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Abstract 
NASA’s future human exploration missions will 
require chemical processing plants to convert local 

resources into consumables to support astronaut 
activities [1]. The thin and mostly carbon dioxide 
atmosphere of Mars is estimated to have 1 – 10 

particles/cm3 with diameters of 1 – 10 μm and up to 
1000 particles/cm3 during storms [2]. The dust in the 
Martian atmosphere can foul chemical reactors and 

pose a risk to life support systems. Electrostatic 
precipitation (ESP) removes dust particles from the 

Martian atmosphere. The Electrostatics and Surface 
Physics Laboratory at NASA’s Kennedy Space Center 
has developed a COMSOL Multiphysics® model of 

an ESP for dust filtration on Mars. The fundamental 
principles of an ESP can be simulated by four physics 
modules: plasma, AC/DC electromagnetics, 

computational fluid dynamics (CFD), and particle 
tracing. In the ESP model presented here, the plasma 

module was solved to estimate particle charge. The 
AC/DC and CFD module were solved for the 
electrostatic force and fluid force. The particle-tracing 

module was solved for particle collection efficiency. 

Introduction 
 

NASA’s future human missions will include the use of 
in-situ resource utilization (ISRU) technology to 

convert on-site resources to consumables. One of these 
resources on Mars is the thin and mostly carbon 
dioxide atmosphere. The carbon dioxide-rich 

atmosphere, when combined with hydrogen gas, can 
be converted to methane for rocket propellant and 
oxygen for life support through the Sabatier reaction. 

However, the Mars atmosphere contains fine particles 

with diameters ranging from 1 μm to 10 μm at a 

density of 1 to 10 particles per cm3 on average and 100 
to 1000 particles per cm3 during a dust storm [3]. 
These dust particles must be removed from the 

chemical conversion process to produce high 
consumables and to prevent the processing plant from 
deteriorating. The ESP is one option to clear dust 

particles from low-pressure Mars ISRU plant intakes. 

The ESP utilizes corona discharge to perform dust 

collection. The corona discharge forms around the 
high voltage wire and ions with the same polarity as 
the wire are repelled toward the grounded cylinder. 

These ions attach to dust particles flowing through the 
cylinder due to the distortion of the electric field [4]. 

Charged dust particles experience a force in the 
electric field that carries them to the grounded 
cylinder. Earth based ESP have a collection efficiency 

greater than 99%; however, Mars’ atmosphere is 
approximately 4.75 Torr (less than 1% of Earth’s 

atmosphere) and approaches the Paschen minimum for 
many useful geometries. This constraint limits the 
amount of voltage applied in the Martian ESP to obtain 

the high collection efficiency. Previous work 
developed a testbed to demonstrate the feasibility of 
an ESP in Martian conditions and the COMSOL 

Multiphysics® model presented in this paper 
numerically estimates the collection efficiency [5]. 

Model description and equations 
The fundamental principles of an ESP is split into four 
COMSOL physics modules: DC plasma, 

electrostatics, laminar flow, and particle tracing. The 
plasma module solves first followed by all others in 
parallel. 

DC plasma 
 

The Mars ESP plasma model is similar to the 
“Atmospheric Pressure Corona Discharge in Air” 
model from the plasma module library. The plasma 

model is a one-dimensional geometry and the corona 
discharge is set as diffuse and uniform in the radial 
direction. The high voltage electrode diameter is 

125 μm and the grounded cylinder’s inner diameter is 

7.1cm. The simulation solves for the steady state 
regime with corona discharge sustained between 4.75 

Torr and 7 Torr with CO2 gas.  

The electron and ion continuity equation, the 

momentum equation, the drift diffusion 
approximation, and the Poisson’s equation determine 
the electron and charged species [6]. The electron 

energy distribution function (EEDF) provides the 
relationship between mean electron energy and 
reduced electric field to minimize the computation 

time and decrease the model complexity [7]. 

For corona discharge, the Maxwellian shape function 

describes the EEDF since the ionization degree is high 
inside the corona discharge region and inelastic 
reactions are dominate [7]. 
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𝜖 is the electron energy (eV), 𝜑 is the mean electron 
energy (eV), g is the power factor of 1 for Maxwellian 

distribution, and Γ is the incomplete Gamma function. 
Online plasma databases provide the collision data to 
calculate the EEDF [8]. 

The following equation determines the non-electron 
species density 

𝜌
𝜕

𝜕𝑡
(𝜔𝑘) + 𝜌(𝒖 ∙ ∇)𝜔𝑘 = ∇ ∙ 𝒋𝒌 + 𝑅𝑘 

Where 𝜌 is the species density, 𝜔𝑘 is the mass fraction 
of 𝑘𝑡ℎ species, 𝑅𝑘 is the rate expression for species 𝑘, 

𝒖 is the mass averaged fluid velocity, and 𝒋𝒌 is the 
diffusive flux vector. 

The Mars ESP uses positive polarity corona discharge 

to ionize the carbon dioxide gas. Previous 
experimental work showed the positive polarity 
corona discharge in Martian atmosphere is more stable 

than the negative polarity. However, higher voltage 
potential is required to initiate the discharge; this is 
likely due to the faster electron mobility when 

compared with ion mobility [5]. 

Laminar Flow 

 

The Navier-Stokes equation solves the velocity 
components and pressure gradients in the model 

domain. 

−𝜂∇2𝒖 + 𝜌(𝒖 ∙ ∇)𝒖 + ∇𝑝 = 𝑭 

∇ ∙ 𝒖 = 0 

The first equation is from the balance of momentum 

based on Newton’s second law and the second is the 

continuity equation. Where 𝜂 is the dynamic viscosity, 

𝒖 is the velocity components, 𝜌 is the density, 𝑝 is the 

pressure, and 𝑭 is the force field. 

The no slip condition is enforced on the wall 

boundaries, and the carbon dioxide fluid properties are 
provided from the basic materials properties library. 
The simulation temperature is set at room temperature, 

and the pressure inside the simulation domain is set at 
4.75 Torr to resemble the Martian atmosphere. Fully 
developed flow with volumetric flow as the input is set 

as the inlet boundary condition. The flow rate is in the 
standard notation thus a conversion through combined 

gas law is required to convert from standard 
centimeter cube per min to cubic meter per second at 
the relevant condition. 
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Martian atmosphere pressure is set at the outlet 
boundary condition. 

Electrostatics 
 

The electrostatic module in COMSOL Multiphysics ® 

solves the static electric field by the combination of 
the definition of electric potential, the constitutive 

relationship equation, and the Gaussian law to yield 
the Poisson’s equation form [6]. 

𝑬 = −∇𝑉 

𝑫 = 𝜖0𝑬 + 𝑷 

∇ ∙ 𝑫 = 𝜌 

Where 𝑬 is the electric field intensity, 𝑉 is the electric 

potential, 𝑫 is the displacement field, 𝑷 is the electric 
polarization vector, and 𝜌 is the electric charge 
density. 

By substituting the electric potential definition into the 
constitutive relationship equation yields 

𝑫 = −𝜖0∇𝑉 + 𝑷 

By apply the new constitutive relationship back into 
the Gaussian law yields Poisson’s equation accounting 

for the presence of dielectrics inside an electric field. 

−∇ ∙ (𝜖0∇𝑉 − 𝑷) = 𝜌 

The electric potential at the wire is at the highest 
potential without entering corona breakdown. 

Previous work recorded the value of corona 
breakdown voltage [2]. The ground potential is set for 
the inner wall and the material library provides the 

carbon dioxide dielectric constant. 

Particle Tracing 
 

The results from the previous modules provide the 
particle charge, electric field s trength, and the 

aerodynamic force for the particle-tracing module. 
The electrostatic force experienced by each particle is 
expressed as 

𝑭 = 𝑞𝑬 



Where 𝑞 is the particle charge and 𝑬 is the electric 
field vector. The particle charge is based on the 
positive ion density from the plasma model. The 
positive ion density represents the number of available 

ions that can attach to the surface of a particle. The 
field charging equation (Pauthenier charging 

mechanism) estimates the particle charge [4]. 
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Where 𝑞𝑚𝑎𝑥 is the maximum charge, 𝑟 is particle 

radius, 𝜀0 is the vacuum permittivity, 𝜀𝑟 is the relative 

permittivity, 𝜏 is the time for the particle to reach half 
charge, 𝑁0 is the ion density, 𝑒 is the electron charge, 

and 𝑏 is the ion mobility. 

The Coulomb force between particle-particle 
interactions is expressed in the model as 

𝑭 =
𝑒2

4𝜋𝜀0

∑𝑍𝑍𝑗

𝑟 − 𝑟𝑗

|𝑟 − 𝑟𝑗 |
3

𝑁

𝑗=1

 

Where 𝑍 is the charge number of the main particle, 𝑍𝑗 

is the charge number on the 𝑗𝑡ℎ particle, 𝑟 is the 
position of the main particle, and 𝑟𝑗 is the position of 

the 𝑗𝑡ℎ particle [6]. 

The Stokes drag model with the Cunningham 
correction factor provides the aerodynamic force 
calculation for submicron particles. 

Experimental set-up 
 

Previous work developed the Mars ESP testbed to 
characterize the dust collection efficiency. The testbed 
consists of a stainless steel tube that is 1 m long and 

has an inner diameter of 7.1 cm. A 125 μm diameter 
stainless steel wire suspends at the center of the tube 

as the high voltage electrode. Combination of mass 
flow controllers, upstream and downstream pressure 

controllers maintain a constant pressure at flow range 
from 0 to 20,000 SCCM inside the precipitator, as 
shown in Error! Reference source not found.. 

The fluidized dust bed injects the Mars dust simulant 
into the test section, as shown in Error! Reference 

source not found.. Two fine particle analyzers (FPA) 
sample the upstream and downstream dust flow 

injected from the fluidized bed. The flow velocity 
measured downstream of each FPA determines the 
FPA inlet efficiency to extrapolate the actual dust 

density from the measured FPA value. The laser side 
scatter method (LSSM) validated the dust density 

extrapolation; the LSSM is setup downstream of the 
test section where the flow passes into a vacuum 
chamber with transparent view ports  as shown in 

Figure 3. 

 

Figure 1: ESP testbed collection region 

 

Figure 2: Fluidized dust bed to inject dust particles 
into the ESP 

FPA upstream FPA downstream ESP Collection 
zone 



 

 

Figure 3: ESP testbed downstream chamber for laser 

scattering 

Tests were performed with pure carbon dioxide gas; 
previous work shows that carbon dioxide is a 

qualitatively similar substitute for Mars gas simulant 
(shown below in Figure 4) [2]. 

 

Figure 4: Corona current vs. voltage for carbon 
dioxide and Mars gas simulant [2] 

Results 
 

The first parameters in the model that must be 

determined are the electron and ion density 
distribution inside the precipitator. Figure 5 to Figure 

10 below shows the density distribution for a positive 
1350 V corona in a 7.1 cm precipitator. The electron 
number density close to the positive electrode where 

the corona region takes place is approximately 

1013 𝑚−3 and falls off quickly away from the wire. 
The negative ions, 𝑂− and 𝑂2

−, are both approximately 

109 − 1010 and can be neglected when compared to 
that of electrons. 

 

Figure 5: Electron density distribution across the 
precipitator 1-D symmetric setup 

 

Figure 6: O- density distribution across the 

precipitator 1-D symmetric setup 

 

Figure 7: O2- density distribution across the 
precipitator 1-D symmetric setup 

The density distribution of positive ions are on the 

order of 1013for 𝐶𝑂2 in most regions of the ESP and 

1010 − 1011 for 𝑂+ and 𝑂2
+. The positive ions 

dominate the overall charge distribution since the 



positive ions density is two orders of magnitudes 
larger than the negative density. This is as expected for 

a positive corona and the dust particle entering into the 
precipitator should acquire a positive charge. Note that 

the 𝑂− density shows a uniform density distribution 
across the radial direction instead of peaking near the 

wire and drop off toward the collection electrode, this 
result is unexpected. However, since the order of 

magnitude of 𝑂− density is negligible compared to that 

of 𝐶𝑂2
+ ions, the overall result of the model is 

unaffected. The computed distributions of 𝑂2
+ and 

𝐶𝑂2
+ are higher in the corona region where ions are 

generated and decrease as ions migrate away towards 
ground in the positive electric field. 

 

Figure 8: CO2+ density distribution across the 
precipitator 1-D symmetric setup 

 

Figure 9: O+ density distribution across the 
precipitator 1-D symmetric setup 

 

Figure 10: O2+ density distribution across the 

precipitator 1-D symmetric setup 

It is possible to compare the simulation and theoretical 
corona current to electrode voltage relationship. The 

knowledge of this current-voltage (I-V) relationship 
provides insight into the charge acquired by a dust 
particle inside the ESP. 

Figure 11 shows the theoretical and experimental IV 
curve for the 7.1 cm diameter precipitator at 4.75 Torr. 

For a given pressure, the potential to the high voltage 
electrode is slowly increased from 0 V to 1400 V in 
steps of 50 V. Initially, the corona remains at zero 

while the voltage increases. This is the recombination 
stage where the electrons do not have enough energy 
from the electric field and recombines with the ions. 

As voltage increases to an onset value, the 
strengthened electric field provides the electrons 

enough energy to maintain the ionization and starting 
an electron avalanche. The current is the small electric 
current carried by the positive ions that migrate from 

the corona region toward the ground electrode wall. If 
the voltage is increased further, the corona current 
increases rapidly and the glow region expands until it 

become unstable.  

The COMSOL-generated I-V curve qualitatively 

approximates the shape and magnitude of 
experimental results. The current values meet close to 
the start of corona instability. This is the region of 

interest since it provides the s trongest electric field 
across the precipitator. The model predicted the onset 
of the corona voltage prematurely; this may be from 

the Maxwellian approximation’s assumption that all 
particles have high ionization levels. Further 

refinement of the model and different EEDF 
approximation methods may provide a better fit to the 
experimental curve. 



 

Figure 11: Experimental and simulated corona 

current vs. voltage results 

Given the estimation of the charge on dust particles, 
predictions on the particle trajectory is determined to 

provide the optimal geometry for Mars ISRU intakes. 
Various particle diameters simulated at different flow 
rates are shown in Figure 12 to Figure 15. Simulated 

particles have diameters that match the average 
diameter of dust particles in the Martian atmosphere. 

An estimate for the expected charge of a dust particle 

in the low-pressure Martian atmosphere is 1 
𝑓𝐶

𝜇𝑚
 [9]. 

This estimate is one order of magnitude greater than 
the calculated charge from the COMSOL plasma 

module; therefore, the trajectory analysis 
overestimates the distance travelled. The trajectory 

simulation results are shown in the figures below. 

 

Figure 12: Particle tracing for 1 μm particles with 

2.139 ∗ 10−16 C at 500 SCCM and 4.75 Torr 

 

Figure 13: Particle tracing for 3 μm particles with 

1.925 ∗ 10−15 C at 500 SCCM and 4.75 Torr 

 

Figure 14: Particle tracing for 5 μm particles with 

5.349 ∗ 10−15 C at 500 SCCM and 4.75 Torr 

 

Figure 15: Particle tracing for 10 μm particles with 

2.139 ∗ 10−14 C at 500 SCCM and 4.75 Torr 

As shown above, the required collection length 

increases as the particle size decreases from 10 𝜇𝑚 to 



1 𝜇𝑚. 1 𝜇𝑚 particles follow the fluid streamlines 
further along the tube and their smaller size receives 
less charge for electrostatic precipitation. 

The collection efficiency equation below provides the 

overall efficiency of an ESP. The theoretical 
efficiency takes account of the migration velocity and 

the electric field strength at the high voltage electrode 
and the ground electrode but does not account for 
particle-to-particle interaction, and gravity. 

𝜂𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 = 100 ∗ (1 − 𝑒
−𝐴∗𝑤

𝑉𝑓 ) 

𝑤 =
2 ∗ 𝜀0𝐸𝑐𝐸𝑝 (

𝑑
2

)

𝜂𝐶𝑂2

 

Where A is the collection area, w is the particle 

migration velocity, 𝜀0 is the permittivity of free space, 
𝐸𝑐 is the field strength at the wire, 𝐸𝑝 is the field  

strength at the wall, d is the particle diameter, and 𝜂𝐶𝑂2 
is the carbon dioxide dynamic viscosity.  

The other efficiency equation is dependent on ratio of 
particle entering and existing the collection zone. This 

is the efficiency calculation for both the particle-
tracing model and the ESP testbed. 

𝜂𝑐 = (1 −
𝜌𝑠

𝜌𝑒

) ∗ 100 

Where 𝜌𝑠 is the particle density leaving the collection 
zone and 𝜌𝑒 is the particle density entering the 
collection zone from the inlet. 

The table below lists the theoretical particle collection 
efficiencies, COMSOL results, fine particle analyzer 

measurements, and LSSM measurements. 

Table 1: Analytical, numerical, and experimental 
collection efficiency results 

Diameter 

(𝜇𝑚) 
𝜂𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝜂𝐶𝑂𝑀𝑆𝑂𝐿 𝜂𝐹𝑃𝐴 𝜂𝐿𝑎𝑠𝑒𝑟 

1 77.8% 100.0% 99.6% 90.0% 

3 98.8% 100.0% 99.5% 95.0% 

5 99.9% 100.0% 99.7% 90.0% 

10 100.0% 100.0% 99.0% 90.0% 

The collection efficiencies for sizes ≥ 3 μm show over 

90% particle collection efficiency.  The LSSM 
measurement is reduced by error from dust re-
entrenchment downstream of the collection zone [10]. 

Conclusion 
 

The purpose of this model is to obtain a preliminary 
assessment of an optimized ESP geometry for Mars 

ISRU. The ISRU plant is designed to operate on a 
normal day of 1-10 particles/cm3, and results from the 

simulation and the testbed show that the ESP can 
provide a minimum of 90% collection efficiency in the 
event of a Mars dust storm with up to 1000 

particles/cm3. By expanding the same geometry in 
parallel and stacking in a honeycomb style shown in 

Figure 16, the ESP can accommodate higher 
volumetric flows to support human missions on Mars. 

 

Figure 16: Preliminary assessment of an ESP 
geometry to support ISRU on Mars  

Further refinement on the COMSOL plasma model is 
required to provide a better charge estimation. The 

plasma solution is highly dependent on the neutral and 
ion species used. The species were selected based on 
the strongest interaction inside the plasma region by a 

positive corona in the Martian atmosphere. The 
plasma model and EEDF approximation s ignificantly 
reduced the computation time but sacrificed the 

accuracy to determine corona onset, future work will 
seek to improve the model by including additional 

species and ions as well as a different EEDF 
approximation. 

The experimental setup effort is  currently under 

review and the lessons learned will provide insight to 
the next generation of Mars ESP testbed. Two 
potential improvements are FPA sensors capable of 

detecting finer particles and design changes to mitigate 
dust re-entrenchment. 
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