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Frontispiece

Advanced Lunar Base

“In this panorama of an advanced lunar

base, the main habitation modules in the
background to the right are shown being
covered by lunar soil for radiation

‘protection. The modules on the far right

are reactors in which lunar soil is being
processed to provide oxygen. Each
reactor is heated by a solar mirror. The
vehicle near them is collecting liquid
oxygen from the reactor complex and will
transport it to the launch pad in the
background, where a tanker is just lifting
off. The mining pits are shown_just behind
the foreground figure on the left. The
geologists in the foreground are looking
for richer ores to mine.

Artist:-Dennis Davidson
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Preface

Space resources must be used to
support life on the Moon and
exploration of Mars. Just as the
pioneers applied the tools they
brought with them to resources they
found along the way rather than
trying to haul all their needs over

a long supply line, so too must
space travelers apply their high
technology tools to local resources.

The pioneers refilled their water
barrels at each river they forded;
moonbase inhabitants may use
chemical reactors to combine
hydrogen brought from Earth with
oxygen found in lunar soil to make
their water. The pioneers sought
temporary shelter under trees or in
the lee of a cliff and built sod
houses as their first homes on the
new land; settlers of the Moon may
seek out lava tubes for their shelter
or cover space station modules
with lunar regolith for radiation
protection. The pioneers moved
further west from their first
settlements, using wagons they
had built from local wood

and pack animals they had raised;
space explorers may use propellant
made at a lunar base to take them
on to Mars.

The concept for this report was
developed at a NASA-sponsored
summer study in 1984. The
program was held on the Scripps
campus of the University of
California at San Diego (UCSD),
under the auspices of the American
Society for Engineering Education
(ASEE). It was jointly managed

by the California Space Institute
and the Lyndon B. Johnson Space
Center, under the direction of
the Office of Aeronautics and
Space Technology (OAST) at
NASA Headquarters. The study
participants (listed in the
addendum) included a group of
18 university teachers and
researchers (faculty fellows)

who were present for the entire
10-week period and a larger
group of attendees from
universities, Government, and
industry who came for a series of
four 1-week workshops.

The organization of this report
follows that of the summer study.
Space Resources consists of a
brief overview and four detailed
technical volumes: (1) Scenarios;
(2) Energy, Power, and Transport;
(3) Materials; (4) Social Concerns.
Although many of the included
papers got their impetus from
workshop discussions, most have
been written since then, thus
allowing the authors to base new
applications on established
information and tested technology.
All these papers have been
updated to include the authors’
current work.

This volume —Energy, Power, and
Transport—covers a number of
technical and policy issues
concerning the energy and power
to carry out advanced space
missions and the means of
transportation to get to the sites of
those missions. Discussed in the
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| first half of this volume are the

technologies which might be used
to provide power and a variety of
ways to convert power from one
form to another, store it, move it
wherever it is needed, and use it.
In the second half of this volume
are discussed various kinds of
transportation including both
interplanetary systems and surface
systems.

This is certainly not the first report
to urge the utilization of space
resources in the development of
space activities. In fact, Space
Resources may be seen as the
third of a trilogy of NASA Special
Publications reporting such ideas
arising from similar studies. It has
been preceded by Space
Settlements: A Design Study
(NASA SP-413) and Space
Resources and Space Settlements
(NASA SP-428).

And other, contemporaneous
reports have responded to the same
themes. The National Commission
on Space, led by Thomas Paine, in
Pioneering the Space Frontier,

and the NASA task force led by
astronaut Sally Ride, in Leadership
and America’s Future in Space,
also emphasize expansion of the
space infrastructure; more detailed
exploration of the Moon, Mars,

and asteroids; an early start

on the development of the
technology necessary for using
space resources; and systematic
development of the skills necessary
for long-term human presence

in space.

Our report does not represent any:
Government-authorized view or
official NASA policy. NASA's
official response to these
challenging opportunities must be
found in the reports of its Office of
Exploration, which was established
in 1987. That office’s report,
released in November 1989, of a
90-day study of possible plans for
human exploration of the Moon

and Mars is NASA’s response to
the new initiative proposed by
President Bush on July 20, 1989,
the 20th anniversary of the

Apollo 11 landing on the Moon:
"First, for the coming decade, for
the 1990s, Space Station Freedom,
our critical next step in all our
space endeavors. And next, for the
new century, back to the Moon,
back to the future, and this time,
back to stay. And then a journey
into tomorrow, a journey to another
planet, a manned mission to Mars."
This report, Space Resources,
offers substantiation for NASA'’s bid
to carry out that new initiative.
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ENERGY AND POWER:

Rocco Fazzolare

This workshop was directed to
identify the energy and power
needed to support activities in
space, beyond the NASA Space
Station Program, up to 2010.

Solar and nuclear heat sources are
the basis of the production of
energy in space. In this section we
address stationary systems on a
space platform and on the surface
of a planetary body. Energy
sources, conversion technology,
heat rejection, and the delivery of
power to the user—important
elements that must be considered
in system design—may vary
according to system use.

Introduction

In this report we define the power
and energy requirements of future
space activity with and without the
utilization of resources from space,
examine existing technologies for
delivering the power, and arrive at
some general conclusions as to
the technology research and
development needed to make
possible the programs envisaged.

The first scenario, shown in

figure 1, assumes the development
of a space network with all
materials and resources shipped
from the Earth. A balanced
development is assumed, with
slight increases over the current
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Figure 1

Baseline Scenario

If NASA continues its business as usual
without a major increase in its budget and
without using nonterrestrial resources

as it expands into space, this is the
development that might be expected in
the next 25 to 50 years. The plan shows
an orderly progression in manned missions
from the initial space station in low Earth
orbit (LEO) expected in the 1990s, through
an outpost and an eventual space station
in geosynchronous Earth orbit (GEO)
(from 2004 to 2012), to a small lunar base in
2016, and eventually to a Mars landing in
2024 Unmanned precursor missions
would include an experiment platform in
GEOQ. lunar mapping and exploration by
robot, a Mars sample return, and an
automated site survey on Mars. This plan
can be used as a baseline scenario
against which other, more ambitious plans
can be compared.



Figure 2

Scenario for Space Resource
Utilization

Space resource utilization, a feature
lacking in the baseline plan, is emphasized
in this plan for space activities in the same
1990-2035 timeframe. As in the baseline
scenario, a space station in low Earth orbit
(LEO) is established in the early 1990s.
This space station plays a major role in
staging advanced missions to the Moon,
beginning about 2005, and in exploring
near-Earth asteroids, beginning about the
same time. These exploration activities
lead to the establishment of a lunar camp
and base which produce oxygen and
possibly hydrogen for rocket propellant.
Automated missions to near-Earth
asteroids begin mining these bodies by
about 2015, producing water and metals
which are returned to geosynchronous
Earth orbit (GEO), LEO, lunar orbit, and

the lunar surface. Oxygen, hydrogen, and
metals derived from the Moon and the
near-Earth asteroids are then used to fuel
space operations in Earth-Moon space
and to build additional space platforms
and stations and lunar base facilities.
These space resources are also used as
fuel and materials for manned Mars
missions beginning in 2021. This scenario
might initially cost more than the baseline
scenario because it takes large
investments to put together the facilities
necessary to extract and refine space
resources. However, this plan has the
potential to significantly lower the cost of
space operations in the long run by
providing from space much of the mass
needed for space operations.

budget. The space station, which
is already programmed, is used

to support development in
geosynchronous Earth orbit (GEO),
manned exploration of the Moon,
and unmanned exploration of the
solar system. Eventually, beyond
2010, a lunar base and manned

exploration of Mars are undertaken.

In the second scenario (fig. 2),
nonterrestrial resource utilization is
assumed to be a goal. The paths
are similar to those shown in the

baseline scenario, but there is a
heavier emphasis on movement
to the Moon and establishment
of a manned base there. Lunar
materials are processed to

get oxygen to support the
transportation system in low
Earth orbit (LEO). Selective
mining of near-Earth asteroids is
considered feasible. The lunar
base and the production there
enhance the move toward manned
Mars exploration.
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Power System Requirements

Edmund J. Conway

We estimated the electrical power
required for each mission in the
baseline model (fig. 1) and in the
alternative model (fig. 2), according
to the specific energy-using
activities and operations shown.
We then identified appropriate
technologies to meet these power
requirements, using such criteria
as, Can the technology fully meet
the requirement? and, Can the
technology be ready at least

5 years before the mission? In
some cases, there were competing
technologies for the same mission.

Low Earth Orbit (LEO)

The initial space station, scheduled
for the mid-1990s, will have
75-300 kW (electric) of continuous
bus power. Mid- to late 1980s’
solar photovoltaic technology is the
only proven power-generating
option available. However, solar
photovoltaic systems require large
arrays and consequently produce
substantial drag. To provide power
above the 75-kW level, two
technologies could compete: solar
dynamic (solar thermal with

Stirling-, Brayton- or Rankine-cycle
conversion) and nuclear thermal
(with thermoelectric, thermionic,

or dynamic conversion). Both
technologies are now in
developmental phases.

A second-generation space station
appears in the baseline model at
2008. It would be needed for
large-scale space processing of
terrestrial materials. Space
Station 2 would require from one
to tens of megawatts. Such a
mission would provide a major
pull on the power-generating
technologies. The current choice
would appear to be some type of
nuclear power system.

For power requirements above

1 megawatt, serious technology
issues also arise in electrical power.
management (high voltage and
current) and thermal management
(how to dispose of 1 MW of low-
temperature heat). Electrical power
management would require both a
new philosophy and some new
technology. Thermal management
would require such new technology
as a large liquid droplet radiator.



This section of the report includes
two subsections describing "Power
System Requirements” in space
and the "Technologies" needed to
fulfill these requirements. In the
first paper, Ed Conway estimates
the requirements for power to
support the two scenarios,

focusing on the requirements for
activities at these nodes: low Earth
orbit, geosynchronous Earth orbit,
the Moon, Mars, and asteroids.

He identifies the appropriate
technologies for each activity.
Henry Brandhorst then describes the
solar-energy-related technologies
that may be applicable, focusing on
photovoltaics and solar dynamics.

Dave Buden explores the
development of nuclear power
supplies for space applications.
Abe Hertzberg addresses the
problem of thermal management

in space and describes a liquid
droplet radiator. Conway discusses
laser transmission of power, which
if developed can influence the
evolution of larger, more centralized,
space power-generation stations.
Finally, Brandhorst discusses

the implications of space power
development for the missions to

be carried out within the two

broad scenarios; he advances the
recommendations of the workshop
in this area.
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Geosynchronous Earth
Orbit (GEO)

By the late 1990s, a
geosynchronous experimental
science platform would require up
to 10 kW. This requirement could
be met by solar photovoltaic
power. Advanced lightweight
power generation and storage
systems might be required if the
present limitations on payload
mass to GEO have not been eased
significantly. Such systems,
including those with gallium
arsenide solar cells and high
specific-power chemical storage,
are in the research stage now.

By 2004, a GEO shack or
temporarily inhabited repair shop
on the platform will allow for
human-tended and interchangeable
experiments. To operate in the

repair shop, the human tenders
would need additional power, on
the order of 10 kW. This power
could be supplied by the visiting
spacecraft. Solar photovoltaic
technology, similar to that already
mentioned for the platform, could
be used.

A manned GEO station could be
required beyond 2010. The power
level anticipated and the enabling
technology are similar to those of
the LEO growth space station.
Thus, geosynchronous Earth orbit
provides no new power challenges.




Figure 3

Lunar Rover Used on the Apollo 17
Mission

An automated unmanned version of this
rover might be useful on future lunar
missions. While seemingly simple, this
Apollo Rover contained many of the
elements necessary for a completely
unmanned rover—a sophisticated
redundant power system, power steering,
automatic thermal control, a dust control
system, and a self-contained navigation
system which kept track of the location of
the Rover at all times.

The Apollo 17 Rover, using two 36-volt
silver-zinc batteries rated at 121 amp-
hours each, traveled a maximum distance
from the Lunar Module (LM) of 7.6 km. For
long unmanned traverses, battery power
would probably not be practical because
of the relatively low energy density of
batteries.

A completely automated rover with an
artificial intelligence (Al) system or a
teleoperated rover are two possible
versions for future applications.

Moon

An orbital lunar mapper in the mid-
to late 1990s has only small power
requirements, which can be met by
1980s’ technology. An unmanned
surface explorer (compare fig. 3),
beginning in 2004, would require

only a few (2-5) kilowatts
continuously, for movement,
surface coring, analysis, and
telemetry. A radioisotope
generator (compare fig. 4) with
dynamic conversion is the
technology of choice.




Figure 4

a. Radioisotope Thermoelectric
Generator

This radioisotope thermoelectric
generator (RTG) was the power source
for the Apollo lunar surface experiments
package (ALSEP) on the Apollo 16
mission. This power generator contains
fins for radiating away excess heat. On
this mission it powered an active seismic
experiment (see accompanying fig.), a
passive seismic experiment, a surface
magnetometer, a heat flow experiment,
and the central control and
communications station.

b. Mortar Firing Assembly for the Active
Seismic Experiment

This assembly in the ALSEP was designed
to fire four grenades out to a maximum
distance of 1.5 km. The grenades were
designed to explode on impact, generating
a seismic signal which would be picked up
by a string of three geophones. On the
actual mission, only three of the grenades
were used and the maximum distance
traveled was about 900 m. This experiment
determined the thickness and seismic
velocity of the near-surface structure at
the Apollo 16 site.

ORIGINAL PAGE
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Figure 5

a. Spartan Lunar Base

The early lunar base may consist of
several modules similar to habitation and
laboratory modules for the space station,
which can be transported to the lunar
surface and covered with lunar regolith
for radiation protection. In many ways this
early base would be like the American
Station at the South Pole, which is
probably the closest thing we have to a
base on another planet.

By 2010, a lunar camp, to be
inhabited only during the 2 weeks
of lunar day, would initially require
25 kW, supplied by a solar
photovoltaic system. This initial
power level could be augmented
during future visits using similar or
improved photovoltaic technology.
Or the lunar camp’s power system
could grow, in the same manner as
that of the space station, to include
solar dynamic or nuclear supplies.
The initial power level is suitable for
crew life support, lunar science,
and light work, but it does not

provide the storable energy for
heat and life support during the
lunar night. For full-time habitation,
the camp and later the base would
rely on nuclear power supplying a
few hundred kilowatts. (See the
analogy in figure 5.) High power
requirements away from the base
for transportation or mining could
be supplied by a separate source
or by transmission. Point-to-point
beamed transmission along the
surface or between surface and
space is possible.
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b. South Pole Station

The South Pole station is continuously
occupied, but crewmembers arrive or
depart only during the summer season.
While the occupants can venture outside
with protective clothing ("space suits")
during the winter, they are mostly
dependent on the shelter provided by the
geodesic dome and the buildings within
the dome, much as they would be at a
Moon or Mars base.

Analogous to the Antarctic winter is the
lunar night. More power would be
required for heating and lighting in both
cases. Even more important on the
Moon, solar power would not be available
at night unless massive storage was
provided. Continuous occupation of a
lunar base would probably rely on
nuclear power.

Photo: Michael E. Zolensky



Figure 6

Unmanned Mars Lander

In one concept (above), an unmanned
Mars lander is bringing in a scientific
package and ascent system while a
small rover is parachuted to the surface
in the distance. The rover could then
travel to the lander in the foreground,
collecting samples along the way. The
rover would deliver the samples to the
ascent system, which would take them
into martian orbit and start them on
their way back to Earth.

Much of the basic technology for such a
mission was developed and successfully
tested by the Viking lander (right). The
Soviet Luna missions successfully
returned lunar samples to Earth in

the early 1970s. Electrical power
requirements for such missions are
quite small compared to those for any
manned mission.

10

Mars

The baseline and alternative
scenarios identify only one mission
to Mars by 2010, the Mars sample
return. This mission would require
only very limited power, which
could be provided by current
technology —a radioisotope
thermoelectric generator. The later
Mars site survey rover would have
power requirements similar to the
lunar surface explorer (2-5 kW)
and, like it, would rely on a
radioisotope generator with a
dynamic converter. (See figure 6.)
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Technologies
Henry W. Brandhorst, Jr.

Photovoltaic Technology

Solar cells have been the
workhorse of the space program
for nearly all missions lasting
longer than a few weeks. Several
components are needed for reliable
power production from solar cells.
Solar cells must be interconnected
to provide the requisite voltage and
current levels. This matrix must be
supported on a substrate such as
aluminum honeycomb or a plastic
like Kapton. The individual cells
also must be covered to provide
protection against the electrons
and protons found in the Earth’s
radiation belt and in ejecta from
the Sun. Finally, some sort of
deployment or erection mechanism
must be supplied to extend the
solar array from the spacecraft.
The mass of the system is made
up of these components, along
with the power management and
distribution system and the storage
system needed to provide power
during the dark phase.

Currently silicon solar cells are the
prime power source for satellite
use. Maximum individual efficiency
is about 14 percent in volume

Ly

production of 200-1000 kW. Cell
size ranges from 2 by 4 cm to 8 by
8 cm, and the cells cost about
$100 per watt. When these cells
are mounted in an array, the
overall power produced is about
100 W/m2. The largest solar array
built to date was that for Skylab
and the Apollo Telescope Mount
(ATM), with a total power of
roughly 20 kW (fig. 8). In low
Earth orbit, this array should have
produced a bus power of 7.5 kW.
(Charging efficiency and the cycle
of a 60-minute day followed by a
40-minute night reduces the
average power.) Because one-
fourth of the array was lost during
launch, the total power on orbit
was reduced accordingly. The
specific power (watts of electricity
produced per kilogram of array
mass) of these rigid panels was
10-15 W/kg. When combined

with the nickel-cadmium
electrochemical energy storage
system, the total solar power
system had a specific power of
approximately 6 W/kg. Silicon
arrays also powered the first Apollo
lunar surface experiments package
(ALSEP) on the Moon.



Asteroids

The alternative model (fig. 2)
includes unmanned exploration of
an asteroid beginning in 2005.
This involves activities and power
requirements similar to those for
the earlier lunar surface explorer
and could be handled by a similar
system.

Mining (not included in the
scenario) would require power on
the order of 10 MW. A nuclear
reactor power system developed
for general application to industrial
processing in space would be
utilized. See figure 7 for a
medium-range application on one
of the asteroid-like moons of Mars.

Figure 7

Phobos Deimos Hot Drill

The Phobos/Deimos (PhD) "hot drill" is
designed to melt its way into the regolith
of one or the other of these satellites,
liberating volatiles (mainly water) as it
goes. Water could be trapped and
electrolyzed into hydrogen and oxygen for
use as propellants to refuel the martian
lander or the Earth-Mars vehicle.

Artist: Pat Rawlings
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Figure 8

Skylab Solar Power

This photo shows the Skylab space
station cluster with its large solar arrays.
This is the largest solar power system yet
put in space. These panels had a power
production capacity of 10-15 W/kg and a
total maximum power rating of about

20 kW, but loss of the left array during
launch reduced the total power by about
one fourth.

13



Figure 9

Tracking and Data Relay Satellite
(TDRS)

A constellation of three Tracking and Data
Relay Satellites is being placed into
geosynchronous Earth orbit (GEO) to
enable satellites in low Earth orbit (LEO) to
be in nearly constant (80% of the time)
communication with their ground stations.
Signals to and from the LEO satellites

will be relayed through the TDRS and a
single ground station at White Sands,

New Mexico.

These large satellites (2200 kilograms) are
powered by solar arrays spanning over
50 feet. The solar arrays provide more
than 1700 watts of electrical power and
have a projected lifetime of over 10 years.
During the short time that the satellite is

in the shadow of the Earth, full power is
supplied by nickel-cadmium batteries.

Artist: P. J. Weisgerber
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Present rigid solar arrays,

typified by the Tracking and

Data Relay Satellite (TDRS) in
geosynchronous orbit, have a
specific power of 25 W/kg and

a cost of about $750/W. Total
power is 2.7 kW, which is typical
of a communications satellite

(see fig. 9). A lightweight silicon
solar array with a Kapton substrate
was tested on the Shuttle in 1984.
This array had a specific power of
66 W/kg and was sized to produce
12 kW of power, although only
enough cells to produce about
200 W were actually put in place.
This array was 102 feet long and
13 feet wide.

Advances expected in the near
future include the lightweight,
50-micrometer-thick silicon solar
cell blanket. These cells are
one-fourth the thickness of
conventional cells. The specific
power goal for these lightweight
arrays is 300 W/kg. These

cells and arrays are aimed at
applications where mass is critical,
such as uses in geosynchronous
orbit and exploration of the Moon
and the solar system. These
cells are also more resistant to
the damaging effects of space
radiation than thicker silicon solar
cells and thus promise longer life
in such orbits.




Gallium arsenide (GaAs) solar cells
(fig. 10) are being developed as an
alternative to silicon cells. These
cells have a higher efficiency
(17-21%) than silicon cells and are
less sensitive to heat. Present
production capability is about

10 kW/year. Current costs of
GaAs cell arrays are expected to

be about $1500/W, with a cost goal
of $500/W. Array technology is
expected to be similar to silicon
cell technology. Gallium arsenide
cells were used on the Moon to
power the U.S.S.R. lunokhod rover
(fig. 11). Flight of GaAs arrays is
expected in the late 1980s.

Light AR coating
P contact $ L p contact: Au-Zn-Ag
n contact: Au-Ge-Ni-Ag
p AlGa,.xAs ¢ D } (AlIGa)As AR coating: TayO
p GaAs X; p AIan1_xAs: x = 0.87
""""" nGeAE "‘1’(" Cell size = 2cm x2cm
I GaAs
n” GaAs D < 05pum
X X; = 0.5 pm
p-n junction \n contact t >10 pm

Figure 10

Structure of Aluminum Gallium
Arsenide/Gallium Arsenide Solar Cell

In this advanced version of a gallium
arsenide (GaAs) solar cell, the aluminum
gallium arsenide [(AlGa)As] layer nearest
the top (p contact) increases the
efficiency of the cell compared to that of
the simple GaAs cell. Gallium arsenide
cells can have higher efficiencies than
silicon cells, and advanced design GaAs
cells may be able to achieve efficiencies
of 30 percent.

Figure 11

Lunokhod Rover

The Soviet lunokhods were unmanned
rovers which traveled from 10 km
(Lunokhod 1) to nearly 40 km

(Lunokhod 2) across the lunar surface
transmitting images and a variety of
scientific data back to Earth. These
lunokhod rovers were powered by GaAs
solar cells.
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Figure 12

Miniature Cassegrainian Solar
Concentrator

Small Cassegrainian optics concentrators,
only about 5 cm in diameter and 1.2 cm
thick, have been designed to concentrate
sunlight on tiny (only 5 by 5 mm) gallium
arsenide solar cells. This design provides
a basic concentration factor approaching
100to 1.
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An emerging technology aimed at
achieving lower GaAs array cost is
to use sunlight concentration.
Miniature Cassegrainian
concentrator elements 2 inches in
diameter and 1/2 inch thick are
being developed (fig. 12). These
devices concentrate sunlight about
100 times and illuminate 5- by
5-mm GaAs cells. Because of the
small size and novel design, cell
operating temperature is about
85°C, not much higher than the

0.05 - 0.15 cm %
(0.02 - 0.08 in.)

60°C temperature at which a
conventional silicon cell array in
low Earth orbit operates. The
cost of these emerging arrays is
expected to be roughly one-third
the cost of silicon arrays or about
$150-300/W. Alternative optical
concepts, such as reflective or
refractive Fresnel lenses, are also
under study. Gallium arsenide
arrays are expected to produce
160-180 W/m2 at a specific power
of 25-40 W/kg.




They are also more radiation-
resistant than silicon arrays, both
inherently and because of the
shielding provided by the

metallic concentrator element.
Furthermore, cover-glass shielding
can be provided at little increase in
mass. This radiation resistance
permits operation in heavy radiation
orbits within the Van Allen belt

(fig. 13) and opens the door to a
solar-electric-propelled orbital

QOuter electron belt

Inner electron belt
Inner proton belt

transfer vehicle (OTV). This
technology is being explored for
space station applications. It
appears feasible to build such
arrays in the 500-kW range (up to
1 MW with advanced higher
efficiency cascade cells). Such
power levels enable short trip
times from LEO to GEO (several
trips per month), and this
technology appears suitable for
lunar base operation.

Cyclotron motion

Bounce *
motion

Electron
drift motion

Proton drift motion

Magnetic field line

Figure 13

Van Allen Radiation Belt

Named for its discoverer, James A. Van
Allen, the Van Allen belt is a zone of high-
intensity particulate radiation surrounding
the Earth beginning at altitudes of
approximately 1000 km. The radiation

of the Van Allen belt is composed of
protons and electrons temporarily
trapped in the Earth's magnetic field.

The intensity of radiation varies with the
distance from the Earth Spacecraft and
their occupants orbiting within this belt
or passing through it must be protected
against this radiation.
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Ultralightweight GaAs cell
technology has produced a cell
only 6 micrometers thick with a
14-percent conversion efficiency
and a specific power of 5 kW/kg.
When coupled with lightweight
array technology, such cells have
applicability to GEO and lunar base
operations.

An emerging cell technology is

the cascade cell, made from
combinations of elements from the
third and fifth columns of the
periodic table. Three junction cells
arranged in tandem atop one
another may be able to achieve
30-percent conversion efficiency at
100 times solar concentration and
at 80°C. If development of these
advanced cells is successful,

very high power per unit area
(approaching 300 W/m2) and a
specific power of 75 W/kg appear
feasible. These technologies may
become available about 1990.

Photovoltaic systems could be
used for daytime operation on the
lunar surface and for power at
stations in GEO or lunar orbit. The
specific characteristics required

depend on the application. Solar
arrays up to 300 kW with silicon
planar or GaAs concentrator
technology appear reasonable.
Ultralightweight arrays based on
silicon technology should be
available by 1990, with GaAs
technology following a few years
later.

Operation on the lunar surface
adds requirements. First, dust
accumulation on cells or optical
surfaces will degrade performance,
and actual operating temperatures
will be greater because of the
nearby lunar surface. The dust
and lunar environment may also
affect the maximum array voltage
as a result of arcing phenomena.
Finally, arrays must be designed
to accommodate the deep
temperature cycling of the day-
night cycle. The most likely use
of solar arrays on the lunar surface
will be to power daytime-only
operations because the mass of
known energy storage for the
2-week lunar night is large and
makes the total system less
attractive than nuclear power
systems.
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Lunar Dust

During the high-speed "Grand Prix" on
the Apollo 16 mission, a large "rooster
tail" of dust was thrown up behind the
Rover (top), even though each wheel was
equipped with a fender. During the first
excursion on the Apollo 17 mission, part
of the right rear fender was lost. Without
the fender, the wheel threw up a big
plume of dust which started to cover the
Rover and the crew. This was such a
hazard that further use of the Rover was
in doubt. However, the astronauts rigged
a makeshift fender (bottom) using a map,
tape, and two clamps from the Lunar
Module (LM), and this repair proved
satisfactory for subsequent excursions.
Thus, if it is not properly controlled, the
dust thrown up by moving vehicles on the
Moon could be a major contaminant of
lunar equipment.
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Figure 14

Production of Solar Cells From Lunar
Material

Solar cells made from lunar silicon are a

possibility. This block diagram shows a

process developed by EMEC Consultants

for the production of solar-cell-grade

silicon from lunar soil. The process uses

aluminum metal to reduce the plentiful
silicon in the mineral anorthite, the most
abundant mineral on the Moon. This
silicon can potentially be purified and
fabricated into solar cells.

in the process, aluminum metal becomes

aluminum oxide, which is subsequently
separated into aluminum and oxygen by
electrolysis. Some of the aluminum is
then recycled to produce more silicon,
and some can be used for construction
purposes. The oxygen can be liquefied
and used for life support or for rocket
propellant. Additional oxygen can be
produced by electrolysis of the calcium
oxide derived from the anorthite.
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It has been suggested that lunar
material could be mined for the
production of photovoltaic devices
(fig. 14). The production of high-
capacity photovoltaics would be
limited by the availability of

materials and manufacturing
capability in space; thus, it is not
considered plausibie by 2010.
However, the use of lunar-derived
systems for energy storage should
be investigated.
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Solar Dynamic Technology

Solar dynamic systems consist
of a mirror that focuses sunlight
on a receiver (which may contain
thermal storage) and a Carnot-
cycle dynamic conversion system
(with heat radiation). (See

figure 15.) The most common
conversion cycles studied are the
Stirling (fig. 16), Rankine (fig. 17),
and Brayton (fig. 18). All have
cycle efficiencies in the 25- to
35-percent range. When research

on these systems for space use
was terminated in the early 1970s,
a Brayton system had been tested
for a total of 38 000 hours (about
5 years). Commercial low-
temperature (750°F) organic
Rankine systems have also
operated for tens of thousands

of hours. Development of Stirling
cycles is proceeding under the
SP-100 Program, and space
station research may support
Brayton and Rankine cycle work.

Figure 15

Solar Dynamic Power

Any system that uses solar energy to drive
moving machinery which generates
electricity is a solar dynamic system.
Normally the solar energy is concentrated
by mirrors to increase its intensity and
create higher temperatures. Here, a
Cassegrainian optics concentrator
focuses energy on a heat engine.
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Figure 16

Stirling Cycle

In the Stirling engine, solar energy 1S
used to heat a working gas and move a
series of pistons which convert the heat
energy into mechanical energy to drive an
electric generator. Starting at (a), the
power piston is moved in its cylinder by
the momentum of the turning electric
generator. The piston compresses the
gas and reduces its volume until (b) is
reached. Then solar heat (from the left)
causes the gas to expand and move the
displacer piston (c). This heat expansion
greatly increases the pressure in the gas
transfer line, and the pressure causes the
power piston to move. The movement of
the power piston turns the electric
generator in the expansion stroke (d).
Then the displacer piston is allowed to
return to its original position (a), and the
cycle repeats.
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Rankine Cycle

In the Rankine engine, a working fluid
(typically an organic liquid) is converted
from a liquid to a gas by solar energy
and the gas is used to run a turbine
connected to an electric generator. The
gas is then condensed, recycled, and
reheated.

Figure 18

Brayton Cycle

In the Brayton system, power from the
gas-driven turbine is used to compress

a working gas which is then heated by
solar energy to increase its pressure.
After passing through the turbine, the
gas is cooled in a heat exchanger and
recycled through the compressor. In this
system, the gas phase is used throughout.
All of the systems have efficiencies in
the range of 25-35 percent compared

to 10-20 percent for direct electric
conversion.
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Critical system elements are, first,
the heat receiver, especially if it
includes thermal storage, and,
second, lightweight precision
collectors operating at 200- to
1000-times concentration. For
lunar surface operation during the
day, no thermal storage is required.
As in the electrochemical storage
case, extensive amounts of thermal
storage would be required to meet
the demands of the 2-week nights.
If lunar materials having proper
thermal characteristics were
available for storage (questionable
at this time), it is possible that solar
dynamic systems could provide
complete power night and day.
Further study is required to
substantiate this possibility.

Studies on solar Brayton cycles for
the LEO space station show that a
mirror 21 meters in diameter could
produce 80 kW, while a mirror

8.2 meters in diameter could
produce 10 kW. Were these size
systems to be in continuous
sunlight, the comparabie powers

would be roughly 175 and 22 kW,
with system specific powers of

13 and 10 W/kg. Because thermal
storage is one-half the total system
mass, eliminating such storage (for
lunar day-only operation) would
increase system specific power to
26 and 20 W/kg, respectively. With
system improvements (mirrors,
receivers, radiators), and including
other Carnot-cycle engines,
specific powers around 40 W/kg
(with no thermal storage) are
possible at operating temperatures
between 1100 and 1300 K. With
space station support and with
long-term advanced research
support, high-performance solar
dynamic systems could be
available by the year 2000.

These systems require that the
waste heat be rejected. Thermal
management (radiators, heat sinks)
remains a critical technology for
solar thermal dynamic systems,
just as it does for nuclear power
systems.



Direct Use of Solar Energy

Many industrial processes have
substantial need for high quality
thermal energy. Such applications
as volatilization, evaporation, and
melting can use thermal energy
directly, without an electrical
intermediary (fig. 19). The basic
elements needed are lightweight
mirrors and receivers that can
collect, distribute, and deliver
thermal energy to its point of use.
Technology for direct utilization of
solar radiation is being developed
for terrestrial applications.

Energy Storage

Energy storage is required to
provide power for operations during
dark times. The nickel-cadmium
battery has been the common

energy storage companion for
solar cells on satellites. Specific
energy densities (energy per unit
mass) of 10 Whr/kg are common
at the 10- to 20-percent depths

of discharge used to provide
cycle life. As a rule, the energy
storage subsystem is the heaviest
and largest part of a solar

power system. Furthermore,
NiCd batteries are sensitive to
overcharge; hence, each cell
must be carefully controlled. This
need poses additional system
constraints as power system
voltage increases to the
100-kilowatt level and beyond.

Individual pressure vessel (IPV)
nickel-hydrogen battery systems
are being developed to provide
increased energy densities

(fig. 20). These batteries provide
about 15-20 Whr/kg for GEO

Figure 19

Solar Concentrator System on the
Lunar Surface

This system uses a combination of flat
and curved mirrors to concentrate
sunlight on a furnace. The furnace can
be used to extract volatiles, make glass,
or melt iron from lunar regolith. Direct
use of concentrated solar power can be
an important "low tech" source of
energy for lunar industrial applications.
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Figure 20

Individual Pressurized Vessel
Nickel-Hydrogen Storage Cells

Individual pressure vessel (IPV) nickel-
hydrogen (NiH,) storage cells contain
hydrogen under pressure as one electrode
of a battery. The other electrode consists
of a nickel plate. Such batteries can
provide about 15-20 Whr/kg.
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applications. These devices also
have applicability to LEQ, but they
require substantial improvement in
cycle life.

There are two high-capacity
energy storage systems under

consideration for the space station.

These are the hydrogen-oxygen
regenerative fuel cell (RFC) and
the bipolar nickel-hydrogen

battery. The former (fig. 21)

has a specific energy density of
about 20 Whr/kg and an expected
cycle life of 5-7 years. Operating
voltage level appears reasonably
unconstrained, allowing 150 to
300 volts. This technology is
suitable for lunar surface
exploration and use in GEO or
lunar orbit.

Fuel cell

Electricity

H,0 from

HZ 02

Electrolysis
unit

Ho0

life support

Figure 21

Hydrogen-Oxygen Regenerative
Fuel Cell

A hydrogen-oxygen regenerative fuel cell
(RFC) system uses electricity supplied

from solar cells to electrolyze water into
hydrogen and oxygen, which are stored.
These gases can be used in a conventional
fuel cell to generate electricity and produce
water as a byproduct. The water can then
be recycled through the electrolyzer.
Specific energy density for such a system
is about 20 Whrikg, and the life cycle 1s
expected to be 5-7 years.
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Technology advances may offer
energy densities of 1000 Whr/kg to
lunar applications. A fuel cell
separates power delivered from
energy stored. Power is
determined by the area of the
plates; energy, by the volume of
the reactants. Thus, when energy
densities of 1000 Whr/kg are
combined with lightweight solar
arrays and high-voltage power
management systems, the overall
system promises specific powers
near 500 W/kg. It should be noted,
however, that the mass of a
1000-Whr/kg storage system to
provide 100 kW of power during
lunar night would be roughly
33.600 kg.

The bipolar NiH, technology
marries battery and fuel cell
technologies to the benefit of both.
Chief advantages are substantially
increased cycle life over IPV NiHa,
easy high-voltage battery design by
adding more plates, and extremely
high discharge capability (20 times
charging rate). Bipolar NiHz
systems appear equivalent in mass
to state-of-the-art regenerative fuel
cells at 100-kW capacities.
However, this technology lags that
of the hydrogen-oxygen RFC by
several years. Furthermore,
substantial improvement in basic
understanding and in plate and
separator technology is required
before these cells can even begin

to approach the 1000-Whr/kg
potential of the hydrogen-oxygen
regenerative fuel cell.

Two additional systems appear
capable of high storage densities.
These are the rechargeable lithium
battery and the hydrogen-halogen
(Br, Cl) regenerative fuel cell.

Both technologies are in infant
stages of development, with issues
of materials, cycle life, current
densities, separators, and
electrolytes. With additional
research emphasis, these systems
could become available between
1995 and 2000. Because mass is
at such a premium on the Moon,
and because the energy storage
system is the most massive part of
a photovoltaic system that supplies
continuous power, additional effort
should be directed toward
innovative energy storage
technologies, electrochemical

and other.

Flywheels are one example of
mechanical energy storage

(fig. 22). Although flywheels
probably can store in excess of
100 Whr/kg, the overall systems
are still heavy (10 Whr/kg) at
present. Although these systems
may be capable of long lives, this
capability has not yet been
demonstrated, nor have all failure
modes and safety needs been
identified.
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Advanced Flywheel Energy Storage
a. Diagram

This unit has two counter-rotating wheels
to reduce torque forces on the system
resulting from changes in wheel velocity.
Advanced high-strength composites may
be used for the wheels. Current designs
project an energy storage density of
about 100 Whr/kg for these systems.

b. Application

Flywheel storage could be used as a
nighttime energy source at a lunar base.
Here, solar energy is converted to
electricity in Stirling heat engines. The
electricity spins up the three large
flywheels in the floor. Excess heat is
carried away by a heat pipe to a radiator.
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Figure 23

Energy Storage Opportunities 1997

Listed are a variety of energy storage
opportunities which will likely be available
around 1997. Somewhat different energy
storage options are associated with each
location. These opportunities are based
on current technologies. It is possible
that breakthroughs in some of these areas
will provide much improved or totally
different energy storage possibilities.
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Solar dynamic systems also require
energy storage for operation during
the dark phases of a mission. A
number of concepts are being
considered. Sensible heat storage
(that is, heat stored by the natural
heat capacity of the material) in the
form of a heat sink mass is one
possibility. Another is the use of a
material such as a salt which is
melted during the solar phase and
allowed to freeze during the dark
phase, thereby releasing the heat
of fusion. Technology development
programs are presently under way
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Within the timeframe of this study,
it does not appear that the energy
storage technology will be affected
by nonterrestrial resources. A
variety of candidate technologies
with high energy densities have
been identified (fig. 23) and must
be considered for future energy
storage use in GEO and on the
Moon.
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As power requirements build to the
1- to 10-megawatt level for future
space and lunar base missions,
however, it is likely that either the
bus voltage must leap to the
kilovolt level or current levels must
increase with paralleling and phase
control. In either case, new
semiconductors and other
components and more switchgear,
cabling, and connectors will be
required. Designs for operating in
the lunar environment, where dust
may provide severe environmental
interactions, will be especially
critical. Early research into all
these types of hardware is
warranted. We envision that both
ac and dc equipment of various
types and voltage levels will be
routinely used in orbit and on
planetary surfaces.

As in the previous cases, it is
unlikely that nonterrestrial
resources will affect power
management and distribution

systems by 2010. Rather, it is the
power system that will enable
utilization of nonterrestrial

resources. 63, _,73
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Radioisotope Generators

Current status: Radioisotope
generators use the spontaneous
decay of plutonium-238 as a

heat source. The energy has
traditionally been converted

to electricity by means of
thermocouples placed next to

the heat source. (See figure 24.)
Radioisotope generators have
been launched in 21 spacecraft,
beginning with the successful flight
of a space nuclear auxiliary power
(SNAP-3A) source in 1961. A
summary of launches is shown in
table 1.



Power Management and
Distribution

Existing spacecraft power systems
are 28 volts dc. This voltage level
and type was adequate for the few-
kilowatt, dedicated-load missions to
date. With the nearly 100-kilowatt
electrical power requirements of
the space station, however,
significantly higher voltage levels
and a high-frequency, ac utility-type
distribution system are required to
deliver this power efficiently to a
broad spectrum of national and
international users. Compared to
existing systems, a 20-kHz ac
power management and distribution
system provides higher efficiency,
lower cost, and improved benefits.
The proposed 20-kHz system is
based on rapid semiconductor
switching, low stored reactive
energy, and cycle-by-cycle control
of energy flow. This system allows
the voltage and wave shapes to be
tailored to meet a variety of load
requirements, improves crew
safety, and provides compatibility
with all types of energy sources —
photovoltaic, solar dynamic,
electrochemical, rotating machines,
and nuclear.

Voltage levels on exterior surfaces
will likely be set in the 150- to
300-V range by LEO plasma
interaction effects. Inside the
modules, however, a single-phase,
sinusoidal-waveform, 20-kHz
distribution system, with a well-
regulated 220- or 440-V (root mean
square) bus, will minimize wiring
mass, transformer weight,
conversion steps, and parts. Such
a distribution system will provide
attendant reductions in the sensing
and control complexities required
by a redundantly distributed power
system with muitiple energy
sources. Component technology
and microprocessor-based
innovations in system autonomy
will be in hand by the early 1990s
to enhance the power system.
Requirements pertinent to nuclear
systems, such as hardening and
high-temperature operation, are
being addressed by the SP-100
Program, under which NASA, the
Department of Energy, and the
Department of Defense are
developing space reactor
technology.
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Figure 24

Radioisotope Thermoelectric
Generator

This radioisotope thermoelectric
generator (RTG) has been built to power
the instruments to study Jupiter on the
Galileo mission and the poles of the Sun
on the Ulysses mission. The plutonium
oxide in its 18 general purpose heat
source (GPHS) modules decays to heat
one end of a silicon-germanium
unicouple. The difference in temperature
on the two ends of this thermocouple
creates an electric current. The detail
shows how the pellets of nuclear fuel are
clad first in iridium, then in graphite.
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TABLE 1. Summary of Space Nuclear Power Sources Launched by the

United States (1961-1980)

Power
sourcea Spacecraft  Mission type Launch date Status
SNAP 3A Transit 4A Navigational June 29, 1961 Successfully achieved orbit
SNAP 3A Transit 4B Navigational Nov. 15, 1961 Successfully achieved orbit
SNAP 9A Transit 5SBN-1  Navigational Sept. 28, 1963 Successfully achieved orbit
SNAP 9A Transit 5SBN-2  Navigational Dec. 5, 1963  Successfully achieved orbit
SNAP 9A Transit SBN-3  Navigational Apr. 21, 1964 Mission aborted;
i burned up on reentry
SNAP 10A  Snapshot Experimental Apr. 3, 1965 Successfully achieved orbit
SNAP 1982 Nimbus B-1 Meteorological May 18, 1968 Mission aborted;
heat source retrieved
SNAP 19B3 Nimbus HlI Meteorological Apr. 14, 1969  Successfully achieved orbit
SNAP 27 Apoallo 12 Lunar Nov. 14, 1969 Successfully placed on
lunar surface
SNAP 27 Apollo 13 Lunar Apr. 11,1970 Mission aborted on way to
Moon; heat source returned
to South Pacific Ocean
SNAP 27 Apollo 14 Lunar Jan. 31, 1971 Successfully placed on
lunar surface
SNAP 27 Apolio 15 " Lunar July 26, 1971 Successfully placed on
lunar surface
SNAP 19 Pioneer 10 Planetary Mar. 2, 1972  Successfully operated to
Jupiter & beyond
SNAP 27 Apollo 16 Lunar Apr. 16, 1972 Successfully placed on
lunar surface
Transit-RTG ~ "Transit" Navigational Sept. 2, 1972  Successfully achieved orbit
(TRIAD-01-1X)
SNAP 19 Pioneer 11 Planetary Apr. 5, 1973 Successfully operated to
Jupiter & Saturn & beyond
SNAP 19 Viking 1 Mars Aug. 20, 1975 Successfully landed on Mars
SNAP 19 Viking 2 Mars Sept. 9, 1975  Successfully landed on Mars
MHW LES 8/9e Communications  Mar. 14, 1976 Successfully achieved orbit
MHW Voyager 2 Planetary Aug. 20, 1977 Successfully operated to
Jupiter & Saturn & beyond
MHW Voyager 1 Planetary Sept. 5, 1977  Successfully operated to

Jupiter & Saturn & beyond

ASNAP 10A was powered by a nuclear reactor; the remainder were powered by radioisotope thermoelectric generators.

bLES = Lincoln experimental satellite.



The technical characteristics of
these radioisotope generators are
listed in table 2. Their reliability and
long life is demonstrated by the
Pioneer satellite, which after

11 years of operation left our solar
system still functioning. The recent
magnificent pictures of Saturn taken
from the Voyager spacecraft
powered by radioisotope generators
are also testimonials to the

longevity and reliability of this type
of power supply. (See figure 25.)

Radioisotope thermoelectric
generators (RTGs) have been used
where long life, high reliability,
solar independence, and operation
in severe environments are critical.
Economic considerations have
restrained them from more general
use.

TABLE 2. Radioisotope Generator Characteristics
Transit-
SNAP 3A SNAP 9A SNAP 19  SNAP 27 RTG MHW GPHS-RTG DIPS
Mission Transit Transit Nimbus Apollo Transit LES 8/9 Galileo
Pioneer Voyager
Viking
Fuel form Pu metal Pu metal PuO,-Mo PuO, PuO,-Mo  Pressed Pressed Pressed
cermet microspheres  cermet PuO, PuO, PuO,
Thermoelectric material PbTe PbTe PbTe-TAGS PbSnTe PbTe SiGe SiGe Organic
Rankine
BOL output power 2.7 26.8 28-43 63.5 36.8 150 290 1300
watts (e)
Mass, kg 2.1 2.2 13.6 30.82 13.5 38.5 54.4 215
Specific power, W /kg 1.3 2.2 2.1-3.0 3.2b 2.6 42 5.2 6.0
Conversion efficiency, % 5.1 5.1 4.5-6.2 5.0 4.2 6.6 6.6 18.1
BOL fuel inventory 52 565 645 1480 850 2400 4400 7200
watts (t)
Fuel quantity, curies 1800 17 000 34 400- 44 500 25 500 7.7 x 104 1.3 x 105 2.1 x 105
80 000

aWithout cask.

Bincludes 11.1-kg cask.

RTG = radioisotope thermoelectric generator
GPHS = general purpose heat source

DIPS = dynamic isotope power system
TAGS = telluride antimony germanium silver
BOL = beginning-of-life



Figure 25

Experiments and Spacecraft
Powered by RTGs

A number of scientific experiments

and spacecraft have been powered
by radioisotope thermal generators

(RTGs).

a. Apollo Lunar Surface Experiments
Package (ALSEP)

The Apollo missions included lunar
surface experiments powered by
RTGs. One of them, a seismic mortar,
is shown in the foreground of this
photo connected by cables to the
central control and communications
unit in the background. The whole
package of experiments was powered
by the finned RTG, which appears

to the right of the control and
communications unit. The RTG units
proved reliable and powered the
instruments left on the surface of the
Moon for years after the astronauts
returned. These nuclear power
generators also proved safe; one even
survived the reentry of the Apollo 13
Lunar Module (LM).

b. Voyager

RTG units were also used to power the
Voyager spacecraft to Jupiter, Saturn,
and the outer planets.

36

VISR AL
ViViRIhiNAL )

DA A~

BLACK AND WHITE PHOTGGRARH



c. Jupiter and Its Moons

This composite photograph shows the
moons of Jupiter, not to scale but in their
relative positions: lo (upper left), Europa
(center), Ganymede (lower left), and
Callisto (lower right).

d. lo Moving Across the Face of Jupiter

In this dramatic view captured by

Voyager 1's camera, the moon lo can be
seen traveling across the face of Jupiter
and casting a shadow on the giant planet.

BLACK AND WHITE PHOTOGRAPH
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e. Saturn

Saturn was also photographed by Voyager
using RTG power. Here is a full view of the
second largest planet and its ring system.

f. The Rings of Saturn

Voyager revealed for the first time a faint
ring of particles around Jupiter and
provided closeups of the well-known rings
of Saturn, showing details of the intricate
structure of these rings.

g. Uranus

Uranus also was photographed by the RTG-
powered Voyager 2 in 1986.
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Future developments: Improved
versions of the RTG will have
better performance. However,
RTGs will probably be restricted to
under 500 W. Higher power levels
of maybe 5-10 kW, are possible by
using dynamic converters for power
conversion. A 1.3-kWg version was
tested for several thousand hours
before the program was terminated.
A revised program to cover the
1-10 kW, range is scheduled to
start in 1988. These improved
versions using thermocouples and
dynamic converters could be used
for lunar and Mars rovers and
explorations away from lunar
camps and bases.

Nuclear Reactor Power Plants

Current status: The current U.S.
effort to develop nuclear reactors
for space is centered in a program
entitled "SP-100," which is a joint
program of the Department of
Defense, the Department of
Energy, and NASA. (SP-100 is not
an acronym.)

The decision to proceed with the
construction of a specific space
nuclear power plant was made and
a contractor selected in 1986. The
program has completed the critical
technology development and
assessment phase. Activities
centered around evaluating
promising space reactor concepts
and determining which technologies
are most likely to achieve the
required performance levels. The
technology assessment and
development phase included
defining mission requirements,
doing conceptual designs of
possible systems, and researching

and developing critical technologies.

Following screening by the SP-100
Program of over a hundred
potential space nuclear power
system concepts, the field was
narrowed to three candidate
systems which appear to meet the
requirements in table 3 without
unreasonable technical risks or
development time.
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One concept uses a fast-spectrum,
lithium-cooled, cylindrical, pin-
type-fuel-element reactor with
thermocouples for power
conversion (fig. 26) (General
Electric Co. 1983). The system

is made up of a 12-sided cone
structure with a 17-degree cone
half angle. The reactor, which is a
right-circular cylinder approximately
1 meter in diameter and 1 meter

high, is at the apex of the conical
structure. It is controlled by

12 rotatable drums, each with
a section of absorbing material
and a section of reflective
material to control the criticality
level. Control of the reactor

is maintained by properly
positioning the drums. The
reactor outlet temperature is
1350 K.

TABLE 3. SP-100 Goals

Performance
Power output, net to user, kW,
Output variable up to 100 kW,
Full power operation, years
System life, years
Reliability
1st system, 2 years
Growth system, 7 years

Multiple restarts

Physical constraints
Mass, kg
Size, length within STS envelope, m

Interfaces
Reactor-induced radiation after 7 years' operation,
25 m from forward end of reactor

Neutron fluence, n/cm?
Gamma dose, rads

Mechanical
Safety

100

10

0.95
0.95

3000
6.1

1013>
5x 105

STS launch conditions
Nuclear Safety Criteria
and Specifications for
Space Nuclear Reactors




The shield is mounted directly
behind the reactor and consists of
both a gamma and a neutron
shield. The gamma shield consists
of multiple layers of tungsten
designed so as to prevent warping.
The neutron shield is made up of a
series of axial sections with thermal
conductors between them. The
thermal conductor carries the
gamma- and neutron-generated
heat to the shield surface, where it
is radiated to space. Anticipated
temperature levels are 675 K,
maximum.

Thermal transport is accomplished
by thermoelectrically driven

Reactor
Shield

Access paneis

Pump
radiators

Heat transport

Energy conversion
(thermoelectrics)

Boom canister

electromagnetic pumps. The
thermocouples for the pumps are
powered by the temperature drop
between the working fluid and the
pump radiators. This approach
assures pumping of the working
fluid as long as the reactor is at
temperature, and it facilitates the
cooldown of the reactor when
power is no longer required.

The reactor’s thermal interface with
the heat distribution system is
through a set of heat exchangers.
In this way, the reactor system is
self-contained, can be fabricated
and tested at a remote facility, and
can be mated to the power system

Heat rejection

Shunt regulation
Shunt dissipators

Control
electronics

User spacecraft

Figure 26

Concept of High-Temperature Reactor
With Thermoelectric Power Conversion
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downstream. Access panels are through a heat-pipe-to-heat-pipe
provided on the main body to thermal joint, which is very similar
facilitate the connection of the heat  to the source-heat-pipe-to-heat-
distribution system to the heat exchanger joint, made integral by
exchanger. the use of special materials that are
self-brazing in orbit. To allow the
Thermoelectric elements for deployment of the panels, a
converting thermal energy to bellows-like heat pipe section is
electric power are bonded to the mounted at the tail end of the heat
internal surfaces of the heat pipes on the fixed panel. Such a
rejection panels and accept heat flexible heat pipe has been
from the source heat pipe demonstrated.
assembly.
The system has a wide range of
The heat rejection surfaces are flexibility. Its output can be
beryllium sheets with titanium- expanded either by increasing the
potassium heat pipes brazed to the thermoelectric efficiency or by
surface to distribute and carry the increasing the size and weight of
heat to the deployable panels, the system. The potential for
which are needed for additional scaling up the system is shown in
heat rejection. The deployable figure 27 (Katucki et al. 1984).
panels are thermally coupled
400
4,2
51 -
Q o
w Qo
) A
: 9 -
= 85 N
3 200f £
3 | £
g Reactor ;
o =]
a o
100 ic
Figure 27 Nominal
baseline
1 1 1 1
Temperature Reactor With
Thermoelectric Conversion System mass, kg
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A second approach evaluated is an
in-core thermionic system with a
pumped sodium-potassium
eutectic coolant (GA Technologies
and Martin Marietta 1983). The
general arrangement of this space
power system design is shown in
figure 28. The design forms a
conical frustum that is 5.8 m long,
with major and minor diameters

of 3.6 m and 0.7 m. The reactor-
converter subsystem includes the
reactor, the reflector/control

drums, and the neutron shield.

The reactor contains the thermionic

Radiator

Neutron shield

Nuclear-
converter

Shutdown pump

Main pump

9_\\\—-;-' &

A
= »3
Lo J

AT

el |

L

fuel element (TFE) converters
within a cylindrical vessel, which
is completely surrounded by
control drums.

The hot NaK leaves the reactor at
the aft end and the cold NaK is
returned to the forward end, thus
minimizing differential thermal
expansion in the piping. The
reactor is also surrounded by an
array of long, thin cylindrical
reservoirs that collect and retain
the fission gases generated in the
reactor core during the operating

Power
conversion
and control

’\

Space frame
structure

Figure 28

Concept of In-Core Thermionic Power

Plant
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Figure 29

In-Core Thermionic Converter

life of the system. Waste heat is
removed from the primary loop
through the heat exchanger. The
energy is transferred through the
heat-sink heat exchanger to heat
pipes that form the radiating
surfaces for rejection of heat to
space.

Within the reactor vessel are

176 TFEs, a grid plate to support
the TFEs at one end, a tungsten
gamma shield, and the eutectic
NaK coolant. Each TFE is welded
into the flattop head of the vessel
but allowed to move axially in the
grid plate. Expansion is expected
to be small, since the TFE sheath
tubes and reactor vessel are both
made of an alloy of niobium and

Interelectrode

1 percent zirconium and their
temperatures are nearly the same.

The TFE consists of six cells
connected in series with end
reflectors of beryllium oxide.

Boron carbide neutron absorber

is placed at both ends of the fuel
element to reduce the thermal
neutron flux in the coolant plenums
and in the gamma and neutron
shields. This reduces activation of
the coolant, secondary gamma ray
production, and nuclear heating of
the lithium hydride shield.

The individual cells (see fig. 29)
are connected in series to build up
voltage from the 0.4-V cell output.
Electrical power is generated in

Tungsten emitter

Interelectrode gap

F.P. vent insulator seal /
\‘J.z'z/ Z 7 =
il TT1 ’
Insulator
Nuclear fue
l /
To cesium
reservoir Alignment
spring
b s
Niobium collector
Aluminum oxide i
insulator Trilayer

Niobium sheath



the space between the tungsten
emitter and the niobium collector,
and the electrical current output is
conducted from one cell to the next
through the tungsten stem of the
emitter and the tantalum transition
piece. The UO, fuel is held in
place and supported during launch
by a retention device designed to
retract when the fuel expands upon
heating. The alignment spring at
the base of the emitter centers the
emitter in the collector to maintain
a uniform interelectrode spacing. It
also restrains the emitter against
launch vibration to prevent large
displacements and limit stresses in
the thin stem at the other end of
the emitter.

Fission gases are vented from the
UO; fuel to prevent the buildup of
pressures that would cause creep
deformation of the tungsten emitter
and close the interelectrode space.
Fission gases are kept separate
from the cesium (used to reduce
the space charge effect) by the
ceramic-to-metal seal and the
arrangement of passages through
the emitter cap and transition
piece.

Reactor control is provided by
the rotation of the 20 cylindrical
control drums surrounding the

reactor. The heat transport
subsystem is a single loop that
includes all of the NaK plumbing
aft of the reactor, the heat-sink
heat exchanger, and the radiator.
The 100-mm-diameter NaK lines to
and from the reactor are routed
inside helical grooves in the outer
surface of the neutron shield and
then pass along the inside surface
of the radiator to connect to the
heat-sink heat exchanger. The
configuration of the NaK lines
along the shield is helical, rather
than straight, to avoid degradation
of the shield performance due to
neutron streaming in the pipe
channels.

The helical channels in the shield
are also occupied by the electrical
transmission lines, which are
flattened in cross section and

are routed over the NaK lines to
serve as meteoroid protection.
Electromagnetic pumping is used
to circulate the NaK during normal
operation and during shutdown.
Two electromagnetic pumps are
provided in the cold leg of the
NaK circuit: an annular linear-
induction pump to serve as the
main pump and a parallel
thermoelectromagnetic pump
(with a check valve) to provide
shutdown pumping capability.
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Figure 30

Scalability of In-Core Thermionic
Reactor

46

The radiator contains two finned
heat pipe assemblies, which form
a conical frustum when the panels
are assembled on the radiator
structure. The heat pipes follow
the slant height of the core and
are deployed fore and aft of the
heat-sink heat exchanger, to which
they are thermally coupled. The
radiator provides environmental
protection for the equipment it
houses.

Growth is possible by either
redesigning the reactor with more
TFEs or increasing the emitter
temperature (see fig. 30)
(Katucki et al. 1984). An upper
temperature level of about

2000 K is believed to be an
operational limit for the tungsten
emitter.

The third approach uses a Stirling
engine to convert to electricity
heat from a lower temperature
(900 K), fuel-pin-type reactor. This
design emphasizes the use of

Moderated UZrH drniver
liquid metal cooled

state-of-the-art fuel pins of
stainless steel and UO,, with
sodium as the working fluid. Such
fuel pins have been developed

for the breeder reactor program,
with 1059 days of operation and
8.5-percent burnup demonstrated.

The reactor can be similar in
design to the high-temperature
reactor, but it utilizes lower
temperature materials. In

figure 31 (General Electric Co.
1983), the reactor is constructed
as a separate module from the
conversion subsystem. Four
Stirling engines, each rated to
deliver 33 kW4, are included in
the design concept to provide
redundancy in case of a unit
failure. Normally the engines
operate at 75 percent of rated
power to produce an output of
100 kW,. Each engine contains a
pair of opposed-motion pistons,
which operate 180 degrees out of
phase. This arrangement
eliminates unbalanced linear

Fast reactor (U-235)
liquid metal cooled

i B 1
kWe 10
Core
diameter, ~33 ~45 ~50 ~60
cm



momentum. Each engine receives
heat from a pumped loop
connected to the reactor vessel.

An alternate arrangement would
deliver the heat through an
interface heat exchanger with heat
pipes between the heat exchanger
and the engine. Waste heat is
removed from the cooler heads and
delivered to a liquid-to-heat-pipe
heat exchanger. The heat pipes, in
turn, deliver the waste heat to the
radiator where it is rejected to
space.

Figure 32 provides performance
curves for the Stirling system. A
low temperature will meet the goal
of 100 kWe. However, growth
systems favor combining the
Stirling engines with higher
temperature reactors both to
minimize mass and to reduce heat
rejection surface areas.

Engine waste
(deployable)

Figure 33 summarizes the mass
and specific power projected for

the 100-kW; class of power plants.

The fast-spectrum, lithium-cooled
reactor with thermoelectrics
(concept 1) has been selected for
the ground demonstration system.
Work is continuing on thermionic
fuel element development and
Stirling engine development for
possible use in growth versions of
SP-100.

Future developments: Several
classes of reactor power plants
will be needed in the future to
provide adequate energy for lunar
camps and base stations, the
growth space station and Space
Station 2, and electric propulsion.
The 50- to 1000-kWg power plant
being developed by the SP-100
Program for flight in the early to
mid-1990s will meet the power

Power

processing
Allernator Heal radiator o
radiator panels (fixed)
panels
Reactor
-4~ g
{3 ||---|cx—— e

Thermoelectromagnsetic

pump | engine
Heal exchanger Stirling / Section AA
Engine’  Engine €ngine
heater  cooler (4 places)

head head

Figure 31

Concept of Stirling Engine Conversion
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Figure 32

Scalability of Stirling Power System
Concept
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requirements of the growth

space station, the lunar surface
day/night camp, and nuclear
electric propulsion. However, the
requirements and designs have
been aimed at unmanned systems.
These should be reviewed and
modified as necessary to meet
manned operational requirements.
These requirements could include
shielding that completely encloses
the reactor, additional emphasis
on shutdown heat removal and
safety systems that are

independent and redundant, and
considerations of maintainability
and disposal.

We anticipate that the early

lunar camps and bases will involve
the transport of a space station
version of the 100-kW-class
power plant with little shielding.
The power plant would be
arranged to reject heat to space.
People would be protected by
using lunar materials for the
radiation barrier.
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Power system mass, kg
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Figure 33

Performance Projections for Space
Nuclear Reactor Power System
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Figure 34

Manned Mars Mission

After a 600-day flight to Mars, a 100-day
reconnaissance phase is initiated, during
which a crew will land and investigate
Mars for 1 month. The return trip to
geosynchronous Earth orbit (GEQ) takes
about a year.

Using this configuration and conducting
a mission of this sort would require

6 MW of power operating for

14 x 103 hours and thus expending

an energy total of 8 x 107 kWhr.

50

Space Station 2, requiring

1-10 MW, would need a new
class of reactor plants. Major
changes in reactor designs may

" be called for, such as higher

temperatures, refuelability,

and maintainability of certain
components. Significant
improvements in power conversion
and heat rejection are also
necessary. The power conversion
will probably work at a higher
temperature; innovative design
through in-core thermionics is
being evaluated as an alternative.
Heat rejection will need a
deployable system that uses a

Spin axis 4 rpm

Lander
Reactor

Airlock/
storm shelter

10 Crew
\tlunnei

nonarmored radiator technology.
One concept, the liquid droplet
radiator, is now being pursued to
demonstrate technology feasibility.
Other concepts include belts,
balloons, and rollup heat pipes.
The goal would be to package a
10-MW; power plant in a single
Shuttle launch.

The power plant for Space Station 2
can meet the requirements for a
manned Mars mission (fig. 34) and
for a lunar orbital transfer vehicle
using nuclear electric propulsion.
For the advanced lunar base,

the same power plant could be
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used. Again, lunar soil could

provide shielding. However, if a
mining and materials fabrication
capability were in place, it could
be used to fabricate a sgecially

designed heat rejection subsystem.

Doing so could produce a major
savings in mass transfer from
Earth. Several innovative designs
are possible, such as continuous
ejection and collection of fluid or
solid particles.

Public Safety and the Use of
Nuclear Reactors in Space

Policy and goals: The policy of
the United States for all U.S.
nuclear power sources used in
space is to ensure that the
probability of release of radioactive
materials and the amounts
released are such that an undue
risk is not presented, considering
the benefits of the mission (U.S.
Department of Energy 1982).
Safety criteria are specified for
the design of the SP-100 space
nuclear reactor power plant;

safety is to be built into the design,
not just added on.

The restriction of radiation exposure
(DOE 1982) depends on reducing
the probability of an accident that
might release radioactive materials
into the environment and on limiting
the magnitude of such a release
should one occur.

Space nuclear power applications
must keep the radiation exposure
of astronauts, occupational
workers (e.g., ground support
personnel), and members of the
general public "as low as
reasonably achievable" during

all mission phases, normal

and abnormal. According to
recommended standards (U.N.
General Assembly paper 1980),
the maximum accumulated doses
for closely involved workers and
for the general population are those
listed in table 4. Allowable doses
for astronauts are generally in the
same range as those allowed for
radiation workers.
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TABLE 4. Normal Mission Exposure Limits

Type of exposure Condition Dose, rem
Individuals in controlled area:
Whole body, head and trunk, Accumulated dose 5(N-18)*
active blood-forming organs, Calendar quarter 3
gonads, or lens of eye
Skin, thyroid, and bone Year 30
Calendar quarter 10
Hands and forearms, Year 75
feet and ankles Calendar quarter 25
Other organs Year 15
Calendar quarter 5
Individuals in uncontrolled areas:
Whole body, gonads, Annual dose to critical
or bone marrow individuals at points of
maximum probable exposure 0.5
Other organs Same 1.5
Whole body, gonads, Average annual dose to a
or bone marrow suitable sample of the
exposed population 0.17
Other organs Same 0.5
* Where N equals age in years at next birthday.
rem or "roentgen equivalent man” = the dose which produces an equivalent probability ot harmful radiation

effects
1rem = 1 cSv

The safety program is designed to
protect the public against exposure
to radiation levels above
established standards. This can
be accomplished by preventing
accidental reactor criticality and

by avoiding release of radioactive
byproducts into the biosphere in
sizes and concentrations that
exceed the standards.

Another set of safety goals
encompasses the protection of

investments in facilities both on
the ground and in space. These
facilities must be protected both
because they are national assets
that would be costly to replace
and because a failure would
produce significant delays in our
national efforts to build the space
station. Safety goals and
requirements are summarized

in table 5.



TABLE §. Safety Goals and Requirements

Goals

Reasons

Design requirements

Assure the existence
of normal conditions
before launch to avoid
special handling or
precautions.

Prevent inadvertent
criticality.

Avoid release of
radioactive byproducts
in concentrations
exceeding radiological
standards.

Avoid unplanned core
destruction.

To protect workers
and astronauts

To ensure that the public is
not exposed to leveis of

radiation that exceed standards

To protect the Shuttle crew

To ensure that the public is
not exposed to radiation
levels that exceed standards
and to protect the biosphere
against concentration of
radioactive elements above
safety standards

To protect space
investments and to
avoid contamination of
volumes of the space
environment

The reactor shall not be operated (except for zero
power testing) until a stable orbit or flight path
is achieved.

There must be two independent systems to reduce
reactivity to a subcritical state.

Unirradiated fuel shall pose no significant
environmental hazard.

The reactor must remain subcritical if immersed in
water or another fluid.

The reactor must have a significant negative
power coefficient. .

The reactor must be subcritical in an Earth-impact
accident.

A reactor safety system must be incorporated.
There must be quality assurance standards.

A positive-coded telemetry system must be used
for reactor startup.

There must be redundant control and safety
systems.

There must be independent sources of electrical
power for the reactor control system, the reactor pratection
system, and the reactor communication system.

There must be instrumentation to continuously
monitor reactor status.

An orbital boost system must be provided for
short-lived orbits.

There must be spacecraft attitude controllers for the
communication and boost systems.

An independent system for decay heat removal must
be provided for shutdown situations.

There must be two independent systems to reduce
reactivity to a subcritical state.

A positive-coded signal must be used to operate
the reactor.

There must be two independent reactor protection
systems.

Fault-detection systems must be provided for the
reactor protection systems.
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The safety review process: The
United States requires an analysis
of each space mission involving
nuclear material to assess the
potential radiological risk to the
biosphere. The process begins
when the space mission is defined
and the design is conceived. The
safety review process continues

- through launch safety analysis,

approval to launch, and proper
nuclear power source disposal.

The developer of the nuclear
power source is responsible for
performing .the nuclear safety
analyses for the system. Results
of these safety analyses are
reported at least three times
during the development cycle in
documents entitled Preliminary
Safety Analysis Report (PSAR),
Updated Safety Analysis Report
(USAR), and Final Safety Analysis
Report (FSAR).

The Preliminary Safety Analysis
Report is issued 120 days after a
design concept is selected. It
contains a description of the
design, a failure mode analysis,
and a nuclear safety analysis. The
latter two requirements are based
on the safety research data for the

development of heat sources,
historical heat source design
information, and the requirements
set forth in the guidelines written
by the Department of Energy
(DOE). At this stage of system
development, the failure mode
analysis is based on the response
to potential accident environments
and on design limitations
established by the guidelines.

The Updated Safety Analysis
Report is issued 90 days after the
design is set. It is similar in format
to the preliminary report. Additional
requirements include a description
of the mission on which the system
is to be used and an update of the
failure mode analysis using data
from the developmental tests
performed to set the design.

The Final Safety Analysis Report is
issued approximately 1 year before
the scheduled launch and is similar
in format to the earlier reports.
This report provides final system,
mission, and safety assessment
data, factoring in the results of the
verification and qualification test
programs. Thus, the final
assessment is based on the

actual mission environments.



The Interagency Nuclear Safety
Review Panel (INSRP) is
responsible for review of the safety
analysis reports at each step of the
development process. The end
result of the INSRP process is the
Safety Evaluation Report (SER).
This report evaluates potential
human exposures to radiation and
the probabilities of exposure during
all phases of the mission. The
INSRP submits the Safety
Evaluation Report to the heads of
the Department of Energy, NASA,
and the Department of Defense for
their review. The head of the
agency that wants to fly the
nuclear power source must then

request launch approval from the
President through the Office of
Science and Technology Policy.
The ultimate authority for launch
and use of the nuclear power
source lies with the President of
the United States.

Figure 35 shows the generalized
sequence of events in this flight
safety evaluation process.
Because safety features are
designed into U.S. nuclear power
sources from the very beginning,
this safety review process is
actually an integral part of the
overall flight system development.

Contractor's
safety analysis [ -
report — DOE |+ Office of
the
) President
National
Gover.nment- -~ DOD [ | Security 4
furnished  ® Council
data Interagency
— Nuclear Safety
Review Panel Office of
Operational N L1 NASA | Science and
analysis Technology
Policy
Independent Other
analysis P agencies
and tests

Figure 35

U.S. Safety Review and Launch
Approval Process
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Thermal Management
in Space
Abe Hertzberg

The vehicles and habitats associated
with space industrialization and

the exploitation of nonterrestrial
resources will inevitably require
energy systems far exceeding the
current requirements of scientific
and exploratory missions. Because
of the extended duration of

these missions, it is not possible

to consider systems involving
expendables such as non-
regeneratable fuel cells. Therefore,
these missions become hostages to
the capability of continuous-power
energy systems. These systems
will need to provide hundreds of
kilowatts to tens of megawatts

of electrical power to a product
fabrication system, whether it uses
terrestrial or nonterrestrial raw
materials.

Because the power system will be
located in an essentially airless
environment, rejecting waste heat
becomes a limiting aspect of it. In
the following paragraphs, | will
review space-based or asteroidal
and lunar based power generating

25814

systems, as well as the capability
of existing technologies to
dissipate this heat into the airless
environment of space.

It should be pointed out that in a
vacuum environment, convection is
no longer available and the only
mechanism of rejecting heat is
radiation. Radiation follows the
Stefan-Boltzmann Law

E =aoT¢

where
E = the energy rejected
o, the Stefan-Boltzmann constant,
= 5,67 Wm-2K-4
T = the temperature at which the
heat is radiated

That is, the total amount of heat
radiated is proportional to the
surface area of the radiator.

And the lower the radiation
temperature, the larger the radiator
area (and thus the radiator mass,
for a given design) must be.

The radiator can only reject heat
when the temperature is higher
than that of the environment. In
space, the optimum radiation
efficiency is gained by aiming the
radiator at free space. Radiating

551‘—92,@
JHLE 702

P /3

57



58

toward an illuminated surface is
less effective, and the radiator
must be shielded from direct
sunlight.

The rejection of heat at low
temperatures, such as would be
the case in environmental control
and in the thermal management of
a materials processing unit, is
particularly difficult. Therefore, the
design and operation of the heat
rejection system is crucial for an
efficient space-based energy
system.

Space-Based Power
Generating Systems

In a previous paper, space-based
power generating systems have
been described in detail. Solar
photovoltaic systems have a
generating capability of up to
several hundred kilowatts. The
power output range of solar
thermal systems is expected to be
one hundred to perhaps several
hundred kilowatts. While in
principle these power systems can
be expanded into the megawatt
region, the prohibitive demands
for collection area and lift capacity
would appear to rule out such
expansion. Megawatt and
multimegawatt nuclear power

reactors adapted for the space
environment appear to offer a
logical alternative. In this paper,

| deal only with the burdens these
three types of power system will
place on the heat management
system.

Solar photovoltaics themselves will
not burden the power generating
system with a direct heat rejection
requirement, since the low energy
density of the system requires
such a great collection area that it
allows rejection of waste radiant
energy. However, if these
systems are to be employed in low
Earth orbit or on a nonterrestrial
surface, then a large amount of
energy storage equipment will be
required to ensure a continuous
supply of power (as the devices do
not collect energy at night). And
the round-trip inefficiencies of even
the best energy storage system
today will require that a large
fraction —perhaps 25 percent—of
the electrical power generated
must be dissipated as waste heat
and at low temperatures.

Solar thermal systems, which
include a solar concentrator and
a-dynamic energy conversion
system, are presumed to operate
at relatively high temperatures



(between 1000 and 2000 K). The
efficiencies of the energy
conversion system will lie in the
range of 15 to perhaps 30 percent.
Therefore we must consider
rejecting between 70 and

85 percent of the energy collected.
In general, the lower the thermal
efficiency, the higher the rejection
temperature and the smaller the
radiating area required. As with
solar photovoltaic systems, the
inefficiencies of the energy storage
system will have to be faced by the
heat rejection system, unless high
temperature thermal storage is
elected.

The current concepts for nuclear
power generating systems involve
reactors working with relatively low-
efficiency energy conversion
systems which reject virtually all of
the usable heat of the reactor but
at a relatively high temperature.
Despite the burdens that this low
efficiency places on nuclear fuel
use, the energy density of nuclear
systems is so high that the fuel use
factor is not expected to be
significant.

In all of these systems the output
power used by the production
system in environmental control
and manufacturing (except for a
small fraction which might be
stored as endothermic heat in the
manufactured product) will have to
be rejected at temperatures
approaching 300 K.

I think it fair to state that, in many
of the sketches of space industrial
plants | have seen, the power
system is little more than a
cartoon because it lacks sufficient
detail to address the problem of
thermal management. We must
learn to maintain an acceptable
thermal environment, because it is
expected to become a dominant
engineering consideration in a
complex factory and habitat
infrastructure.

As an example of the severity of
this problem, let us examine the
case of a simple nuclear power
plant whose energy conversion
efficiency from thermal to electric
is approximately 10 percent. The
plant is to generate 100 kW of
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useful electricity. The reactor
operates at approximately 800 K,
and a radiator with emissivity
equal to 0.85 would weigh about
10 kg/m2. The thermal power to
be dissipated from the reactor
would be about 1 MW. From the
Stefan-Boltzmann Law, the area of
the radiator would be about 50 m2
and the mass approximately

500 kg. This seems quite
reasonable.

However, we must assume that
the electricity generated by the
power plant, which goes into life
support systems and small-scale
manufacturing, would eventually
have to be dissipated also, but at
a much lower temperature (around

*Using the Stefan-Boltzmann Law,

E, = 567x108W m2 K- (800 K)¢
= 5.67 x 108 W m-2 K4 x 4096 x 108 K4
= 567 Wm2x4.10 x 103

E, =23.3 kW m?

900 kW + 23.3 kW m2 = 38.6 m2
and 38.6 m2 + 0.85 = 45.4 m2

E, = 567x108W m2K-4 (300 K)*
= 567 x 108 Wm2 K4 x 81 x 108 K4
= 5.67 W m2 x 81

Eg =459 W m-2

100 kW + 459 W m2 = 0.2179 x 103 m2

and 218 m2 + 0.85 = 256 m2
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300 K). Assuming an even better,
aluminum radiator of about 5 kg/m2,
with again an emissivity of 0.85, in
this case we find that the area of
the low temperature heat rejection
component is 256 m2, with a mass
approaching 1300 kg.* Therefore,
we can see that the dominant heat
rejection problem is not that of

the primary power plant but that

of the energy that is used in life
support and manufacturing, which
must be rejected at low
temperatures. Using the waste
heat from the nuclear power plant
for processing may be effective.
But, ironically, doing so will in

turn require more radiator surface
to radiate the lower temperature
waste heat.

218 m2



Heat Rejection Systems

In this section | will deal with
systems designed to meet the heat
rejection requirements of power
generation and utilization. These
heat rejection systems may be
broadly classified as passive or
active, armored or unarmored.
Each is expected to play a role in
future space systems.

Heat pipes: The first of these,
called the "heat pipe,” is
conventionally considered the base
system against which all others are
judged. It has the significant
advantage of being completely
passive, with no moving parts,
which makes it exceptionally
suitable for use in the space
environment.

Container

Heat input

For the convenience of the
reader, | will briefly describe the
operational mechanism of the
basic heat pipe. (See figure 36.)
The heat pipe is a thin, hollow
tube filled with a fluid specific to
the temperature range at which it
is to operate. At the hot end, the
fluid is in the vapor phase and
attempts to fill the tube, passing
through the tube toward the cold
end, where it gradually condenses
into the liquid phase. The walls of
the tube, or appropriate channels
grooved into the tube, are filled
with a wick-like material which
returns the fluid by surface
tension to the hot end, where it is
revaporized and recirculated.

Vapor

[

Wick Liquid
flow flow
Heat output
/ .

D

[T

Evaporator

section

I

Condenser
section —

Adiabatic
section

Figure 36

Components and Principle of
Operation of a Conventional Heat Pipe

A conventional heat pipe consists of a
sealed container with a working fluid, a
passageway for vapor, and a capillary
wick for liquid transport. During
operation, the heat pipe is exposed to
external heat at one end (the evaporator
section). This heat causes the working
fiuid in the capillary wick to vaporize,
removing heat equal to the heat of
vaporization of the fluid. The vapor is
forced down the center of the pipe by
pressure from the newly forming vapor.
When the vapor reaches the cool end of
the pipe (the condenser section), it
condenses to a liquid. The liquid soaks
into the capillary wick, through which it
travels back to the evaporator section. As
the fluid condenses, it gives up the heat
of vaporization, which is then conducted
outside the end of the pipe.
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Essentially the system is a small
vapor cycle which uses the
temperature difference between
the hot and cold ends of the tube
as a pump to transport heat,
taking full advantage of the heat of
vaporization of the particular fluid.

The fluid must be carefully
selected to match the temperature
range of operation. For example,
at very high temperatures a
metallic substance with a relatively
high vaporization temperature,
such as sodium or potassium,
may be used. However, this
choice puts a constraint on the
low temperature end since, if the
fluid freezes into a solid at the low
temperature end, operation would
cease until the relatively inefficient
conduction of heat along the walls
could melt it. At low temperatures
a fluid with a low vaporization
temperature, such as ammonia,
might well be used, with similar
constraints. The temperature may
not be so high as to dissociate the
ammonia at the hot end or so low
as to freeze the ammonia at the
cold end.

With proper design, heat pipes are
an appropriate and convenient tool

for thermal management in space
systems. For example, at modest
temperatures, the heat pipe could
be made of aluminum, because of
its relatively low density and high
strength. Fins could be added to
the heat pipe to increase its heat
dissipation area. The aluminum, in
order to be useful, must be thin
enough to reduce the mass carried
into space yet thick enough to
offer reasonable resistance to
meteoroid strikes.

A very carefully designed solid
surface radiator made out of
aluminum has the following
capabilities in principle: The
mass is approximately 5 kg/m2
with an emissivity of 0.85; the
usable temperature range is
limited by the softening point

of aluminum (about 700 K). At
higher temperatures, where
refractory metals are needed,

it would be necessary to multiply
the mass of the radiator per
square meter by at least a factor
of 3. Nevertheless, from 700 K
up to perhaps 300 K, the heat
pipe radiator is still a very
efficient method of rejecting
heat.



A further advantage is that each
heat pipe unit is a self-contained
machine. Thus, the puncture of
one unit does not constitute a
single-point failure that would affect
the performance of the whole
system. Failures tend to be slow
and graceful, provided sufficient
redundancy.

Pump loop system: The pump
loop system has many of the same
advantages and is bounded by
many of the same limitations
associated with the heat pipe
radiator. Here heat is collected
through a system of fluid

loops and pumped into a radiator
system similar to conventional
radiators used on Earth. It should
be pointed out that in the Earth
environment the radiator actually
radiates very little heat; it is
designed to convect its heat. The
best known examples of the pump
loop system currently used in
space are the heat rejection
radiators used in the Shuttle.
These are the inner structure of the
clamshell doors which are deployed
when the doors are opened

(fig. 37).

Pump loop systems have a unique
advantage in that the thermal
control system can easily be
integrated into a spacecraft or
space factory. The heat is
picked up by conventional heat
exchangers within the spacecraft,
the carrier fluid is pumped through
a complex system of pipes
(extended by fins when deemed
effective), and finally the carrier is
returned in liquid phase through the
spacecraft. In the case of the
Shuttle, where the missions are
short, additional thermal control is
obtained by deliberately dumping
fluid.

Since the system is designed to
operate at low temperatures, a low
density fluid, such as ammonia,
may on occasion, depending on
heat loading, undergo a phase
change. Boiling heat transfer in a
low gravity environment is a
complex phenomenon, which is not
well understood at the present
time. Because the system is
subjected to meteoroid impact, the
basic primary pump loops must be
strongly protected.
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Pump Loop Radiators on the Space folr%v;,dand
Shuttle Payload Bay Doors panel ‘
a. The space radiators, which consist of N A

two deployable and two fixed panels on
each payload bay door, are designed to
reject waste heat during ascent (doors
closed) and in orbit (doors open). Each
panel contains parallel tubes through
which the Freon in the heat loops can
pass, bringing waste heat from other
parts of the orbiter. The total length of
Freon tubing in these panels is 1.5 km.

* Aft panels are removable.
Cavity

Door
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b. The panels have a heat rejection
capacity of 5480 kJ/hr (5400 Btu/hr)
during ascent through the atmosphere
with the doors closed and 23 kJ/hr
(21.5 Btulhr) during orbital operations
with the doors open.
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Despite these drawbacks, pump
loop systems will probably be used
in conjunction with heat pipe
systems as thermal control
“engineers create a viable space
environment. These armored
(closed) systems are rather highly
developed and amenable to
engineering analysis. They have
already found application on Earth
and in space. A strong technology
base has been built up, and there
exists a rich literature for the
scientist-engineer to draw on in
deriving new concepts.

Advanced Radiator Concepts

The very nature of the problems
just discussed has led to increased
efforts on the part of the thermal
management community to
examine innovative approaches
which offer the potential of
increased performance and, in
many cases, relative invulnerability
to meteoroid strikes. Although |
cannot discuss all of these new
approaches, | will briefly describe
some of the approaches under
study as examples of the direction
of current thinking.

Improved conventional approaches:
The continuing search for ways to
improve the performance of heat
pipes has already shown that
significant improvements in the heat
pumping capacity of the heat

pipe can be made by clever
modifications to the return wick
loop. Looking further downline at
the problem of deployability, people
are exploring flexible heat pipes
and using innovative thinking. For
example, a recent design has the
heat pipes collapsing into a sheet
as they are rolled up, the same
way a toothpaste tube does. Thus,
the whole ensemble may be rolled
up into a relatively tight bundle for
storing and deploying. However,
because the thin-walled pipes

are relatively fragile and easily
punctured by meteoroids, more
redundancy must be provided.
The same principles, of course,
can be applied to a pump loop
system and may be of particular
importance when storage limits
must be considered. These are
only examples of the various
approaches taken, and we may
confidently expect a steady
improvement in the capability of
conventional thermal management
systems.

The liquid droplet radiator: The
basic concept of the liquid droplet
radiator is to replace a solid surface
radiator by a controlled stream of
droplets. The droplets are sprayed
across a region in which they
radiate their heat; then they are
recycled to the hotter part of the
system. (See figure 38.)
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Figure 38

Two Concepts for a Liquid Droplet
Radiator

In one concept (top), droplets are
generated at the base of a cone which
contains the source of the waste heat (a
nuclear reactor, for example), and the
molten droplets are sprayed to a six-
armed collector array, where they are
caught and then pumped back through a
central pipe to the reactor. In a somewhat
similar concept (bottom), a deployable
boom has the droplet generator at one
end and the droplet collector at the other,
with a fluid feed line between. Here the
droplets are sprayed in a single planar
pattern.
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It was demonstrated some time ago
that liquid droplets with very small
diameters (about 100 micrometers)
are easily manufactured and offer a
power-to-mass advantage over
solid surface radiators of between
10 and 100. In effect, large, very
thin radiator sheets can be
produced by the proper dispersion
of the droplets. This system offers
the potential of being developed
into an ultralightweight radiator that,
since the liquid can be stored in
bulk, is also very compact.

The potential advantages of the
liquid droplet radiator can be seen
if we consider again the problem
that was discussed at the end of
the section on heat pipe radiators.
We found that a very good
aluminum radiator would require
256 m2 and have a mass of

nearly 1300 kg to radiate the low
temperature waste heat from lunar
processing. Using the properties of
a liquid droplet radiator and a low
density, low vapor pressure fluid
such as Dow-Corning 705, a
common vacuum oil, we find that,
for the same area (which implies
the same emissivity), the mass of
the radiating fluid is only 24 kg.

Even allowing a factor of 4 for the
ancillary equipment required to
operate this system, the mass of
the radiator is still less than

100 kg.

To achieve efficiency, the designer
is required to frame the radiator in
a lightweight deployable structure
and to provide a means of aiming
the droplets precisely so that they
can be captured and returned to
the system. However, present
indications are that the droplet
accuracies required (milliradians)
are easily met by available
technology. Recently, successful
droplet capture in simulated 0 g
conditions has been adequately
demonstrated. An advantage of a
liquid droplet radiator is that even a
relatively large sheet of such
droplets is essentially invulnerable
to micrometeoroids, since a
striking micrometeoroid can
remove at most only a few drops.

The reader may be concerned that
the very large surface area of the
liquid will lead to immediate
evaporation. However, liquids
have recently been found that in
the range of 300 to 900 K have
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a vapor pressure so low that the
evaporation loss during the normal
lifetime of a space system
(possibly as long as 30 years) will
be only a small fraction of the total
mass of the radiator.

Thus, the liquid droplet radiator
appears promising, particularly as a
low temperature system where a
large radiator is required.

Liquid droplet radiators for
applications other than 0 g have
been suggested. For example, in
the lunar environment fluids with
low vapor pressures can be used
effectively as large area heat
dissipation systems for relatively
large-scale power plants. We may
well imagine that such a system
will take on the appearance of a
decorative fountain, in which the
fluid is sprayed upward and
outward to cover as large an area
as possible. It would be collected
by a simple pool beneath and
returned to the system. Such a
system would be of particular
advantage in the lunar environment
if low mass, low vapor pressure

fluids could be obtained from
indigenous materials. Droplet
control and aiming would no longer
be as critical as in the space
environment; however, the system
would need to be shaded from the
Sun when it is in operation.

While this system is far less
developed than the systems
previously discussed, its promise
is so high that it warrants serious
consideration for future use,
particularly in response to our
growing needs for improved power
management.

Belt radiator concepts: The belt
radiator concept is a modification of
the liquid droplet concept in which
an ultrathin solid surface is coated
with a very low vapor pressure
liquid (see fig. 39). While the
surface-to-volume ratio is not
limited in the same fashion as for a
cylindrical heat pipe, it does not
quite match that of the liquid droplet
radiator. However, this system
avoids the problem of droplet
capture by carrying the liquid along
a continuous belt by surface
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Laser Power
Transmission
Edmund J. Conway

Since their development, lasers
have offered the potential of
projecting large amounts of power
onto a distant, small area. (Laser
power was once measured in
"gillettes," the thickness in
number of razor blades it took to
just stop the beam.) Initially, this
characteristic seemed good for
weapons (e.g., the laser rifle) and
mining (thermal fracture or
vaporization of rock). Actual
applications later developed in the
areas of cutting (anything from
sheet metal to cloth), welding,
scribing, and surgery.

One of the earliest proposals

for the application of a high-
powered laser in the civilian
space program was made by
Kantrowitz (1972). He proposed
an Earth-to-orbit launch system

in which a laser on the ground
supplied thermal energy to a
single species of rocket propellant
(such as hydrogen). The removal
of the oxidizer, no longer needed
to release chemical energy for
propulsion, reduced the lift-off
weight of Earth-launched vehicles.

This and similar proposals on
power and propulsion generated a
great deal of speculation and

\

study in the 1970s. These activities,
although generally incomplete and
sometimes contradictory, identified
several themes:

e Lower cost power and propulsion
is key to the development of
near-Earth space.

e Solar- and nuclear-powered
lasers have the characteristics
for high payoff in space
applications.

e Expensive transportation
applications show high potential
for cost reduction through the
use of remote laser power.

e Economical power beaming in
space requires multiple
customers who cannot use
available (solar photovoltaic)
power sources.

e High laser conversion efficiency
is a key power-beaming
challenge.

o NASA laser power requirements
are very different from those of
DOD and DOE, but NASA can
benefit from the breadth of basic
research generated by the
programs of other agencies.
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tension. The liquid plays a double
role in this system by acting not
only as the radiator but also as the
thermal contact which picks up the
heat directly from a heat transfer
drum. Variations on this scheme,
in which the belt is replaced by a
thin rotating disk, are also feasible
but have yet to be fully assessed.

Drive
mechanism

Fluid bath
heat
exchanger

The systems described are only
indicative of the thinking which has
been stimulated by the problem of
thermal management. All of these
systems, if developed, offer
significant promise of improvement
over the conventional armored

systems.

Solar
coliector

conversion
unit

Figure 39

Belt Radiator

A related heat rejection technology is the
belt radiator concept. Here the liquid is
present as a thin coating on two rotating
belts. As the belts rotate through the
drive mechanism, they pick up hot fluid
from the heat exchanger. Then, as the
belts rotate through space, the fluid
loses its heat. This system does not have
the advantage of the high surface-area-
to-mass ratio possible with a liquid
droplet radiator, but it still may offer
superior properties of heat transfer and
damage resistance compared to solid
radiators.
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A particularly complete study by
Holloway and Garrett (1981)
showed substantial payoff for both
laser-thermal- and laser-electric-
powered orbit transfer vehicles. A
recent comparison by DeYoung
and coworkers (1983) suggests
that with a laser providing 100 kW
or more of power for electric
propulsion and for other onboard
utility needs, spacecraft will be able
to operate in low altitude, high drag
orbits and will be much lighter and
smaller.

From the studies, then, a general
set of requirements are emerging
for beaming power by laser to
currently envisioned space
missions. First, the laser must be
capable of long-term continuous
operation without significant
maintenance or resupply. For this
reason, solar- and nuclear-powered
lasers are favored. Second, the
laser must supply high average
power, on the order of 100 kW or
greater for applications studied so
far. For this reason, continuous
wave or rapidly pulsed lasers are
required.

Since solar energy is the most
available and reliable power source
in space, recent research designed

to explore the feasibility of laser
power transmission between
spacecraft in space has focused
on solar-pumped lasers. Three
general laser mechanisms have
been identified:

o Photodissociation lasing driven
directly by sunlight

® Photoexcitation lasing driven
directly by sunlight

e Photoexcitation lasing driven
by thermal radiation

Solar-Pumped
Photodissociation Lasers

Several direct solar lasers based
on photodissociation have been
identified, including six organic
iodide lasants that have been
successfully solar pumped and
emit at the iodine laser wavelength
of 1.3 micrometers. (See figure 40
for a possible application of such a
laser.) Another lasant, IBr, has
been pumped with a flashlamp and
lased at 2.7 ym with a pulsed
power of hundreds of watts. One
organic iodide, C3F+|, and IBr have
been investigated intensively to
characterize their operation.
Several reports on experimental
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results and modeling have been
published (Zapata and DeYoung
1983, Harries and Meador 1983,
Weaver and Lee 1983, Wilson et
al. 1984, DeYoung 1986). An
important characteristic of the
photodissociation lasers under
consideration is that they
spontaneously recombine to form
the lasant molecule again. Both
C3F7I and IBr do this to a high

Figure 40

One-Megawatt lodine Solar-Pumped
Laser Power Station

This picture shows the elements of an
orbiting laser power station. A nearly
parabolic solar collector, with a radius of
about 300 meters, captures sunlight and
directs it, in a line focus, onto a 10-m-long
laser, with an average concentration of
several thousand solar constants. An
organic iodide gas lasant flows through
the laser, propelled by a turbine-
compressor combination. The hot lasant
is cooled and purified at the radiator.

New lasant is added from the supply tanks
to make up for the small amount of lasant
lost in each pass through the laser.
Power from the laser is spread and
focused by a combination of transmission
mirrors to provide a 1-m-diameter spot at
distances up to more than 10 000 km.

Transmission
optics
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degree, permitting continuous
operation without resupplying
lasant, as is generally required for
chemical lasers. In addition, C3F7I
absorbs almost no visible light and
thus remains so cool that it may
require no thermal radiator except
the pipe that recirculates the
lasant. A variety of other lasants
offering increased efficiency are
under study.

Solar
collector

Compressor- ~~__ "~~~ _
turbine o TR ™ g
~ e, TSy



Solar-Pumped
Photoexcitation Lasers

Another group of direct solar-
pumped lasers rely on the
electronic-vibrational excitation
produced by sunlight to power the
laser action. Two systems are
being actively studied. The first is
a liquid neodymium (Nd) ion laser,
which absorbs throughout the
visible spectrum and emits in the
near-infrared at 1.06 pm. This
lasant has lased with flashlamp
pumping and is currently being
tried with solar pumping, since

calculations indicate feasibility.

A second candidate of this sort is
a dye laser, which absorbs in the
blue-green range and emits in
the red, near 0.6 um. These lasers
offer good quantum efficiency
and emission that is both of

short wavelength and tunable.
However, the lasers require
extremely high excitation to
overcome their high threshold

for lasing, and the feasibility of
achieving this with concentrated
sunlight is still a question for
further research.

Laser Power to a Lunar Base

In this artist's concept, a large receiver is
covered with photovoltaic converters tuned
to the laser wavelength. Such a system
could produce electric power with an
efficiency near 50 percent.

Artist: Bobby E. Silverthorn
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Laser-Powered Lunar Prospecting
Vehicle

This manned prospecting vehicle, far from
the base camp, is receiving laser power
for life support, electric propulsion across
the lunar surface, and drilling. Since this
power is available during lunar night as
well as day, prospecting need not be shut
down for 14 Earth days every month.

A mobile habitat module (not shown)
accompanies the prospecting vehicle on
its traverse.

Artist: Bobby E. Silverthorn
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Indirect Photoexcitation Lasers

Photoexcitation lasers driven by
thermal radiation produced by the
Sun are termed indirect solar-
pumped lasers. The lower
pumping energy implies longer
wavelength emission than with
photodissociation lasers. Two
lasers, the first blackbody-cavity-
pumped laser (Insuik and
Christiansen 1984) and a
blackbody-pumped transfer laser
(DeYoung and Higdon 1984), work
on this principle. Molecules such
as CO, and N0 have lased with

emission wavelengths between

9 um and 11 pm. These lasers
are inherently continuous wave
and have generated powers
approaching 1 watt in initial
laboratory versions, with blackbody
temperatures between 1000 K

and 1500 K. While such lasers,
powered by solar energy, may be
used in space, they also offer great
potential for converting to laser
energy the thermal energy
generated by chemical reactions,
by nuclear power, by electrical
power, or by other high-
temperature sources.
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Conclusions
Henry W. Brandhorst, Jr.

It is abundantly clear that energy is
the key to utilization of space. In
fact, bold programs are completely
dependent upon and in effect
hostage to the availability of
energy. We believe that, for
either the baseline scenario or the
aiternative scenario that makes
use of lunar resources, there is
sufficient time to develop the
broad mix of power sources and
associated technologies

necessary for success.

A list of envisioned applicable
technologies related to power and
energy supply for space activities
at various power demand levels is
shown in table 6.

in general, stepwise development
of a variety of sources is
envisioned: First, an expanding
LEO space station with power
levels up to 10 MW powered by
solar or nuclear sources. Then,
lightwseight photovoltaic systems

TABLE 6. Applicable Power Technologies

Power level Technology Application
1-100 kW Photovoltaic Lightweight arrays for satellites in GEO
Space station in LEOQ
On the lunar surface (day only) (hardware derived from space station)
Radioisotope Radioisotope thermoelectric generator (RTG) for lunar rover
Dynamic isotope power system (DIPS) for martian rover
Energy storage Individual pressure vessel (IPV) nickel-hydrogen battery
Hydrogen-oxygen regenerative fuel cell (RFC)
Bipolar nickel-hydrogen battery
Flywheel
100 kW - 1 MW Photovoltaic Solar electric propulsion for orbital transfer vehicle
Solar dynamic Space station in LEQ
On the lunar surface (day only) (hardware derived from space station)
Direct solar heat Mirrors and lenses for processing lunar and asteroidal materials
Nuclear SP-100 (safe, human-rated derivative) for lunar base
Waste heat rejection Liquid droplet radiator
Belt radiator
Rollup heat pipes
1-10 MW Nuclear Nuclear electric propulsion for orbital transfer vehicle

Waste heat rejection

Power management

or piloted spacecraft to Mars

Liquid droplet radiator
Belt radiator
Rollup heat pipes

High-voltage transmission and distribution
Laser power beaming




for GEO and lunar surface
operation. It is likely that lunar
camps staffed only during the day
could derive all their power
(25-100 kW) from solar arrays.
Lightweight electrochemical
storage systems such as
hydrogen-oxygen regenerative fuel
cells would find use at GEO and,
in concert with solar arrays, would
power surface-roving vehicles and
machines.

When full-time staffing becomes
appropriate, we believe that
nuclear systems are the most likely
source of power. Power levels in
the 100-1000 kW range would

be derived from lunar-modified
SP-100-class designs, while
powers in the 1-10 MW range
would be derivatives of civil and
military multimegawatt nuclear
developments. These man-rated,
safe nuclear systems would simply
be used as power demands
warranted.

Thus, for a lunar base, photovoltaic
(or solar dynamic) systems would
be used initially for daytime
operation, SP-100-class systems
would be used for full-time

staffing at power levels to 1 MW
(by replication or design), and
these would be followed by
multimegawatt systems for the

1-10 MW needs. Similar progress
is envisioned for either scenario for
GEO operations and asteroid and
Mars exploration. Attention must
also be paid to the impact of the
lunar, asteroidal, or martian
environment on parameters of

the power system.

We consider it unlikely that use of
nonterrestrial resources will affect
power system development before
2010. It is rather the opposite:
power systems will enable the
development and use of
nonterrestrial resources.

Significant advances in the areas
of nuclear power development
and beamed power transmission
will be made by both the military
and the civilian space program.
Full advantage must be taken

of such corollary developments.

It should be noted that development
of the 1- to 10-MW class of nuclear
(or even solar) power systems will
have a profound influence on the
state and direction of the electric
propulsion programs. These power
levels enable electrically propelled
orbital transfer vehicles and
interplanetary explorers to travel to
the outermost fringes of the solar
system with larger payloads and
shorter trip times than chemical
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systems. In view of these
potentialities, a strong emphasis
on developing such propulsion

_systems is warranted.

Assuming that current programs

in photovoltaics and in the

SP-100 nuclear plant continue, the
following are considered critical
technological issues for further
research and development. They
are presented in order of priority.
By piggybacking atop and
augmenting existing programs,

we can ensure timely development
of the requisite systems.

1. SP-100-derivative nuclear
power system capable of
providing power to 1 MW in an
environment safe for humans

2. Large-scale photovoltaic
arrays; solar dynamic power
conversion suitable for space,
using collectors that
concentrate sunlight

Solar furnaces and process

heat applications suitable for
processing space resources
at high temperatures

Multimegawatt (1-10 MW)
nuclear power-generating

systems for electricity and
heat

Thermal rejection systems to
reject waste heat from the
power conversion system,
processing, and environmental
conditioning (New concepts
for efficient radiation are
required; the use of lunar
subsurface rejection should
be investigated.)

High-voltage electric
transmission and distribution
of multimegawatt power

Thermal energy control and
distribution for both manned
and unmanned systems



10.

11.

Lightweight, rechargeable
thermal and electrical storage

Machine design including
human factors; robotics to
substitute for humans in
hostile environments

Laser technology for solar and
infrared sources to beam
power in space

Environmental interactions in
space associated with energy
sources, processing, and
work in space; i.e., the impact
of foreign materials and
pollutants

A broadly based program aimed
at developing solar and nuclear
power systems to the
muitimegawatt level is of the
highest priority. For brevity’'s
sake, we have discussed only a
few of the variety of long-range,
innovative energy-related
programs supported by NASA,
DOD, DOE, and industry. To
ensure a.broadly based,
innovative program, a portion
(up to 5%) of the funds allocated
for’ space power research should
be devoted to areas that may
permit radical advance and
extremely high payoff, albeit at
high risk.
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Heavy Lift Launch Vehicle

An unmanned heavy lift launch vehicle
derived from the Space Shuttle to lower
the cost of transporting material to Earth
orbit would make it feasible to transport
to orbit elements of a lunar base or a
manned spacecraft destined for Mars.

its first stage would be powered by two
solid rocket boosters, shown here after
separation. Its second stage would be
powered by an engine cluster at the aft
end of the fuel tank that forms the central
portion of the vehicle. All this pushes the
payload module located at the forward
end. This payload module can carry
payloads up to 30 feet (9.1 meters) in
diameter and 60 feet (18.3 meters) in
length and up to 5 times as heavy as
those carried by the Shuttle orbiter.

Artist: Dennis Davidson
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6) - | William Lewis and Sanders D. Rosenberg

The propulsion workshop addressed
the current status and future
requirements for space propulsion
by considering the demand for
transportation in the three scenarios
/ defined by workshop 1. The low-
growth scenario assumes no
utilization of nonterrestrial resources;
the two more aggressive scenarios
include the use of nonterrestrial
resources, particularly propellants.
The scenarios using nonterrestrial
resources demand that tens of
thousands of tons of rockets,
propellants, and payloads be
shipped through cislunar space by
2010. Propellant oxygen derived
\ from the Moon is provided in the

second scenario, and propellants
from asteroids or the Mars system
are provided in the third. The
scenario using resources derived
only from the Earth demands much
Ie\ss shipping of hardware but much
more- shipping of propellants.

We included in our examination a
range of technologies that could
be developed to meet the
transportation requirements of

5 PRECEDING PAGE BLANK NOT FILMED.

these scenarios. Descriptions of
these technologies can be found in
the individual contributions that
follow this introduction.

It appears that current oxygen-
hydrogen propulsion technology

is capable of meeting the
transportation requirements of all
scenarios. But, if this technology is
used in conjunction with advanced
propulsion technology, a much
more efficient space transportation
system can be developed. Oxygen
from the Moon promises to |
significantly reduce the yearly
tonnage on the transport leg from
the Earth to low Earth orbit (LEO).
Hydrogen from Earth-crossing
asteroids or from lunar volatiles

(in cold-trapped ices or the lunar
regolith) would offer further
improvement and reduce
propulsion technology challenges.
Mars missions are supportable

by propellants derived in the

Mars system, probably from
Phobos. Unfortunately, these
opportunities cannot be taken

at current funding levels.






The NASA baseline scenario is
shown in figure 1. This scenario
assumes the development of a
space transportation network without
utilization of nonterrestrial resources.
The space station is developed first
and used to support development in
geosynchronous Earth orbit (GEO),

manned exploration of the Moon, and

unmanned exploration of the solar
system. Beyond the timeframe
considered, the space station can
serve as a base for lunar settlement
and manned Mars exploration.

The nonterrestrial resource
scenarios, figures 2 and 3, initially
follow almost the same path but,
after the space station is established,
move less toward GEO and more
toward the Moon. In addition, these
scenarios consider selective mining
of asteroids that cross the Earth’s
orbit. Nonterrestrial resources are
used to reduce transportation and
construction costs for projects in
cislunar space. Eventually, the
space station and lunar base serve
as production and staging areas for
manned Mars exploration.
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