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Abstract: Recent discoveries of potential ice particles and ice-cemented regolith on celestial bodies like the Moon
and Mars have ushered in new opportunities for developing technologies to extract water, facilitating future
space missions and activities on these celestial surfaces. This study delves into the potential for water extraction
from regolith through an experiment designed to test water recuperation from regolith simulant under varying
gravitational conditions. The resultant water vapor extracted from the regolith is re-condensed on a substrate
surface and collected in liquid form. Three types of substrates, hydrophobic, hydrophilic, and grooved, are
explored. The system’s functionality was assessed during a parabolic flight campaign simulating three distinct
gravity levels: microgravity, lunar gravity, and Martian gravity. Our findings reveal that the hydrophobic surface
demonstrates the highest efficiency due to drop-wise condensation, and lower gravity levels result in increased
water condensation on the substrates. This experiment aims to provide insights into in-situ water recovery, which

is pivotal for establishing economically-sustainable water supplies for future missions.

Keywords: regolith hydration; water extraction technologies; parabolic flight simulation; ice-regolith interaction;
substrate condensation efficiency; in-situ resource utilization (ISRU); thermal condensation processes; micro-

gravity experiments; surface properties and water recovery; space resources; space mining

1. Introduction

Exploration of water on celestial bodies such as the Moon and Mars has heightened, encouraged
by the confirmed presence of ice particles and ice-cemented regolith [1,2]. These discoveries are not
merely academic; they reshape our understanding of these bodies” geological past and create tangible
stepping stones toward future space exploration and potential colonization [3]. The presence of water
ice was notably confirmed at the Moon’s south pole by the Lunar Crater Observation and Sensing
Satellite (LCROSS) mission and has been further evidenced by the observations of NASA’s Lunar
Reconnaissance Orbiter (LRO) [4,5]. On Mars, the Mars Reconnaissance Orbiter and the Phoenix
Lander have provided compelling evidence of water-ice, particularly within shaded craters and sub-
surface layers [6,7]. Moreover, NASA'’s Stratospheric Observatory for Infrared Astronomy (SOFIA)
detected molecular water on the sunlit surface of the Moon’s Clavius Crater in October 2020, revealing
that water molecules can withstand lunar surface conditions [8,9]. Building on this discovery, Liu et al.
(2012) provided direct measurements of hydroxyl in the lunar regolith, offering further evidence of the
persistence and stability of water molecules on the Moon's surface [10].

These findings contribute significantly to our understanding of the lunar hydrosphere and
highlight the Moon’s potential for sustaining water-based activities necessary for future human and
robotic missions. Water is a critical resource for human survival, mission operations, and as a fuel
component, making the establishment of reliable water extraction technologies a crucial challenge
[11]. The unique conditions of the Moon, with water concentrations detected near the poles and in
permanently shaded regions, make it a promising candidate for In-situ Resource Utilization (ISRU)
[12,13]. Similarly, Mars presents unique challenges and opportunities, with its regolith believed to
contain bound water molecules, which can be extracted to support long-duration human missions [14].
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Numerous techniques have been proposed to extract water from extraterrestrial bodies, employing
a variety of thermal and physical processes tailored to the specific conditions and forms of water
present [15-17]. In scenarios where water exists as ice mixed with regolith, thermal sublimation is
commonly applied. This method involves directly heating the ice-regolith mixtures to transform the ice
into vapors, which are then captured [18,19]. The effectiveness of this technique has been demonstrated
in controlled lunar simulations, illustrating how thermal energy can efficiently convert ice to vapor for
collection.

Another promising technique is microwave heating, which has shown significant potential in
laboratory settings. Unlike conventional heating methods, microwaves penetrate the regolith and
directly excite water molecules, rapidly heating and sublimating the ice even when it is deeply
embedded within the soil. This method is particularly advantageous for its efficiency, targeting water
molecules specifically to minimize heat loss, and could be effectively adapted for lunar missions [20].

Hydrothermal processing represents a third approach, utilizing hot water or steam to heat the
regolith and release water molecules. This method adapts terrestrial geothermal recovery techniques
for extraterrestrial environments, offering a versatile solution tailored to different regolith compositions
and water content levels [21]. By adjusting the temperature and pressure of the steam, hydrothermal
processing can extract water from various forms of bound water in Martian permafrost or mineral
hydrates.

Each of these techniques not only demonstrates the practicality of extracting water in space
environments but also highlights the adaptability of Earth-based technologies for use on extraterrestrial
bodies [22]. The continued development and refinement of these methods are essential for advancing
In-Situ Resource Utilization (ISRU) strategies, crucial for establishing sustainable human outposts on
the Moon and Mars by leveraging local resources for life support, agriculture, and fuel production [23].

The method proposed in this study involves filling an empty evaporator with a desired amount
of icy-regolith, sealing the evaporator, and externally heating the reactor walls. As the temperature
of the regolith rises during this heating phase, water vapor is released, which then accumulates on
a cooled substrate, facilitating the collection of extracted water [24]. The methodology involves a
detailed analysis of three distinct substrate types: hydrophobic, hydrophilic, and grooved surfaces,
under simulated lunar, Martian, and micro-gravity conditions. These substrates were chosen based
on their unique properties, which influence the behavior of water molecules during the condensation
process. The selection was informed by a comprehensive literature review, identifying these surfaces as
promising candidates for enhancing water recovery rates [25-27]. However, despite various proposed
techniques, there is a lack of available studies on water extraction and recuperation under reduced
gravity conditions. This paper seeks to bridge this gap by evaluating water recovery from regolith
on the Moon, Mars, and under micro-gravity conditions through parabolic flight simulation. The
experiment involves evaporating water introduced into synthetic regolith and recovering the resultant
water vapor as condensed liquid. These experiments endeavor to provide valuable insights into
developing sustainable water supplies for future manned missions, addressing a critical challenge for
long-term space exploration and reducing the costs for space exploration.

2. Materials and Methods

2.1. Experimental Setup and Procedure

The experimental setup is shown in Figure 1 while Figure 2 offers a 3D view. The casing is
constructed primarily from Polyetheretherketone (PEEK), with the exception of the top and frontal
viewing panels, which are fabricated from Plexiglass to facilitate observation. This enclosure is
hermetically sealed to prevent external contamination and to allow for precise control of internal
pressure, crucial for experimental integrity. A heater is attached to the lower surface of the evaporator
to ensure even heat distribution. Temperature and pressure sensors are strategically placed within the
enclosure to monitor experimental conditions continuously.
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A JAI GO-5000M camera is positioned externally, aligned with the condenser to document the
condensation process. The dimensions of the enclosure are 210 x 170 x 160 mm, reinforcing its capability
to shield the experiment from external variables and maintain the required internal conditions. Within
this setup, 120 gr of highland regolith(OPRH3N, developed by Off Planet Research, LLC) was used,
containing 80% anorthosite and 20% basaltic cinder mixed with 45 ml water evenly spread inside the
evaporator surface. The grain sizes of the regolith used and mixed are shown in Table 1. Initially,
the environmental pressure inside the sealed case is set at 4 millibars, a value chosen to balance the
need for low pressure against the practical constraints of parabolic flight preparations, where lower
pressures would necessitate impractically extended preparation durations.

Condenser

Box sealed Vapour Camera for

cbservation

Evaporator HFront Camera
containing regolith

Porous media

Thermo-electric
cooling system

Support

water

. Heater
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Figure 1. Scheme of the Experiment
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Figure 2. View of the setup used for the parabolic flight campaign
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Table 1. Grain sizes of the used regolith simulant

Layer Grain Size

Layer1 Grain size 0.125 mm to 0.105 mm
Layer2  Grain size 0.250 mm to 0.177 mm
Layer 3 Grain size 2 mm to 0.500 mm

The flight campaign involved a series of 30 parabolas each day, simulating microgravity, lunar
gravity, and Martian gravity conditions. The aircraft maneuvered through a controlled trajectory to
achieve these conditions, carefully monitored by engine thrust. This dynamic flight pattern posed
unique challenges for managing the condensed fluid. During hypergravity phases, fluid dispersal was
chaotic, while in microgravity, condensate tended to float or form a thick film on the condenser plate,
impeding condensation efficiency.

To address these challenges, porous media was strategically placed inside the reservoir below the
condenser plate. This setup not only absorbed and channeled away fluid effectively but also prevented
dispersion during hypergravity and inhibited thick film formation during microgravity phases. This
ensured continuous and effective condensation across varying gravity conditions encountered during
the parabolic flights.

The apparatus was equipped with a Peltier element, and a cooling system on the condenser plate
to maintain desired temperature conditions, all controlled via a PID controller. Data from the sensors
were logged using an Agilent 34970A data logger.

The methodology involved rigorous preparation of regolith simulants, assembly of the experi-
mental apparatus, and control during flight to investigate water condensation dynamics effectively
under varied gravitational conditions.

2.2. Parabolic Flight Conditions

In December 2020, the 74th ESA parabolic flight campaign provided our team the opportunity
to study water recovery from lunar regolith in a simulated space environment. The experiments
aimed to understand the performance of specific substrates under lunar, Martian, and microgravity
conditions—key to future utilization of extraterrestrial resources.

The experimental apparatus was housed in a robust container(Zargas aluminium case), monitored
to preserve experimental conditions throughout the flight. The aircraft’s flight pattern was carefully
planned to replicate different gravitational states. It began with a normal 1g phase, escalated to a 2g
hypergravity during a sharp ascent, and transitioned into various reduced gravity states mimicking
lunar and Martian gravities, and microgravity during the parabolic arcs.

Each of the parabolas executed daily involved precise control over ascent to a 2g state, maintenance
of reduced gravity, and a return to 2g before stabilizing at 1g. The meticulous control over these phases
ensured that each gravity level was sustained for specific durations necessary for the experiments.
Figure 3 in the documentation illustrates these transitions in gravity levels, altitude, and timing,
showcasing the detailed management of experimental conditions.

Each day, the temperature in the condenser plate was held at a stable value of around 10°C for the
first fifteen parabolas and around 15°C for the second group of fifteen parabolas. Some variation in the
temperature was still observed due to unstable conditions of the parabolic flights and the constant
variations in gravity (g-jitters), which made it challenging to keep a fixed value. Each day, one of the
substrates was used (grooved, hydrophobic, or hydrophilic). For each day (equivalent to one substrate
choice), Table 2 shows the composition of the flight corresponding to the reduced-gravity levels.
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Figure 3. Gravity profile during the parabolic flight with respect to Earth Gravity

Table 2. Days flight composition

Parabola 0-5 6-10 11-15 16-20 21-25 26-30

Grooves 0.38g 0.16g Og Og 0.16g 0.38g
Hydrophobic ~ 0g  0.38g 0.16g 0.16g 038g  Og
Hydrophilic  0.16g  Og 0.38g 0.38g Og 0.16g

S _/x_._‘,/_____/

10°C 15°C

3. General Approach for the Image Analysis

3.1. Image Preparation

A Drop Shape Analyzed kruss DSA30 is used for precise droplet contact angle measurements.
The results obtained helped in the analysis of the drop shape formed on the surface. Furthermore, as
shown in Figure 4, the contact angle was measured to be 50° for the hydrophilic surface, 119° for the
grooved substrate, and 116° for the hydrophobic one. These values are found in harmony with the
definitions found in the literature of hydrophobic and hydrophilic surfaces [28]. It has been verified
that by varying the contact angle around the mentioned respective values for each respective type of
substrate, during the image processing, the obtained condensation values appeared to vary negligibly,
and the general behavior of the analysis is thus considered to be preserved. Before resulting in the
detection of condensed drops, the prepared images need to undergo individual tuning, depending on
the type of substrate. The general process outlined in this section is illustrated in Figure 5.
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Figure 4. Contact angle (CA) measured on the top of the groove, as well as for the hydrophobic and
hydrophilic
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Figure 5. Generalization of the Droplet Volume Quantification Process

Figure 6 shows the grooves substrate, chosen for the capability of the channels to have the double
effect of increasing the surface for heat exchange and the implemented capabilities of removing the
condense through their channels. A camera showed water condensation for the substrates but no drop-
wise condensation that was required for the analysis. The three substrates having uneven lighting,
with drops not being uniform also caused trouble in this area. On the other hand, it can be seen that, at
least in the short-axis direction, the individual droplets are by far the smallest feature in the picture,
associated with much higher spatial frequencies than the lighting grooves or paths. To effectively filter
out the lower spatial frequencies using a finely adjusted high-pass filter, the images were converted
to the Fourier domain. Manual masking mitigated several challenges encountered in this approach,
ensuring minimal impact on the final outcomes. This procedure was applied to the grooved substrate to
illustrate the image analysis performed in this work. The same procedure was employed later on other
substrates. Figure 6 also provides a visual representation of this process, showcasing the application
of a spatial high-pass filter in the y-direction. Several thresholding algorithms were compared by
applying k-means clustering to partition the data into two distinct groups, which yielded the most
favorable outcomes. In this context, 'k’ represents the number of clusters, determining the division of
the data. Figure 7 shows the thresholded image of the grooved substrate, allowing us to evaluate the
areas of individual droplets. These areas can be further transformed into droplet volumes, where it
was assumed that all droplets have a paraboloid shape, where the droplet area corresponds to the area
of the paraboloid base.
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Figure 6. Image of the condenser before and after applying the high-pass filter
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Figure 7. Image of the Condenser before and after Applying the High-Pass Filter and Thresholder by
K-means

3.2. Tuning for Individual Surfaces

There are no features in the y-direction with a similar spatial frequency to the droplets. In the
x-direction (horizontal), however, the grooves have a spatial frequency not far from the droplets.
Therefore, in the Fourier domain, a high-pass filter is constructed such that it only considers the spatial
frequencies in the y-direction. Almost all the larger drops are not detected as one drop but as two
separate segments with different colours very close to each other. This is a consequence of directional
lighting. Consequently, drops appear as smaller drops and the volume is underestimated. To mitigate
this effect, a k-means algorithm is used. Larger drops (empirically found to be defined as over 0.7 mm?
in the area) are counted, with n-big drops being the total number and then grouped into n-big drops/2
clusters. Such clusters subsequently enter volume calculations as whole droplets. This is illustrated in
Figure 8. An example of the overall result of the process is shown in Figure 9.
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Figure 9. Example of the volume quantification on grooves

Similarly, to the grooves, there is a feature with a similar x-direction spatial frequency to the
droplets, but one must filter out the paths of the fallen droplets. The solution is to apply a high-pass
filter devised in a way that only uses the y-direction. Another problem encountered was the bolts
getting often detected with no droplets on them. Masking them manually solved this. Sometimes
unrealistically large areas around the edges were also detected, and therefore, all drops with a size
above an experimentally found threshold (found to be 115 mm?) were filtered out. A typical process
result on a hydrophobic surface is shown in Figure 10. In the case of a hydrophilic surface, all the
features are very similar in the x and y-directions. Therefore, a high-pass filter is used to take both
directions into account. However, bolts have to be masked as they are getting detected. Areas above
an empirically established threshold (70 mm?) were filtered out. It was also found that better results
were achieved if a morphological operation of dilation was applied after the thresholding. For the
dilation, a 3x3 kernel was used. The typical results are shown in Figure 11.
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Figure 10. Example of the volume quantification on a hydrophobic surface
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Figure 11. Example of the volume quantification on a hydrophilic surface

4. Results

Figure 12(a) shows the measured temperature over the condensing surfaces during the first set of
parabolas, while Figure 12(b) shows the temperature trend over the condensing surfaces during the
second set of parabolas. As can be seen, the first set is indeed kept at about 10°C, and the second at 15
°C. However, it can also be seen that fluctuations in the temperature of up to 2°C are possible. As an
example, the gravity levels corresponding to the first day (with the grooved substrate) are drawn in
Figure 12 as well. During the hypergravity phase, the removal of the liquid film formed on the face of
the condenser was impacted, leading to less heat being pumped outwards. The removal of the drops
caused temperatures to decline and a downward oscillation. The stationary conditions re-established
at the end of the parabola caused temperatures to vary upwards, explaining the reason for the recorded
temperature fluctuations. Figure 13 shows the measured condensed water during the reduced-gravity
intervals for the three substrates for all the parabolas. For each temperature (10 and 15°C), each gravity
level (Martian, lunar, microgravity), and each substrate (grooved, hydrophobic, and hydrophilic), the
total amount of condensed water is reported in Table 3.

First, we look at the overall results.Figure 13 shows that, for the grooved and hydrophobic
substrates, a maximum amount of condensed water occurs at microgravity, whereas this amount
decreases as gravity increases. The overall tendency appears to be that the lower the gravity, the
more water is condensed. A numerical study shows that gravity plays a role in the vapor-liquid
distribution [29]. A lower gravity seems, according to the numerical study, to enhance heat transfer
and increase the amount of condensation as is observed in this work. Ground experiments were also
performed, which seem to confirm, in general, that higher gravity levels result in less condensation.
Interestingly, we can see that the amount of condensed water on the ground is the lowest also for the
hydrophilic substrate, which confirms that there is an effect of gravity. Temperature fluctuations have
been observed during the runs at 10 °C for the hydrophilic substrate. It is believed that this causes
the exception to the observed overall tendency for the hydrophilic substrate at 10°C. We can imagine
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that these temperature fluctuations change the vapor saturation conditions and, therefore, also the
condensation process. Knowing the existence of these temperature fluctuations and the confirmation
of the overall gravity tendency on condensation from the result on the ground, we may conclude that,
indeed, gravity tends to lower the amount of condensed water. However, it is worth mentioning that
the effect of gravity on the amount of condensed water seems to be much lower for the hydrophilic
substrate with respect to the other substrates. It may be so that the gravity effect on condensed water
for the hydrophilic substrate is perturbed by the film-wise condensation. It would, therefore, be
beneficial to verify the values for the condensed water on the hydrophilic substrate at 10°C by other
reduced-gravity experiments. It has been mentioned that the hydrophilic substrate exhibits relatively
low condensation with respect to the other substrates. Indeed, the hydrophobic substrate is shown
to give the highest amount of condensed water. This can be easily understood by noting that in
hydrophobic conditions, the condensation is typically of a drop-wise type, which is known to exhibit
higher heat transfer [30]. The grooved substrate exhibits an intermediary behavior.
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Figure 12. (a)The difference in temperature maintained during the experiment between the condenser
plate and heat extraction system of the three days at a set temperature of 10°C. (b) The difference
in temperature maintained during the experiment between the condenser plate and heat extraction
system of the three days at a set temperature of 15°C.
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Figure 13. Water condensed in ml for each parabola experienced for each substrate

Table 3. Volume of water condensed on the substrate after a series of 5 parabolas. Results are in ml
of water condensed. The first table refers to condensation with the temperature of the substrate at 10°C,
and the second table refers to the temperature of the substrate at 15 °C Volume of water in ml

10 °C Grooves Hydrophobic Hydrophilic
Martian 0.18 0.97 0.45
Lunar 0.33 1.15 0.37
Zero-g 0.39 1.36 0.32
Ground exp. 0.13 0.31 0.14

15°C Grooves Hydrophobic Hydrophilic
Martian 0.13 0.66 0.23
Lunar 0.29 0.83 0.38
Zero-g 0.38 1.26 0.43
Ground exp. 0.1 0.27 0.12

Finally, the effect of temperature is quite clear. Table 3 shows that a higher substrate temperature
results in less condensed water. This is understood by reminding us that at a higher temperature, the
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saturation pressure is also higher, resulting in a thermodynamic equilibrium favoring more vapor in
the gas phase and, therefore, less condensate.

5. Discussions

The successful execution of in-situ resource utilization (ISRU) technologies hinges on understand-
ing fluid dynamics under varied gravitational conditions. Our study, conducted during the 74th ESA
parabolic flight campaign, explored the efficiency of water recovery from regolith analogs in simulated
lunar and Martian gravities. These types of findings are important for the development of sustainable
extraterrestrial habitats.

Our experiments highlighted the influence of gravity on condensation efficiency, with lower
gravity environments favoring higher condensation rates. This enhanced condensation in microgravity
can be attributed to decreased mechanical resistance against the phase transition of water molecules.

Among the substrates tested—hydrophobic, hydrophilic, and grooved—the hydrophobic surface
demonstrated the highest water recovery efficiency. This substrate’s tendency to promote drop-wise
condensation, which is more effective for heat transfer and, thus, water recovery, points to the potential
of material engineering in optimizing ISRU technologies.

Furthermore, the incorporation of porous media effectively managed fluid dispersal across
varying gravity phases, maintaining the integrity and consistency of water recovery. This strategic
integration highlights the necessity for advanced system engineering in ISRU technologies to address
the complexities of fluid management in space.

Future research should aim to refine these systems through extended material studies and ad-
vanced prototypes, potentially in actual space missions. Testing these technologies under real space
conditions will validate their long-term stability and efficiency, crucial for developing reliable life
support systems on the Moon and Mars.

This research contributes significantly to the field of ISRU by advancing our understanding of
water recovery in space. It offers a foundational step towards achieving long-term human presence on
extraterrestrial bodies.

6. Conclusion

The proposed experiment focuses on extracting and condensing water as a preliminary step
towards improving the efficiency of water extraction from lunar regolith. To determine the most
efficient surface, three types of substrates were selected and evaluated (groove, hydrophobic, and
hydrophilic). A thermal extraction was implemented, with each component undergoing initial testing
under terrestrial conditions for parabolic flight suitability. This process not only validated the feasibility
of the water collection system but also confirmed the potential use of these surfaces for future water
extraction. Future implementations will require the addition of a water retraction pump and a
reclaimed water storage container. During the parabolic flight, the condensation surfaces (grooves,
hydrophobic, hydrophilic) were tested while maintaining an identical global configuration across three
days. Observable differences in condensing capacity led to the conclusion that a hydrophobic substrate
demonstrated a superior ability to convert vapor into liquid under the same experimental conditions.

Subsequent ground experiments conducted after the parabolic flight yielded lower water vapor
condensation results compared to the flight experiments. The fluctuation in temperature occurred due
to the box being sealed. However, the hydrophobic surface generally exhibited the best condensation
performance. Additionally, the results indicated that condensation efficiency was independent of the
surface properties of the condenser and as well as the gravity level experienced during the experiment.
Three gravity levels were used for the experimental tests: Martian, lunar, and micro-gravity. The
highest condensation was observed in micro-gravity conditions, followed by lunar gravity and then
Martian gravity. The ground experiment further confirmed the tendency that a higher gravity level
results in less condensation. This straightforward approach using a thermal condenser holds promise
as an in-situ resource utilization (ISRU) method for water extraction. However, various factors, such as
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the heating method, power level, and ice fraction, influence the extraction process. The experimental
setup presented in this study could be implemented for extracting water from lunar regolith, and the
insights gained from the results contribute to our understanding of thermal water extraction as an
ISRU approach. In conclusion, this experiment demonstrated the efficiency of a thermal condenser
in extracting water from lunar regolith under different gravity levels and surface properties. The
findings provide valuable insights into the parameters impacting condensation efficiency and rate,
which can guide future research and development of thermal condensers for water extraction. The
values of Table 3 are considered accurate as they belong in the domain of expected values and tolerance.
Further investigation will delve into the analysis of sublimation under various gravities using different
condensation substrates.
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