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A H E A T - P I P E - C O O LED F A S T - R E A C T O R 

S P A C E P O W E R S U P P L Y 

by 

J . J . R o b e r t s , E . J . C r o k e , 

R. P . C a r t e r , and J, E N o r c o 

A B S T R A C T 

A f a s t - s p e c t r u m , n u c l e a r - r e a c t o r p o w e r supp ly w a s 

d e s i g n e d w h i c h c o m p a r e s f a v o r a b l y wi th r a d i o a c t i v e i s o -

tope s o u r c e s and SNAP t h e r m a l r e a c t o r s in the 1 -5-kWe 

r a n g e . The u s e of a ^^^Pu-based fuel in a r e l a t i v e l y s i m p l e 

d e s i g n , wh ich e m p l o y s i n - c o r e h e a t p i p e s and a h e a t - p i p e 

r a d i a t o r , y i e ld s a c o m p a r a t i v e l y l igh tweigh t and l o w - c o s t 

s y s t e m , w h i c h should have good i n t r i n s i c r e l i a b i l i t y . 

The spec i f i c we igh t for the p r o p o s e d 1-kWe r e a c t o r 

s y s t e m i s about 525 I b / k W e (340 I b / k W e at 5 kWe) , a s c o m -

p a r e d to t y p i c a l we igh t s of about 1000 I b / k W e for i s o t o p e 

p o w e r e d s u p p l i e s and m o r e than 800 I b / k W e for ex i s t i ng 

SNAP t h e r m a l - r e a c t o r d e s i g n s in th i s p o w e r r a n g e Unlike 

c o m p e t i t i v e i s o t o p e s , P u (a b y - p r o d u c t of the con t i nuous ly 

expand ing , l i g h t - w a t e r r e a c t o r i n d u s t r y ) wi l l be a v a i l a b l e 

to m e e t the a n t i c i p a t e d d e m a n d for u n m a n n e d e x p e r i m e n t a l 

c o m m u n i c a t i o n s a t e l l i t e s in the 1 9 7 0 ' s . M o r e o v e r , the p r o -

duc t ion c o s t of t h i s fuel should be a p p r o x i m a t e l y 20-70% of 

the e q u i v a l e n t in i s o t o p e p o w e r in the 2 5 - 1 2 5 - k W t t h e r m a l -

p o w e r r a n g e . 

I INTRODUCTION 

A s o p p o r t u n i t i e s for l aunch ing s a t e l l i t e s and p r o b e s b e c o m e i n c r e a s -

ing ly a v a i l a b l e to m i l i t a r y , s c i en t i f i c , and c o m m e r c i a l u s e r s , t he d e m a n d for 

l o w - p o w e r e l e c t r i c a l s u p p l i e s in the l ~ 1 0 - k W e range^ wi l l i n c r e a s e . P r o -

j e c t e d r e q u i r e m e n t s for m a n n e d s p a c e l a b o r a t o r i e s a l s o fal l wi th in th i s p o w e r 

r a n g e . Idea l ly , t h e s e d e m a n d s should be m e t by a s ing le s y s t e m , wh ich can 

be i n t e g r a t e d in to t h i s c o m p l e x of f o r e s e e a b l e m i s s i o n s . 

R e c e n t d e v e l o p m e n t s in t h e r m o e l e c t r i c and t h e r m i o n i c d e v i c e s have 

g iven s t a t i c c o n v e r t e r s a s p e c i a l a p p e a l for u s e in s p a c e p o w e r s y s t e m s . 

F e a s i b i l i t y t e s t i n g of t h e r m o e l e m e n t s having a h o t - j u n c t i o n t e m p e r a t u r e as 

high as 1200°C h a s b e e n p e r f o r m e d . ^ Th i s u p w a r d t r e n d of t h e r m o c o u p l e 
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t empe ra tu r e s pe rmi t s higher radia tor t e m p e r a t u r e s , lower sys tem specific 
weights, and g rea t e r radiation stabili ty of the rmoe lec t r i c ma te r i a l s than 
have hi therto been considered for space power sys tems .* On the other hand, 
the minimum prac t i ca l emi t te r t empera tu re for thermionic diodes has 
dropped to around 1200°C, c loser to the maximum source t empe ra tu r e s of 
p resen t designs of nuclear r eac to r s and isotopic energy supplies The state 
of the a r t of the rmoe lec t r i c conver te r design is slightly m o r e advanced in 
the 120f)°C range than for thermionic gene ra to r s , but the availabili ty of a 
re l iable h igh- t empera tu re source will spur the development of thermionic 
devices with probable efficiencies of 15%,^ as opposed to 4% for t h e r m o -
e lec t r ic converters. '^ To date, thermionic modules have been tested with 
efficiencies from 6% at an emi t te r t empera tu re of 1200°C to 11% at 1350°C. 
Power densi t ies of 2 w / c m ^ have been demonst ra ted "^'^ 

To attain high sys tem efficiency and /o r a t t rac t ive specific weights, 
it is reasonable to assume that the s ea rch for an a l l -purpose 1-10-kWe 
power supply will focus on source t empe ra tu r e s of at least 1200°C. This 
repor t outlines the design p a r a m e t e r s of a compact, f a s t - r eac to r power 
supply which will satisfy this need. The concept is based on a re la t ively 
s imple combination of a new h igh- tempera tu re fuel, plutonium monophos-
phide, and the newest development in hea t - t r ans fe r technology, the ubiqui-
tous heat pipe. 

Since the conver ter e lements can be supplied with up to 100 kWt at 
1350°C, this sys t em can be coupled with highly efficient thermionic diodes 
to produce up to 1 0 kWe. The specific weights a r e quite a t t rac t ive : 525 l b / 
kWe at 1 kWe and 340 Ib/kWe at 5 kWe for the 4% efficient the rmoe lec t r i c 
vers ion d iscussed in Section II of this repor t With an 11% efficient t he r -
mionic conver te r , the sys tem would yield specific weights of 100 Ib/kWe at 
5 kWe and 73 Ib/kWe at 10 kWe These figures may be compared to un-
shielded weight es t imates for SNAP-8 sys tems of 633 Ib/kWe at 1 kWe and 
290 Ib/kWe at 20 kWe.-* Since the SNAP-8 lithium hydride raoderator has a 
vapor p r e s s u r e of 5 a tm at 1100°C, i ts use with a thermionic sys tem does 
not appear feasible unless a two-zone core design can be developed in which 
high t e rapera tu res can be to lera ted 

The fissionable constituent of the r eac to r fuel is ^*^Pu This by-
product of the continuously expanding l ight-water r eac to r industry will be 
available to mee t the anticipated demand for unmanned sa te l l i tes in the 

1 0 

ear ly 1970's. Moreover , a reasonably f i rm product ion-cost predict ion 
of $10/g (Ref 11) implies a fuel inventory of about $380,000 per reac tor , 
a figure that is essent ia l ly independent of the the rmal -power level. 
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II. REACTOR DESIGN SUMMARY 

The reference design for the compact reac to r was configured as a 
1-kWe space power supply using a the rmoe lec t r i c genera tor operating be -
tween a hot-junction t empera tu re of 1200°C and a cold-junction t empera tu re 
of 510°C. 

The r eac to r core (shown in F igs . 1 and 2) consis ts of an aggregate 
of 36 unclad fuel e lements , each a hexagon 2.6 cm a c r o s s the flats and 
27 cm long. The fuel is plutonium monophosphide, a novel compound syn-
thes ized f i rs t by O. Kruger and J. Moser of Argonne National Labora tory . 
This m a t e r i a l has thermodynamic , chemical , and physical p roper t i e s which, 
on the bas is of sample test ing, appear to be super ior to the m o r e popular 
PuOz and PuC. 

12 

The fuel e lements a r e positioned by, but not bonded to, 36 heat 
pipes , which p ie rce one end of the molybdenum core-conta inment vesse l . 
These 7 / l6 - in . -OD molybdenum pipes contain a composite grooved-channel 
and s c r e e n - m e s h molybdenum wick and use l i thium as the working fluid. 
The cen t ra l position in what i s bas ica l ly a 37-fuel-element a r r a y is left 
void to simplify the routing of the heat pipes (as shown in Fig. 2). 

After core assembly , the containment vesse l is purged and welded 
gas-t ight under 1 atm of helium. Heat t r ans fe r from the fuel a c r o s s a 
2-mil gap to the lithium heat pipe is by radiation and conduction through 
the helium; however, conduction is the dominant mode. The maximum 
t empera tu re attained by the fuel is 1269°C, well below the melt ing or d i s -
sociation l imits for PuP.'^^ 

THERMAL 
'RADIATION 
SHIELD 

36 PUP FUEL-
ELEMENTS 

BeO REFLECTOR 

HIGH TEMP. SHELL 
1200 "C 

THERMOELEMENTS 
SECTION THRU FUEL ^ 

Nbl%ZrWICKaTUBE, 

i.iiicm 

2.0 cm J.24_ 
cm 

INCONEL 
WICK a 
TUBE 

I200°C LI HEAT PIPE SOO'C K HEAT PIPE 

Fig. 1. Fast-reactor Space Power Supply 



CONTROL MODULE 

CORE CONTAINMENT 
VESSEL 

RADIAL REFLECTOR 

THERMAL RADIATION 
SHIELD 

NEUTRON SHIELD 

HIGH TEMPERATURE 
SHELL 

-THERMAL RADIATION 
SHIELD 

FUEL ELEMENTS 

AXIAL REFLECTOR 

PRIMARY HEAT 
PIPES 

CONVERTER 
ELEMENTS 

RADIATOR 

Fig. 2. Sectional View of Fast-reactor Space Power Supply 

B e c a u s e the fuel is not bonded to t h e l i t h ium hea t p i p e s , t he d i f feren-

t i a l t h e r m a l expans ion b e t w e e n P u P and m o l y b d e n u m which o c c u r s du r ing 

s t a r t u p p o s e s no p r o b l e m . S ince e a c h hea t p ipe e m e r g e s f r o m the c o n t a i n -

m e n t v e s s e l t h r o u g h a m o d e r a t e l y f l ex ib le , we lded m o l y b d e n u m b e l l o w s , 
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d i f f e r e n t i a l e x p a n s i o n of the hea t p i p e s and the v e s s e l i s a c c o m m o d a t e d 

wi thout i m p o s i n g e x c e s s i v e t h e r m a l s t r e s s e s on the hea t p i p e s o r c o m p r o -

m i s i n g the g a s - t i g h t i n t e g r i t y of the v e s s e l . 

B e t w e e n the c o r e ( e v a p o r a t o r ) and the hot s h e l l ( c o n d e n s e r ) , e a c h 

hea t p ipe u n d e r g o e s two 90° b e n d s (as shown in F i g . 3). In t h i s t r a n s i t i o n 

s e c t i o n , r a d i a t i o n - h e a t l o s s e s a r e m i n i m i z e d by a 4 . 0 - c m , m u l t i l a y e r , a x i a l 

t h e r r a a l - r a d i a t i o n sh i e ld wh ich r e d u c e s t h e ne t a x i a l r a d i a t i o n - h e a t l o s s to 

a p p r o x i m a t e l y 2% of the c o r e t h e r m a l p o w e r . A s i m i l a r a x i a l sh i e ld s u p -

p r e s s e s r a d i a t i o n - h e a t l o s s e s f r o m the o p p o s i t e end of t h e c o r e . 

A 5 - c m - t h i c k r a d i a l r e f l e c t o r of b e r y l l i u m oxide s e r v e s a s a r a d i a -

t i on s h i e l d for t h e t h e r m o e l e m e n t s and p e r m i t s t h e r e q u i r e d fuel load ing for 

a b a r e c o r e to be r e d u c e d f r o m about 60 to 38 kg . Th i s c o r e - r e f l e c t o r c o m -

b i n a t i o n i s n e a r o p t i m u m f r o m a we igh t s t andpo in t . The r e f l e c t o r a l s o f la t -

t e n s the c o r e r a d i a l p o w e r p r o f i l e and t h e r e b y t e n d s to e q u a l i z e the t h e r m a l 

load on the h e a t p i p e s . F o r fuel e c o n o m y , 3 - c m - l o n g BeO a x i a l r e f l e c t o r 

p i e c e s , s i m i l a r in d e s i g n to the P u P e l e m e n t s , w e r e added , top and b o t t o m , 

wi th in the c o r e c o n t a i n e r (as shown in F i g . 3). 

The hot s h e l l i s a 3 3 . 4 - c m - d i a , 4 4 - c m - l o n g c y l i n d e r , f o r m e d by 

m o l y b d e n u m webs b e t w e e n the c o n d e n s e r s e c t i o n s of t h e 36 m o l y b d e n u m 

hea t p i p e s . F o r t h e t h e r m o e l e c t r i c v e r s i o n of t h e s y s t e m , 2222 3 / 8 - i n -

dia t h e r m o c o u p l e s , t y p i c a l of the h i g h - t e m p e r a t u r e (1200°C) d e v i c e s d e -

ve loped for the A i r F o r c e by M o n s a n t o C h e m i c a l C o r p o r a t i o n , ^ a r e m o u n t e d 

on the e x t e r i o r s u r f a c e of t h i s s h e l l . The s a m e she l l would s e r v e a s the 

e m i t t e r h e a t s o u r c e for a t h e r m i o n i c g e n e r a t o r . 

H e a t i s r e j e c t e d to s p a c e at 500°C t h r o u g h a r a d i a t o r a s s e m b l y c o m -

p o s e d of 100 r e c t a n g u l a r - c r o s s - s e c t i o n , d o u b l e - e n d e d p o t a s s i u m hea t p i p e s . 

The r a d i a t o r a s s e m b l y i s f a b r i c a t e d f r o m 2 0 - m i l Incone l tubing and t a k e s 

the f o r m of a 4 3 - c m - O D , 1 1 3 - c m - l o n g , c y l i n d r i c a l she l l (as shown in F i g . 1). 

With a 5-kWe t h e r m i o n i c c o n v e r t e r hav ing a c o l l e c t o r t e m p e r a t u r e of 600°C, 

the r a d i a t o r s i z e and we igh t a r e a p p r o x i m a t e l y the s a m e a s t h o s e r e q u i r e d 

for the 1-kWe t h e r m o e l e c t r i c s y s t e m . 

The m a i n s t r u c t u r a l m e m b e r of the s y s t e m is the c o r e c o n t a i n m e n t 

v e s s e l ( shown in F i g . 4) . Six e q u i d i s t a n t r a d i a l r i b s , w h i c h p r o t r u d e f r o m 

the v e s s e l , p r o v i d e m o u n t i n g and s t r u c t u r a l s u p p o r t for t h e r e f l e c t o r s e g -

m e n t s and for the s ix s e g m e n t s of the hot s h e l l . T h e s e r i b s a l s o p r o v i d e 

a t t a c h m e n t po in t s for the a x i a l t h e r m a l s h i e l d s and the r a d i a t o r s h e l l . 

Within the c o n t a i n m e n t v e s s e l i s a h e x a g o n a l m o l y b d e n u m i n s e r t , which 

fi ts a r o u n d t h e c o r e and p r o v i d e s for t h e s u p p o r t and a l i g n m e n t of the l ower 

ends of t h e h e a t p i p e s (as shown in F i g . 5). R a d i a l sh i e ld ing , wh ich m i n i -

m i z e s the t h e r m a l r a d i a t i v e hea t t r a n s f e r f r o m the c o r e to the r e f l e c t o r , i s 

m o u n t e d on th i s i n s e r t . 
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VAPOR CHAMBER HIGH 
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RADIATOR HEAT PIPE DETAIL 

Fig. 3. Heat-cransfer Components 
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Fig. 5. Fuel-element Alignment and Support System 
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The the rma l power of the r eac to r i s 27.6 kWt, and i ts design life is 
10,000 hr . The power-convers ion sys tem efficiency of the reference the r -
moe lec t r i c genera tor was assumed to be 4%. The sys tem was sized to 
provide 10% excess capacity in o rde r to compensate for thermocouple or 
thermionic-diode malfunction and for the modest (6°C) drop in core t em-
pe ra tu r e during the projected miss ion l ifet ime. 

The sys tem is s ta r ted up by slowly inser t ing three 60° reflector 
segments , which a r e driven by smal l stepping m o t o r s . The s tar tup p r o -
g ram occurs slowly enough to pe rmi t uniform heatup of the sys tem. With 
the sys tem stabil ized at its operating t empera tu re and power level, the 
s tar tup control sys t em is permanent ly deactivated, and the s teady-s ta te 
operating condition is maintained by means of total ly pass ive t e m p e r a t u r e -
coefficient control . Since an 18°C lifetime fue l - tempera ture drop is r e -
garded as to lerable , the effective miss ion life can be extended to approxi-
mate ly 3 y e a r s . 

The power of the the rmoe lec t r i c sys tem can be uprated to 5 kWe 
without significant a l terat ion of the r eac to r design, although the hot shell 
and radia tor would be enlarged. At this power level, the specific weight 
of the sys tem would be reduced to about 340 Ib/kWe. The maximum fuel 
t empera tu re associa ted with a 5-kWe output would be 1590°C, sti l l within 
the range of stable per formance for plutonium monophosphide under 1 a tm 
of helium.•'^"•'^ Other sys tem t empe ra tu r e s would be essent ia l ly unchanged, 
and pass ive , tempera ture-coeff ic ient control would st i l l be feasible. The 
lithium heat pipes have been del ibera te ly overs ized to accommodate this 
higher power. If the same co re - r e f l ec to r -hea t p ipe - rad ia to r combination 
were coupled with a thermionic genera tor having a sys tem efficiency of 
11%, the sys tem would produce approximately 5 kWe at a specific weight 
of about 100 Ib/kWe. 

The mechanica l design of the reac tor sys tem lends itself to ease of 
assembly and handling. The core is assembled in the containment vesse l 
by sliding the fuel pieces over the heat pipes , which have previously been 
inse r ted in the vesse l and welded to the flanges on the molybdenum heat-
pipe bellows. The heat pipes can accommodate both longitudinal and l a t e ra l 
d isplacements due to the rmal expansion during the s tar tup t rans ien t . 

The 60° movable ref lector segnaents, which constitute the s tar tup 
control sys tem, a r e instal led as th ree separa te modules (one of which is 
shown in Fig. 6). Each module includes a ref lector segment, a stepping 
motor , a drive mechanism, and a covering shroud. 

Nonnuclear test ing of the assembled p r i m a r y heat pipe, power con-
ve r t e r , and rad ia tor is quite feasible for this sys tem. The design lends i t-
self to e lec t r i ca l heating of the p r i m a r y heat pipes, since the ent i re sys tem 
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Fig. 6. Cutaway View of Control Module 
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can be assembled without the fuel e lements in p lace . The nuc lear and 
nonnuclear component development and tes t p r o g r a m s a r e thus quite sep-
arab le for this sys tem. 

F r o m the standpoint of nuclear safety, this design concept includes 
s eve ra l des i rab le fea tures . The assembled sys tem, complete with e lec-
t r i c a l power-convers ion subsys tem and space radia tor , can be shipped and 
handled with al l the ref lector segments removed. In this condition, a 20% 
shutdown safety marg in (Ak/k) is associa ted with the ba re core . During 
pre launch operat ions and before the at tainment of orbit , with the th ree s ta-
t ionary ref lector segraents in place, the shutdown marg in is 6%. Each of 
the movable ref lector segments is equipped with a s c r a m spring, which is 
r e s t r a ined by a magnet ic latch. 

Table I l is ts the various p a r a m e t e r s of the f a s t - r eac to r space 
power supply sys tem. 

TABLE I. Compact Reactor P a r a m e t e r s 

System Pe r fo rmance 
Total weight (1 kWe the rmoelec t r i c ) 525 lb 
Specific weight 

1 kWe the rmoe lec t r i c (25 kWt) 525 Ib/kWe 
5 kWe the rmoe lec t r i c (125 kWt) 340 Ib/kWe 
5 kWe thermionic (46 kWt) 100 Ib/kWe 
10 kWe thermionic (92 kWt) 73 Ib/kW e 

Core 
Type Fas t , reflected 
Active length 27 cm 
Cri t ica l d iameter 16.6 cm 

Plutonium Monophosphide Fuel 
Fuel density at operating t empe ra tu r e 8.41 g/cc 
Fuel , v /o in core 67.5 
Reference t h e r m a l power 27.5 kWt 
Peak fuel t empe ra tu r e 1269°C 
Fuel weight 86 lb 

Fuel Elements 

Configuration Hexagonal 
Across flats 2.6 cm 
Centra l hole d iamete r 1.12 cm 
Cladding None 
Nunnber of elements 36 
Average power p e r element 0.764 kWt 
Limiting t empe ra tu r e capability at 1 a tm helium 1700°C 



R a d i a l R e f l e c t o r 

M a t e r i a l 

D e n s i t y a t o p e r a t i n g 

Me l t i ng poin t 

C y l i n d r i c a l OD 

L e n g t h 

T h i c k n e s s 

Weight 

A x i a l R e f l e c t o r 

M a t e r i a l 

S e g m e n t l eng th 

P r i m a r y Hea t P i p e s 

M a t e r i a l 

E v a p o r a t o r l eng th 

T r a n s i t i o n s e c t i o n l e n g t h 

C o n d e n s e r l eng th 

O u t s i d e d i a m e t e r 

Wal l t h i c k n e s s 

C h a n n e l w ick 

N u m b e r of c h a n n e l s 

C h a n n e l w id th 

C h a n n e l dep th 

S c r e e n w ick 

T h i c k n e s s 

P o r o s i t y 

P e r m e a b i l i t y 

P o r e r a d i u s 

Work ing fluid 

R e f e r e n c e d e s i g n p o w e r 

O p e r a t i n g p r e s s u r e 

O p e r a t i n g t e m p e r a t u r e 

V a p o r p r e s s u r e d r o p (ref 

L iquid p r e s s u r e d r o p 

V a p o r t e m p e r a t u r e d r o p 

R a d i a t o r Hea t P i p e s 

M a t e r i a l 

T o t a l l eng th 

E v a p o r a t o r l eng th 

C o n d e n s e r l eng th 

Width 

Height 

Wal l t h i c k n e s s 

T A B L E I (Contd . ) 

t e m p e r a t u r e 

r e n c e p o w e r ) 

15 

B e r y l l i u m oxide 

2. 6 g / c c 

2550°C 

29.9 c m 

30 c m 

5 c m 

66 lb 

B e r y l l i u m oxide 

3.0 c m 

M o l y b d e n u m 

27 c m 

23 c m 

44 c m 

1.11 cm 

0.101 c m (40 m i l s ) 

51 

0.204 mmi 

0.510 m m 

0. 22 m m 

0.5 

12 

0.08 m m 

L i t h i u m 

0.88 kWt 

5.3 p s i a 

1200°C 

0.0235 p s i d 

0.1544 p s i d 

0,655°C 

Incone l 

113.5 c m 

44 c m 

113.5 c m 

1.35 c m 

2.0 c m 

0.051 c m (20 m i l s ) 



16 

TABLE I (Contd.) 

Screen wick 
Inner- and outer-wick thickness 
La te ra l -wick thickness 
Poros i ty 
Pe rmeab i l i t y 
P o r e radius 

Working fluid 
Reference design power per pipe 
Operating p r e s s u r e 
Operating t e m p e r a t u r e 
V a p o r - p r e s s u r e drop 
L iqu id -p re s su re drop 
Vapor - t empera tu re drop 
Total wa l l - t empera tu re drop 

Hot Shell 
Mate r ia l 
Operating t e m p e r a t u r e 
Thickness 
Outside d iameter 
Length 

Core Containment Vesse l 
Mate r ia l 
Outside d iamete r (cylindrical) 
Length 
Radial wall thickness 
End-cap thickness 

Axial Thermal - rad ia t ion Shields 
Mate r i a l 
Lamina thickness 
Number of laminae 
Total th ickness 
Diameter 
Tempera tu re of radiating surface 

Thermoe lec t r i c Genera tor 
Hot-junction t e m p e r a t u r e 
Cold-junction t empera tu re 
Number of thermocouple pa i r s 
Power pe r couple 

Total power ( reference the rmoe lec t r i c ) 
Voltage (reference) 

0.314 cm 
0.1517 cm 
0.5 
12 
0.025 cm 
Po tas s ium 
0.264 kWt 
0.5 ps ia 
600°C 
0.005 psia 
0.005 psia 
2.93°C 
11.9°C 

Molybdenum 
1200°C 
1.3 cm 
33.5 cm 
44 cm 

Molybdenum 
30.3 cm 
32.8 cm 
0.25 cm 
0.5 cm 

Molybdenum 
0.020 in. 
15 

3.95 cm 
37.50 cm 
500°C 

1200°C 
510°C 
2222 
0.495 W 
1 kWe 
40 V 
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III. C R I T I C A L I T Y STUDIES AND N U C L E A R - M A T E R I A L S S E L E C T I O N 

A. C r i t i c a l i t y S tud ie s 

The r e a c t o r c r i t i c a l i t y c a l c u l a t i o n s r e q u i r e d du r ing th i s s tudy w e r e 

p e r f o r m e d w i th the S N A R G - I D m u l t i g r o u p Sn code u s ing the S4 opt ion. 

H i g h e r - o r d e r a p p r o x i m a t i o n s y ie ld neg l i g ib l e i m p r o v e m e n t s in e s t i m a t i o n s 

of c r i t i c a l m a s s e s o r m u l t i p l i c a t i o n c o n s t a n t s . M u l t i g r o u p diffusion t h e o r y 

does no t app ly s i n c e the c o r e r a d i u s i s l e s s t han five m e a n f r e e p a t h s . 

H a n s o n and Roach^^ l 6 - g r o u p c r o s s s e c t i o n s w e r e ob ta ined f r o m A N L S e t 2 0 1 , 

a u g m e n t e d to inc lude ^'^P. 

B. N u c l e a r M a t e r i a l s S u r v e y 

1. F u e l S u r v e y 

The n u c l e a r c r i t e r i a for the c o m p a c t r e a c t o r a r e s i m i l a r to 

t h o s e p r o p o s e d by M a c F a r l a n e ^ and o t h e r s for l o w - p o w e r c o n d u c t i o n - c o o l e d 

s y s t e m s . The c o m p a c t r e a c t o r shou ld be a f a s t a s s e m b l y , r e f l e c t e d , if a t a l l , 

for p u r p o s e s of p o w e r f la t ten ing a n d / o r for n e u t r o n sh i e ld ing . M a c F a r l a n e ^ 

h a s shown tha t , a l though s o m e m o d e r a t e d s y s t e m s have l o w e r c r i t i c a l m a s s e s 

t h a n t h o s e t h a t u s e p u r e fuel, the low m e l t i n g po in t s of m o s t l igh tweigh t d i lu -

en t s a r e an o v e r r i d i n g d i s a d v a n t a g e . 

The ob j ec t i ve of t h i s s e c t i o n i s to ident i fy su i t ab l e c o r e m a t e -

r i a l s and then s e l e c t t he m o s t p r o r a i s i n g fuel for t h e d e s i g n of the r e f e r e n c e 

s y s t e m . T a b l e II r e p r e s e n t s a s u r v e y of po t en t i a l fue l s . B e c a u s e p r o j e c t e d 

TABLE II. Fuel Proper t ies 

Fuel 

23 5u 

233u 

" ' P u 
235u 

"5U02 

235UO2--20 v / o Mo 

"^uc 
"3U02 
"'UO2--2O v/o Mo 
" ' P u C 
"'PUO2 
" ' P u C - - 2 0 v /o ZrC 
" ' P U O 2 - - 2 O v / o Mo 

" ' P u P 

Theoret ical 
Density, 

g/cc 

18.8 
18.8 
19.7 
12.3 
10.0 
10.1 
12.3 
10,0 
10.01 
13.6 
10.0 
11.12 

9.69 
9.89 

Melting 
Point, 

"C 

1132 
1132 

680 

2400 
2750 

-
2400 
2750 

-
1654 
2400 

-2000 
<2000 

2600 

Thermal 
Conductivity, 

w /cm-°C 

0.536 at 900°C 
0.536 at 900°C 
0.209 at 600°C 
0.251 
0.025 at 900°C 
0.24 at 870°C 
0,251 
0.025 at 900°C 
0.24 at 870°C 
0.1 at 400°C 
0.025 at 900°C 

-
0.23 at 900°C 

0.09 

Bare 
Sphere 

Cri t ical 
Radius, 

c m 

8.4 

5.8 

5.0a 
11.8 
14.2 
16.2b 

8.4 

10 

11.5 
7.6= 

9.3 

8.9 

10.8 
10.3 

Bare 
Sphere 

Cri t ical 
Mass , 

kg 

46 

10 

10 

84 

120 

168 

31 

42 

64 

22 

34 

33 

51 

45 

References 

6 

6 

6 

6 

6, 17 
15 

6 

6 

15 

6, 19, 20 
6 

6 

15 

9, 16 

^96% enrichment, 
^94% theoret ical density. 
""90% theoret ical density. 
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conver te r s operate at 1200-1350°C, the fuel mus t be stable up to at least 
1500°C and higher for uprated ve r s ions . This c r i t e r ion el iminates the pure 
meta l s and r ende r s PuC only margina l ly acceptable . Table II shows that 
^̂ ^U sys tems would be significantly l a rge r (but probably m o r e economical) 
than those with plutonium-based fuels. In view of this fact, and because 
compactness is a f i r s t - o r d e r design goal, all ^̂ ^U compounds were e l imi-
nated as candidate fuels. 

As expected, ^^^u and ^ '̂̂ Pu compounds yield very compact s y s -
t e m s , and, as shown in Table II, s eve ra l fuels based upon these f iss i le m a -
t e r i a l s have such des i rab le p roper t i e s as high melt ing point and high t he rma l 
conductivity. Especia l ly promising a r e ^^^UC and the "^UOg'-^O v /o Mo c e r -
met if UC can be made available in sufficient quanti t ies . Although there is 
at p resen t no sys temat ic production of •̂̂ U via a thor ium fuel cycle, it has 
been es t imated that the isotope production r eac to r s at Hanford, Washington, 
can produce an adequate supply. 

One a t t r ibute of ^̂ ^U that weighs grea t ly in i ts favor when it is 
compared to ^•'''Pu-based fuels is i ts re la t ively low toxicity. F o r example, 
the maximum pe rmi s s ib l e a i rborne concentration of ^^U is 2 x 10" / i g / m i , 
as opposed to 3 x lO"'''' ^ug/mi for ^^'Pu. This comparison is especial ly im-
p re s s ive when it is extended to include radioactive isotope fuels such as 
^"Po (4 X 10-**ptg/m^) and ^°Sr (l x 10" ^ ^ g / m i ) . ^ ^ 

Despite the advantages of ^^^u compounds, the ^^'Pu fuels were 
favored in this p re l imina ry design because of the availabil i ty of this i so -
tope as a by-product of the continuously expanding, l ight-water reac to r 
industry and the future f a s t - b r e e d e r - r e a c t o r p r o g r a m . Among the pluto-
nium compounds, PuC is undes i rab le because of i ts re la t ively low melting 
point and poor compatibili ty with most s t ruc tu ra l raa te r ia l s above 1300°C.^® 
Although plutonium dioxide has a low the rma l conductivity, the maximum 
fuel t e m p e r a t u r e (approximately 1500°C) at the outer surface of a PuOg fuel 
element would be considerably below the melt ing point of the fuel. However, 
the reac to r design could not be uprated to 5-10 kWe because the PUO2 fuel 
t empe ra tu r e s and resul tant dissociat ion p r e s s u r e s assoc ia ted with higher 
power operation would be excess ive .^ ' The P u C - Z r C sys tem was l is ted 
because studies with uranium carbide show that the inelting point of UC 
inc rea se s a lmost l inear ly when ZrC is added to form a solid solution. A 
s imi la r effect might be predic ted for P u C - Z r C , but since this analogous 
mix ture has not been prepared,^" it would not be an appropr ia te choice for 
this design. Sinn.ilarly, the ^^^PuOz--20 v /o Mo ce rme t would r ep resen t an 
improvement on the t he rma l conductivity and stabil i ty of plutonium dioxide,^* 
but published data a r e not available for this m a t e r i a l . 

There a r e at leas t t h ree remaining candidates among the pluto-
nium compounds: PuN, PuS and P u P . Plutonium mononitr ide has received 
much attention; for example, a 1965 Nucleonics a r t i c le ra ted it the most 
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promis ing f a s t - r e a c t o r fuel. However, this m a t e r i a l will probably be 
infer ior to the monophosphide because of its high vapor p r e s s u r e at e le-
vated temperatures.^^'^^ Plutonium raonosulphide and monophosphide a r e 
s imi la r in physical p rope r t i e s , but the former is comparat ively difficult 
to produce in s to ichiometr ic composition.^^ Therefore , from among the 
potentially suitable fuels, plutonium monophosphide is chosen as the 
reference fuel. 

2. PuP Cha rac t e r i s t i c s 

Plutonium monophosphide is a da rk -g rey , meta l l i c -appear ing 
ce ramic , which appears to have very a t t rac t ive physical p roper t i e s at e le-
vated t e r ape ra tu re s . Kruger and Moser^^ have p repa red high-puri ty, 40-g 
samples of the compound by react ion of the meta l hydride with the phos-
phide. Since the monophosphide is the only stable h igh- t empera tu re com-
pound in the P u P sys tem, the s to ichiometr ic composition is easily obtained. 
This method of p repara t ion is quite suitable for l a r g e - s c a l e production 
using fluidized-bed techniques. 

Observat ions of the compound made during s inter ing indicated 
that it is stable^^ up to 1500°C in vacuum and 1700°C under 1 a tm of argon, 
and the vaporizat ion and dissociat ion ra tes a r e negligible. Melting and 
rapid decomposit ion occur at 2600°C.^^ The l inear -expans ion coefficient, 
11.9 X 10"y°C,^^ and the the rma l conductivity, 0.09 w / c m - ° C , " were found 
to be near ly invar iant with t e m p e r a t u r e . 

The low fuel burnup (<0.05%) that cha rac t e r i ze s the compact 
reac to r , coupled with the absence of cor ros ion or erosion mechan i sms 
typical of l iquid-meta l -cooled r e a c t o r s , and the excellent stabil i ty of the 
fuel pe rmi t the P u P fuel e lements to be unclad. In addition, since helium 
is used as the t h e r m a l coupling between fuel element and heat pipe, the 
mate r ia l -deve lopment p rob lems normal ly assoc ia ted with h igh- t empera tu re 
bonding a r e avoided. The compatibili ty, at high t e m p e r a t u r e s , of PuP and 
the p r i m a r y heat -p ipe s t ruc tu r a l ma te r i a l , molybdenum, r ep re sen t s a 
second-orde r m a t e r i a l problem, which must be invest igated. These char -
ac t e r i s t i c s make poss ible a re la t ively simple design and se rve to facili tate 
the fabrication, assembly , and test ing of the sys tem, as descr ibed in 
Section II. 

3. Reflector Mater ia l s 

Table III i s a pa r t i a l listing of the ref lector m a t e r i a l s consid-
ered for the compact fast r eac to r . Beryl l ium oxide (with graphite running 
a close second) best sat isf ies the major r equ i remen t s of a high melting 
point, a low dissociat ion ra te , a low density, and good neu t ron-sca t t e r ing 
p r o p e r t i e s . Beryl l ium carbide was eliminated because i ts dissociat ion 
ra te is equivalent to 1 x 10"^ g / sec -cm^ at 1200°C, while that of BeO is 
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only 3 X 10"^^ g /sec- in .^ (Ref. 24). The la t te r figure implies a loss of 
only 0,6 g over the 10,000-hr miss ion life of the r e a c t o r . 

TABLE III, Reflector P rope r t i e s 

Mater ia l 

C 

Be 

Be2C 

BeO 

L i H 

ZrH2 

Ni 

F e 

Theoret ical 
Density, 

g /cc 

1,6 

1.85 

2,4 

3,025 

8.9 

7.86 

Melting 
Point, 

°C 

Sublimes 
Pa tm = 10-'^ 
at 1300°C 

1284 

Dissociates 
Pa tm = 4 X 10-^ 
at 1300°C 

2550 

688 

1093 

1455 

1539 

Reflector Savings Mass of 
for PuC Sphere with 4 -cm Reflector, 
4 -cm Reflector, cm kg References 

1,03 6,0 17, li 

1,83 

2.01 

2.02 

1,29 

1.06 

5.7 

7,1 

8,9 

31,4 

29.2 

6, 1 

17 

17, 1 

6 

6 

18 

18 

0/-< 24 
Graphite, with a t he rma l conductivity as high as 0.6 W/cm-°C, 

might be p r e f e r r ed over BeO (0.2 w / c m - ° C ) for a pure ly conduction-cooled 
reac to r design,^ but this advantage is unimportant for a sys tem in which the 
p r i m a r y hea t - t r ans fe r path is provided by heat p ipes . 

IV. HEAT-TRANSFER STUDIES 

A. General 

The use of heat pipes in the core and for the space radia tor was an 
obvious choice for a sys tem intended to br idge the gap between the s imple , 
but low-power (0.3-0.5 kW), conduction-cooled, nuc l ea r - t he rmoe lec t r i c 
genera tor such as those proposed by MacFarlane^ or Monsanto Corpora-
tion,^ and the m o r e complicated, h igher-power (0.5-350 kW), l iquid-meta l -
cooled space-power the rmoe lec t r i c or tu rboelec t r ic sys t ems , such as 
SNAP-lOA or SNAP-50. The heat pipe offers the prospect of extracting 
and rejecting significant amounts of power from a reac to r sys tem without 
the compromise of rel iabi l i ty or operating life that is associa ted with 
multiloop, l iquid-metal coolant sys tems that use h igh- tempera ture rotating 
machinery . Moreover , a heat-pipe radia tor can be constructed in a totally 
modular fashion to minimize the meteor damage hazard that is p resent with 
conventional liquid-naetal r ad ia to r s , or even with vapor -chamber fin rad ia -
to r s such as those proposed by Haller and Lieblein.^^ 



B. P r i m a r y H e a t - p i p e D e s i g n 

The 36 c i r c u l a r , i n - c o r e p r i m a r y h e a t p i p e s a r e i d e n t i c a l in c r o s s 

s e c t i o n and h e a t - t r a n s f e r c a p a c i t y and w e r e s i z e d to a c c o n a m o d a t e the p e a k 

p o w e r (0.88 kW) g e n e r a t e d in e a c h of t h e s ix m e m b e r s of the i n n e r r i n g of 

fuel e l e m e n t s . 

The o p e r a t i n g t e m p e r a t u r e of t h e p r i m a r y hea t p i p e s c o r r e s p o n d s 

to a 1200°C t h e r m o e l e m e n t hot junc t ion o r 1350°C t h e r m i o n i c t e i n p e r a t u r e . 

In t h i s t e m p e r a t u r e r a n g e , l i t h i u m r e p r e s e n t e d the o p t i m u m cho ice for the 

h e a t - p i p e f luid. T h i s s e l e c t i o n w a s g o v e r n e d by a n u m b e r of c o n s i d e r a t i o n s : 

1. At t e m p e r a t u r e s in e x c e s s of about 900°C, above w h i c h t h e v a p o r 

p r e s s u r e of l i t h i u m i s suf f ic ien t ly h igh to p e r m i t eff ic ient h e a t - p i p e o p e r a -

t ion , t h e h igh s u r f a c e t e n s i o n and low l iquid d e n s i t y of l i t h i u m r e n d e r it an 

e x c e l l e n t fluid for u s e in a " c a p i l l a r y p u m p . " 

2. S ince l i t h i u m h a s a r e l a t i v e l y low v a p o r p r e s s u r e (5 p s i at 

1200°C and 20 p s i at 1350°C), i t d o e s no t n e e d to be c o n t a i n e d wi th in a t h i c k -

w a l l e d p ipe s t r u c t u r e ; t h u s , bo th we igh t and t e m p e r a t u r e d r o p a c r o s s t h e 

h e a t - p i p e w a l l s can be m i n i m i z e d wi th a l i t h i u m s y s t e m . 

3. The h igh l a t en t h e a t ' o f v a p o r i z a t i o n of l i t h i u m y i e l d s the m a x i -

m u i n c r o s s - s e c t i o n a l hea t flux for a g iven h e a t - p i p e d i a m e t e r , and, if t he 

l i t h i u m p ipe i s s o m e w h a t o v e r s i z e d , p o t e n t i a l s t a r t u p p r o b l e m s can be 

m i n i m i z e d . 

4. The e x t r e m e l y l a r g e h e a t - t r a n s f e r c a p a c i t y of a l i t h ium p ipe 

l e n d s i t s e l f to the d e s i g n of a s y s t e m tha t can be u p r a t e d to h i g h e r p o w e r 

l e v e l s w i th m i n i m a l m o d i f i c a t i o n of the p r i m a r y h e a t - p i p e con f igu ra t i on . 

F r o m t h e l i m i t e d n u m b e r of r e f r a c t o r y m e t a l s c o m p a t i b l e wi th 

l i t h i u m a t 1200°C (n iob ium, t a n t a l u m , m o l y b d e n u m , and t h e i r a l l o y s ) , 

m o l y b d e n u m w a s c h o s e n for t h e h e a t p ipe and wick . N b - 1 % Z r would have 

b e e n a c c e p t a b l e on t h e b a s i s of the r e s u l t s of L i - N b - - 1 % - Z r h e a t - p i p e t e s t s 

r epor t ed^^ by the Los A l a m o s Sc ien t i f i c L a b o r a t o r y ( L A S L ) . T h e s e t e s t s 

v e r i f i e d t h e c o m p a t i b i l i t y of the l i t h i u m - n i o b i u m c o m b i n a t i o n a t t e m p e r a -

t u r e s in e x c e s s of 1100°C for o p e r a t i n g d u r a t i o n up to 3500 h r , i nc lud ing a 

n u m b e r of r e s t a r t c y c l e s . R o m a n o , F l e i t m a n , and K l a m u t found tha t l i t h i u m 

and n i o b i u m a r e c o m p a t i b l e a t t e m p e r a t u r e s a s h igh a s 1150°C for up to 

6500 h r , ^ and the LASL t e s t s e r i e s i n c l u d e d r u n s a t t e m p e r a t u r e s a s h igh 

a s 1300°C; h o w e v e r , e x p e r i m e n t a l v e r i f i c a t i o n of 1 0 , 0 0 0 - h r c o m p a t i b i l i t y 

r e m a i n s to be e s t a b l i s h e d . Al though N b - 1 % Z r a p p e a r s to be a p p r o p r i a t e 

for 1200°C o p e r a t i o n , the p r o s p e c t of o p e r a t i n g the s y s t e m a t 1350°C wi th 

a t h e r m i o n i c c o n v e r t e r i n d i c a t e d the d e s i r a b i l i t y of f a b r i c a t i n g the p r i m a r y 

h e a t p i p e s of t u n g s t e n - z i r c o n i u m - m o l y b d e n u m (TZM) . The c o m p a t i b i l i t y of 

l i t h i u m and T Z M for l o n g - d u r a t i o n h e a t - p i p e o p e r a t i o n w a s e s t a b l i s h e d in 

t e s t s c o n d u c t e d by RCA^ a t t e m p e r a t u r e s u p to 1500°C. 



The sizing of the heat pipes was dictated by the following 
considerat ions: 

1. The heat-pipe wick and vapor -passage c ros s sections must be 
adequate to c a r r y the requi red design power. 

2. The heat flux a c r o s s the pipe surface must be low enough to 
preclude boiling in the wick. 

3. The pipe d iameter must be large enough to maintain the fuel-
element t empera tu re below its 1700°C limit . 

4. The pipe d iameter must be large enough to ensure a n e a r -
uniform t e m p e r a t u r e distr ibution on the cyl indrical shell that is in contact 
with the thermocouple hot junctions. 

5. The heat pipes should be sufficiently large so that the sys tem 
can be uprated from its design the rma l -power level of 25 kWt to at least 
125 kWt without significant modification of the r eac to r design. 

The lithium heat-pipe wick is configured as a combined grooved-
channel and s c r e e n - m e s h design. The grooved-channel approach, in which 
the wick consis ts of an a r r a y of rec tangular channels mil led into the inner 
surface of the pipe wall, has the significant advantage that the wick cannot, 
under any c i r cums tances , separa te from the wall and produce hot spots. 
The grooved-channel wick also lends itself to analysis m o r e readi ly than 
does the s c r e e n - m e s h wick, since the flow cha rac t e r i s t i c s (flow a rea , 
hydraulic diaraeter , etc.) of the grooved-channel wick can be c h a r a c t e r -
ized m o r e accura te ly than those of the s c r e e n - m e s h wick. An open-channel 
wick does, however, suffer the disadvantage that the capi l lary forces a s s o -
ciated with it a r e approximately half those of a s c r e e n - m e s h wick, since the 
radius of curvature of the liquid meniscus for the grooved channel is effec-
tively infinite in the axial direct ion. The open channel i s , moreove r , sens i -
tive to a s t a r t - t r a n s i e n t problem in that, at low t e m p e r a t u r e s , an interact ion 
between the high-veloci ty vapor and the liquid surface tends to r e t a r d the 
flow of the liquid and prevent startup.^® 

Although i ts per formance cha rac t e r i s t i c s a r e m o r e difficult to define, 
the s c r e e n - m e s h wick is super ior to the grooved-channel type as a capi l lary 
pump and is re la t ively insensi t ive to the s t a r t - t r ans i en t , vapor- l iquid in te r -
action. The tendency of the s c r een to detach itself from the walls of the heat 
pipe r ep re sen t s the major disadvantage of this type of wick. 

The p r i m a r y heat pipes of the compact r eac to r combine the features 
of both types of wick. Fifty-one rectangular channels, having a depth of 
0.510 m m and a width of 0.204 m m (shape factor of 1.5), a r e equally spaced 
around the inner surface of the 1.01-mm (40-mil)- thick walls of the heat pipe. 
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The effective channel cap i l l a ry -pore radius of 0.102 m m is sufficient to 
wick the liquid lithium to a height of 45 cm against the equivalent of 
one gravity. This wicking height cor responds to the length of the evapora-
tor leg of the heat pipe; thus, the c o r e - p r i m a r y heat-pipe subassembly can 
function in e a r t h - n o r m a l gravi ty for ground-test ing of the space sys tem 
and can, moreove r , be readi ly adapted for t e r r e s t r i a l or undersea use . 

The channels a r e sized to c a r r y the full 0.88-kW heat load of the 
h igh- t empera tu re cent ra l e lements ; however, additional capacity is p ro -
vided by a single layer of molybdenum sc reen in close contact with the 
inner surface of the pipe. This 0 .22-mm-thick sc reen has an equivalent 
pore radius of 0.08 m m , a permeabi l i ty of 12, and a void fraction of 0.5. 
It is included p r i m a r i l y to facili tate the s tar tup of the sys tem since it will 
se rve as a b a r r i e r between the vapor and the liquid during the low-
t empe ra tu r e port ion of the s t a r t t rans ient , however, it also adds the equiva-
lent of about 150 W of hea t - t r ans fe r capacity to the reference pipe. 

Because of the excellent the rmal p roper t i e s of lithium, the f i rs t 
two c r i t e r i a noted previously for heat-pipe sizing were not important at the 
design power level. Neither did the thi rd c r i te r ion prove to be significant 
for the fuel-element configuration, since the highest t empera tu re attained 
by any fuel element (i .e. , that associa ted with a cen t ra l element at the core 
midplane) did not exceed 1269°C at the design power level. F igure 7 shows 
the radia l power distr ibution of the sys tem in t e r m s of the neutron-flux 
distr ibution. The limiting t empe ra tu r e (1700°C) for these 2 .6-cm a c r o s s -
flats hexagonal elements is reached at a t he rmoe lec t r i c power level of 

7.2 kWe. F igure 8 shows the va r i a -
tion of peak fuel t empera tu re with 
power for seve ra l different fuel-
element s i zes . F igures 9 and 10 show 
the axial and radia l t empera tu re va r ia -
tion in the core at the reference power 
level. 

The governing c r i te r ion for the 
sizing of the heat pipes proved to be 
that associa ted with the 1200°C molyb-
denum shell on which the conver te rs 
a r e mounted. A maximum allowed 
c i rcumferent ia l t empera tu re variat ion 
of 20°C was (arb i t ra r i ly) established 
for this shell . Since the shell d iameter 
was determined by the ref lector d iameter , 

0 2 4 6 8 10 and the number of heat pipes was es tab-
RADIAL DISTANCE, cm . , _ _ , _ . . 

l i s hed by the n u m b e r of fuel e l e m e n t s . 

Fig. 7, Core Radial Power Profile the t h i c k n e s s and c i r c u m f e r e n t i a l l eng th 
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of t h e w e b jo in ing a d j a c e n t h e a t p i p e s 

b e c a m e a funct ion of p ipe d i a m e t e r . 

On t h e p r e m i s e t h a t t he i n n e r d i a m e t e r 

of the s h e l l w a s an a d i a b a t i c s u r f a c e , 

t h e m i n i m u m h e a t - p i p e d i a m e t e r r e -

q u i r e d to l i m i t t h e c i r c u m f e r e n t i a l 

t e m p e r a t u r e v a r i a t i o n of 20°C w a s d e -

t e r m i n e d to be 1.11 c m ( 7 / l 6 i n . ) . With 

t h i s d i m e n s i o n e s t a b l i s h e d , the h e a t 

p ipe e a s i l y m e t the o t h e r , and c o n s i d -

e r a b l y l e s s s t r i n g e n t , r e q u i r e m e n t s . 

The 1200°C s h e l l con f igu ra t i on s e l e c t e d 

for t h e r e f e r e n c e d e s i g n i s t he s i m p l e s t , 

bu t not n e c e s s a r i l y the o p t i m a l , d e s i g n 

for the hot s h e l l . A s shown in F i g . 3, 

t he v a p o r - c h a m b e r web c o n c e p t could 

be u s e d to a c h i e v e a v i r t u a l l y u n i f o r m 

h o t - s h e l l t e m p e r a t u r e . T h i s i n v o l v e s 

a s o m e w h a t m o r e c o m p l e x c o n f i g u r a -

t ion for the hot s h e l l , in t ha t the w e b 

s t r u c t u r e b e t w e e n the p r i m a r y hea t 

p i p e s would con ta in l i t h i u m and would 

be l ined wi th w ick ing m a t e r i a l s i m i l a r 

to t h a t in t h e p r i m a r y p i p e s . Th i s 

a g g r e g a t e of v a p o r - c h a m b e r w e b s 

would p r o v i d e n e a r l y i s o t h e r m a l t r a n s -

v e r s e d i s t r i b u t i o n of hea t f r o m the p r i m a r y p i p e s and would, m o r e o v e r , 

we igh a p p r o x i m a t e l y 12 kg l e s s t han t h e so l id s h e l l . The w i c k - p o r e s i z e 

for the v a p o r - c h a m b e r web would be i d e n t i c a l to t h a t of t h e p r i m a r y p i p e s , 

s i n c e a p p r o x i m a t e l y the s a m e wick ing he igh t (44 c m ) i s invo lved , but the 

l iquid and v a p o r p r e s s u r e d r o p s a s s o c i a t e d wi th the web would be c o n s i d e r -

ab ly l e s s , s i n c e t h e d i s t a n c e o v e r w h i c h h e a t i s t r a n s f e r r e d i s m u c h s m a l l e r 

(about 0.5 c m ) . 
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Fig. 8. Fuel-element Peak Temperatures vs Power 
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Fig, 10. Core Radial Temperature Distribution 

The s e l e c t i o n of the l e s s e l egan t , so l id s h e l l conf igura t ion w a s , in 

the end, d i c t a t e d p r i m a r i l y by c o n s i d e r a t i o n s of d e s i g n s i m p l i c i t y . 



The t h e o r y of hea t p i p e s a s p r e s e n t e d in Ref. 29 c o n s i d e r s so lu -

t ions of t h e h e a t - p i p e equa t ions b a s e d on t h e p r e m i s e tha t the flow of l iquid 

and v a p o r in the h e a t p ipe e i t h e r t a k e s p l a c e a d i a b a t i c a l l y o r u n d e r cond i -

t i ons of u n i f o r m h e a t input and e x t r a c t i o n . In the c o m p a c t r e a c t o r , h o w e v e r , 

wi th a " c h o p p e d - c o s i n e " a x i a l c o r e - p o w e r d i s t r i b u t i o n , th i s a s s u m p t i o n i s 

not va l id for the e v a p o r a t o r s e c t i o n of the l i t h i u m p ipe , a l though i t does 

app ly to t h e c o n d e n s e r s e c t i o n . 

F o r the i n - c o r e h e a t - p i p e des ign , the l iquid and v a p o r p r e s s u r e -

d r o p e q u a t i o n s w e r e i n t e g r a t e d q v e r the e v a p o r a t o r l eng th on t h e b a s i s of 

a c h o p p e d - c o s i n e p o w e r p r o f i l e u s i n g the i n t e g r a t e d a v e r a g e r a d i a l R e y n o l d s 

n u m b e r , a c l o s e r a p p r o x i m a t i o n to the a c t u a l c a s e t h a n i s r e p r e s e n t e d by the 

a s s u m p t i o n of a u n i f o r m p o w e r input . The c o n d e n s e r s e c t i o n w a s s i z e d on 

the a s s u m p t i o n of u n i f o r m p o w e r e x t r a c t i o n . 

C. H e a t - p i p e R a d i a t o r 

The r a d i a t o r (shown in F i g s . 1 and 2) c o n s i s t s of an a r r a y of 100 

r e c t a n g u l a r - c r o s s - s e c t i o n h e a t p i p e s , wh ich f o r m a c y l i n d r i c a l s h e l l s u r -

round ing the e l e c t r i c a l g e n e r a t o r . The g r o s s d i m e n s i o n s of the r a d i a t o r 

w e r e d i c t a t e d by t h e 3 9 . 5 - c m OD a s s u m e d for the c o n v e r t e r a r r a y and by 

the 510°C c o l d - j u n c t i o n t e m p e r a t u r e of the r e f e r e n c e t h e r m o c o u p l e s . F o r 

a 4% eff ic ient t h e r m o e l e c t r i c s y s t e m , the r a d i a t o r a s s e m b l y w a s s i z e d to 

r e j e c t 26.4 kWt at 500°C wi th an effect ive e m i s s i v i t y of 0 .85 . I t s o v e r a l l 

l eng th i s 113.5 c m . If t h e r e a c t o r w e r e e inp loyed w i th a 1-kWe, 11% effi-

c i en t t h e r m i o n i c p o w e r g e n e r a t o r a t 600°C c o l l e c t o r t e m p e r a t u r e , the h e a t -

p ipe r a d i a t o r could be d i s p e n s e d wi th s i n c e d i r e c t r a d i a t i o n cool ing of the 

c o l l e c t o r would be f e a s i b l e . 

One of the p r i n a a r y a d v a n t a g e s of a h e a t - p i p e r a d i a t o r , wh ich con-

s i s t s of an a g g r e g a t e of i ndependen t c e l l s , i s i t s r e l a t i v e i n v u l n e r a b i l i t y to 

m e t e o r d a m a g e . Th i s a d v a n t a g e i s p a r t i a l l y exp lo i t ed in the v a p o r - c h a m b e r 

fin^^ R a n k i n e - c y c l e r a d i a t o r , but even th i s a d v a n c e d - d e s i g n c o n c e p t r e q u i r e s 

s o m e m e t e o r a r m o r to p r o t e c t t h e l i q u i d - m e t a l p a s s a g e s f r o m a c a t a s t r o p h i c 

p u n c t u r e . The concep t p r e s e n t e d h e r e 

m a k e s full u s e of the " i n d e p e n d e n t -

ce l l " f e a t u r e in t h a t t he p u n c t u r e of 

any one h e a t p ipe r e d u c e s the c a p a c i t y 

of the r a d i a t o r by l e s s t h a n 1%. 

On the b a s i s of da ta in Ref. 30, 

F i g . 11 s h o w s , for s e v e r a l c and ida t e 

h e a t - p i p e m a t e r i a l s , t he p r o b a b l e i n -

c i d e n c e of m e t e o r p u n c t u r e s a s a 

funct ion of a r m o r t h i c k n e s s . The c o r -

r e l a t i o n p r e s e n t e d by Sumraers^^ w a s 
THICKNESS, i n . '^ ' 

u s e d to adap t t h e da ta of Ref. 30 to the 
m a t e r i a l s of i n t e r e s t for t h i s s tudy . 

Fig. 11. Frequency of Meteor Penetrations F i g u r e 11 i n d i c a t e s tha t the r e f e r e n c e 
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radia tor would encounter a me teor sufficiently large to produce a puncture 
approxiraately once in 2 yea r s if the heat pipes were constructed of 0.020-in.-
thick Inconel tubing. Meteor penetrat ion data a r e not yet so re l iable that in-
formation such as that presented in Fig. 11 can be accepted at face value, 
but since the re ference radia tor is overs ized by 10%, it may be argued that 
a reasonable ra te of at t r i t ion of the heat pipes can be to lera ted and that no 
meteor a r m o r is requi red for this sys tem. 

The configuration and operation of the radia tor heat pipes is some-
what unusual in seve ra l r e spec t s : F i r s t , the heat pipes a r e double-ended; 
that i s , heat is added in the centra l port ion of the pipe, and the axial vapor 
flow is in two d i rec t ions . Second, the t r a n s v e r s e flow of vapor and liquid 
within the pipe is considerably m o r e complex and less symmet r i c than for 
a c i r cu la r pipe. The vapor produced in the evaporator section on the inner 
radia l surface of the radia tor shell condenses on the outer radia l surface 
and flows back to the evaporator via an "upper" and "lower" rec tangular 
wick s t ruc tu re joined by a " la te ra l " wick (as shown in Fig. 1). A t r a n s v e r s e 
part i t ion, located at the point of zero axial velocity, divides each pipe into 
two sect ions, so that the complete radia tor shell consis ts of 200 independent 
ce l l s . 

No sat isfactory analytical descr ipt ion of this complicated flow pat-
te rn has been developed, nor was its development undertaken for the p r e s -
ent study. Rather , the bas ic heat-pipe theory of Ref. 29 was adapted to the 
sizing of the wick and vapor passages . 

The selection of an optimal fluid for the radia tor was less obvious 
than for the p r i m a r y heat p ipes . Lithium could not be considered, since it 
is not an effective heat-pipe fluid below 800-900°C because of i ts low vapor 
p r e s s u r e . The choice of fluids therefore lay among the " lower - t empera tu re" 
liquid me ta l s , such as sodium, potass ium, cesium, and rubidium (mercury 
was ruled out because of i ts questionable "wetting" p roper t i e s ) ; the h igher-
t empera tu re organic m a t e r i a l s , such as the family of diphenyls, c h a r a c t e r -
ized by Dowtherm; and the piolten sa l t s . A figure of m e r i t for heat-pipe 
fluids can be extracted from the relat ions p resen ted in Ref. 29 for the l imit -
ing hea t - t r ans fe r capacity of an optimized heat pipe operating with uniform 
power input and extract ion in a ze ro -g rav i ty environment. This figure of 
raer i t for the high rad ia l -Reynolds-number mode of operat ion is 

where 

£ = latent heat of vaporizat ion. 

PY = vapor density. 
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PI - liquid density, 

jÛ  = liquid viscosi ty, 

7 = surface tension. 

F igure 12 shows this figure of m e r i t as a fiinction of t empera tu re 
evera l of the liquid me ta l s , Dowtherm, and molten sulfur. Sodium, 

potass ium, rubidium, and cesium 
appear to be approximately competi-
tive with one another in the t e m p e r a -
tu re range of in te res t . On the bas i s 
of the f igure-of -mer i t curves alone, 
cesiuna would appear to be the optimal 
choice. However, its surface tension 
is re lat ively low; hence, i ts capi l lary-
pump cha rac t e r i s t i c s a r e not as good 
as those of potass ium. The selection 
of potass ium for the radia tor heat-pipe 
fluid was based on the fact that the p e r -
formance of this meta l has been verified 
in t e s t s at LASL, and that below about 
400°C, the slope of the f igure-of -mer i t 
curve for potass ium is less than that 
for sodium or the other liquid me ta l s , 
so that be t ter s tar tup per formance at 
low t e m p e r a t u r e s can be anticipated. 
Above 500°C, sodium is c lear ly supe-
r ior to the other liquid meta l s as a 

pipe fluid. These conclusions a r e supported by the resu l t s of heat-
exper iments conducted at LASL with potass ium and sodium. 
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Fig. 12. Figure of Merit for Heat-pipe Fluid 
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F o r the p r i m a r y h e a t p i p e s , it w a s p o s s i b l e to c o n t e m p l a t e g r o u n d 

o p e r a t i o n of the r e a c t o r hea t s o u r c e and h i g h - t e i n p e r a t u r e s h e l l in t h e 

" u p r i g h t " p o s i t i o n , b e c a u s e of the e x c e l l e n t wick ing p r o p e r t i e s of l i t h i u m . 

O p e r a t i n g t h e r a d i a t o r h e a t p i p e s in a v e r t i c a l o r i e n t a t i o n , h o w e v e r , i t 

would r e q u i r e a w i c k - p o r e s t r u c t u r e tha t could lift the p o t a s s i u m to a 

he igh t of 56.75 cna (half t he l eng th of the r a d i a t o r ) to e n s u r e tha t t he l ower 

half of the e v a p o r a t o r would b e w e t t e d . The w i c k - p o r e r a d i u s a s s o c i a t e d 

wi th th i s w ick ing he igh t i s about 0.04 m m . 

E v e n though t h i s e x t r e m e l y s m a l l p o r e r a d i u s can p r o b a b l y be a t -

t a i n e d in p r a c t i c e , a l a r g e w i c k c r o s s - s e c t i o n a l a r e a would be r e q u i r e d 

( a s s t iming a w i c k p o r o s i t y of 0.5) to m a i n t a i n t h e l i q u i d - p r e s s u r e d r o p w e l l 

be low t h e v a p o r p r e s s u r e ( approx inaa te ly 0.5 p s i at 500°C) and t h e r e b y en-

s u r e c a p i l l a r y pumping c a p a b i l i t y and o p e r a t i o n in t h e " h e a t - p i p e r e g i m e . " 

Th i s would r e s u l t in a l a r g e p ipe wi th a l a r g e c r o s s - s e c t i o n a l a s p e c t r a t i o . 
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On the p r e m i s e that the radia tor could be ground- tes ted in a horizontal at-
ti tude, the pore radius of 0.025 cm was sized to yield a wicking height of 
approximately 8 cm. This resul ted in a pipe having a 1.34- by 2-cm c ross 
section, so that ample marg in is allowed for capi l lary punaping in a 
hor izontal -a t t i tude ground tes t of the integrated sys tem. 

The heat-pipe wick and tube a r e fabricated from Inconel. This s e -
lection was based p r i m a r i l y on considerat ions of long- t e rm ma te r i a l s com-
patibili ty with potass ium, and secondari ly on the basis of the fact that Inconel 
is a reasonably good naaterial from the standpoint of naeteor penetrat ion (as 
shown in Fig . 11). The tube walls a r e 0.51 m m (20 mi ls ) thick. The upper 
and lower Inconel wicks a r e each 0.314 cm thick and a r e coupled with 
0.1 57-cm-th ick l a t e ra l wicks.. To min imize the pipe s ize and obtain the de-
s i red wicking height, a s c r e e n - m e s h wick was assumed for the radia tor 
heat p ipes . The sc reen mesh lends itself readily to the somewhat unusual 
configuration of the wick, and is a more effective capi l lary punap. M o r e -
over, the vapor- l iquid interact ion associa ted with the s tar tup of a channel 
wick is minimized. 

V. REACTOR OPTIMIZATION 

Although it would be p r e m a t u r e to a t tempt to optimize the complete 
sys tem in a study of l imited scope, a reasonable p re l imina ry design should 
consider localized optimization such as the rainimization of the r eac to r 
weight (core, core container, and ref lector) . Superimposed upon this con-
siderat ion a r e obvious const ra ints such as those assoc ia ted with m a t e r i a l 
t empera tu re l imits and the at tainment of such des i rab le features as power 
flattening, the ability to inc rease the design power level, and var ious a e s -
thetic aspects of a good design. 

If the 7/16-in. OD of the lithium heat pipes is regarded as a fixed 
core p a r a m e t e r , then one of the important var iables that control core c r i t i -
cality is the thickness of fuel surrounding each pipe. This is quantitatively 
represen ted by the distance a c r o s s flats ( D A F ) of the hexagonal P u P fuel 
element. F igure 13 shows the variat ion of fuel loading, core height, and 
maximum fuel t empera tu re with fuel-element size for a 5-cm BeO ref lector . 
Since the requi red fuel loading is approximately constant for 2.6 cm "^ 

DAF :£ 2.8 cm, the lower end of this range was chosen for the p re l imina ry 
design since it r esu l t s in a lower fuel t e m p e r a t u r e , a lower heat-pipe su r -
face heat flux, and correspondingly g rea t e r potential for power uprat ing. 
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V I . R A D I A L R E F L E C T O R 
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A r a d i a l r e f l e c t o r of b e r y l l i u m oxide i s i n c o r p o r a t e d in the r e a c t o r 

d e s i g n to naininaize fuel loading and t o t a l m a s s , f l a t t en t h e p o w e r d i s t r i b u -

t ion , and p r o v i d e sh i e ld ing for t h e t h e r m o e l e c t r i c v e r s i o n of the sys t ena . 

R a d i a l p o w e r f l a t t en ing i s of i m p o r t a n c e , s i n c e it e q u a l i z e s t h e t h e r m a l 

load on the h e a t p i p e s and t h e r e b y 

e n s u r e s a m o r e u n i f o r m t e m p e r a -

t u r e a long the c i r c u m f e r e n c e of the 

hot s h e l l . With r e g a r d to t h e s h i e l d -

ing c a p a c i t y of the r e f l e c t o r , the d o s e 

r a t e a t t he r e f l e c t o r o u t e r s u r f a c e i s 

not n e c e s s a r i l y r e d u c e d by t h e r e -

f l e c t o r s i n c e t h e c o r e p o w e r d e n s i t y 

i n c r e a s e s in i n v e r s e p r o p o r t i o n to 

the c o r e v o l u m e change a s s o c i a t e d 

wi th the r e f l e c t o r s a v i n g s (as m a y 

be s e e n in F i g . 14). Al though p o w e r 

peak ing can o c c u r n e a r the o u t e r 

edge of t h e c o r e , t h i s p r o b l e m i s 

avo ided if t h e r e f l e c t o r i s l e s s t han 

8 c m th ick (as shown in F i g . 15). 

4 8 

REFLECTOR THICKNESS, Cm 

12 

Fig. 14. Dose Rate vs Reflector Thickness 

W i t h i n t h e c o n s t r a i n t s i n a -

p o s e d b y t h e r e q u i r e m e n t s f o r n e u -

t r o n s h i e l d i n g a n d t h e n e c e s s i t y of 

p o w e r f l a t t e n i n g w i t h o u t f l ux p e a k i n g , 
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t h e r e f l e c t o r t h i c k n e s s w a s c h o s e n to m i n i -

m i z e r e a c t o r we igh t . The v a r i a t i o n s of 

r e a c t o r he igh t , m a s s , and ^^'Pu i n v e n t o r y 

wi th r e f l e c t o r t h i c k n e s s a r e shown in 

F i g . 16 for t h e a c t u a l c o r e con f igu ra t i on . 

S ince t h i s c o r e p l a n r e q u i r e s a BeO r e f l e c -

t o r t h i c k n e s s of at l e a s t 1.5 c m to a c h i e v e 

c r i t i c a l i t y , t h e we igh t c u r v e r i s e s s h a r p l y 

for t h i c k n e s s e s be low 4 c m . The m i n i m u m 

r e a c t o r we igh t c o r r e s p o n d s to a BeO r e -

f l e c t o r t h i c k n e s s of 5 cm, t h e c h o i c e for 

t h i s p r e l i m i n a r y d e s i g n . 

Fig. 15. Core-edge Power Peak vs Al though t h e s e p r o c e d u r e s have not 
Reflector Thickness p r o d u c e d a m i n i n a u m weigh t s y s t e m , the 

p r e d i c t e d u n s h i e l d e d we igh t of l e s s t h a n 

525 lb wi th a 4% eff ic ient , 1-kWe t h e r m o e l e c t r i c g e n e r a t o r i s i n d i c a t i v e of 

the p e r f o r m a n c e p o t e n t i a l of t h i s concep t . An obvious i m p r o v e m e n t would 

r e s u l t f r o m a c o m b i n e d c o r e (DAF), r e f l e c t o r , and p r i m a r y - h e a t - p i p e o p t i -

m i z a t i o n . F u r t h e r n a o r e , d e s i g n c h a n g e s s u c h a s t h e u s e of s m a l l e r h e a t 

p i p e s and a mod i f i ed h o t - s h e l l s t r u c t u r e 

would s ign i f i can t ly r e d u c e t h e spec i f i c 

we igh t , p a r t i c u l a r l y for a h i g h - p o w e r 

(5 -kWe) v e r s i o n . 

T h e above cojaiments a l s o app ly to § 

a t h e r m i o n i c v e r s i o n of t h i s s a m e s y s t e m , x . 

w h e r e the p e r f o r m a n c e i m p r o v e m e n t s x 

a s s o c i a t e d wi th opt inaiz ing the b a s i c 3: 

c o r e - r e f l e c t o r - p r i m a r y - h e a t - p i p e c o m - § 

b i n a t i o n would be even m o r e s ign i f i can t . • 

VII. N U C L E A R SHIELDING 

REACTOR MASS 
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Fig. 16. Core Mass vs Reflector Thickness 

A s shown in F i g . 1, p r o v i s i o n 

w a s m a d e for an uncoo led shadow s h i e ld 

b e t w e e n the c o r e and the t h e r m o e l e m e n t 

a r r a y . Th i s sh i e ld would be p i e r c e d by the p r i m a r y h e a t p i p e s , a s i n d i -

c a t e d in the f i g u r e . D e t a i l e d d e s i g n c a l c u l a t i o n s w e r e not p e r f o r m e d for 

t h i s sh ie ld ; h o w e v e r , s i n c e it would be exposed to t e m p e r a t u r e s of 500-

1200°C, a c o m p o s i t e of BeO and a heavy m e t a l a b s o r b e r s u c h a s t u n g s t e n 

would p r o b a b l y be m o s t a p p r o p r i a t e . 

The p o s s i b i l i t y of an u n s h i e l d e d t h e r m o e l e m e n t (or t h e r m i o n i c ) 

a r r a y w a s c o n s i d e r e d in view of the c o n s i d e r a b l e n u m b e r of u n m a n n e d 

m i s s i o n s for w h i c h a p o w e r supp ly of t h i s k ind m i g h t be c o n s i d e r e d . 



The d e t e r i o r a t i o n n o r m a l l y e n c o u n t e r e d in t h e r n a o e l e c t r i c m a t e r i a l s e x -

p o s e d to n u c l e a r r a d i a t i o n could be e x p e c t e d to be na in ima l for the 1200°C 

r e f e r e n c e t h e r m o c o u p l e s , s i n c e t h e y o p e r a t e at a t e m p e r a t u r e in e x c e s s 

of the a n n e a l i n g t e m p e r a t u r e of t h e t h e r n a o e l e m e n t m a t e r i a l . H o w e v e r , 

s i n c e the r e f e r e n c e t h e r m o c o u p l e s a r e a b o r o n - b a s e d s e g m e n t e d des ign , 

t h e r e i s a l s o a q u e s t i o n of d e t e r i o r a t i o n due to an n - a r e a c t i o n in the b o r o n 

The n - a c o n v e r s i o n would p r o b a b l y a c c o u n t for l e s s t h a n 0 .1% of the t h e r -

m o c o u p l e m a t e r i a l d u r i n g t h e 1 0 , 0 0 0 - h r m i s s i o n l i f e t i m e ; h o w e v e r , s i n c e 

no t e s t s h a v e b e e n p e r f o r m e d to ve r i fy the r a d i a t i o n t o l e r a n c e of the ref-

e r e n c e t h e r m o c o u p l e s , i t i s n e c e s s a r y to a s s u m e for the p u r p o s e s of t h e 

p r e s e n t s tudy tha t sh i e ld ing i s r e q u i r e d even for u n m a n n e d m i s s i o n s . 

VIIL C O N T R O L 

The a n a l y s i s of the c o n t r o l c h a r a c t e r i s t i c s of a r e a c t o r d e s i g n e d 

for u n a t t e n d e d o p e r a t i o n m a y c o n v e n i e n t l y be d iv ided into two p r o b l e m 

a r e a s : (1) c o n t r o l of the l a r g e r e a c t i v i t y v a r i a t i o n s in s t a r t u p and shu t -

down, and (2) c o m p e n s a t i o n for t h e s m a l l , g r a d u a l r e a c t i v i t y l o s s due to 

fuel b u r n u p . Both p rob l enas i nvo lve the e s t i m a t i o n of the t e m p e r a t u r e and 

p o w e r coe f f i c i en t s of r e a c t i v i t y , s i n c e t h e s e q u a n t i t i e s m u s t be n e g a t i v e to 

e n s u r e s t a b i l i t y and t h e r e b y a c h i e v e p a s s i v e c o n t r o l of t h e s y s t e m d u r i n g 

no rnaa l , s t e a d y - s t a t e o p e r a t i o n . 

A. R e a c t i v i t y Coef f i c ien t s 

A t e m p e r a t u r e i n c r e a s e af fec ts the s y s t e m g e o m e t r y in two d i r e c -

t i o n s . It p r o d u c e s a p r o m p t a x i a l r a d i a l d i s p l a c e m e n t of the fuel due to 

t h e r m a l e x p a n s i o n of the c o r e . None of the o t h e r m e c h a n i s m s for coupl ing 

t e m p e r a t u r e and r e a c t i v i t y , s u c h as D o p p l e r b r o a d e n i n g - v o i d f o r m a t i o n o r 

s p e c t r u n a h a r d e n i n g , a r e a p p l i c a b l e to t h i s s y s t e m . 

The a x i a l t e m p e r a t u r e coef f ic ien t (-6 x 10" / ° C ) w a s d e t e r m i n e d by 

expanding a 1 5 - c m h a l f - s l a b of h o m o g e n i z e d c o r e m a t e r i a l by a f a c t o r 

(l + ttp^pAT), w h e r e a p ^ p = t h e r m a l - e x p a n s i o n coef f ic ien t of P u P , and AT = 

f u e l - t e m p e r a t u r e c h a n g e , and d i lu t ing t h e f u e l - n u m b e r d e n s i t i e s by i t s r e -

c i p r o c a l . T h e r m a l e x p a n s i o n of the fuel and the c o r e s t r u c t u r e g o v e r n s the 

r a d i a l t e m p e r a t u r e coef f ic ien t , w h i c h w a s d e t e r n a i n e d to be - 3 . 5 x 1 0 ~ y ° C . 

The r a d i a l t e m p e r a t u r e coef f ic ien t w a s c a l c u l a t e d on t h e b a s i s of 

the a s s u m p t i o n tha t t h e a r r a y of fuel e l e m e n t s m a k i n g up the c o r e would 

u n d e r g o t h e s a m e a m o u n t of r a d i a l t h e r n a a l e x p a n s i o n t h a t would be a s s o -

c i a t e d wi th a so l id m a s s of fuel hav ing the sanae g e o m e t r y and t e m p e r a t u r e 

d i s t r i b u t i o n . T h i s s i t ua t i on w i l l p r e v a i l if t he fuel e l e m e n t s a r e m e c h a n i -

c a l l y "bund led" so t h a t t h e y r e m a i n in con t ac t w i th one a n o t h e r d u r i n g t h e 

h e a t u p p h a s e and o p e r a t i n g life of the c o r e . Th i s can be a c c o m p l i s h e d if 

t he o u t e r r i n g of fuel e lenaents i s r e s t r a i n e d by an a r r a n g e m e n t of leaf 

s p r i n g s . T h e s e s p r i n g s would be f a b r i c a t e d f r o m t u n g s t e n - r h e n i u m a l loy . 



which can maintain an adequate spring constant at core t e m p e r a t u r e s . 
Such spr ings were proposed for use in the SNAP sys tem. 

B. Startup 

Control of the reac tor over the large react ivi ty range associa ted 
with a t rans i t ion from cold shutdown to operating power requ i res a modifi-
cation of the sys tem geometry. In general , movable absorbing rods or 
vanes will not provide enough controllable worth, especial ly when sys tem 
weight mus t be minimized. 

F r o m the standpoint of weight, react ivi ty worth, and simplicity, 
the bes t s ta r tup control scheme involves motion of reflector segments . As 
derived from Fig. 17, the total worth of the ref lector is 22.1% Ak. Although 

the curve of differential ref lector 
worth supports the obvious conclu-
sion that a slab of BeO immediate ly 
adjacent to the core is worth m o r e 
than one at the outer edge of the 
ref lector , p rac t i ca l design consid-
erat ions requi re that the control 
segments include the full ref lector 
thickness (5 cm). F u r t h e r m o r e , 
the hexagonal nature of the heat-
pipe a r r a y and the location of the 
in ternal s t ruc tu ra l supports favor 
a 60° span for these segnaents. 
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Fig. 17. Reactivity vs Reflector Thickness ^ h e r e a c t i v i t y d e c r e m e n t 

f r o m c r i t i c a l i t y a t z e r o p o w e r to 

full p o w e r can be es t inaa ted by naul t ip lying the t e m p e r a t u r e coeff ic ient 

(4.1 x 1 0 ' y ° C ) by the r i s e f r o m the a m b i e n t (30°C) to the n o m i n a l o p e r a t -

ing t e m p e r a t u r e (1220°C). Assuna ing tha t a shutdown naa rg in of 6% Ak i s 

a d e q u a t e , the r e q u i r e d r e a c t i v i t y c o n t r o l i s 11 .1% Ak, wh ich c o r r e s p o n d s 

to t h r e e fu l l - l eng th ( 3 0 - c m ) , 60° r e f l e c t o r s e g m e n t s . 

The s y s t e m i s s t a r t e d up by s lowly i n s e r t i n g two of t h e t h r e e 60° 

r e f l e c t o r s e g m e n t s , e a c h of wh ich i s connec ted to a snaal l s t epp ing m o t o r 

(2 ° / s t ep ) t h r o u g h a s c r e w d r i v e (10 p i t ch ) . When fully i n s e r t e d , t h e s e two 

p i e c e s b r i n g the r e a c t o r c r i t i c a l a t an e q u i l i b r i u m t e m p e r a t u r e of about 

300°C. At t h i s t e n a p e r a t u r e , l i thiuna i s s t i l l f r o z e n in the hea t p i p e s ; h e a t 

t r a n s f e r f r o m the c o r e i s by p u r e conduc t ion ; and the r e a c t o r p o w e r i s 

t h e r e f o r e v e r y low. The t h i r d 60° s e g m e n t i s t h e n i n s e r t e d u n d e r the feed-

b a c k c o n t r o l of a t e m p e r a t u r e s e n s o r to b r i n g t h e r e a c t o r up to i t s n o m i n a l 

o p e r a t i n g t e m p e r a t u r e of 1200°C. 

The e n t i r e s t a r t u p p r o g r a m o c c u r s s lowly enough to p e r m i t u n i -

f o r m hea tup of the s y s t e m , which p a s s e s t h r o u g h a s e r i e s of q u a s i -

e q u i l i b r i u m c r i t i c a l i t y - t e m p e r a t u r e s t a t e s d u r i n g the s t a r t s e q u e n c e . 
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The d e s i r e d h e a t u p r a t e is e a s i l y a t t a i n e d by p r e s e t t i n g the f r e q u e n c y of the 

p u l s e s t h a t a c t i v a t e t h e s t epp ing m o t o r s . 

With the s y s t e m s t a b i l i z e d a t i t s o p e r a t i n g t e m p e r a t u r e and p o w e r 

l eve l , the s t a r t u p c o n t r o l l e r i s p e r m a n e n t l y d e a c t i v a t e d , and the s t e a d y -

s t a t e o p e r a t i n g condi t ion i s m a i n t a i n e d by m e a n s of t o t a l l y p a s s i v e 

t e m p e r a t u r e - c o e f f i c i e n t c o n t r o l . 

F o r the r e f e r e n c e d e s i g n , t he b u r n u p of 13.2 g of ^^'^Pu o r 2.19 cc 

of the h o m o g e n i z e d c o r e m a t e r i a l c o r r e s p o n d s to 2.5 x 10^ k W - h r . Th i s 

b u r n u p , l e s s t han 0.05%, wi l l have no effect on fuel p r o p e r t i e s . The r e a c -

t iv i ty d e c r e m e n t c o r r e s p o n d i n g to t h i s fuel l o s s i s 2.67 x 10~* Ak, Th i s 

can be c o m p e n s a t e d for by a d r o p in the c o r e t e m p e r a t u r e of 6.5°C. F u e l 

t e n a p e r a t u r e p e r m i t t i n g , if t he m a x i m u m a l l o w a b l e AT d u r i n g a 10*-hr 

m i s s i o n life w e r e -50°C, t h e m a x i m u m r e a c t o r p o w e r could be 192 kWt. 

IX. CONCLUSIONS 

The p o w e r - s u p p l y concep t p r e s e n t e d in t h i s r e p o r t i s t h e r e s u l t of a 

m a t i n g of t h r e e c o m p a t i b l e p r o d u c t s of c u r r e n t t echno logy : ( l ) t he conapact , 

h i g h - p o w e r - d e n s i t y fas t r e a c t o r , (2) an a d v a n c e d h i g h - t e m p e r a t u r e fuels 

t e chno logy , and (3) the l i q u i d - n a e t a l h e a t p i p e . The r e a c t o r s y s t e m d e s c r i b e d 

h e r e w a s con f igu red a s a s p a c e p o w e r supp ly on the b a s i s of p r o j e c t e d s p a c e 

p o w e r r e q u i r e m e n t s of the 1 9 7 9 ' s , s i n c e i t a p p e a r s to f i l l a n e e d for a r e -

l i a b l e , unconap l ica ted , h i g h - t e m p e r a t u r e h e a t s o u r c e tha t can m a t c h r e c e n t 

a d v a n c e s in t h e r m o e l e c t r i c and t h e r m i o n i c c o n v e r t e r t e c h n o l o g y . 

S ince t h e 1-kWe s y s t e m d e s c r i b e d h e r e w a s con f igu red a s an a l l -

p u r p o s e , 1 -10-kWe g e n e r a t o r , w i th g r o w t h p o t e n t i a l a s a m a j o r d e s i g n goa l , 

i t can h a r d l y be r e g a r d e d a s o p t i m a l for a g iven p o w e r l e v e l o r m i s s i o n . 

R a t h e r , i t w a s i n t e n d e d to s e r v e as a v e h i c l e to e x p l o r e the f e a s i b i l i t y of a 

concep t t h r o u g h the naed ium of a point d e s i g n . The o p t i m i z a t i o n of t h e s y s -

t e m for a g iven p o w e r l e v e l , m i s s i o n , o r t ype of c o n v e r t e r would invo lve 

s o m e c h a n g e s of the r e f e r e n c e d e s i g n . F o r e x a m p l e , u n d e r s e a and t e r r e s -

t r i a l v e r s i o n s of t h e s y s t e m would be t a i l o r e d to o t h e r m e a n s of hea t r e j e c -

t ion t h a n t h e r m a l r a d i a t i o n . 

We b e l i e v e t h a t t h i s p a s s i v e l y c o n t r o l l e d , c o m p a c t , f a s t - r e a c t o r con -

cep t , c o m b i n e d wi th the un ique a d v a n t a g e s of a h e a t - p i p e p o w e r t r a n s f e r and 

h e a t - r e j e c t i o n schenae , r e p r e s e n t s an i n t e r e s t i n g c h a l l e n g e to i s o t o p e s in the 

l o w - t o - m e d i u m p o w e r r a n g e w h e r e t hey have thus fa r en joyed v i r t u a l l y u n -

c o n t e s t e d s u p r e m a c y . 
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