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Abstract

A heat pipe nuclear reactor design concept is
being investigated for space power applications.
The reactor can be coupled $o a variety of high-

" temperature (1200-1700 K) electrical conversion
systems such as thermoelectric, thermionic, and
:Brayton cycle converters. Et is designed to oper-
ste in the power range 0.1-3 MWy for lifetimes of
about 10 years. The reactor is a fast apectrum,
compact assembly of hexagonal fuel elementa, each
cooled by an axial molybdenum heat pipe and loaded
-with fully enriched UC-ZrC or Mo-U0;. Reactor con-
.trol 1a provided in the radial reflector. A com=-
parison of several pover plants employing the heat
‘pipe reactor concept is presented for am output
power level of 50 kWg.

! Introduction

The advent of the reusable space shuttle opena

'a new ara of space exploration and exploitation.
Larger satellites can be placed in orbit and at
"lower cost compared with present day disposable
rockets. These larger satellites will perform
missions that will require significantly increased
_power and long lifetimes. A number of potential
‘Dapartment of Defense (DoD) missions have been
identified in communications and electro-optical
.and radar surveillance re?uirlna electrical power
ia the range 10-100 kWg.  Potential National
_Asronautics and Space Adminfstratlon (NASA)
missions for space nuclear reactors center on plan-
-etary exploration and large satellites in geosyn-
chronous orbits spanning a power range of
15-400 kW,_ 3! Lifetime goals of 7-10 years have
been established for spacecraft in geosynchronous

-orbit and the equivalent of 10 years at full power

, for planectary exploration. The space shuttle can
place up to 29,500 kg in low-earth orbit, but in
geosyachronous orbit, the payload drops to 2270 kgf

"The latter restriction in particular provides in-
1cantive for the development of nuclear power
suppliean,

! Because no single, dominaut CoD or NASA
misgion has becn identified, the nuclear power
plant should be designed to meet a broad range of
potential mission requircments. These requiremente
call for power plants which are compact and hence

"have relatively high power density. High operating

. temperature is favored, not so much to benefit from

‘better thermal efficicncier but primarily to oper-
ate at highar heat-rejection temperaturea in order

‘ to achieve low radiator sizc and mass. A high
degree of reliability is neccssary to insure stable
operation for long mission lifetimes and, finall,,
the pover plant must meet the required nuclear

. safety regulations for assembly, launch, and possi-

. ble abort conditions.
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Power Plant Conceptual Designe

The Los Alamos Scientiiic Laboratory (LASL), in
support of the U.S. Department of Energy (DOE) and
NASA programs to develop nuclear reactor power
planta for space, has been engaged in systems studies,
conceptual design studies and technology development
programs involving a new class of compact, high-
temperature, heat-pipe cooled fast nuclear reac-

tors.? What has evolved from the studies is the
conceptual design of a reactor which operates in the
power rav~ge 0.1-1 M4, and which can be scaled up to

several megawatts. The scope of this paper will be
confined to amystems in the power range up to 1 MW,.

An example of a power plant utilizing such a
reactor is shown in Fig. 1. Heat pipes emerge from
one end of the reactor and go around a radiation
attenuation shadow shield to transfer heat to a ring
assembly of silicon-germanium thermoelectric coun-
verters. Raject heat from the cold junction of the
converters is carried away by stringer heat pipes
which run the full length of the conical radiator.
Circumferential cross heat pipes form the outer skin
of the radiator. At a power level of 50 kiWg this
power plant measurea less than 7 m in length and
weighs about 1250 kg.

A conceptual design of a power plant employing
tvo dynamic Brayton Cycle converters is shown in
Fig. 2. Here again heat pipes emerge from one end
of the rcactor to a high temperature heat exchanger
which consiste actually of two independent heat ex-
changers, each capable of extracting heat from the
entire reactor. Gan ducts take the heat from the
heat exchanger around the shield to the two indepen-
dant Brayton Cycle .onverters. The waste heat from
the converters ie dissipated in the paneled radiator
by multip.ic, redundant liquid-metal loops. A 50 W,
design for this power plant weighs about 1400 kg and
measures under 5 @ in length in the folded configur-
ation.

Reactor Design

The mission requirements for high power, small
asize, and long lifetimes imply the need for devel-
oping fast, highly enriched, densely fueled reactors
that will have a large inventory of fuel in a small
volume. Tho large fuel inventory is necessary for
long )ife to prevent large reactivity decreases due
to fuel burnup. In scven years a 1 MW, reactor will
burn approximately 24 kg of 233y, Thise asavnt of
burned fuel cannot reprcsent more than a few per. mt
of the total fuel inventory in order to maintain
reactor criticality during the mission.

The reactor concepts being developed at LASL
all involve refractory nuclear fuels such as UC or
UOa. These refractory materials allow considera-
tion of source temperaiures of 1300-1400 K for
thermoelectric and Brayton cycle systems and, in the
case of UOa2, temperatures i{n excess of 1650 K for

' #A Alternate Group Leader, Advanced Heat Transfer Technology.
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.tharmionic converter systems. At low power -
!(<0.% MW;) reactor size tends to be limited by the
.constraint of critical mams. In this regime the
higher uranium density of UC ylelds a smaller core
_than UOa. At high power (>1 MW.), reactor siza ie
influcnced by the constraints of heat removal, fual
stability, and reactivity loss due to burnup.
These limitations force the reactor &lze to grow
,bayond the criticality requirements, permitting if
jdesired the use of the more dilute (in uranium con-
itent) fuel V02 whose advantages compared to UG ara
lltn inertness in air, its better irradiacion

'

Fig. 1 Thermoelec:ric power plant,

Fig. 2 Brayton cycle pover plant.

behavior particulaii; when contained in a refractory
metal matrix®*® and 1ts excellent chemical stabil-
ity at much higher temperatures. At a power laevel
of 1 MW, our studies indicate though, that the UC
reactor is soveral hundred kilograms lighter than

a U02 reactor.

Tha use of heat pipes to remove heat from the
core offera seviral advantagea. Foremost is the
avoidance of single-point failure in the core
cooling aystem. In the event of a core heat-pipe
failure, the adjacent fuel elements carry off, by



conduction and radiation, the heat generated in
‘the failed element. The electrical output may be
degraded slightly, but che power plant is not shut
‘down, a8 would be the case with a gas or liquid-
metal cooled rsactor that developed a leak in the
cooling circuit, In addition, the reliability of
heat-pipe cooled reactors should be enhar~cd be-
cause the plumbing is simpler, and mechanical or
electromngnaetic pumps arc climinated. A heat ex-
changer between the core and the electrical con-
version system also i3 eliminated in designs where
thermoelectric or out-of core thermionic converters
are bonded directly to the core hcat pipes., By
the nature of theilr operaction, heat pilpes involve
enall mags flows. Consequently, the inventory of
coolant fluid is much lese than that for a liquid
metal system. The problems of coolant activation
-ave reduced correspondingly and mo are the cor-
rosion problems. The high degree of reliability of
properly designed heat pipes has been demonstrated
‘in a variety of life tests.!®”!2

A typical fuel element consists simply of a
.molybdenum heat pipc bonded along the axis of a
hexagonal UC fucl body (actually 90UC~10ZrC (@atomX),
to improve the chemical atability). The fuel is
_segmented radially and longitudinally, aas shown in
‘Fg. 3, to allow unrestrained thermal expansion and
.provide room for fuel swelling. The outside of the
-fuel element is clad with molybdenum. Advantage is
‘taken of the thermal expansion mismatch between UC
"and molybdenum to obtain thermal bonding of the
 fuel segasents to the heat pipe by pressure contact.
- (This mismatch is too large to make diffusion or
braze bonding a practical means of establishing
"thermal conturt.) In the cave of UQ2, the fuel body
.would not be clad or segmented radially. It would
consist of solid hexagonal segments of molybdenum,

‘drilled with emall hcles into which UO: pellcts are

inserted. The maximum practlcal concentration of
U0z within the fuel region yielda an average com-
position of 60 vol% UO;z and 40 volZ Mo. The fuel
section of the hcat pipe is followed by a reflect r

- segmont of BeO canned i{n molybdenum and by a small

solid molybdenum segment., The latter, by inter-

! locking with ite neighbors, provides a rigid
' support slab for thae core, leoaving the opposite end

of the core free to expand longitudinally. A thin

_layer of Bu.C between the fuel and the BeQ segments
. abeorbs low-energy reflected neutrons.

The core of the reactor consists of a hexa-

. gonal array of tha interlocking fuel clements just

described, as shown in Fig, 4. Radial support is
provided by spring loaded plungers indicated in
this figure that exert presaure between an external
support structure and molybdenum slats that sur-
round the core. More recent thinking is to provide
radisl support with metal bands around the core and
elininate tha need for an external support struc-
ture, The core asscmbly is surrounded by a layer
of multifoll thermal insulation and a thin thermal
neutron absorp:r. The purpose of the ahsorber is
to reducc power peaking along the periphery of the
core caused by {igsions produced ty low-energy
reflectod neutrons. The reflector assembly is con=-
nected to the cora through the core support ring
located at the end of the reactor through which the
heat pipes emerge. The axial reflaoctor at the
oprosite end of the reactor and the radial reflec-
tor will be cool comparcd to the core and couuld be
made from beryllium. However, recent neutronic

_ studies have shown BeQ to be the more likely choice
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Fig. 4 Heat-pipe reactor assembly.

because it is a more effective reflector material
than beryllium for fast space reactors.'’ Rotating
drums containing scoctors of B.C are located in the
radial reflector assembly to provide control for the
reactor, This control could be provided by rotatiny
vanes or shutters inatead of B4C loaded drumas. "he
relative effectiveness of these control schemeg has
not yet been investigated. The choice of reflector
control is motivated by the need to minimize the
complexity and the size of the core and also by the
improvement of control reliability that comes from
placing the control elements outside the high tem-
perature and high irradiation environment of the
core.

Core Heat-Pipe Deaign

The feaasibility of the reactor system described
in this paper depends to a large degree on the suc-
ceesful development of molybdenum/sodium heat pipes
capable of axially transferring about 100 Mw/m?

(10 kW/cm®) of heat at a temperature of 1300-1400 K.
Design calculations described below indicate

a desired hecat pipe outer diameter of 15 mm and a
length of 1-2 m. Recent experimental work performed
at LASL, aimed in part at such a demonatration‘ is
descrihad in another paper at this conference.'"

One of the tests involved & 25 mm diameter, 1.2 o
long stainless steel/sodium heat pipe having a



multiple screen~artery (150 mesh) wick structure,
This pipe was teated in the temperature range of
900-1150 K and transfered 20 kW (72 MW/m® of vapor
area) at 1150 K. This hcat transfer rate which is
much lower than the sonic limit was not an actual
limit, but a stable operating point near the ex~
pected wicking limic. Extrapolation of the data
from this experiment to 1300 K indicates for this
rather coarse-mesh wick structure an axifal heat
transfer rate in excess of 110 MW/m?. A related
experiment involving a 1.8 m long molybdenum/
lithium vapor heac pipe of similar diameter but
having a corrugated screen (150 mesh) wick struc-
ture showed an observed heat transfer limit of

113 MW/a® (27 KW) at 1405 K, the maximum tempera-
ture reached in the test. Earlier work performed
in Italy demonstrated a sodium heat pipe perfor-
mance of 155 MW/o* ac 1218 K.'® This performance
was obtained with a 12 mm diameter, 0.5 m long pipe
having a wick structure consisting of axial grooves
in the pipe wall coverced with a very fine acreen
(508 x 3600 mesh) similar in design tu that showi
in Fig. 5. These tests show that a heat transfer
rate of 100 MW/m? at 1300 K is achievable with
ample safety margin. However, this rate has not
been demonstrated yet for heat pipes that are bent
in the configuration required to pass through or
around the radiation shield.

For a variety of reasons the preferred heat
pipe design is that of a covered groove wick struc~
ture such as the one ehown in Fig. 5. This struc-
ture provides multiple redundant paths for return-
ing the condensed vapor to the heat pipe evaporator.
It would be easy to bend and relatively easy to
build if an adequate method for grooving molybdenum
pipes becomes available., A promising grooving
techrique is chemical milling. The poroua cover
would be provided either by a fine mesh screen or
by a perforated molybdenum foil produced by photo~
etching methods.

Rlectrical onvers-.on Systems

The two electrical converter systems alrcady
pentioned, thermoelectric and Brayton cycle, show
groat promise in meeting the requirements of the
space power plant under consideration. A third
conversion system, thermionic, is being actively
developed for nuclear electric propulsion missions
vhich require more power (400-500 kWgy) than 'he
present application. Our systems studies show tait
a 50 kW out-of-core thermionic conversion system
having an efficiency of 152 at an emittor tempera-
ture of 1650 K and a radiator temperature of 900 K
would be competitive with the other two systems.
However, it would require the Mo-UO2 reactor
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Fig. 5 Core heat-pipe design.

technology with lithium vapor hcat pipes because,
for the long operating lifctime required, the high
source tempcraturc is beyond the capabilities of UC
fuel. Such a system remaius an alternative choice,
particularly if the required thermiouic performance
can be demonstrated in the relatively near future,

The thermoelectric converter modules indicated
in Pig. 1 are based on the silicon-germanium tech-
nology which appears to be limited to an upper tem-
perature near 1300 K. A state-of-the-art conversion
efficlency of 5% has been assumed in the system
gtudiea at a cold junction temperature of 800 K. A
conceptual module deaign is shown in Fig. 6.'% The
thermoelectric converters are mounted on the high
temperature heat pipes in a concentric arrangement.
Scveral such rings of converters are placed side by
gide along the heat-pipe in a series-parallel
agsembly. The rejected heat from the converters is
removed by a set of atringer heat pipes which have
an annular evaporator section. Not shown 1is the
possibility of thermally coupling the cold junc~
tions of adjacent converter modules for redundancy.
The heat flux through the converters is much higher
than is employed in current radioisotope thermo-
electric generator designs because the heat pipes
can operate at radial heat fluxes of several
megavatts per square meter. A heat flux of
0.5 MW/m? was assumed for this study. As is dis-
cugecd below in the section on design
parameters, significant advantages would be gained
if the thermoclectric converter efficiency could
be increased to 102. Consequently, the possibility
of improving the ailicon-germanium efficiency by
reducing the thermal conductivity through the use
of additives should be pursued enthu:jastically.

The Brayton system displayed in Fig. 2 uti-
lizes two independent, closed, gas~turbine cagine
cycles for redundancy. In normal operation each
would operate at half power, Such turbines have
been successfully operated by NASA at a turhine
inlet temperature of 1140 K for over 30,000 hours
(nearly 3.5 years) without maintenance.!7 The
rotating machinery, designed from superalloy tech-
nology by AlResearch Manufacturing Company, uses
gas-lubricated bearinga, thus eliminating all
frictional surfaces. The turbine inlet temperature
for our application wdas raised to 1300 K to take
advantage of the temperature copability of the
UC=-2rC fuel, This high temperature implies the

development of a refractory-metal Braytcn tech-
The core heat pipes operate at 1400 K

nology.

Pig. 6 Thermoclectric design concept!®



in order to drive the primary licat exchanger. The
converter efficicncy was assumed to be 257 at a
heat rejectior temperature of 475 K.  However, to
account for the significant pumping requirements of
the radiator the net electrical conversion effi-
cloncy was lowered to 20%Z. The weight of the
primary heat exchanger (excluding the hcat pipes
which are charged to the reactor) shown in Fig. 2
is included in the Brayton converter weight,

The choice of a rather high radiator tempera-
turce for each of the electrlcal conversion systems
discussed in this section was dictated by the
process of weight optimization, where efficiency is
sacrificed in exchange for a large reduction in
radiator weight.

Radiator Designs

The radiator of the thermoelectric systems is
reagonably small because the rejection temperature
(775 K) 18 high and 1t lenda itself nicely to an
all-heat-pipe design. Parametric systems studies
hare been performed on the conceptual radiator
design shown in Fig. 1.'%® Stringer heat pipes
carry the reject neat from the thermoelectric
modules along the skin of the conical radiator.
The skin consists of several thcusand small-
diameter, thin-walled, cross heat pipes. The
stringer heat pipes are armored to resist meteroid
puncture, vhereas sufficient area of cross heat
pipe is provided to radiate all the waste heat In
the unpun.tured area remaining at the end of
mission life. The most severe constraint imposed
on the design was the survival probabili.y of 99%
that the radiator be functional at full power at
the end of a seven-year mission.

The lightest radiator to ererge from this
itudy consists entirely of beryllium (or beryllium-
wlckel laminate), potassium vapor hecat-pipes.

Other materials considered were, in order nf in-
creasing weight, Ti-6A1-4V, 316 ss, Inconel

718, TZM-molybdenum and tantalum. Potassium be-
cayge of its higher latent heat of vaporization and
higher liquid tranaport factor results in lighter
systems than cesium or mercury. Because the heat
pipe walls are thin and weight ls all important,
the preferred wick dealgn is a multiple screen-
artery system.

The radiator for the Brayton cycle system is
very large because the mean rejection temperature
is only 475 K (actually, 400-600 K). This means
the radiator has to be a folding or telrscoping
design in order to fit into the cargo bay of the
space shuttle. This design limitation poses
severe doubts on the practicality of an all heat
pipe radiator concept. Consequently, the refer-
ence design cmployed in this study and exemplified
in Fig. 2 consists of several indcpendent pumped
fluid (Nak) loops to carry heat from thke heat re-
jJection heat coxchanger down the full length of the
radia’cr through flexible tubing connections. The
radiating area is extended through the use of fins
or croes heat pipes. The pumps require several
kilowatte of electric power.

The radiator design assumed for the thermionic
system is similar to thrt for the thermoelectric
system, except for the rejection temperature which
is 900 K.

System paramcters and operating characeristics
for the power planty are listed in Tables I - III.
The last two tables sliow comparisons of the:rmo-
electric, Brayton cycle, and thermionic systems at
a power output level of 50 kW, for a lifctime of
7 years. 7The reactor designs were sized and op-
timized for heat removal and criticality at 1 MW,
for all systems. This simplification was adopted
because in the power range 0.1-1MW,, reactor size
is a weak function of power level® and in the ab-
gence of a clearly identificed mission it is practi-
cal to consider a single reactor design to cover
this power range. As discussed in the converter
gection the selection of a high rejection tempera-
ture for each systems reflects a sacrificc in con-
version efficiency to reduce radiator size and
sininize system weight.

TABLE 1
1 MW, REACTOR DIMENSIONS

Fuel Type UC-2rC Mo-U02
Equivalent core dia.,mm 270 350
Reactor diam., mm: 500 580
Core height/dia. ratio 1.0 1.0
Number of core heat pipes 90 90
Width across flats of

hexagonal fuel eiement,mm 27 35
Heat pipe outer diam., mm 15 15
Heat pipe vapor area, mm?> = 110 110
Heat pipe length, m 1.5 1.5

TABLE 11

WEIGHT SUMMARY FOR 30 kW, POWER PLANTS, kg

Converters System Thermc= B.ayton Thermionic
electric
Reactor 400* 4002 730°
LiH shield® 190 130 180
Converters 340 460 110
Radiator . 200 280 80
Structure 115 120 110
Total 1245 1390 1210
Specific weight a of
total system, (kg/kWgo)(25) (28) (24)

:Core composed of UC-4rC fuel.

Core compused Mo-UO2 fuel.

Assumes a 12° cone half-angle, 10'’ nvt and 107
rad at 25 m.

The reactor design culculations were done for
a core height-to-diameter ratio of 1.0 and fur a
reflector-assembly thicknens of 0.1 m. Both of
these parameters will be rrecated as variables in
future analyses. As a constequence, the results
presented in Table I - [II, while representative,
are not fully optimized. In general, the dusign
paramctera appear reasonable. Fuel swelling due
to irradlation, a gencral concern for long life,
high power missiona, is not excescive even for the



TABLE 111
OPERATING CHARACTERISTICS FOR 50 kWa POWER PLANTS

Converter System Thermoelectric Brayton Thermionic®
Thermal power, MW, 1.0 0.23 0.33
El:ctrical conversion efficiency,? 5 20b 15
Lifetime, year 7 7 17
Number of core heat pipes 90 90 90
Core heat-pipe temperature, K 1300 . 1400 1675
Radiator power, MW 0.93 0.20 0.28
Hean r .ator temperature, K 775 475 900
Average fuel temperature, K 1370 1420 1700
Maximum fuel temperature, K2 1480 1440 1730
Maximum fuel AT, K8 150 40 50
Core heat-pipe axial heat flux, MW/m? 100 25 kX ]
Core heat-pipe radial heat flux, MW/m? 1.1 0.3 0.3
Average power donsity in fuel space, MW/m'or W/cm® 93 23 12
Burnu, density, 10 fission/cm 6.2 1.5 0.8
Fuel volume swelling, % &.4 1.5 1
23%y burnup, % 3.0 0.7 0.7

;Allulll a 1.5 peak-to-average power density ratio.
Adjusted for radiator pumping penalty, converter efficiency is 25%.

Employs Mo-UO, fuel technology.

1 M, thermoelectric power plant.

The weight summary in Table II shows that all
syotems considered are fairly close for a 50 kW
power plant. Our studies indicate that if thermo-
electric system efficiency could be increased to -
10% a weight 12duction of about 350 kg could be
achieved making that system much lighter than the
others. The Brayton system weight could be reduced
by eliminating one turbine, but at a significant
penalty in system reliability. Because so much
of the thermionic power plant weight is in the
reactor, it does not appear that much can be done
to reduce that system's weight significantly.

Conclusions

A heat-pipe space reactor concept has been
described. It was applied to thrce electrical
conversion aystems vhich were compared at a power
level of 30 kW,. The power-plant weights abtained
are in a range to make nuclear space power an at-
tractive option. The total spread in system weight
for the three power plants is less than 15X. How-
ever, it is our opinion that the technology assumed
for the thormoelectric system im closer at hand
than that assumed for either the thermionic or the
Brayton syatem, The assumed thermoelectric effi-
ciency of 5% ie current "state-o°-the-art,” al-
though this kind of performance is yet t» be demun-
strated for long times at the converter power
densities assumed in the study. The heat flux
through the convertera is 5 timea that cmployed in
current radiolsotope generators. While this power
density represents a significant extrapolation of
current converter designa, it does not imply a new
technology. The reliability of thermoelectric con-
vertar systems has been amply demonstrated for life-
times comparable to the currently projected mission
l1ifetimeas. 1In comparison, the refractory-metal
technology assumcd for the Brayton system is bcing
developed, but it has yet o be demonmntrated for
long lifetimes. The thermiunic technology which
 is boing developed has not yet achieved the 132

conversion performance assumed in the study at a
tewperature as low as the design emitter temperature
of 1650 K nor has the emitter insulation technology
required in the out-of-core concept been fully es-
tablished.
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