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Protecting sensitive surfaces from dust deposition in the limiting condition of the 

lunar atmosphere is imperative for future space exploration. An electrostatic lunar dust 

collector (ELDC) was developed to prevent lunar dust deposition on the exposed 

surface equipment efficiently. 

First, Eulerian-based analytical equations were derived to interrelate key 

parameters. Application of electrostatic field strength of 20 kV/m was found to be 

enough for collecting particles up to 240 μm in size. Then, the Lagrangian-based 

discrete element method (DEM) was used to track particle trajectories individually. 

Inclusion of electrical particle-particle interactions and non-uniformity of the e-field 

provided a more accurate efficiency determination resulting in an e-field strength of 3.5 

kV/m for 100% collection of 20-μm particles. How back electrostatic field due to charge 

build-up on the collection plates affect performance of an ELDC was then studied using 

a modified DEM model. The maximum time ELDC can run without significant loss in 

collection efficiency was estimated to be 3 times per month. 

Finally, the collection efficiency of the ELDC was investigated experimentally 

inside a vacuum chamber. The results indicated better tribochargeability of JSC-1A 
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particles than Chenobi particles. The pattern of the obtained collection efficiencies were 

consistent with the theoretical models confirming linear relationship with the applied 

voltage and non-uniform charge distribution over the collection plate. 

An electrostatic lunar dust repeller (ELDR) was developed to repel approaching 

like-charged lunar dust as an alternative approach. This study demonstrated that x-

shaped electrode pattern is the most effective electrodes arrangement due to the 

absence of dead zones in between like-charged electrodes. Modeling results showed 

that 2.2 kV and 1.4 kV were the minimum needed voltages applied to electrode lengths 

of 5 and 10 cm, respectively to achieve 100% removal efficiency. 

The novel technologies introduced in this study offer advantages over previously 

studied technologies by preventing dust deposition at the first place using low electric 

power. This study serves as the first step for surface protection of equipment on 

asteroids and Mars, and paves the road for development of electrostatic shields to 

protect solar panels and PV cells in arid terrestrial areas to secure consistent power 

generation. 
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CHAPTER 1 
INTRODUCTION 

Lunar Dust Levitation 

Dusty environment of the lunar surface was troublesome in previous NASA 

explorations. A cloud of levitated lunar grains with high affinity of adhering to the nearby 

surfaces, which hampered the lunar surface operations, was observed during the entire 

Apollo program (from 1969 to 1973) (Abbas et al., 2007; Colwell et al., 2009; Renno & 

Kok, 2008; Stubbs et al., 2006). Observations from the Apollo missions revealed that 

the hard vacuum lunar environment is suffused with electrically charged fine particles. 

Having ultrahigh vacuum in the lunar environment (10-13 to 10-14 Torr) (Heiken et al., 

1991) leaves the lunar surface unshielded from intense solar radiation (UV, x-ray and 

cosmic rays) and solar winds (high velocity charged particles and electrons). While 

photoemissive radiations (e.g., UV and x-ray) on lunar dayside accumulate positive 

charges, impingement of electrons on lunar nightside leads to negative charge 

accumulation on lunar grains (Halekas et al., 2008; Halekas et al., 2002; Walch et al., 

1995). The like-charged particles create a local electric field near the surface, 

overcoming gravitational and cohesive forces (Stubbs et al., 2006). Eventually, the 

process of charge accumulation inside the created sheath region leads to lifting the like-

charged particles from the lunar surface because of interparticle repelling forces 

(Colwell et al., 2009; Stubbs et al., 2006). The resulting electric field on the lunar 

surface forms a sheath region with non-uniform thickness (from less than 10 cm to 

several tens of meters) around the moon (Sternovsky et al., 2008). Relatively smaller 

and lighter lunar particles are forced up outside the region to the point where the electric 

field is screened out and no longer acts on the particles. Thus, the majority of levitated 
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particles fall back toward the lunar surface (Colwell et al., 2009). The consequent 

deposition of lunar dust on the exposed equipment surfaces deteriorates performance 

of the solar panels (Sims et al., 2003), obscures optical surfaces (Calle et al., 2011), 

degrades thermal radiators (Gaier et al., 2011), creates false responses from the 

measuring devices, interferes with the operation of Extra-Vehicular Activity (EVA) 

systems (Gaier & Creel, 2005) and requires frequent replacement of the costly devices. 

Therefore, starting from early 90’s, the National Aeronautics and Space Administration 

(NASA) has established dust mitigation programs to study all the possible lunar and 

Martian dust control technologies for future exploratory space missions. 

Previously Examined Lunar Dust Mitigation Technologies 

Inspired from terrestrial applications, a wide variety of passive and active 

methods have been proposed to mitigate the effects of lunar dust. However, there are a 

variety of limitations associated with each method, making them either inefficient or 

infeasible in hard vacuum lunar environment as summarized below: 

Mechanical Removal of Lunar Dust 

Application of a dust wiper proposed by Fernández et al. (2007) and brushes 

proposed by Gaier et al. (2011) are two examples of the mechanical methods for 

removing the deposited lunar dust. The lunar dust wiper was made from teflon, titanium 

and kapton. This robotic technology provided a wiper lever rotating up to 150o with 93% 

removal efficiency. The examined brushes in Gaier’s study were made of three different 

materials (nylon, PTFE and Thunderon) operating at the constant stroke speed and run 

time over thermal surfaces of AZ93, AlFEP and AgFEP. The results of their study 

indicated that Thunderon bristle brush was not effective, and nylon bristle and PTFE 

bristle brushes showed 90% and 80% removal efficiency, respectively, on the AZ93 
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surface. The Thunderon brush was the best for AlFEP surface though the highest 

removal efficiency of which was about 66%. As for the brush shape, they concluded that 

both fan brush and round brush designs were more effective than strip brushes. Longer 

bristles were found to be more effective at removing dust shorter bristles though the 

effect seemed to be less important than the brush material. Although these methods are 

efficient and light, they are abrasive and only appropriate for removing large particles 

(greater than 5 μm) from small surface areas (less than 30 cm2). Additionally, the 

methods require complex robotic technology and frequent brush cleaning. 

Gas and Liquid Dust Removal Sprays  

Since the mechanical methods are abrasive and may degrade the surface finish, 

application of gas, liquid, foams and gels for dust removal purposes have been 

investigated. The main idea is to break surface attraction forces with strong puff of gas, 

liquid, foam and gel (Wood, 1991). However, implementation of any gas, liquid, foam or 

gel spray in the hard-vacuum lunar environment is almost inapplicable due to the 

impracticality of directing the materials toward the contaminated surfaces. Moreover, 

these systems require strong pumps and blowers with difficulty of spatial shipment and 

power provision in addition to the chance of having chemical residues left over the 

surface. 

Surface Modification and Passive Methods 

Instead of exerting an external force to remove deposited particles, the protected 

surfaces have been treated to reduce the adhesive force between depositing particles 

and the surface. Since these techniques rely upon surface modification, they are 

categorized as “passive” solutions as compared with “active” mitigation methods that 

rely on external power. Dove et al. (2011) applied a proprietary ion beam process to 
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selectively extract positive ions from the plasma and accelerate them toward the 

surface. Then, by effectively choosing the precursor gas, vacuum level, ion energy, ion 

current and the distance between substrate and ion source, the surface energy of three 

different surfaces (black Kapton, Silicon and Quartz) were reduced. The surface 

modification of this study resulted in averagely 4 times reduction in contact charging. 

However, the main drawbacks of these methods include the high cost of surface 

modification and a small group of appropriate materials. Similarly, Gaier et al. (2011) 

studied another group of three surfaces (AZ-93, AgFEP and AlFEP) with application in 

thermal surfaces. The surface chemistry and surface texture were modified using an 

oxygen ion beam to etch away part of the surfaces. The experiments were conducted 

inside a high vacuum bell jar vacuum chamber with JSC-1A lunar dust simulants. The 

resultant surface textures were observed at different elapsed times of oxygen ion 

exposure. However, the research showed that none of the three treatments significantly 

improved the removal of dust against a certain puff of passing nitrogen gas.  

Electrodynamic Dust Removal Methods 

He et al. (2011) reviewed a number of suggested self-cleaning methods for the 

solar panels and concluded that electrodynamic-based approaches are the best 

strategies for dust removal. The best-characterized technology in this category is the 

electrodynamic dust shield (EDS), introduced by researchers at NASA Kennedy Space 

Center (KSC) (Calle et al., 2008; Sims et al., 2003) using the electric curtain concept 

developed by Tatom et al. (1967) at NASA and Masuda and Matsumoto (1973) at the 

University of Tokyo in the 1970’s. The EDS consists of a series of electrodes, 

connected to an AC source inside a transparent insulator film installed on the solar cell 

surfaces, lifts and transports deposited particles with generated standing and travelling 



 

18 

waves (Calle, et al., 2011). Although the EDS’ high efficiency for surface cleaning has 

been reported in various studies (Atten et al., 2009; Calle et al., 2011; Calle et al., 2004; 

Liu & Marshall, 2010), operation of an EDS with AC current may expend energy 

significantly faster than the energy capture rate of the solar panel (Qian et al., 2012). 

Clark et al. (2010) introduced another electrostatic-based tool called Space 

Plasma Alleviation of Regolith Concentrations in the Lunar Environment (SPARCLE). 

The SPARCLE consists of an electron gun and a surrounding collection circular plate to 

charge particles to deposit on an assumed surface. After adequate bombardment of the 

dust layer with a low-energy beam of electrons, repelling Coulomb forces between the 

particles overcome gravitational force and surface forces over the particles to lift the 

particles up for collection on the oppositely charged surfaces around the device. 

Although SAPRCLE is portable and operates at low power, it requires either robotic 

arms or astronauts’ involvement, and its application to clean large surfaces is 

cumbersome. 

Lunar Dust Properties 

Size, Density and Shape of Lunar Dust 

Unlike terrestrial dust, lunar dust is exposed to meteorite impacts. These 

hypervelocity impacts result in shape irregularity and fragmentation of lunar grains in a 

wide range of size distribution (from nanometer to centimeter) (Abbas et al., 2007; 

Wood, 1991). Between 10 to 20% of lunar grains by number are smaller than 20 µm, 

but the median size ranges from 40 to 130 μm (Heiken et al., 1991). Over 95% and over 

50% are finer than 1 mm and 60 µm, respectively (Taylor et al., 2005). The average 

value for median size has been reported as 70 µm (Walton, 2007).  Lunar dust density 

ranges from 2300 to 3100 kg/m3 (Walton, 2007). 



 

19 

However, the size of the particles liberated from the regolith has not yet been 

well characterized. Using images taken by the Surveyor-7 Lander, Renno and Kok 

(2008) estimated 10 μm as the representative size of levitated lunar dust with a 

concentration of about 50 #/cm3.  

Charge of Particles 

The simplest equation for estimating the charge on a dust grain is given by 

writing the charge as the product of the grain capacitance, C, and surface potential, s 

(Horányi, 1996): 

𝑞𝑝 = 𝐶∅𝑠 (1-1)  

The following approximation for the capacitance was suggested by Goertz 

(1989): 

𝐶 = 2𝜋𝜖0𝑑𝑝𝑒
−𝑑𝑝
2𝜆𝑑  (1-2)  

where ϵ0 and λd are vacuum space permittivity (8.854 × 10-12 F/m) and Debye’s length, 

and dp is particle diameter. Debye’s length is the distance of influence of a charge, or 

the distance beyond which a charge becomes screened by the ionized particles of the 

lunar environment. When the particle diameter is much less than λd (dp << λd), Eq. (1-2) 

can be reduced to: 

𝐶 = 2𝜋𝜖0𝑑𝑝 (1-3)  

As the lunar surface potential depends on lunar Debye length and solar plasma 

flow over the lunar grains, it is sensitively variable. The reported values obtained from 

Lunar Prospector Electron Reflectometer (LPER) measurements were 10 to 100 V for 

near-terminator solar wind (Freeman & Ibrahim, 1975) and 0 to 1 kV for different regions 

on the moon (Halekas, et al., 2008). The results from different modeling studies are also 
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greatly dissimilar. For example, a numerical particle-in-cell model developed by Wang et 

al. (2008), which solved Poisson’s equation using estimated values for number densities 

of ions and electrons in lunar atmosphere, indicated the range of -30 to +5 V, whereas 

an analytical model by Manka (1973) estimated values of a few volts on lunar dayside 

and a few tens of volts on lunar nightside. 

Kinematic of the Levitated Lunar Dust Motion 

Stubbs et al. (2006) have developed an equation for the lunar dust motion. They 

assumed photoemission as the only contributor for charging the particles and the 

gravitational force being the only acting force on the particles after exiting the Debye 

sheath. From this model, the maximum height, Zmax, above the lunar surface that a 

particle can travel was determined as shown in Eq. (1-4). Sickafoose et al. (2001) 

performed laboratory experiments for dust levitation in low density plasma and their 

results were consistent with the theoretical formula that Stubbs et al. (2006) obtained 

years later: 

𝑍𝑚𝑎𝑥 =
12𝜖0∅𝑠

2

𝜌𝑝𝑔𝑙𝑑𝑝
2  (1-4)  

where ρp is the density of particle and gl is the lunar gravitational acceleration. After 

reaching Zmax, the particle falls back to the lunar surface following a ballistic trajectory. 

The final particle velocity upon reaching the lunar surface given constant acceleration, 

gl, (neglecting deceleration by electrostatic force in the Debye’s length layer), can be 

estimated by Eq. (1-5): 

𝜈0𝑝 = √2𝑔𝑙𝑍𝑚𝑎𝑥 = 2
∅𝑠
𝑑𝑝
√
6𝜖0
𝜌𝑝

 (1-5)  
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This is a high end approximation for the initial velocity at the device entrance. 

Therefore, the value of the later obtained collection efficiency will be a conservative 

estimate. 

Electrostatic Control of Particles 

Electrostatic precipitation is a well-developed and widely applied control technology 

for removing fine particles from the flue gases produced in industrial processes, aerosol 

sampling and air cleaning. An electrostatic Precipitator (ESP) first charges particles and 

then collects the charged particles using an external electrostatic field created between 

conducting parallel plates. Particles are usually charged by field charging mechanism 

using a corona discharge, and the generated field and ion concentration are such that 

the particles get their highest possible total charge, literally instantly (Hinds, 2012). 

In terrestrial ESPs, charged particles migrate to the plate under the influence of the 

electric field, where the gravitational force is negligible compared to the electrostatic 

force. However, there is a terminal velocity beyond which particles migrating toward the 

plate cannot be accelerated further. This velocity is the consequence of the balance 

between the electrostatic force and the drag force on the particle moving through the 

surrounding gas (Schnelle & Brown, 2001). In the lunar environment, particles 

experience no drag force. The Deutsch-Anderson equation shown below further 

assumes perfect radial mixing due to turbulence in the ESP (Cooper & Alley, 2011) 

while there is no mixing in the vacuum environment: 

𝜂𝐸𝑆𝑃 = 1 − 𝑒𝑥𝑝 (−
𝜔𝐴

𝑄
) = 1 − 𝑒𝑥𝑝 (−

𝑞𝑝𝐶𝑐
3𝜋𝜇𝑑𝑝

×
∆𝑉

𝐷
×
𝐴

𝑄
) (1-6)  

 

 

where ω is drift terminal velocity, μ is dynamic viscosity, Q is flow rate, D is the distance 

between each two plates, A is the total surface area of one plate (double sided) and Cc 
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is Cunningham correction factor. In the hard vacuum of lunar environment, neither flow 

rate (Q) nor drift velocity (ω) exists. Therefore, the terrestrial ESP equation is not 

applicable to the lunar system. 

The proposed dust control technology in this study is inspired from the collection 

method and configuration of ESPs. Similar to an ESP, there will be parallel electrically 

conducting plates; the electrical potential difference between each pair gives rises to an 

electric field to attract oppositely charged particles. However, as this study targets 

collection of falling naturally charged particles in lunar atmosphere, there will be three 

major differences with terrestrial ESPs: 1) the targeted particles in this study are 

naturally charged with no need of high voltage to initially charge particles, 2) the hard 

vacuum condition of lunar environment makes Deutsch-Anderson equation invalid as 

there is no resistive forces to slow incoming particles and no radial mixing of particles 

within the device, and 3) the operational voltage of our proposing technology is a couple 

of hundred times smaller. In average, this is about 200 times lower than the operating 

range of voltage of a conventional ESP.  

Research Hypothesis 

It is hypothesized that application of electrostatic based technologies can serve as 

an effective way of protecting hardware surfaces from the deposition of naturally 

charged lunar particles in limiting conditions of the lunar environment, either by 

attracting the dust to an alternative surface or by repelling the dust away from the 

control volume. Additional advantages include relatively low electrical power 

requirement, low cost, negligible blockage of sunlight and low frequency for collection 

plate cleaning.  
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Electrostatic Lunar Dust Collector (ELDC) Operation 

The principal is to provide an electric potential between electrically conducting 

parallel plates to create an electrostatic field. Inspired by Electrostatic Precipitators 

(ESPs), the Electrostatic Lunar Dust Collector (ELDC) is proposed for collecting already 

charged lunar particles by migrating charged particles toward the oppositely charged 

plate. The ELDC consists of a grid layer of rectangular and parallel thin plates in front of 

the surface to be protected. The ELDC plates are conducting, oppositely charged and 

hard vacuum condition between the plates acts as an insulator to practically form a 

capacitor ( 

Figure 1-1). Providing electrical potential difference between each pair of plates 

connected to an electric power supply (i.e., solar panel), an electrostatic field is created 

(the electric field streamlines extend from the positively charged plate to the negatively 

charged plate) ( 

Figure 1-2) to collect falling dust particles before surface impact. Since the solar 

panels can store energy in the lunar day for all the equipment, the provision of the 

required voltage between the plates can be easily maintained. 

However, the collection plates attract incoming particles continuously and as time 

goes by, a layer of deposited particles carrying the opposite charge builds up on the 

plate. Collected fine particles stay on the plates due to strong surface forces as well as 

electrostatic attraction between the particles and the collection plate. The process of 

particle deposition on the collection plates forms a back electrostatic field which 

strengthens with time (Zukeran et al., 1999), and influences proper collection of the later 

approaching particles. Reduction in collection efficiency as a function of time is the 

measure for determining the frequency of plate cleaning.  
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Research Objectives 

In this dissertation, two electrostatic-based lunar dust control technologies (ELDC 

and ELDR) were developed and evaluated for protecting exposed equipment surfaces 

on lunar surface to address the limitations of current technologies. The use of 

electrostatic fields for control of naturally charged lunar dust particles offers significant 

advantages and can help improve strategies for dust control in any low vacuum 

medium. The main goal of this study is to investigate the proficiency of the ELDC in 

lunar dust control and to identify its advantages and disadvantages for case scenarios 

through both theoretical (analytical and numerical) and experimental approaches. 

Additionally, the needed frequency of cleaning the collection plate was determined. The 

possibility of using an electrostatic lunar dust repeller (ELDR) was explored. Overall, 

five objectives were completed to fully study the application of electrostatic-based 

technologies in lunar dust control: 

1. Development of an Eulerian-based analytical model: To estimate ELDC 
collection efficiency using a predictive analytical model, to identify relationships 
between the key parameters (i.e., applied voltage, ELDC dimensions and particle 
properties), to derive dimensionless ratios for future design of the experimental 
set-up, to identify the most conservative case scenario, and to clarify the 
significance of each parameter on the resultant collection efficiency. 

2. Development of a Lagrangian-based numerical model: To track particle 
trajectories one by one using a discrete element method (DEM) focusing on the 
previously identified most conservative configuration, to develop a more accurate 
model with inclusion of electrical particle-particle interactions and non-uniform 
distribution of the charges on the ELDC plates inside the model, and to study the 
effect of ELDC dimensions on collection efficiency. 

3. Approximation of the frequency of ELDC plate cleaning: To investigate the 
Influence of the built-up layer of previously collected particles on collection of 
newly incoming like-charged particles using a modified Lagrangian-based DEM 
model.  

4. Verification of the theoretical findings with experiments: To develop an 
experimental set-up to examine the proficiency of a customized ELDC for 
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collection of 20-μm-sized lunar dust simulants, to compare tribochargeability of 
the lunar dust simulants (JSC-1A and Chenobi), and to evaluate the effect of 
vacuum level in tribochargeability of the particles and ELDC collection efficiency. 

5. Possibility of using an ELDR: To assess the proficiency of an alternative method 
of electrostatic lunar dust repelling using DEM and finite element analysis (FEA) 
methods in lunar dust particles removal, to develop a model for single-electrode 
ELDR, to identify the most beneficial arrangement of electrodes for protecting 
larger surfaces to develop the optimum ensemble-electrode ELDR for protection 
of larger surfaces, and to compare the obtained results with the ELDC 
responsible for protecting the same surface area.  
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Table 1-1. Comparing previously developed lunar dust mitigation technologies 

Control 
Technology 

Advantages Disadvantages References 

Brush 
 

1) Removal of both 
charged and 
uncharged particles 
2) Applicable on all 
types of surfaces 
 

1) No prevention. Removal of already 
deposited particles 
2) Abrasion of surfaces 
3) Complication of robotic technologies for 
the brush levers 
4) Need for brush cleaning 
5) Not effective for fine particles 

(Gaier et al., 
2011) 

Dust Wiper 

1) Removal of both 
charged and 
uncharged particles 
2) Applicable on all 
types of surfaces 
 

1) Abrasion of surfaces 
2) Complication of robotic technologies for 
the brush levers 
3) Need for wiper replacement 
4) Only good for coarse particles 

(Fernández et 
al., 2007) 

Surface 
Modification 

1) Operation with no 
external forces 
2) No surface 
blockage 

1) No prevention. Removal of already 
deposited particles 
2) Not applicable for all types of materials 
3) Very costly to treat the entire surface 
area of the surfaces 

(Dove et al., 2011) 
(Gaier et al., 2011) 

SPARCLE 
 

1) Removal of both 
charged and 
uncharged 
deposited dust 

1) No prevention. Removal of already 
deposited particles 
2) Relatively high electrical power 
consumption as charging electrode 
moves line by line over a wide surface 
3) Cleaning process is very time 
consuming 
4) Involvement of complicated robotic 
levers 
 

(Clark et al., 2010) 

Electrodynamic 
Dust Shield 

(EDS) 

1) Removal of both 
charged and 
uncharged 
deposited dust 
2) Negligible 
surface blockage 

1) No prevention. Removal of already 
deposited particles 
2) Relatively high electrical power 
consumption due to need for converting 
DC to AC current 
3) High cost of covering all surfaces with 
thin film of ITO 

(Calle et al., 2011) 
(Sims et al., 2003) 
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Figure 1-1. Schematic of the ELDC configuration and arrangement of plates to protect 
lunar installed surfaces 
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Figure 1-2. Finite element analysis (FEA) results of the electrostatic field streamlines 
and electric potential distribution in an assumed spherical neighborhood 
around a pair of ELDC plates (the electric potential difference between ELDC 
plates is ΔV = 100 V)
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CHAPTER 2 
EULERIAN-BASED ANALYTICAL MODEL TO PREDICT ELDC EFFICIENCY 

Objective 

The main objective of the study in this chapter was to develop a predictive 2-D 

analytical model to evaluate the effectiveness of ELDC. To investigate the importance of 

key parameters on collection efficiency, sensitivity analyses were conducted. The most 

conservative case scenario was identified, which would serve to be the focus in follow-

up numerical modeling. Dimensionless analysis provided insight into relationships 

between key parameters and correction factors to relate subsequent experimental 

results to theoretical results.  

Methods 

Model Development 

Assumptions 

In order to derive an analytical model, a number of assumptions have been made. 

The physics of electrostatic collection can be complicated, as demonstrated by the 

terrestrial ESP theory. The following assumptions allowed a simplified equation to be 

obtained provided insight into the most important parameters in ELDC design and a 

handy tool to estimate collection efficiency. The assumptions which are common with 

collection efficiency derivations of ESP were as below: 

1. Particles are assumed to be point charges of finite diameter and mass. 

2. Charged particles do not exert any force on each other. The electrostatic force by 
the plates is sufficiently higher than the Coulomb force between particles. 
Furthermore, particles do not perturb the electric field generated by the ELDC 
plates due to their charge or the electric permittivity which they induce. 

3. The electrostatic field is uniform between the plates. There are no edge effects of 
the field caused by plates of finite size. Consequently, there is no 
dielectrophoresis force acting on the particles due to non-uniformity in the field. 
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4. Particles enter the ELDC with identical size, density, shape, charge, and they are 
distributed uniformly at the entrance of the ELDC. 

5. The initial velocity vector of the incoming particle is parallel to the ELDC plates to 
make the most conservative situation. 

6. The electric field strength remains the same regardless of dust accumulation. 

7. Re-entrainment and bouncing of the collected particles are negligible. 

The following assumptions were exclusively needed for the ELDC model: 

1. There is neither air flow nor drag force acting on the particles. 

2. The derivation is envisaged for 2-D schematic, meaning the widths of the ELDC 
plates are infinite. 

Derivation of the ELDC Efficiency Equation 

Since the ELDC can have different orientations with respect to the lunar surface 

for its protective task, the angle between the gravitational force (which is always normal 

towards the lunar surface) and electrostatic force (which is always normal towards the 

pertinent ELDC plate) can change. As the electrical polarity (positive or negative) of 

incoming particles is known on each side of the moon, the electrical polarity of ELDC 

plates should also be determined wisely to make the gravitational force effective in 

assisting particle collection. In other words, the ELDC plates alternate between positive 

and negative to utilize the gravitational force for enhanced collection. Therefore, several 

scenarios can be envisaged for the ELDC configuration with respect to the equipment to 

be protected. Figure 2-1 shows the ELDC configuration, the equipment to be protected 

and the relationship between the forces in the general case for collecting positively 

charged particles. Then, the electrostatic force (Fe) acting on a particle with charge (qp) 

entering the electric field (E) generated by the ELDC plates is described by Eq. (2-1). 

𝐹𝑒⃗⃗  ⃗= 𝑞𝑝�⃗�  (2-1) 
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The electric field vector can be defined as the gradient of the electric potential. 

The magnitude of electrostatic field acting on a particle possessing charge qp can be 

then obtained by Eq. (2-2): 

 𝐹𝑒 = 𝑞𝑝
∆𝑉

𝐷
  (2-2)  

where ΔV is the potential difference between the plates and D is the distance between 

the plates. When the device to be protected is inclined relative to the fixed system of x 

and y directions, the gravitational force, which is in the x’ direction, has one component 

in each x and y direction. Hereafter the angle between the initial velocity vector (v0p) and 

gravitational force (Fg) will be labeled . The resulting force balance equations on the 

particle can be written as: 

∑𝐹𝑥 = 𝑚𝑝𝑎𝑥  ⟹ 𝑎𝑥 =
𝐹𝑔 cos 𝜃

𝑚𝑝
= 𝑔𝑙 cos 𝜃 

(2-3) 

  

∑𝐹𝑦 = 𝑚𝑝𝑎𝑦  ⟹  𝑎𝑦 =
𝐹𝑒 + 𝐹𝑔 sin 𝜃

𝑚𝑝
=
∆𝑉 𝑞𝑝
𝐷 𝑚𝑝

+ 𝑔𝑙 sin 𝜃 (2-4)  

where mp is the particle’s mass, and gl is the lunar gravitational constant. Assuming the 

particles are spheres of diameter dp with density ρp, the acceleration in the y direction 

can be written as: 

𝑎𝑦 =
6 ∆𝑉 𝑞𝑝

𝜋 𝐷 𝑑𝑝
3𝜌𝑝

+ 𝑔𝑙 sin 𝜃 (2-5)  

This simplification allows the collection efficiency equation to be written as a 

function of particle size and provided voltage. As depicted in Figure 2-1, ax is only due to 

Fg component in the x direction. Using the kinematic equation of motion for constant 
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acceleration in each direction one may obtain the velocity (x, y) and position (x, y) 

components as a function of time. For this purpose, initial conditions must be taken into 

account to remove constants of integration. 

𝜈𝑥(𝑡 = 0) = 𝜈0𝑝 ⟹ 𝜈𝑥 = ∫ 𝑎𝑥

𝑡

0

𝑑𝑡 = 𝜈0𝑝 + (𝑔𝑙 cos 𝜃)𝑡 (2-6)  

𝜈𝑦(𝑡 = 0) = 0 ⟹ 𝜈𝑦 = ∫ 𝑎𝑦

𝑡

0

𝑑𝑡 = 𝑎𝑦𝑡 = (
6∆𝑉𝑞𝑝

𝜋𝐷𝑑𝑝
3𝜌𝑝

+ 𝑔𝑙 sin 𝜃) 𝑡 (2-7)  

𝑥(𝑡 = 0) = 0 ⟹ 𝑥 = ∫ 𝜈𝑥

𝑡

0

𝑑𝑡 =
1

2
(𝑔𝑙 cos 𝜃)𝑡

2 + 𝜈0𝑝𝑡 (2-8)  

𝑦(𝑡 = 0) = 0 ⟹ 𝑦 = ∫ 𝜈𝑦

𝑡

0

𝑑𝑡 =
1

2
𝑎𝑦𝑡

2 =
1

2
(
6∆𝑉𝑞𝑝

𝜋𝐷𝑑𝑝
3𝜌𝑝

+ 𝑔𝑙 sin 𝜃) 𝑡
2 (2-9)  

Thereby, the position of the particle in the y direction can be related to the x 

direction by substituting Eq. (2-8) into Eq. (2-9) to obtain: 

𝑦 =
(∆𝑉 𝑞𝑝 +

𝜋
6 𝐷𝑑𝑝

3𝜌𝑝𝑔𝑙 sin 𝜃)

𝜋
3
 𝐷𝑑𝑝

3𝜌𝑝𝑔𝑙
2𝑐𝑜𝑠2𝜃

(√𝜈0𝑝
2 + 2𝑔𝑙𝐿 cos 𝜃 − 𝜈0𝑝)

2

 (2-10)  

In calculating the collection efficiency, the particle is assumed to attach to the 

plate if it reaches the ELDC plate before exiting the ELDC. Considering a particle with a 

displacement r in the y-direction that will reach the ELDC plate after it travels precisely a 

distance L of one plate length in the x direction (Figure 2-1), particles with a 

displacement smaller than r will then be collected while those larger than r will 

penetrate. Assuming a uniform distribution of particles at the entrance line, the 

collection efficiency for a given v0p is simply defined as the ratio r/D as: 

𝜂 =
(3∆𝑉 𝑞𝑝 +

𝜋
2
𝐷𝑑𝑝

3𝜌𝑝𝑔𝑙 sin 𝜃)

𝜋 𝐷2𝑑𝑝
3
𝜌𝑝𝑔𝑙

2𝑐𝑜𝑠2𝜃
(√𝜈0𝑝

2 + 2𝑔𝑙𝐿 cos 𝜃 − 𝜈0𝑝)
2

 (2-11)  
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Equation (2-11) is the most general case for the collection efficiency of the lunar 

ELDC given an arbitrary orientation. There are two special orientations of interest: 

ELDC plates parallel or perpendicular to the lunar surface. For horizontal configuration, 

the electrostatic force is in the same direction as gravitational force. This situation could 

be of use when lunar dust is liberated and propelled horizontally due to astronauts’ 

activities ( = 90º). This results in an undefined value for the efficiency in Eq. (2-11) as 

the cosine term in the denominator is zero. This singularity can be resolved by applying 

L’Hôpital’s rule, and the resultant equation is displayed as Eq. (2-12): 

𝜂 =
(6∆𝑉𝑞𝑝 + 𝜋𝐷𝑑𝑝

3𝜌𝑝𝑔𝑙)

2𝜋 𝐷2𝑑𝑝
3
𝜌𝑝𝜈0𝑝

2
 (2-12)  

When the gravitational force acts perpendicularly to the electrostatic force so that θ 

= 0º as in a vertical configuration, Eq. (2-11) reduces to Eq. (2-13): 

𝜂 =
3∆𝑉𝑞𝑝

𝜋𝐷2𝑑𝑝
3
𝜌𝑝𝑔𝑙

2
(√𝜈0𝑝

2 + 2𝑔𝑙𝐿 − 𝜈0𝑝)
2

 (2-13)  

Dimensionless Ratios 

Dimensionless analysis provides insight into the key parameters and allows 

exploration of new interactions not considered in the initial planning. Dimensionless 

ratios were investigated for the two special orientations. 

For the horizontal ELDC (θ = 90º), the collection efficiency equation can be 

rearranged into two dimensionless ratios as follows: 

𝜂 ∝ (
∆𝑉𝑞𝑝 +𝑚𝑝𝑔𝑙𝐷

𝑚𝑝𝜈0𝑝
2

) × (
𝐿

𝐷
)
2

 (2-14)  

The first term corresponds to the summation of electrical energy and potential 

energy over the kinetic energy whereas the second ratio has to do with the ELDC 



 

34 

geometry. Consequently, parameters of each ratio can be manipulated to adjust 

collection efficiency. For example, if the ELDC length is shortened, the plate distance 

also needs to be reduced in order to maintain the same efficiency. As another example, 

if the incipient velocity is larger than expected, a higher voltage is needed to maintain 

the same efficiency via Eq. (2-14). Moreover, ratios may compensate each other. As an 

example, a change in initial velocity of incoming particles to twice a given value requires 

a change of the plate distance to half of its primary value. 

For the vertical ELDC (θ = 0º), parameters in Eq. (2-13) can be rearranged to form 

three dimensionless ratios as follows: 

𝜂 ∝ (
∆𝑉𝑞𝑝
𝑚𝑝𝑔𝑙𝐿

) × (
𝑚𝑝(√𝜈0𝑝

2 + 2𝑔𝑙𝐿 − 𝜈0𝑝)
2

2𝑚𝑝𝑔𝑙𝐿
) × (

𝐿

𝐷
)
2

 (2-15)  

The first term shows the ratio of electrical to gravitational potential energy of the 

particle. The second term is again an energy ratio, expressing the ratio of kinetic energy 

to gravitational potential energy. Finally, as with the horizontal case, the third term is the 

squared ratio of the ELDC length to the distance between the plates. Equation (2-15) 

demonstrates that by changing the angle between electrostatic force and gravitational 

force, , from 90º to 0º, kinetic energy is no longer in the denominator and potential 

energy is no longer in the numerator. This is simply due to changing the prevailing role 

of gravitational force from collecting the particles to accelerating them pass the plate. 

Results and Discussion 

Sensitivity analysis was performed to assess the effects of four important 

parameters on ELDC performance: 1) particle size, 2) electric potential difference, 3) 

electric surface potential and 4) orientation angle. The charges of particles were 
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estimated by equations (1-1), (1-2) and (1-3) while initial velocities of particles were 

estimated by equations (1-4) and (1-5). Lunar gravitational acceleration (gl) of 1.62 m/s2, 

lunar particle density of 3100 kg/m3, and ELDC dimensions of 5 cm as the distance 

between ELDC plates and 10 cm as the length of plates (based on the common size of 

modules on solar panels) were assumed. The results of sensitivity analyses are 

displayed as in Figure 2-2 to Figure 2-5. 

Figure 2-2a shows the relationship between efficiency and particle size for 

various applied voltages when ELDC plates are positioned horizontally with respect to 

lunar surface. As shown, larger particles are collected more easily than smaller particles 

due to gravity. For the lowest voltage (10 V), all particles larger than 62 μm are 

collected. This minimum size required for 100% collection efficiency reduces as voltage 

increases. When applying 100 V to the system, particles of all sizes are collected. 

Collection efficiency is insensitive to particle size for values smaller than a few microns. 

The interesting conclusion to be drawn from the graphs of Figure 2-3 for the 

horizontal ELDC is that there is a decrease in collection efficiency when s increases. 

Although increasing the surface potential increases the particle’s charge and 

electrostatic force linearly, incipient velocity also increases linearly. As the collection 

efficiency is inversely proportional to ν0p
2, the increase in incipient velocity is more 

influential, and eventually collection efficiency would be decreased. One may 

compensate for this by increasing the applied voltage from 10 to 150 V, which shifts the 

graphs to the top and right, enhancing collection efficiency. Finally, it was found that >80 

μm size particles are collected at 150 V for any value of surface potential. 
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The sensitivity analysis regarding the surface potential for a vertical orientation is 

shown in Figure 2-4. When the surface potential is very close to zero, particle’s charge 

is not large enough to be attracted to the pertinent ELDC plate and efficiency is almost 

zero. For slightly higher surface potentials, both the incipient velocity and particle’s 

charge increase linearly for particles of a fixed size. Therefore, the electrical energy in 

the numerator of the first ratio in Eq. (2-15) also increases linearly, whereas the 

denominator is fixed for all surface potentials. As the third ratio is always fixed, the 

kinetic energy in the numerator of the second energy ratio is the only term responsible 

for the observed peaks in the graphs, which are brought about due to intrinsic 

characteristic of quadratic equations. 

It is distinctly clear from the figure that for each applied voltage there is a maximum 

collection efficiency. For relatively smaller particles the foregoing maximum collection 

efficiency may correspond to 100% as the gravitational force is not effective enough for 

accelerating them. As can be expected, increasing the applied voltage facilitates 

improved collection efficiency for larger particles. For instance, when the applied voltage 

is 100 V, particles smaller than 20 μm, with surface potential less than 100 V can be 

collected with 100% efficiency. When the voltage is raised to 250 V, all the particles 

smaller than 80 μm with surface potential between 70 and 170 V can be collected. 

The collection efficiency as a function of orientation angle for several voltages and 

fixed surface potential (s = 100 V) is displayed in Figure 2-5. All the graphs are similar 

in the sense that the efficiency increases when the angle increases to 90o (horizontal 

ELDC), wherein the gravitational force collaborates with electrostatic force for collecting 

particles. It can be seen that the efficiency is not a strong function of  for particles 
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smaller than 20 μm. By increasing the particle size with a fixed surface potential and 

applied voltage, the numerator of Eq. (2-11) increases more than the denominator. 

Thus, the fraction becomes bigger, and as the change in the particle velocity is also 

growing faster for larger particle sizes of interest, the constancy of collection efficiency 

no longer persists. Although collection efficiency for all sizes of particles increases as 

the provided voltage increases, the ratio of electrostatic force to gravitational force for 

relatively small particles grows faster than that of large particles. Hence, there would be 

a larger range of angles in which smaller particles would have better collection 

efficiency. 

The above analysis is helpful for simplifying design procedures. Based on shown 

graphs as in Figure 2-2 to Figure 2-5, we can find the minimal voltage needed to reach 

100% collection efficiency regardless of ELDC orientation. As was mentioned in our 

discussion of Figure 2-2, for collecting particles smaller than 100 μm in all the 

conceivable angles, electric potential of 250 V is needed for this sizing of the ELDC. 
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Figure 2-1. Schematic of the ELDC configuration with an angle θ between initial particle 
velocity vector and gravitational force direction 

 

 
Figure 2-2. ELDC collection efficiency as a function of particle size at different voltages 
(ϕs = 100 V, L = 10 cm and D= 5 cm). A) Horizontal orientation. B) Vertical orientation. 
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Figure 2-3. ELDC collection efficiency of horizontal orientation as a function of surface 
potential at different voltages for several particle sizes (L = 10 cm and D = 5 cm) 
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Figure 2-4. Collection efficiency of the vertical ELDC as a function of surface potential at 
different voltages for several particles sizes (L = 10 cm and D = 5 cm) 
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Figure 2-5. ELDC collection efficiency as a function of tilting angle (θ) for several 
particle sizes at different voltages 
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CHAPTER 3 
LAGRANGIAN-BASED NUMERICAL 3-D MODEL FOR ELDC EFFICIENCY 

Objective 

The main objective of this study was to develop a 3-D model for determining 

ELDC collection efficiency at the worst case scenario. A Lagrangian-based DEM model 

was developed to track all particle trajectories within the geometry. Inclusion of electrical 

particle-particle interactions and non-uniformity of distributed charges on the ELDC 

plates realized a more accurate estimation regarding the ELDC collection efficiency. 

Methods 

Discrete Element Method (DEM) 

To address the mechanical contacts and electrical interactions of the falling 

particles, a Lagrangian approach is required to track particles individually at each time 

step. In this study, the Discrete Element Method (DEM) which has been widely used in 

particulate systems, was implemented for tracking the particles. The basic idea of DEM 

modeling is placement of the initial set of particles followed by consideration of all the 

acting forces on any individual particle. Then, Newton’s second law and kinematic 

equation conclude updated positions of the particles for the next time step (Hogue et al., 

2008).  

EDEM 2.3.1 developed by DEM Solutions, Inc. which has incorporated 

electrostatic forces into DEM computations, was adopted for this study. Flexibility in 

creating different geometries, ease of conducting sensitivity analyses and capability of 

designing more complicated particle characteristics are other advantages of the 

software. 
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Contact detection is the most time-consuming part in DEM modeling of a 

particulate system (for a system made of n particles, on the order of n2 detection checks 

are required at each time step) (Hogue et al., 2008). Moreover, there are electrostatic 

particle-particle interactions among the charged particles. The EDEM uses a Cartesian 

grid on the computational domain to limit particle contact detection to the number of 

particles located in the same or adjacent grid cells. A soft contact force model (Hertz-

Mindlin with no particle slip) was used for the mechanical contacts. This model is based 

on frictional elasticity of a spherical particle in contact with wall or other particles (Hertz 

model for the normal direction, and Mindlin model for the tangential direction) (Di Renzo 

et al., 2004).  

As for electrostatic interactions, a screening radius around all particles is defined. 

For any target particle, only those particles inside its screening distance are involved in 

calculations of electrical interactions. The electrostatic screening distance in EDEM is 

practically the Debye length of the particles, λDp. The following equation is the 

suggested Debye length in vacuum (Hogue et al., 2008): 

𝜆𝐷𝑝 =
1

𝑞𝑒√(
1

𝜖0𝐾𝐵𝑇
∑ 𝑛𝑖𝑖 𝑧𝑖

2)

 
(3-1) 

where qe is unit charge of an electron (1.602×10-19 C), KB is Boltzmann’s constant 

(1.38×10-23 J/K), T is temperature in Kelvin, ni is number of i-type particles of charge zi. 

Thus, the model considers a circle around each particle with λDp as radius and 

calculates the electrostatic potential (Ue) between the centered particle and each 

particle inside the circle: 

𝑈𝑒 =
𝑞𝑝𝑞𝑖
4𝜋𝜖0𝑟𝑝𝑖

𝑒

−𝑟𝑝𝑖
𝜆𝐷𝑝  (3-2) 
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where qi is charge of particle i inside the screening distance and rpi is distance between 

the center particle and particle i. The resultant Coulomb force from all the included 

particles is derived from electrostatic potential as shown in Eq. (3-3): 

𝐹𝑐 = −∑(
𝑑𝑈𝑒
𝑑𝑟𝑝𝑖

) = −

𝑖

∑(
𝑞𝑝𝑞𝑖
4𝜋𝜖0

(
1

𝑟𝑝𝑖𝜆𝐷𝑝
+
1

𝑟𝑝𝑖
2
) 𝑒

−𝑟𝑝𝑖
𝜆𝐷𝑝 )

𝑖

 (3-3) 

Time step is the last factor influencing the accuracy and total run time of 

simulations. The adopted time step is the largest time in which all the above mentioned 

calculations can be performed accurately. The EDEM guideline suggests 40 to 60% of 

the Rayleigh time step to be taken as the time step of calculations. The Rayleigh time 

step (tR) is the time taken for a shear wave to propagate through a solid particle, and it 

is defined as in (EDEM Guideline, 2010):  

𝑡𝑅 =
𝜋𝑑𝑝

(0.3262𝜈𝑝 + 1.7532)
√
𝜌𝑝
𝐺𝑝

 (3-4) 

where Gp and ʋp are particle shear modulus and particle Poisson’s ratio, respectively. 

Lunar dust is mostly composed of glassy materials (Loftus et al., 2010). So, these 

values for lunar dust were assumed to be analogous to glass, and 40% of the calculated 

tR was considered as the time step. 

Non-Uniform Charge Distribution on ELDC Plates 

The assumption of uniformity of the created electrostatic field is valid for the case if 

the spacing between the plates (D) is fairly small compared to the length or width of the 

plates (L or W) (Nishiyama & Nakamura, 1994). Providing a high L/D ratio in ELDC 

geometry may block optical or photovoltaic surfaces from the sun light. If the solar panel 

is not maintained normal to the sun by a tracking mechanism, extra spacing must be 

provided between the ELDC plates, so as to not shade portions of the active solar cells 
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from oblique radiation. Such shading is of great concern in solar panels, since the 

performance deteriorates significantly with a small reduction in the absorbed sun 

beams. The limited ratio of L/D = 2 assumed in the Eulerian-based analytical model is 

smaller than the recommended value for uniform electrostatic field validity in parallel 

plate capacitors (Bueno-Barrachina et al., 2009). So, the second section of DEM 

modeling was designed to study the influence of the non-uniform charge distribution on 

ELDC plates and influence of charge accumulation at the edges (so-called fringe effect) 

on the generated electrostatic field and collection efficiency of the ELDC. 

The charge distribution on the ELDC plates is denser at the edges. To create an 

accurate non-uniform electrostatic field between the plates, charge distribution on the 

ELDC plates was calculated. Each ELDC plate was divided equally into n pieces of 

squared subsections. The electrical potential of each subsection was derived from the 

integral solution of Poisson’s equation with two assumptions: the surface charge is 

constant within each subsection, and electrical potential on all the subsections of a plate 

is equal and is a constant (Reitan, 1959; Reitan & Higgins, 1951): 

∆𝑉𝑖 = ∫
𝜌𝑠𝑑𝑠

4𝜋𝜖0𝑟 
 (3-5) 

where for i = 1, 2, …, n on positively charged plate, ΔVi (electrical potential of ith 

subsection) is equal to ∆V/2 (∆V to be the provided electrical potential between the 

ELDC plates); and for i = n+1, n+2, …, 2n on negatively charged plate, ΔVi is equal to -

∆V/2. Vector r is position vector between any two points on the ELDC plates, ρs is 

surface charge density and s refers to area of each plate. Since each plate was 

discretized into n subsections, Eq. (3-5) was estimated using Eq. (3-6) where electrical 
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potential on ith subsection is the product of charge interactions with the other 

subsections on the same plate and subsections on the opposite plate: 

∆𝑉𝑖 ≅∑𝜌𝑗

2𝑛

𝑗=1

1

4𝜋𝜖0
∫

𝑑𝑠

𝑅𝑖𝑗∆𝑠𝑖

=∑𝜌𝑗

2𝑛

𝑗=1

𝐴𝑖𝑗 (3-6) 

𝐴𝑖𝑗 =
1

4𝜋𝜖0
∫ ∫

𝑑𝑥𝑑𝑦

𝑅𝑖𝑗

𝑥=𝑥2

𝑥=𝑥1

𝑦=𝑦2

𝑦=𝑦1

 (3-7) 

where ρj is the surface charge density of the jth subsection, ∆si is the area of ith 

subsection, Rij is the distance between ith subsection and jth subsection and Aij is a 2n × 

2n matrix defined for the sake of convenience. As the subsections are squared, dx = dy 

= ∆l. So, the matrix Aij for i ≠ j and i = j cases is rewritten as: 

𝐴𝑖𝑗 =
(∆𝑙)2

4𝜋𝜖0𝑅𝑖𝑗
        (𝑓𝑜𝑟 𝑖 ≠ 𝑗) (3-8) 

𝐴𝑖𝑗 =
∆𝑙

𝜋𝜖0
(ln (1 + √2)      (𝑓𝑜𝑟 𝑖 = 𝑗) (3-9) 

Equations (3-5) to (3-9) relate electrical potential of a subsection (ΔVi = ∆V/2) to its 

surface charge. This set of equations was solved numerically using MATLAB 7.10.0 

codes for different numbers of subsections to obtain ρi and total charge on the plate (Q). 

The capacitance (C) of the ELDC which is defined as ratio of total charge on a plate 

over the provided electrical potential ∆V was used to determine the appropriate number 

of subsections. So, the capacitance of the ELDC was plotted as a function of the 

number of subsections, and since the graph shows an asymptote with an increase in n, 

the minimum number of subsections providing the observed asymptote was opted as n 

in computations. 
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Simulated Conditions 

The numerical simulations were divided into three sections. In section 1, the ELDC 

geometry was adopted based on the dimensions of commercial photovoltaic cells on 

solar panel surfaces (i.e., 10 cm × 10 cm squared plates which were 5 cm away from 

each other). It was also assumed the electrostatic field between the parallel plates is 

constant with time and everywhere between the plates (Figure 3-2). In section 2, the 

ELDC geometry was kept the same but the effect of non-uniformity in charge 

distribution on the plates (so-called fringe effect) on ELDC collection efficiency, was 

addressed. Finally in the third section, a half-size ELDC geometry (halving L, W and D 

so the same L/D and W/D ratios) was examined to survey the influence of ELDC 

dimensions combined with the fringe effect on the collection efficiency. 

Initially, 100 spherical particles (dp = 20 μm, ρp = 3100 kg/m3 and ϕs = 100 V) 

uniformly positioned at the entrance of ELDC (at y = 0) to cover the spacing between 

plates were modeled (i.e., the distance between two particles was 0.495 mm in sections 

1 and 2, and it was 0.2475 mm in section 3 of the simulations as all dimensions were 

halved). Charge and initial velocity of the particles were assigned according to Eq. (1-1) 

and Eq. (1-5). Before starting the main sets of simulations, a pre-simulation was 

conducted to validate the model with one single falling down particle with 

aforementioned characteristics (when there is no particle-particle interaction) at different 

initial positions at the ELDC entrance. The final position of the particle at each 

simulation was compared with the predicted result from formerly derived results of an 

Eulerian model. The identical results from both methods verified the validity of the DEM 

model for the three-sectioned simulations of this study. All the simulations were 

surveyed at ∆V = 25, 50, 75 and 100 V. 



 

48 

Then the ELDC plates in the DEM model were divided into subsections and the 

calculated surface charges were assigned as point charges at the center of each 

subsection. The DEM simulations were restarted at this non-uniform electrostatic field. 

Since the surface charge distribution on ELDC plates was no longer uniform, the line of 

100 particles at the ELDC entrance was located at 5 different positions in the y direction 

(y = -4, -2, 0, +2, +4 cm) to cover the entire 10-cm width. So, falling particles were 

exposed to different areas of the ELDC plates with different surface charges. Then, the 

obtained collection efficiencies at different y values were averaged to get the 

representative collection efficiency. 

Results and Discussion 

Effect of Electrical Particle-Particle Interactions 

In the first set of simulations, charge distribution on ELDC plates was assumed 

ideally uniform. This means horizontal acceleration due to the external electrostatic field 

on falling particle, is a constant value (as well as vertical acceleration which is simply 

gravitational acceleration). The Coulomb forces among 100 like-charged particles 

complicate the model. Since the main focus of these simulations was electrostatic 

interactions, the cell grid size for mechanical contacts was not limiting. The effect of cell 

grid size on 100 incoming particles was surveyed and no mechanical contact was 

recorded for this number of particles in the applied geometry (the cell grid size was fixed 

to 50dp in the main simulations). 

The particle concentration and electrical screening distance around the particles are 

two key parameters in setting up the DEM model.  Referring to Eq. (3-4), the required 

electrical screening distance for 20-µm-sized particles is a few meters which is larger 

than the ELDC geometry. As the screening distance significantly influences the 
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simulation run time, a sensitivity analysis was conducted on particle’s Debye length. As 

displayed in Figure 3-3, obtained collection efficiencies at λDp greater than 2.5 mm are 

fairly constant. This means at this concentration of particles taking any value larger than 

2.5 mm as the screening distance does not matter. On the other hand, the electrical 

particle-particle interaction is dependent on the total number of initially falling particles 

within the screening distance. Since the DEM simulations were conducted with initially 

10, 25, 50, 75, 100 and 120 particles, λDp = 12.5 mm was chosen as the screening 

distance of particles to ensure even at the lowest particle concentration (n = 10), at least 

two particles were located inside the screening distance of any target particle. 

Figure 3-4 includes the effect of electrical particle-particle interactions, as it 

compares the obtained results from Lagrangian-based approach with formerly 

developed Eulerian-based approach in the absence of electrical interactions (using Eq. 

(3-10)). 

𝜂 =
6∆𝑉𝜖0∅𝑠

𝜌𝑝𝑔𝑙
2𝐷2𝑑𝑝

2 (√
24𝜖0∅𝑠

2

𝜌𝑝𝑑𝑝
2 + 𝑔𝑙𝐿 −

2∅𝑠
𝑑𝑝
√
6𝜖0
𝜌𝑝
)

2

 (3-10) 

In the absence of electrical particle-particle interaction, providing about 110 V 

between ELDC plates is adequate to get 100% collection efficiency for 20 μm lunar 

dust. Apparently from Figure 3-4, estimated collection efficiency from the DEM model 

(dashed line for Lagrangian-based approach with uniform e-field) at this applied voltage 

is lower than that determined by the analytical model (Eulerian-based approach). Figure 

3-4 indicates for obtaining any collection efficiency greater than about 46%, the 

Lagrangian-based model is more conservative, asking for higher required voltage and 

vice versa.  
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The observed behavior is due to the repelling forces among the like charged 

particles. After starting a simulation, the 50 particles originally located in the closer side 

of the centerline with respect to the collecting plate repel the other 50 particles originally 

located in the further side of the centerline. Consequently, these particles at the closer 

side accelerate toward the collecting plate faster than what would be expected. On the 

other hand, the other 50 particles at the further side are repelled away from the 

collecting plate. Later on, the repelling effect on these particles fades away and these 

particles start to move toward the collecting plate with a small delay. In other words, 

initially the further side particles sacrifice themselves to expedite collecting process of 

the other 50 particles. This is also the reason for observing the intersection between the 

models close to 50% collection efficiency. 

Using the Eulerian-based model as explained in the previous chapter, the expected 

value for the collection efficiency at ∆V = 100 V is 91%. The result of sensitivity analysis 

on particle number concentration at this certain applied voltage is shown in Figure 3-5. 

This figure indicates the collection efficiency decreases with an increase in the initial 

number of falling particles. Since the initial distances among the particles at higher 

number concentration is shorter, the observed effect of electrical particle-particle 

interactions at higher particle concentration is greater. 

Figure 3-4 displays the extra electrostatic field required due to the electrical particle-

particle interactions. On this basis, about 29% more electrostatic field should be 

provided to ensure 100% collection efficiency of one hundred 20-µm-sized lunar dust 

particles. At ∆V = 120 V, the total required electrostatic field strength would be 2760 

V/m (dashed line in Figure 3-4). Furthermore, the lowest value of collection efficiency is 
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not zero which is distinct at low provided voltages (∆V = 2.5, 5 and 10 V). Therefore, it 

can be concluded that even without providing an electrostatic field, electrical particle-

particle interactions help to collect a small fraction of particles. 

Effect of Non-Uniform Charge Distribution on ELDC Plates 

Before starting the DEM simulations on a non-uniform electrostatic field, 

capacitance of the ELDC with the above mentioned geometry at different numbers of 

subsections was calculated. Obviously, a higher number of subsections results in more 

accurate results for the capacitance and charge distribution of subsections. The 

relationship between the ELDC capacitance and the number of subsections on the 

ELDC plates was investigated by numerical computations as shown in Figure 3-6. This 

figure indicates the capacitance of the above mentioned ELDC geometry has an 

asymptotic trend approaching C = 3.9 pF, and for any number greater than 10 (number 

of sub-sections on side of the plate), the difference is less than 2%. Hence, 100 

subsections were opted for discretizing the ELDC plate. The results of non-uniform 

charge distribution on ELDC plates have been tabulated as in Figure 3-7. Figure 3-4 

also displays the obtained DEM results (dotted line) comparing with the previous 

simpler models. 

From the dotted plot in Figure 3-4, apparently the collection efficiency reduces due 

to the fringe effect. Surface charges tend to leave the plate center and approach the 

edges. Hence, wherever particles start to fall, they experience 3 different stages of 

electrostatic field. Initially the electrostatic field is relatively strong. So, in spite of the 

repelling forces from the 50% particles which are closer to the collecting plate on the 

50% particles which are further away from the centerline, the stronger electrostatic field 
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dominates the initial repelling actions and more particles move toward the collecting 

plates. Thus, initially all the particles approach the collecting plate faster than the case 

of a uniform e-field, and a fraction of closest particles would be collected quicker than 

the case of a uniform e-field. 

When most particles have moved toward the collecting plate, the distances between 

the particles become shorter, and the electrical repelling interactions increase. The 

collecting electrostatic forces from point charges on the center of subsections and 

repelling Coulomb forces from charged particles on any assumed particle are both 

proportional to particle distance squared, but the relatively stronger electrostatic field 

shortens the distances among approaching particles. Hence, for any particle there is a 

balance point inside the ELDC where these two sets of forces equalize and thereafter, 

repelling Coulomb forces dominate the particle motion. If this balance point for a particle 

is close enough to the collecting plate, the particles would be collected due to lack of 

adequate number of repelling particles between the target particle and the collecting 

plate. On the contrary, if the balance point is relatively far away from the collecting plate, 

there would be enough number of like charged particles between the target particle and 

the plate to repel the target particle away from the collecting plate. 

The above mentioned balance point for the majority of the particles occurs inside 

the central region of the ELDC possessing a weaker electrostatic field. When the moved 

away particles are in the bottom section of the ELDC, the attractive electrostatic field 

which is again symmetrically strong may not be adequate to collect them before they 

pass the ELDC. This expresses the reason for observing the intersection of Eulerian-

based model (solid line) and Lagrangian-based model (dotted line) at about η = 22.2%. 
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The ELDC collection efficiency with a non-uniform e-field strongly varies with location, 

and the particle collection ends up with a lower collection efficiency compared to a 

uniform electrostatic field. However, the observed decrease in collection efficiency due 

to the fringe effect is not severe and does not influence the feasibility of the ELDC. 

According to Table 3-1, required voltage for 100% collection efficiency with non-uniform 

electrostatic field is 172.7 V which is equivalent to less than 3.5 kV/m e-field strength for 

the opted ELDC geometry. Moreover, the electrostatic field close to the entrance of the 

ELDC bends out of the ELDC, and this phenomenon reduces some lunar dust entering 

the ELDC ( 

Figure 1-2). 

Effect of ELDC Dimensions and Particle Concentrations 

The sensitivity of 3-D DEM simulations which deals with point charges at the center 

of subsections on ELDC plates is different from the derived 2-D equation by Eulerian 

model. The final set of simulations was conducted to study the influence of ELDC 

dimensions on the collection efficiency. For this purpose, a half-size ELDC (L = W = 5 

cm, D = 2.5 cm) was considered and all the other conditions were kept the same as the 

previous set of simulations. The obtained results from DEM modeling are displayed as 

dashed line and dotted line in Figure 3-8. Results obtained from the 2-D Eulerian-based 

model using Eq. (3-10) are also plotted as solid lines in Figure 3-8. 

The obtained collection efficiencies from the Lagrangian-based model for the half-

size ELDC are greater than those obtained from larger ELDC and those obtained from 

the Eulerian model. This is due to the 3-D nature of the ELDC plates in DEM modeling 

as halving the dimensions decreases the distances between any falling particles and 

point charges at the center of the subsections on ELDC plates. 
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Although collection efficiency is not exactly proportional to L/D in the Eulerian-based 

model, its predicted collection efficiencies for both ELDCs are very similar. The 

electrostatic force between any individual particle and point charges on the collecting 

plate increases proportionally to particle distance squared. Since the 2-D Eulerian-

based model only exerts uniform electrostatic field on the particles in a single plane and 

the ELDC width and point charges on ELDC plates are both neglected, the Eulerian 

model gives similar collection efficiencies as long as L/D ratio is constant. 

As charged particles are denser at the ELDC entrance, the effect of electrical 

particle-particle interactions in particle collection is enhanced even at very low 

electrostatic field strength. This is why obtained results of DEM modeling for both ELDC 

sizes in Figure 3-8 have similar slopes but the y-interception of a half-size ELDC is 

significantly greater than the normal-size ELDC. This means a higher concentration of 

falling lunar particles improves ELDC collection efficiency at relatively lower voltages. 
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Table 3-1. Collection efficiency as a function of provided voltages for three studied 
models 

Model Function R2 
Req. voltage at η = 100% in 

volts 

Eulerian-based Model η = 0.915V 1 109 

Lagrangian-based Model (Uniform E-Field) η = 0.576V + 17.5 0.992 143 

Lagrangian-based Model (Non-Uniform E-
Field) 

η = 0.5295V + 
8.57 

0.999 173 
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Figure 3-1. Schematic of the modeled ELDC configuration to protect optical/photovoltaic 

surface at the worst case scenario 

 

 

Figure 3-2. The ELDC geometry and particle placement in sections 1 and 2 (100 lunar 
dust particles at the middle, initially forming a line inside the particle factory; L = W = 10 
cm and D = 5 cm) 
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Figure 3-3. Sensitivity analysis on electrical screening distance around the particles 
(one hundred 20-µm-sized particles at uniform electrostatic field; L = W = 10 cm, D = 5 
cm and ∆V = 100 V)  
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Figure 3-4. Collection efficiency as a function of provided voltage via 3 different models: 

Lagrangian-based approach with a uniform e-field, Lagrangian-based 
approach with a non-uniform e-field, and Eulerian-based approach. In all 3 
models: dp = 20 µm, ϕs = 100 V, L = W = 10 cm and D = 5 cm) 
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Figure 3-5. Effect of particle number concentration on collection efficiency of the ELDC 
(dp = 20 µm, ϕs = 100 V, ∆V = 100 V, L = W = 10 cm and D = 5 cm) 
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Figure 3-6. The ELDC capacitance at different number of subsections (L = W = 10 cm 
and D = 5 cm at ∆V = 100 V) 

 
Figure 3-7. Distribution of surface charge on ELDC plates at 4 different provided 
voltages in pC 
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Figure 3-8. DEM results for two different sizes of the ELDC and comparison with 
Eulerian-based model 
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CHAPTER 4 
INFLUENCE OF BACK ELECTROSTATIC FIELD ON ELDC COLLECTION 

EFFICIENCY 

Objective 

The main objective of this study was to investigate the significance of the back 

electrostatic field as a function of time and to optimize the ELDC operation accordingly, 

as cleaning the ELDC plates in the lunar environment with constraining resources is 

inconvenient. 

Methods 

Obtaining the ELDC collection efficiency at any point of time requires 

Lagrangian-based modeling to track particle trajectories individually. First, lunar 

particles were characterized using previously developed models. Then, ELDC 

dimensions were determined and Poisson’s equation was solved numerically to obtain 

charge distribution on the ELDC plates. Considering the acting forces on each particle, 

the trajectory of all the lunar particles were tracked and recorded at each time step by to 

be discussed DEM model. The fate of any individual particles was determined by 

analyzing the output logs, using developed VBA code (Appendix A). Finally, sensitivity 

analyses were conducted on the concentration of the incoming particles, the number of 

the pre-collected particles and the applied voltage (electrostatic field). 

 
Model Configuration 

Figure 4-1 shows a pair of square and parallel plates which represents the ELDC 

within the provided model. The dimensional ratio of L/D = 2 was maintained throughout 

the simulations, where D is the spacing between the plates and L is the plate height. 

Since the relationship between the collection efficiency and L/D ratio has been 
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discussed in former chapters, all later obtained results can be approximated for another 

L/D ratio using the derived analytical equation.  

Similar to the previous chapter, the most conservative case in which ELDC 

shows the lowest collection efficiency was considered, i.e., ELDC plates were aligned 

normally to the lunar surface (in y-z plane) and all falling particles were subjected to the 

lunar gravity in the z-direction. Two sets of particles were created via particle factories 

before starting each simulation (Figure 4-1A). Particle Factory 1 created “pre-collected” 

particles carrying positive charges on the ELDC plates before simulations runs. 

Although fringe effect more favorably attracts particles closer to the edges of the 

collection plate, model limitation requires that Particle Factory 1 placed particles 

uniformly on the ELDC plates. The same numbers of particles were assumed in 

columns and rows to cover the entire D × W area of the ELDC entrance as shown in 

Fig. 2B. Pre-collection of charged particles on the collection plate requires an 

assumption of a thin insulation film between the collection plate and particle factory 1 as 

will be discussed later. The role of Particle Factory 2 was to create falling particles. 

Concentration of the incoming particles and loading of the pre-collected particles were 

addressed by taking different values for the number of rows and columns (m and n) 

within the particle factories (Figure 4-1B). 

Rescaling the ELDC Dimensions 

The concentration of levitated lunar particles is not well documented. According 

to measured data by Surveyor-7 Lander, it has been approximated as 50 particles/cm3 

(Criswell, 1973). As mentioned earlier, the needed run time to detect particle 

interactions in DEM simulation for a system made of n particles is proportional to n2. So, 

considering a smaller ELDC helps running simulations for the measured range of lunar 
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dust concentration in a reasonable time scale. Providing a comprehensive model to be 

applicable for any ELDC configuration is imperative, and requires finding reasonable 

relationships between all ELDC key parameters including ELDC dimensions, applied 

voltage, surface charges and collection efficiency. To do so, a new approach was taken 

using well known concepts of ELDC capacitance and acting forces on lunar particles in 

this study. 

The ELDC capacitance (C) is defined as the ratio of the total charge on each 

plate (Q) over the provided electrical potential between the conducting parallel plates, 

∆V. On the other hand, since ELDC capacitance is a function of ELDC dimensions (L, 

W, D) and the type of the insulating medium (ϵ0) it serves as a measure for ELDC 

scaling: 

𝐶 =
𝑄

∆𝑉
= 𝜖0

𝐿𝑊

𝐷
 

(4-1) 

 

Three major forces act on falling lunar particles: gravitational force, electrostatic 

force due to the charges on ELDC plates, and interparticle electrostatic forces. 

Independent from ELDC sizing, the gravitational force (FG) is a constant but the 

electrostatic force (FE) is governed by Coulomb force as the following (Hinds, 2012): 

𝐹𝐸 = 𝑞𝑝
�́�𝐾𝐸
𝑅2

 
(4-2) 

 

where KE is the electrical constant (9×109 Nm2/C2), q’ is either a point charge on the 

ELDC plates or the charge of another lunar particle and R is the magnitude of the 

position vector connecting the assumed particle to the other point charge or charged 

particle. Resizing the ELDC dimensions α times smaller changes interparticle distances 

and the distances between particles and point charges on the collection plate α times 
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smaller. This reduces R value in Equation (4-2) α times, leading to α2 times increase in 

the pertinent electrostatic force. To obtain the same collection efficiency from ELDCs 

with different sizes, all acting forces on particles with certain properties must be 

unchanged. Equation (4-2) concludes the way to maintain the same values for 

electrostatic forces of α times smaller ELDC, is to multiply both qp and q’ by a correction 

factor of (1/α). Then, Equation (4-1) obtains the corresponding applied voltage for the 

new ELDC dimensions with the corrected total surface charges. Table 4-1 summarizes 

how ELDC resizing requires correction factors for the key parameters inside the DEM 

model. 

As we have explained in our former studies, the ideal ELDC dimensions are L = 

W = 10 cm and D = 5 cm. However, in order to handle the reported value of lunar dust 

number concentration and expedite the DEM simulations run time in this study, the 

ELDC dimensions were selected as L = W = 10 mm and D = 5 mm which are 10 times 

smaller than the values used in the former studies. Using the aforementioned correction 

method, our modeling results can be considered as for the real size ELDC (L = W = 10 

cm and D = 5 cm), since the total surface charge on the ELDC plates (Q) and particle 

charge (qp) were modified with the correction factor of 0.1 to cancel out ELDC resizing 

effect inside the DEM model. 

Analysis of Particle Trajectories 

The DEM model records positions of all the particles at each time step. 

Investigating the fate of the particles requires analysis of the obtained trajectories to 

determine if a particle is collected. The DEM model produces separate output logs for 

each direction (x, y or z), separately. Visual Basic for Applications (Microsoft VBA 7.0) 

code was developed to identify particles and to sort each particle coordinate as (x, y, z). 
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Then, MATLAB 7.10.0 code displayed the 3-D graph of the particle trajectories to 

provide insight into defining 3 possible cases for the particles at the end of the 

simulation: collected, penetrated and suspended. VBA code also classified all the 

particles and calculated the fraction within each class. A number of assumptions were 

made for particle classification as below: 

1. If a particle reaches the collection plate before leaving the ELDC within the 
simulation run time, it is considered as collected.  

2. If a particle leaves ELDC before reaching the collection plate within the 
simulation run time, it is considered as penetrated. 

3. Particles may be repelled back after reaching the collection plate due to the back 
electrostatic field created by the pre-collected particles. 

4. Suspended particles are simply the fraction of particles which have neither been 
collected nor penetrated within the simulation run time. A fraction of particles 
leaves the ELDC through the y-direction before passing the entire length of L in 
the z-direction. This is also classified as suspended. 

5. Pre-collected particles (generated by Particle Factory 1) do not move throughout 
the simulation. 

Results and Discussion 

Qualitative Observation of Particle Trajectories 

The graphical feature of EDEM 2.4.2 provides a real-time observatory tool to 

track particle trajectories. For the same number of falling particles, the cross-sectional 

snap shots in the x-z plane were taken to observe the effect of the back electrostatic 

field at certain elapsed time of the simulation. Similar to re-entrainment and back flow in 

conventional ESPs (Miller et al., 1998),  the provided images illustrated how particles 

approaching the collection plate changed direction and got repelled back from the plate 

due to back e-field eddies (Figure 4-2). This effect is clearly strengthened at higher 

loadings of the pre-collected particles with the same concentrations of the incoming 
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particles. However, at the same loading of the pre-collected particles and point of time, 

an increase in particle concentration led to irregular suspension patterns instead of 

circular eddies. The reason is that falling particles are mobile in contrast to the pre-

collected particles. Thus, increasing the number of moving particles results in more 

chaos in the observed suspension pattern. Figure 4-2 presents the mentioned particle 

eddies in the vicinity of the collection plate at an intentionally high concentration of the 

incoming particles (3200 #/cm3). 

Effect of Back Electrostatic Field on Particle Fate 

The next step was processing all particle trajectories using the developed VBA 

code to evaluate the final fate of the particles. In contrast to the conventional particulate 

controlling devices considering particle fate as either penetrated or collected, qualitative 

observations indicated a third category of “suspended”, which is the fraction of incoming 

lunar dust unable to pass through the ELDC and not collected on the ELDC plate within 

the defined run time. On this basis, the particle fraction from each category (i.e., 

collected, penetrated or suspended) was plotted separately for different concentrations 

of the incoming particles and loadings of the pre-collected particles (Figure 4-3). For this 

particular ELDC dimension, the dust concentration ranged from 18 to 128 #/cm3 to 

include the 50 #/cm3 value reported by Surveyor-7 lander (Criswell, 1973). The upper 

limit for the number of the pre-collected particles was taken as 900 #/cm2 in that 

collection efficiency dropped to zero at this particle loading even at the highest applied 

voltage. 

In general, the ELDC collection efficiency starts dropping when the collection 

plate has accumulated a minimum number of particles. This threshold for collection 

efficiency depends on the applied voltage. While particles immediately started to be 
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repelled for any number of pre-collected particles at ∆V = 50 V (Figure 4-3A), a 

relatively stronger e-field at ∆V = 100 V made the ELDC more resistive to the back 

electrostatic field effect and no change in collection efficiency was detected for the 

number of pre-collected particles lower than 220 #/cm2 (Figure 4-3B). As the number of 

collected particles rises, there would be a corresponding number of collected particles 

when lunar particles can no longer be collected. In other words, the generated back e-

field is sufficiently strong to completely disrupt the ELDC. 

For an ELDC with no pre-collected particles, the collection efficiency of the one 

with a higher incoming particle concentration was lower. This confirms the results from 

our previous studies concluding that electrical particle-particle interactions, which 

increases as particle concentration increases, tend to make ELDC collection efficiency 

closer to 50%. Sensitivity analysis on the concentration of the falling particles also 

reveals that the rate of collection efficiency reduction decreases with an increase in the 

concentration of falling particles at ∆V = 50 V. The reason is that at a higher 

concentration of the falling particles through an ELDC, a greater e-field resulting from 

stronger particle-particle interactions better resists the back e-field effect while these 

particles approach the collection plate. At ∆V = 100 V, the stronger e-field dominates the 

system leading to the similar rate of collection efficiency reduction for different 

concentrations of the incoming particles (Figure 4-3B). 

Inferring from Figure 4-3C and Figure 4-3D, the percentage of particles 

penetrating the ELDC increases as the number of pre-collected lunar dust particles 

increases. As time goes by, back e-field enhancement leads to significant deceleration 

in particle motion. Then, the majority of the particles that are not collected become 
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suspended. Thereafter, similar to particle collection, particle penetration stops. 

However, particle penetration continues for a while after attaining 0% collection 

efficiency (between 400 to 625 #/cm2 at ∆V = 50 V, and between 625 to 900 #/cm2 at 

∆V = 100 V). 

Back e-field created by the build-up layer of already collected particles on the 

ELDC plate prevents incoming particles from both collection and penetration. In other 

words, the incoming particles are simultaneously under the influence of attraction forces 

from charges on ELDC plate, and the repelling forces from the like-charged previously 

collected particles or other approaching particles. This forms a cloud of particles in front 

of the protected surface deteriorating the performance of the ELDC and the pertinent 

device. Presumably, increasing the applied voltage postpones the final suspension 

(Figure 4-3E vs. Figure 4-3F). 

The worst period of time in ELDC operation can be envisaged from two different 

perspectives. From surface protection point of view, the corresponding time for the 

highest possible particle penetration is when the ELDC becomes the least efficient. 

Although a decrease in particle penetration occurs thereafter, particle suspension 

strengthens at the same time which also lowers the performance of the protected 

surfaces, if the surface function is to receive solar radiations (e.g., solar panels). 

ELDC Collection Efficiency as a Function of Time 

Estimating the frequency of the ELDC plate cleaning requires obtaining insight 

into how collection efficiency changes with time. Presenting a general analytical way to 

relate collection efficiency and elapsed time is not possible as it involves many 

complicating factors. For example, two ELDCs with the same applied electrostatic field 

but different sizes may start with the same collection efficiency, but the larger ELDC has 
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the capacity to hold more particles before the back e-field starts to affect the 

performance. 

Nevertheless, an example is presented here to demonstrate how ELDC 

collection efficiency changes over time for a given ELDC dimensions, operating 

conditions and particle characteristics. This requires the following simplifying 

assumptions: 

1. In order to maintain the particle number concentration constant, the following set 
of incoming particles enters the ELDC volume only after the elapsed time of the 
previous set of particles. This assumption is justified because the longest 
possible time for a particle to stay inside an ELDC with clean plates is quite short 
(0.08 s for 20-µm-sized lunar dust to pass through 1 cm length of ELDC). 

2. Cleaning is presumed when the collection efficiency drops below 90%. 

Figure 4-3b demonstrates that for any number of incoming particles, the 

collection efficiency at a particle loading of 400 #/cm2 on the ELDC collection plate is 

higher than 90%. Thus, a final DEM simulation was run for the same ELDC sizing (L = 

W = 1 cm and D = 0.5 cm) with 25 (as 5 rows and 5 columns) initial particles at ∆V = 

100 V. Assuming the previously described time T = 0.16 s is adequate for either particle 

collection or penetration, the same number of incoming particles were fed from the 

Particle Factory 2 after each 0.16 s to keep the particle concentration at 50 #/cm3. The 

simulation run time was long enough to ensure 400 particles had been collected on the 

ELDC collection plates. Approximately, such a particle loading on ELDC collection plate 

occurred between the releases of the 19th and the 20th sets of incoming particles 

(Figure 4-4). The equivalent collection efficiency was 82.9% which is lower than the 

expected value of 90%. As shown in Figure 4-3F, suspension starts for particle loading 

greater than 200 #/cm2; i.e. suspended particles accumulated from the earlier released 

sets caused such a reduction in collection efficiency. 



 

71 

However, this assumption of continuous lunar dust influx through the ELDC 

plates is very conservative. The deposition rate of the lunar particles on surfaces has 

not been measured meticulously during Apollo missions. The only relevant reported 

data has come from the studies on Surveyor 3 components after Apollo 12 mission. The 

lunar dust coverage on camera lens was roughly estimated as 25% of its surface area 

during 945 days of operation (0.8% per month) without human activities (Murphy et al., 

2010). Accordingly, the number of 20-µm-sized particles deposited presumably as a 

single layer on the surface is estimated to be 1273 #/month for the ELDC geometry 

used in this study. Thus, considering 400 #/cm2 on the ELDC collection plate as the 

criterion for plate cleaning, the ELDC plates should be cleaned almost every 10 

terrestrial day. 

Estimating ELDC Power Consumption 

As discussed in chapter 3, assuming 10×10 cm plates with a 5 cm distance in 

between, 200 pairs of ELDC plates with 175 V applied voltage between each pair of the 

plates are needed to cover 1 m2 of the solar panel surface and to provide the previously 

mentioned 3.5 kV/m electric field which runs a clean ELDC with 100% collection 

efficiency. Duke et al. (2001) have estimated 65 W/m2 as the provided electric power by 

a solar panel in lunar environment. Since the ELDC is practically a capacitor with 

vacuum as its insulator, the required power to run the ELDC can be approximated using 

the following the equation (Ulaby et al., 2001): 

𝑊 = 𝑁 ×
𝜖0𝐴

2𝐷
∆𝑉2 

(4-3) 

 

where N is the number of plate pairs and A is the plate area (L × W). According to Eq. 

(4-3), 5.42 × 10-6 W/m2 would be the required power for the ELDC described above, 
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which is a negligible fraction of the produced 65 W/m2 estimated by Duke et al. (2001). 

This means the ELDC runs practically with no driving force in the limiting condition of 

the lunar environment. One should notice that ideally ELDC only needs power supply 

connection initially to attain the maximum possible charges on its plate surfaces. 

Afterwards, ELDC becomes a capacitor and the distributed charges would be 

maintained in the absence of the power supply. 
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Table 4-1. Correction factors of different key parameters after ELDC resizing 
Resizing factor of 

the ELDC 

dimensions 

Particle charge 

(qp) 

Total charge on 

collection plate (Q) 

ELDC 

capacitance (C) 

Electrical 

potential between 

ELDC plates (∆V) 

α 1/α 1/α α 1 
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Figure 4-1. Schematic of the ELDC plates arrangement to protect lunar installed 
surfaces 
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Figure 4-2. Trajectories of the falling lunar dust. A) In absence of pre-collected particles. 
B) In presence of pre-collected particles. 
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Figure 4-3. Fate of incoming particles by category and applied voltage: A) Collected 
percentage at ∆V = 50 V. B) Collected percentage at ∆V = 100 V. C) Penetrated 
percentage at ∆V = 50 V. D) Penetrated percentage at ∆V = 100 V. E) Suspended 
percentage at ∆V = 50 V. F) Suspended percentage at ∆V = 100 V.
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Figure 4-4. Collection efficiency drop as a function of time for the described ELDC when 
incoming particles fall continuously 
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CHAPTER 5 
EXPERIMENTAL ELECTROSTATIC COLLECTION OF TRIBOCHARGED LUNAR 

DUST SIMULANTS 

Objective 

The objective of this study was to evaluate the collection efficiency of an ELDC 

experimentally to complement prior modeling studies. First, tribocharging properties of 

two selected lunar dust simulants (JSC-1A and Chenobi) were investigated. Then, the 

collection efficiency of a customized ELDC was determined, and the results at low 

vacuum were compared with the model predictions. Final experiments were aimed to 

investigate the importance of plate conductivity in particle collection by comparing 

stainless steel and aluminum. 

Materials and Methods 

Experimental Protocol 

The experimental set-up consisted of a transparent cylindrical chamber enclosing 

a particle tribocharger/dropper, a particle collector (ELDC), and a Faraday Cup (Figure 

5-1). First, particle tribocharger rotating around its longitudinal axis charged particles for 

a certain period of time. Then, the charged particles were released down from the 

tribocharger. The exact elevation of the tribocharger inside the chamber was located to 

attain approximately the same particle velocity at the ELDC entrance as in the previous 

modeling efforts. Since the first set of experiments aimed to obtain charging properties 

of the lunar dust simulants as a function of time, the ELDC was turned off, and dropping 

particles directly enter the Faraday Cup (MONROE, diameter = 10 cm, depth = 15 cm). 

The total charge of the ensemble particles inside the Faraday Cup was measured using 

an electrometer (KEITHLEY, Model 6514). 
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To study the effect of air pressure on tribocharging, experiments were conducted 

at two different pressures: atmospheric and low vacuum. Provided by a 2-stage rotary 

vane vacuum pump, the low vacuum experiments were conducted at the vacuum level 

of about 10-1 Torr. Surveying the influence of tribocharging duration on the created 

charge on particles was the main goal of the first set of experiments. In the second set 

of experiments, ELDC was turned on, and its collection efficiencies at different applied 

voltages and plate materials were determined. 

Properties of the Lunar Dust Simulants 

Numerous lunar dust simulants made for different purposes are commercially 

available. In this study, two types of lunar dust simulants, JSC-1A and Chenobi, were 

tested. Developed by NASA–Johnson Space Center, JSC-1A lunar dust simulant is 

produced from a basaltic ash and sheet deposit located in San Francisco Volcanic Field 

of Arizona showing similar mechanical properties and characteristics of the lunar grains 

(McKay et al., 1994). On the other hand, Chenobi is a chemically enhanced version of 

OB-1 and is produced from a mixture of anorthosite located in northern Ontario of 

Canada and smelter glass made of anorthosite itself (Rickman et al., 2012). Willman et 

al. (1995) determined the average particle density of JSC-1A lunar simulant to be 2.91 

g/cm3, while Battler and Spray (Battler & Spray, 2009) measured particle density of 

Chenobi lunar dust simulant to be 2.76 g/cm3. 

The most conservative particle size for the mentioned cycle of lunar dust 

levitation-deposition was estimated to be dp ~ 20 µm as discussed in previous chapters. 

For consistency with previous results obtained from analytical and numerical models, 

lunar dust simulants with the size ranging from 20 to 25 µm were used in the 

experiments. 
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Particle velocity at the entrance of the ELDC was controlled by changing the 

distance between the tribocharger exit and the ELDC entrance. Based on the developed 

dynamic fountain model for lunar dust levitation by Stubbs et al. (2006), the particle 

velocity (ν0p) at the ELDC entrance can be estimated conservatively as in Eq. (1-5). In 

order to get the same initial particle velocity at the ELDC entrance (ν0p) as in our 

previous studies (1.31 m/s for dp = 20 μm), the required distance between the 

tribocharger exit and the ELDC entrance was determined based on kinematic equations 

of motion to be ν0p
2/2g. 

Sample Preparation 

The standard test sieves (Gilson Inc.) conforming with ASTM E-11 specifications 

were used to classify lunar dust simulants with the size of interest. The sieves were 

mounted on a vibratory sieve shaker (Retsch AS200 control) running at amplitude of 1 

mm for 1 hour. Preliminary sieving tests showed that continuing the particle sieving 

longer than 1 hour at the 1 mm amplitude does not affect the mass distribution of the 

accumulated particles on the sieves. For both types of lunar dust simulants, particles 

which passed through the sieve No. 500 (corresponding to the mesh size of 25 µm) and 

collected on the sieve No. 635 (corresponding to the mesh size of 20 µm) were selected 

for the experiments of this study. 

Due to the specific condition of the lunar environment, lunar grains are fully dry. 

To keep the particles away from the high relative humidity of the laboratory (RH = 95% 

in average), particles were stored inside sealed glass containers with silica gel packets 

installed on the internal walls. Before starting each experiment, the weighed sample 

was kept inside an oven (Fisher Isotemp Oven, 100 Series, Model 106G) at 100oC for 

an hour. A 5-gram simulant sample was selected for each experiment using a high 
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precision microbalance (Sartorius MC210S, readability = 10 μg). Each experiment was 

replicated 5 times to increase statistical precision. 

Remotely Controlled Particle Tribocharger 

Tribocharing of particles is a common technique for separating insulator particles 

in various industrial applications (e.g., treatment of ash from coal in power plants) 

(Zelmat et al., 2013). In this charging mechanism (also known as triboelectricity or 

contact electrification), electrical charges are generated and exchanged when the 

particles contact the container wall as well as when they slide on other particles.  

Tribocharging of a sample of in-contact particles is based on band theory and 

establishment of a thermodynamic equilibrium between the contacting particles or 

surfaces. Electrons flow from the material with a lower work function (Φ1) to the material 

with a higher work function (Φ2) until equilibrium is reached (Sternovsky et al., 2002). In 

contrast to the conducting particles, there is no unified model for charge transfer 

between insulating materials. However, results by Castle (1997) showed that the total 

transferred charge is linearly proportional to the absolute difference between work 

functions of the contacting materials. 

The work function of Chenobi lunar dust simulants is still unknown, and there is 

only a handful of studies regarding the work function of JSC-1A lunar dust simulations. 

Sternovsky et al. (2002) conducted tribocharging experiments inside a vacuum chamber 

on fine particles to infer the work function of JSC-1A by comparing the total measured 

charge of the JSC-1A sample compared to other particles made from known materials. 

The result of this study suggested 5.9 eV as the work function of JSC-1A lunar dust 

simulants (Walton, 2007). Trigwell et al. (2009) took a similar approach for determining 

the JSC-1A work function by adding inclined planes made of certain materials between 
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the dust dropper and a Faraday Cup for strengthening the electrification. This resultant 

JSC-1A work function was found to be 5.4 eV. Considering ΦJSC-1A = 5.4 ~ 5.9 eV, in 

this study, the selected material to be in contact with the lunar dust simulants was 

aluminum with two advantages of having relatively greater |Φ2 – Φ1| compared to other 

common materials (ΦAl = 4.28 eV), as well as being adequately light to be held 

horizontally while it is rotating to tribocharge. 

Different tribocharing devices are commonly used such as fluidized beds, 

vibrating feeders, static tribochargers, tribo-cyclones, tribo-fans, and rotating tubes. 

Since the experimental set-up was aimed to run at low pressures, choice of particle 

tribocharger type was limited to the ones not disturbing the air pressure inside the 

chamber. Both inclined plane tribocharger proposed by Captain et al. (2007) and rotary 

milling tube proposed by Sharma et al. (2008) are known to be effective tribocharging 

methods for the lunar dust simulants inside vacuum. In this study, a hybrid tribocharger 

utilizing the idea of both rotary tube and inclined plane was designed to obtain the 

highest possible surface charges via tribocharging. 

As shown in Figure 5-2, the aluminum connector attached the aluminum tube to 

the armature which was connected to a low-voltage power supply. Due to centrifugal 

force acting on fine particles with negligible weights, particles may stick to the tube wall 

preventing them from the repeatedly effective contacts with the aluminum surfaces. This 

acting centrifugal force depends on particle size, tube diameter and rotational speed of 

the tube. Yang et al. (2008) conducted sensitivity analysis on the rotational speed of a 

drum partially loaded with 3-mm-sized particles through numerical simulations. This 

study identified six regimes for the particles dynamics inside the rotating drum: 
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slumping, slumping-rolling transition, rolling, cascading, cataracting and centrifuging. 

While movements of particles become more limited from slumping to centrifuging 

regime where all particles are stuck to the tube wall, effective particle contacts occurs 

only at slumping and rolling regimes. Tribocharging of the particles requires repeatedly 

contacts between particles and aluminum wall surface. Thus, the rotational speed of the 

armature was controlled by limiting the applied voltage on the armature to 1 V in all 

experiments. Moreover, chains of 2-mm-sized aluminum beads were glued to the 

aluminum connector to enhance particles friction with aluminum surfaces while they slid 

inside the tube (Figure 5-2). 

The dual-functionality of the tribocharger (tribocharging and dropping) was 

achieved using a small lever connected to the remotely controlled armature to switch 

the particle tribocharger/dropper orientation from horizontal (when it was tribocharging 

the particles) to vertical (when it was releasing the tribocharged particles down toward 

the Faraday Cup).  When tribocharging was accomplished, the tribocharger/dropper 

rotated around the pivot to drop the charged particles down toward the aluminum 

funnel. Part of the fallen particles slid on the funnel for further tribocharging 

improvement of the system. 

Geometry and rotational speed of the tribocharger determine the appropriate 

amount of sampled micrometer particles to ensure effective tribocharging. Zelmat et al.  

(2013) performed an experimental study on different types of tribocharging devices to 

charge 1-mm-sized PVC particles in atmospheric pressure. Their study revealed that 

charging efficiency of the static tribocharger utilizing inclined surfaces to direct particles 

falling under gravity and rotating tubes are insensitive to the mass of particles inside the 
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tribocharger. However, not all of the tribocharged particles reached the ELDC entrance 

after the release, because a fraction of particles either stuck to the tribocharger wall, 

stayed on the funnel, or puffed out from the tribocharger while rotating. In order to get 

an adequate amount of released particles inside the Faraday Cup and possessing 

enough charges to be detected by the electrometer, the weight of all sampled particles 

initially put inside the tribocharger were selected to be 5 g. 

Charge Measurement and Electrostatic Particle Collection 

A standard Faraday Cup, connected to a nano-Coulomb meter electrometer 

(KEITHELY 6514, 0.1 pC reading precision) was implemented for the charge 

measurements. The ELDC was made of two squared-shape conducting parallel plates 

mounted on a wooden insulating frame. Using alligator clips, the ELDC plates were 

connected to a low voltage DC power supply with capability of voltage provision up to 

150 V. Due to insulating property of the vacuum medium existing between the plates, 

ELDC acted practically as a parallel-plate capacitor with electrostatic field streamlines 

from the positively charged plate toward the negatively charged plate. Similar to the 

examined ELDC in our previously developed numerical Lagrangian-based model, 

dimensions of the plates and separation distance were (10 cm × 10 cm) and 5 cm, 

respectively. Since aluminum-made tribocharger produced negatively charged particles, 

the positively charged plate of the ELDC was the collection plate for the entire 

experiments. Two plate materials of stainless steel and aluminum were tested in this 

study. 
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Results and Discussions 

Tribocharging Properties of JSC-1A and Chenobi Simulants 

The first set of experiments obtained insight into tribo-chargeability of the lunar 

dust simulants. Tribocharging duration was increased at 5 min increments to investigate 

how total charge of the sample changes as a function of time. Figure 5-3 displays 

results on the time of tribocharing (Tt) at both atmospheric and low vacuum air 

pressures. 

In the beginning of the tribocharging, particles were free of charge. As a result, 

the gradient of electron transfer from the aluminum tube walls and stirring beads (with 

lower work function) to the lunar dust simulants (with higher work function) was the 

greatest. As time goes by, charged particles become more spread out due to 

possession of the same electrical polarity. However, a group of particles closer to the 

aluminum surfaces (both inner wall and beads) stick to the oppositely charged surfaces. 

Not only the attached particles are not effectively mobile over the aluminum surfaces, 

but also they block other particles from tribocharging surfaces resulting in a lower 

gradient of incoming electrons comes to the particles. 

In the presence of air molecules (atmospheric pressure), the maximum total 

charge occurs at Tt = 5 min as the interactions with air molecules hinder achievement of 

any greater values of the total charge. The tribo-chargeability improved significantly (2 

to 3 times) at the low vacuum condition due to the negligibility of air molecules 

interactions with the particles while charging. Hence, even after the mentioned reduction 

in the flow of the incoming electrons, charge build-up on the particles continued, though 

the rate of increase was reducing with time. In all cases, the collected samples inside 
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the Faraday Cup were discharged rapidly, and no accumulated charge could be 

maintained longer than 1 min. 

The tribochargeability of the Chenobi particles was lower. However, smaller error 

bars at both applied pressures (as observed in Figure 5-3B) imply more stability in 

charge accumulation for Chenobi lunar dust simulants. Higher cohesivity and surface-

energy related forces (e.g., Van der Waals force) of the Chenobi particles may be 

responsible for both observations as these particles apparently agglomerate inside the 

storing containers. Although cohesivity of the JSC-1A particles have been studied using 

a DEM model developed by Walton and Johnson (2010) and through shear stress test 

following ASTM-6773 standard by Ramé et al. (2010), unfortunately, no studies have 

been conducted on Chenobi particles to compare the interparticle cohesion forces. 

According to Fig. 3a, the highest obtained total charge per mass ratio (|Q/m|) on 

JSC-1A samples in our study was almost 2.5 nC/g. This is about 12 times smaller than 

the |Q/m| ratio resulted from the study by Captain, et al. (2007) where tribocharging 

property of the JSC-1A was evaluated against aluminum inclined planes. The difference 

may stem from the fact that the particle size of their tested JSC-1A having larger size 

(50 μm to 75 μm, or 2 to 3 times larger than in the current study), and their experiments 

were run under the high vacuum level of 8×10-6 Torr. 

The average charge per particle (qp) for the sieved particles of JSC-1A with dp = 

22.5 μm, at low vacuum condition was 4.34×10-17 C. For dp = 20 μm at ϕs = 100 V which 

was assumed in the previous models, by Goertz (1989) (equations (1-1) to (1-3)), the 

highest possible surface charge on a particle was about 1.11×10-13 C, which is 

significantly larger than that obtained experimentally. This means the surface potential 
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of the JSC-1A simulant is much smaller than the assumed Φs = 100 V in our previously 

developed models. The surface potential of the lunar grains is a function of 

environmental factors such as vacuum level, temperature, density of the incoming solar 

particles and intensity of the solar radiations. Therefore, the different method of 

charging (tribocharing) and environment make the surface potential of the lunar dust 

simulants smaller in the current experiments. 

One should notice that the tribocharging in Figure 5-3A & B increased with time, 

and continuing the experiments for longer than 20 min will result in a higher amount of 

surface charge on the sample. However, the rate of tribocharged particles will reduce 

with time and extrapolating the plotted graph to obtain the highest possible charge on 

particles is not possible. Moreover, the required tribocharging time to achieve saturated 

charge particles will be excessively long, making the experiment infeasible. Using 

equations (1-1) to (1-3), the average surface potentials of the JSC-1A and Chenobi 

particles inferred from this set of experiments at the low vacuum condition after 20 min 

of tribocharing were 0.035 V and 0.021 V, respectively. 

Collection Efficiency of the ELDC at Low Vacuum Condition 

Due to observation of relatively better tribocharging property for the JSC-1A 

simulants, collection efficiency evaluation of the ELDC was performed only on JSC-1A 

particles for low vacuum condition. Except having the ELDC turned on, similar 

experimental procedure as for the first set of experiments was followed for this set of 

experiments. The tribocharging time of Tt = 20 min corresponding to the highest 

obtained surface charge on particles in the first set of experiments, was chosen for this 

entire set of experiments. Since tribocharging makes lunar dust simulants negatively 

charged, the ELDC plate connected to the positive terminal of the power supply collects 



 

88 

a fraction of falling particles. Two mass-based and charge-based ratios were considered 

as the ELDC collection efficiencies (η1 and η2) as defined in: 

𝜂1(%) =
𝑚𝑐

𝑚𝑐 +𝑚1
× 100  (5-1) 

𝜂2(%) = (1 −

𝑞1
𝑚1⁄

𝑞2
𝑚2⁄
) × 100 = (1 −

𝑞1𝑚2
𝑞2𝑚1

) × 100  (5-2) 

where mc is the mass of particles collected on the collection plate, m1 and q1 are the 

total mass and total charge of the particles inside the Faraday Cup, respectively, when 

ELDC is turned on at a certain applied voltage, and m2 and q2 are the total mass and 

total charge of the particles inside the Faraday Cup when ELDC is turned off. 

Equation (5-1) is solely mass-based requiring one run per data-point. However, 

particle collection is because of the electric force attracting particles toward the plate. 

Equation (5-2) requires two experimental runs per data-point: one in the presence and 

one in the absence of the electrostatic field. Although the particles were monodisperse 

with ideally identical properties, the created surface charge on particles were different 

from one another due to the randomness of their tribocharging contacts. Consequently, 

not only the probability of collection depends on its initial displacement with respect to 

the collection plate, but also is a function of the acquired surface charge on the target 

particle. This explains the importance of presenting ELDC collection efficiency based on 

the charged-based Eq. (5-2). 

Figure 5-4 displays collection efficiency results at the low vacuum. The charge-

based collection efficiency is slightly higher than the mass-based collection efficiency for 

the same applied voltage. If surface charge on each particle and initial displacement of 

falling particles at ELDC entrance could be uniformly distributed, the values for the 
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collection efficiencies obtained from Equations (5-1) and (5-2) should be the same for 

any tested monodisperse lunar dust simulants. Obtaining higher charge-based 

collection efficiency concludes that the fraction of particles collected over the collection 

plate have acquired higher surface charge compared to the particles that penetrated 

through the ELDC and settled inside the Faraday Cup. However, the difference between 

these approaches is slim indicating qualitatively a small deviation for the distributed 

charges over the tribocharged sample. 

Collection efficiency of the ELDC improves linearly with an increase in electric 

potential difference between the plates. This linear relationship is consistent with the 

derived 2-D equation and the numerically obtained graphs shown in previous chapters. 

The range of the selected potential difference was the same as our previous DEM 

model. However, experimentally obtained collection efficiencies are significantly lower 

than what are expected from analytical and numerical models. Equations (5-3) and (5-4) 

express dependency of the collection efficiency to the applied voltage, particle charge 

and gravitational acceleration which are concluded from the 2-D analytical work in 

chapter 2. Based on these equations, several reasons justify the above mentioned 

difference regarding the ELDC collection efficiency. 

𝜂 ∝
∆𝑉𝑞𝑝
𝑔𝑙
2

 (5-3) 

𝜂model

𝜂experiments
∝

𝑞𝑝𝑚𝑜𝑑𝑒𝑙
𝑔𝑒
2

𝑞𝑝𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡
𝑔𝑙
2 =

1.11×10−13𝐶×9.812𝑚
2

𝑠4
⁄

4.34×10−17𝐶×1.622𝑚
2

𝑠4
⁄
≈ 9.38 × 104 ≈ 𝑂(𝑥5) (5-4) 

First, the provided vacuum level inside the chamber is about ~2 × 10-1 Torr, “low 

vacuum level” category, which is far from the reported range of 10-13 to 10-14 Torr 

(Heiken et al., 1991), “ultra-high vacuum” category, for the lunar environment. 
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Considering the obtained results of this study at two different air pressures and similar 

studies by Trigwell et al. (2009), Captain et al. (2007) and Sharma et al. (2008), vacuum 

level is the most important factor to achieve high surface charge on the particles, and 

consequently high collection efficiencies as predicted from the models. 

The limitation in air pressure simulation has two effects on the evaluation of 

ELDC collection efficiency. First, the higher concentration of air molecules existing 

inside the chamber contradicts with the ideal theoretical assumption of not having drag 

force acting on the lunar dust. However even at the low provided vacuum level of this 

study (10-1 Torr), the drag force on particles must be fairly negligible. Second, higher 

concentration of air molecules and consequent higher interactions between the air 

molecules and charged particles shorten the time particles maintain the created surface 

charge. The latter effect is more important, and it was already concluded from the first 

stage of the current study. 

The accumulated charges on lunar grains and electric surface potential at low 

vacuum were significantly higher than what were obtained experimentally in this study. 

In fact, acquisition of the adequate amount of charge is the prerequisite of lunar dust 

levitation in the first place. Surface potential of the theoretical works being 100 V was 

one of the assumptions in the formerly developed models. Inefficiency of tribo-

electrification at 10-1 Torr in creation of nearly saturated lunar simulants was concluded 

in the first stage of this study. Thus, insufficient charges on the particles was the main 

reason for underestimation of ELDC ability in particle collection. 

The six times difference between the lunar gravitational acceleration (gl = 1.62 

m/s2) assumed in the models and terrestrial gravitational acceleration governed the 
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experiments (g = 9.81 m/s2), makes falling lunar dust accelerating faster than expected 

while penetrating through the ELDC. Consequently, the experimental ELDC in this study 

has a shorter time for lunar dust collection compared to the real case on the moon. 

Required applied voltage for 100% collection efficiency of 20-μm-sized lunar dust 

from 2-D Eulerian-based model and 3-D Lagrangian-based model are 109 and 173 V, 

respectively. The highest experimentally obtained collection efficiency at low vacuum 

was about 1.05% (two orders of magnitude smaller than the models), and about 1000 

times greater than what is obtained from Eq. (5-4). This difference is due to the 3-D 

nature of the experiments compared to 2-D analytical model and non-uniformity of the 

distributed charges on falling particles. Similar to the effect of halving ELDC dimensions, 

the experimental results confirmed that the 2-D Eulerian-based model underestimate 

the ELDC collection efficiency. This also emphasizes the importance of vacuum level in 

collection efficiency of the ELDC and necessity of performing experiments at the higher 

vacuum level. 

Figure 5-5 illustrates how doubling the applied voltage from 33 V to 65 V 

increased the amount of collected particles. Figure 5-5 and later explained Figure 5-6 

demonstrate that the density of the collected particles was higher near the corners of 

the collection plate. This observation is consistent with the non-uniform electrostatic 

field observed in our previous study which is due to non-uniformity of the distributed 

charge known as fringe effect (Figure 3-7) (Reitan, 1959). However, most particles are 

collected particularly on the upper one third of the plate. As discussed in chapter 3, the 

reason is that falling particles which are entering the ELDC closer to the collection plate 

are attracted with relatively stronger electrostatic field toward the upper one third of the 
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plate and have to pass relatively shorter distances compared to other falling particles. 

Other particles which are entering the ELDC relatively further from the collection plate, 

need to move a longer path to reach the plate. The exertion of relatively weaker e-field 

from the center and exertion of relatively stronger e-field from the lower one third might 

be too late to collect these particles before they exited the ELDC. 

Effect of Plate Conductivity on Particle Collection at Low Vacuum Condition 

The effect of electrical conductivity (σ) of the ELDC plates on ELDC collection 

efficiency was examined by replacing stainless steel (σ = 1.45 × 106 S/m) with 

aluminum (σ = 3.5 × 107 S/m). This is equivalent to 24 times increase in electron 

mobility of the collection plate. As shown in Figure 5-7, collection efficiency of the ELDC 

was improved using aluminum electrode though such a small increase was not obvious 

on the collection plates (Figure 5-6). Collection efficiency improvement due to 

replacement of aluminum increased at the higher applied voltages. Similar to the case 

with stainless steel, the charge-based collection efficiencies were higher than the mass-

based ones. 
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Figure 5-1. Schematic of the experimental set-up 

 

 

Figure 5-2. Components of the designed particle tribocharger/dropper 
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Figure 5-3. Total charge/mass ratio of lunar dust simulants at different tribocharging 
time and air pressures. A) JSC-1A. B) Chenobi. 

 

 

Figure 5-4. ELDC collection efficiency for JSC-1A simulants as a function of applied 
voltage at low vacuum condition 
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Figure 5-5. Collected JSC-1A particles on the positively charged collection plate A) At 
ΔV = 33 V. B) At ΔV = 65 V. 

 

Figure 5-6. Collected JSC-1A particles on ELDC collection plate at ΔV = 33 V. A) On 
stainless steel plate. B) On aluminum plate. 
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Figure 5-7. Comparing collection efficiencies of steel-made and aluminum-made ELDC 
plates for JSC-1A simulants as a function of applied voltage at the low vacuum. A) 
Mass-based collection efficiencies. B) Charge-based collection efficiency. 
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CHAPTER 6 

DESIGN OF AN ELECTROSTATIC LUNAR DUST REPELLER FOR MITIGATING 
DUST DEPOSITION 

Objective 

The objective of this study was to develop an electrostatic lunar dust repeller 

(ELDR) to address concerns associated with wide applications of ELDC: the weight of 

the plates, probable partial blockage of the solar radiation and the need for occasional 

cleaning. Its electrical power requirement and arrangement of electrodes were 

optimized. 

Electrostatic Lunar Dust Repeller (ELDR) 

The ELDR consists of an array of needle-shaped thin electrodes, all connected in 

parallel to the same terminal of the DC power supply. As the other terminal of the power 

supply is grounded, charges accumulate on the electrodes’ surface, and an electrostatic 

field forms around the group of electrodes to direct falling particles away from the 

protected surface. Because the levitated lunar particles are ideally like-charged on each 

side of the moon, the electrostatic field created by the electrode array will repel the 

falling lunar dust away before it approaches the protected surfaces. 

Methods 

Evaluating the removal efficiency of the ELDR involves calculation of non-uniform 

charge distribution on the electrodes surface, individual follow-up of the particle 

trajectories, and determination of electric field vectors and electric potential distributions 

for the system of electrodes, all around the protected area. Removal efficiency of a 

single-electrode ELDR was studied initially with sensitivity analyses on the applied 

voltage and electrode length. The results give insight into proposing an electrode-
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ensemble ELDR operating not only more efficiently but also at a lower voltage. Inputting 

the lunar dust properties using the related literature (as explained earlier) was the first 

step of this study. To fulfill each of the abovementioned modeling tasks, an appropriate 

numerical modeling scheme was implemented. 

Model Configuration 

The ELDR consists of a set of thin rod-shaped electrodes oriented perpendicular 

to the protected surface. All electrodes carry the same electrical charge and polarity as 

they are all connected to the same terminal of the DC power supply (in the lunar 

environment the power supply is practically the solar panel itself). As the falling lunar 

particles are ideally like-charged—either positive or negative—on each side of the 

moon, the electrical sign of this terminal is selected to be the same as incoming 

particles to ensure the repelling action. The other terminal is connected to a grounded 

wire above and surrounding the entire protected area. The role of grounded wire is to 

direct the electrostatic field streamlines upward and away from the protected surface 

(Figure 6-1). 

Charge Distribution on Needle-Shaped Electrodes 

Since most of the spatial explorations are performed on the dayside of the moon, 

both the surface charges on incoming particles and the transferred charges on the 

ELDR electrodes from the power supply are assumed to be positive. Given the electrical 

potential (∆V) on each electrode, the charge distribution on the array of electrodes 

follows the integral form of the Poisson’s equation (Sadiku, 2001): 

∆𝑉 = ∫
𝜌𝑠

4𝜋𝜖0𝑟 
𝑑𝑠  (6-1) 
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where ρs is the surface charge density and vector r is the position vector between each 

point of space and the origin. The method of moments (MOM), a common numerical 

technique for solving integral equations, was used in this study. For the initial case, a 

single, thin, rod-shaped electrode of diameter D and length L (L >> D), the electrode 

was discretized into a number of segments (n), each of length ∆L. As the electrical 

potential is constant over the entire electrode and equal for all segments, Eq. (6-1) was 

split into a set of equations for i = 1, 2, …, n as seen in Eq. (6-2): 

4𝜋𝜖0∆𝑉 =∑𝜌𝑠𝑗 ×

𝑛

𝑖=1

𝐴𝑖𝑗 (6-2) 

where the indices i and j refer to ith electrode and jth segment, respectively, ρsj is the 

charge per unit length of the jth segment, and Aij indicates the inverse momentum of 

charge density ρsj of the ith segment. Using a Gaussian elimination technique, the 

following set of equations was substituted into Eq. (6-2) for Aij. Then, MATLAB 7.10 

code was developed to solve equations (6-2) to (6-4) at different applied voltages, 

numerically: 

𝐴𝑖𝑗 =
∆𝐿

|𝑟𝑖 − 𝑟𝑗|
        (𝑓𝑜𝑟 𝑖 ≠ 𝑗)  (6-3) 

𝐴𝑖𝑗 = 𝑙𝑛

(

 
∆𝐿

2⁄ + √(∆𝐿 2⁄ )
2
+ 𝑟2

−∆𝐿
2⁄ + √(∆𝐿 2⁄ )

2
+ 𝑟2)

       (𝑓𝑜𝑟 𝑖 = 𝑗) (6-4) 

Because the distributed charges at each applied electrical potential depend on n 

and ∆L, sensitivity analysis was conducted on the number of segments for the particular 

electrode geometry (L = 5 or 10 cm and D = 1 mm) of this study. To consider the 

highest possible surface charge on the electrodes, the number of segments in which the 
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highest possible total charge on the ELDR electrode could be achieved was used for 

the charge distribution calculations and electrostatic field inclusion into the DEM model 

(to be discussed next). For this purpose, the pertinent charge distribution at each 

applied voltage was computed and assigned to the discretized elements of the modeled 

geometry inside the DEM model. 

Discrete Element Modeling 

EDEM 2.4.4 developed by DEM Solutions, Inc., with a dedicated module for 

incorporating the electrostatic calculations into the DEM model was adopted. The first 

set of simulations was conducted to model a single-electrode ELDR protecting an 

assumed 5-cm × 5-cm area. Detecting particle collisions for each particle was limited to 

the grid cell the target particle has been positioned in and the adjacent cells. This 

means that refining the grid cell size promises to provide a better numerical 

convergence by inclusion of all potential particle collisions at each time step. Sensitivity 

analysis conducted on the grid cell size demonstrated that grid sizes finer than 1 mm do 

not influence the particle trajectories. Therefore, considering the electrode length, the 

entire domain of the model was discretized into one million cells for L = 5 cm or two 

million cells for L = 10 cm. 

As discussed in previous models, the electrical screening distance is the radius 

of an imaginary sphere around each centered particle in which the electrical interactions 

of the target particle with other charged elements of the model will be taken into 

account. An electrical screening distance of 36 mm—the length of the diagonal 

connecting two opposite corners of the 3-D control volume—was selected for this set of 

simulations to ensure inclusion of the entire model domain in all possible electrical 

interactions. 
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A rectangular planar particle factory was assigned on the top of the electrode to 

create 20-µm-sized particles with the charge and initial velocity calculated from Eq. (1-1) 

and Eq. (1-5), respectively. Initially, the generated particles were uniformly distributed 

within the particle factory (the same number of particles within rows and columns of the 

particle factory). Gravitational force, Coulomb force from the ELDR electrodes, and 

electrical particle–particle interactions were the acting forces. Forty percent of the 

Rayleigh time step (~ 2.1 × 10-7 s) was taken for the simulations of this study. More 

details about setting up the implemented DEM model have been explained in the 

previous chapters. 

All simulations were conducted on a Dell Precision T5500 Workstation with 8 

Intel(R) Xenon(R) CPU E5620 cores with a processing speed of 2.4 GHz, and 8 GB 

DDR3 RAM. The simulation runtime is a function of the total number of particles, 

electrical screening distance, cell grid size and time step. The longest simulation 

runtime for the single-electrode ELDR with 1600 particles was about 8 hr, and for the 

electrode-ensemble ELDR was about 4 days. The simulations continued until all 

particles were either repelled out from the geometry or deposited on the surface. 

Analysis of Particle Trajectories 

Determining whether a particle is successfully removed or deposited on the 

assumed surface requires analysis of the trajectories obtained. The removal efficiency 

of the ELDR was defined as the percentage of particles repelled away from the 

protected surface before passing the entire length of the electrode. The DEM model 

produces separate output logs for x, y and z components of each particle trajectory. 

Visual Basic for Applications (VBA) code was developed to identify each particle by 
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integrating its coordinates (x, y, z) as a function of time, and to calculate the fraction of 

particles repelled out of the space. 

Configuration of the Final Model 

The first set of simulations focused on a single-electrode ELDR to estimate the 

total applied voltage needed to protect an exposed surface at a given size. The pattern 

of arranging the electrodes and number of applied electrodes at certain electrode length 

are the key parameters in optimizing the ELDR operation over any protected surface. 

The entire modeling was then conducted for a double-length electrode at the same 

diameter (i.e., L = 10 cm and D = 1 mm) to investigate how electrode sizing influences 

the removal efficiency. 

Then, more electrodes were added to protect larger surface areas at even lower 

applied electrical power. The charge distribution on each electrode is non-uniform, and 

varies as a function of electrode location. Thus, before setting up the final simulation, 

the charge distribution of each electrode for two cases (L = 5 cm and 10 cm) were 

estimated at a selected voltage. The electrode-ensemble ELDR consisted of a certain 

number of electrodes to protect an assumed 30-cm × 30-cm area. The electric field 

streamlines specified the best possible pattern of the electrode arrangement. For this 

purpose, a finite element analysis (FEA) solver package coupled with an electrostatics 

module, COMSOL Multiphysics 4.2, was implemented. After the most effective 

electrode arrangement was found, 3-D vectors of the electrostatic field were determined 

by solving the following set of equations using COMSOL 4.2: 

∆𝑉𝑖𝑗 =∑∑
𝜌𝑖𝑗∆𝐿

4𝜋𝜖0|𝑟 − 𝑟 𝑖𝑗|

𝑚

𝑗=1

𝑛

𝑖=1

 (6-5) 
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�̅�𝑥𝑦𝑧 =∑∑
𝜌𝑖𝑗∆𝐿(𝑟 − 𝑟 𝑖𝑗)

4𝜋𝜖0|𝑟 − 𝑟 𝑖𝑗|
3

𝑚

𝑗=1

𝑛

𝑖=1

 (6-6) 

where n is the number of electrodes, m is the number of discretized segments on each 

electrode, vector r is the position vector of the observation point with respect to the 

origin and rij is the position vector of segment j of electrode i with respect to the origin. 

Sensitivity analysis on the voltage applied to the electrode-ensemble ELDR to 

investigate its effect on the ELDR removal efficiency required a huge computational 

effort.  Hence, to select the appropriate applied voltage to be applied to the electrodes 

of the ensemble array, distribution of the electric potentials within the control volume of 

the single-electrode ELDR was studied. For each electrode length, the single-electrode 

model and its surrounding volume were analyzed using the FEA model at their applied 

voltage corresponding to 100% removal efficiency (4 kV for L = 5 cm and 1.5 kV for L = 

10 cm). The geometry was finely meshed to solve Equations (6-5) and (6-6) numerically 

to obtain the electric potential distribution inside the control volume. The output logs 

were processed to find the minimum value of the distributed electric potentials for each 

case. Because the applied voltages on each single electrode corresponded to 100% 

removal efficiency, providing electric potentials greater than the obtained minimum 

values within the control volume of the single-electrode ELDR for the electrode-

ensemble ELDR should be a proper scheme to estimate the voltage needed on the 

electrodes in the final DEM models. Thus, different voltages were applied to the 

developed FEA model of the electrode-ensemble ELDR to find the minimum applied 

voltage on the electrodes of this model ensuring the abovementioned minimum for the 

electric potential within the control volume. Then, the calculated charge distributions for 
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the selected applied voltages were imported into the DEM model for particle trajectory 

computations. 

Afterwards, 100 uniformly distributed lunar particles were generated inside the 

particle factory at t = 0 of the simulation. The 30-cm × 30-cm protected surface was 5 

cm beneath the lower ends of the electrodes. The gaps between diagonally arranged 

electrodes were 8.5 cm. The properties of aluminum, glass and vacuum were assigned 

to the electrodes, protected surface and surrounding volume, respectively. The final 

simulations were conducted on two different electrode lengths of 5 cm and 10 cm. 

Results and Discussion 

Charge Distribution on the Single-Electrode ELDR 

As displayed in (6-2), the numerical scheme in Eq. (6-4) applied to resolve the 

singularity problem of zero denominator for Eq. (6-3) at i = n led to observing a 

maximum value for the total surface charges on the electrode. Considering a single 

segment on the electrode (uniform charge distribution), the total charge on the electrode 

(L = 5 cm and D = 1 mm) was about 60.4 pC at ∆V = 100 V. However, this value 

increased with increasing numbers of segments. The maximum possible total charge 

was about 66.4 pC (total increase of ~10%), which occurred when 18 segments were 

selected. Afterwards, increasing the number of segments resulted in a gradual drop in 

the total charge. Thus, 18 discretized units were used for the entire charge distribution 

calculations on the electrodes. 

The general pattern of charge distribution over the electrode normalized to 

uniform charge distribution is depicted in Figure 6-2b. As shown, the middle section of 

the electrode carries about 90% of the value corresponding to the uniform charge 

distribution (red line on the graph), whereas 15% of each end of the electrode length 
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carries significantly higher charges with respect to the uniform value, due to the fringe 

effect of the equipotential lines. 

Removal Efficiency of the Single-Electrode ELDR 

Sensitivity analyses were then conducted on the particle number concentration 

and the applied voltage. Figure 6-3 illustrates the space charge expansion of particles, 

and displays how a charged 5-cm-long single electrode operating at 4 kV altered the 

particle trajectories of one hundred 20-µm particles falling, to avoid their deposition on 

the 5-cm × 5-cm surface (the trajectories moving out of the control volume before hitting 

the imaginary protected surface at the bottom). 

The farther a particle is from the electrode, the shorter the lateral distance it 

needs to travel before hitting the protected surface. However, the repelling force from 

the electrode on a particle is inversely proportional to the distance squared, so particles 

further away from the electrode are under a smaller lateral force. As a result, there 

would be a critical distance from the electrode at which removing particles requires the 

greatest repelling force. Deriving an analytical relationship to determine such a distance 

is complicated due to the varying forces on each particle at each time step. However, 

the processed particle trajectories for the 5-cm electrode at ∆V = 4 kV showed that the 

mentioned critical distance was 15 to 17.5 mm from the electrode. In contrast, particles 

falling along either x or y axes were repelled away more strongly than others (dashed 

lines on section “A—A”) as they had a relatively shorter lateral distance to move out 

from the surface in the time unit. 

Figure 6-4 presents computed plots of removal efficiency as a function of applied 

voltage for a 5-cm-long, single-electrode ELDR. Voltages applied to the electrode 

ranged from 0.5 kV to 4 kV, in increments of 0.5 kV, and the number of falling particles 
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at each side of the particle factory was selected to be 10, 20, 30 and 40. An increase in 

removal efficiency by increasing the applied voltage is trivial but the results obtained 

imply an almost linear relationship between removal efficiency and applied voltage. 

Interestingly, increasing the number concentration of the particles slightly improves the 

removal efficiency due to interparticle repulsion of the like-charged particles. An electric 

potential of 4 kV applied to the single-electrode ELDR ensured 100% removal efficiency 

of 20-µm-sized lunar dust over the 5-cm × 5-cm surface. 

However, application of 4-kV electrical potential to protect a relatively small 

surface area of 25 cm2 is not desirable. Before adding more electrodes into the system, 

we explored the effect of electrode length on the removal efficiency of the single-

electrode ELDR. As lowering the particle concentration resulted in a more conservative 

removal efficiency, only 100 (10 × 10) lunar particles were considered for all remaining 

simulations.  

Electric field enhancement in the vicinity of the single-electrode ELDR may be 

achieved by increasing the aspect ratio of the electrode (L/D) at a certain applied 

voltage. Narrowing the electrode diameter to less than 1 mm may not be practical. To 

reduce the electrical power required, the electrode length was increased to 10 cm. 

Figure 6-5 expresses how electrode elongation reduces the required applied voltage on 

the ELDR electrode. At the same electrode diameter, doubling the electrode length 

resulted in approximately 63% reduction in the required applied voltage (~ 1.5 kV) to 

achieve 100% removal efficiency (Figure 6-5). 

Arrangement of Ensemble Electrodes 

Any change in the arrangement of electrodes over the protected surface alters 

the charge distribution on each electrode, electric field vectors and electric potential 
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values at all points of the surrounding space, and consequently the ELDR removal 

efficiency. At first sight, the simplest solution to ensure all parts of the exposed surface 

are protected by the arranged electrodes seems to be uniform distribution of the 

electrodes over the area (Figure 6-6A). As all electrodes carry the same electrical 

charge polarity, any arrangement making closed areas with the positioned electrode 

(e.g., areas shown in Figure 6-6A and B) is ineffective. The reason is that the repelling 

interactions between like-charged electrodes make the electric field streamlines diverge 

inside the area bounded by the electrodes. Consequently, dead zone areas form 

between electrodes wherever the in-plane repelling forces from the electrodes cancel 

each other, and the falling particles will be deposited on the surface in the absence of 

any effective lateral forces. 

To find the optimum electrode arrangement, four different scenarios with the 

same number of electrodes were considered (Figure 6-6). The distances between each 

two successive electrodes on the same line were chosen to be 8.5 cm to guarantee 

negligible negating effects due to repulsive forces in the vicinity of the neighbor 

electrodes. Thereby, each of the studied ensemble models included nine identical 

electrodes to cover the entire 30-cm × 30-cm protected area. 

Electric field vectors for the discretized geometry of several electrode arrays 

were examined and the points with the lowest electric field coverage were recognized 

(corners of the squared plate and mid of the sides of the squared plate in Figure 6-6c 

and Figure 6-6d) via COMSOL 4.2 Multiphysics simulations. There is no dead zone in 

both +-shaped and x-shaped arrangements except the dotted lines connecting them as 

in perpendicular rows (Figure 6-6c and Figure 6-6d). However, the removal efficiency of 
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the x-shaped arrangement at a certain voltage is higher than the +-shaped 

arrangement. The reason is that particles falling toward the protected surface around 

the mentioned critical points are the most difficult to repel because they are at the 

greatest distance from nearby electrodes compared to all other points within the space. 

For a certain number of electrodes, the distance between a critical points and the 

nearest electrode for the x-shaped arrangement is shorter than the +-shaped 

arrangement. Hence, the x-shaped arrangement requires shorter lateral distances for 

the falling particles to be repelled away before reaching the surface. This configuration 

also displayed the highest electric field strength with no dead zones inside the control 

volume. Therefore, the x-shaped arrangement of electrodes was adopted for further 

analyses. 

Figure 6-7 illustrates a sample 3-D electric potential distribution for the ensemble-

ELDR of this study at ΔV = 2.2 kV. Figure 6-8 displays the 3-D electrostatic field 

streamlines of the selected arrangement of electrodes. The plotted streamlines 

extending from the positively charged electrodes toward the grounded ring predict 

particle trajectories of the incoming lunar particles of the DEM model. When lunar 

particles are falling toward the exposed surface, the upward component of the electric 

field (Ez) decelerates the particles while the planar electric field components (Ex and Ey) 

shift them away from the surface edges. 

Processing the COMSOL output logs regarding the electric potential distribution 

in the vicinity of the single-electrode 5-cm ELDR held at ∆V = 4 kV (corresponding to η 

= 100%) to protect a 5-cm × 5-cm surface area, indicated that the minimum electric 

potential in the surrounding volume was 324 V.  Similar calculation for the 10-cm single-
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electrode ELDR held at ∆V = 1.5 kV (corresponding to η = 100%) to protect the same 

surface area was 115 V. The minimum voltages assigned to each electrode of the nine-

electrode ensemble model ensuring the aforementioned minima of 324 V and 115 V at 

each point of the modeled volume were determined by sensitivity analysis on the 

applied voltage. Voltages of 2.2 kV and 1.4 kV were obtained as the voltage needed for 

L = 5 cm and L = 10 cm, respectively. 

The last two DEM simulations were run for the nine-electrode ELDR model at L = 

5 cm and L = 10 cm, over the 30-cm × 30-cm surface area. The removal efficiency of 

the shorter ELDR was 92% at the applied voltage of 2.2 kV, and the 10-cm ELDR 

achieved 100% removal efficiency at ∆V = 1.4 kV.  

Comparison between Single-Electrode and Ensemble-Electrode ELDRs 

The voltage required on each electrode of the ensemble-electrode to obtain 

100% removal efficiency is lower than for the single-electrode ELDR. For instance, in 

the shorter ELDR design (L = 5 cm), 92% removal efficiency is achieved by applying 2.2 

kV on the x-shaped nine-electrode ELDR, much less than the 4 kV required for the 

single-electrode ELDR to reach 100% removal efficiency. Similarly, in the longer design 

(L = 10 cm) applying ∆V = 1.4 kV on the x-shaped nine-electrode ELDR leads to 100% 

removal efficiency which is smaller than the 1.5 kV for the single-electrode ELDR at 

100% removal efficiency. In summary, the cooperation of the electrodes in the 

ensemble model decreases the voltage needed on each electrode. 

The evolution of the electrode-ensemble ELDR from the single-electrode basic 

case fulfills both goals of this study: full protection of a larger area and applying a lower 

voltage to each electrode. Adding only eight more electrodes to form an x-shaped ELDR 

enabled the protection of a 36 times greater area. The electric power consumption is 
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proportional to ∆V2 and the number of electrodes. Considering the observed reduction 

in the applied voltage on the ensemble electrodes, the electric power factor for an n-

electrode ensemble ELDR based on the single-electrode ELDR is (ΔVEnsemble/ΔVSingle)2 × 

n. As discussed earlier, ΔVEnsemble is smaller than ΔVSingle making (ΔVEnsemble/ΔVSingle)2 

smaller than 1. This means the x-shaped, nine-electrode ELDR protects a 36 times 

larger area with the most conservative cost of only nine times more electric power 

consumption. 
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Figure 6-1. Schematic of the ELDR 

 

 
Figure 6-2. Sensitivity analysis on the number of segments modeled on a single-
electrode ELDR and normalized charge distribution over the electrode length (L = 5 cm 
and D = 1 mm) at ∆V = 100 V 
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Figure 6-3. Particle trajectories of 100 falling lunar particles influenced by a single-
electrode ELDR (shown by the dark rod in the center, L = 5 cm, D = 1 mm) at ∆V = 4 kV 

 

 

Figure 6-4. Removal efficiency of the single-electrode ELDR (L = 5 cm and D = 1 mm) 
over a 5-cm × 5-cm surface area as a function of applied voltage and particle number 
concentration 
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Figure 6-5. Removal efficiency of the single-electrode ELDR as a function of applied 
voltage for two electrode lengths 

 
 
Figure 6-6. Plan view of different arrangements of electrodes over the 30-cm x 30-cm 
exposed surface investigated in this study (black circles indicate electrode cross 
section, small arrows display the directions of the electric field vector of each electrode 
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on the x-y plane, and large arrows indicate the direction of the resultant e-field 
streamlines) 

 

Figure 6-7. Sample 3-D electric potential distribution for the 9-electrode ELDR at ΔV = 
2.2 kV 

 

 
Figure 6-8. Electric field streamlines of the x-shaped nine-electrode ensemble ELDR
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CHAPTER 7 
CONCLUSIONS 

Control of lunar dust is one of the primary requirements for the future lunar 

explorations, as a variety of problems associated with lunar dust have been 

documented from the Apollo missions. Considering limiting conditions of lunar 

environment, electrostatic lunar dust collector was proposed as an effective way of 

hindering dust deposition on the exposed surfaces. 

In the Eulerian-based analytical model, sensitivity analyses showed that the ELDC 

was more effective for larger particles when it was closer to horizontal orientation due to 

the assistance of the gravitational force. The collection efficiency was very sensitive to 

surface potential, as it could change both incipient velocity and the charge of particles. 

For the horizontal ELDC, smaller surface potentials made greater collection efficiencies 

and the device needed about 10 times less voltage for the same efficiency as compared 

to the vertical ELDC. In contrast, for vertical ELDC there was a maximum in the 

efficiency graph which occurred when surface potential was between 30 and 120 V. The 

most critical case happened when large size particles were dealt with at the lowest 

surface potential (close to zero on some parts of the lunar dayside surface) and when 

ELDC plates were perpendicular to the lunar surface. Considering an average of 100 V 

for surface potential, 1 kV voltage for the selected ELDC dimensions (E = 20 kV/m) was 

needed for collecting all particles less than 200 μm in this critical orientation. Neglecting 

the Van der Waals force between particles settled on the surface, this value was about 

4000 times less than the required electrostatic field for repelling already settled particles 

of 1 μm in size (Wood, 1991). 



 

116 

In the Lagrangian-based DEM model, the electrical particle-particle interaction in the 

uniform electrostatic field was investigated, and the results demonstrated that achieving 

100% collection efficiency for 20-µm-sized lunar particles required a 29% higher 

electrostatic field (∆V = 143 V for ELDC dimensions of L = W = 10 cm and D = 5 cm) 

than without electrical particle-particle interaction. This was due to repelling effects of 

charged particles that caused some particles to move relatively further away from the 

collection plates. Then, the effect of non-uniformity of the electrostatic field on particle 

collection was studied by defining 100 subsections on the ELDC plates carrying 

different amounts of surface charges. The results concluded that non-uniformity of the 

electrostatic field also decreased the collection efficiency since subsections closer to the 

edges possessed more charges than those closer to the center (∆V = 173 V) for the 

same particle size. However, all the simulations were conducted for the most 

conservative case scenario and providing less than 3.5 kV/m electric field was more 

than enough for collecting this size of lunar particles. Maintaining the electric field at this 

upper limit is not difficult and does not cause electrical breakdown due to the hard 

vacuum condition.  

The results of the DEM modeling on a half-size ELDC with a non-uniform e-field 

indicated higher collection efficiencies compared to the Eulerian-based model. This 

observation was true for the entire range of applied voltages, as the 3-D Lagrangian-

based model considered the ELDC width and included all point charges on the ELDC 

plates in Coulomb force calculations. This concludes the conservative nature of 

Lagrangian-based modeling at 100% collection efficiency compared to the Eulerian-

based model is not generally assured. In other words, depending on the ELDC 
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dimensions and particle concentrations, DEM modeling with less simplifying 

assumptions may indicate higher collection efficiency. The higher the concentration of 

incoming lunar dust, the higher the collection efficiency of the ELDC at lower provided 

e-field. This means time-consuming DEM simulations can be avoided by predicting a 

more conservative value using the Eulerian-based model for lower range of voltages. 

In the Lagrangian-based DEM model developed for studying the influence of back 

electrostatic field, the obtained results from tracking particle trajectories confirmed the 

formation of eddies in proximity of the collection plate. The extracted plots from 

sensitivity analyses demonstrated that there were three stages in the operation of an 

ELDC. Initially, the clean ELDC was highly efficient in particle collection. The back e-

field then enhanced gradually as more particles got collected; thus, a fraction of 

supposedly collected particles penetrated the ELDC due to repulsion from the collection 

plate. Eventually, the generated back e-field prevented all incoming particles from 

collection and penetration by making them suspending inside the device. Such a 

suspension is undesirable in that it blocks the surface to be protected and it avoids any 

new incoming particles from collection.  

Increasing the applied voltage from 50 V to 100 V enabled the ELDC to run with 

100% collection efficiency at particle loadings less than 220 #/cm2 whereas the ELDC 

operated under a lower voltage experienced an immediate reduction in collection 

efficiency. Increasing the number concentration of incoming particles decreased the rate 

of reduction in collection efficiency as it counteracted the effect of back e-field.  

The ELDC collection efficiency was related to the elapsed time of ELDC operation. 

While presenting a general explicit model for such a relationship is not feasible, 
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difference between an ELDC starting fresh and one with pre-collected dust was found. 

After collecting 400 #/cm2 dust particles, the ELDC’s collection efficiency was 83% 

compared to 90% of an ELDC with 400 #/cm2 pre-collected particles. The suspended 

fraction was responsible for the difference. Using reported values from Surveyor 3 

operation during Apollo 12, a rough estimation on how often the ELDC plate must be 

cleaned concluded 3 times per month as the required frequency of the plate cleaning. 

Experimental results from the tribocharging experiments on ~ 20-μm lunar dust 

simulants showed that tribochargeability of both simulants strongly depends on the air 

pressure as the total amount of created charge on the sample at low vacuum condition 

of 0.3 Pa was 2 to 3 times higher than the case at the ambient pressure. The 

accumulated surface charge at the standard pressure increased with time initially but 

decreased later on due to the contacts of identical particles with the same work function 

and the interactions with existing air molecules. At low vacuum, total charge increased 

with time though charging rate was decreasing due to the lower gradient of the attracted 

electrons. 

Tribochargeability of the JSC-1A particles was clearly better than the Chenobi 

particles. The maximum surface charge on the JSC-1A particles after 20 min of 

tribocharging was about 2.5 nC/g, equivalent to the surface potential of ϕs = 0.035 V, 

which is 104 times smaller than the assumed particle charge in our previous modeling 

studies; short time terrestrial tribocharing in low vacuum is less efficient than the long 

time lunar surface exposure to the solar-based radiations in the hard vacuum. 

Next, experiments focused on the JSC-1A at low vacuum condition. Collection 

efficiency of a customized ELDC (L = W = 10 cm, D = 5 cm) was examined for the 
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applied electric potentials of ΔV = 33, 65, 98 and 130 V. The charge-based and mass-

based results of the ELDC collection efficiency confirmed the predicted linear 

relationship between the ELDC collection efficiency and the applied voltage. The 

observed pattern of particle collection over the collection plate was consistent with the 

numerical model in that the majority of the collected particles were located close to the 

plate corners (especially in the upper third). Although the resultant range of collection 

efficiencies (0.25 to 0.7% for the mass-based definition and 0.35 to 1.05% for the 

charge-based definition) were relatively low, the obtained ranges were justified with the 

previously developed predictive models. Studying the plate material indicated that 

application of aluminum plates with 24 times higher conductivity compared to stainless 

steel plate, improves ELDC collection efficiency especially at the higher applied 

voltages. 

In investigation of appropriateness of the ELDR, the effect of space charge was 

found to be helpful in particle exclusion. Application of 4 kV to a 5-cm electrode was 

adequate to achieve 100% removal efficiency of falling particles with the most 

conservative properties over a 5-cm × 5-cm surface. Doubling the electrode length 

resulted in 63% reduction in the threshold applied voltage (1.5 kV to protect the same 

area). An increase in the number concentration of the incoming particles was found to 

be a beneficial factor. 

The second stage of this part of study was to evaluate the use of the ELDR to 

protect a larger area, 30-cm × 30-cm. Sensitivity analysis results on the electrode 

arrangement of the electrode ensemble- ELDR demonstrated that any electrode 

arrangement forming closed shapes over the panel creates a dead zone that allows 
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particles to deposit on the protected surface. The x-shaped pattern was found to be the 

most effective arrangement as its dead zones are only two perpendicular lines and its 

lateral distance to shift particles away is the shortest. Approximating the electric 

potentials in the vicinity of a single electrode at a certain applied voltage was the 

criterion to predict the appropriate applied voltage for a nine-electrode ensemble ELDR 

of the adopted x-shaped arrangement. Thereby, the minimum electric potentials of 324 

V and 115 V were produced within the control volume for electrode lengths of 5 cm and 

10 cm, respectively, at applied voltages of 2.2 kV and 1.4 kV. Operating the x-shaped 

electrode-ensemble- ELDR at the above mentioned applied voltage and electrode 

length led to removal efficiencies of 92% and 100%, respectively. This provided us with 

100% protection of a 36 times larger area. Thanks to the lower required voltage on the 

electrodes, electric power consumption was only nine times more than the single-

electrode ELDR. 

In summary, both ELDC and ELDR technologies introduced in this study offer 

advantages over previously studied technologies by preventing the dust deposition at 

the first place using low electric power. These control technologies serve as an initial 

step for surface protection of equipment on asteroids and Mars as well. The obtained 

results of this study pave the road for development of electrostatic shields to protect 

solar panels and PV cells in arid terrestrial areas to secure consistent power generation 

from deposition of the windblown dust. 
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APPENDIX A 
MATLAB SOURCE CODE FOR CALCULATING THE CHARGE DISTRIBUTION ON 

THE ELDC PLATES S AT DIFFERENT APPLIED VOLTAGES PRESENTED IN 
CHAPTERS 3 AND 4 

% This program uses the Method of Moment (MOM) 
% To determine charge distribution over the ELDC plates and 

% To estimate the total charge and capacitance of the ELDC 
% The parallel-plate ELDC consists of two conducting plates 
% with certain dimensions of AA and BB separated by 
% distance of D, and maintained at applied voltages of  

% +50 VOLT AND -50 VOLT, for instance in here 
% One plate is located on the z=0 plane while the other 
% is located on the z=D plane 
% All dimensions are in SI units 
% N is the number of subsections into which each plate is divided 

 
% To specify the parameters 
ER = 1.0; 
EO = 8.8541e-12; 
AA = 0.010; 
BB = 0.010; 
D = 0.005; 
N = 400; 
NT = 2*N; 
M = sqrt(N); 
DX = AA/M; 
DY = BB/M; 
DL = DX; 
% To calculate the elements of the coefficient of Matrix A 
% To define coordinates and mid points of each segments 
K = 0; 
for Kl=1:2 
for K2=1:M 
for K3=1:M 
K = K + 1.0; 
X(K) = DX*(K2 - 0.5); 
Y(K) = DY*(K3 - 0.5); 
end 
end 
end 
for K1=1:N 
Z(K1) = 0.0; 
Z(K1+N) = D; 
end 
for I=1:NT 
for J=1:NT 
if(I==J) 
A(I,J) = DL*0.8814/(pi*EO); 
else 
R = sqrt( (X(I)-X(J))^2 + (Y(I)-Y(J) )^2 + ( Z(I)-Z(J) )^2 ) ; 
A(I,J) = DL^2/(4.*pi*EO*R); 
end 
end 
end 
% Now determine the matrix of constant vector B 
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for K=1:N 
B(K) = 50.0; 
B(K+N) = -50.0; 
end 
% To invert A and calculate RHO, and to calculate the total charge, Q, and 

Capacitance, C 
F = inv(A); 
RHO = F*B' 
SUM = 0.0; 
for I=1:N 
SUM = SUM + RHO(I); 
end 
Q = SUM*(DL^2); 
VO = 100.0; 
C = abs(Q)/VO; 
[C] 
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APPENDIX B 
VBA SOURCE CODE FOR EVALUATING PARTICLE TRAJECTORIES AND 

CALCULATING THE FRACTION OF REPELLED PARTICLES AT DIFFERENT 
APPLIED VOLTAGES PRESENTED IN CHAPTERS 3 AND 4 

 
Option Explicit 

Public particles As Single 

Public departicles As Single 

Sub masterformat() 

 

    Call variables 

    Windows("Book2.xlsm").Activate 

    Call looknice 

    Windows("Book3.xlsx").Activate 

    Call looknice 

    Windows("Book1.xlsm").Activate 

    Call looknice 

    Windows("Book3.xlsx").Activate 

    Call moderate 

    Windows("Book2.xlsm").Activate 

    Call moderate 

    Windows("Book1.xlsm").Activate 

    Call moderate 

    Windows("Book3.xlsx").Activate 

    Call formattrans1 

    Windows("Book2.xlsm").Activate 

    Call formattrans1 

    Windows("Book1.xlsm").Activate 

    Call formattrans1 

    Call Transinsert 

    Call Transcopypasta 

    Call Transhighlights 

    Call Transdatasort 

    Call Maxmin 

    Call transfinalcoords 

    Call transcollection 

    Call transefficiency 

    Call finalformat 

 

End Sub 

 

 

Sub Transinsert() 

Dim i As Single 

    For i = 0 To particles 

        Rows(7 + 3 * i).Select 

        Selection.Insert Shift:=xlDown, CopyOrigin:=xlFormatFromLeftOrAbove 

        Selection.Insert Shift:=xlDown, CopyOrigin:=xlFormatFromLeftOrAbove 

    Next i 

End Sub 

 

 

Sub Transcopypasta() 

'pastes y and z values 

Dim i As Single 
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    For i = 0 To particles 

        Windows("Book2.xlsm").Activate 

        Rows(6 + i).Select 

        Selection.Copy 

        Windows("Book1.xlsm").Activate 

        Cells(7 + 3 * i, 1).Select 

        ActiveSheet.Paste 

        Windows("Book3.xlsx").Activate 

        Rows(6 + i).Select 

        Selection.Copy 

        Windows("Book1.xlsm").Activate 

        Cells(8 + 3 * i, 1).Select 

        ActiveSheet.Paste 

    Next i 

End Sub 

 

 

Sub formattrans1() 

    Cells(1, 173).FormulaR1C1 = "max" 

    Cells(1, 174).FormulaR1C1 = "min" 

    Cells(1, 175).FormulaR1C1 = "final coords" 

    Cells(1, 177).FormulaR1C1 = "status" 

    Cells(1, 179).FormulaR1C1 = "fraction suspended" 

    Cells(1, 181).FormulaR1C1 = "fraction collected" 

    Cells(1, 183).FormulaR1C1 = "fraction penetrated" 

    Cells(1, 185).FormulaR1C1 = "# collec" 

    Cells(1, 186).FormulaR1C1 = "total #" 

    Cells(1, 187).FormulaR1C1 = "# susp" 

    Cells(1, 188).FormulaR1C1 = "i" 

End Sub 

 

 

Sub looknice() 

'creates a user input line of code in the master macro for # particles and # 

deposited particles 

Dim i As Single 

Dim j As Single 

    Range(Cells(1, 1), Cells(particles, 200)).Select 

    Selection.Cut Destination:=Range(Cells(4, 1), Cells(particles + 3, 200)) 

    Range("A1").Value = "# particles" 

    Range("A2").Value = particles 

    i = 0 

    For i = 0 To 100 

        Range(Cells(4, 2 + 2 * i), Cells(particles + 3, 2 + 2 * i)).Select                        

'loops rows 7 and 8 for # of time steps to organize and separate time numbers 

from particle coordinates 

        Selection.Cut Destination:=Range(Cells(6, 1 + 2 * i), Cells(particles 

+ 5, 1 + 2 * i)) 

    Next i 

     

    Range(Cells(4, 1), Cells(particles + 5, 200)).Select 

    Selection.Cut Destination:=Range(Cells(4, 2), Cells(particles + 5, 201)) 

    Range("A4").Select 

    ActiveCell.FormulaR1C1 = "TIME" 

    Range("B1").Select 

    ActiveCell.FormulaR1C1 = "# DEPOSITED" 

    Range("B2").Value = departicles 
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    Rows("5:5").Select 

    Selection.ClearContents 

    Range("A5").Select 

    ActiveCell.FormulaR1C1 = "PARTICLES" 

    j = 0 

    For j = 0 To particles 

        Cells(6 + j, 1).Value = j + 1 

    Next j 

 

End Sub 

 

 

Sub variables() 

particles = 0 

departicles = 0 

        On Error Resume Next 

        Application.DisplayAlerts = False 

        particles = InputBox(Prompt:="Please enter the total number of 

particles.", Title:="# PARTICLES") 

        On Error GoTo 0 

        departicles = InputBox(Prompt:="Please enter the total number of 

deposited particles.", Title:="# DEPOSITED") 

        On Error GoTo 0 

        Application.DisplayAlerts = True 

End Sub 

 

 

Sub Transhighlights() 

Dim i As Single 

For i = 0 To particles 

    Rows(6 + 3 * i).Select 

    With Selection.Font 

        .ThemeColor = xlThemeColorAccent1 

        .TintAndShade = -0.249977111117893 

    End With 

    Rows(7 + 3 * i).Select 

    With Selection.Font 

        .ThemeColor = xlThemeColorAccent6 

        .TintAndShade = -0.249977111117893 

    End With 

    Rows(8 + 3 * i).Select 

    With Selection.Font 

        .ThemeColor = xlThemeColorAccent3 

        .TintAndShade = -0.249977111117893 

    End With 

Next i 

End Sub 

 

 

Sub Transdatasort()                

'triggered when particle exits domain 

    Dim i As Single 

    Dim j As Single 

    Dim k As Single 

    Dim column As Single 

    Dim x As Double 

    Dim y As Double 
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    Dim z As Double 

        For i = 0 To particles 

            For j = 0 To 85 

                x = Cells(6 + 3 * i, 2 + 2 * j).Value 

                y = Cells(7 + 3 * i, 2 + 2 * j).Value 

                z = Cells(8 + 3 * i, 2 + 2 * j).Value 

                k = 0 

                    Do While x < -4.5 Or x > 9.5 Or z < -10.5 Or z > 1 Or y > 

9.5 Or y < -9.5 

                        Cells(6 + 3 * i, 2 + 2 * j + 2 * k).Select 

                        Selection.ClearContents 

                        Cells(7 + 3 * i, 2 + 2 * j + 2 * k).Select 

                        Selection.ClearContents 

                        Cells(8 + 3 * i, 2 + 2 * j + 2 * k).Select 

                        Selection.ClearContents 

                        k = k + 1 

                        column = 2 + 2 * j + 2 * k 

                        If column > 200 Then 

                        Exit Do 

                        End If 

                    Loop 

            Next j 

        Next i 

End Sub 

 

 

Sub Maxmin() 

Dim i As Single 

    For i = 0 To 3 * particles 

        Cells(6 + i, 173).Value = "=MAX(RC[-171]:RC[-7])" 

        Cells(6 + i, 174).Value = "=MIN(RC[-171]:RC[-7])" 

    Next i 

End Sub 

 

 

Sub transfinalcoords() 

    Dim i As Single 

    Dim j As Single 

    Dim a As Double 

    Dim b As Double 

        For j = 0 To 3 * particles 

            For i = 0 To 85 

                a = Cells(6 + j, 2 + 2 * i).Value 

                b = Cells(6 + j, 4 + 2 * i).Value 

                If b = 0 And a <> 0 Then             

'combined, these two conditions prevent the final coordinate from being 0 

                Cells(6 + j, 175).Value = a 

                i = 0 

                Exit For 

                End If 

            Next i 

        Next j 

End Sub 

 

 

Sub transcollection() 

Dim i As Single 
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Dim xmax As Double 

Dim ymax As Double 

Dim zmax As Double 

Dim xmin As Double 

Dim ymin As Double 

Dim zmin As Double 

Dim xf As Double 

Dim yf As Double 

Dim zf As Double 

    For i = 0 To particles 

        xmin = Cells(6 + 3 * i, 174).Value 

        ymin = Cells(7 + 3 * i, 174).Value 

        zmin = Cells(8 + 3 * i, 174).Value 

        xmax = Cells(6 + 3 * i, 173).Value 

        ymax = Cells(7 + 3 * i, 173).Value 

        zmax = Cells(8 + 3 * i, 173).Value 

        xf = Cells(6 + 3 * i, 175).Value 

        yf = Cells(7 + 3 * i, 175).Value 

        zf = Cells(8 + 3 * i, 175).Value 

            If xmax > 4.85 And xmax < 5.15 And zmin > -10 Then            

'by using xmax instead of xf, we take bouncing into account and register 

particles that bounce off the collection plate as collected 

            Cells(6 + 3 * i, 177).Value = "collected" 

            ElseIf xmax > 5.15 And xf > 4.85 And xf < 5.15 Then 

            Cells(6 + 3 * i, 177).Value = "collected" 

            ElseIf xmax > 4.85 And xf <= xmax Then                        

'if particle is bounced out from the colelcting plate 

            Cells(6 + 3 * i, 177).Value = "collected" 

            ElseIf zmin < -10 Then                                 

'if particle escapes through the -z direction, it will be labeled as "not 

collected" 

            Cells(6 + 3 * i, 177).Value = "penetrated" 

            ElseIf xmax < 4.85 Or xmax > 5.15 Then               

'suspension: particle has not had enough time to be collected or not 

collected, likely due to the intensity of particle-particle interactions 

            Cells(6 + 3 * i, 177).Value = "suspended" 

            Else: Cells(6 + 3 * i, 177).Select                   

'gives any other unconsidered scenario a red background fill 

                With Selection.Interior 

                .Pattern = xlSolid 

                .PatternColorIndex = xlAutomatic 

                .Color = 255 

                .TintAndShade = 0 

                .PatternTintAndShade = 0 

                End With 

            End If 

            If xf = 0 Then                                       

'eliminates the bug where non-existent particles are registered as "not 

collected" 

            Cells(6 + 3 * i, 177).Select 

            Selection.ClearContents 

            End If 

            If i < departicles Then                      

'eliminates the bug where initially deposited particles are being labeled as 

"collected" 

            Cells(6 + 3 * i, 177).Value = "deposited" 

            End If 
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    Next i 

End Sub 

 

Sub transefficiency() 

Dim i As Single 

Dim j As Single 

Dim k As Single 

Dim l As Single 

Dim m As Single 

  

j = 0 

k = 0 

l = 0 

m = 0 

    For i = 0 To particles 

        If Cells(6 + 3 * i, 177).Value = "collected" Then 

        j = j + 1 

        k = k + 1    

        ElseIf Cells(6 + 3 * i, 177).Value = "penetrated" Then 

        k = k + 1  

        ElseIf Cells(6 + 3 * i, 177).Value = "suspended" Then 

        l = l + 1 

        k = k + 1     

        Else: 

        End If 

    Next i 

    Cells(3, 181).Value = j / k                   'collection fraction 

    Cells(3, 179).Value = l / k                   'suspension fraction 

    Cells(3, 183).Value = (k - l - j) / k         'penetration fraction 

    Cells(3, 185).Value = j 

    Cells(3, 186).Value = k 

    Cells(3, 187).Value = l 

    Cells(3, 188).Value = i 

End Sub 

 

Sub finalformat() 

   Dim i As single 

  

   particles = Workbooks("Book1.xlsm").Sheets("Sheet1").Cells(2, 169).Value 

    For i = 0 To particles 

        Rows(9 + 4 * i).Select 

        Selection.Insert Shift:=xlDown, CopyOrigin:=xlFormatFromLeftOrAbove 

    Next i 

End Sub 

 

Sub moderate() 

Dim i As Integer 

Dim timestep As Double 

    For i = 1 To 100 

        timestep = Cells(4, 2 * i).Value * 1000000 

        If timestep Mod 20 > 0 Then 

        Columns(2 * i).Select 

        Selection.Delete Shift:=xlToLeft 

        Selection.Delete Shift:=xlToLeft 

        End If 

    Next i 

End Sub  
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APPENDIX C 
MATLAB SOURCE CODE FOR CALCULATING THE CHARGE DISTRIBUTION ON 

NEEDLE-SHAPED ELECTRODES OF THE ELDR AT DIFFERENT APPLIED 
VOLTAGES PRESENTED IN CHAPTER 6 

 
% This program obtains charge distribution on a thin rod-shaped electrode 
% The electrode is thin and conductive with known radius and length 
% The electrode is connected to the power supply and it possess constant V 
% The charge distribution is not uniform, requiring numerical model 
% Moment method is used to perform such a computations 

  
clear all 
clc 

  
% Part 1) input data 
er = 1.0;           % relative permitivitty of the space  
e0 = 8.8541e-12;  % Permitivitty of the vacuum (F/m) 
L = 4.5;           % electrode's length (cm) 
d = 1.0;          % electrode's diameter (mm) 
V0 = 4000;         % provided electrical potential on the electrode (V) 
n = 18;          % # of segments (discretized elements) on the electrode 

  
% Part 2) forming matrix A elements 
r = (d / 2) * 0.001;       % radius of the electrode (m) 
delta_x = (L / n) * 0.01;  % length of each segments (m) 
I = 1 : n;                 % number of each segment 
x = delta_x * (I - 0.5);   % distance between center of each segment and 

origin (m) 
for i = 1 : n 
    for j = 1 : n 
        if i ~= j 
            A(i,j) = delta_x / abs(x(i) - x(j)); 
        else 
            A(i,j) = log((delta_x/2+((delta_x/2)^2+r^2)^0.5)/((-

1)*delta_x/2+((delta_x/2)^2+r^2)^0.5)); 
            %A(i,j) = 2.0 * log(delta_x/r); 
        end 
    end  
end 

  
% Part 3) obtaining the line charge density (RHO) using: RHO = INV(A)*B 
B = 4 * pi * e0 * V0 * ones(n,1); 
RHO_l = inv(A)*B;   % linear charge density (C/m) 
RHO_s = RHO_l / (2.0 * pi * r); % surface charge density (C/m2) 
Q = 0; 
for i = 1 : n 
    Q = (Q + RHO_l(i) * delta_x); 
    RHO_EDEM(i) = RHO_l(i) * delta_x;  % Charge per geometry for EDEM 

simulations (C) 
    RHO_EDEM(i); 
end 
% Part 4) displaying results as a plot 
delta_x / r 
Q*10^12    % total charge (pC) 
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for i = 1 : n 
    RHO_l(i)/(Q/(n * delta_x)) 
end 

     
%plot(x * 100,(RHO_l)/(Q/(n * delta_x))) 
%grid on 
%xlabel('Distance from the origin of the electrode (cm)') 
%ylabel('Normalized charge distribution') 
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APPENDIX D 
VBA SOURCE CODE FOR EVALUATING PARTICLE TRAJECTORIES AND 

CALCULATING THE FRACTION OF REPELLED PARTICLES AT DIFFERENT 
APPLIED VOLTAGES PRESENTED IN CHAPTER 6 

 
Option Explicit 

Public particles As Single 

Public times As Single 

Sub Master() 

 

     Call input_box 

     Windows("Book1.xlsm").Activate 

     Call looknice 

     Windows("Book2.xlsm").Activate 

     Call looknice 

     Windows("Book3.xlsx").Activate 

     Call looknice 

     Windows("Book1.xlsm").Activate 

     Call headlines 

     Call insert_rows 

     Call YZ_copypaste 

     Call xyz_highlighter 

     Call domain_exit_checker 

     Call zero_deleter 

     Call max_min 

     Call problem_terminator_x 

     Call problem_terminator_y 

     Call final_coordinations 

     Call removal_determination 

     Call removal_efficiency 

 

End Sub 

Sub input_box() 

particles = 0 

times = 0 

        On Error Resume Next 

        Application.DisplayAlerts = False 

        particles = inputbox(Prompt:="Please enter the total number of 

particles.", Title:="# PARTICLES") 

        On Error GoTo 0 

        times = inputbox(Prompt:="Please enter the number of recorded 

times.", Title:="# TIMES") 

        On Error GoTo 0 

        Application.DisplayAlerts = True 

End Sub 

Sub looknice() 

'to create a user input line of code in the master macro for the # of 

incoming particles 

Dim i As Integer 

Dim j As Integer 

    Range(Cells(1, 1), Cells(particles, 2 * times)).Select 

    Selection.Cut Destination:=Range(Cells(4, 1), Cells(particles + 3, 2 * 

times)) 

    Range("A1").Value = "# particles" 

    Range("A2").Value = particles 
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    i = 0 

    For i = 0 To times 

        'to make a loop on lines 7 and 8 for # of time steps to organize and 

separate time numbers from particle coordinates 

        Range(Cells(4, 2 + 2 * i), Cells(particles + 3, 2 + 2 * i)).Select 

        Selection.Cut Destination:=Range(Cells(6, 1 + 2 * i), Cells(particles 

+ 5, 1 + 2 * i)) 

    Next i 

     

    Range(Cells(4, 1), Cells(particles + 5, 2 * times)).Select 

    Selection.Cut Destination:=Range(Cells(4, 2), Cells(particles + 5, 2 * 

times + 1)) 

    Range("A4").Select 

    ActiveCell.FormulaR1C1 = "TIME" 

    Range("B1").Select 

    Rows("5:5").Select 

    Selection.ClearContents 

    Range("A5").Select 

    ActiveCell.FormulaR1C1 = "PARTICLES" 

     

    j = 0 

    For j = 0 To particles - 1 

        Cells(6 + j, 1).Value = j + 1 

    Next j 

 

End Sub 

Sub headlines() 

'this program helps tabulating the final results 

    Cells(1, 2 * times + 4).FormulaR1C1 = "Min" 

    Cells(1, 2 * times + 5).FormulaR1C1 = "Max" 

    Cells(1, 2 * times + 6).FormulaR1C1 = "Initial Pos" 

    Cells(1, 2 * times + 7).FormulaR1C1 = "Final pos" 

    Cells(1, 2 * times + 9).FormulaR1C1 = "Status" 

    Cells(1, 2 * times + 11).FormulaR1C1 = "Removed #" 

    Cells(1, 2 * times + 12).FormulaR1C1 = "Total #" 

    Cells(1, 2 * times + 13).FormulaR1C1 = "Removed(%)" 

    Cells(1, 2 * times + 14).FormulaR1C1 = "Penetrated(%)" 

End Sub 

Sub insert_rows() 

Dim i As Integer 

    For i = 0 To particles 

        Rows(7 + 3 * i).Select 

        Selection.Insert Shift:=xlDown, CopyOrigin:=xlFormatFromLeftOrAbove 

        Selection.Insert Shift:=xlDown, CopyOrigin:=xlFormatFromLeftOrAbove 

    Next i 

End Sub 

Sub YZ_copypaste() 

'to copy and paste y and z values respectively from Book 2 and Book 3 

Dim i As Integer 

    For i = 0 To particles 

        Windows("Book2.xlsm").Activate 

        Rows(6 + i).Select 

        Selection.Copy 

        Windows("Book1.xlsm").Activate 

        Cells(7 + 3 * i, 1).Select 

        ActiveSheet.Paste 
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        Windows("Book3.xlsx").Activate 

        Rows(6 + i).Select 

        Selection.Copy 

        Windows("Book1.xlsm").Activate 

        Cells(8 + 3 * i, 1).Select 

        ActiveSheet.Paste 

    Next i 

End Sub 

Sub xyz_highlighter() 

Dim i As Integer 

For i = 0 To particles 

    Rows(6 + 3 * i).Select 

    With Selection.Font 

        .ThemeColor = xlThemeColorAccent1 

        .TintAndShade = -0.249977111117893 

    End With 

    Rows(7 + 3 * i).Select 

    With Selection.Font 

        .ThemeColor = xlThemeColorAccent6 

        .TintAndShade = -0.249977111117893 

    End With 

    Rows(8 + 3 * i).Select 

    With Selection.Font 

        .ThemeColor = xlThemeColorAccent3 

        .TintAndShade = -0.249977111117893 

    End With 

Next i 

End Sub 

Sub domain_exit_checker() 

'This part of codes prevent reproduction of particles after exitting from the 

domain 

    Dim i As Integer 

    Dim j As Integer 

    Dim k As Integer 

    Dim column As Integer 

    Dim x As Double 

    Dim y As Double 

    Dim z As Double 

 

        For i = 0 To particles 

            For j = 0 To times 

                x = Cells(6 + 3 * i, 2 + 2 * j).Value 

                y = Cells(7 + 3 * i, 2 + 2 * j).Value 

                z = Cells(8 + 3 * i, 2 + 2 * j).Value 

                k = 0 

                    Do While x < -30 Or x > 30 Or y < -30 Or y > 30 

                        Cells(6 + 3 * i, 2 + 2 * j + 2 * k).Select 

                        Selection.ClearContents 

                        Cells(7 + 3 * i, 2 + 2 * j + 2 * k).Select 

                        Selection.ClearContents 

                        Cells(8 + 3 * i, 2 + 2 * j + 2 * k).Select 

                        Selection.ClearContents 

                        k = k + 1 

                        column = 2 + 2 * j + 2 * k 

                        If column > 2 * times Then 

                           Exit Do 

                        End If 
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                    Loop 

 

            Next j 

        Next i 

End Sub 

Sub zero_deleter() 

Dim i As Integer 

Dim j As Integer 

    For i = 1 To 3 * particles + 5 

       For j = 1 To 2 * times + 1 

           If Cells(i, j).Value = 0 Then 

           Cells(i, j).Select 

           Selection.ClearContents 

           End If 

       Next j 

    Next i 

End Sub 

Sub max_min() 

Dim i As Integer 

    For i = 0 To 3 * particles - 1 

            Cells(6 + i, 2 * times + 4).Value = Application.Min(Range(Cells(6 

+ i, 2), Cells(6 + i, 2 * times))) 

            Cells(6 + i, 2 * times + 5).Value = Application.Max(Range(Cells(6 

+ i, 2), Cells(6 + i, 2 * times))) 

    Next i 

End Sub 

Sub problem_terminator_x() 

Dim i As Integer 

Dim j As Integer 

Dim k As Integer 

For i = 0 To particles - 1 

    If (Cells(6 + 3 * i, 2 * times + 5).Value * Cells(6 + 3 * i, 2 * times + 

4).Value < 0) And Cells(6 + 3 * i, 2).Value < 0 Then 

         Cells(6 + 3 * i, 2 * times + 9).Value = "Removed" 

         For j = 2 To 2 * times 

             If Cells(6 + 3 * i, j).Value > 0 Then 

                Cells(6 + 3 * i, j).ClearContents 

                Cells(7 + 3 * i, j).ClearContents 

                Cells(8 + 3 * i, j).ClearContents 

                Cells(6 + 3 * i, 2 * times + 4).Value = 

Application.Min(Range(Cells(6 + 3 * i, 2), Cells(6 + 3 * i, 2 * times))) 

                Cells(7 + 3 * i, 2 * times + 4).Value = 

Application.Min(Range(Cells(7 + 3 * i, 2), Cells(7 + 3 * i, 2 * times))) 

                Cells(8 + 3 * i, 2 * times + 4).Value = 

Application.Min(Range(Cells(8 + 3 * i, 2), Cells(8 + 3 * i, 2 * times))) 

                Cells(6 + 3 * i, 2 * times + 5).Value = 

Application.Max(Range(Cells(6 + 3 * i, 2), Cells(6 + 3 * i, 2 * times))) 

                Cells(7 + 3 * i, 2 * times + 5).Value = 

Application.Max(Range(Cells(7 + 3 * i, 2), Cells(7 + 3 * i, 2 * times))) 

                Cells(8 + 3 * i, 2 * times + 5).Value = 

Application.Max(Range(Cells(8 + 3 * i, 2), Cells(8 + 3 * i, 2 * times))) 

             End If 

         Next j 

    ElseIf (Cells(6 + 3 * i, 2 * times + 5).Value * Cells(6 + 3 * i, 2 * 

times + 4).Value < 0) And Cells(6 + 3 * i, 2).Value > 0 Then 

         For k = 2 To 2 * times 

             If Cells(6 + 3 * i, k).Value < 0 Then 
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                Cells(6 + 3 * i, k).ClearContents 

                Cells(7 + 3 * i, k).ClearContents 

                Cells(8 + 3 * i, k).ClearContents 

                Cells(6 + 3 * i, 2 * times + 4).Value = 

Application.Min(Range(Cells(6 + 3 * i, 2), Cells(6 + 3 * i, 2 * times))) 

                Cells(7 + 3 * i, 2 * times + 4).Value = 

Application.Min(Range(Cells(7 + 3 * i, 2), Cells(7 + 3 * i, 2 * times))) 

                Cells(8 + 3 * i, 2 * times + 4).Value = 

Application.Min(Range(Cells(8 + 3 * i, 2), Cells(8 + 3 * i, 2 * times))) 

                Cells(6 + 3 * i, 2 * times + 5).Value = 

Application.Max(Range(Cells(6 + 3 * i, 2), Cells(6 + 3 * i, 2 * times))) 

                Cells(7 + 3 * i, 2 * times + 5).Value = 

Application.Max(Range(Cells(7 + 3 * i, 2), Cells(7 + 3 * i, 2 * times))) 

                Cells(8 + 3 * i, 2 * times + 5).Value = 

Application.Max(Range(Cells(8 + 3 * i, 2), Cells(8 + 3 * i, 2 * times))) 

             End If 

         Next k 

    End If 

Next i 

End Sub 

Sub problem_terminator_y() 

Dim i As Integer 

Dim j As Integer 

Dim k As Integer 

For i = 0 To particles - 1 

    If (Cells(7 + 3 * i, 2 * times + 5).Value * Cells(7 + 3 * i, 2 * times + 

4).Value < 0) And Cells(7 + 3 * i, 2).Value < 0 Then 

         Cells(6 + 3 * i, 2 * times + 9).Value = "Removed" 

         For j = 2 To 2 * times 

             If Cells(7 + 3 * i, j).Value > 0 Then 

                Cells(6 + 3 * i, j).ClearContents 

                Cells(7 + 3 * i, j).ClearContents 

                Cells(8 + 3 * i, j).ClearContents 

                Cells(6 + 3 * i, 2 * times + 4).Value = 

Application.Min(Range(Cells(6 + 3 * i, 2), Cells(6 + 3 * i, 2 * times))) 

                Cells(7 + 3 * i, 2 * times + 4).Value = 

Application.Min(Range(Cells(7 + 3 * i, 2), Cells(7 + 3 * i, 2 * times))) 

                Cells(8 + 3 * i, 2 * times + 4).Value = 

Application.Min(Range(Cells(8 + 3 * i, 2), Cells(8 + 3 * i, 2 * times))) 

                Cells(6 + 3 * i, 2 * times + 5).Value = 

Application.Max(Range(Cells(6 + 3 * i, 2), Cells(6 + 3 * i, 2 * times))) 

                Cells(7 + 3 * i, 2 * times + 5).Value = 

Application.Max(Range(Cells(7 + 3 * i, 2), Cells(7 + 3 * i, 2 * times))) 

                Cells(8 + 3 * i, 2 * times + 5).Value = 

Application.Max(Range(Cells(8 + 3 * i, 2), Cells(8 + 3 * i, 2 * times))) 

             End If 

         Next j 

    ElseIf (Cells(7 + 3 * i, 2 * times + 5).Value * Cells(7 + 3 * i, 2 * 

times + 4).Value < 0) And Cells(7 + 3 * i, 2).Value > 0 Then 

         For k = 2 To 2 * times 

             If Cells(7 + 3 * i, k).Value < 0 Then 

                Cells(6 + 3 * i, k).ClearContents 

                Cells(7 + 3 * i, k).ClearContents 

                Cells(8 + 3 * i, k).ClearContents 

                Cells(6 + 3 * i, 2 * times + 4).Value = 

Application.Min(Range(Cells(6 + 3 * i, 2), Cells(6 + 3 * i, 2 * times))) 
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                Cells(7 + 3 * i, 2 * times + 4).Value = 

Application.Min(Range(Cells(7 + 3 * i, 2), Cells(7 + 3 * i, 2 * times))) 

                Cells(8 + 3 * i, 2 * times + 4).Value = 

Application.Min(Range(Cells(8 + 3 * i, 2), Cells(8 + 3 * i, 2 * times))) 

                Cells(6 + 3 * i, 2 * times + 5).Value = 

Application.Max(Range(Cells(6 + 3 * i, 2), Cells(6 + 3 * i, 2 * times))) 

                Cells(7 + 3 * i, 2 * times + 5).Value = 

Application.Max(Range(Cells(7 + 3 * i, 2), Cells(7 + 3 * i, 2 * times))) 

                Cells(8 + 3 * i, 2 * times + 5).Value = 

Application.Max(Range(Cells(8 + 3 * i, 2), Cells(8 + 3 * i, 2 * times))) 

             End If 

         Next k 

    End If 

Next i 

End Sub 

Sub final_coordinations() 

Dim i As Integer 

Dim j As Integer 

Dim a As Double 

Dim b As Double 

        For i = 0 To 3 * particles 

            For j = 0 To times 

                a = Cells(6 + i, 2 + 2 * j).Value 

                b = Cells(6 + i, 4 + 2 * j).Value 

                If b = 0 And a <> 0 Then 

                    'combined, these two conditions prevent the final 

coordinate from being 0 

                    Cells(6 + i, 2 * times + 7).Value = a 

                    j = 0 

                    Exit For 

                End If 

            Next j 

            Cells(6 + i, 2 * times + 6).Value = Cells(6 + i, 2).Value 

        Next i 

End Sub 

Sub removal_determination() 

Dim i As Integer 

Dim xmax As Double 

Dim ymax As Double 

Dim zmax As Double 

Dim xmin As Double 

Dim ymin As Double 

Dim zmin As Double 

Dim xi As Double 

Dim yi As Double 

Dim zi As Double 

Dim xf As Double 

Dim yf As Double 

Dim zf As Double 

    For i = 0 To particles - 1 

        xmin = Cells(6 + 3 * i, 2 * times + 4).Value 

        ymin = Cells(7 + 3 * i, 2 * times + 4).Value 

        zmin = Cells(8 + 3 * i, 2 * times + 4).Value 

        xmax = Cells(6 + 3 * i, 2 * times + 5).Value 

        ymax = Cells(7 + 3 * i, 2 * times + 5).Value 

        zmax = Cells(8 + 3 * i, 2 * times + 5).Value 

        xi = Cells(6 + 3 * i, 2 * times + 6).Value 
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        yi = Cells(7 + 3 * i, 2 * times + 6).Value 

        zi = Cells(8 + 3 * i, 2 * times + 6).Value 

        xf = Cells(6 + 3 * i, 2 * times + 7).Value 

        yf = Cells(7 + 3 * i, 2 * times + 7).Value 

        zf = Cells(8 + 3 * i, 2 * times + 7).Value 

            If xf < -24.5 And zf > -44.5 Then 

            Cells(6 + 3 * i, 2 * times + 9).Value = "Removed" 

            ElseIf zf > 0 Then 

            Cells(6 + 3 * i, 2 * times + 9).Value = "Removed" 

            ElseIf xf > 24.5 And zf > -44.5 Then 

            Cells(6 + 3 * i, 2 * times + 9).Value = "Removed" 

            ElseIf yf < -24.5 And zf > -44.5 Then 

            Cells(6 + 3 * i, 2 * times + 9).Value = "Removed" 

            ElseIf yf > 24.5 And zf > -44.5 Then 

            Cells(6 + 3 * i, 2 * times + 9).Value = "Removed" 

            ElseIf xf * xi < 0 And zf > -44.5 And (yf < -24.5 Or yf > 24.5) 

Then 

            Cells(6 + 3 * i, 2 * times + 9).Value = "Removed" 

            ElseIf yf * yi < 0 And zf > -44.5 And (xf < -24.5 Or xf > 24.5) 

Then 

            Cells(6 + 3 * i, 2 * times + 9).Value = "Removed" 

            ElseIf (-22.5 < xf And xf < 22.5) And (-22.5 < yf And yf < 22.5) 

Then 

            Cells(6 + 3 * i, 2 * times + 9).Value = "Penetrated" 

            ElseIf zf < -44.5 Then 

            Cells(6 + 3 * i, 2 * times + 9).Value = "Penetrated" 

            'gives any other unconsidered scenario a red background fill 

            Else: Cells(6 + 3 * i, 2 * times + 9).Select 

                With Selection.Interior 

                .Pattern = xlSolid 

                .PatternColorIndex = xlAutomatic 

                .Color = 255 

                .TintAndShade = 0 

                .PatternTintAndShade = 0 

                End With 

            End If 

    Next i 

End Sub 

Sub removal_efficiency() 

Dim i As Integer 

Dim j As Integer 

Dim k As Integer 

Dim l As Integer 

  

j = 0 

k = 0 

l = 0 

 

    For i = 0 To particles - 1 

        If Cells(6 + 3 * i, 2 * times + 9).Value = "Removed" Then 

        j = j + 1 

        k = k + 1 

             

        ElseIf Cells(6 + 3 * i, 2 * times + 9).Value = "Penetrated" Then 

        l = l + 1 

        k = k + 1 
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        Else: 

        End If 

    Next i 

    Cells(3, 2 * times + 11).Value = j                   '# of removed 

    Cells(3, 2 * times + 12).Value = k                   'total # 

    Cells(3, 2 * times + 13).Value = (j / k) * 100       'removed fraction 

    Cells(3, 2 * times + 14).Value = (l / k) * 100       'penetrated fraction 

 

End Sub 
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