v//SPACE NUCLEAR POWER SYSTEMS

~

by

R. T.

AEC/NASA Space Nuclear Systems Office
—

Carpenter

W e, LG

[

Abstract

Space nuclear power systems have been, are being and will be developed for use in

those particular spacecraft applications for

advantages over solar and/or chemical space power systems.

which nuclear power systems offer unique
Many of these advantages

are discussed relative to the past and future applications of nuclear power systems

in our space program.

Both isotopic and reactor heated space electrical power units

are described in an attempt to illustrate their operating characteristics, spacecraft

integration aspects, and factory-to-end of mission operational considerations.

Much

experience has been galined with nuclear space power sources which have been flown.
This experience is being used to guide current developments to make those units more

attractive for operational use.

The status of technology developmentse in nuclear power systems is presented.

Some

projections of these technologies are made to form a basis for the applications of
space nuclear power systems to be expected over the next 10-15 years.

I. Introduction

Some of the major sources of manmade
radiation in space which you will hear
much more about in the next few days are
the nuclear power sources being used or
expected to be used in non-propulsive
nuclear space power systems. In the next
few moments I will describe various space
nuclear power systems which are designed
to produce electricity for spacecraft
payloads. Nuclear heat sources are also
being developed which will be used for
thermal power applications in space to
provide thermal control and/or process
heat for various spacecraft, The space
nuclear electric power program, which I
will discuss, does not include these
thermal power applications except,
posesibly, in the case where waste heat
from the heat-to-electricity conversion
equipment is used to provide thermal
control for the spacecraft.

Some examples of purely thermal
applications of nuclear (only isotope)
sources in space include the radio-
isotope heaters used on the Experimental
Scientific Experiment Package left on the
moon by the Apollo 11 crew or the isotope
heater used on the Russian lunar rover
(Lunokhod-1) where the nuclear heat main-
tains the electronics at a survivable
temperature during the long, cold lunar
night., The electrical power for the two
missions 1s provided by solar cells
during the lunar daytime. Another
thermal control source is the radio-
isotope heater unit planned for use on
Pioneer spacecraft. A typical process
heat application is the use of an isotope
heater with the l1life support/waste manage-
ment system which can regenerate potable
water from body wastes in manned space
vehicles. As you can readily conclude,
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these thermal sources are being omitted
here not because they are unimportant,
but because of the short time I have and
because what I will cover in terms of
nuclear heat sources for electrical power
systems 1s generally applicable to
thermal power sources for use In space.

So, nuclear space power systems, as
used through the remainder of this paper,
refer to the combination of a nuclear
heat source and a heat-to-electricity
power conversion subsystem for the pro-
duction of electrical power in space,

Two types of heat sources are used:
Radioisotopes, which generate heat by
their own spontaneous decay; and reactors,
which derive their heat from the con-
trolled fission process.

As you will see, there is more than
one lsotope and several types of nuclear
reactors which can be used in space
power systems. There are many different
types of power conversion concepts which
have been developed for use with these
nuclear heat sources. My intent here
is to concentrate on those systems which
have survived the elimination process
rather than dwell on why certain other
systems are not being pursued in this
program, We have lots of ways of
building these systems which are good
enough; but, because of budgets and other
constraints, we attempt to build a few
versatile systems using what we consider
the best available technology and try to
advance the state-of-the-art at the same
time we are building systems to fly.
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IT. General Applications

Space nuclear power systems have
been, are being, and will be developed
for use with those particular spacecraft
applications for which nuclear electric
power systems are attractive as listed
in Figure 1.

Typical missions which have these
conditions are shown on Figure 2 and
include planetary mlu,ion: to Jupiter
and beyond or missions of extended

duration on the surfaces of the planets
or the moon. These missions require the
uge of nuclear power. In : ”ifiut }jﬁh

performance electric propulsi
reguire the use of nuclear rea
systems, The requirements of

types of missions dictate the

the development of space

reactor power systems. 1€

these nuclear or non-nucle I
systems for those many m ons thﬂ
can be done with competi chemical
and/or solar power sys 3
the basls of superilor

ties, Jpavﬁcraff i

cost and

readiness, e
misslon program considerations.
There is no question that there will
be a continuing need for nuclear power
in space which will increase as the space
migsions become more ambitious in the
future. Therefore, the space nuclear
electric power program conducted by the
AEC and NASA will provide is pe heated
power systems in the lower and
reactor heated power systems in
higher power range as dic tated by the
mission needs
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WHICH
ARE ATTRACTIVE

CONDITIONS UNDER
NUCLEAR POWER SYSTEMS

*¥ LACK OF SUNLIGHT

* HIGH RADIATION FIELDS

* LOW CROSS-SECTIONAL AREA

* HIGH POWER LEVEL & LONG LIFE
* HEAT REQUIRED IN PAYLOAD
* EXTREME TEMPERATURES

* DENSE METEORITE FIELDS
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EAR ELECTRIC POWER SPACE APPLICATIONS

III. Systems in Use

The first use of nuclear power in
space was the SNAP-3A launched on the
Transit 4A Navy Navigation Satellite in
June 1961, This 2.7 watt, Plutonium-238
fueled, 5 pound, PbTe thermoelectric
Zenerator paved the way for a series of
nuclear power systems which have been
launched in the past ten years as listed
in Figure 3. SNAP-3A is still operating
as are all the isotope units which have
been successfully launched.

All of the isotope power systems
launched to date have used PbTe thermo-
electric converters and Pu-238 heat
sources (see Figure 4). Pu-238 was
selected for space use primarily because
of its long half-life (57.5 years) and its
low radiation levels. As larger heat
sources were used, the aerospace nuclear
safety phllosophy changed from burn-up
in the atmosphere to intact reentry which
forced an evolution of fuel forms and
heat source designs. Plutonium metal
was used In SNAP-3A and SNAP-9A; Pu0O
microspheres were used in SNAP-19 ang
SNAP-27. The introduction of the oxide

increased the neutron levels of the
sources, but provided a higher melt
temperature, lower inhalation hazard,
and less soluble or reactive fuel form.




Summery of Spsce Nuclear Power Systese
Lsunched by A, (1960-1971)

Syetem Mission Lasunen Date Fate
SRAP=38 THARSIT=-44 &/29/61 Successfully schleved> 1000 yeer
orbit.
BNAP=3A TRANSIT-4B 11/15/61 Buccessfully achieved> 1000 yenr
orbit
SHAP-3A TRANSIT=-5BN-1 §/e28/63 Succegifully schlieved » 1000 year
orbit.
SNAP-34 TRANEIT=-5B8-2 12/5/63 Suceesafully schieved = 1000 year
orblt.
SHAP-94 TRANSIT-5BN-3 L /21 /60 Falled to sehieve orbit, burned up
on reentry.
SHAP=10A SKAPSHOT L/3/e5 Buccessfully achieved ~ 2,300 yesr
orbit.
SNAP=1982 NIMBUS-B-1 5/18/68 Falled to sehieve orbit, retrleved
from ocean floor.
SNAP-1983 KIMBUS-III b/14/e9 Buccessfully schieved = 3000 year
orbit.
SNAP-2T APOLLO-12 11714763 Successfully pleced on lunar surface.
SHAP=7T APOLLO-13 BA11/7a Failed to reach moon, returnsd to
Pacific Ocesn.
SHAP=-2T APOLLO-10 1/31/71 Succesefully placed on lunsr rurface.
qur
Space Isctoplc Power Systess
Fuel
Power  Welght Fuel Quantlty Safety
Systes [watts) los. Cunverter Form fcuries) Philosophy
SNAP-3A 2.7 h.B 2H/PP PoTe Pu-238 L,Boo Fuel Burn-Up
Metal
SHAP- A 25 7 ZH/PP PoTe Pu-738 16,000 Fuel Burn-Up
Metal
SHAP-LjBL e 3a PH/ZP PoTe Pud.-238 34,300 Capsule Burn-Up
MlicFospheres Fuel Dlspersal
SNAP-1 j82 30 33 TH/PP PoTe Pud.-23E 34, 200 Intact Reentry
Klcrosphures
SHAP-14B3 3 50 20/3P PoTe Pul.-238 7,600 Intact Reentry
Mlorospheres
SHAP-7T 63 bE 2R/IP PoTe Pul,-238 o4, 500 Intact Reeutry
MicPospheres

Figure 5 shows a
SNAP-19 to illustrate
configuration used in all of these
isotope systems where the heat is gen-
erated in a central heat source, about
5% of it is converted to electricity as
it passes through the static thermo-
couples and the rest is radiated away
to space. Figure 6 shows the two
SNAP-19's on the Nimbus 3 weather
satellite which are still supplementing
the main solar cell/battery power system.

cutaway view of
the generator
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SNAP-1y CHARACTERISTICS

SNAP 19 RADIOISOTOPE ELECTRIC GENERATOR

|-——— — 20 — -

1SOTOPE
FUEL CAPSULE |
PLUTONIUM 238

THERMOELECTRIC
FLEMENT S
LEAD TELLURIDE

GESIGN POWER OUTPUT 25 WATTS
DESIGN WEIGHT 30 L8S

Launched  April 1969
Mo of Units 2

initial Power 56 Watts
Fuel Pu 238
Wegh! 59 Pounds

Litetime 1 Year

Figure
on the

T shows the SNAP-27 being deployed
moon to provide the total power

to the Apollo Lunar Surface Experiments
Packages. The Apollo 12 and Apollo 14
stations are both working very well.
fact, 1f the first SNAP-27 powered
station had not lasted well beyond its
design life of one year, we would not be
getting the added benefits of two
simultaneous stations on the moon which
we are now recelving.

In




ALSEP/SNAP-27 DEPLOYMENT
NOVEMBER 196%

APOLLOD 12

SNAP- i
SYSTEM CHARACTERISTICS

INITIAL POWER 73 Watts
LIFETIME 1 Year
FUEL Pu 238
WEIGHT
FUELED GENERATOR 43.5 Ibs.
FUEL CASK 25.2 Ios

The radiation levels from SNAP-19
and SNAP-27 are shown in Figure 8. The
predominant emissions from these sources
are the neutrons from spontaneous
fission and the Alpha-neutron reactions
with the light elements in the fuel,
such as oxygen and impurities. You can
see that measurements made on SNAP-27
after about two years shows a factor of
two increase in gammas which 1s due to
a build-up of gamma emitting products
such as thallium-208. The gamma level
from Pu-238 can be 7 or 8 times higher
after 15 to 20 years.

Radiastion Levels for SNAP-19 and SNAP-2T
ose Rate &t 1 meter]
Neutrone Eonma s Total
(mrem/hr) (mrem/hr) (mrem/hr)
SHAP-19B
(630w., Puls microspheres)
Capsule BO2/432 Side 39 2.8 b1.8
End 27 1.3 28.3
(2.5 x 107 n/zec)
Capsule H53/B54 Stide 37 3 ho
End 26 1.8 er.8
(2.4 = 107 n /zec)
BNAR-2T
(1480 w., Pu0. microspheres)
Capsule No. 4 Side
s (6/68) 99 7 106
(8/70) a7 16 113
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The first reactor power system used
in space was the SNAP-10A launched in
1965 (see Figure 9). This reactor
operated successfully for 43 days at
which time 1t was inadvertently shut-
down due to a failure in the voltage
regulator. This 500 watt, SiGe thermo-
electric system was powered by a 40 Kwt
Uranium-Zirconium-Hydride reactor which
has been the cornerstone for the
technology in space reactor power
systems, The radiation levels for the
SNAP-10A flight configuration are shown
in Figure 10. The reactor systems
require shielding tailored to the pay-
load requirements, as will be illustrated
later.

SNAP 10A SYSTEM & CYCLE

THERMOELECTRIC
PUNP

T E CONVERTER RADIATORS
EXPANSION COMPENSATOR

SUPPORT LEG
REACTOR

STRUCTURE & RING STIFFENERS
LOWER NaK MANIFOLD

INSTRUMENTATION COMPARTMENT

10150 PUNP 10159F

FLOW 130 GPM
4LP 10psi
THERMAL POWER- 500 walts
AVG. RADIATOR TEMP.- L

POWER CONVERSION SYSTEM
ELECTRICAL POWER 550 watls
AVEG. HOT JUNCTION TEMP. 955 0F
AVG. RADIATOR TEMP. 550 OF
EFFICIENCY . CONVERSION LE3%
VOLTAGE b ]

REACTOR
2 PONER B3Kw
= 1250F

IV. Isotope Power Systems Under

Development
Flight Systems

Three near-term missions for which
radioisotope thermoelectric generators
(RTG's) are now being developed are
shown in Figure 11. The primary reasons
RTG's are to be used on these missions
are: For Transit-long life and
resistance to radiation levels expected
at this orbital altitude; for Pioneer =-
independence of solar flux and resistance

to radiation to be encountered on the
way to Jupiter; and for Viking - inde- .
pendence of the environment on the surface

of Mars. Fueled ground test units have

been built for Transit and Pioneer and

flight systems will soon be built,




SNAP 10A NPU AGENA RADIATION LEVELS

NPU
INSTRUMENT
COMPARTMENT
NPU/AGENA
MATING PLANE

AGENA FORWARD
INSTRUMENT RACK

SHIELD

Y
AGENA AFT = \189
INSTRUMENT RACK P x 103 Nvty (CENTERLINE)
5 : s 1 x10'4 Nvtg, 6 x 108 R
e - -~ 247 GAMMA ISKIN)
y s T ...----"/ COMPLETE HARDENING
7L o PROCEDURE NECESSARY
e NI 1.9 x 1013 Nytg 1.2 x 106 R GAMMA (SKIN|
= e L ) INTERMEDIATE LEVEL HARDENING REQUIRED
[ i L
.'../ /. .} ..;‘/
/ﬁ{g} 7412\ g 101 Nvtf, 1.4 x 105 R GAMMA (SKIN]
AT O\ 462 INSPECTION HARDENING REQUIRED NOTE-
LEVELS SHOWN ARE MEASURED
/ 2.2 x o1 NV", 37 x ]04 R GAMMA ISKINI RATES EXIRAPOLATED FOR

5.7 88

RADIOISOTOPE THERMOELECTRIC GENERATORS
MISSION COMMITMENTS

TRANSIT PIONEER VIKING

PROGRAM | OBJECTIVE | AGENCY | LAUNCH |  POWER [yypyyye | SELECTED |
| SCHEDULE | REQUIREMENT | PWR. SUPPLY
| i
TRANSIT ENAVIGATIONALI NAVY 30 WATTS TRANSIT
| SATELLITE | (Dop) | Classified EL 0 VRS Tore
| i ! — 1
FOUR
CPIONEER | JUPITER  wagp | 1972 yauaTIs 3 YEARS| SNAP-19's |
£ | U8 i &9 (Modified) |
VIKING RS NASA | 1975 70 WATTS _2 YEARS | shp |
SNAP-19's |
- ‘Sm MNDEB_J ! J o | (Modified) |

Figure 11
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The Transit RTG, shown in Figure 12,
is 24 inches in diameter and about 18
inches high. It is to be mounted
directly on the satellite so as to pro-
vide up to 100 watts of heat to the
satellite to help maintain fairly con-
stant temperatures in the electronics
of the payload as it passes into and out
of the shadow of the earth. The RTG is
to produce 37 watts at BOL and 30 watts
after 5 years. It is fueled with 850
watts of Pu-238. Heat is radiated from
the heat source to the light-weight 2N/
3P PbTe Isotec panels which operate
between 752 and 288°F, The total weight,
including the mounting cone, is about 30
pounds.

TRANSIT RADIOISOTOPE THERMOELECTRIC GENERATOR

SYSTEM CHARACTERISTICS

POWER LEVEL
80L
EOL

LIFETIME
FUEL
WEIGHT
CONVERTER
SAFETY

3 WATIS §
30 WATTS

5 YEARS
Pu 338
21 Lbs.
|SOTEC

IMPACT
CAPSULE
SURVIVAL |5

The heat source, which is designed
to contain the fuel during reentry and
impact, is shown in Figure 13; it weighs
about 14 pounds. The fuel, a plutonium
oxide-molybdenum cermet (PMC), is con-
tained in layers of refractory and noble
metals surrounded by graphite for pro-
tection from reentry heating. The
assembly 1s canned in a thin superalloy
to prevent deterioration of the materi-
als in the heat source while exposed to
air before launch and to maintain a back
pressyure of gas in the gaps to minimize
operating temperatures in space.
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Tranait Heat Source

Figure

The Pioneer RTG is a modified SNAP-
19, shown in Figure 14, Tt is 15.8
inches across the fins, 11.1 inches high,
apd weighs 29,2 pounds. It is fueled
with 645 watts of PMC and produces 38
watts at BOL or 30 watts after 3 years or
at Jupiter encounter. The thermoelectric
converter employs 2N/TAGS materials
operating between 950 and 3500F. The
Pioneer RTG is filled with a cover gas
and welded shut., The heat source for
Pioneer, shown in Figure 15, is made of
almost identical materials as that for
Transit. The reentry protection design
15 somewhat different because of the size
constraints of the SNAP-19 heat source
(3.5 inches across the flats by 6.75
inches long) and the more severe heating
environments of the possible Pioneer
mission aborts which could lead to super-
orbital reentry. Since the generator is
sealed, no can is used around the heat
source. The heat source weighs 11.3
pounds,

PIONEER (MODIFIED SNAP19) RADIOISOTOPE
THERMOELECTRIC GENERATOR

Systern Charadteristics

Number of Generators 4
Power Level (per Gen. |

Seal Weld

BOL 30 atts
EOL 30 watts
Lifetime 3 Years
Fuel Pu-233
Welght {per Gen. ) A Ibs,
Converter SNAP 1§
Safety Icmpac!m
U
Sourae] *sle Survval

Launch_Schedules
FER. - MAR. 1972
APR. 1473

Figure 14
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Figure 15

The generators to be used on Viking
are similar to the Pioneer RTG's. The
fuel loading will be 675 watts to get 35
watts after 2 years and the thermal

design (fin length and housing thickness)
will be tailored to the Viking mission
environment.

An enlarged cross section of the PMC
fuel is shown in Figure 16. The PMC is
made from PuOp particles 105-250 micro-

meters in size which are coated with about

3 micrometers of molybdenum, as shown on
the left. These are pressed into discs
2,14 inches by 0.2 inch thick which pro-
duce 40 watts each. The PMC is 17.5% Mo
and has a power density of 3.5 watts/cc,
and is shown on the right.

The, radiation levels which have been
measured, for the Transit and Pioneer
capsules are given in Figure 17. The
average neutron actﬁvitﬁ in this PMC fuel
ranges from 3.29x10% - 4,5x10% n/Sec./
GM Pu-238, even though it is made from
oxygen enriched in 0-16. It can be
improved by using a MoClg coatling process
in place of the MoFg proCess, as will
probably be explained in detail in
Section VIII-2 on Thursday afterpoon.
Using a neutron activity of U4x10" N/SEC/
GM Pu-238, the neutron flux on the
Pioneer spacecraft (3 meters away) is
calculgted to be about 28 N/SEC/Cm?Z or
1.8x107 N/Cm2over the 2-year mission.
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For higher powered applications,
such as the two shown in Figure 18, the
Multi-Hundred Watt (MHW) modular RTG is
being developed. The Grand Tour missions
to three different outer planets ars good
examples of the unique capability of
RTG's. These missions require on the
order of ten times as much power for
mission lifetimes up to twice as long
as any other mission to date with very
tight constraints on size and weight to
explore a region of space where we have
never been before.




Radistion Levele from
PMC Cspsules for Trans=it % Ploneer

Heutrons Dose Rate (mrem/hr) &t 1 meter

Bare Capsule (n/sec) Neutrons gemmas Total

Trensit TF-1 5.43x107 g0 2.6 82,6
(350 w)

Ploneer PF-1 5,15x107 70.9 3 73.9
(E45w)

Floneer PF-2 L.26x107 53.3 2.7 63
(E45w)

Pioneer FF-3 3.77x107 53 1.8 56,5
(Gh45w)

Ploneer PF-4 3.73x107 53 1.6 54,6
(El4sSw)

Total Doze Rate

Cepsule in Cask &t Surfsce (rrem/hr)

Trensit TF-1 123-166 30.3 0.3 31.2
Ploneer PF-4 330-410 27 0.7 277

Multiplication

Factor in fuel: 1,24 to 1,32

Capaule neutron

1
Count : 3.29310h - 4.5x10 n /sec/gm Fu-238

Figure 17

MULTI-HUNDRED WATT RADIOISOTOPE GENERATOR APPLICATIONS
LINCOLN EXPERIMENTAL SATELLITE QUTER PLAN P i

LES
SPACECRAFT

LAUNCH POWER SELECTED
PROGRAM OBJECTIVE AGENCY ISCHEDLI.E REQUIREMENT | LIFETIME | POWER SUPPLY
SPACE DoD MID- TWO MHW
LS fcownmicaTion [wirforce] 1975 |00 M | SYEARS | o
UNMANNED OUTER
GROTON - PANTRY | s wror | 2050 we [povears | PO
DXPLORATION

Figare 18

The MHW RTG (or module) is shown in
Figure 19. It will produce at least 145
watts at BOL from 2200 watts of Pu-238.
It is 11 inches in diameter by about 21
inches high and weighs about 75 pounds.
The thermoelectric converter employs
80% GeSi Airvac thermocouples operating
at 1832°F (or higher) in a Be housing
which is sealed for operation in air.
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The thermal design uses radiative
coupling between the heat source and the
thermocouples. This allows for some
flexibility in heat source design. The
reference insulation is refractory metal
foils with ceramic separators. The very
high operating temperatures of the MHW
RTG and the safety goals, to withstand
the environments of any launch vehicle
and any mission and still remain intact
after reentry and impact, require a more
advanced heat source design. One of the
designs being considered for MHW is shown
in Figure 20, This heat source is 6.85
inches in diameter by 15.0 inches long,
and it weighs over 40 pounds. It
maximizes the use of graphitic and
ceramic materials and shapes to bring the
fuel through reentry and impact.

The heat source
desgign will not be frozen until late
this year. One of the changes in MHW
may be in the fuel., Pure PuOp is being
considered as a replacement for the PMC.
With 2200 watts, or 66,000 curies, per
module, the Grand Tour spacecraft will
require an inventory of 8800 watts, or
264,000 curies of Pu-238. This wyill be
a neutron source of about 1.6x10° N/SEC

(based on 10,000 N/SEC/GM Pu-238) to be
reckoned with.

MULT HUNDRED_WATT
RADIOISOTOPE THERMOELECTRIC GENERATOR

Power Level 145Wiel
Weight 75 pounds
TIE Material SiGe

Fuel Pu-238
Safety Qualified to

Composite Mission
Environment

Figure 10




MW Reference Heat Source Design

Plgure 20

Future Systems

Some improvements in these current
flight systems can be projected for
future systems to make them more
attractive for some applications. The
MHW SiGe RTG can be cascaded with the
PbTe or TAGS Isotec panels similar to
those used on the Transit RTG to provide
a higher power, a wider useful power
range, and more efficient use of the
fuel meaning lower cost and radiation
levels per electrical watt., A drawing
of such a cascaded.RTG is shown in
Figure 21. This cascaded RTG would
produce over 200 watts at 9-10%
efficiency at over 2 watts/pound with
the same Pu-238 heat source.

DUAL STAGE MHW -RTG SEALED DESIGN
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If Curium-244, another long-lived
alpha emitter, were used in the MHW, the
power to weight ratio would be increased
about 10-15%. Cm-244 has a higher power
density than Pu-238 because of its
shorter half-life (~ 18 years) and a
promise of about 1/5 the cost per
thermal watt (see Figure 22). The
penalty to be paid with Cm-244 which is
of interest here is the higher neutron
count due to spontaneous fission
(approximately 1000 times higher for
Cm-244 than for Pu-238). This could
influence the use of Cm-244 fueled
systems on radiation sensitive
scientific payloads and manned missions.

LONG-LIFE_ISOTOPE FUELS TECHNOLOGY
PLUTONIUM-238 AND CURIUM-204

Pu-238 Cu-244
POWER DENSITY (microspheres, thermal watts/ce | 1 B.5
650 TODAY 500 TODAY
FUEL COST tsper thermal watt) 500 OBJECTIVE 100 Pu-RECYCLE
WEIGHT (b per thermal kw)*
Small Heal Sources (2 kwtl
Without shield 15 5
Slhmt Heat Source w/Reeniry Vehicle
Without shield 120 3z
With manned shield
Crew at 3 meters 1o 3
Crew at 15 melers 130 100 - 120

* Including re-entry protection

For power levels above that which
is practical with the MHW, above 1 Kw,
more efficient power conversion
technologies are being considered for
isotope power systems. These are the
statie thermionic system and the dynamic
Brayton system. Design studies have
been completed on a 110 watt Cm-244
fueled thermionic module. This program
was an outgrowth of the SNAP-13
Thermionic generator development which
was completed in 1965. These studies
have shown that thermionic modules in
the 200-500w range offer a module
efficiency about twice that of thermo-
electric and a specific power of about
L watts/pound - also about twice as good
as for thermoelectric generators. The
thermionic generator is also smaller in




size because of the high radiator
temperature. This feature makes
thermionic generators very attractive
for missions close to the sun or on the
surface of the inner planets where high
ambient temperatures are experienced.

To achieve these advantages, the high
power density fuel, Cm—EEM, must be

used and the heat source operating
temperatures must be in excess of 3000°F.
Quite a bit more development work must
be done in isotope thermionic generators
to demonstrate thelr operating perfor-
mance and lifetimes. This development
activity 1s currently being deferred

due to budgetary constraints.

The use of the dynamic Brayton
cycle allows efficiencies as high as
25-28% at heat source temperatures
comparable to those for the MHW in the
power range of 2-10 Kw. It can use
Pu-238 or Cm-244, The Brayton con-
version machinery has been under
development at NASA's Lewls Research
Center for several years. An
electrically heated system (minus the
radiator) has been tested for over
2500 hours and the combined rotating
unit is still undergoing a life test
after some 5000 hours, most of which has
been unattended. A Jjoint NASA-AEC
program is underway to conduct an
isotope-heated test of the system under
sl mulated space conditions.

The isotope heat source assembly
for the Brayton system is shown in
Figure 23. An array of heat sources,
probably based on the MHW technology,
are carried in a reentry vehicle which
provides double protection during re-
entry mishaps and maximizes the chances
of recovery of the large isotope inven-
tory. A 12.5 Kw power system, which has
been studied for use on the manned
orbital space station, would contain
52.8 Kw (thermal) or 1.6 Megacuries of
Pu-238 at beginning of life. The re-
entry vehicle, including the isotope
heat sources, waild be about 8 feet in
diameter and would weigh about 3900
pounds., The total 12.5 Kw system would
weigh about 6,000 pounds or about 2
watts/pound. This type of system is
especially attractive for low orbit,
man-tended spacecraft which can be
launched and recovered by the planned
space shuttle,

V. Reactor Power Systems

At very high power levels, 5 Kw and
up, the nueclear reactor heated power
systems come into play. Space appli
cations expected to require such high
power levels are shown in Figure 24,
These include unmanned satellites
(communication and military uses),
manned earth orbital space stations or
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HEAT SOURCE REENTRY VEHICLE ASSEMBLY

TURN ARDUND FENCE

ISOTOPE HEAT SOURCE

HEAT SOURCE UNIT—

SUPER INSULATION ———

HEAT SOURCE UNIT
SUPPORT STRUCTURE

REENTRY AERDSHELL

bases and lunar orbit stations or lunar
bases which require auxiliary power

levels up to 100 Kw. These requirements
can be met with the uranium-zirconium-
hydride reactor in combination with
either thermoelectric or Brayton power
conversion systems. To meet the require-
ments for nuclear electric propulsion
missions, which cannot be done any other
way, a more advanced space reactor
gystem will be required which has a
specific weight of about 50 pounds/Kw at
power levels greater than 100 Kw.




The uranium-zirconium-hydride

(UZrH) reactor program (see figure 25)
has three main threads of effort - the
reactor technology, the thermoelectric
power conversion system (PCS) technology,
and the large Brayton PCS technology.
The UZrH reactor technology extends the
cepability which was first flight
demonstrated in SNAP-10A. Work being
performed has the goals of a long-lived
5 year) reactor which will provide 100-
00 Kw of heat at operating temperatures

| between 1000 and 1200°F. The UZrH

| reactor design is shown in Figure 26

| where the SNAP-8 development reactor is

| compared with the long lived reference
design with the new reflectors that
allow for smaller shield weights in a
manned mission. The reference reactor
is about 36 inches high and 22 inches
in diameter.
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The UZrH reactor (using the number
of fuel elements and reflector design
sized for the job) in combination with
the tubular compact converter thermo-
electric modules is very attractive for
5-20 Kw unmanned satellite applications
in terms of size, weight, and costs. A
two-loop system (see figure 27) can be
used for unmanned missions because the
activated NaK coolant in the primary loop
does not have to be shielded. For manned
migsions, a split shield, 3-loop system
is used to allow the PCS to be main-
tainable by the astronauts. The UZrH-
Brayton power system requires 3 loops
because of the need for NaK and gaseous
working fluids on the hot-side of the PCS.

Studies are going on considering
the use of UZrH-TE systems in unmanned
satellites in the late 1970's. Work is
also progressing on a large Brayton PCS
for demonstration with a UZrH reactor
for higher powered missions, such as the
space station, to be flown in the 1980's.
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The UZrH reactor technology also
forms a building block for moving on to
the advanced thermionic reactor (see
Figure 28) which is reguired for nuclear
electric propulsion missions, such as
Halley's Comet rendezvous. The key
element of the thermionic reactor is the
thermionic fuel element (TFE) which is
tested. in a UZrH moderated reactor and
will be clustered to make a fast
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thermionic reactor (shown in Figure 29).
Each TFE contains 6-10 thermionic diodes
in series. The fuel is inside the diode
and the electricity is formed directly
in the TFE itself. This same TFE
technology is the basis for a series of
advanced reactors shown in Figure 30.
The use of TFE's in a moderated UZrH
driver reactor would provide useful
static power systems which overlap the
power range of the UZrH-Brayton power
system. An attractive feature of this
reactor is that the only very high
operating temperature encountered are in
the TFE itself. The emitter temperature
is about 3100°F. The coolant outside
the TFE is at the same 1000-1200°F where
the UZrH reactor operates. This allows
much higher radiator temperatures and
therefore smaller radiators than the
UZrH reactor power systems using the
thermoelectric or Brayton PCS. In
addition only one or two coolant loops
are required because the PCS is in the
reactor core (see Figure 31). Currently
the thermionic reactor program effort

is concentrating on the. development of
the TFE and the first full sized TFE is
built and awaiting test in the TRIGA
reactor.
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The other advanced space reactor
technology concept which is being
pursued as an alternative to the
thermionic reactor for greater than 100
Kw type systems is the Advanced Liquid
Metal Reactor. This is a fast reactor
which will operate at 1800°F or higher
and will be cooled by molten lithium
metal., The attractive features of such
a high temperature reactor are that it
is applicable to many different types of
power conversion and to many different
high powered missions (see Figure 32).
The current efforts are directed
primarily toward the materials develop- .
ment and neutronic measurements, such
as the fast critical experiment.
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VI. Conclusions

T have attempted to describe the
current and foreseeable radiation
sources that are or will be 1n space as
the result of the use of nuclear space
power systemg. Our primary concern
over radiation in space is due to our
plans to conduct more numerous and
ambitious operations in sp . To do
that one needs electrical power which
can be, and in some cases can only b?,
provided by nuclear power and radiation
sources.
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