HABIT, mounted on the
Surface Platform deck. It consists of 6 SiC photodiodes designated as UV-A, UV-B,
UV-C, UV-D, UV-E and UV-ABC, see Fig. 15. Their measurements cover the UV range
of 200-400 nm, see Table 1. Table 1 shows the spectral bandwidths of the photodiodes,
the nominal gain values of the HABIT electronics and the maximum measurable UV
irradiance. The UVS has a solid angle field of view of ±30◦C with an unobstructed view
of the sky, similarly to the UVS of the REMS sensor on the Curiosity rover [9]. The UVS
of HABIT, along with the REMS-UVS, will enable simultaneous measurements of UV
radiation on the Martian surface at two different locations on the planet. Each photo-
diode is housed in a TO-39 package and has an active sensing area of 0.965 mm2. Each
photodiode is placed within a surrounding magnetic ring to deflect airborne, in-falling,
magnetic dust particles and mitigate the obstruction of the windows of the sensor by
dust. The UVS includes a thermistor to monitor its temperature.

The UV Photodiodes are passive sensors activated by the incident UV radiation that
excites the SiC sensor area. Upon excitation, the photodiodes produce a current which
is converted, by the HABIT electronics, to voltage values. The maximum allowed output
of the UV photodiodes is divided into 4096 ADC levels (12 bits), each one represents
a 1mV (with a maximum output of 4.096 V). This gives a sensing resolution limit of
0.024% of the maximum measurable irradiance. The voltage output Vi (mV) obtained
from the photodiodes is a function of 4 parameters namely;
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Figure 15: UV photodiodes on the top of the HABIT electronic unit. The location of each
photodiode type is marked with arrows.

Table 1: Spectral bands, gain and maximum measurable UV irradiance by the HABIT UVS
photodiodes.

Channel Spectral band
(nm)

HABIT-UVS
Gain

(Gi)(mV/nA)

Maximum
measurable

UV irradiance
(W/m2)

UV-A 335-395 2 28.30
UV-B 280-325 5 8.94
UV-C 220-275 10 3.14
UV-ABC 210-380 0.649 59.46
UV-D 245-290 10 2.93
UV-E 310-335 5 7.38

(i) Incident spectral radiation Ii (λ) (nW/cm2)
(ii) Sensor spectral responsivity S(λ) (A/W)
(iii) Sensor area Ai (cm

2)
(iv) HABIT electronics gain Gi (mV/nA)

Equation (23) shows the integrated spectral radiance over the bandwidth of the UV
photodiode, weighted by the spectral responsivity of the sensor and multiplied by the
sensing area of the detector. Equation (24) is the voltage that the electronics reads with
the gain of the circuit:

Currenti = Ai

∫ λbi

λai

S(λ)I(λ)dλ ∼= Ri
avgAi

∫ λbi

λai

I(λ)dλ = AiRi
avgI i

avg (23)
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V i = GiAiRi
avgI i

avg (24)

We can calibrate Ri
avg by measuring under a controlled calibrated broadband incident

irradiance, the voltage response, knowing the I i
avg=

∫ λbi
λai

I(λ)dλ incident within the range

of response of the sensor

Ri
avg =

V i

AiGiI iavg
(25)

or alternatively by calibrating the photodiode spectrally with narrow wavelength ex-
citation beams, as it is done by the manufacturers, and then calculating a weighted
average. During operations on Mars, the incident irradiance can be retrieved by convert-
ing the output voltage recorded by the UVS electronics, knowing the gain, sensing area
and weighted sensor responsivity within the given wavelength range.

I i =
V i

AiGiRi
avg

(26)

The calibration process of UV photodiodes with a monochromator yields their spectral
responsivity S(λ) at normal incidence and ambient temperatures. Other tests are focused
on estimating the linearity and the dependence on the angle of incidence of the direct
solar beam. The angular tests have been performed with the FM and EQM HABIT
EU at ambient conditions, whereas the temperature dependence tests are performed in
a thermally controllable chamber. The calibration procedures are described next.

5.1 Spectral calibration

The spectral responsivity of the UV photodiodes is obtained by measuring the response of
each photodiode to a narrow wavelength excitation beam of ∼5nm, at normal incidence
and ambient temperature. The UVS spectral calibration setup is shown in Fig. 16. It
consists of a Deuterium UV lamp (Avantes), focusing optics, UV-VIS monochromator
(Newport), filter wheel (Newport) with 3 ND filters, fiber optic cables with beam splitter,
a power meter (Newport) along with 818-UV/DB photodetector to measure the strength
of UV radiation and a UV/VIS/NIR spectrometer (Avantes). Fig. 17 shows the relative
spectral responsivity of the UV-A, UV-B, UV-C, UV-D and UV-ABC photodiodes from
the spectral calibration tests, the UV-E curve is shown from the data provided by the
manufacturer.

5.2 Linearity test

The linearity tests have been performed with the FM at ambient conditions in a clean-
room. The neutral density (ND) filters on the filter wheel housing with optical densities
(OD) 0.04, 0.1 and 0.5 are used while maintaining all other parameters constant, namely
the focusing, bandwidth, and wavelength. Fig. 18 shows the normalised linearity of the
photodiodes UV-A, UV-B, UV-C, UV-D and UV-E. The photodiodes UV-A, UV-B and
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Figure 16: UVS calibration workbench consisting of the required instruments for the calibration
of UV photodiodes.

UV-E show better than 2.5% linearity for the described test conditions, while UVC and
UVD show linearity better than 11.38% and 3.06% respectively. The large errors in lin-
earity shown by the UV-C and UV-D channels compared to the rest are induced due to
their sensitivity to the ozone absorptions in the air column. The linearity calculation er-
rors for these two photodiodes can be improved in future tests under neutral atmosphere
conditions.

Figure 17: Relative spectral responsivity of the HABIT UV photodiodes.
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Figure 18: Normalized linearity graph of UVS photodiodes. The X-axis shows the normalised
UV irradiance power and Y-axis shows the normalised output of the photodiodes and the dotted
lines represent the linear fit curves for the response of the photodiodes.

5.3 R-test

The R-tests are conducted to derive the average responsivity, Ri
avg of the UVS pho-

todiodes a constant value which is wavelength-independent and can be used to obtain
in real-time a quick estimate of the incident irradiance without prior knowledge of the
spectral shape of the incident irradiance. Among the six UVS photodiodes, the UV-A
channel has minimum sensitivity to ozone absorption and atmospheric effects from the
air column. Next, we describe for illustration the procedure of the R test for the UVA
and UVB photodiodes with an engineering calibration prototype. The sensing area is il-
luminated with the full-strength signal from the Deuterium UV lamp using the fibre optic
cable and COL-UV/VIS collimating lens at 10 mm distance from the photodiode. The
output current from the photodiode is recorded using HM8112-3 precision multi-meter
and the power of the incident UV radiation is recorded using the power meter 1936-R
connected with the 818-UV/DB low power UV enhanced silicon photodetector. The in-
cident UV power is measured at the wavelengths of the UVA or UVB spectral band and
the mean power is substituted for I i

avg in Equation (23) to calculate the average spectral
responsivity, resulting in RA

avg=0.0596 A/W and RB
avg=0.2438 A/W. At the time of

submission of this work, the averaged spectral responsivity for the other photodiodes is
still pending calibration. We include for reference an estimate of the order of range of R
using the Full Width at Half Maximum (FWHM) of the spectral response as provided
by the manufacturer, see Table 2. These values shall be updated with future calibrations
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of the EQM when the model returns from IKI after the tests of the ExoMars program.
The REMS UV channel-averaged responses are included for comparison.

Ri
avg (A/W) REMS 25 ◦C
UV-A 0.0596 0.0529
UV-B 0.2428 0.1946

UV-C 0.111 (FWHM) 0.0716
UV-D 0.1293 (FWHM) 0.0602
UV-E 0.103 (FWHM) 0.0907

UV-ABC 0.1276 (FWHM) 0.1008

5.4 Temperature dependence test

The spectral response of the SiC UV photodiodes increases with temperature, approxi-
mately 1% per degree, due to small variations of the quantum efficiency of SiC detectors
and possibly also due to changes in the spectral response of the filters. This makes the
output shift towards longer wavelengths beyond 280 nm. Thus, photodiodes UV-A, UV-
E and partly UV-B whose spectral response is higher than 280 nm are more sensitive
to the temperature changes [9]. The responsivity of the electronics can also vary with
temperature. The UVS is within the Electronic Unit (EU), on the Surface Platform deck,
and it is protected with a heater that is activated when its temperature is below -33 ◦C
and disabled if the temperature of the surface platform rises above -30 ◦C, we, therefore,
limit the tests to the range -40 ◦C to 25 ◦C (ambient conditions to compare with the rest
of calibrations).

Fig. 19 shows the temperature dependence test workbench along with the engineer-
ing proto-type inside the thermal chamber with the photodiodes and the collimating
lens in normal incidence orientation. This test uses an HM8112-3 precision multime-
ter from Rohde and Schwarz that measures the current across the UV photodiodes, a
deuterium UV lamp from Avantes and a temperature measurement unit made using Ar-
duino, MAX31865 and PT1000 RTD. The UVS engineering calibration prototype houses
the same UV photodiodes used in the HABIT flight model. A Heraeus Votsch HT4010
climate chamber is used. A single-mode fibre optic cable of core diameter 800 m was
used to couple the deuterium UV lamp and the collimating lens thereby utilising the
full spectrum UV radiation from the UV lamp. The distance between the collimating
lens and the UV photodiodes is kept constant at 10 mm during the tests. Sufficient
warm-up time is provided for the UV lamp to obtain a stable output before proceed-
ing with the tests. The temperature measurements are obtained from the PT1000 RTD
sensor mounted close to the UV-photodiodes as shown in Fig. 19. The data from the
multi-meter and the PT1000 temperature sensor is logged at a frequency of 1 Hz. Fig. 20
shows, an illustration, the relative change of the response with respect to the nominal
ambient response for UV-ABC and UV-C. Once on Mars, for a given temperature of the
photodiodes, the temperature correction factor can be interpolated from these data.
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Figure 19: (left) Temperature dependence workbench (right) UVS engineering prototype inside
the climate chamber.

Figure 20: Variation of the UV photodiode current response with temperature.

5.5 Incidence angle dependence test

The direct beam of UV radiation from the Sun reaches the photodiode with an angle
of incidence that varies as the Sun moves in the sky. It depends on the hour of the
day and the season, and of course on the landing site and surface platform inclination.
This information can be obtained as ancillary data during the operation on Mars. The
REMS UVS photodiodes follow a cosa(θ) response, as long as the direct beam is within
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the nominal field of view of ±30◦ [9,24]. This exponent is next calibrated for HABIT. To
modify precisely the angle of incidence, a dedicated fixture was designed, see Fig. 21. It
consists of a twin linear actuator, a screw-driven mechanism and a micro-stepper motor
with an open-loop control in the x-y axis.

The angle of incidence test was performed at ambient conditions for 0 to 30 incidence
angle, at increments of 5◦. A 340 nm 0.33 mW UV LED 341 nm from Thor labs was
utilised as the UV source during the incidence angle test. The distance between the
UV photodiode and the UV LED was accurately maintained at 6 cm. Fig. 22 shows an
example of the calibration curve, and the fit to acosn(θ) + b for the UVA photodiode.
The parameters of the fit for the UVA sensor are: nUVA=15, aUVA=24, bUVA =29.

Figure 21: Mechanical fixture for incidence angle dependence tests on which the EU of HABIT
EQM is fixed.
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Figure 22: UV-A photodiode cosine angle dependence response.

6 Brine Observation Transition To Liquid Experi-

ment (BOTTLE)

6.1 Design and operation of BOTTLE

The Brine Observation Transition To Liquid Experiment (BOTTLE) shall monitor the
formation and stability of liquid brines on Mars. It consists of 6 cells, shown in Fig. 23.
Four of them are exposed to the Mars environment and contain deliquescent salts that
have been found on Mars (Calcium Chloride CaCl2, Ferric Sulphate Fe2(SO4)3, Magne-
sium Perchlorate Mg(ClO4)2, and Sodium Perchlorate NaClO4). The other 2 cells are
empty will be used to monitor the air electrical conductivity and collect atmospheric
dust.

The salts are exposed to the Martian environment through a High Efficiency Particu-
late Air (HEPA) filter (to comply with planetary protection protocols). The deliquescence
process of salts will be monitored by observing the changes in the electrical conductivity
(EC) of each cell with the electrode pairs at three different levels (denoted as low, mid and
high). Gold electrodes are used for better resistance to corrosion [25]. This technique has
been commonly used for the detection of liquid or frozen water in soils [26,27]. Previous
studies have suggested electrical conductivity as a good method to monitor the deli-
quescence process of salts [28, 29]. The electrical conductivity measurements correlated
well with the deliquescence rates of mixtures of Martian analogue soil and perchlorates
or chlorides. The electrical conductivity method provides a time series and may be a
good indicator of the brine formation process, with higher sensitivity than either Raman
spectroscopy or estimates based on deliquescence relative humidity [29]. The salts of
BOTTLE have the property of absorbing water from the Martian atmosphere, forming
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Figure 23: CAD model of BOTTLE flight model generated using the measurements from the
optical measurement system.

different hydrates, and brines, depending on the temperature and relative humidity; and
we expect to identify the phase changes from dry salt to its hydrate forms, to liquid brine
or to frozen brine.

BOTTLE is equipped with a PT1000 temperature sensor to serve as reference and a
12 W heater (at Pulse Width Modulation with 100% duty cycle) to allow recyclability of
salts. The purpose of the heater will be to: 1) dehydrate the liquid brine to anhydrous
salt and restart the experiment, and 2) provide inflight calibration for detecting any
degradation in the hardware and correct the offsets. The experiments on BOTTLE will
show the absorption and release of water and will serve to demonstrate the ISRU potential
of the instrument to collect water for the future exploration of Mars.

6.2 Measurements and calibration of BOTTLE EQM and FM

BOTTLE measures the current flow, I and the voltage drop, V across low, mid and high
electrode pairs (Fig. 23) of each of the six cells, along with its temperature. Consequently,
the conductance, G in Siemens is calculated with equation 27.

G =
I

V
(S) (27)

BOTTLE uses a 2.048V bias voltage and have two modes of conductance measure-
ments. The high conductance mode uses a 70 mV electric pulse and a 100 Ω current
sense resistor while the low conductance mode uses a 700 mV electric pulse to generate
enough current for measurements and a 10 kΩ resistor. At the beginning of every data
acquisition session, BOTTLE measures in high conductance mode by default. The mode
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is switched to low, when the measurement is out of range. The first 8 samples are used as
a filter to make a smooth transition between the modes and thus these 8 measurements
must be discarded for interpretation.

Laboratory experiments for evaluating the coefficients of the calibration function were
per-formed for 100 data points at a frequency of 1000 ms. The measured conductance
of the sample is translated to electrical conductivity by multiplying with the geometrical
cell constant of the electrode pair, Kcell as in equation 28.

σmeasured = Kcell ×G(µScm−1) (28)

The geometrical cell constant of the electrode pair depends on its physical dimensions.
There are three electrode pairs each in four middle cells and two electrode pairs each in
the two end cells summing to a total of 16 electrode pairs and consequently, 16 geometrical
cell constants are to be calculated with equation (29).

Kcell =
Distance between electrodes (in cm)

Surface area of electrodes (in cm2)
=

d

A
(29)

where,
Alow=1.6cm×0.4cm=0.64cm2

Amid=1.6cm×0.2cm=0.32cm2

Ahigh=1.6cm×0.2cm=0.32cm2

The distance between the electrode pairs are measured using an optical measurement
system (Mitutoyo MF 176) to verify the alignment of the electrodes and to obtain an
accurate geometrical cell constant of the electrode pairs. The minimum and maximum
distances between each of the electrode pairs are averaged. A screenshot of the procedure
used to measure the distances in the CAD model constructed with the optical measure-
ments is shown in Fig. 23 and the computed cell constants are tabulated in Table 3.

Zero offset or dry point

The zero offset of an instrument is normally used to determine the null reference of
the experimental case. Here, the conductivity of empty containers are determined with
just the natural noise frequency of the instrument electronics. The measured zero offset
provides the first point (dry) of the calibration function. This test was performed with
the BOTTLE Flight Model (FM), inside a vacuum chamber at a temperature around 300
K and measuring the empty cells. The measured electrical conductivity in the vacuum
conditions is used as a reference for the absolute zero measurement, a 0.00364 µScm-1

averaged across all the low electrodes.
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Table 3: Computed geometrical cell constants of all the electrode pairs.
Electrode designation d (cm) A (cm2) Kcell (cm

-1)
Cell-1, Low 2.7124 0.64 4.2381
Cell-1, Mid 2.6985 0.32 8.433
Cell-2, Low 2.7361 0.64 4.2752
Cell-2, Mid 2.7335 0.32 8.5421
Cell-2, High 2.7313 0.32 8.5354
Cell-3, Low 2.7412 0.64 4.2832
Cell-3, Mid 2.7352 0.32 8.5476
Cell-3, High 2.7312 0.32 8.5351
Cell-4, Low 2.7363 0.64 4.2755
Cell-4, Mid 2.7322 0.32 8.5382
Cell-4, High 2.7289 0.32 8.5279
Cell-5, Low 2.7402 0.64 4.2816
Cell-5, Mid 2.7312 0.32 8.5349
Cell-5, High 2.7246 0.32 8.5144
Cell-6, Low 2.7294 0.64 4.2646
Cell-6, Mid 2.7226 0.32 8.5082

Calibration function and coefficients

For correcting the inaccuracy in geometrical cell constants of the electrode pair and can-
celling the offset in the instrument electronics, a calibration function was determined
with several standards solutions with known electrical conductivity values: 84 µScm-1,
1413 µScm-1, 5000 µScm-1, 12880 µScm-1, 80000 µScm-1and 111800 µScm-1. The cali-
bration procedure was performed as shown in Fig. 24 and Fig. 25. As shown later in the
experiments in SpaceQ, the EC range of interest for BOTTLE is 0 to 1000 µScm-1, as
the maximum EC observed with a deliquescent forming brine under Martian conditions
is of the order of 100 µScm-1. Hence, the region of interest is increased by one order of
magnitude.

The calibration function was determined from these calibration standard measure-
ments with a least square regression, by fitting a 2nd order polynomial curve as in equa-
tion 30. For a better interpretation of the BOTTLE measurements, the specific choice of
the two calibration standards will be selected depending on the required accuracy within
a certain measurement range.

σactual = a2σ
2
measured + a1σmeasured + a0 (µScm−1) (30)

We obtain 16 calibration function coefficients, where each corresponds to an electrode
pair. The advantage of having multiple calibration points is to use them depending on
the desired measurement range and to fine-tune the resolution of measurements within
a specified range. By default, the calibration function is derived with zero point, 84
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Figure 24: Procedure to fill the calibration standards in BOTTLE cells in a clean laminar fume
cabinet at ambient temperature.

Figure 25: A view of the BOTTLE flight model in the laminar fume cabinet with calibration
standards filled in the cells.

µScm-1 and 1413 µScm-1 (two-point calibration). But, if the measured EC is over 1413
µScm-1, additional calibration points (5000 µScm-1 or higher) may be included to extend
the measurement range of the instrument. Also, in order to measure an EC of say, 2000
µScm-1 accurately, a new set of calibration function coefficients can be computed only
using the 1413 µScm-1 and 5000 µScm-1 points. Fig. 26 shows the full extent of the
calibration points with the 0 to 1413 µScm-1 plot shown in the inset.
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Figure 26: A comparison of the measured electrical conductivity by BOTTLE Flight Model with
the actual electrical conductivity of the calibration standards, where the standard solutions were
covering until the high electrode. Similarly, EC measurements were carried out for low and mid
electrode coverages (not shown in this figure). Lower conductivities show better accuracy with
the calibration standards while the higher conductivities deviate from the calibration line (black).
(inset) A comparison of the measured electrical conductivity of BOTTLE Flight Model with the
actual electrical conductivity of the calibration standards in the lower electrical conductivity
range between 0 and 1413 µScm-1.

We compute the calibration function coefficients by covering the three levels of elec-
trode for each conductivity standard. Therefore, we have three sets each of 16 calibration
function coefficients (total of 48) for low, mid and high electrode coverage. While con-
verting the raw measured electrical conductivity to the actual values, one of these set of
coefficients will be utilized depending on the coverage of salts in the low, mid or high
electrode. In its initial configuration during FM delivery, the salts covered until low
electrode and thus the 16 calibration function coefficients corresponding to low electrode
overage will be initially used. As the experiment progresses and the brine level increases,
the use of a different set of coefficients (mid or high) may be recommended. The infor-
mation about the coefficients used will be flagged in the HABIT PSA data bundle. Table
4 shows the 48 calibration function coefficients.

6.3 Validation

This experiment is designed to validate the evaluated calibration function. Using zero,
84 µScm-1 and 1413 µScm-1 calibration points to determine the calibration function
coefficients, we applied it back to the measurements with the 1413 µScm-1 calibration
standard solution. Fig. 27 to Fig. 29 shows the calibrated electrical conductivity values
of 1413 µScm-1 after applying the calibration function. For this experiment the mean EC
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Table 4: Calibration function coefficients for each electrode pair with low, mid and high electrode
coverages.
Electrode
designation

Electrode coverage

Low Mid High
a2 a1 a0 a2 a1 a0 a2 a1 a0

Cell-1 Low 2.87e−04 0.3333 -0.0118 0.0002 0.2165 -0.0077 0.0001 0.1784 -0.0063
Cell-2 Low 2.72e−04 0.2993 -0.0079 0.0001 0.2891 -0.0076 9.32e−05 0.2717 0.0072
Cell-3 Low 2.83e−04 0.3299 -0.0124 0.0002 0.2182 -0.0082 0.0001 0.1799 -0.0067
Cell-4 Low 3.08e−04 0.2856 -0.0064 0.0002 0.2141 -0.0048 5.56e−05 0.3806 -0.0086
Cell-5 Low 2.83e−04 0.2954 -0.0146 0.0002 0.2149 -0.0106 5.53e−05 0.3778 -0.0187
Cell-6 Low 2.94e−04 0.3124 -0.0146 0.0002 0.2077 0.0097 9.22e−05 0.3023 -0.0142
Cell-1 Mid 0 0 0 8.92e−05 0.1114 -0.0028 6.61e−05 0.079 -0.002
Cell-2 Mid 0 0 0 7.84e−05 0.1189 -0.0078 5.69e−05 0.0845 -0.0055
Cell-3 Mid 0 0 0 8.43e−05 0.1152 -0.0024 5.97e−05 0.084 -0.0018
Cell-4 Mid 0 0 0 7.38e−05 0.1236 -0.0102 5.54e−05 0.0861 -0.0071
Cell-5 Mid 0 0 0 7.17e−05 0.1168 -0.0049 5.21e−05 0.0891 -0.0037
Cell-6 Mid 0 0 0 7.78e−05 0.1177 -0.0051 5.76e−05 0.0849 -0.0037
Cell-2 High 0 0 0 0 0 0 6.716e−05 0.0968 -0.0048
Cell-3 High 0 0 0 0 0 0 7e−05 0.1053 -0.0079
Cell-4 High 0 0 0 0 0 0 6.53e−05 0.1131 -0.0063
Cell-5 High 0 0 0 0 0 0 5.68e−05 0.1364 -0.0121

error with respect to the standard is -90/+70 µScm-1.

6.4 Clean-room measurement of dry salts in FM

Figure 30 shows an example of BOTTLE measurements performed with the FM in the
clean-room of Thales Alenia Space-France (TAS-F) during integration in the Surface
Platform. The EC values are of the order of ∼0.1 µScm-1, for all the containers, including
the ones that only have sealed ambient air. This demonstrates the proper sealing of the
containers, and the dry state of the salts. When the EC of the salts is equal (or lower)
than that of the pure air, that shows that no hydration has taken place, and the dominant
component of the EC is the one of the air voids between the salt grains. On the other
hand, the EC of the air depends on the amount of water, which in turn depends on the
pressure (Earth or Martian) and the relative humidity. The reported value of 0.1 µScm-1

is the one we expect under Earth environmental conditions. However, as mentioned above
this value is as low as 0.00364 µScm-1 for vacuum tests in the thermal vacuum facility.
And as we shall show later on, this value goes to values as low as 10−8µScm-1 when the
experiments are run at Martian pressures, and any remaining water molecule is flushed
with a dry CO2 atmosphere.

Just before launch, the sealing lid will be replaced with the BOTTLE lid with the
HEPA filter that will allow the atmospheric moisture to interact with the salts. We
will continue to monitor the EC values during the three health check campaigns that
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Figure 27: Measurements of the 1413 µScm-1 calibration standard covering the low electrode.
The actual electrical conductivity was computed using the calibration function coefficients cor-
responding to the low electrode coverage. Only the low electrode EC measurements are shown
for clarity.

are foreseen to take place during the cruise phase, where this value is expected to drop
to the minimum level as the containers will be exposed to vacuum. The environmental
conditions during the cruise will have no implications on the operation of HABIT on
Mars. In the uneventful situation (most of the terrestrial water will be lost during the
depressurization at launch) that SAP still holds frozen water, the water will be released
once that the mission lands on Mars, because HABIT will be reset, i.e., the heaters will
be switched on until the minimum value of conductivity is reached. Future work in the
Mars simulation chamber will include a proper characterization of the changes of the
martian air EC with varying RH% under martian CO2 atmospheric conditions and with
martian surface pressures.
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Figure 28: Measurements of the 1413 µScm-1 calibration standard covering the mid electrode.
The actual electrical conductivity was computed using the calibration function coefficients cor-
responding to the mid electrode coverage. Only the low and mid electrode EC measurements are
shown for clarity.

7 BOTTLE products

All the products were purchased from Sigma Aldrich and are summarized in Table 5. The
four deliquescent salts that are contained in the cells of BOTTLE in the HABIT FM have
been found on Mars, and their phase diagrams allow to hold liquid conditions under the
expected temperature range of Oxia Planum. Additionally, these salts have been chosen
because their response to the Earth environment is such that it allows for long storage
under clean room conditions without initiating deliquescence into liquid. For each salt,
the lower temperature which can hold liquid state is indicated in Table 6. The salts are
mixed in a 2:1 ratio with a Super Absorbent Polymer (SAP) hydrogel. SAP is made of
cross-linked networks of hydrophilic polymer, which on Earth are capable of absorbing
from liquid water, 400 times approximately or more of its weight. The SAP used in
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Figure 29: Measurements of the 1413 µScm-1 calibration standard covering the high electrode.
The actual electrical conductivity was computed using the calibration function coefficients cor-
responding to the high electrode coverage. EC measurements are shown for all electrodes.

HABIT is the Poly (Acrylamide-co-Acrylic Acid) with a grain size ranging from 200-
1000 µm. The containers are separated from the atmosphere through a HEPA filter, to
comply with Planetary Protection requirements. The HEPA filter allows the free flow of
molecules of the air while impeding the possible flow of micro-organisms and particulate
of size greater than 0.3 µm. This is commonly used in clean room facilities and is also
implemented in the REMS pressure sensor chimney, as a filter for the air towards the
inner part of the rover. Fig. 31 shows the HEPA filter assembly of the Flight Model
HABIT- BOTTLE experiment.

The SAP when mixed with a salt sample, as shown in Fig. 32, supports the normal
deliquescence of the salt and induces the formation a viscous jelly state, as observed
in Fig. 33, which inhibits the capillarity of the salts along the walls of the container.
Additionally, the mixture with SAP allows to measure the electrical conductivity and
the repeated absorption and release of water vapour with the atmosphere as in a porous
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Figure 30: BOTTLE measurement of 1) electric conductivity of the empty containers with Earth
ambient air, and the containers with salts and Earth ambient air. These data were measured
on 2019/12/06 in the clean-room of TAS-F, during integration on the Surface Platform.

regolith or soil matrix, mimicking the behaviour of the Martian regolith. A set of tests
(not shown) have been applied to these mixtures to demonstrate that they retain their
water absorption properties, after application of the Planetary Protection Protocols of
Dry Heat Microbial-bioburden Reduction (DHMR) and the depressurization caused dur-
ing the launch and cruise phase [33]. Additionally, the swelling ratio of sterilized and
depressurized SAP was compared and demonstrated to be equal to the unperturbed com-
mercial SAP (not shown). This demonstrates the capability of SAP to be used for water
storage in space applications, in particular at Martian pressure conditions and exposed
to diurnal and seasonal thermal changes [33].

In order to avoid deliquescence of the BOTTLE products during its storage on Earth,
and to allow for all the stages of assembly, including the upside-down configuration, a
solid aluminium lid with a specially designed gasket made of HT870 silicone has been
used in HABIT for all the phases of storage, integration, testing and transportation. The
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Table 5: BOTTLE products
Cell # Product

formula
Product
name

Total dry
weight (g)

1 Air/dust Air at Mar-
tian pressures
and collected
mineral dust

-

2 CaCl2 +
C6H8KNO3

Calcium
Chloride +
SAP

2.25

3 Fe2(SO4)3
+
C6H8KNO3

Ferric Sul-
phate +
SAP

2.25

4 Mg(ClO4)2
+
C6H8KNO3

Magnesium
Perchlorate +
SAP

2.25

5 NaClO4 +
C6H8KNO3

Sodium Per-
chlorate +
SAP

2.25

6 Air/dust Air at Mar-
tian pressures
and collected
mineral dust

-

Table 6: Eutectic temperatures and relative humidity’s of the chosen salts.
Salt Te (K) RH (%) Reference
NaClO4 236 53 [1]
CaCl2 226 60 [30]
Mg(ClO4)2206 52 [31]
Fe2(SO4)3246.35 40 [32]

solid lid fixture designed will be replaced with the actual roof of HABIT before flight.
Fig. 34 (left) shows the solid aluminium lid with the specially designed gasket and Fig. 34
(right) shows the actual roof of HABIT which is the flight ready configuration.

7.1 Planetary Protection Tests

The ExoMars 2022 mission, landing at Oxia Planum, is designated under Category IVb,
following the indications of the European Space Agency (ESA) Planetary Protection
Office (PPO), as per the Committee on Space Research (COSPAR) regulation. Cat-
egory IVb. defines missions with lander systems designed to investigate the extant of
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Figure 31: HEPA Filter Assembly of HABIT glued and screwed to the BOTTLE structure using
six M2 bolts.

Figure 32: Illustration of the state of the products after DHMR and depressurization, as they
are put on the BOTTLE containers. From left to right, mixtures of SAP with Calcium Chlo-
ride (container 2), Ferric Sulphate (container 5), Magnesium Perchlorate (container 3) and
Sodium Perchlorate (container 4). These containers were left outdoors exposed to the ambient
temperature and humidity conditions to determine their water absorption capability.

martian life without contacting a martian special region. The protocol demands a strin-
gent surface bioburden level of ≤ 30 spores. Though the BOTTLE contents are isolated
from the exterior environment through the HEPA filter, which prohibits any flow of
micro-organism, and any potential biological contamination would be thus considered as
encapsulated bioburden, we have applied bioburden reduction procedures to the products



7. BOTTLE products 183

Figure 33: After three days of Earth outdoor exposure, the products have absorbed water from
atmosphere and are in a jelly state. For this specific day, the environmental conditions were
such that supported deliquescence of Calcium Chloride and this, mixed with SAP, formed a
hydrogel. The other salts appear in hydrated state.

Figure 34: (left) HABIT BOTTLE fitted with the solid aluminium lid and HT870 gasket during
the storage phase and (right) HABIT BOTTLE fitted with the roof, which is the flight ready
configuration of the HABIT BOTTLE.

of BOTTLE. All the four salt + SAP mixtures have been subjected to Dry Heat Micro-
bial Reduction (DHMR) at 125 ◦C for 10 h, to reduce the magnitude of any potential
bioburden by 4–6 orders magnitude, according to the ECSS-Q-ST-70-57C protocol. To
verify the clean level, the salt + SAP mixtures have then been subjected to the standard
swab assay procedure as per the ECSS-Q-ST-70-55C protocol. Fig. 35 shows an overview
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of the swab assay procedure of the Ferric sulphate salt + SAP mixture for determining
the microbial colony count after subjecting the salt + SAP mixture to 10 h of DHMR at
125 ◦C. The procedure has been performed in a custom made double walled cleanroom
tent with a HEPA filtration system [33]. Controls were also taken into account during the
process to determine the cleanliness of the procedure. As a main certification process, a
set of swabs were sent to the Department of Aerospace Medicine, Deutsches Zentrum für
Luft-und Raumfahrt (DLR), Germany to assay and determine the colony counts. The
products of the swabs were then incubated at 32 ◦C for three days and the colony count
was analysed at 24-h, 48-h and 72-h mark. The test results from DLR further confirmed
the cleanliness of the salts with zero colony counts. Additionally, the HABIT hardware
was also sterilized and tested, with probes showing also with compliance with the PP
requirements.

Figure 35: 1). Swabbing the surface of the Ferric Sulphate salt+SAP mixture with nylon tipped
FLOQSwab 2). The swabs are then suspended in 2.5ml of sterile Phosphate Buffer Saline (PBS)
3). After the vortex and thermal shock procedure, 0.5ml of the sample pipetted on to R2A petri
dish. 4). Spreading the sample with sterile spreader prior to incubation.

Since the products in BOTTLE will probably form brines at relatively mild tempera-
tures, the planetary protection measurements are especially important here. In parallel,
as double blind assay, for the products of BOTTLE we performed studies with an equiva-
lent set of swabs and incubated them after spreading them over R2A petri dishes. It could
be found that there was no colony observed in the salt + SAP mixture after 72 h. The
BOTTLE contents have thus met the Category IVb. planetary protection requirements
and the organics (SAP) are contained in a HEPA-encapsulated environment.
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8 HABIT operations and data archiving

8.1 HABIT operation modes

HABIT has two sampling modes: i) the nominal mode, that measures every second within
the first 5 minutes of each hour; ii) the extended mode, during which the instrument will
measure data for every second during a maximum time-lapse of 3 hours. After that, it
will switch to the nominal mode again.

HABIT expects to receive a command every day from the Surface Platform BIP
(acronym for the Onboard Information and Memory unit, in Russian) with an updated
schedule, specifying for instance when the extended acquisition starts or if the heaters of
the CU should be switched on, for how long and with how much intensity. If no command
is sent, it will apply by default the last schedule. Additionally, during the cruise phase
to Mars, HABIT will be turned on at least twice for autonomous functional tests. The
duration of these tests can be limited to a few minutes without the need to go on regular
or extended mode (just three packets are needed for health-check tests: the initial data
packet, a self-check packet and a sensor data packet, which can be received within one
minute). When HABIT is powered up, it initializes its own time by receiving it from the
surface platform’s (SP) interface and memory unit (BIP), which transmits to HABIT
the schedule for operations for the next sol or sols. HABIT has a safety procedure to
identify when the received command contains an error, for instance if a parameter is set
out of range it is set by default to its maximum allowed value. The transmitted data files
include self-check flags (binary variables that point for instance to out of range values).
Self-check routines of the brines and temperature electronics take place at the beginning
of every session using its own resistors. The current of each cell is also verified with
self-check resistor to detect if the calibration is drifting or if some electronic function is
not working properly.

8.2 HABIT scientific data outputs and units, for every second
of acquisition

HABIT will provide the following measurement: air temperature 1 (K), air temperature
2 (K), air temperature 3 (K), wind 1 (m/s), wind 2 (m/s), wind 3 (m/s), ground temper-
ature (K), UVA (W/m2), UVB (W/m2), UVC (W/m2), UVD (W/m2), UVE (W/m2),
UVABC (W/m2), Electric Conductivity (S/m) level 1 and 2 of air-cells 1 and 6, Elec-
tric Conductivity (S/m) level 1, 2 and 3 of cells 2 to 5 (deliquescent salts, absorbing
atmospheric water).
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8.3 HABIT data budget

HABIT stores all data packets (science data, engineering and scheduled operations)
within its non-volatile (NAND) 512MB flash memory. The expected amount of data ac-
quired per sol (assuming an extended acquisition of 3 hours) is 764 packets, each packet
is 2032 bytes size resulting in a total of 1.55MB/sol. The data are saved in HABIT even
when the power is turned off. BIP, once per sol, will request all stored data (science and
engineering data) to HABIT and send it to the Surface Platform’s onboard computer
in binary format, from here the data are sent to Earth through the satellite relay. The
data are removed from HABIT’s memory upon successful transmission to the surface
platform’s BIP. HABIT will be able to store up to 340 sols in its internal memory; hence,
in case there is any miscommunication between BIP and HABIT, it will be able to work
autonomously for many sols.

8.4 HABIT power budget

The power consumption of HABIT can be calculated with the following equation, the
first term is the power required for the operation of the EU, 2.1 W, the second term is
the power used when the heater of the CU is activated. The resistance of the CU heater
is RCUheater = 131 Ohm. The CU heater operates with pulse width modulation (PWM)
and its amplitude can be modulated by modifying the intensity with the duty cycle (D)
factor, that can be commanded and varies between 0, when no heating is activated on
the CU, and 1, when a dedicated dehydration cycle is programmed for the BOTTLE
containers. The last term is the power required to heat the EU when the temperature
drops below -33 ◦C. The EU heater can be switched on by the autonomous start-up logic
or by the EU logic. The EU logic will enable the EU heater when the EU temperature
is below -33 ◦C ± 1 ◦C and disable if the temperature rises above -30 ◦C ±1 ◦C.

P avg = PEU +
(U in ∗D)2

RCUheater

+
(U in)

2

REUheater

(31)

where D = 0 to 1.00 RCUheater = 131 Ohm REUheater = 249 Ohm Uin = 28V PEU =
2.1W.

Thus, the power consumption of HABIT is 2.1 W, but when the heaters are activated
to their maximal power it can reach 13.1 W.

8.5 HABIT data structure

The data obtained with HABIT will be archived at the Planetary Science Archive (PSA)
(https://www.cosmos.esa.int/web/psa/psa-introduction) of the European Space Agency
(ESA) using the Planetary Data System (PDS) version 4 (PDS4) format standard created
by NASA. This archiving protocol is used in all current NASA and ESA space missions
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along with other international agencies that are members of the International Planetary
Data Alliance (IPDA) (https://planetarydata.org/). HABIT produces four levels of data:

- Raw: Received directly from IKI/Roscosmos in binary format, there is no telemetry
on them, just the surface platform timestamp and HABIT data. The size of this file is
approximately 350 KB.
- Partially processed: During operations, right after receiving the raw data, HABIT
binary data is converted into a column-based comma-separated ASCII data file without
any calibration. The size of this file is approximately 10 MB containing 39 columns.
- Calibrated: Using the partially processed data and applying the instrument sensors
calibration functions, we create the calibrated version of the data. The size of this file is
approximately 20 MB containing 60 columns approximately.
- Derived: To create the final scientific version of the data we must combine ancillary
data that HABIT does not measure by itself and the calibrated data that we calculated
previously. This level needs external information which is stored in the ancillary file,
such as solar zenith angle (SZA), or ambient pressure (P). The size of this file is 24 MB
containing 73 columns approximately. The HABIT processed data that will be stored at
PSA will also include quality flags check for UV dust, UV shadow, UV angle blindness,
noise for electronic conductivity and ATS errors.

The downlinked data will be processed daily by the Ground Software HABIT Team,
using the calibration functions of the sensors and electronics of HABIT. This transfor-
mation shall be implemented on a daily basis, during operations. Then following the
ExoMars data policy, the files shall be delivered as a bundle, including the XML prod-
uct labels, to be archived at the PSA. Every HABIT bundle will include all the data,
ancillary information and other files related to the instrument. In Fig. 36 we show an
example of a bundle made with the PDS4 standard.

9 Operation on Mars, simulations on a Mars envi-

ronmental chamber

To validate HABIT operations on Mars we have developed the SpaceQ chamber, see
Fig. 37 [34]. This chamber is designed to operate instrumentation in representative space
conditions (vacuum, Mars atmosphere, Earth stratosphere, lunar environment, etc.) and
to validate their performance by acquiring real-time data in a simulated environment. It
is also designed to test and qualify the behaviour of certain components when exposed to
thermal vacuum, outgassing, baking, low temperatures and dry heat microbial reduction
procedures.

One of the main functionalities of the SpaceQ chamber is to recreate locally certain
conditions of the Mars surface for research purposes, in this case to operate HABIT as
on Mars. The chamber can mimic the diurnal variation of temperature and the water
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Figure 36: Example of HABIT PDS4 Bundle
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cycle within a thin atmosphere of CO2 as on Mars. A unique feature of this chamber is
that it includes connectors for USB and DB25 to read the data from the instrumentation
while being tested inside.

The SpaceQ chamber is a versatile facility which can operate with a wide range of
temperatures from 193 K to 423 K and pressure from ambient to < 10−5mbar. It is
a cubical chamber made of stainless steel with internal volume of 27 l having multiple
viewports, feedthroughs and flanges. In order to get the chamber down to vacuum we
use rotary pump which pumps down the air to 10−3mbar, if we need to achieve higher
orders of vacuum, we then use a turbo molecular pump to reach 10−5mbar. The pressure
inside is monitored by a cold cathode/pirani combination gauge which is connected to
the display unit and records the values in real time. There are two gas inlets one used
to inject CO2 gas and other to inject water using a stainless-steel syringe connected via
a ball valve to the Swagelok on the chamber. The instrument placed inside the chamber
can be communicated in real time with the USB and DB 25 pins fitted on the chamber
ports. The temperature of the chamber is maintained in two ways i) cooling: the working
table is fitted with a feedthrough to circulate liquid nitrogen in order cool it down to
193 K ii) heating: the chamber wall from outside is fitted with the heating jackets which
raise the temperatures up to 423 K. A Vaisala HMT 334 probe which is used for vacuum
applications to monitor RH/T of the air inside the chamber. The chamber also has a
provision to do visible/near infrared VNIR spectroscopy as the chamber walls are fitted
with the feedthrough to connect the probes of the spectrometer and obtain the spectra
of the samples inside. The SpaceQ chamber has been used to simulate the launch phase,
cruise phase, and operation of HABIT on the surface of Mars and will be further used
to investigate the different responses of the BOTTLE unit of HABIT depending on the
angle of inclination, thermal cycles, etc.

Figure 37: SpaceQ chamber facility: (a) SpaceQ chamber with the rotary pump, syringe used
to inject water, CO2 cylinder and the pressure display (b) HABIT EM placed on the working
table and integrated with the DB 25 pin for operation. This table is refrigerated with liquid N2.
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Table 7: Specifications of the SpaceQ chamber
Parameter Characteristics

Internal volume 27 litres
Operating temperature -80 ◦C to +150 ◦C
Operating pressure ambient to < 10−5 mbar
UV lamp 115-400 nm
Data output USB and DB 25
RH and Temperature 0-100% and -70 ◦C to +180

◦C
Gas/fluid inlet CO2 and water
Spectrometers VNIR 200-1100 nm and

1000 nm - 2500 nm

9.1 Mars Sol simulation

We simulated a plausible Martian day-night cycle with the HABIT Engineering Model
(EM) inside the SpaceQ chamber while controlling the temperature, relative humidity and
carbon-dioxide atmosphere identical to the ExoMars 2020 landing site, Oxia Planum. We
evacuated out the ambient air from the chamber using a rotary vacuum pump to attain
about pressures in orders of 10−3 mbar followed by a gentle increase in pressure with
carbon-dioxide atmosphere and maintained it between 6 mbar. We then injected water
using a vacuum grade syringe in increments of 0.5 ml at a time, to increase the air relative
humidity gradually over 80%. It required up to 20 water injection cycles to achieve
the desired initial air relative humidity of 86%. The working table where HABIT was
accommodated was then cooled by injecting LN2 until BOTTLE temperature (denoted
as TCU in Fig. 38 reached 243 K (203 K in working table). As the working table cools
down, frost starts to form on the table and the relative humidity of the air is reduced.
Based on REMS observations on board the Curiosity rover, this is just what is expected
to happen on Mars, where the ground will generally be much cooler than the surface
platform and the air above. The cooling was then cut off for the chamber to warm up
again to ambient temperature of about 293 K. As the table temperature increases water is
released to the air, which produces an increase in the RH%. Once the table temperature
reaches ambient temperature the experiment is stopped. The progression of the Martian
simulated environmental conditions during the experiment is shown in Fig. 38. We also
calculated the relative humidity for water with respect to ice (RHCU

i) and liquid (RHCU
l)

phases for the temperatures of the container unit to estimate the relative humidity to
which the salts are exposed.

The BOTTLE EM was initially filled with salt-SAP mixtures in the same configura-
tion and same amounts as in the flight model, with the only modification of using a salt
also in Cell-6 instead of leaving it empty. In the process as the table temperature crosses
the triple point of water the frost turns into liquid droplets which then evaporate, and
the relative humidity of the air starts to raise. The increment in EC of the salt containers
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indicated that some salts were absorbing water through hydration or deliquescence.

Fig. 39 shows the electrical conductivity measurements of the salt-SAP mixtures
during the Martian day-night simulation. We could observe two distinguishable EC
characteristics corresponding to the water capture, one at the beginning and one towards
the end of the simulation. When the relative humidity of the air was increased to 86%
as the water was injected, we see a spike in the electrical conductivity values. This
behaviour lasted for a short time until the moment when the relative humidity reduced
due to cooling and the table acted as a sink, where frost was formed. Cell-1 which
was empty also showed this behaviour probing that the EC measurements are sensitive
to the air relative humidity. As the temperature of the chamber increased, water was
released from the cold table, and the air relative humidity increased too. This allowed
favourable conditions for the salt-SAP mixtures to capture water which resulted in a
gradual increase in the EC values. Both of these EC increases were complemented with
a visible increase in the BOTTLE (CU) temperature which is not observed in the EU
due to the exothermic nature of the deliquescence process.

Figure 38: Simulated environment inside the SpaceQ chamber. Different variables recorded
such as temperature of both air (Ta) and BOTTLE temperature (TCU), pressure (P), relative
humidity of air (RHa) and relative humidity at which BOTTLE salts are exposed, calculated
with respect to ice (RHCU

i) and liquid (RHCU
l).
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Figure 39: Electrical conductivity measurement (in log scale) of the salts in BOTTLE Engi-
neering Model during the Mars Sol simulation in the SpaceQ chamber. For this experiment the
salts were distributed as, Cell-1: Empty, Cell-2: CaCl2, Cell-3: Fe2(SO4), Cell-4: Mg(ClO4)2,
Cell-5: NaClO4, Cell-6: Mg(ClO4)2. This experiment simulates HABIT for the study during its
launch and cruise phase with a more representative diurnal variation on Oxia Planum, Mars.

10 Summary

This manuscript describes the instrument HABIT, its operation, and calibration and
retrieval procedures that shall be applied to convert the raw data into scientific mean-
ingful variables. HABIT operation has been analysed under laboratory conditions, and
dedicated chambers, in order to simulate the different environments where it will be op-
erating. HABIT has been inte-grated in the ExoMars Surface Platform Kazachok, and
once in operations on Mars the data will be archived and shared publicly through the
Planetary Science Archive (ESA).
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HABIT is composed by 2 modules: EnvPack and BOTTLE. The EnvPack module
has heritage from previous missions operating on the surface of Mars, and the sensors
environmental observations will be directly comparable with those provided by other
landed missions on Mars. In HABIT, the implementation of the ATS, GTS and UVS has
been adapted to the requirements of the Surface Platform but their observations can be
directly compared with those acquired by REMS, on board the Curiosity rover. HABIT
can provide information of the local temperature with ± 0.2 ◦C accuracy, local winds
with ± 0.3 m/s, surface brightness temperature with ± 0.8 ◦C, incident UV irradiance in
the UVA, UVB, UVC ranges, as well as in the total UVABC range, and two additionally
wavebands, dedicated to ozone absorption, with 10% of its absolute value. The BOTTLE
experiment is unique in its kind. The potential transient or permanent existence of brines
on Mars, has been controversial and this experiment will provide ground-truth to this
hypothesis, by monitoring their response in a controlled environment. Our experiments
in a Mars simulation chamber demonstrate that the salts can absorb water within a few
hours of exposure to increased ambient humidity, and that this water can be indirectly
monitored by the changes of electric conductivity. Our tests illustrate how BOTTLE can
monitor the hydration state of a set of four salts, which have been found on Mars, calcium
chloride, ferric sulphate, magnesium perchlorate and sodium perchlorate by measuring
their electric conductivity (EC). The EC of the air and the dry salts within the Flight
Model under Earth ambient, clean room conditions has been shown to be of the order of
0.1 µScm-1 whereas for vacuum conditions it is of the order of 0.00364 µScm-1 at ambient
temperatures. We have simulated the operation of HABIT, within an environmental
chamber, under Martian conditions similar to those expected at the ExoMars landing
site, in Oxia Planum. For dry CO2 conditions, at low temperatures, the measured air
EC can be as low as 108 µScm-1, however it increases with RH%. For this specific
experiment, after an increase from 0 to 60% RH, within a few hours, the EC of the air
increased up to 101 µScm-1, while magnesium perchlorate hydrated and reached values
of 10 µScm-1 and calcium chloride deliquesced forming a liquid state with EC of 102

µScm-1. The EC of the other two salts was comparable to the one of the air, indicating
that the EC of the air within the voids between salt grains is the dominant component
and none, or a negligible amount of hydration has taken place. This comparison between
the conductivity of the salts and that of the air, shall always be done on Mars, since
all the experiments are exposed to the same temperature and ambient humidity. The
products of BOTTLE have been treated with Dry Heat Microbial Reduction sterilization
protocols and have passed the ESA planetary protection controls showing no viable cells.
Furthermore, our studies demonstrate that the swelling ratio of thermally heated and
depressurized SAP was equal to the one of unperturbed commercial SAP suggesting that
SAP can be used for water storage in space applications, in particular at Martian pressure
conditions and exposed to diurnal and seasonal thermal changes [33].

In addition to these tests under laboratory conditions, to demonstrate the operation
under non-controlled planetary environments, two engineering prototypes of HABIT have
been tested at two international field-campaigns, one in the Himalaya region, a cold and
arid environment, [35] and another one in a subsurface environment, with very constant
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dry conditions [36].

The temperature range of HABIT operation, about -30◦C, is coincident with the
reported limiting temperatures for cell metabolism and reproduction activity, and thus
detecting brine formation at these temperatures will have strong implications for the hab-
itability of present day Mars and also on the future planetary protection considerations
that should be applied to sites where brines may be formed.

The observations provided by HABIT may have synergies with other instruments of
the rover and SP (http://exploration.esa.int/mars/56933-exomars-2020-surface-platform/).
The meteorological station of the SP, METEO-SP, includes Pressure (P) and Relative
Humidity (RH) sensors whose measurement shall be complementary to those of HABIT.
Additionally, the atmospheric composition observations of FAST-SP, a spectrometer, and
MGAP-SP, a GCMS, may be complemented with the UV measurements of HABIT, as
on Mars the atmospheric concentration of certain species changes through seasons due
to UV-induced photochemistry. Regarding the interaction of the subsurface and near
surface with the atmosphere, any seasonal or diurnal variation of the observations of
ADRON (which monitors the subsurface water) should be compared with the observa-
tions of BOTTLE of the electric conductivity changes of the air and the state of hydrate,
frozen brine or liquid brine of the salts in the containers. The near surface winds and
temperatures may be compared with the winds of the anemometer and the air temper-
ature of the METEO-SP payload, which is mounted at a higher level on the mast. The
near surface heat-flux depends on the vertical thermal gradients and winds and moni-
toring this at two points near the surface is critical to provide this information at the
boundary layer. The ground temperatures may be compared with the radio thermome-
ter PAT-M for soil temperatures, and the diurnal profile should be used to model the
ground thermal inertia which in turn may be correlated with the presence of subsurface
ices, that may be potentially detected by ADRON or the radar of WISDOM (in the
rover). The atmospheric dust cycle may be observed in the UV by HABIT, and com-
pared with the observations of the PanCam instrument, the camera of the rover, and
the studies of dust cycle may be complemented with the observations of the Dust Suite
instrument of the platform which determines size, impact and the atmospheric charge.
Furthermore, the studies of hydration and surface-atmosphere water interchange may
have implications on the hydration state of surface and subsurface minerals. This may
be monitored in coordinated campaigns with ISEM and Mi MASS on the rover, which
monitor the IR spectra of minerals. The EC measurements of the air, within the pro-
tected environment of the BOTTLE unit, can be compared with those provided by the
Dust Suite of the open air on the Surface Platform. The near surface dust observations
of MicroMED about the dust cycle and the typical particle size, which the studies of the
total column of the atmosphere provided by HABIT using the spectral dependence of
the absorbed UV radiation and radiative transfer models. The relative humidity changes
observed by the METEO package can be compared with the long-term EC variations of
the air. The UV 200-400 nm observations shall be compared with those provided by the
250-400 nm measurements of SIS on the Surface Platform. Additionally, the comparison
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of HABIT observations with those provided by MEDA on the NASA Rover 2020, and
REMS on the NASA Curiosity Rover, will provide three simultaneous and similar data
sets of environmental observations at different latitudes and longitudes on Mars that may
be used as ground truth validation for orbiter observations and to compare with global
and meso-scalar atmospheric modelling and radiative transfer models.
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