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Production of Commodities from Extraterrestrial Surfaces via Thermal Decomposition and Fractional Separation

In-Situ Resource Utilization (ISRU) involves mining and converting in-situ resources into products that can reduce mission mass, cost of human exploration in the
moon, Mars, and asteroids. Regolith and soil of these extraterrestrial sites contain resources that can be harvested into products. The state of the art technologies
for current ISRU processes are heavily dependent on terrestrial precursors, too complex, and are not designed to operate taking advantages of the extraterrestrial
environment in which the resource is found, especially inertness, high-vacuum and low-gravity. This paper presents the results, to date, of a proof of concept
research study on the feasibility of a sustainable thermal-driven process approach to manufacture different types of extraterrestrial commodities. This novel process
approach requires none or minimal terrestrial precursors and uses extraterrestrial vacuum ambient conditions (1E-10-1E-12 torr at the moon and asteroids, 2-4 torr at
Mars) as a key driven force to convert local extraterrestrial regolith soil into valuable products/commodities. Temperature, vacuum level, and process control
operation determine the type of product that can be manufactured, such as a) building materials and radiation shields at moderate temperature (just below melting
point), b) 3D printing feedstock and thin films at melting temperature, and c) controlled fractional decomposition and generation of oxygen, metals, and alloys at
temperature above melting point.
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WHAT IS ISRU?




ISRU STATE OF THE ART




KEY OBJECTIVES




WORK ULTIMATE SCOPE




WORK ULTIMATE OBJECTIVE

Gaseous O, &

Gas decomposition
P metals/alloys

Gas phase

Liquid phase Coating & 3D printing feedstock.

Vacuum Fractional Thermal Column (VFTC)
Sinter formation  Building materials

Solid phase




WORK SITE & EQUIPMENT




EQUIPMENT (Cont.)




EQUIPMENT (Cont.)




EQUIPMENT (Cont.)

Seal system containing
stainless steel flanges (MTI
Corporation)




3D THERMAL MODEL




3D THERMAL MODEL SOLVER




3D THERMAL MODEL: ASSUMPTIONS




3D THERMAL MODEL: VALIDATION

H
@_.

)
=1
=~

2]

ST

K14: 850

%H U@UUUHMH

K13: 900

i




EXPERIMENTAL SAMPLES

JSC-1* JSC MARS-1**
VL-1 VL-2 Pathfinder JSC Mars-1
Oxide Wit%* Wit%* Wit%** Wioo*** Wioo**#*
S10; 43 43 44.0 345 435
ALO; 73 7 7.5 18.5 233
T10; 0.66  0.56 1.1 3.0 3.8
Fe,0: 185 17.8 16.5 12.4 15.6
MnO na. na. na. 0.2 0.3
CaO 59 5.7 5.6 49 6.2
MgO 6 6 7.0 2.7 34
K0 <0.15 <0.15 03 0.5 0.6
Na,O n.a. n.a. 2.1 1.9 2.4
P.0s n.a. n.a. n.a. 0.7 0.9
SO; 0.6 8.1 4.9 n.a. n.a.
Cl 0.7 0.5 0.5 n.a. n.a.
LOI n.a. n.a. n.a. 21.8 n.a.
Total 89 89 89.5 101.1 100.0

* Swamp Works lab at the NASA Kennedy Space Center
** Electrostatics and Surface Physics Laboratory (ESPL) at the NASA Kennedy Space Center



EXPERIMENTAL RUNS using: Lunar Simulant JSC-1

Run Sample | Temp. | Max. | Vacuum/ _Soak Post Soak
4 Mass SP Temp | Pressure Time at Vacuum
(2 (C) | (°C©) | (Tor) | SP(min) | Time (min)
1 510.0 700 0.06 120 0
2 500.1 900 0.06 120 0
3 499.3 1000 1097 0.54 120 15
4 500.3 1000 1155 0.25 180 0
5 500.1 1000 1157 0.22 180 120
6 500.1 1000 1174 760 180 0
7 500.1 900 1047 0.22 180 120
8 500.3 950 1091 0.2 180 120
9 125.2 1000 1105 0.2 180 120
10 125.0 1100 1152 0.2 180 120
11 125.1 1100 0.19 60 120
12 125.1 1025 0.18 180 120
13 125.8 1050 1112 0.18 180 120
14 125.2 1035 0.18 180 120
15 1254 1075 0.19 180 120
16 125.4 1100 0.18 0 120

Tests conducted without RGA in operation




EXPERIMENTAL Sample: Lunar Simulant JSC-1

Interfacial phenomena (Surfatial Tension) occur in many high temperature
processes such as steelmaking, welding etc.




Molten JSC-1 Displacement under Vacuum




Gaseous decomposition release on molten JSC-1?

O

N,O and K,O the only two JSC-1
compounds to decompose at
moderate vacuum

O



Thermo Diffusion on Molten JSC-1?

High temperature Interfacial phenomena (thermo diffusion) occur in many processes at
high temperature..

Tears of wine form due to the
surface tension gradient between
the meniscus and the flat surface
of the wine (Marangoni effect)



ESTIMATED SAMPLE’S TEMPERETURE PROFILE




LUNAR REGOLITH AS BUILDING MATERIAL

Average Diameter (mm) Thickness {mm) Average Thickness (mm)

1 2 3
7335 235 255
62.0 27.0 270
61.5 25.7 257
39.4 23.0 248
38.3 24.5 245
61.3 26.5 26.5
60.3 235 234
64.1 27.0 280
65.4 20.8 231
Load Compreszive | Tensile Stress | Compressive
() Stress (pst) (kPa) Stress (kPa)
20225 1439.7 9926.7
Built at KSC under He 13673.3 75422 520014

80813 47274 325942

Failed

N/A NA N/A Preloading

71038 43765 315356

Failed

N/A NA N/A Preloading

8432 3541 33204
50457 2398.0 179126

Failed

N/A NA N/A Preloading




LUNAR REGOLITH CONVERSION INTO PRODUCTS




Residual Gas Analyzer (RGA) reading




CURRENT WORK




FUTURE WORK
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LUNAR REGOLITH COMPOSITION
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ISRU PROCESS CANDIDATES FOR O, EXTRACTION FROM LUNAR REGOLITH



ISRU PROCESS CANDIDATES FOR O, EXTRACTION FROM LUNAR REGOLITH:
H, REDUCTION

* FeOeTiO, + H, = Fe + TiO, + H,0 (900-1000°C)

$ |
v
* 2H,0 = 2H, + O, (Electrolysis)

e Hardware demonstrations under ETDP



ISRU PROCESS CANDIDATES FOR O, EXTRACTION FROM LUNAR REGOLITH:
CARBONTHERMAL REDUCTION

* (Mg0O),SiO, + 2CH4? 2MgO + 2CO + Si +4H, (1625°C)

Y * /\I |

e 2CO + 6H; = 2CH4 + (2H,0 = 2H, + O, (Electrolysis))

04/29/2014 Sam Schreiner 33



ISRU PROCESS CANDIDATES FOR O, EXTRACTION FROM LUNAR REGOLITH:
MOLTEN REGOLITH ELECTROLYSIS (MRE)

* M0, 2 xM + %Oz (Molten Electrolysis)
* 2Fe0 > 2Fe + 0,; Si02 > Si+ 0,

* Hardware maturation by KSC+MIT+Ohio
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Figure 5. Magma electrolysis cell design for the production of LLOX from lunar 34
regolith, modified after McCullough and Mariz (1990).



NEW ALTERNATIVE ISRU PROCESS: REGOLITH FRACTIONAL DESTILLATION (RFD)
Justification

Thermal decomposition of regolith and water/CO, ice

under vacuum has important advantages when compared

with H, reduction, carbonthermal reduction, and MRE:

* itis a much simpler thermal-driven process.

* does not require terrestrial precursors.

e Uses an in-situ condition (high vacuum) as a driving
force for the separation

* has the potential of separating O, and the metals
simultaneously.

* Fractional separation allow selective production of
different metals and alloys.

e can recover water and valuable incondensable gases,
such as H, and Helium-3 if present in the regolith.



NEW ALTERNATIVE ISRU PROCESS: RFD
Justification (cont.)

* RFD does not need terrestrial precursors while H, reduction
and carbonthermal processes do need terrestial precursors
(H, and CH,respectevily).

 Both processes yield oxygen in water form requiring an
electrolysis unit that also demands a water contaminant
removal unit to the process.

* MRE does not need terrestrial precursors and generates
oxygen but:

a) consumes inert electrodes that have to survive harsh
conditions of the molten phase.

b) its yield is limited by selective molten solidification
as the melt is depleted from the metal oxides.

c) Electrolysis of molten phase adds a larger complexity
to the process (O, generation and Joule-heating).



NEW ALTERNATIVE ISRU PROCESS: RFD
Key Technological Challenges for Proof of Concept

1) Oxygen and hydrogen need to be removed from the gas phase immediately
after the decomposition/gasification of the regolith and the water/CO, ice to
avoid the regeneration of the metal oxides and water/CO, during

condensation.

2) The condensation of the metals and alloys from the gas phase  depleted in 2)
O, (and H, if needed) from (1) requires an understanding of gas-liquid
equilibrium behavior of metal-based multi-component systems at vacuum
conditions to separate the different metals and alloys based on their 77 ---- i 1

condensation points. v



