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THE technology of space power systems is playing an
increasingly important role in determining our capabilities

for space travel. A space vehicle has neither utility nor
purpose without electric power. It can be said that power
systems technology has replaced propulsion technology as the
pacing item for our space programs. Great attention
will be focused on the rate of progress in this important area.
This paper surveys the state of the art of the space power
systems and components and associated technologies in the
United States. Wherever possible, details are given for
systems under preliminary consideration which are not yet
government funded. Some of the data shown are thus
preliminary in nature and should be so interpreted. Ref-
erence 36 represents a selection of papers from the Second
Biennial Space Power Systems Conference and would be an
excellent bibliography for this review.

Solar Power Systems

Photovoltaic Conversion (Solar Cells)

Long-life satellites and probes have been almost exclusively
dependent upon the solar cell for power. Even if no improve-

ments are made in the presently available silicon solar cell,
it probably will dominate the space power field for at least
five more years. About one million silicon solar cells were
delivered to users during the fiscal year July 1, 1962-June
30, 1963. Most of these were of the boron-diffused P/N
variety, but large quantities of phosphorus-diffused N/P
cells (superior in radiation resistance) are becoming available.
Electrical performances for the two types of cells are com-
parable, with the useful yields from production runs falling
between 10.5 and 11.5% for air mass zero or 12 and 13.5%
for air mass unity. Price differential between the two types
has been narrowed to about 10%, the N/P being more
expensive. Satellite data have firmly established the
superiority of N/P cells with respect to life in the radiation-
belt environment. Bare cells cannot be flown on long-life
missions; 6 mils of cover glass appears to be a practical
minimum from the standpoint of protection from energetic
particles and the handling of the cover slips during array
construction.

Gallium arsenide, the nearest competitor to Si, has been
developed in small-lot production, showing efficiencies
around 8 to 9% for air mass unity. A few cells have exceeded
10 and 11% in ground sunlight. Although 6-mil shield
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Table 1 Spacecraft voltaic power system characteristics

Array oriented

Thousands of solar cells

Cell mounting type

Wt of array, Ib

Total wt , system, Ib

Spec, power, system, w/lb
o

Power/area, w/ft

Efficiency, %

NIMBUS
"B"
Yes

11.0

Panel

64

177

2.3

9.5

7.3

EGO
Yes

32.5

Panel

127

201

2.8

7.2

5.5

OSO
Yes

1.87

Panel

5.2

35.9

0.86

7.7

5.9

OAO
No

53.0

Paddle

222

399

1.94

4.14

3.2

UK-1
No

4.26

Paddle '

8.8

22.8

0.52

1.1

0.85

Expl.
XII
No

5.6

Paddle

11.0

17.3

1.2

1.3

1.0

Expl.
XIV
No

6.14

Paddle

12.8

19.1

1.8

2.3

1.8

RELAY
No

8.4

Body

25.8

53.8

0.65

2.0

1.5

TIROS0 TIROS0

No

9.12

Body

24.5

64.5

0.79

2.9

' 2.2

No

9.12

Body

24.5

64.5

0.39

1.4

1.1

IMP
No

11.52

Paddle

26.5

33.2

2.2

2.6

2.0

EARLY
BIRD
No

6.0 N/P

Body

8.7

8.7

5.2

3.1

2.3

2 cm x 2 cm cells.
At 90° inclination to sun.
At 45 inclination to sun.

GaAs cells are more radiation-resistant and have better
temperature properties than Si cells, the current state of the
art does not warrant their use on today's spacecraft mission,
as might certain future missions involving high-temperature
and high-radiation-field environments. Thin-film cells made
by evaporation of CdS and CdTe have shown sunlight
efficiencies of 4 to 5% for small areas (cm2) but only 1 to 2%
for large (36 in.2) areas. All of the other materials, such as
GaAs, InP, Se, GaP, are still in a primitive state of develop-
ment. However, the way to extremely lightweight, low-
cost solar cells appears to be in this direction.

Typical properties of spacecraft solar cell systems are
shown in Table 1. The efficiencies are based upon solar
array output under the optimum condition of the space-
craft aspect to sun angle; losses incurred by the power sys-
tem's converters are not taken into account. Table 2
portrays the approximate dosages (\l/c) of various mono-
chromatic energetic particles necessary to degrade the sun-
light maximum power to 75% of its initial value for N/P and
P/N silicon cells, and for P/N GaAs cells. Solar cell power
systems can be designed to provide electrical power for at
least several years in the radiation belts by shielding and/or
over designing. Radiation resistance varies appreciably
among lots; hence, a better understanding of the effects
of trace impurities, base resistivity, and impurity profile will
lead to more radiation-resistant devices. The heavily pro-
tected Vanguard I has operated for over 5j years. Present
cost is 5 to $6/1 X 2 cm cell which corresponds to 250/w to
$300/w for unassembled Si cells. Laboratory-built GaAs
solar cells cost around 150 to $300/1 X 2 cm unit. Including
the cost of substrates, cover glasses, and the cost of array
assembly, Si cells range from $1000/w for oriented arrays to
as much as $8000/w for spin-stabilized spacecraft. Auto-
mation techniques and cell standardization could reduce these
costs substantially.

Solar Concentrators

For low- and moderate-power systems for long duration,
solar concentrators should have weight and cost advantages,
if they can be made practical and reliable. A sizable develop-
ment effort is under way to demonstrate practical systems;
this work ranges from studies of large and advanced mirrors
through orbital flight test. At least one experimental con-
centrator has already been placed in an earth orbit. Typical
characteristics of some of the mirrors that have been built
and ground tested are given in Table 3 (from Ref. 2).

Solar power systems using concentrators can be divided
conveniently into two categories: "low-temperature" sys-
tems using thermoelectric converters or dynamic engine-
generator units, with absorber temperatures of 1400° to
2200°R; and "high-temperature" thermionic systems with
absorber temperatures of 2900° to 3600°R. Only one-piece
rigid mirrors have been made with accuracies suitable for use

in thermionic systems; 5-ft-diam nickel electroformed mirrors
have been made which can focus over 85% of the incident
solar radiation through an absorber aperture of 0.5 in. in
diameter. The accuracies obtainable with unfurlable petal
or foam-rigidized mirrors, although not adequate for therm-
ionic systems, appear suitable for thermoelectric or dynamic
engine-generator systems.3 The inflatable mirrors are of
marginal interest because of low efficiencies and difficulty in
maintaining inflation in space for extended periods. Three
programs on considerably larger mirrors are under way
(Table 4). Two of them involve automatically unfurlable
mirrors. The third is for the development of a large, rigid,
one-piece mirror for launching by a Saturn booster.

In an attempt to answer the question of how well these
mirrors will withstand the rigors of the launch and space
environment, three programs have been initiated by the Air
Force and NASA (Table 5). The EROS program was
canceled after the first launch, a Fresnel collector experi-
ment. Telemetry data indicated only that the mirror had
unfolded. The former reflector orbital experiment (ROE)
program, now called ROE-IB, consists currently of a ma-
terials sampling program supporting the advanced solar
turboelectric conversion (ASTEC) concept. Nevertheless,
it is expected that concentrating space power systems will
ultimately be successful and useful.

Solar Power System Status

Solar power plants (Table 6) utilize heat storage for periods
when the vehicle is out of direct sun. The heat storage
requirement currently limits solar power systems to a few
peak cycle temperatures; e.g., the fusion temperatures of
LiH and LiF are 1250° and 1550°F, respectively. These
temperatures are consistent with hydride-moderated and
uranium carbide reactors, so that conversion equipment
senses about the same inlet conditions in both solar and
nuclear systems. The LiF heat storage is much more attrac-
tive than LiH for Stirling and Bray ton cycle use, whereas
Rankine systems can use both, but not with the same working
fluid; however, LiF has less than half of the heat fusion of
LiH, so that weight advantages because of the higher tern-
Table 2 Approximate dosage that will reduce maximum

power GaAs and Si solar cells to 75% of initial value

Bombarding
particle and energy

0 . 8-Mev electrons
5 . 6-Mev electrons
0 . 1-Mev protons
0 . 4-Mev protons
1 . 8-Mev protons

17 . 6-Mev protons
95 . 5-Mev protons

$c (particles/cm2) X 1Q-11

GaAs
11,000
2,700

—10
<1
24
57

>20

Si N/P
13,000

300
^100

—1
1.3
4
7

Si P/N
400
20

—100
—1

0.4
0.7
2



SEPT.-OCT, 1965 SPACE POWER SYSTEMS STATE OF THE ART 643

Table 3 Examples of fabricated solar collectors with Al reflective material2

Type

Fresnel

Inflatable

Inflatable

One-piece

Petal

Umbrella

Construction

Electrof ormed Ni

Stretchf ormed Mylar

Mylar gores, foam-rigidized

Electrof ormed Ni

Cast epoxy Fiberglas

Electrof ormed Ni

Stretchformed Al honeycomb

Welded lattice truss Al

Stretchformed Al honeycomb

60 Al ribs and Mylar

Rim
angle,
deg

40.0

53.1

60.0

61. 5

60. 5

53.1

45.0

45.0

52.0

90.0

Diam ,
ft

4.0

4. 3

10.0

5.5

5.0

4.3

15.8

10.0

32.2

10.0

Measured Unit
reflectivity lb/

0.85 0.

• - , 0.

' ' ' 3.

0.89 - 0.90 0.

0.755+ 0.1 0.

... ~ o.

0.86 1.

0.

0.85 0.

0.83 0.

wt ,
ft2

46

03d

82

96

94
- a

00

29a

18

lla

Devel-
op prb

GM

EOS

GY

EOS

BC

EOS

GE

R

TRW

LRC

aWeight of primary construction material only.
GY - Goodyear; for other abbreviations, see Table 11.

perature are substantially offset by LiF weight. It has been
demonstrated that H disassociation from the LiH because of
temperature and cycling is less than 1 lb per year in Sun-
flower tests.4 There has been no hydrogen embrittlement of
materials at these high temperatures. The practicality of
LiH has been demonstrated, whereas work with LiF is in
process. The crossover point between thermal and elec-
trical storage appears to be about 2.7% efficiency of the
conversion device; below this figure, electrical storage is
lighter, and vice versa.

The power conversion portion of a solar powerplant is
similar to that of a nuclear plant. Much of the subsequent
discussion on nuclear systems applies also to solar systems.
Equipmentwise, this is an advantage, for the same conversion
equipment may be used for either solar or nuclear applications.
Another cycle of special interest to the solar plant is the
Stirling cycle. This system utilizes an inert gas in a closed
loop with a piston engine instead of a turbine and has high
efficiency at low power levels. A conversion system ef-
ficiency of 30% and life >1000 hr at 4 kw have been demon-
strated. Another advantage is that most moving parts
operate at only 250°F. Principal problems are heat rejection
at low temperatures (150°-200°F) and heat transfer in the
regenerator, especially as complicated by lubrication and seal
problems. High component efficiencies are needed to have a
competitive system.

Systems analyses show that collector orientation within
0.5° to 0.7° is required to reach the system efficiencies shown

in Table 6. These tolerances are within the state of the art
of vehicle attitude-control systems. An important problem
confronting the solar plant is integration of the collector and
radiator with the vehicle. The collector design is greatly
influenced by the vehicle and mission.

Chemically Fueled Power Systems

A number of chemical space power systems are under
development (Table 6). The principal development problem
is related to the prime mover. When turbines are used,
they must operate at extremely low specific speeds. Recipro-
cating expanders pose problems in piston sealing and lu-
brication.5*

For re-entry applications and other short-time use, several
chemical power systems are of interest. Important ad-
vantages are: no need for a radiator; proved technology;
and, in some systems, integrated environmental and electrical
capability. Fuel consumption has been reduced to the order
of current fuel cell art with 02 and H2, and even better results
are expected with reciprocating expanders. This is because
of the use of waste heat from other systems and man as the
ultimate energy source. As in the nuclear and solar plants,
development will depend upon firming the missions and time
requirements. Conventional chemical combustion engines
have less than half of the fuel economy of fuel cells, and as
soon as the power level exceeds that obtainable from waste

Table 4 Advanced mirror development programs

Type

Mylar foam rigidized

Electrof ormed petals

Large high-performance

Diam , ft Agency

44.5 ASD

44.5 ASD

2 0 - 3 0 NASA-Lewis

Contractor

GY

EOS

EOS

Application

15-kw ASTEC solar dynamic

15-kw solar dynamic

Solar Brayton cycle

Status and comments

Hardware development. Form for front skin
completed.

Six petals completed. Optically and
structurally tested.

Study program in progress, electrof orming.
one-piece

Inflatable rigidized

High-precision master

High-precision, high-
temperature, rigid

TRW

9.5 MSA-Langley HA

9.5 NASA, JPL GE

5 NASA-Langley EOS, TRW,
BC

Solar Brayton

Low temperature

Solar thermionic

Solar thermionic

Study in progress^ stretchf orming of Al.

Analytical and experimental research on
predistributed rigidization materials.

Hardware development. Fabrication complete;
evaluation to be performed.

Hardware development and evaluation.
Electrof ormed Ni, Stretchformed Al,
epoxy Fiberglas.

GY = Goodyear; for other abbreviations, see Table 11.

* Both Sundstrand and Kidde have developed single-disk pressure stages for re-entry turbines to achieve high efficiency in
cryogenic power systems. Vickers and Marquardt are developing reciprocating expander technology for O2-H2 and N2H4N2O4 sys-
tems, respectively. These components are in a relatively advanced state of development at the present time.
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EOE-1B (Reflector
orbital experiment)

Flight experiment on
reflective surfaces

Table 5 Summary of solar concentrator space testing programs

Program Mirror type

reflector orbital 4-ft diarr.
shot)

Space test objectives Agency

reflectance and geometry
degradation rates under
non-oriented conditions

Contractor Commenrs

telemetry railed. Pro-
ject cancelled.

Unfurlable rigid-petal para-
boloid, and unfurlable foam-
rigidized Mylar, each 10-ft-
diann on same vehicle

Under study

Same as EROS, except
mirrors oriented

Coatings include Al and
Ag; substrates include
Ni, Al, epoxy, and Mylar

Prime: L = MSC;
sub for petal mirror:
EOS; sub for foam-
rigidized mirror: GY

EOS

Preliminary design
materials sampling
program in support
of ASTEC concepr

Study

heat or the duration exceeds a few days, expander engines,
with or without oxidation, lose out to fuel cells.

Systems for Nuclear Auxiliary Power (SNAP)

It is generally agreed that nuclear power will be the only
reasonable source of power in excess of a few tens of kilo-
watts for more than a few weeks duration. The crossover
between solar, chemical, and nuclear power depends upon
the specific mission; the nuclear system offers advantages
of ruggedness, high power per unit area, no collector deploy-
ment, no orientation, continuous power, and minimum power
storage requirements. In many cases, the added power
availability of a nuclear system should offer significant
operational flexibility and improved reliability through
application of more conventional circuitry and instrumenta-
tion, and through redundancy. Despite the lack of specific
plans for near-term application of nuclear power, the SNAP
program has demonstrated a spectrum of units to fill future
needs. Currently identified systems under development are
described in Table 7.
Reactors

The SNAP hydride (U-ZrHx) thermal reactor concept is
employed in SNAP 10A, 2, and 8. Two full-power test
reactors have accumulated a total ground operating time
of >2 hr at temperature and power conditions up to the SNAP
10A and SNAP 2 requirements. The recent SNAP 10A
flight, of course, conclusively demonstrated the operability
in space of the basic reactor. A critical test, designed for the
SNAP 8 higher power and temperature conditions, is in the
early test phases.6 A uranium nitride fast-reactor concept was
considered the choice for SNAP 50. Considerable reactor
experience at the SNAP 50 temperature levels had been
accumulated. This project was canceled.

Shield weight is a stronger function of the mission and
allowable integration configuration than it is of the power
unit. For pay loads comprised of semiconductor devices,
dose levels below 1011 nvt and 106 rad probably require very
minor restrictions on component selection. Payload harden-

PUMP
FLOW 13 6PM
AP l.lpsi

THERMAL POWER- 850 watts
AVG. RADIATOR TEMP.- 600* F

POWER-CONVERSION SYSTEM
ELECTRICAL POWER. MINIMUM 500 watts
AVG. HOT JUNCTION TEMP. 900*F
AVG. RADIATOR TEMP. 6I5«F
EFFICIENCY. CONVERSION 1.96%
VOLTAGE 28.5

Fig. 1 SNAP 10A schematic and thermodynamic cycle.

ing for 1019 nvt and 107 rad can be accommodated if properly
considered from the outset of pay load design. The shield
weight for simple conical shadow-shield geometry can be in
the region of 200-500 Ib for SNAP 10A, 2, and 8. In the
case of manned applications, the shield weight varies from
4000-7000 Ib for a simple conical shadow-shield configuration
of a 10-ft-diam space station to 15,000-20,000 Ib for a 150-
ft-diam toroidal station.

The high energy-density advantage of nuclear heat sources
directly implies that long life is necessary to achieve the full
advantage of nuclear power systems. The only unique, self-
imposed environment that could influence reliability is radia-
tion. The more important influences of high temperature,
corrosion, creep, high vacuum, micrometers, etc. are shared
by other approaches to high-performance space power. The
major problem becomes apparent when one considers the
unreasonable time and cost associated with a statistical
demonstration of reliability or with the corollary identification
of failure modes with confidence. This basic dilemma is shared
by many other aspects of the space program. The ultimate
solution must rely upon simplicity, basic phenomenological
understanding, and sound engineering. Basic system de-
velopment must progress to a level which allows a valid
judgment of inherent reliability, and considerable experience
must come from interim usage.

Thus far, no insurmountable safety problems have been
identified. The Atomic Energy Commission (AEC) has
established an aerospace safety program for the specific pur-
pose of developing technology to cope with any nuclear
safety problems. In general, the reactor-powered SNAP unit
can be transported, stored, installed, and checked out without
nuclear hazard or personnel exposure, hence the use of a
reactor-powered unit need not perturb the normal launch
operations. During launch, the normal chemical exclusion
radius is adequate to protect launch personnel from any
unlikely nuclear hazard caused by a possible vehicle malfunc-
tion or abort. During the entire prelaunch and launch se-
quence, the reactor is basically inert and contains a negligible
inventory of radioactivity; after start-up in orbit, the system
can be shut down, and the accumulated radioactivity will
decay to a safe level during the remaining time in orbit prior
to re-entry. A recent suborbital flight test indicates that
re-entry heating will assist in the dispersal of any remaining
inventory; however, the exact influence has not been con-
clusively demonstrated as yet. Both the AEC and the Air
Force (through its Nuclear Reactor Systems Safetj' Group
activities) are seeking to establish that the use of nuclear
power units in earth orbits will not constitute a radiological
hazard to the general public.

Power Conversion and Nuclear System Status

The SNAP system (Fig. 1 and Table 8) employs Si-Ge
alloys for thermoelectric direct conversion. A lower figure of
merit S2/kp (where 8 is the Seebeck coefficient, v/°C; k is
thermal conductivity, w/cm2-°C/cm; and p is the electrical
resistivity, ohm-cm) was accepted for the Si-Ge alloys in order
to achieve better fabricability and higher temperature capa-
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bility than the more familiar Pb-Te. The Hg-Rankine cycle
turbomachinery development for SNAP 2 (Fig. 2 and Table 7)
has overcome the structural and thermal distortion problems
that may have been limiting the reliability of the Hg-lubri-
cated bearings. Rotating machinery endurance accomplish-
ments on SNAP 2 and Sunflower (7000 hr on one bearing,
including >2600 hr of continuous operation) have demon-
strated the potential engineering feasibility of a hermetic
machine with working-fluid lubrication. In a recent redirec-
tion of the SNAP 8 program, the lubrication scheme on the
SNAP 2 concept has been abandoned. NASA feels that use
of antifriction bearings, rotating shaft seals, and an organic
lubricant (ET-378 polyphenyl) will allow a separation of
development variables and will provide a closer relationship
to existing technology for SNAP 8.6 Whereas SNAP 2
employs direct condensation of the Hg in a combination
condenser-radiator, SNAP 8 (Table 7) now includes a compact
condenser with a liquid-metal heat-transfer loop coupling the
condenser to the radiator and an organic loop and radiator to
cool the lubricant. Turbomachinery development will reveal
the practicability of applying conventional conversion ma-
chinery technology to space power,6 as will be discussed later.
The power conversion for SNAP 50 (Table 7) is in the re-
search phase; several agencies are studying the problems
relating to alkali-metal power conversion systems.

SNAP 10A has been orbited (Figs. 3 and 4). It is operated
for 43 days, performing in excess of specifications. SNAP 2 is
well into component development but is no longer a system
program as such. SNAP 8 is in the component development
and system definition phase; NASA has postponed specific
flight-test plans until there is a better definition of the mis-
sion.7 The basic cost of a SNAP 10A unit is estimated at
<$1 million, and the SNAP 2 unit should cost 1-$1.5 million.
An estimate of < $5 million for a SNAP 8 unit seems reasona-
ble.

Rankine cycle

Virtually all of the nuclear dynamic systems under de-
velopment use the Rankine cycle because of its high actual
efficiency between two given temperatures, tolerance to
component efficiencies, and minimum heat exchanger and
radiator areas. These traits permit compact systems with
promise of operation for very long times. Areas of major
concern have been a) high-temperature corrosion with a
liquid-metal working fluid over long running time8 and b)
condensing under zero-#, which cannot be simulated on the
ground. However, endurance tests of Sunflower and SNAP 2
power conversion systems, using Hg boiling at 1100°F, have
shown that extended operation is possible with no deteriora-
tion in performance with proper materials and high cleanli-
ness; up to 1200°F, metallurgical tests show comparable
results.9 Boilers can be made insensitive to zero-gr conditions
by designing artificial gravitational fields into them.10 Ex-
periment and analysis have also provided the data needed to
design zero-# condensers. If the size is small, direct radiating
condensers are straightforward.11 For larger sizes, compact

| 120

REACTOR
50Kwt

D°F

TIOOO°F

IUttDIINL--^ l̂

\ '
BOILER
SUPER

HEATER

kj
lOOpsia
II50°F

lOOpsia
900°F

1 450°F
- Xi

— -

^ALT

-> Gpsia
-* 600°F

ALTERNATOR

NaK T\ CONDENSER
RADIATOR

AGENA

HEAT SHIELD

ATLAS SUSTAINER

Fig. 3 Integration of SNAP 10A APU with Atlas-Agena-

condenser-radiator assemblies ease manifolding and flow-sta-
bility difficulties. A potassium heat-transfer loop is to be-
orbited in an Agena vehicle to study the effect of zero-# on
boiling and condensing processes.12 This program is spon-
sored by the Aeronautical Systems Division/U. S. Air Force
(ASD/USAF).

The desire for low system weight and low radiator area is
directly approached by increasing the peak cycle temperature
and raising the radiator temperature.13 A lithium-cooled
reactor at 2000 °F with an alkali-metal working fluid (K) is
attractive for powers >300 kw.14 The SNAP 50 program
(sponsored by AEC/AF/NASA) is aimed at such a system.
The increase in temperature, however, requires an intensive
new research effort. Such a program will take considerable
time and effort, and the systems cannot be available before
1972, but the work is so important that it must be pursued
vigorously on a technology development basis and has indeed
been underway since 1962. The bulk of experience with
alkali metals is at temperatures below 1000°F. A considera-
ble amount of high-temperature materials work in flowing
loops is necessary. In addition, the alkali metals readily
condense on reaching the saturation temperature and will
cause turbine erosion if condensation occurs within the nozzle
or blading. A third major area of study is K-lubricated
bearings. Associated problem areas are 1400°F potassium
vapor in the alternator cavity, control of the large power-
plant, knowledge of boiling and condensing, flow stability of
k, and long-time creep and fatigue of materials at high tem-
perature. [This program was cancelled in July 1965.]

Bray ton cyclelb

During the long development period of the alkali-metal
systems, plants up to 100 kw using the lower temperature Hg

HALF RADIANT HEATER-4 K
RADIANT HEATERS,-8KW EACH-

T E CONVERTERTER RADIATORS-

STA. 26.512-

MERCURY PUMP'

Fig. 2 SNAP 2 schematic and thermodynamic cycle.

-15KW PER 12" SECTION
WRAP-AROUND HEATERS

STRUCTURE & RING STIFFENERS

LOWER NoK MANIFOLD

INSTRUMENTATION COMPARTMENT

Fig. 4 SNAP 10A system.
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Table 6 Chemical and solar dynamic systems

State of art
A

/ >
Name, power level,

heat source

CHEMICAL DYNAMIC

Integrated accessory
power and environmental
control system,
50-40 HP,
chemical combustion

871 A space power system,
lOKVAa t 11 5/200 V,
chemical decomposition

Cryhocycle R, 3 KVA at
115/200 V
400 cps or 28 VDC,
thermal control system
with supplementation
from catalytic reaction
chamber

876 B space power system,
8.8 GPM at 2700 psi
12 KVA at 118/205 V,
catalytic reaction
chamber

Model 152000 power system,
15 KVA at 400 cps,
115 VAC 12 GPM
hydraulic flow, chemical
decomposition

SPU-2, 2.5 KWE,
chemical combustion

Hydrogen-oxygen internal
combustion engine system,
3 k w

SOLAR DYNAMIC

Sunflower

Binary, 5.50 KWE
solar collector and heat
storage

Stirling cycle,
3 KWE , solar

Model 1400, solar
dynamic space power
system, 1.5 KWE,
solar collector and
heat storage

Model 1350, solar
dynamic space power
system, 15 KWE solar
collector and heat
storage

Organ.*
(Sponsor)

WK
(ASD)

SA
(ASD)

SA
(In house)

SA
(ASD & BC)

TRW,
(ASD & BC)

MC
LRC/NASA)

VI
(LRC/NASA)

TRW
(NASA)

TRW
(ASD)

GM/A
(ASD&

GM/A)

SA
(Navy

BUWEPS)

SA
(AFSC)

Working fluid(s),
Temperatures, °Fa

H2/02 (fuel rich), 0-400
precombustion
1400-1800 combustion

Anhyd. N2H4, 2100 = Tj|

H2/02

1 20 max

H2/02 (gases)
1500 = TTI

Anhyd. N2H4
1600 = TTI

N2H4 family and N2O4,
5000

Steam and H2
4960 combustion
11 70 heat rej.
2710cyl. head

Mercury
Li H heat storage

Hg and hydrocarbon
Rankine cycles with LiH

heat storage,
1 250 Hg superheat
1085 Hg boiling

650 Hg condenser
600 HxCy boil ing
200 HxCy condenser

He with NaK heat transfer,
NaK inlet 1250, outlet 150

Diphenyl

Rubidium, 1200 boil ing
1 800 superheat
1750 TTI
680 TTE

Storage
volume

50 ft3 for 8-hr
mission

200 ft3 for
36-hr mission
at 25 HP

12x 18x 23 in.
+ reactant
supply

11 x 25 x 10 in.
+ reactant
supply

15. 8 ft3 for
25-min mission

0.65 ft3 engine
generator +
attached
accessories

2ft3

10-ft diam
circular cyl .
8-ft high
topped by
15°half-angle
cone

-1000 ft3 for
15 kwe system

4.8 ft3 + col-
lector &
radiator

36-in. diam x
48 in. long

8 in. diam x
8 in. long

Weight,
Ib

System 1000 tankage
360 env. control
sys., 1 15 ace. pwr.
sys. 125 total;
1600 for 8-hr
mission, 4500 for
36-hr mission

Prime mover 82
generator 65
hydraulic pump 8
total: 155
tankage depends
on mission

Prime mover 31
generator 15
total: 46
tankage depends
on mission

Prime mover 1 25
generator and/or
hydraulic pump
41.5 total: 166.5
tankage depends
on mission

Weight for -^ 25-min
mission, 243

Prime mover 26
generator 20
pumps and controls
11
total: 57

100

Total, 700 Ib
(Based on 300-nmi
orbit)

1023 at 15 kwe

555 at 3 KWE

287

1155

Demonstrated
Endurance, hr

Breadboard
system has
accumulated
several hours

4.5 (100 design)

>200 at rated
conditions

250 at rated
conditions

50(air), 1/2
(N2H4)
same unit
reusable

Turbo alternator
2300 hr and
2750 + hr at
design

None

1000

Efficiency1*
(Est. reliability)

SPC = 1.1 at 25 HP
(not applicable)

SPC = 3.5 (MTBF = 1500 hr)

H2 consumption 1.5 Ib/
kw-hr, (des. rel. = 0.9999
MTBF = 2000 hr)

43.6%, (MTBF, no
redundancy, = 750 hr)

SPC = 6.0
(des. rel. = 0.99)

23% target SPC = 3
(des. rel. = 0.9999,
MTBF= lOOOhr)

1.8 Ib/kw-hr (because
operation is H rich
a percentage figure
is not meaningful)

9. 2% over-all
in full sun
with zero
misorientation

12.3% overall in 300 nmi
orbit
30% binary Rankine cycle
conversion (Not available

30.2% conversion
efficiency demonstrated,
38% anticipated

14% design

18. 2% design

aTT), Tjp = turbine inlet and exit temperatures, °F.
^ThermaF efficiency given in %, SPC = specific fuel coiconsumption, Ib/hp-hr
CWK = Walter Kidde; SA - Sundstrand Aviation, Denver; for other abbreviations see Table 11.
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/

Availability

Not applicable;
system designed
for each applica-
tion

Unit is ready for
PERT tests

Depends on funding

Now

1965
dependent on
f u nd i ng

Technology problem
only

dependent on
funding

1968
dependent on
funding

1966

Mid-1966
man-rated 1968

System status
A

Development
Status

Integration concepts have
been demonstrated in
breadboard testing

Initial units ready for
prelim, flight rating
tests

Feasibility demonstrated
in both turbine and
reciprocating version

First operating unit
delivered to customer

Operational unit used
with USAF IM 99 B
missile (BOMARC)

Development testing

Prototype being tested

Active work has been
terminated

4300 hr to accidental
termination

Second phase study
program

Performance development
completed

completed

R & D

R & D

V

Main Development
Problem(s)

System control and
performance matching

None

Multi-stage, single-disc
reentry type turbine to
meet performance and
life requirements

None
Adaption to space vehicle

only required meets
USAF spec. MIL P-25413

to cooling system

02 injection mechanism;
Improve SPC

Actual demonstration of
start and 1 -yr endurance
demonstration is lacking

Low temperature working
fluid stability

Shaft seals

Space inflatable con-
centrator heat storage

Space inflatable con-
centrator

Heat storage
Rubidium bearings

/

Use Factors

Requires gaseous start-up system for heat
prior to use of cryogens

Immediate start and restart

Integration with thermal control system

Depends on fuel supply available. Servic-
ing of lubricants and control adjustment
possible. Completely self-contained and
designed for extended zero-g operation

Storable 2 yr in ready condition at S.L.T.P.

Propellent system temperature range 20° F -
150°F

Small radiator required; space start and re-
start capability

Orientation
i3/4 collector opens after launch into
space

Designed for 10-g boost, .+. 1 and zero-g
orbital loads

Orientation

Orientation ± ^ deg
Low heat rejection temp.

Orientation ± 6 min

Orientation ± 6 min

Applications
A

Unique Features

Combination of sub-systems offers
potential of lighter overall vehicle
launch weight

Lightweight and storage

Can provide cooling for crew or
equipment

Multi-stage, single-disc, turbine;
low SPC; lightweight, high power
output; series integration with
environmental control system to
provide heat sink

Proven operational unit; low-cost,
storable fuel; 5-sec start, re-
startable

Lightweight, small volume, unlimited
start-stop capability, high power/
weight and power/volume ratios,
good efficiencies

_oad variable between 0 and 3 kw
Continuous operation for 1 yr

Low specific weight

High conversion efficiency especially
important in solar power system -

ing fluid

Low launch volume

Relatively low launch volume

•\
Probable applications

Ikw and up for
durations up to 1 week

Emergency power reentry
after long missions

Manned vehicles for low-
' power-level missions

Manned vehicles where
cryogenics are on board

Spent boosters where
boil -off can be
utilized

Emergency power reentry
and landing

Emergency power or primary
power utilizing left-over
propellents on vehicle

Short-time, low-level aux-
iliary electric power;
prime mover for lunar
roving vehicle

Long-term applications,
manned or unmanned for
power levels up to 15 kwe

in earth orbits
MOSS

Orbiting applications up to
50 kwe MOSS

Satellite and space power
from 1 to 50 kwe MOSS

Long-duration space missions
Orbiting space stations

COMSAT

Satellite and space power,
small MOSS
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technology can be built. Studies show that systems utilizing
the SNAP 8 reactor and present conversion technology with a
higher temperature radiator could be available by 1968 or
1970 and could have weights of 100 Ib/kw at the 30-kw level
and 35 Ib/kw at the 100-kw level. Notwithstanding these
accomplishments, the concern over liquid-metal corrosion and
the possibility of using the carbide reactor or solar heat plus
LiF heat storage as a higher temperature heat source has
created a renewed interest in the Bra}4on cycle. The closed
Brayton cycle is an adaptation of open-cycle gas-turbine
technology to space power. An inert gas (A or Ne) is used
as the working fluid, thus eliminating any corrosion in the
working-fluid loop. The single-phase fluid is independent of
gravity, so that zero-gr operation is easily simulated, and no
artificial gravity need be used in heat exchanger design.
However, the Brayton engine is less efficient and larger than
a Rankine engine operating between the same temperatures.
As shown in Table 7, HiPo-2 and a typical 35-kw AiResearch
system have relatively high cycle efficiencies obtained by
raising the reactor temperature and lowering the radiator tem-
perature of the Brayton system which reduces gas flow and
heat rejected. The compressor horsepower required is pro-
portional to inlet temperature, so the inlet temperature must
be kept low (~540°R). The headers and the radiator are
large because of handling a gas operating at low temperature
and being nonisothermal; this is a major problem area be-
cause of meteorite vulnerability16 and the high surface area
requirements,15 as well as the associated weight.17

High component efficiency is required for the Brayton cycle.
Typical values are regenerator effectiveness of 0.85 or more,
compressor efficiency of 0.80 or more, and turbine efficiency
of 0.85. Careful attention is being paid to flow channels to
minimize pressure loss, for the Brayton cycle optimizes at
low pressures (about 30 to 50 psia depending upon the power
level). Component development and system design are
being done in-house by several contractors and by NASA.
Emphasis is on obtaining the high component efficiencies at
low-power levels (6-15 kw), system dynamic analysis, and
radiator size reduction. Studies show that the Brayton cycle
is probably of little interest for power levels >40 kwe because
of the size of the system. An important factor in possible
system application is the availability of a carbide reactor in
flight configuration. Work done in the power conversion
system, however, shows that component efficiencies can be
met. They may be marginal at low-power levels when
actually used in a closed system.

Future direction

Performance advances will be paced by materials tech-
nology. In the reactor, temperature and fuel material selec-
tion will determine the useful power output before failure due
to fission-product-induced fuel swelling. In the remainder of
the system, temperature and material selection will limit life
because of corrosion,18 creep, sublimation, etc. The output
of SNAP 10A and subsequent thermoelectric systems is
proportional to the fifth power of the source temperature.
The low efficiency disadvantage of thermoelectric systems will
probably be offset by the inherent reliability of static power
conversion up to multikilowatt levels. The performance of
Hg-Rankine cycles is limited by the practical working pres-
sure limit and the thermodynamic properties of Hg. The
major improvement in Rankine cycles occurs with the change
in working fluid that, unfortunately, involves a temperature
jump of 600° to 800°F to the SNAP 50 conditions.19 Future
Hg systems probably will employ the currently available,
lower-temperature technology and hence will be relatively large.
The Brayton cycle, even though it requires a larger radiator
area at a given heat source temperature limit, should be more
versatile in accepting the increased heat source temperature
capability that future technological improvements will yield;
this potential for a more continuous performance growth

Table 8 SNAP 10A characteristics and program
participants

Power, kwe
Reactor power, kwt
Efficiency, %
Reactor outlet temp., °F
Primary coolant
Power conversion
Hot junction temp., °F
Cold junction temp., °F
Radiator temp., °F
Radiator area, ft2

Spec, area, ft2/kwe
System unshielded wt, Ib
Spec, wt, Ib/kwe
Development agency
Flight-test agency
System contractor
Power conversion contractor
Reactor contractor
Flight-test contractor

0.5
30
1.6
1000 U-ZrrL thermal
NaK-78
GeSi
930
615
615
62.5
125
650
1300
AEC
AF
AI
RCA
AI
Lockheed

could have a significant influence on long-term reliability
achievement. ASD is supporting work on Rankine systems
with water due to our vast experience in handling this working
fluid.

As a backup to the SNAP 50 program, the AEC has initi-
ated a development program at Oak Ridge National Labora-
tory (ORNL) to evaluate the feasibility of a system employ-
ing a fast reactor with direct alkali-metal boiling in the reactor
core. The maximum performance system of the future, 5 to
10 Ib/kw, is the reactor thermionic system. This concept
has been called SNAP 70, but no development program has
been established. Two system concepts are being advanced:
one employs diodes outside of the reactor (perhaps in the
radiator), which forces the entire reactor structure, control,
coolant, pumps, etc., to operate in the 2000° to 2500°F region;
the other places the diodes directly in the core as an integral
subassembly of the fuel element, so that the nuclear material
operates at the cathode temperature of the space-charge-
neutralized diode, ^3000 °F, whereas the remaining reactor
structure, control, coolant, and pumps operate at the anode
temperature, ^1500°F. This concept is illustrated in Fig. 5.
The basic phenomenon of thermionic conversion is reasonably
well understood as evidenced by demonstrated conversion
efficiency and power-density accomplishments. The prob-
lems of materials selection for the environment and for useful
diode life are less well understood. The technology necessary
for the selection of a reactor fuel material with appropriate

COOLANT INLET ̂

GRID PLATE,

CONTROL DRUM

FISSION PRODUCT
OUTLET

REFLECTOR

THERMIONIC CONVERSION
FUEL ELEMENTS

PUMP POWER
TERMINAL

SAFETY SLAB

CESIUM RESERVOIR
FOR PUMP ELEMENTS

CESIUM RESERVOIR
FOR MAIN POWER

ELEMENTS

Fig. 5 Schematic of thermionic reactor.
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physical properties and high-energy output capability is
currently far from the status required to support serious
system design and development.

Dynamic Machinery for Space Power

Turbines

Dynamic nuclear systems are summarized in Table 7.
Liquid-metal Rankine systems utilize turbines as prime
movers. Development problems with these turbines in-
clude 1) achieving efficiency at low percent admission for the
low-power systems; 2) loss of performance because of mois-
ture and wet vapor expansion; 3) erosion of the turbine disk,
blades, and housing materials by moisture in the wet vapor
expansion; and 4) materials compatibility.210'21 All of these
problems have their counterparts in conventional ground
steam powerplants. Performance loss, erosion, and tip-
speed limitations are well documented for steam turbines,
but no correlations have been verified which would permit
extrapolation of these results to other working fluids and
materials of construction. Analytical studies indicate that
the performance loss in liquid-metal expansions may be com-
parable to that expected in water vapor, i.e., 1% loss of effici-
ency for every percent of moisture.22 Experimental data do
not yet exist for the alkali metals. There is evidence that
superheated Hg vapor tends to supersaturate without con-
densation during expansions far into the vapor dome at
equilibrium moisture content much higher than 3%, which
normally is considered the maximum supersaturation achieva-
ble in water.23 This may help to account for the freedom
from apparent performance deterioration of the Sunflower
mercury turbine, which has operated continuously for over
4000 hr,4 and the South Meadow turbine, which ran 116,000
hr. Analysis indicates that alkali metals will not supersatu-
rate significantly. Their surface tension properties are more
nearly comparable to those of water.8 Wet expansion of
alkali-metal vapors through a turbine is currently under in-
vestigation in connection with the now defunct SPUR/SNA P
50 program.

The design requirements of the bearing and shaft support
are long life and ease of integration into the power system.
Since properly designed journal bearings theoretically have
almost infinite life, they are preferred to antifriction bearings,
which have a finite fatigue life. Use of the system working
fluid as the bearing lubricant eliminates seals and their
development problems. Recent experiments have demon-
strated that liquid-metal-lubricated bearings are feasible, but
development is difficult because of the severe requirements im-
posed by the application, the nature of the lubricant (low
kinematic viscosity), and the limited analytical techniques
available. Bearing operation in the turbulent regime was
previously experienced only in a few machines operating with
water-lubricated bearings. Major efforts by the Air Force
and NASA have been initiated to generate an understanding
of the theory and practice of turbulent bearing lubrication.
The transition from laminar to turbulent operation occurs
when the Reynolds number exceeds 41.1 (r/c)1/2, where r is
the bearing radius, and c is the radial clearance. The bearing
behavior in the turbulent regime, as compared to laminar, is
characterized by 1) greatly increased power loss, 2) increased
load capacity, and 3) greatly reduced flow rate for a given
Ap.24 Considerable effort is being expended to obtain analyti-
cal and experimental data on performance characteristics of
turbulent-liquid-metal bearings. Journal and thrust bearings
lubricated with Hg have been operated in a Sunflower system
for over 7000 hr, and Rocketdyne (USAF sponsorship) com-
pleted a 700-hr run of an experimental potassium-lubricated
bearing operating under conditions comparable to those for
space power applications. Power loss data from such experi-
ments verify Smith's and Fuller's empirical correlation for
friction coefficient with water as a lubricant.25 Load-carrying

capacity is not as well established for alkali metals.26 Acqui-
sition of valid data in this area is greatly hampered by the
lack of suitable instrumentation; USAF-sponsored research
on instrumentation is in its early stages.

Proper design for adequate rotor critical speed is a difficult
analytical problem at all times. The problem is complicated
by the finite stiffness of the liquid-metal bearings and the
difficulty in predicting fluid film stiffness and damping charac-
teristics in the turbulent regime. Proper application of
existing techniques with experimental values of bearing stiff-
ness and damping, combined with good machine design,
should permit control of rotor dynamic stability.

Generators

Two types of generators are presently under consideration.
For more conventional applications, a brushless alternator
would be used with characteristics similar to those used in
conventional aircraft powerplants. Frequencies of 1000 to
3200 cps are preferred to minimize the weight of other electri-
cal components in the system. For those applications where
the powerplant is directed specifically toward an ion propul-
sion engine, an electrostatic generator would be desirable
because of the high-voltage, low-current, d.c. output of such
devices. Development of brushless alternators in conjunction
with present Hg programs is proceeding relatively well with
respect to the high-temperature materials and high-rotative
speed problems. A more difficult problem is that of sealing
the windings from the corrosive alkali-metal vapors.27 Elec-
trostatic generators are attractive for space power systems
because they can operate at high temperatures (they do not
contain magnetic materials, which are affected by high tem-
peratures), and they have high efficiency and power/weight
ratio.28-29

Thus far, feasibility tests have been accomplished only
with some small-scale experimental models and with only
two designs, one using capacitance variation in a single ca-
pacitor, and the other using the work of the forces caused by an
oblique field in a gap between dielectric surfaces.28 Two
engineering problems remain to be solved: rotating seals and
bearings.

Heat-Transfer Components

Development of boilers and condensers for Rankine cycle
powerplants has been somewhat empirical because of the lack
of adequate heat-transfer data with the materials in ques-
tion.30 Recent measurements show no significant discrep-
ancies in the basic heat-transfer phenomena involved with
liquid metals. Boiling and condensing coefficients are more
or less in the range expected for low-Prandtl-number fluids.
For the case of Hg in a direct radiator condenser, existing
heat-transfer correlations are adequate, because the outside
radiation resistance is controlling. The various regimes of
Hg boiling have been identified and described mathemat-
ically.4 Flow stability in condensers under zero-# conditions
appears to be achievable, although further attention may be
desirable for larger systems with extensive headers.31

High-temperature emissive coatings are under develop-
ment,11 but the effects of ultraviolet and proton bombard-
ment in a space vacuum are difficult to assess on earth; hence
the durabilities of these coatings are not known. Protection
against meteoroid penetration looms as the largest single fac-
tor influencing the design of radiators for dynamic power
systems.16 Indirect radiators, which use a heat-transfer
fluid between the working fluid and the radiator can only be
justified on the basis of reduced area sensitive to penetration.
An extreme example of design for minimum sensitive area is
the belt radiator.32 The use of this type of design can be
shown to yield significant reductions in total powerplant
weight, if the meteoroid problem is as severe as it presently
appears. Because of its great importance to powerplant
weight and reliability, it is vital that accurate data be ac-
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quired for meteoroid flux distribution in both near-earth and
interplanetary space.

Radioisotope Space Power

SNAP isotopic power systems are currently under develop-
ment for the AEC to fulfill several space mission power
requirements for NASA, the Navy, and the Air Force. Ad-
vantages of isotopic power supplies lie principally in a) their
ability to operate for long periods in an unoriented space
environment, b) their attractive power/weight ratios via
high-power-density fuel forms and compact high-temperature
radiator designs, c) simplicity of systems operation (a SNAP
generator and a solid-state converter regulator to fulfill all of
the load distribution requirements), and d) their ability to
operate in the high radiation fields of the Van Alien belts
without degradation.

Current Systems

On June 29, 1961, a 2.7-w, plutonium-fueled, thermoelectric
generator was placed into a 500-mile circular orbit aboard the
Transit 4A navigation satellite. Telemetry data confirm the
successful operation of the isotopic generator and d.c. step-up
transformer in the space environment. The continued recep-
tion of precise radio signals from the 54- and 324-Mc satellite
transmitters by Transit tracking stations throughout the
world gives further assurance of successful generator opera-
tion. A similar device aboard Transit 4B (launched Novem-
ber 15, 1961), which maintained continuous operation for 28
weeks (before some malfunction shorted the generator output),
confirmed the repeatability of performance parameters.
Through August 1963, over 22,000 hr of successful operation
had been logged in space with these two satellites.

In August 1961, the SNAP 9A development program was
initiated to produce a plutonium-fueled, thermoelectric
generator producing 25 w and a power/weight ratio of 1
w/lb. Electrically heated prototype units were operated at
design power and subjected to design qualification and relia-
bility tests. Three flight units were fueled with Pu-238 by
October 1962. Systems integration testing and flight quali-
fication have since been satisfactorily accomplished. Genera-
tor output at the beginning of life is in excess of 27 w(e).
More than 20,000 hr have been accumulated under fueled
conditions with three SNAP 9A generators, thus assuring
long-term reliability of such devices.

The SNAP 11 program was established in February 1962
by the AEC at the request of NASA to develop a flight-
acceptable radio-isotope-fueled thermoelectric generator for
use on Surveyor A-25 spacecraft. Specifically, it is to pro-
vide 25 w(e) under lunar night conditions to permit the
accumulation of surface data in the absence of solar energy
and to supplement a solar cell power supply system during
lunar day conditions. Operating life is 120 days minimum.
Two prototype electrically heated generators are in design
qualification test status, and two more will be used for space-
craft integration tests. The unit weighs 30.4 Ib, including 5
Ib of shielding to reduce radiation on sensitive instruments.
This generator will be fueled with curium-242, a 163-day half-
life isotope. As a result, the unit is fitted with a power-
flattening thermal shutter system. This system is completely
redundant to satisfy stringent reliability aspects of systems
integration.

A program to develop a radioisotope thermoelectric genera-
tor (RTG) has been established by the AEC for NASA to
develop a flight-acceptable system for prime electrical re-
quirements of the Interplanetary Monitoring Probe-C (IMP-
C) and subsequent scientific satellites. Because of pre-
requisite flight payload space limitations and the requirement
for satillite spin orientation, two RTG units, each of approxi-
mately 20-w power output, will be required per satellite
launching. Enough Pu-238 will be employed to provide 2-

year operational life and 1-year shelf life. An appropriate
regulated voltage converter will also be developed to provide
about 32 w of usable power to the IMP payload. Current
state-of-the-art developments resulting from the SNAP 9A
and SNAP 11 programs will be employed wherever possible,
and the RTG diameter will be kept within a 7-in. annular
space envelope. Phase I, completed June 30, 1963, em-
phasized the establishment of system specifications by the
contractor in joint cooperation with the AEC and NASA.
Phase II, a 12-month effort, concentrated on power system
fabrication, assembly, and test of a prototype and flight
hardware. A detailed safety analysis was conducted.

SNAP 13 represents the first marriage of a radioisotope
heat source to a thermionic conversion unit. A demonstra-
tion device is being developed under the current effort, which
will employ Cm-242 with a Cs-filled thermionic diode de-
signed to operate in the ionization mode and produce 12.5 w
at a system weight of 4.5 Ib. Two electrically heated units
produced under this program have been tested for more than
4000 hr using electrical heaters to simulate isotope thermal
conditions. Preparations are now under way to modify these
prototypes so that they can withstand launch environments.
Plans are to fuel and demonstrate advanced units. The high
power/weight ratio of this type of system offers specific ad-
vantages for advanced space missions.

Future Systems

The following study programs are under way to advance
the technology of radioisotope thermoelectric power: 1) an
Sr-90 power sj^stem for communication satellites; 2) 200- to
500-w systems for such missions as Voyager, Nimbus, etc.;
and 3) 3- to 5-kw systems for use in manned space stations.
These studies have proved the feasibility of such concepts,
and advanced thermionic systems are being examined to show
the feasibility of power supplies up to 500 w. Development
efforts have shown that reliable, compact, isotopic power
supplies in the 1 to 4 w/lb range are feasible and can take the
rigors of launch and continuing operation for extended periods
in space environments. By more than 106 hr of SNAP gen-
erator operation using Po-210, Pu-238, and Sr-90 isotopic heat
sources, it has been shown that such systems can provide
reliable power for missions such as 1) earth-orbiting missions
of >1 year; 2) lunar surface exploration probes for which
dust and terrain uncertainties or lack of solar energy would
dictate an unoriented, self-energized power supply; 3) deep
space probes for which temperature levels or lack of solar
energy favor use of isotopic power units; and 4) higher
power levels (1-6 kw), where lower launching weights are
achievable with isotopic power supplies.

Thermoelectric Systems

There was a heavy research effort in the period 1958-1962
to improve the conversion efficiency of thermoelectric mate-
rials. Figures 6a and 6b illustrate the state of the art for
N-type and P-type materials, respectively, as submitted by
the laboratories indicated. The efficiency e is an "ideal" or
theoretical maximum efficiency for the specific material
tested at the temperature shown. The cumulative efficiency
77 values shown (21.7 and 20.5%, respectively) represent the
best values theoretically obtainable if it were possible to
multistage a very large number of thermoelements, each
operating over a very narrow temperature range at the high-
est e(T) values indicated. The Ge-Si solid-solution alloy has
poorer thermoelectric properties below 500 °C than the other
materials shown, but it is much more stable physically and
chemically at high temperature and low pressure, and it has
high mechanical strength and low density. In actual systems,
the materials efficiencies of Fig. 6 are degraded by junction
and contact losses, thermal heat shunting around thermo-
couple legs, etc. Furthermore, the concept of multistage
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Fig. 6 Efficiencies of ]V-type (top) and P-type (bottom)
thermoelectric materials.

devices utilizing different materials in their optimum tem-
perature ranges has so far been proved impractical because of
thermal and electrical impedance mismatches and physical
and mechanical incompatibilit}^ between the different mate-
rials.

Radioisotopic, solar, and nuclear reactor thermoelectric
systems have been built, or are being built, with varying
degrees of success. As previously noted, two Pu-238-fueled
SNAP 3 units were launched in the Transit 4A and 4B satel-
lites. SNAP 9 is under development for Navy navigational
satellite applications; the 25-w unit is to use Pu-238 and to
weigh 27 Ib for a planned life of 120 days. SNAP 11 is a 25-w
generator for use on the Surveyor soft-lunar-landing space-
craft under development by NASA. Fuel is 25,000 curies of
Cm-242 for a planned life of 120 days at a weight of 30 Ib.
Design of the generator has been completed. Flight-accepta-
ble fueled generators are expected to be delivered during
1965. Because radioisotopic thermoelectric generators have
higher power densities than solar cells, for some future space
missions RCA i§ developing in-house a prototype radioisotope
generator in the 50- to 75-w output range.

Solar Thermoelectric Generators

The flat panel concept, introduced by General Atomic
Division in 1960, has been the most successful solar applica-
tion to date. Ground acceptance tests on 4 X 4-in. panels
(18 thermocouples each) gave 1.33 w/ft2 panel area with the
collector at 250°C and the radiator at 20°C. Weight/power
ratio was 96 Ib/kwe. With a collector temperature of 300°C,
output was 2 w/ft2. Panels were thermally cycled 690 times
in vacuum without significant degradation and operated over

9000 hr under steady-state conditions with less than 10% deg-
radation. Thermoelements are P-type ZnSb (0.055 X 0.055
X 0.106 in.) and AT-type PbTe (0.04 X 0.04 X 1.106 in.)
sandwiched between Al foil collector and radiator surfaces,
properly coated, and reinforced by Al honeycomb for struc-
tural strength. In the first orbital flight of test panels, power
output degraded during 15 orbits to about 25% of that ob-
tained during acceptance tests. Temperature variations
were not sufficient to explain the decrease. On the second
flight, three 4- X 4-in. panels produced 2.5, 2.6, and 1.3 w/ft2

at an average weight of 60 Ib/kwe. These early experimental
panels were greatly stiffened with auxiliary structure to
survive launch vibration, thus considerably increasing the
system weight. Similar systems are now being investigated
by General Instrument Company for the Air Force and by
Melpar for NASA.

A thermoelectric system using parabolic collectors was
studied by Hamilton Standard Division of United Aircraft
(UAC). A 5-w model was made up to 56 unit cells connected
in series; each cell consisted of a 4-in.-diam parabolic con-
centrator with a single concentrator at the focal point.
Degradation was excessive.

The Aerospace Electrical Division of Westing-house built a
thermoelectric generator with an integral cavity solar ab-
sorber surrounded by an LiH storage system. The model
has been operated in a space chamber with electrical heaters
and on the ground with natural sunlight. The LiH was used
to maintain a continuous supply of energy for the thermopile
during simulated 90-min orbits with 35 min of darkness. The
model produced >17 w at 10 v for the 90-min period with
variation of only 7%. Over-all efficiency of 3.78% was ob-
served (electric power output to solar power intercepted by
the collector concentrator). Based on these tests, an analysis
was performed to determine the power/weight ratio, efficiency,
and envelope dimensions of power modules with an output
between 50 and 180 w. A power module with an output of 180
w coupled with an 8-ft-diam collector would have a specific
power of 2.25 to 2.30 w/lb at an efficiency of approximately
4.5% and would be capable of continuous operation for the
full 90-min orbit. The average hot and cold junction tem-
peratures for the cycle are 520° and 198°C, respectively.
The thermoelements are P-type Ge-Bi-Te and Af-type PbTe.
All of the preceding research in solar thermoelectric genera-
tors has been supported by ASD/USAF.
Nuclear Reactor Thermoelectric Generator33

The 500-w SNAP 10A thermoelectric generator (Table 8)
is primarily intended as a forerunner of space power generators
using a nuclear reactor as a heat source, a liquid metal (NaK)
as a heat-transfer mechanism on the hot side of the generator,
and radiation to space on the cold side. The thermoelectric
generator assembly is made up of 1440 couples of N- and P-
type Ge-Si alloy. A 300°F AT7 is maintained across the
thermoelements. Each couple produces 0.37 w at 0.1 v to a
matched load. The Ge-Si alloy exhibits excellent strength
and stability and low vapor pressure at the elevated tempera-
tures and space environmental conditions. Over 50,000 hr
of test time have been accumulated on modules to be used in
the generator. Individual element failure rates are now less
than 1 per 1000 during the acceptance test, yielding an over-
all component survival probability of better than 95%. The
allowable degradation over a year's life is now less than the
specified maximum of 10%. The generator has operated at
temperatures approaching the operating temperature of the
reactor, thus making it possible in later designs to increase the
power with little additional development effort. Over-all
conversion efficiency is about 1.7% at an average hot junction
temperature of 930°F. The generator development work
was conducted by the Electron Tube Division of RCA,
Harrison, New Jersey. As mentioned, the flight performance
of the SNAP 10A system has been excellent, operating for
43 days and meeting its predicted performance goals.
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Thermionic Energy Conversion

The simple cesium vapor diode, with elemental metal elec-
trodes, continues to be the most efficient and powerful form
of converter at all practical temperatures. Cylindrical elec-
trodes provide the most efficient configuration for internally
heated converters in a nuclear reactor, but planar electrodes
have been used predominantly in other applications with
external heat sources. A typical configuration is shown
schematically in Fig. 7. Thermionic converters can presently
be purchased in quantity, meeting ±10% output specifica-
tion, with powers, efficiencies, and lifetime suitable for many
practical applications. Problems associated with integrating
the converter with a hostile environment, as in contact with a
nuclear fuel or chemical flame, are being given increased
attention in research activities.

In Fig. 8, an attempt has been made to define the best
reported performance consistent with a high degree of design
confidence for present applications. The power density to be
expected in Ce-vapor-diode converters depends upon emitter
temperature and electrode spacing. Most advanced design
points fall in the shaded region, depending upon system re-
quirements. Reported values falling below this region
usually have off-optimum spacings, compromised for mechani-
cal and lifetime reasons, or do not use refractory metal emitters
(e.g., the carbide emitters). The efficiencies are based on
measured power and heat flow. Most design points fall
within the shaded region, depending upon the degree to which
radiant heat losses are prevented and the degree to which
optimum converter parameters are consistent with system
constraints. Because of the ambiguous nature and inade-
quate statistics associated with lifetime tests to date, the
summary in Fig. 8 is useful only to illustrate trends. Some
test data, which illustrate typical performance obtained
during 1963 and 1964 in research and application-oriented
converters, are given in Table 9. Table 10 summarizes the
states of systems that have been developed to the point where
significant test data have been obtained. A maximum per-
formance chart for Re-Mo converters is shown in Fig. 9.

The total support for thermionic conversion R and D is
presently about $12 million/year. Approximately half of
this supports the activities of the first five organizations in

Heat receiving portion
of envelope

Collector surface

Collector structu

Emitter surface

Thin envelope for
cesium containment

Insulating seal

Cesium reservoir (liquid
maintained at saturation
temperature corresponding
to required vapor pressure)

Fig. 7 Basic thermionic converter structure.

Fig. 8 Approximate summary of verified state-of-the-art
power densities and efficiencies for thermionic converters.

Table 11. The AEC and DoD contribute at least $3 million
apiece, and the rapidly increasing support by NASA presently
totals about $2 million. The remaining support is by smaller
government agencies and private industry.

Magnetohydrodynamic Power Generation

The critical problem in the use of a magnetohydrodynamics
(MHD) device with a reactor heat source is the attainment of
acceptable plasma conductivities at temperatures permitting
long reactor life. Since at temperatures near 1700°K thermal
ionization cannot produce acceptable plasma conductivities,
a considerable amount of effort is being devoted to "non-
equilibrium" plasmas in which the electron temperature is
increased above the gas temperature. The only experimental
verification of anonequilibrium'; ionization applicable to
MHD power generation has been a favorable comparison of
diode test results with theory and the experimental observa-
tion of magnetically induced effects in an MHD shock tube.
The data shown in Fig. 10 were obtained from tests on a
0.23-m-long diode tube with hot electrodes and filled with
cesium-seeded helium. These points were evaluated from
voltage and current readings about 25-50 /zsec after the initia-
tion of the discharge, which was long with respect to the time
required for collisional ionization equilibrium but short with
respect to the time for heating the gas. Thus, all of the data
can be considered to have been 523°K. The results show
that conductivities on the order of 100 mho/m are obtained
at current densities on the order of 10 X 104 amp/m2 with an
electric field on the order of 1200 v/m.

The results in Fig. 11 were obtained from an MHD shock
tube having a generator section 2 X 2 X 10 in. long. The
test gas in this case was xenon; the temperature behind the
shock was 5000°K. It can be seen that the conductivity
increases roughly as the square of the magnetic field. The
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Table 9 Recent performance achieved in some typical, advanced thermionic converters

PHYSICAL CHARACTERISTICS

Emitter

Application

Laboratory
test
vehicles

Isotope

Nuclear

Solar

Organization"

FIC

GE .
GE
RCA
RCA
TEEC

TEEC
MM..,,
GA
LASL

LASL

RCA

.TEEC

AT

EOS

GE
RCA
TEEC

Sponsor'""

ONR

-
ASD
BSN
ASD

ARPA, ONR

DRD

DRD
DRD

DRD

BSN

ASD

JPL

JPL

ASD
JPL
JPL

•Emitter
Material

Impreg. W

Nb
Mo
Mo
Mo
Re,W,Ta,Mo,
Nb,Ir

W-clad UC
UC-ZrC

UC-ZrC

Mo-clad U02

Re -clad UC

Mo

Ta

Mo
Ta
Ta

Collector
Material

S.S
Mo
Ni
Ni
Mo

Nb
Ni

Ni

Ni

Mo

Mo

Mo

Ta
Mo
Mo

Are>a Spacing,
cm2 mils

8.5

10.7
5.0
60
40
4.2

See

14
4

5

60

2.5

2.0

2.0

3.0
2.0
2.0

195

11
5-10
9
30

variable

Table 11

10 .
40

40

9

5

3

-

2-5
—
2

Heat

Elec. Used

Geom . VJt . .
t g t

C — E

C — E
P — E
C — E
C -- E
P — E

C — N
C — N

C — N

C — N

P — E

P 960 E

P 213 E

P E
P 550 E
P 160 E

Emitter
Temp.
°C

1300

1680
1450
1350
1200

Output
Max. Obs. Voltage

Power at
Density Max. Power
w/cm2 v

2.

2.87
2.2 0.37
2.66
1.2

Experimental results given in

1750
1880

1990

1350

1600

1700

1700

1680
1700
1700

5.0
9.0

15.0

2.25

8.0 0.5

10.25 0.6

6.9 0.6

9.6-6
10.2 0.6

18.6-10.8 0.8-1.0

Max. Eff.
%
t

6

(9)
7

. 10.5

Fig. 132

(11.5)
(4)

(8)

(8.5)

—

6.5

"

__
—
9

Operating
Time,
hr'l
__

8538
1400
10 DO-
80 0"

21
284

'112

285

200

50

"

620
--
1020"

observed. A consistent set of such data is generally not available. Asterisk(*) indicates still operable.
2. This data is included here since it has been used extensively in many design calculations for thermionic systems. It generally represents

the best state-of-the-art observed performance characteristics^ and it has been reproduced in several types of research & hardware converters.
3. Results of tests conducted by JPL for identical test conditions (JPL Space Program Summary No. 37-21 or ASME Paper #63-MD-54).

t C = cylinder, P = planar, E = electrical, N = nuclear, M = measured, () = estimated.
#

See Table 11 for organization and sponsor code letter identification.

emission spectra in the generator were also observed during
these experiments. A series of runs at 8000°K showed a
dramatic increase in the luminosity of both the continuum
and line spectra as the magnetic field was increased from 0 to
20,000 gauss. This may be an independent verification of
magnetically induced ionization.

Several MHD research loops designed for continuous opera-
tion with cesium-seeded helium at 1000°-2000°K are under-
going instrumentation calibration runs at this time. The
major objective of these loops is to demonstrate "nonequilib-
rium" ionization under actual motion-induced electric field
conditions on a continuous basis. A positive indication of the

value of electron-heated plasmas for MHD power conversion
should result within 1 year.

There has been substantial progress in the development of
open-cycle MHD generators. A self-excited 20-Mw (net)
generator will be completed shortly. Water-cooled peg-wall
construction will be used for the channel. Running time will
be limited to 3 min by the magnet coils (33 kgauss), which
act as a heat sink. The cost of development and test of this
unit is approximately $40/kw. It will operate on seeded
products of combustion of ethyl alcohol and oxygen with
stagnation conditions of 8 atm and 3100°K. The gross
dimensions of the generator, including the magnet, are

Table 10 Thermionic space power systems development

Type of system

ISOTOPE
SNAP 13

NUCLEAR
In-pile Concept
(SNAP 70)

Pile-Surface
Concept (STAR-R)

Thermionic
Radiator Concept

SOLAR TEE-100 watt

STEPS II

SET I

Organization

TEEC
MM

AI, B&W, GA, GE, LASL
MM, P&W, RCA, TEEC

GE

AGN
RCA

TEEC
TRW

GE

TEEC
EOS

Sponsor

DRD

ASD, DRD,
LRC, ONR,
BSN

ASD

ASD

JPL

Design objectives

Meet Surveyor requirements: 25 w at 1 v
for 130 day

0.3 to 10 Mw for 1 yr. Estimated un-
shielded system wt, 4 to 10 Ib/kw, for
Tfuel Of 150°Cto 1900PC

10-40 kw. Estimated unshielded system
wt., 20 to 65 Ib/kw for fuel temperatures
of 1900° to 2300° C

0.3 to 10 Mw. Estimated unshielded spec.
wt., 10 to 20 Ib/kw for fuel and coolant
temperatures of 1200° to 1500° C

100 w at 1700° C using 5 -ft concentrator

Demonstrate system feasibility 5-ft con-
centrator

135 w at 1700PC using 5-ft concentrator;
3000 hr

Status

Power objectives met. Generators are 3.3
w/lb incl. fuel. Those on electrically
heated life test still operable.

Basic feasibility still uncertain from
fuel & materials standpoints. Various
electrical & in-pile tests of fueled
converters have short lifetimes (<300 hr).

Feasibility still uncertain. No fueled
converter tests under assumed conditions

Feasibility still uncertain for coolant,
fuel, and materials. Li-heated conver-
ters demonstrated for short time, (AGN-
RCA). P&W also planning converter tests

5-diode generator. Electrically tested;
120 w at 1700° C. Solar tested; 19 w at
1380° C

3-diode generator. Solar tested; 27.9 w
at 1670° C

SET la (5-diode generator): solar
tested: 41 w at ~ 1700°C. SET Ib: el-
ectrically tested: 82.5 w at 1700°C
JPL will solar test
Specific power: gen. = 24 w/lb; com-
plete ̂ system = 7.8 w/lb

Availability

Fueled within 1
yr

Available 2 yr

Variously esti-
mated at 5 to
10 yr

Requirement un-
certain. Dupli-
cates SNAP 8
power range

Unknown (3-7 yr)

Unknown

Unknown

Flight test in
2 yr (est. )

Available in
4 yr
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Table 11 Organizations" and government agencies
active in thermionic conversion R & D

Major contractors (> $10*, alphabetically]
GA—General Atomic
GE—General Electric
LASL—Los Alamos Scientific Lab.
RCA—Radio Corp. of America
TEEC—Thermo Electron Engineering Corp.

Other organizations (alphabetically)
AGN—Aerojet General Nucleonics
AC—Aerospace Corp.
ANL—Argonne National Lab.
AERE—Atomic Energy Res. Est. (Earwell, England)
AI—Atomics International
BC—Boeing Co.
CC—Consolidated Controls
EOS—Electro-Optical Systems
FIG—Ford Instrument Co.
GEL—General Electric Co., Ltd. (England)
GM/A—General Motors, Allison Div.
HA—Hughes Aircraft
MC—Marquardt Corp.
MM—Martin Marietta
RA—Republic Aviation
SCNS—Saclay Center for Nuclear Studies (France)
TRW—Thompson-Ramo-Wooldridge
TI—Texas Instruments
UC—Union Carbide
UA—United Aircraft (P&W)
W—Westinghouse
3M—Minnesota Mining and Mfg. Co.
GA—Gen. Atomic Div., General Dynamics

Government agencies (alphabetically)
ARPA—Advance Res. Proj. Agency, DoD
ASD—Aeronautical Sys. Div., USAF
BSN—Bureau of Ships, Navy
CRL—Cambridge Res. Lab., USAF
DRD—Div. of Reactor Dev., AEC
GSC—Goddard Space Center, NASA
JPL—Jet Propulsion Lab., NASA
LRC—Lewis Res. Center, NASA
ONR—Office of Naval Res., Navy
RADC—Rome Air Dev. Center, USAF
SRDL—Signal R & D Lab., Army_______________

a In addition, many universities and institutes, here and abroad, have
research activities in thermionic conversion and related technologies.

approximately 15 X 9 X 11.3 ft; its weight, which is nearly
all field coil, will be 200,000 Ib. The gross input power from
the combustion chamber is approximately 360 Mw.

The scaling laws for MHD generators favor large size. It
is conceivable that 1010-w units for limited duty cycle opera-
tion could be built for about $3/kw installed. Using a copper
coil, the generator would weigh between 400 and 1500 tons,
depending on the amount of field dissipation that would be
tolerated. If field dissipations of up to 10% of the gross
output of the generator could be used, it is conceivable that
the weight could be reduced to the vicinity of 100 tons.
These remarks apply to the case of MHD generators driven
by typical rocket propellants.

In summary, very little progress has been made toward de-
fining and developing space applications for MHD power
conversion. Although commercial exploitation of open-cycle
MHD for power generation seems within our grasp, it is
obvious that a number of fundamental technical advances
must take place before we can say the same for the nuclear
space application.

Batteries and Fuel Cells for Space

The material in Tables 12-14 represents an attempt to
condense into manageable proportions the vast and hetero-
geneous information available on electrochemical power
generation and storage systems for space use. (In the section

- Emitter temperature

- Constant eff.

-Constant W & Cs

Re - emitter

Mo - collector

Maximum efficiency

1730,
W = 7 mils

TCS=575°K

W = 12 mils

^T\- — TCs=560°K

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

Output voltage, volts

Fig. 9 Maximum performance chart for Re-Mo conver-
ters, showing values of optimum spacing W and cesium

reservoir temperatures Tcs.

on fuel cells there is no mention made of the Apollo program,
because data on the Apollo program are unavailable for publi-
cation in the open literature.) Electrochemical devices are
often employed in conjunction with other systems for storage
purposes, particularly for solar systems where intermittent
operation is due to the device being in the shadow of the earth
or other geocenter. Electrical storage devices are also re-
quired for those missions in which the power-time profile
contains brief, high-power peaks. Thus, few space power
systems operate without some form of electrochemical energy
storage.

A review of fuel cells for space application can be found in
Ref. 34. In the Gemini and Apollo development programs,
engineering difficulties are being experienced, but the scien-
tific principles of the ion-exchange membrane and Bacon fuel
cell systems are considered to be sound, and the problems will

Helium density 1 .61 x 10 ,

- Cesium density 0 .81 8 x 1022/rn3

Gas temperature 0.045 volt

Fig. 10 Experimental data on breakdown potential ee and
conductivity a vs breakdown current density Je for cesium-

seeded helium in an MHD shock tube.
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Table 12 Primary and secondary space-type fuel cells*

Fuel/oxidant

Anode/catalyst
Cathode/cat.

Electrolyte

Operating range, T, C
P, atm

Light load, amp/ft2

v/cell

life, hr

efficiency, %

Overloading, amp/ft
v/cell

Normal load, amp/ft2

v/cell
life, hr

efficiency, %

w/ft3

w/lb

Cost, $Aw

Useful power range,
kw/battery

Estd. yr available

Eagle Richer

Zn/02

Pt
Ag

KOH

-20-50
—

1
1.45

1000+
(200 w-hr/lb)

——
—

5

1.40
400+

(160 w-hr/lb)
—

_

——

—

1965

GE
Gemini (Advanced)

H2/02

Ta & Pt
Ta & Pt

ion exchange mem-
branes containing
polystyrene H.SO.

25-60 (20-70)
0.5-2

5.3 (7)
0.9 (0.93)

2000°
60-62

40 (150)
0.77 (0.73)

11.5 (100)

0.88 (0.80)
a

59 (54)
590 (1400)

14.6 (35)

47,500 ( — )

1-1.5 (1-5)

Now (1 965)

uc
C elect. (C-metal)

H2/02

C+cat. (C+ metal)

C+cat. (C+ metal)
KOH

20-80
1 -2

50
0.9

6000+b (2000+)
61

200d

0.77

100

0.85
4000b (on test)

57
400 (740)

8.6 (16.2)

—

0.005-1000

Now

TRW

H2/02

Pt black
Pt black

KOH

0-100
1-2

20
0.95 ;

200
71

250
0.5

100
0.8
200
57
4000

40

—

0.05-10

1966

GM - ALLISON

K-Hg/K-aire

__ / _

—— /Ag

KOH+KH-KBrf

275 -125/300 & 1009

1

300/100
0.44/2.4

1 yr/——

10-63

700-300
0.50/1.8

500/200

0.48/2.1
1 yr/——

7/54
— /2000h

10,000/11, 000 h

10-30/56
—

0.5-60/100-1000

1967

TRW

H^Li

Li pool
No diaphragm

LiH/LiF/LiCI

550
1

0-100
0.46

_ _ _
—

3500
shorted

1400

0.30
—
_ _ _

400 w/ft2

_

—

—

1968

IGT

H2/C02-air

Pt-Ag foil/Ni

Ag paint

Molten
carbonate

450-700
1-1.1

15
0.7/0.92

— /I 500+
— /20

—— /60
—— /0.71

25

0.5-0.6/0.85
5000/1000+

10/20
200-400/800-1200

1.5-2.5/4-5

1500-2000/200-300

1-100

1965

Tl

H2/02

__

LiNaCO

500-600
1

75
0.92

1000+
65

200
0.6

125
0.8

1000+
50

300

5

— .

2+

1965

w

H2,CO,CH4,Coke/02, Air

Porous Pt

Porous Pt or Ni

Stabilized ZrO
i

800-1100
1"

10-20
1

2000+
90 (free -energy eff.)

750
0.5

250
0.8
_

75
3000-4000

20-25

—

0.5+

Now

°With Gemini load profile,

*AII data presented as received from manufacturer. May apply only to individual cells, especially with respect to hfc.

:, life is now 1000 hr.

xiliaries to 2000-3000 hr.

series except reactants and tankage for primary system, or complete secondary system, but exclusive of radiator and power condit

mp/ft2; usable for up to 0.5 hr.

t include recharging accessories.

iparate aqueous KOH electrolyte, also.

°Life is now limited by

Including cell and acce

Maximum power at 350

The K-air system does r

The K-air system requir..
9300°C for K and 100°C f

Specific power of K-ai

' Or any other pressure c

system is based on 150-kw system exclusive of tankage aid radiator,

long as AP^; 1 atm on both side of electrolyte.

undoubtedly be overcome. Table 12 presents fuel cell informa-
tion obtained from various manufacturers. Unfortunately, no
data were received from some of the major firms in this field,
e.g., Pratt and Whitney Aircraft, Allis-Chalmers, and Elec-
tro-Optical Systems. Allis-Chalmers plans to orbit a hydro-
gen-oxygen fuel cell on their Air Force program, and on a NASA
program they are developing a simple and reliable method for
removing heat and water with the least number of mechanical

moving parts and minimum need for parasitic power. This goal
should be attained by evaporating water through a capillary
membrane adjacent to the electrodes, the cavity behind the
membrane being evacuated to the vapor pressure of the KOH
electrolyte at its operating temperature of about 200°F.

Electro-Optical Systems has completed work on one con-
tract and is beginning follow-up studies on electrolytically
regenerative hydrogen-oxygen cells, using a 50-50 mixture of

Table 13 Primary space batteries

Anode/cathode

Electrolyte

Separator(s)

Seal or vent

Case

Perf. at 25°C:a

v/cell
w-hr/lbb

w-hr/in?

Wet-stand loss, %, C

at 25°C, 1 mo
6 mo

Cost, $/w-hr at 25°C:d

vented
sealed

Avail, sizes, amp-hr

Zn/AgO Zn/Ag20

KOH KOH

Semi-permeable, nylon + cellophane
cynpor + cellophane, or cellules ic

Automatically activated, with
pressure vents, or sealed

Plastic or nylon, rect. or cyl.

1.5 - 1.7(1.82)
50-110(230)
5-10(61)

10
40

0.35 -
0.35 -

1 -

1.2-1.6(1.59)
30-90(124)
2.5-8(31)

< 10-15
<40

1.0
1.5

400

Cd/AgO Cd/Ag2 Mg/AgCl Mg or Ca/CaCr04

KOH KOH KSCN-NH Fused salt (thc-vmsl
cell)

Semi-permeable Special Special

Automatically activated Automatically Automatically
and with pressure vents activated activated

Plastic or nylon, rect. or cyl. Special Drawn stainless-steel cyl.

1.1(1.38) 1.05(1.16) 2.15(2.35)
25-50(143) 20-35(79) 8 (185)
2.8-6(40) 2.3-4.2(22) 0.9 (39)

Automatically Automatically
activated activated

20 5
50 20

0.60 - 2.0
0.75 - 2.5 5.00 - 100C

0.5 - 300 Exp. models 0.001 - 0.5

Numbers in parentheses are theoretical values. Actual values for Mg/AgCl obtained at -65 F.
Dependent upon "cell size, discharge rate, and number of cycles required.

°Percent loss of full (not rated) charge during stand. Losses are 1/3 to 1/2 as great at 0°C, much higher at 50°C.

Inversely related to cell size and quantity.
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Table 14 Sealed secondary space batteries (KOH electrolyte) available in cylindrical
or rectangular stainless, plastic, or nylon cases"

Anode/cathode Zn/Ag

5eparator(s) Pellon, polypropylene, or
"semi-permeable"

Zen-exchange,Nylon
+ cellophane, or

cellulosic

Same as Ag/Cd; also Visk ing

M , P , C

10
5
4

10

4

2 .5

1.16 - 1.3:

79 - 14

22 - 40*

c

1 - 1.1
7 - 1 5

0.9 - 1.8

M , P , C

1.59 - 1.82°
124 - 230°

31 - 61°

Shelf life, yr
at 0°C, disch.

charged
at 25°C, disch.

charged

at 50°C, disch.
charged

2 - 4
1 - 2

1 ± 3
1

1 - 3
0.5 - 0.7

0.4 - 0.5
0.2 - 0.3

Cost, $/w-hr (at 25°C and
and 50 % disch.)

Available amp-hr sizes

0.75 - 3.50

aM = mechanical, G = glass, C - ceramic, P •-- plastic.
Based on active materials only.

GLower voltage for argentous, higher for argentic oxide.
For Ag, only argentous data are given.

eLower range for 100-min cycle, higher for 24-hr cycle.
Thousands of 100-min orbits; numbers of cycles for 24-hr orbit are 0.1 to 0.5
as large for Cd/Ag, almost unchanged for Zn/Ag; Cd/Ni not recommended for Cd/Ni.
^Estimated ranges by two different sources.

platinum and palladium as the anodic catalyst and pure
platinum as the cathodic catalyst. Optimum operating
pressure appears to be in the range of 50-400 psig; the opti-
mum operating temperature has not yet been established.
Present power densities are up to 90 Mw/cm2 at room tem-
perature and 150 Mw/cm2 at 70°C.

Silver-cadmium secondary batteries have now been flown
on several satellites and have given quite satisfactory service.
Testing has advanced sufficiently to indicate that these bat-
teries, with their considerably higher energy density, have

0.7 1.4 2.1 X ICT

Magnetic field, gauss

Fig. 11 Experimental effect of magnetic field on conduc-
tivity for xenon in an MHD shock tube.

cycle lives at least equal to the nickel-cadmium system. The
most significant recent development in the field of secondary
batteries is the introduction of a third electrode (usually con-
nected to the cadmium electrode), which permits a much
higher rate of charging than has been possible heretofore.35

Table 15 Future power conditioning (d.c. to d.c.)
equipment estimates for 28-v output (Mil Spec 704)

(data from the General Electric Company)0

Power,
kw

0.025

0.150

1.0

10

Input,
v

1
9

20
6

12
20
12
20
20

Voltage
reg., %

100
100
100
100
100
40

100
40
40

Spec
wt,

Ib/kw

28
18

8&

18
12
6

11
5.5
5

Spec
vol.,

in./kw

360
240
100
240
160
85

140
75
70

Full-
load

eff., %
85
90
90
90
92
94
91
93
92

a For d.c. to a.c.: weights and volumes > twice those for d.c. to d.c.;
efficiency about the same, i.e., 90 + %.

& Assumes eventual availability of high-speed, switching transistors no
now in hand.
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Table 16 Direct current-alternating current inverters
3 ph, 115 v, 400 cps, fully regulated output (data from

Westinghouse Electric Corporation)

Application

Apollo
Centaur
Lunar base
MOSS

Power
out,
KVA

1.25
0.6

10.0
1.0

vin.
v. d.c.

25-31
25-31
50-60
50-60

Ib/kw

30
42
16
25

Full-
load

eff., %
80
77
90
81

Spec
vol.,

in.3/kw

1000
1000
420

1000

d.c.-d.c. converter (42 v. dc., current limited, output)

Saturn 1.0 50-60 11 90 180

The auxiliary electrode, essentially a fuel cell oxygen cathode,
can be used either for sharply controlling the cutoff for charg-
ing or simply as a gas recombination device that avoids the
danger of excess pressures being built up. Third electrodes
will probably become available soon in both Ni-Cd and Ag-Cd
systems.

A novel concept, on which development was started in 1963
under a NASA contract, is the dry tape fuel cell or battery.
In principle, this consists of a porous tape that is coated with
anodic material on one side and cathodic material on the
other. Electrolyte is added just before the tape is pulled
through two current collectors with which it is in contact
just long enough to discharge the electrochemical couple.
Crude Ag-Zn dry tapes have already given performance equal
to currently available, conventional Ag-Zn batteries. Op-
timization, as well as the use of other couples, is expected to
yield a device with very high energy and power-density
capability. This concept may yield lightweight reserve-type
batteries and may make possible the use of normally in-
compatible chemicals. Tables 13 and 14 contain data on the
current state of space batteries as provided by a number of
manufacturers and laboratories.

Power Conditioning

Some of the key power-conditioning functions are as follows:
a) accept prime power and transform, convert, invert, rectify,
regulate, filter, or limit it in order to satisfy all of the user
subsystem requirements; b) respond to external commands
by applying power, removing power, and changing charac-
teristics; c) operate in an open- or closed-loop control system
in response to external control functions; and d) take correc-
tive or protective action in the event of malfunctions. The
power-conditioning system thus has interface requirements
with almost every other subsystem and figures strongly in
system evaluations from a standpoint of reliability, efficiency,
weight, and general probability of mission success. The
problem is to interject power-conditioning technology into
the system design early enough to allow optimization of the
power-conditioning system.

Although an a.c. prime power source is versatile and
simplifies the power-conditioning system, the majority of
applications today are based on the use of low-voltage d.c.
originating from solar cells, thermoelectric converters, and
batteries. The Ranger spacecraft power system is one exam-
ple of a design that utilizes solar panels, batteries, distribution
in the d.c. phase, and individual conversion at the location of
the using device. The data in Tables 15 and 16 were pro-
vided by General Electric and Westinghouse to indicate some
of the probable characteristics of initial power-conditioning
systems for space vehicles.
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