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SPACE REACTORS - PAST, PRESENT, AND FUTURE

Cavid Buden

Los Alamos National Laboratory
Los Alamos, NM 87545

ABSTRACT

The successful test flights of the Space
shuttle mark the start of a new era--an era of
routine manned access into cislunar space. Hu-
man technical developrment at the start of the
next Milleniun will be highlighted by the crea-
tion of Man's extraterrestrial civilization with
off-planet expansion of the human resource base.
In the 1990s and beyond, advanced-design nuclear
reactors could -epresent the prime source of
both space power and propulsion., Many sophisti-
cated military and civilian space missions of
the future will require first kilowatt and then
megawat levels of power.

This paper reviews key technology develop-
ments that acconpanied past US space nuclear
power developmant efforts, describes on-going
programs, and then explores reactor technolngies
that will satisfy megawatt power level needs and
beyond.

PAST POWER PLANT DEVELOPMENTS

The interest in space reactors irom 1955-
1973 was orimarily for propulsion of manned Mars
missions and to satisfy electric generation needs
anticipated for communication satellites, manned
space staticns and lunar bases.

To support this fnterest, the US engaged in
an extensive space reactors development program.
Table 1 summarizes programs that included mate-
rials and comporent development. High power,
hundreds-to-thousands megawatt reactors, were
being developed for propulsion while technology
fo:: from 0.5 W tn hundreds of kilcwatts was be-
ing develnped tn meet electric power needs.
These reactors tncorporated a variety of cool-
ants, including Yiquid-metal cooled reactors us-
ing NaX in $NAP-2, T0A tnd 8, advanced hydride
reactor ani in-rore th.mionics, Yithium coolant
in SNAP-50 and the advanced metal-cooled reac-
tars, gas-cocled using hydrogen in ROVER and
naon {n 710, heat-pipe reactors cooled in NEP
and SFAR/SP-100, fiuidized bed reactors using
hydrogen, and gasec'!s core reactors alsn using
hydrogan.

Joseph A. Angelo

Florida Institute of Technology
Melbourne, FL 327991

Reactor Core Development

The most extensive fuel develnpment efforts
took place during the years 1965-1973 (Fig. 1).
The two areas receiving greatest focus were
uranfum-zirconium hydride fuel for the Space
Nuclear Auxiliary Power (SNAP) program and cnat-
ed uraniun carbide fuel elements for the nuclear
rocket (Rover) progran. The former qualified
fuel elements for 10 700 h at a 975-K operating
temperature using the 1iquid metal NaK as the
core coolant. The latter operated for 2 h with
hydrogen gas coolant at 2450 K. Both were deion-
strated in full reactor core tests.

Cnatings for fuel elements act both as a
chemical barrier between the fuel and the cool-
ant and as a physical erosion barrier. A good
coating material, besides heing chemically com-
patible with the fuel and coolant, should have
gnod high-temperature stability and match the
thermal coefficient of fuel expansion. (See
Table I1).
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TABLE I

PRINCIPAL US SPACE NUCLEAR REACTOR PROGRAMS

Opernln?
Power Plant Purpose Power Level  Temp (K Period
Rover Propulsion 365-5000 Mdy 2450 1955-1973
Fluidized 8ed Propulsion 1000 Mg 3000 1958-1973
Reactor
Gaseous Core Propulsfon and 4600 My 10,000 1959-1978
Resctors Electricity 1500
SNAP-2 Electricity 3 kg 920 19571963
SNAP-10A Electricity 0.5 kig 90 1960-1966
SNAP-8 Electricity 30-60 KWy [ 24 1960-1970
Advanced Mydride Clectricity 5 kg 920 1970-1973
Reactors
SNAP-50 Clectricity 3001200 kW, 1368 1962-1965
Advanced Metal-  Electricity WO k¥y 1480 1965-1972
Cooled Raactor
710 Gas Neactor Elecrricity and 200 kivy 1445 1962-1568
propulsion
In-Core Thermt- Clectricity §-250 kN 2000 1959-1973
onic Resctor
TABLE 11
FUEL ELEMENT COATINGS
Marinun Fuel
Eue) Resctor Loolant Costing Terperature (K)
U-2rit SNAP Nak Hastelloy W 1335
ey Raver L} Ne, et 2700
Vo SPAR/SP-100 L, W Mos1 3 Ret 2200
ne Neon T 1000
" 4-30-Re-0-¥
(0 SNAP-$0 L Cb-1 2r-0.000C  1350-1500
Wy, U In-core L} 2200
thernionics
YHEEU BToe waT) sepy ates fue) from heat transport flufd,

Core components such as the core support,
periphery, and enclosures are difficult to gene-
ralize, being more or less unique to a particu-
lar design. Gas-cooled reactors usually operate
at relatively high pressures and require more
massive suoport systems, Liquid-metal cooled
reactors usually operate at low pressure, but
corrosfon and erosion are more of a concern.
Heat-pipe-cnoled reactors requfre a fluid con-
tainment structure within each heat pipe and
avoid the thermal-hydraulic ‘nteraction problems.

Type
Resctor _Fuel Converter. Developmen” Level
Epitherma) UC Twenty resctors tasted, Lem-
onstrated a1 components of
f11ght engine >Z hr, Ready
for flight engine development.

Thermat uc-2rc Cold flow, bed dynamics experi-

wents successful.

Fast Urantom Brayton Succestful critical assemdly of UFg.
plasm,

Vs

Therma? Uranium Mercury Development level. Tested two
rirconium . Rankine reactors with Yongest test resctor
hydride operated 10,500 hrs. Precursor for

SNAP-8 and -10A,

Therma) Urantum Thermoelect=1c  FIight tested reactor 43 days.
zirconium Tested reactor with thermo-
hydride electrics 1n 417-day ground

test,

Thermal Uranium Mercury Tested two resctors. Demon-
2irconium  Runkine strated l-yr operation. Non-
hydride nuclear components operated

10,000 hr and breadboard 8700 hr.

Therwa Uranivm Thermnelectric  PhTe thermoelectrics terted to
zirconium  and Brayton 42,000 hrs.
hydride

Fast um, uc Potasstum Fuels tested to 6000 hr.

Renxine

Fast Grart.m Srayton and Nonnucloar potassium Rankine

nftride potassium cycle component, dwonstrated
Rankine to 10,000 hr. Rsady for bread-
boarg loop.

Fast vo2 Srayton Fue) elemnt tested to 7000 hr.

Fass or 102 In-core Integral fue) elwment, thormi-

thermal uc-2rC thermionicy orfc dioce demonstrated>) yr

driver oparation.

Reflector and Control Assemblies Development

Beryllifum has been selected as the re-
flector material for a numher of space reactors.
Various arrangements of moveable elements hzve
been used in the reflector fur reactivity con-
trol. These vary from sliding blncks, to rota-
table half cylinders, tc rotatadle drums with
poison segnents., A)1 of these use some form of
actuator for movement of the reactivity contro)l
elenent and require bearings in the moveable
member.

The Yongest operational times for berylliun
reflectors were exnerienced in uranium-zirconium
hydride fueled resctors. These raflectors were
cooled by NaK Vfquid metal. The SNAP-8 Demon-
stra &on Reactor {SBDR) reached neutron dose of
121020 nvt and a gammia dose of 1x107 rad.
During steady-staic operation, the reflector
operated at around 600 K, The beryllium w3s
anodized tn provide oxidation protection and
enittance :nhancencnt. In a one-year vacuum
test, th reflector drive opcrated satisfacterily
with no signs of self-weldiny or sticking of any
compnnent., Beariags cf a solid carbon-graphite
ball operated successfully 7000 n in the SBDR
reactor test. Four individual bearing sets com-
pleted 12 000 h of vacuun testing at B95 K and
1.3x10-3 Pa or Yower and altogether accumu-
lated in excess uf 100 000 test hours.



Space qualified, long-11fe contro)l actua-
tors were most highly develored in the SNAP pro-
gram. Successful operation of actuaters were
demonstrated in reactor systems (Donelan, 1973):

SNAP 10A Ground Test 2 Actuators

10 000 h

SNAP 10A Fiight 2 Actuators
46 days

S8DR 6 Actuators
6 400 h

The SNAP-10A actuators were designed to
provide 8.5 N-cm torque at 615 K; S8DR 26.1 N-cm
of torque with a position of 0.41 deg at 810 K.
In development testing, one of the S8DR units
was tested for over 20 000 h withou. malfunction.

Shielding Technology

The Tongest-1ife demonstration of space
shielding technology s associuted with the SNAP
program. Similar technology can be applied to
any space reactor within the oparational cnn-
straints of the materfals. For SNAP-10A, five
cold-pressed (LiH) shields were fabricated. One
shield was used in the SNAP-10A flight and an-
other in the FS-3 ground test. The latter suc-
cessfully operated some 10 000 h as part of the
reactor test assembly. Dimensional measurements
of the LiH block revealed that it had not changed
!n size within the accuracy of the measurement
{+1.2%). Also, the lattice parameler and
density of LiH samples removed from the block
were found to agree with the unfrradiated L1iH
values. Activation analysis of the stainless

steel Yssse) indicated fast neutron fluence of
2.6x1018 nyt for the top of the vesse! and
8.9x10'5 nvt at the bottom of the shield.

Therna] neutron fluences of 4.9x} and

3.8x10'° were measured for the top and button
of the shield, respectively. It was concludea
that a r.old-pressed LiH block withstond the
rigors of the reactor experiment without notice-
able damage, but improved support was needed to
avoid damage on launch.

Evaluatinn of the methods for fabricating
LiH shield shapes led to a melting and cas’.ing
process finstead of the cnld-pressing and machin-
ing method. This was a faster, cheaper, and
more versatile pracess with more structurally
reliable shields because the LiH could de solidi-
fied in the shield vessel intimately surrcunding
211 1interns) structural memhers, penetrations,
ctc. Alsn, in SNAP-B, tge substitution of 14~
thium enriched with the /L1 fsotope reducod
the nuclear heating in the shield. In the 7000
h SNAP-8 test, the LiH shield was e;gosed to a
maximun fluency of approximately 10/9 nvt and
to tenperatures ranging from 355 to 500 K. Post-
test evaluation showed the shivld vessel to be
clean and the enmfssivity coating to he {ntact,
except for sonme spalling where the top head and
the side wall met. The top of the vessel was
estimated to have bulged about 1.6 ¢m, but no
bulging was noted on the side walls, Examina-
tion of the LiH under the wafer showeu the ma-

terial to be hard and crystdline as typicel of
cast LiH.

Electrical Conversion Tecknologv Status

Thermoelectric converters are the most ex-
tensively demonstrated electrical conversior de-
vice having successfully operated certain units
in space for over 10 years, such as on the Pio-
neer missions. A1l US space nuclear power sys-
tens have used thermoelectric coaverters includ-
ing radioisotopes and the nne-flight reactor.
Silicon germanium is now the mainstay of opera-
tional systems, having successfully demonstrated
in space missions 50 000 hr. These converters
use silicon germaniurs with a nitride sublimation
coating and operate between 1275 K hot-junction
temperature and 5/ X cold-junction. The ef-
ficiency of these devices is 6.7%. Improved
technology 1s £ircceeding with develnpment work
on siiicon-germanium alloys to reduce its thermal
conductivity and better sublimation coatings to
pernit operation at higher temperatures. The
goal is to improve efficiency about 40%. Re-
search into rare-earth sulfides and boron car-
bides fs also underway with a gozl to double the
efficiency over plain silicon germaniun.

Dynanic converters, using Brayton, Rankine,
or Stirling cycles have also heen considered for
space reactor systems because of their higher
efficiency. In the 1960s and 1970s, compact
Brayton equipment was tested for some 38 000 h
and Nankine equipment for almost 10 000 h.

Radiator Nevelopment Status

Flight experience with radiators has been
at relatively low temperatures and power levels
compared with what will be neerded with many
space reactor power plants. This experfence has
mostly been around 300 K. A plot of radistcr
cdevelopment 1s shown in F.3. 2. Conventional
radiators generally emvloy thin, solid fins as
extended surfaces between fluid-carrying tubes.
The fiuid .ubes must be protected against pos-
sible meteoroid damage. These systems tend to
be heavy but have proven to be highly reliable
and satisfactory for satellites flown to date.
An isothermal fin can be used to improve per-
formance in the form of a heat pipe but meteorcid
protection 1imits the performance gain.

The most significant high-temperature harg-
ware program vas a 50 kWt radiator weighing
7.7 kg including & 2.0 kg section of pumped
loop. The opcratina terperature was 1044 K.
The radfator contained 100 stainless steel heat
pipes using sodium as the working fluid. MHeat-
pipe radiator components were also Lnder develop-
ment for the SPAR and NEP programs. For SPAR,
titarium heat pipes using potassfum as the work-
ing fluid as lcng as 5.5-m were tested.

PRESENT PROGRAMS

A i.ational program is going forward under
an agreenent bdetween the DoD, Defense Advanced
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Fig. 2. Radiator Technology

Researc!i Projects Agency; NASA, Office of Aero-
nautics and Space Technology; and DOE, the Of-
fice of Nuclear Energy to jointly develop tech-
nolngy necessary for space nuclear reactor power
systens. The major emphasis 1s on 100-kWe tech-
nology, though multimegawatt technology also
will be pursued if neels warrant it. Though
many forms of reactors are being evaluated, the
primary experimental work at this time is on the
heat-pipe reactor concept. The SP-100 1s being
designed for 7-10 tines the l1ifetime at one-
third the weight of a SNAP-8 power plant and yet
with an objective to have no sirgle-failure
points.

The SP-100 nuslear subsystem, shown in
Fi1g. 3 censists of: 1) the nuclear reactor as
the thermal pcwer snurce, 2) core heat pipes to
transport the the..al power from the nuclear
reactor to the conversion/radiator syubsystem,
3) the radiation shield to attenuate nuclear
raciation to the payload, and 4) the reactor
controller to reyulate the nuclear reactor.

The reactor, pictured in Fig. 4, has a cen-
trally fueled core region made up of 120 fuel
nodules. These modules consist of a heat pipe
with circumferentfal fins attached and fuel wa-
fers arranged in lavers between the fins. The
heat nipes are used to transport the reactor
thernal energy tn electric power converters, and
consist of a cylindrical tube, 1ined with a
metal screen wick. Lithium, the working fluid,
1s evaporated in the reactor-fuel-module sectfon
of the heat pine. The vapor travels up the heat
pipe until the heat is giver up to the electrical
converter. The Yithium then condenses, and s
returned to the evaporator end of the heat pipe
by the capillary action of the wick. No pumps

ar compressers are used for heat transport, The
fins arnund the heat pipes enhance heat transfer
from the UO2 fuel to the heat pipes, reducing
the tenmperatures in the U0z. Surrounding the
crre 1s a containment barrel, which provides
support to the fuel modules but is not a pressure
vessel. The container also provides a noncom-
pressive support for the multifoil fnsulation.
Multipie reflective insulation layers reduce the
core heat 10ss to an acceptable level. The re-
flector surrounds the core and reflects neutrons
back into the fueled region. Located within the
reflector are drums that are rotated by electro-
mechanical actuators. On part of these drums is
a neutron-absorption ..aterial; the posftions of
this material are used to ~stahlish the reactor
power level,

Power conversion in the SP-100 systens is
by the direct thermnelectric conversion of heat
to electricity (Fig. 5). Thermal energy is
radiated from the heat pipes to panels contain-
ing thermoelectric material. Hot-shoe thermal
collectors concentrate the ~adiant energy from
the core heat pipes. The heat is conducted
thrrough the thermoelectric material, producing
electrical enerqgy. Insulation is used around
the thermoelectric material to reduce the ther-
mal losses. Heat that is not used is radiated
from the outside surface to space; this is the
ri1d-shoe component of the thermoelectric ele-
ments. By distributing the thermoelectric ele-
nents over a wide area with a sufficient number
of ele.ents, the cold shoe becomes the heat-
rejection radiator.

Table 111 provides characteristics of a
100-KWe power plant. The power plant weighs
2625 kg 1f improved silicon-germanium thermo-
electric materials are used, and less than
2000 kg with carbide or sulfide materials, The
overall length is 8.5 m for the earlier system,

Another contempnrary program involves the
study of fluidized bed reactors. Two reactor
concepts are being {nvestijated--a Rotating Bed
Reactor (RBR) and Fixed Bed Reactor (FBR:.

The first of these reactors, the RBR, is an
externally-moderate cavity reactor. The core is
a rotating fluidized bed of UC/Zr-coated parti-
cles very similar to particles currently used in
high-temperature, gas-cooled reactors (HTGR).
Coolant gas enters the bed through a porous
metal frit after cooling the reflector/moderator
and the cavity exit nozzle. This configuration
allcws the heated conlant, which can be as hot
as 3000 K, to come into contact with an sbso-
lute minfmum amount of structural material.

The FBR {(F1g. 6) fs neutronicaly sinflar to
the RBR. Fuel is held fn place with an {nner
porous frit, rather than a rotationally induced
gravity field. Maximum outlet temperature from
this reactor is lYower than with a RBR, on the
order of 1500 K.



TABLE 111

SP-100 PERFORMANCE AND MASS SUMMARY

Late 1980's Early 1990's
by Mool (ko) 10-100 10-100
Noninal 100 100
W,
Mct::”;:emi Power (kWy) 206-1600
Reference Design 1480 950
Design Vife (yr) 7 ,
g::: n por 10 0
Overal) Dinensions
Length (m} 8.% :g
Disoeter (max) (@) 4.3 o
Radiator sres (oé) Y
Systen Mass (at Reference Design) (kg)
y Reactor 405 370
hield 1%0 §70
Heat yipes 450 ns
Tt conversion 3 186
Thernal {nsulatfon (fncludirg end panels) 285 1;5
Rediator e 16:
Structure (10%) 240
TOTAL Systen Muss 225 1805
Specific Power (W/kg) 3 55

SP-100 NUCLEAR POWER SYSTEM
RADIATIVELY COLPLED SYSTEM DESIGN

Fig. 3.
Coupled Design

INSINLATION
20, “\\\\

TIE-00WN BARS
{Wo-Re) [ )

MEAT PR
(e -RoiLl)

FUlL LAYEAS
V0, /ite-Re)

AEFLECTOR (o)

SAPETY PLUQ CAP (Be)

Fig. 4.

SP-100 Nuclear Power System, Radiatively

REFLECTON (BeO)

DNiVE AMAFY
NETAINER WANDS (Me)

FULL MODULES

ABSORPER SEQMENT (8,C)

CONTROL DRUMS (Be)

CORE CONTAINMENT

(Me-Ro)

THEAMAL WBULATION ¢ AT, .}

Heat-Pipe Reactor Schematic

S WEAT PPE (RCACTONR) )

. /\ [ =ocv JUNCTION TEMPERAT URE

plkr&lnlle

Filn o
P = .
FIBROUS IRSUL ATION: !

ELECTRCAL/
WSULATOR

COLD JUNCTION
TEMPERATURL

CURRINT

PP RADLTOR PANEL

FOIL INSULATION

Fig. 5. SP-100 Thermoelectric Arrangement

He INLET
REG?LA(PCHT.EE 210z NSULATOR
MODERATOR
He INLET -
BLENUM CONTROL RODS
2r FRITS NUCLEAR
(INNER 8 FUEL BED

OUTER)
PRESSURE
VESSE!,

He QUTLET
PLENUM

20, NSULATOR

A
b0~ \-smoow SHIELD
Fig. 6. Fluidized B:d Reactor

Both reactors are controlled via rotating
druns in the outer :eflector/noierator region.
The reactors are thermalized ant very sluggish
in response to reactivity insertions. Because
of the small size (~600 to 800un) ¥ the fuel
particles, the fuel is highly insar.itive to
tharmal shock. It is possible, from the point
of view of neutronics, to bring the reactor from
0.1% power to full powar in a few seconds.

Recant ¢xperimenta) work has bean performed
on the resistance of packed particie bads,
halium-cnole” packed beds using elect-fcal heat-
ing and heliun-couled rotating heds. These in-
dicate stable operation up to 1675 K with fast
ranps to power (2 to 3 sec to 1475 K) w'thout
fuel particle damage by thermal cy:ling.

THE FUTURE

Tins-to-Hundreds of Kilowatts

Advanced civitian and military missions
will require tens-to-hundreds of kilowatts of
power continugusly for up to 10 years to satisfy
requirenents 1n cormunications, surveillance,
deep-space exploratior, and electrical propul-
sfon. These missions are the focus of the
SP-100 space nuclear reactor power systen tech-
nology goals. An assessnent i underway as *o



whether the heat-pipe reactor or some other con-
cept should be the final selection for a ground

engineering demnnstration. Other possible con-

figurations such as 1iquid-metal, gas-cooled, or
thermionic reactors are under consideration

Low-Megawatt Power Plants

Possible future missfons that could utilize
one to several megawatts of power are mature
space stations, orbital transfer vehicles,
larger radars ard surveillance satellites, and
electronic jarmers., These missions may require
continuous power for maybe 10 years for materials
processing on an advanced space station or peri-
ods of power for 2 few years for an electric
propulsion orbital transfer vehicle. It is en-
vicioned that the reactor technology developed
for the tens to hundreds of kilowatts will be
used in this regime. For instance, Fig. 7 shows
the scaling ¢f the heat-pipe reactor concept.

In the megawatt range, a more efficient con-
verter will be needed to replace the thermo-
electrics in the baseline SP-170 design.
Brayton, Rankine, and Stirling are logical
choices hecause they operate at similar reactor
exit tempera2tures. The Brayton cycle is limited
by a tendency tc have a low-heat rejection tem-
perature, which results in a relatively large
radiator. The Rankine cycle is not necessariiy
as efficient as a Brayton cycle but the heat-
rejection termperature is higher, leading to
lower overall power plant sfze and mass. Diffi-
culties exist in demonstrating the jet condenser
in a ground demonstration compared to zero
gravity space environment. For the Stirling
cycle, an fmproved version must be demonstrated
for the power levels of interest.

“able IV provides estimated performance for
a 1-MWe power plant. If the power plant 1s used
not only to supply energy for the spacecraft hut
also as a power source for electric propulsion,
payload from low-earth orhit to geosynchronize
orbit 1s increased by a factor of four over a
Centaur transfer stage.

TAILE ¥
1_Mwe POWER SLANT

1 e
Power Leve) (MNt) 3
Cfticiency (3) b3 )
Converter Intet Terarature (K} 1800
Reject Mest Teng’-atuu {x) 1000
Radfator Area 42
Pewer Plant Deployed Length (m) ?
WSS (hg)
edctor $70
Pri~ary Loup 300
Shield 00!
Converter {Stirling) 500
Radfator us?
Structure (YOR) 360
Tota) b 119

1 Astuey 189 hatfaangle, payload 7-year dose Yevels 1012 vt
ond 10° rad, 25-n separation from Core.

2 Stainless tteel based on RCA heat pipe design
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Fig. 7. Heat-Pipe Reactor Scaling

Multimegawatt Burst Power Plants

A nunber of missions that might use large
quantities of power for short durations of time
have been identified, such as weather modi-
fication and directed energy weapons. Power
levels in the hundred megawatt or higher range
have been mentioned. In addition, these satel-
Yites probably will need other power ranges--a
power level in the Yow megawatts for maneuvering
and orbital transfer and in the tens to hundred
kilowatts for station keepfng, sensors, etc.
Whether all power ranges should be met by a
single power plant still needs further studies,
especially, {f the highest range is for limited
time pariods. Power systems can be configured
for the highest power level using chemical or
nuclear open-loop systems. However, when one
examines the use of expandables, spacecratt
stability, long-term operations, etc., then a
closed-loop system may be found to be desir-
able. For an open-loop system, the solid core
nuclear rocket (ROVER) has already demonstrated
2 h operation at temperatures 2430 K and 1|s
ready for flight development. Also, the fluid-
t2ed bed reactors are being investigated for
these nmissfons. A closed-loop system, especially
at the higher powei levely, will require some
significant improvements in technology for
practical-size power plants. The major improve-
nents will be for converters and heat rejection.
“ar heat rejectior, at least an order of magni-
tude improvement using a svstem that does not
require arnoring will pe necessary for practical



closed-loop multimegawatt power plants. The
best studied of these to date is the liquid
droplet radiator.

Micron-size dust particles or liquid drop-
lets are heated in a direct contact heat ex-
changer. The particles are then ejected from a
"pitcher” and collected in a “catcher." The
distance between the pitcher and catcher {is pro-
portional to the heat rejected by radiution.

The technique of generating droplets hac been
demonstrated with the development of high-speed
printers in the computing industry. Because of
the zero-g environment, the collector must em-
ploy a coliectin.: scheme such as a spinning drum
with a pump to recirculate the radiator working
fluid. The droplets heve a relatively low emis-
sivity. Tvpical specific mass 1s 0.02 kg/kW--
almost a decade better than a solid material
radiator. Table V shows that at 100-Mie, the
power plant mass is reduced to less than half
with a 1iguid droplet radiator compared to con-
ventional technology.

TABLE ¥
MULTIMEGAWATT POWER PLAWT

20 Wie 100 Mie
Power Leve) (Mit) 61 303
£fficiency (%) 3 33
Converter 1nlet Tenperature (K) 1500 1500
Reject Heat Tms'lture x) 1?00 1000
Radfator Area (m¢} 850-3620 4210-17000!
Power Plant Deployed Length (m) 26-55 60.12)
MSS (ke)
eactor 2200 2500
Prirary Loop 500 1000
Shield 3200-24802 3360-27602
Converter (Stirling) $000-2200 " 000
Radiator 6150-700 30450-3450
Structure (103) 1705-810 4830-2070
Tota) THT55-88%0 SIAS-77T90

1 Left hand numder fs conventional rydiator {enfssivity 0.85); right hand
nunber 18 Yiquid droplet radiator (emissivity 0.2)

2 Shield half angle 30, payload 7 year dose levels 1012 nvt and
10° rad, 10-m beyond rediator

Muliimegawatt Long-Duration Power

Long-duration power in years in the multi-
megawatt levels will be needed for lunar settle-
ments. This introduces a new factor because the
moor: can be used as a source of shielding ma-
terfal and possibly a place to fahricate the
heat-rejection system, The reactor wnuld prob-
ably need to de a refuelable system, which would
favor a fluidized core or gaceous core configura-
tion. We would lfke to introduce to you a new
concept, pellet reactor, which could also be a
candidate. It has the advantages of being more
compact than the othar concepts and could be a
desivable approach fur al) the high-power nis-
sfons. In this concept, the fuel is envisionad
to be in the form of pellets.

The fuel pellets, which are envisioned to
be about 0.5-2 cn 1n dianeter, would be confined
in a cylindrical 1iner with end plates that con-
tain holes to allow the coolant to circulate
through the core. The pe11§§§ would probably be
circuler in shape with 33% U enrriched

uranium in the form of an oxide, carbide or ni-
tride encapsulated to minimize erosion, corro-
sion, and te avoid materials interaction prob-
lems. Gaseous fission products could probably
be allowed to circulate in the primary loop as
long as plate out in the primary to secondary
Toop heat exchanger is not a problem. Surround-
ing the core is a reflector layer with contro)
elements. The reflector can be cooled hy the
reactor inlet coolant or radiation to space.
The coolant flow paths will determine the
arrangement of the thermal barrier hetween the
core and reflector and hcw the pressure or con-
finement vessel will be cooled.

Typical materials might be UC coated with
1-2 mils of pyrographite for helium-cooled cores
or UCo> coated with Mo or W for Li-cnoled cores
for fuel, a refractory metal for tie cylindrical
core confinement or core periphery components,
Be or BeO for the reflector, and B4C for the
control reactivity neutron ab:orber. The pres-
sure vessel would be cooled or isnlated from the
high-temperature core region, probably allowing
tiie use of an aluminum or steel alloy.

Depending on the particular lifetime re-
quirements and the method selected to mect cer-
tain safety standards, the pellets can either
remain relatively fixed in the core or slowly
renoved. With removal of the peliets, new pel-
Yets could be used to provide a long 1ifetime
systen with low buiit-in excess reactor reactiv-
ity, or the used pellets could be reinserted in-
to the core in crder to provide relatively uni-
form burnup. In the weightlessness of space,
the forcer of the flowing coolant can be used to
move the pellets forward.

Figure B8 shows schematics for various pos-
sible configurations of pellet reactor con-
cepts. Figure 8-A shows a noncirculating fuel
configuration. The pellets are located inside a
prescure contetmment vessel that is cooled by
the fnlet fluid. A baffle arrangement is used
to distribute the flow before entering the core
through the end plate. Flow distribution can be
controlled by the end-plate hole arrangeme...
The cnolant 1s then heated by the fuel pellets.
The fluid exits through the top end plate. The
reflector is shown located outside the pressure
vessel to reduce the pressure vessel size and
weight. It is cooled by conduction of heat to
the outer surface and radiation of the heat to
space. The control elements are located within
the reflector.

Fiqure 8-B 1s a schematic of a once-through-
then-out pellet fuel configuration. Extra stor-
age volures are located at the top and bottom of
the reactor. The fuel would be sTowly rioved
through the reactor by hydraulic forces. New
fuel fs located at the bottom of the reactor and
used at the top. Longer lifetimes are expected
from such a configuration over a noncirculating
fuel, plus safety advantages from not having as
much oxcess reactivity huilt into the reactor.



Figure 8-C incorporates a circulating fuel
to provide for uniform burnup. It can also in-
clude a reserve of fuel pellets for Innger life-
times. The pellets are transferred from vhe
relatively lower pressure outlet stream to the
higher pressure inlet stream without significant
bypassina coolant. For very high powers and
long lifetimes, this type of concert has many
advantages. For a reactor that runs one gear at
40 MWt (10 MWe), approximately 15 kg of 235y
will be consumed. At 5% burnup, this implies a
need for 290 kg of fuel. The ability to add new
fuel solves both criticality, safety, and over-
a1l mass limitation problems.

Water immersion criticaiity and criticality
from impact during a launch abort might be
handled bv having the fuel stored outside the
core during launch. It could then be stored in
an arrangement that precluded any chance o¥ ac-
cidenta) criticality.

SUMMARY

As man permanently occupies space, he must
have abundant supplies of power. Nuclear reac-
tors will become a prime energy source for ad-
vanced space stations, lunar bases, sophisti-
cated orbital transfer vehic'es, and a host of
other exciting possibilities.
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Fig. 8. Pellet Reactnr Configurations



