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ABSTRACT

In pursuit of sustainable resource utilization on the Moon, this paper delves into modeling
and characterization of particle size distribution (PSD) of lunar regolith simulants in an
electrostatic system. A prototype electrostatic sieve was built and tested with four sample
simulants mirroring properties of lunar mare and highland regolith. An alternating four-phase
(90 degrees, 180 degrees, 270 degrees, 360 degrees) traveling square-wave was utilized for
particle-directed transport to model the diverse trajectories of the particles. Numerically, we
scrutinized how the distribution functions of the particles are manifested as the electrostatic field
propagates, with a focus on three distinct particle ranges (<105, 105-250, 250-500 um) of four
simulants. Results indicated considerable influence of sorting mechanism and control parameters
on electrostatic sieve's operation. These parameters encompass column inclination angles (10
degrees, 15 degrees, 20 degrees) and port length (from inlet 10 to 50 cm) at different excitation
frequencies (10, 15, 20 Hz) of power source. We optimized parameters in fitting experimental
data and successfully identified the movement of particles under electrostatic field at an average
feed rate of 0.18 kg/h (0.05 g/s); however, the existing circular system was ineffective and unable
to facilitate sorting and separation of the lunar simulant particles. Overall, the results indicate
that while our electrostatic sieve instruments are efficient in moving the regolith simulant
particles, its design and operation should be further modified for simultaneous transportation
and separation of the particles.

Keywords: Lunar regolith, Size distribution modeling, Electrostatic sieve, Extraterrestrial
environments, Sustainable resource utilization.
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INTRODUCTION

The Moon, Earth's nearest celestial neighbor, has long captured the imagination of scientists,
explorers, and space enthusiasts. While historical lunar exploration prioritized scientific research
and landing achievements, recent focus has shifted towards potential human presence and lunar
habitats. This has underscored the imperative for sustainable resource utilization to support lunar
operations and advance space exploration which is essential for reducing the dependency on
Earth-supplied resources, significantly cutting mission costs, and ensuring the long-term
viability of lunar activities (Symposium on Lunar Bases, 1988; Utilities One, 2023) Unlike
Earth, moon lacks a protective atmosphere, exposing it to continuous solar and cosmic radiation,
with extreme temperature variations and limited gravity (approximately 1/6" that of Earth),
posing challenges for lunar operations (Williams 2020; Reitz et al., 2012). In-Situ Resource
Utilization (ISRU) addresses challenges by extracting valuable resources from lunar regolith,
the layer of loose, fragmented material covering the lunar surface (CSIC Scientific Challenges
2021; Ellery et al., 2017; Moses et al., 2016; Zhang et al., 2023) which is a vast repository of
essential materials such as metals, minerals, and volatiles (Anand et al., 2012). Over 50 years,
extensive research has laid the foundation for ISRU techniques focused on utilizing lunar
regolith® for oxygen, water, rocket propellant (Holquist et al., 2021) construction materials
(Farries et al., 2021) and energy production (The European Space Agency, 2021; Climent et al.,
2014). Scientists simulated lunar surface chemistry, revealing that solar wind protons interacting
with lunar electrons generate hydrogen atoms, which in turn, combine with oxygen atoms in the
regolith to from hydroxyl ((OH), a component of water (H.0) (Explore, 2019).

Electrostatic sorting leverages the principles of electrostatics to separate lunar regolith
particles based on their size and charge properties enhancing the lunar resource extraction
process (Adachi, M, Moroka, H, et al., 2017) Developing efficient technologies for resource
extraction in the harsh lunar environment is crucial to ensure sustainability and minimize the
negative impacts on the lunar environment. Electrostatic sorting efficiently separates and
concentrates specific elements or compounds in lunar regolith, allowing targeted extraction
(Sanders et al., 2005) based on their charge and size (Adachi et al., 2017) and can obtain specific
size fractions, gravity (Kawamoto, et al., 2022) and purity levels (sang, et al., 2023) optimizing
ISRU processes. Compared to traditional non-electrostatic mechanical and chemical separation
methods, electrostatic sorting can be more cost/energy-efficient nature, with fewer moving parts
and lower consumable requirements, makes electrostatic sorting an attractive for lunar resource
utilization The lunar regolith’s fine particle size (<20 um) poses challenges to standard mineral
processing; addressing this issue, methods like vibrating classifiers, electrostatic travelling
waves could remove large particles and enable beneficiation and metal reduction processes with
slightly larger feed material sizes in low gravity, static-charging lunar conditions (Sanders, et
al., 2005; Artemis 11l Science, 2020; Matthew et al., 2022). In the high vacuum and low gravity
of outer space, external forces, particularly the electric force, are essential for particle transport.
The electrostatic method first proposed in 1967, demonstrating that electrostatically charged
particles in the sorting system experience dielectrophoretic and Coulomb forces in an alternating
non-uniform electrostatic field, countering reduced gravity and adhesion effects for particle
movement and transport (Gu et al., 2021). Mastering the process of electrostatic lunar regolith
beneficiation can have a broader implication across the solar system, including asteroids and
Mars addressing similar challenges and opportunities.
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SIMULANTS AND EXPERIMENTAL SETUP

Description of sample simulants. In order to facilitate experiments and simulations relevant
to lunar surface technology, the utilization of lunar regolith simulants has become indispensable
mimicking lunar surface properties. The chosen simulants from Off Planet Resources (OPR),
LLC, a collaborative partner in the project, were selected to encompass a broad spectrum of
potential lunar surface conditions which are categorized based on composition and particle size.
Composition variations include primary rock type, agglutinate concentration, and iron additives,
while size distributions are classified as coarse, medium, and fine. The rock composition
comprises feldspar-rich (70% to 90%) highland type and feldspar-poor (65% to 50%) mare type.
Highland simulants consist of 90% anorthosite and 10% basalt before agglutinate addition, while
mare simulants comprise 90% basalt and 10% anorthosite before agglutinate addition.
Agglutinates, representing glass-trapped minerals similar to nano-breccias, are added after
establishing rock percentages. We aimed at sorting regolith simulants based on their particle
size, and assessing how their separation is affected by their motion and mobility in electrostatic
sieving device. Our simulated lunar regolith comprises particle of varying sizes, with specific
attention given to those in the submicron and micrometer ranges, reflective of the dominant
constituents of lunar regolith. This investigation employs four unique regolith simulants,
presented in Table 1, to highlight their fidelity as precise models for lunar soil properties.

Table 1. Composition of Sample Simulants.

Composition Lunar Particle Size Classification

simulant = Anorthite | Agglutinates | Basaltic | R€91ON "<105 | 105-250 | 250-500
% % Minerals % pm pm pm
L2W10g6 10 10 90 Mare
L2W60g6 10 60 90 Mare
H4W10g6 90 10 10 Highland
H4W60g6 90 60 10 Highland

When a sample is labelled as L2W10g814s1 or H4W60g6s5, L2W10 or H4W60 denotes
OPR designations, L2, H4 denote rock type (mare or highland); W10, W60 denote agglutinate
percentage (10 % or 60%); g6 denotes Mesh #60, 500 to 250 microns and g814 denotes Mesh
#80 to 140, 250 to 105 microns, and s1 or s5 denotes the slot number for the distributed particles.
These samples were prepared under controlled laboratory conditions to ensure homogeneity and
minimize potential agglomeration of particles.

Design of experimental setup. We developed and characterized a prototype electrostatic
sieve system, crucial for understanding particle size distribution (PSD). The custom-designed
electrostatic sieve separator, tailored for lunar regolith processing, utilizes electrostatic
properties to separate particles based on size. While sieving and electro-magnetic separation are
well-established in ore processing, the lunar environment lacks the luxury of fluids and
significant gravity. To adapt sieving to the extreme lunar conditions, electrostatics must replace
fluids. All electrostatic sieve prototypes necessitated electronic components for operation,
including a pair of FY6600-60M waveform generators, a 12-Volt, 2-Amp DC power source for
the amplifier, which generated a 2-3 kV signal at 0.002-0.003 Amps. A four-phase traveling
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square wave (oscilloscope) was employed to verify the signal transmitted through the
electrostatic sieve which were chosen for its clear signal transitions that facilitates precise control
over particle trajectories with simplicity, controllability, and effectiveness in inducing
electrostatic forces. The wave's amplitude and frequency were carefully calibrated following the
insights gained from prior research, to ensure precise control over particle trajectories (Adachi,
M, Hamazawa, K, et al., 2017; Adachi, M, Moroka, H, et al., 2017; Anand, et al., 2012). The
supporting equipment configuration and schematic are depicted in Figure 1.

coarse

s5: End of the
Tube

Power
" reject- too
fine

Figure 1. () Experimental setup of electrostatic sieving system, and (b) schematic of the
prototype; s stands for slot number.

MODELING

Numerical calculations for PSD. Our electrostatic traveling wave system utilizes
alternating voltages and embedded electrodes to transport charged particles through
triboelectricity. Employing a numerical model, we discretized particle distribution into size bins,
tracking motion under evolving Coulomb and dielectrophoretic forces. This MATLAB-based
model offers real-time, high-fidelity simulations, calibrated rigorously against experimental
data. Assuming particle distribution is influenced by a separator's electrostatic force, modeled as
sinusoidal variation for the transportation, flow pattern, and kinetics with varying angles and
frequencies, our system optimizes particle sorting dynamics. A static time-stepping interaction
model was assumed to simulate the behavior of charged particles considering their charge states
and positions within the sieve to track the motion of over time. To ensure the accuracy and
reliability of our simulation model, it underwent rigorous calibration and validation against data
obtained from experiments. The equation (1) presented is an empirical model describing the
sinusoidal variation in PSD. We assumed for our model that the PSD, P(¢) at a particular phase
angle (¢) is influenced by the separator angle (o) and frequency (f):

P(¢,0.f) = A(w)-sin(f-¢ + ¢o) + B(a) 1)

where A(o) and B(a) in the equation represent amplitude and baseline distribution,
respectively, influenced by the inclination. ¢o is a phase shift parameter that might capture any

© ASCE

71



Downloaded from ascelibrary.org by Abdullah Al Moinee on 10/14/24. Copyright ASCE. For personal use only; all rights reserved.

Earth and Space 2024

phase offset in the distribution. The frequency of the separator's rotation affects the rate at which
this variation occurs (Gorshenin, et al. 2020) This the equation can characterize the parameters
influencing PSD, P(¢,a,f), representing kinetics or fluid-related characteristics, with implied
boundary conditions.

The Microtrac S3500, underwent particle size analyses, running each sample four times with
volume-reflecting, volume-absorbing, count-reflecting, and count-absorbing parameters. In this
regard, multimodal particle density function (PDF) can be expressed as a weighted sum of
individual PDF where each mode represents a distinct peak in the particle distribution,

1 (s @
o~2rx 26i’

P)=>" wi

where, P(d) is the PDF function in equation (2), N is the number of modes (peaks) in the
distribution, w; are the weights associated with each mode, indicating the contribution of each
mode to the overall distribution, i represents the mean (center) of the i mode, oi is the standard
deviation of the i mode, controlling the width of the mode, e is the base of the natural logarithm.
Each mode is essentially a log-normal Gaussian distribution, and the weighted sum combines
these modes to form a multimodal PDF. We also consider,

S(p.d) = y(p.d) (3)

where S(p,d) represents the size distribution (in percentage) of particles at position d for a
given particle size p in equation (3) and p represents the index of particle size categories (e.g.,
1 for '<105 um', 2 for '105-250 um', and 3 for '250-500 um").

Along the sieve slit distance, we employed a logistic function to model the mechanism of
this phenomena in the percentage of particles separated through the sieve. The logistic function,
represented as

L

0T e

(4)

where F(X) is the percentage separated at distance X, L is the maximum percentage separated,
k is the logistic growth rate, and Xo is the distance at which F(x) is halfway between the minimum
and maximum, proved to be a suitable choice for capturing the sigmoidal behavior exhibited by
the data as shown in equation (4). The logistic growth rate can be interpreted as the rate at which
the percentage separated changes concerning the distance along the sieve slit. It influences how
quickly the separation process approaches its maximum percentage. The code utilized this
logistic function to fit the experimental data and create a comprehensive figure depicting the
mass percent separated per slit along the electrostatic sieve in varying inclination and mesh
number.

RESULTS AND DISCUSSIONS
Slot-wise Particle Size Distributions. Analyzing PSD for four lunar regolith samples

(H4W60g6, L2W60g6, H4W10g6, L2W10g6) offers insights into regolith characteristics
essential for efficient resource utilization and exploration on lunar surface within the three-size
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range. Figure 2 illustrates a predominant presence of particles in the "250-500 um" range,
followed by the "105-250 pum" range, with particles smaller than 105 pum being the least
abundant. This distribution aligns with expected lunar regolith characteristics shaped by
geological forces, impact events, and the lunar environment. The delineation of particle size
distribution informs the design of machinery for resource exploitation. Larger impacts contribute
to particles in the "250-500 um" range, while smaller impacts produce finer particles in the "105-
250 um" range, easily transported and accumulated. The dominance of the "250-500 um" range
suggests a balance in processes transporting and accumulating regolith particles. The Moon's
lower gravity allows unique sedimentation, where smaller particles may remain suspended,
contributing to the prevalence of finer particles (Beale 2007).
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Figure 2. Experimental PSD profiles of lunar regolith samples (a) H4W60g6, (b) L2W60g6,
(c) H4W10g6, and (d) L2W10g6.

Figure 3 depicts the slot-wise distribution percentage of four lunar simulants across the six

slots of the sieve system: feed slot (inlet), slotl was located at 10 cm, slot 2 at 20 cm, slot 13 at
30 cm, slot 4 at 40 cm, and end slot (outlet) was located at 50 cm from the inlet slot for the feed.
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Figure 3. Slot-wise distribution percentage of 4 lunar simulants for 3 classified ranges:
(a) 250-500 pm, (b) 105-250 pm, and (c) 0-105 pm.

The analysis, utilizing modeling assumptions and equations, reveals a concentration of
simulants in slot4, presented higher distribution percentage signifying the concentration of
simulants within that specific region intricating the transportation under electrostatic force
without sorting since the particles were moving equally well at the specific frequencies.

Validation of Experimental Data and Model Validation. In this section, we aimed at
analyzing the PSD and PDF of lunar regolith samples under various experimental setups. The
PDF enriches our understanding by quantifying the likelihood of encountering particles of
different sizes. The following graphs depict the modeled PSD and PDF for each experimental
condition aiming at a comparative approach. Minor discrepancies may arise from factors like
measurement errors and variations in experimental conditions. The similarity in shapes between
experimental and model distributions, as shown in Figure 4, underscores the reliability of our
methodologies and model assumptions. The agreement between experimentally observed PDF
and model-based PDF supports the validity of the log-normal distribution model, although real-
world complexities and experimental factors may introduce deviations.

Figure 4(a)-4(f) shows the remarkable consistency between the experimental and model data
trends for simulant H4W10g6 and H4W60g6 respectively particularly in their shape, peak and
trough alignment, and continuous behavior, which has far-reaching consequences for the
efficiency and reliability of the electrostatic sieve modeling system. The alignment of peaks and
troughs between experimental and model trends indicates the model’s efficacy in predicting the
regions within the specified particle size range where particle density is highest and lowest. The
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predictive ability is crucial for optimizing the electrostatic sieve system, enabling efficient
particle transport and separation.
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The model's ability to consistently reproduce the observed particle size distribution trends
demonstrates its precision in predicting particle behavior. the "count" parameters yielded
unreliable data, while the "volume" parameters demonstrated reliability when compared to
known sample particle size distributions. It is clear from Figure 4a to Figure 4f that for
H4W10g6, PDF exceeds 1 at slot2 for count in the particle size analyzer which indicates the
particle between 0-200 um are densely located there which is larger than a uniform distribution.
In case of other slots for H4W10g6, it is clear that more than two slots provided the dense
population of particles from slot2 to slot4 within a uniform range between 0-50 pm. In the
generated plots, we observe that both the experimental and model trends exhibit similar patterns,
with characteristic peaks and valleys. This simulant followed the same patterns but with different
concentrations during transport at different slot specifically from slot2-4 corresponding to the
evident multimodal depiction of the PDF validated by equation (2).

When closely examining the plots, we notice that the peaks and troughs in the experimental
and model trends often coincide with a uniform distribution supporting the transport of the
particles without sorting for L2W10g6 and L2W60g6. This alignment indicates that the model
accurately predicts the positions where particle density is highest (peaks) and lowest (troughs)
within the given size range. For example, S10 and S15 shows that slot3 and slot2 for L2W10g6
and L2W60g6 respectively provided a denser population of particles from 0-200 pm a smaller
population of particles from 200-400 um. On the other hand, S9 and S17 shows that slot2 and
slot4 for L2W10g6 and L2W60g6 respectively provided a denser population of particles from
0-150 um a smaller population of particles from 150-250 um. Continuous nature of trends is a
significant aspect of validation, indicating that both data sources represent a coherent and
connected distribution of modeled particle sizes. Our lunar regolith simulants exhibit a
multimodal particle size distribution, which is consistent with the lunar surface. This distribution
comprises a dominant fraction of submicron-sized particles, a secondary fraction in the micron
range, and a minor fraction of millimeter-sized particles. The presence of submicron particles is
of particular interest due to its relevance in dust-related lunar surface challenges (Colwell, et al.,
2007). he majority of particles fall within the fine fraction (submicron to micron range),
comprising a significant percentage of the total mass. While the majority of particles are in the
fine fraction, a notable tail of coarse particles extends into the millimeter range. These larger
particles are significant for engineering aspects such as excavation, drilling, and mobility, where
particle size directly influences equipment design and performance (Ruess et al., 2006).

Sensitivity of Transport Control Parameters. The angles tested were 10°, 15°, and 20°,
while the frequencies at power source used were 10, 15, and 20 Hz for the three size ranges of the
particles. Analyzing the model's sensitivity to phase angle, inclination, and electrical frequency,
as depicted in the obtained PSD plots (Figure 5), provides valuable insights into the behavior of
lunar regolith via particle size distribution within the inclined electrostatic separator. It is evident
from these plots that the angle of inclination significantly affects the PSD profiles for all four
simulants. As the angle increases from 10° to 20°, notable variations in the distribution pattern can
be observed, clearly implying that the angle plays a crucial role in the motion and separation of
the electrostatic separator, as validated by equation (1). The plots also reveal the impact of
frequency on the PSD profiles. Different frequencies result in distinct distribution patterns,
indicating that the frequency of the applied square wave current affects the process. Higher
frequencies might promote finer particle separation, while lower frequencies may favor the motion
of coarser particles be separated. The particle size range also influences the distribution pattern.
For instance, particles in the range of 250-500 um exhibit a different distribution trend compared
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to particles in the range of 105-250 um or those smaller than 105 pum. This suggests that the
electrostatic separator might exhibit varying efficiency for different particle size ranges under
applied electromotive and dielectrophoretic force. The plots provide a visual representation of the
PSD in the inclined electrostatic separator for different angles, frequencies, and particle size
ranges. These results serve as a basis for further analysis and can guide future experimental

investigations to optimize the separation process for lunar regolith particles.
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Figure 5. Variations in phase angles with PSD for specified inclinations and excitation
frequencies at (a) 250-500 pm, (b) 105-250 pm, and (c) 0-105 pm size ranges.
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Phase angle determines the timing and direction of the electrostatic forces acting on lunar
regolith particles within the separator. By manipulating this independent variable, we can
systematically investigate its influence on the PSD under specific inclinations and frequencies.
Varying the phase angle allows us to assess how particles respond to changing electrostatic
forces, helping us optimize the separation process. Figure 6 reflects the mechanism of the
phenomena by the logistic function model of equation (4). The significance of mesh number
and inclination affect the particle transport and separation efficiency, influencing the shape and
steepness of the curves, rate and extent of material passing through sieve for 4 types of lunar
regolith simulants. Figure 6 depicted that the increasing inclination resulted in increasing percent

of total mass through sieve and increasing mesh number resulted in decreasing percentage.

90

Percent of Total Through Sieve (%)

Mass Percent Separated per Slit Along
Electrostatic Sieve (10Hz, 10° Up, Mesh#60)

80

70 -

60

50

40|

30

20 -

10+

—6—L2W10g6
—&—L2W60g6

H4W10g6
—A— H4W60g6

L L L

10 20 30 40
Sieve Slit (Distance from Top) (cm)

Mass Percent Separated per Slit Along

100Electrostatic Sieve (10Hz, 10° Up, Mesh#80-140)

Percent of Total Through Sieve (%)

0

Figure 6. Mass percent separated per slit along the electrostatic sieve at 10 Hz and different

70 -

90 -
80 -

60
50
40+
30
20
10}

C

—6—L2W10g6
—E—L2W60g6

H4W10g6
—A—H4W60g6

L L

0

10 20 30 40 50
Sieve Slit (Distance from Top) (cm)

100

Percent of Total Through Sieve (%)

Percent of Total Through Sieve (%)

Mass Percent Separated per Slit Along

20

80
70t
60 f
50 f
40t
301
20+

10

Electrostatic Sieve (10Hz, 15° Up, Mesh#60)
b

—6—L2W10g6
—&—L2W60g6

H4W10g6
—A—H4W60g6

10 20 30 40 50
Sieve Slit (Distance from Top) (cm)

Mass Percent Separated per Slit Along

0OEIectrostatic Sieve (10Hz, 15° Up, Mesh#80-140)

90}
80+
70+
60 I
50
40t
301
20+

10~

—e—L2W10g6
—&—L2W60g6
H4W10g6
—A—H4W60g6

0 10 20 30 40 50
Sieve Slit (Distance from Top) (cm)

frequency and mesh number/type with an approximate feed rate of 0.18 kg/h: (a) 10° tilt,
Mesh#60, (b) 15° tilt, Mesh#60, (c) 10° tilt, Mesh#80-140, and (d) 15° tilt, Mesh#80-140.

Model Prediction and Decision. The utilization of the 4-phase electrostatic sieve tube
represents a significant breakthrough in the domain of particle manipulation, particularly within
the size range of 100-500 um. This innovative technology has demonstrated remarkable efficacy
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in the transportation of particles falling within this size spectrum, with a capacity ranging from
0.04 to 0.06 g/s (equivalent to 0.15 to 0.22 kg/h). To fully comprehend the capabilities of this
apparatus, it is essential to delve into the underlying principles and parameters that govern its
operation. One of the pivotal factors influencing the success of the electrostatic sieve tube is the
inclination of the terrain. It has been established that optimal performance is achieved when the
slope of descent remains less than the angle of repose, which is approximately 10° to 20°.
Furthermore, the electrostatic sieve tube showcases its prowess by effectively navigating
ascending slopes of up to 20° under the influence of terrestrial gravity (Figure 7a). This ability
to operate on diverse terrain is a testament to the versatility and adaptability of this technology.
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Figure 7. Prediction for simulant-specific (a) optimal inclination, (b) optimal frequency,
and (c) particle movement capacity.

Intriguingly, the performance of the electrostatic sieve tube is not uniform across all
frequencies. Through meticulous experimentation and modeling approach, it has been predicted
that signal frequencies ranging from 7 Hz to 20 Hz yield the most favorable results (Figure 7b).
Within this frequency range, the particle movement is not only maximized but also exhibits a
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degree of precision and control (Figure 7c). However, it is noteworthy that as one ventures
beyond this optimal frequency range, the efficiency of particle movement diminishes
progressively. These characteristic warrants careful consideration in the practical
implementation of the electrostatic sieve tube efficiently.

Our system is modeled specifically for lunar regolith sorting comparing other sorting system
without the consideration of extraterrestrial environment and the proposed system was geared
for transportation of the simulants for lunar environment and the system operates effectively in
a vacuum condition, eliminating the need for gases, liquids, or complex mechanical components,
simplifying the operational setup and maintenance. While existing sorting systems showed
effective sorting particles smaller than 20 um,'® our model offers the added advantages of
scalable adaptability for particles of various sizes including those above 20 um. Dwari et al.,
(2009) investigated the tribo-charging of solids focusing on charge acquisitions during tribo-
electrification where they originally remain uncharged till they came into contact and our system
was designed on supplied electrostatic field propagating on charge acquisition in particles to set
them into motion. Besides, the model utilized an innovative alternating four-phase traveling
square-wave for particle-directed transport, allowing for diverse particle modeling and control
comparing the recent investigations on particle transport on moon using alternating current (Gu
et al., 2022). Moreover, the proposed sorting system excels in particle behavior analysis by
providing more meticulous examination of various aspects, including changes in velocity vector
distribution induced by the electrostatic field observing the patterns of velocity under fixed
excitation frequency and column inclination. Thus, the model uniquely offers valuable insights
into frequency-dependent sorting for future ventures. Notably, our system can achieve backward
particle transport as well under specific conditions, opening up the possibility of unique
applications in lunar regolith processing. Most importantly, this proposed system and model
employs comprehensive analysis utilizing the unique features of setup and distinct element
method to replicate experimental results and predict system performance simultaneously in lunar
environment optimizing the critical control parameters. Yet, a significant limitation of this
technology becomes evident upon closer examination. While it excels in particle transportation,
it does not possess the capability to sort or sieve particles based on size or other attributes. This
limitation arises from the fact that all particles respond equally well to the specific frequencies
employed by the electrostatic sieve tube. Consequently, the technology is more aptly described
as a conveyance mechanism rather than a sieve in the traditional sense.

CONCLUSION

The exploration of space, particularly the Moon, presents humanity with unprecedented
challenges and opportunities. Among these challenges, the efficient and sustainable utilization
of lunar resources stands as a critical necessity for prolonged space exploration and eventual
habitation. In this pursuit, modeling emerges as a linchpin upon which our understanding of
lunar regolith behavior and resource extraction processes is built with an innovative approach of
electrostatic sieve system. The system’s effectiveness on diverse terrains, optimized
performance at specific frequencies, and efficient particle transportation capacity makes it a
noteworthy innovation in the field where the sorting effectiveness can be achieved by
incorporating variable frequencies and implementing advanced real-time feedback control
algorithms. Accurate numerical representations of complex physical phenomena unlock
profound insights into particle and material behavior in low-gravity environments which may be
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adjusted via electric field strength concerning affected particle motion and dynamics of
electrostatic separation. The validation and agreement in trend shape and continuous behavior
between the model and experimental data underscores the reliability of the model in representing
the physical processes governing particle distribution in lunar regolith. This reliability instills
confidence in the electrostatic sieve system's performance under various lunar surface
conditions. Engineers can have greater assurance that the system will function as intended, even
in the presence of uncertainties. Scaling up the sorting rate involves optimizing hardware,
increasing sorting slots, refining waveform characteristics, and exploring parallel processing
approaches or multiple electrostatic sieve systems for higher throughput. However, the inability
to sort or separate between particles based on size or other characteristics underscores the need
for a nuanced approach when considering its applications. Further research and development
efforts to construct a potentially modified setup that works finely both for separation and
transportation which may yield insights into complementary technologies to harness the full
potential of this novel electrostatic sieve system. Ongoing efforts aim to bridge the gap in our
setup by developing a comprehensive system capable of both monitoring particle motion and
predicting effective separation. This underscores modeling's paramount importance in shaping
sustainable resource utilization strategies on the Moon and beyond, with profound implications
for space exploration and resource exploitation methodologies.
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