
•7?r J/. 7^*7 

NUCIEAR 

SYSTIMS' 

* ^ - r . 

;:>i<* 

N ^ 

. '^ 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



NUCLEAR SPACE POWER SYSTEMS 

H. M. DIECKAMP 

Vice President, Engineering 

ACKNOWLEDGMENT 

The author acknowledges the valuable contributions of Mr's W V Botts and 
V. Keshishian and the assistance of the A! staff 

ATOMICS INTERNATIONAL 

A Division of North American Aviation, Inc. 

P. 0. Box 309 

Conoga Park, California 

ISSUED: SEPTEMBER 1967 

j ; « - y - • • » -•'•<• ••I— y . ,1 ,<" •« - . 



d 

millerc
Text Box
BLANK



CONTENTS 

P a g e 

1. N u c l e a r Space P o w e r S y s t e m s 19 

A. In t roduc t ion 19 

B . H i s t o r y 21 

C. Deve lopment Sta tus 27 

a. N u c l e a r Heat S o u r c e s 27 

b . P o w e r C o n v e r s i o n 27 

c . S y s t e m 29 

d. F l igh t T e s t s 30 

D. O p e r a t i o n a l F a c t o r s 31 

a. Shielding 31 

b . Re l i ab i l i t y 32 

c . Cos t 32 

d. Safety 33 

E . F u t u r e D i r e c t i o n 34 

F . Compe t i t i ve P o s i t i o n 37 

G. Appl ica t ions 43 

11. R e a c t o r Space P o w e r S y s t e m s 45 

1. The R e a c t o r Heat Source 45 

A. N u c l e a r F i s s i o n 45 

a. F i s s i o n P r o c e s s 45 

b . R e l e a s e of N e u t r o n s 46 

c . F i s s i o n E n e r g y 49 

d. E n e r g y D i s t r i bu t i on 51 

e. E n e r g y Equ iva l en t s 52 

B. The Cham Reac t ion 53 

a. Condi t ions for S e l f - S u s t a m m g 53 

b . Neu t ron Ba lance 54 

c. Mul t ip l ica t ion F a c t o r for T h e r m a l 

R e a c t o r s 55 

d. Leakage of Neu t rons 59 

e. C r i t i c a l Size of R e a c t o r 60 

f. R e a c t o r F lux and P o w e r D i s t r i bu t ion 66 

3 



CONTENTS 

Page 

g. Re f l ec to r 67 

h . R e a c t o r Kine t ics 69 

1. R e a c t o r Con t ro l 71 

C. R e a c t o r Des ign 72 

a. Size 72 

b . T e m p e r a t u r e 78 

c . Con t ro l 82 

d. P o w e r Dens i ty 83 

e. E n e r g y Dens i ty 90 

f. S u m m a r y E x a m p l e 95 

2. Heat Rejec t ion 96 

A . T e m p e r a t u r e and Eff ic iency 96 

B Radian t Heat T r a n s f e r 100 

a. Heat T r a n s f e r Sur faces 100 

b . A n a l y s i s of I s o t h e r m a l Heat T r a n s f e r 
Su r f aces 101 

c . A n a l y s i s of N o n i s o t h e r m a l Heat T r a n s f e r 
Su r f aces 103 

d. A n a l y s i s of Ex tended Su r f aces 105 

e. Sink T e m p e r a t u r e 110 

f. E m i s s i v i t y I l l 

C. Me teo ro id P r o t e c t i o n 112 

a. G e n e r a l 112 

b . Influx R a t e 113 

c . M a s s and Dens i ty 113 

d. F lux vs M a s s 114 

e. Veloc i ty 114 

f. P e n e t r a t i o n T h e o r y 114 

g. Me teo ro id D a m a g e 118 

h. Weight P e n a l t y 121 

D. Des ign E x a m p l e 122 

4 



CONTENTS 

P a g e 

3. S y s t e m Des ign 127 

A. S y s t e m C o n s i d e r a t i o n s 127 

B . T u r b o e l e c t r i c S y s t e m s 128 

a. R a n k m e Cycle P o w e r C o n v e r s i o n 128 

b . B ray ton Cycle P o w e r C o n v e r s i o n 133 

c . R e a c t o r — T u r b o e l e c t r i c S y s t e m s 135 

C. T h e r m o e l e c t r i c S y s t e m s 142 

, a. 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 142 

b . T h e r m o e l e c t r i c C o n v e r t e r s 149 

I c . R e a c t o r T h e r m o e l e c t r i c S y s t e m s 151 

D. T h e r m i o n i c S y s t e m s 153 

a. T h e r m i o n i c P o w e r C o n v e r s i o n 153 

b . R e a c t o r — T h e r m i o n i c S y s t e m 155 

E . S y s t e m C o m p a r i s o n S u m m a r y 165 

4. Vehic le In t eg ra t ion 168 

A. In t roduc t ion 168 

B . Shielding 169 

a. Sou rce S t reng th 169 

b . Radia ton Effects 172 

c . Rad ia t ion At tenua t ion 173 

d. Shield G e o m e t r y 177 

, e. Shielding of Manned S y s t e m s 181 

C. Safety 183 

a. C r i t e r i a 183 

b . Shipment and In teg ra t ion P e r i o d 186 

c . Launch P a d O p e r a t i o n s P e r i o d 187 

d. L a u n c h - t o - O r b i t P e r i o d 187 

e. R e e n t r y P e r i o d 188 

D. F a c t o r y - t o - F l i g h t Sequence 189 

5. SNAP S y s t e m s 193 

A. SNAP Hydr ide R e a c t o r 193 

a. Concept 193 

5 



CONTENTS 

P a g e 

b . Deve lopment E x p e r i e n c e 193 

c . SNAP 8 R e a c t o r 199 

d. SNAP lOA R e a c t o r 203 

e. SNAP Hydr ide R e a c t o r S u m m a r y 209 

B . SNAP lOA 209 

a. S y s t e m D e s c r i p t i o n 209 

b . SNAPSHOT F l igh t E x p e r i e n c e 225 

C. SNAP 2 232 

D. SNAP 8 243 

B ib l iog raphy 248 

III. Rad io i so tope Space P o w e r 255 

1. P h y s i c s of Rad io i so topes 255 

A. C l a s s of Rad io i so topes 255 

a. Beta E m i t t e r s 255 

b . Alpha E m i t t e r s 257 

c . G a m m a E m i t t e r s 257 

B . F o r m a t i o n of Rad io i so topes 257 

a. F i s s i o n P r o d u c t s 257 

b . R e a c t o r P r o d u c e d F u e l s 258 

C. S o u r c e s of Radia t ion 258 

a. A l p h a - N e u t r o n Reac t ion 261 

b . I m p o r t a n c e of Isotopic P u r i t y 262 

c . C r i t i c a l i t y of Pu and C m 265 

D. Shielding 266 

a. Radia t ion S o u r c e s for Shielding A n a l y s i s . . 267 

b . Shield A n a l y s i s 267 

c . Shield E x a m p l e 275 

E . C r i t e r i a for Rad io i so tope Selec t ion 275 

a. Hal f -Li fe 275 

b . P o w e r Dens i ty 276 

c . F u e l Compos i t ion 276 

6 



CONTENTS 

P a g e 

d. P h y s i c a l P r o p e r t i e s 276 

e. Shielding R e q u i r e m e n t 276 

f. Cos t and Ava i l ab i l i ty 276 

g. N u c l e a r Safety C o n s i d e r a t i o n s 277 

F . Nuc lea r Safety 277 

a. F u e l Capsu l e F a b r i c a t i o n 278 

b . T r a n s p o r t a t i o n to Launch Site 278 

c . P r e l a u n c h Ac t iv i t i e s 278 

d. F l igh t Safety 278 

2. Rad io i so tope C a p s u l e Des ign 281 

A. T h e r m a l E n v i r o n m e n t 283 

1. N o r m a l O p e r a t i o n 283 

2. In A i r 284 

3. E a r t h B u r i a l 284 

4. S u m m a r y 286 

B . P r e s s u r e Buildup 286 

C. T e m p e r a t u r e and P r e s s u r e vs T i m e 288 

D. F u e l F r a c t i o n 289 

E . Con ta ine r M a t e r i a l Eva lua t ion and Se lec t ion . . 292 

1. S t r u c t u r a l Con ta ine r 292 

2. Oxidat ion Cladding M a t e r i a l s Eva lua t ion 

and Se lec t ion 298 

F . Capsu le S t r u c t u r a l Des ign 301 

G. Impac t A n a l y s i s 301 
3. Rad io i so tope P o w e r S y s t e m s for Manned 

Appl ica t ions 306 

A. G e n e r a l C h a r a c t e r i s t i c s 306 

B . I so tope F u e l Se lec t ion 307 

a. S h o r t - L i v e d I so topes 308 

b . Long-L ived I so topes 309 

c . F u e l Se lec t ion S u m m a r y 310 

7 



CONTENTS 

Page 

C. Heat Source Concep t s 311 

a. Individual Capsu l e R e e n t r y 312 

b . R e e n t r y of Lightweight Shee ts 315 

c . R e e n t r y of Len t i cu l a r Lifting Body 316 

d. Con t ro l l ed R e e n t r y of Comple t e Heat 
Sou rce 319 

e. Effect of R e e n t r y Mode on Heat Sou rce 

Des ign 319 

D. Shield 320 

E . T h e r m o e l e c t r i c S y s t e m s 322 

a. SiGe T h e r m o e l e c t r i c S y s t e m s 323 

b . P b T e T h e r m o e l e c t r i c S y s t e m s 331 

c . C a s c a d e d T h e r m o e l e c t r i c S y s t e m 339 

F . M e r c u r y Rankine S y s t e m 341 

a. Sta te of Deve lopmen t 345 

b . S y s t e m P e r f o r m a n c e 346 

c . S u m m a r y of C h a r a c t e r i s t i c s 347 

G. Manned B r a y t o n S y s t e m s 352 

a. Sta te of Deve lopmen t 354 

b . S y s t e m P e r f o r m a n c e 357 

H. Rad io i so tope S y s t e m s S u m m a r y 363 

a. T h e r m o e l e c t r i c C o n v e r s i o n 364 

b . Dynamic P o w e r C o n v e r s i o n 367 

c . Se lec t ion S u m m a r y 369 

d. M i s s i o n App l i ca t ions 369 

4. Unmanned Rad io i so tope S y s t e m s 373 

A. In t roduc t ion 373 

B . Rad io i so tope T h e r m o e l e c t r i c S y s t e m s 374 

R e f e r e n c e s 387 

8 

I 



TABLES 

Page 

1. SNAP R e a c t o r Sys t em Deve lopment P r o g r a m s . . . 24 

2. Continuing SNAP R e a c t o r P r o g r a m s 25 

3. SNAP Rad io i so tope S y s t e m s 26 

1. A v e r a g e Number of Neu t rons L i b e r a t e d p e r 

T h e r m a l Neu t ron A b s o r b e d in F i s s i o n 46 

2. L i b e r a t i o n of Heat Due to F i s s i o n 52 

3. Heat L i b e r a t e d by 1 lb of F i s s i o n a b l e M a t e r i a l . . . 53 

4 . T h e r m a l N e u t r o n C r o s s Sect ions 56 

5. Buckl ing of B a r e R e a c t o r s 62 

6. M o d e r a t o r P r o p e r t i e s 64 

7. M i n i m u m Size of B a r e Homogeneous 

U235 Sphe re s 65 

8. F lux D i s t r i b u t i o n in B a r e C r i t i c a l R e a c t o r s 66 

9. P e a k - t o - A v e r a g e P o w e r for B a r e R e a c t o r s 66 

10. P h y s i c a l P r o p e r t i e s of Some Se lec t ed 

Liquid M e t a l s 84 

11 . F u e l P r o p e r t i e s 87 

12. P r o p e r t i e s of R a d i a t o r F i n M a t e r i a l s 109 

13. C o m p a r i s o n of Me teo ro id P e n e t r a t i o n Models . . . . 117 

14. M e t e o r o i d A r m o r M a t e r i a l P r o p e r t i e s 120 

15. Typ ica l T h e r m i o n i c C o n v e r t e r P e r f o r m a n c e . . . . 155 

16. Rad ia t i on At tenuat ion C h a r a c t e r i s t i c s 176 

17. P r o p e r t i e s of L i th ium Hydr ide 176 

18. R a d i a t i o n T o l e r a n c e of Man 182 

19. SNAP Hydr ide R e a c t o r s 208 

20. SNAP R e a c t o r Ope ra t i ng E x p e r i e n c e 210 

2 1 . SNAP lOA Weight 212 

1. C h a r a c t e r i s t i c s of Rad io i so top ic Heat S o u r c e s . . . 256 

2. P r o d u c t i o n of Pu^-^^ 259 
242 

3. P r o d u c t i o n of Cm 259 
244 

4 . P r o d u c t i o n of Cm 260 

5. Decay Chain of Pu 263 

6. G a m m a Ray S o u r c e S p e c t r u m 268 

9 



TABLES 

Page 

I I I -7 . N e u t r o n Sou rce S t reng th 267 

I I I - 8 . Shield R e q u i r e m e n t for a 5000-wat t Sou rce 

and 5 m r e m / h r at 10 feet 275 

I I I -9 . I so tope F u e l C h a r a c t e r i s t i c s 311 

I I I - IO. S u m m a r y of R e e n t r y Body Concepts 313 

I I I - l l . 2 .1 -kwe I so tope SiGe S y s t e m s 332 

I I I -12 . 2 .1 -kwe I so tope P b T e S y s t e m s 338 

111-13. C a s c a d e d T E Sys t em P e r f o r m a n c e 340 

I I I -14 . M R P E x p e r i e n c e S u m m a r y 345 

I I I -15 . 5 -kwe Net Module Des ign Point 346 

I I I -16 . S-kwe M e r c u r y Rankine P o w e r Sys t em 
P e r f o r m a n c e C h a r a c t e r i s t i c s 348 

I I I -17 . 5-kwe Net M e r c u r y Rank ine S y s t e m 

Weight B r e a k d o w n 349 

I I I -18 . S y s t e m D e s i g n P a r a m e t e r s 361 

I I I -19 . P B C Sys t em Weight S u m m a r y 362 

I I I -20 . Rad io i so tope S y s t e m s P e r f o r m a n c e S u m m a r y . . . . 365 

I I I - 2 1 . C h a r a c t e r i s t i c s of SNAP 3B7, 8, and SNAP 9A . . . 377 

I I I -22 . SNAP 27 S y s t e m S u m m a r y 383 

10 



FIGURES 

Page 

1. P o w e r and D u r a t i o n Regions for V a r i o u s 
E n e r g y S o u r c e s 20 

2. Specif ic Weight vs Pow^er Output for Nuc lea r 
P o w e r S y s t e m s 36 

3. C o m p a r i s o n of Weight of So la r Ce l l and 
N u c l e a r A P U ' s a s a Func t ion of P o w e r 38 

4 . A r e a R e q u i r e m e n t s for Solar Ce l l A r r a y s 
and N u c l e a r S y s t e m s a s a Func t ion of P o w e r 40 

5. Cos t C o m p a r i s o n Bet 'ween N u c l e a r and So la r 
Cel l S y s t e m s a s a Func t ion of P o w e r 41 

6. N u c l e a r Space Appl ica t ions 42 
235 

1. Neu t ron Yield f rom the F i s s i o n i n g of U 47 
2. E n e r g y D i s t r i b u t i o n of P r o m p t F i s s i o n 

Neu t rons 48 
3. T i m e Dependence of Neu t ron E m i s s i o n f rom 

F i s s i o n i n g of U2 35 4g 

4 . Neu t ron Economy for an Infinite Medium 
Containing u2 35 58 

5. Neu t ron Economy for a F in i t e Sys tem 
Conta in ing u 2 35 61 

6. Effect of a Re f l ec to r on Neu t ron Flux 
D i s t r i b u t i o n and Effect ive R e a c t o r Size 67 

7. Effect of R e f l e c t o r T h i c k n e s s on R e a c t o r 
C o r e Size and Ref lec to r Savings a s a 
F u n c t i o n of T h i c k n e s s 68 

8. Volume of B a r e 100% Dense S p h e r i c a l R e a c t o r s 
wi th C r i t i c a l M a s s in the Range of 2.5 to 20 kg 
a s a Func t ion of F e r m i Age 74 

9. C r i t i c a l M a s s of B a r e 100% Dense Homogeneous 
S p h e r e s of u 2 3 5 M o d e r a t e d by W a t e r and by Be 
a s a Func t ion of Rad ius and M o d e r a t o r to 
U Atom Rat io 75 

10. Weight of B a r e 100% Dense S p h e r i c a l R e a c t o r s 
a s a Func t ion of M o d e r a t o r to U r a n i u m Atom 
Rat io 76 

11. Hydrogen Dens i ty vs T e m p e r a t u r e for Z i r c o n i u m 
Hydr ide at 1 A t m o s p h e r e D i s s o c i a t i o n P r e s s u r e 
and W a t e r a t the C r i t i c a l P r e s s u r e 77 

11 



FIGURES 

Page 

11-12. Weight of B a r e S p h e r i c a l F a s t R e a c t o r s 
a s a F u n c t i o n of U r a n i u m Dens i ty 78 

11-13. Sys tem L i f e t ime vs Ope ra t i ng T e m p e r a t u r e s 80 

11-14. N u m b e r of P o w e r R e a c t o r s in O p e r a t i o n or 
P l anned for I m m e d i a t e F u t u r e a s a Func t ion 
of Ope ra t i ng T e m p e r a t u r e 80 

11-15. Weight of B a r e 100% D e n s e Sphe r i ca l R e a c t o r s 
a s a Func t ion of O p e r a t i n g T e m p e r a t u r e 81 

11-16. R e a c t o r Pow^er Dens i ty a s a Func t ion of F u e l 
E l e m e n t D i a m e t e r and a s a Func t ion of 
Sur face and V o l u m e t r i c Heat T r a n s f e r L i m i t s . . . . 88 

11-17. Burnup P e r f o r m a n c e of S t a in l e s s S t e e l - U 0 2 
C e r m e t F u e l S p e c i m e n s 92 

11-18. E n e r g y vs T e m p e r a t u r e 93 

I I - 1 9 . R e a c t o r Volume R e q u i r e m e n t s a s a Func t ion 
of Rod D i a m e t e r , C r i t i c a l i t y , H e a t - T r a n s f e r 
L i m i t , and Burnup L i m i t 94 

11-20. O p t i m u m Carno t Efficiency for Min imum 
R a d i a t o r A r e a a s a Func t ion of C o n v e r s i o n 
Dev ice Eff iciency 98 

11-21. R a d i a t o r A r e a vs Carno t Efficiency 99 

11-22. Typ ica l Space R a d i a t o r Su r f aces 100 

11-23. Rad ia t i on Heat F lux for I s o t h e r m a l Su r f aces 

•with Unit E m i s s i v i t y 102 

11-24. F l a t P l a t e R a d i a t o r 103 

11-25. R a d i a t i v e Heat Re j ec t i on C o r r e c t i o n for 

a N o n i s o t h e r m a l Sur face 105 

11-26. Ex tended F i n R a d i a t o r 106 

11-27. F i n Ef fec t iveness vs D i m e n s i o n l e s s F i n 
P a r a m e t e r 108 

11-28. R e l a t i v e F i n Weight vs F i n Ef fec t iveness 
for R e c t a n g u l a r and T r i a n g u l a r F i n s 109 

11-2 9. T h e r m a l Conduct iv i ty Over Dens i ty Rat io 
for R a d i a t o r F i n M a t e r i a l s 110 

11-30. E m i s s i v i t y of Some Typ ica l C e r a m i c 
M a t e r i a l s v s T e m p e r a t u r e 112 

11-31. M e t e o r o i d F lux vs M a s s 115 

12 



FIGURES 

Page 

11-32. M e t e o r o i d A r m o r T h i c k n e s s R e q u i r e m e n t s 121 

11-33. E x a m p l e P e r f o r m a n c e Pena l ty for 

M i c r o m e t e o r i t e A r m o r 122 

11-34. Typ ica l R a d i a t o r G e o m e t r y 123 

11-35. Tube and F m Deta i l 124 

11-36. R a d i a t o r Weight vs Number of Tubes 125 

11-37. R a d i a t o r Weight vs F m Ef fec t iveness 126 

11-38. Weight D i s t r i b u t i o n for Nuc lea r 
T u r b o e l e c t r i c S y s t e m s 128 

11-39. Rankine Cycle T h e r m o d y n a m i c D i a g r a m 
and S y s t e m Conf igura t ion 129 

11-40. Vapor P r e s s u r e vs T e m p e r a t u r e for 
P o t e n t i a l Rank ine Cyc le Working F l u i d s 130 

11-41. R a d i a t o r A r e a pe r Kilowatt as a Func t ion 
of Boil ing T e m p e r a t u r e for Rankine Cycle 
Working F lu ids 132 

11-42. B r a y t o n Cycle T h e r m o d y n a m i c D i a g r a m 
and S y s t e m Conf igura t ion 134 

11-43. R a d i a t o r A r e a and Sou rce T e m p e r a t u r e 
C o m p a r i s o n for B r a y t o n and Rankine Cycles . . . . 136 

11-44. Rankine Cycle Sys tem Conf igura t ion 137 

11-45. R e a c t o r T h e r m a l - P o v / e r and S o u r c e -
T e m p e r a t u r e R e q u i r e m e n t s a s a Func t ion 
of E l e c t r i c a l P o w e r Output and Ava i l ab le 
R a d i a t o r A r e a for Rankine T u r b o e l e c t r i c 
S y s t e m s 138 

11-46. R e a c t o r P lus R a d i a t o r Weight a s a Func t ion 
of Pov/er for Va r ious R e a c t o r - C y c l e 
Combina t ions 140 

11-47. Tradeoff Be tween R e a c t o r Weight and 
R a d i a t o r Weight as a Func t ion of 
Ope ra t i ng T e m p e r a t u r e 143 

11-48. Ideal T h e r m o c o u p l e 144 

11-49. Ideal T h e r m o e l e c t r i c M a t e r i a l s Efficiency . . . . 146 

11-50. R a d i a t o r A r e a pe r Kilowatt a s a Func t ion of 
Hot Junc t ion T e m p e r a t u r e for C u r r e n t l y 
Ava i l ab le P b T e and F u t u r e M a t e r i a l s 148 

13 



FIGURES 

Page 

11-51. R e a c t o r T h e r m a l Power and Source 
T e m p e r a t u r e R e q u i r e m e n t s for T h e r m o 
e l e c t r i c S y s t e m s a s a Func t ion of E l e c 
t r i c a l P o w e r and Rad ia to r A r e a 150 

11-52. T h e r m o e l e c t r i c Sys t em Configurat ion 152 

11-53. Idea l T h e r m i o n i c C o n v e r t e r 154 

11-54. Op t imum P a r a m e t e r s for the Idea l 
T h e r m i o n i c C o n v e r t e r 156 

11-55. Survey of T h e r m i o n i c C o n v e r t e r 

D e m o n s t r a t e d P e r f o r m a n c e 157 

11-56. T h e r m i o n i c Sys tem Conf igura t ions 158 

11-57. T h e r m i o n i c C o n v e r s i o n Fue l E l e m e n t 160 
11-58. C o r e Volume and Rad ia to r A r e a as a 

Func t ion of C o r e T e m p e r a t u r e for 
a T h e r m i o n i c R e a c t o r 162 

11-59. T h e r m i o n i c R e a c t o r 164 

11-60. Space R e a c t o r Power S y s t e m s l o " 

11-61. A p p r o x i m a t e Rad ia t ion Source S t reng th 
for Unsh ie lded Space R e a c t o r s 170 

11-62. Su rvey of Rad ia t ion D a m a g e R e s i s t a n c e 
of E l e c t r o n i c Components 174 

11-63. D e g r a d a t i o n of C u r r e n t Gain wi th Neu t ron 
E x p o s u r e 175 

11-64. V a r i a t i o n in LiH T h i c k n e s s wi th Sepa ra t i on 
D i s t a n c e for Given Dose L i m i t s 178 

11-65. Space R e a c t o r — Payload Shadow Shield 
Conf igura t ion 179 

11-66. E x a m p l e Shadow Shield Weight a s a Func t ion 

of R e a c t o r Size and Power 180 

11-67. Shield Weight vs Sepa ra t i on D i s t ance 182 

11-68. MORE R e a c t o r / S h a d o w Shield A s s e m b l y 184 

11-69. P a r a m e t r i c Shielding Data for the 
M a n r a t e d SNAP 8 R e a c t o r 185 

11-70. F a c t o r y - t o - F l i g h t Sequence 190 

11-71. SNAP lOA in the F i n a l P h a s e of Launch 
P r e p a r a t i o n 192 

11-72. SNAP 2 F u e l E l e m e n t 194 

14 



FIGURES 

P a g e 

73 . SNAP R e a c t o r 195 

74. SNAP lOA/2 E x p e r i m e n t a l R e a c t o r 196 

75 . SNAP 2 Deve lopment R e a c t o r 197 

76. I n t e r n a l View of the SNAP 8 C o r e 198 

77. SNAP 8 E x p e r i m e n t a l R e a c t o r T e s t A s s e m b l y 
Being L o w e r e d into the T e s t F a c i l i t y 200 

78. C u r r e n t SNAP 8 R e a c t o r P e r f o r m a n c e 

Tradeof f s 201 

79. SNAP 8 R e a c t o r and Shield 202 

80. SNAP lOA/2 R e a c t o r 204 
8 1 . Launch Shock and V i b r a t i o n E n v i r o n m e n t 

Qual i f ica t ion of the SNAP lOA R e a c t o r 206 

82 . SNAP lOA F S - 3 C o n v e r t e r P o w e r Output 207 

83 . SNAP lOA Sys t em 211 

84. SNAP lOA P e r f o r m a n c e C h a r a c t e r i s t i c s 212 

85 . Exploded View of SNAP lOA/2 R e a c t o r 
and Shield 214 

86. SNAP lOA T h e r m o e l e c t r i c P o w e r e d 

NaK P u m p 215 

87. SNAP lOA T h e r m o e l e c t r i c C o n v e r t e r Module . . . . 216 

88. SNAP lOA T h e r m o e l e c t r i c C o n v e r t e r Module . . . . 217 

89 . SNAP lOA T i t a n i u m S t r u c t u r e 218 
90. SNAP lOA S y s t e m Pre f l igh t Qual i f ica t ion 

T e s t - S h o c k and V i b r a t i o n 220 

9 1 . SNAP lOA T h e r m a l P e r f o r m a n c e T e s t 221 

92 . SNAP lOA Fl igh t Sys tem 222 

93 . SNAP lOA NPU I n t e g r a t i o n wi th A t l a s - A g e n a . . . . 223 

94. SNAP lOA Sys t em E l e c t r i c a l S imula to r 
Compa t ib i l i t y T e s t wi th an Agena Mockup 224 

95 . SNAP lOA O r b i t a l S t a r tup Sequence 228 

96. SNAP lOA Ground T e s t and F l igh t T e s t 
P e r f o r m a n c e 229 

97. 5-kwe M e r c u r y Rankine Schema t i c 233 

98. 5-kwe M e r c u r y Rankine Sys tem 234 

15 



FIGURES 

P a g e 

11-99. Combined Rota t ing Unit - V 236 

11-100. Combined Rota t ing Unit H a r d w a r e - CRU V . . . 237 

11-101. CRU Componen t s 238 

11-102. D e v e l o p m e n t a l M e r c u r y Rankine R a d i a t o r 

C o n d e n s e r 240 

11-103. M e r c u r y Rankine P e r f o r m a n c e T e s t S y s t e m . . . 241 

11-104. SNAP 2 S ta r tup and T e s t 242 

11-105. SNAP 8 E l e c t r i c Gene ra t i ng S y s t e m 244 

11-106. SNAP 8 Turb ine A s s e m b l y 246 

11-107. SNAP 8 P o w e r C o n v e r s i o n S y s t e m - G 247 

I I I - l . Unsh ie lded Dose Ra te a s a Func t ion of T i m e 
f r o m 1.0 p p m of Pu236 in Pu238 264 

I I I -2 . C r i t i c a l M a s s of Unre f l ec t ed C m 2 4 4 ^nd 
P u ^ 3 ^ S p h e r e s 266 

I I I - 3 . Effect of Sel f -Shie ld ing on G a m m a Ray Dose 

Ra te for C a p s u l e s 269 

I I I -4 . P a r a m e t r i c Shielding for Co 270 

m - 5 . P a r a m e t r i c Shielding for Sr"̂ *^ ( S r T i O , ) 270 
147 I I I -6 . P a r a m e t r i c Shielding for P m with 0.25 p p m 

P m l 4 6 ^ No P m l 4 8 271 

I I I -7 . P a r a m e t r i c Shielding for Po 271 
2 38 

I I I -8 . P a r a m e t r i c Shielding for Pu 272 

I I I -9 . Typ ica l C a p s u l e 280 

I I I - IO. P r o t o t y p e R e f r a c t o r y Al loy Capsu l e 281 

I I I - l l . Capsu l e T e m p e r a t u r e a s a Func t ion of Sur face 
Po^ver Dens i ty 282 

I I I -12 . N o r m a l i z e d T e m p e r a t u r e D i s t r i bu t i on Around 
Infini tely B u r i e d C a p s u l e — C o m p u t e r R e s u l t s . . 285 

I I I - 1 3 . T i m e Dependent Behav io r of a Rad ia t i ve ly 
Cooled R e a c t o r 290 

111-14. T e m p e r a t u r e and P r e s s u r e Dependence on 
F u e l F r a c t i o n 291 

I I I - 1 5 . U l t i m a t e Tens i l e S t r eng ths of Cb-752 , 
TZM, and T-222 293 

16 



I 

FIGURES 

P a g e 

I I I -16 . L a r s o n - M i l l e r Re l a t i onsh ip for S t r e s s 
Rup tu r e of TZM (C - 20) 294 

I I I -17 . L a r s o n - M i l l e r Re l a t i onsh ip for S t r e s s 
Rup tu r e of T a n t a l u m Al loys {C-15) 295 

I I I -18 . R u p t u r e - S t r e s s - t o - D e n s i t y Rat io for TZM 
and T-222 a t 5.5 Y e a r s 296 

I I I -19 . A i r Oxidat ion of P l a t i n u m and Rhodium 299 

I I I -20 . Specific Weight vs V o i d - t o - F u e l - V o l u m e Ra t io , 
P u 2 3 8 o 2 M i c r o s p h e r e s , R e c r y s t a l l i z e d TZM 
Cladding 300 

I I I - 2 1 . Specific P o w e r vs V o i d - t o - F u e l - V o l u m e Rat io 
for P u 2 3 8 o 2 M i c r o s p h e r e s , TZM S t r e s s -
Re l i eved Cladding 302 

I I I -22 . Typ ica l T e s t Spec imen , Con ta inmen t Capsu l e 

Impac t Safety Study 303 

I I I - 2 3 . Veloc i ty vs P r o p o r t i o n R u p t u r e d , SI C a p s u l e s . . . 304 

111-24. L /D Rat io vs Wall T h i c k n e s s , P r o b i t A n a l y s i s . . 304 

I I I -25 . R e f r a c t o r y Me ta l Capsu l e S p e c i m e n s 305 

I I I -26 . R e e n t r y Clad P o l o n i u m Iso tope Capsu l e 314 

I I I -27 . Lightweight Sheet 316 

I I I -28 . Len t i cu l a r Lifting Body, Concept 3 317 
2 38 

I I I -29 . 45-kwt R e e n t r y P a c k a g e Heat S o u r c e , Pu 
F u e l e d 318 

I I I -30 . Po Shield Weight vs B e g i n n m g - v s - L i f e 

P o w e r 321 

< I I I - 3 1 . P o ^ ^ ° SiGe S y s t e m Schema t i c 323 

I I I -32 . SiGe C o m p a c t C o n v e r t e r Module 324 

I I I - 3 3 . Po SiGe S y s t e m P e r f o r m a n c e vs C a r n o t 
Eff ic iency 325 

2 38 I I I -34 . Pu SiGe S y s t e m P e r f o r m a n c e vs C a r n o t 
Eff ic iency 327 

I I I -35 . Po SiGe S y s t e m Weight vs P o w e r 328 
? 38 

I I I -36 . P u SiGe S y s t e m Weight vs P o w e r 329 

I I I -37 . P b T e C o n v e r t e r Submodule 333 

I I I -38 . Po P b T e S y s t e m P e r f o r m a n c e vs C a r n o t 
Eff ic iency 324 

17 



FIGURES 

P a g e 

I I I -39 . Pu P b T e S y s t e m P e r f o r m a n c e vs C a r n o t 

Eff ic iency 335 

I I I -40 . P o ^ ^ ° P b T e S y s t e m Weight vs P o w e r 336 

I I I - 4 1 . P u ^ ^ ^ P b T e S y s t e m Weight vs P o w e r 337 

I I I -42 . C a s c a d e d S y s t e m Schemat i c 339 

I I I - 4 3 . C a s c a d e d S y s t e m P e r f o r m a n c e 340 

I I I -44 , Mul t ip le PCS M e r c u r y Rankine S y s t e m with I 

I so tope Heat Source 342 

I I I -45 . T u r b o a l t e r n a t o r A s s e m b l y - C R U - V 344 

I I I -46 . Effect of PCS Redundancy on Tota l S y s t e m 
Re l i ab i l i t y , 20-kwe Sys t em 350 

I I I -47 . B r a y t o n Cycle S y s t e m Schemat i c 353 
2 38 

I I I -48 . P u Bray ton Cycle S y s t e m 354 

I I I -49 . PCS Weight as a Func t ion of P o w e r Rat ing . . . . 356 

I I I -50 . C o m p r e s s o r Inlet T e m p e r a t u r e vs O v e r a l l 

Eff ic iency 358 

I I I - 5 1 . Weight vs P o w e r 359 

I I I -52 . PCS Schemat i c 360 

I I I - 5 3 . P o w e r Conve r s ion Selec t ion and A v a i l a b i l i t y . . . 366 

I I I -54 . Rad io i so tope S y s t e m P e r f o r m a n c e C o m p a r i s o n . 368 

I I I -55 . Manned Orb i t ing R e s e a r c h L a b o r a t o r y 370 

I I I -56 . Manned Orb i t ing L a b o r a t o r y 372 

I I I -57 . Typ ica l O n e - L o o p Convect ion S y s t e m 375 

I I I -58 . SNAP 3B F u e l Capsu le Drawing 376 

I I I -59 . C r o s s Sect ion of SNAP 3B G e n e r a t o r 378 

I I I -60 . E x t e r i o r Drawing of the SNAP 9A G e n e r a t o r . . . 379 

I I I - 6 1 . SNAP 27 S y s t e m 382 

18 



CHAPTER I 

L/^UCLEAR SPACE POWER SYSTEMS 

A. INTRODUCTION 

The s ignif icant peaceful u t i l i z a t i on of space wi l l d e m a n d 

l a r g e quan t i t i e s of r e l i a b l e and long - l i ved p o w e r . The f i r s t 

10 y e a r s of the space age have seen an e v e r - i n c r e a s i n g n u m b e r 

of s a t e l l i t e s and space v e h i c l e s of growing complex i t y and 

soph i s t i c a t i on . All s p a c e c r a f t r e q u i r e e l e c t r i c a l power for 

i n s t r u m e n t a t i o n , e l e c t r o n i c data handl ing , gu idance , and c o m 

m u n i c a t i o n . To da t e , the e l e c t r i c a l power has been suppl ied 

p r i m a r i l y by b a t t e r i e s , fuel c e l l s , and s o l a r c e l l s . The power 

l eve l has been of the o r d e r of a few wa t t s up to a few hundred 

w a t t s . The f i r s t n u c l e a r power s y s t e m m s p a c e was SNAP 3B, 
? 3 R 

a 2 ,7 -wat t r a d i o i s o t o p e uni t fueled by P u , which was l aunched 

m June 1961. The f i r s t r e a c t o r power s y s t e m m space was 

SNAP lOA, a 500-wat t un i t , which was launched m A p r i l 1965. 

To d a t e , five r a d i o i s o t o p e un i t s wi th power l eve l s up to 25 wa t t s 

and one 500-wat t r e a c t o r uni t have been u s e d m the U. S. space 

p r o g r a m . 

In the n e a r future l a r g e b o o s t e r s y s t e m s wil l have the c a p a 

bi l i ty of p lac ing l a r g e v e h i c l e s and pay loads into s p a c e . The 

succe s s fu l u t i l i za t ion of t he se l a r g e pay loads wil l only be r e a l 

ized with the c o n c u r r e n t ava i l ab i l i t y of l ightweight , l ong - l i ved , 

h igh power , r e l i a b l e , e l e c t r i c a l g e n e r a t i n g s y s t e m s . The ava i l 

ab i l i ty of l a r g e b o o s t e r s coupled with n u c l e a r a u x i l i a r y power 

s o u r c e s wi l l a l low the space p r o g r a m to p r o g r e s s beyond the 

c u r r e n t e r a of space exp lo ra t i on . The fu ture e r a of space u t i l i 

za t ion wil l r e a p untold benef i t s to a l l of mank ind th rough w o r l d 

wide c o m m u n i c a t i o n s , w e a t h e r f o r e c a s t s , nav iga t iona l a i d s , e t c . 

As n u c l e a r power s o u r c e s grow m power output and r e l i a b i l i t y , 

the p r o m i s i n g ion and p l a s m a f o r m s of e l e c t r i c p ropu l s ion wil l 

a l low i n t e r p l a n e t a r y exp lo ra t i on without the fan tas t i c s ize and 

cos t of p u r e c h e m i c a l s y s t e m s . 
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Figure I - l . Power and Duration Regions for Various 
Energy Sources. (Chemical includes storage 

bat ter ies , fuel cel ls , and cryogenic 
H2-O2 engine. Solar includes both 

photovoltaic as well as solar 
m i r r o r systems.) 
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F o r s igni f icant e l e c t r i c a l power l o a d s , which a r e r e q u i r e d 

for m i s s i o n s in e x c e s s of s e v e r a l d a y s , on ly s o l a r and n u c l e a r 

s y s t e m s can be c o n s i d e r e d . B a t t e r i e s and o t h e r c h e m i c a l s y s 

t e m s a r e r u l e d out on the b a s i s of the l a r g e we igh t s a s s o c i a t e d 

wi th t h e s e s y s t e m s . The app l i cab le r a n g e of v a r i o u s power 

s y s t e m s i s i l l u s t r a t e d in F i g u r e I - l . At power l eve l s of the 

o r d e r of a few k i l o w a t t s , the v a r i o u s s o l a r and n u c l e a r r a d i o 

i so tope o r r e a c t o r power s y s t e m s offer t h e i r own speci f ic ad 

v a n t a g e s and d i s a d v a n t a g e s . The s e l e c t i o n of a p a r t i c u l a r s o l a r 

o r n u c l e a r power s y s t e m can only be a c c o m p l i s h e d in the con

t ex t of speci f ic m i s s i o n r e q u i r e m e n t s , pay load c o n s i d e r a t i o n s , 

r e l i a b i l i t y , c o s t s , e t c . In th i s eva lua t ion , the n u c l e a r s y s t e m 

offers def ini te a d v a n t a g e s of r u g g e d n e s s , h igh power p e r un i t 

a r e a , no c o l l e c t o r dep loymen t , o r o r i e n t a t i o n , cont inuous 

p o w e r , m i n i m u m power s t o r a g e r e q u i r e m e n t s , e t c . In m a n y 

c a s e s , the added power ava i l ab i l i t y of a n u c l e a r s y s t e m should 

offer s igni f icant o p e r a t i o n a l f lex ib i l i ty and i m p r o v e d r e l i a b i l i t y 

t h r o u g h app l i ca t ion of m o r e convent iona l c i r c u i t r y and i n s t r u 

m e n t a t i o n and t h r o u g h ac t i ve r edundancy . A s the power r e q u i r e 

m e n t s a r e i n c r e a s e d to the o r d e r of t ens of k i lo \va t t s , the n u c l e a r 

r e a c t o r s y s t e m s have an i n c r e a s i n g l y f avo rab l e weight , s i z e , 

and cos t advan tage o v e r any of the p r e s e n t l y env i s ioned s o l a r 

power s y s t e m s . F o r power l eve l s in the h u n d r e d s of k i l o w a t t s , 

and above , a n u c l e a r r e a c t o r s y s t e m i s the only one which a p 

p e a r s at a l l f e a s i b l e . In r ecogn i t i on of th i s s u p e r i o r i t y , the 

U . S . A t o m i c E n e r g y C o m m i s s i o n in i t i a t ed the SNAP ( S y s t e m s 

for N u c l e a r A u x i l i a r y P o w e r ) p r o g r a m for the d e v e l o p m e n t and 

d e m o n s t r a t i o n of a s p e c t r u m of un i t s to fill fu ture n e e d s . 

B , HISTORY 

The difficulty of supplying power for the u se fu l app l i ca t ion 

of s p a c e and the un ique e n e r g y dens i ty advan tage of n u c l e a r 

s o u r c e s w e r e r e c o g n i z e d in the e a r l y 1950s. A t o m i c s I n t e r 

na t iona l , a d iv i s ion of N o r t h A m e r i c a n Avia t ion , Inc . , conducted 

s tud i e s on the r e l a t i v e m e r i t s of r a d i o i s o t o p e and f i s s ion hea t 
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sources in 1953. It was immediately recognized that significant 

power in space would require a reactor heat source. System 

conceptual design studies identified the mutually dependent r e 

actor heat source, power conversion requirements , and concept 

selection cr i te r ia . By 1955, these studies resulted in the iden

tification of a reactor and power conversion concept for the 

0.5 to 10-kwe power range. The hydride reactor was chosen 

on the basis of minimum reactor weight, applicable operating 

temperature , and a reasonable extrapolation of reactor and 

mater ia l s state of the ar t . A mercury rankine cycle power 

conversion subsystem was selected on the basis of minimum 

radiative heat rejection a rea requirement within the tempera

ture constraint implied by reactor heat source development 

cost and schedule. Concurrent studies by the Martin Company 

evaluated radioisotope heat sources and power conversion con

cepts and culminated in the definition of a 500-watt system, 

fueled with cesium-144 and employing a mercury rankine cycle 

for power conversion. These studies formed the basis for the 

establishment of the Systems for Nuclear Auxiliary Power 

(SNAP) program by the Atomic Energy Commission in 1956. 

In the SNAP reactor system program, specific objectives 

for a 3-kwe mercury rankine system, SNAP 2, were established 

in 1956 and system development was initiated. Reactor concept 

verification by means of a cr i t ical assembly was achieved con

current with the s tar t of the space age in October 1957. Interest 

in the thermoelectr ic direct power conversion for space systems 

was initiated in 1958. The specific objectives of the SNAP lOA 

500-watt system were established in December I960. This sys

tem progressed through the complete developmental cycle from 

concept identification to flight demonstration in orbit in the 

spring of 1965. 

SNAP 8, a joint AEC/NASA program to develop a 35-kwe 

system, based on a hydride reactor and mercury rankine cycle, 

was initiated in May I960. The development of a high-powered, 

300-kwe, fast reactor potassium rankine cycle system, SNAP 50, 
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was in i t i a t ed m 1962 but r e d u c e d to a r e a c t o r t echnology p r o g r a m 

m 1965. C u r r e n t l y SNAP 8 i s the only ac t i ve r e a c t o r power s y s 

t e m p r o g r a m . R e a c t o r technology p r o g r a m s have been e s t a b 

l i shed to p rov ide the b a s i s for an advanced h y d r i d e r e a c t o r , a 

h igh t e m p e r a t u r e gas cooled r e a c t o r (710), a h igh t e m p e r a t u r e 

l iquid m e t a l cooled r e a c t o r , and an m - c o r e t h e r m i o n i c r e a c t o r . 

The SNAP R e a c t o r S y s t e m p r o g r a m s a r e s u m m a r i z e d m Table I- 1, 

and the cont inuing r e a c t o r t echnology p r o g r a m s a r e l i s t e d m 

Table 1-2. 

In the SNAP r a d i o i s o t o p e s y s t e m p r o g r a m , specif ic o b j e c 

t i v e s w e r e e s t a b l i s h e d m 1956 for SNAP 1, a 500-wat t c e s i u m - 1 4 4 

p o w e r e d uni t employ ing a m e r c u r y r ank ine cyc le for power con

v e r s i o n . Subsequen t ly , the power ob jec t ive was l o w e r e d to 

125 wa t t s and the power c o n v e r s i o n was changed to P b T e t h e r -

m o e l e c t r i c s . The SNAP lA p r o g r a m was d ropped m I960 m 

favor of r e a c t o r hea t s o u r c e s for the g r e a t e r than 250-wa t t power 

r a n g e . The SNAP 3 s y s t e m u s i n g P o and P b T e was in i t i a t ed 

m 1959, and ach ieved the f i r s t d e m o n s t r a t i o n of an i n t e g r a l 

n u c l e a r space power un i t m I960. Modified SNAP 3A un i t s 
2 38 

fueled with P u w e r e flo^vn m June and N o v e m b e r of 1961. 

The l a r g e r 25 -wa t t SNAP 9A d e v e l o p m e n t s t a r t e d m 1961, and 

t h r e e un i t s w e r e flo'wn m nav iga t ion s a t e l l i t e s m the 1963-64 t i m e 

p e r i o d . In 1967, the p r o g r a m h a s p r o g r e s s e d to the point of 

having i n t e g r a t e d two 25-wa t t SNAP 19 un i t s into the N imbus 

w e a t h e r s a t e l l i t e for subsequen t fl ight, d e l i v e r e d the f i r s t 50-

wat t SNAP 27 uni t d e s i g n e d for lunar s u r f a c e app l i ca t ion , i n i t i a t ed 

d e v e l o p m e n t of the 400 to 500-wat t SNAP 29 uni t , and in i t i a ted 

d e v e l o p m e n t of a l a r g e r a d i o i s o t o p e hea t s o u r c e for u s e with a 

B r a y t o n cyc le to p r o v i d e 5 to 10 kwe for m a n n e d s p a c e c r a f t . The 

SNAP r a d i o i s o t o p e s y s t e m s , p a s t and p r e s e n t , a r e s u m m a r i z e d 

m Tab le 1-3. 
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TABLE I-l 
SNAP REACTOR SYSTEM DEVELOPMENT PROGRAMS 

POWER (kwe) 

REACTOR POWER (kwt) 

EFFICIENCY (7.) 

REACTOR OUTLET TEMPERATURE CF) 

REACTOR 

PRIMARY COOLANT 

POWER CONVERSION 

BOILING TEMPERATURE (°F) 

TURBINE INLET TEMPERATURE ("F) 

CONDENSING TEMPERATURE CF) 

HOT JUNCTION TEMPERATURE (°F) 

COLD JUNCTION TEMPERATURE (°F) 

RADIATOR TEMPERATURE CF) 

RADIATOR AREA (ft̂ ) 

(ft̂ /kwe) 

SYSTEM UNSHIELDED WEIGHT (lb) 

(Ib/kwe) 

AVAILABLE 

DEVELOPMENT AGENCY 

FLIGHT TEST AGENCY 

SYSTEM CONTRACTOR 

POWER CONVERSION CONTRACTOR 

REACTOR CONTRACTOR 

FLIGHT TEST CONTRACTOR 

STATUS 

SNAP lOA 

0.5 

30 

1.6 

1000 

U-ZrH^ THERMAL 

NaK-78 

Ge-Si THERMOELECTRIC 

-
-
-

930 

615 

615 

62.5 

125 

650 

1300 

1965 

AEC 

AEC (AF) 

ATOMICS INTERNATIONAL 

RADIO CORP OF AMERICA 

ATOMICS INTERNATIONAL 

LOCKHEED 

COMPLETE 

SNAP 2 

5 

55 

9 

1200 

U-ZrH^ THERMAL 

NaK-78 

Hg RANKINE 

930 

1150 

600 

-
-

600 

120 

40 

1200 

240 

AEC 

* 
ATOMICS INTERNATIONAL 

THOMPSON RAMO WOOLDRIDGE 

ATOMICS INTERNATIONAL 

CANCELLED 

NASA SNAP 8 

35 TO 50 

600 

8 

1300 

U-ZrH THERMAL 

NaK-78 

Hg RANKINE 

1070 

1250 

700 

-
-

580 

1800 

45 

10,000 

300 

1972 

AEC/NASA 

* 
AEROJET GENERAL 

AEROJET GENERAL 

ATOMICS INTERNATIONAL 

CONTINUING 

SPUR SNAP 50 

350 

2500 

14 

-2000 

UC FAST 

LITHIUM 

K RANKINE 

-
1950 

1300 TO 1400 

-
-

1300 TO 1400 

700 

2 

6000 (EST) 

10 TO 20 

AEC/AF 

* 
PRATT AND WHITNEY 

AIRESEARCH 

PRATT AND WHITNEY 

CANCELLED 

*FL1GHT TEST PLANS CURRENTLY UNDEFINED 



TABLE 1-2 

CONTINUING SNAP REACTOR PROGRAMS 

REACTOR TYPE 

ZIRCONIUM 
HYDRIDE 
THERMAL 

ADVANCED 
HIGH 
TEMPERATURE 
FAST 

PROGRAM 
DESIGNATION 

SNAP 8 

REACTOR 
IMPROVEMENT 

LIQUID 
METAL 
COOLED 

THERMIONIC 

GAS 
COOLED 
710 

ELECTRICAL 
POWER 
RANGE 

50 Kwe 

1-100 Kwe 

0 . 3 - 1 0 Mwe 

0 . 3 - 1 0 Mwe 

- 2 0 0 Kwe 

APPLICABLE 
POWER 

CONVERSION 

Hg RANKINE 

PbTe TE 
SiGe TE 
ORGANIC RAN

KINE 
Hg RANKINE 
BRAYTON 

POTASSIUM 
RANKINE 
BRAYTON 

THERMIONIC 

BRAYTON 

REACTOR 
OUTLET 
TEMP 

1300°F 

1300°F 

>2000°F 

3 -4000°F 

>2000°F 

FUEL 
MATERIAL 

(U-Zr)H 

(U-Zr)H 

UN 

OPEN 

W-UO2 
CERMET 

FUEL CLAD 
MATERIAL 

HASTELLOY N 

HASTELLOY N 

TUNGSTEN 

TUNGSTEN 

REFRACTORY 
ALLOY 

COOLANT 

NaK-78 

NaK-78 

LITHIUM 

SODIUM OR 
LITHIUM 

INERT 
GAS 
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C. D E V E L O P M E N T STATUS 

a. N u c l e a r Heat S o u r c e s 

The r a d i o i s o t o p e hea t s o u r c e s to da te have been low t e m 

p e r a t u r e , 1000 to 1200°F, s ingle c a p s u l e s coupled to the t h e r 

m o e l e c t r i c power c o n v e r s i o n by conduct ion and r a d i a t i o n . 

SNAP 19 and 27 a r e t yp ica l of t h e s e s o u r c e s , which a r e con 

s t r u c t e d of conven t iona l s u p e r - a l l o y m a t e r i a l s . Work h a s been 

in i t i a t ed on a l a r g e r s y s t e m , SNAP 29, which r e q u i r e s an a s 

s e m b l y of c a p s u l e s with r a d i a t i v e coupl ing to the c o n v e r t e r . The 

L a r g e Rad io i so tope Hea t Sou rce (LRHS) p r o g r a m is developing 

h i g h - t e m p e r a t u r e , 2 0 0 0 ° F , r e f r a c t o r y m e t a l c a p s u l e s for u s e 

m a 25 to 50 t h e r m a l k i lowat t hea t s o u r c e which wi l l p r o b a b l y 

r e q u i r e a l iquid m e t a l hea t t r a n s f e r loop to couple the hea t 

s o u r c e to the in tended B r a y t o n cyc le power c o n v e r s i o n s u b s y s t e m . 

The SNAP hyd r ide r e a c t o r s u s e d m SNAP lOA and SNAP 8 

have been t e s t e d ex t ens ive ly . To da te five r e a c t o r s have 

o p e r a t e d about 35,000 h o u r s , including a 10 ,000-hour u n i n t e r 

rup t ed SNAP lOA ground t e s t and a SNAP lOA t e s t m s p a c e . The 

SNAP 8 r e a c t o r h a s o p e r a t e d for 1 y e a r a t 1300°F m the r a n g e 

of 400 to 600 kwt and p r o d u c e d the i n t e g r a l e n e r g y r e q u i r e m e n t 

of the SNAP 8 s y s t e m . No r e a c t o r t e s t h a s been t e r m i n a t e d by 

a mal func t ion . A second g e n e r a t i o n SNAP 8 r e a c t o r i s schedu led 

to begin o p e r a t i o n m the sp r ing of 1968. 

The advanced r e a c t o r t echnology p r o g r a m s , 710, the l iquid 

cooled r e a c t o r , and the t h e r m i o n i c r e a c t o r , have not p r o g r e s s e d 

to the point of i n t e g r a l r e a c t o r t e s t s . T h e s e p r o g r a m s a r e con

c e n t r a t i n g on high t e m p e r a t u r e fuel and s t r u c t u r a l m a t e r i a l s 

s e l ec t i on and eva lua t ion . 

b . P o w e r C o n v e r s i o n 

Lead t e l l u r i d e t h e r m o e l e c t r i c c o n v e r s i o n h a s been u s e d 

e x c l u s i v e l y m the r a d i o i s o t o p e s y s t e m s to d a t e . Typ ica l ly the 

P b T e i s o p e r a t e d be low about 1100°F hot junct ion t e m p e r a t u r e 

and a c h i e v e s about 5% eff ic iency. In the low power r a d i o i s o t o p e 
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s y s t e m s , r a d i a t o r a r e a i s purposefu l ly i n c r e a s e d to obta in i m 

p r o v e d eff iciency and fuel s a v i n g s . 

The SNAP lOA s y s t e m employed s i l i c o n - g e r m a n i u m a l loy 

m a t e r i a l s for t h e r m o e l e c t r i c d i r e c t power c o n v e r s i o n . The 
2 

lower f igure of m e r i t , s Ip'k of the S i -Ge a l l oys , was a c c e p t e d 

m o r d e r to ach i eve b e t t e r f ab r i cab i l i t y and h ighe r t e m p e r a t u r e 

capab i l i t y than the m o r e f a m i l i a r P b - T e . The SNAP lOA con

v e r t e r o p e r a t e d at a peak t e m p e r a t u r e of 1000°F with an effi

c iency of about 1.5% and p roduced 9 w a t t s / s q ft of r a d i a t o r . The 

SNAP lOA-type d i r e c t r a d i a t i n g SiGe c o n v e r t e r h a s been up

r a t e d to 1300°F o p e r a t i o n and t e s t e d to an equiva len t 5 - y e a r 

l i fe . The eff iciency is i m p r o v e d to 3 to 4%, depending upon 
2 

r a d i a t o r a r e a , and the power dens i ty i s 15 to 20 w a t t s / f t . 

C o m p a c t t h e r m o e l e c t r i c c o n v e r t e r s which o p e r a t e be tween 

a l iquid m e t a l hot and cold loop a r e u n d e r deve lopmen t for u s e 

with e i t h e r r ad io i so tope o r r e a c t o r hea t s o u r c e s . 

The Hg Rankine cyc le t u r b o m a c h m e r y deve lopmen t for 

SNAP 2 h a s o v e r c o m e the s t r u c t u r a l and t h e r m a l d i s t o r t i o n 

p r o b l e m s that w e r e l imi t ing the r e l i a b i l i t y of the Hg l u b r i c a t e d 

b e a r i n g s . Recen t ro t a t ing m a c h i n e r y e n d u r a n c e a c c o m p l i s h 

m e n t s on SNAP 2 (30,000 m a c h m e - h r ) have d e m o n s t r a t e d the 

c o m p l e t e eng inee r ing f eas ib i l i t y of a h e r m e t i c m a c h i n e with 

work ing fluid l u b r i c a t i o n . The SNAP 2 ro t a t i ng m a c h i n e o p e r 

a t e s a t a t u rb ine in le t t e m p e r a t u r e of 1150°F and a c h i e v e s an 

o v e r a l l m a c h i n e eff ic iency of 40% of the i d e a l cyc l e eff ic iency 

which r e s u l t s m about 40 w a t t s / s q ft of r a d i a t o r a r e a . 

In a 1962 r e d i r e c t i o n of the SNAP 8 p r o g r a m , the advan tages 

of the SNAP 2 concept w e r e abandoned . The NASA fee ls tha t the 

r e d i r e c t i o n to u t i l i ze ro ta t ing shaft s e a l s and o rgan i c l u b r i c a n t s 

wi l l a l low a s e p a r a t i o n of deve lopmen t v a r i a b l e s and wil l p rov ide 

a c l o s e r r e l a t i o n s h i p to ex i s t ing technology for the SNAP 8 r o t a t 

ing m a c h i n e r y . In c o m p a r i s o n to SNAP 2, which employed d i r e c t 

condensa t ion of the Hg m a combina t ion c o n d e n s e r - r a d i a t o r , 

SNAP 8 now inc ludes a c o m p a c t c o n d e n s e r with a liquid m e t a l 
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hea t t r a n s f e r loop coupling the c o n d e n s e r to the r a d i a t o r . In 

addi t ion , SNAP 8 inc ludes an o rgan i c b e a r i n g l ub r i can t , coolant , 

and r a d i a t o r loop. The SNAP 8 t u r b o m a c h m e r y deve lopmen t wi l l 

r e v e a l the p r a c t i c a b i l i t y of a t t empt ing to apply convent iona l con

v e r s i o n m a c h i n e r y technology to space p o w e r . 

Deve lopmen t of a B r a y t o n cyc le power c o n v e r s i o n s y s t e m m 

the 5 to 10 kwe r eg ion h a s been in i t i a ted by NASA. The m a c h i n e r y 

IS in tended for u s e with the LRHS to p rov ide power for extended 

m a n n e d space m i s s i o n s . The eng inee r ing f eas ib i l i t y of the r e q u i 

s i t e high eff ic iency t u rb ine and c o m p r e s s o r and of the gas b e a r 

ings have been d e m o n s t r a t e d at the component l eve l . I n t e g r a l 

m a c h i n e t e s t i ng i s p r o g r a m m e d . 

S m a l l o r g a n i c r ank ine cycle m a c h i n e s have been t e s t e d and 

show p r o m i s e for u s e with i so tope hea t s o u r c e s . The o r g a n i c 

cyc le i s not a s efficient as the Bray ton cyc le but it does not r e 

q u i r e a high t e m p e r a t u r e hea t s o u r c e and it offers a backup to 

the po ten t i a l ly difficult B ray ton cyc le gas b e a r i n g r e q u i r e m e n t . 

Work IS cont inuing on componen t s for an advanced p o t a s s i u m 

r ank ine s y s t e m , inc luding the t u r b i n e , b e a r i n g s , and b o i l e r . A 

c o m p l e t e t u r b o g e n e r a t o r r e m a i n s to be des igned . 

T h e r e i s growing i n t e r e s t m t h e r m i o n i c c o n v e r s i o n which 

r e q u i r e s power a t a s o u r c e t e m p e r a t u r e of about 3 5 0 0 ° F . Con

s i d e r a b l e t e s t da ta h a s been a c c u m u l a t e d on d iodes out-of-pile 

and m - p i l e , including s e r i e s connec ted a r r a y s . About 80,000 h o u r s 

of diode t e s t i ng have been ach ieved to da t e . The fuel, ca thode 

m a t e r i a l , and the r e q u i r e d i n s u l a t o r s a l l cons t i tu t e f o r m i d a b l e 

m a t e r i a l s deve lopmen t p r o b l e m s to sa t i s fy the r e q u i r e d t e m p e r 

a t u r e and r ad i a t i on e n v i r o n m e n t a l cond i t i ons . The de ta i l ed 

m e t h o d of i n t eg ra t i ng a r e l i a b l e c o n v e r t e r into a r e a c t o r c o r e 

r e m a i n s to be deve loped . 

c . S y s t e m 

The i so tope s y s t e m s to da te have a l l been s m a l l i n t e g r a l 

un i t s of m i n i m a l complex i t y and only m i n o r s p a c e c r a f t i n t e g r a t i o n 
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p r o b l e m s . As the i so tope s y s t e m s grow l a r g e r , SNAP 29 and 

LRHS, the added complex i ty of l iquid m e t a l hea t t r a n s f e r loops 

and extended r a d i a t o r s u r f a c e s wi l l i m p o s e m o r e c r i t i c a l s y s t e m 

des ign and veh ic le i n t e g r a t i o n r e q u i r e m e n t s and c o n s t r a i n t s . 

The solut ion of the de ta i l ed s y s t e m d e s i g n and veh ic le i n t e 

g r a t i o n for the 500-wat t , lOOO-lb, SNAP lOA r e a c t o r s y s t e m and 

the n e c e s s a r y ground qual i f ica t ion, f a c t o r y - t o - f l i g h t s e q u e n c e , 

and space t e s t i ng have been d e m o n s t r a t e d . The SNAP lOA p r o 

g r a m which succes s fu l l y comple t ed the e n t i r e cyc le f r o m def in i 

t ion to flight p r o v i d e s a m p l e confidence that r e a c t o r t h e r m o 

e l e c t r i c s y s t e m s can m e e t the r e q u i r e m e n t s of a s p a c e power 

supply . 

The SNAP 2 s y s t e m deve lopmen t p r o c e e d e d t h rough e l e c 

t r i c a l l y hea ted mockup s y s t e m t e s t i n g , s y s t e m s t r u c t u r a l t e s t s , 

and a s u c c e s s f u l s e r i e s of au toma t i c s t a r t u p t e s t s m a configu

ra t ion des igned to a p p r o x i m a t e z e r o g rav i ty condi t ions on the 

g round . The SNAP 2 e x p e r i e n c e d e m o n s t r a t e d that the boil ing 

and condens ing t w o - p h a s e flow condi t ions i n h e r e n t m a r ank ine 

cyc le can be solved by s t r a i g h t f o r w a r d eng inee r ing and ground 

t e s t i n g . 

The SNAP 8 p r o g r a m is s t i l l p r o c e e d i n g with independent 

r e a c t o r and power c o n v e r s i o n s u b s y s t e m s t e s t i n g . The i n t e g r a 

t ion and ground t e s t i ng of a c o m p l e t e s y s t e m is m the p lanning 

s t a g e . 

S y s t e m deve lopmen t effor ts do not now ex i s t for a l a r g e 

p o t a s s i u m r a n k i n e o r a t h e r m i o n i c s y s t e m . 

d. F l igh t T e s t s 

A to ta l of four s m a l l r a d i o i s o t o p e g e n e r a t o r s at power l eve l s 

up to 25 wa t t s have been success fu l ly flown. Two SNAP 19A 

g e n e r a t o r s a r e scheduled for flight m la te 1967 and SNAP 27 i s 

schedu led to a c c o m p a n y the Apollo lunar landing. No specif ic 

flight t e s t p l ans have been e s t a b l i s h e d for the next g e n e r a t i o n 

of l a r g e r r a d i o i s o t o p e s y s t e m s . 
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SNAP lOA was o p e r a t e d succe s s fu l l y m space m the sp r ing 

of 1965 and d e m o n s t r a t e d the f i r s t r e a c t o r power uni t m s p a c e . 

The space t e s t was p r e m a t u r e l y t e r m i n a t e d a f te r 43 days by a 

s p a c e c r a f t e l e c t r i c a l mal func t ion not a s s o c i a t e d with the 

SNAP lOA un i t . At th is t i m e no flight t e s t p l ans ex i s t for 

SNAP 8 o r any of the advanced r e a c t o r power s y s t e m c o n c e p t s . 

D. O P E R A T I O N A L FACTORS 

a. Shielding 

The sh ie ld weight i s a s t r o n g e r function of the m i s s i o n and 

a l lowable i n t e g r a t i o n conf igura t ion than it is of the power un i t . 

In the c a s e of pay loads c o m p r i s e d of s e m i c o n d u c t o r d e v i c e s , 

dose l eve l s below 10 nvt and 10 r p r o b a b l y r e q u i r e v e r y 

m i n o r r e s t r i c t i o n s on componen t s e l ec t i on . P a y l o a d h a r d e n i n g 
12 7 

for 10 nvt and 10 r can be r e a d i l y a c c o m m o d a t e d if p r o p e r l y 

c o n s i d e r e d f r o m the ou t se t of payload de s ign . T h e s e l eve l s 

r e q u i r e sh ie lds with r e a c t o r s y s t e m s and no sh ie ld for a l p h a -

emi t t i ng r a d i o i s o t o p e s o u r c e s . Howeve r , the sc ien t i f ic m i s 

s ions of i n t e r e s t to s m a l l r a d i o i s o t o p e s y s t e m s often i m p o s e 

s e v e r e r a d i a t i o n r e s t r i c t i o n s to avoid i n t e r f e r e n c e with s p a c e 

c ra f t s e n s o r s . 

The u n m a n n e d app l i ca t ion shie ld weight for s imp le con ica l 

shadow shie ld g e o m e t r y can be m the r e g i o n of 200 to 500 lb for 

SNAP lOA, 2, and 8. In the c a s e of m a n n e r a p p l i c a t i o n s , the 

r e a c t o r sh ie ld weight v a r i e s f r o m 3000 to 7000 lb for a s i m p l e 

con ica l shadow shie ld conf igura t ion of a s m a l l (10 ft d i a m e t e r ) 

space s ta t ion to 15,000 to 20,000 lb for a l a r g e (150 ft d i a m e t e r ) 

t o r o i d a l s t a t ion . The low shie lding r e q u i r e m e n t of a lpha -

emi t t ing r a d i o i s o t o p e s p o s e s only a m i n o r pena l ty m m a n n e d 

s y s t e m s . In fact , it p e r m i t s the f lexible i n t e g r a t i o n of k i lowat t 

s i ze s y s t e m s into ex i s t ing space h a r d w a r e which i s a m a j o r 

a d v a n t a g e . 
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b . Re l i ab i l i t y 

The h i g h - e n e r g y dens i ty advan tage of n u c l e a r hea t s o u r c e 

d i r e c t l y i m p l i e s that long life i s a n e c e s s a r y r e q u i r e m e n t to 

ach i eve the full advan tage of n u c l e a r power s y s t e m s . The only 

un ique , s e l f - i m p o s e d , e n v i r o n m e n t that could inf luence r e l i a b i l i t y 

IS r a d i a t i o n . The m o r e i m p o r t a n t inf luences of high t e m p e r a t u r e , 

c o r r o s i o n , c r e e p , high v a c u u m , m i c r o m e t e o r s , e t c . , a r e s h a r e d 

by o t h e r a p p r o a c h e s to high p e r f o r m a n c e space p o w e r . The m a j o r 

p r o b l e m b e c o m e s a p p a r e n t when one c o n s i d e r s the u n r e a s o n a b l e 

t i m e and cos t a s s o c i a t e d with a s t a t i s t i c a l d e m o n s t r a t i o n of r e 

l i ab i l i ty o r with the c o r o l l a r y ident i f ica t ion of f a i l u re m o d e s with 

conf idence . This b a s i c d i l e m m a i s s h a r e d by m a n y o t h e r a s p e c t s 

of the space p r o g r a m . The u l t i m a t e solut ion m u s t r e l y upon 

s i m p l i c i t y , b a s i c phenomeno log i ca l u n d e r s tanding , and sound 

e n g i n e e r i n g . B a s i c s y s t e m deve lopmen t m u s t p r o g r e s s to a 

l eve l which allo'ws a val id judgment of i n h e r e n t r e l i a b i l i t y and 

c o n s i d e r a b l e e x p e r i e n c e wi l l have to c o m e f r o m i n t e r i m u s a g e . 

The u n i n t e r r u p t i b l e e n e r g y output of a r a d i o i s o t o p e power 

supply would s e e m to offer s o m e r e l i a b i l i t y advan tage ove r r e 

a c t o r s y s t e m s which r e q u i r e c o n t r o l s for s t a r t u p and o p e r a t i o n . 

Howeve r , the e v e r - p r e s e n t hea t m a r a d i o i s o t o p e s o u r c e p o s e s 

s o m e d i s a d v a n t a g e dur ing s y s t e m a s s e m b l y , launch o p e r a t i o n s , 

and acc iden t cond i t i ons . As r a d i o i s o t o p e s y s t e m s grow into the 

h u n d r e d s to t housands of wa t t s r eg ion , the added r e q u i r e m e n t s 

for pad cool ing , power f la t tening, hea t t r a n s f e r loops , e t c . , 

m a k e it difficult to a s c r i b e any ne t r e l i a b i l i t y advan tage to a 

r a d i o i s o t o p e hea t s o u r c e . 

c . Cos t 

The SNAP lOA and 8 p r o g r a m s have p r o g r e s s e d to the point 

w h e r e r e a s o n a b l y a c c u r a t e cos t e s t i m a t e s can be m a d e . The 

b a s i c c o s t of a SNAP lOA uni t i s e s t i m a t e d at about 1 m i l l i o n 

d o l l a r s and the SNAP 8 uni t should cos t be tween 3 to 5 m i l l i o n 

d o l l a r s . 
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S h o r t - l i v e d r a d i o i s o t o p e un i t s fueled with Po at u n d e r 

$100 p e r t h e r m a l wat t wi l l co s t about $1000 to $2000 pe r e l e c -
? 38 

t r i c a l wat t . Long- l ived Pu fueled s y s t e m cos t is domina ted 

by the fuel cos t which i s e s t i m a t e d at $500 to $1000 p e r t h e r m a l 

wat t for a s y s t e m cos t of about $5 to 10 mi l l i o n p e r e l e c t r i c a l 
2 38 

k i lowat t . R e c o v e r y and r e u s e of the P u , which s e e m s qui te 

r e a s o n a b l e for m a n n e d a p p l i c a t i o n s , can s igni f icant ly r e d u c e the 

effective c o s t . 

d. Safety 

The SNAP p r o g r a m is d e m o n s t r a t i n g that n u c l e a r safe ty 

need not i m p e d e the u s e of n u c l e a r power m s p a c e . The AEC 

h a s e s t a b l i s h e d an A e r o s p a c e Safety P r o g r a m for the specif ic 

p u r p o s e of developing the technology n e c e s s a r y to m i n i m i z e any 

n u c l e a r safe ty p r o b l e m s . The SNAP s y s t e m s have been des igned 

to m e e t o p e r a t i o n a l f a c t o r y - t o - f l i g h t s equence r e q u i r e m e n t s . In 

g e n e r a l , the n u c l e a r powered SNAP uni t can be t r a n s p o r t e d , 

s t o r e d , i n s t a l l ed , c h e c k e d - o u t , e t c . , without n u c l e a r h a z a r d 

o r p e r s o n n e l e x p o s u r e . 

The u s e of a r e a c t o r powered uni t need not p e r t u r b the 

n o r m a l l aunch o p e r a t i o n s . Dur ing launch, the n o r m a l c h e m i c a l 

exc lus ion r a d i u s i s adequa t e to p r o t e c t launch p e r s o n n e l f r o m 

any un l ike ly n u c l e a r h a z a r d i n t r o d u c e d by a veh ic le mal func t ion 

o r a b o r t . Dur ing the e n t i r e p r e l a u n c h and launch sequence a 

r e a c t o r i s b a s i c a l l y i n e r t and con ta ins a negl ig ib le i nven to ry of 

r a d i o a c t i v i t y . Af ter s t a r t u p and o p e r a t i o n m o r b i t , the s y s t e m 

can be shut down and the a c c u m u l a t e d r a d i o a c t i v i t y wi l l d e c a y to 

a safe l eve l du r ing the r e m a i n i n g t i m e m o r b i t p r i o r to r e e n t r y . 

The e a r l y s m a l l r a d i o i s o t o p e s y s t e m s w e r e des igned for 

r e e n t r y bu rnup and d i s p e r s a l m the uppe r a t m o s p h e r e . As s y s 

t e m s b e c o m e l a r g e r , it is d e s i r a b l e to r e t u r n the i so tope c a p 

su le s in tac t to the e a r t h f r o m low s h o r t - l i v e d o r b i t a l a p p l i c a 

t ions o r f r o m launch a b o r t s . In th i s m a n n e r , the u s e of r a d i o 

i s o t o p e s wi l l not be impeded by a bui ldup m a t m o s p h e r i c con

t a m i n a t i o n . This a p p r o a c h is pos s ib l e with a l p h a - e m i t t i n g 
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i s o t o p e s s ince the e x t e r n a l r ad i a t i on f r o m a con ta ined s o u r c e i s 

a h a z a r d only t h rough extended i n t i m a t e con t ac t . Des igns for 

in tac t r e e n t r y inc lude ab la t ive coa t ings and r e e n t r y b o d i e s . 

After des ign for r e e n t r y s u r v i v a l , the condi t ions i m p o s e d by 

m i s h a n d l i n g or by a launch pad a b o r t a r e not l im i t i ng . 

E . F U T U R E DIRECTION 
2 

The key to i m p r o v e d p e r f o r m a n c e ( w a t t s / l b o r w a t t s / f t ) of 

a l l space power s y s t e m s , including the SNAP u n i t s , i s hea t 

s o u r c e t e m p e r a t u r e . In g e n e r a l , the p e r f o r m a n c e a d v a n c e 

m e n t s wi l l be paced by the ava i l ab i l i t y of the m a t e r i a l s t e c h 

nology r e q u i r e d by a given ope ra t i ng t e m p e r a t u r e . 

In the r e a c t o r , t e m p e r a t u r e and fuel m a t e r i a l s e l ec t ion wil l 

d e t e r m i n e the usefu l power output of the r e a c t o r be fo re f a i l u r e 

due to f i s s ion p r o d u c t induced fuel swel l ing . The fu ture high 

t e m p e r a t u r e r e a c t o r s look t oward UC, ( U - Z r ) C , and UN for the 

fuel and r e f r a c t o r y m e t a l s and a l loys for the c ladd ing . In o r d e r 

to ach ieve m i n i m u m s i z e , t h e s e r e a c t o r s wi l l o p e r a t e with a fas t 

n e u t r o n s p e c t r u m . In g e n e r a l , r e a c t o r s ize and weight and the 

r e s u l t a n t shie ld weight wi l l i n c r e a s e with i n c r e a s i n g o p e r a t i n g 

t e m p e r a t u r e . 

In the r a d i o i s o t o p e hea t s o u r c e s the L a r g e Rad io i so tope Hea t 

Source (LRHS) p r o g r a m is point ing t oward a 2000°F hea t s o u r c e 

with 5 - y e a r l i fe . R e f r a c t o r y a l loys and noble m e t a l oxida t ion 

b a r r i e r s a r e r e q u i r e d . The LRHS ob jec t ives a r e qui te c o m 

pa t ib le with a B r a y t o n cyc le power c o n v e r s i o n s y s t e m which i s 

e s p e c i a l l y advan tageous b e c a u s e of the po ten t i a l of 20% eff ic iency. 

Since the i so tope s y s t e m s wil l be l imi t ed to about 10 kwe by cos t 

and ava i l ab i l i t y of long- l ived a lpha e m i t t e r s , the r e q u i r e d r a d i 

a t o r a r e a does not p r e s e n t a sufficient p r o b l e m to w a r r a n t h ighe r 

t e m p e r a t u r e o p e r a t i o n . In the r e m a i n d e r of the s y s t e m , t e m 

p e r a t u r e and m a t e r i a l s e l ec t ion wil l l imi t life due to c o r r o s i o n , 

c r e e p , sub l ima t ion , e t c . It i s c l e a r tha t t e m p e r a t u r e i s the key 

to i m p r o v e d p e r f o r m a n c e ; h o w e v e r , it m a y be d e t r i m e n t a l to 

s y s t e m life and r e l i a b i l i t y . 
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It should be r e m e m b e r e d that the p r i m e incen t ive for a high 

t e m p e r a t u r e hea t s o u r c e , r e a c t o r o r i s o t o p e , i s to r e d u c e r a d i 

a to r a r e a which i s the m a j o r weight cons t i t uen t m a high power 

s y s t e m . In g e n e r a l , the hea t s o u r c e i t se l f wil l weigh m o r e as 

o p e r a t i n g t e m p e r a t u r e s i n c r e a s e . In the c a s e of l a r g e m a n n e d 

s y s t e m s w h e r e i n the sh ie ld can be about 50% of the s y s t e m weight , 

the p e r f o r m a n c e i m p r o v e m e n t to be ach ieved th rough h ighe r 

t e m p e r a t u r e and thus lower r a d i a t o r a r e a is m o r e difficult to 

jus t i fy than it is for u n m a n n e d s y s t e m s . 

The p e r f o r m a n c e of t h e r m o e l e c t r i c s y s t e m s i m p r o v e s 
2 

r ap id ly with s o u r c e t e m p e r a t u r e . The w a t t s / f t of r a d i a t o r 

a r e a a r e p r o p o r t i o n a l to the fifth power of the s o u r c e t e m 

p e r a t u r e . P b T e IS l im i t ed to about 1200°F, h o w e v e r , SiGe is 

capab le of o p e r a t i o n at t e m p e r a t u r e s up to about 1800°F . The 

low eff iciency d i s a d v a n t a g e of t h e r m o e l e c t r i c s y s t e m s wil l 

p robab ly be offset by the i n h e r e n t r e l i a b i l i t y of s t a t i c power 

c o n v e r s i o n up to the t ens of k i lowat t s power l eve l . 

The p e r f o r m a n c e of the Hg r ank ine c y c l e s i s l imi t ed by the 

p r a c t i c a l working p r e s s u r e l imi t and the t h e r m o d y n a m i c p r o p 

e r t i e s of Hg. The m a j o r i m p r o v e m e n t m rank ine cyc l e s o c c u r s 

with the change m working fluid which un fo r tuna t e ly involves a 

d i s c r e t e t e m p e r a t u r e s tep of about 600 to 8 0 0 ° F to the SNAP 50 

cond i t i ons . In the fu tu re , Hg s y s t e m s wil l p r o b a b l y be u s e d 

beyond t h e i r r eg ion of o p t i m u m s ize b e c a u s e of the m o r e i m m e 

d ia te ava i l ab i l i t y of the lower t e m p e r a t u r e t echnology . Thus , 

l a r g e Hg r ank ine s y s t e m s or m u l t i p l e s m a l l e r s y s t e m s m a y 

wel l be u s e d m the hundred ki lowat t power r a n g e . 

The d i s c r e t e t e m p e r a t u r e app l i cab i l i ty of r a n k m e c y c l e s 

i n t r o d u c e s a s ignif icant a s p e c t of the B r a y t o n c y c l e . The cyc le 

r e q u i r e s a l a r g e r r a d i a t o r a r e a at a given hea t s o u r c e t e m 

p e r a t u r e l imi t , but the cyc le and the m a c h i n e r y a r e p robab ly 

m o r e v e r s a t i l e m accep t ing the i n c r e a s e d hea t s o u r c e t e m p e r a 

t u r e capab i l i ty that t i m e and t echno log ica l i m p r o v e m e n t s wil l 

y ie ld . The po ten t i a l of a m o r e cont inuous p e r f o r m a n c e growth 
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could have a s igni f icant inf luence on l o n g - t e r m r e l i a b i l i t y 

a c h i e v e m e n t . 

A p r o m i s i n g s y s t e m of the fu ture tha t o f fe rs po ten t i a l l y h igh 

p e r f o r m a n c e , 10 Ib /kw, is the r e a c t o r t h e r m i o n i c s y s t e m . Even 

though th is concep t i s be ing s tudied , no s y s t e m deve lopmen t 

p r o g r a m h a s been e s t a b l i s h e d . The p r i m e a p p r o a c h p l a c e s the 

d iodes d i r e c t l y m the c o r e a s an i n t e g r a l s u b a s s e m b l y of the fuel 

e l e m e n t . The n u c l e a r m a t e r i a l o p e r a t e s at the ca thode t e m p e r a 

t u r e of the space c h a r g e n e u t r a l i z e d diode of about 3000°F , while 

the r e m a i n i n g r e a c t o r s t r u c t u r e , con t ro l , coolan t , p u m p s , e t c . , 

o p e r a t e a t the anode t e m p e r a t u r e of about 1500°F . T h e r e have 

b e e n m a n y independen t and g o v e r n m e n t s p o n s o r e d r e s e a r c h ef

fo r t s m the field of t h e r m i o n i c c o n v e r s i o n . The b a s i c p h e n o m e 

non IS r e a s o n a b l y wel l u n d e r s t o o d a s ev idenced by d e m o n s t r a t e d 

c o n v e r s i o n eff ic iency and power dens i ty a c c o m p l i s h m e n t s . The 

p r o b l e m s of m a t e r i a l s se l ec t ion for the e n v i r o n m e n t and for u s e 

ful diode life a r e l e s s wel l u n d e r s t o o d . The technology n e c e s 

s a r y for the s e l ec t ion of a r e a c t o r fuel m a t e r i a l with a p p r o p r i a t e 

p h y s i c a l p r o p e r t i e s and high e n e r g y output capab i l i t y is c u r r e n t l y 

far f r o m the s t a tu s r e q u i r e d to suppor t s e r i o u s s y s t e m des ign 

and d e v e l o p m e n t . 

A p e r f o r m a n c e s u m m a r y of c u r r e n t and fu ture r e a c t o r space 

power s y s t e m s i s shown m F i g u r e 1-2. 

F . C O M P E T I T I V E POSITION 

A p a r t i a l a p p r e c i a t i o n of the c o m p a r i s o n be tween n u c l e a r 

power p lan t s and the a l t e r n a t e e n e r g y s o u r c e s can be d e r i v e d 

f r o m the following f i g u r e s . The se l ec t ion of a power s y s t e m is 

g r e a t l y dependent upon the m i s s i o n r e q u i r e m e n t s and c o n s t r a i n t s . 

T h e s e c o n s i d e r a t i o n s m u s t inc lude an o v e r a l l a s s e s s m e n t of 

weight , a r e a , d r a g , cos t , r e l i a b i l i t y , veh ic l e i n t e g r a t i o n , m i s 

sion i n t e r a c t i o n , s t a t e of the a r t , e t c . The following c o m p a r i 

s o n s , t h e r e f o r e , cannot p rov ide a c o m p l e t e a s s e s s m e n t of the 

c o m p e t i t i v e pos i t ion of n u c l e a r power but can o r i e n t the r e a d e r 
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F i g u r e 1 -3 . C o m p a r i s o n of W e i g h t of S o l a r C e l l a n d N u c l e a r A P U ' s a s a 
F u n c t i o n of P o w e r . ( T h e s o l a r c e l l w e i g h t s do n o t i n c l u d e t h e 

w e i g h t of o r i e n t a t i o n p r o p e l l a n t f o r l o n g d u r a t i o n s . T h e 
n u c l e a r s y s t e m w e i g h t s i n c l u d e s h i e l d i n g f o r e l e c t r o n i c 
p a y l o a d s , 10^2 n v t . S o l a r c e l l d a t a : C h e r r y , W m . R . , 

A s t r o n a u t i c s a n d A e r o s p a c e E n g i n e e r i n g , M a y 1963) 



with r e s p e c t to r e l a t i v e o r c o m p a r a t i v e p e r f o r m a n c e on ind i 

v idual f a c t o r s . 

Rad io i so tope s y s t e m s m the k i lowat t power r a n g e a r e of 

m a j o r i n t e r e s t for extending the l i fe t ime of m a n n e d o r b i t a l 

m i s s i o n s . If one c o m p a r e s the r a d i o i s o t o p e s y s t e m p e r f o r m 

ance of 1 to 2 w a t t s / l b with the b e s t p o s s i b l e fuel ce l l p e r f o r m 

ance of about 1000 w a t t s - h r / l b , it i s a p p a r e n t that the r a d i o 

i so tope s y s t e m wil l have a weight advan tage beyond 500 to 

1000 h o u r s . F i g u r e 1-3 c o m p a r e s the weight of the c u r r e n t 

n u c l e a r power p lan t s with the a p p r o x i m a t e weight of s o l a r c e l l 

s y s t e m s a s a function of p o w e r . R e a c t o r s y s t e m s , sh ie lded for 

m a n n e d a p p l i c a t i o n s , can c o m p e t e with s o l a r s y s t e m s m low-

e a r t h o r b i t w h e r e t h e r e i s a s ignif icant d a r k t i m e and e n e r g y 

s t o r a g e r e q u i r e m e n t a s we l l a s a p r o p e l l a n t r e q u i r e m e n t for 

d r a g c o m p e n s a t i o n . R e a c t o r s y s t e m s a r e a l so advan tageous on 

the lunar su r f ace b e c a u s e of the extended lunar n ight . Since 

weight a lone i s not the c o m p l e t e p i c t u r e . F i g u r e 1-4 c o m p a r e s 

the r e q u i r e d s o l a r c e l l a r e a with the n u c l e a r power p lant 

r a d i a t o r a r e a r e q u i r e m e n t s . It should be r e m e m b e r e d that 

the n u c l e a r power p lant r e q u i r e s no cont inuous o r i e n t a t i o n and 

no e n e r g y s t o r a g e to c o v e r ope ra t i on while m the e a r t h ' s shadow. 

The a r e a c o m p a r i s o n fu r the r f avor s n u c l e a r power when one 

c o n s i d e r s far p lane t o p e r a t i o n s w h e r e the s o l a r i n t ens i ty is 

s igni f icant ly l ower . F r o m a d o l l a r - c o s t point of view, SNAP lOA 

wil l cos t about 1 mi l l i on d o l l a r s which i s compe t i t i ve with an 

equiva lent s o l a r c e l l s y s t e m . At high power l e v e l s , the r e a c t o r 

s y s t e m s wil l have a s ignif icant cos t advan tage ( see F i g u r e 1-5). 

The high cos t of long- l ived a lpha e m i t t e r s t ends to r e s t r i c t 

the u s e of r a d i o i s o t o p e s y s t e m s to low power a p p l i c a t i o n s , high 

cos t and high p r i o r i t y sc ient i f ic m i s s i o n s for which s o l a r c e l l s 

a r e i n a p p r o p r i a t e , and long d u r a t i o n m a n n e d o r b i t a l m i s s i o n s 

w h e r e i n the i so tope cos t can be effect ively r e d u c e d th rough the 

r e t u r n and r e u s e of the i so tope i nven to ry . 
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G. A P P L I C A T I O N S 

As the u t i l i za t ion of space i n c r e a s e s and a s m a n ' s e x p l o r a 

t ion ex tends beyond our own p lane t to the o u t e r r e g i o n s of our 

s o l a r s y s t e m , r e a c t o r power s y s t e m s wil l a s s u m e a r o l e of 

m a j o r i m p o r t a n c e . E x p e r i e n c e on e a r t h h a s c l e a r l y shown tha t 

t e chno log ica l a d v a n c e m e n t a lways r e q u i r e s m o r e p o w e r . Even 

when the power d e m a n d p e r function is r e d u c e d , the n u m b e r of 

funct ions i n c r e a s e s m o r e r a p i d l y with the end r e s u l t of an e v e r 

i n c r e a s i n g t o t a l power r e q u i r e m e n t . This s a m e e x p e r i e n c e wi l l 

be even m o r e val id m space b e c a u s e of the h o s t i l e n a t u r e of the 

e n v i r o n m e n t . Thus , to a l a r g e extent , the ava i l ab i l i t y of l a r g e 

a m o u n t s of r e l i a b l e and long l ived power wi l l c o n t r o l our space 

a s p i r a t i o n s . Some of t h e s e long r a n g e ob jec t ives a r e i l l u s t r a t e d 

m F i g u r e 1-6. F u t u r e c o m m u n i c a t i o n s s a t e l l i t e s b r o a d c a s t i n g 

s e v e r a l channe l s of t e l e v i s i o n d i r e c t l y to the ind iv idua l h o m e 

f r o m a synchronous o r b i t wil l r e q u i r e power l eve l s up to about 

100 kwe with 3 to 5 y e a r s l i f e t i m e . A l a r g e 20 to 40 m a n o r b i t a l 

space s ta t ion wil l p rov ide a b a s e for e a r t h o r i e n t e d s e r v i c e s 

l ike c o m m u n i c a t i o n s , nav iga t i ona l a i d s , m e t e o r o l o g i c a l o b s e r 

v a t i o n s , e t c . , and for s p a c e r e s e a r c h . The power demand of 

such a s ta t ion can r e a d i l y exceed 100 kwe . A p r o b a b l e future 

objec t ive wi l l be the e s t a b l i s h m e n t of a s e m i p e r m a n e n t b a s e on 

the moon . Studies of the r e q u i r e m e n t s and p r o b l e m s of such a 

b a s e a r e a l r e a d y u n d e r w a y and r e v e a l i n g power n e e d s of 100 to 

1000 kwe . Beyond the moon , the exp lo ra t i on of M a r s wil l p r o b 

ably be a c c o m p l i s h e d be fo re the end of th i s c e n t u r y . The power 

s y s t e m wi l l have to u s e a n u c l e a r s o u r c e and l i f e t ime and r e l i 

ab i l i ty wi l l be an e x t r e m e l y demanding r e q u i r e m e n t . M i s s i o n s 

beyond M a r s wi l l u s e e l e c t r i c p r o p u l s i o n which is only f eas ib l e 

with high t e m p e r a t u r e and long l ived n u c l e a r power s u p p l i e s . 

In conc lus ion , the " s p a c e a g e " wi l l r e l y heav i ly on the fu ture 

app l ica t ion of p r o d u c t s of the " a t o m i c a g e . " 
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CHAPTER II 

\ REACTOR SPACE POWER SYSTEMS 

I. THE REACTOR HEAT SOURCE 

A. NUC LEAR FISSION 

a. F i s s i o n P r o c e s s 

F r o m the point of view of the u t i l i z a t ion of n u c l e a r ene rgy , 

the i m p o r t a n c e of f i s s ion l i e s m two f a c t s . F i r s t , the p r o c e s s 

IS a s s o c i a t e d with the r e l e a s e of c o n s i d e r a b l e a m o u n t s of ene rgy , 

and second , the r e a c t i o n in i t i a t ed by n e u t r o n s i s a l s o a c c o m 

pan ied by the l i b e r a t i o n of n e u t r o n s . It i s thus p o s s i b l e , u n d e r 

p r o p e r cond i t ions , for the p r o c e s s to be s e l f - s u s t a i n i n g and for 

e n e r g y to be g e n e r a t e d con t inuous ly , once the f i s s ion r e a c t i o n 

h a s been s t a r t e d . 

In the f i s s ion p r o c e s s the nuc leus a b s o r b s a n e u t r o n and the 

r e s u l t i n g compound nuc l eus i s so u n s t a b l e tha t it i m m e d i a t e l y 

b r e a k s up into two p a r t s of m o r e o r l e s s equal m a s s , ca l l ed 

f i s s ion f r a g m e n t s . Most of the f r a g m e n t s a r e r a d i o a c t i v e , d e 

caying at d i f fe ren t r a t e s , with the e m i s s i o n of nega t i ve be ta p a r 

t i c l e s and g a m m a r ad i a t i on , to f o r m p r o d u c t s which a r e t h e m -
235 

s e l v e s u s u a l l y r a d i o a c t i v e . In the f i ss ion of U , for e x a m p l e , 

t h e r e a r e f o r m e d m o r e than 80 p r i m a r y p r o d u c t s , with m a s s 

n u m b e r s r ang ing f r o m 72 to 160. E a c h of t h e s e u n d e r g o e s , on 

the a v e r a g e , t h r e e s t a g e s of r a d i o a c t i v e decay be fo re being con

v e r t e d into a s tab le n u c l e u s . As a r e s u l t , t h e r e a r e ove r 200 

r a d i o a c t i v e i so topes of 30 o r m o r e di f ferent e l e m e n t s p r e s e n t 

a m o n g the f i s s ion p r o d u c t s af ter a s h o r t t i m e . 

N u c l e a r f i s s ion a s a r e s u l t of neu t ron c a p t u r e o c c u r s only 

with the h e a v i e s t e l e m e n t s . W h e r e a s c e r t a i n i s o t o p e s , no tab ly 
233 235 239 

U , U , and Pu u n d e r g o f i s s ion with t h e r m a l ( l ow-ene rgy ) 
n e u t r o n s a s we l l a s wi th fas t ( h i g h - e n e r g y ) n e u t r o n s , o t h e r s , 

232 2 38 
such a s Th and U r e q u i r e fas t n e u t r o n s to c a u s e f i s s ion . 
In g e n e r a l , the c r o s s sec t ion (neu t ron c a p t u r e p robab i l i t y ) is 
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l a r g e s t for t h e r m a l n e u t r o n s , it then d e c r e a s e s with i n c r e a s i n g 

n e u t r o n ene rgy , a c c o r d i n g to (veloci ty) , and b e c o m e s r e l a 

t ive ly s m a l l for fas t n e u t r o n s . 

b . R e l e a s e of N e u t r o n s 

Most of the n u c l e a r f r a g m e n t s f o r m e d when f i s s ion o c c u r s 

have too m a n y n e u t r o n s for s tab i l i ty , and so t h e r e i s a t endency 

for s o m e of t h e m to expel n e u t r o n s a l m o s t i n s t a n t a n e o u s l y . 

These a r e the n e u t r o n s which a p p e a r to a c c o m p a n y the f i s s ion 

p r o c e s s . The a v e r a g e n u m b e r , v, of n e u t r o n s l i b e r a t e d for e ach 
o o c ? "̂  '̂  

t h e r m a l n e u t r o n a b s o r b e d m a f i s s ion r e a c t i o n by U , U , 
239 

and Pu IS given m Table I I - 1 . It wil l be noted that the a v e r 

age n u m b e r s of n e u t r o n s l i b e r a t e d a r e not i n t e g e r s . Al though 

the n u m b e r of n e u t r o n s expel led m any indiv idual ac t of f i s s ion 

m u s t be i n t e g r a l , the a v e r a g e o v e r a l a r g e n u m b e r of f i s s ions 

i s not n e c e s s a r i l y a whole n u m b e r . A typ ica l d i s t r i b u t i o n of the 
235 n u m b e r of n e u t r o n s p e r f i ss ion of U is shown m F i g u r e I I - 1 . 

The n e u t r o n s emi t t ed a s a r e s u l t of the f i ss ion p r o c e s s can 

be divided into two c a t e g o r i e s , n a m e l y p r o m p t n e u t r o n s and d e 

layed n e u t r o n s . The p r o m p t n e u t r o n s , which cons t i t u t e ove r 

99% of the f i s s ion n e u t r o n s , a r e r e l e a s e d wi thm an e x t r e m e l y 
- 14 s h o r t i n t e r v a l of t i m e , p r o b a b l y about 10 sec (or l e s s ) , of 

the i n s t an t of f i s s ion . The e n e r g y of t h e s e n e u t r o n s c o v e r s a 

c o n s i d e r a b l e r a n g e , f r o m ove r 10 Mev down to quite s m a l l 

TABLE I I -1 

AVERAGE NUMBER O F NEUTRONS LIBERATED P E R 
T H E R M A L NEUTRON ABSORBED IN FISSION 

Fissionable Nucleus 

^233 

U " 5 

P u " 9 

Number of Neutrons 
{V) 

2.41 ± 0.03 

2.51 ± 0.03 

2.91 ± 0.04 
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F i g u r e I I - 1 . Neu t ron Yield f r o m the F i s s i o n i n g 
of U235_ (Even though the n u m b e r of 
n e u t r o n s f rom any one f i s s ion event 

i s an i n t e g e r , the a v e r a g e ove r a 
l a r g e n u m b e r is not . ) 

v a l u e s ; the a v e r a g e e n e r g y of the p r o m p t n e u t r o n s is about 
235 2 Mev. The e n e r g y d i s t r i bu t i on for U f i s s ion n e u t r o n s i s 

shown in F i g u r e I I - 2 . The e n e r g y of the p r o m p t f i s s ion n e u t r o n s 

i s an ins igni f ican t f r ac t ion of the to t a l f i s s ion e n e r g y . However , 

the n e u t r o n e n e r g y is v e r y s ignif icant to the subsequen t f i s s ion 

tha t a n e u t r o n can induce . In a " f a s t " r e a c t o r the p r o m p t n e u 

t r o n s a r e u t i l i zed n e a r t he i r e n e r g y of o r i g i n . In the " t h e r m a l 

r e a c t o r " the n e u t r o n s m u s t be s lowed down f rom m i l l i o n s of 

e l e c t r o n vol ts to e n e r g i e s l e s s than 1/10 of an e l e c t r o n volt 

be fo re they can en t e r into a subsequen t f i s s ion event . It wi l l 

be s een l a t e r tha t t h i s n e u t r o n s lowing-down p r o c e s s h a s a 

s t rong inf luence on the s i ze and compos i t i on of a t h e r m a l 

r e a c t o r . 

The de layed n e u t r o n s , as t h e i r n a m e i m p l i e s , a r e e m i t t e d 

ove r a pe r i od of a few seconds to m i n u t e s , the i n t ens i t y fal l ing 

off r a p i d l y with t i m e . The de layed n e u t r o n s accompany ing f i s 

sion fal l into un ique g roups a c c o r d i n g to c h a r a c t e r i s t i c de lay 

t i m e s . The r a t e of d e c a y of the i n t ens i t y in each d e l a y e d - n e u t r o n 
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F i g u r e I I - 2 . E n e r g y Di s t r i bu t ion of P r o m p t 
F i s s i o n N e u t r o n s 

g r o u p is exponen t i a l , a s it is for r a d i o a c t i v e decay . B e c a u s e 

the de layed n e u t r o n s a r e a r e s u l t of n u c l e a r decay of f i ss ion 

f r a g m e n t s , they fall into the s a m e g roups for dif ferent f i s 

s ioning n u c l e i . The s ix g e n e r a l l y a c c e p t e d de layed neu t ron 

g roups have half l ives of 54, 22, 5.6, 2 .12, 0 .45, and 0,15 s e c . 

In a t i m e p e r i o d equal to one ha l f - l i f e , one-ha l f of the n e u t r o n s 

r e m a i n i n g a t the s t a r t of tha t p e r i o d a r e e m i t t e d . The f rac t ion 

of de layed n e u t r o n s i s a function of the f i s s ion ing nuc leus and 

IS 0 .3 , 0 .75, and 0.23% for U^^^, U^^^, and Pu^^"^, r e s p e c 

t ive ly . The e n e r g y of the de layed n e u t r o n s fa l ls m the r eg ion 

of 0.25 to 0.6 Mev. F i g u r e I I -3 shows the f rac t ion of f i s s ion 
235 n e u t r o n s r e m a i n i n g to be e m i t t e d as a function of t i m e for U 

The de layed n e u t r o n s have an i m p o r t a n t b e a r i n g on the t i m e -

dependent b e h a v i o r of n u c l e a r r e a c t o r s . W e r e it not for t h e s e 

n e u t r o n s , the safe c o n t r o l of n u c l e a r r e a c t o r s would be m u c h 

m o r e difficult than it i s . 
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TIME AFTER FISSION (seconds) 

7-S7-192-11 

F i g u r e I I - 3 . T i m e Dependence of Neu t ron E m i s s i o n f r o m 
F i s s i o n i n g of U235 . (The fact that 3 /4 of 1% of the 

U235 f i s s ion n e u t r o n s a r e de layed by a 
s igni f icant t i m e g r e a t l y s impl i f i e s 

r e a c t o r c o n t r o l . ) 

c . F i s s i o n E n e r g y 

The f i s s ion p r o c e s s i s r e m a r k a b l e for the magn i tude of the 

e n e r g y r e l e a s e d ; i t i s about 200 Mev for each nuc l eus unde rgo ing 

f i s s ion , which m a y be c o m p a r e d with a few e l e c t r o n vol ts for 

e ach a t o m r e a c t i n g in c h e m i c a l p r o c e s s e s , such a s the c o m 

bus t ion of coa l or o i l , o r up to 20 Mev for nonf i s s ion n u c l e a r 

r e a c t i o n s . The l a r g e e n e r g y r e l e a s e in f i s s ion i s a s s o c i a t e d 

with the fact that the p r o d u c t s of the r e a c t i o n have an a p p r e c i 

ab ly s m a l l e r t o t a l m a s s than tha t of the nuc l eus unde rgo ing f i s 

sion p lus the n e u t r o n caus ing f i s s ion . B e c a u s e of the equ iva lence 

of m a s s and ene rgy , the c o n s i d e r a b l e d e c r e a s e in m a s s in the 

f i s s ion r e a c t i o n m u s t be a c c o m p a n i e d by the l i b e r a t i o n of a 

l a r g e amoun t of e n e r g y . 
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The r e l a t i o n s h i p be tween e n e r g y E and the equiva len t m a s s 

m IS given by the E m s t e m equat ion 

„ 2 
E = m c , 

w h e r e c i s the ve loc i ty of l ight . If m i s m g r a m s , and c m 

c m / s e c , I . e . , 3 x 1 0 c m / s e c , then E wi l l be m e r g s . F o r 

the p r e s e n t p u r p o s e it i s m o r e usefu l to e x p r e s s m m a t o m i c 

m a s s u n i t s , the equat ion then b e c o m e s 

_ 3 
E ( e r g s ) = m ( a m u ) x 1.49 x 10 

1 Mev = 1.60 x 10 e r g , and so the e n e r g y equiva len t is ex

p r e s s e d m Mev by 

E(Mev) = m ( a m u ) x 931 . 

The m a g n i t u d e of the e n e r g y r e l e a s e d m n u c l e a r f i s s ion 
235 wil l be e s t i m a t e d for the f i s s ion of U , m a k i n g the s impl i fy ing 

a s s u m p t i o n tha t the p r o d u c t s a r e nuc le i with m a s s n u m b e r 9 5 

and 139, s ince t h e s e a r e known to be obta ined m g r e a t e s t amoun t . 

In o r d e r to ba l ance the m a s s n u m b e r s , it is evident that two 

f i s s ion n e u t r o n s a r e l i b e r a t e d m th i s c a s e , a s m a y be seen 

f r o m the following equation 

U235 , , l _ x 9 5 + Y 1 3 9 , 2nl , 

The n e u t r o n on the left is the one which i n i t i a t e s f i s s ion , and the 

two on the r igh t a r e f o rmed a s a r e s u l t of f i s s ion . 

235 The m a s s of the U a tom is known to be 235.124 a m u , 

w h e r e a s that of the neu t ron is 1.00897 a m u , which m a y be a p 

p r o x i m a t e d to 1.009 for the p r e s e n t p u r p o s e . By c o m p a r i s o n 

with known s tab le s p e c i e s , the m a s s e s of the two f i s s ion p r o d 

u c t s pos tu l a t ed above wil l be 94.945 and 138.955 a m u , r e s p e c 

t ive ly . Hence the following ba l ance shee t of the m a s s e s be fore 

and af te r f i s s ion m a y be d rawn up . 
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M a s s e s Befo re F i s s i o n M a s s e s After F i s s i o n 

U^^^ 235.124 M a s s n u m b e r - 9 5 94.945 

1 n e u t r o n 1.009 M a s s n u m b e r - 1 3 9 138.955 

Tota l 236.133 2 n e u t r o n s 2.018 

To ta l 235.918 

M a s s c o n v e r t e d into e n e r g y = 236.133 - 235.918 = 0 . 2 1 5 a m u . 

As s een above , 1 a m u i s equ iva len t to 931 Mev, and so the e n e r g y 

r e l e a s e d p e r f i s s ion i s given by 

E n e r g y r e l e a s e d p e r f i s s ion = (0.215)(931) = 198 Mev. 

Al though th i s ca l cu l a t i on was m a d e for one p a r t i c u l a r m o d e 

of f i s s ion , it m a y be r e g a r d e d a s quite t y p i c a l . While t h e r e 

a r e s l ight v a r i a t i o n s f r o m one m o d e to a n o t h e r , it a p p e a r s , on 

the whole , tha t an e s t i m a t e of about 200 Mev of e n e r g y r e l e a s e d 
235 

p e r U nuc l eus u n d e r g o i n g f i s s ion i s s a t i s f a c t o r y . The s a m e 
233 

va lue m a y a l s o be t aken a s applying to the f i s s ion of U and 
P u " 9 . 

d. E n e r g y D i s t r i bu t i on 

The m a j o r p r o p o r t i o n — o v e r 80% — of the e n e r g y of f i s s ion 

a p p e a r s a s k ine t i c e n e r g y of the f i s s ion f r a g m e n t s , and th i s 

i m m e d i a t e l y m a n i f e s t s i t se l f a s hea t w i thm l e s s than 0.01 m m 

of the point of f i s s ion . P a r t of the r e m a i n i n g 20% o r so i s 

l i b e r a t e d m the f o r m of i n s t a n t a n e o u s g a m m a r a y s and a s k ine t i c 

e n e r g y of the f i s s ion n e u t r o n s . The r e s t i s r e l e a s e d g r a d u a l l y 

a s e n e r g y c a r r i e d by the be ta p a r t i c l e s and g a m m a r a y s e m i t t e d 

by the r a d i o a c t i v e f i s s ion p r o d u c t s a s they d e c a y o v e r a p e r i o d 

of t i m e . 

The a p p r o x i m a t e d i s t r i bu t i on of the f i s s ion ene rgy , which 

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

s ionab le s p e c i e s , i s given m Tab le I I - 2 . Of the hea t l i b e r a t e d 

i n s t a n t a n e o u s l y , about 90%, i . e . , 168 Mev, wi l l be p r o d u c e d 

a t (or n e a r ) the point of f i s s ion , and only 17 Mev e l s e w h e r e . 
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T A B L E I I -2 

LIBERATION O F HEAT DUE TO FISSION 

I n s t a n t a n e o u s Mev 

E n e r g y of f i ss ion f r a g m e n t s 168 

E n e r g y of f i s s ion n e u t r o n s 5 

I n s t a n t a n e o u s g a m m a r a y s 5 

C a p t u r e g a m m a r a y s 7 

185 

Delayed 

Beta p a r t i c l e s f rom f i ss ion p r o d u c t s 7 

G a m m a r a y s f rom f i ss ion p r o d u c t s 6 

Radia t ion f rom c a p t u r e p r o d u c t s 2 

15 

But of the de layed hea t , the two a m o u n t s a r e a p p r o x i m a t e l y 

equal , i . e . , about 7 Mev a t the p lace w h e r e f i s s ion o c c u r s 

and 8 Mev a t a d i s t a n c e . 

e . E n e r g y Equ iva l en t s 

In o r d e r to c o n v e r t the f i s s ion e n e r g y into p r a c t i c a l u n i t s , 
13 i t should be r e c a l l e d tha t 1 Mev i s equal to 1.60 x 10 w a t t - s e c . 

Hence the t o t a l e n e r g y (200 Mev) ava i l ab l e p e r f i s s ion is about 

3.2 x 10 w a t t - s e c , so tha t i t r e q u i r e s 3.1 x 10 f i s s ions to 

r e l e a s e 1 w a t t - s e c of e n e r g y . In o the r w o r d s , f i s s ions a t the 

r a t e of 3.1 x 10 p e r sec p r o d u c e 1 wat t of p o w e r , p rov ided 

the r e a c t o r h a s been o p e r a t i n g for s o m e t i m e . 

One g r a m a t o m of an e l e m e n t , i . e . , the a t o mic weight 

e x p r e s s e d in g r a m s , of any e l e m e n t , con ta ins Avogardo n u m b e r 
23 of ind iv idua l nuc l e i (6.02 x 10 ); if a l l of t h e s e u n d e r g o f i s s ion , 

23 - 11 
the e n e r g y l i b e r a t e d would be (6.02 x 10 ) t i m e s (3.2 x 10 ) 

1 3 (\ 

= 1.9 x 10 w a t t - s e c , o r 5.3 x 10 kwh. This i s the amount of 

h e a t that would be r e l e a s e d by the c o m p l e t e f i s s ion of 233 g r a m s 

of U , o r 235 g r a m s of U , o r 239 g r a m s of P u . Neg

lec t ing the r e l a t i v e l y s m a l l d i f f e r ences be tween t h e s e we igh t s , 
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the r e s u l t s m Table I I - 3 m a y be r e g a r d e d as applying to the hea t 

p r o d u c e d by the f i s s ion of 1 lb of any of t h e s e m a t e r i a l s . One 

pound of u r a n i u m is a cube which is 1.1 m . on a s i d e . A usefu l 

fact to r e m e m b e r i s that the power p roduc t i on c o r r e s p o n d i n g to 

the f i s s ion of 1 g r a m of m a t e r i a l p e r day would be roughly 10 

wa t t s o r 1 Mw. 

TABLE I I -3 

HEAT LIBERATED BY 1 lb O F 
FISSIONABLE M A T E R I A L 

0.9 x 10^^ ca l 

1.0 X 10^ kwh 

2.8 X 10^^ f t - lb 

3.6 X 10^° Btu 

B . THE CHAIN-REACTION 

a. Condi t ions for S e l f - S u s t a m m g 

If a cha in r e a c t i o n i s to be m a i n t a i n e d , the m i n i m u m condi 

t ion IS tha t for e ach nuc l eus cap tu r ing a n e u t r o n and u n d e r g o i n g 

f i s s ion t h e r e sha l l be p roduced , on the a v e r a g e , at l e a s t one 

n e u t r o n which c a u s e s the f i ss ion of ano the r n u c l e u s . This cond i 

t ion can convenien t ly be e x p r e s s e d m t e r m s of a mu l t i p l i c a t i on 

fac to r o r r e p r o d u c t i o n f ac to r , defined a s the r a t i o of the n u m b e r 

of n e u t r o n s of any one gene ra t i on to the n u m b e r of c o r r e s p o n d i n g 

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

p l i ca t ion f ac to r , r e p r e s e n t e d by k, i s exac t ly equal to o r s l ight ly 

g r e a t e r than uni ty , a chain r e a c t i o n wi l l be p o s s i b l e . But if k i s 

l e s s than uni ty , even by a v e r y s m a l l amoun t , the chain cannot 

be m a i n t a i n e d . 

Suppose , for e x a m p l e , a p a r t i c u l a r g e n e r a t i o n s t a r t s with 

100 n e u t r o n s , if the mu l t i p l i c a t i on fac to r is un i ty , t h e r e wi l l be 

100 c o r r e s p o n d i n g n e u t r o n s at the beginning of the second g e n e r 

a t ion , 100 a t the t h i r d , and so on. Once it h a s s t a r t e d , the 
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f i s s ion wil l cont inue at the s a m e r a t e . F o r p r a c t i c a l p u r p o s e s , 

h o w e v e r , it i s n e c e s s a r y that k be capab le of exceed ing uni ty , 

if power p roduc t ion i s to be a p p r e c i a b l e . The s i m p l e s t way m 

which a r e q u i r e d power leve l can be a t t a ined is for the m u l t i p l i 

ca t ion fac tor to exceed unity, the n u m b e r of n e u t r o n s p r e s e n t 

and, h e n c e , the f i ss ion r a t e wil l then i n c r e a s e un t i l the d e s i r e d 

r a t e i s r e a c h e d . 

b . Neu t ron Ba lance 

The magn i tude of the mu l t i p l i ca t ion fac to r m any s y s t e m 

conta in ing f i s s ionab le m a t e r i a l depends on the r e l a t i v e ex ten t s 

to which the n e u t r o n s take p a r t m four m a m p r o c e s s e s . These 

a r e (1) c o m p l e t e lo s s o r e s c a p e of n e u t r o n s f r o m the s y s t e m , 

g e n e r a l l y r e f e r r e d to as l eakage , (2) nonf i ss ion c a p t u r e by the 

fuel, (3) nonf i ss ion c a p t u r e , s o m e t i m e s ca l l ed p a r a s i t i c c a p t u r e , 

by the v a r i o u s e x t r a n e o u s s u b s t a n c e s ( "po i sons" ) such a s s t r u c 

t u r a l m a t e r i a l s , coolant , f i ss ion p r o d u c t s , and i m p u r i t i e s m the 

u r a n i u m , and finally (4) f i s s ion c a p t u r e of slow o r of fas t neu 

t r o n s by the fuel. 

In each of t h e s e four p r o c e s s e s n e u t r o n s a r e r e m o v e d f r o m 

the s y s t e m , but m the four th p r o c e s s , i . e . , m the f i ss ion r e a c 

t ion, o t h e r n e u t r o n s a r e g e n e r a t e d to r e p l a c e t h e m . Hence , if 

the n u m b e r of n e u t r o n s p roduced in the l a t t e r p r o c e s s is j u s t 

equal to (or exceeds ) the to t a l n u m b e r los t by e s c a p e and by 

f i s s ion and nonf iss ion c a p t u r e , the mu l t i p l i ca t ion fac tor wil l 

equal (or e x c e e d ) u n i t y and a chain r eac t i on should be p o s s i b l e . 

An i l l u s t r a t i o n of the type of neu t ron ba l ance that m igh t 

ex i s t m a s y s t e m for which the mu l t i p l i c a t i on fac tor is exac t ly 

un i ty IS dep ic ted be low. It i s a s s u m e d that f i s s ion r e s u l t s only 

f r o m the c a p t u r e of slow n e u t r o n s , and it is supposed , for 

s imp l i c i t y , tha t exac t ly two n e u t r o n s a r e p roduced , on the 

a v e r a g e , m each f i ss ion p r o c e s s . 
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235 100 slow n e u t r o n s a b s o r b e d by U to c a u s e f i s s ion 

200 f i ss ion n e u t r o n s 

I—- 60 leak out dur ing slowing down 

140 n e u t r o n s s lowed down 

I—• 10 leak out a s slow n e u t r o n s 

130 slow n e u t r o n s ava i l ab l e for a b s o r p t i o n 

I—• 30 a b s o r b e d by m o d e r a t o r , s t r u c t u r e , p o i s o n s , e t c . 
235 100 slow n e u t r o n s ( abso rbed by U to c a u s e f i s s ion) 

Since 100 slow n e u t r o n s a r e a b s o r b e d m f i s s ion p r o c e s s e s 

a t the beginning , and 100 a r e ava i l ab l e for s i m i l a r a b s o r p t i o n 

a t the end of the g e n e r a t i o n , the condi t ions for a s e l f - s u s t a i n i n g 

chain a r e sa t i s f i ed . 

c . Mul t ip l ica t ion F a c t o r for T h e r m a l R e a c t o r s 

F o r the p r e s e n t , m o r d e r to avoid the p r o b l e m of the lo s s 

of n e u t r o n s by l e akage , it wil l be pos tu l a t ed that the mul t ip ly ing 

s y s t e m i s infini te m ex ten t . Suppose tha t , at a given in s t an t 

r e p r e s e n t i n g the in i t ia t ion of a g e n e r a t i o n , t h e r e a r e ava i l ab l e 

n t h e r m a l n e u t r o n s which a r e c a p t u r e d m fuel . Let 77 be the 

a v e r a g e n u m b e r of fas t f i ss ion n e u t r o n s emi t t ed as a r e s u l t of 

the c a p t u r e of one t h e r m a l neu t ron in fuel m a t e r i a l . Then, due 

to the a b s o r p t i o n of the n t h e r m a l n e u t r o n s mj fas t n e u t r o n s 

wi l l be p r o d u c e d . It should be noted that s ince the n e u t r o n s 

c a p t u r e d m fuel do not a l l n e c e s s a r i l y lead to f i s s ion , the value 

of 17 d i f fe r s , m g e n e r a l , f rom the a v e r a g e n u m b e r ( see Table I I -1) 

of fas t n e u t r o n s r e l e a s e d p e r slow neu t ron f i s s ion . If the l a t t e r 

n u m b e r i s r e p r e s e n t e d by v, then 

a^ + a 
f c 

w h e r e 0% is the m a c r o s c o p i c c r o s s sec t ion for slow neu t ron f i s 
s ion, and O" IS the c r o s s sec t ion for a b s o r p t i o n of t h e r m a l n e u -

' c '^ 
t r o n s by nonf i ss ion p r o c e s s e s m the fuel m a t e r i a l ( see Table I I -4) 
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TABLE 11-4 

THERMAL NEUTRON CROSS SECTIONS 

F u e l 

U " 3 

^ 2 3 5 

P u " ' ^ 

C r o s s Sec t ions 
( B a r n s ) 

F i s s i o n 

^f 

532 

579 

740 

Rad ia t ive 
C a p t u r e 

'^c 

59 

118 

285 

A b s o r p t i o n 
o- - (T + O-

a f c 

591 

697 

1025 

Neu t ron Yield 

P e r 
F i s s i o n 

V 

2.51 

2.47 

2.91 

P e r 
Abso rp t ion 

2.29 

2.07 

2.09 

Be fo re the nT^ fas t n e u t r o n s have slowed down a p p r e c i a b l y 

s o m e wi l l be c a p t u r e d by, and c a u s e f i s s ion of, the fuel . Since 

m o r e than one n e u t r o n i s p r o d u c e d on the a v e r a g e m each f i s s ion , 

t h e r e wi l l be an i n c r e a s e m the n u m b e r of fas t n e u t r o n s a v a i l a b l e . 

Al lowance for th i s effect m a y be m a d e by in t roduc ing the fas t 

f i s s ion fac tor denoted by e, and defined a s the r a t i o of the t o t a l 

n u m b e r of fas t n e u t r o n s p roduced by f i s s ions due to n e u t r o n s of 

a l l e n e r g i e s to the n u m b e r r e s u l t i n g f rom t h e r m a l - n e u t r o n 

f i s s i o n s . 

n u m b e r of n e u t r o n s p r o d u c e d by a l l f i s s i ons 
n u m b e r of n e u t r o n s p roduced by t h e r m a l f i s s ions 

Consequen t ly , a s a r e s u l t of the c a p t u r e of n t h e r m a l neutron^; 

m fuel , m j e fas t n e u t r o n s wil l be f o r m e d . 

As a r e s u l t of c o l l i s i o n s , m a i n l y e l a s t i c , with the m o d e r a t o r , 

the fas t n e u t r o n s wi l l u l t i m a t e l y be s lowed down o r t h e r m a l i z e d . 

Howeve r , du r ing the slowing down p r o c e s s s o m e of the n e u t r o n s 

a r e c a p t u r e d m nonf iss ion p r o c e s s e s , so tha t not a l l of the ni^e 

fas t n e u t r o n s r e a c h t h e r m a l e n e r g i e s . The f r ac t ion of the fas t 

( f iss ion) n e u t r o n s which e s c a p e c a p t u r e while being slowed down 

IS ca l l ed the r e s o n a n c e e s c a p e p robab i l i t y , and is r e p r e s e n t e d 

by p . 
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number of neutrons which escape capture during slowing do 
total number of fast neutrons produced 

Consequently, the number of neutrons which become thermalized 

IS m j e p . 

When the energy of the neutrons has been reduced to the 

thermal region, they will diffuse for some time, the energy 

distribution remaining essentially constant until they are ulti

mately absorbed by fuel, moderator, or such poisons as may 

be present. Of the thermal neutrons, therefore, a fraction f, 

called the thermal utilization, will be absorbed m fuel material; 

the value of f is represented by 

^ _ thermal neutrons absorbed m fuel 
total thermal neutrons absorbed ' 

where the denominator is the total number of thermal neutrons 

absorbed by fuel, moderator, and other materials present m the 

reactor. The number of thermal neutrons captured m fuel is 

consequently mjepf. 

For the present purpose, since the multiplication factor 

may be defined as the ratio of the total number of thermal neu

trons absorbed, on the average, m one generation to the number 

of thermal neutrons absorbed m the preceding generation, on 

the average, m an infinite medium, it follows that 

k = = Tiepf , 
OO n I ir ? 

where 

k - infinite medium multiplication factor 
OO 

77 " neutron yield per fuel capture 

6 = fast effect factor 

p = resonance escape probability 

f = thermal utilization. 
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This r e s u l t i s s o m e t i m e s r e f e r r e d to a s the four fac to r f o r m u l a . 

As s een above , the condi t ion for a s e l f - s u s t a i n i n g cha in r e a c t i o n 

in a s y s t e m i s tha t the mu l t i p l i ca t ion fac tor should be uni ty; the 

c r i t e r i o n for an infini te s y s t e m i s , t h e r e f o r e , tha t ''jepf = 1. The 

n e u t r o n economy of an infini te m e d i u m i s s u m m a r i z e d in the 

d i a g r a m of F i g u r e I I - 4 . 

ONE 

NEUTRON ABSORBED 
INU235 

FISSIONS OCCUR 

'̂ c+'̂ f 
FISSION NEUTRONS 

PRODUCED 

FAST NEUTRONS FROM 
ALL SOURCES 

NEUTRONS REMAIN 
AFTER SLOWING DOWN 

'Jepf 
NEUTRONS ABSORBED 

IN U235 

a-c o-f 

ATOMS OF U 
FORMED 

236 

2 FISSION PRODUCTS, 
HEAT, ANDy RADI
ATION PRODUCED 

NEUTRONS PRODUCED 
BY FAST FISSIONS 

NEUTRONS ABSORBED 
WHILE SLOWING DOWN 

(l-f)T7ep 
NEUTRONS ABSORBED 

IN STRUCTURE, 
COOLANT, MOD
ERATOR, ETC 
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In the c a s e of a r e a c t o r m which the fuel m a t e r i a l con ta ins 
O -3 C "? "^R 

only U and no U , both the fas t f i s s ion f ac to r , e, and the 

r e s o n a n c e e s c a p e p robab i l i t y , p , wi l l be v i r t u a l l y un i ty . Such 

a r e a c t o r can be m a d e c r i t i c a l with a s m a l l p r o p o r t i o n of fuel 

r e l a t i v e to m o d e r a t o r . In t h e s e c i r c u m s t a n c e s , 

235 k = -qi (U system) . 

d. Leakage of N e u t r o n s 

F o r a r e a c t o r of finite s ize the condi t ion that the infinite 

m e d i u m m u l t i p l i c a t i o n fac to r should be uni ty is no longer a d e -

r u a t e for a s e l f - s u s t a i n i n g chain r e a c t i o n . It i s r e q u i r e d , m a 

finite s y s t e m , that for e v e r y t h e r m a l neu t ron a b s o r b e d m fuel 

t h e r e sha l l be p r o d u c e d , on the a v e r a g e , one t h e r m a l n e u t r o n 

m addi t ion to t hose los t by l eakage f r o m the r e a c t o r . If P i s 

the t o t a l non leakage p robab i l i t y , i . e . , the p r o b a b i l i t y tha t a 

n e u t r o n wi l l not e s c a p e e i t he r du r ing the s lowing down p r o c e s s 

o r whi le it diffuses a s a t h e r m a l n e u t r o n , then the condi t ion for 

a cha in r e a c t i o n to be m a i n t a i n e d is 

k P = 1 . 
CO 

w h e r e 

P = P P 
f t 

Pp = fast neu t ron non leakage p r o b a b i l i t y 

P = slow n e u t r o n non leakage p r o b a b i l i t y . 

Only for the infini te s y s t e m i s the non leakage p r o b a b i l i t y uni ty , 
and then k = 1 , s a t i s f i e s the condi t ion for the chain r e a c t i o n . 

cx> ' 

F o r a finite r e a c t o r , P i s l e s s than uni ty , and hence the infini te 

mu l t i p l i c a t i on fac to r m u s t exceed uni ty if the n u c l e a r chain r e a c 

t ion IS to be m a i n t a i n e d . 

The p r o p o r t i o n of n e u t r o n s los t by e s c a p e f r o m a finite r e 

a c t o r can be d i m i n i s h e d by i n c r e a s i n g the s i ze of the s y s t e m . 

The e s c a p e of n e u t r o n s o c c u r s at the e x t e r i o r , but a b s o r p t i o n , 

59 



l e a d i n g to f i s s i o n a n d n e u t r o n p r o d u c t i o n , o c c u r s t h r o u g h o u t t h e 

w h o l e of t h e i n t e r i o r of t h e r e a c t o r . T h e n u m b e r of n e u t r o n s 

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

t h e n u m b e r f o r m e d i s d e t e r m i n e d b y t h e v o l u m e . To m i n i m i z e 

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

a b i l i t y , i t IS n e c e s s a r y t o d e c r e a s e t h e r a t i o of a r e a to v o l u m e , 

t h i s c a n b e d o n e b y i n c r e a s i n g t h e s i z e of t h e r e a c t o r . T h e 

c r i t i c a l s i z e i s t h a t f o r w h i c h t h e n o n l e a k a g e p r o b a b i l i t y P i s 

s u c h t h a t k P i s l u s t e q u a l t o u n i t y . S i n c e t h e a r e a - t o - v o l u m e 

r a t i o d e p e n d s on t h e g e o m e t r i c a l s h a p e , t h e n o n l e a k a g e p r o b 

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

g i v e n v o l u m e , a s p h e r e h a s t h e s m a l l e s t r a t i o of a r e a to v o l u m e , 

h e n c e , l e a k a g e f r o m a s p h e r i c a l r e a c t o r w i l l b e l e s s t h a n f o r 

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

c o n s e q u e n t l y a l s o b e l e s s . 

A s i n d i c a t e d a b o v e , t h e v a l u e of k i s d e t e r m i n e d b y t h e 
' oo ' 

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

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

m a t e r i a l . H e n c e , if t h e s e a r e s p e c i f i e d , a c h a i n r e a c t i o n w i l l 

b e p o s s i b l e o n l y if P i s l a r g e e n o u g h to m a k e k P e q u a l t o o r 
° ° 2 3 5 

g r e a t e r t h a n u n i t y . T h e n e u t r o n e c o n o m y of a f i n i t e U s y s 
t e m IS s u m m a r i z e d m t h e d i a g r a m of F i g u r e I I - 5 . 

e . C r i t i c a l S i z e of R e a c t o r 

T h e f i n i t e s y s t e m m u s t s a t i s f y a n e u t r o n c o n t i n u i t y e q u a t i o n 

w h i c h s t a t e s 

+ P r o d u c t i o n - L e a k a g e - A b s o r p t i o n = -rr- . 

T h e s o l u t i o n of t h i s e q u a t i o n i s d e p e n d e n t u p o n t h e m o d e l u s e d t o 

d e s c r i b e t h e s l o w i n g d o w n of n e u t r o n s . F o r t h e c a s e of t h e 

F e r m i - A g e o r " c o n t i n u o u s s l o w i n g d o w n " m o d e l , i t i s a s s u m e d 

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

w i t h e a c h c o l l i s i o n . T h e p h y s i c a l q u a n t i t y of p r i n c i p a l i n t e r e s t 

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

IN U235 

FAST NEUTRONS 
PRODUCED 

'?epf 

NEUTRONS REMAIN TO 
BE SLOWED DOWN 

''^pPf 

NEUTRONS REMAIN 
AFTER SLOWING DOWN 

^epPfPj 

SLOW NEUTRONS 
ARE AVAILABLE 

•^EpfP* 
NEUTRONS ABSORBED 

INU235 

o-c 
-ATOMS OF U 

236 

2 FISSION FRAGMENTS 
HEAT, AND r 

RADIATION 

'7e( l -Pf) 

FAST NEUTRONS 
LEAK OUT 

•^«Pf(l-p) 

NEUTRONS ABSORBED 
WHILE SLOWING DOWN 

T)epP|,(l-P|.) 

SLOW NEUTRONS 
LEAK OUT 

T;epP(.P^(l-f) 

SLOW NEUTRONS ARE 
ABSORBED IN STRUC
TURE, COOLANT, 
MODERATOR, ETC 

*P : Pff't 
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slowing down b e c a u s e the r e l a t i o n s h i p be tween th i s d i s t a n c e and 

the r e a c t o r d i m e n s i o n s d e t e r m i n e s the fas t l e a k a g e . In l ike 

m a n n e r the r e l a t i o n s h i p be tween the d i s t a n c e t r a v e l e d by a slow 

n e u t r o n p r i o r to a b s o r p t i o n and the r e a c t o r d i m e n s i o n s d e t e r 

m i n e s the slow l e a k a g e . 
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Solution of the cont inui ty equat ion r e s u l t s m the following 

s t a t e m e n t of the c r i t i c a l i t y condi t ion 

•> 

-B T 
k e 

oo 
C r i t i c a l i t y Equat ion =—^ = 1 . 

1 + L'^B'^ 

2 
In the p r e v i o u s equat ion B (ca l led g e o m e t r i c a l buckl ing) is r e 
la ted to the r e a c t o r shape and d i m e n s i o n s and is d e t e r m i n e d by 
the b o u n d a r y condi t ions m the solut ion of the n e u t r o n diffusion 
equat ion 

V^4> + B^<^ 0 . 

2 
The value of B for v a r i o u s r e a c t o r conf igura t ions i s given m 

Table I I - 5 . 

TABLE II-5 

BUCKLING OF BARE REACTORS 

G e o m e t r y 

Sphere 

R e c t a n g u l a r p a r a l l e l e p i p e d 

Cyl inder 

Buckling (B^) 

/ \Z / \ 2 / \ 2 
E.] J^] +f2L] 

\^/ \ W V'=/ 

m<^' 

M i n i m u m 
Volume 

130 

B^ 

161 

B^ 

148 

B^ 

R = r a d i u s a length c = he ight 
H = cy l inde r he ight b = width 

In the c r i t i c a l i t y equat ion above e is the fas t n e u t r o n non-

leakage p robab i l i t y . The F e r m i Age , T, is one s ix th the m e a n 

s q u a r e (c row flight) d i s t a n c e t r a v e l e d by a neu t ron f r o m the t i m e 

of i t s e m i s s i o n to the t i m e that it is slowed down. 
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2 2 In the c r i t i c a l i t y equat ion above 1/(1 + L B ) is the t h e r m a l 

n e u t r o n non leakage p r o b a b i l i t y . The s q u a r e of the diffusion 
2 

length L is o n e - s i x t h the m e a n s q u a r e ( c row flight) d i s t a n c e 

a n e u t r o n t r a v e l s af ter s lowing down and be fo re a b s o r p t i o n . In 

s u m m a r y , then 

F a s t neu t ron non leakage p r o b a b i l i t y - P . - e 
• B ^ T 

Slow neu t ron non leakage p robab i l i t y - P, = 5—5-, 
* 1 + L'^B 

2 
-B T 

Tota l non leakage p r o b a b i l i t y ~ P ~ ^f^i 
^ * " 1 + L^B^ • 

The effective m u l t i p l i c a t i o n fac to r k .̂  for a finite s y s t e m i s 

then 

2 
, -B^^T 
k e 

k - °° =« 1 + L^B^ ' 

and the c r i t i c a l i t y condi t ion i s 

k „ = 1 . 
eff 

2 
7 B T 2 

If B T IS s m a l l enough that the expans ion e = ( 1 - B T) 
2 - 1 

= ( 1 + B T) IS a good a p p r o x i m a t i o n , then the c r i t i c a l i t y con
dit ion can be r e d u c e d to 

k 
k ^ 22 = 1 

r r "y 7 "y ' 

(1 + L B )(1 + B T) 

k 
00 

[1 + B^(L^ + T) 
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2 2 
If (L + T) i s r e p l a c e d by a quant i ty M ca l l ed the " m i g r a t i o n 
a r e a , " then the c r i t i c a l i t y equat ion r e d u c e s to 

k 

^ " 1 + M^B^ 
1 

17€pf 
2 2 

1 + M B 

The F e r m i Age T i s a function of the m o d e r a t o r s c a t t e r i n g c r o s s 

sec t ion and m a s s n u m b e r . The diffusion length (L) i s a function 

of the n e u t r o n a b s o r p t i o n c r o s s sec t ion of the r e a c t o r . Some 
2 2 

t yp i ca l va lues of L , T, and M a r e given m Table I I - 6 . 

TABLE I I -6 

MODERATOR P R O P E R T I E S 

M o d e r a t o r 

H^O 

°2° 
Be 

C 

Diffusion 
Length 

L m (cm) 

2.88 

100. 

23.6 

50.2 

F e r m i Age 
T ( c m 2 ) 

33 

120 

98 

350 

M i g r a t i o n 
Length 
M (cm) 

6.43 

101. 

25.8 

53.6 

M JJTT 

The addi t ion of fuel to the m o d e r a t o r does not s igni f icant ly influ

ence T except to the d e g r e e of d i lu t ion, but it i n c r e a s e s the 

n e u t r o n - a b s o r p t i o n p r o b a b i l i t y which d e c r e a s e s the d i s t ance 

a t h e r m a l n e u t r o n can wande r about be fore be ing a b s o r b e d . Thus 

L i s a function of fuel c o n c e n t r a t i o n . The effective L for the 

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

"•Reactor (1 f ) L 
M o d e r a t o r 

w h e r e f i s the t h e r m a l u t i l i z a t i o n . 
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It can be seen then tha t when f a p p r o a c h e s uni ty , i . e . , when 
2 

p r a c t i c a l l y a l l n e u t r o n s a r e a b s o r b e d m fuel , M a p p r o a c h e s T . 
235 

In a 100% e n r i c h e d U r e a c t o r TJ = 2 and ep = 1, t h e r e f o r e 

f r o m 

Tjepf _ 
2 2 

1 + M B 
b e c o m e s 

1 + B^T 
= 1 

B T = 1 

and s ince for a s p h e r e of r a d i u s R 

B 
/ \2 

(f) . 

R = TT / T 
C r i t i c a l 

B a s e d on th i s a p p r o x i m a t i o n , the m i n i m u m s ize of v a r i o u s h o m o 

geneous U 235 spheres is shown m Table II-7. 

TABLE I I -7 

MINIMUM SIZE OF BARE HOMOGENEOUS U 
2 3 5 

S P H E R E S 

Moderator 

H^O 

^2° 
Be 

C 

ir-/T{cra) 

18 

34.5 

31 

59 

^ Crit ical 
(cm) 

16 

32 

29 

55 

Volume 
(ft3) 

0.65 

5. 

3.6 

23 

Adjus ted for bounda ry condi t ion ( ex t r apo la t ion d i s t a n c e ) . 
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f. R e a c t o r F lux and P o w e r Di s t r ibu t ion 

The n e u t r o n flux d i s t r i bu t ion m a r e a c t o r i s d e t e r m i n e d by 

the solut ion of the n e u t r o n diffusion equat ion 

V^<^+ B^4> = 0 

for a p p r o p r i a t e c o o r d i n a t e s y s t e m s and b o u n d a r y cond i t i ons . The 

r e s u l t s for the c o m m o n g e o m e t r i c shapes a r e given m Table I I - 8 . 

T h e s e so lu t ions apply only to a c r i t i c a l r e a c t o r . 

TABLE I I -8 

F L U X DISTRIBUTION IN BARE C R I T I C A L REACTORS 

G e o m e t r y C r i t i c a l F l u x D i s t r i b u t i o n 

Sphere 

R e c t a n g u l a r P a r a l l e l o p i p e d 

J. I \ A. T r r 
9 ( x ) = — s m ^ ^ 

TTX <^(x,y,z) = A cos CO .JLV vz 

F i n i t e C y l i n d e r 
, , . . .- 2 . 4 0 5 r TTz 

< ^ ( r , z ) : ^ A J ^ g — c o s - f ^ 

A c o m p a r i s o n of t h e t h r e e f u n c t i o n s , i . e . , — s m ^ g - , c o s , 
/ 2 4 0 5 r \ r K a 

a n d J I—'—p: 1 w i l l r e v e a l t h a t a c o s i n e f u n c t i o n i s a g o o d 
a p p r o x i m a t i o n f o r a l l . 

In a h o m o g e n e o u s r e a c t o r , w h e r e i n t h e f u e l i s 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 t h e r e a c t o r v o l u m e , t h e p o w e r d i s t r i b u t i o n 

IS t h e s a m e a s t h e f l u x d i s t r i b u t i o n . T h e r e s u l t i n g r a t i o of m a x i 

m u m to a v e r a g e p o w e r m b a r e r e a c t o r s i s g i v e n m T a b l e I I - 9 . 

T A B L E I I - 9 

P E A K - T O - A V E R A G E P O W E R F O R B A R E R E A C T O R S 

G e o m e t r y 

S p h e r e 

R e c t a n g u l a r P a r a l l e l o p i p e d 

F i n i t e C y l i n d e r 

P / P 
m a x a v g 

3 .29 

3 . 8 7 

3 . 6 4 
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The m a x i m u m - t o - a v e r a g e power r a t i o m u s t be c o n s i d e r e d 

in the de t a i l ed h e a t - t r a n s f e r and fuel b u r n u p des ign of a r e a c t o r . 

g. Re f l ec to r 

In s m a l l r e a c t o r s , c r i t i c a l i t y i s a s t rong function of n e u t r o n 

l e a k a g e . The o v e r a l l n e u t r o n economy of a r e a c t o r can be s ig 

n i f icant ly i m p r o v e d by the addi t ion of a nonfis s ionable b lanke t 

of m a t e r i a l whose function i s to r e f l ec t n e u t r o n s back into the 

r e a c t o r c o r e and thus d e c r e a s e the l e a k a g e . The b e s t r e f l ec t ing 

m a t e r i a l s m g e n e r a l a r e those with high s c a t t e r i n g c r o s s s e c 

t ions and low n e u t r o n a b s o r p t i o n c h a r a c t e r i s t i c s . W h e r e a s m 

the b a r e r e a c t o r the n e u t r o n flux a p p r o a c h e s z e r o at the c o r e 

bounda ry , in the r e f l e c t ed r e a c t o r the flux i s i n c r e a s e d at the 

c o r e b o u n d a r y and does not a p p r o a c h z e r o un t i l s o m e d i s t ance 

into the r e f l e c t o r r e g i o n . The ne t r e s u l t i s tha t the effect ive 

r e a c t o r s i ze is i n c r e a s e d beyond the extent of the c o r e . The 

flux d i s t r i bu t i on and effect ive c o r e s ize change a r e i l l u s t r a t e d 

in F i g u r e 11-6. 

7-S7-192-22 
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The i n c r e a s e m effective r e a c t o r s ize i s ca l l ed the " r e f l e c t o r 

s a v i n g s , " S. The magn i tude of S i s a function of the r e f l e c to r 

t h i c k n e s s and the n u c l e a r p r o p e r t i e s of the c o r e and r e f l e c t o r 

r e g i o n s . F o r s m a l l r e f l e c t o r t h i c k n e s s S is a f r ac t ion of the 

t h i c k n e s s . F o r l a r g e r e f l e c t o r t h i c k n e s s e s S a p p r o a c h e s a con

s tan t l imi t . This a s y m p t o t i c va lue of S is p r a c t i c a l l y ach ieved 

when the r e f l e c t o r t h i c k n e s s i s be tween 1.5 and 2 t i m e s the 

neu t ron-d i f fus ion length m the r e f l e c t o r m a t e r i a l . T h e r e f o r e , 

a s r e f l e c t o r t h i c k n e s s i s i n c r e a s e d the effective r e a c t o r d i m e n 

s ions i n c r e a s e o r the c o r e s i z e can be d e c r e a s e d to m a i n t a i n the 

s a m e effective s i z e . When the r e f l e c t o r i s th ick enough to yield 

the a s y m p t o t i c va lue of S, no f u r t h e r benefi t r e s u l t s f r o m in

c r e a s e d r e f l e c t o r t h i c k n e s s . This point i s i l l u s t r a t e d m 

F i g u r e I I - 7 . 

10 15 20 25 30 

REFLECTOR THICKNESS T (cm) 
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68 



The effective r e a c t o r d imens ion is then 

X,-, - X^^ + 6 
R e a c t o r C o r e 

2 
This effect ive d i m e n s i o n i s now u s e d m ca lcu la t ing B and l eak
age and a l so m d e s c r i b i n g the flux or power d i s t r i b u t i o n . 

F o r c o m p a c t r e a c t o r s the r e f l e c t o r h a s s e v e r a l s ignif icant 

a d v a n t a g e s . 

1) The c r i t i c a l m a s s o r u r a n i u m i n v e n t o r y i s d e c r e a s e d 

a s a r e s u l t of the s m a l l e r a l lowable c o r e . 

2) F o r c e r t a i n m a t e r i a l combina t ions the o v e r a l l weight 

of the c o r e p lus r e f l e c t o r can be m a d e l e s s than the weight 

of the b a r e r e a c t o r by choos ing an o p t i m u m r e f l e c t o r 

t h i c k n e s s . 

3) The i n c r e a s e d neu t ron flux at the c o r e b o u n d a r y d e 

c r e a s e s the p e a k - t o - a v e r a g e power d i s t r i b u t i o n m the 

r e a c t o r . In a c o m p a c t r e a c t o r a d e c r e a s e fac tor of 2 i s 

r e a s o n a b l e . 

4) V a r i a t i o n s m r e f l e c t o r t h i c k n e s s can be u s e d a s an 

effect ive way to change l eakage and thus c o n t r o l the r e a c t o r . 

This IS e s p e c i a l l y t r u e for c o m p a c t r e a c t o r s w h e r e i n S can 

be an a p p r e c i a b l e f r ac t ion of the effect ive r e a c t o r d i m e n s i o n s . 

h . R e a c t o r Kine t i c s 

The m u l t i p l i c a t i o n fac to r k i s effect ively the n u m b e r of 

n e u t r o n s p r e s e n t a t the end of a n e u t r o n g e n e r a t i o n for e ach 

n e u t r o n p r e s e n t at the beginning of tha t g e n e r a t i o n . Since one 

n e u t r o n i s r e q u i r e d to m a i n t a i n the chain r e a c t i o n , the n u m b e r 

of n e u t r o n s wi l l i n c r e a s e by k - 1 m a g e n e r a t i o n . Thus , if 

t h e r e a r e n n e u t r o n s p r e s e n t in i t i a l ly , the r a t e of i n c r e a s e wi l l 

be n(k - 1) p e r g e n e r a t i o n . If i i s the a v e r a g e t i m e be tween 

s u c c e s s i v e n e u t r o n g e n e r a t i o n s m the s y s t e m unde r c o n s i d e r a 

t ion, then , 

dn _ n(k - 1) _ ex 
dt " i ~ i ' 
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w h e r e k i s defined by ex ' 

k = k - 1 . ex 

Upon i n t e g r a t i o n of above , i t i s seen tha t . 

t(k li) ex n = n e o 

w h e r e n i s the in i t i a l n u m b e r of n e u t r o n s and n i s the n u m b e r o 
a f t e r the l apse of t i m e t . It i s s een , t h e r e f o r e , tha t if the m u l 

t ip l i ca t ion fac tor IS g r e a t e r than uni ty , the n u m b e r of n e u t r o n s 

wi l l i n c r e a s e exponent ia l ly with t i m e . 
_9 

The g e n e r a t i o n t i m e . Si, v a r i e s f r o m about 10 sec for a 
_ 3 

fas t r e a c t o r to 10 sec for v e r y l a r g e r e a c t o r s . If for e x a m p l e 
_3 

k = 1.005 and i = 10 s e c , the neu t ron i n c r e a s e pe r second 
5 

equa l s e o r a fac to r of 1 5 0 / s e c . 

The above ca lcu la t ion of the r a t e of n e u t r o n i n c r e a s e m a 

r e a c t o r with a mu l t i p l i c a t i on fac tor exceeding un i ty g ives the 

c o r r e c t r a t e of n e u t r o n i n c r e a s e only if a l l the f i s s ion n e u t r o n s 

a r e r e l e a s e d p r o m p t l y , i . e . , e s s e n t i a l l y a t the i n s t an t of f i s s ion . 

About 0.75% of the f i s s ion n e u t r o n s a r e de layed , and th is affects 

the ca l cu la t ion of the r a t e of neu t ron i n c r e a s e (or d e c r e a s e ) . 

The m e a n l ives of the de layed n e u t r o n s r a n g e f r o m about 

0.6 to 80 s e c . By weight ing the va lues a p p r o p r i a t e l y , a c c o r d i n g 

to the f rac t ion m each g roup , the m e a n de lay t i m e , a v e r a g e d 

o v e r a l l the f i s s ion n e u t r o n s , i s about 0.1 s e c . The a v e r a g e 

t i m e be tween the f i s s ion c a p t u r e of a neu t ron m two s u c c e s s i v e 

g e n e r a t i o n s i s , consequen t ly , about 0.1 + i s ec , the f i r s t t e r m 

IS the a v e r a g e t i m e e laps ing be tween f i s s ion and the c o m p l e t e 

r e l e a s e of the n e u t r o n , w h e r e a s the second i s tha t be tween r e 

l e a s e and c a p t u r e m a f i s s ion p r o c e s s . In o the r w o r d s , the 

effective l i fe t ime i of a n e u t r o n i s roughly 0.1 s e c . 
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Using the va lue 0.1 sec for i , and taking k to be 1.005, a s 

b e f o r e , i t i s found tha t the n u m b e r of n e u t r o n s ac tua l l y i n c r e a s e s 

by a f ac to r of e ' , i . e . , about 1 .05 / sec , a s c o m p a r e d with a 

f ac to r of 1 5 0 / s e c if a l l the n e u t r o n s w e r e p r o m p t . C l e a r l y , the 

effect of the de layed f i s s ion n e u t r o n s , when the m u l t i p l i c a t i o n 

fac to r e x c e e d s uni ty , is to m a k e the r a t e of n e u t r o n i n c r e a s e 

m u c h s lower than i t would have been had a l l the n e u t r o n s been 

r e l e a s e d p r o m p t l y . 

When the effect ive m u l t i p l i c a t i o n f ac to r i s equa l to 1.0075, 

the condi t ion of a r e a c t o r i s d e s c r i b e d a s p r o m p t c r i t i c a l , s ince 

the n u c l e a r f i s s ion chain can be m a i n t a i n e d by m e a n s of the 

p r o m p t n e u t r o n s a lone . If k e x c e e d s th i s va lue , mu l t i p l i c a t i on 

wi l l o c c u r due to the p r o m p t n e u t r o n s , i r r e s p e c t i v e of t hose 

de layed , and the n e u t r o n d e n s i t y wi l l i n c r e a s e r a p i d l y r i gh t 

f r o m the c o m m e n c e m e n t . In th i s condi t ion , a r e a c t o r i s diffi

cul t to c o n t r o l and hence it i s avoided m p r a c t i c e . 

J u s t a s the de layed f i s s ion n e u t r o n s affect the r a t e of in 

c r e a s e of n e u t r o n s when the effect ive m u l t i p l i c a t i o n fac to r ex 

c e e d s uni ty , so they inf luence the d e c a y m the n e u t r o n d e n s i t y 

when the r e a c t o r i s m a d e s u b c r i t i c a l , i . e . , when i t i s being 

shut down. The de layed n e u t r o n s cont inue to be emi t t ed for 

s o m e t i m e , and th i s m a i n t a i n s a f i s s ion r a t e tha t i s c o n s i d e r 

ab ly h i g h e r than would be the c a s e if a l l the f i s s ion n e u t r o n s w e r e 

p r o m p t . The u l t i m a t e r a t e at which the n e u t r o n flux m a t h e r m a l 

r e a c t o r d e c r e a s e s af ter shutdown i s d e t e r m i n e d e s s e n t i a l l y by 

the m o s t de layed g roup of n e u t r o n s , i. e. , by those with a m e a n 

life of 80 s e c . 

i . R e a c t o r Con t ro l 

F o r p r a c t i c a l o p e r a t i o n , a r e a c t o r m u s t be c o n s t r u c t e d so 

that i t i s a p p r e c i a b l y g r e a t e r than the c r i t i c a l s i z e . One r e a s o n 

i s tha t an effective m u l t i p l i c a t i o n fac to r exceed ing un i ty p r o v i d e s 

the only f eas ib l e m e a n s of i n c r e a s i n g the n u m b e r of n e u t r o n s , 

and h e n c e the f i s s ion r a t e , up to the point w h e r e the r e q u i r e d 

power l eve l i s a t t a i n e d . Once th i s has been r e a c h e d , it i s 

7 1 



n e c e s s a r y to d e c r e a s e the effect ive m u l t i p l i c a t i o n fac tor to uni ty , 

and then the r e a c t o r wi l l r e m a i n m a s t e a d y s t a t e , n e u t r o n s 

be ing p r o d u c e d jus t a s fas t a s they a r e u s e d up by l eakage and 

c a p t u r e . 

The a d j u s t m e n t of the m u l t i p l i c a t i o n of n e u t r o n s m a t h e r m a l 

r e a c t o r i s ach i eved by the i n s e r t i o n of c o n t r o l r o d s of c a d m i u m 

o r b o r o n s t e e l . Both c a d m i u m and bo ron have l a r g e c a p t u r e 

c r o s s s ec t i ons for s low n e u t r o n s , h e n c e , by v a r y i n g the pos i t i ons 

of the c o n t r o l r o d s the effective mu l t i p l i c a t i on fac to r can be m a d e 

to v a r y o v e r a su i t ab le r a n g e . In o r d e r to shut down the r e a c t o r , 

the c o n t r o l r o d s a r e i n s e r t e d to an extent tha t p e r m i t s t h e m to 

a b s o r b add i t iona l n e u t r o n s . The s y s t e m now l o s e s n e u t r o n s 

f a s t e r than they a r e f o r m e d by f i s s ion , the effect ive m u l t i p l i c a 

t ion fac tor s inks below uni ty , and the chain r e a c t i o n d ies out . 

The i n s e r t i o n of po ison or c o n t r o l r o d s changes the effective 

m u l t i p l i c a t i o n f ac to r , k ,^, by inf luencing the t h e r m a l u t i l i za t ion , 

f. A r e a c t o r can a l so be con t ro l l ed by m e a n s of v a r i a t i o n 

m the n e u t r o n l eakage p r o b a b i l i t y . In a r e f l e c t ed r e a c t o r th i s 

type of c o n t r o l ca l l ed r e f l e c t o r c o n t r o l is a ch i eved by moving 

p o r t i o n s of the r e f l e c t o r m o r d e r to v a r y the n e u t r o n l eakage 

p r o b a b i l i t y and thus the effect ive m u l t i p l i c a t i o n f a c t o r . 

C. REACTOR DESIGN 

a. Size 

In the c a s e of space r e a c t o r s , w h e r e i n s ize and weight a r e 

of e x t r e m e i m p o r t a n c e , the dominan t f ac to r m the d e t e r m i n a t i o n 

of r e a c t o r s i ze i s the l eakage p r o b a b i l i t y . In any r e a c t o r , 

whe the r it be t h e r m a l , e p i t h e r m a l , o r fas t , the l eakage i s d e 

pendent on a r e l a t i o n s h i p be tween the r e a c t o r ' s p h y s i c a l s i ze 

and the d i s t a n c e be tween succeed ing f i s s ion e v e n t s . F o r a 

t h e r m a l o r n e a r l y t h e r m a l r e a c t o r the d i s t a n c e be tween f i s s ion 

even t s is con t ro l l ed by the n u m b e r of n e u t r o n co l l i s ions o r the 

d i s t a n c e n e c e s s a r y to s low the f i s s ion n e u t r o n s down f r o m f i s 

s ion e n e r g y to the t h e r m a l e n e r g y a t which they a r e c a p t u r e d by 
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the fuel, and r e s u l t s m the succeed ing f i s s ion . This s lowing down 

d i s t a n c e i s a function of the m o d e r a t o r m a t e r i a l s c a t t e r i n g c r o s s 

sec t ion and a tomic m a s s . A m o d e r a t o r m a t e r i a l p r o p e r t y , known 

a s the F e r m i age (T), i s r e l a t e d to the m e a n s q u a r e slowing 
2 

down d i s t a n c e and h a s un i t s of c m . The inf luence of slowing 

down d i s t a n c e i s r e v e a l e d m F i g u r e I I -8 which shows the c r i t i c a l 

v o l u m e of 100% d e n s e b a r e s p h e r e s with c r i t i c a l m a s s m the 
235 

r a n g e of 2.5 to 20 kg of U a s a function of F e r m i age with 

the c o m m o n m o d e r a t o r m a t e r i a l s ind ica ted on the a b s c i s s a . It 

IS obvious tha t H^O or hydrogenous m o d e r a t i o n p e r m i t s the 

s m a l l e s t t h e r m a l r e a c t o r . The excep t iona l ab i l i ty of w a t e r is 

a r e s u l t of the hyd rogen content . Since the hydrogen a t o m has 

the s a m e m a s s a s the n e u t r o n , a neu t ron can t r a n s f e r up to a l l 

of i t s k ine t ic e n e r g y to the hydrogen a t o m m one co l l i s ion . Thus , 

hyd rogenous m a t e r i a l s a r e v e r y effective n e u t r o n m o d e r a t o r s . 

A m o r e de ta i l ed s u r v e y of the r e l a t i o n s h i p be tween c r i t i c a l 

m a s s and s ize of 100% d e n s e b a r e s p h e r i c a l r e a c t o r s i s shown 
235 m F i g u r e I I -9 for m i x t u r e s of U wi th H2O and B e . Both 

c u r v e s begin at the z e r o m o d e r a t o r point which c o r r e s p o n d s to 
235 

the c r i t i c a l m a s s and s ize of a U fas t r e a c t o r . In the reg ion 

to the left of the m i n i m u m c r i t i c a l m a s s point , the r e a c t o r s a r e 

sa id to be "unde r m o d e r a t e d " and the a v e r a g e n e u t r o n e n e r g y 

caus ing f i s s ion i s e p i t h e r m a l ( g r e a t e r than KT) . In the r eg ion 

to the r igh t of the c r i t i c a l m a s s m i n i m u m the r e a c t o r s a r e ove r 
235 

m o d e r a t e d and t h e r m a l . F i g u r e 11-10 shows the weight of U 

Be , U - H . , 0 , and U - Z r H r e a c t o r s a s a function of m o d -' 2 ' x 
e r a t o r to u r a n i u m r a t i o . Z i r c o n i u m hyd r ide ( Z r H ) has been 

inc luded b e c a u s e it i s a high t e m p e r a t u r e (1400°F) f o r m of 

h y d r o g e n o u s m o d e r a t o r . Z r H can have the s a m e hydrogen 

dens i ty a s cold w a t e r at t e m p e r a t u r e s of about 1200°F with a 

d i s s o c i a t i o n p r e s s u r e of only 1 a t m o s p h e r e ( see F i g u r e 11-11). 

The U - Z r H ca l cu l a t i ons w e r e b a s e d on the c r i t i c a l s ize of a 
X H-,0 r e a c t o r but the d i f fe rence a r i s e s f rom the fact that Z r H 2 X 

h a s a dens i ty of about 5.6. 
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F i g u r e I I - 8 . Volume of B a r e 100% Dense S p h e r i c a l R e a c t o r s 
with C r i t i c a l M a s s in the Range of 2.5 to 20 kg 

a s a Func t ion of F e r m i Age 
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I 
F i g u r e I I - 9 . C r i t i c a l M a s s of B a r e 100% Dense Homogeneous 

S p h e r e s of U^SS M o d e r a t e d by Water and by Be a s a 
Func t ion of Rad ius and M o d e r a t o r to U A t o m Rat io 
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F i g u r e 11-10. Weight of B a r e 100% Dense S p h e r i c a l 
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F i g u r e 11-11. Hydrogen Dens i ty vs T e m p e r a t u r e for 
Z i r c o n i u m Hydr ide at 1 A t m o s p h e r e 

D i s s o c i a t i o n P r e s s u r e and Wate r 
a t the C r i t i c a l P r e s s u r e 

The i n fo rma t ion d i s c u s s e d thus far h a s been for r e a c t o r s of 

100% d e n s i t y . A usefu l r e a c t o r m u s t con ta in coolant p a s s a g e s 

for the r e m o v a l of the r e a c t o r h e a t . The p r e s e n c e of such voids 

effect ively d e c r e a s e s the dens i ty of the r e a c t o r . In o r d e r to 

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

v e r s e l y a s the dens i ty of the c o r e m a t e r i a l (fuel m o d e r a t o r ) . 
_ 3 

T h e r e f o r e , s i nce the vo lume v a r i e s a s (dens i ty) weight wi l l 
_2 

be p r o p o r t i o n a l to (dens i ty) . The r e s u l t of d e n s i t y dependence 

i s shown m F i g u r e I I -12 which gives the weight of b a r e s p h e r i c a l 

fas t r e a c t o r s a s a function of dens i t y . This type of dens i ty d e 

pendence ho lds for a l l r e a c t o r s . 
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F i g u r e 11-12. Weight of B a r e S p h e r i c a l F a s t R e a c t o r s 
as a Func t ion of U r a n i u m Dens i ty 

In addi t ion to sa t isfying the b a s i c c r i t i c a l i t y r e q u i r e m e n t s 

for ma in t a in ing a chain r e a c t i o n the r e a c t o r s ize i s inf luenced 

by: 

1) Opera t ing t e m p e r a t u r e 

2) E x c e s s r e a c t i v i t y r e q u i r e m e n t s for c o m p e n s a t i o n of 

fuel dep le t ion , f i ss ion p roduc t p o i s o n s , e t c . 

3) P o w e r dens i ty o r hea t t r a n s f e r l i m i t a t i o n s 

4) E n e r g y dens i ty or fuel bu rnup l i m i t a t i o n s . 

b . T e m p e r a t u r e 

The s i ze of a r e a c t o r i s somewha t inf luenced by the opera t ing 

t e m p e r a t u r e b e c a u s e the fuel and m o d e r a t o r m a t e r i a l n u c l e a r 

p r o p e r t i e s a r e a function of t e m p e r a t u r e . In addi t ion, as s t a t ed 

above , the r e a c t o r s ize i s i n v e r s e l y p r o p o r t i o n a l to dens i ty 

which v a r i e s wi th t e m p e r a t u r e . The m o s t s igni f icant t e m p e r a 

t u r e l i m i t a t i o n s of a r e a c t o r a r e the m a t e r i a l s s t r e n g t h , c o r r o 

sion, compa t ib i l i t y , e t c . , l im i t a t i ons of the s t r u c t u r a l m a t e r i a l s . 
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Even though a r e a c t o r can t h e o r e t i c a l l y p r o d u c e power a t any t e m 

p e r a t u r e , the eng inee r ing l im i t a t i ons of the fuel, m o d e r a t o r , and 

s t r u c t u r e l imi t the ava i l ab l e r e a c t o r out le t t e m p e r a t u r e . Even 

though it cannot be expl ic i ty defined t h e r e is an in tu i t ive r e l a t i o n 

ship be tween o p e r a t i n g t e m p e r a t u r e and l i f e t ime . F i g u r e 11-13 

shows the l i f e t i m e - t e m p e r a t u r e r e l a t i o n s h i p be tween c u r r e n t 

a c c o m p l i s h m e n t and deve lopmen t ob jec t ives m n u c l e a r p o w e r . 

This f igure i m p l i e s a s t a t e - o f - t h e - a r t boundary for p e r h a p s the 

next 10 to 20 y e a r s . This s t a t e - o f - t h e - a r t bounda ry s t r ong ly 

inf luences the r e a c t o r concept se lec t ion for i m m e d i a t e deve lop 

m e n t and e m p h a s i z e s the fact that high t e m p e r a t u r e m a t e r i a l s 

deve lopmen t wi l l pace the deve lopmen t of high t e m p e r a t u r e and 

high p e r f o r m a n c e space s y s t e m s of the fu tu re . A s i m i l a r con

c lus ion can be d rawn about the s t a t e of the a r t of h igh-

t e m p e r a t u r e r e a c t o r s f rom F i g u r e 11-14 which shows the 

n u m b e r of o p e r a t i n g and p lanned r e a c t o r s a s a function of the 

r e a c t o r out le t t e m p e r a t u r e . Of c o u r s e the choice of power r e 

a c t o r t e m p e r a t u r e s i s g r e a t l y inf luenced by e c o n o m i c s which 

m a y b e c o n s i d e r e d a s not app l i cab le for space p o w e r . However , 

m effect, cos t is p r o b a b l y one of the b e s t d i r e c t m e a s u r e s of a 

s t a t e of the a r t . 

The a p p r o x i m a t e m i n i m u m weight of v a r i o u s r e a c t o r s i s 

shown as a function of t e m p e r a t u r e m F i g u r e 11-15. The weigh ts 

shown a r e for 100% d e n s e s p h e r e s . Even though t h e s e weigh ts 

could be r educed by the addi t ion of a Be r e f l e c t o r , the inc lus ion 

of a void f rac t ion for the r e a c t o r coolant would, m g e n e r a l , m o r e 

than offset the weight r educ t i on . T h e r e f o r e , t he se weights can 

be c o n s i d e r e d r e p r e s e n t a t i v e , but by no m e a n s exac t . 

The aqueous homogeneous so lu t ion - type r e a c t o r i s v e r y 

light at low t e m p e r a t u r e but the m o d e r a t o r dens i ty d e c r e a s e s 

r ap id ly with t e m p e r a t u r e and the p r e s s u r e n e c e s s a r y to sup

p r e s s boi l ing soon b e c o m e s i n c o n s i s t e n t with the ob jec t ive of a 

l ightweight r e a c t o r (the c u r v e does not inc lude the c o r e v e s s e l 
235 weight ) . The U m e t a l fas t r e a c t o r i s qui te s m a l l , howeve r , 

it m u s t be l imi t ed to below 1200°F b e c a u s e of a l a r g e dens i ty 
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change tha t a c c o m p a n i e s a phase change a t 1224 ' 'F . The U - Z r H 

s y s t e m i s s i m i l a r m s ize to the H_0 m o d e r a t e d r e a c t o r b e c a u s e 

it can have the s a m e hydrogen dens i ty a s w a t e r below about 

1200°F . Beyond 1200°F the s ize and weight i n c r e a s e b e c a u s e 

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

t h e r m a l d i s s o c i a t i o n p r e s s u r e of the compound . The UC and 

the U O T fas t r e a c t o r s a r e capab le of up to 4200 and 5100°F , 

r e s p e c t i v e l y , the U-Be t h e r m a l r e a c t o r i s l im i t ed m i t s t e m 

p e r a t u r e capab i l i t y b e c a u s e of r ad i a t i on d a m a g e induced swel l ing 

of Be at t e m p e r a t u r e s above about 1500°F . 

c . C o n t r o l 

In addi t ion to the e x c e s s r e a c t i v i t y r e q u i r e d to o v e r c o m e 

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

h igh power s y s t e m s m u s t have suff icient e x c e s s r e a c t i v i t y , and 

thus i n c r e a s e d s i z e , to c o m p e n s a t e for b u r n u p o r dep le t ion of 

the i n i t i a l u r a n i u m inven to ry and the bui ldup of f i s s ion p r o d u c t s 

of which s o m e have high neu t ron a b s o r p t i o n c r o s s s e c t i o n s . The 

m a j o r f i s s ion p r o d u c t po i sons a r e s a m a r i u m and xenon . The 

m o s t t r o u b l e s o m e of t h e s e is xenon s ince the amoun t of poisoning 

IS l a r g e s t and s ince the poisoning i n c r e a s e s r a p i d l y and goes 

t h rough a m a x i m u m af ter r e a c t o r shutdown o r power d e c r e a s e . 

This b e h a v i o r i m p o s e s a s e r i o u s l im i t on the a l lowable duty cyc le 

of a h igh power dens i ty t h e r m a l r e a c t o r . T h e r e f o r e i t i s v e r y 

d e s i r a b l e to m a i n t a i n r e a c t o r power cons t an t . F a s t r e a c t o r s 

a r e not a s g r e a t l y inf luenced by f i s s ion p r o d u c t po i sons m gen

e r a l b e c a u s e the abso rp t i on c r o s s s ec t i ons a r e m u c h lower a t 

the n e u t r o n e n e r g y of the fas t r e a c t o r . 

T h e s e e x c e s s r e a c t i v i t y r e q u i r e m e n t s i m p o s e a r e a c t o r 

c o n t r o l p r o b l e m . In o r d e r to c o n t r o l the r e a c t o r f r o m shutdown 

to o p e r a t i o n th roughout i t s l i f e t ime the r e a c t o r m u s t have m o r e 

c o n t r o l w o r t h than e x c e s s r e a c t i v i t y r e q u i r e m e n t . The amoun t 

of c o n t r o l that can be p rov ided i s a function of r e a c t o r s i z e . 

L a r g e r e a c t o r s m u s t be con t ro l l ed by po i son r o d s s ince l eakage 

i s s m a l l and p r o v i d e s l i t t le r a n g e for v a r i a t i o n . S m a l l r e a c t o r s 
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can be l eakage c o n t r o l l e d by va ry ing the effect ive r e f l e c t o r th ick

n e s s . However , the t o t a l amount of c o n t r o l ava i l ab le wi l l d e 

c r e a s e with i n c r e a s i n g r e a c t o r s i ze b e c a u s e the l eakage d e 

c r e a s e s with s i z e . T h e r e f o r e , c o n t r o l r e q u i r e m e n t s d e t e r m i n e 

the a p p r o p r i a t e c o n t r o l me thod and can l imi t the power dens i ty 

o r e n e r g y content of a given r e a c t o r de s ign . 

d. P o w e r Dens i ty 

In addi t ion to the fuel deple t ion and f i s s ion p r o d u c t po ison 

c o n s i d e r a t i o n s r e a c t o r s ize is a function of power dens i ty b e c a u s e 

(1) the r e a c t o r dens i ty is d e c r e a s e d by the inc lus ion of coolant 

p a s s a g e s , and (2) su r f ace o r v o l u m e t r i c hea t t r a n s f e r and s t r e s s 

li i»iitations can l imi t the power dens i t y . 

In o r d e r to m i n i m i z e both the r e a c t o r coolant f r ac t ion and 

the coolant pumping p o w e r , high t e m p e r a t u r e and high hea t 

c a p a c i t y coo lan t s a r e d e s i r e d . T h e s e condi t ions a r e b e s t m e t 

by liquid m e t a l s . The p r o p e r t i e s of s e l e c t e d liquid m e t a l coo l 

an t s a r e shown m Table II- 10. It m u s t be r e m e m b e r e d that the 

r e a c t o r m a t e r i a l s and the coolant m u s t be compa t ib l e f r o m a 

c o r r o s i o n s tandpoint at the ope ra t i ng t e m p e r a t u r e . 

If the r e a c t o r fuel e l e m e n t des ign or the coolant i m p o s e a 

hea t flux l imi t a t ion , then the a l lowable r e a c t o r power dens i ty 

wi l l be a function of the hea t t r a n s f e r su r f ace pe r uni t v o l u m e . 

It IS t h e r e f o r e d e s i r a b l e for the r e a c t o r to con ta in the m a x i m u m 

amoun t of hea t t r a n s f e r su r f ace c o n s i s t e n t with the n e e d s . The 

c o r e m a t e r i a l s of a t h e r m a l r e a c t o r can be a r r a n g e d m two w a y s . 

The h e t e r o g e n e o u s r e a c t o r h a s the fuel s e p a r a t e d f r o m the 

m o d e r a t o r . Since a t h e r m a l r e a c t o r h a s only a few vo lume 

p e r c e n t fuel and s ince p r a c t i c a l l y a l l of the power i s g e n e r a t e d 

m the fuel, only a few vo lume p e r c e n t a r e t h e r e f o r e ava i l ab l e 

to p rov ide o r contain hea t t r a n s f e r s u r f a c e . The homogeneous 

r e a c t o r h a s the fuel and m o d e r a t o r i n t i m a t e l y m i x e d and power 

IS p roduced th roughout the e n t i r e c o r e v o l u m e . T h e r e f o r e the 

e n t i r e c o r e vo lume of a h o m o g e n e o u s r e a c t o r i s ava i l ab l e for 

hea t t r a n s f e r s u r f a c e . Since the c o r e of a fas t r e a c t o r con ta ins 
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TABLE II-10 

PHYSICAL PROPERTIES OF SOME SELECTED LIQUID METALS 

M e l t i n g poin t , " F 

B o i l i n g poin t , °F (14 7 p s i ) 

L i q u i d d e n s i t y , gm/cra 

Spec i f ic hea t , B t u / l b - ° F 

T h e r i n a l c o n d u c t i v i t y , B t u / f t 

Hea t t r a n s f e r coef f i c ien t , B t u / h r - ° F - f t 

P u m p i n g p o w e r ( w a t e r ~ 1 00) 

P r o b a b l e t e m p e r a t u r e r a n g e , ° F 

S o d i u m 

208 

1621 

0 9 2 8 - 0 78 

0 33-0 30 

49 8-34 5 

6400 

0 925 

2 5 0 - 1 5 0 0 

NaK 
44% K 

65 

1518 

0 8 8 6 - 0 742 

0 2 6 9 - 0 253 

14 8 -16 7 

3500 

6 925 

1 0 0 - 1 4 0 0 

Hg 

-37 

67 5 

13 5-12 3 

0 033 

5-9 

5700 

13 1 

- 3 7 - 1 0 0 0 

P b 

622 

3170 

10 2 

0 034 

8 

4100 

11 5 

6 5 0 - 1 7 0 0 

P b - B i 
E u t e c t i c 

257 

3038 

10 

0 035 

5 3 -6 5 

3700 

11 5 

3 0 0 - 1 7 0 0 

L i 

354 

2403 

0 507-0 441 

1 0 

22 

5800 

0 5 

400-2300 

At 10 f t / s e c m 1 in d i a m e t e r tube 



fuel only, it has the s a m e advantage a s a h o m o g e n e o u s r e a c t o r 

T h u s , for m i n i m u m weight , high power dens i ty r e a c t o r s the 

homogeneous a r r a n g e m e n t of c o r e m a t e r i a l s is far s u p e r i o r 

If we c o n s i d e r a r e a c t o r whose c o r e i s c o m p o s e d of a bundle 

of m u t u a l l y t angent c y l i n d r i c a l fuel e l e m e n t s , the hea t t r a n s f e r 

s u r f a c e p e r un i t vo lume i s 

Sur face 
Vo lume 

1/2T7-D 

1 / 2D -^D 

ZTT 

VTD 

Surface (ft ) ^ 43 6 

Vo lume (ft^) D(in 

If the l imi t ing hea t t r a n s f e r flux is Q/A then 

Q/V = ^ Q -" ' ^ V A 

a n d 

Q / M W \ ^ 12.8 Q /lO^ Btu \ 
V V f t V " D ( m . ) A \ j ^ ^ _ ^ ^ 3 ; • 

The m a x i m u m t e m p e r a t u r e d rop a c r o s s a given fuel e l e m e n t 

m a y be l i m i t e d by m a x i m u m t e m p e r a t u r e c o n s i d e r a t i o n s r e s u l t 

ing f r o m the fuel m a t e r i a l m e l t i n g point , p h a s e change , e t c . , o r 

it m a y be l imi t ed by a m a x i m u m a l lowable s t r e s s . 

The t e m p e r a t u r e d r o p a c r o s s a cy l i nde r with u n i f o r m s u r 

face cool ing and u n i f o r m v o l u m e t r i c hea t g e n e r a t i o n i s 

AT ( Q / V ) D ' 
16K 
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T h e r e f o r e for a given AT l imi t 

_Q ^ 16KAT 
V 2 
^ D 

Q / M W \ _ 0.000675 (j^^T) / M W \ 

Aft3/ V V . , 3 / „ 2 , 2 
D (m . 

w h e r e K i s the t h e r m a l conduct iv i ty m B t u / h r - f t - ° F and AT i s 

m ° F . If t h e r e ex i s t s a AT l imi t , the power dens i ty i s a function 

of the fuel e l e m e n t d i m e n s i o n s and K A T which is a m a t e r i a l 

p r o p e r t y . F o r e x a m p l e , u r a n i u m m e t a l u n d e r g o e s a p h a s e change 

a t about 1200' 'F which r e s u l t s m a 5% dens i ty d e c r e a s e . This 

p h a s e change m u s t be avoided for m e t a l l u r g i c a l a s we l l a s r e a c 

t iv i ty r e a s o n s . If a u r a n i u m m e t a l fas t r e a c t o r i s o p e r a t i n g at a 

fuel su r f ace t e m p e r a t u r e of 1000°F then the m a x i m u m AT can be 

only 2 0 0 ° F . The t h e r m a l conduct iv i ty of u r a n i u m m e t a l i s about 

15 and t h e r e f o r e K A T = 3000. The a l lowable power dens i ty for 

1/4-in. d i a m e t e r fuel r o d s IS then Q/V = [o.000675/( 1/4)^1 3000 = 

32 Mw/f t . The vo lume of such a r e a c t o r migh t be about 
3 

1/10 ft . Thus , it could p r o d u c e 3.2 Mw. If a h ighe r power 

w e r e d e s i r e d the su r f ace t e m p e r a t u r e would have to be r e d u c e d 

or the fuel rod d i a m e t e r r e d u c e d , o r the r e a c t o r m a d e l a r g e r 

for h e a t t r a n s f e r p u r p o s e s . We migh t say the r e a c t o r s i ze i s 

c r i t i c a l i t y l im i t ed below 3.2 Mw and hea t t r a n s f e r l imi ted beyond 

3.2 Mw. 

The t e m p e r a t u r e d rop a c r o s s a m a t e r i a l l eads to a s t r e s s . 

In the c a s e of a cy l inde r the m a x i m u m t e n s i l e s t r e s s i s 

^ _ E a A T 
2 ( 1 - 1 / ) ' 

w h e r e 

E = Young ' s m o d u l u s (psi) 

CL = l i n e a r coefficient of expans ion ( °F) 

1/ = P o i s s o n ' s r a t io s 1/3 

O" = a l lowable s t r e s s (ps i ) . 
m a x ^ 
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If the s t r e s s l eads to b r i t t l e f r a c t u r e m the m a t e r i a l and the 

f r a c t u r e in f luences hea t t r a n s f e r o r m e c h a n i c a l i n t e g r i t y , then 

the s t r e s s m u s t be kept below the f r a c t u r e s t r e s s and the a l low

able A T I S 

. (J 
A T - — "^^^ 

m a x ~ 3 E a ' 

and f r o m above 

_Q 0.0009 ^°"max 
V ^ 2 E • 

The p h y s i c a l p r o p e r t i e s of two po ten t i a l h igh t e m p e r a t u r e , high 

power dens i ty fas t r e a c t o r c o r e m a t e r i a l s a r e given m Table I I - 1 1 . 

TABLE 11-11 

F U E L P R O P E R T I E S 

P r o p e r t y 

Dens i ty ( g m / c c ) 

U Content ( g m / c c ) 

Mel t ing Po in t ( °F ) 

T h e r m a l Conduct iv i ty 
( B t u / h r - f t - ° F ) 

L i n e a r Coefficient of 
Expans ion x 10° 

Modulus of E l a s t i c i t y 
( p s i X 10-6) 

Modulus of Rup tu r e 
( p s i X 10-3) 

o -K/Ea = K A T 
m a x 

Me ta l 

19.0 

-
2070 

15 

- 2 0 

20 

-

U O ^ 

10.96 

9.66 

5100 

1 

4 

25 

25 

1/4 X 10^ 

UC 

13.63 

12.97 

4200 

14 

6 .7 

30 

25 

5/3 X 10^ 

UN 

-

13.52 

5230 

12 

_ 

. 

-

A n i s o t r o p i c 

F o r e x a m p l e , c o n s i d e r a fas t r e a c t o r which u s e s UO-, for 

the fuel m a t e r i a l and h a s 1/4-in, d i a m e t e r fuel e l e m e n t s . Since 
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3 
the s t r e s s l imi t ed K A T for UO^, is about 1/4 x 10 , th is r e a c t o r 

would be s t r e s s l im i t ed a s a power dens i ty of 

Q 0.0009 , , / . , „ 3 , , / Mw rrr 5- ( 1 / 4 X 10 ) = 3.6 r- . 
^ (1/4)'^ ft^ 

If, h o w e v e r , it i s d e t e r m i n e d that t h e r m a l s t r e s s induced f r a c t u r e 

of the UO„ does not impede hea t t r a n s f e r o r m e c h a n i c a l i n t e g r i t y 

but that the fuel m u s t be l imi ted by c e n t r a l m e l t i n g , then AT 
' "̂ ' m a x 

b e c o m e s T. , - T„, w h e r e T, , - me l t ing t e m p e r a t u r e and T„ = M C M 6 f Q 
su r f ace t e m p e r a t u r e , and 

s ince K = 

Q 
V 

: 1 and T, , = M 

0.000675 

(1 /4 )^ 

= 5100°F , 

^C 
(°F) 

1000 

2000 

3000 

K ( T M - T C ) . 

Q/V 

(Mw/ft "̂ ) 

4 4 

33 

22 

It IS r e a d i l y seen that the m a x i m u m power d e n s i t y unde r the 

above condi t ions i s a function of the r e a c t o r o p e r a t i n g 

t e m p e r a t u r e . 

F i g u r e I I -16 shows the r e l a t i o n s h i p be tween power dens i ty , 

fuel e l e m e n t d i a m e t e r , hea t flux l imi t , and AT or s t r e s s l i m i t s 

for a h o m o g e n e o u s s y s t e m with mutua l ly tangent cy l ind r i ca l fuel 

e l e m e n t s . Note that the above ca l cu l a t i ons a r e b a s e d to ta l ly on 

a v e r a g e v a l u e s . No c o n s i d e r a t i o n has been given to the de ta i l ed 

power and t e m p e r a t u r e d i s t r i bu t ion m the r e a c t o r . T h e s e c a l 

cu la t ions a r e in tended only to ind ica te the r e a c t o r des ign con

s i d e r a t i o n s and l i m i t a t i o n s . 
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e. E n e r g y Dens i ty 

Burnup and r e s u l t i n g fuel deple t ion which a r e r e l a t e d to 

e n e r g y dens i ty i m p o s e con t ro l r e q u i r e m e n t s and can l im i t r e 

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

s igni f icant e n e r g y dens i ty l im i t a t i on . Even though the f i s s ion ing 

of 1 gm of u r a n i u m p e r day r e l e a s e s 1 Mw of p o w e r , we have 

seen tha t r e a c t o r c r i t i c a l i t y d e m a n d s a n y w h e r e f r o m a few to a 

h u n d r e d k i l o g r a m s m o r d e r to u t i l i z e the e n e r g y of f i s s ion . 

F u r t h e r m o r e , only a few p e r c e n t of the u r a n i u m i n v e n t o r y o r 

c r i t i c a l m a s s of the r e a c t o r can be u t i l i zed b e c a u s e of r a d i a t i o n 

d a m a g e . 

F i s s i o n r e s u l t s m the r e p l a c e m e n t of each f i s s ioned u r a n i u m 

a t o m with two f i s s ion p r o d u c t s . Thus , a s the f i s s ion ing of u r a 

n i u m m e t a l , for e x a m p l e , p r o c e e d s the m e t a l l a t t i c e i s be ing 

stuffed with one e x t r a a t o m for each f i s s ion . T h e s e e x t r a a t o m s 

p lus the fact tha t the f i s s ion p roduc t m a y not c o m f o r t a b l y fill a 

u r a n i u m s i t e r e s u l t m i n t e r n a l s t r a i n s m the m a t e r i a l . In a d d i 

t ion, the e n e r g e t i c p a r t i c l e s and f i s s ion p r o d u c t s col l ide with 

the a t o m s of the p a r e n t l a t t i c e and d i s r u p t i t which c a u s e s f u r t h e r 

s t r a i n . The p a r e n t l a t t i ce can only a c c o m m o d a t e so m u c h of th is 

s t r a i n un t i l it m u s t yie ld o r d i s t o r t m o r d e r to r e l i e v e the f i s s ion 

induced s t r a i n s . This r e s u l t i n g m a t e r i a l d i s t o r t i o n and expans ion 

i s r ad i a t i on d a m a g e . It can be a r g u e d on in tui t ive g rounds tha t 

a g iven m a t e r i a l can a c c o m m o d a t e s o m e m a x i m u m f r a c t i o n a l 

i n c r e a s e m the n o r m a l a t o m dens i ty be fo re u n a c c e p t a b l e d a m a g e 

r e s u l t s . In o the r w o r d s , s o m e f rac t ion of the to t a l n u m b e r of 

a t o m s p e r un i t vo lume can be f i s s ioned . E x p e r i e n c e shows tha t 

r ad i a t i on d a m a g e i s indeed wel l c o r r e l a t e d on a to t a l a t o m p e r 

cent bu rnup b a s i s . However , the amount of p h y s i c a l d i s t o r t i o n 

o r swel l ing i s a function p r i m a r i l y of the p a r e n t l a t t i ce o r m a t e 

r i a l tha t i s a b s o r b i n g the f i s s ion d a m a g e and the t e m p e r a t u r e at 

which the m a t e r i a l i s ope ra t ing dur ing f i s s ion . The above i s a 

g r o s s s impl i f i ca t ion ; howeve r , sufficient data and e x p e r i e n c e for 

a quan t i t a t ive d e s c r i p t i o n of the r ad i a t i on d a m a g e l i m i t s for a l l 
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m a t e r i a l s do not ex i s t . In fact , it i s an e x t r e m e l y difficult , 

co s t l y , and t i m e - c o n s u m i n g t a sk to e s t a b l i s h such l i m i t s . 

F i g u r e 11-17 shows the r e s u l t s of m a n y y e a r s of i nves t iga t ion 

of the UOp s t a i n l e s s s t e e l s y s t e m . This s y s t e m i s of no i n t e r e s t 

for space r e a c t o r s but the data i l l u s t r a t e the kind of bu rnup vs 

t e m p e r a t u r e l im i t a t i ons that ex i s t for a l l m a t e r i a l s . Such d e 

ta i l ed i n fo rma t ion is not yet ava i l ab l e for the m a t e r i a l s and 

t e m p e r a t u r e s of i n t e r e s t for space r e a c t o r s . However , p a s t 

e x p e r i e n c e has shown tha t few m a t e r i a l s can a b s o r b m o r e than 

1 to 2 a t . % burnup without l o s s of fuel e l e m e n t p h y s i c a l i n t e g r i t y . 

22 If we a s s u m e that a m a t e r i a l con ta ins 5 x 1 0 a t o m s / c c , 

which IS about the a t o m d e n s i t y of U m e t a l and we fu r the r a s s u m e 

that 1% of the a t o m s can be f i s s ioned with a c c e p t a b l e r ad i a t ion 

d a m a g e , then the m a t e r i a l can sus t a in the f i s s ion ing of 5 x 10 
20 a t o m s / c c . The f i s s ion ing of 5 x 10 a t o m s / c c r e s u l t s m the 

r e l e a s e of 

1 a t . % = ^ ^ ^° x 5.3 X 10^ k w h / m o l e - 4.4 M w h / c c . 
6 X 10 

T h e r e f o r e , the f i s s ion ing of 1 a t . % r e l e a s e s about 15 M w - y e a r s 

p e r cubic foot of r e a c t o r c o r e m a t e r i a l . Since the a t o m d e n s i t y 

of m o s t m a t e r i a l s i s n e a r the above a s s u m p t i o n , t h i s f igure i s a 

r e a s o n a b l e a p p r o x i m a t i o n . 

The t e m p e r a t u r e - d e p e n d e n c e of the b u r n u p l im i t is of ex

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

IS the c a s e for space s y s t e m s . Even m the c a s e of t e r r e s t r i a l 

r e a c t o r s y s t e m s w h e r e low t e m p e r a t u r e hea t s inks a r e ava i l ab l e 

t h e r e i s a t endency to s t r i v e for high t e m p e r a t u r e s m o r d e r to 

m a x i m i z e C a r n o t . If, h o w e v e r , one wants m a x i m u m net e n e r g y 

output p e r c o r e e i the r for economic r e a s o n s o r for e n d u r a n c e 

r e a s o n s , the s ignif icant p a r a m e t e r is the p r o d u c t of a l lowable 

bu rnup t i m e s Ca rno t eff ic iency. This quant i ty i s p r o p o r t i o n a l to 

the ne t ava i l ab l e e n e r g y that can be d e l i v e r e d by one c o r e . Since 

bu rnup capab i l i ty d e e r e a s e s with t e m p e r a t u r e and C a r n o t i n c r e a s e s 
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with s o u r c e t e m p e r a t u r e (for a fixed sink t e m p e r a t u r e ) , t h e r e is 

an o p t i m u m t e m p e r a t u r e for m a x i m u m s y s t e m e n d u r a n c e . F i g 

u r e 11-18 i l l u s t r a t e s th i s point for a s y s t e m having the bu rnup 

l i m i t s of F i g u r e 11-17 and having a fixed sink t e m p e r a t u r e of 

1 0 0 ° F . The UOp s t a i n l e s s s t ee l c e r m e t i s g e n e r a l l y c o n s i d e r e d 

a good " h i g h - t e m p e r a t u r e " fuel. However , it can be r e a d i l y 

seen f r o m F i g u r e II- 18 that the o p t i m u m t e m p e r a t u r e for m a x i 

m u m e n d u r a n c e i s quite low m c o m p a r i s o n to the n o r m a l l y con

s i d e r e d t e m p e r a t u r e l i m i t s of such a m a t e r i a l . 

1200 1600 2000 

T„ - SOURCE TEMPERATURE ("F) 
H 
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F i g u r e 11-18. E n e r g y vs T e m p e r a t u r e 
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F i g u r e 11-19. R e a c t o r Volume R e q u i r e m e n t s 
a s a Func t ion of Rod D i a m e t e r , C r i t i c a l i t y , 

H e a t - T r a n s f e r L imi t , and Burnup L imi t 
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f. S u m m a r y E x a m p l e 

The r e l a t i v e i m p o r t a n c e of the v a r i o u s r e a c t o r s ize l i m i t a 

t ions above can be shown by an e x a m p l e . A s s u m e the following 

condi t ions 

1) R e a c t o r c r i t i c a l vo lume = 0.4 ft 

2) Heat flux l imi t 400,000 B t u / h r - f t ^ 

3) F u e l t h e r m a l conduct iv i ty = 15 B t u / h r - f t - ° F 

4) F u e l A T 2 0 0 ° F 

m a x 

5) F u e l bu rnup l imi t 1 a t . % 

6) F u e l e l e m e n t m i n i m u m d i a m e t e r - 0.15 m . 

7) R e a c t o r power 10 Mwt 

8) L i fe t ime " 1 y e a r 

F i g u r e 11-19 shows the r e a c t o r vo lume a s a function of fuel 

e l e m e n t d i a m e t e r for the v a r i o u s l i m i t s . If fuel e l e m e n t c l ad 

ding t h i c k n e s s had been inc luded , the void f rac t ion would i n c r e a s e 

with d e c r e a s i n g rod d i a m e t e r and the c r i t i c a l i t y l imi t and the 

b u r n u p l imi t would not be independent of rod d i a m e t e r . 

A p r o b a b l e des ign point for th is e x a m p l e would lie on the 

bu rnup l imi t m o r d e r to m i n i m i z e r e a c t o r vo lume and weight 

and would a l s o lie on the hea t flux l im i t m o r d e r to m i n i m i z e 

the n u m b e r of fuel e l e m e n t s and thus the m a n u f a c t u r i n g c o s t . 

It should be noted tha t the above t r e a t m e n t h a s been highly 

qua l i t a t ive for i l l u s t r a t i v e p u r p o s e s . Throughout , the power 

d i s t r i bu t i on m the r e a c t o r and the t e m p e r a t u r e d i s t r i bu t ion d e 

t a i l s have been c o m p l e t e l y n e g l e c t e d . The quan t i t i e s u s e d have 

been a v e r a g e v a l u e s . In g e n e r a l , r e a c t o r power v a r i e s a s a 

chopped cos ine function m a l l d i r e c t i o n s . In s m a l l r e a c t o r s th i s 

l eads to a power d i s t r i b u t i o n with a peak to a v e r a g e value m the 

r a n g e of 1.5 to 2 In a r i g o r o u s des ign a n a l y s i s , a l l l imi t s a r e 

p l aced on the m a x i m u m t e m p e r a t u r e , hea t flux, power dens i ty , 

or b u r n u p . 
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2. HEAT REJECTION 

A. T E M P E R A T U R E AND E F F I C I E N C Y 

The b a s i c r e q u i r e m e n t of a space power s y s t e m to m a i n 

ta in the t h e r m o d y n a m i c cyc le cold t e m p e r a t u r e by the r ad i a t i ve 

r e j e c t i on of hea t f r o m an extended su r f ace o r r a d i a t o r i n t r o 

duces unique c o n s i d e r a t i o n s and c o n s t r a i n t s . It is i m m e d i a t e l y 

obvious tha t h igh C a r n o t eff iciency r e q u i r e s m i n i m u m cyc le cold 

t e m p e r a t u r e which i n c r e a s e s the r a d i a t o r a r e a r e q u i r e m e n t b e -
4 

c a u s e of the T dependence of the r a d i a t o r a r e a . Since r a d i a t o r 

s i ze wil l have a s ignif icant inf luence on s y s t e m des ign c r i t e r i a , 

concept se l ec t ion , and weight , it is i m p o r t a n t to eva lua te and 

u n d e r s t a n d the t radeoff be tween s y s t e m eff iciency and r a d i a t o r 

a r e a . In the g e n e r a l c a s e 

^o = ^D^C 

w h e r e 

•n - o v e r a l l c o n v e r s i o n efficiency 
'o 

Tf - Ca rno t eff ic iency 

•q - c o n v e r s i o n dev ice efficiency-

The s y s t e m hea t input , Q, is 

Q = 
'^D^C 

w h e r e P i s the e l e c t r i c a l power output . 

The hea t r e j e c t e d , Qr, J ^^ 

Qj^ = Q - P - P 
\^D^^ D ' C 

If 

T„ = s o u r c e t e m p e r a t u r e 

T = cyc le cold t e m p e r a t u r e 
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then 

a n d 

w h e r e 

Q R 

H 

4 4 4 
o-€AT^ - o-eA(l - -^(3) T^ 

a n d 

o" ~ S t e f an -Bo l t zmann cons tan t 

e " su r f ace e m i s s i v i t y 

A - s u r f a c e a r e a 

_P 
A 

4 4 
H ' 'C 

[vov, 

The m a x i m u m power p e r uni t a r e a or the m i n i m u m a r e a for a 

given power at a fixed T^ can be d e t e r m i n e d by solving for 7j„ m 

The r e s u l t i s 

4 ; ( x ) ^ ° -

m m . a r e a 

5 ±725 - 16T;^ 

This e x p r e s s i o n h a s only a m i n o r dependence on the c o n v e r s i o n 

dev ice eff iciency rjy.. This dependence i s shown m F i g u r e 11-20. 

As rj v a r i e s f r o m 0 to 100% the o p t i m u m Carno t eff iciency for 

m i n i m u m a r e a v a r i e s only f rom 0.8 to 0 .75. 
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F i g u r e 11-20. Op t imum Carno t Eff ic iency for M i n i m u m 
R a d i a t o r A r e a a s a Func t ion of C o n v e r s i o n 

Device Eff ic iency 

B e c a u s e of the high e n e r g y content of a n u c l e a r r e a c t o r , 

n u c l e a r space power s y s t e m des igns g e n e r a l l y tend toward the 

o p t i m u m C a r n o t condi t ion . However , i t i s not n e c e s s a r i l y t r u e 

that m i n i m u m weight o c c u r s at m i n i m u m a r e a . At the s a m e t i m e 

the d i r e c t p h y s i c a l s ize and the po ten t ia l s t r u c t u r a l a w k w a r d n e s s 

of the r a d i a t o r a r e a a r e d i s t inc t c o n s i d e r a t i o n s . 

If t h e r e is a d e s i r e to shift t oward h igher eff iciency which 

can be mo t iva t ed by hea t s o u r c e l i m i t a t i o n s , e s p e c i a l l y m low 

eff iciency s y s t e m s , the g e n e r a l i z e d r e l a t i o n s h i p be tween a r e a 

and eff iciency i s shown m F i g u r e 11-21. F o r i l l u s t r a t i v e p u r p o s e s 

a m e d i a n value of 17^ was chosen . It can be seen that the effi

c i ency can be i n c r e a s e d by a fac tor of two by i n c r e a s i n g r a d i a t o r 

a r e a by a fac tor of about 1.7 and to i n c r e a s e the eff iciency by a 

fac tor of 3 r e q u i r e s 6.5 t i m e s as m u c h a r e a . 

The ne t r e s u l t of the r a d i a t i v e hea t r e j e c t i on r e q u i r e m e n t i s 

to force space power s y s t e m s to accep t m u c h lower ef f ic iencies 

than a r e g e n e r a l l y u s e d on the ground and to p lace a high p r e m i u m 

on high s o u r c e t e m p e r a t u r e to m i n i m i z e the r a d i a t o r a r e a and 

weight . 
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Figure 11-21. Radiator Area vs Carnot Efficiency 
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B . RADIANT HEAT TRANSFER 

a. Heat T r a n s f e r Sur faces 

Some of the m o r e c o m m o n types of hea t t r a n s f e r s u r f a c e s 

employed m space hea t r e j e c t i on s y s t e m s a r e i l l u s t r a t e d m 

F i g u r e 11-22. The se l ec t ion of any p a r t i c u l a r type of su r f ace 

o r c o n s t r u c t i o n wi l l be dependent on m a n y f a c t o r s , such a s u s e 

of the su r f ace a s an i n t e g r a l p a r t of the space veh ic l e , o r a s a 

load c a r r y i n g m e m b e r , e t c . , th i s d i s c u s s i o n , h o w e v e r , wi l l be 

l im i t ed to ana lyz ing the t h e r m a l c h a r a c t e r i s t i c s of the r a d i a t o r 

only. 

(A) 
FLAT PLATE 

(C) 
TUBE AND FIN 
(TAPERED FIN) 

(E) 
TUBE AND FIN 

(DOUBLE FIN SURFACE) 

2o£ 
(B) 

TUBE AND FIN 
(CONSTANT THICKNESS FIN) 

(D) 
TUBE AND FIN 

(SINGLE FIN SURFACE) 

(F) 
TUBE AND FIN 

(HONEYCOMB CONSTRUCTION) 

(G) (H) 
TUBE AND FIN TUBE AND FIN 

METEOROID PROTECTION ON ONE METEOROID ARMOUR SHEET 
SIDE ONLY (ONE SIDE ONLY) 

7-S7-192-39 

F i g u r e 11-22. Typica l Space R a d i a t o r Sur faces 

100 



b . A n a l y s i s of I s o t h e r m a l Heat T r a n s f e r Su r f aces 

The b a s i c equat ion that gove rns r ad i an t hea t t r a n s f e r f r o m 

a s u r f a c e is the f a m i l i a r S t e fan -Bo l t zmann law 

Q = e^aA(T'^ - T^) 

w h e r e 

Q = power r a d i a t e d (kw) 

Crp = su r f ace e m i s s i v i t y for t h e r m a l r ad i a t i on 

- 1 3 O" = S t e f an -Bo l t zmann cons tan t = 5.02 x 10 

( k w / f t ^ - - R ^ ) 

2 

A = r a d i a t i n g su r f ace a r e a (ft ) 

T = r a d i a t i n g su r f ace t e m p e r a t u r e (°R) 

T - r a d i a t i v e sink t e m p e r a t u r e ( °R) . 
4 

The quant i ty crT i s p lo t ted m F i g u r e 11-23 such tha t the hea t 
r e j e c t i o n r a t e p e r un i t a r e a can be convenien t ly c a l cu l a t ed f r o m 

Q 4 4 

In m a n y s i tua t ions of i n t e r e s t , it is p e r m i s s i b l e to neg lec t 

the sink t e m p e r a t u r e t e r m . This i s g e n e r a l l y a c c e p t a b l e for the 

h i g h - t e m p e r a t u r e space power s y s t e m s . F o r s i tua t ions w h e r e 
4 4 

T » T s 

Q e ^ a A T 

The e r r o r m th i s s impl i f i ca t ion b e c o m e s evident when the r a d i a 

t ion equat ion i s r e w r i t t e n m the f o r m 

Q. 
A 

co-T (f) 
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F i g u r e 11-23. Rad ia t ion Heat F lux for I s o t h e r m a l S u r f a c e s 
with Unit E m i s s i v i t y 



Values of T / T l e s s than 0.316 r e s u l t m l e s s than 1% e r r o r and s 
va lues l e s s than 0.57 r e s u l t m l e s s than 10% e r r o r . 

c . A n a l y s i s of N o n i s o t h e r m a l Hea t T r a n s f e r S u r f a c e s 

C o n s i d e r the c a s e of the p a r a l l e l o r flat p l a t e r a d i a t o r 

shown m F i g u r e 11-24. A fluid at a weight flow or W( lb /h r ) 

e n t e r s the r a d i a t o r a t T, and exi t s at T^. Rad ia t ion is a s s u m e d 

to take p l ace f r o m one s ide only. Neg lec t ing the f i lm d rop b e 

tween the fluid and the su r f ace and neg lec t ing the sink t e m p e r a 

t u r e , a solut ion for th i s c a s e i s deve loped a s follows the hea t 

t r a n s f e r f r o m the e l e m e n t a l a r e a is given by 

dQ - ec-T'^y dx . 

Wdb/sec) 

FLUID IN 

Da = y dx 

RADIATION 
SURFACE 

7-S7-192-41 

F i g u r e 11-24. F l a t P l a t e R a d i a t o r 

A s s u m i n g t h e r m a l e q u i l i b r i u m be tween the fluid and the s u r f a c e , 

tha t IS, the hea t los t by the fluid equals the hea t r a d i a t e d f r o m 

the s u r f a c e , then 

dQ = C p W d T 

w h e r e C-p i s the fluid specif ic h e a t . T h e r e f o r e 

-C W d T - eo-T y dx 
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r e a r r a n g i n g t e r m s and indica t ing the a p p r o p r i a t e i n t eg ra t i on 

l i m i t s , 

T 2 dT / ea-

^ T' j C p * 
Tj 

y dx 

which i n t e g r a t e s to 

( 3 T 3 ) 

T 
^2 

eo'(yx) 
, 3 ^ - . , C p W 

1 

and s ince the p roduc t (xy) equals the su r f ace a r e a , the equat ion 

for the a r e a r e q u i r e d is given by 

w h e r e T and T^ a r e the fluid t e m p e r a t u r e s into and out of the 

r a d i a t o r r e s p e c t i v e l y . 

Since Q - C p W A T and T^ = T - AT, w h e r e AT is the fluid 

t e m p e r a t u r e d rop th rough the r a d i a t o r , the r e s u l t can be put 

m the following f o r m 

Q 4 A T 
-V-- eo-T, 3 ^ ^ A ^ 1 T, 

[(1 - AT/T^)^ 

The c o r r e c t i o n fac tor n e c e s s a r y to c o m p e n s a t e for a fluid t e m 

p e r a t u r e d i f fe rence be tween r a d i a t o r m l e t and out le t i s p lo t ted 

a s a function of A T / T m F i g u r e 11-25. The above equat ion 

a s s u m e s a sink t e m p e r a t u r e of z e r o . The e r r o r m neg lec t ing 

the sink t e m p e r a t u r e is l e s s than the ind ica ted e r r o r when eva l 

ua t ed on the b a s i s of the out le t t e m p e r a t u r e , T^, 1. e. , if the 

whole su r f ace w e r e at T„. 
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F i g u r e 11-25. Rad ia t ive Heat Rejec t ion C o r r e c t i o n 
for a N o n i s o t h e r m a l Sur face 

d. A n a l y s i s of Ex tended Su r f aces 

In m o s t c a s e s extended su r f ace o r finned r a d i a t o r s a r e 

advan t ages to ( 1) r e d u c e v u l n e r a b l e a r e a and thus m i c r o m e t e o r i t e 

a r m o r weight , (2) to i n c r e a s e vapor ve loc i t i e s for pos i t ive con

d e n s e r o p e r a t i o n m 0-g, and (3) to r e d u c e hea t t r a n s f e r fluid 

weight m liquid r a d i a t o r s and s u b c o o l e r s , e t c . The ef fec t ive

n e s s of a finned r a d i a t o r m u s t be l e s s than 100% and is d e t e r 

m i n e d by the p h y s i c a l d i m e n s i o n s and the p r o p e r t i e s of the fm 

m a t e r i a l . In o r d e r to eva lua te finned r a d i a t o r s , the d e r i v a t i o n 

of the hea t t r a n s f e r f r o m a s imp le extended su r f ace i s out l ined 

m F i g u r e 11-26. 

Combin ing 

d^Tiy) ^ ^ ! ! A ^ ^ ( , , 4 

d y 
Kt 
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Figure 11-26. Extended Fm Radiator 

put into dimensionless form by substituting 

^-i T T(y) 
T o 

results m 

d^T „^(^A + ^ B ) ^ ' i ^ 4 

dy- Kt 

The boundary conditions are 

dT 
dy 0 at Y = 1 

1 at 0 

The fm effectiveness is defined as the ratio of the heat radiated 

from the fm to the heat that could be radiated from the fm area 

at the base temperature 
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ae T(y) dy 
r, 5 ^L° 

F 4 
LT 

o 

The r e s u l t s for r e c t a n g u l a r and t r i a n g u l a r fms have been obta ined 
(57) by c o m p u t e r . The fm e f fec t iveness a s a function of the d i m e n 

s i o n l e s s p a r a m e t e r 

^ ( ^ A + ^ B ' ^ ' ^ O 
Kt 

o 

IS p lo t ted m F i g u r e 11-27. Through the app l i ca t ion of the fm ef-

f ec i i venes s function, a g e n e r a l i z e d plot of fm weight vs a r e a can 

be ob ta ined . It can be seen f rom F i g u r e 11-28 that r e c t a n g u l a r 

fms have a m i n i m u m weight for a given hea t t r a n s f e r at a fm 

e f fec t iveness of 0.57. The m i n i m u m fm weight condi t ion i n c u r s 

a s ignif icant i n c r e a s e m r a d i a t o r a r e a . The weight of the fm 

b a s e hea t s o u r c e , m i c r o m e t e o r i t e a r m o r and o t h e r weight 

p e n a l t i e s such a s s t r u c t u r e which a r e a s s o c i a t e d with the r a d i 

a t o r a r e a wi l l g e n e r a l l y c a u s e the m i n i m u m weight of a p r a c t i c a l 

r a d i a t o r to o c c u r at h ighe r fm e f f ec t i venes s . It i s a l so i m p o r t a n t 

to note tha t the m i n i m u m weight of a t r i a n g u l a r fm i s only 65% of 

the m i n i m u m r e c t a n g u l a r fm. Or the fm e f fec t iveness can be 

i n c r e a s e d f r o m 0.57 to about 0.8 without an i n c r e a s e m fm weight 

by the u s e of t r i a n g u l a r r a t h e r than r e c t a n g u l a r f m s . 

The p h y s i c a l p r o p e r t i e s of s o m e app l i cab le fm m a t e r i a l s a r e 

given m Tab le 11-12. Since the fm e f fec t iveness depends on the 

t h e r m a l conduct iv i ty and the weight on dens i ty , the r a t io of K/p 

IS a m e a s u r e of m a t e r i a l e f f ec t ivness . Va lues of K/p a r e p lo t ted 

a s a function of t e m p e r a t u r e m F i g u r e 11-29. It can be seen f r o m 

Table II- 12 and f rom F i g u r e 11-29 that a l u m i n u m is the b e s t low 

t e m p e r a t u r e fm m a t e r i a l . B e r y l l i u m suffers f r o m cos t and 

ava i l ab i l i t y while m a g n e s i u m p r o b a b l y has too high a vapor p r e s 

s u r e . Even though Be has a m u c h h ighe r m e l t i n g point than 
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F i g u r e 11-27. F i n Ef fec t iveness vs D i m e n s i o n l e s s F m P a r a m e t e r 
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F i g u r e 11-28. Re la t ive F in Weight vs F i n 
Ef fec t iveness for R e c t a n g u l a r and 

T r i a n g u l a r F i n s 

T A B L E 11-12 

P R O P E R T I E S O F RADIATOR FIN MATERIALS 

Aluminum 

Beryllium 

Copper 

Magnesium 

Molybdenum 

Thermal 
Conductivity 

at 1000 °R 
(Btu ' s /h r -£ t - °F) 

116 

73 

E16 

77 

70 

Density 
at RT 

(lb/ft3) 

169 

U 6 

558 

109 

640 

K 
P 

0.686 

0.63 

0.387 

0.706 

0.109 

Melting 
Point 
CR) 

1678 

2790 

Z440 

1661 

5212 

Vapor P r e s s u r e = 
10-8 mm of Hg 

at Temperature 
(°R) 

1710 

1770 

1980 

840 

3350 
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F i g u r e 11-29. T h e r m a l Conduct iv i ty Over 
Dens i ty Rat io for Rad ia to r 

F m M a t e r i a l s 

a l u m i n u m , it does not s e e m to offer a s ignif icant advan tage m 

vapor p r e s s u r e at h igh t e m p e r a t u r e . As a r e s u l t the p r e f e r a b l e 

high t e m p e r a t u r e fm m a t e r i a l is c o p p e r . 

e . Sink T e m p e r a t u r e 

If t h e r e w e r e no net hea t r a d i a t e d f r o m the su r f ace then 

Q = e ^ a A ( T ^ - T^) 0 

and the t e m p e r a t u r e of the su r f ace would c o m e to equal the sink 

t e m p e r a t u r e , i . e . , T ^ T . C o n v e r s e l y then, the sink t e m p e r a 

t u r e can be defined a s tha t t e m p e r a t u r e r e a c h e d by the su r f ace 

(A) when the su r face is m t h e r m a l e q u i l i b r i u m with i t s e n v i r o n 

m e n t . With th is defini t ion, the sink t e m p e r a t u r e is not a p h y s i 

ca l t e m p e r a t u r e m the u s u a l s e n s e , b e c a u s e of i t s dependence 

upon e, but IS an effective t e m p e r a t u r e . The effective sink 

t e m p e r a t u r e is that su r f ace t e m p e r a t u r e n e c e s s a r y to r e - r a d i a t e 

the to ta l inc iden t e n e r g y f r o m the p r i n c i p l e e x t e r n a l s o u r c e s . 

T I 1 r 

COPPER 

MOLYBDENUM 

I 
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I . e . , sun, so la r r e f l ec t ion f rom the e a r t h , and i n f r a r e d r ad i a t ion 

f rom the e a r t h . 

It IS r e a d i l y seen that the effective sink t e m p e r a t u r e is a 

function of the locat ion and o r i en t a t i on of the specif ic su r face m 

ques t ion with r e s p e c t to the p r inc ipa l s o u r c e s . B e c a u s e of the 

r e l a t i v e l y high r a d i a t o r t e m p e r a t u r e of m o s t n u c l e a r space 

power s y s t e m s of i n t e r e s t the sink t e m p e r a t u r e is not a s ignif i 

cant p a r a m e t e r . Thus , the r e a d e r i s r e f e r r ed to Refer ences 55 -58 . 

F o r n e a r - e a r t h (few h u n d r e d m i l e s ) o r b i t s , the a v e r a g e sink 

t e m p e r a t u r e is about 0 ° F . The sink t e m p e r a t u r e in such c a s e s 

affects the r a d i a t o r by l e s s than 10% m a r e a for r a d i a t o r t e m 

p e r a t u r e s m e x c e s s of 3 4 0 ° F . 

f. E m i s s i v i t y 

In g e n e r a l , m a t e r i a l s s e l ec t ed for c o n s t r u c t i o n of r a d i a t o r 

s u r f a c e s wi l l not have the d e s i r e d e m i s s i v i t y o r a b s o r p t i v i t y 

c h a r a c t e r i s t i c s . Since the a r e a r e q u i r e d is i n v e r s e l y p r o p o r 

t ional to the e m i s s i v i t y , it is d e s i r a b l e to have high va lues of 

e m i s s i v i t y at the wave length c o r r e s p o n d i n g to t h e r m a l e m i s s i o n 

and low va lues of a b s o r p t i v i t y for the inc ident e n e r g y wave 

l eng ths . As a r e s u l t , v a r i o u s coa t ings a r e u s u a l l y appl ied to 

the r ad ia t ion s u r f a c e s which have a p p r o p r i a t e va lues of (€„/Q!,), 

w h e r e € is the value of e m i s s i v i t y for the t h e r m a l r a d i a t i o n 

and a is the a b s o r p t i v i t y of the su r f ace for the incident r a d i a 

t ion. Some typ ica l c e r a m i c coa t ings of high e m i s s i v i t i e s a r e 

given m F i g u r e 11-30 a s a function of t e m p e r a t u r e . S ince the 

s o l a r s p e c t r u m a p p r o x i m a t e s a b l a c k body r ad i a t i ng at 10,000°R, 

it IS seen f rom th is f igure that t he se compounds do have low 

va lues of a b s o r p t i v i t y ( s ince e = Q!_) m this r a n g e . In g e n e r a l , 

coa t ings spec i f i ca l ly developed for space r a d i a t o r s wi l l have 

va lues of € = 0.8 to 0.95 and a = 0.1 to 0.25 when low t e m 

p e r a t u r e r a d i a t o r s a r e involved. F o r high t e m p e r a t u r e s y s 

t e m s only high e m i s s i v i t y i s i m p o r t a n t . 
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F i g u r e 11-30. E m i s s i v i t y of Some Typ ica l C e r a m i c 
M a t e r i a l s vs T e m p e r a t u r e 

C. METEOROID P R O T E C T I O N 

a. G e n e r a l 

Me teo ro id is the n a m e given to the g e n e r a l c l a s s of m a t e 

r i a l p a r t i c l e s found m ou te r s p a c e . When t h e s e p a r t i c l e s en t e r 

the e a r t h ' s a t m o s p h e r e , they a r e r e f e r r e d to a s m e t e o r s (shoot 

ing s t a r s ) and the r e m n a n t s of those that r e a c h the ground a r e 

r e f e r r e d to a s m e t e o r i t e s . T h e r e a r e l a rge a r e a s of i g n o r a n c e 

of the m e t e o r o i d env i ronmen t m s p a c e , and only f r a g m e n t a r y 

knowledge i s ava i l ab l e to e s t a b l i s h p r o t e c t i o n c r i t e r i a . T h e r e 

a r e t h r e e p r i n c i p a l m e c h a n i s m s by which m e t e o r o i d s m a y c a u s e 

f a i lu re of space r a d i a t o r (1) punc tu re of f l u i d - c a r r y i n g p a s 

s a g e s , with the r e s u l t a n t l o s s of e i t h e r work ing fluid o r coolant , 

(2) s p a l l m g , w h e r e b y s i zab le p i e c e s of m e t a l a r e expel led f rom 

the m s i d e of the fluid c a r r y i n g p a s s a g e and find t he i r way to the 

t u rb ine o r b e a r i n g s , with c a t a s t r o p h i c r e s u l t s , and (3) e r o s i o n 

of e m i s s i v i t y su r f ace c o a t i n g s . Spal lmg and p e n e t r a t i o n a r e two 

d i s t i nc t l y different p h e n o m e n a . The arhount of a r m o r r e q u i r e d 

to p r o t e c t aga in s t d a m a g e is s e n s i t i v e , of c o u r s e , to the d a m a g e 

m e c h a n i s m , and to the n a t u r e and d i s t r i bu t i on of m e t e o r o i d s m 

s p a c e . 
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b . Influx Ra te 

By far the g r e a t e s t amoun t of in fo rmat ion on m e t e o r o i d s is 

b a s e d on e a r t h o b s e r v a t i o n s . Both op t i ca l and r a d a r m e t h o d s 

have been employed to d e t e r m i n e r e l a t i o n s h i p s be tween the f r e 

quency of the p a r t i c l e s and the magn i tude or luminos i ty p roduced 

a s the m e t e o r s t r a v e r s e the a t m o s p h e r e . Reduc t ion of th is data 

to e s t i m a t e s of m e t e o r i t i c m a s s has been m u c h m o r e difficult 

b e c a u s e of the u n c e r t a i n t i e s of the p a r t i c l e d r a g c h a r a c t e r i s t i c s 

and the luminous efficiency of the p r o c e s s . 

The influx r a t e of m e t e o r s m the e a r t h ' s a t m o s p h e r e has 

been wel l e s t a b l i s h e d to the +5 v i sua l magn i tude by pho tograph ic 

s u r v e y s and is b e c o m i n g wel l e s t a b l i s h e d to the +12 magn i tude by 
/ A7 \ 

r a d a r t e c h n i q u e s . Based on a to ta l of 90 mi l l ion m e t e o r s 

b r i g h t e r than a v i s u a l magn i tude of +5 e n t e r i n g the e a r t h ' s a t m o s 

p h e r e m 24 h o u r s , and a f requency i n c r e a s e of a fac to r of 3.4 

p e r m a g n i t u d e , the cumula t ive flux magn i tude r e l a t i o n s h i p can 

be e x p r e s s e d a s 

(p = 4.5 X 10 X (3.4) ( n u m b e r / m - s e c ) 

c . M a s s and Dens i ty 

A c c o r d i n g to r e c e n t data f rom the H a r v a r d Col lege and 

Smi thson ian A s t r o p h y s i c a l O b s e r v a t o r i e s , ' an i m p r o v e d 

b a s i s for e s t i m a t i n g m a s s e s and d e n s i t i e s at pho tograph ic m a g 

n i tudes is now a v a i l a b l e . The new, b a s i s i s a s e r i e s of e x p e r i 

m e n t a l d e t e r m i n a t i o n s of luminous eff iciency being m a d e f r o m 

p h o t o g r a p h s of a r t i f i c a l l y injected m e t e o r s . The r e s u l t s of the 

f i r s t s u c c e s s f u l e x p e r i m e n t of th is type a r e now a v a i l a b l e . The 

value of luminous eff iciency obta ined f r o m th is f i r s t a r t i f i c i a l 

i r o n m e t e o r e x p e r i m e n t r e s u l t s m an e s t i m a t e of 0.4 g / c c for 

the d e n s i t y of m e t e o r s of c o m e t a r y o r ig in , which m a k e up the 

g r e a t m a j o r i t y of a l l m e t e o r s , and a m a s s of 0.4 g for m e t e o r s 

of z e r o v i s u a l m a g n i t u d e . The r e l a t i o n s h i p be tween m a s s and 

v i s u a l magn i tude i s then 

„ . , , - 0 . 4 M m = 0.4 X 10 
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d. F lux vs M a s s 

T h e s e equa t ions m a y be combined to give the following 

c u m u l a t i v e flux a s a function of m a s s m or g r e a t e r . 

, , , , . - 1 5 - 4 / 3 
9 = 1 . 3 x 1 0 m 

It IS b a s e d on the following 

1) F r e q u e n c y a t the pho tograph ic m a g n i t u d e s and the r a t e 

of change of f requency with magn i tude a s r e p o r t e d by 

Hawkins and Upton m 1958. 

2) An ex t r apo l a t i on of t h e s e data th rough the r a d a r 
(67) 

m a g n i t u d e s as r e c o m m e n d e d by Hawkins m 1962 

3) A 

by Cook 

3) A m a s s of 0.4 g at z e r o magn i tude a s r e c o m m e n d e d 
(62) 

Th i s equat ion i s shown m F i g u r e 11-31. E s t i m a t e s of Whipple 

m 1958 and Watson m 1956 a r e shown for c o m p a r i s o n p u r 

p o s e s , t oge the r with s a t e l l i t e data r e p o r t e d by Dube rg . 

e. Veloc i ty 

Whipple s t a t e s that the a v e r a g e ve loc i ty of pho tograph ic 

m e t e o r s i s 28 k m / s e c and that the ve loc i ty "undoubtedly fal ls 

off for s m a l l e r m e t e o r o i d s , " he a r b i t r a r i l y s e l e c t e d 25 k m / s e c 

a t the +9 m a g n i t u d e . A ve loc i ty of 30 k m / s e c i s r e c o m m e n d e d 

for u s e m des ign s tud ies to be on the high s ide of the app l i cab le 

r a n g e . The u n c e r t a i n t y m the a v e r a g e ve loc i ty of a few k m / s e c 

i s not i m p o r t a n t to the weight of a r a d i a t o r . 

f. P e n e t r a t i o n T h e o r y 

The p r e d i c t i o n of the depth of p e n e t r a t i o n of m e t e o r o i d s into 

t a r g e t m a t e r i a l s at e x t r e m e l y high ve loc i ty involves g r e a t un 

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

a s e x p e r i m e n t e r s , and t h e o r i e s a s t h e o r i s t s . The m o s t widely 
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OAEROBEE (NO. 
D A E R O B E E (NO. 

OAEROBEE 

^EXPLORER VIII 
dEXPLORER 1 
• VANGUARD III 

ASPUTNIK III 
• PIONEER 1 
j l COSMIC 

• 2 COSMIC 

25 
80 

PHOTOGRAPHIC RANGE 

:ADAR RANG 

MASS (qm) 
7 -S7 -192 -49 

F i g u r e 11-31. M e t e o r o i d F lux vs M a s s 

u s e d p e n e t r a t i o n equat ion i s tha t of S u m m e r s and C h a r t e 

w h e r e 

p = p e n e t r a t i o n d i s t a n c e 

p = m e t e o r o i d dens i ty " m ' 

p, - t a r g e t dens i ty 
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V - m e t e o r o i d ve loc i ty 

C = ve loc i ty of sound m t a r g e t 

d = m e t e o r o i d d i a m e t e r 

Subst i tu t ing for the ve loc i ty of sound in the t a r g e t m a t e r i a l 

J / 2 
C = g "W 

w h e r e 

g = g r a v i t a t i o n a l cons t an t 

E = t a r g e t e l a s t i c m o d u l u s 

and for the m e t e o r o i d d i a m e t e r 

l / 3 / _ \ l / 3 

(Wit) 
w h e r e m = m e t e o r o i d m a s s 

and r e a r r a n g i n g r e s u l t s m 

1/3 2 \ ^ ^ ^ 

P - 0 - 2 8 3 ( 7 f ) ( ^ ) • • • • ( A ) 

B jo rk ana lyzed the h y p e r v e l o c i t y i m p a c t phenomenon , t r e a t 

ing it a s a fluid impac t , m which m a t e r i a l s t r eng th was con

s i d e r e d to be of no i m p o r t a n c e . His r e s u l t , for i r o n t a r g e t s was 

1/3 

0 . 0 4 0 4 1 - ^ 1 ( m V ) ^ ' ^ . . . . ( B ) 
: ^ ) 

E i c h e l b e r g e r and G e h r m g d e s c r i b e the i m p a c t phenomenon 

and a r g u e the i m p o r t a n c e of t a r g e t s t r eng th , B r m e l l H a r d n e s s 

N u m b e r m p a r t i c u l a r . They r e c o m m e n d the following p e n e t r a 

tion equat ion 

116 



p - 0.961 X 1 0 - ^ ( ^ j . . . ( C ) 

2 
w h e r e BHN = B r m e l l H a r d n e s s N u m b e r ( k g / m m ). 

Not ice that Equa t ions A and B inc lude dens i ty of both 

m e t e o r o i d and t a r g e t while Equat ion C i s independent of both 

d e n s i t i e s . F u r t h e r , Equat ion A inc ludes the t a r g e t m o d u l e s 

of e l a s t i c i t y . Equa t ion C inc ludes t a r g e t B r m e l l h a r d n e s s , 

while Equa t ion B is independent of t a r g e t m e c h a n i c a l p r o p e r t i e s . 

F o r t u n a t e l y a l l t h r e e have the s a m e funct ional dependence on 

m a s s , so they m a y be c o m p a r e d . Using the va lues of m e t e o r o i d 

d e n s i t y of 0.4 g / c c , and ve loc i ty of 30 k m / s e c (98,300 f t / s e c ) , 

we can c o m p a r e the r o o m t e m p e r a t u r e p e n e t r a t i o n of 0.001 g 

m e t e o r o i d s into a t a r g e t of a h i g h - s t r e n g t h s t e e l , with the fol

lowing r o o m t e m p e r a t u r e p r o p e r t i e s 

p^ - 7.67 g / c c 

E = 29 X 10^ ps i (2 X 10^ k g / c m ^ ) 

BHN = 350 k g / m m ^ . 

The p e n e t r a t i o n equa t ions and the r e s u l t s for a 0.001 g m e t e o r o i d 

a r e given in Table 11-13. 

TABLE 11-13 

COMPARISON O F METEOROID P E N E T R A T I O N MODELS 

R e s e a r c h e r 

(A) S u m m e r s 

(B) Bjork 

(C) E i c h e l b e r g e r 

C o r r e l a t i o n 

p = 1.75 m l / ^ 

p = 0 . 7 m l ^ 3 

p = 2 . 9 m ^ / 3 

P e n e t r a t i o n of 
0.001 g Meteo ro id 

0.175 c m 

0.07 

0.29 
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g. M e t e o r o i d D a m a g e 

The r e m a i n i n g a n a l y s i s i s b a s e d on the work of S u m m e r s 

and C h a r t e r s . The p e n e t r a t i o n t h e o r i e s a r e b a s e d on t a r g e t s 

with t h i c k n e s s t » p . It i s g e n e r a l l y a g r e e d tha t if a m e t e o r o i d 

wi l l p e n e t r a t e a d i s t a n c e , p , into a thick t a r g e t , it wi l l j u s t 

p u n c t u r e a t a r g e t of t h i c k n e s s 1.5 p , and m a y c a u s e s p a l l m g of 

a t h i c k e r t a r g e t . Thus , to p r o v i d e a r m o r aga in s t m e t e o r o i d s 

of m a s s m , a t h i c k n e s s g r e a t e r than p m u s t be p rov ided . 

t F p 

w h e r e F , the t hm t a r g e t f ac to r , is 1.5 o r g r e a t e r . A value of 

F ^ 1.75 h a s been r e c o m m e n d e d by NASA L e w i s . Combin ing , 

t = F K m l / 3 

w h e r e K is a function of t a r g e t and m e t e o r o i d p r o p e r t i e s . 

The cumula t i ve m e t e o r o i d flux is e x p r e s s e d by an equat ion 

of the g e n e r a l f o r m 

<J> a m 

The p e n e t r a t i n g flux (p of n n i c r o m e t e o r s with m a s s equal to o r 

g r e a t e r than the m a s s r e q u i r e d to p e n e t r a t e a t h i c k n e s s t is 

•3b 

•^p = " f e ) P 

The p r o b a b i l i t y of no s y s t e m fa i lu re due to m e t e o r o i d d a m a g e is 

-4> A T 
P(0) = e P ^ 

w h e r e 

A = exposed a r e a , 

T = t i m e , 
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for s m a l l va lues of P(0) 

1 - P(0) = rf) A T . 
"^p V 

Combin ing equa t ions we obtain 

1 - P(0) 

which IS r e a r r a n g e d to 

l / 3 b 

/ t \ - 2 ^ 

t - F K a 
l / 3 b 

Subs t i tu t ing for 

and r e w r i t i n g 

1 - P(o; 

b 4 / 3 

A 
l / 3 b 

1/4 p = 0 .283Fa ' K 
A T 

V 
1 - P(0) 

1/4 

1/4, 
The quant i ty a K can be r e w r i t t e n into the p roduc t of a m i c r o 

m e t e o r i t e p r o p e r t y t e r m and a t a r g e t m a t e r i a l p r o p e r t y t e r m 

l / 4 j . 1/4, , , 2 , 1 / 3 - 1 / 3 

It should b e noted a t t h i s point tha t a fac to r of 10 u n c e r t a i n t y 

m a, the m e t e o r o i d flux, r e s u l t s m a fac to r of 1.78 u n c e r t a i n t y m 

the m e t e o r o i d a r m o r r e q u i r e m e n t , a f ac to r of 10 m / 3 , , , the 

m e t e o r o i d dens i ty , r e s u l t s m a fac tor of 2.15 u n c e r t a i n t y m the 

a r m o r . Subs t i tu t ing for 

- 15 2 
a - 1 . 3 x 1 0 n u m b e r / m - s e c 

PM = 0-4 g / c c 

V = 30 K m / s e c 

F = 1.75 
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6 ? 
and putt ing E into un i t s of 10 k g / c m , T into y e a r s and A m 

2 ^ 
m e t e r s , r e s u l t s 

1/4 

t ( cm) = 0 . 1 0 6 ( / 3 ^ E ' 
1/3 

A^(m) T(yr)" 

1 - P(0) 

The i n i c r o m e t e o r o i d a r m o r weight pena l ty p e r uni t a r e a i s 

| l / 4 
4. r, m^ 2 / 3 „ ' - 1 / 3 

pt = O.lOOyO E 

A T 
V 

1 - P(0) 

This equat ion sugges t s a m i c r o m e t e o r o i d a r m o r m a t e r i a l f igure 

of m e r i t (MFM). 

, . _ . . 2 / 3 „ / - l / 3 
M F M = p E 

D ^ ^ ^ f , r ' i - 1 / 3 J 2 / 3 „ ' - l / 3 
R o o m t e m p e r a t u r e va lues of (p.E ) and p E a r e 
given m Table 11-14 for the m o s t a p p r o p r i a t e m a t e r i a l s . 

TABLE 11-14 

METEOROID ARMOR M A T E R I A L P R O P E R T I E S 

M a t e r i a l 

B e r y l l i u m 

A l u m i n u m 

I ron 

Molybdenum 

S t a i n l e s s S tee l 

Copper 

Dens i ty 
( g / c c ) 

1.85 

2 .7 

7 . 9 

10.2 

7 . 9 

8 .9 

E X 10-6 
( k g / c m 2 ) 

2 .9 

0.63 

2 . 1 

3 3 

1.9 

1.1 

0.57 

0.83 

0.39 

0.31 

0 .4 

0.46 

pf^^E'-l/^ 

1.1 

2 . 2 

3 . 1 

3 .2 

3 . 2 

4 . 1 

1 kg/cm2 = 14.4 psi 

A g e n e r a l i z e d plot of a r m o r t h i c k n e s s ( t ) v s r ( A T ) / 1 - P ( 0 ) ] 

for va lues of the t a r g e t p r o p e r t y {p.E ) i s given m F i g u r e I I -32 . 
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1 0 

0 .01 

l-P(o) 

F i g u r e 11-32. Me teo ro id A r m o r T h i c k n e s s R e q u i r e m e n t s 

h . Weight P e n a l t y 

In l a r g e power s y s t e m s , the m i c r o m e t e o r i t e a r m o r r e q u i r e 

m e n t i m p o s e s a s ignif icant weight pena l ty tha t p r o v i d e s a s t r ong 

incen t ive to r e d u c e the v u l n e r a b l e a r e a by the u s e of fms and uo 

r e d u c e the r a d i a t o r a r e a by us ing a h ighe r t e m p e r a t u r e power 

c o n v e r s i o n c y c l e . The a r m o r weight p e r e l e c t r i c a l wat t is 

Pt tA 

i f 

Cons tan t 

A 

1 - P(0) 

x A 

1/4 A 5/4 

w h e r e A i s the to ta l r a d i a t o r a r e a , and for low eff iciency s y s t e m s 

, ^ P 
4 

17 0-eT 
' o c 

then 

o tA "̂ t \ 
Cons tan t 

P T 11 /4 

1 - P(0) _^o^« 

5 / 4 
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The r e s u l t s a r e p lo t ted as a function of T m F i g u r e 11-33 for the 
c ° 

follo"wing e x a m p l e 

P = 1 Mwe 

-17 - 10% 'o 

X = 0.1 

LU 

o 

< 

DC 
O 
LU 
I -
LU 

o 
o 

1 1 

\ 

\ 
\ 

\ 

1 1 1 1 

P = 1 Mwe 
7̂0 = 10% 

A^A = 0 . 1 

ARMOR = BERYLLIUM 
T = l y r 

\ \ p (0 ) = 0.99 

1 P(0)=0.^\^\. 

1 1 1 1 1 1 1 

1 

-

1 
600 700 800 9001000110012001300 

RADIATOR TEMPERATURE (°F) 
7-S7-192-53 

F i g u r e 11-33. E x a m p l e P e r f o r m a n c e 
P e n a l t y for M i c r o m e t e o r i t e 

A r m o r 

D. DESIGN E X A M P L E 

Let u s a s s u m e we have the p r o b l e m of d e t e r m i n i n g the 

m i n i m u m weight r a d i a t o r r e q u i r e d to r e j e c t the w a s t e cyc le 

hea t f r o m a m e r c u r y r ank ine cyc le power s y s t e m . The t h e r m a l 

hea t to be r e j e c t e d wil l be a s s u m e d to be 50 kwt a t an a v e r a g e 

condens ing t e m p e r a t u r e of 6 0 0 ° F . The g e o m e t r y s e l e c t e d i s 

shown m F i g u r e 11-34 and c o n s i s t s of an a r r a y of tubes a t t a ched 

to a c y l i n d r i c a l s u r f a c e . The m e r c u r y vapor i s d i s t r i b u t e d to 

the indiv idual tubes by a mani fo ld . The m e r c u r y vapor i s 
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INLET HEADER 

TUBES 

(FINS) 

7-S7-192-54 

F i g u r e 1 1 - 3 4 . T y p i c a l R a d i a t o r G e o m e t r y 

c o n d e n s e d to a l i q u i d a s i t f l o w s t h r o u g h t h e t u b e s a n d t h e h e a t 

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

T h e a s s u m e d t u b e a n d f m d e t a i l a n d m a t e r i a l s a r e s h o w n m F i g 

u r e 1 1 - 3 5 . T h i s g e o m e t r y c l o s e l y a p p r o a c h e s t h e i d e a l i z e d r e c 

t a n g u l a r f m r a d i a t i n g f r o m o n e s i d e . In a d d i t i o n , a s s u m e t h a t 

t h e c y l i n d e r i s 5 ft m d i a m e t e r a n d t h a t t h e s u r f a c e e m i s s i v i t y 

c a n b e t a k e n a s 0 . 9 0 . T h e p a r t i c u l a r c o n f i g u r a t i o n o r o v e r a l l 

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

v e h i c l e o r a p p l i c a t i o n c o n s i d e r a t i o n s . F r o m F i g u r e 1 1 - 2 3 , t h e 

q u a n t i t y 

- 0 . 7 0 k w / f t ^ . 

6 0 0 
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TUBE SPACING (2L ) -
RADIATING SURFACE 

^^^;^^m^^^^^^^^^^>^^^^^^^ 
ALUMINUM' 

BRAZING MATERIAL 

ECCENTRIC TUBE 
STEEL TUBES 

7-S7-192-55 

F i g u r e 11-35. Tube and F i n De ta i l 

With the va lues of e = 0.9 and Q = 50 kw the abso lu t e m i n i m u m 
2 

r a d i a t o r a r e a wi l l be 79.5 ft at a fin e f fec t iveness of 1.0, which 

can only be a p p r o a c h e d . If we a r b i t r a r i l y a s s u m e a fin e f fec t ive-
2 

n e s s of Tj^ = 0.80, then the a r e a i s 100 ft and the length of the 

cy l inde r i s 6.3 ft. With the fixed value of fin e f f ec t iveness , f r o m 

F i g u r e 11-27 

2 3 
ere 1 o 

kt = 0.20 

L, as wil l be r e c a l l e d , is the fin length and h e n c e i s r e l a t e d to 

the n u m b e r of tubes (N) in th is e x a m p l e by L =7rD/2N. With a 

fixed value for the n u m b e r of t u b e s , the t h i c k n e s s of the fins can 

be c a l c u l a t e d . A l s o , with the n u m b e r of tubes and length of tubes 

fixed, the tube d i a m e t e r can be ca l cu l a t ed to give the d e s i r e d 

p r e s s u r e d r o p . The v u l n e r a b l e a r e a , which i s the sum of the 

p r o j e c t e d a r e a s of the c o n d e n s e r t u b e s , can now be c a l c u l a t e d . 

The weight of the r a d i a t o r then b e c o m e s the sum of the weight 

of the f ins , a r m o r , tubes and the m e r c u r y fluid ho ldup . As the 

n u m b e r of tubes i s i n c r e a s e d , with the fin e f fec t iveness held 

cons t an t , the fin weight d e c r e a s e s , and the tube a r m o r and fluid 

holdup weigh ts i n c r e a s e . This effect i s i l l u s t r a t e d in F i g u r e 11-36 

and r e s u l t s in a m i n i m u m weight solut ion for some combina t ion 
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F i g u r e 11-36. R a d i a t o r Weight vs Number of Tubes 

of the four e l e m e n t s . If a s e r i e s of such c u r v e s for d i f ferent 

va lues of fm e f fec t iveness a r e c o n s t r u c t e d and the m i n i m u m 

poin t s p lo t t ed , an o p t i m u m value (i . e. , m i n i m u m weight) of fm 

e f fec t iveness can be found, a s i l l u s t r a t e d m F i g u r e 11-37. A 

m i n i m u m weight solut ion can be d i s c e r n e d , o r c o n v e r s e l y , the 

weight pena l ty a s s o c i a t e d with ope ra t ing with e i t h e r h ighe r o r 

lower r a d i a t o r a r e a . F o r th is c a s e , the o p t i m u m fm ef fec t ive

n e s s a s shown m F i g u r e 11-37 is about 0.76, which c o r r e s p o n d s 
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to an a r e a of 106 ft . It should be noted that the effect of the 

tube and a r m o r weight was to i n c r e a s e the o p t i m u m fm effect ive

n e s s ove r that ind ica ted for m i n i m u m fm weight only. 
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F i g u r e 11-37. R a d i a t o r Weight v s F m Ef fec t ivenes s 
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3. SYSTEM DESIGN 

A. SYSTEM CONSIDERATIONS 

Thus far we have c o n s i d e r e d the r e q u i r e m e n t s and l i m i t a t i o n s 

of r e a c t o r s . In o r d e r to e s t a b l i s h the specif ic r e a c t o r r e q u i r e 

m e n t s for a space power app l ica t ion and to s e l e c t a r e a c t o r -

power c o n v e r s i o n combina t ion , we m u s t c o n s i d e r the m u t u a l 

i n t e r a c t i o n s of the t h r e e m a j o r s u b s y s t e m s for n u c l e a r space 

power p l a n t s . T h e s e inc lude (1) the r e a c t o r hea t s o u r c e , (2) the 

power c o n v e r s i o n c y c l e , and (3) the w a s t e hea t r a d i a t o r . The 

power c o n v e r s i o n cyc le d e t e r m i n e s the ope ra t i ng t e m p e r a t u r e 

of the o the r two and i t s weight is r e l a t i v e l y i n s e n s i t i v e to t e m 

p e r a t u r e . The de ta i l s of the cyc le , for e x a m p l e the working 

fluid, a r e a function of the o p e r a t i n g t e m p e r a t u r e . The r a d i a t o r 

a r e a and weight a r e , of c o u r s e , a s t r ong function of the cyc le 

cold t e m p e r a t u r e . The r e a c t o r s i z e , weight , and concept a r e a 

function of t e m p e r a t u r e b e c a u s e of the ope ra t i ng t e m p e r a t u r e 

l i m i t a t i o n s of the app l i cab l e c o r e m a t e r i a l s . In o r d e r to m i n i 

m i z e the weight of the hea t r e j e c t i on s y s t e m , it is n e c e s s a r y that 

the c o n v e r s i o n s y s t e m o p e r a t e at a high sink t e m p e r a t u r e and 

r e c o v e r a m a x i m u m f rac t ion of C a r n o t eff ic iency. Since the 

w a s t e hea t of a cyc le m u s t be r a d i a t e d to s p a c e , the a r e a r e 

q u i r e m e n t and hence the weight a s s o c i a t e d with the hea t r e j e c 

t ion s y s t e m i s , for a given power l eve l , p r o p o r t i o n e d to the four th 

power of the cyc le cold t e m p e r a t u r e and i n v e r s e l y p r o p o r t i o n a l 

to the cyc le c o n v e r s i o n eff ic iency. At low p o w e r s , the r e a c t o r 

s ize i s independent of power b e c a u s e of the m i n i m u m c r i t i c a l 

s i ze r e q u i r e m e n t s . T h e r e f o r e , the c o n v e r s i o n eff iciency affects 

only the s i z e of the r a d i a t o r and the c o n v e r s i o n eq u ip men t . Since 

the r e a c t o r and shie ld a r e the dominan t weight of n u c l e a r power 

s y s t e m s at low p o w e r , the c o n v e r s i o n eff iciency and the cyc le 

cold t e m p e r a t u r e a r e not so i m p o r t a n t . At h i g h e r power l e v e l s , 

h o w e v e r , the r a d i a t o r b e c o m e s the dominan t weight i t e m of the 

s y s t e m . Consequen t ly , for the h ighe r power s y s t e m s t h e r e is a 

g r e a t incent ive to ach ieve high eff iciency and high hea t r e j e c t i o n 
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t e m p e r a t u r e s to m i n i m i z e the weight of the r a d i a t o r . This point 

i s i l l u s t r a t e d in F i g u r e 11-38 which shows the r e l a t i v e weight 

con t r ibu t ion of the d i f ferent s y s t e m componen t s a s the power 

l eve l i s i n c r e a s e d at cons t an t r a d i a t o r t e m p e r a t u r e . 
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T u r b o e l e c t r i c S y s t e m s 

B . T U R B O E L E C T R I C SYSTEMS 

Of the m y r i a d of t h e r m o d y n a m i c h e a t eng ines tha t have been 

inven ted , the ones of m o s t i n t e r e s t for space app l ica t ion a r e the 

Rankine and the Bray ton c y c l e s . A v e r y b r ie f d e s c r i p t i o n of 

t h e s e c y c l e s is given below. 

a. Rankine Cyc le P o w e r C o n v e r s i o n 

The cyc le d i a g r a m and the s c h e m a t i c a r r a n g e m e n t of the 

Rankine cyc le a r e shown in F i g u r e 11-39. The Rankine cyc le i s 

c h a r a c t e r i z e d by a work ing fluid that changes s t a t e . In the cyc l e , 

the work ing fluid i s c o m p r e s s e d a s a l iquid and hea t is added to 

r a i s e the l iquid to the s a t u r a t i o n t e m p e r a t u r e , i . e . , 1-2; hea t is 

added a t cons t an t p r e s s u r e and t e m p e r a t u r e du r ing a p h a s e change 

f r o m l iquid to vapo r , i . e. , 2 - 3 ; the vapor i s expanded th rough a 

t u r b i n e and work i s e x t r a c t e d , i . e. , 3-4; and the w a s t e hea t i s 
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F i g u r e 11-39. Rankine Cycle T h e r m o d y n a m i c 
D i a g r a m and S y s t e m Conf igura t ion 

r e j e c t e d at cons t an t p r e s s u r e and t e m p e r a t u r e dur ing a p h a s e 

change f r o m vapor to l iquid, i . e . , 4 - 1 . 

As a r e s u l t of the boil ing and condens ing p h a s e change which 

a l lows cons tan t t e m p e r a t u r e hea t addi t ion and e x t r a c t i o n , the 

i d e a l Rankine cyc le eff iciency a p p r o a c h e s the Ca rno t eff ic iency. 

In addi t ion , v e r y l i t t le work i s r e q u i r e d to c o m p r e s s the working 

fluid m the l iquid s t a t e . 
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F i g u r e 11-40. Vapor P r e s s u r e vs T e m p e r a t u r e for 
P o t e n t i a l Rankine Cycle Working F l u i d s 
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The p r i n c i p a l advan tages of the Rankine Cycle a r e the high cyc le 

eff iciency and the i s o t h e r m a l hea t r e j e c t i o n which al low m i n i m u m 

r a d i a t o r a r e a for a given s o u r c e t e m p e r a t u r e . 

The p r i n c i p a l d i s advan tages a r e the i n h e r e n t c o r r o s i o n and 

e r o s i o n c h a r a c t e r i s t i c s of the app l i cab le work ing f lu ids . 

In the app l ica t ion of a Rankine cyc le to s p a c e , it is n e c e s s a r y 

to identify po t en t i a l working fluids which have the r e q u i s i t e t h e r 

m o d y n a m i c p r o p e r t i e s for app l ica t ion m the high t e m p e r a t u r e 

r a n g e d e m a n d e d by r a d i a t o r a r e a c o n s i d e r a t i o n s . The vapor 

p r e s s u r e of m e r c u r y and the a lka l i m e t a l s i s shown m F i g 

u r e 11-40. One thing to note i s tha t the a v a i l a b l e f luids do not 

p rov ide a cont inuous c o v e r a g e of the t e m p e r a t u r e s c a l e . The 

t h e r m o d y n a m i c p r o p e r t i e s a r e such tha t a l l of t h e s e l iquid m e t a l s 

yie ld an idea l Rankine cyc le eff iciency that i s about 9 5% of the 

C a r n o t eff iciency m the r a n g e of i n t e r e s t for s p a c e . 

The o p t i m u m hea t r e j e c t i on t e m p e r a t u r e for a Rankine cyc le 

IS d e t e r m i n e d by the working fluid s e l e c t e d . As a r e s u l t of 
4 

ba lanc ing C a r n o t eff ic iency aga in s t the T law for r a d i a t i o n , 

the o p t i m u m r a d i a t o r or condens ing t e m p e r a t u r e is about 3/4 

of the abso lu t e boi l ing t e m p e r a t u r e . The r e l a t i o n s h i p be tween 

boil ing t e m p e r a t u r e , r a d i a t o r a r e a , and cyc le working fluid is 

shown m F i g u r e 11-41. The r a d i a t o r a r e a pe r k i lowat t of output 

IS c a l c u l a t e d on the b a s i s of an o p t i m u m C a r n o t of 25% and a 

c o n v e r s i o n efficiency of 40% of C a r n o t which r e s u l t s m an o v e r 

a l l s y s t e m efficiency of 10%. 

The a p p r o x i m a t e r a n g e of i n t e r e s t for the v a r i o u s work ing 

f luids IS ind ica ted a s fal l ing be tween a boi l ing p r e s s u r e of 50 

and 300 p s i a . This choice is a r b i t r a r y , h o w e v e r , a lower bo i l 

ing p r e s s u r e l im i t r e s u l t s f r o m c o n s i d e r a t i o n of p r e s s u r e r a t io 

a c r o s s the tu rb ine and vapor specif ic v o l u m e . An upper p r e s 

s u r e l imi t r e s u l t s f r o m c o n s i d e r a t i o n of s y s t e m weight . Ano the r 

point of c o n c e r n m cyc le t e m p e r a t u r e s e l ec t ion is the condens ing 

p r e s s u r e . The 5 p s i a condens ing p r e s s u r e poin ts for the v a r i o u s 

fluids a r e shown m F i g u r e 11-41. The condens ing p r e s s u r e m u s t 
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F i g u r e 11-41. Rad ia to r A r e a p e r Kilowatt a s a Func t ion of 
Boil ing T e m p e r a t u r e for Rankine Cycle 

Working F l u i d s 
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be high enough to a l low for condensing p r e s s u r e d rop while m a i n 

t a in ing .an adequa t e b o i l e r feed pump m l e t p r e s s u r e to p r e v e n t 

cav i t a t ion . 

b . B ray ton Cycle P o w e r Conve r s ion 

The cyc le d i a g r a m and the s c h e m a t i c a r r a n g e m e n t of the 

B r a y t o n cyc l e a r e shown m F i g u r e 11-42. The work ing fluid is 

an i n e r t gas such a s h e l i u m , neon, a r g o n , e t c . , o r a combina t ion 

of t h e s e g a s e s . In the cyc l e , the gas is c o m p r e s s e d , i. e . , 1-2, 

hea t i s added at cons t an t p r e s s u r e , i . e. , 2 - 3 , the gas i s expanded 

th rough a t u r b i n e and work i s e x t r a c t e d , i . e. , 3-4, and w a s t e 

hea t i s r e j e c t e d by a r a d i a t o r , i . e . , 4 - 1 . B e c a u s e the work ing 

fluid IS in a s ingle s t a t e and a b s o r b s e n e r g y at cons t an t p r e s s u r e 

t h rough a r i s e m t e m p e r a t u r e , the idea l cyc le is i n h e r e n t l y 

l im i t ed to a r e l a t i v e l y s m a l l f rac t ion of the C a r n o t eff iciency. 

Recen t a d v a n c e s m l ightweight gas hea t e x c h a n g e r s have m a d e 

i t f eas ib le to c o n s i d e r the r e c u p e r a t e d Bray ton cyc le w h e r e i n a 

po r t i on of the o t h e r w i s e w a s t e hea t (4-1) i s u s e d m the in i t i a l 

p h a s e of the h e a t addi t ion (2 -3 ) . The r e c u p e r a t e d cyc le a c h i e v e s 

an i d e a l gas cyc le eff ic iency of about 25 to 30% of C a r n o t . 

Since c o n s i d e r a b l e work is expended m the gas c o m p r e s s i o n 

(1-2) , a l a r g e f rac t ion of the work output (3-4) is c o n s u m e d by 

the c o m p r e s s i o n s t a g e . Thus , the net cyc le p e r f o r m a n c e i s 

qui te dependent upon the tu rb ine and c o m p r e s s o r eff ic iency. 

Again , r e c e n t a d v a n c e s m the s ta te of the a r t of high eff iciency 

and high speed t u r b i n e s and c o m p r e s s o r s have con t r i bu t ed to 

r e n e w e d i n t e r e s t m the B r a y t o n cyc l e . 

The advan t ages of the Bray ton cyc le a r e 

1) I n h e r e n t s i m p l i c i t y of a s ingle loop and a s ingle p h a s e 

work ing fluid. 

2) The n o n c o r r o s i v e p r o p e r t i e s of the i n e r t gas working 

fluid. 
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F i g u r e 11-42. B r a y t o n Cycle T h e r m o d y n a m i c D i a g r a m 
and Sys t em Configurat ion 
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The d i s a d v a n t a g e s of the B r a y t o n cyc le a r e 

1) The cyc le net p e r f o r m a n c e i s e x t r e m e l y dependent 

upon ach iev ing high componen t e f f i c i enc ies . 

2) The low idea l gas cyc le eff iciency m u s t be o v e r c o m e 

by going to a h igh C a r n o t which r e s u l t s m e i the r e x t r e m e 

s o u r c e t e m p e r a t u r e r e q u i r e m e n t s or e x t r e m e l y l a r g e 

r a d i a t o r a r e a . 

This l a t t e r c o n s i d e r a t i o n is p robab ly the dominan t fac tor m 

the p e r f o r m a n c e eva lua t ion of the Bray ton c y c l e . The de ta i l ed 

p a r a m e t r i c op t imiza t ion of the B r a y t o n cyc le ef f ic iencies and 

t e m p e r a t u r e s i s beyond the scope of th is work . However , F i g 

u r e 11-43 shows the r e s u l t s of a de ta i l ed s tudy by A i R e s e a r c h , 

R e f e r e n c e 74, on a c o m p u t e r op t imiza t ion of a 35-kwe r e c u p e r 

a ted Bray ton c y c l e . F o r c o m p a r i s o n p u r p o s e s , the r a d i a t o r 

a r e a / k w e for a Rankine cyc le of 40''o of C a r n o t eff iciency is a l so 

shown. It IS quite evident that the m i n i m u m a r e a Bray ton cyc le 

r e q u i r e s a m u c h l a r g e r r a d i a t o r a r e a than a s a t u r a t e d Rankine 

cyc le ope ra t ing at the s a m e s o u r c e t e m p e r a t u r e . The m i n i m u m 

weight Bray ton cycle p r o b a b l y r e q u i r e s m o r e r a d i a t o r a r e a than 

tha t shown m F i g u r e 11-43. 

c . R e a c t o r — T u r b o e l e c t r i c S y s t e m s 

A t u r b o e l e c t r i c n u c l e a r space power s y s t e m wil l p robab ly 

u t i l i z e a Rankine cyc le b e c a u s e it offers a high c o n v e r s i o n effi

c i ency , o p e r a t e s at r e l a t i v e l y low s o u r c e t e m p e r a t u r e s , and 

r e j e c t s the w a s t e cyc le hea t at r e l a t i v e l y high t e m p e r a t u r e s . The 

B r a y t o n cyc le a p p e a r s u n a t t r a c t i v e for s p a c e app l ica t ion b e c a u s e 

of i t s lower f r ac t ion of C a r n o t eff iciency, h ighe r r e a c t o r t e m 

p e r a t u r e r e q u i r e m e n t s , and l a r g e r r a d i a t o r a r e a d e m a n d s . 

T h e r e a r e a n u m b e r of a l t e r n a t e a p p r o a c h e s to the coupling 

of the r e a c t o r hea t s o u r c e , the power c o n v e r s i o n , and the hea t 

r e j e c t i on r a d i a t o r for a Rankine cyc le s y s t e m . T h e s e a l t e r n a t i v e s 
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F i g u r e 11-43. R a d i a t o r A r e a and Source 
T e m p e r a t u r e C o m p a r i s o n for B r a y t o n 

and Rankine Cyc le s 

a r e shown m F i g u r e 11-44. The m o s t d i r e c t a p p r o a c h to a 

s a t u r a t e d cyc le i s the combina t ion of ab which employs d i r e c t 

boi l ing of the work ing fluid m the r e a c t o r and d i r e c t condens ing 

m the r a d i a t o r . This combina t ion r e q u i r e s a l i q u i d - v a p o r 

s e p a r a t o r and a r e c i r c u l a t i o n pump such that the high hea t 

t r a n s f e r coeff ic ients of low qual i ty boi l ing can be m a i n t a i n e d 

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

n u c l e a r i n t e r a c t i o n s be tween the work ing fluid and the r e a c t o r . 
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F i g u r e 11-44. Rankine Cycle Sys t em Conf igura t ion 

R e s e a r c h on th is concep t i s being conducted by ORNL (Oak 

Ridge Nat iona l L a b o r a t o r y ) a s a backup to SNAP 50. 

The m o r e conven t iona l Rankine cyc le employs s u p e r h e a t m 

o r d e r to m i n i m i z e m o i s t u r e content m the t u r b i n e . The c o m 

bina t ion of cb IS u s e d m SNAP 2 and SNAP 50. The r e a c t o r is 

coupled to the b o i l e r by a pumped liquid m e t a l hea t t r a n s f e r loop. 

The work ing fluid is boi led and s u p e r h e a t e d m a o n c e - t h r o u g h 

b o i l e r . The combina t ion cd i s employed m the NASA SNAP 8. 

The n e c e s s a r y t e m p e r a t u r e d rop in the r a d i a t o r hea t t r a n s f e r 

loop i n c r e a s e the r a d i a t o r r e q u i r e m e n t s over that of the d i r e c t 

c o n d e n s e r - r a d i a t o r a p p r o a c h . However , the t h i r d loop a l lows 

g r e a t e r veh ic le i n t e g r a t i o n f lexibi l i ty which b e c o m e s i n c r e a s 

ingly i m p o r t a n t at h ighe r power l e v e l s . 

F i g u r e 11-41 def ines the a r e a of i n t e r e s t o r hea t s o u r c e 

t e m p e r a t u r e r e q u i r e m e n t s for v a r i o u s Rankine cyc le working 
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F i g u r e 11-45. R e a c t o r T h e r m a l - P o w e r and S o u r c e -
T e m p e r a t u r e R e q u i r e m e n t s a s a Func t ion of 

E l e c t r i c a l P o w e r Output and Ava i l ab le 
R a d i a t o r A r e a for Rankine 

T u r b o e l e c t r i c S y s t e m s 
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f lu ids . The r e a c t o r hea t s o u r c e t h e r m a l power and t e m p e r a t u r e 

r e q u i r e m e n t s for Rankine cyc le s y s t e m s a r e shown m F i g u r e 11-45 

a s a function of e l e c t r i c a l power output and ava i l ab l e r a d i a t o r 

a r e a . This s u r v e y a s s u m e d a cons tan t f rac t ion (50%) of C a r n o t 

c o n v e r s i o n efficiency and a cons t an t Ca rno t eff iciency of 25% for 

m i n i m u m r a d i a t o r a r e a . This l a t t e r a s s u m p t i o n should not be 

confused with m i n i m u m s y s t e m weight which can o c c u r a t a dif

f e ren t va lue of C a r n o t . It should be r e m e m b e r e d that the a c t u a l 

h e a t - s o u r c e t e m p e r a t u r e r e q u i r e m e n t is p r o b a b l y s e v e r a l hundred 

d e g r e e s h ighe r than the boi l ing t e m p e r a t u r e m o r d e r to p rov ide 

s u p e r h e a t and to al low for t e m p e r a t u r e d r o p s th roughout the 

s y s t e m , e s p e c i a l l y the b o i l e r . This p r o b l e m can be e l im ina t ed 

by the u s e of a d i r e c t cyc le which boi l s d i r e c t l y m the r e a c t o r 

c o r e to p rov ide s a t u r a t e d v a p o r . This a p p r o a c h i s a l so a t t r a c t i v e 

f r o m the point of view of e l imina t ing s y s t e m componen t s and 

weight . However , d i r e c t boi l ing m the r e a c t o r can i n t roduce 

r e a c t o r c o n t r o l p r o b l e m s and a s a t u r a t e d cyc le p robab ly d e m a n d s 

the compl i ca t i on of m o i s t u r e s e p a r a t i o n m the t u r b i n e . 

Since the r e a c t o r weight and the cyc le se l ec t ion a r e a function 

of t e m p e r a t u r e and s ince the r a d i a t o r weight is a function of t e m 

p e r a t u r e and power , the choice of a r e a c t o r - c y c l e combina t ion 

IS a function of s y s t e m power l eve l . This point can be i l l u s t r a t e d 

by m e a n s of an e x a m p l e which c o m p a r e s the weight of the r e a c t o r 

and r a d i a t o r for a w a t e r r e a c t o r - w a t e r cyc l e , for a hyd r ide 

r e a c t o r - m e r c u r y c y c l e , and for a c a r b i d e r e a c t o r - r u b i d i u m 

cyc le ( see F i g u r e 11-15). The example shown m F i g u r e 11-46 

a s s u m e d a r e a c t o r weight i n c r e a s e d by 50% ove r that shown m 

F i g u r e 11-15 m o r d e r to p rov ide for coolant void and c y l i n d r i c a l 

g e o m e t r y . R e a c t o r we igh t s a r e for t h i s p u r p o s e c o n s i d e r e d 

independent of power , and r a d i a t o r a r e a is a s s u m e d at 1/2 to 
2 

1 lb / f t . F i g u r e 11-46 i nd i ca t e s that 

1) The w a t e r s y s t e m is too l imi ted m i t s app l i cab le r a n g e , 

2) The h y d r i d e - m e r c u r y s y s t e m h a s the lower weight 

be tween about 2 and 20 kwe, and 

3) The c a r b i d e - r u b i d i u m s y s t e m i s b e t t e r above 20 kwe . 
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F i g u r e 11-46. R e a c t o r P l u s R a d i a t o r Weight a s a Func t ion of P o w e r for V a r i o u s 
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c y l i n d r i c a l g e o m e t r y . ) 



H o w e v e r , th is e x a m p l e does not c o n s i d e r the s t a t e - o f - t h e - a r t 

d i f fe rence be tween a 1500°R s y s t e m and a 2400°R s y s t e m ( see 

F i g u r e s 11-13 and 11-14). In effect, lower r a d i a t o r weight i s 

ach ieved m the h ighe r t e m p e r a t u r e s y s t e m at the expense of 

not only i n c r e a s e d r e a c t o r weight but, m o r e i m p o r t a n t l y , in 

c r e a s e d m a t e r i a l s p r o b l e m s such a s s t r e n g t h , c o r r o s i o n , sub

l ima t ion , s e l f - w e l d m g , e t c . In g e n e r a l , i n c r e a s e d t e m p e r a 

t u r e IS r a r e l y an e a s y solut ion to a p r o b l e m . However , t h e r e 

IS no denying tha t h i g h - p o w e r s y s t e m s wil l d e m a n d i n c r e a s e d 

t e m p e r a t u r e s and tha t the n e c e s s a r y technology wil l be deve loped . 

One cannot r u l e out a s y s t e m b e c a u s e of t e m p e r a t u r e except on 

the b a s i s of deve lopmen t t i m e . As t e m p e r a t u r e s i n c r e a s e , 

g r e a t l y i n c r e a s e d deve lopmen t t i m e s m u s t be a l lo t t ed . A v a i l 

abi l i ty wil l m effect m o v e the c r o s s o v e r point to a h igher t e m 

p e r a t u r e s y s t e m to m u c h h ighe r power l eve l s un t i l the t e c h 

nology e x i s t s to m a k e the s imp le weight c o n s i d e r a t i o n independ

ent of s t a t e - o f - t h e - a r t d i f f e r e n c e s . Thus , for e x a m p l e , the 

h y d r i d e - m e r c u r y s y s t e m m a y wel l be extended into the 100-kwe 

r a n g e b e c a u s e of t echno log ica l ava i l ab i l i t y even though it does 

not have the l igh tes t weight po ten t i a l at tha t p o w e r . It i s , how

e v e r , c l e a r that the h i g h - t e m p e r a t u r e s y s t e m s m u s t u l t i m a t e l y 

be developed m o r d e r to ach ieve the m i n i m u m specif ic weight 

( Ib /kwe) r e q u i r e d for fu ture m i s s i o n s and e s p e c i a l l y for e l e c t r i c 

p r o p u l s i o n . As i l l u s t r a t e d m F i g u r e 11-38, a t v e r y high p o w e r s 

the r e a c t o r weight p e r k i lowat t b e c o m e s s m a l l and the r a d i a t o r 

weight p e r k i lowat t b e c o m e s dominan t . R a d i a t o r a r e a and weight 

can only be r e d u c e d by i n c r e a s e d s o u r c e t e m p e r a t u r e . The s ig 

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

a r e a i s even fu r the r i n c r e a s e d when the weight pena l ty for m e t e 

o r i t e p r o t e c t i o n i s c o n s i d e r e d . 

The inf luence of o p e r a t i n g t e m p e r a t u r e on the r e a c t o r fuel 

bu rnup l imi t should not be fo rgo t t en . In the e x a m p l e of F i g 

u r e 11-18 the effect of t e m p e r a t u r e on the usefu l e n e r g y f r o m a 

UO_, -s ta in less s t e e l c e r m e t c o r e was i l l u s t r a t e d . In the c a s e of 

a space s y s t e m the r e w a r d for h ighe r t e m p e r a t u r e i s lower 
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r a d i a t o r a r e a and weight and the pena l ty i s d e c r e a s e d c o r e e n d u r 

ance o r a l a r g e r c o r e for a given e n d u r a n c e r e q u i r e m e n t . Thus , 

if t e m p e r a t u r e i s i n c r e a s e d r a d i a t o r weight wi l l d e c r e a s e and the 

r e a c t o r weight wi l l i n c r e a s e if the r e a c t o r s i ze i s d e t e r m i n e d by 

a t e m p e r a t u r e - d e p e n d e n t b u r n u p l imi t . The following example 

wi l l i l l u s t r a t e t h i s s i tua t ion . A s s u m e 

1) The r e a c t o r c o r e m a t e r i a l h a s the s a m e bu rnup d e 

pendence on t e m p e r a t u r e a s shown m F i g u r e 11-17 

2) 1 at% = 10 M w - y r 

3) R e a c t o r weight = 750 lb / f t of c o r e 

4) P o w e r = 1 Mwe 

5) Eff ic iency = 10% 

6) S y s t e m life = 1 yr 

7) R a d i a t o r weight = 1 Ib/f t^ 

F i g u r e 11-47 shows the r e a c t o r and the r a d i a t o r weight for t h e s e 

a s s u m p t i o n s a s a function of ope ra t ing s o u r c e t e m p e r a t u r e . The 

r e s u l t s i nd i ca t e a m i n i m u m r e a c t o r p lus r a d i a t o r weight a t a 

s o u r c e t e m p e r a t u r e of about 1700°F . This r e s u l t should not be 

t aken l i t e r a l l y s ince the r e f e r e n c e fuel m a t e r i a l , UO^ s t a i n l e s s 

s t e e l c e r m e t , i s not a usefu l fuel for space s y s t e m s . However , 

i t could be c o n s i d e r e d r e p r e s e n t a t i v e of a v e r y s tab le h igh-

t e m p e r a t u r e fuel. A s ignif icant op t imiza t ion m u s t awai t c o m 

p le te bu rnup vs t e m p e r a t u r e data for app l i cab le h i g h - t e m p e r a t u r e 

fuels l ike UC. 

C. T H E R M O E L E C T R I C SYSTEMS 

a. 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 

D i r e c t c o n v e r s i o n of hea t to e l e c t r i c i t y by m e a n s of the 

Seebeck ( t h e r m o e l e c t r i c ) effect o f fe rs a d v a n t a g e s of s t a t i c 

o p e r a t i o n and high r e l i a b i l i t y po t en t i a l . However , the t e m 

p e r a t u r e l i m i t s and the c o n v e r s i o n efficiency of c u r r e n t " s t a t e -

o f - t h e - a r t " c o n v e r t e r m a t e r i a l s l im i t the u s e f u l n e s s of t h e r m o 

e l e c t r i c c o n v e r s i o n s y s t e m s to r e l a t i v e l y low power l e v e l s . 
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F i g u r e 11-47. Tradeoff Between R e a c t o r Weight and R a d i a t o r 
Weight a s a Func t ion of Ope ra t i ng T e m p e r a t u r e . (This 

i l l u s t r a t i o n a p p l i e s to a r e a c t o r which h a s the 
bu rnup l im i t of F i g u r e 11-17. ) 

The d i r e c t c o n v e r s i o n of hea t to e l e c t r i c i t y was d i s c o v e r e d 

by Seebeck in 1822. F o r ove r 100 y e a r s the a p p r o a c h was con

s i d e r e d to be of no p r a c t i c a l s ign i f icance b e c a u s e of the low 

eff iciency of known m a t e r i a l s . The eff iciency of a t h e r m o 

e l e c t r i c power c o n v e r s i o n dev ice is a function of the m a t e r i a l ' s 
2 

f igure of m e r i t , 2, which i s defined a s s //> K w h e r e s is the 

Seebeck coeff icient in v o l t s / C , p is the e l e c t r i c a l r e s i s t i v i t y in 

Xl-cm, and K i s the t h e r m a l conduc t iv i ty in w a t t s / c m - ° C . The 

deve lopmen t of s e m i c o n d u c t o r m a t e r i a l s in the l a te 1950's r e 

su l ted in the ident i f ica t ion of a n u m b e r of i n t e r m e t a l l i c c o m 

pounds and a l loys of low t h e r m a l conduc t iv i ty that could be doped 

to p rov ide a c a r r i e r c o n c e n t r a t i o n leading to a m a x i m u m Z. 
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The b a s i c e l e m e n t s of a t h e r m o e l e c t r i c c o n v e r t e r a r e i l lu 

s t r a t e d m F i g u r e 11-48. Heat flows f rom a s o u r c e at t e m p e r a t u r e 

T „ t h rough the t h e r m o e l e c t r i c m a t e r i a l to a sink at t e m p e r a t u r e 

T „ . The r e s u l t i n g t e m p e r a t u r e d i f fe rence a c r o s s the t h e r m o 

e l e c t r i c m a t e r i a l induces a vol tage d i f fe rence be tween the hot 

and cold end, v = S ( T „ - T „ ) . The two p i e c e s of t h e r m o e l e c t r i c 

m a t e r i a l a r e ca l l ed a couple and a r e doped N and P such tha t the 

Seebeck vol tage of one is pos i t i ve and the o the r n e g a t i v e . This 

a l lows s e r i e s e l e c t r i c a l connec t ion of the t h e r m o e l e c t r i c e l e 

m e n t s without the i n t roduc t ion of a hea t shunt . 

I , 

AT V 

1/2 Q 1/2 Q 

VSA^VA/^ 

7-S7-192-68 

F i g u r e 11-48. Idea l T h e r m o c o u p l e 

An a p p r o x i m a t e e x p r e s s i o n for the idea l t h e r m o e l e c t r i c con

v e r t e r eff ic iency can be d e r i v e d a s follows for m a t e r i a l s with 

p r o p e r t i e s ± S, p, and K 

The hea t flow 

Q = 2 K Y A T 
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The open c i r c u i t vol tage 

V = 2SAT 

The g e n e r a t o r i m p e d a n c e 

R - 2o-f 

At m a t c h e d load 

R^ - R 
L g 

and the power d e l i v e r e d to the load 

V \2 
' R , R + R , L 4R 

g L/ 

p _ S^AT^ 
i 

'A 

^ P 1 S^ . „ 

the eff iciency equat ion can be put into a g e n e r a l f o r m of a dev ice 

eff iciency t i m e s C a r n o t 

^ - ^ D ^ C 

i s i AT 
' /I « ! < ' • ' • T ApK-n T ^ 

The quant i ty l / 4 Z T ^ . is a function of the m a t e r i a l s p r o p e r t i e s 

only and is a p p r o x i m a t e l y the f rac t ion of C a r n o t eff iciency of an 

i dea l c o n v e r t e r . 

2 
In a m o r e r i g o r o u s d e r i v a t i o n which inc ludes I R hea t ing and 

the P e l t i e r effect which is the d i r e c t t r a n s p o r t of hea t due to a 
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F i g u r e 11-49. Ideal T h e r m o e l e c t r i c M a t e r i a l s 
Eff ic iency 
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c u r r e n t flow m a t h e r m o c o u p l e , the e x p r e s s i o n for maximum-

dev ice eff iciency i s 

V^ZT + 1 - 1 
"'D = T~r 

VZT + 1 + y ^ 
H 

The idea l dev ice eff iciency of the usefu l m a t e r i a l s of i n t e r e s t is 

shown m F i g u r e 11-49. F o r ZT = 1 and T / T = 0 .7 -0 .8 , the 

i dea l m a t e r i a l s eff iciency is about 19% which c o r r e s p o n d s v e r y 

n e a r l y to an envelope of the m a x i m u m eff iciency of a l l known 

m a t e r i a l s . It should a l s o be noted tha t a t Z T = 1, the eff ic iency 

IS about 3/4 of that given by the a p p r o x i m a t e e x p r e s s i o n 

V^ = 1 /4ZT. 

In a l a r g e space t h e r m o e l e c t r i c s y s t e m the inf luence of Z 

and t e m p e r a t u r e on r a d i a t o r a r e a and thus weight i s of m o r e 

i m p o r t a n c e than eff ic iency. If one a s s u m e s a cons t an t dev ice 

eff ic iency T^p,, the a p p r o x i m a t e hea t r e j e c t i o n i s 

^o 4 
Q R = ^ r ~ =<T6AT 

1 = ^ ^ ' 7 D T H ^ C ( 1 - ^ C ' ' * 

w h e r e 

P = e l e c t r i c a l power output 

O" = S t e f an -Bo l t zmann cons t an t 

A = r a d i a t o r a r e a 

T-j. = s o u r c e t e m p e r a t u r e 

€ = e m i s s i v i t y 

Q„ ~ hea t r e i e c t e d R -̂  

T h e r e f o r e , for TJ „ = Cons tan t , the power p e r uni t r a d i a t o r a r e a 

IS p r o p o r t i o n a l to the four th power of the m a x i m u m hot t e m p e r a t u r e 
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F i g u r e 11-50. R a d i a t o r A r e a pe r Kilowatt a s a Func t ion 
of Hot Junc t ion T e m p e r a t u r e for C u r r e n t l y 

Ava i l ab le P b T e and F u t u r e M a t e r i a l s 
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tha t the t h e r m o e l e c t r i c m a t e r i a l can wi ths tand a s d e t e r m i n e d by 

m e t a l l u r g i c a l s tab i l i ty , sub l ima t ion , s t r eng th , e t c . V a r i a t i o n s 
4 

m Tj can be r e a d i l y o v e r c o m e by the T „ p a r t of the dependence 

if the m a t e r i a l s a r e capab le of h ighe r t e m p e r a t u r e o p e r a t i o n . 

R e m e m b e r tha t m a x i m u m P / A o c c u r s a t 7i„ " 0.2 for a low 

eff ic iency dev ice B e c a u s e of c o n v e r t e r ine f f i c ienc ies , fm 

e f f ec t iveness , e m i s s i v i t y , etc , p r a c t i c a l dev ices ach i eve only 

about 50% of the i d e a l power p e r uni t a r e a . The a r e a p e r kwe 

of t h e r m o e l e c t r i c s y s t e m s is shown m F i g u r e 11-50. 

b . T h e r m o e l e c t r i c C o n v e r t e r s 

The d i s c u s s i o n thus far h a s c o n s i d e r e d only the i dea l con 

v e r t e r p e r f o r m a n c e a s l im i t ed by Z and t e m p e r a t u r e . A p r a c t i 

c a l c o n s i d e r a t i o n i s the ident i f ica t ion of a c o n v e r t e r des ign 

capab le of c a p t u r i n g a m a x i m u m f rac t ion of the ava i l ab le t h e o 

r e t i c a l m a t e r i a l s eff ic iency and the d e g r e e to which the p h y s i c a l 

and m e t a l l u r g i c a l p r o p e r t i e s of a given t h e r m o e l e c t r i c m a t e r i a l 

c o n t r o l the de s ign . It should be r e m e m b e r e d that the t h e o r e t i c a l 

m a t e r i a l s eff iciency i s a function of the m a t e r i a l s p h y s i c a l 

p r o p e r t i e s a lone and i s c o m p l e t e l y independent of g e o m e t r y . 

The des ign of a p r a c t i c a l t h e r m o e l e c t r i c c o n v e r t e r m u s t p r o 

vide the following (1) the indiv idual t h e r m o c o u p l e s m u s t be 

e l e c t r i c a l l y i s o l a t e d to a l low a s e r i e s connec t ion to p rov ide a 

use fu l output vo l t age , (2) the t r a n s f e r of hea t f r o m s o u r c e to 

r a d i a t o r m u s t have m i n i m u m t h e r m a l i m p e d a n c e m s e r i e s wi th 

the t h e r m o e l e c t r i c m a t e r i a l b e c a u s e any l o s s of ava i l ab le AT 

d i r e c t l y d i m i n i s h e s the c o n v e r t e r eff iciency, (3) the e l e c t r i c a l 

i m p e d a n c e of a l l i n t e r c o n n e c t i o n s and contac t junc t ions m s e r i e s 

wi th the t h e r m o e l e c t r i c m a t e r i a l m u s t be m i n i m a l b e c a u s e a l l 
2 

e x t r a n e o u s I R l o s s e s d i r e c t l y d i m m i s h the c o n v e r t e r eff iciency, 

and (4) a l l shunt hea t t r a n s f e r f r o m s o u r c e to r a d i a t o r m u s t be 

m i n i m a l . 

The p h y s i c a l and m e t a l l u r g i c a l p r o p e r t i e s of the t h e r m o 

e l e c t r i c m a t e r i a l can inf luence the c o n v e r t e r des ign and eff ic iency. 

F o r example (1) the e x t r a n e o u s c o n v e r t e r r e s i s t a n c e i s s t rong ly 
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F i g u r e 11-51. R e a c t o r T h e r m a l P o w e r and Source 
T e m p e r a t u r e R e q u i r e m e n t s for T h e r m o e l e c t r i c 

S y s t e m s a s a Func t ion of E l e c t r i c a l P o w e r 
and R a d i a t o r A r e a 
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inf luenced by the ab i l i ty to m a k e m e t a l l u r g i c a l l y s tab le e l e c t r i c a l 

con t ac t s of m i n i m u m r e s i s t a n c e to the t h e r m o e l e c t r i c m a t e r i a l , 

(2) any r e q u i r e m e n t for a coat ing o r b a r r i e r on the t h e r m o e l e c 

t r i c m a t e r i a l to s u p p r e s s sub l ima t ion p r o v i d e s a shunt hea t pa th , 

and (3) the p h y s i c a l s t r e n g t h of the t h e r m o e l e c t r i c m a t e r i a l can 

d e t e r m i n e s t r u c t u r a l or t h e r m a l s t r e s s l i m i t a t i o n s . 

c . R e a c t o r T h e r m o e l e c t r i c S y s t e m s 

As a r e s u l t of p r a c t i c a l eng inee r ing l i m i t a t i o n s , the only 

m a t e r i a l s tha t can be c u r r e n t l y c o n s i d e r e d for s p a c e a r e P b T e , 

P b - S n - T e , and the Ge-Si a l l o y s . The b a s i c P b T e m a t e r i a l h a s 

a t h e o r e t i c a l c o n v e r s i o n eff iciency of about 15% of Ca rno t and i s 

l imi t ed to a peak ho t - junc t ion t e m p e r a t u r e of about 800 °F by s u b 

l i m a t i o n . Through c o n v e r t e r des ign the u p p e r t e m p e r a t u r e l imi t 

can be extended s o m e w h a t by u s e of an e n c a p s u l a n t to s u p p r e s s 

sub l i ina t ion . The Ge-Si a l loys have a lower c o n v e r s i o n eff iciency, 

about 10 to 15% of Ca rno t , but a r e not a s l imi t ed m o p e r a t i n g 

t e m p e r a t u r e . O the r p r a c t i c a l eng inee r ing c o n s i d e r a t i o n s such 

a s t h e r m a l i m p e d a n c e s and e l e c t r i c a l con tac t r e s i s t a n c e l imi t 

the net eff iciency of p r a c t i c a l d e v i c e s to about 10% of C a r n o t . 

However , the l a r g e e n e r g y conten t of a r e a c t o r m i n i i n i z e s 

the ineff ic iency pena l ty which i s fu r the r offset by the r e l i a b i l i t y 

advan tages of d i r e c t c o n v e r s i o n with no moving p a r t s . In p r a c 

t i c a l l a r g e space power un i t s c o n v e r t e r dev ice des ign and m i n i 

m u m weight r e q u i r e m e n t s wi l l r e s u l t m c o n v e r t e r ne t e f f ic iencies 

of about 3%. Again , b e c a u s e of the l a r g e e n e r g y content of a 

c r i t i c a l r e a c t o r , the eff iciency i s of s e c o n d a r y i m p o r t a n c e un t i l 

the s y s t e m e l e c t r i c a l e n e r g y output i n c r e a s e s to the point of r e 

qu i r ing a l a r g e r than m i n i m u m c r i t i c a l s i ze r e a c t o r or of r e 

qu i r ing a l a r g e r r e a c t o r to a c c o m m o d a t e hea t t r a n s f e r l i m i t a t i o n s . 

Beyond th i s point r e a c t o r weight i n c r e a s e s with power and effi

c i ency is of g r e a t e r c o n c e r n . In g e n e r a l t h e s e p r o b l e m s do not 

begin to a p p e a r un t i l the e l e c t r i c a l power output exceeds a few 

k i l o w a t t s . The p e r f o r m a n c e of t h e r m o e l e c t r i c s y s t e m s as a 

function of t e m p e r a t u r e and a r e a i s shown m F i g u r e 11-51. 
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The m o s t a p p r o p r i a t e c o n v e r t e r and s y s t e m conf igura t ions 

a r e shown m F i g u r e 11-52. The c o n v e r t e r of F i g u r e II-52A is 

r e f e r r e d to a s the d i r e c t r ad i a t i ng c o n v e r t e r and employs a 

s ingle liquid m e t a l hea t t r a n s f e r loop for coupl ing to the r e a c t o r 

hea t s o u r c e . This i s the concept of SNAP lOA and is d e s c r i b e d 

m de ta i l m Sect ion 5. The c o n v e r t e r of F i g u r e I I -52B is r e f e r r e d 

to a s a c o m p a c t c o n v e r t e r and r e q u i r e s two hea t t r a n s f e r loops 

one for coupl ing to the hea t s o u r c e and the second for coupling 

to a r e m o t e r a d i a t o r . The p r i n c i p a l advan tage of th i s a p p r o a c h 

i s the veh ic le i n t e g r a t i o n f lexibi l i ty afforded by the r e m o t e 

r a d i a t o r . 

The p r i n c i p a l weight of a t h e r m o e l e c t r i c s y s t e m is the r e 

a c t o r and shie ld weight . In g e n e r a l , the c o n v e r t e r weight is 

s m a l l . In t h e o r y the c o n v e r t e r weight could be m a d e quite s m a l l , 

h o w e v e r , in p r a c t i c e the dev ice ineff ic iency r e s u l t i n g f r o m t h e r 

m a l and e l e c t r i c a l l o s s e s i n c r e a s e s with d e c r e a s i n g c o n v e r t e r 

weight . The r e a c t o r weight is fixed by c r i t i c a l i t y l im i t s of the 

r e a c t o r concept n e c e s s a r y to p rov ide the s o u r c e t e m p e r a t u r e . 

The r a d i a t o r a r e a pe r uni t e l e c t r i c a l output is l a r g e b e c a u s e of 

the hot t e m p e r a t u r e l imi t and the low c o n v e r s i o n eff iciency. 

T h e r m o e l e c t r i c s y s t e m s wil l have a net eff iciency of about 3%. 

F o r low-power s y s t e m s ( l e s s than a few k i lowat t s ) the s imp l i c i t y 

and r e l i a b i l i t y advan t ages of a t h e r m o e l e c t r i c s y s t e m can out 

weigh the d i s advan tage of l a r g e r a d i a t o r a r e a . However , a t l a r g e 

p o w e r s r a d i a t o r weight and s ize o r a w k w a r d n e s s l imi t the a t t r a c 

t i v e n e s s of t h e s e s y s t e m s unt i l such t i m e as b e t t e r m a t e r i a l s 

have been deve loped and r e d u c e d to p r a c t i c e . 

D. THERMIONIC SYSTEMS 

a. T h e r m i o n i c P o w e r C o n v e r s i o n 

The t h e r m i o n i c c o n v e r t e r is p a r t i c u l a r l y sui ted for con

s i d e r a t i o n for u s e m a n u c l e a r space power s y s t e m . It has a 

po ten t i a l ly high t h e r m a l c o n v e r s i o n eff iciency, it can o p e r a t e at 

a v e r y high hea t sink t e m p e r a t u r e , it is capable of high power 

dens i ty , and is a s t a t i c ope ra t ing d e v i c e . 
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The t h e r m i o n i c c o n v e r t e r m a y be p i c t u r e d a s an " e l e c t r o n -

b o i l e r . " It c o n s i s t s of an e m i t t e r , a c o l l e c t o r , e l e c t r i c a l l e a d s , 

and su i tab le s t r u c t u r e . The e m i t t e r (cathode) i s h e a t e d to a 

t e m p e r a t u r e at which it can emi t a l a r g e c u r r e n t of e l e c t r o n s . 

A con tac t po ten t i a l d i f fe rence be tween the anode and the ca thode 

c a u s e s the e l e c t r o n s to flow a c r o s s the m t e r e l e c t r o d e space and 

be co l l ec t ed on the second e l e c t r o d e , the c o l l e c t o r (anode) . The 

e l e c t r o n s leaving the c o l l e c t o r de l ive r power to an e x t e r n a l load 

a s they r e t u r n t h rough l eads to the e m i t t e r . A s c h e m a t i c d i a 

g r a m of the t h e r m i o n i c c o n v e r t e r i s shown m F i g u r e 11-53. 

Two types of t h e r m i o n i c c o n v e r t e r s a r e p o s s i b l e . E a c h is 

c h a r a c t e r i z e d by i t s m e a n s of n e u t r a l i z i n g the m t e r e l e c t r o d e 

space c h a r g e . In the v a c u u m diode the e l e c t r o d e spac ing i s 

m a d e of the o r d e r of a few thousand ths of an inch or l e s s m 

o r d e r to l imi t the nega t ive c h a r g e bui ldup be tween the e l e c t r o d e s . 

In the c e s i u m diode , s p a c e c h a r g e n e u t r a l i z a t i o n i s a c c o m p l i s h e d 

by in jec t ing pos i t i ve c e s i u m ions into the s p a c e be tween the 
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e l e c t r o d e s , and the spac ing r e q u i r e m e n t s b e c o m e far l e s s s t r i n 

gent . Typ ica l t e m p e r a t u r e s , e f f i c ienc ies , and power d e n s i t i e s 

for t h e s e diodes a r e l i s t ed m Table 11-15 

T A B L E 11-15 

T Y P I C A L THERMIONIC CONVERTER P E R F O R M A N C E 

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

Co l l ec to r t e m p e r a t u r e ( ° F ) 

In ter e l e c t r o d e spac ing (mi l s ) 

P o w e r dens i ty ( w a t t s / c m ) 

Eff c iencv (%) 

Vacuum Diode 

1000 to 1900 

700 to 1100 

0.3 to 0.5 

1 to 2 

2 to 6 

C e s i u m Diode 

2600 to 3500 

1100 to 1400 

2 to 5 

5 to 15 

6 to 18 

R a s o r h a s ana lyzed the p e r f o r m a n c e of the idea l con

v e r t e r , 1. e . , one that i s e m i s s i o n - l i m i t e d only. An idea l con

v e r t e r IS l imi t ed by the su r f ace e m i s s i o n p r o c e s s . T r a n s p o r t 

effects which inhibi t the m t e r e l e c t r o d e flow of e l e c t r o n s a r e 

a s s u m e d not to be p r e s e n t . Thus , the p e r f o r m a n c e of an i dea l 

c o n v e r t e r def ines an uppe r l imi t on p e r f o r m a n c e for a l l t ypes 

of t h e r m i o n i c c o n v e r t e r s . The m a x i m u m ob ta inab le eff iciency 

IS un ique ly d e t e r m i n e d m the idea l c o n v e r t e r by T , the e m i t t e r 

t e m p e r a t u r e , 4>, the c o l l e c t o r work function, e , the e m i s s i v i t y , 

and K „ , the gas conduc t iv i ty . If one i n s e r t s r e a s o n a b l e v a l u e s 

for the independent v a r i a b l e s , the i dea l o r u l t i m a t e c o n v e r t e r 

p e r f o r m a n c e can be e s t a b l i s h e d . Such r e s u l t s with <̂  - 1.7 ev 

and K_ = 0 a r e shown m F i g u r e 11-54. The s ignif icant f ea tu re 
G 

i s tha t both o p t i m u m eff iciency and power dens i ty i n c r e a s e with 

i n c r e a s i n g t e m p e r a t u r e . 

F i g u r e 11-55 p r e s e n t s the r e s u l t s of a r e c e n t t h e r m i o n i c 
(75) 

c o n v e r t e r p e r f o r m a n c e s u r v e y by R a s o r . 

b . R e a c t o r — T h e r m i o n i c S y s t e m 

T h e r e a r e s e v e r a l a l t e r n a t e a p p r o a c h e s to the i n t e g r a t i o n 

of a r e a c t o r hea t s o u r c e and the t h e r m i o n i c power c o n v e r s i o n 

for space p o w e r . P e r h a p s the s i m p l e s t a p p r o a c h i s a solid 
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c y l i n d r i c a l r e a c t o r with t h e r m i o n i c d iodes loca ted on the o u t e r 

s u r f a c e of the r e a c t o r and an ind iv idua l r a d i a t o r fm for each 

anode . This concept i s shown s c h e m a t i c a l l y m F i g u r e I I -56a . 

This concept is i n h e r e n t l y l im i t ed to s m a l l power l eve l s by the 

peak t e m p e r a t u r e s r e q u i r e d for conduct ion hea t t r a n s f e r m the 

c o r e and by the l imi t ed r a d i a t o r a r e a that can be ach ieved with 

conduct ive hea t t r a n s f e r to the extended s u r f a c e . 

The c o r e power dens i ty l imi t and the r a d i a t o r a r e a r e s t r i c 

t ions can be r e m o v e d by t r a n s f e r r i n g hea t f r o m the c o r e by m e a n s 

of a liquid m e t a l coolant loop to c o n v e r t e r ca thodes which a r e 

loca ted m an extended a r r a y . This concep t i s shown s c h e m a t i 

ca l l y m F i g u r e I I -56b . The m a j o r d r a w b a c k of t h i s concep t is tha t 

it r e q u i r e s a l l r e a c t o r and coolant loop componen t s to o p e r a t e at 

the ca thode t e m p e r a t u r e . 

The t h i rd and g e n e r a l l y favored a p p r o a c h i s to a s s e m b l e the 

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

The anode t e m p e r a t u r e i s m a i n t a i n e d by a l iquid m e t a l coolant 

loop to an extended r a d i a t o r . This concept is shown s c h e m a t i 

ca l l y m F i g u r e I I -56c and d e s c r i b e d m o r e fully m subsequen t 

p a r a g r a p h s . 

F o r r e a c t o r app l ica t ion the c e s i u m diode a p p e a r s m o s t 

p r a c t i c a l for the following r e a s o n s (1) the eff iciency of the 

c e s i u m diode is c o n s i d e r a b l y g r e a t e r than tha t of the vacuum 

diode, (2) v e r y c lo se e l e c t r o d e s p a c m g s a r e not r e q u i r e d , and 

(3) choice of m a t e r i a l s i s l a r g e r , s ince c e s i u m vapor he lps 

e s t a b l i s h e l e c t r o d e s u r f a c e c h a r a c t e r i s t i c s . 

B e c a u s e of the e x t r e m e l y high ca thode ( e m i t t e r ) t e m p e r a t u r e 

the s y s t e m r e q u i r e s the ca thode to be loaded with f i s s ionab le fuel 

to a t t a in the n e c e s s a r y t e m p e r a t u r e . Inspec t ion of F i g u r e II- 15 

r e v e a l s that the m o s t app l i cab le r e a c t o r concept for t h e r m i o n i c 

s y s t e m s is the UC fas t r e a c t o r . Only UC and UO-, have the n e c e s 

s a r y t e m p e r a t u r e capab i l i t y . UC has the advan tage of h ighe r 

u r a n i u m dens i ty and h ighe r t h e r m a l conduct iv i ty , and thus s m a l l e r 

r e a c t o r s ize and weight . 
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A typ ica l t h e r m i o n i c c o n v e r s i o n fuel e l e m e n t i s i l l u s t r a t e d 

m F i g u r e 11-57 w h e r e a n u m b e r of t h e r m i o n i c c o n v e r t e r c e l l s 

a r e shown connec ted m s e r i e s . Since each ce l l is capab le of 

p roduc ing a po ten t i a l of a p p r o x i m a t e l y 1 volt , m a n y c e l l s m u s t 

be connec ted m s e r i e s to p r o d u c e usefu l high vo l t age . E a c h ce l l 

c o n s i s t s of a ca thode , an anode , an m t e r e l e c t r o d e space con

ta in ing c e s i u m v a p o r , insu la t ion to p rov ide the p r o p e r e l e c t r i c a l 

conf igura t ion , and an ou te r s l eeve to i s o l a t e the e n t i r e e l e m e n t 

f r o m i t s e x t e r n a l s u r r o u n d i n g s and p rov ide the s t r u c t u r a l i n t eg 

r i t y for the a s s e m b l y . 

The ca thodes a r e sol id c y l i n d e r s of fuel m a t e r i a l which a r e 

held m p l ace by the insu la t ion s e p a r a t o r s and the e l e c t r i c a l l e a d s . 

N u c l e a r hea t supp l ies the t h e r m a l e n e r g y to "l i f t" f ree e l e c t r o n s 

a t the ca thode s u r f a c e to an e n e r g y l eve l a t which they a r e e m i t t e d 

into the m t e r e l e c t r o d e s p a c e . This e l e c t r o n r e m o v a l of hea t 

f r o m the ca thode is a c c o m p a n i e d by o the r cool ing p r o c e s s e s in

c luding r a d i a t i o n to the anode , and conduct ion of hea t t h rough the 

e l e c t r i c a l l eads connect ing the anodes to the c a t h o d e s . T h e s e 

l a t t e r two p r o c e s s e s a r e hea t l o s s e s and m u s t be accounted for 

m c e l l o p t i m i z a t i o n s . It m a y be tha t the ca thodes wi l l have to 

be c lad to p r e v e n t d e l e t e r i o u s effects c a u s e d by the r e l e a s e of 

the f i s s ion p r o d u c t s f r o m the fuel . 

The anode i s a t h m c y l i n d r i c a l she l l of m e t a l l i c conductor 

s u r r o u n d i n g the c a t h o d e . The e l e c t r o n s which t r a v e l to the 

anode f r o m the ca thode a r e a b s o r b e d with the c o n v e r s i o n of t h e i r 

k ine t i c e n e r g y into s ens ib l e h e a t . This hea t m u s t be r e m o v e d 

f r o m the anode to m a i n t a i n the e l e c t r o d e t e m p e r a t u r e d i f f e r ence . 

F o r good hea t t r a n s f e r the anode m u s t be m t h e r m a l con tac t with 

the ou te r m e t a l l i c s l e e v e , which i s cooled by a l iquid m e t a l . In 

o r d e r that the anodes of the adjacent c e l l s a r e not e l e c t r i c a l l y 

s h o r t e d , a l a y e r of e l e c t r i c a l insu la t ion m u s t be i n t e r p o s e d . The 

annu la r space be tween the e l e c t r o d e s con ta ins c e s i u m vapor 

which IS ionized by the h i g h - t e m p e r a t u r e e n v i r o n m e n t and s e r v e s 

to n e u t r a l i z e the space c h a r g e which i s p r o d u c e d by the high 
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e l e c t r o n flux m the m t e r e l e c t r o d e s p a c e . The t h e r m i o n i c fuel 

e l e m e n t s a r e a s s e m b l e d into a c l o s e spaced hexagona l l a t t i ce to 

f o r m a c y l i n d r i c a l r e a c t o r c o r e . 

The c h a r a c t e r i s t i c s of a r e a c t o r t h e r m i o n i c space power 

s y s t e m can be exp lo red by us ing the i dea l c o n v e r t e r p e r f o r m a n c e 

shown m F i g u r e 11-54. The s ignif icant f ea tu r e is that both op t i 

m u m eff iciency and power dens i ty i n c r e a s e with i n c r e a s i n g t e m 

p e r a t u r e . The output power of a combined r e a c t o r - t h e r m i o n i c 

c o n v e r t e r wil l then be a function of the r e a c t o r fuel e l e m e n t 

(cathode) s u r f a c e a r e a and the ope ra t i ng t e m p e r a t u r e . The r e 

q u i r e d r e a c t o r vo lume a s a function of ca thode t e m p e r a t u r e i s 

shown m F i g u r e 11-58 for 1 Mwe and 10 Mwe. The va lues for 

€ = 0.1 m F i g u r e 11-54 w e r e u s e d and the ca thode su r f ace a r e a 

was taken a s 3 /4 of the m a x i m u m for c y l i n d r i c a l f u e l - c o n v e r t e r 

c e l l s of 1/4 m . and 1/2 m . d i a m e t e r . It can be seen f r o m F i g 

u r e 11-58 that both r e a c t o r volume and r a d i a t o r a r e a a r e a s t r ong 

function of ca thode or fuel t e m p e r a t u r e . It should be noted that 

th i s s u r v e y a s s u m e s cons tan t condi t ions th roughout and m a k e s 

no a l l owances for r e a c t o r power or t e m p e r a t u r e d i s t r i b u t i o n s . 

The ind ica ted m i n i m u m b a r e c o r e c r i t i c a l vo lume a s s u m e s a UC 

fuel e l e m e n t tha t occup ie s 2 / 3 of the c o r e v o l u m e . The c o r e s i ze 

could be r e d u c e d by the addi t ion of a r e f l e c t o r . It is not c l e a r 

tha t the r e q u i s i t e i n c r e a s e m o p e r a t i n g t e m p e r a t u r e i s d e s i r a b l e . 

Howeve r , when r e a c t o r power d i s t r i bu t i on i s c o n s i d e r e d m a r e a l 

c a s e , it i s c l e a r tha t a r e f l e c t o r i s m a n d a t o r y for the p u r p o s e of 

power f la t ten ing . F r o m a m a t e r i a l s point of v iew, the m i n i m u m 

o p e r a t i n g t e m p e r a t u r e s e e m s d e s i r a b l e . Howeve r , the d e c r e a s e d 

power dens i ty at lower t e m p e r a t u r e s c a u s e s a s igni f icant pena l ty 

m c o r e vo lume and weight . F r o m the point of view of m i n i m u m 

s y s t e m weight , it s e e m s d e s i r a b l e to i n c r e a s e t e m p e r a t u r e un t i l 

the c o r e i s no longer p o w e r - d e n s i t y - l i m i t e d but b e c o m e s r e a c t o r -

c r i t i c a l i t y - l i m i t e d . Depending on the bu rnup capab i l i t y of the 

fuel, it m a y be n e c e s s a r y to i n c r e a s e c o r e vo lume for e n d u r a n c e . 

The v e r y conf igura t ion of a t h e r m i o n i c r e a c t o r s y s t e m m a k e s it 

e x t r e m e l y s ens i t i ve to fuel swel l ing due to f i s s ion p r o d u c t s . The 
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f eas ib i l i t y of a t h e r m i o n i c r e a c t o r s y s t e m r e m a i n s to be d e m o n 

s t r a t e d . It is obvious tha t the po ten t i a l l imi t to f eas ib i l i ty i s fuel 

swe l l ing . The g e n e r a l hope is tha t the e x t r e m e fuel t e m p e r a t u r e s 

wi l l c o n t r i b u t e to feas ib i l i ty by a l lowing f i s s ion p r o d u c t s to r ap id ly 

diffuse out of the fuel m a t e r i a l and thus n:iinimize swel l ing . 

In the p r e v i o u s a n a l y s i s , the p a r a m e t e r s w e r e op t imized for 

m a x i m u m eff ic iency. In g e n e r a l th is i s not the c o r r e c t a p p r o a c h 

for a m i n i m u m - w e i g h t h i g h - p o w e r s y s t e m . H o w e v e r , if the 

t h e r m i o n i c r e a c t o r concep t indeed t u r n s out to be r e a c t o r - e n e r g y -

c o n t e n t - l i m i t e d , the m a x i m u m eff iciency a p p r o a c h is p robab ly 

c o r r e c t . The i n c r e a s e d r a d i a t o r a r e a and weight do not m any 

way cons t i t u t e the s a m e kind of f eas ib i l i ty l i m i t . F i g u r e 11-59 

p r e s e n t s a concep tua l des ign of a 300-kwe r e a c t o r a s s e m b l y 
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O U T L E T 

MAIN POWER 
TERMINAL 

COOLANT INLET 

GRID PLATE 
REFLECTOR 

THERMIONIC CONVERSION 
FUEL ELEMENTS 

* " ~ - PUMP POWER 
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I 
— SAFETY SLAB 

CESIUM RESERVOIR 
FOR PUMP ELEMENTS 

CESIUM RESERVOIR 
FOR MAIN POWER 

ELEMENTS 

COOLANT 
OUTLET 

7590-A067 

F i g u r e 11-59. T h e r m i o n i c R e a c t o r 
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which c o n s i s t s of the c o r e c o m p o s e d of c o n v e r t e r fuel e l e m e n t s 

l oca t ed by an u p p e r and lower gr id p l a t e , a r e f l e c t o r with movab le 

s e c t i ons for n u c l e a r c o n t r o l , e l e c t r i c a l t e r m i n a l s for power out 

put , and c e s i u m c i r c u l a t i o n s y s t e m . 

E . SYSTEM COMPARISON SUMMARY 

A g e n e r a l i z e d p i c t u r e of the p e r f o r m a n c e and app l i cab le 

power r a n g e of the t h e r m o e l e c t r i c , Rankine t u r b o e l e c t r i c , and 

t h e r m i o n i c n u c l e a r space power s y s t e m s i s shown m F i g u r e 11-60. 

The m o s t dominan t v a r i a b l e m t h e s e space power s y s t e m s i s t e m 

p e r a t u r e . E a c h m a j o r p e r f o r m a n c e i m p r o v e m e n t can be c h a r 

a c t e r i z e d by an i n c r e a s e m t e m p e r a t u r e . Name ly , 

T h e r m o e l e c t r i c 800 - 1200' 'F 

Hg Rankine 1200 - M O O T 

K or Rb Rankine 1800 - 2300°F 

T h e r m i o n i c 3000 - 3500°F 

T e m p e r a t u r e i s not only the key to i n c r e a s e d p e r f o r m a n c e , but 

w i l l , m the end, pace the t echno log ica l a d v a n c e s n e c e s s a r y to 

ach i eve t h e s e p r o j e c t e d g o a l s . 

At low power l e v e l s (up to a few k i lowa t t s ) the r e a c t o r and 

shie ld a r e the dominan t weight c o n t r i b u t o r s . The i m m e d i a t e 

r e l a t i v e l y low space power r e q u i r e m e n t s wil l be fi l led with the 

m o s t i m m e d i a t e t echnology . In effect, p e r f o r m a n c e wil l be 

s a c r i f i c e d for low t e m p e r a t u r e and s imp le s y s t e m s . The 

t h e r m o e l e c t r i c s y s t e m fits th is d e s c r i p t i o n . The r e l i a b i l i t y 

advan tage of i t s s ta t ic o p e r a t i o n i s v e r y d e s i r a b l e for the low 

power r e q u i r e m e n t s of e a r l y space u t i l i z a t ion s y s t e m s . The 

lack of o r i e n t a t i o n r e q u i r e m e n t , f r e e d o m f r o m b a t t e r y s t o r a g e , 

and high r e s i s t a n c e to the space e n v i r o n m e n t wi l l m a k e t h e s e 

s y s t e m s v e r y c o m p e t i t i v e m the a p p a r e n t r ange of so l a r c e l l s . 

At i n t e r m e d i a t e power l eve l s (a few to h u n d r e d s of k i lowa t t s ) , 

i n c r e a s e d p e r f o r m a n c e is m a n d a t o r y . The weight and r a d i a t o r 

a w k w a r d n e s s of l o w - t e m p e r a t u r e and low-ef f ic iency s y s t e m s i s 

i n t o l e r a b l e . The i n c r e a s e d p e r f o r m a n c e b r i n g s with it the 
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F i g u r e 11-60. Space R e a c t o r P o w e r S y s t e m s 

m a t e r i a l s p r o b l e m s of h ighe r t e m p e r a t u r e , dynamic c o n t r o l , 

the m e c h a n i c a l p e r t u r b a t i o n s of r o t a t i ng m a c h i n e r y , and m o r e 

s e v e r e p r o b l e m s in o r b i t a l s t a r t u p and z e r o - g r a v i t y o p e r a t i o n . 

F o r th i s power r a n g e the u l t i m a t e Rankine s y s t e m wil l not be 

s e l e c t e d b e c a u s e of the t i m e sca le a s s o c i a t e d with the r e q u i r e d 

t echnology . The hyd r ide r e a c t o r - m e r c u r y Rankine s y s t e m 

r e q u i r e s the l e a s t ex t r apo l a t i on of the s t a t e of the a r t . It i s 

m o s t p r o b a b l e that th i s combina t ion wil l be u s e d at power l eve l s 

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

ab i l i ty . 

At high p o w e r s (hundreds to thousands of k i lowat t s ) the 

s y s t e m se l ec t i on m a y be m o r e a p p l i c a t i o n - d e p e n d e n t . In the 

c a s e of m a n n e d o r b i t a l s t a t ions o r lunar b a s e s the dominan t 

c o n s i d e r a t i o n wil l be r e l i a b i l i t y . V e r y p r o b a b l y the i n c r e a s e d 

conf idence in and i n h e r e n t r e l i a b i l i t y of lower t e n i p e r a t u r e 
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s y s t e m s wil l outweigh the p e r f o r m a n c e advan tages of a h ighe r 

t e m p e r a t u r e and n e w e r s y s t e m . Since the shie ld weight for a 

m a n n e d s y s t e m can be m the 10 to 20,000-lb r eg ion , the incen t ive 

for s y s t e m weight r educ t ion th rough the r a d i a t o r a r e a r educ t ion 

of a high t e m p e r a t u r e concept is g r e a t l y d i m i n i s h e d . In fact the 

h ighe r t e m p e r a t u r e r e a c t o r wi l l , m g e n e r a l , be l a r g e r and thus 

i ncu r a l a r g e r shie ld weight than a low t e m p e r a t u r e concep t . In 

the c a s e of e l e c t r i c p r o p u l s i o n , both m a x i m u m p e r f o r m a n c e and 

r e l i a b i l i t y wi l l be n e c e s s a r y for th is f o r m of p r o p u l s i o n to be 

c o m p e t i t i v e . The r e q u i r e d p e r f o r m a n c e wil l d i c t a t e the h ighes t 

p o s s i b l e t e m p e r a t u r e s y s t e m . The t h e r m i o n i c r e a c t o r concep t 

s e e m s v e r y a t t r a c t i v e for th i s app l ica t ion , howeve r , the r e q u i r e d 

t e m p e r a t u r e s wi l l de lay i t s ava i l ab i l i t y . F o r t h e s e h i g h - p o w e r 

s y s t e m s the r e a c t o r s wi l l be fas t and p r o b a b l y fueled by UC or 

UN. The ava i l ab i l i t y of e x t r e m e l y high t e m p e r a t u r e r e a c t o r hea t 

s o u r c e s i s to ta l ly dependent on c u r r e n t l y u n d e m o n s t r a t e d fuel 

bu rnup capab i l i t y . 
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4. VEHICLE INTEGRATION 

A. INTRODUCTION 

The t h r e e m a j o r s u b s y s t e m s of a r e a c t o r space power uni t , 

I . e . , (1) n u c l e a r r e a c t o r hea t s o u r c e , (2) p o w e r - c o n v e r s i o n 

s y s t e m , and (3) h e a t - r e j e c t i o n s y s t e m , a r e c l o s e l y i n t e r r e l a t e d 

m the se l ec t ion of a power s y s t e m concept and the subsequen t 

s y s t e m op t imiza t ion and des ign point s e l ec t i on . The unique 

space l imi t a t ion of r a d i a t i v e hea t r e j e c t i on r e s u l t s m an e x t r e m e 

p r e m i u m on high hea t s o u r c e t e m p e r a t u r e and a s y s t e m Carno t 

cyc le eff iciency o p t i m u m {rj - 0.2 to 0.25) for m i n i m u m h e a t -

r e j e c t i o n r a d i a t o r a r e a . T h e s e c o n s i d e r a t i o n s coupled with the 

eff ic iency and t e m p e r a t u r e r e q u i r e m e n t s of the p o w e r - c o n v e r s i o n 

s u b s y s t e m define the r e a c t o r hea t s o u r c e t e m p e r a t u r e and p o w e r . 

The r e a c t o r t e m p e r a t u r e and power r e q u i r e m e n t s m t u r n d e t e r 

m i n e the r e a c t o r concept , m a t e r i a l s , s i z e , and conf igura t ion . 

In o r d e r to i n t e g r a t e the r e a c t o r hea t s o u r c e , the power 

c o n v e r s i o n , and the hea t r e j ec t i on s u b s y s t e m into a c o m p l e t e 

usefu l space power s y s t e m , it is n e c e s s a r y to i n t r o d u c e a d d i 

t iona l c r i t e r i a . The m o s t s ignif icant of t h e s e a r e 

1) One y e a r una t t ended o p e r a t i o n m space with au to 

m a t i c c o n t r o l and without m a i n t e n a n c e 

2) O p e r a t i o n m the space e n v i r o n m e n t of v a c u u m and 

m i c r o m e t e o r i t e s 

3) R e m o t e s t a r t u p m o r b i t via r ad io c o m m a n d 

4) Capab i l i ty to o p e r a t e without subjec t ing the s p a c e c r a f t 

to e x c e s s i v e d i s tu rb ing t o r q u e s 

5) Des ign and in s t a l l a t i on to p e r m i t eff ic iency low weight 

shadow shie ld ing of pay loads 

6) M i n i m u m i n t e r f e r e n c e and i n t e r a c t i o n with b a s i c 

b o o s t e r and payload s u b s y s t e m s 
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7) Conf igured wi thm veh ic le s t r u c t u r a l and flight s t ab i l i ty 

c r i t e r i a 

8) Capab i l i ty to wi ths tand the s e v e r e s h o c k s , v i b r a t i o n s , 

p r e s s u r e , and t e m p e r a t u r e t r a n s i e n t s dur ing veh ic le launch 

9) P r e l a u n c h ins ta l l a t ion and checkout with m a x i m u m 

safe ty and m i n i m u m vehic le and fac i l i ty i n t e r f e r e n c e 

10) Capable of low cos t quant i ty p roduc t ion with m a x i m u m 

r e l i a b i l i t y . 

The p u r p o s e of th is sec t ion is to d i s c u s s those unique a s p e c t s of 

a n u c l e a r space power uni t that affect the power uni t space s y s t e m 

in t eg ra t i on . Speci f ica l ly , they a r e sh ie ld ing , safety, and the 

f a c t o r y - t o - f l i g h t s e q u e n c e . 

B . SHIELDING 

The r ad i a t ion , g a m m a s and n e u t r o n s , that a c c o m p a n i e s the 

f i s s ion p r o c e s s i n t r o d u c e s the m o s t s ignif icant unique c o n s i d e r a 

tion m the des ign and appl ica t ion of n u c l e a r power u n i t s . The 

d a m a g e to payload componen t s r e q u i r e s that the payload be e i the r 

sh ie lded f rom the damaging r ad i a t ion or that the payload s e n s i 

t iv i ty to the r ad ia t ion be r educed by component s e l ec t ion a n d / o r 

c i r c u i t de s ign . The r e q u i r e m e n t to p rov ide shie lding within a 

to ta l s y s t e m weight c o n s t r a i n t r e s u l t s m specif ic conf igura t iona l 

inf luence on the n u c l e a r power uni t and i t s i n t e g r a t i o n with the 

payload . 

The e n t i r e s c i ence of r ad i a t ion sh ie ld ing is h ighly complex 

and soph i s t i c a t ed . It is c e r t a i n l y beyond the scope of t he se no tes 

to t r e a t the subject adequa te ly . However , the l imi ted u s e of 

s o m e g e n e r a l r e s u l t s which have had the background benefi t of 

m o r e de ta i l ed a n a l y s i s wil l al low s o m e ins ight into the r ad i a t ion 

shie lding c o n s i d e r a t i o n s . 

a. Source S t r eng th 

As d i s c u s s e d e a r l i e r , each f i ss ion event r e s u l t s m the r e 

l e a s e of about 2.5 n e u t r o n s , one of which i s r e q u i r e d to in i t i a te 
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the subsequen t f i ss ion event of the se l f - sus ta in ing chain r e a c t i o n . 

In a s m a l l r e a c t o r , the neu t ron economy is domina ted by l e akage . 

In the c a s e of the SNAP hyd r ide r e a c t o r s about 40%, or 1 n e u t r o n 

p e r f i s s ion , leak f rom the r e a c t o r . Since the dominan t l eakage 

IS fas t , t he se n e u t r o n s cons t i tu t e the effective s o u r c e that m u s t , 

m g e n e r a l , be a t t enua t ed . A l eakage of 1 n e u t r o n p e r f i s s ion 
2 1 r e s u l t s in a s o u r c e s t r e n g t h of about 10 n e u t r o n s pe r t h e r m a l 

k i lowat t y e a r . The effective s o u r c e s t r e n g t h of a v e r y l a r g e 

space r e a c t o r with lower l eakage migh t be not m o r e than a fac tor 

of two s m a l l e r . 

F o r the d i s t a n c e s of p r a c t i c a l i n t e r e s t , it is a c c e p t a b l e to 

c o n s i d e r the s o u r c e to be located at the r e a c t o r ' s c e n t e r . The 

neu t ron dose then at a d i s t a n c e , R, is equal to the s o u r c e s t r e n g t h 

divided by the su r f ace a r e a of a s p h e r e of r a d i u s R. Thus 

D (R) n . ,̂  2 
47rR 

w h e r e 
2 

D (R) - neu t ron dose ( n e u t r o n s / y e a r / c m ) 

S = s o u r c e s t r eng th ( n e u t r o n s / y e a r ) 

R = d i s t a n c e f rom s o u r c e c e n t e r ( c m ) . 

The neu t ron flux pe r t h e r m a l k i lowat t y e a r a s a function of d i s 

t ance IS shown m F i g u r e 11-61 for the a s s u m e d leakage of 1 neu

t r o n p e r f i s s ion . 

E a c h f iss ion is a c c o m p a n i e d on the a v e r a g e by the equiva len t 

of 5 g a m m a r a y s of 1 Mev e n e r g y . Again , not a l l of th is r ad i a t ion 

l eaks f r o m the r e a c t o r b e c a u s e of se l f - absorp t ion by the r e a c t o r 

m a t e r i a l s . In the c a s e of the SNAP hyd r ide r e a c t o r s , the ex

t e r n a l l y effective s o u r c e i s equivalent to about 1.5 g a m m a s of 
2 1 

1 Mev e n e r g y pe r f i ss ion or about 1.5 x 10 Mev pe r t h e r m a l 

k i lowat t y e a r . 
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The s t a n d a r d uni t for g a m m a r a y flux is the roen tgen , r , 

;h is defined m t 

F o r 1 Mev g a m m a s 

3 
which is defined m t e r m s of e n e r g y a b s o r p t i o n pe r c m of a i r . 

1 r = 2.18 X 10*̂  M e v / c m ^ . 

T h e r e f o r e the i n t e g r a t e d g a m m a dose , a s s u m i n g a point s o u r c e . 

Dy(R) - r 
47rR (2.18) X 10^ 

w h e r e 

Dy(R) - g a m m a dose ( r / y e a r ) 

S.^ - g a m m a s o u r c e ( M e v / y e a r ) 

R = d i s t a n c e f rom s o u r c e ( c m ) . 

The g a m m a dose as a function of d i s t ance a s s u m i n g 1.5 Mev/ 

f i s s ion IS shown m F i g u r e 11-61. F o r l a r g e r space r e a c t o r s and 

for h ighe r dens i ty c o r e m a t e r i a l s the dose migh t be lower by a s 

m u c h a s a fac to r of 5. 

b . Rad ia t ion Effects 

In o r d e r to eva lua te the sh ie ld ing r e q u i r e m e n t s of n u c l e a r 

power s y s t e m s , it is n e c e s s a r y to identify the r ad i a t ion sens i t iv i ty 

of the p a r t i c u l a r pay load . T h e r e a r e two g e n e r a l types of r a d i a 

tion effects 

1) Ra te Effects — Phis type of r ad i a t i on effect is a function 

of the i n s t an t aneous r ad ia t ion in t ens i ty and is u s u a l l y a s s o 

c ia ted with ion iza t ion and is of p r inc ipa l s igni f icance m the 

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

2) I n t e g r a l Effects — This type of r ad i a t ion effect is a 

function of the i n t e g r a t e d r ad i a t i on dose and is u s u a l l y a 

r e s u l t of s e m i p e r m a n e n t l a t t i ce defec ts which p r o d u c e 

changes m p r a c t i c a l l y a l l p h y s i c a l p r o p e r t i e s of m a t e r i a l s . 
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A v e r y b road indica t ion of the r ad i a t ion dose r e q u i r e d for 

m e a s u r a b l e effects i s given m F i g u r e 11-62. Since space pay-

loads a r e p r e d o m i n a n t l y c o m p o s e d of s e m i c o n d u c t o r d e v i c e s , 

the r ad i a t ion s ens i t i v i t y of th is c l a s s of componen t s wil l g e n e r a l l y 

e s t a b l i s h the sh ie ld ing r e q u i r e m e n t s for unmanned a p p l i c a t i o n s . 

The a c t u a l payload sens i t i v i t y is a l so a function of c i r c u i t des ign ; 

h o w e v e r , the r ad ia t ion to le r ance of t r a n s i s t o r s i s a good guide . 

The g e n e r a l neu t ron r ad i a t ion d a m a g e behav io r of t r a n s i s t o r s is 

shown m F i g u r e 11-63. The r e l a t i v e s ens i t i v i t y to g a m m a r a d i a 

tion IS u s u a l l y c o n s i d e r e d to be about 10 nvt 1 r . The diffi

cu l ty of s e m i c o n d u c t o r payload h a r d e n i n g a s a function of the 
2 

i n t e g r a t e d fas t n e u t r o n s p e r c m can be c h a r a c t e r i z e d a s fo l lows. 

only m i n o r c o n s i d e r a t i o n 

c a r e f u l componen t se l ec t ion 

r e s t r i c t e d componen t u s a g e and spec i a l 

c i r c u i t c o n s i d e r a t i o n s 

difficult 

Unique payload s e n s o r s m a y be m o r e r a d i a t i o n - s e n s i t i v e 

than the payload i tse l f . The s ize of such s e n s o r s is u s u a l l y such 

that loca l s e n s o r sh ie ld ing i s the m o s t e c o n o m i c a l a p p r o a c h . 

F o r h igh r a d i a t i o n e n v i r o n m e n t s , convent iona l and high 

t e m p e r a t u r e c e r a m i c v a c u u m tubes have v e r y high r ad i a t ion 

t o l e r a n c e . The ava i l ab i l i t y of l a r g e r a m o u n t s of power th rough 

the u s e of n u c l e a r power suppl ies can m a k e t h e s e d e v i c e s quite 

a c c e p t a b l e for space with the i m p o r t a n t advan tage of high t e m 

p e r a t u r e r a d i a t i v e c o o l m g . 

c . Rad ia t ion At tenua t ion 

It has a l r e a d y been shown that d i s t ance o r s e p a r a t i o n p r o 

v ides a s i m p l e m e a n s of r ad i a t ion dose r e d u c t i o n . Sepa ra t ion 

IS p r o b a b l y m o s t p r a c t i c a l in the 10 to 100 ft r eg ion . Beyond 

that fu r the r a t t enua t ion m u s t be ach ieved th rough the i n t e r p o s i 

t ion of m a t e r i a l s tha t a b s o r b the r a d i a t i o n . In the c a s e of 

n e u t r o n s , the a t t enua t ion r e s u l t s f r o m the slowing down of the 
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F i g u r e 11-63. Degrada t ion of C u r r e n t Gam with 
Neut ron E x p o s u r e 

n e u t r o n s un t i l they a r e c a p t u r e d by an a b s o r b e r . In fact the 

dominan t c o n s i d e r a t i o n m a neu t ron sh ie ld ing m a t e r i a l i s i t s 

weight e f fec t iveness for n e u t r o n slowing down. It is a s i m p l e 

m a t t e r to in t roduce sufficient a b s o r b e r to e l i m i n a t e the n e u t r o n s 

a f te r they have been slowed down. In the c a s e of g a m m a r a d i a 

t ion, a t t enua t ion or e n e r g y los s i s the r e s u l t of g a m m a r a y i n t e r 

ac t i ons and e n e r g y exchange with the e l e c t r o n s con ta ined m the 

shie lding m a t e r i a l . The b e s t n e u t r o n a t tenua t ion m a t e r i a l s a r e 

hyd rogenous and the b e s t g a m m a a t tenua t ion m a t e r i a l s a r e heavy 

m e t a l s . 

The r ad i a t ion a t t enua t ion capab i l i ty of a m a t e r i a l i s d e s c r i b e d 

by a r e m o v a l length and the a t t enua t ion is an exponent ia l function 

of the m a t e r i a l t h i c k n e s s m t e r m s of r e m o v a l l eng ths , i . e . , 

D(T) ^ - T / L _ - T / 2 . 3 L 
D(o) " ^ 
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TABLE II- 16 

RADIATION ATTENUATION CHARACTERISTICS 

Material 

Lithium hydride 

Water 

Polyethelyne 

Lead 

Tungsten 

Uranium-238 

Density 
( g m / c c ) 

0.75 

1.00 

0.93 

11.4 

18.9 

18.7 

Removal Length (cm) 

L neutrons 

6.7 

9.71 

8.9 

8.55 

6.44 

5.87 

L gammas 
(2.5 Mev) 

34.2 

23.0 

23.3 

2.06 

1.24 

1.19 

TABLE 11-17 

P R O P E R T I E S OF LITHIUM HYDRIDE 

Molecular weight 

Density 

Hydrogen densi ty 

Specific heat 

Dissoc iat ion pres sure 

Coefficient of thermal expansion 

Thermal conductivity 

7.948 

0.775 g m / c c 

22 
5 .9 X 10 a t o m s / c c 

0.96 B t u / l b - ° F at 6 8 ° F 
1.67 B t u / l b - ° F at 1000°F 

27 m m Hg at 1270°F 

^ 2 3 X 10'^ "F'^ 

2.5 Btu/(hr)- ( f t^)(°F/f t ) 
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w h e r e 

D(T) = dose p e n e t r a t i n g t h i c k n e s s T 

D(o) = inc ident dose 

L = m a t e r i a l r e m o v a l length 

T ~ m a t e r i a l t h i c k n e s s 

The dens i ty and r e m o v a l length of v a r i o u s neu t ron and 

g a m m a shie ld m a t e r i a l s a r e given m Table 11-16. In g e n e r a l , 

n e u t r o n a t t enua t ion is the con t ro l l ing p r o b l e m m the shie lding 

of u n m a n n e d space p a y l o a d s . The m o s t efficient and high t e m 

p e r a t u r e m a t e r i a l is l i th ium h y d r i d e , LiH. The o the r i m p o r t a n t 

p h y s i c a l p r o p e r t i e s of LiH a r e con ta ined m Table 11-17. 

The a t t enua t ion of s e p a r a t i o n and LiH t h i c k n e s s a r e c o m 

bined m F i g u r e 11-64 such that the LiH shie ld t h i c k n e s s for a 

given dose and s e p a r a t i o n d i s t ance can be r e a d d i r e c t l y . If add i 

t ional g a m m a a t tenua t ion is r e q u i r e d ove r that p rov ided by s e p a 

r a t i on ( F i g u r e 11-64) and by the LiH t h i c k n e s s (Table 11-16) it 

can be p rov ided by an add i t iona l s lab of heavy m e t a l , i. e. , 

D (R) T^ , , T„^ 
y ' ' LiH M 

^ ^ l O D J o ) " 2 .3L ^ ^, 2 .3L ^, y^ ' yLiH yM 

d. Shield G e o m e t r y 

The weight of a space shie ld is e x t r e m e l y dependent upon 

g e o m e t r y . It i s obvious that the shie ld weight wil l be a d i r e c t 

function of the sol id angle that the sh ie ld shadow m u s t subtend. 

In addi t ion the sh ie ld g e o m e t r y m u s t be such that t h e r e a r e no 

pa ths o r m e c h a n i s m s by which r ad i a t i on can b y p a s s or be shunted 

a round the sh ie ld . The p r e s e n c e of any s t r u c t u r a l m a t e r i a l p o s i 

t ioned such that it IS i l l umina t ed by the s o u r c e and can s c a t t e r 

r a d i a t i o n d i r e c t l y into the payload r eg ion can d r a s t i c a l l y r educe 

the shie ld net e f f ec t i venes s . As a r e s u l t of th is c o n s i d e r a t i o n 

m i n i m u m weight sh ie lds d ic ta te that the s o u r c e have a m i n i m u m 

p r o j e c t e d a r e a and that a l l s t r u c t u r a l m e m b e r s be conta ined 
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F i g u r e 11-64. Var i a t ion m LiH T h i c k n e s s with Sepa ra t i on 
Di s t ance for Given Dose L i m i t s 

wi thm the con ica l reg ion defined by the dose p lane and the ex

t r e m i t i e s of the s o u r c e . The r e s u l t i n g idea l g e o m e t r y i s shown 

m F i g u r e 11-65. It i s obvious that th is c o n s i d e r a t i o n has a m a j o r 

inf luence on the conf igura t ion of a n u c l e a r powerp l an t . 

The a p p r o x i m a t e weight of LiH sh ie lds to l im i t the n e u t r o n 
11 12 

dose to 10 - 10 ove r a 5-ft d i a m e t e r payload sec t ion at a 

d i s t a n c e of 30 ft is shown m F i g u r e 11-66 as a function of r e a c t o r 

s i ze and t h e r m a l p o w e r . It is a p p a r e n t tha t r e a c t o r s o u r c e s ize 

IS a m o r e i m p o r t a n t c o n s i d e r a t i o n than t h e r m a l p o w e r . Thus 

t h e r e i s a p r i m e incen t ive to m i n i m i z e r e a c t o r s i ze m o r d e r to 

r e d u c e sh ie ld weight . However , a m i n i m u m weight r e a c t o r does 

not n e c e s s a r i l y lead to a m i n i m u m weight r e a c t o r - s h i e l d c o m 

bina t ion . 
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F r o m F i g u r e 11-65 it i s a p p a r e n t that s e p a r a t i o n d i s t a n c e h a s 

a m a j o r inf luence on sh ie ld weight . The shie ld weight of a t yp ica l 

c a s e i s shown m F i g u r e 11-67 as a function of s e p a r a t i o n d i s t a n c e . 

If the s e p a r a t i o n i n c u r s an added s t r u c t u r e , boom, weight and 

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 for m i n i m u m s h i e l d - b o o m weight 

wi l l r e s u l t . It should be noted that l a r g e s e p a r a t i o n can a l s o be 

advan tageous for g r a v i t y g r a d i e n t s t ab i l i za t ion of a s a t e l l i t e . 

e . Shielding of Manned S y s t e m s 

As a r e s u l t of the m u c h lower r ad i a t i on t o l e r a n c e of m a n , 

g r e a t e r a t t enua t ion i s r e q u i r e d . The effects of whole body r a d i a 

t ion on m a n a r e shown m Table 11-18. The s imp le sh ie ld ing 

a n a l y s i s app l i cab le to unmanned s y s t e m s is not val id for l a r g e 

a t t enua t ions b e c a u s e such effects as g a m m a s p e c t r u m ha rden ing 

and neu t ron c a p t u r e g a m m a s b e c o m e s ignif icant c o n t r i b u t o r s to 

the to t a l d o s e . 

In addi t ion to the m o r e s o p h i s t i c a t e d sh ie ld ing a n a l y s i s it is 

a l so n e c e s s a r y to m a k e s p e c i a l p r o v i s i o n for sh ie ld ing the p r i 

m a r y r e a c t o r loop r a d i o a c t i v e coolant and to p r e v e n t neu t ron 

ac t iva t ion of a power c o n v e r s i o n cyc le work ing fluid -which could 

p r e s e n t a l a r g e s o u r c e m a r a d i a t o r . A sh ie ld for a m a n n e d 

s y s t e m involves the s a m e g e o m e t r y c o n s i d e r a t i o n s shown m 

F i g u r e 11-65. In g e n e r a l a m a n n e d s y s t e m shie ld wil l c o n s i s t 

of five r e g i o n s 

1) A heavy m e t a l g a m m a shie ld to r e d u c e the c o r e f i s s ion 

g a m m a s to a l eve l s i m i l a r to that i m p o s e d by the r a d i o a c t i v e 

p r i m a r y loop hea t e x c h a n g e r s , e t c . 

2) A LiH n e u t r o n shie ld of sufficient a t t enua t ion to p r e v e n t 

ac t iva t ion of the s e c o n d a r y o r work ing fluid 

3) A c o m p a r t m e n t to house the p r i m a r y to s e c o n d a r y hea t 

t r a n s f e r , b o i l e r , and pump , componen t s 
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F i g u r e 11-67. Shield Weight vs 
Sepa ra t ion Di s t ance 

T A B L E 11-18 

RADIATION TOLERANCE O F MAN 

AEC occupational limit 

Threshhold of climcal 
cietection 

Acute sickness 

50% probability of death 

Dose 
r e m 

3 r e m / 13 wk 

25 rem 

125 rem 

400 rem 

Gammas 
(2.5 Mev) 

3.75 

5.85 

2.93 

9.36 

x lO^ ^<=-
cm -sec 

, .10 Mev X 10 J 
cm 

,„11 Mev X 10 J 
cm 

, .11 Mev 
X 10 2 

cm 

Fast Neutrons 
(RBE « 8) 
(2.5 Mev) 

Ai. -, 1 

46.2 2 
cm -sec 

H / „ \ 
7.34 X 10° nvtM^-j 

\cm / 

3.67 X 10^ nvtf—^) 
\cm^/ 

1.27 X 1 0 ^ ° n v t [ - ^ ) 
\cm / 
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4) A heavy m e t a l g a m m a shie ld to a t t enua te the r a d i o 

ac t ive p r i m a r y loop g a m m a s and any c a p t u r e g a m m a s f r o m 

the f i r s t LiH r eg ion . 

5) A final LiH shie ld to p rov ide neu t ron a t t enua t ion . 

A typ ica l manned shie ld is shown m F i g u r e 11-68. The de ta i l ed 

a n a l y s i s of such a shie ld is beyond the scope of t h e s e n o t e s . 

However , the r e s u l t s of a s u r v e y of sh ie lds for the SNAP 8 r e 

a c t o r a r e shown m F i g u r e 11-69. T h e s e r e s u l t s a r e p r e s e n t e d 

m a convenien t m a n n e r for sca l ing to a wide -variety of conf igu ra 

t i o n s , power , d o s e s , and space s ta t ion s i z e s . 

C. SAFETY 

a. C r i t e r i a 

Throughout the des ign and deve lopmen t of SNAP r e a c t o r s 

and s y s t e m s , safety has p rov ided the b a s i s for m a n y des ign 

d e c i s i o n s . In o r d e r to sa t i s fy the ob jec t ive of m a x i m u m p o s s i b l e 

safety of the SNAP space r e a c t o r s y s t e m s , speci f ic eva lua t ion of 

the s y s t e m des ign is n e c e s s a r y m o r d e r to obtain an a p p r o p r i a t e 

b a l a n c e be tween the safe ty of the s y s t e m and the o p e r a t i o n a l 

c h a r a c t e r i s t i c s of r e l i a b i l i t y , s imp l i c i ty , and weight . The gen

e r a l safe ty des ign c r i t e r i a that have been u s e d for the SNAP 

space r e a c t o r s y s t e m s a r c out l ined below 

1) Safety and E a s e of Handling — The r e a c t o r s y s t e m wil l 

be des igned so tha t p e r s o n n e l can hand le , i n s t a l l , and r e p a i r 

the s y s t e m before launch with safe ty . 

2) P r e v e n t i o n of Acc iden t a l C r i t i c a l i t y — The r e a c t o r s y s 

t e m wil l be des igned to p r e v e n t c r i t i c a l i t y of the r e a c t o r 

u n d e r any condi t ion except con t ro l l ed o p e r a t i o n . 

3) I n h e r e n t Shutdov/n — The r e a c t o r s y s t e m wil l have 

i n h e r e n t shutdown c h a r a c t e r i s t i c s ( i . e . , a nega t ive t e m 

p e r a t u r e coeff icient and full u t i l i za t ion of any fundamenta l 

e n e r g y r e l e a s e l imi t ing m e c h a n i s m ) . 
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4) O r b i t a l S t a r tup — R e a c t o r s y s t e m full power o p e r a t i o n 

need not begin un t i l a f ter a su i tab ly safe o rb i t h a s been 

e s t a b l i s h e d . Thus , t h e r e is no r ad ioac t i v i t y h a z a r d with 

p r e l a u n c h acc iden t o r p r e o r b i t a b o r t . 

5) O r b i t a l Shutdown — After the m i s s i o n h a s been c o m 

ple ted and p r i o r to r e e n t r y , the r e a c t o r i s des igned to be 

shut down by a r edundan t combina t ion of on b o a r d and c o m 

m a n d ac tua t ed d e v i c e s . 

6) R e e n t r y Burnup — Design of the r e a c t o r s y s t e m and 

c o m p o n e n t s wil l enhance the p robab i l i t y of high a l t i tude 

r e e n t r y bu rnup and d i s p e r s a l of SNAP r e a c t o r c o m p o n e n t s . 

The safe ty a s p e c t s a r e convenient ly c a t e g o r i z e d on the b a s i s 

of the o p e r a t i o n a l s e q u e n c e . 

b . Sh ipment and In t eg ra t i on P e r i o d 

Dur ing the sh ipmen t and i n t eg ra t i on of the N u c l e a r A u x i l i a r y 

P o w e r Unit into i t s payload and launch s y s t e m , the p o s s i b i l i t y of 

a c c i d e n t a l c r i t i c a l i t y and an u n c o n t r o l l e d power e x c u r s i o n m u s t 

be p r e v e n t e d . The SNAP r e a c t o r i s spec i f i ca l ly des igned to 

a l low the r e m o v a l of the r e a c t o r ' s b e r y l l i u m r e f l e c t o r and thus 

g r e a t l y i n c r e a s e the safety m a r g i n that m u s t be o v e r c o m e for 

a c c i d e n t a l c r i t i c a l i t y . Dur ing sh ipmen t and i n t e g r a t i o n the r e 

f l ec to r IS r e p l a c e d with a po isoned a l u m i n u m j a c k e t such tha t 

a c c i d e n t a l i m m e r s i o n m w a t e r , l iquid hydrogen , o r k e r o s e n e 

cannot c a u s e c r i t i c a l i t y . L ikewise , the p r o x i m i t y of p e r s o n n e l 

cannot c a u s e a c c i d e n t a l c r i t i c a l i t y . Dur ing the sh ipment and 

i n t e g r a t i o n pe r i od the r a d i o a c t i v i t y r e m a i n i n g m the c o r e f r o m 

the f ac to ry checkout o p e r a t i o n s wi l l have decayed to a suff icient ly 

low leve l tha t p e r s o n n e l working on or a round the power uni t wi l l 

be subjec ted to r ad i a t i on l eve l s below the AEC e s t a b l i s h e d o c 

cupa t iona l dose r a t e . By supp lement ing t h e s e p h y s i c a l c o n s t r a i n t s 

with ca re fu l ly p lanned p r o c e d u r e s and 1;rained p e r s o n n e l , the 

po ten t i a l of a c c i d e n t a l c r i t i c a l i t y and p e r s o n n e l in ju ry dur ing the 

sh ipmen t and i n t eg ra t i on pe r i od i s even fu r the r r e d u c e d . 
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c. Launch Pad O p e r a t i o n s P e r i o d 

The SNA.P uni t i s n e v e r o p e r a t e d a t full power on n u c l e a r 

hea t p r i o r to s p a c e . The r e a c t o r i s s u b c r i t i c a l du r ing a l l launch 

pad checkout o p e r a t i o n s . Acc iden t a l c r i t i c a l i t y f rom e x t r a n e o u s 

neu t ron re f l ec t ing m e d i a is p r e v e n t e d by the i n t e r p o s i t i o n of n e u 

t r o n po i son m a t e r i a l s . No a s s e m b l a g e of people a r o u n d the r e 

a c t o r can c a u s e c r i t i c a l i t y . Motion of the r e f l e c t o r c o n t r o l 

a round the r e a c t o r can c a u s e c r i t i c a l i t y . Motion of the r e f l e c t o r 

c o n t r o l m e c h a n i s m s i s p h y s i c a l l y b locked and the i n t ima te i n s e r 

t ion of r e a c t i v i t y by a l iquid re f l ec t ing m e d i u m is e l i m i n a t e d by 

void f i l l e r s which r e m a i n m p lace un t i l a l l p e r s o n n e l a r e evacu 

a ted for veh ic le fueling and launch. In the c a s e of a m a j o r c h e m i 

ca l a c c i d e n t a c c o m p a n i e d by an a c c i d e n t a l power e x c u r s i o n , 

a n a l y s i s i nd i ca t e s only m i n o r h a z a r d s ou ts ide the n o r m a l launch 

c o m p l e x exc lus ion r a d i u s . Depos i t ion of r a d i o a c t i v i t y wi thm the 

exc lus ion r a d i u s could lead to t e m p o r a r y evacua t ion , but the 

combina t ion of decay t i m e and e m e r g e n c y decon tamina t ion p r o 

c e d u r e s can r e a d i l y r e s t o r e the launch pad a r e a to u s e f u l n e s s . 

d. L a u n c h - t o - O r b i t P e r i o d 

The SNAP uni t i s not ope ra t i ng dur ing the launch p h a s e . The 

s ignif icant p r o b l e m dur ing the launch to o r b i t p e r i o d is the p o s 

s ib le c h e m i c a l explos ion of a launch veh ic le a b o r t a c c o m p a n i e d 

by a r e a c t o r power e x c u r s i o n . B e c a u s e of the loca t ion of U. S. 

launching s i t e s , the m i s s i l e path p a s s e s ove r land only dur ing 

the e a r l y s t a g e s of l aunch . F o r th is p e r i o d , the h a z a r d s d i s c u s 

sion for the launch pad pe r i od which ind ica ted only m i n o r h a z a r d s 

ou t s ide the n o r m a l exc lus ion r a d i u s is a p p l i c a b l e . After liftoff 

the d i s p e r s a l and di lut ion f ac to r s for the a l t i t udes a s s o c i a t e d with 

the m i s s i l e pa th o v e r land wi l l f u r the r d e c r e a s e t h e s e m i n o r 

h a z a r d s . The r e m a i n d e r of the a b o r t condi t ions for the launch 

p h a s e wi l l ex i s t over an open ocean , nonpopula ted a r e a s , and 

far f r o m i s l ands or m a j o r c i t i e s . The po ten t i a l h a z a r d to the 

g e n e r a l populace f r o m a p e r s o n n e l as wel l a s a con tamina t ion 

s tandpoint is neg l ig ib le ove r the c o m p l e t e r a n g e of p o s s i b l e a b o r t 

cond i t i ons . 
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e. R e e n t r y P e r i o d 

In the f i r s t t h r e e p e r i o d s c o n s i d e r e d , the h a z a r d s a r e a t 

a l l t i m e s sub jec t to c o n t r o l t h rough s i te se l ec t ion , m e t e o r o l o g i c a l 

l i m i t a t i o n s , e m e r g e n c y p r o c e d u r e s , r a n g e safety , e t c . The 

unique p r o b l e m a s s o c i a t e d with r e a c t o r r e e n t r y r e s u l t s f r o m the 

u n p r e d i c t a b l e loca t ion of r e e n t r y and the fact that r ad i a t ion i s 

not i n h e r e n t l y de t ec t ab l e by the g e n e r a l p o p u l a c e . The ob jec t ive 

of the SNAP deve lopmen t p r o g r a m is to des ign for fuel e l e m e n t 

high a l t i tude bu rnup and d i s p e r s a l to r e s u l t f r o m r e e n t r y hea t ing . 

P r e l i m i n a r y ca l cu l a t i ons supp lemen ted by a r c - j e t e x p e r i m e n t s 

and b a l l i s t i c r e e n t r y t e s t s ind ica te that th i s ob jec t ive can be 

ach i eved . In the event of r e a c t o r r e e n t r y f r o m o rb i t p r i o r to 

n u c l e a r o p e r a t i o n , the po ten t i a l effects of r e e n t r y hea t ing , d i s 

a s s e m b l y , and p a r t i a l bu rnup coupled with c o r e d i s f i g u r e m e n t 

on e a r t h i m p a c t v i r t u a l l y e l i m i n a t e s any n u c l e a r c o n s e q u e n c e s 

f r o m the r e e n t r y In o r d e r to eva lua te the wor ld wide s ignif i 

c a n c e of con t r ibu t ing f i s s ion p r o d u c t s to the e a r t h ' s e n v i r o n m e n t 

th rough r e e n t r y bu rnup and d i s p e r s a l of SNAP s y s t e m s , the 
90 

r e s u l t a n t bui ldup of Sr has been c o n s i d e r e d . The a n a l y s i s 
90 

ind ica t e s that the equ i l i b r i um leve l of Sr r e s u l t i n g f rom the 

annual r e e n t r y d i s p e r s a l of 100 SNAP lOA units would add about 

0 .1% to the dose r e c e i v e d fron-i the e a r t h ' s n a t u r a l r a d i o a c t i v e 

background . The des ign of the SNAP lOA unit i n c o r p o r a t e s both 

ground c o m m a n d and "on b o a r d " shutdown dev ices such tha t a 

decay pe r i od m space can be p rov ided p r i o r to r e e n t r y . Orb i t a l 

l i f e t ime and thus decay t i m e m e x c e s s of 250 y e a r s r e d u c e s the 

to t a l SNAP lOA f i s s ion p roduc t i nven to ry at r e e n t r y to l e s s than 

I c u r i e . The capab i l i ty of o rb i t a l s t a r t u p and the des ign shu t -

do-wn dev ices can be coupled wi th long- l ived o r b i t s to p rov ide an 

added m a r g i n of safety until c o m p l e t e r e e n t r y bu rnup and high 

a l t i tude d i s p e r s a l has been p roven . 

In conc lus ion , r a d i o l o g i c a l h a z a r d s need not l im i t the use of 

n u c l e a r power m s p a c e . The p r e l a u n c h a n d l aunch p e r i o d h a z a r d s 
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can be con t ro l l ed th rough o p e r a t i o n a l p r o c e d u r e s and a p p r o p r i a t e 

f ac i l i t i e s and equ ipmen t . R e e n t e r i n g s y s t e m s with high a l t i tude 

b u r n u p and d i s p e r s a l can be u s e d m l a r g e n u m b e r s without a p 

p r e c i a b l y con t r ibu t ing to the con tamina t ion of the e a r t h ' s su r face 

o r a t m o s p h e r e . The u s e of high a l t i tude o r b i t s and o r b i t a l s t a r t 

up m i n i m i z e the r e e n t r y h a z a r d by al lowing long decay t i m e s 

p r i o r to r e e n t r y . 

D. F A C T O R Y - T O - F L I G H T SEQUENCE 

N u c l e a r power un i t s can be des igned to i m p o s e v i r t u a l l y no 

i n t e r f e r e n c e with the n o r m a l space veh ic le launching o p e r a t i o n s . 

The SNAP lOA uni t h a s been des igned with th i s ob jec t ive m m m d 

and the r e s u l t i n g o p e r a t i o n a l sequence is a good e x a m p l e . 

The o p e r a t i o n a l f a c t o r y - t o - f l i g h t s equence of SNAP lOA is 

i l l u s t r a t e d m F i g u r e 11-70. After a s s e m b l y of the SNAP lOA 

un i t , the fuel e l e m e n t s a r e loaded into the c o r e m a convent iona l 

c r i t i c a l a s s e m b l y . The an t i c ipa ted e x c e s s r e a c t i v i t y r e q u i r e 

m e n t IS ad jus ted by v a r y i n g the fuel loading at a n o m i n a l r e f l e c t o r 

t h i c k n e s s . After welding the c o r e v e s s e l top head and the NaK 

p u m p into p l ace , the uni t i s c h a r g e d with NaK. The NaK is c i r 

cu la ted t h rough an e x t e r n a l f i l t e r ing and cold t r a p p i n g dev ice 

un t i l the oxygen content of the NaK c i r c u i t has been r e d u c e d to 

about 10 p p m . The e x t e r n a l NaK a u x i l i a r i e s a r e then p inched off 

and the NaK c i r c u i t i s s e a l e d . T h e r e is no subsequen t r e q u i r e 

m e n t to b r e a c h the i n t e g r i t y of the c o r e and NaK c i r c u i t . With 

the aid of e l e c t r i c a l hea t appl ied to the NaK c i r c u i t , the e n t i r e 

SNAP lOA uni t i s r a i s e d to ope ra t i ng t e m p e r a t u r e while the r e 

a c t o r IS m a i n t a i n e d c r i t i c a l at low power to m o n i t o r e x c e s s r e a c 

t iv i ty . F i n a l a d j u s t m e n t of the e x c e s s r e a c t i v i t y r e q u i r e d to 

o p e r a t e at des ign t e m p e r a t u r e and power is a c c o m p l i s h e d by 

r e f l e c t o r t h i c k n e s s v a r i a t i o n . After the hot n u c l e a r c a l i b r a t i o n 

the uni t IS r e a d y for sh ipmen t to the launch s i t e . The r e f l e c t o r 

m e c h a n i s m is r e m o v e d and r e p l a c e d with a safe ty s l eeve to 

p r e v e n t a c c i d e n t a l c r i t i c a l i t y . Withm two weeks the c o r e f i s s ion 

p r o d u c t r a d i o a c t i v i t y has decayed to a neg l ig ib le quant i ty . The 
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i n t e g r a l SNAP l O A u n i t and i t s r e f l e c t o r s u b a s s e m b l y a r e 

s e p a r a t e l y shipped to the launch s i te w h e r e the c o r e and r e 

f l ec to r a s s e m b l y a r e r e u n i t e d , but poison s l e e v e s , void f i l le r 

b l o c k s , and p h y s i c a l c o n s t r a i n t s a r e appl ied to p r e v e n t a c c i 

den ta l c r i t i c a l i t y dur ing the r e m a i n i n g s p a c e c r a f t m a t i n g , and 

checkout o p e r a t i o n s . T h e s e safety d e v i c e s a r e not r e m o v e d 

un t i l a l l i n s t a l l a t i on and checkout a c t i v i t i e s a r e c o m p l e t e . At 

th i s t i m e the gan t ry is r e m o v e d and the only r e m a i n i n g p r e l a u n c h 

ac t iv i ty IS the r e m o t e fueling of the launch v e h i c l e . After fueling 

and final countdown the s p a c e c r a f t i s l aunched . A nose cone 

aerod-ynamic fa i r ing is e jec ted at the t i m e of f i r s t and second 

s t age o p e r a t i o n . After in jec t ion into o r b i t , the s p a c e c r a f t is 

t r a c k e d m o r d e r to a s c e r t a i n the accep t ab i l i t y of the o r b i t . D u r 

ing th i s p e r i o d the power uni t r a d i a t o r i s c o v e r e d by a hea t sh ie ld 

which r e d u c e s the hea t l o s s e s to space suff icient ly to p r e v e n t 

f r eez ing of the NaK. A rad io c o m m a n d to the s p a c e c r a f t i n i t i a t e s 

power s y s t e m s t a r t u p . After the power uni t has hea ted up to a 

few hundred d e g r e e s , the hea t shie ld is e j ec t ed . When the out 

put t e m p e r a t u r e of the r e a c t o r hea t s o u r c e a c h i e v e s the des ign 

condi t ion , the i n s e r t i o n of r e a c t i v i t y i s i n t e r r u p t e d . R e a c t o r 

c o n t r o l b a s e d on out le t t e m p e r a t u r e con t inues for 72 h o u r s un t i l 

t h e r m a l and s h o r t t i m e f i s s ion p roduc t po ison e q u i l i b r i u m is 

a t t a ined . 

The a c t u a l f a c t o r y - t o - f l i g h t sequence of SNAP lOA is shown 

m F i g u r e 11-71. 
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5. SNAP SYSTEMS 

A. SNAP HYDRIDE REACTOR 

a. Concept 

SNAP 2, 8, and lOA a l l u s e the s a m e r e a c t o r concept a s a 

hea t s o u r c e ( see Table I - l ) . The r e a c t o r concept employs a 

homogeneous fuel m o d e r a t o r of z i r c o n i u m h y d r i d e conta in ing 

235 

U . F o r m i n i m u m weight , the r e a c t o r i s r e f l ec t ed by b e r y l 

l ium and con t ro l l ed by v a r i a t i o n of the effective r e f l e c t o r th i ck 

n e s s by m e a n s of a n g u l a r ro t a t i on of s e m i c y l m d r i c a l b e r y l l i u m 

d r u m s . The c o r e i s c o m p o s e d of a bundle of c y l i n d r i c a l fuel-

m o d e r a t o r e l e m e n t s , see F i g u r e 11-72. E a c h fuel e l e m e n t is 

c l ad m a t hm wal l s t e e l tube for l iquid m e t a l exc lus ion . The fuel 

e l e m e n t s a r e con ta ined m a s t e e l c o r e v e s s e l , with the b e r y l l i u m 

r a d i a l r e f l e c t o r ou t s ide the v e s s e l . The r e f l e c t o r i s c o m p l e t e l y 

s e p a r a b l e f r o m the c o r e for safe r e a c t o r shutdown dur ing handl ing 

( F i g u r e 11-73). The t h e r m a l output i s r e m o v e d by the flow of 

N a K - 7 8 ax ia l ly th rough the c o r e wi thm the i n t e r s t i t i a l p a s s a g e s 

be tween the fuel e l e m e n t s . 

b . Deve lopmen t E x p e r i e n c e 

I m m e d i a t e l y a f te r f o r m a l p r o g r a m in i t ia t ion m e a r l y 1957, 

d e m o n s t r a t i o n and ve r i f i ca t ion of the r e a c t o r p h y s i c s of the chosen 

concep t -was e s t a b l i s h e d a s a p r i m e goa l . This objec t ive was 

ach i eved with the c o r r e l a t i o n of a n a l y s i s and e x p e r i m e n t a l r e s u l t s 

f r o m a c r i t i c a l a s s e m b l y which f i r s t ach ieved c r i t i c a l i t y m 

Oc tobe r 1957. The c o r e c o n s i s t e d of a pseudo s p h e r i c a l a s s e m 

bly of cold p r e s s e d b locks of a UO-, and Z r H powder m i x t u r e 

conta in ing 10 wt % u r a n i u m . In addi t ion to a c r i t i c a l i t y v e r i f i c a 

t ion , the a s s e m b l y p rov ided s ignif icant i n fo rma t ion on r e f l e c t o r 

e f fec t iveness and the c o n t r o l wor th of r e f l e c t o r g e o m e t r y v a r i a 

t i o n s . 

The next m a j o r objec t ive was the p o w e r , t e m p e r a t u r e , and 

life d e m o n s t r a t i o n of the r e a c t o r concep t . The f inal f eas ib i l i t y 
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of the concep t r e s t e d on d e m o n s t r a t i n g the r e q u i r e d hydrogen 

r e t e n t i o n ab i l i ty of the fuel c ladding u n d e r the r e a c t o r condi t ions 

of power , t e m p e r a t u r e , and r a d i a t i o n . The SNAP E x p e r i m e n t a l 

R e a c t o r (SER) was des igned and f a b r i c a t e d t oward th i s p u r p o s e . 

The SER began o p e r a t i o n m S e p t e m b e r 1959 and was o p e r a t e d 

un t i l the conc lus ion of the n e c e s s a r y t e s t p r o g r a m m November 

I960 ( see F i g u r e 11-74). The SER embodied a l l of the f e a t u r e s 

of the SNAP r e a c t o r concep t . The fuel e l e m e n t s con ta ined 7 wt % 
23 u r a n i u m and 6 x 1 0 a t o m s / c c of H_, m the f o r m of Z r H . The 

2 X 

c o r e con ta ined s ix ty -one 1-in. d i a m e t e r fuel m o d e r a t o r e l e m e n t s 

on a t r i a n g u l a r m a t r i x conta ined in a 9 - in . d i a m e t e r c o r e v e s s e l . 

The r e a c t o r was cooled by the flow of N a K - 7 8 . R e a c t o r c o n t r o l 

was a c c o m p l i s h e d by m e a n s of r e f l e c t o r v a r i a t i o n e x t e r n a l to the 

F i g u r e 11-74. SNAP IDA/2 E x p e r i m e n t a l R e a c t o r 
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c o r e v e s s e l . The SER o p e r a t e d a t a peak power of 50 kw t h e r 

m a l a t an out le t t e m p e r a t u r e of 1200 ' 'F . Dur ing one t e s t the 

r e a c t o r was o p e r a t e d cont inuous ly for 1000 h o u r s a t t h e s e con

d i t i ons . Dur ing the t e s t p r o g r a m the SER p roduced an i n t e g r a l 

e n e r g y output of 225,000 k w t - h r . Of the 6035 to ta l t e s t h o u r s , 

3300 w e r e at t e m p e r a t u r e s in e x c e s s of 900°F and 1900 h o u r s 

w e r e at 1200°F ou t le t . 

The next s tep m the SNAP r e a c t o r deve lopmen t was the 

f ab r i ca t i on and t e s t ing of a second g e n e r a t i o n des ign which m o r e 

n e a r l y a p p r o x i m a t e d the de ta i l ed r e q u i r e m e n t s of a space r e a c 

t o r . This r e a c t o r , the SNAP Deve lopment R e a c t o r (SDR), began 

o p e r a t i o n in A p r i l 1961 and the t e s t p r o g r a m was comple t ed in 

D e c e m b e r 1962, see F i g u r e 11-75. The SDR c o r e c o n s i s t e d of 

37 fuel e l e m e n t s of 1-1/4 m . d i a m e t e r conta in ing 10 wt % u r a n i u m 
23 

and 6.5 x 10 H^ a t o m s / c c . The c o r e g e o m e t r y was s i m i l a r to 

7550-2091 

F i g u r e 11-75. SNAP 2 Deve lopment 
R e a c t o r 
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SER and the coolan t was N a K - 7 8 . The Be r e f l e c t o r r e g i o n was 

about 3 m . th ick and was divided into two fa l l -away safety e l e 

m e n t s and two r o t a t a b l e ha l f - cy lmder c o n t r o l e l e m e n t s . The 

SDR o p e r a t e d at a power of 50 kwt and a m a x i m u m out le t t e m 

p e r a t u r e of 1200°F . Dur ing the t e s t p r o g r a m the SDR p roduced 

an i n t e g r a l e n e r g y output of 273,000 k w t - h r . Of the to t a l 11,300 

t e s t h o u r s , 6,900 -were a t t e m p e r a t u r e s m e x c e s s of 9 0 0 ° F and 

2,100 h o u r s w e r e at 1200°F ou t l e t . The SDR p r o g r a m a l s o in 

c luded an e n d u r a n c e t e s t of 1,100 h o u r s at 50 kwt and 1200°F 

ou t le t . 

c . SNAP 8 R e a c t o r 

In addi t ion to fo rming the b a s i s for the r e a c t o r hea t s o u r c e 

for SNAP lOA, the SER and SDR p rov ided the n e c e s s a r y fuel, 

p h y s i c s , and r e a c t o r o p e r a t i n g e x p e r i e n c e to des ign the high 

power (1600 kwt) and high t e m p e r a t u r e (1300°F) r e a c t o r for 

SNAP 8. In o r d e r to ach i eve the h ighe r power and t e m p e r a t u r e 

of SNAP 8, the c o r e s i ze was i n c r e a s e d and the fuel d i a m e t e r 

r e d u c e d . An i n t e r n a l v iew of the SNAP 8 c o r e i s shown m F i g 

u r e 11-76. The SNAP 8 E x p e r i m e n t a l R e a c t o r (S8ER) o p e r a t e d 

dur ing the p e r i o d of May 1963 to A p r i l 1965. A pho tog raph of the 

S8ER ground t e s t r e a c t o r a s s e m b l y p r i o r to i n s t a l l a t i on m the 

t e s t fac i l i ty i s shown m F i g u r e 11-77. The S8ER o p e r a t e d for 

ove r 11,000 h o u r s of which 1 y e a r was at 1300°F ou t le t t e m p e r 

a t u r e and power l eve l s be tween 400 to 600 kwt. Dur ing the t e s t 

p r o g r a m the r e a c t o r s u s t a i n e d an u n i n t e r r u p t e d power run of 

5000 h o u r s . The S8ER p r o d u c e d 5.1 x 10 k w t - h r of e n e r g y , the 

i n t e g r a l des ign e n e r g y r e q u i r e m e n t of the SNAP 8 s y s t e m . 

After shutdown m A p r i l 1965, the r e a c t o r was sub jec ted to 

a c o m p l e t e p o s t - m o r t e m eva lua t ion . About 85% of the fuel e l e 

m e n t s w e r e found to have c r a c k e d a s a r e s u l t of r a d i a t i o n -

mduced r educ t ion m c ladding duc t i l i ty and inadequa te des ign 

c l e a r a n c e to a c c o m m o d a t e the n o r m a l fuel swe l l ing . The c r i t i c a l 

m a t e r i a l s phe nomena have been defined t h rough ex t ens ive m - p i l e 

e x p e r i m e n t s and a n a l y s i s of the S8ER r e s u l t s . On the b a s i s of 
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Figure 11-77. SNAP 8 Experimental Reactor Test Assembly 
Being Lowered into the Test Facili ty 
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t h e s e da ta , the des ign h a s been e s t a b l i s h e d for the next SNAP 8 

r e a c t o r t e s t , S8DR. This r e a c t o r i s schedu led to begin o p e r a t i o n 

m the s p r i n g of 1968 and wil l d e m o n s t r a t e the r e a c t o r capab i l i ty 

envelope shown m F i g u r e 11-78. An eng inee r ing deve lopmen t 

m o c k u p of the fl ight des ign SNAP 8 r e a c t o r and shie ld is shown 

m F i g u r e 11-79. 
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Figure 11-79 SNAP 8 Reactor and Shield 
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d. SNAP lOA R e a c t o r 

The specif ic r e a c t o r for SNAP lOA is i l l u s t r a t e d m F i g 

u r e s 11-73 and 11-80. The c o r e c o n s i s t s of 37 fuel m o d e r a t o r 

e l e m e n t s of 1-1/4 m . d i a m e t e r by 13 m . long loca ted on a 

1.26-in. c l o s e packed t r i a n g u l a r m a t r i x con ta ined w i t h m a 9- in . 

d i a m e t e r c o r e v e s s e l . E a c h fuel e l e m e n t con ta ins 10 wt % 

23 

u r a n i u m and 6.3 x 10 H^ a t o m s / c c . The fuel m o d e r a t o r e l e 

m e n t s a r e c lad m 0 .015- in . wal l Has t c l l oy tubing with an i n t e r n a l 

hyd rogen r e t en t ion b a r r i e r . The NaK coolant flows ax ia l ly 

th rough the c o r e m the i n t e r s t i t i a l r eg ion be tween fuel e l e m e n t s . 

The r eg ion be tween the r e s u l t i n g hexagona l p a r a l l e l o p i p e d and 

the c y l i n d r i c a l c o r e v e s s e l is f i l led by b e r y l l i u m m e t a l . The 

a v e r a g e r a d i a l b e r y l l i u i n r e f l e c t o r t h i c k n e s s is 2.5 m . The bulk 

of the r a d i a l r e f l e c to r i s loca ted ou t s ide of and is c o m p l e t e l y 

r e m o v a b l e f r o m the c o r e v e s s e l without modifying the i n t e g r i t y 

of the sea led NaK coolant s y s t e m . With the r e f l e c t o r r e m o v e d 

the r e a c t o r is far s u b c r i t i c a l which p r o v i d e s a l a r g e safe ty 

m a r g i n for a l l handl ing , shipping, checkout , and i n s t a l l a t i o n 

a c t i v i t i e s . 

The r e a c t o r con t ro l e l e m e n t s a r e four h a l f - c y l i n d r i c a l 

s ec t ions of the r a d i a l r e f l e c t o r r eg ion . Rota t ion of t he se 

s ec t i ons changes t he i r p r o x i m i t y to the c o r e and p rov ides 

r e a c t o r con t ro l by l eakage v a r i a t i o n . The c o m p l e t e r a d i a l 

r e f l e c t o r con t ro l s u b a s s e m b l y is spli t into two i n t e g r a l s e c 

t ions . T h e s e s ec t ions a r e held m p lace by a r e t en t ion band 

which can be s e v e r e d by c o m m a n d or by r e e n t r y hea t ing . 

S to red e n e r g y m s p r i n g s e jec t s the r e f l e c t o r ha lves when the 

band i s r e l e a s e d . 
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Dur ing s t a r t u p , r e l e a s e of the c o n t r o l e l e m e n t s by m e a n s of 

an exp los ive pm p u l l e r by ground rad io c o m m a n d a l lows the e l e 

m e n t s to m o v e i nward to add r e a c t i v i t y . Two e l e m e n t s a r e d r iven 

m r a p i d l y by s p r i n g e n e r g y and b r i n g the r e a c t o r wi thm a f r a c 

t ion of a do l l a r of cold c r i t i c a l . The r e m a i n i n g two e l e m e n t s a r e 

d r i v e n m s lowly by e l e c t r i c a l s t e p p e r m o t o r s . T h e s e e l e m e n t s 

add r e a c t i v i t y con t inua l ly a t a slow r a t e un t i l the r e a c t o r r e a c h e s 

o p e r a t i n g t e m p e r a t u r e . The r a m p r e a c t i v i t y i n s e r t i o n r a t e is 

s low enough to m a i n t a i n the in i t i a l power o v e r s h o o t wi thm des ign 

l i m i t s . After the in i t i a l b u r s t , r e a c t o r t e m p e r a t u r e i n c r e a s e s 

a t the r a t e n e c e s s a r y to offset the r e a c t i v i t y i n s e r t i o n th rough the 

i s o t h e r m a l t e m p e r a t u r e coeff ic ient . R e a c t o r power i s in i t i a l ly 

d e t e r m i n e d by the combina t ion of r e a c t o r and s y s t e m hea t capac i ty 

and the e q u i l i b r i u m s y s t e m hea t r e j e c t i on at the a v e r a g e s o u r c e 

t e m p e r a t u r e . 

The t h e r m o m e c h a n i c a l p e r f o r m a n c e of the SNAP lOA r e a c t o r 

h a r d w a r e u n d e r s i m u l a t e d condi t ions of checkout , launch, and 

o r b i t a l o p e r a t i o n was ve r i f i ed by m e a n s of a Deve lopmen t Mockup 

R e a c t o r (DRM), s e e F i g u r e 11-81. This a s s e m b l y was s u c c e s s 

fully t e s t e d with e l e c t r i c a l hea t a t the SNAP lOA t e m p e r a t u r e con

d i t ions m a v a c u u m of 10 t o r r for 90 days of cont inuous o p e r a 

t ion . 

Two r e a c t o r s w e r e o p e r a t e d a s p a r t of the SNAP IDA p r o 

g r a m . The ground t e s t s y s t e m lOFS-3 was a r e p l i c a of the 

flight s y s t e m and began o p e r a t i o n m J a n u a r y 1965 m a sh ie lded 
- 3 -4 

v a c u u m , 10 - 10 t o r r , c h a m b e r . The s y s t e m s t a r t u p , con

t r o l , and o p e r a t i o n was p r o t o t y p i c a l of that u s e d on the subsequen t 

flight t e s t . The p e r f o r m a n c e of lOFS-3 is shown m F i g u r e 11-82. 

After s t a r t u p , c o n t r o l was m a i n t a i n e d for t h r e e days to c o m p e n 

sa te for in i t i a l r e a c t i v i t y dr i f t s l ike xenon. The s y s t e m then 

o p e r a t e d for 1 y e a r wi th no ac t ive c o n t r o l . The t e m p e r a t u r e 

dr i f ted downward to c o m p e n s a t e for r e s i d u a l r e a c t i v i t y l o s s e s . 

At the end of 1 y e a r , the c o n t r o l s w e r e ac t iva t ed to p e r t u r b the 

e q u i l i b r i u m and r a i s e the ope ra t i ng t e m p e r a t u r e . The s y s t e m 

i 2 0 5 
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Figure U-81. Launch Shock and Vibration Environment 
Qualification of the SNAP lOA Reactor 
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T A B L E 11-19 
SNAP HYDRIDE REACTORS 

FUEL-MODERATOR ELEMENTS 

DIAMETER (cm/in ) 

LENGTH (cm/in ) 

N^ (H atom/cm^ x 10 " ^^ ) 

W/o U FULLY ENRICHED U-235 

NO OF ELEMENTS 

TOTAL U-235 (kg) 

CLADDING THICKNESS (min/m ) 

REACTOR 

CORE VESSEL DIAMETER (cm/in ) 

HEIGHT-NOMINAL (cm/m ) 

Be REFLECTOR THICKNESS-NOMINAL (cm/m ) 

NO OF CONTROL DRUMS-SAFETY ELEMENTS 

CORE VOLUME (meter^/ft^) 

WEIGHT WITH REFL CONTROL ASSEMBLY (kg/lb) 

FUEL ELEMENT SPACING-TRIANGULAR MATRIX (cm/m ) 

OPERATING CHARACTERISTICS 

COOLANT FLOW (liters sec"-'-/gpni) 

INLET TEMPERATURE (C/F) 

OUTLET TEMPERATURE (C/F) 

MAXIMUM FUEL TEMPERATURE (C/F) 

POWER (kwth) 

POWER DENSITY-AVG (Mwth liter-'-/Mwh ft"^) 

HEAT FLUX-AVG (kcal n " ^ hr"-^/Btu f t "^ hr"-"") 

NEUTRON FLUX-AVG (n/cm^/sec) 

SER 

2 5 4 / 1 0 

35 6 /14 0 

6 0 

7 

61 

2 9 

0 25 /0 010 

24 1/9 5 

40 6 /16 

7 6 /3 

3-3 

0 74 x l O " ^ / 0 26 

159 /350 

2 5 8 / 1 015 

1 7/23 

538 /1000 

6 4 9 / 1 2 0 0 

702 /1295 

50 

0 0 0 6 7 5 / 0 192 

3 5 , 0 0 0 / 1 2 , 8 0 0 

3 1 x l O ^ ^ 

S2DR 

3 1 8 / 1 25 

33 0 /13 0 

6 5 

10 

37 

4 3 

0 3 3 / 0 013 

22 8 /9 0 

40 6 /16 

5 8 / 2 3 

2-2 

0 68 X 1 0 " ^ / 0 24 

137 /300 

3 2 0 / 1 26 

1 7 /23 

5 3 8 / 1 0 0 0 

6 4 9 / 1 2 0 0 

6 9 3 / 1 2 8 0 

50 

0 0 0 7 3 5 / 0 206 

4 8 , 0 0 0 / 1 7 , 6 0 0 

3 2 x 1 0 ^ ^ 

S8ER 

1 4 2 / 0 56 

36 8 /14 5 

6 0 

10 

211 

6 56 

0 25 /0 010 

24 8 /9 75 

53 4 / 2 1 

7 6 / 3 

6 

1 59 X l O ' ^ / O 54 

250 /550 

1 4 5 / 0 57 

8 8 /140 

5 9 3 / 1 1 0 0 

7 0 4 / 1 3 0 0 

7 8 8 / 1 4 5 0 

600 

0 0 3 7 8 / 1 11 

1 5 0 , 0 0 0 / 5 5 , 0 0 0 

2 3 x 1 0 ^ ^ 

SNAP lOA 

3 1 8 / 1 25 

33 0 /13 0 

6 5 

10 

37 

4 3 

0 38 /0 015 

22 7/8 94 

39 6 /15 6 

5 1/2 

4 

0 8 5 x 1 0 " ^ / 0 3 

114 /250 

3 2 0 / 1 26 

0 8 3 / 1 3 1 

4 8 2 / 9 0 0 

5 4 3 / 1 0 1 0 

585 /1085 

34 

0 0 0 4 0 / 0 113 

2 8 , 0 0 0 / 1 0 , 2 0 0 

1 7 x l 0 - ' - ^ 



was aga in r e t u r n e d to i n h e r e n t s e l f - c o n t r o l and o p e r a t e d un t i l 

shutdown af ter 10,000 h o u r s of cont inuous and u n i n t e r r u p t e d 

o p e r a t i o n . The r e a c t o r was subsequen t ly subjec ted to a p o s t 

m o r t e m examina t ion m a hot c e l l . No evidence of inc ip ient 

f a i lu re was o b s e r v e d and the r e a c t o r could m o s t l ikely have 

cont inued to o p e r a t e for 5 y e a r s or m o r e . 

The flight t e s t r e a c t o r lOA-FS-4 was launched on A p r i l 3, 

1965. The r e a c t o r s u s t a i n e d the launch shock and v ib ra t ion , 

was s t a r t e d r e m o t e l y m s p a c e , was unde r ac t ive con t ro l for 

6 days to m i n i m i z e subsequen t dr i f t , and o p e r a t e d cont inuous ly 

for 43 d a y s . The o r b i t a l t e s t was t e r m i n a t e d by a s p a c e c r a f t 

f a i l u r e , which p roduced an e r r o n e o u s s igna l , which shut down 

the r e a c t o r . The space t e s t behaved a l m o s t iden t i ca l ly with the 

ground t e s t . 

e. SNAP Hydr ide R e a c t o r S u m m a r y 

The des ign condi t ions of the five SNAP hyd r ide r e a c t o r s 

that have been t e s t e d to date a r e shown m Table 11-19, and a 

s u m m a r y of the ope ra t i ng h i s t o r y to date is given m Table 11-20. 

B . SNAP lOA 

a. S y s t e m D e s c r i p t i o n 

The objec t ive of the SNAP 1OA p r o g r a m was to develop a 

n u c l e a r r e a c t o r power uni t capab le of p roduc ing a m i n i m u m of 

500 e l e c t r i c a l wat t s for a pe r i od of 1 y e a r m a space env i ron 

m e n t . SNAP lOA IS the f i r s t r e a c t o r - p o w e r e d e l e c t r i c a l s y s t e m 

to have been flight t e s t e d m e a r t h o r b i t . 

SNAP lOA employs a (ZrH) t h e r m a l r e a c t o r coupled to an 

i n t e g r a l S i -Ge t h e r m o e l e c t r i c c o n v e r t e r - r a d i a t o r which con-
) 

v e r t s N a K - t r a n s p o r t e d f iss ion hea t to e l e c t r i c a l p o w e r . The unit 

IS a p p r o x i m a t e l y con ica l m conf igura t ion with a b a s e d i a m e t e r 

of 5 ft and an o v e r a l l he ight of 1 1 ft. The f i r s t flight s y s t e m wil l 

have a sh ie lded weight of 950 lb . The 225- lb shie ld wil l r e s t r i c t 
12 

the r ad i a t i on dose at the b a s e to about 4 x 1 0 nvt of fas t n e u t r o n s 
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TABLE 11-20 

SNAP REACTOR OPERATING E X P E R I E N C E 

R e a c t o r 

S E R 

S D R 

S8ER 

S l O A - F S - 3 

S l O A - F S - 4 

Date C r i t i c a l / 
Shutdown 

S e p t e m b e r 1959/ 
D e c e m b e r I960 

A p r i l 1961 / 
D e c e m b e r 1962 

May 1963/ 
A p r i l 1965 

J a n u a r y 1965/ 
M a r c h 1966 

A p r i l 1965/ 
May 1965 

T h e r m a l 
P o w e r 
(kwt) 

5 0 

65 

6 0 0 

38 

4 3 

T e i n p e r -
a t u r e 
( °F) 

1200 

1200 

1300 

1000 

1000 

T h e r m a l 
E n e r g y 

( k w t - h r ) 

225,000 

273,000 

5,100,000 

382,944 

41,000 

T i m e at Power 
and T e m p e r a t u r e 

1800 hr at U O C F 
3500 hr above 900°F 

2800 hr a t 1200°F 
7700 hr above 900°F 

1 yr at 1300 °F and 
400 to 600 kwt 

10,005 hr 

43 days 

T O T A L 6,021,944 



and 1 x 1 0 r of g a m m a s dur ing the 1-year l i f e t ime . After o r b i t a l 

s t a r t u p on ground c o m m a n d , the uni t o p e r a t e s without the need 

for ac t ive con t ro l , without moving p a r t s , and without a t t i tude 

o r i e n t a t i o n r e q u i r e m e n t s . B e c a u s e of the neg l ig ib le hea t r e j e c 

tion v a r i a t i o n dur ing the o r b i t a l s u n - s h a d e t r a n s i e n t , SNAP lOA 

p r o v i d e s a cont inuous s o u r c e of at l e a s t 500 wa t t s without the 

cyc l ic l im i t a t i ons of s e c o n d a r y b a t t e r i e s . On a p roduc t ion b a s i s , 

the SNAP lOA uni t should cos t about one mi l l ion d o l l a r s . 

The SNAP lOA s y s t e m conf igura t ion is v i r t u a l l y d ic t a t ed by 

m i n i m u m weight sh ie ld ing r e q u i r e m e n t s . The c r i t i c a l sh ie ld ing 

p r o b l e m is the e l imina t ion of n e u t r o n s c a t t e r i n g a round the 

shadow shie ld . As a r e s u l t , the s y s t e m conf igura t ion is con ica l , 

with a b a s e d i a m e t e r e s t a b l i s h e d by the veh ic le payload, the 

uppe r d i a m e t e r d e t e r m i n e d by the effective a r e a of the r e a c t o r 

s o u r c e , and i t s length d e t e r m i n e d by the to t a l r a d i a t o r a r e a 

r e q u i r e m e n t . F i g u r e 11-83 is an i l l u s t r a t i o n of the powerp lan t 

conf igura t ion . Bas i c des ign o p e r a t i n g condi t ions of the s y s t e m 

•"*" "•' "" " ' • ' • ' • ' - — - . • ^ ~ . . . 7 5 6 1 - 0 0 3 3 C ' 

F i g u r e 11-83. S N A P I O A S y s t e m 
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Figure 11-84. SNAP lOA Performance Character is t ics 

TABLE 11-21 
SNAP lOA WEIGHT 

(lb) 

Reactor 

Shield 

Converter 

Pump 

Expansion Compensator 

Piping and NaK 

Structure 

Instrumentation and Compartment 

Heat Shield 

Total 

275 

217 

154 

20 

28 

45 

83 

106 

32 

960 

212 



a r e shown m F i g u r e 11-84. The s y s t e m weight b r e a k d o w n i s 

given m Table 11-21. 

An exploded view of the r e a c t o r sh ie ld combina t ion i s shown 

m F i g u r e 11-85. The f i s s ion hea t is t r a n s f e r r e d f r o m the r e a c t o r 

to the t h e r m o e l e c t r i c power c o n v e r t e r by m e a n s of a liquid m e t a l 

(NaK-78) coolant loop. The l iquid m e t a l is c i r c u l a t e d by a dc 

F a r a d a y conduct ion pump which d e r i v e s i t s c u r r e n t f r o m a s h o r t e d 

P b T e t h e r m o c o u p l e o p e r a t i n g be tween the NaK out le t t e m p e r a t u r e 

and a cold junct ion d e t e r m i n e d by a s m a l l pump r a d i a t o r . The 

p u m p m a g n e t i c f ield i s suppl ied by a p e r m a n e n t m a g n e t . A pho to 

g r a p h of the flight des ign pump is shown m F i g u r e 11-86. The 

NaK flow IS divided among 40 p a r a l l e l tubes a r r a n g e d ax ia l ly 

along the u n i t ' s con i ca l s u r f a c e . 

E a c h NaK tube i s a s e r i e s fluid connec t ion of t h r e e t h e r m o 

e l e c t r i c m o d u l e s . Thus , the full 500-wat t c o n v e r t e r is m a d e up 

of 120 m o d u l e s of about 4 to 5 wat ts each . A de ta i l ed d rawing of 

a modu le is shown m F i g u r e 11-87 and an a c t u a l modu le photo

g r a p h IS shown m F i g u r e 11-88. Seventy- two c y l i n d r i c a l pe l l e t s 

of N - and P - d o p e d Ge-S i a l loy t h e r m o e l e c t r i c m a t e r i a l a r e 

a l t e r n a t e l y spaced along the length of each NaK tube . The p e l l e t s 

a r e e l e c t r i c a l l y i n su l a t ed f r o m the NaK tube by m e a n s of thin 

a l u m i n a d i s k s . The p e l l e t s a r e e l e c t r i c a l l y connec ted m s e r i e s 

with coppe r s t r a p s at the hot end and a l u m i n u m combina t ion s t r a p -

r a d i a t o r s at the cold end. E a c h a l u m i n u m r a d i a t o r p l a t e l e t is 

e l e c t r i c a l l y i n su l a t ed f r o m adjacent p l a t e l e t s by a c l e a r a n c e gap. 

Al l m a t e r i a l i n t e r f a c e s f r o m the NaK tube th rough the a l u m i n u m 

r a d i a t o r a r e e i the r m e t a l l u r g i c a l l y bonded or b r a z e d . E a c h m a t e 

r i a l s t ack f r o m NaK tube to r a d i a t o r i s capab le of suppor t ing 200 

to 300 lb m t e n s i o n . The r a d i a t o r p l a t e l e t s have an e m i s s i v i t y 

of about 0.9 and a r e s i zed to m a i n t a i n the t h e r m o c o u p l e cold 

junc t ion a t an a v e r a g e t e m p e r a t u r e of about 6 0 0 ' ' F . The to ta l 
2 

r a d i a t o r a r e a ( including gaps) is a p p r o x i m a t e l y 65 ft . 
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Figure 11-85. Exploded View of SNAP lOA/2 Reactor 
and Shield 
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Figure 11-86. SNAP lOA Thermoelectric Powered NaK Pump 
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Figure 11-87. SNAP lOA Thermoelectric Converter Module 



7 16 62 7561 5102Ba 

F i g u r e 11-88. SNAP lOA T h e r m o e l e c t r i c C o n v e r t e r Module 

The s e r i e s s t r i n g of couples on each NaK tube is m a t e d with 

an ad jacen t s t r i n g by e l e c t r i c a l c r o s s connec t ion a t e ach r a d i a t o r 

p l a t e l e t a long the length of the NaK tube . T h e s e ad jacen t p a i r s 

of s e r i e s - p a r a l l e l - c o n n e c t e d couples a r e then connec ted m s e r i e s . 

This connec t ion h a s e l im ina t ed the p o s s i b i l i t y of one open couple 

caus ing a s y s t e m f a i l u r e . The open c i r c u i t f a i lu re r a t e dur ing 

launch was l e s s than one open pe r thousand e l e m e n t s . The con

v e r t e r r e l i a b i l i t y should be m e x c e s s of 99%. The SNAP lOA 

t h e r m o e l e c t r i c g e n e r a t o r has an open c i r c u i t vo l tage of about 

60 vol ts and a g e n e r a t o r r e s i s t a n c e of about 1.6 o h m s . 

A con i ca l c o r r u g a t e d t i t an ium s t r u c t u r e suppo r t s the r e a c t o r 

sh ie ld m a s s and f o r m s a mount ing bed for the t h e r m o e l e c t r i c 

m o d u l e s . A photo of th i s s t r u c t u r e i s shown m F i g u r e 11-89. 

The s t r u c t u r a l adequacy of the SNAP lOA s y s t e m was d e m o n 

s t r a t e d by subjec t ing s t r u c t u r a l and m a s s m o c k u p s y s t e m s to 
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Figure 11-89. SNAP lOA Titanium Structure 
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the s i m u l a t e d launch e n v i r o n m e n t . A s y s t e m s t r u c t u r a l qua l i f i c a 

tion t e s t i s shown m F i g u r e 11-90. 

A p ro to type sys tem-was subjec ted to t h e r m a l p e r f o r m a n c e t e s t 

ing in a vacuum c h a m b e r . The t e s t employed e l e c t r i c a l h e a t to 

s i m u l a t e the r e a c t o r output. The t e s t se tup is shown m F i g u r e 11-91. 

This t e s t ve r i f i ed o v e r a l l t h e r m a l compa t ib i l i t y of the s y s t e m . 

Two f l i gh t -des ign s y s t e m s w e r e f a b r i c a t e d for p re f l igh t 

qual i f ica t ion t e s t i n g . A photo of one of t h e s e un i t s i s shown m 

F i g u r e 11-92. This speci f ic un i t was t e s t e d wi th an e l e c t r i c a l 

h e a t e r s imu la t ing the r e a c t o r . The second uni t was t e s t e d with 

a l ive r e a c t o r . 

F o r the flight t e s t , the SNAP lOA uni t was p l aced m o rb i t 

by m e a n s of an A t l a s - A g e n a boos t v e h i c l e . The o v e r a l l flight 

t e s t i n t e g r a t i o n of SNAP lOA and the b o o s t e r is shown m F i g 

u r e 11-93. Dur ing launch the power uni t i s p r o t e c t e d by an 

a e r o d y n a m i c nose f a i r ing which i s e jec ted at the end of the 

A t l a s boos t p h a s e . A hea t shie ld s u r r o u n d s the t h e r m o e l e c t r i c 

c o n v e r t e r m o r d e r to p r e v e n t l iquid m e t a l f r eez ing m o r b i t p r i o r 

to s t a r t u p . The h e a t sh ie ld is e j ec ted dur ing s y s t e m s t a r t u p . 

The e l e c t r i c a l i n t e r f a c e to the Agena flight t e s t veh ic le was 

ve r i f i ed by m e a n s of a combined e l e c t r i c a l m o c k u p t e s t . The 

SNAP lOA m o c k u p m a t e d to an Agena m o c k u p i s shown m 

F i g u r e 11-94. 

In-f l ight o p e r a t i o n of the SNAP lOA uni t i s in i t i a t ed by a 

s ingle ground c o m m a n d . This ground c o m m a n d r e l e a s e s the 

locking pins holding the four c o n t r o l d r u m s , app l i e s power to 

the s t a r t u p c o n t r o l l e r , and a r m s the hea t sh ie ld e jec t t e m p e r a 

t u r e swi tch c i r c u i t . Two of the c o n t r o l d r u m s a r e sp r ing loaded 

and i m m e d i a t e l y d r i v e to the fu l l -m pos i t ion , the two r e m a i n i n g 

d r u m s a r e a u t o m a t i c a l l y i n s e r t e d by the c o n t r o l s y s t e m at a r a t e 

of 1 /2° /150 s e c . A p p r o x i m a t e l y 7 houi^s a r e r e q u i r e d to r e a c h 

c r i t i c a l i t y , du r ing which t i m e the s y s t e m r e m a i n s at space 

ambien t t e m p e r a t u r e with the h e a t sh ie lds m p lace p ro t ec t i ng the 

l iquid m e t a l c i r c u i t f rom f reez ing . 
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7561-0753 

F i g u r e 11-90. SNAP lOA Sys t em P r e f l i g h t Qual i f icat ion 
T e s t - S h o c k and Vibra t ion 
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Figure 11-92. SNAP lOA Flight System 
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Figure 11-93. SNAP lOA NPU Integration with Atlas-Agena 
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Figure 11-94. SNAP lOA System Electr ical Simulator Compatibility 
Test with an Agena Mockup 



Shor t ly af ter cr i t iczi l i ty the r e a c t o r e x p e r i e n c e s a n o m i n a l 

power e x c u r s i o n which is t e r m i n a t e d by the i n h e r e n t nega t ive 

t e m p e r a t u r e coeff ic ient of the r e a c t o r . With the cont inued i n s e r 

t ion of r e a c t i v i t y , the r e a c t o r g r adua l ly a p p r o a c h e s full power . 

At 27 5° F l iquid m e t a l t e m p e r a t u r e , the t h e r m a l hea t sh ie ld 

sw i t ches r e l e a s e the h e a t sh ie ld h a l v e s and p r e l o a d e d s o r i n g s 

effect t h e i r e jec t ion f rom the powerp lan t . The t h e r m o e l e c t r i c 

p u m p , l oca t ed on the r e a c t o r v e s s e l h e a d , b o o t s t r a p s flow 

i m m e d i a t e l y upon an i n c r e a s e in r e a c t o r t e m p e r a t u r e . When 

the s y s t e m r e a c h e s full ope ra t i ng t e m p e r a t u r e , the r a m p in 

s e r t i o n of r e a c t i v i t y i s t e r m i n a t e d by the ac t ion of a t e m p e r a 

t u r e swi tch which s e n s e s r e a c t o r out le t t e m p e r a t u r e . The t e m 

p e r a t u r e swi tch functions like a t h e r m o s t a t by al lowing an o c c a 

s iona l r e a c t i v i t y i n s e r t i o n to ma in t a in the r e a c t o r ou t le t t e m p e r 

a t u r e above the swi tch se tpoin t . After in i t i a l e q u i l i b r i u m , the 

con t ro l s y s t e m is t u r n e d off and no fu r the r c o n t r o l ac t ions a r e 

r e q u i r e d . The r e a c t o r b e h a v e s l ike a cons t an t t e m p e r a t u r e 

s o u r c e of power , 

b . SNAPSHOT F l i g h t E x p e r i e n c e 

P r i o r to s h i p m e n t f r o m A t o m i c s I n t e r n a t i o n a l to the l aunch 

s i t e , the SNAP lOA s y s t e m was tho rough ly checked out dur ing 

a c c e p t a n c e t e s t s . The r e a c t o r was b rough t c r i t i c a l both a t 

a m b i e n t t e m p e r a t u r e and a t full des ign t e m p e r a t u r e to check the 

r e a c t o r n u c l e a r data and to e n s u r e adequa te r e a c t i v i t y . The s y s 

t e m was o p e r a t e d in a s i m u l a t e d space e n v i r o n m e n t , u s i n g e l e c 

t r i c a l h e a t e r s , a t the full des ign t e m p e r a t u r e to ver i fy o p e r a t i o n 

of the power c o n v e r s i o n s y s t e m , p u m p , i n s t r u m e n t a t i o n , and 

o t h e r p o r t i o n s of the un i t . The n u c l e a r r e a c t o r was not o p e r a t e d 

a t full power s ince doing so would add l i t t le add i t iona l t e c h n i c a l 

ve r i f i ca t ion and would have bui l t up a f i s s ion p roduc t i n v e n t o r y 

which would inhibi t l a t e r a c c e s s to the un i t . Fo l lowing f inal 

a c c e p t a n c e t e s t i n g , the uni t r e q u i r e d no subsequen t man ipu la t i on 

of the r e a c t o r fuel and the l iquid m e t a l coolant c i r c u i t r e m a i n e d 
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s e a l e d at a l l t i m e s . The uni t was t r a n s p o r t e d f r o m A t o m i c s 

I n t e r n a t i o n a l , loca ted at the n o r t h w e s t e r n o u t s k i r t s of Los 

A n g e l e s , to Vandenbe rg A i r F o r c e B a s e by c o m m e r c i a l t r u c k 

c a r r i e r . 

Launch pad a c t i v i t i e s w e r e the s a m e a s wi th any pay load . 

The SNAP lOA s y s t e m was m a t e d wi th the Agena veh i c l e m the 

gan t ry , was funct ional ly e x e r c i s e d t h rough the veh ic l e to ver i fy 

c o m m a n d s and i n s t r u m e n t a t i o n r e a d o u t s (the r e a c t o r , howeve r , 

was not m a d e c r i t i c a l ) , and a l l s u b s y s t e m s o p e r a t e d . The 

SNAP lOA-Agena s y s t e m was put th rough an e l e c t r o n i c a l l y s i m u 

la ted fl ight a s fu r the r ve r i f i ca t ion of flight r e a d i n e s s . The a c t u a l 

launch was conducted with a n o r m a l countdo'wn p r o c e d u r e and 

with no u n u s u a l de lays o r d i f f icu l t i es . 

With r e s p e c t to o p e r a t i o n s th rough launch , the following 

o b s e r v a t i o n s can be m a d e 

1) Launch pad t i m e to m a t e , p e r f o r m funct ional check 

out , and c o m p l e t e b o o s t e r payload p r e p a r a t i o n for launch was 

s i m i l a r to that e x p e r i e n c e d with o the r p a y l o a d s . No unique 

o p e r a t i o n s w e r e i n t roduced by the r e a c t o r power s y s t e m . 

2) No u n u s u a l handl ing tools or o the r e l a b o r a t e a e r o s p a c e 

ground equ ipmen t w e r e r e q u i r e d to suppor t the l aunch . 

3) Since the uni t was n o n r a d i o a c t i v e , n o r m a l work ing 

a c c e s s on the gan t ry , to e i t he r the payload or the launch 

v e h i c l e s , was not r e s t r i c t e d . 

The SNAP lOA flight s y s t e m was launched by an A t l a s - A g e n a 

veh ic l e a t 1.24 p . m . , P S T , on A p r i l 3, 1965. The t a r g e t o r b i t 

was 700 n . m i c i r c u l a r , the veh ic le ac tua l ly ach i eved an o r b i t 

with an apogee of 717 n. m i and a p e r i g e e of 699 n. m i . The 

o r b i t a l p a r a m e t e r s and the veh ic le s t a tus w e r e adequa t e ly d e t e r 

m i n e d by the second o r b i t and the s t a r t c o m m a n d was given at 

5 05 p . m . The r e a c t o r r e a c h e d c r i t i c a l i t y at a p p r o x i m a t e l y 

11 15 p . m . tha t evening and was o p e r a t i n g at full power at 

1-45 a . m . on A p r i l 4 . 
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The s t a r t u p s equence was ac t i va t ed by a s ingle ground 

c o m m a n d with a l l o the r functions p e r f o r m e d by an o n - b o a r d 

c o n t r o l s u b s y s t e m . The e j ec tab le hea t sh ie lds r e m a i n e d over 

the power c o n v e r s i o n uni t un t i l the r e a c t o r was p roduc ing suf

f ic ient power to hold the l iquid m e t a l a t o r above 2 7 5 ' ' F . P r i o r 

to hea t shie ld e jec t ion , du r ing the t i m e p e r i o d f r o m launch to 

s e n s i b l e hea t , the p r e s e n c e of the hea t sh ie lds c a u s e d a ne t so l a r 

h e a t input to the s y s t e m and the NaK t e m p e r a t u r e s w e r e a p p r o x i 

m a t e l y 35 °F h ighe r at the t i m e of c r i t i c a l i t y than a t l aunch . The 

a u t o m a t i c i n s e r t i o n of the c o n t r o l d r u m s was t e r m i n a t e d by t h e r 

m a l swi t ches when the r e a c t o r r e a c h e d p o w e r . 

The b e h a v i o r of the s y s t e m dur ing s t a r t u p and the in i t i a l 

s t ab i l i za t ion p e r i o d is given m F i g u r e 11-95. The s a w - t o o t h 

c h a r a c t e r i s t i c of the t e m p e r a t u r e i s due to the a u t o m a t i c a c t u a 

t ion of the c o n t r o l s y s t e m i n s e r t i n g r e a c t i v i t y into the r e a c t o r . 

Dur ing the in i t i a l c o n t r o l p e r i o d , m a x i m u m power output r e a c h e d 

a p p r o x i m a t e l y 650 w a t t s , o r about 12% ove r de s ign . The r e a c t o r 

r e a c h e d power with a to t a l of 200 s t eps on each of the two fine 

c o n t r o l d r u m s , o r wi thm four s t eps of tha t p r e d i c t e d . In i t i a l 

l iquid m e t a l flow p r o v i d e d by the p u m p was 14.3 gpm, a l s o at 

o r above the des ign v a l u e . R e a c t o r t h e r m a l power was 42 kw. 

T e m p e r a t u r e d i s t r i b u t i o n s a round the SNAP lOA s y s t e m m o rb i t , 

s y s t e m hea t b a l a n c e s , and o p e r a t i o n of a l l p r i n c i p a l c o m p o n e n t s 

w e r e a s p r e d i c t e d t h rough ground t e s t s . 

A p p r o x i m a t e l y 6 days a f te r r e a c h i n g full power , the on

b o a r d a u t o m a t i c c o n t r o l s y s t e m was deac t i va t ed by ground 

c o m m a n d . The SNAP lOA uni t was then c o n t r o l l e d so le ly by 

the i n h e r e n t nega t i ve t e m p e r a t u r e coeff ic ient of the r e a c t o r h e a t 

s o u r c e i tse l f . In th i s m o d e of o p e r a t i o n , no e l e c t r o n i c d e v i c e s 

o r m e c h a n i c a l moving p a r t s a r e r e q u i r e d to function for the 

b a l a n c e of the s y s t e m l i fe . Without fu r the r ac t ive c o n t r o l , the 

i n h e r e n t r e a c t o r c h a r a c t e r i s t i c s (for e x a m p l e , hyd rogen r e d i s 

t r i bu t ion , hyd rogen l o s s e s f r o m the fuel, f i s s ion p r o d u c t p o i s o n s , 

e t c . ) c a u s e a d e c r e a s e m the s y s t e m a v e r a g e t e m p e r a t u r e with 
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t i m e which r e d u c e s the power output f r o m the un i t . At the end 

of 43 days a t p o w e r , the SNAP lOA uni t was p roduc ing about 

5 35 w a t t s . B a s e d on the ground t e s t r e a c t o r p e r f o r m a n c e and, 

in the a b s e n c e of u n u s u a l space e n v i r o n m e n t a l ef fec ts , it was 

p r e d i c t e d tha t the SNAP lOA uni t would put out about 510 wat t s 

a t the end of 90 days and about 475 wa t t s a t 1 y e a r . The p r i n c i p a l 

t ime -dependen t o p e r a t i n g c h a r a c t e r i s t i c s a r e shown s u p e r i m p o s e d 

on the ground t e s t s y s t e m data c u r v e s in F i g u r e 11-96. 

On May 16, 43 days a f te r s t a r t u p of the r e a c t o r powerp lan t , 

con tac t with the s p a c e c r a f t was los t . F a i l u r e of the s p a c e c r a f t 
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was abrupt. ' Operation was entirely normal at Rev. 552. Neither 

tracking nor te lemetry signals were observed from that time 

until 40 hours later when, on Rev. 574, the vehicle was acquired 

with a te lemetry t ransmit ter broadcasting. The te lemetry data 

revealed (1) the spacecraft was apparently operating from the 

rese rve battery supply, (2) the command system was inoperative, 

(3) the redundant 115 v ac power system was dead, (4) the r eac 

tor reflectors had been ejected, and (5) SNAP lOA electr ical 

power output was zero . All system temperature and NaK flow 

data were absent, since this portion of the te lemetry system r e 

quires ac power. The control moment gyros vehicle attitude 

system also lost ac power; however, indications were that the 

vehicle maintained its Ear th-center orientation and did not 

tumble. 

The data which are available indicate the SNAP lOA system 

did not fail but rather responded in a normal manner to spurious 

signals emanating from failed electronic components on board 

the spacecraft. Ground simulation tests have shown that the 

voltage regulator in the Agena most probably failed and allowed 

a voltage increase which overheated the command receiver and 

caused false commands. 

A capsule evaluation of the major operating paramete rs is 

as follows: 

1) The entire reactor subsystem performed properly and 

very predictably based on ground test data. Criticality was 

achieved at the reactivity levels expected, which indicates 

no adverse effect of the launch environment on the reac tor . 

There was no sign of self-welding problems or failures in 

the high-temperature bearings of the reactor control 

elements. 

2) The thermoelectr ic power conversion system was 

reliable; its generator character is t ics (voltage, resis tance 

230 



and c u r r e n t ) a g r e e wi th g round t e s t da t a . The space hea t 

s ink i s s l ight ly m o r e efficient than p r e d i c t e d caus ing an 

i n c r e a s e in power output a t 3% ove r tha t expec ted . 

3) The l iquid m e t a l s u b s y s t e m (pump, p ip ing, expans ion 

c o m p e n s a t o r s ) a l l behaved in a c c o r d a n c e wi th the ground 

t e s t da ta . The s y s t e m i n t e g r i t y was not affected by the 

l aunch v i b r a t i o n . T h e r e was no a p p a r e n t m i c r o m e t e o r o i d 

p u n c t u r e of the 20-mi l l iquid m e t a l tubing and no d e t e c t a b l e 

d e t e r i o r a t i o n of appl ied e m i s s i v i t y c o n t r o l s u r f a c e s . 

4) The launch shock and v i b r a t i o n loads w e r e a f ac to r 

of a p p r o x i m a t e l y 1.5 u n d e r the qual i f ica t ion l e v e l s . T h e r e 

w e r e no s igns of any h i g h - a m p l i t u d e v i b r a t i o n about the 

SNAP lOA l a t e r a l fundamen ta l f r equency of a p p r o x i m a t e l y 

16 c p s . 

5) The i n s t r u m e n t a t i o n s y s t e m , inc luding the high t e m 

p e r a t u r e t r a n s d u c e r s , funct ioned v e r y adequa t e ly . Of the 

t o t a l of 105 i n - o r b i t c h a n n e l s , 103 w e r e s t i l l t r a n s m i t t i n g 

use fu l da ta af ter 30 d a y s . The 17 l a u n c h - t o - s t a r t u p i n s t r u 

m e n t s a l l p e r f o r m e d s a t i s f a c t o r i l y . 

6) The hea t t r a n s f e r f r o m the high t e m p e r a t u r e SNAP lOA 

s y s t e m to the Agena , a s we l l a s o t h e r i n t e r f a c e v a r i a b l e s , 

c o r r e l a t e c l o s e l y wi th g round t e s t e x p e r i e n c e . The hea t 

load to the Agena was l e s s than 130 w a t t s . 

7) Radia t ion l e v e l s about the s y s t e m w e r e ca re fu l ly 

m e a s u r e d . The n e u t r o n flux i m m e d i a t e l y ad jacen t to the 

o u t e r s u r f a c e of the b e r y l l i u m r e a c t o r r e f l e c t o r was about 

4 X 10 n / c m / s e c . At the m a t i n g p lane be tween the 

SNAP lOA s y s t e m and the Agena v e h i c l e , the fas t neu t ron 
6 2 

flux was about 10 n / c m / s e c on the veh ic l e c e n t e r l i n e and 
6 2 

3 x 10 n / c m / s e c on the ou te r s u r f a c e . T h e s e va lues a r e 

about a fac tor of 4 h i g h e r on the veh ic l e c e n t e r l i n e and a 

f ac to r of 4 lower on the o u t e r veh ic le s u r f a c e than p r e d i c t e d . 
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The g a m m a dose r a t e a t the i n t e r f a c e was a p p r o x i m a t e l y 

630 r / h r . The g a m m a flux t o w a r d the aft end of the veh ic l e 

i s about 2 o r d e r s of magn i tude l e s s than quoted above and 

the fas t n e u t r o n flux about 2 - 1 / 2 o r d e r s of m a g n i t u d e l e s s 

than a t the i n t e r f a c e . T h e s e a r e l e s s than would be p r e 

d ic ted by a s i m p l e i n v e r s e s q u a r e law r e l a t i o n s h i p and a r e 

a r e s u l t of s c a t t e r i n g and a t t enua t ion by the veh ic l e s t r u c t u r e 

and c o m p o n e n t s . T h e r e was no sign of p r e m a t u r e r a d i a t i o n -

induced componen t f a i l u r e s of any of the i n - o r b i t equ ipmen t . 

The s p a c e c r a f t f a i l u re which shut down the o r b i t a l t e s t of 

SNAP lOA af te r 43 days p r e v e n t e d a s y s t e m r e l i a b i l i t y d e m o n 

s t r a t i o n in s p a c e . Ho^vever, the dup l ica te ground t e s t s y s t e m 

F S - 3 o p e r a t e d con t inuous ly for 10,000 h o u r s in a sh ie lded v a c u u m 

c h a m b e r . The p o s t - s h u t d o w n e x a m i n a t i o n of F S - 3 r e v e a l e d no 

w e a r - o u t m o d e s o r inc ip ien t f a i l u r e s , and it was conc luded tha t 

a SNAP lOA s y s t e m could p r o b a b l y o p e r a t e for 5 y e a r s o r m o r e . 

C. SNAP 2 

The SNAP 2 concept was the r e s u l t of a 1956 p r e l i m i n a r y 

s tudy which eva lua ted the s t a t e of the a r t of r e a c t o r and power 

c o n v e r s i o n technology a s we l l a s p r o j e c t e d space veh ic le and 

m i s s i o n r e q u i r e m e n t s . As p r e v i o u s l y d i s c u s s e d , the SNAP 

h y d r i d e r e a c t o r concept , which was chosen for SNAP 2, h a s 

b e c o m e the b a s i c hea t s o u r c e for SNAP lOA and SNAP 8. The 

SNAP 2 p r o g r a m was in i t i a l ly o r i e n t e d t o w a r d the deve lopmen t 

of a speci f ic 3-kwe m e r c u r y r ank ine cyc le s y s t e m . This specif ic 

ob jec t ive h a s been d ropped in favor of a b r o a d e r technology d e 

v e l o p m e n t p r o g r a m in o r d e r to d e m o n s t r a t e the eng inee r ing 

f eas ib i l i t y of l a r g e r mul t ik i lowa t t m e r c u r y r ank ine cyc le s y s t e m s 

for s p a c e . The deve lopmen t work to da te on the SNAP 2 p r o g r a m 

h a s ind ica t ed a concept p e r f o r m a n c e capab i l i t y a t 5 kwe of about 
2 

200 to 250 Ib /kwe and 25 to 30 ft / k w e . The power c o n v e r s i o n 

deve lopmen t p r o g r e s s on SNAP 2 has d e m o n s t r a t e d the f eas ib i l i t y 
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of h e r m e t i c a l l y s e a l e d and work ing fluid l u b r i c a t e d ro t a t ing 

m a c h i n e r y for r e l i a b l e o p e r a t i o n of 1 y e a r o r longer m s p a c e . 

The b a s i c concept of a hyd r ide r e a c t o r and a m e r c u r y r ank ine 

power c o n v e r s i o n s y s t e m should be app l i cab le into the 100- to 

200-kwe r a n g e . 

A s y s t e m s c h e m a t i c for a 5-kwe SNAP 2 uni t is shown m 

F i g u r e 11-97. A l iquid m e t a l (NaK-78) hea t t r a n s f e r fluid i s 

c i r c u l a t e d t h rough the r e a c t o r c o r e and the m e r c u r y bo i l e r 

s u p e r h e a t e r by a dc conduct ion E M pump which d e r i v e s i t s c u r 

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

the r e a c t o r out le t t e m p e r a t u r e and the b o i l e r p r e h e a t t e m p e r a 

t u r e . In the b o i l e r s u p e r h e a t e r the r e a c t o r hea t i s t r a n s f e r r e d 

70 lb/mm 
NaK 78 

TE 
PUMP 

1200 
Op 

REACTOR 
(55 kwt) 1000 

°F 
• -

MERCURY 
20 Ib/min 

BOILER 

ALTERNATOR 

1150°F 
115 psia 

20 lb/mm g | 

5 kwe 3 e 
1800 cps 

R/C 

TURBINE I I I I 
,9 psia _ /^ y 
' ^ • ^ 1 2 5 ft"̂  

600°F 

BEARINGS 

CA 
MERCURY PUMP 

7-S7-192-94 

F i g u r e 11-97. 5-kwe M e r c u r y Rankine Schema t i c 

233 



REACTOR-

BOILER 

THERMOELECTRIC PUMP 

EXPANSION COMPENSATOR 

CRU 

SHIELD 

RADIATOR/CONDENSER 

INSTRUMENT COMPARTMENT 

4 10 < 

F i g u r e 11-98. 5-kwe M e r c u r y Rankme Sys t em 



f r o m the p r i m a r y r e a c t o r coolant to the m e r c u r y -working fluid 

of the r ank ine power c o n v e r s i o n c y c l e . The r e a c t o r hea t con 

v e r t s l iquid m e r c u r y into s u p e r h e a t e d vapo r which i s expanded 

t h r o u g h a t u r b i n e . The r e s u l t i n g m e c h a n i c a l power output of 

the t u r b i n e is c o n v e r t e d to e l e c t r i c a l power by the a l t e r n a t o r . 

The m e r c u r y v a p o r exhaus t f rom the t u r b i n e is condensed m the 

r a d i a t o r - c o n d e n s e r which is p a r t of the ou te r sk in of the s p a c e 

v e h i c l e . The m e r c u r y c o n d e n s a t e is r e t u r n e d to the bo i l e r by a 

b o i l e r f eedpump. The s y s t e m conf igura t ion is shown m 

F i g u r e 11-98. 

Al l the power c o n v e r s i o n s y s t e m ro t a t i ng c o m p o n e n t s a r e 

moun ted on a s ing le c o m m o n shaft componen t which i s ca l l ed the 

combined ro t a t ing uni t (CRU). Thus , the e n t i r e SNAP 2 power 

c o n v e r s i o n s y s t e m h a s only one moving p a r t which is suppor t ed 

on l iquid m e r c u r y l u b r i c a t e d b e a r i n g s . The e n t i r e a s s e m b l y 

of ro t a t ing m a c h i n e r y i s enc losed wi thm a h e r m e t i c hous ing 

which p r e v e n t s the l o s s of the m e r c u r y work ing fluid dur ing the 

s y s t e m l i fe . The CRU is shown m F i g u r e 11-99. The ind iv idua l 

connponents of the ro t a t ing shaft inc lude (1) the m e r c u r y t u rb ine 

which i s a t w o - s t a g e ax i a l flow i m p u l s e m a c h i n e , (2) the a l t e r 

n a t o r which IS a p e r m a n e n t m a g n e t m a c h i n e with a s ea l ed s t a t o r 

and d e l i v e r s 5 kw at 1800 cps , and (3) the m e r c u r y p u m p which 

IS a convent iona l but m i n i a t u r e cen t r i fuga l p u m p supplying p r e s 

s u r i z e d m e r c u r y to the bo i l e r and to the b e a r i n g s . 

A photo of the CRU t e s t a s s e m b l y i s shown m F i g u r e 11-100, 

The power c o n v e r s i o n ro t a t ing m a c h i n e r y deve lopmen t h a s p r o g 

r e s s e d to a leve l of t e s t e x p e r i e n c e m e x c e s s of 30,000 h o u r s . 

One m a c h i n e h a s o p e r a t e d for an i n t e g r a l t i m e of about 5,000 h o u r s , 

and s e v e r a l m a c h i n e s have o p e r a t e d beyond 2,000 h o u r s . Ind i 

v idua l m a c h i n e componen t s a r e shown m F i g u r e 11-101. 
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The m e r c u r y b o i l e r - s u p e r h e a t e r i s a tube and she l l , c o u n t e r -

flow, o n c e - t h r o u g h b o i l e r with NaK m the she l l and m e r c u r y m 

the t u b e s . The b o i l e r i s m a coi led tube conf igura t ion which p r o 

v ides loca l h igh a c c e l e r a t i o n s such that the b o i l e r o p e r a t i o n i s 

not affected by z e r o g r a v i t y . 

The cyc le r e j e c t i o n hea t i s r a d i a t e d to space by a combined 

r a d i a t o r - c o n d e n s e r which f o r m s p a r t of the ou te r s t r u c t u r a l skin 

of the space v e h i c l e . M e r c u r y condensa t ion t a k e s p l ace at 600°F 

and 6 p s i a wi thm a n u m b e r of s m a l l - d i a m e t e r p a r a l l e l t ubes which 

a r e a t t a ched to a h igh t h e r m a l conduct iv i ty skin which m tu rn 

r a d i a t e s the hea t of condensa t ion to s p a c e . The to ta l a r e a n e c e s 

s a r y to r a d i a t e the cyc l e w a s t e hea t and subcool the p u m p in le t 
2 

IS about 125 ft and weighs 200 to 250 lb . A d e v e l o p m e n t a l 

r a d i a t o r - c o n d e n s e r i s shown m F i g u r e 11-102. 

The m a j o r s y s t e m c o m p o n e n t s , the r e a c t o r hea t s o u r c e and 

the p o w e r - c o n v e r s i o n package for a 5-kwe s y s t e m have been 

d e m o n s t r a t e d at the r e q u i r e d des ign point . 

In addi t ion to the deve lopmen t of c o m p o n e n t s ex tens ive 

s y s t e m deve lopmen t was in i t i a t ed u n d e r the SNAP 2 p r o g r a m to 

eva lua t e the i m p o r t a n t t h e r m a l , h y d r a u l i c , and s t r u c t u r a l i n t e r 

a c t i o n s be tween s y s t e m c o m p o n e n t s and to e s t a b l i s h s y s t e m 

o p e r a t i n g m o d e s for s t a r t u p , s t eady s t a t e , shutdown, and r e s t a r t . 

The e l e c t r i c a l l y h e a t e d t h e r m a l p e r f o r m a n c e t e s t s y s t e m i s 

shown m F i g u r e 11-103. This m o c k u p of a c o m p l e t e SNAP 2 s y s 

t e m d e m o n s t r a t e d o v e r a l l s y s t e m p e r f o r m a n c e compa t ib i l i t y and 

s t ab i l i t y . A second m o c k u p s y s t e m d e m o n s t r a t e d the s t r u c t u r a l 

i n t e g r i t y of the concep t . A t h i r d s y s t e m , dev i sed to d e t e r m i n e 

the z e r o g r a v i t y s t e a d y - s t a t e and s t a r t u p c h a r a c t e r i s t i c s was 

t e s t e d m the M e r c u r y Rankine P r o g r a m . In th is t e s t s y s t e m , 

the inf luence of g r a v i t y i s m i n i m i z e d by loca t ing the r a d i a t o r 

c o n d e n s e r tubes and a l l c r i t i c a l h y d r a u l i c c o m p o n e n t s m one 

h o r i z o n t a l p l a n e . The CRU i s s t a r t e d by "blowdown" upon i n j e c 

t ion of l iquid m e r c u r y into a p r e h e a t e d b o i l e r . The m e r c u r y 

in jec t ion con t inues un t i l the i n t e g r a t e d hea t of condensa t ion h a s 
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r a i s e d the c o n d e n s e r t e m p e r a t u r e suff icient ly to p rov ide the 

c o n d e n s e r exhaus t p r e s s u r e n e c e s s a r y to p r i m e the CRU m e r 

c u r y pump and c o m p l e t e the c lo sed c y c l e . At t h i s point m e r c u r y 

in ject ion i s c e a s e d and e x c e s s m e r c u r y m the c o n d e n s e r i s d i s 

c h a r g e d into a cons t an t p r e s s u r e vo lume unt i l the s y s t e m equ i l i 

b r a t e s at the d e s i r e d condens ing t e m p e r a t u r e and p r e s s u r e . In 

ove r 200 s t a r t c y c l e s th is s y s t e m h a s d e m o n s t r a t e d the vapor 

l iquid i n t e r f a c e s t ab i l i ty of the p a r a l l e l tube c o n d e n s e r , the 

ab i l i ty to s t a r t and ach i eve e q u i l i b r i u m without c o n d e n s e r p r e 

hea t , the ab i l i ty to p r i m e the CRU m e r c u r y feed p u m p and 

o p e r a t e a c losed cyc le , and g e n e r a l s y s t e m s t a r t u p and s t eady 

s t a t e s tab i l i ty . The s t a r t u p s c h e m a t i c and a p i c t u r e of the t e s t 

s y s t e m a r e shown m F i g u r e 11-104. 

P o t e n t i a l app l i ca t i ons for the m e r c u r y Rankine s y s t e m i n 

c lude p r o v i s i o n of e l e c t r i c a l power for m a n n e d l a b o r a t o r i e s , 

m a n n e d space s t a t i ons , lunar b a s e s , c o m m u n i c a t i o n s a t e l l i t e s , 

m i l i t a r y s a t e l l i t e s , and space p r o b e s . Both i so tope and r e a c t o r 

h e a t s o u r c e s can be u s e d wi th p r e s e n t h a r d w a r e . 

D. SNAP 8 

The SNAP 8 P r o g r a m h a s been unde r ac t ive deve lopmen t by 

NASA/AEC s ince I960. It c o n s i s t s of a c o m p a c t z i r c o n i u m 

h y d r i d e - m o d e r a t e d t h e r m a l r e a c t o r and a r ank ine power con

v e r s i o n s y s t e m with m e r c u r y as the work ing fluid. I ts p r e s e n t 

ob jec t ives a r e t a i l o r e d to a 35-kwe flight t e s t s y s t e m capab le of 

10 ,000-hour cont inuous space o p e r a t i o n . Space s t a r t u p and shu t -

do-wn IS an ob jec t ive . 

A s c h e m a t i c of the SNAP 8 s y s t e m is shown m F i g u r e 11-105. 

The r e a c t o r p r i m a r y coolan t (NaK-78) i s c i r c u l a t e d th rough the 

m e r c u r y b o i l e r by a ro t a t i ng p u m p / m o t o r a s s e m b l y (NaK P M A ) . 

Hot m e r c u r y vapor f r o m the b o i l e r i s then expanded th rough a 

f o u r - s t a g e t u rb ine con ta ined wi thm the t u r b i n e / a l t e r n a t o r a s s e m 

bly (TAA) and i s condensed m an i n d i r e c t c o n d e n s e r . M e r c u r y 

IS then r e t u r n e d to the b o i l e r by the m e r c u r y p u m p / m o t o r a s s e m 

bly (Hg P M A ) . A NaK-78 hea t r e j e c t i on loop is u s e d to cool the 
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Figure 11-105. SNAP 8 Electric Generating System 



c o n d e n s e r a n d h e a t IS r e j e c t e d f r o m th is loop by m e a n s of a d i r e c t 

r a d i a t o r . The s ignif icant d i f fe rence be tween the SNAP 8 and the 

M e r c u r y Rankine (SNAP 2) equ ipmen t i s the u s e of o i l - I u b r i c a t e d 

ba l l b e a r i n g s on SNAP 8 ro ta t ing equ ipmen t . This r e q u i r e s the 

u s e of an a u x i l i a r y l u b e / c o o l a n t loop with i t s s e p a r a t e pump 

( L / C PMA) and r a d i a t o r . Another d i f fe rence f r o m the M e r c u r y 

Rankine s y s t e m i s the u s e of an i n d i r e c t r a d i a t o r concept with 

the NaK hea t r e j e c t i on loop. D e v e l o p m e n t a l t e s t i ng to da te has 

c o n c e n t r a t e d on des ign and p e r f o r m a n c e i n t e g r i t y t e s t s of the 

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

thousand hour s t a g e . The p r o g r a m is schedu led to d e m o n s t r a t e 

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

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

The TAA i s shown m F i g u r e 11-106. The TAA con ta ins a 

space s e a l which i s des igned to l imi t o i l and m e r c u r y l eakage to 

s p a c e . Sea l leak t e s t da ta h a s been c o r r e l a t e d to anal-ytical p r e 

d i c t i o n s . A r e m a i n i n g d e v e l o p m e n t a l p r o b l e m is f o rma t ion of 

cav i t a t ion zones in the v ic in i ty of l ands on the v i s co ( s c r e w ) space 

s e a l . M a t e r i a l and s e a l conf igura t ion changes have been m a d e 

to m i n i m i z e cav i t a t ion p r o b l e m s . 

The m e r c u r y b o i l e r a s s e m b l y has been t e s t e d and c u r r e n t 

deve lopmen t p r o b l e m s inc ludes b o i l e r "decond i t i onmg" and 

po ten t i a l l y inadequa te con t a inmen t m a t e r i a l . B o i l e r " d e c o n d i 

t i o n m g , " a s m the M e r c u r y Rankine P r o g r a m , p r o d u c e s poor 

h e a t t r a n s f e r and s e e m s to be a s s o c i a t e d wi th b o i l e r s u r f a c e 

con t amina t i on by a i r , w a t e r , o i l , e t c . Deve lopmen t i s con

t inuing on c o n t r o l of the e n v i r o n m e n t and i m p r o v e m e n t m the 

b o i l e r des ign to m a k e i t m o r e i n s e n s i t i v e to " d e c o n d i t i o n m g . " 

Othe r c o m p o n e n t s such a s the c o n d e n s e r , NaK PMA, Hg 

PMA, and L / C P M A have u n d e r g o n e p e r f o r m a n c e t e s t i n g . 

P o t e n t i a l app l i ca t i ons for SNAP 8 inc lude m a n n e d and u n 

m a n n e d s a t e l l i t e s , l una r and p l a n e t a r y b a s e s , i n t e r p l a n e t a r y 

m i s s i o n s , c o m m u n i c a t i o n s , nav iga t ion , and r e m o t e t e r r e s t r i a l 

m o b i l e e n e r g y d e p o t s . The t-ypical i n t e g r a t i o n of a SNAP 8 

u n m a n n e d flight uni t (without a r a d i a t o r ) i s shown in F i g u r e 11-107. 
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Figure 11-106. SNAP 8 Turbine Assembly 
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CHAPTER III 

K RADIOISOTOPE SPACE POWER 

1. PHYSICS OF RADIOISOTOPES 

Rad io i so topes a r e i s o t o p e s that a r e r a d i o a c t i v e . They a r e 

m an exc i ted s t a t e , t hus they decay by emi t t ing cha rged p a r t i c l e s 

a n d / o r by spon taneous f i s s ion . This is u s u a l l y foUo-wed by 

g a m m a r a y e m i s s i o n . In the ca se of spontaneous f i s s ion , n e u 

t r o n s a r e a l s o e m i t t e d . 

Rad io i so topes differ f r o m n u c l e a r r e a c t o r s m that they d e c a y 

exponen t ia l ly m t i m e at a r a t e -which is not affected by outs ide 

f o r c e s . I . e . , the d e c a y r a t e cannot be a l t e r e d . As a r e s u l t of 

t h i s p r o p e r t y , the h e a t g e n e r a t i o n f r o m the decay of r a d i o i s o 

topes cannot be t u rned off. Th i s l a s t f ea tu re m a k e s r a d i o i s o 

topes v e r y r e l i a b l e hea t s o u r c e s and v e r y a t t r a c t i v e for some 

a p p l i c a t i o n s . H o w e v e r , m some c a s e s , it i s d e s i r a b l e to have a 

capab i l i ty of shutt ing down the hea t s o u r c e . 

A. CLASS OF RADIOISOTOPES 

In the decay p r o c e s s of r a d i o i s o t o p e s , the n u c l e a r p a r t i c l e s 

a n d / o r g a m m a r a y s a r e a b s o r b e d m the fuel m a t e r i a l and a s a 

r e s u l t they g e n e r a t e h e a t . Rad io i so topes m a y be c l a s s e d a c c o r d 

ing to t h e i r m a m s o u r c e of hea t g e n e r a t i o n . Table I I I - l p r e s e n t s 

the po ten t ia l r a d i o i s o t o p e s -with some of t h e i r i m p o r t a n t 
(1) p r o p e r t i e s . 

a. Beta E m i t t e r s 

In the ca se of be ta e m i t t e r s , not a l l of the d e c a y e n e r g y is 

ava i l ab le for hea t g e n e r a t i o n . The a v e r a g e be ta p a r t i c l e p o s s e s 

s e s only about one th i rd of the decay be ta e n e r g y , the r e s t is 

given off a s a n e u t r i n o . P a r t of the g a m m a r a y e n e r g y which 

u s u a l l y a c c o m p a n i e s be ta decay and which i s a b s o r b e d m the fuel 

r eg ion h a s to be added to the be ta e n e r g y m o r d e r to d e t e r m i n e 

the to ta l e n e r g y depos i t ed pe r d i s i n t e g r a t i o n . The following 
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TABLE I I I - l 

CHARACTERISTICS O F RADIOISOTOPIC HEAT SOURCES 

CLASS OF EMITTER 

RADIOISOTOPE 

HALF LIFE YEARS 

DECAY 

SPONTANEOUS FISSION 

PRINCIPAL DECAY (Mev) 

a 

/S 

y 

FUEL FORM 

DENSITY (gm/cm-^) 

WATTS/GRAM (PURE) 

ISOTOPIC PURITY (%) 

POWER DENSITY 

w/cm^ FUEL 

SHIELDING REQUIRED 

CURIES/WATT 

MELTING POINT (°C) 

MPC IN AIR 

(Ci/cm^) 

ESTIMATED FUTURE COST 

($/watt) 

GAMMA 

^ 60 
Co 

5 .3 

-

-
0 . 3 1 

1 .17 

METAL 

8 .7 

1 7 . 4 

10 

1 5 . 2 

HEAVY 

65 

1480 

3 x 1 0 - ^ 

16 

BETA 

Sr^O 

2 7 . 7 

-

-
2.24 

1 .734 

SrTiO^ 

3 .7 

0 .95 

50 

0 .94 

HEAVY 

148 

1900 

1 0 - 1 ° 

21 

• 106 
Ru 

1.0 

-

-

METAL 

1 2 . 2 

3 3 . 1 

3 .3 

1 3 . 4 

HEAVY 

102 

2450 
-9 

2x10 ^ 

5 

C s l 3 ^ 

30 

-

-
0 . 5 2 9 

0 . 6 6 

CsCl 

3 .6 

0 .42 

35 

0 .42 

HEAVY 

207 

646 

5 x 1 0 - ^ 

24 

P 144 
Ce 

0 .78 

-

-
1 .321 

2 . 1 8 

Ce02 

6 .6 

2 5 . 6 

18 

2 5 . 3 

HEAVY 

126 

2680 

2x10-"* 

2 

D 147 
Pm 

2.6 

-

-
0 . 2 2 3 

0 . 1 2 1 

P"^2°3 
6 .6 

0 .33 

95 

1.8 

MINOR 

2788 

2270 

2 x 1 0 ' ^ 

220 

, 170 
Tm 

0 .35 

-

-
0 . 9 6 

0 . 0 8 4 

^"^2°3 
8 .5 

1 2 . 1 

10 

9 . 1 

MODERATE 

500 

2300 

1 0 - s 

10 

ALPHA 

Po^lO 

0 .38 

-

5.3 

0 .8 

GdPo 

9 .9 

7 9 . 5 

95 

815 

MINOR 

32 

1675 

7 x 1 0 - 1 1 

20 

Pu238 

86 

4.9xl0l° 

5 .49 

0 . 0 4 4 

PuO^ 

10 

0 . 5 6 

80 

3 .9 

MINOR 

30 

2280 

7x10-13 

540 

. 242 
Cm 

0 .45 

7 . 2 x 1 0 ^ 

6 . 1 1 

0 . 0 4 

Cm20 

9 

120 

90 

882 

MINOR 

28 

1950 

4 x l O " l l 

17 

Ĉm 

18 

1 .4x10^ 

5 .80 

0 .04 

Cm203 

9 

2 .65 

95 

20 .4 

MODERATE 

29 

1950 

3x10-12 
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e x p r e s s i o n p r e s e n t s the c u r i e s pe r -watt r e q u i r e d of a r a d i o i s o 

tope a s a function of e n e r g y ava i lab le pe r d i s i n t e g r a t i o n , 

„ _ 168.6 

^' E . . . d ) 
•whe r e , 

C = C u r i e s p e r wat t r e q u i r e d (cur ie = 3.7 x 10 

d i s i n t e g r a t i o n s / sec) 

E = Tota l e n e r g y ava i l ab le pe r d i s i n t e g r a t i o n 

( M e v / d i s i n t e g r a t i o n ) 

The above e x p r e s s i o n app l i e s to all r a d i o i s o t o p e s . 

b . Alpha E m i t t e r s 

Alpha emi t t ing r a d i o i s o t o p e s a r e u s u a l l y the heavy i s o t o p e s . 

All the a lpha p a r t i c l e e n e r g y is depos i ted m the fuel. P a r t of the 

g a m m a r a y e n e r g y that u sua l ly a c c o m p a n i e s a lpha decay i s a b 

so rbed m the fuel s i m i l a r to be ta e m i t t e r s . 

c. G a m m a E m i t t e r s 

G a m m a e m i t t e r s a r e s i m i l a r to be ta e m i t t e r s excep t that the 

m a m s o u r c e of h e a t i s the g a m m a r a y s . Cobal t-60 i s a typ ica l 

g a m m a e m i t t e r . It e m i t s a 0 .31-Mev beta p a r t i c l e , followed by 

t-wo g a m m a r a y s in s e r i e s , 1.17 and 1.33 Mev r e s p e c t i v e l y . 

G a m m a e m i t t e r s u s u a l l y have high g a m m a r a y e n e r g i e s which 

a r e v e r y p e n e t r a t i n g . Thus g r e a t c a r e h a s to be taken to d e t e r 

m i n e the e n e r g y a b s o r b e d m the fuel pe r d i s i n t e g r a t i o n . 

B . FORMATION OF RADIOISOTOPES 

Rad io i so tope fuels used for hea t g e n e r a t i o n a r e a r t i f i c i a l l y 

m a d e f r o m f i s s ion p r o d u c t s or by i r r a d i a t i o n in r e a c t o r s . 

a. F i s s i o n P r o d u c t s 

F i s s i o n p r o d u c t s r e s u l t f rom the f i ss ion of f i s s i l e m a t e r i a l s . 

In the u n s e p a r a t e d f o r m , mixed f i ss ion p r o d u c t s (MFP) have a 
3 

v e r y lo-w po-wer d e n s i t y , about 0.05 w a t t s / c m or l e s s . Sepa ra t ed 
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f i s s ion p r o d u c t s a r e m o r e a t t r a c t i v e s ince they have f a i r l y high 
90 power d e n s i t i e s . Typ ica l s e p a r a t e d f i s s ion p r o d u c t s a r e Sr , 

„ 106 „ 144 „ 137 , „ 147 . „ , . ,, , 
Ru , Ce , Cs , and P m . All a r e be ta e m i t t e r s and 

3 
have power d e n s i t i e s g r e a t e r than 0.4 w a t t s / c m . 

b . R e a c t o r P r o d u c e d F u e l s 

R e a c t o r p roduced fuels m a y be divided into t-wo c l a s s e s 

t hose tha t a b s o r b one neu t ron and those that a b s o r b m o r e than 

one n e u t r o n . In the f i r s t c l a s s , a s table i so tope c a p t u r e s one 

n e u t r o n and thus b e c o m e s r a d i o a c t i v e . In t h i s c l a s s a r e the fol-
1 A <- „ 60 „ 170 , _ 210 
lowing r a d i o i s o t o p e s Co , T m , and Po 

In the second c l a s s , a s tab le i so tope (or i so tope wi th a v e r y 

long half-l ife) a b s o r b s m o r e than one neu t ron unt i l it ends up a s 

the d e s i r e d r a d i o i s o t o p e . In th i s c l a s s a r e the following r a d i o -
238 242 244 

i s o t o p e s F^i , C m , and Cm . T a b l e s I I I -2 to III-4 p r e 

sen t the m e t h o d s by which t h e s e r a d i o i s o t o p e s a r e f o r m e d . Since 

t h e s e r a d i o i s o t o p e s r e q u i r e m o r e than one n e u t r o n , and f u r t h e r 

m o r e , s ince they have to be c h e m i c a l l y s e p a r a t e d f r o m t h e i r 

p a r e n t i s o t o p e , they a r e v e r y c o s t l y . 

C. SOURCES O F RADIATION 

The r ad i a t i on f r o m hea t p roduc ing r a d i o i s o t o p e s can e m a n a t e 

d i r e c t l y f r o m the n a t u r a l decay s c h e m e of the r a d i o a c t i v e nuc l ide , 

o r it can r e s u l t f r o m the i n t e r a c t i o n with o ther m a t e r i a l s . D i r e c t 

r a d i a t i o n i s m the f o r m of g a m m a r a y s , a lpha p a r t i c l e s , be ta 

p a r t i c l e s , and n e u t r o n s , with each r ad io i so tope having a typ ica l 

s p e c t r u m of each r ad i a t i on f o r m . The d i r e c t r a d i a t i o n f r o m 

m a n y nuc l i de s i s p r i m a r i l y r e s t r i c t e d to only one or two f o r m s , 

while m o t h e r s t h e r e a r e s ignif icant con t r ibu t ions f r o m t h r e e or 

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

ant m the shielding a n a l y s i s s ince they a r e m o r e p e n e t r a t i n g than 

both be ta and a lpha p a r t i c l e s . The following a r e the m a m s o u r c e s 

of r a d i a t i o n f r o m r a d i o i s o t o p e s 
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TABLE 111-2 

PRODUCTION OF Pu^SS 

, , , 2 3 5 ^ i | 2 3 6 ^ ,,237 /3~ „ 237 
a) U -I- n - U -I- n ^U —. -.^ r Np 

<- 6.75d 

b) U^^^(n , 2n) ^ 

SEPARATE, AND IRRADIATE Np^^^ 

., 237 , ., 238 j3- _ _, 238 
Np -f n—-Np ^ ^ ,- Pu 

(THIS SECOND STEP AVOIDS PROBLEM OF SEPARATING 

Pu^^^ FROM Pû '̂̂ ) 

TABLE 111-3 
242 

PRODUCTION O F Cm 

, , 2 3 8 ^ ,,239 g ~ „ 239 P' ^ 239 , • 240 ^ „ 241 U +n - U ~- - - Np - - - , • Pu + t]—-Pu -I-n -Pu 
23.5m 2.35d 

(STORE PLUTONIUM IN SPENT FUEL FOR A FEW YEARS TIME 

TO PRODUCE Am^^l ) 

241 ^ ~ • 241 
Pu T„ • Am 

13y 

?41 
SEPARATE Am , AND IRRADIATE 

. 241 ^ . 242 P~ r- 242 
Am -I-n -Am T , ,• Cm 

Ibh 
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T A B L E II I -4 

PRODUCTION O F C m ^ 

MAKE Pu^^^ AS IN TABLE I I I -3 , BUT LEAVE Pu^^ l IN 

REACTOR AND CONTINUE TO IRRADIATE 

p„241 ^ _o 242 _̂_ - 243 /9~ . , 243 
Pu -I-n ^Pu - t -n—-Pu ' /I nou" Am 4.98h 

. 243 ^ ^ . 244 ^ ~ „ 244 
Am -I- n ^Am TnT^Cm 

lOh 

1. G a m m a R a y s 

a) G a m m a r a y s emi t t ed in the decay of the r a d i o i s o t o p e . 

b) G a m m a r a y s r e s u l t i n g f r o m b r e m s s t r a h l u n g . 

c) G a m m a r a y s f r o m i m p u r i t i e s found in the r a d i o i s o t o p e . 

d) G a m m a r a y s r e s u l t i n g f r o m the a lpha n e u t r o n ( a ,n ) 

r e a c t i o n -with lo-w a t o m i c weight e l e m e n t s in the i m m e d i a t e 

v ic in i ty of the r a d i o i s o t o p e . 

e) P r o m p t f i s s ion and f i s s ion p roduc t d e c a y g a m m a r a y s 

due to spontaneous f i ss ion of the p a r e n t r a d i o i s o t o p e . 

f) P r o m p t f i s s ion and f i s s ion p roduc t d e c a y g a m m a r a y s 

due to the induced f i ss ioning of the p a r e n t r a d i o i s o t o p e . 

2. N e u t r o n s 

a) N e u t r o n s f r o m spontaneous f i s s ion of the p a r e n t 

r a d i o i s o t o p e . 

b) N e u t r o n s due to the induced f i ss ioning of the p a r e n t 

r a d i o i s o t o p e . 
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c) N e u t r o n s f r o m the ( a , n ) r e a c t i o n with low a to mic 

weight e l e m e n t s m the i m m e d i a t e v ic in i ty of the r a d i o i s o t o p e . 

Some of the s o u r c e s of r ad i a t ion l i s t ed above a r e p r i m a r y s o u r c e s 

and o t h e r s a r e s e c o n d a r y . The p r i m a r y s o u r c e s a r e i nhe ren t of 

the p a r t i c u l a r r a d i o i s o t o p e and they cannot be a l t e r e d . The s e c 

o n d a r y s o u r c e s a r e due to p r i m a r y s o u r c e s act ing upon the s u r 

rounding m e d i u m . In some i n s t a n c e s the s e c o n d a r y s o u r c e s m a y 

b e c o m e m o r e i m p o r t a n t than the p r i m a r y o n e s . This s i tua t ion 

should be avoided or r educed m magni tude if e conomica l l y a c c e p t 

a b l e . The following sec t ions d i s c u s s m m o r e de t a i l s e c o n d a r y 

s o u r c e s and t h e i r i m p o r t a n c e . 

a. A l p h a - N e u t r o n Reac t ion 

When a lpha e m i t t e r s a r e u sed , c a r e should be taken to in 

clude the s e c o n d a r y neu t ron s o u r c e f r o m the ( a , n ) r e a c t i o n . F o r 
T O O ? 3 S 

i n s t a n c e , when F*u i s used m the oxide f o r m (Pu O^), the 
n e u t r o n s o u r c e i n c r e a s e s f rom the ex is t ing spontaneous f i s s ion 

23 8 IZ) 

s o u r c e of Pu by a fac tor of I I . This is due to the ( a , n ) 

r e a c t i o n -with oxygen. The (Q!,n) r e a c t i o n is a p r o c e s s w h e r e b y 

the t a r g e t nuc l eus a b s o r b s an alpha p a r t i c l e and subsequen t ly 

e m i t s a n e u t r o n . Th i s is a t h r e s h o l d r e a c t i o n , which m e a n s that 

t h i s p r o c e s s t a k e s p lace only if the e n e r g y of the a lpha p a r t i c l e 

IS g r e a t e r than the t h r e s h o l d for the ( a , n ) r e a c t i o n of the t a r g e t 

n u c l e u s . N a t u r a l oxygen conta ins t h r e e i s o t o p e s , n a m e l y , 0 , 

o'-'^, and 0^^ m the following abundances 99.759%, 0.037%, and 

0.204% r e s p e c t i v e l y . The t h r e s h o l d s for ( a , n ) r e a c t i o n for 0 , 
17 1 R 

0 , and 0 a r e 15.2 Mev, 0, and 0.86 Mev r e s p e c t i v e l y . In 
23 8 

the a lpha d e c a y of Pu the m a x i m u m e n e r g y of the a lpha p a r 
t ic le IS 5.5 Mev. This m e a n s that the ( a , n ) r e ac t i on can take 

17 18 17 
p lace only wi th 0 and 0 i s o t o p e s . Thus by reduc ing the 0 

18 
and 0 content in oxygen, the neu t ron s o u r c e f r o m the ( a , n ) 

(3 4) 
r e a c t i o n can be r e d u c e d . This h a s been shown e x p e r i m e n t a l l y . ' 
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H o w e v e r , for a p a r t i c u l a r app l i ca t ion , the e c o n o m i c s -will d e t e r -
23 8 

m i n e if addi t iona l n e u t r o n shielding should be used or if Pu 
17 18 

oxide -with oxygen deple ted m 0 and 0 should be u sed . 
244 

F o r Cm^ O , , the neu t ron s o u r c e f r o m the ( a , n ) r e a c t i o n 
(5) with oxygen r e p r e s e n t s a v e r y s m a l l f rac t ion , about 3%, and 
244 

the r e s t i s f r o m the spontaneous f i ss ion of C m . In t h i s c a s e , 
17 18 

u s e of oxygen dep le ted m 0 and 0 -will not affect the to ta l n e u 

t r o n s o u r c e . 
210 

Ano the r i m p o r t a n t e x a m p l e i s Po w h e r e a l l the n e u t r o n 

s o u r c e i s f r o m the (01, n) r e a c t i o n with i m p u r i t i e s . If the c o n c e n 

t r a t i o n of t h e s e i m p u r i t i e s i s r e d u c e d , the neu t ron s o u r c e would 

be r educed a l s o . As a r e s u l t , the n e u t r o n shield r e q u i r e d would 

be r educed m t h i c k n e s s and weight . F o r space app l ica t ion w h e r e 

weight IS a t a p r e m i u m , it m a y be e c o n o m i c a l l y w o r t h purifying 
210 

the Po of a l l i m p u r i t i e s thus e l imina t ing the n e c e s s i t y of us ing 

a neu t ron sh ie ld . 

b . I m p o r t a n c e of I so topic P u r i t y 

Ano the r i m p o r t a n t s e c o n d a r y s o u r c e i s tha t f r o m i m p u r i t i e s 

found m the m a m r a d i o i s o t o p e . Th i s app l i e s to r a d i o i s o t o p e s 

which e m i t v e r y low e n e r g y g a m m a r a y s and m v e r y s m a l l abun

d a n c e . Since t he se r a d i o i s o t o p e s can be v e r y e a s i l y sh ie lded , 

the p r e s e n c e of i m p u r i t i e s even m v e r y s m a l l quan t i t i e s b e c o m e s 

v e r y i m p o r t a n t . Two such r a d i o i s o t o p e s a r e P m and Pu 

147 P m d e c a y s by be ta e m i s s i o n to e i t h e r the ground s ta te of 
147 147 

Sm or to an exc i ted s ta te of Sm -which m t u r n d e c a y s to the 
147 ground s ta te of Sm by emi t t ing a 0.1 21-Mev g a m m a r a y . 

Addi t iona l v e r y low e n e r g y b r e m s s t r a h l u n g g a m m a r a y s a r e 

emi t t ed due to the 0 .225-Mev be ta p a r t i c l e f r o m the decay of 
147 P m . It m a y be noted tha t the g a m m a r a y e n e r g i e s f r o m 
147 P m a r e v e r y low and can be v e r y e a s i l y sh ie lded us ing about 

147 0.150 m . of s t e e l . Howeve r , P m con ta ins s m a l l a m o u n t s of 
146 147 

P m , which IS fo rmed by the (n, 2n) r e a c t i o n with P m 
146 Since th i s i s a t h r e s h o l d r e a c t i o n , the P m content wil l v a r y 
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147 -with v a r i o u s r e a c t o r s u sed to p roduce P m . The h i g h e r the 
146 m e d i u m f i ss ion e n e r g y , the h ighe r the P m conten t . The 

146 P m content v a r i e s f r o m 0.25 up to 4 ppm depending on the 
146 r e a c t o r . P m d e c a y s by emi t t ing 0 .75-Mev g a m m a r a y s and 

147 146 
for a P m hea t s o u r c e , the P m d i c t a t e s the shield t h i c k n e s s 

147 146 
r e q u i r e d . Since P m and P m have half l i v e s of 2.6 and 5.5 

146 y e a r s , r e s p e c t i v e l y , aging wil l not r educe the P m conten t . 146 Thus one h a s to shie ld the r ad i a t ion f r o m P m 
2 3 0 

A s o m e - w h a t s i m i l a r c o n d i t i o n e x i s t s f o r P u w h i c h c o n 

t a i n s s m a l l a m o u n t s ( a b o u t 1.2 p p m ) of P u . FHi i s 
237 

f o r m e d b y t h e i r r a d i a t i o n of N p m a r e a c t o r , s e e T a b l e I I I - 2 . 
2 3 6 7 3 7 

P u IS a l s o f o r m e d b y t h e i r r a d i a t i o n of N p m a r e a c t o r . 
7 3 7 ? 3 A 

H o - w e v e r , i t i s f o r m e d b y t h e N p (n, 2n) N p r e a c t i o n w h i c h 
2 3 6 

d e c a y s b y b e t a e m i s s i o n t o P u . It s h o u l d b e s t r e s s e d t h a t 
T O / 

t h e r e i s n o -way of a v o i d i n g t h e f o r m a t i o n of P u m a r e a c t o r . 
? 3 6 2 0 8 

T a b l e I I I - 5 s h o w s t h e d e c a y c h a i n of P u t o P b w h i c h i s a 
2 08 212 

s t a b l e i s o t o p e . In t h i s c h a i n , T l a n d B i e m i t h i g h e n e r g y 

T A B L E I I I - 5 

D E C A Y C H A I N O F Pu^-^^ 

n 236 „ 232 „ T, 228 
- • 

- • 

2.85y 74y 

T, 228 „ „ 224 D 220 Th a ^Ra a ^ Rn 
1.9y 3.64cl 

56s 0 . 1 6 s 
T.208 

Pb21J ^ B i 2 1 2 / ^ ^ ^ < ; > Pb208 

- • 

10.6h X*^ 
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g a m m a r a y s and the d o s e r a t e r e s u l t i n g f r o m t h e s e two i so topes 
23 Q 

IS g r e a t e r than the unsh ie lded dose r a t e f r o m Pu , 2.1 y e a r s 
23 6 

af ter the f o r m a t i o n of Pu , see F i g u r e I l l - l . Since the ha l f -

100 

10 

0 1 

1 •- 1 

A b i U M K I I U I V i 

1 1 0 ppm OF Pu236 IN Pu238 ^ j j g 
2 10 kwt Pu238 

• 3 SEPARATION DISTANCE 10 ft 
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J 
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/ 
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f 

PJ 

— 

/ 

' ' • ^p , 

j\ 

/ 
Pu23 

/ 
/ 

) 

^ 
7\ 

/ 

/ 

_ j 

— 

> y 

— 

-

"«• 

— 

-

*>, 

**• 

N 

— 
— 
• N j 

S N, 
\ 

^^s 

0 1 10 
TIME(yi-) 

100 

7 S7 192 132 

F i g u r e I I I - l . Unshie lded Dose Rate a s a Func t ion of T ime 
f r o m 1.0 ppm of Pu23 6 m F*u23 8 

228 l i v e s of i s o t o p e s m the decay chain beyond Th , shown m 

Table I I I - 5 , a r e sho r t m c o m p a r i s o n to the p r e c e d i n g o n e s , the 
208 212 

ac t iv i ty of both TI and Bi i s dependent on the ac t iv i ty of 
228 238 

Th . The a v e r a g e e n e r g y of g a m m a r a y s f r o m Pu i s l e s s 
23 6 

than 0.9 Mev, w h e r e a s that r e s u l t i n g f r o m Pu i s equal to 
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T O / 

2 . 6 M e v . T h u s s i n c e t h e g a m m a r a y s f r o m P u a r e m o r e p c n e -
23 8 

t r a t m g t h a n t h o s e f r o m I-^^ , f o r a s h i e l d e d s y s t e m , t h e r a t i o 
2 3 6 23 8 

of t h e d o s e r a t e r e s u l t i n g f r o m P u t o P u w i l l b e g r e a t e r 

t h a n t h a t sho-wn m F i g u r e I I I - l . 

„ , . , f o , 23 8 , „ 244 
c . C r i t i c a l i t y of P u a n d C m 

A n o t h e r i m p o r t a n t s o u r c e i s d u e t o t h e i n d u c e d f i s s i o n i n g 
23 8 244 

of t h e r a d i o i s o t o p e f u e l . T h i s a p p l i e s o n l y t o F*u a n d C m 

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

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

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

i s e q u a l t o 

1 _ 1 + k 
n l - k 1 - k ,T, 

o . . . (2) 
w h e r e , 

n = n u m b e r of n e u t r o n s e m i t t e d m a m u l t i p l y i n g m e d i u m 

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

k = n e u t r o n m u l t i p l i c a t i o n f a c t o r (k < 1) 

T h i s m e a n s t h a t a r a d i o i s o t o p e h e a t s o u r c e w h i c h h a s a " k " 

l e s s t h a n o n e , i s s a f e a s f a r a s c r i t i c a l i t y i s c o n c e r n e d . H o w 

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

f r o m t h e r a d i o i s o t o p e h e a t s o u r c e i s n o t "n , " t h e n u m b e r of n e u -
^ o ' 

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

d e t e r m i n e d u s i n g v e r y s m a l l s o u r c e s , w h e r e " k " i s m u c h l e s s 

t h a n 0 . 0 1 , i n s t e a d , t h e c o r r e c t s o u r c e i s " n , " t h e n u m b e r of 

n e u t r o n s e m i t t e d m t h e m u l t i p l y i n g m e d i u m . F o r e x a m p l e , m a 

r a d i o i s o t o p e h e a t s o u r c e w i t h a k = 0 . 8 , n / n - 5, i . e . , t h e n u m 

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

m e d i u m i s 5 t i m e s t h a t o r i g i n a l l y p r e s e n t . 

In o r d e r t o d e t e r m i n e t h e " k " of t h e r a d i o i s o t o p e h e a t s o u r c e , 

c r i t i c a l i t y c a l c u l a t i o n s h a v e t o b e p e i p f o r m e d . T h e r e i s p r e s e n t l y 
23 8 

a l a c k of e x p e r i m e n t a l d a t a on n e u t r o n c r o s s s e c t i o n s f o r P u 
244 23 8 244 

a n d e s p e c i a l l y C m . C r o s s s e c t i o n s f o r b o t h P u a n d C m 
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have been g e n e r a t e d t h e o r e t i c a l l y us ing a n o n - s p h e r i c a l op t ica l 

m o d e l . The a g r e e m e n t wi th a few e x p e r i m e n t a l l y m e a s u r e d 
23 Q 

poin ts for Pu is good. Using these c r o s s s e c t i o n s , F i g -
2 3 0 

u r e 1II-2 p r e s e n t s the c r i t i c a l m a s s of b a s e s p h e r e s of Pu and 
244 (7 8) 238 

Cm . ' It m a y be noted that F*u h a s a s l ight ly lower c r i t -
239 244 

ica l m a s s than Pu and Cm h a s a h ighe r c r i t i c a l m a s s than P u 239 

200 

100 > \ 
X X 

N 
s. 

X 
\ l ^ 
\ s 

X 
Pu 

X . rm244 1 
' N < ^ ' 1 

" w X ^ 
X 

238' 
> 

^ 

^ , 
^ x^ " ^ 

• ^ 

1 
Pu239 1 

^̂ ^̂ ^ 

^̂ ^ 
^ 

*•;— 
1 

12 14 

DENSITY (gm/cc) 

n-2-65 

20 

Al-e5-02021 

F i g u r e I I I -2 . C r i t i c a l M a s s of Unref lec ted Cm244 
and Pu23 8 S p h e r e s 

D . SHIELDING 

The weight of the n u c l e a r shield r e q u i r e d to p r o t e c t e q u i p 

m e n t or p e r s o n n e l f r o m the r ad io i so tope s o u r c e r a d i a t i o n s i s a 

m a j o r c o n s i d e r a t i o n m the u t i l i za t ion of r ad io i so tope h e a t 

s o u r c e s . The weight of the shield r e q u i r e d i s a function of the 

following 

1) Rad io i so tope s o u r c e c h a r a c t e r i s t i c s 

2) F o r m the r ad io i so tope is m , i . e . , ox ide , e t c . 
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3) I m p u r i t i e s m the r ad io i so tope hea t s o u r c e . 

4) S y s t e m g e o m e t r y . 

5) Dose c r i t e r i a . 

a. Radia t ion S o u r c e s for Shielding A n a l y s i s 

F o r de ta i l ed shielding c a l c u l a t i o n s , Table 111-6 p r e s e n t s the 

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

for v a r i o u s photon e n e r g i e s . Table III-7 p r e s e n t s the n e u t r o n 

s o u r c e s t r e n g t h s for the neu t ron e m i t t e r s . F o r de ta i l ed a n a l y s i s , 

fuel s e l f - sh ie ld ing and i n t e r c a p s u l e shielding should be cons id 

e r e d . F i g u r e 111-3 p r e s e n t s the r a t i o of s e l f - sh i e lded to un -
X, TA A A ^ <- D 210 „ 238 , ^ 244 

shielded gamma ray dose rate lor Po , Pu , and Cm cap

sules . It may be noted that the capsule self-shielding is impor t 

ant, fur thermore , dose rate as a function of angle with capsule 

axis IS also important . 

TABLE III-7 

NEUTRON SOURCE STRENGTH 

Radioisotope 
Source Strength 

(n/sec-watt) 
% of Neutrons 

from (CL, n) 

Po^lO 

P u " « 
Cm^42 

„ 244 
Cm 

3.22 X 10^ 

5.18 X lO'* 

4.0 X 10^ 

4.55 X 10^ 

100 

91 

46.5 

3 

b . Shield Analysis 

For pre l iminary work, Figures 1II-4 through III-8 present 
u 1/1 f r- ^0 _ 90 ^ 147 „ 210 -

pa rame t r i c shielding curves lor Co , Sr , Pm , Po , and 
238 

I-*u . These curves do not include self - shielding, thus they 

should give conservative shield th icknesses . These curves p r e 

sent the thickness of uranium (or other shield mate r ia l s ) and l i th-
2 

lum hydride as a function of a shielding pa ramete r DS / P , and m 
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T A B L E II I -6 

GAMMA RAY SOURCE S P E C T R U M 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

U 

Rad io i so tope 

C o ^ " 

Sr9° 

Ru"'^' 

C s ' " 
^ 144 Ce 

D 147 

(wllh 0 25 ppm P m ) 

Tm'^0 

P o ^ ' " 

D 238 
P"-" 736 
(with 1 2 ppm P u ' ^ " ) 

r- 242 Cm 

^ 244 
Cm 

^ ^ - 4 ^ 

0 8 

1 5 

2 5 

4 0 

6 0 

Photon 
E n e r g y 
(Mev) 

1 17 

1 33 

0 25 

0 50 

0 80 

1 10 

1 40 

1 70 

2 00 

0 5 

1 0 

1 5 

2 5 

3 3 

0 66 

0 35 

0 90 

1 50 

2 15 

2 60 

0 12 

0 45 

0 7D 

0 2 

0 5 

0 8 

0 8 

1 day 

8 25 X l O ' 

1 2 X 1 O'' 

2 76 X l o ' 

3 5 x 1 0 ^ 

5 7 X l o ' 

0 6 

1 0 

1 5 

2 3 

2 8 

5 0 

0 8 

1 5 

2 5 

4 0 

6 0 

1 yr 

8 5 X 10^ 

1 27 X l o ' ' 

2 36 X lO"* 

3 5 x 1 0 ^ 

5 7 X l o ' 

P h o t o n s / s e c watt 

2 385 X l o ' ^ 

2 385 X l o ' ^ 

1 71 X l o " 

6 6 1 x l 0 ' ° 

1 96 x l o ' " 

6 10 X 10** 

1 65 X l o ' ' 

3 03 X 10^ 

2 08 X 10^ 

2 62 X l o ' ^ 

2 01 X l o " 

4 42 X l o ' " 

1 6 3 x 1 0 ' " 

8 26 X 10*" 

6 39 X l o ' ^ 

8 2 X l o " 

1 36 X l o " 

2 03 X l o ' ° 

9 64 X 10^ 

2 00 X 10^ 

3 1 X l o ' 

1 7 X l o ' ' 

1 7 x 1 0 ^ 

7 5 X l o " 

5 0 x 1 0 ' ° 

1 16 X l o ' 

1 45 X 10^ 

2 5 yr I 5 yr 

9 7 X l o ' ^ 

1 67 X lO"* 

1 16 X l o ' 

3 5 x 1 0 ^ 

5 7 X l o ' 

1 20 X 10^ 

2 46 X 10* 

3 0 x 1 0 ^ 

3 25 X 10^ 

5 5x l o ' 

1 8 x 1 0 ^ 

2 7 x 1 0 ^ 

1 29 X 10^ 

6 88 X lo' ' 

3 18 X 10* 

1 27 X 10* 

1 98 X lo' ' 

4 86 X lO*" 

1 61 X 10^ 

2 50 X 10^ 

3 88 X lO* 
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UNSH ELDED DOSE RATE 1 99 
AT 19 tl iTil 

30 « 50 60 70 

DEGREES FROM CAPSULE AXIS 

7 S7 192 133 

F i g u r e I I I - 3 . Effect of Se l f -Shie ldmg on 
G a m m a Ray Dose Rate for C a p s u l e s 
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10 6 t= 

^< 

1 1 1 1 n 

JRON (/>= 7.8 gm/cc) 

147 
Pm SOURCE, 
IRON SHIELD 

F i g 
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SHIELD THICKNESS (in.) 

7-S7-192-106 

u r e I I I -6 . P a r a m e t r i c Shielding for 
P m l 4 7 with 0.25 ppm P m l 4 6 ^ 

No P m l 4 8 
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10 g 1 1 1 T 1 1 1 ^ 10-" 
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TANTALUM ( p= 16.6 gm/cc) 
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-3 
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F i g u r e 111-7. P a r a m e t r i c Shielding for Po^^O 



LiH SHIELD THICKNESS (in.) 

4 6 8 10 12 14 
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^ 1 0 ' 
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F i g u r e I I I -8 . P a r a m e t r i c Shielding for Pu -̂ ^ 
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some c a s e s t h i s p a r a m e t e r i s mul t ip l i ed by, F or (1 - F) and 

(1 - k ) . The t e r m s a r e defined belo-w 

F = F r a c t i o n of dose r a t e f r o m g a m m a r a y s 

D = A v e r a g e dose r a t e , i . e . to ta l i n t e g r a t e d dose allo-wed 

d iv ided by m i s s i o n t i m e ( m r e m / h r ) 

P = T h e r m a l po-wer (-watts) 

S = Effect ive s e p a r a t i o n d i s t a n c e (ft) 

/ ! " . 

S T / S ^ 
1 1 1 

T = R e s i d e n c e t i m e at S 
1 1 

S = S e p a r a t i o n d i s t ance (ft) 

k = Neut ron m u l t i p l i c a t i o n fac tor 

238 
The ( 1 - k ) t e r m i s only used for the Pu neu t ron shield 

t h i c k n e s s , and it i s the c o r r e c t i o n for the neu t ron s u b c r i t i c a l 

m u l t i p l i c a t i o n f a c t o r . It is not used for the g a m m a shield t h i ck 

n e s s s ince the dose r a t e f r o m spon taneous f i s s ion and induced 

f i s s ion g a m m a r a y s i s m u c h l e s s than that of decay g a m m a r a y s 

of Pu^^^ (and P u ^ ^ ^ ) . 

210 2^8 

F o r both P o and P u , us ing a value of 0.7 for " F " -will 

r e s u l t m a m i n i m u m -weight. Th i s app l i e s for s lab g e o m e t r y and 

could be used for p r e l i m i n a r y -work. F i g u r e s III-4 to III-8 m a y 

be used a s follo-ws 

1) F o r Co , Sr , P m , ca l cu la t e DS / P , and f r o m 

F i g u r e s III-4 to I I I -6 , the shield r e q u i r e d m a y be d e t e r m i n e d . 

2a) F o r P o ^ ^ ° , us ing F i g u r e III-7 ca l cu la t e ( 1 - F ) D S ^ / P , 

-where F i s equal to 0.70. If th is quanti ty i s l e s s than 
-2 2 

3.9 X 10 , then ca lcu la t e FDS / P and d e t e r m i n e the u r a n i u m 
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(or t an t a lum) and the l i t h ium hydr ide shield t h i c k n e s s e s 

r e q u i r e d . 

2 -2 
2b) If the e x p r e s s i o n ( I - F ) D S / P i s g r e a t e r than 3.9 x 10 , 

2 
and the e x p r e s s i o n DS / P is l e s s than 1.9, then no l i t h ium 

hyd r ide shield -will be r e q u i r e d , and the u r a n i u m (or t a n t a 

lum) shield t h i c k n e s s should be d e t e r m i n e d by ca lcu la t ing 

the follo-wmg 

i : ! D s ! ^ D s i _ 3 _ g ^ j „ - 2 

-where. 

F = effective f rac t ion of dose f r o m g a m m a r a y s . 

Then us ing th i s e x p r e s s i o n m F i g u r e III-7 -will yield the u r a 

n i u m (or t a n t a l u m ) shield t h i c k n e s s r e q u i r e d . 

2 

2c) If DS / P IS g r e a t e r than 1.937, no shie ld -will be r e 

qui red at a l l . 

23 8 2 
3a) F o r Pu , ca l cu la t e FDS / P , aga in F i s equal to 0.7. 

23 8 
If th i s quant i ty i s l e s s than 0.17 (as suming Pu aging of 
2.5 y e a r s ) , then use F i g u r e I1I-8. 

2 
3b) If the e x p r e s s i o n F DS / P i s g r e a t e r than 0.17 and the 

2 
e x p r e s s i o n ( l - k ) D S / P i s l e s s than 0 .61 , then no u r a n i u m 

shie ld -will be r e q u i r e d . The l i t h ium hyd r ide shield t h i ck 

n e s s should be d e t e r m i n e d by ca lcu la t ing the follo-wmg 

(1 - k)(l - F M 5 S _ , (1 . k ) | ^ - 0.17 

Then us ing th i s e x p r e s s i o n m F i g u r e III-8 -will y ie ld the l i t h 

i um hyd r ide t h i c k n e s s . 
2 

3c) If the e x p r e s s i o n (1 - k)DS / P i s g r e a t e r than 0.78, no 

shield -will be r e q u i r e d at a l l . 
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c. Shield E x a m p l e 

An example is p r e s e n t e d to sho-w the c o m p a r a t i v e shielding 

r e q u i r e d for t he se r a d i o i s o t o p e s . Cons ide r a 5000--watt r a d i o 

i so tope hea t s o u r c e , -where the dose r a t e r e q u i r e m e n t i s 

5 m r e m / h r at a s e p a r a t i o n d i s t ance of 10 ft. Using F i g u r e s 111-4 

to n i - 8 . Table III-8 p r e s e n t s the shielding r e q u i r e d . 

TABLE II I -8 

SHIELD REQUIREMENT FOR A 5000-WATT SOURCE 
AND 5 m r e m / h r AT 10 F E E T 

U r a n i u m T h i c k n e s s 
(m. ) 

LiH T h i c k n e s s 
(m. ) 

C o 

5.73 

-

c 90 Sr 

3 .2 

-

D 147 P m 

0.74 

-

Po21° 

0.8 

0 .5 

P u " S 

0.29 

6.9 

? 3 ft 
Th i s app l i e s to Pu aged 2.5 y e a r s . If it is aged 1 day , 
1 y e a r and 5 y e a r s , the u r a n i u m shielding r e q u i r e d -will be 
0.13, 0.15, and 0.48 m . r e s p e c t i v e l y . 

238 
It m a y be noted that n a t u r a l oxygen was used for the Pu 

16 2 3 8 16 

If pu re O w e r e used to m a k e Pu O^ , then the l i t h ium hy

d r i d e shield of 6.9 in. could be r educed to only 0.9 in. 

o_ 

E. CRITERIA FOR RADIOISOTOPE SELECTION 

C r i t e r i a used m the se lec t ion of a r ad io i so tope for a hea t 

s o u r c e wil l depend on the app l i ca t ion . Sc reen ing th rough v a r i 

ous r a d i o i s o t o p e s , s e l ec t ion wil l be based on the fol lowing. 

a. Half-Life 

The half-Iife of the r ad io i so tope h a s to be suff icient ly long 

such that the begmnmg-of- l i fe (BOL) power is not m u c h g r e a t e r 

than the end-of-life (EOL) t h e r m a l power r e q u i r e d . If sho r t half-

life r a d i o i s o t o p e s a r e u s e d , power (or t e m p e r a t u r e ) f la t tening 

d e v i c e s wi l l be r e q u i r e d , which wil l r e d u c e the r e l i a b i l i t y of the 

hea t s o u r c e . Stockpi l ing, encapsu l a t i on t i m e , and m i s s i o n de lay 

t i m e m addi t ion to the m i s s i o n t ime should be c o n s i d e r e d . 
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b . P o w e r D e n s i t y 

High po-wer dens i ty is p r e f e r r e d s ince low fuel volume r e 

su l t s in a low weight sh ie ld . The power d e n s i t y should be 

g r e a t e r than O.I w a t t s / c m m o r d e r to keep the hea t s o u r c e to 

a r e a s o n a b l e s i z e . 

c . F u e l Compos i t ion 

A fuel f o r m should be s e l e c t e d tha t i s n o n - c o r r o s i v e , 

compa t ib le wi th s t r u c t u r a l m a t e r i a l s , s tab le m t i m e , and in 

soluble m w a t e r . It should a l s o exhibi t good c h e m i c a l s tab i l i ty 

and good eng inee r ing p r o p e r t i e s at h igh t e m p e r a t u r e s . Table I I I - l 

p r e s e n t s the r e c o m m e n d e d fuel f o r m s for the cand ida te r a d i o i s o 

tope s. 

d. P h y s i c a l P r o p e r t i e s 

The fuel h a s to have a high me l t i ng point , d i m e n s i o n a l s t a 

b i l i ty , and low vapor p r e s s u r e . These p r o p e r t i e s a r e i m p o r t a n t 

both dur ing o p e r a t i o n and for safety a n a l y s i s . 

e . Shielding R e q u i r e m e n t 

Depending on the app l i ca t ion , i . e . , manned or unmanned , 

the shie lding r e q u i r e m e n t i s e x t r e m e l y i m p o r t a n t . The r a d i o 

i so tope s e l ec t i on should c o n s i d e r the shielding r e q u i r e d , s ince 

th i s could v a r y by a few o r d e r s of magn i tude m weight . Again , 

e c o n o m i c f a c t o r s and -weight c o n s t r a i n t s m a y influence the s e l e c 

t ion of the r a d i o i s o t o p e . 

f. Cos t and Ava i lab i l i ty 

The r a d i o i s o t o p e m u s t be ava i l ab le m quan t i t i e s d e s i r e d , 

at the t i m e specif ied and at a r e a s o n a b l e cos t . F u e l c o s t s 

m u s t be compe t i t i ve with o the r e n e r g y s o u r c e s . The cos t of 

r a d i o i s o t o p e s i s high p e r wat t , h o w e v e r , when one c o n s i d e r s 

m o r e f a i r l y the cos t p e r w a t t - y e a r , and, f u r t he r , when the r e l i 

ab i l i ty IS a l s o t aken into accoun t , a m o r e a c c u r a t e a s s e s s m e n t 

of r ad io i so topes can be m a d e . 
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g. N u c l e a r Safety C o n s i d e r a t i o n s 

Rad io i so tope hea t s o u r c e s r e p r e s e n t a po ten t ia l h a z a r d s ince 

l a r g e quan t i t i e s of r ad ioac t ive m a t e r i a l s m u s t be c o n c e n t r a t e d m 

a s m a l l v o l u m e . Due to th i s po ten t ia l d a n g e r , one of the m o s t 

i m p o r t a n t p a r t s of the r ad io i so tope hea t s o u r c e des ign is to e n g i 

n e e r the c a p s u l e s such that a solut ion of the n u c l e a r safety p r o b 

l e m IS ach i eved . 

When a r a d i o i s o t o p e is to be se lec ted for a p a r t i c u l a r a p p l i 

ca t ion , a l l the above c r i t e r i a have to be c o n s i d e r e d . Sc reen ing 

th rough the v a r i o u s po ten t ia l r a d i o i s o t o p e s , one is s e l ec t ed -which 

IS u s u a l l y a c o m p r o m i s e . Once the r ad io i so tope is s e l e c t e d , then 

the e n g i n e e r i n g should include the n u c l e a r safety a s p e c t s . 

F . NUCLEAR SAFETY 

Safety c o n s i d e r a t i o n s play an i m p o r t a n t p a r t m the choice of 

r a d i o i s o t o p e s for s p a c e , land, or u n d e r w a t e r a p p l i c a t i o n s . An 

a c c i d e n t a l r e l e a s e of r a d i o i s o t o p e s migh t c r e a t e a h a z a r d o u s con

di t ion m loca l i zed a r e a s . B e c a u s e of th i s po ten t ia l d a n g e r , an 

i m p o r t a n t p a r t of e v e r y r ad io i so tope hea t s o u r c e p r o g r a m is to 

eva lua t e and solve the n u c l e a r safety p r o b l e m . 

T h e r e a r e t h r e e b a s i c g e n e r a l des ign gu ide l ines 

1) Des ign for comple te con ta inment of r ad io i so tope unde r 

a l l cond i t i ons . 

2) If comple te con ta inmen t is i m p o s s i b l e , des ign for d i s 

p e r s a l and diffusion of the fuel such that it is w i thm the m a x 

i m u m p e r m i s s i b l e c o n c e n t r a t i o n . 

3) Define an exc lus ion a r e a w h e r e acc iden ta l r e l e a s e s 

m a y occur (such a s l aunch p a d s ) . 

F o r space m i s s i o n s , n u c l e a r safety a n a l y s i s h a s to be p e r 

fo rmed f r o m the t ime the r ad io i so tope is p roduced up to the t ime 

c a p s u l e s a r e d i sposed of. 
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a. F u e l Capsu le F a b r i c a t i o n 

Th i s phase inc ludes the r ad io i so tope p roduc t ion to the final 

a c c e p t a n c e t e s t i ng of the c a p s u l e s . Dur ing a l l t h i s pe r i od it h a s 

to be a s s u r e d that p e r s o n n e l do not r e c e i v e high r a d i a t i o n l e v e l s 

dur ing n o r m a l and acc iden ta l condi t ions (such a s s p i l l s ) . In th i s 

p e r i o d , the r ad io i so tope is pur i f ied , u s u a l l y p r e s s e d and s i n t e r e d , 

e n c a p s u l a t e d , -welded, l eak checked , and a c c e p t a n c e t e s t e d . 

b . T r a n s p o r t a t i o n to Launch Site 

When the c a p s u l e s a r e t r a n s p o r t e d to the launch s i t e , safety 

a n a l y s i s i s p e r f o r m e d to a s s u r e that m ca se of an acc iden t or 

f i r e , the c a p s u l e s wi l l not b r e a k , r e l e a s i n g the fuel . 

c . P r e l a u n c h Ac t iv i t i e s 

Again , safety a n a l y s i s is m a d e for e ach phase of t r a n s p o r t 

ing the c a p s u l e s f r o m the veh ic le that b rought t h e m to t h e i r in

s t a l l a t ion m po-wer g e n e r a t o r . The m a j o r po ten t ia l a cc iden t 

m o d e s a r e 

a) L o s s of fuel capsu le cool ing. 

b) I nadve r t en t d ropping of fuel c a p s u l e s . 

c) Bending of fuel capsu le m the loading d e v i c e , r e s u l t i n g 

m a b n o r m a l m e c h a n i c a l f o r c e s -which could r u p t u r e the c a p 

s u l e s . 

d. F l igh t Safety 

F l igh t safety inc ludes f rom launch to pos t r e e n t r y of fuel 

c a p s u l e s . In the launch to o rb i t in ject ion p h a s e , the m a j o r p o 

t en t i a l a c c i d e n t s a r e 

a) P r o p e l l a n t explos ion a n d / o r f i re 

b) C o r r o s i v e a t t ack by m i s s i l e fuel, f r e s h - w a t e r , sa l t 

w a t e r , o r a t m o s p h e r e 

c) T h e r m a l shock 
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d) Mechan ica l shock due to h igh -ve loc i t y i m p a c t on a 

v a r i e t y of s u r f a c e s l ike c o n c r e t e , so i l , r o c k , w a t e r , e t c . 

e) A t m o s p h e r i c hea t ing and ab la t ion f o r c e s . 

f) E x c e s s i v e l y high fuel capsu le t e m p e r a t u r e due to e a r t h 

or veh ic le d e b r i s i n su la t ion . 

In the m i s s i o n o p e r a t i o n a l p h a s e , the p r i n c i p a l o p e r a t i o n a l 

acc iden t mode for fuel capsu le r u p t u r e is l o s s of coo l ing . 

In the r e e n t r y p h a s e , t-wo p r i n c i p a l acc iden t m o d e s m u s t be 

c o n s i d e r e d . 

a) L o s s of fuel m a t e r i a l con ta inmen t du r ing r e e n t r y due 

to a e r o d y n a m i c hea t ing and ab la t ion f o r c e s , with s ignif icant 

l o s s of fuel m a t e r i a l to the a t m o s p h e r e p r i o r to i m p a c t . 

b) L o s s of fuel m a t e r i a l con ta inment at i m p a c t . 

In the p o s t - r e e n t r y p h a s e , a s s u m i n g fuel con ta inmen t t h rough 

i m p a c t , the next m a j o r c o n c e r n is the pos s ib i l i t y of subsequen t 

capsu le r u p t u r e due to m o r e l o n g - t e r m p o s t - i m p a c t ef fec ts such 

a s c o r r o s i o n of capsu le wal l on land or s ea , and soi l b u r i a l . 

All the above have to be ana lyzed with p r o b a b i l i t i e s of m a l 

funct ions and fuel r e l e a s e d , the quan t i t i e s and l oca t i ons of fuels 

tha t m igh t be r e l e a s e d , and t h e i r b io log ica l i m p a c t on the popu la 

t ion . If m a x i m u m p e r m i s s i b l e c o n c e n t r a t i o n (MPC) of tha t p a r 

t i c u l a r r ad io i so tope m a i r and w a t e r h a s not been e x c e e d e d , fu r 

t h e r m o r e if the dose to the g e n e r a l populat ion h a s not exceeded 

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

the m i s s i o n wil l be a c c e p t a b l e . 
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2. RADIOISOTOPE CAPSULE DESIGK 

The p r a c t i c a l app l i ca t ion of r a d i o i s o t o p e s r e q u i r e s con t a in 

m e n t of the r a d i o a c t i v e m a t e r i a l . Th i s con ta ine r is r e f e r r e d to 

a s a c a p s u l e . The m a j o r goal of the capsu le a n a l y s i s and des ign 

i s to evolve a m i n i m a l weight des ign that s a t i s f i e s the e n v i r o n 

m e n t a l r e q u i r e m e n t s . 

A typ ica l capsu le i s c o m p r i s e d of the fuel, a c ladding d e 

signed to contain i t , and a p r o t e c t o r for the cladding a s shown in 

F i g u r e s 1II-9 and 111-10. F o r high t e m p e r a t u r e advanced hea t 

s o u r c e s , r e f r a c t o r y m e t a l s a r e used for the c l add ings , and the 

p r o t e c t o r s e r v e s a s an oxidat ion b a r r i e r for t h e s e r e a d i l y ox i 

dized m a t e r i a l s . B e c a u s e of the pos s ib l e m a t e r i a l so lubi l i ty of 

the r e f r a c t o r y m e t a l s and the oxidat ion p r o t e c t o r , a b a r r i e r i s 

COATING 

6090-5196 CNA 

F i g u r e I I I -10 . P r o t o t y p e R e f r a c t o r y Alloy Capsu l e 
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p laced bet-ween the t-wo to p r e v e n t mte rd i f fus ion . F o r n o r m a l o p 

e r a t i o n , the h e l i u m bui ldup i s the m o s t i m p o r t a n t s ingle fac to r m 

d e t e r m i n i n g capsu le weight . This weight i s dependen t on v o i d - t o -

fuel v o l u m e , capsu le s i z e , m i s s i o n d u r a t i o n , and ope ra t ing t e m 

p e r a t u r e . 

A. THERMAL ENVIRONMENT 

1. N o r m a l Ope ra t ion 

In l a r g e r ad io i so tope s y s t e m s , o p e r a t i o n a l r e q u i r e m e n t s to 

load and unload the fuel dur ing s y s t e m checkout , d e l i v e r y , and 

l aunch pad o p e r a t i o n s r e q u i r e r ad i a t i ve coupling bet-ween the fuel 

c a p s u l e s and the hea t r e ce iv ing m e m b e r of the power c o n v e r s i o n 

s u b s y s t e m . The capsu le ope ra t ing t e m p e r a t u r e i s d e t e r m i n e d by 

the power d e n s i t y , the su r face e m i s s i v i t y , and the c o n v e r s i o n 

cycle r e c e i v e r t e m p e r a t u r e (for e x a m p l e , the b o i l e r m a rank ine 

cyc le ) . The ope ra t ing t e m p e r a t u r e can be ca lcu la ted f r o m the 

f a m i l i a r 

P 4 4 
— = a e ( T - T ) A ^ - ^ C R ' 

w h e r e 

P = capsu l e power 

A = c a p s u l e a r e a 

O" = Bo l t zmann cons tan t 

e = e m i s s i v i t y 

T_ = c a p s u l e t e m p e r a t u r e 

T_ = r e c e i v e r t e m p e r a t u r e . 
R 

Capsu le t e m p e r a t u r e as a function of s u r f a c e power dens i ty 

for r e c e i v e r t e m p e r a t u r e s of 1000 and 1500°F is shown m F i g 

u r e I I I - 1 1 . This s a m p l e ca l cu la t ion u s e d a s u r f a c e e m i s s i v i t y 

of 0.8 which is r e p r e s e n t a t i v e of m e t a l ox ides at the ind ica ted 

t e m p e r a t u r e s . 
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2. In A i r 

D u r i n g ground handl ing o p e r a t i o n s , -when exposed to c o n v e c -

t ive cooling to the a t m o s p h e r e , the capsu le t e m p e r a t u r e s wi l l be 

l e s s than the n o r m a l ope ra t ing t e m p e r a t u r e defined by r ad i a t i ve 

hea t t r a n s f e r . In the a t m o s p h e r e the t e m p e r a t u r e is d e t e r m i n e d 

f r o m 

f = c r . ( T ^ 4 - T ^ 4 ) + h ( T ^ - T J 

convec t ive hea t t r a n s f e r coefficient 

a m b i e n t t e m p e r a t u r e . 

Capsu le t e m p e r a t u r e a s a function of su r face po-wer d e n s i t y 

i s shown in F i g u r e III-11 for a r e p r e s e n t a t i v e n a t u r a l convec t ion 
2 

hea t t r a n s f e r coefficient of 1 B t u / h r - f t - ° F . 

Even though the capsu le t e m p e r a t u r e is lo-wer in a i r than in 

v a c u u m , the t e m p e r a t u r e l i m i t of the capsu le m a t e r i a l s can be 

equa l ly or m o r e r e s t r i c t i v e due to c o n s i d e r a t i o n of oxida t ion . 

3 . E a r t h B u r i a l 

In the event of capsu le i m p a c t into soft soi l at t e r m i n a l v e 

loc i ty , the capsu le -will b u r y to d i s t a n c e s of a few inches to a few 

feet depending upon the capsu le ve loc i ty , i t s a t t i t ude , and the 

p r o p e r t i e s of the so i l . Since d r y soi l h a s a low t h e r m a l conduc 

t iv i ty , of the o r d e r of 0.2 B t u / h r - f t - ° F , the capsu le i s v i r t u a l l y 

in su la t ed and i t s su r face t e m p e r a t u r e r i s e s a c c o r d i n g l y . 

It i s i m p o s s i b l e to obtain a c losed ana ly t i ca l solut ion for the 

s u r f a c e t e m p e r a t u r e of a bu r i ed finite c y l i n d r i c a l i so tope c a p 

s u l e . It i s , h o w e v e r , s imp le to obtain the solut ion for a bu r i ed 

s p h e r e . The t e m p e r a t u r e d i s t r i b u t i o n a round an inf ini te ly bu r i ed 

s o u r c e of p o w e r , P , i s : 

T ( r ) = - ~ — -f T 
47rKr a 

v /here 

h 

T 
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-where 

T ( r ) = soi l t e m p e r a t u r e at d i s t ance r 

r = d i s t a n c e f r o m s o u r c e P 

The su r face t e m p e r a t u r e of a s p h e r i c a l capsu le of r a d i u s R „ i s : 

= + T 
C 4-7rKR^ a 

The t e m p e r a t u r e of s p h e r i c a l c a p s u l e s of v a r i o u s r a d i i a r e sho-wn 

a s a function of capsu le su r face power dens i ty in F i g u r e I I I - l 1. 

The t e m p e r a t u r e d i s t r i b u t i o n a round a finite cy l inder h a s 

been ca l cu la t ed by m e a n s of a d ig i ta l c o m p u t e r code . The n o r -
210 m a l i z e d t e m p e r a t u r e d i s t r i b u t i o n a round a t yp ica l Po capsu l e 

i s shown in F i g u r e I I I -12 . It was found that the t e m p e r a t u r e of 

an equ iva len t s p h e r e , i . e . , s a m e a r e a and power , a g r e e d -with 

0 8 12 16 2.0 

DISTANCE FROM CAPSULE CENTER (m ) 

7-S7-192-135 

F i g u r e I I I -12 . N o r m a l i z e d T e m p e r a t u r e D i s t r i b u t i o n Around 
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the c o m p u t e r r e s u l t s for cy l i nd r i ca l c a p s u l e s when r educed by a 

fac to r of 1.15. The a g r e e m e n t without the n o r m a l i z a t i o n is p r o b 

ably a l e s s e r e r r o r than m the soil conduct iv i ty v a r i a t i o n s . 

The high t e m p e r a t u r e s that can r e s u l t f r o m e a r t h b u r i a l in 

t r o d u c e c r i t i c a l r e q u i r e m e n t s for capsu le compa t ib i l i t y wi th n e a r 

m o l t e n so i l , and for oxida t ion r e s i s t a n c e . 

4 . S u m m a r y 

It can be seen f r o m F i g u r e III-11 that the m o s t s t r i n g e n t 

t h e r m a l e n v i r o n m e n t can be imposed m the event of capsu le 

b u r i a l m d r y so i l . The t e m p e r a t u r e and compa t ib i l i ty l i m i t s of 

the app l i cab le m a t e r i a l s can r e s t r i c t a l lowable capsu le su r face 

power d e n s i t y if e a r t h b u r i a l i s a c r ed ib l e a c c i d e n t . The pena l ty 
23 8 

IS not g r e a t m the ca se of the low power dens i ty Pu but i s a 
210 

s e v e r e r e s t r i c t i o n on the a l lowable loading for Po 

B . PRESSURE BUILDUP 

The a lpha p a r t i c l e i s an e n e r g e t i c , ionized h e l i u m a t o m , 

thus e n e r g y r e l e a s e th rough alpha decay r e s u l t s m He gas g e n e r a 

t ion and p r e s s u r e bui ldup m a c losed c o n t a i n e r . Since the a lpha 

emi t t i ng i s o t o p e s a r e a l l of about the s a m e e n e r g y , i . e . , about 

5.5 Mev, the h e l i u m produc t ion p e r wa t t - s ec of e n e r g y i s about 
-13 

the s a m e . Since 1 Mev = 1.6 x 10 w a t t - s e c , e a c h a lpha p a r -
-13 

t i d e y ie lds about 8.8 x 10 w a t t - s e c 
or 

12 
1 w a t t - s e c = 1.15 x 10 h e l i u m a t o m s 

12 
1 w a t t - s e c = -^ = 1.9 X 10 m o l e s of He gas 

6.03 X 10^-^ 

The i n t e g r a l of e n e r g y p roduced by a r ad io i so tope s o u r c e of 

power P at t i m e z e r o is 

286 



-where 

0.6925 ^'^'^ 

T, ,-, = the i so tope half-life - s e c . 

The gas p roduc t ion , n( t ) , p e r wa t t a s a function of t i m e is 

n(t) ,, „ , „ - 1 2 , ^ , , - t /T, , 
-^—^ = (1.9 X 10 ) T ( 1 - e ) m o l e s 

o 

and the to ta l gas evolut ion at t » T IS 

n _, ^ 
~ = (1.9 X 1 0 ' ^ ^ ) r m o l e s of He 

o 

The p r e s s u r e a s a function of t i m e can be ca lcu la ted f r o m the 

gas law 

PV = n R T „ v C 

w h e r e 

P = capsu le p r e s s u r e 

V = capsu le void vo lume 
V ^ 

R = gas cons t an t 

n(t) = m o l e s of He g e n e r a t e d at t ime (t) 

T = capsu le t e m p e r a t u r e . 

The gas g e n e r a t i o n r a t e i s d i r e c t l y p r o p o r t i o n a l to the capsu le 

power and i s e s s e n t i a l l y independent of the alpha i so tope c o n s i d 

e r e d . The to ta l gas g e n e r a t e d by a given in i t ia l capsu le power i s , 

h o w e v e r , d i r e c t l y p r o p o r t i o n a l to the i so tope half- l i fe . 

Since the a t o m dens i ty of the v a r i o u s fuel f o r m s i s about the 

s a m e , the to ta l gas g e n e r a t e d p e r unit vo lume of fuel is about the 

s a m e . Speci f ica l ly 
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^ - (1.9 X 10-12)3^^^ _ ^ - t / T ) 

F 

w h e r e 

S = fuel power dens i ty ( w a t t s / c c ) 

V ^ = fuel vo lume 
F 

The p r e s s u r e bui ldup P(t) a s a function of t ime at s t a n d a r d t e m 

p e r a t u r e (273 °K) is then 

S T ( 1 - F )V (1.9 X 10-12) 
P( t ) = ^^-^ (1 - e - ' ^^ ) 

V 

w h e r e 

V = m o l a l vo lume at 273°K, 22,400 cc o 

F = capsu le void f rac t ion 
V 

F o r p lu ton ium 

(1 - F ) , 
P( t ) = 650 — — { 1 - e - '"^) a t m o s . 

V 

The u l t i m a t e p r e s s u r e is a l m o s t independent of the a lpha i s o 

tope m ques t ion but is a d i r e c t function of the capsu le void f r a c 

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

the i so tope half-life ( i . e . about 3 T ) . 

C. T E M P E R A T U R E AND PRESSURE VS TIME 

The p o w e r , t e m p e r a t u r e , and p r e s s u r e of the capsu le a r e a l l 

va ry ing wi th t i m e . F o r e x a m p l e , s ince 

P -t /r 

the t e m p e r a t u r e , unde r r a d i a t i v e hea t r e j e c t i on i s 
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and the gas bui ldup is 

n , - t /T 
= 1 - e 

n 

The capsu le p r e s s u r e i s p r o p o r t i o n a l to nT or 

P n T ,, - t / T , - t / 4 T 
5r - = — — M l - e )e 

oo oo o 

This function r e a c h e s a m a x i m u m at t / r = 1.6. The t i m e d e 

penden t b e h a v i o r of a r a d i a t i v c l y cooled capsu le is i l l u s t r a t e d in 

F i g u r e 111-13. A conduct ion cooled capsu le r e a c h e s m a x i m u m 

p r e s s u r e at t /T = 1. 

D . F U E L FRACTION 

The capsu le t e m p e r a t u r e is a function of cooling r e g i m e and 

fuel load ing . The capsu le gas p r e s s u r e bui ldup is p r i m a r i l y a 

function of fuel or void f r ac t ion . The r e l a t i v e i m p o r t a n c e of the 

t e m p e r a t u r e and p r e s s u r e dependence on fuel f r ac t ion can be i l 

l u s t r a t e d by the e x a m p l e shown m F i g u r e 111-14. The capsu le is 

a 3 - c m r a d i u s s p h e r e with a wal l t h i c k n e s s of 0.5 c m . As d i s 

c u s s e d e a r l i e r , the u l t ima te p r e s s u r e is a l m o s t independent of 
23 8 210 

fuel f o r m , i . e . Pu or Po . The power dens i ty d i f f e r ence , 

ho-wever, h a s a m a r k e d effect on the a l lowable fuel f r ac t ion for a 

given t e m p e r a t u r e l i m i t . F r o m F i g u r e III-14 it can be seen that 
21 0 

Po c a p s u l e s a r e s t rong ly hea t t r a n s f e r l imi t ed and p r e s s u r e 
2 3 8 

bui ldup IS not a s e v e r e p r o b l e m . Howeve r , Pu c a p s u l e s a r e 
p r o b a b l y p r e s s u r e l i m i t e d . It should be noted that the long half-

23 8 
life of Pu a l s o r e s u l t s m p r e s s u r e at high t e m p e r a t u r e for at 

210 
l e a s t a fac to r of 100 l onge r d u r a t i o n than in the c a s e of a Po 

c a p s u l e . 
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Figure III-13. Time Dependent Behavior of a Radiatively Cooled Reactor 
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E . CONTAINER MATERIAL EVALUATION AND SELECTION 

The cladding which is to contain the fuel m u s t m e e t a l l the 

p e r f o r m a n c e and e n v i r o n m e n t a l r e q u i r e m e n t s . B e c a u s e of the 

high s t r e s s and t e m p e r a t u r e s that m u s t be wi ths tood for long 

p e r i o d s of t i m e , only the r e f r a c t o r y m e t a l s a r e r e a s o n a b l e 

cho ices for the s t r u c t u r a l c ladding . Since t he se m e t a l s oxidize 

r ap id ly , they m u s t be p r o t e c t e d by an o x i d a t i o n - r e s i s t a n t a l loy at 

a l l t i m e s . The u s e of a s e c o n d a r y cladding r e l i e v e s the s t r u c 

t u r a l c ladding of the oxidat ion and c o r r o s i o n e n v i r o n m e n t a l r e 

q u i r e m e n t s , but i m p o s e s a compa t ib i l i t y r e q u i r e m e n t wi th fuel 

and ou te r c ladd ing . The outer cladding thus a s s u m e s the b u r d e n 

of r e s i s t i n g al l the hos t i l e e n v i r o n m e n t s and m u s t r e m a i n in tac t 

even af ter i m p a c t on g r a n i t e . Th i s s e p a r a t i o n of the b a s i c r e 

q u i r e m e n t s wil l be u sed a s the b a s i s for the se l ec t ion of the two 

c l a d d i n g s . 

1. S t r u c t u r a l Con ta ine r 

The bui ldup of h e l i u m p r e s s u r e at the ope ra t ing t e m p e r a t u r e 

p r o d u c e s h igh s t r e s s e s tha t m u s t be -withstood for at l e a s t the 

pe r i od of n o r m a l o p e r a t i o n . At t e m p e r a t u r e s above about 1500°F , 

the s t r e s s l e v e l s , t e m p e r a t u r e , and t i m e s e l i m i n a t e a l l m a t e r i a l s 

excep t a l loys of the r e f r a c t o r y m e t a l s c o l u m b i u m , m o l y b d e n u m , 

t a n t a l u m , and tungs t en . Tungs ten a l loys a r e a l l b r i t t l e , h a r d to 

f a b r i c a t e and difficult to weld , and, s ince t h e r e a r e no c o m m e r 

c ia l ly ava i l ab l e tungs ten a l loys m the r e q u i r e d conf igura t ion , they 

can be e l im ina t ed f r o m fu r the r c o n s i d e r a t i o n . Cb-752 (Cb-lOW -

2.5 Z r ) , T Z M ( M o - 0 . 5 Ti - 0.08 Z r ) , and T - 2 2 2 ( T a 9.6W - 2.4 Hf) 

a r e the b e s t c o m m e r c i a l l y ava i l ab le a l loys of Cb, Mo, and Ta , 

r e s p e c t i v e l y , and the se l ec t ion of a s t r u c t u r a l m a t e r i a l is l imi t ed 

to a choice be tween these t h r e e m a t e r i a l s . 

a. M a t e r i a l s P r o p e r t i e s 

Ul t imate t e n s i l e s t r e n g t h s of t he se t h r e e a l loys a r e shown m 

F i g u r e 111-15 plot ted aga in s t t e m p e r a t u r e in both the s t r e s s -

r e l i e v e d condi t ion and the r e c r y s t a l l i z e d condi t ion. Both T Z M 
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F i g u r e I I I -15 . U l t ima te Tens i l e S t r eng ths 
of C b - 7 5 2 , TZM, and T-222 

and T-222 a r e s t r o n g e r than Cb-752 . T h i s , p lus the t endency 

for m e t a l l u r g i c a l i n s t ab i l i t y of c o l u m b i u m a l loys dur ing long-

t e r m s e r v i c e , e l im ina t ed Cb-752 f r o m fu r the r c o n s i d e r a t i o n . 

Co lumbium a l l oys g e n e r a l l y p r e c i p i t a t e a second phase a f te r long 

t i m e s at h igh t e m p e r a t u r e s . This second phase s t r e n g t h e n s the 

a l loy but a l s o m a k e s it b r i t t l e so that it p robab ly -would f r a c t u r e 

on i m p a c t . 

L o n g - t e r m s t r e s s r u p t u r e s t r eng th , h o w e v e r , is m u c h m o r e 

i m p o r t a n t to capsu le des ign than s h o r t - t i m e u l t i m a t e t e n s i l e 

s t r e n g t h . Ava i l ab le s t r e s s r u p t u r e da ta for T Z M and T-222 (plus 

f o r e r u n n e r a l loys Ta - 1OW and T - l l I ) have been obtained m 

f rom 10- to 1000-hr t e s t s at 2600 to 3 0 0 0 ° F . The L a r s o n - M i l l e r 

p a r a m e t e r can be used to e x t r a p o l a t e th is da ta to the r eg ion of 

i n t e r e s t for fuel capsu le de s ign . A b e s t fit to the ex i s t ing da ta 
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for T Z M IS shown m F i g u r e 111-16 and for T-222 m F i g u r e I I I -17 . 

F r o m these f i g u r e s , the s t r e s s r u p t u r e s t r e n g t h p e r uni t weight 

for T Z M and T-222 can be e s t i m a t e d . These e s t i m a t e s for 5 .5-

y e a r life a r e shown m F i g u r e I I I -18 . 

c: 
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1̂  1800 
m 1700 
S 90 
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10 
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RECRYSTALLIZED 

"MATERIAL 

MATERIAL 
SHAPE CONDITION 

SHEET RECRYSTALLIZEE 
BAR RECRYSTALLIZED] 
SHEET STRESS-RELIEVED 
BAR STRESS-RELIEVED 
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7-29-65 

P=(20 + log t) (T + 460) 
LARSON-MILLER PARAMETER AI-6 5-01223 

F i g u r e I I I -16 . L a r s o n - M i l l e r Re l a t i onsh ip for S t r e s s 
Rup tu re of T Z M (C = 20) 

No impac t da ta a r e ava i l ab le for e i t h e r TZM or T - 2 2 2 . How

e v e r , based on i m p a c t da ta for Ta - lOW, the i m p a c t d u c t i l e - b r i t t l e 

t r a n s i t i o n t e m p e r a t u r e for T-222 is a round - 3 2 0 ° F . Based on 

data for TZC (Mo-1.2 T i - 0 . 2 5 Z r - 0 . 2 5 C ) and Mo-0 .5 Ti , the i m 

pac t d u c t i l e - b r i t t l e t r a n s i t i o n t e m p e r a t u r e for co ld -worked T Z M 
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should be in the r ange 600 to 7 0 0 ° F . Welding could r a i s e the 

t r a n s i t i o n t e m p e r a t u r e of e i t h e r m a t e r i a l a p p r o x i m a t e l y 0 to 3 0 0 ° F . 
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^ 
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F i g u r e I I I -17 . L a r s o n - M i l l e r R e l a t i o n s h i p for S t r e s s 
Rup tu r e of T a n t a l u m Alloys (C = 15) 
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b . M a t e r i a l s Se lec t ion 

The s t r u c t u r a l c ladding m u s t 

1) Withs tand the bui ldup of h e l i u m p r e s s u r e dur ing o p e r a 

t ion, dur ing the peak r e e n t r y hea t ing p e r i o d , and dur ing b u r 

i a l of Po c a p s u l e s , 

2) Survive i m p a c t without c r a c k i n g , and 

3) Be compa t ib le with the fuel and ou te r c o n t a i n e r . 

Based on the L a r s o n - M i l l e r e x t r a p o l a t i o n , a s shown m F i g 

u r e I I I -18 , T -222 (e i ther s t r e s s - r e l i e v e d or r e c r y s t a l l i z e d ) is 

equ iva len t to r e c r y s t a l l i z e d T Z M but w e a k e r p e r uni t weight than 

s t r e s s - r e l i e v e d T Z M at 1800°F for 5 y e a r s . As the t e m p e r a t u r e 

i n c r e a s e s du r ing r e e n t r y or b u r i a l the T-222 b e c o m e s s u p e r i o r to 

even s t r e s s - r e l i e v e d T Z M . 

The fuel capsu le m u s t contain at l e a s t one weld and th is weld 

v/ill have p r o p e r t i e s and m i c r o s t r u c t u r e of r e c r y s t a l l i z e d m a t e 

r i a l . This weld a r e a m u s t be of sufficient t h i c k n e s s to have the 

s a m e l o a d - b e a r i n g p r o p e r t i e s a s the body of the capsu le ( s t r e s s -

r e l i e v e d ) or the des ign m u s t be based on r e c r y s t a l l i / e d p r o p e r 

t i e s t h roughou t . Thickening the weld a r e a for T Z M c o m p l i c a t e s 

the i n t e r n a l d e s i g n of the capsu le or i n c r e a s e s the o v e r a l l capsu le 

d i a m e t e r and c o m p l i c a t e s a t t a c h m e n t of an ou te r c ladd ing . 

To p roduce we lds with the h ighes t qual i ty , m i n i m u m -weld 

a r e a , and m i n i m u m hea t - a f f ec t ed zone , e l e c t r o n - b e a m -welding 

of T Z M IS r e q u i r e d but TIG welding of T-222 is s a t i s f a c t o r y . 

The EB weld p r o c e s s i s m o r e cos t ly and s l o w e r , while TIG w e l d 

ing a l lows a g r e a t e r f r e e d o m m p a r t g e o m e t r y and f ix tu r ing . 

In s u m m a r y , T -222 and r e c r y s t a l l i z e d T Z M a r e c o m p a r a b l e 

for i m p a c t (above the b r i t t l e - d u c t i l e t r a n s i t i o n t e m p e r a t u r e ) and 

for l o n g - t e r m s t r e s s we igh t . S t re s s - r e l i e v e d T Z M is s u p e r i o r 

but l o s e s i ts advantage if the ope ra t ing t e m p e r a t u r e is i n c r e a s e d . 

T Z M IS m o r e difficult to f a b r i c a t e . T Z M is m o r e cos t ly and l e s s 

r e l i a b l e to -weld. 
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2. Oxidat ion Cladding M a t e r i a l s Eva lua t ion and Se lec t ion 

All r e f r a c t o r y m e t a l s r e q u i r e a b a r r i e r to p r e v e n t oxida t ion . 

T h r e e g roups of m e t a l s p o s s e s s s a t i s f a c t o r y oxidat ion r e s i s t a n c e 

a t t e m p e r a t u r e s to 2 0 0 0 ° F . The f i r s t a r e the F e - C r - A l a l loys 

used a s hea t ing e l e m e n t s . Second a r e the n i c k e l - b a s e d a l l o y s , 

p r i m a r i l y N i c h r o m e and H a s t e l l o y - X . Th i rd a r e the p r e c i o u s 

m e t a l s , p r i m a r i l y p l a t i num and rhod ium. The F e - C r - A l a l loys 

a r e v e r y h a r d and b r i t t l e and would not su rv ive i m p a c t on g r a n i t e . 

The n i cke l a l l o y s , including both N i c h r o m e and H a s t e l l o y - X , 

b e c o m e m e t a l l u r g i c a l l y uns t ab le af ter extended t i m e s at t e m p e r a 

t u r e . The a g g l o m e r a t i o n and growth of the ca rb ide second phase 

m t h e s e a l loys h a s been noted by s e v e r a l i n v e s t i g a t o r s at t e m 

p e r a t u r e s as lo-w as 1750°F for t i m e s as sho r t a s 1000 h o u r s . 

The gro-wth of t h e s e c a r b i d e s is a c c o m p a n i e d by a s l ight d e c r e a s e 

in r o o m - t e m p e r a t u r e t ens i l e s t r eng th and a m a r k e d r educ t ion m 

duc t i l i ty . Typ ica l ly , af ter 2500 h o u r s at 1750°F , the e longa t ion 

of H a s t e l l o y - X had d ropped f r o m 4 1 to 29%. The low me l t i ng 

point of n i c k e l - b a s e d a l loys and c o b a l t - b a s e d a l loys such a s 

H a y n e s - 2 5 cause a s ignif icant d e c r e a s e in a l lowable b u r i a l power 

l e v e l . The oxidat ion r e s i s t a n c e of t he se a l loys i s v i r t u a l l y los t 

above 2 0 0 0 ° F . 

The p r e c i o u s m e t a l s p o s s e s s the r e q u i r e d oxidat ion r e s i s t 

a n c e , h ighe r me l t ing po in t s , exce l l en t duc t i l i ty , and f a b r i c a b i l i t y . 

Da ta r e p o r t e d by K r i e r and Jaffee show tha t , of the p r e c i o u s m e t 

a l s , p l a t i num and rhod ium have the lowes t su r face r e c e s s i o n 

r a t e s m a i r by s e v e r a l o r d e r s of m a g n i t u d e . The oxidat ion of 

p l a t i num and r h o d i u m is shown m F i g u r e I I I -19 . Because of 

t h e i r exce l l en t duc t i l i ty , the p r e c i o u s m e t a l s should survi-ve i m 

pac t without f r a c t u r e . Impac t gauging can be a c c o m m o d a t e d by 

us ing a m e t a l t h i c k n e s s g r e a t e r than the gauge dep th . The s e a -

-water c o r r o s i o n of the p r e c i o u s m e t a l s is r e p o r t e d a s exce l l en t 

but quant i ta t ive da ta a r e l ack ing . The compat ib i l i ty of p l a t inum 

and r h o d i u m with mo l t en r o c k m u s t be exce l l en t s ince both occur 

a s na t ive m e t a l in igneous r o c k s . 
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F i g u r e 111-19. Ai r Oxidat ion of P l a t i n u m 
and Rhodium 

Rhodium is s u p e r i o r to p l a t i num m al l r e s p e c t s but it is 

a l s o v e r y l imi ted m supply . The c u r r e n t annual U. S. p roduc t ion 

of Rh i s 10,000 to 20,000 t r o y oz . This would be sufficient to 

clad about 1000 to 2000 c a p s u l e s with a 0 .020- in . l a y e r . 

P u r e p l a t i num h a s the d i s advan tage of being r e l a t i v e l y lowr 

me l t i ng c o m p a r e d to T-222 and m o s t of the o the r p r e c i o u s m e t 

a l s . The me l t ing point can be r a i s e d by al loying -with Rh, I r , 

O s , or Ru without changing i t s e n v i r o n m e n t a l i n e r t n e s s m a r k e d l y . 
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Alloying h a s the addi t iona l advantage of i n c r e a s i n g the h a r d n e s s 

of the Pt c ladding . 

P r e c i o u s m e t a l s a l loys a r e only r a r e l y u sed m h i g h - t e m p e r a 

t u r e s t r u c t u r a l a p p l i c a t i o n s , but r a t h e r for spec i a l u s e s such a s 

t h e r m o c o u p l e s , c r u c i b l e s , and oxidat ion p r o t e c t i o n . T h e r e f o r e , 

a l m o s t no h i g h - t e m p e r a t u r e s t r eng th da ta a r e ava i l ab l e for the 

p r e c i o u s m e t a l a l l o y s . 

F . CAPSULE STRUCTURAL DESIGN 

The p r e s s u r e con ta inmen t r e q u i r e m e n t s of the capsu le a r e 

e s t a b l i s h e d by the e n v i r o n m e n t a l t e m p e r a t u r e condi t ions and the 

h e l i u m gas p r e s s u r e bu i ldup . The wal l t h i c k n e s s and weight of 

the r e q u i r e d capsu le a r e d e t e r m i n e d by the a l lowable m a t e r i a l s 

p r o p e r t i e s that can be used over the t e m p e r a t u r e and s t r e s s l i f e 

t i m e of the c a p s u l e . The object ive i s to des ign a m i n i m u m 

-weight con ta ine r tha t m e e t s the r e q u i r e m e n t s . 

The de ta i l ed d i s c u s s i o n of the n e c e s s a r y p r e s s u r e v e s s e l 

d e s i g n IS beyond the scope of t he se n o t e s . Such d e s i g n s a r e n o r 

m a l l y conducted with the aid of d ig i t a l c o m p u t e r codes which s y s 

t e m a t i c a l l y v a r y a l l of the key p a r a m e t e r s and seek an o p t i m u m 

d e s i g n . The r e s u l t s of such ca l cu l a t i ons a r e shown m F i g 

u r e s I I I -20 and III-21 for typ ica l c y l i n d r i c a l c a p s u l e s des igned 

for a 5 . 5 - y e a r life at I 8 0 0 ° F . The o p t i m u m capsu le weight is m 

the r e g i o n of 10 lb p e r t h e r m a l k i lowat t . The capsu le v/eight 

a s y m p t o t i c a l l y a p p r o a c h e s a m i n i m u m as the L / D is i n c r e a s e d 

to about 10. The m i n i m u m -weight a l s o o c c u r s m the r eg ion of 

1/3 void and 2/3 fuel for P u O ^ . 

G. I M P A C T ANALYSIS 

When an i so tope - f i l l ed capsu le i m p a c t s on a h a r d , unyie lding 

s u r f a c e , af ter a c c i d e n t a l r e e n t r y , t-wo p o s s i b l e s t r e s s fa i lu re 

m o d e s e x i s t . The f i r s t i s due to the loca l i zed s t r e s s e s g e n e r a t e d 

n e a r the point of i m p a c t . The second fa i lu re mode i s due to bend

ing and s h e a r s t r e s s e s m the body of the c a p s u l e . The s t r e s s 
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l e v e l s for t h i s m o d e a r e a function of i m p a c t angle and l eng th / 

d i a m e t e r of the c a p s u l e . 

The p l a s t i c s t r e s s wave a n a l y s i s r e q u i r e d to p r e d i c t the s y s 

t e m behav io r i s c o m p l e x and t i m e - c o n s u m i n g due to the cons t an t ly 

changing g e o m e t r y dur ing i m p a c t . B e c a u s e of the r i g o r o u s a n a l y 

s i s d i f f icu l t i es , the a p p r o a c h taken is to conduct s t a t i s t i c a l t e s t s 

of t yp i ca l c a p s u l e s filled with s imu la t ed fuel . 

A typ ica l i m p a c t t e s t p r o g r a m conducted by Sandia is r e 

po r t ed m S C - R R - 6 5 - 9 . T e s t c a p s u l e s of the g e n e r a l d e s i g n 

sho-wn m F i g u r e III-22 w e r e impac t ed on g ran i t e over a r ange of 

ve loc i ty m o r d e r to d e t e r m i n e the f a i lu re f requency a s a function 

of ve loc i t y . A typ ica l f a i lu re f requency vs ve loc i ty plot i s sho-wn 

m F i g u r e 111-23. An ex tens ive s u r v e y involving h u n d r e d s of c a p 

s u l e s a l lowed the c o r r e l a t i o n of wa l l t h i c k n e s s vs L / D r a t i o for 

va ry ing v e l o c i t i e s wi th a 10% fa i lu re p robab i l i t y . T h e s e r e s u l t s 

a r e shown m F i g u r e I I I -24 . 

Pho tos of some typ ica l r e f r a c t o r y m e t a l c a p s u l e s -with an 

ou te r oxidat ion b a r r i e r a r e shov/n m F i g u r e I I I - 2 5 . 
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F i g u r e 111-25. R e f r a c t o r y Meta l Capsu l e S p e c i m e n s 
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3 RADIOISOTOPE POWER SYSTEMS FOR MANNED APPLICATIONS 

A. G E N E R A L CHARACTERISTICS 

Rad io i so tope e n e r g y s o u r c e s a r e of m a j o r i n t e r e s t for p r o 

longed manned space m i s s i o n s b e c a u s e of t he i r high power d e n 

si ty with r e l a t i v e l y low n u c l e a r shielding r e q u i r e m e n t s . Th i s 

unique hea t p roduc ing capabi l i ty l e a d s to l ightweight s y s t e m s 

having m u c h f lexibi l i ty m the a r e a s of i n t eg ra t i on and gro-wth 

po t en t i a l . 

The exce l l en t p e r f o r m a n c e of th is type of s y s t e m i s r e a l i z e d 

only -when adequa te s a f egua rds a r e p rov ided . The fuel m a t e r i a l 

i t se l f if r e l e a s e d to the b i o s p h e r e can m some c a s e s be a s e r i o u s 

h a z a r d . T h e r e f o r e , a t ten t ion m u s t be paid to safety r e q u i r e m e n t s 

f r o m the onse t of s y s t e m des ign . 

The speci f ic advan tages and c h a r a c t e r i s t i c s of r ad io i so tope 

power s y s t e m s a i c shown below 

Low to ta l weight 

Low r a d i a t o r a r e a 

Lo-w vo lume r e q u i r e m e n t 

E a s e of veh ic le i n t eg ra t ion 

No c o n s u m a b l e s r e q u i r e d 

No o r i en t a t i on r e q u i r e m e n t s 

M i n i m u m pro jec t ed d r a g a r e a 

L a r g e growth poten t ia l in both power and d u r a t i o n 

Unaffected by v a r i a t i o n s m so l a r cons tan t 

D e v e l o p m e n t c o s t s c o m p a r a b l e with o ther power s y s t e m s 

S y s t e m d e l i v e r y cos t s c o m p a r a b l e with o the r power 

s y s t e m s 

Ava i l ab i l i ty p r e s e n t l y c o m p a r a b l e with m i s s i o n r e q u i r e 

m e n t s chedu le s 
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The key characteristics for earth orbital applications are lo-w 

radiation area, no consumables and no orientation requirements. 

These all contribute to mission flexibility, ease of integration 

and mission life extension. 

For the above reasons, radioisotope systems have recently 

achieved a -wide interest by the mission planner. The following 

detailed considerations for fuel and power conversion selection 

are presented m light of the above. 

B. ISOTOPE FUEL SELECTION 

The selection of an isotope for a particular application is 

based on considerations related to the isotope half-life, power 

density, availability, and safety. For manned applications, 

safety includes radiological shielding for the crew as well as pro

tection of operating personnel and the general public from the 

consequences of handling, launch, or re-entry accidents. 

Screening of the chart of the nuclides identifies approxi

mately 12 (See Table III-l) radioisotopes -with power densities 

sufficiently high to warrant consideration for power system appli

cations. These isotopes can be categorized as alpha, beta, or 

gamma emitters. The gamma emitters can be eliminated from 

consideration for manned space applications because of the ex

cessive shield weights which would be associated with their use. 
147 170 

The beta emitters, v/ith the exception of Pm and Tm , can 
like-wise be eliminated on the basis of shielding considerations. 
T-u 11, 4-4- D 210 „ 238 „ 242 , „ 244 , , , 
The alpha emitters, Po , Pu , Cm , and Cm , should 
all be considered. 

The above six isotopes are the primary contenders for 

manned applications. To roughly define regimes of applicability, 

these isotopes can be grouped as short-lived, those -with a half-

life of one year or less, and long-lived. 
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a. Short-Lived Isotopes 

i^v. V, ^ X- A • *. „ 210 „ 170 , „ 242 ^f 
The short-lived isotopes are Po , Tm , and Cm . Of 

210 
these, polonium, Po , has received the bulk of the attention to 

210 
date. Po is an alpha emitting isotope with a half-life of 138 
days. It has a high power density and relatively low shielding re-

210 
quirements. The AEC plans to produce large quantities of Po 
and availability should not be a problem. Cost should be in the 

210 

$10 to $3 0 per watt range. The preferred fuel form for Po is 

a rare earth polonide (e.g. DyPo). While this fuel form provides 

relatively low vapor pressures at anticipated operating conditions, 
210 

it will not retain the highly volatile Po sufficiently to preclude 
radiological hazards. Therefore, safety requirements require 

210 
demonstration of Po fuel capsule integrity under all postulated 

accident conditions. Because of the large amount of data avail-
210 

able on Po , its availability, low shielding requirements and 
210 

relatively low cost, Po must be considered the primary can
didate for short-lived applications. 

170 
The thulium isotope Tm is a beta emitter with a half-life 

210 
of 129 days. Its power density is much lower than Po but ade-

170 
quate for po-wer system applications. Tm is very easy to 

produce and availability at about $10/watt should be no problem. 
170 

The gammas associated -with Tm decay lead to a shield -weight 
210 

penalty -when compared to Po and introduce the considerations 

of direct dose in the safety analyses. Ho-wever, there is no 
170 

helium containment problem -with Tm (as there is with alpha 

emitters). Also, the preferred fuel form, Tm^O,, has a very 

low vapor pressure which when combined with the higher MPC 

could eliminate the strict containment requirements which are 

necessary with Po . Tm , therefore, should be considered 
210 

as an alternate for Po if weight does not become limiting in a 

particular mission. 

242 
The final short-lived isotope. Cm , has a half-life of 164 

days. Its performance is not unfavorable; however, there are 

no plans no-w to produce it in quantity and, in any event, its 
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p r i c e w o u l d b e 3 t o 10 t i m e s t h a t of P o o r T m . T h e r e f o r e , 
242 

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

t h e o t h e r t w o s h o r t - l i v e d i s o t o p e s . 

b . L o n g - L i v e d I s o t o p e s 

T̂ u 1 1 J ^ „ 238 _ 244 , „ 147 _ , 
T h e l o n g - l i v e d i s o t o p e s a r e P u , C m , a n d P m . Oi 

O Q Q 

t h e s e , t h e p l u t o n i u m i s o t o p e , P u , h a s u n d e r g o n e t h e g r e a t e s t 
23 8 

d e v e l o p m e n t . P u i s a n a l p h a e m i t t e r w i t h a h a l f - l i f e of 8 7 . 6 

y e a r s . T h e i s o t o p e h a s a l o w p o w e r d e n s i t y w h i c h l e a d s t o r e l a 

t i v e l y l a r g e h e a t s o u r c e s , h o w e v e r , it r e q u i r e s v e r y l i t t l e s h i e l d -
23 8 

m g . T h e a v a i l a b i l i t y of P u i s p r e s e n t l y l i m i t e d . Q u a n t i t i e s 

m t h e t e n s of k w t p e r y e a r a r e p l a n n e d in t h e 1970 t i m e p e r i o d . 
23 8 

In a d d i t i o n , t h e v e r y l o n g h a l f - l i f e d o e s a l l o w s t o c k p i l i n g . P u 

-will a l s o b e e x p e n s i v e , on t h e o r d e r of $ 5 0 0 / - f t a t t . L e a s i n g a r -
23 8 

r a n g e m e n t s , w i t h r e t u r n of t h e P u a f t e r t h e m i s s i o n , w o u l d 

s u b s t a n t i a l l y r e d u c e t h i s c o s t . T h e p r e f e r r e d fue l f o r m f o r 
23 8 

P u IS P u O ^ m t h e f o r m of p l a s m a f i r e d m i c r o s p h e r e s . T h e 

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

of t h e fue l f o r m i s s u f f i c i e n t l y l o w t h a t r e l e a s e of t h e fue l u n d e r 

a n y c o n d i t i o n s o t h e r t h a n e x t r e m e t e m p e r a t u r e d o e s n o t c a u s e a n 

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

i n e r t a n d c o u l d r e d u c e p o t e n t i a l c o n t a m i n a t i o n p r o b l e m s . C o n 

t a i n m e n t of t h e fue l u n d e r m o s t a c c i d e n t c o n d i t i o n s i s r e q u i r e d . 

B e c a u s e of i t s a d v a n c e d s t a t e of d e v e l o p m e n t , r e a s o n a b l e a v a i l 

a b i l i t y , lo-w s h i e l d i n g r e q u i r e i n e n t s a n d e x c e l l e n t fue l f o r m , 
2 3 8 

P u m t h e f o r m of PuO_, m i c r o s p h e r e s m u s t be c o n s i d e r e d t h e 

l e a d i n g c a n d i d a t e f o r l o n g - l i v e d a p p l i c a t i o n s . 

244 
T h e c u r i u m i s o t o p e C m h a s a h a l f - l i f e of 18 .4 y e a r s . I t 

2 3 8 
r e q u i r e s m o r e s h i e l d i n g t h a n P u a n d w o u l d l e a d t o h e a v i e r 

244 
p o w e r s y s t e m s . T h e p r e f e r r e d fue l f o r m f o r C m i s C m - , 0 - , 

m i c r o s p h e r e s w h i c h s h o u l d e x h i b i t p r o p e r t i e s s i m i l a r t o t h e P u O ^ 

m i c r o s p h e r e s . C o s t a n d a v a i l a b i l i t y a r e c o m p a r a b l e t o t h e c o s t 
2 3 8 244 

a n d a v a i l a b i l i t y of P u . C m in t h e f o r m of 01X1^0-, m i c r o 
s p h e r e s i s r e c o m m e n d e d f o r c o n s i d e r a t i o n a s a n a l t e r n a t e t o 
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23 8 
I\L for applications where weight is not critical and/or the 

23 8 
availability of Pu proves restr ict ive. 

147 
The final long-lived candidate is Pm with a half-life of 

147 
2.62 years . Pm has the advantage of being a beta emitter 

(i .e. , no helium containment), and m the form of Pm^O, has the 

low vapor pressure desirable from safety considerations. The 
147 23 8 

shielding requirements for Pm are midway between Pu and 
244 147 

Cm . The cost of Pm should be reduced to $93/watt m the 

1970's. However, the availability is very poor. Quantities on 

the order of 30 kwt/year could be obtained in the late 1970's but 

the shorter half-life makes stockpiling more difficult than with 
„ 238 _ 244 „ 147 ,,. , A A , t ,i, 

Pu or Cm . Pm is an attractive candidate trom the 

standpoint of performance and cost and as such should be evalu

ated for individual missions, but the limited availability should 

prove very restrictive for the larger power systems. 
c. Fuel Selection Summary 

The characteristics of the primary candidate isotope fuels 

are summarized in Table 1II-9. On the basis of its advanced de-
210 

velopment, availability and performance, Po is recommended 
170 

as primary contender for short missions. Tm offers some 

potential safety advantages for short-lived missions which are 

not weight limited. It should be seriously considered. 

23 8 
For the longei missions, the performance of Pu is the 

244 238 
most attractive. Cm offers a backup for Pu where weight 

147 
IS not restrictive and Pm offers potential cost advantages 

where its limited availability is not restrict ive. In a high usage 
147 

program Pm cannot be considered generally because of this 
244 

availability problem. Further, Cm is not a good backup to 
23 8 

Pu as the pov/er level gro-ws because of the compounding of 

the shield weight penalty with increasing size. 

A last alternative exists for the intermediate and long earth 

orbital mission. This is a heat source resupply approach. Such 

a concept might be attractive if resupply of either men or material 
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T A B L E III-9 

ISOTOPE F U E L CHARACTERISTICS 

F u e l 

Po^ lO 

P u " 8 
„ 244 C m 

P m ^ ^ ^ 

Tml^° 

H a l f - L i f e 

138 ( d a y s ) 

8 7 . 6 ( y r ) 

1 8 . 4 ( y r ) 

2 . 6 2 ( y r ) 

129 ( d a y s ) 

P o w e r 
D e n s i t y 
( w / c c ) 

1150 

3 .6 

2 2 . 5 

1.8 

7 .9 

S h i e l d 
T h i c k n e s s 

( c m ) 

1.4 

(Ni l ) 

3 . 5 

1.4 

5.1 

A p p r o x i m a t e 
F u e l C o s t s 

( $ / w a t t ) 

10 t o 30 

54 5 

4 8 0 

93 

10 

T h i c k n e s s r e q u i r e d t o r e d u c e d o s e of 1000- -wa t t s o u r c e t o 
10 m r / h r a t 1 m e t e r 

IS r e q u i r e d i n d e p e n d e n t of t h e p o w e r s y s t e m . If t h i s i s t h e c a s e 

i t w^ould b e p o s s i b l e t o l a u n c h n e w s o u r c e b l o c k s p e r i o d i c a l l y a n d 

t h r o u g h p r o p e r d o c k i n g e q u i p m e n t m a k e a n a u t o m a t i c s o u r c e 

t r a n s f e r . T h e p r i m a r y a d v a n t a g e i s in fue l a v a i l a b i l i t y a n d u s e 

of l o w c o s t f ue l f o r l o n g m i s s i o n s . 

T h e a b o v e c o n s i d e r a t i o n s l e a d t o fue l s e l e c t i o n s f o r v a r i o u s 

t i m e p e r i o d s , b or e a r l y m i s b i o n s , a c h o i c e of T m o r P o i s 

d i c t a t e d b y b o t h t h e m i s s i o n d u r a t i o n a n d a v a i l a b i l i t y . In t h e 1971 
7 3 8 

t i m e pe r iod Pu a p p e a r s to be i m p r o v e d r e l a t i v e to ava i l ab i l i t y 
210 but s t i l l b o r d e r l i n e . T h e r e f o r e . Po with r e s u p p l y , migh t 

s e r v e an i n t e r i m need . The u l t ima te i so tope s y s t e m at h igh 
2 3 8 

power would u t i l i / e Pu based on m i s s i o n d u r a t i o n and good 

ava i l ab i l i ty af ter the m i d - 1 9 7 0 ' s . 

C. HEAT SOURCE C O N C E P T S 

The hea t s o u r c e p r o v i d e s the functions of fuel encapsu l a t i on , 

r e e n t r y p r o t e c t i o n , and hea t t r a n s f e r . G e o m e t r i c a l shape of fuel 

encapsu l a t i on componen t s i s l a r g e l y dependen t on the r e e n t r y 

p r o t e c t i o n concept . The r e e n t r y p r o t e c t i o n concept , m t u r n , 

affects the hea t s o u r c e s ize and shape . The v a r i o u s r e e n t r y 
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concep t s -which have been inves t iga ted can be divided into four 

c a t e g o r i e s , a s follows 

1) R e e n t r y of the fuel in s e p a r a t e c a p s u l e s . 

2) R e e n t r y of the fuel enc losed m a l ightweight shee t 

which o s c i l l a t e s like a falling leaf and l ands softly. 

3) R e e n t r y of the fuel enc losed m a l e n t i c u l a r lifting body 

a e r o d y n a m i c a l l y des igned to seek a s tab le a t t i tude and glide 

to a soft l and ing . 

4) R e e n t r y of the comple te hea t s o u r c e a s s e m b l y m a 

package tha t i s equipped with d e v i c e s for con t ro l l ed r e e n t r y 

and r e c o v e r y . 

These four concep t s a r e d i s c u s s e d below. Table III-IO gives t y p 

i ca l c h a r a c t e r i s t i c s of e a c h concep tua l conf igura t ion . 

a. Individual Capsule R e e n t r y 

An a t t r a c t i v e me thod of provid ing r e e n t r y p r o t e c t i o n , f rom 

the point of v iew of s imp l i c i t y and r e l i a b i l i t y , is to p rov ide in 

d iv idual a e r o d y n a m i c hea t ing p r o t e c t i o n for e ach fuel c a p s u l e . 

If the c a p s u l e s a r e des igned to spin and tumble dur ing the pe r iod 

of in t ense a e r o d y n a m i c hea t i ng , the hea t input r a t e s a r e d i s t r i 

buted ove r the ou te r s u r f a c e s of the c a p s u l e s . It h a s been found 

tha t th i s m i n i m i z e s the amount of h e a t - p r o t e c t i o n m a t e r i a l r e 

qu i r ed , a s c o m p a r e d with the amount needed for r e e n t r y m a 

s tab le a t t i t u d e . 

A typ ica l po lon ium-fue led capsu le with individual r e e n t r y 

p r o t e c t i o n m a t e r i a l is shown m F i g u r e 111-26. The ou te r su r face 

of the capsu le is coated with a p p r o x i m a t e l y 0.2 in. of zmc oxide , 

held m a m a t r i x of mo lybdenum -wire. Z m c oxide s u b l i m e s at a 

t e m p e r a t u r e of a p p r o x i m a t e l y 2800°F , and the e n d o t h e r m i c hea t 

of sub l ima t ion l i m i t s the t e m p e r a t u r e of the capsu le wal l to about 

t h i s s a m e value dur ing r e e n t r y . 

The capsu le m F i g u r e III-26 i s sho-wn with e x t e r n a l fins 

which wil l e n s u r e that the capsu le sp ins du r ing r e e n t r y . It is 
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TABLE 111-10 

SUMMARY OF REENTRY BODY CONCEPTS 

Concept 

I so tope F u e l 

B a l l i s t i c Coeff ic ient , 
-W/CpA (lb/f t2) 

L i f e / D r a g Ra t io 
( subson ic ) 

T e r m i n a l Ve loc i ty 
( f t / s ec ) 

P r o b a b i l i t y of B u r i a l 
a t I m p a c t 

P e a k A e r o d y n a m i c 
Rate ( B t u / f t 2 - s e c ) 

H e a t - P r o t e c t i o n 
M a t e r i a l 

Broad f aces 

Type 

T h i c k n e s s (in, ) 

E d g e s 

Type 

T h i c k n e s s (in. ) 

Speci f ic -Weights ( Ib /kwt) 

F u e l and r e e n t r y 
p r o t e c t i o n 

Hea t e x c h a n g e r and 
s t r u c t u r e 

Unshie lded 

Shield 

Shielded 

Individual 
C a p s u l e s 

P o 

3 0 

0 

1 6 0 

high 

2 0 0 

ZnO + Mo 

0.21 

Same 

0 . 4 

5 . 0 

5 . 4 

10.4 

8.8 

19.2 

P u 

1 1 0 

0 

3 0 5 

high 

4 0 0 

A l F j -f Mo 

1.05 

Same 

1.3 

43 .2 

5 . 4 

48.6 

10.0 

58.6 

Lightweight 
Sheet 

P o 

10 

0 

9 2 

m o d e r a t e 

50 

C e r a m i c 

0.10 

ZnO + Mo 

1.0 

1.0 

5 . 4 

6 . 4 

6.0 

12.4 

Gliding 
Body 

P o 

2 6 

2 

3 0 

l o w 

8 0 

C e r a m i c 

0.10 

ZnO + Mo 

1.0 

1.2 

5 . 4 

6 . 6 

6.5 

13.1 

R e c o v e r a b l e 
P a c k a g e 

P o 

_ 

0 

10 

l o w 

. 

38.6 

10.0 

48 .6 

17.6 

66.2 

P u 

1 4 5 

0 

10 

l o w 

1 2 5 

Pheno l i c 
R e f r a s i l 

2 . 0 

-

76.8 

10.0 

86.8 

33.7 

120.5 

With parachute 

expec ted that t h e s e fins wil l sub l ime fa i r ly e a r l y du r ing the r e 

e n t r y hea t p u l s e , but the angu la r m o m e n t u m which they i m p a r t 

to the capsu le wil l r e m a i n . A c i r c u l a r cy l inder of th is type has 

a n a t u r a l t r i m pos i t ion with i t s m a j o r axis at a r igh t angle with 

r e s p e c t to the r e l a t i v e wind, but i ts d e g r e e of s tab i l i ty is v e r y 

low. T h e r e f o r e , the in i t i a l spin r a t e wi l l be p r a c t i c a l l y un 

damped dur ing the r e e n t r y p e r i o d . 

The capsu le is des igned to su rv ive the shock of impac t at 

t e r m i n a l ve loc i ty a n d / o r e a r t h b u r i a l without r e l e a s e of the i s o 

tope fuel . 
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EMISSIVITY COATING 

REENTRY CLADDING 

7 S7 192 138 

F i g u r e I I I -26 . R e e n t r y Clad Po lon ium Isotope Capsule 
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A p lu ton ium-fue led capsu le is l a r g e r than the p o l o n i u m -

fueled capsu le for a given t h e r m a l pov/er output . Its b a l l i s t i c 

coefficient is h i g h e r , a s shown m Table III-IO. This i n c r e a s e s 

the in tens i ty of the a e r o d y n a m i c hea t ing p u l s e . Consequen t ly , 

m o r e r e e n t r y p r o t e c t i o n m a t e r i a l is r e q u i r e d . B e c a u s e the r e l 

a t ive void vo lume allo-wcd for con ta inment of h e l i u m evolved d u r 

ing decay i s l e s s for the p lu ton ium-fue led c a p s u l e , it i s d e e m e d 

p r e f e r a b l e to l im i t the m a x i m u m t e m p e r a t u r e dur ing r e e n t r y to 

a lower value than with po lon ium. Thus a m a t e r i a l such a s a l u 

m i n u m t r if luo r i d e , which s u b l i m e s at about 2100°F , would be 

used for the p lu ton ium c a p s u l e . 

b . R e e n t r y of Lightweight Shee ts 

Ano the r app roach to the p r o b l e m of i n s u r i n g in tac t r e e n t r y 

of c y l i n d r i c a l fuel c a p s u l e s is to enc lo se an a r r a y of s l ende r c a p 

su le s m a body having a l a r g e sur face a r e a - t o - m a s s r a t i o . Such 

a des ign is shown m F i g u r e 111-27. Curving the b lock by about 

30° of a r c wil l tend to i n s u r e a p r e f e r e n t i a l o r i e n t a t i o n dur ing r e 

e n t r y with i ts convex face f o r w a r d . This c u r v a t u r e wil l not c o m 

p le te ly s u p p r e s s osc i l l a t ion and tumbl ing of the shee t , and the 

edges wil l r e q u i r e app l ica t ion of a r i m of h e a t - p r o t e c t i v e m a t e 

r i a l . 

An a l t e r n a t e des ign would be to curve the sheet m the shape 

of a s egmen t of a s p h e r e . This would give added s tab i l i ty in the 

f a c e - f o r w a r d a t t i t ude , but would r e q u i r e that the hea t e x c h a n g e r 

be l e s s c o m p a c t than would be pos s ib l e with s ingly curved s h e e t s . 

The g r e a t e r p a r t of the volume of the l ightweight shee t shown 

m F i g u r e III-27 c o n s i s t s of a h o n e y c o m b or foamed s t r u c t u r e , 

m a d e of a s u p e r a l l o y . The ou te r s u r f a c e s of the shee t a r e a l s o 

of a s u p e r a l l o y . The fuel is enc losed m s l ende r c a p s u l e s of a 

r e f r a c t o r y a l loy , wi th a p la t inum oxidat ion b a r r i e r . 

T e r m i n a l ve loc i ty for an osc i l l a t ing shee t of t h i s type could 

be a s low as 92 f t / s e c at sea l e v e l . The h o n e y c o m b and outer 

s t r u c t u r e would a b s o r b m u c h of the shock on i m p a c t , and the 
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APPROXIMATELY 

F i g u r e I I I -27 . Lightweight Sheet 

7 S7 192 139 

fuel tubes a r e des igned not to r u p t u r e . B u r i a l would not occur 

upon i m p a c t with m o s t su r face s o i l s . 

c. R e e n t r y of L e n t i c u l a r Lifting Body 

A l i gh te r landing can be a c c o m p l i s h e d if the body is shaped 

so that it h a s some a e r o d y n a m i c lift m the subsonic flight r e g i m e 

jus t p r i o r to i m p a c t . A des ign i n c o r p o r a t i n g th is concept i s 

shown m F i g u r e I I I -28 . The u n d e r s i d e of th i s body h a s a l a r g e 

s p h e r i c a l r a d i u s which shifts the CG down and s t a b i l i z e s the body 

with th i s side down m the h y p e r s o n i c flight r e g i m e dur ing which 

m a x i m u m hea t ing o c c u r s . 
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HAYNES 25 SHEET-;?*' 
CERAMIC FACING 

CENTER OF MASS 
-2 ft 

7 S7 192 140 

F i g u r e III-28 L e n t i c u l a r Lifting Body, Concept 3 

After the body h a s s lowed to subsonic v e l o c i t i e s , it l o s e s i t s 

t endency to s t ab i l i ze f a c e - f o r w a r d , and tends to o sc i l l a t e over 

voider l i m i t s . The c e n t e r of m a s s can be offset h o r i z o n t a l l y , 

and s tab i l i z ing fins p rov ided wil l tend to m a k e the body fall on a 

gliding pa th . The fms -will be on the lee side of the body dur ing 

the pe r iod of h igh hea t i ng , and thus wil l not m e l t away. 

The p r e d i c t e d specif ic weight , m pounds pe r kilo-watt t h e r 

m a l of th i s lifting body, is v e r y n e a r l y the s a m e a s that of the 

l ightweight curved p l a t e . The addi t ional weight of the s tab i l iz ing 

fms IS p a r t i a l l y offset by the poss ib i l i t y of saving some weight of 

p r o t e c t i v e m a t e r i a l due to the flight a t t i tude being m o r e c lose ly 

con t ro l l ed 

A novel f ea tu re shown m F i g u r e I I I -28 is the e n c l o s u r e of 

the fuel m a flat shee t , r a t h e r than m s e p a r a t e t u b e s . Thus the 

r e e n t r y body h a s the f o r m of a sandwich, with a honeycomb m a m 

s t r u c t u r e . Hea t t r a n s f e r f rom the inne r s u r f a c e , su r round ing 

the fuel, to the ou te r su r face is by t h e r m a l r ad i a t i on and conduc

t ion th rough the ce l l s of the h o n e y c o m b . It is e s t i m a t e d that a 
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t e m p e r a t u r e d i f fe rence of about 100°F wil l ex i s t be tween the 

i n n e r and ou te r p l a t e s -when the ou te r p la te is at 1800°F . Th i s 

des ign puts a c r u s h a b l e cushion be tween the fuel con ta ine r and 

the point of i m p a c t , which h e l p s to a b s o r b the i m p a c t e n e r g y . 

Th i s s a m e concept could a l s o be used m the l ightweight shee t d e -
23 8 

s ign, but IS not p r a c t i c a l for Pu s o u r c e s . 

The m a j o r advantage of th i s body is the high nonbur i a l p r o b a 

bi l i ty that i t s s tab le and lo-w-velocity landing mode p r o v i d e s . 

d. Cont ro l led R e e n t r y of Comple te Hea t Source 

A con t ro l l ed r e e n t r y and r e c o v e r y of the hea t s o u r c e a s s e m 

bly IS highly d e s i r a b l e if the fuel i s va luab le enough to offset the 

r e s u l t a n t high cos t m equ ipmen t weight . One concept for r e c o v 

e r y i s shown m F i g u r e 111-29. The point of r e e n t r y is con t ro l l ed 

by f i r ing a r e t r o r o c k e t at a s e l ec t ed point m the o rb i t . 

The r e e n t r y package i s shaped to be s table m one p a r t i c u l a r 

a t t i t ude , l ike a m a n n e d r e e n t r y c a p s u l e . Hea t p r o t e c t i v e m a t e 

r i a l IS used on the fo rward face . At the end of the hea t ing p e r i o d , 

a p a r a c h u t e i s dep loyed , reduc ing the sink r a t e to a few feet p e r 

second . The capsu le can then be r e c o v e r e d m the a i r , or it can 

be allo-wed to r e a c h the e a r t h w h e r e it can be picked up . F l o t a 

t ion g e a r would be used for r e c o v e r y in w a t e r . 

The concept of con t ro l l ed r e e n t r y h a s a d i s a d v a n t a g e with r e 

spec t to the weight of the equ ipment r e q u i r e d for a given t h e r m a l 

po-wer, -when it is c o m p a r e d with the o the r concep t s d i s c u s s e d 

p r e v i o u s l y . Its u s e m a y be m a n d a t o r y for p lu ton ium fuel, which 

h a s a long ha l f - l i f e , giving a g r e a t e r incent ive for r e c o v e r y . F o r 

po lon ium-fue led c a p s u l e s , the o ther concep t s a r e p r e f e r a b l e . 

e . Effect of R e e n t r y Mode on Heat Source Des ign 

The m a j o r effect that the r e e n t r y mode h a s on hea t s o u r c e 

des ign IS on the specif ic weight , a s can be seen f r o m an i n s p e c 

t ion of Table I I I - IO. F o r po lon ium, the fuel and r e e n t r y p r o t e c 

t ion -weights v a r y f r o m 1.0 Ib /kwt for a l ightweight shee t and 
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5.0 Ib /kwt for individual c a p s u l e s to a l m o s t 40 Ib /kwt for a r e 

e n t r y body. Hea t e x c h a n g e r and s t r u c t u r a l specif ic we igh t s a r e 

the s a m e o r d e r of magni tude a s the encapsu l a t ed fuel w e i g h t s , so 

the unsh ie lded hea t s o u r c e specif ic weigh ts v a r y the s a m e a s do 

the fuel w e i g h t s . It is r e a d i l y seen that a r e c o v e r a b l e package 

suf fers a subs t an t i a l weight pena l ty and i ts use m u s t be jus t i f ied 

on the b a s i s of e c o n o m i c s . It is m o r e l ike ly to be used with 
„ 238 ,̂ „ 210 
Pu than Po s y s t e m s . 

In t eg ra t i on of c i t h e r of the s o u r c e block concep ts into a k i lo 

wat t t h e r m a l hea t s o u r c e wil l r e q u i r e m o r e than one block pe r 

hea t s o u r c e . F o r l a r g e m a n n e d s y s t e m s , the a r e a r e q u i r e d for 

a s ingle s o u r c e block des ign is i m p r a c t i c a l f rom the shie lding 

and vehic le i n t e g r a t i o n s tandpoin t , but a g roup of 2 to 5 b locks 

can be i n t e g r a t e d into a compac t , cubica l a r r a y . As an e x a m p l e , 

SIX s o u r c e b locks roughly 17 by 17 by 1 m . would p rov ide the 

equ iva len t of 80.6 kwt. 

F i n a l l y , hea t s o u r c e s c o m p r i s e d of s o u r c e b locks can be 

m a d e m o r e c o m p a c t than with c a p s u l e s . B e c a u s e of t h e i r c o m 

pact d e s i g n , the s o u r c e block hea t s o u r c e shie lded a r e a s a r e 

l e s s than those for c a p s u l e s , and both the shield we igh t s and 

shie lded hea t s o u r c e we igh t s a r c l o w e r . Thus a l igh tweigh t -

shee t hea t s o u r c e offers a 35% weight saving over individual c a p 

sule d e s i g n s . H o w e v e r , it p r e s e n t s a p robab i l i t y of b u r i a l which 

m u s t be c o n s i d e r e d . The s tab i l ized gliding body on the o ther 

hand offers a s l ight ly lower weight s a v i n g s , 32%, but h a s a lower 

probabilit-y of b u r i a l . Because of t h i s , it is a v e r y p r o m i s i n g 

a p p r o a c h . 

D . SHIELD 

The n u c l e a r shield r e q u i r e d to r educe the i so tope s o u r c e 

r ad i a t ion is a m a j o r c o n s i d e r a t i o n for manned s y s t e m s . The 

shield IS c o m p r i s e d of two p a r t s , a g a m m a - r a y shield and a neu

t r o n sh ie ld . The des ign of the shield depends upon 
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1) Isotope s o u r c e c h a r a c t e r i s t i c s , 

2) Isotope f o r m ( i . e . , oxide, n i t r i d e , e t c . ) , 

3) I m p u r i t i e s a s s o c i a t e d with the i s o t o p e s , 

4) Heat s o u r c e g e o m e t r y , 

5) Vehic le g e o m e t r y , 

6) Miss ion ope ra t i ona l c o n s t r a i n t s , 

7) Al lowable dose r a t e s . 

Without f a i r ly specif ic in fo rmat ion on each of the i t e m s above , no 

f i r m e s t i m a t e of shie lding r e q u i r e m e n t s can be m a d e . H o w e v e r , 

an ins ight into the weight of shielding can be gained by cons ide r ing 

c e r t a i n app l i ca t ions v/hich have been inves t iga ted in d e t a i l . F i g 

u r e I I I -30 sho-ws the shield weight a s a function of s o u r c e t h e r m a l 

0 50 100 150 200 
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6090 2508 

F i g u r e I I I -30 . P o ^ ^ ° Shield Weight vs 
Begmning-o f -L i f e Po-wer 

5 lOOOl-
I -

UJ 

Q 

^ 5001-

321 



power for a 1 0 - f t - d i a m e t e r dose plane at 1 6 ft. The we igh t s a r e 

based on a dose of 10 r e m pe r 90 d a y s . If the s e p a r a t i o n d i s 

t a n c e s d e c r e a s e , a n d / o r the shield angle i n c r e a s e s , the shield 
23 8 

-weight wi l l , of c o u r s e , i n c r e a s e . The shield we igh t s for Pu 
210 

s y s t e m s a r e typ ica l ly of the s a m e o r d e r of magn i tude a s for Po 

s y s t e m s ; in a l l c a s e s it wil l be found that the shield weight is a 

subs t an t i a l po r t i on of to ta l s y s t e m weight for manned i so tope 

a p p l i c a t i o n s . 

E . T H E R M O E L E C T R I C SYSTEMS 

T h e r m o e l e c t r i c space power s y s t e m s offer advan t ages in 

s e v e r a l a r e a s . Most notable of t he se is the abi l i ty to conve r t 

t h e r m a l e n e r g y d i r e c t l y to e l e c t r i c a l e n e r g y without ro ta t ing or 

o the r moving p a r t s . In s y s t e m s to be ope ra t ed in r e m o t e r e g i o n s 

such as space e n v i r o n m e n t s , th i s advantage c o n t r i b u t e s s igni f i 

cant ly to o v e r a l l s y s t e m r e l i ab i l i t y . 

With the advent of s e m i c o n d u c t o r s the use of t h e r m o c l e c t r i c s 

for e n e r g y conve r s ion h a s b e c o m e compet i t ive with o the r c o n v e r 

sion s y s t e m s . Studies and r e s e a r c h over a 10 -yea r pe r iod have 

e s t a b l i s h e d that the m o s t d e s i r a b l e s emiconduc to r c a n d i d a t e s fall 

into t-wo c l a s s e s : the s i l i c o n - g e r m a n i u m (SiGc) a l l o y s , and lead 

t e l l u r i d e (PbTe) . 

210 
F i g u r e III-31 shows the s c h e m a t i c of a typica l Po i so top ic 

t h e r m o e l e c t r i c space pov»'er s y s t e m . In th is s y s t e m the t h e r m a l 

e n e r g y r e l e a s e d by the i so tope hea t sou rce is c a r r i e d to a c o m 

pact t h e r m o e l e c t r i c c o n v e r t e r by the p r i m a r y hea t t r a n s f e r loop. 

The m e d i u m used i s the ou tec t ic m i x t u r e of p o t a s s i u m and sod ium, 

N a K - 7 8 . The w a s t e t h e r m a l power of the c o n v e r t e r is t r a n s 

por ted to a r a d i a t o r by the s e c o n d a r y loop, a l so containing 

N a K - 7 8 . A dc conduct ion pump with an i n t e g r a l t h e r m o e l e c t r i c 

power s o u r c e p r o v i d e s the pumping power for both p r i m a r y and 

s e c o n d a r y l oops . 

210 
With the use of s h o r t - l i v e d i so topes such a s Po , a s u b 

s t an t i a l decay of hea t sou rce power can occur over the m i s s i o n 

322 



PFR SENSOR BULB 

P o " " 
HEAT 
SOURCE 

VOLTAGE 
REGULATOR 

TE 
COMPACT 
CONVERTER 

PFR CONTROL LINE PRIMARY 
EXPANSION 

GROUND SUBCOOLING ' 
WATER 
BOILER 

H: 
POWER 
FLATTENING 
RADIATOR 
(PFR) 

COMPENSATOR 

7 29 66 UNCL 

F i g u r e 111-31. P o 
210 

ACROSS-
THE-LINE 
CONDUCTION 
PUMP 

SECONDARY 
EXPANSION 
COMPENSATOR 

RADIATOR 

6090 2510 

SiGe S y s t e m Schema t i c 

life and op t imum s y s t e m p e r f o r m a n c e r e q u i r e s the use of a 

power - f l a t t en ing d e v i c e . In the s y s t e m i l l u s t r a t e d m F i g u r e I I I - 3 1 , 

a power - f l a t t en ing r a d i a t o r i s used to m a i n t a i n a n e a r - c o n s t a n t 

t h e r m a l input to the c o n v e r t e r . 

E a c h hea t t r a n s f e r loop is supplied with an expans ion c o m 

p e n s a t o r to p rov ide for changes in the volume of the hea t t r a n s 

fer m e d i u m and to p rov ide s y s t e m p r e s s u r i z a t i o n . This is t y p i 

ca l ly an a l l - m e t a l be l lows d e v i c e . 

The e l e c t r i c a l output f r o m the c o n v e r t e r is d e l i v e r e d to a 

vol tage r e g u l a t o r which condi t ions the power m r e s p o n s e to load 

d e m a n d s . The w a s t e e n e r g y d e l i v e r e d to the r a d i a t o r is m tu rn 

r e j ec t ed to s p a c e . The specif ic types of t h e r m o e l e c t r i c s y s t e m s 

of i n t e r e s t a r e d i s c u s s e d below. 

a. SiGe T h e r m o e l e c t r i c S y s t e m s 

Of the v a r i o u s s e m i c o n d u c t o r s inves t iga ted to d a t e , a l loys of 

s i l i con and g e r m a n i u m (SiGe ) offer s ignif icant a d v a n t a g e s ove r 

m o s t of the o t h e r s . SiGe can be h o t - p r e s s e d and compac ted into 
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shapes having good s t r u c t u r a l s t r eng th ; i s s tab le in a i r , v a c u u m , 

and m o s t g a s e s ; and can be m e t a l l u r g i c a l l y bonded to o the r m a t e 

r i a l s . The d e g r a d a t i o n r a t e for SiGe is g e n e r a l l y lower than for 

o the r t h e r m o e l e c t r i c m a t e r i a l s . 

A typ ica l c o m p a c t c o n v e r t e r is shown in F i g u r e I I I -32 . It 

c o n s i s t s of four s u b m o d u l e s , e ach of which is a comple te p o w e r -

conver t ing d e v i c e . The submodules can be connected in v a r i o u s 

p a r a l l e l and s e r i e s a r r a n g e m e n t s , both h y d r a u l i c a l l y end e l e c 

t r i c a l l y , to p rov ide c o n s i d e r a b l e f lexibi l i ty in t he i r use and 

i n s t a l l a t i on . 

6096-2506 

F i g u r e I I I -32 . SiGe Compac t C o n v e r t e r Module 

The c r i t e r i a used for se l ec t ion and s izing of the v a r i o u s 

componen t s involve a t radeoff be tween the m i n i m u m s y s t e m 

weight , m a x i m u m s y s t e m eff ic iency, and m i n i m u m r a d i a t o r 

a r e a . All of t he se i t e m s a r e i m p o r t a n t to any space m i s s i o n 

and the carefu l c o n s i d e r a t i o n of e ach is n e c e s s a r y . 
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In g e n e r a l the s y s t e m t radeof fs a r e inade on the b a s i s of 

m i n i m u m Vvcight and the dec i s i on is then t e m p e r e d by r a d i a t o r 

a r e a r e q u i r e m e n t s and eff ic iency. F i g u r e III-33 shows the effect 

of Ca rno t eff iciency on s y s t e m v/eight, s y s t e m eff ic iency, and 

r a d i a t o r a r e a for a Po -fueled s y s t e m des i . ined for a 90-day 

m i s s i o n . The s y s t e m net output is 2.1 kwe. A des ign goal of 

0.98 fu l l -power r e l i ab i l i t y was used . The shielding c r i t e r i o n is 

10 r e m over a 10-ft d i a m e t e r dose plane at 16 ft. The eff iciency 

shown IS the o v e r a l l s y s t e m efficiency at the end of l i fe . As in 

d i ca t ed , the s y s t e m eff iciency i n c r e a s e s -with i n c r e a s i n g Carno t 
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F i g u r e I I I -33 . Po SiGe Sys t em P e r f o r m a n c e 
vs Carno t Eff ic iency 
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eff iciency ( d e c r e a s i n g r a d i a t o r t e m p e r a t u r e for fixed hea t s o u r c e 

t e m p e r a t u r e ) . The s y s t e m r a d i a t o r a r e a i n c r e a s e s exponent ia l ly 

wi th i n c r e a s i n g Ca rno t eff iciency due to the d e c r e a s i n g r a d i a t o r 
4 

t e m p e r a t u r e and the T r e l a t i o n s h i p for hea t r e j e c t i o n f rom the 

r a d i a t o r . 

Both shie lded and unsh ie lded s y s t e m weigh t s a r e shown in 

the f igu re . The we igh t s d e c r e a s e , p a s s th rough a m i n i m u m , and 

then i n c r e a s e with i n c r e a s i n g Carno t eff ic iency. The in i t i a l 

weight d e c r e a s e is due p r i m a r i l y to d e c r e a s e s m the s o u r c e and 

shie ld weight a s the s y s t e m eff ic iency i n c r e a s e s . As the Ca rno t 

eff iciency cont inues to i n c r e a s e , the r a d i a t o r weight beg ins to 

domina te and t u r n s the weight c u r v e s up . F o r th i s SiGe s y s t e m 

the m i n i m u m s y s t e m weight of 1610 lb o c c u r s at a 52% Carno t 

eff ic iency. Ho-wever, for Carno t e f f ic ienc ies m the r ange of 45 

to 60%, the s y s t e m weight v a r i e s l i t t l e . In s i tua t ions w h e r e the 

r a d i a t o r a r e a ava i l ab le is l im i t ed , one would pick an ope ra t ing 

point at a Carno t eff iciency somewhat l e s s than 52% to r educe the 

r a d i a t o r a r e a r e q u i r e d . A sl ight weight pena l ty is i n c u r r e d and 

the s y s t e m eff ic iency d r o p s . On the o ther hand, if i so tope fuel 

i nven to ry is c r i t i c a l and adequate r a d i a t o r a r e a i s a v a i l a b l e , an 

ope ra t ing point at a Carno t eff iciency g r e a t e r than 52% would be 

chosen . 

23 8 
The p e r f o r m a n c e of a SiGe s y s t e m us ing Pu for the hea t 

s o u r c e i s shown m F i g u r e I I I -34 . The des ign life of th i s system-

is 2 y e a r s , with a 2.1-kwe output and with a full power r e l i ab i l i t y 

of 0.98. The t r e n d s of the v a r i o u s p a r a m e t e r s a s a function of 
210 

Carno t eff ic iency a r e the s a m e a s d e s c r i b e d for the Po s y s t e m . 
23 8 

H o w e v e r , it wil l be noted that the weigh ts of the F\i s y s t e m 
210 

a r e a l m o s t a fac tor of two h ighe r than those of the Po s y s t e m s . 
23 8 

The h e a v i e r -weight of the Pu s y s t e m can be a t t r i bu ted a l m o s t 

c o m p l e t e l y to the i n c r e a s e d weight of the hea t s o u r c e and a s s o c i -
7 3 8 

ated sh ie ld ing . The Pu h e a t s o u r c e s a r e m o r e than four t i m e s 
210 

h e a v i e r than the Po s o u r c e s for the s a m e t h e r m a l p o w e r . Of 
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F i g u r e 111-34. Pu SiGe S y s t e m P e r f o r m a n c e 
vs Carno t Eff ic iency 

23 8 
c o u r s e the Pu h a s a m u c h longer l i fe , thus i n c r e a s i n g s u b 

s tan t i a l ly the specif ic e n e r g y of the s y s t e m . 

23 8 
The i n c r e a s e d specif ic weigh ts of the Pu hea t s o u r c e s 

p lace a p r e m i u m on s y s t e m eff iciency and account for the m m i -
7 3 8 

m u m Pu s y s t e m weight o c c u r r i n g at a h ighe r Ca rno t eff iciency 
210 

than for the Po s y s t e m s . The h i g h e r Ca rno t eff ic iency r e s u l t s 
23 8 

m the m i n i m u m - w e i g h t Pu s y s t e m having l a r g e r r a d i a t o r s 
210 

than the c o r r e s p o n d i n g Po s y s t e m . 

The effect of output power on s y s t e m weight is shown m F i g 

u r e s III-3 5 and III-3 6. The weigh ts shown a r e to ta l sh ie lded s y s 

t e m weigh t s based on the o v e r a l l end-of - l i fe s y s t e m ef f ic ienc ies 

shown. It wi l l be noted that the r e l a t i o n s h i p of the s y s t e m weight 

c u r v e s for v a r i o u s e f f ic ienc ies c o r r e s p o n d s to the shape of the 

s y s t e m weight a s a function of Carno t eff ic iency, which h a s been 
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sho-wn p r e v i o u s l y . That i s , the to ta l s y s t e m weight d e c r e a s e s a s 

the s y s t e m eff ic iency is i n c r e a s e d , and then i n c r e a s e s aga in . 

As ind ica ted in the f i g u r e s , the s y s t e m weight as a function 

of power for cons tan t s y s t e m eff ic iency i s n e a r l y a s t r a i g h t l i n e . 

This is due to the fact that for cons tan t eff ic iency, the s o u r c e 

weight , c o n v e r t e r weight , and r a d i a t o r weight v a r y d i r e c t l y with 

s y s t e m p o w e r . And, while the shield weight does not v a r y exac t ly 

a s p o w e r , the r e l a t i o n s h i p is c lose to l i n e a r b e c a u s e of the i n 

c r e a s i n g s ize of the hea t s o u r c e . The component we igh t s which 

do not v a r y d i r e c t l y with power a r e the pump , p ip ing, and s t r u c 

t u r e w e i g h t s . H o w e v e r , t h e s e a r e a f a i r l y s m a l l p a r t of the to ta l 

s y s t e m weigh t . 

The v a r i a t i o n of r a d i a t o r a r e a wi th power i s l i n e a r for con

s tan t eff ic iency s ince at a given eff ic iency the r a d i a t o r t e m p e r a 

t u r e i s fixed and the r a d i a t o r a r e a v a r i e s d i r e c t l y -with the t h e r 

m a l povi^er r e j e c t e d . F o r a given eff iciency the r a d i a t o r a r e a 

for 2.1 kwe can be taken f rom F i g u r e III-3 5 or III-3 6 and sca led 

d i r e c t l y for the po-wer output of i n t e r e s t . 

V a r i a t i o n s in the ho t - junc t ion t e m p e r a t u r e can p r o d u c e s i g 

nif icant changes in the p e r f o r m a n c e of the power s y s t e m s . In 

g e n e r a l , i n c r e a s i n g the a l lowable ho t - junc t ion t e m p e r a t u r e r e 

su l t s in d e c r e a s e d s y s t e m weight , d e c r e a s e d r a d i a t o r a r e a , and 

i n c r e a s e d s y s t e m eff ic iency. H o w e v e r , i n c r e a s i n g the h o t -

junct ion t e m p e r a t u r e g e n e r a l l y r e s u l t s in an i n c r e a s e d d e g r a d a 

t ion r a t e which p a r t i a l l y offsets the ga ins to be m a d e in eff ic iency 

and weight and a r e a r e d u c t i o n s . 

As the a v e r a g e p r i m a r y t e m p e r a t u r e i s i n c r e a s e d , the Ca rno t 

eff ic iency of the m i n i m u m - w e i g h t s y s t e m i n c r e a s e s . This i s due 

to the r educed f rac t ion of the to ta l s y s t e m weight that the r a d i 

a t o r c o m p r i s e s . Th i s shift m a k e s the fuel -weight m o r e s igni f i 

cant and r e s u l t s in a t endency to r educe the f rac t ion tha t the fuel 

weight c o m p r i s e s by ope ra t ing the c o n v e r t e r at a h i g h e r eff i 

c i ency . In g e n e r a l , the h ighe r ope ra t ing t e m p e r a t u r e s would be 
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s e l e c t e d c o n s i s t e n t wi th s y s t e m r e l i ab i l i t y goa ls and the a n t i c i 

pated s ta te of c o n v e r t e r d e v e l o p m e n t . 

The ab i l i ty to f ab r i ca t e the SiGe m s t r u c t u r a l l y sound shapes 

allo-ws s ignif icant s impl i f i ca t ion m the g e o m e t r i c a r r a n g e m e n t of 

the e l e m e n t s . Cy l ind r i ca l as wel l as r e c t a n g u l a r g e o m e t r i e s have 

both been used m the c o n s t r u c t i o n of the t h e r m o e l e c t r i c con 

v e r t e r s . 

Since SiGe i s l i t t le affected by m o s t g a s e s at high t e m p e r a 

t u r e s , no spec i a l p r o v i s i o n s have to be m a d e to p rov ide gas e x 

c lus ion f r o m the t h e r m o e l e m e n t s . This fu r the r r e d u c e s the d e 

sign p r o b l e m and a l l e v i a t e s s t r e s s e s which migh t be t r a n s m i t t e d 

f r o m the ho t - j unc t i on p la te to the co ld- junc t ion p la te t h rough con

t a i n m e n t m e m b e r s . 

The ab i l i ty of the SiGe to o p e r a t e at t e m p e r a t u r e s m e x c e s s 

of 1500°F t a k e s advantage of the high t e m p e r a t u r e capab i l i ty of 

the i so top ic hea t s o u r c e s and a l lows hea t t r a n s f e r be tween the 

hea t s o u r c e and the t h e r m o e l e c t r i c c o n v e r t e r to be a c c o m p l i s h e d 

eff ic ient ly by r a d i a t i o n . The c o n v e r t e r eff iciency v a r i e s f r o m 

4 to 6%. The abi l i ty to o p e r a t e at high t e m p e r a t u r e r e s u l t s m a 

f a i r l y high r a d i a t o r t e m p e r a t u r e , 400 to 6 0 0 ° F , and r e a s o n a b l y 

lo-w r a d i a t o r a r e a s . 

210 23 8 

Des ign s u m m a r i e s for typ ica l 2 .1-kwe Po and Pu SiGe 

s y s t e m s a r e shown m Table I I I - l 1. T h e s e da ta a r e typ ica l of s y s 

t e m s us ing e i t h e r the c o m p a c t or d i r e c t - r a d i a t m g t h e r m o e l e c t r i c 

c o n v e r t e r conf igura t ion . F o r a 5-kwe s y s t e m using a SiGe con

v e r t e r wi th P o having a m i s s i o n life of 90 d a y s , the weight 

-will be about 3250 lb . F o r a 5-kwe s y s t e m using a SiGe c o n v e r t e r 
?3 8 

with Pu having a m i s s i o n life of 2 y e a r s , the weight wil l be 
a round 6800 lb . 

b . P b T e T h e r m o e l e c t r i c S y s t e m s 

The o the r c l a s s of t h e r m o e l e c t r i c s c u r r e n t l y being used for 

space power s y s t e m s is the l e a d - t e l l u r i d e (PbTe) . A l so a s e m i 

conduc to r , P b T e h a s a m a t e r i a l eff ic iency up to 50% h i g h e r than 
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TABLE III -11 

2 .1-kwe ISOTOPE SiGe SYSTEMS 

Po^lO P u " 8 

Net P o w e r (kwe) 

Life (yr) 

Fu l l P o w e r Re l i ab i l i t y 

Dose C r i t e r i a ( r e m / 9 0 day) 

D o s e P l ane D i a m e t e r (ft) 

S e p a r a t i o n D i s t a n c e (ft) 

E n d - o f - L i f e Eff ic iency (%) 

Beg inn ing-o f -L i fe T h e r m a l P o w e r 
(kwt) 

R a d i a t o r A r e a (ft^) 

Specif ic Weight ( lb /kwe) 

Weight S u m m a r y (lb) 

Hea t s o u r c e 

Shield 

P u m p 

TE c o n v e r t e r 

N a K 

E x p a n s i o n c o m p e n s a t o r 

R a d i a t o r and piping 

P o w e r f l a t t ene r 

S t r u c t u r e 

I n s t r u m e n t a t i o n and con t ro l 

Tota l 

2 .1 

0.25 

0.98 

10 

10 

16 

4 . 5 

78.7 

120 

7 9 2 

4 9 6 

574 

65 

66 

35 

54 

240 

19 

4 5 

70 

1664 

2 .1 

2 

0.98 

10 

10 

16 

4.45 

46.9 

135 

1555 

2230 

3 7 5 

65 

60 

60 

70 

27 5 

-
60 

70 

3265 

SiGe and for t h i s r e a s o n c o n s i d e r a b l e effort i s being expended to 

p e r f e c t c o n v e r t e r s us ing th i s m a t e r i a l . C u r r e n t P b T e d e v i c e s 

a r e g e n e r a l l y l imi t ed to belo-w 1100°F . Above th i s l eve l s e r i o u s 

d e g r a d a t i o n o c c u r s , mak ing the u s e of P b T e i m p r a c t i c a l . In 

addi t ion , the t e n s i l e s t r e n g t h of P b T e is e x t r e m e l y low and a l l 

c o n v e r t e r d e s i g n s inves t iga ted to da te have some method of ho ld 

ing the t h e r m o e l e m e n t s in c o m p r e s s i o n . In spi te of t h e s e 
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l i m i t a t i o n s , the high eff ic iency m a k e s the m a t e r i a l compe t i t i ve 

with SiGe and fu r the r w o r k i s m p r o g r e s s to o v e r c o m e the 

l i m i t a t i o n s . 

A c o m p a c t P b T e c o n v e r t e r is c u r r e n t l y being deve loped for 

the A E C . F i g u r e III-37 shows the c r o s s sec t ion of one of t he se 

d e v i c e s . It i s composed of t-wo c o n c e n t r i c c y l i n d e r s , be tween 

which the P b T e e l e m e n t s a r e p l aced . The hea t is c a r r i e d to the 

e l e m e n t s by the hot fluid which p a s s e s th rough the inne r tube . 

The cold fluid s u r r o u n d i n g the outer tube c a r r i e s away the w a s t e 

e n e r g y . The t h e r m o e l e m e n t s a r e connected m s e r i e s i n t e r n a l l y 

and the e l e c t r i c a l connec t ions to the submodule a r e m a d e at the 

ends of the d e v i c e . 

TYPE 316 SS OUTER CLAD' L INCONEL X-750 INNER CLAD 

7 29 66 F i g u r e I I I - 3 7 . P b T e C o n v e r t e r S u b m o d u l e 6090 2509 

T h e s e submodu les a r e then connected t o g e t h e r to f o r m the con

v e r t e r . The n u m b e r of submodu les used d e t e r m i n e s the power 

output and o the r c h a r a c t e r i s t i c s of the c o n v e r t e r . The s u b -

m o d u l e s m a y be connected t oge the r m s e r i e s or p a r a l l e l , both 

h y d r a u l i c a l l y and e l e c t r i c a l l y . 

Th i s type of c o m p a c t c o n v e r t e r module h a s been f ab r i ca t ed 

and IS c u r r e n t l y undergo ing deve lopmen t t e s t i n g . While the t e m 

p e r a t u r e capab i l i ty , s t ab i l i ty , and r e l i ab i l i t y of th i s c o m p a c t 

333 



c o n v e r t e r d e s i g n a r e s t i l l to be d e m o n s t r a t e d , ex tens ive d e v e l o p 

m e n t and life t e s t i ng and, for lo-wer powered s y s t e m s , o p e r a 

t iona l o rb i t a l use of o ther P b T e c o n v e r t e r con f igu ra t ions , a s s u r e 

the ava i l ab i l i ty of PbTe t h e r m o e l e c t r i c c o n v e r t e r s . 

F o r p u r p o s e s of c o m p a r i s o n with s y s t e m s us ing a SiGe con

v e r t e r , the P b T e s y s t e m wil l be i l l u s t r a t e d on the s a m e b a s i s a s 

m the p r e v i o u s sec t ion . F i g u r e I I I -38 shows the o v e r a l l s y s t e m 
210 

c h a r a c t e r i s t i c s for a Po -fueled s y s t e m us ing a P b T e 
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F i g u r e I I I -38 . Po P b T e S y s t e m P e r f o r m a n c e 
vs Carno t Eff ic iency 
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c o n v e r t e r . The m i s s i o n l i fe t ime is 90 days and the net e l e c t r i 

ca l output po-wer is 2.1 kw. The des ign r e l i ab i l i t y goal i s 0.98. 

The t r e n d s of weight , a r e a , and efficiency a s a function of Carno t 

eff ic iency a r e the s a m e a s d i s c u s s e d for s y s t e m s us ing a SiGe 

c o n v e r t e r . The r a d i a t o r a r e a s for the PbTe s y s t e m s a r e g r e a t e r 

than for the SiGe s y s t e m s , a p p r o x i m a t e l y 40% g r e a t e r for 

m i n i m u m - w e i g h t s y s t e m s , b e c a u s e of the lower ope ra t ing t e m 

p e r a t u r e s of the P b T e s y s t e m s . The s y s t e m weight c u r v e s a r e 

aga in r e l a t i v e l y flat , v a r y i n g 10% ove r the r ange of 4 0 to 50% 

Carno t eff ic iency. The to ta l s y s t e m weigh t s a r e about the s a m e 

for the PbTe and SiGe, with the P b T e showing a s l ight advan t age . 

H o w e v e r , the s y s t e m eff ic iency of the PbTe s y s t e m is s u b s t a n 

t i a l ly h ighe r than the SiGe s y s t e m , about 25% h ighe r at the m i n i 

m u m weight point . F i g u r e 111-39 shows the weight , a r e a , and 
23 8 

eff ic iency for the 2 .1-kwe Pu s y s t e m us ing the P b T e c o n v e r t e r . 
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F i g u r e 111-39. P u " ^ " P b T e S y s t e m P e r f o r m a n c e 
vs Carno t Eff iciency 
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The effect of net e l e c t r i c a l power on s y s t e m weight i s sho-wn 
210 m F i g u r e III-40 for the Po s y s t e m , and m F i g u r e III-41 for 

23 8 
the Pu s y s t e m . Again the s a m e c h a r a c t e r i s t i c s apply to the 

v a r i a t i o n in s y s t e m weight and r a d i a t o r a r e a -with net e l e c t r i c a l 

power for the P b T e s y s t e m s a s for the SiGe s y s t e m s . A l so , the 

effects of ho t - junc t ion t e m p e r a t u r e on s y s t e m weight , eff ic iency, 

and r a d i a t o r a r e a d i s c u s s e d p r e v i o u s l y again apply . 

4000 

2 3 4 
NET POWER (kwe) 

7 29 55 UNCL 6090 2513 

210 
F i g u r e I I I -40 . Po P b T e S y s t e m Weight 

vs Po-wer 
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F i g u r e I I I - 4 1 . Pu P b T e Sys t em 
Weight vs Power 

The u s e of P b T e for t h e r m o e l e c t r i c c o n v e r t e r s i s d e s i r a b l e 

due to i t s m a t e r i a l s eff ic iency being about 50% above the next 

b e s t m a t e r i a l . Ho-wever, l i m i t a t i o n s on the use of PbTe ex i s t , 

both m t e m p e r a t u r e and m the s t r u c t u r a l i n t eg r i t y of the m a t e 

r i a l , -which pose f ab r i ca t i on di f f icul t ies and con t r ibu te to a fa i r ly 

h igh d e g r a d a t i o n r a t e . 

The advan tage of the P b T e o c c u r s m s y s t e m s w h e r e fuel 

v/eight and shield weight a r e s ignif icant f r ac t i ons of the to ta l 

s y s t e m weigh t . In t h e s e c a s e s , the high eff iciency of the P b T e 

r e s u l t s m fuel i nven to ry r educ t ion and t h e r e f o r e a l s o in shield 
210 

weight r educ t i on . F o r Po -fueled s y s t e m s , the d i f fe rence b e 
tween the s y s t e m w e i g h t s us ing PbTe and SiGe c o n v e r t e r s is s m a l l . 
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but for Pu -fueled s y s t e m s the P b T e r e s u l t s m a weight s a v 

ings of about 10% due to the r educ t ion m fuel -weight. 

Table III-12 p r e s e n t s s y s t e m des ign s u m m a r i e s for 2 .1-kwe 
210 

P b T e s y s t e m s . A 5-kwe s y s t e m fueled by Po having a 90-day 

life would weigh about 3400 lb with a PbTe c o n v e r t e r . The s a m e 
23 8 

s y s t e m fueled with Pu and having a 2 - y e a r life would weigh 

6700 l b . 

TABLE 111-12 

2.1-kwe ISOTOPE PbTe SYSTEMS 

Net P o w e r (kwe) 

Life (yr) 

F u l l P o w e r Re l i ab i l i t y 

Dose C r i t e r i o n ( r e m / 9 0 day) 

Dose P lane D i a m e t e r (ft) 

Sepa ra t i on D i s t a n c e (ft) 

End -o f -L i f e Eff ic iency (%) 

B e g m n m g - o f - L i f e T h e r m a l P o w e r (kwt) 

R a d i a t o r A r e a (ft ) 

Specif ic Weight (Ib/kwe) 

Weight S u m m a r y (lb) 

Hea t s o u r c e 

Shield 

P u m p 

TE c o n v e r t e r 

N a K 

Expans ion c o m p e n s a t o r 

R a d i a t o r and piping 

P o w e r f l a t t ene r 

S t r u c t u r e 

I n s t r u m e n t a t i o n and con t ro l 

Tota l 

Po^lO 

2 . 

0 

0. 

10 

10 

16 

5. 

5 9 . 

200 

809 

3 67 

4 4 0 

65 

165 

35 

31 

3 7 5 

30 

4 0 

70 

1618 

1 

25 

98 

95 

6 

P u " 8 

2.1 

2 

0.98 

10 

10 

16 

5.7 

35.5 

250 

1435 

1660 

270 

65 

150 

75 

4 0 

4 8 0 

60 

70 

2870 
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c. C a s c a d e d T h e r m o e l e c t r i c Sys t em 

The two t h e r m o e l e c t r i c s y s t e m s d i s c u s s e d above a r e b a s e d 

on the use of s ingle c o n v e r t e r u n i t s . The d i f ferent t h e r m o e l e c 

t r i c m a t e r i a l s have d i f fe ren t op t imum opera t ing t e m p e r a t u r e s . 

The use of both the PbTe and SiGe c o n v e r t e r s m the s a m e s y s t e m 

wil l yield a h ighe r s y s t e m eff iciency and hence lov/er fuel i nven

t o r y , lower s y s t e m weight , and lower r a d i a t o r a r e a . Significant 

i m p r o v e m e n t s a r e p o s s i b l e for t he se p a r a m e t e r s . 

F i g u r e 111-42 shows the flow s c h e m a t i c of a c a s c a d e d t h e r m o 

e l e c t r i c s y s t e m capable of us ing both of the c o m p a c t c o n v e r t e r s 

a t t h e i r o p t i m u m t e m p e r a t u r e p o i n t s . It can be seen that the 

coupl ing be tween c o n v e r t e r s i s a c c o m p l i s h e d by a pumped I iqu id -

m e t a l loop s i m i l a r to the n o r m a l s y s t e m hot and cold loops d i s 

cus sed p r e v i o u s l y . 

„ 210 „ 238 
Po Of Pu 

HEAT SOURCE 

SEPARATOR 
SOURCEdc 
CONDUCTION 
PUMP 

POWER FLATTENING 
RADIATOR (Po210 
SYSTEMS ONLY) 

RCA 
CONVERTER 

W 
CONVERTER 

Ft ACROSS-
THE LINE 
dc CONDUCTION 
PUMP 

7 29 65 U N C L 5090 2512 

F i g u r e I I I -42 . Cascaded S y s t e m Schema t i c 
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1000 
40 44 48 52 56 60 64 68 

CARNOT EFFICIENCY (%) 

7-29-6 6 6090-2511 

F i g u r e I I I -43 . Cascaded Sys t em P e r f o r m a n c e 

TABLE 111-13 

CASCADED TE SYSTEM PERFORlvLANCE 

Powe r 
(kwe) 

2.1 

5.0 

10.0 

15.0 

Po^lO 

A r e a 
(ft 2) 

100 

240 

480 

720 

Weight 
(lb) 

1,210 

2,875 

5,560 

8,120 

P u " 8 

A r e a 
(ft 2) 

150 

355 

710 

1,065 

Weight 
(lb) 

2,200 

2,840 

8,880 

12,200 

The above we igh t s a r e based on a l O - r e m a l lowable r ad i a t ion 
dose at a d i s t a n c e of 1 6 ft pe r each 90 days of the m i s s i o n . 
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The c a s c a d e d s y s t e m is composed of componen t s iden t ica l 

to those of the s ingle c o n v e r t e r s y s t e m s above . The compac t 

c o n v e r t e r s a r e o p e r a t e d m the s a m e t e m p e r a t u r e r a n g e s as a r e 

the I i q u i d - m e t a l (NaK) l o o p s . It can be concluded that the hea t 

s o u r c e r e q u i r e s the m o s t effort but i s t echno log ica l ly capable of 

a lo-w-risk d e v e l o p m e n t cyc l e . 

The u s e of a c a s c a d e s y s t e m is dependent on the d e v e l o p 

m e n t of both c o m p a c t c o n v e r t e r d e s i g n s . 

F i g u r e III-43 sho-ws the p e r f o r m a n c e c h a r a c t e r i s t i c s , i . e . , 

a r e a , weight , eff ic iency, of the c a s c a d e d s y s t e m as r a d i a t o r 

t e m p e r a t u r e (Carnot eff iciency) i s v a r i e d . It can be seen that the 

m i n i m u m weight occu i s at about 60% C a r n o t . The da ta shown 
210 

a r e for 2 .1-kwe s y s t e m s for 90 days with Po , and 2 y e a r s 
7 3 8 

with Pu . The -weight v a r i e s a l m o s t l i n e a r l y with po-wer, as 

does a r e a . T h e r e f o r e , th i s s y s t e m at 5, 10, and 15 kwe h a s the 

c h a r a c t e r i s t i c s shown m Table 111-13. 

F . MERCURY RANKINE SYSTEM 

The r ad io i so tope m e r c u r y Rankine s y s t e m offers a l igh t -

-weight, low specif ic a r e a e l e c t r i c a l power s y s t e m for space 

a p p l i c a t i o n s . Modules of 3 to 5 kwe, p r e s e n t l y m an advanced 

s ta te of d e v e l o p m e n t , can be used m m u l t i p l e s to p roduce up to 

3 0 or 40 kwe of po-wer. High r e l i ab i l i t y of such s y s t e m s can be 

ach ieved s ince it is r e l a t i v e l y s imple to include addi t iona l s tandby 

m o d u l e s for r edundancy . 

F i g u r e III-44 i s a s c h e m a t i c of a typ ica l r ad io i so tope m e r 

c u r y Rankine s y s t e m employing two b a s i c power conve r s ion 

m o d u l e s . This could depic t e i t h e r two ac t ive power c o n v e r s i o n 

m o d u l e s or one ac t ive and one standby m o d u l e . Also sho-wn is 

one method of achieving power p e r module or h ighe r module r e 

l i ab i l i t y t h rough the use of redundant CRU' s m a given m o d u l e . 

M e r c u r y is boiled and s u p e r h e a t e d m a s i n g l e - t u b e , o n c e - t h r o u g h 

b o i l e r -which r e c e i v e s i t s hea t by t h e r m a l r ad i a t ion f r o m the i s o 

tope hea t s o u r c e . The s u p e r h e a t e d vapor d r i v e s a t u r b o a l t e r n a t o r 
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Figure III-44. Multiple PCS Mercury Rankine System -with Isotope Heat Source 



uni t , IS then condensed m a mul t i tube r a d i a t o r - c o n d e n s e r (RC) 

and the condensa te i s pumped back to the b o i l e r . The t u r b o a l t e r 

n a t o r Combined Rota t ing Unit (CRU), shown m F i g u r e 111-45, i s 

a s ing le - sha f t , h e r m e t i c a l l y sea led unit which con ta ins a l l the 

s y s t e m ro ta t ing c o m p o n e n t s , i . e . , the t u r b i n e , a l t e r n a t o r , and 

condensa te p u m p , and is suppor ted by l i q u i d - m e r c u r y - l u b r i c a t e d 

j o u r n a l and t h r u s t b e a r i n g s . The tu rb ine back p r e s s u r e (con

d e n s e r p r e s s u r e ) i s ma in t a ined cons tan t by a p a s s i v e be l lows 

p r e s s u r e r e g u l a t o r tank at the c o n d e n s e r exi t , which a c c e p t s RC 

inven to ry changes at cons tan t p r e s s u r e . A cav i t a tmg v e n t u r i is 

used to p a s s i v e l y m a i n t a i n cons tan t flow to the b o i l e r . 

An a u x i l i a r y NaK coolant loop p r o v i d e s cooling for the i s o 

tope p r i o r to s t a r t u p of the s y s t e m , as wel l a s du r ing any shu t -

do-wn p e r i o d s . Th i s loop a l s o a c t s to r e m o v e the e x c e s s h e a t r e 

qu i red to m a i n t a i n cons tan t t u rb ine in le t t e m p e r a t u r e a s the i s o 

tope d e c a y s . 

S y s t e m s t a r t u p i s ach ieved by inject ing p r e s s u r i z e d liquid 

m e r c u r y f r o m a be l lows inject ion tank into the hot b o i l e r (and 

s i m u l t a n e o u s l y th rough the CRU b e a r i n g s ) . Vapor f rom the 

b o i l e r p a s s e s t h rough the tu rb ine spinning up the CRU and is con

densed m the cool r a d i a t o r c o n d e n s e r . This in jec t ion p r o c e s s 

con t inues unt i l the CRU m e r c u r y pump p r i m e s and t a k e s over the 

s y s t e m flow. The p u m p -will p r i m e a s soon a s the RC p r e s s u r e 

bu i lds up suff icient ly a s a r e s u l t of p r e h e a t f r o m the cont inued 

vapo r condensa t ion . Dur ing the p r e h e a t p r o c e s s , l iquid m e r c u r y 

c o l l e c t s m the RC both f r o m condensa t ion and f r o m the b e a r i n g 

d r a m flo-w. When the p r e s s u r e bui lds up to the des ign point , the 

r e g u l a t o r tank b e c o m e s effect ive and a c c e p t s th i s e x c e s s m e r 

c u r y f r o m the RC and the s y s t e m r e a c h e s s teady s t a t e . The e x 

c e s s inven to ry in the r e g u l a t o r tank can be s imp ly t r a n s f e r r e d 

back to the in jec t ion tank to p rov ide r e s t a r t capab i l i ty . This 

s t a r t u p p r o c e s s can be u t i l i zed for an o rb i t a l s t a r t u p or s l ight ly 

modif ied for p r e l a u n c h s t a r t u p . 
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a State of D e v e l o p m e n t 

The M e r c u r y Rankine P r o g r a m (MRP) h a r d w a r e i s a l l m an 

advanced s ta te of d e v e l o p m e n t . In addi t ion , a g r e a t dea l of com

ple te d e v e l o p m e n t a l p ro to type s y s t e m deve lopmen t t e s t i ng h a s 

a l s o been ach ieved on the p r o g r a m . Table III-14 s u m m a r i z e s 

some of the m o r e p e r t i n e n t t e s t e x p e r i e n c e on the p r o g r a m . 

TABLE III-14 

M R P E X P E R I E N C E SUMMARY 

Opera t ion of CRU M a c h i n e r y (hr) 

A c c u m u l a t e d SNAP 2 / M R P m a c h i n e r y 

A c c u m u l a t e d p ro to type CRU-V m a c h i n e r y 

One m a c h i n e 

O p e r a t i o n of M e r c u r y - L u b r i c a t e d Bear ing (hr) 

Component T e s t E x p e r i e n c e (hr) 

NaK-Hg b o i l e r 

NaK TE p u m p 

R a d i a t o r - c o n d e n s e r 

Load con t ro l 

I n t e g ra t e d S y s t e m E x p e r i e n c e (hr) 

P S M - 1 (flight conf igura t ion) 

PSM-3 (orb i ta l s imula t ion) 

30,000 

20,000 

6,600 

1 5 0 , 0 0 0 

26,000 

17,000 

2,000 

30,000 

550 

1,200 

The CRU h a s r e c e i v e d by far the m o s t d e v e l o p m e n t effort 

m the M R P . T-wo m o d e l s have been unde r t e s t m the p a s t few 

y e a r s the CRU-IVM, a deve lopmen ta l p r o t o t y p e , and the 

CRU-V, the flight p r o t o t y p e . Over 20,000 h o u r s of t e s t i ng have 

been ach ieved -with the CRU-V uni t . Thus f a r , seven un i t s have 

o p e r a t e d for m o r e than 1000 h o u r s , s ix un i t s have o p e r a t e d m o r e 

than 2500 h o u r s , and one unit (which is s t i l l on t e s t ) h a s o p e r a t e d 

m e x c e s s of 4200 h o u r s . An in tens ive des ign revie-w and s u b s e 

quent mod i f i ca t i ons m the uni t -were effective m e l imina t ing the 

infant m o r t a l i t y f a i l u re m o d e s of the uni t . 
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b . S y s t e m P e r f o r m a n c e 

The o v e r a l l power s y s t e m p e r f o r m a n c e for the r a d i o i s o t o p e 

Rankine s y s t e m i s a function of boil ing t e m p e r a t u r e ( sou rce t e m 

p e r a t u r e ) , the h e a t r e j e c t i o n t e m p e r a t u r e , and the m i s s i o n d u r a 

t ion (type of i so tope ) . The v a r i o u s t radeof f s to be c o n s i d e r e d a r e 

eff ic iency, a r e a , and weight . F o r i so tope s y s t e m s , and m p a r 

t i c u l a r for the m e r c u r y Rankine s y s t e m b e c a u s e of i t s low a r e a 

r e q u i r e m e n t s , the m a x i m u m efficiency s y s t e m (also c lose to the 

m i n i m u m -weight s y s t e m ) i s u s u a l l y se lec ted at an i n c r e a s e d a r e a 

pena l ty to m i n i m i z e s y s t e m (isotope inven to ry ) cos t . 

F o r po ten t i a l manned m i s s i o n r e q u i r e m e n t s , power s y s t e m s 

of f r o m 5 to 15 k-we can be m a d e up of f r o m one to t h r e e 5-k-we 

power conve r s ion m o d u l e s ope ra t ing m p a r a l l e l f r o m the i so tope 

h e a t s o u r c e . Addi t iona l r edundan t m o d u l e s can a l s o be added a s 

r e q u i r e d f r o m r e l i ab i l i t y a s p e c t s . The b a s i c 5-kwe module 

-would o p e r a t e writh the p e r f o r m a n c e c h a r a c t e r i s t i c s l i s t ed m 

Table I I I -15 . 

T A B L E 111-15 

5-kwe NET MODULE DESIGN POINT 

G r o s s E l e c t r i c a l Power (kwe) 

Turb ine Inlet T e m p e r a t u r e (°F) 

Boil ing T e m p e r a t u r e ( °F) 

Turb ine Inlet P r e s s u r e (psia) 

Tu rb ine D i s c h a r g e T e m p e r a t u r e (°F) 

T u r b i n e D i s c h a r g e P r e s s u r e (psia) 

Turb ine Eff iciency (%) 

R - C P r e s s u r e D r o p (psi) 

P u m p Inlet P r e s s u r e (psia) 

P u m p D i s c h a r g e P r e s s u r e (psia) 

Net S y s t e m Efficiency (%) 

RC A r e a P e r Module (ft^) 

End -o f -L i f e T h e r m a l Po-wer (kwt) 

F low ( l b / m m ) 

5.75 

1300 

1065 

250 

578 

5 .1 

55 

1.6 

3 .5 

4 5 0 

11.3 

109 

44.4 

17.4 

The 5.75-kwe g r o s s po-wer to ach ieve 5 kwe net inc ludes 
an a l lowance of 5% for s y s t e m d e g r a d a t i o n and 10% for 
power condi t ioning. 
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A r e f e r e n c e 5-kwe r ad io i so tope m e r c u r y Rankine power 

s y s t e m d e s c r i p t i o n is p r e s e n t e d below. 

This po-wer c o n v e r s i o n s y s t e m would be m a d e up of 1 ac t ive 

5-kwe net module and a s tandby redundant module for i n c r e a s e d 

r e l i a b i l i t y . Th i s redundant module s h a r e s the r a d i a t o r fm a r e a 

of the ac t ive unit without impos ing an addi t ional a r e a pena l ty . 

A single i so tope hea t s o u r c e r a d i a t e s to the bo i l e r tube - fm 

a r r a n g e m e n t . The speci f ic i so tope hea t s o u r c e to be employed 

-would depend on the m i s s i o n d u r a t i o n . Po lon ium v, ill be used for 

the s h o r t e r (~-90-day) m i s s i o n s and p lu tonium for the longer du 

ra t ion m i s s i o n s . Shielding r e q u i r e m e n t s for t he se two i so topes 

differ s ignif icant ly and wil l r e q u i r e modi f ica t ion with specif ic 

m i s s i o n v a r i a t i o n s . 

A single a u x i l i a r y NaK loop is p rov ided for cooling of the 

i so tope p r i o r to s t a r t u p and dur ing any shutdo-wn p e r i o d s , and 

a l s o to r e j e c t the e x c e s s i so tope decay hea t to m a i n t a i n cons tan t 

t u rb ine inlet cond i t i ons . The loop c o n s i s t s of a set of coolant 

t ubes mounted on the bo i l e r tube-f in a r r a n g e m e n t , a d i r e c t -

r a d i a t m g t h e r m o e l e c t r i c NaK pump and a h i g h - t e m p e r a t u r e NaK 

r a d i a t o r . This a u x i l i a r y cooling function could a l s o be a c c o m 

pl i shed by r ad i a t i on to space with a v a r i a b l e - shu t t e r type of 

con t ro l . 

Table III-16 l i s t s the o v e r a l l s y s t e m p e r f o r m a n c e c h a r a c t e r 

i s t i c s of the 5-kwe m e r c u r y Rankine power s y s t e m , and Table 

111-17 g ives the s y s t e m weight b r eakdown . 

c. S u m m a r y of C h a r a c t e r i s t i c s 

To a f i r s t a p p r o x i m a t i o n , al l of the v a r i o u s power c o n v e r 

sion s y s t e m concep t s exhibi t a p p r o x i m a t e l y the s a m e weight pe r 

k i lowat t when they a r e c o m p a r e d under the s a m e ground r u l e s . 

The r e a l d i f f e r ences among the s y s t e m s can only be seen m cycle 

eff ic iency, r a d i a t o r a r e a , i nhe ren t s y s t e m r e l i ab i l i t y , and the 

s ta te of d e v e l o p m e n t . 
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TABLE II I -16 

5-kwe MERCURY RANKINE POWER SYSTEM P E R F O R M A N C E 
CHARACTERISTICS 

S y s t e m E l e c t r i c a l Power Output (kwe) 

N e t 

G r o s s 

E n d - o f - L i f e T h e r m a l P o w e r (kwt) 

B e g m n m g - o f - L i f e T h e r m a l P o w e r (kwt) 

90-Day P o ^ ^ " 
TV -D 238 2 - Y e a r Pu 

S y s t e m Eff ic iency, End-o f -L i f e (%) 

N e t 

G r o s s 

O v e r a l l R a d i a t o r A r e a (ft ) 

P o w e r c o n v e r s i o n s y s t e m c o n d e n s e r 
a u x i l i a r y NaK loop 

90-Day Po m i s s i o n 
•7 -V -D, 238 
2 - Y e a r Pu m i s s i o n 

S y s t e m Weight , Shielded (lb) 

90-Day Po m i s s i o n 
•, V D 238 
Z-Year Pu m i s s i o n 

5.0 

5.75 

44 .5 

70 

4 5 

11.3 

12.9 

no 
15 

10 

2045 

3635 
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TABLE III-17 

5-kwe NET MERCURY RANKINE SYSTEM WEIGHT 
BREAKDOWN (lb) 

Bas i c P o w e r Conve r s ion S y s t e m 

CRU m o d u l e s 

B o i l e r s 

R a d i a t o r c o n d e n s e r s 

S t a r t up equ ipmen t 

E l e c t r i c a l and p o w e r -
condi t ioning equ ipment 

S t r u c t u r e 

M i s c e l l a n e o u s 

Active module weight 

Redundant Standby 5-kwe Module 

A c t i v e 

90 

25 

175 

75 

100 

75 

50 

590 

Standby 

90 

25 

35 

160 

100 

75 

50 

535 

90-day Po 
210 

2 - y e a r Pu 
23J 

A u x i l i a r y NaK Loop 

T h e r m o e l e c t r i c p u m p 

R a d i a t o r 

M i s c e l l a n e o u s 

Subtotal 

20 

40 

10 

70 

20 

30 

10 

60 

90-day Po 
210 2 - y e a r Pu 23f 

Heat Source 

Isotope hea t s o u r c e 

Sh ie ld ing ' 

Subtotal 

Tota l Shielded Weight 

Tota l Unshie lded Weight 

450 

510 

960 

2045 

1535 

2200 

360 

2560 

3 63 5 

3275 

Inc ludes ab la t ive r e e n t r y p ro t ec t i on 
t U s m g 10 r e m p e r 90 days at a m e a n s e p a r a t i o n of 16 ft 
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The m e r c u r y Rankine s y s t e m is c h a r a c t e r i z e d by a m o d e r 

a t e ly high eff iciency (8 to 14%) and a low specif ic a r e a r e q u i r e -
2 

m e n t (15 to 25 ft pe r ne t e l e c t r i c a l k i lowat t ) . To ach ieve the 

h i g h e r e f f ic ienc ies one m u s t s ac r i f i ce r a d i a t o r a r e a , and l i k e 

wise m i n i m u m - a r e a s y s t e m s exhibi t the lower e f f i c i enc i e s . 

Another i m p o r t a n t a s p e c t of the Rankine cycle is i t s r e l a t i v e 

m s e n s i t i v i t y to effective sink t e m p e r a t u r e v a r i a t i o n s b e c a u s e of 

the high ( '~600°F) hea t r e j e c t i on t e m p e r a t u r e . One d i s advan tage 

IS the r e q u i r e m e n t to m a i n t a i n v a p o r - l i q u i d i n t e r f a c e s m the 

b o i l e r and c o n d e n s e r unde r o rb i t a l z e r o - g , and a l s o m m o s t 

c a s e s , s m a l l n e g a t i v e - g l o a d s . W h e r e a s th is r e p r e s e n t s a d i s 

advan tage , t h e r e a r e s t r a i g h t f o r w a r d d e s i g n p r o c e d u r e s a v a i l 

able to o v e r c o m e th i s p r o b l e m . In the bo i l e r -where l a r g e p r e s 

s u r e d r o p s can be t o l e r a t e d , th i s is a c c o m p l i s h e d by s imply 

s-wirlmg the t-wo-phase m i x t u r e to ach ieve high i n t e r n a l body 

f o r c e s . Methods —-while not a s s t r a i g h t f o r w a r d and s imple — 

a r e a l s o ava i l ab le to ach ieve s tab le i n t e r f a c e s m the r a d i a t o r 

c o n d e n s e r t h rough con t ro l of the tube d i a m e t e r , the r e l a t i v e f r i c 

t ion l o s s to m o m e n t u m g a m (en t r ance l o s s and condens ing 

length) , and the ve loc i ty g r ad i en t at the i n t e r f ace i tself . In the 

p r e s e n t des ign , one to t-wo ps i of p r e s s u r e d r o p m the RC is suf

f icient to p r o t e c t aga in s t i n t e r f ace in s t ab i l i t y up to about a ten th 

of a " g " nega t ive a c c e l e r a t i o n . 

The i n h e r e n t r e l i ab i l i t y of the m e r c u r y Rankine c o n v e r s i o n 

s y s t e m is e s s e n t i a l l y that of any of the ro ta t ing m a c h i n e r y con

c e p t s . W h e r e a s t h i s i s lower than that ach ievab le with a s t a t i c 

t h e r m o e l e c t r i c s y s t e m , v e r y high o v e r a l l s y s t e m r e l i a b i l i t i e s 

can be ach ieved th rough the use of r edundan t s tandby u n i t s . Th i s 

can be seen f r o m the solid l i nes of F i g u r e III-4 6 as a function of 

individual module r e l i a b i l i t y and the d e g r e e of r edundancy e m 

ployed. The s y s t e m depic ted i s a 20-k-we s y s t e m m a d e up of 

four ac t ive 5-kwe net m o d u l e s . The t u r n o v e r p o r t i o n a t the top 

of the curve is the r e l i a b i l i t y l im i t imposed by the r e m a i n d e r of 

the s y s t e m , i . e . , hea t s o u r c e , e t c . F r o m th i s c u r v e , one can 
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see that for a d e m o n s t r a t e d module r e l i ab i l i t y of 0.9 with no r e 

dundancy , one can d e m o n s t r a t e a s y s t e m r e l i a b i l i t y of only about 

0 .63 . With one redundan t unit th is i n c r e a s e s to 0.9, -with t-wo r e 

dundant to 0.96, e t c . This IS the a p p r o a c h taken with the m e r c u r y 

Rankine c y c l e . E a c h addi t ional r edundan t 5-kwe module cos t s 

about 400 lb m -weight but does not add a s ignif icant a r e a penal ty 

s ince it s h a r e s the a r e a a l r e a d y provided for the ac t ive u n i t s , r e 

qui r ing only an added set of t u b e s . 

G. MANNED BRAYTON SYSTEMS 

The Bray ton cycle offers a conve r s ion s y s t e m with the h igh 

e s t po ten t ia l p e r f o r m a n c e of the t h r e e s y s t e m s d i s c u s s e d . The 

efficie icy of the Bray ton s y s t e m s i s a fac tor of two g r e a t e r than 

that of the m e r c u r y Rankine s y s t e m s and a fac tor of 2 to 4 g r e a t e r 

than that of the t h e r i n o e l e c t r i c s y s t e m s . The Bray ton s y s t e m s 

a r e a m e n a b l e to m o d u l a r deve lopmen t , a s with the m e r c u r y R a n 

kine s y s t e m s . Again 4 to 6 kwe m o d u l e s can be used to obtain 

the d e s i r e d power l eve l . A l s o , r edundan t power conve r s ion s y s 

t e m m o d u l e s can be used m o r d e r to obtain a high o v e r a l l s y s t e m 

r e l i a b i l i t y . 

The Bray ton cycle idea l ly is composed of tv/o r e v e r s i b l e 

c o n s t a n t - p r e s s u r e p r o c e s s e s and t-wo ad iaba t i c r e v e r s i b l e p r o c 

e s s e s . The r e a l cycle r e q u i r e s modi f ica t ion to the ideal cycle 

d i a g r a m s ince the c o m p r e s s i o n and expans ion p r o c e s s e s cannot 

be i s e n t r o p i c . The cycle eff iciency can be i n c r e a s e d g r e a t l y if 

the e n e r g y r e j e c t i o n f rom the cycle can be c o n s e r v e d . This is 

a c c o m p l i s h e d r e g e n e r a t i v e l y by a r e c u p e r a t o r . Was te t h e r m a l 

e n e r g y is t r a n s f e r r e d f rom the tu rb ine exhaus t to the c o m p r e s s o r 

d i s c h a r g e g a s , t h e r e b y re ta in ing th is e n e r g y m the c y c l e . 

The fluid cycle s c h e m a t i c for a s ingle - shaft, radial-flo-w 

power c o n v e r s i o n s y s t e m i s dep ic ted m F i g u r e I I I -47 . The w o r k 

ing gas is hea t ed by the r ad io i so tope hea t s o u r c e hea t exchange r 

and p a s s e s th rough the r a d i a l t u r b i n e . It then e n t e r s the r e c u p e r 

a t o r , r e g e n e r a t i v e l y hea t ing the r e t u r n flow to the h e a t e x c h a n g e r . 
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REPLACEABLE PCS 

V HEAT-SOURCE 
HEAT EXCHANGER 

Al 65 01117 

F i g u r e 111-47. B ray ton Cycle S y s t e m Schema t i c 

The gas i s then cooled m the r a d i a t o r , c o m p r e s s e d m the r a d i a l 

c o m p r e s s o r , r e g e n e r a t i v e l y hea ted m the r e c u p e r a t o r , and r e 

t u rned to the h e a t - s o u r c e hea t exchange r to comple te the cyc l e . 

A m o t o r - d r i v e n j a c k m g - g a s c o m p r e s s o r m a y be p rov ided to in 

c r e a s e gas p r e s s u r e m the b e a r i n g s of the combined ro t a t ing unit 

for i n c r e a s e d l o a d - c a r r y i n g capabi l i ty under launch cond i t ions . 

The a l t e r n a t o r p r o v i d e s raw e l e c t r i c a l power to the p o w e r -

condi t ioning s y s t e m . A p a r a s i t i c load a s s o c i a t e d with each PCS 

m a i n t a i n s cons tan t output power desp i t e n o r m a l f luc tua t ions m 

the load d e m a n d . 

The h e a t - r e j e c t i o n loop r e m o v e s -waste hea t f r o m the h e a t -

s m k hea t e x c h a n g e r s and cools the a l t e r n a t o r and b e a r i n g s . A 

coolant r e s e r v o i r i s p rov ided to a c c o m m o d a t e t h e r m a l expans ion 

of the fluid and m i n o r s y s t e m l e a k s . In addi t ion , th i s r e s e r v o i r 

IS p r e l o a d e d to e n s u r e the r e q u i r e d NPSH at the pump in le t . 

An i s o m e t r i c d r awing of a typ ica l i so tope Bray ton cycle 

power s y s t e m des igned for a manned space s ta t ion i s sho-wn m 

F i g u r e I I I -48 . Two comple t e ly independent hea t s o u r c e / P C S 
23 8 

un i t s o p e r a t e m p a r a l l e l to p rov ide s ta t ion p o w e r . Pu ^^7' 

fi l led fuel c a p s u l e s a r e loca ted m a g raph i t e fuel b lock . The fuel 
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2 3 8 
F i g u r e I I I -48 . Pu Bray ton Cycle S y s t e m 

b locks a r e shaped to function as a r e e n t r y body and p rov ide in 

t a c t r e e n t r y of the fuel c a p s u l e s m the event of a m i s s i o n a b o r t . 

Heat IS t r a n s f e r r e d by r ad i a t ion f r o m the fuel b locks to the U-

shaped hea t e x c h a n g e r . The a r g o n gas working fluid i s hea ted 

m the h e a t e x c h a n g e r and flows to the B r a y t o n cyc le ro t a t ing 

a s s e m b l y which is located above the l i t h i u m - h y d r i d e sh ie ld . 

Insu la t ion comple te ly s u r r o u n d s the fuel b lock and hea t e x 

change r to l im i t t h e r m a l l o s s e s . E m e r g e n c y hea t d u m p d o o r s 

a r e loca ted benea th each fuel block to a l low d i r e c t fuel b lock 

r ad i a t i on to space m the event of a PCS f a i l u r e . Upon r e p l a c e 

m e n t of the failed PCS modu le , the hea t d u m p door m a y be 

c losed and n o r m a l ope ra t ion r e s u m e d . 

The l i t h i u m - h y d r i d e shadow shield h a s a movab le side 

po r t i on — shown m the open pos i t ion — to p e r m i t PCS r e p l a c e 

m e n t . The shield is des igned to l im i t d i r e c t - and s c a t t e r -

r ad i a t i on dose to the c r e w . Shield t h i c k n e s s is con toured to 

m i n i m i z e s y s t e m -weight. 

a. State of D e v e l o p m e n t 

The m o s t de ta i l ed study to date of a r ad io i so tope Bray ton 

cycle power s y s t e m for a manned s p a c e c r a f t app l i ca t ion h a s been 
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the study conducted by the joint A I / D o u g l a s A i r c r a f t / A i R e s e a r c h 

t e a m for NASA-Lang ley . This study defined an 11-kwe power s y s 

t e m for MORL. The s y s t e m proved to be v e r y a t t r a c t i v e . Major 

conc lus ions f r o m th i s study a r e given belo-w. 

The r e s u l t s of the CRU s tud ies ind ica te that the p e r f o r m a n c e 

and life goa l s r e q u i r e d to m e e t the o v e r a l l MORL r e q u i r e m e n t s 

can be obta ined, and no unique deve lopmen t p r o b l e m s have been 

in t roduced into the d e s i g n . 

The e f f ic ienc ies of the c o m p r e s s o r , t u r b i n e , and Rice a l t e r 

n a t o r s e l ec t ed for the CRU can be obtained with a high d e g r e e of 

conf idence . Based on e x p e r i e n c e us ing a r g o n , c o m p r e s s o r s and 

t u r b i n e s have been des igned and t e s t e d and have c lo se ly d e m o n 

s t r a t e d the d e s i r e d p e r f o r m a n c e at typ ica l s y s t e m condi t ions 

(specif ic speed , in le t p r e s s u r e , e t c . ). A ca re fu l l o s s a n a l y s i s 

of the Rice a l t e r n a t o r des ign i nd i ca t e s a p e r f o r m a n c e m a r g i n of 

2% over that r e q u i r e d to m e e t MORL s y s t e m p e r f o r m a n c e and 

-weight e s t i m a t e s . Since s i m i l a r Rice m a c h i n e s have been d e 

signed and t e s t e d , h igh confidence m the a c c u r a c y of the l o s s and 

eff ic iency a n a l y s i s e x i s t s . 

S t r e s s a n a l y s e s of the tu rb ine r o t o r ind ica te that for over 

50,000 h o u r s of o p e r a t i o n , the growth of the r o t o r wil l be l e s s 

than 1% (accord ing to da ta on convent iona l m a t e r i a l s m a i r ) and 

wil l not exceed n o r m a l ope ra t ing c l e a r a n c e s . T h u s , it is e x 

pec ted that the t u rb ine r o t o r can sa t i s fy life r e q u i r e m e n t s . 

S t r e s s e s m the c o m p r e s s o r and a l t e r n a t o r r o t o r s a r e not c r i t i c a l . 

The des ign eff ic iency of the tu rb ine i s 0 .873, based on t o t a l -

t o - t o t a l p r e s s u r e r a t i o . A tu rb ine conf igura t ion s i m i l a r to the 

MORL tu rb ine h a s been des igned and t e s t e d a s p a r t of a B r a y t o n -

cycle r e s e a r c h package for NASA. Th i s t u r b i n e , wi th a 6 .00- in . 

r o t o r , h a s been t e s t e d m a rgon by NASA and h a s shown a des ign 

point eff ic iency of 0.90 based on t o t a l - t o - t o t a l p r e s s u r e r a t i o . 

T e s t da ta w e r e ava i l ab le on a 5-kwe 8 5 , 0 0 0 - r p m Rice m o t o r 

which had been o p e r a t e d a s an a l t e r n a t o r . The MORL a l t e r n a t o r 
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des ign r e p r e s e n t e d a m i n o r u p r a t m g of th is m a c h i n e to 7 kwe 

us ing des ign and f ab r i ca t ion t echn iques p roven at the 5-kwe l e v e l . 

b . S y s t e m P e r f o r m a n c e 

The data sho-wn belo-w w e r e developed spec i f ica l ly for the 

MORL app l i ca t ion . The data a r e va l id , h o w e v e r , for any m a n n e d 

s p a c e c r a f t of the MORL c a t e g o r y . 

P o w e r c o n v e r s i o n s y s t e m weight , r a d i a t o r a r e a , and o v e r a l l 

cyc le efficiency vs e l e c t r i c a l power output a r e shown m F i g 

u r e 111-49. O v e r a l l cyc le efficiency vs t u rb ine inlet and c o m p r e s 

s o r in le t t e m p e r a t u r e a r e shown m F i g u r e 111-50. The s t r o n g 

dependence of eff iciency upon c o m p r e s s o r inlet t e m p e r a t u r e is 

d e m o n s t r a t e d . The MORL r e f e r e n c e des ign point is shown. F u e l 

b lock and sh ie ld weight vs fuel block t h e r m a l power a r e shown m 

F i g u r e II I -5 1. 

F i g u r e I I I -52 shows typ ica l r ad io i so tope B r a y t o n cycle 

power s y s t e m p a r a m e t e r s op t imized to p rov ide 11 kwe to a 

m a n n e d s p a c e c r a f t pay load . Selec t ion of the fundamenta l PCS 

d e s i g n p a r a m e t e r s involved an o v e r a l l a n a l y s i s and op t imiza t i on 

of hea t s o u r c e , PCS, and r a d i a t o r r e q u i r e m e n t s with r e s p e c t to 

p e r f o r m a n c e , weight , and phys i ca l s i z e . F r o m th i s op t imiza t ion , 

a t u rb ine in le t t e m p e r a t u r e of 1640°F and a r a d i a t o r su r face 
2 

a r e a of 920 ft , c o r r e s p o n d i n g to a c o m p r e s s o r in le t t e m p e r a t u r e 

of 6 5 ° F , w e r e s e l e c t e d . 

E a c h of the two fuel b locks is des igned to p roduce a t h e r m a l 

power output of 20.35 kw at the end of a 5 -yea r m i s s i o n . Th i s 

output c o r r e s p o n d s to an in i t i a l ins ta l l ed capac i ty of 21.15 kwt 

•when i so tope d e c a y i s c o n s i d e r e d . This power l eve l inc ludes an 

a l lowance of 1.15 kwt for e ach PCS to account for hea t l o s s e s 

f r o m the s y s t e m . The fue l -b lock sur face o p e r a t e s at a m a x i m u m 

t e m p e r a t u r e of 1800°F , r ad i a t i ve hea t t r a n s f e r a c r o s s an ef fec-
2 

t ive h e a t t r a n s f e r su r face a r e a of 9.5 ft (each fuel block) r a i s e s 

a r g o n gas t e m p e r a t u r e to I 6 4 0 ° F m i t s p a s s a g e th rough the h e a t 

s o u r c e hea t e x c h a n g e r . The combined ro ta t ing unit (CRU) des ign 

357 



^ 
\ . X 

•RATIO OF NET OU 
THERMAL INPUTP 

NOTES 

1 NET OUTPUT POWER-10 5 KWE 
2 V.ORKING FLUID ARGON OR Xe-l-He WfTH MOL WT = 40 
3 COMPRESSOR SPECIFIC SPEED NS,. = 0 1 
4 CRU ROTATIONAL SPEED = 64 000 RPM 
5 RECUPERATOR EFFECTIVENESS = 0 92 

6 SYSBRESS LOSS(3 0 88 
7 ALTERNATOR EFFICIENCY = 0 90 

REFER 
• v ^ ^ DESIGN 

^ 

^ 

"PUT POWER (10 5 KWE) TO 

OWER INCLUDING 2 KWT HE 

:NCE 
POINT 27 8°. 

^ 

^ 

AT LOSS 

TURBINE INLET GAS 
TOTAL TEMP = 1 640"F 

^ ^ ^ 5 4 0 ^ > v ^ 

^ ' \ 1 , 4 4 0 ' \ , ^ _ ^ ^ 

^ \ . 1,340° 

100 

COMPRESSOR INLET TEMP. (°F) 

150 200 

7-27-66 UNCL 

F i g u r e I I I -50 . C o m p r e s s o r Inlet T e m p e r a t u r e 
vs Ove ra l l Eff iciency 

358 



/ 

/ 

;H IELDV 

^ F L 

REFERENCE 

TOTAL 

/ 

^ ^ 

EL BLOCK 

)ESIGN-42 3K» 

y 

/ 

t v 

/ 

^ 

20 24 32 36 40 

THERMAL P0\ ER KW 
(INITIAL LOADING) 

6090 2504 

F i g u r e H I - 5 1 . Weight \ s Power 

359 



5.5 KWe @ 1067 CPS UKb ^REPLACEABLE PCS 

1640° F(a> 32 PSIA' 

920 FT'̂  TO EC/LS 

Al-66-0013 

F i g u r e I I I -52 . PCS Schema t i c 

i s b a s e d on a tu rb ine eff iciency of 87.3% and a c o m p r e s s o r effi

c iency of 80%. Ope ra t ion of the CRU at 64,000 r p m r e s u l t s in an 

o p t i m u m p r e s s u r e of 17.7 ps i a at the c o m p r e s s o r in le t . Gas e x 

pans ion th rough the tu rb ine expends about 88% of the to ta l head 

developed by the c o m p r e s s o r ; t h e ' r e m a i n d e r i s a l lo t ted to p r e s 

s u r e d r o p th rough hea t exchange componen t s and d u c t s . 

The gas flow f r o m the r e c u p e r a t o r e n t e r s the h e a t s ink hea t 

e x c h a n g e r at 3 4 7 ° F , -where p r o v i s i o n is m a d e for r emov ing up to 

2.42 kwt by the e n v i r o n m e n t a l c o n t r o l / l i f e suppor t ( E C / L S ) coolant . 

The r e m a i n d e r of the w a s t e hea t load is t r a n s f e r r e d to the 

h e a t - r e j ' e c t i o n s y s t e m . After p a s s a g e th rough the c o m p r e s s o r , 

the gas flow is r e g e n e r a t i v e l y hea ted f rom 265 to 1203°F in the 

r e c u p e r a t o r . The high r e c u p e r a t o r e f fec t iveness (0.92), c o m 

bined with op t imized cycle ope ra t ing cond i t ions , r e s u l t s in a 

cycle eff iciency of 27% under des ign cond i t ions . 

In each of the h e a t - r e j e c t i o n s y s t e m s the coolant , F C - 7 5 , 

r e m o v e s -waste hea t f r o m the sink hea t exchange r and the a l t e r 

n a t o r . Under des ign condi t ions , flow th rough the r a d i a t o r 
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r e d u c e s coolant t e m p e r a t u r e f rom 266 to 51 °F by t h e r m a l r a d i a 

t ion to a d e s i g n a v e r a g e hea t sink t e m p e r a t u r e of - 2 0 ° F . 

S y s t e m des ign p a r a m e t e r s a r e sho-wn m Table I I I -18 . 

TABLE 111-18 

SYSTEM DESIGN P A R A M E T E R S 

Net E l e c t r i c a l Output P o w e r 

D e s i g n Orb i t a l —Sink T e m p e r a t u r e 

R a d i a t o r A r e a 

Working Fluid 

Turb ine Inlet T e m p e r a t u r e 

C o m p r e s s o r Inlet T e m p e r a t u r e 

Shaft Speed 

R e c u p e r a t o r E f fec t iveness 

Tota l P r e s s u r e L o s s F a c t o r (r / r ) 

C o m p r e s s o r Specific Speed 

A l t e r n a t o r Eff ic iency 

Tota l Heat L e a k a g e 

B e a r i n g L o s s / C R U 

S y s t e m T h e r m a l Eff ic iency 
(kwe/fuel kwt) 

11 kwe 

- 2 0 ° F 

920 ft^ 

Argon 

1640°F 

65°F 

64,000 r p m ± 

0.92 

0.88 

0.092 

0.90 

2.3 kwt 

500 wa t t s 

0.27 

.25% 

Tota l for 2 PCS p a c k a g e s , at a l t e r n a t o r t e r m i n a l s 

The launch weight of the P lu ton ium Bray ton Cycle (PBC) 

s y s t e m is p r e s e n t e d m Table I I I -19 . 

The v e r y h igh eff ic iency of an i so tope Bray ton cycle s y s t e m 

m i n i m i z e s fuel b lock and shield weight and s impl i f i e s s y s t e m 

d e s i g n and i n t e g r a t i o n into a manned s p a c e c r a f t . 

Min imiz ing the r e q u i r e d i so tope inven to ry is a l s o i m p o r t a n t 

due to the c u r r e n t l im i t ed supply and high cos t of the m o r e a t t r a c 

t ive long- l ived i s o t o p e s . 
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TABLE III-19 

PBC SYSTEM WEIGHT SUMMARY 

F u e l Block and Radia t ion Shield 

P o w e r C o n v e r s i o n Unit 

B r a y t o n cycle PCS (2) 

Coolant m o t o r and pump a s s e 

E v a p o r a t o r s u b s y s t e m 

P o w e r Condit ioning and Cont ro l 

T r a n s f o r m e r and r e c t i f i e r s 

I n v e r t e r s 

V a r i a b l e f requency i n v e r t e r s 

B a t t e r y and b a t t e r y c h a r g e r 

Speed con t ro l , r e l a y s , b r e a k 
m i s c e l l a n e o u s 

Vehic le In tegra t ion 

I n t e r s t a g e ex tens ion 

S t r u c t u r a l and m e c h a n i c a l 

E C / L S s y s t e m 

Insu la t ion and a t t a c h m e n t 

R a d i a t o r 

Tota l s y s t e m weight 

mbly (4) 

= r s . 

Ex t r apo l a t ed s y s t e m weight 

a n d 

Weight 
(lb) 

1124 

90 

130 

116 

119 

200 

4 3 0 

224 

3 5 5 

665 

64 

133 

164 

4967 

1653 

1344 

1089 

1381 

5467 

E x c l u d e s 519 lb for d i s t r i bu t ion and p ro t ec t i on eq u ip men t . 

Hea t t r a n s f e r f rom the fuel block to the work ing gas hea t e x 

change r by d i r e c t r ad i a t ion r e s u l t s m a v e r y a t t r a c t i v e s y s t e m . 

The en t i r e po-wer conve r s ion s y s t e m can be r e p l a c e d s imply by 

d i sconnec t ing the r a d i a t o r l i n e s , the a l t e r n a t o r e l e c t r i c a l plug, 

and the m e c h a n i c a l suppor t l a t c h e s . No gas connec t ions need be 

b roken or r e s e a t e d , and no difficult a s s e m b l y o p e r a t i o n s a r e 

r e q u i r e d . 
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The v e r y low r a d i a t o r t e m p e r a t u r e s r e q u i r e d for efficient 

cycle ope ra t i on can be a p r o b l e m in some a p p l i c a t i o n s , h o w e v e r , 

m l a r g e manned space s ta t ion a p p l i c a t i o n s , the r a d i a t o r s usua l ly 

i n t eg ra t e v e r y wel l into the v e h i c l e . The low hea l r e j ec t ion t e m 

p e r a t u r e a l lows use of space s ta t ion skin i t se l f for a r ad ia t ing 

s u r f a c e , and a l s o m i n i m i z e s t h e r m a l i n t e r f a c e s with the c r e w 

l iving q u a r t e r s . A l u m i n u m r a d i a t o r tubes can be used and the 

s p a c e c r a f t skin p r o v i d e s the r e q u i r e d m e t e o r o i d p ro t ec t i on wi th 

out an addi t ional -weight pena l ty . Difficult r a d i a t o r f ab r i ca t ion , 

c o r r o s i o n , or plugging p r o b l e m s a r e not e n c o u n t e r e d . The use 

of a r g o n m the p r i m a r y loop e l i m i n a t e s c o r r o s i o n p r o b l e m s 

within the PCS . 

The Bray ton CRU and 1800°F hea t s o u r c e r e p r e s e n t the long 

lead i t e m s with th i s s y s t e m . Ne i the r a r e p r e s e n t l y involved m a 

full deve lopmen t effor t . The p r i n c i p a l po ten t ia l p r o b l e m with the 

CRU IS the t h e r m a l and m e c h a n i c a l i n t eg ra t i on of e ach shaft and 

hous ing component into a r e l i a b l e and o p e r a b l e uni t . 

H. RADIOISOTOPE SYSTEMS SUMMARY 

Based on the fuel, hea t s o u r c e , and power c o n v e r s i o n con

s i d e r a t i o n s d i s c u s s e d p r e v i o u s l y , the final s e l ec t ion i s b a s e d on 

the combina t ions which bes t m e e t the r e q u i r e m e n t s of a p a r t i c u 

l a r m i s s i o n . The m i s s i o n p a r a m e t e r s which inf luence s y s t e m s e 

lec t ion a r e 

P a r a m e t e r Inf luences 

Miss ion Life F u e l se l ec t ion 

PCS se l ec t ion 

Weight C o n s t r a i n t s F u e l s e l ec t ion 

A r e a C o n s t r a i n t s PCS se lec t ion 

Miss ion Type Heat s o u r c e conf igura t ion 

Mis s ion Date F u e l s e l ec t ion 

Volume C o n s t r a i n t s F u e l , hea t s o u r c e , and PCS 

A s u m m a r y of the m a j o r e l e m e n t s is p r e s e n t e d m the fol lowing. 

363 



The po-wer c o n v e r s i o n equ ipmen t fa l ls in one of t-wo c l a s s e s ; 

s t a t i c conve r s ion or dynamic c o n v e r s i o n . Stat ic c o n v e r s i o n 

inc ludes t h e r m o e l e c t r i c s and t h e r m i o n i c s . Dynamic power 

c o n v e r s i o n inc ludes Rankine and B r a y t o n ro ta t ing m a c h i n e r y . 

F o r e a r l y p r o g r a m s t h e r m i o n i c s cannot be c o n s i d e r e d . Th i s 

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

a. T h e r m o e l e c t r i c Conve r s ion 

T h e r m o e l e c t r i c (TE) c o n v e r s i o n i s c h a r a c t e r i z e d by s i m p l i c 

i ty , h igh r e l i a b i l i t y , and s t a t i c o p e r a t i o n s . Howeve r , th i s i s 

ach ieved at the expense of s y s t e m conve r s ion eff ic iency. T h e r e 

a r e t-wo p r i n c i p a l TE m a t e r i a l s -which m u s t be c o n s i d e r e d . These 

a r e SiGe and P b T e . E i t h e r of t he se m a t e r i a l s can p rov ide an 

ope ra t ing eff ic iency in the r ange of 5 to 6%. The P b T e h a s a 

s l ight edge on eff ic iency but h a s a lower ope ra t ing t e m p e r a t u r e 

and l a r g e r r a d i a t i o n a r e a . SiGe h a s a lower i n h e r e n t m a t e r i a l s 

eff ic iency; h o w e v e r , i t s h ighe r t e m p e r a t u r e capabi l i ty h e l p s to 

p rov ide n e a r l y equa l s y s t e m eff ic iency. The SiGe a l s o r e q u i r e s 

about 1/4 the r ad i a t i on a r e a of P b T e . 

The P b T e and SiGe t h e r m o e l e c t r i c s have both undergone e x 

t ens ive d e v e l o p m e n t . SNAP 1 OA ut i l i zed a d i r e c t r ad ia t ing SiGe 

module which h a s no-w d e m o n s t r a t e d s e v e r a l y e a r s of life at about 

1300°F . P b T e h a s a l s o been used e x t e n s i v e l y . Ho-wever, unt i l 

r e c e n t l y it was n e v e r put t h rough the exhaus t ive technology and 

dev ice d e v e l o p m e n t effort t h rough which SiGe h a s p a s s e d . 

P r e s e n t l y both P b T e and SiGe a r e being developed in the con

f igura t ion of a c o m p a c t c o n v e r t e r . The compac t c o n v e r t e r s both 

u t i l i ze hea t t r a n s f e r f r o m a hot l iquid m e t a l loop t h rough the TE 

m a t e r i a l to a cold l iquid m e t a l loop . These two concep t s could 

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

f l igh t s . Table I I I -20 sho-ws des ign c h a r a c t e r i s t i c s of s e v e r a l TE 

s y s t e m s . 

Based on c u r r e n t technology s t a tus only, TE c o n v e r s i o n can 

be c o n s i d e r e d for the 1968-1970 t ime p e r i o d . None of the d y n a m i c 
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TABLE IU-20 

RADIOISOTOPE SYSTEMS P E R F O R M A N C E SUMMARY 
(Manned app l i ca t ions ; power = 5 kwe) 

S y s t e m 

P o T h e r m o e l e c t r i c 

Po M e r c u r y R a n k i n e 

Po Bra-yton 
23 8 

Pu T h e r m o e l e c t r i c 
23 R 

P u M e r c u r y Rankine 

Pu^^^ B r a y t o n 

S y s t e m 
Life 

90 days 

90 days 

90 days 

1 to 5 y e a r s 

1 to 2 y e a r s 

1 to 3 y e a r s 

S y s t e m 
Weight 

(lb) 

3550 

2045 

2570 

6800 

3635 

2910 

R a d i a t o r 
A r e a 
(ft2) 

225 

125 

460 

395 

120 

445 

O v e r a l l 
Eff ic iency 

(%) 

4.5 

11.3 

25 

5.0 

11.3 

25 

s y s t e m s can be r e a d y for t h i s e a r l y fl ight. The cho ices t h e r e 

fore a r e the P b T e c o m p a c t c o n v e r t e r , the SiGe c o m p a c t con

v e r t e r , or the SiGe d i r e c t r ad ia t ing c o n v e r t e r . Any of t he se can 

be a v a i l a b l e . The d i r e c t r ad i a t i ng SiGe module h a s the m o s t ad 

vanced d e v e l o p m e n t a l s t a tus -with both compac t des igns r e q u i r i n g 

add i t iona l d e v e l o p m e n t . 

D u r i n g the 1969-1970 t i m e p e r i o d , the TE power c o n v e r s i o n 

r e p r e s e n t s the only po ten t i a l a p p r o a c h . Cascad ing i s a unique 

p o s s i b l e s y s t e m which con ta ins a developed SiGe c o m p a c t con 

v e r t e r combined -with a compac t P b T e c o n v e r t e r to p rov ide an 

8 to 9% s y s t e m eff ic iency, low weight and a r e a . Th i s s y s t e m 

h a s the b e s t chance of being r e a d y by 1969-1970 b e c a u s e the p r o b 

l e m s of c a scad ing P b T e -with SiGe have been e l im ina t ed by use of 

an i n t e r m e d i a t e loop . F u r t h e r , the i m p r o v e d eff ic iency r e d u c e s 

the fuel ava i l ab i l i t y p r o b l e m . F r o m a p r a c t i c a l s tandpoint t h e r e 

i s l i t t le t i m e be tween now and 1969 to c a r r y t h rough even the 
210 

Po TE s y s t e m . H o w e v e r , th i s s y s t e m does stand the b e s t 

chance of m e e t i n g such a flight d a t e . 
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b . D y n a m i c Po-wer C o n v e r s i o n 

The two d-ynamic s y s t e m s which a r e of i n t e r e s t a r e the m e r 

c u r y Rankine s y s t e m and the Bray ton s y s t e m . The m e r c u r y 

Rankine s y s t e m h a s been unde r deve lopmen t for about 8 y e a r s , 

-while deve lopmen t of the B r a y t o n m a c h i n e r y h a s jus t r e c e n t l y 

been in i t i a t ed . 

The m e r c u r y s y s t e m r e p r e s e n t s the m o s t advanced d y n a m i c 

s y s t e m in e x i s t e n c e . P r e s e n t l y unit o p e r a t i o n i s in e x c e s s of 

5000 h o u r s -with an objec t ive of 10,000 a s the next s t e p . The 

m e r c u r y s y s t e m can p rov ide an o v e r a l l e f f ic iency of be tween 

10 and 12%. Ano the r advantage of the m e r c u r y Rankine a p p r o a c h 

i s the lo-w a r e a r e q u i r e m e n t . G e n e r a l l y a specif ic a r e a of 
2 

20 ft /kv/e -will r e s u l t . 

The B r a y t o n cycle s y s t e m is the m o s t eff icient space power 

a p p r o a c h -which can be c o n s i d e r e d . It should p rov ide ne t effi

c i e n c i e s of betv/een 20 and 22%. With i so tope h e a t s o u r c e s th i s 

i s a m a j o r advan t age . The Bray ton s y s t e m d o e s , h o w e v e r , r e 

qu i r e l a r g e r a d i a t i o n a r e a s . The speci f ic r a d i a t o r a r e a of about 
2 

90 to 100 ft / k w e would be expec ted . 

The B r a y t o n s y s t e m h a s only jus t e n t e r e d the d e v e l o p m e n t a l 

c y c l e . F o r t h i s r e a s o n i t s u s e cannot be c o n s i d e r e d before the 

e a r l y 1 9 7 0 ' s . 

Table I I I -20 sho-ws typ ica l s y s t e m c h a r a c t e r i s t i c s for the 

Rankine and B r a y t o n s y s t e m along wi th the s ingle modu le TE 

s y s t e m . Th i s da t a i s b a s e d on a 5-kwe power output in an Apol lo 

hard-ware m i s s i o n . 

Based on the s t a tu s of d e v e l o p m e n t , it i s p r o j e c t e d that the 

m e r c u r y s y s t e m can be ava i l ab l e for the 1972 t i m e pe r iod -with 

the B r a y t o n ava i l ab l e in 1973. 

The po ten t i a l ava i l ab i l i t y t i m e s a r e shown for e a c h s y s t e m 

type in F i g u r e 111-53. It can be s een f r o m th i s f igure tha t the 

p r o j e c t e d p o w e r - t i m e r e l a t i o n s h i p for e a c h type of s y s t e m i s 

quite c o n s i s t e n t wi th e a r l y manned p r o g r a m s . 
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VS FUEL CELLS 
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• LOW VOLUME REQUIREMENT 
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The ques t ion of fuel ava i l ab i l i ty i s one of the m o s t i m p o r t a n t 

ques t i ons which m u s t be a n s w e r e d . Based on m a n y s tud ies it i s 

concluded tha t adequa te fuel can be p roduced if a r e q u i r e m e n t i s 

e s t a b l i s h e d . 

c . Se lec t ion S u m m a r y 

210 In s u m m a r y , i t can be concluded tha t the i so tope fuels P o , 

T m , P u , and p o s s i b l y Cm a r e ap p l i c ab l e . T h e s e can 

be coupled wi th T E , m e r c u r y Rank ine , and B r a y t o n power con

v e r s i o n s u b s y s t e m s and be ava i lab le at the t i m e s ind ica ted in 

F i g u r e I I I - 5 3 . 

The m o s t l og ica l app l ica t ion of i so tope s y s t e m s a p p e a r s to 

be -with in i t i a l s e l ec t i on of TE po-wer c o n v e r s i o n coupled to e i t h e r 
170 210 

T m or Po . At the second s tage of u s e the TE c o n v e r s i o n 

can be r e t a i n e d and technology growth i n c o r p o r a t e d which wil l 

y ie ld m o d e s t p e r f o r m a n c e i m p r o v e m e n t . Along wi th th i s g rowth 

TE c o n v e r s i o n s u b s y s t e m , the capab i l i ty for us ing e i t h e r the sho r t 
238 

life fuel o r Pu wil l b e c o m e a v a i l a b l e . With the in t roduc t ion 
of Pu in 1971-1972, the growth to 1973 -f should be by a s tep 

23 8 
change to e i t h e r F*u Rankine or Bra-yton. By r e t a in ing both 

PCS s y s t e m s the s e l ec t i on can be m a d e m u c h l a t e r and on a b e t 

t e r d e m o n s t r a t i o n b a s i s . 

d. M i s s i o n App l i ca t ions 

C u r r e n t l y t h r e e t y p e s of power s y s t e m s a r e being c o n s i d 

e r e d for e a r l y m a n n e d space m i s s i o n s . T h e s e a r e the so l a r ce l l 

s y s t e m , fuel ce l l s y s t e m , and r ad io i so tope s y s t e m s . The fuel 

ce l l s y s t e m i s being used on the shor t - l i fe m i s s i o n Apol lo . 

F i g u r e 111-54 sho-ws a c o m p a r i s o n of the typ ica l p e r f o r m a n c e 

of fuel c e l l s , s o l a r c e l l s , and r a d i o i s o t o p e s y s t e m s . The c o m 

p a r i s o n s sho-wn a r e at 3 k-we and in the c a s e of the a r e a c o m p a r i 

son at 90 -day l i fe . It can be seen f r o m th i s f igure that the r a d i o 

i so tope s y s t e m weight v s m i s s i o n d u r a t i o n i s g e n e r a l l y l e s s than 

e i t h e r so l a r c e l l s or fuel c e l l s . As m i s s i o n t i m e i n c r e a s e s the 
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fuel ce l l s b e c o m e p roh ib i t i ve in weight . In a g e n e r a l i z e d m i s 

sion such a s i s r e p r e s e n t e d by F i g u r e I I I -54 , the so l a r ce l l s y s 

t e m i s quite c lose in weight to the r ad io i so tope s y s t e m . 

In the a r e a c o m p a r i s o n shown in F i g u r e I I I -54 , it can be 

s een that the fuel ce l l is the lowes t a r e a s y s t e m of the t h r e e . 

Ho-wever, the m o r e s ignif icant r e l a t i o n s h i p is be tween s o l a r 

c e l l s and r a d i o i s o t o p e . Using a Po TE s y s t e m a s the b a s e , 

the so l a r ce l l s r e q u i r e d at l e a s t twice the deployed a r e a . In 

addi t ion th i s m u s t be o r i en ted to the sun at al l t i m e s . 

In s u m m a r y , it is c l e a r f r o m F i g u r e III-54 that the r a d i o 

i so tope s y s t e m offers the be s t p e r f o r m a n c e of the t h r e e cand i 

d a t e s in the k i lowat t e l e c t r i c a l r a n g e for m i s s i o n s over about 45 -

to 90-day d u r a t i o n . 

Typica l e x a m p l e s of the m i s s i o n s for which r a d i o i s o t o p e 

s y s t e m s a r e being c o n s i d e r e d a r e sho-wn in F i g u r e s I I I -55 and 

111-56. T h e s e a r e d i s c u s s e d below. 

1. MORL (Manned Orbi t ing R e s e a r c h L a b o r a t o r y ) 

F i g u r e I I I -55 shows an a r t i s t ' s ske tch of the MORL s p a c e 

c r a f t . It i s des igned a s a long- l i fe (up to 5 y e a r s ) space s ta t ion 

capab le of suppor t ing up to 10 m e n . The power s y s t e m studied 
23R 

for t h i s m i s s i o n was the Pu Bray ton cycle s y s t e m . It i s in

t e g r a t e d d i r e c t l y into the s p a c e c r a f t and u s e s the su r face a s a 

loTV t e m p e r a t u r e r a d i a t o r . 

2 . MOL (Manned Orbi t ing L a b o r a t o r y ) 

Typica l of a s m a l l manned space s ta t ion , the MOL is shown 

in F i g u r e 111-56. This type of app l ica t ion would r e q u i r e two to 
210 238 

t h r e e m e n and a po-wer l eve l of 3 to 5 kwe . A Po or Pu 

h e a t s o u r c e coupled with e i t h e r s t r a i g h t t h e r m o e l e c t r i c s or a 

c a s c a d e t h e r m o e l e c t r i c s u b s y s t e m would m a k e an a t t r a c t i v e 

po^ver supply for t h i s c l a s s of m i s s i o n . 
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4. UNMANNED RADIOISOTOPE SYSTEMS 

A. INTRODUCTION 

T h e r e a r e a gro-wing n u m b e r of s p a c e m i s s i o n s r e q u i r i n g 

v a r y i n g a m o u n t s of e l e c t r i c po-wer for which s o l a r ce l l s and b a t 

t e r i e s look u n a t t r a c t i v e . T h e s e m i s s i o n s inc lude i n t e r p l a n e t a r y 

and g a l a c t i c p r o b e s w h e r e s o l a r e n e r g y is r e d u c e d to v e r y low 

l e v e l s and w h e r e r e l a t i v e l y long l i f e t imes a r e r e q u i r e d . F o r 

t h e s e app l i ca t ions r a d i o i s o t o p e s using long ha l f - l i fe fuel , such a s 
2 38 

Pu , offer s igni f icant a d v a n t a g e s . The u s e of r a d i o i s o t o p e s in 

a v a r i e t y of unmanned e a r t h o r b i t a l m i s s i o n s a l s o offers s igni f i 

cant a d v a n t a g e s ove r the u s e of s o l a r ce l l s and b a t t e r i e s . T h e s e 

a d v a n t a g e s i nc lude : 

1) High i n h e r e n t r e l i a b i l i t y , -which offers a po-wer supply 

l i f e t ime capab i l i ty c o n s i d e r a b l y in e x c e s s of that ob ta inable 

wi th o r i e n t e d s o l a r ce l l s and b a t t e r i e s . 

2) Low weigh t , wh ich p e r m i t s the i n s t a l l a t i o n of e x c e s s 

r edundan t e l e c t r i c a l equ ipment in a g iven s p a c e c r a f t to i n 

c r e a s e useful m i s s i o n l i fe . 

3) The capab i l i ty of us ing w a s t e hea t for s p a c e c r a f t t e m 

p e r a t u r e c o n t r o l and to f u r t h e r i n c r e a s e e l e c t r o n i c equ ipment 

l i f e t i m e s . 

4) Cost e f fec t iveness t h rough i n c r e a s e d m i s s i o n l i f e t i m e s . 

5) Lo-w hea t r e j e c t i o n a r e a r e q u i r e m e n t s . 

6) R a d i o i s o t o p e p e r f o r m a n c e independent of o r i e n t a t i o n . 

The hea t f r o m the r a d i o i s o t o p e s can be c o n v e r t e d to e l e c 

t r i c a l e n e r g y by the u s e of e i t h e r t h e r m o e l e c t r i c c o n v e r t e r s o r by 

u s e of d y n a m i c s y s t e m s u t i l i z ing the Rankine or B r a y t o n c y c l e . 

S ince d y n a m i c s y s t e m s a r e l e s s r e l i a b l e and s ince efficiency is 

l e s s i m p o r t a n t a t low p r e s s u r e , t h e r m o e l e c t r i c s y s t e m s a r e m o r e 

a t t r a c t i v e for u n m a n n e d m i s s i o n s . 
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B. RADIOISOTOPE T H E R M O E L E C T R I C SYSTEMS 

An RTG c o n s i s t s b a s i c a l l y of the r ad io i so tope hea t s o u r c e , a 

t h e r m o e l e c t r i c c o n v e r t e r , a r a d i a t o r to r e j e c t w a s t e h e a t , and 

the t h e r m a l coupling be tween t h e s e c o m p o n e n t s . T h e r e a r e m a n y 

ways of phys i ca l l y and t h e r m a l l y coupling the componen t s of an 

R T G . The m e t h o d s of hea t t r a n s f e r be tween the m a j o r s y s t e m 

componen t s a r e l imi t ed to conduct ion, forced convect ion , and 

r a d i a t i o n . 

F o r lower power l e v e l s , i . e . , unde r a few h u n d r e d w a t t s , the 

o p t i m u m d e s i g n a p p e a r s to be one w h e r e the r a d i o i s o t o p e capsu l e 

t r a n s f e r s hea t to the TE c o n v e r t e r , which in t u r n t r a n s f e r s to 

f ins , which r a d i a t e to s p a c e . Since th i s type of a s y s t e m u s e s 

no m o v e a b l e p a r t s , it is e x t r e m e l y r e l i a b l e , and h a s been used 

for m o s t of the s y s t e m s buil t up to this t i m e . The following R T G ' s 

for space u s e th i s type of a d e s i g n : SNAP ' s 3B, 9A, 19, and 27. 

F o r h ighe r power l e v e l s , a one - loop convect ion s y s t e m a p 

p e a r s to be m o r e a t t r a c t i v e . F i g u r e III-57 p r e s e n t s a one - loop 

convec t ion s y s t e m . In this design, the r ad io i so tope c a p s u l e s 

t r a n s f e r hea t to the TE c o n v e r t e r s by r ad i a t i on . The l iquid 

m e t a l coolant then t r a n s f e r s the hea t by convect ion f r o m the TE 

c o n v e r t e r to the r a d i a t o r -which r a d i a t e s to s p a c e . In F i g 

u r e I I I -57 , a power f la t tening dev ice i s shown for r a d i o i s o t o p e s 

wi th sho r t ha l f - l i f e , such as T m and Po . If a long half-
23 8 

life r a d i o i s o t o p e , such a s F*u , i s u s e d , the power f la t tening 

dev ice wi l l not be n e c e s s a r y . 

The following p r e s e n t s some de ta i l s on R T G ' s that have 

a l r e a d y been p l aced in o r b i t , or a r e under deve lopmen t . 

SNAP 3B 

The SNAP 3 p r o g r a m had i t s beginning in e a r l y 1958. I ts 

fundamenta l p u r p o s e was to inves t iga t e the po t en t i a l i t i e s of 
210 

d i r e c t c o n v e r s i o n a s appl ied to r a d i o i s o t o p e s in s p a c e . Po 

and P u fuel w e r e u s e d in t he i r g round e x p e r i m e n t s . 
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\ HEAT TRANSFER 
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WASTE HEAT 

TO SPACE 

7679-0178B 

F i g u r e 111-57. Typ ica l O n e - L o o p Convect ion S y s t e m 

H o w e v e r , the flight s y s t e m s SNAP 3B7 and SNAP 3B8 used 
23 8 

P u . Table III-21 p r e s e n t s p e r t i n e n t da ta r e g a r d i n g SNAP 3B. 

SNAP 3B7 w a s the f i r s t n u c l e a r power p lant to be used in s p a c e . 

It was ins t a l l ed aboa rd the T r a n s i t 4A Naviga t iona l Sa t e l l i t e , and 

w a s success fu l ly launched on June 29, 1961. The SNAP 3B8 was 

launched aboa rd the T r a n s i t 4B on N o v e m b e r 15, 1961. The 

T r a n s i t s a t e l l i t e s t r a n s m i t cons tan t f requency r a d i o w a v e s to 

e a r t h . Through p r e c i s i o n d o p p l e r - s h i f t t e chn iques and knowledge 

of the s a t e l l i t e ' s pos i t ion , sh ips at sea can m a k e a c c u r a t e n a v i 

ga t iona l f i xe s . Since long life and s table o p e r a t i o n a r e m a n d a -
O Q O 

t o r y for T r a n s i t power s u p p l i e s , Pu w a s used a s the hea t 

s o u r c e s ince it h a s a long (86 y e a r s ) ha l f - l i f e . F i g u r e I I I -58 

p r e s e n t s the SNAP 3B fuel c a p s u l e d r a w i n g u s i n g P o ^ ^'^. The P u ^ ^ ^ 

c a p s u l e which was u s e d for the flight s y s t e m i s v e r y s i m i l a r . 

Note the t h r e e c a p s u l e s a r e p l aced one within the o the r to a s s u r e 
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Figure III-58. SNAP 3B Fuel Capsule Drawing 
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TABLE III-21 

CHARACTERISTICS OF SNAP 3B7, 8, AND SNAP 9A 

C h a r a c t e r i s t i c 

F u e l 

F u e l Loading (gm) 

F u e l Capsu le Mate r i a 

C o n v e r t e r M a t e r i a l 

N u m b e r of Couples 

Insu la t ion M a t e r i a l 

G e n e r a t o r Shell 

Output Vol tage (volts 

M a x i m u m E l e c t r i c a l 
(wat ts) 

T h e r m a l P o w e r (watt 

G e n e r a t o r Eff ic iency 

M a s s (kg) 

O p e r a t i o n a l Da te 

1 

Power 

s ) 

(%) 

SNAP 3B7 and 8 

P u " « 

95 

H a y n e s - 2 5 

P b T e 

54 

Min-K 

Copper 

3 .5 

2 .7 

52 

5.2 

2 .1 

1961 

SNAP 9A 

P u " « 

1000 

25 

~ 5 5 0 

~ 4 . 6 

12.3 

1963 

tha t the r a d i o i s o t o p e -will not be r e l e a s e d in c a s e of an a c c i d e n t . 

F i g u r e III-59 p r e s e n t s a c r o s s sec t ion of the SNAP 3B g e n e r a t o r 

wi th the fuel capsu le p laced at the c e n t e r . 

SNAP 9A 

The SNAP 9A RTG was a d i r e c t ou tgrowth of the succes s fu l 

SNAP 3 B ' s . Tab le III-21 a l s o p r e s e n t s p e r t i n e n t da t a about the 
238 

SNAP 9A. It a l s o used Pu fuel; h o w e v e r , the e l e c t r i c a l out 

put was 25 w a t t s i n s t ead of 3 w a t t s for the SNAP 3B. The f i r s t 

SNAP 9A -was succe s s fu l l y launched aboa rd a DOD s a t e l l i t e for 

the Navy in S e p t e m b e r 1963, and o p e r a t e d at a power lower than 

the des ign p o w e r . The second SNAP 9A was a l s o success fu l ly 

l aunched in D e c e m b e r 1963. It a l s o o p e r a t e d at a l ower po-wer 

than the d e s i g n p o w e r . The t h i rd SNAP 9A was l aunched in 

A p r i l 1964. Ho-wever, due to a mal func t ion , it did not go into 

o rb i t and -was burned upon r e e n t r y . F i g u r e I I I -60 p r e s e n t s an 
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Figure III-59. Cross Section of SNAP 3B Generator 
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F i g u r e I I I -60 . E x t e r i o r Drawing of the SNAP'9A G e n e r a t o r 
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e x t e r i o r dra-wing of the SNAP 9A g e n e r a t o r . Note the s ize of the 

fins u sed to r a d i a t e the e x c e s s h e a t . 

SNAP 19 

SNAP 19 i s a 25-wat t RTG s y s t e m which wil l be u sed to a u g 

m e n t the s o l a r a r r a y and b a t t e r i e s on the N imbus B s p a c e c r a f t . 

N imbus B i s one of a fami ly of m e t e o r o l o g i c a l s a t e l l i t e s for 

r e s e a r c h and d e v e l o p m e n t . The b a s i c Nimbus s p a c e c r a f t i s 

equipped wi th a so l a r a r r a y and b a t t e r y power supply which p r o 

v ides an a v e r a g e of 185 w a t t s . On Nimbus B s p a c e c r a f t , t h i s 

wi l l be augmen ted by two SNAP 19 's which wil l fu rn i sh a con t in 

uous power of 50 w a t t s for the in-f l ight m i s s i o n life of one y e a r . 

The SNAP 19 power supply for N imbus B c o n s i s t s of t h r e e 

s u b s y s t e m s : a g e n e r a t o r s u b s y s t e m , a power cond i t i one r , and 

a t e l e m e t r y cond i t i one r . The g e n e r a t o r s u b s y s t e m i s mounted 

on top of the s p a c e c r a f t m a i n s t r u c t u r e — the s e n s o r y r i n g . The 

power cond i t ioner and the t e l e m e t r y s ignal cond i t ioner a r e 

housed in s t a n d a r d Nimbus m o d u l e s and a r e ins t a l l ed in a bay of 

the s e n s o r y r ing jus t below the g e n e r a t o r s u b s y s t e m . The gen 

e r a t o r s u b s y s t e m inc ludes two SNAP 19 g e n e r a t o r s mounted in 

t a n d e m . E a c h g e n e r a t o r h a s an output of a p p r o x i m a t e l y 27 wa t t s 

at 2.5 to 2.8 v o l t s , and each g e n e r a t o r -weighs 30 lb . The g e n e r 

a t o r housing is 6 - 1 / 2 in. in d i a m e t e r and 1 0 - 3 / 4 in . in he igh t . 

Six fins a r e u sed to i n c r e a s e r a d i a t o r s u r f a c e . T h e s e fins give 

the uni t an o v e r a l l d i a m e t e r of 22 in . M a x i m u m r a d i a t o r t e m 

p e r a t u r e i s 3 5 0 ° F , and t h e r m a l r ad i a t i on to the s p a c e c r a f t s u r 

f aces i s n e g l i g i b l e . Th i s i s an i m p o r t a n t c o n s i d e r a t i o n s ince 

the N imbus s e n s o r y r ing inc ludes a p r e c i s e t h e r m a l con t ro l s y s 

t e m . The g e n e r a t o r s a r e fueled wi th p l u t o n i u m - 2 3 8 and u t i l i ze 

P b T e c o n v e r t e r s . S e n s o r s a r e p rov ided for m e a s u r e m e n t of in 

t e r n a l p r e s s u r e and i n t e r n a l and e x t e r n a l t e m p e r a t u r e s . The 

suppor t s t r u c t u r e con ta ins p r o v i s i o n s for s t r u c t u r a l d y n a m i c i s o 

la t ion and for m i n i m i z a t i o n of h e a t Conduction to the s p a c e c r a f t . 

The g e n e r a t o r s u b s y s t e m i s des igned for h igh a l t i tude d i s p e r s a l 

of the r a d i o i s o t o p e fuel upon r e e n t r y . 
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The po-wer condi t ioner con ta ins t-wo d c - t o - d c c o n v e r t e r s , i n 

s t r u m e n t a t i o n , and r e l a y s which connect or d i s connec t the ind i 

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

c o n v e r t e r des ign p r o v i d e s m i n i m u m hea t d i s s i p a t i o n wi thm the 

modu le m the event of a no - load condi t ion at the output . 

The t e l e m e t r y cond i t ioner t r a n s f o r m s r a w analog m e a s u r e 

m e n t s f r o m v a r i o u s s e n s o r s into analog s igna l s that a r e c o m p a t 

ible with the a n a l o g - t o - d i g i t a l c o n v e r t e r of the s p a c e c r a f t t e l e 

m e t r y s u b s y s t e m . The condi t ioner p r o v i d e s for 3 0 analog m e a 

s u r e m e n t s , and r e q u i r e s l e s s than 2 wa t t s for o p e r a t i o n . 

P o w e r c o n d i t i o n e r s and e l e c t r i c a l l y hea ted g e n e r a t o r s have 

been bui l t and subjec ted to d e v e l o p m e n t a l e n v i r o n m e n t a l t e s t s , 

and i n t e g r a t i o n and safety s tud ies a r e m p r o g r e s s . P e r f o r m 

ance t e s t ing h a s been conducted . The final p h a s e of the p r o g r a m 

h a s been in i t i a t ed . Th i s p h a s e p r o v i d e s for d e l i v e r y of c o m p l e t e 

s y s t e m s to be t e s t e d and i n t e g r a t e d wi th a N imbus B m o d e l and 

flight s p a c e c r a f t . The m a j o r objec t ive for SNAP 19 i s to a s s e s s 

the o p e r a t i o n a l capab i l i ty of r ad io i so tope power for long- l i fe 

m e t e o r o l o g i c a l s a t e l l i t e s . 

SNAP 27 

SNAP 27 IS a 5 6--watt rad io i so tope- fue led t h e r m o e l e c t r i c 

g e n e r a t o r u sed wi th the Apollo p r o g r a m . The SNAP 27 s y s t e m s 

wi l l be used a s the power supply of the Apollo Luna r Surface E x 

p e r i m e n t P a c k a g e (ALSEP) . H o w e v e r , the SNAP 27 could be 

used for unmanned s y s t e m s m s p a c e , and the p e r f o r m a n c e c h a r 

a c t e r i s t i c s would be s l ight ly d i f fe ren t . 

P l u t o n i u m - 2 3 8 i s u sed a s the r a d i o i s o t o p e fuel for the SNAP 

27. The SNAP 27 g e n e r a t o r c o n s i s t s of t h r e e s u b s y s t e m s the 

g e n e r a t o r and the fuel c apsu l e hea t s o u r c e , a s t o r a g e c a s k , and 

a fuel capsu le handl ing tool which i s used for fueling the g e n e r 

a t o r on the l u n a r s u r f a c e . The SNAP 27 g e n e r a t o r a s s e m b l y , 

-with fuel capsu le m p l a c e , i s shown m F i g u r e U I - 6 1 . Tab le I I I -22 

p r e s e n t s p e r t i n e n t da ta about the SNAP 27. Hea t g e n e r a t e d by 
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TABLE III-22 

SNAP 27 SYSTEM SUMMARY 

G e n e r a t o r P e r f o r m a n c e 

Output power ( tes t ) 

Output power (min imum) 

Output vo l tage (nominal) 

C u r r e n t (nominal) 

M a x i m u m hot junct ion 
t e m p e r a t u r e 

M a x i m u m cold junct ion 
t e m p e r a t u r e 

G e n e r a l Des ign C h a r a c t e r i s t i c s 

O v e r a l l g e n e r a t o r d i a m e t e r 
(over fms) 

O v e r a l l g e n e r a t o r length 

N u m b e r of fms 

F m r a d i a l length 

Hea t Source C h a r a c t e r i s t i c s 

N u m b e r of fuel c a p s u l e s 

Capsu l e OD 

Capsu le length 

T h e r m a l output (nominal) 

Weight 

G e n e r a t o r a s s e m b l y 
( Includes c a b l e , c o n n e c 
t o r , and i n s t r u m e n t a t i o n ) 

F u e l c apsu l e a s s e m b l y 

Tota l IPU weigh t 

73.3 w a t t s 

63.5 wa t t s 
(end of m i s s i o n ) 

16 vo l t s dc 

4 a m p s 

i n o - F 
( lunar day) 

525°F 
( lunar day) 

15.7 m . 

18.1 in . 

8 

5.0 m . 

1 

2.50 m . 

15.6 m . 

1450 w a t t s 

28.2 lb 

14.5 lb 

42.7 lb 

d e c a y of the fuel i s t r a n s f e r r e d by r ad i a t i on to a c y l i n d r i c a l hot 

f r a m e m the g e n e r a t o r . The t h e r m o e l e c t r i c e l e m e n t s , moun ted 

r a d i a l l y a round the hot f r a m e , conve r t hea t d i r e c t l y to e l e c t r i c a l 

p o w e r , and the w a s t e hea t i s r e j ec t ed by a set of r ad i a t i ng f m s . 

The t h e r m o e l e c t r i c e l e m e n t s a r e of the l e a d - t e l l u r i d e type . 
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sp r ing- loaded and sea led in an i n e r t a t m o s p h e r e . F o r m a x i m u m 

r e l i a b i l i t y , the e l e m e n t s a r e connected in a s e r i e s - p a r a l l e l l a d 

d e r a r r a n g e m e n t . A s p h e r i c a l sea t i s used at the ou te r end of 

each e l e m e n t to r e d u c e p r o b l e m s of m i s a l i g n m e n t unde r t h e r m a l 

cycl ing ( lunar da y -n igh t v a r i a t i o n ) . W h e r e v e r p o s s i b l e , b e r y l 

l i u m i s u sed a s the m a i n s t r u c t u r a l m a t e r i a l to m i n i m i z e s y s t e m 

weight . Other m a t e r i a l s inc lude Inconel and Haynes s u p e r a l l o y s 

for s t r e n g t h at h igh t e m p e r a t u r e . 

A s s e m b l y of the f i r s t eng inee r ing m o d e l of the g e n e r a t o r was 

comple t ed in Oc tober 1966, and th i s unit h a s succes s fu l l y c o m 

ple ted deve lopmen t t e s t s . Qual i f ica t ion m o d e l s wil l be comple ted 

and p laced on t e s t e a r l y in 1967. D e l i v e r y of four f l ight -qual i f ied 

s y s t e m s and one backup s y s t e m wil l begin in July 1967. 

SNAP 29 

SNAP 29 i s a 500-wat t RTG s y s t e m for unmanned space a p 

p l i ca t ion . F o r po ten t i a l app l i ca t i ons r e q u i r i n g m u l t i p l e s of 

500 w a t t s , m o d u l a r a r r a y s of SNAP 29 s y s t e m s have been p r o 

p o s e d . 

P o l o n i u m - 2 1 0 h a s been sele.cted a s the r a d i o i s o t o p e fuel for 

the SNAP 29. Its high power d e n s i t y capabi l i ty i s ideal for space 

app l i ca t ion and i t s sho r t ha l f - l i fe is s a t i s f a c t o r y s ince the r e 

qu i red hea t s o u r c e l i f e t ime i s 144 d a y s ; th i s t i m e span inc ludes 

p r e l a u n c h - h o l d po ten t i a l and m i s s i o n t i m e . At the end of the 

o p e r a t i o n a l p e r i o d , the ne t e l e c t r i c a l po-wer output of the SNAP 

29 g e n e r a t o r m u s t be at l e a s t 500 -watts -with high r e l i a b i l i t y . 

The SNAP 29 g e n e r a t o r c o n s i s t s of five s u b s y s t e m s : the 

hea t s o u r c e s u b s y s t e m , the t h e r m o e l e c t r i c m o d u l e s s u b s y s t e m , 

the t h e r m a l con t ro l s u b s y s t e m , the h e a t r e j e c t i o n s u b s y s t e m , 

and the s t r u c t u r e , sh ie ld ing , and i n s t r u m e n t a t i o n s u b s y s t e m . 

The po lon ium-210 fuel is contained in c a p s u l e s . The hea t 

s o u r c e i s des igned for in tac t r e e n t r y into the e a r t h ' s a t m o s p h e r e 

t h rough i m p a c t , and con ta inmen t of the fuel du r ing n o r m a l a s wel l 

a s a b o r t cond i t i ons . 
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The t h e r m o e l e c t r i c modu le i s the b a s i c p o w e r - p r o d u c i n g 

componen t of the g e n e r a t o r . The t h e r m o e l e c t r i c e l e m e n t s s e 

l ec ted a r e of the P b T e type , fully bonded into couples with p o s i 

t ive p r e s s u r e p rov ided by s p r i n g - l o a d e d p i s t o n s . The hot p la te 

which r e c e i v e s r a d i a n t h e a t f r o m the h e a t s o u r c e i s st iffened by 

r i b s to c o u n t e r a c t the sp r ing and i n t e r n a l gas p r e s s u r e f o r c e s 

ac t ing on the hot p l a t e . Heat i s r e m o v e d at the cold end of the 

m o d u l e by NaK coolant c i r cu l a t i ng m p a r a l l e l flow channe l s in

s ide the cold end p a r t s . SNAP 29 i s b a s i c a l l y a o n e - l o o p con

vec t ion s y s t e m , a s sho-wn m F i g u r e I I I -57 . The m o d u l e s a r e 

connected m s e r i e s to yield 500 -watts ne t power at a p p r o x i m a t e l y 

28 v o l t s . In addi t ion , the power for the e l e c t r o m a g n e t i c p u m p i s 

obta ined f r o m a s e p a r a t e c i r c u i t m each m o d u l e . All p u m p c i r 

cu i t s a r e p a r a l l e l connected to yield low vo l t age , high c u r r e n t 

po-wer for the E M p u m p . 

The t h e r m a l con t ro l s u b s y s t e m c o n s i s t s of t h e r m a l s h u t t e r s , 

a m e c h a n i c a l l inkage connect ing the s h u t t e r s , and an ac tua t ing 

d e v i c e which i s t h e r m a l l y coupled to the modu le hot p la te th rough 

t h e r m a l sens ing t ubes containing NaK fluid. B a s i c a l l y , the e x 

pans ion and c o n t r a c t i o n of a c o n s t r a i n e d NaK v o l u m e , due to 

changes m t e m p e r a t u r e of the t h e r m o e l e c t r i c modu le hot p l a t e , 

a c t u a t e a b e l l o w s - p i s t o n d e v i c e , which m t u r n d r i v e s the m e 

chan ica l l inkage of the s h u t t e r . 

The coolant hea t r e j ec t i on s u b s y s t e m c o n s i s t s of the NaK 

coolant , E M p u m p , NaK a c c u m u l a t o r , and space r a d i a t o r . 

E u t e c t i c NaK coolant (78%K by weight) w a s se l ec t ed a s the fluid 

to t r a n s p o r t the w a s t e t h e r m a l e n e r g y f r o m the t h e r m o e l e c t r i c 

m o d u l e to the r a d i a t o r . The space r a d i a t o r c o n s i s t s of coolant 

t ubes and a s s o c i a t e d m e t e o r o i d p r o t e c t i o n a r m o r joined to an 

a l u m i n u m skin . The conf igura t ion of the r a d i a t o r i s v a r i a b l e 

and wil l be dependen t upon the veh ic le into which the power s y s 

t e m IS being i n t e g r a t e d . A high e m i s s i v i t y coat ing on the r a d i 

a t o r su r f ace -will be used to i m p r o v e the hea t r ad i a t ion c h a r a c 

t e r i s t i c s m v a c u u m o p e r a t i o n . 
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The m a j o r s u b s y s t e m s (exc lus ive of the r a d i a t o r ) a r e b rough t 

t o g e t h e r to f o r m a b a s i c t h e r m o e l e c t r i c power c o n v e r s i o n g e n e r 

a t o r . The common component which t i e s t h e s e s u b s y s t e m s t o 

ge the r i s the g e n e r a t o r hous ing . The b a s i c RTG s u b s y s t e m s a r e 

uni t ized for m a i n t a i n a b i l i t y and i n t e r c h a n g e a b i l i t y . F o r e x a m p l e , 

the TE c o n v e r s i o n m o d u l e s a r e mounted to a common f r a m e 

which a t t a c h e s to the g e n e r a t o r hous ing . Thus , the TE modu le 

a s s e m b l i e s can be r e m o v e d or r e p l a c e d . The t h e r m a l con t ro l 

s y s t e m , cons i s t ing of the t h e r m a l s h u t t e r s , m e c h a n i c a l l i nkage , 

NaK a c t u a t o r , and t h e r m a l sens ing t u b e s , i s a l s o mounted on a 

c o m m o n f r a m e which a t t a c h e s to the g e n e r a t o r h o u s i n g . The 

t h e r m a l sens ing tubes can be r e m o v e d f r o m the hot p l a t e of the 

m o d u l e s th rough h o l e s in the top of the g e n e r a t o r . F i n a l l y , the 

hea t s o u r c e i s i n s t a l l ed in the g e n e r a t o r t h rough an opening in 

the s ide of the hous ing . In addi t ion , the hous ing i s de s igned to 

b r e a k a p a r t dur ing r e e n t r y to enable the hea t s o u r c e to r e - e n t e r 

s e p a r a t e l y . 

The m a j o r deve lopmen t ob jec t ives for SNAP 29 a r e a s 

fo l lows: 

P o w e r Leve l 500 w(e) 

P o w e r / W e i g h t Ra t io 1 w a t t / l b 

Re l i ab i l i t y High 

L i fe t ime — Fue led G e n e r a t o r 144 days 

The des ign f e a t u r e s of the SNAP 29 s y s t e m enable i t s a p p l i 

ca t ion to a b r o a d v a r i e t y of m i s s i o n r e q u i r e m e n t s . P o w e r l e v 

e l s be low 500 wa t t s can be a c c o m m o d a t e d and, a s ind ica ted p r e 

v ious ly , h i g h e r power l e v e l s can be ach ieved by m o d u l a r a r r a y s 

of the b a s i c g e n e r a t o r . 
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