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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 
�s�r�5�7���I �?�7 and falls off quickly away from the wire. 
The negative ions, �1�? and �1�6

�?, are both approximately 
�s�r�=
F�s�r�5�4 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 �s�r�5�7for �%�1�6 in most regions of the ESP and 
�s�r�5�4
F�s�r�5�5 for �1�> and �1�6

�>. 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 �1�? 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 �1�? density is negligible compared to that 
of �%�1�6

�> ions, the overall result of the model is 
unaffected. The computed distributions of �1�6

�> and 
�%�1�6

�> 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 strongest electric field 
across the precipitator. The model predicted the onset 
of the corona voltage prematurely; this may be from 
the �0�D�[�Z�H�O�O�L�D�Q�� �D�S�S�U�R�[�L�P�D�W�L�R�Q�¶�V���D�V�V�X�P�S�W�L�R�Q���W�K�D�W���D�O�O��
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 �Ù�…

���à
 [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 ��m particles with 
�t�ä�s�u�{�Û �s�r�?�5�: C at 500 SCCM and 4.75 Torr 

 

Figure 13: Particle tracing for 3 ��m particles with 
�s�ä�{�t�w�Û �s�r�?�5�9 C at 500 SCCM and 4.75 Torr 

 

Figure 14: Particle tracing for 5 ��m particles with 
�w�ä�u�v�{�Û �s�r�?�5�9 C at 500 SCCM and 4.75 Torr 

 

Figure 15: Particle tracing for 10 ��m particles with 
�t�ä�s�u�{�Û �s�r�?�5�8 C at 500 SCCM and 4.75 Torr 

As shown above, the required collection length 
increases as the particle size decreases from 10 �ä�I  to 



1 �ä�I . 1 �ä�I  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. 
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Where A is the collection area, w is the particle 
migration velocity, �Ý�4 is the permittivity of free space, 
�’ �Ö is the field strength at the wire, �’ �ª is the field  
strength at the wall, d is the particle diameter, and �ß�…�̈�6 
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. 
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Where �Ø�æ is the particle density leaving the collection 
zone and �Ø�Ø 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 
(�ä�I ) 

�ß�ç�Û �Ø�â�å�Ø�ç�Ü�Ö�Ô�ß �ß�…�¨�˘�Ì�¨�  ̄ �ß�¿�É�” �ß�¯�Ô�æ�Ø�å 

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 ���P 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 significantly 
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. 

 

  




