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Sticky and jagged dust was ubiquitous during the Apollo missions, causing soiling and
abrasion problems with seals, coatings and equipment, in addition to eye irritation and
breathing discomfortin the cabin. The Artemis Program of NASA aims to place astronauts
on the lunar surface by 2024 and establish a sustainable presence in the following decade.
Returning to the Moon requires controlling and mitigating the dust which will be inevitably
brought inside the cabins. The state-of-the-science for effective collection of aerosols is based
on dynamics of airborne particulate matter under terrestrial conditions. Howewer, the
gowerning physics does not apply to extra-wehicular activity in the hard-vacuum lunar
condition. For example, the substantial difference in gravity will dictate particle transport
both outside and inside the cabin. In this study, we revisitedthe aerosol physical phenomena
that are assumedin the design of Earth-based aerosol instruments and extendthe applicability
to different scenarios in lunar missions. As shown, long-termlunar habitats, transfer vehicles
to lunar orbital platforms, and low pressure cabin atmospheres hawe different aerosal
dynamics. In all cases, the impact of dust control strategies using gravitational, electrical, and
thermal techniques for various mitigation and monitoring hardware is explored. The
guidelines provided through this study will show how terrestrial aerosol equipment can
translate to lunar dust applications.

Nomenclature

terrestrial gravitational acceleration (~9.81 m/s?)
lunar gravitational acceleration (in m/s?)

terrestrial acceleration of a falling particles (in nmv/s?)
lunaraccelerationofa falling particle (PM) (in m/s?)
terrestrial dynamic viscosity (1.81x10° Pa.s at NTP)
dynamic viscosity in the lunar cabins (in Pa.s)
average lunar dust particle material density (in kg/m?)
air density in terrestrial conditions (in kg/m?)

air density in lunar conditions (in kg/m?)

terrestrial Cunninghamslip correction factor (unitless)
lunar Cunninghamslip correction factor (unitless)
particle diameter (in um)

volumetric diameter of particulate matter (PM) (in m®)
lunarelectric surface potential (in V)

particulate matter

buoyancy force (in N)
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Fq = gravitational force on the Earth (in N)

Fq = drag force (in N)

Fe = electrostatic force (in N)

Ab = Debye's sheath effective length of the electric field on the lunar surface (in m)
Foi = buoyancy force onthe Moon (in N)

Fq = gravitational force on the Moon (in N)

Fa = drag force on the Moon (in N)

& = permittivity ofthe lunar space (~8.85x10"2 F/m)

NTP = terrestrialnormal temperatureand pressure (20°Cand 1 atm)

PSD = particle size distribution

H = initial elevation of falling lunar dustoutside Debye's length (in m)

Fuaw = van der Waals force (in N)

Fi = image force (in N)

Ys = surface energy (in J/m?)

E = electrostatic field ofa charged particle in the lunar environment (in V/m)

Fn = minimum detachmentforce fora PM deposited ona lunarsurface (in N)

Fr = minimum detachmentforce fora PM deposited onaterrestrial surface (in N)
Fel = minimum dielectrophoretic detachmentforce fora particle adheredto a surface in lunarvacuum(in N)
Fet = minimum dielectrophoretic detachmentforce fora particle adhered to a terrestrial surface (in N)
T = average airtemperature inside lunar cabins (in K)

Tt = typicalambientairtemperature inside spacecraft/lunar cabins (in K)

E = electricfield (in V/m)

Fint = terrestrialthermal force acting ona particle (in N)

Fin = lunarthermal force acting on a particle (in N)

Tp = particle surface temperature (in K)

AT = temperature difference betweenthe particle and collecting surface (in K)

At = terrestrialmean free path ofairmolecules (in pm)

A = mean free path ofairmolecules inside lunar landers/cabins (in pum)

I. Introduction

he United States space exploration vision for landing the first woman and next man on the Moon, initiated new

momentum for research activities at the National Science and Space Administration (NASA) to secure hurman
exploration across the solar system. This new round of lunar exploration, called Artemis, will eventually support
sustainable return of humans to the Moonwith extensive robotic exploration along with construction ofa lunar base.
This requires addressing multiple issues experienced during the Apollo era of exploration. A wide range of problerrs
are attributedto the dustiness of the lunar environment including dust levitation fromnatural and manmade activities
and subsequently penetration of the dust into astronauts’ cabins and onto their equipment (Cain et al., 2010; Gaier,
2007; Fuhs and Harris, 1992). Astronauts performing extra-vehicular activities (EVAs) will follow special protocolks
to limit the amount of lunar dust brought into the cabins on suits, tools and samples, butinevitably, some dust will be
introduced and will be dispersed into the cabin air. Understanding the settling mechanism of particles suspended in
the lunarenvironment, particularly insidea lunar lander, is of great interest, as minimum required dust concentrations
must be achieved before going uptothe lunar orbiter. Therefore, identification, control, and mitigation of dust hazards
is one ofthe most important problems to be resolved for the Artemis mission.

When dust is suspended in air, it is considered an aerosol, whereas dust levitating in the vacuum of the lunar
surface is referred to as ‘lofted dust.” Every aerosol control/mitigation technique used on Earth exploits a certain
characteristic transport property of airborne particulate matter, and these properties can be targeted and altered in order
to controlthe particles in some way. Under terrestrial conditions, there are a wide range oftechniques implementing
gravitational-, electrodynamic-, filtration-, condensational-, centrifugal-, or thermal-based mechanisms for sampling
or collection of the airborne or suspended particulate matter (PM) (Hinds, 1998; Kulkarni et al., 2011). Thus, the
intention of this study is to adapt the aerosol dynamics formulas governing lunar dust control mechanisms and present
the differences quantitatively with respect to terrestrial cases. The focus has been on the mechanisms appropriate for
potential implementation in the lunar environment. This study, therefore, provides a guideline for scientists and
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engineers planning lunar operations, in particular, methods for estimating effective application of dust particle control
technologies on the Moon.

The following aerosol formulas are given to informand assistin understanding the relative magnitude of particle
velocities and forces, and shed lighton the feasibility of implementing a control technology. However, they are limited
to spherical particle geometry and other givenassumptions, which significantly simplify actual conditions in terrestrial
and lunarscenarios. Another necessary limitation of this work is that theseare single -particle formulas, and for more
realistic calculations, a numerical model must be undertaken to calculate transport and forces for a bulk of aerosol
number concentration witha distribution of particle sizes (anda distribution of other particle properties as well). Sorme
nomenclature discrepancies exist between different disciplines, so for clarity, this paper will use the term ‘particke
density’ to refer to the density ofthe particle itself (mass perunit volume ofthe particle material), in kg/m®. Particle
mass concentration, or aerosol mass concentration, also has units mass per unit volume, mg/m?, and refers to the total
mass of all airborne particles.

I1. Dust Settling under Gravity

Typically, PM refers to fine particles on the order of micrometers or less, which can have volumetric diameters,
dvp, small enoughto be in the Stokes regime (Reynolds number < 1). Without exertion of any external forces,
deposition of dust on surfaces occurs naturally due to the gravitational settling of particles. The classic equation for
terminal settling velocity ofaspherical particle falling due to gravity is presented in the first row of Table 1. Based
on Newton's second law for terretrial conditions, acceleration of a falling particle, m.(dv/dt), = ZF,, is a function of
gravitational force, Fgy, buoyancy force, Fg, and drag force, Fp (Vincent, 1995; Hinds, 1998). For small particles (below
5 um), the Cunningham correction factor, C. is necessary to account for air slip at the particle surface, effectively
increasing the settling velocity. However, with the absence of air molecules in the lunar atmosphere, drag and
buoyancy forces, which resist against the gravitational force, do not exist. Instead, the solar radiation charges lunar
dust and consequently generates an electrostatic field exerting an upward Coulombic force against falling particles
(see Figure 1a). Stubbset al. (2006) accounted for this electrostatic field surrounding the lunar surface and proposed
an imaginary shield height over the surface wherein the electrostatic force, Fe, is equal to or smaller than the lunar
gravitational force, Fq. This shield height is the so-called Debye's length denoted by Ap, is variable across the lunar
surface. Within the Debye's length, strong cohesive forces and lunar gravity keepthe particles on the surfaces. If lunar
dust particles are lifted dueto external forces (e.g., walking of an astronaut), they immediately return toward the lunar
surface with an downward accelerating velocity (no terminal settling velocity).

As aresult, Eq. (1) adaptedto lunar surface conditions (hard vacuum) turns into Eq. (2). In otherwords, in lieu of
Fs and Fp, an electrostatic field surrounds the Moon applying anelectrostatic force of Fe onthefalling particle (Afshar-
Mohajeretal., 2011). One should notethatthe electrostatic field around the Moon s spatio-temporally variable, and
when negligible, thefalling particle in the lunar environment does not havea terminal velocity and accelerates until it
reaches the lunarsurface. Another case is insidea human lunar lander or pressurized rover or habitat, which does not
possess hard vacuumbut has an air pressure lower than the terrestrial atmospheric pressure, potentially as lowas 8.2
to 10.2 psi (0.56 to 0.69 atm that is roughly half to two-third of that on Earth). Consequently, there are different
formulations for estimating the depositing terminal settling velocity inside and outside the cabins as summarized in
Table 1:

Table 1. Maximum settling velocity of asingle falling particle under different environments

Environment Governing equation for maximum settling velocity

Ceppgdy,’ d,’ A yl
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On the Moon, outside cabins, No terminal velocity.The velocity increases unlimited until itintercepts a surface:
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In the equations of Table 1, p; is the particle density (mass per unit volume of the particle material that is constant,
regardless of environment), A and A,are the mean free paths of molecules in the atmosphere on Earth or in the lunar
cabin.Ap denotes Debye’s length or the height of theelectrostatic shielding region above the lunar surface, ¢s denotes
the electric surface potential varying spatially on the Moon, pidenotes dynamic visocosity of the air on Earth (about
1.85x10° Pa.s at NTP), C. and C denote Cunninghamslip correction factor (depends on particle size, e.g., 1.15 for
a 1 um particle at NTP) on Earth and on the Moon. Permittivity of space, &, for hard vacuumcondition on the Moon
is approximately 8.85x10** F/m and the average lunar dust density, pp, ranges between 2300 and 3100 kg/m?®, and
therefore is assumed to be 2700 kg/m?® in the present examples (Heiken et al., 1991). The lunar gravitational
acceleration, gy, is also different than that on the Earth and depends on the angle fromthe horizon and altitude from
the surface ranging between 0.6 and 2.4 mvs? (Michaeland Blackshear, 1972), which is approximately 4 to 16 times
smaller than the terrestrial gravitational acceleration. Heiken et al. (1991) suggests 1.62 m/s? to be the best
representative gi. The dynamic viscosity inside spacecraft cabins is a power function of temperature (T°"*) and is
proportional to the dynamic viscosity of the airon Earth, i The average temperature within a spacecraft depends on
cabin heat load, ventilation, and cabin heatloss (Mengetal., 2012). The temperaturein a lunar cabin may range from
10 to 26 °C, but on average is a bit cooler than terrestrial normal temperature of T; = 20 °C. Here, we assure the
average Tivalueto be 18 °C (Meng etal., 2012). The terminal settling velocity of lunar dust outside Debye's length
cannot be established as falling particles can accelerate freely in the absence of electrostic shield or a drage force.
Therefore, the terminal settling velocity (as seenin Table 1) is a function of the falling distance denoted by H, where
the velocity keeps increasing until intercepting a surface.

Lack of a drag force on the Moon leads to significantly differentequations for lunar surface conditions involving
the two parameters Ap and ¢s that are variable across different lunar locations and times. Stubbs et al. (2006) reported
the most representative values of Ap to be 8.6 m near terminator, 0.41 m near subsolar points, and 0.72 m in the
intermediate regions (Figure 1b). Similarly, the most representative values of ¢s are estimated to be 36 V near
terminator, 4.1 V near subsolar points,and 3.1V in the intermediate regions.
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,l,F J, Subpolar region: ~ 41 ¢cm -~ H= % - Ab
9 Fgi Intermediate: ~ 72 cm PM o pp gIdp
e« -
Surface under === Lunar ‘l'Fg|
terrestrial conditions surface o e
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Figure 1. Free body diagrams of the forces acting on a particle under different conditions: a) terrestrial conditions, b) lunar
conditions within shielding electric field of Debye's height, and c) lunar condition beyond Debye's height

The terms of the terminal settling velocity equations are depicted in the free body diagrams displayed in Figure 1,
assuming a quiescent environment, which will not be the case whenthe astronauts are actively cleaningand moving
about the cabin. However, therelative magnitudes of these settling velocities indicate that larger particles settle much
fasterin a pressurized environment. As mentioned before, human lunar landers are typically designed to operate at air
pressures lower than Earth atmospheric pressure. The main reason for thisis to reduce the number of hours necessary
for prebreathing (purging the body of nitrogen to avoid decompression sickness) and achieve more extravehicular
activities per mission (Abercromby et al., 2013). Another benefit from designing for reduced cabin pressure is that
the vehicle must havea very heavy constructiontowithstand the vacuumof space, and by lowering the pressure inside
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the cabin, the weight savings translates into fuel savings for the mission. For instance, the Apollo spacecraft were
pressurized to only 5psi (0.34 atm), but had a pure oxygenenvironment (Gatland, 1976). This lower pressure affects
the settling velocity of particles inside the vehicle because it affects the drag force. Cleaning operations and various
mitigation techniques will be used in the landerto reduce the amount of lunar dust in the cabin air and on the floor.
Any settled particles may become airborne again onascent into microgravity, and these will contaminate theair in the
orbiting vehicle after rendezvous and hatch opening. However, once particles settle on the lander floor, they can be
removed by vacuuming. Therefore, the particle size distribution (PSD) of the potential dust contamination in the
orbiting vehicle can be significantly changed if sufficient time for settling elapses before ascent. Table 2 shows the
settling time for different particle sizes in different conditions, falling froma height of 5.5 feet (about 1.7 m that is
within the breathing zone of an astronaut). The pressures represented are terrestrial NTP 14.7 psi (101.4 kPa), 10.2
psi(70.3 kPa) and 8.2 psi (56.5 kPa) corresponding to two different potential lunar lander cabin pressures, and 5 psi
corresponding tothe Apollo spacecraft cabin pressure. For comparison purposes, two scenarios on Earth are included
in Table 2: at sea level, and at an altitude of 30,000 feet (9144 m), where atmospheric aerosols are subject to these
equations.

Table 2. Estimated settling times of a falling particle (in minutes) falling from 1.7 m above surfaces under different ambient pressure
conditions (average lunar dust particle density of 2700 kg/m? and spherical particles were assumed in all cases)

Earth Pressure inside a lunar cabin
q Earth (30,000
P (sea ft above
(um) level) sea 14.7 psi 10.2 psi 8.2 psi 5 psi
level)
0.02 75,475 | 23,814 452,255 319,043 258,356 159,356
0.5 1,044 636 6,256 5,612 5,171 4,068
1 298 223 1,789 1,683 1,606 1,393
5 135 12.6 80.8 79.6 78.7 76.0
10 3.4 3.3 20.5 20.4 20.3 19.9
20 0.86 0.85 5.2 5.2 5.1 5.1
100 0.11 0.11 0.66 0.66 0.66 0.66

As seenfromTable 1, it is evident that the settling time inside lunar cabins is drastically more sensitiveto changes in
the particle size compared to the terrestrial environment. In fact, the smallest particles take much longer to settle
because theirmotion is in the Stokes regime causing slip (reducingdrag), and their relatively smaller mass, which is
not affected significantly by gravity. Fora certain particle size, increasing theair pressure inside cabins increases the
settling time (decreases the terminal settling velocity). However, for larger particles (i.e., 10 umand above) the settling
times at different air pressures in all environments are nearly the same. A 20-um particle in a lunar cabin maintained
at a pressure of 10.2 psi requires about 5 minutes to descend from the astronaut’s breathing zone down to the cabin
floor. This size of particle would not be eliminated entirely, as some may remain adhered to non-horizontal surfaces
which may not be vacuumed in the cleaning process. The finer particles thatcan easily levitate fromthe lunar surface
according to the proposed fountain model by Stubbs et al. (2006), remain suspended in the air cabin longer thanthe
larger ones. However, gravity has more impact on particle settling than lower air pressures. For example, it takes about
5 hr for a 1-pm lunar dust particle falling from 1.7 m elevation toreach the floor on Earth, but in a lunar cabin on the
Moon with the same air pressure, the settling time increases to~30 hr, which is roughly a factor of (g/g)) times greater.
The lowest cabin air pressure of 5 psi, reduces this settling time from1,789 min (~30 hr)to 1,393 min (~23 hr). Table
1 refers to one dustparticle size foreach condition, but lunar dust is not monodis perse. The particle size distribution
(PSD) is a more important parameter than gravity and the cabin air pressure for the control of lunar dust.

An entire particle size distribution of lunar dust particles can be addressed with these aerosol physics equations to
design an HVAC system for the lunar cabin. When a group of particles with a certain PSD enters the cabin, the
particles fall to the floor (or other surfaces) at different times. The PSD varies with time and the mode of the PSD
shifts to smaller sizes untilall particles deposit. Forexample, changes in the PSD of suspended dust in a lunar cabin
can be calculated. This is shownin Figure 2, where the PSD of an initial dust contaminationevent is shown (Figure
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2a), followed by two arbitrary elapsed times, 4 hr (Figure 2b) and 12 hr after setting (Figure 2c), for both lunar dust
and the lunardustsimulant JSC-1Af (properties adapted fromPark et al. (2008)).

a) PSD in the beginning b) PSD after 4 hr c) PSD after 12 hr
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Figure 2. Changes to a particle siz distribution that may occur in a lunar dust contamination event in a lunar cabin. Theinitial PSD
is constructed from Park et al. (2008)

When the lunar dustfirst enters the cabin, the PSDs are shown in Figure 2a. Afterfourhours, Figure 2b shows
the PSD truncated, with nearly all particles above 2 um removed from the air. Then in Figure 2c, after 12 hours,
only particles below 200 nm remain suspended. This demonstrates effectiveness of lunar gravity in ‘cleaning’ the
air without any active cleaning interventions, using a realistic PSD as a starting point.

I1l. Estimating Dust Adhesion

Particulate matter settling results in deposition, in which surface forces act to adhere particles to surfaces or to
other particles. These forces include surface electric force, Fe, image force, Fi, and van der Waals, Fvaw (Wanka et al,
2013). Based on astudyby Waltonetal. (2007), the lack of adsorbed molecules (e.g., oxygen orwater) in the lunar
environmentresults in much less surface contamination, resulting in a much higher effective surface energy than the
contaminated surfaces we contend with on Earth. All particles adhered to a surface are subject to Fuaw, however, F
and Fe only apply to charged particles (which is the typical state of those in the lunar environment). For the case of
terrestrial PM, Fpand Fqare no longeracting onthe deposited PM, but for the case of lunar dust, the surface forces of
Fvaw, Fe, and Fi should be added to the list of forces accounted for in the velocities in Table 1. The external force
required to remove a deposited particle in terrestrial vs. lunar environments are presented in Eq. (1) and Eqg. (2),
assumingspherical uncharged particles on Earth:

np,gd,’
Terrestrial conditions: F.. = F; + F,4,, = (% + 2md,y; ®
e _ T[pldgldpS 2
Lunar conditions: F,; = F; + Fyq, + F; + F, = —e +2nd,ys + (meo@s)+ (ZHSOQ)SEdp) )
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where ys is the surface energy between the tangent surfaces (0.02to 2 J/m?) that depends onthedust particle itself and
the surface materials in contact with the particle. There will be a distribution ofadhesive forces, not only fora given
size distribution of particles, but also because ys will vary for different particle morphologies, as a particle can
potentially have multiple contact points giventhe jagged nature of lunardust. Changes in particle surface energies
in avacuumecan be tested by soil mechanics tests of cohesive strength. Cohesion measurements of a lunar soil sarmple
obtained from Apollo 11 were made (sealed under N,) under vacuumof5x10° torr. The sample was then exposed to
0O; and 0,+3.5% H,0 at different air pressures and temperatures to simulate Earth conditions. Results showed a
reduction of the cohesion force after exposure to the gases in all pressure and temperature combinations (Walton,
2007). It is not practical to calculate adhesion forces for a typical lunar dust surface contamination scenario,
consideringan entire particle size distribution, a variety of particle morphologies and contact areageometries for each
particle, not to mentionagglomerates of lunardust. But the above formulas show that the gravitational force is much
smaller than the van der Waals force, given that it is proportional to the particle diameter cubed. Given the nmost
representative average value of ¢s (lunar electric surface potential) of 3.1V, the image force presents a much larger
adhesive force thanthe surface electric force.

IV. Dust Surface Detachment Using Electrostatic Fields

Electrodynamic-based technologies are among the most common control strategies in terrestrial dusty
environments. The main advantages of using electrostatic/electrodynamic forces in controlling PM in industrial
applications have been proven: low maintenance cost, absence of moving parts, and high efficiency compared to other
methods (Parker, 1997). In contrast to terrestrial PM, lunar dust carries substantial electric charges naturally
accumulated on the particles dueto the exposure to cosmic rays and solar radiation (Horanyi, 1996). The build-up of
natural charges on lunar particles encourages the use of electrostatic-based devices to control (i.e., repel, collect, or
slow down) unwanted dust (Afshar-Mohajer et al., 2012 & 2014). The best application of electrostatic fields in
collection of lunar dust has been practiced outside landers on the lunar surface. Sims et al. (2004), Calle et al. (2009)
and Mazumder et al. (2007) proposed an effective device, an electrodynamic dust shield (EDS), for removing lunar
dust deposited on solar panel surfaces. The minimum dielectrophoretic force required to remove particles adhered to
surfacesin the lunarenvironment, Fe, is given in Eq. (3).

. T, &€
Lunar conditions: F, = —d, &
4 >

1
—VIEP +Fy, @)

1

where |E| is the absolutevalue of theelectric field at the contaminated surface and € and &, are dielectric constants of
the surfaceandthelunardust particle, respectively. Note thatthe multi-termadhesionforce, Fr is given in Eq. (2) and
particles are assumed to be spheres. Mazumder et al. (2007) followed Eq. (3) and designed an EDS with electrode
spacingof 1.27 mm, electrodewidth of 0.127 mm, and frequency of 4 Hz under high vacuumon a surface covered by
a known surface area coverage of lunar dust simulant. Their experiments with applied voltages of 0.75, 1, 1.25 kV
demonstrated >85% of surface cleaning efficiency. In terrestrialapplications, this minimum dielectrophoretic force,
requires replacement ofthe adhesion force termin the equation abovewith Fr: (see Eg. (1)).
Terrestrial conditions:F,, = Ed 3¢ ﬂVIEI2 ¥FE
et 4 p 182 T+ £ rt
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Results of experimental and theroretical studies led independently by multiple groups of scientists (for example,
Guo et al., 2018; Horenstein et al., 2013; Kawamoto et al., 2019) indicate that althoughthe EDS is indeed effective in
cleaning the dust from Earth-based solar panel surfaces, it requires about 3 times longer to accomplish the cleaning
for the same number concentration and size distribution ofthe PM, which is due to the weaker electrodynamic field,
E, that can be established in a terrestrial condition at a certain applied voltage (Kawamoto et al., 2011). Figure 3
compares the removal of dust fromasurface (e.g.,asolar panel) at different times usinga 3-phase EDS, in both lunar
and terrestrial conditions. Results of a two-dimensional Monte Carlo numerical simulation for a linear layer of
particulate matter deposited on a horizontal surface (with assumed surface areacoverage of 10%) depict the evolution
of particle detachment and thesignificant advantage in cleaning surfaces covered in charged particles under the lunar
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condition (Figure 3a) compared to terrestrial cases (Figure 3b). Trajectories ofthe airborne particles being lifted up
and carried away from the surface reveal that the PM removal occurs faster under lunar conditions than in terrestrial
conditions. The 3-phase electric field had the advantage of alternating current electric power generation, transmission,
and distribution. Note thatin terrestrial conditions, the smallest particles can be lifted and then transported because on
Earth, particles will not be as highly charged, and thus will have weaker adhesion forces versus lunar dust particles
(Kemmerer etal., 2019).

a) Lunar condition

Deposited layer TFd| E E E
\ . l2x] 3] L]

b) Terrestrial condition

Deposited layer T Fat E E E
- ‘l'rt - - -
t=0 t=256s t=56s t=756s

Figure 3. Removal of a deposited PM in differentenvironments: a) under lunar condition and b) under terrestrial condition

V. Dust Control Using A Thermal Gradient

Similar to electrodynamic methods, establishing a thermal gradient is another way to control dust particles in a
pressurized habitat. In the presence of a large temperature gradient, suspended particles will move in the direction of
a colder region. This phenomenon, which is known as thermophoresis, can attract airborne particles to a ‘cold trap’
which could be a collection surface engineered at significantly lower temperatures than the surrounding air. While
this will likely require a great deal of energy, there may be applications in the cabin environment for this technique,
particularly for sub-micrometer particles. Thethermophoretic force is a function ofair density, temperature gradient,
and particle size. Hinds (1998) presents an equation for the thermophoretic force, Fiiin Eq. (5), which is extended to
lunar conditions in Eq. (6).

Koy g gt
, - —9nd,u*AT 1 k,” “"d,
Terrestrial conditions: Fy, = 25T X - |% T i )
It ~a It
a’p 1+6 ) 1+2kp+8'8d
oy gath
o ) —9md,u,* AT 1 k,” “'d,
inside lunar landers/cabins: F,,; = 29T X | T yi (6)
ZL —a 2L
a’p 1+6dp 1+2k,,+8'8dp

where constants k. and k, are thermal conductivity ofthe airand the particle material, Acand A, are mean free path of
the air molecules at terrestrial and lunar conditions, respectively (which are a function of the ambient air pressure),
and T, is the averagetemperature on the particle surface. One should note that these equations are compared without
considering other acting forces such as electrostatic forces thatexist on the Moon or drag forces thatexist on the Earth
and in the pressurized cabin.

The most common useofthermophoresis for particle control in aerosol applications is the thermal precipitator, or
thermophoretic sampler. These devices are typically designed for sampling particles for subsequent analytical
techniques, suchas microscopy. The use ofa large thermal gradient to deposit particles ontoa microscopy substrate
has been used in many research efforts in the realm of atmospheric aerosols, urban pollution, indoor air quality and
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smoke particle characterization,among others (Meyer, 2015). Devices have been designedto collectparticles ranging
from less than10nm to 1 um in diameter. A thermal gradient canbe increased by making the gap between the two
thermal surfaces smaller, with values ranging from 0.1 mm to 1.25 mm (Azong-Wara et al., 2009, Maynard 1995,
Meyer, 2015, Leith et al., 2014, Tsai et al., 1995, Wen and Wexler, 2007). Oh et al. (2020) explored the effects of
thermophoresis on dust collection on terrestrial solar panels and concluded that accumulation of submicrometer
particles can be reduced by incorporating a thermal gradient between the solar panel surface and ambient air
temperature (Lorenzo et al., 2007).

V1. Conclusions

Comparing particle behavior on Earth with different environments in lunar missions shows that there are
significant differences in the aerosol physics, which canshed light on potential mitigation techniques. While on Earth,
gravitational settling cleans our air of larger particle sizes, the lunar cabin only benefits froma gravitational field that
is about 6times weaker, and thedrag force onairborne particles depends onthe cabinpressure. Ultimately, any settled
particles can beeliminated by vacuuming the floor and thus remove a significant portion of the contaminant PSD that
would become airborne upon ascent to the lunar orbiter. This will limit the cross-vehicle contamination that will
inevitably take place. Dustadhesionis animportantmechanismto accountfor, as it will retain lunar duston expensive
and sensitivesurfaces. These adhered particles may be re-entrained into the cabin environment unless they are cleaned
by wiping. Dustmitigation by electrostatic fields is animportant technique for outside habitable spaces with numerous
successful prototypes demonstrated. Thermal gradients also affect particle motion, and although it may be more
difficult to incorporate this into spacecraft cleaning and mitigation operations, it is a more effective technique for
submicrometer sized particles. While the given aerosol formulas are subject to many simplifying assumptions and
conditions, they are useful for considering order-of-magnitude comparisons of particle transport and deposition
characteristics. Single-particle formulas assuming particle sphericity can be applied in numerical models to account
for particle size distributions and larger concentrations. Ultimately, this work shows that changes in aerosol physics
of dustin the lunarenvironment cannot be captured simply by replacing Earth gravity with lunar gravity terms in the
governing equations.
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