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Extraction of Volatiles from Regolith or Soil on Mars, the Moon, and Asteroids |

The concept of using available resources at an exploration site to make propellant and life support consumables, known as in-situ resource utilization (ISRU), is
often referred to as a game-changing, but high-risk technology. The Advanced Exploration Systems (AES) program in NASA’'s Human Exploration and Operations
Mission Directorate (HEOMD) has initiated a new project for ISRU Technology focused on component, subsystem, and system maturation in the areas of resource
acquisition, processing, and consumable production. One major focus of this project is to develop and test technology options for extracting water and other volatiles
from the regolith/soil on Mars, the Moon, and asteroids. However, the form of the water resource can vary significantly, thus complicating the development of the
extraction concept. The AES ISRU Technology project is evaluating concepts to extract water from all the resource types, including hydrated minerals in the loose
granular and hard surface material, bound water and icy dirt below the exposed surface, and highly concentrated water-ice sheets deep below the surface. The
project objective for this year is to produce high-fidelity mass, power, and volume values for mining and processing systems for mission architecture evaluation, to
identify critical challenges for development focus, and to begin the demonstration of component and subsystem technologies in a relevant environment. This paper
will present concepts being evaluated for closed processors, open processors, and in-situ extraction techniques. Examples include adapting terrestrial auger-dryer
designs to ISRU applications, open ‘air’ processing of soils, and direct melting or vaporization of deep ice deposits. Progress on modeling and recent experiments for
some of the concepts will also be presented.
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Ms. Diane Linne is a Senior Research Engineer who has worked in Space Propulsion and Exploration at the NASA Glenn Research Center for 31 years. She has a BSE in Aerospace Engineering
from the University of Michigan, and an MSE in Aerospace and Mechanical Engineering from Case Western Reserve University. Ms. Linne performs experimental research in rocket propulsion,
propellants, and in situ resource utilization. Her research has included ignition and performance of carbon monoxide and oxygen propellants for Mars sample return, and production of propellants
on the Moon and Mars. Her research focuses on utilizing new and emerging technologies to continually increase the performance and/or reduce the mass of the total system.
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Water Extraction from Regolith/Soil

* NASA’s Advanced Exploration Systems ISRU Technology Project is
evaluating concepts to extract water from all resource types

* Near-term objectives:

— Produce high-fidelity mass, power, and volume estimates for mining and
processing systems

— Identify critical challenges for development focus

— Begin demonstration of component and subsystem technologies in relevant
environment

» Several processor types:
— Closed processors
« either partially or completely sealed during processing
— Open ‘air’ processors
» operates at Mars ambient conditions
— In-situ processors
« Extract product directly without excavation of ‘raw’ resource



Resource types

» Extraction and processing hardware will be dependent on type of
resource targeted
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Processor Selection Dependent on Several Factors

5
- Q .
=2 = No practical
© £ ) \
T 3 solution \9@ ’5&
T T Process A ¢ .
= g SRS
- (e.g., Rodwell) 6\’0 2?2
e N
- o¥ &
] RN
- < \ﬂ
© & &
S O
>
=
)
C
@® =
> 2| | ProcessB Process C
S Tl |(e.g., Auger .8., Scrapper +
o
= 3| | +Melter) Dryer)

S| —m

100 % 50 % 0%

Percentage of water/ice mixed with soil
(100% = pure water or ice; 0% = dry soil)



Closed Processors



Screw Conveyor Drive Processor Concept

« OBJECTIVE:

Develop Screw Conveyor Dryer (SCD) sized to provide Mars Ascent Vehicle (MAV)
propellant requirements by capturing water vapor formed during the drying of soll

» Based on terrestrial SCD technology of minerals and ores
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Screw Conveyor Drive Processor Concept

» Design features:

— Open to Martian environment to reduce system complexity

* Rover can continuously add soil to hopper

* Pressure maintained in SCD / Condenser by height differential (AP) of soil in hopper

» Avoids isolation valves into/out of SCD to build pressure (complex controls, additional mass, cycles)
— Elimination of CO, sweep gas reduces dust particles in water condensate

— Condenser sized to liquefy water vapor at Martian atmospheric conditions

Processed Soil Condenser
Operating Range



Screw Conveyor Drive Processor Concept

 Model developed to evaluate key design parameters:
— Geometry: conveyor diameter, screw diameter, shaft diameter, flight spacing and pitch
— Operational: screw speed vs screw length (residence time)
— Thermal: heat flux, heat transfer to soil

» Testing to demonstrate feasibility and performance:

— Phase |. Polycarbonate casing with no heaters
» Determine how to feed soil into/out of SCD (soil seal to create AP)
» Test various outlet configurations (latch valve, spring, angled plate, etc.)
« Examine mixing, clogging, channeling, bridging, and dust effects based on RPM settings
» Determine transient time as function of screw shaft rotation
+ Examine two screw pitch configurations

— Phase lI: Add heating elements, insulation, and condenser
+ Examine methods to heat soil based on energy input
* Compare uniform versus non-uniform temperature profiles
+ Determine H,0 yield as function of residence time and temperature
« Examine high temperature soil effect on seals, bearings, etc.

— Phase Illl: Thermal vacuum chamber testing (relevant environment)



Open Processors



Open ‘Air’ Processing Concept

» Excavate, extract volatiles, and dispose of soil in continuous process
— Deposit thin layers of soil on vibrating, heated plate

— Fans blow Mars ‘air’ over plate and sweep liberated moisture into
condenser

— Dried soil falls off end of plate back to ground
+ Key benefits:
— Eliminates need for repeated sealing with hot, dusty seals
— Eliminates granular/soil valves
— Uses Mars air as working gas
» Do not have to recover/recycle as the air is ‘free’
— Efficient and continuous heating / water extraction
 Direct heating of thin layers of soil
* Key challenges:
— Must heat soil to release temperature before end of plate
— Capture efficiency — amount of released water captured in condenser
» Accept that not all evolved water will be captured
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Solid Works Model of Open Reactor Design
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Open ‘Air’ Processing Concept
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External Condenser

» Condensing tube with cooled copper center tube
— External refrigeration cools captured vaporto 0 ° C to condense
— Mounted with 10° tilt to flow condensate into collection tube
» Vertical collection tube with scale to measure collected water in real time
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Soil Transport Test at 4 RPM
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Hydrated Simulant

Borax decahydrate (BDH) added to GRC-3
simulant for a total extractable water content
of 3% by mass

— Eight water molecules exist as crystal water

and can be released at temperatures
between 59 and 150 ° C

— Remaining two water molecules can only be
removed by molecular decomposition

Heated 200 gm of BDH to 150 ° C
— Final mass = 180 gm (20 gm H20 released)
— Captured ~13.5 gm H20
— Capture efficiency ~67.5%

Dehydrated Borax has increased surface area
and decreased bulk density — i.e., it ‘puffs up’
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Hydrated Mineral in Soil Test

« 200 gm Borax decahydrate added to 2000 gm GRC-3
— About 3.4 % extractable water (assuming 8 of 10 H20O molecules)

« Soil dumped onto heated tilt tray with tray vibrated in pulse-mode to
increase residence time ensuring soil is heated to target temperature

— Tray temperature drops as each bucket of cold soil is dropped
— Chamber pressure jumps with each bucket indicating volatile release

200 20
180 Tray temp, top 18
Tray temp, bottom
160 Soil bin temp 16
—Pressure
140 14 E
=
0 S
"5 120 12 =
L] 7]
= g
= 100 10 =
oo =%
-5}

= 5
£ 80 8 =
e g
=
60 6 O

40 4

20 2

0 0

0 10 20 30 40 50 60 70 80 90 100 16
Time, min



Preliminary Results of Open Air Soil Processor

* Four tests processed 440 — 500 gm of simulant doped with Borax
decahydrate

— Average water capture of 8.3 gm in ~ 30 minutes (16.5 gm/hr) (about
1/50t full scale rate)

* Pulse-mode used to increase residence time as tilt tray length limited by
chamber size

— Early tests showed soil moved too quickly across tilt tray in vacuum and
did not reach desired temperature

Soil Extractabled Water® Capturel@ | TrayfTemp,?
Processed Water Captured | Efficiencyl Ave

Test (8m) (8m) (8m) (%) (°C)
1 446 15.3 7 46 151
2 488 16.8 9 54 161
3 444 15.3 9 59 162
4 497 17.1 8 47 161

Average 469 16.1 8.3 51 159

17
PRELIMINARY RESULTS



In Situ Processors
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In-situ Processors

« Extract product directly without excavating raw resource
» Several concepts have been proposed
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In-Situ Processors: Current Status and Future Work

+ At least one relevant terrestrial example of in-situ processing (the Rodriguez Well) with
substantial operational history and associated technology

— Both concept of operations and basic technology appear adaptable for Mars missions

— Current focus of in-situ processor model development to estimate mass and power/heat
needed for this concept; other concepts are part of future work

» Parameters driving system performance
— Depth of overburden covering/protecting ice deposit
— Total quantity of water extracted
— Rate at which water is extracted

« Challenges and uncertainties

— Subsurface profile and properties of overburden layer and ice body (e.g., proportion and
properties of intermixed soils or other impurities).

— Can the Rodwell concept operate at Mars ambient pressure? Or is pressurization needed?

— Maintaining subsurface water pool requires continuous monitoring and adjustment of this
recirculating water system. Remote operations procedures need refinement/customization

e Future work

— Current simulation based on terrestrial applications; some parameters are empirical.
Environmental chamber testing may be required to determine equivalent Martian parameters

— If simulation results continue to look favorable, adapting and testing terrestrial systems under
Martian conditions will be next step

20



Martian Water Sources

To date Mars Express MARSIS and Mars Reconnaissance
Orbiter (MRO) SHARAD radars have failed to detect any
indications of liquid groundwater within 200-300 m of the
surface anywhere on Mars [Clifford, et. al. 2010]

However:

* Martian geological features suggest evidence for large-scale mid-
latitude glaciation (“ice ages”), potentially driven by changes in
obliquity of planetary rotation axis

* MRO SHARAD radar took soundings of “lobate debris aprons”
(LDASs) in southern and northern regions

* Radar properties completely consistent with massive water ice
(100s of m thick, >90% pure) covered by relatively thin (0.5 - 10 m)
debris layer [Holt, et. al. 2008]

» Fresh impacts detected by MRO HiRISE imager actually show
excavated, clean ice (~1% regolith content), verified by CRISM
spectrometer

» Majority of craters showing ice in mid-latitudes correspond to the
suspected glaciers (LDAs), estimated excavation ~“2 m

» Mars Odyssey gamma ray/neutron spectrometer confirmed previous
predictions of extensive ground ice within one meter of surface
— Poleward of 50° NandS
— Concentration highly variable ~20-90%
— Cryosphere estimated to be 5-15 km thick [Clifford, et. al. 2010]
» Predictions and orbital measurements confirmed by Phoenix Lander
(68°N)
— lIce excavated at 2-6 cm, up to 99% pure




Rodwell Approach
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Example: Time Needed to Withdraw Water at 100 gal/day

A power level of approximately 10 kW generates liquid
water at about the rate at which it is being withdrawn The
water pool remains at approximately a constant volume

\

For power levels below approximately 10 kW,
water is being withdrawn faster than it is
melted and the well eventually “collapses”

Ref: Hoffman, Stephen J., Alida Andrews, B. Kent Joosten, and Kevin Watson, “A Water Rich Mars Surface Mission Scenario,” 2017 |IEEE

Aerospace Conference, Big Sky MT, March 5-12, 2017.



Water Extraction from Regolith/Soil - Summary

» Several concepts for extracting water from icy soils on the moon and Mars
are being evaluated both analytically and experimentally

« Auger-dryer based on terrestrial dryers
— No sweep gas needed

— Requirement to trap evolved gases in low pressure environment requires
analysis and testing to determine feasibility and performance

* Open air dryer
— Trade system complexity vs capture efficiency

» Preliminary data indicates ~ 50 % capture of water from sodium borate
mixed in with simple soil simulant

* Deep ice mining

— Evaluating Rodwell concept in more detail to understand operation in Mars
environment

Ultimate choice of processing hardware will be dependent on
resource type, quantity of water required, and time for

processing
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