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1.0 Executive Summary

The primary objective of this study was to develop conceprual designs of two pilot
plants to produce oxygen from lumar materials. A lunar pilot plant will be used to
generate engineering data necessary to support an optimum design of a larger scale
production plant. Lunar oxygen would be of primary value as spacecraft propellant
oxidizer. In addition, lunar oxygen would be useful for servicing non-regemerative fuel
cell power systems, providing requirements for life support, and to makeup oxygen losses
from Jeakage and airlock cycling.

Numerous processes to produce oxygen from lunar materials have been proposed. Thirteen
different lunar oxygen production methods are described in this report. Comparisons are
wmpﬁcmedbecansemmyvaiaﬁomofeachpmmexist,mdwmepmducemulﬁplc
byproducts with potential uses at a later stage of lunar base development. Based on
process simplicity and well understood reaction chemistry, hydrogen reduction of ilmenite
was selected for conceptnal design smdies. Based on recovery of an important "byproduct”,
a second process pathway to oxygen, extraction of solar-wind hydrogen from bulk lunar
soil, was also selected for comceptual design. Thermal recovery of solar-wind hydrogen
liberates water, which is subsequemtly electrolyzed to produce oxygen (water is a reaction
product of hydrogen and ilmenite contained in the soil), as well as hydrogen. Thus,
hydrogen recovery offers a process that produces both oxidizer and fael propellants for
lunar landers and other spacecraft.

Computer models of both processes were prepared that utilize equipment scaling relations,
mass and energy balances, and thermodynamic relationships to estimate mass and power
requirements for oxygen production plants. Trades and sensitivity analyses were performed
with these models. Studies on the hydrogen reduction of ilmenite process included:

. Evaluarion of feedstock alternatives: high-titanium mare soil or basalt.

. Effect of solar and muclear-electric power sources.

.  Effect on pilot plant mass/power to simply vemt the product oxygen gas instead of
liquefying and storing it (since the pilot plant is a research tool).

. Comparison between delivering a series of small self-contained, modular production
plants to increase oxygen production versus constructing a single, large plant.

. Difference between using unbencficiated feedstock or using magnetic or electrostaric
separation to feed an ilmenite concentrate to the reactor.

. Seansitivity of process mass and power to axygen production rate.

. Sensitivity of process mass and power to feedstock conditions such as ilmenite
abundance in soil or iimenite grain size in basalt.

Drawings of a 2 metric ton/month LOX pilot plant conceptual design, employing hydrogen
reduction of ilmenite, were produced. Plant mass is 24.7 metric tons (54,400 1b_) including
a power system that uses solar photovoitaic arrays to provide 146 kwe for"ﬁchrocas
and for regenerating fuel cell reactants. Baseline plant operating strategy is mining and
continuous processing during the lunar day, and no mining with processing units on hot
standby during the lunar night. The major process equipment is delivered to the lunar
surface in an integrated package that manifests casily into a Shuttle payload pallet with
outside dimensions of 14’ diameter x 45’ long. However, additional volume is required
to deliver the power systems. Since it is assumed that the purpose of the pilot plant is
to provide long-term, 1/6-g equipment performance data, the plant will be operated for
continuous periods without on-sitt human attention. Thus, extensive antomation and
robotics spplications are anticipated for the pilot plant, such as teleoperated mining

1



vehicles and equipment servicers. These would have numerous applications in other
areas of lunar base operations.

Studies of the optimom temperarure for solar-wind hydrogen extraction and the sensitivity
of plant mass/power to production rates were also completed Mass of a pilot plant
designed to produce 2 metric ton/month LOX and 1.2 metric ton/month LH, is 60 metic
tons (132,200 Ib, ). The mass estmate includes a nuclear power plant pruvxamg 1.7 MWe

for the process.
20 Introduction

Groundrules and assumptions for the study are listed in Section 3. Thirteen candidate lunar
oxygen processes were identified and described in Section 4. Although the list is not
complete (other reagents have been suggested) and there are many variations possibie
famhmcm.mcd@euipﬁmmmveofmepmmnostfavmedfor
lunar oxygen extraction.

Two candidates were selected for further study and conceptual design:  reduction of
ilmenite by hydrogen and extraction of solar wind volatiles. After describing the distribution
of lunar sources of ilmenite and solar wind hydrogen in Section 5, Sections 6 and 7
describe the conceptual designs for these two processes. A concluding summary of results
and recommendations is given in Section 8.

Scaling equations used for sizing equipment in the hydrogen reduction of ilmenite process
are documented in Appendix A. Appmdiprmvidcsasampleoutpnofmesizing
program. Appendix C presents scaling equations unique to the hydrogen extraction
plant, while Appendix D gives a sample output of the program. Appendix E contains
 information on an assessment of lunar oxygen production for supplying a low Earth orbit
market (referenced from Section 6.7).

3.0 Study Groundrules

1. ‘The pilot plant will be designed to have a maximum liquid oxygen production rate
of 2 metric tons/month (1) at a 90% plant utility.

2. ThepﬂotplanwﬂlbeopcrneddmingPhaseHofﬂnhmarbasebnﬂduppmgram
(1). This phase is defined as the humnan-tended period (2000-2005) before a permanently
occupied lunar base (1, 83, 84). It is assumed the pilot plant will require long
operating periods to generate an adequate engineering and operating performance
database for production plant design. Therefore, the pilot plant will operate without
on-site buman attention.

3. Thebase]jncﬁquidoxygmpmdncﬁcnmcforpmgmmmﬂymofafuﬂ-scale
production plant ranges from 100-1,000 metric tons/year. A 1,000 mt/yr LOX plant
will supply the annual Earth-Moon advanced space transportation system (ASTS) require-
nmgtsmdpmvidssomemm‘ginforotherpmposa(Mmmissions,etc.). A conceptual
design for & reusable lunar lander with a maximum landed payload of 25 mt (no
ascent), or 14 mt with inert mass returned to lunar orbit, requires spproximately

LH~ at a 6:1 oxidizer to fuel ratio (50).

two reusable orbital transfer vehicles

2



4.0 Candidate Processes for Production of Oxygen from Lunar Materials

Many processes have been proposed to recover oxygen from lunar raw materials (16-23)
including:

Thermochemical Reduction

Hydrogen reduction of Ilmenite.

Carbothermal reduction of ilmenite and other oxides with coke, methane, carbon
monoxide, or other ydrocarbons.

Recovery of solar wind hydrogen followed by hydrogen reduction of oxides.

Hydrogen sulfide reduction of Ca, Fe, and Mg oxides.

ermochemical R

W N

5. Carbochlorination.
" hemical Oxidati
6. Fluorine exchange.

Note: The above thermochemical processes often employ electrolytic methods to regenerate
the chemical reagents (e.g. water electrolysis for ilmenite reduction), however, thermo-
chemical regeneration aiternatives usually also exist.

Reactive Solvent
7.  Hydrofluoric acid leach.
Electrochemical Reduction

8.  Direct electrolytic reduction of oxide melt.

9.  Elecmolytic reduction of oxide/canstic solution.

10. Reduction of metal oxides by lithium or sodium followed by electrolysis of the lithium
or sodium oxide melt.

11. Reduction of anorthite by aluminum followed by staged elecwolysis steps to recover
silicon, aluminnm, calcium, and oxygen.

Themmal/Physical

12. Vapor phase reduction.
13. Ion separation.

Other chemical pathways to oxygen have been proposed (82) but the above represent
those processes described in some detail in the literature. A comparison of these processes
iscompﬁcmcdbecmsemmyprocwsingvmiaﬁommdequipmmopﬁomnjmforeach,
effecting process mass, power, volume, manpower, and other considerations. In addition,
many produce byproducts (metals, ceramics, etc.). For a fair comparison, the demand
and/or value for each of these byproducts must be established, and the cost for separating
andprocwsingthebyprodnctsimouscfulmdpmdnctsmnstbedct:nnimd.



4.1 Process Descriptions

Process chemistry and processing conditions, and major advamtages and disadvantages of
several lunar oxygen extraction techniques are described in the following subsections.

4.1.1 Hydrogen Reduction of Iimenite

Dimenite feedstock reacts endothermically with hydrogen to produce water, A reaction

temperarure of 900-1,000°C has typically been reported necessary to achieve sufficient

rates of reaction. Product water is then electrolytically or thermochemically split to
as:

regenerate reactant hydrogen and liberate oxygen. The reactions are
FeT'iO3(s) + Hz(g) = FC(S) + .ri02(s) + HzO(g) . Reduction
Hzo(g) + electricity = HZ(g) +172 02(_g) Electrolysis
An altemative to the electrolysis step is a thermochemical cycle to regenerate hydrogen

reductant gas. One of dozens of possible thermochemical cycles is the DeBeni Carbon-
Tron Process that catalytically decomposes water by the following reaction sequence (7.,8):

R on .
C+H 0=CO+I-I2 920
C0+%Fc30 =C+3F 03 520
3Fe203=214-'a304+ 12 ?) 1670

Such a reaction sequence reportedly involves less energy than does electrolysis (7, p.101).
However, thermochemical separation of water increases the complexity of the water
separation step, requiring more process equipment such as individual reaction vessels for
each process step.

A simplified schematic of the process is depicted in Figure 4-1a. A fluidized bed reactor
has been proposed for the reduction step (14, 16). Gibson & Knudsen’s (14) concept of
a three-stage fluidized bed reactor system is given in Figure 4-1b.

An energy-efficient hydrogen reduction scheme has been proposed (14; 16, pp.228-237)
using vapor-phase water electrolysis to allow both reactor and electrolysis to operate at
the same temperature. The use of high-temperature, solid-state electrolytic cells probably
represents the greatest technology development requirement for this process although

i work on this technology is progressing (24-27, 118). High temperature
electrolysis using a solid ceramic electrolyte has been experimentally researched for fuel
cells (25); electrolysis of mixtures of water, carbon dioxide, and carbon monoxide (26,
27); Mars atmospheric in-situ propellant production (24); carbon dioxide reduction in life
support Systems (118); and in the technology development of another lunar propellant
production technique (64). Conventional water electrolysis systems can be used but will
result in a less energy cfficient process. Thus, synergism (and the inherent advantages
for system commonality) could exist between solid-state electrolysis units for the hydrogen-
reduction process and regenerative fuel cells in the power system (26), and even with
the proposed Mars surface propellant manufacture systems (24, 34-37).




Pros and Cons

The major advantages for the process are:

Process chemistry is uncomplicated and has been verified in laboratory testing (5-
13). Necessary technology development efforts need only be directed at reducing
plammmdenﬂrgyrequimncms,nota:pmvingthcpromwﬂlwod;ﬁmna
chemical basis.

Oxygen generation and hydrogen reductant recovery is accomplished in one step by
water electrolysis. This reduces complexity, imcreasing the probability of a low
mass, reliable system. :

Rﬁupplymassforreagcmmakmpofprmlosswiscxpcctedwbesmallducto
the low density of bydrogen gas.

Direct terrestrial counterparts exist for the major process equipment, such as the
reactor. Continuous fluidized-bed and counter-current gas-solid flow reactors of
the type contemplated for the reduction reaction have been operated terrestrially
(13-15). ‘Thus, industrial operating experience can be drawn on by NASA during
the design and development process of exterrestrial extraction plants using this
chemical process.

Process temperatures are below the melting point of the ilmenite feed which reduces
reactor materials problems.

Iron production is possible but would probably require melting the solid residue of
iron and rutile.

The major disadvantages of the process are:

Only ilmenite is reduced in the hydrogen reduction process. To decrease the amount
of material handled and process heat requirements, ilmenite must be separated from
the bulk regolith.

The kinetics for the hydrogen reduction reaction is relatively slow: 1 hour at 1,000°K
is required to remove approximately 70 percent of the oxygen associated with divalent
iron in imenite (13; 16, p.232,234). Another researcher reported that unoxidized
iimenite required 2 hours at 873°K and 0.25 hours at 1,073°K to completely reduce
the iron oxide in ilmenite assuming the reaction rate is comtrolled by kinetics (9).
In any case, the hydrogen reduction reactor must be made long enough to provide
the required solid’s residence time to accomplish the reduction reaction. The slower
the kinctics, the longer (and heavier) a reactor must be for a given reaction temper-
ature and production rate.

The thermodynamics of hydrogen reduction impose rather low equilibrium per-pass
conversions of H2 to HyO: 10.5 percent (molar) at 1,000°C and 7 percent at 900°C
(14, p.547, Figure 2). © As per-pass conversions decrease, the reductant gas flow
rate throogh the system must be increased for a given production rate, which then
requires larger reactor and gas piping dizmeters (and mass penalties).



Figure 4-1a. Simplified Schematic of Hydrogen Reduction of Ilmenite Process
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Figure 4-1b. Three-Stage Fluidized Bed Reactor Concept for Iimenite Reduction (Ref.14)
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4.1.2 Carbothermal Reduction

Reduction of lunar oxides (ilmenite, pyroxenes, olivines) by carbonaceous reductants has
been studied for several decades (28-30). Experimental work by Rosemburg, et al. (28,
31) was performed on the reduction of molten magnesium silicates by methane with the

following process chemistry:

Mg28i04+ZCIH4=2CO+4H2+Si+2MgO Reduction @ 1,625°C

(olivine) 2,960°F
and,

MgSiO3+2CH4=2CO+4H2+Si+MgO Reduction @ 1,625°C

(pyroxene) 2,960°F

Lunar fines are first melted, then methane is injected to reduce iron oxides and the
more stable silicates. Carbon monoxide (CO) and hydrogen products are reacted at
lower temperature and over a nickle catalyst with additional hydrogen to regenerate
methane and produce water.

2CO+6H,=2CH +2H50 Ca.t.aly'ticRedox@Z‘fg[')gF

Oxygen and hydrogen can be electrolytically produced from water after it is separated
from the methane/water product. A process schematic is given in Figure 4-2.

Carbothermal reduction of anorthite is possible (32), but at extremely high temperatures
(2,500°K, 4,000°F). Besides the unartractiveness of high temperarure materials and corrosion
probiems, process chemistry for this reaction scheme is severly complicated by the presence
of metallic and oxide gaseous species (Al,O, SiO, Al, Si, Ca) and condensed carbide
phases (SiC, Al4C,, Al40,C). It is not considered further.

Cutler, et al. (30), has proposed an oxygen and iron production scheme using coke (devolatil-
ized carbon) to reduce molten ilmenite. The proposed process utilizes concepts and
technology from the iron/stee] making and petrochemical refning industries. A process
flow diagram is given in Figure 4-3. The process includes three major steps: ilmenite
smelting, iron decarburization (steecimaking), and hydrocarbon reforming. DIimenite is
melted (1,640°K, 2,500°F) in the smelting step and reacts endothermically with carbonaceous
materials to form iron by the following reaction:

FeTiO4 + C=Fe + CO+TiO, (slag-metal bath reaction)

This step is reminiscent of the conditions in the lower part of the iron-making blast
furnace. Anorthite (10 percent) is added to form a quaternary slag (TiOs,, Si02. Al 03,
Ca0) with a melting point below iron. Because the anorthite will have %o be ‘melted, Tt
constinntes an energy penalty. The energy requirement for this step was proposed to be
provided by induction heaters or via electric arc heating using carbon electrodes (30).
The electrodes would be consumed during operation, but would only provide 24 percent
of the required carbon reductamt (at an electrode consumption rate of 5-10 kg/mt Fe).

Four to five percent carbon will alloy with the iron (15) and recovery is required for
efficient reactamt recycling. After the molten iron product is tapped from the smelter,

=



decarburization is accomplished by injecting some of the oxygen product into the iron
bath to form carbon monoxide.

C(soln.) +120,=C0 (iron decarburization}

This step is identical to terrestrial basic oxygen steeimaking furnaces. The decarburization
reaction is highly exothermic and thus requires no additional energy. However, the
amount of oxygen injected must be carefully controlled to avoid excessive re-oxidation
of the iron. The result of the process is a low-carbon steel which, however, requires
further downstream forming operations before it would be suitable for lunar base structural
applications. The iron-rich slag from the steelmaking process should be recycled to the
smelter to recover iron units and oxygen.

Carbonmonoxidcﬁnmtheandtermdswdmaldngmitsismacwdwithhydmgmma
reforming step to produce water and hydrocarbons. This step is exothermic and requires
a2 nickel catalyst to promote a specific gas product. One possible hydrocarbon product
is methane:

CO+3H,=H,0+CHy (reforming)

Typical terrestrial methanators operate at 300-400°C (8). Higher pressures (6 atm.)
increase the yield of methane by reducing (by up to 50 percent) the quantity of carbon
dioxide produced by competitive reactions (28). The reforming step actually will involve
additional major equipment besides a CO/H, reactor possibly staged condensers and
distillation columns to produce a reasonably pure water stream. The water stream is
electrolytically separated imto oxygen and hydrogen. Hydrogen from the electrolysis
step is fed to the rcformer. It was proposed that hydrocarbons from the reformer could
be coked or cracked to form the carbon electrodes for the smelter if electric arc reducton
is performed (30). Electrode manufacture will undoubtedly require several steps and
scvaalscpamcmhoperaﬁonsomermanhnpﬁcdbyshnplcthmmﬂdecomposiﬁonor
catalytic cracking of a hydrocarbon.

Pros and Cons

The major advantage of carbonaceous reduction of molten oxides is that in principal,
less mining and lower loads on downsgeam equipment (and thus potentially smaller
pmmits)mmquiredﬂzanﬂaehydrogcnmdncﬁonofﬂmmheschanebecanse
reduction of silicates is possible. However, this advantage comes at the price of greater
system complexity (more process units, less reliability).

Advantages include:

. Rosenburg’s proposed process (28, 31) reduces silica and ferrous oxide in Iuna
pyroxene, olivine, and ilmenite mmerals. Thus, less lunar material need be mined
in comparison to hydrogen reduction (Section 4.1.1) and Cutler’s (30) carbon reductant
process which requires ilmenite. Trades for system mass with and without mineral
beneficiation are needed.

. Terrestrial counterparts exist for a pomber of the proposed process steps: smelters,
steeimaking, and hydrocarbon reforming. Extensive process operational experience
exists.




Attunpcammproposedfmm&pm,carbonmm133dmahsmass
in oxygen, while thermodynamics limits hydrogen extraction of oxygen to 0.56 10
0.84 times its mass at the temperatures proposed for hydrogen reduction (900°C
and 1,000°C, respectively). This implies a larger inventory of hydrogen and perhaps
larger gas handling systems. However, this may not be significant in an overall
systems mass statement.

Silicon is a byproduct of Rosenburg’s process (28,31). However, purification and
fabrication into useful products would take many more Steps.

Disadvantages include:

The iimenite or other oxides must be molten. This requires thermal energy to heat
mdmehﬂ:csoﬁdsmdhcavy-dmyreﬁaaorismpmtectmacﬁonvmdsmd
piping. In addition, molten silicates and metal are extremely corrusive, limiting
refractory service life.  Typical biast fumace campaigns (continuous operating
1ifct:imc)are2-5yearsinlmgth,withﬂ:elifeofﬂ:ercﬁ'actmyﬁningthcpmctical
limitation (15). The refractory lining is then completely replaced (including carbon
m&moﬁuuwdhmefmmheuth)inavuyhborimmsiveopcmﬁonlas:hm
several weeks to months. Active cooling loops were suggested (30) as a means to
stablize refractory wear. Suchtedmiquaareusedonmodﬂnfumacesto:xtcnd
refractory life. However, process heat demands will increase if active cooling is
implemented. . |

Although steel is a necessary byproduct of imenite reduction by coke, additional

1 ,woﬂdng.mdqualhynsurancewﬂlberequi:edtofabﬁmnscﬁﬂaeel
structural forms. In addition, steelmaking is a batch process. Thus, the economy
and ease of antomation for a continuous process is probably not possible for a
major part of the proposed ilmenite reduction process (30).

Recovery of the carbonaceous reductant is difficult for the proposed (28,30) processes.
Cutler (30) includes two major process steps (iron decarburization and hydrocarbon
reforming) while Rosenburg (28) adds ome (methanation) to recover carbon. Each
of these steps would involve one or more separate process vessels (and thus weight).
Inaddidon.Rosmburg(ZS)mcaauedcarbonlossindwslagmdmcmlpbaswof
10-30 percent by weight of the carbon charged. Additional processing would be
necessary 1o recover this carbon Thus, although less solids handling is required
for Rosenburg’s proposal (28,31), the added complexity of recovering carbon requires
more equipment and weight. Trades are possible between the degree of recovery
and the cost of importation of the carbonaceous reductant.

It should be noted that although the carbon that alloys with the iron or metal
phasccmbcrecmued,asigniﬁcantamount,upto%pcrc@asrcponedby
Rosenburg (28), of the carbon charge also goes mto solution with the slag from
the reduction reactor. No process for recovery of carbon from slag has been
proposed, but is likely to be extremely difficult.

Another problem in carbon recovery is the catalyst used in the hydrocarbon reforming/-
methanation steps of the proposed processes (28,30). Catalysts are susceptible to
poisoning by impurities in the gas feed In practice, catalysts generally lose activity

or selectivity (goveming the composition of the product gases) with tme. Thus,
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catalyst lifetimes are limited (variable but typically 2-3 years) after which the
reactor’s catalyst is dumped and a fresh catalyst charge added.

One possible solution to the high temperature and carbon recovery problems is to use
carbon monoxide as the reductant gas and maintain temperatures below approximately 1000°C
(below the meirmg point of feed materials). Imenite would be the feedstock of choice.
Product gases would primarily contain CO and CO, (product composition with temperature
is given in Figure 4-4). The three-stage ﬂui.d.izaazbed concept illustrated in Figure 4-1b
could be used with few changes. A high temperature, solid-state, ceramic electrolyte
electrolysis cell could be used to produce oxygen and recover the carbon monoxide
reductant gas in one step, and for emergy efficiency as used so advantageously in the
hydrogen reduction comcept. This type of electrolysis cell has been studied extensively
recently for possible application to a Mars surface atmospheric processor that would
produce oxygen and CC fuel from the Martian carbon dioxide atmosphere (24, 34-37).

Using methane to reduce ilmenite at less than 1,000°C is another possibility. Friedlander
(38, p.615) reports that 85-90 percent reduction of small ilmenite particies (0.25-0.5 mm)
in a fluidized bed was obtained in 5-7 minutes by natural gas (primarily methane) at
1,000-1,030°C. However, if kinetics permit, carbon monoxide reductant gas is preferred
because the electrolysis, cryogenic, and gas systems of the process would closely resemble
most major elements of a Martian propellant production plant. Thus, lessons leamed for
propellant production on the lunar surface could significantly reduce the development
and costs of Mars surface propellant production.

10



Figure 4-2. Carbothermal Process with Methane Reductant (from Ref. 22, slightly modified)
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4.1.3 Hydrogen Extraction

Hydrogen deposited by the solar wind in lanar surface materials can be extracted upon
heating (3941). Essentially all hydrogen is released by beating the soil 1o 900°C (40).
Depending on temperature, a8 portion of this bydrogen will react with ferrous oxides in
fimenite to produce water, which can be electrolyzed to oxygen and hydrogen. Thus, a
hydrogen recovery process would extract oxygen as well. Conceptual designs of hydrogen
extractors have been proposed using solar energy (19,46), microwave generators (42), and
microbial action (43). .

Hydrogen Content

The solar wind fiux at the Moon’s surface is about 3 x 108 protondsecondlmz, or 1
gram hydrogen in a square meter in 63 million years. Solar wind hydrogen penectrates
less than 2000 angstroms (0.2 microns) into lunar surface materials (44) and is concentrated
in the outer 200 angstroms (41). Small particles, with large surface area to volume
ratios, are significantly eariched in solar wind gases (2,40,41,45). As given in Gibson et
al. (40), the total hydrogen abundance (from H, and Hy0) in five bulk lunar soils range
from 26 to 54 pg H/g (see Secton 5.2). Ovér 80 pefcent of the hydrogen is found in
the sub-45 micron size fraction (40). Thns,ahydrogmconcmatecanbeproducedby
separating the fine grain material The mass and power of beneficiation equipment to
doﬁlcs;iuscparaﬁonshouldbemdedagammcmzymedhﬁcwmg
of the soil.

Although, bulk soil samples have been analyzed with greater than 100 pg H/g, because
ofmixingdncmmcring,aSOugH/gavmgebdksoﬂmemisusedfurdwign
purposes i this smudy. JSC laboratories have collected data on the gas release from
soil samples heated at 6°C/minute (39). For practical purposes, complete release can be
achieved by 900°C (40) and about 80 percent of the hydrogen is released below 600°C (41).

Pros and Cons
Advantages of a solar wind hydrogen extraction process:

. Both oxygen and hydrogen propellant can be produced Only moderate temperatures
are required to release hydrogen (600-900°C), although the quantity of oxygen
mwddspmdsonﬂ:eﬂmcni:credncﬁonwm/hydmgmequﬂibﬁnmconsmm
which increases with temperature. Thermal energy requirements could conceivably
be provided by solar collectors.

. Efficient oxygen and hydrogen production can conceivably enable the economic
supply of lunar oxygen to a low Earth orbit (LEO) market (48). Justifying the
transportation of lunar oxygen to LEO on an economic basis (when the price compe-
tition is the transportation cost of a heavy launch vehicle, which will probably be
developed to transport 2 lunar base/production plant in the first place) is much
more difficult unless lunar hydrogen is produced (48).

. The same hydrogen/oxygen extraction process equipment can form the basis of
sintering equipment to bond hmar soil into useful structural shapes (49). Sintering
mdpproqwsofbindhggrmnlarmmcﬁahimosoﬁdsnmnpcmnmbdow&e
melting point without the addition of binding agents such as cement, plastics, or
fluxes. Lunar soils sinter relatively easily because of their large glass component.
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Sintering temperature varies with composition. The high-titanium mare soils character-
istic of the Apollo 11 and 17 landing sites will sinter in less than 20 minutes at
about 630°C while the aluminous soils of the lunar highlands (observed ar Apollo

16) require temperatures of nearty 930°C to achieve the same effect.

Forming sintered products could thus be combined with hydrogen extraction of bulk
soils since process temperatures are similar and little additional equipment is required.
Note that sintering could pot be applied to feedstocks comsisting of .fine grain
ilmenite (a possible hydrogen concentrate). Simtered products wouid be nseful for
load bearing construction such as roadway tiles, mounts for modules and surface
equipmcnt,andblocksorbrickstobuﬂdwallsforbtmkersncarlmmchpads(toprotect
equipmmt&omdcbﬁskickedupbymckctczhanst),forshadhgndiﬂorsand
ayogmicstomgetanks&umtbcm,mdformdiaﬁonpmtecﬁonmundmodxﬂes.

Disadvantages:

. Large amounts of soil mechanical and thermal processing is necessary to extract
hydrogen. At 50 ppm H, 20,000 mt of soil must be mined, heated to 600-500°C
(requiring 159 kw-hr/mt soil at 600°C and 254 kw-hr/mt soil at 900°C), and discarded
to recover 1 mt of hydrogen at 100 percent efficiency. To provide the 4.3 mt
hydrogen fuel load required for one roundtrip by & reusable lunar lander (50), the
soil contained in a pit 150 m x 150 m x 2 m deep would be processed. This corresponds
to the amount of material excavated in about 1.4 miles of interstate highway.

Thermal processing requirements can be decreased by: 1) recovering thermal energy
from heated soil fines by using staged fluidized beds, and/or 2) decreasing the
quantity of soil processed by concentrating the 45um and smaller particles which
contain 80 percent of the hydrogen (40). Possibly fines can be separated in cyclone
separators or mechanical ges-classifiers using the hydrogen gas evolved from the
process as)a carrier flaid (after it has been cooled by pre-heating cold solid
concentrate).

4.1.4 Hydrogen Sulfide Reduction

Reduction of iron, caiciom, and magnesium oxides by bydrogen sulfide gas was proposed
byDalton,ctal.(18)andothcrs(l7)asamcthodminucasetheefﬁdcncyofthe
thermochemical oxygen production and decrease the amount of soil handling. It becomes
much more practical to use bulk lunar soil without beneficiation for this process. The
general reaction sequence is (where M = metals: Fe, Ca, Mg):

MO + H,S =MS + H,0 (reduction)

MS +heat=M+S (thermal decomposition)

H,O + electricity = Hy + 1/2 O4 (electrolysis)

Hy+S8=H,S {(hydrogen sulfide regeneration)
Advantages:

.  Soil mining and processing is reduced from hydrogen reduction of ilmenite becaunse
the process yields more oxygen per unit soil mass.
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. Iron, calcium, and magnesium can be produced besides oxygen, although additional
separation and purification steps would be necessary.

Disadvantages:

. Thermal decomposition of metal sulfides will require elevated temperatures and
process yield is uncerain. Considerable development is anticipated (18).

. Harygmisnsedinmvironmamlsystcms,oxygmpnﬁﬁcaﬁonacpsmmcssa:y
due to the toxic nature of H,S.

4.1.5 Carbochlorination

The carbochlorination process was proposed as a way to produce aluminum, iron, and
oxygen from the reduction of anorthite, CaAl,Siy0Og, and jlmenite, FeTiO3 (32). A fluidized
bed reactor operating at 770°C (below the fing point of a reaction product, CaCl,) is
proposed to react carbon and chlorine gas with anorthite and iimenite:

C8A125i208(s)' +8 C(S) +8 az(g) = CaClz(s) +2 AlC'.l3(g) +2 SICI"'(E) +8 CO(S)
FeTiO3(s) + C(S) + 32 Clz(g) = FcCl3(g) + 'ri02(3) + CO(g)

Asshownbyﬂ:cpmcwsﬂowsheetinFignreLS,stagedcondcnsaﬁonstcpsarcusedto
separate the gas components. A condenser at 225°C removes FeCly as a liquid, another
at 90°C is used to liquefy and separate AICly, and a third operates at -30°C to remove
SiCly. The silicon chloride is recycled back to the carbochiorination reactor where its con-
centration builds to a steady-state value by reacting with CO back to silica. The residual
solids from the reactor, Si0O, and CaClz. are beated to 800°C to melt the CaCl,, and
separated in a centrifuge. a"hc chlorine in CaCly is recovered by first hydrolysis of

CaCl, followed by calcination:

The iron chloride, FeCla, can be reduced directly by hydrogen gas at 700°C to produce
metallic iron and hydrochloric acid (HCl), or it can be oxidized to hematite, Fe,Og,
which is then reduced by hydrogen or carbon below 1000°C to obtain low-carbon 1ron
via the following reactions:

1[2 F0203(S) + 3/2 Hz(g) = Fe(s) + 3,2 HzO(g) reduction @ I,OOO.C
The chlorine in AICl is recovered, along with aluminum, by an electrolytic process
developed by Alcoa (33). The electrolysis takes place in a refractory lined vessel operating
at 700-750°C using graphite electrodes and mixed alkali/alkaline carth chloride fluxing
agents. )
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Carbon monoxide and water products from the various reactions can be reduced to hydrogen
(recycled to reduction of hematite), carbon (recycled to carbochlorination reactor), and
oxygen product by a variety of thermochemical and electrolytic methods.

Pros and Cons
Advantages:

. Reduction of alumina and ferrous oxides in the lunar soil is possible, reducing the
amount of solids handling necessary over hydrogen reduction of ilmenite.

. Production of aluminum and low-carbon iron or steel is a necessary byproduct of
the reaction to recover carbon and chlorine reactants. -

Disadvantages:

. The recovery of carbon and chlorine reactants involves a large number of processing
steps with an attendantly large quantity and mass of necessary equipment. Other
process concemns include systems reliability, reactant recovery efficiency, and materials

. .

corrosion considerations in a high temperature, chlorine-rich environment.

Figure 4-5. Carbochlorination Process Flowsheet (from Ref. 32)
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4.1.6 Fluorine Exchange

Because fluorine gas, F,, reacts with all oxides to liberate oxygen and form metal fluorides,
its use in an oxygen/métal production process has been suggested (16, 17, 56-58). General-
ized reactions are summarized (16):

M oxides + F5 = M fluoride + 02 (fluorine exchange @ 500°C)

M fluorides + K = Metals + KF (reduction of fluorides w/ potassium vapor)

KF + electricity =K + 1/2 FZ (electrolysis of potassium fluoride @ 846°C,
KF melting point)

where M = Ca, Al Fe, Si, Mg, Ti

Burt (58) proposed fluorination of an anorthite (CaAIZSiZOS) concentrate to avoid process
complexities created by trying to recover fluorine for récycling from & mixture of many
metal fluorides. Other mineral concentrates (e.g. ilmenite) are also possible feedstocks.
Fluorination proceeds rapidly at 500°C and is safely carried out in nickle reaction vessels
(58). The first step in the proposed process (58) could be conducted in the first of a
two-stage fluidized bed reactor. Only panial fluorination of the pure anorthite feed is
completed in this step because the input reactant gas stream is Fp-"lean” since the
purpose of this first step is to scrub excess fluorine from the product ‘gas of the second
szagcbyusingthcsecondstagcpmductgasastheﬁrstszagcfecdgas:

Fresh fluorine (in excess) is fed into the bottom of the second stage where it reacts
with the solids from the second stage:

Theproductgasfromth.isrea.ctorispassedthmughabedofNaFtomboutmc
SiF 4 gas:
48

2 SiF4(g) +4 NaF g = 2 Na,SiF¢ e)

The sodium silicofluoride is separated and reduced by sodium metal to silicon and sodium
fluoride at above 992°C (NaF meiting point):

2 Na,SiFg +8 Na(s) =2 Si(s) +12 NaFa) 3)
The NaF is scparated, a third recycled to step 2 while the remainder is routed to the
electrolysis cell (step 8). The fluorination reactor residual solids/liquids are also reduced
by sodiurn metal at 992°C:
Sodium fluoride is separated and transferred to the electrolysis cell (step 8) while fluorite
(CaF2 melting point = 1,330°C) reacts with sodium monoxide (mp = 1,275°C, sublimes) at
high temperature by the following reaction:

CaF2+N320=CaO+2NaF . 3
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Solid-solid reactions are typically slow (mass diffusion rate limited), therefore this reaction
may require temperatures mn excess of 1,275°C to proceed. The sodium fluoride product
isu'ansfcnedtotheclectrolysis.ccllwhilcCaOcanbcuscgltosc:mbgheﬁnalmof
F, from the oxygen product if required by oxygen propellant purity specifications:

Sodium monoxide for step 5 is produced by oxidation of sodium:
2Na+1/220,=Na,0 7

The sodium fluoride generated in steps 3-5 is electrolyzed to yield Na and F, for recycling:
16 NaFa) + electricity = 16 Naq o o) + 8 cms) 8

Burt(SS)mggwtsﬂ:atthiscellcanopcratenM'C(thcmeltingpoimofNaF)ora:
lower temperatures if CaF is added to form a binary mixture (down to 818°C) or temary -
mixtures of NaF, CaF,, andzLi.F (down to 615°C).

Pros and Cons

Thcmajoradvantagewithﬂuorhecxmcﬁonisthathwonkswidlaﬂlmmoxid&c.
However, the recovery of fluorine is a complicated operation requiring several processing
steps. Fluorine recovery is absolutely essential becanse 2.375 tons of fluorine are 1
for each ton of oxygen produced (58).

Advantages:

. Fluorine reacts rapidly with all lunar oxides above 500°C (58), thus promising less
mining and solids handling than processes that reduce only selected oxides. Nickel
or steel process vessels can safely contain fluorine below 500°C (58).

. Oxygen is liberated directly as a concequence of the fluorine exchange reaction,
unlike thermochemical reduction processes which require splitting off oxygen that is
chemically bonded to the reductant (Le. HZO' CO, C02, etc.).

. Relatively purified aluminum, silicon, and CaO arc byproducts from the fluorine
recovery processing.

Disadvantages:

. The proposed fluorine exchange process is complicated and will require eight reactor
vessels (58) not including other major process units to perform component separations.
The complexity is due to the difficalty of fluorine recovery for recycling. Many
steps are required, each involving separamte process units since they operate at
different processing conditions or handle separate chemical species. Some are
likely to be energy intensive since they operate at elevated temperature (to 1,200°C+
in some cases) or require electric energy for electrolysis. However, estimates of
process mass and energy requirements are not known for comparison purposes.

Thcveryrcasonthaxﬂuorhxemcﬁonisamcﬁnleadstoﬂxedifﬁcdtyof
scparating and recovering fluorine. Burt proposed scparating anorthite from buik
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lunar soil or rock, to avoid the complications of separating a multicomponent (6 or
more) mixture of metal fluorides. Processing anorthite only will obviously require
additional mining for a given oxygen production rate over using bulk lunar soil, as
well as requiring anorthite beneficianon equipment. The additional mining and
beneficiation adds mass to the process. Although the effort to reduce processing
complexity is needed, the suggeston (58) for extracting oxygen from a concentrated
anorthite feed effectively negates the sdvantage of using fluorine extraction in the
first place. However, since anorthite is more common in lunar soils than ilmenite,
particularily in highland regions, less soil would be required per oxygen unit than
an ilmenite reduction scheme. Highland soils contzin 40-60 percemt by volume
anorthositic components, with up to 90 percent of this anorthite that is available
without further grinding or liberation (2, pp.246-247). Available ilmenite concentration,
o; th2c4 9othe:r hand, is only 5-9 volume percent of high-titanium mare region soils
(2, p.249).

. Considerable technology development, including laboratory bench scale smdy of
the chemistry of some process steps, is required (58). In particular, the NaF electrol-
ysis step represents unproven techmology (58). Development of a fluorine corrosion
resistant electrode material, such as lanthanide-doped fluorite, CaF, is suggested (58).

. Although oxygen is produced directly by fluorine exchange, it must be separated
from another gaseous product of complete finorination, SiF,. Trace fluorine should
be scrubbed from the product oxygen to levels that will avoid corrosion in space

vehicle propulsion systems.

A similar process is possible using chlorine (Cl,) gas exchange instead of fluorine. This
halide, however, will only react with iron oxide (such as in ilmenit) and chlorine is
difficult to recover for recycling (16, p.220).

4.1.7 Hydrofluoric Acid Leach

Waldron, et al. (18, 59-60) has proposed an acid leach process that depends on the corrosive
nature of hydrofluoric acid, HF, to dissolve and react with raw lmnar soil forming mixed
metal fluorides and water. A series of acid leach reactors would operate in batch mode
at 110°C (60, pJ-160) producing steam and SiF4 vapor, and precipitate metal fluorides.
SiF4 must be separated from the water vapor before producing oxygen/ydrogen.
Fluorine and HF are recovered from the metal fluorides in a complex procedure with
multiple unit operations involving high temperature hydrolysis (1.000°C+), electrolysis, ion
exchange, distillation, centrifuges, and drying steps. A process schematic and major
reactions are given in Figure 4-6. Other leachants are mentioned as possible alternatives
to HF including mixed hydrofluoric/sulfuric acid (HF/H,SO,) solution and molten ammonium
salts: NH,FHF, (NHy)4SiFg, or (NHy),TiFg (59, pp?90—&1), but they tend to increase the
complexity of the scparations over just I-ﬁ=

Pros and Cons

Advantages:

. Al lunar oxides can be fluorinated at low temperamures in aqueous acid solution.
Thus,fcwcrraw_lnnarﬁnsmreqnimdperunhoxygmprodnctthmamacﬁon
utilizing only specific lunar minerals.
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As a consequence of recovering fluorine for recycle, various metals can be produced,
particularty aluminum, iron, and silicon.

Most of the process chemistry has been investigated in the laboratory, and 75% of
the process steps have been conduncted in a "comparable” or "equivalent” pilot- or
commercial-scale terrestrial process (18, p.126).

Disadvantages:

The acid leach reactors and possibly some downstream equipment (centrifuges) are
opcra!edinaba:chmodeunaBOmimteleachcyclcmakingautomaﬁonmorcdifﬁcult
and losing production at either end of each cycle.

Additional process chemistry investigations are required to verify that the process
is workable. In particular, separation and purification of the fluoro compounds for
later processing to recover flmorine requires additional investigation and testing
(18, p.125). Many processes are available to recover HF involving ion-exchange
and electrolytic steps, but they all require multiple steps, many pieces of equipment,
and greater electric energy consumption than simple water electrolysis.

The application of a large number of different unit operations (HF acid leach tanks,
hydrolyzers, strippers, distillation columns, ion-exchange beds, crystallizers, centrifuges,
dryers, molten sodium hydroxide electrolysis cells, etc.) to the lunar environment will
require grearer design, development, test, and evaluation (DDT&E) costs than processes
that require fewer (albeit larger) umit operations. A major effort to reduce the
complexity of this process is needed.

Columns using ion exchange resins have been proposed (18, p.124; 60, p.II-163,165)
for several reaction steps (e.g., converting sodium fluoride, NaF, to sodium hydroxide,
NaOH). At least two columns are required for each ion-exchange application.
While one bed is on a separation cycle, the other is om a regeneration cycle.
Systems to recycle regeneration solution must be provided In addition, the lifetime
of the exchange resins are typically limited to a few years (60, pII-49) with replace-
ment requiring a time consuming manual operation.

Alternatives to resins include ijon-exchange membranes which require much more
development work (60, p.II-99) and multistep, thermochemical techniques which are
energy intensive.

Reagm(asHF)lossrmafl.Skgpcrmmictonhlpmsoilfwdmmcd
(60, pJI-171). Energy-intensive exhanstive drying is required to reduce moisture
and HF contents in residual solids. '

Materials inert to HF (carbon brick, phenolic/graphite, or CaF, liners) and F, corrosion
must be used throughout much of the process. Lincrmzxﬂ'ia?lscompaﬁbﬂiryproblcms
with other process conditions (high temperature steam such as in hydrolyzers) and
with mechanical erosion are likely.

A modification of the Casmer cell used terresmially for electrolysis of molen
NaOH has been proposed that uses a diaphragm and vacuum drying of the anolyte
to remove water from the Castner cell and avoid hydrogen generation/handling (18,

p.124). Testing of this concept would be necessary.
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Figure 4-6. HF Acid Leach Process Schematic (Ref. 18)
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(12) MO 8i0; + (5 + ) HF = IMF, + HSiF; (sg) + 2 + 1) HiO
(2) SiF. (sq) + NH;O = SiF, (v) + eH:0(V)

(2s) HSiF; (aq) + nH;0 = SiF, (v) + HF (ag) + aH.O(v)

(3) (1-y) [SiF. (v) + 4,0 = Si (OH) + 4 HF]

(3a) (1~y) [SiF. {v) + BLO = SiO; + 4HF]

4 (Q=y'2) (xMF; + KO = MO + &HF)]

(5) y [SiF, + 4Na = Si + 4NaF]

(6) Y'[XMF; + 2XNa = M + 2XNiF]

() ZxMF, + 1SF (aq) = xMSiF; (ag)]

(8) z{xMS5iFy (ag) + 1H,O + elecwical ensTgy = 20, + M + xH,5iF,]
(8a) ZHxMSiF, (ag) + M'SO:R* = ZM'SiFs(aq) + IMSOR")
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(10) mNaOH + eiectrical energy = mNa + (mi4)0s + (m2)H:0

(11) (1-y) [Si (OH) = S0z + 2H.O)

Nou:R'-ion-exzhanp;n-ty-bhy’
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4.1.8 Direct Electrolytic Reduction

Experimental investigations (61) have established that molten basalt is conductive enough
to support electrolysis without fluxing agents. Oxygen is released at the anode and
molten iron at the cathode. Temperatures of 1,300°C or greater are required to maintain
the cell consttuents in a molten state. Higher temperatures increase the conductiviry
of the melt (61) and decrease melt viscosity (improving fluid transfer and processibility).
Direct electrolytic reduction of silica and alumina was suggested as a possibility requiring
additional study (61, p.3-6). A lunar magma electrolysis cell might be operated in a
continuous mode (at low feed rates) with resistance losses providing the thermal energy
i to melt solid feed A modification of industrial electric arc furmace startup
could be used to initiate and enlarge a molten pool in a cold furnace at the
beginning of a campaign (61). After forming a2 molten pool, the primary electrodes
would be activated, solid feed begun, and oxygen, liquid metal product, and slag contin-
nously withdrawn. However, in practice, operation may be limited to batch mode (64).

An experimental cell for molten basalt electrolysis studies (61) contained a molybdenum
anode (cmtralrod)mdcarhodei crucible) with a 1 cm wide annulus. A test at [,550°C
and current density of 1.25 A/cm“ (of the original anode) had greater than 95% electrolytic
efficiency with the remainder of the energy converted to heat due to resistance losses
in the cell (61). The approximately 15cmlongx0625c:ndmncterMoanodennmersed
in the melt was completely oxidized (to mainly molybdenum dioxide) ni 1.4 hr. The
conductivity of basalt was measured (61) at 1450‘C to be 0.43 [ohm-cn]™® (conductivity
follows arrhenius rule with conductivity at 1,200°C measured at 0.08 reciprocal ohm-cm).

The advantages of magma electrolysis are:

. No fluxing agents (e.g. NaOH, fluorides) are used to lower the melting terperarure,
reduction voltages, and viscosity of the oxides. Mass penalties are therefore not
mcurred to supply flux for the imitial charge and for makeup of process losses.
Also, the additional process equipment to recover and recycle the flux is avoided.

. Production of tron is possible although it will likely be alloyed with aluminum and
silicon. Regardless, additional processing will be necessary to convert the iron
into useful products.

. The number of process steps and equipment is low.
Disadvantages:

. Much more investigation is required to specify optimum process conditions, feed
rate, and feedstock. Continnous operarion may not be practical. Expected oxygen
extraction efficiency also needs further study before meaningful design parameters
can be specified. .

. At the high temperatures required for the process (1,500-1,700°C), anode oxidation
and corrosion problems are severe. Platinum was suggested as a possible anode material
although it was not tested and has potential meiting pomt probiems (Pt mp. 1,772°C)
especially during fumace temperammre transients (61). Other experimenters have
used platinum successfully (63, 64) although long term behavior and operation during
fomace upsets should be researched  If suitable corrosion-resistant refractory
anode materials cannot be found, sacrificial anodes such es graphite or SiC could
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be used. However, they would generate CO or CO, gas requiring subsequent processing
to liberate oxygen, as well as needing to be recycled or supplied from Earth.

The cathode also sustained comsiderable corrosion from molten iron during experimental
testing (61). A thermally stablized iron skull cathode emulating industrial experience
waspmposedasapossiblesolurion(thcslmllisasolidskinofh-onproductthat
forms around the cathode). Thismqnirasactivecoolingtosolidifyimnomothc
cathode material for protection. After thermal equilibrium is established, the cathode
would transition from molten iron in the imterior of the cell, to solid iron and
solid cathode. Of course, this solution will result in greater cell electrical energy
demands to makeup thermal losses.

. Oxygmgmcrmedmﬁumodawﬂlbediﬁcultmwmpletdyacpm&ommc
molten silicates under lunar graviry conditions (64). This will decrease cell productiviry.

4.19 Electrolytic Reduction of Oxide/Canstic Solution

This process uses molten sodium hydroxide (NaOH) at 400°C to dissolve oxides from bulk
Junar soil (16). The solution is electrolyzed to produce oxygen at the anode and sodium
at the cathode. Sodium will immediately reduce lunar oxides to produce Na,O and metals
which precipitats near the cathode. The process was proposed &8s a process.
Continuous operation is possible but will require separate units for the soiution of caustic
with lunar oxides and for the electrolysis step. A mixed canstic and solid products
would be withdrawn continuously from near the cathode of the reactor. Another unit
would be required to separate and recycle the canstic to the pre-electrolysis solution
tank.

Advantages:

.~ Oxygen yield is high since reduction of nearly all oxides appears possible (16, 17)
except for magnesium and calcium oxides (62).

. Metals production is possible but multiple steps would be required to separate the
mixed metal product.

.  Although requiring additional research, sodinm in lunar materials could conceivably
be used to makeup for process sodium losses.

Disadvantages:

- Nickel electrodes used on initial experimental investigations of the process were
consumed (16, p.221). Inert material alternatives are needed.

. Addirional work is required to develop a quantitative database of process conditions
and oxygen yield before meaningfal process design is possible.

.  Caustic recovery from reactor residual solids is another area requiring additional
research. Separation of the metals prodoct and electrolyte solution may reguire
centrifuges and dryers to minimize electrolyte loss resulting in significant equipment
mass penalties. Sodium must also be separated from the residual metals from the
electrolysis cell and reconstituted to canstic with water.
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. The long term performance of the electrolyzer cell requires additional investigation.
Gradual degradation of electrolytes may require continuous fresh electrolyte makeup
and mass/energy penalties for canstic recovery (20, p.7-51).

. Development of electrochemical strategies to avoid dendritic growth of metals
deposited at the cathode that could eventually short the cell are required (64),
otherwise cell lifetimes will be limited.

A possible process alternative is potassiom hydroxide (KOH) fiux (62). A NaOH basic
leach process was proposed that mses non-electrolytic, pyrochemical reduction routes for
the separation of oxygen and metals and recovery of caustic reagemt (18). However,
thisprmappeampmﬁcdm]ywmplcxwithmulﬁphncps(wmeatwnpcrnmwof
1,100°C) and the need for additional carbon reagents.

4.1.10 Reduction by Lithium or Sodinm .

An indirect electrochemical reduction of lunar oxides has been proposed (64, 65) that
uses lithium (or sodium) to reduce oxides to metal and Li,O, removing Li5O selectively,
and electrolytically separating it to lithium and oxygen. i process diagram is given in
Figure 4-7. Lithium will reduce FeO,TiOz. and SiO, via the general reaction,

2Li+MO=Li,0+M (where M = metals/oxides of Si, Fe, Ti)

but will not reduce Al,O5, CaO, or MgO (64). The reduction reaction would take place
berween liquid lithinm®“ (m.p. = 186°C) and either bulk lunar soil or mineral separates
(e.g. ilmenite). Reduction at 727°C for ilmenite was suggested (64). The expected reaction
products (metals, unreduced oxides, and Li,O) are all solids at reaction

which makes separating lithium oxide difficult. “Sublimation of Li,O under reduced pressure,
at 700°C and near-vacuum pressure of 0.02 mm Hg, was proposed (64). Using the readily
available lunar vacuum to maintain the reduced pressure is possible but would result in
some Li,O loss. After separation, the lithium oxide would be solidified, and fed into a
solid-staie electrolytic cell containing a molten ternary melt of LiF (66.3 mole percent),
LiCl (28.5 percent), and LiyO (5 percent) at approximately 900°C. The lithium oxide is
reduced in the electrolytic Cell while LiF and LiCl are required fluxing agents to reduce
the melt temperature (and viscosity) and permit high ionic conductivity. Liquid lithium
forms at the cathode (304 SS or FeSi,). After removal from the surface of the melt, it
would be recycled to the reduction reactor. Oxygen gas evolves at the anode. In exper-
imental testing (64), the anode was made of strontium doped lanthanum manganite
(Lag goSrg 1ogMnO3). A solid electrolyte, made of Ca0 or yttria stablized zirconia supported
on porous zirconia 6r alumina, is used.

Advantages:

. The process reduces silica as well as iron and ttanium oxides. Production of
oxygen would be essentially independent of the location of & lunar base site since
silicates predominate in all areas of the lunar surface. Typical lunar soils contain
40% or more SiO, (4). Less lunar soil per unit oxygen production is required over
processes reducing only iimenite or other specific mineral. '

. Iron, titanium, and silicon production is possible, but a separation strategy hes not
been developed to recover these elements from the mixed metal and oxides in the
lithium reactor’s solid residue.
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Disadvantages:

-

Lithium oxide recovery from the lithium reduction reactor’s solid product will be
difficult.  Sublimation of Li,O under reduced pressure may require an extensive
vacuum pump system if process losses using lunar vacuum are severe. Rescarch is
required to quantify Li,O recovery as a function of sublimation process conditions
(time, temperature, pressure). The gize of a Li,O vapor system at 0.02 mm Hg
(proposed in Ref. 64) is expected to be large. Resolidification of Li,O vapor will

ire energy for compression or active cooling in condensers incurfing a thermal
energy loss (that will need to be added later).

Long term Li,O electrolysis cell stability at operational temperatures (900°C) requires
o e e, Cells have been operated in excess of 125 hours ar 650°C (64).
Degradation of materials in the electrolysis cell melt will require LiF and LiCl
makeup to renew the fiux (20, p.7-51). Quantification of flux loss through degradation,
through entrainment in the lithium product strcam, or by other mechanisms is
needed.

Long-term anode, cathode, and cell corrosion at operational temperature and conditions
needs to be assessed. ‘

The sensitivity of the solid ceramic electrolyte material (yttria stablized zirconia)
to mechanical damage should be considered. The desire to minimize the thickness
of the solid electrolyte for lower resistance losses (64) may make the cells too
brittle to withstand launch loads or vibrations/mechanical cycling due to plant
operating conditions.

Figure 4-7. Indirect Electrochemical Reduction With Lithium (Ref. 64)

—— p— . ———

* hanwod IAllj]l[lll]xllllII]rIll4ll 11 L
L0 L1703 Clectrelytic Call/ /
reincroduced
inco ::1‘1.“ Clectricity Stevrage
Pustovelitaic
101 keal/moie DC Array
alectricity
lichiuve sEYgUN
starage sterage
I—— L -5}
breathing
Chenical Precass ~ Tetsl ssargy taput/esle of
Step Llithiuwe wsed Ln a coaplate
loaar oo [ —62.2 kcal/msle system Crele
for ilmenite &5 = 39.5 heal/wels
(M0) fer redwcCion |MD 11 == {L1e0)+ ]

_—
T
70 separstion (sublimstiom) taduced mutal

21 hkesl/esle for lumar sonscructisa assembliss

25



4.1.11 Reduction by Aluminum

Anorthite, concentrated from lunar highlands soils, can be reduced in a series of chermical
and electrochemical steps to produce oxygen, aluminum, and silicon as given in Figure
4-8 (66, 67). In the first step, anorthite is dissolved m a cryolitic melt (90%-100% cryolite
N A1F6 with remainder Can, AlF,, A1203, or BaF,) at approximately 1,000°C. Aluminum,
a& to the melt, reduces silica to :

3 (Ca0Aly05°2 Si0,) + 8 Al = 6 5i +3 CaO + 7 AlyO3

Excess aluminum is added to react with all available silica The silicon product forms
solid crystuals in the solution (67). At cryolite-alumina-silica solution concentrations of
more than 20% alumina, two solid phases (alumina and silicon) result (67, p.14). Cooling
the solution to 680-700°C, results in formation of solid silicon and an aluminum-silicon
cutectic (an Al-Si alloy remaining liquid to 577°C) containing about 12.6% silicon (66,
67). 'h seems necessary, therefore, that filtration of the reaction solution using centrifuges,
hydrocones, or other liquid/solid separators to remove solid silicon crystals must be
performed between 700-1,000°C to separate silicon cleanly. Reactor alumina concentration
must also be controlled below 20% to avoid alumina precipitation and loss of alumina
(and aluminum reagent) in the solid silicon stream. The above reaction is apparently
complete after approximately 1 hour (67). Therefore, a stirred-tank reactor large enough
to allow a residence time of at least an hour is required, otherwise the reactor will
necessarily be operated in batch mode.

After silicon is completely removed, the cryolite solution with CaO, alumina, and unreacted
aluminum is pumped to a electrolysis cell where slumina is reduced. This step of the
pmcmisbasedonmadvmcedﬂnmmmnpmducﬁonpmcwssdﬂmdcrdevdopmcmby
the Department of Energy (66, 67 p.41). A major goal is the development of anmodes
inert to high-temperature oxidizing conditions by application of cermet materials (cermets
are ceramic/metallic composites, such as zirconia/nickle activated by Lanthanum-doped
cerium oxide). The products of the electrolysis step are oxygen cvolved at the anode, and
aluminum produced at the cathode which sinks and is collected from the bottom of the
cell. This step may be difficult to perform in a continnous mode. For 1,000 mt/year of
oxygen, 1.4 MW electric power is estimated to be required (66).

A major portion of the remaining CaO in the residual electrolyte solution must be removed
prior to recycling the cryolite back to the aluminum reduction reactor. Alternative
approaches include electrolytic reduction of CaO in another electrolysis cell, CaO separation
from cryolite, or formation and removal as calcium aluminate, CaO'AI203.

Advantages:
. The first step of the process, reduction of anorthite by aluminum, has been demon-
strated experimentally (66, 67). Quantitative yields and optimum operating conditions
. Production of silicon and aluminum is possible.
Disadvantages:
«  Beneficiation equipment is required to separate enorthite from anorthisitic materials
(e.g. soils in highland regions).
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Clean separations of silicon require careful control of the alumina content of the
aluminum reduction reactor and exit stream temperature. High temperature (700-
1000°C) solid/liquid filter equipment will be required.

. The alumina electrolytic reduction process using inert cermet anodes is still under
development.

. Recovery of cryolite flux is difficult and expensive in terms of potentially large
alties in electrical energy and equipment mass. A suitable strategy to scparate
CaO from the electrolyte melt has not been developed.

Figure 4-8. Step Wise Reduction of Anorthite to Produce Si, Al, and Oxygen (Ref. 66)
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4.1.12 Vapor-Phase Reduction

Vapor-phase reduction refers to the property that vaporized oxides will partially dissociate
into monoxides and oxygen which can subsequently be collected upon cooling. The process
conccptthﬂhasbemthcomdcaﬂysmdiedto—dmeisﬂlumadinﬁgm#9(68). Lunar
oxide fines are heated to 3,000°K by solar concentrators or induction heaters. The
equﬂa’bﬁmprmeofmcvaporizedoxidwatS,OOO'KisO.ZGazmassumingﬂ:att.hc
feedstock oxides comsist of 15 wt.% Al,03, 50 wt.% SiO,, 10 wt.% TiO,, 23 w1.% FeO
(68). The oxides at these elevated temperatures arc redtzlced to a lower oxidation state
and approximately 20 wt.% of the inlet feed is released as oxygen. Since FeO does not
dissociate,itissuggestedtha:bcncﬁciaﬁonoffeedtoranovetheFeOcontcmofthc
soil would increase oxygen yield (68). Rapid cooling of the vapor is a key process

i to remove the reduced oxides before they recombine with oxygen. Figure
4-9 shows the oxygen stored in a balloon a 10 mm Hg. However, just 1 mt of oxygen
at 0°C and 10 mm Hg would fill a 48 m diameter balloon. Compression and liquefaction
of the oxygen product is probably more viabie. At 20% oxygen yield, energy requirements
for the process were estimated as 35.5 MW-hr/mt oxygen produced, including 25.5 MW-
hr/mt O, for vaporization of the feed material and 10 MW-hr/mt O, for operating cooling/-
condensing equipment (68). At 24% yield (resultng from removing the FeO content in
the feed in & beneficiation step), energy requirements were estimated as 29.6 MW-hr/mt
O for feed vaporization and product separation (energy for mining, beneficiation, oxygen
liquefaction, etc. was not imncluded).

Advantages:

. Bulk lunar soil serves as process feedstock. However, higher oxygen yields are
expected(ZA%)iftthcOcontunofﬂ:csoilisdiscardedpﬁorwvapoﬁzaﬁonbccansc
FeO remains essentially unreduced at process temperatures.

. ThcprmdosnotrequircasupplyofreagmtsﬁomEanh.
Disadvantages:

. It is an energy intensive process. Extreme temperatures (3,000°K) are required.
Containment materials problems will be severe.

. All smdies of the concept have been analytical/theoretical. No laboratory-scale
process demonstrations have been performed. Recombination of the dissociated
constituents back into their original oxides may be a severe problem. Removal of
reduced oxides from condenser surfaces may not be difficult. Long-term fouling of
condenser surfaces will lower process oxygen production efficiency because the
longer penods of time before condensation occurs will allow oxide recombination
rates to increase.

. Low process pressures require large equipment volumes (and mass) for a given
oxygen production rate.

. No terrestrial analogs for the process exist. Operational lessons leamed from practical
experience is not available.



4.1.13 Ion Separation

If lunar oxides are heated to even higher temperatures (7,000-10,000°K) than in vapor-phase
reduction, the oxide dissociation products are ionized, although the extent of ionization
differs depending on elemental species. At 8,000°K, over 90% of the metallic dissociation
products (Fe, Ti, Al, Mg) and 25% of the silicon are ionized, while ionization occurs in
only 1% of the oxygen (68). At 10,000°K, oxygen ionization increases to 2.6%, while
799, of the silicon ionizes and metals ionization approaches 100%. This "ionization gap”
forms the basis of the vapor-ion separation process which extracts highly ionized metals
by electrostatic or clectromagnetic fields while essentially peutral oxygen continues to
flow downstream for recovery (Figure 4-10). Based on a soil feedstock content given in
Section 4.1.12, theoretical oxygen yields of 28 wt.% of the feedstock at 8,000°K (and 37%
metals) and 38 wt.% oxygen at 10,000K (51% metals) were caiculated (68). Energy
requircments were estimated as 34.5 MW-hr/mt oxygen produced including 33 MW-hr/mt
O, for heating the oxides to 10,000°K and 1.5 MW-hr/mt 02 for electrostatic separation
of the charged metal ions (68).

Advantages: _

. Higher oxygen yield than the vapor reduction scheme.

. Independance from Earth-supplied reagents.

Disadvantages:

. The concept represents theoretical efforts not substantiated by experimental work.

. The high temperarures will present extreme materials problems.

. Condensers to remove non-ionized metals and silicon (28% of the feed silicon is
pot ionized at 10,000°K - Ref.68) will be required to produce purc oxygen. Condenser
ffagquukcmenmwmnmhdudedin&npmcessmgyesﬁmmminﬁm

. Separation of condensed metals and oxides from electrostatic and condenser elements
will be difficult.

29



Figure 4-9. Vapor-Phase Reducton Process Schematic (Ref. 68)
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Figure 4-10. Ion Separation Process Concept (Ref. 68)
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4.2 Selection Criteria and Application
Several possible ways to compare the alternative oxygen production processes are:

Life-cycle lunar base program savings for the production plant.

Life-cycle cost per unit oxygen produced.

Technology readiness, process reliability, manpower requirements, maintainability, safety.
Plant mass, power, manpower, volume, and other plant physical characteristics.

Life-Cycle Savi

Thiscompadsonisbmdmﬂ:cdiﬁmbemmmingsmhnmhcomfmdcﬁvay
of propellant to the lunar surface without oxygen production and the cost of developing,
transporting, and operating the process. Savings in launch costs will depend on the
type/costs of Earth laonch and orbital transfer vehicles. The basing mode for the lunar
landcr(whcthcra:SpaceStaﬁon,inlowlnnarorbit,oronthclunarmxface)wﬂlalso
influence launch cost savings. Because certain processes produce byproducts which
could be made into useful stuctural elements, the costs and program savings for using

available byproducts should also be factored into life-cycie savings. -
Life-Cycle Costs

Considering only the cost side of the life-cycle savings equation, alternative Processes
cmbeass&ssedbasedonthcavcrag:wstpernnhoxygcnpmducedwathepmc&cs
lifetime. Life-cycle costs wouid include design, development, test, and evaluation (DDT&E),
transportation, setup, operation, resupply, and maintenance costs. DDT&E depends on
the technology readiness, complexity, and mumber and size of the process unitzs. Operation
cost for a process depends on the efficiency and productivity of the process (continuous
versus batch mode), mining requirements, the extent of automation, and other factors, but
basically is determined by process manpower requirements. Resupply costs reflect the
transponation costs incurred for reagents required to makeup process losses. Maintenance

the amount of rotating machinery, the severity of process conditions, and the extent of

corrosion and wear. Trades are possible, for instance between higher DDT&E costs to

incorporate more automation and reduced manpower requirements/operations  COStS.

Life-cycle costs are, of course, related to process equipment lifetime which depends on

many of the same factors: process severity, corrosion and wear, etc., but glso on the

:dpmditpre level during the DDT&E phase, as well as costs incurred for maintenance
repair.

Technology Readiness and other factors

The various processes can be compared on the basis of the laboratory and bench scale
research necessary to prove the process is viable. Technology that exists or will likely
exist prior to delivery (circa 2000-2005) shouid also be accounted for. Other factors (safety,
mﬁabﬂiry,mahminabﬂity)mdwknponamindauminingifapmmwmpcrformas
expected in the lunar environment.
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Process Mass and Power

A basic component of the required data, process mass and power, is difficult to attain
from literature on a consistent basis for comparison purposes, as given in Table 4-1. In
some cases, such as vapor-phase redunction and ion scparation, adequate data is not yet
available to produce a plamt design for meaningful f mass estimates. In other
cases, process mass and power estumates may not include mining, beneficiation, complete
processing, oxygen liquefaction and storage, or power system estimates. Table 4-2 lists
the efficiency of each process in terms of the ratio of process mass and energy to
anmnal oxygen production based on the data in Table 4-1. Becanse these ratios should
decrease (efficiency increases) as plant capacity increases, comparison of the processes
is pot valid (even if the original mass estimates included the same equipment systems)
unless oxygen production rates are nearly equivalent.

Formisuudy.mopmmsamﬂmmwmcoﬁs&dcmdofovcrﬁdinghnpomccfor
successful development of lunar oxygen production: 1) reliability and 2) efficiency.

Reliability can be attributed to process visbility, simplicity, and maintamability. Although
many other factors are involved, .each of the reliability amibutes was defined by a
basic process characteristic:  visbility is defined by the techmology readiness of the
process, simplicity by the mumber of process steps (the more process steps, the more
quip:mmmquh&md&egﬂulﬂcdihoodofabmakdawnwmcwhuuhdmchah),
and maintainability by the severity of processing conditions (the higher the temperature
or more corrosive the conditions, the more likely equipment lifetime will be limited). Process
efficiency is defined by the plant mass, power, and consumables consumption I

for a given production rate. Becanse consistent values for these are not available to
msake a realistic comparison (see Tables 4-1 and 4-2), the same criterion defining process

simplicity-the number of process steps-was chosen.

All identified oxygen processes were rated by the 3 characteristics: technology readiness
(as applied to the overall process, not to the design of individual pieces of equipment),
number of major process steps, and severity of process conditions. As given in Table
4-3, the two top rated processes selected for conceptual design studies were hydrogen
reduction of ilmenite and solar wind hydrogen extraction with concurrent reduction of
ilmenite to produce oxygen.

'Ia:?; rationale for selecting hydrogen reduction of ilmenite was based on the comparison
on-

. The reduced complexity associated with this process when compared to the alternative
processes. Fewer process units will be required since oxygen can be produced and
hydrogen recovered in a single electrolysis step following reaction (only direct
electrolytic reduction of an oxide melt wonld require approximately the same number
of process units). Fewer units and interfaces translates into operational advantages
in terms of higher reliability and lower maintenance costs.

. The chemical reactions have been characterized well enough in the laboratory to
assign realistic bounds to expected oxygen yields as & function of process conditions.
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. Potential synergism for portions of a lunar oxygen production plant based on this
process and major components of a Martian atmospheric processor.

Solar wind hydrogen extraction was also selected based on:
. The high desirablity of combined oxygen and fue! production from lunar resources.
. Possibie synergisms between hydrogen extraction and oxygen production plants.

.  Potential production with low mass penalties of hot-pressed sintered ceramic products
as a byproduct of hydrogen extraction.

Of course, these selections were made with limited data and on minimal selection criteria.
Additional analytical and experimental study of these processes is warranted to bener
define the most appropriate lunar oxygen process.
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Table 4-1. Process Mass and Power Requirements as Reported in Literarure

Feedstock Plaat Energy Req. _ Reactant
Erocen Q. Prod.  Requimenn Mag(mt} Tom Blecmica! Ihsooal  Requircments Refl.
1- 10 mt 662 mt 153 s08MWh 432MWh 765MWh  0O0lmt pe)
1-B. 9 mymonth 365 miimooth - 0.5 MW OI5SMW  05MW 16
1C. 1000 miyr 160000 miyr 400 mel) S5 MW 10.14.65
1-D 190 mfime, 2030wt 49ml®  EMW 20
15) P o 19

1-E 1.82 my/day 54510 mt

ohim B, :
1;.((5‘,)) 293 miyr 4000 mifyr o 1196mt  L68MW 21
1-G. 2 mtfmonth 370 mumonth(s)  24.7mt  146kw 24 kg/yr 72

1000 meyr 327000 meArs) Smt  3O0MW 968 kg/yr n
2.¢ Rednction
2410 10 mt 292.4 mt 12 e 211.7 MWh 432 MWk 1685 MWh 5.1 miCH, 22
2-8315) 9 mt/month 29.7 mtfmonth - 136 MW 026 MW 11MW 16
2C. 1000 mtfyr 100,000 mtyr 1046 mt 2.4 MW . 30
3. Solwr Wind Hydrogen Extraction
A I3kgH, 242m (o 2
g 1mt 13582 mt 4

534kfH Ol mt
}Dt(llg)) P myrH, 9600mdsy  SS6mt  1LIMW  3IMW  S0MW 73
3-E 2 mi/mon. 229.4hnu'mm. 60 mt 1.7 MW 2
4. Hydrogen Sulfide Redoction
cA 9 mmonth 162 mthmoath - 125MW  0ISMW  L1MW 16
Notes:

{1 Mm&?ov:qm estimates for 1-A incinde resctor aad water clectrolysis units only.

2 ©¢31lm ired if no recovery, 95% recovery assmmned (22).

(3) Plant & pbwer system incloded in process mass estimare for 1-C Power system 45% of total mass Feedstock calculated
by 10 acre x 2 m X 2 mt/m*3 (from Ref.10).

4) m-&pvceﬁnmwlﬁmmmmmmw&mm
and thermal systems, and habitar for crew

) ;

raes for 1-E & 50% duty cycle (thns, scmal production is giveo rme * 05 * time period). Mam
MMNMMMQMW&W(MgWNM) )

(6) Lowest mass ilmenite reduction scheme in Ref.2] that uses mobile miner/electrosmtic separation bepeficistion equipment
G4)ndmd_4000htﬁrpmdncﬁm(46§dntycydec73hﬂh0 prodoction rate). ) )

() Resins from this repant (Section 6). Pliot plat (2 mymonth Production) based an solar photovoltaic/egenarative
Meﬂmmdﬂimﬂm@ym&ndh&dﬁmmmﬁqm-

&

morage, power and thermal sysems Prodoction plant (1000 mt O ) based on nuclear power and %% dury
cycle, mnd inciodes mas/power estimates for mining, beneficiation, powa aod thermal
8) mum&%mmmmem
(%) High-Ti soil (nare region) feed, 90% dnty cycis, noclesr power rystem.
{10) Basd oo reducticn of pyroxeoe 0,) by methane. 10 mt silmne (SiH,) aod 435 mt silicone byproducts also
)mdphMUbEdmumm:mmdedlﬁ%mm)

E?(ﬂ).m(ai

(1) on rednction by metharte of bulk lnnar axides.

(12) Radoction of dmenite by carbonacecus reductanty (methane ar coke). 3630 m! of iron (meel) byprodnct also prodoced
(30). Estimses bassd oo muciesr power mnd 90% process dury cycle. Mam includes mining, bepeficiation, process
md powar (60% of wnl mam) sysaps. Process power ostimme does not inclede mining or bencficiation power

requirements.

(13) Aming100ppl:nl-linbulknil.N.%dﬂh-mmnimwﬂ'yofﬂuponhuﬁngméﬂO'C,ZSwL%
of fines in -20pm fraction, 3,124 tons of concantrate heated yielding 73.6% of the hydrogen (41).

(14) Basis is coocentrste of -20um fraction soil, enhanced 10x in H over buik s0il, hested o 1000°C generating 3.34 kg
water, cocresponding to 0.60 kg nd4.74t‘&(46).

(15) Used "90% certainity” (kom ﬁ)wluﬁnnbdsdm@;ﬂ&nlbjﬁmbn&hmnnﬂ

by heating to 700°C ing 50% of conmined hydrogen, solar besting in vacunm to "C mt of solw hesters)

@ 70% mlar beating efficiency, induction-beating from 500 to 700°C @ 90% electric affickency (300 mt of soisr-electric
6 and.‘!!mufm: ). food w/ 50

12 mt 2m O month, Buolk knar soil w/ hydrogen, 30% of hydrogen recovered

] cm%%@uwwm&hmwmvﬁd



Table 4-1 (Cont). Process Mass and Power Requirements as Reported in Literature

Feedstock Plant Enegy Req. Reactant
sza Q,Prod  Begquircment Mom(mt Towl Elecwical Thomal — Beguicments Ref.
5““(18 10mt 233 mt 1245m: 1254 MWh 432 MWh 822MWh STmtCl, 2
5309 10 mt 238 mt 134m 1623 MWh 786 MWh 837MWh 26 CD 7
6. Flnorine Exchange
A'(19 9 mt/month 22.5 mt/month - 105MW 025MW 08 MW 16
6819 182 34.7-50 mt 19
0.91 mt/day 20.9-34.2 mt 19
0.012 mt/day 0.204-0.425 mt 19
7. HF Acid Leach
7-Am) 10 mt 23.6 mt 285 mt 699MWh 432MWh 267MWh 275 mtHF 2
7-8.(21) 16 mt §73m 1173 mt  249.7 MWh 119.8 MWh 129.9 MWh 165 mt HF 2
. 10mt 602 mt 1593mt 2032 MWh 964 MWh 106.8 MWh 14.4 mt HF, 2
@ 0.5 mt Cs0Q, 0.1 mt Si
7-D. 10570 mt/yr 30,000 mt/yr 20 mt 30 MW 30 mtfyr 18,71
7-E 293 mtyr 1440 mtfyx 86.6 mt 2.68 MW al
8. Magma (Direct) Electrolysis
B-A(23) 10m: 1325 ot 0.98 mt 1556 MWh 929 MWh 62.7 MWh n
9. EmﬂymkodncﬁonomesucSoluﬁon
9 mi/month  21.6 mt/month - 085 MW O035MW OSMW 16
10. Reduction with Lithiom
10-A.(24) 1000 mtAyr 31,645 mifyr - 30MW 64
11. Rednction with Almminum
11-A.(25) 1000 mt/yr 14 MW 66
12,V Phase Reduction
12-A.(26) 10 mt 242 mt 15 me 3 MWh/mt O =
12-B. 1mt S mt 29.6MWh 10.4 MWh 192 MWh 68
13. Ion Separstion
13-A.2T) 10mt 42 me 15 mt 44 MWh/mt 2
13-B.(28) 10mt 242 mt 15 mt 96 MWh/mt 2
13-C. lmt 2.6mt 345 MWh 68
{amn required: 95.8 mt R&m with 40% recovered, 16.3 mt C with 100% recovered.
(18) lJmA.llhn ﬁhﬂ. nsmw1zﬁm1ﬁucm1mw
(19)Allprodn=ﬂmrlufu6—!¢ :udpodncﬂmhmt"ﬂj‘&nepmod).um
mh-ndmbueﬁnm sorage, power & thermal (mining ‘mining systens not incinded).
(20) 5.9 mt Al also prodoced. nsmm-'@m md 262 mt NaOH @ 100% recovery.
@n 4'7m!A1adz.35mMglln mﬁmﬂFGSS%muylsszsOH@lm
recavery, 5.42 mt Ca0 @ 90% recovery, 1.35::::5:@ N%my
(22) Anorthosite feedstock basclined (18,71). Assumed products CaO and 90% yield from other oxides. Plant mass incindes
MthmmhmumfcnﬁmnAMmfam (no mining, water electroi-
Leoefaction or storage incinded). The process 336 mt of wuter, HF, and NaOH reageats
(Rafn?wm-emm;. startup campaign and Na brought from Earth (66 mt of Earth
reagents d in Ref,71). SOmVyrdmgmtmahupnemmdlhlmad(Rdﬂ).
(23) Assumnes feedstock and includes only magma electmolysis cell in mess estimae (22). Power estimate only
mchdumqmumhﬂfudbnw'xnd&mmy(nodﬁmdumm&d)
{24) Iimenit feedsock basis  Electrical requirements inciude only Omtyn:ceﬂ(ZGMW)mdLZOq:mm
(035 MW) enexgy requiraments (no mining, Oxygen ar Liqu
(ZS)SNmSIMSOOthMFM Mdﬂotyunﬂnpowuedmﬂ:(notmlndedumfor
mining, Al rednction reactor, calcimm electrotysis, oxyges liquefaction, and other process requirements).
(26) Mg, Fe. sad Al byproducts also. Process facility mass was not caiculated, estimate only (22).
27y Mg, Fe Al Masm estimated ot calculated. Jon scparation based on electrostatic methods.
(28) Mg, Fe, Al byproducts, Mass estimated not calcuised. Jon separstion based on electromagnetic methods.
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Table 4-2. Process Mass and Power Ratios (Derived from Data in Table 4-1)

Feedstock Plant Mass Energy Annual Resupply
O, Prod. P2 B, Prod. B, Prod 0. Prodomioo
Bocem UMD @mt0) @m0 v (fAnt 0,1
1. H‘Z Raduction of Imenite
1A. 1207 66.2 0.015 0.58 0.001
1B. 108 40.6 - 6.0
1c. 1000 160 0.40 50
1D. 1800 135 024 13
1E 332 0.11-0.15
166 0.13-0.21
22 013026
1F. 293 150, 0.41 57
1G. 24 13655) 1.03 6.1 0.001
1000 377 023 30 0.001
2. Carbothermal Redoction '
2A. 1207 292 0.10 24 0.043
28 108 33 . 126
2C. 1000 100 0.10 24
3. Solwr Wind Hydrogen Extraction
A 2 18.600 mt/mt
3B. ? 13,600 me/mt
3C. NA 1,670 mt/mt
210 mt/mt
3D. 83 mtfyr 21,100 mymt H? 6.7 mt-yr/mt H 140 kew-yrfmt L 13,
3E 24 mtiyr - 14,700 mt/mt 5 2.5 mt-yr/mt 5 T2 kw-yr/mt 2(3)
lttml.fyﬂl2 25.&!)01::&/::1:1:!2 43 m—yrjmzﬂz luh-yﬂ:mﬂz
4.1 Redoction
4A. 108 13 . 115
5. Carbochlorination
3A 1207 238 0.10 14 0.48
3B 1207 233 0.11 1.9 0.2
6. Finarine Exchange '
6A 108 2.5 . 9.7
6B. 332 0.10-0.15
166 0.13-021
22 0.09-0.19
7. HE Acid Loach
IA 1207 24 0.024 0s 023
7B. 1207 8.7 0.10 29 0.14
7C. 1207 6.0 0.13 23 0.13
. 10,570 28 0.021 23 0.003
IE 293 49 0.30 18
8. Magma (Direct) Electrolysis
gA 1207 1328 0.008 18
9. Electrolytic Reduction of Canstic Sobation
9A. 108 2.4 . 79
10. Redoction with Lithizm
104 1000 316 . 30

Notes:

(1) Forpilot plant at 45% duty cycle, PV/RFC power.

2) hmﬁﬁmummm&mm. )

(3) 3Epowe on 50%+75% beat recovery, 500 kw-yr/mt O., without axy best recovery.
(4) 3E power based on 50%-+75% heat recovery, 857 tw-ynf?xﬁ withoot sy heat recovery.



Table 4-2 (Cont). Process Mass and Power Ratios (Derived from Data in Table 4-1)

0., Prod.
Process (W)
1}. Rednction with Almmisam
11A 1000
12. Vpor Phase Redoction
12A. 1207
12B. -
13. Ion Separstion
13A. 12,
13B. 1207
13C -

Feedstock
per 02
Prod
(mtmpQ-)

Plant Mass

0. Prod
(- vomt ©O,).

0.13

0.13
0.13
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Energy Annual Resupply
p Reactants

Oi Prod. per OE Prod.

14

04

34

05

1.1
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Table 4-3. Process Comparison

Process Conditions
Technoloy Readiness Number of Majar  (Hi-Temp. &/or
1 = No Major Unknowns/ Processing Sieps  Hi-Coorosion)
Tech Requirements | = Few (1-2) 1=Low
2 = Some Unknownas 2 = Severnl (3-5) 2= Moderae
Broces 3= Major Tech Req,  3=May &J)  J=Sevge Copments

1. H, Reda of Im. 1 1 2 Chemistry well known, high-temperaure

2. Carbothermal 1 2 3 © Chemismry reiatively well known, process
voits extension of Ewth sechnology.
Carbon recovery requires severmal acps.
Proposed processes invelve molien oxides.

S.Plzﬂnrl::ion 1 2 2 Hydrogen relesse well stodied. Unknowns
oo extent of mechmically released &
waorks in favor of process. Same pum
of process units &= #1, but 2 mating given
gince reactory are large snd energy require-
~ meats are high.

4.]-!288.::!:&@ 3 2 ' 2 Research required into tharmal decomposition
of metal mlfides (a major process sep).
3 meps: Red'n, water electrolysis, and suifide
decomposition. Reduction is jow temperafure,
but decomposition is likely to require
high temps.

5. Carbochlorination 2 3 3 Mare research, especially for aluminuom
clectrolysis sep, is required 6 major

‘ mepe: reactor, (3) saged condeowerz, Al
decrrolysis, ceaifuges, bydrolysis  snd

call 1 COITOE Ve,

6. F, Exchange 2 3 3 Several process mcps require  additional
resesrch. Procoss compiex (8 seps).
Onc =mep may rxuire (=mperatmes
excess of 1200°C. Most meps in hot
fincride commosive environment.

7. HF Leach 2 3 3 Abthough major process chemisry has been
to yecover of fuarine/HF is required. This
hmmﬁdmwfn
wxms of the n aod vaniety of different
chemical process onits i Although
the jeach mep is = semperature,

scveral  separation  steps fre  high-
wnpasmre  (>1000°C) hym‘;rm xEpL.
Hot acid envircoment.

8. Magma Electrolyzis 3 1 3 Anode and cathode materials problems require
9. Caastic Electrolysis 2 2 2 Cmstic muaumﬁhodl require  forther
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Table 4-3 (Cont). Process Comparison

Process Conditions
Technoioy Resdiness Number of Major  (Hi-Temp. &/or
1 = No Major Unknowns/ Processing Stieps Hi-Corrosion)
Tech. Requirements 1 = Few (1-2) 1=Low

2 = Some Unknowns 2=Severnt (3-5) 2 = Moderatr
Procem 3= Maior Tech. Req.

10.RednbyLiocrNa 3

11. Rodn w/ Al 3

12 Vapor Phase Redn 3

13. Joa Separstion 3

SUMMARX
Raok Prexxss

1 Redn of Timenite (#1)
2 E Extraction (#3)
4 (#2)

5-8 Li/Na Rednction (#10)

58 Vapar Phase Reduction (#12)
9-13 Carbochlorinstion (#5)

9-13 F, Exchange (#6)

9-13 HF Loach (F7)

9-13 Redn w/Al(#11)

9-13 lon Sepwration (#13)

L X B L N BRARNESENE. N RUP 5 E
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5.0 Process Feedstocks

The abundance of mincrals in typical lunar materials has been described in detail (2-5).
However, because the concentration of ilmenite and hydrogen in the process feedstocks
is an important parameter in sizing the two pilot plants described in this report, a brief
description of sources and relative abundances for jlmenite and hydrogen follow.

5.1 Ilmenite

There are two main sources of ilmenite (FeO'TiO,): high-titanium mare basalts and
mare soils (Tabie 5-1).

High-Ti Basalts

AsprwunedinTableS-Z,d:exichﬁtmmbasaltsfmmﬂ:eApollosamplmcontain
about 25 volume percent ilmenite (2) which corresponds to i y 33 weight
percent ilmenite (given a specific gravity for basalt of 3.4 and ilmenite S.G. of 4.5).
The element chemistry of the major minerals in high-Ti basalts, as given in Table 5-3,
shows that lunar ilmenites are mixtures of primarily ilmenite (FeTiO3) with small amounts
of geikielite (MgTiO4) and traces of minor elements.

Cmshingmdgﬁndingofthebasaltwﬂlbcnecmarytomlcascﬂmcnitcgainsformc
reaction step. The extent of grinding depends on the grain size of the basalt minerals.
The texture of the basalts vary with the cooling rate of the lava flow from coarse
grained with average crystal grain size of 1.0-5.0 mm (formed deeper m an extrusive
flow where cooling rates are siower), to medium grained with grains 0.5-1.0 mm, or fine
grained with grains 0.1-0.5 mm (75-77). The coarser grained rocks are generally more
friable (easier to break up). Ilmenite grain sizes of 2-3 mm have been reported (75,
78), but these are generally elongated lath- or plate-like structures (79). Typically, 0.5
mm is the maximum length in three-dimensions of equant ilmenite grains (80).

High-titanium basaltic bedrock can be found in quantity 2-5 m below the regolith in
mare regions (see Figure 5-1). Regions of the Moon containing high-Ti basalt have
been mapped from Earth-based spectral studies to 1 km resolution (3, p-3-18). Basalt
blocks fill impact craters that penetrate through the regolith and were ejected from the
crater to litter the surrounding landscape. Basalt mines could be located in or near
craters to collect the broken rock in these areas.

Mare Soils

Lunar regolith is also a potential lmenite source since it is already pulverized and easy
to mine. However, two thirds of the ilmenite in mare soils is incorporated in glassy
agglutinates and basaltic rock fragments, and can not be separated cleanly from other
minerals without additional grinding (2, p.249). The amount of ilmenite in bulk lunar soil
available for immediate separation by magnetic or electrostatic means (without grinding)
consists of relatively pure ilmenite mineral fragments liberated from lithic fragments.
As given in Table 5-4, the richest mare soil in Apollo samples contains about 9 volume
percent ilmenite mineral fragments (2, p.250), or —-12.7 weight percent (based on a 32
S.G. of soil from Ref, 6, p-26). Imenite contents in mare soil of 5 volume percent (7
wt.%), suggested as typical high values (3, p2-16 and p.4-2; 2, p.249), are used for design
purposes in this smudy. There tends to be a greater portion of ilmenite fragments at
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finer soil size fractions (see Table 5-5) because more ilmenite grains are liberated as
the soil particie size approaches the grain size of the mineral (2).

The average paricle size of most lunar soils is quite fine, ranging between 45 and 100 pm
(3, p.3-6). Table 5-6 lists the weight percents of a typical marure mare soil (Soil 10084).
More than a quarter of the soil is less than 20 pm. Table 5-7 gives the chemical composition
of the major components for this soil. Note that iimenite does not account for all
16 wt.% FeO reported. Significant FeO is contained in pyroxenes, a mineral group consisting
of varying amounts of enstatite (MgSiO5), woilastonite (CaSiO,), and ferrosilite (FeSiO3),
and in olivine which is a solid solution of forsterite (Mg25i0 4 and%ayah'tc (FeQSiO 4).

52 Hydrogen

Hydrogen abundance in mature lunar soils typically ranges from 50-100 pg H/g soil as
given in Tables 5-8 and 5-9. A cubic mcterff mature lunar soil contains 100-200 grams
of hydrogen (for bulk soil density of 2 mt/m~). Mature lunar soils dominate most flatter
areas where a lunar base will likely be located. Mining sites should be located away
from young sharp rimmed craters.

Soil maturity influences hydrogen content because: 1) mature soil has been exposed to
the solar wind for a longer period of time, and 2) the average soil particle size becomes
finer in marure soils due to the longer period exposed to the comminutive effects of
micrometeoroid impacts, thus increasing the surface to volume ratio and hydrogen comtent
of the soil. Formation of aggiutinates, which increases with soil maturity and which
tends to increase the mean grain size of the soil, traps hydrogen containing particles
within the agglutinate assemblage. However, soil maturity and hydrogen content does
not smoothly increase at shallower depths into the regolith because local cratering can
throw out immature ejecta that covers a mamre soil layer. Thus, the lunar soil shows
definite layering in hydrogen content depending on the nearby cratering record. For
instance, an Apollo 17 deep core, taken 400 m SE of Camelot crater (~3500 m diameter),
contained soil with 60 pug H/g at 280 cmn deep while the surface concentration was less
than 30 pg H/g (40). Over 80 percent of the hydrogen is contained i soil partcles less
than 45pum (40).

For this study, due to mixing of regolith materials from meteorite impacts, an average
SOppmofsolarderivedhydrogcninbulklnnarsoilisassumedtommdtoadcpthof
several meters (3). Figure 5-2 summarizes data from JSC laboratories (39) for gas release
from soil samples heated at 6°C/minute. The average of this release data was used in
this study, although it may be conservative. Gibson, et al. (40) and Blanford, et al. (47)
mgg&ﬂma:forpmcﬁcﬂpurposescompletcrdeascmbeachievedbyWD'C,md
Carter (41) reports that about 80 percent of the hydrogen is released below 600°C (41).
The released gases contain water vapor formed by reduction of ilmenite with hydrogen,
the extent of which is temperature dependant as given in Figure 5-3.
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Table 5-1. Imenite Abundance in Lonar Materials (From Ref. 3, p.2-16)
Lonar Materjal Yol.% Iimenite Comments

Mare Basalt 0-25 High-Ti basaltic rocks typically contain
over 15% ilmenite while low-Ti basalts
contain less than 10%.

Sotl ' 0.5-5 Higher ilmenite contents occur in regions
with high ilmenite contents in local
rocks and low where local rocks are low.

Fragmental Breccias 2-12 In high-Ti mare regions, breccias contain
sbout 10% ilmenite, iIn low-Ti mare
regions about 4%, and in highland regions
about 1%.

Crystalline Breccias 1-2 ‘These rocks limited to highland regions.

Anorthositic Rocks trace Contains almost no ilmenite.

Table 5-2. Modal (Microscopically Identified) Imenite in Mare Basalts (Ref.2, p.248)

Modal Dmenite Modal Dmenite
Content Content
Smxple Yol Porcent Sapic Yol Parcent.
10003 14-18 1202 $-11
10017 14-24 12021 5.12
10044 6-12 12022 923
10045 7-11 12039 s8-10
10049 1617 12051 8-11
10072 1322 12063 8-10
Apollo 11 Mean 145 Apollo 12 Memn 10
15016 6 75055 12-20
15076 0.5 0215 13-37
15475 19 70035 15-24
15555 -5 70017 19-23
15556 2
Apollo 15 Mean 2.6 Apolio 17 Mean 204

Table 5-3. Element Chemistry Ranges for the Major Minerals in High-Ti Basalts
(Ref.3,p.3-23 & 3-24)

Vol % 42-60 0-10 15-33 10-34
(wr%)

SlO2 44.1 -53.8 292-386 46,9 - 533 <10
M2°3 05- 7.7 - 289-345 0o -29
'I'i()2 0.7- 60 - - 52.1-74.0
0203 0 -10 0.1-02 - 04- 22
FeO 8.1-453 254-288 03. 14 14.9-45.7
MnO 0 -07 02-03 - <1.0

MgO 17-28 335-363 0-02 0.7- 86
Ca0 3.7-20.7 02-03 143 -18.6 <10
Nl20 0 -02 - 0.7- 27 -

K.0 . . 0,: 04 .



Table 5-4. Timenite in the 90-150 um Grain Size for Apollo 11 and 17 Mare Soils (Ref.2)
(Microscopically Identified Free Mineral Grains)

Modal Imenite
Szmple Volgme Pereent
10084 22
79221 13
7501 17
75081 15
75061 53
71501 9.0
71061 4.6
T1041 56
70181 23
70161 20
ApoDo 17 Mean 49

Table 5-5. Modal Ilmenite Abundance as a Function of Grain Size (Ref.2)

Mare Soil 71061

Grain Size Dmenite

— Yol %
45-75 6.0
75-90 33
90-150 4.6

150-250 33

250-500 23

Table 5-6. Grain Size Dismibution for a Mature Mare Soil (10084) (Ref.3)

Cumulative
Weight Weight
Crzin Size Pt Paeent
4 -10mm 1.67 1.67
2 -4mm 239 4.06
1 -2mm 320 726
0% - 1mm 4.01 11.27
025-05mm 172 18.99
150 - 250 pm 3.23 g o
90 - 150 um 1151 !y
75 + 90 pm 4.0t 42.73
45 . 7S pm 12.40 55,14
20 - 45 pm 18.02 73.15
<20 pm 26.85 100.00
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Table 5-7. Chemical Composition of Mare Soil 10084 (Ref.4)

Wi %
Si0, 41.0
TiOa 73
Al,0, 12.8
Cr503 0.305
F 16.2
MnO 0.220
gg 1%3
Na,O 0.38
K;6 0.15
Total 99.955

Figure 5-1. Depth of the Lunar Regolith at the Apollo Landing Sites (Ref. 81)
For Apollo 14, 16, 17 sites, seismic velocities of the upper units were measured
and are shown at the side of the columns.




Table 5-8. Hydrogen Abundance Dependence on Grain Size (from Ref. 40)

10084149 1 12070127 i 150212 1
Hydrogen | . i Cale. |
Sizz Hydrogen Caicuisted | Hyd in Bulk | Hyd in Bulk !
Fraction Content Weight tn Bulk Soil | Cont. Wi Soi | Cont WL Soi |
(1m) (/) Percent g/s) : (1e/s) % (e : e/p) % (a8 :
<20 146.7 25.78 s I 1074 2235 24.0 | 1285 23.02 296 I
2045 29.7 1833 73 | 30.1 1734 32 1 31l 2296 11.7 |
45-75 24.4 15.01 7 1 162 1482 24 | 224 1561 35 [
75-90 20.1 5.01 10 1 9.0 509 03 i 208 437 1.1 }
90-150 202 1224 23 | 8.7 1337 12 | 155 13.26 2.1 I
150-250 113 9.06 1.0 | 75 1060 08 i 84 925 038 I
250-500 15.7 8.73 14 1 94 380 0% I 82 723 06 I
500-1000 72 5.82 04 | 83 763 0.6 | 11.0 331 04 :
| 1
Total Hydrogen I 1 t
Cak. in Bulk | I 1
(83} 55.1 i 355 | 49.8 :
| t
Total Hydrogea { 1 |
Found ’ ! I !
im Bulk (ug/g) 542 i 392 ! 49.6 }
H ]
1 | 1
60501,1 I 71501,138 !
Hydrogen | H Cak I
Size Hydrogen J Hyd in Bulk |
Fraction Content Weight in Bulk Soil | Cont Wi Soll !
(pm) (1s/g) Perceat e/p) : 7 % (8B :
<20 124.1 24.12 29.9 1 1264 17.62 23 |
20-45 43.0 17.76 7.6 | 472 1767 33 !
45-75 16.1 1348 2 | 185 15.60 2.9 !
75-90 12.8 4.40 0.6 | 9.4 442 05 1
90-150 9.6 1154 1.1 | 7.7 1475 1.1 I
150-250 52 9.72 035 I 20 1151 02 |
250-500 44 10.75 05 | 24 10.69 03 |
500-1000 2.6 822 0.2 i 1.7 664 0.1 I
i I
Total Hydrogen | |
Cale. in Bulk i !
(k') 42.6 ! g |
| i
Total Hydrogen 1 1
Found i | I
in Bulk (ug/g) 58 | 25.7 t
1 i
[ !
Table 5-9. Bulk 1hermal Release of Hydrogen (as H, and HyU) From Lunar Sou
10084 Matore 46 51 | 742202 Emmarare 0.4 55
12070 Submarare 38 52 1 60006,230 Care, w0p 36 55
12033 Immature 2 52 | 60006 227 Core, next down M) 55
12042 Marore 40 52 1 60004 407 Core, nextdown 36 55
14240 Submatore 36 53 | 60004 366 Core, pext down 58 55
14422 ? 50 53 1 60002311 Core, near botom 36 55
15301 Subsmsture 52 53 |
15021 .4 Matare 62 54 |
6442121 Marare 46 M
612218 Immature g 54 |
7422022 Immatrre 02 4 |
2128 Mature 46 L
15006.,141 Care, top 40 35 |
15004,133 Core, pext down X0 35 |
15001213 Core, botom 28 35 1



Figure 5-2. Fraction Total Hydrogen (As H, + H,0) Released From Lunar Soil
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Figure 5- Gas Composition Released From Lunar Soil
(Lg gas/g soil vs. temperature)
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6.0 Oxygen from H, Reduction of lmenite

As described in Section 4.2, a process employing reduction of ilmenite by hydrogen was
selected for further study. The following sections describe:

1. Steps leading to full-scale oxygen production including establishing a pilot plant on
the lunar surface.

2. A conceptual design for a lunar pilot plant.

3.  Trade studies compieted es a part of the analyses.
4,  Scaleup of the plant to higher production rates.
5.  Plant impacts on base operations.

6.1 Steps to Full-Scale Oxygen Production

A program to develop a process that produces large quantities of propellant-grade and
life-support grade oxygen from hmar materials is envisioned to evoive through the same
three phase appmachproposedforaLmarBaseprog:amh:ﬂ:cCivﬂNeedsDatabase(CNDB)
(83). The lunar base phases and timing are described in detail elsewhere (1, 84). Phase I
activities take place prior to a human return to the Moon. Oxygen process development
steps in Phase I include: _

. Laboratory scale feasibility studws Chemical reaction kinetics and yields determined.
Basic principles of process chemistry demonstrated.

. Hardware (mining and process units) conceptual designs formulated and demonstrated
in bench scale tests. Investigations made into component/breadboard response to
input and process changes, measurement and conmtrol of impurity levels in feed-
stock/product streams, interactions in imtegrated systems, effects of process unit
scale-up, and materials susceptibility to corrosion/erosion in long-term process
operation. Computer models of process developed and predictions compared to

i data  Process optimization studies by computer models and tests.
Process comtrol rules formmlated and tested. Improved estimates of process mass

and power requirements.

. Development/testing of automatic and telerobotic techniques and hardware for both
mining and process plant equipment. Operation, monitoring/mspection, and maintenance
of equipment should be carried out automatically and telerobotically to the greatest
extent possible to reduce direct human mvolvement.

.  Environmental testing of hardware components and breadboards in vacuum chambers,
in vacuum/thermal cycling chambers, in 1/6-gravity field (i.e. with KC-135), and other
environmental simulators. This data is essential to properly design the process
equipment for the lunar enviromment, and to produce realistic performance and lifetime
esomates.

. Earth-based pilot plant investigations to verify equipment scaleup laws and to optimize
process conditions. For instance, the optimum configuration of fluidized bed internals
could be studied. Quantities of simulated lunar feedstock materials would be required.

. Unmarned lunar orbiter and sample retumn missions conducted to select lunar base
and oxygen production plant sites.



A human-tended lunar base is established in Phase II which is assumed to encompass a
6 year period from 2000-2005 (83-85). Phase II base objectives include:

.  Esablishing a pilot oxygen production plant on the lunar surface. The pilot plant
is conceived as a fully-integrated plant that serves to validate lunar oxygen production
from mining through chemical processing and product storage. Engineering data
collected ing pilot plamt operation would sopport the design of a full-scale
production plant optimized for 1/6 g. In addition, and especially if operated contin-
vously during periods without on-sitt human involvement, the lunar pilot plant
would serve to verify system automation, teleoperation/telerobotic, and remote
maintenance approaches in the lunar environment (and with & 3 second communication
time-lag) prior to implementation in a full-scale plant. The pilot plant would also
be useful to evaluate equipment lifetime under actual operating conditions and to
certify product quality (thus demomstrating the effectiveness of process steps (0

remove impurities).

After establishing a larger liquid oxygen (LOX) plant to produce propellant, the
pilotplantcouldstillbcusedasaresearcbtooltowstncwpmconditionsor
equipment prior to implementation in the full-scale plant. Pilot plants are often
used for such purposes in terrestrial operations.  Alternatively, the pilot plant
could be used to mammfacture a high-purity, special grade product such a&s oxygen
for life-support, especially if the penalty is large in equipment mass and coergy to
remove impurities or contaminants.

The real need for a lunar pilot plant to accomplish these objectives versus use of
Earth test facilities and small-scale lunar demonstration projects of key processing
steps deserves additional study. For this study, 8 complete pilot plant was assumed
required. Given that a pilot plant is pecessary, it should be delivered carly in the
Phase II period to allow as much time as possible to reflect the results of pilot
plant operation in the design of the production plant. Assuming that 1-2 years of
operation is needed to develop a sufficient data base and another 2 years is required
to apply pilot plant results and lessoms-leamed in production plant design changes
(and smill allow time for Earth testing, fabrication, and delivery to the launch site),
a minimom of 3-4 years would elapse from lunar delivery of the pilot plant to
delivery of the production plant. If no design changes are necessary, a shorter
delay may result, but it also means that the pilot plant may not have been needed
in the first place.

. Installation of necessary refueling facilities and demonstration of reusabic lander
refueling. At a pilot plant production rate of 2 mt/month LOX (1), 13 months of
fali-rate pilot plant production would be needed to provide the lunar lander’s round-
t(:rsig)requim:rm of 25.7 mt LOX (based on 30 mt LOX/LH, at 6:1 mixture ratio)

. Installation of a larger LOX production plant to provide oxygen for 6-7 reusable

lander flights per year, or ~180 mtfyear LOX production. Operation of the plant
marks the transition to Phase IIT lumar base (84).

The lunar base is permanently occupied in Phase ITI. Oxygen production activities mclude:

. Operation of the 180 mt LOX prodoction plant and lander refueling facilities.
Remote operation, pioneered during pilot plant operation, would stll be the operating
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mode of choice to reduce demands on base persomnel. However, the permanently
occupied base would provide access to a nearby human maintenance crew for plant

equipment repair or replacement.

.  Later plant construction to increase production rates as market conditions indicate
for supplying LOX to orbital transfer vehicles (OTV'S) and interplanetary missions.

6.2 Conceptual Design of Pilot Plant

Aconccptnaldesignofapilotplnn:toproduchmIfmomhofquuidoxygenﬂ.OX)by
reducing ilmenite with hydrogen is described in the following sectioms. A flowsheet of
thepmﬂmaﬂmjorpmmimmdm,lwmposmpm,mmmd
pressures. Section 6.2.2 lists process equipment mass, POWer requiements, and volume.
Thepﬂmplmhymnandhnpoxmfwmmducﬁbedin&cuonﬁ.z.l

6.2.1 Flowsheet

A schematic of the oxygen production process using basaltic rock feedstock is illustrated
in Figure 6-1. AppmximztelySSmeuictonsofbasaltisrequiredforuchmemctqn
of oxygen produced, given 25 vol% imenite in basalt and other parameters defined in
Table 6-1. The actual mining rate depends on assumptions of the basalt quality of
mined material. Given the baselines used for this study (50 percent basalt in the mined
material and 5 percent oversized basalt as mined), 186 mt is mined per metric ton oxygen.
In addition, overburden must be removed from the basalt layer, although removal of the
overburden should be more energy efficient and less time imtensive than basalt mining.
The amount of overburden removal depends on the thickmess of the overburden layer
and the depth of the basalt mine. A thin overburden is likely if basalt were mined
from the bottom of a mare crater. However, given 2 m deep overburden and basalt
layers, 1.1 mt of overburden would be removed per metric ton basalt layer mined (a
largcrmofoverburdmmustberunovedperunitareaminedduewanglcofmpose
and to allow clearance). If soil feedstock is used, 327 mt of soil at 5 vol.% fmenite
muost be mined and processed per metric ton oxygen produced as given in Table 6-1.

Table 6-1. Mining Rates for LOX Plants Using Either Basalt or Soil Feedstock

Basalt Feedstock
Basis: 25 vol % flmenite or 33 wt.% ilmenite (see Section 5.1)

10.5% svailable oxygen in fimenite = 9,484 ot Imeniwey/mt LOX

90% resctor conversion = 1054 mt imenie in reactor feed/mt LOX
93% [lmenite recovery in mag. sep. = 10.75 mt ilmenite in mag. sep. foed/mt LOX
43.1% < minimum reactor inpat size = 18.38 mt ilmenite in fine screen foed/mt LOX
64.7% ilmenite libersted by grinder = 29.19 mt ikmenite in bell mill feed/mt LOX

33% ilmenite in basalt = 88.23 mh-kfdm;oc-phﬁmwx
5% basalt > crusher inlet size = 9287 mt basalt/mt LO

50% basalt in nuned masecial = 185.74 mt mined material/mt LOX

Soil Feedstock

Baix: 5 vol.% iimenite or 7.5 wr.% ilmenite (see Secticn 3.1)
10.5% avallable oxygen in fimenite = 9484 mt imenite/mt LOX

90% reactor convernon = 1054 mt Dmenite in reactor foed/mt LOX
98% Imenite recovery in mag. sep. = 10.75 mt imenite in mag. sep. feod/mt LOX
7.5% [knenite in soil = 14338 mt soil/mt LOX

44 9% of soil < minimum rescter inpat size &
113% of soil > maximom input gize = 12682 mtnﬁmin%.ll.ox
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The schematic (Figure 6-1) can be divided into four main areas: 1) mining, 2) beneficiation,
3) process, and 4) power.

Migi

The mining ares consists of excavators, oversize and undersize sorters, and haulers.
Excavators, sach as front-end loaders, deposit loads of basaltc rock in the input bin of
a grizzly scalper. The grizzly contains heavy-duty spaced-bars positioned at an angle to
remove materials too large for the feed openings of downstream equipment. The rock sizes
removed were allowed to float with production rate. For the 2 mt LOX/month pilot
plant, the grizzly was sized to remove rocks larger than 10 cm, while for 83 mt LOX/month,
25 cm was the cut size. This kept the size of the primary crusher in reasonable balance
with the required capacity. Another sorter removes particles less than 1 cm from the
grizzly’s undersize material. This step was designed to remove the small particles and soils
in the mined material containing glassy agglutinate constituents which would complicate
downstream equipment and calculations. A hauler transports the sized basalt feedstock
to the feed bin of the crushers. Overburden removal is not illustrated in the schematic.

The major changes in the mining area for a process using soil feedstock would be to
combine the grizzly scalper and secondary coarse screen into a single oversize separator.
Overburden removal would, of course, not be necessary for a soil feedstock operation.

Beneficiari

A continuous conveyor tramsports the sized basalt from the feed bin to a three-stage
msbhgmdgrhﬂhgdmuhwhichmdumﬁnsizeofﬁwmckmlmﬂnnthcavmge
ilmenite grain size (<0.5 mm, as described in Section 5.1). Fines generated in the milling
operation are removed by vibratory screens to avoid excessive carryover/entrainment of
these small particles in the reduction reactor. Particles greater than the minimum allowabie
reduction reactor feed size are fed imo a holdup bin and then into a magnetic separator.
This separator subjects the feed to several stages of high-intensirty magnetic fields to remove
the slightly magnetic ilmenite particles from non-magnetic gangue (mixed particles of
pyroxene, plagioclase, and olivine minerals from the basalt). The recovered ilmenite is
conveyed to a low-pressure feed hopper of the reduction reactor.

A soil feedstock process would not need the crushing/grinding circuit but would require
additional screening units (or other fines separators such gas classifiers) and larger
ilmenite magnetic separators.

i

Imenite is fed through low and high pressure feed hoppers into a three-stage finidized
bed reactor. The feed is preheated in the top bed of the reactor by gases from the

«

middie bed and electrolysis cell. Reduction of ilmenite by hydrogen takes place primarily

bed before being discharged through a gas/solid separator. The water product of reaction
from the middle bed is dissociated into oxygen and bydrogen in 2 sobid-state electrolytic
cell operated at reaction temperature. The oxygen is cooled, liquefied, and stored while
the hydrogen is used to preheat the incoming solids. Sensible and endothermic reaction
heat requirements of the reactor are provided by electrically heating the gas stream to
the middle bed. Cyclone separators are used to scparate dust from gas, pecessary 1o
protect downstream equipment from erosion damage and fouling. Liquid hydrogen is
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vaporized to provide makeup for process H, losses. Active cooling loops, not shown in
the schematic, transfer waste heat from the beneficiation equipment, motors/pumps and
other rotaring equipment, and the oxygen product stream to a central radiator system.

nggr

Solar-clectric sources provide power requirements during the lunar day for the process
and for regenerating reactants used in fuel cell power storage systems. During the
lunar night, fuel cells maintain high temperature portions of the process (reactor, electrolysis
cell, electric heater, and gas recycle compressor) on hot-standby to reduce thermal
cycling of refractory linings, which might otherwise reduce equipment lifetime. Alternatively,
a nuclear-electric power source would allow the process .10 operate day and night, thus
decreasing the size of the plant for a given oxygen production requirement.

Flowsheet Condjtions

The compositions and flowrates of the various process streams are given in Table 6-2,
where the stream numbers for the flowsheet are defined in Figure 6-2. This flowsheet
is for a 2 mt/month LOX pilot plant using basalt feedstock. The pilot plant is assurned
to be powered by solar photovoltaic arrays during the 2-week lunar day, and kept on hot-
standby during the 2-week lunar night using a regenerative fuel cell to provide power
for reactor/electrolysis system heat losses and miscellaneous requirements. Overall plant
duty cycle is 45% (based on 90% utlity for 50% of the time), while the dury cycles of
mining erea units are 35% (70% utility for 50% of the time) due to the greater likelihood
of higher maintenance requirements for mining equipment. The flowsheet conditions
have been adjusted for 45% duty cycle throughout to allow comparisons.
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Table 6-2. Pilot Plant Process Flowsheet Conditions
(2 mt LOX/month, basalt feedstock, PV/RFC power system, 45% duty cycle)

Stresm
Flow Rate  Coostitnents Tamp.
Strexm No, Phaee (kg/day)  (kefday) co
Nooe - Overburden  Solid 30,941 Soil -20
1 Salid 27,141 Basalr 13571 -20
Soil: 13571
2 Solid 679 Basalt 20
3 Solid 26,463 Bamlt: 12,892 -20
Soil: 13,571
4 Solid 13,571 Soil -20
s Solid 12892 Basait -20
[ Solid 12,892 Basalt -20
7 Solid 14,181 Baslt
8 Solid 1289 Basajt
9 Solid 12,892 Bamlt
10 Solid 1,289 Bamlt
11 Solid 14,181 Basalt
12 Solid 12392 Baslt
13 Salid 12,892 Basalt Gangoe: 10,133
Imenite: 2,759
14 Solid 35550 Gangoe: 4,362
Iimenite: 1,138
15 Solid 7342 s
Bmenie: 1,571
16 Solid 7342 Gzogue: 5,771
Imenite: 1,571
17 Solid 5,631 Gangue: 5,599.4
Imenite: 31.4
18 Salid 1,711 Gangoe: 171.1
Ilmenite: 1.539.9
19 Saolid 1,711 171.1 9.9
Dmegite: 1,539.9
20 Gas 2845 : 27588 732 99
O: 8.66
< 0.03 mm
21 Gus 45 1 27588 Tz 9.8
HZO: 3.66
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Pressure
Amm}

Doscripti
Overburden removal

Mining basalt layer. Subsorface temperature
nearly constant (86).

Ovexsize besalt rocks, >10 cm.
Undersize from grizzly, <10 cm.

Small particles < ] em.
Sizod basalt >lem, <10cem.

fragmenty,
Stream #5 fiow acmully 16,576 kg/day @
35% mining duty cyice. Bin provides boldup

Food of sized baslt fragments to crasher.,

1,239 kg/day fragments > desired output,
12,892 kg/day < or = desired output (25 cm)-

Overzize (>2.5 cm) from jaw crusher screen.
Sized < 2.5 cmn feed to mcondary crosher.
Oversize (>3 mm) from secondary screen.

1289 kg/dey > desirod output size (3 mm).
12.892 kg/dxy < or = desired 3 mm size.

Stxed < 3 mm feed 1o ball mill

5550 kg/dxy < minimum allowabie size (0.03
mm) to gvoid eXcessive CaTYOVES in reactor.
7.342 kg/day > 0.03 mm. Feed fine screen,

Fines (<0.03 mm) discarded.
Oversize (>0.03 mm) from scrocns.

Duty cycle (45%) same before and after
bin. Therefore, foed magnetic
soperator at seme flow rate as foed bin.

Non-magnetic discharge from magnetic
separaior.

Dimenite to low-preswrre feed hoppes.

Foed-hoppers cycle in squence, sume duty

cycle. Smne flow s stream #18,

Offgas from top bed routed to cyclone to
entrainoed fines.

Prossure drop through cycione small (<0.3
pei), preseure drop throogh pipe < 1 psi.



Table 6-2 (Cont). Pilot Plant Process Flowsheet Conditions
(2 mt LOX/month, basalt feedstock, PV/RFC power system, 45% duty cycle)

Stresm
Flow Raz Constitoents Temp. Presscre -
Sjrezm No, Phasc Gg/dsv)  (kp/dav) o Jmm)  Dexgpton
= Solid Dust/ffines < 0.03 mm Cyclmee:k:ﬂnadtomm98%of10um
or larger particies, 69% of 2um particies,
md 36% of 1 pum perticles.
23 Gas 4307 : 25747 1000 9.95 Product gas from rednction reaction.
0:173.18
24 Gas  430.7 : 25747 1000 9.9 Pressure drop throagh cyclone small
HO: 173.18
25 Gus 2845 : 275.88 1000 9.9 Electrolysis bydrogen-rich exit stresm,
: 8.66
26 Solid Dust/fines < 0.03 mm Cyclone removes most >10um particles as
in stream #22.
7 Guz 2845 H16.275.88 ™ 10 Gas in bottom bed beated by descending
& : 8.66 solids.
28 Gax 2845 : 275.38 ™ 10 Inict gus to electric heater.
3202 8.66
29 Salid Dust/fines < 0.03 mm Cycionc removes most >10pm particies as
in stresm #22.
30 Gas 2845 Hz: 27588 12238 10 Gas bested to provide heat of reaction.
HZO: 8.66
31 Gus 2845 : 275.38 732 10.0 Gas from top bed compressed, injected
310: 8.66 into bottom bed.
32 Solid 1,565 Gangue: 171.1 <m - Residual solids from resctor w/ some
Dmenite: 154.0 intermtitial gases (97 wt.% hydrogen) which
TiIO,: 728.7 are Jost when exposed to vacuum.
Fe: 310.1
Gas 014 Hz: 0.144 -
33 Solid 12,746 Finex: 5550 - Total procesing nilings rate.
Noo-magnetics: 3631
Residnal Resctor Solids: 1565
M Gus Hzo Hydrogen (97 wt. %) and water recovered from
Hz reactor discharge hopper. (Fiow pot caic)
as Gas Hz. Hzo 100 Recovered gas recompressed.
36 Lig. 034 Hz: 0.144 -252.7 1 Liquid bydrogen pumped to electric beater/
vaporizer for process makeup.
ky) Gas 0.14 H1 77 1 Hydrogen vapor 1o makeup process lossea.
k] Gas 0.14 771 10 Compressed hydrogen injected into reactor.
k2 G 14612 o, 1000 9.3 Prodnct oxygen from electrolysis
40 Gas  146.12 o, 27 Oxygen cooled by active thexmal control
system prior to liquefaction (1.8 kwt rejected).
41 Lig. 23948 O -133 1 Includes 146.12 kg/hr oxygen from process
2 Gas 9336 O3 .183 1 and a maximum of 93.36 kg/r axyges boiloff.
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6.2.2 Mass Statement

A list of mass, power, and dimensions for the equipment required in a 2 mt/month LOX
pilot plant is given in Table 6-3. Total plant mass is 24,700 kg, including a power
system generanng 146 kwe during the lunar day and 9.6 kwe during the lunar night
thmipmmtwassiwdusingﬁcequaﬁonsmdxdhgrdaﬁonsdwaibcdmAppcndix
A Basait fesdstock was used. Power was provided by photovoltzic (PV) arrays and
regenerative fuel cells (RFC). Given these power sources, plant duty cycle was baselined
as 45% and mining equipment duty cycle was 35%.
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Table 6-3. Lunar Oxygen Pilot Plant Equipment List

(2 mt LOX/month, basalt feedstock, PV/RFC power system)

Nominal Dimensions

Mam Power WD L

Iem &k L) (m) (m)
Front Eod Loader 1968 299 2.1 39
Huuler 1015 029 25 4
Pit Scalper 380 118 2.1 42
Mining Total 3363 445
Feed Bin 213 39 39
Primary Jew Crosber T4 0.3s 04 14
Coarse Scoen 3 0.08 03 04
Secondary Crusher 239 130 05
Secondary Screen 3 0.09 03 04
Ball Mill 1914 164 08 1.0
Fine Vibestory Sceen 500 15 5 40
Stersge Hopper 32 27
Magnetic Scparator 248 03 05 06
Beneficiation Total 3879 338
Lo-Presscre Feed Hopper 12 13
Hi-Pressare Feed Hopper 77 1.3
Reactor 1963 .9
Electric Heater 134 24.0 ee 11
Eiectrolysis Cell 213~ 3338 06 06
Blower 29 03 02
Cyclone Separators (3) 3 0.1
Discharge Hopper 102 1
Tailings Conveyor 23 0.01 02 13
Oxygen Liquefier 199 4.6 04 13
LOX Storage Tanks (2) 219 1.7
Radintes/TCS 1362 3 7
Hydrogen Makrup System:
Liq. Hydrogen Tank 12 1.0
Lig. Hydrogen (Max.) 12
H, Hester 0l 0.03 01 0Ol

Blowa 3 0.03 0.l

Piping:

3 cm ID Pipe 302 003 39
0.25 cm Pipe 151 120
Process Toal 4317 623
Process + Beneficiation 43 137
Margin 3618 302
Total Mining & Plant 15677 131.0
Photovoimic Power Sys. 5711
Regenerative Fuel Cell 3285 43 7

Power Totl 90035

Plant & Power Totl 24582 145.9 58
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7
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4.4
0.7
04
0.0]
0.01
1.6
03
02
5.1
0.7

0.6

0.06

138
199

74
132

102

115
ag9

Comments

Same front loeder and hanler used for both
overburden ramoval and mining.
bax to remove oversize and
XTven 1o remove fragments < ~] cm.

Volume based on stiowed 0.1 m thickness.

Mm&whmea.fbod:unn4mtl_0x:qndry.
136 m* radiator mrea, 24.4 k'wt heat rejection.

Empry weight.
180 dxys supply for expected loss of 2 kg/month.

Major equipment in the beneficiation/process arcas
cn be manifested into Shuttle payload pallet
(-14' dismeter x 45" long) keaving room for
accexs/maintenance.

; for stroctore & misc., spmes,
redundancy.

Genersies 145.9 kwe (131.0 for process and 4.9
for recharging regeocrative foel cell). 7 space
nﬁon?zvndn(&?dmx”.lm)mquimd@
36 Wm". ghmeufaolrwingboxaandmm
canister 1.9 m

Incindes (2) 2.7 m GH., tnka, (2) 2.2 m GO, tanks,
13 mABPLO nd:egmcluveﬁilctn.
Generates 9.6 kwe to maintain process on hot
sandby during lunar night (336 hrs) 3R.FC
units individoal total volrpe iz 33.6 m”, but
msnifested into Shuttie payload pullet (w/ water
tank full, other tanks ) requires 102 m™.
Total power generstion = kwe, 57.8 kg/howe.



6.2.3 Equipment Description

A depiction of the lunar oxygen pilot plant conceptual design is presented in Figure 6-3.
Principal feamres are illustrated in the callout given in Figure 6-4. A brief description
of the plant’s major equipment is given in this section. Physical parameters of the
equipment are listed in Table 6-3 while Appendix A presents additional supporting darta
in many cases for the equipment sizing equations.

Front-End Loader

Aﬁ'om-cndloader(FEL)isshowanigureMmcavaﬁngbasahﬁ'omthebottomofa
conveniently located pearby crater. A mumber of excavator alternatives are possible
including dragline excavator, bucket-wheel excavator, bulldozer, backhoe, and three-drum
siusher (87). The FEL depicted in this concept, as described in a previous smdy (84), is
conceived as a multifunctional, teleoperated vehicle. The FEL was capable of using
various implements (such as fromt loader bucket, backhoe, and winch/cable system) to
perform a variety of jobs. Thus, this vehicle bas the flexibility to be applied in other
areas besides mining/resource utilization. Especially for an early base, this is an important
option. In reco "onofthiSpownﬁal,aminimumFELsizeconsuaintwasmabljshed
based on a 0.5 m” bucket (approximately triangular 1.6 m wide x 0.8 m deep x 0.8 m
high) which, when applying scaling equations (88) defined in more detail in Appendix A,
results n & vehicle mass of 2 mt. As given in the following table, the FEL can complete
both overburden and basalt mining with sufficient time resources remaining to perform

additional surface base operations.
Basis: 35% duty cycle, 255.5 hrs/month, 2 mt/month LOX pilot, Basalt Feedstock

TimeAvail.
Percent of Available Time used to: ForOther
Remove Overburden Mine Feed Total Tasks(hr)
Front-End Loader 6.5% 5.0% 11.5% 226
Hauler 7.6% 7.7% 15.3% 217
Basis: 35% duty cycle, 255.5 hrs/month, 2 mt/month LOX pilot, Soil Feedstock
Front-End Loader 0% 10.0% 10.0% 230
Hauler 0% 20.0% 20.0% 205

A dozer would be more efficient than the FEL for overburden removal (87). For a
larger LOX plant, dedicated mining equipment will probably be necessary. Low mass
equipment specifically designed for collecting large quantities of feedstock (but having
few other applications), sach as the three-drum slusher (89), may be favored for a dedicated
application.

The FEL dumps its load imto the receiving bin of the grizzly scalper/coarse screen

which is located in the pit as shown in Figure 6-4 (the receiver bin containing the
grizzly is near ground-level behind the two elevated bins).

Pit Scalper

‘I'hepitscalpercomainsag:izz.lytommovelargcovemizcmck,mdacoarsescmcnto
remove fines (< ! cm). The grizzly is a simple device of spaced bars that are aligned
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at an angle to permit oversize rock to roll off. In the pilot plant concept, rock greater
than 10 cm in diameter is rejected The remaining undersize material is conveyed to
the top of the pit scalper where it enters a coarse vibratory screen which separates
soil/rock particles finer than 1 cm. The oversize (> 1 cm) is discharged to the right-
hand bin in Figure 6-4, while the undersize drops into the bin on the left side. Power
fmﬂ:ephscalperispmﬁded&omthepowersyswmviadccuidﬂcablwhidonmc
surface (with bridges over them) as indicated m Figure 6-3.

Hauler

The haoler is envisioned as a self-propelled, telerobotic materials transporter. It acquires
a load of sized basalt feedstock from the pit scalper, transports it to the process feed
bin (the bottom opens to dump the material into the bin), collects a load of tailings
from the tails di e bin (#17 in Figure 6-4), durmnps the tails at a discharge arca
(#18),r=mmswmepi:mnkealmdofmdcrsizemamtialmd}pdjschargema,
then returns to the pit to repeat the cycle. One hanler with a 4.5 m” bed (selected as
aminhnmnﬁze)canaccompﬁshmmﬂsksforthepﬂmplmﬁthsuﬁcimtdme
ranainhgtopcrformaddiﬁonalsoﬂumspondnﬁaamunddmbase. If a dedicated FEL
and hauler for mining was required, significantly smaller vehicles than those given in
the equipment list (Table 6-3) could be substituted. However, given the range of surface
operations anticipated (84), multifunctional vehicles performing a variety of jobs seem
more likely for an early base. These vehicies may also require more maintenance than
other lunar base systems.

Both the FEL and hauler are teleoperated/robotic devices that will require control from
Earthifﬂ:epﬂmplantismopcrm&ningmn-mmedpaiodscftncPhasenbasc.
Significant on-board computational capability, combined with strategically located navigational
markers/beacons around the plant and mine area, will be required for teleoperated control
of these vehicles with the 3 second delay in Earth teleoperated mode (84, 90). Human
supervisory control of a nearly amtonomously operating vehicle is indicated. This will
require antomation and robotic (A&R) research and technology development. Telegperations
from the lunar base is also possibie when the base is manned.

Fuc.lcellpowersystemswerebaselimdforbodldlcFELmdhanler(withapmalty
added to the PV array power load for regenerating the FC reactants). Dedicated machines
could probably use extension cords plugged into the plant’s power system. It would be
advantageous to permit dual-power mode vehicles, capable of receiving power requirements
from either on-board fuel cells or the power network via electric cables.

The mine in Figure 6-3 is spproximately 30 m from the process plant. Although a distance
of 1| km was used in the sizing calculations, the only requirement is to minimize the
effects of dust generated from the mining and processing requirements on optical and
thermal properties of sensitive components, sach as solar arrays and radiators. Since small
particles follow ballistic trajectories, and the forces exerted by the mining operations
will not be great (unless explosives are used), the illustrated distance may be more
realistic than the 1 km used in sizing calculations. Shorter distances will reduce required

ing time, and thus reduce hanler size and mass (for the production plant). Figure
6-3 also illustrates the mine after a single year of operation. The size of the mine
after several years operation is given in Table 6-4.
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Table 6-4. Extent of Mine (Basis: 2 mt LOX/month, basalt feedstock, 2 m deep overburden
and 2 m deep basalt layet, other parameters given in Table 6-1)

Year= -1 —2 -2

Sq. Side of Overburden Removed (m) 38 53 65
Mass Overburden Removed (mt) 5,088 10,177 15,265
Square Side of Basalt Mine (m) 33 47 57
Mass of Basalt Layer Mined (mt) 4,458 8,915 13,373
Support Structure

Afterahanlctloadofbasaltfeeds:ockisdzm-npedintothcprocasfeedbin,thcbasalt
is conveyed by continuous conveyor to the top of the process support structure. A
Shurtle payload bay pallet (14’ outside diameter x 45’ long) was used as the pilot plant
structure, both to provide a reference size scale and to conmvey the point that the major
plant units are delivered fully-integrated to the lunar surface. Besides emplacing the
process pallet itself, the only required assembly and connections are for utility nter-
faces and large, flexible structures such as the solar arrays and central thermal control

using guy-wires. The process support stucture is mounted in the vertical direction
becanse this orientation is required for the long fluidized-bed reactor and to take advantage
of gravity for solids processing. After they are conveyed to the top of the process
stack, the solids drop through all subsequent unit operations.

The plant is operated nearly autonomously with remote monitoring and supervision, however,
direct human access to the plant must be accommodated. For this purpose, the structure
has floor gratings at ground level, 15" level, and 30’ level with connecting ladders and guard
rails to allow human inspection/maintenance of the process vessels. The plant was also
arranged to provide access room around the process units.

Although cﬁonwasa:pcndedonarrangmgthcpmcﬁsunitsinthempponmucm:c
to optimize plant opcraﬁonsandaﬂowacwsbyon—sitecrcw,noeﬁonwasmadcin
checking the center-of-gravity location with Shuttle payload allowabies and other launch
criteria. 1t should be noted that payload manifesting could significantly impact plant
dcsignandshouldbeconsid:redheaﬂydcsignsmdiw.

Crushing/Grinding Circu

A3-stageanshh1gmdgﬁndingchtnﬁmduc¢smesizcoffwdstockmkﬁom1000
10 2500 times to release ilmenite grains in relatively pure form from the basalt groundmass.
Ideally, the rock would break along imterfaces between mineral grains, thus releasing
pure ilmenite with a minimom of crushing. However, random breakage across grains is
more typical in actual practice (91, p.8-15; 92). Therefore, grinding to & size substantially
smaller than that of the grains is necessary to separate mineral particles.  Figure 6-5
shows that for an ore with 25 vol.% ilmenite and 0.5 mm grains (see Section 5.1), approxi-
matelyﬁsperccmofthcﬂm:nitcwﬂlbemleasedasmuniaﬂypureﬂmmitepmidw
by grinding to an average size of 0.1 mm. The rest of the ilmenite will be contained
in particles with various amounts of gangue minerals.
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Figure 6-6. Schematics of Crushers/Grinders (Ref. 92)

Jaw Crusher - Primary Crusher

Secondary Crusher: Gyratory or
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mﬁmmgcofmmyMgcimuitisajawcmshcrtha:opcmcsma4:1
reduction ratio of input to output particle sizes. This crusher works by squeczing the
rock between fixed and movable jaws until it breaks (Figure 6-6). The jaws cycle several
hundred times per minute as the fragments fall down to a narrower part of the wedge
tobcsqumedagain.nnﬁldncyczncscapethroughthcmin.imumgapatthcbonom. A
jaw crusher is more efficient than other types for reducing large, blocky feed (93, 94).
Jaws feature easy adjustment for wear and simple maintenance/repair (92, 94).

Secondary a'ushjngbyconcorgymorycmsherredncsthesizedoutpmﬁomthcjaw
crusher by 10:1. Asgivcnintheschanaﬁcof?igurc&é,thcaushingfacesinaconc
or gyratory are between a eccentrically mounted rotating cone and a fixed bowl. These
crushers are known for high throughput and lower power consumption for a given size
reduction (93, 94).

A ball mill is used to reduce sized materials from the secondary crusher to a target size
of 0.1 mm. This mill atilizes steel or ceramic balls or rods as a grinding medium. An
alternative to reduce mass by eliminafing the heavy steel/ceramic grinding media is an
autogenous grinder that uses larger fragments of the material to be ground itself as the
grinding agent, however, adequate characterization testing must be performed and pro-
ductivity may be lower.

The sizing/scaling relationships were developed on conservative assumptions as to the
degree of ilmenite liberation, fines generation, and power requirements. Actual crushing
tests on the proposed ore feedstock are always recommended to ascertain what can be
achieved (91-95).

Eines Removal

Ballmﬂlpmductwﬂl'comainmallpmidcsorﬁn&cthatwillnwdtoberunovedsince
they will be swept out of the fluidized bed reactor by the gas stream. At conditions
existing in the reactor, 0.03 mm particles are the minimum allowable feed size to avoid
excessive entrainment in the gas stream (calculations in Appendix A). At an average target
size of 0.1 mm, the ball mill product will contain 43 wt.% particles less than 0.03 mm.
AvibmoryscremwassdectedtorcmoveﬂxscﬁnwmdisshowninFigurcM.
However, screens with apertures less than about 100 microns are inefficient (91), thus,
-misappﬁcaﬁmofsaemingmuhshrdaﬁvdylnrgemueasmdhighpowcr
consumnption.  Alternatives to screening include cyclones and mechanical gas classifiers,
that could possibly be combined with the reactor system to remove fmes from the top
bed of the fluidized bed reactor. Electrostatic sizers have also been proposed (46) and
some industrial/laboratory experience with this concept exists (91, p.21-44).

Hold-yp Bin

A bin was inserted between the fine screen product-stream and ilmenite separaton stage
to allow for hold-up time in the event of mechanical problems with either upstream or
downstream equipment. Hold-up tanks or bins are useful in continuously operating terrestrial
plants to maintain productivity in the event of unexpected problems and to balance feed
and product flow rates between different areas of the plant If a problem occurs in the
crushing/grinding circuit of the lunar pilot plant, inventory in the hold-up bin can be
worked off to keep downstream equipment operating while the probiem is comrected. If
aproblunoccu:sinmemagneﬁcscpm,thchold-mpbh:cmbeﬁ]ledwhilemakin\g
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the necessary repairs. The bin was sized to comtain up to 3 days of storage capacity at
maximum production rates.

Magnetic Separator

Iimenite in the material from the hold-up bin is extracted by a magnetic separator.
Becmscﬁmmhcisdighﬂymagncﬁc,ahighm:msitymgncdcﬁddisreqmmdtoaﬁca
efficient scparation. An induced magnetic roll (IMR) machine was selected for the pilot
plant process. In this machine, a series of revolving laminated rolls in the IMR are
energized by induction from a statiomary clectromagnet. The poies of the electromagnet
::eincloseprox.imitytod:cmﬂscreeﬁnganim:nsemagneticﬁ:ldwhcrethcmagnctic
flux converges on the roll surface. A carefully controlled thin stream of material is fed
to the top of the first roll. As the roll revolves, the material passes in the narrow gap
between the pole of the magnet and the roll. Non-magnetic particles follow a trajectory
unaﬁectedbyﬂxeﬁddasﬂ::ymdischargedﬁ'cmtbemﬂwhﬂemagncﬁcﬂmmite
particles are attracted to the roll and are discharged into a separate chute. Non-magnetic
particles from the first roll are passed by graviry to successive lower rolls, each at a greater
magnetic field strength, where additional ilmenite is removed. Of the ilmenite released
aswsmﬁaﬂypurcmhmalpuﬁdwbyihegﬁndhgstcps,hisexpectcdthﬂthesc
successive magnetic separation stages will recover approximately 98% of the ilmenite.
However, the purity of this stream was assumed to be only 90 percent by weight ilmenite.

High-intensity permanent magnetic roll separators (permrolls) using rare-earth materials
in the rolls are presently available (96, 97). These machines can produce sirilar magnetic
ﬁddmtmsiﬁesasDVIRequipmmtbutmsigniﬁcamavingsinequipmcmmassmd
power. A permroll installation would typically require only 10 percent of the electric
energy, 10—20percentofthcmnss,md&Opercmrofﬂ:cvolmnccomparedtomIMR
machine for identical applications (98, p.145). However, an IMR provides flexibility
unavailable from a permroll, which would be especially important for a lunar pilot plant
application. For instance, to produce the most efficient separation, the magnetic field
sﬂmgthofmIMRcmbeadjuaedbychmgingtbemagncdmngapspadng,mﬂspwd,
and flow rate. Anadjustablesplittcrcanalsobeusedwregulmmeamcum/purityof
ilmenite removed. However, only roll speed and splitters can be adjusted to affect
separation efficiency in a pemmroll installation. It is possible, thongh, that the in-situ
optimization experience provided by a pilot plant operation could provide the data necessary
to design permrolls with confidence for the full-scale production plant.

Electrostatic separation based on the difference in electrical conductivity between ilmenite
and other gangue minerals is another alternative for beneficiation of the ilmenite particles
(46, 74, 99). Althoughmassmdpowcrreqnimnﬂnsformelectmstaﬁcunithsdfmay
be less than an equivalent IMR application (46), the feed to the electrostatic separator
has to be heated to 150-200°C and precharged for best results (99, 100). This requires
large amounts of electrical emergy or mass pepalties for solar-thermal concentrators
(70). Besides a thermal energy penalty, preheating lunar dust fines would probably
require a heat transfer agent (gas or liquid) for efficient heating, thus introducing additional
process complications. Magnetic separation methods were preferred for these reasons.

Reactor Feed Hoppers
A continuous-flow conveyor transfers the ilmenite recovered from the magnetic separator

to the reactor feed hoppers at the top of the support structure. A series of two hoppers
is used to minimize gas losses from charging the reactor. Feedstock is fed imto the
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low-pressure feed hopper while a screw conveyor feeds the reactor from the high-pressure
feed hopper. A valve (star valve, slide gate, or other solids handling valve capable of
holding pressure and multiple operations) between the hoppers is kept closed. When
inventory in the high pressure feed hopper is at an appropriate low point, feed to the
reactor is momentarily shut-off, a valve between high-pressure feed hopper and reactor
closes, and pressure in the high-pressure feed hopper is bled-off (either to vacuum or
into a gas collection system). Then the valve between feed hoppers is opened to rapidly
reinventory the high-pressure feed hopper. After the valve between hoppers is closed,
feed from the high-pressare hopper is re-established into the reactor. Maximum capacity
of each hopper is three days of feedstock. Therefore, cycling of the feed hoppers
would take place every 2-2.5 days, with small gas losses, even if gas is bled to vacuum.

Alternatives are possible to this feed system. Both hoppers could have direct access to
thcreactor,onebeingon-Lhewhﬂeﬂxoﬂn:risbcingﬁﬂed. However, both would be
sizadmcominthehighprmmmocimdwithmmopemﬁommquhingﬁﬁcka
skins and more mass than the stacked system proposed. Modified designs of systems
used to charge modem (pressurized) iron-blast fumaces, such as a dual lock-hopper system
with rotating distributor chute (called a Panl-Wurth bell-less top) or standard multple-
bell systems (101, p.27; 15, p.397) could be used. In any case, gas losses while feeding
the reactor should not be & problem.

Fluidized Bed Reactor and R N

Hmenite reduction takes place in a three-stage fluidized bed reactor (see Figure 4-1b)
operating for this conceptual design at a2 maximum of ,000°C and 10 arm. Assumptions
insizingdncreactorwcrcsolidsmcidencetimcof4hxs,a5.5minside

(18 m of which is actually occupied by solids in all three beds), per-pass hydrogen
conversion of 2/3 of the equilibrium value (14), and 90% conversion of the iimenite to
iron/rutile.  Given these assumptions, a 0.31 m (1.02°) interior diameter of the reactor
was determined. Superficial gas velocity in the flui beds of this reactor can be expected
to be 1'/sec (14). Reactor imput material sizes under these itions should be greater
than 0.03 mm to avoid excessive carryover of fines and less 0.9 mm to allow fluidization
to occur (calculations in Appendix A). The steel shell of the reactor is protected from
the high temperatures by a refractory lining. For sizing purposes and thermal balances,
the central 0.31 m core of the reactor was surrounded by 7.5 cm of high-density (S.G.
%%)m@wﬁmbﬁ&ﬁmhu&mmemmdmmsimﬂnmdm
high temperature gas/particles in the fluidized beds. Surrounding this is 23 cm of low-
density (S.G. 0.14), low thermal conductivity insulation used for the Shuttle thermal
protection tiles. The Shuttle tile ceramics can withstand repeated thermal cycling without
cracking, but are susceptible to impact damage. Thermal cycling should be avoided in
the reactor and other high temperature systems to protect high-density insulation, reduce
d:echanwcofprocaslmks,andmdlifcﬁm&ofmetaﬂicequipmm For this
reason, the reactor and associated high temperature equipmemt will not be shutdown
cold, but will be left on hot standby (no production) during the 2-week lunar night.

bt

H.andwaysareshownontheextuiorofﬂ:emactorthigmG-& They are 12 ¢m
diameter penetrations imto the interior with bolted covers that allow access for visual
inspections of the fluidized bed intemnals and refractory lining (after the reactor is
shutdown). If repairs or configuration changes to imternals are necessary, the reactor
hequmbepuned(bymbolﬁngmdnsmgawhcb/cablesynan)maﬂowwfﬁcm
maintenance access.



Calculated reactor radiative heat losses (7.5 kw), sensible heat requirements (10.8 kw),
and endothermic reaction heat requirements (4.7 kw) are provide by heating the gas
stream entering the middle bed of the reactor in an electric resistance heater.

Dust in the exit gas streams is removed in cyclone separators containing no rotating
pants. The cyclones will remove 98% of the 10 micron particles and 36% of the 1 micron
particles. Several cyclones in series may be required to reduce total partculates in the
gas stream to acceptabie levels for downstream equipment.

Amwcomqmmsmmmwmﬁdnﬂmﬁdsﬁomthebonombedofﬂ:emor
to a discharge hopper. This unit may require a double lock hopper system such as the
feed system. Asingle,longnnitwassiz.edforﬂ:cpﬂotplammallowamaximumofz
days residence time for the solids to settle and separate trapped gases. A gas recycle
loop recovers expelled gases. A maximum hydrogen loss rate of 2 kg/month was caiculated
byassumingthatintcrstiﬁalgasisuappedinpomofthesoﬁdsbed(ﬁﬂ%porom’:yassumed).

A solid-state electrolysis cell operating at 1,000°C will separate the water product of
reaction into oxygen and hydrogen. The hot hydrogen is recycled to the reactor’s top
stage to pre-heat the solids feed which reduces reactor thermal requirements.

0 Licucfaction and §

Oxygen from the electrolysis cell is actively cooled by jacketed pipe to 25°C prior to
entering the oxygen liquefier. A Stirling cycle refrigerator operating at a 38% Camot
efficiency, or 23% overall efficiency over theoretical minimum cooling load of 0.106 kw-
hrkg O, (101), was nsed as the basis for mass/power estimates. The liquefied oxygen
is stored in two buried tanks (to minimize boiloff) with a total capacity of 4 mt oxygen
(2 months production at full rates). Boiloff from the tanks is recycied through the
liquefier. Maximum boiloff rates based on unburied tanks, protected only by 3" of multi-
layer imsulation, were assumed for calculating worst case boiloff for liquefier sizing

purposes.

Anoxygmloadings:aﬁon'sshomhFignrcGAconsis&ngofapump,pipingmdvalv&s
toallowwmdrawalofoxygm&omeithc:mnk,mdaﬂcxiblehosc(mallicwireor
fabric overwrap with suitable liner for cryogenmic service, and specialized end fittings).
A loading station might be necessary as a demonstration. Pilot plant oxygen would also
be useful for suppling oxygen reductant requirements for surface vehicle fuel cells.

Talings Disposal

Ofthe88.23mtbasalthntoxygmﬂmisd:livemdbyhanlerimoﬂ:cfwdbinofmc
process plant (see Table 6-1), 87.23 mt/mt oxygen will be discarded. Tailings from the
fine vibratory screen (undersize), magnetic separator (nom-magnetics), and reactor residuals
(ilmenite, rutile, and iron) are coliected on a8 V-belt conveyor and transported to the
discharge bin shown in Figure 6-4. A hanler collects the tails and deposits them in the
tailings discharge area. Lighter milings piles would result from the vibratory screen
mdmagncﬁcsepamoruﬂsbecanscmcywouldmmﬁghtorwhhcaﬁabcingcmshed
and ground. Thetaﬂsﬁ'ummeminepiti:sdf(andﬁ'omthemactor)wouldbedaﬂccr
reﬂecﬁngbasaltcolom(andthcdaﬂ:hmfmrmcwdﬂmmiteinﬂ:cmuﬂs).



Makeup Hydrogen Systemn

A buried tank comtains 6 months supply of liquid hydrogen (12 kg) to makeup process
losses. A vaporizer is included that supplements boiloff from the tank to provide hydrogen

vapor for the system.

Photovoltaic Power System

A sun-tracking photovoltaic solar power system provides process power requirements
dmhgtth-we:klmardaymdmgmm:hemmfmfudcenstobcused
during the lunar night Because the Lacus Veris base site is near the equator (87.5°W,
13'8).thesolarmaysmoxiamdonanmﬂz-sonm}inetomimizesmvicwing,and
minimize self-shadowing.

Regenemative Fuel Cell Power System

3,200 kw-hr (2 weeks at 10 kw) of electrical energy is provided by oxygen/hydrogen
foel cells for keeping the process in hot standby during the lnnar night. Basically, the
mcydegascompmsorisleﬁoncouﬁnuonsly.andhcatloss&sﬁ'omthereactorand
other high temperature systems are made up by the electric heater. 1,103 kg of gaseous
oxygen and hydrogen reactants are required and stored at 100 arm pressure in the 4
large tanks shown in Figure 64 on a Shuttle payload pallet. Graphite/epoxy overwrapped
tanks are used to reduce mass.

Thenmal Contro] System

A central thermal control system (TCS) and radiator were sized to reject waste heat
from various process units (principally crushing/grinding, beneficiation, and oxygen lique-
faction equipment). The TCS uses heat exchangers and an appropriate cooling medium
(ie., ammonia, water, etc.) to transfer waste heat from the users to the radiator. Dedicated
thermal control loops for the mining vehicles, photovoltaic arrays, and regenerative fuel
cells are assumed. The radiator is positioned in an East-West orientation, with a fixed
sun-screen to keep the radiator permanemly shaded from the slightly northernly track
of the sun (for Lacus Veris). Sun-screen surfaces would be coated with special (low
o/e ) thermal coatings.

C _

Data retumn requircments for the pilot plant were not studied in detail. The high and
low gain antennas- shown in Figure 6-4 arc to indicate: 1) a communications system is
i to allow tansmission of several simuitaneous video channels and many data
chmnels,Z)dmeommnniuﬁonswithbothEar&mdmelmbasemrequjreimd
3)pmcusmmhorhgmdsupmﬁsorycomolhiﬁaﬂymﬁduhuwmlmomm£arm.

Video chanmels: 2-3 each for the front-end loader, hauler, and each telerobotic servicer.
Addhionﬂcmpoinwdnpuﬁculuwhdshmdlhgmwoulddsobeuscful,such
at feed and discharge points (where solids can bridge and hangup), through access ports
on the vibrating screens (to visually assess screening efficiency, aperture blinding, etc.),
and at the flow from each crusher/grinder. General panoramic cameras would be uscful
to spot process or radiator finid/gas leaks.
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Data channels: Each plant unit should be heavily instramented to detect fanits or problems.
All data would not necessarily be transmitted to Earth. On-board computer systems
could monitor conditions of the various data sgeams, and report only anomalous sit-
nations to Earth. In addition, sampling rates could vary since certain process conditions
(i.e., tank levels) vary slowly. Typical data measurements might include: temperature,
pressure, flow rate, fluid or solids level, valve loadings (indicator of valve position),
strain gauges, lubricant level, gas/fliquid composition from automatic samplers/gas chromato-
graphs, motor amps, revolution speed, voltage, local controller output signals, etc.

Telerobotic Servici

Thepﬂmplmtismﬁsionedmopcrmewiﬂ:omwn:hmousomsiwhnmmpms@ce.
This 1s not a problem for the beneficiation and processing part of the pilot plant, since
it is standard operating procedure for most modem terrestrial chemical plants which
often run automatically under computer control with an operator required only to monitor
mepmc&mdmpondwhcnmccmlanthoﬁryofthecompmeriscxcwdedor
something breaks. The mining equipment will require advancement of state-of-the-art to
allow telsoperated control from Earth, Mining, process, and power equipment will require
periodic maintenance and repair. This requirement will occur more frequently than the
anticipated periods the base will be marmed during the Phase IT man-tended period.

Thus, telerobotic servicers for the lunar surface were proposed (84) to provide remote
maintenance and servicing capability. They would be teleoperated from Earth, although
they would contain enough on-board logic and memory to perform many tasks autonomously
with only supervisory control required of the human operator. Similar concepts for
telerobotic servicers are currently proposed for Space Station as well. For the lunar
base, they could be gpplied in many more areas than resource utilization (84). The
lunar surface servicers arc envisioned to be in two parts. The servicer part contains
the computational capability, Stereo vision, and at least a pair of dexterous manipulators,
and is assumed to be gemeric. The second part is the mobility base which can be either
general or specialized, and can be exchanged as a job requires. In Figure 6-4, a telerobotic
servicer on a general surface mobility platform is shown inspecting a repair made to stop
a process leak near the stem packing of a valve (#24). Another servicer is artached to
a remote manipulator arm and is shown viewing the solids flow through a view port in 2
section of the fines screen. The remote manipulator arm is attached to a mobile trans-
lator that travels on rails around the periphery of the support structure of the process
plant. A sparc manipulator amm/mobile translator is also on the rails in case a particularily
delicate job requires both telerobotic servicers, or if one fails and needs to be repaired.

Success of remote maintenance via telerobotic servicers will require design of the LOX
plant equipment and interfaces to match the capebilities of the telerobot support system.
This approach has been successfully demonstrated in the terrestrial undersea oil production
industry. A large (200° x 150’ x 40’) oil production platform, resting on the sea bed at
1,500°, is operated and maintained almost exclusively by telerobots (115). The key to the
saccess of this operation was the modification of subsea equipment to allow telerobotic
operation. Specific equipment design areas addressed by the oil industry (115) in this tele-
operated undersea activity that have equal importance for teleoperated lunar processing
include providing: physical accessibility to equipment, visual accessiblity, modulariry,
standardized manipulator interfaces, compatibility between telerobotics and manned EVA,
location referencing for navigation and worksite identification, built-in test equipment,
and work fixtures. Space station is also advancing acrospace applications of telerobotics,
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such as for telescience (116). Thus, although requiring much specific development work,
current technology trends support the concept of teleoperated lunar processing facilities.

Lunar telerobotic servicers will require access to tools and equipment spares. Spares
for the plant are stored in an unpressurized storage shed shown in Figure 6-4. Placing
critical electronic components in replaceable unit elements or boxes is preferred for
quick changeout Certain low reliability components or eguipment, particularily rotating
equipment such as pumps, compressors, and motors, will require redundant in-place spares.
As practiced in terrestrial chemical plants, if a pump fails, the spare pump can be
immediately started while the failed pomp is removed and repaired. It would be incfficient
to provide in-place redundancy for large process vesscls such as the reactor. Further
study is required to quantify the optimum split between on-site spares and in-place redundant
elements.

The lunar thermal, vacuum, and dust environmemt will have significant effects on the
design of reliable pilot plant equipment and components, ially rotating equipment,
seals, and lubricants. In addition to these factors, the 1/6-gravity field will offer some
advantages in terms of mass savings for materials transport equipment and support structures,
but will reduce the effectiveness of many chemical processes that rely on density differences
to perform the operation. The areas of the plant believed to be relatively insensitive to

1/6-g are:

. Front-end loader. The mass of a front-end loader is independent of the gravity
field (88). This is because the vehicle mass acts as a counter-balance to prevent
the vehicle from tipping over when the bucket is loaded and extended. However,
it may be possible to load lunar soil or rocks on the vehicle to stabilize it, if other
factors (vehicle geometry, manueuverability) allow it

. Rock crushers (some reduction in capacity is possible because the rocks will fall
through the machine at a lower rate).

. Water electrolysis.

+  Blowers, compressors.

. LOX Liquefier.

. LOX Storage.

Plant areag that are affected by the gravity difference are:

. Haunlers. Lower structural mass for the havler is possible in a 1/6-g field because
most of the mass of the hauler is devoted to stuctural support of the payload
(88). An equivalent mass payload on the Moon will impose 1/6th as much stuctural
load as on Earth.

. Screens. Lower capacity will result becanse particles will fall at a slower rate
through the screen apertures.
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Conveyors. Lower conveyor mass and energy will be required because the payload
weight decreases (46).

Ball mill grinders. The drums will be limited to lower rotational speeds in 8 1/6-g
field before the balls start to ride up the sides of the mill from centrifugal acceleration.
Ball mill capacity will decrease.

Magnetic separators. Separation performance will improve because the low gravity
will cause the arc of non-magnetic particles to deviate more than in Earth gravity.
Separations berween ilmenite and non-magnetic particles will be cleaner. The same
is true for electrostatic separators, although charging of the feed will probably be
n;cg;re difficult in vacuum (air ionization improves charging in terrestrial applications)
(99).

Fluidized bed reactors. Lunar performance may decrease becanse lower gas velocities
orlargcrpa:ticlesizsarcrequ.i:edsinccthcbedﬂuidizweasicrinlunargravity
(14). Lower gas velocities reduce reaction and production rates. Larger particles
maydecmasereacﬁonldncﬁm(becanseoflowersurfmmvolumernios)and
thus decrease production rates. Bed expansion is greater in lunar gravity (14)
requiring longer fluidized bed sections (taller reactors, more mass) for a given

ction rate. Lower lunar gravity will also require taller reactors for sufficient
freeboard (frecboard is the space above a fluidized bed where gas/solids disengage
or separate; freeboard that is too short leads to excessive fines carryover).

Structural support for plant, individual equipment, and solar arrays will be less than
on Earth.

Generally, the quantitative effect of 1/6-g on equipment design is not completely understood.
However, a correction factor has been used to decrease performance, where appropriate,
to compensate for the effect (Appendix A contains details of correction factors).

6.3 Trade Studies

A computer model of the plant was developed using scaling equations documented in
Appendix A, thermodynamic relationships, and mass and encrgy balances to estimate the
mass, power, and volume of major plant equipment. The model was applied to assess several
trades and sensitivities of interest:

The effect of alternative feedstock materials: high-titanium mare soil vs. basalt.
The effect of power source: solar or mclear-electric.

Potential mass/power savings in the pilot plant to vent instead of cool, Liquefy, and
store product oxygen.

Trades associated with growth of plant capacity by landing self-contained, modular
production tmits, instead of constructing a single large plant.

The effect of processing unconcentrated feedstock in the reactor instead of con-
centrating ilmenite in a magnetic or electrostatic separator prior to the reaction step.

73



. Sensitivity of plant mass and power to LOX capacity.
. Sensitivity of a basalt fed plant to ilmenite grain size.
. Sensitivity of a soil fed plant to ilmenite abundance.

The results of the trade and sensitivity stdies are given in this and the following
section. Many other trades are possible, the results of which could indicate significant
reductions in plant mass. Some additional studies are described in Section 6.5.

A summary is given in Table 6-5 of the calculated mass and power for mining, beneficiation,
procws,mdpowermasofﬁ:cplmtasdeterminedfor'ﬂ:edifferemcassass&ssedin
the ade studies. The equipment comtained in each area is defined in Section 6.2.1. A
30% contingency factor was applied to plant mass and power estimates to account for
factors such as automation, general structure, in-place redundancy, on-site spares, and

Table 6-5. Summary of Trade Study Calculations

LOX (mt/month): 2 2 2 2 2 2 2 2

Feed: Soil Soil Soil Soil Bamait Bamh Bamlt Basalt

Power: PVRFC Nuclesr PVRFC PVRFC PVRFC Nociear PV/RFC PV/RFC
Cycle: 45% 90% 0% 45% 5% 90% 90% 45%

g:‘Zj{mﬁon?: Y Y Y N Y Y Y N

Mass (mt)

Mining 2.7 2.7 2.7 27 34 34 34 34

Beneficiation 4 30 3.0 34 39 2.6 2.6 3e

Process 52 3.7 3.7 4.4 4.8 35 as 4.0

PV 6.4 1.6 62 5.7 T4 55

RFC 3 24.7 33 33 24.7 i3

Nuoclesr Power 52 5.1

Maxrgin 34 ri | 23 il 36 29 .9 3.4

Tol 4.4 173 444 231 4.7 175 44.4 234

Bower (we)

Mining 3 3 3 3 4 4 4 4

Beneficistion 49 ) 3 r’ 49 " § 19 19 34

Process 63 as a3 58 63 as as 53

REC 15 114 15 15 114 18

Murgin 4 19 19 33 30 17 17 29

Totl 164 81 194 158 146 75 189 140

LOX (mt/yr): 144 144 144 1000 144 144 1000

Modules: 624 mtfyr (1) (48] 1) 624 mtiyr (1) (98]

Feed: Soil Soil Soil Soil Bamlt Basait Basalt

Power: Nuclesr Nuclesr Nuciesr Nuclear Nuclear Nuclesr Nuoclesr

Duty Cycle: 0% 90% 0% 90% 0% 0% 90%

Dmenite Sep.?: Y Y N Y Y Y Y

Mam (mt)

Mining iz 37 37 143 34 34 17.6

Beneficiation 17.7 15.0 11.8 936 15.8 11.6 734

Process 219 124 18.1 65l 21.0 10.6 518

Power T4 69 1.6 189 72 65 160

Mxxygin 13.0 93 10.1 519 12.1 7.7 42.8

Total 63.7 472 51.1 2433 60.0 »7 201.7

Bower (gwe)

Mining 19 19 19 137 21 21 144

Beneficiation 146 152 143 1002 112 89 526

Proces 208 177 290 1160 208 brai 1160

Margin 112 104 136 690 102 86 549

Total 485 452 557 2988 443 cryd 2380
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63.1 Soil vs. Basalt Feedstock
The basis of this assessment was:

. 25 vol.% ilmenite in basalt, 0.5 mm equant ilmenite grains. Mining rate is 327
mt/mt oxygen produced (seec Tabie 6-1).

. 5 vol.% (7.5 wt.%) ilmenite in soil, 11% of soil greater than maximum allowable and
45% less than minimum allowable reactor input sizes (0.9 mm maximum and 0.03 mm
minimum calculated, but selected 0.5 mm end 0.045 mm for margin and because data
available from soil 10084).

Two production cases were compared: basalt and soil fed, pilot and production LOX
plants. Pilot plant conditions were:

. 2 mt/month LOX pilot plant.

. Plam beneficiation and processing arcas operating at 45% duty cycle (90% utility
during lunar day and on hot standby, but with feed shutdown and no oxygen production,
during lunar night). Mining equipment operating at 35% duty cycle (70% during
lunar day and shutdown during lunar night).

. Photovoltaic solar array to power process and regenerate fuel cell reactants during
2-week lunar day, oxygen/hydrogen fuel cell power to makeup process heat losses
during night.

Pilot plant resuits are:

Bagalt Soil Difference (Delta/Soil)
Total Plamt & Power Mass (mt) 24.7 24.4 +1.3%
Power (kw) 146 164 -10.9%

Mass/power breakdowns are shown in Figures 6-7 and 6-8. Pilot plant masses were
nearly identical. Therednctioninsolidsh.andlingandloadsonscrwzingmdmagncﬁc
separztionpmvidedforabsaltfedplamductothericher-ﬂmcnitccontcmoftbc
feedstock were offset by the relatively large sizes of crushing/grinding equipment at low

ion rates. Benefits for nsing basalt feedstock are more apparent at high production
rates where grinding/crushing equipment become more efficient (on a capacity to equipment
mass/power basis). The LOX production plant conditions were:

. 1,000 mt/year LOX production.
. Nuclear-electric power. Plant duty cycie 90%, mining 35%.
Results, as given in Figures 6-9 and 6-10, are:

Basalt Soil Difference (Delta/Soil)
Total Plant & Power Mass (mt 186 225 -17.5%
Power (kw) . 2,379 2,988 -20.4%
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Because mass and power savings are significant for a large production plant, basalt was
selected as the feedstock for the pilot plant. However, other considerations may reduce

this advantage:

-

The basalt crushing/grinding circuit will add complexity to the pilot plant. Mainten-
ance requirements will increase, reliability will decrease. It will be more difficult
to remotely operate the plant. The crushing/grinding equipment are subject to
wear that limits the lifetime of certain high wear surfaces. Although wear in the
ballmﬂlmaybesomcwhatlasinthel/&ghmarmvironmemthanonEanh,
thicker liners or tougher liner materisls may be i in the interior of the
grhdcrtomcndlifctims(ballmﬂllhlmtypicaﬂylasnyrsorlm).

Alternatives to the vibratory screens used m the ‘soil-fed plant to separate fines
prior to the reactor could reduce soil plant mass/power as described in Section 6.5.1.
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alt) on LOX Pilot Plant Mass

6-7. Effect of Feedstock (Soil vs. Bas
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Figure 6-8. Effect of Feedstock (Soil vs. Basalt) on LOX Pilot Plant Power

L OX Pilot Plant: Soil vs Basalt Feed

2 mt/month LOX, 45% Duty Cycle, PV/RFC

il

A Y
w4

NN
VA

N
y,

Al
v

NN

llllllllllllllll
OOOOOOOOOOOOOOOOOO

— e v e e e e e

78

rgin

Process RFC

Mining Beneficiation

[N\] Basait

77) Soll



LOX, 90% Duty Cycle, Nuclear
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Figure 6-9. Effect of Feedstock (Soil vs. Basalt) on LOX Production Plant Mass
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Plant Power

Figure 6- 10, Effect of Feedstock (Soil vs. Basalt) on LOX Production
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6.3.2 Nuclear vs. Solar Power

The choice of power source has an important jmpact on plant operational strategy. A
muclear-electric power plant will allow continuous day/night operation of the process
plant while solar power plants will require energy Storage in regenerative fuel cells or
rechargesble batteries to allow night process operation. This trade study was performed
for both a basalt and soil fed pilot plant producing 2 mt/month LOX (soil/basalt conditions
given in Section 6.3.1) with similar results. Three cases were examined:

1. Power provided by solar photovoltaic (PV) armrays and regenerative fuel cells (RFC)
with a 45% plant duty cycle.

2. Power provided by nuclear-electric sowrce with 90% plant duty cycle.
3.  Power provided by PV/RFC with 90% plant duty cycle.

Breakdown of the mass and power requirements are given in Figures 6-11 and 6-12 for
the basalt-fed pilot plant, and in Figures 6-13 and 6-14 for the soil-fed pilot plant.
Nuclear power not only reduces the size of beneficiation and process equipment because
the plant operates at a higher duty cycle over case 1, but also the power plant does
not have to generatc as much power and so is itself less massive. Total plant and
power mass reductions of 45-350 percent appear possible using nuclear power at a W%
plant duty cycle instead of a PV/RFC system at 45% duty cycle. Operating a PV/RFC
system at 90% duty cycle produces the same mass/power savings in the plant as nuclear
power, but because RFC systems are very inefficient compared to nuclear power, total
plamt and power system mass is much higher than even a PV/RFC operating a plant at
45% duty cycle.

For the three cases, total pilot plant and power system mass (mt) are:

Basalt Feedstock Soil Feedstock
Case 1 (PV/RFC, 45% DC) 24.7 244
Case 2 (Nuclear, 90% DC) 17.5 17.3
Case 3 (PV/RFC, 90% DC) 444 44 .4
and power (kw):
Basglt Feedstock Soil Feedstock
Case 1 (PV/RFC, 45% DC) 146 164
Case 2 (Nuclear, 90% DC) 75 81
Case 3 (PV/RFC, 90% DC) 189 194

A specific performance ratio of 39 kghkw for a PV power system was used based on
typical values for oriented solar array systems for spacecraft (102-104). Nuclear power
scaling included reactor, radiator, power conversion systems, and instrument-rated shielding
masses based on a Los Alamos study (105). The same data was used in another LBSS report
on spacecraft mass scaling (106). Performance ratios varied from 64-75 kg/kw for the
soil and basalt 2 mt/month pilot plants to 13 kg/kw for a 144 mtfyr production plant.
Man-rated shielding was not included becanse it was assumed that the nuclear piant
would be located in a local crater or use of other in-situ shielding concepts would be
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possible. The mass of electric transmission cable from a remote nuclear power site to
the plant was not cstimated. The 30% mass contingency factor was assumed to provide
sufficient margin. The RFC power system provides thermal energy lost from the process
during the 2-week night. The mass of this system is dominated by the mass of oxygen/-
hydrogen reactants required, and the mass of reactant storage tanks. Since the fuel
cell reactants are regenerated, they are stored as high-pressure gases requiring large,
massive tanks. Graphite overwrapped tanks were used to reduce mass estimates. However,
340 kg/kwe was calculated for a system providing pilot plant requirements (averaging 10
kwe for 2 weeks). Additional details and documentation are given in Appendix A.
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6.3.3 Effect of Eliminating Oxygen Liquefaction and Storage Systems

Mass and energy savings are possible for the pilot plant by eliminating the oxygen refrig-
erator, LOX storage tanks, LOX loading station, and the thermal load to cool oxygen
prior to liquefaction by simply venting the plant’s product oxygen stream after the
water electrolysis step. This was investigated for both basalt and soil fed pilot plants.
Basis for the analysis was: 2 mt/month oxygen production rate, PV/RFC power system,
45% duty cycle, and feedstock properties given in Section 6.3.1. Pilot plant mass and

breakdowns with and without oxygen liquefaction are given in Figures 6-15 and

6-16.

For a basalt fed pilot plant: w/Lig. wiout Liq. Diff.(deltafwith)
Total plant & power mass (mt) 24.7 234 - 5.4%

Power (kw) 146 140 -41%

For a soil fed pilot plant: w/Liq. wiout Lig. Diff.(delta/with)
Total plant & power mass (mt) 244 23.1 - 54%

Power (kw) 164 158 - 3.6%

Thus, significant mass and power savings are not available by eliminating oxygen liquefaction,
and downstream equipment. Other considerations dictated that liquefaction remain in
the conceptual design.

Oxygen liquefaction, storage, and loading/refueling in the lunar environment are an
important set of process demonstrations. Performance of long-term LOX storage in the
unique thermal eavironment of the Moon should be assessed. Operational capability for
withdrawing LOX from the storage tanks and loading it into a user shouid be demonstrated
prior to delivery of full-scale production units.

Liquefaction of the pilot plant product may also be required to certify liquid oxygen
quality to propellant grade (and possibly ECLSS) standards. Various impurities will be
present in the gas stream to the electrolysis cell, including carbon dioxide (slowly building
from accumulated extraction of solar wind carbon) and hydrogen suifide. CO, will dissociate
during electrolysis to produce carbon monoxide at the cathode (where hydrogen forms)
and oxygen at the anode. The CO will be recycled with hydrogen back to the reactor.
The effect, then, of carbon impurities is to increase the quantity of reducing gases,
which is a beneficial outcome. HZSinﬂ:eelectrolysiseellfwdgasonthcoﬂmrhand,
might likely create sulphur dioxide, SO,, at the anode, which will need to be removed
before oxygen liquefaction since it solidi at -83°C and could foul heat exchange
surfaces as it condenses. The separation equipment to remove SO, should not be too
complicated, but its operation would require demonstration. The puot plant conceptual
design studies did pot include a detailed analysis of possible impurities or purifying
techniques, and no equipment baseline was established.

In addition, the effect of venting 146 kg/day of oxygen vapor may require the pilot
plant be located far enough sway to prevent interfering with scientific experiments and
optics. This may require a pilot plant location remote from the base, increasing plant
setup and servicing time requirements. The effect of possible oxygen deposition on pilot
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plant radiator surfaces (which may remain permanently in shadow from sun-screen)
would require investigation if the option to not liquefy is pursued.
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6.3.4 Effect of Modular Construction

Since a LOX production plant will typically mass more than the maximum 25 mt payload
capaciryofam:sablelandzrmdcrconsideraﬁon(SO),iIcannotbcdclivcrcdina
single integrated unit as emvisioned for the pilot plant. Thus, a LOX production plant
can be delivered in two ways: 1) delivering two or more units that, when assembled
together into one large production plant, is capable of producing the required LOX rate,
or 2) delivering several self-contained production modules, that operate either independently
or are cross-tied at key locations to increase operating flexibility and redundancy, but
which together produce the required LOX. This trade study was designed to investigate
the consequences of achieving a given LOX capacity by delivering scparate modular
production units. Both basalt and soil fed plants were examined (with feedstock properties
the same as in Section 6.3.1), although results were similar. The basis of the trade was
a comparison between:

. A 144 mt/year LOX production plant, muclear power, 90% duty cycle.

. Six 24 mt/year LOX pilot plants, also muclear powered, with 90% duty cycle. The
mining area mass and power for the six 24 mt/yr plants was set equal to the 144

mt/year plant, since the minimum excavator/hauler size constraint in the model is
an artifact that is not relevant for this trade.

Results for the basait fed plant are given in Figures 6-17 and 6-18, and for the soil fed
plant in Figures 6-19 and 6-20.

Basalt Feedstock: 144 mtfvear Six 5 24 mt/year  Diff. (Del/144)
Total Plant and Power Mass (mt) 39.7 60.0 +51.1%
Power (kw) 372 443 +18.9%
Soil Feedstock: 144 mtfvear Sixx 24 mtfvear  Diff. (Del/144)
Total Plant and Power Mass (mt) 47.2 63.7 +34.9%
Power (kw) 452 485 +7.2%

These results show that a significant mass penalty would result from delivery of low-
rate modular production plants over a single higher rate production plant. However,
other factors to consider are:

. A single larger plant can not begin LOX production until all units have been delivered
and assembled. For the 144 mtfyear plant, massing 40 mt, this is only 2 flights or
perhaps a year delay (if 6 lunar flights per year are performed, with 2 for crew
rotation, 2 for science experiments, and 2 for resource utilization). However, a
1000 mt/year LOX plant masses 200-240 mt for a basalt or soil fed plants. This
meansadelayof4-5yw'sﬁ'omﬁrstmitdelivmytoﬁnalnnitdeliverybasedon
the same manifest assumption (2 resource flights/year). Modular units, on the
other hand, have an advantage that they can be delivered and begin LOX production
as soon as they are setup and function checked.

. The total number of equipment parts for X number of modular units will be approx-
imately X times as many as a single large production plant. This means that overall
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system reliability will be lower and maintenance higher for the modular production
case. However, if something breaks on a modular mnit, only the production from
that one unit suffers. Thus, total modular plant LOX output is subject to degradation,
but becanse the modular units are redundant, the likelihood of total LOX production
stopage due to maintcnance problems is remote. A problem in a single large plant,
however, could result in shutdown of the entire piant, with no LOX production
until the problem is corrected.

In other words, a modular plant approach to emplacing a certain LOX capacity will
probably result in higher maintenance manpower requirements. However, although
maintenance requirements for a single large plant will be lower, if something does
go wrong in the plant, it can have a greater adverse effect on LOX production.
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Figure 6-20. Effect of Modular Construction
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6.3.5 Effect of Eliminating Ilmenite Beneficiation

This trade was setup to show the benefits of separating ilmenite prior to reduction
versus feeding unbeneficiated material. The results, however, were sornewhat surprising
because the benefit was not as great as expected. The comparison was made for a soil
fed plant producing 144 mt/year LOX with nuclear power (90% plant duty cycle). The
baseline case was with a magnetic separator to concentratc ilmenite (electrostatic separators
resulted in higher power conmsumption, and thus greater plant masses in all cases) after
screening, which removes feed sizes that are too large or 100 small for the fluidized bed
reactor. The alternative case still had the screening, but eliminated the magnetic separator.
Results are given in Figures 6-21 and 6-22.

With Separation Without Separation Diff.(Delta/with)
Plant + Power Mass (mt) 47.2 51.1 + 8.2%
Power (kw) 452 587 +29.8%

As expected, climinating the magnetic scparator reduced the mass of the beneficiation
area (sec Figure 6-21) and increased the mass of the process arca because the feed rate
to the reactor is higher which requires a wider, more massive reactor. Also as expected,
the small decrease in beneficiation power requirement was more than offset by higher
power demands of the reactor to heat up all the extra non-ilmenite material. However,
total plant and power mass only increased slightly, due primarily to the efficiency of
the nuclear power system. The large power increase resulted in only a slight rise in
nuclear power plant mass.

A basalt-fed plant case was not examined, but probably should be. Eliminating ilmenite
separation becomes more advantageous as the natural ilmenite concentration in the feedstock
increases, which is the case with basalt.
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6.4 Sensitivity Studies

The effect of LOX production rate, ilmenite grain size in basalt, and ilmenite abundance
in soil on production and pilot plant mass and power was determined.

6.4.1 Sensitivity of Plant Mass and Power to Production Rate

Analyses of the sensitivity of plant mass and power to production rate were made to
develop more convenient scaling relationships for program analysis. Separate relationships
were developed for basalt and soil fed plants, and for pilot and production plants.

Basali-Feedstock, Pilot Plant

The basis for this case is 1-5 mt/month LOX pilot plants, basalt feedstock with properties
described in Section 6.3.1, PV/RFC power system, 45% plant duty cycle. Mass and power
as a function of production rate is shown in Figures 6-23 and 6-24. Plant mass (sum of

mining, beneficiation, process areas, and margin) was found to be a nearly linear function
of production rate in the 1-5 mt/month LOX range:

Plant mass (mt) = 3.85 * LOX (mt/month) + 8.1 Error=202mt

The error is equal to one standard deviation of the plant mass derived by these corre-
lation equations to the plant mass calculated from the computer program. Total plant
and power system (photovolaic and regencrative fuel cell power system) is given by:

Total Plant + Power mass (mt) = 6.50 * LOX (mt/month) + 11.8 Error =1 0.3 mt

Plant and RFC power requirements suf:plicd by the PV system are:

Power (kw) = 58.2 * LOX (mt/month) + 30.5 Error=23.0 kw
Soil-Feedstock, Pilot Plant

The basis for this case is 1-5 mt/month LOX pilot plants, soil feedstock with properties

described in Section 6.3.1, PV/RFC power system, 45% plant duty cylce. Mass and power
acnsitivirytoproductionrateisﬂlusn-atedinFigumﬁ-ZS and 6-26. Plant mass is

given by:

Plant mass (mt) = 4.05 * LOX (mt/month) + 6.6 Emmor=2 0.2 mt
Total plant and power system mass is: |

Total Plant + Power mass (mt) = 7.21 * LOX (mt/month) + 10.0 Emror =1 0.4 mt
Plant and RFC power requirements supplied by the PV system is given by:

Power (kw) = 71.1 * LOX (mt/month) + 22.8 Error =1 2.7 kw

Noteﬂ:axdxeslopaofthemassandpowercnrv&ewiﬂmuscdawecurvamintemect,
at lower rates the soil-fed pilot plant has the smaller mass and power while the reverse
is true of the basalt-fed pilot plant at higher production rates. (The intersections were
not found).
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t-F ion Plant

The basis for this case is 144-1500 mt/year LOX production plants, nuclear power, 90% plant
duty cycle. Figures 6-27 and 6-28 show mass and power for the different plant areas.
Derived correlations for the curves are:

Plant mass (mt) = 0.176 * LOX (mt/yr) + 11.4 : Emor=12.8 mt
Plant & Power mass (mt) = 0.187 * LOX (mt/yr) + 16.4 Error=+2.8mt
Power (kw) = 2.35 * LOX (mtfyr) + 34.4 Eoor=15.0kw
Soijl-Feedstock, Production Plant

The basis for this case is 144-1500 mt/year LOX production plants, nuclear power, 50% plant
duty cycle. Mass and power as a function of production rate is given in Figures 6-29
and 6-30. Correlations are: .

Plant mass (mt) = 0.217 * LOX (mt/y1) + 8.73 Ermor =2 0.6 mt

Plant & Power mass (mt) = 0.231 * LOX (mtfyr) + 13.6  Emor=3+0.6 mt

Power (kw) = 2.95 * LOX (mt/yr) + 27.7 Eror=124.0kw

As with the pilot plants, the soil and basalt production plant mass and power curves
will intersect. Basalt-fed plants are more efficient at high rates, soil at low rates.

A summary of the results is given in Table 6-6.

101



Table 6-6. Summary of Production Rate Sensitivity Results

(Nuciear Power, 90% process duty cycle, 35% mining duty cycle)

BASALT FEEDSTOCK
LOX Plant Area Mass (mt)
Prod. Nuclear
144 34 11.6 10.6 17 332 6.5 39.7
180 6.1 142 124 9.8 426 69 495
300 9.4 235 185 154 66.9 8.3 75.2
500 123 38.2 28.1 236 102.1 105 1126
1000 17.6 734 51.8 42.8 185.7 16.0 201.7
1500 26.7 109.0 75.7 634 274.7 21.6 296.3
Fod Pt Arsa Powes Qo)
144 20.8 0.1 1765 859 3723
180 28.1 1052 2185 1055 457.3
300 456 1705 3575 1721 745.7
500 752 2675 %87.8 279.1 1209.6
1000 144.4 525.7 1160.4 5492 2379.7
1500 216.8 796.5 1730.7 8232 35672
SOIL FEEDSTOCK
LOX Plant Area Mass (mt)
Prod. . . Noclesr
{meivr) Mining. Beneficiation Brocem Mazin. Plsat Powg Total
144 3.7 15.0 124 93 403 69 4712
180 3.7 185 148 11.1 48,0 1.4 55,4
300 5.0 29.5 2.3 17.1 739 9.1 83.0
500 7.4 479 K5 27.0 1170 11.9 128.9
1000 143 93.6 65.1 519 225.0 18,9 243.8
1500 24.1 138.7 95.0 T3 335.1 2538 360.9
LOX Plant Ares Power (kwe)
Prod. .
144 19.1 1523 176.5 104.4 4523
180 23.9 1902 218.% 1298 5624
300 9.9 304.0 1575 210.4 911.8
500 665 s01.2 537.8 346.6 1502.1
1000 136.5 1001.6 1160.4 6395 2988.0
1500 210.5 1487.1 1730.7 1028.5 4456.8
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6.4.2 Sensitivity of Basalt-Fed Plant to Iimenite Grain Size

If basalt of a larger grain size is available, less grinding will be necessary to liberate
the same amount of ilmenite (sce Figure 6-5), thus decreasing the size and power of
necessary grinding equipment (e.g. ball mill). In addition, if target grind size increases,
fewer fines are produced, which results in less screening (saving screen power and mass),
but also decreasing mining requirements since less fines are produced and discarded.
This effect is shown below:

Basalt
Grain Percent Mining
Size.mm  Fipes Req. mt/mt O,
0.5 43 186
0.75 32 157
1.0 27 144
1.5 20 132
2.0 16 126
Pilot Plant

The combined effect of these improvements is given in Figures 6-31 and 6-32. For a 2
mt/month LOX plant, operating with basalt feed, PV/RFC power, and 45% plant duty
cycle, total plant & power mass decreases from 24.7 mt with a 0.5 mm ilmenite grain
size, to 23.1 mt (-6.5%) with a 1.0 mm grain size, and to 22.6 mt (-8.3%) with a 1.5 mm
grain size. Power requirements decrease from 146 kw at 0.5 mm grains to 138 kw (-5.7%)

and 135 kw (-7.3%) for 1.0 mm and 1.5 mm grains, respectively.
Production Plant

A case was run for a 144 mt/yr LOX plant, basalt feed, muclear power, 90% plant duty
cycle. Total plant and power mass decreases from 39.7 mt with 0.5 mm ilmenite grains
to 34.7 mt (-12.6%) and 32.9 mt (-17.3%) for 1.0 mm and 1.5 mm grains, respectively.
Power decreased from 372 kw @ 0.5 mm grains, to 339 kw (-9.0%) and 322 kw (-13.4%)
for 1.0 mm and 1.5 mm grains, respectively. Figures 6-33 and 6-34 illustrate the results.
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6.43 Sensitivity of Soil-Fed Plant to Soil Ilmenite Abundance

The mass and power of a soil-fed production plant (144 mt/yr LOX, nuclear power, 30%
duty cycle) is given as a function of soil ilmenite abundance in Figures 6-35 and 6-36.
~ Soil ilmenite abundance is given in weight percent in the figures. Weight percent ranges
from 7.5%-15% ilmenite as shown in the figures comresponds to volume percent ilmenite
ranges from 5%-10% (based on 4.5 S.G. for iimenite and 3.0 S.G. for soil). For soil ilmenite
shundance increase of 5 vol.% to 8 vol.% (7.5-12 wt.%), total plant and power system
mass decreases from 47.2 mt to 36.3 mt (-23%). Thus, 2 significant mass savings can be
realized if an extensive ilmenite-rich region on the Moon were located for the mine site
(several hundred meters on a side).

116



ie10L o 1ueld + Jamod Ia)
Paa4 [108 U} JUad1ad YT|o N ) juaul(]

Gl Bl 11 6 L
I 1 1 1 ] i 1

[r1]

8 £

- 01

~ Gl

- 02

- G2

- 08

- GE

- OF

— G¥

0s
00 %08 '1e3Pny ‘1og ‘X077 44/ vyl

DOJ4 Z(O UO 20UDPUNQGyY d}luswli| O 10984)7

SSJA JUR|J UOHINPOIJ U0 DUBPUNGY HUIAWG[ {108 JO 1331)7] "Sy-9 i)

() ssep [910] PuUw ‘Iamod "jue[d

117



] §

Paay 10§ Ul UL WBPR puBw(]

€l Il 6 L

1 | 1 | ! 1 |

ote
- O¥E
—~ 0GB
— 09t
= QLE
- 08t
— 06b
— 00F
— O1¥
— Oc¥
— 0C¥
— OFF

— 0G¥

24 %06 '1e3[onN ‘110§ 'XOT 44/1W FFI

09¥

PO 2¢O U0 22uUDpUNQgy s}iusid]l 40 1024}

13MO0( WUH|J UOHDNPOI4 U0 DULPUNGY AUSUI] 10S JO 103)J7 *9¢-9 4N

(M) D4y pue uUR[d 10] I3MOd [¥10]

118



6.5 Process Alternatives and Potential PayofT

More process alternatives and tades arc possible than those described in Sections 6.3
and 6.4. Some are described in this section although study resources prevented detailed

analysis.
6.5.1 Alternative Fines Removal Concepts

Vibratory screens become inefficient below about 0.1 mm aperture size. Soil-fed plants
in particular would benefit from 2 more efficient way to remove fines. Although electrostatic
sizing methods have been proposed by some (22, 46), this suffers from the large thermal
energy penalry associated with pre-heating the soil to 150-200°C prior to feeding the electro-
static unit (this is a requirement with ilmenite seperation, it may not be for size separation).
Cyclone separators or mechanical gas classifiers are aitematives to removing fines (<0.03-
0.045 mm). Schematics of thesc units are showm in Figure 6-37. They rely on 2 gas
stream to carry the fines into the units, where centrifugal and drag forces act to separate
out the fines. Cyclones contain no moving parts and are the preferred alternative.
Probably the easiest way to incorporate one Orf the other of these units into the process
is to put it at the top the reactor. The fines would be aliowed to enter the reactor in
the feed, the ascending gas would entrain them and carry them into the cyclonc or gas
classifier where they would be removed. The principal difference berween a cyclone in
this application and the cyclone normally installed at the top of the reactor is its size
which must be large enough to handle large volumes of fines (aiso the solids retum
line would not re-enter the reactor but would descend to a gas/solid separator and
discharge conveyor). This concept would eliminate the vibratory screens to remove
fines, but would reguire a larger magnetic scparator to handle the increased flow. The
top bed of the reactor might also require 2 larger diameter.

The vibratory screen for a 2 mt/month LOX soil-fed pilot plant (at 45% duty cycle)
masses 1500 kg (6% of 24.4 mt total) and requires 45 kw (27% of 164 kw total). The
additional load on the magnetic separator would approximately double its mass and power
(adds 910 kg and 1.2 kw). Even if the cyclones or mechanical classifier scales at 25%
of the vibratory screen, savings of 215 kg (1% of total mass) due to equipment mass
decrease, and 1200 kg (5% of total mass) in solar array mass savings due to a decrease
in power of 33 kw (20% of total power) are possible.

Figure 6-37. Mechanical Gas Classifier and Cyclone Separator (Ref.91)
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8.2

- For a soil-fed pilot plant (1-5 mt LOX/month), PV/RFC power, 45% duty cycle:

Mass (mt) = 7.21 * LOX (mt/month) + 10.0
Power (kw) = 71.1 * LOX (mt/month) + 22.8

- For a basalt-fed production plant (144-1500 mt/yr), Nuclear power, 90% dury
cycle: :

Mass (mt) = 0.187 * LOX (mt/yr) + 16.4
Power (kw) = 2.35 * LOX (mt/yt) + 34.4

- For a soil-fed production plant (144-1500 mt/yr), Nuclear power, 90% duty cycle:

Mass (mt) = 0.231 * LOX (mt/yr) + 13.6
Power (kw) = 2.95 * LOX (mt/yr) + 27.7

A second conceptual design was produced of plant that extracts solar wind hydrogen
from bulk lunar soil. The mass of a 2 mt/month LOX, 1.2 mt/month LH, pilot
plant was estimated as 60 mt, including a nuclear power plant providing 1.7 MWe
and 4.7 MWt to the process. Scaling equations were also developed for plant mass
and power:

Mass (mt) = 2.57 * LH, (mt/yr) + 17.7
Electric Power (MWe)=0.122 * LHZ (mt/fyr) + 0.021

Progress in applying_aptomation and robotics technology to remote mining operations,

and to remote servicing/maintenance of complex process equipment is needed to
offset high man-power requirements which are typical of terrestrial mining/chemical

processing.
Recommendations

A thorough cost/bencfit analysis is neceded of lunar oxygen production strategies of
interest, including: 1) oxygen production for reusable lunar landers, 2) both lunar
oxygcnmdhydmgenproducﬁmforﬂ:elmdas,md3)mhamnmlqapmachto
placing LOX production capacity for supplying a LEO market. Sensitivity to operations
costs and annual rate of lander missions should be assessed.

A re-analysis of the payback period and lifetime program savings for a scenario that
uses lunar oxygen for reusable landers is the top priority. The study should incorporate
the LOX plant sizing equations given in this report. It should also recognize that
a teleoperated LOX plant module can be delivered in an integrated package, allowing
LOX production to begin soon after interfaces to utilities are provided.

A consistent comparison of extraterrestrial resource utilization processing methods
and alternatives is nesded. Mass, power, and volume estimates reported in the
literature for various process alternatives differ fundamentally in what is and is
not included in the estimates. Researchers now involved in assessments of new
initiatives will require a consistent set of data for comparison purposes.

Asmdytoyrochweasctofprowssmass,powcr,mdvolumerequirememsona
consistent basis is recommended. Values given in the literature for these process
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8.  Set-up process plant structure.

a) Offload transponer, position, and place process structure (Shuttle payload pallet) in
vertical position, attach to anchoring hardware (perhaps deploy guy-wires as well).

b) Deploy equipmem outside payload bay envelope (feed and disposal bins, communications
antennas, remote manipulator arms and transporters, handrails and walkways.

9.  Set-up photovoltaic power system.

a) Offload transporter, position, and place all photovoltaic power modules and systems
(4 of the sun-tracking, double panel arrays shown in Figure 6-3 are required).

b) Deploy electrical cabling.

¢) Make electrical connections between panel power CONVEITErs and process plant.

d) Make electrical function checks of power and process equipment.

e) Make communications/data links function checks. :

10. Set-up central thermal control system.
a) Offload transporter, position, and place central thermal control system and sun-screen.
b) Make interface connections with process structure.

11. Set-up liquid oxygen and liquid hydrogen storage systems.

a) Offload transporter, position, and place LOX storage tanks and LH, tank.
b) Make piping connections.

¢) Bury tanks.

12. Set-up regenerative fuel cell system.

a) Offload transporter, position, and place regenerative fuel cell system.
b) Make connections to PV power and process electrical systems.

c) Function check systems.

13. Set-up LOX loading systems.
a) Offload transporter.
b) Construct LOX loading station equipment.

14, Startup operations.
a)  Startup mining and processing operation.
b) Work out and repair startup problems.

15. Set-up spares/miscellaneous support facilities.
a) Offload spares shed and construct.
b) Offload spares, tools, lighting, etc. and place in shed.

The following is a roogh estimate of manhours required to complete these tasks. Some
task times are extracted from a previous operations study (84).
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The total EVA time estimate of 228 person-hrs corresponds to 19 two-person 6-hr EVA’s.
Assuming that 2 4-person crew is capable of supporting a 6-hr two-person EVA every 24
hrs (84), a 4-person mission that devotes almost 3 weeks exclusively to pilot plant setup
and startup support is required. Assuming 2 days for landing day and launch day checks
(84)and6daysinu'ansit,amminnnnofamonthlongmissionisindicawd.

Operation

Pilot plant operation is performed by teleoperation control from Earth during the man-
tended base phase. The altemnative to teieoperation is to operate the pilot plant only
when homans are at the base. However, expected data requirements for supporting the
opdmnmdwignofapmducﬁonplmn(weSecdonﬁ.l)cannmbcmqujmdinshon
pilot plant campaigns. Therefore, operation of the pilot plant without continuous on-site
luman involvement was baselined. Advancement of the state-of-the-art in automation,
robotics, and teleoperation js required, particularly for the mining vehicles. To compensate
for the 3-second communicarions delay, these vehicles need extensive on-board computation
capability to perform many functions neardy antonomously, with only supervisory control
exercised by Earth teleoperators (50). Maintenance functions are performed by telerobotic
lunar surface servicers (84). Design of the plant and power equipment will require special
consideration to allow remote maintenance.

Shortly before crews retum to the lunar base, the pilot plant will be commanded to go
through a shutdown cycle in preparation for intensive on-site inspection and maintenance
by the crew. A budget of 84 EVA-hrs (or 7 two-person 6-hr EVAs) would allow ample
time for these inspections and maintenance chores. Upon completion of the human
inspection/maintenance tasks, the pilot plant should (via Earth teleoperations) commence
itss:armpcyclesotha:mwmwaﬂabletoperformEVAsupponofthcstanup. As
with tasks 14a and 14b above, budgeting 16 EVA-hrs should be sufficient to support a 4
day (96 hr) Earth controlled startup cycle.

6.6.2 Production Plant

The production plant basis is 180 mtfyear LOX using basalt feedstock and powered by a
nuclear-electric source (460 kwe). The mass of this plant (inciuding power) is 50 mt.

Setup.

A setup time of 460 EVA-hrs is estimated for this production plant based on the estimated
pilotplantsemprequircmcntsfromﬂ:cprevioussection,scaledwirhtbcraﬁoofplam
masses (pilot plant mass is 24.7 mt).

Operation

The operation philosophy of the production plant remains nearly the same as the pilot
plant.  Since techniques for remote operation should have been perfected during pilot
plant operation, Earth teleops control of the day-to-day operation of the plant should
be possible. However, since the plant operates during the permanently occupied base
pc:iod,maimmanceprovidedbymlcmboﬁcscrviccrscanbebackedupbymady access
to human suopport. Therefore, a 2-man maintenance crew is baselined for this support.

The crew would work standard S-day weeks, 8-hr/day. Crew relief would occur every
180 days (83). The crew would be equipped for possibie EVA aithough direct teleoperated
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mnmlofthesurfacesendcmmdrcpairmsksinaprsmﬁzcdmaimmmccshopmay
be their normal operating mode.

Consumables and Hardware Resupply. ..

Makeup for hydrogen losses will require resupply from Earth. A correlation of computer
program predictions was made t0 relate LH, resupply requirements and LOX production
rate:

LH,, Required (kg/yr) = 0.97 * LOX Production (mt/y™) + 0.5

Hardware resupply and equipment spares will also be required. Spares for high maintenance
items such as for rotating equipment components, mining and solids handling equipment
components, and clectronics will mainly be needed. Although total mass of these items
is not expected to be greater than 1-2% of plant mass per year (based on 5%/yr replacement
of equipment mass for mining, crushing/grinding, screens, magnetic Separator, electric
heater, electrolysis cell, compressors, conveyors, and radiator/thermal control system),
additional study is needed to better quantify the expected amount of hardware resupply.
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6.7 Preliminary Assessment of Lunar Oxygen Production

A previous analysis (48) of lunar oxygen production for a 1,400 mt/yr low Earth orbit (LEO)
LOX market concluded that LOX delivery to a LEO market from the Moon cannot compete
with a low-cost Earth heavy-lift launch system. Many assumptions were made in the
analysis, including the mass and manpower requirements of the lunar LOX and LE-
production piants. Thcmodeldcvelopedfortheorigimlmalysishasbecnupdatedwti
thcpmductionplantmassmdpowcrsizingmlaﬁonships developed in this study. The
LEOma.tketmsewasrcpeated,andrasultsarcgivcnintthableshlAppmdixE. It
shouldbenotedthatthepaybackpuiodandlifctimcprogmnmhgsmrnsingluwoxygm
for reusable lunar landers was not anal mthissmdy;bmitishighlyrecomended
ﬂmhdmnldbemalyzedusingthcwncqnoffuﬂy-imcgrnedprmmodtﬂwmd
plant mass correlations developed in this stady.

ALEOma:ketoflAOOmtlerOXwasusedinthcmalysis(Table1inAppmd.ixE
gives a breakdown of LEO LOX users). Several cases were examined with various propuision
technologies (including conventional LOX/LH, jon and advanced: solar sail, electric,
and mass driver) and lunar LOX and LH, production. Table 2 in Appendix E describes
parameters of the production plant wb.ac Tables 3-6 characterize the Earth launch,
orbital transfer vehicles (OTV’s), and lunar landers. Only the LOX/LH, production
plant parameters were adjusted for this analysis. In particular, the number “of personnel
required for LOX/LH, production was decreased substantially (from 20-50 to 2-4 depending
on uction rate) 16 reflect assumed Earth teleoperations mode of the plants with only
lunar on-site maintenance Support.

The results of the analysis did not change significantly from the previous study. Basically,
the reasons for this are due to lumar surface to LEO transportation efficiency, not
LOX/LH, production efficiency. A brief discussion of the results is included here, but
add.itiona} information can be amained in the previous report (43). The first major
comparison of each case is the steady-state mass payback ratio (Table 7, Appendix E)
which is the ratio of lumar LOX delivered to LEO to the hydrogen (and tankage) sent
from LEO. Thcreasonforcalculaﬁngthisraﬁoistodetermhcifthcmassoflunaroxygcn
delivered to LEO is greater than the LH needed to operate the system. It is fixed by
the characteristics of the spacecraft in the transportation system. The steady-
statemasspsybackraﬁoish:ﬁnitcforﬂaecaseofboﬁllnnaroxygenmdhydmgen
production becanse no LH fromEanhisneededforservicingmeOTV'sandlunar
landers. For the case of onfy lunar LOX production and conventional LOX/LH, propulsion
systems, a mass payback ratio of 1.63 was calculated, meaning that 63% more oxygen is
deliveredtoLEOthanhydmgcnusedin&erTV'sandlunarlmdcrsneededtodeliver
that oxygen. Thisratiod:pcndsonﬂ:esizeofﬂ:emsponaﬁonvehidsused. In
thiscase,mUTVd:atdeﬁvcrsSOthOXwLEOrequimllSmeH for each roundtrip.
s case, o O e Gelives the 50 mi LOX to a LLO rendezvous with this OTV require
12.6 mt LH, (which is contained in 5.4 mt of tankage).

Lifetime mass payback is another ratio calculated by the model (Table 8, Appendix E).
This ratio includes the mass of the lunar production plants, resupply, and crew and base
supporttodctcrmincifﬂlctotalmassofluna:LOXpmducedisgreazerthmthe total
mnssreqtﬁredoverdaclifcﬁmcofthcpmpdlamplants. A 20 year lifetime was selected
for this analysis, over which 27,000 mt LOX is delivered to LEO (20 yrs for a 1,357 mtfyr
LEO markst). The lunar surface propellam plant is sized to produce additional oxygen
for the propellant carrier OTV’s and landers. The amount of lander and OTV oxygen
required depends on whether lunar hydrogen is available. If lunar hydrogen is not
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available, more lander/OTV trips and more oxygen fre peeded to deliver LH, to the lunar
surface (LS) for the lunar landers. If both lunar oxygen and hydrogen are produced,
1.17 mt of oxygen is needed for the transportation system per metric ton of oxygen delivered
1o the LEO market. For lunar oxygen only production, more OTV/ander flights are

ired to deliver the same amount of LEO propellant, which translates into the peed
for 3.52 mt of oxygen per metric ton of oxygen delivered. Thus, for the lunar oxygen only
case, a 6,140 mt/yr lunar LOX plant is needed. Lunar LOX production of 2,940 mt/yr is
nwdedifbothlunaroxygenandhydrogcnmpmchxwd. The lifetime LOX market is
123,000 mt for the lunar oxXygen only case and 58,800 for the lunar oxygen and hydrogen
case.

With the correlations developed in this report, a 1,150 mt LOX plant (assuming a basalt-
fed plant) is needed to supply the 6,150 mt/yr LOX requirement for the oxygen only
case. For lunmar oxygen and hydrogen, both a 430 mt LOX plam (producing 2,300 mt
LOX/yr) and a 1,120 mt LH, plant (producing 375 mt LH,/yr and 640 mt LOXAT) are
ired. Inbothcasm,maddiﬁonalBSmtofbaseelemcntswasassumedrequj:edto
support the plant maintenance crew. To deliver the base and plant components to the
lupar surface, 5.8 mt of propellant is required in LEO for OTV/lander spacecraft per
metric ton of base/plant. Thus, the LOX only case requires 8,040 mt in LEO for delivery
of plant and support base, while 10,810 mt is needed for the LOX/LH, case. Plant resupply
mass was estimated as 12mt/yrand16mt/yrformcLOXonlyand2thc LOX/LH, plants,
respectively. The maintenance crew of four was assumed to require 1.1 mt/yr per person
(for both plants). Over the 20 year lifetime, a total of 325 mt (for the LOX only case)
and 410 mt tons (for the LOX & LH msc)mncedcdonﬂmlunarsurfaccforcmw
rt. A total lifetime requirement og 16,610 mt LH, (and tankage) is needed in LEO
for OTV’s and landers if only lunar oxygen is availabie (of course, no LH, is needed in
rlﬁg if both hunar oxygen and hydrogen are gvailable). To summarize the lifetime mass
ts:

Lifetime propellant production (20 yrs) on Moon vs. LEO outbound mass requirements
(from Earth):

Lanar LOX only Lunar LOX and LH-

LOX Production (mt) 122,800 58,800

Production (mt) 0 7.500
Total Propellant (mt) 122,800 66,300
Plant/Base (mt) 1,180 1,590
LEO Propellant to transport
Plant/Base to LS (mt) 6,860 9,220
Crew/Hardware Support (mt) 330 _ 410
LEO LHA (mt) 16,610 0
Total LE%) (mt) 24,980 11,220
Lifetime Propeliant Production
/LEO Outbound Mass 4.9 5.9
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Lifetime LEO outbound mass vs. LOX market in LEO (Lifetime Mass Payback Ratio):

Lupar LOX only. Lunar LOX and LH,
LOX Market (mt) 27,100 27,100

Lonar LOX only Lupar LOX end LH»
Plant/Base (mt) 1,180 1,590
LEO Propellant to transport
Plant/Base to LS (mt) 6,860 9,220
Crew/Hardware Support (mt) 330 410
LEO LH, (mt) 16,610 .0
Total LED (mt) 24,980 11,220
Lifetime Mass Payback Ratio  1.09 24

This analysis does not include the inert mass of the extra OTV's and landers needed for
t camiers. Even so, it shows that it is not viable (over 2 20 year period) to
produce lunar oxygen for a LEO market if only lunar oxygen is produced, since the
lifetime mass payback ratio is just over one (saving only 2,000 mt or 100 mt/yr in LEO).
Italsoshowsdm:hemﬂtsmmuchmomd:puﬂmnmnmpomﬁonefﬁdcncis
(prup:ﬂanrequirmmts)manﬂ:cmassofmcpmpeﬂmtplamsmdcrcwsuppom

starts. A phased approachtooxygmproducﬁonmayyi:ld:igniﬁcmn savings for the
lunar oxygen only case; ie. first delivering a small oxygen plant producing oxygen for
ﬁxelmarlandm,ﬂ:mushgthatoxygentomdnccthccosmofranspordngalargcr
plant to produce oxygen for the OTV's, then delivering a third production increment to
supply the LEO market. This approach was not treated but probably should be.

At the next level of the analysis, transportation costs are calculated (Tables 9-11, Appendix
E), which include the operations costs for Earth lannch vehicles, OTV's, and lunar landers
that support propellant production. 'I'hepm'poseistoseeifﬂlesteady-stateoperazions
costs for the LS to LEO LOX delivery system are less than anticipated costs for providing
the LEO LOX market from Earth with advanced lmmch vehicles. Total system lifetime
costs are determined at the next level, which include development, plant/base placemient,
and resupply costs (Tables 12 and 13, Appendix E). Summarizing:

Cost ($/kg LOX delivered to LEO) Lumar LOX only Lunar LOX and LH-
Transportation Cost 2,370 960

Lifetime Cost 4,080 3,130

Estimated Earth Lannch Costs to LEO:

Shaottle 4,800 4,800

Large Shuttle Derived Vehicle 1410 1,410

Many assumptions are made in the cost numbers, however, the results tend to indicate
that given the assumptions made in the study (non-phased approach to supplying LOX
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market, etc.) it is difficalt 1o supply LOX 10 8 LEO market at less than competing
Earth launch systems.

Based on the above analysis, it is recommended that two additional cases be studied:
1) To determine if lunar oxygen for the reusable landers alone has a reasonable payback
period and overall program mass and cost savings, and 2) If a phased approach to lunar
oxygen production can be shown to be economical for supplying a LEO oxygen market.
Current transportation cost estimates would be used in these additional analyses (especially
to incorporate new studies of Earth launch costs), since costs were not updated in this
preliminary analysis. . _ _
InthcﬁxststudyoflmarLOXformelandcrs,tthOXplamwouldbesizedto supply
an annual schedule of 5-7 lunar lander flights, iring 130-180 mt LOX/Ar (50). At 180
mt LOX/year, 8 50 mt plant would produce its own mass in oxygen within 4 months.
Coswofopemxing/wpporﬁngﬂleplamovcrhsﬁfcthnewﬂlbcakeynumberthm
determines whether the payback is sufficient to justify proceeding with lunar oxygen. A
sensitivity analysis on operaring costs could be used to determine the maximum operating
cost that would still achieve the desired result. This might indicate whether minimizing
the number of operating personnel by automnation, robotics, and teleoperation as proposed
indaisrcponisreallynecmarymdbyhowmnch.

It should also be noted that there are other benefits, less casily evaluated in an economic
sense, for lunar oxygen production, including:

1. Lunar oxygen production is a first step toward self-sufficiency and independence.
This should be encourage in a scenario that results in 2 permanent lunar base.

production and Mars in-situ oxygen production equipment are similar, including
solid-state electrolysis cells, oxygen liquefaction, oxygen storage, oxygen loading,
and power system components (PV armays, regenerative fuel cells, and/or nuclear
power). Hardware for purifying the oxygen product stream and measuring composition

may be similar. Opcraﬁonswchniqnswouldalsobedcvelopedinalunarsming.

3. A lunar soil transportation system (excavatorsthaulers) will probably be developed
for other tasks at the lunar base (eg. to provide radiation protection for modules).
A great deal of synergism is anticipated in the designs for these vehicles and a
version to mine feedstock for a lunar oxygen plant. Development costs could be
split berweecn these design effors, and costs will be lower for each project. Such
vehicles would have uses at a Mars base as well.

4. Lunar oxygen has potential commercial application. Chemical and mining comparues

could get involved in commercial development if NASA is willing to buy oxygen at
a fixed price and quantity.
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7.0 Hydrogen Extraction

hydrogen from lunar materials. The basis of the plant is thermal extraction of solar
wind bydrogen from bulk lunar materials. Simultancous reaction of a portion of the
released hydrogen with ilmenite forms water, which is subsequently electrolyzed to form
hydrogen and oxygen.

7.1 Pilot Plant Conceptual Design
7.1.1 Process Flowsheet

Figure 7-1 illustrates a block diagram of the process. Lunar material is mined and
loaded into a reactor after large (>1 cm) particles are rem i i .
W

are large. Therefore, a long, multi-stage, insulated reactor vessel, similar to the proposed
iimenite reactor (Section 4.1.1), is used to recover thermal emergy by preheating the
solid charge in the upper stages with the hot evolved gases from the reaction zone, and
by cooling the spent residual solids m lower stages by preheating the incoming gas
stream.

Product gases from the reactor contain H,0, Ho, and H,S. The water is electrolytically
separated into oxygen and hydrogen. A “portion of the %:ydrogen is heated and retumed
to the reactor. Oxygen and the remainder of the bydrogen is cooled, liquefied, and
stored. Sulfide impurities can be removed either prior to or after the electrolyis step.

Shncredcermﬁcpmducmmnbemmfacmredasabyprodnaofmepmcesssmccmc
temperatures for soil sintering fall within the range for hydrogen extraction. Sintered
products could be useful as structural - and thermal/radiation shielding materials. The
sintering process has been demonstrated at the laboratory scale.
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7.1.2 Pilot Plant Equipment

The equipment pecessary to produce 14 metric tons LH,/year and 24 metric tons LOX/year
(2 menic tons LOX/month) is listed in Table 7-1. Total pilot plant mass is 60 metric tons,
inclading a nuclear power plant producing 1.7 MW, Appendix C and D provides details
of the calculations for the various umits. The plant is divided into three major arcas:
mining, process, and power. An additional mass and power margin is added to account
for miscellaneous equipment and structure.

Mini

Large amounts of mature (hydrogen-rich) lunar soil must be processed. At the 900°C
temperature selected for the pilot plant hydrogen extraction reactors, 25,000 metric tons
of lunar soil is required per metric ton hydrogen produced, given the basis of 50 ppm H
in bulk soil and the hydrogen/water release curves shown in Figures 5-2 and 5-3. This
reqnirtsprocessingthesoilina300mx300m12mdecppittoproduce 14 metric tons
LH, over a year of pilot plant operation. Due to their flexibility, front-end loaders and
s:ligpropeﬂed haulers were selected for this operation since they could potentizlly be applied
to other lunar base surface operations. Other surface mining alternatives, such as three-
drum drag scrapers (89), offer the possibility of mass/power savings but at the cost of
flexibility. Another alternative is to process the soil in place (in-situ) using a mobiie
processing plant. However, providing the power supply for an in-situ processing plant
would be challenging.

Process

As given in Table 7-1, the hydrogen extraction units are the largest individual contributor
to the process mass. The calculation was based on splitting the feed to two reactors
operating in parallel, since the required wall thicknesses/reactor mass decreases with reactor
diameter and feed rate. For purposes of the conceptual design, reactor temperature was
limited to 927°C (1700°F). This approximates the upper limit for uncooled pressure
vessels made of aerospace qualified super alloys such s Inconel 600 or X-750 (107, 108).
About 80% of the hydrogen is released st this temperature (Figure 5-2). The temperature
is sufficiently high such that hydrogen reacts with ilmenite in the soil o form H,O
(Figure 5-3). Although the proposed process requires the presence of iimenite, all lunar
soils will typically contain sufficient iimenite to react with the available hydrogen. For
2 maximum plansible hydrogen content of 120 ppm, only 0.9 weight percent or 0.6 volume
percent ilmenite is required for complete reaction. Typical ilmenite-poor Apollo 14-17
highlandmcks.ﬂomwhichhigﬂandsoﬂsmpmduc&comainnleastlpaccmby
volume ilmenite. The ferrous oxides contained in other minerals (pyroxenes, olivines)
may also be reduced by hydrogen.

A multistage gas/solid coumer-current flow reactor is required for energy efficiency.
Even for this conceprual design, where 50% of the thermal energy required to heat the
incoming soil (0.3 kw-hr/mt soil-°C) is recovered in the multistaged-reactor, over 6 MW
of thermal and electrical power is needed just for the extracton step of the pilot plant.

Water of reaction is electrolyzed in a ceramic-electrolyte cell operating at reaction
temperature (900°C). The majority of the hot hydrogen gas from the cell is returned to
the reactor to preheat the soil feed Additional energy is added in & heater to supply
reactor heat requirements and makeup radiation losses. An inert gas may be required to
reduce the gas temperature exit this heater.
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Sulfide impurities arc removed prior to the electrolysis
through a bed of raw (cold) soil where hydrogen sulfide re
(FeS) and hydrogen. An altemative is to remove sul
selectively condensing out SO, from the oxygen stream.

Power

Becanse of the large power requirements, a nuclear pc
pilot plant. This allows a 90% plant duty cycie for bot
Soil mining and transport was limited to day only wit
nuclear power source is 5-10% efficient, large amounts
quality waste heat (900°K) is generated during power g
conceptual design assumes that 75 percent of the process 1
issuppliedbyasuitablehcaxu-ansfcrsystemﬁ'omthe
heat, while the remainder is supplied by electric heater.
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Table 7-1. Hydrogen Extraction Pilot

Basis: 14 mtfyr LH,, 2
dury cycle.
Total
Total Elect.
Mass Power
k. [y dowe)
Front End Loaders (3) 7.743 658
Halers (5) 5,080 18.6
Mining Total 12,823 B4
Feed Bin 370
Discharge Bin 30
B, Exmact Resctors (2) 16,620
Hest Transfr Equip. 83l 1357
Gas Purification Equip. 267
Electrolysis Cell 107 168
Liquefier 73 17
Hydrogen Liguefier 86 363
LOX Storage Tanks (2) 299
Storage Tanks (2) 1311
Control System 3,002
Process Total 23,336 1,611
Muxrgin 10,8438 41.7
Total Mining & Plant 47,007 1,737
Nuclear Power 12970
Total Plant & Power 59977 1,737

Plant

Equipment List

4 mtfyr LOX, 90% process duty cycle, 35% mining

Dimensions (each
WD L H
m m
23 3 23
25 4 235
61 61 12
61 61 12
29 92
05 05 08
03 09

03 10

19

34

6 25
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ME
(m™) Comments

172 0. m) bocket

25
177

-3 44

02
0.1
0.l
3s

45 m™ bed.

Minc/ransport 29,364 mt/mooth soll af 5%
dury cycle.

Stores 4 bry of reactor feed

Inciudes 03 m insulstion all sound 927°C
operational temperature. Total 177 kwt heat Josa.
Provides electrical hest i for exuaction
reactor. 4,670 kw thermal also provided by heat
exchange with power sysem.
Ramoves solfide.

i solid-state electrolysis.
2.9 kw total heat rejection required.
45.3 kw hest rejection.
3 mooths LOX storage (6 mt LOX).

2 month sorxge (2.3 mt ).
Radiater rejetts 48.2 kwt at 290

Ainrequi:u4,670kwdnmllpow=ﬁ'omnm
reactor wasie beat.

Cmﬁngmcyhcm(w%ufpwminingm
wd H% of power pet the exmacuon reactor
pcw:q.)redmdmcy.wu_.pm

wmndommpdlmmm

7 kwe, rejects 22,427 kwt {of

whi:h4.670tmmnm’bumdmmm=mal

I ). Inciodes mass of resctor, radiator,
pcwcmvutu,ndinmt-:mdd:jdd.ing.

Geparxtes 1,73



7.1.3 Optional Process to Produce Sintered Ceramic Products

A process to mold sintered products can be integrated into the hydrogen extraction
equipment Since Sinterng temperatures are pearly the same 2as extraction temperarures.
In sintering, granular materials are bonded into solids at temperatures below their melting
point without the addition of binding agents such as cement, plastics, or fluxes. Thermal
bonding occurs naturally on the lunar surface. Several meter thick breccia layers have
formed from lunar soil components as a result of the heat generated by meteorite impacts.
Petrographic studies by McKay and Morrison (109) demonstrated that bonding occurs by
the welding together or sintermg of fine glass particles in the soil. Studies of returned
lunar material and vitreous simulates by Simonds (110) and Uhimann et al. (111) quantified
the process. ‘

The principal requirement for 2 sinterable lunar soil is thar it comain a substantial
amount of glass. This is true of most lunar soils which typically contain at least 30% glass,
occuring both as glassy fragments and as glass-bonded aggregates called agglutinates.
Glass fragments range in size from 5 microns to several millimeters with an average
approximately the same as the bulk soil or 0.08 mm  Average agglutinate size also
approximates the soil average, although particle size ranges from 0.01 mm to several
centimeters (4).

Depending on glass composition, temperarures must be controlled in a range spanning
approximately £100°C that will allow rapidly sintering but be below the glass crystallization
temperature, The process of sintering comes to a halt once the glass is crystallized
(111, 113). Figure 7-2 shows the time and temperature required for sintering & variety
of lunar soil compositions. Low titanium mare besaltic soil compositions characteristic
of the Apollo 12 and 15 landing sites have the lowest sintering temperature (810°C for 1000
sec). High titanium mare soils found at the Apollo 11 and 17 landing sites have the next
most sinterable compositions (910°C for 1,000 sec), while the alumninous soils of the highlands
observed at Apollo 14 and 16 require the highest sintering temperatures (930°C for 1000
sec). The curves in Figure 7-2 were derived from an equation describing sintering (112):

Xjr=(3‘tt/21l:nr)1f2

whcreXisthemdiusofﬂ:emrikbctwecncoalwcinggrains,risthegrainradius,tis
the sarface tension (~300 erg/cm® for typical silicate glasses), t is time in seconds, and
n is viscosity in poise. Viscosity data for lunar glasses are summarized in Figure 7-3
(114). Typical compositions for these glasses are given in Table 7-2.

Design Concept
A small flow of solids that is withdrawn from the high-temperature (900°C) region of
‘the multistaged fluidi -bedmaorcmbeusedas&cfwdstockforthemnicmakhg

equipment. The solids would be loaded into 2 mold and transferred to a fumace where
they would be maintained within the sintering temperature range. A low-porosity part
can be formed by hot-pressing, applying either mechanical or gas pressure, during sintering.
After formation, the part is removed from the mold and the mold recycled. The mass
penalty for sintering equipment is not expected to be large. A sinter plant consisting
ofthemolds,fumaee.andothaequ.ipmcmtoprodnccSmtldayofoemmicpmducts
was estimated to mass under 500 kg (49). Hot-pressed blocks could be used as high-
density radiation protection for pressurized modules. Other uses for sintered products
include mounts, supports, and road-building materials.
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Figure 7-2. Time/Temperature to Sinter Lunar Soils
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Figure 7-3. Viscosity of Lunar Glass as a function of Temperarure (Ref. 114)
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Table 7-2. Composition of Lunar Soils (Ref. 4)

Chemical Comp. (Wt.%):

Si0,
TiO

Al2&”3
Cr503

F
MnO

MgO
Ca0

2

Total

Modal Comp. (Vol.%):

Lithic Fragments
Mare Basalt
Highland Rocks
Dark Breccia

Agglutinates
Mineral Fragments
Pyrox.& Olivine
Plagioclase
Opaques

Glass
Orange/Black
Yellow/Green
Brown
Clear
Devitrified

Others
Total

Mare
Hi-Ti
10084

41.0
7.3
12.8
0.3
16.2
0.2
9.2
124
04
0.2

100

Lo-Ti
12041

46.8

—
!J
|

[y

—
COOO0D AR
wWhiog—NN B

102

58

137

Highlands
Noritic Anorthositic
14003 61160
48.1 447

1.8 0.6
17.6 26.3
03 1.0
10.5 53
0.1 0.7
9.3 6.4
11.1 16.2
0.7 0.4
0.5 0.1
100 101.7
1.3 03
20.5 10.1
3.0 28.6
60.3 37.0
3.6 2.6
23 14.7
4.3 3.1
43 0.7
100.1 97.1



7.2 Trade Studies

The effect on plant mass and power of extraction temperamre, solar vs. nuclear power
source, and heat recovery options are described in the following sectons.

7.2.1 Extraction Temperature

The amount of hydrogen evolved depends on temperaturc as given in Figure 5-2. More
hydrogen is generated at higher extraction temperatures, which means less soil processing
and reduced equipment volumes/mass for a given hydrogen production rate goal. However,
energy requirements increase with extraction temperature. The wade-offs in soil and
powcrrequircmcntswith:xﬂ‘acﬁontempcramreamdgsuibedinthissecdm

Table 7-3 shows the amount of soil required and the ratio of oxygen/hydrogen produced

asafunctionofextractionmmpmrebasedongasrelmcurvsgiveninﬁgures-z

and Figure 5-3. Total plant and power system mass for producing 1 mt/month LH, is

WwithaGOO-?OO'C:xuacﬁonten:pammasgivcanigm74. The basis of
trade was:

Nuclear power.

90% process duty cycle, 35% mining duty cycle.

50 ppm H in bulk soil.

50% of thermal requirements to heat soil feed is recovered in the multistage reactor.
75% of remaining reactor heat requirements supplied by muclear power waste heat.

Fignre743hows&ﬂ&emmofmhhgequjpmcmdmassvdthinmasingmacﬁon
temperature since less mining is required. Fowever, even though the size of the extraction
reactors decreases as the extraction temperature increases, the reactor shell mass tends
tohmascbecmscyiddmgmofcomdmncmmmaisdcclmﬁnhighutempcmmrcs
and denser reactor shell materials must be used (see Table 7-4).

As temperamure increases, more oxygen is produced from the water product of hydrogen
reduction of ilmenite. Figure 7-5 represents the expected oxygen to hydrogen recovery
ratio based on several passes of hydrogen through the reaction bed and simultaneous
water removal by electrolysis. More oxygen can be removed given emough ilmenite and
additional hydrogen passes. However, it is obvious that higher temperatures are preferred
for oxygen extraction. As shown in Figure 7-6, total mass of plant and power system
for a 2 mt/month LOX pilot plant is minimized for extraction temperatures above 1000°C.

As a compromise between efficient hydrogen and oxygen recovery, a maximum temperature
of 927°C (1,700°F) was selected for the H, pilot plant extraction reactors.

Anothe.roptionnote:xamincdinthisstudyistocxtracthydmgcnfmmbulksoilata
lower, more Hz-eﬁﬁciem, temperature (600°C), then react the recovered hydrogen with
concentrated ilmenite at higher, Oz-eﬂicicm, temperatures (900-1100°C). Ilmenite bene-
ficiation equipment and more reaciors would be required, but total system mass savings,

ially for high capacity plants, may justify the added complexity (and potentially
lower reliability).
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Table 7-3. Soil-Mining Requirements for Hydrogen Extraction Plant
(Basis: 50 ppm H in bulk soil, Figures 5-2 and 5-3 gas release, water sep-

Oxygen/ Soil/ Soil/
Extraction Hydrogen Hydrogen Oxygen
Temperature Ratio Ratio Ratio
_‘o (m O /mtHy)  (mtsoi/mtHp)  (mtsoilimt Op)
427 (800°F) 0.43 57,512 134,124
527 (980°F) 0.67 33,181 49,299
627 (1160°F) 0.93 28,801 30,902
727 (1340°F) - 119 27,269 22,895
827 (1520°F) 1.45 26,110 17,971
927 (1700°F) 1.70 25,012 14,682
1027 (1880°F) 1.93 23,943 12,397
1127 (2060°F) 2.13 22,845 10,723
1227 (2240°F) 2.30 21,716 9,421
1327 (2420°F) 2.45 20,471 8,354

Table 7-4. Reactor Shell Materials’ Yield Strength (Ref.107,108)

Room Ratio of
Temperature Yield
Extraction Yield Stress @ Temp
Temperature Shell Stress and R.T.
L) Material —(MPa) Yield Stress
227 (440°F) Alumninum (2219-T87) 352 0.54
327 (620°F) Inconel (600 or X-750) 1034 1.0
427 (800°F) Inconel 1034 0.91
527 (980°F) Inconel 1034 0.89
627 (1160°F) Inconel 1034 0.81
727 (1340°F) Inconel 1034 0.48
827 (1520°F) Inconel 1034 : 0.33
927 (1700°F) Inconel 1034 0.18
1027 (1880°F) Mo-.5% Tior TZM alloy 517 0.45
1127 (2060°F) Molybdenum alloy 517 0.21
1227 (2240°F) Molybdenum alloy 517 0.15
1327 (2420°F) Molybdenum alloy 517 0.1
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7.2.2 Power Source

This trade was comparing the use of solar and nuclear power sources. Basis of the study
is a pilot plant producing 2 mt/month LOX and 1.2 mt/month LH, at 927°C extraction
temperature. Characteristics of the cases compared are:

Case] - Nuclear Power:
. 90% process duty cycle, 35% mining duty cycle.

. 50% recovery of soil heat requirements in multi-stage reactor.
. 75% of remaining reactor heat requirements supplied by nuclear power waste heat,
25% by nuclear-clectric. Nuclear power performance ratios range from 24 kg/we

for a 250 kwe system 10 7.5 kg/kwe for a 1.7 MWe system.
Case2 - Solar Concentrator and Nuclear-Electric Power:

. 45% process duty cycle (daylight processing only), 35% mining duty cycle.

. 50% recovery of soil heat requirements in multi-stage reactor.

. All remaining reactor heat irements supplied by solar concentrator. Solar
concentrator sized at 1 kg/m“, including mirror and support SUUCHIIC, rotating
equipment, etc. Concentrator assumed 70% efficient, solar intensity 1.352 kw/m~.

. Nuclear power provides all electical power requirements and makes-up reactor heat
loss during the lunar night.

Case3 - Solar Concentrator, Photovoltaic (PV) Solar Arrays, and Regenerative Fuel
Cells (RFC):

. 45% process duty cycle (daylight only), 35% mining duty cycle.

. 50% recovery of soil heat requirements in multi-stage reactor.

. All remaining reactor heat requirements supplied by solar concentrator.

. Flectrical power provided by PV system during lunar day, RFC system provides
heat loss makeup during lunar night. PV armay performance ratio of 25.5 kg/kwe
was used, and RFC typically > 300 kg/kwe.

Mass and power breakdowns for cach of these cases are given in Figures 7-7 and 7-8.
A summary is:

Percent Total Percent
Difference Electric & Difference
From Thermal From
Mass(mt) Casel Power MW} Case ]
Case 1 - Nuclear 60.0 6.4
Case 2 - Solar Conc. 92.3 + 54% 12.6 + 97%
Case 3 - Conc./PV/RFC 225.6 +276% 13.7 +106%

The ability to operate day and night (50% duty cycle) and efficient power generation at
high-power levels made the muclear powered case the preferred option. This trade shows
that use of solar energy is not "free” for two reasons: 1) solar concentrators limit
opcraﬁonofthcplanttomclunarday,thnsmquh'inglargcrproc&vssclsfora
given production rate, and 2} solar concentrators are less efficient than nuclear sources
at higher power levels (megawart range), given that noclear waste heat can also be
used for some of the process thermal requirements.
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7.23 Heat Recovery Options

A trade was performed to determine the effect of using nuclear power waste heat, and
of recovering significant amounts of energy in a multi-stage fluidized bed reactor. A 2
mt/month LOX, 1.2 mt/month LH, pilot plant was the basis of the study. Case 1 was
the same as in the previous section, i.e.:

Case ] - Nuclear power using nuclear reactor waste heat:

. 90% process duty cycle, 35% mining duty cycle. _

. 50% recovery of thermal requirements in multi-stage reactor.

. 75% of remnaiming reactor heat requirements supplied by muclear power waste heat,
25% by nuclear-electric. :

. 3 hours total solids residence time in each reactor.
In Case 2, the effect of recovering more thermal energy in the reactor was assessed.

Case2 - Nuclear power using nuclear reactor waste heat and recovering more thermal
energy in the extraction step:

. 90% process duty cycle, 35% mining duty cycle.

. 80% recovery of thermal requirements in muiti-stage reactor.

. 75% of remaining reactor heat requirements supplied by nuclear power waste heat,
25% by nuclear-electric.

. 3 hours total solids residence time in each reactor.

Case 3 assesses the effect of supplying all hydrogen extracton reactor heat requirements
with electrical power instead of a combination of electric and waste heat from the
nuclear power source. As given in Figure 7-9, the total thermal/electrical power require-
ments for Cases 1 and 3 are the same, however, Case 3 requires significantly greater
electrical power (4.7 MW).

Case 3 - Nuclear power without using reactor waste heat:

. 90% process duty cycle, 35% mining duty cycle.

. 50% recovery of thermal requirements in muiti-stage reactor.

. All reactor heat requirements supplied by nuclear-electric power.
. 3 hours total solids residence time in each reactor.

Case 4 illustrates the effect of not recovering any heat in the extraction step, nor using
nuclear reactor waste heat. The extraction reactors arc conceived as single-stage with
no heat recovery. Thereactorscanbemadcmﬂerbutpowerrequircmcmsarethe
maximum possible for a 90% duty cycle.

Case 4 - Nuclear power, no waste heat utilization or heat recovery:

. 90% process duty cycle, 35% mining duty cycle.

. No recovery of thermal requirements in process reactor.

. All reactor heat requirements supplied by nuclear-electric power.

. 1 hour total solids residence time in each reactor.
Acompaﬁsonofﬂnmcasuisgivcninﬁgm%lo and summarized by:
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Percent Total Percent

Difference Electric & Difference
From Thermal From
Mass (mt) Casel Power (MW} Case ]
Case 1 - Nuc., 50% rec 60.0 6.4
Case 2 - 80% recovery 55.6 - 7% 2.7 -58%
Case 3 - Nuc-El. Only 70.4 +17% 6.4 0
Case 4 - No Heat Rec. 73.1 +22% 120 +88%

The comparison shows that energy recovery schemes are not as effective in reducing
total plant and power system mass as is improved process duty cycle (effectively examined
in the previous section where it was shown that the lower the duty cycle, the larger
the plant must be to produce a given quantity of product). This is because puclear
power is relatively efficient in the megawart range. However, 2 20% reduction in plant
mass is significant, and thermal recovery steps will play an important role in reducing
total process mass.
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72.4 Other Trades

Other trades are possible, including:

in:- ¢ Option

Alternative mining vehicles could be evaluated, such as bucket wheel excavators,
pulldozers, scrapers, draglines, and three-drum slushers (or three-drum drag-scraper).
Although offering a light-weight mining alternative (89), the three-drum slusher is
not suitable for other lunar surface tasks, and may not be preferred for pilot plant
operations. However, it would be particularly effective for a large mining operation
since dedicated mining machines would be necessary. At least two slushers would
be required, one for collecting raw soil and another for disposing spent fines.

Mobile miningfprocessing plants could also be evaluated A mobile plant would
heat soil in-place (without using a reactor) by microwave or other technique (19,
42) and the evolved gases would be recovered, thus eliminating the need for soil
mining and transport, as well as the reactor vessels. Gas losses will probably be

much higher, however.
jati

Since the majority of solar wind gases arc concentrated in fine soil particles (in
one sample, 95% of the hydrogen is in the sub-45 micron fraction, Ref.40), a hydrogen-
rich concentrate of fine particies could be used to reduce extraction thermal require-
ments. Mechanically agitated screens are inefficient for size separations on feeds
with average size of 0.1 mm or less. Over 80 mt of screcns was calculated for
separating 45 micron particles in the 14 mtfyear LHy pilot plant, which is more
than the entire plamt and power system masses without screens. Thus, an alternative
fines separation system is needed. Possiblities include cyclone separators or mechanical
gas classifiers (Figure 6-37).

Process

L J

It may be more efficient to exwract hydrogen from bulk soil at lower temperatures
(600°C), then using the recovered hydrogen to extract oxygen from a concentrated
ilmenite feedstock at higher temperatures (900-1000°C).

Evaluation of alternative low-density and refractory reactor shell materials. Cermets
(ceramic/metallic composites) are a possiblility. Use of multilayer Inconel metal/zirconia
vacoum-insulation and other insulation concepts could also be evaluated.

The opnmum oxygen/hydrogen production split needs additional analysis.

Trades between the number and total mass of the gas extraction reactors.

7.3 Sensitivity to Production Rate

Scaling relationships were developed that relate plant mass and power to production
rate. Basis for the production rate sensitivity analysis is:

Nuclear power.
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50 ppm H n bulk soil feedstock.

927°C extraction temperature. 1.7 mt O, produced per mt Hy.

90% process duty cycle, 35% mining duty cycle.

50% of thermal requirements for hearing soil feed are recovered in multi-stage reactor.

75% of remaining reactor heat requirements supplied by nuclear power waste heat,
25% by nuclear-ejectric.

Figure 7-11 shows plant and power system mass as 8 function of liquid hydrogen production
rates ranging from 6-140 mt/yr. Plant mass (the sum of the mining and process areas,
and margin) is correlated by:

Plant Mass (mt) = 2.64 * LH, Prod. (mt/yr) + 10.8 Error=22.5mt
Total plant and nuclear power mass is given by:
Plant and Power Mass (mt) = 2.97 * LH, Prod. (mt/yr) + 17.7 Emor=+2.2mt

Process power requirements are shown in Figure 7-12. The electric power requirements
are:

Electric Power (MWe) = 0.122 * LH, Prod. (mt/fyr) + 0.021 Error = £ 0.007 MWe

Thermal requirements for the process reactor that are provided by nuclear reactor waste
heat are:

Thermal Power (MW1) = 0.326 * LH, Prod. (mt/yt) + 0.079 Error = £ 0.023 MWt
Total electric and therrnal power is:
Power (MW) = 0.448 * LH, Prod. (mt/yr) + 0.100 Error = £ 0.030 MW
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8.0
8.1

Conclusions

Summary of Findings

Numerous chemical pathways to lunar oxygen production have beesn propose.
However, realistic comparisons are difficult because: 1) reported process mass anc
power estimates lack a consistent basis to allow comparison, 2) many process alter-
natives exist which can significantly effect process power and mass, and 3) many
processes produce a range of byproducts besides oxygen.

A conceptual design of a 2 mt/month LOX pilot plant was produced. The process
extracts oxygen by reducing ilmenite with hydrogen. For a piant at 45% duty
cycle, using basalt rock as feedstock, and powered by photovoltaic (PV) solar arrays
and regenerative fuel cells (RFC), the mass of plant and power was estimated as
24.7 metric tons (mt) and the PV system was sized to deliver 146 kwe to plant and
RFC. Thcmajorunitsofmeproccssmdclivcredtothelnna:mn'faceinafxﬂly-
ixgegrated Shuttle payload bay pallet, with external dimensions of 14’ diameter X
45’ long.

From trade studies of the hydrogen reduction process, it was concluded:

- [imenite rich, high-titanium mare basalt is a feedstock offering potential
plant and power mass reductions of over 15% from a mare soil-fed 1000 mt
LOX/year production plant. There is an insignificant difference in total
mass between pilot plants using basalt and soil feedstocks.

- Nuclear power offers the greatest potential for significant plant mass reductions.
Total pilot plant and power mass reductions of 45-50 percent are possible
using nuclear power at a 90% plant duty cylce instead of a PV/RFC system
at 45% duty Cycle.

- Eliminating oxygen liquefaction and storage systems from the pilot plant
saves 5% m total mass. This reduction is gained at the expense of significantly
degraded capability to demonstrate key oxygen production technologies such
as long term LOX storage in the lunar thermal environment, LOX refueling,
and LOX quality certification and impurity control demonstration.

- Delivery of small, self-contained, modular oxygen production units is inefficient
htennsoftotalmasscomparedtodel.iveryofnnitsthatarcasscmblcdimo
a single large production plant. The total mass of a single large oxygen
plantandnnclearpowe.rsysr:mthatprodnm 144 mtfyear LOX was, at 40
m£,§q%lasthansix24nnfyearpﬂotplammtsoperaﬁngnndermesmne
conditions.

Scaling equations were developed for total plant and power system mass and process

power requirements as a function of production rate.

- For a basalt-fed pilot plant (1-5 mt LOX/month), PV/RFC power, 45% duty cycle:

Mass (mt) = 6.50 * LOX (mt/month) + 11.8
Power (kw) = 58.2 * LOX (mt/month) + 30.8
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8.2

- For a soil-fed pilot plant (1-5 mt LOX/month), PV/RFC power, 45% duty cycle:

Mass (mt) = 7.21 * LOX (mt/month) + 10.0
Power (kw) = 71.1 * LOX (mt/month) + 22.8

- For a basalt-fed production plant (144-1500 mt/yr), Nuclear power, 90% duty
cycle:

Mass (mt) = 0.187 * LOX (mtfyr) + 16.4
Power (kw) = 2.35 * LOX (mt/yr) + 34.4

- For & soil-fed production plant (144-1500 mt/yr), Nuclear power, 90% duty cycle:

Mass (mt) = 0.231 * LOX (mt/yr) + 13.6
Power (kw) = 2.95 * LOX (mtfyr) + 27.7

A second conceptual design was produced of plant that extracts solar wind hydrogen
from bulk lunar soil. The mass of a 2 mt/month LOX, 1.2 mt/month LH, pilot
plant was estimated as 60 mt, including a nuclear power plant providing 1.7 MWe
and 4.7 MWt to the process. Scaling equations were also developed for plant mass
and power:

Mass (mt) = 2.97 * LH, (mtfyr) + 17.7
Electric Power (MWe) =0.122 * LH, (mt/yr) + 0.021

Progress in applying automation and robotics technology to remote mining operations,
and to remote servicing/maintenance of complex process equipment is needed to
offset high man-power requirements which are typical of terrestrial mining/chemical
processing.

Recommendations

A thorough cost/benefit analysis is needed of lunar oxygen production strategies of
interest, including: 1) oxygen production for reusable lunar landers, 2) both lunar
oxygenmdhydmgcnprodncdonforﬂ:clmdcts,andS)mhcrcmmmlappmachto
placing LOX production capacity for supplying a LEO market. Sensitivity to operations
costs and annual rate of lander missions should be assessed.

A re-analysis of the payback period and lifetime program savings for a scenario that
uses lunar oxygen for reusable landers is the top priority. The study should incorporate
the LOX plant sizing equations given in this report. It should also recognize that
a teleoperated LOX plant module can be delivered in an imegrated package, allowing
LOX production to begin soon after interfaces to utilities are provided.

A consistent comparison of extraterrestrial resource utilization processing methods
and alternatives is needed. Mass, power, and volume estimates reported in the
Literature for various process alternatives differ fundamentally in what is and is
not included in the estimates. Researchers now involved in assessments of new
initiatives will require a consistent set of data for comparison purposes.

Astndytoproduceasctofpromsma.ss,powcr,mdvolunnrequircmemsona
consistent basis is recommended. Values given in the literature for these process
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irements will be used as possible, but where values for certain parameters are
not included (e.g. mining equipment, or OXygen liquefaction), a consistent estimating
scheme will be applied to geperate the additional numbers. Some trades to gencrate
amorcopﬁmizedpromwﬂlbccondnc:edasappropriatc.

This study would incorporate all the latest results publicly available from on-going
Small Business Imnmovation Research (SBIR), University space research, and other
relevant investigations of Lunar/Mars/Phobos propellant production processes.

A general trade study is needed between the Moon, Mars surface, or Phobos/Deimos
to determine which are the most favorable sources for propellant manufacture for
eachofagivensetofscmariosﬁ'omﬁxpmposedNewlniﬁaﬁvcs. Propellant
producﬁonhnpactsonprogramﬂifeﬁmel.EOhtmchmasswﬂlbcnsedasaﬁm-
order discriminator between sources and process alternatives.

An analysis of likely oxygen product impurities and possible remedies is suggested
for the hydrogen reduction of oxygen process.

Additional analytical study of processing alternatives to optimize hydrogen reduction
plant mass and power were indicated in this report. Cermain altematives hold
particular promise in reducing plant mass and power requirements such as improved
methods to separate soil fines and application of permanent magnetic roll ilmenite
separators.

Addiﬁonalexpcximcmalda:aisnw&dinanumbcrofarcastoproduceamom

realistic design, such as:

- Magnetic separation efficiency with typical mixed lunar minerals is desirable
to develop a better estimate of beneficiation mass/power requirements and
efficiencies. Particular care in terms of selecting lunar materials simulants
withthcprop&tfenous(divalem)koncontcmsinﬂnmﬁte. The response in
magnetic or clectrostatic mineral separation equipment of iron oxide constituents
mpyroxmmdolivinmshouldalsobcdct:rmined.

- Taﬁngoflmsoﬂsiﬁngschmsismdedwdmineefﬁcimciw,mass
and power requirements.

- Crushing and grinding characterization tests of appropriate lunar basalt rock
simuiants are nceded for a more detailed assessment of using basalt as an
ilmenite feedstock.

- Research to determine the optimum hydrogen reduction reactor configuration.

Testing and analysis should continue to determine the extent of lunar gravity and
environment effects on process equipment.
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Appendix A - Scaling Equations for H, Reduction of Ilmenite Plant
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A.l1 Front-End Loader

Fromt-end loader (FL) mass and power requirements are determined by the following
equations for both mining feedstock (for basalt-fed and soil-fed LOX plants) and for
overburden removal (for basalt-fed plants only).

EL Mass
Mass, M (mt), of all front-end loaders (FL) is:

M=N*My Eqn.1

where the number of FLs, N, is selected to produce a FL with dimensions of a reasonable
size (for payload manifesting) and Mg is the mass of an individual FL (mt) found from:

Mg =F *FOS*M, Egn.2

The tipping factor, F,, is the ratio of FL mass to tipping mass. This ratio is independent
of the gravity field and lunar F, factors are the same). Numerous F, factors for
terrestrial FLs reviewed by Carrier (éS) and others (87, p.177), consistently average
about F,=1.6, independent of FL size. Note that using lunar soil as ballast could potentially
reduce the F, factor below 1.6, thus reducing Earth launch mass of the FL (stability of
terrestrial FLs is improved by adding counterweights to the rear of the FL or by adding
ballast into the FL tires). The factor of safety, FOS, is the ratio of safe tipping mass
to bucket load. For terrestrial FLs, the FOS is usually about 2, but since lunar FLs are
assumed to incorporate sutomatic semsing Systems to prevent tipping over, a FOS of 1.2
should be adequate (88). The maximum bucket load, b&nSmt), is related to the FL bucket
size, Vb (m”), and bulk density of loaded materials, Pay (m ) '

szvb*pav Eqn3

Bulk density of loaded materials is determined from an average of the basaltic rock and
soil bulk densities, and fraction basalt:

Pav =1fp * Pp + (1-fy) * pg Eqn4
where,

fy, is the fraction basalt in the mined material = 0.5 (assumed)

Py, is basalt bulk density = 2.6, assuming basalt density of 3.2 (79) and 80% packing

factor.

D, is soil bulk density in the FL bucket = 1.8.
A minimum constraint of 0.5 m° is assigned to FL bucket size, Vi, (m°), to allow sufficient
flexibility in the FL so that it can be applied to other lunar base surface operations.
For minimum bucket sizes, there is additional time availabie to complete other tasks.
For bucket sizes greater than the minimum, bucket size is calculated by:

Vp=mdot *t5 /(3600 * N * fy - * p,.) Eqn.5

The mining rate, mdot (mt/hr), is determined by applying a 35% duty cycle for mining
equipment and the required monthly mining rate. For a 2 mt LOX/month pilot plant,
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371 mt of basalt (with 5% oversize & 50% soil rejects) is mined (see Section 6.2.1), or 1,454
kg/hr at 35% duty cycle. The mumber of FL's, N, was defined in Eqn.]l and the average
density of mined material, p,,, was defined in Egn.4. A bucket fill factor, fyr, of 0.95
isnsedtowmpcnsa!cfors%ﬁlagcofmat:rialsdurh:gloading. The FL cycie tme,
(sec), is defined as 120 sec. A basic cycle time of 27-33 sec is considered reasonable
for terrestrial loaders, including load, dump, four reversals of direction, and full cycle
of hydraulics (120, p.378-379). For a lunar teleoperated FL, 120 sec may be too short,
unless a high degree of on-board sensing/computational capability is provided.

FL Power
The peak power required by each FL, Pg (kw/vehicle), is determined by:

Pg=Mg"* f.p _ Eqn.6
where Mg is given in Eqn.l and the power factor, f;, is defined as 8.5 kw/mt of FL
empty mass, typical of low-capacity terrestrial wheeled h.s (87, p.177; 121). This power
can be supplied directly by the power system if each FL is comnected by extension cord.

However for power sizing purposes, a foel cell powered FL is assumed. A 64% efficiency

factor is assumed in regenerating foel cell oxygen/hydrogen reactants. Therefore, the
power, P (kw), demanded from the photovoltaic (PY) power system for all FLs is:

P=N*Pg*£/0.64 Eqn.7
Where the fractional use of available front loader time, ft' is 1 for front loaders not on
the minimom bucket size constraint. For the minimum size constrained FL, the fraction
ofavaﬂablcminhgtinnacmallyusedbytthLisdcterminedfromthesumofthcﬁme

: i to remove overburden (for basalt-fed LOX plants) and to mine feedstock, divided
by the available mining time (255.5 hrs/month at 35% duty cycle).

EL Size

The FL bucket is modelled as a triangular prism wit.? dimensions width, Wy, (m), height,
Hb (m), and depth, Db (m), related to bucket size, Vb (m~):

Vp=05* W, *H, * Dy, Eqn.8

Given the ratios of bucket width to depth, Ry q = 2, and bucket depth to height, Ry,
= ], the bucket dimensions are:

Wy = Ryyg 2 * Vi/Ryia) > Eqn.9a

Hp, =Dy = Wy/Rua Eqn.9b

The bucket must extend across the full width of the machine to protect the front tires
while excavating (87, p.192). For sizing purposes, the distance the bucket extends beyond
the FL chassis, 1, (m), is defined as 0.5 m. The distance the wheels extend beyond
both sides of the frame, L, (m), is set at 1 m. TheFLwidrh,Wﬂ(m).isthcn:

Wﬂ=wb-le+1w E@-lo
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Given a ratio of FL frame length to heigth, Ry, of 3 and a FL specific gravity, SG, (based
on overall chassis dimensions) of 1, the FL length without bucket is:

Lg = Mg/SG * Ry /(W - 1010 Eqn.11

The length with bucket includes the length of the bucket and the distance the bucker
rests from the front of the FL (defined as 2 * Dy):

Lﬂw/buckct=Lﬂ+2*Db Eqn.12
The FL height includes the distance of the FL above ground, 1 (m), (defined as 1.5 m):

Hﬂ = Lﬂ/RUh + 18 Eqn.13
A.2 Hauler

Haulers are used to deliver feedstock to the LOX plant, remove residual solids from the
LOX plant to a discharge area, transport discards (oversize and undersize) from the mining
pit to a discharge area, and to transport overburden materials to a discharge area.

Mass

Hauler mass, (mt), is determined from the hauler feedstock load, Mhl (mt), and the
ratio of hauler load to hauler mass, R:
My, = MR Egn.14

Low lunar gravity allows the hanler load to empty hauler mass ratio to be substantially
higher than the 1.3 ratio typical of terrestrial self-propelled haulers (88) since most of
the hauler mass is required for structural support of the payload. A ratio of 8 was
suggested as a reasonable design goal for lunar haulers (88). It should be noted that,
like the Apollo lunar rover, such a vehicle would collapse if tested in Earth-normal
gravity 311 maximum payload. The hauler load is determined from the haunler bed volume,
Vpp (m ), bulk density of hanled materials, p (mt/m"), and baunler fill factor, ¢

My =V *P* 5 Eqn.15

The hauler fill factor is set equal to 0.95. The bulk demsity of hauled materials is the
mined mazxcria.l density, Pay (given in Eqn4) compensated for a swell factor, fs' which
issetto 1.2:

P =Pay/fs Eqn.16

A minimum constraint of 4.5 m> was defined for the hauler bed volume to allow sufficient
margin in pilot plant applications for the hauler to be used in other base surface operations.
Otherwise, the hauler bed volume was given by:

Vip=4"*Vp Eqn.17

where the FL bucket volume, Vi, is given in Eqn.3. The number of haulers, Ny, is
determined by feedstock transport and overburden removal requirements; essentially

given by:
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Ny = M * tsum/(Mhl *ty,) (Rounded up to the nearest whole number)

where,
M; (mt) is the mass of feedstock required per month.

Eqn.18

t (hr) is an average hauler cycle time (for all activities) including the times required
£%he FL to fill a hauler, for an individual hauler to transport and discharge feedstock
at the plant, for filling and transporting process tails to a discharge area, for
discharging the tails, for overburden and mining tails handling. Assumptions made
for these calculations include: roufdu'ip haul distance is 2 km, hauler speed is 10

hn/hr.discharge:imeislﬂsec/m

of material, reloading tails at the process plant

takeslminhn,mundn'ipdistanceforovcrburdcndisposalis400m,mdproccssing

the mining site tails doubles the feedstock processing time.

t, (hr) is the available mining time in a month; 255.5 hrs at 35% mining duty cycle.

M, (mt) is given in Ean.15.
Total hagler mass, Mht {mt), is:
My, =Ny * My
Power

Eqn.19

Assumingthmhaulerpowarispmvidedbyfuelceﬂswitha&%mactunmcharging

efficiency, total hauler power, P (kw), required of the power system (PV or puclear) is:
pP=P* hp * N/(ty, * 0.64)

where,
;]Euisd:cﬁmcpercydeﬂmthehmlmmmaﬂyconsnmingpower.

Eqn.20

Since

er power consumption during filling stages (feedstock at the mining site and
mﬂsmtbeprocesssitc)iswnsideredzcro,powcrthncpercydeiswscnﬁaﬂy

equal to (tg,, . - tg1p)-

time per month as defined in Eqn.19.

Ptisthcpeakhmﬂcrpowerperrotmduip(kw) calculated from:
Py=Cg* My + Mpy) * g * &t/
where

N, is the total number of hauler roundtrips per month. t (hr) is the available mining

Eqn.21

C. is the coefficient of rolling resistance, equal to 0.2 in this study (typical values
otf 0.1-0.2 for rolling in loose sand to soft/rutted roads have been given, Ref. 120,

p-641).
My (mt) and My, (mt) are given in Eqns.14 and 15.
g, is the lunar gravity acceleration, 1.62 m/s2.
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d, is the total roundtrip distance, assumed as 2000 m.
t, is the total roundtrip time (sec) assurning 10 km/hr transport time.

As given in Appendix B, a calculated hauler energy ratio of 0.09 w-hr/kg-km was calculated
using Eqn.21. This compares with 0.08 w-hr/kg-km specified in another study (122) and
the transportation energy requirements for surface and ballastic transport given in Figure

A-l,
Size
The following assumptions are made for calculating overall hauler dimensions:

Ratio of hauler bed length to width, r; =Ly, /W p=2

Ratio of hauler bed length to height, 15 = b= 3

Distance wheels extend beyond sides of v cle,q‘ =lm

Height of hauler above ground, I = 1.5 m.

Ratio of hauler bed length ta,length of hauler drive unit, r3 = Lyp/Ly 4 = 3.
Hauler bed volume, Vbh {m~), from Eqn.17.

*« & ¢ 0 2 L]

Hauler bed length, th {m), is:

- 1
Ly = Ve * 11 * '
Hauler bed width, W (m), and height, Hyy (m), are:
Whb = L™y
g
Hyp =L'p/n2

Overall hauler length, Ly, (m), width, Wy (m), and height, Hy (m), are:
Ly =Ly * 0 + 1)

Hh = th + lh
Figure A-1. Energy Requirements for Hauler and Ballistic Transport (Ref. 88)
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A3 Pit Scalper

This machine sizes the feedstock (basaltic rock for the pilot plant conceptual design) to
reject oversize (10-25 cm) and undersize (<lcm) prior to feeding downstream equipment.
It mainly consists of a grizzly scalper to remove oversize, a vibrating screen to remove
fine material (non-basalts), two bins (one to hold the sized feedstock, the other for undersize

- rejects), and the supporting structure.

Mass

Mass of each pit scalper, M, (kg/unit), is the sum of the grizzly, Mg (kg), vibratory
screen, M, (kg), bins, My, (kg), and supporting stmcnne,Msp(kg):

Ms"Mg*Mv"'Mb"'Msp Eqn.24
The grizzly is assumed to consist of spaced, rectangular, steel bars. The length and
width of the grizzly are set equal to the hauler bed width. The number of bars was
determined from the required spacing between bars, which is set equal to the maximum
allowed for the downstream crushing equipment. This maximum size, 4 (am), was allowed
to float with LOX production rate to balance the size of the primary (jaw) crusher
(influenced by maximum inlet size) with crusher capacity:

d_=0.184 * LOX (mt/yr) + 9.63 Eqn.25

The mass of the grizzly was determined from the number, length and size (1 cm x 2.5 cm)
of the grizzly bars, which were baselined as steel (with S.G. 7.8), multiplied by a 1.2
factor for structure.

The mass of the mechanically vibrated screen was determined by:
M,=F, *A Eqn.26

A factor, F, (kg/mz), relates vibratory screen mass to screen area; a value of 25 kg/m2
w;s used. The screen area, A (m*), is determined from a capacity relationship (91,
p-21-17):

A=04C e /AC F, Fp) Eqn.27
where,

is feed rate to the screen (mt/hr) which is the mining rate minus the oversize
rejection rate from the grizzly (assumed to be 5% of the basalt or 2.5% of the
mined material, see Section 6.2.1).

em is_ a factor (cm = L.5) to account for the expected inefficiencies of screening
operation in the lunar low gravity conditions.

C, is the unit capacity factor (mt/hr of feed per m? screen). The following unit
capacity relations were derived from literarure data (91, p.21-18, Figure 21-15), and
using a 1 cm screen size (rejecting all material less than 1 cm as probable non-
basalt soil components):

For screen sizes greater than 2.5 cm, C; =43.7 * Size (cm) + 12 Egqn.28a
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For screen sizes less than 2.5 cm, €, = 14.88 * [Size ()] Eqn.28b

F_ is the open area factor for the screen (with a 10 mm opening in this case),
which was also derived from litgrature (91, p.21-15, Table 21-6):
F, = 0.1079 * [Opening (mm)]™~ + 0.3354 Eqn.28¢

F; is the slotted opening factor, which is unity for the square mesh assumed in
this study.

A minimum screen area equal to the grizzly area is assumed.
The basis of the mass calculation for the two bins, My, in Eqn.24, is:
. Each bin’s volume is capabic of Cthaining 2 hauler loads. Thus, the length of

each side of the bin, L(m)=(2 * Vbh) . Eqn.28d
. Bin walls are 5 mm thick and constructed of aluminum (S.G. = 2.8).

Structural support mass is:
= » »
Ms-p 0.5 M‘g M, Eqn.29

The number of pit scalpers is set equal to the number of haulers required for feedstock
and overburden transport, Ny, (Eqn.18). Total pit scalper mass is therefore:

Mst = Nh o MS Egn.30
Power

Power for the vibratory screen in the pit scalper is:

F *A Eqn.31

Ps= p

where,

Screen area, A (m2), is defined by Eqn.27 and the screen power factor, F_ (kw/m?),
is 0.75, which was derived from typical Eanth industrial "hummer” vibrafory screen
data (93, p.7-42 and 745).

Power for all units is assumed to be provided by electric cabling from the power grid.
Total power was determined by applymg a mining utility factor (assuming for a 35%
mining duty cycle, 70% of daylight time the unit is drawing power):

P,=07*N,*P, | Egn.32
Size
The width of the pit scalper is equal to the width of a bin (see Eqn.28d), W, = L (m), while
the twin bin doubles the length of the scalper, L, = 2 L (m). The deployed height of
the scalper is found from the sum of the height of the hﬂﬂ“'m%h (m), the height of

tli‘m screens, Hy (m) assumed to be at 30° with length of L (m), the height of a bin,
(m).
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A.4 Process Feed Bin

Mass
The mass of the feed bin is calculated based on:

. Aluminum struocture.

. Bin capacity is sized for the maximum difference over a month in the input rate from
the mining area (at 35% duty cycle) and the output rate to the process area operating
at a different duty cycle (45-90%). The bin size for a 2 mt/month LOX pilot plant

is large enough to store approximately 3 days of crusher feedstock.
Size

Size is based on a square-sided bin with a maximum height of 1.5 m. This maximum bin

height constraint eases access for the hauler (bottom dump).
A.S Primary Crusher (Jaw Crusher)
Mass

The following correlations were derived from data for Blake-type Jaw Crushers presented

in Re£.91 (p.8-22, Table 8-6) and other sources (93, p.4.14.21; 95, p.28.01-28.03; 123).
Mass (mt) = 2 * Width (m) * Length (m) * Height (m)

where,
Crusher Width (m) = 2 * [Width Receiver (m))0-

Width Receiver (m) = Receiver Area (m2)/Gap (m)
Minimum Rec. Width Constraint (m) = 0.25 * Gap (m)

Receiver Area (m?) = Capacity (mt/hw)/(60 * [R/R-DI* * p)
Reduction Ratio, R = Input feed size/Output feed size = 4

Eqn.33

Eqn.34a

Eqn.34b
Eqn.34¢

Eqn.34d
Eqn.34e

Capacity (mt/r) is the feed rate from the process feed bin plus an additional 10%
to account for a recycle stream assumed to contain particles larger than the output
targctsize(Ontputtargetsize:inpntsizelk,whcreinputsizeisgiveninEqn.ZS).
The process duty cycle is 45% for plants operating with solar photovoltaic array
(PV)/Regenerative fuel cell (RFC) power systems, or 90% for plants operating with
nuclear power, so the solids rate from the feed bin is different than the solids
entering the feed bin.

Bulk density of feed solids, p (mt/m>) = 1.9 Eqn.34f
Crusher inlet gap (m) = 0.0125 * Max. Input Size (cm) Eqn.34g
Crusher Length (m) = 4 * [Gap (m)]* Eqn.35
Crusher Height (m) = 2.2 * Gap (m) + 0.4 Eqn.36
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Power

The Bond crushing law is used to predict crusher power requirements (91, p.8-12; 124,
p.825):

Power (kw) = 0.3162 * Wy * Feed * [(1/output size)" - (1/imput size)") Eqn.37
where,

Basalt work index = Windex = 20.41

Feed rate (mt/hr) includes 10% oversize recycle

Output size (mm) = Input Size (mm)/Reduction Ratio
A.6 Secondary Crusher (Rotary, Gyratory or Cone Crusher)

Correlations derived from Crusher data presented in literarure (51, p.8-25, Table 8-11;
93, p.4.21-4.34 and p.4.40-4.55; 95, p.28.08-28.10).

Mass
Crusher Mass (mt) = (S.G.)x * (Diameter/2) * Height Eqn.38
where,
Crusher Diameter (m) = 1.33 * Crusher Bow! Diameter (m) Eqn.39a
Bow! Diameter (m) = Receiver Area/(n * Gap) * Gap Eqn.3%b
Receiver Area (m?) = [Capacity/{25 * ®RIR-1)0- * pl]()"’5 Eqn.3%c

Capacity is the feed rate (mthr) from the primary crusher with an additional
streamn of oversize from the secondary crusher outlet (10% of primary crusher

feed). ‘

Reduction Ratio = R = Inlet Size/Outlet Size = 10 | Eqn.39d

p = bulk density of solids = 1.9 mt/m° Eqn.3%¢

Receiver gap (m) = 0.012 * Maximum Input Size (cm) Egn.39f

Crusher Height (m) = 2.5 * Crusher Diameter (m) Eqn.40

Crusher S.G. = 1 mt/m° Eqn.41
Power

As with the primary crusher, the Bond crushing law is used to predict crusher power
requirements (91, p.8-12; 124, p.825):

Power (kw) = 0.3162 * Wy 3. * Feed * [(1/output size)0S - (1/input size)] Eqn.42
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where,
Basalt work index = Windex = 20.41
Feed rate (mt/hr) includes 10% oversize recycle
Output size (mm) = Input Size (mm)/Reduction Ratio
A.7 Final Grinding to Desired Prodact Size (Ball Mill)
References Used: (91, p.8.30-8.34; 93, p.5.03-5.92 and 6.14-6.17; 125).
Mass
Mill Mass (mt) = Liner/Structure Mass (mt) + Ball Charge Mass (mt) _ Egn.43
Liner/structure mass estimated from literature data (93, p.5.54-5.55) as 1-2 times ball

charge mass. Accounting for lunar structural mass savings, the low end of the scale is
assumed:

Structure to Charge Mass Ratio =1 Eqn.44
From reduction of ball mill data (91, p.8-34, Table 8-18):

Ball charge mass (mt) = 1.116 * [Mill Length (m)}>-27° Eqn.45a

Mill Length (m) = [0.0222 * R%3 + 0.915] * Capacity®-#7 Eqn.45b

Capacity is the feed rate (mt/hr) from the secondary crusher.

Reduction ratio = R = Input size/Output size. Output size is set at 0.1 mm as the
target size that is a compromise between substantial ilmenite liberation and generation

of fines.
Power

Power (kw) = 18.9 * Length (m) Eqn.46
Size

if Length (m) > 1m, Mill Diameter (m) = Length (m) _ Egn.47a

if Length (m) < 1m, Mill Diameter (m) = Length (m)/1.25 Eqn.47b
Imenite Liberation

The amount of ilmenite mineral fragments liberated in essentially pure form from a
basalt matrix (mixture of pyroxene, olivine, plagioclase, ilmenite, and other mineral
components) depends on the average size (and shape) of the ilmenite grains and the
initial abundance of ilmenite.

F = 1/{(14%)° - V, * [(1+2)°-1]) Eqn.48

where,
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F; = fraction of original ilmenite liberated as pure mineral fragments. The rest of
the ilmenite is contained in fragments with varying amounts of other mineral
constituents.

x=1r
t = reduction ratio = ilmenite grain size in basalt oreftarget size of particles produced
in final grinding step = 0.5 mmA).1 mm =5

V0 = initial volume fraction ilmenite ins ore.

erate

The final grinding step will produce undesirable fines that will be removed in subsequent
steps. The Gates-Gaudin-Schumann size distribution correlation is used to predict the
mass fraction of fines produced in the ball mill step (91, p.8.15-8.16):

Fp=(dgd)®’ | Eqn.49
where,
F¢ = the mass fraction of fines produced (fraction of particles with diameter dg
. and smaller).

dg = fines particle diameter = 0.03 mm.
d, = grinding target size =0.1 mm.
A.8 Vibratory Screen (Fines Removal)
Scaling for the vibratory screen is basically the same as presented for the pit scalper screen.
Mass
The mass of the mechanically vibrated screen was determined by:
M,=F,*A Eqn.50
A factor, F, (kg/mz). relates vibratory screen mass to screen area; a value of 25 kg/m2
;v;rsl-i:;;d The screen area, A (m“), is determined from a capacity relationship (91,
A=04C e /(C,F, Fp) Eqn.51
where,
Ct = feed rate to the screen (mt/hr).

e.. = a factor to account for the expected inefficiencies of screening operation in
the lunar low gravity conditions = 1.5.
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%1 = unit capacity factor (mt/hr of feed per m? screen). The following unit capacity
arions were derived (from 91, p.21-18, Figure 21-15):

For screen sizes greater than 2.5cm, C =43.7 * Size (cm)0+512. Eqn.52a
For screen sizes less than 2.5 cm, C,, = 14.88 * [Size, (cm)]"". Eqn.52b
A minimum value of 0.05 mt/hr of feed per m* of screen was used as a consuaint

at low capacities where equation accuracy suffers.

F_ = open area factor for the sc(?gn (91, p.21-15, Table 21-6):

FO =0.1079 * [Opening (mm)]"- + 0.3354 ' Eqn.52c
Fg= slotted opening factor = 1 for the square mesh assumed in this study.
Power
Power for the vibratory screen in the pit scalper is:
Py = Fp *A Eqn.53
where,

Screen areca, A (mz). is defined by Eqn.51 and the screen power factor, F (kw/mz),
is 0.75. which was derived from typical Earth industrial "hummer” vibrafory screen
data (93, p.742 and 7-45).

Size
Screen Width (m)=2.5m
Screen Length (m) = Screen Area/Width/Number of Screens
Screen Height (m) = 0.5 * (Number of Screens - 1) + 0.4
A8 IHmenite Separator Feed Bin
Mass calculation basis is cylindrical storage of particulate solids. Bin length, L (m), and
diameter, D (m), are calculated given storage requirements (3 days), number of silos (1)},
lengﬂi to diameter ratio (0.75 selected for manifesting purposes), and bulk density (1.9
mt/m>). The vertical pressure exerted by the solids on the base of the storage bin is
greater than the lateral pressure on the sides. For a full silo, the base pressure, Py,
(Pa), is (124, p.812-815):
Pb=D/2*p"'1000"gm/(2"|.1*r)‘[l-exp[—Z‘p‘r‘L/(DfZ)]] Eqn.54
where,

p = bulk density = 1.9 mt/m3

g = lunar gravity = 1.62 m/s?

p = coefficient of friction at the wall = tan ()

0 = angle of internal friction = 38°

r = ratio of lateral to vertical pressure = P}/Py
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r=(1-sin 8)X1 +sin 6)
L = storage bin length (m)
D = storage bin diameter (m)
The lateral pressure, P; (Pa), in the storage silo is:

Pi=1*P, Eqn.55
The cyclinder wall thickness, t (mm), can then be calculated as:

t =P, * D/2 * FOS/(gy * 1000) Eqn.56
where,

FOS = factor of safety = 1.2
G, = yield stress for aluminum = 324 MPa for Al 2024-T3
The base wall thickness, t, (mm), is found by:
=t ' : Eqn.57

In all cases, minimum skin thickness of 16 mils or 0.4 mm is assumed. Given a density
of 2.8 mt/m” for aluminum, the bin mass, Mb (kg), becomes:

Mb=2.8*1:"'[(D/2)2*tb+D"‘L*t+(Df2)2"t] Eqn.58
A9 Induced Magnetic Roll Separator (for Ilmenite Separation)
Relationships for the high-tension induced magnetic roll (IMR) separator were developed
from industrial data (96, 97). It is assumed that multi-staged magnetic separators will

recover 98% of the pure ilmenite fragments in the feed, and final product stream purity
is 90% ilmenite (the rest gangue materials).

Mass
Based on up to a five stage (5 rolls) machine (96):

IMR Mass (mt) = 1.043 * Feed Rate to the machine (mt/hr) Egn.59
Power
For feed rates less than 0.6 mt/hr: Power (kw) = 1.362 * Feed Rate (mt/hr) Eqn.602
For feed rates > or = 0.6 mt/hr: Power (kw) = 0.602 * Feed (mt/hr) + 0.7 Eqn.60b
Size

IMR Volume (m>) = 1.03 * Feed (mt/hr) Eqn.6la
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IMR Width (m) = (Volume/(1.8*1.2))1/3 Eqn.61b

IMR Length (m) = 1.2 * Width Eqn.6lc
IMR Height (m) = 1.8 * Width Eqn.61d
Permanent Magnetic Roll (PMR) Scaling Equations (96-98)
For Feed less than 1.5 mt/hr: Mass (mt) = 0.319 * Feed (mt/hr) Egn.62a
For Feed > or = 1.5 mt/hr: Mass (mt) = 0.0916 * Feed (mt/hr) + 0.41 Eqgn.62b
PMR Power (kw) = 0.196 * Feed (mt/hr) Eqn.63
For Feed < 1.5 mt/hr: PMR Volume (m) = .85 * Feed (mt/hr) Eqn.64a
For Feed > or = 1.5 mt/hr: PMR Volume (m”) = 0.341 * Feed (mt/hr) + 0.967 Eqn.64b
PMR Width (m) = (Volume/(1.3*1.9)13 Eqn.64c
PMR Length (m) = 1.9 * Width Eqgn.64d
PMR Height (m) = 1.3 * Width Eqn.64¢

Electrostatic Separator Scaling Equations

Efficient electrostatic separation requires that the input feed be heated to approximately
200°C. Because of the insulating nature of lunar soil, subsurface temperatures (> 10 cm
deep) are a relatively constant 0 to -20°C (depending on latitude) even during the lunar
day (86). Thus, feedstock temperatures of 0°C or less are probabie.

Pre-heat Energy: 0.265 kw-hr/mt-"C (Ref.70). For 200°C delta T (0°C input, 200°C
output), need 53 kw-hr/mt feed. :

Electrostatic Separator Mass: 666 kg per mt/hr feed (derived from Ref.74)
Electrostatic Power: 0.244 kw per mt/hr feed (derived from Ref.46)
Electrostatic Sep. Volume: 7.3 m> per mt/hr feed (derived from Ref.46)

E.S. Height = 14 * Width
E.S. Length = 8 * Width

A.10 Reactor Feed Hoppers
Low-Pressure Feed Hopper:
Since the operation of the feed hoppers is such that the low-pressure feed hopper always

remains in vacoom conditions (see Section 6.2.3), this hopper is sized like the magnetic
separator feed bin (Section A.8).

High-Pressure Feed Hopper:

Hopper length, L (m), and diameter, D (m), is determined by assuming a cylinder, storage
requirements of 3 days of feed, 1.9 mt/m” bulk solids density, and assigning a L/D ratio
of 1.5. The design operating pressure for the hopper is 10 am (P = 1.03 MPa). Hoop
stress in a cylindrical pressure vessel is twice as great as the longitudinal stress. Sizing
the wall thickness, t (mm), for the hoop stress results in:
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t=P’ * D/2 * FOS * 1000/c,; Eqn.65
where,
t = skin thickness (mm)
D = hopper diarneter (m)

P’ = hopper pressure (design pressure of 10 atm plus the pressure from the solids,
which is negligible compared to the gas pressure) = P = 1.03 MPa

FOS = factor of safety = 1.2

G = yield stress for aluminum = 324 MPa for Al 2024-T3 (assumed that the fged
hopper operates at temperatures below 200°C, may require insulation or altermative
materials).

Hopper mass is determined in a procedure similar to that given in Section A.8 by using
the calculated skin thickness and hopper geometry, and assuming aluminum construction
(5.G.=2.8).

A.11 Fluidized Bed Reactor
A three stage fluidized bed reactor is assumed. Other assurnptions are:

L, = length of cylinder section of reactor = 6.1 m
Residence time of solids in reactor = 4.2 hrs

The solids occupy a third of the reactor volume.

Operating pressure = 10 atm = 1.03 MPa

Maximum operating temperature = 1,000°C

Inside insulation (high-density) thickness = 7.6 cm

Qutside insulation (low-density) thickness = 22.9 cm

Shell material is high-temperature grade alloy steel (A-286)
90% of ilmenite in feed is converted to iron and rutile

2/31d equilibrium conversion is achieved in middle bed

Mass

Reactor consists of an immer core for counter-current gas/solids flow surrounded by
tough high-density insulation, then low-density insulation, then the shelll. The total
mass of the reactor is the sum of the high- and low-density insulation mass and the
shell mass. '

Mass of inner insulation =V * p. Eqn.66
where,

V = volume of high density insulation (m>) , 3

V=1 ([(Dy2 +t/100)% - (Dy2)°] * L; + 43 * [(Dy2+/100Y <Dy} Eqn.67

D, = inside reactor diameter (m) =2 * [F * 8 * 3/(p * L; * ;1% Eqn.68
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F = feed rate to reactor (kg/hr) 90% ilmenite, 10% gangue

© = residence time of solids =4.2 hr 3

p = bulk density of feed solids = 1,900 kg/m ) _

L, = overall length of cylindrical section of reactor = 6.1 m (1/3 of which occupied
solids). ]

:y= high-density insulation thickness = 7.6 cm 3 .

p; = density of high-density insulation = 2,240 kg/m" (for superduty fire brick)

Mass of outer insulation=V_ *p, Eqn.69
where,

V, = volume of low density insyjation (m3) % . 3

Vo= ?D%E{f/ 1-60 ()tj-]i-lto)ll()()) - (D2 + tiIIOO) ]*L; + 4/3 {(Dy?-i—(ti-ﬁ-to)/lOO)E;anO

t, = low-density insulation thickness = 22.86 cm 3
P, = density of low-density insulation = 140 kg/m” (for Orbiter-like thermal Tiles)

Mass of reactor shell =V, *p, Eqgn.71
where,
V. = volume of shell (m3) 9 )
V:= ® ([(Dy2 + (1:41,)/100 +,1/1000) - (Df-iﬂ % (A HH00)] * Ly + 473 *
[(Dy2+{t;+1,)/100 ¥1/1000)°1Dy2 + (t;+,)/100)°]} Eqn.72

te = thickness ofl sh?:ﬂ (mm)
ts=P * D * FOS/(2 * ¢ * f_ * 1000) Eqn.73
P = design pressure = 1.53 Mpa

D = diameter (m) = Di +2% (t; + to)/100

FOS = factor of safety = 1.5

O = room temperature yield stress for steel alloy A-286 = 655 MPa (Ref.107)

£% = fraction of room temperature yield stress available at temperature of skin,
which is assumed to be 450°F = 0.88 (Ref107)

pg = density of Alloy A-286 = 7,940 kg/m

Power

Energy ts = sensible heat of products + heat of reaction + heat loss-
sensible heat of reactants.

Heat of reaction = 294 KJ/kg ilmenite converted (@ 900°C from Ref.119)

Sensible heat added = 544 KJ/kg feed (from series of equations, including heat transfer
between gas/solids in each bed of reactor, see Appendix B reactor section for details)

Heat loss is found from a simplified thermal analysis:
Thermal radiation loss to space = thermal conduction from interior

Quogs = € Ag 0 Ty = (T; - TVEI * 10/ * Ay)] Eqn.74

where,
€ = average reactor exterior emissivity = 0.1
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A= exterior surface area of reactor (mz) 1 s
62 Stefan-Boltzmann Constant = 5.67 x 1071 kw/m2-K*
'I‘o = exterior temperarure (K)
T. = average interior temperatare = 1,173°K
T! = summation of thermal conductive flux across both insulation layers (thermal
resistance of metallic shell is so low, it is neglected in the analysis)
t = insulation thicknesses (cm) as given above
k = thermal conductivity of insulation
k of low-density insulation = 0.19 W/mK
k of high-density insulation = 1.47 W/m-K 2
= Jog-mean surface area of each insulation layer (m”)
Ay = (exterior area - interior area)/logc(extcrior area/interior area)

The reactor exterior temperature, T, (K), is determined by solving Equation 74 by tnal
and ermror. An iterative technique, such as the Newton-Raphson method, could be used

to solve this equation. The power loss, Qp .. (kw), is then found after solving for T
The total power demand for the reactor, Q_ (kw), is:
Qr=ﬂmcniteRzamd(kg/hr)*294KI/kg+Feed(kg/hr)*544KJ/kg+Qloss Eqn.75
This power is provided by heating the reactor gas stream in the electric heater.

Size

Overall Length (m) = L; + D; +2 * (t; +1,)/100 + 2 * t,/1000 Eqn.76
Overall Diameter (m) = D; + 2 * (t; +1,)/100 + 2 * t /1000 Eqn.77
Maximum 2nd Migimum Feed Si

Particle sizes in the feed to the fluidized-bed reactor must be small enough to allow
fluidization to occur. An equation for finidized beds that characterizes minimum fluidization

conditions is {124, p.163):
[P (op- p)a2] D2 - [1.75 p2 V(6 € ud)] D - 150 p (1-€) V/(#2 €3 n) =0 Eqn.78
where,

D = particle size (mm) to aligw finidization to occur
g = lunar graviry = 162 cm/
p = gas density in reactor (g/cc) = 0.0002 (for pure hydrogen @ 1000°C)
p=P MW Z/R*T) 3

= 10 atm * 2.0158 g/gmole * 1.001765 /(82.056 cm”-atm/gmole-K * 1273K)
P,, = particie density = 4.79 g/cc for ilmenite

= gas viscosity (cp or g/m-s) = 0.0237 g/m-s (Ref.126)
V = gas velocity (cov/s) = 30 cm/s in fluidized beds
¢ = shape factor of particles = surface area of sphere/surface area of particies
¢ = 0.83 for round sand (124, p.804)
€ = minimum porosity of fluidized bed = 0.5 (124, p.162)
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The Eqn.78 guadratic in D is solved for the maximum allowable particle size, which for
these and lower temperature conditions (900-1000K) results in a maximum allowable size

of 0.92-0.95 mm.

The particles in the reactor feed must also be large enough to avoid being entrained by
the gas stream and carried out of the reactor. An cquation relating gravity and drag
forces on a particle in the gas stream is:

dU/dt = g (PpPpp + Cg UypAy/2m)-Cy Vap Ay/(2m) Eqn.79
where,

dU/dt = acceleration of the particle
g = Iunar gravity
P, = particle density

= gas density
C ; = drag coefficient

= particle velocity
gp = particle projected

= particle mass (=4/3 & Pp for a spherical particie)
V = gas velocity

which, if the particle is floating (U =0, dU/dt = 0), simplifies to:

d=3Cy4 V2 pll4 (py-P) 8] Eqn.80
where,

d = minimum particle size to avoid excessive entrainment (cm)

C, = drag cocfficient = approximately 8.4 for a sphere in the Reynolds number of

mterest.

V = gas velocity = 30 cm/s

p,, = ilmenite density = 4.79 g/cc

p= gas density = 0.0002 g/cs, (for pure hydrogen at 1273°K)

g = lunar gravity = 162 cm/s

For the given conditions, 15 micron spheres will be entrained. Based on temperatures
(900-1000'K) and gas densities (higher due to water content and lower temperature)
expected at the top of the reactor, 30 micron (0.03 mm) particies could be entrained.

A.12 Cyclone Separators
Reference for calculations: (91, p.20-84)

A =mdot/(p * v) Eqn.81
where,

A = Area of iniet to cyclone (mz)

mdot = Mass flow rate of inlet gas stg:am (kg/sec) = known from mass balances

p = density of inlet gas stream (kg/m™)

v = inlet gas velocity = 15.2 m/s
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The width of the inlet, W (m), and height, H (m), are:

W = (AR)?
H=2*W

The cylindrical diameter of the cyclo;r., D (m), is:
D=4*W
The overall length of the cyclone, L (m), is:
L=4*D
Mass
The thickness, t (cm) of the cyclone is:
t=P*D*FOS*100/(2* 0o *f) _ Eqn.82
P = design pressure = 1.03 MPa
D = cycione diameter (m)
FOS = factor of safety = 2 .
G = room temperature yield stress for Inconel 718 = 1034 MPa Ref.107) _
f = fraction of room temperature yield stress available at temperature of skin,
assumed to be 850°C = 0.4 (Ref.107)
Mass = cyclone skin volume * density Eqn.83
Density of Inconel = 8,220 kg/m>

Since there at least 3 cyclones (1 for each stage), total mass = 3 * cyclone mass

Performance
Particle size with 50% removal efficiency ("cut size"™):

d. = 1,000,000 * [9 * u * W/2x NV (p,, - % | Eqn.84
where,

d, = cyclone removes 50% ofstl:u's particle size (microns)

u = gas viscosity = 1.97 x 10™ Pa-s (@ 700°C) (from Ref.124, p.996).

W = cyclone width (m)

N = number of effective turns made by gas in cyclone = 5 (typically 5-10) (Ref.91)
V = gas velocity = 15 m/s

p.. = solids density = 4500 k}/m3.

p= gas density = 0.27 kg/m>.

Fractional mass collection efficiency, n, for removing partcles of size, d (microns), or
larger is:

n = ()21 +(@Wd)?) Equ.85
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A.13 Hydrogen Makeup

Hydrogen loss rate is calculated by assuming that voids in the reactor discharge (through
the solid's settling hopper) are filled by gas (mostly hydrogen):

mdotyys =mdoty/p ¥ € * Pg Egn.86
where, |

mdotyy7) = mass flow rate (kg/hr) of hydrogen lost in the solids exiting the reactor.

mdot 4 = solids discharge rate (kg/hr)

p=so]idsbu.lkdmsiry= 1900kg/m3

€ = bed porosity = (particle density - bulk density)/particle density = (5700 - 1900)/5700
e =0.67 '

P =gasdcnsity=0.27kgz’m3forcaseshowninAppendixB(dcpcndsonxcactor
cgnd.itions, temperature).

A.14 Conveyors
References: (46; 70; 91, p.7.3-7.20; 127; 128)
elt Conveyors
Mass of belt, rolls, drive, and other components estimated by:
Mass (kg) = 5 * Area of belt (m?) Eqn.87
Area (m?) = 2 * Width belt (m) * Length belt (m)

Thus,
Mass (kg) = 10 * Width * Length

Factor of 10 kg/m2 is a scaled value Sor lunar gravity (46, 70), typical terrestrial (128)
ilmt;lar reinforced V-belts mass 24 kg/m* (for 1 m wide belt) or more for steel reinforced
Belt width determined by capacity equation for V-belts:
Capacity = Belt Width * Average Burden Depth * Belt Speed * Bulk Density
Average burden depth = 0.082 * belt width

Width (m) = [Cap/(0.082 * Speed * 60 * p1*- "Eqn.88

whcre, '

194



Cap = Solids discharge rate (kg/hr) including tailings rate from reactor, magnetic
separator, and fines screen.

Spced:bcltspeed=30mfm.i§1(rypical terrestrial speeds range up to 100-200 m/min)
p = bulk density = 1900 kg/m

A minimum width of 15 cm was specified to ease solid’s handling.
Beltlength=15m

Power requirements: Horizontal rans: 0.0351 kw/m lenth per m’/min material flow
Vertical rise (30° maximum): 0.2768 kw/m lift per m*/min material

Stowed volume: 0.042 m3 per m2 of belt + 50% for other conveyor components.
Screw Conveyors

Mass: 133 kg/m length per m diameter
Diameter: 0.28 m diameter per m”/hr material flow

Power: 0.00141 kw/m length per mt/hr material flow
u evato T
Mass: 3.4 kg/m lift per m/hr material flow
Power: 0.005 kw/m lift per mt/hr material flow
Capacity: Volume bucket * No. buckets/m * Speed * bulk density
Normal speeds: 45 m/min = 0.75 myjs. Assume 3 bucket/m, 0.5 mv/s.
A.15 Electrolysis Cell
Sizing reference: (25)
Assume solid-state electrolysis, 1,000°C operating ternperature. 95% of inlet water electro-
lyzed to hydrogen and oxygen. Water content of inlet gas stream determined by reactor

conditions. Assume conversion gpproaches 2/3rd of equilibrium value. At 1,000°C, equil-
ijbriom molar water comtent of product gases is 0.105. The electrolysis feed gas would

Mass
Mass of electrolysis cell (kg) = 35 * Oxygen production rate (kg/hr) Eqn.89
Power

From thermodynamics, the theoretical minimum power required for water electrolysis at
1000°C is 3.52 kw per kg/hr water. Given an efficiency for the solid-state cells of

approximately 72% (25):
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Power (kw) = 3.52/0.72 * Water electrolysis rate (kg/r) Eqn.90
Size
Specific gravity of elecrolysis cell (25) is approximately 0.6.

Volume (m>) = Mass of cell (kg)/600 Eqn.9]

Width (m) = (Volume/1.6)1

Length (m) = Width (m)

Height (m) = 1.6 * Width (m)
Waste heat is effectively radiated from the surface of the cell.
Al6 Oxygeh Liquefier
References: (19, 70, 101)

Mass
Refrigerator Mass (kg) = 20 * LOX Rate (kg/hr) Eqn.92

Oxygen load on liquefier includes boiloff from storage tanks. In worst case conditions
(non-buried tanks with only 3" insulation, direct sun), boiloff rate from LOX storage
tanks was calculated as 64% of the oxygen production rate from the process.

Power
For typical Stirling cycle oxygen liquefiers (101), power consumption is:
Power (kw) = 0.461 * LOX Rate (kg/hr) Egn.93

Camot efficiency of 38% is assumed, resuiting in overall efficiency of 23% from theoretical
cooling load (from sensible and latent heats of oxygen stream).

Yolume

Volumne (m) = Mass (kg) /1,000 kg/m® Eqn.94
L/D =3 Ref.19) 1

Diameter (m) = [4 * Volume/(37))1/3

Length = 3 * Diameter

A.17 Oxygen Storage
Storage tank mass based on:

« N=2tanks
. = ullage factor (un-used volume when tanks full) = 0.05 (5% of volume)
. days of process LOX production storage capacity.
N O e N o Py 2 M p K0, where demaiy of liquid
olume per V., (m”) = M_/(p,*N), ity of liquid oxygen,
P, = 1,140 kg ° oo
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. Py = 10 am (1.0 MPa), although nominal operating pressure of 1 atm assumed for
maximum boiloff calculations. Boiling point temperature for liquid oxygen increases

with pressure by (derived from data in Ref.91):
Typ ('C)=31.4479 * [P (am)]0-2857 . 214.268

LOX Data Vapor Pressure (atm) Temperature CO)
1 -183.1
2 -176.0
5 -164.5
10 -153.2
20 -140.0
30 -130.7
40 -124.1
49.7 -118.9

Critical Point

Thus, the LOX tank could be operated at higher pressure to reduce boiloff (making
it easier to place tanks on surface without boiloff problems), but would increase

tank wall thicknesses.
Tank Mass (kg) =N * (Ms"'M'i)

where,
N = number of tanks = 2
M_ = mass of tank shell (kg)
M?=massoftankinsulaﬁon (kg)

Shell mass is:
M, =p * 43 & [(Dy2 + 1/1000)° - (Dy2)°]

where,
b = density of sheil = 2,800 kg/m? for Aluminum (2219 alloy)
-Di=insidcdiamezcroftank(m) .
Di=2%[3*(1+£)* V/4milP
= tank ullage = (.05

o = Yolume of LOX stored in each tank at capacity (m3)
t, = thickness of tank shell (mm)
8s=P*D,*FOS* 1000/(4 * o)
P = design pressure = 1.0 MPa
FOS = factor of safety = 1.5
G, = Al 2219-T87 yield stress = 324 MP2

Insulation mass is:
M, =p; * 43 1 [(Dy2 + t/1000 + 1/100)° - (D2 + t,/1000)%)
where,

p: = Mulilayer insulation (MLI) density = 120 kg/m’
t;'= MLI thickness = 7.6 cm
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A.18 Photovoltaic Power System
References: (102-104)

Solar array sized to deliver required power load, Py (kw), to process equipment and to
regenerate reactants for regenerative fuel cells. The mass of all PV equipment (arrays,
structure, and power conversion) is calculated from:

PV Mass (kg) = Py (kw) * 1000/25.5 Eqn.99
Surface area of PV arrays, A (mz), found by:
A=PL‘1000/[Fs'n‘(1-fd)"cose"(l-(T-28)"'0.005)"'£p] Eqn.100a

where,
f ; = degradation factor = 0.3 (assume 30% in 10 yrs)
= sun angle = 6.5" from normal
T = operating temperatare = 50°C (0.5% efficiency loss per *C)
= packing factor = 0.9 (90% solar cell area)
= cell efficiency at 28°C = 0.115 (11.5‘7&)
F = solar intensity at 1 AU= 1,352 W/m
Given these factors:
A =P * 1000/86.6 Egn.100b

Major PV factors are: 39.2 kghw, 86.6 W/m2, 3.4 kg/m? for all photovoltaic power
systemn equipment.

A.19 Regenerative Fuel Cell Power System
Reference: (25)

A regenerative fuel cell (RFC) system, using gaseous oxygen and hydrogen reactants,
was sized based on thermal losses during lunar night from the high-temperature process

equipment. |
The amount of reactants required for the RFC is:
M =E; /2913 Eqgn.101
where,
= Reactants (hydrogen and oxygen) required (kg)
EL. = Energy required of RFC system (kwh) = PL * t = Power load (kw) * time
period. t = 336 hrs (14 days x 24 hr/day).
The mass of oxygen, M (kg), and hydrogen, My; (kg), required is:
ozl i
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The mass of water produced, My (kg) = M;

The power required, PR (kw), to regenerate the reactants includes the inefficiency of
electrolysis (64% for high temperature electrolysis when compared to Pj ) and is:

Pp =P 0.64 - Eqn.103
Total RFC system mass was calculated as the sum of:
RFC Systern Mass = RFC + Reactants + GO, Tanks + GH, Tanks + HyO Tank

The regenerative fuel cell is sized with similar equations as the high-temperature electrolysis
cell (Section A.15). Most of the RFC system mass is in reactants and tankage.

Two gaseous storage tanks of each reactant (02 and H2) and one water tank are assumed.
Estimation of tank masses begins by calculating tank diameter:

D;=2*M* (l+fu)"‘3/(p"'N"'4n)1E‘ Eqn.104
where,

D. = inside tank diameter (m)

M = mass of stored material (kg)

f, = ullage factor. For gaseous reactant tanks, f, = 0. For water tank, £ =0.5.

p = material density (kg/m~). 3

Density of hydrogen gas at storage conditions (10 am, 400°K) = 6.1 kg/m

Densiry of oxygen gas at 10 ag, 400K =975k .

Density of water = 1,000 kg/m".

N = number of tanks.
Wall thickness is calculated by:

t=P*D;*FOS * 1000/(4 * cgo) | Eqn.105
where,

t = tank wall thickness (mm)

P = tank pressure = 100 atm = 10.1 MPa

FOS = factor of safety = 1.5

Ogo = yield stress for graphite overwrapped pressure vessels = 579 MPa (Ref.129)
Mass of tank shell is:

M, =pg * 473 * 1 * [(Dy2 +¥1000)° - ©y2)°) Eqn.106
where,

Ms=tankshcllmass(kg) 3
ps=sbclldcnsiry= 1,550 kg/m” (for thin metallic liner and graphite/epoxy overwrap)

Mass of tank thermal insulation:
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M, = p; * 43 * 1 * [(Dy2 + Y1000 + /100)° - (Dy2 + /1000)°} Eqn.107
where,

. = tank insulation mass (kg)

Pi= = insularion density = 120kg/m

= = insulation thickness = 1 cm
Tota]tankmaSS.Mt(ks).iStlmsnmmaﬁonoveraIIStanks:

M‘=Z[N"(Ms+Mi)] Eqn.108
AmaﬂaddiﬁmalmassiscalculmdforaRFCded:catedthﬂmalcomlsysmnto
reject waste heat generated during the electrolysis step (radiator operates at high-temp-
erature).

A.20 Nuclear Power System
Reference: (105)

The nuclear power systern mass estimate includes the reactor, radiator, power converter,
and instument-rated shielding.

Power Reactor Radiator Converter  Shielding  Total

MWe(MWn) —{(mt) ~mt) my __m)  _(m) kg/kwe)
0.3 (6 1.6 2.0 1.7 0.9 6.2 20.7

1.0 (14) 2.4 29 2.3 1.9 9.5 95

3.0 (30) 3.9 3.6 37 2.6 13.8 4.6
10.0 (90) 74 4.3 4.3 3.2 19.7 2.0
A.21 Thermal Control System

WastehcmﬁomdwpromsnnimismjecwdbyathermalcomlsysmerCS)usmga
central radiator. Total mass for the TCS, M, (kg), is estimated by:

M, =20%A Eqn.109
where, A = the radiator area (m?) determined by:

A=Q((2*n*c*e*TH Eqn.110
whcm,

Heat rejection from both sides of the radiator is assurned.

Q heat rejection load (kwt)
= efficiency of heat rejection = 0.5
o Stefan-Boltzmann constant = 5.67 x 10-11 kw}'mz X4
€ = radiator emissivity = 0.8
T = rejection temperature = 298°K
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Appendix B - Sample Application of LOX Plant Scaling Program
Case: LOX Pilot Plant, 2 mt/month, PV/REC Power System, 45% Plant Duty Cycle
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Three-Stage Xagnetic Separator (Induced Nagmetic Roll)

Beseficiation Dtility Pactor {51
Boars per Year for Bereficiation 48
Teed Rate to Bezaficiatioz {at/hr) p.87283
Ilpenite Conc. in Feed (3t.I) n
Ieenite Liberated {3) 1001
Liderated Ilaenite Come. iz Teed (vt.3) [ 44
[1xeaite Yecovery Ilficieacy L].54
Ilgenits Becoversd (3t/hr} 8.064158
Sapgue Material iz Copeeatrate (wt.%) 1
Sangue ir Comeeatrate {at/br} §.067128
Solids flow to Reactor Jesd Hopper (at/hr) 0.071288
Nseaite iz Tailings [2t/hr) 8017458
Tails {at/kr) 0. 301534
Yass Tactor (Xg per Yg/hr feed) 1.043
Bage of IER Separator {at) 9.910458
Tolupe Yactor (n°1 per at/ir feed) 1.83
182 Yolume (3°3) 0.290118
1M Vidth {s) 748654
18R Leagth (a) §.89898%
1M Beight (1) 1.4
Capacity Power Tactor (kv per at/hr) 8502
Constast Power lactor (Mv) LR
Pover (k) 1.22549¢
Ifficiency 8.1
Tagte Jeat (kst) 9.367642

SIAIRC & BENRRICIATION OB BASALY MINING

Eiajag Dtility L}
Biaing Bours per Tear 113
Ninisg Jours per Momtk 268.%
Bining Rate {3t/hr] 1.4
Praction Basalt In lach Mined Backet 8.5
Rasalt Bining Rate {nt/hr} .17
inonat of Baszlt Usquired per Nosth (st) 186

{Assuwe Basalt fragaents separated in ninisg pit).

Tlsenite Brajn size in Baslt {(m) 0.5

Griading Size Target (m) i.]

Yedactioa Ratio L]

I1nezite Coaposition of Basalt (vel. 3) 253

I1senite Liberated by Srindiag (13 of Orig. I1) .11 frerage Ilaenite iz Ore Concestrate {Yol.1) 52.4%
Rinizam Size Intering Reacter (3a) .0

Lrponest Tactor for Eriadiag Particle Size 1.7

Bt. Fraction Iapet Less than Xinipgs Size 0.430511 b4

Basber/Mass of Bizing Iquipment (Izcarators, lanjers)
Lrcavator Systess: [Premt-Kad Loaders (Fl's)

. Jusber of froot-esd loaders {IL) 1
IL Crele Tine (sec) 12¢
Bult Deasity of Basalt Pragments ia TL Bucket (3t/3°)) 2.1

Tractios Jasalt > ! o9 8.5



Bal} Density Seil/Beject Material {zt/2"3)
verage Bulk Demaity of Mined Material (at/x"1)
Bocket Injtial Bill Ractor

Biaisas Becket Size Plag {i=ais., 2=cale.)
T Bucket Size (x°3)

Nax Bucket Load (st)

Tactor of Safety

Tipping Bass (st)

Tactar TL Mase/Tipping Baes

Lass hack Prost lad Loader (st)

Basz all Yig (2t}

1L basalt sinizg mate (at/2r)

Pine Baterial Seived fros Baterial iz Backet [at/dr)

Total Baterial Mizing Rate (3t/kr}

Percest of sizing stility time actzally needed by IL

Tise ver Nosth JL Dsed Biziag Basalt (krs}
Yertical Distanee Bucket Trarels (4]

Yraction cycle time loaded bucket is raised

Lagar gravity (3/s°2)

Rover eificiency facter

Power for liftisg loaded becket (tv)

Poser for other fractica ef eycle (kn}

Boper factor for wheel Fhs (Yu/at espty veight)
Peak Power for FL's (ky/vehicle]

brg. Power reguired by all Fle for ainisg (kv}
Teel Cell Charging Mficieney

Ivg. Power required by all Ils for mizing (k)
Sesep Midth to Depth Ratlo

Seoop Width (3]

Scoop Depth and Jeight (3)

Diztance Wheels Ixtesd beyord sides of vebicle ()
Distamee Scoop Dxtends beyond sides of vekicle (1)
ofll

Lepgth to Beight Yatio (of prisary Il structare}
Beight botton of FL above grouad {a)

Distance Scoop lests fres Iroat of Il (3}
Rxczvator Width {3) overzl] esvelope

Treavator Leagth (m) overall eavelope n/out scoop
Lreavater Lesgth (2) overall eavelope 8/ scoop
Lreatator Reight (») overzll esvelope

Bazlers: {assoae avler sell-propelled]
Banler Bed Length/¥idsk Latie

Rasler Bed Leagth/Beight Matio
Lauler Ded Ridtk {3)

Danler Bed Length (2)

Danler Red Reight (1)
Dauler/trcavator Yolome latie
Bisiven Iazier Bed Tolose (7))
Lanler Jed Yoluse [2°))

Bulk Desgity Nined Bateria] (at/x"1)
Srel]l Tactor for Baterial Transported

. Baterial Balk Dessity Loaded i» Trailer (xt/n"3)

Laslar Pill Iacter
Tine Required to Fill Jacler {afa)
Rasler Load (nt}

s
P
PP i

::0-&- ]
e gl B G e b = pem
« % o= e s w & s am
OF I3 O U S O O 10 ) O O =+ N O
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Bomadtrip distasce frem aime %o plant to tailimgs pit
dverage Janling Velecity (Xa/hr)

Tine Yequired for Bouvmd-Trip (siz)

Time Required to Dischargs (ain)

?ige Dequired to Reload Hasler 3/ Tailings (aia)
Tise Dequired to discharge st tailizgs ares (aiz)
Siagle Banler Zass Rate {st/hr)

Bunber of hazler triys per susth

Beaber of Boars »er »omtt leading & Rasling
Pereent of Bising Tise Used for Loading & Haalizg
Suaber of Banlers Required

Bacler Bass lactor (mass paylosd/mass Ragler)
Bags of single hagler (at)

Lass of lanjers (st}

Coefficient of rolling friction

Power per rouad-trip ()

Calcnlated Bamliag Pover Required [v-3r/kg-ha)
Average Power required for all Ramlers (is)

Puel Cell Qharging Ifficiescy

to aime (kx)
10

12.9

LI

.5

f.
LR
2
20
1.563
1

Ld LN OB

=D b i
. .
" 1T o> O

L2
8,080
.17
6.5

dvg. Poser required from Base Power Systes (s} -PY array  0.26

Distance Theels Ixtead beyosd sides of vebicle (3}
Beight bottos of Il above groed (x)

Leagth Bed/Leagth Eagler Drive B2it

Baaler Widtk {a) overall savelope

Bauler Lesgth (m) orerall earelepe

Mauler Beight (8} overal} ezvelope

1.

rld-”
.
e 1= L 48 Ly e

rd

F

{sec/2"d)
{3"3/3iz}

cht 19.57843

assope pover for duaping hacler = bagliag power, for loading = ser:

Overburdes Besoval [O0BR): [Frost-Pzd Loeaders (assuse mse same type JL'3 as exacarators)
 available time mzed if sase Tls ozed for 0B & ainisg 11.481
Y avail. time vaed if sase bamlers osed for OBR & aiving  15.283

lasber of frozt-ezd loaders {FL)

Busber of Laalers

Depth of Overturdes {1}

Depth of Basalt Larer lised (2)

rea Overbardes resoved per ares basalt sised
T Load/Ualead Crele Time (sec)

I ducket Size (°))

Becket Fill lacter

Bull Dezsity of Seil ia 7L Becket b ix Bealer [at/2"))
Bax Bucket Load (at)

irea Dasalt Layer Bized {n"2/he)

Yate of Overburdes Besoval {»t/hr}

Overbardes per Boath {at)

Tise to Pill Maclers per Bomth (hr)

Bass lack Frost Izd Loader (t)

%201 1l s (at)

Power factor for wheel Fla (ku/zt expty weight)
Peak Power for Fi's {ky/vebicle)

krg Power required by 21l fls for overburdes resoval (Rs)

Toel Call Charging Dfficiescy
Porer required by Jls fuel sells !ros dase pover {iv}
Ranler Bed Toloae a7Y)

. laaler H11 Nacter

Matazce to Mscard ()
Travel Speed {Xn/2r}
loond-trip travel tize (nia}
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Bagler Dump tize {niz)

Tise per Mootk to Magl aterial (ko)
Poser Dequired for Banlisg {tv}

dvg. Power required by all Baglers (kx)

irg. Power for overburdes laglers fros bage porer {br)

Bass each additional Baaler (st}
Rass overbardes Raglers (at)

Biae Pit Scalper/Coarse Sizer:

Haing Rate (at/hr)

Brizsly Sealper - (Oversize Protectios)
Orerzize Rejected Wt 2 of Rasalt
Oversize Mate Bejected (2t/Br)

Bax. Teed Size to Crushers {ca)

Nidth of frizzly Scalper (3]

Leagth of Grizzly Scalper (3}

Spacing hetween Scalper bars (1)
Nusber of grizzly spaced [imclized} bars
Bar Nidth (ex) )
Bar Length (cs}

Deasity eof bars (at/3°3)

Length of bars (3]

Yolose of bars (273}

Baes of bars {kg)

Isoant of Bazaitic Boct iz each aimed backet
Binizon Size to Crusher {ca)

fudersize Soil Bejected (xt/hr)

Peed to Crusher Bin (st/hri

factors to gize screen for crasher feed:
leed (mt/hr)

Size Sereen (ma}

Peed greater thaz Screen Size (I)
Overzize Tlov to Crusher (wt/hr)
Badergise Flow lejected in Pit (wt/br)
Rait Capacity factor - Cu (st/hr per a7}
Opez irea Nactor - Im

Slotted Opeming Tactor - Is

Lanar Sereesing [neffizieacy factor
Required Screes irea (3°7)

Design Width (n]

Desipn Lexgth (3)

Sise per Screez Mzit: (3%}

Screening Pover lactor (ku/n’2)

Screen Yass Tactor (kg/a")

Screen Power {kv)

Sereex Dtility (Iractios Tise [frit Ou)
Pit Sealper Power (Yv)

Faaber of Sealper Duits

Pover for all Scalpers (kv)

Sereea Lnmn (Xg)

Stractare Masz lactor (Yg stractare/dy sersens)

Stractare Mams (Ig)

Bia Voluee {x7Y)

Bin Side Lexgth (x)

B Ixll Thickaess (ml

Bia Naterial Demeity (at/3’])

1.48

51

8038

18

1.5

1.5

§.100080

15

1

3

1.2

1.5

f.0062

52.1
502 (2ssmae half roct & half soil, assuse soil iz rejected through ¢

1

8727

8.850609

1418
18
%

8691

LR

1470

8.62
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Bin ¥aes [ts) 108
Nopber Bins per Pit Scalper ?

Pit Sealper/Screeser Masg (bg/enit) 380
Totzl Pit Scxlper/Scresner Masz (kg) 80
Nagler Beight (a) 2.5 (added | ¥ off ground)
Reight Sersens () 1.5
Deployed Beight (u) {
Pre-Lrosher Biz:

Teed to Bin {wt/Ar) g.£30609
Fility of Nining 0.35
Otility of Crusher Stagez 0.45
Teed to Crusher {mt/hr) 8.537141
Delta Feed over ainming utility (st} - - 921129
factsr over delta 1.1
Bin Storage Capacity {at} .
Bin Widthk (n) 1.9
Bin Leagtd (n} 3.9
Bin Beight (n} 1.3
Biz Tolone (a°3) 2.1 Chi 3.1
Bult Density of Material iz Bim (at/a’}) 1.9
Bin M1l lacter .95
Daye of Storage 1.
Eanler Capacity {at) 1t
Fuaber of fsglsr Loadz Capable of being Stored 5.3
Thickness of Biz Wall: (ma) ?
Denzity of Al 2024-71 (at/n"]) 2.8
Toloae Bin Walls {2°)) p.077
Eazs Bin (mt) 2.218

Prizary Cruzher (Jay Crueher):

Peed late to Primary Crusher (at/kr} 8.5

Yax. Imput Size (ea) 10
tecycle Rate of Grersize {2 of Elne) 122
faed late (ScalpertBecycle) (at/hr) 9.581
Teed Dencity (at/x")) 1.8
Speed (rpa) 225
fntput Size (¢} .5
Rednction Batio it
Nort [ndex (Basalt) .4
fequired Pover (iv) 0.4
Cresher Ialet Gap (¥} 5.1
Jeceiver drey (272) 0.00¢
fale. Rec. Width to match fesd rate (2} 0.03%
¥inisagn Receiver Width (n) 8.4]
feceiver Kidih (n) K]
Easy (at) en
Leagth () 1.4
Beight (u) 0.7
¥idth {a} [ R}
Toinxe (2°1) 0l
. letual Crusher Max, Capacity (atfdr) 0.8

Coarse Screes to lecycle {rusher Oversize:

feed (at/kr) 8.591
213



Size Sereen (m) 25.00082

Yeed greater than Scrsea Size (1) L}
Dyersize Ylon Resyele (3t/br) 8.054
Uadersize Teed 22d Crusher (at/dr) £.537

Yactors o deteraine screen ared:

Bait Capacity Pactor - Cu {wt/hr per 371} 25.06
Open irea Mactor - Toa 1.88
Slotted Opening Tactor - Is I
Lamar Sereening Inefficiescy Pacter 1.5
fale. Screey Arez to achieve capacity (3°7) 0.015
Biniwen Screes Area (272} 0.108
Screez Ares (272) 8109
Size per Screep Dnit: (5°2) 9.188
Tmaber of Toits l
Sereen Width (%) 8.3
Screen Leagth (a) 0.4
Scresn feight (1) 0.4
Seresn Poner Nactor {kn/a’l) .75
Poser per mmit {ky/mnit) 6!
Scresy Nars lactor (Eg/n2) 2%
Bass per mmit (kg/uait) 1
Total Power (kv} Al
Totzl Scresn Naes {at} §.003

Secordary Crasher (Gyratory {rusher):

Teed Rate frow Prizary (at/hr) 0.537
Becyels Rate of Oversize (3 of Pria) 102
Teed Qate {Prin.+lBecycle) {st/hr} 8.591
Baz. Impet Size (ca) L5
Teed Opezing (a) Gap: 8.03
fidth: 1.4
Outpat Size {ea} 0.3
Redection Ratio 1t.8
Hort [adex (Basgalt) 2.4
Power {iv) 1.5
Teed Deasity (at/n"d) 1.4
feceiver Area (272) 0838
Bonl Diameter (n) 6.4
LITTN 8] 8.2
Diaseter (n) 0.5
Beight (u) 1.2
Tolape (371} .24
Coarse Screen to Recyele Secondary Oversise:
Teed (at/Rr) 2.6
Size Sereen (m!} 2.500082
Teed greater than Screem Size (2} 14
Oversize lecycle to Recrueh (st/hr) 1054
faderzize leed to Grinder (mt/hr) 0.537

Tactorz to deteraiae screear areas
kit Capecity Tactor - Co (at/kr per 2°) 5.1%
Open Lrea hactor - Ina 4.51



§lotted Opeciag lacter - It

Lonar Scresning Imefficiency lacter 1.5
Cale. Seresn Arsa to achieve cipacity (n°2) $.121
Binizon Scresy irea (2°2) 0.108
Cale. Screen drea (n°2) 0.12
Size per Sersen Onit: {2°1) 0.1
Boxber of faits l
Seresn Ridth (m) 8.1
Screey Length (n) B4
Screen Height () 0.4
Scraer Power Tactor (ky/x’l) 8.1%
Power per umit {tv/usit) 0.1
Scresy Mase Tactor (Rg/n°2) 25
Narg per mzit [Lgfunit) 30
Total Power {lv) 8.1
Total Sereen ¥xes {uwt) 9.00]
Pimal Grinding to desired product size {Ball Eill):
Tead Rate (2t/hr) .50
Teed Size (ma) 2.500002
Desired Output Size (on) 8.1
Beduction Ratio 2500002
Grinder (emgth {u!} 1.8
Bower (}v) 16
Ball Charge Naze {3t} 1.0
Strmeturs to Charge Ratio L
Mill Naez {xt} 1.8
Biameter (n) 8.t
Yoloxe (2°]) 8.4
Pine Sereen: gingle ctage
Feed (at/hr} .50
Size Screen (mn) 0.0
Percent faed less than screer size {3t
Bndersize Plow Discarded {st/hr) 1.2
Oversize Tew to Storage (at/br) $.308
Tactors to determime screew aren:
Onit Capacity Factor - Ca (xt/hr per 2°2) .08
Oper Area Tactor - Toa $.3%
Slotied Opening Tactor - Ie 1
Larar Screening [pefficiency lactor 1.5
Screen drea {2°2) 18
Size per Screem Omit: 2.5 x & (0°2) 10
Taxder of fnite 4
Sereen Width () 2.5
Screes Lsagth (3 4.4
Sereen Reight (n) L
Seresy Power Tactor (kv/a"1) 8.7%
Pover per mait (In/mzit) 1.3
. Screen Nagz Nactor (kg/n'1) 2
Basz per mait (bg/muit) 254
Total Poser {iv) 1%
Total Screen Mass {at) 4.5

(lzput wanmally)

215

|
o~
LA
y o ibcﬁ&h .
ro:w: N Fele
) v 1!
¢ ia
LT e
L
o
1
[ L
o p]
e ) o
gy LT
TF



Damefisiation Plamt Vaed Storage Ropper:

Beneficiation Btility lactor

Teed Rate to Bensficiation (mt/hr)
Days of Storage

Storage Capacity (3t)

Bolt Storage Demsity (at/a’d)
Storage Tolure {2°1)

fosber of Silos

Leagth/Diametar

Leagth (1)

Diameter [2)

ingle of [ntermal Iriction {deg)
Yatio of Lateral to Vertical pressure
Lonar grarity {a/:°%)

Coefficient of Mriction

Tull Sile: Base Preseure (Tertical) {¥/2°2)
Latera]l Pressure at Bass (1/x°2)
i1 2024-74 Tield Stresz {XPa)
Tactor of Safety

Finisua Fall Thickness (wn)
Crlipdsr Wall Thickress (ma)

Base Hall Thicknesz (ws)

1] Dengity (st/n])

Single Silo Yass (xt}

Total Silo Maes [at)

Bezeficiztion:

Beaeficintion Dtility lactor

Toars per Tear for Bemeficiation

Teed Bate to Beseficiation (mt/hr)
[ixenite Coze. in Basalt (wt.3)
Ilwenite Liberatad (X)

Liberated Ilaemite Come. i Jeed (vt.%)
[iaenite fescovery Ifficiency

Ilnenite Pecoversd (at/hr)

Gangue Material in Coscentrate (vt.1}
Gangue i Cozcemtrate (st/hr)

Solids {low to Reactor Tesd Hopper {3t/hr)
Ulpenite in tailinge (wt/kr)

Tails (at/hr)

Llestrontatic Sepsrator Predeater:

Arerage Tesperature of Input Material {deg C)

Desired Temperatare (deg C}

Delts Tesp. (deg €)

Seil Leat Capacity (¥/C per at/r)
Poser for Pre-heat {ks)

452
0.308

3
3845
0306

N

[1}1

212

"
0.064

102
8.007
0.7t
$.008 (inclades ily. iz gangue & lost nizeral fry.)
0.23§

t {Surface soil tesperatare ramge ~150 to 130 C,
¢ {5 c3 below surface, tewp avg. is -20 €
a/ tenp cycles of "1 deg ()
0
pi 1)
0.285
1 216



Tro-Stage lactrostatic Separator: (Recovers 98I of ilmenite in feed)

Nags Tacter (tg per wt/hr feed) BEE
Power Factor (e per at/hr feed) 0.233
Yags of Dlectrostatic Sep. (st) £.20
Poger (Xv) 801

Three-Stage Fagnetic Separater {Iadaced Nagnetic Roll)

Bepaficiation Otility Factor {51
Boars per Year for Beaeficiatice ks
Teed Bate to Bepeficiatioz (at/Br} $.2371918
Iissajte Cone. in Basalt {st.I) n
llmesite Liberated (3) 1134
Liberated Ilyenite Comc. iz Yaed [riX}) ”:
Tlsesite Becovery Efficiescy , 1 H
Tlaeajte lacoversd (at/hr) b. 49902
Bangns Naterial i Coscestrate (vt.%) 192
Bangme in Concentrate (at/hr) 0.0805544
Solids flow to Reactor Psed Hopper (st/hr) §.055448
Ilpeaite i Yailinge (at/hr) 008475}
Tails {at/hr) 1.182473
Bass Tactor (g per ke/br feed) 1.3
Bass of IME Separater (st 8. 248148
Yolose Tactor (a°) per at/hr fesd) 1.03
INE Voloae {n°3) 8.2
18R ¥idth (a) 8.4
TR Lezgth (3) L]
TR Height (3} .9
Capacity Power Factor (kv per at/kr) 1.162
Copstant Power Factor (ks) b
Poser (1) Ln
Ificiency 0.7
Ragte Beat (bvt) 8.10
Perazsent Magnetic Boll Separater:
Beaeflciation Btility Tactor 451
Hours per Tear for Beseficiatios b T
Teed Rate to Beseficistios [st/hr) p.2aTe1e
llpenite Conc. in Basalt {st.I) n
Ilnenite Liberated (1) 653
Liberated Ilnenite Copc. I Peed (9t.3) m
Ilaeaite Recovery Mfficiency "
Ilyenite Recovered {at/hr) 0.04%902
Sazgue Material iz Coscestrate (rt.%) 2
Gargue ia Coacenatrate {at/hr) B.00554¢
Solids flow to Reactor Feed Nopper {at/hr} 0.053446
Ilsenite in Tailings (at/hr) 8. 004758
Tails (at/hr) 1B
Capacity Mass Facter (kg per Rg/br feed) L3t
Constant Nass Tactor {Xg) ]
FY 1oll Yass {at) 0.075896
. Capacity Tolese Tactor (n°3 per tg/fhr feed) | 3
Coagtant Tol. Tacter (8°3) |
FY 2ol] Volose (373) .20 217
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M 2011 Length (3}

PY Rall Reight (3}

Pever lactor (kv per st/hr feed)
Power (1)

Lor-Pressure Reacter Teed Bopper:
Feed Mate (kg/hr)

Days of Storsge

Storage Capacity (st)

Rulk Storage Demsity (st/n’d)
Storsge Yolass (3°1)

Sesber of Siles

Leagth /Dianeter

Leagth (1)

Dianeter {»)

isgle of Isternal Frictien (deg)
Batio of Lateral to Vertical pressure
Lasar gravity {3/c°2)

Cosfficient of Fricticn

Pell Sile: Base Pressure (Vertical) (§/2°2)
Lateral Pressure at Base (5/2°2)
41 2024-34 Yisid Stress (XPa)
Tacter of Safsty

Bigigms ¥all Thickzesz (23}
Crlinder ¥all Thicksess {aa)

Base Ta]] Thickness (m)

1] Density (at/373)

Single Silo Maes (k)

total Silo Mass (X¢)

Bi-Pressure Beactor Peed Ropper:

Peed Rate (kg/kr)

Days of Storage

Storage Capacity (at)

Balk Storage Dessity {at/n’l)

Storage Voloae {273}

Juaber of Silos

Leagth/Dianeter

Lesgth (1)

Digseter (2}

pagle of lntersal Triction {deg)
Ratio of Lateral to Vertical pressare
Lazar grarity {3/s°2)

Coelfizient of Frictiox

Tell $ilo: Mase Pressure fros Selids (EFa)
Lateral Pressure at Base fros Sollds (EPa]
Desiga Pressure (EPa)

41 2824-11 Vield Stress (EP2)

Tactor of Salaty

Tigines Wall Thickzess {ms)

Crlinder Tall Thickaess {mn)

Base Tall Ticizess (aa)

11 Dessity {st/x"))

Sipgle Silo Xass (£}

8.83
8.5
9.1%
t.0¢

i
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Beat Losz factor $.25

Beat Loss {i1) .M
Gag/Solid Outlet Tesperatare (I} 1043.1
Gag/Solid Haat Transfer (v} 1.30
ivg. B0 of Gases above botton bed 2.01

Lvg. Demsity of Gases above bottom bed (kgh')) L2487
Saperficial Gaz ¥elocity above botton bed {1/} g.18

gas Bester [elestric)

Beat of Reaction (kv) .11
Seasible Beat (ky) _ 10.n
Beat Loss (Iv) 1.3
total Jeat Imput (kv) 22.84
Istivated Lait Temp. (L) 1482
Gaz Plew (kg/br} 11.86
Gas Inlet Tewp (L) 1043.7
Average Heat Capacity of CGases (kn-bhr/kg-[) $.221-82
Gas (mtlet Texp ([) 1501
Ltficiency 0.35
Pover Required by Resistance Beater {kv) LR 1
Baz. Operatizg Tesperature of Bes. Hexter 4§ 1648
Overall Beat Transier Coefficient {8/n°2-[) 20
Log Mean Tewp. Diff (I} U
Sarface Area of Resistance Heater (n°2) .82
Dia. of Resistamce Beater Ilemeat (a) 8.5
DBepsity of Sas at Qutlet (kg/n"3} ain
YTelocity of Gas in Heater (a/s) 1.3
Dizmeter of Intersal Passage of Beater (a) 0.57
Thictuess of [nsnlation (3l 8.18
Deasity of Imsulation (kg/x"3) 140
Basz of [osulation (k) 1
Dianster of Eeater (a) .3
Lexgth of Teater Sarface per Lizear Length 1
Leagth of Heater {n) 1.1
Thickness of lesistanee lleseat {ea) §.2
Dessity of Besiztance Klezent (kg/n’d) 110
Base of lesistance [lemest (Lf) a
thickaess of Skell (cx) 0.1%
Deasity of Iacomel (kg/x"d) 322
%ase of Shell {kf) phi
Kagy of Heater [lements (kg) 13
Total Mass of Ilectric Heater (kf} j 1]
Pressuzre (rop Throogh Systew
Total Static Bed Height (a) 1.5
dverage Bed Porosity 8.5
Deagity of Bed Particles (kg/n"d) {509
iverage Density of kscending Gases (17 )] £.I10
Gravitational Paraseter g/gc (H/k() 1.82
Pressure Jrop (Ma) 1111
Bressare drop throagh piping:
Gas velocity in piping {a/s} 15.2
. Ingide Dlaneter of Piping {n) 6.9
Gas Viscosity {Pa-s} # T00 deg.C 1.$70-45
teyvolds Fanber ($8}]
Tanping Priction Macter 0.08%8

(€
1.3

271

m
fi/s 6.58
(ft/e) 1

[aterzal Pressure (It/n°1)
daneter (a}

Iaconsl 718 Tield Stress {¥fa)
Tactor of Safety

Biniyon ¥all Thickness (mal
{ylinder Tail Thickuess (m)

(pst) .9

oqn.5.2-19 of transfer ops
10.25578 1026487

1.030H06
LRY

4

1.5

0.4

.28



Gravitational Comversion Factor ge (Ig-n/s"2-Bt)

Leagth of Straight Pipe {a}
Tquivalent Leagths {a):

Sedden Iplargewents (174}

Open Globe Valves

Standard Libows

Saddes Contractions (1/4)

Standard 17

Sudden Inlargeaent {>1/4)

Total Iquivaleat Pipe lemgih {n)
Pressure Logz is Piping Systea {Pa)
Factor for pressure drop through amziliaries
Pressare drop in aexiliaries (Pa)
Total Pressure drop of Systes (P2l

far

Blover

Saction Pressars (EPa)

Dackarye Presemre (EPa)

Iniet Tespersturs (L)

2 sass fraction in gas flow to top bed
Average Beat Capacity of Gases {ke-br/ig-1)
Ivg. N0 of Gases zbove bottoa bed
iverage Density of Gases (kg/n"d)

Natin of Specific Jeats of Gas
Sechanical Mfficiency of Compression
Magz fiov fate (ig/hr)

Power Hequired (kn}

Ease Ratio (kg/ty)

Mover fase (Y1)

Yoloee Batio (n°3/tw)

Blover Tolnse (273}

Blower Beight (1]

Blover Diameter (2]

Crclone Separztors

Gas Velocity latering Crelone (n/e)
Iverage Gas Flov Rate {ig/br}

Gaz Tiecosity {Pa-s)

[f{ective tarns made by gas ia cyclome
Density of Particles (kg/n"d)
Density of Baz (kg/n'l)

Crelone Inlet Hidib (cw)

[atet Beight {ca}

Cyeleme Diameter {ca)

fverall Crcloze Leagth {(ea)

Cone (20 deg taper) lexgth {c3}
Izit Sas Pipe Diameter {(om)

. Lit Solids Pipe Diameter (cu)

Particle Size v/ 502 resoval efficiency {microa}
Pressare Drop Through Crelone (Ma)

Nar. [ntermal Preseure (¥Pa)

1

A —
-8

’ .
~— i

4 P K S g BB e 3B
. 8

o .
S 18 O = Un -4 I8

-4 Us
—

1133
1671t

1.018
1.0
1005
0.970
{.091-83
2.0
b.210
.0
0.1
11.88
( R3]
100
28.0
£.027
g.008
.28
.18

15.2
13.88
1.A71-88

4500

= reiy
=

— —
. - g S i el e O e
s LA ¢ * ] . )

s B 4s b LS L TN ~—F ¥

0. L.len {for 1.5° Seh.Al}

1 1
§ W91
16 1.3
2 8.76
! 3.0%
1

0.56
(peil

{psi)
(psi)

1t/

{tt)
(£2)

t.43

[ I -
H .

L]
i3 -8

50

0.28
1.14

Part.

lesoral

Size [ma} [Rff.

{psil

] 4

| IS
(N1
1.4

1.08
2802
36.02



Tnconel 718 Tield Stress (XPa)
Rednction of Imconel Tield Stremgth & 12001
Tactor of Safety

Ninizma Mall Thickpess [cy)

fale. Cyclone Wall Thicimezs (cn)
Cyclone ¥all Thickness (£a)
[acose! Dengity (kg/a'3)

Lyclone Bass (kp)

Toaber of Cyclone:

Total Cyelone Xass (kg)

Total Pressure Drop (Pa)

Solids Discharge Loct Hopper/Gas Separater
$olide Bate to Dizcharge Bopper {kg/hr)
Days of Storags '

Storage Capacity [at)

Balk Storage Depsity (at/x"l}

Storage Toluae (9°3)

Fuaber of Silog

Leagth/Dianeter

Leagth (n)

Daseter {a)

ngle of Imtermal Priction {deg}

fatio of lateral to Vertical pressure
Lapar gravity (a/8°2)

Coefficisat of Friction

Tull Silo: Bage Pressurs from zolids (Efa)
Latersl Pressure at Base frow solids {EPa)
Bax. [aternal Pressore (EPa}

[zconel 718 Yield Streez (¥Pa)

Seduction of [scomel Tield Stremgth # 12000
Tactor of Safety

Siniygy ¥all Thickzeszs (me)

Cylinder §all Thickzess (ma]

Baze ¥all Thicknesz {(mw}

Inconel Density (at/w°d)

Single Sopper Bass {Lf)

Total Hopper Mazz (Yf)

Bydrogen loes:

Solide Discharge Bate (ig/br)
Bl Deasity {Xg/2"d)
folometric Discharge Rate {n"1/hr)
Particle Denmsity (kg/2"3)
Porosity

Dengity of Gas {Yg/n"d)

Basz Itaction B2

Maz. Eydrogen Loss (g/hr)
fydrogen lLoss {ig/day)
Bydrogez Loss (kg/aontk)

Approzimate Iydrogen [aventary:

. Intermal Tolwee of Reactor (2°3)

factor Tolzse Muziliaries/Toluwe Reactor
Density of Gas (kg/a™))

Bass Iraction 02

o
[T

:_-.._-‘_.
H M .
= P = I LS = 3 D

—
I

=
(-

(psi)

8.08

s NP pe-
» M H
- &

i
28

56.10%
£8.2%
8.1

8.2%
8862



Bydrogen feventory Xzes (k)
Days to Lose Hydrogen Izvestory

Eydroges Makesp Systes:

Ligeid Eydroges Storage (1f)

djusted Eydroges lLoss Rate {kg/day)
Day: Storage

HBydrogea Demsity {kg/n"d)

tank 0llage (3)

tank Toloze (071}

Tazt ID (n}

Taterns]l Pressare (¥Pa)

Al 2219 Tield Stress (¥Pa)

Tactor of Safety

Required Shell Thicizess {ua}

fininny Shell Thickazezs (m)

Shell Thickuess (ma)

Shell Demzity (3t/2°))

Shell Nasg per fank {ir)

Shell Sariace Arex [a°2)

nltilayer [ngulatios Thickness (ca)
Outside Diameter of Tank (wl

LI Density {kg/w"d)

NLI Voloae per Tank (a71)

ELI Mass per Tamt (kg)

fxpty Tank Maee (1g)

Bydrogea Heater:

Fydrogen Plox fate (kg/hr)

[alet Yewperature (I}

Operating Pressure (¥Pa)

Oztlet Texperzture (I}

Sydrogen Gas Demgity {kg/n"d)

Beat of Yaporization (Yr-br/g)

dvg. I2 gas Reat Capacity (xr-kr/kg-L}
‘Raquired Eeat [zpot (kv)

Ifficiency

Pover Bequired by Desiztance Beater (i}
Kaz. Operating Temperatare of Res. Heater (D)
Overal! Bext Tramsfer Coefficient [NW/a"2-I)
Log Nean Tesy. Diff (D)

Sarface Area of Resistance Heater {272}
Dia. of Reristazce Beater Rlexezt (n)
Telocity of Gas in Feater (n/s)
Dlaseter of Isterzal Passage of Beater {3)
Thickzess of Insulatiom (8]

Deagity of lusalation (kg/n73)

Exzs of I[amlation (kf)

Diameter of Reater (3)

Leagth of Seater Sarface per Linear Leagtd
Leagth of Heater {u)

Tolune of Heater (271)

Thickuess of Jesistanee [leacnt (cm)

. Denzity of Resistasce [lesent {kg/u'l)
Easz of Besistance [lesemt (ki)
Thictneas of Shell {cal

Dengity of [nconsl (bg/u™d)

£.00338%
1.025
1.9
6.027
1648
bl
1033.0
8.005
8.0l
15.24
§.el
1.0
140
i
008
2

¢!
i.408
8.01
s
0062
.1
221



Kass of Skell (kg)
Naex of Heater Dlesents (k)
total Nass of [lectriz Heater (ki)

= 2
T
—a — 3

Elover
Saction Bressare (NPa) g.101
Discharge Pressare (XPa) 1.083¢
fverage Beat Capacity of Gases (tv-he/Rg-1) 3.981-03
Average Demsity of Gases (kg/a"d) 0.0
Ratio of Specific Heats of Gas 1.40
Kechanical Ifficiency of Compression 8.7
Bass Tlow Rate {bg/hr) §.006
Pover Requirad (n} g.03
Baes Ratio (kg/tw) 104
Blower Yaze (if) 3.4
Tolzae Ratio (273/kw) §.027
Blower Yolawe {n°)} 8361
Biower Height (a} L}
Blover Diapeter (2} 8.5
Total B2 Bakeup Systes Eass (k) 18
Total §2 Xakenp Systea Power (iv) 4.06
fotal 82 Nakeup Systen Voluse {2°)) 5.2
Baz Telocity (w/s) 15
Pipe Izside Diapeter (c3) L
Tailings Conveyor - V-3elt
Solide Discharge from Beactor (tg/hr) 65.2
Tails from Bemeficiation (kg/hr) rhl W]
Dndersize Reject from Pime Scresming {kg/hr) 2312
Totzl Taile Tlow {Rg/he) §il.1
Balk Deasity of Selids (kg/a"3} 1900
fverage Belt Speed (w/uin) 30
ivg. Loaded Depth/Belt ¥idih Ratio a.882
Cale. Beit Tidth (ex) i1
Kixizmn Belt Width {ca) I3
Belt Width (en) 15
Beq. Tolmmetric Tlow Rate {a"}/sec) 7.761-85
Capacity Toluaetric Flow Rate {8°)/zec) $.521-04
forizental Flight Power factor (ka/a - a°3/sec)  0.033
Yertical [ift Power Tactor (kw/u - w7)/2ec) m
forizontal Length {a} 7
Belt Lezgth (a) 15
Belt Rise ingls (deg) 0
Yertical Lift (u) {
Borizontal Poser Component (iv) 0.2005
Tertical Power Coaponent (kv} §.001)
Total Power (kv} §.0016
Bazg Factor (kp/n"? of belt) 12
irea of Belt (a°2) 13
Iags Conveyer (ki) n
Stomed Volawe Jactor {37 per 3°2 belt) 1.8
Stowed Yolame {(2°3) [ JoL}
Bagler Yoluae {2°)) {5
. lanler Till lactor _ B.%
laaler Fi1] Tpe {br) 1

{in)
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Oryger Prodmctioz (Xg/br)

§.09

Process Plamt Otility 452

Storage Requiresents (days} §0

501 Dencity (at/3"d} L.y

Eaz. LOT Stored (at) 3.%

50T Yoluee {2°3) 3.4

Taxber of Tanks ?

Mlage Nactor 52

Intermal Yolome per Tamt (373} 1.82

Intermal Diaaeter (n) 1.5

tant Design Pressure {EPa) 1.8 {psi} 158
il 2219 Tield Strese {EPa) b y] ! {¥si} {1
Iactor of Safety 1.5

fequired Shell Thickaeszz {m) 1.3

Shell Density (wi/s"}) .2

Shell Baxs per Taak (kg) 3.6

Shell Serface Arsa (3°1) 1.2

nitilayer Insalation Thickmess {ca) 1.8

BLI Deasity (kg/n7d) 129

ELI Tolume per Tani [2°3) 0.6l

ELI Nass per Tank (kg) .0

Tapty Tant Macs {kg) 189.6

Total Tank Mass (%g) 218.] kg Tazt per Ly 02 Stored = R.038
fhernal Comductivity of ELI (¥/x°2-1) 6.808-05

Eazisns Solar Badiation {kv/2°2) 1.3713

fank Omtzide Diameter (m) 1.81

fant Surfice Area (71) 8.4

irea Per Tazk Bxposed to Solar Mu (n°2) 2.2

tbzorptivity of HLI $.04

aisgivity of Tank Shell g.11

taizsivity of ¥LI .1n

Interior tank Temp. (K} %

Lrterior Tast Tewp. {I) 141

Eeat Leap per Taat {tn) i1

Conductive Beat Leak (kn} 0.11 (ckeck) Ladiative Reat Leak (Iv) 0.181
total Heat Load (iv) .0 h

Oxyges Latent Beat (LJ/[g 021 oo

kdditional Orygen Vapor Loxd on [iguefier {bg/br) 3.8 Boiloff per Day (% of foll tank capacity) .u

Piping:

Length of I cx ID pipe (n)

aes per Linear Leagth of 3 ca pipe (kg/w}
Bazx 3 ca Pipe (kg)

Length of 0.25 cx ID pipe (3)

Mazs per lesgth of 0.25 ca pipe (kg/n)
Mass .25 e pipe (k)

Pipiag Maes (i)

Power Sysien: ;

Peat Eining ¢ Process Power {lv)
Bight Process Power Qequiresents [kv)
Power Contingeney lactor

Pover Ror Processing B Dight (iv)
Ifficiency for 1IC Charging

Total PY Power (kv}

89 {6 * Reactor hength)}+Dist.fron LOI Storage to Plaat {Stul
.38 (1.25" schedule 40 steel pipe, L.66° 0D, 0.14° wall, 1387 ID)
302

120 (3 % Beactor Leagth + 50 2 to LOI Storage + 50 a LE2 Storage)
1.26 (0.5° sck. 40, 0.34° OB, .103° wmall, 0.822° D)

151

453

131
1
1]
10
1.4
4

227



Photoveltaic Array:

total PY Boser (Iw} 148

Sower/PY Mase (¥/yy) 265 (typizal orieated pasels)

PY Mass {ig) 512!

Pover/PT Area {(N/x'2) 86 (for 11.5% eff, 6.5 deg pointing errer, 50 C op texp, 30T packing factor)
PY drea (2°2) 1698

Trpical Pasel Leagth (n) "l

typical Pasel Fidth (w) L

Suxher of Pazels 5.1

Eigh Teaperaturs Solid Oxide fegenerative Tuel Cell:
Solid Oxide Cell Specific Performasce {kg/te] 1.7

Coll Stack & EFC Systeas Macs (kg) 162
Tolawe (x°1) 8.19
Dianeter (m) 8.49
Leagth (m) .48
Beight (1) 6.7
Bequired Power (mtpat {kv) 10
Days Bequired 14
Jaergy (inh) 12
Poser Gexerated (kv per kg/hr 020) 2.8
Reactants Ilov Rate (kg/hr) 3.1
Oryger Bequired (ip) L1
Fydrogen 3equired (Yg) 122
Rater Produced (i) 1103
Wacts beat during gemeration (ke per tg/hr H20) 1.54
Ragte Heat (iw) 5.0
tant Desipy Preseure {EPa) 9.1 {atw) 104
Graphite/Epoxy Nomed Yield Stress (EPa) §T8 (ksi) 8
Iactar of Safety 1.§
ater Dersity (at/a"3) 1
120 Tank Tolmme {3°)) v/ 52 nllage 1.2
B2 Gaz Density (at/n’l) 006t
Storage leaperatere (I) 400
B2 Tank Tolone {2°)) Fd|
02 Gas Demsity (wt/a3d) ¢.0975
02 fank Tolzwe (273} i
Sunber H2 Tanks ?
Foaper of 07 Tamis ?
E20 tazk Intermal Bixz. {n} 1.3
§2 Tant Imtermal Dia. (w) .1
02 Tazk latermal Dia. (3} 1
£20 Tank Shell Thickness {ma) 8.5
22 Tan Shell Thicknezz (na) 17.4
02 tank Shell Thickaess (zx} 13.4
Shell Deasity (at/x"3) 1.5%
Shell Eage per 120 Taxk (kf) 7.8
Shell Base per H2 Tamk (ig} g21.t
Skell Mags per 02 Taak (kg) 0.5
KL Thickzess {ca) {
ELI Desmsity (kg/n’d) 12
ALI Maze per 120 Tamk (kg) 6.7
ELI Mass per EI Tant {kg) 2.4
KLI Zass per 02 Tamk (kg) 11.%
120 Tank Izterior Dia. [u) 1.1
B2 Tani Lxterier Dia. (3l 21



02 Tant Irterior Ma. (n) 3.2
Total Tant Mass (ig) 2032.8
Pover Conemaption while charging (kv per bg/br H20) 4507
Power Coastsption (tv) 14.9
Operating Temp. {I) 1213
Bia. Bower Coze. (kv per kg/hr 120) .87
Theraal Bejection (v per kg/hr B20) 1.58
Beat Bejection [kwt) 3.4
Badiator Operating Temp. (L) 408
Radiator Rejection Performamce (Ivt/a"1) 2.3
Radiator Area {272} 3
fetive TCS Masy factor [kg/n’2] 20
Theraal Control System Mass (kf) i
Tota! Regensrative TC Power Systen {kg) 1285
fotal RFC Systex Volome {2°3) 33.51821

Juclear Pomer Systen: (based on 300 Lwe sycien)

Power Dequirsaeats {kn) 131
Hagte Beat Load (kwt) 4082
Hags Beactor (3t)

Eaes Radiztor (mt)

Bass Poser Comverter (mt)

Naes Instrmaent Bated Shieldizg (mt)
Narz Man Rated Shielding (at)

Total Nass w/ [aet. Shisldizg {xt)
Specific Power {W/kf)

5G Power Systea

Yoluae (27])

[y
b
—

-

L o g g
H PN
e B e e L~k Oy O

ra

{antral Radiator Sysiea for Rasalt Himing:
Aegune Teat Eeiection by Eining Yehicles by on-board radiaters

Ifficiency of Crushing/Beseficiation 8.5
Poser fequired by Cruskiag/Benef. (kv) 3.8
Reat Rejection froa Cruching/Bensficiation (iv) 1£.9
Heat Bejection fren Oxyger stresa prior to ligeefaction (bv) 1.3
Teat 1ejection from Ozyges Liguefaction (kw) 5.7
fificiency of £2 Makenp Sys. 8.7
Poner Hequired by B2 Nakeap Sys. (iv) 0.0¢
Beat Bajection from B2 Naieop (}v) .02
Total Beat Rejection {iv) i
Dfficiency of Heat Rejection: 4 wiz./d reg. 0.5
Stefay Boltzaamz Coastast {ky/x"2-174) -1
Taissivity of Radiater 0.t
fejection Tesperatare (I) 29
fres of Radiator (272} 2.1
Fidth of Radiator (a} |
Length of Radiator (1) 2.1
fags lactor for A2C Sye. {kg/a’) ré |
Ladiator Epss (g} 1362

Central Badiator System for Soil Niming:
iseume Eeat Bejection by ¥ining Tekicles by ox-board radiators
tficiensy of Bemeficiatics 335

Pover Required by Hemel. (kvw) 8.2
samred 229



Reat Dejection from Bezeiiziztion {kn) I

Reat Bejection from Oryges stream prier to ligoefaction (kv} 1.3
feat Beiectiop fres Oxyges Liguefaction {iw} 51
Teficiency of B2 Makenp Sys. 0.1
Pover Bequired by 2 Mabezp Sys. (iv) 1.08
Beat Rejection fron H2 Makemp (km) .02
Tota]l Eeat Bejection {iw) 1.1
Ifficiency of Heat Hejections 1 min./l req. b.5
Stafar Soltzaamy fomstant (kv/a"2-I°4) 5.11-11
Iniseivity of fadiator 1.1
lejection Tesperateze (1) m
irea of Radistor (n°2) 88.0
¥idth of fadiater (a) 3
Length of Radiator (3} 2.1
Kazz factor for ATC Sys. (1g/x"2) 20
Ixdiator Mass (Xf) 11

Pover Sretea for Soil ¥inizg Plamt Systeas:

Beat Mining + Process Pover {kv} 144

Fight Process Powsr lequiresents {ix} )

Power (oxtingency Factor 8.1

Power for Proceszing & Kight (kr) u

Ifficiency for BIC Charping 0.84

total PY Power [(Iv] 1584

Photovoltaic drray:

Total PY Pover (Lv) 164

Pover/PY Mass {K/g) 95 5 (typical orieated panels}
PY Raze () §419

Power/PY drex (R/3°0) 86 {for 11.53 eff, 6.5 deg pointing erTor, 50 £ op teap, 901 packing
PY drex (272} 190 factor, 1352 /n"2 solar imtensity)
typical Pame! Leagth (1) n.l

Typical Panel Fidth (a) 1N

fasber of Panels 1.5

Fuclear Pover Systen: (based om 308 Lwe systen)

Pover Requirements (kv) 149

Wagte Hext Load (kwt) 21

Bass Reactor {at) 1k

Kass Radiator (st) 1.8

Mags Power Comverter {(at) 1.8

Nass [actruaent Bated Shielding (wt) 9.1

Eass Map Rated Shisldizg (mt) 10.5

Total Magz o/ last. Skielding (m%) 5.3

Specific Power (W/Lf) u

S& Power Syztes 1

Tolose (2°Y) .5
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Appendix C - Unique Scaling Equations for H, Extraction Process

231



C.1 Solar Collector
Reference: (130)

A steerable, parabolic solar collector/concentrator is assumed.
Mass (kg) = Q * £/(Q * 1)
where,

= thermal requirements (kwt) s
Qs = solar intensity = 1,352 kw/m 2
f. = coucitor/conccnumor mass factor = 1 kg/m* for all components (Ref.130 estimated
06 kg/m* for parabolic mirror. additional mass assumed for steerable mechanisms
and structure, and heat transfer equipment.)
n = collector/concentrator overall efficiency = 0.7

C.2 Hydrogen Liquefier
References: (19, 101)
A two-stage refrigeration cycle must be used to liquefy hydrogen, employing either a
secondary refrigerant (typically liquid nitrogen, although a lunar hydrogen liquefier
might possibly use liquid oxygen) or one or more expansion engines.

Mass (kg) = 40 * Mass Flow Rate of Hydrogen (kg/hr)
Assuming the inlet gas temperature has been cooled to 300°K:

Power (kw) = 16.9 * Mass Flow Rate of Hydrogen (kg/hr)

The mass flow rate of hydrogen includes the process hydrogen production as well as
boiloff rate from the hydrogen storage tanks.
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Appendix D - Sample Listing of H, Extraction Program
Case: 1.2 mt/month LH,, 2 mt/month LOX, Nuclear Power, 90% Plant Duty Cycle
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Tdeg? 2%-Joi-18 280
Tdeg BS54 Y 527
Tdg $00
12 Beacter Heat [Huclears!, Selar Conmc.zl) | Proeess Utility: 01
Bizing Dtility 351
Juaber of Tront Loader Licavators 3
D2 Prodnction (mt/yenr) 14.08756 {st/sontk) 1.2 {kg/hr)
02 Prodnction (at/year) .0 (ut/zontk) 2.0 {rg/ur
02/82 Batio 1.782838 1.T43638
SOMMARY:
0-jni-8 Total
85:36:43 ¥ Bese Pover  Eeat Total
(nt) (tee) fivt}  {kv)
Bizing 12.82 A
Process 7.M 18113 46B83
Nargis LI 18,05 in.
BFC Power Cozsoaption e.b
Sebtotal Process Plast $1.08 1314 4B69.5  6496.%
Solar Copceatrator Thersal Iaput 0.0 (¥%e/kg) (bg/kve)
Roclear Poxer 12.88 11304 U1 1M 1.5
Photavoltaic Pover 200 2.8 ] 8.9
Regenerative ool Cells .08 0.4 ] 8.8
Sabtotal Power 12,98 1MIT4 U] 14 1.5
Total Plagt & Pover Mass 59.88
Detailed Somsary:
Total total
Eazs Pover Iaat Pomer
Teaber (st) {twe} (tmt) (bv)
Yroat Ind Loaders 3 1.7 8.8
Banlers 5 5.1 10.6
Bising Subtotal: 12.8 M.
Pead Bin ! L
Taillngs Bia 1 LN
22 Iztraction Reactors ! 16.82 1587 #10
Selar Collestors ? LN ¢
Other 12 Ixtraction lquipsent 1.10
B? Irtraction Smbtotal: 13.46 1557 1§10 226
Dlectrolysis 1 [ 190 18.0
02 Liquifier i L N 1.1
B2 Liquifier 1 00 3.3
02 Storage 2 .39
B2 Storage 2 1.1
Yadlator & Thersal Control Systea in 't
Process Secbtotal (inclede B2): 2.4 18110 {$#7 6281
| Bxtraction Tesveratare (1) G L

237
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Tdeg ! 2-Jul-44 sep 180 M0 t52 17O
? dog 8 B5:55:41 28 L34) §27 77 ) an
Tdeg ! UL £ 1 B LT B

Eaat Yranefer Iquipeent {iyf) 8l

Beactors (ig) 16620 Reat Reg. (Imt) 6226
faz Marification {ig) m

Solar Collestor {ig) § Laat Mlzx (kvt} ¢
Radiator {Lg) 52

Sahtotal B2 Ixtraction Precess (Yg) 11718

Soil Required {at/hr) 11§

Bining Rility 3.03

§2 Ixtractad (bg/hr) N §1

120 Dxtracted {kg/kr) L4

inamal B2 Pred. (after Ilectrolyzis) {mt/yr) 14 Soil/E2 Batio = 25012
inmoal 02 Prod. (after Llectrolysis) (at/yr} ]| Seil/02 Ratio = 14622
SOIL NIETEG:

Eining Hours per year 068

Bequirsd Kaes per Noath (mt/month) 29384

Tnsber of Iromt-fad Loaders {IL) 3

TL Cycle Time (szec) 120

Bulk Demsity of Soil in 7& Bucket {xt/2"}) 1.4

Bueket 241l Mactor 0.95

Biniwun Bucket Size Tlag {l-uin, 2:=:cale) 2

Il Buckst Size {x°J} 0.707455

Bay Bnckst Load (at) 1344185

Inctor of Safety 1.2

Tisping Yasz (xt) 1.512598

Tactor Basz ML/Tipping Hase 1.4

Base Lach IL {xt) 2.6

Mags ail Mz (ut) T.742390

Total Yaterial Zining Bate (wt/hr) 114.9261

Percext of mizing atility weeded by I 100502

Tine per mozth Il aged aiming (krz) 25%.5

Tertical Distance Bucket Travels (a) 15

Traction cycle time raiszing dnciet 0.1 (Mo Lozger Oze)
Lozar Gravity (a/272) 1.62

Pover efficiency factor 1.7 (tho Longer Use)
Poner for lifting loaded bmeciet (im) 8.2% (eBo Louger Oee)
Power for otker fraction of eyele (kv) .15 (tho Loeger Hue)
Pover Factor for Wheel Fle [kv/at espty) 1.5

Beat Power for IL's (kv/vekitle) 21.93T7

Ivg. Power requized for all M (k) §5.81

Scoop ¥idth ta Depth Ratio 2

Senap Hidth (a) 1.782000

Seoop Depth and Eeight {a) 0881045

Pizt. Mheels extead beyord sides vebicle (u) !

dist. Scoop exteads beyond sides vekicle (u) 8.5

S6.of 1N t

Leagth to Isigth latio (of primary T} 3

Beight botton of Il abeve promd (a) .5

Dist. Scoop lests from fromt of FL (u] (K|

Ixcavator Hdth {3) overall exvelope 2.2820%

Ixcavator Lengtk (v) overall n/e scoop 2.45M12

Lxcavator Length (x} overall v/ scoop 3.5

Ixcavator Beight (a) overall emvelope 2.1 238



T dag? 28-Ju]-38
Tdeg € B5:56:41 BX
Tiegl
Iaglars:

fagler Bed FWidtk (a)

Eanler Bed Lexgth {3)

Ranier Bed Bsight (x)

Linler Bed Tolmee {2°))

Balk Deasity of Soil ia Hanler {xt/n"d)
Exaier Fill Zrctor

Tine legmired to i1} Bagler (nin}

Lunler Load {3t)

fousdtrip Distaxse from Mine to Bexctor {Ia)
brerage Hagling Velocity (taskr)

Tine Reauired for Romadtrip (win)

Tine Required to Discharge at aine (nin}
Yailings rvefill Rate (x"1/nin)

Tine to Eefill Ranler with failings (xim}
Tine to discharge tailings {nia)

Total Bamler fill tine (min/eyels}

Total Banler dizcharge tise {win/cycle)
Single Havler Mass RBate (wt/hr}

Foxber of Hanler tripe per woumth

Tosber of hoars per moath loadiag and hauling
Percent of Nining Time Osed for loading/hanl
Tneber of Hanlers Sequired

Banler Nase Pactor (p/l to hanler mass)

Mags of sizgle damler (at}

Eazs of Banlers (ut)

Coefficient of Bolling Priction

Pover per romad trip (iw

Calenlated Baaling Power Mactor {»-hr/kg-ta)
brg. Power for kauling/unload/load cyele (kv)
Pover lequired for Zaulers (kn)

Dist. wheels sxtend beyond zides vekicle (a}
Reight bottouw of hanler above gronad (n)
Length bed/length bauler drive mzit

Bagler width (n) overall eavelope

Tauler length (u) overall eavelape

Eanler height (w) overall szvelops

SIRTNG SYSTIN SOUBTOTAL, maer (nt)

BINING SYSTRE SURYOTAL, power {iw)

Storage/Tesd Bopper:

Yoluwe Charge to siagle Resctor (v°3)
kuaber Reactors

Fuaber of charges etore iz feed hopper:
Storage Yoluae (2°))

Bulk Dessity of Naterial Stored [st/n"d)
Bags Stared (at)

Width to Yeight Ratio

Bn Ridth (a)

Bia Reight (a)

Rll Tickness (m}

Vzll Density (wt/n°))

.
i &N A U e £ L

b

10

12

0.15

!

4.3

0.15

LU

.30

u.1524

3615088

1267.127
4363

H

]

1.02

H

8.2

8.224031

8.090

{.630218

18.58214

l

1.5

3

.35

4

.5

12.01885

84.33246

-

ey L
v . o . o
an S v Ay M AD U e B b

e
.

»

Banler trips to fill storage:

239
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L
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28-Jul-23

? day !
Tder! 05:58:41 P
YTdeg

Biz Nass (ut)

Discharge Hopper Nasz {st)

Tlectroiysis Cell - Eigh Tewperature
Btility of Process

Inlet ¥ater Tlow Rate {bg/kr)

Theo. Nin. Power Heq. (bv-br/kg 1)
Hticiency

Bover Required (tv)

Oxyger Produetion [kg/br!

Sydrogen Production {kg/hr)

Bazz Factor (kg per kg/br 02)

Bazs (kg)

5¢ of Mnit

Tolons {273}

feight {x)

Hidth {a}

Serface Arez (v}

Operating Tewperatore (I}

Hazte feat (tv)

Binisew Serfacs Taissivit

 Eeat lejection:

92 Tlow Ikg/ur)

22 Flow (kg/hri

Start Tenperatare (1)

lad Teaperature (L)

02 Reat Capacity (bv/ig-L)

B2 Bext Capacity (tu/kg-K)

02 Heat Yejection Load (kv}
T2 Beat Rejection Load {kv)

Oryges Lignifier:

Theoretical Cooling load {Iv per ig/br 02)
Binizea Wort (bv per bg/hr 02}

Carmot Ifficieney

Bower Conzmwptisa {km per by/hr 02)
Oxyzer fron Process (Lg/hr)

factor for 02 Boilof?/02 frow Procezs
Oxyger from storage (Rg/hr)

Total 02 Load {tg/hr}

Pover (kv)

Nagz hactor (kg per Yg/br 02)

Rasz (kg)

56 of hait

Toloae (3°))

L/D

Leagth (n}

Dirseter {n)

Tejection Heat Load (tr)

R
0.4

b.8
3427878
.82
812
1.8

3. 044140
0.38350
13

106. 5449
1R

0. 177574
0768908
b. 430556
1708583
1200
{.§92110
8.02

J.044140
1. 786254

1280

00
1.000228
0.004187
8.7%0311
6.781332

0. 1963
81783
0.38
0.461315
3. 04140
1.2
8.80882¢
3.852988
1535171
2
13,0583
1
8073088
i
£.942488
t.214182
101402

st 1150 1340 1520
577 £ i 127
800 a0 1800 1100

Prod. (ig/zozth) 2000 Prod. (at/year} U

Prod. (tg/sonth) [172.963 Prod. {at/year] 14.087%8
cal/T-sole = 2 4 BT ¢ 1.2

H ] c

27 0.000258 -I8TT0C

5

L.
§.52 p.0008l

Itf.= 0.230421

{70¢
&

1200



T deg!? 23-Jol-88
TdegC 0E.56:41 B
Tdeel

Bydrogen Liguifisr:

Thearetical Cooling Load (kv per kg/hr H2)
Yivingn Rork (kv per ig/hr £2)

Carzot Ifizieney

Power Consmaption (v per kg/hr 32)
Bydroges fron Process (Yg/hr)

Iaetor for B2 Boiloff/92 frox Process
Bydroger frea storage (kg/brl

Total B2 Load (kg/:r)

Boper {1v)

Sper factor {Rf per ig/hr 32)

Sasz [ig)

55 of Bait

Telawe (0°3)

]

Leagth {a)

Diameter {4}

Bejection Eeat Load (kn)

frrgen Storage:

07 Prodection {ig/hr)

Process Plamt Mility

Storage equirsasuts (days)
WL Deasity {nt/a'd)

Baz. LOY Siored (nt}

LOI Tolome (073}

Eoaber of Tanks

Tllage Nactor

Iztenal Volpye per Tast {3°))
Intersal Diameter (a)

Tant Desigm Preszare (MPa)

11 2219 Tleld Strezz [¥2a)
lactor of Safsty

Sequired Shell Thickaesz (ma)
Shell Density (xt/2"1)

Saell Nass per Tamt {1}
Fnltilayer [nealation Thictness (ca)
5T Dexsity (kg/n"Y)

SL1 Volume per Tant (3°))

NL Mass per Tant (i)

Iypty tant Yass (kg)

Tota] Taat NBaes (Yg)

Tent Outezide Dianeter (a)

Bydrogen Storage:

12 Prodeetion (kg/hr)
Process Plamt Otility
Storage Requirements [davs)
LE2 Density (at/n’d)

Baz. LI2 Storsd (at)

112 Yoluse (2°1)

Faber of Tanke

1,082

3. 288
0.2
15.3305%
1.786354
9.2
0.351310
2.144228
36.30233
{0
85.76903
!
f.085768
b
8.394247
0.331415
38,5427

304140
8.8

0

L4
s.aman
S.191088
2
1
2.7128388
1133027
L3421
3240538
1.5
2.474102
.8
54,9210
1.82

120
0.787855
LS8
148. 4438
290.8819
1888576

1. 786254
6.9

1)
80148
1315763
32.46234
1

If.= 0063117

{pei}
{yei}

241

154
i

10
827
LI

140
127
1000

1529
L vaf
3L

1m0
L2
1200



Tdeg? 28-Jul-82 1340 1320 1797

T deg C 05:56:41 B e v B 5
1ges 10 1200

Tdegl

Ullage Iactor L}

[ntemal Folowe per Tant (a"1} 1. 14178

[atermal Diametar {3} 3.1994¢87

Tazt Design Pressure (¥P2} 103421 (pei) 150
AL 2219 Tield Siress [EPa} 3240538 {kei) Y
Tactor of Safsty 1.8

lequired Shell fhickaess (us} J.ram

Shell Demsity (mt/x"l) PR |

Shell Magg per Tant (Yf) 345,805

Bultilayer [azsulation Thictness {eal T.582

NI Dexzeity {kg/n"d) 120

MLI Tolase per Tazk (x°]) 2.501840

NLI Nase per Tant (ig) 3007248

Sapty Tant Hasz (g} §55.3302

Total Tank Nasz (kg) {310,660

Tank Gutzide Diametsr (1} 3.359483

Central Thermal Control - Radiator Systea
Heat Rejection frow 02 prior to Ligmifier(ke) 0.730311
Bsat Bejection from %2 prier to Liguifier{ts) £.701332

Beat Bejection frow 02 Liguifier {iw) 20782
Beat Rejection frox 52 Liguifier (kw) 385027
Total Eeat Bejection (kv) 4215840
Ificiency of Rejection, L win/i actml 6.5
Inigsivity of Badiator 0.2
Bejection Temperatars {I) 290
krea of Radiater (2°2) 158.1122
¥axs factor for 25 (Lg/n'1) 20
TC5 Mase (Xg) 3002.244
¥idth of Radistor () ]
Leagth of Radiator (n) 25.018M0

Pover Systen:

Binizg Power (%v) Bt
flectrolyzis Pover (v} 15.8
07 Liguifier (Iv) 1.7
12 Liquifier [(km} 8.1
Brocess Pover (iw) 118.1
Contingency Yactor £
Process Porer {In) 180.%
1ractor (Ewt) 5226
faclear Power Plant:

Reactor Ieat Provided by Nuclear Haste Beat: 14}
Taclesr Tante Beat Conversion [fficismcy 4.5
feactor Heat Provided by Yee. (bwt) ’ (111
Reactor Pover Provided by Fuc. {kwe) 1557
Process Pover Provided by Iuc. {kve) 180.%
Total hee. Ilectric Power lequired (kee) 11314
Taste Beat Load (irt} pelte)
Mdditional Tlectric Tnergy for Ieat (kwe) ¢

Yotal bne. RDlectric Pover Required (Yne) 1737 .4 242
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Appendix E - Analysis of Lunar Oxygen Production
(Update to Ref.48)



TARLE 1 - PROVICTED HARIIY

MOJICTID ARREAL
L2O EARIY? [Refereace i)

Progrua fotal Eass Iraction of Total iszumed  Cxyged brdroger

{Year 2005) to LEO, NY Mass assaned Propellant Bizture  Propellant Propellumst
to be prop. in L0, T Matio {a LXO, T ix LXO, MO

LI0 Servicing 118 .3 38 . ! 3 {
L0 Commuzicatioz 59 it 3 1 i {
LEo DOD 3t 03 3 1 n {
LE0 Space Statior 13% 8.3 {1 1 3 §
GI0 Mazmed Sortie ¢ 1 R " ! ! !
Mluetary 3t B 2 1 13 3
bazar Rase (1) ! U1 T b ] 5%
§o1 11,212 8.3 3.382 1 2,959 2
Bare Higzions 1307 0 s 1 801 114
Total 13,718 4,831 4,316 (1
Total lese SDI 3,43 1,51 1,31 184
Total less SDI 1,138 38 556 i)
ad Lars issions

ANWUAL BARITY Total Haxs Iraction of Total issmeed  Oxygen Tydroger

LTEAD SUREICT AND  to Lumar Mass assuwed Propellast Bizture  Propellaat Propellaat

LO¥ LUELR ORBIT Orbit, IT to be yrop. I Ixtio n n

banar Orbit Harget i R 5t ! 4 H
tonar Serface Harket 14 1 AL 1 i+ N

(LS and L0 Earket susbers are estimated based on placesent of large lxaar bass)
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ARLE 2 - 02 & B2 PLANTS AND NININOM BASE

'ACT TNTRASTROCTORR Larte Redinn Small Large Nedicn Small  FEinisme
02 Plamt 02 Plant 02 Plant  E2 Plant E2 Plmt 12 Plant Baze to
for Total for Total for Total Sappert
02 Market less SDI  lesz SDI
4 Kars Nis,
{12 ig need only in 0%7s 2nd
lazders, not gold)
it specific sass. 6,187 .19 .19 3 3 3
/E? per year product
tig of L[OI/LE2 Produced by E2? Plant 1.1 1.7 1.1
0 gariet, Nl/year 4,218 1,357 11 0 0 ]
gar propellant producticn ratie $.52 4.52 {.52
stal prop. produced/02 delivered to LEO)
plant oply case - from col. 1 in Table 1
aar propellant production ratie .11 .11 .17
otal prop. produced/02 delivered to L3O}
& B2 plant case - fremcol. 2 iz Tabls 7
2 prod. req./NY 02 del. to LEO ] ] ] 0.28 6.28 0.28
tal production, 02 caly case, El/year 14,527 8,140 2,518
tal production, 02 & B2 case. Nl/year 9,158 -1 4 1,208 1,192 % 154
ant Eass, X1 (02 only case) 3,652 1,148 {11 %
ant Mass, ET (02 & E2 case) 1,370 R imn 3.578 1,124 461 k1]
wer Iaq., 02 only case, R {¢ 14 ] 140
wer Reg., 02 8 B2 case, NN 2 1 k|
raction of bage or plant sass a8t 9.81 0.0t 0.0t p.01 g0 o.M
12t is resupplied each year
wsupply mase, 02 only case, Kl/year 3 1 5 9.1%
sepply mass, 02 & B2 case, El/year 14 { 2 35.76 .24 LR 11 .38
rew 02 lumar sarface/¥Y per year prod.
rex ot the lumar surface, 02 only case ) ] 2 ] ] ]
2 plt:
rew on the lomar surface. 02 & H2 case 4 4 2 2 ] ]
dd-on for I2 plt: {add-on crev for 12 plast)
lant life, years 2 20 2 2 20 20
{wild guesz){vild guesas)(vild puess)(vild guess}({vild foess}{vild guess)
evelopwent cost, 02 omly case, billiea § 18 ¢ 2 5
(5,000 $/IG af plant mase) (guess)  (guesz}  (guess) (guess)



Developuezt cost, 02 & E2 caze, hillion d ) 2 1 17.84 582 2.3
{5,000 $/50 of plant mass) {guese} {uess) (guest) {guess) (guese) {guess

Qverations cost. willion $/year 108 100 100 100 100 180 108
{wild guess)(vild goess){wild guess}{wild guessi(nild guese}iwild guese {uess}

-
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TARLT 3 - RARTE LATNCE SYSTIES

¥ LADECE SYSTIES Shuttle Small Large Heary Lift
face 4o 500 k» LEO} SoY SOy Lamnsh Veb.
.. poszidle payload, KT 25 1) 180 250
t. 02 payload, M . 8.6 L 231.5

15 wnltiplier for tant factor)
t. B2 payload, BT

I wltiplier for tant factort 17.5 1.6 b 178
wmah cost {one wiszion,

srations omly), milliom ¢ 144 m 14 150
reral payload tramsportation 4.58 .80 1.4 §.60
L20 coet, 13/1g

trazeportaticn to LEO 4,80 2. 1.4 p.82
st, [8/1g

transportation to LEC .51 n 1.4 0.86
et, 14/1¢

velopnent cost, billion § 7.3 2.t 3.5 ]
zre pequized to develop 10 ] -] 10



TABLE ¢ - PROPELLANY CARRIER OT1C

SPACE BASID. AIROBRAIED OFF Cryogenic  Cryogenic  Cryogezic  Cryogenic Cryogenic Cryogeric 02 Wmo Blec. Solar Sai
PROPELLATT CLERIEE 0212 02/82 02/12 02/82 02/82 082 5,000 sez Iap
L20-610-L20 LRO-LLO-LEO LLO-LRO-LLO LLO-LRO-LLO ELO-LE0-LLO LLO-620-LL0 LLO-RRO-LLO LLO-BLEG-L

Biesioe roodd trip rousd trip romad trip rowsd trip roumed trip rorad trip romd trip romd trip
retrn espty retra eapty retry empty retras 12 retn eapty retry ewpty retry ewpty rvetn: expty
| yr r-trip or with pay

Load ¥7 ig:, 02 izo: 10, 100 LEo, LBO  LLO, L0 L0, L0 LEO,LLD L10,LL0 LLo
Inert maze. Y 1 1.6 2.1 25 | .2 L] 400
{guese) {3 WD) (JPL webk.
jerobrake fraction. & 1% 1% 10 L] 18 0 0 scale up.
a2y pesd
Boiloff. ¥Y/day ] £.2 0.2 L] 8.2 8.2 b operate !
high LI
Start borz sazs, B L] 158.9 2436 1715 228 21,6 o 500
{geess}
Bax. possible payload. N7 H] 51.2 m.? §2.5 1] 130.8 {1 L
(to §20)  (to LL0) (to Rartd) s(to Barth) (to Barth) (%o 4 () (guess)
Raz. 02 payload, N7 8.5 8.6 LY 9.8 $1.2 124,26 m L
(.95 ¢f maz. payload!)
Lax. I? payload, MY 8.} ¥.Y 82.04 3.15 1.2 $1.56 180 "
(.7 of maz. payload!
tota! Propellant Maze. T {2 100 100 100 100 L1 8y (loze 101
(guesel  of g2il
Firtors Batio 1 ' ! 1 ' 7 every 4
years)
02 Fropellast, 1? 3.15 .S 1.5 8.5 .5 e it
(Joad LLO) {load LLO) {load L1O) (load L)
12 Propellant. 17 £.2% 12.% 12.% 12.% 12.% 12.%
{load 120} (load LI0) (load LLO}
Oze nission coste, 18 18,580 18,500 18,560 18,500 18,500 18,500 56,000 11,500
{ops and airframe aportizatios)
General payload tramepertatior 2.088 8 158 382 183 141 phk 18
cost, 3/1
02 trasepertation 2,164 38 168 m FA] 149 HE 198
eaet, 3/Lg
I? trazsportation .M 818 22 503 155 202 haki 264
cost, $/1g
¥o. of niszion: veb. can fly 40 40 { i {0 {0 b4 it
(puese) {guess) (guese) {guese) (quest) (geese){wild guess)(uild puece
Developmest cort, billion § 3.8 5 § ] § § § 3
{goeze) {gueee) {gueee) (guees) {guess) (goess}{vild guese){vild poee:
hit cost of veb., nillior § 500 580 580 500 500 500 L. 080 580
{vild guess}{wild guess){vild guess)(vild goesa}{vild guest){vild pueas) (vild guess)(vild guest
Tears to develop 5 H H 5 § ) § §

{wild guese)(vild goeze)(vild guess){vild guese){vild guees)(vild guese}(vild guess){vild ruese
* Thizr 0TV wmet retare a payload of 12.6/.7 = 18 HY of B2 %o LL0 for the lomar lander.
249



TABLE 5 - W0 STAGE SMALL OTY (BAST LAWDRER)

Space based. aerobraked. tuc idestical stages
load 02 & K2 in LRO. WMissicr is ERO-LLO-LEO.
Pirst stage drops off before LLO imsertion.

Inert mase, I T
(for one stage)
Start bury maze, ¥ 1
(for estire stack)
Eax. possible payload, ¥t 35
(te LLO)
Bax. 02 payload, X7 ny
(.95 1 paz.)
i I payload, XY U
(.71 wa.)
Total Propellant Nass, B! M
{for total stack)
Biztore Ratio 1
02 Propellant, Y 1.5
L2 Propellazt, MY 10.5
One niezion coste, I$ 37,000
{ope and airframe amortization)
Gerera) payload tramsportation 1,087
cost, §$/I¢
82 tramspertation to LLO 1,113
coet, $/1t
I2 trangportation to LLO 1,510
coet, §/1f
Developuent cost, billion § 1.6
(gresz)
One airframe noit cost. mil. § 500
(vild goese)
Re. of sizzions ome airfrepe 40
ezs fly {goess)
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PARLE 6 - LUMAR LANDIR/LADNCEIRS

Lzpesdable Rensable
Cryogenic  Cryogenic

Basg Driver
(Baabers

LS based  scaled fros Refll)

ard fueled
Deorbit or lacsck sase, M7 .9 1n.2
Ipert sass, N7 1.8 5.2
Bar. payload up, ¥? L {3
$(dm eapty)
Ba1. payload dm, BT 1.8 11.%
(ep eapty)
Tota] Propellant Naee, ¥Y 1.6 3
(for total ztack)
Birters Ratio 7 b
02 Bropellsnt, MY 11.% .25
§? Propellant, ¥V 1.7 3.7%
Bo. exgines 1 3
Nizzions betwesr 1 ki
overhanl or replacesent
Bev engine coet, I 18,000
(guezs)
RBaphours maintenaece 200
per pisgion {rild guess)
$/manboer, LS 5,008
{goees)
Total airframe 1life 1 500
{Bo. of sissions) (e1ld guess)
Devsloppent cost, billion § 2 2
{guess) {guess?
Operations cost, per §2.000 12,508
pigsion, I3
{incindes airfrane replacement,
engine repiacenent, azd maintenramce)
huit cost, I 15,800 158,008

{vild guezz)(vild guest)

1,500
1,500

2.000
(2 /year)
]

10
{guees)

1,887,500

(guess)

t Carries 30.2 HY mp if B2 loaded im LLO, 26.7 wp if 12 & 02 loaded ia LD
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T delivered 02 to [30, ET/{light

Y 02 propellast req., NY/flight
oad LBO, LLO-LRO-LLO)

" B2 propellant req., H/flight

we. lumar lander 02 del.to LLO, ET/flight

95 1 wazisnm payload}
1. of lmpar lander flighte req. per
T fligkt

mar lamdsr 02 prop. veq., EU/flight
or oae romad trip)

mar lander §2 prop. req., NT/flight
oy ope romad trip)

¥ A2 del. to [LO from Iarth,
VElight

stal payload. LEO to LLO, of 017, NP
tydroges plas tankage)

.endy state beet caze mast paybact ratie

TABLY 7 - STRADY STAYD HASS PAYRACI RATIO CALCTLATIOES

02 prodae. 02 ¢ L2 02 prod. 02 prod. 02 prod.
caly, all prod., all ouly, mazs ouly. eryo only, erye prod., ¢ryo to LLO.
eyogenic  cryopemic - driv.to LLO, to LL0.sol. to LEO.
propulsion propulsion cryo to LEO sail to LI0 slec.to LIO sail to LIC sail to LI

lotal imbound payload/(outbeund payload + 0TV E2)}

f(gteady state best case mass payback

itio)

mar laanck ratio (Yotal propellazts
temched fron LLO/02 del. to LEC)

mar propellant producticn ratio {Yotal

rop. produced/02 deliversd to LRD)

49.87% 1M 9.2 85
31.5 7.5 31.% 8
12.5 12.5 12.5 ]

{load LBO) (load LLO) (load LEO)
4085 4815 i @8

{wasg griv.)
3.3 'R 1 1111 30 !
28.2% 8.2 0 .25
3.1% L1 | .18
2.4 ] ] .n
18.82 0 f 12.46
1.63  infinity 1.3 1.63
1.8 ] U .1
2.1 1.90 1.5 1.0
{.52 2.7 1.98 1.84
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59.45

40.05

1.08

26.25

.15

2%.0

.15

6.04

17

1.26

.0

02l Eper driv.

to LLO.28l. golar

Lt LE
0 ?
0 4
.85 0
b3 K ]
2628 ?
.18 ]
% p
¢ 0

infinity infinity

800 0
1.00 1
1.6¢ 1



ABLE & - AYY. RASS PATRACT RATIO CALCULATIONS

02 prodme. 028 K2 O02prod. 02 prod. 02pred. 02402 Hazg driv.
nly, all prod., all oaly, mass oly, erye oaly, erye prod., eryo te LU0,

02 LEO MARLRY = 1,357 El/yenr cyogeric  cryogenic  driv.to BLO, to LL0,sel. to RO, to Lk0,sel. soler
projulsion propulsion crye to LIO x1il to LIO elec.to LEO sail te £20 mail to U

Systea lifetine, years 0 2 pi] n by b} bl )
02 LI0 Larket, El/year 1,351 1,387 1,31 1,387 1.357 1,357 1,381
D L10 warket, I/year L] " 1M L] 144 184 194
Ruse pass. N 35.8 1] L1 b 1 b1 b 1 b
dzzmal 02 producticn. Fl/year €.140 1.M1 1,889 2,228 .14 3,228 1.3%7
FY 2 prod. req./ET 02 del. to LIC ] 028 " ]
izaue] I2 plant produoction, Ti/year B mn 128 L]
02 ?Plast wmitiplier,plant wasz/amamel prod. h19 t.19 019 { It 0.1 1.1t g1
[ Plast soltiplier,plant wass/azanal prod. i b |

LOT Produced yer LID Produced iz 2 Plast 1.1 1.1

02 plazt mpee. Y 1,148 T4} o1 a7 LY/ S m 24
I plast mast, I ] 1124 ] (] 0 m 8
Total base 4 plart, 17 .18 1,560 532 52 §61 8¢ ne
Traction of base mmf plamt maes that .01 [} . (9 ) 1.0 141 .0
et be recapplied each year

fzezal bage and plant rermpply, EY/yenr 12 16 § § ¢ ] 3
To. baze azd plaat persoasel | 4 ] | 4 ] 4
Life support resupply, Fl/person-year 1.1 1.1 1.1 1.1 1.1 .1 1.1
{estimate dased on water & 02 recycling)

lanma] life support resuprly, ¥l/yeer 4 ] 4 ¢ { { 4
total maze o LS for plast & life suppomt 25 113 194 178 b4l W e
resopply over lifetime of plazt, MY

Base plazenent eysten, mase in GIO .2 g.t $.! .2 ¢! 6.8 R
over sass del. to LS
*Total base aad plaat azsr aad all 1] 1,2 3. 3,21 (W 1 §.50 2,108
resepply LEO mass charge for mysten life. 1Y

Steady state ¥7 {ron Larth/MY del. to 110 [ 31 "o [ 11 1.1 017 " L0
1/58 MPRE

Potal 407 market for plast lifetime 12,11 54,828 53,118 4,50 56,202 M, 50 T
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Tot2! LID parket for plamt lifetine .14
Total LOI Maziet/Total LEO Sepport 4.3
fota! LOI & LE2 Barket/Yotal LID Seppert

dve. mazs paybact ratio = total lifetime 1.09

LIO LOI warket/(Total LEO charge for base,
plast, azd all resupply maee ¢ (1/55 ¥PEE)
1(Total LIO market for plaxt lifetine) }

% 1S hase aad plust{e} mass are mltiplied by a factor of £.1 to get this wmmber.
Yeszpply masz is 2ot wultiplied by a factor nd is therefore 2 best case nmaber.

27, 148

140
1.86
.80

7. 140
6.55
1.9

a1, 1t
L6
.18

e
N

1.n



$48LY 9 - MAST PLACRERNY TRAESPORTATION COST

02 prodoe. 02 & &2 02 prod. 02 prod. O2pred. O2A D Rage driv.
ARTTLL 1RO only, all prod.. all ouly, maze only, cryo oaly, crye prod.. eryo to LiD.

02 MARLLY (M7} - 1,387 cyopezic  cryogemic  driv.to LLO, to LLO,sol. to LED, te LLO, 2ol 2olae
propulsion propuizicn cryo to LIC sail to LIO elec.to LIO sail to LIC sail te LI
Support bage mase, 7 3 b 35 kH L4 15 A
dznual 02 plast productise, ET/year §.14 2,941 1,858 2,228 L84 2,208 1,367
02 plant size. NP 1.1 431 97 {7 X4 m 284
pnzzal B2 plant prodzction. E/year ] mn ] ¢ f 132 f
17 plant zige. X! 0 1.124 0 0 8 m §
Bpse driver, T? t 0 1.50¢ 0 0 e e
Total maes on lmper furface. 27 L1 1,580 2.032 452 581 86 1,180
X7 one lomar lander wisziow can place oz LS 1.5 115 11.5 1.5 1.4 17.5 11.5
¥o. of xisgions req. to place base & plazis (1] L] 116 b b it 122
Bags in LIO of ope wiseion. NT 118 118 118 118 118 18 118
Shmttle flighte veg. to support ome wiszioe 1.5 1.3 1.5 15 1.8 1.8 1.5
SDY flighte ves. to suppert cne wizsion ! 1 ! ! 1 ! !
* Cost per Shottle flight, milijen AL 11 114 3L 1 114 1
Cost per SDY flight, aillion § 134 13 134 M 1 M M
Total larth surface to LR0 cozt to smpport 305 308 35 308 08 308 0%
oze lumar sarface mission, millice §
Ave. Tarth surfaze to LI cost, $/16 2.2 2,218 2,8 2,218 2,218 2,218 2.018
017 operations cost/missioz, aillien $ n n n n b n n
Lrpendable lander cost/eiszioz, milliom $ 82 82 82 a 92 92 L4
Total LBO to LS cost per mizeion, willion $ 128 128 128 128 128 128 128
Total LIO to LS cost per G, $/18 in .m .M 1,31 1.1 .31 .1
Total ecost to place base apd plante, 2,34 19,441 50.39% 11,208 13,918 19,481 4,36
nillien § :
$/16, Larth surface to lamar surface 24,800 2,800 24,800 24,800 24,000 .800 24,800
Rax. possible nmmber of devoted Shattle U H b} b} i U pd}

piszions per yerr
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%o, of yeart required to place base & plant
ligited by maz. somber of Shuttle missions

L B4

5.6

256
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2.00



TAALE 10 - PROPELLANT DILIVERY TRARSPORTATION COST CALCTLLTION:

02 prodoc. 0231 12 02 prod. 02pred. C2prod. O21 N2 Rpss driv.
enly, all  prod.. all oaly, mass omly, eryo omly, erre prod., cryo to LLe,
cyogenic  cryogenic  driv.to GLC, to LiO.eol. to LLO, to LL0,s0l. solar
propulsion propulsion cryo to LEO sail to L0 elec.to LID mail te LBO zail to LI

X7 del. to LI0 per ome OTY wiszzion 50 111 3% L H 2 $ 1]
017 operational cost per mizsion 18 18 18.5 18.5 56 18.5 8.5
{rognd trip), million
$/I6. LLD to LEO m 168 193 185 HE 185 145
N? payioad of reusable lamdes { { { 7 { {@
To. of remsable lgnar lander wiseions 3.3 0 41 2.0 1.0% 2.7
per O miseion
Rencable lunar lander operztiomal ozt 12.50 13.50 12.% 12.% 12.5
per wizeion, aillion §
$/IG. Lonar surface to LLO 4 ) n1 ? n 81 11 [}
Total lunder operations cost per 071 2.0 1R I (W] o R 1f B0 207
giszion. aillion §
Steady state bert case nasz pavbaci ratie 1.6 infieity 7.30 1.83 §.64 imfimity  ixfinity
ftotal inbound payload/(outbenzd paylead + 0TV E2})

- Bo. large SDY missions per OFY mizzicn £.36 000 0.1t 812 0.12 0.00 .00
{10 AT B2 per SDY nizzion)
SOY lLammeh costs/0TY wizeion, millien § 8.0 3.1 15.89 Se.58 (1] L0
(134 willion § per SOV lammch)
Total operatiozs cost per OTY missice 108.E1 nHu 2.8 6428 194.67 {1.57 18.50

{yclnding lamder giseions, million §

$/15, Lonar surface to LR 2,1 m 2 76 [+ 501 18%
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TABLE {1 - OPERITIONS COST SMMEARY

ASTOAL 1O 02 prodye. 024 D2 02 prod. Clprod. O2pred. OZEI N2 Bazs driv.

02 BARITY (NT) = 1,197 only, all prod., all osly, masz o2ly, eryo only, ervo prod.. erye te LIO,
cyogeaic  eryogesic  driv.te LLO. to LLO.sol. te LLO, te LLO,s0l. solar
propulsion propulsion eryo to LEO sail to LEO elec.to 130 sail to £20 gail to LI

NJST PLICTNER? IRL (before losar propellant prodocticz beginms)

Tota) lusar surface sass, B? L1 1,580 . 442 561 b} 13 1,188
$/18, larth surface to lmmar surface 24,508 24,300 24.800 24,800 24,800 24,800 .M
Billion § trapeport cost for imfrastructare 2 k1] 5 1 1 10 H

PROPZLLANT PRODOCTION IRE (2fter luear base & plant placed)

02 del. per yexr to LI, H¥/year 1,387 1,381 1,387 1,38 1,387 1.357 .97
$/1C, lmnar gurface to LEO .1m m W 31 LH sel 195
Tota!l amana] 02 tramsport cost,

aillion $/year 2,85 Ly £0¢ m 1,158 818 264
inngal sazs del. to LS for plamt & life 16 b4 10 L] 13 1 1

sapport resupply, Ml/yerr

Besupply $/16, larth smriace to lamar surl, 3,518 2,85 1,182 2,016 2,184 181 1.538
{Rarth surface to LIO - large SV $/1G,
plus L20 to LS, prop. trazsfer $/1E)

Axpual resupply cost, willion $/year LY {@ 11 1 ¥ a 1!

Bare and plazt aperations costs. 200 wn m 00 180 s 0
pillicn $/year

%otal anmual ope. cost, prop. prod. ere, 3,212 1,309 8 1,136 1.381 1.0 475
williog $/yesr

Total ammgal opz. cost. $/Ig 02 to LIO ) L[] 682 L £3) L 138 35
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TABLE 12 - DEVELOPEINT COSTS

ARRALL LRO 02 produe. 04 L2 02 prod. 02prod. O02pred. 02412 Baze griv.

02 WARIIT (X7} = 1,357 only, all  prod.. all ocaly, masz  edly, eryo paly, eryo prod., cryo to LLO.
cyogeric  cryopenic  driv.to LLO, to LL0,%0). to LLD, to LLO.zel. solar
propulsion propulsion crye to LED sail to L0 elec.to LRO sail to LEO mail to LI

Bin. gurf. hase dev., billion 8 5.0 5.00 5.00 5.00 5.0t .00 5.00
02 plast der.., billioe § Cem 5 e wmoweowmLm
g2 plast dev., billion $ 000 5.62 b.0¢ £.00 b.00 5.82 0.0
Baze lander OTV dev.. billien § 3.6 38 N ] 1.8 L6 R ] 1€
Lrpendable lumar lander dev., billioe § 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Reacable lunar lander dev.. hillioe § .0 2.00 2.00 2.0 2.0 2.00 z.en
Propellant carrier 017 dev., billien § 5. 5.0 5.00 .00 £ 0.8 .88
Maer driver dev.. billior 4 b.00 p.00 10.00 .00 8.0 g.00 10.8¢
Plec. prep. dev., billion § 0.00 500 b.00 p.00 §.00 0.%0 a.ou.
Prop. carvier solar szil dev., billiom 8 0. .00 0.8 5.00 .80 5.00 5.00
Large SDV dev. cost, billion 8 1.50 3.50 .50 1.50 1.5t 3.50 .50
Total dev.. billion ¢ %.8 .8 3).58 n.u 8.1 .81 ny
Total dev. lesz large SDV. base lander 1. 18.2¢ .8 13.58 1$.13 19.21 nn
07, and 502 of min. surf. base costs,

billion §
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TABLE 13 - SI¥PLI COST CONPARISON
LI0 MARLD? 1,357 ET/TLAR 02 prodoe. 01 & B2 02 prod. 02 prod. 02prod. G211 Nage driv.
mly, all pred., all oaly, mazs omly, cryo only, eryo prod.. erye to LLO.
cyogenic  cryogenic driv.te LLO, to LLO,sel. to LLC, to LL0.s0l. polar
propuleion propelsfox cryo to LE0 sail to LEO elec.to 130 sail to LEC sail to LI
Syetey lifs, years 2 Fi U 20 20 2 20

Total 02 del. to LIO iz systen lifetine, M1 . e 27, 140 e 2,140 2,140 .10 27,140

fatal dev. less large SDV. base lander 17 19 U i 1% 18 b}
077, apd 50% of min. surf. base seetr,

billion §

Billion § trapevort cost for imfrastroctore it | b1} 50 11 14 19 {

Total ops. cost for systea lifetise, ,
incindes prop. transport, vesupply, amd

plant azd base opz., billien § 64 2% 1 n b1 2t 10

Yotal dev., opz. and izitial tragzpert 1! 85 8§ i@ fl 59 "
et dor eystey life, billiom §

Total costs/total prop. del. to LEO iz 4,08 3,128 3,3 1,750 .23 2,164 2.8U

eyeten lifetine, $/18

Large SDY cost for LID del. of 02, $/1G 1,411 141 1.4 141 1,411 1.4l 1.4

{Operatioas only)



