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Abstract— NASA’s next generation Mars missions will include chemical processing plants
to convert the Martian atmosphere into consumable products needed to support astronaut ac-
tivities. The thin, mostly carbon dioxide atmosphere of Mars is estimated to have 5-10 parti-
cles/cm?® which have a radius of 1.6-2.27 um on average. These dust particles could potentially
foul the chemical process or reduce the purity of the products. Electrostatic precipitation is one
possible solution to remove dust particles from the ingested Mars atmosphere. The Electrostat-
ics and Surface Physics Laboratory at NASA’s Kennedy Space Center has developed an elec-
trostatic precipitator testbed to understand the intricacies of corona discharges in dusty flows
simulating Mars atmospheric conditions. Current-voltage trends have been established for a
number of precipitator flow conditions. Corona onset voltage and streamer onset voltage trends
versus pressure are also established.

I. INTRODUCTION

Astronauts on next-generation planetary exploration missions will be required to use the
resources that are found on-site through a process known as in-situ resource utilization
(ISRU). One of the commodities that astronauts will use on Mars is the thin, mostly carbon
dioxide atmosphere. The carbon dioxide atmosphere, when combined with hydrogen gas,
can be converted to methane for propellant through the Sabatier reaction. Oxygen for
breathable air and for rocket fuel oxidizer can be created through solid oxide electrolysis
[1].

The top layer of the moon, Mars, and some asteroids are covered with a fine layer of
dust. These very fine dust particles are formed by a number of natural processes including
meteorite bombardment and particle to particle interaction. On Mars this particle to particle
interaction is caused by Martian atmospheric wind. These winds can occasionally produce
dust storms that can encompass the entire planet. Even in relatively calm conditions when
dust storms are not occurring, the Mars atmosphere is estimated to contain between 5-9
particles per cubic centimeter that have a 1.6-2.27 pm radius. [2]. These fine dust particles
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must first be removed to produce high quality methane and oxygen from the Martian at-
mosphere and to prevent fouling of the chemical processing plant.

Electrostatic precipitation may be the most feasible option of clearing dust particles from
Mars ISRU atmospheric intakes, as traditional media filters may cause an unsatisfactory
pressure drop. Terrestrial electrostatic precipitators can have dust cleaning efficiencies
greater than 99% and have only minimal pressure drop in a wire-cylinder configuration.
However, Mars atmospheric pressure is approximately 4.75 Torr and thus approaches the
Paschen minimum for many useful geometries. This prevents Martian electrostatic precip-
itator geometries from reaching very high potentials that are used in terrestrial electrostatic
precipitation. Earlier work in this subject demonstrates that electrostatic precipitation is
feasible in a static gas simulated Martian environment [3], [4]. The Martian Electrostatic
Precipitator Testbed (ESP testbed) was developed to study the effectiveness of an electro-
static precipitator in a simulated Mars ISRU flow. This testbed is used to rapidly evaluate
a variety of wire-cylinder precipitator geometries. In this paper, we present preliminary
experimental results for electrical characteristics of corona discharges in a carbon dioxide
flow that simulates Martian ISRU processes.

Il. THEORY

A. Overview

The electrostatic precipitator geometry investigated here consists of a wire electrode in-
stalled coaxially inside of a cylindrical shell electrode that doubles as a vacuum chamber.
The void between the two electrodes is filled with a rarified gas containing dust particles
and a DC high voltage of either positive or negative polarity is applied to the wire electrode
while the outer shell of the precipitator is grounded. This potential difference generates an
electric field which interacts with the particles within the system in various ways explored
further in the following sections.

B. Electric Fields

The electric field within a wire-cylinder precipitator produced by potentials below the
corona onset voltage, V,, as a function of radial position away from the co-axis of the sys-
tem, r, is given by

%4
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where , is the inner radius of the precipitator wall, 7;, is the radius of the wire electrode,
and V is the voltage applied to the wire electrode. At potentials above the corona onset
voltage, gas molecules within the precipitator become ionized and electron/ion pairs are
generated within the gas. These charged particles allow the gas to conduct, which modifies
the electric field to become
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where [, is the precipitator length, I is the corona current, b is the ion mobility of the gas,
and g, is the vacuum permittivity. This corona discharge is capable of charging the particles
within the precipitator via two primary mechanisms: corona field charging and thermal
diffusion charging [5].

C. Particle Charging

The corona field charging mechanism relies on the charged particles generated by the
corona being accelerated by the applied electric field and depositing on dust particles
within the precipitator. The saturation charge of a particle in a given electric field is a func-
tion of the magnitude of the field at the surface of the particle (unmodified by any fields
generated by the charges on the surface of the particle in question) and is expressed as
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where a is the radius of the particle and &, is the relative permittivity of the particle.
The complete time dependent corona field charging expression is
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which depends quadratically on the particle radius and linearly on the electric field [5].

The thermal diffusion charging mechanism relies on thermal collisions between the
charged particles generated by the corona discharge and the dust particles within the pre-
cipitator. In order for a dust particle to accumulate charge via this method of charging, an
ion in the gas with sufficient energy to overcome the Coulomb interaction will need to
collide with the particle.

The time dependent expression for the particle charge can be shown to be
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where N, is the number densities of all ions in the gas, T is the gas temperature, e is the
elementary charge (due to gas molecules being singly ionized), u is the ion drift velocity,
a is the dust particle radius, J(r) = Nyeu(r), q is the particle charge, and kj is the Boltz-
mann constant, which depends logarithmically on the particle size [5].

D. Current Voltage Relationship

For a given precipitator geometry flowing a gas with known properties, the electric field

expressed in Eq. 2 becomes a function of applied wire electrode voltage and current flow-
ing out of the precipitator to ground. In order to simplify the relationship to a single equa-
tion with one unknown, rather than two, it is important to characterize the current draw of
the system over a range of applied voltages. With this information, it is possible to deter-
mine the electric field at every radial position within the precipitator.
Similarly, the expressions found for the charge on the dust particles shown in Eq. 4 and
Eg. 5 depend on the properties of the particles, properties of the gas, applied wire electrode
voltage and current flowing out of the precipitator to ground. For a given type of dust par-
ticle with known size and permittivity, the charging characteristics of the dust may be de-
termined from the relationship between the current draw of the system over a range of
applied voltages.

I1l. EXPERIMENTAL RESULTS

The ESP testbed was developed to characterize the physics of corona discharge in the
Martian environment. This testbed is shown in Fig. 1. and consists of a stainless steel tube
that is 1 m long and has an inner diameter of 7.1 cm. . A 125 um diameter wire was sus-
pended at the center of the stainless steel tube and was used as the high voltage electrode
to generate corona. The testbed uses a combination of an upstream flow controller and a
downstream pressure controller to maintain an average Martian pressure of 4.75 Torr. The
testbed is capable of generating a volumetric flow rate up to 2 SLPM using the described
setup.

Flow Controller

High Voltage Electrode PfestTE Controller

p <

| o |
- 0 (4 A7

Grounded Collection Electrode

Vacuum Pump

Sampling for Particle Counter ~—

Fig. 1 — Electrostatic precipitator expanded view. Particle sampling of the electrostatic precipitator occurs in both
upstream and downstream locations to have continuous particle collection efficiency data.
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One of the important aspects of the charging mechanism is the current-voltage relationship
(IV curve). By determining the corona current at a given voltage, the efficiency of a pre-
cipitator with a prescribed geometry can be calculated. The composite of Mars atmosphere
contains carbon dioxide, argon, nitrogen, oxygen, and other trace gases. Previous studies
have indicated that carbon dioxide is a good substitute for experimental purposes [6]. Since
the behavior of the IV curve is heavily dependent of the gas properties and species, a com-
parison experiment to validate earlier findings was conducted with carbon dioxide and a
gas that more closely resembles Martian atmospheric composition. As shown in Fig. 2, the
Mars gas and CO2 gas produced similar 1V curves at a range of pressures between 4.75
Torr to 7.00 Torr.
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Fig. 2. — Current-voltage relationships for the 7.1 cm cylinder with a 125 pm wire. As expected, the corona onset

voltage increases as well as the streamer onset voltage with increased pressure.

In order to support astronaut activities in future Mars missions, the size of the ESP needs
to be increased to accommodate for the increase in volumetric flow rate. The ESP testbed
is capable of injecting 2 standard liters per minute (SLPM) of CO2 while a volumetric flow
rate to support human missions is estimated at 3.6 SLPM . To better understand the behav-
ior of the corona as the geometry of the ESP is increased to meet the operating requirement,
IV curve tests were performed at different pressure with incremental flow rate. As shown
in Fig. 3 and Fig. 4, the increase in flow rate did not change the 1V curve. The corona onset
voltage and streamer “breakdown” voltage remained consistent as the flow rate increased
at different pressure levels. The stable corona regime was also consistent as the flow rate
increased. The consistency of stable 1V curve at different flow rates indicated that for the
ESP to support future human mission on Mars, the current setup can be expanded in parallel
to increase the volumetric flow rate while maintaining a certain cross-sectional area and
length.
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Fig. 3 — Current voltage relationship for a 7.1 cm diameter cylinder with a coaxial 125 um
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Fig. 4 — Current voltage relationship for a 7.1 cm diameter cylinder with a coaxial 125 pm wire. There is minimal

impact in the relations

hip due to increased flow rate at 8 Torr.

Using the IV data shown in Fig. 2 the onset voltage and streamer voltage were deter-
mined for the precipitator geometry of 7.1 cm in inner diameter and 125 um diameter elec-

trode. The onset and breakdown voltages increased as the pressure of the test section in-
creased. In this particular setup, a positive corona was used instead of a negative. Although
a negative corona provides a more stable IV regime at atmospheric pressure using air, the
stable negative IV regime in low pressure CO2 is narrow; making consistent particle charg-
ing difficult if the pressure fluctuates. In contrast, a positive corona in low pressure CO2
yielded a larger stable IV regime that provided a better operating margin for consistent

particle charging.
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IV. FUTURE WORK

A variety of high voltage and ground electrodes will be tested under Mars atmospheric
composition and pressure to develop corona onset and streamer onset trends. Other trends,
such as the concavity of the current-voltage relationship, will also be investigated. Simu-
lated Martian dust will be incorporated into these experiments to quantify coronal electrical
property changes in dusty Martian flows. These trends will be used to optimize the geom-
etry of a Martian electrostatic precipitator which may operate someday on the red planet.
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