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INTRODUCTION

At present, Earth-orbital power systems consist almost exclusively of
photovoltaic arrays and batteries. Because the characteristics of this class
of power system are both well known and gradually improving through evolution,
mission planners are on familiar ground in selecting photovoltaic power sys-
tems. The photovoltaic system, of course, requires orientation of a solar
array of large area toward the Sun. This array obscures the field of view,
adds to atmospheric drag in low orbit, and could possibly interfere with ren-
dezvous or with departure from an orbiting spacecraft. The performance of the
photovoltaic array also degrades as a result of radiation damage, and the bat-
teries used for energy storage are of limited life in low Earth orbit.

Thermal space power systems have very different characteristics. Chiefly,
they are more compact, of long life, and far less susceptible to radiation dam—
age than photovoltaic systems. Those power systems that obtain their thermal
input from nuclear heat sources can produce power whether in sunlight or shade
and without the orientation toward the Sun required by the solar arrays.

Like the photovoltaic power systems, the thermal power systems are also
evolving; but, unlike the photovoltaic systems, they have had comparatively
little use in space. This paper surveys the present state of the art of ther-
mal power systems. Because of the great potential variety of thermal power
systems, the heat sources, the power-conversion systems, and the integration of
thermal power systems with missions are treated sequentially.

SOLAR HEAT SOURCES

The Sun emits radiant energy equivalent to that from a blackbody at about
5800 K. At the Earth's distance from the Sun, the Sun's thermal flux is 1400
watts per square meter. Because a paraboloidal mirror and solar heat receiver
can collect at least 80 percent of this energy, solar mirrors can provide 10
times the heat per unit of collector area that is obtainable from photovoltaic
arrays in combination with a resistance heater. Thus, solar mirrors have a
great size advantage over solar-cell arrays if the energy sought is heat.

Inasmuch as a power-conversion efficiency of 0.30 is readily achievable,
an electric power output of about 350 watts per square meter is potentially ob-
tainable from a solar thermal power system during full-sun operation - about
three times the power from arrays of solar cells. The technologies that can
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provide these high levels of either power or heat are thus of considerable
interest.

A perfect paraboloidal mirror can produce a small image of the Sun, the
image size being determined by the mirror's focal length and the Sun's apparent
radius of 4.8 milliradians (16 arc-min). On the other hand, a real mirror will
have surface inaccuracies and will therefore produce a larger image. The re-
sulting high flux of solar energy can be focused on an aperture in a heat~
receiving cavity (a hohlraum, fig. 1), and the thermal energy collected by the
heat receiver can be used directly or can be converted to electric power in a
thermal power system. The hot cavity will radiate heat through the cavity's
aperture as would a black surface at the mean radiant temperature within the
cavity. Because geometrical errors in the mirror's surface increase image size
and thereby require a larger aperture, these surface errors result in an in-
crease in the thermal power lost by radiation from within the cavity. By ex-
ploring the relation among mirror-surface error, aperture size, and radiation
loss through the aperture, the efficiency achievable by solar heat~collection
systems can be assessed.

For specificity in the following discussion, a mirror is assumed to be a
paraboloid of revolution, to have a diameter of 30.5 meters (100 ft), and to be
so oriented in space that both the Sun and the aperture of the solar heat re-
ceiver are centrally positioned on the axis of the paraboloid. A mirror of
this size intercepts roughly 1 megawatt of sunlight. Further, a ray from the
mirror lip to the focus is taken to form an angle of 45° with the mirror axis.
Under these conditions, focal length is 18.4 meters (60.4 ft) and the f-number
of the optical system is £/0.6.

Each area element of the mirror surface forms a circular image of the Sun
of 8.6-centimeter radius at the image plane. For surface elements correctly
oriented, the Sun's image formed by each element is centered on the mirror's
axis. Accordingly, an error in orientation of a given surface element dis-
places the Sun's image formed by that element radially from its nominal loca-
tion on the mirror's axis. For analysis, the . surface errors were assumed to
have a Gaussian distribution, that is,

p = &exp_l<§.>2
T 2 \o
where
P probability density for a given error
e  surface error
o standard error

For various radial positions on the image plane, the flux from various elements
of the mirror surface was integrated over this probability distribution. The
results are given in figure 2.
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The perfect image (zero error) has a flux cutoff at the image radius of
8.6 centimeters. As the standard error of the mirror surface increases, the
image is spread out over progressively larger areas and peak flux decreases.
For a conservative reflectivity of 0.9, peak flux is 4000 watts per square
centimeter with zero error and about 3000 watts per square centimeter if the
standard error is 2 milliradians (7 arc-min).

For various radial positions on the image plane, the values of flux ¢ in
figure 2 were multiplied by 2rr and replotted in figure 3 in order to make -
graphic the selection of optimum aperture size. The significance of the ordi-
nate in figure 3 stems from the following relation:

R
P = / 2rrd dr
0

where

P thermal power entering aperture
R radius of aperture

r radius on image plane

Thus for any given aperture radius R, the area under any given solid line from
0 to R represents the solar power entering the aperture. In turn, the area
under the same curve for all aperture radii greater than R represents the
solar power striking the aperture plate and therefore lost by not entering the
receiver cavity.

The heat radiated from the aperture itself is shown by the dashed lines in
figure 3 for two values of cavity temperature. The value of 1200 K is charac-
teristic of the maximum temperature of a number of power-conversion systems,
and 1800 K is approximately the melting point of iron and thus is representa-—
tive of high-temperature processing in space. The values of radiation from the
aperture have been increased by 60 percent above the values for a blackbody in
order to account for the thermal radiation from the aperture during the shadow
portions as well as the sunlit portions of a low orbit about the Earth. Nominal
values of 60 minutes of sunlight and 36 minutes of shadow were assumed. Thus,
for both the solid and dashed lines the area under each line is proportional to
the energies - for an entire orbit - that enter the aperture, that are reradi-
ated through the aperture, or that are deflected by the aperture plate. The
specific areas are identified in figure 4. For any given cavity temperature
and given error in mirror surface, the image radius at which the dashed line
crosses the solid line is the optimum aperture size. At radii smaller than the
optimum, the solar flux exceeds the energy reradiated and at larger radii the
reverse prevails.

For various given mirror errors, the net energy captured was integrated
from zero to the optimum aperture radius. The resulting collection efficien-
cies are shown in figure 5. Collection efficiency is the ratio of the net en-
ergy captured to the solar energy incident upon the mirror; heat losses from
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the outer surface of the receiver were neglected. At low errors, efficiency
asymptotically approaches the value of 0.9 assigned to mirror reflectivity.

For a cavity temperature of 1200 K, collection efficiency is nearly constant
for surface errors less than 1 milliradian (3 arc-min) and drops slowly to 0.8
for a standard error of 6 milliradians (21 arc-min). For a cavity temperature
of 1800 K, collection efficiency is above 0.75 for mirror errors below 2 milli-
radians (7 arc-min). Thus, overall collection efficiencies over 0.80 are
achievable, even at cavity temperatures as high as 1800 K, if only mirrors can
be made with sufficient accuracy (1.5 mrad, or 5 arc-min).

Figure 6 shows a mirror 6 meters (20 ft) in diameter that was made by NASA
Lewis of magnesium and in 12 sectors. Each sector was given its parabolic
shape by creep-forming it over a heated, machined aluminum die. For each sec-
tor a plate of magnesium 2.5 centimeters thick was milled on the back in order
to produce flanges along each edge and a roughly rectangular grid of ribs. The
front surface and the ribs were all approximately 1.5 millimeters (60 mils)
thick. After creep-forming, each sector was spray coated with epoxy. The sur-
face tension of the epoxy produced a glossy surface onto which aluminum was de-
posited by vaporization in a vacuum. After the sectors were bolted together
into a paraboloidal mirror, the mirror surface was inspected for accuracy by
using the optical~inspection machine in figure 7. The standard deviation of
the errors was about 1 milliradian (4 arc-min). The distribution of errors was
also very close to a Gaussian curve, as had been assumed in analyzing the ef-
fects of mirror error on performance. This mirror weighed about 5 kilograms
per square meter (1 1b/ft2).

A mirror 1.8 meters (6 ft) in diameter was also made by NASA Lewis from
0.4-millimeter~ (17-mil-) thick magnesium sheet, also by creep-forming the -sec~-
tors over a heated aluminum form (fig. 8). The sectors were joined by slotted
splines and epoxy (ref. 1). Total weight of the mirror was 1.6 kilograms per
square meter (0.32 1b/ft2), but its surface accuracy was not measured.

A comparable mirror was manufactured by TRW from aluminum sheet 0.4 milli-
meter (20 mils) thick by stretch-forming the sectors over a mandrel (ref. 2).
Eight sectors and a rear supporting torus were bonded together into a paraboloid
1.5 meters (5 ft) in diameter. Just as for the Lewis mirrors, the front surface
was coated with epoxy and aluminized. The standard deviation of errors in the
mirror surface was 0.3 milliradian (1 arc-min). In full sunlight, such a mirror
can supply over 900 watts per kilogram.

Thus, lightweight mirrors of sufficient accuracy for efficient collection
of solar thermal energy (fig. 5), even if temperatures of about 1800 K are
sought, have been built and tested on Earth. Thermal power outputs in excess
of 1100 watts per square meter are achievable, a value 10 times the output
presently attainable from solar arrays. Although these accurate mirrors have
been assembled on Earth, large mirrors would require assembly or erection in
space and this remains to be demonstrated. The heat from such mirrors can be
used for power generation and/or space processing. For example, a paraboloid
100 meters in diameter appears potentially capable of supplying 5 megawatts of
average thermal power in low Earth orbit. In most instances, the attainable
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temperature will be limited by the materials of the solar heat receiver rather
than by the attainable accuracy of the concentrator.

NUCLEAR HEAT SOURCES

Either nuclear reactors or radioisotopes can also provide heat for direct
use or for power generation. In terms of adaptation to the mission, nuclear
energy sources are very different from solar sources. They are very compact
and, since they operate with complete independence from the Sun, they permit
operation in any Earth orbit without the constraint of orientation toward the
Sun. In turn, operations in space can be significantly simplified because the
field of view is not obscured, because rendezvous is simpler, and especially
because the Earth (or any other celestial body) can be continuously observed
without the constraint of also orienting an array of solar cells toward the Sun.

Life, cost, and nuclear~-radiation shielding are all significant factors in
nuclear heat sources. Plutonium-238 is the accepted radioisotope for space-
flights. Because its half-life is 87 years, the thermal output declines less
than 8 percent in 10 years. Thus, the life of the radioisotope does not limit
mission duration, in any practical sense. On the other hand, plutonium—-238
costs about $650 per watt of heat produced at the time the radioisotope capsules
are manufactured. TIf radioisotopic decay is included, unit cost is roughly
$700 per thermal watt produced after 10 years. Obviously, this unit cost re-
sults in overall costs of $700 000 per thermal kilowatt and $700 million per
thermal megawatt. Also, the total quantity of radioisotope that can be readily
produced in a year's time is limited (ref. 3). These factors of unit cost and
availability will make radioisotopic heat sources up to a few tens of kilowatts
reasonable, but larger heat sources less reasonable. The technology for such
rédioisotopic heat sources is nearly all available, and a number of radioisotope
power supplies have already been flown. The multihundred-watt capsules each
produce 2400 watts of heat and operate at about 1100° C.

For nuclear reactors, reactor life is a design variable and very long lives
(decades) are achievable. Basically, as heat is continually produced by the
reactor, its fuel wears out. Two factors account for this wearing out:

(1) As uranium is progressively consumed, the reactor's ability to remain
critical and to sustain a chain reaction declines.

(2) The fuel swells because of accumulating radiation damage to the fuel
structure and because of accumulating fission products (2 product atoms for
each uranium atom fissioned).

Within given limits on these two design variables, the reactor can be designed
for almost any reasonable energy output, simply by incorporating enough fuel
into the reactor and making the reactor large enough. Within the limit on en-
ergy output of a given reactor, power can be traded for life, and conversely.
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As shown by reference 4, reactor weight increases fairly slowly if greater
energy output (or longer life) is sought. Within a given family of reactors
designed for the same operating temperature and a 7-year life, reactor weight
is essentially constant for thermal powers from 16 to 200 kWt and increases
only one-third as fast as thermal power from 200 to 1000 kWt. At the 1000-kWt
level, reactor weight is estimated to be 360 kilograms. Similary, reactor cost
will also change only slowly with power and life.

Reactor shield weight varies greatly with mission-related factors. For
unmanned spacecraft, rather thin shields just between the reactor and payload
(shadow shields) can be used and might weigh only a few hundred kilograms. On
the other hand, even a shadow shield for manned flight might weigh 10 tons be-
cause of the low dose-rate limits specified for human beings. Such a shadow
shield would prevent man's intrusion into the unshielded zone. Although uni-
form shielding all around the reactor (4w shielding) would give great opera-
tional freedom about the reactor, shield weight would then increase to perhaps
70 tons. Various shield weights between these limits can be achieved by com-
promising man's operational freedom about the reactor (chiefly with respect to
solid angle) and by tailoring the reactor's shield design to fit these opera-
tional constraints. Thus, the reactor shield selected for manned flight will
require detailed consideration of the relation between shield design and man's
activities about the spacecraft. In contrast with shielding for reactors,
radioisotopic heat sources using plutonium-238 require only minor shielding.

The radioisotope is most useful at low powers (below perhaps a few tens
of kWt), and the reactor for high powers. The reasons for this stem from the
facts (1) that the radioisotope, with its comparatively high unit cost, in-
creases in cost in direct proportion to thermal power and (2) that the reactor
and its shield increase only slowly in weight and cost as required thermal
power increases. Thus, at high thermal powers, reactors would be the prefer-
able nuclear heat source.

POWER-CONVERSION SYSTEMS

Some overall characteristics of thermal power—conversion systems are sum—
marized in table I. Thermoelectric power systems have already flown as radio-
isotope thermoelectric generators (RTG's) on several long-lived spacecraft. To
date, these power systems have produced powers up to 150 watts and had overall
efficiencies of about 0.06. With modest advances in technology, efficiency up
to perhaps 0.10 appears achievable. The RTG's are highly developed, rugged,
inert in terms of interaction with a mission, and long lived. TFor long-
duration missions that exploit the Space Transportation System, RTG's should
be considered for both emergency power and free fliers.

Figure 9 shows, at the left, two multihundred-watt (MHW) RTG's mounted
atop a Lincoln Experimental Satellite. The two RTG's produced 250 watts of
electric power from two MHW heat sources. These same two MHW capsules are also
intended for use in the mini-Brayton concept shown at the right. The Brayton
conversion system, with its higher conversion efficiency, would produce
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1300 watts from these same two highly developed heat sources. A 10-kilowatt
version of such a Brayton power—-conversion system has been under test for sev-
eral years (fig. 10). The measured efficiency of this power-conversion system
is 0.29 (fig. 11), but heat losses from a nuclear heat source might lower over-
all system efficiency to 0.27 or 0.28. Substituting already developed compo-
nents would raise power-conversion-system efficiency to about 0.32 (ref. 4).

The main rotating component of this engine has a compressor, a turbine,
and a generator on a single shaft supported by two gas—lubricated journal bear-
ings and a double-acting thrust bearing (figs. 12 and 13). This rotating compo-
nent has completed 36 000 hours of testing, and system performance has been
stable over this period. Testing will continue toward a goal of 50 000 hours.

Organic Rankine systems for use in space have been investigated for about
the past 15 years, and one power-conversion system operated for 8000 hours.
Efficiency of 0.15 has been demonstrated, and 0.18 is projected for the future.

Thermionic converters have been investigated for generation of space power
for about two decades. One converter operated stably for over 45 000 hours.
Current concepts for thermionic powerplants (ref. 5) incorporate thermionic
converters operating at 1650 K and having efficiencies of about 0.15. In refer-
ence 5, converter output at 0.15 efficiency is 500 kilowatts of unregulated
power at 54 volts dc and about 9300 amperes. Power conditioning and regulation
reduce this output to 343 kilowatts, for an overall efficiency of 0.10. Re-
search on thermionic diodes (ref. 6) has shown that at higher temperatures
(1800 to 2000 K) and high power densities (20 to 30 W/ cm?), converter efficiency
can be raised to 0.3. 1In turn, overall system efficiency might then be about
0.2. As shown by reference 7, thermionic and reactor-Brayton powerplants for
unmanned f£light have about the same specific weight (g/W). However, exploita-
tion of the higher power densities and higher operating temperatures of refer-
ence 6 will reduce thermionic weight significantly.

On the other hand, high operating temperatures cause more swelling of the
reactor fuel or, alternatively, require reduced energy production from a given
mass of fuel. In reference 7, UC~-ZrC fuel is used for thermoelectric and Bray-
ton power conversion within its swelling limits. Inasmuch as fuel swelling
dominates reactor design in the megawatt range, the thermionic reactor could
not use the UC-ZrC fuel within reasomable swelling limits. The solution was to
switch to the more advanced Mo-UO; fuel and to increase reactor size. A larger
reactor means increased shield weight, a crucial problem for manned flight in-
asmuch as shield weight dominates powerplant weight.

For a given reactor and shield operating at a given reactor temperature,
a given amount of thermal energy can be produced over the mission. This energy
might be used at a high rate but then only for a limited period. High power-
conversion efficiency is an advantage because it would permit either the high-
est electrical power or the longest mission duration from a given reactor and
shield. This is one of the outstanding characteristics of the Brayton power-
conversion system. Among the power-conversion systems investigated for use in
space, the Brayton system could also produce the largest electric power from
any given heat source - be it solar mirror, radioisotope, or nuclear reactor.
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MISSION INTEGRATION

Thermal power systems offer the opportunity for integrating the power sys-—
tem with the mission in ways very different from those offered by a photovoltaic
power system. Factors of possible impact are as follows: (1) heat for process-
ing in space, (2) heat for life support, (3) refrigeration of cryosensors, and
(4) laser power. The Brayton power-conversion system is used as an example of
what is achievable, chiefly because poss1b1e application of this system has
received more attention.

Heat for Processing in Space

If heat for processing is needed at high temperature, some heat can be
drawn directly from the power system's primary heat source. For nuclear heat
sources, temperatures up to that of the heat source itself are usable. If still
higher temperatures are needed, a solar mirror can readily achieve 2000 K with
good efficiency (fig. 5). A solar mirror can provide about 1100 watts per
square meter when in sunlight, about 10 times the value presently achievable
with arrays of solar cells.

All the thermal power systems reject waste heat that might be useful to a
mission. In a Brayton system optimized for high efficiency, this heat might be
available in a fluid heated to 175° to 200° C (350° to 400° F). Higher temper-
atures are achievable with modest reductions in power-generation efficiency.

Heat for Life Support

. Similarly, supplying heat for life support was investigated (ref. 8). In
particular, adaptation of the Brayton cycle so as to provide heat at the re-
quired temperature was studied.

Consider now the problem of supplying equal amounts of energy in electrical
and thermal forms, and compare area requirements for a photovoltaic and a solar-
Brayton system in low Earth orbit (60 min of sunlight and 30 min of shade).
Consider that the solar-Brayton system will continuously supply 10 kilowatts of
electric power and 10 kilowatts of otherwise-rejected heat. TFor a collection
efficiency of 0.8 and a conversion efficiency of 0.25, 54 square meters is re-
quired - corresponding to an average of 370 watts per square meter for a full
sun-shade orbit. If for the photovoltaic system the combined efficiency of
power processing and of battery charge and discharge is 0.7, if all the heat is
produced during only the sunlit portion of the orbit, and if output of the
photovoltaic array is taken as 140 watts per square meter (13 W/£ft2), 230 square
meters 1is required - corresponding to an average output of 87 watts per square
meter for a full sun-shade orbit. Thus, the photovoltaic array would require
over four times the collector area of the solar-Brayton system. Requiring even
modest amounts of heat at moderate temperature thus favors the thermal power
systems.
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Cryogenic Cooling

If a given spacecraft requires cryogenic cooling of, for example, infrared
sensors for a long time, two reasonable choices are the Vuilleumier (VM) cooler
and a Brayton system that is adapted for refrigeration as well as its usual
function of producing power. In reference 9, the adapted Brayton system was
analyzed and compared with the VM cooler.

The adapted Brayton cycle is shown in figure 14. The compressed gas is
divided into two streams: one for power generation and the other for refriger-
ation. The refrigeration stream is then cooled in a radiator to the tempera-
ture at the compressor inlet. This stream is then further cooled in a recuper-
ating heat exchanger. This compressed, cooled gas is then expanded in a turbine
whose energy extraction further cools the gas and whose power output augments
that of the Brayton power system. The cold gas at the turbine discharge pro-
vides the cryogenic cooling and is then reheated in the recuperating heat ex-
changer almost back to the compressor inlet temperature.

For this cooling application, the Brayton system is operated on neon gas,
which liquefies at approximately 27 K. For the analysis in reference 9, cool-
ing by the Brayton system was limited to 50 K in order to avoid any liquefaction
and thereby to simplify the performance calculations.

A cooling load of 40 thermal watts at 50 K was selected. For this cooling
load, a VM cooler continuously requires about 120 watts of electric power and
3200 watts of heat. A photovoltaic array is assumed to produce electric power
for both the power and heat demands. The orbital period is taken as 90 minutes
and the sunlit portion as 60 minutes. Charge-discharge efficiency of the bat-
teries is taken as 0.7 and the array output as 140 watts per square meter. TFor
these conditions, the required array area is 41 square meters. Reference 9
shows that the refrigeration load reduces the electric power output of the
Brayton system by 700 watts. If the efficiency of the Brayton power—conversion
system is taken as 0.3, the collection efficiency as 0.8, and the sunlit period
as 60 minutes in a 90-minute orbit, the added collector area required in order
to regain the 700 watts of electric power i§ 3.1 square meters. Thus, the
photovoltaic system requires 13 times as much collection area as the Brayton
system.

Laser Power Transmission

A concept for generation of a gas—laser beam by adaptation of a Brayton
power system was analyzed in reference 10. The concept is shown schematically
in figure 15. Gas for operation of the laser is first compressed and then
heated in the recuperator and in the nuclear reactor. After rapid expansion in
a supersonic nozzle, the gas in temporary disequilibrium emits its beam of laser
power. The resulting high-velocity stream is diffused in order that much of its
kinetic energy might be recovered. The resulting stream of still-hot gas then
passes through a turbine that drives the compressor and an alternator.
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SUMMARY OF RESULTS

In considering space power generation systems as alternatives to photovol-
taic systems, the following conclusions have been reached:

1. Radioisotope thermoelectric generators (RTG's) are highly developed and
available for orbital application. Their inherently low powers make them most
appropriate for special applications such as emergency power or free fliers.

2, Solar paraboloidal mirrors are suitable for supplying heat for either
power generation or space processing. Mirror accuracy already demonstrated is
sufficient for temperatures required to melt iron (1800 K). However, the means
for assembling or erecting these mirrors in space are not yet developed. Col-
lector areas required to supply process heat are only 1/10 those required by
arrays of solar cells.

3. Dynamic power systems can use heat from either solar or nuclear sources.
The highest efficiency and longest life have been demonstrated by the Brayton
system, which has so far attained efficiency of over 25 percent and life in ex-
cess of 4 years.

4. The thermal power systems provide unusual opportunities in mission in-
tegration. A given solar mirror might drive a thermal power system as well as
provide high-temperature heat for space processing. Otherwise-~wasted heat
from power generation can be used for life support, and the Brayton system
can also be adapted for cryo-cooling of infrared sensors. If intense beams are
needed from gas—dynamic lasers, the Brayton system might not only provide the
hot, pressurized gas for the laser but also produce electric power from the hot
gas stream exhausted by the laser.
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TABLE I. - ENERGY CONVERSION CHARACIERISTICS

Concept Present Future | Demonstrated
efficiency | efficiency| endurance,

hr
Thermoelectric 0.06 0.10 - (a)
Organic Rankine .15 .18 8 000
Brayton .25 .32 ] 36 000
Thermionic .10 7 .20 ‘45 000
agpaceflight.
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MIRROR INSPECTION MACHINE
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CONCEPT FOR A LASER—BRAYTON POWER SYSTEM
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