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Abatract

A heat pipe nuclear reactor design concept is
being investigated for apace power applicatioms,
The reactor can be coupled $o a variety of high-

" temperature (1200-1700 K) electrical conversion
aystems auch as thermoelectric, thermionic, and
:Brayton cycle converters. Et is dcaigned to opaor-
ate in the power range 0.1-3 MW for lifetimes of
about 10 yeurs. The reactor is a fast apectrum,
compact assembly of hexagonal fuel elements, each
cooled by an axial molybdenum heat pipe and loaded
-with fully enriched UC-ZrC or Mo-U0;. Reactor con-
.trol is provided in the radial reflector. A com-
parison of several pover plants employing the heat
‘pipe reactor concept is preaented for am output
pover level of 50 kW,.

! Introduction

The advent of the reusable space shuttlas opens

'a new ara of space exploration and exploitation,
Larger satellites can be placed in orbit and at
"lower coat compared with present day disposable
rocketa. These larger satellites will perform
misaiona that will require aignificantly increased
_power and long lifetimes. A number of potential
‘Dapartment of Defense (DoD) miasiona have been
identified in communications and electro-nptical
.and radar asurveillance re?uiring electrical power
in the range 10-100 kWg. Potential National
_Asronautics and Space Adminfstratlon (NASA)
missions for space nuclear reactors center on plan-
-atary exploration and large satellites in geoayn-
chronoua orbits apanning a power range of
15-400 kW, 2*? Lifetime goals of 7-10 yeara have
been eutlglished for spacecraft in geosynchronous

-orbit and the equivalent of 10 years at full power

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

"The latter restriction in particular provides in-

rcentive for the davelopment of nuclear power
auppliea,

} Because no aingle, dominant CoD or NASA
miasion has becn identified. the nuclear power
plant ahould be designed to meet a broad range of
potential mission requircments. These requircmsnts
call for power plants which are compact and hence

"have relatively high power denaity. High operating

. temperature ia favored. not so much to benefit from

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

' to achieve low radiator aizc and mass. A high
dagrae of reliability ia neccssary to insurc stable
operation for long mission lifetimea and, finally,
the power plsnt muat meet the requived nuclear

, aafety regulations for assembly, launch, and posai-

.ble abort conditiona.

, #Staff Member, Advanced Hoat Transfer Technology
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Power Plant Conceptual Designs

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

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

aeveral megawatts. The scope of thia paper will be
confined to systems in the power rauge up to 1 MW,..

An axample of a power plant utilizing such a
reactor is ahown in Fig. 1. Heat pipea emerge from
one and of the reactor and go around a radiation
attenuation shadow shield to transfer heat to a ring
assembly of silicon-germanium thermoelectric con-
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 pipea form the outer akin
of the radiator. At a power level of 50 kWg thia
powver plant measures less than 7 m in length and
waighs about 1250 kg.

A conceptual design of a power plant employing
twvo dynamic Brayton Cycle converters is ahown in
Fig. 2. Here again heat pipes emerge from one end
of the reactor to a high tcmperature heat exchanger
which consists actually of two independent heat ex-
changers, each capablo of extracting hcat from the
entire reactor. Gams ducts take the heat from the
heat exchanger around the shield to the two indepen-
dant Brayton Cycle .onverters. The waate heat from
the converters is disaipated in the pancled radiator
by multip.ic, redundant liquid-metal loops. A 50 W,
deaign for this power plant weighs about 1400 kg and
measures under 3 @ in length in the folded configur-
ation.

Resctor Design

The misaion requirementa for high power, small
aize, and long lifotimes 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 1ife to prevent large rcactivity decreases due
to fusl burnup. In scven years a 1 MW, reactor will
burn approximately 24 kg of 2'3%U. This acovnt of
burned fuel cannot reprcaent more than a few per. mt
of the total fuel inventory in order to maintain
reactor c(riticality during the mission.

The reactor conccpts being developed at LASL
all involve refractory nuclecar fucls such as UC or
UO2. Thcae refractory materials allow considera-
tion of source tcmpcraiures of 1300-1400 K for
thermoelectric and Brayton cycle ayatems and, in the
case of UO2, tempcraturcs in excess of 1650 K for

' #% Alternate Group Leader, Advanced lleat Transfer Technology.
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tharmionic converter ayatems. At low power -
1(<0,5 MW;) reactor aize tends to bc limited by tha
.constraint of critical masa. 1In this regime the
higher uranium denaity of UC ylelds a smaller core
_than U0a. At high power (>1 MW.), raactor aize ia
influoncad by the constrainta of heat removal, fual
stability, and reactivity loss due to burnup.
“Thasa limitationa forca the reactor &ize to grow
,bayond the criticplity requirementa. permitting if
idaaired tha uae of the more dilute (in uranfum con-
.tent) fual UO2 whouse advantagea compared to UC are
|1tl inertneas in air, its better irradiation

Fig. 1 Thermoelec.ric powar plant,

Fig. 2 DBrayton cycle pover plant.

bahavior particulaii; when contsined in a refractory
metal matrix®’® and 1ts excellent chemical stabil-
ity at much higher temparaturea. At a power lavel
of 1 MW, our atudies indicate though, that the UC
reactor is soveral hundred kilograms lighter than

a UD2 reactor.

Tho use of heat pipea to remove heat from the
cora offers weveral advantages. Foremoat 1a the
avoidanca of aingle-point failure in the cors
cooling aystem. In the event of a core heat-pipe
failura, tho adjacent fuel alements carry off, by



‘the failed elcment.

conduction and radiation, the heat generated 1in
The electrical output may be

degraded slightly, but the power plant is not ahut

‘down, as 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 enharr~cd be-
cause the plumbing is eimpler, and mechanical or
electromngnetic pumps arc eliminated. A heat ex-
changer between the core and the electrical con-
version system also i3 eliminated in designa where
thermoelectric or out-of core thermionic converters
are bonded directly to the corc hcat pipes, By
the nature of their operation, heat pipes involve
emall mass flowa. Consequently, the inventory of
coolant fluid is much less than that for a liquid
metal system. The problems of coolant activation

are reduced corrcspondingly and so are the cor-

in a variety of life tests.'®"!

rosion problems. The high dcgree of reliability of
properly designed heat pipes !a; been demonstrated

A typical fuel element consists eimply of a

Fnolybdenun heat pipe bonded along the axis of a

hexagonal UC fucl body (actually 90UC~10ZrC (atom%),
to improve the chemical stability). The fuel is

_aegmented radially and longitudinally, as shown in
‘Fg. 3, to allow unrestrained thermal expansion and

.provide room for fuel swelling.
-fuel element is clad with molybdenum.

The outside of the
Advantage is

‘taken of the thermal expanaion mismatch between UC
and molybdenum to obtain thermal bonding of the
.fuel segaents to the heat pipe by preasure contact.

: (This mismatch is too large to make diffusion or

braze bonding a practical means of establishing

“thermal contuct.) In the cate of UO2, the fuel body

~would not be clad or segmented radially.

It would
consist of aolid hexagonal segments of molybdenum,

"drilled with small hcles into which UO2 pellcts are

- asgmont of Bed

inserted. The maximun practlcal concentration of
UO2 within the fuel region yields an average com~
poai*ion of 60 vol% U0z and 40 volX Mo. The fuel
section of the hcat pipe ia followed by a reflect r
canned in molybdenum and by a small
solid molybdenum segment. The latter, by inter-

: locking with its neighbors, provides a rigid
‘ aupport slab for the core, leaving the opposite end

of the core free to cxpand longitudinally. A thin

_layer of Bu.C batween the fuel and the BeQ segments
. absorbs low-energy reflected neutrona.

The core of the reactor consiats of a hexa-

. gonal array of tha interlocking fuel clements juat

deacribed, aa shown in Fig. 4. Radial aupport ia
provided by spring loaded plungers indicated in
thia figure that exert presaure betwean an external
support structure and molybdenum slats that sur-
round the core. More recent thinking is to provide
radial aupport with metal banda around the corc and
slininate tha need for an external support struc-
ture. The corec asscmbly is surrounded by a layer
of multifoll thermal insulation and a thin thermal
neutron absorn:r. The purpose of the ahsorber is
to reduce power peaking along the periphery of the
core caused by fissions produced kty low-encrgy
raflected noutrens. The reflector assembly is con-
nactad to the coro through the core aupport ring
located at the end of the reactor through which tha
heat pipea emerge. The axial rcfloctor at the
oproaito end of the reactor and the radial reflec-
tor will be cool compared to the core and could be
madao from berylliem. However, rcvent ncutronic

, atudiea hava shown BeO to be the more likely choice
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Fig. 4 Heat-pipe reactor assembly.

bacause it is a more effective reflector material
than beryllium for fast space reactors.'' Rotating
drums containing sactors of B.C are located in the
radial reflector assembly to provide control for the
reactor. This control could be provided by rotating
vanes or shutters instead of B,C loaded drums. "he
ralative cffectiveness of these control schemes 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,

Corc Heat-Pipe Deaign

The feaaibility of the reactor system doacribed
in thia paper dependa to a large degree on the suc-
cesaful development of molybdenum/sodium heat pipes
cspable 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 heat 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 demonstration‘ ia
described in another paper at this conference.'"®

One of the tests involved a 25 mm diameter, 1.2 m
long atainlesa ateel/asodium heat pipe having a



multiple screen-artery (150 mesh) wick structure,
This pipe was tested in the temperaturc range of
900-1150 K and transfered 20 kW (72 MW/m’ of vapor
area) at 1150 K. This hcat tranafer rate which is
much lower than the sonic limit was not an actual
limit, but a atable operating point near the ex-
pected wicking limit. Extrapolation of the data
from thia experiment to 1300 K indicatea for this
rather coarse-mcah wick etructurc an axial heat
transfer rate in excesa of 110 MW/m?. A related
experiment involving a 1.8 m long molybdenum/
lithium vapor heat pipe of similar diameter but
having a corrugated screen (150 meah) wick struc-
ture showed an observed hcat transfer limit of

113 MW/m? (27 KW) at 1405 K, the maximum tcmpera=~
ture reached in the tcst. Earlier work performed
in Italy dcmonstratced a sodium heat pipe perfor=-
mance of 155 MW/m* at 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 meah) similar in deaign tuv that show,
in Fig. 5. These testa ahow that a heat transfer
rate of 100 MW/m? at 1300 K is achievable with
ample safety margin, However, thia rate haa not
been demonatrated yet for heat pipes that are bent
in the configuration required to paaa through or
around the radiation ahield.

For a variety of rcaaons the preferred heat
pipe design is that of a covercd groove wick struc-
ture such as the one shown in Fig. 5. Thia struc-
ture provides multiple redundant paths for return-
ing the condensecd vapor to the heat pipe evaporator.
It would be easy to bend and relatively easy to
build 1f an adcquate method for grooving molybdenum
pipea becomes available., A promiaing grooving
techrique is chemical milling. The porous cover
vould be provided either by a fine mesh screen or
by a perforated molybdenum foil produced by photo-
etching methods.

RBlectrical ‘lonvers.on Systcms

The two electrical converter aystems alrcady
wentioned, thermoelectric and Brayton cycle, ahow
great promise in meeting the rcquirementa of the
apace power plant under consideration. A third
converaion syatem, thermionic, ia being actively
developed for nuclear electric propulaien missions
vhich require more power (400-500 kWp) than 'he
present application. Our systems studiea show tait
a 50 kWp out-of-core thermionic conversion system
having an cfficiency of 15% at an emitter tempera-
ture of 1650 K and a radiator temperature of 900 K
would be competitive with the other two systems.
However, it would requirc the Mo-UO2 roactor

3
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Fig. 5 Core hcat-pipe design.

technology with lithium vapor heat pipes because,
for the loug operating lifctime required, tie high
source temperaturc is beyond the capabilities of UC
fuel. Such a syatem remains an alternative choice,
particularly if the required thermiouic performance
cin be demonatrated in the relatively near future.

The thermoclectric converter modules indicated
in Pig. 1 are baaed 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
efficiency of 5% haa been assumed in the aystem
studies at a cold junction temperature of 800 K., A
conceptual module design ia aliown in Fig. 6.'% The
thermoelectric converters are mounted on the high
temperature hcat pipes in a concentric arrangement.
Scveral such rings of converters are placed side by
side along the heat-pipe in a aeries-parallel
assembly. The rejected heat from the convertera is
removed by a get of etringer heat pipes which have
an annular cvaporator section, Not shown 1s the
possibility of thermally coupling the cold junc-
tiona of adjacent converter modules for redundancy.
The heat flux through the converters ia much higher
than is employed in current radioisotope thermo-
electric generator designs bccauae the heat pipea
can operate at radial heat fluxes of several
megavatts per square meter. A heat flux of
0.5 Mi/m? was assumed for this atudy. As is dis-
cusscd below in the section on design
parameters, aignificant advantages would be gained
if the thermoclectric converter efficiency could
be increased to 10Z. Conaequently, the poasibility
of improving the silicon-germanium efficiency by
reducing the thermal conductivity through the use
of additives should be pursued enthu:iastically.

The Brayton system displayed in Fig. 2 uti-~
lizes two independent, closed, gas~turbine caglne
cyclea for redundancy. In normul operation each
would operate at half power. Such turbinea have
baen auccessfully operated by NASA at a turhine
inlet temperature of 1140 K for over 30!000 hours
(nearly 3.5 years) without maintenance.'’ The
rotating machinery, designed from supecralloy tech-
nology by AiResearch Manufacturing Company, uses
gas-lubricated bearinga, thus eliminating all
frictional surfacca. The turbine inlet temperature
for our application was raised to 1300 K to take
advantage of the tcmperature capability of the
UC=-2rC fuel. This high temperature impliecs the

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

nology.

Fig. 6 Thermoclectric design concept!®



in order to drive the primary heat exchanger. The
converter efficiency was assuned to be 257 at a
heat rejectior temperature of 475 K, llowever, to
account for the significant pumping requircmenta of
the radiator the net electrical conversion cffi-
cioncy was lowered to 20%, The weight of the
primary heat exchanger (excluding the heat pipes
which are charged to the reactor) shown in Fig. 2
ia included in the Brayton converter weight.

The choice of a rather high radiator tcmpera-
ture for each of the electrical conversion systcms
discussed in thia section was dictatecd by the
procesa 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
reasonably small beccause the rejection tcmperature
(775 K) 18 high and it lends itself nicely to an
all-heat-pipe design. Parametric systems atudies
hare been performed on the conceptual radiator
design shown in Fig. 1.'® Stringer heat pipea
carry the reject acat from the thermoelectric
modulea along the skin of the conical radiator.
The skin conaists of several thcusand small-
diameter, thin-walled. cross heat pipes. The
atringer heat pipcs are armored to resist meteroid
puncture, whereas aufficient area of croaa heat
pipe is provided to radiatc all the waste heat in
the unpun-tured area remaining at the end of
mission life. The most scvere 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 aeven-year mission.

The lightest radiator to erergze from this
study conaists entircly of beryllivm (or beryllium—
nickel laminate), potasaium vapor hcat-pipes.

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

718, TZM-molybdenum and tantalum. Potaasium be-
cause of ita higher latent heat of vaporization and
higher liquid transport factor reaults in lighter
aystems than cesium or mercury. Because the heat
pipe walls are thin and weight is all important,
the preferred wick deaign ia a multiple screen-
artery system.

The radiator for the Brayton cycle system ia
very lsrge because the mcan 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
spacc shuttle. This design limitation poacs
severe doubts on the practicality of an all heat
pipe radiator concept. Consecquently, the refer-
ence design cmployed in this study and exemplificd
in Fig. 2 consists of several independent pumped
fluid (Nak) loops to carry heat from tke heat re-
jection heat cexchanger down the full length of the
radiatcr through flexible tubing connections. The
radiating area is extended through the use of fina
or crosa heat pipes. The pumps require scveral
kilowatts of electric power.

The radiator deaign assumed for the thermienic
syatem is similar to thst for the thermoelectric
system, except for the rejection temperature which
ia 900 K.

System paramcters and operating characeristics
for the power plants are listed in Tables I - III.
The last two tables show comparisons of thermo-
clectric, Brayton cycle, and thermionic systems at
a power vutput level of 50 kWo for a lifetime of
7 years. The reactor deaigns were sized and op-
timized for hecat removal and criticality at 1 MW,
for all systema, This simplification was adopted
becauae in the power range 0.1-1MW;. reactor size
is a weak function of power level® and in the ab-
sence of a clearly identificd mission it is practi-
cal to consider a single rcactor design to cover
this power range. As discussed in the converter
gection the selection of a high rejection tempera-
ture for each syatems reflccts a sacrificz in con-
veralon efficiency to reduce radiator size and
sinimize syatem weight.

TABLE 1
1 MW, REACTOR DIMENSIONS

Fuel Type UcC-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 hcat pipes 90 90
Width acroas 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 II

WEIGHT SUMMARY FOR 30 kW, POWER PLANTS, kg

Converters Syatem Thermc= B.ayton Thermionic
electric
Reactor 400* 400° 730°
LiH shield® 190 130 180
Converters 340 460 110
Radiator . 200 280 80
Structure 115 120 110
Total 1245 1320 1210
Specific weight a of
total system, (kg/kWg) (25) (28) (24)

:Core composed of UC-4rC fucl.

Corc compused Mo-UO2 fnel.

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

The reactor design culculations were done for
a core height-to-diameter ratio of 1.0 and four a
reflector-arsembly thicknens of 0.1 m. Both of
these paramctera will be rrcated aa variables in
future analyses. As a consequence, the results
presented in Table I - III, while represcntative,
are not fully optimized. In gReneral, the design
parsmcters appear rcawonable. Fuel awelling due
to irradiation. a gencral concern for long life,
high power missiona, is not excestive even for the



TABLE 111
OPERATING CHARACTERISTICS FOR 50 kWg POWER PLANTS

Converter Syatem Thermoelectric Brayton Thermionic©
Thermal power, MW, 1.0 0.23 0.33
Eluctrical coaversion efficiency,? L3 20b 15
Lifetime, year 7 7 7
Number of core hcat pipea 90 90 90
Core heat-pipe temperature, K 1300 . 1400 1675
Radiator power, MW 0.93 0.20 0.28
MHean r. .ator temperature, K 775 475 900
Average fuel temperature, K 1370 1420 1700
Maximum fuel temperature, K@ 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 density in fuel space, Mi/w’or W/en'® 93 23 12
Burnu,. density, 10?° fission/cm 6.2 1.5 /0.8
Fuel volume swelling, X &.4 1.5 1
138y burnup, X 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 aummary in Table II shows that all
systems considered are fairly cloae for a 50 kW
power plant. Our studiea indicate that if thermo-~
elactric system efficiency could be increased to -
102 a weight 1oduction of about 350 kg could be
achieved making that system much lighter thsn the
othera. The Brayton system weight could be reduced
by eliminating one turbine. but at a significsnt
penalty in system reliability. Because so much
of the thermionic power plant welght is in the
reactor, it does not appear that much can be done
to reduce that system's weight significantly.

Concluaions

A heat-pipe space reactor concept has been
degcribed. It was applied to thrce electrical
converaion systems which were compared at a power
level of 50 kW,. The power-plant weighta obtained
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 leas than 15X. How-
ever, it ia our opinion that the technology assumed
for the thormoelectric system is closer at hand
than that assumed for either the thermionic or the
Brayton system., The assumed thermoelectric effi-
ciencv of 5% is current "state-oS-the-art," al-
though this kind of performance is yet t» be demun=-
atrated for long timea at the converter power
densities assumed in the study. The heat flux
through the converters is 53 times that cmployed in
current radioisotopc generators. While this power
density repreaents a significant cxtrapolation of
current converter designs, it doea not imply a new
technology. The reliability of thermoclectric con-
vertar systems has been amply demonatrated for life-
times comparable to the currently projccted mission
lifetimsa. 1In comparison, the refractory-metal
technology assumed for the Brayton system ia being
developed, but it has yet to be demonsntratoed for
loing lifetimes. The thermiunic technology which
- ig being daveloped haa not yet achieved the 15%

conversion performance assumed in the atudy 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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