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I. SUMMARY 

One of the key f e a t u r e s of the SNAP lOA d e s i g n i s the i n - o r b i t s t a r t u p c a p a ­

b i l i ty of the s y s t e m . T h i s f e a t u r e m i n i m i z e s the p r o b l e m s of p r e l a u n c h handl ing 

and a d d s g r e a t l y to the n u c l e a r safe ty of the s y s t e m . The r e q u i r e m e n t for i n - o r b i t 

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

in t h i s r e p o r t and the r e s u l t s a r e p r e s e n t e d to show tha t the p r e s e n t d e s i g n wi l l 

m e e t the r e q u i r e m e n t . 

P r i o r to s t a r t u p , it i s n e c e s s a r y to e n s u r e tha t a l ong- l i f e o r b i t h a s been 

o b t a i n e d . T h e r e f o r e , t he s y s t e m m u s t be c a p a b l e of be ing s t a r t e d a f t e r 6 to25 h r 

in a s p a c e e n v i r o n m e n t . Since NaK, the h e a t t r a n s f e r f luid, m a y f r e e z e o r plug 

d u r i n g t h i s p e r i o d , the s y s t e m i s d e s i g n e d to l i m i t the m i n i m u m NaK t e m p e r a ­

t u r e to 50 ° F . A n e j e c t a b l e h e a t sh i e ld i s u s e d to e n s u r e tha t the m i n i m u m t e m ­

p e r a t u r e r e q u i r e m e n t i s m e t . In add i t ion , the i n a x i m u m hea t sh ie ld t e m p e r a t u r e 

i s l i m i t e d to 350 ° F , and the c o r e ou t le t t e m p e r a t u r e of the NaK is l i m i t e d to 

2 2 5 ° F . 

The hea t sh i e ld o p e r a t i o n i s b a s e d on a low va lue of i n s i d e e m i s s i v i t y , wh ich 

r e s t r i c t s the l o s s of h e a t f r o m the r a d i a t o r c o n v e r t e r ; and a h igh ou t s ide r a t i o of 

s o l a r a b s o r p t i v i t y to t h e r m a l e m i s s i v i t y , -which c a u s e s the sh i e ld to t ake on a 

r e l a t i v e l y high e q u i l i b r i u m t e m p e r a t u r e in the sun. The s y s t e m t e m p e r a t u r e 

v a r i a t i o n s a r e kept to a m i n i m u m by c i r c u l a t i n g NaK at a r a t e of about 4% of the 

d e s i g n v a l u e . 

The s p a c e e n v i r o n m e n t m a y be d e s c r i b e d in t e r m s of two l i m i t i n g c a s e s ; the 

s u n - s h a d e t r a n s i e n t , and the c o n s t a n t s u n - c o n s t a n t shade o r b i t s . The e n v i r o n ­

m e n t d e s c r i p t i o n p r o v i d e s the hea t inpu t s to the s y s t e m t h e r m a l m o d e l vi^hich 

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

s y s t e m r e s p o n s e i s found by so lv ing n u m e r i c a l l y the n o n l i n e a r e q u a t i o n s of the 

m o d e l on a d ig i t a l c o m p u t e r . The m o d e l w a s t e s t e d a g a i n s t g round t e s t da ta o b ­

t a i n e d on the F S M - 1 s y s t e m . Good a g r e e m e n t w a s ob t a ined b e t w e e n c o m p u t e d 

and m e a s u r e d v a l u e s . 

F o r the s p a c e e n v i r o n m e n t , the r e s u l t s of the m o d e l p r e d i c t a m i n i m u m 

NaK t e m p e r a t u r e of 61 ° F , a m a x i m u m c o r e ou t l e t t e m p e r a t u r e of 1 5 2 ° F , and a 

m a x i m u m h e a t sh i e ld t e m p e r a t u r e of 346 ° F . T h u s , at n o m i n a l d e s i g n c o n d i t i o n s , 
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al l s y s t e m r e q u i r e m e n t s a r e m e t . A p a r a m e t r i c a n a l y s i s w a s conduc ted to d e ­

t e r m i n e the effect of v a r i a t i o n s f r o m n o m i n a l d e s i g n c o n d i t i o n s . Under " w o r s t 

c a s e " c o n d i t i o n s , t he only s y s t e m r e q u i r e m e n t w^hich i s e x c e e d e d i s the m a x i ­

m u m h e a t - s h i e l d t e m p e r a t u r e . T e s t s a r e being conduc ted to d e t e r m i n e if t he 

sh i e ld wi l l o p e r a t e s a t i s f a c t o r i l y u n d e r the v /o r s t c a s e c o n d i t i o n s . 

The funct ion of the s t a r t u p c o n t r o l s y s t e m i s to b r i n g the SNAP lOA s y s t e m 

f r o m the s u b c r i t i c a l l o w - t e m p e r a t u r e cond i t ions of the p r e s t a r t u p p e r i o d to r a t e d 

p o w e r and t e m p e r a t u r e c o n d i t i o n s . Th i s m u s t be done s t ab ly and w^ithout expos ing 

the s y s t e m to undue t h e r m a l s t r e s s e s . The naethod u s e d c o n s i s t s of the i n s e r ­

t ion of r e a c t i v i t y a t a c o n s t a n t r a t e un t i l the r e a c t o r ou t le t t e m p e r a t u r e a t t a i n s a 

p r e s e t v a l u e . T h u s , the p r i n c i p a l c o n t r o l l e d v a r i a b l e i s the r e a c t o r ou t le t t e m ­

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

The ob jec t ive of the s t a r t u p a n a l y s i s i s to d e t e r m i n e the key s t a r t u p p a r a m ­

e t e r s to e n s u r e tha t a s a t i s f a c t o r y s t a r t u p can be m a d e in o r b i t . Once s t a r t u p 

wi th n o m i n a l p a r a m e t e r s i s d e m o n s t r a t e d , the ef fects of v a r i a t i o n s of t h e s e 

v a l u e s m u s t be e x p l o r e d to e n s u r e s a t i s f a c t o r y o p e r a t i o n o v e r the e x p e c t e d r a n g e 

of v a r i a t i o n s . A d e t a i l e d m o d e l of s y s t e m b e h a v i o r in t h e s t a r t u p p e r i o d h a s b e e n 

u s e d to m e e t t h e s e o b j e c t i v e s . The m o d e l c o n s i s t s of the fol lowing: 

a) Hea t b a l a n c e s on s y s t e m c o m p o n e n t s 

b) N u c l e a r and t h e r m a l equa t i ons of the r e a c t o r 

c) P u m p and NaK flow d e s c r i p t i o n s 

d) C o n t r o l s y s t e m s i m u l a t i o n 

e) E n v i r o n m e n t a l s i m u l a t i o n 

T h e s e e q u a t i o n s w e r e so lved u s ing a c o m b i n a t i o n of d ig i t a l and ana log c o m ­

pu ta t i on . The s t a r t u p t r a n s i e n t s ob t a ined m a y be d iv ided into the following d i s ­

t i nc t r e g i o n s : 

a) A r e g i o n du r ing which n e u t r o n flux i n c r e a s e s f r o m the s o u r c e s t r e n g t h 

l e v e l to a p o w e r l e v e l a t which s e n s i b l e h e a t ef fec ts a r e felt (about 

100 w a t t s ) 

b) An in i t i a l p o w e r t r a n s i e n t du r ing which the n u c l e a r p o w e r and 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 r a p i d l y , t hen p e a k , a s the r e a c t i v i t y f e e d b a c k 

effects c o m e into p l ay 
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c) A longer t e r m per iod during which the power and t empera tu re slowly 

approach design conditions, then overshoot slightly when design con­

ditions a re reached. 

The key factors in the t rans ien t response a re the size of the initial power 

peak (and the corresponding peak t empera tu re and ra te of change of t empera tu re ) ; 

the size of the final pow^er and t empera tu re overshoot; and the stabil ized power 

and t empera tu re at the beginning of the 72-hr , ac t ive-cont ro l , full power per iod. 

The values predic ted by the analysis for nominal design conditions a re presented 

in Table 1. These resu l t s a re completely consistent with the requ i rements on 

the s tar tup control sys tem. The pa rame te r study did not reveal any problem 

a r e a s because of variat ions from nominal conditions. 

TABLE 1 

RESULTS AT NOMINAL CONDITIONS 

In i t i a l p o w e r peak 

P e a k t e m p e r a t u r e 

P e a k r a t e of change 

F i n a l p o w e r o v e r s h o o t 

T e m p e r a t u r e peak 

S t a b i l i z e d p o w e r 

S t ab i l i z ed t e m p e r a t u r e 

56 kw 

4 2 0 ° F 

9 . 5 ° F / s e c 

44 kw 

1 0 3 0 ° F 

42 .5 kw 

1017°F 

To tes t the validity of the model used in the s tar tup analys is , compar isons 

were made between model resu l t s and two ground t e s t s . The nuclear reac tor 

portion of the model was compared with resu l t s of t e s t s on the SNAP 2 Develop­

menta l Reactor . The nonnuclear port ions of the model were compared with the 

r e su l t s of the FSM-1 sys tem tes t . Good agreement was obtained in each case . 

It has been concluded that the SNAP lOA system will sat isfactori ly meet all 

p res ta r tup and s tar tup system requ i rement s . 
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I I . INTRODUCTION 

A. SNAP lOA SYSTEM 

A concep tua l d r a w i n g of the SNAP lOA s y s t e m i s shown in F i g u r e 1. The 

r e a c t o r i s t y p i c a l of the z i r c o n i u m h y d r i d e - u r a n i u m fueled, SNAP t y p e . The 

fuel c h o s e n g ives a h igh h y d r o g e n d e n s i t y and, h e n c e , s m a l l o v e r a l l s i ze and 

we igh t , and a c h i e v e s the r e l a t i v e c o n t r o l s i m p l i c i t y t y p i c a l of t h e r m a l n e u t r o n 

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

by four s e m i c y l i n d r i c a l c o n t r o l d r u m s o p e r a t i n g in the r e f l e c t o r . T h e s e d r u m s 

funct ion by v a r y i n g the n e u t r o n l e a k a g e flux. S o d i u m - p o t a s s i u m a l loy (NaK-78) 

coolan t c i r c u l a t e s t h r o u g h the c o r e , e n t e r i n g at 8 5 6 ° F and ex i t ing at 9 8 6 ° F at 

n o m i n a l cond i t i ons . The o v e r a l l r e a c t o r p o w e r r e q u i r e d is 41 kw. Th i s p a r t i c ­

u l a r r e a c t o r type p o s s e s s e s a s t r o n g n e g a t i v e - t e m p e r a t u r e coeff ic ient which i s 

u s e d for i n h e r e n t con t ro l and s t ab i l i t y o v e r the o p e r a t i n g l i f e t i m e , thus e l i m i ­

na t ing the n e e d for con t inuous c o n t r o l - d r u m ac tua t i on . Th i s s t a t i c , o r i n h e r e n t , 

con t ro l s y s t e m is p o s s i b l e b e c a u s e of 

1) the r a t i n g of the r e a c t o r , which r e s u l t s in neg l ig ib l e r e a c t i v i t y shift 

due to fuel b u r n u p , and 

2) low r e a c t o r t e m p e r a t u r e , which m i n i m i z e s the d i s s o c i a t i o n i n a s a o s c -

quent l o s s of h y d r o g e n f rom the fuel . 

The h e a t e d NaK, upon l e av ing the c o r e , i s c i r c u l a t e d at a r a t e of 4800 I b / h r 

by m e a n s of a l iqu id m e t a l d - c conduc t i on - type p u m p c o m p o s e d of a p e r m a n e n t 

m a g n e t and an i n t e g r a l t h e r m o e l e c t r i c p o w e r supply . T h i s p o w e r supply g ives 

h igh c u r r e n t and low v o l t a g e , and c o n s i s t s of l e a d - t i n - t e l l u r i d e (PbSnTe) t h e r ­

m o e l e c t r i c m a t e r i a l s which o p e r a t e wi th a t e m p e r a t u r e d i f f e rence e s t a b l i s h e d 

by the hot NaK t e m p e r a t u r e and a cold junc t ion i n t e g r a l h e a t - r e j e c t i o n r a d i a t o r . 

The hot NaK i s t h e n p u m p e d to the t h e r m o e l e c t r i c p o w e r c o n v e r s i o n s y s t e m 

which c o n v e r t s , t h r o u g h the Seebeck effect , a p o r t i o n of the t h e r m a l e n e r g y d i ­

r e c t l y into e l e c t r i c a l e n e r g y . 

The p o w e r c o n v e r s i o n s y s t e m c o n s i s t s b a s i c a l l y of N and P doped s i l i c o n -

g e r m a n i u m (SiGe) t h e r m o e l e c t r i c m a t e r i a l s t h e r m a l l y coupled but e l e c t r i c a l l y 

i s o l a t e d f r o m the NaK h e a t - t r a n s f e r m e d i u m . T h e s e SiGe p e l l e t s a r e bonded 

to 40 s t a i n l e s s - s t e e l t u b e s a r r a n g e d in a con i ca l conf igura t ion about the s t r u c ­

t u r e . The NaK flow f r o m the r e a c t o r i s equa l ly d iv ided among the 40 t u b e s . 
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Along any one tube there a re 72 SiGe pel le ts . These pellets a re e lect r ica l ly 

isolated from the NaK tube by thin alumina d i scs . The heat t r anspor t path is 

from the NaK tube through the insulator , through the SiGe pellet , to an individ-
2 

ual aluminum rad ia tor . The total effective radia tor a rea is 62.5 ft , and the 

radia tor opera tes at a mean t empera tu re of 600°F giving a power output of 

510 wat ts . All m a t e r i a l s which compr i se the pellet subassembl ies a r e b razed 

or otherwise meta l lurg ica l ly bonded to each other to ensure a sound s t ruc tura l 

and thermal ly conductive stack. 

F r o m the outlet of the pow^er conversion sys tem, the NaK coolant is col­

lected and re tu rned to the r eac to r co re . Attached to the re tu rn legs a r e bellow^s-

type expansion compensators which p r e s s u r i z e the system in orbit to 5 psi and 

maintain a void-free NaK volume. 

The remaining components of the SNAP lOA serve to support, shield, s ta r t 

up, or diagnose the behavior of the basic sys tem. 

B. PRESTARTUP AND STARTUP SEQUENCE 

The period of t ime covered by this repor t extends from the t ime of orbit 

injection until a sat isfactory s teady-s ta te operating point is establ ished. Ini­

t ial ly, the sys tem is at i ts prelaunch ambient t e m p e r a t u r e . At the end of the 

t ime per iod covered, the system will be at t empe ra tu r e s determined by its 

990°F core outlet t e m p e r a t u r e . The reac tor will go from a substantially sub-

cr i t ica l condition to c r i t ica l operation at a power level of 38 kw. 

There a re two distinct phases of this change in s ta te . In the initial period, 

during which orbital p a r a m e t e r s will be establ ished, there w^ill be no internal 

heat generation in the sys tem. System t empe ra tu r e s will go from their initial 

cumbient values to new t empe ra tu r e s of the o rder of 250°F under the influence 

of the the rmal environment of space. In this mode, the response w^ill be that 

of a semipass ive sys tem. The only active internal source will be a small amount 

of coolant flow induced by bat tery-suppl ied cur ren t flow to the NaK pump. 

After it has been determined that the sys tem is in a long-life orbit , the 

ground command will initiate a phase of active control . The sys tem will be 

brought from the t empera tu re distr ibution of the passive period and a subcr i t i ­

cal state f i rs t to cr i t ica l i ty and then, through continued control drum inser t ion, 

to a sensible heat condition in w^hich the nuclear heat generation begins to r a i se 
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s y s t e m t e m p e r a t u r e s . The s y s t e m t e m p e r a t u r e wi l l r i s e unt i l the d e s i r e d c o r e 

ou t le t t e m p e r a t u r e i s r e a c h e d . The s y s t e m then s e t t l e s down to i t s d e s i g n con ­

d i t i o n s . When a s a t i s f a c t o r y e q u i l i b r i u m h a s been r e a c h e d , the s y s t e m r e v e r t s 

to a p a s s i v e c o n t r o l m o d e at r a t e d p o w e r c o n d i t i o n s . 

In the following s e c t i o n s , the two p h a s e s of o p e r a t i o n d e s c r i b e d above a r e 

t r e a t e d s e p a r a t e l y . The p r e s t a r t u p o r b i t a l p e r i o d i s s tud ied w^ith the a id of a 

d ig i ta l c o m p u t e r p r o g r a m . The s tudy of the s t a r t u p p e r i o d i s a c c o m p l i s h e d wi th 

the a id of an ana log c o m p u t e r p r o g r a m . It should be kep t in m i n d tha t the a n a l y ­

s e s p r e s e n t e d r e p r e s e n t the final v e r s i o n s of a s e q u e n c e of a n a l y s e s which s t a r t e d 

wi th the p r e l i m i n a r y d e s i g n p h a s e of the p r o g r a m . 
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III. PRESTARTUP ORBITAL ANALYSIS 

A. DESIGN R E Q U I R E M E N T S AND HEAT SHIELD DESCRIPTION 

The f i r s t s t age in the o p e r a t i o n of the SNAP lOA N u c l e a r P o w e r Unit (NPU) 

i s the v e r i f i c a t i o n of the o r b i t a l p a r a m e t e r s to e n s u r e tha t a l ong- l i f e o r b i t h a s 

been a t t a i n e d . To a c h i e v e t h i s v e r i f i c a t i o n , i t i s n e c e s s a r y tha t t he NPU be c a ­

pab le of o p e r a t i n g s a t i s f a c t o r i l y af ter a p e r i o d o f 6 t o 2 5 h r in a space e n v i r o n m e n t . 

The SNAP lOA w o r k i n g fluid, NaK 78, p r e c i p i t a t e s ox ides at t e m p e r a t u r e s 

in the v ic in i ty of 20 ° F , w i th the a c t u a l va lue of t e m p e r a t u r e be ing dependen t on 

the i m p u r i t y con ten t of the NaK. T h e s e ox ides could c a u s e p lugging of the con­

v e r t e r t u b e s , wh ich -would h a m p e r s y s t e m o p e r a t i o n . To p r e v e n t t h i s , one of 

the s y s t e m d e s i g n s p e c i f i c a t i o n s i s tha t m i n i m u m NaK t e m p e r a t u r e du r ing th i s 

p r e s t a r t u p p e r i o d be g r e a t e r t han 5 0 ° F , giving a safe m a r g i n above the e x p e c t e d 

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

In addi t ion to the m i n i m u m t e m p e r a t u r e spec i f i ca t i on , a m a x i m u m a l lowed 

t e m p e r a t u r e i s spec i f i ed for the p r e s t a r t u p p e r i o d . Th i s r e q u i r e m e n t i s n e c e s ­

s a r y b e c a u s e v a r i o u s s t e p s in the s t a r t u p s e q u e n c e a r e t r i g g e r e d by the a t t a i n ­

m e n t of spec i f i ed NaK t e m p e r a t u r e s . The m a x i m u m a l lowed NaK t e i n p e r a t u r e 

in the p r e s t a r t u p p e r i o d i s 2 7 5 ° F . 

C o n s t r u c t i o n f e a t u r e s of the e j e c t a b l e hea t sh i e ld , and s p e c i f i c a t i o n s on the 

e j ec t m e c h a n i s m , r e q u i r e t ha t t e m p e r a t u r e s on the sh ie ld be he ld be low 3 5 0 ° F . 

T h i s and the above r e q u i r e m e n t s a r e m e t by p a s s i v e m e a n s ; i . e . , no ac t ive hea t 

s o u r c e s o r s i nks a r e u s e d in the s y s t e m du r ing the p r e s t a r t u p p e r i o d . 

T h r e e f a c t o r s a r e ef fect ive in e n s u r i n g tha t the above r e q u i r e m e n t s a r e m e t . 

F i r s t , the e x p e c t e d a m b i e n t t e m p e r a t u r e of the NPU at the t i m e of l a u n c h , g r e a t e r 

t han 7 0 ° F , r e p r e s e n t s an a m o u n t of s e n s i b l e e n e r g y a v a i l a b l e above the 5 0 ° F 

m i n i m u m t e m p e r a t u r e . Second , b a t t e r y p o w e r supp l i ed to the NaK t h e r m o e l e c ­

t r i c p u m p p r o v i d e s a s m a l l NaK f lowra t e du r ing the p r e s t a r t u p p e r i o d which 

t ends to m i n i m i z e t e m p e r a t u r e g r a d i e n t s in the s y s t e m . A c u r r e n t of 40 a m p e r e s 

wi l l p r o d u c e a flow about 4% of the d e s i g n point v a l u e . T h i r d , the e j e c t a b l e hea t 

sh ie ld i s p r o v i d e d wi th s p e c i a l e m i s s i v i t y coa t ings tha t c o n t r o l the hea t t r a n s f e r 

be tween the r a d i a t o r c o n v e r t e r and the s p a c e e n v i r o n m e n t to m e e t the s y s t e m 

t e m p e r a t u r e s p e c i f i c a t i o n s . 
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The shield is concentric about the NPU s t ruc tu re , with an annular c learance 

of about 3/4 in. from the r ad i a to r s . The basic shield construction consis ts of 

an adhesively bonded, aluminum, honeycomb panel approximately 1/4 in. thick. 

The inside surface is anodized to achieve a low^ the rmal emiss ivi ty (about 0.08). 

The outside is t rea ted w^ith th ree separate coatings, applied in al ternat ing c i r ­

cumferential s t r ipes , to achieve an overal l average the rmal emiss ivi ty of 0.18 

and a solar absorptivi ty of 0.33. 

The operation of these coatings is as follows. The low value of inside e m i s ­

sivity se rves to minimize heat loss from the radia tor converter to space in the 

shaded portion of the sys tem. The outside coatings, with the radio of Oi„/^ 

grea te r than one, ensure that a net amount of the rmal energy will be absorbed 

by the system in the region receiving solar energy. As will be seen, the a / e 

ra t io ensu re s that sufficient solar energy is absorbed to keep the NaK t e m p e r a ­

ture above the allowed minimum value. At the same t ime , it ensures that enough 

heat can be re jected at higher t empera tu re s to prevent the maximum t e m p e r a ­

ture specifications from being exceeded. 

B. SPACE THERMAL CONDITIONS 

There a re two pr incipal factors influencing the the rma l behavior of the o r ­

biting NPU. F i r s t , energy leaving the sys tem by the rma l radiation due to i ts 

t empera tu re does not r e tu rn by any reflection mechanism. Space is essent ia l ly 

black. Second, the p r ime source of energy is that emanating from the sun. This 
2 

consti tutes an energy flux incident on the vehicle of about 443 Btu/hr- f t , with 

this energy being concentrated in the short wave lengths cha rac te r i s t i c of the 

sun's high t e m p e r a t u r e . For relat ively low-alti tude orbi ts , a much sma l l e r addi­

tional source of energy is that emanating from the ear th , due to i ts surface t em­

pera tu re (assumed to be 0°F) , and that solar energy which is reflected from the 

ear th and incident on the sa te l l i te . The SNAP lOA orbital altitude may range 

from 700 to 3000 m i . At the higher of these orb i t s , the energy received from 

the ear th becomes negligibly smal l . As w^ill be seen, the present design ade­

quately mee t s its design specifications over the ent i re range of al t i tudes. 

The amount of energy incident on a unit a r ea of the NPU depends on the 

relat ive position of the vehicle, the ear th , and the sun, as well as the location 

on the NPU of the a r ea e lement . The amount of energy leaving the unit a r ea due 

to i ts t empera tu re is independent of vehicle location, since none of the emit ted 
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r a d i a t i o n e v e r r e t u r n s to the s y s t e m . The e n e r g y l e av ing for a g iven t e m p e r a ­

t u r e i s a l s o , to a f i r s t a p p r o x i m a t i o n , i ndependen t of the g e o m e t r i c a l l oca t ion of 

the a r e a e l e m e n t on the N P U . The ne t hea t e n t e r i n g the e l e m e n t i s the d i f f e rence 

b e t w e e n the i nc iden t and the e m i t t e d h e a t , and i s t hus a funct ion of veh i c l e l o c a ­

t ion and p o s i t i o n on the s u r f a c e . 

As the s y s t e m o r b i t s the e a r t h , the r e l a t i v e pos i t i on of the e a r t h , sun, and 

NPU m a y change a s a funct ion of t i m e . F o r e x a m p l e , du r ing a p o r t i o n of the 

o r b i t the NPU m a y be in the shadow c a s t by the e a r t h . The changing r e l a t i v e 

p o s i t i o n wi th t i m e p r o d u c e s a t i m e r a t e of change of hea t input to e a c h a r e a e l e ­

m e n t on the N P U . 

The SNAP uni t i s to be p l a c e d in a c i r c u l a r p o l a r o r b i t f r o m the P a c i f i c 

M i s s i l e R a n g e . Depend ing on the l aunch d a t e , the p o r t i o n of the o r b i t in w^hich 

the s y s t e m i s in the shadow of the e a r t h m a y v a r y f r o m z e r o to about 115° (for 

a 7 0 0 - m i l e o r b i t ) . Two l i m i t i n g c a s e s a r e e x a m i n e d in t h i s a n a l y s i s . If the l ine 

connec t ing the e a r t h and the sun l i e s in the NPU o r b i t a l p l a n e , the o r b i t i s such 

a s to p r o d u c e the m a x i m u m shade condi t ion d e s c r i b e d a b o v e . T h i s o r b i t i s h e r e ­

a f t e r r e f e r r e d to a s the s u n - s h a d e t r a n s i e n t o r b i t . If the e a r t h - s u n l ine i s n o r ­

m a l to the o r b i t a l p l a n e , the s y s t e m i s a lways in the s a m e pos i t i on r e l a t i v e to 

the e a r t h and the sun . In t h i s o r b i t , one -ha l f of the s y s t e m is a lways sunl i t and 

the o t h e r half i s t u r n e d away f r o m the sun . Th i s condi t ion i s r e f e r r e d to a s the 

c o n s t a n t s u n - c o n s t a n t shade o r b i t . T h e s e tw^o l i m i t i n g c a s e s a r e shown in 

F i g u r e 2. 

To p r e d i c t the t h e r m a l b e h a v i o r of the NPU in the p r e s t a r t u p p e r i o d , i t i s 

n e c e s s a r y to d e s c r i b e m a t h e m a t i c a l l y the v a r i a t i o n of hea t inpu ts to the s y s t e m 

a s a funct ion of p o s i t i o n on the s y s t e m and t i m e . The r e q u i r e d m a t h e m a t i c a l 

d e r i v a t i o n s a r e p r e s e n t e d in Appendix A. The r e s u l t s a r e p r e s e n t e d in t e r m s 

of the "ef fec t ive space t e m p e r a t u r e . " The effect ive s p a c e t e m p e r a t u r e for a 

g iven NPU p o s i t i o n and t i m e i s the t e m p e r a t u r e tha t a b l ack body would r e q u i r e 

to d e l i v e r the s a m e e n e r g y to the NPU at t ha t p o s i t i o n a s i s d e l i v e r e d f rom the 

sun, both d i r e c t l y and by e a r t h r e f l e c t i o n , and f r o m the e a r t h . In add i t ion to the 

g e o m e t r i c a l f a c t o r s a l r e a d y d e s c r i b e d , the ef fect ive s p a c e t e m p e r a t u r e d e p e n d s 

on the s o l a r a b s o r p t i v i t y and t h e r m a l e m i s s i v i t y of the p a r t i c u l a r NPU e l e m e n t 

in q u e s t i o n . The effect ive s p a c e t e m p e r a t u r e is i ndependen t of the s y s t e m t e m ­

p e r a t u r e at the point in q u e s t i o n . The t i m e v a r i a t i o n of effect ive space t e m p e r a t u r e 
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for a typical point on the heat shield in the 700-mile sun-shade t rans ient orbit is 

shown in F igure 3. 

Since the relat ive position of NPU, ear th , and sun is independent of t ime in 

the constant sun-constant shade orbi t , the effective space t empera tu re is also 

independent of t ime . The value of effective space t empera tu re under these 
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conditions corresponds to the value taken on in the sun-shade t rans ien t case 

when the sys tem is over the poles . This cor responds to the value at t ime = 0.45 hr 

for the point corresponding to Figure 3. 

C. SYSTEM THERMAL MODEL 

It is now^ possible to state the problem of predict ing the p res t a r tup the rmal 

behavior in a general way. It is neces sa ry to predict the t empera tu re var iat ions 

in position (on the NPU) and t ime , from an initial t empera tu re distr ibution, under 

a t ime-vary ing heat supply r a t e . In par t icu la r it must be shown that all the t e m ­

pe ra tu re requ i rements of Section III-A a re met . 

The problem of descr ibing t empera tu re var iat ions with position on the NPU 

is handled by dividing the various system components into a s e r i e s of " lumps" 

or "nodes" w^hich a re assumed to be of uniform t empera tu re throughout. An 

energy balance is then made on each of these nodes that descr ibes the heat in­

flow and outflow to the node by the appropria te heat t ransfe r mechan i sm. The 

net heat inflow^ r ep re sen t s an instantaneous ra te of accumulation of energy in the 

node, v/hich may be re la ted to the ra te of change of the node t e m p e r a t u r e . Thus, 

the energy balance takes the form of an ordinary , nonlinear differential equation 

in the node t e m p e r a t u r e , with t ime as the independent var iab le . 

The mathemat ica l derivation of the equations descr ibed above is presented 

in Appendix A. All th ree of the important modes of heat t r ans fe r , najnely con­

duction, bulk t r anspor t or convection, and radiat ion, play a role in this der iva­

tion. The effective space t empera tu re as seen by the external nodes of the s y s ­

tem play the role of "forcing functions" in the set of differential equations. The 

principal source of nonlineari ty in the equations is the dependence of radiative 

t ransfe r on the fourth pow^er of sys tem t e m p e r a t u r e s . Other potential sources 

of nonlineari ty, such as dependence of m a t e r i a l p roper t i e s (heat capacity, con­

ductivity) on t e m p e r a t u r e , have been neglected. 

As the NPU orbi ts the ear th , the solar heating is always symmet r ic about a 

plane through the SNAP long axis and para l le l to the ea r th - sun l ine . In the con­

stant sun-constant shade orbit , this plane is determined by the vehicle yaw and 

pitch axes . In the sun-shade t rans ient orbit , the plane is determined by the ve­

hicle yaw^ and roll axes . In both ca se s , the plane is also a plane of symmetry 

for the NPU. Therefore , if attention is r e s t r i c t e d to initial conditions which a r e 
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s y m m e t r i c , it i s only n e c e s s a r y to p r o v i d e n o d e s for one -ha l f of the s y s t e m , the 

t e m p e r a t u r e s of the o t h e r half be ing a v a i l a b l e by app l i ca t i on of the s y m m e t r y 

cond i t ion . 

To p e r m i t a d e t a i l e d d e s c r i p t i o n of the v a r i a t i o n of t e m p e r a t u r e wi th p o s i ­

t ion on the p o w e r un i t , the o n e - h a l f m o d e l e d w a s d iv ided in to 270 n o d e s d i s t r i b ­

u t e d on the s y s t e m a s shown in Tab le 2. An add i t iona l 76 n o d e s a r e r e q u i r e d to 

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

b e h a v i o r i nvo lves the so lu t ion of t h i s 270th o r d e r se t of o r d i n a r y d i f f e ren t i a l 

e q u a t i o n s . T h i s s y s t e m of e q u a t i o n s w a s so lved n u m e r i c a l l y by c o n v e r t i n g the 

d i f f e r en t i a l e q u a t i o n s into d i f f e rence e q u a t i o n s in t i m e , and so lv ing t h e s e e q u a ­

t i o n s stepw^ise f r o m the in i t i a l cond i t ions on a d ig i t a l c o m p u t e r . The IBM 7090 

c o m p u t e r w^as u s e d , and the c o m p u t a t i o n t i m e r e q u i r e d w^as of the o r d e r of 100th 

the r e a l t i m e s i m u l a t e d . 

T A B L E 2 

SIMULATION NODE BREAKDOWN 

Component 

Reactor 

Reflector 

Pump 

Neutron Shield 

Structure 

NaK Tubes 

Radiator 

Heat Shield 

Space Tempera tu re 

Number of Nodes 

1 

1 

4 

24 

60 

54 

54 

72 

76 

D. COMPARISON O F M O D E L WITH T E S T DATA 

To p r o v i d e a check on the a s s u m p t i o n s u s e d in m o d e l i n g the s y s t e m , the 

c o m p u t e r code w a s c h e c k e d a g a i n s t ac tua l g round t e s t d a t a . The da ta u s e d w e r e 

ob t a ined f rom the P r e s t a r t u p O r b i t a l O p e r a t i o n s p o r t i o n of the S y s t e m T e s t on 

F l i gh t S y s t e m M o c k u p - 1 ( F S M - 1 ) . The F S M - 1 i s a dup l i ca t ion of the SNAP lOA 

flight s y s t e m in a l l r e s p e c t s , excep t t ha t t he n u c l e a r c o r e i s r e p l a c e d by an 

e l e c t r i c a l h e a t e r c a p a b l e of the s a m e hea t g e n e r a t i o n a s the a c t u a l c o r e . 
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The system tes t was conducted in a vacuum vesse l outfitted with radiant 

heat lamps to simulate the solar heat input. The FSM-1 system is ins t rumented 

with s tandard flight ins t rumentat ion, as well as special instrumentat ion to p r o ­

vide a detailed r eco rd of sys tem per formance . This instrumentat ion is connected 

to a data logger w^hich recorded tes t r esu l t s at 10-min in te rva l s . 

The FSM-1 P r e s t a r t u p Orbital Operations tes t was not intended to predict 

t e m p e r a t u r e s under actual space conditions, since the environmental equipment 

available failed to duplicate space conditions in a number of r e s p e c t s . Rather , 

the intent was to tes t the system thermal behavior under knovî n conditions in the 

low^-temperature range expected in space. As will be shown below, this kno-wn 

tes t environment could be entered into the computer model of the sys tem, in an 

attempt to duplicate t es t r esu l t s with the model . 

The tes t p rocedure used was to allow the sys tem to reach the rmal equi l ib­

r ium in the vacuum vesse l , then to turn on the radiant hea te r s along one side of 

the vacuum vesse l to simulate the constant sun-constant shade environment. The 

lamps were left on for a per iod of 3.6 h r , corresponding to two orbits at 600-mile 

orbital al t i tude. 

The t empera tu re h i s to r ies of cer ta in key va r iab les , as obtained from the 

computer model , a re p resen ted in Figure 4, together with data points obtained 

from the FSM-1 tes t . The run shown cor responds to a sys tem flowrate of 4% of 

design. As can be seen from the figure, there is substantial agreement bet-ween 

the computed re su l t s and the tes t data. 

A detailed comparison of the computed and m e a s u r e d sys tem t empera tu re s 

is given in F igures 5 through 8. The t e m p e r a t u r e s shown correspond to the end 

of the tes t ; i . e . , after the lamps have been on for 3.6 h r . As can be seen, the 

basic computer grid r e p r e s e n t s a detailed descript ion of the spacial var iat ion of 

t e m p e r a t u r e s . The tes t values have been located on the diagram in the position 

•which cor responds to thei r actual location on the sys tem. The agreement again 

is good, and this comparison is taken as adequate justification for the assumptions 

used in prepar ing the model . 

A tes t is planned for the near future in which improved environmental equip­

ment w^ill be avai lable. It is expected that this tes t will provide system t e m p e r ­

a tures very close to those predicted for the actual space environment. 
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E. DESCRIPTION OF RESULTS 

The re su l t s of the model descr ibed in Sections III-B and III-C a re d iscussed 

in this section and compared with the requi rements of Section III-A. The base 

case selected is a 700-mile orbit with the coefficients in the sys tem equations 

evaluated at design values of t he rma l p r o p e r t i e s . A flowrate of 4% of the design 

operating value is assumed to be supplied by the pump. Both constant sun-

constant shade, and sun-shade t rans ient orbits a r e d iscussed . 

The basic t empera tu re h i s to r ies for the constant sun-constant shade orbit , 

run from a constant 70°F initial t empe ra tu re , a re shown in Figure 9. The fig­

ure covers a duration of about six orbi ts (orbital per iod equals 1.8 h r ) . As can 

be seen from the figure, the minimum NaK t empera tu re occurs in the f i rs t orbit 

and is well above the 50°F minimum allow^able. The core outlet t e m p e r a t u r e , 

given by the central curve of the figure, is undergoing a slow ra te of inc rease of 

t e m p e r a t u r e . This t empera tu re is approaching a value very near the fourth 

pow^er average of all the effective space t empera tu re s seen by the sys tem. It is 

this r i se of core outlet t empera tu re which eventually catches the falling NaK 

t empera tu re on the cold side and c a r r i e s it upward. The ex t reme t empera tu re s 

sho'wn in the figure a re the average hot- and cold-side t empe ra tu r e s of the heat 

shield. The heat shield rapidly at tains a pseudo-equi l ibr ium t empera tu re , in 

which it is essent ia l ly in equil ibrium with the existing NaK tempera tu re in the 

conver ter and the effective space t e m p e r a t u r e . Thereaf ter , it undergoes a 

slow var ia t ion as the conve r t e r - r ad ia to r t empe ra tu r e r i s e s . Over the t ime 

per iod sho-wn, the slow ra te of response of the core outlet t empera tu re is a con­

sequence of the high res i s t ance to heat t r ans fe r presented to the space environ­

ment by the heat shield. This i s principal ly due to the lo'w value of inside e m i s ­

sivity. The tendency for the t empera tu re to r i se ra ther than fall is a consequence 

of the favorable ra t io of solar absorptivity to the rmal emissivi ty used on the outside 

of the heat shield. 

The t empera tu re distr ibut ions throughout the NPU at equil ibrium in the con­

stant sun-constant shade orbit a r e shown in F igures 10 through 16. These fig­

u r e s also serve to i l lus t ra te the degree of detail which has been used in simulating 

the sys tem. The effective space t empe ra tu r e s a re included in the f igures . 

Comparison of the effective space t e m p e r a t u r e s (Figure 10), the heat shield 

t empe ra tu r e s (Figure 11), and the radia tor t e m p e r a t u r e s (Figure 12), shows 

how the heat shield s e r v e s to "soften" the severe t empera tu re gradients imposed 
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Figure 12. Radiator Equil ibrium 
Tempera tu re Distribution (°F), 

Constant Sun-Constant Shade 
Orbit 

ORBIT ALTITUDE-700 mi 
FLOWRATE-4% OF DESIGN 
RUN No 7532-65 

4-13-64 7561-01223 
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pera tu re Distribution (°F), Constant 
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F i g u r e 16, P u m p and R e f l e c t o r 
T e m p e r a t u r e D i s t r i b u t i o n ( ° F ) , 

C o n s t a n t S u n - C o n s t a n t Shade 
O r b i t 

upon the NPU by the s p a c e e n v i r o n m e n t . T h u s , a 6 0 0 ° F c i r c u m f e r e n t i a l v a r i a ­

t ion s p a c e t e m p e r a t u r e i s r e d u c e d to a 350 ° F v a r i a t i o n on the hea t sh ie ld and a 

4 0 ° F v a r i a t i o n on the r a d i a t o r . It can be s e e n a l s o tha t the m a x i m u m t e m p e r a ­

t u r e on the hea t sh ie ld and the m a x i m u m NaK t e m p e r a t u r e a r e wi th in the a l lowed 

v a l u e s . Since the c o n s t a n t s u n - c o n s t a n t shade o r b i t p r o d u c e s the m a x i m u m t e m ­

p e r a t u r e s , t h i s r e s u l t v e r i f i e s t ha t t he d e s i g n m e e t s the m a x i m u m t e m p e r a t u r e 

r e q u i r e m e n t s . 

T e m p e r a t u r e h i s t o r i e s for the s u n - s h a d e t r a n s i e n t o r b i t a r e shown in 

F i g u r e s 17 and 18. The m i n i m u m NaK t e m p e r a t u r e in t h i s o r b i t i s 61 ° F (not 

shown) which i s s l igh t ly l o w e r than tha t in the c o n s t a n t s u n - c o n s t a n t shade c a s e , 

but s t i l l w e l l above the m i n i m u m a l l o w a b l e . The m i n i m u m is aga in r e a c h e d in 

the f i r s t o r b i t . The in i t i a l l a t i t ude in the s u n - s h a d e t r a n s i e n t o r b i t w a s s e l e c t e d 

to p r o d u c e a " w o r s t - c a s e " condi t ion ; i . e . , the s t a r t i n g point shown i s the one 

wh ich p r o d u c e s the l o w e s t m i n i m u m NaK t e m p e r a t u r e . Th i s c o r r e s p o n d s rough ly 

to the " l a u n c h - s i t e s h a d e " cond i t ion . The a p p a r e n t l y s l o w e r r a t e of h e a t u p of 

r e a c t o r t e m p e r a t u r e i s due to the fact tha t the e q u i l i b r i u m t e m p e r a t u r e to wh ich 

i t i s going i s s u b s t a n t i a l l y l o w e r in the t r a n s i e n t o r b i t than in the c o n s t a n t 
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s u n - c o n s t a n t shade o r b i t . The o v e r a l l n a t u r e of the s y s t e m r e s p o n s e i s tha t of a 

s m a l l t e m p e r a t u r e o s c i l l a t i o n s u p e r i m p o s e d on a s low r i s e . C o m p a r i s o n of the 

h e a t s h i e l d r e s p o n s e ( F i g u r e 18) wi th t h a t of the c o r e ou t l e t t e m p e r a t u r e ( F i g ­

u r e 17) a g a i n show^s the a t t e n u a t i o n i n t r o d u c e d by the p r e s e n c e of the h e a t sh i e ld . 

F . E F F E C T S O F P A R A M E T E R VARIATIONS 

In the p r e c e d i n g s e c t i o n it w a s shown tha t a l l s y s t e m t h e r m a l r e q u i r e m e n t s 

a r e m e t -when s y s t e m p a r a m e t e r s t a k e on t h e i r d e s i g n v a l u e s . In t h i s s e c t i o n , 

the ef fec ts on p e r f o r m a n c e of s m a l l v a r i a t i o n s in s y s t e m p a r a m e t e r s a r e d i s ­

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

t u d e , h e a t sh i e ld s o l a r a b s o r p t i v i t y (o;<;,), o u t s i d e t h e r m a l e m i s s i v i t y ( € „ ) , and 

i n s i d e e m i s s i v i t y ( c ) . Qua l i t a t i ve a s p e c t s of the p r o c e d u r e s u s e d a r e d i s c u s s e d 

and the r e s u l t s p r e s e n t e d in t h i s s e c t i o n . P e r t i n e n t d e r i v a t i o n s a r e i nc luded in 

Append ix A. 

F i r s t to be c o n s i d e r e d i s t he effect on m i n i m u m NaK t e m p e r a t u r e of c h a n g e s 

in the p r e s t a r t u p flow^rate. T h i s f l owra t e could change f r o m the e x p e c t e d va lue 

of 4% of d e s i g n flow b e c a u s e of c h a n g e s in the b a t t e r y c u r r e n t supp l i ed to the 

p u m p o r a change in p u m p p r o p e r t i e s . It h a s been show^n tha t the m i n i m u m NaK 

t e m p e r a t u r e o c c u r s in the f i r s t o r b i t . It i s to be e x p e c t e d tha t a d e c r e a s e in the 

f l o w r a t e wi l l c a u s e the m i n i m u m to be l o w e r and of l o n g e r d u r a t i o n . T h e s e q u a l ­

i t a t i ve c o n c l u s i o n s have been q uan t i t a t i ve ly t e s t e d by r e p e a t i n g the c o m p u t e r s i m ­

u l a t i o n s at two l o w e r f l o w r a t e s . P l o t s of the m i n i m u m NaK t e m p e r a t u r e a s a 

funct ion of f l owra t e a r e g iven in F i g u r e 19. The m i n i m u m t e m p e r a t u r e i s s e e n 

to be i n s e n s i t i v e to f l o w r a t e in t h e s u n - s h a d e t r a n s i e n t o r b i t , but in the c o n s t a n t 

s u n - c o n s t a n t shade t e s t it b e c o m e s i n c r e a s i n g l y s e n s i t i v e a s the f l owra t e i s r e ­

duced . In F i g u r e 20, the l e n g t h of t i m e f r o m l a u n c h to the t i m e when the m i n i ­

m u m NaK t e m p e r a t u r e o c c u r r e d i s p lo t t ed a s a funct ion of f l o w r a t e . Aga in , the 

s u n - s h a d e o r b i t r e s u l t s a r e r e l a t i v e l y i n s e n s i t i v e to f l o w r a t e , whi le the c o n s t a n t 

s u n - c o n s t a n t shade o r b i t b e c o m e s s e n s i t i v e at low f lows . It i s conc luded f r o m 

t h e s e r e s u l t s t ha t an a d e q u a t e m a r g i n of safe ty i s a v a i l a b l e to e n s u r e tha t the 

5 0 ° F m i n i m u m t e m p e r a t u r e s p e c i f i c a t i o n wi l l be m e t . 

The s e c o n d c o n s i d e r a t i o n i s tha t of the ef fec ts on m i n i m u m NaK t e m p e r a t u r e 

of c h a n g e s in o r b i t a l a l t i t u d e . In the c o n s t a n t s u n - c o n s t a n t shade o r b i t , the effect 

of i n c r e a s i n g t h e o r b i t a l a l t i t ude i s to d e c r e a s e the a m o u n t of t h e r m a l e n e r g y 
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r e a c h i n g the NPU f r o m the e a r t h . Th i s i s due to the fact tha t the v iew fac to r 

f r o m e a r t h to s a t e l l i t e d e c r e a s e s r a p i d l y a s the o r b i t a l a l t i tude i n c r e a s e s . At 

an a l t i t ude of 3000 m i l e s the e n e r g y r e c e i v e d f r o m t h e e a r t h i s down by a f ac to r of 

10 f r o m tha t at 700 m i l e s . F o r t u n a t e l y , the f r a c t i o n of t o t a l e n e r g y tha t i s r e ­

ce ived f r o m the e a r t h i s s m a l l (about 5% at 700 m i l e s ) . In the s u n - s h a d e t r a n s i e n t 

o r b i t , t h i s l o s s i s offset by the fact tha t the f r a c t i o n of the o r b i t a l p e r i o d spen t in 

the e a r t h ' s shado-w d e c r e a s e s r a p i d l y . The a c t u a l t i m e spen t in the shade i n ­

c r e a s e s v e r y s l i gh t ly , but the o r b i t a l p e r i o d i n c r e a s e s r a p i d l y . T h u s , the u n d e ­

s i r a b l e ef fects of o r b i t a l a l t i t ude a r e m o s t p r o n o u n c e d in the cons t an t s u n -

c o n s t a n t shade o r b i t . 

A l s o to be c o n s i d e r e d i s the effect on m i n i m u m NaK t e m p e r a t u r e of c h a n g e s 

in the h e a t sh i e ld t h e r m a l p r o p e r t i e s , Oi^, € „ , and €. , T h e s e p a r a m e t e r s a r e 

sub jec t to a v a r i a t i o n of ±10% about t h e i r m e a n v a l u e s . The w^orst s i t ua t i on with 

r e s p e c t to m i n i m u m NaK t e m p e r a t u r e r e s u l t s f r o m a c o m b i n e d d e c r e a s e in CX^ 

and an i n c r e a s e in €. and C^, T h i s c a u s e s a d e c r e a s e in the s o l a r h e a t a b s o r p -
1 O ^ 

t ion r a t e and an i n c r e a s e in the r a t e of t h e r m a l l o s s e s f r o m the N P U , F o r c o m ­

p u t a t i o n a l p u r p o s e s , it i s conven ien t to t r a n s l a t e t h e s e c h a n g e s into equ iva l en t 

c h a n g e s in ef fect ive s p a c e t e m p e r a t u r e s , c o m b i n e t h e s e wi th c h a n g e s in s p a c e 

t e m p e r a t u r e s e q u i v a l e n t to a change in o r b i t a l a l t i t u d e , and t h e n u s e a s ing le 

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

In s eek ing the e q u i v a l e n c e bet 'ween c h a n g e s in t h e r m a l p r o p e r t i e s and c h a n g e s 

in s p a c e t e m p e r a t u r e s , the ob jec t ive i s to c a u s e the s a m e change in ne t hea t 

l e a v i n g the c o n v e r t e r in the t i m e p e r i o d c o r r e s p o n d i n g to the f i r s t few o r b i t s . 

Use w a s m a d e of the fact t ha t the c o n v e r t e r t e m p e r a t u r e wi l l be n e a r the l a u n c h 

t e m p e r a t u r e (70°) and the h e a t s h i e l d wi l l r a p i d l y r e a c h a p s e u d o - e q u i l i b r i u m 

w^ith the c o n v e r t e r and s p a c e . 

The s i m u l a t i o n u s e d to s tudy t h e s e ef fec ts c o n s i s t e d of the s a m e m o d e l u s e d 

in the b a s e c a s e c o n s t a n t s u n - c o n s t a n t shade r u n w^ith mod i f i ed s p a c e t e m p e r a ­

t u r e s . A c o l d - s i d e t e m p e r a t u r e of 0 ° F w a s u s e d , r a t h e r than 253°R . A c o n s t a n t -

s u n - s i d e s p a c e t e m p e r a t u r e of 720°R w a s u s e d in p l a c e of a s p a c e - v a r y i n g d i s ­

t r i b u t i o n wi th an a v e r a g e t e m p e r a t u r e of 750°R. The s y s t e m t e m p e r a t u r e 

r e s p o n s e s a s a funct ion of t i m e a r e shown in F i g u r e 2 1 . A c o m p a r i s o n wi th 

F i g u r e 14, t he b a s e c a s e , shows tha t the m i n i m u m t e m p e r a t u r e i s s l igh t ly l o w e r 

and the r a t e of r e c o v e r y and i n c r e a s e i s s l o w e r . H o w e v e r , the o v e r a l l b e h a v i o r 

i s w^ell w^ithin the s p e c i f i c a t i o n . 
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Figure 21 . SNAP lOA P r e s t a r t u p Orbital 
Analysis , Constant Sun-Constant Shade 

Orbit , Worst Case Thermal 
Environment (2/14/64) 

The thi rd case to consider is the effect of changes in the heat shield the rmal 

p roper t i e s on the maximum tempera tu re of the heat shield. There is no need to 

consider changes in orbi tal alt i tude, since the 700-mile orbit is a l ready the wors t 

case in this r ega rd . The wors t case change in the rmal p roper t i e s in this case 

is the r e v e r s e of that which w^as wors t in the case of minimum NaK t e m p e r a t u r e . 

This cor responds to an inc rease in a^ and dec rease s in €. and € „ . This max i -

mizes the solar heat absorption and min imizes the the rma l heat loss r a t e . F u r ­

ther , the wors t situation occurs at equil ibrium ra ther than near the launch t ime . 

The size of the effect was es t imated by a s teady-s ta te heat balance which com­

puted the change in average heat shield t empera tu re due to the change in heat 

shield p rope r t i e s . This change is then assumed to hold at all points , and the 

new maximum tempera tu re becomes the old maximum from Figure 11 plus the 
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calculated increment . This analysis predic ts a w o r s t - c a s e maximum heat shield 

t empera tu re of 385°F. This value exceeds the specified maximum of 350°F. 

This analysis also provides an es t imate of the maximum core outlet t e m p e r a t u r e . 

The predic ted value is 176°F, which is well w^ithin the 275°F specified maximum 

value. 
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IV. STARTUP ANALYSIS SECTION 

A. S T A R T U P AND C O N T R O L R E Q U I R E M E N T S 

Upon c o n f i r m a t i o n of a l ong- l i f e o r b i t , a s igna l f r o m the veh i c l e g round 

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

in a s u b c r i t i c a l s t a t e wi th a t e m p e r a t u r e d i s t r i b u t i o n d e t e r m i n e d by the s p a c e 

e n v i r o n m e n t . 

The p r i m a r y r e q u i r e m e n t of the s t a r t u p and c o n t r o l s y s t e m i s to b r i n g the 

NPU f r o m th i s s u b c r i t i c a l l o w - t e m p e r a t u r e s t a t e to c r i t i c a l i t y , s e n s i b l e hea t 

g e n e r a t i o n , in i t i a l o p e r a t i n g c o n d i t i o n s , and f inal ly to s t a b i l i z e d o p e r a t i n g con ­

d i t i o n s . In add i t ion to the p r i m a r y r e q u i r e m e n t , the fol lowing r e q u i r e m e n t s 

a l s o m u s t be m e t . 

1) The s y s t e m m u s t be b rough t to r a t e d o p e r a t i n g cond i t ions in such a 

m a n n e r t ha t t he r e s u l t a n t s t a r t u p t r a n s i e n t s do not i m p o s e t h e r m a l 

s h o c k s , s t r e s s e s , o r t e m p e r a t u r e s t ha t would j e o p a r d i z e s y s t e i n 

i n t e g r i t y . 

2) The s y s t e m m u s t o p e r a t e in a s t ab l e m a n n e r to m i n i m i z e t h e r m a l 

cyc l ing of the s y s t e m and c o n t r o l l e r componen t w e a r , 

B. STARTUP AND CONTROL SYSTEM DEVELOPMENT 

The s t a t i c n a t u r e of the 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 t e r and p u m p r e d u c e s 

r e m o t e a u t o m a t i c s t a r t u p to a p r o b l e m of r e a c t o r s t a r t u p a l o n e . The m a j o r 

o p e r a t i o n i s to a c h i e v e c r i t i c a l i t y and r a t e d p o w e r and t e m p e r a t u r e cond i t ions 

for the r e a c t o r . The p o w e r c o n v e r s i o n s y s t e m and coo lan t f l owra t e a u t o m a t i ­

ca l ly a p p r o a c h r a t e d cond i t ions a s the r e a c t o r ou t le t t e m p e r a t u r e a p p r o a c h e s 

i t s r a t e d v a l u e . 

To b r i n g the r e a c t o r to r a t e d pow^er and t e m p e r a t u r e f r o m i t s i n i t i a l co ld 

s u b c r i t i c a l s t a t e , it i s n e c e s s a r y to i n s e r t r e a c t i v i t y to b r i n g the r e a c t o r to the 

c r i t i c a l s t a t e . R e a c t i v i t y i n s e r t i o n i s a l s o r e q u i r e d to o v e r c o m e the n e g a t i v e 

r e a c t i v i t y defect i n t r o d u c e d by c o r e t e m p e r a t u r e i n c r e a s e . Th i s i s a c c o m p l i s h e d 

by i n w a r d r o t a t i o n of c o n t r o l d r u m s l o c a t e d in the r e f l e c t o r . 

In i t i a l s t a r t u p of a n u c l e a r r e a c t o r i s u s u a l l y a c c o m p l i s h e d in a v e r y c a u ­

t i ous m a n n e r . G r e a t r e l i a n c e i s p l a c e d on n u c l e a r i n s t r u m e n t a t i o n to d e t e r m i n e 
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the p r e c i s e l o c a t i o n of c r i t i c a l i t y . Af ter c r i t i c a l i t y i s a t t a i n e d , the o p e r a t o r 

b r i n g s the r e a c t o r to r a t e d pow^er on a s low p e r i o d by o b s e r v i n g the n e u t r o n flux 

and p e r i o d i n s t r u m e n t s and by m a k i n g the n e c e s s a r y c h a n g e s . 

C l e a r l y , the m e t h o d j u s t d e s c r i b e d cannot be d u p l i c a t e d in an a u t o m a t i c 

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

f eedback c o n t r o l s i s u s e d . The guiding ph i losophy of h igh r e l i a b i l i t y , wh ich i s 

a t t endan t wi th s i m p l i c i t y , m a k e s it i n a d v i s a b l e to d e v i s e a r e a c t o r s t a r t u p con ­

t r o l s y s t e m u s i n g n u c l e a r m e a s u r e m e n t s a s f eedback s i g n a l s . R a t h e r , i t i n d i ­

c a t e s tha t p r o g r a m m e d r e a c t i v i t y i n s e r t i o n d u r i n g s t a r t u p be u t i l i z e d wi th t e m ­

p e r a t u r e f eedback c o n t r o l e m p l o y e d only for e s t a b l i s h m e n t of in i t i a l o p e r a t i n g 

c o n d i t i o n s . 

The c o n t r o l s y s t e m is f u r t h e r s imp l i f i ed by u s e of a u n i l a t e r a l c o n t r o l m o d e . 

U n i l a t e r a l c o n t r o l i s h e r e i n def ined a s r e g u l a t i o n of a v a r i a b l e in only one d i r e c ­

t ion . With r e s p e c t to the SNAP lOA s y s t e m , the v a r i a b l e i s r e a c t o r ou t le t t e m ­

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

c o n t r o l m o d e i s p o s s i b l e for the fol lowing r e a s o n s : 

1) The SNAP lOA m i s s i o n o b j e c t i v e s do not r e q u i r e , at any t i m e , a s h u t ­

down o r d ropp ing of r e a c t o r p o w e r by the c o n t r o l s y s t e m . T h e r e f o r e , 

it i s only n e c e s s a r y to i n s e r t r e a c t i v i t y , and t h i s can be done wi th a 

u n i l a t e r a l c o n t r o l l e r . 

2) F o r t u n a t e l y , the S N A P - t y p e r e a c t o r s a r e h ighly s e l f - s t a b i l i z i n g . T h i s 

i s due p r i m a r i l y to the r e l a t i v e l y l a r g e , n e g a t i v e t e m p e r a t u r e 

coe f f i c i en t s . 

3) The p o s s i b i l i t y of any u n f o r e s e e n r e a c t o r o r s y s t e m effects w^hich 

w^ould i n c r e a s e r e a c t o r ou t le t t e m p e r a t u r e beyond t o l e r a b l e l i m i t s h a s 

b e e n show^n to be neg l ig ib ly s m a l l . T h e r e f o r e , a c o n t r o l s y s t e m c a p a ­

ble of r e d u c i n g r e a c t o r ou t le t t e m p e r a t u r e i s not r e q u i r e d . 

4) The u s e of a u n i l a t e r a l c o n t r o l s y s t e m h a s the obvious advan tage of 

s i m p l i c i t y , and i t e l i m i n a t e s the p o s s i b i l i t y of u n s t a b l e l i m i t cyc l ing 

involv ing the c o n t r o l l e r . 

C. ANALYSIS O B J E C T I V E S 

A s a r e s u l t of the p r e l i m i n a r y d e s i g n s t u d i e s , the p r e s e n t s i m p l e s t a r t u p 

and c o n t r o l m e t h o d h a s evo lved . B r i e f ly , t h i s m e t h o d c o n s i s t s of i n s e r t i o n of 
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r e a c t i v i t y at an a v e r a g e c o n s t a n t r a t e unt i l t he r e a c t o r ou t le t t e m p e r a t u r e a t t a i n s 

a p r e s e t v a l u e . The c o n t r o l s y s t e m wi l l be d e s c r i b e d in g r e a t e r de t a i l l a t e r in 

the r e p o r t . Subsequen t a n a l y s e s , u s i n g the b e s t a v a i l a b l e a n a l y t i c a l and t e s t 

da t a , have d e m o n s t r a t e d the f ea s ib i l i t y of t h i s m e t h o d of s t a r t u p in m e e t i n g the 

p r i m a r y r e q u i r e m e n t . 

H o w e v e r , c h a n g e s have o c c u r r e d in s y s t e m p a r a m e t e r s in the evo lu t ion of 

the NPU to i t s p r e s e n t s t a t e . Al though the b a s i c s t a r t u p and c o n t r o l m e t h o d r e ­

m a i n s the s a m e , a r e e v a l u a t i o n of the s y s t e m d y n a m i c b e h a v i o r du r ing s t a r t u p 

w a s m a d e . Th i s a n a l y s i s i n c l u d e d the l a t e s t s y s t e m p a r a m e t e r s . 

The a n a l y s i s o b j e c t i v e s w e r e twofold. The f i r s t ob jec t ive w a s to p r e d i c t 

t y p i c a l s t a r t u p t r a n s i e n t h i s t o r i e s such a s r e a c t o r p o w e r , t e m p e r a t u r e s , coo lan t 

flow, e t c . T h i s i n f o r m a t i o n w a s then u s e d to d e t e r m i n e bo th fl ight and g r o u n d -

t e s t s y s t e m p e r f o r m a n c e c r i t e r i a d u r i n g the s t a r t u p p h a s e . Of equa l i m p o r t a n c e 

t h i s i n f o r m a t i o n h a s been u s e d in s u b s e q u e n t s t u d i e s to d e t e r m i n e if the s t a r t u p 

t r a n s i e n t s i m p o s e any t h e r m a l s h o c k s , s t r e s s , o r t e m p e r a t u r e s g r e a t e r than 

d e s i g n a l l o w a n c e s . The s e c o n d a n a l y s i s ob jec t ive w a s to d e t e r m i n e p a r a m e t e r 

s e n s i t i v i t y ; i . e . , to d e t e r m i n e the effect on the s t a r t u p t r a n s i e n t s of v a r i a t i o n s 

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

p a r a m e t e r s tudy p h a s e of the a n a l y s i s w e r e t h e n u s e d to d e t e r m i n e if the r a n g e 

of p a r a m e t e r v a r i a t i o n s could j e o p a r d i z e s y s t e m i n t e g r i t y . 

D. D E S C R I P T I O N O F S T A R T U P AND C O N T R O L SYSTEM 

The follow^ing i s a d e s c r i p t i o n of the s t a r t u p and c o n t r o l s y s t e m c o m p o n e n t s 

and o p e r a t i o n . The r e l a t i o n s h i p s of the c o m p o n e n t s a r e shown in F i g u r e 22 , 

1, T e m p e r a t u r e S e n s o r Swi tch 

The t e m p e r a t u r e s e n s o r swi t ch p e r f o r m s t h r e e func t ions . F i r s t , i t 

s e n s e s the r e a c t o r ou t le t t e m p e r a t u r e . Second, it c o m p a r e s the s e n s e d t e m p e r ­

a t u r e to the se t point va lue ( i . e . , r e f e r e n c e t e m p e r a t u r e ) . T h i r d , it p r o v i d e s a 

b i n a r y e r r o r s igna l to the c o n t r o l l e r . The e r r o r s i g n a l c h a r a c t e r i s t i c i s p r e ­

s e n t e d in F i g u r e 2 3. The s e n s o r l oca t i on i s on the r e a c t o r ou t le t l ine j u s t above 

the p u m p . Two t e m p e r a t u r e s e n s o r s w i t c h e s a r e c o n n e c t e d in p a r a l l e l to i n c r e a s e 

the c o n t r o l s y s t e m r e l i a b i l i t y . 
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F i g u r e 23 , C o n t r o l l e r E r r o r Signal 
C h a r a c t e r i s t i c 

2, S t a r t u p C o n t r o l l e r P a c k a g e 

The s t a r t u p c o n t r o l l e r p a c k a g e con t a in s the c i r c u i t r y a n d h a r d w a r e n e c e s ­

s a r y to p r o v i d e p e r i o d i c p u l s e s of p o w e r to the c o n t r o l d r u m a c t u a t o r s . Upon r e ­

ce ip t of an e r r o r s igna l f r o m the t e m p e r a t u r e s e n s o r sw i t ch , the p e r i o d i c s e q u e n c e 

of p o w e r p u l s e s to the d r u m a c t u a t o r s i s s t a r t e d and con t inues unt i l the e r r o r 

s igna l c e a s e s o r the c o n t r o l s y s t e m i s c o m m a n d e d off. The p e r i o d of the pu l s e 

s e q u e n c e d e t e r m i n e s the d r u m s tepp ing r a t e , 

3, A c t u a t o r D r u m s 

The r e a c t o r a s s e m b l y h a s a to t a l of four c o n t r o l d r u m s l o c a t e d in the r e ­

f l e c t o r . T h e s e d r u m s supply the r e a c t i v i t y to b r i n g the r e a c t o r f r o m a s u b c r i t i ­

ca l to full p o w e r cond i t ion . Two of the d r u m s a r e d e s i g n a t e d c o a r s e c o n t r o l 

d r u m s and the o t h e r two, fine c o n t r o l d r u m s . E a c h d r u m i s w o r t h a p p r o x i m a t e l y 

$2 .40 , F i g u r e 24 shows the d r u m - w o r t h p o s i t i o n r e l a t i o n s h i p . The two c o a r s e 

c o n t r o l d r u m s a r e i n s e r t e d r a p i d l y upon s t a r t u p c o m m a n d by m e a n s of p r e l o a d e d 
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F i g u r e 24. D r u m - W o r t h 
P o s i t i o n R e l a t i o n s h i p , 

1 Shim C a s e 

s p r i n g s . The i n s e r t i o n of the c o a r s e d r u m s b r i n g s the r e a c t o r f r o m a p p r o x i ­

m a t e l y $6.40 s u b c r i t i c a l to $1.60 s u b c r i t i c a l . 

The fine c o n t r o l d r u m s a r e d r i v e n i n w a r d s i m u l t a n e o u s l y by the a c t u a t o r s 

upon r e c e i p t of the c o n t r o l l e r pow^er s i g n a l . D r u m m o v e m e n t i s a c h i e v e d by an 

i n t e r m i t t e n t o r s t epp ing m o t i o n . A s tepp ing m o t o r - t y p e a c t u a t o r w a s c h o s e n 

b e c a u s e it could m o r e r e l i a b l y w i t h s t a n d the s e v e r e e n v i r o n m e n t of high t e m p e r ­

a t u r e , v a c u u m , and n u c l e a r r a d i a t i o n . The s t e p s i z e and s t epp ing r a t e have been 

s e l e c t e d to give an a v e r a g e d r u m i n s e r t i o n r a t e of a p p r o x i m a t e l y 0,2° r o t a t i o n 

p e r m i n . 

4 . Hea t Shie ld T e m p e r a t u r e Switch 

Dur ing the s t a r t u p s e q u e n c e the h e a t sh i e ld m u s t be e j e c t e d to a l low for 

p o w e r hea t r e j e c t i o n to s p a c e . The h e a t s h i e ld t e m p e r a t u r e s w i t c h e s i n i t i a t e 

hea t sh i e ld e j ec t i on when the r e a c t o r ou t le t t e m p e r a t u r e r e a c h e s the p r e d e t e r m i n e d 
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va lue of a p p r o x i m a t e l y 2 7 5 ° F , The s w i t c h e s a r e l o c a t e d at the p u m p out le t and 

a r e c o n n e c t e d in p a r a l l e l for i n c r e a s e d r e l i a b i l i t y . 

O p e r a t i o n of the c o n t r o l s y s t e m is e x t r e m e l y s i m p l e . Af ter the s t a r t u p 

c o m m a n d h a s been g iven , the s igna l ob t a ined f r o m the t e m p e r a t u r e s e n s o r 

swi t ch i n d i c a t e s tha t the r e a c t o r ou t le t t e m p e r a t u r e i s be low the se t point o r 

r e f e r e n c e t e m p e r a t u r e . T h e r e f o r e , the a c t u a t o r s d r i v e the fine c o n t r o l d r u m s 

i n w a r d , t hus i n s e r t i n g r e a c t i v i t y and i n c r e a s i n g r e a c t o r p o w e r and t e m p e r a t u r e . 

When the r e a c t o r ou t le t t e m p e r a t u r e r i s e s above the r e f e r e n c e t e m p e r a t u r e , the 

e r r o r s igna l i s r e m o v e d and d r u m r o t a t i o n h a l t e d . If the ou t le t t e m p e r a t u r e of 

the r e a c t o r should fall be low the r e f e r e n c e t e m p e r a t u r e , the d r u m s would a g a i n 

be r o t a t e d i n w a r d , t hus i n s e r t i n g r e a c t i v i t y . C o n t r o l a c t i o n con t inues to m a i n ­

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 r e f e r e n c e t e m p e r a t u r e un t i l the 

c o n t r o l l e r off c o m m a n d i s r e c e i v e d . 

The fol lowing i s a d e s c r i p t i o n of the s t a r t u p s e q u e n c e ( see T a b l e 3). 

T A B L E 3 

S T A R T U P TIME S E Q U E N C E 

Item 

1. Expansion compensators re leased 

2. NPU s t a r t commanded 

3. Drum locking pins re leased 

4. Control sys tem activated 

5. Heat shield ejection c i rcui ts 

enabled 

6. Coarse control drums inser ted 

7. Control sys tem s t a r t s fine control 

drum inser t ion 

8. Reactor goes c r i t i ca l 

9. Discernible heat 

10. Heat shield ejected 

11. Reactor at initial operation point 

12. System stabil ized 

13. Control sys tem commanded off 

14. Malfunction and failure c i rcu i t ry 
enabled 

Time 

After vehicle second burn 

< 15 hr after launch 

10 msec after s t a r t command 

10 msec after s t a r t command 

10 msec after s t a r t command 

10 msec after s t a r t command 

50 sec after s t a r t command 

6.0 hr after s t a r t command 

6.33 h r after s t a r t command 

6.39 hr after s t a r t command 

9.75 h r after s t a r t command 

72 hr after s t a r t command 

72 hr after s t a r t command 

72 hr after s t a r t command 
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After the vehicle second burn, the expansion compensator locking pins a re 

r e l eased by firing the expansion compensator squibs. This allows the cool­

ant to expand as the sys tem is brought up to t empera tu r e . Upon confirmation of 

a long-life orbit , the s tar tup command is given. At this t ime , the system is 

subcri t ical at ambient source power level and coolant is circulat ing at a min i ­

mum rate of 4% of design flow^. The s tar tup command enables the control ler and 

heat shield ejection c i rcui t , and f i res the squibs that r e l ease the drum locking 

pins . The tw ô coarse control drums a r e snapped in, thereby reducing the 

amount of subcri t ical i ty . The fine control drums then s ta r t thei r rotation in­

ward, and reac tor pow^er r i s e s . As m o r e react ivi ty is inser ted , the reac tor 

becomes c r i t i ca l . The reac tor pow^er continues to inc rease with a decreasing 

period as react ivi ty is inse r ted . The inc rease in reac to r pov/er and t e m p e r a ­

ture is t empora r i ly r e v e r s e d after the reac tor reaches the pow^er level of sen­

sible heat generat ion. This is due to the negative react ivi ty introduced by the 

t empera tu re coefficients of the gr ids and fuel. 

During this initial pow^er r i se the reac tor outlet t empera tu re reaches the 

heat shield ejection set point, thus firing the squibs w^hich allow ejection of the 

heat shield. 

After the initial pow^er t rans ien t , there is a gradual r i s e in power with 

corresponding r i s e s in system t empera tu re s and flows. This p roces s continues 

until the reac tor outlet re ference t empera tu re is reached. At this t ime , the 

control ler stops the react ivi ty inser t ion. A decrease in reac tor outlet t e m p e r a ­

ture below the reference t empera tu re actuates the control ler to again inser t r e ­

activity. The control is left on for 72 hr to stabilize the system at ra ted condi­

tions by compensating for the react ivi ty losses due to the hydrogen redis t r ibut ion 

and xenon poisoning t rans ien t . 

E. MATHEMATICAL MODEL OF THE SYSTEM 

The f i rs t step in meet ing the analysis objectives stated in Section IV-C was to 

mathemat ical ly descr ibe the system and its environment. The second step was 

to obtain a solution of the resul tant set of simultaneous equations. The balance 

of this section descr ibes the methods employed in development of the ma themat ­

ical model and a summary of the system components s imulated. 

The problem of mathemat ica l ly represent ing the sys tem can be divided into 

three major a r e a s as follows: 
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1) D e s c r i p t i o n of the t e m p e r a t u r e v a r i a t i o n -with r e s p e c t to t i m e t h r o u g h ­

out the NPU 

2) D e s c r i p t i o n of the n u c l e a r b e h a v i o r of the r e a c t o r ; i . e . , t i m e v a r i a ­

t i o n s of p o w e r and r e a c t i v i t y 

3) D e s c r i p t i o n of coo lan t flow wi th r e s p e c t to t i m e . 

In add i t ion to the a b o v e , the o p e r a t i o n of the c o n t r o l s y s t e m and the e n v i r o n ­

m e n t a l s o m u s t be r e p r e s e n t e d . 

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

out the N P U is the s a m e a s d e s c r i b e d in the p r e s t a r t u p a n a l y s i s s e c t i o n . Tha t 

i s , the s y s t e m c o m p o n e n t s a r e d iv ided into a s e r i e s of l u m p s o r n o d e s which a r e 

assLtmed to be of u n i f o r m t e m p e r a t u r e t h r o u g h o u t . An e n e r g y b a l a n c e i s then 

p e r f o r m e d on e a c h of the n o d e s . The e n e r g y in to and out of e a c h node i s d e t e r ­

m i n e d by the a p p r o p r i a t e h e a t t r a n s f e r m e a n s . The d i f fe rence be tween the 

e n e r g y flowing into the node and tha t flowing out i s the s t o r e d e n e r g y , which i s 

p r o p o r t i o n a l to the t e m p e r a t u r e r a t e of change of the n o d e . T h u s , the e n e r g y 

b a l a n c e t a k e s the f o r m of an o r d i n a r y d i f f e ren t i a l equa t ion in node t e m p e r a t u r e s 

•with r e s p e c t to t i m e . T h e s e e q u a t i o n s m a y be n o n l i n e a r , depending on the hea t 

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

o t h e r s y s t e m v a r i a b l e s . 

The n u c l e a r b e h a v i o r of the r e a c t o r i s s i m u l a t e d by a s ix d e l a y e d - n e u t r o n 

g r o u p m o d e l . The n e u t r o n k i n e t i c e q u a t i o n s t a k e the f o r m of s even d i f fe ren t i a l 

e q u a t i o n s . T h e s e e q u a t i o n s a r e in n o r m a l i z e d f o r m wi th r e s p e c t to in i t i a l con­

d i t i o n s . The r e a c t o r f o r c i n g funct ion, and for tha t m a t t e r the fo rc ing funct ion 

of the s y s t e m , t a k e s the f o r m of r e a c t i v i t y i n t r o d u c e d by m o t i o n of the fine con ­

t r o l d r u m . When the t o t a l r e a c t i v i t y i s z e r o , the r e a c t o r i s c r i t i c a l and the 

n u m b e r of f i s s i o n s tak ing p l a c e du r ing e a c h n e u t r o n g e n e r a t i o n i s c o n s t a n t . 

T h u s , the p o w e r l e v e l of the r e a c t o r r e m a i n s c o n s t a n t . An i n c r e a s e o r d e c r e a s e 

in the r e a c t o r p o w e r l e v e l i s c a u s e d by a r e s p e c t i v e i n c r e a s e o r d e c r e a s e in the 

t o t a l r e a c t i v i t y f r o m c r i t i c a l . The to t a l r e a c t i v i t y i s ob ta ined by s u m m i n g the 

r e a c t i v i t y f eedback due to the t e m p e r a t u r e c h a n g e s of the g r i d p l a t e and fuel 

wi th the r e a c t i v i t y i n t r o d u c e d by the c o n t r o l d r u m s . 

The coo lan t i s c a u s e d to flow by m e a n s of an i n t e g r a l t h e r m o e l e c t r i c d - c 

c o n d u c t i o n - t y p e p u m p . The p u m p and the coolant flow a r e s i m u l a t e d in two p a r t s . 

The f i r s t p a r t c o n s i s t s of d e s c r i b i n g the p u m p hea t t r a n s f e r by m e a n s of noda l 
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energy balances , as descr ibed previously. The resul tant equations re la te the 

t empera tu re difference a c r o s s the the rmoe lec t r i c ma te r i a l caused by the flow^ 

of heat from the hot coolant to the pLonp rad ia tor . Some of the heat w^hich leaves 

the hot coolant is not re jected to space but is converted to e lec t r ica l energy 

(voltage and current) by means of Seebeck effect of the the rmoe lec t r i c m a t e r i a l . 

The e lec t r ica l energy i s , in turn , converted to mechanical energy by the pump. 

The mathemat ica l representa t ion of the flow induced by the pump is accomplished 

by performing a force balance at the pump throat . E lec t r ica l cur ren t through 

the coolant at the pump throat in the presence of a magnet ic field produces a 

force tending to acce le ra te the coolant. This force is opposed by the hydraulic 

friction forces of the system and pump. In addition to the friction forces , the 

iner t ia force of the coolant m a s s must be overcome. Equating these forces r e ­

sults in a f i r s t - o rde r nonlinear differential equation w^ith flowrate as the depend­

ent var iable and t empera tu re difference a c r o s s the the rmoe lec t r i c m a t e r i a l as 

the forcing function. 

F igure 25 is a block diagram of the system components simulated in the 

s tar tup ana lys i s . Also included in the simulation a r e solar heating for sun­

shade t rans ien t and constant sun-constant shade o rb i t s , as well as automatic 

hea t -sh ie ld ejection. 

The reac tor heat t ransfe r model consis ts of th ree fuel and coolant t e m p e r a ­

tu re nodes , as well as upper and lower grid and manifold nodes . 

The pump model consis ts of seven t empera tu re nodes and the differential 

equation describing the pump behavior. The hydraulic cha rac t e r i s t i c s of the 

sys tem, such as p r e s s u r e drop and iner t ia of the coolant, a r e a lso included. 

The control sys tem simulation includes the t empera tu re sensor switch, 

ac tuators (stepping mo to r s ) , control ler (power pulse generating c i rcu i t s ) , and 

the fine and coarse control d rums . 

The t r anspo r t delay of the l ines to and from the r eac to r , as well as the 

upper and lower conver ter manifolds, a r e represen ted . Finally, a 24- tempera -

ture node model is used to simulate the conver t e r - r ad ia to r and ejectable heat 

shield. 

A total of 50 t empera tu re nodes is used to r ep resen t the heat t ransfe r of 

the sys tem. (See Figure 26 for t empera tu re node d iagram. ) One-hundred and 

nine equations (60 differential) a r e requi red to descr ibe the dynamic behavior 

of the sys tem, the bas ic equations of w^hich a r e presen ted in Appendix B. 
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Figure 25. Simulated System Components 
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Figure 26. SNAP lOA Tempera tu re Node Diagram 
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The so lu t ion of t h e s e e q u a t i o n s i s ob ta ined in tw^o p a r t s . The f i r s t p a r t con­

s i s t s of the u s e of the m o d i f i e d A i r e k III d ig i t a l code to d e t e r m i n e the b e h a v i o r 

of the s y s t e m f r o m s o u r c e pow^er l e v e l to s e n s i b l e h e a t , w^hich i s a s s u m e d to be 

100 w. Only the r e a c t o r k i n e t i c s a r e c o n s i d e r e d in t h i s p a r t of the p r o g r a m , 

s ince the r e a c t i v i t y f eedback t h r o u g h the r e a c t i v i t y t e m p e r a t u r e coef f ic ien t s i s 

e s s e n t i a l l y n o n e x i s t e n t un t i l s e n s i b l e hea t g e n e r a t i o n . 

The d ig i t a l r e s u l t s p r o v i d e the r e a c t o r k i n e t i c s i n i t i a l condi t ion da ta a t s e n ­

s ib le h e a t . The in i t i a l t e m p e r a t u r e cond i t ions t h roughou t the s y s t e m a t s e n s i b l e 

h e a t a r e ob t a ined f r o m the r e s u l t s of the p r e s t a r t u p a n a l y s i s . 

The s e c o n d p a r t , so lu t ion of the s y s t e m e q u a t i o n s f rom s e n s i b l e h e a t to 

s t e a d y - s t a t e o p e r a t i o n , i s a c c o m p l i s h e d by ana log c o m p u t e r . A p p r o x i m a t e l y 

300 a m p l i f i e r s and 4 c o n s o l e s a r e r e q u i r e d . 

F . R E S U L T S 

The b e h a v i o r of the N P U f r o m the t i m e of the s t a r t u p c o m m a n d to the s t a r t 

of s e n s i b l e h e a t g e n e r a t i o n i s ob t a ined f r o m the r e s u l t s of t h e m o d i f i e d A i r e k III 

d ig i ta l c o d e . The r e a c t o r p o w e r l e v e l and the d e l a y e d n e u t r o n g roup h i s t o r i e s 

a r e p r e s e n t e d in F i g u r e 27 . The r e s u l t s of F i g u r e 27 a r e for a s o u r c e pow^er 

l e v e l of 10"^^ kw, w h i c h c o r r e s p o n d s to a s o u r c e s t r e n g t h due to s pon t aneous 

f i s s i o n . The d r u m i n s e r t i o n r a t e i s t a k e n at the n o m i n a l r a t e of 1/2° of i n w a r d 

r o t a t i o n e v e r y 150 s e c . 

Six h o u r s a f t e r the s t a r t u p c o m m a n d i s g iven, the r e a c t i v i t y i n s e r t i o n o v e r ­

c o m e s the shutdown r e a c t i v i t y and the r e a c t o r b e c o m e s c r i t i c a l . At t h i s t i m e , 

the r e a c t o r p o w e r l e v e l i s a p p r o x i m a t e l y 40 x 10" •'••'• kw, and the a c t u a t o r s have 

t a k e n 144 1/2° s t e p s r o t a t i n g the fine c o n t r o l d r u m s 72° i n w a r d . Al though the 

r e a c t o r p o w e r g e n e r a t e d i n c r e a s e s fo r ty - fo ld f rom the t i m e the two c o a r s e 

d r u m s a r e snapped in to c r i t i c a l i t y , the add i t i ona l e n e r g y g e n e r a t e d i s not suf­

f ic ient to change the r e a c t o r t e m p e r a t u r e s . T h e r e f o r e , the coo lan t flow and 

t e m p e r a t u r e s t h r o u g h o u t t h e N P U a r e s t i l l d e t e r m i n e d by the p a s s i v e e n v i r o n ­

m e n t of the p r e s t a r t u p p h a s e . 

A s s e e n f r o m F i g u r e 27, the r e a c t o r p o w e r l e v e l con t inues to i n c r e a s e 

f r o m the p o w e r l e v e l a t c r i t i c a l i t y wi th an e v e r d e c r e a s i n g p e r i o d . The r e a c t o r 

r e a c h e s the pow^er l e v e l of s e n s i b l e h e a t g e n e r a t i o n (lOOw^atts t h e r m a l ) a p p r o x i ­

m a t e l y 19.4 m i n a f t e r c r i t i c a l i t y o c c u r s . Dur ing t h i s t i m e , s even add i t i ona l 
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control drum steps a r e taken, placing the drums 75.5° rotated inward. The r e ­

actor power is now increas ing on a 26.4 sec period which cor responds to an ex­

cess react ivi ty of 24.2^. 

A total of nine additional cases of var ious stepping r a t e s and initial r eac to r 

t empe ra tu r e s a r e run using the modified Airek III code. The re su l t s of these 

runs a re used to provide initial conditions for the reac tor kinetics portion of the 

subsequent analog computer study covering sensible heat to full-power operat ion. 

F igures 28 and 29 have been p repa red from run r e s u l t s . Figure 28 shows 

the relat ionship of excess react ivi ty at sensible heat for var ious con t ro l - sys tem 

stepping r a t e s and source - s t reng th power l eve l s . The discontinuous re la t ion­

ship between excess react ivi ty and source - s t r eng th power level is due to the 

manner in which react ivi ty is inser ted . That i s , react ivi ty is inse r ted in steps 

causing a s ta i rcase- type inc rease in react ivi ty , as opposed to a continuous r amp 

i n c r e a s e . It is of in te res t to note that a source strength variat ion of tw ô decades 

can resu l t in no change of excess react ivi ty and, the re fore , per iod at sensible 

heat . The effect of source strength and stepping ra te on the t ime from cr i t ica l i ty 

to sensible heat is p resen ted in Figure 29. 
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The h i s to r ies of the sys tem p a r a m e t e r s from sensible heat generation to full 

•power a r e shown in F igure 30. The s tar tup t rans ient i l lus t ra ted is felt to be 

represen ta t ive of a typical s tar tup in space, and it cor responds to the fixed sys ­

tem p a r a m e t e r s and nominal value of var ied p a r a m e t e r s summar ized in Tables 4 

and 5, respect ive ly . 

Referr ing to Figure 30, the analog computer recording continues from the 

point in t ime where the digital code leaves off. That i s , the reac tor pow^er level 

increas ing on 26.4 sec per iod. As the power level continues increas ing from the 

sensible heat generat ion level , the fuel and coolant t e m p e r a t u r e s of the reac tor 

begin to r i s e . However, because t e m p e r a t u r e s of fuel and coolant lag the power, 

the react ivi ty feedback caused by reac to r t empera tu re change does not r e v e r s e 

the power t rans ien t until 155 sec after sensible heat occu r s . At this t ime , the 

r eac to r reaches a peak power of 56 kw. The r eac to r outlet t empera tu re c o r r e ­

sponding to this peak pow^er spike is 420°F and occurs 70 sec after the pov/er 
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TABLE 4 

FIXED SYSTEM PARAMETERS 

Reactor 

R_ (shutdown reactivity) 

C p p (specific heat of fuel) 

R „ _ (drum worth) 

Control sys tem 

9 (drum insertion) 

T_ (control ler delay) 

T_,q ( tempera ture sensor 

switch t ime constant) 

T„ (nonninal t empera tu re 

set point) 

Hydraulic 

APgyg (system p r e s s u r e 

drop) 
Ig (sys tem inertia) 

T (loop cycle time) 

Other s tar tup pa r ame te r s 

W % (initial NaK flow) 

Tjj.„ (heat shield ejection 

tempera ture) 

-$5.60 

0 09462 + ° - ° ^ 9 * ^ T ^-^^^ 

See Figure 24 

1/2° step 

50 sec 

58 sec 

1010°F ± 10°F 

1.1 psi at 100% flow (see 
Figure 31) 

0.421 s e c ^ / m . ^ 

17 sec (at 1000°F and 100%-W) 

4% 

275 °F at reac tor outlet 

TABLE 5 

VARIED PARAMETERS 

P a r a m e t e r 

UA, Reac tor heat t r ans f e r 
coefficient 

PO, Power at source s t rength 

Reactivi ty coefficients 
OlGO — upper gr id 
aGl — lower grid 

aF - fuel 

Tgj^, Control ler stepping ra te 

Pump per formance at design 
conditions 

Nominal 

See F igure 

10-11 kw 

- 0 . 0 5 ^ / ° F 
-0.05(!;/' 'F 

32 

- ( 0 . 0 7 4 + " , ^ T 

150 sec 

100% 

p)«S/°F 

Variat ion 

See F igure 32 

10-11 _, 10-9 kw 

±0.02«;/°F 
±0.02(i;/''F 

±0.03((;/°F 

+ 30 
-20 '^^ 

100% - . 60% 
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peak. The maximum instantaneous reac tor outlet t empera tu re ra te is 9 . 5 ° F / s e c , 

occurr ing 45 sec after peak power. The reac to r inlet t empera tu re r emains con­

stant at i ts initial value until 240 sec after peak power. Therefore , the lower 

grid plate has no effect on the initial power and t empera tu re t rans ien t . 

Approximately 215 sec after sensible heat generat ion during the initial r e ­

actor excursion, the r eac to r outlet t empera tu re reaches 275°F. Thus, the heat 

shield is ejected. Examination of the recorded re su l t s indicates that ejection of 

the heat shield during s tar tup has no percept ible effect on the sys tem. This r e ­

sult confirms ea r l i e r studies which concluded that ejection of the heat shield 

would not cause excessive t he rma l s t r e s s e s , shock, or any other adverse effects. 

After the initial power excursion, the continued inser t ion of react ivi ty again 

causes the r eac to r to go c r i t i ca l . Therefore , the r eac to r power s t a r t s to in­

c rease once m o r e . However, the reac tor is on a relat ively la rge per iod and the 

inc rease in power, sys tem t e m p e r a t u r e s , and flow is slow. The r e s t of the 

star tup t rans ien t is uneventful. As the drums a r e stepped in at a constant r a t e , 

the system slow^ly r i s e s to initial operating conditions corresponding to a reac tor 

outlet t empera tu re 1010°F. It is noted that the ra te at w^hich reac tor outlet t em­

pera tu re i nc reases becomes l e s s as the t empera tu re approaches its full power 

value. This is due to the shape of the drum worth curve (Figure 24). That i s , 

although the drums a r e inse r ted at a constant r a t e , the worth of each drum step 

dec reases as the d rums approach the full-in position. 

The total t ime elapsed from the s tar tup command to initial full power is 

9.75 hr , of which 3 hr and 25 min a r e requi red to go from sensible heat to full 

power. 

Figure 31 i l lus t ra tes the behavior of the reac tor outlet t empera tu re at end 

of the s tar tup t rans ient and the beginning of the stabilization period of control . 

P r i o r to the t empera tu re sensor switch closing (t = 0), the r eac to r outlet, inlet, 

and sensor switch t e m p e r a t u r e s a re increasing at a ra te of 3 ° F / m i n . It is seen 

that the sensor switch t empe ra tu r e is lagging the reac to r outlet t empe ra tu r e by 

the switch t h e r m a l t ime constant T. Therefore , when the sensor t empera tu re 

reaches the set-point t e m p e r a t u r e , the reac tor outlet t empera tu re will exceed 
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Figure 31. AP System P r e s s u r e 
Drop 
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t he s e t - p o i n t t e m p e r a t u r e by the a m o u n t equa l to the p r o d u c t of the swi t ch t i m e 

c o n s t a n t , T, and the r e a c t o r ou t le t t e m p e r a t u r e r a t e of change a. F o r t h i s e x ­

a m p l e , r a = 1 m i n x 3 ° F / m i n = 3 ° F . 

The se t poin t of the t e m p e r a t u r e s e n s o r swi t ch i s a d j u s t e d to the n o m i n a l 

va lue of 1 0 1 0 ° F . H o w e v e r , a swi tch c l o s u r e in the r a n g e of 1000 to 1 0 2 0 ° F for 

an i n c r e a s i n g r e a c t o r t e m p e r a t u r e i s a c c e p t a b l e . If it i s a s s u m e d t h a t the s e n s o r 

i s a c t i v a t e d a t i t s u p p e r t e m p e r a t u r e s e t - p o i n t l i m i t of 1 0 2 0 ° F , the c o r r e s p o n d ­

ing coolan t t e m p e r a t u r e a t t he r e a c t o r ou t le t w^ill be 1 0 2 3 ° F . 

When the t e m p e r a t u r e s e n s o r swi t ch c l o s e s , r e a c t i v i t y i n s e r t i o n c e a s e s . 

H o w e v e r , the r e a c t o r ou t le t t e m p e r a t u r e con t inues to i n c r e a s e a t the s a m e r a t e 

a s b e f o r e , even though no m o r e r e a c t i v i t y i s be ing i n s e r t e d . T h i s effect i s due 

to the t h e r m a l and n u c l e a r t i m e c o n s t a n t s of the s y s t e m ; tha t i s , the s y s t e m h a s 

not a s yet r e a c h e d s t e a d y - s t a t e . The r e s u l t s of t h i s s tudy show tha t the r e a c t o r 

ou t le t t e m p e r a t u r e wi l l cont inue to i n c r e a s e for a p p r o x i m a t e l y 2.5 m i n a f t e r the 

l a s t r e a c t i v i t y s t e p . It i s a s s u m e d (a l though t h i s i s not the m o s t p r o b a b l e c a s e ) 

t ha t the r e a c t i v i t y i s s t e p p e d j u s t p r i o r to the s e n s o r swi t ch c l o s i n g . T h e r e f o r e , 

the r e a c t o r ou t le t t e m p e r a t u r e wi l l cont inue to i n c r e a s e for a n o t h e r 2.5 m i n , 

r e a c h i n g a m a x i m u m t e m p e r a t u r e of 1 0 3 0 . 5 ° F (at t , ) . 

At the t i m e the s e n s o r swi tch c l o s e s , the r e a c t o r i s g e n e r a t i n g 44 kw of 

p o w e r . A p p r o x i m a t e l y 2.5 of the 44 kw a r e being a b s o r b e d in the f o r m of h e a t 

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

no t a s ye t r e a c h e d s t e a d y - s t a t e . When the s y s t e m r e a c h e s s t e a d y - s t a t e , the 

2.5 kw of e n e r g y tha t a r e going into s t o r a g e m u s t be a c c o u n t e d for by e i t h e r an 

i n c r e a s e in the p o w e r be ing d i s s i p a t e d to s p a c e o r a d e c r e a s e in the r e a c t o r 

p o w e r r e q u i r e m e n t s . B e c a u s e of the l a r g e a m o u n t of n e g a t i v e r e a c t i v i t y feed­

back , the r e a c t o r t r i e s to m a i n t a i n a c o n s t a n t a v e r a g e t e m p e r a t u r e . T h e r e f o r e , 

the r e a c t o r p o w e r l e v e l d e c r e a s e s to 41.5 kw to a c c o u n t for the d e c r e a s e of e n ­

e r g y going into s t o r a g e . As s e e n f r o m F i g u r e 33 , the r e a c t o r ou t le t t e m p e r a t u r e , 

a s w e l l a s p o w e r l e v e l , d e c r e a s e s . Twen ty - f ive m i n u t e s a f t e r the s e n s o r swi t ch 

f i r s t c l o s e s , the r e a c t o r ou t le t t e m p e r a t u r e i s 1020 °F and in a n o t h e r 25 m i n the 

t e m p e r a t u r e t e m p o r a r i l y s t a b i l i z e s a t 1017 ° F . As the r e a c t i v i t y l o s s e s due to hy 

d r o g e n r e d i s t r i b u t i o n and xenon po i son ing g r a d u a l l y bui ld up, the r e a c t o r ou t le t 
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t empera tu re will s ta r t to fall until the t empera tu re is below the set point and r e ­

activity is again inser ted . 

The effect of var ia t ions of cr i t ica l system p a r a m e t e r s on the s tar tup t r a n ­

sients is p resen ted in the form of a s e r i e s of p lots , F igures 34 to 39. These 

plots were p repa red from the recordings of 39 computer runs , and they i l lus t ra te 

the effect of p a r a m e t e r var ia t ions on peak power and reac tor outlet t e m p e r a t u r e , 

as well as maximum ra te of change of r eac to r outlet t e m p e r a t u r e . The p a r a m ­

e te r s var ied and the range of variat ion a r e summar ized in Table 5. It is felt that 

the range of pa r ame te r var ia t ions studied is la rge enough to m o r e than adequately 

cover any p a r a m e t e r value uncer ta in t ies . 

Two factors have the mos t pronounced effect of the s tar tup t rans ien t . They 

a re excess react ivi ty at sensible heat and the react ivi ty t empera tu re coefficient 

of the fuel. The excess react ivi ty occurr ing at sensible heat de termines the 

period on which reac to r power is increas ing . The l a rge r the excess react ivi ty , 

the faster the reac tor power r i s e will be and, therefore , l a rge r peak t rans ient 

values will occur before the negative react ivi ty feedback can take effect. 

The two p a r a m e t e r s var ied, which affect the excess react ivi ty at sensible 

heat, a r e stepping ra te and power level at source s trength (Figures 34 and 35). 

The relat ionship of these two p a r a m e t e r s to excess react ivi ty is shown in 

Figure 28. 
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F i g u r e 38. Effect of G r i d 
T e m p e r a t u r e Coeff ic ient 
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The negative react ivi ty feedback through the fuel and upper and lower grid 

plates causes the r e v e r s a l of the initial power excurs ion. Of these three feed­

back paths , the fuel react ivi ty feedback is the mos t important . It is obvious 

that the fuel located in the reac tor core is the f irs t to respond to the energy being 

re leased by the increas ing nuclear f iss ions . Therefore , var iat ions in the fuel 

reactivity t empera tu re coefficient have a significant effect on the t rans ient b e ­

havior of the sys tem (Figure 36). 

The lower gr id-pla te coefficient has no effect on the initial s tar tup t rans ient . 

This fact is due to the loop cycle t ime and the rmal response of the sys tem. That 

i s , the lower gr id-pla te t empe ra tu r e exper iences no change until after the initial 

power excursion occu r s . 

The effect of var ia t ions of the upper gr id-pla te react ivi ty coefficient is 

shown in Figure 38. As would be expected, variat ion of the upper gr id-pla te 

coefficient has l e s s of an effect on the initial t rans ien t than the fuel coefficient. 

This is due to the l a rge r increment of t ime requi red by the upper grid t e m p e r a ­

tu re to respond to a power change than that requi red by the fuel t e m p e r a t u r e . 

The effect of var ia t ions of the fuel-coolant heat t ransfe r coefficient (UA) is 

shown in Figure 37. Peak power is vir tually insensit ive to la rge variat ions of 

the heat t ransfe r coefficient. Peak reac tor outlet t empera tu re dec reases with 

decreas ing UA, as expected. 

Finally, variat ion of pump performance on the s tar tup t rans ient is shown in 

Figure 39. The only significant effect pump performance has on the initial power 

excursion is that of reac to r outlet t e m p e r a t u r e . The peak reac tor outlet in­

c r e a s e s in a l inear manner with decreas ing pump per formance . 

Some of the key factors in the s tar tup t rans ien t response a r e summar ized 

in Table 6. Also included in Table 6 a re the values of these factors for the nom­

inal design conditions and for the range corresponding to p a r a m e t e r var ia t ions . 

In general , the s tar tup t rans ien t is l e s s severe than previous studies indicated. 

The resu l t s of the analysis just descr ibed a r e used as inputs to subsequence 

analyses and t e s t s . The purpose of these studies and t e s t s is to determine if the 

resul tant s tar tup t r ans ien t s pred ic tedwould impose any the rmal shocks, s t r e s s e s , 

or t empera tu re s that would jeopardize system integri ty . Thermal s t r e s s analy­

ses of the reac tor core , pump, and radia tor conver ter , as well as many other 
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T A B L E 6 

SUMMARY O F ANALYSIS R E S U L T S 

Variable 

Peak power (initial power excursion) 

Peak reac to r outlet t empera tu re (initial power excursion) 

Peak flowrate (initial power excursion) 

Maximum instantaneous r a t e of change of r eac to r outlet 
t empera tu re 

Time from s tar tup command to cr i t ical i ty 

Time from cr i t ical i ty to initial operating conditions 

Maximum power overshoot (s tar t of stabilization period) 

Maximum reac to r outlet t empe ra tu re overshoot (s tar t of 
stabil ization period) 

Initial stabil ized power level 

Initial stabil ized r eac to r outlet t empera tu re 

Nominal 
Value 

56.5 kw 

420°F 

62% 

9 .5°F / sec 

6.0 hr 

3.75 hr 

44 kw 

1030°F 

38 kw 

1017°F 

Range 

3 4 . 4 — 73 kw 

314 — 523°F 

45 - ^ 69.1% 

4.5 -^ 12°F / sec 

5. 2 — 7.2 hr 

3.25 — 4.50 hr 

43 — 44 kw 

1003—1030°F 

1000— 1017°F 

s y s t e m c o m p o n e n t s , i n d i c a t e no a d v e r s e effect due to the s t a r t u p t r a n s i e n t r a n g e 

p r e d i c t e d . In add i t ion to t h e s e s t r e s s a n a l y s e s , s y s t e m c o m p o n e n t s have s u c ­

c e s s f u l l y b e e n qual i f ied by t h e r m a l t e s t s e s t a b l i s h e d by the p r e d i c t e d s t a r t u p 

t r a n s i e n t . F i n a l l y , a d e t a i l e d n o n n u c l e a r s y s t e m s t a r t u p t e s t w a s p e r f o r m e d 

( F S M - 1 ) . The n o n n u c l e a r s y s t e m is a d u p l i c a t e of the flight s y s t e m , excep t t ha t 

the n u c l e a r c o r e i s r e p l a c e d by an e l e c t r i c a l h e a t e r . The F S M - 1 s y s t e m w a s 

s i m u l a t e d , and the e l e c t r i c a l p o w e r p r o g r a m r e q u i r e d to fo rce the c o r e - h e a t e r 

ou t l e t t e m p e r a t u r e to d u p l i c a t e the p r e d i c t e d r e a c t o r ou t le t t e m p e r a t u r e w a s d e ­

t e r m i n e d . As a r e s u l t , the F S M - 1 s y s t e m , e x c l u s i v e of the r e a c t o r , e x p e r i e n c e 

the s a m e s t a r t u p t r a n s i e n t a s tha t p r e d i c t e d for the flight s y s t e m . The r e s u l t s o 

the F S M - 1 t e s t i n d i c a t e tha t no c o m p o n e n t o r s y s t e m f a i l u r e s a r e induced by 

t h e r m a l s t r e s s o r shocks of the s t a r t u p t r a n s i e n t . 

G. COMPARISON O F T E S T R E S U L T S 

The r e s u l t s of any a n a l y s i s a r e no b e t t e r t han the m a t h e m a t i c a l m o d e l u s e d 

to r e p r e s e n t the s y s t e m s t u d i e d and the m e a n s of so lu t ion of the m a t h e m a t i c a l 

r e p r e s e n t a t i o n . In an effor t to d e t e r m i n e the va l id i ty of the s t a r t u p a n a l y s i s 

m o d e l and , t h e r e f o r e , the p r e d i c t e d r e s u l t s , a c o m p a r i s o n w a s m a d e b e t w e e n 
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the model resu l t s and the resu l t s of two ground t e s t s . The nuclear reac to r por ­

tion of the model was compared with resu l t s of t e s t s on the SNAP 2 Develop­

mental Reactor (S2DR). The S2DR tes t conditions were simulated as close as 

prac t ica l on the computer , and the resu l t s compared to the S2DR tes t r e s u l t s . 

The S2DR tes t r esu l t s indicate a peak pow^er of 46 kw for a 28ft r amp inser t ion 

of react ivi ty at 2,16/sec. The computer resu l t s show^ a peak pow^er of 53 kw for 

a 28^ step inser t ion of react ivi ty . In light of differences betw^een the S2DR tes t 

system and the flight system simulated, the resu l t s show very good corre la t ion . 

The nonnuclear port ions of the model were compared with the resu l t s of 

the FSM-1 system tes t . The comparison of reac tor outlet and inlet t e m p e r a ­

t u r e s , as w^ell as flow, i s p resen ted in F igure 40. The solid l ines r ep resen t the 

system var iable h i s to r ies as predic ted by the ana lys i s . The c i rc led points r e p ­

resen t the FSM-1 tes t data obtained from osci l lographic record ings . Once again, 

the analytical and tes t r esu l t s show good corre la t ion . 

400 

.300 

Q : & 2 0 0 

iCOoO 3bO 

ANALOG RESULTS 
O FSM-1 RESULTS 

J I I I I I I I I I I I L 

-ff 
1 1 

^ oooo 

^°Oo0^5S3^oO°^ 

1 1 1 1 1 1 1 1 1 1 1 

0 2 4 6 8 10 12 14 16 18 20 22 24 26 2830 
TIME (MIN) 

4-9-64 7561-01292 

Figure 40. FSM-1 Startup 
Trans ient Resul ts 
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V. CONCLUSION 

R e s u l t s of the SNAP lOA P r e s t a r t u p , S t a r t u p , and C o n t r o l a n a l y s e s , and 

s u b s e q u e n t a n a l y s e s b a s e d on the r e s u l t s , d e m o n s t r a t e tha t the fol lowing r e ­

q u i r e m e n t s a r e m e t by the p r e s e n t s y s t e m . 

a) The p r e s t a r t u p t h e r m a l c o n d i t i o n s , fol lowing an ex tended p e r i o d in 

the space e n v i r o n m e n t , -will be such tha t the s y s t e m wi l l s t a r t up in a 

n o r m a l m a n n e r . 

b) The S t a r t u p and C o n t r o l S y s t e m wi l l b r i n g the N P U f rom a s u b c r i t i c a l 

l o w - t e m p e r a t u r e s t a t e to c r i t i c a l i t y , s e n s i b l e h e a t , i n i t i a l o p e r a t i n g 

c o n d i t i o n s , and f inal ly to s t a b i l i z e d o p e r a t i n g cond i t ions r e m o t e l y and 

au tonna t ica l ly w^hile in o r b i t . 

c) The N P U wi l l be b r o u g h t to r a t e d o p e r a t i n g cond i t ions in such a m a n n e r 

t ha t the r e s u l t a n t s t a r t u p t r a n s i e n t s wi l l not i m p o s e t h e r m a l s h o c k s , 

s t r e s s e s , o r t e m p e r a t u r e s t ha t would j e o p a r d i z e s y s t e m i n t e g r i t y . 

d) The NPU w^ill o p e r a t e in a s t ab l e m a n n e r , t h u s m i n i m i z i n g t h e r m a l 

cyc l ing of the s y s t e m and c o n t r o l c o m p o n e n t w e a r . 
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APPENDIX 

A. E F F E C T I V E S P A C E T E M P E R A T U R E S 

F o r a g iven node j on the ou t s ide of the N P U , the ne t h e a t e n t e r i n g p e r unit 

a r e a f r o m space i s 

^net 
— ^ = Q . + Q + Q^ - a e . T . A. ds r s te j j (1) 

This ne t h e a t i s r e p r e s e n t e d by an e x p r e s s i o n of the f o r m 

^ - ̂ f««- -r) (2) 

which p r o v i d e s the def ining equa t ion for T 
eff 

T = 
eff - (3) 

The d i r e c t s o l a r r a d i a t i o n i s g iven by 

Q , = a. f((p) s in y q 
ds j ^ ' s (4) 

w h e r e 

IT 
"sin (<p+6), 0 ^ ( p < - 5 - + e 

f((p) = ^ 0 
7T - f e ^ ( p < 2 7 r - 6 

s i n (<p -f 6 ) , 2tT - 6 ^ <p < 277 

a n d 

9 = cos 
1 R 

R -t- h 
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The thermal earth radiation is given by 

Q. = e.F aT^ . . .(5) 
te J se e 

where the satellite-to-earth view factor is based on a conical body above the 

earth, and is given by 

F 
2(1 - e - 6) - sin ( I - 9 - 5) 

se 27T 

The reflected solar radiation is given by 

Q = a.F q cos 60 r . . . (6) 
rs J se^s es 

Since this input is small, an approximate analysis has been used to evaluate 

the mean cosine of the angle of incidence of the sun's rays on the earth. The key 

assumptions are as follows: 

1) Azmuthal angle variations are neglected. 

2) As the vehicle enters the shade, the value of cos o) drops linearly to 

zero. 

As a result of these assumptions, three regions are delineated in the orbit, 

as follows: 

1) Region A — All of the earth seen by a node on the NPU is sunlit. 

2) Region B — A portion of the earth seen by a node on the NPU is shaded. 

3) Region C — All of the earth seen by a node on the NPU is shaded. 

Table 7 presents the values used to express cos CO in each of these regions. 

For a circular orbit, the above expressions may be expressed in terms of 

time, T, by the substitution 

(p ^ Q,T . . . (7 ) 

N A A - S R - 9 7 2 0 
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T A B L E 7 

Cos CO VALUES 

Range 

0 ^ < p < | 

| = = < P < - | + e 

| . 9 . ^ < f 

f . . P < f . 9 

377 

^ -f 9 ^ (p < 277 

R eg ion 

A 

B 

C 

B 

A 

1 
9 

77 

2 

0 

^ 

1 
9 

c o s CO 

sin cp - s in (cp - 9) 

+ 9 - (p 
— g — (1 - cos 9) 

- 1 . 
- Q ^ ( l - cos 9) 

sin (p - sin (cp - 9) 

F o r e v a l u a t i o n in the c o m p u t e r , the r e s u l t s of the above defining e q u a t i o n s 

for T rr w e r e e v a l u a t e d by an a p p r o x i m a t e e x p r e s s i o n which p r o v i d e d t h r e e 

r e g i o n s ; a s i n u s o i d a l r e g i o n , a cons t an t r e g i o n , and a l i n e a r r e g i o n which 

a r e t a k e n on s u c c e s s i v e l y a s the angle cp i n c r e a s e s f rom z e r o to 277. 

The above e x p r e s s i o n s apply to the s u n - s h a d e t r a n s i e n t o r b i t . It i s i m p o r ­

t an t to note t ha t in add i t ion to the s y m m e t r y plane u sed to r e d u c e the n u m b e r of 

n o d e s , a p lane of a n t i s y m n n e t r y e x i s t s for the s u n - s h a d e t r a n s i e n t o rb i t which 

i s d e t e r m i n e d by the v e h i c l e y a w - p i t c h a x e s . F o r n o d e s s y m m e t r i c a l l y l o c a t e d 

with r e s p e c t to t h i s p l a n e , the following r e l a t i o n a p p l i e s : 

Teff(^) = T ; ^ ^ ( 2 7 7 - C P ) . 

F o r the c o n s t a n t s u n - c o n s t a n t shade o r b i t , the effect ive space t e m p e r a t u r e s 

a r e i ndependen t of t i m e . They have the s a m e va lue a s i s t a k e n on in the s u n ­

shade e q u a t i o n s w h e n the v e h i c l e i s over the N o r t h Po l e (cp = 77/2). 

N A A - S R - 9 7 2 0 

71 



B . P R O G R A M EQUATIONS 

C o n s i d e r a t h r e e - d i m e n s i o n a l s y s t e m of h e a t t r a n s f e r n o d e s in which t h e r e 

i s conduc t ion , r a d i a t i o n , and bulk t r a n s p o r t or convec t ion , a s in F i g u r e 4 1 . 

^ ^ 

6 

^^T 

^Y-' 

^ ' 1 

3 ; -

/ 
• 1 
1 

^ 
^ \ 

- ' I 

-^ 

y 
-J F i g u r e 4 1 . T h r e e - D i m e n s i o n a l Heat-

T r a n s f e r S y s t e m 

A s s u m e tha t t h e r e is m a s s flow b e t w e e n n o d e s 2 and 1, and 1 and 3 , which 

m a k e s conduc t ion b e t w e e n t h e s e n o d e s n e g l i g i b l e ; tha t t h e r e i s r a d i a t i o n only 

f r o m node 6; and tha t t h e r e i s conduc t ion only b e t w e e n n o d e s 1 and 4 , and 1 and 5, 

The e n e r g y equa t ion for an i n c o m p r e s s i b l e n o n v i s c o u s fluid i s 

DT^ 
m , C —fr— 

1 Dr 
= Q . . . . ( 8 ) 

F o r o n e - d i m e n s i o n a l flow. 

DT^ 

"DT" 3 T 

ST. 
1 dx 

Bx d r 3T -I- u '3 
1 Sx 

. . ( 9 ) 

w h e r e 

m -
u . pA • 

(10) 

Subs t i tu t ing E q u a t i o n s 9 and 10 in Equa t ion 8, and a p p r o x i m a t i n g the d e r i v a ­

t i v e s by t h e i r f i r s t - b a c k d i f f e r e n c e s . 
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m Q 
T, A9 = T, + — ^ (T, - T,) AT + AT . . . (11) 

1, 1 m - , ^ 2 1 m.c 

is obtained after rearrangement. 

Equation 11 gives the temperature of node 1 after some time increment, AT, 

in terms of its initial temperature, the flowrate to the node, its heat capacity, 

and the heat transferred in from adjacent nodes. The heat transfer, Q,, is due 

to conduction and radiation and may be expressed as 

Q ^ - U4(T4-Tp -̂  U5(T5-Tp -f a A ^ > ^ J T ^ - T^) . .. .(12) 

Equation 12 may be substituted in Equation 11 and the results generalized 

and expressed compactly as 

T. A 9 = T. + y C . (T. - T.) -f Y R . . (T^ - T^) . . .(13) 

j j 

where the radiation coefficients are given by 

oA.'T, ..AT 
R.. = "-^ . . . (14) 

i j m . c 

and the conduction and bulk transfer coefficients are given by 

U..AT rh.AT 
C . = -^ or ^ — . ...(15) 

n m.c m. 
• ^ 1 1 

Equation 13 is in a form which may be readily programmed for a digital 

computer. 

C. EQUATIONS FOR PARAMETRIC ANALYSIS 

To evaluate the effect on minimum NaK temperature of changes in o;„, e., 

e , an equivalent change in the effective space temperature is computed. This 

is done on the basis of average hot- and cold-side temperatures. The objective 

of the analysis is to find a change in effective space temperature which would 
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p r o d u c e the s a m e change in h e a t l eav ing the r a d i a t o r c o n v e r t e r a s the c h a n g e s 

in a „ , e . , and e , would p r o d u c e . A s s u m i n g the h e a t sh ie ld i s a p p r o x i m a t e l y in 

e q u i l i b r i u m , the ne t hea t l eav ing the r a d i a t o r p e r unit a r e a i s 

R̂ = r 
1 

r r K ^ R H - l̂°̂ S - ^2 0 - •••^'^^ 

The c o n s t a n t s K, and K a r e to be ob ta ined by a p p r o p r i a t e l y a v e r a g i n g the 

s o l a r and t h e r m a l e a r t h i n p u t s . Th i s h e a t m a y a l s o be e x p r s s e d in t e r m s 

of the ef fect ive space t e m p e r a t u r e a s 

% 
CT ^̂ °̂ M - T^ ) (17) 
^ €. + € \ RH -^eff / • •• - u n 

1 o 

The d e s i r e d change in effect ive s p a c e t e m p e r a t u r e m a y then be found f r o m the 

e x p r e s s i o n 

SsRiTAT , , ^ ^ ^ A e . + ^ S ^ A e ^ + ^ ^ Z ^ A a ^ . . . (18) oT j,r eff oc 1 oe o da„ S eff 1 o S 

w h e r e the p a r t i a l d e r i v a t i v e s a r e to be ob ta ined f r o m E q u a t i o n s 16 and 17, and 

e v a l u a t e d at cond i t ions o c c u r r i n g d u r i n g the f i r s t o r b i t . 

To d e t e r m i n e the effect on m a x i m u m h e a t - s h i e l d t e m p e r a t u r e of c h a n g e s in 

a„, €•, and e , a h e a t b a l a n c e i s m a d e on the hea t sh i e ld to p r o v i d e the fol lowing S' i ' o ' r- & 
e x p r e s s i o n for a v e r a g e h e a t sh ie ld t e m p e r a t u r e : 

. CTe. T ^ „ -I- K , Q ; „ + K , e 
rp4 _ 1 RH I S 2 o , , Q, 
^HH " CT(€. + e ) • - . - u v ; 

1 o 

The r a d i a t o r t e m p e r a t u r e m a y be e l i m i n a t e d by a s s u m i n g the o v e r a l l s y s t e m 

to be in e q u i l i b r i u m , and t ak ing the r a d i a t o r t e n n p e r a t u r e a s be ing equa l to the 

c o r e out le t t e m p e r a t u r e . If t h i s i s done , we obta in 

N A A - S R - 9 7 2 0 
74 



4 ^ ^2 , ^ l " 5 
H H CT CT(C^ + e.) 

1 + 
1 

2 € . 
. ( 2 0 ) 

The e x p e c t e d change in h e a t sh ie ld t e m p e r a t u r e due to a change in s y s t e m 

t h e r m a l p r o p e r t i e s m a y be e s t i m a t e d f r o m t h i s equa t ion by eva lua t i ng it at the 

b a s e c a s e and at v a l u e s c o r r e s p o n d i n g to the w o r s t e x p e c t e d shift in v a l u e s . 

D . N O M E N C L A T U R E 

Symbol 

A 

c 

C . 
F,3r 

h 

K 

m 

rii 

q , Q 
r 

R 

R.. 

T 

U 

u 

X 

Greek Lette 

a 

y 
6 

Descripti 

Area 

Heat capacity 

Heat t ransfer constant 

Geometr ical or net inter 

Orbital altitude 

on 

change factor 

Constant of proportionality 

Mass 

Mass ra te 

Heat flowrate 

Reflectivity 

Radius of ear th 

Heat t ransfer constant 

Temperature 

Conductance 

Velocity 

Length 

r s 

Solar absorptivity 

Angular location of node 

Half apex angle of cone 

on NPU 

Dimensions 

ft^ 

Btu / lb - °F 

Dimensionless 

Dimensionle s s 

m i 

Btu/hr 

lb 

Ib/hr 

Btu/hr 

Dimensionless 

mi 
o j ^ - 3 

°R 

B t u / h r - " F 

f t /hr 

ft 

Dimensionless 

radians 

radians 

p 
a 

T 

cp 

00 

n 

Thermal emissivi ty 

Angle defined by local ver t ical and horizon 

Density 

Stefan-Boltzman constant 

Time 

Angular location of NPU in orbit, latitude 

Angle of incidence of suns rays on the ear th 

Angular rate in orbit 

Ib/ft" 
-8 0.171 X 10 

Btu/f t2-hr- ' 'R4 

hr 

radians 

radians 

radians 
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APPENDIX II 

A. MATHEMATICAL MODEL OF THE NPU DURING STARTUP 

The bas ic equations used to descr ibe the NPU during the s tar tup phase of 

the flight a re l is ted below. The heat t ransfe r portions a re based on the sys tem 

nodal d iagram (Figure 26 ). 

1. Reactor Kinetics 

The reac tor kinetics equations a re presented in normal ized form. 

a. Neutron Balance 

where 

where 

Z^. N = - | ( R N - N + > ^ C. + R^ ) . . . ( 1 ) 

6 

i = l 

(1) D e l a y e d N e u t r o n s 

C. = X.(N - C.); i = 1 , 2 , 3 , 4 , 5 , 6 . . . ( 2 ) 

(2) To ta l R e a c t i v i t y 

^ = ^ o + 2 R D + R p + R ^ o + ^ G i • • • ^ ^ ) 

R Q = ^(00^ ^^^^ F i g u r e 24) . . . ( 4 ) 

S R p 
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^GO " ^^^GO^ 

^GI " ^^"^GÎ  

b . Reactor Heat Transfer 

(1) Fuel Heat Balance 

j = 1,2,3 

C p p = f(Tp) 

UA = f(T^) 

(2) Coolant Heat Balance 

V . p C T . - ^ ( T „ . - T . ) - p C V ( T ,. , . - T .) 
CJ ̂ c pc CJ 3 ^ F j CJ H: pc ' c( j -1 ) c j ' 

j = 1 ,2 ,3 

T . = [T ,. ,> + T .1/2 
CJ I c ( j - l ) c j j 

p C = f(T„) '̂ c pc R 

(3) Manifold Heat Balance 

V^^TP C t - , , = K^., . , T ( T ^ T - T , „ ) + P C V(T_,, - T , „ ) M f c pc MI GI-MI^ GI MI' "̂ c pc RI MI' 

V , , „ p C T,,^„ = K „ ^ T.;,r^{T„^ - T - , „ ) -h p C V(T , - T„ ^) M C C pc MO GO-MO^ GO MO' "c pc c3 RO' 

(4) Grid Heat Balance 

(^^P^Gi^Gi = ^ G I - M I ( T M I - T G I ) 

^^S^GO'^GO " ^GO-MO^'^MO " "^GO^ 
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c . L ine s 

T r a n s p o r t d e l a y of the supply l ine 

T = T (t - T ) . . . (14) 
^UMi PO^ S L ' • ^ ' 

w h e r e 

"̂ SL V 

T r a n s p o r t d e l a y of the r e t u r n l ine 

T R I = T ^ M O ( ^ - ^ R L ) • • • ( ^ ^ ) 

w h e r e 

R L V 

d. C o n v e r t e r — R a d i a t o r Hea t T r a n s f e r 

(1) Coolant Hea t B a l a n c e 

y ( M C ) ., T ., = p C ^ ( T ,. ,>, - T ., ) - K.. (T ., - T , ,., ) . . . (16) 
/_, P cjk cjk ' c pc 2 ^ c ( j - l ) k c jk ' jk^ cjk Mjk' 

j = 1, 2, 3 and k = A, B 

w h e r e 

cjk I c(j-l)k cjk J 

(2) TE M a t e r i a l Hea t B a l a n c e 

y ( M C ), ,., t - ^ . , = K.. (T ., - T - . . . ) - G., ( T , ,., - T^- ., ) . . . (17) 
/_,^ p 'Mjk Mjk jk^ cjk Mjk' jk^ Mjk Rjk 

j = 1, 2, 3 and k = A, B 
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(3) Radiator Heat Balance 

T„ „ < T^,.^, . ^ . (with heat shield in place) RO HS(eject.) 

1 (MC ) R , ^ t ^ . = G . , ( T ^ . , - T . . . ) - n a ( A e F ) _ ( T ^ . _ - T ^ „ . _ ) . . . ( 1 8 ) 
p'Rjk^Rjk jk^^Mjk ^Rjk' 'Rjk' Rjk* HSjk'! 

where * indicates absolute t e m p e r a t u r e . 

Tor-i > T „ „ , . , . (heat shield ejected) RO HS(eject.) 

S^^Cp^Rjk^Rjk - ^jk^^Mjk - '^Rjk) - ^^^R^Rjk^^Rjk* - T^pace*) + ^ 

j = 1, 2, 3 and k = A, B 

s(Rjk) 

. . . ( 1 9 ) 

(4) Manifold Heat Balance 

^MU^c^pc-'-MU '^c^pc^^'^UMi " "^UM^ 
. . ( 2 0 ) 

V D C T = P C V ( c3A ^ c3B _ ^ 

LMnc pc LMo ^c pc \ 2 LMo 
. . (21) 

e . Heat Shield 

(^Cp^HSjk^HSjk = ^ ^ l(R-HS)jkr ^^^ ' (R-HS)jklTRjk* " '^HSjk ̂ J 
- cy(AeQ)j^sjk^'^HSjk* " "^space*) ^ '^s(HSjk) 

( 2 2 ) 

j = 1, 2,3 and k = A, B 

f. Solar Heating 

Solar heating of side A of the NPU 

QsA = ^ T E + % S + Q R S 
. . ( 2 3 ) 
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Energy from the rma l ear th 

Q 
Fg^E^E^^E^^^^^ jk 

TE 
(24) 

(1) Direct Solar Energy 

% s = q,(o^Ap).j^f(cp) ( 2 5 ) 

(2) Reflected Solar Energy 

Q RS 
^s^E-^S^S^E^^^^^jkg^^) 

2<p 
(26) 

(3) Solar Heating of Side B of the NPU 

%B = QsA^^'^-^) 
( 2 7 ) 

where 

<P 
277^ , 
^FT t -I- cp 
P ^O 

g. Control System 

(1) T e m p e r a t u r e - s e n s o r switch heat balance 

1 
TS T^g ^'TpO " "^TS^ (28) 

(2) Switch Status 

TS 

^s - ^(^TS) 

OPEN (-hSTEP) 

CLOSED(NO STEP) 

SET POINT 

UPPER LIMIT 
NOMINAL 
LOWER UMIT 

(29) 
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(3) Controller Status 

for S changing from open to closed 

C - f(S ) s s 
(30) 

for S changing from closed to open 

^s = 4^s' (̂  - ^D)] (31) 

TIME 

OPEN 

-CLOSED 

.ON 
OFF 

(4) Controller Output 

E = O; for C = OFF o s 

oo 

ô = 2 -1^^ + -^SR)' ^S - °N 
n=o 

(5) Drum Position 

I^9T^ + b9 = kE 

_ \ 

IX 

^ ^ " } — - - | r , „ ^ 

ON 

- OFF 

OPEN 

- CLOSED 

(32) 

(33) 
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where 

where 

Z 

h. Pump Heat Transfer 

(1) Coolant Heat Balance 

^ ^ c S c ^ P O = ^ C ^ P C ^ ^ T R O - T p o ) - K H ( T P " T ^ ) . • • (34) 

T p = ( T R o + T p o ) / 2 

^H - ( T H A + T H B ) / 2 

(2) Hot Junction Heat Balance 

( ^ V ^ H k = -y^(Tp - ^Hk) - ^ n d ^ H k - ^Ck) - 4 • • -(^5) 

^HC = ^(T) 

(3) Cold Junction Heat Balance 

( ^ V ^ C k - ^ n d ^ H k - ^ c k ) - ^CR^^Ck - ^Rk) + T ^ ' ' ^ ^ ^ ^ " . . . ( 3 6 ) 

I 

(4) Radiator Heat Balance 

^ S ^ R k = ^ C R ^ ^ c k - ^Rk) - ^^^R^K^^. - T^pace*) ' %{R^) ' ' -^^^^ 

k = A, B 

^ T p = i ( % A + % B ) - i ^ T c A + T ^ B ^ 
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i . P u m p and S y s t e m Flow 

(1) F o r c e B a l a n c e at P u m p T h r o a t 

k B 

s y s R H w 

k k „ o B 
R' m , R 2 

^ M H ^ ^NaK 
H^ V A P 

FD 
(40) 

w h e r e 

^ N a K = ^ (Tp) 

(2) Vol tage S u m m a t i o n 

w 
rv AT - I R 
" P N " P -^TE TE (41) 

w h e r e 

R T E = ^(T) 

(3) C u r r e n t S u m m a t i o n 

- P N ( 4 ' ^ ) ^ ^ I - 1 

TE R' 
1 + TE 

R' 
TE 

R' B 
R, 

(42) 

V = w (43) 
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B . N O M E N C L A T U R E 

Symbol D e s c r i p t i o n D i m e n s i o n s 

N 

R 

C 

R o 
It* 

t 

w 

T 

C 
P 

M 

K, G 

UA 

V 

V 

T R 
T UMi 

"^LMo 

"HS(eject .) 

A 

F 

Q, 

^s 
P 

r 

S 

D 
b 

kE 

I 

I 

o 
TE 

sys 

N o r m a l i z e d n e u t r o n d e n s i t y 

R e a c t i v i t y 

N o r m a l i z e d d e l a y e d n e u t r o n d e n s i t y 

R e a c t i v i t y wi th two c o a r s e d r u m s in 

Effect ive n e u t r o n m e a n l i f e t ime 

T i m e 

Coolant m a s s f lowra te 

T e m p e r a t u r e 

Speci f ic h e a t 

M a s s 

T h e r m a l conduc t ance 

A v e r a g e fue l - coo l an t h e a t - t r a n s f e r coeff ic ient 

Coolant v o l u m e t r i c f lowra te 

Volume 

A v e r a g e r e a c t o r t e m p e r a t u r e 

Inlet t e m p e r a t u r e of c o n v e r t e r uppe r mani fo ld 

Out le t t e m p e r a t u r e of c o n v e r t e r l o w e r mani fo ld 

Heat sh ie ld e j ec t i on t e m p e r a t u r e 

A r e a 

G e o m e t r i c a l or ne t i n t e r c h a n g e f ac to r 

So la r h e a t input 

So la r c o n s t a n t 

Orb i t p e r i o d 

Re f l ec t i v i t y 

T e m p e r a t u r e s e n s o r swi tch s t a t u s 

C o n t r o l l e r s t a t u s 

A c t u a t o r - d r u m i n e r t i a 

A c t u a t o r - d r u m c o n s t a n t 

D r i v i n g t o r q u e 

P u m p t h e r m o e l e c t r i c c u r r e n t 

I n e r t i a of coo lan t in the s y s t e m 

P r o p o r t i o n a l i t y c o n s t a n t 

$ 

s e c 

s e c 

l b / s e c 

°F 

k w - s e c / l b - ° F 

lb 

k w / ° F 

k w / ° F 
• 3 , m . / s e c 
. 3 

m . 

°F 

° F 

°F 
op 
. 2 
m . 

kw 

k w / i n . 

s e c 

i n . - l b - s e c 

i n . - l b - s e c 

i n . - l b 

a m p 
2 / . 2 s e c / m . 

l b - i n . / a m p - l i n e 
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Symbol D e s c r i p t i o n D i m e n s i o n s 

H ' 

B 

k^ 

^MH 
E 

w 
I 
s 

R' 
P 

R: R 
TE 
I 

B 

Channe l he igh t of p u m p t h r o a t i n . 

Magne t i c flux a c r o s s p u m p t h r o a t 

P r o p o r t i o n a l i t y c o n s t a n t 

M a g n e t i c - h y d r o d y n a m i c i m p e r i c a l cons t an t 

P u m p wal l vo l tage 

P u m p e x t e r n a l supply c u r r e n t 

R e s i s t a n c e of coolant a c r o s s the p u m p t h r o a t 

R e s i s t a n c e of the p u m p TE s t a c k 

R e s i s t a n c e of b y p a s s pa ths a r o u n d p u m p t h r o a t 

G r e e k L e t t e r s 

X 

p 
CT 

e 
r\ 
9 
a. 

tp 

a. 
CT 

T 

T 

PN 

^NaK 

SR 

^D 
ATp 

^ ^ F D 

S u b s c r i p t s 

o 

GO 

GI 

F 

l i n e s / i n . 

V 

a m p 

o h m 

ohm 

ohm 

De layed n e u t r o n f r ac t i on 

De layed n e u t r o n d e c a y c o n s t a n t s e c 

D e n s i t y l b / i n . 

S t e f a n - B o l t z m a n cons t an t k w / i n . - ' 

T h e r m a l e m i s s i v i t y 

F i n e f f e c t i v e n e s s 

Angu la r pos i t i on of d r u m s deg 

S o l a r a b s o r p t i v i t y 

Angu la r pos i t i on of NPU in o r b i t deg 

Seebeck coeff ic ient (N p lus P m a t e r i a l ) v / ° F 

Coolant e l e c t r i c a l conduc t iv i ty ( o h m - i n . ) 

Tinne c o n s t a n t s e c 

S tepping p e r i o d s e c 

C o n t r o l l e r d e l a y s e c 

A v e r a g e t e m p e r a t u r e d i f f e r ence a c r o s s p u m p °F 
TE m a t e r i a l 

S y s t e m p r e s s u r e d r o p ( including pump) ps i 

In i t i a l 

Upper g r i d p l a t e 

L o w e r g r i d p l a t e 

F u e l 

- 1 
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Symbol D e s c r i p t i o n D i m e n s i o n s 

c Coolant 

R O R e a c t o r ou t le t 

RI R e a c t o r in le t 

MO Uppe r r e a c t o r mani fo ld 

MI L o w e r r e a c t o r mani fo ld 

D Con t ro l d r u m 

'I' D e n o t e s a b s o l u t e t e m p e r a t u r e 

i D e n o t e s i d e l a y g r o u p 
•f"V» 

j D e n o t e s j t e m p e r a t u r e node 
f Vi 

j k D e n o t e s j k t e m p e r a t u r e node 

SL Supply l ine 

R L R e t u r n l ine 

M C o n v e r t e r TE m a t e r i a l 

R R a d i a t o r 

HS Hea t sh ie ld 

MU C o n v e r t e r u p p e r mani fo ld 

L M C o n v e r t e r l ower manifo ld 

TE T h e r m a l e a r t h 

DS D i r e c t sun 

RS R e f l e c t e d sun 

S Sun 

E E a r t h 

TS T e m p e r a t u r e s e n s o r swi t ch 

P O P u m p out le t t e m p e r a t u r e 

H Hot j u n c t i o n 

C Cold j u n c t i o n 

P Punap t h r o a t 
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