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Photograph token by Ronger VIl spacecroft prior to its impoct on the
Moon ot 6:25 AM PDT Viewed with the lorgest crater in the upper right
hand corner, North 1s ot the top of the photogroph The picture was token
by the F-A caomera with 0 25 mm, F 1 lens from an altitude of obout three

miles some 2 3 seconds before impact The picture shows an area about
one-ond-two thirds miles on o side. The smallest croters shown ore ap-
proximotely 30-feet in diameter and ten-feet deep There are muny croters
with rounded shoulders One rounded crater, ot left toward the top of the
photograph, 1s obout 300-feet in diometer ond hos on angular rock mass 1n
i1s center which might possibly be 1esponsible for 1ts origin  Ronger 1s o
project of the Notional Aeronoutics and Spoce Administration and the Je!
Propulsion Laboratory
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FOREWORD

The Working Group on Extraterrestrial Resouroces
is composed of people from the National Aeronautics
and Space Administration (NASA), the U.8. Air Force,
the U.8. Ravy, Office of Engineers of the U.8. Army,
the Jet Propulsion Laboratory, and the Rand Corpora-
tion. It was organized for the following function:

"To evaluate the feasibility and usefulness
of the employment of extraterrestrial re-
sources with the objective of reducing de-
pendence of lunar and planetary exploration
on terrestrial supplies; to advise cognizant
agencies on requirements pertinent to these
objectives, and to point out the implications
affecting these goals."
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MINUTES OF THE THIRD ANNUAL MEETING

The Third Annual Meeting of the Working Group on Extraterrestrial Resources was
beld at the Holiday Inn, Cocoa Beach, Florida, 18-20 November 1964. Attendeeo are
listed in Appendix A.Condensed agenda followed was:

a. Subgroup reports

b. Welcome address

c. Plans for 1965

d. Technical papers

e. Election of officers

f. Banquet and after-dinner address

g- Tour of Kennedy Space Center

SUBGROUP REPORTS:

At the closed session the morning of the 18th, Dr. Ernst A. Steinhoff, Chairman
of the Working Group, intruduced the following S8ubgroup Chairmen who reported their

Bubgroup progress and plans:
Dr. John W. 8alisbury, Chairman of the Subgroup on Environment and Resources;
Mr. Bruce Hall, Chairman of the Subgroup on Mining and Processing;

Mr. C. William Henderson, Chairman of the S8ubgroup on Logistics Requirements;
and

Colonel Charles W. Craven, Chairman of the SBubgroup on Blotechnology with
Mr. James Malcolm. Mr. Malcolm will replace Colonel Craven as Chairman of the SBub-

group for the coming year.

The program for next year was scheduled also for the closed session. Dr.
Steinhof{, at the requret of the Group, presented (Instead of the '"Program for Next Year')
a paper on '"Use of Ex.raterrestrial Resources to Advance Interplanetary Flight." He had
presented this paper earlier in the week to the Third International Sympusium on Blo-
astronautics and Space. It will be published in the Proceedings of that symposium.

L



WELCOME ADDREBE;

The Welcome Address was delivered to the full Working Group by Mr. Gordon Harris,
Cbief of Public Affairs, Kennedy S8pace Center, NASA.

KEYNOTE ADDRESS:

Dr. Steinhoff delivered the Keynote Address as '"'Objectives for 1965."

TECHNICAL PAPERS:

Messrs Henderson and Mitcham presented talks of topical interest on 'SBoviet lunar
Construction Potential.' Technical papers presented are listed by S8ubgroup in Appenaix
B. Minor title changes may appear in the proceedings, vut papers will be essentially un-
changed {n substance.

ELECTION OF OFFICERR:

At a meeting of the Steering Com.nittee the evening of 18 November, the following
officers were elected for the coming year:

WORKING GROUP

Chairman Dr. James B. Edson
Vice Chairman Dr. John W. Sealisbury
Becretary To be chosen by Chairman

STEERING COMMITTEE

Chairman Dr. Ernst A. Steinhoff

Vice Chairman Mr. James J. Gangler

Secretary Mr. Ellis M. Bilbo
BANQUET:

The banquet was held at 2000 hours 19 November 1934 at the Holiday Inn. Officers
were introduced, and the names of officers for the coming year were announced. Dr.
Fred L. Whipple, Director Smithsonian Astrophysical Observatory, delivered the af ter-
dinner address - "Evolution of the Bolar System. "
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TOUR:

A tour of Cape Keanedy and Merritt Island was conducted 20 November 1964 by NASA.
Tae last half of the tour was cancelled so that the Group might watch a lammch of the Titas.

The lsunch was cancelled.
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REPORT OF THE ENVIRONMENT AND RESOURCES SUBGROUP

John W. Salisbury

it is clear that utilization of the lunar swface materials demands a detailed knowledge
of their nature and composition. These two problems, therefore, are the principle ones
which face the Environment and Resources Subgroup. Of these, composition, and the
variation of composition over the surface, would appear to be the problem of greatest sig-
nificance. Several members of the Subgroup are engaged in research designed to determine
lunar composition and these efforts should be encouraged and, where possible, expanded.
it should be noted here that the spot measurements. of lunar composition that might be made
by a Surveyor or Apolio vehicle are not what are r2quired by the Working Group. Such
measurements will neither tell us the composition of the lunar crust as a whole, nor will
they give us any idea of the degree and kinds of compositional heterogeneities. Small com-
positional anomolies will probably present the most favorable opportunity for water extraction
o- for the extraction of any other lunar resource. Therefore, techniques to be used in iden-
tifying the composition of the lunar surface materials for the purposes of the Working Group
should be techniques aimed at Jetecting range in composition and small differences in com-
position, rather than bulk averajes. Some experiments may only need slight redesigning
in order to meet this requirement and all experimentors on NASA vehicles should be made
aware of the importance of detecting compositional anomolies on th. lunar surface.

The nature of the lunar surface layer is as important as its composition to this Working
Group. Base construction and other operations upon the lunar surface obviously depend
upon detailed i:nowledge of the surface layer. Again, it should be pointed out that spot
measurements from Surveyor or an Apollo landing vehicle are not sufficient to meet the needs
of the Working Group , which might include far-flung exploration and the construction of
remote field sites. Those experiments which may tie spot measurements together and make
them meaningful in terms of the whole lunar surface should be actively advocated by the
Working Group and accomplished by its members.

Other aspects of the lunar eavironment, such as radiation flux, micrometeoroid flu:,
and thermal parameters are necessary to life support and base construction aclivities. These
parameters are better known at this time than those mentioned above, and it is anticipated
that they will be thoroughly understood from experiments already planned or in progress.
They are, therefore, not given priority in this statement of requirements, but only because
we believe that there is no need to do so.

It is important for each member of the Working Group to remember that a thorough and
detailed understanding of the lunar environment can be accomplished only by long years of
manned and unmanned exploration. [t is necessary to make this clear to the public and to
the scientific community at every opportunity, so as tn combat a general feeling that put-
ting a man on the moon will solve all of our problems. If the imzortance of continuing
scientific experiments is lost sight of now, critical data that we will need later in utiliza-
tion of the moon will be lacking. 2
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REPORT OF THE LOGISTICS REQUIREMENTS SUBGROUP

C. William Henderson

The Logistics Requirements Subgroup of the Working Group on Extraterrestrial Re-
sources is a continuation and modification of the original subgroup for Facilities, Con-
struction, Operation and Maintenance.

By November of 1963 the original subgroup, under the able chairmanship of Lt. Col.
G.W.S. Johnson, had achieved a large percentage of its goals by recommending study
areas that should be investigated in order to fully comprehend the requirements of lunar
surface systems. In many cases these recommendations were later pursued by the NASA,
Air Force, and Amy.

With the resignation of Lt. Col. Johnson, this author was requested to chair the sub-
group. At that time, it was decided that the subgroup had achieved its former goals and
could best advance the efforts of the Working Group by broadening its fields of interest.
Consequently, the Steering Committee charged the subgroup with the task of determining
the real requirements (if any) for extraterrestrial resources and the practicability of their
use. These requirements, in tum, could then be transiated into recommendations of na-
tinnal expenditures for research programs oriented toward extraction and utilization of only
those extraterrestrial resources adjudged practical and desirable. In light of this new task
assignment, the subgroup name was changed to " Logistics Requirements" .

In line with the new subgroup function, several activity areas were formulated and were
formalized as committees with assigned chairman and members. The Committees and their
functions are:

a. Logistics Burden for Propellant Production:

This committee will establich a refereice logistics burden model for each of sev-
eral potential propellant resources. These mudels will include a definition of re~
quired facilities, equipment, personnel and power to establish and operate
production plants in extraterrestrial environments based upon an assumed state of
the art and a specified production rate.

b. Logistics Burden for Power Production:

This committee will establish a reference logistics burden mode: ror each of sev-
eral potential extraterrestrial power resources. These models will include a de-
finition of the required facilities, equipment, personnel and power to locate, tap
and operate power plants utilizing extraterrestrial resources.

Wﬁ"“" o



c. Logistics Burden for Facility Materials:

This committee will establish a reference logistics burden model for each of
several extraterrestrial building materials. These models will include a defini-
tion of the required facilities, personnel equipment and power to extract, process
and emplace facility materials derived from extraterrestrial sources.

d. Estimated Resource Demand:

This committee 'will estimate the potential demand of all proposed extraterrestrial
resources and will establish the time phasing for each resource use. In addition,
this committee will assign scaling factors to estimated reference logistics bur-
dens to encompass varying time phases and production rates.

e. Logistics Analysis

This committee will establish the estimated launch vehicle availabilities and ca-
pabilities with respect to time and mission requirements. In addition this com-
mittee will compare the relative costs of delivering the logistics burden imposed
by utilizing extraterrestrial resources to the costs of delivering the resources di-
rectly from Earth.

The subgroup as a whole will evaluate the work performed by each committee, and will
recommend to the Working Group those uses of extraterrestrial resources which it believes
warrants continued effort. It is anticipated that the desirability and practicability for uti-
lizing many proposed extraterrestrial resources will not become apparent during the course
of study due to unpredictable demands, availabilities and technical state of the art. In
this event, the subgroup wiil recommend areas of further investigation required to supply
this information.

The output to date of the Logistics Requirements subgroup has been confined prin-
cipally toward internal organization and developing a procedural methodology. Conse-
quently, this year's effoit has resulted in an increased membership of personnel more
closely associated with engineering disciplines and operations research. The basic ac-
complishments have been the establishment of intercommittee procedures and a method
whereby practical requirements for extraterrestrial resources can be determined numerically
once quantitative values for Logistics burdens are established.

it is difficult to foresee how much can be accomplished within the next year. We hope
to pursue several additional areas of endeavor. Possible types of work to be performed

are:

a. Apply the analytical methodology to the results now at hand related to hydrogen
and oxygen from the lunar surface.

b. Continue propellant processing plant and equif ment requirements for other piane-
tary bodies.
8
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c. Consider requirements for processing of resources on the lunar surface of
construction materials and for electrical power.

We anticipate the work to piogress rather slowly. This is due to the fact that the
type of work our subgroup is doing has little or no government funding.

Most of the effort will have to be accomplished by the individuals on their own time.
Of course, we will also attempt to encourage enthusiasm within the govemment and indus-
try to provide funding for studies of this nature.

In fact, it behooves all members of the Working Group to espouse that officialdom
study the practicability of utilizing extraterrestrial resources. This must be explored
before any major lunar and planetary programs can be effectively planned and the conse-
quent funding of any serious resource utilization research can be obtained. Today, even
.he pursuit of lunar and planetary exploration efforts of any proportion are in ieopardy, and
may continue to be until the public and the legislators become acquainted with the desira-
bility of such programs and their eventual impact on the advancement of mankind.

The following pages represent the achievements of several subgroup committees as
reported by their chairmen.

S, B
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A. COMMITTEE ON
LOGISTICS BURDEN FOR PROPELLANT PRODUCTION

James J. Gangler

The Committee on Logistics Burden for Propellant Production was formed for the pur-
pose of establishing a reference logistics burden model for each of several potential pro-
pellant resources. These models were to include a definition of required facilities,
equipment, personnel, and power to establish and operate production plants in extraterres-
trial environments based upon an assumed state of the art and a specified production rate.

The committee arbitrarily decided that for the first effort only oxygen and hydrogen
would be considered for propellant production. Furthermore, two indigenous resources
for these propellants would be assumed:

1. Silicate rock for oxygen (in this case, hydrogen, the other required propellant
would be shipped to the moon from earth) and

2. A hydrated mineral, e.g., chrysotile, having a recoverable water content of ten
weight percent.

The problems were outlined and assigned to the committee members as shown in
Table A. All members have completed their various assignments, and individual reports
have been submitted. These are listed in Table B. It is intended that the Committee for
the Comparison of Extraterrestrial Resources versus Earth Resources will use this infor-
mation and data in pursuit of their studies.

Next year's activities of this committee will be along the lines of refining the infor-
mation in the reports listed in Table B as it is needed by the Committees of the Subgroup.

10
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NOTE:

Table B

List of Reports Prepared
by the Committee on Logistics
Burden for Propellant Production

"A Preliminary Logistics Burden Model for
the Production of Lunar Ores" by Carl B.
Hayward, North American Aviation, Downey,
California

"Requirements for On-Site Manufacture of
Propellart Oxygen from Lunar Raw Materials"
by S.D. Rosenberg, G.A. Guter, and M.
Rothenberg, Aerojet-General Corporation,
Azusa, California

"Fluidized Bed Systems" by Peter Glaser,
Arthur D. Little, Inc., Cambridge, Massa-
chusetts

"Electrolyzers for Use on the Moon" by
Peter Glaser, Arthur D. Little, Inc., Cam-
bridge, Mas<cachusetts

"Cryogenic Storage on the Moon" by Peter
Glaser, Arthur D. Little, Inc., Cambridge,
Massachusetts

"Liquefaction of Hydrogen and Oxygen" by
Peter Glaser, Arthur D. Little, Inc., Cam-
bridee, Massachusetts

"A Design Criterion for Lunar Propellant
Manufacture" by D.M. Cole and R. Segal,
General Electric Company, Pennsylvania

The text of these reports are not included in
this report because their content is a part of
the published papers presented by the authors
at the 1964 Annual Meeting of the Working
Group.

12
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8. COMMITTEE ON
LOGISTICS BURDEN FOR FACILITY MATCERIALS

Donald W, Butler

This committee was organized within the Subgroups to determine the potential desira-
bility for extraterrestrial resources as a material for facilities construction and to establish
the practicality of their use, Although most of the other committees in the Subgroup have
some areas of interest in all space missions, this committee by definition will be concerned
only with construction of facilities on terrestrial-type surfaces. In the foreseeable future,
therefore, this committee will be concerned with lunar expioration systems and their facility
requirements.

A program of investigation has been formulated which we feel will be purposeful and
continuing and which, if continued on a year-to-year basis, can serve to be a standard
reference and guide to further research and study. The program outline is as follows:

Identify all lunar exploration systems; those which are programmed and under
study; and those which can be projected as follow-on systems against increasing
micsion requirements and sophistication.

Identify the facility requirements for each of these lunar exploration systems.

Classify and catalog all terrestrial material requirements for all facility systems
identified in b. above, identify the projected source and the processing system

utilized.

Identify and catalog all program-designated lunar materials required in facility
systems, for example lunar soil for shielding purposes. Identify possible pro-
cessing techniques for such program-designated lunar resources which would
«mprove the effectiveness of such material for the use intended.

Identify possible lunar materials which, by means of a processing technique, can
be utilized and substituted for program-designated terrestrial material.

Identify possible lunar materials which, by means »f & processir.g technique, can
be utilized in new and novel applications in advanced lunar exploration facility

systems,

Identify the logistics burden models associated with the processing of such lunar
materials and the application procedure of the refined product. The mode! for
each material will include a definition of the required facilities, personnel, equip-
ment and power to extract, process and emplace facility materials derived from
extraterrestrial sources.

13
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It will take some indefinite period of time before a group is organized and functioning
on a continuing basis on this overall problem. It is our intention to expand the member-
ship of the committee to a sufficient number and a sufficient diversity of tec inical capa-
bilities to investigate all aspects of the program. To this end, a group of industrial cor-
porations and university research institutes have been queried concerning participation
on the committee in carrying out such a program. The response has been enthusiastic
and the personnel suggested represent a good spectrum of the scientific capabilities
necessary to carryout the program,

We look for real progress to be made in the coming year to implement this program.
We also expect to have individually prepared papers on subjects dirertly pertinent to the
program goals next year.

14



C. COMMITTEE ON
LOGISTICS BURDEN FOR POWER PRODUCTION

Shelton S. Alexander

Summary

Preliminary consideration of utilizing natural lunar resources to supply large
amounts of power (L00OKW) for sustained lunar base operations has led to the follow-
ing conclusions:

1 Few types of natural resources would be capable of supplying the required power,
even with improved energy conversion devices. Those showing promise include power
recovery from lava pools (Ref. 1), isotope "batteries" using isotopes extracted from
lunar surface (Ref. 2), solar energy provided effici»t conversion and power storage
can be effected, and possibiy fuel cells using indi jenous hydrogen and oxygen (water).

2 Combined use of naturiil resources and nuclear energy looks promising for power
requircments in the megawatt range. Controlled detonation of nuclear bombs in an
underground cavity can yield large amounts of power (megawatts) relatively inexpen-
sively with a simple recuvery system (Ref. 3). Moreover the energy may be increased
by a factor of 1,000 at only double the cost.

Such a system has the further very important advantage that the detonations can be
used as seismic sources for detailed investigation of the interior of the moon.

3 Drilling and/or mining operations probably will be essential in producing or pre-
paring to produce sustained power using natural resources.

Recommendations

1 Investigate in more detail the feasibility of recovering power from the natural
sources listed above, including cost and probability of occurrence of the resource as
parameters.

2 Perform terrestrial field experiments to test proposed power systems whenever
possible, e.g., lava pools, controlled underground explosions.

3 Develop more efficient energy conversion devices, especially those for thermal
energy conversion.

4 Investigate the possibility of using naturally occurring elements in chemical re-
actions to provide energy.

16
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5  Study means of efficiently transporting power from point to point on the moon in
order to supply expeditions or outposts and reduce their independent power require-
ments.

3. Future Work
During the coming year the Power Production Committee will devote most of its atten-
tion to items 1,4, and 5 in the above list of recommendations. Hopefully item 2
will be the natural result of these more detailed feasibility studies.

References

1. Kennedy, G.C. and Griggs, D.T., "Power Recovery from the Kilavea Iki Lava Pool",
Report RM-2696-AEC, The Rand Corporation, 1960.

2. Huth, J.H., "Power in Space", Report P-1389, The R Corporation, 195.

3. LaBounty, R.H., "A Lunar Power Systenm™ , Astro 352 Report, Air Force Institute

of Technology, 1964.
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REPORT OF THE MINING AND PROCESSING SUBGROUP

Bruce M. Hall

In the 1963-64 year the M&P subgroup reorganized into threc operating committees.
These were "ldentification of Lunar Resources, " Jack Green, Chaiman; "loentification of
Ores or Source Materials from which the Necessary Elements or Compounds Could Feasibly
and Economically be Extracted and the Mining Procedures Required," M. A, Klugman,
Chaiman; and "Bibliographic Rescarch," Peter Glaser, Chairman. Emphasis was placed
on a broader spectrum of resources than the prior year. This necessitated a more general
approach to the problem of ore production and processing. (See minutes of 8 April
meeting.) Future studies will attempt ta establish a pv.oriiy iisting of resources based on
need, probability of occurence and practicality of production under restraints of lunar

mining and processing.

The committee on "identification of Lunar Resources” recommends that the following
problem areas receive initial consideration:

1 What resources can be identified by active or passive techniques ?
2 What resources are amenable to detections using yes/no techniques ?
3 What resources will be easy to find with or without instruments ?
By manned or unmanned probes? Or mobile or immobile probes?
4 What are the six most important resources to detect in the following time
periods for a moon that is 95% impacted?
Now
1965-63
1968-72
1972-78
1978-90
Beyond 1990
5 As above for a predominantly volcanic moon?
G Are some exotic "resources” such as lunar bacteria worthy of study ?
7 How long can ice or permafrost exist in caves or subsurface undsr lunar
~ condiiions ?
8 Do we need to study the genesis of lava tubes?
T What might be the alteration pattem around lunar furmaroles in general ?
10 What happens to the 10% by weight of water when a carbonaceous chondrite

impacts on the dark or the light side of the moon? Are there optimum terrain
situations involving dust that would retain some of this water in shadow?
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The committee on "Identification of Ores . . . "racommends the following research
activities:

Literature survey on processing methcds, both preparatory and extractive.
Operation of unc erground mining under simulated moon conditions .
Operation of extractive processes under simulat>d mocon conditions.
Investigation of plasma torch techniques.

Investigation of blasting in a vacuum.
Various drilling methods in a vacuum with empha.is on temperature rise
versus cooling methods, and removal of cuttings.

7 “ontrol - " atmosphere underground with emphasis on sources, corrosiveness,
~iigrati.  through mck types, and possible coatings to control gas leakage.

IoN U &L Ny~
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REPORT OF THE BIOTECHNOLOGY SUBGROUP

Charles W. Craven

There are two of us here today that have ‘tept up with the biotechnology activities
during the past year. Mr. Malcolm and mys: if. We have had meetings and activities
going all year and think that we have found some things of interest io the group as a
whole. Our subgroup includes Mr. Dole, Mr. Thompson, and Dr. Lindberg. Surprisingly,
we early learned that Extraterrestrial Resources, as such, was not of much interest to the
biomedical or bioastronautics community. | am not sure just why this is the case. How-
ever, it seems that these people are so concerned with immediate problems, i.e., the
Gemini flights and the Apollo program that they can't se2 any advantage to expending
energy and resources for our Extraterrestrial Resources activities. There may be an
improvement next year, We have detected just a little bit of interest.

During the past year we have spent our time in reviewing the state-of-the-art in
several fields. Namely, (1) life-support systems and optimum trade-offs for closed
environments, (2) nutritional problems such as you might expect with a lunar base for an
observatory, and (3) extraterrestriai suits. During the presentation of our reports
tomorrow aftemoon, we will point out several fruitful areas for research work that are
adaptable to ground based simula'or studies. We think that such simulator studies are of
great importance to the group's activities. Thus the bioastronautics research talent might
become more long range in nature and get a bit ahead of the day-to-day problems. This
was the case about four years ago when considerable long range research was in progress,
i.e., studies of life under a simulated Mars environment as influenced by Dr. Strughold
at the Aeromedical Space Division, Brooks Air Force Base. We reel that additional work
should be done on algae systems, physico-chemical cxygen regenerative systems, Hydro-
ponic techniques, and refinement and test of a hard suit suitable for extra-vehicular
exploration,

It would be valuable to the lunar program for our group to outline a series of tasks and
ohservations that the astronauts might carry out on the lunar surface, tasks that the lunar
observer could better complete than might be expected from an automated mechanical
system.

M, 'Malcolm, a very Felpful co-chairman has some things to report.
MALCOLM
As Colonel Craven pointed out, the field of biotechnology may be unique in that there
is a great deal of current activity stimulated by the problems of today in Gemini and Apollo.

However one of the problems to which the subgroup wil! address itself in the coming year,
will be to point out where the requirements for exploitation of extraterrestrial resources,
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insofar as biotechnology is concemed, differs somewhat from those requirements reflected
in todays problem, Gemini and Apollo. We think that by pointing these thinys out, we
will be able to stimulate more interest in the people that have the background to really

L attack the basic problems that are involved.

One area that we will look into will be advanced research, the algal system for
example, would fall in the general area of advanced research. In other words, advanced
systems which could be applied to extratemrestrial environment, particularly land based
environments, the moon and on other planets. We believe that by careful deliberation of
our subgroup, and by stating the problems in a clear and basic fashion, we ».i| be able to "]
stimulate the imaginations of the community as a whole, and that of biotechnology, toward
deveioping a successful attack on the solution of these problems. So one of t ‘e first
things we want to do, is to carefully define the problem in the light of requiren..ats for
extraterrestrial resource exploitation.

| might point out hers, that insofar as biotechnology is concemed, one of our basic
resources is man. We have also defined our resources, not only as being those which we
might find in an extraterrestrial land base but also those things which are by-products of
man's existence, in other words, we would include, for example, algal production of food
and processes for recovery and reuse of all human wastes to the maximum extent.

in add!tion to the advanced research area, we have a short range objective. Before
the time cf algal farms, certainly the first manned lunar operations will concem processes
that we would define as near time frames. Even here, although there !s much work under-
way, in laboratory demonstrations and in association with study of lunar exploration plan-
ning, we cannot select processes from the drafting board because we do not know n liabili-
ties. The details involved will be covered in the papers presented tomorrow.

There are areas in which we can stimulate interest in terrestrial demonstrations, to
show the degree of reliability in the specific processes in biosupport technology. To do
this, we will employ, or we hope to employ, several techniques. Where we have particularly
specialized and qualified participants in the group, these participants may undertake
specific investigations in particular fields of interest, We would also hope to stimulate
open meetings w th workers in the community at large, including industrial participants,
in which we wou 1 discuss the problems involved in both the near time frame and the
advanced research phases of biotechnological support. We hope in the next year,
specifically, to develop what might be called a problem statement, or, perhaps, a research
and development gu.de book, one in which we would define clearly the various problems
that might be met in connection with extraterrestrial resources development.

Another specific goal would be to formally collate the findings of our evaluations in
the past two-year period, so that by this time next year, we micht have a more formal
report to present on the state-of-the-art. One that would more comprehensively cover the
field than we have been able to do in the papers that will be presented tomorrow. !
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in view of the objectives that we have set, we can anticipate some expansion of our '
cc.nmittee membership. As Colonel Craven indicated, our numbers, up till now, have been :
relatively few, particularly in contrast with the membership in the other subgroups, we
will make a specific endeavor to solicit the help of other people having responsibilities
and interests in the field of biotechnclogy, and we hope, thereby, to make a fairly remark- |
able measuremerit of our "velocity on the horizon" by this time next year.

CRAVEN |

| have a few more remarks l:ere, Dv. Steinhoff. Some of th:, will tend to come out
after our presentation toinorrow afternoon but to state again some of the things that
Mr. Maicolm has brought up, we feel that this is a group you cannot ignore, and that all
of us can make a worthwhile contribution to the National Space Program by keeping the
Biotechnology Subgroup in your group. We aiso feel that it should be kept more or less
separated but not splintered off into the biomedical field of endeavor.

We have noticed, in our year's activities of more or less defining this problem some
areas that we think could be highlighted and maybe as a whole the Extraterrestrial Working
Group could bring some pressure to bear or influence others to get on with the job. For
instance in the hard suit, this lunar type suit, we believe that this is a device or technique
that could be used in the Apollo program. Another area of immediate application is that of
trace contaminates for people living in a closed environment for a long period of time.
This is very adaptable to ground based simulator. No one has really worked on this area
for long periods, i.e., had people living for six months in a closed environment. We
think it is time to set up a lab that can produce a year's resources, maybe algal units
where you actually use the products to feed human beings. We found that in spite of all
the literature we have on nutrition, no one has really gone into the problem of feeding
people food just as an energy and body keeping element. It is so warped and influenced
by people's emotions. For instance each of us is an expert in what is good to eat. We
do not really, as a group, recommend that someone set up a lunar base on earth, but |
believe that after another year or two, work in this field will show how this might be a
very useful thing to do.

¥ o —
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PLANS FOR 1965

Ernst A, Steinhoff

e —

In its over 34 years of activity, the Working Group on Extraterrestrial Resources has
come a long way towards the objective to show that utilization of Extraterrestrial Resources
may eventually become an important stepping stone for the advancement of spaceflight. To
progressively reduce the cost of spaceflight operations to remote goals and to increase its
safety of operations by creating increasing self-sufficiency of reniote lunar or later also
planetary bases should be a worthwhile goal. While our objectives of the past years were
to determine some of the items of Logistics of Spaceflight which very probably can be ob-
tained earliest at Extraterrestrial locations, thereby gradually reducing the logistics bur-
den otherwise carried by space supply vehicles.

The three most active subgroups of the Working Group have built up a host of back-
ground material to clarify their objectives and to describe the tools at their hands to achieve
these objectives. As in all human, and particularly scientific group efforts, the success
of our effort depends on the leadership of those who spearhead these efforts and the degree
of motivation this leadership is able to convey to and create within the membership of
their teams. It is gratifying to see that in these past years this has been achieved to an
increasing extent. In spite of the fact that it is a voluntary working group depending solely
on the motivation of its individua!l members who come from government laboratories and
cffices as well as non-profit corporations and its associate members coming from industry
and universities, the contributions have grown in volume as well as in depth. One of the
major reasons for this growth is that the organization to which individual members or asso-
ciate members belong have supported these members and have sent some of their represen-
tatives to the meetings of the subgroups, the bodies in which the real work of the working
group is done. Many of our members have, and are, participating in policy-making func-
tions, or are providing guidance and advice, in those areas which are directly devoted to
increasing self-sufficiency, safety, reliability and improvement of Logistics of Space-
flight. In the past year, great progress has been accomplished in areas in which our ima-
gination could shape and stimulate the individual steps towards the solution of Extraterres-
trial Logistics into models and matrices, showing interdependence of functions and critical
path situations. In many areas our colleagues have been able to identify parameters and
operational necessities which enabled them to separate less promising avenues from those
which would facilitate achieving their goals. Even the first rudiments of cost effective-
ness or energy utilization effectiveness of the various approaches appear and are bound
to increase in depth and value. In many areas of endeavour, however, inputs are lacking .
conceming more concerted efforts in our lunar and planetary probe programs. To obtain
these would make our efforts more meaninaful, and reduce the number of choices to be con-
sidered in the variety of our conceptional models. More emphasis is also needed to im-
prove methods permitting acquisition of such data from observations directly from earth,
from earth orbit and from fly-by vehicles. Closer relations of our various subgroups with
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corresponding elements of the National Science Foundation and increased mu.ual feedback
would definitely aid in filling many knowledge voids or could lead to efforts methodically
reducing existing gaps. One of the areas in which this need of a closer working relation-
ship exists, is covered by the Subgroup on Environment and Resources, headed by Dr.
John W. Salisbury of the Air Force Cambridge Research Laboratories. His Working Group
has been one of the most effective and active ones, owing to his relentless efforts and

his inspiring leadership. | would like to quote verbatim the closing paragraph of the ob-
jectives of this subgroup for the coming year:

i

"It is important for each member of the Working Group to remember that a thorough and
detailed understanding of the lunar environment can be accomplished only by long years
of manned and unmanned exploration. It is necessary to make this clear to the public and
to the scientific community at every opportunity, so as to combat a general feeling that
putting a man on the moon will solve all of our problems. If the importance of continuing
scientific experiments is lost sight of now, critical data that we will need later in utili-
zation of the moon will be lacking."

| would like to expand John's remarks to include the entire scientific community which
is working on the planning and execution of the U.S. Lunar program.

The next subgroup, headed by Bruce M. Hall of the Office of the Chief of the Amy
Engineers, is devoted to the subject of "Mining and Processing." Many of their con-
clusions parallel these of John Salisbury's subgroup. While the previous years work was
devoted to review the broad spectrum of resources and aimed towards a more general
approach to the problem of ore production and processing, the coming year's objective
will be to establish a priority listing of resources based on need, probability of occurrence,
and practicality of production under restraints of lunar mining and processing. The sub-
group will attempt to narrow down its study goals to the identification of those processing
methods which can be used under lunar environmental conditions in the most economic
manner as to manpower requirement and electrical energy use. Feasibility and economy
of ore extraction is another area which will require further narrowing down to identify the
most promising avenues of further endeavor. Bruce Hall is supported by Jack Green,

M. A. Klugman, and Peter Glaser.

The Logistics Requirements Subgroup, headed by C. William Henderson of NASA
Headquarters, has devoted its efforts to the identification and clarification of requirements
for various major areas of logistics.

After evaluation, these can be translated into recommendations for national expendi-~
tures for research programs oriented toward extraction and utilization of only those Ex-
traterrestrial Resources adjudged practical and desirable. "Bill" Henderson during the
past year has broken down Lis subgroup into five committees. Three of the committees
deal with the determination of the Logistics Burden for these major support areas:

a. Fuels and Propellants

b. Extraterrestrial Power Sources and Production
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c. Facilities Materials, Support Manpower and Power Requirements

A fourth committee deals with the entire demand for resources and the proposed time
phasing for the utilization of each resource. Scaling factors then will be able to adjust
the Logistics Burden to reflect varying time phasing and production rates for each of the
above quoted burden areas.

These numbers again will be adjusted to the estimated launch vehicle availability
and capability with respect to time and mission requirement, by a fifth committee. Fol-
lowing this then a cost effectiveness study should permit a comparison between the rela-
tive cost of delivering the Logistics Burden from Extraterrestrial Resources and direct
delivery of the supply from earth.

An evaluation of the results of the studies of these five committees then will be per-
formed by the subgroup, and recommendations will be formulated to the Working Group
Steering Committee to adjust the study objectives and recommendations between steering
committee and subgroups and vice versa will lead to a constent realignment of the opti-
mum solutions as far as time, launch vehicle capability and knowledge of environmental
information is concerned.

The fourth subgroup "Bioastronautics" was active during the past year. Its chairman,
Colonel C.W. Craven, due to his duties at SSD, will not be able to continue chairman-
ship and Mr. Malcolm, who in the past already substituted for Colone! Craven, has been
elected chairman of the subgroup for the coming year. Our thanks to Colonel Craven for
his past efforts and best wishes for his further career. Since the annual report and its
recommendations for future work were not at hand at this writing, | will only make some
general remarks conceming this subgroup. Its particular attention should be on the eval-
uation of maturing life support equipment, its adaptability to use Extraterrestrial Resources
for resupply, and the changes necessary to accommodate 30 to 900 days of unattended
operation (except for replacement of leakage losses and replenishment of such chemicals
which cannot be regenerated economically). Definition of radiation protection require-
ments and solutions for missions from 90 to 900 days should also find close attention
by the subgroup. It is expected that with the advent of operating, transport option, manu-
facturing cost and resource demand models, together with cost effectiveness models, the
inputs of bioastronautics become more important and may well permit aiternate choices of
approach. It is hoped that Mr. Malcolm will be able to establish closer contact and
working relation with the other subgroups and so create feedbacks, important for the other
three subgroups and the Steering Committee.

As you will have concluded from the subgroup chairman's annual reports, there has
already been a considerable narrowing of objectives as compared to earlier annual meet-
ings. More specific recommendations are beginning to appear, which will be increasing-
ly reflected in research objectives of our space programs. This trend will continue and
will be increasingly adjusted by feedbacks from our foreseeable national launch vehicle
programs. The expanding use of models, as exemplified by Bill Henderson's Report,
which in my opinion is an excellent one and should set an example for the quality and
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depth of the reports of all subgroups for the next year, will have its influence in improving
cross subgroup communications. In competing groups one group is usually superior to the
others and so provides a challenge for the others to do equally well or better next time.

My congratulations to Bill for a job well done!

At this point and time, | would like to call your attention to the fact that the space-
flight model for the case of all resources being supplied from earth is within the current
state of the art optimized by the Satum C-5 technology and possible further advances
beyond the Satum C-5. A logistics scheme using C-5 vehicles and their derivatives in
my judgment would not be optimum as to the layout and performance of the transport means
based on use of Extraterrestrial Resources. Many objectives can currently be achieved
only by using multi-staged vehicles, of which a part is irrecoverably lost, thus increasing
the cost, as compared to a transportation scheme in which vehicle hardware losses due to
staging are minimized or eliminated altogether. Current studies as the 10-passenger or-
bital carrier of NASA, and others, deal with the usefulness merits and economic trends of
recoverable earth to orbit transportation systems. These open the possibility that as time
goes on, more and more of our space transportation systems will be recovered and will have
to be designed for re-usability. This trend will be reflected first in subsystems develop-
ment trends and later in the development trend and operating modes of entire transportation
systems. For space transportation systems which can refuel at both ends of their journeys,
the terminals very probably will be orbiting terminals, a future growth form of our planned
orbiting space stations. Proper design can lead to the reduction in stage numbers used
and to the design and development of single-stage modules. These then can bridge the
gap between Earth orbit and Moon orbit and in a modified form between Earth orbit and
Mars ordit. For favorable constellations between Mars and Earth there is no greaterav
requirement than that needed to bridge the gap between Earth and Moon orbits. These
single-stage modules will then be truly recoverable and reusable. It is apparent that this
modification of the space traffic scheme will reflect back into the mathematical models as
outlined by Bill Henderson and will give different results as those derived from a logistics
scheme characteristic for the Satum C-5 Technology class.

You all will realize that resuits of these more advanced logistic models will feed back
into the vehicle design and the layout of the resulting space traffic scheme. It is not too
late to provide a cieas insight into the advantages to be gained by the design of an Extra-
terrestrial support system as well as the actual transport vehicles required to meet such
an objective. The work of the coming year should start to reflect this potential trend and
should find answers wherever these are affecting the space transportation system planning
or vehicle design.

| am cert2in that this trend will accelerate in the year following the work and studies
of the Work:irg Group in 1965 and should be reflected in a growing number of research
objectives to be pursued by the agencies involved in general interplanetary flight, Earth
orbital flight and selection of earth to orhit and moon to lunar orbit transportation systems.
Only constant up-dating of the develop- operational models will at all times provide the
proper departure points for near research objectives. Here the more and more specific
demand for environmental data of the Moon, the lunar surface, or lunar surface and com-
position anomalies, will effect the intensity as well as breadth of our observational efforts,
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be these from the Earth surface, from satellite orbits or fly-by probes. | am certain that
more specific data demanc will increase for all of these activities and eventually will
include similar demands for data of Mars and its Moons.

| was highly pleased to learn that Gerhard Schilling of Rand has recently published
a note dealing with the orbit decay of phobos and has shown that in contrast to Shklovskiy's
observations, this decay can be explained by the combined effects of the Martian Tide
and the braking effects of the atmosphere residue at the altitude of PHOBOS. He called
to our attention that the 11-year solar activity cycle may profoundly affect the Aerodyna-
mic drag leading to a variable ratio of orbit decay. One could in turn conclude that orbital
perturbations of PHOBOS would be a gage for the intensity of the solar activity at the
distance of Mars and also measure the atmospheric density at PHOBOS' orbit. Mars or-
biting satellites should be able to reflect and measure the same effects and report these
back to earth. | bring this example to you only to show that we do have a constant influx
of new knowledge, which in many cases will strengthen the scientific basis of our studies.
However, every now and then a new bit of information is collected which appears to open
up new questions.

Before | close, | would like to postulate that the real objective of our efforts is now
to show that a C-5 type transportation system optimized for logistics support from earth
can also work well if resupplied at the destination. This would be only an intermediate
milestone of our efforts. The real effort should be to achieve a comparison between two
systems -- one designed and optimized exclusively for resupply from earth and another
one designed and optimized as a fully reusable system, making optimum use of Extraterres-
trial Resources, being optimum safety-wise and as a next feature, being optimum cost-
effectiveness wise. Based on my own preliminary studies, such a system will promise
great wtilizy in the further exploration of the solar system and will certainly extend the
usefulness of chemically propelled transport vehicles beyond what generally is considered
practical at this time.

| would like to further venture that the 2stablishment of earth orbital terminals, a
further development of manned orbital space stations, will eventually lead to the launching
of fly-by probes from orbit rather than from the earth surface. It is quite obvious that
this would reduce the number of operational steps after man laid his last hand on the
equipment before departure and should so improve simplicity as well as reliability of un-
manned as well as manned space probes. It is quite obvious that this mode cf operation
will demand an efficient earth surface to earth orbit transportation system. It is further
quite obvious that the build-up of such operational modes will have to initially be based
on use of Saturmn C-5 and Titan Il vehicles; these techniques will therefore live and
operate side by side for a while.

In the hope that these thoughts have given you more exciting and stimulating food for
thought, | wish the members of the Working Group and its organizational components a
successful and rewarding annual meeting and more so, a successful year of work on a
subject which rarely can be found more thought provoking. Thank you very much for your
attention.
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INFRARED EMITTANCE AND REFLECTANCE SPECTRA
OF ROUGH AND POWDERED ROCK SURFACES

R. Lyons
Eugene A. Burns

This paper has been submitted to the Journal of Geophysical Research
for publication and is not included in these proceedings.
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DETERMINATION OF COMPOSITIONAL DIFFERENCES ON THE LUNAR

S '"RFACE USING GROUND-BASED INFRARED SPECTROSCOPY

Graham R. Hunt
John W. 3alisbury

ABSTRACT

The usefulness of molecular vibration spectra to determine the minera-
logical compousition of the moon by means of remote mersurements has been
demonstrated both theoretically and in the laboratory. Certain difficulties
arise for ground-based observation, such as the diggulsing effect of atmos-
pheric absorption upon the emission spectrum, changes in atmospheric ab-
sorption during or between spectral scans, grainsize variations, and temper-
ature variations in the surface materials being studied. Despite these dif-
ficulties, it should be possible to unambiguously detect changes in the com-
position of surface materials from place to place on the moon. Such cthanges
have been tentatively identified during preliminary experiments at lowell
Obscrvatory during the winter and spring of 1964. Further measurement of
the degree of heterogeneity of the lunar surface should provide information
critical to the interpretation of the spot measurements of composition to be
made by Surveyor and Apollo. It may even be possible, in time, to make a
detailed map of lunar composition from the earth, using both ground-based
and balloon-borne irstrumentation.

INTRODUCTION

The purpose of this paper is to outline the tcchnu‘:cs used, and presecnt
preliminary results obtained from the ground-based observational portion of
a program currently being pursued at AFCRL, which 1s designed to deter-
mine the mineralogical composition of the lunar surface. Apart from the
ground-based experiments, this program currently includes the use of a bal-
loun-borne system containing a 24" telescope which 1s capable of operating
at an altitude of over 100, 000 feet, so that observations can be made from
above most of the carth's absorbing atmosphere. The program also 1.~
cludes laboratory experimentation designed to provide a full understanding
of the processes and techniques involved in the observations, and by means
of which the empirical data are being collected which are necessary for the
interpretation of the results obtained from direct observation of the lunar
surface.

Because the primary concern is the determination of the mineralogical
composition of the lunar surface materials, rather than celemental abun-
dances, infrared spectroscopy is employed in all phases of the investigation
It {s the most powerful diagnostic tool available for acquiring this sort of
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information, because no two different materials exist which have identical
infrared spectra, and because this technique is readily applicable for remote,
nondestructive sampling.

GENERAL DISCUSSION OF THE TECHNIQUE

The characterizing information contained in the infrared spectra of
solids results from transitions between the various vibrational energy levels
which exist for the particular solid. For gases, additional data appear in
the infrared spectra, due to transitions between the rotational energy levels,
but ir solids the ability to rotate does not exist.

It \s important to appreciate that the characterizing information in an
absorption, refle:tion and emission spectrum of the same sample is pre-
sented in a somewhat different form, and hence data obtained by two differ-
ent techniques ic not necessarily immediately comparable.

An absorption spectrum is a plot of k, the absorption coefficient, against
the wavelength. A material is characterized by the number, and position, of
these maxima in k. The possible number of such maxima is dependent only
on the number of atoms in the molecile or crystal, although the geometry of
a particular vibration may preclude it from appearing in th. infrared spec-
trum - {.e., it is a "forbidden' vibration. The positions of the maxima are
a function of the atomic masses, interatomic distances and geometry, and
the potential constants or interatomic forces. Some further characterizing
datu are available from a spectrum through a consideration of tl = relative
intensities of the bande, and from the bandshapes themseives.

A reflection spectrum is somewhat differen® in appearance, particularly
in the positions of the maxiima compared with their positions in the corre-
sponding absorption spectrum, although the reflection data is transformable
to absorption data (Hunt, 1964). This is becau.e the reflection data also in-
cludes n, the refractive index, as well as k.

+ The real and imaginary parts of the complex dielectric constant, namely,
€:nl. kz. and £+ 2 nk, can thus be obtained from the raw reflectance
data by means of the use of sonie transformation, such as the Kramers-
Kronig relationship. In this, ‘he reflectivity amplitude is given by re"!
where r = R [/2and R and ©¢y) are respectively the reflectance and assoc-
iated phase angle, the latter being obtainable from the relationship.

& “ %‘!f‘%‘({‘%’ﬁ )

Such a traneformation can be carried out, however, only if all of the
fundamental vibrational and lattice data are available, which usually requires
that the spectrum is recorded out to very long wavelengths.
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In the case of an emission spectrum of an inorganic solid, the spectrum
will normally appear as its reflection spectrum subtracted from the corre-
sponding black or grey body curve. If, however, the black body emission
is due preduminantly to cavity effects on the surface, because of surface
roughness or particle size and mode of packing, very little characterizing
spectral data will be obtainable concerning the composition of the material.
Except in this latter case, the emission spectrum yields data in the same
form as that obtained from a reflection spectrum, so again, the shape of
the curve and the positions of the maxima are different from an absorption
spectrum of the same material. However, independently of the experimen-
tal technique used, molecular vibration spectra are completely diagnostic
cf the molecular composition of the material being observed.

THE TECHNIQUE AS USED FROM THE GROUND

In the light of the information presented above, it is clear that infrared
spectroscopic techniques should make possible remote compositional map-
ping of the lunar surface through analyses of the emission spectra recorded
from the hot illuminated surface. However, when such observations are
carried out on an unknown body, such 48 the moon, from the surface of the
earth, several diliiculties arise:

1. Infrared absorption by the earth's 2tmosphere. The earth's atmos-
phere is not transparent in the infrared. On the contrary, it imposes vary-
ing degrees of absorption at different wavelengths (Adel, 1946). Regions of
the spectrum in which there is little absorption by the atmosphere are usu-
ally referred to as atmospheric '""windows'. For probable lunar materials,
almost all the diagnostic vibrational data lies to longer wavelengths that 8
microns, and is concentrated in two regions around 16 and 20 microns, as
shown in Fig. 1. This shows reflection spectra of four assorted polished
rock samples recorded on a Perkin Elmer Model 521 spectrophotometer.
Fortuitously, the two regions richest in uiagnostic data correspond roughly
to two atmospheric windows which extend from about 8 to 14 microns and
from 17 to 24 microns, as shown in Fig. 2. In this Figure, the atmos-
pheric absorption is shown as the cross-hatched areas, superimposed
upon which is an emission spectrum of a sand-sized sample of Brazilian
quartz. Almost all the atmospheric absorption in the 17 to 24 micron re-
gion is due to water vapor, so penetration of this window requires obser-
vation fromn a location which is particularly dry.

If the precise extent of atmospheric absorption were known as a func-
tion of wavelength, then it would be possible to determine the exact outline
of the emission spectrum attenuated, or disguised by, this absorption. Un-
fortunately, the precise extent of the atmospheric absorption cannot be
measured at the same time that the lunar emission is being recorded, so
it is difficult to determine the absolute emission spectrum and hence the
gross composition. It is possible, however, assuming for the moment
that atmospheric absorption remai..s constant, to compare the disguised
emission spectra from different areas on the moon, and to detect differ-
ences in their emission spectra causeu by differences in composition.

The degree of heterogeniety of the lunar surface materials that can be
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revealed in this way is of extreme importance to an interpretation of both
lunar history and the spot measurements of composition to be made by
Surveyor and Apollo.

2. Changes in the earth's absorbing atmosphere. During the time
required to sequentially record spectra from two different regions on the
moon, any changes, particularly those in the water vapor content of the
atmosphere, or due to nearly invisible clouds which front scatter could
cause features in the difference plot of the disguised emission spectra
which could easily lead to misinterpretation, It is extremely difficult to
monitor such changes since, at the time when measurements are being
made, no satisfactorily intense extended source (apart from the moon it-
self) is available as a reference. Spectra which were recorded a long time
apart - or on different days - are therefore not directly comparable with
confidence. However, if it is necessary to sequentially sample areas,
such effects may be minimized by repeatedly recording spectra from two
regions as rapidly as possible. This is not entirely satisfactory, since
additionally the path length of absorbing atmosphere is continually changed
during the observations, because of the change of position of the moon
relative to the observation station. The only entirely satisfactory method
of eliminating this complication is to record spectra from two areas simul-
taneously.

3. Temperature differences. Because the peaks of the Plank black
body curves associated with lunar surface temperatures occur in one of the
two spectral regions of interest, it has been suggested (Murray, 1964) that
the resulting lack of parallelism of different temperature curves might
produce spurious spectral differences. These effects are illustrated in
Fi3. 3. In Fig. 3a are shown spectra obtained from two regions between
which the only difference is a temperature differential of 100 K. Subtract-
ing one spectrum from the other yields a difference curve, which consists
of a steeply sloped curve superimposed upon which is a spectral feature.
This selected spectral feature is very pronounced in both the original
spectra.

Figure 3b illustrates, by means of the most extreme example, the
effect of a very large temperature differential within one sampled area
upon the resulting integrated energy curve. In this sampled area we have
selected the conditions which will produce two black body curves crossing
at the smallest vertical angle possible. To produce these curves we as-
sume an area composed of part of the sample being at 400°K, since this
curve has its maximum at 7.3 microns, and the rest of the material is
200°K colder at 200°K. This latter curve has its maximum at 14.5 mi-
crons. To cause two such curves to cross, as shown, requires that the
area be composed of 3% at 400°K, and 97% at 200°K. Even under such
extreme conditions, the energy curve for such an area is surprisingly
smooth, and appears as only part of a broadened black body curve with its
maximum flattened and lying somewhere between the maxima of the two
extremes. Material in the sample existing at any intermediate tempera-
tures will only serve to sharpen the curve somewhat at the maximum, but
no coinbination of black body curves will produce a sufficiently sharp fea-
ture in the energy spectrum for a region which could be mistaken for vibm -
tional spectral data. In any event, to produce an area such as the one
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described above would require that the vast majority of the area be in com-
plete shadow. Fortunately, any small effects from such an occurrenceare
virtually nil for observations made at or near full moon. It is, however, a
factor to be considered in temperature determinations from radiometric
measurements.

Figure 3c shows the difference curve between the energy curve
from an area having more than one temperature, such as described above
for Fig. 3b, and a black body curve at 200°K. Again, the curve is rela-
tively smooth and sloping, demonstrating that the difference curve, like
the integrated energy curve, shows no spurious spectral feature.

4. Differences in particle size o1 surface roughness. The only ef-
fect on the spectrum caused by roughening a sample surface, usually ac-
complished by grinding the sample to smaller particle size, is to reduce
the spectral contrast (Van Tassel and Simon, 1964; Burns and Lyons,
1964). Such treatment in no way alters the positions of the maxima or
minima which appear in the initial spectrum.

In Fig. 4a the emission spectrum cf dunite is shown for two rough
(fine-grained) a 1 one smooth sample (coarse-grained). The two rough
samples differ oi'ly .n their temperature. The difference curves obtained
by subtracting the spectra of the two rough samples in turn from that of
the s sooth sample are shown. The difference curves (4 and 5) are identi-
cal except that they are displaced relative to the arbitrary reference dif-
ference curve. These difference curves also retain to a certain extent
the spectral features of the original spectra, but it should be noted that
the form of the curve is such that the feature all appears on one side of
the reference line produced at the level where no spectral fecature appears.

5. Genuine compositional differences. The difference curve which
is characteriatic of a genuine compositional difference existing between
two samples from which the spectra were obtained is illustrated in Fig. 4b
The original samples used in this illustration were a serpentine and a dun-
ite. The features in the difference curve appear both above and below the
reference line, with a sharp crossover between them. In view of theabove
discussion, it is difficult to visualize any situation, apart from a rapid
change in atmospheric conditions during the recording of the original speo-
tra, which could produce such an effect other than a genuine compositional
difference. The effect due to compositional differences is further illus-
trated in Fig. 5, which serves to illustrate how such compositional differ-
ence data is extracted from the information obtaired by direct observation
of the lunar surface.

In Fig. 5a, curve | is the 300°K black body energy curve. Curve
2 is the emitted energy curve for a sample of serpentine. Curve 3 is the
energy curve which would be recorded when the atmosphere attenuates
curve 1 - i.e., it is the atmospheric absorption spectrum using a 300°K
black body source. Curve 4 is then the emission spe-trum obtained using
curve 2 as the energy source. This is then what the spectrum of a portion
of the moon composed entirely of serpentine material would look 1'V if
observed and recorded from the ground. The emission spectrum a
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dunite samplou at 300°K is presented in Fig. 5b in the same fashion as the
serpentine emission was presented in Fig. 5a. In Fig. Sc, the dunite
curve is subtracted from the serpentine curve to yield a difference plot
curve (11), which is in the form of the difference plot shown in Fig. 4b,
and so clearly indicates the comnpositional difference.

ILUNAR OBSERVATIONS

Observational measurements of the infrared emission spectra irtom
some features on the lunar surface were commenced at full moon in Feb-
ruary 1964. Initially, we were interested in exploring the 16 to 24 micron
region to discover if it was possible to significantly penetrate this partial
atmospheric window (Hunt and Salisbury, 1964). It was thought that, be-
cause the majority of atmospheric absorption in this region is due to water
vapor, if it were possible to penetrate the region at all, it would prove to
be clearer than the 8-14 micron region, in which the 9. 64 micron ozone
absorption band remaine intense throughout the year. Additionally, any
effects due to temperature differentials within a sampled area would be
minimized in this spectral range.

SR

Accordingly, the instrumentation was specifically designed to oper-
ate in the longer wavetength region. The measurements were made using
the 42" telescope at Lowell Observatory, Flagstaff, Arizona, becausethe
high location of the Observatory (7400 ft.) in the arid Southwest offered L
the dryest observing conditions available.

The :nstrument used was a modified Perkin Elmer 98 spectrometer
equipped with KBr optics and a Golay cell for detection.

Spectra in the 18-24 micron region were recorded from four lunar
surface features. It was found that this region could be penetrated effec-
tively even though the surface humidity was quite h\gh (38% in the late
evening to 33% in the early morning at 23°F and 199F, respectively). The
above described conditions existed on 26 February 1964, and this was the
only time tha! weather conditions have permitted observations 'n this re-
gion so far. It is not expected that the window would be open during the
summer months. The four lunar surface fecatures sclected to be spec-
trally scanned were the Central Highlands, Serenitatis, Copernicus and
Tycho. The spectra were recorded by selecting two of the arcas, and run-
ning spectra sequentially and repecatedly as closc together 1n time as pos-
sible between these two. Then two others were selected The time re-
quired to reach equivalent points in the spectra of diffecrent regions was
about 4 minutes. The sample size on the lunar surface was approximately
80 X 480 km, with the long dimension of the slit being oriented approx:-
mately cast-west. The spectra obtained are shown in Fig. 6. The cunwes
shown are direct traces, without smoothing of continuously recordedspec
tra. The noise level was less than 1% and the resolution better than 0.4
microns. Between 17 and 21 microns the spectra were recorded with a
gain setting of 1.5, while between 21 and 24 microns the gain sectting was
2.5. The emission intensity from Tycho is much less than from theother
3 features due only to its lower temperature, Of most importance 1n Fag.
6 is the difference between the spectra obtained from Copernicus and
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Figure 6 -

Emission spectra of four lunar surface features as detected
through the 16-24 micron window. Amplifier gainof |.5 be-
tween 17 and 21 microns and 2.5 between 21 and 24 microns
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Sercnitatis. The intensity of emission from Copernicus 1s less than{rom
Serenitatis at 19 microns while 1t 18 greater at 22 5 microns This type
of behavior is typical, as outlined above, of a compositional difference

Further observations were made at full moon in Maich and April
1964. Unfortunately, the high hunudity and cloudy weather -onditions
precluded making obscrvations 1n the 16 24 micron region, no observa-
tions were made tn the 8-14 micron regloan

Since our instrumentation was cquipped esscntially to perform at
longer wavelengths, the resolution tn the 8-14 micron rarge, using a KBr
prism, was quite poor Al such resolution, the characterisitc spectral
{fcatures become broadened, and s0 causc much smaller changes 1n the
emission intensitly at a particular wavelength

The major benefits derived {rom the measurements made i1n this
region were indications of ways 1n which our instrumentation and record-
ing procedurc could be improved The necessity to increcase the resolv-
ing power of the instrument was 1mmediately obvious. The uncertaintyas
to the characteristics of the atmospheric variations indicated the absolute
necessity for simultaneously recording spectra from two diflerent regions
if this variable i1s to be removed. The prasibility of internal composi-
tional differences within a particular sanpled arca was pointed up This
further indicated the necessity for extreme., nccurate tracking of the
selected area during the recording of a spectrum

We examined several lunar {eaturcs in this region and discovered
what appear to be compositional differences between some of them Wedo
wish to emphasize the fact that these .esults require the confirmation of
{further observations. However, the most marked of the pessible compo-
sitional differences was a difference between the spectra obtained from
the Haemus Mountain arca and Seren:tatis In all some 20 spectra were
recorded from Haemus and 15 from Serenitatis In the majority of such
spectra a difference in intensity between two spectra were observed (as
shown in Fig. 7). Although at no time was evidence collected which con-
tradicted such a result, in several cases the difference was barely dis-
cernible. These latter results scermed to \ndicate that either internal dif-
{ferences could exist in Serenitatis, or that the forward scattering of a
high thin haze layer in our atmosphere was eliminating spectral detasl
From the relatively few spectra recorded from Kepler, the same sort of
difference scems 1o exist between 1t and Serenitatis as was noted in the
casec of the Haemus Mountains.

Time has been acquired on the 69" telescope at Lowell Observatory
for observations during full moon in December 1964 and January and Feb-
ruary 1965 in order that further observations, devigned to confirm the
presence of compositional differences on the lunar surface. may be made.

Both the spectral regions, the 8-14 micronand 16-24 micron region
will be explored using more sophisticated equipment. This instrumenta-
tion consists essentially of a double monochromator system which will al-
low a large degree of flexibility of operation. Briefly, the possible modes
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of operation are:

a) Scanning the moon and recording simultaneously the difference
at two selected wavelengths for a particular area. By selecting the wave-
lengths such that one corresponds to a minimum in an emission spectrum
from a basic rock type, and the other to the minimum for an acidic rock
type, areas of probable compositional differences will be located.

b) Sampling two different areas :.nd chopping between them, direct
difference curves can be recorded, which will eliminate any atmospheric
effects as well as most detector ard instrumental effects.

c) Using two detectors eaca recording direct emission spectra from
the same area but staggered by any amourt in time.

CONCLUSIONS

1
i

The usefulness of molecular vibration spectra to determine the min-
eralogical composition of the moon by means of remote measurements has
been demonstrated both theoretically and in the laboratory. Certain dif-
ficulties arise for ground-based observation, such as the attenuating effect
of atmospheric absorption upon the emission spectrum, changes in atmos-
pheric absorpticn during or between spectral scans, grainsize variations,
and temperature variatirns in the surface materials being studied. De-
spite these difficulties, it should be possible to unambiguousiy detect
changes in the composition of surface materials from place to place on
the moon. Such changes have been tentatively identified during prelimin-
ary experiments at Lowell Observatory during the winter and spring of
1964. Further measurement of the degree of heterogeneity of the lunar
surface should provide information critical to the interpretation of the
spot measurements of composition to be made by Surveyor and Apoilo. It
may even be possible, in time, to make a detailed map of lunar composi-
tion from the earth, using both ground-based and balloon-borne instrumen-
tation.
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DISCUSSION

DR. STEINHOFF: Have you checked how much your atmospheric
attenuation would be at about 40 thousand feet, flying in an airplane?
There should be more than 80 percent of the total atmosphere below you,

and this should considerably affect the infrared transmission of the
atmosphere.

DR. SALISBURY: We haven't made studies at 40 thousand feet, be-
cause we have a balloon system the float altitude of which is 110 thousand
feet. When we made studies at this altitude, we found that there is better
than 95 percent transmission in most of the region of the spectrum, the
only exception being at 9. 6 microns due to ozone. There the transmis-
sion is only about 80 percent. With this sort of transmission, we hope
that our balloon borne instruments will get true compositional data, not
just differences.

DR. SINTON: What I am worried about is these atmosphericabsorp-
tions. If they were on a different scale, you might have a false difference

DR. SALISBURY: You are saying the two areas are a different tem-
perature?

DR. SINTON: Yes, and in two areas of different temperature, in
the cases you illustrated, it was simple multiplication of the bands ofser-
pentine and temperature curves. This is exactly the same multiplication
I presume with the ozone band and black body radiation attenuated by it.

If there isn't any emission band and ycu are .ooking at areas of different
temperature, you could get into trouble with a straight subtraction. In
addition, the 16-24 micron region is a lot more cut up with stronger bands
than the resolution you have had to show.

DR. SALISBURY: We have three or four variables here, and it
gets very complicated to think of them aeparately and still think of them
*ogether in all combinations. I think we have run through all the possibil -
ities, though. With reference to differe .t temperatures and no spectral
feature, you do get a band from the ozone that would just be a negative
feature. You wouldn't get a positive feature on the other side of it. Where
we just get a negative feature, we ignore it.

I hope that answers your objection, and with re-
gard to the fine structure in the 17 to 24 micron region, we did not wan
to resolve it. We don't need that kind of resolution to pick up the silicate
band, I think we had . 4 micron resolution, there, and this is the way we
wanted it. But you are rijght, there is a lot of fine structure in there.

DR. LYON: I want to point out that the use of infrared spectroscopy
to determine silicate composition is well described in Coblentz's work,
1910-1915, w! ere he says we will never know the answer till we float our
instrument in a balloon
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BIO-ASTRONAUTICS ASPECTS OF SOVIET RESEARCH

Grady L. Mitcham

C. WILLIAM HENDERSON: Last September Grady L. Mitcham and |, were fortunate
enough to be invited to Warsaw, Poland, to the XVth International Astronautical Conference.
While there, we both participated on a panel for Lunar International Laboratory and we
heard papers presented by the Soviets. As a consequence we also met a few Soviets in in-
formal sessions. Because of this we are now experts on Soviet Lunar glanning. As a con-
sequence, we were invited to speak here on this subject, so we are going to present to you
what we were able to discover by merely hearing a few papers. Mr. Mitcham will lead off
by discussing the Bio-Astronautics aspects of it, from the point of view principally of long
stay times as he sees the Soviets are developing a capability.

MR. MITCHAM: Good morning gentlemen, there is nothing better than being an expert
on something that you really know very little about and | have to admit that | am an Aero-
nautical Engineer and am not an expert on Bio-Astronautics. | personally felt that the
sessions there were quite informative as far as the material disseminated by the Russians,
particularly in the area of orbital mechanics and flight trajectories and, also in the area of
bio-astronautics and space medicine. There were seven papers on the latter subject given
during the September 7-12, 1964 meeting. | won't attempt to read through all these pa-
pers, but what |1 have done, with the assistance of Dr. A, J. Pilgrim, head of Boeing's
Bio-Astronautics Section, is to summarize some of these papers and, also point cut a few
of the highlights that might indicate in September som> of the Soviet experiments that were
suited for the most recent Voskhod flight. 1 would like to start off by a brief summary of a
paper by 1. T. Akulinichev and R. M. Bayevskiy entitled "“valuating the State and Activity
of Crew Members Under Conditions of Prolonged Space Flight". The methodology and in-
strumentation selected for interplanetary flights must be based on the data obtained in early
experiments and the successful completion of earth orbital flights. The peculiarities and
new problems of extended space flight will play an important role.

To ensure the well being of humans, reliable and active medical supervisicn (this is a
very key point, they keep stressing in this paper that you need a medical trained man in the
space craft and, tis is what happened in their latest flight, the three-man space craft) as

well as physiological and health investigations are essential to permit forecasts of their con-

dition for the required period of time. The difficulty in providing biomedical support arises

from the need to send along large supplies of terrestrial atmosphere, food, water, and devices

to protect them from heat, cold, intense light, and cosmic radiation.

While human initial penetration of space has been accomplished on the basis of earth
orbital flight, lunar and interplanetary flights will certainly require the preparation of an en-
tire expedition, involving changes in the whole modus operandi of space research. lrregular
work schedules do not appear applicable, but the organization of a "space service", where
man will be able to stay in a space station for a longer time and perform tasks directly in
space, appears necessary.
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Space biology and medicine will play a distinct role. Automatic machines and bio-indica-
tors, in addition to the testing of life support systems in earth orbital flight to collect bio-
medical information and reliability of the subsystems will be necessary.

Safety considerations within the space capsule should be controlled by doctors in
flight and from the earth. Conditions and activity of the astronauts who leave the craft
will be monitored with the help of instruments. Indicators on a pane! under the scrutiny
of an expert.

Since the astronauts will wear a space suit or "G suit" techniques will have to be
devised for removal and replacement of the suit without impairing air-tightness or causing
them discomfort. Once a problem of whether a man can actually exist for extended periods
of time in space is answered it is necessary to determire man's capabilities, activities,
and various duties. It was found in early space flights that functional changes were mani-
fested in the form of impairment of fine coordination of movements in connection with such
familiar conditioned acts as handwriting.

This is all | will discuss about this paper, but this is one of the papers we went
through after the meeting and after the translation was performed it looked as if a few weeks
prior to the Voskhod flight there were indications that the space craft would carry, proba-
bly, an astronaut, possibly a scientist, and in particular would have a man experienced
in medicine, a doctor on the space flight.

Discussions with some of the key scientists in both formal and informal sessions in-
dicated that the Russians feel very strongly about man's participation in space flight; in
fact, there were excellent movies shown on weightlessness tests and also tests conducted
with animals. One of these tests was a dog which was placed in a rocket, of the Red-
stone variety, which was launched and the dog was recovered with the instrumentation and
various scientific measurements. In fact, the quality of the work looked to be very simi-
lar to what we have done in the U.S. on the test of short periods of weightlessness in
various types of aircraft.

One of the key points that was made, was the fact that the Soviets have actually been
conducting tests with men for up to 120 days in closed hermetically sealed chambers and,
| might quote a rew comments from this particular paper, entitled "General Principles Con-
ceming the Reactio of the Organism to the Complex Environmental Factors Existing in
Spacecraft Cabins" by A.V. Lebedinskiy, S.V. Levinskiy, and Yr. G. Nefedov.

"Under ordinary conditions the vital processes of the organism depend mainly on the
influence of the environmental medium. In a hermetically sealed space, the medium is
modified by vital processes of the oroanism. Chamber tests were carried out, lasting fror,
10 to 120 days. The effects of man on the chemical and microbiological properties of the
medium were determined. The effects on man of such environmental factors as noise, small
doses of ionizing radiation, and periodic rises in temperature were determined.

"An increase of airbarne bacteria resulted from the increase of micro-organisins in the
skin and was attributed tc a dro, in the antibacterial action of the skin.

-
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"Metabolically produced carbon monoxide caused autointoxication shown by the
appearance of carboxyhemoglobin in the blood and of definite changes in the central nervous
system. The atmospheric concentration limit of substances excreted through the lungs
should be kept low enough to permit their normal elimination from the body. For this rea-
son, they recommend a maximum permissible concentration (MPC) of 3 to 5 mg/M3 for CO
and a CO2 limit of 0.2 to 0.3 percent for confinement of more than 4 months,

"The effects of autoinfection have not been sufficiently studied.

"An analysis has been made of the changes taking place in the body during sealed cham-
ber tests. The magnitude of these changes depends on the deviation of environmental con-
ditions from normal.

"During the first phase, 10 to 15 days in 60-day tests, an initial physiological adap-
tation takes place. The circulatory rate decreases as does the work capacity. Reaction time
and numbers of errors increase.

"As the man adapts to the new conditions, many functions stabilize. Sleep, motor
reactions, light sensitivity of the eye, and number of errors drop to normal. Work capacity
and fatigue threshold remain lowered.

"An "emergency reaction" takes piace as subjects slowly readapt to normal, outside
conditions. This took about 2 months after the 60-day tests.

"Additional air purification to remove bacteria and noxious chemical impurities, UV ir-
radiation of the skin, increased vitamin intake, and special physical exercises plus a grad-
ual transition of subjects from ordinary life conditions reduced the intensity and duration of
the transition reactions.

"Increases in temperature, noise, and low level ionizing radiation did not cause any
specific reactions in most cases but did cause generalized stress reactions: increases in
nervous activity, blood flow, respiration, metabolism, etc. lonizing radiation (0.3 rad, they
say elsewhere) or105 db noise will cause 40 percent increase in excretion of amino com-
pounds, both together cause 80 percent rise.

"The specific hematological effects of ionizing radiation are reduced when other stresses
are kept low, i.e., radiation tolerance is greatest when the environment is near normal, main-
taining favorable "air livability" constitutes, one of the most pressing problems.

"Morale was good, on the whole, because of a feeling of responsibility and teamwork .
The subjects understood their tasks and tests and did some useful work most of the time.

"Although there were individual variations between subjects, the adaptive changes were
similar in all.

"Individual variations in such things as exhaled volatile compounds 7ind microbiological
flora suggest that the problem of compatibility of subjects on a broad biological plane merits
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considera.ion along with psychic compatibility."

This particular paper dic indicate that the Soviets are pursuing a rather aggressive pro-
gram of long stay times wh::ther they are applied to earth orbital missions or the possibility
can be applied to extended stay times on the lunar surface.

In a paper entitled *Certain Problems and Principles of the Formation of a Habitable
Environment Based on the Circulation of Substances" by A.M. Genin and Ye. Ya. Sheplev
there was quite a bit of discussion on artificial ecological systems for prolonged manned
space flights. The authors indicate the stores needed by man can be reduced to minimum
amounts by cyclic regeneration. The closed system will take man's metabolic products and
reconvert them to an acceptable form. For long term missions, a full ration of 300 calories
per day is suggested and chemical synthesis cannot at present be considered tangible and
tissue culture methods require exotic media. They also state that biological systems seem
to be required. From the nutrition standpoint they assign a normal of 10- percent animal
food in man's diet and conclude that single celled algae may be less advantageous than
certain higher plants. And, also they suggest that the use of poultry for example, may be
more acceptable as an animal link in the food cycle.

1 don't think this type of an approach is very different from our Biomedical programs
within various government organizations anc industry in the U.S.

However, it does point up to the fact that the Soviets are working on many of the same
prob'ems that we are and maybe to a greater extent in some areas. They pr2sented experi-
mental results of quite a bit of work done on the psychological reaction of ‘ne human organ-
isms to transverse accelerations and the raising of the resistance to such forces. 1| do have
copies of all these papers and, if any of you are particularly interested in some of these fields,
you might contact me after the meeting and | can make arrangements to have copies mailed
to you. | would like to repeat again my earlier remark that my impression and also the im-
pression of participants who were Biomedical experts that the Soviets are pursuing a very
aggressive experimental program with the use of man for long space stay times. They were
not very explicit about what their space plan< are as to whether they are plannning earth or-
biting missions or lunar missions or iunar bases. However, | feel that the material that was
presented did represent experimental data and, various experts | have talked to feel the same

way.
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DISCUSSION

MR. SPEGLER, Aerospace Research: | am curious if the Russians have retested the
same subject to see if there is any long term learning or adaptation.

ANSWER: Yes, there was indication that they had retested the same subject in which
the stay time varied from 10 to 120 days after various time periods and recorded body re-
actions.

MR. SPEGLER: 1 was curious if the individual had a long term adaptive capability
where he would recover more quickly after each succeeding test.

ANSWER: | cannot answer that, | don't really know.

DR. EDSON: Did the records discuss tests in which there was adaptation to higher than
earth gravity as to centrifuge, and did you find any evidence of their use of a lunar gravity
simulator, such as we have at Langley?

ANSWER: 1 do not recall any presentations of a lunar gravity simulator of the type used
at Lanjley. Some of the Langley movies were shown at the conference, however the Soviets
did seen to concern themselves o a great extent with combined stresses which include com-
binations of G and radiation levels. Many Biomedicai experts feel this type testing is very
important for long term boosted flights.

DR. EDSON: That's higher than one G plus radiation?

ANSWER: That is correct, their G levels, in fact to be specific, I'll take a look through
this one paper. For instance they were testing vision at an 80 degree tilt angle and they
‘vent to a G profile of from 4 G's to 14 G's and this covers quite a spectrum, probably much
higher than one would expect to get in most any boost system, so they are working at G's in
excess of one G.

QUESTION: With respect to the loss of efficiency, is this strictly psychological due to
confinement?

ANSWER: | think the loss of efficiency was from confinement and, also from the amount
of radiation that was given the subject, they were testing other factors other than confinement,
and have made a point that radiation levels that might be experienced in certain of our space
craft may be much higher than one would like to have and there is evidence that they are doing
a great amount of testing in which they are subjecting the man to close confinement and
various |~vels of radiation and | got the feeling that there was a combination of the two, this
loss of efficiency.

MR. MALCOM: Did they actually indicate what radiation levels they used for operations?
ANSWER: Yes, the radiation levels are indicated in the papers - | do not recall the exact

numbers.
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QUESTION: Did they list the radiation losses that they gave on these?

ANSWER: Yes, they did, | don't have these at my fingertips, however they are in-
cluded in the paper and the period of time they gave them and they showed this quite openly
in the papers.
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CONSTRUCTION ON THE MOON
DO THE SOVIETS HAVE A PLAN?

C. William Henderson

The Soviets have usuaily been tight lipped about announcing their future space plans.
Often hints of their programs have appeared in print or verbally, but usually couched in
term.s too vague to be recognizable. Last May at the COSPAR meeting, V. V. Parin, Vice
President of the Soviet Academy of Medical Sciences is quoted as having privately remark-
ed that the Vostok one man spacecraft had outlived its usefulness. He also mentioned the
desirability in future flights of having a space surgeon aboard rather than rely on telemetry
for physiological data. Needless to say, these words were a sneak preview to the next
Soviet manned space exploit, the three-man spaceship, ‘Yoskhod.

What other hints have been given concerning the USSR space program? Though some
people have always feli that the Soviets had a manned lunar landing goal in their plans, the
recent achievements of the three man spaceship, Voskhod, have renewed speculation that
the USSR is really in the moon race. Recent comments by Soviets associated with the
Voskhod program would indicate that the race is definitely on.

A direct implication of Soviet lunar plans came from the recent remarks of Soviet air-
plane Designer General Artem |. Mikoyan (brother of Anastas) who said, "whatever secrets
surround the earth's nearest neighbor, they will be solved by man. And one would like to
believe that the first man on the moon will be our Soviet cosmonaut. We are confident of
this. Confirmation of this may be seen in the flight of the space ship ‘Voskhod' ".

Colonel Viadimir Komorov, the commander of Voskhod implied in a negative way that a
lunar shot was possible by stating that his spacecraft, in its present modification, is not
capable of going to the moon. He also was quoted as saying " Despite the advance in tech-
nology, in its present state, the Voskhod landing system cannot be used for a lunar landing" .
(He was referring to the retorocket system for a soft Earth landing.)

It is interesting to note, however, the advantages of a retrorocket system for an earth
landing. The experience with this system could lead to the development cf a lunar landing
capability while practicing Earth landings.

A1=5 this type of system could be used for high velocity lunar trajectory approaches to
Earth, slowing the spacecraft prior to earth entry. Though heavier because of its retropro-
pulsion system, this method would greatl:: simplify the re-entry heating yroblem. While the
United States is developing a re-entry heating system to off-set the high velocitics oi re-
turn from lunar distances, a retrorocket system may be the Soviet solution to this same pro-
blem despite the obvious weight penalty.
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The Soviets, over the years have written some articles and have presented a limited
number of papers about lunar exploration and lunar surface facilities. Their published
efforts have been far less numerous than those in our country, and are extremely vague
with respect to lunar surface installations, often time only mentioning the desirability of
lunar bases.

It should be noted, however, that every engineer and scientist in the Soviet Union is
a state employee, and consequently, cannot devote much effort to lunar base considera-
tion unless specificaliy directed to do so by the government. This would imply that any
lunar surface equipment studies are government sponsored, indicated official endorsement
of the concept of lunar bases.

In 1962 the magazine "Soviet Union" referred to an article by the Chief Designer of
Soviet spaceships (this man's name has never been identified in a publication), stating his
concept of a space program as follows:

"The conquest of near-Earth space is a matter of the not too distant future. Manned
flights to the Moon and trips to neighbouring planets," the article continues, "are quite
feasible in the coming few years. First, presumably, automatiz probes will be delivered
to the Moon's surface. They will be followed by manned ones. The establishment of a
permanent research station on the Moon, and iater of an industrial project, will make it
possible to exploit the as yet unknown resources of the Earth's natural satellite. Then will
come flights to the nearest planets of the solar system, Mars and Venus."

In September of this year, the Soviet news agency TASS published an article entitled
"Objective of the Soviet Space Program - the Moon". In summary the artizle said:

On the eve of the fifth anniversary of the launching or the first Soviet space rocket to
the moon, correspondents asked (cosmonauts) G. Titov and A. Nikolayev about their future
plans. Titov replied, "To visit the moon, and to live on it." Nikolayev said, " The moon--
that is ti.e scientific objective."

TASS continues, "everything now being done in space, including the launching of Pol-
yot and Elektron vehicles has a direct bearing on travel to the moon. Very likely the first
step will be an enormous earth-orbiting satellite carrying some 15-20 men to serve as a
space port. Or else, "the author says, "heavy tatellite will be launched around the earth
first and the manned spacestip then launched from it towards the moon. Academician N. Se-
menov suggests that the moon may serve as a gigantic electric power station, converting
solar radiative encrgy into electrical. The mcan, in this scientist's opinion, is the most
suitable place to build nuclear and thermonuclear stations. Academician V. Ambartsumyan,
Soviet astrophysicist, proposes that telescopes be set up on the moon for astronomical
studies. The Chief Designer of Spaceships is ieported to have often said that the moon can
become an excellent launching place for manned flights to Venus, Mars, etc., since its
smaller gravitationzl pull will make possible greater carrier-rocket efficiency ."

B. Lyapunov, the Willy Ley of the USSR, in discussing lunar stations indicated how
they might be built and fo: what reason. He said that currently a great deal of importance
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is being placed on lunar stations. The astronomer N. P, Barabashov, a member of the
Ukrainian Academy of Sciences, writes: "In the future, as rocket construction improves,
power capabilities increase, and space flights develop, it would be very interesting to es-
tablish a pernaneut space station on the Moon." The absence of atmospherc, the low gra-
vity (one-sixth that of the Earth), and the possibility of equipping an underground dwelling
which will assure protection against radiatior. and meteors makes the Moon very suitable for
the establishment ot a scientific space center for astronomical and other research. The
center would serve as a base for interplanetary flights, as a powerful "heliostation" (if part
of its surface were covered with ¢emiconductor screens), and as a relay for radio and tele-
vision broadcasts. Engineers plinning such a station would also have to develop a lunar
cross-country vehicle. Such a scttlement would make possible a detailed survey of lunar
conditions and, in time, lead to colonization of the moon. The problems connected with
establishing stations beyond Earth are now being considerec in the field of astronautics.

Possible lunar construction and utilization of lunar resources was indicated in August
1964 by A. Yushka, Chairman of the Vilnius Planetarium Council when he discussed sur-
vival on the Moon. In summary he said - "The first task of astronauts after landing on the
moon will be to dig tunnels into the lunar surface to serve as living quarters. The tunnels
would be hermetically sealed from all external influences. At first supplies would have to
be sent from the earth. Later, however, air and water will be extracted from the lunar crust
by means of sperical mirrors able to generate temperatures of the order of 3,000° C. The

estimates of the American astronomer F. Zwicky are cited in this regard. Carbon dioxide,
also extracted from the lunar rock, could at still higher temperatures be decomposed into
carbon and oxygen. lonized gases and electric current could be produced in the same way,
thus providing 2 power base for some industry. Hydroponics offers the best means of food
supply. The cultivation of algae, especially, seems most promising as a food source and
os a means of purifying the air."

In September 1964 at the meeting of the International Astronautical Congress, a paper
antitled "Architectural Problems in Lunar Construction" was presented by Soviet Architect
I.F. Florov. This was the first paper on manned lunar stations ever presented by Soviet
representatives at an international conference.

The paper was very general in nature, emphasizing the many hazardous conditions asso-
ciated with the moon and suggesting the technological areas requiring further study. The
basic emphasis was on the lunar station structure itself. As eavisioned by the authors, a
desirable lunar station structure would be a pneumatic shell supported by a rigid skeleton.
The respiratory and pressurizing gas medium within the shelter would then become an actual
structural component of the station. The inflatable material was not specified, but was
mentioned as being elastic. The structure could be shielded from the lunar environm 2nt
(meteoroids, radiation and thermal flux) by burying it below the lunar surface in a natural or
man-made cavity.

To demonstrate the concept, the authors suggested one design which provides for a

three story structure, each level approximating an inflated torus. These in turn are con-
nected to a rigid central cylindrical shaft running through each torus and terminating in an
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exit lock at the lunar surface. The cavit, in which the shelter is located is backfilled
with lunar soil so that the entire complex is buried below the surface. There is no men-
tion of how the station is delivered to the moon or how it is emplaced.

This Soviet design of a lunar station differs markedly from recent United States Con-
cepts. We, here, have considered both buried and above ground structures, but have re-
jected the former as an exceptionally difficult task to perform during the early phases of
lunar occupation since it would require considerchle blasting and soil moving capability.
Also we prefer (at least at present) to have a completely rigid structure which does not rely
upon pressurization for stability. This is desirable to insure structural integrity in the
event of puncture and also to minimize displacement or disconnection of equipment and
plumbing attached to the structure bulkheads.

The Soviel structure has three levels to take advantage of the cavity in which it is
emplaced. The United States concept, being on the surface, is modular. This will pro-
vide compartmentation horizontally rauicr than vertically. We feel that this latter method
is a more desirable characteristi., since it will permit unlimited expansion in several di-
rections.

One unusual feature mentioned in the Soviet paper is the means of egress which is re-
ferred to only once, and very briefly at that. The quotation is " The upper end of the shaft
will contain exits and hydraulic locks (air-liquid-vacuum) which will give a minimum loss
of air."

Whether this statement refers to a lock which has its air expelled by flooding, then by
pumping out the fluid to form a vacuum, or consists of a U-tube trap with liquid separating
the atmosphere from the vacuum cannot be determined. In either event, men would have to
be emersed in the fluid, and there would certainly be a liquid boil off.

There are considerable generalizations in this paper, many of which seem, on the sur-
face, to be unstudied. It is difficult to assess whether this Soviet concept is merely a
first serious look at lunar construction, or whether, by its being published, implies that it
is now releasable, and that the USSR has far more intensive study efforts still under the
cloax of secrecy.
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EARLY MISSION EXPERIMENTS AND LUNAR RESOURCES EXPLORATION

Jack R. Van Lopik, Richard A. Geyer and Christopher Crowe

There is general belief that a program of scientific and explora-
tory work on the moon is a logical extension of, and is implicit in, the
present national commitment to manned lunar landing. If this is indeed
true, a maximum of scientific data should be obtained by each manned
mission to assure effective design of subsequent lunar surface operations.
For general planning purposes, this implies that:

a. Maximum use should be made of automatic devices to supple-
ment the capabilities of a relatively small number of men with
moderate life support requirements. Primary functions of
thc astronauts would be to act as scientific observers, make
decisions concerning conduct of surveys, insure that scientific
instrumentation is properly erected, and/or operate and
maintain automatic data gathering devices.

b. As many instruments as possible should be designed for multi-
purpose use if this can be accomplished without materially
reducing the effectiveness of any one measurement or experi-
ment,

c. Scientific competence of the astronauts should be of the highest
possible level.

d. Serious consideration should be given the use of the lunar
environment or materials to permit reduction of operational

and life suppnrt payloads and increases in scientific payloads.

Exploitation of lunar resources is the item that will require
the most intensive scientific investigation.

Exploration Programs

The first goal of any program aimed at the exploitation of lunar
resources is to locate deposits of suitable materials. Effective design of
mineral or resources surveys is dependent, however, upon an understanding
of lunar geology and structural, composition and/or physical property
differences or contrasts between usable materials and the host or country
rock. Ideally, much of the required data would be obtained with remote
electromagnetic sensing systems--utilizing earth-based, earth-orbiting,
lunar-orbiting, and lunar-impacting spacecraft. Unfortunately, as postulat-
ed terrestrial-lunar analogs of features cannot be accepted unequivocally,
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valid interpretation of remote sensor data also depends upon at least an
elementary knowledge of actual 1unar surface and near-surface conditions,
To provide crucial information concerning lunar surface properties, contact
or on-surface measurements must be made prior to either (1) final selection
of the most suitable or diagnostic noncontact techniques or (2) final interpre -
tation of remote sengor data.

In spite of these difficulties, the overall plan for lunar explora-
tion will undoubtedly follow the general pattern of conventional terrestrial
mineral exploration. This pattern involves preliminary interpretation of
aerial survey data to identify broad regions of interest and to outline gross
features within these regions. Next, a ground survey is conducted within
selected regions to delineate areas warranting more intensive investigation.
Subsequently, surface and subsurface geological and geophysical studies
are made of relatively small areas to assist in determining the presence
or absence of mineral deposits. Any lunar exploration program will require
hard- and soft-landing devices, launched either from earth or a lunar-
orbiting satellite, to obtain information concerning lunar surface and near-
surface conditions. Orbital reconnaissance satellites will be required to
obtain extensive remote-sensor imagery coverage for use in accurately
locating devices previously landed and in extending the point-source
information obtained with these devices. On-surface exploration will be
conducted through utilization of unmanned and manned roving vehicles
and rocket platforms. A diagram of a possible lunar exploration sequence
is included as Figure 1.

The type of data obtained by each manned or unmanned mission
is dictated by the goals or objectives of the overall program. The Ranger
and Surveyor programs, for example, have been oriented toward acquiring
data to permit site verification for Apollo landings. If the overall goal
was to establish a base on the moon, the sequence in which certain data
are obtained and, possibly, the nature of the data might be different., There
are, of course, data requirements common to both goals, and the present
program will supply information that will aid in the planning of lunar
resources surveys. However, the first opportunity to obtain information
directly applicable to lunar resources exploration will probably be in
connection with on-surface measurements made during Apollo missions.

Apollo Lunar Surface Experiments

Measurements or experiments to be made on the lunar surface
during Apollo missions can be evaluated and grouped on the basis of their
contribution to five fundamental lunar problem areas:

Identification and measurement of properties or phenomena
hazardous to the astronaut
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Determination of trafficability or suitability of areas for future
Janding sites

Solution of problems associated with lunar basing or resources
exploration

Determination ¢ { the origin, nature and age of lunar surface
features

Determination of the structure, origin and history of the moon
and earth-moon system.

The groups are not mutually exclusive and measurements
pertaining to each will be made on all missions. However, maximum
emphasis during the first landing must be placed on those measurements
related to astronaut safety and mission success--and associated measure -
ments of scientific significance. On subsequent landings, environmental
hazards are still of interest, but emphasis can be shifted toward lunar
basing and more purely scientific tasks.

Numerous measurements/observations/experiments represent-
ing a wide variety of scientific and technologic disciplines must be con-
sidered. As schematically depicted in Figure 2, this requires a progression
from numerous measurements or experiments to a few by means of
successive evaluation or filtering. All possible experiments must be
comgpiled and subsequently evaluated from the standpoint of (a) contribution
to fundamental lunar scientific or technologic problem areas, (b) solution
of specific lunar problems or combinationsof problems, (c) engineering
feasibility of conduct on the lunar surface, and (d) mission needs or con-
straints.

The total time devoted exclusively to scientific tasks during’
the first several Apollo landings will probably i'ange from 4 1/2 to 9 1/2
hours. Astronauts will probably not be able to venture more than 1000 feet
from the LEM, and only one will be outside the LEM at a time. The
scientific payload is limited to 250 1b. Eight to fifteen cubic feet for storage
of 170-210 1b of scientific equipment will be available within the LEM
descent stage and subject to hard vacuum, extreme temperature, radiation,
shock, and other launch, landing and environmental conditions. A two or
three cubic feet storage compartment for 40-80 1b of equipment will be
positioned within the LEM ascent stage and is protected from environmental
hazards. A maximum of 80 Ib of samples, film or recorded data can be
returned to earth, Based on these constraints and the other factors implicit
in the rationale described in the preceding paragraph, preliminary recom-
mendations have been prepared concerning the composition of the scientific
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Figure 2. Experiment Selection Rationale
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instrumentation payload for the first several Apollo landings. Recommenda -
tions for the first two flights are described briefly to illustrate the types
of information that may possibly Le obtained.

First Flight

The first landing will probably consist of two lunar surface
excursions devoted to scientific data collection. The first excursion will
be of 120 minute duration and the second, 150 minutes. The program is
outlined in Table 1 which presents experiments in the order in which they
are to be performed and an estimate of the cummulative time requirement.
for each,

Hazards - Measurement of hazardous phenomena or conditions
has high priority on both the first and second landings. The primary hazard
is believed to be radiation. This will be monitored by personal dosimeters
and survey rate meters. One of the rate meters will be located in the LEM,
and another will be left on the moon to monitor and transmit radiation data.
Micrometeoroid infall and secondary ejecta may constitute a hazard to the
astronauts, but the flux can be estimated by visual observation of surface
impacts and the sounds generated by impacts on the LEM. These observa-
tions will not permit an estimate of the momenta and mass involved, and
development of a specially designed micrometeoroid and ejecta flux sensor
is highly desirable. However, the results of preliminary studies indicate
that, for the first flight, the instrument weight is probably excessive for
the value of the data obtained. Hazards presented by fine-grained surficial
materiai, either because of great thicknesses or adverse electrical behavior,
will be tested by observation of penetration of the LEM landing pads and
by the astronaut during egress. Samples will be collected immediately to
test for chemical reactivity and possible biologic content., Temperature
recording devices in the LEM landing gear and in the astronaut's boots will
warn against unexpected thermal hazards.

Next in importance is probably the mechanical condition of
the surface. It is thought that really valid data concerning this hazard
will not be obtained until the surface is tested manually with a staff or
pentrometer. The fundamental decision as to whether the surface away
from the LEM is safe for astronaut traverse depends on such surface
characteristics as areal homogeniety, bearing strength, adhesion or bond-
ing of surficial particles, roughness, and the presence of voids and crevasses.
This decision must be made by the astronaut after noting LEM landing gear
penetration and staff penetrometer measurements made during and after
egress. Data obtained at one spot or in one locality inay not be truly
representative of lunar surface trafficability.



TABLE 1

WE.“dT, VOLUME AND TIME REQUIREMENTS FOR MEASUREMENTS,
OBSERVATIONS AND EXPERIMENTS PROPOSED FOR
EXCURSIONS 1 AND 2 OF THE FIRST FLIGHT

EXCURSION 1 Lb  In.” M:n
Descent camera 6.0 230
Descent camera printer 3.0 320

(pre-egress)
Personal dosimeters (2) 0,6 2
LEM survey rate meter 1.0 70 5
Landing gear thermometer 0.5 4 2
Chemical reactivity detector 0.5 17 10
Boot thermometer 0.5 4 2
Camera and flash 5.3 90
extra film and flash 1.8 24
attachment battery
Staff penetrometer 2.5 20 4
Tracking transducer 4.5 150
Scientific Instrument Pack- 152.7 11,286 20
age (SIP)
Survey rate meter
Transponder
Combinztion seis-
mometer
Helium magnetometer
Surface temperature
loop (1)
Thermal conductivity
probe
Sample culture pH readout 1.2 28 5
Sampling (5 vac., 2 mech, 12.8 323 24
struct. containers, 24 bags)
Geology 7.0 46 18
Visual observation 15
Walking (nonassignable) 15
Total Excursion 1} i99.9 12,614 120

EXCURSION 2
Reflectance radiometer 8.0 150 15
Susceptibility bridge 0.7 18 10
Surface temperature loop 12
Thermal conductivity probe 5
Sampling 20
Geology 28
Visual observation 30
Walking (nonassignable) 30

Total Excursion 2 8,7 168 150
E— & — _—_§ L]
Total Flight 1 208,6 12,782 270
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Sample Collection and Photography - Sample collection and
geologically oriented visual observations and photography are the most
important scientific activites to be performed by the astronauts during
early surface excursions. The goal is to obtain samples and other data
indicative of the homogeneity or inhomogeneity of the lunar surface.
Selection of sampling sites will have to be made hyr wienal inzzcctica Lol
willi Lo ldadored =y funad Lguilaug and photometric conditions and the
necessity to choose sites outside the area contaminated by the landing
blast. If the materials in the area accessible to the astronaut appear
homcogeneous, the problem will be to determine subtle differences prior
to sampling. Measurement of the reflectance properties of surface
materials at various wavelengths will aid in making these determinations.
1f a wide variety of rock types is observed, the problem will be to sample
representative types. Decisions must be made by the astronaut based on
his geological training and experience. Sample sites and all interesting
geologic features and phenomena should be photographed. A geology kit
and sampling tool package, coupled with the camera equipment, will provide
everything required for surface sampling and geologic reconnaissance.
Approximately one hour of the 120-minute excursion and 110 minutes of
the 150-minute excursion will be assigned for conduct of these tasks.

Scientific Instrument Package - Geophysical information is
to be acquired by emplacing an assembly or package of scientific instru-
ments and leaving it on the moon to transmit data. The decision to acquire
time-series data over a period longer than the astronaut's stay time on the
lunar surface automatically imposes a payload penalty for the concomitant
telemetry system and its power supply. Depending on the nature of the
measurements involved, the weight of the telemetry system and power
supply is between 100 and 150 1b. With a total payload capability of 250 1b,
this decision seriously limits the weight which can be alloted to instruments
or equipment to be used by the astronaut. Nevertheless, the scientific
value of the telemetered data is considered sufficient to warrant inclusion
of an emplaced instrument package on the first mission. The recommended
package consists of a survey rate meter, surface temperature loop, thermal
«« Auctivity probe, low-field helium magnetometer, combination long- and
shcrt-period seismometer and recording gravity meter, and a transponder
for use as a navigation aid in subsequent location of the package. Because
of time limitations, the surface temperature and thermal conductivity
measuring devices will be activated during the second excursion; all other
instrumentation will be placed in operation during the first excursion.

Second Flight

The second flight will probably consist of four scientific
excursions --the first of 120 minutes duration and the latter three, 150

66



minutes each. For this flight the heavy scientific instrumentation package,
designed for long-term monitoring of grophysical phenomena, i5 replaced
by a hand-held drill for sampling the shallow subsurface and various devices
for measuring electrical, mechanical and chemical properties of materials.
Short geophysical traverses employing gravity, seismic and, possibly,
magnetic techn:ques are proposed. The second flight also differs from the
first in that the additional time available permits inore walking, and
schedules should be flexible enough to permit changes based on the character
of the landing area,.

First Excursion - The schedule (Table 2) recomrmended for
hazard observation on this excursion is the same as that for the first flight.
This procedure is suggested because it cannot be assumed that certain
hazards lacking or unimporta?t at one lccality will be of the same signifi-
cance elsewhere on the surface. Clearly, the recommeaded schedule should
be reviewed thoroughly in the light of the findings of the first flight. These
certainly should indicate an order of imporiance for hazards that were
anticipated and perhaps introduce others that were not expected. During the
first excursion of the second flight, emphasis is placed on geologic obser-
vation, sampling and making measurements with a portable gravity meter.
This approach was adopted because the effectiveness of observations and
experiments performed during subsequent excursions is deperdent upon
their relation to the local terrain. Visual observations, sampling and
geologic reconnaissance are, therefore, undertaken with a view to planning
the measurements and experiments scheduled for later excursions,

Second Excursio= - The second excursion is devoted largely to
scientific and engineering measurcements (Table 2). These involve the use
of various instruments for measuring the physical, chemical and mechanical
properties of lunar materials.

Third and Fourth Excursions - The third and fourth excursions
are devoted primarily to geological, geophysical and compositional
observations and measurements allocated on the basis of the character
of the lunar surface in the vicim*r of the landing site (Table 3). Several
different sets of lunar surface conditions can be envisiored, e. g.:

1. Relatively smooth rock surfaces with a thin cover of dust and
rubble. Fairly homogeneous material within the astronaut's
walking radius.

2. Unsorted rubble and dust of unknown thickness overlying
bedrock. Small landforms or surface features not numerous.
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TABLE 2

WEIGHT, VOLUME AND TIME REQUIREMENTS FOR
MEASUREMENTS, OBSERVA'TIONS AND EXPERIMENTS FOR
EXCURSIONS 1 AND 2, SECOND FLIGHT

EXCURSION 1 Lb In.3  Min
Descent camera 6.0 230
Descent camera printer 3.0 320

(pre-egress)

Personal dosimeters (2) 0.6 2
LEM survey rate meter 1.0 70 5
Landing gear thermometer 0.5 4 2
Chemical reactivity 0.5 17 10
detector
Boot thermometer 0.5 4 2
Camera and flash 5.3 90
extra film and flash 3.8 64
attachment battery
Staff penetrometer 2.5 20 4
Tracking transducer 4,15 150
Gravity meter 7.0 450 5
S-  »le culture pH 1.2 28 5
adout
S: ~ling (8 vac., 2 51.1 1019 29
r ch, structure,
2¢ oags)
Geology 7.0 46 28
Visual observation 15
Walking (nonassignable) 15
Total Excursion 1 94.5 2514 120

EXCURSION 2
X-ray diffractometer 17. 6 1200 15
(3 samples)

Probe dielectrometer 2.0 40 10
Vawe shear tester 6.0 40 5
Kreisman gauge 9.0 120 10
Gas chromatograph 13.2 690 15
Differential thermal 10. 0 860 10
analyzer :
Erosion particle move - 1.0 35 10
ment sampler
Sampling 15
Geology 20
Visual Observation 20
Walking 20
Tctal Excursion 2 , 58.5 2985 150
Total (1 & 2) 153.3 5499 270
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TABLE 3

WEIGHT, VOLUME AND TIME REQUIREMENTS
FOR MEASUREMENTS, OBSERVATIONS AND EXPERTMENTS
FOR EXCURSIONS 3 AND 4, SECOND FLIGHT

.

-

EXCURSION 3 Lb In.3  Min 3

Gravity gradiometer 5.0 430

Tripod for surveying 3.6 690
camera

Portable magnetometer 5.0 140

Reflectance radiometer 8.0 150 15

Thermal conductivity 0.4 4 10
probe

Gravity traverses 55

Sampling 10

Geology 2..d visual obser- 15
vations

Walking 45

Total Excursion 3 22.0 1414 150

EXCURSION 4

Refraction seismic 32.0 650 65
fystem *
Sampling 5
Geology and visual 15
observation
Walking 65
Total Excursion 4 32.0 650 150
Total (3 & 4) 54.0 2064 300
Total (1 & 2) (Table 2) 153.3 5499 270
Total Flight 2 207.3 7563 570

*If landforms are well defined, reduce seismic traverses to
15 min and increase sampiing to 30 min and geology and visual
observation to 40.
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3. Terrain irregular with numerous small landforms (e. g.,
prominences, depressions, fissures) visible through surficial
cover,

4, Landforms and surface materials distinct and diverse in nature.

The best landin; sites would be within areas characterized by
surfaces described in item 1. The Ranger 7 photographs seem to indicate
susface conditions akin to those described in items 1 and/or 3. Valid
selecticn of exploration techniques is highly dependent on an accurate
portrayal of the lunar surface in proposed landing areas. A smooth,
monotonous surface would suggest geophysical experiments and, if feasible,
core drilling; a complicated terrain suggests geological observations;
differentiated and heterogenecus material suggests geologic observations
and compositional determinations.

if the surface is fairly smooth and monotonous, geological and
compositional studies which can be undertaken within the 1000-ft walking
range of the astronaut will not be especially rewarding and geophysical
experiments will be appropriate. The simplest of these would be to read
the gravity meter at intervals of 50 ft in two traverses (at right angles to
each other) that cross the area within the walking radius of the astronaut.
The observed gradients would previde a clue to broad subsurface structure
and possibly the deflection of the vertical. Local anomalies would be
evidence of shallow subsurface features. A portable seismograph system,
such as is used in foundation engineering, might indicate shallow subsurface
layering or structure. The compressional wave velocities of the materials
might also provide some evidence of their density or composition. If the
moon has a magnetic field, a magnetometer traverse should be made at
intervals similar to those used in the gravity survey. This can be under-
taken in connection with either the seismic line or gravity traverse to
determine if the subsurface exhibits variations in magnetic susceptibility.

If, contrary to expectations, the surface at the landing site
proves to be irregular, an investigation of the landforms by geological
methods will yield more knowledge than will geophysical exploration of the
short-traverse type just described. Any evidence of stratification,
structure and variation in rock types that can be gathered will be of
significance. Geomorphic observations of landform shape, size, orientation,
and composition should be made and evidence of modifying processes sought.
If heterogeneity in the rocks is observed, it will be important to collect
as many samples as possible and to describe the physical properties and
field relationships.
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Significance in Lunar Resources Exploration

In planning early Apollo missions, measurements concerning
properties or phenomena of possible hazard to the astronaut will take
precedence over all others. Measurements and experiments not involving
hazards are scheduled next in the order of their general scientific interest.
Emphasis is placed on those yielding information bearing on the widest
range of lunar exploration problems and those providing better results
when performed on a manned rather than unmanned mission. Limitations
of weight and time are more severe than those of volume. On the first
flight, the limiting factor is time; on the second, it is weight., The astronaut
will be able to spend only about one hour observing and exploring on the
first flight, but passive long-term monitoring of seismic, gravitational,
temperature, and radiation phenomena by means of an automated instru-
ment package is proposed.

The combination of time, mobility and logistical constraints
dictates obtaining geologic-geophysical data of a single-location and/or
limited-time-series nature rather than conducting areal surveys analogous
to terrestrial operations. Implanting and activating a scientific instrument
package to monitor various phenomena subsequent to astronaut departure
greatly extends time-series measurements but obviously does not increase
areal coverage. Although the proposed schedules will be greatly modified
before the first lunar landing, equipment and instruments required for
hazard analysis, geologica.i sampling and observation, photography, passive
measurement of geophysical properties and phenomena, and short geo-
physical traverses will undoubtedly comprise the bulk of early rnission
scientific payloads.

In view of this scheduling, it is extremely doubtful that adequate
data will be available to permit definitive planning of lunar resources surveys
until after the first, and possibly second, manned lunar landings. Determina-
tion of the physical properties of samples returned to earth from the first
mission will be of great assistance in the development of such programs.
However, the gross field relationships of these properties and their signifi-
cance in exploration geophysics will not be clear before the conclusion of
the second mission--if then., This situation dictates that only preliminary
and tentative evaluations of various geophysical techniques for lunar explora-
tion can be made at the present time.

Preliminary Evaluation of Geophysical Exploration Techniques

Evaluation and selection of geophysical techniques for lunar
resources exploration can only be accomplished through consideration of
lunar geologic models and the physical properties of associated materials.
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Because of our lim' :d knowledge of the moon, selection of possible geologic
models and value ranges of physical property values is rather arbitrary.
However, a wide range of possibilities can be covered in the hope that the
true lunar situation will be represented by one or niore models.

Eight geologic models of lunar surface features or areas were
recently defined in an investigation of geophysical techniques for lunar water
exploration. They were based on present concepts regarding the origin
of lunar surface features and extrapolation of subsurface geology associated
with possibly analogous terrestrial forms. Both volcanic and meteoritic
impact theories of origin are represented. Eleven rock types were selected
for inclusion in the various models. Both extrusive and intrusive igneous
rock types were considered, and compositions range from ultrabasic
peridotite to highly silicic obsidian. Permafrost and chrondritic materials
were also incorporated. The models, two of which are shown in Figures
3 and 4, may be considered to be highly idealized and not necessarily
representative of a specific lunar situation. They are proposed as plausible
examples whose geologic and physical property contrasts can be used to
advantage in evaluating geophysical techniques.

Assigning physical property values to possible lunar rock types
necessarily begins with terrestrial values and proceeds to an extrapolation
which considers the known or assumed modifying effects of lunar environ-
ment and genesis. Data were accumulated for various properties (e. g.,
density, compressional wave velocity, magnetic susceptibility, electrical
resistivity, dielectric constant, and radioactivity) of the selected rock types.
Examples of the value ranges for density and magnetic susceptibility are
included as Figures 5 and 6.

After assigning pertinent physical property values to the models,
responses that would be obtained by a variety of surveys can be estimated
by considering differences between properties of the geologic targets and
those of the surrounding formations. Promising lunar water exploration
techniques were selected by comparison and evaluation of the estimated
model responses. In addition, such factors as the following were considered:
1) value of data versus cost of attainment in terms of manpower, weight,
power, and volume, 2) probable payload restrictions and 3) other practical
difficulties such as implanting electrodes and drilting holes.

Figures 7 and 8 are examples of response comparisons for
two models.

Mare Dome Model

The gravity anomaly is large enough to be detected by a
gravimeter. A negative anomaly may indicate ice or permafrost; a positive

72



s
[9PON dwoQq ase|\ ¢ a4nbi4
STVYININ QILVIAAH
JO ENOZ QIHDOIYNA JITHYOIAONVYED JT199nNyd ® 1sSna J4an0L
o q o) <4 e
(wy) ITVOS
. ~ [ | 1
EI2233IqOoi31W pasnj-iaeduu o1 S 0

1o 1snp aq Aew arejans zaddpn

AV S LN ey ]
Poe T =t o
PN N A T
RN W e - E
o e =7 Al =
AR e ¥y W
ey v =it et
X ¥ =y L 4
S e RILNEAT IR
e R b P e i

‘Jjussqe

£A11e20] pue uyy 2q Aew yInoyiye
‘SEIIE IIJEIDIFIUT UO ¥IYI

‘Wl g ') INOGE 4ISNP puE Iqqny

73




I3poW 4o3e4) purjybly “ 3614

dNO FHNLDVYA

"EII3IqoI31W pasny-jaedun 1o
isnp 2q Aew soejans faddp .

T P Rt
=

FOI ¥O YILVAM
DNINIV.LNOD
(AV7TD) ILIWOIQONVYED
a3ayILlTv

S1IYOIAONVYD ATIVNYIHIOYAXH

LT LT T
N I I A P L
o, e
SIS I T R
e - = rd - -.l -
PR T Tl ﬁ_...IL.__.f._.I I.—.r.-}. fﬂ.wl}.\ fm =
e g I e Tl S i \
- | et i Vowmoer Mg T
whad Wl l...._._....l._f 1% flq_ C L
- - \
p e e oot !

Ve
st
= peofy Ity
AR St LY ._Jf,..uu._._..__ =
T # e
el Tl ot T B Ty

W7 INOgE S53UNIIY]
1SNp puE ajqqny
IBale Iajeldiaju]

)

Ay
e .-.j_.._.\./q \.Inl.\.—.\. _..rr.-_r-.

S g .
L N s P g e Al L}

o A L e N AN T
B ....ﬂrnz_-,.._lr.:l gl
b S

Lty e, oot Tt W
il el i _.._f..._t_fr!_...u._\ Iuth_.
Al ams

‘wl g o3 dn
ESaUy21Y] Ijqqny
ISWII I31e1n)

=180

‘Hoy) swd mag
IERIIE [aaa

74



& M ) PRI I s

TYPE

ROCK

-1CE ICE‘[ PERMAFROST
-0BSIDIAN VESEILAN SOLID
L TUFF ASH t unweLcep| SEODEC WELDED
L LATITE ALTERED  UNALTERED
L GRANODIORITE :'ETLEA':Z‘)’ UNALTERED
VESICU-
| BASALT e soLID
| SERPENTINE
| pemiDoTITE SERPENTINIZED
| CHONDRITE l
' 'l 1 ]
I 2 3 7\
DENSITY (g/cm3)

Figure 5. Densities of Rock Types Proposed for Lunar Models

(From Westhusing, Crowe, et al, 1964)

75




ROCK TYPE

rICE ICE‘H PERMAFROST

- OB SIDIAN 5167 -

L TuFF

- LATITE TRACHYTE

- GRANGDIORITE GRANITE DIORITE
| BASALT

- SERPENTINE [
-PERIDOTITE I

- CHONDRITE

L 2 N i A A i A J
-1210"9 w0é 10°3 10-4 10-3 10-2 io!
DIAMAGNETIC PARAMAGNETIC FERROMAGNETIC

MAGNETIC SUSCEPTIBILITY (E M.U)

Figure 6. Magnetic Susceptibilities of Rock Types Proposed for
Lunar Models (From Westhusing, Crowe, et al, 1964)

76




st MR

g

FOGRAVITY

mele
0 -

- -
-24
-3
-4 o
-84

FMAGNETIC

FELECTRICAL

0.5

0 4

~0.59

FELECTROMAGNETIC

Pe/P2
1.0

PRIM 0
100

50 +

- RADIOACTIVITY

NOT RESOLVASLE

Tusr

ALY )

oz S s R

DUST & aURALE CRANOIHORITT

FNRICHED 7OME OF

HYDRATID MINFRALS

77

Figure 7. Predicted Geophysical Responses of Mare Dome Model

i b




FORAVITY

FRACTURE ZIONE

+

[ CLAY

mgls
[ 28

204
304
40+

+
- MAGNETIC

FELECTRICAL

b o e =

Pe/P2
1.0 4

0,99

04

’
FELECTROMAGNETIC //

/
/

%
.Xo h
50 9

04

- RADIOACTIVITY

me/ e
.08

024

* g\

e O“"o“-‘\:"

DAL L
1\ hel o

N e

S ALE By

2 I

DUST & BUBBLE "

ALYEAES

Ly "

reAc TUAL rONE

ANODIORITE {CLAY)

CONT AlING
wATES B KE

Figure 8. Predicted Geophysical Responses of Highland Crater Model.

78




anomaly, serpentine. Magnetometer sensitivity would not be high enough
to detect the magnetic anomaly. The electrical anomaly is probably too
small to be resolved unless the measuring instruments are extremely
sensitive. The electromagnetic anomaly is large enough to be detected
with a properly designed search coil system. The underlying structure
cannot be resolved by radioactivity measurement.

Highland Crater Model

A significant gravity anomaly would occur if clay minerals
weore present, There will be a detectable negative magnetic anomaly if
the magnetite in granodiorite has been hydrothermally altered to pyrite.
The electrical and electromagnetic surveys should both detect significant
anomalies in this model.

Radioactivity surveys would not provide significant information
due to the masking effect of rubble. Difficulties which tend to eliminate
the resistivity method from consideration whether or not there is a large
anomaly, will be the implanting of electrodes, the large amounts of powsr
required and the problem of measuring the high resistivity of the lunar
material if it contains no moisture,

Natural-field techniques evaluated for surface exploration use
were natural radioactivity, X-ra2y excitation, ultraviolet radiation, photo-
graphy and television, infrared radiation, magnetic, spontaneous
potential, and gravity. Artificial-field methods considered were resistivity,
induced polarization, electromagnetic induction, and seismic. Gravity,
magnetic, resistivity, electromagnetic, and radioactivity methods are
especially amenable to prediction of survey profiles across the lunar models.
The best combination of these methods to be used in different, poustulated
lunar situations can therefore be selected. In practice, data provided by
such combinations, in conjunction v/ith other geologic methods, are simul-
taneously interpreted. By defining subsurface structural conditions which
satisfy all field observations simultaneously, much of the ambiguity inherent
in determinations made by a single method is eliminated.

Of the above-mentioned methods, the following show the highest
potential for lunar surface water exploration: gamma-ray (lithologic
determinations, fault detection), television (surveying, observation), infrared
(thermal mapping), gravity (geologic structure), magnetic (geologic structure)
and electromagnetic (conductivity anomalies).

Similar model studies can be conducted for various specific

targets or re¢source materials to aid in the preliminary selection of promising
exploration techniques.
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Conclusions

The magnitude and success of an extensive lunar exploration
program will depend heavily upon the availability and exploitation of indige-
nous resources, Early manned lunar missions will emphasize hazard
analysis; geologic sampling and observation; photography; passive, long-
term monitoring of geophysical phenomena and properties; and the conduct
of geoplhysical traverses of very limited length. Significcnt amounts of
geological and geophysical data concerning the shallow lunar subsurface
will probably not be available until after the second manned landing. These
data will represent a very small areal sample of near-surface lunar condi-
tions,and extrapolation of this information beyond immediate geomorphic
boundaries may be quite difficult. Consequently, it is extremely doubtful
that definitive planning of lunar resources surveys can be made until the
completion of the second landing.

Many studies can be conducted now to assure the shortest
possible time lag between completion of early Apollo missions and initiation
of a significant program in resources exploration. Mobility, either on or
over the lunar surface, is an extremely important factor in survey design,
and studies such as those being conducted of manned roving vehicles are
sorely needed. Prograris involving exploration geophysics, physical
property determinations and remote sensing are required. Based on field
surveys and laboratory ttudies, diagnostic geophysical criteria should be
developed to distinguish between terrestrial features of meteoritic and
volcanic origin. We certainly cannot hope to interpret lunar geophysical
data if we do not fully understand phenomena associated with possibly
anologous terrestrial forms. Additional emphasis can be given to deter-
mining the physical properties of various materials, possibly found on the
moon, under the full lunar-day temperature range. Under lunar environ-
mental conditions, physical properties of rocks and minerals may well
exhibit values not in agreement with predictions based on terrestrial data.
Areal extrapolation of information obtained at a lunar landing site can only
be accomplished within a framework provided by photography or imagery
obtained by remote sensor systems. Itis extremely important, therefore,
that the effects of resolution, photographic scale and other changes on the
interpretation of aerial and satellite terrestrial photography be thoroughly
understood. Geological and geophysical modeling of possible lunar features
or areas can aid in the preliminary evaluation of exploration techniques and
the design of lunar resources surveys. Such studies are hampered by a
lack of data concerning physical properties of materials under lunar
environmental conditions and full understanding of geophysical phenomena
associated with terrestrial meteoritic impact and volcanic structures.
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DISCUSSION

MR. WINLER: Northrup Lindberg Space Laboratory. You made a comment to the
effect that PH measurements were being taken primarily for biologists. Would you care
to expand on that?

DR. VAN LOPIK: 1 think it's mainly important from the standpoint of what might
possibly be ir*roduced on (back to) earth, if there were something there. Not that we
expect to find anything, but it is one of those things that probably should be done.

DR. SALISBURY: | was wondering why you didn't include an indirect spectroscopic
device - the same way you included a sink camera. You mention a need for that. |
would emphasize that you spend a lot of time making geological observations, but you
have no idea how applicable these are to the moon as a whole, unless you scan this
area as you descend, with an indirect spectroscopic device.

DR. VAN LOPIK: | agree with you, Jack. We were supposed to look at "on surface"
experiments in this connection and even a descent camera was not something that we
were supposed to be look’ng at. Weight and power limitations are the constraints that
throw a lot of these things out. We assigned (weight) values to some two hundred and
fifty different measurements, for example, and that was included, and you run it through
a computer evaluation type setup and try to fit within the weight, power and volume re-
straints. If the measurement included one hundred, for example, it has a high figure of
merit, something | don't understand about computer programs, but anyway, these things
were on the list. It just so happens they didn't get included on the first two flights that
| mentioned here. Another one is the micrometeoroid detector problem. Now with the in-
formation we had, the detectors were just too heavy. By assigning scientific figures of
merit to this, it got dropped out of the first couple of flights.

DR. SALISBURY: Your other measurements are pretty meaningless, unless you
have one. | don't know what your computer program knows about scientific merits, but
I think this would be appropriate. +

DR. VAN LOPIK: The use of infrared spectrometry - 0.K. They should be included
in the lunar orbit during a manned lunar orbit, thus prior to the landing, taking some meas-
urement of the ground. It's ideal to make measurements somewhere between satellite al-
titude and when you are actually down on the surface. However, there are constraints
with the LEM. It is extremely difficult to get it into the LEM system the way it's set
up right now.
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SERPENTINE AS A SOURCE OF WATER ON THE MOON: THERMODYNAMICS
AND KINETICS OF DEHVYDRATION AND THE EFFECTS OF PARTICLE

SIZE AND CHEMICAL COMPOSITION

Jon N. Weber
Rustum Roy
Raymond T. Greer

Abstract

If hydrated minerals are found in the lunar crust, serpentine
produced by the alteration of olivine rich rocks in the vicinity of
fissures through which volatiles released by der~assing of the moon's
interior may emanate, is the most likely species. Exploitation of such
deposits at a reasonable cost will depend upon many factors, among which
the temperature and rate of dehydration, and the heat of reaction are
important, especially in the design of water extraction facilities. Thirty-
three specimens of natural terrestrial chrysotile and massive serpentine
were examined, in triplicate, by differential thermal analysis usinc the
lierold-Planje thermocouple apparatus in a controlled atmosphere of PHgO =
1 atm. lieats of reaction ( AH) vere determined from the area under the
DTA curve with a precision expressed by an overall standard deviation of
€ cal/;m. Heats of rezction for specimens which dehydrated quickly and
produced sharp DTA peaks permittins more precise construction of base lines,
were determined more precisely, with individual sample standard deviaticns

as low as 1,9 cal/gm. Characteristic temperatures, T,, indicating the start
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of the reaction, were reproduced with a standard deviation of about 2° G4
Particle size in the ranges 80-100 and =325 mesh (massive serpentines

were comminuted by repeated percussion crushing and sieving rather than
prolonged grinding) and uncontrolled variation in the degree of packing

have relatively little effect on Tc and AH, which range respectively from
619° C for vwhite serpentine from Kilmar, (uebec, to 713° C for brilliant
sea-green serrentine from Texas, Pennsylvania, and 77.8 to 169 cal/gm.
liultinle correlation analysis demonstrates that small amounts of Mn, Cr, and
Ti do not influence T, or A li, vhereas MY and Fe o are weakly correlated
with AH and stron-ly correlated with T.. Serpentine with relatively higch
concentrations of i and ferrous iron (in the order of 1000 and 10,000 ppm
respectively) dehydrate at much higher temperstures, but exhibit & somewhat
smaller hcat of dehydration cnd 2 greeter activation energy. These relcztionships
are substentiated by statistical tests of simificance and explenations are
discussed, Average valuss for AH, To, and the activetion enerry in cal/gn, oC,
and Kcel are: (1) all serpentines, 106, 659, 95.4; (2) high Ni ser-pentines

(av. 1500 ppm) 101, 674, 1)2; (3) low Ni serpentines (beiow 100 ppm) 110,

649, 8,,8, Differential thermal analyses of the dehydration of serpentine
under hirh water pressures show that up to 10,000 psi serpentine persists

metestably in thc stability field of solfd dehydration product + water.

Introduction

If serrentine is present on the moon, possibly in the vicinity of
fumarclic vents and ficsures ac Sclisbury (1960) has surrested, thic
rinersl with ebout 4% ;0 m.y serve as a valuable source of water., If
denosits capable of beinr mined are located, vater oy be extracted from

serpentine after beneficiation by heatings the raw nmaterisl in a device
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similar to a tunnel kiln. Because the construction and operation of water
extraction facilities on the moon is likely to involve considerable
expense, particular attention must be directed to the problem of choosing
operating conditions so that the optimum exploitation of hydrous lunar
minerals is achieved. In addition to the size and geomet' of the furnace
and associated reaction vessel, the effect of such variables as the
temperature, the ambient pressure of water vapor, and the rate at which new
material is added and dehydrated ér partisily dehydrated material is removed
from the furnace must be taken into consideration. To some extent, selection
of dehydration conditions will depend un the chemical composition of the
serpentine, and conceivably alco on the particle size. As Brindley (1964)
has emphasized, it is necessary to determine the heat or enthalpy of
dehydration ( 4 H), the water pressure dependence of the temperature of
dehydroxylation, the effects of temperature, water pressure and particle
size on the rate of dehydration (reaction kinetics), and the degree to which
the chemical composition of the serpentine influences its thermodynamic
stability.

Earlier investigations have provided some of this information. Bowen
and Tuttle (1949) determined the upper stability limit of serpentine at
water pressures above 1000 psi. Water pressure exerted 1littls influence on
the temperature at which serpentine decomposed, and extrapolation of their
reaction curve to lower pressures would suggest that serpentine should
dehydrate at a temperature of about 5000 C in the range of water pressure
appliceble to possible lunar water extraction facilities. On the other hand,
numerous dehydration experiments at atmospheric pressure (summarized by
Faust and Fehey 1962) showed that temperatures as high as 780° C (e.g.
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Van Biljon 1960) were required to liberate water from serpentine; the
dehydration reaction at high water pressures is not the same reaction
which takes place at very low pressures of water vapor, Using high
pressure differential thermal analysis, the relationship between the
temperature of dehydration and water pressure applicable to lunar water
extraction devices has been defined.

The few published values ror the heat of decomposition are not in
accord. Sabatier (1954) reported 111 cal/gm, Mchedlov-Petrosyan (1953) obtained
40.7 cal/gm, and Ando et al. (1957) found a range of values extending
from 40 to 110 cal/gm, Using differential thermal analysis, values of AH
were determined for 33 specimens of serpentine, and the effects of

chemical composition were evaluated.

Experimental
The thermocouple arrangement similar to that described by Herold

and Planje (1948) consists of a platinum capsule 2,5 mm in diameter and
about 15 mm long, open at one end, and containing about 30 mg of sample. A
sealed capsule of similar dimensions, filled with Al03, serves as the
"reference standard"., The capsules are connected by a wire of Platinel
thermocouple alloy (Accinno and Schneider 1960) welded to the capsule walls,
In this arrangement, the capsules themselves serve as the thermocouples.
Theoretical analyeis of the heat transfer by Sewell (1952, 1955) has
demonstrated that the area under the DTA peak is proportional to the

heat of reaction per unit mass of reacting material, and that the peak
area is indevendent of the heating rate provided it is linear, the rate
at which the reaction takes place, and the specific heat of the sample.
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To a first approximation, the peak area is slso independent of the thermal
conductivity of the sample.

The thermocouple arrangement is mounted in & 2" 0.D, stellite
pressure vessel in which water pressures from 15 psi to 20,000 psi can be
generated and measured. The noble metal Plstinel thermocouple alloys
provide an emf similar to that of chromel-alumel, and the voltage from the
differential couple is amplified with a solid-state d.c. Acromag amplifier
with a noise level of 1 microvolt and drift of about 5 microvolts.

& H measurements were obteined from the area under the DTA curve
using a calibration curve constructed from pesk areas obtained by fusion
and/or inversion of a variety of compounds with known heats »f reaction. The
heating rate, about 10° C/min, was shown to be linear over the temperature
range in which serpentine decomposed.

The value of kinetic data obtained from differentisl thermsl
analysis is limited by three factors: (1) the ‘emperature is changing
while the reaction is taking place, whereas ideally, isothermal
dehydration methods such as weight loss techniques rrovide more reliable
and precise kinetic data, and in addition, provide some information
concerning the reaction mechamisms. (2) The concentrations of the reactants
and products at any given time are determined indirectly by temperature
difference (between & sample and the reference standard) resulting from heat
transfer during the recction, Since heat transfer is not instantaneous,
precise determination of concentrations is not possible. (3) It is necessary
to assume that an equation relating the rate of change in concentration of
the reactant to the concentration of the remaining reactant is a reasonable
description of reality; such factors as the shape of the reactent particles
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are not taken into account. Some of the difficulties have been evaluated
and are discussed by Borchardt (1957), and Borchardt and Daniels (1957).
Among the most important assumptions ipherent in the determinetion of rate
constents from DTA are: (1) the temperature of the reactant is uniform,

(2) the srea under any appreciable portion of the DTA curve is proportional
to the heat sbsorbed during the time interval in which that portion of the
DTA curve was recorded, and this guantity of heat is in turn proportional
to the mass of the sample which reacted during this time, (3) the kinetics
of the reaction can be described by a single rate constant, and (4) the
activation energy does not vary with temperature during the reaction.

The strongest support for the value of kinetic data derived from
differential thermal analysis was provided by Tsuzuki and Magasawa (1957).
These authors obtained weight loss curves and DTA curves from the same
samples, Kinetic parameters calculated from weight loss data were used to
construct theoretical DTA curves for comparison with DTA curves obtained by
actual experiment. They conclude that the DTA curve faithfully follows
the change in decomposition rate, except for a slight difference in peak
temperatures,

Assumiyg a relationship between the rate of reaction and the
concentration of remaining reactamt: -dc/dt = k cn, where dc/dt is the
change in concentration of reactant with time t, ¢ is the concentration
of the unreacted sample, k is the rate constant and n is the order of
reaction, k can be determined if n is known, and if measurements of dc/dt
and ¢ are available. The _ctter can be obtained from relative areas under

different portions of the DTA curve., §sing the Arrhenius equation, k = A .‘3/ R!’
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vhere E is the energy of activation, A is s constant, R is the gas constant
and T is the absolute temperature, it is possible to determine both k and n
by a digital computer program which calculates a set of k values for each
set of dc/dt and ¢ measurements, using an arbitrary value for n. The value of n
vhich provides the best fit of the concentration data to the Arrhenius equation
is taken as the observed order of reaction, In practice, up to 20 measurements
of de/dt, ¢, and T® are taken from each DTA curve, and 21 sets of log k vs
1/T values are computed for values of n ranging from zero to 4.0, in 0,2
increments. Linear rerression lines are automatically drawn for each set of
log k vs 1/T values, correlation coefficients are computed, and the most
linear plot is the criterion used in selecting n. The activation energy is
computed from the Arrhenius equation.

Quantitative smectrochemical analyses were made for Fe, Mn, Ti, Ni, and
Cr using cobalt as an internal standard. Details of the method are described
by Joensuu and Suhr (1962), Ferrous iron was determined by KMnO, titration.

expe + g
(1) Effect of particle size on reaction temperatures determined by
(] ana

A number of authors have demonstrated a relationship between the DTA
temperature of dehydration and the particle size.of serpentine samples;
recent studies include Martinez (1961), Veniale (1962) and Hoyos and Delgado

»

The temperature of the sample. This is obtained by subtracting the temperature
difference between the sample and reference capsules (determined from the
heignt of the DTA curve above the base line) from the temperature indicated
by the recording thermccouple.
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(1961). Although very fine particles will dehydrate at scmewhat lower
temperatures than material with coarser micelle size, it appears that

the effect of particle size as such has been somewhat overemphasized.
Bayliss (1964) careéfully prepared size fractions of high-purity calcite
by repeated gentle tapping and sieving, an attempt to comminute by
separation along cleavage planes without generating spprecisble structural
damage, DTA curves obtained from the dissociastion of 08003 in a controlled
atmosphere of CO,, and with a heating rate of 15° C/min, were identical., Size
fractions as coarse as 35 to 48 mesh indicated the same dissocistion
temperature as samples whose particles ranged in size between 1,5 and 1,16
microns, Veriations in the temperature of dissociation are attributed by
Bayliss to variations in the degree of structural damage produced in the
grinding process.

Samples of massive serpentine used in this study were reduced to
=325 mesh by repeated percussion crushing and sieving. Fibrous varieties
were emplaced in the platinum cansules without any attempt at size
reduction.

(2) Sample purity

Since peak areas are associated with a measured weight of sample
to determine the heat of reaction, the presence of extraneous phases will
csuse erroneous, iow values of AH. An impurity smounting to 1¥ will inject
an error of about 1% in A H determinations. Serpentine minerals are seldom
fourd in experimentally useful quantities without associsted minerals such
es magnetite, chromite, etc, Serpentine derived from the alteration of

ultrabesic rocks, for example, will contain inclusions of iron oxide

90



J—

minerals since relatively little iron of the oririnal olivine enters iie
serpentine structure. Samples used in this study were broken into +20 mesh
fragments and hand-picked under the binocplar microscope., A small cuantity

of the selected material was examined by X-ray diffraction, several milligrams
were used for spectrochemical analysis, and the remaiader was consumed by

chemicel anslysis for Fe'' and by differential thermel analysis.

(3) Exrors associsted with differentiel thermsl snalvsis
Small variations in packing of the sample, position of the

thermocouples in the furnace, heating rate linearity, and experimental

errors involved in measuring temperatures and areas under the DTA curve

were evalusted by replicate analysis of several samples. The observed

standard devistions for measurement of the characteristic temperature (temperature
at the point where the baseline intersects the tangent drawn at the point

of meximum slope of the DTA curve) and heat of reaction are 2° C and 8 cal/em
respectively. Construction of the base line introduced the greatest source of
error in A4 H determinstions; for certain specimens with sharp DTA peaks,

the standard deviation of AH determination was as low as 1.9 cal/pm. ALl
samples were examined by DTA in triplicate.

Results and Discussion
(1) Ihe Dehvdration temperature of serpentine
(s) Bffect of water pressure
Two specimens of ' erpentine were selected for
experimental determination of the pressure-temperature dehydration curve:
(1) Massive, dark-green serpentine from Cardiff, Maryland (IV-8), and (2)
Massive, light-green serpentihe from Balmat, New York (LV-9). X-ray diffractiem

B
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was used to show that extraneous phases were absent,

Pressure-temperature data are presented in figures 1 and 2.

IV-8 (fig. 1) dehydrates at about 650° C at lower pressures of water vapor, and
the decomposition t :mperature incr=ases with increasing pressure to about

775° at approximately 10,000 psi. Above this pressire, lower dehydration
temperatures are encountered. The reaction curve for LV-9 (fig. 2) is similar
to that of IV-8, but is displaced to lower temperatures, At 100 psi, LV-9
dehydrates at about 610° C, while temperatures around 710° are required to
decompose this sample at water vapor pressures in the vicinity of 10,000 psi.
As in LV-8, dehydration at pressures sbove 10,000 psi takes place at lower
terperatures,

In figure 3, pressure-temperature reaction curves for LV-8 and ILV-9
are compared with thé pressure-temperature curve for the upper stability
limit of serpentine, as determined by Bowen and Tuttle (1949). Under
dehydration conditions applicable to the processing of serpentine on the moon,
this mineral persists metastably in the stability field of solid product +
water at water pressures below about 10,000 psi, Temperatures in the range
600 to 800° C, therefore, must be attained in proposed dehydration kilns.
Above 10,000 psi, the catalytic effect of water lowers the temperature limit
at which metastable serpentine can exist as shown by pressure-temperature
points in the upper right of figures 1 and 2. At the highest water pressures
attained in these experiments, i.e, 18,500 psi, the dehydration temperature
is still over 600° C.

The relative positions of the pressure-tempersture curves for LV-8
and IV=9 in figure 3 are attributed to differences in chemical composition.
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Figure 1. Pressure-temperature dehydration curve for a high-nickel
serpentine.
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(b) The effect of grain size
The effect of grain size on the dehydration

temperature has been the subject of much attention. Hoyos and Delgado (1961)

and Martinez (1961) demonstrated that the dehydration temperature of serpentine

at astmospheric pressure decreased with decreasing particle size. Bayliss (1964) ,

however, showed that the reaction temperature determined by DTA is influenced

by the degree of crystallinity and not by the particle size unless the latter

is connected with the degree of crystallinity, that is, when deformation of

the crystal structure is induced in the process of obtaining fine grain sizes.
To investigate the effect of particie size, two size fractions of

LV-9 were obtained by repeated percussion comminution and si¢#ving. In figure 2,

two possible reaction curves mirht be distinguished below 10,000 psi., As

expected on the basis of th~ experiments of Martinez, dehydration temperatures

for 80-100 mesh serpentire uppear to be somewhat greater than those for the -325

mesh fraction. Statistical analysis of covariance, using the data obtained below

10,000 psi, indicates that (1) the two populations* have homogeneous variance,

(2) the regression coe’ficients are not sipnificantly different at the 1%

level of significance, and (3) the regressions sre equivalent at the 1% level.

The probability, that the apparent difference in the p-t curve resulting from

perticle size is fortuitous and not real, is very high. Any e.fect of particle

size is, therefore, masked by experimental error.

»

Each population is bivariate, consisting of pressure and temperature
measurements for a given particle size of sample LV-9,

96




(c) Effect of chemical composition
Thirty-three different specimens of
scrpentine were studied by DTA at PH2 0 = 15 psi to determine the
relationship between the decomposition temperature and chemical composition.

The relationships are expressed by correlation coefficients (r) in the matrix

{ of Table 1, where:
fs T=b (ar/ay )
{ ay - iﬁ"!‘éﬁ‘
b = linear correlztion coefficient = Sx? - (55 )2
N
St - (Ex)
§ *x 3
j N-1
E
; o - [ EE - (@)
v N
N-1

]

for sny two variables, x and y, for N samples,

Chromium, titanium and manganese are not correlated with the
decomposition or "characteristic" temperature, Tc’ but positive correlations
of Ni and Fe with T, are evident, Summary statistics, pie~sented in Table 2,
show that the 13 high nickel serpentines (average 1500 ppm Ni) exhibit a
much higher characteristic temperature of dehydration (675° C) than the
group of 18 serpentines whose nickel content is below 100 pem (T, = 649° C).
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The stabilitv of serpentine is inrluenced largely by the degree of
mismatch between the octahedral brucite layer and the adjacent tetrshedral
510 sheet, imperfect matching resulting from the different dimensions of the
two lavers. Better matching of the octshedral smd tetrahedral layers can be
achieved by the formation of & tubular structure with the brucite layer on
the convex side of the curve (variety chrysotile), by isomorphous
substitution of larpger cations for Si or =smaller cations for Mg providing a
corrugated or platy structure (varieties antigorite and lizardite).

The substitution of Ni and Fe™* for Mg in the serpentine structure
results in rreater interlayer bond strength arising from the greater percentage
of covalency in Ni-O bonds compared to Mg-O bonds, The effect of nickel
substitution for magnesium on the stability of serpentine was demonstrated
with synthetic materials prepared by Roy and Rov (1954). The upper stability
temperature reported by these authors for Ni-Si serpentine is 5%0° ¢ compared
to 490° C for Mg-Si serpentines.

In addition to the correlation of Fe'* and NMi with decomposition
temperature for serpentines dehydrated under a water pressure of 15 psi,
the relative positions of the pressure-temperature dehwvdration curves for
I¥-8 and IV-9 in figure 3 can be related to chemical composition. Decomposition
temperatures of IN-8 (3.,30% FeO, 0.19% Ni0) are higher for a given water
pressure than those of LV-9 (0.05% FeO, €0.02% Ni0).

(2) Heat of dehydration
Multiple correlation analysis (Table 1) cevealed a number of

relationships between the heat of reaction, the decomposition temperature snd

the chemical composition. At the one percent level uf significance, a striking
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; Matxix of correlation coefficients (r) f
Te T n E  tetel Feo Mn cr M ™

AH =59 =57 =31 -.38 =17 -e22 =07 Jz2 =28 =,04

Te 91 ST 78 W26 .38 -.05 o2 65 =22

TD JO 67 W25 o34 -.08 022 o75 -.00

n 73 .28 29 14 21 AV A

E 3l 39 .16 o3 A =20

total Fe 70 ,08 33 31 .]_.l

Fe0 «20 % .?8 -0l

Mn -16 -2, .08

Cr 37 -.08

Ni -0l

'1‘c = characteristic temperature

Tp = peak temperature

Values of r greater than 449 and ,349 are significant at the 1% and 5%
{ levels respectively.




;

Summery statistics for the dehvdration of serpentine

v
DA e e e e e —

No, of Characteristic AH Ni content
’ specimens temggra ture cal/m ppm
Av, s.d, av, s.d, av., 8.d,

Fibrous 12 670 13.5 96,3 11,7 790 838
serpentines
massive bal 653 27.9 112 24,6 513 1000
serpentines
A1 33 659 24,9 106 2.9 613 942
serpentines
High nickel 13 675 23,7 101 21,6
serpentines
(AV. 1500
ppm M)
Low nickel 18 649 21.4 110 22,8
serpentines
(below 100
ppm M)

s.,d, = standard deviation
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inverse corrslation is substantiated for AH and Tc, that is, samples which
decompose at higher temperatures tend to have a lower heat of resction.
Chromium, titanium and manganese are not correlated with AH, but a negative
or inverse correlation of nickel and iron with A H is evident. The mean A H .
for the high nickel serpentines (mean Ni content 1500 prm, mean AH 101 cal/gm) |
is lower than the average heat of reaction for the low nickel group (less than
100 ppm Ni, mean AH 110 cel/gm). Evidence that this difference is real is
provided by the student-t test of means at the one percent level of
significance. The variation of AH with T, and nickel content is illustrated
in Table 3 in which data for all of the massive serpentines containing 1000
ppm or more of nickel are listed.

These relationships may be explained with the aid of a number of
chemical analyses, considered to be higrhly relisble, which have been
collected by Deer, Howle and Zusamen (1962), Fsust and Fahey (1962) and
Bates (1959). After calculation of the number of ions on the basis of 9(0,0H),
several relationships emerge: (1) the sum of the tetrahedral cations (Si,Al,Fe*?)
for samples classified as chrysotile and lizardite i1s somewhat below the ideal
value of 2, and the rmumber of (OH) ions is greater than the value of 4 required
by the ideal formula of serpentine, (2) for samples classified as antigorites,
& octshedral, Ztetrahedral, and $ (H are much closer to the
stoichiometric values, (3) in chemical analyses, Ni is more often reported
in antigorites, although exceptions are known, (4) nickel-rich serpentines
usually contain less (OH) then specimens with lower nickel contents, (5) for
many chrysotile analyses, there are more (OH) ions than the mumber required
to balance (by substitution for O in the Si-O tetrshudra) the dharge deficiency
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caused by substitution of Al and Fe'3 for Si.
Several reliable ana’yses are remarkablv anomalous, for example,

the chemical composition of the serpentine from the Shetland Islands reported
by Brindley and von Knerring (1954). McConnell (1954) sugrested that the
excess (OH) ions were present in the tetrshedral layer ind demonstrated that
the analysis of Brindley and von Knorring could be recast in a formula
different by less than 1 percent from the stoichiometric formula by including
(H,) in the Si-0 1layer. On the basis of 4(OH), the sum of Si (1.75), AL
(0.01) and Hh (0.24) is 2,00, and the charges are balanced. It appears that for
the chrysotiles, and perhaps the lizardites as well, tetrahedral cation
deficiences posaibla caused by insufficient Si cations are balanced by
appreciable substitution of OH ions. As Bates (1959) points out, this
arrangenent would weaken the structure and require a tubular or corrugsted
habit. The stability of this polymorph would be slightly lower than
serpentine with a greater ratio of tetrahedral to octahedral cations, which
requires no or less (OH) substitution snd which would exhibit a platy habit.

A review of a large number of thermal analyses of serpentine by
Faust and Fahey (1962) indicates that platy serpentines identified as
antigorite dehydrate at higher temperatures than the tubular and corrugated
varieties. DTA peak temperatures for antigorite are generally above 750° c,
whereas endothermic peaks for specimens of chrysotile and lizardite appear
between 680 and 750° C.

It sopears then, that the larger values of AH apply to specimens
with a greater quantity of hydroxyl ions in the serpentine structure. These

specimens, because of a weakened structure resulting from appreciable
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substitution of OH ions would exhibit a tubular or corruzated structure
and would dewmnpose at lower temperatures. Substitution of nickel for
magnesium results in increased stability, probably a platy structure, and
hence hirher temperatures of dehydration. Since many natural serpentines
are siiown by electron microscopy to be mixtures of chrysotile, lizardite
and antigorite, a gradation from serpentine characterized by Zow nickel,
high 4H, low decomnosition temperature to serpentine characterized by
high nickel, low AH and hirh dehydration temperature is to be expected,
and the isomorphous substitution of other elements will result in some

devietion from precise relationships between these variables,

(3) Reaction Kinetics

The mean value for the order of reaction, n, is 0,93, but
the standard deviation of 0,62 indicates conciderable variation from
sample to sample. The activatioéigzzziage 95.4 Kcal/mol; standard deviation
30,1) exhibits similar variation. Trinlicate analysis shows that these
differences are characteristic of the sample and are not caused by
experimental error. Such larce variations are not observed for other
minerals studied with the same apvaratus. The matrix of correlation
coefficients of Table 1 shows that the activation ener~y is negatively
correlated with @ H, and positively correlated with the dehydration
temperature (r = (,78), the ferrous iron content, the concentration of

nickel and the order of reaction. This would indiczte that at equivalent

stares of the reaction (i.e. concentration of remainin- reactant) the
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structure of the weaker low nickel varieties is decomposing at a greater

rate than the structure of the high nickel serpentines.

Sumnary

Under conditions similer to those proposed for water extraction
facilities on the moon, the dehvdration o6f serpentine recuires
temperatures considerably greater than the temperature above which
serpentine is not a stable phase., The dehydroxylation temverature of
metastable serpentine increases with increasins water pressure until
about 10,000 psi, above which the catalytic effect of water permits
decomposition at lower temperatures, At water pressures much above
15 psi, grain size in the range =325 mesh to 80 mesh appears to have
little effect on the decomposition temperature. Resulting from greater
st2bility, the pressure-temperature curve of serpentine cont:ining
appreciable nickel and ferrous iron ismorphously substituting for lig
is displaced towards higher temperatures at a given pressure. The heat
of dehydration Y larcer for low-nickel serpentines and for serpentines
which dehydrate at lower temperatures at a given pressure. Variations in
A H are ascribed to differences in the hydroxyl conients which in turn
influence the stability of the serventine structure, Kinetic and
thermodynamic data for a given variety of serpentine can be used with the
equation derived by Brindley (1964) to determine the optirum operating

conditions for lunar water extraction facilities.
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DISCUSSION

MR. JIM MALCOLM: How about the reversability of this dehydration?

DR. WEBER: We have never been able to get a reversability reaction on the metast-
able dehydration, only on the stable dehydration which was obtained at a very high pres-
sure. But, we obtained, as a reaction product, an amorphous phase and this would not
crystallize in a reasonably short period of time.

MR. MALCOLM: In other words, it would take a long period of time for it to rehy-
drate?

DR. WEBER: Yes, it would. And, probably wou:d require higher water pressures
and temperatures to permit this.

DR. GREEN: Do you think, then, it would be a good idea to run at very high pres-
sures to extract water from serpentines or to reduce the temperature to get the water off?

DR. WEBER: No, not at temperatures above which the reversable reaction took place,
much below that.

DR. GREEN: You could get down to much lower temperatures, because you would be
working at lower pressures?

DR. WEBER: If you can work at very low temperatures, (because the curve is slop-
ing in this direction), you could get down to much lower temperatures.

DR. GREEN: Do you think these will be applicable to other rock types (minerals)?

DR. WEBER: Yes, there is another paper that | understand will be presented in the
published proceedings, which will give all the data for kzolinite, dichite, halloysite, bru-
cite and a few others we locked at. Somewhat more vapor pressure will be generated in
the dehydration kiln and it appears from the data that we present that those pressures
should be kept as low as possible. You should condense it just as fast as you possibly
can.

DR. GLASER: What can you say about the volume effect of dehydration? If you have
a large block of serpentine, how does the dehydration proceed, from the surface inwards?

DR. WEBER: Using high pressure DTA we couldn't say very much about the reaction
measurements about 15 PSI but Dr. Greenley of Penn State has been studying the dehy-
dration of serpentine, at much lower vapor pressures, going down to a fraction of a milli-
meter of mercury and he has studied this particular problem. He believes the reaction is
the fusion control and that's about all | can say until his material is also published.
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REMOVAL OF OXYGEN FROM OXIDES BY FUSED SALT

ELECTROLYSIS IN A VACUUM

Paul G. Herold
H. J. Boving

All metallic alumimm presently is extracted from the

relatively pure alumimm oxide by the process of fused salt electrolysis,

i In this Hall Process, the salt is cryolite and the electrodes are carbon,
The materials produced are molten alumimm at the cathode and cxygen at
the anode which combines to form carbon monoride. In this process, about
0,85 pounds of carbin are consumed per pound of alumimm extracted. The
carbon is consumed both by the axygen generated at the anode and by the
oxygen in the air since the cell is operated at atmospheric pressure. The
cell is operated at 900 to 1000°C,, the power neceasary for heating the
electrolyte being supplied by tbe D.C. current at 5.5 to 7 volts and 8,000
to 40,000 amperes.

Since it seems reasonable that the rocks on the lunar surface
could be some form of metallic oxides or suboxides, it has been deemed
feasible to consider them &8s a source of oxygen for maintenance of life

l support on the lunar base. One of the methods of extraction to be

! investigated should apparently be the fused salt electrolysis method, The

i limiting areas uhich need to be investigated in order to adapt the method

to the lunar enviormment ares
1. Development of a suitable electroiyte.
2. Development of an electrical conductor which will
withstand the corrosion of the molten electrolyte.
3. A mechanical design which will allow collection of the

gas produced,
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The first tests ~ade were conducted using molten cryolite as the
electrolyte, Although molten cryolite is very stable at atmospheric
pressure, it is easily vaporized at temperatures just below it melting
point in & vacuum, At the melting point, cryolite changes to a vapor
instantancously at a pressure of 1 x lO-‘/Torr. Therefore, it was found
necessary to develop an electrolyte composed of more stable materials,
Since many authorities have stated that the lunar surface seems to be
composed of volcanic rocks, a typical lava composition was tried next.

Prestwich* reports the following composition of a lava from Iceland:

Silica, SiQ, 50.75%
Alumina, Al;0, 16,53
Iron Oxide, Fe.0, 2.10

" " Fe0 7.89
Magnesia, MgO 7.65
Calcium Oxide, Cal 11,96
Soda, Na.,O 213
Potash, K,0 «56
Ignition Loss o35

This mixture was made from the raw materials silica sand, Alcan low alkali
alumina, hematite, ferrous iron oxide, MgCO,, CaCO, , NaCO; - H,0. and K2005 .
The calculated mixture was ground together and calcined to 800°C in air at
atmospheric pressure. This was reground through 65 mesh and placed in an
iron crucible, When heated at 1150°C for 100 hours in a vacuum of 5 x 10";
Torr, the material forms a greenish colored glass at first, At the end of
about 80 hours the glass starts to crystallize into a solid black mass,

X-ray analysis shcus this erystalline material to be Pigeonite

(Ca

-

Japan, Chemical analyses of the original calcined material, the molten

M . . Fe, .4 )3103. The type material is from Yumoto, Hakone Volecano,

matericl and the same material after 100 hours of heating in vacuum are as

followss

#Geology by Joseph Prestwich, p.37, Clarendon Press, Oxford,
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Calcined Fuseé Material held
Material Material 100 hours in
vacuum

Silica, Si0: 52,18 52426 48,04 !
Alumina, AL,O, 17,93 17.70 4.1
Iron Oxide as Fe,0, 9.42 9.85 22432
Calcium Oxide, Cal 12.24 11,97 11.92
Magnesia, Mg0 3.63 3¢25 3443
POt&Sh, K;_O 039 041 20
SOd&, Naz_O 3.53 3082 050

As expected, there is very little difference between the calcined

material and the fused material, After being held fop 100 hours in

vacuunm at 1150°8, the material has decreased considerably in alkalies,
as these oxides are quite volatile. The iron oxide content has increased
which may be due to solution of the iron crucible into the melt, The
crucible seemed to be intact under these conditions even though similar
heating in air would have caused complete destruction within a few hours,
The reason for this is that an iron crucihle at atmospheric pressure
oxidizes rapidly and the iron oxide thus formed is very soluble i the melt.
In the next experiments, the iused volcanic glass was held in an
iron crucible and a soft iron electrode 3/8" in diameter was suspended
4" above the bottom of the crucible. A potential of 5 volts D,C, was i
applied betweer the electrodes, and the amperage measured and plotted
against temp. See Figure 1.
Various experimental conditions were used as summarized belows

Experiment Volts,D.C. Time at % Weight Loss Max. Current Pressure )

5 2 hours 100 mA . 5x10 Torr
75 2 hr, 50¢ ol 50 mA

10 ® 30 81 24
5 45" 1,72 500 mA

HEHooOmd
8\:1\7!\.9
22 8 3
2 3 3B =

1
0 1,17 I
5 1 8 A
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Pagelléshows a polished section of the slag resulting from Experiment D,
The dendrites are metallic iroa while the gray crystals are Mg0+310.,

The iron is seen to be collecting on the wall of the iron crucible at the
bottam of the picture. The crucible wall was the negative electrode of the
cell,

Two experiments were made on the same volcanic glass composition
except that the l*‘e.,-oJ and Fe0 were removed, This was done in order to
determine tlhe affect on transfer of current in the cell. Following is a
summary of conditions:

Experiment Volts,D.C. Time Temp. FWeight Loss Max, Current Pressure,

-5
e 5 100 Hr 1150° 20,0 152.1.& 2x 10 Torr
H 5 50% 1210° 42,0 A "

I-;mriment G did not become fused at 1150°C, but the current flow resulted
from condensation of iron on the surface of the material., Experiment H
resulted in a green glass containing many small particles of iron. Apparently
iron is being detached from the anode and carried to the cathode.

No measure of gas coming from the anode could be made as the
evolution is too slow to show up as an increase in pressure in the syster,
It is planned to ohtain a Residual Gas Analyzer so as to he able to maasure
and identify the gases being evolved. The weight loss shows tnat
something is happening in the system, however, it is no!. iccurate because
of the experimental conditions, A more refined system of weight loss needs

to pe used, This was impossible at the time bccause of lack of funds,
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Figure 2. Experiment D. 90 Magnification
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STAB!LITY - METASTABILITY RELATIONSHIPS OF HYDROUS MINERALS
' AND THEIR IMPORTANCE IN DESIGNING FACILITIES FOR THE

EXTRACTION OF WATER FROM LUNAR ROCKS AND MINERALS

R. Rouy
J. N. Weber

Abstract

Reaction curves defining the pressure-temperature values for the
dehydration of hydrous minerals are generslly available for water
pressures exceeding 5000 psi, To design and construct water extraction
facilities on the moon, huwever, data concerning the decomposition of
hydrated minerals at lower water vapor pressures are essential.
Extrapolation of published reaction curves to lower pressures will not
provide the necessary information for many minerals containing hydroxyl
groups since recent studies have shown theat certain minerals may persist
metastably et temperatures much above the values predicted for
decomposition. Pressure-temperature points for the reaction: hydrated
mineral < solid product + water, have been determined by means of
differential thermal anelysis employdng the Herold-Planje thermocouple
arrangenent. sealed in a pressure vessel in which water pressure can be
controlled and measured, Simple structures such as br:-ite dehydrate

readily at temperatures approximating those predicted by extrapolation
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of high pressure stability fields. Complex silicates such as serpentine,

! kaolinite, dickite and halloysite, however, metastably retain their
hydroxyl grours in the stability field of product + water until relatively
hirh temperatures sre attained., Dehydration temperatures for the latter
group of minerals increase with increasing PH2 0 until a point at which the
catalytic effect of water facilitates structural reorcanization amd
dehydration. Above this pressure, sbout 1000 psi in the case of kaolinite,
decrmposition temperatures decrease with increasing pressure un to 10,000
psi. Dehydration curves from 15 to 10,000 psi for a variety of minerals

ave presented.
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Proposed water extraction facilities for a lunar base involve
kilns in which hydrous minerals such as serpentine are heated to
temperatures at which decomposition of the structure and the liberation
of water takes place. The selection of optimum operating temperatures and
pressures of water vapor is essential for efficient and economical

exploitation of possible natural resources on the muon.

Stability curves for & nurber of common minerals containing water

are shown in figure 1., These curves, defining the water pressure and

s

temperature conditions at which decormposition occurs have been determined
& at relstively high pressures, usually in the range 100 to 10,CCO bars,
i Plotted as the logzarithm of the water pressure amd the reciprocsl of the
Y absolute temperature, the pressure-temperature dehydration curves sre linear,
: and extrapolation to lower water pressures such as those possible in
dehydration kilns desicned for the moon would appear to define the minimum
temperatures recuired for dehydroxylation.
Thermal experiments at atmospheric pressure, however, have shown that
for many minerals, temperatures much above the tempersture at which a given
: mineral is stable, are required to effect dehydration. The stability curve for
kaolinite, for example, is shown &s curve I in figure 2. Determined at
pressures above 1000 psi by Roy and Osborn (1954), this curve indicates that
dehydroxyls’,ion of kaolinite should take place above about 400° C over a wide
range of water pressure., Differential thermal analysis data (Curve II, figure
2) presented by E1lis and Mortland (1962), howeve., indicate that

temperatures in the range 475 to 575° C are necessary to liberate hydroxyl
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water at pressures of water vapor in the vicinity of 15 psi.
Stability-metastability relationships are illustrsted in figure 3.
Curve I represents experimentally determined pressure-temperature points
at which phases Aa’ B and water can coexist. At point M, A; is a stable
hydrous mineral phese. On raising the temperature while meintaining the same
water pressure, from point M to O to N, decomposition begins at point O,
At temperatures greater than that at point O, the dehydration product B
and water constitute the stable phase assemblage. If the temperature of As
is increased at a lower pressure of Hy0, for example from S to P, Q, and T,
it mirht be expected that dehydration of Aa would take place at point P,
the intersection of the temperature-pressure traverse (S-T) with curve I
extrapolated to lower pressures. As shown by the data presented in this paper,
decomposition of many hydrous minerals with concurrent release or evolution
of water does not take place at the temperature where the mineral ceases to
be a stable phase, Such minerals retain their identity and persist
metastably in the region indicated by Ap. At a rmch hirher temperature, Q,
the metastable phase decomposes to yield a solid dehydration product C and
water, The pressure-temperature points {>r dehydroxylation of the metastable
phase are represented by Curve 11, At some pressure near the upper limit of
curve II, the catalytic effect of water facilitates reorganization of the
mineral structure, It should be noted that the selid decomposition product (B)
obtained by dehydration of the stable phase of & riven mineral need not
be identicel to the solid decomposition product. (C) formed at lower water

pressures,
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decomposition of the stable phase (Curve I) and metastable phase (Curve II)

of a given mineral.
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Pressure-temperature dshydration curves obtained by high pressure
differential thermzl analysis are shown in figures 4. 5, and 6 for kaolinite,
diclkdte and halloysite respectively., The dehydration temperatures are rmuch
hicher than the maximum temperature at which these phases are stable. From
15 psi to about 1000 psi, dehydroxylation temperatures increase with
increasinc water pressure, but above 1000 psi lover temperatures are required
for decomposition.

Dehydration curves for serpentine, a mineral whose existence on
the moon is probable, have been presented in the adjoining paper (i/eber, Rov
and Greer). Serpentine, kaolinite, dickite, and halloysite possess rather
complex silicate structures. For comparison, brucite (maynesium hydroxide)
has been studied under the same experimental conditions. Pressure-temperature
point: ©  lle dehydration of this mineral are shown in firure 7; rmch less
scatter is immedistely evident. Corparison of this curve (marked ieber and Roy)
with other pu-lished deta (firure 8) obtained by a variety of experimental
techniques indicates that decomposition under conditions applicable to
lunar water extraction devices takes place at temperastures not mch above
the maximum temperrature at which cosrsely crystalline, unstrained brucite
is stable,

This research was sponsored by the Air Force Cambrid:e Research

Laboratories, Oifice of Aeros;:ce Research, under contract AF 19(628)-2773.
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Figure 4. High pressure differential thermal analysis data for the dehydration
of kaolinite.
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ARNOLD ENGINEERING DEVELOPMENT CENTER LUBRICATION PROGRAMS

John D. Peters

Until the inception of space flight, lubrication was well within the
state-of-the-art, However, as higher and higher altitudes were reached there
was an increasing awareneds of special material and lubrication requirements.
One of the better known problems was the failure of generators whose carbon
brushes began to pulverize because of moisture evacuating from the carbon
structure,

The space age introduced a new era in the field of lubrication. In addi-
tion to the normal demands imposed by load, speed and vibration, lubricants were
required to withstand the space environmental extremes of temperature, vacuum
and radiation, without appreciable loss of lubricity. Development of lubricants
and lubrication techniques is essential to the successful operation of aerospace
systems and facilities.

In the normal design of machines, lubrication is a secondary consideration.
However, for the operation of mechanisms in the space environment, lubrication
must be considered concurrent with the design of the system, In those instances
where existing equipment can be used in the space environment, it is often
necessary to design a complete lubrication system to ensure maintenance-free
operation.

Ground space fucility lubrication problems are generally those associated
with the vehicle handling system, Large space chamber equipment can include
overhead cranes operating on suspended rails, electric motors, hand hoists,
hinged doors and rotatable vehicle mounts, Figure 1 is a conceptual space ve-
hicle on a rotatable mount in the Arnold Center's Mark I Space Chamber.

In space, lubrication problems are those concerned with the moving com-
ponents of the vehicle itself, Typical space vehicle moving mechanisms are micro
switches, rotatable solar paddles, extendable antennae, gyros and vectoring
stabilization rockets. Figure 2 shows the movable temperature control louvers of
NASA's Orbiting Geophysical Observatory.

Programs of recent and continuing interest at Arnold Center are the investi-
gation of lubrication by solid, thin sacrificial films and by transferring, re-
plenishable solids, The latter method involves the rubbing of a solid lubricant
against moving parts thus causing the lubricant to be continuously transferred
to the contacting load-bearing surfaces. The former method is a once only appli-
cation of a thin adherent lubricant film to each of the contacting surfaces.

Research on thin films was accomplished by the General Electric Company under
contract to the United States Alr Force, Arnold Engineering Development Center.
Emphasis was piaced on the lubrication of heavily loaded, low velocity bearings
and gears. Figure 3 is an ertist's sketch of the Arnold Center 7-ft diameter
by 12-ft long Aerospace Resecarch Chamber and Figure 4 shows the test apparatus
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installed. Figure 5 shows a silver plated cylindrical bearing and Figure 6 is
an example of gears which were tested. Figure 7 is a table of test results of
bearings run in vacuum,

Initial research by the Westinghouse Electric Corporation under contract
to the United States Air Force, Arnold Engineering Development Center, was
concerned with adapting bearings and gears for use in the space environment,
Sol1d lubricants and replenishing lubrication systems were developed. Hertz
stresses for gears varied from 90,000 to 120,000 psi and bearing stresses
varied from 155,000 to 200,000 psi. Bearing starts were made at -320°F and
ran for extended periods at temperatures from -160°F to +300°F,

Many composites and lubricating compounds were considered. Figure 8 is
an example of the wear and friction properties of the screered materials.
The most successful materials were composites of teflon, copper and tungsten
di-selenide and teflon, silver and tungsten di-selenide. The composite struc-
ture can be seen in Figure 9, A typical bearing is shown in Figure 10, Figure
1]l shows a gear pinion and idler and Figure 12 shows wear of a pinion which
resulted in test termination.

You can appreciate that our programs have been primarily for applied re-
search,

We have just completed another test program where gears were tested under
extremely heavy louads, Loads were such that at half load, vacuum greases with
solid additives (MoSp) were unable to withstand the heavy stresses and the oils
and additives were squeezed out so that pronounced gear tooth wear occurred,
The greases were removed and replaced by solid lubricants and the load wes
doubled, Testing continued successfully for a period of 100 hours.

If you consider a lunar vehicle such as shown in Figure 13, notice the
inner wheels, The use of a solid replenishable lubrication system seems a
reasonable solution to the lubrication problem where abrasive dusts may be
encountered. As you notice this is a lunar vehicle concept of the Lockheed
Missile and Space Company.

The extremes of temperature, vacuum and radiation which can simultaneously
prevail in the hostile environment of space impose serious problems when one
congiders the requirement of maintenance-free operation of a myriad of mech-
anisms, To satisfy lubrication requirements there must be a spectrum develop-
ment of lubricants and application techniques., Fortunately it will not be
necessary to get ou into space to solve these problems since we now have space
chambers to provide the simulated environment.
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Fig. 9 - Microstructure of Iudbricating Composite
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A PREL/MINARY SYSTEM CONCEPT
FOR
EXTRATERRESTRIAL MINING AND PROCESSING EQUIPMENT

By Carl B. Hayward

It is generally agreed that onoce an initial landing is acoomplished on
the moon attention will repidly focus on follow-up programs. Pollowing early f
basing and recomnaissance operations, a second phase progran would
include the development of an improved semi-permanent base and the
of local resources to reduce the logistic burden and dependence on earth for
certain basic raw msterials.

The successful accomplisiment of such a second phase program will depend
upon the availability of an efficient lunar mining and ore processing system.
In recognition of the importance of this requirement, mmsrous pre
otubotfortnmbduinithtdtocphnmwmtbommwm-
by to direct and hasten the necessary advancements in the state-of-Lhe-art.

In the broad overall sense, lunar mining and processing operations are |
closely related to many other fasctors (such as the geological, logistic and by-
pmtm-m.nummmtwuwm)mm |
specif.s operationmal functions and principal hardware categories of a real ;
system can be summarised under six general headings.

i The initial function in such a system is to obtain & supply of raw ore !
for subsequent processing. This raw ore will be obtained by rock breaking |
(stoping) either on or bensath the lunar surface, and will involve drilling and
tlasting with chemical explosives. The use of nuclear devices and tumnel boring |

machines have been suggested for lumar excavation, but these methods are not
considered feasible for the production of ore. The principsl equipment items
involved will be a wvehicle mounted lunar machine of drilling
holes several inches in diameter to depths of five to twenty-five feet with
high speed and efficiency, and an effective lunar blasting system including |
special equipment, materials and techniques. I

The second distinct function involves the loading of the raw ore after
the rock has been broken loose. This operation is one of the most difficult
mining operations to mechanise because of the unavoidable variation in rock
size and the interlocking and packing effect of rendom sised fragments. A
rugged vehicular type machine will be required for this function and once the
ore has been picked up, it should proceed through the entire process without
the need of a subsequent 'digging' type operation.

The third distinct function of a lunar mining and processing aystea is
P the reduction of the ore to the limiting siss required by the processing equip-
nent. This will be accomplished in one or more steps identified as coarse
crushing, fine crushing and grinding, depending on the degree of sise reduction
required. No other requirements in the ore dressing area are foreseen at this
tice.
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Coarse crushing (to not less than 13 inches) will be accomplished by
some form of a jaw-type crusher. In order to minimize and/or virtually
eliminate the necessity of hauling, handling and storing raw ore by the use of
heavy, ruggedly built equipment, it is necessary that the coarse crusher be
mounted on (or at least very near) the primary loading machine and thereby be
in a position to accept the ore as it is picked up.

Fine crushing (to not less than 1/8 inch size) can probably be best
accomplished in a cone-type crusher. It is probable that this operation will
require a gaseous atmosphere to avoid particle rewelding due to the high
pressures and large surface areas created by the crusher. A requirement for an
stmosphere calls for a pressurized chamber, and this aspect would in turn
suggest that the crusher be located in a sealed underground cavern. However,
if the mode of operation involves '‘open pit' surface mining, then the crusher
would have to be designed as a pressurized ‘closed' chamber unit and be
integrated with the ore processing equipment for operation on a batch basis.

Crinding (reduction below 1/8 inch sise) if necessary will definitely
require a gaseous or liquid medium to prevent cold welding of the pulverized
ore, and for this reason ore grinding should be associated with the ore
processing operation. However, both the initial weight and the continuing
attrition factors associated wilh grinding equipment would be extremely
difficult to justify from a logistic standpoint, and therefore a requirement
for grinding should be avoided if at all possible.

A fourth function involves transportation of the ore from the mining
area to the processing area. The crushed ore will be transported in open
containers without stockpiling or rehandling; a discharge receiver at the
crusher will serve both as a transport container and as a loading hopper at
the processing plant. The ocontainers will be moved on wheels, but whether the
wheels move on cables, rails or directly on the lumar surface will depsnd upon
the set-up and site conditions of a particular installation. A small holding
capacity for ocontainers will be required at each end of the travel route to
permit continuous equipment operation, but timing of the entire operation will
still be a critical factor.

The fifth distinctive function is the ore processing plant itself. The
nature of the equipment will depend upon the type of mineral available, the
substance to be extracted and the type of process adopted. A discussion of
extraction processes and equipment is quite beyond our scope today, but I can
assure you that work has already begun and that progress is being made in this
field. In any case, the process plant will undoubtedly involve a consider-
able requirement for electrical (for either direct or indirect process
use) and a need for pressurised equipment operated as a semi-eutomatic closed

loop systea.

The sixth and final element of the mining and proocessing operation is a
fecility to purify, convert and store the system products until time of use.
This facility may recover calylitis or processing mediums for reuse and in
other ways purify the final product, recover prooess heat, liquify gaseous
prodissts, provide secondary treatment for by-products, and provide for the
storage and system discharge of all the products.

35
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It should be noted that the aspects of equipment weight and logistic
burden tend to require a highly optimized system design, a relatively large
scale continuous production rate, the development of worthwhile uses for by-
products and possibly a degree of equipment interchangeability for processing
alternate minerals. Another factor which could simplify mary design and weight
problems is the possibility of mining and processing the ore in a sealed under-
ground tunnel or cavity *-‘th a pressurized atmosphere as opposed to conducting
operations on the surface with pressurized equipment.

The ultimate feasibility of lunar and space exploration will depend in
large measure upon man's ability to extract necessary useful substances from
extraterrestrial resources. The attaimment of this capability is contingent
upon the successful development of a highly optimized and fully iutegrated space
rated mining and processing system; and work on such a system has already
begun. :
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THE APPLICATION OF SURFACE MOBILITY

TO LUNAR MINING OPERATIONS

By Grady L. Mitcham

INTRODUCTION

Studies of manned lunar exploration systems have shown that an important role exists
for surface mobility systems in this phase of lunar development. In the transition from
lunar exploration to lunar exploitation, it appears that surface mobility system utilization
will increase greatly as feasible areas of operation are identified and implemented. An
area of major exploitation interest that possesses the potential for develcping a substantial
transportation requirement is the mining and processing of lunar materials; more specifi-
cally, the extraction of water or other rocket propellant or life support material base from
lunar ‘ock.

Overall System Considerations

Our lunar exploration and lunar basing studies have identified numerous mobility-re-
lated tasks. Various vehicle concepts for accomplishing these mission tasks have been
designed and evaluated in the light of our present limited knowledge of the lunar environ-
ment and terrain. The results have indicated that surface vehicle systems are feasible
solutions to the problem of accomplishing many of the tasks.

Surface vehicle systems may be applied to many phases of the mining and processing
operation. Some of the areas where possible mobility requirements exist are:

. Vransporting processing plant and excavating equipment from the landing site to the
operational area.

Providing mobility for excavating or mining equipment.
. Movement of the ore to the processing plant. '
Delivery of the processing plant output to the point of wtilization.

. Logistics support of the operation, including mining and processing outpost resupply
and personnel rotation.

Each particular mining-processing program postulated must be studied as a whole to
establish optimum system requirements. The determination cf surface mobility requirements
are a pait of this task. There are several considerations that affect these requirements.
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The location and extent of suitable ore bodies would be an important factor. Bodies
of suitable ore may be small and widely dispersed. Conversely, perhaps large expanses
of surface aggregate exist which contain sufficient quantities of the desired material to
justify processing. In the former case, a system utilizing a large central processing plant
and ore-carrier vehicles may be the answer. In the latter, mobile processing equipment
with an excavating attachment could be optimum. In some cases, conveyors may suffice
if distances are short.

The richness of the ore could affect the decision whether to select a system using
ore carriers with a central plant or to use mulitiple on-site plants with output transporters.

The scope of the total program is a vital consideration. Producing water, oxygen, and
hydrogen to support a limited lunar base would certainly generate a different set of re-
quirements from those for producing rocket propellant for a moon-launched manned Mars
expedition.

Figure 1 relates general mission tasks that could be performed by surface vehicle
concepts as the lunar program expands. This chart suggests that systems should be
defined with growth or adaptability in mind.

Vehicle Conceptual Aspects

The selection of vehicle conceptual approach depends to a great extent on the variety
of tasks and the scope of the total lunar program. One aspect of conceptual approach
analysis is the comparison of specialized versus general purpose equipment.

Where a task or activity is frequently or continuously performed, a vehicle designed
specifically for that task usually will demonstrate superior performance and economy. The
specialized approach creates a family of limited application designs, however the sub-
systems can be optimized around a fairly specific set of requirements. Large scale opera-
tions usually will justify the development of this type of equipment. For example, a mo-
bile processing plant would perform poorly as a crew transporter.

On the other hand, general purpose concepts are intended to perform the largest variety
of tasks with a minimum number of basic vehicle tpes. With this approach, lower develop-
ment costs, smaller vehicle inventories, and a high level of utilization are the goal. A
basic genera' purpose vehicle cannot be expected to perform all required tasks without
supplementary equipment to extend the basic capability. By providing special attachments,
the vehicle can be adapted to perform many tasks with reasonable efficiency.

Ancther approach to the adaptation of surface vehicles for increased versatility is the
use of a modular system. Through this concept, a vehicle can be converted for varying or
increasing mission requirements. Personnel transporters could have provisions for install-
ing crew cab and life support modules of different capacities. Power supply modules, in-
cluding fuel storage could be changed to suit the job at hand. The limiting factor for the
adaptability of a given vehicle is the size and load capacity of the basic chassis.
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Lunar base and lunar exploration studies performed by The Boeing Company have
investigated a numbar of surface vehicle concepts. Many of these show applicability to
some phase of mining and processing operations and could be considered to be transitional
designs, forerunners of the larger designs that would evolve with expanded programs.
Figure 2 shows examples of two highly specialized concepts studied for performing lunar
base implementation tasks. The construction vehicle is designed to excavate and collect
loose, fine lunar surface material and throw it to a designated area. The specific mission
tasks are nuclear reactor burial and shelter module shielding using surface material. The
equipment installed at the vehicle forward end consists of a helical cutter-collector, an
elevating helix and a gravel throwing belt. The material is collected and thrown as the
vehicle moves along the surface. Also included in the design is a two-man cab.

The material handling vehicle is on the right. This concept is specifically designed
to unload large resupply packages from the payload deck of a Saturn 5 Logistics Vehicle,
transport the packages to the shelter module, and elevate the packages to the airlock
level, which is 7,1 meters above the lunar surface, for unloading. The heaviest Logistics
package has a mass of 2140 kilograms. The control cab accommodates one man. Since
the total energy expended while unloading an entire logistics payload is small, the vehicle

is battery powered.

Examples of adapted general purpose vehicles are shown in Figure 3. The basic con-
cept is an exploration vehicle suitable for a four-man crew. The forward section is the
crew cab; the aft unit contains the fuel cell power system, storage tanks for the liquid
oxygen and liquid hydrogen fuel cell reactant, life support oxygen and surplus water
storage. To adapt the vehicle for materials handling, a flatbed trailer is installed at the
forward end of the vehicle. Since the trailer is not equipped to lower or elevate payloads,
l this function must be provided at the loading and unloading points. The construction
| adaptation includes an excavation attachment installed on the forward end and a towing

attachment for sheiter moving at the aft end. Conversion of the vehicle for extended ex-
ploration requires a trailer containing supplementary power equipment, fuel cell reactant
and life support oxygen. The extended exploration vehicle depicted in Figure 3 suggests
a possible ore-carrier configuration composed of a control cab-power section with a cargo
trailer train.

Vehicle Design Considerations

In the design of a surface vehicle, one of the more important considerations |s the se-
lection of the mobility concept. The question of wheels versus tracks often arises when
| vehicle conceptual designs are studied. Other approaches, such as walking or jumping
‘ machines de not demonstrate any genera! advantage over the conventional systems and
appear to create some very difficult design and operational problems. Figure 4 compares
wheels. and tracks on the basis of general mobility criteria. It is surprising to some that
wheels show a definite advantage over tracks, especially when soft soils and rough terrain

are anticipated.
*J The degree of mobility required depends both on the known characteristics of the lunar
5t surface over which the vehicle will operate and the degree of uncertainty.

o™
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If the terrain and surface conditions over which the vehicle must operate are well known,
and the task sequences defined, an optimized system may be designed. A particular case
would be that of a tanker vehicle that would operate over a prepared roadway between the
processing plant and a fixed base. Conversely, vehicles required to traverse unknown or
rough terrain must compromise other performance to favor extreme mobility. The primary
power and drive system design must provide the capability for obstacle negotiation. Ve-
hicle dynamics studies indicate that the combination of low lunar gravity and surface
roughness will require that vehicles operate at relatively low velocities to prevent loss of
control or upset. However, the reduced gravity offers a distinct operating advantage.
Since locomotive power and energy requirements are basically a function of weight on the
wheels and velocity, large payloads may be moved at a relatively low power and energy
cost. This aspect will favorably support the development of lunar mining programs.
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An example of the low power demand is demonstrated by the large extended exploration
vehicle of Figure 3. With a gross mass of 6350 kilograms, the average locomotive
power at 5 kilometers per hour is only 2.6 kilowatts.

COMPARISON OF TRACKED AND WHEELED VEHICLES

CRIIERIA REMARKS
SOFT GROUND TRACKED VEHICLES ARE ONLY SIIGHTLY SUPERIOR IN DkY
CROSSING CAPABILITY GRANULAR SOILS

WHEELED VEHICIES CAN BE DES IGNED FOR MUCH GREATER

CREVICE CROSSING CAPABILITY § APPROXIMATELY EQUAL
|

WEIGHI TRACKED VEHICIES ARE HEAVIER
RELIABILITY TRACKED VEHICLES USUALLY HAVE POOR RELIABILITY
EFFICIENCY TRACKED VEHICLE EFFICIENCY IS LOW
FIGURE 4

A problem area that is ever-present is the severe lunar environment. Equipment may
be subject to constant meteoroid bombardment, and temperature extremes and the hard
vacuum present unique design challenges. Vehicle maintenance presents very diffizult
problems; however, equipment life is a valuable commodity with the cost of vehicle de-
livery so high. The feasibility and economics of providing environmentally controlied

- maintenance facilities requires study. Crews must be protected from the environment in-

cluding radiation and furnished life support. This requirement can create a heavy penaity.
Unmanned vehicles utilizing remote control or automation, especially where repeated tra-
verse of the same path occurs, should be considered.

Feasibility studies of mobile excavating and loading equipment merit particular atten-

tion. The low lunar gravity and system power budgets will challenge the application of
many existing earth-utilized concepts; however, the low gravity field will reduce loads,
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power, and energy. Low mass is a mandatory property of space delivered hardware, yet
high mass is a usual characteristic of earth-type equipment not employing tie-downs to
provide reaction forces. New, imaginative excavation concepts utilizing explosive force
or impact energy are in order.

Conciuding Remarks

In this short discussion, we have superficially examined what appears to be a poten-
tially broad aspect of the lunar exploitation field. A great deal of work lies ahead in
developing a sufficient understanding of where and how mobility may be best used to
support mining and processing operations. It is important that surface vehicle studies be
performed in conjunction with investigations of mining and processing systems, and that
these comprehensive studies consider the elements of the entire lunar program, including:

. Interplanetary Iaunch_suppoft objectives

. Lunar exploration plan

. Lunar basing objectives
. Delivery systems
. Funding
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DISCUSSION

COL. PETERS: In addition to what vre said before, the thing that concerns me more
than the bearing problem, is the seal problem. Any time you have equipment which is
crushing rock, you are going to have a lot of small particles and with our cold welding
and sticking effects up there together with the vacuum, | think this is going to be quite
a proolem around vehicles and machinery. They are going to have a tendency to collect
this material and from time to time we are going to have to brush off, shake off or some-
how get rid of it. And, of course, we are going to have to have bearings, quite a few of
them, ir addition to the wheel bearings around machinery.  All of these will have to be
protected from this dust which is just literally pouring all over this equipment all the time,
| think the seal problem is potentially more troublesome than the bearing problem.

MR. HAYWARD: There was one other comment, too, o the general effect that there
was a relationship between the location or establishment of a mining operation and the
base. 1 think there very definitely is a very close relationship from the standpoint not
only of hauling but also using the finished products from the processing plant. There is
also the relationship of the personnel with the operation of the mine. | think there is a
close relationship here in that the proposed location for any base of operation should be
selected with some reference to the availability of these resources of which we might make
use.

COL. PETERS: 1 know that Jack Salisbury is doing some work right now at the
Martin Space Flight Center trying to determine if there is some way you can keep dust or
small particles from adhering in a vacuum. Maybe we can have him tell us a little bit of
his progress. | don't know if he has made any progress or not.

DR. SALISBURY: | haven't.

QUESTION: | wonder if you gentlemen have come to any general conclusion about how
closely you can locate this processing plant to its a site.

MR. HALL: | think you have hit a dull point. Does anyone care to answer this ques-
tion from the audience? Have you any ideas?

UNKNOWN: Well, maybe what | had in mind wasn't too clear, but the problem exists
of navigation of lunar space craft between the landing site and the proximity of such a mine.

MITCHAM: | would say that we have considered this, in answer to your particular
question on the navigation problem. There are studies in process with the Bendix Company
under contract to NASA and Boeing Company with the Bomarc contract which does preclude
navigation on the lunar surface over a given mission profile which might vary as much as
50 to 75 meters away from where the vehicle has land .. | think there are many approaches
to this and | am not really at liberty to disclose the results of these studies because the
contract has not yet been finished. But, the navigation as a whole on the lunar surface
doesn't seem to be too difficult. In fact | think it is a much simpler problem than probably
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getting to the moon itself. Landing a vehicle or logistics type vehicle that might be
carrying mining equipment or a mobile vehicle of the type shown, probably can be landed
within the proximity of the LEM or within a radius of possibly a quarter of a mile. This,
of course, means that you do have an active transport between the two vehicles.

VISITOR: If a visitor can ask a question here, | noticed the discussion, a little
bit ago,of the relative cost of carrying large weights to the lunar surface versus the cost
of man hours on the lunar surface. Now, is it not true that once a spaceport or base is
established to the extent where at least a reasonable proportion of the consumables are
produced on the surface, hydroponics or whatever, and production of water and oxygen
from lunar rocks, and so forth-at that point allowing a reasonable stay time for a worker,
will not the cost of labor per man hour go down drastically from that which has been
stated earlier, so that at that time it will then be less costly to do much of the work on
the moon rather than to go through the process of transporting these extremely heavy ob-
jects from earth to the moon?

HAYWARD: | agree with you completely. If you have a large installation there
that is self-sustaining, still there is going to be the problem of relocation of men from the
lunar surface to the earth. Now | think this is a point of conjecture. Many people have
different opinions as to how long a man can stay on the lunar surface. | know that in some
of our studies we intended to rotate the men on about a six months basis and this is one
of the things that really runs the cost of your system up quite a bit. Now these are the
kind of things that need to be studied in great detail and | think that these are the types
of programs that will be thought about. This could bring down the cost, and, of course,
again depending on the launch system you use, and it's payload capacity.
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FEASIBILITY OF LIQUID HYDROGEN PRODUCTION
ON THE LUNAR SURFACE

P. E. Glaser
A. E. Wechsler

J. H. B. George
I. INTRODUCTION

In the paper presented at the 1963 Annual Mseting of the Working
Group on Extraterrestrial Resources we discussed the types of water de-
posits, envirommental factors, energy sources, and extraction processes
using minad d.poutn.( In the following sections ths production of
1iquid hydrogen is considered in its broader aspects including in situ
extraction processes, electrolysis of water, liquefaction of hydrogen,
snd long-term storage of liquid hydrogen.

I1. WATER EXTRACTION PROCESSES
A. MCKIROUND INPORMTION

Several types of water extraction processes for use on the moon
bave been described by Salisbury(2) and Wechsler, et al.(1,3) Extraction
processes can be classified as in situ processes and processes using mined
deposits; the type of process selected will depend upon ths types and
locations of the deposits actually found on the moon.

An in situ extraction process can be defined as one in which
ths water is extracted from the deposit in its original location; mining
and/or transport of the deposit would not be required. An example of
this type of process (in terrestrial use) is the Finsch process for sul-
phur recovery. In the Frasch process, supsrheatsd water is forced under-
ground iuto the sulphur deposit; the sulpbur melts and flows to the surface
with the water stream. In situ extraction processes for large deposits of
hydratad minersls or permafrost msy be attractive because mining and trans-
portation costs would be greatly reduced. Nowsver, drilling, emplacemsnt
of heaat sources, sealing of the formations to prevent undesirable movement
of fluids, possible capping of formations to provide pressurisation, and
other aspects of in situ extraction present technical problems which will
require considersble study and analysis. A detasiled knowledge of the
peology of the underground deposits will certainly be required for in situ
processes, and considerable prospecting would probably be involved. On
ths other hand, surface processes using surface or underground depoeite
asy require complex mining and transporsation techniques.

In the initial attempts toward water extraction on the moon,
materiales availabdle on or closs to ths surface probably will be processed
in emall davices. As lunar technology is developed, water extraction
processes may require surface wehicles to transport fock to a processing
plant which uses kilns or tlu‘ r‘ reactors. These processes have been
disucesed in the literature.{1:3) 1n this paper, therefore, we shall dfs-
cuss only in situ methods wvhich will becoms more important when large
quantities of water are nseded.
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We have evaluated in situ extraction processes by choos an
analytical model which depicts a typical process, specifying the :;:o of
lunar water deposit, and calculating maximum production rates of water as

a8 funccion of geometry, ensrgy input, temperature and variables te
vith the types of deposits expected, 4) o sssociated

Any process for in situ water extraction which utilizes a con- . |
tinuous underground hest source has been considered by us to be a varia-
tion of the "Frasch” process. The energy may be derived from an under-
ground heat source such as a nuclear reactor, radiocactive isotopes,
electrical heaters, and liquid metal heat exchangers. We have assumed
that heat sources can be represented by cylindrical or spherical shaped
systems. Depending upon the type of hest source, the process may operate
at a constant temperature or produce a constant heat flux. If ths source
operites at a constant rate, its temperature will vary during operation;
the maximum temperature of the source will be limited by materials of
construction and the type of heating device.

Consider the analytical model shown schematically in Figure 1.
A spherical heat source of radius Ry, operating at constant temperature
or constant power, is surrounded by an infinite mass of rock. As heat
diffuses outwvard from ths source, ths temperature of the rock is raised.
When the temperature of the rock reaches a critical value, Tc (the de-
hydration, vaporization, or melting temperature, vhich will depend upon
the type of deposit), the water held in the rock is released and collected
at the surface. In the analysis, we have not considered the manner in
which the water flows as vapor or liquid to the surface. The maximum water
production will be obtained if all the wvater released within the rock can .
be collected. A-sharp spherical interface of radius R separates the water-
bearing deposit and the dehydrated deposit. The interface, vhich represents
s moving. heat sink, movas outward vith tiss as sore rock is heated and
water produced. In both rock zones--i.e., those containing water and those
in which water has been removed--heat is transported by conduction. If
the rate of growth of the interface vith time can be determined, the rate
of water production can be established.

Similar models may be established for a cylirdrical heat source
at constant temperature or constant heating rate, as indicated in Figure 1e
We FLave considered systems where the length of the cylinder is large com-
pared to its redius. o

Several assumptions have been used to simplify the calculations: |

1. The deposit surrounding the hest source is homog:n:ous '
(initislly) and at s constant initial temperature.

2. The thermal propertiss of the deposit are isotropic
and are specified by the density, specific heat,
thermal conductivity, and thermal diffusivity.

3. The water content of the deposit is uniform through-
out the structure. ;
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FIGURE 1. ANALYTICAL MODELS FOR WATER EXTRACTION CALCULATIONS
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4, The dehydration, melting, or vaporization temperature
of the deposit and thes heat required to produce the
desired phese change have & constant value throughout
the system.

5. After dehydration, the dehydrated media may have a
different thermal conductivity and diffusivity than
the virgin material,

6. The spherical heat source can be maintained either at
& constant temperature or at s constant power input,

7. The cylindrical heat source can be maintained at a
constant temperature or at constant power per unit
length,

The problem of determining the rate of water production as a
function of the physical and thermal properties of the deposit can be
formulated mathematically, but a general solution is difficult to obtain
without the use of a ccaputer. However, simplec analytical solutions have
been obtaiied for several particular cases vwhich are of practical signifi-
cance. We have considered the cases in which the heat of vaporization
is much smaller than, of the same magnitude as, or much larger than the
sensible heat of the rock at the dehydration temperature. The detailed
results of the calculations are available in the literature,(4

In order to compare the practicality of several typical systems
for in situ dehydration, we have assumed that an avevage of eight pounds
of water per hour is to be produced over a two-year period. (The total
wvater produced over the two-year period will be approximately 140,000
pounds.) Depending upon the type of geometry and the type of deposit
considered, the production rate may be uniform or may vary considerably
over the two-year period. Four typical types of deposits have been con-
sidered: (1) a rock containing 1% water which is loosely held (by physical
absorption, for example), (2) & rock containing 1% water which is strongly
held (for example, in the form of a hydrated mineral), (3) a hydrated
rock containing 102 water, and (4) an ice-sand mixture or permafrost con-
taining 40% water. The important characterisitcs of the systems are shown
in Table I. Specific heat and themmal conductivity values were chosen as
representative of the data in the literature. The heat of vaporization
or dehydration is an important quantity in the calculations; these values
have not boen determined with great precision for many types of rocks.

The values given here are based upon the data given by Brindley(5) and
others.

Other values of these parameters can be substituted for con-
sideration of other more specific types of deposits. Using the paramcters
given in Table 1 and the results of the analyses described above, the
oyerating temperatures and power requirements can be determined for heat
sources of various radii and length.
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Yor example, in the first type of deposit listed in the table,
the sensible heat of the rock is significantly greater than the heat of
vaporisation. If a spherical heat source of 5-ft radius is used, a tem-
perature of approximstely 1290°C is required to produce water at an
average rate of 8 1b/hr. PFor a 7-ft radius heat source, the heat-source
temperature is found to be 890°C. The power required (at the end of the
tvo-yesr period) is estimated to be approximately 80 kv for hea’ sources
of eitkir radius. (An ambient temperature of -40°C was used for thase
calculations.)

Similar calculations were carried out for each of the four sys-
tems described in Table I, for both spherical and cylindrical gecmetry
systems operating at either constant temperaturs or constant power. The
results of the calculations are shown in Tables 1I and III. A value of
800 cal/gm was chosen for the heat of dehydration for the rocks contain-
ing 1% and 10% water of hydration. A vaporisation temperature of 600°C
was chosen for the rock containing 1% water of hydration, and 650°C was
chosen for the rock containing 10% water of hydration. A vaporization
temperature . f 100°C was used for permafrost with a heat of vaporization
of 600 cal/gm.

Tables II and III show vhich systems may be practical for con-
sideration in water extraction processes and give estimates of the required
input power and heat source temperatures. Extraction of water from a rock
containing 1% water as a hydrated mineral would be impractical with rea-
sonable size spherical heat sources, because of the very high temperatures
required. A cylindrical heat source may be more practical; however, the
operating temperatures are still high, which may lead to material problems.

The wmost desirable system would be permafrost, because of the
high water content and the relatively low temperatures required for hy-
dration, Water can be extracted from 10% hydrated rock with reasonable
temperatures and power inputs if cylindrical heat sources or large spheri-
cal sources are used. For the production requirements considered above,

a beat source 10 feet in diameter and 100 feet high, operated at 1000°C,
would be required. The power required would be 370 kw at the end of the
two-year period. This is a very large heat source and may be impractical
since a hole would have to be drilled in the deposit to accommodate the

source. Also, this requires that the deposit be at least 100 feet thick.

The gensral conclusion obtained from these examples is that
although the power requirements for the process are reasonable and, for
soms cases, the temperatures requimd are well within the present state
of the art, large sise heat scurces are required. This would involve con-
siderable difficulty in emplacement of ths source. Moreover, problems
vith gas flov and sesling the formation would probably increase as the
radius and length of ths heat sources are increased. Other calculations
can be carried out for any specific system using the techniques discussed
above and described in detail elsevhere, (4
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As an alternative to the continuous heating process for in situ
vater extraction described above, step heating processes should also be
considered. Consider the detonation of a nuclear device of suall yield,
e.g., one kiloton, within a water bearing deposit. If the device is
placed sufficiently below the surface, the radioactivity can presumably
be contained underground, the cavity formed by the explosion will not
reach the surface and venting will not occur. Within the initially
formed cavity, there is a mass of molten and vaporized rock, steam, and
fission products. Part of the energy relesse from the explosion will be
absorbed by vaporization and melting, part will be transferred to the
surroundings by compressional waves, and part will remain in the radio-
active products within the cavity. If the water initially vaporized
wvithin the cavity could be transported to the surface without condensa-
tion, this type of process might be an attractive method for water
production on the moon. After the initial vaporization occurs, heat
flows from the cavity into the surrounding deposit at a rate determined
by the thermal properties of the deposit and the size and temperature
of the initial cavity. As a result of the gradual heating of the sur-
rounding material, additional water could be produced in & manner similar
to that described above for continuous heating processes.

We have carried out a simplified analysis of the initial and
long-term heating accompanying underground explosions in typical water
depouu.(“) According to the work of Johnson, et al, 16)" the initially
melted rock which is converted to glass on cooling amounts to about
500 + 150 tons per kiloton of released energy. About 30% of the total
energy released by the explosion is initially deposited in the steam and
hot rock formed in the cavity. Using this data we estimate that in de-
posits initially containing 1 and 10% water, 10,000 and 100,000 1bs of
water could be produced initially. The production would of course depend
upon sophisticated methods for conducting the steam to the surface before
condensation and redistribution throughout the formation would take place.

For a one kiloton explosion, by assuming that the temperature
of the initial cavity was in the order of 1200°C, and the rock had a de-
hydration temperature of 650°C, we estimate the additional water produc-
tion after the initial explosion corld amount to 13,000 and 110,000 lbs
for initial moisture contents of 1 and 10%, respectively. The general
conclusion for other yield nuclear devices is that the gradual release
of water after the explosion would be of approximately the same magnitude
as the initially released water. The calculations indicate that most of
the gradually released water would be produced within the first several
months after the explosion,

The step heat processes described above have beer simplifiecl for
the purpose of obtaining preliminary estimates of water production.
More detailed calculations should be carried out when additional informa-
tion from underground nuclear explosion tests are made available,

169




A
>

.
42

o PG,

IIT. ELECTROLYS]S OF WATER

Electrolysis appears to be the most liksly process for obtaining
hyd-ogen from water produced by s suitable extraction process. The design
of an electrolyser for use on the surface of the moon will, therefore,
' figure importantly in considering ths logistics burden for liquid hydrogen
production. s

Presently available commercial electrolyzers have been designed
to obtain a reasonable compromise betwsen low first cost and low operat 2
costs, the largest single factor in the latter being power consumption. (6
They tand to be heavy and bulky and use steel as a material of comstruction.
In the United States, electrolysis for hydrogen production is not a major
technology since vast quantities of waste hydrogen are available at oil
refineries. Rlectrolysis is used only in special circumstances, vhere
either small capacity output or high purity hydrogen is desired, or when
power costs are extremely low, ’

Operations on ths surface of the moon present a totally different
set of requirements. The source of energy for the electrolyszer would most
likely be a nuclear reactor, Since power consumption would have to be
minimized, ths electrolyser would have to operats efficiently. In addition,
weight would have to be greatly reduced since ths electrolyzer must, at
some stage, be part of a payload in a space wehicle. Envirommental factors,
particularly the extremes of temperaturr, high vacum, and exposure to
radistion will influence the design. The low lunar gravity will present
secondary problems in the enginsering design of an electrolyser.

' To design an electrolyser for use on ths moon, the electrochemical
data available for the eslectrolytic decomposition of aquesous solutions at a
variety of electrode surfaces will have to be re-examined. Of particular .
interest is the behavior of the lighter metals as gas-producing electrodes.
Corrosion problems probadbly will be too severs for such electrode materials
to be used directly, but possibly, light mstals covered with a thin cladding
of noble metal foil might be used. The electrods might be modified further
by covering it with a layer of platimm black, a surface showing minimm
overvoltage for gas evolutionm.

Another area of importance is the physicsl design of the elec-
trodes and their configuration relative to each other. The evolution of
ges bubbles increases the resistance between the electrodes; in a good de-

i sign bubbles would be released rapidly to minimise this effect. Reduced
gravity vill be an rtant problem here, since bubble rise time is
proportional to g-1/2. The techmology of fusl cell electrodes should be
considered and work already carried cut applied to this design.

The requirement for low resistamce and minimum corrosion points
towards ths selection of an aquecus alkal{ as ths best electrolyte. Nowever,
the choice of concentration and temperatura of operation would need to be op-
timised in concert with the choice and design of the electrods system.
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For materials of construction, glass-fiber re:nforced plastics
appear to be good candidates on the basis of their nigh strength-to-weight
ratios. Relevant technology has already been developed in the fuel cell
field. Numerous secondary materials problems will have to be overcome,
2.8., in connection with the requirement for adequate seals.

The design of an electrolyzer will be influenced by the methods
chosen for the hydrogen liquefaction process which may determine the re-
quired throughput rate. This rate will influence the volume of electro-
lyzer required, the maintenance to be supplied and the overall system
reliability.

IV. EYDROGEN LIQUEFACTION

The liquefaction of hydrogen ohtained from the electrolytic
process has to be accomplished by cooling the hydrogen until its sensible
heat has been removed and its condensation temperature is reached, The
final step in liquefaction requires the removal of the latent heat of
vaporization. In principle, the thermodynamics of the refrigerating proc-
ess are very well undc 'stood; however, the inefficiencies of practical re-
frigeration processes require complex designs for liquefiers to minimize
these inefficiencies.

The liquefaction of hydrogen can be based on well established
techniques with considerable background available from the experience gained
in the operation of industrial plants producing 30 torns of liquid hydrogen
a day and from design studies of space-borne refrigerators now reaching the

5 prototype stage. In a technical sense, therefore, the design of hydrogen
liquefiers for use on the lunar surface should present fewer obstacles as
compared vith other developments required fer the successful operation of

. a lunar base.

The lunar enviromment will influence the design of a hydrogen
liquefier in three important ways. First, the temperature excursions ex-
perienced by objects on the lunar surface, ranging from 105°K to 390°K,
require that parts of the liquefaction apparatus be designed to withstand
these temperature changes., Second, the effects of hypervelocity impacts
by micrometeoroids will lead to changes in abgorptivity-emissivity char-
acteristics of any exposed surfaces and pose an additional hazard of
penstration of such surfaces. Finally, dust particles may cover exposed
radisting surfaces snd change their radiating effectiveness.

These etvirommental influences can be expected to wmodify some
of the basic design approaches but are not expected to present insurmount-
able prodlems.

To operate successfully, the hydrogen liquefier will have to
perform for extended periods without requiring attention from an operator
or complex maintenance. The choice of components for the liquefier will

= have to be guided by the requirements for minimum weight and maximm re-
l1iability with a development lead time of up to ten years. Because of
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the schedule by which the liquefier will be required, it may be assumed that
adequate power supply systems will be available and that optimization
procedures based on minimizing weight in addition to power will be appro-
priate.

A, LIQUEFACTION PROCESSES

The following two basic processes can be considered:

1. High-Pressure Process

Figure 2 shows the flow diagram of a hydrogen liquefier which
utilizes Joule-Thomson liquefaction with precooling of the incoming gas.
Purified hydrogen at a pressure of about 100 atmospheres is supplied to
the liquefier by a compressor. The flow of gas is divided between two
heat exchangers. In the first heat exchanger, the incoming high-pressure
hydrogen is cooled by the low-pressure hydrogen gas returning to the com-
pressor; in the second heat exchanger, it is precooled by the precooling
liquid. The stream of partially cooled hydrogen then passes through another
heat exchanger filled with the precooling liquid and finally enters a Joule-
Thomson heat exchanger cooled by the returning stream of unliquefied hy-
drogen. At the bottom of this last exchanger is the Joule-Thomson expan-
sion valve which reduces the pressure of the hydrogen gas to near atmos-
pheric,causing part of the hydrogen to be condensed in a reservoir,while
the remaining gas is returned via the other heat exchangers back to the
compressor. The liquefier section is provided with a catalyst to produce
liquid parahydrogen and thus reduce the losses vhich would otherwise be
encountered by the spontaneous exothermic conversion of the 75% ortho-
hydrogen in the liquid,

Because the hydrogen gas would be made through the electrolytic
process, precautions would have to be taken to insure that only pure hy-
drogen reaches the liquefier, Otherwise, contaminating gases may solidify
and obstruct ths passages of the liquefier and particularly the JT expan-
sion valve. Small oxygen impurities could present explosion hazards inside
a high-pressure hydrogen liquefier when solid oxygen accumulates within
high-pressure hydrogen gas tubes.

The precooling liquid which in a conventional high-pressure
hydrogen liquefier is liquid nitrogen could be replaced with another liquid
having & higher boiling point but below 240°K. 240°K corresponds to the
conversion temperature for the Joule-Thomson effect. Expansion through
the JT valve will not produce ccoling unless the hydrogen is precooled
below this temperature. The advantage of using a precooling fluid with a
higher boiling point than that of nitrogsn would be to allow it to be
passed through a hesat exchanger on the lunar surface vhere such a fluid
could be cooled below 240°K by operating during the lunar night.

The high-pressure liquefaction process would require ths develop-

ment of an efficient high-pressure hydrogen gas compressor, but this appears
to be within the stats of the art,
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2. Lov-Presoure Liquefsction Process

Lovw-pressure liquefaction is an attractive alternative process.

‘In this process, vhich has been used successfully to liquefy helium, work

is extracted from the system by means of expansion engines, thus reducing
the energy content (and therefore the temperature) of the gas. The gas

is then further cooled by means of & Joule-Thomson expansion. The combi-
nation of JT expansion and expansion engines can provide more refrigeration
per unit of power and per unit of gas circulated. Its drawbacks are that
#ore complex machinery is required which would lead to an increase in de-
velopment effort for use of such a process on the lunar surface.

Rotating machines for the expansion devices are lightweight,
reliable, and have a long maintenance-free life, and appear to be best
suited to carry out gas compression and expansion for the liquefaction
procesc. Reciprocating expansion engines vhich have been successfully
used tend to require a highsr weight and may be the source of possible
contamination of ths gas stream. Turbocompressors and expanders can be
integrated into & system operating at lov pressure ratios and utilizing
efficient therwmodynamic cycles for the liquefaction process. A typical
flov diagram for tbe low-pressure process is shown in Figure 3, A helium
loop incorporating s compressor and two stages of expansion engines is
used to odtain refrigeration. In a separate loop hydrogen is cooled in
hsat exchangers and liquefied by expansion through a JT valve.

To achieve good component efficiencies, the expanders will have
to operats at speeds in the order of 200,000 rpm. The use of gas bearings
is mandatory vhen such high speeds have to be achieved. Because the work-
ing fluid can be used as a gas lubricant, contamination by other lubricants
and bearing matsrials is thereby largely eliminated.

The design of the radiator will be dictated by the conditions
found on the lunar surface,and a detailed optimization procedure will have
to be carried out to indicate whether continuous operaticn or operation
during the lunar night is preferable. For example, the coefficient of
pecformance is asbout four times higher during the lunar night. The de-
sign of the liquefaction processes optimized with respect to the overall
veight and desired efficiencies is wit the state of the art. Several
such design efforts are now in progress.(7,8,9,10)

A typical requiremsnt for power and output for a liquefaction
process is shown in Table IV. In general terms the high-pressure lique-
faction process utilises a less efficient cycle than the low-pressure
process snd requires more power and larger radiating areas. Mechanical
design of components for ths high-pressure process may be more straight-
forward,
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TARLE 1V
TYPICAL CHARACTERISTICS OF HYDROGEN LIQUEFIER

(Expansion Engine Cycle)

Reversible Work Requirements = 2 kw-hr/1b
Actual Shaft Work Requirements = 8-10 kw-hr/1b
Ratio of Shait Work to Heat Extraction = 70:1

Weight of Industrial Plant
(Exclusive of Power Supply) & 300-600 1b/kw

Estimated Weight of Lunar Plant
(Exclusive of Power Supply) ¥ 70-140 1b/kw

..

V. STORAGE OF LIQUID HYDROGEN

Whether the liquid hydrogen is produced continuously or inter-
mittently by a specific liquefaction process, significant quantities of
liquid will have to be stored for extended periods. The size of storage
tank required will be governed by the specific lunar exploration or lunar
orbit refueling requirements. It may be desirable to store liquid hydrogen
for periods in excess of one year so that larger quantities can be accumu-
lated using a liquid hydrogen production plant of fixed output capability.,
To provide a year's storage capacity for the output of a plant liquefying
at the rate of about one pound per hour would require a tank with a diame-
ter of about 16 feet. A diagramatic representation of the tank placed on
the lunar surface is shown in Figure 4.

A. LOCAYION

It is possible to consider two locations for the tank: buried
underground or above the lunar surface, Th2 underground location has the
advantage that the tank is not subjected to the extreme temperatures dur-
ing a lunation and that it is protected from the effects of meteoroid
impacts, However, the advantage of a subsurface location has to be weighed
against the possible difficulties of excavation and installation of the
tank, Detailed iaformaiion which will be obtained on the nature of the
subsurface materials and further studies of excavation and mining equip-
ment will guide the selection of the type of locationm.

Because the above surface location appears at this time to be
the most feasible, studies are being made of the parameters governing the
design of a liquid hydrogen storage tank located on the surface of the

moon,
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B. HRAT TRANSFERRED 7O THE TANK

The heat exchange between the storage tank and its enviromment
can be divided into two parts: (1) the heat received by the outside shroud
enclosing the storage tank and (2) the heat exchange between the shroud and
the storage tank.

The external shroud of the storage tank will receive direct
solar radiation, radiation reflected from the lunar surface, and radiatiun
emitted by the lunar surface and surrounding objects. The shroud will
radiate ensrgy to the spatial enviromment, which can be considered to be
a radiation sink approaching absolute zero. In addition, the shroud may
exchange heat with the lunar surface at points of contact with it,

Photometric evidence indicates that the lunar surface reflects
radiation according to a distinct lunar back-scattering law which may in-
fluence the radiation heat exchange between the tank and the surface.(11)
The emittance-absorptance characteristics of exposed surfaces may be sub-
ject to change with time because of erosion of temperature control coatings
by hypervelocity impacts and by dust deposition. To reduce the heat ex-
change between the environment and the external shroud, the use of external
radiation shields is indicated. The effectiveness of radiation shields has
already been recognized and promises to be of particular value on the lunar
surface. Figure 5 shows the two types of shields required. One shields
the shroud from direct solar radiation and the other isolates the shroud
from radiation emitted and reflected by the lunar surface.

An analysis of the effectiveness of such shields indicates that
the surface temperature of an external shroud may approach temperature
values nearly as low as those during lunar night when both types of shields
are used.(12) (See Pigure 6.) Because solar radiation is not falling on
the shroud, the ratio of solar absorption to emittance will have a small
effegt on the shroud temperature, thereby reducing the influence of unde-

siraple envirommental changes on these characteristics. Therefore, from
a thermal point of view, the above surface location may be preferable to

a subpsurface location because subsurface temperatures do not fall below
about -40°C,

i The external shroud may be designed to form the micrometeoroid
shield. Information is baing obtained which indicates that the effects
of direct micrometeoroid impacts can be dealt with adequately by a thin
shield spaced from the shroud. As yet unknown are the effects of secondary
impacts of debris reaching the shroud from materials thrown out by primary
meteoroid impacts with the lunar surface. Since ths velocity of these
secondary particles will be significantly lower than that of the primary
impacts, they will tend to penetrate the micrometeoroid shields, which
rely on the vaporization of the impacting particle at hypervelocity speed.
Such secondary particles could penetrate the shroud and damage the storage
tank., The frequencies, velocitiss, and trajectories of such secondary
particles will have to be established to obtain an indication of the

probability of catastrophic impact with the storage tank,
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Once the temperature of the external shroud has been established,
the tank design--in terms of the suspension, insulation and fill and vent
lines--can proceed. Of utmost significance to the successful storage is
the availability of high-performance multilayer insulations. Table V lists
typical mzlt;.laycr insulation combinations and indicates their thermal per-
formance.(13) Ppractical application requirements resulting in mechanical
loads and penetrations may degrade this insulation performance. Figure 7
indicates the important effect mechanical loads have on insulation per-
formance. An advance in technology will be required to assure that the
tank itself can be made leak-tight so that gas pressures within the in-
sulation are below at least 10-Jtorr.

The effects of penetrations due to structural supports and fill
and vent lines can be greatly reduced by providing heat stations and mak-
ing the most efficient use of the sensible heat of boil-off gases,

The size of supports connecting the storage tank to the shroud
will depend on whether the tank is designed to carry liquid hydrogen from
the earth to the moon or be delivered to the moon empty. If the tank has
to carry fuel from the earth a more substantial support may be required to
withstand acceleration and vibration loads. Once installed on the lunar
surface, the supports need only be strong enough to suspend the tank in
the lunar gravity field. For a storage tank such as that shown in Figure
4, supports a few thousands of an inch in thickness will be sufficient and
if suitably insulated will contribute only a fraction of a per cent of
boil-off per year in heat leak.

C. AUXILIARY REFRIGERATION

Based on an extension of present technology, it appears to be
feasible to construct a storage tank for liquid hydrogen where the boil-
off rate would be below 5% per year. In terms of the weight of liquid
being considered, the boil-off might be of the order of 400 pounds of
hydrogen. Although the total boil-off rate is quite small in terms of
our present experience with liquid hydrogen vessels, the total weight of
liquid hydrogen lost is significant. To further reduce these losses it
may therefore be of interest to consider supplying auxiliary refrigera-
tion to eliminate boil-off gases completely,

The refrigerator weight required to handle various heat leakage
rates to the tank is shown in Figure 8.(18) por small heat leakage rates,
the weight of the refrigerator {including its power supply) may be attrac-
tive when compared with the loss of liquid hydrogen. For storage periods
in excess of one year, the use of a refrigerator would have a definite ad-
vantage particularly if power is available to meet the refrigerator power
requirement, The design of refrigerators has already proceeded to the
prototype stage(15) and indications are that, in the design of liquefaction
processes, no extreme technological difficulty should be encountered.
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FIGURE 8. ESTIMATED WEIGHTS OF SPACEBORNE RECONDENSING SYSTEMS FOR

CRYOGENIC PROPELLANTS
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VI. SUMARY

The following statements summarize our present considerations on
the production of liquid hydrogen on the lunar surface:

1. Water can be extracted from lunar water resources
provided deposits containing approximately 1% water
and occurring in significant quantities can be
located.

2. The engineering feasibility of both in situ processes
and processes using mined deposits is promising. De-
tailed investigations of the economics of water ex-
traction and justification of selection of a specific
process must still be carried out.

3. Processes using mined deposits appear to be exploit-
able vwithin a reasonably short time after the first
lunar landing is accomplished.

4. In situ extraction processes will require the support
of a large lunar base operation with complex technological
capabilities.

5. Basic information exists on the principles of electrolysis
of water; however, detailed design studies and development
of materials suitable for use in lunar-based electrolyzers
have yet to be accomplished,

6. Extrapolation of present hydrogen liquefaction processes
indicates that adequate information on optimum thermo-
dynamic cycles, co ponent design and overall performance
of process machinery will be available at the time lunar
operations are required.

7. The long-term storage of liquid hydrogen on the lunar
surface will be feasible if present development progress
continues.

8. An optimum process has to be selected and work on the
reliability, degree of automation, maintainability and
minimum labor requirements for this process has to be
carried out before a detailed cost effectiveness com-
parison of water produced from lunar deposits and
water transported from earth for use on the moon can

be made,
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DISCUSSION

VOICE: What is the present outlook for polyester film, Doctor?

DR. GLASER: If the vacuum is of the order we expect it, 10-6, they are very good.

MR. GREEN: With regard to the underground explosion, you mentioned a chimneying
effect, and most of the steam escapes, and the Good Lord makes rocks so homogenous
that | question the retention of a great deal of water underground.

DR. GLASER: That is indeed a problem, and | think | have some further work on
Plowshares.

DR. GEORGE WU, Westinghouse: Dr. Glaser, how much energy, or what percentage
of the energy was considered lost to the surface of the moon, or to the moon itself in the
production of water? You indicated you were producing eight pounds of water per hour.
How much of that energy was lost to the moon that did not produce water?

DR. GLASER: We assume that all of the energy that is being put into the rock is being
usefully conducted to the rock, Since the energy sources would be buried probably at least
a hundred feet underground, that energy could only go into the rock. And, let's say the
twelve kw up to 80 kw we have been talking about would be expended in heating up the
rock to the temperature needed for this dehydration to occur. Now the problem that you

~ face is that the production rate varies as interspace between the spent rock and the fresh
rock moved outward from the heat source. And | think we have presented a' number of
charts in this report to Cambridge Research Laboratory which would give you the further
details for which you are perhaps looking.
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REQUIREMENTS FOR ON-SITE MANUFACTURE
OF PROPELLANT OXYGEN FROM LUNAR RAW MATERIALS

8. D. Rosenberg
G. A. Guter
M. Rothenberg

This peper presents estimates of plant weights, pover requirements,
and nanpower requirements for a chemical plant operating on the lunar sur~
face. The estimates are for a plant usiag the Aerojet Carbothermal Process
for the mammfacture of propellant oxygea from lumar rav saterials. Por
these estimates, it is asswmed that no wvater is presenzt in, or obtainadle
from, the luser material. Naay of the estimates are dased oa the iafore
Bation Aerojet has obtained as a result of research on the carbothermal
process. This research is supported, in part, by EASA-OAR? under Contract
NAS 7-225, and, in part, by Corporate fusiing.

A brief description of the carbothermal process is presented, followed
tyuammmotouhott our majer process sections. Flow dia~

savings can be realised with radiative cocoliang methods based upon specific
assumptions. Theee estimates are under continuous revision at Aerojet as
nevw data, techniques, and equipment become available.

= Research oa a chemical rrocess for the manu~
ture of oxygen from lunar rav materials was initiated by Aerojet-General
42 1961 and is deing contimued under Corporate spomsorship and FASA-OART
support under Comtract NAB 7-225, "Research om Prcoesses for Utilisation of
Iunar Rescurces.” The Asrojet Cardothermal Process is used to estimate
plant nt;s '4a this paper; the process is represented by Bquations (1)
mw [}

"
e

nsioy s 20, ML) 200 +am, om0 8 (1)

2004-6!2-“:9-)2@ + 210 (2)
ax,o—nl9212¢oz ' (3)
The hydrogea produced ia Stepe 1 and 3 is recycled to Step 2 and the
oothane predused in S%0) 2 10 od to Step 1. The overall process is
thea represented by Equatica (4).
w,+hqrg ,——-)'uo+u+oz (4)
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Nagnesiua silicate is representative of the type of lunar rav material vhich
is probably most readily available on the lumar surface. Any water present
in the silicate, either as hydrate or chemically bound as hydroxide ion,
will be obtained as a by-product through simple pyrolysis in Step 1.

Investigation of all three steps of the process is now underway. Re~
search on Steps (1) and (2) is being supported by NASA-OART under Contract
NAS 7-225 (References 1 and 2). Aerojet-General is supporting work oa
Step (3). The estimates of the requirements vhich are made in this paper
are based upon the best information on the process which is availabdble to
date. The flow sheet for the entire process is shown in Pigure 1.

Heat Relection - The need to reject waste heat at various locations in
the plant requires a detailed study to determine the most feasible method
for heat rejection. 7Two methods were used in this study: (1) a dual-cycle
refrigeration system to "pump" the heat up to a high rejection teaperature,
and (2) direct heat rejection by radiation to space. The first method is
based on standard refrigeration principles. It employs p-butane as the
primary refrigerant with vater as the secondary refrigerant, and a heat
transfer medium to a space radiator. Refrigeration is not used in the
second method. Instead, the assumption is made that a radiator is able to
reject heat directly into 0°K space.

In the estimates for the different sections, weights and powers are
given for these two different methods of cooling. In the following tadbles
and figures, Method 1 indicates the refrigerative technique; the radiative
technique is indicated by Method 2. The details of the two methods are
discussed in a later section of this paper.

Reduction of Silicate with Nethane - The estimates of energy require-
ments are based on the following changes:

uszoﬂ.)(loo‘c) - Icsm,muszv%). 0K = 59.62 kcal/mole (5)

cn‘(soo"c) e cn‘uszv‘c). 0% = 21,76 kcal/mole (6)
12(5w°c) — n2(1627°c). A% = 8,50 kcal/mole (7)

10 +2CH, —> 200+ 81+ + 4 N, OK = 200.57 kcal/mol
Ng3104(,) 4 oo 2 of u;s:o;' ) (8)

The process flow sheet for this section is showa in Pigure 2. Table }
susmarises the coaponent weights and power requirements of this section
based on 90% utilisation of the available oxygeam.

Reduction of Carvop Mopoxide with Hydrogen - The estimates of heat und
power requiremeants are msd°01 the following changes:

co+3m, 205, CE, ¢ B0, A= -51.61 keel/mole  (9)

L (5°€) —> K (250°C), AR = 1,58 koal/mole (10)

00 (1399°¢) —> 0 (250°C), &K = -9.14 keal/mole (11)

i, (1399%) —> L, (250°C), &8 = =8.42 kcal/mole (12)

cu, (250%¢) —> cx, (25°%), A% = =2.25 koal/mole (13)

50 (zso‘c)(') —> L0 (zs‘c)u). AR = =12.35 kcal/mole (14)
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The component weights and power requirements for this part of the pro-
cess using Nethod 1 are summarised in Tadle 2. Table 3 summarises the
corresponding requirexents using Method 2. The process flov sheet for this
section is shown in Pigure 3. The operating temperature of 250°C is used
as a conservative value. Operating at higher temperature offers a modest
advantage in reducing waste-heat radiator weight.

Yater Rlectrolysis = The bulk of the electrolysis unit weight origi-
nates in the refrigeration cooling system and radiators used for the re-
Jection of low=-temperature hoat. The details of this wec’’ ) are shown in
Tables 4 and 5, and in Figure 4. A high-pressure electro., sis unit will
allov operation at higher temperatures and higher efficiencies - a situ~
ation advantageous both for weight and for power savings. However, high-
pressure electrolysis requires considerably more maintenance dus to added
corrosion problems and higher structural weight. Consequently, detailed
trade—off anslysis of low pressure vs high pressure electrolysis is re-
qu“do

Qxygen Liquefaction and Storage - The oxygen liquefaction system is
composed of Norelco Type 12080 gas liquefiers. These units use helium as
& refrigerant; some make~up helium is requirsd. The details of this
section are shown in Tables 6 and 7, and in Figure 5. The amount of helium
indicated in the tadbles is for a l-year operation.

The oxygen storage system consists of 10.5-£4-0D0 (0.40-in.-thick wall)
spheres of aluminmum, each capable of containing a 6-month supply of oxygen
when it is produced at a rate of 6000 1b/month. These spheres are insul-
ated to reduce boil-off. MNo oxygen is lost because of boil-off as the gas
is recondensed and returned to storaje. The utilisation of empty oxidiser
storage tanks on lunar landing vehicles may eliminate the need for these
storage spheres. Table 8 and Figure 5 summarise the details of this system.

Aafrigeration and Heat Badiatlion - The flow sheet for iie refriger-
ation system used for Nethod 1 cooling is shown in Pigure 6. MNumerical
values noted apply for a heat rejection rate of 1000 Btu/hour. These

values may be multiplied by the factor —3‘1.&' to obtain correct values at any
desired heat rejection rate of Q Btu/hour,.

The liquid g-butane absorbs the heat at 20°C (30 peia), vaporises, and
is compressed to 250 peis (105.5°C). The stream gives up its latent heat
to 1iquid water at 100°C (14.7 psia) and condenses at 105.5°C (250 psia).
Upon flowing through the expander, the j-btutane partially flashes until its
temperature and pressure are lowered to 20°C (30 psia). It is then re-
turned to the heat exchanger where the cycle is repeated.

The vater oycle operstes similarly dut condenses within the radiator
o] at 204.5°C (250 peia) prior to recycle. The radiator operates continuous-
't 1y at this temperature. 7The radiators used are assumed to be stationary

: and t0 lde parallel to the lumar surface 20 as t0 be exposed to the full
rediation of the overbead sun (lunar mid-day) - an extremely conservative
approach, '
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The radiator material is assumed to have an absorptivity of 0.35 and
an emissivity of 0.77. The heat rejection rates for this type of radiator
are taken from KReference 3. The reported values are lowered to allow for
an estimated 80% efficiency. The radiator weight factors used in our esti-
mates were 1.25 1b/ft2 surface area for a plain radiator, and 4.0 1b/ft2
surface area for a radiator with refrigeration., This latter value was also
used for systems in which fluids condense or cool in tubes within or
attached to the radiator., The 4.0 weight factor was obtained from Refer-
ence 3,

Compressor efficiencies are taken as 80%. The extra power required is
rejected as heat from radiators attached to the compressors. Weights of
standard compressor and motor units selected for use here were reduced by
assuning that non-electrical parts could be fabricated from lightweight
aluminum alloys.

Refrigeration is not needed in Method 2. The assumption is made that
the radiator sees 0% space either by being perpetually shadowed (e.g.,
when located in depressions near the polea), or by being movable so as to
present only an edge to the direct rays of the Sun. An iron-clad aluminum
radiator would provide an emissivity of about 0.5 in a lightweight body.
Reflectors on its underside and edge would prevent pickup of most of the
radiation from the Moon's surface and from the Sun. The weight factor is
taken as 2 1b/ft2 surface. Once again, an 80% efficiency factor was used,

Total System Weight and Power -~ Table 9 lists the total system weichts
and power requirements for the three lunar oxygen plants, using Method 1
(refrigerative cooling). Table 10 does the same for Method 2 (radiative
cooling). The differences in weight and power requirements for the two
methods are striking, indicating that heat rejection techniques are of
major importance in lunar plant design. In either case, scaling factors
remain about constant,

In summary, this study indicates that a lunar oxygen plant with a pro-
duction capacity of 6000 1b of oxygen per month, and based on the Aerojet
Carbothermal Process, would weigh approximately 10,275 1b and require 132
kve using refrigeration cooling; a similar plant using radiative cooling
exclusively would weigh approximately 7850 1b and require 93 kwe. All
estimates are based on a conservative approach to the problem at hand,

MANPCWER ESTIMATES

It is estimated that a maximum of one-third of a man-day will be re-
quired for plant operation and maintenance for each 24 hours of plant
operation for each of the three plants under study. One month of plant
operation will require 240 man-hours of labor. Based on a cost of
$100,000 per man-hour, the labor cost for the manufacture of 1 1lb of oxygen
using the 6000-, 12,000-, and 24,000-1b capacity plants are $4000, $2000,
and $1000, respectively.
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COST COMPARISONS

The dollar costs for the manufacture of oxygen on the Moon can be com-
pared with the cost of delivering oxygen from the Earth by using a cost of
$5000 per pound of payload and a labor cost of $100,000 per man-hour. The
cost comparison is given in Table 1ll. Thus, the manufacture of 6,000 1lb of
oxygen per month for 1 year would cost $342 million (Method 1, most con~
servoiive estimate) wvhile the transport of an equivalent amount of oxygen
would cost $360 million.

Larger savings would be realized if the cost of oxygen storage on the
Moon were considered. In contrast to manufactured oxygen, the transport
cost of oxygen does not include the cost of lunar storage. Similarly, the
utilization of lunar landing vehicle propellant tanks for storage will re-
duce the cost of manufactured oxygen while the cost of transport oxygen
will remain the same,

The data reported in Table 11 dramatically indicates that much greater
dollar savings will be realized by the manufacture of propellant oxygen on
the Moon as the oxygen requirements are increased above 6000 1b per month.

REFERENCES
l. S. D. Rosenberg, G. A. Guter, F. E. Miller, and G. R. Jameson,
Research on Process Util on of Resources, Aerojet-
General Summary Report No. 2757, Contract NAS 7-225 (December 1963).
2. 8, D. Bosenberg, G. A. Guter, and F. E. Miller, Research on Processes

m_mymm_zt_m.gfmu. Aerojet-General Summary Keport
No. 2895, Contract NAS 7-225 (August 1964).

3. st tems, V X, P +« George C. Marshall Space
Flight Center Report MTP-M-63-1 (March 1963).
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DISCUSSION

CUESTION: In your talk | did not get whether or not your power cost figure had been
cranked into that ?

DR. ROSENBERG: No. As | said, this is a turnkey package. So we have not con-
sidered the weight, or the cost or the problems of delivering what | would call a nuclear
electric power plant. We have not considered that, but another group in the committee in
the subgroup will be doing that. So eventually we will be able to come together on that
problem.

MR. GREEN: | take it you are going to process 29 pounds of rock per hour which will
take 8-1/3 pounds of methane per hour?

DR. ROSENBERG: Right.

MR. GREEN: You are going to deliver it, is that right?

DR. ROSENBERG: Yes. The weights here include the initial weight of the methane.

MR. GREEN: What about make up?

DR. ROSENBERG: Well, no make up. We will hope that we will approach perfection,
which we will not, but a plant this size presupposes a rather substantial carbon generating
plant on the moon, rnamely man himself. We have got ¢ pretty good garbage dump here,
And would be glad to have the carbon, but not the sulphur. But you are right, one of the
logistic requirements of this plant will be methane, in modest amounts,

MR. GREEN: What about replacement?

DR. ROSENBERG: No, the methane is recycled. It is just make up, and the more
clever we are in the design the less dependent we will become. But this is not a one-

charge methane run-through, because the whole plant is based on recycling.

MR. THOMPSON: in the carbon monoxide production process you showed that it is
catalyzed?

DR. ROSENBERG: Definitely. Catalyzed reactions very similar to Sebatier.
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SOME USES FOR PLANETOID RESOURCES

D. M. Cole

We have been hearing quite a lot about the moon - perhaps ninety percent of the work
of the Working Group has been on the moon. Dr. Steinhoff mentioned yesterday that there
were, after all, other places in the Solar System, and as you know Dr. Steinhoff him-
self has studied the possible use of resources on Mars and the Moons of Mars.

| want to look at something different today, which | think might be of particular in-
terest to the Working Group. In one way my remarks will be quite similar to those of
Jack Green this morning, in that he was asking you questions; | will ask similar questions
about what kind of resources we want the most, where we are likely to find them. How-
ever, | will take a broader look at the whole Solar System, rather than just the moon.

Now what objects in the Solar System would be of interest to us? That depends of
course on who we are; if we are astronomers, then we have one sort of interest - if we
are looking through telescopes; if we are people sending out rocket probes, we might have
another interest - another attitude toward what is interesting in the Solar System, we
would have still another set of attitudes toward what is interesting and what is feasible,
and | think the Working Group on Extra Terrestrial Resources has still another attitude
toward what is interesting and feasible. | have tried to list here my own opinion as to
the interesting objects in the Inner Solar System as to degree of interest (Figure 1). These
are ordered on a basis of feasibility, accessibility and desirability, and | think that this
ordering would be applicable both to the explorer and to the Working Group to try to come
up with such a list. We hear so much about the Moon, Mars and Venus, and they are
not necessarily the most interesting space objects to a group like this.

Although this was done in a very qualitative way - this weighting and ordering -
quite a study could be made of trying to make such a list. Note in order the Moon close
approach planetoids, Moons of Mars, the Planetoid Belt, and Number Five is Mars.

Now between four and five, we have a practical division. The first four are things
that we can do something about in terms of manned space flight with extension of the
Apollo Program, with Saturn V and with the technology being built up for the Apollo Pro-
gram.

Now many people feel that to land on Mars we need nuclear rockets and if that is
true, we have a propulsion system division there between numbers four and five. In any
case, | heard on television a couple of days before | came down here that somebody was
talking about the Moon of Jupiter as the next thing to look at after Mars, and | think their
order of interest was the Moon, Mars and then the Moons of Jupiter. | don't know who
that was, but there are some other things which perhaps should get prior consideration to
the Moons of Jupiter.
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Figure 1



Mercury, for one, should come ahead of the Moons of Jupiter in terms of feasibility
of getting there; it is a much easier job and it takes a lot shorter time. Particularly since
Kosyrev has found that it has a hydrogen atmosphere. We might even be able to use the
atmosphere of Mercury for atmospheric braking, which reduces the total velocity require-
ments for the round trip very considerably.

Now where should we put Venus in the list? This depends on what model of Venus
we take. If we take the Mariner model, then it doesn't appear to be a very interesting
place to go for any explorers or for members of the Working Group who want to make use
of resources.

Figure 2 shows some of the basis for this ordering of space objects. And here we
get a little difference between the explorer and the exploiter. | don't know whether we
want to call ourselves exploiters or not in this group, but maybe that is what we are. We
want to use things, anyway.

Now the explorer is interested in the velocity requirements that he needs, velocity
changes that he has to go through to get to the destination and back again. The exploiter,
if he wants to use materials from this space object and particularly if he wants to use it
comewhere else, may be interested in a different set of velocity requirements. In parti-
cular, | think the most useful extra-terrestrial resource that we could possibly get hold
of would be rocket propellants that we could return to low earth orbit. If we could have
a source of rocket propellants at low earth orbit, we could reduce costs and change the
entire picture of space flight logistics. So, if we use that as a criteria, how can we get
rocket propellants back to low earth orbit? And how hard is it to get the payloads back
from various places in the Solar System? We get the sort of a list shown in Figure 2,
velocity in feet per second required to go from the various places back to low earth orbit.
From the earth's surface it is 30,000 feet a second; from the moon 9000, and this ob-
ject of which we will hear more later, Wilson-Harrington, is only 1,000. Eros is 2,000,
the Moons of Mars 7,000, Mars itself 20,000, and the planetoids out in the belt be-
tween Mars and Jupiter, some of them about 3,000, if they have low inclinations to the
plane of the ecliptic. If you look at the relative energy invoived, which is a much better
measure of difficulty than the velocity, you see an enormous difference between, for ex-
ample, Wilson-Harrington and the earth's surface.

Note that for the Moon compared to the earth's surface, you have a factor of about
ten in energy. That looks as though it would be a good idea to bring propellants from the
Moon back to low earth orbit. Actually it might be if we had a good enough technique for
doing it. However, using the kind of rockets we have now and factoring in all the hard-
ware you must take to the moon to generate the propellants, this is a very marginal pro-
position. If we have some very futuristic device like the electric catapult that Arthur
Clarke suggested for firing projectiles back from the Moon to low earth orbit, then that
might become a pretty good source.

The Moons of Mars are a little better source in terms of energy than the Moon. Mars
itself does not look good at all, it is almost as bad as the earth. The belt planetoids look
pretty good. Eros looks very good, and Wilson-Harrington looks perfect.
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The next question concerns the kind of materials we mignt find on these planetoids
and so we have, in Figure 3, a table of probable composition. On the left we have the
major components in the compounds, and on the right we have the trace elements.

Now how can we have such a table when nobody has been there? Well, of course,
we don't really know that this is the way things are on the planetoids, but this is per-
haps the best guess we can make right now. This table is actually from Middlehurst
and Kuipers' book, " The Moon, Meteorites and Comets." It is from the chapter by
J. E. Wood, and this is the composition of the ordinary chondrites, which as most of
you know constitute 75 percent of all the meteorite falls. You remember that about half
of all the meteorites are those seen to fall, and the other half are called the finds. The
finds are almost all irons, whereas the falls are 93 percent stones. And, of the falls,
75 percent are the ordinary chondrites. Note one very significant item down near the
bottom. Water approximately three-tenths of one percent for the ordinary chondrites.
Now the carbonacious chondrites, you may know, run very much higher, some ten to
twenty percent water.

Ancther interesting point is that we would have some hydrogen there, we would have
oxygen, and almost everything else we might want for setting up a base on a planetoid,
but there is one item that might cause some embarrassment, and that is nitrogen. Only
ninety parts per million - only ninety atoms of nitrogen for every million of silicate. To
provide for growth of our base or for a colony on the planetoid, we would have to have
some source of nitrogen.

Perhaps | should have started with Figure 4, but | assumed that everybody in this
room carries a little picture like this around in his head, anyway, and so we don't have
to go over the geography of the Solar System. | do want to point out one of these bodies,
Eros, which comes in close to the orbit of the earth but does not cross it.

And Geographos, another typical close approach object, which actually crosses the
orbit of the Earth and goes inside almost to the orbit of Vent's. Now we will have to try
to remember those orbits as we go on to Figure 5.

We have again Geographos and Eros, and a couple of other interesting ones - lcarus
that goes inside the orbit of Mercury, and of course Ceres representative of the belt as-
teroids out beyond Mars, and Betulia which we will mention in a minute again. | think
those are enough to have a feel for what all these things are.

There are a couple of interesting points about Figure 6 and also a change. On the
left we have the condition of the orbit of the most important close approach asteroids.
The upper ones are in good condition. That is we are pretty sure of finding them on
every return. The next lower group were considered doubtful, and the lower group have
been considered lost. Just three years ago there were only four of these, Eros, Icarus,
Betulia and Geographos with good orbits. In 1962 Ivar was recovered and this year
Amor was recovered.
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Now the change in the table. Some of you may want to write it in. Dr. Sam Herrick
has recently announced that 1948 OA is now in good shape and he has given it the maiden
name of his wife, Toro; Betulia, as you know, is the first name of his wife, and she is
the only person, | believe, who has two planetoids named after her.

Ncw this is an interesting point, that we have two of these recovered this year.
According to Sam Herrick's group out at the University of California, there are two more
that are not listed on here at all, and it looks as though they can be recovered also.

Figure 7 is an interesting picture of Betulia taken with the image orthicon system.
Notice the stars and Betulia bracketed by the marks and note the shifting position in the
very short time of fifteen minutes. The nteresting point about them is that you get a
sharp point, you see that the star background and asteroids are both points in the photo-
graphs. Ordinarily you either have to follow the stars and get the asteroid as a streak,
or follg'y the asteroid and oet the stars as a streak. If we are looking at a close approach
object, it goes by so fast .. is very difficult to follow it. For one thing, you usually don't
know it is qoing to be there until you accidentally discover one. All the very close approach
objects have seen picked up in this way, that is, accidentally. So you would not be
able to sweep with it, and if you are following stars, the planetoid appears as a streak,
and then of course the light intensity at any point is much lower. So you can actually
follow it this way, you get a much higher intensity on a point and you get a much better
chance of seeing it.

Now | want to go very quickly over some tables of interesting planetoids that we might
want to study further in the future.

Figure 8 is a list of the twenty-five largest. Now we couldr't get all we wanted in
here, but it goes down to sizes of about 100 kilometers, and all of them might be interest-
ing in some respects. But if we want to actually travel there, we would like to have them
with low orbital inclination. It makes an enormous difference as any of you astronauts
know, if your inclination is five or even ten degiz:es out of the plane of the ecliptic.

We have one, Massalia which is a very interesting combination of large size - a
little better than 100 kilometers - and very low inclination - less than a degree.

Figure 9 shows some other large objects which all have low orbital inclinations -
all of them less than three and a half degrees. And these objects all exceed 80 kilometers

in diameter.

There is still another point of great interest if we are planning to go to the planetoids,
or use them, and that is how close are they to the earth. So we want to look at the peri-
helion distance. On Figure 10, we tabulated some with small perihelia as well as low
inclinations. In this group, we have very low inciinations, less than three degrees, and
perihelion distances of less than two astronomical units.

One of these in particular is very interesting and that is Renzia. It comes in just
to the orbit of Mars, 1.6 AU, and has a very low inclination, 1.9 degrees.
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Back in 1961 some of us were wondering what the ideal planetoid would be from
the point of view of manned exploration and possibly using its resources.

We did not see any with exactly the right characteristics in the tables of asteroids,
so we made one up, called Hypotheticus (Figure 11) which would travel along a transfer
orbit from Earth out into the asteroid belt.

In other words, we wanted cne with a perihelion of very close to 1 AU, a short
period, a very low inclination to the plane of the ecliptic and a reasonably small size,
so that we don't have a gravity problem in landing on it. Therefore, we said Hypotheti-
cus would be three miles in diameter.

The date of discovery of this interesting object we said would be 1963, mostly for
fun, but noting that we do discover these things pretty often, and there should be such
an object. We saw no reason why there wouldn't be one with a diameter of three miles,
perihelion distance about 1 AU, or maybe a million miles off. (Figure 12). We wouldn't
care if it was within a million miles.

Now so far as | know, nobody discovered such a thing in 1963, in spite of our pre-
dictions, but what did happen was that in 1963 an object came up out of the dusty tomes
in the library and was published in Middlehurst and Kuiper's book in the table on short
period comets. And this is the object we have seen here before, Wilson-Harrington,
1949 G, and these are its characteristics on Figure 13. The perihelion distance is
almost exactly 1 AU, the inclination 2.2 degrees - almost nothing. Several of the
planets we hope to go to are even more than that. And one other point not on here, dia-
meter 3.6 miles. So here was this object that had been lying around on a shelf in the
libraries for many years. Why wasn't anybody interested in it? It was discovered back
in 1949; it was listed as a comet, the astronocmers were not thinking about going any-
where in the Solar System - most of them - and the astronauts were not thinking about
going to comets. Most of the comets, of course, are not too attractive from the explora-
tion point of view. In the first place, such a trip would be rither hazardous, but the
worst thing is that trajectory energies are enormously high and it would be very difficult
to land on most of the comets. The shortest period, one that most people talk about,
is Encke's Comet which is over three years and even that would be pretty tough. You
can send a probe there but if you actually wanted to rendezvous with it, that is another
matter. The astronomers weren't interested in Wilson-Harrington and the astronauts did
not know about it.

So let's see what they actually said about this thing in 1949, and the important
thing, (Figure 14, this is a page from the Journal of the American Astronomical Society),
the important point is here in the middle. "All the images are strong and entirely asteroi-
dal in appearance, except for the small faint tail on the first two plates." They took
plates over a period of a week and only on the first two plates was there any tail visible.
There was no coma. In other words there was apparently a solid nucleus like an asteroid,
and | think it is quite unfortunate that it was listed as a comet when it should more pro-
perly be considered an asteroid.
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CHARACTERISTICS OF THE ASTEROID HYPOTHETICUS

Date of Discovery - 1963
Diameter - S miles
Mass — 1015 e
Density — 500 Ibe/ft3
Orbit Period — 2 years
Peribelion Distance - 1L01A.U
Aphelion Distance - 2,18A.U.
Semi Major Axis - 1.59A.U.
Inclination of orbit to

Ecliptic - 0°
Eccentricity - .31
Perihelion Velocity — 21 m.p.s.
Velocity Relative to

Earth at Perihelion — 3Im.p.s.
Impact Velocity - T7.6m.p.s.
Aphelion Velocity - 9.68m.p.s.
Required Change

in Ap. Velocity - .0328m.p.s.
Energy per pound Required

for Orbit Change — 465 ft 1be
Impact Energy per pound  — 24.9 x 10' ft Ibs
Energy Ratio — 53,400 -

Figure 11
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ORBIT OF THE MINOR PLANET
HYPOTHETICUS

HYPOTHETICUS

MARS ORBIT

EARTHORBIT

ZaS

SUN

Figure 12
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176 Reports on the Progress of Astronomy Vol. 110

1949 g was the first comet to be discovered with the
new 48-inch Schmidt telescope on Palomar Mountain, It was
found on two plates, taken in red and blue light in Pegasus
on November 19:1 for the National Geographic Society-P~lomar
Sky Survey, by Albert G. Wilson and Robert G. Harrington.
L. E. Cunningham, trom prints of the photographs, estimated
the magnitude as 12, and stated: "All the imsages are strong
and entirely asteroidal in appearance except for a small faint
tail visible on the first two plates; there is no trace of
coma...." (H.A.C., 1052). His preliminary calculations of
the elements of the orbit indicate that it was probadbly of
short period, and the comet close to the Earth (0:°16A.U.) at
discovery. Unfortunately there was a month's delay in reduc-
ing tl.e initial observations and, at no more have been reported
since November 25, a reliable determination of the elements

cannot be made, an¢ the comet must be considered lost.

Figure 14
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And even more 'nfortunate, note the last line, "the comet must be considered lost."
Now that is true not only of this object but all the planetoids that have come within a
million miles of the earth., They are discovered as they come by, they are going so ra-
pidly that we get a very short view of the orbit and none of these very close objects
have been recovered. That doesn't mean that they can't be recovered. Wilson-Harring-
ton should have been visible for a period of about two months and was only actually ob-
served for a week. So | think we can expect better luck in the future. There is even a
possibility, although not too great a probability, of recovering this one. Some of Dr.
Herrick's people think there is a chance, particularly if somebody has picked it up at
some other time, and they can put the data together.

I think | will skip Figure 15 after just one comment. If you look at all the places
you might want to go within the Solar System, and think about this in terms of getting
rocket propellants to the strategic points, you can break down all your trips to less than
15,000 feet a second. This is the kind of thing that Dr. Steinhoff was talking about
when he said that if we could make a recoverable vehicle and use it over arain, con-
tinuously, in one stage, that this would be a very great benefit to space transportation
costs. So 15,000 feet a second is a very nice velocity for a one stage hydrogen-
oxygen rocket, and if you can break up your trip in this way, that is store fuel at these
places and carry it there, perhaps from planetoids, you really have it made and you can
travel all over the Solar System cheaply with chemical propulsion.

Now we talked about bringing propellants back from the planetoids to the orbit of
the earth, and we have been thinking up until now at least about going out there with
our vehicles and loading up the empty tanks with the propellants and bringing them back
into Earth's orbit. Now maybe that is the way we will do it.

There is another possibility, a very intriguing possibility, and that is that we actually

bring a whole asteroid back. And we do this by making a trip out there and making an
expedition to the planetoid and at the perihelion point giving it a kick with some propul-
sion device which changes its orbit only a slight amount so that its perihelion coin-
cides with the orbit of the earth. (Figure 16). Now we have indicated herc we could

set oif a bomb something like the project Plowshare, or the Orion or a combination of th:
Plowshare and Project Orion. In other words, we explode several kilotans, that is,
fairly small bombs to make this initial correction.

The must difficult thing in terms of propulsion comes when your planetoid passes
near the earth, at which point you would have to throw it from heliocentric orbit to geo-
centric (Figure 17). That takes a lot more propulsion and it goes up to several megatons
instead of kilotons. Whether you would actually use this kind of a propulsion system
or not is not important here and it is much too early to go into detail. The important
thing is that there is, at least theoreticaily. a method by which this could be done within
the available capabilities of our present rockets.

in other words, the several megatons needed to do this could be carried by a single
Satum V Rocket out to one of these planeioids. We need another Satum V to carry the
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SPACE TRANSPORTATION VELOCITY REQUIREMENTS

Low earth orbit to escape
Low earth orbit to high lunar orbit
Low earth orbit to Mars

High lunar orbit to surface of moon
or to Mars orbit

Surface of moon to Mars orbit
Surface of Mars to low Mars orbit
Low Mars orbit to earth

Surface of Mercury to low orbit

Low Mercury orbit to orbit of Venus
Low earth orbit to orbit of Venus
Orbit of Venus to orbit of Mercury
Low Mars orbit to asteroids

Asteroids to Jupiter

11, 000 fps
12, 000
13, 000

8, 000
15,000
15, 000
10, 000
11,000
12,000
12,000

9,000
15, 000

10, 000

Figure 15
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crew and some of the hardware, but with two Saturn V's you could conceivably work
such an operation. Now whether you want to use this method or some other one is not
the point at this time. The first thing is to ga out there and reconnoiter and explore

the thing.

If anybody is concerned about blowing up the entire planetoid when you set off
the bombs, look at the crater size on Figure 18. This is the crater of a one megaton
bomb in a rock planetoid about three miles in diameter. So you are not going to blow
up the whole p lanetoid, if it is made of rock or iron.

If it is made of ice you would perhaps not want to use this method. On the other
hand an ice planetoid would be so valuable that less efficient methods of propulsion
could be employed.

Of course the capture of entire planetoids will not take place in the near future but
we can begin to plan the first steps - the unmanned probes and the manned exploratcry
flights. We need not wait for nuclear rockets in the 1980 decade as we apparently
must do for Mars. We can send men to a planetoid using only one or two Saturn V
boosters as compared with eight to a dozen for a landing on Mars.

What new great manned exploratory flight shall we undertake after Apollo? Must
we wait another ten or fifteen years for a Mars landing? A manned interplanetary flight
to a minor planet could be made in the middle of the 1970 decade using our present
booster technology. While Mars may seem a more exciting target in terms of immediate
scientific payoff, the trip is far more difficult to accomplish. And the long term pay-
off from the planetoid flight may be at least as great when we consider the implications
for reduced space transportation costs, planetoid capture, and extraterrestrial colonies.
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A METHODOLOGY FOR AN ECONOMIC ANALYSIS
OF TRANSPORT AND MANUFACTURE STRATEGIES
FOR THE RESUPPLY OF LUNAR BASE RESOURCES

David Paul, 3rd

OBJECTIVES:

The Logistics Requirements Subgroup of the Working Group on Extraterrestrial Re-
sources undertook a study to determine the potential desirability and the eventual practi-
cability of the use of extraterrestrial resources to enhance the accomplishment of future
national space missions. Those missions involving the manned exploration and exploita-

tion of the lunar surface, were designated as first priority and the group's principle effort
was so directed.

The Subgroup's analysis will attempt to define initial, but necessary, criteria for the
effective development of extraterrestrial resources. The Subgroup will highlight those
resources whose successful development would suggest significant advancements toward
completion of national space goals and thus be worthy of the initiation or continuation of
applied research and technology studies. To establish this judgement the Subgroup chose
a "manufacture or transport" analysis as a possible criterion of choice. The Logistics
Analysis Committee was chartered with the deterination, as a function of time and pro-

jected mission requirements, of lunar transportation system capabilities, availabilities,
and costs.

The committee was also requested to conduct an operations analysis comparing the
costs of supplying expendable items totally from earth with the costs associated with lunar
surface manufacture. It was then necessary to relate this economic analysis to a resource

demand analysis, thereby generating the data which the Subgroup requires to make appro-
priate recommendations.

SCOPE:

The philosophy to date has been to establish the methodology of an acceptable and
logical approach to the problem, to make appropriate sensitivity analyses of the parameters
affecting the economic comparisons, and to establish preliminary results depicting the area
most fruitful for continued effort. When adequate resource priorities have been established
and the various feasible processing techniques defined a more sophisticated approach to the
economic trade-off should be attempted. In the interim the preliminary data generated by
the Subgroup should prove indispensible for advanced planning purposes.

The transport option nas been defined as a resupply technique wherein the complete
replenishment of expended lunar station resources is accomplished via logistic rockets.
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Once the extensiveness of the nation's space flight program has been postulated the
availability of launch vehicle production and cost data allows this option to be readily
analyzed and the operating costs assessed to an acceptable degree.

The manufacture option is defined as the supply of a lunar station expendable through
the development and operation of an extraterrestrial processing plant. The analysis of
the costs attributable to this option requires an understanding of the evolution and opera-
tion of postulated manned lunar exploration and experimentation stations, of the available
equipments, and of man's capabilities in the lunar environment. Most probably these
analyses will be subject to critical individual interpretation. It is assured that these early
analyses can only develop a preliminary assessment of the manufacture option costs; how-
analyses adoption of a consistait cost consideration should prove adequate for sensitivity
analyses and initial economic assessments.

A manufacture vs. transport decision should not be considered without a "market
assessment”" upon which to project the economic analyses. A preliminary resource demand
study was performed during the report period and should serve to orient the results of the
economic "break-even" analysis.

METHODOLOGY:

Assumgtions:

The analysis described herein has assumed an uninterrupted national space flight pro-
gram which includes increasingly extensive manned lunar operations utilizing semi-permanent
lunar stations to perform desired exploratory and experimental tasks.

The projected space programs which had to be assumed in order to develop the analysis
have been based on a NASA budget which is restrained to grow no faster than the nation's
gross national product. Obviously, this assumption places an upper limit on the extrapo-
lation of data presented in the report.

The analysis has assumed that "learning" associated with production operations will
act to decrease the cost of launch vehicle flight attempts as the number of such attempts
is increased. "Learning" associated with both the use of common equipments throughout
the various space flight missions and the occurrence of high production rates in any one
time period has been factored into the analysis.

Of course, many minor weight, cost, and operational assumptions have been incor~-
porated into the initial analysis described in this report. It is suggested that eventual
sensitivity analyses will indicate that the relative nature of these assessments will not
serve Lo drastically perturb the interpretation of the results.

AEEroach:

The charter mission of the Logistics Requirements Subgroup is interpreted by the
author to be the determination of, and the eventual recommendation for development »f,
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those extraterrestrial resources which can feasibly be exploited, which are operationally
desirable, are economically practical, and which are capable of development within the
timeframe of interest.

As shown on CHART 1, the selection of promising resources obeying the constraints
suggested above must consider the following factors: (i) the transport cost burden assumed
if the resource is not exploited; (ii) the manufacturing cost burdens associated with set-
up and operation of the postulated processing equipments; and (iii) a resource demand
assessment to establish the desirability of the resource's development.

CHART 2 der.icts graphically the methodology employed in the analysis of the Earth-
to-lunar-surface transport option cost burden. The primary assumption, that of the exten-
siveness of the national space flight program, determines the launch vehicle availability
and the flight history of the various flight systems. Once this postulation has been ex-
pressed, the calculation of the transport option cost burden is simple and straight forward.
It was convenient to handle expendable consumption as a monthly rate which automatically
set other parameters, such as launch rate, on the same monthly basis.

The manufacture option cost burden computational methodology is shown graphically
on CHART 3. Itis seen that this analysis is also dependent on the postulation of the
extensiveness of the national space flight program to establish appropriate gost data for
lunar surface man-hours and lunar cargo transport. In addition, a resc:'rce manufacturing
or development concept must be delineated in sufficient detail to define the monthly re-
quirements for: electrical power, equipment, re-supply items, man-power, etc.

A "market analysis" can be generated from the assumed national space program which
assesses the lunar surface demand for a given resource as a function of time. These re-
source demand estimates will have a significant influence on the eventual recommendations
made by the Subgroup. A graphic indication of the methodology applied to this estimation
is shown on CHART 4.

RESULTS:

The transport option cost burden parametrics, shown as the output of the analysis de-
picted on CHART 2, represented the primary goal of the Logistics Analysis Committee
during the year. An Interim Report, dated July 1, 1964, was presented to the Subgroup
during its working session of July 7 and 8, 1964 which discussed in detail the methodo-
logy associated with the transport option and presented appropriate cost burden results.
An up-dated version of the summary chart shown in the Interim Report is reproduced here
as FIGURE 1. It depicts, for the Satum V logistic transport vehicle, the transport cost
burden, as a iunction of the resource demand, for the various time frames of interest. The
cost burden shown represents the costs associated with the more familiar tem "direct
operating cost." The resource demand, expressed as a monthly rate, is equal to the
amount of resource transported to the lunar surface. The effects of unreliability during
the various phases of transport are reflected in the cost burden values shown.
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Since the postulated national space program has such an influential effect on the
results of this study, the assumed launch calendar, extracted from the Interim Report,
is reproduced for reference as FIGURE 2. On this graph the flight history of the various
flight systems comprising the Saturn V vehicle is shown as a cumulative total. It should
be emphasized that the postulated program shows an expenditure of approximately 500
Saturn V vehicles over a 20 year period; ie., an average yearly launch proaram of 25
attempts. It is suggested that this program, while seeming ambitious at this time, may
well prove to be a reasonable national comqiittment to space exploration. It should be
recognized that less ambitious programs show an appropriate increase in the unit costs
for cargo transport and extraterrestrial man-hours which would tend to prolong the point
in time at which resource manufacture becomes desirable. The postulation of an austere
space program would, almost by definition, rule out any consideration of the exploitation
of extraterrestrial resources.

Due to the fact that sufficient data describing manufacturing processes for extraterres-
trial resources was not easily generated by the various Burden Committees within the Sub-
group, the Logistics Analysis Committee was unable to complete its secondary charter
task, that of conducting the economic analysis to determine appropriate "break-even"
points in the transport vs manufacture decision, during this reporting period. It was de-
cided therefore to concentrate on the development of the methodology associated with the
analysis such that, as data becomes available, the various resources and their processing
concepts can be analyzed on an equivalent basis.

Some data, describing a postulated lunar surface oxygen processing plant, has been
received from Dr. S. D. Rosenberg of Aerojet-General Corporation who has recently been
investigating the associated chemical processes under a NASA contract sponsored by the
Office of Advanced Research and Technology. This data was extremely helpful in es-
tablishing various criteria for the comparitive methodology. While some preliminary re-
sults have been generated concerning the economic analysis for this concept, they have
not bean sufficiently developed for presentation at this time. It is certain that these
results can be incorporated into the next progress report.

In an effort to describe the methodology and the expected results of future economic
analysis, a family of curves representing the manufacture option cost burden for a typical
resource processing concept has been sketched and is shown as FIGURE 3.

It should be emphasized at this point that the curves shown on Figures 3, 4, and 5
only represent typical results expected from the development of the analysis; the scales
shown on these Figures are not necessarily representative of any real process or space
system.

FIGURE 4 shows the manufacturing cost burden curves with the resource demand es-
timates superimposed as uncertainty bands which, varying with time, represent various
levels of effort within the scope of th.: national space program.

Since the transport option cost burden data (see FIGURE 1) is plotted to the same
coordinates it is possible to overlay these curves and thereby determine, for any given
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time frame, the resource demand required to make the manufacture option economically de-
sirable. If the break-even point is seen to also lie below a band representing the poten-
tial market (ie. the resource demand) then, of course, the particular manufacturing concept
under analysis could be considered as a potential means to satisfy the lunar surface de-
mand for that resource and should be recommended for further study. FIGURE 5 shows a
sketch describing the circumstances discussed above and represents the expectea results
o: the economic analysis.

A preliminary analysls has been generated for the optimistic, but easily analyzed,
situation wherein lunar surface ice deposits are pustulated to be readily available. Mining,
melting, electrolysis, and liquefaction operations were considered in the transformation
of the ice mineral into liquid oxygen. The transport option data was extracted from Figure
1, shown earlier. The economic analysis of this situation is shown on Figure 6. It can
be seen that a "break-even" point between the transport and manufacture strategies exists
in the 1970 time frame if the LOX demand exceeds 30,000 pounds per month. Since
this use rate is greater than the requirements estimates, it is apparent that manufacture
cannot be considered in this time frame as an economic enhancement to lunar operations.
For the 1972 time frame, an economic assessment would indicate that the manufacture
option should receive further consideration. By 1975, the analysis predicts that savings
of $10 - 15 millions accrue each month by employing the manufacture option, if 10,000
pounds of liquid oxygen are required per month to operate the base. An analysis of the
development costs associated with the processing equipment should be performed to sub-
stantiate the "break-even" point time frame. If the predicted savings will then adequately
amortize the capital outlay associated with process development, the manufacture option
could be recommended.

SUMMARY:

The high costs associated with extensive logistics transport from Earth to the lunar
surface should encourage the search for methods which might reduce this burden. One
concept, among others, would be to utilize extraterrestrial resources where possible to
minimize the transport load. Economic, or break-even, analysis should be performed for
each available resource and its associated manufacturing concepts to limit the development
of the schemes to those which show the most promise as a space program adjunct.

An alternate approach to reduced space transport costs, in direct competition with
extraterrestrial resource development, would suggest the development of less costly launch
vehicles and thereby a reduction of the cargo transport burden. The development of a re-
usable Post-Saturn booster capable of transporting much heavier payloads, the achievement
of high energy nuclear upper stages, the establishment of reusabie, orbit-to-orbit systems
employing advanced orbital rendezvous techniques and orbital launch operations, or various
combinations of these concepts holds the promise of significant reduction in the cost per
pound of lunar cargo. It is important that these possibilities be factored into the analysis.

It is believed that a technique has been developed which can be used to make a pre-
liminary assessment of the worth of postulated extraterrestrial manufacturing plants within
various possible postulations of the space program.
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From initial operations with the technique it appears that the desired break-even
points can be located and analyzed. It is suggested that the Subgroup's goal of selecting
and recommending promising schemes for resource development can be achieved.

PROJECTION:

It is anticipated that data will become available during the next few months which
will allow the analysis technique to be exercised for a spectrum of processing concepts.
The Committee will thus be able to refine and generalize the methodology while learning
to interpret the results of the initial efforts.

A computerized version of the technique would prove invaluable in sensitivity analy-
ses which can lead to real understanding of the interactions of all the parameters and of
their influence on the break-even point. The development of a machine routine will be
considered during the coming months.

The consideration of launch vehicles other than Satum V will be continued and the
transport cost burdens established.
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DISCUSSION

DR. STEINHOFF: | would like to make a few remarks concerning Mr. David Paul’s
paper, and call his attention to 2 report by RAND, which was published in connection with
the Post Nova studies (RM-3501). I contains a detailed economic analysis of the Post
Nova mission portion, and also includes an analysis of the cost of propellants. I[f you
were to make a comparison of your considerations with those of RAND, you should actually
have an opportunity to consider the expenses of having the propellants produced here, as
compared to the cost of logistics bringing these here. It would show us the benefit of
utilization of local fuel production.

| thought that this would be something you would like to know. It certainly shows that
we need to have more people look into it. There are probably many bits and pieces
published here and there which would be quite valuable to our Working Group if brought
together into real context.

DR. EDSON: There are other situations, terrestrial ones, to which this same form of
analysis is applicable, for instance, the development of underdeveloped countries which
switched over from a dependent colonial existance to an independent or semi-independent
industrial mode of operation. More particularly, the analogy can be shown in such
operations as Anartica and Greenland and other places on Earth, Have you run across, in
your studies, any literature, or back-up information, that might help to mature the analysis
or throw light on our problem?

MR. PAUL: No, Sir, | have not. | have not investigated the literature on this point.
it might, however, be a very interesting search.

DR. EDSON: 1| should think that if analyses of this nature have not yet been performed
then one of the earlier areas for practical application of the analysis could be Anartica or
Greenland to effectively test the answers. | can help to make the appropriate contact in
this matter if someone else can't do it faster and quicker.
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LUNAR BASE MISSION CREW
NUTRITION SUBSYSTEMS OPTIMIZATION

C. W. Craven
D. L. Dyer
R. G. Lindberg

Space crev diet need not be varied, but should de formilated for
proper fat-protein-carbohydrate balance. Missions under six to twelve
monthe duration vill carry all food. Longer missions will quickly start
regenerative (photosynthetic) systems.

INTRODUCTION

In revieving elements of space crev mutrition (food, water, and vaste
management ), many studies and proposed schemes can be found in the litera-
ture (1-6). These are for crews varying in size from one to seversl members
aend for missions lasting up to several months. All of the studies approach
the problem in a similar manner in that man's metabolic requirements are met
by providing typical foods to vhich he has become accustomed through many
generations of social and economic pressuwres. Variocus vorkers have con-
sidered this spproach necessary since a vell-fed man from both the metabolic
and esthetic point of viev is judged best as a performer. Human experience
does not fully support such an approach to feeding and the dynamic importance
of food. Through the ages, man has used many unique substances for nutrition.
At onc time or another, he has eaten just about anything that could con-
ceivably have food value (7). There are numerous cases of survival and epic-
mking explorations during vhich man performed exception lly well vhile limited
to meager rations or subjected to actual starvation.

The present reviev has been made to outline man's energy requirements
and sugpest possible nev ways of meeting these requirements for a lunar base.
For these missions, men will probably be required to perform light house-
keeping chores and mmke such scientific observations as might be required in
oprrating a solar observatory. For missions lasting only a few months, foods
cen be supplied from the earth, if sufficient attention is given to the
selection of high energy low bulk substances. However, for longer missions,
provisions mict be made to obtain foods from lunar resources since the cost
of continued rwsupply from the earth will be prohibitive. It is expected
that adequate suppiies of wvater and minerals will be available at the lunar
base through reclamation of waste products in the environmental control sys-
tem and perhaps from surface rocks. An unusual amount of ultraviolet energy
is to be expected since radiation from the sun will not be subjected to
atmospheric filtering. Lunar food producing units, i.e., algae tanks, plant
tissue culture vats, hydroponic gardens, and beds of edible fungi might be
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supported from wvaste products and the available lunar resources.

Man's dynamic living processes are reasonably well understood. Food
substances vital to these processes are converted or degraded through well
defined metabolic pathways to furnish tissue-building elements and are oxi-
dized to provide required chemical energy. The total process of metabolism
is dependent upon adequate surplies of oxygen and water, the former as an
oxidizing agent, and the latter to afford an optimm wet reaction medium
and transport mechanism. Food substances necessary to adequate mutrition
include proteins, fats and carbohydrates. In addition, vitemins, certain
minerals, and wvater are required.

REQUIREMENTS

Proteins fulfill essential roles in the body, affording sources of
nitrogen and amino acids contributing to tissue structure. Of the amino
acids that have been recognized as physiologically important, eight are not
sufficiently syntbesized in the body's metabolic pool, and must be supplied
in foods (8). This group of essential aino acids includes isoleucine,
leucine, lysine, methionine, phenylalanine, threonine, tryptophan and valine.

Fats in the diet are an important source of energy. On a weight basis,
fats are twice as rich in calories as either carbohydrate or protein. In
addition to furnishing the essential unsaturated fatty acids, linoleic and
arachidonic, fats serve as the carrier for fat-soluble Vitamins A, D, E, and
K.

Carbohydrete in the diet is essentially an energy source. However, the
body interconverts carbohydrate, protein and fat in the metabolic pool so one
is the source of another within certain limits. The simple carbohyd:rates
(sugars and starches) are readily stible and efficiently utilized by the
body, but the complex carbohydrates (cellulose, hemicellulose, and lignin)
are not completely digestible and yield bulky intestinal residues that add
greatly to the problems of waste disposal.

Vitamins recognized as essential include: Vitamin A (vision, cell
differentiation, bone growth), thiamine (carbohydrate metabolism), riboflavin
(tissue respiration), niacin (tmue respiration), ascorbic acid (cellular
enzyme systems), Vitamin D (calcium metabolism), Vitamin Bg group (co-enzyme
systems), Vitamin Bjo (enzyme systems), folacin (nucleic acid synthesis),
pathothenic acid (coenzyme A), biotin (enzyme systems), Vitamin E (tissue
metabolism), Vitamin K (blood processes).

Important inorganic dietary mineral elements include: calcium (skeleton
and teeth), iron (hemoglobin and enzyme systems), sodium and potassium
(osmotic equilibrium), phosphorus (skeleton and teeth), magnesium (bone and

catalysis for cellular reactions), copper (enzyme systems and blood formation),

iodine (thyroid hormone), fluorine (bone and teeth). Bssential trace elements
include cobalt, zinc, manganese, molybdenum, and bromine.

Man is a sort of wa’ yr-producing machine, producing about 7-10% more water

than he takes in (9-12). In general, water is produced at the following

260

-
0

A e e N




PR L _ N——— ]

rate (13):
103 g Hy0/1000 kcal protein, or 0.kl g By0/g protein
150 g H;0/1000 keal carbohydrete, ar 0.60 g Hy0/g carbohydrate
119 g B,0/1000 keal fat, or 1.07 g Bx0/g fat

Thus, if provisions are made to reclaim water in a closed environment, man's
vater requirements can be met without ocutside supplies.

In considering energy requirements, it is convenient to choose a refer-
ence man (in this case, & uan: age 30-40 years, weight, 155 1lbs., height 5'9",
surface area 1.85 square meters) since metabolic rete is closely related to
age and size (14). A mumber of reviews and studies have been made to define
daily food and oxygen requirements for man during a space mission. A recent
analysis (15) outlines possible savings in oxygen subsystem weight and adopts
the following material balance.

Minimal Requirements ‘lbz-nﬂz
Oxygen .00
Water (beverage and in food) .00
Foods (dry besis) .25

=\ N

This quantity of food provides 3000 kcal based on a theoretical "food molecule"
molecular weight 1002, 53% carbohydrate, 26f fat, and 21% protein. The 3000
kcal requirement can possibly be lowered to 2400 kcal when considerstion is
given to effects of reduced gravity (16). Such a lowered caloric requirement
would reduce the dry weight of food to 1.00 1b/man day.

DIET ,
After extensive feeding studies, Sargent et al (13) recommended that the

2000 kcal of a restricted "survival” diet be distributed in the proportions of

15% of the calories from protein, 52§ from carbohydrate, and 33% from fat. ]

This is equs . to a weight distribution of 19% protein, 64% carbohydrate, and

18% fat. With this diet, 2400 kcal would be provided in 1.08 1b of food.

However, these recommendations vere based on comparisons of the diet above

witu three extreme cases: a 100% carbohydrate diet; a fat-carbohydrate diet ;

without protein; and a fat-protein diet without carbohydrate. While these

comparisons were quite appropriaty for study of survivel diets intended to

delay physical deterioration over a two-week period, the problem at hand

requires study of less extreme variations. The possibility that reduced gravity

vill decrease caloric requirements is by no means estadblished. It is quite

possible that work in pressure suits, combined with the exercise needed to

maintain zood physical condition, will require increased energy.

In providing ordinary food, most workers have selected a wide variety of
meals for preservation (normally dehydretion) and peckaging since they have
considered these best from the standpoint of optimum weight and organoleptic
acceptability. A recent proposal by Karstens, et al (6) lists 1.k 1b of dehy-
drated food per man-day; this in close agreement with work reported by
Welch (17). The excess weight is largely due to the decreased digestibility
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of such foods. The disadvantage of excess weight is readily apparent for long
missions. In addition, lowered digestibility results in more intestinal
wastes for disposal. Besides 30114 vaste residues from digestion, there are
several materials vhich tend to coataminate the air. A list of the principal
contaminants has been prepared by Olewinski (18), and is sumsarized below.

From Feces and Flatus
katole

Indole
para-Cresol
Propionic acid
Ammonia
Caxbon Dioxide
Hydrogen Sulfide
Methyl Mercaptan

These contaminants vhich result from incomplete digestion of foods
(especially protein) must be removed since they are toxic, thus increasing
the problem of waste disposal. The tedious applicetion of complicated
technological processes for waste disposal might be greatly simplified through
the use of carefully selected low residue diets. Packaging and storage
weights for a dehydrated diet might be reduced from an estimated 20% to less
than 5% if carefully prepered diets were utilized.

Although human nutritional studies and feeding experiments have been
quite limited during recent years, these studies have helped to define man's
mutritional needs in terms of caloric intake as related to performance (13,
19). Dietary requirements and recommended allowvances have been reviewed by
the Pood and Nutrition Board, Netional Academy of Sciences (20).

Synthetic chemical liquid diets suitable for normal growth and life
span of Tats have been described in detail (21, 22). Since these diets were
formulated for rat feeding experiments, consideration was not given to their
use for human feeding. However, the work did indicate that such diets were
sound from the nutritionnl point of view and might bde adapted to man should
the need arise. More recently, an attempt has been made to adapt such a diet
t0 human use to gain the advantage of low fecal output and precise control of
diet composition (23). This develoresnt has been chiefly concerned with detailed
assay techniques for determining purity of dietary ingredients, biological
adequacy of the final formulation, long term stability and nmutritional
efficiency. Bome fesding experiments have recently been completed in which
human subjects were fed only a synthetic liquid diet for a six-month period
(24). Volunteer subjects vere able to complete the experiment without
apparent psychologic or physiologic damsge and at all times were able to do
light work and exercise associated with the day-to-4ay process of living.

C~aposition of the synthetic diet is listed below:
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Amino Acids - 70 g

L - Lysine L - Alanine
L - Histidine L - Glycine
L - Arginine L - Aspartate
L - Tryptophane L - Proline
L - Phenylalanine L - Glutamate
L - leucine L - Glutamine
L - Isoleucine L - Tyrosine '
L - Threonine L - Serine |
L - Methionine L - Cysteine
L - Valine

Minerals
Ammonium Muiybdate Magnesium oxide
Cobaltous Acetate Manganese acetate
Cupric Acetate Potassium Hydroxide
Ferrous Gluconate Potassium Iodide
Fructose - 1l:6-Diphosphate Sodium Chloride

Zinc Acetate
Carbohydrates - 584 g

Glucose Glucono - gamma-lactone

Fat - 2 g
Ethyl Linoleate

Vitamins
Vitamin A Alpha - Tocopherol
Calciferol
Benzoic Acid Inositol
Ascorbic Acid Niacinamide
Biotin Pyridoxine
Panthothenic Acid Riboflavin
Choline Thiamine
Folic Acid Vitamin By,

These substances were dissolved in sufficient water to make 1 liter of formula
diet. The mixture wvas fed ad libitum with daily consumption averaging 2000 cc,
which amounted to 2.8 1b solids per day, and over 5200 kcal. In addition to
the unusual amino acid content, the diet wvas apperently deficieut in fat,
being composed of 89% carbohydrate, 10.7% amino acid, and 0.3% fat. Subjects
complained of fraquent gestro-intestinal upsets including nausea. Variations
in diet flavor, i.e., cola or fruit, afforded some relief.

In other feeding tests, obese subjects have been subjected to starvation
for iong periods of time without injury (25). PFood was withheld to accelerate
wveight loss, and vater vas purmitted ad libitum with selected vitamins.
Although these subjects were all compulsive eaters, they vere readily able to
adapt to the regime, and usually experienced no hunger sensation after 2-4
days. One of eleven subjects continued for 117 days, losing 116 1bs. The
mean loss, weighted by the length of each experiment, was 1.12 1b (506 grams)
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per day. There were serious side effects in five cases. DBecause energy is
derived largely from fat, ketosis may be a problem (13, 26).

These trials shov that the human diet can be altered to an unusual degree
and still be acceptable, indicating the fessibility of a completely formlated
food for space missions. Such a food would be best for optimum crew nutrition,
most easily stabilized for storage, and economical in weight and volume. The
development of such a food is of great importance to the early lunar base
mission. There is need for further study of diet composition. It is quite
1likely that a wide range of compositions will be acceptable when the quantity
available is large. As the weight and caloric content of the diet are
restricted, the range of acceptable compositions will be restricted.

FOOD PRODUCTION

Even if the food requirement can be cut to a very low level - say, one
pound per day - it must eventually become an excessive burden on the trans-
portation system. Such a burden could be removed only by food production on
the lunar base. This brings up the question of vhether food can be produced
in the lunar envionment; and if so, vhether production would be practical.
There are basically three schools of thought on means of food production, each
of which is necessarily tied in with carbon dioxide-oxygen exchange.

1. Total chemical synthesis
2. Bacterial carbon dioxide fixation (chemosynthesis)
3. Photosynthesis

Total chemical synthesis has been recommended for conversion of carbon
dioxide via carbon monoxide and formaldehyde to & carbohydrate mixture (27,
28). The only reported test wvas unsuccesaful (28). The specificity required
for food production appears to be very difficult to achieve in a strictly
chemical system.

Bacterial carbon dioxide fixation employs various species of Hydrogeno-
monas vhich metabolize hydrogen, oxygen, and carbon dioxide to produce cell
material and water (29). The food quality of the bacteria produced is not
yet known.

Photosynthesis is, of course, a more familiar process, and could make
direct use of one of the more obvious extraterrestiial resources, sunlight.
Because of its obvious applicability, use of photosynthesis for space opera-
tions has been studied extensively; and here, too. there are problems. The
familiar food plants have a very low net efficiency beczuse of relatively slow
growth, space requirements, and the high proportion of indigestible material
such as cellulose, which they produce. Lr. S. 8. Wilks (USAF/SAM) has sug-
gested the use of duckweed for gas exchange and food production, but mutri-
tioral dste are lacking (30). The unicellular algae have been extensively
studied bscause of their applicability for carbon dioxide-oxygen cc-wversion,
but data are still not adequate. Studies with rats fed Chlorella have indi-
cated fair digestibility, reasonadly good protein quality, and no definite
adverse effects (31). The only algal feeding experiments with humens indica-
ted that pond-grown algae are not a good food and are not well tolerated at
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levels above 100 grams/day (32). It remains to be seen whether algae grown in
pure culture will be better for humans. It is also quite possible that other
species of algae would provide better food. Various suggestions that algae dbe
fed to animals (ranging in size from brine shrimp to beef cattle) mst be
ruled out for the present because of the great loss of efficiency for each
added step in the food chain.

Assuming that it is possible to produce food at the lunar base, would it
be practical? This question may be restated: Are there missions for which
food-producing machinery would weigh less than the food needed? In the
strictly mathematical sense, it is apparent that, for sufficiently long mis-
sions, a systen producing even a small part of the required food will be
lighter than a stored-food system - but how long must this mission be? The
answver involves a comparison of the total weight of the stored-food life sup-
por! system with the total weight of the food-producing one. If the second
system were of lower total weight, the answer would be obvious, and this sys-
tem would be used for all missions. However, all food-producing systems now
appear to be heavier. In this case, the mission length in question, or "days-
to-crossover", is determined through dividing the difference in system weights
by the weight of food replaced per day. It seems quite unlikely that a food-
producing system will be employed for installations to be used less than six
months. For longer durations the probability increases considerably. During
establishment of the stdtion, personnel will at first have to be fed from
earth-supplied provisions, with conversion to the regenerative system as soon
as practical. A supply of completely formulated food will be of great value
for long storage at the lunar base in case of emergency.

Several major ";mestiona remain unanswered:

1. What will be the actual caloric requirements for the lunar base
environment?

2. Can the survivel diet recommended by Sargent and Johnson (13)
be irproved for extended use?

3. How critical are the proportions of protein, fat, and carbo-
hydrate in the diet?

4. How greatly does individual variation affect the answers to the
previous question?

2. Can Hydrogenomonas becteria serve as food, and to what extent?
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. Can algsl composition be shifted toward a more desirable food
without undue sacrifice of growth rate?

. What are the total weights of the various possible life-support
systems, each with the best available design?

RECOMMENDATIONS

A completely formulated diet for space crews should e developed to pro-
vide a known and dependable food source. The crew members should use this
diet during training in order to overcome prejudices built up over years of
eating coumon foods. This period will provide baseline data for physiological
studies; and individual variations which could cause trouble will be detected
in good time. The formulated diet will provide nutritional support until per-
manent facilities are established, and could be uced as an emergency reserve
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DISCUSSION

DR. MARK, of G.E.: | would like to meke a statement that refers to what Dr. Lind-
berg said, that man will, in essence, eat anything, and man can adapt to fantastically
cold temperatures, high atmospheres, and semi-starvation. We have a whole history of
extremes that man can eat, ranging from torredo worms in the tropics to grasshoppers. In
addition, a fisherman can keep his hands in water cold enough to freeze us, and keep his
hands in it for hours. The Sherpas of the Himalayas can literally sleep in the snow that
would freeze us, and can survive, but he would not be happy. Now | know that sounds
facetious, but it is not. If you take those of us who went through the C Rations of World
War 11, now that gave us nutrition, but left us unhappy. The point | want to make is that
we must condition the men to not only tolerate, but to accept different diets.

We have just had a very outstanding example of this. We have just run a whole series
of tests with food in simulated space capsules utilizing diets and dehydrated food. In our
most recent study we had two meals that were liquid, that were very tasty and a third meal
during the day was dehydrated food ( a combination of natural foods). Before our sub-
jects went into this, they accepted the simulated space food very well, but after the se-
cond day, one of our subjects simply would not eat it.

MR. DOLE: 1 would like to say that | agree with the last comment from the floor very
wholeheartedly. The armed services certainly found this out during the war. As a matter
of fact in the Navy they are very cognizant of the fact that food has an awful lot to do with
morale, particularly as exemplified by submarine duty where the submariners constantly
bragged about the wonderful diet they had on the submarines, chicken and real cream, and
so on, and this was a big thing to them. It has a lot to do with morale.
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THE FCOLOGICAL COMPLEX IN EXTRATERRESTRIAL BASES

8. H. Dole

Writers have frequently suggested that, when human beings establish bases on
the Moon or on Mars, we should create miniature replicas of our own natural
ecological complex within sealed chambers, and that the reliable and time-
tested processes that supply us with food, fresh water and oxygen on Earth
are those best suited to extraterrestrial bases. The purpose of this paper
is to examine the concept of an Earth-style ecological complex created with-
in an extraterrestrial base, and to compare it with other kinds of life-sup-
port systems that might be \sed, at least in the earliest versions of such
bases.

Several desirable requirements for life-support systems in extraterrestrial

bases may be specified: high relisbility, minimum weight transported from

i Earth, ease of installation and maintenance, effective conversion of metabol-

] ic waste products, and maximum use of indigenous supplies and materials. I

' vill not attempt to examine all the conceivable varieties of life-support sys-

tems in the light of these requirements but will merely compare the principal

classes of such systems, and point out the major factors bearing on their use J
in extraterrestrial bases.

For purposes of orientation, let us suppose that we could reproduce man's nat-
ural ecology in a lunar base, say, and on the same scale per capita that it
exists on the Earth's surface; the approximate quantities of materials that
would be present are shown in the table below.

b
.

; Table 1
ECOLOGICAL SUPPLIES ON EARTH: PER CAPITA BASIS

Water 475,000,000 tons
Alx 1,700,000 tons
f Oxygen 400,000 tons
‘ Carbon dioxide 1,250 tons
Total dry land area 12,2 acres
Cultivated land area 2.2 acres
Living plants 30 tons

It is immediately apparent that it would be impossible to transport man's nat-
ural environment to some remote base on anything like the same scale that it
exists on the Earth, Nor would it be necessary since we are so bounteously
over-endowed with basic ecological supplies. For example, fresh water con-
sumption in the United States is about 120 gallons per person per day, which
works out to a lifetime usage of only about 13,000 tons per capita. Similar-
ly lifetime oxygen consumption is only about 25 tons per capita. Thus, some
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of the figures of Table 1 represent quantities so large ar to be al aaning-
less, compared with what would actually be needed in an a-tificisl euvironment.

On the Earth's surface human beings have had very little effect on the existing
supplies of oxygen, carbon dioxide, and water. Man and all the other animals,
in the ecological complex of the Earth's surface, are relatively insignificant
parasites, late comers on the scene, whose presence may be virtually ignored
against the panorama of atmosphere changes that have been produced by photosyn-
thesis in green plants over the past several billion years that life has exist-
ed on our planet. It is sometimes erroneously stated that plants supply us
with food and oxygen while we and the other animals in turn supply the plants
with the carbon dioxide and other nutrients they need, thus maintaining the in-
tricate balance of nature. The implied general interdependence doe3 not actu-
ally exist, however, as may be demonstrated from the fact that, historically,
plants existed on the Earth for millions of years before animals appeared. We
need the plants but they don't need us.

The earth's natural environment should not be considered a "closed ecology" in
the usual sense of the phrase as used in life-support-system terminology. In
an absolutely closed ecology, all metabolic waste products would be reconverted
into usable materials: fresh water, oxygen and food, with 100 per cent recov-
ery. While there is a great deal of recycling in the natural environment

(some of the cycles taking many years for completion) there are also additions
to and losses from the system. Carbon dioxide and juvenile water, along with
other compounds, are being introduced into the system from volcanic sources;
some organic matter is being lost permanently from the system through burial
in alluvial sediments; some water is being lost through dissociation in the up-
per atmosphere with the subsequent escape of hydrogen. Some oxygen is perman-
ently lost through the oxidation of inorganic minerals in the Earth's crust,
and carbon dioxide is constantly being used up in the formation of insoluble
carbonates in the oceans. Only the vast scale of the reservoirs in the system
permits such slow recycling with the preservation of apparent steady-state con-
ditions. If the Earth had smaller reservoirs of water, oxygen, and carbon di-
oxide, much more rapid recycling would become necessary.

It is clearly out of the question to reproduce the Earth environment quantita-
tively in an extraterrestrial base. ‘rthe figures of Table 1 may be thought of
as representing an upper extreme, however.

The lower extreme must be somewhat arbitrary, but could be approximated by the
quantities of materials present in some minimal volume of air per man plus a
reserve of one day's supply based on average metabolic requiremeats. On this
basis, assuming a volume of 700 cubic feet per man for long-time residency and
an atmosphere consisting of 50-50 oxygen-nitrogen at 7.5 psia, the required
quantities are shown in Table 2,
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Table 2

MINIMAL ECOLOGICAL SUPPLIES: PER MAN BASIS

Water 5 1b
Nitrogen 14 1b
Oxygen 18 1b
Area (7-ft ceiling height) 100 sq ft

With such a small reservoir of oxygen and water, recovery of metabolic wastes
would have to be rapid, perfectly efficient and complete, and losses nil; oth-
erwise any serious interruption in the regeneration cycle would quickly become
fatal.

The above figures do not provide any volume for food production, food storage,
energy supplies, or air and water regeneration. Of these, all but food pro-
duction can be made to occupy a relatively small volume by using concentrated
foods and physicochemical oxygen and water recovery techniques. It is true
that some researchers in the field of algal-oxygen recovery hope to produce ed-
ible products made from algae that could provide for a large part of human nu-
tritional needs, and in equipment occupying very little space. However, this
remains only a hope at present and workable algal systems capable of sustain-
ing human beings for prolonged periods of time have yet to be developed.

If higher plants are used as the source of food products in extraterrestrial
bases, fairly extensive growing areas must be provided. When using ordinary
but very intensive farming techniques, enough food can be grown on 0.2 acre
(8700 sq ft) to take care of the nutritional Tgeds of one person (current Jap-
anese performance, cited by Harrison Brown).( It has been estimated that by
using hydroponics the necessary cultivated area could be reduced to 0.05 acre
(2200 sq ft) per person.(z) However, this is still a pretty large area (larg-
er than the plan area of most family residences) especially as it must be com-
pletely enclosed and made gas tight.

On the average, only 20 per cent of the total weight of food plants is con-
sumed as food by man, although for specific plan<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>