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OBJECTIVES AND RECOMMENDATIONS

Present day space operations support the service segments
of the national and world economies. Astounding advances have
been made over the past twenty years in the deveiopment of space
tools for observation, communication and exploration. Major
advances are forthcoming which will be characterized in part by
a widening and increasing occurrence of direct connections between
terrestrial individuals and space hardware. However, an economy
capable of directed original growth in potency must be self-
sufficient. It must be supported by the more fundamental

materials economy. The creation of materials economies is the

industrial revolution which has a 400 year history. Keys to the
development of a materials economy are the availability of matter
to be worked, energy to do the work and skif{l to use energy to
mold matter to new uses and combinations. Development of a

space materials economy or true space industrialization is strongly

inhibited by the extremely high costs of obtaining matter from
earth with which to work in space. Solar energy is clearly avail-
able to do work in space. The moonr, and possibly certain asteroids,
are primary sources of raw materials for large scale use in space.
Space systems have been proposed in detail which can provide
large quantites of lunar and eventually asteroidal materials at
Tow unit costs ($/kg) for industrial use in cis-lunar space.
In this study we examine the application of available
terrestrial skills to the gathering of lunar materials and the
processing of raw lunar materials into industrial feed stock. We

find that much terrestrial technology can be transferred to
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the gathering of lunar materials and the processing of raw

lunar materials into industrial feed stock. We find that much
terrestrial technology can be transferred to industrial operations
in space. Immediate development of plans and operations to make
use of lupar materials in the 1960's in space is appropriate

and feasible from the standpoint of gathering lunar surface
materials and processing them in space. Planning for and the

creating of a materials industrial economy in space can be

initiated now. Major immediate objectives, which appear
achievable, are to decrease the complexity of the physical systems
and the capital expenditures needed to establish the first space
indusiries. Space industrialization is technically feasible.

Jur challenge is to craftily employ the skills available
to us in our university, industrial/commercial and government

organizations to create the initial materials economy in cis-lunar

space for a minimum investment and in a minimum time. Now is
the time to exploit the accomplishments resulting from this
nation's 100 billion dollar investment in space, one fourth of

that in lunar operations to produce a viable materials economy

in the cis-lunar space.
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I. EXECUTTVE OVERVIEW
A. INTRODUCTION

Incorporation of extraterrestrial materials into large

space structures and products for the materials and servicel’2

industries requires the introduction of two new planning elements

- e s

into the development of the overall space system which are
different from the complete supply of all materials from earth.
These new elements are: (1) acquisition of the raw materials
from the moon, earth approaching asteroids or other materials
sources and (2) the physical and/or chemical processing of the
materials into forms suitable for the utilization by downstream
industries. Table I presents seven qualitative arguments for the
use of extraterrestrial materials.

[n this investigation we have focused on the utilization
of material from the moon because the characteristics
of soils, rocks and data returned during the Apollo program
have been examined in great detail (>15,000 man years of
research). An extensive, well indexed and reviewed literature
exists from which specifiv engineering approaches and problems
can be accurately defined for the acquisition and processing

of the 30115.3

In addition, over 1,500,000 man-years of well
documented technical effort was accumulated during the Apolio,
Skylab, Apollo-Soyuz, and Space Shuttle programs with resrect
to creating and operating extensive manned activities in earth

orbit, cis-lunar space and on the lunar surface.
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Earth approaching asteroids will a* some point in the
future be an important source of industrial material for use in
space. One can expecti to obtain a greater range of materials
from a number of asteroids than can be obtained from the low

latitude lunar soils-3’4’5

However, we do not know in detail
the bulk mineralogy or chemical composition by indirect obser-
vations of any ot the asteroids. Detailed systems planning
and analysis for asteroid use is more challenging pending
direct analysis. It is not unreasonable that early return

to the vicinity of the earth of large quantities of asteroidal
materials may constitute a portion of the early exploratory
phase. Immediate utilization of asteroidal mass for radiation
protection, reaction mass or other direct functions can occur
on return. Thereafter chemical processing schemes car be
brought into operation.

The "Extraterrestrial Materials Processing and Cosntruction"

program has focused on the following major tasks:

(1) Review the available literature on lunar soils and
rocks and identify one or more chemical processes
by which the major oxides and chemical elements can
be extracted. A critical review was 2also conducted
on previously proposed p.dcessing schemes and their

limitations and advantages were identified.

R e e ol L -

47,



T

s

PRSP AT e YW PO

(2)

(3)

(4)

(5)

Applicability of terrestrial knowledge of glass and
ceramic production technology to the production of
lunar glasses and ceramics was investigated.

Gathering of the soil on the iunar surface by means
of excavation equipment was studied in terms of
terrestrial experience with strip mining operations

on earth.

The application of electrostatic benefication tech-
niques was examined for use on the moon to minimize
the quantity of materials requiring surface transport
and Lo optimize the stream of raw materials to be
transported off the moon for subsequent industrial
use.

The Standard Industrial Categories (SIC's) of the
United States' ecnnomy were cxamined for 1967 and 1972
to determine which SIC's contained items producable

in large part or partially from lunar materials. The
average intrinsic cost ($/kg) of all the products in
each SIC was calculated. The total energy of production
of each SIC (billions kilowatt hours)-was determined.

The study provides the first qualitative feel for

which terrestrial industries initially might be
adaptable to operate in space due to considerations
of available raw materials, intrinsic product value

($/kg) and sector eneray consumption.

¥
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Major results of the studies are summarized in Table II
and are described in the following pages. The study did not
consider the various means which have been proposed to eject
material from the lunar surface into space or the fabrication
of goods from the chemically processed industrial feedstock
except for suggestions of a few interesting potential products.
Attention was given to the possible alloys that could be produced
from lunar materials and from lunar materials combined with minor
or trace alloy elements from earth. Finally, specific recommen-
dations are made for experiments and theoretical investigations
which would provide key information for the planning of base-
line or reference systems for the chemical processing of lunar
soil. Development plans to achieve those systems early in the
shuttle era are presented. The results of these studies are
in preparation for publication in the scientific, engineering and
business literature.6’7’8’9

We will examine in the remainder of this executive summary
why the moon constitutes not only a suitable reservoir of raw
materials for the construction of space power systems (SPS) but
why it is also well suited to meet many of the major materials
needs of a general industrial economy. Specific chemical
processing systems selected for further study as appropriate to
the space environment will be discussed and it will be pointed

out that the development time of one or more of these as a
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space system scaled to the prototype industrial level can be
readily accomplished in the early 1980's. Such prototype systems
can satisfy the materials needs of initial large space projects

in the late 1980's and early 1990's by processing of lunar
materials. Results of the studies on glass production, Tunar
strip mining and electrostatic benefication and technology transfers
to space will be reviewed. We will examine the various Standard
Industrial Categories to determine which contain input materiais
and operations appropriate to space. Finally, the recommendations
for near and midterm studies to identify and develop specific
physical, *%ermal and chemical processing systems will be
presented. It is very likely that the time and expense needed

for the development of the initial materials processing systems
will be very reasonahle by the standards of aerospace hardware
development. This is dus in part to the small scale of the mater-
ials handling requirements of the early large space systems which
are comparable to the prototype level in terrestrial industry

and in part to the considerable industrial experience available

for the production of similar processing operations.

B. THE MOON AS A SOURCE OF INDUSTRIAL MATERIALS

Dry and dusty, the moon appears to be an unlikely place
from which to extract the basic elements necessary to build
either specialized structures in space or a generalized space
economy. However, surface appearances are deceiving and the
basic elemental requirements of present terrestrial industry

are not generally appreciated. Terrestrial industry consumes
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a wide range of c¢lements in producing the outputs which make
industrial societies possible. Demandite is a conceptuas or
synthetic molecule which is composed of the weight fractions

of the major elements consumed by industry (Figure I-1). Table
I-3 gives one estimate of the weight fraction of materials

used in the United States' economy in 1968.]O Notice that

by weight 40% of the molecule is fuel for the industrial and *
transportation industries. Space demandite must differ radically
from this distribution because solar electricity must replace
hydrocarbons as the source of energy. This is similar to

what must happen eventually on the earth either for reasons

of depletion of the hydrocarbon reserves or possibly due to

carbon dioxide contamination of the atmosphere.]]

Approx-
imately 45-52% is usel as building materials for roads, dans,
building and so on. Taule II-4 (column 3) gives the weight
fraction distribution of elements in the demandite mclecule

if the fraction of the hydrogen and carbon used as petroleum is
subtracted but the fraction (2%) used for plastics is retained.
Notice that oxygen, silicon and calcium mostly ian the form of
calcium carbonate (CaCOs) and silica (SiOz) are the most common
elements. Metals constitute 5.7% of the molecule, agriculturally
related elements 1%, and chemical processing elements 3%. In
column 4 we see the weight distribution of elements in the Apollo
15 soils. What is immediately apparent is that most of these
economically significant elements (0, Si, Ca, Fe, Al, Mg and Ti)

can be extracted from the lunar soil with no more than a factor

of two enhancement in concentration. The metals are especially
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abundant. Elements requiring especially large enhaincements
constitute approximately .03% of the demandite weight fraction
(C, Mn, N, C1, and H) whereas elements requiring a factor of
2.1 to 10 enhancement (K, P, Na, and Ca) constitute 8% of the
demandite weight fraction. Such enhancements are possible so
virtually all the non-fuel demandite can be acquired from lunar
soils sampled to date. It must be emphasized that these are
the elements used in the production of new goods and process
elements and not the elements which are continuously recycled
in industry and agriculture such as those in water and air
(hydrogen, nitrogen and carbon).

Industry in space (Figure I-2) will certainly require a
different mix of chemical inputs. It is likely that fiberglass
and glass will replace concrete and stone as dominant components
in building materials for large structures. Lunar soil is an
ideal source of raw materials for such structures. The avail-
ability of solar thermal and electric energy will minimize
the prccessing costs in space of glass and fiberglass composites.
Extractive industry in space must continually design for
increasing closure against loss of the various process fluids.

The economic pressures will be far stronger for process closure

due to costs of replacing lost fluids than in terrestrial industry
due to environmental and economic pressures. Research and
development of space industries will have many direct applications
to terrestrial industrial practices and could assist in drastically
reducing the production of waste products in terrestrial industries

by i.troducing new practices. In addition, the elements which

bt 4
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are most abundant on the earth such as iron, aluminum, silicon,
magnesium and titanium will be developed to perform an increasing
number ¢f industrial roles due to higher costs of less available
elements. Thus, space industries can be expected to introduce
new products and procedures to terrestrial industry of the

exact character that will be needed in the future to circumvent
the effects of depletion of key minor element resources. It is
also foreseeable that the glasses, ceramics, and metals produced
in space may find markets on the earth not simply due to possible
lower costs but due to the elimination of the need to provide
process energy on the earth to extract and refine the materials.
In this manner a fraction of processing energy can be made
available for other purposes of higher social desirability.
Approximately 20% of the gross ene content of fuels s consumed
in bringing the energy to the market place. This fraction is
rising steadily as less accessible or more poliuting energy
sources are exploited. In the United States more than 20% of

the energy is expended in processing metals (8%), chemicals and
allied products (8%), petroleum refining (4%) and production of
non-metallics (2%).12 These fractions could eventually
double as more materials are extracted from minimal grade stocks
on ear'th.]0 Thus, power may be effectively transported to the
earth at some future time, in large quantities, in the form of
the processing energy of refined industrial feed stocks from

extraterrestyrial materials.
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C. SCHEMATIC OVERVIEW OF SPACE INDUSTRIALIZATION -
GROWTH AMND PRODUCTION

Figure I-2 is directly relevant to understanding the goals
nf the "Extraterrestrial Materials Processing and Construction"
program. In this diagram are identified the major funccioral
activities and where they occur, major mass accumulations and
flow rates, capital and through-put expenditures and critical
recycie loops for the grow and steady state phases of a space
1ndustry. Definitions of the various letters are stated in the

caption to figure I-2.

Major efforts have been directed in this study toward
understanding the chemical processing techniques that are
applicable to space operations which would occupy box (6) in
figure I-2. We have examined previous schemes proposed for
bulk chemical processing techniques, identified new processes
and adaptations, estimated plant masses and efficiencies for one
particular design and explicitly considered the quantities of
materials which must be supplied for plant construction and
operation in the first and subsequent bootstrapped plants.

Ore consulting effort was directed toward the suitability
of lunar soils to the production of glass and ceramics (Box 6).
A second, the physical benefication of lunar soils into ore
concentrates by electrostatic separation devices (Box 4) was
considered because it may allow a low cost and low power means
to tailor the input of raw material into the transportation
system to the needs of the final industrial processes which are

dominant at a given time. Physical processing might occur on

4
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the moon prior to material ejection into space or/and in space
at the industrial center.

A third consulting effort focused on the scale of strip
mining activity on the moon which is required to support a mass
flow off the moon of 30,000 MT /yr to 1,000,000 MT/yr in terms
of type of equipment needed, mining conditions, buildup of
equipment with time, power needs versus time and the type and '
numober of personnel needed. The mining study relates to the l
activities in box (4) and on the moon (3).

The fourth r-~port was a survey of industrial output onr
earth in terms of the intrinsic value of goods produced ($/kg)

and the total energy consumption of these goods (Billions Kw-Hr).

h e e A i S

The study was organized by Standard Industrial Categories as a

general guide to the types of industries which could be expected

PR PP

to evolve in space, the intrinsic value-added by such industries
($/kg) and in the longer view to provide a guide as to what
large space industries might penetrate the terrestrial market
place.

Several general observations concerning figure 2 are worth
making. The coefficients de (demandite make-up from earth),
Cp (processing fluids make-up) and C, (make-up loss of 1ife-
support materials) should be minimized both in the start up and
steady operating phases of space industry. The loss of material
(1 & i) should be minimized. The mix of material M' should be
adjusted to minimize treasport requirements and processing
requirements. The demandite formulation can be expected to

change with time as different space productsc dte emphasized and J

*MT = metric tons
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as experience allows the development of more material
substitutions. It is not unreasonable to expect de < 0.05 to
0.01 tc be achievable. As the population in space increases
there will evolve habitable structures in which matevr.al used
for radiation protection will also be used for structural
support of the internal atmosphere and other loads. Very
likely a fiberglass-metal composite will be evolved to provide
this combined function and will provide multi-story internal
walls (floors) for large habitats. Attention should be given
at an early stage to the constructior of such units and the
recovery of the minor and trace elemeat inventory from the
raw lunar materials which would be used for the wall or hull
construction. Finaliy, the volume and number of distinct regions
of space over which industrial ~perations are performed should
be minimized in the early phases.

It has been estimated that lunar soil [M' ($/kg)] can be
obtained in the early phases of space industrialization for as

Tow as 15to 30 $/kg.]3’14

With time, this cost should drop

te a small multiple of the cust of the electric power used to
eject material from thz moon. As an example: If power could

be acquired in space at 25 mills/kw-hr the minimum ejection cost
would be approximately 0.02 $/kg which is considerably less than
the cost of most terrestrial refined materials and firished gooas
and considerably less thar the expected turn of the cenlury earth
launch costs of 15-30 $/kg. However, in the earliest stages

of industrialization the space products can have intrinsic

values between 20 and 200 $/kg tc cover the cost of lunar

© e bk . s
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material acquisition and processing and capital investments
and still be less than the cost of launching the materials
from eartih.

It appears on the basis of our chemical processing studies
that process fluids make-ups C. £ 0.005 can be achieved for

p
anorthosite processing. This study and previous studies]5’16

3 tons must be placed in low earth

indicate that Ce(kg) X 3-10
crbit to implace a supply base on the lunar surface which
can eject my = 3-104 tons/year of lunar soil into space

initially and grow to an annual ejection rate of hy = 106

tons/year in five years.

D. SPACE POWER STATIONS AND MATERIALS PROCESSING SCALES

Space solar power stations appear to be ideal candidates
for initial products because of their expected high intrinsic
value (200 to 400 $/kg, Eo in figure I-2) and the vast potential
terrestrial marke* the order of one trillion dollars over the
next thirty years. It is now clear that space power stations
can be constructed of approximately 90% lunar derived materials
even without redesign of the terrestrially based mode]s.]7
With redesign this fraction might be increased somewhat and more
importantly the fabrication processes might be substantially
simplified. An area of considerable possible advancement is the
replacement of the basis photovoltaic cell with photoelectric
emission devices which appear to be extremely easy to produce
in space from lunar materials and ideally suited to space

operation in a radiation environment, 819,20

P
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Using the terrestrially baselined SPS models, the
principal materials input requirments from the moon appear
to be easily met and are given in table V for a 87,800 MT SPS

with a projected 1C gigawatt ground output.]7

Assuming
production of one SPS per year for the first few units the
cutput processing rates of lunar materials are 56,000 MT/yr

for silica glass, 15,000 MT/yr for pure silicon, 12,000 MT/yr
for aluminum, and 5,000 MT/yr for iron. Earth import of 440 MT
would be required. The qualitatively significant point is that
these processing quantities are more comparable to the production
capacities of terrestrial prototype plants rather than to the
capacities of large scale industrial plants. Other reductions
in the mass of highly -refined components can be anticipated

as systems designed to make best use of lunar materials and

the space environment are considered.

It is important to pursue the subject of the SPS as a
candidate for construction in space because it provides a
dramatic model by which to appreciate the power of lunar
utilization for establishing space industry of a qualitatively
significant nature in a reasonable period of time with near
term technology. Figure I-3 is a scaled sketch of the Grand
Coulee Dam in Washington state. Grand Coulee Dam is of interest
because it is the largest single producer of electrical power
in the United States. Its maximum electrical output will be
9,200,000 kilowatts (9.2 GW) or approximately 10% less than

the projected ground output of an SPS. Grand Coulee was, and
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still is, a very large structure with a length of 1.3 km, a
height of 0.1 km and a mass of approximately 40,000,000 metric
tons. It was planned during the 1920's and constructed in the
1930's. It was clearly a sophisticated engineering challenge.
Incidently, Grand Coulee is powered by solar energy with rain
water being the transducer of solar energy to mechanical energy.
The energy collector area of Grand Coulee is the drainage basin
for the eastern portion of the Columbia River and is approx-
imately 300,000 Km°.
Compared to Grand Coulee little mass is required in space
for solar collectors and transmitting antennas to construct
an SPS. The concrete mass equivalent (5 T/m3) of an SPS would
be contained in the small, elongated box of concrete along
the top left hand portion of the dam. The 10 by 10 by 200
meter section of concrete has a mass of 100,000 MT or the
same as one SPS. We see that the SPS is an extremely efficient
mechanism for the collection of and conversion of solar energy.
The ground receiving array can be divided into two parts —
the sophisticated and expensive electronics For power reception
and the support structures of the electronic elements. The
sophisticated components have a total mass of approximately
4,500 MT and occupy a volume of equivalent mass of concrete
of 10 by 10 by 9 meters. The mass of ground antenna supports is
large and corresponds to 20% of the mass of Grand Coulee.
However, there is a very significant difference in that the

support structure for the receiving antennas is constructable

}
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as many small individual units of concrete and/or meta’
stands rather than a morolithic structure such as the containment
vessei of a nuclear power plant.

Viewed in comparison to Grand Coulee Dam one begins to be
impressed not with the large physical area or size o¥ an SPS
(5 by 20 by 0.1 kilometers) hut rather with the fantastically
efficient use of matter thact an SPS affords in gathering
enargy and converting it for use on earth or in space. Far less
matter must be manipulated, restructured and emplaced in space
to produce useful power Jn the ground than any other power scheme
proposed to date. This includes projected terrestrial solar
power arrays which mus® be 6 to 15 times as large in area due
to night and cloud cover to collect the same average energy
flux and which must be more massive per unit of area to withstand
the gravity and environmental conditions of earth. Finally,
it is not unreasonable to expect further advances in the trans-
mission of power to the ground to substantinlly reduce the size

and costs of the receiving systems.Z]’22

Viewed in another way
one realizes that GrandCoulee contains sufficient mass-equivalent
to construct 400 to ,00 SPS units. This quantity of electric
energy could satisfy all United States power demands well into
the next centur‘y.]0

Space power systems appear very attractive on a mass stand-
point in comparison to nuclear and coal fired plants of similar
electrical output. A 10 GW nuclear plant will have a overall
mass of the order of 8,000,000 MT including foundations,

radiation shield, reactors, generators, and ancillary equipment.

. b
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A coal fired plant composed of 20 units of 0.1 GW output would

have a mass the order of 2,000,000 MT or approximately the mass

of the support structure of the receiving antenna for a space

power system. However, the coal fired plant must burn

approximately 35,000,000 MT of coal each year. Thus, one 10 GW

coal station must traisport the mass equivalent of Grand Coulee

Dam each year. \
Attention must also be given to overall system scales which

must be created and operated if SPS is to be deployed from the

earth versus constructed from lunar materials. A feeling for i

the relative sizes is also contained in figure I-3. Proposals %

exist for fully reusable two stage boosters to be used to ship i

semi-finished or feedstock materials from earth to low earth

crbit to manufacture an SPS unit.22

If these hoosters utilize ;
hvdrogen and oxygen for propellants then theoretically the |
exhaust product could be pure water. The quantity of water

exhausted from the very heavy 1ift launch vehicles (FHVLLC)

to transport 100,000 MT to low earth orbit is indicated in

figure I-3 as effluent from Grand Coulee Dam. The effluent

could form of a slug of water 10 meters deep by 30C meters

wide by 660 meters long. Theoretical designs are available

of boosters which are scaled to accomodate this quantity of

liquid propellant usage over the course of 250 flights. Other

booster designs utilize hydrocarbons and liquid oxygen and

have an effluent mass approximately four times as great.

Bulk liquid handling technology is available to handle this

magnitude of propellant. It is used commonly on earth with ]
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petroleum at many ports. However, the terrestrial systems are
large by traditional aerospace standards and these new launch
vehicles must operate in the severe environment of the launch
from earth to 1ow earth orbit and return safely many times
with minimum refurbishment required between launches. Inert
mass of the two stage fully reusable booster would be the order
of 1,100 MT or 790 MT in the first stage and 360 MT in the
second stage with a payload to orbit of 390 MT. Half of the
fuel in each flight would be to boost the inert mass of the
second stage into orbit.

If hydrogen and oxygen were burned Stoichiometrically
the moon and used to eject with 60% efficiency 100,000 MT
into space by means ~f an electromagnetic mass driver then only
27,800 MT of water would be produced which ccviesponds to 1.4%
of the terrestrial water e“fluent or a stream flow in figure
I-3 of 10 met-rs deep by 300 meters wide by only 9.3 meters
rather than 660 meters in the terrestrial example. It is not
being suggested here that hydrogen and oxygen be used with
fuel cells on the moon to pronduce power to launch payloads in
space. QOur o'jective is to i‘lustrate the great difference in
the practical scales of propellant and materials handling,
at least a factor of /7, whi:h can be expected between utilizing
'unar versus only terrestrial materials to construct an SPS or
other large space structures. In point of fact, it is anticipatad
that solar onergy will be ut:lizad to power the lunar mass driver

and that considerable use will be made of the earliest solar cell

production of a space manufacturing facility to increase the ejection "

capacity of a lunar supply base.

"~
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The magnitude of equipment which must be employed on the moon
and in space in the gathering and processing of lunar material are
explored in figures I-4 and I-5. As was suggested in the discussion
of figure I-2 it is highly desirable to minimize the
mass of equipment necessary to start operations in space and to
make maximum use of space materials to build up further capabilities.

Figures I-4 and I-5 are based on systems designs which embrace *

« = et e, S T

that approach. The first (I-4) depicts the assembly of an initial
Tunar supply base. The rationale and design of the base was
developed during the 1977 summer study on space industrialization

24 Initial mass on

conducted at the NASA Ames Research Center.
the moon of the base would be approximately 800 metric tons.
Approximately 4000 metric tons of landers, fuels and paylcad would
have to be ejected from low earth orbit to the moon to land the
base. It would begin ejecting 30,000 metric tons/year of bulk
lTunar soil and grow in launch capacity to 600,000 metric tons/year
ocver a 5 year period. Growth would be provided by the addition

of solar cells, habitats and mining equipment. The initial mining
operations would be very mall by terrestrial standards. Shown in
figure I-4 is an excavation of a few meters depth and less than

50 meters in width. It is being worked by a single backhoe which
is a small and versatile piece of excavation equipment which can
be operated in a semiautomatic mode and monitored from earth. In
the first two years a backhoe of the type shown here wi’ a mass

of less than 25 tons could accommodate the excavation rates of

30,000 to 60,000 metric tons per year with only 3 to 6 sorties each

o

terrestrial day. It would be available for other operations the
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remainder of the day. The four partially covered tanks are the
1iquid hydrogen sections of shuttle belly tanks converted to
use as habitats, maintenance facility, mass driver loading facility
and soil packaging facility. Each tank is approximately 24 meters
long. An extensive analysis of the buiid-up of the mining machines
is presented in chapter III. Under nominal conditions with
electrostatic beneficiation less than 300 tons of mining equipment
would be required on the moon over 30 years to deliver 16 million
tons of ore to the launcher.

Figure I-5 is an artist's conception of a prototype plant
to process anorthosite. It incorporated the design requirements

appropriate to space operation and at the same time utilizes much

available processing technology. Anorthosite is a very common mineral

in the lunar highlands and an excellent source of aluminum, silicon,

silica, oxygen, and octher minor elements. The chemical plant

shown in this drawing in lTow earth orbit, passing over Galveston Bay

at sunrise was scaled to process 30,000 metric tons of anorthosite
(90% pure) each year. A 30 megawatt solar power array dominates
the picture. It is octahedral, approximately 500 meters on a side
and masses 120 metric tons.

The oxide separation stage shown in the foreground and
the electrolytic separation facility in the background have a
combined dry mass of 105 metric tons. Approximately 63 metric
tons of hydrogen, fluorine and a small amount of sodium must be
brought from earth to provide a portion of the working fluids for
the liquid phase hydrolysis scheme used in the plant. Oxygen
and sodium are extracted from the initial runs of lunar soil

to provide the full 336 metric tons of water, hydrocen, fluoride,

e 4



e
: z:"?‘:x%"‘,".’fwaf

\ ‘.‘“

s s ae s

I - 20

and sodium hydroxide necessary for full scale plant operation.
Thus, we see that use of lunar materials immediately minimizes
the amount of material which must be shipped from earth to
start production. Space radiators to eject process heat from
the plant are the large flat objects above the oxide separator
and electrolysis units. Make up of fluorine (3 to 30 metric tons
each year) will probably constitute the major terrestrial input
for 30,000 tons of processed material.

A dual habitat for the construction and operating crews
is shown on the bottom of the solar array. Approximately 20
people can operate the plant assuming round the clock operation.
Only low temperatures and pressures are utilized in the processing
so all tanks and lines can be thin wall, low mass units. Steel
derived from lunar iron should be usable in fabricating future
units. The processing units and habitats are spun to provide
artificial gravity. A zero gravity fabrication shop constructed
out of one of the shuttle propellant tanks is shown attached to
one side of the solar array. A 2,000 ton bag of lunar soil is
tethered to the input column of the processing plant. 1In one
scenario of industrial development this soil could be a large
portion of the initial soil ejected from the moon and returned
to the earth by the mass driver reaction engine originally used
to transport the lunar base to low lunar orbit.

A rather surprising resuit of this study which evolved this
particular processing design is the low mass of the space unit.
Only ten to fifteen shuttle flights would be required to transport

the 290 metric tons of solar array, processing units, and initial

e e e e ————— o
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working fluids into lTow earth orbit. Another ten to fifteen
flights would be adequate to deploy the 260 metric tons of the
habitat and the fabrication unit. This particular plant scales
upward in mass in direct proportion to throughput. However,
with increasing operating experience less manned operating involvement
will be required. 1In addition, the trace amounts of free iron in
the lunar soil should be usable to fabricate additional tanks
and plants. If so, the amount of material necessary to be trans-
ported from earth to build secessive plants of equal capacity might
drop from 290 metric tons to 100 metric toas or less. Three to
four processing units of this design could previde most of the
refined feedstock for the manufacturing of one 10Gw SPS per year.
Naturally, there would be many othar possible applications for the
refined feedstocks. Smaller units can be deployed by one shuttle.
E. CHEMICAL PROCESSiNG

Chapter II deals primarily with the scientific and engineering
considerations involved in processing of extraterrestrial raw
materials into refined materials suitable for industrial feedstocks.
The focus is on processing of lunar materials. The economics of
such activities are briefly considered.

The implementation of an industrial capability in space will
be Timited by three types of constraints: 1) Raw materials avail-
abilities, 2) Process selection, design and operational limitations,
and 3) Development of technologies necessary to establish the
processing anc¢ manufacturing facilities and support continued
operations. The first two groups are discussed in Part One of

this chapter while the last is treated in Part Three. Part Two

W
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gives an extended discussion of specific processes for materials
conversion and refinement.

In Part One (I), the compositions of the major mineral
fractions of lunar soil which may be considered potential feedstocks
for chemical processing plants are described. Seven major elements
are identified — aluminum, calcium, iron, magnesium, oxygen,
silicon ard titanium — which are widely distributed and available
in concentrations above 1% by weight. Six additional (minor)
elements — chromium, manganese, phosphorus, potassium, sodium
and sulfur — generally occur in the 0.1 to 1% range.

The absence of easily recoverable light elements such as
hydrogen, carbon, nitrogen, chlorine and such metals as copper,
zinc, lead, etc. imposes restrictions on the diversity of output
products of processing and manufacturing plants and, additionally,
on the manner of use of many chemical reagents used expendably
on earth. Nevertheless, a surprising diversity of useful product
can be made solely or predominatly from lunar materials (Table VI)
and a broad range of chemical reagents may be employed by careful
recycling of all cubstances containing significant (over 1%)
amounts of lunar deficient elements. Such recycling operations
appear to be readily accomplished for the processes studied to
date.

Process selection will be governed primarily by the mass of
equipment, reagents, power and heat rejection facilities required
to obtain a given output rate and the design and operational
constraints set by the space environment — vacuum, low gravity,

radiation, radiant heat rejection, etc. The reagent mass
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requirements are, in turn, dependent on either lunar availability
or successful recycling efficiencies. The major changes from
earth plant practice would be the management of air, water,

fuel and waste heat. Most plant operations could be conducted

in pressurized containers with artificial atmosphcres appropriate
to the processing conditions and simulated (centrifugal) or lunar
gravity. Water is also expected to be used in a number of plant
operations.

A general method is presented of classifying potential
processing methods based on the nature of process steps to release
or mobilize desired elements or constituents of raw materials
and to separate phases or fractions of given process streams.
While some exotic processes based on physical or semiphysical
rather than chemical methods are possible and, as such, may not
require reagents in tne usual sense, it appears that practical
engineering considerations and difficulties with purifying
product streams would make such schemes less attractive and of
higher technological risk than more conventional chemical routes.

General principles of chemical plant design are discussed
in section U. It is shown that the normal operations of materials
handling, phase separations and heating and cooling of process
streams can be expected to operate in substantially the same
manner as for earth plants provided a centrifugal gravity is
supplied for orbital operations. Ultimate heat rejection by space
radiators will generally be required, and for low temperature waste
heat it may be desirable to heat pump such loads to 250 — 300°cC

to minimize radiator masses. Sizes and masses of chemical reactors
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require kinetic (rate) data which may be unavaiiable for some
propcsed process steps, but correlations between volume and
throughput for analogous industrial reactors allows one to
estimate reactor sizes.

Part Two (II) discusses specific processes and treats in
varying level of detail five prior and presently proposed processes
for conversion of lunar ores into industrial feedstocks. A
sixth preocess, carbo-silico thermic reduction, is also included
in a section which compares the respective processes in regard
to a number of features including maximum processing temperatures,
power, product purity, process complexity, technological risk
and key problems.

0f the candidate processes studied, the HF acid leach process
appears to have the best potential for minimal operating mass,
ease of element separations in high purity, and favorable energy
and heat rejection requirements. It would be premature to rule
out any of the other processes without formulating a valid
rating method for comparing current or new candidate processes.
However, the HF process is certainly useful! for the immediate
development of baseline engineering models. The HF process
uses several steps which have been successfully employed on a
commercial scale on earth, but which are no longer used due to
competitive cost factors of alternate routes. Such (obsolete)
processes may be the most desirable methods of performing a number
of essential steps in an overall processing system. A pictorial
flow chart for the HF acid leach process is shown in Fig. 1 - 6
which is the basis for *the space processing plant shown in figure

I-5.
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Technology development is discussed in Part Three (III).
It is evident that materials processing is but one link in a
space industrialization activity which will also require
transportation systems, mining and beneficiation, manufacturing
and fabrication facilities and ~ssembly, maintenance and life
support systems. It appears thaet the development costs or *re
transportation technology will dominate the technology deveiopment
programs, but advances in this area may be separately funded
from other mission requirements and, in the long run, appear
inevitable.

The development of chemical processing technology can be
conducted for the most part on earth by using synthetic
lunar samples made from earth rocks and chemicals. In particular,
no additional lunar sample retrieval missions seem necessary to
develop the process steps appropriate to low-latitude lunar soils.

In addition there does not appear to be ary critizal size of

processing or pilot plant necessary to demonstrate ,c¢liable operatinn

in orbit. For example, a single space shuttle payload could
contain all of the operating elements of # typical processing
system which could be tested in sequence. A similar small
system could be oeprated on the moon in the first stages of
buildup of a lunar materials supply base and either reduce
costs or increase the capabilities of such a base in comparison
to providing all building materials from earth.

£ series of detailed recommendations is presented for process
chemistry development (of the HF acid leach process) and supportive
technologies which will be required for alm st any chemical

process adopted. A limited discussion of the interactive

-
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studies between processing technology development and development
activities in transportation, mining and manufacturing phases of
space industrialization is also given,

F. LUNAR STRIP MINING

Chapter III contains a detailed parametric analysis of the
types, number, total mass, and power of excavation equipment
necessary to initiate surface strip mining of 30,C3u tons per
year of vndifferentiated Tunar soil and expand the mining rate to
3,000,000 tons per year by the fifth year of operation. A
result of great importance is that the mining operation, even at
maturity, is rather small by terrestrial standards.

The introduction of electrostatic or other non-fluid
techniques for beneficiation of the raw ore at the excavation
site is a qualitatively significant option. If only the most
useful fraction of soil need be transported to the launching
area then only a very small fleet of vehicles is necessary for
ar. operation specifically configured for the mining of anorthite.
A single front-end loader (mass of approximately 25 tons) can
accommodate the excavation and hauling needs for the first two
years with or without at-mine beneficiation. However, by year
five a nominal fleet of twenty-four ten-ton haulers would be
required to excavate 3,000,000 tons per year of ore and waste
2 km from mine to launcher and return the 80% waste to the mine.
With beneficiation only five ten-ton haulers would be required.
Cumulative mass of excavation equipment to the moon by the
end of year five would be approximateiy 80 tons with or 150
tons without beneficiation «t the mine site. The nominal
annual energy requirements would be 67 Mw-Hr* or 390 MW-Hr

* MW-Hr = megawatt-hours.

*y
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respectively by the end of year five. The mining of
anorthite can be taken as the large scale limit of lunar
mining operations to provide 1 megaton/year of a selected ore.
To previde 1 megaton a year of bulk soil requires less
equipment.

Surprisingly, one can anticipate a very high level of
automatic and remote control of the excavation and haulage

operations with essentially no manned involvement on the moon

but with remote control by terrestrial operators. It is reasonable

to assume that maintenance of the excavation fleet can be provided

by one person. By six to eight years into the mining operation
the total mass of spare parts delivered to the moon would exceed
the mass of complete haulers imported. Several specific studies
should be conducted to provide tighter definition of the
constraints and burdens the mining operation will place on the
overall payload which must be delivered to the moon.
G. BENEFICIATION OF LUNAR SOILS

Chapter IV details the application of electrostatic
techrniques to the beneficiation of lunar soils. This technique
appears to offer an ideal means of concentrating particular size
ranges and mineral types from bulk lunar soil. Surfaces of
lunar grains are pristine, uncontaminated Ly the effects of
humidity, and therefore should preserve their characteristic
surface electrical conductivity and electronic work function
whrich are the key materials factors that permit differential
separation of grains by electrical forces. Grain temperature

is the main external variable which controls conductivity and
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work function in the lunar environment. Temperatures of
interest are readily attainable in the lunar environment by 1
use of light sources, heated or cooled basa plates, time of ‘
excavation and excavation depth. In addition, the low lunar
gravity will allow greater displacement of charged grains due
to an external electric field, which in turn can be ten times
more intense in lurar vacuum than on earth. Finally, evidence

does exist that electrostatically driven motion of lunar dust 1

operates naturally on the lunar surface. If applicable, the
electrostatic operations should permit low power and low

mass machines to beneficiate ore. A conceptual design
consistent with terrestrial designs, is presented for a lunar
unit to process 30,000 tons per year of material which would
require 7 KW power, mass approximately 20 tons and be 12 m long,
6 m high and 3 m wide including excavation equipment and tracks.
Pertinent patent literature on terrestrial electrostatic devices
is included.

Experimental evidence as to the minimal efficiency of
electrostatic beneficiation can be obtained by non-distructive
experiments with available lunar soil samples. Very high priority
should be given toc such experiments, not simply for industrial
data but also for the use of the separation technique to make
possible unique experiments in lunar sample research.

One uniquely interesting technology identified in this
study was the use c¢f traveling-electric-fieids (TEF) to charge
and move dust grains. In one embodiment of this device parallel

wirec are imbedded across the short dimension of a long plastic

ol 4
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sheet. A two or three phase voltage patte:n is rippled along
the imbedded wires, thereby producing a traveling electric field
over the plastic sheet. Charged dust laying on the sheet will
be physically moved with the field down the sheet. Triboelec-
trification occurs on grain impacts so 211 dust is quickly charged
and transported. This low power device could be built into the
surface of space suits and be used to clean them of lunar dust
prior to entering an air lock.
H. LUNAR GLASSES AND CERAMIC PRODUCTS

Chapter V confirms the commonly held assumption that
glass and ceramic articles could be made from lunar soils.
This has now been shown to be fact as a result of limited
confirmatory experiments in the Materials Sciences Department
at UCLA. Glass and ceramic has been made from oxide mixtures
identical to those characteristic of the Apollo 11 (mare,
high titanium), Apollo 12 (mare, low titanium) and Apollo 16
(highland) soils. A photograph of glass and fiberglass
produced from the Apollo 12 mixture is presented in figure
V-1. The Apollo 11 and 12 synthetic samples melted at 1350°¢C
and were very easily made into glass. The Apollo 16 mixture
melted at 1500°C and also readily formed ¢lass on cooling.
Specific components of lunar soil, such as anorthosite,
will also be valuable for forming specialty products such as
clear giass. Thus, glass and ceramic production can benefit
from mineral separation devices as well as the availability

of refined silica and silicon fractions of the lurar soil.
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Glass and ceramic production involves many empirical
control factors which must be resolved experimentally. This is
especially true when ambient conditions are changed from
atmospheric pressure to vacuum and in some cases from terrestrial
to one-sixth or zero gravity. Availability of the extensive
data on lunar soils make it entirely reasonable to begin a
series of laboratory experiments to establish general procedures .
for the production of a wide range of glass and ceramic products.
These early terrestrial experiments can establish the needed
key experiments to be performed early in zero-gravity to allow
final design of lunar and space production equipment.

This report surveys general conditions and procedures
for the production of clear window glass, refractory and
chemically inert containers, fiberglass wool, and light pipe
fibers. Light pipe fibers for use in communications systems

on the earth and in space are especially interesting because

they presently cost on the order of 100,000 $/kg for the glass L
element. Special notice is taken of the use of solar energy and
the possibility of glass production by sintering of amorphous

powders

I. MATERIAL GOODS AND THEIR INTRINSIC VALUE ($/kg),

MASS AND ENERGY OF PRODUCTION

Chapter VI explores in a unique manner a the.te which has
been repeated many times in the preceding material. That is ?
that the cost of raw materials plays a basic role in the type ;
of economic activities and products which can be pursued ir

space. We have chosen to explore this theme by examining the '%



o e~y

IS 2 B

v e AT LA R

I - 31

b emes et mh bt o -

economy of the United States in 1967 and 1972, years for which
appropriate data exists. We determined total vaiue, total

mass and total energy consumed in the production of goods which ;
could be made from lunar materials with very little additional !

terrestrial materials and whose production could

use solar energy to advantage (more likely goods). The study

was extended to also examine goods which might be made in

space from lunar materials and with solar energy but which

could require significant importation from earth of make-up
mass, might be bulky products which would pose some problems
in downshipping to the earth or that might require major changes
in processing procedures from present terrestrial practices.

These were termed less likely goods. Excluded from the analysis

were goods and processes which require petroleum, non-lunar
chemicals or agricultural products. It was found that 64
tandard Industrial Categories in the United States economy
could be considered to be compatable with space manufacturing
using lunar materials (more likely) and that 166 categories
could be adaptable to the less likely category. There were
239 SIC groups excluded from the study.

A second interpretation can also be made of the results of
this analysis. It provides a listing of the productive cate-
gories of the United States econemy which can provide major
immediate technological assistance and gquidance to a space
program based on a source of inexpensive lunar materials. In
effect this listing guides one in seeking out industrial competence

to assist in transfering capabilities from the earth to space.
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The full Tistings are presented and explained in chapter VI.

The more likely class contains electronic devices, electrochemistry and

related processes, ceramic and glass products, many types of
machines, non-ferrous metals and other items. Many items in the

less likely category have been found on reinspection foilowing

more work in the processing areas to be more adaptable to space
production than first thought. Figure I-7 provides one manner of

examining these results. This is a histogram of the more likely

(cross hatched bars) and less likely (clear bars) on the basis

of a $/kg index. We have taken the average price of all goods

in each of the 230 SIC's examined and divided by the mateirals
inputs to those goods thai are actually embodied in the final
goods. The histogram is the total sales value of goods in a
given price intervai which is 1$/kg wide versus the average price
per kilogram in each such SIC. The goods in all SIC's shown here
had a total shipped or sales value of more than 410 billion

dnllars (104 billion $§ for the more 1ikely and 310 billion § for

the less likely). Total mass and energy consumption of the more

and less likely goods were 65 and 1,577 billion kilograms and 384
and 1,400 billion kilowatt-hours respectively. It should be noted
that 384 billion kilowatt-hours corresponds to the total annual
output of 4.4 power stations rated at 10Gw eash. Thus, energy
embodied in space products and delivered to the earth in effect
can liberate some fraction of terrestrially produced power for
other uses. These figures apply to 1972.

We see in the histogram that most goods sell for less than

10$/kg. The figure is deficient in one critical aspect in that
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there are significant quantities of specialized goods in sone

of the SIC's which sell for significantly more than the SI(
average vsed here but they are not specifically accounted for

or displayed here. If space power stations are eventuall)
included in this graph, they will initially be located between

200 and 400 $/kg (far off the right edge) and have an anrual value
to 50 to 100 billion dollars a year. A new SIC for lunar mining
would also be introduced at the right edge of the graph, approxi-
mately 20$/kg, and have an annual output value of two to four
billion dollars [note point (1) in Figure I-7].

The intrinsic cost ($/kg) of lunar materials should drop
radically as other markets are developed which require large masses
of materials. As this happens the cost in space of lunar materials
should eventually approach the cost of ejecting it from the moon.
We noted at the first of this chapter that the lunar ejection
cost could be the order of a few cents per kilogram (= .02 $/kg).
This corresponds to point (2) in Figure I-7 and implies that
approximately 10-15% of the present SIC's might eventually contain
Tunar components for use either terrestrially or in snace. As a
broader range of feedstock elements become available either through
asteroid resources, additional lunar resources or substitution of
materials then most of the SIC's shown in Figure I-7 could be
penetrated by extraterrestrial materials. However, this historical
approach to possible market potential should not distract us from
the example provided by the space power systems that new and exotic
products and new Standard Industrial Categories for space enterprises

will develop, that terrestrial-type products can be produced for

¥
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use in space more cheaply than sending them from earth, and
that the products can be relatively inexpensive as we learn to
obtain extraterrestrial raw materials at low unit costs approaching
the average cost (=0.01%$,/kg) of non-fuel Demandite (Table I11).

A drop of 1,000 in cost of lunar materials, from 20$/kg to
.02$/kg, may seem rather dramatic unless one realizes that the
380 kg of lunar samples returned by the 25 billion dollar Apollo
program could be said to cost approximately 66 mitlion dollars per
kilogram. There is every reason to think that the basic feedbacks
between mass markets and mass production can operate in space as
it has on earth for 400 years. Learning curve experience will

permit industry to continually drop unit prices.

J. DIRECTIONS FOR RESEARCH AND DEVELOPMENT

It is completely clear that space industrialization can evolve
a materials economy based on lunar and eventually asteroidal
materials sources. The pertinent question at this time is - How

small in costs and size can the intital systems be made and stili

grow at a sufficiently rapid rate to produce meaningful production

in space in reasonabhle periods of time? This question has not

previously been asked. The answer should not depend cr the
existence of one particular product, for example space power
stations, but should encompass the summed values of a wide range

of products, services, systems and as importantly new psscibilities
and capabilities which would be impossible in the context of
terrestrially originated programs. We recommend a three

level program of identification/synthesis, analysis, and carefully

directed experimentation which will insure the rapid development
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of our knowiedge of the investments required and the potential
payoffs for a raterials space economy based on lunar materials.

The IDENT/FICATION/SYNTHESIS program would identify
Jossibilities for major reductions in scale of proposed approackes
toward space industrialization based on lunar materials. Approaches
for the acquisition and utilization of lunar materials would be
proposed and synthesized into a general program leading to the
development of an extraterrestrial materials economy in space.

The program would generate an overall scenario for the program
complete with estimated costs, growth profiles and possible
products.

The ANALYSIS program would consist of a series of separate
efforts at univerisjty, private and government facilities requested
or selected by the IDENTIFICATION/SYNTHESIS group. These efforts
would consist of detailed studies of specific problems or models
for equipment, systems and/or possibly economic growth models.

The ANALYSIS nragram would be very suitable for small contracts
to university researchers.

The EXPERIMENTAL program wculd also consist of numerous small
research efforts at university, private and government facilities.
Speci "ic devices, process experiments and simulations which would
provide definite confirmation of the initial (or minimum scale)
capabilities for early use of lunar materials or special devices
for reducing the costs of initial space exploitation would be
developed. These efforts would bring to light both unexpected
difficulties or opportunities for the generation of industry

and goods in space. Again, the program and experiments envisioned

4
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would make excellent use of the diverse abilities and interests of
the university research community.

The total program would profit Ly being a highly visible
activity. The status of achievement toward reducing the cost
of initial space industrializatinrn could be continually updated
as additional concepts and information are obtained. This status
should be continually communicated to all workers and interested
parties.

An exceeding wide range of talents, the majority outside
of the present aerospace community, would have to be organized.
The group should be interfaced in an almost real-time manner so
that the synergistic effects resulting from bringing together very
diverse capabilities and possible soluticns to problems would be
quickly recognized. It is very important in reading the recommen-
dations cof specific workshops, studies and experiments in the
following sections to consider them as examples of activities
which should be pursued primariiy becauze they previde one real
pathwcy for the raduction of the initial costs of space industrial-
ization. However, these possibilities must represent only the
first steps in what should be done. The real key is to bring
together many talernts and stimulate the presentations of new
concepts, analyses, models, experimental data and projections in
a continual atmosphere of checking against physical reality and
improvements of the overall initial industrial system.

It is suggested, as one possible apprcach, that the IDENTIFICA-
TION /SYNTHESES program consist of a staff of 10 scientists,

engineers and economists who would be responsible for the
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administration and documantation of the overall program. The
administrative group would support the operation of a multi-unit
panel which would meet four to six times a year for several days.
There would be approximately 30 members on the panel. Appointments
would be on a rotating basis with staggered terms. The adminis-
trative group and the panel would establish one or mcre reference
plans for the initial approaches to space/iunar exploitation and
would request NASA to accept proposals on specific technical
problems (analyses and experiments) the panel identified.

The reference plans would be circulated to all proposers and
to the widest possible general audience prior to selection of
proposals. The reference plan itself would be open to continuous
critical review from all quarters and would be constantly updated
at the frequent meetings of the panel. Proposals would oe
selected on four month cycles and wouid senerally be tailored
in funding level anu duraiion for the accomplish:mnt of the
specific task rather than for a specific period of time such as
one year.

The administrative group would constantly document the
activities of the panel, provide 1istings of ongoing experiments,
print the abstracts of all meritorious proposals submitted to the
panel for consideration, whether or not funded, and maintain at
least one systems model of the space industrialization scheme
considered most feasible by the panel at that time. These activities
would be documented by monthly newsletters to all participants
and at costs to anyone requesting the information. The system

would be completely open with no proprietary information.
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4171 participants would be invited to attend at least one
major annual meeting for direct interactions. It is to be
expected that special work-shops would also be held as necessary
either at the main location of the panel or at locations necessary
to minimize costs. All results of funded efforts would be
required to be published in the open literature and an extremely
comprehensive indexing service would be maintained of the
literature generated and referenced. This would
the objective of drawing in the expertise of the widest possible
range of human capabilities for consideration and to establish
a wide spread literature which could be readily accessed throughout
the world botk in a planned fashion and so an arbhitrary reader
could be expected to encounter reference to the space industrial-

jization program in his general reading. In the following subsections

i s Do Ak hsr s Pae s 2y Mot Kb L

we wil? consider specific topics for these three categories as we

presently perceive the research needs with ~egard to gathering
materials cn the lunar surface and the processing in space or on
the moon of the various soil fractions. ?

IDENTIFICATION/SYNTHESIS

1. Organization of an administrative panel to construct a
reference model for a law cost program of space
industrialization. The group would request and recommend
for funding original research proposals for requested
and newly identified research problems of both an
analytic and experimental nature. The group would
constantly update the reference model, would make available

as expeditiously as possible the new and revised models



[ -39

and study results, would organize and conduct
workshops or key topics, and communicate the program
achievements to a wide audience.

2. Development of a flexibie model for the economic growth
of systems in space in terms of quantities wnich could
be provided by most experienced we-~kers in a given field
of production or development.

3. Identification of non-aerospace technclogies which should
be examined in greater depth for application to cis-lunar
industrialization.

4. Indentification of specific technical advances which could
greaitly rocduce the cost or expzad the development of
cis-lunar inadustriclization,

5. Indentification of products which could be made in space
from lunar materials with or without the addition of
terrestrial materials and would have use in space 01 on
the earth and estimate the possible net value of these
products as a functicon of raw and processed materials
costs.

In the following recommendations of specific analytical and
experimental studies we have concentrated on the areas of materials
gathering on the moon and physical, thermal and chemical processing
on the moon or in space which are consistent with the general
thrust of investigation in this report. We have indicated the
number of iian years bel'ieved to be required for various studies
and the priority we attach to the importance of the various tasks

as either enabling a major qualitative advance in the development
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of space industrialization or in more fully defining particular

processes suggested in this study.

ANALYSES/MODELS [priority (1 highest, 4 lowest), man-years]

1.

(1,2) Development of computer models for the generation

of electricity and power on the lunar surface utilizing

to the maximum extent in-situ resources with minimum
complexity ot required machinery on the moon should be
pursued. One possible approach is the use of photoemission
for power generation by creating simple diode circuits in
trenches in the lunar surface. It is possible that
unlimited power might be provided during daylight hours

by this approach at a ver, eariy point in the start of
operations. Much data is available from solar power station
research which is applicable to lunar and space proc~ssing.
(2,2) There is a clear need for solar furnaces operating
on the moon or in space to provide process heat. Most
solar furnaces designs to date have been for applications
where modest or zero macs flows through the focal! plane
have been required. Configurations to permit optical
coupling and accommodate materials flows, insulation,
regenerative heating, and a rotating focus for heating
materials in a centrifugal ¥orce field should be studied.
Of particular concern are vignetting problems in reflector
designs. This may favor transmission optics in some cases
such as athigh volume production.

(3,1/2) Conceptual analysis must be done on space radiator
systems sceled to rejoct process heat. General features

of space heat radiators have been extensively studied

[,
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in connection with previous proposed heat engine power
systems. Process heat rejection may more commonly be
necessary in to 200 - 300°¢ range. Characteristics of
practical radiator systems for this temperature range
should be studied including use of steam and acid solutions
as working fluids. Particular points to consider would
be identification of various working fluids of different
temperatures and materials compatibility requirements,
study of operations under low or zero gravity or
centrifugal force fields. Potential freeze up conditions
for various systems should be examined.

(4,1/2) Conceptual designs for heat pumps should be
explored for the pumping up of heat loads to the 300°c
range for rejection to space. The selection of working
fluids, thermodynamic cycles and construction materials
necessary for input temperatures down to cryogenic for
the Tiquefication of oxygen and/or hydrogen shouid be
investigated.

(2,1) Orbital processing plants will be required to conduct
a number of unit operations normally conducted in a
gravitationally driven flow or separation process. These
unit operations must be redesigned to operate in a
rotating environment where significant changes of the
local acceleration vector may occur in time and over the
flow path. Analyses of these cen*rifugal counter current
processes should include the short term variations in

magnitude and direction of the local acceleration.
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The conceptual design studies are necessary to identify
potential problem areas.

(4,1/2) Batch prccessing, quasi-contiruous processing or
interruptions of fully continuous process lines will
generate linear and angular momentum surges on equipment,
solar optics alignment and possibly affect machine and
human performance. An analysis should be conducteJ
predicting the magritude, effects and design considerations
of such surges for several process plant designs. Systems
to buffer these process surges should be indentified.

There will be similar need to buffer changes in the

volume of process gases and 1iqqids in the event of

process interruptions.

(3,1) Adoption of modular designs for creation of matching
capacity of various segments of pirticular processing systems
can improve reliability of overall operations through
redundant or parallel modules providing they can be

valved off in case of malfunction. There should be a
systematic analysis of unit processes to determine
adaptability to modular design including effects of
cperating tewmperature, insulation requirements, heat
transfer requirements, materials compatibility and
formability of consiruction materials. Paralleling can
increase mass and maintenance for a plant and should

not be used indiscriminately. In particular, units
operating at very high temperatures or requiring excessive

amounts of insulation or brittle materials of construction
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may be poorly suited to modular design. identification
of tubular or other units which can be lengthened and !
for which flow rates can be varied without compromising
performance should be begun. Processes which can only
effectively be increased in capacity by increases in

cross sectional area of units should be identified.
(3,1/2) Information should be gathered from industry
sources to estimate the production scrap rates versus
potential unit costs to determine the present and probable
attainable rejection fractions for various operations in
manufacturing, fabrication, and assemnbly. Studies of

the advantages or disadvantages of recycling such scraps
versus simple disposal and replacement with additional

raw materials supplied from feedstock should be attempted.
(3,1/2) Identification of expendable materials and in
particular high velume requirements such as washing,
rinsing, etching or other systems commonly associated

with various manufacturing operations saould be started

to determine regeneration or replacement needs for such
steps. Estimates should be made of the composition

and quantity of reagents, lubricants, detergents and
normally expendable supplies required by manufacturing
options.

(4,1/2) Estimates of the type and quantity of abrasives,
hard tool materials and other refractories used in
manufacturing operations should be developed. Potential

methods of separation of abrasive grains from metallic
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chips should be undertaken to facilitate recycling

i¥ indicated. Refractory recycling should also be
considered.

(1,1) An extensive survey should be conducted of all
the possible electric, magnetic and physical systems
which could be used in the non-fluid separation of

lunar minerals. Analyses should be conducted where
appropriate to consider the erfect of operating the
processes in space over a range of gravitational
accelerations and on the moon. The ability to efficiently
separate scarce lunar minerals such as spinels, ilmenite
or troilite by virtue of non-fluid means may make
recovery of certain minor or trace elements practical
which would not otherwise be possible.

(3,1) A detailed survey should be conducted of
information available from NASA, DOE and DOT on

possible power storage systems for excavators and other
mobile equipment at the lunar base and for reserve

power during lunar night or emergency periods.

(1,2) Continuing studies should be supported of initial
and long term lunar mining with a focus on equipment,
either traditonal or non-traditional, which would serve
to minimize requirements in the lunar environment for
power, mass and complexity and maximize reliability,
remote or automatic operation and productivity. Special

attention may be required for dust contamination.
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Experiments are necessary to establish the exact
parameters of several stages of the process schemes proposed in
this study and to confirm the overall feasibility of the
electrostatic processing technique to lurar soils. These
experiments are of a very small scale and are suitable to
university or other laboratories on the basis of limited,
directed contracts. Broader ranging studies are necessary to
begin to appreciate in detail the poessibilities for in-situ
power supplies for solar electricity and what can be done
directly with lunar glasses and ceramics. Many other experiments
of this general directed nature will be identified as the program
progresses. However, no element of the program need be seen
as open ended because of the end goal which is to find a low
cost means to establish material industrial operation in space
in a reasonable time frame. There will be a clear point of
diminishing returns for the initial efforts. Specific
experiments identified in this study follow. Most of the
expenses of these studies will be associated with direct labor
rather than apparatus.
EXPERIMENTS
1. (1,1) Solubility data is needed to fill information gaps
and verify previous results on solution chemis. 'y of
elements in the HF-H251F6 system. This information is
necessary to improve efficiency of separation of various
etements, removal and recovery of minor elements and
permit more detailed sizing calculations for systems.

Solubility (saturation) data review and determination

2 ¥
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should be conducted for fluorides and fluosilicates of

A1+++, Ca++, Fe++, Mg++ and also the minor elements Na+,

Mn++, and C:"+++ as a function of F:Si ratio, pH and
temperature including indentification of equilibrium
crystalline phases.

(4,1/2) Solubility (saturation) data should be reviewed
and determined for the fluorides and fluotitanates of

A1+++, Ca++, Fe++, Mg++ and also minor elements Na+,

Mn** and cr*™t as a function of F:Ti ratio, pH and
temperature including compostion of equilibrium
crystalline phases. Data for these systems are required
for titanium reccvery and desirable for materials
processing for oxygen production in excess of other

solid materials rea "vements.

(2,2) A comparative study of the reduction of simple and
complex fluorides of Si, Al, and Ti should be conducted.
Si, Al and Ti can be produced by sodium reduction of their
simple fluorides or by reduction of their Na or K
fluosilicates, fluoaluminates (cryolites) or fluotitanates.
These alternative routes can offer greatly changed
volatilities, melting points, etc. which may make the
reductions more convenient and influence corrosion or
containment problems and materials separations.

(3,1) Comparative studies of the hydrolysis of simple and
complex fluorides (fluoaluminates and fluotitanates)

should be conducted. Analytical studies of steam hydrolysis

have shown marked dependence of rates on melting points
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and chemical nature of hydrolytic products. For

example hydrolysis of NaF is rendered much simpler

if combined in the form of Na3A1F6 in the presence of
excess alumina. ATso hydrolysis of CaF2 and Mng is
facilitated in combination with lower melting fluoride
solutions or complex compounds.

(3,1) There should be a review of pyrolysis data and
experimental determinations where indicated for Na,

K and NH, fluosilicates and fluotitanates. Dissociation
vapor pressures of Na and K fluosilicates and fluotitanates
are important for process engineering if reductions of

these materials are used. Dissociation of NH4 fluoro-

compounds, especially if it proceeds via NH3 and acid
salts, offers useful routes to regeneration of acids and
bases from salts and also a valuable method of purifying
silicon and titanium compounds.

(1,1) 1Ion exchange data should be reviewed and determin-
ations performed for fluorides and fluosilicates of

WY, Mttt catt, Fet, Mg++

+

and the minor elements Na+,
Mn++, and Cr++ and for NH4+ for cation and anion exchange
resins and anion and cation permeable membranes. Ion
exchange behavior of fluoro ion species of solutions

of major and minor lunar elements is needed to optimize

separation processes to recover simple fluorides for
reduction or to recover hydroxides for conversion to
oxides. This latter separation cannot normally be done

directly from fluosilicate solution becausc of hydrolysis i

of the fluosilicate solution. If this can be '¢'.
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efficiently with ion exchange techniques this wil}l

permit easier recovery of oxides than by separation

of corresponding fluorides followed by steam hydrolysis.
(4,1) Amalgam chemistry and electrochemistry inves.iga-
tions of Na, Ca and Mg systems offer a potential route

to reactive metals that is possibly much easier than

high temperature reductions. The possible processes should
be identified and analyzed in terms of space systems.
(See Section II, appendix B.)

(2,1/2) Anhydrous leaching of silicates with NH, FHF
offers the possibility of a process option which would
greatly reduce the amount of water transported in
distillation operations to separate S1’F4 and HF from
leach and hydrolysis solutions.

{(1,2) Development of photoelectric power supplies should
be pursued in parallel with theoretical investigations

of design and emplacement of such systems on the lunar
surface.

(2,2) A comprehensive set ¢f experiments on the non-fluid
separation of lunar and synthatic mineral grains should
be conducted to provide input data to mining and
processing studies.

(1,4) A wide range of experiments should be conducted

on the production of glasses and ceramics for tests of
fundamental characteristics and into sample products.
Some of the tests should be conducted in vacuum and

in zero gravity as soon as the space shuttlc is available
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for experiments. Pcrtions of the tests should be
directed to obtaining information necessary for the
design of production processes in space and on the
moon.
12. (1,2) The development of a wide range of soil simulants
should be started immediately to supply well characterized

materials for processing studies.

Work underway and to be done in the October, 1978, through
September, 1979, time frame is directed toward the publication of
the results to date in the open literature, continuation cf develop-
ment of one reference design of a space processing system and
organization of twe workshops. Articles have been or will be

published shortly in the Journal of Contemporary Business (Commercial

Prospects for Extraterrestrial Materials — reference 6), Chemical

Engineering (Manufacturing in Space and the Role of the Chemical

Engineer — reference 7) and the Proceedings of the 5th Conference

on Static Electrification at St. Catherines College, Oxford (Elec-

trostatic Beneficiation of Ores on the Moon Surface — reference 9).
A paper ba 2d on the analysis of lunar strip mining is being
prepared and will be submitted for publication early in 1979.

Work at the Institute will concentrate on a continuation of
the definition of a reference model for one chemical processing
approach. We will continue development of prioritized technology
readiness plans extending in scope from terrestrial experiments
to space and lunar experiments, and prototype facilities. We will
complete a flow sheet for the acid-leaching (HF) process proposed

to reduce anorthosite to its constituent oxides. This flow sheet
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will be useful in engineering studies of prototype plants and as

a comparison for other potential processes. It would be expedient
for one of the NASA field centers to conduct a summer engineering
design program on the conversion of this flow sheet into an
engineering specification for a lunar and/or space processing
plant complete with cost and development estimates for a range

of plant sizes. Pnssible variations of the basic process flow
will be explored, such as replacing a Na-reduction step with a
electrolysis operation. Finally, an attempt will be made to
identify exotic compounds which are not presently used terrestrially
due to environmental factors or hazards (example — use of calcium
as etectric wire) but mighc be of potential use in space.

Two workshops are being organized dealing with the production
of glass and ceramic products from lunar materials and the application
of electrochemistry techniques to the electrical separation of lunar
materials into the constituent elements. Professor J. Meckenzie
has agreed to chair and assist in organizing the glass and ceramic
workshop. This meeting will be held in the early part of 1979.
Professor N. Hackerman of Rice University has assisted in promoting
interest on the part of the Electrochemical Society of America
in organizing a jointly sponsored workshop with the Lunar and
Planetary Institute on the direct electrochemical separation of
lunar materials. A proceedings of the workshop is anticipated and
the workshop is planned for the spring of 1979. The interest
shown by high level professionals in a wide range of disciplines
toward the develorment of specific technologies for large
processes is direct and powerful evidence of the reasonableness

of the expectation that many aspects of terrestrial technology can
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be transferred to industrial operation in space and on the lunar
surface. Lower costs o materials and greatly expanded capabilities
in space can directly result from the deliberate planning and
application of the available terrestrial technologies of industrial
materials production to the development of lunar materials as the

early basis for cis-lunar industries.
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Table I

QUALITATIVE MOTIVATIONS FOR THE USE OF
LUNAR AND ASTEROIDAL MATERIALS

The unit cost ($/kg) of lunar materials acquired in space
should be significantly less than the shipping rate of
terrestrial materials to low earth orbit or to deep space.

This is because the lunar escape energy is 5% of that of

the earth and the moon has no atmosphere. Therefore it is
possible to directly eject material from the iunar surface

into space by means of electromagnetic launchers. The electro-
magnetic launchers are embodied as systems which are much less
massive and require less energy (propellant) than terrestrial
rockets over the lifetimes of the two systems.

It is possible to immediately begin detailed planning and
development of lunar supply operations and research on
processing of lunar materials due to the vast knowledge that
has been acquired on the lunar materials and manned operations
on the moon during the Apollo missions and by post-Apollo
research.

I1f the bulk of the materials for large space structures and
their operations are obtainable from the moon terrest: "al
launch operations can be specialized for the transport 10 space
of people, materials not available from extraterrestrial sourrex,
and high technology production and control machinery rather than
bulk cargo. This will permit the use of smaller mature launch

systems, maximize the use of the space shuttle systems for the
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Table I - (continued)
remainder of the century and minimize concerns of the
environmental impacts of terrestrial launches.
Growth of the large scale industry in space will not be
limited by one major engineering system (large boosters for
earth surface to orbit) but will have at least three
separate and distinct materials supply scurces — the earth,
the moon and earth approaching asteroids. The rate of
materials extraction from the extraterrestrial sources can
be expanded in large part by devices made in space, thus
progressively decoupling the cost of further growth from the
expense of terrestrial launch operations over time.
Considerable expertise exists outside of the aerospace community
which can be applied to industrial scale operations in space
for the supply of services to the earth and the generation
of economic systems for use exclusively in space. The key is
to reduce the cost of material inputs to resemble more closely
materials costs in the terrestrial market place. As this
occurs the costs of all space operations are not dominated by
the single factor of transportation expense to orbit.
Techniques and devices developed in the context of a space
system for the processing of large tonnages of materials and
goods will result in the much wider application of aerospace
developments to terrestrial industrial practices than the
far more specialized developments of earlier manned and unmanned

space programs.

b e e
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Table I - (continued)
Increasing the range of participants in the planning and
operations of large space programs will inevitably result
in an increasing rate of discovery of new and profitable
applications for growth of industry into space. The possibil-
ities for future exploitation and exploration will be consider-
ably enriched by an expanded base of in-space operations.
This is probably the only way the economic reach of space
industries can be extended past the service segment of the

national and world economies.
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Table II

SIGNIFICANT RESULTS OF THE "EXTRATERRESTRIAL
MATERIALS PROCESSING AND CONSTRUCTION" PROGRAM

R Y

e e ag o s

An initial scale of materials usage in a large space structures
program such as the proposed space power satellites (4.104 to
105 tons per year) is consistent with the industrial prototype
scale of chemical processing operations (possibly with parallel
units). Development of such processing units is normally
expected to require three to eight years to complete rather
than 12 to 18 years as is common in large scale terrestrial
industries which process far larger inputs of materials

(105 to 107 tons per year) in the intensely competitive
terrestrial economy.

Mature industrial installations in the terrestrial economy

must be refined in design to allow extremely accurate knowledge

of the final costs of products over a wide range or competitive
conditions including labor, materials, financing and markets.
Often success or failure will depend on small differences

between rather similar technical approaches to the same products.
In space the initial competition will be against the cost of
launching bulk or semifinished goods from earth (> 200 $/kg).

It seems reasonable to expect the unit costs of various processes
to be only a few times higher in space than for similar operations
on the earth even in the initial stages of operations (21 $/kg).
Learning curve experience acquired in space operations will

steadily enhance the attractiveness of lunar feedstocks in

competition with terrestrial supplies.

\{ 4
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Table II - (continued)
Three chemical processes have been identified for the
chemical separation of all the principal lunar minerals into
the major oxides and into their major elements. These processes
utilize low temperature and lTow pressure aqueous leaching in
either hydrogen fluoride, hydrogen chloride or sodium hydroxide.
Electrochemical techniques are used for metals separations.
These processes apnear to be compatible with operations in a
space environment although artifical gravity is required in
several of the process steps.
A1l steps in the hydrogen fluoride process are either based
directly on systems used commercially for similar process
steps or are based on common laboratory practices. A set of
small-scale experimental and analytical projects are described
which can be done in university or industrial laboratories.
The experiments will provide knowledge necessary to immediately
proceed to the design of a prototype processing unit based on
the hydrogen fluoride option. The unit could be used for
production tests on the earth and for very early in-space
processing tests in the space shuttle, _
There is minimum or no need for additional exploration at low
lunar latitudes to confirm the existence of usable sources of
the most common lunar minerals as dependable sources of the
major elements (oxygen, silicon, aluminum, iron, calcium,
magnesium, and titanjum). It will be extremely profitable
to survey the vemaining lunar surface from orbit to locate

concentrations of wminor elements and volatiles in order to



[ - 60

Table II - (continued)
enrich the inventory of lunar elements availabie for
exploitation. It will be useful to have high resolution
topographic maps of possible mining sites.

6. Glasses, fiberglasses and ceramics have been produced from
oxide mixtures identical to major mare (iron rich) and
highland (aluminum rich) soils sampled at the various Apollo
landing sites. Mixtures of major lunar soils, soil separates
and elemental separates can provide ingredients for an extensive
suite of glasses and ceramics for a wide range of structural,
processing, optical and other uses. Glass and ceramic
production can be fully explored with terrestrial simulants
of lunar materials. Vacuum production of the test articles
should receive special attention. Unique glass products
produced from lunar soils may be one of the first commercially
attractive products for terrestrial use.

7. Lunar mining operations have been studied by means of parametric
models based on terrestrial experience with strip mine operations.
The initial operations are extremely small by terrestrial
standards. Even the materials handlirg required to construct
5 to 10 space power stations each year (90,000 tons per :tation)
is small by terrestrial standards if electrostatic or magnetic
separation techniques can be used at the mining site to
winimize haulage. Current terrestrial practices are consistent
with a highly automated mining system where most of the human
involvement is in machine maintenance and remote monitoring

rather than direct operations.

L 4
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Table II - (continued)
Electrostatic separation techniques appear\to be directly
applicable to the tailoring of raw lunar soil with small,
low power devices to select only the mineral fractions which
are most appropriate in elemental content to the immediate
needs of the space industrial complex. Device developments
can be done with very small quantities of lunar soil.
However, it is likely that a prototype device for lunar
processing should be tested and operated on an unmanned rover
early in final site verification operations.
A survey of the Standard Industrial Categories (SIC's) of the
United States reveals that the major materials inputs te 64
of these categories is consistent with a lunar supply source
and/or can take advantage of solar thermal/electrical power
in processing and fabrication. Goods in the.e 1972 categories
had an output value of 58 billion dollars. These SIC's
included electrometallurgy, glass, ceramics, 1ight and
spacialty metal workings and fabrication and ciectronics.
These SIC's represented not simply possible product ranges
for space manufacturing but more importantly in the early
stages of space industrialization a vast source of technical
expertise which can te focused on creating space industries.
In addition, the process energy of these products was over
380 Billion kilowatt - hours in 1972. Import from space of
such products also imports to the biosphere this space processing
energy which could be a significant fraction of the total

energy of the nation.

by
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Table III

Non-renewabie resources must be extracted from the earth,

sea, and air and processed into a rform which can be used by
industry. "“Demandite" is an imaginary molecule which contains

the weight fractions of all the various materials used in the
United States in 1968. The properties of Demandite are summarized
below. Notice that fuels constitute the largest fractioa of the

Demandite molecule.

Weight

Use Fraction Components

Fuel 0.46 Hydrocarbon ((‘,H2 to C6H14)

Building 0.45 Calcium carbonate (CaCO3)

Materials Silica (Si0,)

Metals 0.06 Iron, aluminum, magnesium,
manganese, titanium, copper,
lead, zinc, other metals

Agriculture 0.01 Nitrogen, potassium, phosphorus

Others 0.02 Oxygen, sodium, chlorine, carbon

Average Unit Cost - 1.4¢/Kg

‘ Metals Unit Cost - 21.0¢/Kg

' Total Quantity - 3 Billion Metric Tons
Total Costs - 42 Billion Dollars
Average Unit Recovery Energy - 1.14 KwtHr/Kg

Raference {10)
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Table IV

The major problem facing the modern industrial world is to find some
source of energy to replace petroleum. Electricity produced by solar
energy would do this. A new molecule of non-fuel and non-renewable
elements (non-fuel Demandite) can now be defined by subtracting out the
fuel in Table III and introducing the fractions of the elements which
compose the remaining substances in Table III (see columns 1, 2 and 3
belew). Surprisingly, 11 of these 16 elements can be obtained from

the lunar soil with no more than a factor of ten enhancement over their
natural lunar concentrations. The other five elements comprise less
than 10% by weight of the non-fuel Demandite (columns 4 and 5).

(1) (2) (3) (4) (5)
Element Major Use Weight Fractions Apollo 15  Enhancement
Non-fuel Demandite (3) Mare Required (c)
Oxygen (0) .4547 .4130 1.10
Silicon (Si) Building .2444 .2158 1.13
Materials
Calcium (Ca) 1417 .0696 2.0
Carbon (C) .0574 .000095 604.0
Iron Metals .0479 .15635 0.31
Aluminum .0023 .0546 0.042
Magnesium 007 .0681 0.025
(a) .0020 .000022 90.0
(b) .0030 .0189 0.16
Potassium (K) Agriculture .0021 .0008 2.6
Phosphorus (P) .0019 .0005 3.8
Nitrogen {(N) .0083 .00008 103.0
Sodium (Na) Chemical .0095 .0023 4.1
Processing
Elements
Sulfur (S) .0058 .0006 9.7
Chlorine (C1) .0147 .0000076 1934.0
Hydrogen (H) Plastics .0025 .00007 350.0
Totals .9999 .9980

(a) Copper, zinc and lead.

(b) Manganese, titanium, chromium, barium, fluorine, nickel, argon, tin, bromine
zirconium, and boron (mostly titanium and maganese in Column 4).

(c) The enhancements, especially for the minor elements, may vary considerably
from one lunar landing site to another. H may be at lumar poles.

Reference (10)
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FIGURES (CHAPTER 1)

I-1.

I-2.

Schematic of the flow of matter from the sources cn and

in the earth to the final products and losses. Wealth,
personal freedom, and the overali adaptability/complexity
of the industrial societies appears to be det  rmined by

how efficient these industrial activities are and on how
much technology and science can reduce the degree of human
involvement necessary for direct operation of industry.

A11 this activity takes place in the biosphere (natural
recycling system driven by solar energy) and on the bedrock
provided by the surface of the planet. Demandite represents
the average distribution of elements used to form the pro-
ducts of civi]ization.]o
Demandite will be used in a similar manrer in space as

on the earth following the replacement on earth of hydrocarbon
fuels. However, space industries will have a far greater
incent ve to conserve working 7vluids or recycle mass than

on earth in the various industrial processes due to the

launch expense of obtaining and redlacing initial stores from
earth. In this figure the lower case letters correspond to
the total extraterrestrial and terrastrial mass in kilograms
extracted (m', m, de)‘ processed (ds, d), lost (1), or

, ee) from a space industry from the start

exported (ep, e,

of the use of extraterrestrial materials. The mass flow of
personnel to and from space is given by p and p' respectively.
The dots over the small letters indicate the flow rates

of these masses. Initially capital investment in the creation

et S Arne? A R M Ml i o S Hrke L Y
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FIGURES (CHAPTER I) continued
of space irdustry will bLe approximately proportional to the
mass of machines, materials, and people which must be
transported into space [Ce(Kg), p(Kg), p'(Kg)] due to the
high cost of earth to orbit transportation compared to
earth surface or in-space transportation. Thus there is
tremendous incentive to reduce the initial integral launch
mass. As space industry matures its overall efficiency and
economic roturn will be determined in part by the efficiency
with which recycling can be accomplished. The coefficients

c(Kg/kg) and cp(kg/kg) are respectively for 1ife support and

SO Y e

recycled process fluids in industrial operations. These
coefficients specify the kilcgrams of materials which must be
brought from earth to process one kilogram of extraterrestrial
material at a given stage of process on make-up of loss from
one kilogram of life support material. These coefficients
must be much less than unity. In the production phave it is
important to minimize the need for demandite make-up mass from
earth [de(kg/kg)] and capital equipment sent from earth
{ce(kg/sec)] from earth. The coefficients (kg/kg) specify

lkow many kilograms of new terrestrial material must be
introduced per kilogram of processed or constructed terres-
trial facilities or goods output. This ratio changes with
time. The large letters refer to the value added (M', M,

P, Ee’ Eb),by processing or combining terrestrial and extra-
terrestrial materials (D = D, + De) or to the value of input

capital flow (Ce) un a dollars/kilogram ($/kg) basis.
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FIGURES (CHAPTER I) continued.

I-4,

I-5.

Artist sketch, to scale, of the Grand Coulee Dam in the
state of Washington. The small volume of mass on the
upper ieft hand portion is the volume of an SPS compressed
to the iensity of concrete (5 T/m3). The small volume on

the lower right hand side is the volume of the active
electronics necessary in the ground rectenna to receive i0
gigawatts of power from the SPS and convert it to a form
suitable far transmission to terrest:ial users. Grand Coulee
will produce 9.2 gigawatts of electrical power on completion
of installation of full generator capacity.

This is an artist's concept of one particular design of a

Tunar base specialized for the long-term supply of minimally
processed Tunar soil to a collection point in space. The view
is from a few hundred meters above the landing pad to the
sbuthwest of the mair complex. The base is composed of

four converted shuttle tanks in the middle foreground of the
picture, 2 small mining area in the lower right, a photovoltaic
power supply in the middle left and electromagnetic launching
device for soil units stretching from the center to the upper
right. This “ew is of the second lunar day of base
emp1acement.24
This is onre possible concept of a chemical plant in low earth
orbit which is configured to process approximately 30,000
tons/year of lunar soil. Ten .o 15 space shuttle missions

would be required to denloy the plant in lTow earth orbit.

It is described in the text. The gold octagonal soiar array

28
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‘ FIGURES (CHAPTER I) <continued
dominates the picture. It supplies power to operate an
electrolytic separation unit in the background. In the
= foreground, behind the solar mirror is the oxide separation
| unit in which all the common lunar minerals can be separated
by wet chemistry processes for further chemical and electrolytic
processing. Plant mass is less than 300 tons including pro-
cessing fluids which must be brought from earth. Notice the
small bag of lunar soil entering the loading chute. The bag
of soil is to scale for « 2,000 ton unit of lunar soil
sufficient to operate tne plant for 25 to 30 days. 1in the
foreground is a shuttle hydrogen tank reconfigured to
provide a zevro gravity workshop. In the background i: a
rotating habitat for the 20 man crew necessary during the
proof testing phase of the prototype plant. The oxide
separation and electrolysis units are also rotated to pro.ide
controlled gravity for the chemical processing. The iong
black objects extendirg frum the processing units are
=, radiators for the rejection of wa,te heat. The plant is
shown coming into sunlight just over Galveston Bay. Four
of these units could supply the industrial feedstock to build
nne SPS/year.

I-6. Pictorial flow diagram for HF acid leach process. The separation
section (left) shows the steps where the raw or beneficiated
lunar ore s dissolved in hydrofluoric acid and the silica
and metai:ic cxide fractions into fluorides or fluosilicates and
ar2 separated by distillation, precipitation, ion exchange or

cther methocs. 7The portions of the fluoro compounds needed

s
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FIGURES (CHAPTER 1) continued.

I-7.

to supply the elemental (reduced) prcducts are transferred

to the reduction section (right) while the remz ‘nder are

hydrolyzed with steam (or acids) to recover HF and regenerate
silica and metal oxides.

The reduction operations for silicon and aluminum use
metallic sodium, produced by electrolysis of fused sodium
hydroxide to reduce the corresponding fluoro compounds to
free elements plus sodium fluoride. The sodium fluoride
is decomposed to HF and NaOH by ion exchange, hydrolysis
or electrolytic means. Magnesium metal (and calcium if
required) are produced by reducing their oxides with
silicon (or aluminum).

Histogram of the total sales value in billions of dollars
(vertical axis) vzrsus the average value in dollars per
kilogram (horizontal axis) of goods produced in 230
Standard Industrial Categories of the United States

economy in 1972.

-
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PROCESSING OF LUNAR AND ASTERJIDAL MATERIALS

(Separation, Conversion and Refinement) '

Introduction

This report will deal with the general and specific require-
ments of materials processing plants designed to convert raw or
beneficiated lunar soil or rock (or, alternatively, asteroidal
material) into industrial material feedstocks useful for manu-
facturing operations in orbital or lunar locations. Generation
of major materials requirements for space operations from lunar
or asteroidel sources can greatly reduce transportation costs
associated with launch of equivalent payloads from earth due to
more favorable energy and power considerations from the former
sources.

Background

The concept of industrialization of space including manu-
facturing of raw materials and finished products hes been explored
by a number of prior investigators]'3. Recent work has included
sessions at the 1976 and 1977 NASA/Ames Summer Study Programs.
These sessions investigated specific chemical processes for
conversion of lunar materials into silica, silicon, aluminum,
iron, magnesium, titanium and oxygen using carbothermic or carbo-
chlorinat.on reactions to separate and/or reduce the constituents
found ir Tuneér silicate or ilmenite minerals.

in vsen* study was undertaken to investigate the

carbociniorination process in greater detail and perform a

preliminary engineeving analysis of the mass, power and operational
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requirements needed to perform such operations in crbitel ar
lunar locations. At the same time, a reconsideration of some

of the available options in mining, processing and manufacturing
opzrations starting with non-terrestrial sources and including
alternative chemical or physical routes to separate and recover
constituents from lunar or asteroidal materials was begun which
led to the detailed study and analysis of a hydro.hemical process
for treating silicate or ilmenite cres.

Much of the prior study effort was geared to a scenario in
which the lunar base c<tivity was restricted primarily to mining,
beneficiation, packaging and launch support for further processing
in orbit. Refinement and manufacturing would be conducted in
orbit in which critical materials or components not readily
producible from lunar feedstocks or manufacturable in orbit wouid
be 1ifted from earth along with operatiig manpower. The primary
mission orientation dictating the desired output materials from
space processing and manufacturing facilities was the Space
Satellite Power System (SSPS) concept which has been the subject
of in-depth engineering investigations. While the present study
is basically compatible or consistent with this scenario, it is
by no means restricted to such considerations, and the revised
process can be examiued in 2 more general framework of space
industrialization which would address the following four questions:

1. What can be mined and reccvered on the moon or in

orbit more economically than supplied from the

earth?

ne
.

What useful products can be derived from said materials?

3. What product mix options are available?
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4, Can a bootstrap operation be established with a
minimum requirement for earth source structures,
equipment or expendable supplies? (Specifically,
could the materials and processing capability be
established to construct additional processing and
manufacturing facilities to increase production
from the output of initial processing and manu-
facturing units supplemented by a minimal earth-
iift invclvement?)

PART ONE — METHODOLOGY
A. GENERAL CONSIDERATIONS

In common with industry on earth, one may anticipate commercial
use of both native mineral products (raw or beneficiated) and
processed or refined materials (metals, oxides, etc.) for various
applications with price/performance criteria determining con-
sumption patterns. The physical processing requirements for the
unconverted mineral products will be treated in other sections
of thic report and will not be considered further in this
discussion,

Potential Avatlability

kestricting ourselves at this point to lunar raw materials,
we shall discuss the potentiai availability of individual elements
from raw or beneficiated lunar soil and/or rock sources. Results
of remote and direct sampling techniques have shown a remarkable

4 but

constancy of compesition of lunar rock and soil samples,
with some characteristic differences between highland and mare
areas and individual sampling sites. Extensive analytical work

has established that s x elemen*s invariably occur at levels
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above 1% by weight: 0, Si, Al, Ca, Fe and Mg, while a seventh,
Ti, occurs above that level in mare samples, but averages about
0.5% in highlaud sources.5 Thes2 seven elements are considered
the mijor lunar elements and are p tentially reccverable from a
variety of input ore sources.

An additional six elements we shall classify as minor
elements which generally occur a. levels between 0.1 and 1% by
weight.5 These are: Cr, Mn, Na, K, S and P, These elements
are not present at levels which might justify primary chemical
recovery methods, but tney would be expected to accumulate during
the processing of significant quantities of the primary elements
and if recovered, could provide alloying elements for metals or
makeup chemicals for processing reagents such as NaOH, KOH, H2504.
H3P0, and S0,, etc.

The remaining elements normally occur at levels below 0,5%
by weight and we classify them as trace elements. They would
not normally be recoverable in sufficient quantities to nerit
additional processing facilities except in special cases. However,
four of the 1ight elements, H, He, C and N, are of special interest
because of their potential importance as chemical intermediates
and because they could be recovered by outgassing of lunar soil
as well as during chemical soluticen processes used for major
element recovery. The atomic abundance of H may typically -mount
to 1% of the silicon content even though the weight ratio of H Lo
5102 is typically 1:(4,00 - 10,000). This may be sufficient to
replace H‘]css due to residual moisture in plant product after
drying cperations.

In addition to the chemically bound iron in the minerals,
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there is a measurable conient nf reduced (neutral) iron present

as small particlies in the lunar soil. While this constituent
would be considered a "trace" material based on xbundance, the
potential ease of recovery by magnetic methods plus elimination

of subsequent energy intensive stazes attendant to reduction of
ferrcus iion may make recovery of neutral iron an attractive
alternative to recovery of chemically combined ir~n for structural
metal requi-2ments.

Recovery Foiential

(Major Elements)

Separation and recovery of the seven major elements in
elemental form or as their oxides may be achieved by any of the
major processing routes: hydrochemical, pyroctemicai, electro-
chemical or combined processes, such as are used for similar
ope' .tions o earth-based plants. The principal distinguishing
requirement for a successful non-terrestrial prccess is tnat all
reagents, catalysts or other substances employed in the procesc
which might be lost or converted to different compourds wauld have
to be recycled to original form unless their mass (unversion rate
amounted to a small fraction ~f the production rate of the
principal products., A practical limit might be at about the 1%
level. These processes may he conducted either on tho lunar
surface or in orbit. An orbital location would perwit some unit
operations to be conducted in a gravity-free environment if
desired, but materials handling problems seem to make such steps
less attractive. An exception might be for processes in which
corrusion effects have proven severe and in which levitation of

process streams would b: nossible.
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(Minor Eilements)

Recovery or disposal of the minor elements would be necessary
since they will pass through the process stream in sufficient
quantities that their consumption of reagents could not be
ignored. Of these six 2lements, the alkali metals, Na and K,
tend to occur primarily in the feldspar fraction of lunar
minerals while the manganese is found in nearly constant propor-
tion to iron (ca. 1:30) and thus tends to concentrate in pyroxenes
and ilmenites fractions. The three remaining elements, Cr, S and
P tend to concentrate in the scarce mineral fractions spinel,
troilite and whitloc'.ite respectively.

The alkali metals will normally remain in solution in most
leaching~solvent systems and can be recovered by crystallization
or ion exchange. The metals, Mn and Cr would be valuable alloying
constituents for ferrous metallurgy and could be recovered by
é]ectrodeposition, ion exchange or chemical precipitation. The
S and P content could be recovered by an ion exchange or chemical
precipitation.

Any large scale requirement for the minor elements would
necessitate chemical processing on the lunar surface since it
would be impractical to transport large masses of material to
recover a small percentage of the weight of the ore. An exception
to this rule may be possible if very efficient ore beneficiation
of scarce mineral phases caiit be performed by physical methods

such as electrostatic separation in conjunction with mining

operations.

(Trace Elements)

Recovery of trace elements except for the light trazce elements,

C-7/

N - g
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H, He, C and N, would rarely be useful uniess they would be
readily separable on equipment designed for major element
separation processes as for example, from an ion exchange column.
The abundances of precious and soft metals are so low as to make
recovery operations uneconomical. The non-metals present storage
and purification problems while transition metals such as Cu,

Ni, Co would require substantial post-recovery processing to
convert to useful forms.

Some recovery at a later state of trace elements may eventu-
ally prove practical if the slag or refuse output of the major
element processes can be partially segregated or cifferentiated.
Thus, if a fraction of the slag output can be substantially
enriched in heavy metal content or in individual elements, these
can be later reworked if they are separately stored upoun exit
from the plant.

The 1ight trace elements would largely appear as volatiles
released upon dissolving or heating the material processed in
major element recovery. Partial oxidation would generate addi-
tional carbon oxides. These gases could be separ.“ed from
condensible vapors and retained for process make up or special
uses.,

Extraction of additional amounts of the 1ight trace elements
with possible additional elements which could form volatile
species in the prsence of reducing or oxidizing gases may prove
practical on the lunar surface, especially if a commitment to
handle large quantities of lunar soil is made as would be required
in the extraction of neutral iron, The heating of large quantities

of lunar soil to approximately 1000°C for the extraction of light

kg 4
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eiement volatiles would require substantial energy consumption
per unit output, but even without thermal recovery, the energy
requirement would be low in comparison with chemical methods

of extraction. For example, using a mean heat capacity of lunar
rock of 0.2, 2 AT of 1000°C would require about 200 cal/g.

Since the equivalent weight of lunar silicate minerals generally
falls in the range of 15 - 20 g, the sensifble heat per equivalent
would only amount to 3 - 4 Kcal/gram equivalent which is much
lower than most chemical processing energy requirements. If we
assume a nominal recoverable 1ight element content of 300 PPM

(H = 75, He = 20, C = 100, N = 100, Bal = 5) the thermal energy

requirement per unit mass of light elements (mLE) becomes:

6
AH 10°
EEE 200 X 00 667 Kcal/g.,

If one includes S which would be recoverable and would normally
occur at about 1000 PPM, the thermal requirement AH/mVE = 154
Kcal/g where MyE is the mass of volatile elemeats (1ight elements
plus sulfur). These energy requirements are very high when viewed
by normal thermochemical standards, but probably offer the only
practical way to recover large quantities of these trace elements
from lunar sources. However, substantial reduction in energy
requiremerts would be possible by regenerative heat exchange
between degassed and input feed streams.

Derivable Products

The elements listed above can furnish raw materials for a
variety of useful products necessary for various industrial

operations. Table I shows some classes of materials requirements
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for processing plant and manufacturing operations which could
be partiaily or completely met from lunar derived materials.

Not all of these requirements would necessarily prove more
economical to satisfy from lunar source materials and space
processing and manufacturing as opposed to supply from earth,
but their availability should promote further study of practical
feasibility of various options.

Product Mix Options

The relative quantities of various output streams from a
lunar materials processing plant can be selected within constraints
established by various raw or beneficiated feedstocks to obtain
plant design optimized for desired end applications. In addition,
for a given processing plant, some flexi* .|ity in output is
possible by alteration of input feed, although in such cases,

the output of various sections of the plant may not be well

matched, and some process steps may have to operate at substantially

less than rated capacity.

The principal variables include the relative requirements
fcr silica and silicon products, structural metals, refractories
and oxygen. In terms of plant processing requirements, the most
important considerations are ratios of reduced to oxidized
products and gas (oxygen) to solids ratios. The principal
consideration in oxygen requirement is whether or not a sizeable
need for propellant oxygen is established. If it is, the oxygen
requirement could far outstrip the need for reduced products
(structural metals and silicon), but it would still be necessary
to produce metals as a surplus by-product. This output imbalance

could be avoided if reactive metals such as calcium or magnesium

v
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could be utiiized as fuel in advanced propulsion systems.

If only limited demand for propellant oxygen materializes,
it is 1ikely that oxygen released by reduction of structural
metal requirements would exceed all other needs for oxygen. In
such a case, it may be necessary to discard some oxygen since
storage is wore difficult than for the solid products.”

Table II shows some product mix option considerations
applicable to lunar materials processing. Figure 1 and Table III
show the range of individual major metals content as a function
of silica content for principal mineral species potentially
availab’e as inputs for processing plants.

Bootstrap Operational Capabilities

The most important gquesiions regarding the establishment
of industrial activity in spaca or on the moon apart from general
utilitarian and ecenomic contiderations involve the capability
of initial processing and manufacturing facilities to support
and sustain a flexible course of expansion and diversification
to fulfill future requirements of varfous types. It appears clear
that some special requirements in any case would have to be
supplied from earth, but it also appears likely that the major
fraction of materials and fabricated items could be processed
without the use of earth based materials or facilities,

To support general expansion and diversification activity,
there are certain common capability requirements which are
independent of particular mission activity. fhus, the materials
processing activity should be able to produce products which
could be fabricated into essent1a11y s1m11ar processing plants
to permit expansion of output. The manufacturing capability
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should be able to fabricate these additional processing plants
as well as similar and diversified manufacturing facilities,
In addition, the plants shouid be able to produce solar power
systems to support their own operations as well as habitation
and biosupport systems including agricultural sctivities.

It appears that the materials processing section of such
an industrial complex could produce most of the ferrous and non-
ferrous metals requirements, glass, refractories, insulation,
electrical and magnetic materials likely to be needed in chemical,
manufacturing and power plants for use in space. The economic
feasibility of overall industrial development may depend more
critically on efficiency and flexibility of space manufacturing
and fabrication than on materials processing. Certainly the
analysis of cost-effectiveness of various potential routes to
space industrialization will require considerable additional

study.

B. MATERIALS PROCESS SELECTION
Introduction

The selection of chemical or physical processes to convert
raw or beneficiated lunar ore to desired elemental and compound
materials suitable for further industrial processing involves
many of the same factors of cost, raw material availability,
transportation, environmental and personnel hazards, etc., which
influence selection and design of earth-based plants, although
the criteria are weighed differently. In addition, the unique
constraints and opportunities of the space environment must be

considered in selection of suitable processes. One must astablish
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criteria to compute figures of merit for alternative processes

to allow selection of an optimum process route., Once the process
route is chosen, the process can be analyzed in terms of the
individual unit operations which can then be sized using conven-
tional engineering procedures. The resulting preliminary design
can then be compared with other process routes (or with earth-
based processing and launch-to-orbit alternatives) to establish
systems performance of the various options.

Criteria for frocess Evaluation

The prime consideration for evaluation of space processing
and manufacturing systems must center on cost effectiveness in
producing structures, functional hardware and supplies in
orbital locations vs earth-based manufacture and launch into
orbit. In such comparisons, it is essential that functional
substitutions be considered since some items such as organics,
fiber-reinforced resins, beryllium products, copper, silver,
réﬁractory and precious metals, plus materials with appreciable
water content would be difficult to produce from lunar materials.
Fortunately, acceptable substitutes exist for any of those
substances which would be needed in substantial amount..

The cost in orbit of earth manufactured products may be
taken as the earth market price plus the cost of orbital 1ift.
The latter is anticipated to be in the range of $654/kg using
space shuttle technology.* Several estimates of the cost of
launching lunar materials into orbit have been given. It seems
safe to conclude that regardless of ultimate technological advances,

the cost per unit payload of lunar orbital launch is l1ikely to

*NASA Report JSC-12973 Solar Power Satellite Concept Evaluation
(July 1977)

o
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remain at 10% or less of the cost of earth orbital launch given
a sufficient mass requirement.

Regardless of lunar materfals processing and manufacturing
systems chosen, it is unrealistic to anticipate that tue value
added per conversion step will be ccmparable or lower in cost
than similar operations on the earth. On the other hand, it is
fully reasonable to anticipate that the cost of such operations

should not exceed ten times their equivalent cost on earth. To

meet such a limit, it is essential that the mass of capital
equinment, expendables, reagent inventory, and support facilities
which must be launched from earth should be far exceeded by the
annual output mass of such operations. Analysis to date of the
materials processing portion of such operations shows that this
requirement is readily met,

The total "earth suppliad equivalent mass" (ESEM) per unit
mass output chargeable to the materials processing portion of an
industrial facility must be properly defined to permit inter-
comparison between alternative processing systems. It would
appear logical to charge the mass of electrical and solar thermal
power facilities necessary for the operation of the plant plus
the mass of any space radiators necessary for heat rejection
from plant operations or the corresponding fraction of common
power or radiatcr facilities. The mass of capital equipment should
be amortized over its useful lifetime and an "equivalent mass
interest rate" assessed since the mass is originally translated
into 1ift cost. Replacement or expendable mass consumption is
expected to be a consequence of reagent loss plus lubricants and

jtems subject to progressive wear or deterioratton.
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Mass derived from lunar sources should be separately
assessed as “"tunar supplied equivalent mass" (LSEM) which would
include input materfal in inventory and in the process loop. It
seems preferable to charge the output wass fnventory to the
manufacturing operation except possibly for output materials
used captively for plant operations.

Mass for necessary support services may originate jointly
from earth supplied and lunar supplied material., Rather than
attempt to break down such items, it may be preferable to assign
probable cost figures to such support operations.

Output mass must be clearly defined in terms of products
and primary needs. A large mass output of slag-like material
which may only be useful for radiation shielding should perhaps
not be listed as a primary output product in computing plant mass
requirements per unit "output" mass.

In addition to mass considerations, other criteria of
importance in process evaluation include process reliability,
manpower requirements for operation and maintenance, potential
hazards to on-site personnel, adaptability to process scrap
materials, and ease of repair in case of malfunction. In the
latter case, corrosion of parts which can only be replaced from
earth supply is far more serious than corrosicn of lunar derived
parts.,

Original cost of chemizal process equipment per unit mass
is expected to be dwarfed by orbital 1ift costs in all but a
few special cases and thus woujd be of minor importance. If
replacement itewms for many of these units could be fabricated

from lunar materials, this would offer the opportunity for cost
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reductions in growth or replacement in space industrial operations.

Process Constraints

A successful orbital or lunar materfals processing plant
must operate with several constraints which rarely concern
industrial plants operating on earth. These include:

1. Lack of virtaully inexhaustible supplies of air and

water,

2. Lack of unlimited heat sinks offered by (1).

3. Lack of unlimited fuel supplies; coal, oil, electric,
gas, etc,

4, Lack of inexhaustible oxidizing and reducing agents.

5. Lack of expendable acids and bases (except Ca0).

6. Lack of key chemicals: ammonia, salt, chiorine, caustic,
soda ash, carbon dioxide, sulfuric and phosphoric acids,
carbon and graphite and organics.

. 7. Lack of ordinary solvents.

8. Lack of unlimited inertia in foundations (except on
moon).

9., Lack of support vendors,

Theve constraints do not prevent use of these reagents,
supplies or services, but make it essential that ordinarily
expendable materials must be recycled to original form with a
minimal attrition or loss (preferably below 1% per cycle).

This requirement has a corollary in that the output or
material leaving the plant must be a separation and/or recombina-
tion of the chemical elements present in the feedstock. Since
the only non-metallic elements present in significant quantities

from various lunar raw materials are silicon and oxygen, the
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output streams must be necessarily 1imited to elements, alloys,
silicides and oxides.

For the major mineral constituents of lunar rock and soil;
pyroxenes, feldspars and olivine, the compositions are silicates
which may be described as addition compounds of metal oxides and
sflica. Conceptually the processing of such materials may be
broken down into separation of the constituent oxides (includi:-
silica) followed by reduction of that portion df the metallic
oxides and silica desired to obtain structural metal- .r' oxygen
(or higher oxides, e.g., Fe203)1 For ilmenite, FeTi0,, the same

steps are necessary except that no silica is involved.

C. GENERAL CLASSIFICATION OF MATERIALS PROCESSING SYSTEMS

In an attempt to review and discover practical materials
processing systems for lunar or other materials, it seemed worth-
while to attempt a general method of classifying such systems,
Although the number of possible process variables is extremely
1argé. especially in composition of one cor several reagents, there
are certain features in common which distinguish methods of
separating constituent components from relatively non-volatile
solid compounds and mixtures. These separation methods and
operating temperatures are more important in determining the
character and nature of the processing plant than the specific
reagents involved.

To separate one or more constituents from a high melting
point solid with negligible vapor pressure at ordinary tempera-
tures, one must create conditions to allow the desired constituent
to gain a reasonable mobility or diffusibility (M/D) on a micre-

or atomic-scale to permit it to react or migrate so that separation

R .

[N

AR s = 50 i A St R

et




S %m

R

P R Y P

N T T e Y

WNmyrme -

I1-17

may be effected. (In this context, we shall not consider grinding
or dispersion techniques which merely serve to reduce particle
size or permit transport of solid phases by slurries or fluidi-
zation techniques). Figure 2 shows a classification of mobflity/
diffusibility routes in which the output streams are designated
as V (vapor), L (liquid), or F (flufd = V or L). [The intermediate
o' tput of the chemical solid-solid reaction is labeled C*, which
designates a solid state reaction the soiid output of which is
rerouted through the system to some other mobilizing step.]

Once a mobile (1iquid or vapor) phase is available, a

separation from other mobile constituents and residues (shich we

shall define as residual solid material of negligible vapor pressure)

may be accomplished by one of the routes shown on Fig. 3. (The
residues if present may be recycled to the mobility/diffusibility
(M/D) system.) The separation steps are designated by P (physical
S.(semi-physical). C (chemical) or EC (electrochemical).

In many cases, the mobilizing and separating operations may
take place simultaneously or in the same apparatus, Recycling of
chemical reagents may follow the same general ocutline, although
in many cases the volatility or fluidity of the reagents may

already be established.

Flow Chart Analysis

To further expand the analysis, ore may separate an entire
chemical or materials processing system into a network (flow
chart) of steps or ssgments, each one of which may be characterized
by one or more input streams and one or more output streams. If
we denote by (I,0) the number of inout and output streams, a (1,1)

segmen,. represents either a materials mover such as a pipe, pump,

——

P N



I Moy

aancyrwdal |, "

P e s e R

T TR

IT-18

conveyor, etc., or a stream heater, cooler, grinder, crusher,

or physical treatment unit. A flow chart is the representation of
such a network in which the (1,1) segment representing flow lines
are usually drawn as simple lines., Any segment with two or more
outputs must of necessity incorporate some phase separation
function except for special cases based on differential concen-
tration of a single phase as, for example, with gaseous diffusion
units. We may also distinguish between physical segments and
chemical (reactor) segments according to whether lack of or
presrnce of a chemical reaction takes place in such steps.
Finally, we may note that a mobility/diffusibility step is only
required when solids with little ar negligible vapor pressure
must be treated to permit extraction or flow of a desired
constituent and when surface reactivity of the grain is expected
to be too slow,

If reasonably pure output products are desired (e.g., 99%
purity), 1t is clear that the seven major elements will require
at least six separation steps (assuming (n,2) steps) if all these
elements are desired either in reduced or oxide form, Even if
one is only interested in recovering oxygen, silicon, aluminum
and iron in commercially pure form, it would appear that at least
four separation steps would be required. In addition, extra
separation steps may be anticipated for recycling of necessary
reagents.

The enormous number of process variations possible may be
realized when one considers that even if a single separatiun
process for each of the 22 categories shown in Fig. 3 was con-

sidered for each of the six separations above, one would have
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more than 113 million combinations (??6) of separation segments
to consider. The 13 classes of M/D steps would further increase
the number of possible process v-riations.

The compiete network or flow diagram must contain steps
necessary to recycle all reagents not derivable from lunar soils.
A detailed mass balance chart should also include mass replace-
ments for electrode attrition, wear or :orrosion of containers,
etc. These latter considerations in many cases may require a
greater mass replacement rate than reagentlrecyﬁle loops with
readily achievable efficiencies. .

In order to narrow the field of promising materials processing
system and 1imit the cost and scope of development effort expended
in analysis and improvement of parallel processes, it is impera-
tive that a method of rating comparable processes be established
based on realistic evaluation of anticipated performance and

realistic assessment of technciogical risks involved.

General Survey or Overview of Processing Methods

For the M/D sections, the physical options have an advantage
over the other routes in not requiring rcagents or solvents., On
the other hand, either very high temperatures and/or low pressures
or high energy excitation is necessary to vaporize or fluidize
silicate rock. Vapor pressures below about 0.1 Torr so restrict
materials transfer rates that they are seldom of process interest
for high volume production. In systems at very high temperatures,
thermal losses at low pressures are apt to be excessive relative
to mass transfer rates., Appendix A gives an analysis of the ratio
of thermal losses to materials transport in low pressure, high

temperature systems,
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Neutral* solvent systems (L2) would normally be employed
rather than fusion (L1) if a substantial reduction in melting
point or operating temperature is possible. There would be little
incentive to use a neutral solvent at operating temperatures near
the melting point of the feed material. Reactive* solvents
(L3-6) can operate from at or below room temperature up to high
temperatures, but the latter would probably not be useful for
the same reasons as with neutral solvents. All of the chemical
systems listed here are considered to operate below the melting
point of the feed material, For higher temperature chemical
operations, the feedstock is presumed to have melted (L1) and
the chemical reaction is treated in the separation section.

For the s. a4ration section, the physical and semi-physical
options involve well recognized phase and homogeneous separations.
The diffusion routes (P1 and P7) are often not too highly selec-
tive at useful concentrations and are generally empivyed only
when no alternative phase separation is practical or convenient.
The two phase scrubbers and absorbers (Sl’ 52. Cz, 53) are often
useful at low to intermediate temperatures but are apt to present

severe materials problems at elevated temperatures.

General Ohservations Concerning Chemical Conversions

The previous classification does not separately group steps

to produce free elements or other reduction products. These

*A neutral solvent is defined as one from which the original
material may be recrystallized (in principle) in a substantially
equivalent form to its original state. Reactive solvents produce

chemical alteration of one or more constituents of the solute.
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do not differ materially from other chemical steps and require
the same types of separation procedures. Metals reductions at
temperatures above their melting points are generally self-

separating due to the common immiscibility of molten mevals with

non-metals, slags cr fused salts. (This is not true in all cases, j
however.) However, the separation of constituent elements of ‘
alloys is generally difficult. ;
Solvent systems may be subdivided into aqueous (L3, L4) and
non-aqueous classes., In the former, the water solubility in acid
and near neutral solutions of metallic compounds is of general
interest, We may note that most metallic nitrates, chliorides,
perchlorates, fluoborates and fiuosilicates are water scluble,
while there is some 1imited solubility of fluorides and sulfates
for some of the metals. Most of the remaining common anions
form insoluble salts with all but the alkali metals. Nitrate,
perchlorate and fluoborate compounds present stability or avail-
ability problems that render them less attractive than the other
salts for general separation and reduction operations.
In basic solution, only the silica, titania, and alumina
fractions are likely tc have sufficient solubility to be of

interest, and these constituents are often rendered insoluble

+, Mg++, etc.

+
in the presence of polyvalent metallic fons such as Ca
Recycling of base (NaOH) is somewhat more difficul* than for acids

due to lower volatility.
Most metal chlorides are readily vaporized, while fluorides
are much less volatile, Both are easily reduced by active metals

or electrochemical action. Sulfides are also potential candidates

£ 4

for metals reduction, but many have very high melting points.
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Classification of Previously Proposed Processes

Prior studies had examined processes based on melting silicate
rocks or soil followed by chemical reduction'® (carbsthermic and
silicothermic reduction) or electrochemical reduction (electroly-
sis).6 Another proposed route involved conversion of silicates
to chlorides using carbon and chlorine fo.lowed by separation
and/or reduction.7 Acid and basic leach processes were also
studied in previous reports under this contract. These materials
processing systems for lunar materials may be classified in
accordance with the above method hsing a shorthand notation of
the M/D section and the separation section as follows:

Carbothermic reduction L1, C4; CO recycle C2 or C3

(See Fig. 4)
Carbochlorination F2, plus P2, P6 and/or P5;
Reduction P2, EC2 and C6, etc.

Electrolysis of

Molten Silicates L1, EC) or 2 plus additional
separations
HF Acid Leach L3, plus P2, C1, and (P7, S3,
and/or €5, EC1); RF1, R'V4, etc.
Basic Leach L4, plus C5 and RF1, etc.

The complete process including all recycle and regeneration
steps can be described by such a notation if all solids separated
are given an R designation and all fluids requiring additional

processing are given an F designation. These notations are included
on several of the flow charts appearing in this report.
Assessment o. Prior Methods

The carbochlorination process was studied in greater detail

in the initial phases of this contract study and these results

A,s‘
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appear in a later section. Analysis of this route revealed
that the facilities and power requircd to recycle the chlorine
and carbon from such reactions overshadowed the plant facility
needed for formation of chlorides and hydrolysis or reduction
of the initial separation products.

As a result of that study, it became apparent that it would
be far preferable to perform the chemical separation of constituent
oxide components by processes which did not require oxidation or
reduction of the input material or reagents. This arises since
the energies of reduction of the principle oxides of lunar silicates
exceed 50 Kcal/gram equivalent compared to 5 - 10 Kcal/equiv.
for most solution processes, and further that the oxidation-
reduction steps must invariably be reversed in an electrolysis

step which tend to be slow and thus impose substantial mass

penalties.

Solution Processes for Chemical Separations

A number of solution processes routes were examined for
possible use in lunar materials separations. These included:
(Low temperature, aqueous)
1. Acid leach
2. Alkaline leach

(Medium temperature, nonaqueous)
3. Caustic fusion

4, Carbonate fusion

(Medium temperature, high pressure)

5. Stean leaching
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(High temperature)

6. Lime sinter

A comparative model for rates of solution of silicate rocks
and glasses in various solvents may be drawn from data on chemical
reactivity of fused silica shown in Table IV. These results
indicate HF is the most rapid solvent for silica of the low
temperature (aqueous) reagents. Process 6 involves the addition
of excess lime to lunar silicates with firing to produce "lunar
cement" phases; i.e., mixtures of €4S, C,S, C3A. etc. These
phases may be hydrated and acid léached or hydrolyzed for separa-
tion. The hydration and hydrolysis reactions also tend to be
sluggish except under» autocltave conditions.

The preceding considerations plus kinetic expectations led
the author to select a HF acid leach route for the M/D and subse-
quent separation steps for in-depth evaluation. This process is

an adaption of one previously studied for extraction of industrial

feedstocks from coal ash.

Reduction Processes

Reduction processes may be expected to differ in significant
aspects depending on the element being recovered. The principal
routes may be divided into direct (electrochemical reduction)
methods and indirect (pyrochemical) methods — however, the latter
would generally require electrochemical regeneration of the
reducing agent. For processing on the lunar surface, it may be
practical to use neutral iron as a reductant with ferrous or
ferric oxide as spent product without attempting to recycle the
iron. Such open cycle use of reductants, which is commonplace

on earth, would be prohibitive in orbit due to high launch costs
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even from the moon.

Direct electrodeposition processes may be conducted in a
variety of electrolytes, but only a small reaction of lunar
metalliic content may be deposited from aqueous solution. Of
the major and minor lunar elements, only Fe, Mn, and Cr are

82 J1though Na, K,

normally platable from aqueous solutions,
Ca, and Mg could probably be recovered by using a mercury

cathode (see Appendix B). Aluminum might be recovered with

ternary liquid metal alloy cathodes, but its solubility in

mercury appears to be too Tow for practical operation.

A1l c¢f the metals are recoverable hy electrodeposition from
various non-aqueous electrolytes, principally fused salts, but
these processes pose a number of corrosion and anode durability
problems, depending chiefly on the temperature of operation,
Electrodeposition from electrolytes containing two or more of
the reducible elements may also present formidable purification
problems.

It would be highly desirable to generate oxygen at the
anode instead of chlorine or other product, since reconversion
of the chlorine to chlorides and evolution of oxygen in some
recycle step would involve another oxidation-reduction reaction.
Electrolysis of fused silicates, carbonates, hydroxides, or oxides,
or such compounds dissolved in molten fluorides can generate
oxygen, but for such processes conducted above 400 - 500°C, the
resistance of potential anode materials deteriorates rapidly.

For example, in commercial aluminum production, the use of graphite
anodes results in virtually complete conversion of the oxygen

to carbon monoxide and dioxide at temperatures between 950 and
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1000°C. Despite considerable work in this field, no satis-

factory durable anode has been developed for this application.

One may, of course, recycle the oxides of carbon to oxygen
and graphite, but this is not an easy operation, and the fabrica-
tion of graphite electrodes is a very slow and mass intensive
process and should be avoided if at all possible.

Fortunately, satisfactory electrodes with very long service
lives have been developed for oxygen evolution from aqueous
solutions and from fused alkali hydroxides operating near 300°C.
Electrolysis in this latter system'was pioneered by Hamilton Y.
Castner who developed a process for production of sodium that
"made possible the world's furst truly commercial process of

u8¢C

making aluminum nearly a century ago. The Castner cell was

subsequently superceded for sodium production, and aluminum
production from sodium was discontinued, but a modification of
this method appears to offer many advantages for an extra-
terrestrial reduction process.

This process would generate the required number of reduction
equivalents of sodium plus oxygen, and the sodium would be used
for indirect (pyrochemical reduction) of silicon and the structural
metals. Reduction of magnesium halides with sodium would not
proceed to completion under normal circumstances, but magnesium
oxide may be reduced with silicon which can be formed by sodium
reduction,

The difficulties attendant upon separation and/or direct
reduction of constituents of complex oxides and silicates prompts
one to examine various classes of compounds which can be generated

by treatment of the oxide materials by various reagents. From the

&
3



.
B s |

IT1-27

previous discussions on aqueous solvent systems, one might wish

to consider nitrates, chlorides, perchlorates, fluoborates,
fluosilicates, fluorides and sulfates., Sulfides, carbonates,
phosphates and (to a limited extent) carbonyls might also be
usefully employed in certain phases of materials processing loops.
Nitrates and perchlorates present potential difficulties due to
their instabilities toward severe thermal or oxidation-reduction
conditions and to the difficulties in resynthesizing such reagents.
Fluoborates seem to offer few advantages in comparison with
fluosilicates and require makeup .of another lunar deficient
element., Sulfates, carbonates and phosphates seem to present
limited capabilities in general solubility/separation operations
but might be useful in specific separations.

Ammonia/ammonium salt chemistry ha; a unique advantage in
that pyrolysis of ammonium compounds can usefully purify a number
of the major and minor lunar elements as readily convertible
compounds, The stability of ammonium ion or ammonia is not as
great as halides toward severe oxidation or thermal exposure,
but it is better than nitrates or perchlorates and regeneration
is fairly easy in comparison with these compounds.

Figures 5 - 8 show the free energies of formation per two
gram-equivalents for oxides, fluorides, chlorides and sulfides
vs. temperature. In general, elements farther down on such charts
form more stable compounds than elements high on the charts and
thus are capable of reducing the latter compounds. One notes
that sodium and potassium are more effective reductants in the
halide and sulfide systems than in the oxide system,

In the absence of reliable kinetic data, it is difficult

-




M 2™

Y
bt
&

Woomme .,
>

-

IT -28

to estimate the size and mass of process equipment which will
be required to obtain unit output from any proposed processes.
However, from the experience obtained during the course of this
investigation, it is possibie to 1ist certain features that
should probably be avoided or minimized if possible. Tnese
include:
1. Steps that require long completion times.
2, Steps in which the input material is present in low
concentration,
3. Mass transport of volatiles at very low pressures.
4. Phase separations from viscous suspensions.
5. Reactions with low percent conversion per pass.
6. Reactions involving handling or storage of large volumes
of gas.
7. Reactions involving large transfers of heat to or from
single phase fluids, especially gases, using heat

exchangers,

(§-]

Processes which reject large amounts of process heat

at Tow temperatures (below 2C0 - 300°C).

L 3]

. rrocesses fcr which suitable structural materials do

not offer reasonable service lives.

D. CHEMICAL PLANT DESIGN

General Considerations

A chemical plant for extra-terrestrial materials processing
may be expected to utilize equipment very similar to that employed
in earth-based plants. Because of the importance of minimal mass,

most apparatus initially brought from earth will be constructed
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of materials of Lhigh specific strength (strength/weight ratio)
perhaps using thin linings of corrosion resistant materials
(e.g., even gold). Later equipment made from lunar materials i
wouid not require extraordinary strength/weight ratic materials.
Special consideration may also be required to be compatible with
the special space environmental factors encountered during trans-

port, assembly and operation. These include unlimited vacuum

sink, adjustable level of artificial gravity (except on lunar
surface) and provision for radiative dissipation of
process heat loads.

Space Environmental Factors

(vacuum)

The vacuum sink availability for space processing facilities
may be useful for several types of ¢. .tions either in orbit or
on the lunar surface. The most generally useful would be the
ability to use refractories and structu:il materials which are
norﬁa1]y sensitive to oxidation at higher temperatures than
would otherwise be possible except inside vacuum furnaces. Thus,
ordinary steels could be used for retorts in metals reductions,
and such materials as titanium and refractory metals, carbon and
carbides, boron nitride and other non-oxide refractories could
be used for structural and insulation purposes without danger of
excessive oxidation. This should permit improved multilayer
radiation shield insulations for extremely high temperature
processes. Sublimational effects may 1imit the utility of such
systems for certain applications, however,

The use of space vacuum as a separation technique may have

¥

very 1imited application, since the escape of volatiles except
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for very 1imited amounts of oxygen or water vapor could rarely
be tolerated.

It would appear desirable to locate most of the processing
facilities in a large container with an atmosphere and temperature
compatible with human activity. This would permit easier
inspection, maintenance and operation of the system and thus
greater productivity.

(Gravity)

The reduced gravitational attraction for lunar based plants
or adjustable centrifugal forces fof simulated gravity in orbital
plants will allow some mass savings in support structures for
process equipment. It seems likely that most of the chemical
unit operations would not operate satisfactoriiy under conditions
of weightlessness, since all mass transfer operations except for
introduction of gases into a vessel would be unnecessarily
complicated by absence of a gravitational effect. Storage tanks
or reactors of fixed volume for solids, liquids or slurries would
be difficult to load or unload and such operations as filtration,
distillation, countercurrent extraction, etc., would be rendered
difficult if not impossible.

The most 1ikely uses for weightless procesing would be for
heating corrosive reaction masses by radiation or induction using
gas jet or electromagnetic repulsion to prevent contact with the
walls of a chamber and, after removing volatile products,
byproducts or impurities if present, allowing the reaction mass
to cool in plece or in a "drift tube" zone until it could be

handled.
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(Heat Sink)

The unavaflability of massive externai air or water heat
sinks makes management of process waste heat especially important.
A1l major heat rajection loads will ultimately have to be trans-
ferred to space radiators for final disposition. In add.tion,
the poor heat transfer characteristics of vapor heat exchange
devices makes such a2lemen.s heavy and undesirable. This leads to
the general conclusion that to raise or lower the temperature of
a gas stream it will be preferable to adiabaticaily compress or
expand the stream rather than use wall or tube type heat exchangers.
Similarly, in distillation operations it will be advantageous to
use a suitable temperature by adiabatic compression. The mass
penalty for additional pumping power will usually be far lower
than other alternatives for disposition or transfer of process
heat.*

Unavoidable low or medium temperature heat loads, such as
from électro]ytic ~e11s may require heat pumping to higher tempera-
tures to avoid excessive space radiator masses. Appcndix C gives
a simplified analysis which indicates that below some temperature
determined by mass:power ratios of space power systems and mass:
area ratios of space radiators, it becomes desirable to heat pumps
all heat rejection leads to such base line temperatures. Similarly,
refrigeration equipment for liquifaction of cryogenics should have
heat rejection temperatures at the same level.

Reagent and Equipment !'ass

For solution processes, the mass of the solvent system will
generally exceed the mass of lunar input material except where

solutions of over 50% by weight are practical., A more typical
*See e.q. "Heat Transfer", A. J. Chapman, MacMillan (1960)
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level may be about 5 - 10% by weight of solute. Furthermore,
not all of the solute may be cransferred per pass when the
various separation or extraction steps ia-e performed, so the
ratio of solvent to "active solute” mass is normally much greater
than unity.

Fortunately, for aqueous solutions, most of the solvent
mass need not be transported from the earth, since the oxygen
content which represents 88.8% of the mass of water, is derivable
from lunar materials. Even the hydrogen content may be extracted
in sufficient quantities to largely or entirely replace the
content lost in residual moisture content of plant prcducts.

One may inquire as to the relative magnitude of equipment
and reagent mass for the various units needed for a chemical
processing plant. Specifically, one would “ike to know whether
the vessels, tanks, pipes and other items of process equipment
weight more or less than their contents. Appendix D gives a simple
anaiysis which shows that for most cases of equinrient which conains
10% or more material in condensed phases, the contents may be
expected to far outweigh the container. while for gases the
container wili invariably outweich the contents and furthermorn,
in this case, the ratio of container to content mass is practically
independent of pressure.

This finding reiterates the undesirability of processes
which require storage or handling of iarge volumes of gas. In
addition, for processes operating primarily in condensed phases,
the mass of the processing operation, apart from power and radiator
facilities, will probably be dominated by the masses of reagents

involved, which in turn will depend on reaction and process times
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for the individual steps. 1In the analyses which follow, we
shall estimate both total reagent masses and net (earth based)
reagent macses for some of the process steps of the HF acid
leach process.

It shall be convenient in the subsequent analyses to define
three mass ratio terms; R , R'm and r

m m
ti.e ratios of the mass of vessel contents, net mass (LDE)* of

which are respectively

vessel contents, and mass of container to the equivalent input
mass of lunar ore contained in the respective vessel or process
apparatus. Each process step is characterized by a process time,
t = &/v;, and the products tRm, tR'm and trm having the dimensions
of time (hr) represent the time required for the passage of
sufficient input material to equal the weights of gross or net
contents or container for the step in question. Summation of

the appropriate tR or tr products then yields the total times
required for the passage of sufficient input raw material to

equai the gross or net reagent masses or structural masses for

the processing system., Additional equivalent times may be derived
to account fer masses required for mechanical and thermal power
sources and distribution equipment, motors, pumps, compressors
heat transfer equipment, space radiator facilities and other
necessary support functions.

Unit Operations

The unit operations required to perform the processing steps
required for conversion of raw materials into industrial feedstocks

are those generally familiar to the chemical engineering profession,

*Lunar Deficient Elements — A1l elements except the 13 major

and minor lunar elements.
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These may be grouped into the foliowing classes:

1. Materials handling; storage, conveying, pumping,
compression, mixing, stirring, extruding, grinding,
metering, etc,

2. Phase separation: distillation, filtration, extrac-
tion, drying, defoaming, precipitation, crystallization,
sedimentation, centrifugation, etc.

3. Heating and refrigeration; generation and transfer of
heat into or out of reactors and other processors.

4, Reactors; solid-solid, solid-liquid, solid-gas, liquid-
liquid, liquid-gas, and tri or polyphase systems,

(Materials Handling)

Except for storage, these operations are not expected to
require substantial masses. Most material can pass through a
materials handling step with velocities of .01 - 1 meter/sec
or even higher so such units would rarely have to handle more
than a few minutes throughput of the operation. Fine grinding
using a ball mill or equivalent may be somewhat slower, but is
not expected to be necessary for processing of lunar soils.
Entrainment of 11quids or dust in gas flows may become a problem
in lunar gravity or low artificial gravity, but inertial gas-

or hydro-cyclones or other devices may be used to suppress

carryover,
(Phase Separation)

The actual physical separation of different phases 1is
usually limited by pressure or inertial considerations such as
foaming or entrainment in distillation columns or sedimentation

velocities in centrifugal filters or sedimentation centrifuges,

N A e,

<-' -
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although the material process time may be limited by heat
transfer rates, growth rates of crystallites or precipitates,
etc., Because of the recycle nature of the “arious materials
flow loops, it may be more desirable to shorten process times
even at the expense of recycling larger than normal fractions

of intermediate flow streams to reduce masses of intermediate
stages. However, at the exit stages of the plant, it is
important to limit loss of reagents, especially those containing
lunar deficient elements (LDE), sn it is necessary to attempt to
carry those steps nearly to completion.

As an illustration of the basic problem which might be
common to any processes using water as an intermediate rinse or
reagent, we may discuss drying of non-metallic output streams.
Most finely divided metallic oxide or silica solids have an
adsorbed or chemisorbed water content which can be removed by
application of heat, time and pressure differential., For many
cases in which industrial drying of solids is practiced, the
observed drying rate or rate of weight loss is initially nearly
constant, but below a certain moisture content, the rate drops
and often becomes nearly proportional to the "excess residual
water content" or content in excess of the equilibrium level
corresponding to the local temperature and pressure.9 For such
a dependence, drying would continue at a progressively slower
rate for an infinitely long time and never reach constant weight,
For a practical process, the operation must be terminated at some
reasonable time or residual moisture content. In Appendix E we
show that tne optimum time or moisture content can be evaluated

in terms of the minimized total mass of drying equipment and

M 4
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replacement mass to supply hydrogen for water lost.

Since the same mathematical dependence often occurs for
chemical reactions approaching equilibrium, the preceding tech-
nique may be employed to calculate optimum process times and
convergence (toward equilibrium) for chemical reactors.

(Heating and Refrigeration)

Process heat requirements may be satisfied by primary
electrical or solar thermal sources, or indirectly using steam
or other working fluid or by exchange with other process flow
streams. For processes in which solar thermal energy is possible,
one may anticipate a substantial mass reduction for equivalent
power levels. Appendix F gives some approximate values for
masses of solar electric, solar thermal and space radiator power
structures estimated from studies developed for SSPS systems.]o
It is seen that mass reductions by factors of 30 or more may be
possible by substituting solar thermal for solar electric
power,

The coupling of thermal energy into powdered solids is often
a troublesome task, and can rarely be done efficiently by radia-
tion., One would normally prefer to heat such material by exchange
with recirculating gases heated in an adjacent unit by contact
with structures heated by a solar furnace, electric arc, resistance
or induction sources. In certain cases, it may be possible to
heat the powdered solids by high frequency dielectric or microwave
energy.

In heat exchange in which gas flow in one or both streams
plays a part, one would 1ike to operate at very high velucities

or Reynold's numbevs since the heat transfer coefficients in
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turbulent flow are roughly proportional to the 0.8 power of

velocity or Reynold's number.]1

Heat transfer involving fluids
in boiling or condensing flow are much higher than when no phase
change is involved, so when liquids must be heated it is advan-
tayeous to operate under conditions of solution pressure and
heater temperature to produce nucleate boiling at the interface
when vapor pressures permit such operating modes.

Refrigeration or cooling operations may be required for
process steps or for collecting, separating and storing non-
condansible gases. Oxygen storagé and hydrogen storage will
probably represent the largest power and equipment requirements.
Liquefaction of these gases would greatly reduce masses of the
storage vessels required to handle these materials. By sub-
cooling down to the triple point or lower, even further weight
reductions are possible.

(Reactors)

The design of reactors is usually dictated by the heat
balance requirements (endothermic or exothermic) and whether
internal or external heating or cooling are required. Internally
heated or cooled systems can usually be designed in large tubular,
cylindrical or spherical vessels, while external heat transfer
usually requires a large surface area and at least one short
dimension (ca 0.2 to 0.5 m). Electrolytic cells usually require
a low anode-cathode separation (ca 0.1 m or less) to avoid
excessive power losses, but the cell may contain multiple anodes
and cathodes and thus attain considerable minimum dimensions.
Heat rejection requirements usually limit the size of electrolytic

cells, however,
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It is somewhat remarkable that the mass output of a diverse
range of chemical reactors per unit volume per unit time in
sizes that span over five orders of magnitude are nearly constant
lying close to 1 lb/ft3 hr in English units or about 16 kg/m3 hr,
Figure 9 shows a graph of several reactors from blast furnaces and
cement kilns at the large end to electrolytic cells and magnesium
and zinc retorts with volumes below 05m3*. This chart can be
used to predict or verify the size of reactors for lunar materials
processing steps estimated in the absence of pilot plant qualifying
data.

Corrosion attack on reactor structures or general thermo-
physical deterioration may be expected to some degree in all high
temperature processes, exce,t where cold wall systems are used.
This reality may present the grec*est deterrent to use of very
high temperatures in materials processing steps. The use of
valves, pumps, filters, materials nanciing and other equipment
and the containment of pressures becomes exceedingly difficult
at temperatures above 1500°C. Reijability of operations may be
adversely affected, and maintenance requirements excessive if
many operations are carried out at such temperatures. In contrast,
suitable apparatus and materials have been developed for handling
almost any cubstance present in water solutions or steam-based
systems,

General Sizing Considerations

The size of chemical reactors and other process equipment
is generally controlled by one or more of three factors; reaction

kinetics, heat transfer limitations (surface area) or momentum
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*Data compiled from Ref. 24 and other sources.
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limitations in which the inertial effects of mass movement may
cause foaming, ent}ainment or turbid dispersion of multiphase
systems. The reaction rates in heterogeneous systems are often
diffusion 1imited, but the use of fine particles and high turbu-
lence can increase throughputs in gas-liquid and gas-solid
systems. For reactions involving crystal or precipitate growth,
oniy the degree of supersaturation or control of nucleation can
markedly affect the process rate. The rates of most chemical
reactione can be increased by raising the temperature, but the
equilibrium constant or conversion fraction may te adversely
affected for some cases. This may also require higher pressure
apparatus which will then require more massive reaction vessels.
The engineering characterization of any proposed process may
be identified by parameters as shown in Appendix G. The sizing

(volume) of equipment for any segment may be expressed as:

where b1 is the mass flow rate of component i (kg/sec), 2 is a

characteristic length (me :r) of flow path in apparatus, Py is
the partial density of component i (kg/m3). vy is a characteristic
velocity of the ith component (m/sec), and t is the process time

(sec).

It may be extremely useful to calculate typical size data
for all of the general classes of M/D and separation proc~dures
likely to be encountered in lunar materials processing step. as
an aid to selecting promisin: options for such steps.

For any proposed process step that has not been tried even ﬁ
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in an earth based pilot plant, it will probably be necessary to
conduct pilot plant tests using simulated ore to verify projected
reaction rates, before any real confidence can be obtained in
plant sizing and output calculations. In the absence of such
tests, it is highly probable that the capacities of individual
processing units will be mismatched and some of the plant will

be operating well below rated capacity to avoid accumulation at
the output limiting steps. Such mismatches would in no way
reflect on the ability of the individual units or the entire

processing plant to perform their designated functions.

PART TWO — SPECIFIC PROCESSES

E. ANHYDROUS PROCESSES

.Introduction

The analytical phase of the present contract led to a semi-
detailed study of the engineering requirements of the carbo-
chlorination process and an in-depth study of the HF acid leach
process. Limited studies of the alkaline leach and HC1 acid
leach (ion exchange) process were also completed.

E1. CARBOCHLORINATION

As previously mentioned, a carbochlorination method of
treating lunar feldspars was proposed in earlier studies for
obtaining silicon, silica and aluminum from lunar sources.7 Full
details of the necessary recycling steps were not developed in
the previous studies. The process was based on the conversion of
lunar silicates to silicon and metal halides which were separated
on the basis of volatility and melting point differences prior to

secondary processing. The halides were then either reduced
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pyrochemically or electrochemically or hydrolyzed to hydroxides
and/or oxides.

The first requirement in the analysis of a processing system
is the development of provisional process equations for all
reactions including the recycling of reagents. For this purpose
we need an empirical equation for the input raw material. Previous
studies of the mining and beneficiation of lunar ores12 had estab-
lished the compnsition of a hypothetical lunar feedstock prepared
from lunar highland soil beneficiated to consist of 90 wt. %
Plagioclase (feldspar) and 10% résidue. This is shown in
Table V with the corresponding molar content per 100 g concentrate.
Rationalizing this composition to unit molar content of Cal leads i
to an approximate empirical formula of Cal - A1203 « 2.25 5102 .
.15 MO where M = 2/3 Mg and 1/3 Fe with a "molecular weight" of
300.5. The remaining minor and trace elements bring the total
molecular weight to 303.1 and result in an equivalent weight of
17.52,

The b»<ic process route chosen involves carbochlorination
of the ore to form chlorides of the elements plus carbon monoxide.
The aluminum chloride is electrolyzed to form aluminum plus
chlorine, a fraction of the silicon chloride is reduced with
hydrogen to elemental silicon plus HC1. The remaining chlorides
are hydrolyzed to form hydroxides plus HC1 with the latter being
electrolyzed to regenerate hydrogen and chlorine.

The hydroxides are calcined to recover oxides and water,

The carbon monoxide is processed by one, or more of several

routes including hydrogenation (which is in commerciai use)

followed by cracking or pyrolysis, or absorption (in alkali)
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followed by electrolytic reduction in fused salts., Finally, any
excess water generated in the process will be electrolyzed to
form hydrogen and oxygen., The hydrolysis of the calcium chloride
can be conveniently combined with the regeneration of chlorine in
an electrohydrolysis step analogous to that used in the
chloralkali industry.

The principal difference between electrolysis of sodium
chloride and calcium chloride using diaphragm cells is the greatly
reduced solubility of calcium hydroxide which would form a slurry
which would simplify removal from the catholyte. The returning
electrolyte would require a slight acidification along with
replacement of Cac12 content.

The preceding can be summarized by the equations in Table VI.

Equations 8 and 12 are subject to revisicn if electrochemical
reduction of carbon oxides is employed.

Minor modifications to the preceding equations might include
electrodeposition of Fe and Mn instead of hydrolysis and hydrogen
evolution from transition metal chloride solutions and reduction
of silicon and/or magnesium by sodium or calcium which could be
obtaired by electrolysis of fused chlorides or hydroxides.

A provisional flow chart for the process if given in
Figures 10 and 11:

An engineering analysis of the prt’sjpal power and plant
sizing requirements is given in Appendix H. The principal power
requirement involves the regeneration of chlorine (Eqns. 2, 3, 4
and 7). For an annual input capacity corresponding to a proposed

mature space industrial operation of 399,000 metric tons, this
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would require a chlorine manufacturing facility larger than any

existing plant presently in operation.

E2. ELECTROLYSIS OF MOLTEN SILICATES

Limited investigations of direct electrolysis of molten
silicates of compositions similar to lunar basalts have Dheen
performed.6 The high melting points and viscosities of molten
silicates have created problems and prompted studies of various
fluxing additions to the melt. This modification, of course,
negates the "reagentless" advantage of the direct electrolysis
route and requires consideration of extraction and recycling of
fluxing reagents.

The chief objections or probhlems awaiting solution are the
corrosion or durability of anodes used for oxygen recovery and
the purification and separation of cathodic reduction products
which are Tikely to consist of iron-aluminum-silicon alloys plus

minor amounts of additional impurities.

F. HYDROCHEMICAL (AQUEOUS) PROCESSES

Lunar rocks and soils may be converted to various mixtures
of soluble and insoluble compounds upon treatment with various
mineral acids or bases. Of the possible acidic reagents, only HF,
HC1 or mixtures of the two offer reasonable prospects for practical
operation based on component solubilities, volatility (for recycling),
thermal stability, and prospective rates of solution. In this
last aspect, HC1 may prove to oe seriously deficient unless auto-
clave conditions are eimployed. HF offers a combined advantage
of aggressive attack upon silicates with the convenient separation
of silica content as a vapor molecule SiF4.

These considerations led to examination of two acid leach
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processes; the first based on HF and the second based on HC]

with the latter relying heavily on ijon exchange techniques for
separation of constituent components. A basic leaching process
using NaOH was also studied. The reduction steps for the aqueous
leach processes may be selected for optimum performance for each
element being recovered.

F1. HF ACID LEACH PROCESS .

General Discussion

This section will cover a low temperature solution process
to separate the silica and metal oxide contents of the raw
material for subsequent processing. In contrast to the carbo-
chlorination process, there is no requirement for oxidation or
reduction in the separation reactions for for chemical regeneration
of reagents.

The new process is based on the solution chemistry of silicon
fluorides and uses the volatility of SiF4 to separate it from
the -other fluorides. We shall review several features of the
solution chemistry of 51F4 to explain the process constraints
inherent in the method.

In addition to the concentration parameters, there are two
factors of importance in specifying the equilibria in fluosilicate-
fluoride solutions — these are the molar F:Si ratio and the pH.
Pure fluosilicic acid, H251F6 has a F:S1 ratio of 6 and is a strong
acid. Over most concentrations, additional silica will dissolve

until a ratio F:S1 of approximateiy 5 is r'eached.]3

If one

neutralizes a high ratio acid with free HF (F:Si = 7-8 or more),
the fluosilicate ion will not hydrolyze until the pH rises above
8, while for F:Si approximately 5-6, hydrolysis will begin at a

pH of 4 or §,
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Distillation of fluosilicic acid solutions will yield various
proportions of SiF4, HF and H20. Condensation of these vaoors
for compositions with F:Si ratios below 5 will produce hydrolysis
and precipitate free hydrated silica. Hydrolysis may also be
conducted at elevated temperatures in the vapor phase.m’]5

The metallic oxide content of the original silicate wiil be
converted to fluorides or fluosilicates depending on F:Si ratios.
The fluosilicates are almost uniformly water soluble and may be
separated or ﬁurified by ion exchange or crystillization techniques.
The fluorides of sodium and potassium are water solubie. The
remaining fluorides may be removed from solution and hydrolyzed
with steam or reduced with sodium or other reagents. The fluorides
or fluosilicates of the platable metals may be electrolyzed to
deposit free metal and oxygen and those of the active metals may
be reduced using mercury or other liquid metal cathodes as
mentioned earlier,

A reduction facility to cenerate oxygen and an indirect
reductant (sodium) to permit production of silicon and structural
metals is proposeu based on a modification of the Castner cell.

In the original Castner cell, electrolysis of fused NaOH generates
sodium and hydrogen at the cathode and oxygyen at the anode. The
hydrogen is formed uue to build-up of water in the system upon
discharge of OH~ ions. By using a diaphragm cell and withdrawing
anolyte, the major fracticn of the water could be removed and the
cell would yield primarily sodium and oxygen. This would lower
the electrical energy per equivalent of sodium and avoid the
problem of handling large quantities of hydrogen.

The sodium would be used to reduce the SiF4 and metal
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fluorides to silicon and free metal. Magnesium fluoride is not
easily reduced, but magnesium could be obtained by hydrolyzing
Mng to MgC and reducing the latter compound with Si.

The process with the various options is adaptable to several
of the potential lunar minerals or concentrates including feldspars,
pyroxenes, olivines and even non-silicates su¢' as ilmenite and
spinels. Thus, TiF4 (Subl. Pt., 284°C) has sufficiant volatility
to be readily separated from other metallic fluorides, and the
chemistry of fluotitanates MT1'F6 parallels that of the fluo-
silicates.) To develop the process equations, we shall use a
generic silicate empirical formula of the form: xMO - 51'02 where
x =0 for silica, 1 for metasilicates (pyroxenes) and 2 for
orthosilicates (olivine) or "pseudoorthosilicates" (anorthite).
In this formula, M is considered divalent, so 1 aluminum atom
would correspond to x = 1.5 and 1 alkali metal atom would corres-
pond to x = 0.5. For the previous empirical formula for plagio-
clase éoncentrate, there are 8.3 metal equivalents to 6 silica
equivalents so x = 1.84.

The process equations are summarized in Table VII and flow
chart is shown in Figs. 12a and 12b. A pictorial flow ciagram is
given in Fig. 13.

Discussion of Process Steps

The solution and liquid-vapor equilibria of the system:
SiF4-HF-H20 are snown in Fig. 14 which is replotted in mole fraction

scale based on data of prior investigators.,'®>2 &b

Compositions
below the H51F5-H20 join are not single phase but will hydrolyze
to precipitate Si(OH)4. Acids of compositions aiong this line

will be designated SSA (silica saturated acid). The vapor

[
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composition in equilibrium with such solutions contains almost

no HF, but almost any ratio of S1‘F4 to H20 can be vaporized

from SSA;s of 80-100 mole % H,0. (Although no data is curently
available, if phases along the SSA line with Tow water content
were prepared, one would expect almost nro H20 content in the
vapor, but mixtures of HF and SiF4.) Since S1’F4 and HZO plus
other fluorides are the reaction products of equation 1, the first
two may be evaporated from the solution and the last separated

by filtration or crysta]]ization which lends itself to a quasi-
continuous process (Equations 1 + 2).

Equations 3 and 3A represent hydroiysis of SiF4 in liquid
and vapor phase respectively, while equation 4 represents
hydrolysis of the metal fluorides. Equations 5 and 6 represent
reduction reactions to produce silicon or metals. Equation 7
indicates the conversion of fluorides to fluosilicates whi~h may

be optionally selected to increase solubility for elect.olysis

(Eqn. 8), or ion exchange separation (Eqn. 8A). The sodium fluoride

generated in the reduction reactions is converted to sodium
hydroxide by ion exchange (Eqn. 9) or with Ca(OH)z (Eqn. 9A).
Sodium for the reduction reaction is generated electro-
chemically as shown by equation 10. Finally, equation 11 repre-
sents the drying of the precipitated silica. Further process
dete2ils and engineering analysis of power and sizing requirements

are given in Appendix 1.

F2., HC1 ACID LEZACH PROCESS
This process is based on the separation of Al, Ca, Fe, and
Mg as soluble chlorides from Si and Ti which are insoluble in

acid chloride solutions due to complete hydrolysis of their
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chicrides in the presence of aqueous solutions. The soluble
chlorides may be separated into individual! components by a
combination of cation exchange and anion exchange steps and/or
electrochemical or other chemical methods. The separated com-
ponents are then converted to hydroxides or directly to oxides

by various pyrolysis or hydrolysis steps or alternatively are
reduced to metals and oxygen or chlorine depending on the starting
material for the reduction step. Generalized forms of the process
equations are listed in Table VIII. Reduction may be accomplished
by most of the methods previously described. The process can be
used with chlorides derived from plagioclase, pyroxenes or

olivine,

In the first step (Eqn. 1), the rocks are decomposed with
HC1, The rate of attack of silicate rocks, soils or glasses by
HC1 solutions is the critical factor governing practicality of
HC1 leach methods of processing. Silica is precipitated as a
hydrous suspension, and the metals become dissolved as metal

ciilorides. Iron may be oxidized to Fe3+

for ion exchange separa-
tion or plated out by ~lectrolysis, Filtration or centrifugation
will separate silica from the other species.

Alumiaum and iron can be separated from calcium and magnesium
using ar anion resin such as Dowex 2 loaded with a complexing ion
such as citrate.]7 Eluting with water will remove Ca and MG, and
Al and Fe will be removed with 1 M HC1 (Eqn. 2).

Aluminum can be separated from iron using anion resins (e.g.,
Dcwex 1 in sulfate 1’orm).]8 Al is eluted with 0.01 M H,80,, and
Fe is removed with 0.1 M H2504. Upon evaporation A12(504)3 and

Fe2(504)3 can be ignited to obtain A1203 and Fe203, respectively,
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with SO, and S0, {which can be oxidized to 503) as other
products. The 503 can be used to make more H2504. Aluminum can
be produced in a cryolite electrolytic cell; Fe203 can be reduced
with hydrogen.

Calcium can be separated from magnesium by using a cation
resin such as Dowex 50 (H)l9 followed by elution of Mg with 1.05
M HC1, while Ca is eluted with 2 M HC1 (Eqn. 3). The CaCl, solu-
tion can be electrolyzed to recover chlorine, hydrogen, and
Ca (OH)2 and after dehydration of the resulting hydroxide, Ca0
can be used in glass manufacturing. The MgC]2 can be dried and
used in a Dow cell to recover magnesiuvm and chlorine.

It may be possible to separate all four ions directly with
further development of improved solution processes (and/or resins).

lon Exchange Engineering Considerations

For operations in space, a fixed-ted column seems to be the
most practical. Industrial columns range in size from a few cm
in diameter to over 6 meters (20 ft) with muitiple-column-bed
heights of over 30 m (100 ft.), as used in rare earth separations.
Figure 15a iliustrates a diagram of a typical fixed-bed column,
and Figure 15b shows a diagram of a control system.

The ion exchange resins, which provide the mechanism for
replacing one ion by another, generally consist of addition or
condensation polymers to which a wide variety of functional groups
can be added. These organic polymers would probably be made on
Earth and snipped inito space., since raw materials for making the
polymers are scarce and the synthesis methods are complex. This
disadvantage is not serious, however, since the exchange resin

has a typical lifetime of a few years and replacement needs would
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be low.

Regenerated solutions would have to be recyclied. 1In order
to avoid Targe holding tanks of dilute regenerant solution,
proportioning valves can be used. In such a system the concen-
trated regenerants are pumped and automatically proportioned to
water and directed on the beds at prefixed concentration.

In systems such as this, two tanks of each resin must be
provided. While one column is being used for separation, the
other one would be in the process of being regenerated.

The tanks and the piping (bdth internal and external) must
be made corrosion resistant. This is usually achieved by making
the vessels of stainless steel or aluminum and then coating them
with plastic paint, plastics, or rubt’er. Naturally the conditions
under which the network will be subjected will determine which
alloy-coating combination to use.

lon exchange operations can be performed manually, automat-
ically or in various degrees of those two extremes.
Process Sizing

In industrial ion exchange processes, the maximum flow rate
is approximately .0045 volumes solution per volume resin per second.
(2 ga]/ft3/m1n.) For a processing plant with a throughput of
30,000 MT/yr or 239,320 equiv./hr,, the first separation described
(A1 and Fe from Ca and Mg) would require a minimum of 10 m3
(356 ft3) resin in order that maximum flow rate would not be
exceeded (assuming 1 M solutions). Eiution would require 28.4 m3
(7500 gal.) of solution. Separation of Al from Fe would require
at least 10 m3 of resin and 4,8 m3 (1275 gal.) of solution for

washing. Finally, separation of Ca from Mg would neec at least
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10 m3 of resin and 10.7 m3 (2825 gal,) of solution for eluting.
These size estimates are based on treating 60,000 moles/hr of
MC]2 (60 m3/hr @1 M solution) with resin of nominal capacity of

2,000 equiv./m3. A resin bed of 10 m3

would thus contain 5,000
moies (10,000 equivalents) at 50% of saturation and would require
12 loading and unleoading cycles per hour at this fractional
loading.

F3. NaOH BASIC LEACH PROCESS

Basic leaching provides a process in which amphoteric oxides
5102. A1203 and Tio2 may be rendered water soluble and separablie
from other metallic oxides such as Ca0, Mg0 and FeO. The presence
of these polyvalent metals, however, introduces complications to
the separations (in comparison with sodium) since they generally
combine with silica to form insoluble silicates, Addition of
stoichiometric or excess amounts of Ca0 would normally displace
Mg and Fe from the silicate compounds and the calcium silicates
may be decomposed by hydrolysis with acid solutions or steam or
by displacement with sodium carbonate.

Dissolved sodium silicates or aluminates may be separated by
controlled neutralization with AI(OH)3 precipitating at higher pH
than Si(OH)4. Alumina may also be separated from alkaline solutions
by controlled crystallization based on temperature dependence of
solubility as in the Bayer process.

Mixtures of Si(OH)4, metal silicates and M(OH)2 precipitates
may be separated by acidification which redissolves all components
except the silica gel.

The initial leach step may be conducted with various levels

of water content including anhydrous conditions and at temperatures
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from ambient up to 900°C or higher. Water-based systems at
elevated temperatures must be pressurized. The choice of leaching
conditions will depend primarily on reaching acceptable rates for
the process.

Based on published analytical studies by Rakhimov, Ponomarev
and N12°, we have selected a first process step involving decompo~
sition of anorthite with base in an autoclave at 300°C (Eqn. 1 of
Table IX). The ternary silicate compounds are generally water
insoluble but may be converted to calcium silicates plus water
soluble compounds by further treatment. 'Thus. Shpigun, Sazhin,
Fedorenko, and Shor21 reported that by forming a slurry of
Nazo * A1203 2 S102 . H20 with water in presence of stoichio-

20 and
Na,0 « 2 Ca0 - 2 Si0, - H,0 would be fermed at 200°C (Eqn. 22).

metric amounts of Ca0 and NaOH, Nazo . A1203 « 2 H

Ni, Ponomarev, and co-worxer522 reported that treating Nazo .
2 Cad . 2 5102 . HZO in a water bath at 95°C will decompese it
to NaOH and Ca0 - 510, « H,0 (Eqn. 3). Following these operations
the solution contains Nazo . A1203, Ca0 - S5i0,, and NaOH. The
Cca0 . si0, will be insoluble, whereas the Nay0 * A1203 and NaOH
remain dissolved. If some CaO - A1203 were precipitated, addition
of Na2C03 would redissolve the alumina content. Silica can then
be recovered by hydrolyzing the Cal . Sio2 with acid or steam
(Eqn. 4).

Angstadt and Be1123 described in a patent the precipitation
of A'I(OH)3 by passing (0, through 3 - 4 molar solutiors of
Na20 . A1203 (Eqn. 5). After separation, the filtrate contains
only Na2C03. Calcining the A](OH)3 at 1100 - 1200°C will produce

water and alumina (Ean., 5)., The alumina can be stored with no

e gl T
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tie~up of necessary reagents, and aluminum can be produced from
it, when it is needed.

It is thus theoretically possible to recover the reagents
used in the preceding steps. Na2C03 can be reconverted to NaOH
by one of several processes: 1) treatment with lime (Eqn. 7),
2) conversion by anion exchange resin (Eqn. 8), or 3) electrolysis

using ion permeable membranes (Eqns. 9a and b). Regeneration

reactions are given by Equations 10-12. A flow chart is given in Fig. 16.

The eventual practicality of the basic leach process will
probably depend on kinetics of solution, separation and hydrolysis
steps as well as recycle efficiencies of the caustic solutions,

It seems probable that the silica obtained will contain minor
amounts of alumina and titania, but this may not be an important
consideration if post refining steps are used. The process should
operate satisfactorily with anorthite, but would require some
modifications if used with pyroxenes or olivine since the presence
of Mg and Fe would complicate hydrolysis of silicates.

Any of the reduction processes previously descriped as
applicable to the reduction of oxides or halides may be used in

conjunction with the basic leach separation steps.

G. SYNOPTIC COMPARISONS OF PROPOSED PROCESSING SYSTEMS

As previously discussed, the establishment of ratings or
comparative figures of merit between various materials processing
systems involves many factors characteristic of the processing
systems themselves as well as their interaction with the other
technologies involved in space industrialization which, in turn,

will depend on specific applications characteristic of various



LTRSS

e A Eg CARNT T
- -~

o4,

fakwh are

IT - 54

mission requirements. While there has been little discussion and
no consensus on how to establish a useful scale for rating such
systems, it would nevertheless appear useful to briefly survey

the general characteristics, electrical and thermal energy require-
ments, technological risks and key problems facing the process
routes previously studied.

Table X summarizes the principal features of the six generic
processes previously proposed for transforming lunar materials.
It would be premature to select or discard any of the above
processes based on the analyses ﬁerformed to date, but it seems
likely that when a satisfactory rating system is adopted, the
carbothermic/siliccthermic and carbochlorination processes will

be less favorably rated than some of the remaining contenders.

H. SOME PERSPECTIVES IN THE MINING/BENEFICIATION/MATERIALS PROCESSING/

REFINING PHASES OF SPACE INDUSTRIALIZATION

‘The materials processing systems proposed to date represent
a small sampling of the enormous number of feasible processes for
conversion of lunar materials. While there seems little doubt
that any of these routes is technically feasible and would repre-
sent a practical materials processing system (if no other methods
existed), nonetheless one would prefer some systematic method for
prescreering potential processing systems to aid in selection of
promising new routes as well as in optimizing or modifying
previously studied or new systems.

One may perform rough sizing estimates for various physical
and semiphysical M/D and separation operations from physical

principles and engineering experience on earth-based processing

PSR
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plants. For chemical conversiens (reactors), experimental kinetic
data is generally required, but correlations between reactor
throughput and volume previously discussed may furnish rough but
plausible minimum values.

In comparing various processes, it is worth noting that it

is the total mass, power, simplicity, etc., needed for all steps
necessary to reach a required degree of purity that are the
meaningful quantities needed for objective comparisons.

The refining of the materials output streams of a processing
plant has somewhat arbitrari]y'been grouped with the chemical
conversion steps in the "materials processing" box of the indus-
trialization sequence (Fig. 17), even thaugh the outputs may
require further refinement in manufacturing as, for example, with
semiconductor grade silicon. It might be preferable, in principle,
to consider separately all refining operations, but since these
steps are intimately related to the method of primary processing
and furthermore are subject to cnanging demands with technological
evolution, it is probably wiser to group with the materials pro-
cessing section all refining steps necessary to reach a level of
purity satisfactory as input for manufacturiig operations as
customarily practiced on earth and indeed, to define specifications
appropriate to specific materials products.

To analyze the technological options in the stages prior to
manufacturing, we may utilize the flow chart shown in Fig.18 which
shows a chemically expanded "black box" processing stage. In this
approximation the lunar soil is considered as a mixture of its
seven major elements: O, Si, Al, Fe, Mg, Ti nu Ca (which account

for 99+% of its mass). The beneficiating stage which is useful

e n ittt
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but probably not mandatory unless neutral iron recovery is needed
or substantial demands occur for Ti or minor elements is conceptu-
ally shown as yielding six output streams — anorthite (feldspar),
pyroxene, olivine, ilmenite, iron and gangue or slag with the

last either rejected or converted to dark glass or ceramic pro-
ducts. We ;hal] not discuss the mining operations except to note
that the soil mining techniques are not expected to differ in any
materia! way for any of the various options in beneficiation or
processing except for beneficiating equipment installed on mobile
mining apparati.

The materials processing options, in effect, constitute
various engineering solutions to the contents of the "black box"
representing the materials processing steps.

One should not underestimate the importance of the scrap
recycle loops (or mass flow) nor fail to note that these extend
intc the manufacturing, fabrication, assembly, and operational
phases, of space activity. Even in an efficient manufacturing
operation, the total macs of scrap generated may constitute and
significant fraction if not actually exceed the mass of the
acceptable product(s). The ability and efficiency of the materials
processing anav2+{i3ns to handie such scrap may have a vital bearing
on the practic .lity of the whole industrial effort,

Simitarly, the manufacturing and assembly operations may
consume substantial quantities of reagents, cleaners, fluxes and
other supplies normally expendahle in earth operations. The
ability and efficiency of the materials processing operations to
regenerate such supplies may be of major importance.

Althouah representing an oversimplification, one may basically

b
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consider the high temperature reduction methods as processes in
which reduction is first performed followed by purification (or
separation) of constituents from a mixed alloy, while the hydro-
chemical processes perform the separation prior to the reduction(s).

Experience here on earth suggests that the latter method is

almost always preferred, although it does not necessarily follow

that this will also be true under lunar or orbital conditions.
Metallurgical practice has shown that while it is often relatively
simple to remove minor amounts of reactive metallic ingredients
from more noble metals, the inverse is rarely possible except
where large differences in volatility exists. Thus gold, silver,
copper, lead and other soft metals are often purified by oxidation
or conversion of more reactive impurities, but aluminum, titanium
and similar metals are very difficult to purify from alloy form,
The reduction product of high temperature reduction of undifferen-
tiated or physically beneficiated lunar soil will likely be an
iorn-silicon-aluminum alloy with possible additional magnesium,
calcium and titanium., Even if the latter materials were absent,
the separation of iron from silicon and the latter from aluminum
would be technically challenging. If silicon were readily
removable from aluminum, the aluminum industry would probably

be radically changed and clay would form the raw material of
choice. In addition iron forms intermetallic compounds with

both silicon and aluminum which renders separation extreniely

difficult.

Many of the difficulties ascribed to the carbothermic reduction

1a

process proposed earlier “apply also to the direct electrolysis
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process. In the former route, one is additionally faced withn
the problem of recycling the carbon monoxide to carbon and
oxygen, while with the latter, the durability of possible anode
materials remains to be established. The aluminum-iron-silicon
separation problem is treated in the following reference24§ o o

An extended discussion of materials output capabilities and
their dependence on composition specification is given in

Appendix J.

PART THREE — TECHNOLOGY DEVELOPMENT

Introduction

The enactment of any directed activity in space, whether
scientific, industrial, service, or military, requires a sequence
of conceptual planning, engineering, design, acquisition of raw or
semi-finished materials and supplies, processing and fabrication,
assembly, testing, transportation (including launch and orbital
injection and transfers), deployment and operation(s) (Fig. 19).
Until the present time, the acquisition of materials and supplies
has been from a variety of commercial sources and vensors with
little or no assembly or deployment in space involved except for
solar panels, antennae, etc.

With an increasing level of space activity forecast for
a variety of missions, it becomes advantageous to examine potential
alternative sources and sequences of materials acquisition, mining,
processing, fabrication or manufacturing and assembly with necessary
transportation requirements for planning various space programs

which will become active in the 1980's and 1990's.

‘-
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The development of an "assured" or demonstrated technology
to effectively process lunar or other space derived mat:zrials to a
variety of useful products will permit rational selection of cost-
effective routes to various mission assignments. It may in some
instances offer the only truly cost or environmentally acceptable
method of deploying large masses of structures in earth orbit.
Figure 20 shows some options available for sources and sequences to
supply the mass and device requirements of future space miscions.

The establishment of non-terrestrial materials sources
for major portions of future space activities will require the
establishment or development of several distinct technologies (Fig.

21) including:

A. Transportation
Lunar launching of large cumulative masses of raw
or beneficiated ores and/or refined or finished
materials.

Mining &ud Beneficiation

<3

Extraction, sizing and beneficiating lunar or other
soils or rocks.

C. Materials Processing
Conversion of raw or beneficiated ores and recycled
scrap to structural metals and non-metals, oxygen
and propellants.

D. Manufacturing and Fabrication

Conversion of refined materials to useful devices.
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E. Assembly and maintenance
Erection of large structures and performance of
maintenance, repair and repiacement activities for
other operations.
The early embodiments of steps A through E into hardw.re
and systems will be governed initially by the traditional goals of
predetermined missions (e.g., a particular large structure).
However, with time each step will *e enriched into many diverse
physical operations to support the broader needs of a growing

"in-space" economy just as has occurred on earth,

. TIME, COST AND SCALE OF TECHNOLOGY DEMONSTRATION PROGRAMS

The transportation class represents technology which has
no direct analogue in the industrial experience of earth-bovnd
commerce but the remaining classes will consist of functional steps

which have the majority of features closely related to similar

activities on earth. Many of the mining, processing and manu-
facturing procedures used on earth can be adapted with little or
no cnange 7rom earth plant operations. Such procedures can be
proof-tested on earth 11 a short lead time at low cost, especially
for procedures which will be conducted inside pressurized vescels
vith a simulated centrifugal gravity. Some of the chemical
process steps will invariably differ from those which have been
previously conducted in pilot plants or on a commercial scale.
For these steps, somo sequence of development paralleling those
involved in the introduction of new process technology in the
chemical or metallurgical industries will be required. However,

the customary lead time from lab scale to bernch test to sub-pilot,
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pilot plant and commer:ial production which would customarily
require from five to 15 years may not be required for space
processors, Space processing plants may be more typically in a
throughput range characteristic of terrestrial pilot plants.

A major factor in extending the time period required on
earth to proceed from the pilot plant to full scale facilities is
the necessity of developing cost projections accurate to within
5 - 10% before commi.ting major capita: outlays to the design of
full scale facilities. Such overriding competitive factors in
the marketplace on earth will not exist in the eariy stages of
space ventures where the competition will consist of earth manu-
facture vs.one or more space manufacturing options. In view of
such considerations, a characteristic lead time for "space qual.fying"
a new chemical process from laboratory scale to pilot plant may be
expected to range from about three to seven years with substantially

shorter times required to qualify processes that have already

been tested on earth on at least a pilot plant scale.

Order of magnitude costs for chemical process R & D
programs can be estimated from capital costs experience for a
variety of inorganic and organic chemical processes. Typical
plant capacities for major chemicals would amount to 105 short
tons per year with capital costs of $25 to $600 per ton per year25
R & D costs may be expected to be Tess than 20% of the above
figures for processes requiring no major advancement of the

state-of-the-art. This would indicate an approximate $12 million
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*
R &D 1imit per major process segment. Since the space

processing facility must of necessity recycle the lunar deficient
elements used as reagents or solvents, it will consist of several
“forward" and "reverse" process segments or steps to effectively
close the various recycle loops.

Annual and cumulative cash flows for space processing
may be expected to show the same general trends as for terrestrial
plants (Fig. 22). Positive cash flows may have to be stated in
equivalent "values" or credits for the products generated.26

It would appear Tikely that the R & D necessary to
sufficiently develop the necessary materials transport technology
will dominate the overall costs of utilization technology for non-
terrestrial materials,

J. INFORMATION REQUIREMENTS FOR MANAGEMENT DECISIONS IN THE
IMi LEMENTATION OF SPACE PROCESSING TECHNOLOGY.

In the cverall development of an industrial capability
in space using non-terrestrial resources, efficient management will
require long range plannirg combined with adequate periodic or )

semi-continuous review and modification based on progress and

* Projects whose estimated development costs would exceed 20-25%
of the capital cost of a commercial scale plant are generally
screened carefully before receiving management approval.
Projects for completely new products without direct competition
may occasionally warrant higher developmant costs. New processes
for existing products may also justify higher development costs,
but the risk due to competitive forces is higher. Finaily,
processes invulving minor modifications of existing processes
would not normally require excessive development costs, but
if they were anticipated, such projects would rarely be approved.
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information developed during the program. The information can be

classified as external if derived from other technologies (such

O alma]

as transportation and manufacturing) or internal if required and
derived (or retrieved) principally for the processing operations.
There will be a considerable interaction between the various

technologies, since the economic practicality of space industrial

o ikt 4

operaticns %ill be critically dependent on transportation costs,
and the transportation regquirements will depend on the efficiency
of reagent recycling in processing. Similarly the efficiency of
many potential manufacturing operations may be extremely sensitive
to specifications or impurity levels in the refined output of the
processors.,

Because of the lead time required to implement pilot
plant testing of various chemical processing stages of an overall
plant design, it is important to develop information at the earliest
time possible concerning various alternative routes to process lunar
ores. The information required would be that necessary to establish
"figures of merit" for the various options. These would include
mass per unit throughput, power requirements, heat rejection
requirements, unit labor requirements, reagent replacement mass
requirements (recycle efficienty), versatility, and some attempt
to quantify corrosion, safety, product purity, and output flexibility
of the alternative routes. The extent of "new technology" required
(defined as steps for which no comparable pilot or sub-pilot scale
experience on earth is available) will influence development time
and costs and reliability or uncertainty of the corresponding

operations and should be considered in orocess evaluation. In

bt 4

these regards, one of the first objectives of workshops or
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conferences assembled with representatives from industry and the
space agencies to advance space industrialization should be to
develop interim or permanent guidelines to permit calculation of
figures of merit for such processing systems.

While the studies performed to date have outlined one or more
feasible processing routes for conversion of lunar ores to
industrial feedstocks, it would be prudent to broaden the level
of options by examination of additional proposals from a more
diverse group of chemical and metallurgical process specialists.
These could then be subjected to the criteria established for
rating such options to permit an initial screening to concentrate
additional work to the most promising routes. !
K. PROCESS SELECTION AND QUALIFiCATION | f

The seouence of steps necessary to space qualify all of the
individual operations required for a complete spare materials
processing plant (which demands a quasi-closed loop materials flow
for all elements not readily derived from lunar sources) are
summarized in Fig. 23. 1.

A candidate process can only be evaluated when a completa mass i
flow and heat (energy) flow chart or balance sheet has been preparad.
Unfortunately some of the information required such as percent

conversion of reaction steps, reaction rates, and efficiencies

of phase separations may not be available before laboratory testing

programs are implemented. In the absence of such data, preliminary
analysis of candidate processes can be made under three types of

estimates: (1) probable values, (2) worst case values, or (3)

parametric values. Under all of the preceding assumptions, a

computer systems analysis could be performed to estimate required b?’

VY %
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sizing, energy, and heat rejection requirements for a candidate
process and in the parametric cases to determine the sensitivity
of such features as equipment and reagent masses, to reaction rates !
and separation efficiencies of individual steps. Such analyses can 1
serve to identify critical information needed to make a rational i
selection between various candidate processes. |
It may be possible to reject certain candidate nrocesses i
if the sizing and energy requirements based on probable reaction
rates is less favorable than the worst case estimate for an alterna-
tive process. Reaction rate estimates can often be made using data
from chemically similar operations, so identification of such data
sources should have an early priority in the systems analysis study.
For steps in which no similarity data is available, an initial
laboratory program should be implemented to obtain the necessary
data. For the HF acid leach process, the greatest deficiencies in
lab data would appear to lie in the solution chemistry of fluorides
and fluosilicates, primarily in solubilities as a function of acidity,
fluoride and fluosilicate ion concentration, and temperature. 1In
addition, for precipitations, the rough rates of crystallite growth
or time necessary to achieve filterability or sedimentation and for
jon exchange resins or membranes, the diffusion rates and selectivities
for fluoride and fluosilicate solutes will be needed for probable ;
value estimates.
The accuracy of estimates for candidate processes in E
which few if any of the process steps have similar analogues in

commercial or pilot plant experience in the chemical processing i
industry will of necessity be low unless some fairly extensive |

lTaboratory testing is conducted to fill in information gaps. In
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the absence of some overriding incentive to pursue such a process,
it may not be worth the time and cost to generate the needed
information to permit a more refined sizing and energy estimate
for such totally new processing routes.

Follcwing a pacametric analysis of sizing and energy
requirements, sufficient laboratory data must be generated to permit
the application of figure of merit criteria for process selection.
Once a process is selected, the individual process steps will follow
a sequence of lab-scale qualified, sub-pilot or pilot scale qualified,
simulated space environment qualified, and orbital qualified steps
to achieve the desired level of reliability and confidence in the
proper functioning in space. Depending on the amount of equivalent
or similar commercial cr pilot plant experience, it may be possible
to omit one or more of the sequence steps. In particular, it may
be possible to omit testing of pilot or sub-pilot scale reactors in
large vacuum chambers or in reduced gravity fields such as in air-
craft tests. Most of the process operations will probably be
performed in equipment surrounded by a cabin atmosphere w'th a
simulated (centrifugal) gravity so the only significant alteration
of environment may be coriolis forces.

In addition to the direct process equipment and operation
technology, there are several technical areas of development which
will be common to nearly all prospective processes. These include:
solar electric power systems, solar thermal power systems (low,
intermediate or high temperature), space radiator heat rejection
systems, centrifugal countercurrent distillation and heat transfer
svstems, volumetric buffers (barostats), momentum buffers and

vacuum materials handling systems. Since high volumetric and mass
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efficiency of equipment is of prime importance, studies of modulari-
zation methods of increasing or adjusting output of reactors or
other equipment would be worthwhile.

In establishment of pilot scale or sub-pilot scale units
to qualify the technology of process operations, it is not necessary
to match the output of individual steps. In fact, the primary
reason .or the establishment of pilot plant test programs for earth
processing plants is to allow the design of full scale equipment
which will be output matched based on rate data acquired during
pilot plant testing. Under such éircumstances, it is doubtful
whether operation of the pilot scale or analogous units in space
simulation or orbital test version could or should be attempted
in continuous or quasi-continuous modes. Furthermore, several
items of equipment in a complete plant such as pumps, valves, motors,
boilers, sedimentation centrifuges, stirrers, tank reactors, etc.,
may be required in substantially equivalent capacity at several
points in the process loops, and a single unit 1ifted into orbit
could serve to test several of the process steps by sequential
testing rather than launch a complete mini-plant. Under such a
plan, reagent and product storage facilities in excess of that
necessary for an equivalent capacity complete plant would be
required, but the overall equipment and reagent mass requirements

would nevertheless be substantially reduced.

It would appear to be entirely acceptable to perform
almost all chemical processing tests on a simulated lunar ore using
synthetic ore with or without natural earth basalt additions to
approximate intended lunar composition (after beneficiation). The

effect of glassy fractions could be studied by variable melting
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and quenching of the artificial feedstocks. Some limited testing
on a very small scale of dissoluticn rates of actual lunar soils
should be performed, but only this first stage could differ in any
appreciable manner from the results achieved with the artificial
ore.
L. DETAILED RECOMMENDATIONS

It is difficult to make detailed recommendations prior to the
completion of the preliminary selection process, but based on the

work done tc date and with the assumption that no other process

will emerge which will have a clear-cut advantage over the HF-acid
leach process in the absence of additional lab bench scaie testing,
one may delineate recommended lab scale testing programs to furnish
the information required to give a refined estimate of the mass,
energy, heat rejection, and reagent replacement requirements of
this process. One may also make recommendations regarding develop-
ment of common supportive technologies as previously mentioned
as well as studies to promote interaction of the developing
techniques.
L1. PROCESS TECHNOLOGY

As previously outlined, the development of process technoloay
should logically proceed through a sequence of selection, sub-pilot
scale or pilot scale testing, qualification under space simulated
environment and finally, orbital qualification. Final selection will
in general require some additional verification or data acquisition
at the laboratory (bench) scale before reasonable projections of

process sizing can be made for various competitive processes.
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One cannot identify the critical data deficiencies for a
given process without an in-depth study of such a process, but
we can indicate a method of informational review to indicate current
state of information and to monitor the progress of the technology
qualification program on a step by step basis using the HF acid
leach process as an example.

For any processing system, the individual steps involving
chemical reaction, phase separation, or simply heating, cooling or
moving of materials should be separately identified and listed.
Those stebs involving simple heat exchange or materials handling
where no unusual temperature or corrosion conditions are involved
may be presumed to require no lab scale verification, but such steps
may require missing thermal or physical properties data for accurate
sizjng of heat exchangers. The remaining steps should be reviewed
for published data on equivalent or similar operations useful for
preliminary or detailed sizing and general engineering experience

valuable for plant design. We may dosignate the "Degree of

cquivalency" for published data by inclusion in one of three classes:

E (equivalent in nearly all significant details), C (comparable but
with minor differences in composition, temperature, acidity, etc.),
or R (related where primary product or reactants are the same, but
conditions of formation may differ in significant detail).

Table XI shows a listing of steps from the HF acid leach
process with notes illustrating the current informational background
to this basic system. In addition to the specific steps listed in

the prior reports, there is a brief listinyg of possible process
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modifications with related published data. The literature references

are not meant to be all-inclusive or exhaustive, but rather to

indicate the reference material uncovered to date in readily accessible

sources which bear on the vroposed process.
it may be noted that the process areas most in need of lab

scale data and process delineation are in the areas of conversion
of NaF to NaOH and MSiF6 to M(OH)2 + HZSiFG. Some additional basic
data of solubilities of tluorides and fluosilicates and diffusion
rates of fluosilicate ions in ion exchange membranes and resins is
needed to quantify separation and conversion steps. These defic-
iencies have already been discussed and will have to be overcome
before complete mass flow balances can be specified. The process
can, however, be operated by steam hydrolysis of fluorides which
constitutes a less desirable hut more fully defined option and thus

a worst case sizing rould be performed.

L2. SUPPORTIVE TECHNOLOGIES

Space Electric Power

For initial small scale requirements, solar photovoltaic panels
will undoubtedly be used. Use of multiple sets of panels on the
unar surface for exte .ded periods will be required. Although some
experience has been obtained from equipment deployed in earlier
lTunar missions, studies and simulated testing to assure satisfactory
operation may be indicated. It may be advantageous to use solar
panels or mirrors as solar shades to cool the lunar surface over
significant areas to facilitate other operations such as processing.

New or alternative solar electric conversion systems such as
vacuum photoelectric emission should also be explored, especially

those which could be produced locally with low transported mass.

O ]
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Larger scale industrialization will undcubtedly be keyed to the
ability to fabricate solar electric power systems in space.

Space Thermal Power

A considerable reduction in power plant mass for an equivalent
useful power output is indicated for direct solar thermal furnace
designs. However, use of such energy sources requires some modifi-
cation of chemical processing units, especially if the heat is
required in a rotating zone to achieve an artificial (centrifugal)
gravity. An additional complication arises in the optical/spatial
requirements for introducing reacfants and removing products. The
heat energy may be brought in as radiation using a refractory
window or by absorption cn a black surface and by conduction
through the wall. Such wall materials must normally be corrosion
resistant to the contents of the reactor unless the energy is
reradiated. Some general studies of methods of solving these design
problems should be undertaken including examination of refracting,
reflecting or combined optical concentrators, low vapor pressure
refractory windows and walls and kinematic designs to permit
centrifugal forces in image zones. For solar furnaces intended
for use on the lunar surface, the rotational reguirement may not
be necessary, but a crude tracking system capable of at least daily
adjustment must be provided and the optical elements must be able
to perform under lunar gravitational loading.

Space radiators

Much of the chemical process heat rejection l1oad will probably
involve rejecting heat at 500° tc 600°K, either as primary heat,
or from lower temperature exothermic steps which have been heat

pumped up to such temperatures. In this range, steam is probably

4
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a nearly ideal working fluid, but may pose some problems such as
freeze-up in the event of process interruption. Some studies on
designs and procedures to withstand freeze-up and restart such
heat rejector panels, or alternatively to use antifreeze or other
working fluids should be undertaken.

If steam is used, some engineering studies of various proposed
heat pump cycles involving adiabatic and/or isothermal compression
using wet or unsaturated fluid in various segments shou.d be
examined.

Some need for higher temperature heat rejection may also
arise. This may be achieved by direct loss from reactor walls in
shadow zones. If large amounts of power are involved, it would
probably be preferable to recover such heat to si'pplement lower
temperature requirements elsewhere in the plant. Mercury o» alkali
metals would be the most likely candidates as working fluids. It
would probably be worthwhile to pcrform a study to select preferred
working fluids as a function of temperature for heat rejectors.

Processes requiring large heat rejection loads below 500°K
would not normally be desirable due to excessive radiator weights.
A study of various alternative radiator designs which do not require
working fluids and by avoiding meteoritic puncture hazarwe can be
made extremely thin and lightweight should be made to see if such
a technology can be developed and what effect it would have on the
choice of chemical process selection.

Centrifugal Counter-Current Processes

A number of processes employed in chemical industries use a

concurrent flow arrangement in which a rising fluid (usually a gas)
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interacts with a descending phase (usually liquid or solid) with
heat and/or mass exchange. A related process is a fluidized bed
where the descending phase may be reversed but still possesses a
differential velocity from the ascending stream. In these counter-
current steps, the driving force for the descending phase is often
gravity. If it is desired to use such a process in orbit, the
gravitational force must be replaced by a kinematic (rotational)
force. This will require a substantial redesign of such structures
as fractional distillation columns since the artificial gravity
will be a function of radial distance.

A general survey should be undertaken to assess the implication
of a radially proportional artificial gravity and coriolis forces
on existing chemical process equipment with recommended design
modifications to permit satisfactory operation in orbit.

Volumetric Buffers

In the course of operation of quasi-continuous or ba.ch processes,

the total volume of material present at various pressure levels may
fluctuate from time to time. For those operations carried out on
earth at or near atmospheric pressure, little or no problem exists
unless the material (gas) is exceptionally hazardous. In space,
generation of large quantities of gases at pressures removed from
their condensation points (temperatures) may require a substantial
interim storage capacity or buffer reserve before the gas is
condensed, liquified or consumed in some process step. For lower
pressures, various bellows or bladder structures may be useful,

but for higher pressures, some study of practical high pressure

expandable structures is required.

>
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Momentum Buffers

In the operation of chemical process equipment, there are
often created substantial levels or surges of linear or angular
momentum flow rates which are of no concern on earth except for
the strength of support and equipment elements. In space stations
with inertia comparable to the processing plant, the effects of
momentuim flow upon local accelerations of spacecraft sections is
no longer negligible. The problem can be compounded if the
orientation of solar concentrators must be maintained accurately
during plant operation. A study should be undertaken to compare
various methods of absorbing process momentum surges to avoid
interfering with proper functioning of equipment ar personnel.

Vacuum Materials Handlina Sysiems

Although most steps of the chemical processing plant are
expected to operate under an atmosphere of some kind, there are
some stages where materials must be handled in vacuum. These include
transfer from a lunar transporter to storage (if under atmosphere)
or from storage under vacuum to the input flow stream in the plant,
transfer of output solids (metals and oxides) to vacuum storage or
final drying operations i1n high vacuum followed by transfer to
vacuum (space) storage, and intermediate storage or operations
with hazardous materials such as sodium. Materials handling in
such situations may require special design considerations such as
vacuum lock conveyors, lubrication with non-volatiles, outgassing
scavengers, prevention of cold welding or agglomeration effects,
etc., which should be anticipated well in advance of actual

needs.
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Modular Equipment Design

In the design of chemical procass equipment a change in capacity
requirement of a reactor, distillation column or the like is often
accomplished by addition or substitution of units with a given unit
operaved intermittently when excess capacity is available. A
mismatch in capacity of one unit of an overall plant may be cured
by post-construction modification or repiacement. Siace either of
these fixes would be much more difficult for a space 9lant, it
would be usetul to examine the measures that might be taken to
permit adjustment of capacity or throughput with the least possible
effort. One method might conrsist of construvsting major pieces of
equipment as clusters of modules (with a minimtm rumber of modules
of about eight) whereby added capacity can be achieved by insertion

of additional nodules (see Fia. 24).

L3. UNCONVENTIONAL PROCESSES

In the continuing development of space processing technology,
one should give objection consideration to new approaches or
methods of supplving refined industrial materials of a special
nature or from other sources which may be available. 1In this regard,
silicon hydrides (silanes) are potentially interesting fuels for

rocket pv‘ope]]ants.z7

SiH4 and 512H6 are gases at room temperature

but their critical temperatures are somewhat higher than for the
corresponding carbon compounds so both are storab'e as liquids at
reasonable temperatures. They are hypergolic toward oxyaen and thus
present a safety problem in storage on earth. They can be manufactured

in high yield frem MgZSi and ammonium salts with the former being

made yrom the elements. If this was synthesized on the moon, the

‘¥
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hydrogen might well have to be brought from earth, but the total
propellant equivalent from the silicon hydrides might be substan-
tially greater per unit mass of hydrogen than that obtained by
directly burning the hydrogen.
M. TECHNOLOGY INTERACTION STUDIES

The developments of the various technologies required for
space industrialization may have major impacts on each cther's
opportunities, potential and cost effectiveness. Thus the trans-
portation technology will strongly influence operational costs,
while the manufacturing and fabricating technoiogies will determine
the ability of space industry to expand and diversify. The mining
and processing technologies will determine the materials limitations
of the other technclogies except for minor fractions of materials

or specialty hardware unavailable from space sources which may be

supplied from earth.

The output of space materials processing facilities may be

roughly grouped into three classes:

a. Structural materials (solids)

b. Fluids (gases, liquids, propellants)

c. Reactive materials (sodium, calcium), etc.

The last class is primarily used as an intermediate to produce
materials of the other classes, but the reactive metals may be
useful as expendable fuels in propellant systems.

The flexibility of output options of the materials processing
technology will largely determine the ultimate limits of the scope
of space industrialization. The impact on transportation technology

will be most directly evident from the options created in materials

-
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for propellants, spacecraft, and electromagnetic propulsion systems
(mass drivers, etc.). A reverse interaction from transportation to
processing in addition to cost factors would be options in the
construction materials of earth-lauched spacecraft to supply lunar
deficient elements for recycling in space. In particular, certain
key industrial elements such as copper, tin and other soft metals,
carbon, tungsten, and other heavy transition metals will be needed
in small amounts, while molecular materials such as polymers and
elastomers will also be useful i€ available in recyclable form.

The impact on fabrication technology will depend on the diversity
of materials and supplies which can be furnished {o create the
tooling, facilities, and consumables needed to perform various
manufacturing and fabricating operations. Manufacturing operations
can be sub-d4ivided into hot and cold operations with the former

including casting, hot flowing or drawing, hot forming, sintering,

welding, brazing, etc. In this class, the tooling requires
refractory properties (hot strength) plus corrosion resistance in
construction materials. In cold operations, high strength, materials
hardness (especially in tool bits and abrasives), ard machinability
(or formability) are the most important properties for equipment

for metal! removal or metal working. Electric and magnetic properties
as well as materials compatibility are also necessary considerations
in some operations. Almost any fabrication‘or manufacturing opera-
tion which has been conducted on earth could be duplicated in space
given a diverse range of steels, refractory oxides, magnetic and
electric materials and thermal insulation, with probably 10% or less

of the mass requirement demanding earth supplied components.
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One shiuld not overlook the necessity of various reagent or
other consumable chemicals in various stages of ess_ntially manu-
facturing rather than chemical processing procedures. Recycling
of rinse waters, spent plating baths, lubricating and cutting oils
and regeneration of acids and bases may be imperative or preferable
to replacement from earth. The ability of materials processing
facilities to perform these tasks as well as to efficiently recycle
scrap generated by manufacturing may be of importance in the rating
of processes.

The major areas in which fabrication technology could impact
on processing technology would center on the ability of the
fabricators to replace critical high wear or corrosion components
such as valves, nozzles, pipes, tanks and refractory liners in
various process steps. This ability, or lack of it, could determine

the relative merits of competing processes. The most favorable case

would be where the fabricators would have a complete capability

to produce pressure vessels, pipes of various diameters (and
materials), castings for valve bodies, pumps, motors, etc., and
refractory or sintered ware of any desired shape 2nd size, as well
as common plate, strip, beam and wire metals forms.

To promote the mutual understanding of the needs and capabilities
of the progressing technologies and to further their use or applica-
tion to the other technologies such that the overall space indus-
trialization effort may benefit, it is recommended that workshops
be held with participants (engineering or study groups) from
transportation, mining, processing, fabrication, and assembly

disciplines, to review problems, advances, and effects of materials
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substitutions on proposed operations and to give direction to

future efforts. Some of these should be of a quite general nature,
while others couid be 1imited to very specific topics such as
propellants. A1l technology reports of the various groups should

be transmitted to the other groups and the report writers should

be encouraged to include in their summary sections brief descriptions
of potential impacts on the other technologies and the overall

prospects for space industrialization.
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Table I
USEFUL PRODUCTS DERIVABLE PRIMARILY FROM LUNAR SOURCES

STRUCTURAL MATERIALS
Metals
Steels, aluminum, magnesium, titanium and alloys
Reinforced Metals
Metals above reinforced with silica, steel, alumina or
titanium silicide
Glasses
Colcium, magnesium, aluminum, titanium, silicates, fused silica,
foamed glasses
Ceramics
Alumina, magnesia, silica, complex oxides, fusec¢ basalts
Hydraulic Cements

(Need water)

THERMAL AND SPECIALTY MATERIALS
Refractory and Hard Materials
Ceramics above plus chromia, titania, titanium silicides
Abrasives
Alumina, garnets, silicon carbide, titanium carbide (1imited
by C)
Insulation

Ceramics above plus fiberglass, fibrous or powdered ceramics

ELECTRICAL MATERIALS
Conductors

Aluminum, magnesium, iron, resistance alloys (FeCrAl), silicon

e 4
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Electrodes
Fe;0,, graphite (Timited by C)
Magnetic Materials

Iron alloys, magnetic ceramics (ferrites, magnetoplumibites)

Ciectrical Insulation

See glasses, ceramics and thermal insulation

FIBROUS MATERIALS

Glass, silica, synthetic mineral wool

For apparel, paper, filters, etc.

PLASTICS AND ELASTOMERS

Silicone resins (limited by C)

SEALANTS, ADHESIVES AND COATINGS
Soluble silicates
Anodized coatings
On aluminum, magnesium, titanium
Electroplating
Chromium, etc.

Sruttered or vacuum deposited coatings

LUBRICANTS, HEAT TRANSFER FLUIDS
Sulfides, graphite (limited by C)
502, He

INDUSTRIAL CHEMICALS

Detergents, cleansers, solvents, acids, bases

H2504, H3P04, Ca0, NaOH

——
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Table I1I

PRODUCT MIX OPTIONS

Metal/silica ratio

Equivalents 1:1 0livine, anorthite, orthosilicates

0.5:1 Pyroxene, metasilicates
0:1 Silica
1:0 ITmenite, spinel, troilite, etc.
Neutral iron

Aluminum/ivon ratio

Negative correlation

Approximate range 5:1 to 1:4 (whole rocks)

Nonstructural/structural metal ratio

Ca : (Mg + Fe) Pvroxenes: 1:1 to 0.1:1

ITmenite 0 : 1

Light metal/iron ratio

(A1 + Mg) : Fe Similar to Al:Fe
Silicon/silica ratio

Reduction requirements

Demard conditioned on use of photovoltaic systems
Metal/metal oxide ratio

Peduction requirements

Depends on demand for metals vs. refractories and pigments
Oxygen/metal ratio

Depending on ratio of oxygen to structural metal (and silicon)

Demand, oxygen may appear as an unneeded by-product, or iron

and other reductants may be a surplus material
Reinforced/normal metal ratio

Demand dependent on suitability of reinforced meta < to

replace a variable portion of reinforced resins in s%~uci.res

\*‘l .
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Table II1I

RANGES OF CHEMICAL COMPOSITIONS FOR THE MAJOR MINERALS

High Titanium Basalts

Pyroxene Olivine Plagioclase Opaques
Modal Abundance (Mostly Ilmenite)
(Vol. %) 42 - 60% 0 - 10% 15 - 33% 10 - 34%
Component
(Wt. %)
510, 44.1-53.8 29.2-28.6 46.9-53.3 <1.0
A1,0, 0.6- 6.0 - 28.9-34.5 0 -2.0
T1'02 0.7- 6.0 - - 52.1-74.0
Cr203 0 - 0.7 0.1- 0.2 - 0.4- 2.2
Fe0 8.1-45.8 25.4-28.8 0.3- 1.4 14.9-45.7
MnO 0 -0.7 0.2- 0.3 - < 1.0
Mg0 1.7-22.8 33.5-36.5 0 -0.3 0.7- 8.6
Cal 3.7-20.7 0.2- 0.3 14.3-18.6 < 1.0
Na20 0 -0.2 - 0.7- 2.7 -
K50 - - 0 - 0.4 -

Low Titanium Basalts

Modal Abundance
(Vol. %) 42 - 60% 0 - 36% 17 - 33% 1 - 11%
$10, 41.2-54.0 33.5-38.1 44.4-48.2 <1.0
A1203 0.6-11.9 - 32.0-35.2 0.1- 1.2
T1'02 0.2- 3.0 - - 50.7-53.9
Cr,0q 0 -1.5 0.3- 0.7 - 0.2- 0.8
Fe0 13.1-45.5 21.1-47.2 0.4- 2.6 44.1-46.8
MnO 0 - 0.6 0.1- 0.4 - 0.3- 0.5
Mg0 0.3-26.3 18.5-39.2 0.1- 1.2 0.1- 2.3
Ca0 2.0-16.9 0 -0.3 16.9-19.2 <1.0
Na20 0 - 0.1 - 0.4- 1.3 -
K,0 - - 0 -0.3 -

2



IT - 87

Table III (continued)

RANGES OF CHEMICAL COMPOSITIONS FOR THE MAJOR MINERALS

Highlards Rocks

Pyroxene Olivine Plagioclase Opaques
"odal Abundance (Mostly Iimenite)
(Vol. %) 5 - 35% 0 - 35% 45 - 95% 0 - 5%
Component
(Wt. %)
50,  51.10-55.4 37.70-39.9 44.00-48.0 0 -0.
A1,05 1.06- 2.5 0 - 0.1 32.00-36.0 0.80-65.0
Tio, 0.45- 1.3 0 -0.1 0.02- 0.03 0.40-53.0
Cr,0, 0.30- 0.7 0 -o0.1 0 -0.02 0.40- 4.0
Fe0 8.20-24.0 13.40-27.3 0.18- 0.34 11.60-36.0
MgO 16.70-36.9 33.40-45.5 0 -0.18 7.70-20.0
Ca0 1.90-16.7 0.20- 0.3 19.00-20.0 0 -0.6
Na,0 0.20- 0.6
K,0 0.03- 0.15

oL
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Reagent

5% HF (RT)

1% HF

5% HC1 (95°C)

5% NaOH (95°C)
H,S0,
H3P0, (150°C)
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Table IV
VITREOQUS SILICA

Dissolving Rate

96.6% (.04 mm dia.) dissolved 30 min.

52.9% (.04 mm dia.) dissolved 30 min.

<2.5 x 10°% ecm 24 hr.

~1 x 10'3 cm 24 hr.
About same as HCI1

Some attack
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Table V

BULK COMPOSITIONS OF PLAGIOCLASE AND ILMENITE CONCENTRATES

90% Plagioclase and 10% Residue 907 Ilmenite ard 10% Residue
(Weifht %) (Weight %)

weight moles per

percent 100 gram
SiO3 44,90 .747 5102 3.78
TiO2 0.05 .00063 T1'02 48.10
A1203 33.67 .33 A1203 1.07
Crzo3 0.01 .000067 Cr203 0.49
FeO 1.09 .0152 Fe0 43.23
M.0 0.01 .00014 MnO 0.03
Mg0 1.35 .033 Mg0 1.29
Ca0 18.59 .33 ca0 1.07
Na20 0.45 .0073 Na20 0.04
KZO 0.16 .0017 KZO 0.01
S 0.01 .00031 S 0.02
Enrichment Factor Enrichment Factors
A1203 1.96 TiOz 3.7

Fe0 2.2
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Table VI
CARBO-CHLORINATINN PROCESS EQUATIONS

Ca0 - A1203 - (2.25 5102) - (.15 MO) + 8.65 C + 8.65 C12 =

CaCl, + 2 AICT4 + 2.25 SiCl, + .16 MC1, + 8.65 CO

CaCl2 + 2H,0 + (#) = Ca(OH)2 + Hy, + (1,

L5 MC1, + .3 H.0 + (¥) = .15 M(OH), + .i5 H, + .15 Cl,
2 R1C14 + (F) (fused salt) = 2 A1 + 3 C1,

2.25 y SiC14 + 4.5 yHy = 2.25 y Si + 9y HCI
.25 (1-y) SiCI4 + 9(1-y) H,0 =
.25 (1-y) Si(OH)4 + 9(1-y) HCY

NN

9 HC1 + (%) = 4.5H, + 4.5 Cl,

8.65 CO + nH, (intermediates) = 8.65C + (n--8.65)H2 + 8.65 H20

Ca(OH)2

i

a0 + H,0

2
.15M (OH), = .15 MC + .15 H,0
2.25 (i-y) Si(0H), = 2.25 (1-y) Si0, + 4.5 (1-y)H,0

(3 + 4.5 y) H20 + ) = (3 + 4.5 y)H2 + (1.5 + 2.25 y)Oz

(2)
(3)

(5)
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Table VIla

HF ACID LEACH PROCESS EQUATIONS

+

xMO - S1'02 + (4 2x)HF xMF2 + SiF4(aq) + (2 + x)H20

xM0 - SiO2 + (5 + 2x)HF

xMF, + HSiFS(aq) + (2 + x)HZO

2. SiF4(aq) + nH20 = SiF4(v) + nHZO(v)

2", HSiFS(aq) + nHZO = SiF4(v) + HF(aq) + nHZO(V)

3. (1-y) [SiFa(v) + 4H20 = Si(OH)4 + 4HF]

3a. (1-y) [SiF4(v) + 2H20 = SiO2 + 4HF]

4. (1-y'-z) [xMFZ + xHZO = xMO + 2x HF]

5. y [SiF4 * 4Na = Si + 4NaF]

6. y'[xMF2 + 2x Na = xM + 2x NaF]

7. 2z [xMF2 + xSiF4(aq) = xMSiFﬁ(aq)]

8. z [xMSiFG(aq) * xH,0 + elec. energy = (x/2)02 + XM + rHZSiFﬁ]
8a. z [xMSiFG(aq) + M'SO3R* = xM'SiFG(aq) * XMSO4R*]
9. m NaF + mR*OH = mNaOH + mR*F

9a. m NaF + (m/2)Ca(OH)2 = mNaOH + (m/w)CaF2

10. m NaOH + elec. energy = mNa + (m/2)02 + (m/2)H20
1. (1-y) [S‘i(OH)4 = S1'O2 + 2H20]

F* = jon exchange resin

m =4y + 2xy'

-aF
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Table ViIb

METAL FLUORIDE/FLUOSILICATE SEPARATIONS
(Separations of Al, Ca, Fe, Mg ions)

Acid leach (Eqn. 1, Table VIIa) with SSA will leave metals in
soluble fluosilicate form. We may write the acid leach step as:

SSA + (4 + zx)RT + xMO - SiOZ = xMSiF_. + SSA' + (2 + X)HZO

6
1. Electrolyze iron:

MhSiF6 + HZO + elec. energy = Mh + 1/2 02 + HZSiF6 (Mh = Fe)

2. Selectively precipitate fluorides

. — _1a-3y - . .
MiSlFG + 2HF ([F ] ~1077) = MiF2+ + HZS'IF6 \Ai . Ca,Mg)
MJ.SiF6 + 2HF (excess) = (2/3)A1F3 + HZSiFs (Mj = (2/3)A1
HZSiF6 is returned to leach cycle, AlF3 to reduction step
3. Redissoive Min
M Fov + SiF4(aq) = M].SiF6 (soln)
4. Salt cnlitting (conversion to chloriaes)
M+ 2HSO4R* - 20t + M. 2s503R recycle H,Sif. eluant
++ -
Mi . RSO3R* + 2kC1 = 2H503R* + MiC]Z (soln)
5. Precipitate Mg(OH)2
M.CT, + Ca(OH)2 = Mk(OH)2+ + CaCl, (Mk = Mg)
6. Salt splitting (conversion to hydroxide)
201 ** 4+ 2R*OH = 20H™ + 2R*CI dehydrate Ca(OH)2 eluant
R*C1 + NH4FHF = R*F + NH4F + HC1+4 recycle HC1 to 4
R*F + NH3 + H20 = R*QH + NH4F
7. Reagent regeneration
2NH4F + heat = NH4FHF + NH3+ recycle NH4FHF to 6

R* = jon exchange resin

L 4
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Table VIII
HC1 ACID LFEACH PROCESS EQUATIONS
xMO - 5102 + 2x HC1 + (2-x)H20 - xMC]2 + Si(OH)4

(anion exchange resin)

- +
XMCT, = x(M2* 4 2C17) + x R*An o (R¥An), -y W20 4

(x-)’)Mkz+ +2x C1°
(acid elution)
(R*An)x -y Mj2+ + 2y C17 + 2x WY + LA =

2 Loy 1”

X R*An' + tzAn + yMj
(cation exchange resin)

(x-y) M Cl, = (x-y) (M 2" + 2 C17) + 2(x-y) RH = (x-y) MR, *
2(x-y) (H" + 1)

(partial elution)

2

+ - + -
(x-y) MRy + 2z(H" + C17) = (x-y-2z) MRy + 2 M, + 2z C1

(regeneration)
x [R¥An' + 2 HY o R*X, + H,An']

(regeneration)

(x-y-z) [M{R, + 2 HX 22 2 RH + M2¥ 4 2x7)

R, R*
RH
R*An
An, A
Reduc

leach

0
P

resin polyelectrolytes

RHY = cation exchange resin (suifonate type)

n

++ . . .
= R¥* An = anion exchange resin (quaternary ammonium type)

n' = anions such as 504, 20H, citrate or other species

tion, hydrolysis ard pyrolysis reactions are similar to HF acid

process as shown in Table VII.
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Table IX
NaOH BASIC LEACH PROCESS EQUATIONS
2 (Ca0 - A1,0, - 2 Si0,) + 6 NaOH + 2 H 0 300°C
273 2 2 autoclave

NaZO : A1203 + Na20 - 2Ca0 - 2 S‘iO2 . H20 + Na20 . A1203 - 2 Si0

2. Na0 . Al,0; - 2 Si0, - H,0 + 2 NaOH + 2 Ca0 + 2 H,0
220°C . \o 0 - Ao, . 3 Hy0 + Nay0 - 2 Ca0 - 2 Si0, - H.0
slurry 2 273 2”792 2 2

3. M0 . 2ca0 - 2500, - 0 B, 5 (cqp . $i0, - H,0) + 2 NaOH

4. Cab - Si0, - HO + 2 Hy0 <= Ca(OH), + Si(0H),

5. 3 Hp0 + Nay0 - A0, + 00, 25°C, 5 At(oH). + NacCO

- 2 2 293 2 3 2003
1100°C

6. 2 A1(0H), Gaicine Mp03 + 3 Hy0

7. NapCOy + Cab + Hy0 — 2 NaOH + CaC0,+

8. C0y=+2 R*0H — Ry*CO4 + 2 OH™

9a. CO3 = — C02+ +1/2 02+ +2e

+ + -
9. Na + H20 te— Na + 0H +1/2 Azf
0. caco, +> Ca0 + co,
1. R, COL + 2 K = 2 REX 4 COt + H,0
2 L03 2 2
12 2 R*X + Cal + Hy0 2 CaX, + 2 R*OH
R* = ion exchange resin

b -
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Table X

COMPARISON OF MATERIALS PROCESSING SYSTEMS

S

Carbo/
Silico Electrol. C-C1 HF Acid HC1* NaOH*
Characteristic Thermic Silicates ation Leach Leach Leach
Percent of input mass flow subject 10n-
to high temperature processing 200 150 100 40 49 4n
Maximum process temperature °C 2300 1300 19nn- 1200 1090~ 1200
1270 1200

Reduction products:

Pure metals, Si X X X

Alloys (Fe, Al, Si) X X X
Secondary refining required
(e.q., metal distillation) X X X
Silica, clear glass, refractory

xide demands require reoxidation X X
Ratio, electrolysis equivalents: 1.33- 1.33- N
net oxygen equivalents 1.5+ 1.5+ ~2.5 1 1 1
Oxyaen recovery:

Recvcling co X partial

Electrolysis of Hp0 partial partial partial partial

Electrolysis fused salt, alk., etc. partial partial partial

Electrolysis fused silicates X
Process power:

Electrical watt hr/equiv. 31,4 ~1n0 {107.5- { 72- NA NA

(theoretical) 135.7 144%

Thermal (theoretical) 129.7#  25-49 <2n <20 <2n <20
Hiah purity Si, SiO2 obtainable X
Elements recycled:

H 4 X X X

1 (A) (A) X X X ?

F X

Na X X ¢ X

C X ¥ X(CO3)

Si X X(Mg) X(¥a)

N X ?
Technological risk high high medium Tow Tow medium k
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Table X (continued)

COMPARISON OF MATERIALS PROCESSING SYSTEMS

Carbo/
Silico Electrol. C-C] HF Acid HC1* NaQH*
Characteristic Thermic Silicates ation Leach Leach Leach
Key Problems:
Refractories, corrosion X X X X
Separations - metals X X
Separations - nonmetals X ? X
Rate (kinetic) problems X X
CO conversion to C, 02 X X
Recycling efficiency ? ? X X ? X
Adaptability to:
Anorthite X X X X X X
Pyroxene, olivine X X X X X ?
ITmenite, spinel X ? X X X

Depending on reduction load
Using Na, or direct reduction

May require electric (arc) energy
(A) Additional elements may have to be recycled in metals refining operations
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Table XI

Information Summary cf Testing or Qualification (Scale) of
Process Steps for HF Acid Leach Process
Sub-Pilot Plant,

Step Lab Qualified Pilot Plant or Commercial Space ,
Semi-Commercial Qualivied Qualified -

Acid dissolution E(la) E(1b)
(Silicate rock)
Precipitation, C(2a) c(2b) C(2c)

Crystallization,
Filtration MF

2
Distillation, SiF4, HZO E(3a) C(3b)
Acid hydrolysis, Sit, E(4a) R(4b)
Distillation, HF, H20 E(5a)
Na reduction, SiF4 or MSiF6 c(6a)
Na reduction, AIF, or ' E(7a)
Na,A]F6
Na Reduction, MF, R(8a)
Electrochem reduction, C(92)
Na, O
Exhaugtive drying NaOH E(10a)
Steam hydrolysis, MF, E(11a)
Steam hyd olysis, Na3A1F6 c(12a)
Conversions NaF, NaOH C(13a) R(13b)
Conversion, MSiFG, C(14a)
M(OH)2 + HZSiF6
Drying, M(OH)Z, MO E(15a)
Filtration, Si(OH)4 C(16a)
Process Modificatigns
Anhydrous (NH4FHF) R(17a)
dissolution
Neutral hydrolysis (NH3) E(18a)
Regeneration, NH3 E(19a)
Ton membrane C(20a)

regereration

-
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e ecen iy

Table XI (continued)

References:

la.
1b.
2a.

2b.
2c.
3a.
3b.

4a.
4b.
5a.
6a.
7a.

8a.

9a.

10a.

11a.

12a.
13a.

Common analytical procedure, rock analyses
Metals recovery, silicate ores

Gravity fittration, common separation in inorganic analyses

Manufacture, specialty fluorine chemicals

Centrifugal filtration, AlF3 manufacture (Chem. Engrg. 4/27/64)
Gambaretto and Pedler, Annali di Chimica 64, 711 (1974)

Recovery of SiF4 by product of phosphate fertilizer manu-

fature

S. Thomsen, J. Amer. Chem. Soc. 74, 1960 (1952)

Neutral nydrolysis (using A](OH)3, see ref. 2c)

Munter, Aepli and Kossatz, I & EC 39, 427 (1947)

J. Eringer, U.S. Pat. #2,173,969 (1939)

Netto Process, see Encyc. of Chem. Tech. 9, p. 540 (Kirk-

Othmer)
Reduction of rare earth and uranium fluorides, see Topp,

Chem. of Rare Earth Elements, p. 128, Elsevier, Amst. (1965)

Castner sodium cell, see Encyc. of Electrochem., p. 1062

(Hempel) N.Y.: Reinhold (1964)
Rahme1 and Kruger, Zeit. fur Physik Chem. 55, 25 (1967)

L. Domange, An:.. Chimique 7, 225 (1973)
1, 1960 (1959)

Silverman and Rowen, Anal. Chem,
Recovery 'ia = 0>, see Ret. 12a plus solubility data

Encyc. of Cliem. Tech. 2, p. 7 (Kirk-COthmer)

Three altarnative routes: 1ion exchange resins, ion exchange



15a.
16a.
17a.
18a.

19a.

20a.
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membranes and pptn. as fluorides plus hydrolysis. The
first requires several steps but is relatively straight-
forward, the second has fewer steps but is largely
unexplored, the third requires sevc~al steps, includiug one
at high temperatures and probably requires more energy than
the others.

Mg0 and Ca0 are produced commercially by this method.
Centrifugal filtration during A]F3 manufacture, see Ref. 2c.
J. Hickey, U. S. Pat. #2,624,698 (1953).

G. Cunningham, U.S. Pat. #3,101, 254 (1°63), C. Faust,
U.S. Pat. #3,914,398 (1975).

F. McClenahan, U.S. Pat. #2,446,484 (1948), C. Faust,
U.S. Pat. #3,914,398 (1975).

See Membranes, Technolcogy and Economics, R. Rickles,

Noyes Dev. Corp. and trade literature, lonics, Inc.,

Watertown, MA (1967).
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STRUCTURAL METALS & SILICON CONTENT OF
LUNAR MINERALS

Figure II
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REACTOR SIZING CLAY LEACHING PROCESS §§
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DK = Dpehydration Kiln (Clay) ®
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Appendix A

MASS AND HEAT TRANSFER CONSIDERATIONS IN LOW PRESSURE |
DISTILLATIONS f

Kinetic theory gives the following expression for the mass
flux rate striking unit area of the boundary of a region at
pressure p.

dfdt _ - _

y /2
=m=p (swy)

= 4,375 x 10°° p(M/T)]/2 where p is -
the pressure (dynes/cmz), M is -the molecular weight of the gas,
T is the temperature (°K), R is the gas constant and mis given
in units of gm/cm2 sec.
As an example, for Al at 1640°K, p = 0.1 Torr = 1,33 x 102

4 gm/cm2 sec = 26.9 kg/m2 hr.

dynes/cm2 M=27 and m=7.48 x 10"
In addition to mass transport, heat will be transported
between evaporating and condensing surfaces in the form of latent
heat of the transported molecules and, parasitically, in the form
of radiation between the hotter vaporization and cooler conden-

sation surfaces. The latter may be expressed as:

_,‘_‘— 4 4= 4 —A_T_ -
/A = q, = €o (Te - Tc ) o Ta (4¢ Te) where € is the mean

emissivity, o is the Stefan-Boltzmann constant (5.67 x 10'8 N/m2
°K4). Te and Tc are the evaporating and condensing temperatures

(°X) and AT is the difference in temperatures and ap is given in
W/mé. The term 4c %I represents the fractjon of the black body
e

radiant intensity which is parasitically transferred. As an

example, if € = 1 and AT = ,025 Tg» @ fraction = 0.1 of the black

3 W!’ -

body radiant intensity (&bb) is transferred.

2R et v,
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As an example, 1f T, = 1640°K, qp = 410 KN/m" and q_ = 41
Kw/mz. If one uses a value of 10,9 Kjoule/gram for Tatent heat
of vaporization of Al, the previous mass transport example would
require 81.5 Kw/m2 be transferred as latent energy. In such a
case, the parasitic loss would amount to more than 50% of the
vaporization energy of the process. Additional losses would
arise from insulation losses on boiler and condenser structures.
The use of solar thermal power wouid impose further co~straints
on the boiler insulation. For example if the external emissivity
of the boiler were €' = 0.1 and assuming negligible temperature
drop through the wall, an external radiation loss of 41 KN/m2

would also occur.

o



W

N s e Se—— s

11-136
Appendix B

Sodium is deposited from aqueous solution in the form ¢f a dilute
sodium amalgam in commercial mercury-chlorine cells, although it

is not recovered in metallic form, The deposition is made possible
by a combination of factors involving concentration of sodium or
ions in metallic and aqueous phases, concentration of hydrogen

gas or ions in aqueous solution, the standard decomposition
potentials of sodium and hydrogen, and the hydrogen overvoltage
against mercury. ‘

Similar factors may make practical the deposition of magnesium
and/or calcium on mercury cathodes, although the solubility limits
of the alkaline earth metals in alkaline solution may render such
depositions difficult. Aluminum metal may be similarly deposited
if a suitable 1iquid ternary alloy can be found with sufficient
solubility for aluminum,

Recovery of these reactive metals from dilute amalgams can
be achieved without distilling off all of the mercury by separa-
tion of various intermetallics.

The phase diagrams28

of Ca-Hg and Mg-Hg are shown in Fig. 25. One
may separate Ca or Mg rich intermetallic phases by continuous
deposition of these metals into saturated amalgams or by cooling
unsaturated amalgams to temperatures above their low temperature
eutectics. These solid intermetallic phases may be reheated to
elevated temperatures and decomposed to phases still richer in

Ca or Mg plus leaner liquid phases. The rich phases may be
decomposed by fractional distillation and sublimation. Typical

operatirg cycles are summarized below: »
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Stage Ca Mg
Cathode input

Cathode output

Saturation point

Lowest temperature -35° -35°
Intermetallic CaHg]o MgHg2
Decomposition point

Liquid phase

Recooled 1iquid phase (hypothetical)
Seocnd intermetallic CaHg, MgHg
Second decomposition point

Second liquid phase

Recooled second 1iquid phase (hypothetical)
Third intermetallic Cadg3

.-
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Appendix C

MINIMIZATION OF POWER PLUS SPACE RADIATOR MASS BY HEAT PUMPING

Assume: 6 = original thermal load (MW)
To = original heat rejection temperature
SM = specific mass of space electric power (MT/MW)
RM = specific mass of space radiator (MT/NW)
RM = (mass/unit area) x (area/MW) and mass/unit area
is a constant (MT/m2 = k]); area/MW is proportional
to 1/T4(M2 /M) = ky/T* or
- 4 4

Pumping the heat from To to T would add a theoretical
additional heat load of Aé = 6 (T - To)/To requiring this much

additional power from the space electric power facility.

The heat pump power mass penalty would then be:

AM = Ab {SM) (1 + &) where o = weight fraction for motors,

pumps and additional hardware,

The net mass of space radiators plus incremental power is
then:

My = Q LOT/TOR/TY + (T = T(SM)(1 +a)/T,]

Differentiating with respect to T and equating to zero we
obtain:

d M /dT = (Q/T,) [-3K/T 4+ (SM)(1 + a)] = 0

or

™ = 3K/(SM)(1 + &) or T = [3K/(SM)(1 + «)1'/4
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If we assume typical values (Appendix F):
K=.153 x 10’2, SM = 4, o = .2 we obtain

Topt. = 556°K

R ik o an e St T
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Appendix D

COMPARISON OF CONTAINER AND CONTENT WEIGHTS OF SPHERICAL AND
CYLINDRICAL VESSELS

For stress 1imited vessels, the minimum wall thickness

diameter
pressure differential
wall stress

t = p D/kt where k = {i :g;lgger

QAT o
nnan

Pressure Vessel 4Yeight

’ A
W=ptA=ptV/cD where ¢ = {1/6 sphere v

1/4 cylinder volume

density

(wall material)

The weight/volume ratio is then:
W/V = ptjcD = pp/ket = (1/kc)p/(t/p)
t/p is the specific strength or stress/density ratio

where tv may be ultimate tensile strength v, , yield strength t_,

u y
or for design purposes operating stress Ty = ry/F where F

is a safety factor.

(Note W/V is independent of diameter.)

The ratio of weight of container to weight of contents is given
by:

W/W' = W/p'V = (1/kc)p/p'(rolp) where p' = density of contents

For gases, p/p' is approximately a constant: p/p' = CIRT and

independent of pressure. This gives W/W' (gas) = (llkc)C]RT/(tO/p)
In English units: Ty = psi, p = 1b/1n3, C1R = 18,528/M in/°R where
M = molecular weight. As &n example, for steam (M = 18) @700°R
(116°C), W/W' (steam) = {1/kc) (18,528 - 700/18)/(t /o) =

(.72 x 10%/ke)/ (14/0).

surface area

A i e

’ﬁi&!m o s B s A G mr

-

P T



Shm

WL

I1-141

Assuming rolp (max) = .2 x 106. for a cylindrical vessel kc = .5
and W/N' (steam) (min) = 7.2,

For 1iquids or solids, p/p' is no longer independent of pressure.
But for low or intermediate pressures p/p' is much lower than for
gases. As an example, for p = 1 atm (14,696 psi), p' = .03613
lb/'ln3 (HZO liquid) 0, W/W' (1igq) = (1/kc) - 406.8/(10/9). Using
the previous value for rolp. we obtain W/W' (water) (min) =
.001016. Even for containers with 5 - 10% of condensed Phases
and lower stress/density ratios, W/K' would usually lie below

0.1 for pressures of 1 atmosphére or less.
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Appendix E

ANALYSIS OF OPTIMUM MASS FOR DRYING PROCEDURES

0 initial weight of damp product (ka)

x
-
"

weight of product at time t1

x
n

eq equilibrium weight (for a given temperature and pressure)

(2
—
L]

time at which drying rate becomes l1inear (hr)

time At which drying is discontinued

[ad
L]

s service 1ife (hr) of dryer

Assume: drying rate W = dW/dt = -k (W - W__) after time t
eq 1

mass of dryer, Md = K ﬁo tL where ﬁo = output mass/hr

Then weight loss of recoverable moisture due to termination of

drying at t is L weq = AW corresponding to H2 loss of 112 AW.
Solving the drying equation we obtain: 1In (W - weq) = <kt + const
or AW = W' e K% where W' is an equivalent initial weight if drying

were completely linear.

Total orbital 1ift mass penalty over a service life of tg hours is:

y F] 'kt
AM = Md + MH = K MotL + .112 Mots (W /Neq) e L

Di fferentiating with respect to tL and equating to zero we obtain:
= y - -kt =
dAM/dtL Mo (K kts (112 N‘/Neq) e L] 0

5 - ]
or tL(opt) (1/k) 1n (Kweq/.llz kt W )
Expressed as a function of residual moisture, we have:

A“opt = W 9 K/.112 ktg

e

1 4

As an example, if k =1 hr ', K = 3, t, = 5 x 10" hr, we obtain:
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tp (opt) = =In (Wo/W')(37.56 x 10%) = + 7.53 « Tn (U, /W")

1f ueq/“' =1, tL (opt) = 7.53 hr, Similarly Awopt = weq

5,36 x 10'4 or a residual moisture leve: of about .05%.

Discounting the hydrogen replacement mass to reflect time of

delivery would shorten optimum process times and raise residual
moisture levels,
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Appendix F

PROJECTED MASSES FOR SPACE ELECTRIC AND THERMAL POWER
AND RADIATORS

Preliminary engineering of SSPS systems to deliver 10]0 watts

to earth yield masses of 80,000 to 100,000 metric tors.
The specific mass for remote powar is thus:

SM_, = 8 - 10 MT/MH ” \\\\-

| ;
By avoiding microwave géneration, transmission and conversion

losses, the space power level is 1.72 x ]0]0

watts and a net
mass savings of approximately 25,000 metric tons is achieved.
Thus, for electric power use in space (on site) we obtain a

svecific mass:

= 25,000 to 75,000 . 3.5 ¢ 4,37 MT/MM
1.72 x 10°

n
=

Preliminary engineering of thermal engine SSPS systems to deliver
1010 watts to earth yield masses of 80,000 - 100,000 metric tons.
The solar concentrator section has a mass of approximately 15,000

MT and gathers a useful 11.2 - 16 x 104 MW,

The specific mass for solar thermal power is thus:

i} 15,000 i
SMt =

r .134 - ,0938 MT/MW
(11,2 to 16 x 107)

The specific mass ratio for electric/thermal power is then:

- = 34.1 (Tow) or 32.5 (high) with extreme values 23.9

i

e 2

to 46.5.

For estimating purposes we shall use:

¥
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SK = 4, SM, = .12

Yhe space radiators for the thermal engine SSPS are calculated
to require a mass of 27,600 MT to dissipate a thermal load of

136.9 MW (per module) giving a radiator specific mass:

RM = ,202 MT/MW 0932°K, If we assume the mass/unit area
is constant (4.44 Kg/mz) we predict the specific mass would be
proportional to 1/T4. We then readily derive:

RM = .153 x 10'2/T% MT/MN
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Appendix G

ENGINEERING DESIGN PARAMETERS

Typical Stream Velocity, V. Process
Equipment Capacity (Characteristic Velocity) Time t' Other
3 .
Motors, Puaps 13°KW 10 to 100 m/sec 1 sec 1 kg M
Compressors ' M§ o w)
(except vacuum)
Distillation mass flow rate 1 to 3 m/sec (vapor) 5-10 sec length
Columns 1-5 (entrainment limited) 4 - .6
Ko/m® sec m/plate
Sedimentation volumetric settling velocity (10 p .5=2 min Power
Centrifuges .flow rate particles) 10-5 m/sec x G 50-100 KW
.004-.08 m3/sec  typical velocity: 2
m? 1072 m/sec 1,000 &
Rotary Kilns Loading Density 3 to 10 m/hr (axial) 2-10 hr Rotary Power
.06 - .2 .00083 - ,0028 m/sec JJ - .2 KH
MT/m3 ;3
Ton exchange .5-3 equiv, .2 to .5 m/min 5-15 min
Columns Kg (vesin) (.0033-.0083 m/sec)
Aqueous Systems
Heat Transfer
Nucleate Boiling 15-240 KM h= 2-16
7 2o
m Kil/m"™°K
AT=10-20°K
Condensation 30 - 1,000 KW 30 to 150 m/sec (vapor) h= 3-50
(inside tubes) ;7 Kw/mzoK
AT=10~20°K
Electrolytic is= 103-104 ion migration velocity 10-50 hr
Cells Amp /P 1077-107° m/sec
\ L]
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Anode-cathcde separation: .03 -

dm= y

v = electrolyte volume, A = anode area

M = glectrolyte mass, p = electrolyte density
M/A = Vo/A = 30 - 200 Kg/m?

M/Ai = .0) - .04 Kg/Amp

@100% current efficiency, 1 Amp =

(M/A1) = (.0373 EN/1000) where ﬁo

.0373 equivalent/hr or M/r'4o =

= ourput mass rate (Kg/hr),

EW = equivalent weight (gram). For Na, EW = 23 and M/ﬁo = 11.7

46.6 hr.

For design purposes (elec. fused NaOH) we use M/i’lo = 27.5 hr

¢

.\ \
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Appendix H
CARBOCHLORINATION PROCESS ENGINEERING DATA

Major Energy Requirements

The energy requirements of any process can be usefully
compared with the heat of formation of the input materials from
their elements under standard conditions (1 atm 0298.15°K). For
total reduction processes, the standard heat of formation represents
a lower limit to the process energy requirement, while separation
or conversion processes which do not involve oxidation or reduction
may only require 10 - 20% or less of the energy needed for total
reduction. The standard heat of formation of our empirical silicate
molecule, Cal - A12L3 - (2.25 5102) + (.15 MO) may be calculated
by two approximate methods — first as the sum of the constituent
oxides; and second as the heat of formation of anorthite,29

ca0 - A1203 - 2 S1’02 + heats of .25 S1'02 + .15 M0O. These methods

give:

1st Approx. _ _AH. 2nd Approx. _AHe

Ca0 -151.8 Anorthite -1009.3

Al1,04 -400.4 .25 5i0, - 54.4

2.25 $i0, -489.7 .15 MO - 17.56
.10 Mg0 - 14.38 Total -1081.26 Kcal/mole =
.05 Fe0 - 3.18 62.5 Kcal/equiv.
Total -1059.46 Kecal/mole =

61.24 Kcal/eqiv.
Based on 17.3 equivalents per "mole"
(Chlorine Regeneration)
Chlorine is regenerataed electrochemically from three sources;

9 equivalents from electrolysis of HC1 (from hydrolysis of

4 - S, Gt~ -
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51C14, 6 equivalents from electrolysis of AlCl3 (from fused

salt bath) and 2.3 equivalents from electrolysis of CaCl2 and
MC]Z. The reduction of some fraction of the $1C1, would also
yield HCY or transfer some of the chloride to some other chloride
such as NaCl, while lowering the amount of aluminum being reduced
wonld divert some of the A]Cl3 to hydrolysis which would transfer
the corresponding fraction of equivalents to the HCl1 electrolysis
loop.

For the electrolysis of HC1 we have:

2H+ = 2C1° + elec. energy = H2 + C12 AFr +62.8 Kcal/mole Cl2

+31.4 Kcal/equiv,
(31.4 Kcal/equiv. = 131.4 Kjoule/equiv. Since 1 Faraday = 96,500

coulombs, V = 131.4/96.5 = 1.36 volts)

reversible
Under current industrial practice8d @ cell voltage = 2,3
V/plate current eficiency = 96%, the actual energy per equivalent
is: (2.3)(96.5 K)/(.96) - 231.2 Kjoule or 55,3 Kcal/equiv.
9 equivalents would then require 497.7 Kcal.

For the electrolysis of A1C13 we have:

A1C1, (fused salt) + elec. energy = Al + (e;,’-)m2 AF, = +152.2 Kcal/mole

50.7 Kcal/eq.

(50.7 Kcal/equiv. = 212.1 Kjoule/equiv, or V = 2,20 volts)

reversible
Under assumed industrial practice, the actual energy per
equivalent is about 400 Kjoule/equiv.30 = 95,6 Kcal/equiv.
6 equivalents would then require 573.6 Kcal.
For the electrolysis of salt chlerides we have:
101 Kcal/mole

50.5 Kcal/equiv.,

2C1° + 2H,0 + elec. energy = Cl, + H, + 20H AF

et 4
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(50.5 Kcal/equiv. = 211.3 Kjoule/equiv, or V

reversible
2.19 volts. At 350°K, Veeversibie = 2+3 volts)
Under current industrial pr.'a,ctice8e @ cell voltage = 3,82V
current efficiency = 96.5%

the actual energy per equivalent is:

(3.82)(96.5 K)/(.965)

382 Kjoule/equiv, or 91,3 Kcal/equiv.
2.3 equivalents would then require 210 Kcal.

The total chlorine regeneration energy requirement would amount to
497.6 + 573.6 + 210 = 1281.3 Kcal/mole = 74.1 Kcal/equiv.

For the input molecular weight of 303.1, one metric ton
would contain 3,299 g moles which would require 4.227 x 106
Kcal/MT = 4913 KWH/metric ton,

(Carbon Regeneration)

The theoretical energy requirement to recover carbon from
carbon monoxide is given by

CO+ C+1/2 0, AH_ = -AHc = +26.4 Kcal/mole??P

8.65 moles would then require 228.4 Kcal,

The actual power requirements will depend on chemical routes
chosen — the carbon monoxide may be hydrogenated or absorbed as
formate or other species. These in turn may be hydrogenated or
electrochemically reduced. Under the hydrogenation routes,
volatile CH or CHO compounds are formed which may be thermally
cracked to C, H2 and 02.

For electrochemical formation of carbon, the anodic reaction
would normally yield oxygen.

In terms of process energetics, the most important considera-

tions are the amount and method of oxygen regeneratio.. Thus,
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while the carbon consumed and carbon monoxide formed corresponds
to 8,65 g-mole/mele plagioclase concentrate, the net oxygen
requirement only corresponds to the reduced metal and silicon
equivalents produced unless excess oxygen is needed.

The net oxygen requirement (exclusive of any excess demand)
is equal to that originally bound to aluminum plus the amount
(4.5 y) bound to the fraction of silicon which is to be reduced
and any oxygen bound to platable metals such as iron. Per mole
of original ore, we have to regenerate 3 +4,5y + ,05 gram-
atoms of 0, This may be performed by a combination of water
electrolysis and fused carbonate or other fused salt electrolysis
if the latter is employed to regenerate carbon.

Depending on the fraction of oxygen generated by fused salt
electrolysis, the water or hydrogen balance may require either
electrolysis of water of burning of hydrogen to level reagent

inventory. The desired balance may be expressed by the equation:
8.65 CO + nH2 = 8,65 C+ (3 +4,5y + .05) 1/202 +

For carbon monoxide processec¢ .y hydrogenation routes, all
of the oxygen s converted to water, while fused salt (carbonate)
electrolysis would give up to 1 oxygen atom per carbon atom
reduced. Since the required 0:C ratio would vary from ,364 to .88
depending on silicon production, combined electrolysis of formate-
carbonate melts and water should total to the required ratio.

The power requirements may be estimated from these considera-

tions as follows:

For water electrolysis from aqueous alkali solution, the
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reversible cell voltage @ 298°K = 1,23 V.

The reaction “20 = H2 + 1/2 02 consumes 2

+ elec energy
equivalents (2F = 193,000 coulomb) so the energy change is
193,000 (1.23) = 237.4 Kjoule/mole = 56.7 Kcal/mole + 28.4
Kcal/equiv.

Under current industrial practice, 8f4.8 -~ 5 KWH/m3 H2 STP
(44.61 moles) is equivalént to 388 ~ 404.5 Kjoule/mole (HZO) =
92.8 - 96.8 Kcal/mole = 46.4 - 48.4 Kcal/equiv.

If only »luminum reduction is practiced 6 equivalents of
oxygen would be required, but reduction of silicon could require
up to 9 additional equivalents. Thus, the oxygen generation
energy requirement could vary from 290.4 to 725 Kcal/mole for
a range of 6 to 15 equivalents. The corresponding requirement
per metric ton would amount to .958 x 106 to 2.395 x 106
Kcal/MT = 1113 to 2784 KWH/metric ton,

For fused carbonate electrolysis, the reversible decomposi-
tion potentia13] is about 2V corresponding to a theoretical
energy requirement of 2 « F = 193,000 joule/equiv or 386,000
joule/mol (0) = 92,3 Kcal/mole (0) = 456.1 Kcal/equiv.

Industrial practice data is not available, but would probably

raise power requirements at least 50%. If we assume 69.2 Kcal/equiv

generation of 6 - 15 equivalent: of oxygen (and an equal number
of carbon) would require 415.2 to 1038 Kcal/mole (1592 - 3980
KWH/MT). Returning to the carbon regeneration problem if all

the carbon monoxide is treated by hydrogenation-cracking processes,

all of the oxygen will appear as water and the oxygen recovery
will be by electrolysis of water as discu-sed above.

The energy of the irverse water gas reaction:

»
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CO + Hy, > C + Hy0 AH, = -31.4 Kca124b,

This reaction is exothermic so no power is required. When

P T e e St ey s

considered by individual steps, the hydrogenation is exothermic
while the pyrolysis may be slightly endothermic for hydrocarbons,

but exothermic for oxy-compounds, such as methanol or formalde-

t

hyde. In any case, the power requirements are much lower than

involved for oxygen recovery.
(Heat of Drying and Dehydration)
The proposed process will ‘dinvolve generation of aqueous

precipitated Ca(OH)z. .1 Mg(OH)2 and 2.25 (1-y) Si(OH)4. These

L I e B o e At
L]

products must be calcined or dried to corresponding oxides and

may require temperatures to 550°C. The theoretical energy

requirements are:24’29

Ca(OH)Z + CAQ + H20 (v) AH = 24.4 Kcal
o1 Mg(OH)2 + .1 Mg0 + .1 H,0 (V) = .1 (19.3) = 1.93 Kcal

2,25 (1-y) si (OH)4 + 2.25 (1-y) 510, + 4.5 (l-y)H20 (v) =
2.25 (19.6)(1-y) = 44.2 Kcal (max)

- or a maximum t~tal theo. drying energy requirement of 70.5
Kcal/mole (max) for y = 0 or 295 Kjoules/mole (max).

40 - 80% of this energy can be recovered as heat of condensation

of steam formed.

Compressors

Compressor power is necessary for operating H2 and CO streams
in the hydrogenation plant units and to recover heat from steam
at elevated temperatures. The actual energy requirements are

somewhat flexibl:, but typical values are shown in Fig. 26 along
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with the electrical energy requirements, It is seen that the
electrical power needs far exceed all other demands for process
power.

Major additional compressor power requirements could be
added if extensive heat pumping is practiced to raise heat
rejection temperatures of aqueous electrolysis, hydrolysis and
hydrogenation heat loads. While this would significantly raise
plant power levels, it would rasult in a net reduction in mass
due to savings in space radiator facilities. Figure 27 shows
heat transfer load vs. temperature for the various process steps.
Energy Summary

The foregoing analysis indicates that the combined power
requirements for the electrolysis operations amount to 92.5 -
116.8 Kcal/equivalent = 6,000 - 7,700 KWH/metric ton. These
values are so high that other processing routes were considered
to be virtually mandatory for practical space processirg plants.
As an example, for a proposed7 mature non-terrestrial processing
facility designed to convert 399,000 metric tons/year of lunar
plagioclase to industrial feedstocks, the total annual conversion
amounts to 1,316 x 109 moles or 22.77 x 109 equivalents. The
current (1976) U. S. production of ch10r1ne32 is approximately
ten million short tons per year which amounts to 255.8 x 109
equivalents, Operation of such a plant would require generation
of chlorine equal to 8.9% of total U. S. production and would far
exceed the capacity of any single plant now in existence.

Plant Sizing

A complete and detailed plant sizing for the carbochlorina-

tion process was not performed in view of the unfavorable energy
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considerations. However, an estimat: of the size and mass
requirements for the chlorine regeneration section 1s instructive
and is given below based on the approximation that the size and
mass of HC1, CaCl2 fused salt chlorine cells would be comparable

with existing NaCl diaphragm cells. A single Diamond Alkali

D-3 cell has the following specifications:8 & 24c
Output 1.01 short ton (Clz)/day
Current 30,000 Amperes
Voltage : 3.82 Volts
Power 2720 KWH/short ton C1,
Cell room area 105 ft2/short ton Clz day
Anode life 230 days
Diaphragm life 115 days
Graphite consumption 7.5 1b/short ton C12
Asbestos consumption 1.2 1b/short ton C]z
Cell room maintenance .29 man hr/short ton 012

The cell contains an estimated 40 ft3 of electrolyte with
a density of 75 1b/ft3 or abou* 3,000 1b of electrolyte which
is about 75% water and 25% NaCl.

This cell has an output of 25,839 equiv/day or 1,077
equiv/hr so the electrolyte mass requirement is 1.264 kg/(equiv/
hr). Such a cell wouid require 35.7 hr to generate chlorine
equal to the weight of its electrolyte or 72.1 hr to generate
sufficient chlorine to combine with lunar plagioclase concentrate
equal to the weight of the electroiyte.

For a plant to handle 399,000 metric tons/year of lunar ore

operatiag 330 stream days/year with 90% utilization (10% down

o
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time) or 7128 hr/year, the hourly capacity would be .1845 x 106
equiv/hr, This would require the equivalent of 2,964 D-3 cells
with a rated power of 340 MW and requiring a floor space of
28,912 m? (311,220 ft2 or 7.14 acres). The electrolyte mass
would be approximately 4,034 x 106 kg = 4,034 metric tons.

The carbon monoxide conversion and separation facility
would have to convert 318,800 metric tons per year of CO to
136,600 MT of carbon plus oxygen. This would involve formation
of approximately 160,000 metric tons of hydrocarbons via Fischer-
Tropsch synthesis followed by p&rolyais as in carbon black
production. By the early 1960's only two plants operating in
the free world had capacities sufficient to syntnesize such
quantities of hydrocarbons from carbon monox‘ide.24d The pyrolysis
section would be required to generate carbon black at a rate
equal to approximately 9.4% of the annual U, S. production
(1977 - est = 1.45 million Mr).32
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fppendix I

HF ACID LEACH PROCESS ENGINEERING DATA

The detailed analysis of the proposed process will depend
on the value of the x parameter in the equations and the M element
composition. For mass and thermochemical estimations, we have
chosen x = 2 and M = Mg, The x = 2 value closely approximates
a lunar ancrthite or olivine comprsition, while the thermochemical
propnerties of Mgl and MgF2 are similar to Al and approximately
averages between more reactive calcium compounds and the low
energy ferrous compounds. The equivalent weight of Mg0 is also
intermediate between A1203 end Ca0 and FeO. The molecular weight
(Forsterite) is then 140.7 which gives 7170 moles/metric ton or
56,859 equiv/MT. It is worth noting that for pyroxenes, x = 1
and the consumption {(recirculation) of HF per mole of silica
processed drops from 8 to 6 equivalents which represents a size
reduction of 25% in hydrolysis equipment or even more when
reduction diversions of fluorides are considered. More extensive
use of pyroxenes would necessitate substitution of magnesium
for aluminum in some 1ight metal production and possibly greater
use of ferrous metals (see Table I).

Materials Balance

A materials balance for the senaration process is given in
Table A where the number of myles of reagents present and con-
verted or transferred per input mole of xMO - SiO2 is shown,
The corresponding compositions are shown on the phase diagrams
in Figs. 28 and 29, _

It will be noted that in the leach sectiun, 20.5 moles of
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acid are added and 25.5 moles vaporized (including water content),
while in the hydrolysis section, 66.€ moles of acid vapors are
added and 65.6 moles are vaporized. An additional thermal load

is generated from hydrolysis of the metal fluorides requiring
vaporization of a minimum of 11.2 moles although equilibrium data
are not sufficiently defined without composition information on

M. This considerable mass transport arises primiarily from the
amount of water and SiF4 which has to accompany the HF which must
be removed from the hydrolysis operations to maintain a continuous
or quasicontinuous process. This necessitates a large heat trans-
fer capability although the net energy requirement can be fairly
low using heat pumps.

The amount of recycled water can be greatly reduced if
hydrolysis is conducted with solutions of lower water content,
since then the HF can be removed (along with recycled SiF4) without
vaporizing any appreciable water. A second approach wou}d involve
neutralization Mydrolysis of SiF4 with NH3 forming S'I(OH)4 and
NH4F ana thermally regenerating the NH3 from NH4F with formation
of NH4FHF.33 This option will be analyzed in the near future,

Detailed materials balance for the metal fluorides separation
and reduction steps are not given since the various options
would require an excessively complex and lengthy tabulation,

The flows can be estimated from process equations 5 - 10 using
selected values of the parameters.

Thermochemistry

The thermochemistry of the process is shown in Fig. 30 and
Table B. In this analysis, the latent heat of phase change of

H20 and HF are not included since they can normally be adjusted

[pere)
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by the liquid/vapor ratio of acids introduced to the reactors.
Similarly, the boilers in distillation columns may be heated
by adiabatically compressing the distillate vapors,

It may be noted that, in contrast to the carbochlorination
process, there is no large low temperature exotherm requiring
excessive radiator mass. The acid leach step (Eqn 1) is axo-
thermic, but the evaporation of SiF4 (Eqn 2) is endothermic and
by introducing part of the acid addition in vapor form, one may
exactly balance the heat load of the combined equations 1 and 2
(see materials balance, Table A).

The large exotherm from the sodium-olygen electrolysis may
furnish part of the heat for distillation operations while the
remainder may be supplied by compression of distillate vapors,
The approximate heat transfer requirement in the evaporation and

distillation operations may be estimated as 10 Kcal times the

number of moles vaporized or condensed. Referring to the materials

balance table, we thus estimate -285 Kcal (A), +255 Kcal (D),
-666 Xcal (E'), +411 Kcal (H'), +245 Kcal (J & J'), -(71.5 + 10n)
Kcal (C]), and +(91.5 + 10n) Kcal (L & L'). The requirements per
equivalent may be calculated by dividing by 8. Thus, the total
(boiler) neat load per input equivalent is about 125.3 Kcal

(8286 KWH/MT).

For the high temperature processes, the hydrolysis of metal
fluorides is sean to depend on the particular element. Transfer
of fluoride ion content from Ca and Mg to Fe or Al would lower
process energy requirements. More importantly, FeF2 or FeF3 are
more readily hydro]yzed.34 and the reaction may be conducted at

lower temperatures. The fluoride transfer may be carried out
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using fon exchange resins. The sodium fluoride must be converted
to hydroxide or other form since hydrolysis as NaF with steam is
impractical, but by conversion to cryolite, Na3A1F6. the hydrolysis
may be effectively carried out.

The sodium reductions are exothermic except for Ca which
would not normally be produced via that route since the equilibria
are unfavorable. Reduction of iron would lead to a large exotherm
but iron can be more easily recovered by aqueous electrodeposi-
tion (Eqn 8).

The energy and heat load requiremeiits for sodium and oxygen
production may be estimated from theoretical and actual values
for the Castner cell using the proposed modification to remove
water, The reversible decomposition voltage is estimated to be
2.3 Volts @ 300°C (corresponding to a free energy ~hange of
53 Kcal/equiv)., The industrial cell operated at 4.3 V with a
current efficiency of 40%,8 which should be elevated to 80% by
drying the electrolyte. This gives a projected energy of 518.7
Kjoule/equiv = 124 Kcal/equiv. The dissipative load would then
be 124 - 53 = 71 Kcal/equiv. If 50% of the input equivalents
required sodium reduction (4 equiv per input mole), the electro-
lytic heat load would be 284 Kcal/input mole (2348 KWH/MT).

The electrical power load for the same 50% reduction require-
ment would then be 62 Kcal/input equivalent o+ 4100 KWH/metric ton,
Unit Operations f

The acid leach operation would be conducted in one or more
stirred tanks at temperatures near the boiling point (ca. 110°C).
Raw or beneficiated silicate ore would be preleached with cool

acid at low pressures to separate dissolved solar wind gases and
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then added to the tank along with a mixture of vapor and
condensed acids from hydrolysis stripping operations., Precipi-
tated fluorides would be removed in a centriquaI sedimentation
unit using some of the condensed acid makeup to leach any un-
dissolved silicates., The reaction exotherm and condensation
heat of the input acid vapors would vaporize the SiF4 and H20
generated in the leaching step.

These vapors would be added.to additional SiF4-H20 vapors
(evaporated from the hydrolyzing solution after removal of the
precipitated hydrated silica) and dissolved in a second tank
used for the hydrolysis oper?s*ion and operated near the boiling
point., After removal of the precipitated silica with a sedimen-
tation centrifuge and partial evaporation to supply the recycle
SiF4-H20 requirement, the residual acid (which is no longer
saturated with silica) is fed to a fractional distillation column
where it is separated into three streams: steam, acid azeotrope
(71 m/o H20, 23 m/o HF, 6 m/o 51F4), and SSA., The SSA and
steam are recycled to the hydrolysis unit, while the acid
azeotrope is returned to the leach cycle,

The spent leach solution would be periodically sent to a

crystallizer or ion exchange column to remove NaF and KF which

would otherwise gradually build up in concentration. Precipitated

and crystalline fluorides would be converted to elements or oxides

by several optional routes depending on the element and require-
ments for reduction products. Element requirements except for
iron, magnesium and calcium would be met by sodium reduction,
Iron would normally be electrodeposited from aqueous fluosilicate

solution, while magnesium could be reduced from its oxide using

(W)
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silicon as 1s practiced commercially. Calcium metai may not be
an important end product, but it can be produced by electrolysis
of fused salts such as CaClz. The sodium reductions may be
carried out in steel retorts or ceramic tubes made of SiC, Can
or other resistant refractories at temperatures near 900°C (the
boiling point of Na is 881°C).

Hydrolysis of non-structural metal or surplus fluorides to
oxides would probably be best conducted in rotary kilns using
superheated steam as a recirculant fluid. The HF content of the
vapor stream must of necessity femain lower than the equilibrium

value for coexisting MO and MF2 solid phases. Comange measured

these values for a number of fluorides and reported these

results:34
Fluoride Temperature Vol % HF¥*

CaF2 1000°C 1.15
1100°C 2.3

Mng 1000°C 6.6
1100°C 12.0

Fer 550 56.0

FeF3 450 66.0

Hydrolysis of sodium or potassium fluoride is probably not
practical using steam and heat. It will be noted that hydrolysis
of CaF2 is much more difficult than for transition metal fluorides,
so it may be advantageous to convert Ca and Mg fluorides or
fluosilicates to more easily hydrolyzable or pyrolyzable (such

as iron fluorides) and Ca or Mg hydroxides, carbonates, sulfates

*At 1 atm, Hydrolysis at reduced pressures yields higher fractional
content of HF.
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or chlorides using ion exchange or other methods.

The separation of the mixed metal fluorides may be achieved
by various solution processes. Fluoride solubility35 will
separate NaF and KF from multivalent metal fluorides. The solu-
bility of A1F3, FeF2 and Man (ca. 1% by weight) is sufficient
to permit electrodeposition {(except for Al), but the sparingly
soluble and insoluble fluorides may also be brought into solution
by adding S'IF4 (or Si(OH)4 and HF) and conversion to fluosilicates.

These are all soluble at the 10% or higher level36

and may be
separated by ion exchange or other techniques. Calcium may be
separated from magnesium and aluminum by sulfate precipitation
while aluminum and magnesium are separable by hydroxide precipi-
tation at controlled pH. Unfortunately, fluosilicates are subject
to anion hydrolysis and silica precipitation if the pH rises

above 5.

Ion exchange methods appear to be most generally useful.
Regeneration and elution of the resins will normally r2quire a
regenerable source of acids and bases. Regeneration should
preferably be performed by a thermal pyrolysis or hydrolysis
operation. These might include steam hydrolysis of calcium
chloride or fluoride, or pyrolysis of NH4F or (NH4)2SO4 to N4
plus acid salts. The calcium halide nydrolysis can regenerate
strong acids and bases while the ammonium salt pyrolysis only
gives a weak base. The latter route involves substantially
lower energy and process times, however,

A typical process route to separate the four major metallic

constituents is given in Table VIID. Additional work in process

optimization is necessary to refine the separation technology.
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The unit operations required for the reduction steps consist
of aqueous and fused alkali electrolysis, high temperature
reactors for reduction, and alkali regeneration of the NaF formed
during reduction.

Commercial electrodeposition from aqueous electrolytes is
normally limited to 50% or less of the active species in the
electrolyte after which the solution is purified and/or replenished.
The purification is often performed in "liberator" cells where
the residual metal ifon content is reduced to very low values
although the current efficiency drops and substantial hydrogen
is released. An alternative is to remove the residual ions with
an ion exchange resin and eluting them in a more concentrated
solution for electrodeposition or crystallization. Because the
cclutions are all recycled, it may not be necessary to completely
extract the platable metals in each pass, which will speed up the
operation,

The electrolysis of fused NaOH is different from aqueous
and most fused salt systems in that there is little or no
"{nert" solvent involved, and the electrolyte mass is alwmost
completely derivable from lunar sources. The electrical conduc-
tivity is much higher than aqueous systems which permits higher

4 amp/mz).

current densities (ca, 10
The sodium reduction reactions will normaily be conducted
in steel reaction vessels at temperatures near 900°C. Volatile
fluorides such as SiF4 or TiF4 may be contacted with molten
sodium in a reflux boiler. Solid fluorides such as AlF3 may bde
mixed with sodium and charged into retort tubes. Separation of

the reduced product from the NaF formed depends on the physical

EN N VS )
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properties of the reduced elements. Thus, aluminum wouid melt
at the reaction temperatures and would separate from the NaF,
Silicon and titanium would be formed at temperatures below their
melting points and would occur as a sponge from which the NaF P

could be separated by water extraction.

Magnesium reduction would best be accomplished by conversion 3
of Mng to Mg0 by steam hydrolysis and reducing the latter with -
silicon as previously noted. This reduction process is carried
out commercially in alloy steel tubes at 1100 - 1200°C, The
product distills into the cooler ends of the reaction tubes and
is removed in solid or liquid form,

The NaF must be reconverted to NaOH with recovery of HF to
permit regeneration of sodium. This may be done using an anion
exchange resin (Eqn. 9) or with Ca0 (Eqn. 9A). Regeneration of
the resin may be accomplished with either Cal or NH3. (In the
latter case, a weak basic resin must be used and the elution
conducted with a reflux condenser with the steam condensation
pre-eluting the NaF. The dilute NaOH leaving the column would
accumulate iu the boiler,) Regeneration of the column with NH3
would yield NH4F which may be pyrolyzed at temperatures below
150° - 200°C to yield NH3 and NH,FHF. Finally, the HF must be
recovered from the acid salt by vaporization or ion exchange
methods.

The aqueous NaOH formed would have to be dried prior to use
in the electrolysis unit.

Plant Sizing

o 4

Calculations of the size and mass of reagents and quipment

for the various process steps is inevitably linked to the estimates




- e fwmw

I1-166

of process times for the respective steps. These remain somewhat
uncertain in the absence of pilot plant data, although for most
of the steps which do not involve chemical reaction, the accumu-
lated experience of equipment vendors for materials handling and
phase separation serves as a useful guide to equipment size/
throughput ratios.

Since most process steps require times ranging from a small
fraction of an hour to several hours, the operating capacity may
be conveniently expressed in gram moles/hr or equivalents/hr.
The conversion from mass/year to equivalents/hr will depend on
the fraction of available time the plant is in operation (equi-
valent hours at full capacity divided by hours per year). We
shall use the previously assumed values of 330 stream days/yr,

21.6 hr/day (90% available time) or a total of 7,128 hr/year.
We thus obtain:

MT . 7,128

equiv, , equiv, . MT . hr _ equiv,
hr X ; 'SHT_' X yr

yr . yr

For discussion purposes, we shall calculate plant sizes for
a proposed initial space processing facility with a rated capacity
of 30,000 metric tons/yr (=1 kg/sec). Operating 7,128 hr/yr would
require a throughput of 4.209 MT/hr or 239,320 equiv/hr for an
assumed equivalent weight of 17.59., Since each mole of 2MO0 .
5102. has 8 equivalents, the masses processed per hour are obtained
by multiplying the values shown in Table A by 29,915,

The reagent masses per step are then given by 29,915 t times
the mass value given in Table A, where t is tne process time in

hours.

A more general result may be derived from the mass ratio

N Rk o
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parameters, Rm. previously defined. For any step, R_ equals

m
the total mass from Table A divided by equivalent input mass
(.1407 Kg). Then the product tRm represents the reagent mass
per (input mass/hr). Similarly, we may tabulate the net reagent
mass (LDE)(mass of elements other than the 13 major and minor
Tunar elements) and calculate the net mass ratio Rm.. The
product tRm. then gives the net reagent mass per (input mass/hr).
Table C gives the results of such calculations for the
principal process steps along with corresponding equipment mass

variables, r_ and trm.

m
The equipment (container) masses were estimated from stress
considerations outlined in Appendix D. Additional design parameters

for materials handling equipment and other procedures are given
in Appendix G and from chemical engineering reference materials,
The equipment masses per process step yield trm products of less
than 1 hr except for the rotary kiln hydrolysis/driers, the sodium
electrolytic cells and the metals reduction reactors.

The process times for chemical reactors and other steps
were estimated .rom published data on typical throughput vs. size
for sedimentation centrifuges.37 rotary kﬂns.37 fluosilicate

8

hydrolysis.38 fused alkali electrolysis, metals reduction in

externally heated retorts.24 etc. These process times, which

fix the reagent mass and volume in a given step, have been plotted
on the volume vs. throughput graph in Fig, 31,
The Bureau of Mines, U. S. Department of Interior has

published u series of “eports39

evaluating and sizing proposed i
plants for acid leaching of calcined clays to separate silica

and alumina contents (and iron impurities) and rec~ er the alumina,
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The processes have many features similar to acid treatment of
lunar silicate materials., We have calculated process equipment
size/throughput ratios from their data and displayed these on
Fig. 32. (1t may be noted that the tradeoffs between equipment
sizing and process reagent and power conservaticn would favor
larger but more eFficient apparatus for earth-based plant design.)
It is seen that the reactor sizing procedures for both the lunar
process and the clay/alumina process yield points in general
agreement with industrial design experience.

Summation of the tRm. tr, and tRm. products illustrates
some interesting points: 1) the reagent mass tends to dominate
the mass of direct containers and equipment. 2) The net reagent
mass (LDE) which represents primarily hydrogen and fluorides is
comparable with the process equipment mass, and 3) the mass of
peripheral equipment including space solar electric power, space
solar thermal power, radiators, compressors, heat exchangers, pipes,
valves, electrical, structural and miscellaneous items will prob-
ably exceed the mass of all other earth-1ift requirements.

The masses of peripheral and support equipment and structures
is also shown in Table C. The masses shown were estimated for

a piant of input capacity 30,000 MT/yr and the "equivalent hours"

are also listed.

Start Up Procedures

An initial space processing facility in orbit will consist
of earth manufactured components ard structural parts and reagents
delivered to some orbital location. Solar cell panels will be
erected and deployed to provide operating power. Large reacticn

vessels will have to be assembled and made leak-tight. For low

Rk sveeas  aseminsleedse c———
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and medium temperature processes, there is little mass savings

to be gained from large reactors, and multiple smaller vessels

will probably be desirable from a reliability standpoint. This
will also aid in the start up operation by allowing functional

operation at less than design capacity.

When the lunar ore begins arriving, the first requirement
is to generate oxygen, water and sodium. Since sodium is a
minor lunar element, enough water (or hydrogen and oxygen) must
be brought from earth to treat lunar ore tc extract its sodium
content and hydrolyze major elements back to oxides. Enough water
must also be brought to recycle Nal and iWaOH. The initial oxygen
supply can best be provided by electrolyzing the iron fluosilicate
solution and plating the corresponding number of equivalents of
iron. A1l of the other fluorides would be initially hydrolyzed
and stored for later use,.

The NaOH requirement for full capacity sodium cell is 6,1 MT
(for a 30,000 MT/yr piant) corresponding to 4,73 MT of Nazo. The
full amount would r.quire the processing of about 1,000 M7 of
lunar ore for sodium extraction. It would be desirabtla to initially
transport a high iron ore such as ilmenite or pyroxene, since the
oxygen derivable from the Fe0 content may be just able to replace
the water loss from the materials processing.

Water may be generated in a fuel cell from earth-lifted
hydrogen and electroiytic oxygen. The key to ectablishing full
capabity for the plant is the generation of water which, depends
on oxygen production which, in turn, depends on the accumulation

of iron and sodium,
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High temperature reactors such as the hydrolysis/drying
kilns may require a miniature sub-pilot unit to operate during
startup procedure at 5% or less of the rated capacity of the
main reactor.

As water accumulates, successive leach tank and hydrolysis
tank modules would be filled and brought on line until full
capacity operation is achieved.

Reagent Replacement Mass

Although some regular transportation of earth replacement
parts, personnel and other special requirements will be necessary,
the mass of reagent replacement will probably represent the
greatest fraction of continued earth-1ift operations.

The HF acid leach process will require the recycling of
compounds containing H, F, Na and optionally N (if NH4+ salt
reagents are used).

A1l anticipated compounds containing H are volatile or
dissociable at elevated temperatures. Hydrogen will appear
principally in H20, HF and NH3 (NH4+) during recycle operations.
It is anticipated that all other loss routes of hydrogca or water
will be a small fraction of that represented by chemically bound
or absorbed water in silica, metal oxide or other solid effluents
from the processing facility. One may anticipate a low loss of
H from exit streams consisting of kiln dried (high temperature/
vacuum) oxides, solid elements (metals, and silicon) and fused
slags. Moisture content of 1/2% or lower would correspond to
less than .06% H. Hydrogen in 02 gas may appear as H20 or H2.
The former should be efficien*ly removed by cold traps (1/2% HZO

is equivalent to a dew point of 5.4°C) prior to liquefaction
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while the latter can be catalytically oxidized or fractiona’ly

']

distilled. Hydrogen content below 0.1% appears to be easily
achieved. If the exit material has an average water content of
1% by weight, the equivalent hydragen content wiil be 0.112%.
The total input mass would approximate the output mass, so the
30,000 MT/yr plant would lose 300 MT HZO/yr which would require
33.6 MT H2/yr to replace. This should regresent a "worst case"
limit with careful management.

The principal potential loss mechanism for F appears to be
residual fluoride remaining in oxides after steam or acid hydrolysis.
Studies of steam hydrolysis (@1200°C, 15 minutes) as an analytical

technique for F determinations40

have shown titratable recoveries
averaging 99.29% (S.D. = .23%) for five aluminum fluoride-containing
materials. Since the original charges contained 51-68% F, we may
assume an average upper limit of .36 - .48 wt% residual F. Given
normal process develcpment including vacuum degassing stages, it
is reasonabie to expect recycie efficiencies in excess of 99.5%.
Loss of fluoride should preferably be kept at 0.25% or less in
oxide products and near zero in reduced (elemental) products. If
we assume an average fluorine content of .15%, the earth replacement
requirement of fluoride (as HF) would be 45 MT/yr for a 30,000 MT/yr
plant. (Anhydrous HF is an easily storable and transportable fluid
with a boiling point of 19°C.)

Sodium may be lost in small quuantities in metals formed by
Na reduction or in oxide exit streams. The former route will
probably not exceed « few ppm, but the latter may potentially
result in greater Na loss. Such sodium losses would probably

arise from coprecipitation{of Na with Al, Ca or Mg fluorides or

¢
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hydroxides from originally acid solutions. Of these, only
Al(OH)3 would possinly lead to a problem at levels in excess
of 1/4%. If such a problem would arise, an ion-exchange replace-
ment of Na+ by NH4+ would eliminate such Nat losses. It would
appear that Na Josses can be helua lower than Na content of
input material at least for anorthite processing.

Nitrogen will appear mainly as NH3-NH4+compo