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I I . STUDY INTRODUCTION 

T h e U . S . A t o m i c E n e r g y C o m m i s s i o n u n d e r t o o k the f i r s t p r o g r a m to deve lop 

n u c l e a r r e a c t o r e l e c t r i c a l p o w e r s u p p l i e s for u s e in s p a c e c r a f t in J a n u a r y 1957, 

T h r e e w e e k s fol lowing the USSR l a u n c h of Sputnik I in O c t o b e r 1957, the f i r s t 

r e a c t o r c r i t i c a l a s s e m b l y in t h i s s p a c e p o w e r p r o g r a m b e g a n o p e r a t i o n . In the 

nex t s e v e n y e a r s , t h e SNAP P r o g r a m p r o d u c e d a new t e c h n o l o g y of u r a n i u m -

z i r c o n i u m h y d r i d e fue led c o m p a c t r e a c t o r s , t h e r m o e l e c t r i c and m e r c u r y R a n k i n e 

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

c o n t r o l l e r s , e t c . , fo r s p a c e c r a f t n u c l e a r e l e c t r i c p o w e r . T e s t f l ight of a low 

p o w e r SNAP lOA un i t in e a r l y 1965 h a s d e m o n s t r a t e d m a j o r p o r t i o n s of t h i s 

t e c h n o l o g y . 

S ince O c t o b e r 1957, t h e Un i t ed S t a t e s s p a c e p r o g r a m h a s b e e n s t r o n g l y o r i ­

en ted t o w a r d m a n n e d and u n m a n n e d e x p e r i m e n t s in s p a c e c h a r a c t e r i z e d by low 

l e v e l e l e c t r i c a l p o w e r r e q u i r e m e n t s . W h e r e v e r p o s s i b l e , r e l i a b i l i t y for such 

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

New g o a l s for t h e s p a c e p r o g r a m a r e c u r r e n t l y deve lop ing ; the u n m a n n e d o p e r ­

a t i o n a l s a t e l l i t e s d e s i g n e d fo r t h e sc i en t i f i c u t i l i z a t i o n of s p a c e , and the p o s t -

Apol lo m a n n e d o r m u l t i - m a n n e d s p a c e c r a f t for l o n g e r - t e r m e x p l o r a t i o n of m a n ' s 

r o l e in s p a c e . T h e s e new g o a l s r e q u i r e e l e c t r i c a l p o w e r in t h e m u l t i - k i l o w a t t 

r a n g e . I n i t i a l i n v e s t i g a t i o n s by g o v e r n m e n t and i n d u s t r y show tha t t he t i m e l y 

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

s p a c e c r a f t u t i l i t y and c a p a b i l i t y for such m i s s i o n s . T h i s t e chno logy m a k e s p o s ­

s ib l e m a n n e d and u n m a n n e d s p a c e a c t i v i t i e s not o t h e r w i s e a c h i e v a b l e . 

D e v e l o p e r s of n u c l e a r r e a c t o r s p a c e p o w e r t e chno logy naust , t h e r e f o r e , a c ­

qua in t s p a c e p r o g r a m p l a n n e r s wi th the q u a l i t i e s and c a p a b i l i t i e s of n u c l e a r 

s y s t e m s . Such i n f o r m a t i o n m u s t b e in suf f ic ient d e t a i l to p r o v i d e a f i r m b a s i s 

for R & D p lann ing by d e v e l o p m e n t a g e n c i e s . The da ta m u s t e s t a b l i s h p e r f o r m a n c e 

and r e l i a b i l i t y s p e c i f i c a t i o n s . 

T h i s r e p o r t p r o v i d e s a b a s i c d o c u m e n t w h i c h c o m p i l e s n u c l e a r r e a c t o r s p a c e 

p o w e r s y s t e m c a p a b i l i t i e s . T h e r e p o r t d e t a i l s t he d e v e l o p m e n t s t a t u s of e a c h 

c o m p o n e n t (Sec t ion III — R e a c t o r s ; Sec t ion IV — Shie ld ing ; and Sec t ion V — P o w e r 

C o n v e r s i o n S y s t e m s ) and e x a m i n e s the p e r f o r m a n c e of c o m p l e t e s y s t e m s and 

t h e i r v a r i a t i o n s (Sec t ion VI). 
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The SNAP r e a c t o r s cur ren t ly in development and their future var ia t ions a r e 

descr ibed in a fashion which emphasizes a consis tent view of the t empera tu re 

and lifetime capabil i t ies of u ran ium-z i r con ium hydride fuel. It will be seen that 

only foreseeable per formance is used in proposed r e a c t o r s and no p rocess or 

device requir ing technical "breakthroughs" is defined. This emphasis on con­

sis tent per formance specifications and available technological s tatus is a funda­

menta l aim in the ent i re r epor t . Fo r example, weights of components and 

s t r u c t u r e s , pump per formance , emiss ivi ty values , t he rmoe lec t r i c and dynamic 

power convers ion efficiency, etc, , a r e extrapolated from tes t data where p o s s i ­

ble and common values used for all sys tems descr ibed . 

Beginning with SNAP Reac to r s (Section III), component modifications for 

manned vs unmanned spacecraf t a r e identified. In Shielding (Section IV), un i ­

form shielding analysis c r i t e r i a a r e establ ished, and the influence of sys tem 

var ia t ions on shield design is analyzed, both in p a r a m e t r i c form and through 

specific design examples . In SNAP Power Conversion Systems (Section V), the 

separat ion of manned vs unmanned sys tems is continued with inclusion of r e l i a ­

bil i ty, maintainabil i ty, r e s t a r t , redundancy, etc, , specifications. These spec i ­

fications a r e then uniformly applied in the remaining sections on complete power 

sys t ems . 

NAA-SR-11685, Vol 2 
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Ill, SNAP REACTORS 

Zircon ium-uran ium alloy hydride reac to r development during the past seven 

yea r s has been highlighted by the successful operat ion of th ree exper imenta l 

r e a c t o r s . The SNAP Exper imenta l Reactor (SER) achieved cr i t ica l i ty in Sep­

t ember 1959, the SNAP 2 Developmental Reactor (S2DR) in April 1961, and the 

SNAP 8 Exper imenta l Reactor (S8ER) in May 1963, F igure I I I - l highlights the 

experience with these r e a c t o r s , and with the SNAP lOA flight sys tem. The op­

erat ion of these r e a c t o r s at design power levels and t e m p e r a t u r e s for extended 

per iods of t ime was preceded by a major z i rconium-hydr ide fuel and b a r r i e r 

development p r o g r a m . 

This base of technology has lead to a s e r i e s of r eac to r s w^hich a r e cu r ren t ly 

in varying stages of design, fabricat ion, development, and qualification. For 

purposes of de termining the development s tatus of these r e a c t o r s , they can be 

ca tegor ized as follows: 

P r e sen t Capability (ZrH r eac to r s cur ren t ly being developed) 

1) SNAP lOA (flight tes ted) 

2) In te r im SNAP lOA/2 ("shelf" design, available for ground sys tem 

test ing and /o r qualification) 

3) SNAP 8 (being made available for ground test ing and qualification) 

In ter im Development (ZrH r eac to r s which could be assembled from avai l ­

able technology and used in development and subsequent qualification of 

mi s s ion -o r i en t ed sys tems with min imum development cost and t ime) 

1) SNAP lOA/2 Upgraded 

2) SNAP lOB Basic 

3) SNAP 8 Manrated 

4) SNAP 8 Upgraded 

Future Development (ZrH reac to r s which push existing technology toward 

i ts l imi ts and which may requi re substant ia l new development p r o g r a m s ) 

1) SNAP lOB Advanced 

2) Advanced ZrH. 

NAA-SR-11685, Vol 2 
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7562-5206CN 7 5 6 8 - 5 6 1 i 0 C N 

CRITICAL 

SHUTDOWN 

THERMAL POWER (kw) 

THERMAL ENERGY (kw-hr) 

ELECTRIC POWER (watts) 

ELECTRIC ENERGY (kw-hr) 

TIME AT POWER AND 

TEMPERATURE 

SNAP 
EXPERIMENTAL 

REACTOR 
(SER) 

SEPTEMBER 1959 

DECEMBER 1960 

50 

225,000 

-

-
1800 hr AT 1200''F 

3500 hr ABOVE 900OF 

SNAP 
DEVELOPMENTAL 

REACTOR 
(SDR) 

APRIL 1961 

DECEMBER 1962 

65 

273,000 

-

-

2800 hr AT 1200<'F 

7700 hr ABOVE 900°F 

SNAPS 
EXPERIMENTAL 

REACTOR 
(S8ER) 

MAY 1963 

APRIL 1965 

600 

5,100,000 

-

-

1 yr AT UOOOP 

400 TO 600 kwt 

SNAP lOA 
FLIGHT SYSTEM 

GROUND TEST 
(FS-3) 

JANUARY 1965 

OPERATING 

38 

230,000* 

400 

2534* 

257 days* 

FLIGHT TEST 
(FS-4) 

APRIL 1965 

MAY 1965 

43 

41,000 

560 

574 

43 days 

*AS OF OCTOBER 6, 1965 

10-18-65C 7569-€2262 

Figure l l l - l . Operating Highlights 



I I I , 

..iir 

While only the f i r s t t h r e e i t e m s l i s t e d above a c t u a l l y c o n s t i t u t e f i r m r e a c t o r 

d e s i g n s , a l l n ine m a y b e e m b o d i e d in d e s i g n e x a m p l e s for p u r p o s e s of c o m p a r i ­

son and e v a l u a t i o n . T h i s h a s b e e n done in the fol lowing s e c t i o n s . In m o s t c a s e s , 

t he d e s i g n s p r e s e n t e d w e r e d i c t a t e d by l o g i c a l p r o g r e s s i o n r e q u i r e m e n t s b a s e d 

on ex i s t i ng h a r d w a r e . In the m o r e a d v a n c e d c a s e s , h o w e v e r , no tab ly SNAP lOB 

A d v a n c e d and A d v a n c e d Z r H , t h e d e s i g n po in t s p r e s e n t e d should b e c o n s i d e r e d 

t e n t a t i v e r a t h e r t han o p t i m u m . While b a s e d l a r g e l y on l o g i c a l p r o g r e s s i o n r e ­

q u i r e m e n t s , t h e s e l e c t e d d e s i g n po in t s c o n t a i n an e l e m e n t of e n g i n e e r i n g j u d g ­

m e n t s i n c e t h e y a r e b a s e d on c a l c u l a t i o n s of a p r e l i m i n a r y n a t u r e . 

T h e p r i n c i p a l d e s i g n f e a t u r e s of t h e s e n ine r e a c t o r s , i nc lud ing four v a r i a t i o n s 

of the SNAP lOB A d v a n c e d , a r e s u m m a r i z e d f o r e a s y c o m p a r i s o n in T a b l e I I I - l , 

A breakdowfn of r e a c t o r we igh t s i s g iven in T a b l e 111-2. In the c a s e of a d v a n c e d 

r e a c t o r s ( i . e . , lOB A d v a n c e d , U p g r a d e d 8, and A d v a n c e d Z i r c o n i u m Hydr ide ) 

no f i r m p h y s i c a l d e s i g n p r e s e n t l y e x i s t s . We igh t s g iven a r e e s t i m a t e s b a s e d on 

d i m e n s i o n a l s c a l i n g of w e i g h t s for p r e s e n t l y e s t a b l i s h e d c o r e s , c o m p o n e n t s , e t c . 

A r r a n g e d in o r d e r of a s c e n d i n g p o w e r c a p a b i l i t i e s , t h e p u r p o s e of t h e f o l l o w ­

ing s e c t i o n s i s to d e s c r i b e the r a n g e of o p e r a t i n g p a r a m e t e r s a p p r o p r i a t e to e a c h 

r e a c t o r , and to i n d i c a t e t h e r a t i o n a l e and p u r p o s e of e a c h c o n c e p t in p r o v i d i n g a 

con t inuous s p e c t r u m of r e a c t o r c a p a b i l i t i e s to p o w e r l e v e l s of s e v e r a l t h e r m a l 

megaw^at ts . I n s o f a r a s i s p r a c t i c a l , d i s c u s s i o n in t h i s s e c t i o n wi l l b e r e s t r i c t e d 

to the r e a c t o r p r o p e r , inc lud ing r e f l e c t o r a s s e m b l i e s , c o n t r o l d r i v e m e c h a n i s m s , 

and o t h e r e l e m e n t s d i r e c t l y a s s o c i a t e d wi th t h e r e a c t o r , 

A. S N A P lOA 

1. D e s c r i p t i o n 

The SNAP 1 OA r e a c t o r i s d e s i g n e d to p r o d u c e 39.5 kwt for 1 y r in o r b i t . F i g ­

u r e I I I -2 shows the i m p o r t a n t c o m p o n e n t s of SNAP lOA. T h e r e a c t o r c o r e 

i s fueled by 37 u r a n i u m - z i r c o n i u m a l loy fuel e l e m e n t s which a r e c l ad in H a s t e l -
22 

loy N . The z i r c o n i u m i s h y d r i d e d to an N ^ of 6.35 (6.35 x 10 a t o m s H 
3 p e r c m ) and thus the fuel e l e m e n t s a l s o c o n t a i n the m o d e r a t o r . T h e u r a n i u m 

i s fully e n r i c h e d and c o m p r i s e s 10% by we igh t of the fuel . T h e fuel e l e m e n t s 

a r e 1.25 in, in d i a m e t e r (OD of c lad) wi th an a c t i v e fuel l eng th of 12.25 in. T h e 

c l add ing i s 15 m i l s t h i c k and i s c o a t e d on the i n s i d e wi th a 3 - m i l c e r a m i c b a r r i e r 

to r e d u c e h y d r o g e n l e a k a g e . T h e coa t ing c o n t a i n s a s m a l l quan t i t y (8 m g p e r in . 
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TABLE m - 1 

SNAP REACTORS - NOMINAL DESIGN CONDITIONS 

2 
> > 
I 

00 

< 
O 
1—' 

Power Level (kwt)'' 

Outlet T e m p e r a t u r e (°F)* 

Coolant T e m p e r a t u r e Rise (°F) 

Number of Elements 

Element OD (in.) 

Maximum F u e l T e m p e r a t u r e (°F) 

P repo i son Loading ($) 

B a r r i e r Mate r ia l 

C o r e Length (in.) 

C o r e ID (in.) 

Reflector Thickness , Nominal (in.) 

Shielded Diamete r , Shoulder (in.) 

Shoulder Height, Above Shield (in.) 

Control Method 

Control led Reflector E lements 

Reac to r -Ref l ec to r Weight (lb)** 

Nominal Lifet ime 

NaK F lowra te (Ib/hr) 

NaK A P (psi) 

F u e l Power Density (kwt/in. fuel) 

N^ (10^^ a toms H/cm^) 

Burnup, Peak (metal at. %) 

Rel iabi l i ty Goal (nuclear system) 

SNAP lOA 

39.5 

980 

125 

37 

1.25 

1,080 

1.60 

Solaramic 

12.25 

8.875 

2.0 

18.0 

14.75 

Static 

2 

282 

l y r 

4,920 

0.17 

0.08 

6.35 

0.02 

0.897 

In te r im 
lOA/2 

100 

1,200 

200 

37 

1.25 

1,340 

2.10 

Solaramic 

12.25 

8.875 

2.625 

18.41" 

14.75 

Active 

2 

299 

l y r 

8,125 

0.67 

0.19 

6.3 

0.06 

0.946 

Upgraded 
lOA/2 

100 

1,300 

100 

37 

1.25 

1,490 

4.25 

S C B 

12.25 

8.875 

3.25 

19.3§ 

14.75 

Static 

2 or 4 

334 

l y r 

16,250 

2.7 

0.19 

6.3 

0.06 

>0.95 

SNAP lOB 
Basic 

100 

1,300 

100 

37 

1.25 

1,490 

4.25 

S C B 

12.25 

8.875 

3.25 

14.6 

17.75 

Static 

1 

339 

l y r 

16,250 

2.7 

0.19 

6.3 

0.06 

>0.95 

SNAP lOB 

Getter 

High-P 

325 

1,300 

200 

85 

0.855 

1,590 

2.30 

SCB 

13.8 

8.875 

3.0 

14.6 

18.9 

Static 

1 

388 

l y r 

26,400 

0.95 

0.54 

6.3 

0.17 

>0.98 

L o w - P 

100 

1,300 

100 

55 

1.06 

1,440 

1.25 

SCB 

13.6 

8.875 

2.0 

12.6 

18.0 

Static 

1 

337 

l y r 

16,250 

0.4 

0.17 

6.3 

0.05 

>0.98 

Advanc 5d 

T C A 

High-P 

3 2 5 

1,300 

200 

85 

0.855 

1,590 

4.20 

S C B 

13.8 

8.875 

3.0 

14.6 

18.9 

s ta t ic 

1 

4 1 3 

l y r 

26,400 

0.95 

0.52 

6 .3 

0.17 

>0.98 

Low-P 

100 

1,300 

100 

55 

1.06 

1,440 

1.90 

SCB 

13.6 

8.875 

2.0 

12.6 

18.0 

Static 

1 

362 

l y r 

16,250 

0.4 

0.16 

6.3 

0.05 

>0.98 

SNAP 8 
Reference 

Design 

600 

1,300 

200 

211 

0.560 

1,520 

3.00 

SCB 

16.825 

9.214 

3.0 

27.6 

22.0 

Active 

3 

600 

10^ hr 

48,800 

4.8 

0.765 

6.05 

0.28 

0.97 

SNAP 8 
Manrated 

600 

1,300 

200 

211 

0.560 

1,520 

3.00 

S C B 

16.825 

9.214 

3.0 

19.0 

23.5 

Active 

7 

600 

10^ hr 

48,800 

4 .8 

0.765 

6.05 

0.28 

>0.99 

SNAP 8 
Upgraded 

1,200 

1,300 

200 

241 

0.560 

1,485 

3.00 

SCB 

24.0 

9.7 

3.0 

21.0 

30.0 

Active 

7 

975 

10^ hr 

97,600 

7 

0.940 

6.10 

0.35 

>0.97 

Advanced 
Zirconium 

Hydride 
Reactor 

3,000 

1,300 

200 

583 

0.428 

1,565 

3.00 

S C B 

27.0 

12 

3.0 

24.0 

33.0 

Active 

8 

2,000 

10^ hr 

224,000 

10 

1.51 

6.10 

0.66 

>0.97 

•Nominal, end-of-life 
t21.5 in. maximum for manned systems; assumes drum position at first sensible heat 
§23.0 in, maximum for manned systems; assumes drum position at first sensible heat 

**Includes weight of piping and NaK to base of shield 



TABLE m - 2 

SNAP REACTOR WEIGHT BREAKDOWNS 

lOA 

I - lOA/2 

U - lOA/2 

lOB Basic 

lOB Advanced 

Hi-P getter 

Lo-P getter 

Hi-P T C A 

Lo-P T C A 

8 R D 

8 M 

8 U 

A Z H 

Fuel 
Element 

125 

125 

125 

125 

142 

140 

142 

140 

194 

194 

315 

505 

Core 
Vessel 
and 

Structure 

38 

38 

38 

38 

52 

41 

52 

41 

77 

80 

130 

225 

Reflector 
and 

Structure 

73 

88 

123 

128 

115 

78 

115 

78 

172 

165 

270 

420 

Drive 
Mechanism 

15 

15 

15 

15 

20 

20 

20 

20 

62 

90 

100 

125 

Piping 

6 

8 

8 

8 

18 

18 

18 

18 

10 

10 

15 

20 

* 
NaK 

10 

10 

10 

10 

25 

25 

25 

25 

29 

28 

40 

50 

Wiring 
and 
Sens 

10 

10 

10 

10 

11 

10 

11 

10 

20 

20 

25 

30 

Misc 
and 
Cont 

5 

5 

5 

5 

5 

5 

30 

30 

36 

13 

80 

525 

Total 
(lb) 

282 

299 

334 

339 

388 

337 

413 

362 

600 

600 

975 

2000 

•Includes weight of reactor loop piping and NaK to base of shield. Does not include PCS components 
(e.g. , heat exchangers, expansion compensator) which may be mounted above base of shield. 

of element length) of s amar ium oxide which se rves as a burnable poison to p r o ­

vide react ivi ty control . The fuel m a t e r i a l itself is 1.21 in. in d iameter , which 

leaves a nominal 2-mi l rad ia l gap between the b a r r i e r and the cladding in the 

cold condition. In operat ion, this gap is filled with hydrogen gas which promotes 

heat t r ans fe r . 

The reac to r coolant is NaK, a liquid meta l alloy of sodium and potass ium. 

The alloy employed is the eutectic mix ture of 22% sodium and 78% potass ium by 

weight. The NaK is pumped through the sys tem by an e lectromagnet ic pump 

which contains no moving p a r t s . 

The fuel e lements a r e positioned in the core on a 1,26-in, c e n t e r - t o - c e n t e r 

t r iangular spacing by an upper and lower grid plate fabricated from 316 s ta in less 

NAA-SR-11685, Vol 2 
13 



CQ]>irriDENTIAIj 

.- T 

PUMP 

REFLECTOR 
HALF 

7 - 2 7 - 6 4 7623-0019C 

F i g u r e I I I - 2 . E x p l o d e d View of SNAP lOA N u c l e a r S y s t e m 
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s t e e l . T h e u p p e r p l a t e i s a s i n g l e p i e c e of m a t e r i a l 0.125 in . t h i ck . The l o w e r 

p l a t e is 0,500 in . t h i c k and c o n s i s t s of a b r a z e d a s s e m b l y of an 0 . 0 6 0 - i n . - t h i c k 

baff le p l a t e and an 0 . 0 6 0 - i n . - t h i c k o r i f i c e p l a t e wi th s p a c e r s b e t w e e n t h e m . 

T h e r e a c t o r v e s s e l h o u s e s t h e g r i d p l a t e s and fuel b u n d l e and p r o v i d e s c o n ­

t a i n m e n t for t h e NaK. T h e v e s s e l i s e s s e n t i a l l y a r i g h t c i r c u l a r c y l i n d e r wi th 

an i n s i d e d i a m e t e r of 8.875 in . and an o v e r a l l l eng th of a p p r o x i m a t e l y 16 in . It 

i s c l o s e d on t h e b o t t o m by an i n v e r t e d d i s h e d h e a d and on t h e top by a c o n i c a l 

h e a d . The v e s s e l i s f a b r i c a t e d f r o m 316 s t a i n l e s s s t e e l . Wal l t h i c k n e s s e s v a r y 

f r o m 0.032 in . in the c o r e r e g i o n to 0.125 in . in a r e a s to w h i c h a t t a c h m e n t s a r e 

we lded . Two d i a m e t r i c a l l y o p p o s e d i n l e t n o z z l e s a r e p r o v i d e d in the s ide of t h e 

bo t to ra of t h e v e s s e l and one o u t l e t t h r o u g h the c e n t e r of the top h e a d . T o t a l 

we igh t of t h e r e a c t o r c o r e and v e s s e l a s s e m b l y i s 163 l b . 

T h e r e a c t o r i s r e f l e c t e d by a b e r y l l i u m s l e e v e , a p p r o x i m a t e l y 2 in . t h i ck , 

wh ich s u r r o u n d s the r e a c t o r v e s s e l . The i n s i d e of t h i s s l e e v e i s c y l i n d r i c a l , 

wh i l e the o u t s i d e i s bounded by p l a n e s u r f a c e s a p p r o x i m a t i n g a c y l i n d e r . In 

add i t ion , s i x b e r y l l i u m i n t e r n a l r e f l e c t o r p i e c e s a r e p o s i t i o n e d i n s i d e t h e r e a c ­

t o r v e s s e l a r o u n d i t s c i r c u m f e r e n c e and b e t w e e n the g r i d p l a t e s . The p i e c e s 

a r e he ld in p l a c e by p ins in t h e g r i d p l a t e s v/hich m a t e w^ith h o l e s in the r e f l e c ­

t o r s . The r e f l e c t o r p i e c e s a r e 12.455 in . in l eng th and a r e s h a p e d to fit fuel 

e l e m e n t and r e a c t o r v e s s e l w a l l c o n t o u r s . T h e i n t e r n a l r e f l e c t o r s h a v e no 

m a j o r s t r u c t u r a l func t ion . 

T h e r e a r e four s e m i c y l i n d r i c a l c a v i t i e s , s p a c e d at 90° i n t e r v a l s in the e x t e r ­

n a l s u r f a c e of t h e r e f l e c t o r s l e e v e , wh ich a r e u t i l i z e d for c o n t r o l p u r p o s e s . 

R e a c t o r c o n t r o l i s p r o v i d e d by four c y l i n d r i c a l s e g m e n t b e r y l l i u m d r u m s . The 

d r u m s a r e r o t a t e d in to the s e m i c y l i n d r i c a l c a v i t i e s in t h e r e f l e c t o r b l o c k to v a r y 

n e u t r o n l e a k a g e f r o m t h e c o r e . D r u m m o v e m e n t i s a c t u a t e d by c o n t r o l m o t o r s 

l o c a t e d on top of t h e r e f l e c t o r b l o c k . In t h e fu l l - i n p o s i t i o n , t he d r u m s a r e r o ­

t a t e d in to t h e r e f l e c t o r b l o c k c a v i t i e s and c o m p l e t e t h e r e f l e c t i n g s l e e v e . In t h e 

fu l l -ou t p o s i t i o n they a r e r o t a t e d 135° f r o m t h e f u l l - i n p o s i t i o n , l eav ing a c a v i t y 

in the s l e e v e . With t h e c o n t r o l d r u m s in t h e fu l l - ou t p o s i t i o n , t he r e a c t o r i s 

a d j u s t e d to b e $5.60 s u b c r i t i c a l at r o o m t e m p e r a t u r e . T h e d r u m s a r e cu t f r o m 

a c y l i n d e r of 3 - l / 2 - i n , r a d i u s . The b a r e ( u n s h i m m e d ) d r u m s e g m e n t h a s a 

m a x i m u m t h i c k n e s s of 1.875 in . E a c h d r u m m a y b e i n c r e a s e d in t h i c k n e s s wi th 
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as many as five 1/8-in.- thick shims which a r e attached to the back or flat side of 

the drum. The length of the d rums is 10.875 in. 

The control and ref lector assennbly is mounted on the reac to r in two halves . 

Each half is supported on two hinges located at the lower end of the assembly . 

The halves a r e rotated into position on the hinges until stops located near the top 

of the r eac to r a r e contacted. The complete assembly is then held in position by 

a retaining band around the upper end of the ref lector ha lves . Total weight of 

the re f l ec to r -con t ro l assembly is 103 lb. 

The reac to r is s ta r ted up in orbi t and control led automatical ly during the in i ­

t ial power stabil ization period. Two s tar tup d rums a r e spr ing- loaded. This 

adds $4.30 of react iv i ty . Fifty seconds la te r , the two fine control d rums take 

their f i r s t s tep . They then move a hal f -degree step each 150 sec until r eac to r 

operating t e m p e r a t u r e is reached. Approximately 7 hr is requ i red a l te r s tar tup 

before cr i t ica l i ty is reached, and approximately 2 hr m o r e before operating t e m ­

pe ra tu re is reached. Active power control is then maintained by moving the con­

t ro l d rums whenever the NaK outlet t e m p e r a t u r e drops below 1010°F. Two 

t empe ra tu r e sensor s a r e located in the NaK outlet l ine, and by means of a switch 

and control ler in the ins t rument compar tment , control the operat ion of the d r u m s . 

When the outlet t e m p e r a t u r e drops below the set point, the fine control d rums 

will take another step inward. This continues until react ivi ty t r ans ien t s a r e 

completed (approximately 72 hr after the s tar tup command), at which t ime the 

control sys tem may be commanded "off." 

F o r the remainder of r eac to r operat ion, power and t e m p e r a t u r e a r e control led 

by means of a balance between react ivi ty addition by burnout of the s a m a r i u m 

oxide prepoison and react ivi ty reduction due to fission product buildup, fuel de ­

pletion, and hydrogen los s . During the s tar tup t rans ien t , power and t e m p e r a ­

tu re s inc rease rapidly over a period of a few minutes . The resul t ing peak t e m ­

pe ra tu re s and s t r e s s e s , however, a r e well within the sys tem m a t e r i a l s t rength 

capabi l i t ies , 

2. Nominal Design Conditions 

Table III-3 s u m m a r i z e s the nominal design conditions. 



TABLE III-3 

SNAP lOA DESIGN CHARACTERISTICS 

P o w e r L e v e l , E n d - o f - L i f e (kwt) 

Ou t l e t T e m p e r a t u r e , E n d - o f - L i f e ( °F ) 

C o o l a n t T e m p e r a t u r e R i s e ( °F ) 

N u m b e r of E l e m e n t s 

C ladd ing M a t e r i a l 

E l e m e n t OD ( in. ) 

M a x i m u m F u e l T e m p e r a t u r e ( °F ) 

P r e p o i s o n Load ing ($) 

N^ ( 10^^ a t o m s H / c c fuel) 

H y d r o g e n L e a k a g e (%/YT) 

B a r r i e r M a t e r i a l 

C o r e L e n g t h (in, ) 

C o r e D i a m e t e r (in, ) 

R e f l e c t o r T h i c k n e s s (in, ) 

Sh ie lded D i a m e t e r a t Top of C o r e ( i n . ) 

D i s t a n c e F r o m Shie ld Top to C o r e T o p (in, ) 

C o n t r o l Me thod 

Ac t ive C o n t r o l D r u m s 

R e a c t o r - R e f l e c t o r Weight (lb) 

L i f e t i m e (yr) 

P o w e r D e n s i t y , R e a c t o r (kwt / lb ) 

P o w e r D e n s i t y , F u e l ( k w t / i n , ) 

M a x i m u m B u r n u p ( m e t a l a t , %) 

R e a c t i v i t y C o n t i n g e n c y ($) 

39.5 

9 8 0 

125 

37 

H a s t e l l o y N 

1.25 

1080 

1,60 

6,35 

0,05 

S o l a r a m i c 

12,25 

8.875 

2 . 0 

18,0 

1 4 - 3 / 4 

S ta t ic 

2 

282 

1 

0.14 

0.08 

0.02 

0.30 

3. Limits of Operat ion 

The following potential l imitat ions on r eac to r operat ion were cons idered in 

determining the per formance capabil i t ies of the SNAP lOA reac to r under static 

control . 

a. React ivi ty Limi t 

With only minor redes ign (some relocat ion of cables and wiring ha rne s s ) , 

t h r ee additional sets of 1/8-in.- thick bery l l ium shims may be added to the 
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nominal SNAP lOA flight ref lec tor . The additional init ial react ivi ty provided in 

this manner allow^s an i nc r ea se in the prepoison concentrat ion loaded in the co re . 

The inc reased react ivi ty input r a t e due to the higher poison loading in turn allow^s 

for compensat ion of the l a rge r react iv i ty losses associa ted with higher p e r f o r m ­

ance operat ion. In genera l , an i nc rease in the prepoison loading leads to an in­

c r e a s e in r eac to r capabil i t ies for a given static control t e m p e r a t u r e - t i m e profi le. 

If a r eac to r ope ra t e s , for example, at a given init ial power and t e m p e r a t u r e 

level with a given prepoison loading, the t empe ra tu r e will degrade by that num­

ber by degrees defined as allowable (in this study, 50°F) in a ce r ta in t ime per iod. 

This length of t ime is then defined as the r eac to r l ifetime under these condit ions. 

After this t ime has elapsed, the r eac to r will continue to opera te but at a steadily 

decreas ing power and t e m p e r a t u r e . If the init ial prepoison loading had been in­

c r ea sed , however, the r eac to r would, in genera l , opera te for a longer t ime 

per iod before degrading in t e m p e r a t u r e by the same amount. It should be noted 

that the nominal r eac to r t e m p e r a t u r e is defined as the end-of-life t e m p e r a t u r e , 

which is 50°F below the init ial t e m p e r a t u r e . 

This study used the maximum prepoison loading that could be incorpora ted in 

a given r eac to r commensura t e with i ts cold clean react ivi ty , t empe ra tu r e and 

power defect, and init ial react iv i ty t r ans i en t s , A react ivi ty contingency of 

$0.50 is provided to allow for loading to le rances and calculat ional uncer ta in t i e s . 

The react ivi ty l imi ts shown a r e , the re fore , conservat ive and provide a r e a s o n ­

able design marg in , 

b . Maximum Fue l T e m p e r a t u r e 

A max imum fuel t e m p e r a t u r e of 1700°F, including all hot channel fac tors , 

has been imposed upon r eac to r operat ion. Selection of this upper l imit is based 

upon the degradation of fuel alloy s t rength at this t e m p e r a t u r e . The conclusions 

of the study a r e not great ly affected by the choice of this t e m p e r a t u r e level, 

since this l imit is reached in re la t ively few c a s e s , 

c. Fue l Swelling 

Diamet ra l fuel expansion is l imited to 6 mi ls to avoid in ter ference between 

fuel and cladding in the "hot" condition. Fue l swelling i nc rea se s with r eac to r 

power, t e m p e r a t u r e , and l ifet ime, End-of-l ife at a par t i cu la r power and t e m ­

pe ra tu r e is defined as that t ime when the fuel touches the cladding in any pa r t of 

the co re . This approach is conservat ive for two r e a s o n s , 
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1) T h e r e a c t o r can o p e r a t e for s o m e p e r i o d of t i m e wi th s o m e d e g r e e of 

i n t e r f e r e n c e b e t w e e n fuel and c l add ing , 

2) F u e l swe l l i ng i s a func t ion of bo th f r a c t i o n a l fuel b u r n u p and m a x i m u m 

fue l t e m p e r a t u r e . H o w e v e r , t h e s e two m a x i m a a r e no t s innu l t aneous ly p r e s ­

ent a t t h e s a m e l o c a t i o n in the c o r e . The a n a l y s i s a s s u m e s t h a t bo th o c c u r in 

t h e s a m e l o c a t i o n and i s , t h e r e f o r e , c o n s e r v a t i v e , 

d. H a s t e l l o y - N C r e e p L i m i t 

T h e i n t e r n a l h y d r o g e n p r e s s u r e in t h e c l add ing t u b e s i s a funct ion of r e a c t o r 

p o w e r and t e m p e r a t u r e . T h e r e s u l t a n t c r e e p of t h e c l add ing i s a funct ion of t h i s 

h y d r o g e n p r e s s u r e , c l add ing t h i c k n e s s , e x t e r n a l NaK s y s t e m p r e s s u r e , c l add ing 

t e m p e r a t u r e , and a w e a k func t ion of r e a c t o r l i f e t i m e , A c ladd ing c r e e p of 0.2% 

h a s b e e n s e l e c t e d a s t h e d e s i g n c r i t e r i o n for t h e s e r e a c t o r s . T h i s v a l u e w a s 

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

r i e r w a s not c o m p r o m i s e d at t h i s c r e e p l e v e l . It i s q u i t e p r o b a b l e , h o w e v e r , 

b o t h t h a t t h e b a r r i e r w i l l r e m a i n i n t a c t a t h i g h e r c r e e p l e v e l s and t h a t t h e r e a c ­

t o r w^ili o p e r a t e wi th one o r m o r e f a i l ed b a r r i e r s . 

e . M a x i m u m B a r r i e r T e m p e r a t u r e L i m i t a t i o n s 

S o m e d e g r a d a t i o n of the SNAP lOA h y d r o g e n b a r r i e r t a k e s p l a c e at a b a r r i e r 

t e m p e r a t u r e of about 1 3 0 0 ° F . A d e s i g n c r i t e r i o n on b a r r i e r t e m p e r a t u r e of 

1 3 0 0 ° F , w i th ho t c h a n n e l f a c t o r s i m p o s e d , w a s s e l e c t e d . T h i s c r i t e r i o n i s c o n ­

s e r v a t i v e s i n c e the r e a c t o r can c o n t i n u e to o p e r a t e wi th s o m e d e g r a d a t i o n of the 

h y d r o g e n b a r r i e r , 

f, E n d - o f - L i f e T e m p e r a t u r e U n c e r t a i n t y L i m i t a t i o n s 

Al though e a c h r e a c t o r i s d e s i g n e d to b e a t i t s n o m i n a l ou t l e t t e m p e r a t u r e a t 

t he end of l i f e t i m e , u n a v o i d a b l e e r r o r s e n t e r due to t o l e r a n c e s in l o a d i n g s and 

d i m e n s i o n s and u n c e r t a i n t i e s in c a l c u l a t i o n s of r e a c t i v i t y ef fects and t e m p e r a ­

t u r e c o e f f i c i e n t s . T h e s e u n c e r t a i n t i e s m a y p e n a l i z e t h e s y s t e m o p e r a t i o n e i t h e r 

by r e d u c i n g r e l i a b i l i t y if they a r e u n c o m p e n s a t e d o r by i n c r e a s i n g s y s t e m we igh t 

to p r o v i d e a s y s t e m w h i c h wi l l p r o d u c e the d e s i g n e l e c t r i c a l output even wi th the 

lo'west c r e d i b l e e n d - o f - l i f e t e m p e r a t u r e , E n d - o f - l i f e t e m p e r a t u r e u n c e r t a i n t i e s 

i n c r e a s e wi th r e a c t o r t e m p e r a t u r e , p o w e r , and l i f e t i m e . T h e s e u n c e r t a i n t y 

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

a r e l i m i t s only i n s o f a r a s t h e y affect con f idence in the p r e d i c t i o n of s y s t e m 

o p e r a t i o n , 
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g. Other Design Limitat ions 

Other l imi ts which were not cons idered for SNAP lOA a re fuel phase change 

and bery l l ium swelling. These l imi ts occur far above the appropr ia te p e r f o r m ­

ance l imi ts for the SNAP lOA reac to r , but a r e cons idered for some other 

r e a c t o r s . 

Pe r fo rmance l imitat ions for the SNAP lOA reac to r a r e shown in F igu re s III-3 

through 111-5 for r eac to r l i fet imes of 1 y r , 3 y r , and 5 y r , respect ive ly , as a 

function of nominal (end-of-life) coolant outlet t e m p e r a t u r e . 

(1) One-Year Operat ion 

The a r e a of operat ion for SNAP lOA for 1 yr is l imited by react ivi ty con­

s idera t ions below end-of-life outlet t e m p e r a t u r e s of 1200°F. Operation above 

this t e m p e r a t u r e is poss ib le , but is strongly l imited by b a r r i e r t empe ra tu r e 

cons idera t ions . T e m p e r a t u r e uncer ta in t ies for 1 yr a r e smal l in all cases and 

should not impose a l imit on r eac to r pe r fo rmance . Operation at 185 kwt at 

1000°F outlet, 155 kwt at 1100°F, or 75 kwt at 1200°F is poss ib le . It should be 

noted that although only minor r eac to r changes a r e requ i red to achieve these 

conditions, major redes ign of other components of the p resen t SNAP lOA APU 

might be n e c e s s a r y . In pa r t i cu la r , a NaK coolant pump of higher capacity and 

g r e a t e r endurance mus t be avai lable, components and wiring qualified for higher 

t e m p e r a t u r e s mus t be provided, and the radiat ion shield would have to be r e ­

designed to shield against the higher power level and slightly g rea t e r shielded 

envelope s ize . Many of the auxi l ia r ies to the r eac to r proper ( e . g . , bea r ings , 

ac tua to r s , e tc . ) a r e a l ready being qualified at elevated t e m p e r a t u r e s as par t of 

the SNAP lOA/2 p r o g r a m . 

(2) T h r e e - Y e a r Operation 

Operation for 3 yr is completely reac t iv i ty- l imi ted , with end-of-life u n c e r ­

ta int ies well below 50°F . The reac to r can produce 110 kw for 3 yr at 1000°F 

outlet or 80 kw at 1100°F outlet. 

(3 )F ive -Year Operat ion 

The per formance l imitat ions a r e again assoc ia ted with react ivi ty cons ide ra ­

t ions . Operat ion at 70 kw at 1000°F outlet or 45 kw at 1100°F outlet is poss ib le . 
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-î  

900 1000 1100 

NOMINAL OUTLET TEMPERATURE ("F) 

1200 
NOMINAL OUTLET TEMPERATURE ("F) 

10-15-65 7569-02265 

Figu re 111-5. SNAP lOA P a r a m e t e r s , 5-yr Life 

NAA-SR-11685, Vol 2 
22 



4 . R e l i a b i l i t y ' 

T h e SNAP lOA r e a c t o r a c h i e v e s a r e l a t i v e l y h igh d e g r e e of r e l i a b i l i t y t h r o u g h 

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

n e n t s , i n h e r e n t n e g a t i v e t e m p e r a t u r e and p o w e r c o e f f i c i e n t s , and low t e m p e r a ­

t u r e o p e r a t i o n to a c h i e v e h igh r e l i a b i l i t y . T h e r e a c t o r i s s t a t i c a l l y c o n t r o l l e d 

fol lowing the f i r s t few days of a c t i v e l y - c o n t r o l l e d o p e r a t i o n . T h e low t e m p e r ­

a t u r e s in t h e c o r e ( ' ~ 1 0 8 0 ° F m a x i m u m fuel t e m p e r a t u r e ) r e d u c e the r e a c t i v i t y 

l o s s a s s o c i a t e d wi th h y d r o g e n l e a k a g e to a n e g l i g i b l e v a l u e . P o t e n t i a l f a i l u r e s 

c a u s e d by r a d i a t i o n ef fec ts a r e a l s o m i n i m i z e d by low t e m p e r a t u r e , low p o w e r 

o p e r a t i o n . 

T h e SNAP lOA c o n t r o l d r u m s m u s t o p e r a t e o v e r a p e r i o d of about 3 d a y s . 

Two of the four d r u m s a r e s n a p p e d - i n at s t a r t u p . T h e r e l i a b i l i t y goa l for n o r ­

m a l o p e r a t i o n of t h e two f ine c o n t r o l d r u m s i s 0 .983 . R e l i a b i l i t y a l l o c a t i o n s for 

t h e r e m a i n d e r of the SNAP lOA r e a c t o r s u b s y s t e m a r e shown in T a b l e I I I - 4 . 

T A B L E m - 4 

SNAP lOA R E A C T O R SUBSYSTEM R E L I A B I L I T Y AL L OCAT ION 

A s s e m b l y 

R e a c t o r S t r u c t u r e 

R e a c t o r C o r e 

R e f l e c t o r 

C o n t r o l E q u i p m e n t 

R a d i a t i o n Sh ie ld 

C o m p l e t e R e a c t o r S u b s y s t e m 

C u m u l a t i v e Re l i ab i 

L a u n c h and 
A s c e n t 

0 .99987 

0.99937 

0 .99918 

0.99932 

0.99983 

0.99755 

S t a r t u p 

0 .99971 

0.99778 

0.99580 

0.98697 

0.99952 

0.97989 

ility 

l y r 

0 .99874 

0.92833 

0.99001 

0.98690 

0.99036 

0.89718 

B . I N T E R I M SNAP 10A/2 

1. D e s c r i p t i o n 

T h e I n t e r i m S N A P lOA/2 r e a c t o r c o n s i s t s of the 3 7 - e l e m e n t SNAP lOA c o r e 

s u r r o u n d e d b y an a u g m e n t e d r e f l e c t o r to a l low o p e r a t i o n at h i g h e r p o w e r (100 kwt) 

and t e m p e r a t u r e c o n d i t i o n s ( 1 2 0 0 ° F ) . T h e only i n - c o r e c h a n g e i s an i n c r e a s e in 

•Reliabil i ty as used herein is defined as the probability that the system (or component) will perform i ts 
required function under design conditions for the specified operating time. 
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the prepoison concentrat ion so that the burnout r a t e will cor respond m o r e closely 

to the higher react iv i ty los ses associa ted with higher per formance . 

The control d rums opera te for the ent i re l ifetime of the In ter im SNAP lOA/2 

r eac to r as opposed to thei r short ini t ial operat ion with the SNAP lOA reac to r . 

The core outlet t e m p e r a t u r e is thereby maintained within the deadband of the 

cont ro l le r throughout l i fet ime. This mode of control is r e f e r r e d to as "active 

cont ro l" as opposed to "s tat ic cont ro l" of the SNAP lOA r eac to r . 

F igu re III-6 shows the impor tant fea tures of the In ter im lOA/2. 
FINE CONTROL 
DRUM ACTUATOR 

HOT (OUTLET) 
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DRUM 
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Figu re III-6. In te r im lOA/2 Reactor 
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2. Nominal Design Conditions 

Table III-5 s u m m a r i z e s the nominal design conditions. 

TABLE i n - 5 

NOMINAL DESIGN CONDITIONS 

P o w e r L e v e l (kwt) 

Ou t l e t T e m p e r a t u r e ( ° F ) 

Coo lan t T e m p e r a t u r e R i s e ( °F ) 

N u m b e r of E l e m e n t s 

C ladd ing M a t e r i a l 

E l e m e n t OD ( in. ) 

M a x i m u m F u e l T e m p e r a t u r e ( ° F ) 

P r e p o i s o n Load ing ($) 

N^ (10^^ a t o m s H / c c fuel) 

H y d r o g e n L e a k a g e (%/YT) 

B a r r i e r M a t e r i a l 

C o r e L e n g t h ( in. ) 

C o r e D i a m e t e r (in, ) 

R e f l e c t o r T h i c k n e s s ( i n , ) 

Sh ie lded Dianae te r a t Top of C o r e ( in. ) 

D i s t a n c e F r o m Shie ld Top to C o r e Top ( i n , ) 

C o n t r o l Me thod 

Ac t ive C o n t r o l D r u m s 

R e a c t o r - R e f l e c t o r Weight (lb) 

L i f e t i m e (yr) 

P o w e r D e n s i t y , R e a c t o r (kwt / lb ) 

P o w e r D e n s i t y , F u e l ( k w t / i n , ) 

M a x i m u m B u r n u p ( m e t a l a t , %) 

R e a c t i v i t y C o n t i n g e n c y ($) 

100 

1200 

2 0 0 

37 

H a s t e l l o y N 

1,25 

1340 

2,10 

6 , 3 

0 . 3 

S o l a r a m i c 

12.25 

8.875 

2 . 4 

18.4 

1 4 - 3 / 4 

Ac t ive 

2 

299 

1 

0.33 

0.19 

0,06 

0.75 

3. Pe r fo rmance Limitat ions 

F ive of the l imitat ions mentioned for the SNAP lOA reac to r (react ivi ty, b a r ­

r i e r t e m p e r a t u r e , fuel swelling, cladding c r eep , and fuel t empera tu re ) also 

apply to the In te r im lOA/2 r eac to r . The na ture of the react ivi ty l imit is slightly 

NAA-SR-11685, Vol 2 



different because of the use of active r a the r than static control , End-of-l i fet ime 

in this case is defined as that t ime when the d rums will have rotated inward 

to thei r full-in position, A $0.75 react ivi ty contingency is provided h e r e . B e ­

cause active control mainta ins a constant r eac to r t e m p e r a t u r e , end-of-life tenn-

pe ra tu re uncer ta in ty is not a l imitat ion. 

Because of the higher power levels considered, possible phase change l imi ta ­

t ions were invest igated. There is a physical phase change from the 6 - to the 

j8-phase in the u ran ium-z i r con ium hydride as the hydrogen concentrat ion is r e ­

duced. The phase change boundary location is a function of the fuel t e m p e r a t u r e . 

To avoid the volume changes assoc ia ted with phase change, the r eac to r l ifetime 

mus t be such as to maintain the hydrogen concentrat ion in every pa r t of the fuel 

above the phase boundary concentrat ion at the local t e m p e r a t u r e . Hydrogen 

losses due to both leakage and redis t r ibut ion were considered. Pe r fo rmance 

l imitat ions for 1-, 3 - , and 5-yr l i fet imes a r e shown i n F i g u r e s III-7 throughII I -9 . 

a. One-Year Operat ion 

K the r eac to r is not shimmed, per formance is l imited below about 1265 °F 

outlet t e m p e r a t u r e by react iv i ty considera t ions and above that t empe ra tu r e by 

b a r r i e r t e m p e r a t u r e cons idera t ions . Operation at 125 k'wt at 1150°F outlet, 

100 kwt at 1200°F, or 70 kwt at 1250°F is poss ible . The f i r s t approach to 

advanced per formance would be to change the b a r r i e r ma te r i a l to the SNAP 8 

coating to allow higher b a r r i e r t e m p e r a t u r e operat ion. This change would allow 

operat ion at the reac t iv i ty - l imi ted case of 25 kwt at 1300°F. The full potential 

of the advanced b a r r i e r m a t e r i a l cannot be rea l ized , however, unless about 

0.5 in. of bery l l ium is added to the ref lector surface; i, e, , the ref lector must 

be "sh immed," Operation at 265 kwt at 1150°F, 240 kwt at 1200°F, or 175 kwt 

at 1300 °F could then be attained, 

b , Th ree -Yea r Operation 

The unshimmed reac to r is not as severe ly liinited by the use of the p resen t 

SNAP lOA b a r r i e r m a t e r i a l as in the 1-yr c a se . Over almost i ts ent i re range 

of operat ion, the limiting c r i t e r ion is react iv i ty . Fo r this case , the l imits a r e 

90 kwt /1100°F, 70 kwt /1200°F, and 50 kwt /1250°F . 

An examination of F igu re III-8 shows that u se of an improved b a r r i e r p r o ­

vides only minor operat ional improvements unless the r eac to r is shimmed, 
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C o n v e r s e l y , s h i m m i n g p r o v i d e s l i t t l e i m p r o v e m e n t u n l e s s the b a r r i e r i s u p ­

g r a d e d to a l low h i g h e r t e m p e r a t u r e o p e r a t i o n . If bo th of t h e s e i m p r o v e m e n t s 

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

the " S h i m m e d R e a c t i v i t y L i m i t " l i n e . O p e r a t i o n at 200 k w t / l l O O ° F , 165 k w t / 

1 2 0 0 ° F , o r 100 k w t / 1 3 0 0 ° F i s p o s s i b l e . 

c . F i v e - Y e a r O p e r a t i o n ( F i g u r e I I I -9) 

T h e p r e s e n t SNAP lOA b a r r i e r m a t e r i a l i s s a t i s f a c t o r y for u n s h i m m e d r e a c ­

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

O p e r a t i o n at 75 k w t / l l 0 0 ° F o r 45 k w t / 1 2 0 0 ° F i s p o s s i b l e . S h i m m i n g the r e a c ­

t o r wi thou t chang ing the b a r r i e r a c h i e v e s i m p r o v e m e n t s in l o w e r - t e m p e r a t u r e 

o p e r a t i o n and a l l ows o p e r a t i o n at 160 k w t / l l 0 0 ° F and 120 k w t / l 2 0 0 ° F . F i n a l l y , 

s u b s t i t u t i o n of a h igh t e m p e r a t u r e b a r r i e r m a t e r i a l a l l ows o p e r a t i o n at 100 k w t / 

1250°F o r 60 k w t / 1 3 0 0 ° F . 

4 . R e l i a b i l i t y 

T h e I n t e r i m SNAP lOA/2 r e a c t o r e m p l o y s t h e s a m e d e s i g n a s SNAP lOA, 

conabined •with p a r t i a l r e d u n d a n c y , and o p e r a t e s at a h i g h e r t e m p e r a t u r e and 

p o w e r l e v e l . T h e r e s u l t i n g i n c r e a s e in s y s t e m t e m p e r a t u r e s , r a d i a t i o n l e v e l s , 

and h y d r o g e n l e a k a g e would n o r m a l l y l e a d to r e d u c e d s y s t e m r e l i a b i l i t y . H o w ­

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

m e n t s , have a l l e v i a t e d t h e s e e f f ec t s . As a r e s u l t , t h e c o m p l e t e r e a c t o r s u b ­

s y s t e m r e l i a b i l i t y a l l o c a t i o n i s h i g h e r t han for SNAP lOA. The r e a c t o r i s 

a c t i v e l y c o n t r o l l e d t h r o u g h o u t l i f e t i m e . The p o w e r l e v e l i s 100 kwt at a coo l an t 

ou t l e t t e m p e r a t u r e of 1 2 0 0 ° F . It i s p o s s i b l e to d e s i g n an a c t i v e l y c o n t r o l l e d 

r e a c t o r w h i c h i s a l s o c a p a b l e of o p e r a t i n g u n d e r s t a t i c c o n t r o l w i th na in ima l 

t e m p e r a t u r e d r i f t . T h e I n t e r i m SNAP lOA/2 r e a c t o r i s d e s i g n e d so tha t t he 

c o n t r o l d r u m s r e m o v e r e a c t i v i t y du r ing t h e f i r s t half of t h e d e s i g n life and add 

r e a c t i v i t y d u r i n g t h e l a s t half. T h e n u c l e a r d e s i g n i s such t h a t even if d r u m 

movenaen t c e a s e s fol lowing t h r e e days of a c t i v e c o n t r o l , e . g . , t h r o u g h a c t u a t o r 

f a i l u r e , t he d e s i g n o b j e c t i v e s ( l i fe , p o w e r , and t e m p e r a t u r e ) would s t i l l b e s a t ­

i s f i ed in the r e s u l t i n g " s t a t i c c o n t r o l " m o d e . 
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Reliabil i ty allocations for the Inter im SNAP lOA/2 reac tor subsystem are 

shown in Table III-6. 

TABLE m - 6 
INTERIM SNAP lOA/2 REACTOR SUBSYSTEM 

RELIABILITY ALLOCATION 

Assembly 

Reactor S t ruc ture 

Reactor Core 

Reflector 

Control Equipment 

Radiation Shield 

Complete Reactor Subsystem 

Cumulative Reliab 

Launch and 
Ascent 

0.99993 

0.99946 

0.99957 

0.99912 

0.99993 

0.99801 

Startup 

0.99965 

0.99888 

0.99790 

0.99291 

0.99967 

0.98907 

ility 

l y r 

0.99774 

0.99329 

0.99041 

0.96544 

0.99779 

0.94556 
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C . U P G R A D E D SNAP 10A/2 

1, D e s c r i p t i o n 

The I n t e r i m SNAP lOA/2 r e a c t o r i s l i m i t e d in p e r f o r m a n c e by t h e t i m e -

d e p e n d e n t d e g r a d a t i o n of the h y d r o g e n b a r r i e r . The U p g r a d e d SNAP lOA/2 e m p l o y s 

the h igh t e m p e r a t u r e SNAP 8 b a r r i e r to a l low o p e r a t i o n a t h i g h e r ou t l e t t e m p e r a ­

t u r e s . In add i t i on , t he s t a t i c c o n t r o l c o n c e p t of SNAP lOA i s e m p l o y e d . Out le t 

t e m p e r a t u r e s a r e m a i n t a i n e d r e l a t i v e l y c o n s t a n t by a b a l a n c e b e t w e e n r e a c t i v i t y 

l o s s e s and r e a c t i v i t y i n s e r t i o n due to p r e p o i s o n b u r n o u t . The t e m p e r a t u r e d r i f t , 

w h o s e m a g n i t u d e i s g o v e r n e d by t h e m a g n i t u d e of the i n h e r e n t n e g a t i v e t e m p e r a ­

t u r e coef f i c ien t , i s t a i l o r e d by p r e p o i s o n load ing to d r i f t fronn a t e n a p e r a t u r e 

5 0 ° F above the n o m i n a l ou t l e t t e m p e r a t u r e at the beg inn ing of l i fe to the n o m i n a l 

t e m p e r a t u r e by the e n d - o f - l i f e . 

The U p g r a d e d lOA/2 c o r r e s p o n d s c l o s e l y to a p r e v i o u s r e a c t o r c o n c e p t which 

w a s b r i e f l y e x a m i n e d u n d e r the d e s i g n a t i o n SNAP 2A. 

2. N o m i n a l D e s i g n C o n d i t i o n s 

T a b l e I I I -7 s u m m a r i z e s the n o m i n a l d e s i g n c o n d i t i o n s . 

T A B L E I I I -7 

U P G R A D E D SNAP lOA/2 DESIGN C H A R A C T E R I S T I C S 

Power level, end-of-life (kwt) 
Outlet temperature , end-of-life (°F) 
Coolant temperature r i se (°F) 
Number of elements 
Cladding mater ia l 
Element OD (in. ) 
M2iximum fuel temperature (°F) 
Prepoison loading ($) 
N H ( 1 0 2 2 atoms H/cc fuel) 
Hydrogen leakage (%/yr) 
Bar r i e r mater ia l 
Core length (in. ) 
Core diameter (in. ) 
Reflector thickness (in. ) 
Shielded diameter at top of core (in. ) 
Distance from shield top to core top (in. ) 
Control method 
Active control drums 
Reactor-reflector weight (lb) 
Lifetime (yr) 
NaK AP (psi*) 
Power density (kwt/lb reactor) 
Power density (Kwt in.-̂  fuel) 
Maximum burnup (metal at. %) 
Reactivity contingency ($) 

100 
1300 
100 
37 
Hastelloy N 
1.25 
1490 
4.25 
6.3 
2,3 
SCB 
12.25 
8.875 
3.25 
19.3 
14.75 
static 
2 
334 
1 
2.7 
0.31 
0.19 
0.06 
0.50 

*May be reduced to less than 0.7 psi by flow reduction and nozzle relief 
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3. Pe r fo rmance Limitat ions 

All of the potential l imitat ions of the In ter im SNAP lOA/2 exist for the Up­

graded SNAP lOA/2 except for the maximum b a r r i e r t empera tu re l imitat ion. 

Use of the SCB coating effectively r emoves this l imitat ion. 

Limitat ions for the Upgraded SNAP lOA/2 reac tor for 1-, 3 - , and 5-yr oper ­

ation a r e shown in F igures III-IO through III-12. The l imitat ions a r e also appli­

cable to the SNAP lOB Basic reac to r d iscussed in the next sect ion. 
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a. One-Year Operation 

The unshimmed reac to r is l imited by react iv i ty cons idera t ions . Operation at 

295 k w t / l l 0 0 ° F , 210 kwt /1200°F , or 100 kwt/1 300° F is poss ib le . 

If full shimming (0.5 in. of beryl l ium) is added to the ref lec tor , the reac tor 

operat ion is l imited by fuel swelling react iv i ty , and cladding creep c r i t e r i a . 

Operation is poss ible at 335 kwt/1100° F , 280 kwt/1200° F, and 175 kwt/1300° F . 

b . Th ree -Yea r Operation 

For 3-yr operat ion, the r eac to r , both shimmed and unshimmed, is l imited by 

react iv i ty cons idera t ions . The unshimmed reac to r can generate 125 kwt /1100°F, 

75 kwt /1200°F , or 50 kwt /1250°F . The shimmed reac to r can genera te 150 kwt/ 

1100°F, 110 k w t / l 2 0 0 ° F , or 65 kwt /1300°F . 

c . F ive -Year Operat ion 

The same comments apply he re as in the 3-yr c a s e . The unshimmed reac to r 

can opera te at 70 kwt /1100°F or 50 k w t / l 2 0 0 ° F . Operation at 85 kwt /1100°F , 

60 kwt /1200°F , or 20 kwt/1300° F is poss ib le with the shimmed r e a c t o r . 

4. Reliabil i ty 

The Upgraded SNAP lOA/2 reac to r opera tes under static control at 100 kwt 

and 1300°F coolant outlet t e m p e r a t u r e . Use of an improved hydrogen b a r r i e r 

m a t e r i a l capable of operat ion at coolant outlet t e m p e r a t u r e s of 1300° F provides 

the same reac to r re l iabi l i ty as quoted for In ter im SNAP lOA/2, except that it is 

not requi red to move the control d rums after the f irs t 3 days of operat ion at de ­

sign power and t e m p e r a t u r e . 

D. SNAP lOB BASIC 

1. Descr ipt ion 

All of the preceding r e a c t o r s employ gyrating d rums in the re f lec tors for con­

t ro l pu rpose s . The geometry of these d r u m s is such that smal l outward rotation 

r e su l t s in a significant rad ia l p ro t rus ion of the drum t ip s . Since very smal l 

amounts of m a t e r i a l protruding outside of the shield shadow can cause la rge 

sca t te red neutron dose r a t e s to the payload, the shield mus t be sufficiently la rge 

to shadow the drum t ips . This inc reased shield rad ius r equ i rement contr ibutes 

significantly to total sys tem weight. (For a typical unmanned application, an 
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i n c r e a s e in d i a m e t e r of 1 i n . in the s h i e l d e d d i a m e t e r at the c o r e top c o r r e s p o n d s 

to a 3 0 - l b i n c r e a s e in sh i e ld we igh t . ) In o r d e r to r e d u c e t h e r a d i a l s i z e of the 

sh i e ld , t he lOB B a s i c r e a c t o r e m p l o y s a x i a l l y m o v i n g s e g m e n t s of the r e f l e c t o r 

for r e a c t o r c o n t r o l i n s t e a d of the g y r a t i n g e l e m e n t s u s e d in e a r l i e r d e s i g n s . 

T h e s e a x i a l l y mov ing s e g m e n t s a lways s t ay wi th in the d i a m e t e r of the r e f l e c t o r 

i t s e l f and , t h e r e f o r e , do not e n l a r g e the r e q u i r e d sh ie ld d i a m e t e r by t h e i r m o t i o n . 

To f u r t h e r s a v e we igh t , t he r e f l e c t o r d i a m e t e r t a p e r s i n w a r d f r o m b o t t o m to 

t op , to m o r e n e a r l y fit t h e sh ie ld shadow c o n e . In add i t i on , t he NaK coo lan t 

ou t le t l i n e s and the w^iring h a r n e s s e s a r e b u r i e d in the r e f l e c t o r to m i n i m i z e the 

sh i e lded e n v e l o p e . F i g u r e I I I -13 s h o w s the g e n e r a l a r r a n g e m e n t of SNAP lOB, 

and F i g u r e I I I - 1 4 i l l u s t r a t e s the n a t u r e of the s h i e l d s a v i n g s r e a l i z e d with the 

t a p e r e d r e f l e c t o r . 

T h e u s e of s l id ing c o n t r o l s e g m e n t s which a r e p a r t i a l l y open d u r i n g l i f e t i m e 

p e r t u r b s t h e p o w e r d i s t r i b u t i o n s l i g h t l y . T h e p e a k - t o - a v e r a g e pow^er r a t i o i s 

i n c r e a s e d by a few p e r c e n t . Offse t t ing t h i s effect i s the flux r e d u c t i o n in the 

u p p e r hal f of the c o r e c a u s e d by the t h i n n e r r e f l e c t o r in t h i s r e g i o n . A d e t a i l e d 

a n a l y s i s h a s not ye t b e e n p e r f o r m e d on t h e s e e f f ec t s , but p r e l i m i n a r y r e s u l t s 

i n d i c a t e t h a t few p r o b l e m s wi l l be i n t r o d u c e d by the p r e s e n c e of m o d e r a t e t a p e r s 

( ' ~ 0 . 5 - i n . i n c r e a s e in r a d i a l b e r y l l i u m t h i c k n e s s f rom the top to the bo t t om of 

the c o r e ) . 

T h e r e wi l l be s o m e p r a c t i c a l u p p e r l i m i t to the a l l o w a b l e t a p e r and m i n i m u m 

b e r y l l i u m t h i c k n e s s how^ever. F o r h i g h e r p o w e r e d r e a c t o r s , the b u r i e d NaK 

l i n e s wi l l r e p l a c e a l a r g e a m o u n t of the b e r y l l i u m r e f l e c t o r . The NaK in t h e s e 

l i n e s i s a l m o s t t r a n s p a r e n t to l eak ing n e u t r o n s . Suff icient b e r y l l i u m t h i c k n e s s 

m u s t , t h e r e f o r e , be p r o v i d e d at t he c o r e top to p r e v e n t l a r g e i n c r e a s e s in n e u ­

t r o n l e a k a g e . It i s fel t t ha t a m i n i m u m r e f l e c t o r t h i c k n e s s of 1.75 in . a t the 

c o r e top i s d e s i r a b l e . 

The lOB B a s i c r e a c t o r d e s i g n i s b a s e d on the a s s u m p t i o n of s t a t i c c o n t r o l . 

I t s c o r e i s i d e n t i c a l wi th t h e U p g r a d e d lOA/2 r e a c t o r c o r e . The lOB r e a c t o r 

h a s a l s o b e e n d e s i g n a t e d "Advanced l O A / 2 " and c o r r e s p o n d s to the s t a t i c c o n ­

t r o l v e r s i o n of a m o r e g e n e r a l p r e v i o u s c o n c e p t u a l a n a l y s i s d e s i g n a t e d "SNAP 

10A/2 ( s m a l l ) . " 
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, REFLECTOR 
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Figure III-13. SNAP lOB Reactor Concept 
7647-0092 

Figure III-14. 

Tapered Reflector Concept 
SHIELD SAVING USING 
TAPERED REFLECTOR 

DOSE PLANE 

A = SHIELDED DIAMETER WITH REFLECTOR TAPERING 
B = SHIELDED DIAMETER WITHOUT REFLECTOR TAPERING 
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2. Nominal Design Conditions 

Table III-8 s u m m a r i z e s the nominal design condit ions. 

TABLE III-8 

SNAP lOB BASIC DESIGN CHARACTERISTICS 

P o w e r l e v e l , e n d - o f - l i f e (kwt) 

Out l e t t e m p e r a t u r e , e n d - o f - l i f e 

C o o l a n t t e m p e r a t u r e r i s e ( ° F ) 

N u m b e r of e l e m e n t s 

C l add ing m a t e r i a l 

E l e m e n t OD ( in. ) 

Maximunn fuel t e m p e r a t u r e ( ° F ) 

P r e p o i s o n loading ($) 

N ^ (10^^ a t o m s H / c c fuel) 

H y d r o g e n l e a k a g e (%/yr ) 

B a r r i e r m a t e r i a l 

C o r e length ( in . ) 

C o r e d i a m e t e r ( in . ) 

R e f l e c t o r t h i c k n e s s ( in . ) 

Sh ie lded d i a m e t e r at top of c o r e 

D i s t a n c e f r o m sh ie ld top to c o r e 

C o n t r o l m e t h o d 

A c t i v e c o n t r o l d r u m s 

R e a c t o r - r e f l e c t o r we igh t (lb) 

L i f e t i m e ( y r ) 

P o w e r d e n s i t y ( k w t / l b r e a c t o r ) 
3 

P o w e r d e n s i t y ( k w t / i n . fuel) 

M a x i m u m b u r n u p ( m e t a l a t . %) 

R e a c t i v i t y c o n t i n g e n c y ($) 

( ° F ) 

( i n . ) 

top ( in . ) 

100 

1300 

100 

37 

H a s t e l l o y N 

1.25 

1490 

4.25 

6 . 3 

2 . 3 

SCB 

12.25 

8.875 

3.25 (mean ) 

14.6 

17.75 

s t a t i c 

1 

339 

1 

0.30 

0.19 

0.06 

0.50 

3. Pe r fo rmance Limitat ions 

Since the co re of the SNAP lOB Basic r eac to r is identical to the core of the 

Upgraded SNAP lOA/2, the same per formance l imitat ions apply. 
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4. Reliabili ty 

The SNAP lOB Basic reac to r u t i l izes axially moving control segments . The 

reac tor opera tes under static control at 100 kwt and 1300°F coolant outlet t e m ­

p e r a t u r e . The 37-element core is the same as that specified for the SNAP lOA 

and SNAP lOA/2 r e a c t o r . Use of an improved hydrogen b a r r i e r m a t e r i a l capa­

ble of operat ion at the higher coolant outlet t empera tu re provides the same r e ­

actor subsystem rel iabi l i ty as quoted for Inter im SNAP lOA/2. No appreciable 

change in re l iabi l i ty is associa ted with the use of axially sliding control segments , 

since these segments a r e not required to move after the first 3 days of operat ion 

at design power and t e m p e r a t u r e . 

E . SNAP lOB ADVANCED 

The SNAP lOB Advanced reac tor concept also a s s u m e s static control and 

incorpora tes the sliding ref lector control segments and tapered reflector i n t ro ­

duced in the SNAP lOB Bas i c . The advanced feature of this reac to r is the 

introduction of an additional react iv i ty loss compensat ion technique. Some 

method of compensating long- te rm react ivi ty l o s ses (p r imar i ly hydrogen leakage) 

may be des i rab le to reduce the potentially la rge end-of-life t empe ra tu r e unce r ­

ta int ies associa ted with high t empera tu re static control operat ion. Such reduction 

allows at tainment of higher powers or improves the behavior of a lower-power 

reac to r in a given sys tem. Attainment of s imi lar power levels can be achieved 

without the additional compensation technique if uncer ta in t ies in hydrogen leak 

r a t e can be reduced to approximately half of the p resen t ly predicted value. 

1. Compensat ion Techniques 

Several react iv i ty loss compensation techniques have been investigated and 

appear p romis ing . They may be divided roughly into two ca tegor ies : (1) In-

core " g e t t e r s " which chemical ly s ieze and hold hydrogen mode ra to r , leaking 

from fuel e lements , within the active core region, thereby reducing t empe ra tu r e 

uncer ta in t ies by reducing the magnitudes of the react iv i ty l o s ses and hence the 

uncer ta in t ies in the magnitude; and (2) Tempera tu re Coefficient Augmenters 

(TCA's) , thermomechanica l e lements which provide a g ross t empera tu re co­

efficient of react ivi ty of about - 2 . 5 ^ / ° F (unaugmented coefficients for SNAP 

r e a c t o r s a r e -0.25 to -0.35 ^ / ° F ) , thereby reducing the t empera tu re uncer ta in­

t ies associa ted with a given react ivi ty uncer ta inty . The mos t promis ing getter 
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consis ts of a meta l l ic yt t r ium film appropr ia te ly dis tr ibuted within the active 

core volume. At p resen t it is envisioned that this film will be deposited on the 

outside of the fuel element cladding. A conceptual design of the SNAP lOB fuel 

element is shown in Figure III-15. 

TUBE ASSEMBLY INTERNALLY 
COATED WITH CERAMIC 

FUEL 

CERAMIC BARRIER 

CLADDING 

YTTRIUM 

CUP PLUG 

9-2 -64 7647-0062A 

Figure III-15. Fuel Element With Yttrium Getter 

Several TCA's have been designed, employing active grid plates or mecha ­

n isms for producing ref lector posit ion pe r tu rba t ions . The TCA and getter ap­

proaches a r e viewed as two para l l e l a l ternat ive approaches to the same goal. 

Feasibi l i ty tes ts a r e now underway to de te rmine the suitabili ty of these tech­

niques in SNAP r e a c t o r s . The m o r e promis ing of the two may then be used in 

the re ference design for the lOB Advanced r e a c t o r . Should both approaches be 

capable of successful development, they might s imultaneously be employed on 

the r e a c t o r . P r e l i m i n a r y analysis indicates that no significant improvement in 

nominal per formance will be achieved by adding the TCA device to a r eac to r 

a l ready employing the ge t te r . Significant improvement in rel iabi l i ty (for 

example, in the case of a failed fuel element) may be gained in this manner , 

however, at some expense in inc reased reac to r weight. 

NAA-SR-11685, Vol 2 
39 

I iTil III II I I I I I I I ' 



Use of a TCA device imposes a need for m o r e accuracy in the s tar tup t e m ­

pe ra tu r e sensing. The very nature of t empera tu re coefficient augmentation 

r equ i re s that a react iv i ty "bank" be established that can be "drawn upon" la ter 

to r e s i s t drops in t e m p e r a t u r e . If a sys tem is to r e s i s t t empera tu re drops by 

adding a cer ta in amount of react ivi ty , say 2,5(6, for every degree drop in t e m ­

p e r a t u r e of the co re , then this amount of react ivi ty (2 ,5^ / °F) mus t have been 

removed from the reac to r as the t empera tu re was init ially inc reased . Obviously 

such a loss of react ivi ty over the ent i re t empera tu re r i s e during s tar tup would 

lead to a prohibit ive t empera tu re defect. It is therefore neces sa ry to design the 

TCA device to be activated at some t empe ra tu r e differential , say 50°F, below 

the anticipated maximum t empera tu re of the r e a c t o r . Since e r r o r s in activation 

t empe ra tu r e can lead to l a rge react iv i ty l o s s e s , it is essent ia l that the device be 

activated at the specified t e m p e r a t u r e , therefore complicating the star tup 

p rob lem. 

2. Concept Scope 

The per formance capabil i t ies of the lOB Advanced reac tor have been explored 

over a wide range of r eac to r des igns . Several facts have emerged . It appears 

that a nominal (end-of-life) outlet t empera tu re of 1300°F is a general ly p rac t ica l 

and sat isfactory objective for s ta t ic-control led r e a c t o r s , based upon the probable 

r equ i remen t s of likely power conversion s y s t e m s . Substantial advantages can be 

obtained by varying the size and number of fuel elements in the r eac to r c o r e . 

The lOB Advanced reac tor can be favorably designed for l i fet imes of 5 yr or 

g r e a t e r . 

In the light of these conclusions, a number of specific r eac to r designs were 

examined. Reactor l i fet imes of 1, 3, and 5 yr were selected as compatible with 

obtainable PCS and other supporting technology, and appropr ia te to the range of 

probable mi s s ion r e q u i r e m e n t s . In addition to a 37-element co re , la t t ices of 

55 and 85 e lements were also considered. The la t ter a r e conveniently attainable 

t r iangular a r r a y s and r e p r e s e n t reasonable inc rements in element number while 

holding a constant core d iameter of 8.875 in. Fuel e lement d i ame te r s for the 

55- and 85-e lement designs were 1.06 and 0.855 i n . , respec t ive ly . Active fuel 

element lengths were constrained to fall in the range 11 to 15 in. Variable 

amounts of prepoison loading were a lso permi t t ed , 
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3 . P e r f o r m a n c e C a p a b i l i t i e s 

The SNAP lOB Advanced concep t h a s not ye t evolved to the poin t w h e r e i t i s 

d e s i r a b l e to " f r e e z e " spec i f ic p e r f o r m a n c e r e q u i r e m e n t s and d e s i g n f e a t u r e s . 

Nine t e n t a t i v e d e s i g n p o w e r l e v e l s h a v e b e e n s e l e c t e d to i l l u s t r a t e the s c o p e of 

the c o n c e p t . T h e s e c o r r e s p o n d to the t h r e e c o r e a r r a y s and t h r e e l i f e t i m e s 

m e n t i o n e d in t h e p r e c e d i n g s e c t i o n . The w o r k upon which the d e s i g n s w e r e b a s e d 

was p r e l i m i n a r y in n a t u r e , and the p o w e r l e v e l s should not be c o n s t r u e d a s o p ­

t i m u m for t h e i r r e s p e c t i v e l ife and g e o m e t r y a s s u m p t i o n s . 

The following t a b l e s g ive the p o w e r l e v e l s for the t e n t a t i v e d e s i g n s e l e c t i o n s . 

In each c a s e an a t t e m p t w a s m a d e to s e l e c t an e s t i m a t e d " m o s t f a v o r a b l e " p o w e r 

l e v e l ; i . e . , a p r a c t i c a l l y f avo red t r adeo f f of m a x i m u m p o w e r vs we igh t . F o r 

the s e l e c t e d d e s i g n s , T a b l e I I I -9 shows m a x i m u m p o w e r c a p a b i l i t i e s of the r e ­

a c t o r s , o p e r a t i n g at one or m o r e d e s i g n c r i t e r i o n l i m i t s . T a b l e I I I - IO g i v e s , 

for the s a m e d e s i g n s , n o m i n a l p o w e r r a t i n g s which i n c l u d e add i t i ona l c o n s e r v a ­

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

The n u m b e r s shown in T a b l e s I I I -9 and I I I - IO a r e not i n t ended to i m p l y tha t 

a l l of the d e s i g n s noted a r e a t t r a c t i v e f r o m a p p l i c a t i o n or c o s t e f f e c t i v e n e s s 

v i e w p o i n t s . F o r e x a m p l e , t he 3 7 - e l e m e n t lOB Advanced d o e s not c o n s t i t u t e a 

l a r g e i n c r e a s e in p o w e r c a p a b i l i t y ( l e s s t h a n 2X) ove r t h e lOB B a s i c or the U p ­

g r a d e d l O A / 2 , and d o e s invo lve a s u b s t a n t i a l n u c l e a r d e v e l o p m e n t p r o g r a m . 

The i m p l i c a t i o n t h a t t he lOB Advanced c o n c e p t i s l i m i t e d to p o w e r l e v e l s b e ­

low 450 kwt m u s t a l s o be a v o i d e d . L o n g e r fuel e l e m e n t s or a l a r g e r n u m b e r of 

t h i n n e r e l e m e n t s would p e r m i t such e x t e n s i o n . Th i s a p p r o a c h h a s not yet b e e n 

a d e q u a t e l y s tud ied , and i t m a y p r o v e m o r e effect ive to c o n s i d e r a p p l i c a t i o n of 

g e t t e r or TCA t e c h n i q u e s to a m e m b e r of the SNAP 8 f a m i l y of r e a c t o r s . 

4. Specif ic D e s i g n D e s c r i p t i o n s 

In o r d e r to g ive a m o r e d e t a i l e d p i c t u r e of the lOB Advanced r e a c t o r c a p a ­

b i l i t i e s , t he c h a r a c t e r i s t i c s of a n u m b e r of spec i f i c p r e l i m i n a r y r e a c t o r d e s i g n s 

h a v e b e e n c a l c u l a t e d and a r e p r e s e n t e d in the fol lowing p a r a g r a p h s . 

a . 8 5 - E l e m e n t C o r e 

The 8 5 - e l e m e n t c o r e h a s b e e n s e l e c t e d a s one i l l u s t r a t i v e e x a m p l e , in both 

the g e t t e r and TCA v a r i a t i o n s . T a b l e s I I I - l l and I I I -12 l i s t s o m e of the i m p o r t a n t 
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T A B L E I I I - 9 

lOB A D V A N C E D M A X I M U M P O W E R 
C A P A B I L I T I E S 

( O P E R A T I O N A T D E S I G N C R I T E R I O N L I M I T S ) 

N o . of 

37 

55 

85 

L i f e t i m e (y 

1 1 3 
r ) 

5 

kwt 

240 

3 25 

450 

150 

200 

270 

100 

140 

190 

T A B L E I I I - I O 

lOB A D V A N C E D N O M I N A L P O W E R R A T I N G S 

N o . of 

37 

55 

85 

L i f e t i m e ( y r ) 

1 1 3 1 5 

kwt 

180 

240 

325 

125 

150 

190 

100 

110 

135 

T A B L E I I I - l l 

lOB A D V A N C E D ( G E T T E R ) R E A C T O R 
N O M I N A L D E S I G N C H A R A C T E R I S T I C S 

T A B L E I I I - 1 2 

lOB A D V A N C E D ( T C A ) R E A C T O R 
N O M I N A L D E S I G N C H A R A C T E R I S T I C S 

P o w e r l e v e l (end of l i fe ) (kw 

O u t l e t t e m p e r a t u r e (end of 

C o o l a n t t e m p e r a t u r e r i s e ( 

N u m b e r of e l e m e n t s 

C l a d d i n g M a t e r i a l 

E l e m e n t OD ( m . ) 

M a x i m u m f u e l t e m p e r a t u r e 

P r e p o i s o n l o a d i n g ( $) 

N H ( 1 O 2 2 a t o m s H / c c fue l ) 

H y d r o g e n l e a k a g e ( % / y r ) 

B a r r i e r M a t e r i a l 

C o r e l e n g t h ( m . ) 

C o r e d i a m e t e r ( in . ) 

R e f l e c t o r t h i c k n e s s ( in . ) 

S h i e l d e d d i a m e t e r a t t o p 
of c o r e ( m . ) 

D i s t a n c e f r o m s h i e l d t o p 
t o c o r e t o p ( in . ) 

C o n t r o l m e t h o d 

A c t i v e c o n t r o l d r u m s 

t) 
h f e ) { ' ' F ) 

F ) 

( ° F ) 

R e a c t o r - R e f l e c t o r w e i g h t (lb) 

L i f t i m e (y r ) 

P o w e r d e n s i t y ( k w t / l b r e a c t o r ) 

P o w e r d e n s i t y ( k w t / i n . ^ fuel ) 

M a x i m u m b u r n u p ( m e t a l a t 

R e a c t i v i t y C o n t i n g e n c y ($) 

%) 

3 25 

1300 

200 

8 5 

H a s t e l l o y N 

0 .855 

1590 

2 .30 

6 .3 

3.8 

S C B 

13.8 

8 .875 

3.0 ( m e a n ) 

14.6 

18.9 

s t a t i c 

1 

388 

1 

0 .92 

0 .54 

0 .17 

0 .50 

P o w e r l e v e l ( end of l i f e ) (kwt ) 

O u t l e t t e m p e r a t u r e r i s e ( ° F ) ( ° F ) 

C o o l a n t t e m p e r a t u r e r i s e ( ° F ) 

N u m b e r of e l e m e n t s 

C l a d d i n g M a t e r i a l 

E l e m e n t OD (in.) 

M a x i m u m fue l t e m p e r a t u r e {"T) 

P r e p o i s o n l o a d i n g ($) 

N j j (1022 a t o m s H / c c fue l ) 

H y d r o g e n l e a k a g e ( % / y r ) 

B a r r i e r M a t e r i a l 

C o r e l e n g t h ( m . ) 

C o r e d i a m e t e r ( in . ) 

R e f l e c t o r t h i c k n e s s ( in , ) 

S h i e l d e d d i a m e t e r a t t o p 
of c o r e ( m . ) 

D i s t a n c e f r o m s h i e l d t o p 
t o c o r e t o p ( m . ) 

C o n t r o l m e t h o d 

A c t i v e c o n t r o l d r u m s 

R e a c t o r - R e f l e c t o r w e i g h t ( lb) 

L i f e t i m e (y r ) 

P o w e r d e n s i t y ( k w t / l b r e a c t o r ) 

P o w e r d e n s i t y ( k w t / m . ^ fue l ) 

M a x i m u m b u r n u p ( m e t a l a t . %) 

R e a c t i v i t y C o n t i n g e n c y ($) 

325 

1300 

200 

85 

H a s t e l l o y N 

0 .855 

1590 

4 . 2 0 

6.3 

3.8 

S C B 

13.8 

8 .875 

3.0 ( m e a n ) 

14.6 

18.9 

s t a t i c 

1 

413 

1 

0 .86 

0 .52 

0 .17 

0 .50 

•Adjusted by using low N „ elements and/or reflector shimming •Adjusted by using low N elements and/or reflector shimming 
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design p a r a m e t e r s for the nominal 1-yr l i fe t ime. F igures III-16 through III-18 

show off-design power capabil i t ies as a function of outlet t empera tu re and life­

t ime . The ul t imate power capability is l imited to 450 kwt at 1300°F by the clad­

ding c reep design c r i t e r ion . Below this t e m p e r a t u r e , the reac tor is react iv i ty 

l imited. 
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Figure III-16. SNAP lOB Advanced (85 Elements) 
P a r a m e t e r s , 1-yr Life 

It should be noted that these designs were optimized for a 1-yr life, and do 

not neces sa r i l y consti tute optimum designs for off-design longer l i fe t imes . One 

consequence of optimizing both sys tems to the same 1-yr lifetime is to emphasiz 
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Figure III-17. SNAP lOB Advanced (85 Elements) 
P a r a m e t e r s , 3-yr Life 
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the d i f f e r e n c e b e t w e e n the two c o m p e n s a t i o n t e c h n i q u e s for o f f -des ign ex tended 

l i f e t i m e s . C o m p a r i s o n of the f i g u r e s shows tha t the g e t t e r d e s i g n h a s l o w e r 

p o w e r c a p a b i l i t i e s t h a n the TCA d e s i g n when o p e r a t e d u n d e r t h e s e c o n d i t i o n s . 

Th i s i s a c o n s e q u e n c e of the l i m i t e d h y d r o g e n a b s o r p t i o n c a p a b i l i t y of the o p t i ­

m i z e d g e t t e r . R e o p t i m i z a t i o n of both d e s i g n s a t a l o n g e r l i f e t i m e , h o w e v e r , 

would be e x p e c t e d to y ie ld r e a c t o r s y s t e m s of c o m p a r a b l e w e i g h t s . 

b . 5 5 - E l e m e n t C o r e O p t i m i z e d a t 100 kwt 

S e l e c t i o n of the 9 t e n t a t i v e d e s i g n po in t s shown in Sec t ion I I I - E - 3 w a s b a s e d 

h e a v i l y on the m a x i m u m p r a c t i c a l p o w e r c a p a b i l i t y o b t a i n a b l e with a g iven n u m ­

b e r of fuel e l e m e n t s of r e a s o n a b l e l e n g t h . F o r a g iven p o w e r l e v e l , i t i s p o s s i b l e 

to a r r i v e a t a d e s i g n which p r o v i d e s a b e t t e r o p t i m i z a t i o n of r e a c t o r we igh t and 

s h i e l d a b l e e n v e l o p e . S e p a r a t e a n a l y s e s h a v e shown tha t for o p t i m i z a t i o n s at 

p o w e r l e v e l s be low about 300 kwt m a x i m u m c a p a b i l i t y , t he 5 5 - e l e m e n t c o r e l a t ­

t i c e c h o i c e p r o v i d e s an o p t i m i z e d d e s i g n wi th a s l i gh t s y s t e m weigh t s av ing o v e r 

both 37- and 8 5 - e l e m e n t c o r e s . 

A d e s c r i p t i o n of a 5 5 - e l e m e n t d e s i g n , o p t i m i z e d a t 100 kwt , is p r e s e n t e d in 

T a b l e s I I I -13 and I I I - 1 4 and in F i g u r e s I I I -19 t h r o u g h I I I - 2 1 . T h i s i s a d e s i g n 

po in t for which c o n s i d e r a b l e i n t e r e s t a p p e a r s to e x i s t . I t s a n a l y s i s h e r e a l s o 

p e r m i t s c o m p a r i s o n of the lOB Advanced c o n c e p t wi th the lOB B a s i c and U p g r a d e d 

lOA/2 r e a c t o r s p r e v i o u s l y d i s c u s s e d . In t h e s e c o m p a r i s o n s , the r e a c t o r we igh t 

sav ing i s n e g l i g i b l e . M o r e s ign i f i can t , h o w e v e r , i s the r e d u c t i o n of s h i e l d a b l e 

d i a m e t e r to 12.6 in . In c o m p a r i s o n to SNAP lOB B a s i c , t h i s would r e s u l t in a 

sh i e ld we igh t r e d u c t i o n of about 13% ( s e e S e c t i o n IV, Sh ie ld ing) . In c o m p a r i s o n 

to U p g r a d e d l O A / 2 , t h e sh i e ld we igh t sav ing is even m o r e s t r i k i n g . 

A d e t a i l e d a c c o u n t of the o p t i m i z a t i o n of t h i s r e a c t o r i s p r e s e n t e d in a p u b ­

l i s h e d AEC r e p o r t . 

c . 8 5 - E l e m e n t C o r e O p t i m i z e d a t 100 kwt 

T h e 8 5 - e l e m e n t r e a c t o r d e s c r i b e d in (a) above m a y be o p e r a t e d a t 100 kwt . 

It i s a l s o p o s s i b l e to ob ta in r a t e d ou t l e t t e m p e r a t u r e and life a t th i s p o w e r l e v e l 

wi th a r e d u c e d r e f l e c t o r , such t h a t the s h i e l d e d enve lope i s only s l i gh t ly l a r g e r 

t h a n tha t of the 5 5 - e l e m e n t r e a c t o r d e s c r i b e d in (b) a b o v e . While such a d e s i g n 

"R. J . Gimera, "SNAP lOB Reactor Conceptual Des ign ," NAA-SR-10422 (October 31 , 1964) 
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T A B L E I I I -13 

lOB ADVANCED ( G E T T E R ) R E A C T O R 
5 5 - E L E M E N T C O R E O P T I M I Z E D AT 100 kwt 

NOMINAL DESIGN C H A R A C T E R I S T I C S 

O 
H I 
^ I 

M 
h I u 
t l 
:;: 
H 

m 

4^ 

> 

cy} 

I 

00 

O 
I—' 

t\) 

Power level (end of life) (kwt) 

Outlet temperature (end of life) (°F) 

Coolant temperature r ise (°F) 

Number of elements 

Element OD (in.) 

Maximum fuel temperature (°F) 

Prepoison loading ($) 

Nj^ (10^^ atoms H/cc fuel) 

Hydrogen leakage (%/yr) 

Barr ie r mater ia l 

Core length (in. ) 

Core diameter (in. ) 

Reflector thickness (in. ) 

Shielded diameter at top of core (in. ) 

Distance from shield top to core top (in. ) 

Control method 

Active control elements 

Reactor- Reflector weight (lb) 

Lifetime (yr) 

NaK flowrate (Ib/hr) 

NaK AP (psi) 

Fuel element cladding 

Power density (kwt/lb reactor) 

Power density (kwt/in.-^ fuel) 

Maximum burnup (metal at. %) 

Reactivity Contingency ($) 

100 

1300 

100 

55 

1.06 

1440 

1.25 

6.3 

2.5 

SCB 

13.6 

8.875 

2.0 (mean) 

12.6 

18.0 

static 

1 

337 

1 

16,250 

0.4 

Hastelloy N 

0.33 

0,17 

0.05 

0.50 

T A B L E III-14 

lOB ADVANCED (TCA) REACTOR 
5 5 - E L E M E N T C O R E O P T I M I Z E D AT 100 kwt 

NOMINAL DESIGN CHARACTERISTICS 

P o w e r l eve l (end of life) (kwt) 

Outlet t e m p e r a t u r e (end of life) (°F) 

Coolant t e m p e r a t u r e r i s e (°F) 

Number of e l emen t s 

E l emen t OD (in. ) 

Max imum fuel t e m p e r a t u r e (°F) 

P r e p o i s o n loading ($) 

Nj^ (10^2 a toms H/cc fuel) 

Hydrogen leakage (%/yr) 

B a r r i e r m a t e r i a l 

Core length (in. ) 

Core d i a m e t e r (in.) 

Ref lector th i ckness (in.) 

Shielded d i a m e t e r at top of c o r e (in.) 

Dis tance f rom shield top to c o r e top (in.) 

Cont ro l me thod 

Act ive con t ro l d r u m s 

R e a c t o r - R e f l e c t o r weight (lb) 

Life t ime (yr) 

NaK f lowra te ( Ib /hr ) 

NaK A P (psi) 

F u e l e l emen t cladding 

P o w e r dens i ty (kwt/ lb r e a c t o r ) 

P o w e r dens i ty (kwt/ in.^ fuel) 

Max imum burnup (meta l a t . %) 

React iv i ty Contingency ($) 

100 

1300 

100 

55 

1.06 

1440 

1.90 

6.3 

2.5 

S C B 

13.6 

8.875 

2.0 (mean) 

12.6 

18.0 

s ta t ic 

1 

362 

1 

16,250 

0,4 

Haste l loy N 

0.30 

0.16 

0.05 

0.50 
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Figure III-19. SNAP lOB Advanced (55 Elements ; 
P a r a m e t e r s , 1-yr Life 

would not be optimum for 100-kwt application, the reac tor and shield weight 

penalty would be smal l . The advantage of developing such a r eac to r would be 

its potential versa t i l i ty , since its power capabili ty could be extended to 450 kwt 

by the re la t ively inexpensive p r o c e s s of adding ref lector th ickness . In the l imit , 

this p r o c e s s would approach the weight and envelope descr ibed in (a) above. A 

detailed evaluation of this approach has not yet been per formed. 

5. Pe r fo rmance Limitat ions 

All potential per formance l imitat ions considered for the lOB Basic r eac to r 

were also considered h e r e . 
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Figure III-20. SNAP lOB Advanced (55 Elements ) 
P a r a m e t e r s , 3-yr Life 
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a. 8 5 - E l e m e n t C o r e 

T h e p e r f o r m a n c e l i m i t a t i o n s for the 8 5 - e l e m e n t r e f e r e n c e c o r e a r e shown in 

F i g u r e s I I I -16 to I I I - 1 8 . 

( l ) O n e - Y e a r O p e r a t i o n 

T h e g e t t e r v e r s i o n i s r e a c t i v i t y l i m i t e d and i s c a p a b l e of o p e r a t i o n at 500 kw^t/ 

1 1 0 0 ° F , 480 k w t / 1 2 0 0 ° F , o r 450 k w t / 1 300° F . 

The TCA v e r s i o n i s f u e l - s w e l l i n g - l i m i t e d at t e m p e r a t u r e s be low 1265° F and 

c l a d d i n g - c r e e p - l i m i t e d above tha t t e m p e r a t u r e . If t he c r e e p l i m i t a t i o n is r e ­

m o v e d by r a i s i n g the NaK s y s t e m p r e s s u r e , t he r e a c t o r can p r o d u c e 620 k w t / 

1 1 0 0 ° F , 550 k w t / 1 2 0 0 ° F , o r 460 k w t / 1 300° F . 

It is p o s s i b l e t ha t s o m e r a i s i n g of the fuel swe l l i ng l i m i t c a n be a c c o m p l i s h e d 

by o p t i m i z a t i o n of the f u e l - c l a d d i n g gap . A va lue of 3 - m i l r a d i a l c l e a r a n c e (hot) 

w a s u s e d in t h i s s t u d y . An i n c r e a s e in the gap wi l l i n c r e a s e fuel t e m p e r a t u r e s 

and t h e r e f o r e l ower the fuel t e m p e r a t u r e l i m i t l i ne w^hile r a i s i n g the fuel swe l l i ng 

l i m i t l i ne s o m e w h a t . S ince t h e r e i s v e r y l i t t l e s p a c e b e t w e e n the fuel sw^elling 

and fuel t e m p e r a t u r e l i m i t l i n e s , p r o b a b l y l i t t l e c a n be ga ined by a t t e m p t s a t 

gap o p t i m i z a t i o n . 

(2) T h r e e - Y e a r O p e r a t i o n 

The g e t t e r v e r s i o n i s c o m p l e t e l y r e a c t i v i t y l i m i t e d . O p e r a t i o n a t 300 k w t / 

1 1 0 0 ° F , 230 k w t / 1 2 0 0 ° F , o r 1 50 k w t / 1 300° F i s p o s s i b l e . 

T h e TCA v e r s i o n i s f u e l - s w e l l i n g - l i m i t e d o v e r a l m o s t the e n t i r e r a n g e of 

o p e r a t i n g t e m p e r a t u r e s . O p e r a t i o n i s l i m i t e d to 365 k w t / 1 1 0 0 ° F , 320 k w t / 

1 2 0 0 ° F , o r 230 k w t / 1 3 0 0 ° F . In th i s c a s e , s o m e i m p r o v e m e n t in p e r f o r m a n c e 

m a y be ga ined by o p t i m i z i n g t h e fuel e l e m e n t gap , a l though p r o b a b l y at the e x ­

p e n s e of 1-yr o p e r a t i o n c h a r a c t e r i s t i c s . 

(3) F i v e - Y e a r O p e r a t i o n 

The g e t t e r v e r s i o n i s a g a i n c o m p l e t e l y r e a c t i v i t y l i m i t e d . O p e r a t i o n a t 

200 k w t / 1 1 0 0 ° F , 140 k w t / 1 2 0 0 ° F , o r 1 00 k w t / 1 250 ° F i s p o s s i b l e . 

The TCA v e r s i o n i s f u e l - s w e l l i n g - l i m i t e d be low 1 2 2 0 ° F and r e a c t i v i t y -

l i m i t e d above tha t t e m p e r a t u r e . O p e r a t i o n i s l i m i t e d to 270 k w t / 1 1 0 0 ° F , 

230 k w t / 1 2 0 0 ° F , o r 150 k w t / 1 3 0 0 ° F . Som e s l igh t i m p r o v e m e n t in p e r f o r m a n c e 
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may be gained by optimization of the fuel element gap, although again probably 

at the expense of 1-yr operat ion c h a r a c t e r i s t i c s . 

b . 55-Element Core Optimized at 100 kw 

It should be emphasized that the l imitat ions presented he re a r e l imitat ions 

for a pa r t i cu la r low-powered 55-element co re . La rge r r e a c t o r s could be built 

with 55 e lements , but they would lack the high-power capability of the 85-element 

co re . 

Since this core is designed well below the maximum power levels attainable 

with a 55-element co re , react iv i ty l imitat ions dictate operat ional c h a r a c t e r i s t i c s , 

given in Table 111-15. All the potential l imitat ions a r e shown in Figures III-19 

through 2 1 . For l i fet imes longer than 1 yr , only very low powers can be 

ext rac ted . 

TABLE III-15 

REACTIVITY LIMITATIONS 55-ELEMENT CORE 
OPTIMIZED AT 100 kwt 

Version 

Getter 

T C A 

Life 
(yr) 

1 

1 

1 

3 

3 

3 

5 

5 

1 

1 

1 

3 

3 

3 

5 

5 

Temperature 
(°F) 

1100 

1200 

1300 

1100 

1200 

1250 

1100 

1200 

1100 

1200 

1300 

1100 

1200 

1250 

1100 

1200 

Power 
(kwt) 

140 

125 

100 

90 

70 

50 

75 

45 

310 

265 

110 

165 

115 

70 

115 

50 
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6. R e l i a b i l i t y 

The SNAP lOB Advanced r e a c t o r e m p l o y s a d v a n c e d d e s i g n f e a t u r e s which 

null i fy the n u c l e a r effect of h y d r o g e n l e a k a g e . The u s e of e i t h e r y t t r i u m a s a 

h y d r o g e n " g e t t e r " o r e m p l o y m e n t of a m e c h a n i c a l t e m p e r a t u r e coef f ic ien t a u g ­

m e n t i n g d e v i c e is s p e c i f i e d . R e l i a b i l i t y a l l o c a t i o n s for t h e SNAP lOB r e a c t o r 

s u b s y s t e m a r e shown in T a b l e I I I - 1 6 . 

T A B L E I I I -16 

SNAP lOB ADVANCED R E A C T O R SUBSYSTEM 
R E L I A B I L I T Y A L L O C A T I O N 

A s s e m b l y 

R e a c t o r s t r u c t u r e 

R e a c t o r c o r e 

R e f l e c t o r 

C o n t r o l e q u i p m e n t 

R a d i a t i o n sh i e ld 

C o m p l e t e r e a c t o r s u b s y s t e m 

C u m u l a t i v e R e l i a b i l i t y 

L a u n c h and 
A s c e n t 

0.99980 

0.99900 

0.99980 

0.99920 

0.99980 

0.99760 

S t a r t u p 

0.99950 

0.99700 

0.99880 

0.99620 

0.99950 

0.99100 

1 y r 

0.99930 

0.99460 

0.99860 

0.99570 

0.99930 

0.98750 

F . SNAP 8 R E F E R E N C E DESIGN 

1. D e s c r i p t i o n 

T h e SNAP 8 R e f e r e n c e D e s i g n n u c l e a r s y s t e m c o n s i s t s of a sh i e lded c o m p a c t 

n u c l e a r r e a c t o r m o d e r a t e d by z i r c o n i u m - h y d r i d e and coo led by l iquid N a K - 7 8 . 

It i s c o n s e r v a t i v e l y d e s i g n e d to p r o d u c e 600 kwt for 10,000 h r of u n a t t e n d e d 

o p e r a t i o n in s p a c e wi th a 1 3 0 0 ° F NaK ou t l e t coo l an t t e m p e r a t u r e and an 1 1 0 0 ° F 

in l e t t e m p e r a t u r e . The r e f e r e n c e s y s t e m is d e s i g n e d to o p e r a t e with v a r i o u s 

p o w e r c o n v e r s i o n s y s t e m s such a s (1) the 3 5 - k w e , 3 - loop H g - R a n k i n e s y s t e m 

being d e v e l o p e d by NASA, (2) the c o m p a c t t h e r m o e l e c t r i c p o w e r c o n v e r s i o n 

s y s t e m u n d e r d e v e l o p m e n t by the AEC a s an ou tg rowth of the SNAP lOA p r o g r a m , 

(3) the t h e r m o e l e c t r i c SNAP lOA p o w e r c o n v e r s i o n s y s t e m , (4) the m u l t i p l e 

i n s t a l l a t i o n of l a r g e c o m b i n e d r o t a t i n g un i t s (CRU) of the H g - R a n k i n e cyc l e be ing 

d e v e l o p e d by the AEC a s a n o u t g r o w t h of t h e SNAP 2 p r o g r a m , and (5) t h e m u l ­

t i p l e i n s t a l l a t i o n of SNAP 2 type C R U ' s . F i g u r e I I I -22 s h o w s t h e SNAP 8 R e f e r ­

e n c e n u c l e a r s y s t e m , 
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Figure III-22. SNAP 8 Reactor and Shield 

NAA-SR-11685, Vol 2 

52 



T h e d e s i g n r e l i a b i l i t y goal for the SNAP 8 n u c l e a r s y s t e m h a s b e e n t e n t a t i v e l y 

e s t a b l i s h e d at 96 .85% exc lud ing m i c r o m e t e o r o i d p r o t e c t i o n . The goal for n o n -

p u n c t u r e p r o b a b i l i t y h a s been e s t a b l i s h e d at 99 .9%. The d e s i g n weigh t o b j e c t i v e , 

e x c l u s i v e of the s h i e l d , i s 600 l b . The weigh t of the sh i e ld wi l l depend l a r g e l y 

upon the s e l e c t e d m i s s i o n and pay load c r i t e r i a . The e n v i r o n m e n t a l c r i t e r i a a r e 

b a s e d upon a SATURN launch v e h i c l e and a r e d e t a i l e d in the SNAP 8 N u c l e a r 

S y s t e m Model Spec i f i ca t ion , N R 7 5 6 8 - 0 2 . A d e s c r i p t i o n of the m a j o r a s s e m b l i e s 

of the SNAP 8 R e f e r e n c e D e s i g n n u c l e a r s y s t e m i s g iven in a p u b l i s h e d AEC 

r e p o r t . 

The c o r e v e s s e l i s a r i g h t c i r c u l a r c y l i n d e r con ta in ing 211 fuel e l e m e n t s . 

The fuel e l e m e n t s a r e m a d e of Zr - 10.5 wt % U a l loy h y d r i d e d to a h y d r o g e n 
22 

con ten t of 6 x 10 h y d r o g e n a t o m s / c c of ( U - Z r ) H . The u r a n i u m i s 93% en ­
r i c h e d . The e l e m e n t s a r e c lad in l O - m i l th i ck H a s t e l l o y - N tub ing , coa t ed i n t e r ­
na l ly with a h y d r o g e n p e r m e a t i o n b a r r i e r . The a c t i v e length of the fuel e l e m e n t 
is 16.825 in . 

The b e r y l l i u m r e f l e c t o r s y s t e m c o n s i s t s of s ix s t a t i o n a r y c u s p - p r i s m s and 

six r o t a t i n g d r u m s . T h r e e r e f l e c t o r d r u m s a r e u s e d a s s t a r t u p d r u m s and a r e 

d r i v e n by s p r i n g s . The o t h e r t h r e e r e f l e c t o r d r u m s a r e u s e d a s c o n t r o l d r u m s 

and a r e d r i v e n by l o n g - t e r m b i d i r e c t i o n a l m o t o r s . 

The sh i e ld a s s e m b l y i s d e p e n d e n t upon the pay load d i a m e t e r , s e p a r a t i o n 

d i s t a n c e , and a l l o w a b l e d o s e . The sh ie ld m u s t p r o t e c t t he pay load f r o m s c a t ­

t e r e d n e u t r o n s and t h e r e f o r e m u s t sh i e ld t he e n t i r e r e f l e c t o r a s s e m b l y , 27.6 i n . 

in d i a m e t e r a t a p p r o x i m a t e l y 22 in . above the bo t t om of the c o r e v e s s e l . 

The SNAP 8 D e v e l o p m e n t a l S y s t e m , S8DS, b a s e d upon the R e f e r e n c e D e s i g n 

i s c u r r e n t l y be ing f a b r i c a t e d . 

2 . N o m i n a l D e s i g n Cond i t i ons 

T a b l e I I I -17 s u m m a r i z e s t he i m p o r t a n t d e s i g n c r i t e r i a of the SNAP 8 R e f e r ­

ence D e s i g n n u c l e a r s y s t e m . 

3 . P a r a m e t r i c C a p a b i l i t i e s of the R e f e r e n c e SNAP 8 N u c l e a r S y s t e m 

The p o w e r c a p a b i l i t y of the SNAP 8 r e a c t o r i s a funct ion of both r e q u i r e d 

l i f e t i m e and coo lan t ou t le t t e m p e r a t u r e . S ince the p r e s e n t r e f e r e n c e d e s i g n i s 

*"SNAP 8 Quarterly Progress Report, May-July 1964," NAA-SR-9992 , (SRD) (September 22, 1964) 
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TABLE III-17 

SNAP 8 REFERENCE DESIGN NUCLEAR SYSTEM 

Power level (kwt) 

Outlet t empe ra tu r e (°F) 

Coolant t empe ra tu r e r i s e (°F) 

Niimber of e lements 

Element OD (in. ) 

Maximum fuel t empe ra tu r e (°F) 

Prepoison loading ($) 

% Hydrogen leakage (yr) 

B a r r i e r m a t e r i a l 

Core length (in, ) 

Core ID (in. ) 

Reflector th ickness (nominal) 

Shielded d iameter (shoulder) (in. ) 

Shoulder height (in. ) 

Control method 

Controlled ref lector e lements 

Reac to r - re f l ec to r weight (lb) 

Nominal l ifetime (hr) 

NaK flowrate 

N a K A P (psi) 

Fuel element cladding 

600 

1300 

200 

211 

0.560 

1520 

3.00 

2.4 

SCB 

16.825 

9.214 

3.0 

27.6 

22.0 

active 

3 

600 

10^ 

48,800 

4.8 

Haste l loy-N 

highly evolved, and essent ia l ly "frozen, " it is poss ible to define an envelope of 

capabil i t ies for this design, bounded by curves associa ted with var ious c r i t i ca l 

p a r a m e t e r s . Two basic types of l imiting curves may be defined; those based 

on "design c r i t e r i a , " and those based on "operat ional l imi ta t ions . " 

Both design c r i t e r i a and operat ional l imitat ions a r e descr ip t ions of reac to r 

conditions which occur or evolve in the course of reac to r operat ion. Design 

c r i t e r i a l imits a r e highly conservat ive es t imates of the lowest power level at 

which, in the l i f e - t empera tu re domain, sys tem per formance could be expected 

to begin to degrade as the resu l t of exceeding some physical condition. Design 

c r i t e r i a a r e defined adminis t ra t ive ly , and do not bear any specific re la t ionship 
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to cur ren t ly demons t ra ted technology or detailed engineering a rgumen t s . Oper ­

ational l imi ts a r e rea l i s t i c but st i l l conservat ive e s t ima te s , based upon cu r ­

rent ly established technology and data . 

An indication of the conse rva t i sm of the design c r i t e r i a will be shown by 

analyzing the reac to r power, outlet coolant t e m p e r a t u r e , and lifetime capabi l i ­

t ies for var ious physical l imi ta t ions . With minor modifications to the beryl l ium 

drum size and hydrogen modera to r concentrat ion w^ith the fuel, the existing 
4 

SNAP 8 reac to r can be expected to produce over 1 Mwt power for 10 hr with an 

outlet coolant t e m p e r a t u r e of 1300°F. However, at this higher power level the 

nuclear s y s t e m ' s re l iabi l i ty would be significantly dec reased due to the ut i l iza­

tion of all excess (or redundant) react iv i ty (see Section I I I -F -4 ) . Improved 

rel iabi l i ty and lifetime resu l t from operat ion below nominal power . No weight 

savings can be rea l ized, however, since the physical design is fixed, 

a. SNAP 8 Reference Design C r i t e r i a 

Design c r i t e r ion l imits a r e shown in F igure III-23, and a r e compared to 

operat ional l imi ts in F igure III-24. All five of the basic design c r i t e r i a of the 

r eac to r exceed the r e a c t o r ' s design point. The five basic design c r i t e r i a a r e 

excess react iv i ty , fuel swelling, fuel phase change, cladding c reep , and beryl l ium 

swelling. The assumpt ions and reasoning used in determining each design c r i ­

te r ion , as w^ell as a compar i son between the conservat ive design c r i t e r ion and 

the m o r e rea l i s t i c operating capabili ty, a r e descr ibed in the subsequent sec t ions . 

(1) Excess Reactivi ty 

The ul t imate operat ional l imitat ion of the SNAP 8 Reference Design nuclear 

sys tem is excess reac t iv i ty . The react iv i ty lifetime is that t ime at which all 

excess reac t iv i ty has been used. The excess react iv i ty design c r i t e r ion a s sumes 

the reac to r operating with the: 

1) Nominal core power fuel burnup and fission product burnup 

2) T e m p e r a t u r e defect corresponding to the hot channel fuel t empe ra tu r e s 

3) Hydrogen loss of the hot channel fuel e lement with the fuel t empe ra tu r e 

remaining constant during the reac to r lifetime 

4) Nominal fuel specification N^ = 6.05 
H 

5) Nonninal shim configuration. 
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As shown on F i g u r e I I I - 2 3 , t h e d e s i g n c r i t e r i a of the SNAP 8 R e f e r e n c e D e ­

s ign n u c l e a r s y s t e m hav ing a 1 0 , 0 0 0 - h r l i f e t i m e i s not l i m i t e d by e x c e s s r e a c ­

t i v i t y . F o r ou t l e t coo lan t t e m p e r a t u r e s of 1 2 0 0 ° F , 1 3 0 0 ° F , and 1 4 0 0 ° F t h e 

e x c e s s r e a c t i v i t y d e s i g n c r i t e r i a l i m i t s the r e a c t o r p o w e r to a p p r o x i m a t e l y 

1210 kwt , 930 kwt , and 600 kwt , r e s p e c t i v e l y . 

D u r i n g r e a c t o r o p e r a t i o n , t he four m a j o r r e a c t i v i t y r e q u i r e m e n t s a r e t e m ­

p e r a t u r e de f ec t , f i s s i o n p r o d u c t bu i l dup , fuel b u r n u p , and h y d r o g e n m o d e r a t o r 

l o s s . S ince the only m a j o r r e a c t i v i t y r e q u i r e m e n t w^hich can be v a r i e d i s h y ­

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

and c l add ing c r e e p a r e spec i f i ed to m a i n t a i n t h e h y d r o g e n l e a k a g e wi th in a c ­

c e p t a b l e l i m i t s . T h e s e d e s i g n c r i t e r i a a r e spec i f i ed to m i n i m i z e or e l i m i n a t e 

the s t r a i n on t h e c e r a m i c h y d r o g e n b a r r i e r e n c o u n t e r e d d u r i n g t h e r e a c t o r 

l i f e t i m e . 

(2) F u e l Swel l ing 

The fuel swe l l i ng d e s i g n c r i t e r i o n i s def ined a s o p e r a t i o n un t i l , a t t he po in t 

of m a x i m u m b u r n u p of the fuel r o d u n d e r ho t c h a n n e l c o n d i t i o n s , t he gap b e t w e e n 

the fuel and the c e r a m i c b a r r i e r is z e r o . T h e ho t c h a n n e l fuel t e m p e r a t u r e a s ­

s u m e s tha t t h e r e i s a u n i f o r m h y d r o g e n gap b e t w e e n the fuel and the c e r a m i c , 

t h a t t h e fuel r o d p r o d u c e s 10.8% m o r e pow^er t h a n t h e n o m i n a l c e n t e r r o d , and 

t h a t t he coo lan t flow is 10% be low the spec i f i ed flow p r o f i l e . The p o w e r ho t 

c h a n n e l f ac to r i s b a s e d on a s t a t i s t i c a l e v a l u a t i o n of the r e a c t o r s p e c i f i c a t i o n 

t o l e r a n c e v a r i a t i o n of t h e s y s t e m c o m p o n e n t s . 

T h e n o m i n a l fuel t e m p e r a t u r e s a s s u m e t h a t t he fuel t o u c h e s the c e r a m i c , 

n o m i n a l c o r e p o w e r , and full coo lan t f l o w r a t e of the r e q u i r e d flow p r o f i l e . T h e 

coo l an t flow p r o f i l e i s b a s e d on m i n i m i z i n g t h e m a x i m u m r a d i a l l y - a v e r a g e d fuel 

t e m p e r a t u r e wi th in t h e r e a c t o r . T h i s flow p r o f i l e a p p e a r s to be n e a r o p t i m u m 

to m i n i m i z e fuel and c e r a m i c t e m p e r a t u r e s which l o w e r fuel s w e l l i n g , h y d r o g e n 

d i s s o c i a t i o n p r e s s u r e , and h y d r o g e n l e a k a g e . 

T h e r e s t r i c t i o n t h a t t h e fuel d o e s not s t r a i n t h e c e r a m i c h a s b e e n e x p e r i m e n ­

t a l l y show^n to be c o n s e r v a t i v e . T e s t s w e r e r u n to d e t e r m i n e the effect of the 

c e r a m i c b a r r i e r h y d r o g e n l e a k r a t e by c o n t r o l l e d s t r a i n i n g of the c e r a m i c by 

s i m u l a t e d fuel sw^elling. The t e s t s show^ed tha t t h e c e r a m i c coa t ing could be 

s t r a i n e d 4 m i l s on t h e d i a m e t e r wi th no d e t r i m e n t a l effect on the h y d r o g e n l e a k 
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r a t e . The effect of neutron flux or fission products on the ability of the ceranaic 

to s t r a in without significantly increas ing the hydrogen leak ra t e has not been 

d i rec t ly de te rmined . It appears that the nuclear environment should have no 

d iscern ib le effect on the ce ramic degradat ion due to s t r a in since in-pi le leakage 

of nonstra in ce ramic b a r r i e r s indicated no significant change in hydrogen 

leakage. 

A second conservat ive assumpt ion in the fuel sw^elling design c r i t e r ion is that 

the gas gap is closed when the fuel e lement has been re turned to ambient t em­

p e r a t u r e and the hydrogen within the fuel is uniformly dis t r ibuted. When the 

reac to r is at operating t e m p e r a t u r e s , the re is approximately one additional mil 

of d i amet ra l c lea rance between the fuel and c e r a m i c . This constra int is p e r t i ­

nent only to r e a c t o r s which must be r e s t a r t e d after extensive power operat ion, 

and is incorporated pr incipal ly to pe rmi t ground testing of ha rdware identical 

to flight ha rdware . 

The thi rd conservat ive assumpt ion in the fuel swelling design c r i t e r ion is that 

the fuel t empe ra tu r e r emains constant; that i s , independent of the gas gap during 

the reac to r l i fet ime. The pr incipal t e m p e r a t u r e drop between the fuel and the 

coolant is a c r o s s the hydrogen gas gap. 

However, during the reac to r l i fet ime, as the fuel swel ls , the gas gap de ­

c r e a s e s . The fuel t e m p e r a t u r e will therefore d e c r e a s e during the reac to r l ife­

t ime . (The effect of fission fragments produced within the fuel on the fuel t he rma l 

conductivity will be minor , ) 

The fuel element design provides adequate axial c lea rance to accommodate the 

axial growth of the fuel due to i r rad ia t ion damage. Because of this c l ea rance , 

axial growth of the fuel is not considered in the es tabl ishment of the design l imits 

to the per formance of the sys tem. 

Figure III-23 i l lus t ra tes that fuel swelling is one of the l imits of the operat ing 

range of the r eac to r functioning within i ts conservat ive design c r i t e r i a . For 

outlet coolant t e m p e r a t u r e s of 1200°F, 1300°F, and 1400°F, the fuel swelling 

design c r i t e r ion would l imit the r eac to r power to approximately 900 kw t̂, 720 kwt, 

and 560 kwt, respec t ive ly . These conditions resu l t from the conservat ive fuel 

swelling design c r i t e r ion . Operation beyond this l imit should be poss ible without 

any significant d e c r e a s e in the overa l l sys tem per formance capabili ty. 
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(3) Fuel Phase Change 

The second r eac to r design c r i t e r ion requ i red to min imize the hydrogen leak 

r a t e is the phase change of the fuel m a t e r i a l . The fuel phase change design 

c r i t e r ion is defined as operat ion until any pa r t of the fuel element (with the 

lowest fuel specification hydrogen concentrat ion operat ing in the hot channel 

condition) loses sufficient hydrogen to jus t r each the ^-6 phase in terface . Like 

fuel swelling, the phase change design c r i t e r ion is quite conservat ive and a s s u r e s 

no straining of the ce ramic b a r r i e r . 

The design c r i t e r i a a s sume that: 

1) The fuel t e m p e r a t u r e profi le co r responds to the hot channel condition 

and that the fuel t empera tu re r emains constant during the reac tor l i fet ime. 

2) The hydrogen concentrat ion (N„) co r responds to the minimum fuel 

specification value N „ = (6.05 - 0.10) = 5.95, 

H 

3) The hydrogen leak r a t e through the ce ramic cor responds to the S8ER 

median value, which is 2 to 3 t imes the S8DS fuel element leak r a t e . 
4) The hydrogen leak ra t e of a fuel element d e c r e a s e s w îth t ime due to 

the lost hydrogen diminishing the N.. which correspondingly reduces the 
rl 

hydrogen dissocia t ion p r e s s u r e . 

F igure III-23 exemplifies that the fuel phase change design c r i t e r ion does 

not l imit the r eac to r operating w îth a 10,000-hr l i fet ime. The reac to r could 

operate at powers of 1020 kwt, 910 kwt, and 630 kwt with outlet coolant t e m ­

p e r a t u r e s of 1200°F, 1300°F, and 1400°F, respec t ive ly , before the phase change 

design c r i t e r ion would be exceeded. 

(4)Cladding Creep 

The third fuel element design c r i t e r ion specified to maintain the integr i ty of 

the ce ramic coating is cladding c r e e p . The hydrogen dissocia t ion p r e s s u r e of 

the fuel is many a tmospheres for fuel rods having hydrogen concentrat ions near 

the upper l imit of the specification, having a high power densi ty, and /o r having 

a high outlet coolant t e m p e r a t u r e . The counteract ing effect of increas ing the 

stat ic p r e s s u r e of the NaK is bounded by another design c r i t e r ion — core vesse l 

c r e e p . The des i red cladding s t ra in cannot be obtained by increas ing the cladding 

wall thickness s ince, from a react iv i ty viewpoint, the cladding must be as thin 
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as poss ib le . The 10-mil nominal wall thickness appears to be a reasonable 

lower l imit due to cladding extrusion and fuel element manufacturing techniques . 

The 0.2% lifetime c r e e p , using a 1.4 factor of safety, is a somewhat a rb i t r a r i l y 

smal l number to insure optimum hydrogen b a r r i e r operat ion. Excess ive c lad­

ding c reep could have two de t r imenta l effects. F i r s t , s t ra in of the ce ramic 

b a r r i e r , and second, approaching the es t imated 1% d iamet ra l cladding s t r a in 

rupture l imitat ion. 

The design c r i t e r ion a s sumes that: 

1) The fuel t empe ra tu r e cor responds to the hot channel and that the fuel 

t e m p e r a t u r e r emains constant during the reac tor l i fet ime. 

2) The N „ cor responds to the maximum fuel specification l imitat ion 
r l 

(6.05 + 0.10 = 6.15). 

3) The allowable s t r e s s has a factor of safety of 1.4. 

4) The hydrogen p r e s s u r e r emains constant during the reac tor l ifetime 
instead of decreas ing due to hydrogen leakage diminishing the N^T-

r l 
5) Minimum specification cladding thickness (10 - 1 = 9 mi l s ) . 

The cladding m a t e r i a l p rope r t i e s de te r io ra t e quite rapidly at high operating 

t e m p e r a t u r e s . Since the cladding is in excellent t he rma l contact with the coolant 

but is separa ted from the fuel by the low the rma l conductivity gas gap, the clad­

ding creep design c r i t e r i a of Figure III-23 is shown to be much 'more dependent 

upon the outlet coolant t e m p e r a t u r e than on the reac to r power level . Only at 

outlet coolant t e m p e r a t u r e s above approximately 1430 °F will the cladding c reep 

l imit the designed reac to r operat ion. 

(5) Beryl l ium Swelling (and Core Vessel Creep) 

Two additional interact ing design c r i t e r i a a r e the beryl l ium ref lector sv^elling 

and the core vesse l c r e e p . The initial gap between the core vesse l and the be ­

ryl l ium ref lec tors mus t be l a rge enough to insure c lea rance between the s u r ­

faces at all t i m e s . If all the ref lector control d rums touched the vesse l , control 

of the r eac to r would stop and the sys tem would s t a r t to degrade as react iv i ty 

d e c r e a s e s due to hydrogen l o s s , fuel burnup, and fission product buildup. The 

gap cannot be excessively la rge due to the dec reased worth of the re f lec tor . 

However, the uncer ta in t ies in the c reep ra t e of the core vesse l m a t e r i a l and the 
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swelling of the beryl l ium ref lec tor , due to neutron i r r ad ia t ion under SNAP 8 

conditions, a r e quite l a r g e . Therefore , the core vesse l is designed to have a "" 

0.2% lifetime c reep using a 1.4 factor of safety. This ensures that the core 

vesse l w^ill not s t r a in rupture during core operat ion. The design allows up to 

30-mil isotropic swelling of the beryl l ium during the sys tem l i fe t ime. The 

beryl l ium swelling is caused by fast neutron production of hel ium atoms and has 

been demons t ra ted to be strongly dependent upon operating t e m p e r a t u r e s . T h e r e ­

fore, the surfaces of the ref lector have been coated to obtain a high emiss iv i ty 

to reduce the ref lector t e m p e r a t u r e s as much as poss ib le . How^ever, if the 

core power, outlet coolant t e m p e r a t u r e , and/or surrounding environmental t em­

p e r a t u r e s a r e excess ively high, the ref lector would requ i re active cooling to 

mainta in ref lector swelling within design l imits for the des i red l i fe t ime. 

The beryl l ium swelling configuration for the design c r i t e r i a is a s sumed to 

cor respond to 4 . 5 - i n . - r a d i u s d rums which have: 

1) The beryl l ium swelling along the ent i re drum length corresponding to 

the point of maximum t empera tu re and maximum integrated fast neutron flux 

during the reac to r lifetime 

2) The swelling occurr ing on the inside (near r eac to r ) d rum surface which 

causes the ref lector to buckle, assuming that the ends of the ref lector a r e 

unres t ra ined 

3) The beryl l ium deflection l imited to 30 mi l s of the 45 mi l s avai lable . 

F igure III-23 shows the beryl l ium swelling to be much m o r e dependent upon 

the reac to r power level than upon the outlet coolant t e m p e r a t u r e . This is due 

to the high heat generat ion ra te within the ref lector and due to the vacuum gap 

existing between the core vesse l and the re f lec tor . For outlet coolant t e m p e r a ­

tu res less than approximately 1300°F, the design c r i t e r i a is l imited by beryl l ium 

swelling to a pow^er level of slightly g rea te r than 730 kwt. 

b . Reactor Operation Beyond Design C r i t e r i a 

The at tainment of a design l imitat ion would have no de t r imenta l effect on the 

sys tem pe r fo rmance . A bet ter a s s e s s m e n t of the r eac to r operating lifetime can 

be found by est imating the effects of operating the reac to r beyond the design 

c r i t e r i a until the operat ional l imitat ion of react iv i ty due to excess ive hydrogen 

loss degrades sys tem per fo rmance . 
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(1) Excess Reactivity 

F igure III-25 compares the conservat ive excess react iv i ty design c r i t e r i a 

with the p rog res s ive ly l e s s conservat ive probable operating l imit and the upper 

l imit of operat ion for the r eac to r performing for 10,000 h r . F igures III-26 and 

III-27 show the same excess react iv i ty r e s t r a i n t compar i son for the reac tor 

operating 20,000 hr and 30,000 hr respec t ive ly . 

(a) Probable Operating Limitat ion 

The probable excess react iv i ty operating l imitat ion of the sys tem uses the 

same assumptions as the design l imitat ion except that the N^T is inc reased from 
iri. 

5.95 to 6.30 which cor responds to the lower specification l imit of the maximum 

N ^ . 
(b) Upper Limit of Operat ion 

The upper l imit reac t iv i ty l imitat ion ut i l izes the same assumptions as the 

probable operating l imitat ion except using the maximum shim capability of the 
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beryl l ium d r u m s . This r e s t r a i n t appears to be a t ruly upper l imit operat ional 

capabili ty s ince, in spite of the conserva t i sm of the hot channel fuel operat ion, 

some of the react iv i ty would be needed to account for manufacturing to l e rances , 

analyt ical uncer ta in t i es , e tc . 

(2) Fuel Swelling 

It appears that the operat ional l imitat ion of fuel swelling and cladding c r eep 

could both be extended until the cladding and ce ramic have been s t ra ined 5 mi l s 

on the d i ame te r . Although out-of-pile straining of the ce r amic to 4 mi l s on the 

d iameter has shown no de t r imenta l effects, the conservat ive assumption is made 

that 4-mil in-pi le s training degrades the cerajmic so as to i nc rease the hydrogen 

leakage by approximately an o rde r of magni tude. This inc reased leakage is 

re la t ively low since the hydrogen would have to continue to pe rmea te through 
3 

the cladding. The r eac to r would sti l l be able to function for well over 10 hr 

even -with all fuel elements having their ce ramic b a r r i e r degraded. However, 

a 5-mil d i amet ra l s t ra in is approximately equal to the es t imated 1% s t ra in rup ­

tu re l imitat ion. The assumption that a 5-mil d i ame t ra l s training of the cladding 

is a fuel sv/elling operat ional l imitat ion is itself quite conservat ive since the 

analysis is based on the point of maximum core burnup operat ion in the hot 

channel condition. 

F igure III-28 indicates the var ia t ion in the fuel swelling l imitat ion between 

the conservat ive design c r i t e r i a , the p rogres s ive ly l ess conservat ive modified 

design c r i t e r i a , and the operat ional l imitat ion for the reac tor performing for 

10,000 h r . F igures III-29 and III-30 show the same fuel swelling r e s t r a in t com­

pa r i son for the r eac to r operating 20,000 hr and 30,000 h r , respec t ive ly . 

(a) Modified Design C r i t e r i a 

This m o r e reasonable swelling l imitat ion makes the same assumptions as the 

design c r i t e r i a except the fuel t empera tu re is conservat ively assumed to dec rea se 

due to fuel swelling decreas ing the hydrogen gap. With a safety factor of 50 ap­

plied to the d e c r e a s e in fuel the rmal conductivity due to burnup, these conditions 

a lso resu l t in a conservat ive fuel swelling l imitat ion. Operation beyond this 

l imit should be possible without any major d e c r e a s e in the overal l sys tem p e r ­

formance capabil i ty. 
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(b) Operat ional Limitat ion 

This appears to be a reasonably conservat ive , mos t probable fuel swelling 

l imitat ion. Besides assuming that the fuel t empera tu re would dec rea se due to 

fuel swelling, it is assumed the cladding can s t ra in 5 mi l s in the d iameter 

before the fuel swelling ma te r i a l ly affects the r e a c t o r ' s excess reac t iv i ty . These 

conditions r e p r e s e n t a conservat ive average operat ion of the nominal condition 

of all SNAP 8 fuel e lements . 

(3) Cladding Creep 

Calculation of an operat ional l imitat ion of the cladding c reep was incorporated 

into the phase change l imitat ion. By increas ing the NTT to as high a value as 

poss ib le , the react iv i ty of the sys tem and the fuel phase change lifetime a r e both 

inc reased . The analysis maintained 0.2% cladding creep l imitat ion ac ros s the 

9-mi l cladding wall thickness having a 1,4 factor of safety. The static NaK 

p r e s s u r e was inc reased in order to counteract the higher hydrogen dissocia t ion 

p r e s s u r e caused by the increased N^T operating with the same hot channel fuel 
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t e m p e r a t u r e s . T h e u p p e r l i m i t on t h e NaK s t a t i c p r e s s u r e w a s r e s t r i c t e d to 

t h a t v a l u e r e q u i r e d to j u s t s t r a i n t h e h o t t e s t l o c a t i o n of t h e c o r e v e s s e l 0.2% 

d u r i n g the r e a c t o r l i f e t i m e . T h e c o r e v e s s e l s t r e s s a l s o had a 1.4 f ac to r of 

s a f e t y . (The p r e s e n t c o r e v e s s e l t h i c k n e s s of 0 .105 i n . i s r e q u i r e d due to the 

l aunch s h o c k and v i b r a t i o n s p e c i f i c a t i o n v a l u e s . ) The N ^ shou ld not be i n c r e a s e d 

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

of t h e b e r y l l i u m r e f l e c t o r s , due to i n c r e a s i n g the v e s s e l t h i c k n e s s n e c e s s a r y to 

m a i n t a i n t h e 0.2% c r e e p l i m i t , e x c e e d s t h e r e a c t i v i t y ga in due to t h e i n c r e a s e d 

NTT. C ladd ing c r e e p l i m i t a t i o n s for v a r i o u s r e a c t o r o p e r a t i n g t i m e s a r e a l s o 
rl 

shown in F i g u r e s I I I -28 t h r o u g h I I I - 3 0 . 

(4) F u e l P h a s e C h a n g e 

F i g u r e s I I I -28 t h r o u g h I I I -30 c o m p a r e the d i f f e r en t fuel p h a s e c h a n g e l i m i t a ­

t ions of the c o n s e r v a t i v e d e s i g n c r i t e r i a and t h e e q u a l l y c o n s e r v a t i v e o p e r a t i o n a l 

l i m i t a t i o n . The o p e r a t i o n a l l i m i t a t i o n u t i l i z e s a l l of the a s s u m p t i o n s of t h e d e ­

s ign c r i t e r i o n . The g r e a t e r p o w e r - t e m p e r a t u r e c a p a b i l i t y i s due to the l o n g e r 

t i m e r e q u i r e d for a h i g h e r i n i t i a l N^j. to d i m i n i s h to t h e i3-5 i n t e r f a c e . The N ^ 
rl rl 

va lue i s t he u p p e r s p e c i f i c a t i o n l i m i t a t i o n (N^T = 6.35 + 0 .05 = 6.4) wh ich r e t a i n s 

t h e c l add ing c r e e p w^ithin the 0.2% l i m i t a t i o n . The N^, wh ich c o r r e s p o n d s to the 

p h a s e change d e s i g n c r i t e r i o n is e q u a l to 6 .30 , wh ich is the l o w e r l i m i t fuel 

s p e c i f i c a t i o n . 
(5) B e r y l l i u m Swel l ing (and C o r e V e s s e l C r e e p ) 

It i s a s s u m e d tha t the d e s i g n c r i t e r i o n of the b e r y l l i u m swe l l i ng and c o r e 

v e s s e l c r e e p is the o p e r a t i o n a l l i m i t a t i o n . If the r e f l e c t o r and c o r e v e s s e l 

t o u c h , the c o n s e r v a t i v e a s s u m p t i o n is m a d e tha t a l l c o n t r o l d r u m m o v e m e n t 

s t o p s and the s y s t e m p o w e r s t a r t s to d e g r a d e . T h i s a s s u m p t i o n i s c o n s e r v a t i v e 

s i n c e t h e r e would s t i l l be a 1 5 - m i l gap r e m a i n i n g when the c a l c u l a t e d l i m i t a t i o n 

h a s b e e n r e a c h e d . T h e 1 5 - m i l t o l e r a n c e i s to t a k e in to a c c o u n t the u n c e r t a i n t y 

of i r r a d i a t i o n flux on s t a i n l e s s c r e e p p r o p e r t i e s and on b e r y l l i u m m e t a l s w e l l i n g . 

F i g u r e I I I -31 i l l u s t r a t e s the b e r y l l i u m swe l l i ng l i m i t a t i o n s for d i f f e ren t s i z e d 

b e r y l l i u m d r u m s and for a c t i v e coo l ing of the b e r y l l i u m with the r e a c t o r o p e r a ­

t ing for 10,000 h r . F i g u r e s I I I -32 and I I I -33 show the s i m i l a r b e r y l l i u m swe l l i ng 

l i m i t a t i o n s wi th the r e a c t o r o p e r a t i n g for 20,000 h r and 30,000 h r , r e s p e c t i v e l y . 
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The s ize of the SNAP 8 shield is determined by the total core and reflector 

envelope. Since the shield weight is a la rge fraction of the total sys tem weight, 

reductions in the shielded envelope can resu l t in significant w^eight savings for 

the sys t em. A method of both reducing the shielded envelope and reducing the 

maximum beryl l ium t empera tu re is to reduce the control drum r ad iu s . Reducing 

the control drum radius will d e c r e a s e the individual drum worth, but both the 

p resen t re fe rence design as well as the smal l -drum designs would have m o r e 

than adequate react iv i ty control . The operat ional l imitat ion of the beryl l ium 

swelling incorpora tes the same assumptions as the design c r i t e r i a except using 

a 3-in. drum rad ius . 

As the beryl l ium ref lector also ac ts as a s t ruc tu ra l m e m b e r , i ts operating 

t empera tu re should r ema in below approximately 1350°F. In addition, radiat ion 

damage to the beryl l ium is a function of operating t empe ra tu r e and total in te­

grated flux. At the SNAP 8 fluxes, "breakaway" swelling is not expected to 

occur below approximately 1450°F. However, as the total integrated flux is 

inc reased , breakaway swelling w^ill occur at lower t e m p e r a t u r e s . Because of 

these conditions it is impor tant to maintain the beryl l ium reflector below ap­

proximate ly 1350°F. 
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In the re fe rence design, the maximum operating t empe ra tu r e of the beryl l ium 

ref lec tor i s calculated to be slightly l e s s than 1300°F when operating with a 

150°F sink t e m p e r a t u r e , as will be the condition during ground testing or in 

space . Increas ing the reac to r power level , r eac to r outlet coolant t e m p e r a t u r e , 

or the sink t empe ra tu r e may resu l t in an inc rease in beryll i iun t e m p e r a t u r e to 

the point where the 1350°F design l imitat ion value is exceeded. Although ex­

ceeding this l imit is not ca tas t rophic , it is cur ren t ly considered advisable to 

stay below it until the behavior of beryl l ium under SNAP 8 conditions of i r r a d i a ­

tion and t empe ra tu r e becomes bet ter known. 

As the expected operating t empera tu re ( '~1300°F) is close to the design 

l imitat ion (1350°F), a smal l study was conducted on means of reducing the be ry l ­

lium t e m p e r a t u r e . This study considered active cooling of the ref lector by NaK 

flowing through tubing embedded in the s ta t ionary beryl l ium and the changing of 

the control drum size from a 4 -1 /2 - in . radius d rum to a 3-in. radius drum. 

In addition, as 4-pi shielding was being considered for manned application of the 

Reference Design, the study also considered changes in the sink t empe ra tu r e 

and the use of smal l poison-backed control d r u m s . The resu l t s of this study 

a r e shown in F igure 111-34, 

For the active cooling c a s e s , no at tempt was made to optimize ei ther the 

inlet coolant t empe ra tu r e (assumed to be 800°F) or the flowrate (assumed to be 

7100 Ib /h r ) . Rather , the purpose of the study was to demons t ra te the feasibili ty 

of using active cooling to allow operat ion at higher power and higher outlet cool­

ant t e m p e r a t u r e . A conceptual layout w^as also made demonstra t ing the feas i ­

bility of the active cooling scheme . 

However, adding an active ref lector cooling scheme or a reac to r cavity cool­

ing scheme in the case of 4-pi shielding resu l t s in inc reased complexity. The 

high ref lector t empera tu re problem might bet ter be solved by substi tution of 

m a t e r i a l s . Beryl l ium oxide could be used as a reflector with a very smal l loss 

in react iv i ty and a significant i nc rease in t empe ra tu r e capabil i ty. The feas i ­

bility of using BeO has been demonst ra ted exper imental ly and analytically, but 

the detai ls of the requi red design changes have not yet been del ineated. 
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4. Reliabili ty 

a. Reliability Goals 

One of the p r i m e incentives for developing nuclear e lect r ic power for space 

applications is the long life potentially available from nuclear power p lan ts . 

Attendant with this long life potential is a r equ i rement for high re l iabi l i ty . 

For unmanned applicat ions, the power plant re l iabi l i ty should probably be at 

l eas t as high as the payload re l iabi l i ty . The re l iabi l i ty goal of the r eac to r and 

its associa ted shield and controls would then be in the range of 0.95 to 0.98 r e -
4 

liabili ty for s tar tup in space followed by 10 hr of unattended operat ion. The 

re l iabi l i ty goal for the SNAP 8 nuclear sys tem is ' ^0 .97 . 

For manned appl icat ions, the safety of the c rew and grea t expense of each 

miss ion indicate higher re l iabi l i ty r e q u i r e m e n t s . Cur ren t goa^s for Manrated 
4 

nuclear sys tems a r e in the range of 0.99 to 0.999 for 10 hr of operat ion. 

b . Genera l Approach Used to Achieve Reliabili ty 

In o rder to demons t ra t e these high re l iabi l i ty goals with a reasonable degree 

of confidence, a prohibi t ively expensive tes t p r o g r a m would be requ i red . For 

example. F igure III-35 shows that to demons t ra te w îth a 50% confidence level 

the SNAP 8 nuclear system rel iabi l i ty goal of 0.97, 22 r e a c t o r s would have to be 

tes ted for 10,000 hr each. If one of these r e a c t o r s should fail, an additional 

33 r e a c t o r s would have to be tested for 10,000 hr without fa i lure . Thus, a 

s t ra ightforward demonst ra t ion of r eac to r re l iabi l i ty would be ex t remely expensive 

An a l te rna te approach to achieve high rel iabi l i ty is therefore used . It employs 

the following plan: 

1) A few developmental r eac to r t es t s a r e conducted culminating by one 

reac to r qualification or demonst ra t ion t e s t . 

2) A l a rge r number of developmental component t e s t s a r e conducted 

followed by a l imited number of component qualification t e s t s . 

3) A thorough component development p r o g r a m is conducted. The objec­

tive of this p r o g r a m is to develop and demons t ra te r eac to r components which 

will opera te under m o r e severe environmental conditions than expected in 

actual use ; for example, at higher t e m p e r a t u r e s . 
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4) The o v e r a l l n u c l e a r s y s t e m i s d e s i g n e d to a c h i e v e m a x i m u m r e l i a b i l i t y . 

With the low p o w e r r e a c t o r s , which a r e i n h e r e n t l y s i m p l e , t h e d e s i g n s t r e s s e s 

s i m p l i c i t y . F o r e x a m p l e , t he SNAP 10A r e a c t o r u t i l i z e s a s t a t i c , nonmoving 

c o n t r o l s y s t e m . On the o t h e r hand , t h e d e s i g n of h igh p o w e r r e a c t o r s , which 

a r e of n e c e s s i t y m o r e c o m p l e x , s t r e s s e s r e d u n d a n c y . F o r e x a m p l e , t he 

SNAP 8 n u c l e a r s y s t e m e m p l o y s a c t i v e c o n t r o l but i n c l u d e s suff ic ient r e d u n ­

d a n c y so tha t f a i l u r e of an i nd iv idua l c o n t r o l d r u m d r i v e and a l i m i t e d n u m b e r 

of fuel e l e m e n t s wi l l not p r e v e n t the s y s t e m f rom a c h i e v i n g r a t e d p o w e r and 

l i f e . 

5) Log ic c i r c u i t d i a g r a m s and r e l i a b i l i t y p r e d i c t i o n m o d e l s a r e f o r m u l a t e d 

to a s s i s t in f a i l u r e m o d e a n a l y s e s . 

6) D e s i g n r e v i e w s a r e conduc ted d u r i n g the c o n c e p t u a l , p r e l i m i n a r y , and 

f inal d e s i g n s t a g e s to r e v i e w and c o r r e c t p o t e n t i a l l y weak a r e a s in the s y s t e m 

d e s i g n . 

7) High s t a n d a r d s of f a b r i c a t i o n q u a l i t y c o n t r o l and i n s p e c t i o n a r e e s t a b ­

l i s h e d e a r l y in the p r o g r a m , and r i g o r o u s l y m a i n t a i n e d . 
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c. SNAP 8 Approach to Reliabili ty Through Redundancy 

The SNAP 8 design approach to re l iabi l i ty is to make maximum use of r e ­

dundancy. The use of redundant components allows a lower individual compo­

nent re l iabi l i ty goal while s t i l l achieving a high sys tem rel iabi l i ty goal. In the 

SNAP 8 nuclear sys tem, the redundant component approach is largely through 

providing excess react iv i ty which allows fai lures and malfunctions of fuel e le ­

ments and control d rum dr ive a s sembl ie s without ensuing sys tem fai lure . 

(1)Available Excess Reactivity 

Figure III-36 plots the excess react iv i ty needed against r eac to r l ifetime for 

var ious d i s c r e t e power levels for the SNAP 8 Reference Design nuclear sys tem. 

Also shown on this figure is the nominal react iv i ty avai lable, $11.00, and the 

react iv i ty available using maximum ref lector shim capabil i ty, $15.00. The 

$4.00 difference between nominal and maximum react iv i ty is available to account 

for manufacturing to l e r ances , analyt ical i naccu rac i e s , e tc . and additional 

contingency. 
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F i g u r e I I I -36 shows t h a t the 6 0 0 - k w t SNAP 8 R e f e r e n c e D e s i g n n u c l e a r s y s ­

t e m h a s suf f ic ient r e a c t i v i t y a t t he n o m i n a l va lue to r u n a p p r o x i m a t e l y 17,500 h r 

(740 d a y s ) and wi th m a x i m u m s h i m , c a n o p e r a t e a p p r o x i m a t e l y 29,000 h r 

(1200 d a y s ) . 

F i g u r e I I I -37 i s a p lo t s i m i l a r to F i g u r e I I I -36 excep t the n u c l e a r s y s t e m 

ou t l e t coo lan t t e m p e r a t u r e i s r e d u c e d to 1 2 0 0 ° F , and h e n c e l i f e t i m e at a spec i f i c 

p o w e r l e v e l i s i n c r e a s e d , or t h e r e l i a b i l i t y a t a spec i f i c p o w e r l e v e l and l i f e t i m e 

i s i n c r e a s e d . F i g u r e I I I -38 i s a l s o a p lo t s i m i l a r to F i g u r e I I I -36 excep t for an 

ou t l e t coo l an t t e m p e r a t u r e of 1 4 0 0 ° F , and h e n c e l i f e t i m e a t a spec i f i c p o w e r 

l e v e l i s d e c r e a s e d o r r e l i a b i l i t y a t a spec i f i c p o w e r l e v e l and l i f e t i m e i s 

d e c r e a s e d . 

T h e s e t h r e e f i g u r e s show t h a t t he SNAP 8 n u c l e a r s y s t e m h a s suff ic ient e x ­

c e s s r e a c t i v i t y to o p e r a t e for 10,000 h r a t v a r i o u s p o w e r l e v e l s f r om 600 to 

1200 kwt a t 1400 and 1200° F , r e s p e c t i v e l y . H o w e v e r , a s the n u c l e a r s y s t e m i s 

o p e r a t e d a t h i g h e r p o w e r and t e m p e r a t u r e , the a m o u n t of e x c e s s r e a c t i v i t y 

a v a i l a b l e for r e d u n d a n t c o m p o n e n t s i s d e c r e a s e d . F i g u r e I I I -39 shows the n o m i ­

na l a m o u n t of e x c e s s r e a c t i v i t y a v a i l a b l e for r e d u n d a n c y ( r e l i a b i l i t y ) a t t he end 

of 10,000 h r of o p e r a t i o n a t v a r i o u s p o w e r l e v e l s and coo l an t ou t le t t e m p e r a t u r e s . 

A l s o shown for c o m p a r i s o n i s t he m a x i m u m a m o u n t of e x c e s s r e a c t i v i t y a v a i l ­

ab le (full s h i m c a p a b i l i t y ) a t the r e f e r e n c e ou t l e t coo lan t t e m p e r a t u r e of 1300° F 

for v a r i o u s p o w e r l e v e l s . To a f i r s t o r d e r a p p r o x i m a t i o n , t he r e l a t i v e r e l i a ­

b i l i ty of o p e r a t i n g the n u c l e a r s y s t e m at o f f - d e s i g n cond i t i ons c a n be d e t e r m i n e d 

by the a m o u n t of e x c e s s r e a c t i v i t y a v a i l a b l e . F o r i n s t a n c e , t h e r e l i a b i l i t y of 

t h e s y s t e m a t 600 kwt and 1 3 0 0 ° F ou t l e t coo lan t t e m p e r a t u r e i s a p p r o x i m a t e l y 
4 

equa l ( s a m e e x c e s s r e a c t i v i t y a t the end of 10 h r ) to t h e s y s t e m o p e r a t i n g a t 

375 kwt and 1 4 0 0 ° F ou t l e t coo lan t t e m p e r a t u r e . 

(2) A v a i l a b l e R e d u n d a n c y 

F i g u r e s I I I -40 t h r o u g h I I I - 4 4 d e a l wi th n u c l e a r s y s t e m l i f e t i m e b a s e d upon 

a v a i l a b l e r e a c t i v i t y . The o t h e r l i m i t a t i o n s ( d i s c u s s e d in Sec t ion I I I - F - 3 ) a r e 

m a i n l y d e s i g n l i m i t a t i o n s wh i l e the r e a c t i v i t y l i m i t a t i o n i s an u l t i m a t e l i m i t a t i o n . 

F o r e x a m p l e , w h e n t h e a v a i l a b l e r e a c t i v i t y r e a c h e s z e r o , t he n u c l e a r s y s t e m 

t e m p e r a t u r e b e g i n s to d r o p and t h e end of use fu l p o w e r o p e r a t i o n o c c u r s s h o r t l y 

t h e r e a f t e r . H o w e v e r , if the b e r y l l i u m t e m p e r a t u r e r i s e s f r o m i t s d e s i g n l i m i t 

of 1350 to 1 3 5 5 ° F or even to 1 3 7 5 ° F , it i s not l i ke ly tha t any i m m e d i a t e c e s s a t i o n 
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of operat ion will occur . The life of the sys tem will be degraded but the amount 

of degradat ion or re l iabi l i ty dec rea se is difficult to p red ic t . 

F igure III-40 plots r eac to r lifetime as a function of t ime of failure of one 

control d rum dr ive sys tem for various power levels and an outlet coolant t em­

p e r a t u r e of 1300°F. This figure conservat ively a s sumes that only the nominal 

amount of react iv i ty (see F igure III-36) is avai lable . This figure a lso a s sumes 

that all six control d rums a r e used for control and that the control sys tem phi­

losophy used is " f a i l - a s - i s . " The sys tem is assumed to be prepoisoned ($3.00) 

to the Reference Design value. 

F igure III-41 i s s imi la r to F igure III-40 except that the outlet coolant t e m ­

p e r a t u r e has been dec reased to 1200°F. The assumptions used to der ive F ig ­

u re III-40 also apply to F igure I I I -41 . F igure III-42 is s imi la r to F igure III-40 

except that outlet coolant t empe ra tu r e has been increased by 100°F to 1400°F. 

F igure III-43 shows the number of fuel e lements that can "fail" at var ious 

power levels as a function of react ivi ty lifetime for a 1300°F outlet coolant t em­

p e r a t u r e . " F a i l u r e " is defined as : 

1) The hydrogen density in a fuel element drops instantaneously from its 
22 22 initial value of about 6.0 x 10 H a t o m s / c c of fuel (N^r = 6.0) to 3.0 x 10 

n 
a t o m s / c c of fuel. (This assumption is ex t remely conserva t ive . Results of 

2 
a recent investigation based upon 2.0 cm of ba re cladding surface a rea show 

that it takes 4000 hr to reach the ^-5 phase boundary, NTT'~S.O. Once this 

phase boundary is reached, the hydrogen loss r a t e dec r ea se s by an order of 

magni tude. ) 

2) The react ivi ty worth of the lost hydrogen is equivalent to the peak value 

(-15^) for any fuel element in the c o r e . 

3) All fuel element fai lures occur p r io r to the t ime designated reac tor 

l ifetime in F igure III-42. (If one or m o r e of the total number of fuel element 

fai lures does not occur before this t ime , the operating life is actually extended 

beyond the t ime sho-wn. ) 

4) There a r e no control drum dr ive sys tem fa i lu res . 

F igure III-43 shows that operating at 600 kwt, 18 fuel elements may "fail" 

and the reac to r still has sufficient react iv i ty to achieve 10,000 h r . 
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F i g u r e I I I - 4 4 i s d e r i v e d f r o m F i g u r e s I I I -40 and I I I -43 and s h o w s the n u m b e r 

of fuel e l e m e n t s t ha t m a y " f a i l " a s a funct ion of t i m e of c o n t r o l d r u m f a i l u r e and 

s t i l l a c h i e v e 10,000 h r of o p e r a t i o n . F r o m F i g u r e I I I -44 i t c a n be s e e n tha t 9 

fuel e l e m e n t s and 1 c o n t r o l d r u m d r i v e s y s t e m m a y fail and s t i l l the r e a c t o r h a s 

suff ic ient r e a c t i v i t y to o p e r a t e 10,000 h r a t 600 kwt wi th an ou t le t coo lan t t e m ­

p e r a t u r e of 1 3 0 0 ° F . 

F i g u r e I I I -45 shows the a v a i l a b l e r e d u n d a n c y ( r e l i a b i l i t y ) of the SNAP 8 n u ­

c l e a r s y s t e m o p e r a t i n g a t o f f -de s ign cond i t i ons of pow^er and t e m p e r a t u r e for 

20,000 h r o r t w i c e the d e s i g n l i f e . T h e s e c u r v e s show tha t the SNAP 8 n u c l e a r 

s y s t e m c a n o p e r a t e for 20,000 h r at 600 kwt and 1 2 0 0 ° F wi th only a s m a l l d e ­

c r e a s e in r e l i a b i l i t y ove r the d e s i g n c o n d i t i o n s . O p e r a t i o n for 20,000 h r a t 

300 kwt and 1 3 0 0 ° F i s p o s s i b l e wi th a p p r o x i m a t e l y the s a m e r e l i a b i l i t y , a s 2 

c o n t r o l d r u m d r i v e s y s t e m s c a n m a l f u n c t i o n . An i m p r o v e m e n t in r e l i a b i l i t y i s 

a t t a i n e d when o p e r a t i n g at 300 kwt and 1 2 0 0 ° F ou t l e t coo lan t t e m p e r a t u r e . 

CRITICAL 10,000 hr 20p00 hr 

TIME AT POWER (hr) TIME OF DRUM FAILURE (days) 

1 1 - 2 5 - 6 4 7568-01741 

F i g u r e I I I - 4 5 . F u e l E l e m e n t R e d u n d a n c y With 
D r u m F a i l u r e s a t E x t e n d e d Life 

It i s p o s s i b l e to c o m p e n s a t e for i n c r e a s e s in d e s i g n l i f e t i m e by r e d u c t i o n s in 

t h e o p e r a t i n g t e m p e r a t u r e a n d / o r p o w e r l e v e l , s i n c e w e a r o u t of m e c h a n i c a l c o m ­

p o n e n t s i s not a p r o b l e m in the n u c l e a r s y s t e m . D e g r a d a t i o n due to n e u t r o n f lux. 
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t e m p e r a t u r e , e tc . , a r e the mos t probable modes of fa i lure . Operation at a r e ­

duced power level of 300 kwt for 20,000 hr gives the same integrated flux and 

hence should not significantly d e c r e a s e the sys tem re l iabi l i ty . Operation at the 

reduced t e m p e r a t u r e , 1200°F, for 20,000 hr should significantly improve the 

component re l iabi l i ty over the 10,000-hr, 1300°F operat ion. 

(3) P a s s i v e Operation 

The preceding sect ion has d iscussed the effect of control drum dr ive fai lures 

upon the ability of the sys tem to achieve the des i red l i fet ime, the assumption 

being that loss of active control of the SNAP 8 nuclear system will resu l t in an 

immedia te loss of the e lec t r ica l generat ing capabil i ty. This assumption is not 

s t r ic t ly valid. 

Since the SNAP 8 reac to r has a negative t empera tu re coefficient of react iv i ty , 

the t ime requi red for the sys tem to degrade to the point where e lec t r ica l gen­

erat ion ceases is d i rec t ly re la ted to the r a t e of change of the sys tem reac t iv i ty . 

F igure III-46 shows the excess react iv i ty of the SNAP 8 reac to r as a function of 

t ime for var ious power levels at a 1300°F outlet t e m p e r a t u r e . The t e m p e r a t u r e 

coefficient for SNAP 8 is about - 0 . 2 ^ / ° F so that an uncontrolled loss of 10(̂  in 

reac t iv i ty will r esu l t in a 50°F drop in t e m p e r a t u r e . A 50°F drop in t empe ra tu r e 

•would resu l t in fai lure of the AGC re fe rence design power conversion sys tem and 

would occur in about 15 days if the r eac to r has operated m o r e than about 200 days 

at 450 kwt. 

400 600 800 

TIME (days) 

10-9-64 7568-01742 
Figure III-46. Reactivity vs T ime, Frozen 

Control Drums 
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If t h e SNAP 8 r e a c t o r w e r e coup led to a p o w e r c o n v e r s i o n s y s t e m which r e ­

q u i r e d s ign i f i can t ly l e s s p o w e r t h a n the p r e s e n t r e f e r e n c e va lue of 450 to 500kw^t, 

t he t i m e for the r e a c t o r t e m p e r a t u r e to d e g r a d e i s c o n s i d e r a b l y i n c r e a s e d . If, 

for e x a m p l e , t he r e a c t o r w e r e o p e r a t e d a t 150 kwt , t h e c o n t r o l s y s t e m could fail 

a f t e r only 25 days of o p e r a t i o n and t h e s y s t e m would s t i l l a c h i e v e o v e r 1 y r of 

o p e r a t i o n . The r e a c t o r t e m p e r a t u r e would g r a d u a l l y i n c r e a s e about 5 0 ° F a s the 

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

about 250 d a y s and would show a ne t l o s s of 50° F in about 400 d a y s . 

At low p o w e r l e v e l s , t he u s e of a b u r n a b l e p o i s o n in t h e c o r e , in effect , p r o ­

v i d e s a r e d u n d a n t b a c k u p to the c o n t r o l s y s t e m . 

(4) C o m p o n e n t R e l i a b i l i t y G o a l s 

The e x c e s s r e a c t i v i t y a v a i l a b l e for r e d u n d a n t c o m p o n e n t s and s u b s y s t e m s 

m e a n s tha t m o r e r e a s o n a b l e r e l i a b i l i t y g o a l s c a n be e s t a b l i s h e d for i nd iv idua l 

c o m p o n e n t s . F o r i n s t a n c e , the fuel e l e m e n t c o r e c l u s t e r h a s a r e l i a b i l i t y goal 

of 99%. F i g u r e I I I -47 shows the s ing l e fuel e l e m e n t r e l i a b i l i t y n e c e s s a r y for a 

0 9999 

f- 0.999 -

< 
- I 
UJ 

a: 
UJ 
I -
tn 
Z) 
_ i o 
1-

0.99 -

UJ 
3 0.9 

1-6-65 

0.99 0.999 0 9999 

SINGLE FUEL ELEMENT RELIABILITY 

7568-0I743A 

F i g u r e I I I - 4 7 . 

R e l i a b i l i t y of a C l u s t e r of 2 11 
F u e l E l e m e n t s 
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211-fuel element c lus te r rel iabi l i ty for var ious redundant fuel e lements . If no 

redundancy were avai lable, each fuel element would requ i re a rel iabi l i ty goal 

in excess of 0.9999 to achieve a c lus ter re l iabi l i ty goal of 0.99; but with only 

5 redundant e l ements , this goal i s reduced to 0.99 and with 10 redundant e l e ­

ment s the goal is reduced further to only 0.96. 

The same reduction in re l iabi l i ty goals is also t rue for the control drum 

dr ive sys tem. The design goal for the 6-drum dr ive sys tem i s about 0.992. 

F igure III-48 shows that without a redundant control d rum, the individual dr ive 

sys t ems -would requ i re a re l iabi l i ty of about 0.999 while \vith 1 redundant drum 

sys tem, the individual re l iabi l i ty goal i s reduced to about 0.975. 

As pre-viously d iscussed , low^ering the reac to r power level can also i nc r ea se 

the sys tem rel iabi l i ty , or for the same sys tem rel iabi l i ty , d e c r e a s e the compo­

nent re l iabi l i ty n e c e s s a r y . F igure III-45 shows that 2 drum drive systenns can 
4 

be allowed to fail and st i l l at tain 10 h r of operat ion at 300 kwt. Referr ing to 

F igure III-48, maintaining the same 6-drum dr ive sys tem rel iabi l i ty goal of 

0.992, an individual dr ive sys tem re l iabi l i ty goal i s dec reased from 0.975 goal 

to a goal of only 0.92. Converse ly , with the same individual drive sys tem r e l i a ­

bility of 0.975, the overal l 6-drum dr ive sys tem re l iabi l i ty i s inc reased from 

0.992 to 0.9997 when two individual dr ive sys tems a r e allowed to malfunction. 

In addition, a conversat ive philosophy is employed in the s t ruc tu ra l design of 

the SNAP 8 nuclear sys tem. This conservat ive design r e su l t s in a-high sys tem 

re l iabi l i ty . In genera l , design l imi ts a r e set well below the point at which dam­

age might be expected to occur and safety factors a r e applied to the expected 

loads . As an example, the design allowable c reep of the core vesse l i s 0.2%. 

The core vesse l would not in te r fere with the r e f l ec to r s , however, until the core 

vesse l c reep exceeded 0.9%. In addition, a safety factor of 1.4 is used to com­

pute the design load on the vesse l . Using the maximum expected range of m a ­

t e r i a l s trength and operating loads , the design re l iabi l i ty of this vesse l has been 

computed to be in excess of 0.9999. Other components in the system a re designed 

using the same philosophy and s imi la r safety fac tors . 

The SNAP 8 Reference Design nuclear sys tem component re l iabi l i ty apport ion­

ment goals a r e shown in Table III-18. A s u m m a r y of the major subsys tem r e ­

liabil i ty apport ionment goals a r e shown in Table 111-19. 
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F igure III-48. Reliabili ty of 6-Drum System 

NAA-SR-11685, Vol 2 
85 



C pT'JFIDE^mAJ-JIlS 

TABLE III-18 

COMPONENT RELIABILITY APPORTIONMENT GOALS 

R e a c t o r A s s e m b l y 

Core v e s s e l 

NaK pipe 

Coolant — flow baffle p la te 

In le t p l enum g r i d p la te 

Out le t p l enum g r i d plate 

I n t e r n a l r e f l e c t o r s 

F u e l e l e m e n t s 

Total S u b s y s t e m 

R e a c t o r Con t ro l and Ref lec to r A s s e m b l y 

S ta r tup con t ro l p r o g r a m m e r 

Pos i t ion s e n s o r s - l i m i t swi t ches 

S t a r t u p squibs and r e l e a s e a c t u a t o r s 

Ref l ec to r s t a r t u p d r u m s (3) 

S t a r tup d r u m a c t u a t o r s 

Long t e r m c o n t r o l l e r 

T e m p e r a t u r e s e n s o r s w i t c h e s and a m p l i f i e r 

Diagnos t ic i n s t r u m e n t a t i o n 

Ref l ec to r con t ro l d r u m s 

R e f l e c t o r - c o n t r o l d r u m s p a c e r s and s t r u c t u r e 

Con t ro l d r u m a c t u a t o r s (b id i r ec t iona l ) 

E l e c t r i c a l h a r n e s s and c o n n e c t o r s 

Tota l S u b s y s t e m 

Shield A s s e m b l y 

G a m m a sh ie ld 

Neu t ron sh ie ld 

N e u t r o n sh ie ld v e s s e l 

To ta l S u b s y s t e m 

Safety A s s e m b l y 

S c r a m Spr ings 

Safety s y s t e m s t r u c t u r e 

Mechan ica l End-of - l i f e 
Shutdown 

E l e c t r i c a l End-of - l i fe 
Shutdown 

R e e n t r y band 

Launch d e s t r u c t m a c t 

Launch d e s t r u c t j e t t i s o n 

Tota l S u b s y s t e m 

Launch 

0.000003 

0.000003 

0.000054 

0.000060 

0 000048 

0 000012 

0.000120 

0.000243 

0.000090 

0.000081 

0.000081 

0 000675 

F a i l u r e Rate 

Launch 

0.000009 

0.000021 

0.000006 

0.000009 

0 000009 

0 000012 

0 000750 

0.000816 

Launch 

0.000135 

0.000081 

0.000060 

0.000030 

0.000108 

0.000135 

0.000108 

0.000060 

0.000042 

0.000012 

0.000135 

0.000141 

0.001047 

F a i l u r e Ra tes 

S t a r tup 

0 .000006 

0.000006 

0.000078 

0 000090 

0.000024 

0.000006 

0 000180 

0 000060 

0.000060 

0.000081 

0.000411 

Life 

0.000006 

0.000024 

0.000120 

0.000150 

0.000072 

0.000018 

0.000150 

0.000300 

0.000120 

0.000660 

S ta r tup 

0.000021 

0.000039 

0.000012 

0.000009 

0.000009 

0.000030 

0.001500 

0 001620 

Life 

0.000075 

0.000050 

0 000012 

0.000009 

0.000009 

0 000030 

0.007750 

0 007935 

F a i l u r e Rate 

S ta r tup 

0.001350 

0.000810 

0.000300 

0.000150 

0.000150 

0.000100 

0.001080 

0.000060 

0.001410 

0.000060 

0.000675 

0.000525 

0.006670 

E n d - o f - L i f e 
Shutdown 

-

0.000120 

0.000030 

0 000810 

0.002100 

0.003060 

Life 

0.000324 

0.002160 

0.000540 

0.000145 

0.002310 

0.000120 

0.001215 

0.000765 

0.007579 

R e e n t r y 
Shutdown 

0.000120 

0 000030 

0.000600 

0.000750 

Tota l 

0 000105 

0 000110 

0.000030 

0.000027 

0.000027 

0.000072 

0.010000 

0.010371 

To ta l 

0.001485 

0.000891 

0.000360 

0.000180 

0.000582 

0.002395 

0.001728 

0.000265 

0.003762 

0.000192 

0.002025 

0.001431 

0.01530 

Tota l 

0.000015 

0.000033 

0.000252 

0 000300 

0.000384 

0.000096 

0.001260 

0.002703 

0.000870 

0 000081 

0.000162 

0.005556 

Rel iab i l i ty 
Goal 

0.99990 

0.99989 

0 99997 

0 999973 

0.999973 

0.999928 

0 99000 

0 9896 

Re l iab i l i ty 
Goal 

0.9985 

0.9991 

0.99964 

0.99982 

0.99942 

0.99761 

0.99827 

0.99974 

0.99623 

0.99982 

0.99798 

0.99857 

0.9847 

Goal 

0.999985 

0.999967 

0.999748 

0 9997 

0 99962 

0.999904 

0 99874 

0.99736 

0.99913 

0.99992 

0.99984 

0.9944 
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TABLE III-19 

SNAP 8 NUCLEAR SYSTEM RELIABILITY APPORTIONMENT 

Major Subsystems 

Reactor Assembly-

Reactor Control 
and Reflector 
Assembly 

Shield Assembly 
Safety Assembly 

Phase total 

Cumulative proba­
bility of success 
(reliability) 

Launch 

0.99912 

0.99895 

0.99994 

0.99933 
0.9974 

0.9974 

Startup 

0.99840 

0.99343 

0.99991 

0.99959 
0.9913 

0.9887 

10,000 hr 

0.99206 

0.99233 

0.99985 

0.99934 

0.9836 

0.9723 

End-of-Life 
Shutdown 

-

-
0.99694 

0.99694 

0.9692 

Reentry 
Shutdown 

-

-
0.99925 

0.99925 

0.9685 

Total 

0.9896 

0.985 

0.9997 
0.9944 

0.9685 

In addition to the application of redundancy through excess react iv i ty , redun­

dancy has been provided in other potential problem a r e a s . Figure III-49 is a 

re l iabi l i ty logic d iagram which has been developed to a s s e s s a r e a s where r e ­

liabili ty may be improved ei ther through redundancy or inc reased safety f ac to r s . 

As can be seen from Figure III-49, essent ia l ly all of the s e r i e s e lements in 

the logic d iagram have ei ther complete redundancy or par t i a l redundancy. With 

the a s s i s t ance of this type of logical approach to the problem of high re l iabi l i ty , 

the re l iabi l i ty of the overa l l nuclear sys tem is continuously being upgraded 

through use of m o r e redundancy and/or higher design marg ins and safety fac to r s . 
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G. M A N R A T E D SNAP 8 

1, I n t r o d u c t i o n 

M a n r a t i n g a s y s t e m m e a n s t ak ing in to c o n s i d e r a t i o n t e c h n i c a l f a c t o r s in ­

vo lved wi th the added p r e s e n c e of m a n , h i s p o s s i b l e p a r t i c i p a t i o n in t h e o p e r a ­

t ion of the s y s t e m , and the r e l i a b i l i t y r e q u i r e d of the s y s t e m a s a c o n s e q u e n c e 

of the d e p e n d e n c e of h u m a n l i f e , 

M a n r a t i n g a SNAP n u c l e a r s y s t e m m e a n s o p t i m i z i n g the n u c l e a r s y s t e m to 

p r o v i d e a r e l i a b l e , min imunn -weight s y s t e m r e q u i r i n g m i n i m u m a t t e n t i o n by 

o n - b o a r d p e r s o n n e l . The spec i f i c ob j ec t i ve s of a SNAP m a n r a t i n g p r o g r a m a r e 

to : 

1) I n c r e a s e n u c l e a r s y s t e m r e l i a b i l i t y 

2) P r o v i d e m a i n t a i n a b i l i t y w h e r e p o s s i b l e 

3) R e d u c e the r e a c t o r s h i e l d e d enve lope 

4) O p t i m i z e sh i e ld we igh t 

5) P r o v i d e shu tdown and r e s t a r t c a p a b i l i t y 

The t e c h n i c a l a p p r o a c h to ob ta in ing the spec i f i c o b j e c t i v e s l i s t e d above fo l l ows . 

a . R e l i a b i l i t y 

The r e l i a b i l i t y goal for a m a n r a t e d n u c l e a r s y s t e m should l ie b e t w e e n 0.99 

and 0,999 in o r d e r to a c h i e v e a suf f ic ien t ly h igh o v e r a l l m i s s i o n r e l i a b i l i t y . To 

d e m o n s t r a t e a 0,99 r e l i a b i l i t y at t h e 50% conf idence l e v e l would r e q u i r e a p p r o x i ­

m a t e l y 70 s y s t e m t e s t s a s s u m i n g no f a i l u r e s , o r about 180 s y s t e m t e s t s a s ­

s u m i n g only one f a i l u r e . A s t r a i g h t f o r w a r d d e m o n s t r a t i o n of n u c l e a r sys tenn 

r e l i a b i l i t y would be e x t r e m e l y e x p e n s i v e . Hence an a l t e r n a t e a p p r o a c h to 

a c h i e v e h igh r e l i a b i l i t y i s u s e d . The e s s e n t i a l f e a t u r e s of such a p r o g r a m w e r e 

out l ined in Sec t ion I I I - F - 4 - b . Add i t i ona l ly , c o m p o n e n t d e v e l o p m e n t t e s t s v^^ill 

be conduc ted to f a i l u r e , to h e l p u n c o v e r d e s i g n w e a k n e s s e s , and to e x p e r i m e n t a l l y 

d e t e r m i n e d e s i g n m a r g i n s . W h e r e p o s s i b l e , m a i n t a i n a b i l i t y i s a l s o p r o v i d e d to 

i m p r o v e r e l i a b i l i t y . The l a t t e r is d i s c u s s e d s e p a r a t e l y in the next s e c t i o n . 

Succes s fu l c o m p l e t i o n of such a p r o g r a m wi l l p r o v i d e a n u c l e a r s y s t e m with 

a h igh p r e d i c t e d r e l i a b i l i t y and the h i g h e s t d e m o n s t r a t e d r e l i a b i l i t y c o n s i s t e n t 

w i th a r e a s o n a b l e funding l e v e l . 
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b . M a i n t a i n a b i l i t y 

An i m p o r t a n t t a s k in m a n r a t i n g a n u c l e a r s y s t e m i s to p r o v i d e m a i n t a i n a b i l i t y 

w h e r e p r a c t i c a b l e . H o w e v e r , m a i n t e n a n c e should be kept at a m i n i m u m by p r o ­

v id ing m a x i m u m r e l i a b i l i t y for u n a t t e n d e d , u n m a i n t a i n e d o p e r a t i o n . M a i n t e n a n c e 

of the e l e c t r o n i c c o n t r o l s wh ich wi l l be l o c a t e d in t h e m a n n e d e n v i r o n m e n t i s , of 

c o u r s e , h igh ly p r a c t i c a b l e . 

Al though it a p p e a r s i m p r a c t i c a l at f i r s t g l ance to p e r f o r m m a i n t e n a n c e on the 

r e a c t o r a s s e m b l y ( c o r e and r e f l e c t o r a s s e m b l i e s ) or the sh i e ld a s s e m b l y , f u r t h e r 

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

s y s t e m m i g h t be i n c o r p o r a t e d to f r e e a " s t i c k y " c o n t r o l drxom a f t e r wh ich it could 

c o n c e i v a b l y o p e r a t e p r o p e r l y . Al though t h i s i s not m a i n t e n a n c e in the s e n s e of 

r e p l a c i n g o r r e p a i r i n g c o m p o n e n t s , it i s m a i n t e n a n c e in the s e n s e tha t f u r t h e r 

o p e r a t i o n of the c o n t r o l d r u m m a y be p o s s i b l e a s a r e s u l t of th i s a c t i o n . T h i s 

type of m a i n t e n a n c e m u s t be i n v e s t i g a t e d in o r d e r to a s s i s t in m a x i m i z i n g r e l i ­

a b i l i t y . A l s o r e q u i r e d i s an a n a l y s i s of wha t o t h e r t y p e s of m a n - i n t e r v e n t i o n in 

t h e a u t o m a t i c p l an t o p e r a t i o n m i g h t p r o v e d e s i r a b l e . 

c . R e a c t o r Enve lope 

It i s i m p o r t a n t to m i n i m i z e the r e a c t o r enve lope to m i n i m i z e sh i e ld we igh t , 

a s a s ign i f i can t f r a c t i o n of t h e w^eight of any m a n r a t e d n u c l e a r s y s t e m is due to 

the s h i e l d . ( F o r e x a m p l e , a 10 r e d u c t i o n in g a m m a r a y s is r e q u i r e d for m a n n e d 
- 3 3 

s y s t e m , 10 r / h r vs u n m a n n e d s y s t e m , 10 r / h r . ) In o r d e r to r e d u c e the s h i e l d e d 

d i a m e t e r , d e s i g n s t u d i e s of a l t e r n a t e r e f l e c t o r c o n t r o l a s s e m b l i e s m u s t be p e r ­

f o r m e d . T h e s e s t u d i e s should c o n s i d e r such i t e m s a s s m a l l e r d i a m e t e r c o n t r o l 

d r u m s , t a p e r i n g the c o n t r o l d r u m to follow c l o s e l y the ang le of a t y p i c a l shadow 

sh ie ld cone a n g l e , r o u t i n g of NaK pip ing and cab le h a r n e s s to m i n i m i z e the 

s c a t t e r i n g enve lope c a u s e d by t h e s e a p p e n d a g e s , e t c . 
d. Shie ld Weight 

As p r e v i o u s l y noted , a s ign i f i can t f r a c t i o n of the we igh t of any m a n r a t e d nu­

c l e a r s y s t e m is due to the sh i e ld w e i g h t . The sh ie ld we igh t is m i n i m i z e d by 

(1) r e d u c i n g t h e r e a c t o r a s s e m b l y enve lope , (2) o p t i m i z i n g the sh i e ld d e s i g n , and 

(3) o p t i m i z i n g the s e p a r a t i o n d i s t a n c e b e t w e e n the r e a c t o r and the pay load d o s e 

p l a n e . The f i r s t i t e m w a s p r e v i o u s l y d i s c u s s e d . 
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O p t i m i z a t i o n of sh i e ld d e s i g n m u s t i nc lude p r o p e r cho ice of sh i e ld ing m a t e -
6 7 

r i a l s . F o r e x a m p l e , should Li H, L i H, o r n a t u r a l L iH be u s e d a s n e u t r o n 

sh i e ld ing m a t e r i a l and should d e p l e t e d u r a n i u m , t u n g s t e n , l e a d , o r sonne o t h e r 

m a t e r i a l be u s e d for g a m m a s h i e l d i n g ? A n o t h e r p h a s e of s h i e l d o p t i m i z a t i o n 

i n c l u d e s the q u e s t i o n of how to e f fec t ive ly u s e the sh i e ld ing m a t e r i a l . F o r i n ­

s t a n c e , should the g a m m a sh i e l d be u n i f o r m l y d i s p e r s e d t h r o u g h o u t the n e u t r o n 

sh i e ld m a t e r i a l , or should it be s e p a r a t e d a s a s l ab p r e c e d i n g the n e u t r o n sh ie ld , 

o r sp l i t so tha t s o m e p r e c e d e s and s o m e fol lows the n e u t r o n sh i e ld m a t e r i a l ? 

Shield o p t i m i z a t i o n s t u d i e s a l s o m u s t c o n s i d e r ho-w b e s t t o s u p p o r t the r e a c t o r 

a s s e m b l y . F o r i n s t a n c e , shou ld the r e a c t o r a s s e m b l y l e a d s be c a r r i e d t h r o u g h 

the sh i e ld v e s s e l -wall o r should t hey be c a r r i e d by a n i n t e r n a l s t r u c t u r e ? A n o t h e r 

p h a s e of the s tudy should c o n s i d e r how b e s t to rou t e the NaK piping and c a b l e 

h a r n e s s . F o r e x a m p l e , should one in le t and one out le t p ipe be u s e d , o r should 

the in le t and out le t l i n e s be m u l t i p l e and m a n i f o l d e d top and b o t t o m so tha t a 

m i n i m u m of sh i e ld ing m a t e r i a l is r e m o v e d f r o m any one s e c t i o n of the s h i e l d ? 

O t h e r sh i e ld o p t i m i z a t i o n s t u d i e s should c o n s i d e r the f e a s i b i l i t y of r e u s i n g 

s o m e or a l l of the sh i e ld w h e n the r e s t of t h e p o w e r s y s t e m is r e p l a c e d a f t e r i t s 

u se fu l l i f e . A l s o the a m o u n t of m e t e o r o i d a r m o r r e q u i r e d should be i n v e s t i g a t e d 

and p o s s i b l y a " b u m p e r " o r " l a m i n a t e d " v e s s e l w a l l d e s i g n m a y r e s u l t in a m i n i ­

m u m -weight s h i e l d . 

Al though the p r e v i o u s d i s c u s s i o n h a s b e e n m a i n l y o r i e n t e d tow^ards a shadow^ 

sh i e ld d e s i g n , a r e q u i r e m e n t for 4-pi sh ie ld ing m a y be i m p o s e d upon the n u c l e a r 

s y s t e m d e s i g n for c e r t a i n s e l e c t e d m i s s i o n a p p l i c a t i o n s . A nuirnber of t h e o p t i ­

m i z a t i o n s tudy a r e a s p r e v i o u s l y d i s c u s s e d a r e equa l ly a p p l i c a b l e to 4-pi s h i e l d ­

i n g . H o w e v e r , u s e of 4-pi sh i e ld ing wi l l r e q u i r e a d d i t i o n a l s t u d i e s , p a r t i c u l a r l y 

in the a r e a of r e f l e c t o r - a s s e m b l y / s h i e l d - a s s e m b l y i n t e r f a c e s . 

S tud ies to d e t e r m i n e o p t i m u m s e p a r a t i o n d i s t a n c e b e t w e e n the n u c l e a r s y s t e m 

and the pay load dose p l ane m u s t be conduc ted a s p a r t of any m a n n e d m i s s i o n 

s tudy . Tradeoff b e t w e e n b o o m w^eight and s h i e ld we igh t c a n be m a d e s o m e w h a t 

i ndependen t of the m i s s i o n , but due to s t a t i o n d y n a m i c s f inal o p t i m i z a t i o n m u s t 

a w a i t a spec i f i c m i s s i o n a p p l i c a t i o n . 
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e . Shutdown and R e s t a r t 

With the p r e s e n c e of m a n o n - b o a r d and wi th the r e n d e z v o u s c a p a b i l i t y u n -

doub tab ly a v a i l a b l e , it p r o b a b l y wi l l be r e q u i r e d tha t t he n u c l e a r s y s t e m have 

the c a p a b i l i t y of shu tdown and r e s t a r t . Th i s r e q u i r e m e n t can be e a s i l y i n t e g r a t e d 

in to the d e s i g n of the n u c l e a r s y s t e m . The a r e a s of s e m i a u t o m a t i c s t a r t u p , m a n u a l 

c o n t r o l , and a u t o m a t i c p r o t e c t i o n c i r c u i t s should be i n v e s t i g a t e d . Us ing s e m i ­

a u t o m a t i c s t a r t u p , t he s t a r t u p t i m e can be r e d u c e d ; h o w e v e r , the t i m e ga ined vs 

the m a n p o w e r r e q u i r e d and the added c o n t r o l s y s t e m c o m p l e x i t y m u s t be i n v e s t i ­

g a t e d . The a m o u n t and type of a u t o m a t i c p r o t e c t i o n m u s t be i n v e s t i g a t e d . 

In add i t ion , s o m e s m a l l p e r c e n t a g e of coolant flow m a y be r e q u i r e d for a s h o r t 

p e r i o d of t i m e a f t e r shu tdown to r e m o v e the d e c a y h e a t . F o r ex t ended shutdown, 

h e a t m a y h a v e to be p r o v i d e d to p r e v e n t f r e e z i n g or oxide p r e c i p i t a t i o n in the 

p r i m a r y l o o p . How^ b e s t t o p e r f o r m t h e s e func t ions m u s t be i n v e s t i g a t e d and i n ­

c o r p o r a t e d in to the d e s i g n . 

Shutdown, r e p l a c e m e n t , and d i s p o s a l of t h e spen t s y s t e m i s a n a r e a w h i c h 

n e e d s to be i n v e s t i g a t e d a s p a r t of any m a n r a t i n g p r o g r a m . With m e n o n - b o a r d , 

c e r t a i n i t e m s could be m a n u a l l y a c c o m p l i s h e d which would be n e a r l y i m p o s s i b l e 

to do a u t o m a t i c a l l y . U t i l i z a t i o n of m e n in t h i s p h a s e of o p e r a t i o n should be i n ­

v e s t i g a t e d and t r adeof f b e t w e e n a u t o m a t i c a n d m a n u a l o p e r a t i o n s c o n d u c t e d . 

2 . N o m i n a l D e s i g n Cond i t ions 

Tab le I I I -20 l i s t s t h e key d e s i g n p a r a m e t e r s of the M a n r a t e d SNAP 8 n u c l e a r 

s y s t e m which would r e s u l t f r o m app ly ing a m a n r a t i n g p r o g r a m to the p r e s e n t 

SNAP 8 R e f e r e n c e D e s i g n . A s c a n be s e e n f r o m th i s t a b l e , t h e d e s i g n p e r ­

f o r m a n c e r e q u i r e m e n t s of the M a n r a t e d s y s t e m a r e e s s e n t i a l l y i d e n t i c a l t o the 

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

3 . P r e l i m i n a r y D e s i g n D e s c r i p t i o n 

A p r e l i m i n a r y c o n c e p t u a l layout of the M a n r a t e d SNAP 8 n u c l e a r s y s t e m is 

shown in F i g u r e I I I - 5 0 . Th i s l ayou t i s b a s e d on a T E p o w e r c o n v e r s i o n s y s t e m 

wh ich r e q u i r e s a m i n i m u m of g a l l e r y s p a c e . ( F o r u s e wi th H g - R a n k i n e s y s t e m , 

the g a l l e r y he igh t could be i n c r e a s e d a s n e c e s s a r y . ) 
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TABLE III-20 

MANRATED SNAP 8 NUCLEAR SYSTEM 

P o w e r l e v e l (kwt) 
Ou t l e t t e m p e r a t u r e ( ° F ) 
Coo lan t t e m p e r a t u r e r i s e ( ° F ) 
N u m b e r of e l e m e n t s 
E l e m e n t OD ( in. ) 
M a x i m u m fuel t e m p e r a t u r e ( ° F ) 
P r e p o i s o n l ead ing ($) 
H y d r o g e n l e a k a g e (%/yr ) 
B a r r i e r m a t e r i a l 
C o r e l eng th ( in . ) 
C o r e ID ( in . ) 
R e f l e c t o r t h i c k n e s s (nomina l ) 
Sh ie lded d i a m e t e r ( s h o u l d e r ) ( in . ) 
Shou lde r he igh t ( in . ) 
M i d p l a n e d i a m e t e r ( in . ) 
Midp lane he igh t ( in . ) 
C o n t r o l m e t h o d 
C o n t r o l l e d r e f l e c t o r e l e m e n t s 
R e a c t o r - r e f l e c t o r we igh t (lb) 
N o m i n a l l i f e t i m e (h r ) 
NaK f l o w r a t e 
NaK A P (ps i ) 
F u e l e l e m e n t c l add ing 

6 0 0 
1300 
200 
2 1 1 
0 . 5 6 0 
1520 
3,00 
2 . 4 
SCB 
16.825 
9 .214 
3.0 
19.0 
23 .5 
22.5 
14.5 
a c t i v e 
7 
6 0 0 
1 0 4 
48,800 
4 . 8 
H a s t e l l o y N 

EXPANSION 
COMPENSATOR 

- RETRACTABLE 
SHIELD 

CONTROL DRUM 
SHIELD MATERIALS: 

URANIUM ALLOY 
AND LITHIUM HYDRIDE HEAT EXCHANGER 

GALLERY EQUIPMENT 
SHOWN ROTATED 45 

9-9-64 7568-01516 

F igure III-50. Manrated SNAP 8 - Elevation 
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The c o r e i n t e r n a l s and tha t p o r t i o n of the c o r e v e s s e l and s t r u c t u r e i m m e d i ­

a t e l y a d j a c e n t a r e u n c h a n g e d f r o m the r e f e r e n c e u n m a n n e d SNAP 8 n u c l e a r s y s ­

t e m . O the r p o r t i o n s of the c o r e v e s s e l and the r e f l e c t o r a s s e m b l y h a v e b e e n 

c o n s i d e r a b l y changed to r e d u c e the o v e r a l l enve lope d i m e n s i o n s and , t h u s , t h e 

s y s t e m w e i g h t . T h e c h a n g e s a r e , h o w e v e r , only in s h a p e and a r r a n g e m e n t . 

No new m a t e r i a l s , p r o c e s s e s , o r c o m p o n e n t s a r e r e q u i r e d in th i s d e s i g n . 

To m i n i m i z e r e a c t o r a s s e m b l y e n v e l o p e , and h e n c e s h i e l d we igh t , t he r e f l e c ­

t o r a s s e m b l y i s c o m p l e t e l y r e d e s i g n e d a s s e e n in F i g u r e I I I - 5 0 . S m a l l d i a m e t e r 

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

n u m b e r of d r u m s i s i n c r e a s e d f r o m s ix to s e v e n . The d r u m s , g e n e r a l l y c o n i c a l 

in s h a p e , h a v e t h e i r a x e s of r o t a t i o n i nc l i ned a p p r o x i m a t e l y 6° to t h e ax i s of the 

c o r e v e s s e l . T h i s m i n i m i z e s t h e r e a c t o r a s s e m b l y enve lope by tak ing a d v a n t a g e 

of the n a t u r a l c o n i c a l s h a p e . The flat s i d e s of the c o n t r o l d r u m s a r e 1/4 in . 

f r o m and p a r a l l e l to the a x e s of the d r u m s . The c o n i c a l d r u m s h a p e r e s u l t s in 

v a r i o u s p r o p o r t i o n s of the fixed and m o v a b l e r e f l e c t o r , wi th the b o t t o m of the 

d r u m s s u i t a b l y cu t away so a s not to i n t e r f e r e wi th each o t h e r , a s shown in 

F i g u r e I I I - 5 1 . T h i s g ives an e n v e l o p e d i a m e t e r of 2 2 - 1 / 2 in . a t t he c o r e m i d ­

p l a n e . Some a d d i t i o n a l i m p r o v e m e n t of the s h i e l d a b l e enve lope m i g h t be 

r e a l i z e d by us ing e ight o r n ine even s m a l l e r , t a p e r e d d r u m s . The ga in w^ould be 

m i n o r , h o w e v e r , and m a y not jus t i fy the a d d i t i o n a l s y s t e m connplexi ty . 

The c o n t r o l d r u m s a r e d r i v e n by s t epp ing a c t u a t o r s of a type c u r r e n t l y 

u n d e r g o i n g d e v e l o p m e n t t e s t i n g a t A t o m i c s I n t e r n a t i o n a l . T h e s e a c t u a t o r s a r e 

m o u n t e d above the c o r e v e s s e l to e l i m i n a t e any i n t e r f e r e n c e with the p ip ing at 

t he l ower end and to p l a c e t h e m in the m o s t f a v o r a b l e p o s i t i o n for r a d i a t i o n of 

t h e i r h e a t to s p a c e . T h e d i a m e t e r of the a c t u a t o r s m a k e s i t n e c e s s a r y t hey be 

se t i n w a r d f r o m the d r u m a x e s and tha t a g e a r t r a i n be u s e d to c o n n e c t the 

a c t u a t o r and d r u m s h a f t s . The g e a r s g ive a 2:1 r e d u c t i o n of d r u m m o t i o n 

r e l a t i v e to the a c t u a t o r m o t i o n : the a c t u a t o r s m o v e in 1/2° s t e p s and the d r u m s 

m o v e in 1/4° s t e p s . T h i s l i m i t e d a v a i l a b l e s p a c e a l s o r e q u i r e s tha t t he a c t u a t o r s 

be s t a g g e r e d in he igh t ; four a r e m o u n t e d in the l o w e r p o s i t i o n and t h r e e in the 

u p p e r . 
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The re fe rence unmanned SNAP 8 nuclear sys tem control scheme was selected 

on the bas i s of i ts s implici ty and inherent re l iabi l i ty . It senses the reac tor out­

let coolant t e m p e r a t u r e and maintains this t empe ra tu r e between p r e s e t l imits by 

means of a digital control sys t em. As this sys tem adequately controls the 

re fe rence sys tem, its adaption to the manra ted sys tem is ideal as (1) it m in i ­

mize s on-board maintenance and manual operat ion due to its unattended long-
4 

life (10 h r ) design; and (2) it max imizes re l iabi l i ty by using an existing design 

which will have many thousands of t es t hours on components and integrated 

s y s t e m s . 

The long- te rm control sys tem at tempts to maximize re l iabi l i ty by min imiz ­

ing complexity. The control ler is designed to allow maximum degradat ion and 

two t e m p e r a t u r e s enso r s (using voting-type c i rcu i t ry) a r e used to maximize 

sensor accuracy . In addition, per iodic readjustment of the t e m p e r a t u r e switch 

is poss ib le . Additional p a i r s of t empe ra tu r e sensor s and their switches a r e 

provided which can be switched into the control sys tem in the event of a failure 

of the a s sembly being used. The control ler i s of modular construct ion with tes t 

points brought out for ease of maintenance and trouble shooting. On-board 

maintenance of modules is not anticipated and they would be replaced with spare 

modules or a spa re control ler in the event of malfunctions. 

The control ler output switches power to the control drum m o t o r s . The dr ive 

motor i s a " f a i l - a s - i s " device which max imizes nuclear sys tem life and min i ­

mize s the probabil i ty of inadvertant shutdowns. No s c r a m ci rcui t s a r e p r o ­

vided and shutdown of the nuclear system is accomplished by driving the control 

d rums to their leas t reac t ive (out) posit ion. Although no s c r a m c i rcu i t s a r e 

provided, automatic setback may be provided to pro tec t the nuclear power plant 

against unforeseen incidents . If automatic setback c i rcu i t s a r e employed, a by­

pass switch will be provided so that all setback c i rcu i t s may be bypassed during 

c r i t i ca l phases of the miss ion . Also, setback, if provided, will occur only as 

long as the var iable causing setback remains outside the specified l imits and 

coincidence c i r cu i t ry may be used to min imize false se tbacks . 

Considerat ion is also being given to a mechanica l over r ide concept in which 

a control drum with a failed motor could manual ly be put in i ts mos t react ive 

posit ion (fully inser ted) thereby maximizing sys tem life. 
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In add i t ion to the l o n g - t e r m c o n t r o l , a s t a r t u p c o n t r o l m o d e v/ill be p r o v i d e d 

to m i n i m i z e s t a r t u p t i m e . U s i n g the r e a c t o r ou t le t t e m p e r a t u r e c o n t r o l and a 

p r e p r o g r a m m e d c o n t r o l d r u m i n s e r t i o n r a t e , s t a r t u p c a n be a u t o m a t i c a l l y a c ­

c o m p l i s h e d in l e s s than 4 h r . N u c l e a r i n s t r u m e n t a t i o n w^ill be p r o v i d e d so t h a t 

an o p e r a t o r , if d e s i r e d , cou ld r e s t a r t the p lan t a f te r a shutdown in a p p r o x i m a t e l y 

2 h r u s i n g m a n u a l c o n t r o l . 

R e p e a t e d p l a n n e d shu tdown and r e s t a r t of the M a n r a t e d SNAP 8 n u c l e a r s y s ­

t e m shou ld not i m p o s e any s e r i o u s d e s i g n p r o b l e m s . E i t h e r a u t o m a t i c s t a r t u p 

o r s e m i a u t o m a t i c s t a r t u p c a n be e m p l o y e d a s it i s a n t i c i p a t e d tha t both m o d e s 

of s t a r t u p w i l l be p r o v i d e d . T h e s e m i a u t o m a t i c s t a r t u p w i l l r e q u i r e about 2 h r 

w^hile the a u t o m a t i c s t a r t u p w^ill r e q u i r e about 4 h r . In addi t ion , p e r i o d i c c h a n g e s 

in the a u t o m a t i c s t a r t u p s c h e m e wi l l p r o b a b l y be r e q u i r e d as the e x c e s s r e a c t i v i t y 

a v a i l a b l e c h a n g e s d u r i n g the l ife of the n u c l e a r s y s t e m . 

Unp lanned ( a c c i d e n t a l o r e m e r g e n c y ) shutdow^n of the M a n r a t e d SNAP 8 n u ­

c l e a r s y s t e m m a y r e q u i r e s o m e shutdow^n coo l ing to r e m o v e the d e c a y h e a t . 

Al though the n e e d for t h i s coo l ing h a s not b e e n f i r m l y e s t a b l i s h e d , t h e r e i s a 

f i r m r e q u i r e m e n t to m a i n t a i n the p r i m a r y NaK coo l an t above a c e r t a i n m i n i m u m 

t e m p e r a t u r e . ( T h i s m i n i m u m t e m p e r a t u r e w i l l p r o b a b l y be i n the r a n g e of 1 50 °F 

so tha t ox ides in the p r i m a r y coo lan t s y s t e m do not p r e c i p i t a t e out of the NaK 

and c a u s e p lugg ing of the coo l an t p a s s a g e s . ) H e n c e , coo l ing of the p r i m a r y loop 

i m m e d i a t e l y af ter shu tdown m a y be r e q u i r e d , fo l lowed by h e a t i n g of the p r i m a r y 

loop a f te r e x t e n d e d shu tdown . (The u s e of an e l e c t r o m a g n e t i c p u m p i n the p r i ­

m a r y loop m a y be suf f ic ient to p e r f o r m both t h o s e func t ions a l though no s t u d i e s 

of the SNAP 8 n u c l e a r s y s t e m , o p e r a t i n g at r a t e d c o n d i t i o n s , have b e e n p e r ­

f o r m e d to v e r i f y t h i s . ) 

An i m p o r t a n t p a r t of any m a n r a t e d n u c l e a r p o w e r s y s t e m i s the r a d i a t i o n 

s h i e l d . The s h i e l d m u s t be light-w^eight and l o n g - l a s t i n g , and m u s t p r o v i d e 

a d e q u a t e p r o t e c t i o n to the c r e w f r o m both n e u t r o n and g a m m a r a d i a t i o n e m i t t e d 

f r o m the n u c l e a r s y s t e m . S ince the s h i e l d w e i g h t i s a l a r g e f r a c t i o n of the to t a l 

s y s t e m w^eight, c a r e m u s t be t a k e n to u s e the m o s t e f f ic ient s h i e ld m a t e r i a l s 

and the o p t i m u m c o n f i g u r a t i o n . 

As the r a d i a t i o n d o s e to t h e p a y l o a d m u s t be kep t to a m i n i m u m , no p r o t r u d ­

ing s c a t t e r s o u r c e s m a y e x i s t . H e n c e al l c ab l i ng and NaK p ip ing m u s t be h i d d e n 
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by the shield. Various schemes a re under investigation as to ways and means 

of routing both the cabling and the NaK pipes through the shield. F igure 111-52 

and III-53 show a method of routing cabling and piping through a s e r i e s of tubes 

spira l ing up the side of the shield. 

The shield designs d iscussed so far have dealt with the shadow shield config­

ura t ion . In future applications, 4-pi shielding may also be requi red for l a rge 

manned space s ta t ions . The problem a r ea s attendant w^ith 4-pi shielding have 

been briefly invest igated. F igure III-54 shows a conceptual design of a 4-pi 

shield. The use of 4-pi shielding also imposes a strong des i r e for reduced 

r eac to r assembly envelope to minimize shield weight . The use of 4-pi shielding 

aids in routing cabling and piping as these need no longer be buried in the shield. 

However, the use of 4-pi shielding does impose a ref lector assembly cooling 

problem and active cooling (either by providing a cool r eac to r cavity or by cool­

ing the ref lector assembly directly) mus t be provided. These a r e a s have been 

briefly invest igated and further study is m e r i t e d . No ser ious development p rob ­

l ems a re apparent . 

4 . Reliabili ty 

The rel iabi l i ty goal for the Manrated SNAP 8 nuclear sys tem should lie 

between 0.99 and 0.999 while for the unmanned sys tem the goal i s between 0.95 

and 0.98. Hence the fai lure r a t e of the system mus t be dec reased by a factor 

of 2 to 40. 

Some of this i nc r ea se in rel iabi l i ty can be a.ccomplished by additional redun­

dancy while some inc r ea se can be attained through maintainabi l i ty . A la rge 

fraction of the nuclear system, though, because of the radioact ivi ty associa ted 

with it, is not main ta inable . The electronic controls associa ted with the nuclear 

sys tem a re about the only i tems which a re readi ly maintainable ( e . g . , by mod­

ular r ep lacement ) . However, these only have a failure ra te apportionment of 

0.00388 for the unmanned sys tem compared to the total unmanned sys tem failure 

ra te apportionment of 0.0315. Hence, even increas ing the re l iabi l i ty of the e lec­

tronic port ions of the nuclear sys tem a factor of ten because of maintainabil i ty 

would only r a i se the overal l sys tem rel iabi l i ty apportionment from about 0.9685 

to 0.9720. Essent ia l ly the r e s t of the nuclear sys tem is unmaintainable due to 

the inherent high radia t ion. 
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R e d u n d a n c y i s added to the M a n r a t e d SNAP 8 n u c l e a r s y s t e m by i n c r e a s i n g 

the n u m b e r of c o n t r o l d r u m s f r o m s ix to s e v e n and p r o v i d i n g suff ic ient e x c e s s 

r e a c t i v i t y to a l low two c o n t r o l d r u m d r i v e s to m a l f u n c t i o n . F i g u r e 111-55 i s a 

plot of r e l i a b i l i t y of a s ing le d r u m d r i v e v e r s u s the r e l i a b i l i t y of the c o n t r o l 

d r u m s y s t e m for 0, 1, 2, and 3 a l l owab le m a l f u n c t i o n s . If the r e l i a b i l i t y goal 

for a s ing le d r u m sys tena for both the m a n n e d and u n m a n n e d s y s t e m i s the s a m e , 

i . e . , 0 .975 , t hen w i th two allow^able m a l f u n c t i o n s in the n a a n r a t e d c a s e , the o v e r ­

a l l d r u m d r i v e s y s t e m r e l i a b i l i t y goal can be i n c r e a s e d f r o m 0.992 to 0 .9995 . 

T h i s wou ld i n c r e a s e the o v e r a l l s y s t e i n goal fronn 0.9720 to 0 .9795 . 

In add i t ion to the spec i f i c e x a m p l e s c i t e d , the r e l i a b i l i t y goa l s of o t h e r c o m ­

p o n e n t s cou ld be i n c r e a s e d by add i t i ona l d e s i g n m a r g i n s and sa fe ty f a c t o r s . The 

r e m o v a l of a u t o m a t i c shu tdown d e v i c e s i n c r e a s e s the r e l i a b i l i t y of the n u c l e a r 

s y s t e m f r o m 0.9795 to 0 . 9 8 5 1 . Ano the r f e a t u r e w h i c h wi l l add to the o v e r a l l 

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

w h i c h a c o n t r o l d r u m wi th a fa i led m o t o r cou ld be m a n u a l l y put in i t s m o s t r e a c ­

t ive p o s i t i o n (fully i n s e r t e d ) and t h e r e b y m a x i m i z e the u s e of tha t d r u m . 

Al though i t i s i m p r a c t i c a l to d e m o n s t r a t e tha t the d e s i r e d s y s t e m r e l i a b i l i t y 

goal h a s b e e n m e t , i t i s p o s s i b l e , t h r o u g h suf f ic ient r e d u n d a n c y and high d e s i g n 

m a r g i n , to d e s i g n a m a n r a t e d SNAP 8 n u c l e a r s y s t e m wi th a po t en t i a l r e l i a b i l i t y 

in e x c e s s of 0 .990 . It i s t o w a r d s th i s goal t ha t the d e s i g n of the M a n r a t e d S N A P 8 

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

5 . S ta t i c C o n t r o l 

It a p p e a r s f e a s i b l e to adopt the concep t of s t a t i c c o n t r o l for the SNAP 8 r e a c ­

t o r . S ince one of the m o s t s ign i f i can t e f fec t s of s u c h a change wou ld be an i n ­

c r e a s e in p o t e n t i a l s y s t e m r e l i a b i l i t y , i t i s a p p r o p r i a t e to d i s c u s s th i s u n d e r the 

M a n r a t e d SNAP 8 . 

D e t a i l e d s t u d i e s in to four t e c h n i c a l a r e a s m u s t be c o m p l e t e d to d e t e r m i n e the 

c a p a b i l i t i e s of the SNAP 8 r e a c t o r wi th s t a t i c c o n t r o l . The four a r e a s of i n v e s ­

t i ga t i on a r e : b u r n a b l e p o i s o n s , h y d r o g e n b a r r i e r i m p r o v e m e n t s , SNAP lOB 

type h y d r o g e n r e t e n t i o n , and t e m p e r a t u r e coef f ic ien t a u g m e n t a t i o n . 

a . B u r n a b l e P o i s o n s 

The p r e s e n t SNAP 8 s a m a r i u m load ing h a s not been o p t i m i z e d for s t a t i c c o n ­

t r o l . P r e l i m i n a r y i n v e s t i g a t i o n s i n d i c a t e tha t c a d m i u m p o i s o n •would p r o v i d e 
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b e t t e r b u r n o u t c h a r a c t e r i s t i c s i n t h e S N A P 8 p o w e r r a n g e . The u s e of m i x t u r e s 

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

i m p r o v e m e n t s . The c o n c e n t r a t i o n and type of b u r n a b l e p o i s o n m u s t be o p t i m i z e d 

for e a c h p o w e r and ou t l e t t e m p e r a t u r e l e v e l . A l so how^ and w^here to i n c o r p o r a t e 

the b u r n a b l e p o i s o n in the fuel e l e m e n t m u s t be i n v e s t i g a t e d . 

b . H y d r o g e n B a r r i e r I m p r o v e m e n t s 

H y d r o g e n l o s s f r o m the fuel i s t he l a r g e s t (and m o s t u n c e r t a i n ) r e a c t i v i t y l o s s 

tha t m u s t be c o m p e n s a t e d for by the b u r n a b l e p o i s o n . A s ign i f i can t i m p r o v e m e n t 

in the fuel h y d r o g e n b a r r i e r wou ld g r e a t l y e a s e the p r o b l e m s a s s o c i a t e d w i th 

s t a t i c c o n t r o l of SNAP 8. The a p p l i c a t i o n of a m e t a l l i c coa t i ng to the fuel r o d 

s h o w s p r o m i s e of a t h r e e - f o l d r e d u c t i o n in h y d r o g e n l o s s by p r e v e n t i n g a c h e m ­

i c a l r e a c t i o n b e t w e e n the fuel m a t e r i a l and t h e c e r a m i c h y d r o g e n b a r r i e r . 

c . H y d r o g e n R e t e n t i o n 

The SNAP lOB a p p r o a c h , u s i n g a y t t r i u m g e t t e r to r e t a i n w^ithin the c o r e the 

h y d r o g e n w h i c h l e a k s f r o m the fuel e l e m e n t , m a y a l s o be app l i ed to the SNAP 8 

r e a c t o r . The r e d u c t i o n in the h y d r o g e n l o s s f r o m the c o r e e a s e s the s t a t i c c o n ­

t r o l r e q u i r e m e n t s and m a k e s the r e a c t i v i t y c h a n g e s d u r i n g r e a c t o r o p e r a t i o n 

m o r e p r e d i c t a b l e . 

d. T e m p e r a t u r e Coef f ic ien t A u g m e n t a t i o n 

The S N A P 8 r e a c t o r h a s an overetl l t e m p e r a t u r e coef f ic ien t of r e a c t i v i t y of 

abou t - 0 . 2 ^ / ° F . An u n c o n t r o l l e d 10^ l o s s i n r e a c t i v i t y t h e r e f o r e r e s u l t s in a 

50 °F r e d u c t i o n in the a v e r a g e c o r e t e m p e r a t u r e . An i n c r e a s e i n t h e m a g n i t u d e 

of the t e m p e r a t u r e coef f ic ien t w o u l d r e d u c e the s e n s i t i v i t y of the s y s t e m to r e a c ­

t i v i t y c h a n g e s . V a r i o u s d e v i c e s to p r o v i d e t e m p e r a t u r e coef f ic ien t a u g m e n t a t i o n 

h a v e been s t u d i e d in con junc t ion wi th the SNAP lOB r e a c t o r but none h a v e d e v e l ­

oped to the po in t w^here they m a y be i n c l u d e d i n the SNAP 8 d e s i g n at t h i s t i m e . 

The u s e of t h e r m o e l e c t r i c p u m p s in the SNAP lOA and lOB s y s t e m s d o e s , 

how^ever, p r o v i d e about a f ive - fo ld i n c r e a s e in the e f fec t ive p o w e r coef f ic ien t of 

r e a c t i v i t y . S ince the p u m p i n g r a t e of a c o o l a n t e x c i t e d t h e r m o e l e c t r i c p u m p 

i n c r e a s e s w i t h coo l an t t e m p e r a t u r e and (at c o n s t a n t p o w e r ) the coo lan t t e m p e r ­

a t u r e d e c r e a s e s w i t h i n c r e a s e d flow^, the u s e of s u c h a p u m p p r o v i d e s a v e r y 

s t r o n g t h e r m a l f e e d b a c k in the s y s t e m and t e n d s to s t a b i l i z e the r e a c t o r ou t l e t 
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t e m p e r a t u r e . The use of the rmoe lec t r i c pumps for the SNAP 8 nuclear sys tem 

has not been invest igated in detail but would probably enhance the stat ic opera ­

tion potential of the sy s t em. 

H. UPGRADED SNAP 8 

1. Introduction and Descr ipt ion 

The Upgraded SNAP 8 nuclear sys tem is a modification of the Manrated 

SNAP 8 design. It is being designed to produce 1,200 kwt for 10,000 h r of space 

operat ion. It is based upon the assumption of permit t ing only minor differences 

in configuration compared to the Manrated SNAP 8 design. The minor changes 

include lengthening the fuel element from about 17 to 24 in, and adding 30 addi­

t ional fuel e l ements . Fuel element d iamete r and in ternal c l ea rances a re not 

changed. These changes allow operat ion of the Upgraded SNAP 8 reac to r at 

about twice the SNAP 8 pow^er level while maintaining approximately the same 

power density and fuel t e m p e r a t u r e s . The fuel element spacing is inc reased 

from 0,010 to 0,030 in. to reduce the core p r e s s u r e drop. These changes r e ­

quire that the ref lector assembly be modified slightly to recognize the inc reased 

active core length and the inc reased core v e s s e l d i ame te r . 

Although the Upgraded SNAP 8 nuclear sys tem is based upon the Manrated 

design, it could also be designed as an upgraded vers ion of the reference design. 

The Manrated design is used as the basic building block because it is believed 

that the power level of the modified design w^ill be more useful in manned appli­

cations than unmanned appl icat ions. 

The Upgraded SNAP 8 nuclear sys tem has been analyzed to de te rmine i ts 

operating capabil i t ies and l imi t s . However, essent ia l ly no design effort has 

been expended to design the sys tem. No layout drawings have been p repa red . 

It is es t imated , however , that the r eac to r assembly (core and ref lec tor a s s e m ­

blies) wil l have a 23 -1 /2 - in . d iameter at the core center l ine and follow, in 

genera l a conical shape having a cone angle of about 11°. 

2, Design Point 

Table III-21 l i s ts the key design p a r a m e t e r s of the Upgraded SNAP 8 nuclear 

sys tem. 
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TABLE III-21 

UPGRADED SNAP 8 NUCLEAR SYSTEM 

P o w e r L e v e l (kwt) 

Out le t T e m p e r a t u r e ( ° F ) 

Coo lan t T e m p e r a t u r e R i s e ( ° F ) 

N u m b e r of E l e m e n t s 

E l e m e n t OD (in. ) 

M a x i m u m F u e l T e m p e r a t u r e ( ° F ) 

P r e p o i s o n Load ing ($) 

H y d r o g e n L e a k a g e ( % / y r ) 

B a r r i e r M a t e r i a l 

C o r e Leng th (in, ) 

C o r e ID (in, ) 

R e f l e c t o r T h i c k n e s s (Nomina l ) 

Sh i e lded D i a m e t e r ( s h o u l d e r ) , (in,) 

S h o u l d e r Height (in. ) 

M i d p l a n e D i a m e t e r (in, ) 

M i d p l a n e He igh t (in. ) 

C o n t r o l Me thod 

C o n t r o l l e d R e f l e c t o r E l e m e n t s 

R e a c t o r - R e f l e c t o r Weigh t (lb) 

N o m i n a l L i f e t i m e 

NaK F l o w r a t e 

N a K A P (ps i ) 

F u e l E l e m e n t Cladd ing 

1200 

1300 

2 0 0 

2 4 1 

0.560 

1485 

- 3 . 0 0 

8 .0 

SCB 

24,0 

9.7 

3 .0 

21,0 

30,0 

23.5 

17,0 

Ac t ive 

7 

9 7 5 

104 h r 

97,600 

~7 

H a s t e l l o y N 

3. Design Point Selection 

The Upgraded SNAP 8 r eac to r design has only minor differences relat ive to 

the SNAP 8 Reference Design, Its operat ional capabili ty is improved by inc reas • 

ing the s y s t e m ' s potential useful energy and re l iabi l i ty . The potential useful 

sys tem energy is a combination of the in tegrated r eac to r power and l ifet ime, 

modified by the outlet r eac to r coolant t e m p e r a t u r e . The outlet coolant t e m p e r a ­

ture influences the potential useful sys t em energy as the e lec t r i ca l power con­

vers ion s y s t e m ' s efficiency i nc rea se s with increas ing r e a c t o r outlet coolant 
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t e m p e r a t u r e . However, higher outlet coolant t empera tu re i nc r ea se s the rate of 

fuel degradat ion and hydrogen modera to r leakage. This fas ter degradation of the 

r eac to r would lower the r eac to r power or lifetime design l imitation to mainta in 

the same sys tem capabil i ty. 

An improvement in the operat ional capabili ty of a r eac to r may be cons idered 

as an inc rease in the r eac to r power level for a given outlet t empera tu re and 

operating l i fet ime. Such an inc rease in reac to r power level can be accomplished 

in tw^o ways : 

1) The core volume can be inc reased so that the re is more fuel operating 

at the same max imum power density, 

2) The maximum power density capability of the fuel can be inc reased , for 

exaxnple, by improving the core heat t r ans fe r c h a r a c t e r i s t i c s . 

These changes can also be in te rpre ted as means of increas ing the operating 

lifetime at a constant pov/er level . The dec reased fuel t e m p e r a t u r e s would r e ­

duce the amount of hydrogen loss and fuel i r rad ia t ion damage . 

The active core volume of the Upgraded SNAP 8 reac to r has been increased 

by increas ing both the length of the fuel rod and the number of fuel e lements . 

The length of the fuel rods has been inc reased from 16,825 to about 24 in, , which 

cor responds to an inc rease in react ivi ty of approximately $5,25, The 24-in, 

length l imit r e p r e s e n t s the approximate dimensional l imitation of the existing 

hydriding and permeat ion test ing equipment. The number of fuel rods is in­

c r e a s e d from 211 to 241. These additional 30 fuel e lements r ep resen t the 

number of fuel e lements which can be added to the modified hexagonal a r r a y w i t h 

a min imal inc rease in core d iamete r per fuel rod. These rods , bes ides adding 

an approximate 10% in core power generat ion, add approximately $3.25 in r e ­

activity. The smal l i nc rease in the core ves se l d i ame te r r equ i res only a minor 

redes ign of the ref lector assembly . However, a minor redesign of the ref lector 

assembly -would be requi red in any case due to the l a rge r spacing des i r ed be ­

tween fuel rods to d e c r e a s e coolant p r e s s u r e drop and inc rease the fuel element 

heat t r ans fe r coefficient to the coolant. 

Increas ing the fuel e lement power density also i n c r e a s e s the operat ional 

capacity of a r eac to r . The fuel element power density can be inc reased by low­

ering the fuel rod d i ame te r and by increas ing the heat t r ans fe r coefficient 
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betweenthe fuel and the coolant. A sma l l e r fuel rod would maintain near ly the same 

fuel t e m p e r a t u r e , for the same po^ver pe r unit length of fuel, while increas ing 

the number of fuel rods and sys tem pow^er in the same core volume. The devel­

opment required to redes ign the manufacturing and inspection equipment to accept 

a sma l l e r d iameter fuel element const i tutes a substant ia l effort. 

The spacing between the fuel e lements in the Upgraded SNAP 8 has been in­

c r e a s e d to 30 mi l s from the 10 mi l s used in the reference design. This in­

c r e a s e d spacing is predic ted to resul t in a 10% inc rease in the heat t r an s f e r 

coefficient between the fuel and the coolant. The fuel may, the re fore , be oper ­

ated at a higher power density than in the SNAP 8 reference design while ma in ­

taining the same fuel swelling and hydrogen loss c r i t e r i a . 

The pr inc ipa l r eason for increas ing the fuel element spacing from 0,010 in, 

to 0,030 in, is to dec rease the coolant p r e s s u r e drop along the fuel e lements . 

This could be a significant contribution to the total r eac to r p r e s s u r e drop, t en ta ­

tively selected as 10 psi for this design. F igure III-56 shows differential plenum 

p r e s s u r e (excluding inlet and outlet nozzle drops) as a function of element gap 

for the SNAP 8 Reference Design. Considering both the core d iameter en l a rge ­

ment as v^ell as the inc reased element length, it can be concluded that fuel e l e ­

ment p r e s s u r e drop wil l not become dominant with a 0.030-in, spacing. The 

de t r imenta l effects of increas ing the rod spacing a r e the increased core d iam­

e ter , which i n c r e a s e s the shield weight; and the dec reased atomic density of 

the fuel and mode ra to r , -which d e c r e a s e s the r eac to r excess react ivi ty . The 

0,030-in. spacing appears to be a near optimum condition which d e c r e a s e s the 

coolant p r e s s u r e drop by over 50%-while increas ing the core ves se l d iamete r 

l ess than 0,5 in. The react ivi ty loss assoc ia ted with the inc reased rod spacing 

is approximately $2,40 

The other method of extending the operat ional capability of the reac tor is by 

increas ing the rel iabi l i ty of the sys t em. The Upgraded SNAP 8 reac to r fully 

uti l izes the SNAP 8 design approach to rel iabi l i ty by redundancy. The use of 

redundant components allows a lower individual re l iabi l i ty goal while s t i l l achiev­

ing a high sys tem rel iabi l i ty goal . In the SNAP 8 nuc lear sys t em, the redundant 

component approach is possible largely by providing sufficient excess react ivi ty 

to allow for fa i lures and malfunctions of fuel e lements and control d rum drive 

a s s e m b l i e s . There fore , to a f i r s t - o r d e r approximation, the relat ive rel iabi l i ty 
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of operating the nuclear sys tem at var ious design conditions can be determined 

by the amount of excess react ivi ty avai lable . 
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F o r t h e S N A P 8 R e f e r e n c e D e s i g n , a l though the c o n s e r v a t i v e d e s i g n c r i t e r i a 

i s not r e a c t i v i t y l i m i t e d , t h e o p e r a t i o n a l c a p a b i l i t y of the r e a c t o r i s r e a c t i v i t y 

l i m i t e d . The t h r e e m i n o r d e s i g n c h a n g e s in t h e m o d i f i e d S N A P 8 s y s t e m of 

i n c r e a s e d l e n g t h , n u m b e r of fuel r o d s , and i n c r e a s e d s p a c i n g b e t w e e n fuel r o d s , 

r e s u l t s in a ne t i n c r e a s e of $6,10 in the r e a c t o r e x c e s s r e a c t i v i t y . With t h e i n ­

c r e a s e d e x c e s s r e a c t i v i t y , t he U p g r a d e d S N A P 8 r e a c t o r ' s o p e r a t i o n a l c a p a b i l i t y 

i s not r e a c t i v i t y l i m i t e d u n d e r a l l a p p l i c a b l e p o w e r s , ou t le t coo lan t t e m p e r a t u r e s 

o r o p e r a t i n g l i f e t i m e s . T h e r e f o r e , fuel e l e m e n t s a n d / o r c o n t r o l d r u m d r i v e 

a s s e m b l i e s cou ld f a i l w i thou t a f fec t ing the o p e r a t i o n a l c a p a b i l i t y of t h e U p g r a d e d 

SNAP 8 r e a c t o r , 

4 , P a r a m e t r i c Study of Of f -Des ign P e r f o r m a n c e 

The U p g r a d e d SNAP 8 r e a c t o r i s d e s i g n e d to o p e r a t e at 1200 kwt for 10,000 h r 

wi th an ou t le t coo lan t t e m p e r a t u r e of 1 3 0 0 ° F . T h i s d e s i g n point l i e s w e l l w i t h i n 

the b a s i c d e s i g n c r i t e r i a l i m i t s of the r e a c t o r . The fol lowing i t e m s ac t a s l i m i t s 

t o the r e a c t o r p e r f o r m a n c e : 

a) e x c e s s r e a c t i v i t y , 

b) fuel s w e l l i n g , 

c) fuel p h a s e c h a n g e , 

d) fuel c l a d d i n g c r e e p , and 

e) i r r a d i a t i o n swe l l i ng of t h e b e r y l l i u m r e f l e c t o r . 

The p e r f o r m a n c e of t h e U p g r a d e d SNAP 8 r e a c t o r h a s b e e n s tud i ed and c o m ­

p a r e d both w i th the c o n s e r v a t i v e d e s i g n c r i t e r i a l i m i t s and t h e m o r e r e a l i s t i c 

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

p o w e r l e v e l s , ou t le t coo l an t t e m p e r a t u r e s and o p e r a t i n g l i f e t i m e s . Some of the 

r e s u l t s of t h e s e s t u d i e s a r e p r o v i d e d in the fol lowing t a b l e : 

Design 
Point 

Design Cr i t e r i a 
Limit 

Operat ional 
Limit 

Power output for 10,000 h r 
at 1300°F 

Power output for 10,000 hr 
at 1400°F 

1,2 Mwt 

— 

1,5 Mwt 

1.0 Mwt 

1.8 Mwt 

1.3 Mwt 
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CPNMIIHiNTIS: 

Since the Upgraded SNAP 8 reac to r is not react ivi ty l imited, these power 

levels would be at tainable even though some fai lures occur red in the fuel e l e ­

ments and /o r control d rum dr ive a s s e m b l i e s . 

a. Excess Reactivity 

The ul t imate operat ional l imitat ion of the Upgraded SNAP 8 nuclear sys tem 

is excess react iv i ty . The react ivi ty lifetime is that t ime at -which all excess 

react ivi ty has been used. Fa i lu re of a fuel e lement by fuel swelling, phase 

change or cladding c r eep would resu l t in excess ive hydrogen leakage from that 

fuel e lement , -which is a react ivi ty l o s s . However, due to the approximate 

7-in. i nc rease in fuel length and 30 additional fuel e lements , the Upgraded 

SNAP 8 core has a large amount of react ivi ty avai lable . F igure III-57 i l l u s ­

t r a t e s that for the Upgraded SNAP 8 reac to r operating at its design point of 

1,2 Mwt and 1300 °F outlet coolant t empe ra tu r e for 10,000 h r , the sys tem uses 

l ess than $8,00 of the $17.00 avai lable . 

25 

102 
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_ - — - - • • • 
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Figure III-57, Upgraded SNAP 8 Reactivity Requirements 

The pr incipal react ivi ty requ i rements of the Upgraded SNAP 8 reac to r a r e : 

1) fission product poisons and fuel burnup, 

2) t e m p e r a t u r e defect, and 

3) hydrogen leakage out of the fuel e l ements . 
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The react ivi ty l o s ses were based on the reac to r operating -with the: 

1) nominal core po-wer fuel burnup and fission product buildup, 

2) t empe ra tu r e defect corresponding to the hot channel fuel t e m p e r a t u r e s , 

3) hydrogen loss out of the hot channel fuel e lement with the fuel t e m p e r a ­

ture remaining constant during the reac to r l i fet ime, 

4) nominal N , and 
H 

5) nominal control drum shim configuration. 

These assumptions a re the same as the SNAP 8 Reference Design except that 

the nominal hydrogen concentrat ion of the fuel (N ) ^vas increased to 6.10, to 
rl 

obtain the optimum phase change and cladding c r eep combination instead of 

using the specification (6.05) of the Reference Design, As shown by F i g ­

ure III-58, at 10,000 h r , the react ivi ty l imitation of the nominally operating r e ­

actor exceeds all other design and operat ional l im i t s . If it we re not for other 

l imi t s , the r eac to r would have sufficient react ivi ty to operate at over 2,4 Mwt 

with a 1400 °F outlet coolant t e m p e r a t u r e for 10,000 h r . As shown by F i g ­

u r e s III-59 and III-60, react ivi ty does not limit operat ion of the Upgraded 

SNAP 8 r eac to r for 20,000 or 30,000-hr l i fe t imes . 

b . Fuel Swelling 

The fuel swelling of the Upgraded SNAP 8 reac to r is based on the following 

assumpt ions : 

1) The fuel e lement is operat ing at the hot channel condition. 

2) The location of the fuel cor responds to the peak burnup condition. 

3) For the design c r i t e r ion , no s training of the cladding is permi t ted 

-when the fuel is at ambient t empera tu re with a homogenized hydrogen con­

centra t ion, i . e . , i so the rma l shutdown of the r eac to r near end-of-l ife. 

For the operat ional l imitat ion, it is conservat ively assumed that a 5-mil 

d i amet ra l s t ra in of the cladding wil l resul t in fa i lure . 

4) The fuel t empera tu re changes due to fuel swelling a r e decreas ing the 

hydrogen gap and reducing the t he rma l conductivity of the fuel. 

The assumptions used in defining the fuel swelling l imitat ions of the Upgraded 

SNAP 8 r eac to r a re ident ical to the assumptions of the SNAP 8 Reference Design 
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Figure III-58. Upgraded SNAP 8 Fuel Limitat ions - 10^ hr 
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except for one major difference and one minor difference. The major difference 

is the much m o r e rea l i s t ic assumption that the fuel element t e m p e r a t u r e de ­

c r e a s e s as the gas gap shrinks due to fuel s-welling instead of the ex t remely con­

servat ive assumption used in the Reference Design that the re is no d e c r e a s e in 

fuel element t e m p e r a t u r e as the gas gap d e c r e a s e s during the reac tor l i fe t ime. 

The minor difference is the change in the safety factor applied to the dec rease 

in fuel t he rma l conductivity due to burnup from the ex t remely conservat ive value 

of 50 to a s t i l l conservat ive value of 10, 

These two changes in the assumptions used to define the fuel swelling design 

l imitation a r e considered to be justified since the p resen t fuel i r rad ia t ion p r o ­

g r a m is generat ing exper imenta l data which wil l dec rease the uncertainty in the 

fuel s-welling behavior . The fuel swelling design l imitat ion used in the Upgraded 

SNAP 8 s t i l l mainta ins a considerable amount of the conse rva t i sm of the SNAP 8 

Reference Design, 

The fuel swelling operat ional l imitation of the Upgraded SNAP 8 a s sumes 

exactly the same conservat ive const ra in t as the SNAP 8 Reference Design. The 

fuel swelling l imitat ion is reached when the hot channel fuel e lement , having the 

maximum reac to r burnup, has s t ra ined the cladding 5 mi ls on the d i ame te r . 

F igure III-58 i l lus t r a t e s that fuel swelling is one of the l imits of the operat ing 

range of the 10,000 hr l i fet ime. Upgraded SNAP 8 r eac to r . Both the design 

c r i t e r ion and the operat ional l imitat ions a r e fuel s-welling l imited for high reac to r 

power operat ion to ~ 1.5 Mwt and 1,8 Mwt, respec t ive ly , for a 1300°F outlet 

coolant t empe ra tu r e and 10,000 hr of operat ion. F igures III-59 and III-60 show 

s imi la r high power fuel swelling l imitat ions for the Upgraded SNAP 8 operat ing 

20,000 and 30,000 h r , respect ive ly . 

c. Phase Change and Cladding Creep 

The l imitat ions of phase change and cladding c r e e p a re in te r re la ted . The fuel 

phase change design c r i t e r i a is defined as ope rat ion until any par t of the fuel element 

(with the lowest fuel specif icat ionhydrogen concentrat ion (NTT) operating in the hot 

channel condition) loses sufficient hydrogen to just reach the j3-6 phase in ter face . 

The cladding c reep l imitat ion is defined as operat ion until the hydrogen dissocia t ion 

p r e s s u r e (corresponding to the highest fuel specif icat ionhydrogen concentrat ion 

operating in the hot channel condition) causes the cladding to c r eep in excess 
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of the des i red boundary. The nominal fuel hydrogen concentrat ion was selected 

so that the fuel would reach the j3-6 interface when the cladding has reached the 

c reep l imitat ion. 

The analysis of cladding c r eep assumed a 9-rnil cladding thickness and used 

a 1,4 factor of safety on the imposed load. The static NaK p r e s s u r e was in­

c r e a s e d in o rde r to counteract the higher hydrogen dissociat ion p r e s s u r e caused 

by the increased NTT operating ^vith the same hot channel fuel t e m p e r a t u r e s . The 

upper limit on the NaK stat ic p r e s s u r e was r e s t r i c t ed to that value requi red to 

just s t ra in the hot test location of the core vesse l 0,2% during the reac to r l i fe­

t ime . The core vesse l s t r e s s also had a 1,4 factor of safety. A core ves se l 

thickness of 0,12 in, -was es t imated to be adequate to -withstand the launch shock 

and vibrat ion r e q u i r e m e n t s . The NTT should not be inc reased above that c o r r e ­

sponding to the upper l imit NaK p r e s s u r e , because the reactivity loss due to in­

c reas ing the ves se l th ickness , n e c e s s a r y to maintain the 0,2% c reep l imit , ex­

ceeds the react iv i ty gain due to the inc reased NTT-

The phase change design c r i t e r ion and operat ional l imitat ion a re both assumed 

to occur when the phase change occu r s , as a s sumed with the SNAP 8 Reference 

Design, The cladding c r e e p design and operat ional l imitat ions a re also the 

same as SNAP 8 Reference Design and a r e es t imated to occur when the cladding 

has undergone a c r e e p of 0.2% and 1.0%, respec t ive ly . 

F igure III-58 i l lus t ra tes that cladding c r eep and phase change a re one of the 

l imits of the operating range of the 10,000-hr l ifetime Upgraded SNAP 8 r eac to r . 

Both the design c r i t e r i a and the operat ional l imitat ions a r e cladding c r eep and 

phase change l imited for high outlet coolant t e m p e r a t u r e operat ion at approxi­

mate ly 1375 and 1415°F, respect ive ly , for a 1,2 Mwt r eac to r power and 10,000 h r 

of operat ion. F igures III-59 and III-60 show s imi l a r high outlet coolant t e m p e r a ­

ture l imitat ions for the Upgraded SNAP 8 operating for 20,000 and 30,000 h r , 

respect ive ly . 

d. Beryl l ium Swelling (and core ves se l c reep) 

Two additional interact ing design c r i t e r i a a r e the core vesse l c reep and the 

beryl l ium s-welling. The init ial gap between the core ves se l and the beryl l ium 

ref lec tors must be large enough to insure c lea rance between the surface at all 

t i m e s . The gap cannot be excessively large due to the dec reased reflector 

-worth. The operat ional l imitation is conservat ively defined as equal to the 

NAA-SR-11685, Vol 2 

116 

cCDMKinniTria,.!. "^ 



d e s i g n c r i t e r i a . The d e s i g n c r i t e r i a r e s t r i c t s t he c o r e v e s s e l l i f e t i m e c r e e p to 

0.2% due to NaK s t a t i c p r e s s u r e and l i m i t s the b e r y l l i u m de f l ec t ion to 30 m i l s 

due to i s o t r o p i c s-welling. 

The b e r y l l i u m s w e l l i n g c o n f i g u r a t i o n for the d e s i g n c r i t e r i a i s a s s u m e d to 

c o r r e s p o n d to t a p e r e d s m a l l c o n t r o l d r u m s -which h a v e : 

a) t he b e r y l l i u m s w e l l i n g a long the e n t i r e d r u m l eng th c o r r e s p o n d i n g to 

the point of m a x i m u m t e m p e r a t u r e and m a x i m u m i n t e g r a t e d fas t n e u t r o n 

flux d u r i n g the r e a c t o r l i f e t i m e , 

b) the s w e l l i n g o c c u r r i n g on t h e i n s i d e (nea r r e a c t o r ) d r u m s u r f a c e 

w h i c h c a u s e s t h e r e f l e c t o r to buck l e a s s u m i n g tha t the ends of t h e r e f l e c t o r 

a r e u n r e s t r a i n e d , and 

c) t h e b e r y l l i u m de f l ec t i on l i m i t e d to 30 m i l s of the 45 m i l s a v a i l a b l e . 

As shown by F i g u r e s I I I - 5 8 , I I I - 5 9 , and I I I - 6 0 , t h e b e r y l l i u m s w e l l i n g l i m i t a t i o n 

of the U p g r a d e d S N A P 8 r e a c t o r o p e r a t i n g for 10,000, 20 ,000 , and 30,000 h r 

does not l i m i t t he s y s t e m o p e r a t i o n , 

5, R e l i a b i l i t y 

The U p g r a d e d S N A P 8 r e a c t o r d e s i g n u t i l i z e s t h e c o m p o n e n t s and t e c h n o l o g y 

deve loped for t h e M a n r a t e d a n d / o r R e f e r e n c e D e s i g n S N A P 8 s y s t e m s . The 

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

m a i n t a i n e d . In g e n e r a l , t he s y s t e m would be e x p e c t e d to a c h i e v e the s a m e r e ­

l i a b i l i t y . T h e r e a r e , h o w e v e r , two f a c t o r s w h i c h w i l l r e s u l t in a s ign i f i can t ly 

h i g h e r s y s t e m r e l i a b i l i t y . 

The i nd iv idua l c o m p o n e n t r e l i a b i l i t y for t h e U p g r a d e d S N A P 8 should be h i g h ­

e r t h a n tha t for the M a n r a t e d o r R e f e r e n c e D e s i g n , due to the t i m e l ag b e t w e e n 

the d e v e l o p m e n t of t h e two s y s t e m s . T e s t i n g of t h e R e f e r e n c e Des i gn o r M a n -

r a t e d SNAP 8 s y s t e m -will u n c o v e r p r o b l e m a r e a s w h i c h w i l l be c o r r e c t e d p r i o r 

to o p e r a t i o n of the U p g r a d e d S N A P 8 s y s t e m . 

The d e s i g n c h a n g e s w h i c h h a v e b e e n i n c o r p o r a t e d in t h e c o r e d e s i g n h a v e r e ­

s u l t e d in a g r e a t e r i n c r e a s e in the e x c e s s r e a c t i v i t y t h a n in the r e a c t i v i t y r e ­

q u i r e m e n t s . T h i s p r o v i d e s a g r e a t e r s u r p l u s of e x c e s s r e a c t i v i t y wh ich i s 

a v a i l a b l e to c o m p e n s a t e for u n e x p e c t e d r e a c t i v i t y l o s s e s . The U p g r a d e d SNAP 8, 

t h e r e f o r e , h a s g r e a t e r r e d u n d a n c y t h a n the R e f e r e n c e o r M a n r a t e d d e s i g n s in the 

c o r e and r e f l e c t o r a s s e m b l i e s . 

N A A - S R - 1 1 6 8 5 , Vol 2 

117 



Although the Upgraded SNAP 8 reac to r is designed to produce twice the power 

of the Reference Design, nothing has been done to degrade the sys tem rel iabi l i ty . 

The overal l sys tem rel iabi l i ty h a s , in fact, been significantly improved, 

J , ADVANCED ZrH REACTOR 

1. Introduction and Descr ipt ion 

The Advanced ZrH reac to r is a design which approaches the upper l imit of 

r eac to r per formance -which can be attained within the p resen t s t a t e -o f - the -a r t 

U-ZrHj^ SNAP reac to r technology. It is assumed that a r a the r complete r e d e ­

sign of the r eac to r can be made but no additional extensive r e s e a r c h and devel­

opment effort wil l be requ i red . The Advanced ZrH reac to r therefore r e p r e ­

sents the logical growth of the SNAP 8 sys tem to higher power leve ls . 

In o rder to i nc rease the power density of the co re , the fuel element d iameter 

has been dec reased to 0,428 in, from the p resen t 0.560 in. The total power out­

put of the r eac to r is further inc reased by increas ing the overa l l core s ize . The 

active fuel length is 27 in, and the d iamete r of the core is 12 in. These changes 

provide a sys tem capable of delivering 3 Mw of t h e r m a l power for 10,000 hr 

with an outlet coolant t empe ra tu r e of 1300 °F . 

The ref lector assembly is s imi la r to those for the Manrated SNAP 8 and the 

Upgraded SNAP 8 s y s t e m s . The l a r g e r core d i ame te r pe rmi t s the instal lat ion 

of eight r a the r than seven control d r u m s . 

Conceptual design studies have been per formed which show the feasibili ty of 

the Advanced ZrH r e a c t o r . 

2. Design Point 

Table III-22 l i s ts the key design p a r a m e t e r s of the Advanced ZrH nuclear 

sys tem. 

3. Design Point Selection 

The Advanced ZrH reac to r is a major redes ign of the SNAP 8 concept which 

approaches the l a rges t operat ional capability of a SNAP U-ZrH^^ sys tem using 

existing s t a t e -o f - the -a r t r e s e a r c h and technology. Four basic cons t ra in ts a r e 

imposed upon the design: 
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a) the use of p resen t SNAP 8 s t ruc tura l m a t e r i a l s and U - Z r H fuel 
' ^ X 

(minor amounts of additive, for example a neutron poison, might be inco r ­

porated in the fuel) 

b) the use of the rotating drum control technique (beryl l ium, if possible) 

c) the use of NaK-78 as the coolant 

d) the ability to s c r a m and r e s t a r t the r eac to r . 

TABLE III-22 

ADVANCED ZrH NUCLEAR SYSTEM 

P o w e r L e v e l (kwt) 

Out l e t T e m p e r a t u r e ( °F) 

Coo lan t T e m p e r a t u r e R i s e ( °F ) 

N u m b e r of E l e m e n t s 

E l e m e n t OD, ( in,) 

M a x i m u m fuel t e m p e r a t u r e ( °F) 

P r e p o i s o n Load ing ($) 

H y d r o g e n L e a k a g e (%/yr) 

B a r r i e r M a t e r i a l 

C o r e Leng th (in. ) 

C o r e ID (in, ) 

R e f l e c t o r T h i c k n e s s , N o m i n a l 

Sh ie lded D i a m e t e r , S h o u l d e r ( in,) 

S h o u l d e r Height (in, ) 

Midp lane D i a m e t e r (in, ) 

M i d p l a n e Height (in, ) 

C o n t r o l Me thod 

C o n t r o l l e d R e f l e c t o r E l e m e n t s 

R e a c t o r - R e f l e c t o r Weight (lb) 

N o m i n a l L i f e t i m e (hr) 

NaK F l o w r a t e 

NaK A P (psi) 

F u e l E l e m e n t C ladd ing 

3000 

1300 

200 

5 8 3 

0.428 

1565 

- 3 , 0 0 

7.6 

SCB 

27.0 

12 

3 .0 

24.0 

33,0 

26.5 

18.5 

Ac t ive 

8 

2000 

104 

224,000 

- 1 0 

H a s t e l l o y N 
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The l a r g e s t o p e r a t i o n a l c a p a b i l i t y c a n be a t t a i n e d by des ign ing the l a r g e s t 

c o n t r o l l a b l e c o r e s i z e con t a in ing t h e m o s t fuel e l e m e n t s o p e r a t i n g at t h e i r 

h i g h e s t p o w e r d e n s i t y . The d i a m e t e r of t h e c o r e i s l i m i t e d p r i m a r i l y by c o n t r o l 

d r u m w o r t h . As t h e c o r e d i a m e t e r i s i n c r e a s e d , the r a d i a l n e u t r o n l e a k a g e 

and t h e c o r r e s p o n d i n g c o n t r o l d r u m w o r t h i s d e c r e a s e d . 

The c o n t r o l d r u m s m u s t h a v e enough w o r t h at a l l t i m e s d u r i n g t h e e n t i r e 

d e s i g n l i f e t i m e to c o m p e n s a t e for the u n c e r t a i n t y in t h e fuel r e a c t i v i t y due to 

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

t r a t i o n s ; to shutdo-wn and r e s t a r t the r e a c t o r ; and to offset t he r e a c t i v i t y c h a n g e s 

due to the c o u n t e r a c t i n g f o r c e s of p r e p o i s o n b u r n o u t v s fuel b u r n o u t and h y d r o g e n 

l o s s . B a s e d on an i n i t i a l A d v a n c e d Z r H p a r a m e t e r s tudy u s i n g an 0 .40 - in . fuel 

e l e m e n t d i a m e t e r , and a 3 - i n . r e f l e c t o r t h i c k n e s s , an i n d i c a t i o n of the p e r m i s ­

s ib l e n u c l e a r d e s i g n r a n g e w a s ob t a ined ( F i g u r e I I I -61 ) . The p e r m i s s i b l e d e s i g n 

r a n g e i s a p p r o x i m a t e l y bounded by a k rr of the c o r e g r e a t e r t h a n 1.10 to p r o ­

v ide a d e q u a t e l i f e t i m e , and a to t a l r e f l e c t o r w o r t h g r e a t e r t h a n about 20% A k / k 

to p e r m i t a d e q u a t e c o n t r o l d u r i n g the r e a c t o r l i f e t i m e . The s o m e w h a t c o n s e r v ­

a t ive c o r e d i a m e t e r of 12 in . and an a c t i v e c o r e l e n g t h of 27 in . w e r e s e l e c t e d . 

T h i s p r o d u c e d a c o r e w h i c h w a s n e a r l y t h r e e t i m e s t h e v o l u m e of the SNAP 8 

R e f e r e n c e D e s i g n . T h e c o r e l e n g t h - t o - d i a m e t e r r a t i o i s s l i gh t ly in e x c e s s of 2. 

P r e v i o u s d e s i g n s t u d i e s h a v e shown t h i s t o be n e a r t h e o p t i m u m r a t i o to m i n i ­

m i z e s h i e l d w e i g h t . 

To ob ta in t h e m a x i m u m p o w e r d e n s i t y w i th in the c o r e , it i s d e s i r e d to d e ­

c r e a s e the fuel r o d to a s s m a l l a d i a m e t e r a s p o s s i b l e . F o r the s a m e p o w e r 

g e n e r a t e d p e r uni t l eng th of fue l , t he r a d i a l t e m p e r a t u r e d r o p a c r o s s t h e fuel 

r o d i s i n d e p e n d e n t of the r o d d i a m e t e r . T h e r e f o r e , a s m a l l e r fuel e l e m e n t c a n 

o p e r a t e at t he s a m e m a x i m u m fuel t e m p e r a t u r e wh i l e i n c r e a s i n g the n u m b e r of 

fuel r o d s and s y s t e m p o w e r in the s a m e c o r e v o l u m e . 

The m i n i m u m fuel r o d d i a m e t e r a p p e a r s to be l i m i t e d by m a n u f a c t u r i n g 

t e c h n i q u e s . It h a s b e e n e s t i m a t e d t h a t a 3 / 8 - i n , fuel r o d i s about the s m a l l e s t 

s i z e w h i c h c a n be e x t r u d e d , h y d r i d e d , and m a c h i n e d w h i l e m a i n t a i n i n g t h e r e ­

q u i r e d s t r a i g h t n e s s of l e s s t han 0,010 in , a long the 2 7 - i n , l e n g t h . T h e r e f o r e , 

a n e a r o p t i m u m fuel e l e m e n t c o n f i g u r a t i o n for t h e Advanced Z r H r e a c t o r a p p e a r s 

to be 583 fuel e l e m e n t s hav ing a fuel r o d d i a m e t e r of 0.400 in . and an ou t s i de 

d i a m e t e r of 0,428 in . 
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A second o rde r i nc r ea se in the fuel po-wer density is obtained due to the in­

c r e a s e in the heat t r ans fe r coefficient resul t ing from an inc rease in the spacing 

between the fuel e lements from 0.010 in, to 0,030 in, A 10% inc rease in the 

heat t r ans fe r coefficient -was conservat ively a s sumed in the calculat ions , 

4, P a r a m e t r i c Study of Off-Design Pe r fo rmance 

The Advanced ZrH reac to r is a major sys tem redes ign and some develop­

menta l effort will be requi red . In the t ime requi red to design and develop the 

Advanced ZrH, the r e s e a r c h and developmental work being c a r r i e d on by the 

existing SNAP 8 P r o g r a m should be able to significantly dec rea se the unce r ­

ta int ies in m a t e r i a l behavior and improve the hydrogen b a r r i e r pe r fo rmance . 

This logical advance in the s t a t e -o f - the -a r t is applied to l ibera l ize some of the 

m o r e conservat ive assumptions used in the fuel swelling and cladding c r eep 

l imitat ions as well as for the hydrogen leak rate of the fuel e lements . T h e r e ­

fore , only these m o r e r ea l i s t i c , but s t i l l conserva t ive , design c r i t e r i a a re used 

to indicate the sys tem l imitat ions of the advanced SNAP 8 r eac to r , 

a. Excess Reactivity 

P r i m a r i l y due to the large co re s ize , the Advanced ZrH reac to r has a very 

high effective mult ipl icat ion. The large co re d i ame te r , however, also resu l t s 

in a reduced total cont ro l d rum wor th . Under these condit ions, effective u t i l i ­

zation of the react iv i ty potential will depend upon judicious use of burnable 

poisons . If the burnable poison does not provide good compensation for the 

no rma l react ivi ty l o s s e s , the react ivi ty r equ i rements of the sys tem wil l 

approach the amount of control avai lable, A l a rge , unexpected react ivi ty loss 

(failure of one or m o r e control d r ives , for example) would then prevent the r e ­

actor from achieving the des i red l i fet ime. P r e l i m i n a r y calculations indicate 

that it wil l be possible to util ize most of the available excess react iv i ty . 

For the sys tem operating in i ts nominal hot channel condition. F igure III-62 

i l lus t ra tes that the Advanced ZrH reac to r operating at i ts design point of 3 Mwt, 

and 1300°F outlet coolant t empera tu re for 10,000 hr uses up l e s s than $11,00 of 

the $25.00 avai lable . 
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10-9-64 7568-01753 
F igure III-62. AZH Reactivity Requi rements 

The pr incipal react ivi ty r equ i rements of the Advanced ZrH reac to r a r e : 

1) fission products and fuel burnup, 

2) t e m p e r a t u r e defect, and 

3) hydrogen leakage out of the fuel e l ements . 

The react ivi ty losses -were based on the r eac to r operating with: 

1) nominal core power fuel burnup and fission product buildup, 

2) t e m p e r a t u r e defect corresponding to the hot channel fuel t e m p e r a t u r e s , 

3) hydrogen loss out of the hot channel fuel e lement with the fuel t e m p e r a ­

tu re remaining constant during the r eac to r lifetime and the assumption that 

the hydrogen leak ra te per unit of surface a r e a is approximately equal to the 

value of present ly manufactured fuel e l ements , 

4) optimuno Nj^, and 

5) nominal control d rum shim configuration. 

These assumptions a re the same conservat ive ones as those used for the 

Upgraded SNAP 8 design except for the m o r e rea l i s t i c hydrogen leak ra te from 

current ly fabricated e lements , which is 2 to 3 t imes bet ter than the specif ica­

tion value used previously in the d iscuss ion of the design l imitat ions of the 

SNAP 8 r e a c t o r s . In addition, the re has been an improvement in each p roduc­

tion batch of e lements to date, i . e . , the S8DS prototype elements had a lower 

leak ra te than the S8DRM1 elements which had a lower leak ra te than the S8ER 

fuel e l ements . Hence, consider ing the scheduling t ime of an Advanced ZrH 
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r eac to r , it appears rea l i s t i c and st i l l conservat ive that the hydrogen leak ra te 

p e r unit surface a r e for the Advanced ZrH reac to r be assumed to be the same as 

fuel e lements cur ren t ly being fabr icated. 

As sho-wn by Figure III-63, the react ivi ty l imitat ion of the normal ly operating 

r eac to r exceeds all design l imits for the r eac to r operat ing 10,000 h r . If the r e ­

actor m a t e r i a l s could remain in tegra l , the r eac to r would have sufficient r eac t iv ­

ity to operate at over 8.4 Mwt with a 1400 °F outlet coolant t empera tu re for 

10,000 h r . As shown by F igures III-64 and III-65, the react ivi ty does not limit 

operat ion of the Advanced SNAP 8 sys tem for 20,000- or 30,000-hr l i fe t imes , 

b . Fuel Swelling 

The fuel swelling of the Advanced ZrH reac to r is based on the following 

assumpt ions : 

1) The fuel element is operat ing at the hot channel condition, 

2) The location of the fuel cor responds to the peak burnup condition, 

3) Fo r the design c r i t e r ion , it is conservat ively assumed that a 5-mil 

d i ame t ra l s t r a in of the cladding is pe rmi t t ed when the fuel is at ambient 

t e m p e r a t u r e with a homogenized hydrogen concentrat ion, i, e, , shutdown of 

the r eac to r near end-of-l ife, 

4) The fuel t e m p e r a t u r e changes due to fuel swelling decreas ing the hy­

drogen gap and reducing the t h e r m a l conductivity of the fuel. 

The assumptions used in defining the fuel swelling l imitat ions of the Advanced 

ZrH r eac to r a r e identical to the assumptions of the Upgraded SNAP 8 design 

except for one major difference. The design c r i t e r ion of the Upgraded SNAP 8 

design used the conservat ive assumption that the fuel swelling l imitat ion was 

reached p r io r to s t ra ining the cladding, r a the r than allo-wing 5-mil d iamet ra l 

s t ra in as a s sumed for the Advanced ZrH r eac to r . 

The dec rease in conse rva t i sm of the fuel s-welling design l imitation re la t ive 

to the Upgraded SNAP 8 design l imitat ion is a s sumed to be justified since the 

p resen t fuel i r rad ia t ion p r o g r a m is generating exper imenta l data which wil l de ­

c r e a s e the uncer ta inty in the fuel s-welling behavior . In addition, as d i scussed 

in Section I I I -F-3-b(2) , out-of-pile s t ra ining of the ce r amic hydrogen b a r r i e r to 

4 mi l s on the d iamete r sho-wed no de t r imenta l effects on the per formance of the 

NAA-SR-11685, Vol 2 
124 



1500 

m 

S 

3 

> 

I 
H-' I—' 

00 
Oi 

11 o 

u. 
0_̂  
UJ 
OC 
3 
(-
< 
CC 
UJ 
Q. 

UJ 

o 
o 
o 

LLI 

3 
O 

1400 

1300 

1200 -

1 0 - 9 - 6 4 

BERYLLIUM DEFLECTION 

CLADDING CREEP 
AND PHASE CHANGE 

FORI400°F OUTLET COOLANT 
TEMPERATURE, REACTIVITY 
LIMITATION ABOVE 8 4 Mwt 

DESIGN POINT 

FUEL SWELLING 

REACTOR POWER (Mwt) 

Figure III-63, AZH Fuel Limitations - 10 hr 

7568-01754 



1500 

1400 
UJ 
OC 
3 

> 
> 
1 

c« 
w 
1 — ' 

1 — ' 
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b a r r i e r . H e n c e , the r e l a x a t i o n of the c o n s e r v a t i v e r e q u i r e m e n t , t ha t no s t r a i n ­

ing of the c l add ing be allow^ed, a p p e a r s to be r e a s o n a b l e . 

F i g u r e I I I -63 i l l u s t r a t e s tha t fuel s-welling i s one of the l i m i t s of t h e o p e r a t i n g 

r a n g e of the 1 0 , 0 0 0 - h r l i f e t i m e A d v a n c e d Z r H r e a c t o r . The fuel s-welling l i m i t 

i s r e a c h e d at a p p r o x i m a t e l y 3.3 Mwt for a 1300 ° F ou t le t coo lan t t e m p e r a t u r e 

and 10,000 h r of o p e r a t i o n . F i g u r e s I I I -64 and I I I -65 show s i m i l a r h igh p o w e r 

fuel swe l l i ng l i m i t a t i o n s for the Advanced Z r H o p e r a t i n g 20,000 and 30,000 h r , 

r e s p e c t i v e l y . 

c . P h a s e Change and Cladd ing C r e e p 

The l i m i t a t i o n s of p h a s e c h a n g e and c l add ing c r e e p a r e i n t e r r e l a t e d . The 

fuel p h a s e c h a n g e d e s i g n c r i t e r i a i s def ined a s o p e r a t i o n u n t i l any p a r t of the 

fuel e l e m e n t (with the l o w e s t fuel s p e c i f i c a t i o n h y d r o g e n c o n c e n t r a t i o n o p e r a t i n g 

in t h e hot c h a n n e l cond i t ion) l o s e s suf f ic ient h y d r o g e n to j u s t r e a c h the /3-6 p h a s e 

i n t e r f a c e . The c l add ing c r e e p l i m i t a t i o n i s def ined a s o p e r a t i o n un t i l t he h y d r o ­

gen d i s s o c i a t i o n p r e s s u r e ( c o r r e s p o n d i n g to the h i g h e s t fuel s p e c i f i c a t i o n h y d r o ­

gen c o n c e n t r a t i o n (N^r) o p e r a t i n g in the hot c h a n n e l cond i t ion) c a u s e s t h e c l a d d i n g 

to c r e e p in e x c e s s of 1.0%. The n o m i n a l f u e l h y d r o g e n c o n c e n t r a t i o n w a s s e l e c t e d 

so tha t the fuel would r e a c h the j8-6 i n t e r f a c e when the c l add ing h a s r e a c h e d the 

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

The a n a l y s i s of c ladd ing c r e e p a s s u m e d a 9 - m i l c ladding t h i c k n e s s and u s e d 

a 1.4 f a c t o r of sa fe ty on the i m p o s e d load . The s t a t i c NaK p r e s s u r e w a s i n ­

c r e a s e d in o r d e r to c o u n t e r a c t the h i g h e r h y d r o g e n d i s s o c i a t i o n p r e s s u r e c a u s e d 

by the i n c r e a s e d N „ o p e r a t i n g wi th the s a m e hot channe l fuel t e m p e r a t u r e s . The 

u p p e r l i m i t on the NaK s t a t i c p r e s s u r e w a s r e s t r i c t e d to t ha t v a l u e r e q u i r e d to 

j u s t s t r a i n the h o t t e s t l o c a t i o n of the c o r e v e s s e l 0,2% d u r i n g the r e a c t o r l i f e ­

t i m e . The c o r e v e s s e l s t r e s s a l s o had a 1.4 f a c t o r of sa fe ty , A c o r e v e s s e l 

t h i c k n e s s of 0.25 in, -was e s t i m a t e d to be a d e q u a t e to w i t h s t a n d the l a u n c h shock 

and v i b r a t i o n r e q u i r e m e n t s . The NTT should not be i n c r e a s e d above t h i s c o r r e ­

sponding u p p e r l i m i t NaK p r e s s u r e b e c a u s e t h e r e a c t i v i t y l o s s due to i n c r e a s i n g 

the v e s s e l t h i c k n e s s , n e c e s s a r y to m a i n t a i n the 0,2% c r e e p l i m i t , e x c e e d s the 

r e a c t i v i t y ga in due to the i n c r e a s e d N T J . 

The p h a s e change d e s i g n c r i t e r i o n i s a s s u m e d to o c c u r w h e n the p h a s e change 

o c c u r s , a s a s s u m e d wi th the U p g r a d e d SNAP 8 d e s i g n . The c ladd ing c r e e p 

l i m i t a t i o n i s e s t i m a t e d to o c c u r when the c l add ing h a s u n d e r g o n e c r e e p of 1.0% 
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i n s t e a d of t h e 0,2% u s e d in t h e U p g r a d e d S N A P 8 c r i t e r i a . The d e c r e a s e in the 

c o n s e r v a t i s m of t h e c l add ing c r e e p l i m i t a t i o n r e l a t i v e to the U p g r a d e d S N A P 8 

d e s i g n c r i t e r i a i s fel t t o be j u s t i f i ed s i n c e the p r e s e n t SNAP 8 fuel m a t e r i a l s 

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

t a in ty in the c l add ing c r e e p b e h a v i o r . Th i s d a t a shou ld p e r m i t t he u s e of t h i s 

m o r e r e a l i s t i c l i m i t a t i o n . 

F i g u r e I I I -63 i l l u s t r a t e s t h a t c l add ing c r e e p and p h a s e c h a n g e i s one of the 

l i m i t s of the o p e r a t i n g r a n g e of the 1 0 , 0 0 0 - h r l i f e t i m e Advanced Z r H r e a c t o r . 

The d e s i g n i s c l a d d i n g c r e e p and p h a s e c h a n g e l i m i t e d fo r h igh ou t le t coo l an t 

t e m p e r a t u r e o p e r a t i o n to a p p r o x i m a t e l y 1440 °F for a 2.0 Mwt r e a c t o r p o w e r 

and 10,000 h r of o p e r a t i o n . F i g u r e s I I I -64 and I I I -65 show t h a t c l add ing c r e e p 

and p h a s e c h a n g e i s not l i m i t i n g for the Advanced Z r H o p e r a t i n g 20,000 and 

30,000 h r , r e s p e c t i v e l y , 

d. B e r y l l i u m Swel l ing (and C o r e V e s s e l C r e e p ) 

Two a d d i t i o n a l i n t e r a c t i n g d e s i g n c r i t e r i a a r e the c o r e v e s s e l c r e e p and t h e 

b e r y l l i u m s-welling. The i n i t i a l gap b e t w e e n the c o r e v e s s e l and the b e r y l l i u m 

r e f l e c t o r s m u s t be l a r g e enough to e n s u r e c l e a r a n c e b e t w e e n t h e s u r f a c e s at a l l 

t i m e s . The gap canno t be e x c e s s i v e l y l a r g e due to t h e d e c r e a s e in r e f l e c t o r 

w o r t h . The d e s i g n c r i t e r i a r e s t r i c t the c o r e v e s s e l l i f e t ime c r e e p to 0.2% due 

to NaK s t a t i c p r e s s u r e and l i m i t the b e r y l l i u m de f l ec t ion to 50 m i l s due to i s o ­

t r o p i c s-welling. 

T h e b e r y l l i u m swe l l ing c o n f i g u r a t i o n for the d e s i g n is a s s u m e d to c o r r e s p o n d 

to t a p e r e d c o n t r o l d r u m s w h i c h h a v e : 

1) t h e b e r y l l i u m s-welling a long the e n t i r e d r u m l eng th c o r r e s p o n d i n g to 

t h e poin t of m a x i m u m t e m p e r a t u r e and m a x i m u m i n t e g r a t e d f a s t n e u t r o n 

flux d u r i n g the r e a c t o r l i f e t i m e , 

2) the s w e l l i n g o c c u r r i n g on the i n s i d e ( n e a r r e a c t o r ) d r u m s u r f a c e -which 

c a u s e s the r e f l e c t o r to buck l e a s s u n i i n g t h a t the ends of t h e r e f l e c t o r a r e u n ­

r e s t r a i n e d , and 

3) t h e b e r y l l i u m de f l ec t i on l i m i t e d to 50 m i l s of the 80 m i l s a v a i l a b l e . 
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As shown by F igure II I -63, the bery l l ium swelling l imi ts the Advanced ZrH 

r eac to r per formance for operat ion above approximately 3.6 M^vt for the 

10,000 h r of core l i fe t ime. The 10,000-hr r eac to r l ifetime beryl l ium swelling 

l imit can be inc reased by ei ther recalculat ing the beryl l ium swelling for m o r e 

rea l i s t ic assumptions or by actively cooling the bery l l ium re f l ec to r s . 

As shown by F igu re s III-64 and III-65, the bery l l ium swelling l imitat ion of 

the Advanced ZrH reac to r operating for 20,000 and 30,000 hr does not l imit the 

sys tem operat ion. 

e. High Tempera tu re Operation 

The Advanced ZrH reac to r is capable of operat ion for 10,000 h r at 2.0 Mwt 

with an outlet t e m p e r a t u r e of 1400 °F -while maintaining about the same design 

marg ins as at the design point of 3.0 Mwt, 1300 °F (see F igure III-63). Some 

development -work, pa r t i cu la r ly of components external to the co re , would be 

requi red in o rde r to rea l ize this capabil i ty. 

The effects of the higher t empera tu re on the s t ruc tu ra l p roper t i e s of the core 

m a t e r i a l s have been included in the foregoing ana lyses , but some of the other 

potential p roblem a r e a s have not been investigated in detai l . Some of the a r e a s 

-which would requ i re additional study p r i o r to operat ion of the sys tem at 1400 °F 

a r e : 

1) NaK m a s s t r ans fe r 

2) Bearing per formance 

3) Gear per formance 

4) Control d rum drive mo to r s 

5) Mercu ry co r ros ion (if coupled to Hg-Rankine sys tem) . 

P r e l i m i n a r y calculat ions indicate that the re a re no problems which would 

l imit the r eac to r operat ion to t e m p e r a t u r e s below 1400 °F . 

5. Reliabili ty 

The Advanced ZrH reac to r design is based on the technology developed for 

the SNAP 8 Reference Design sys t em. In addition, many of the components 

which have been developed may be used in the advanced sys tem vir tual ly 
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u n c h a n g e d . T h i s s t a t e - o f - t h e - a r t a p p r o a c h to the d e s i g n shou ld p r o d u c e a s y s ­

t e m r e l i a b i l i t y equa l to o r g r e a t e r t h a n t h a t of t h e r e f e r e n c e d e s i g n . 

The l a r g e s u r p l u s of e x c e s s r e a c t i v i t y above tha t r e q u i r e d for o p e r a t i o n c a n 

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

add i t ion , t h e knowledge g a i n e d in the t e s t i n g of p r e v i o u s SNAP 8 s y s t e m s w i l l 

r e s u l t in c o m p o n e n t s for the a d v a n c e d s y s t e m which a r e m o r e r e l i a b l e t h a n t h o s e 

u s e d on t h e e a r l i e r s y s t e m s , 

6, P o t e n t i a l D e s i g n I m p r o v e m e n t s 

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

cou ld be i n c o r p o r a t e d in to SNAP r e a c t o r d e s i g n s , 

a. T h e r m a l Bond 

T h e r e i s a l a r g e t e m p e r a t u r e d r o p a c r o s s the h y d r o g e n gap b e t w e e n t h e fuel 

r o d and t h e c e r a m i c . If a good t h e r m a l bond cou ld be o b t a i n e d b e t w e e n the fuel 

and t h e c e r a m i c , t h e fuel h e a t g e n e r a t i o n r a t e , o r r e a c t o r po-wer, cou ld be 

e s s e n t i a l l y doub led wi thou t i n c r e a s i n g the m a x i m u m fuel t e m p e r a t u r e s . An i m ­

p r o v e d t h e r m a l bond wou ld t h e n s i gn i f i c an t l y i m p r o v e the fuel swe l l i ng l i m i t a ­

t ion , Ho-wever, t h e c l add ing c r e e p and p h a s e c h a n g e (i , e . , h y d r o g e n l e a k r a t e ) 

l i m i t wou ld only i m p r o v e by 10 to 20%, The only m e t h o d fo r ob ta in ing a good 

t h e r m a l bond a p p e a r s to be by u s i n g a l iqu id and a s ign i f i can t r e s e a r c h effort 

m i g h t be r e q u i r e d to ob ta in a s u i t a b l e m a t e r i a l . 

b . F u e l Coa t ing 

T h e r e i s e x p e r i m e n t a l e v i d e n c e t h a t t he fuel r o d r e a c t s -with the c e r a m i c 

c o a t i n g , p r o d u c i n g a h i g h e r h y d r o g e n l e a k r a t e out of the fuel e l e m e n t s , S N A P 8 

i s p r e s e n t l y deve lop ing a m e t a l l i c coa t ing -which i s app l i ed to the fuel and h a s 

d e m o n s t r a t e d r e d u c t i o n s in h y d r o g e n l eak r a t e s of f r o m a f a c t o r of 2 to 5 and 

n n o r e . When the m e t a l l i c c o a t i n g h a s d e m o n s t r a t e d an i n - p i l e s t a b i l i t y , t h i s 

t e c h n i q u e w i l l p r o b a b l y be i n c o r p o r a t e d in a l l S N A P 8 s y s t e m s , 

c . I m p r o v e d H y d r o g e n B a r r i e r 

The SNAP 8 p r o g r a m i s p r e s e n t l y doing d i r e c t e d r e s e a r c h to ob t a in a l e s s 

p e r m e a b l e and m o r e d u r a b l e h y d r o g e n b a r r i e r . The p r e s e n t SNAP 8 c e r a m i c 

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

of d e c r e a s i n g the h y d r o g e n l e a k r a t e by a s m u c h a s a f a c t o r of 5, 
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d. Yttr ium Getter 

Another method of decreas ing the hydrogen loss from the r eac to r region is 

by the use of an -yttrium get ter incorpora ted into the fuel element cladding. A 

major i ty of the hydrogen which leaks out of the fuel e lement would be chemical ly 

re ta ined by the -yttrium. This technique, present ly being invest igated by the 

SNAP p r o g r a m , would reduce the sys tem react ivi ty changes during the r eac to r 

l i fet ime. 

e. Self-Shielded Poisons 

The use of burnable poisons in a self -shielded configuration, for example, a 

cyl indr ical rod, could improve the burnout cha rac t e r i s t i c s of the poison and p r o ­

vide a be t te r compensat ion for the react ivi ty los ses of the r eac to r . An anal-yti-

cal and developmental effort would be requi red . 

f. Radial Power Shaping 

The SNAP 8 r e a c t o r s have a rad ia l peak - to -ave rage power dis tr ibut ion of 

about 1.3. The radia l power distr ibution could be flattened by about 20% using, 

for example , a var iable poison concentrat ion radial ly within the c o r e . Nearly 

20% i n c r e a s e in r eac to r power level could be attained without increas ing the fuel 

t e m p e r a t u r e s . The manufacturing and select ive loading of fuel e lements with 

varying amounts of poison would complicate the design. 

g. Axial Power Shaping 

The axial power dis t r ibut ions of the SNAP 8 cores a r e approximately chopped 

cosines with a normal ized peak power of 1.4, By eixially shaping the power, the 

fuel element t e m p e r a t u r e s can be made to approach a uniform value, A signifi­

cant developmental effort -would be requi red to de te rmine an acceptable method, 

resul t ing in an approximate 20 to 30% inc rease in r eac to r po^ver, 

h. Segmented Fuel Rods 

The r eac to r per formance could be improved by use of isolated fuel segments 

within the fuel e lement . These fuel segments could have varying hydrogen, 

poison or uran ium concent ra t ions . The lower t e m p e r a t u r e sections of the fuel 

nea r the core inlet could be operated at a higher per formance level so that the 
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different sect ions -would all be operating nea r the i r design l imi t s . A develop­

mental effort -would be n e c e s s a r y to de termine the requ i red design changes. An 

es t imated 10 to 20% inc rease in core per formance could probably be achieved. 

i . Insured P i t ch /Diame te r 

The fuel e lements could be -wire-wrapped to guarantee the spacing between 

the fuel e l emen t s . This modification could i nc rease the fuel and ce ramic coat­

ing heat t r an s f e r coefficient, -where e lements present ly might touch, to obtain 

an es t imated 5 to 10% inc rease in r eac to r po^ver -with the fuel t e m p e r a t u r e s r e ­

maining constant . The improved heat t r ans fe r coefficient would be obtained at 

the expense of complicating the fuel manufacturing, inspection and reac tor 

assembly , 

j . Sliding Control Drums 

A possible method of reducing the reac to r envelope, with a corresponding r e ­

duction in shield weight, involves the use of sliding control d r u m s . This con­

t ro l method is p resen t ly being invest igated. It p resent ly appears most a t t rac t ive 

for static control s y s t e m s , where the requi red life of sliding e lements is shor t . 
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IV. SHIELDING 

A. INTRODUCTION 

1. Mission C r i t e r i a 

The design of nuclear radiat ion shields for SNAP r eac to r s is int imately de ­

pendent on the miss ion c h a r a c t e r i s t i c s . At the p resen t t ime, only the SNAP 1 0A 

nuclear sys tem has been commit ted to a flight tes t p rog ram. Missions for the 

SNAP 8 Reference Design, the only other SNAP nuclear sys tem committed to 

hard-ware del ivery, have not been selected at this t ime. The other identifiable 

SNAP nuclear sys t ems a r e design concepts without specific assigned applications; 

they a r e designed to accommodate any miss ion power requ i rement up to severa l 

t he rma l megawat t s . 

This lack of definitive mis s ion specifications has been bypassed, to some ex­

tent, by the es tabl ishment of genera l shield design guidelines. These working 

c r i t e r i a have been formulated by the AEC, NASA and Air F o r c e , and a r e p r i ­

mar i ly oriented toward unmanned applications of the SNAP nuclear sy s t ems . 

Shield design efforts for unmanned spacecraf t have not been r e s t r i c t e d to these 

guidelines, however. Investigations have also been made to examine the effect 

on shield size and weight due to var ia t ions in the reference value of each sys tem 

p a r a m e t e r . Similar p a r a m e t e r studies have been performed for manned SNAP 

mis s ions . During the pas t year , a growing in t e re s t has been shown in manned 

applicat ions, pa r t i cu la r ly for the SNAP 8 r eac to r . These manned sys tem con­

cepts cover a b roader range of designs, from smal l cyl indrical to la rge toroidal 

space s tat ions, and for lunar surface opera t ions . 

2. Shield Configuration 

The shadow shield concept has been used a lmost exclusively in the guideline 

studies on both unmanned and manned sys t ems , since it r esu l t s in a minimum 

weight shield. This type of shield design is basical ly in the form of a f rus t rum 

of a cone. The envelope of the shield is general ly designed such that it pro tec ts 

the payload from all potential sources of radiat ion. In addition to the core itself, 

these sources include sca t t e red radiat ion from the ref lector assembly and other 

r eac to r components . It appears that the ehado-w shield concept is applicable to 

mos t space mis s ions , so the bulk of this section is devoted to analysis and com­

par ison of shadow shie lds . 
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The a d v e n t of i n t e r e s t in m a n r a t e d s h i e l d d e s i g n s h a s a l s o s t i m u l a t e d the i n ­

v e s t i g a t i o n of 4 - p i sh i e ld c o n c e p t s . Th i s type of s h i e l d i s a w r a p - a r o u n d d e s i g n 

wh ich a f fords r a d i a t i o n r e d u c t i o n in a l l , o r n e a r l y a l l , d i r e c t i o n s . The a c h i e v e ­

m e n t of m u l t i d i r e c t i o n a l a t t e n u a t i o n of n u c l e a r r a d i a t i o n m a y be d e s i r a b l e for 

s e v e r a l r e a s o n s . Among t h e s e a r e the i n c r e a s e in f l ex ib i l i ty p e r m i t t e d for s p a c e 

r e n d e z v o u s m a n e u v e r s and the a t t a innaen t of r a d i a t i o n g o a l s in s i t u a t i o n s -where 

the shadow s h i e l d c o n c e p t b e c o m e s u n t e n a b l e , s u c h as in a p p l i c a t i o n s of a SNAP 

r e a c t o r m o u n t e d a t the hub of a t o r o i d a l s p a c e s t a t i o n . The 4 - p i s h i e l d s g e n e r ­

a l ly c a r r y a s e v e r e -weight p e n a l t y wi th r e s p e c t to shadow s h i e l d s of c o m p a r a b l e 

a t t e n u a t i o n . C o n s i d e r a t i o n s p e r t i n e n t to the d e s i g n of 4 - p i s h i e l d e d s y s t e m s a r e 

d i s c u s s e d in a s e p a r a t e s u b s e c t i o n be low. 

3 . Shie ld D e s i g n M e t h o d s 

A n a l y t i c a l s h i e l d i n g s t u d i e s for u n m a n n e d S N A P r e a c t o r a p p l i c a t i o n s have 

been m a d e p r i m a r i l y -with the u s e of s i m p l e r a y - t r a c i n g t e c h n i q u e s . E x a m p l e s 

of the m e t h o d s wh ich have r e c e i v e d wide u s e in t h e s e s t u d i e s a r e G E ' s Shie ld ing 

P r o g r a m No . 14-0 and A I ' s M O R T I M E R and SCAR P r o g r a m s . T h e s e d ig i t a l 

c o m p u t e r c o d e s have b e e n v e r y s u c c e s s f u l in t r e a t i n g the d i r e c t p e n e t r a t i o n and 

s c a t t e r e d c o m p o n e n t s of the t o t a l dose a t the pay load . Gra t i fy ing a g r e e m e n t 

wi th Monte C a r l o t e c h n i q u e s and e x p e r i m e n t a l r e s u l t s have b e e n d e m o n s t r a t e d . 

A n a l y t i c a l s h i e l d i n g s t u d i e s for m a n n e d S N A P r e a c t o r a p p l i c a t i o n s a r e c o n ­

s i d e r a b l y m o r e c o m p l e x . T h i s i s a r e s u l t of the i n c r e a s e d r e d u c t i o n r e q u i r e d 

for g a m m a r a d i a t i o n and of the c o n s e q u e n t i n c r e a s e in the i m p o r t a n c e of s e c o n d ­

a r y g a m m a r a d i a t i o n . T h e s e s e c o n d a r y g a m m a s o u r c e s a r e m a i n l y due to n e u ­

t r o n c a p t u r e in the s h i e l d i t se l f . The t a s k of p r o d u c i n g a m i n i m u m we igh t sh i e ld 

r e q u i r e s a f a i r l y a c c u r a t e e v a l u a t i o n of t h e s e s e c o n d a r y g a m m a s o u r c e s . T h i s , 

in t u r n , r e q u i r e s an a c c u r a t e d e s c r i p t i o n of the n e u t r o n c a p t u r e d i s t r i b u t i o n in 

the s h i e l d . N e u t r o n t r a n s p o r t t h e o r y p r o g r a m s , s u c h a s D T F - I I , a r e a m o n g the 

a n a l y t i c a l t e c h n i q u e s be ing u s e d to supp ly t h i s d e s c r i p t i o n . The need for m o r e 

s o p h i s t i c a t e d m e t h o d s of g a m m a - r a y a n a l y s e s is a l s o be ing e v a l u a t e d . C u r r e n t 

e f fo r t s a r e be ing d i r e c t e d t o w a r d the f e a s i b i l i t y of g a m m a - r a y t r a n s p o r t t e c h ­

n i q u e s . In add i t i on , sh i e ld we igh t o p t i m i z a t i o n t e c h n i q u e s a r e be ing p r o g r a m m e d 

for the d ig i t a l c o m p u t e r . S u b s e q u e n t to the c o n c l u s i o n of th i s s tudy, the O P E X 

code , wh ich u s e s the m e t h o d of s t e e p e s t d e s c e n t , h a s b e e n r e l e a s e d and h a s 

b e e n app l i ed in a r e c e n t m a n r a t e d s h i e l d d e s i g n s tudy . 
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TABLE IV-1 

COMPARISON OF SNAP REACTOR SHIELD WEIGHTS 

> 
> 
I 

00 
ai 

<! 
o 

SNAP 
Reactor 

Designation 

lOA 

I lOA/2 

U lOA/2 

lOB 

Advanced 
lOB 

Reference 8 

Manrated 8 

Upgraded 8 

Advanced 
ZrH x 

Reactor 
Power 
(kwt) 

40 

100 

100 

100 

326 

600 

600 

1200 

3000 

Outlet 
T e m p e r ­

ature 
(°F) 

1000 

1200 

1300 

1300 

1300 

1300 

1300 

1300 

1400 

Reactor 

Shieldable 
Diameter 

(in.) 

18,0 

18.4 

19.3 

14.6 

14.6 

27.6 

19 

21 

24 

Envelope 

Shieldable 
Height 

(in.) 

14.75 

14.75 

14.75 

17.75 

18.9 

22 

23.5 

30.0 

33,0 

Core 
Diameter 

(in.) 

8.8 

8.8 

8.8 

8.8 

8.8 

9.4 

9.4 

10 

12 

Shield Weight* 
(lb) 

Unmanned 

330 

366 

374 

254 

357 

945 

560 

735 

1100 

Manned 

3460t 

3810^ 

3980^ 

3410 

4070 

6960 

5380 

6960 

9200 

Comments 

See text for shield 
design c r i t e r i a 

Sliding reflector 
concept 

Sliding reflector 
concept 

Drums-out shield 
protection 

Drums-out shield 
protection 

Drums-out shield 
protection 

Drums-out shield 
protection 

•See text for dose criteria 
tBased on standard shieldable envelope; see text for transient considerations 



B. UNMANNED A P P L I C A T I O N S 

T a b l e IV-1 p r e s e n t s a c o m p a r i s o n of u n m a n n e d s h i e l d w e i g h t s for a l l SNAP 

r e a c t o r d e s i g n c o n c e p t s u n d e r d i s c u s s i o n in t h i s r e p o r t . T h e s e r e s u l t s a r e 

b a s e d on the fol lowing s e t of s h i e l d d e s i g n c r i t e r i a : 

d o s e p lane d i a m e t e r 

d o s e p l ane s e p a r a t i o n d i s t a n c e 

f a s t n e u t r o n d o s e 

g a m m a r a y d o s e 

5 ft 

3 0 ft 

10^^ n v t / y r 

10^ r a d s ( C ) / y r 

T h e s e g r o u n d r u l e s w e r e a r b i t r a r i l y s e l e c t e d to p r o v i d e a c o n s i s t e n t b a s i s 

for t h i s c o m p a r i s o n . T h e y a r e r e p r e s e n t a t i v e , h o w e v e r , of t y p i c a l sh i e ld ing 

c r i t e r i a g u i d e l i n e s w h i c h have b e e n e s t a b l i s h e d for the S N A P n u c l e a r s y s t e m s . 

The c a l c u l a t i o n s of n e u t r o n s h i e ld t h i c k n e s s a s s u m e a f a s t n e u t r o n a t t e n u a t i o n 

coef f ic ien t of 0.150 c m ~ l . T h i s va lue i s b a s e d on r e c e n t e x p e r i m e n t a l i n v e s t i g a ­

t ions ' of l i t h i u m h y d r i d e . 

F o r t h i s t a b u l a r c o m p a r i s o n , a c o n s t a n t v a l u e of 25% i s a s s u m e d for the 

r a t i o of s h i e l d s t r u c t u r e to l i t h i u m h y d r i d e w e i g h t . In p r a c t i c e , t h i s we igh t 

r a t i o i s s t r o n g l y d e p e n d e n t on s u c h m i s s i o n c h a r a c t e r i s t i c s as v e h i c l e l a u n c h 

l o a d s and m i c r o m e t e o r o i d p r o t e c t i o n g o a l s . 

A s u m m a r y of we igh t d i s t r i b u t i o n s in the s h i e ld d e s i g n s p r e s e n t l y a s s o c i a t e d 

w i th S N A P lOA, I n t e r i m 1 0 A / 2 and S N A P 8 R e f e r e n c e D e s i g n i s g iven in 

Tab le I V - 2 . The h i g h e r s t r u c t u r a l we igh t f r a c t i o n in the SNAP 8 s h i e l d i s due 

T A B L E I V - 2 

SHIELD AND S T R U C T U R A L WEIGHTS 

LiH wt (lb) 

Total St ructure (lb) 

Ratio, S t ruc tu re /L iH 

lOA 

175 

42 
0.24 

IlOA/2 

289 

67 

0.23 

8RD 

1162 

374 

0,32 

*S. G. Wogulis and K. L . Rooney, "Experimental Studies of Neutron Attenuation in Natural Lithium Hydride 
Sh ie lds , " NAA-SR-9264 (February 12, 1964) 
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to higher loadings, and m o r e s t r ingent specifications on shock, vibrat ion and 

meteoro id protect ion. SNAP lOA and In te r im lOA/2 have specifications which 

a re s imi la r in these fac tors , and the s t ruc tu ra l fraction of their shields a r e 

consequently s imi l a r . 

A notable exception to the consis tency of the tabulated unmanned shield weights 

is the t r ea tmen t of shieldable r eac to r envelope. Reference is made to the shield-

able r eac to r rad ius . Fo r ref lector d rum control , this radius is invariably de ­

fined by the maximum radia l dis tance from the reac to r axis to any point on the 

d rum surface . Thus d rum position mus t be considered. The shieldable radius 

for all ref lector d rum control SNAP 1 OA and SNAP lOA/2 designs cor responds 

to the drum position at the s t a r t of pass ive control . ' The shieldable radius for 

the SNAP 8 r eac to r vers ions (including the Advanced ZrH reac to r , for conven­

ience of grouping) cor responds to the full-out d rum position. The SNAP 1 OA/2 

design c r i t e r i a is based on the a rgument that while cr i t ica l i ty can be achieved 

with a d rum stuck in the full-out position operat ion at ra ted conditions could be 

maintained for only a few days . Consequently shielding protection should not 

be extended to cover this no-go condition. The SNAP 8 reac to r des igns , on the 

other hand, contain sufficient react ivi ty to compensate for var ious fai lures such 

as a stuck control d rum. The reference SNAP 8 reac to r design, for example, 

could operate at ra ted power and outlet coolant t empera tu re for the design life 

of 10,000 hr with one control d rum stuck in the full-out position. Since these 

sys tems can achieve thei r objectives under such a condition, the shields a r e de ­

signed to protec t against a d rum in this position. The shield weight penalty for 

this SNAP 8 design c r i t e r i a can be es t imated by selecting drum position at hot 

c r i t ica l i ty as an a l te rna te bas is for definition of shieldable r eac to r d iamete r . 

For 3-drum and 6-drum control of the SNAP 8 Reference Design, the c o r r e ­

sponding weight penal t ies a re 110 and 150 lb, respect ive ly , for the Table IV-1 

design conditions. 

•Valid only for unmanned appl icat ions. For manned applicat ions, small scattering sources are important, 
and the drum position at first attainment of power must be considered. 

t F o r unmanned system shields 
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F i g u r e s I V - 1 t h r o u g h I V - 4 r e p r e s e n t the ef fects on s h i e l d s i z e and we igh t due 

to v a r i a t i o n s in the fol lowing s y s t e m p a r a m e t e r s : 

S y s t e m P a r a m e t e r P a r a m e t e r Range 

R e a c t o r p o w e r l e v e l 3 0 to -900 kwt 

D o s e p l ane d i a m e t e r 5 to 100 ft 

R e a c t o r - d o s e p lane s e p a r a t i o n 1 0 to 200 ft 

D o s e p l ane r a d i a t i o n l e v e l s 
10 14 4 

f a s t n e u t r o n d o s e 10 to 10 n v t / 1 0 h r 
5 8 4 

g a m m a r a y d o s e 10 to 10 r a d s ( C ) / 1 0 h r 

R e a c t o r e n v e l o p e 

s h i e l d a b l e d i a m e t e r 12 to 3 0 in . 

s h i e l d a b l e he igh t 15 to 40 in . 

F i g u r e s I V - 1 , I V - 2 and I V - 3 p r e s e n t s h i e l d we igh t s c a l i n g f a c t o r s c o r r e s p o n d ­

ing to e a c h s y s t e m p a r a m e t e r . F i g u r e I V - 4 , p a r t s A and B show s i m i l a r s c a l ­

ing f a c t o r s for m a x i m u m s h i e l d d i a m e t e r and t o t a l s h i e l d t h i c k n e s s . The to t a l 

s c a l i n g f a c t o r in e a c h c a s e is s i m p l y the p r o d u c t of e a c h of t h e s e ind iv idua l s c a l ­

ing f a c t o r s . T h e s e s c a l i n g c u r v e s a r e i n t e n d e d p r i m a r i l y to i l l u s t r a t e t r e n d s , 

and the r e l a t i v e i m p o r t a n c e of e a c h s y s t e m p a r a m e t e r on s h i e l d s i z e and we igh t . 

G r a p h i c a l c a l c u l a t i o n s b a s e d on t h e s e c u r v e s a r e a c c u r a t e wi th in about 20%. 

C. MANNED A P P L I C A T I O N S 

T a b l e I V - 1 a l s o p r e s e n t s a c o m p a r i s o n of m a n n e d s h i e l d w e i g h t s for a l l S N A P 

r e a c t o r s u n d e r c o n s i d e r a t i o n in t h i s r e p o r t . T h e s e r e s u l t s a r e b a s e d on the 

fol lowing s e t of s h i e l d d e s i g n c r i t e r i a : 

d o s e p lane d i a m e t e r 40 ft 

d o s e p lane s e p a r a t i o n d i s t a n c e 100 ft 

b i o l o g i c a l d o s e (RBE= 10, for 

n e u t r o n s ) 1 m r e m / h r 

" g a l l e r y " t h i c k n e s s 24 in. 

•It should be noted that logarithmic sca le s are used in Figure IV-1 for the system parameters of dose plane 
diameter, separation d is tance , and power, whereas linear sca les are used in Figure IV-2 for the same 
parameters. This accounts for the apparent reverse curvatures noted in these figures. 
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Figure IV-3 . 

Shield Weight Scaling F a c t o r s , 
Unmanned Systems 
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Once again these a r e a r b i t r a r y c r i t e r i a , selected to provide a consis tent 

bas is for in te rcompar i son . Many of the sys tems a re not even being considered 

for manned mis s ions , but shield weights a re included for the sake of comple te­

n e s s . 

The cu r ren t conceptual designs of SNAP nuclear sys tems for manned applica­

tion have the following notable features: 

1) reduction in ref lector control d rum d iameter to reduce shieldable 

r eac to r envelope and hence shield weight. 

2) split shield design with "ga l le ry" between shield halves accommodating 

power conversion devices which contain radioact ive p r i m a r y coolant. 

3) p r i m a r y coolant pipes coiling through top half of shield. 

4) no shield penetrat ion by control d rum drive shafts . 

The purpose of the gal lery is to util ize the bottom shield half for double shield­

ing duty. With such an a r rangement , this section of the shield provides a t tenua­

tion for gamma rays from the radioactive p r i m a r y coolant (NaK) in the power 

conversion components as well as for the radiat ion emerging from the top shield 

section. Shield weight savings up to 33% have been found for typical shield 

designs using this divided configuration. 

The m a t e r i a l a r r angemen t for split shield designs is based on the following 

considerat ions: 

1) top neutron shield must be thick enough to prevent significant activation 

of the secondary loop fluid (for Hg-Rankine power conversion sys tem) 

2) top neutron shield must be thick enough to prevent a disproport ionate 

amount of secondary gamma production in lower gamma shield 

3) top gamma shield mus t not be so thick that emergent secondary gamma 

rays produced there in a r e significantly higher than t r ansmi t t ed gamma rad ia ­

tion incident on this shield 

4) top gamma shield mus t not be so thick that total emergent gamma rad ia ­

tion is significantly lower than activated NaK radiat ion incident on lower 

gamma shield. 

The analysis for manra ted SNAP shields has assumed the select ion of na tura l 

l i thium hydride and depleted uran ium ( 0.22 wt% 235) as the shield m a t e r i a l s . 
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The u s e of L i H i n s t e a d of n a t u r a l L iH i s a l s o be ing c o n s i d e r e d b e c a u s e i t o f fers 

an a p p a r e n t we igh t r e d u c t i o n . The u s e of l e a d w a s not c o n s i d e r e d in the s tudy 

r e p o r t e d h e r e i n , m a i n l y due to p r o b l e m s a s s o c i a t e d wi th i t s low m e l t i n g t e m p e r ­

a t u r e . I n v e s t i g a t i o n s a r e be ing m a d e on the f e a s i b i l i t y of l iqu id l e a d c o n t a i n ­

m e n t , s i n c e s u b s e q u e n t a n a l y s e s have i n d i c a t e d tha t th i s m a t e r i a l c a n r e s u l t 

in r e d u c e d s h i e l d we igh t b e c a u s e of i t s l o w e r s e c o n d a r y g a m m a p r o d u c t i o n . 

The u s e of two o t h e r p r o m i s i n g g a m m a s h i e l d m a t e r i a l s , t u n g s t e n and t u n g s t e n -

a g g r e g a t e / l i t h i u m h y d r i d e , w^as the sub j ec t of a l a t e r a n a l y t i c a l i n v e s t i g a t i o n . 

T h i s a n a l y s e s w a s c o n d u c t e d u s i n g r e p r e s e n t a t i v e m a n n e d m i s s i o n c h a r a c t e r i s t i c s 

and a sh i e ld •weight o p t i m i z a t i o n p r o c e d u r e b a s e d on the m e t h o d of L a g r a n g i a n 

M u l t i p l i e r s . The r e s u l t s of t h i s s u b s e q u e n t s tudy showed tha t d e p l e t e d u r a n i u m 

s h i e l d s w e i g h e d l e s s than t h o s e in wh ich t u n g s t e n o r t u n g s t e n - a g g r e g a t e / L i H 

w e r e u s e d . 

The m a n n e d m i s s i o n sh i e ld w e i g h t s quoted in T a b l e I V - 1 shou ld be c o n s i d e r e d 

a s p r e l i m i n a r y e s t i m a t e s . M o r e r i g o r o u s o p t i m i z a t i o n p r o c e d u r e s and m o r e 

a d v a n c e d a n a l y s i s of the s e c o n d a r y g a m m a s o u r c e s a r e r e q u i r e d be fo re f i r m 

sh i e ld we igh t e s t i m a t e s c a n be e s t a b l i s h e d . O p t i m i z a t i o n p r o c e d u r e s involv ing 

L a g r a n g i a n m u l t i p l i e r s , the m e t h o d of s t e e p e s t d e s c e n t , and d y n a m i c p r o g r a m ­

m i n g t e c h n i q u e s a r e c u r r e n t l y u n d e r d e v e l o p m e n t . A dual a p p r o a c h i s be ing 

m a d e for the a t t a i n m e n t of an a c c u r a t e s p e c i f i c a t i o n of s e c o n d a r y r a d i a t i o n 

l e v e l s . C o n c u r r e n t wi th a s c h e d u l e d e x p e r i m e n t a l p r o g r a m at the Shie ld T e s t 

and I r r a d i a t i o n R e a c t o r fac i l i ty , i m p r o v e m e n t s a r e be ing m a d e in the a n a l y t i c a l 

sh i e ld ing c a p a b i l i t i e s of the a v a i l a b l e c a l c u l a t i o n a l t o o l s . The s h i e l d t e s t p r o ­

g r a m i s o r i e n t e d t o w a r d s i m p l e , c l e a n e x p e r i m e n t s to p r o v i d e a c o m p a r i s o n wi th 

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

and heavy e l e m e n t m a t e r i a l s wi l l be i n v e s t i g a t e d u s i n g a c o l l i m a t e d d e t e c t o r . 

E x t e n s i o n of the a c c u r a c y in the a n a l y t i c a l t e c h n i q u e s i s be ing m a d e by i m p r o v e ­

m e n t s in the c o n v e r g e n c e t e c h n i q u e and c r o s s s e c t i o n l i b r a r y for the D T F code 

( F o r t r a n v e r s i o n of the Los A l a m o s DTK n e u t r o n t r a n s p o r t p r o g r a m ) . The h igh 

e n e r g y g r o u p s t r u c t u r e i s be ing e x p a n d e d and a n i s o t r o p i c s c a t t e r i n g p r o v i s i o n s 

a r e be ing i n c o r p o r a t e d in the D T F l i b r a r y for a l l e l e m e n t s . 

F i g u r e s I V - 5 , I V - 6 and IV-7 r e p r e s e n t the ef fects on m a n n e d s h i e ld we igh t 

due to v a r i a t i o n s in the fol lowing s y s t e m p a r a m e t e r s : . 
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D. S P E C I A L CONSIDERATIONS F O R 4 - P i SHIELDING 

In g e n e r a l , m o s t S N A P sh i e ld ing r e q u i r e m e n t s can be m e t by a shadow sh i e ld 

wh ich p r o v i d e s a f a i r l y n a r r o w s h i e l d e d c o n e , and wh ich does not e n c o m p a s s 

the r e a c t o r on i t s s i d e s o r t op . In s o m e c a s e s , m i s s i o n g e o m e t r y m a y p r o h i b i t 

th i s so lu t i on . In o t h e r c a s e s , it m a y p r o v e d e s i r a b l e to d e v e l o p i n f o r m a t i o n 

on the benef i t s and d i s a d v a n t a g e s of s y s t e m d e s i g n t r adeo f f s in wh ich d i r e c t i o n a l 

s h i e l d i n g p r o p e r t i e s a r e a p a r a m e t e r . C o n s e q u e n t l y , s u b s t a n t i a l i n t e r e s t 

e x i s t s in d e t e r m i n i n g p r e l i m i n a r y d e s i g n s for l a r g e - a n g l e s h i e l d s , and in d e m o n 

s t r a t i n g a c a p a b i l i t y for p e r f o r m i n g va l i d d e s i g n o p t i m i z a t i o n s . 

1. R e q u i r e m e n t s 

R e q u i r e m e n t s for 4 - p i o r p a r t i a l w r a p - a r o u n d s h i e l d s m a y a r i s e f r o m s e v e r a l 

s o u r c e s . Wi thout w r a p - a r o u n d s h i e l d i n g , r e n d e z v o u s wi th a s p a c e s t a t i o n r e ­

q u i r e s t h a t the enve lope of a p p r o a c h p a t h s for the shu t t l e c r a f t c o i n c i d e , for the 

m o s t p a r t , w i th the narro^w s h i e l d e d c o n e . In t h o s e c a s e s w h e r e the a p p r o a c h 

enve lope i s not m o r e s t r i n g e n t l y l i m i t e d by o t h e r c o n s i d e r a t i o n s , i n c l u s i o n of 

a l a r g e - a n g l e s h i e l d p e r m i t s m o r e f l ex ib i l i ty in the docking m a n e u v e r and a 

h i g h e r r a d i a t i o n d o s e sa fe ty f a c t o r . 

F o r c e r t a i n s p a c e s t a t i o n g e o m e t r i e s , i . e . , a yaw sp inn ing d u m b b e l l conf ig ­

u r a t i o n w h e r e d e s p i n for r e n d e z v o u s is o t h e r w i s e p r o h i b i t e d , 4 - p i sh i e ld ing i s 

a l m o s t c e r t a i n l y the only a l t e r n a t i v e to t e m p o r a r y r e a c t o r shu tdown. 

R e n d e z v o u s wi th a sp inn ing t o r o i d a l o r Y- type s p a c e s t a t i o n i m p o s e s no a d ­

d i t i ona l sh i e ld r e q u i r e m e n t s if the r e a c t o r i s l o c a t e d at the hub , s i n c e a p p r o a c h 

wi l l p r o b a b l y be l i m i t e d to a p a r t i c u l a r h e m i s p h e r e by g r o s s m e c h a n i c a l c o n ­

s i d e r a t i o n s . S ta t ion o p e r a t i o n a l c o n s i d e r a t i o n s wi l l a l r e a d y have i m p o s e d a 

sh i e ld ang le of s o m e w h a t g r e a t e r t h a n 2 pi in t h i s c a s e . F o r Y- type s t a t i o n s 

w h e r e the r e a c t o r i s l o c a t e d at the end of one l eg , o p e r a t i o n a l c o n s i d e r a t i o n s do 

p e r m i t a shadow sh ie ld ing a p p r o a c h . Add i t iona l sh i e ld i s t h e n r e q u i r e d for 

r e n d e z v o u s . 

A n o t h e r c a t e g o r y w h e r e w r a p - a r o u n d sh ie ld ing i s r e q u i r e d i s the l u n a r o r 

p l a n e t a r y s u r f a c e i n s t a l l a t i o n , w h e r e b a c k s c a t t e r and t e r r i t o r i a l a c c e s s i b i l i t y 

c o n s i d e r a t i o n s p r o h i b i t a shadow s h i e l d a p p r o a c h . 

•See AI-8576, "Study of SNAP Power Systems i n the Lunar Environment," work performed under NASA 
Contract NAS-3-2530. 
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2 . R e a c t o r D e s i g n I n t e r a c t i o n s 

L a r g e - a n g l e and w^rap-a round s h i e l d s p r o d u c e n u m e r o u s s y s t e m i n t e r a c t i o n s . 

B e s i d e s t h o s e m i s s i o n i n t e r a c t i o n s i m p l i e d in the p r e c e d i n g s e c t i o n , t h e r e a r e 

a l s o a n u m b e r of i m p o r t a n t i n t e r a c t i o n s b e t w e e n the s h i e l d and the r e a c t o r d e ­

s ign and p e r f o r m a n c e . 

One of the m o s t s ign i f i can t i n t e r a c t i o n s i s t he change in t h e r m a l e n v i r o n m e n t 

i m p o s e d by c l o s e l y s u r r o u n d i n g the r e a c t o r / r e f l e c t o r by the s h i e l d . T h i s can 

c r e a t e h e a t b a l a n c e and a u x i l i a r y cool ing p r o b l e m s in both r e a c t o r ( s e e Sec t ion 

I I I - F - 3 ) and the s h i e l d . P r e l i m i n a r y c a l c u l a t i o n s in a few spec i f i c c a s e s have 

shown tha t t h e s e p r o b l e m s a r e sub j ec t to f a i r l y s t ra igh t forw^ard t r e a t m e n t . M a ­

t e r i a l s u b s t i t u t i o n ( e . g . BeO for m e t a l l i c Be) m a y be d e s i r a b l e in s o m e c a s e s . 

A s e c o n d i m p o r t a n t a r e a of i n t e r a c t i o n i s t he in f luence of r e a c t o r enve lope 

d i m e n s i o n s on t o t a l s y s t e m we igh t . F o r a f ixed a t t e n u a t i o n f a c t o r , adding a 

s m a l l i n c r e m e n t to the r e q u i r e d cav i ty d i m e n s i o n r e s u l t s in the add i t i on of a 

s i m i l a r r a d i a l i n c r e m e n t to the ou t s i de of the e n t i r e s h i e l d . With m a n r a t e d 

s y s t e m s hav ing l a r g e a t t e n u a t i o n s , t h i s m a y c o n s t i t u t e a l a r g e we igh t p e n a l t y . 

A c l o s e f i t t ing w r a p - a r o u n d s h i e l d a l s o h a s an in f luence on the n e u t r o n e c o n ­

omy of the r e a c t o r , in t ha t it c o n s t i t u t e s an add i t i ona l n e u t r o n r e f l e c t i n g m e ­

d i u m . The p r i n c i p a l e f fec t s a r e to i n c r e a s e the o v e r a l l s y s t e m r e a c t i v i t y , and 

to r e d u c e the a m o u n t of r e a c t i v i t y v a r i a t i o n a v a i l a b l e in n e u t r o n l e a k a g e c o n t r o l 

s y s t e m s of the SNAP t y p e . G r o u n d t e s t i n g of SNAP s y s t e m s h a s b e e n s u c c e s s ­

fully conduc t ed in s i m i l a r r e f l e c t i n g e n v i r o n m e n t s ( concre te -w^a l l ed p i t s ) , and 

p r e l i m i n a r y q u a n t i t a t i v e e v a l u a t i o n s of the " v a u l t e f fec t" have b e e n p e r f o r m e d 

e x p e r i m e n t a l l y . Add i t i ona l n u c l e a r e x p e r i m e n t s wi l l be conduc t ed to ve r i fy 

and i m p r o v e p r e s e n t a n a l y t i c a l t r e a t m e n t s of t h i s ef fect . 

3 . 4 - P i Sh ie ld D e s i g n 

In g e n e r a l , the d e s i g n of a 4 - p i and o t h e r l a r g e - a n g l e s h i e l d s i s sub jec t to 

s t r a i g h t f o r w a r d a p p l i c a t i o n of the s a m e t e c h n i q u e s and a n a l y t i c a l t oo l s u s e d in 

shadow sh i e ld d e s i g n . In s o m e c a s e s (e .g . a n i s o t r o p i c a t t e n u a t i o n p a t t e r n s ) s e c ­

ond o r d e r ef fects m a y b e c o m e i m p o r t a n t , and m u s t be r e c o g n i z e d and d e a l t w i t h . 

When a r e q u i r e m e n t for 4 - p i s h i e l d i n g e x i s t s , i t i s u s u a l l y in con junc t ion wi th 

a m a n r a t e d s y s t e m w h e r e l a r g e s h i e ld a t t e n u a t i o n s a r e n e c e s s a r y . Th i s f a c t o r , 
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in combination with the physically wider extent of shield, makes 4-pi shields ex­

t r e m e l y heavy in compar i son to unmanned shadow shields . With a 4-pi shield 

constituting a major fract ion of the ent i re sys tem w^eight, smal l var ia t ions in m i s ­

sion and sys tem design can become ve ry important in determining overal l sys tem 

weight. The impor tance of miss ion and sys tem details is indeed so grea t that it 

is not present ly possible to give genera l pa r ame t r i c analyses of 4-pi shield de ­

signs w^hich a r e both meaningful and valid. 

Conceptual designs of 4-pi shields have been performed for a number of spe ­

cific application conditions. Shielding of a SNAP 8 lunar base r e a c t o r , both by 

bur ia l in the lunar surface and by means of an ear th fabricated 4-pi shield, has 

been analyzed. In the la t ter c a s e , shield weights in excess of 15,000 lb were 

calculated for some sets of mis s ion and sys tem conditions. 

Modified 4-pi shielding of a r eac to r instal led in a Y-type space stat ion has also 

been studied. This reac tor / sh ie ld design was intended for instal lat ion at the 

outer end of one of the s tat ion " legs , "and was i l lus t ra ted in Figure 111-54. The 

shield provides an anisotropic attenuation pat tern such that , with the r eac to r 

operating at 600 kw ( thermal) , the dose r a t e in the p r i m a r y occupancy direct ion is 

2 m r e m / h r . This dose ra te prevai ls over a 25-ft d iameter reference plane lo ­

cated 40 ft from the r e a c t o r . Design c r i t e r i a a lso requ i re that dose r a t e s in all 

d i rect ions outside the p r i m a r y occupancy cone be s imultaneously l imited to a 

maximum of 100 r e m / h r at a distance of 100 ft. 

The total weight of the shield is 35,750 lb, of which approxiraately 26% is a l lo­

cated to s t ruc tu ra l functions. The design is p re l iminary in na ture , and has not 

been demons t ra ted to be optimum for the sys tem c r i t e r i a specified. 

It is in teres t ing to note the second order effect in the p r i m a r y occupancy di ­

rect ion imposed by the p resence of that portion of the shield which surrounds the 

reac to r on top and s ides . This "cap" has a total w^eight of only 55 00 lb. Since it 

is a source of secondary and sca t te red radiat ion, however, the d iameter of the 

main portion of the shield must be inc reased substantial ly to maintain the r e ­

quired p r i m a r y occupancy dose r a t e . A shadow^ shield having equivalent at tenu­

ation in the p r i m a r y occupancy direct ion would weigh about 14,000 lb, less than 

40% of the weight of the 4-pi shield desc r ibed , and a total weight savings of over 

21,000 lb . The "second order effect," in this example , amounts to over 16,000 lb. 

This observat ion emphas izes the impor tance of carefully considering sys tem and 

miss ion detai ls in the design of 4-pi shielding. 

*op. cit. 
^ NAA-SR-11685, Vol 2 
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