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ABSTRACT 

SNAP lOFS-3 was the f i rs t flight-qualified SNAP reac tor 

sys tem to be operated in a simulated space environment. P r e -

s tar tup qualification test ing, automatic s tar tup, endurance 

period performance , extended operat ion tes t and r eac to r shut­

down a re descr ibed as they affected, or were affected by, over ­

all r eac to r per formance . Per formance of the r eac to r control 

sys tem and the diagnostic ins t rumentat ion is c r i t ica l ly evaluated. 

NAA-SR-11397 
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I. INTRODUCTION AND SUMMARY 

On J a n u a r y 22, 1965, the SNAP lOA n u c l e a r g r o u n d t e s t s y s t e m was b r o u g h t 

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

S l O F S - 3 , i s i d e n t i c a l to the SNAP lOA s y s t e m f l i g h t - t e s t e d in A p r i l of 1965^^' ^' 

excep t for m i n o r m o d i f i c a t i o n s m a d e to a c c o m m o d a t e g r o u n d safe ty and fac i l i ty 

r e q u i r e m e n t s . T h i s w a s the f i r s t o p e r a t i o n of a f l igh t -qua l i f i ed r e a c t o r in the 
(3) SNAP p r o g r a m . A p r e l i n n i n a r y r e p o r t of S l O F S - 3 r e s u l t s is a v a i l a b l e . 

P r i o r to i n i t i a t i on of the a u t o m a t i c s t a r t u p p r o c e d u r e , the c o a r s e c o n t r o l 

d r u m s w e r e d r i v e n to the fu l l - in p o s i t i o n by s t e p p e r m o t o r s r a t h e r than being 

i n s e r t e d by s n a p - i n s p r i n g s imnned ia te ly af ter r e c e i p t of the s t a r t u p c o m m a n d . 

The s t a r t u p c o m m a n d w a s g iven at 7:00 a, m . at which t i m e the fine c o n t r o l 

d r u m s began s t epp ing in at the r a t e of 0 . 5 ° / 1 5 0 s e c . The s t a r t u p p r o c e e d e d 

n o r m a l l y wi th l e s s than 7% of the c o n t r o l d r u m s t e p s having a s t ep t i m e i n t e r v a l 

d i f f e r en t f r o m the n o m i n a l 150 s e c . The t r a n s i e n t p e r f o r m a n c e , tha t followed 

s e n s i b l e h e a t at 12:58 p . m . , w a s v e r y c l o s e to the p r e d i c t i o n . The t e m p e r a t u r e 

r a m p fol lowing the i n i t i a l t r a n s i e n t w a s 6 to 7 ° F / m i n which i s s l igh t ly h i g h e r 

t han p r e d i c t e d . In i t i a l c l o s u r e of the t e m p e r a t u r e swi tch o c c u r r e d at 1054° F 

t e r m i n a t i n g con t inuous c o n t r o l l e r o p e r a t i o n at 3:02 p. m. 

The t e m p e r a t u r e then d r i f t ed d o w n w a r d unt i l the t e m p e r a t u r e swi tch r e o p e n e d 

at 1023° F , a l lowing the c o n t r o l l e r to i n s e r t m o r e r e a c t i v i t y . Two d r u m s t e p s 

w e r e i n s e r t e d p r i o r to the swi t ch r e c l o s i n g , and t h i s b e h a v i o r b e c a m e typ i ca l 

d u r i n g the a c t i v e c o n t r o l p e r i o d . The a p p a r e n t r e a s o n for the two s t e p s i s the 

s low r e s p o n s e of the s e n s o r to c h a n g e s in NaK t e m p e r a t u r e . The s e n s o r ' s t e m ­

p e r a t u r e d o e s not i n c r e a s e suf f ic ien t ly to c l o s e the swi t ch in the 150 sec t i m e 

betw^een s t e p s . B e c a u s e the t e m p e r a t u r e swi t ch se t po in t w a s about 2 0 ° F h i g h e r 

t han e x p e c t e d , c a u s i n g p e a k t e m p e r a t u r e s above 1060°F following a double s t ep , 

t he s e t po in t w a s r e a d j u s t e d to n e a r 1010°F fol lowing the s econd double s t e p . 

Af te r s e t po in t a d j u s t m e n t a l l s t e p s o c c u r r e d when the t e m p e r a t u r e d r o p p e d to 

1007 ± 1 ° F . 

The r e a c t i v i t y i n s e r t i o n r a t e w a s h i g h e r than p r e d i c t e d d u r i n g the f i r s t 15 to 

20 h r a f te r r e a c h i n g full p o w e r bu t w a s c l o s e to the p r e d i c t i o n for the r e m a i n d e r 

of the a c t i v e c o n t r o l p e r i o d . The h i g h e r - t h a n - e x p e c t e d h e a t i n g r a t e du r ing the 

a p p r o a c h to p o w e r and the h i g h e r - t h a n - e x p e c t e d r e a c t i v i t y l o s s r a t e d u r i n g the 
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f irs t few hours of power operation have been attributed to abnormal ref lector 

movement. To allow for remote handling of the reflector ha lves , the support 

hinges had been modified for this test and indications are that reflector half 

movement was caused by differential expansion between the ref lector and vesse l . 

The nnost definite indication of this effect was the actuation of both ref lector 

ejection l imit switches shortly after the s t a r t of heatup. Thermal and mechanical 

analysis of the reflector motion in FS-3 is provided in Appendix A. 

After 72 hr of active control , the control ler was deenergized. At this t ime, 

the average NaK tempera tu re in the core was 973° F. During the initial week of 

statically controlled operation, reac to r behavior was very s imi la r to that 

previously predicted. Approximately 2 weeks after the beginning of static con­

t ro l , the average coolant t empera tu re was above the nominally predicted value 

but was decreasing at a higher ra te than predicted. This ra te of dec rea se con­

tinued and after approximately 5 weeks of operation the average core t e m p e r a ­

ture dropped below the predicted nominal value. However, the ra te of t e m p e r ­

ature dec rease was observed to diminish with t ime . Average coolant t e m p e r a ­

ture at the end of one full year of operat ion was 908°F. The nominal predicted 

year -end average coolant t empera tu re was 945 °F with a possible minimum of 

905°F. 

It appears that the coolant t empera tu re deviation from nominal behavior w^as 

p r imar i ly due to continuing hydrogen redis t r ibut ion. Prepo ison burnout, hydro ­

gen leakage, fuel burnup and fission product accumulation, radiat ion damage ef­

fects in the shield, fuel, and beryl l ium reflector , and the rmal effects a s s o c i ­

ated with fuel the rmal conductance also introduce some uncertainty in the r e a c ­

tivity performance ana lys is . In addition, a react ivi ty effect has been at t r ibuted 

to the special ground tes t requi rement for ref lector mounting on FS-3 which 

allowed reflector movement . 

F r o m the FS-3 tes t r e su l t s , an analytical model has been developed which 

considers all known react ivi ty effects in the calculation of SNAP lOA reac to r 

per formance . A good match to the observed reac to r performance has been ob­

tained using this model with reasonable values for all reactivity effects. The 

model will be useful in analyzing future SNAP reac to r static control per iod 

per formance . 

\^.^ 
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Due to the observed depar ture from anticipated FS-3 behavior, the static 
(1 2) control cha rac t e r i s t i c s of FS-4 became more significant. It was noted ' 

that the r eac to r t empera tu re drift, when cor rec ted for the small t empera tu re 

difference, was a lmost the same as that observed on F S - 3 . This i s a definite 

indication that like SNAP r e a c t o r s will behave in a s imi la r manner . This infor­

mation, even though obtained during a period of re la t ively rapid t empera tu re 

change, is significant since it ver i f ies that behavior of stat ically controlled 

SNAP-type r e a c t o r s can be predicted based on ground tes t operat ions . 

In January 1966, the USAEC granted pe rmiss ion to inc rease the r eac to r 

power level and to continue to tes t SlOFS-3 beyond the originally planned 1-yr 

operating period. After 390 days of continuous full power operat ion react ivi ty 

was inser ted to inc rease reac to r power to 44 kw. Active control was employed 

for 3 days, followed by an additional 25 days of stat ic control . The control and 

diagnostic ins t rumentat ion sys tems functioned in a normal manner during the 

extended operat ion test , despite the year- long static control period which p r e ­

ceded the power level i nc rease . Reactor performance at higher t empera tu re 

conditions indicated that the hydrogen loss ra te from the fuel e lements was not 

significantly g r e a t e r than predicted. SlOFS-3 reac to r operat ion was continued 

through March 15, 1966, and the system was shut down after more than 

10,000-hr uninterrupted operat ion at full power. 

As a resu l t of FS-3 and FS-4 operational data, a study was undertaken to eval ­

uate the effect of this new information on the performance of h igh - t empera tu re , 

high-power, s tat ical ly controlled r e a c t o r s . This study revealed that the m a g ­

nitude of the t empera tu re uncer ta in t ies associa ted with these r e a c t o r s will not 

be proport ional ly g r e a t e r than the uncer ta in t ies at SNAP lOA conditions for 

severa l r ea sons . The hydrogen redis t r ibut ion effect is essent ia l ly completed 

during the active control period for h igh- tempera tu re r e a c t o r s ; all uncer ta in ­

t ies a r e reduced by the strong t empera tu re dependency of the overr id ing high-

t empera tu re react iv i ty loss mechanism — hydrogen leakage. Prepoison loading 

uncer ta int ies a r e reduced due to the l a rge r amount of poison requ i red for the 

higher pow^ered conditions. For these reasons the uncer ta int ies a r e held within 

the range where static control is feasible. Because of the close relat ionship of 

FS-3 to this study, it is d i scussed in Appendix B of this r epo r t . 

NAA-SR-11397 
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II. SlOFS-3 HISTORY PRIOR TO STARTUP 

All components for the FS-3 reac tor went through formal reac tor assembly 

and sys tem acceptance t e s t s . These tes ts included both the rmal -vacuum and 

vibration t e s t s . The react ivi ty worth of the fuel e lements was checked in the 

SCA-4 cr i t i ca l assembly both before and after application of the hydrogen b a r r i e r 

coating containing samar ium. Following this check, the fuel was subject to an 

acceptance vibration tes t and a hydrogen permeat ion tes t . 

The FS-3 sys tem was loaded with dummy fuel e lements and subjected to a 

5 min qualification level vibration tes t , following the acceptance vibration tes t , 

to simulate launch conditions. The fuel e lements were given a separa te 5 min 

qualification level vibration tes t and again pe rmea t ion- t e s t ed pr ior to loading. 

No significant change in leak ra te resul ted from the qualification level vibration tes t . 

The fuel and NaK were loaded in FS-3 at the Santa Susana nuclear ground tes t 

facility (Building 024). The ref lector assembly was modified for the endurance 

t es t . Modifications included the installation of the flight dr ives on the fine con­

t ro l drums and modified flight dr ives on the coarse control d rums in place of 

the snap-in spr ings . The ref lector support hinges were modified to allow remote 

handling, the ejection springs were modified so that they exer ted no force , a 

sash weight was at tached to each reflector half to provide the ejection force , 

and the re ta ine r band was modified to incorporate a re t rac tab le pin in place of 

one of the r i ve t s . 

The complete sys tem was subjected to four the rmal cycles (using e lec t r ica l 

hea t e r s ) to t e m p e r a t u r e s of 800 to 870°F. Heat r a t e s were nominally held to 

below 5 ° F / m i n during these t e s t s . In addition to these the rmal cycles , the 

sys tem had been heated to 7 35°F during NaK loading. Nuclear t empera tu re 

defect data and t empera tu re sensor res i s tance data were extrapolated from the 

870°F level to the operating level above 1000°F. 

On January 21, the day before the s ta r t of the endurance tes t , the control 

d rums were inser ted at the ra te of 1 step each 300 sec until the t rans ient 

following sensible heat had occurred . The purpose of this tes t was to verify 

the analytical predict ions p r io r to subjecting the sys tem to the faster design 

s tar tup ra t e . The t rans ient reached a peak power of 12.7 kwt and an outlet 

NAA-SR-11397 
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t empera tu re of 2 l 6 ° F . The n:ia;ximum heating ra te encountered was 0 .77°F / sec . 

As these r e su l t s were close to the predict ion, approval was given to proceed 

with the endurance tes t . 

Radioactivity generated by the slow stepping ra te s tar tup decayed so that the 

multiplied source power level at the s ta r t of the tes t on January 22 was 
- 7 -10 - 8 

5.6 X 10 kw, slightly higher than the 10 to 10 kw anticipated for the space 
source power. 

NAA-SR-11397 
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III. STARTUP PERIOD 

A. C O N T R O L SYSTEM P E R F O R M A N C E 

The S N A P lOA r e a c t o r c o n t r o l s y s t e m c o n s i s t s of a c o n t r o l l e r , c o n t r o l d r u m 

a c t u a t o r s , t e m p e r a t u r e d e t e c t o r s , and t e m p e r a t u r e s w i t c h e s . W h e n e v e r the 

c o n t r o l l e r i s e n e r g i z e d and r e c e i v e s a l o w - t e m p e r a t u r e input s i g n a l , it w^ill 

d e v e l o p output s i g n a l s to d r i v e the 2 fine c o n t r o l d r u m a c t u a t o r s in p a r a l l e l at the 

r a t e of one 0.5° s t e p p e r d r u m e v e r y 150 sec a f t e r an in i t i a l d e l a y of 50 s e c . 

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

t ion s t o p s . 

The t e m p e r a t u r e d e t e c t o r s u t i l i z e d in the s y s t e m a r e p l a t i n u m r e s i s t a n c e 

t h e r m o m e t e r s i n s t a l l e d in t h e r m o w e l l s l o c a t e d in the r e a c t o r ou t le t coo lan t l i n e . 

Two t e m p e r a t u r e d e t e c t o r s a r e p r o v i d e d in the s y s t e m . E a c h d e t e c t o r i s the 

s e n s i t i v e a r m of a t h r e e - w i r e r e s i s t a n c e b r i d g e c i r c u i t wi th an ad ju s t ab l e nul l 

po in t . The output of the b r i d g e c i r c u i t i s ampl i f i ed by a m a g n e t i c a m p l i f i e r to 

d r i v e an output r e l a y . The b r i d g e c i r c u i t , e x c l u s i v e of the d e t e c t o r , the a m p l i ­

fier, and the output r e l a y , c o n s t i t u t e s the t e m p e r a t u r e swi t ch a s s e m b l y . The 

output r e l a y c o n t a c t s of the t e m p e r a t u r e s w i t c h e s a r e c o n n e c t e d in s e r i e s so tha t 

when both c o n t a c t s a r e c l o s e d a h i g h - t e m p e r a t u r e s igna l i s deve loped at the c o n ­

t r o l l e r input . If e i t h e r c o n t a c t o p e n s , a l o w - t e m p e r a t u r e input condi t ion e x i s t s . 

The r e s i s t a n c e - t e m p e r a t u r e c h a r a c t e r i s t i c s of p l a t i n u m a r e w e l l - k n o w n and 

r e p e a t a b l e if the p l a t i n u m is m a i n t a i n e d s t r a i n f r ee and in a p u r e cond i t ion . 

How^ever, when a s s e m b l e d into a r e s i s t a n c e t h e r m o m e t e r , i n s t a l l e d in a t h e r m o -

w e l l , and o p e r a t e d in a p r a c t i c a l b r i d g e c i r c u i t wi th a s ign i f ican t l ength of l e ad 

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

t w e e n the r e s i s t a n c e of the d e t e c t o r and s y s t e m t e m p e r a t u r e -

In the S l O F S - 3 s y s t e m t h e r m a l r e f e r e n c e t e s t , the r e a c t o r c o n t r o l t e m p e r a t u r e 

d e t e c t o r s w e r e c o n n e c t e d in a s p e c i a l t e s t b r i d g e c i r c u i t d e s i g n e d to sub jec t the 

d e t e c t o r s to m e a s u r i n g c u r r e n t s and v o l t a g e s i d e n t i c a l to t h o s e e m p l o y e d in the 

t e m p e r a t u r e swi t ch c i r c u i t s . Th i s s p e c i a l t e s t b r i d g e p r o v i d e d suff ic ient r e s o l u ­

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

s y s t e m t e m p e r a t u r e . C a l i b r a t i o n d a t a w e r e ob ta ined at 600, 800 and 8 6 6 ° F with 

the s y s t e m m a i n t a i n e d at c o n s t a n t t e m p e r a t u r e for suff ic ient t i m e to e l i m i n a t e 

r a t e e r r o r s . The r e s u l t s of t h i s s y s t e m c a l i b r a t i o n a r e shown in F i g u r e 1. 
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F i g u r e 2. R e a c t o r Out l e t T e m p e r a t u r e at 
In i t i a l Swi tch C l o s u r e 

The t e m p e r a t u r e s w i t c h e s w e r e ad ju s t ed on the b a s i s of the e x t r a p o l a t e d 

i n i t i a l c a l i b r a t i o n d a t a to swi t ch at 1 0 1 0 ° F . P r e v i o u s e x p e r i e n c e i n d i c a t e d tha t 

the i n s t a l l e d d e t e c t o r had a t h e r m a l t i m e lag of a p p r o x i m a t e l y 7 m i n . T h e r e f o r e , 

wi th a s y s t e m h e a t - u p r a t e of 3 ° F / m i n e x p e c t e d as the r e a c t o r ou t l e t t e m p e r a t u r e 

a p p r o a c h e d the se t po in t , an o v e r s h o o t of about 2 1 ° F above 1 0 1 0 ° F w a s p r e d i c t e d 

for in i t i a l t e m p e r a t u r e swi tch c l o s u r e on s t a r t u p . 

Dur ing the s t a r t u p p e r i o d , p e r f o r m a n c e of the c o n t r o l s y s t e m w a s as expec t ed 

wi th the excep t ion of t e m p e r a t u r e o v e r s h o o t and t e m p e r a t u r e swi t ch s e t - p o i n t 

c o n t r o l . When the s t a r t u p c o n t r o l l e r w a s e n e r g i z e d wi th the l o w - t e m p e r a t u r e 

condi t ion e x i s t e n t , t he c o n t r o l l e r i n i t i a t ed the c o n t r o l d r u m i n s e r t i o n at the r a t e 

of 1 s t ep e v e r y 150 sec fol lowing an in i t i a l 5 0 - s e c d e l a y . The r e a c t o r b e c a m e 

c r i t i c a l , d e v e l o p e d s e n s i b l e h e a t , and r a i s e d the r e a c t o r coo lan t output t e m p e r a ­

t u r e . As the t e m p e r a t u r e swi tch se t point w a s a p p r o a c h e d , the r e a c t o r ou t l e t 

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

2 . 8 ° F / m i n ( F i g u r e 2. ) Swi tch o p e r a t i o n did not o c c u r at 1 0 3 1 ° F a s p r e d i c t e d , and 

the c o n t r o l l e r con t inued to o p e r a t e unt i l a t e m p e r a t u r e of 1054 °F w a s r e a c h e d , at 

which point swi t ch a c t u a t i o n o c c u r r e d . A check of the t e m p e r a t u r e swi t ch se t point 

N A A - S R - 1 1 3 9 7 
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indicated that no changes were experienced by the switches . Measurements of de tec ­

tor r e s i s t a n c e s were made with the reac tor outlet t empe ra tu r e near 1040°F. The r e ­

sults of this r ecal ibrat ion (Figure 1) indicate that the t empe ra tu r e detector r e s i s t ­

ance at a g iven tempera tu re near the switch point was approximately 1.5 ohms less 

than that indicated from the init ial cal ibrat ion curve for the g iven tempera tu re . With 

a detector sensit ivity of approximately 0.0925 ohms/ °F a t the switch point, a de ­

c rease inde tec tor r e s i s t ance of 1.5 ohms r e su l t s in a 16 °F inc rease in switch set 

point. This observed change indetec tor r e s i s t ance compares quite well with the 

23 °F difference deduced from the init ial switch c losure t e m p e r a t u r e . 

The downward shift in detector res i s tance from the cal ibrat ion curve is a t t r i b ­

uted to a change in the heat t r ans fe r cha rac t e r i s t i c s between the detector and the 

de tec to r - the rmowel l resul t ing from evacuation of a i r from the thermowell . The 

loss of the conduction and convective heat t ransfe r by a i r in the well does not 

occur until the a i r p r e s s u r e is significantly reduced. Since the air leakage is at 

a low r a t e , sufficient a i r remained in the well during the the rmal reference tes t 

to provide good heat t r ans fe r between the detector and thermowel l . Increasing 

the t empe ra tu r e above 866°F and additional t ime probably resul ted in eventual 

loss of a i r , reduction in heat t r ans fe r capabili ty, and consequently increased the 

difference betw^een detector and fluid t e m p e r a t u r e . Subsequent t e s t s on de tec tors 

in evacuated and unevacuated thermowel ls produced s imi la r apparent changes in 

detector r e s i s t ance . 

The only components of the r eac to r control system instal led within the vacuum 

vesse l that were active in the FS-3 sys tem tes t were the t empera tu re de tec tors 

and ac tua to r s . The t empe ra tu r e switches and control ler were located outside the 

vault. Wiring difficulties prevented obtaining any data from the ins t rument com­

par tment cont ro l le r and t empe ra tu r e switches instal led in the FS-3 sys tem. 

The cont ro l le r output period was co r r ec t about 93% of the t ime during s ta r tup . 

Significantly different t ime delay per iods from the nominal 150-sec period some­

t imes occur red . Inspection of r e c o r d e r data showed that incor rec t t ime delay 

per iods could be cor re la ted with the occur rence of excessive noise on the system 

each t ime an inco r rec t delay occur red . Previous tes t ing had shown that the con­

t ro l l e r was susceptible to e lec t romagnet ic in te r fe rence . The excessive length of 

the sys tem wiring in the FS-3 facility and added complexity of tes t system wiring 

(compared to the flight system) resul ted in inc reased susceptibi l i ty of the control ­

le r to noise . 
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B . N U C L E A R P E R F O R M A N C E 

S N A P lOA p r e d i c t e d p e r f o r m a n c e d u r i n g r e a c t o r s t a r t u p w a s b a s e d on p r i o r 

a n a l y s i s and on the e x p e r i m e n t a l r e s u l t s ob ta ined d u r i n g d r y and wet c r i t i c a l 

c h e c k s and d u r i n g t h e r m a l r e f e r e n c e t e s t s . E l e c t r i c h e a t e r s on the coo lan t in le t 

l i n e s w e r e u sed to i s o t h e r m a l l y i n c r e a s e the r e a c t o r t e m p e r a t u r e d u r i n g the 

t h e r m a l r e f e r e n c e t e s t and the r e a c t i v i t y i n s e r t i o n s r e q u i r e d to m a i n t a i n c r i t i c a l -

i ty d u r i n g i s o t h e r m a l h e a t i n g w e r e m e a s u r e d . The r e a c t o r p o w e r w a s h e l d c o n ­

s tan t at about 0.1 wat t d u r i n g the t h e r m a l r e f e r e n c e t e s t . R e s u l t s of the d r y 

c r i t i c a l , we t c r i t i c a l , and t h e r m a l r e f e r e n c e t e s t s for S l O F S - 3 a r e shown in 

Table 1. 

T A B L E 1 

R E S U L T S O F DRY AND W E T CRITICAL CHECKS 
AND S T A R T U P LOSSES F O R S l O F S - 3 

E x c e s s r e a c t i v i t y at co ld , d r y c r i t i c a l 

E x c e s s r e a c t i v i t y at co ld , wet c r i t i c a l 

I s o t h e r m a l t e m p e r a t u r e defec t 80 to 
1010°F 

R e a c t i v i t y i n s e r t e d to r e a c h full p o w e r 

E x c e s s r e a c t i v i t y at full p o w e r 

R e a c t i v i t y i n s e r t e d ( c o n t r o l d r u m s ) 
d u r i n g ac t i ve c o n t r o l p e r i o d 

E x c e s s r e a c t i v i t y at end of ac t ive 
c o n t r o l p e r i o d 

S l O F S - 3 (1 sh im) 
($) 

2.64 

2.95 

2.12 

1.92 

1.02 

0.49 

0.53 

P r i o r to the a u t o m a t i c s t a r t u p of S l O F S - 3 , it w a s e x p e c t e d to r e q u i r e 8.5 h r 

f rom the t i m e of the s t a r t u p c o m m a n d to the a c h i e v e m e n t of full p o w e r . The p o s i ­

t ion of the fine c o n t r o l d r u m s at full p o w e r w a s e x p e c t e d to be 30.3° f r o m full in 

and the t e m p e r a t u r e and p o w e r defec t w a s e x p e c t e d to be $ 2 . 1 3 . D u r i n g the a c t u a l 

a u t o m a t i c s t a r t u p , full p o w e r w a s a t t a i ned in 8.0 h r wi th the d r u m s at 33.7° f r o m 

full in. The d i s c r e p a n c y b e t w e e n t h e s e v a l u e s and t h o s e p r e d i c t e d i s due to the 

l o w e r than p r e d i c t e d va lue of the t e m p e r a t u r e and p o w e r defec t ($1 .92) . The 

r e a c t o r ou t le t t e m p e r a t u r e and d r u m p o s i t i o n for S l O F S - 3 d u r i n g s t a r t u p a r e 

shown in F i g u r e 3. As d i s c u s s e d in Append ix A, the r e f l e c t o r moun t ing w a s 
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modi f i ed to a l low r e m o t e r e m o v a l of the r e f l e c t o r . Th i s a l lowed the r e f l e c t o r to 

be m o v e d a b n o r m a l l y by f r i c t i o n a l f o r c e s d u r i n g p e r i o d s of d i f f e ren t i a l e x p a n s i o n . 

D u r i n g the p e r i o d when the r e a c t o r t e m p e r a t u r e w a s i n c r e a s i n g , it w a s e s t i m a t e d 

tha t a m a x i m u m of 11^ p e r r e f l e c t o r half could be i n s e r t e d by h o r i z o n t a l i n w a r d 

m o t i o n of t h e b o t t o m of the r e f l e c t o r h a l v e s . S ince the - Z r e f l e c t o r half r e t u r n ­

ed to i t s s e a t e d p o s i t i o n 17 h r a f t e r s t a r t u p , it w a s judged tha t only a 4 o r 5^ in ­

s e r t i o n w a s a s s o c i a t e d wi th m o v e m e n t of t h i s half. An e s t i m a t e d to ta l of 16± 4i 

of r e a c t i v i t y w a s added by m o v e m e n t of the r e f l e c t o r d u r i n g s t a r t u p . 

If the p r e c e d i n g e s t i m a t e for r e a c t i v i t y i n s e r t e d by r e f l e c t o r m o v e m e n t i s 

added to the r e a c t i v i t y i n s e r t e d by c o n t r o l d r u m i n s e r t i o n , the t e m p e r a t u r e and 

p o w e r de fec t i s c a l c u l a t e d to be $2 08± 0 . 0 4 This is m m u c h b e t t e r a g r e e m e n t 

wi th the p r e d i c t e d defec t of $2 . 13. 

B a s e d on t h e s e o b s e r v a t i o n s and us ing the p r e d i c t e d NaK t e m p e r a t u r e p r i o r 

to r e a c h i n g s e n s i b l e h e a t , p r e d i c t i o n s of S l O F S - 4 s t a r t u p p e r f o r m a n c e w e r e 

m a d e . 

C THERMAL AND HYDRAULIC PERFORMANCE 

Po-wer and t e m p e r a t u r e t r a n s i e n t s o b s e r v e d d u r i n g the in i t i a l p e n e t r a t i o n 

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

i ca l m o d e l u s e d m p r e d i c t i n g S l O F S - 3 s t a r t u p p e r f o r m a n c e . Some m o d i f i c a ­

t i ons of t h i s m o d e l w e r e m a d e , h o w e v e r , on the b a s i s of the s t a r t u p da t a . The 

m a j o r c o r r e c t i o n n e c e s s a r y m the t h e r m a l m o d e l of the r e a c t o r w a s the 
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i n c l u s i o n of the b e r y l l i u m i n t e r n a l r e f l e c t o r s wh ich c o n t r i b u t e s ign i f i can t ly 

to the t o t a l r e a c t o r h e a t c a p a c i t y . It w a s a l s o n e c e s s a r y to m a k e m i n o r m o d ­

i f i c a t i ons in the t h e r m a l m o d e l to a c c o u n t for the a c t u a l l o c a t i o n of the r e a c t o r 

i n l e t and ou t l e t t h e r m o c o u p l e s at p o s i t i o n s u p s t r e a m and d o w n s t r e a m , r e s p e c ­

t i v e l y , f r o m the p h y s i c a l c o r e i n l e t and ou t l e t . The va lue of the o v e r a l l h e a t 

t r a n s f e r coe f f i c i en t , UA, c a l c u l a t e d for the l o w - t e m p e r a t u r e r a n g e (0.70 to 

0.85 k w / ° F ) y i e l d e d r e s u l t s wh ich a g r e e d w e l l wi th the o b s e r v e d s t a r t u p p e r ­

f o r m a n c e . The coef f ic ien t i s de f in i t e ly m u c h l a r g e r t han the 0.15 to 0.20 k w / ° F 

e x p e r i m e n t a l l y d e t e r m i n e d on the S2DR r e a c t o r (at 800 - 900° F ) . 

The c h a n g e s m a d e in the r e a c t o r m o d e l i nc lude : 

1) the d e s i g n - n o m i n a l 0.5° d r m n s t epp ing ang le u s e d in a l l p r e v i o u s a n ­

a l y s e s w a s i n c r e a s e d to the o b s e r v e d va lue of 0 . 5 2 8 ° , 

2) the a b s o l u t e v a l u e of the n e g a t i v e fuel t e m p e r a t u r e coef f ic ien t w a s 

i n c r e a s e d s l i gh t ly o v e r the S2DR e x p e r i m e n t a l v a l u e s ( -0 . 1 0 7 ^ / ° F vs the 

S2DR d e r i v e d va lue of -0 .092 (i^/°F a t 3 0 0 ° F ) , and 

3) the a c t u a l d r u m s t ep t i m e s w e r e p r o g r a m m e d into the a n a l y s e s . 

The F S - 3 i n i t i a l s t a r t u p t r a n s i e n t g e n e r a t e d by the r e v i s e d m o d e l i s c o m p a r -
(3) 

ed to the a c t u a l t e s t d a t a in F i g u r e 4. The a n a l y s i s a s s u m e s a m u l t i p l i e d 
-7 

s o u r c e s t r e n g t h of 5. 58 x 10 kw. The p r e d i c t e d peak p o w e r i s 26.9 kw a s 

c o m p a r e d to the a c t u a l 25.9 kw, a d i f f e r e n c e of 3.9%. The 2 0 - s e c d i f f e r ence 

in the t i m i n g of the d r u m s t ep fol lowing peak p o w e r (300 s ec vs 280 sec) i s 

p r o b a b l y due to a s m a l l e r r o r in the r e a c t o r shu tdown w o r t h . R e a c t o r ou t le t 

t e m p e r a t u r e m a t c h e s the e x p e r i m e n t a l da t a we l l unt i l about 260 sec p a s t s e n ­

s ib le h e a t . Then , for a s h o r t t i m e , the c a l c u l a t e d t e m p e r a t u r e i n c r e a s e s m o r e 

r a p i d l y t h a n d o e s the d a t a . The r e a s o n for t h i s d i s c r e p a n c y i s not known. The 

c a l c u l a t e d and e x p e r i m e n t a l c u r v e s do c o n v e r g e a s the p o w e r con t inues to d e ­

c r e a s e . The flo-w r a t e fol lows the r e a c t o r ou t l e t t e m p e r a t u r e in an i d e n t i c a l 

m a n n e r for both t r a n s i e n t s . 

An e x a m i n a t i o n of the c o r e t h e r m a l t r a n s i e n t f r o m s e n s i b l e h e a t t h r o u g h 

340 sec s u b s e q u e n t to s e n s i b l e h e a t r e v e a l e d no c a l c u l a t e d cond i t ion w h e r e 

e x c e s s i v e t h e r m a l s t r e s s e s could have o c c u r r e d wi th in the r e a c t o r c o r e d u r i n g 

t h i s p e r i o d (which i n c l u d e s the m o s t s e v e r e t r a n s i e n t s e x p e r i e n c e d d u r i n g 

s t a r t u p ) . D i s c o n t i n u i t y s t r e s s e s at the j unc t ion of the u p p e r end cap and c l a d ­

ding on a fuel e l e m e n t a r e c a u s e d by the d i f f e r e n t i a l e x p a n s i o n b e t w e e n the 

u p p e r end c a p and the ad j acen t c y l i n d r i c a l c l a d d i n g . The m a x i m u m s t r e s s e s 
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c a l c u l a t e d for the c e n t e r fuel e l e m e n t , w e r e ± 16, 000 p s i in the c l add ing and 

± 5320 p s i in the b a r r i e r . B e c a u s e the b a r r i e r h a s a r e s i d u a l p r e c o m p r e s s i o n 

s t r e s s of 25 ,000 p s i , it r e m a i n s in c o m p r e s s i o n t h r o u g h o u t s t a r t u p . The c a l ­

c u l a t e d m a x i m u m s t r e s s wi th in a fuel rod w a s only 800 p s i . 

D. DIAGNOSTIC SYSTEM P E R F O R M A N C E 

1. L i m i t S w i t c h e s 

Al l c o n t r o l d r u m l i m i t s w i t c h e s and the r e f l e c t o r r e t a i n i n g band l i m i t 

sw^itches o p e r a t e d a s e x p e c t e d . 

The r e f l e c t o r p o s i t i o n i n d i c a t i n g l i m i t s w i t c h e s , P n S - 1 5 and P n S - 1 6 , gave 

i n d i c a t i o n s of " R e f l e c t o r - o f f " s h o r t l y a f t e r t he s t a r t of the r e a c t o r h e a t u p r a m p 

It h a s b e e n r a t i o n a l l y a r g u e d tha t t h e s e s w i t c h e s w e r e a c t u a t e d by u p w a r d 

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

by s w i t c h m a l f u n c t i o n o r m o v e m e n t of the s w i t c h e s r e l a t i v e to the r e f l e c t o r 

a s s e m b l y . An e v a l u a t i o n of the F S - 3 r e f l e c t o r i n s t a l l a t i o n which d e s c r i b e s 

t h i s m o v e m e n t i s r e p o r t e d in Append ix A. 

2 . C o n t r o l D r u m P o s i t i o n Ind i ca t ing S y s t e m 

Vol tage output f r o m the c o n t r o l d r u m p o s i t i o n s e n s o r d e m o d u l a t o r s w^as 

r e c o r d e d at 1 5 - m i n i n t e r v a l s d u r i n g the F S - 3 s t a r t u p . B e c a u s e the c o n t r o l 

d r u m s did not s t a r t f r o m t h e l o c k e d - o u t p o s i t i o n , i t w a s n e c e s s a r y to e s t a b ­

l i s h the t r u e d r u m s t a r t i n g p o s i t i o n be fo re the p e r f o r m a n c e of the c o n t r o l 

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

p l i s h e d by a d e t a i l e d s tudy of the pos i t i on i n d i c a t i n g s y s t e m output d a t a wh ich 

w e r e t h e n c o r r e l a t e d wi th t h e known n u c l e a r da t a for the d r u m s . It w a s e s ­

t a b l i s h e d t h a t t he No. 3 d r u m ( + Z) s t a r t e d at 135.5° f r o m full in and the No. 4 

d r u m ( -Z) s t a r t e d at 133.0° f r o m full in . It w a s a l s o e s t a b l i s h e d tha t t he d r u m 

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

Knowing the t r u e d r u m s t a r t i n g p o s i t i o n and the d r u m r o t a t i o n angle p e r 

a c t u a t o r s t e p ( 0 . 5 2 8 ° ) , a g r a p h w a s d r a w n of t r u e d r u m p o s i t i o n vs m o t o r 

s t e p s . The i n d i c a t e d p o s i t i o n , e s t a b l i s h e d by the s e n s o r - d e m o d u l a t o r c a l i b r a ­

t ion c u r v e s and the r e c o r d e d output v o l t a g e s , w^as c o m p a r e d wi th the g r a p h . 

The i n d i c a t e d p o s i t i o n of d r u m No. 3 ( + Z) i s shown in F i g u r e 5 r e l a t i v e 

to the e s t a b l i s h e d t r u e d r u m p o s i t i o n . E x c e p t for the s t a r t i n g p o s i t i o n , the 
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position after the f i rs t step and last few steps before reaching full power, the 

deviations a r e l ess than 0.5°. There is no explanation for the e r ra t i c nature 

of the f irs t two readings which show deviations of +1 and +1,5°, respect ively. 

As the d rum approached the full power position (Step 192), the deviation in­

c r ea sed slowly and reached approximately 0.75° at Step 192. 

Figure 6 shows the indicated position of drum No, 4 (-Z) relat ive to t rue 

drum position. The deviation was smal l , general ly about 0,5° low over the 

f i rs t 30° of d rum rotat ion. At approxinnately 30° "in" the slope of output vs 

angle changed so that the deviation increased l inearly throughout the r ema in ­

der of the control period and was 4.5° high at Step 192. 

The change in the slope of output vs angle that occur red on the drum No, 4 

position indicator does not co r r e l a t e with ref lector t empera tu re change or any 

other known fac tors . The direct ion of the change coincides with a downward 

movement of the rotor shaft. The shaft movement must have been gradual 

with d rum angle or an offset in the cal ibrat ion curve would have occur red . 

The sensor cal ibrat ion is not affected by a downward force on the shaft 

s tar t ing from a zero- load condition because the sensor has an internal spring 

which loads the rotor shaft downward against the r e a r thrus t bear ing. If 

shaft movement were the cause of the deviation in the drum No. 4 indicated 

position, it would have had to occur as an init ial upward deflection which r e ­

mained constant over the f i r s t 30° and then moved downward. 
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IV. ACTIVE CONTROL PERIOD 

A. C O N T R O L SYSTEM P E R F O R M A N C E 

Dur ing the ac t i ve c o n t r o l p e r i o d the c o n t r o l l e r w a s e x p e c t e d to s t e p the d r u m s 

i n w a r d w h e n e v e r e i t h e r t e m p e r a t u r e swi tch w a s open. The f i r s t s t ep o c c u r s 

50 s ec a f te r swi tch opening and s u b s e q u e n t s t e p s o c c u r e v e r y 150 s e c t h e r e ­

a f t e r . Upon swi tch c l o s u r e the c o n t r o l l e r i named ia t e ly r e s e t s i t s e l f to the 50 s ec 

count . It w a s p r e d i c t e d tha t , a f te r taking the f i r s t s t e p , the t e m p e r a t u r e swi t che 

would c l o s e b e f o r e 150 s e c h a d e l a p s e d so tha t only one s t ep would be t aken each 

t i m e the s w i t c h e s opened . The t e m p e r a t u r e s w i t c h e s w e r e e x p e c t e d to swi tch 

c l o s e r to t h e i r n o m i n a l s e t po in t s as the r a m p r a t e s b e c a m e l e s s and the effect 

of t i m e c o n s t a n t w a s d e c r e a s e d . 

Dur ing the ac t i ve c o n t r o l p e r i o d , with one e x c e p t i o n , the c o n t r o l l e r took two 

s t e p s each t i m e the s w i t c h e s opened . A to ta l of 15 s t e p s w a s t a k e n s u b s e q u e n t 

to the i n i t i a l swi tch c l o s u r e . The swi tch open ings o c c u r r e d as shown in T a b l e 2. 

T A B L E 2 

S l O F S - 3 T E M P E R A T U R E SWITCH ACTUATION 

T i m e 

Out le t Coo lan t 
T e m p e r a t u r e 

at (Dpening 
( ° F ) 

No. of S teps 

M a x i m u m 
Out le t Coo lan t 
T e m p e r a t u r e 
a f t e r Stepping 

( ° F ) 

1545 - 1/22/65 

1634 - 1/22/65 

1906 - 1/22/65 

2313 - 1/22/65 

0608 - 1/23/65 

1102 - 1/23/65 

0056 - 1/24/65 

1115 - 1/25/65 

1500 - 1/25/65 

1023 

1028 

1008 

1008 

1008 

1007 

1007 

1007 

Controller Off 

2 

2 

Switches Readjusted 

2 

2 

1 

2 

2 

2 

1062 

1070 

1051 

1053 

-

1047 

-

1049 
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± 

As seen in the table, the set point was about 1028° F , the switch opening t e m ­

pe ra tu re with a slow ramp r a t e , before readjustment . This is 18°F above the 

expected set point and is in good agreement with the 16 to 23° F difference de ­

duced in Section III. A. After readjus tment the set point was about 1007° F . 

During this 72 h r period the control ler took one abnormal delay period of 

approximately 80 sec subsequent to the 2313 1/22/65 switch opening. This ab­

normal delay per iod has been at tr ibuted to a random noise pulse in the facility 

e lec t r i ca l sys tem. 

The response of the t empera tu re de tec tors has been analyzed to obtain an 

explanation of the control ler allowing two control d rum steps per switch opening. 

Hys te re s i s of t empe ra tu r e switches (difference between pull- in cind drop-out) is 

0.05 ± 0.01 ohm (0.5 ± 0.1°F), as shown from the p r e - and pos t -acceptance 

level vibrat ion nneasurements on 21 switches. On the 2 switches used in F S - 3 , 

S/N 1008 and 1013, the h y s t e r e s i s was 0.04 and 0.05 ohm (0.4 and 0.5°F), respec 

tively. To explain the double s teps , the average detector t empera tu re r i s e du r ­

ing the 150 sec per iod following a d rum step must be l ess than this h y s t e r e s i s . 

The response of the detector assembly was calculated assuming a 5 min t ime 

constant , l a te r shown to be somewhat low, though not enough to invalidate the 

r e su l t s of this analysis . It was found that the t empe ra tu r e of a one-node ma th -

ennatical model with this t ime constant would inc rease an annount equal to the 

h y s t e r e s i s within 50 sec , as shown by the dashed line in Figure 7. A detailed 

mathemat ica l nnodel of the detector was const ructed to pe rmi t evaluation of the 

effect of axial t empe ra tu r e distr ibution in the detector element. The heat flow 

from the NaK to the detector e lement (Figure 8) is by para l le l high r e s i s t ance 

paths . These a r e : 1) conduction along the s ta in less s teel wall tube with r ad i a ­

tion to the inner tube and subsequent radiat ion to the element , and 2) conduction 

to the detector head and into the alumina rod. The relat ively high r e s i s t ance to 

heat flow by radiat ion ac ros s two gaps or conduction in the alumina inner rod 

r e su l t s in a significajit amount of heat being conducted into the detector head and 

connectors during t rans ien t heating. The detai led nnathematical nnodel yielded 

s tar tup traj is ients in good agreement with FS-3 data and shows (Figure 7) that 

the t ime following a d rum step for the average detector t empe ra tu r e to inc rease 

an amount equal to the h y s t e r e s i s was about 150 sec . This explained how a s e c ­

ond step could be tciken p r io r to the t empera tu re switch c losure . 
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F i g u r e 9 exp la in s a r e a s o n for the s low in i t i a l r e s p o n s e . In the l o w e r half of 

the f i gu re the d e t e c t o r ax ia l t e n a p e r a t u r e p r o f i l e s a r e shown for the s t a r t u p t r a n ­

s ien t and s t e a d y - s t a t e (before d r u m s t ep ) c a s e s . In the u p p e r - h a l f is shown the 

t e m p e r a t u r e r i s e a long the d e t e c t o r for d i f fe ren t t i m e s fol lowing a d r u m s t e p . 

The s low in i t i a l r e s p o n s e in d e t e c t o r a v e r a g e t e m p e r a t u r e i s due to the s low 

t e m p e r a t u r e i n c r e a s e at po in t s fa r f r o m the d e t e c t o r h e a d a s the s t a r t u p t r a n ­

s i en t p r o f i l e i s be ing r e - e s t a b l i s h e d . 

B. R E A C T O R P E R F O R M A N C E 

T e m p e r a t u r e b e h a v i o r of S l O F S - 3 du r ing the ac t ive c o n t r o l p e r i o d is shown 

in F i g u r e 10. The t e m p e r a t u r e r i s e af ter each r e a c t i v i t y i n s e r t i o n is d e t e r ­

m i n e d by the s i z e of the r e a c t i v i t y i n s e r t i o n and the p r o m p t t e n a p e r a t u r e coef­

f ic ien t of r e a c t i v i t y . The pronnpt r e a c t o r t e n n p e r a t u r e coef f ic ien t for S l O F S - 3 

w a s d e t e r n a i n e d , f r om r e s p o n s e to the s t ep r e a c t i v i t y i n s e r t i o n , to be - 0 . 1 3 

± 0.02v^/°F. The p r o m p t t e m p e r a t u r e coeff ic ient is a t t r i b u t a b l e to conmbined 

p r o m p t fuel and u p p e r g r i d p l a t e coe f f i c i en t s . A n a l y s i s of the r e a c t i v i t y coef­

f i c i en t s a f te r t e n n p e r a t u r e , p o w e r , and power d e p e n d e n t effects h a v e s t a b i l i z e d 

i n d i c a t e s tha t the f inal effect ive t e m p e r a t u r e coef f ic ien t is -0 .29 ± 0 . 0 2 ^ / ° F , in 

good a g r e e m e n t with d a t a f rom the i s o t h e r m a l t e s t s . 

The naost s ign i f i can t r e a c t i v i t y l o s s e s which o c c u r du r ing the SNAP lOA 

72 h r ac t i ve c o n t r o l p e r i o d a r e ; 1) xenon bui ldup to s a t u r a t i o n , 2) r e f l e c t o r h e a t ­

ing to e q u i l i b r i u m t e m p e r a t u r e , and 3) h y d r o g e n r e d i s t r i b u t i o n . In addi t ion to 

t h e s e e f f ec t s , r e f l e c t o r s l ippage w a s an innpor tan t l o s s c o n t r i b u t o r in F S - 3 . 
235 R e a c t i v i t y l o s s e s due to f i s s ion p r o d u c t a c c u m u l a t i o n , U b u r n o u t , and h y d r o -

149 
gen l o s s a r e e s s e n t i a l l y c o m p e n s a t e d by Sm p r e p o i s o n b u r n o u t . The ne t l o s s 

due to t h e s e "long t e r n a " ef fects is e s s e n t i a l l y n e g l i g i b l e du r ing the s h o r t ac t ive 

c o n t r o l p e r i o d . 

The p r e d i c t e d c o n t r i b u t i n g r e a c t i v i t y l o s s e s a r e connpared to l o s s e s deduced 

f rom the o b s e r v e d r e a c t o r p e r f o r m a n c e in T a b l e 3. 

The o b s e r v e d t o t a l r e a c t i v i t y l o s s du r ing ac t i ve c o n t r o l i s c o m p a r e d to the 

p r e d i c t e d l o s s in F i g u r e 11. F i g u r e 12 i l l u s t r a t e s the d e d u c e d c o n t r i b u t i n g r e a c ­

t iv i ty l o s s e f fec t s . It is noted tha t the expe r inaen t a l l y o b s e r v e d l o s s w a s 
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TABLE 3 
PREDICTED AND OBSERVED REACTIVITY LOSSES DURING SlOFS-3 

ACTIVE CONTROL PERIOD DURING FIRST 68 HOURS 
AT FULL POWER 

Predic ted 
U) 

Deduced F rom 
Observed Per formance 

(i) 

Reflector Defect 

Xenon Buildup 

Hydrogen Redistr ibut ion 

Abnormal Reflector Movement 

Total: 

14.7 ± 0.7 

20.0 ± 2.0 

3. ± 2.0 

11. ± 2.0 

48.7«5 ± 4.2«^ 

*Predict ion co r rec ted to observed ref lector t empera tu re 
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F i g u r e 12. S l O F S - 3 Ac t ive 
C o n t r o l P e r i o d R e a c t i v i t y 

L o s s e s (Deduced F r o m 
O b s e r v e d T o t a l L o s s ) 

' 0 10 20 30 40 50 GO 70 

TIME FROM INITIAL FULL POWER (hr) 
6-13-66 7561-03271 

i n i t i a l ly a t an a p p r e c i a b l y f a s t e r r a t e t han p r e d i c t e d but t h a t the r e a c t i v i t y l o s s 

r a t e b e c a m e c o n s i d e r a b l y l e s s than p r e d i c t e d at about 30 h r a f t e r a t t a i n ing full 

p o w e r ( F i g u r e 11). S e v e r a l f a c t o r s a r e b e l i e v e d to h a v e c o n t r i b u t e d to the d e v i ­

a t ion f r o m the p r e d i c t i o n . T h e s e f a c t o r s a r e d i s c u s s e d in the fol lowing p a r a ­

g r a p h s . 

1. R e f l e c t o r Defec t 

The r e f l e c t o r defec t is the r e s u l t of r e f l e c t o r hea t ing (by r a d i a t i o n f r o m the 

r e a c t o r v e s s e l and by i n t e r n a l hea t g e n e r a t i o n ) wh ich o c c u r s o v e r the f i r s t 

15 h r of the a c t i v e c o n t r o l p e r i o d . Hea t ing c a u s e s the r e f l e c t o r to expand and 

m o v e away f rom the r e a c t o r v e s s e l and a l s o r e d u c e s the b e r y l l i u m d e n s i t y . 

Both ef fec ts r e s u l t in r e a c t i v i t y l o s s . 

2 . Xenon Bui ldup to S a t u r a t i o n 

A v e r a g e r e a c t o r p o w e r d u r i n g the a c t i v e c o n t r o l p e r i o d w a s about 42 kw. 

Since xenon e q u i l i b r i u m w o r t h is n e a r l y p r o p o r t i o n a l to p o w e r in the r e l a t i v e l y 

low-f lux SNAP lOA r e a c t o r s , the 17.2^ p r e d i c t i o n for 37 kw w a s a d j u s t e d to 20^ 

to a c c o u n t for the change f r o m p r e d i c t e d p o w e r . 

JU 

PROBABLE REFLECTOR HEATING AND SLIPPAGE 
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3. Hydrogen R e d i s t r i b u t i o n 

Z i r c o n i u m h y d r i d e is an i n t e r m e t a l l i c c o m p o u n d in w h i c h the h y d r o g e n ions 

t end to nn ig ra te to the c o l d e r p o r t i o n s of the m a t e r i a l due to t h e r m a l diffusion. 

The h o t t e s t r e g i o n of a r e a c t o r fuel rod is the h i g h e s t n e u t r o n flux r e g i o n . The 

h y d r o g e n w o r t h is a p p r o x i m a t e l y p r o p o r t i o n a l to the s q u a r e of the n e u t r o n f lux, 

so t h a t the h y d r o g e n m i g r a t i o n e f fec t ive ly r e s u l t s in a r e a c t i v i t y l o s s . 

The h y d r o g e n r e d i s t r i b u t i o n c o n t r i b u t i o n to the S l O F S - 3 a c t i v e c o n t r o l p e r i o d 

r e a c t i v i t y l o s s w a s s ign i f i can t ly l e s s than p r e d i c t e d . The effect deduced f r o m 

the e x p e r i m e n t a l da ta i n d i c a t e s t ha t only about 3^ of h y d r o g e n r e d i s t r i b u t i o n 

o c c u r r e d du r ing the ac t i ve c o n t r o l p e r i o d . T h i s is c o n s i d e r a b l y l e s s than the 

p r e d i c t e d 11.1«5 h y d r o g e n r e d i s t r i b u t i o n for the a c t i v e c o n t r o l p e r i o d . 

The t o t a l o p e r a t i o n a l S l O F S - 3 h y d r o g e n r e d i s t r i b u t i o n effect w a s c a l c u l a t e d 

to be 22«! ± 6^ . The 90 h r t i m e c o n s t a n t for h y d r o g e n r e d i s t r i b u t i o n , p r e v i o u s l y 
(4) c a l c u l a t e d wi th the HYTRAN c o m p u t e r c o d e , i n d i c a t e d tha t 11.1«5 of the t o t a l 

effect would o c c u r d u r i n g the ac t ive c o n t r o l p e r i o d . A logic e r r o r in the 

HYTRAN m o d e l w a s s u b s e q u e n t l y d i s c o v e r e d and c o r r e c t e d . The m o d e l now 

p r e d i c t s a 3000 h r t i m e c o n s t a n t for I' 'S-3 n o m i n a l o p e r a t i n g c o n d i t i o n s ; but it is 

not a c c u r a t e d u r i n g the f i r s t few h u n d r e d h o u r s of o p e r a t i o n . The (about 3^) 

h y d r o g e n r e d i s t r i b u t i o n effect d e d u c e d f r o m a c t i v e c o n t r o l p e r i o d d a t a is not 

in d i s a g r e e m e n t wi th the c a l c u l a t e d effect . HYTRAN i n d i c a t e s an in i t i a l s m a l l 

pos i t i ve r e d i s t r i b u t i o n effect of a few h o u r s d u r a t i o n , fo l lowed by n e g a t i v e r e d i s 

t r i b u t i o n wi th a t i m e c o n s t a n t s h o r t e r than the c a l c u l a t e d e q u i l i b r i u m v a l u e . 

Q u a l i t a t i v e l y , t h e s e r e s u l t s a p p e a r to be c o r r e c t ; ho-wever, the m a g n i t u d e of the 

ef fects wh ich o c c u r s h o r t l y a f te r a t t a in ing full pow^er a r e ackno-wledged to be in 

e r r o r due to o v e r s i m p l i f i c a t i o n of the m o d e l ( e . g . , n e g l e c t i n g a x i a l h y d r o g e n 

r e d i s t r i b u t i o n b e t w e e n fuel e l e m e n t n o d e s ) . 

Due to the l a r g e u n c e r t a i n t y in the r e f l e c t o r m o t i o n effect , and in the r e d i s ­

t r i b u t i o n a n a l y s i s du r ing the in i t i a l p e r i o d of o p e r a t i o n , an u n c e r t a i n t y of ± 2^ 

m u s t be a s s i g n e d to e a c h of t h e s e e f f ec t s . The u n c e r t a i n t y of the c o m b i n e d 

effects is about ± 3 ^ . 
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4 . R e f l e c t o r M o v e m e n t 

R e f l e c t o r m o t i o n i s d i s c u s s e d in s o m e d e t a i l in Append ix A of t h i s r e p o r t . 

F i g u r e 12 shows the m a g n i t u d e of the r e a c t i v i t y effect i m p l i e d f r o m the o b s e r v e d 

a c t i v e c o n t r o l p e r i o d d a t a . R e f l e c t o r m o v e m e n t is i n d i c a t e d a t the t i m e s of c o n ­

t r o l d r u m m o t i o n b e c a u s e t h o s e a r e the m o s t p r o b a b l e timies of o c c u r r e n c e (as 

i n d i c a t e d by a t e s t . Append ix A) and b e c a u s e no sudden t e m p e r a t u r e c h a n g e s 

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

Us ing the r e a c t i v i t y l o s s r a t e da ta f r o m S l O F S - 3 , and c o r r e c t i n g for a b n o r ­

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

a p r e d i c t i o n of r e a c t i v i t y l o s s e s d u r i n g the S l O F S - 4 ac t i ve c o n t r o l p e r i o d w a s 

m a d e ( ^ ' 2 ^ 

C. C O M P O N E N T T E M P E R A T U R E S 

1. R e f l e c t o r 

The S l O F S - 3 r e f l e c t o r t e m p e r a t u r e s a r e shown in F i g u r e 13 for the s t a b i l i z a ­

t ion p e r i o d . T h e s e t e m p e r a t u r e s w e r e at t h e i r s t e a d y - s t a t e v a l u e s of about 

620 °F wi th in 18 h r a f t e r the t i m e of s e n s i b l e h e a t . The a n a l y t i c a l c u r v e shown 

in F i g u r e 13, wh ich a g r e e s c l o s e l y wi th the m e a s u r e d t e m p e r a t u r e s , was d e t e r ­

m i n e d u s ing an e m i s s i v i t y of 0.4 for the b a r e b e r y l l i u m s u r f a c e s on the r e f l e c t o r . 

T h i s a n a l y t i c a l c u r v e s t a b i l i z e s a t 630 ° F . 

F i g u r e 13. C o m p a r i s o n of 
C a l c u l a t e d and M e a s u r e d 
R e f l e c t o r T e m p e r a t u r e s 

0 2 4 6 8 10 12 14 16 18 

TIME (hr) 
4-6-65 7623-0598 

1 \ \ r 

ANALYTICAL 
DO A EXPERIMENTAL 
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2. Radiation Shield 

The predic ted s teady-s ta te t empera tu re at the top of the SNAP lOA shield 

casing was 680°F. The calculated internal shield t empera tu re below this point 

was 670°F. The maximum computed t empe ra tu r e s in the shield and the casing 

were about 805 °F and occur red near the bottom of the shield. 

F igure 14 shows the observed t empera tu re t rans ien t for a thermocouple 

located near the top of the FS-3 shield c a s e . The s teady-s ta te reading of this 

thermocouple was 675 °F . The calculated shield casing t empera tu re at the 

r ad ia l location of the thermocouple was about 640°F. The difference between 

the calculated and observed values is caused by a NaK coolant pipe in the prox­

imity of the thermocouple so that the casing t empera tu re at this location is 

above the c i rcumferent ia l average obtained in the ana lys i s . 

Internal shield thermocouples malfunctioned during the SlOFS-3 tes t , so that 

only shield casing data were available for compar ison with pred ic t ions . 

3. Drum Actuators and Posit ion Sensors 

F igure 14 shows t empera tu re t rans ien t s for an inboard thermocouple on one 

of the control drum actuators and for a position sensor thermocouple . The in­

board actuator thermocouple attained a s teady-s ta te t empera tu re of 530 °F . (A 

thermocouple mounted on the outboard side of the actuator reached 510°F. ) The 

position sensor thermocouple plotted in Figure 14 reached a t empera tu re of 

370°F; another thermocouple instal led in an equivalent location read 340°F. 

No detailed analyses had been performed to predic t the t empe ra tu r e s of these 

components . Instead, l imi t ing-case studies had been made to de termine upper 

l imi ts of operating t e m p e r a t u r e s for the purpose of establishing qualification 

c r i t e r i a for these components . These upper l imi ts were 700°F for the ac tua tors 

and 500°F for the position s e n s o r s . The observed operating t e m p e r a t u r e s were 

well below these l imi t s . 

D. DIAGNOSTIC SYSTEM PERFORMANCE 

1. Limit Switches 

Approximately 14 hr after reaching full power, +Z ref lector ON-OFF limit 

switch, PnS-15, opened and thereby co r r ec t ed the indication of ref lector 
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e j e c t i o n tha t w^as f i r s t n o t e d d u r i n g the s t a r t u p p h a s e . The l a t e r opening of the 

s w i t c h is a t t r i b u t e d to the d o w n w a r d e x p a n s i o n of the r e f l e c t o r a s it c a m e to 

t e m p e r a t u r e o r to s l i ppage b e t w e e n the r e f l e c t o r top ad jus t ing bo l t s and the r e ­

f l ec to r uppe r s top s u r f a c e s . 

The r e f l e c t o r O F F ind ica t ion of P n S - 1 6 (the - Z r e f l e c t o r O N - O F F l i m i t 

sw^itch) r e m a i n e d t h r o u g h o u t the ac t i ve c o n t r o l p e r i o d . The s t a t u s of a l l o the r 

l i m i t s w i t c h e s r e m a i n e d n o r m a l d u r i n g th i s p e r i o d . 

2 . C o n t r o l D r u m P o s i t i o n Ind ica t ing S y s t e m 

The c a l i b r a t i o n and s e n s i t i v i t y of P n l - 1 , the -l-Z c o n t r o l d r u m pos i t i on i n d i c a ­

t o r ( c o a r s e s c a l e ) , sh i f ted b e t w e e n 1-1 /2 and 4 h r a f t e r the r e a c t o r r e a c h e d 

full p o w e r . The shift is shown in F i g u r e 5. The shift in c a l i b r a t i o n w a s a p p r o x ­

i m a t e l y 1.5°, f r o m 0.75° h igh to 0.75° low, and the change in s e n s i t i v i t y w a s 

f rom 31 to 41 m v / d e g r e e . The change o c c u r r e d in two i n c r e m e n t s , the f i r s t 

0.5° shift a t s t ep No . 195 ( 1 - 1 / 2 h r a f t e r r e a c h i n g full p o w e r ) and the r e m a i n i n g 

1.0° a t s t ep No . 197, 2 - 1 / 2 h r l a t e r . Due to the change in s e n s i t i v i t y , the d e v i ­

a t ion i n c r e a s e d f r o m 0.75° low to 1.5° low^ a s the d r u m w a s r o t a t e d t h r o u g h 

s t e p s No. 198 t h r o u g h No . 207 , w h e r e a c t i v e c o n t r o l was s topped . The dev ia t ion 

be tween i n d i c a t e d and t r u e d r u m pos i t i on for P n I - 6 , the No . 3 d r u m fine s c a l e , 

w a s 1.7° low at the end of the a c t i v e c o n t r o l p e r i o d . 

The shift in the i n d i c a t e d pos i t ion of d r u m No. 3 took p l ace d u r i n g the t i m e 

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

s u b s e q u e n t change in s lope co inc ide wi th the effect of the e x e r t i o n of an u p w a r d 

f o r c e upon the s e n s o r shaf t . The u p w a r d fo rce r e a c t s a g a i n s t the s e n s o r b e a r ­

ing p r e l o a d s p r i n g and m o v e s the r o t o r . 

N o r i n a l l y , an u p w a r d fo rce on the s e n s o r shaft is p r e v e n t e d by p r e l o a d i n g 

the s e n s o r shaft in a d o w n w a r d d i r e c t i o n wi th a 5 0 0 - g r a m load by i n s t a l l i n g the 

f lex ib le coupl ing so tha t it is e x t e n d e d 0.010 in. f r o m i ts f r ee p o s i t i o n . On F S - 3 

the p r e l o a d w a s i n a d v e r t e n t l y o m i t t e d when the s e n s o r s w e r e r e i n s t a l l e d a f t e r 

be ing r e m o v e d to i n s t a l l the s h e a r pin t h r o u g h the coup l ing and the s e n s o r shaf t . 

P n I - 2 , the No . 4 d r u m c o n t r o l d r u m p o s i t i o n i n d i c a t o r ( c o a r s e s c a l e ) , did 

not change in c a l i b r a t i o n o r s e n s i t i v i t y ( F i g u r e 6) d u r i n g the ac t i ve c o n t r o l 

p e r i o d . At in i t i a l full p o w e r the dev ia t ion w a s 4 .5° high and i n c r e a s i n g . The 
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deviation inc reased at the same ra te to 4.8° at the end of active control . The 

deviation between indicated and t rue drum position for Pn I -3 , the No. 4 drum 

fine sca le , was approximately 2.1° high at the end of the active control per iod. 
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V. ENDURANCE PERIOD 

A. REACTOR PERFORMANCE 

The control sys tem was deenergized with the average NaK tempera tu re at 

973°F on January 25 after 72 hr of active control . During the initial week of 

s tat ical ly controlled operation, r eac to r behavior was very s imi la r to that p r e ­

viously predicted. Approximately two weeks after cessa t ion of active control, 

the average coolant t empera tu re was above the nominally predicted value, ad­

justed to the init ial value of 973 °F, but was decreas ing at a higher rate than 

predicted. This performance i s shown in compar ison to the p re tes t predict ions 

in Figure 15. This figure shows the predicted positive long- t e rm t empera tu re 
+42 drift and predicted yea r -end t empera tu re of 944 _Q ° F . 

The observed long- t e rm t empera tu re drift was significantly g r e a t e r than the 

nominal predicted drift. The minimum tempera tu re was not, however, signifi­

cantly different from the predicted minimum. Analysis of r eac to r performance 

was continued throughout the static control period and performance ext rapola­

tions were periodical ly made . 

Upon completion of the full yea r of static control operation, daily average 

t e m p e r a t u r e s were obtained from the SlOFS-3 data r ecord tapes and were dif­

ferentiated as shown in Figure 16. This figure shows that the t empera tu re 

drift rate changed from negative to positive after 2 50 days of operation; and 

changed back to a negative ra te after about 300 days. The nuclear models e m ­

ployed for analysis predic t a smoothly decreas ing negative t empera tu re de r iva ­

tive for the 50-day period, as shown by the dashed line in Figure 16. It has 

been hypothesized that fuel swelling might have closed the fuel rod to cladding 

gap, resul t ing in a reduction in fuel t e m p e r a t u r e . Reducing the fuel t e m p e r a ­

ture would effectively add react ivi ty and could resul t in the observed inc rease 

in r eac to r power level . Once the gap closing was complete in the affected e le ­

ments , the t empera tu re drift curve would r e tu rn to the previous slope. The low 

burnup in SNAP -lOA does not resu l t in a significant amount of swelling. T h e r e ­

fore, swelling resul t ing from zi rconium-hydr ide phase boundary movements is 

the only mechan ism considered credible for causing the hypothesized gap c losure . 

Because of the uncer ta inty in this hypothesis , the positive drift will continue to 

be r e fe r red to as "unexplained." Additional information may be gained from the 

pos t - t e s t fuel e lement examination which is cur ren t ly under way. 
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Figure 16. F i r s t Derivative of SlOFS-3 Average 
Coolant Tempera tu re During Static Control 

The t empera tu re derivat ive in Figure 16 also appears to be cyclical with a 

period of about one month. This cycling is apparent ly not a resu l t of the smooth­

ing routine. A review of the facility operating p rocedures and schedules has not 

revealed any cor re la tab le events , and the nuclear analysis has disclosed no 

cyclical phenomenon. 

Figure 17 shows the plotted daily average coolant t empera tu re and the "un­

explained" positive drift between 250 and 300 days. The net difference in year 
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end t e m p e r a t u r e s (between observed and smoothed) is about 3 .5°F. The smoothed 

performance shown by the dashed line was based on performance up to 250 days, 

and on the smoothed t empera tu re derivat ive of Figure 16. The year -end average 

coolant t empera tu re indicated by this analysis was 903°F. This is in te rpre ted 

as the yea r -end condition which would have existed if the unexplained positive 

t empera tu re drift had not occur red . 

A careful examination has been made of the data logger sys tem which showed 

that the deviation in long- t e rm drift from the original predict ion (Figure 15) 

could not be at t r ibuted to any e lect ronic problem, but was actually from r e a c ­

tivity loss mechan i sms affecting the r eac to r . This was further verified by data 

from operat ion of the FS-4 sys tem (2) 

All p r i m a r y and secondary react ivi ty l o s s e s mechan i sms have been r e e x a m ­

ined using improved techniques and exper imental data where available. This 

reevaluat ion has resul ted in revised e s t ima tes for several react ivi ty effects and 

improved e s t ima tes of analytical uncer ta in t ies , and has helped pinpoint a r e a s of 

uncer ta inty which requi re additional exper imenta l examination. In this section, 

the original SNAP lOA performance predict ions a r e f i rs t d iscussed for reference 

and then the reevaluation of the performance is d iscussed in detail . 

Because of the importance of the endurance performance of FS-3 to static 

control reac to r technology, a discussion of the extrapolat ion of each of the 

react ivi ty loss mechan i sms to a higher t empera tu re , higher powered r eac to r 
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i s i nc luded in Appendix B . The i m p o r t a n t c o n c l u s i o n h e r e i s tha t s t a t i c c o n ­

t r o l i s f e a s i b l e a t the h i g h e r o p e r a t i n g cond i t i ons s i n c e the u n c e r t a i n t y in p e r ­

f o r m a n c e p r e d i c t i o n s would not be m u c h l a r g e r than for a r e a c t o r o p e r a t i n g at 

the c u r r e n t SNAP lOA c o n d i t i o n s . 

1. O r i g i n a l SNAP lOA P e r f o r m a n c e P r e d i c t i o n s 

The o r i g i n a l a n a l y s i s of SNAP lOA s t a t i c c o n t r o l p e r i o d r e a c t i v i t y l o s s e s 

had shov/n tha t t h e p r i m a r y r e a c t i v i t y l o s s m e c h a n i s m s w e r e : 1) h y d r o g e n r e ­

d i s t r i b u t i o n , 2) h y d r o g e n l o s s , and 3) fuel b u r n u p and f i s s i o n p r o d u c t a c c u m u ­

l a t i o n . The r e a c t i v i t y l o s s e s w e r e c a l c u l a t e d u s ing the b e s t a n a l y t i c a l t e c h ­

n i q u e s a v a i l a b l e . The s a m a r i u m p r e p o i s o n load ing w a s then s e l e c t e d so tha t 

the r e a c t i v i t y gain due to p r e p o i s o n b u r n o u t w a s g r e a t e r than the c a l c u l a t e d 

r e a c t i v i t y l o s s e s (Exc lu s ing h y d r o g e n r e d i s t r i b u t i o n ) . 

Xenon , a r a p i d l y s a t u r a t i n g f i s s i on p r o d u c t , w a s c a l c u l a t e d to be 95% s a t u ­

r a t e d a f te r 72 h r of f u l l - p o w e r o p e r a t i o n . The ac t i ve c o n t r o l p e r i o d w a s 

spec i f i ed a s 72 h r to a l low a u t o m a t i c r e a c t i v i t y c o m p e n s a t i o n for x e n o n and a 

p o r t i o n (about one-ha l f ) of the h y d r o g e n r e d i s t r i b u t i o n effect . 

a. H y d r o g e n R e d i s t r i b u t i o n 

The h y d r o g e n r e d i s t r i b u t i o n effect w a s c a l c u l a t e d wi th the HYTRAN code 

(4) . T h i s c o m p u t e r code c a l c u l a t e d the t e m p e r a t u r e d i s t r i b u t i o n wi th in a 

SNAP lOA fuel r o d f r o m the power d e n s i t y , coo lan t flow r a t e and t h e r m a l 

c h a r a c t e r i s t i c s of the fuel e l e m e n t and coo l an t . The h y d r o g e n d i s t r i b u t i o n , 

bo th ax ia l ly and r a d i a l l y , wi th in the fuel rod w a s then c a l c u l a t e d as a funct ion 

of t i m e u s ing the a c c e p t e d h y d r o g e n diffusion coef f ic ien t and hea t of t r a n s p o r t . 

The r e a c t i v i t y l o s s w a s c a l c u l a t e d u s ing the e x p e r i m e n t a l l y d e t e r m i n e d w o r t h 

of h y d r o g e n in the SNAP lOA c o r e . HYTRAN c a l c u l a t i o n s i n d i c a t e d tha t t he 

to t a l 22 c e n t s of h y d r o g e n r e d i s t r i b u t i o n would be c o m p l e t e d about 21 days 

a f t e r r e a c h i n g full power wi th a p p r o x i m a t e l y 50% o c c u r r i n g a f te r s t a t i c c o n t r o l 

w a s i n i t i a t e d (with a 7 0 h r t i m e c o n s t a n t ) . U n c e r t a i n t y in the h y d r o g e n diffu­

s ion coef f ic ien t and h e a t of t r a n s p o r t in z i r c o n i u m r e s u l t e d in an e s t i m a t e d u n ­

c e r t a i n t y of ±50% in the r e a c t i v i t y l o s s a f t e r 72 h r of o p e r a t i o n . E x p e r i m e n t a l 

da t a f r o m S2DR r e a c t o r o p e r a t i o n i n d i c a t e d tha t the a c t u a l r e d i s t r i b u t i o n t i m e 

c o n s t a n t m i g h t be c o n s i d e r a b l y l o n g e r than the HYTRAN c a l c u l a t i o n s s h o w s . 
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b . Hydrogen Loss 

Hydrogen loss was calculated with the HYLO computer code. Fuel t e m p e r ­

a tures w^ere calculated at s eve ra l nodes within the fuel rods to determine 

average fuel t empe ra tu r e s and, hence, average hydrogen gas p r e s s u r e in fuel 

rods at al l co re posi t ions. The hydrogen loss from each element was then e s ­

t imated by employing an extrapolat ion of 1200°F i so the rma l permeat ion data 

down to SNAP lOA operating condit ions. The react ivi ty effect due to hydrogen 

loss was calculated to be -3 c e n t s / y e a r . E r r o r analysis indicated an u n c e r ­

tainty in the calculated hydrogen leak ra te of ±50%. 

c. F iss ion Product Accumulation and Burnup 

235 Fiss ion product accumulation and U burnup were calculated with the 
(5\ 

SIZZLE computer code ' . SIZZLE consis ts of a few-energy group (< 6) 

AIM-6 (one-dimensional diffusion theory) calculation of fission density and 

calculation of fission product accumulation by i tera t ion for any number of t ime 

s teps of specified length. The c r o s s - s e c t i o n s used in the SIZZLE calculation 

were the "s tandard" l i b r a ry of 16-group m a t e r i a l c r o s s sections weighted over 

an ambient t empe ra tu r e z i rconium hydride spec t rum. The 16-group fission 

product c r o s s sections were calculated from data repor ted in References 6 

and 7. They were also weighted over a z i rconium hydride spec t rum. SIZZLE 

pe r fo rms i ts ow n̂ group reduction from 16 to < 6 energy groups before begin-
235 ning the i te ra t ion . The U burnup calculation was performed by simply 

reading in zero c r o s s sections for all fission produc ts . The effects of axial 

power dis tr ibut ion were accounted for in both fission product and burnup ca l ­

culat ions . An es t imate of the uncer ta inty in the calculation of fission products 

was made by hand calculating the react ivi ty effect using var ious sets of c u r ­

rently available fission product c ros s sec t ions . The range of values indicated 

that the value calculated with SIZZLE (-9 cen t s /yea r ) should be accurate with-
2 35 in ±20%. A s imi la r analysis indicated an uncertainty of ±20% in U burnup. 

d. Prepoison Burnout 

149 The Sm prepoison burnout was determined by calculating the worth of 
149 equil ibrium fission product Sm and the worth of the prepoison loading. The 

18) calculat ions were performed with both the AIM-6 and DTK computer codes . 
149 The percent of equil ibrium Sm concentrat ion was calculated as a function of 
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t i m e to d e t e r m i n e the ne t change in t o t a l Sm w o r t h wi th t i m e . The Sm 

c r o s s s e c t i o n s u s e d w e r e ob t a ined f r o m R e f e r e n c e 9. Ef fec t s of s p e c t r a l shift 

wi th t e m p e r a t u r e , load ing e r r o r s , s e l f - s h i e l d i n g , and flux d e p r e s s i o n w e r e 

e v a l u a t e d and found t o i n t r o d u c e an u n c e r t a i n t y of ±10% in Sm^O- load ing w o r t h . 

It shou ld be po in ted out t h a t an e r r o r of t h i s m a g n i t u d e , ±16 c e n t s in S N A P 10A 

p r e p o i s o n load ing , i s ±30% of the 53 c e n t s c a l c u l a t e d e x c e s s s a m a r i u n n in the 
149 

c o r e . Only about 31% of t h e e x c e s s S m is b u r n e d out in 1 y e a r of o p e r a t i o n , 
so t h e b u r n o u t w a s e x p e c t e d to be 16. 5 c e n t s ± 5 c e n t s . 

e . S u m m a r y of O r i g i n a l P r e d i c t i o n s 

T a b l e 6 ( p r e s e n t e d in Sec t ion V. A. 2 . e ) s h o w s t h e c a l c u l a t e d r e a c t i v i t y ef fects 

wh ich w e r e e x p e c t e d to o c c u r d u r i n g the 1-year s t a t i c c o n t r o l p e r i o d . O t h e r 

r e a c t i v i t y effects w e r e e x a m i n e d , but w e r e found to be neg l ig ib ly s m a l l . R a d i a ­

t ion d a m a g e to the r e a c t o r s t r u c t u r e , b e r y l l i u m , fuel , and r a d i a t i o n s h i e l d w a s 

e x a m i n e d as w e r e coo lan t flow d i s t r i b u t i o n c h a n g e s , g r i d p l a t e de f l ec t i on , and 

ef fec ts due to m a n u f a c t u r i n g and a s s e m b l i n g t o l e r a n c e s . T h e s e ef fec ts w e r e 

c a l c u l a t e d , u s ing the b e s t a n a l y t i c a l t e c h n i q u e s and e x p e r i m e n t a l d a t a a v a i l a b l e , 

and w e r e found to have a m a x i m u m t o t a l effect of l e s s t han 4 c e n t s . S ince the 

p r i m a r y r e a c t i v i t y l o s s e s w e r e -26 c e n t s ±9. 5 c e n t s , it w a s conc luded tha t t he 

s e c o n d a r y effects w e r e w e l l wi th in the u n c e r t a i n t y band of t h e p r i m a r y effects 

and could be n e g l e c t e d u n t i l i m p r o v e d d a t a w e r e a v a i l a b l e . 

The t e m p e r a t u r e dr i f t d u r i n g 1-year of o p e r a t i o n w a s c a l c u l a t e d u s i n g t h e 
149 

L O A F E R c o d e . The p r i m a r y r e a c t i v i t y l o s s m e c h a n i s m s and Sm p r e p o i s o n 

b u r n o u t w e r e c a l c u l a t e d as funct ions of t e m p e r a t u r e and t i m e . The L O A F E R 

m o d e l accoun t s for the r e d u c t i o n in r e a c t i v i t y l o s s r a t e r e s u l t i n g f r o m a d r o p 

in t e m p e r a t u r e . The m o d e l a s sunaed tha t xenon a c c u m u l a t i o n was c o m p l e t e d in 

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

72 h r , and tha t the r e m a i n d e r of h y d r o g e n r e d i s t r i b u t i o n w a s c o m p l e t e d 15 days 

af ter the s t a r t of s t a t i c c o n t r o l . Th i s l a t t e r a s s u m p t i o n w a s c o n s i s t e n t wi th t h e 

HYTRAN c a l c u l a t i o n , s i n c e HYTRAN showed l e s s t h a n 1/2 c e n t s of r e d i s t r i b u ­

t ion effect r e m a i n i n g at t h i s t i m e . 

F i g u r e 15 shows the p r e d i c t e d SNAP lOA t e m p e r a t u r e d r i f t and the effect of 

a c c u m u l a t e d u n c e r t a i n t i e s on the p r e d i c t i o n . The p r e d i c t e d y e a r - e n d t e n n p e r -
+42 

a t u r e w a s 944 _ ° F , w h e n ad jus t ed to the a c t u a l F S - 3 a v e r a g e t e n n p e r a t u r e at 
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the end of the 72 hr active control period. The less than ±5% uncertainty band 

was considered acceptably smal l for a preopera t ional predict ion. 

2. Pe r fo rmance Uncertainty Reevaluation 

The reevaluat ion of SlOFS-3 performance was begun after about 3 weeks of 

operat ion when it was observed that the r eac to r coolant t empera tu re was de ­

c reas ing more rapidly than had been predicted. All react ivi ty loss mechanisms 

were reexamined to de te rmine whether or not the deviation from prediction 

could be accounted for. A descr ipt ion of the reexaminat ion follows. 

a. Hydrogen Loss 

The react ivi ty loss due to hydrogen leakage was calculated, employing HYLO, 

to be -3 cents ± 1 . 5 c e n t s / y e a r . This calculation is based on 1200 °F i so the r ­

ma l pernneation tes t data which was extrapolated to SNAP 10A t e m p e r a t u r e s . 

Exper imenta l hydrogen loss data a re available from SER, S2DR, and S8ER 

operat ion and fronn in-pile mennbrane t e s t s , in addition to the i so thermal e l e ­

ment permeat ion t e s t s . 

Hydrogen loss r a t e s f rom the operating SER and S2DR, as measu red 

by react ivi ty l o s s e s , have been es t imated var iously at two to th ree t imes the 

ra te predicted from the out-of-pi le , as assembled , i so thermal leak ra t e s of the 
(12) individual e l emen t s . The S8ER on the other hand, showed an initial r e a c ­

tivity loss at tr ibuted to hydrogen loss that matched the predicted rate ra ther 
(13) c losely . Four i r rad ia t ion capsu les , the NAA 77 s e r i e s , were built and 

tes ted in the MTR in an attempt to m e a s u r e the effect of r eac to r operation on 

the permeabi l i ty cha r ac t e r i s t i c s of the coated cladding. If higher leak ra tes 

were caused by neutron and fission product bombardment of the coating, or by 

the p resence of monatomic hydrogen produced by the r eac to r environment, it 

was hoped that the inc rease could be observed and measu red . Results of long­

t ime operat ion of three of these capsules again show leak r a t e s two to three 

t imes above the las t out-of-pi le , as assembled , i so the rma l leak r a t e s , but it 

has not been possible to separa te the possible causes of these higher in-pi le 

leak r a t e s . T h e r m a l aging causing coating crys ta l l iza t ion , thernaal shock after 

repeated t h e r m a l cycling, change of s tandardizat ion in the measur ing in s t ru ­

ment , fue l -ce ramic in teract ion, and mechanica l damage have all been suggested 

as r easons for the higher leak r a t e s . 
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It is concluded that the hydrogen loss ra te in an operating sys tem may be as 

much as three t imes g rea te r than predict ions based on i so the rma l permeat ion 

tes t data. Although hydrogen loss is a re la t ively minor effect in SNAP IOA, 

uncertainty in magnitude of the effect is re lat ively l a rge . 

Hydrogen loss becomes a l a rge r react ivi ty loss effect at higher t empera tu re 

and power conditions, however, the associated uncertainty in end-of-life t e m ­

pera tu re is not proport ionally increased due to the s trong t empera tu re depend­

ency of hydrogen leakage. Any drop in t empera tu re slows the leakage, thereby 

limiting the effect. This effect is d iscussed in Appendix B. 

b . Hydrogen Redistr ibution 

Analysis of SlOFS-3 react ivi ty losses during the active control period indi­

cated that only about 3 cents of the losses were accountable to hydrogen r e d i s ­

tr ibution. The analysis was based on the assumption that ref lector movement 

effects occur red only during the f i rs t 17 hr at power (the t ime period when r e ­

flector heating occur red) . The total calculated reactivity loss due to hydrogen 

redis t r ibut ion was 22 cents ± ~ 6 cents . There fore , 13 cents to 25 cents of the 

s tat ic control period react ivi ty losses could be at tr ibuted to hydrogen r e d i s t r i ­

bution ra ther than the predicted 11 ± 6 cents . The preflight analysis indicated 

that hydrogen redis t r ibut ion should be essent ia l ly completed within 21 days 

after reaching full power. The analysis of the t ime to completion of the effect 

was , however, considered to be the most uncer ta in par t of the r eac to r per for ­

mance . 

Exper imenta l data from S2DR, at fuel t e m p e r a t u r e s near SlOFS-3 condi­

t ions , indicated that hydrogen redis t r ibut ion was not completed more than 1200 

hr after the s ta r t of the exper iment . The indicated t ime constant (T) was about 

600 h r . At about 150°F above SlOFS-3 conditions, hydrogen redis t r ibut ion was 

observed to be essent ia l ly completed within 500 hr . The indicated t ime con­

stant for the high t empera tu re case was 145 h r . S8ER exper iments have indi­

cated hydrogen redis t r ibut ion t ime constants of about 28 hr at 1100°F T (inlet),\ 

200°AT conditions. 

Due to uncertainty in the analysis of S2DR data (resulting from separat ing 

hydrogen redis t r ibut ion from other react ivi ty loss effects such as hydrogen 

lo s s , e tc . ) and the additional uncertainty resul t ing from the change in fuel e l e ­

ment design (result ing in more severe axial t empera tu re gradients in SNAP IOA). 
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t he a p p l i c a b i l i t y of t h e S2DR h y d r o g e n r e d i s t r i b u t i o n r e s u l t s to SNAP IOA w a s 

q u e s t i o n e d . C o n s e q u e n t l y , the HYTRAN c a l c u l a t i o n of h y d r o g e n r e d i s t r i b u t i o n 

r e a c t i v i t y effect and t i m e c o n s t a n t w e r e e m p l o y e d for p r e d i c t i o n s . 

The HYTRAN c a l c u l a t i o n of h y d r o g e n r e d i s t r i b u t i o n i s b a s e d on the fo l low­

ing equa t ion : 

w h e r e 
2 

J = h y d r o g e n c u r r e n t ( m o l e s H_ / c m - s e c ) 

2 
D = diffusion coef f ic ien t for H_ t h r o u g h the fuel a l loy ( cm / s e c ) 

22 3 
N = h y d r o g e n c o n c e n t r a t i o n (H , x 10 / c m ) 

' ^ ^ a t o m s ' 

r = fuel r o d r a d i u s (cm) 

Q=;= ~ h e a t of t r a n s p o r t ( c a l . / m o l e ) 

T = a b s o l u t e t e m p e r a t u r e (°K) 

R = gas c o n s t a n t = 1.987 c a l / m o l e - ° K . 

Th i s m o d e l n e g l e c t s a x i a l diffusion wi th in the fuel r o d . Th i s i s a r e a s o n a ­

ble a s s u m p t i o n s i n c e it t a k e s about 20 t i m e s l o n g e r for a h y d r o g e n a t o m to 

t r a v e r s e the cixial l eng th of the r o d than to m i g r a t e r a d i a l l y . Fo l lowing r a d i a l 

m i g r a t i o n , it is a s s u m e d tha t t he h y d r o g e n di f fuses to a c o l d e r p o r t i o n of the 

r o d in the fuel r o d - c l a d d i n g gas gap . The h y d r o g e n a t o m s t h e n diffuse b a c k 

in to the fuel r o d in the l o w e r t e m p e r a t u r e r e g i o n s of the r o d . The HYTRAN 

code a l s o a s s u m e s tha t t h e r e i s no l e a k a g e of h y d r o g e n t h r o u g h the b a r r i e r and 

c l add ing for the d u r a t i o n of the p r o c e s s . The HYTRAN c a l c u l a t i o n w a s r e p e a t ­

ed for e a c h e l e m e n t in the c o r e and s u m m e d to d e t e r m i n e the t o t a l r e a c t i v i t y 

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

w a s 91 h r . 

The HYTRAN code w a s r e c e n t l y r e v i s e d to p e r m i t m o r e i n p u t / o u t p u t f l e x i ­

b i l i t y . D u r i n g the c o u r s e of the r e v i s i o n p r o c e s s a log ic e r r o r w a s 

d i s c o v e r e d in the c o d e . The diffusion coef f ic ien t c a l c u l a t e d at t he hot end of 

the fuel r o d w a s t h e only one wh ich w a s s a v e d a f te r the f i r s t i t t e r a t i o n . As a 

r e s u l t , the t i m e c o n s t a n t c a l c u l a t e d by HYTRAN w a s tha t a s s o c i a t e d with the 

h o t t e s t fue l . The co ld end of the fuel e l e m e n t a c t u a l l y a p p e a r s to d e t e r m i n e 
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the hydrogen redis t r ibut ion t ime constant because hydrogen must ul t imately 

diffuse into that portion of the fuel ma te r i a l . The cor rec t ion was made to calcu­

late and save diffusion coefficients at each axial node. HYTRAN now calculates 

t ime constants of more than 3000 hr for equil ibrium SlOFS-3 hydrogen r e d i s t r i ­

bution. 

The cor rec t ion of the hydrogen redis t r ibut ion naodel is probably the most 

significant resu l t of the FS-3 performance reevaluat ion. Hydrogen r e d i s t r i ­

bution is not, however, important in high t empera tu re (>1100°F inlet coolant 

t empera tu re ) r eac to r s because the effect is essent ia l ly completed during the 

3-day active control period, 

c. Prepoison Uncertaint ies - Loading and Spectrum Effects 

149 
The Sm prepoison loading and worth is one of the l a rge r uncer ta int ies a s -

149 sociated with SNAP IOA per formance . An uncertainty in Sm loading of ±10% 

was es t imated in predict ing static control t empera tu re drift. 

A thorough analysis of the quality control and techniques employed in apply­

ing the prepoison showed that the uncertainty in total nag of SmpO_ applied to the 

cladding tubes was about ±3% of the "quoted" value for any tube and within ±9% 

of the specified value. An additional uncertainty was introduced by the nonuni­

form distr ibution of the prepoison along the tube wall . Although the d is t r ibu­

tion seemed to be randomly high or low at the center of the tubes which were 

sampled, it is possible that a c lus te r of low-a t -cen te r or h igh-a t -cen te r tubes 

may be loaded into the cen t ra l core positions of a SNAP IOA reac to r . Nuclear 

self-shielding effects have been calculated to be about 3%, and flux level differ­

ences between the fuel and cladding are also about 3%. The conabination of these 

effects was the bas i s for the assumed ±10% uncer ta inty in prepoison loading. 

Summing all uncer ta int ies into a loading uncertainty was more conservat ive than 

calculating loading and worth e r r o r s separa te ly . 

A number of s amar ium worth experinaents have been conducted with the 

SCA-4A c r i t i ca l assembly . A set of cladding tubes coated with various amounts 

of Sm_0„ (in the hydrogen b a r r i e r mate r ia l ) were placed in seve ra l core pos i -
149 tions and the Sm worth was measured as a function of concentrat ion and 
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position. The tubes were subsequently destruct ively analyzed to accura te ly 

determine the Sm20_ loadings. Measured Sm-jO- worth was 0.83 cents /nag/ in . 

in the core center position. An integrat ion of the naeasured values over the core 

volume indicated an average worth of 17.7 cents /nag/ in . / c o r e . This was in 

good agreement with the worth calculated with the DTK code (18. 75 cen t s /mg 

Sm^Oo/in. / c o r e ) . Other prepoison worth exper iments were conducted in SNAP 

cr i t i ca l a ssembl ies which resul ted in measu red worths of 15.6, 16.6, and 

20 cen t s /mg SmpO^/in. / c o r e . 

In sumnaary, the exper imenta l average Sm^O^ worth is 17.75 cents /nag/ in . / 

core with values ranging ±2. 25 c e n t s / m g / i n . / core from the average . An 8. 0 mg 

Sm^O^/in. (average) loading would therefore be worth $1.42 ±18 cen ts . This 

may be taken as an indication that the total uncer ta inty in prepoison loading, 

distr ibution in the cladding tube, e tc . , is about ±13%. This i s , the re fore , a s ­

sumed as the prepoison loading uncertainty r a the r than the ±10% used in the 

original predic t ions . In the following discuss ion, the original DTK calculations 

with ±10% uncerta inty are compared to prepoison worth based on the exper imen­

tal data and its ±13% uncer ta inty. 

The average Sna^O^ loading of SlOFS-3 was 8.75 m g / i n . , or $1.64 using the 

DTK code. When co r rec t ed for self-shielding in the th ree high Sm elements 

(nominal 16 m g / i n . ), flux depress ion in the b a r r i e r m a t e r i a l re la t ive to the 

fuel, and the centra l ized location of the high Sna e lements , the adjusted worth 

is $1.62 ±$0 .16 . Using the exper imenta l wor ths , d i scussed in preceeding 

pa rag raphs , an es t imate of the SlOFS-3 loading worth would be $1. 55 ± $0. 20. 

149 
Using known values for the yield of promethium , the worth of equilibriuna 
149 Sm in the SNAP IOA reac to r can be shown to be $1. 09. Subtracting this 

value from the init ial loading worth gives the init ial excess samariuna worth. 

The init ial excess i s , the re fore , $0. 53 ± . 16 using DTK resu l t s and $0. 46 ± . 20 

using the exper imenta l r e s u l t s . 

149 The fraction of the excess Sm which is burned out in a year at 40 kwt is 

simply: 

F = 1 - e"^* = 0.312, 

-1 149 
where X̂  = Sm t ime constant = 936,000 kwh, and t = operating t ime in kwh = 
350,000 kwh. 
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The expected react ivi ty gain in 1 year due to prepoison burnout is 16. 5 cents 

± 5 . 0 cents using DTK wor ths . The exper imenta l data resu l t in a calculated 

react ivi ty gain of 14.4 cents ± 6. 2 cents . The la t te r va lues , since they were 
149 obtained from c r i t i ca l exper iment data, r ep re sen t the total effect of Sm p r e ­

poison loading and ambient spec t rum worth uncer ta inty on the expected r e a c ­

tivity gain. 

An additional uncer ta inty is introduced into the values for react ivi ty gain by 

changes in the neutron spec t rum between ambient and operating t e m p e r a t u r e s . 

Two theore t ica l models which descr ibe neutron thermal iza t ion in zirconium 

hydride a re available. ' Recent exper imenta l data show that neither 

of the models co r rec t ly account for changes in neutron energy spec t rum due to 
(18) changes from anabient t e m p e r a t u r e . The QUICKIE code has been used to 

weight naaterial c r o s s sections over the z i rconium hydride spec t rum. The 
149 spec t r a l effect on Sm worth, due to a t empera tu re change from ambient to 

1200 °F , was calculated to be only about - 3 % using QUICKIE. This was included 

as part of the total uncer ta inty in the original predic t ions . 

(17) The exper imenta l neutron energy spec t rum data of Young, et al, for 

boron poisoned zi rconium hydride indicated a significant spec t ra l shift from 

ambient conditions to 876 °F . This spec t ra l shift resu l t s in an effective r educ­

tion in s a m a r i u m prepoison worth with increas ing t e m p e r a t u r e . The exper i ­

menta l data were for boron absorber contents equivalent to 3.4 and 8. 0 barns 
235 

per hydrogen atom. The U content of SNAP IOA may be considered an ab­

so rbe r equivalent to 15,8 barns per hydrogen atona. The exper imenta l data 

show an increas ingly l a rge r spec t ra l effect on prepoison worth for higher ab­

sorber content; however , the 8.0 barns per hydrogen atom spec t ra l values 

were employed in the cu r ren t performance evaluation because they were the 

best approximations to the SNAP IOA spec t rum cur ren t ly available. 

Changes in the average one-energy group c ro s s sections were calculated 

assuming that the spec t rum was uneiffected by t empera tu re changes for energies 
(17) above 0. 6 ev. The exper imenta l data show no change in spec t rum with t e m ­

pera tu re for energies between 0. 6 ev and 1 ev and does not extend above 1 ev. 

The resu l t s were a 16% change in the s amar ium c r o s s section and 9% change in 
235 the U fission c ro s s section in the energy region 0. 01 ev to 0. 6 ev. Approxi­

mately 65% of t h e r m a l f issions are caused by neutrons in this energy range so 
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the effective change in the one-energy-group uranium-235 fission c ros s section 

was only 5%. Since the react ivi ty worth of s a m a r i u m is proport ional to the 

ra t io of s a m a r i u m c r o s s section to fission c o r s s sect ion, the effective worth of 

s a m a r i u m is reduced by 10%. This number could vary between 5% and 15%, 

however, due to the uncer ta inty in the application of the exper imenta l data to 

the SNAP lOA spectrunn. The change in spec t rum also causes the calculated 

fraction of the excess Sm burned out in a year to dec rease from 0, 312 to 

0,286 ± . 0 1 3 . 

Table 4 shows the effect of spec t r a l shift, with t e m p e r a t u r e , on both calcu­

lated and exper imenta l prepoison wor ths . The uncertainty in spec t ra l effect 

was assumed independent of the uncertainty in ambient spec t rum loading worth 

and the two were combined s ta t i s t ica l ly to obtain the uncer ta int ies in the table . 

It appears that the ra te of prepoison burnout could be significantly in e r r o r 

due to failure of the QUICKIE model to co r rec t ly account for the spec t ra l shift 

with t e m p e r a t u r e . Since the H / Z r rat io and boron content used in the spectal 

shift exper iment were significantly different from SNAP 10A conditions, 

and since the t empera tu re range studied was below SNAP lOA operating condi­

t ions , it is evident that more exper imenta l data or an improved thermal iza t ion 

model a re r equ i red before the effect of spec t r a l shift on SNAP 10 A prepoison 

burnout can be accurate ly de te rmined . 

TABLE 4 

REEVALUATION OF Sml49 PREPOISON BURNUP IN SlOFS-3 

Initial Loading 

Worth, i (DTK, 40 kwt) 

(Exper iments) 

Loading in Excess of Equil ibrium 

Worth, i (DTK, 40 kwt) 

(Exper iments) 

Reactivi ty Gain /Year 

Worth, i (DTK, 40 kwt) 
(Exper iments) 

Ambient Spectrum 

162 ± 16 

155 ± 20 

53 ± 16 

46 ± 20 

16.5 ± 5.0 
14.4 ± 6.2 

876 °F Spectrum 

147 ± 17 

139 ± 20 

38 ± 17 

30 ± 20 

10.9 ± 5.0 
8.6 ± 5.9 
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The observed t e m p e r a t u r e drift behavior of SlOFS-4 was very near ly the 
(2) same as that of SlOFS-3. This indicates that even though a detailed explana­

tion of this drift is not available at this t ime , it is possible with come degree 

of confidence to predic t the end-of-life t empe ra tu r e of future r e a c t o r s of the 

SNAP type operating under s imi la r conditions. 

d. Other Contributing Effects 

( l )S10FS-3 Reflector Motion 

As d iscussed in Appendix A, the ref lector mounting on FS-3 was modified 

to allow remote r emova l of the re f lec tor . These modifications allowed the 

ref lector to move abnormally during periods of differential expansion between 

the vesse l and ref lec tor . It was es t imated (Section III-C) that 16 ± 4 cents of 

react ivi ty was added during the s ta r tup per iod due to this abnormal ref lector 

motion. It is es t imated (Section IV-B) that 11 cents ± 2 cents of react ivi ty was 

removed by ref lector nnovement during the active control period. The l imit 

switch indications showed that one ref lector half re turned to its normal position 

17 hr after s ta r tup , while the other re turned after 100 days of power operat ion. 

Apparently, abnormal movement of only one ref lector half affected the r eac to r 

operat ion during the endurance period. If it were assumed that this ref lector 

half and the vesse l reached the rma l equi l ibr ium with no re la t ive movement at 

the upper support points , the ref lec tor haK would be displaced an amount equi­

valent to 4 cents or 13 °F . This amount is es t imated to be approximately that 

removed by gradual motion during the 100-day per iod. 

This react ivi ty loss apparently occur red almost completely during the f i r s t 

10 days of static control operat ion, as indicated by the t empera tu re derivat ive 

data (Figure 16). Because of the uncer ta inty in this evaluation, however , the 

possibil i ty that no react ivi ty was associa ted with the uplifted ref lector mus t also 

be recognized. Therefore , an uncertainty of ± 4 cents was ass igned to this 

effect in the reevaluat ion, 

(2) Fuel Burnup and F i s s ion Product Accumulation 

(a) U Burnup 

Burnup of fissionable m a t e r i a l depends on the power level , energy r e l ea se 

per fission and spatial worth of the ma te r i a l . The new value for react ivi ty 

loss due to burnup of 3, 6 cen t s /yea r was calculated using an average power 
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level of 39. 5 kwt, slightly higher than that used in the original predic t ions . An 

uncer ta inty of ± 0 . 7 c e n t s / y e a r was assigned to this value after calculations 

showed a maximum fuel burnup of 4. 3 c e n t s / y e a r was possible at the SlOFS-3 

conditions by using pess imis t ica l ly high absorption c ro s s sec t ions . 

(b) F i ss ion Product Accumulation 

The react ivi ty effect due to fission product poisoning was originally calcu­

lated using fission product c r o s s sections obtained from the GAM-I tape (ener­

gies > 0, 4 ev), and from the Gar r i son and Roos repor t (energies > 0. 4 ev). 

The react iv i ty effect, as previously noted, was 9 c e n t s / y e a r . 

A m o r e recent set of c ro s s sections has recent ly been compiled from the 
(19) GAM-II tape and Nephew's data. Calculations have been completed, using 

the new c r o s s sec t ions , which indicate about -10 .5 cen t s /yea r react ivi ty l o s s . 

These r e su l t s indicate that the assumption of an uncer ta inty in fission product 

poisoning of 20% was probably adequate. The best cur ren t es t imate for this 

effect is 11 ± 2 c e n t s / y e a r . 

(3) Radiation Damage to Components 

Radiation damage to all r eac to r components was examined and no significant 

effect was found in any a r ea during the original ana lys is . All components have 

been re -eva lua ted and the effects determined. 

Recent exper imenta l data on the radiat ion damage effect of fast neutrons on 

cold p r e s s e d LiH indicates that a significant amount of radiation shield swelling 

may occur at SNAP lOAflux and t empera tu re l eve l s . Shield swelling r e ­

sul ts in reduced density of the LiH nea res t the core and, hence, a reduction in 

the nunnber of neutrons reflected back to the r e a c t o r . The calculated maximum 

react ivi ty effects due to shield swelling are included in Table 5, following. It 

was concluded that the maximum contribution to react ivi ty losses during the 

s tat ic control period due to radiat ion shield swelling might be 1, 2 cents , while 

only about 0.4 cents of this total might occur during the las t 9 months of ope ra ­

tion. 

The effect of bery l l ium meta l swelling is very s imi la r to the radiat ion 

shield swelling phenomenon. The maximum react ivi ty loss calculated for Be 

swelling was « 0. 5 c e n t s / y e a r . 
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TABLE 5 
REACTIVITY LOSS DUE TO SHIELD 

SWELLING 

Time F r o m 
Full Power 

(days) 

3 

5 

10 

20 

40 

90 

365 

Maximum 
Reactivity Loss 

0.6 

0.8 

0.9 

1.0 

1.2 

1.4 

1.8 

Fuel element swelling due to radiat ion damage, another re la t ively minor 

react ivi ty loss mechanism, is calculated to be « 0. 75 c e n t s / y e a r . 

The sum of all radiat ion damage effects is only about 2 c e n t s / y e a r , with 

near ly one- third of the effect occurr ing in the 3-day active control per iod. 

(4) The rma l Effects 

(a) Change in Thermal Conductance 

An increase in t h e r m a l res i s t ance between the fuel and the coolant would r e ­

sult in a dec rease in react iv i ty . There fore , the possibil i ty of a change in the 

overal l t he rma l conductivity, UA, has been evaluated. 

The nominal value of UA in SNAP lOA is 1, 29 k w / ° F , The overa l l r es i s t ance 

(1/UA) consis ts of the following individual r e s i s t a n c e s : 

Coolant film 24% 

Clad 3% 

Hydrogen b a r r i e r 9% 

Gas gap 30% 

Fuel 34% 

The res i s t ance of the coolant film could inc rease significantly only by a change 

in the wetting cha rac t e r i s t i c s of the surface or by the deposition of a fouling 

film on the e lements . Neither of these mechanisms is likely to have occur red . 
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COliFPlBENTIi'J. ' 

The clad and hydrogen b a r r i e r contribute relat ively little to the overa l l t he rma l 

r e s i s t a n c e . There is no reason to believe that their conductance has changed 

appreciably. The res i s t ance of the gas gap could change by two mechan i sms : 

a change in the t h e r m a l conductivity of the gas , or a change in the gap width. 

The gas in the gap is predominantly hydrogen. The addition of other gases in 

appreciable concentrat ions would reduce the conductivity. The concentrat ion of 

fission product gases , such as xenon, krypton, or iodine; however, is expected 

to be minute so that the gas conductivity should not have changed mate r i a l ly . 

The local width of the gap, on the other hand, is likely to have changed as a r e ­

sult of hydrogen redis t r ibut ion . The density of the fuel i nc reases as hydrogen 

concentration d e c r e a s e s , leading to a local reduction in fuel d iameter and an 

inc rease in gap width. As a resu l t of hydrogen redis t r ibut ion, the average gap 
-4 -4 

width inc reased 1, 6 x 10 in, at the axial midplane of the co re , 4, 3 x 10 in. 
_4 

at the downst ream end and approximately 0. 3 x 10 in, for the core average . 
The corresponding i nc rea se s in the local t he rma l r e s i s t ance between fuel and 
coolant are 3% at midplane, 6% at the exit end and negligible on the average . 

On the bas i s of past exper ience in the test ing of SNAP fuel e lements , it is 

assumed that the FS-3 e lements are retaining their integri ty without ser ious 

cracking. Any change in the fuel r e s i s t ance , the re fore , would have to be due to 

a change in t h e r m a l conductivity. There is evidence that the conductivity of the 

fuel is dependent on hydrogen concentrat ion with a reduction of about 3% in t h e r -
(21) ma l conductivity per 0, 01 reduction in H / Z r ra t io . Hydrogen redis t r ibut ion 

produced d e c r e a s e s of 0.01 and 0. 03 in the average H / Z r ra t ios at the r eac to r 

midplane and the downstream end leading to dec rease s in the fuel conductivity 

of 3% and 9% and dec r ea se s in the local overal l t he rma l conductance between 

fuel and coolant of 1% and 3%, respect ive ly . (Hydrogen loss was assumed neg­

ligible so that the core average H / Z r rat io remained unchanged at 1.82. ) 

The maximum credible reduction in the overal l t h e r m a l conductance between 

fuel and coolant, UA, due to the combined effects of hydrogen redis t r ibut ion on 

fuel conductivity and gap width is seen to be less than 5%. A 5% reduction in UA 

would resu l t in an inc rease of 1. 6°F in the difference between average coolant 

and average fuel t e m p e r a t u r e s . The maximum combined react ivi ty effect would 

be less than 0. 2 cents or about 0. 6°F , 
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(b) Coolant Flow Distr ibution Effects 

The bottom plate of the SNAP lOA low grid plate was orificed in an attempt 

to obtain a flow distr ibution matching the core rad ia l power distr ibut ion, which 

would resu l t in equal coolant t empera tu re r i se in all channels . Flow dis t r ibu­

tion tes t s indicated that the orifice plate was re la t ively ineffective because of 

flow mixing between the lower orifice plate and the support plate , cross-f low 

within the co re , and nonuniform velocity distr ibutions in the core plenums. In 

order to be conservat ive , all SNAP lOA the rma l calculations have assumed a 

uniform flow distr ibution in the core and no mixing or cross-f low between chan­

ne l s . The corresponding maximum hot-e lement fuel t empera tu re exceeds the 

core average coolant t empera tu re by 135 °F for a core coolant t empera tu re r i s e 

of 128 °F, In a core with a uniform outlet t e m p e r a t u r e , the maximum fuel t e m ­

pera tu re would be 29°F l e s s , resul t ing in a smal l positive react ivi ty inser t ion 

of the o rder of 1,0 cents . 

The assumption of uniform flow distribution with no mixing is considered 

conservat ive . If a more pess imis t i c situation is postulated, namely, a condition 

in which the coolant velocity in the cent ra l channels is 10% below the core aver ­

age, the maximum fuel t empera tu re could exceed the predicted t empera tu re by 

13°F, resul t ing in a react iv i ty reduction of about 0.5 cents . 

The possibil i ty of a m a j o r flow blockage in a coolant channel, causing a local 

fuel hot spot, is exceedingly r emote . In the f i r s t p lace, the source of the block­

ing solid is difficult to v isual ize . Secondly, since all coolant channels are con­

nected, the sealing of an orifice hole or the lodging of a plug in a channel would 

not lead to flow stagnation in the channel. Thirdly, the NaK is a sufficiently 

good t h e r m a l conductor that stagnation in one of the blind channels adjacent to 

the in te rna l ref lec tor , for example , would not produce a significant fuel t e m p e r ­

ature i n c r e a s e . 

What is of prinnary concern is not the uncertainty of flow distr ibution or or i f ic-

ing effectiveness, but the possibil i ty of a gradual and continuous change in the 

flow pat te rn . None of the effects d iscussed above would appear to lend them­

selves to producing this type of change. Whatever the effectiveness of the or i f ic-

ing a r rangement , it is not likely to change during r e a c t o r operat ion. A solid 

plug lodging in a channel would produce its effect, if any, vi r tual ly ins tantane­

ously, and not gradually over a period of t ime . There is no evidence to indicate 
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TABLE 6 
COMPARISON OF PREFLIGHT, REEVALUATED, AND "BEST-FIT" 

STATIC CONTROL PERIOD REACTIVITY LOSSES FOR 
CONSTANT POWER CONDITION 

Reactivity Loss 
Mechanisms 

P r i m a r y Effects 

, Hydrogen Loss 

Hydrogen Redis t r ibut ion 

Prepoison Burnout 

Other Effects 

Reflector Motion 

U Burnup and F iss ion 
Product Accumulation 

Component Radiation Damage 

Thermal Effects 

Total 

Reactivi ty Effect and Uncertainty 
(«^/yr at 40 kw) 

Prefl ight 
Predic t ion 

-3 ± 1.5 

-11 ± 6 

+ 16.5 ± 5 

Not considered 

-12 ± 2 

0 

0 

-9.5 ± 8.2 

Reevaluated 

-19 ± 6 

+ 8.6 ± 5.9 

-4 ± 4 

-14.6 ± 2.7 

-1 ± 1 

"Best-f i t" 
Values 

-2.5 

-18. 

+15.3t 

-5 

-11.9 

0 

0 

-22.1 

tLoading worth of $1.50 (hot) was assumed 

that the re could be a gradual select ive buildup of a plug or a fouling film or a 

continuous gross dis tor t ion of the fuel e lements , the in ternal ref lector or the 

core ves se l ; these a re the only mechanisms that come to mind in postulating a 

continuous change in flow distr ibution, 

e. Summary of Current Per formance Evaluation 

A summary of the reevaluated SNAP lOA static control per iod react ivi ty 

losses is shown in Table 6. The values are normal ized to 40-kw operation for 

1 year for compar ison to the p re t e s t predic t ions . The most significant changes 

are evident in the prepoison burnout (reduced) and hydrogen redis t r ibut ion (in­

c reased) effects. The uncertainty in the total of the calculated react ivi ty los ses 

was determined by the "square root of the sum of the s q u a r e s " method, which 
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impl ies that all effects a r e independent. In fact, this assumpt ion is not co r r ec t 

and the analytical uncer ta in ty should be l a r g e r than the indicated va lues . 

A computer code (DUMOR) was wr i t ten to include calculation of each of the 

major react iv i ty effects as affected by r eac to r pe r fo rmance . The code calculates 

the sum of all react iv i ty effects over a sho r t - t ime interval (^ 24 hr) and d e t e r ­

mines the resul t ing t empera tu re and power level for use in the subsequent t ime 

step through t empera tu re and power react ivi ty coefficients. The hydrogen r e ­

dis t r ibut ion t ime constant and magnitude of effect, and the magnitude of p r e ­

poison burnout, were var ied to obtain a fit to observed r eac to r per formance . 

The bes t fit i s compared to FS-3 performance data in Figure 18, This fit matches 

the observed performance closely except for the "unexplained" positive drift 

between 250 and 300 days . Also shown in the figure i s the react ivi ty gain or loss 

(in °F) at t r ibuted to each react ivi ty effect. The react ivi ty effects employed to 

obtain the fit a re shown in Table 6. The values tabulated a r e for 40-kw, 1-yr 

operation, for compar i son w^ith the reevaluated va lues . Because of the down­

ward drift in r eac to r power, the xenon concentrat ion dec reased during the oper ­

ation, adding react ivi ty , a s shown in the f igure. Table 6 does not show this 

effect as it is normal ized to constant power. Agreement between "bes t - f i t " 

values and the analytical values shown in Table 6 is seen to be quite good. This 

is taken as an indication that the analytical model employed in DUMOR is useful 

in predict ing SNAP lOA reac to r per formance . 

The same DUMOR model shown in Table 6 (but without ref lec tor movement) 

was used to calculate the SlOFS-4 r eac to r per formance . The agreement between 

calculated and observed performance was excellent, and tends to justify the 

assumpt ions of ref lector slippage ea r ly in FS-3 operat ion. 

In summary , the observed performance of FS-3 has been analyzed in detail 

to determine the cause for deviation from the preflight predic t ions . It has been 

concluded that a long hydrogen redis t r ibut ion t ime constant at 900 °F inlet t e m ­

pera tu re and spec t ra l shift and prepoison loading uncer ta in t ies were the p r in ­

cipal contr ibutors to the performance deviat ions. Neither of these effects is 

as impor tant for high t empera tu re stat ic controlled r e a c t o r s for r easons de­

scr ibed in Appendix B. 

An analytical model has been p rogrammed for digital computer solution of the 

performance of SlOFS-3 and s imi la r s tat ical ly controlled r e a c t o r s . 
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B. DIAGNOSTIC SYSTEM PERFORMANCE 

1. Limit Switches 

On May 2, after 100 days at full power PnS-16, the - Z ref lector ON-OFF 

switch, switched open giving a " ref lec tor on" indication. All other switches con­

tinued to read normal ly . 

2, Control Drum Posit ion Indicating System 

Table 7 tabulates indicated posit ions of all four drums at approximately 1 

month in tervals since the end of the active control period on January 25, 1965, 

All data points a re in volts, and r ep resen t the output of the demodulators , each 

point being the average of 20 readings covering a t ime per iod from 6 to midnight 

TABLE 7 

FS-3 DRUM POSITION SENSOR CHANNEL OUTPUT SIGNALS (volts) 

Date 

1 /25/65 

2 /1 

3/1 

4 /1 

5/1 

6/1 

7/1 

8/1 

9 /1 

10/1 

11/1 

12/1 

1/1/66 

2 /1 

2 /15 

Total shift 
(vol ts) and 
d i r e c t i o n 

Total shift 
(equivalent 
d e g r e e s a r c ) 

F ine D r u m No. 3 

Pn I -1 
(0-135° 
Range) 

4.0397 

4.0404 

4.0499 

4.0571 

4.0613 

4.0632 

4.0615 

4.0625 

4.0629 

4.0640 

4.0646 

4.0650 

4.0660 

4.0656 

4.0668 

0.027(+) 

0.811(in) 

P n I - 6 
(0-30° 
Range) 

0.4615 

0.4645 

0.5197 

0.5481 

0.5756 

0.5976 

0.5974 

0.6104 

0.6125 

0.6035 

0.5920 

0.6158 

0.6150 

0.6155 

0.6197 

0.158(+) 

0.948(in) 

F ine D r u m No. 4 

P n I - 2 

4.0906 

4.0905 

4.0936 

4.0979 

4.1000 

4.1078 

4.1059 

4.1088 

4.1110 

4.1173 

4.1165 

4.1223 

4.1235 

4.1270 

4.1292 

0.039(+) 

1.17(in) 

P n I - 3 

0.7785 

0.7726 

0.7838 

0.7986 

0.8119 

0.8277 

0.8414 

0.8483 

0.8604 

0.8873 

0.8933 

0.9025 

0.9059 

0.9300 

0.9376 

0.159( + ) 

0.955(in) 

C o a r s e D 

PnI -105 

5.1013 

5.1042 

5.0920 

5.1122 

5.1131 

5.1049 

5.1079 

5.1029 

5.1091 

5.108 

5.111 

5.117 

5.113 

5.1105 

5.112 

0.0107(+) 

0.321(in) 

r u m No. 1 

PnI -108 

5.8928 

5.9109 

5.8579 

5.9410 

5.9474 

5.9316 

5.9500 

5.9320 

5.9452 

5.9345 

5.9420 

5.9765 

5.9570 

* 
* 

0.0642(+) 

0 .385( in) 

C o a r s e D r u m No. 2 

PnI -106 

4.9293 

4.8947 

4.8793 

4.8776 

4.8726 

4.8836 

4.8715 

4.8708 

4.8701 

4.8726 

4.8795 

4.8680 

4.8940 

4.8612 

4.8720 

0 .0573(-) 

1.72(out) 

Pn I -107 

5.0252 

4.8589 

4.8057 

4.7923 

4.7706 

4.8232 

4.7614 

4.7735 

4.7717 

4.7573 

4.8087 

4.7473 

4.8708 

4.7275 

4.7570 

0.2682(-) 

1.61(out) 

*Data logger t e m p o r a r i l y out of c a l i b r a t i o n on th i s channe l . 
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of the day indicated. Table 7 shows that all channels showed continuous change, 

or drift , with t ime . In mos t ca ses the change was positive, with the exception 

of PnI-106 and -107, (coarse d rum No. 2) for which the change was negative, 

and also the l a rges t in magnitude. There a r e a number of possible causes for 

the output changes observed, including the following: 

1) Changes in the r e s i s t ance of the sensor p r i m a r y c i rcui t , in the sen­

sor p r i m a r y winding itself or in the cabling. Winding changes could be due 

to radiat ion effects on the copper wire or its nickel cladding, or from dif­

fusion of the nickel into the copper . In the cable, changes could be due to 

var ia t ion of the contact r e s i s t ance of the connectors , and l e s s likely, from 

changes in r e s i s t ance of the wire itself, 

2) Changes in the res i s t ive or react ive components of the sensor input 

impedance, caused by var ia t ions in the res is t iv i ty or magnetic p roper t i e s of 

the sensor s t ruc tu re . 

3) Mechanical shift of the sensor rotor with r e spec t to the s tator , could 

resu l t from: (a) changes in the configuration or force generated by ei ther the 

sensor shaft-loading Belleville spr ing or the spring in the flexible coupling 

between the sensor shcift and the drum bear ing shaft, or (b) radiat ion-induced 

growth of metal p a r t s in the sensor or its mounting assembly . In this r ega rd 

it should be noted that on the SlO-FS-3 reac to r the sensor shafts on the coarse 

d rums were subjected to the p roper tension loading, but the fine drum sensor 

shafts were not. 

These var ious poss ibi l i t ies were investigated, and the following information 

obtained and conclusions reached. 

1) Significant changes in sensor p r i m a r y winding r e s i s t ance , ei ther from 

displacements or t ransmuta t ions in the copper or nickel, a r e not likely. The 

operat ing tenaperature of the sensor s (375 F) is high enough to cinneal out all 

defects in copper and t ransmuta t ion effects were ruled out. This is cons ider ­

ably l e s s than the ~19% change which it is calculated woild be requ i red to p r o ­

duce the 1% change observed in the channel outputs. Also, data from the 

manufac turers of n icke l -c lad copper wire indicated that the diffusion of nickel 

into the copper is not a problem until the operating t empera tu re is at l eas t 

500 F . Data from the HF-5 i r rad ia t ion tes t in which senso r s were i r r ad ia ted 
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to >10 nvt and 10 R g a m m a at 500 F c o r r o b o r a t e d t h i s , showing a m a x i m u m 

i n c r e a s e in s e n s o r p r i m a r y r e s i s t a n c e of only 5% ( i n s t r u m e n t a c c u r a c y , ±3%). 

2) D i s c u s s i o n s wi th D. I. G o r d o n of the Nava l Ordnaaice L a b o r a t o r y at 

S i l ve r Spr ing , M a r y l a n d , v e r i f i e d t h e fac t t ha t n e i t h e r r e s i s t i v e o r r e a c t i v e 

c o m p o n e n t s of the s e n s o r input i m p e d a n c e would be e x p e c t e d to change s ign i f i ­

can t ly due to the e f fec t s of e i t h e r r a d i a t i o n o r t e m p e r a t u r e on the m a g n e t i c 

m a t e r i a l in the s e n s o r . 

3) The p o s s i b i l i t y of i n c r e a s e s in the c o n t a c t r e s i s t a n c e of the p ins in the 

c a b l e c o n n e c t o r s i s c o n s i d e r e d a r e a l one . T h i s i s b a s e d on the fac t t ha t 

s i m i l a r e f fec t s w^ere o b s e r v e d in the S l O F S M - 1 s y s t e m t e s t and in l a b o r a t o r y 

" p o o r v a c u u m " t e s t s . The fact t ha t a i r w a s d e l i b e r a t e l y b l ed into the S l O F S - 3 

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

How^ever, in e n g i n e e r i n g t e s t s w h e r e r e s i s t a n c e w a s added in s e r i e s with the 

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

t h i s effect w^ould e x p l a i n the dr i f t of c o a r s e d r u m No. 2 s e n s o r only. 

4) T e s t s of the effect of shaft a-xial load ing on s e n s o r output show^ed tha t : 

a) A c o m p r e s s i o n load on the shaft c a u s e s the a r m a t u r e to m o v e at the 

r a t e of, 0.000367 i n . / l b and r e s u l t s in a d e m o d u l a t o r output d e c r e a s e at t he 

r a t e of 16 m v (0.43 a r c ) p e r m i l . 

b) A t e n s i o n load on the shaft c a u s e s the a r m a t u r e to m o v e at the r a t e 

of 0.0003 in . / lb and r e s u l t s in a d e m o d u l a t o r output i n c r e a s e at the s a i n e r a t e 

a s in (a). H o w e v e r , f r o m the n o - l o a d condi t ion , only 0. 0004 in. mo t ion is 

p o s s i b l e wi th 3 lb of t e n s i o n load . 

The d i r e c t i o n of chcinge of d e m o d u l a t o r output o b s e r v e d in the F S - 3 t e s t v^as 

p o s i t i v e for which the da t a in (b) a p p l i e s . How^ever, a s s t a t ed p r e v i o u s l y , s t a r t i n g 

f r o m the n o - l o a d condi t ion i t i s not p o s s i b l e to c a u s e the a l m o s t 1 shift o b s e r v e d 

by pu l l ing on the shaf t . A p o s s i b l e e x p l a n a t i o n would be tha t d u r i n g i n s t a l l a t i o n of 

the s e n s o r s they w e r e i n a d v e r t e n t l y s u b j e c t e d to a c o m p r e s s i v e load which was 

r e l i e v e d du r ing the t e s t p e r i o d by a d e c r e a s e in the f o r c e e x e r t e d by the shaft 

coup l ing s p r i n g . A n o t h e r w^ould be t h a t an equ iva l en t r e l a t i v e m o t i o n b e t w e e n 

a r m a t u r e and s t a t o r o c c u r r e d due to r a d i a t i o n - i n d u c e d grow^th on the Type 416 SS 

s e n s o r h o u s i n g . 

NAA-SR-11397 

62 



In summary , the gradual shift of sensor output signal shown in Table 7 is 

believed caused by e i ther (1) mechanical shift of the sensor a r m a t u r e with r e ­

spect to the s ta tor , due to changes in configuration or force c ha r a c t e r i s t i c s of 

the spr ings in the shaft drive t ra in , or radiat ion-induced growth of the Type 416 

SS sensor housing or t i tanium sensor mounting yoke, or (2) by i n c r e a s e s in con­

tact r e s i s t ance of the cable connector pins , due to oxidation or contamination. 

(Applicable to Sensor No. 2 only. ) 

It should be noted that the performance of the sensor channels on SlOFS-3 is 

not t ru ly represen ta t ive of what would occur on a flight sys tem, for two r ea sons : 

(1) Since the demodulators a re not in the ins t rument compar tment and a re t h e r e ­

fore not exposed to the radiat ion environment, no shift has been caused by them; 

whereas with the p resen t lOA demod\alator design, drift would occur in a radiat ion 
13 

environment beginning at about 10 nvt fast neu t rons . (2) On a flight sys tem, p r e ­
sumably the sensor shafts w^ould be subjected to tension loading and drift due to 
differenticuL expansion or radiat ion effects on spr ings , e tc . , would be minimized, 

C. CONTROL SYSTEM PERFORMANCE 

During the endurance period, the control sys tem is inactive unless react ivated 

for special t e s t purposes . 

The SlOFS-3 t empe ra tu r e sw^itches were observed after the active control 

per iod to de te rmine the t empera tu re at which they again opened as the t e m p e r a ­

ture drifted downward. The switch with the higher set point opened at 1005°F, 

This set point i s essent ia l ly the same as the 1007°F point indicated at the end of 

the active control per iod. 

The t i m e r was operated after 21 days and was within to lerance on both the 

1-min and 1-hr t ime b a s e s . Because of the high radia t ion in the vacuum chamber , 

due to scat ter ing off the wal ls , the t ime r had received about the same dose as is 

expected in 1 yr of a flight t e s t . The t i m e r could not be r e s e t externally, so no 

fur ther test ing was per formed. 

The t empe ra tu r e de tec to rs used to control the r eac to r , TS-3T and TS-4T, 

were disconnected from thei r respect ive switches on F e b r u a r y 19 and the i r r e ­

s i s tances were subsequently taken daily. F igure 19 shows the initial and final 

detector r e s i s t ance c h a r a c t e r i s t i c s of TS-3T and TS-4T. Detector r e s i s t ance 

i s shown as a function of r e a c t o r outlet coolant t empera tu re as indicated by 
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thermocouples . Inspection of Figure 19 indicates that the res i s t ance of detector 

TS-3T inc reased by about 0.8 ohm during the per iod between ca l ibra t ions (over 

one yea r ) . The res i s t ance of detector TS-4T inc reased by about 3.8 ohm during 

the same period. Determinat ion of the absolute drift in detector res i s t ance i s , 

of course , dependent on the stabili ty and accuracy of the thermocouple t e m p e r a ­

ture m e a s u r e m e n t s . The relat ive detector drift of 3.0 ohms, however, is inde­

pendent of these e r r o r s and i s c lear ly evident from Figure 19. 

Because of the impor tance of the data taken during shutdown to the t empera tu re 

detector analys is , the complete d iscuss ion of the detector per formance will be 

presented h e r e . This provides a more continuous and e a s i e r to read discuss ion. 

P r i o r to sys tem cool-down the t empera tu re de tec tors were reconnected to the 

t empera tu re switches to de te rmine the final t empera tu re sei tchpoints . When the 

sys tem was cooled down TS-3T and TS-4T switched at indicated r e a c t o r outlet 

coolant t e m p e r a t u r e s of 975°F and 942°F, respect ively . The reac to r coolant 

outlet t empera tu re h is tory immedia te ly p r io r to each t empera tu re switch actu­

ation is shown in Figure 20 for TS-3T and.TS-4T. If it i s a s sumed that the de ­

t ec to r s had a the rmal lag during cool-down of approximately 7 min, then the co r ­

responding detector t e m p e r a t u r e s at the switch set point may be approximated 
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as the coolant t empera tu re about 7 m m pr ior to switch opening. The c o r r e s ­

ponding detector t e m p e r a t u r e s at the switch point, as determined from Figure 20, 

a re 992°F and 964°F for TS-3T and TS-4T, respect ive ly . The detector r e s i s t ­

ances corresponding to thege t e m p e r a t u r e s a re 142.2 ohms and 142.6 ohms for 

TS-3T and TS-4T, respect ively . These r e s i s t a n c e s agree closely with the 

t empera tu re detector r e s i s t ances of 14 2,54 ohms and 14 2,62 ohms requi red to 

drop out the TS-3 and TS-4 t empera tu re switches, respect ively, which were 

de te rmined during the reaJignment of the switch set points on January 22, 1965. 

Measurements of switch set points after sys tem cool-dow^n verified that the 

sw^itch set points did not change. Therefore , when proper allowance for detector 

t h e r m a l lag and changes in detector cha rac t e r i s t i c s a r e made, it i s c l ea r that 

per formance of the t empe ra tu r e switches was completely acceptable . 

It is not imnaediately apparent why the detector c i rcui t r es i s t ance of TS-4T 

exper ienced a positive r e s i s t ance inc rease approximately 3.0 ohms g rea te r than 

that indicated for TS-3T. Resis tance m e a s u r e m e n t s w^ere taken daily throughout 

the tes t on two additional t e m p e r a t u r e detec tors which w^ere installed in t he rmo-

wells adjacent to the r eac to r control t empera tu re de tec to rs . These thermow^ells 

normal ly contain the high and low^ t empera tu re switches used in the malfunction 

detection c i rcui t s of the flight sys tem. 

F igure 21 shows the r e s i s t ance ve r sus t empera tu re and t ime his tory of all 

four of the detector c i r cu i t s . The dashed lines indicate the initial detector r e s i s ­

tances ve r sus coolant t empe ra tu r e c h a r a c t e r i s t i c s . It i s in teres t ing to note that 

the initial and final ra te of change of r e s i s t ance ve r sus t empera tu re a re equal 

for each of the detector c i r cu i t s . The slight differences in slope betw^een TS-2T 

and the other de tec tors is probably the resu l t of individual detector instal lat ion 

t h e r m a l c h a r a c t e r i s t i c s . The fact that the slope for a given circui t did not 

change after more than a year of operation, indicates that the sensit ive r e s i s ­

tance e lement did not experience contamination or degradation that would p r o ­

duce a change in the t empera tu re coefficient of r e s i s t ance ( tt ) of the element 

m a t e r i a l . The res i s tance of detector c i rcu i t s for TS- IT and TS-3T remained 

equal to each other at any given t empera tu re within a fraction of an ohm (-0.4) 

for the en t i re tes t per iod. 

The res i s t ance of the detector c i rcui t at a given coolant t empera tu re can 

inc rease as the resul t of: 
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1. inc rease m detector r e s i s t ance 

2. inc rease in connector contact r e s i s t ance 

3. inc rease in lead wire res i s tance 

4 . changes in detector instal lat ion e r r o r s . 

Exper ience with other t empe ra tu r e de tec tors in developmental and qualification 

test ing, indicates that expected changes in detector r e s i s t ance as the resu l t of 

t empera tu re and radiat ion exposure w^ould be on the o rde r of about 0.15 ohms 

ra ther than the 3.8 ohms indicated for TS-4T. Inc reases in connector contact 

r e s i s t ance as the resu l t of t empera tu re and t ime dependent oxidation of con­

nector contract surfaces and changes in contact spring force resul t ing from 

real iza t ion of contact ma te r i a l could also resu l t in inc reased detector circui t 

r e s i s t ance . Uniform degradation of contract res i s tance will not influence the 

m e a s u r e d detector r e s i s t ance or the per formance of the t empera tu re switch. 

Non-uniform degradation of all t h ree high t empera tu re contacts in a detector 

connector, however, can resu l t in apparent inc reased detector res i s tance as 

m e a s u r e d and cam also resul t in changes in t empera tu re detector set point. 

Similar r e su l t s can occur as the resu l t of lead wire res i s t ance changes. Measure ­

ments of detector c i rcui t r e s i s t ance during sys tem cool-down indicated that the 

lead wire c i rcui t r e s i s t ance on detector TS-3T may have increased as much as 

0.5 ohms from the initial lead wire c i rcui t r e s i s t ance measu red at the same 

coolant tenaperature . Similar measu remen t s on detector TS-4T indicate that 

lead wire c i rcui t r es i s t ance i nc rea se s at about 0.33 ohms may have occurred 

during the t es t . Ex te rna l m e a s u r e m e n t s of detector c i rcui t res is tance cannot 

yield data to resolve detector drift, differential, contact r es i s t ance changes, or 

differential lead w^ire res i s tance change effects. These measu remen t s can only 

indicate total r e s i s t ance changes. 

Changes in detector instal lat ion e r r o r s can resul t inapprec iab le changes in 

detector res i s t ance at a given coolant t empe ra tu r e . The detector iastallation 

design is such that the detector r e s i s t ance can be from 5 to 10 ohms below that 

of an i so the rmal detector e lement at the coolant t empera tu re . Variation in the r ­

mal radiat ion view t e m p e r a t u r e s , heat t ransfe r coefficients from the detector 

head and the rmal conductivities and emiss iv i t i es between the heat source and the 

r e s i s t ance e lement can resu l t in changes in instal lat ion e r r o r s . 
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It is suspected that the detector c i rcui t changes indicated for the detector a re 

the r e su l t s of combinations of the above causes . The grea tes t contributions to 

r e s i s t ance change, however, a re expected to be differential contact r e s i s t ance 

changes and changes in instal lat ion e r r o r s resul t ing from changes in heat t r a n s ­

fer conditions which de termine the relat ionship between average detector t empera ­

ture and coolant t e m p e r a t u r e . 

Daily checks of the coarse control d rum actuators for movement about thei r 

full-in position utilizing a manual control ler indicated consistent sat isfactory 

operation of the ac tua tors and bear ings . The coa r se control d rum ac tua tors 

operated at a t empe ra tu r e of approximately 250 F throughout the t e s t . 
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VI. EXTENDED OPERATION AND SHUTDOWN 

On F e b r u a r y 16, 1966, after 390 days of continuous operation, the FS-3 

power and t e m p e r a t u r e were increased to approximately the s tar tup conditions. 

The reac to r was actively controlled for 72 hr and then stat ical ly controlled until 

March 15, 1966, when the sys tem was shut down. 

This per turbat ion of FS-3 normal operation was originally conceived as a 

year- long sequence of operat ions at var ious power levels and corresponding 

t e m p e r a t u r e s , which -were designed to provide hydrogen loss ra te and hydrogen 

redis t r ibut ion information. Funding, however, l imited operat ion to the 28-day 

tes t descr ibed in this section. 

A considerable amount of useful information was obtained during the pe r tu rba ­

tion test: 1) the rel iabi l i ty of the r eac to r sys tem after extended operation was 

demonstra ted; 2) the react ivi ty lost during endurance period operation was 

measured ; 3) control sys tem operation after extended inactivity was demonstra ted; 

and 4) diagnostic ins t rumentat ion performance was demonst ra ted . 

The reac to r shut-down, after more than 10, 000 hr of continuous full-power 

operation, was uneventful. 

A. REACTOR PERFORMANCE 

1. Power Inc rease Phase 

It was predic ted that 20.3)6 of react ivi ty would have to be inser ted to inc rease 

the average coolant t empera tu re to 980°F, and the power to 44 kw. The observed 

react ivi ty inser t ions totalled 11 Ai. The r eac to r was not s tabi l ized at the t ime of 

achieving the 44-k'w level because xenon was not at equi l ibr ium and the ref lector 

t empera tu re was increas ing . When the calculated losses due to xenon and 

ref lector effects a r e added to the react ivi ty inse r t ions , an effective power co­

efficient of -0.29 (±0.02) il °'T is obtained. This is significantly lower than the 

-0.334(6/°F which had been used in previous analysis of endurance period r e a c ­

tivity l o s s e s . An i so the rmal t empera tu re coefficient of -0.25 (±0.02) i/°F was 

also indicated by the data. 

This power level change was somewhat more useful for the determinat ion of 

tenaperature coefficients than the initial r eac to r s ta r tup because the uncer ta inty 

due to ref lector motion was apparently not p resen t , as indicated by no ref lector 

ejection indicat ions. 
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Reactor t empe ra tu r e performance during the power inc rease is shown in 

Figure 22. The react ivi ty inser t ions a r e apparent as "bumps" in the t e m p e r a ­

ture i nc rease curve . 

2. Active Control Phase 

Three and one half hours after initiation of the per turbat ion test , active con­

t ro l was commenced. It was anticipated that 4.3»^ of react ivi ty would be r e ­

quired to maintain tes t t empera tu re and power during the 7 2-hr period. The 

observed react ivi ty loss was only about -1 .3^ during the f i rs t 15 hr of the active 

control period, followed by a smal l ('^ -f0.1>6) react ivi ty gain during the r ema in ­

ing 57 hr . An unexplained 3.1^ react ivi ty gain was indicated by this performance 

(Figure 23). 

Two possible mechan i sms for react ivi ty gain -were examined in attempting to 

explain the unexpected behavior. Hydrogen redis t r ibut ion, as previously men­

tioned, exhibits a smal l positive effect upon cer ta in t empera tu re changes. A 

HYTRAN calculation was performed which indicated a + 0.002j^ effect, which 

rapidly became negative and at 72 hr was about -0.2(6. Although HYTRAN is 

acknowledged to be inaccura te during the initial phase of redis t r ibut ion, it is 

quite unlikely that the positive redis t r ibut ion effect could be as la rge as the 

unexplained effect shown in Figure 23. 
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It was also speculated that the 54-hr half-life of Pm ' may have resul ted in 

an effective high prepoison burnout ra te , which might account for the observed 

react ivi ty gain. The effect was examined and found to be quite smal l . A total of 

+ 0.14^ of net Sm^^° burnout was calculated to occur between the time of the 

power change and the t ime when equil ibr ium burnout was resumed (about 250 hr ) . 

In summary , the active control phase react ivi ty losses were significantly 

(about 3(6) l e s s than expected. No explanation for this performance anomaly has 

been determined; however, the possibi l i t ies of a long- t ime-constant thermal 

effect, hydrogen redis t r ibut ion model e r r o r , or some other previously neglected 

react ivi ty effect, or effects, have not been fully explored at this t ime. 

3. Static Control Phase 

The react ivi ty gain, mentioned above, continued for about 200 hr until 

Feb rua ry 24, 1966. Subsequent to that t ime the power and tempera ture decreased 

approximately as predic ted. Static control phase performance is shown in 

F igure 24. 

The downward t empera tu re drift was predicted to be about -0 .15°F/day using 

the analyt ical model descr ibed in Section V of this repor t . The observed drift 

r a te was approximately -0 ,10°F/day; although the tes t duration was too short to 

pe rmi t an accura te measu remen t . At most , the l e s s e r drift ra te may be taken 

as an indication that hydrogen leakage from the FS-3 fuel was not gross ly differ­

ent from the predic t ions . Hydrogen leakage from intact fuel elements is very 

t empe ra tu r e dependent, so that high hydrogen loss during the year- long endur­

ance period would have been great ly acce le ra ted by the 73°F tempera ture in­

c r e a s e and the pos t -per turba t ion t empera tu re drift ra te should have exceeded 

the nominal predicted r a t e . 

4. Shutdown Phase 

Shutdown was initiated by withdrawing the fine control d r u m s , on 

March 15, 1966. The shutdown was extended over about 20 hr to minimize fuel 

e lement damage due to t h e r m a l s t r e s s e s . 

Two inverse multiplication (approach- to-cr i t i ca l ) exper iments were pe r fo rm­

ed about 70 hr after the FS-3 shutdown. Xenon had essent ia l ly decayed away by 

that t ime , so that a measu remen t of the cold excess react iv i ty , and compar ison 
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to the p r e s t a r t u p e x c e s s r e a c t i v i t y , should p r o v i d e an i n d i c a t i o n of the t o t a l 

u n r e c o v e r a b l e r e a c t i v i t y l o s s e s i n c u r r e d d u r i n g the 10, 000 h r of full power 

o p e r a t i o n . 

The m e a s u r e d e x c e s s r e a c t i v i t y , c o r r e c t e d to the p r e s t a r t u p t e m p e r a t u r e , 

w a s $2.76 ± $0 .05 , c o m p a r e d to t h e p r e s t a r t u p m e a s u r e m e n t of $2.95 ± $0 .05 . 

The a p p a r e n t net r e a c t i v i t y l o s s w a s $0.19 ± $0 .07 . 

Th i s m e a s u r e m e n t w a s v e r i f i e d by adding the 17.4^ r e a c t i v i t y l o s t d u r i n g the 

power i n c r e a s e to the u n r e c o v e r a b l e a c t i v e c o n t r o l p e r i o d l o s s e s , and inc lud ing 

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

l o s s e s should equa l the m e a s u r e d u n r e c o v e r a b l e r e a c t i v i t y l o s s e s r e f l e c t e d in the 

change in e x c e s s r e a c t i v i t y . The s u m w a s $0.20 ± $ 0 . 0 1 , wh ich a g r e e s v e r y w e l l 

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

B . CONTROL SYSTEM P E R F O R M A N C E 

The fine c o n t r o l d r u m s w e r e moved s u c c e s s f u l l y a f te r ove r 1 y e a r of dwe l l at 

the pos i t i on r e a c h e d at the end of the a c t i v e c o n t r o l p e r i o d . The fine c o n t r o l 

d r u m a c t u a t o r s o p e r a t e d at a t e m p e r a t u r e of a p p r o x i m a t e l y 525° t h r o u g h o u t the 

t e s t . S a t i s f a c t o r y c o n t r o l d r u m o p e r a t i o n w a s t h u s d e m o n s t r a t e d in bo th the 

a c t i v e and p a s s i v e m o d e s (the da i l y c o a r s e c o n t r o l d r u m a c t u a t o r c h e c k s ) for an 

e n d u r a n c e p e r i o d of g r e a t e r t h a n 1 y e a r . D u r i n g t h i s p e r i o d the a c t u a t o r s r e -
19 

ce ived a t o t a l i n t e g r a t e d n e u t r o n flux of a p p r o x i m a t e l y 1.5 x 10 nvt and a g a m m a 

d o s e of a p p r o x i m a t e l y 1.5 x 10 r . 

After the v a c u u m c h a m b e r w a s opened fol lowing shu tdown, the e l e c t r i c a l l y 

a c t u a t e d band r e l e a s e d e v i c e (EABRD) w a s e n e r g i z e d . TV c o v e r a g e showed tha t 

the d e v i c e a c t u a t e d p r o p e r l y and the r e f l e c t o r r e t a i n e r band snapped a p a r t qu ick ly 

and c l e a n l y . The snap a c t i o n of the band i n d i c a t e d tha t t he band s p r i n g s w e r e 

s t i l l e x e r t i n g c o n s i d e r a b l e t e n s i o n . R e c o r d s of the vo l t age and c u r r e n t to the 

d e v i c e showed tha t i t s e p a r a t e d a f te r the c i r c u i t had a b s o r b e d about 23 00 w a t t -

s e c and tha t the t i m e to s e p a r a t i o n w a s 9 - s e c . Th i s p e r f o r m a n c e i s t y p i c a l of 

the p e r f o r m a n c e of new E A B R D ' s and i n d i c a t e s no s ign i f ican t effect f r o m the 

ex t ended t h e r m a l - v a c u u m - i r r a d i a t i o n t e s t . 

The d i s c u s s i o n of t e m p e r a t u r e d e t e c t o r p e r f o r m a n c e du r ing shu tdown w a s 

i nc luded for e d i t o r i a l r e a s o n s in the s e c t i o n on c o n t r o l s y s t e m p e r f o r m a n c e 

du r ing the e n d u r a n c e p e r i o d (V. C . ) . 
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C. DIAGNOSTIC S Y S T E M P E R F O R M A N C E 

The ou tpu t s of the p o s i t i o n s e n s o r d e m o d u l a t o r s d u r i n g the ex t ended o p e r a t i o n 

t e s t a r e p lo t t ed in F i g u r e s 25 and 26 . No dif f icul ty w a s e x p e r i e n c e d in ob ta in ing 

t h e d e s i r e d m o t i o n of the d r u m s (hence s e n s o r s ) even though the l a t t e r had b e e n 

s u b j e c t e d to o v e r 9300 hr a t 350 ° F , and had r e c e i v e d an i n t e g r a t e d r a d i a t i o n d o s e 

of over 1.5 x 10 nvt fas t n e u t r o n s , and 1.5 x 10 r g a m m a . No s ign i f i can t 

e l e c t r i c a l nor m e c h a n i c a l d a m a g e to the s e n s o r s w a s a p p a r e n t , a s ev idenced by 

the p o s i t i o n and s lope of t h e d a t a p o i n t s d u r i n g the a d j u s t m e n t of the d r u m s . 

The shift in c a l i b r a t i o n f r o m the end of the a c t i v e c o n t r o l p e r i o d , J a n u a r y 25 , 

1965, to t h e s t a r t of the d r u m m o t i o n on F e b r u a r y 16, 1966, w a s g r a d u a l ( T a b l e 7). 

The p o s s i b l e r e a s o n s for the shift a r e d i s c u s s e d in Sec t ion V - B - 2 . An innpor tan t 

th ing to no t e i s t he fact tha t the s lope of the output a f t e r 1 y e a r i s a l m o s t i d e n t i c a l 

to i t s o r i g i n a l v a l u e i n d i c a t i n g tha t the s e n s o r w a s not s ign i f i can t ly d a m a g e d . 
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VII. CONCLUSION 

The FS-3 nuclear ground tes t verified the SNAP 10A system to be ready for 

the flight tes t . Following a s e r i e s of t es t s simulating launch conditions the 

nuclear t es t successfully dennonstrated the automatic s tar tup, s h o r t - t e r m 

active control on outlet t empera tu re , and long-terna unattended operat ion con­

cepts . In addition, the diagnostic instrumentat ion was shown adequate to p ro ­

vide an aucilysis of sys tem per formance . 

During autonaatic s tar tup, the emalytical predict ions were shown to be reason­

able, and cin experimental ly determined value for t empera tu re and power defect 

was es tabl ished to predict the s tar tup perfornaance of subsequent sy s t ems . 

For the f i rs t t ime, the ability of the control equipment to bring the sys tem 

to power and to automatically control pow^er was demonst ra ted ve ry succes s ­

fully. The tes t disclosed the fact that the control sys tem w^ould normal ly inser t 

tw ô drum steps each t ime the t empera tu re dropped to the set point during the 

active control period. 

Component t empera tu re values were accurate ly establ ished for the f i rs t t ime 

and ŵ e re near predict ions in all c a s e s . 

The long- te rm, unattended operat ion of the sys tem continued sat isfactor i ly 

for over a yea r . It w^as ex t remely beneficial in developing a be t ter analytical 

model for the SNAP zi rconium-hydr ide reac tor . The average t empera tu re of 

the r eac to r decreased with t ime through the f i rs t 9 months and then held e s sen ­

tial ly constant at 908 F . This was not as predicted and an intensive ainalysis 

was performed to achieve an understanding of the behavior. It was de termined 

that the t ime requi red for hydrogen redis t r ibut ion was much longer than p r e ­

dicted and accounted for most of the difference between the predic ted and actual 

pe r fo rmance . The study of other react ivi ty effects improved the definition of 

them, cind as a resu l t a much improved reac tor analytical model was generated. 

This new model, which is also based on the SNAP lOA flight r eac to r (FS-4) pe r ­

formance, provides a close approximation for per formance of s ta t ic -cont ro l led 

SNAP r e a c t o r s , pa r t i cu la r ly those operating in the 1000 to 1100 F t e m p e r a t u r e 

range . The model will enable the prepoisoning of future r e a c t o r s to achieve 

the designed t empera tu re behavior . 
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During the ear ly operating period, it appears the tes t was slightly compro­

mised due to abnormal movement of the reflector result ing from differential 

t he rma l expansion. Modifications to the reflector support for remote handling 

purposes allow^ed this to happen. The movement w^as descr ibed sufficiently, 

however, so that the magnitude of i ts react ivi ty effect could be calculated. This 

calculation -was shown to be reasonable by the per formance of FS-4 . 

During the last month of operation, the FS-3 sys tem was re turned to near 

i ts origineul operating conditions. This provided a g ross check of the new ana­

lytical model, though the t ime period was too short to obtain definitive r e su l t s . 

This las t month of operation was especial ly important in verifying the com­

ponent performance after thei r f i r s t t es t in the t rue SNAP lOA t h e r m a l - r a d i ­

ation environment. All control and diagnostic sys tem components per formed 

sat isfactori ly . The components located around the reactor had received g rea te r 

than 1. 5 X 10 nvt and 1. 5 x 10 r at this t ime . 

On March 15, 1966 the scheduled shutdown of the sys tem was accomplished. 

With 10, 005. 5 h r of uninterrupted full-power operation the reac to r su rpassed 

any other known reac tor for length of continuous operat ion and demonst ra ted 

that the SNAP lOA sys tem is capable of long-endurance mis s ions . 

NAA-SR-11397 

80 



REFERENCES 

1. R. M. Galantine, et a l . NAA-SR-11430, "P re l im ina ry SNAPSHOT-1 
Per fo rmance Summary" (August 1, 1065) 

2. R, B. Paulson and G. Berg , NAA-SR-11934, "Final SNAPSHOT-1 
Report , " to be published 

3. S. Miner , et a l . NAA-SR-11206, " P r e l i m i n a r y Tes t Resul ts -
SNAP lOA-FS-3" (September 1, 1965) 

4. R. W. Winson, NAA-SR-7322, "HYTRAN-A Hydrogen Diffusion Code, " 
(April 16, 1962) 

5. H. P . Fla t t and D. P . Satkus, NAA P r o g r a m Descript ion, "SIZZLE" 
F e b r u a r y 1961, (Internal Document) 

6. G, D, Joanou, et a l . , GA-2451(Vol. I-IV), "Nuclear Data for GAM-1 
Data Tape" (August 22, 1961) 

7. J . D. Gar r i son and B. W. Roos, Nuclear Science-and Engineering, 
Volume 12, pps. 115-134, "F i s s ion-Produc t Capture Cros s Sect ions" 
(1962) 

8. H. P . Fla t t and D. C. Bai le r , NAA P r o g r a m Descript ion, "The AIM-6 
Code" (January 1961) (Internal Document) 

9. R. H. Norman, NAA-SR-TDR-8274, "A Multigroup L ib ra ry of Absorp­
tion Cros s Sections for Natural Samar ium in Zi rconium Hydride Moder­
ated R e a c t o r s " (March 21, 1963) 

10. J, P. Beall and M. W. Hulin (Editors) , NAA-SR-7088, "The Final 
Report on the SNAP-2 Exper imenta l Reactor (SER) Operation and Tes t 
P r o g r a m " (April 30, 1962) 

11. L. D. Fe l ten , et a l . , NAA-SR-8295, "Final Report on the SNAP-2 
Development Reactor (S2DR) Test P r o g r a m " (April 3, 1964) 

12. L. M. Fead et a l . , NAA-SR-10903, "SNAP-8 Exper imenta l Reactor 
Operations and Tes t R e s u l t s " (June 28, 1965) 

13. C. E . Johnson, NAA-SR-11092, "SNAP-8 P r o g r e s s R e p o r t - F e b r u a r y -
Apri l , 1965" (June 15, 1965) 

14. D. W. Clifford, NAA-SR-8613, "Final Report on the SNAP-lOA P r o ­
totype Cr i t i ca l Assembly Studies" (April 30, 1964) 

15. J. Mil ler , et al . , NAA-SR-7140, "Tempera tu re Coefficients and 
Spectra in the Hydride Moderated SNAP R e a c t o r s " (December 30, 1962) 

16. J. R. Beys te r , et a l . , Nuclear Science and Engineering, Volume 9, 
pps. 168-184, "Measurement of Neutron Spectra in Water , Poly­
ethylene and Zirconium Hydr ide" (February 1961) 

17. J. C. Young, et a l . , Nuclear Science and Engineering, Volume 19, 
pps . 230-241, "Neutron Thermal iza t ion in Zirconium Hydride" 
(June 1964) 

• 

NAA-SR-11397 
81 



18. W. A. Rhoades, NAA-SR-MEMO-7515, "The QUICKIE Code - A 
Multigroup Reactivi ty Calculation for One-Region Sys tems" 
(June 22, 1962) 

19. E. A. Nephew, ORNL-2869, "Thermal and Resonance Absorption Cros s 
Sections of the u233^ u235 and Pu239 F i s s ion P roduc t s " (March 1, I960) 

20. C. W. Hamil and F . B. Waldrop, Y-1454, "Shielding Studies: Neutron 
I r rad ia t ion Damage to Lithium Hydride Compact" (November 11, 1963) 

21 . R. E . Taylor and C. J . Ambrose , NAA-SR-9782, "Thermophysical 
P rope r t i e s of SNAP F u e l s " (June 26, 1964) 

NAA-SR-11397 
82 



QftiN<inilh i^ilTAL 

APPENDIX A 

ABNORMAL REFLECTOR MOVEMENT IN SlOFS-3 

Several modifications of the FS-3 ref lector mounting were made to allow 

for r emote removal of the re f lec tor . As a r e su l t of these modifications, it was 

possible for the ref lec tor blocks to move re la t ive to the r eac to r vesse l in an 

abnormal manner . The possibi l i ty of this was f i r s t recognized when limit 

switches indicated ref lec tor ejection during s t a r tup . This movement is e spe ­

cially impor tant s ince react ivi ty effects have been postulated as a resu l t of 

the movement . The the rmal and mechanical calculations supporting the r e ­

flector motion theory a r e presen ted in this appendix, while the magnitudes of 

the reac t iv i ty effects a r e d iscussed in the sect ions on nuclear or r eac to r pe r ­

formance . 

The ref lector position indicating l imit swi tches , PnS-15 and PnS-16 gave 

indications of "Reflector-off" short ly after the s t a r t of the reac tor heatup r amp. 

The events recorded a re as follows: 

1) PnS-15 (+Z Reflector ON-OFF) 

At 1322 on January 22, 1965, this switch actuated (closed) and r ema in ­

ed closed until approximately 0600 on January 23 , 1965, when it switched 

(open). 

2) PnS-16 (-Z Reflector ON-OFF) 

At 1334 on January 22, 1965, this switch actuated (closed) and r ema in ­

ed closed for 100 days. It switched (open) on May 2, 1965. 

At 1322 and 1334 the r eac to r outlet t empe ra tu r e s were approximately 370 and 

430°, respec t ive ly . The ref lector thermocouples , TC-3 1 and TC-40, showed 

no significant r i s e above the 85 °F ambient condition at that t ime . 

The las t setting on these switches w^as made when the sys tem was in the 

chamber after the switches had been removed to allow operations personnel to 

instal l some remote handling equipment. They were set at an over t ravel of 

0.015 to 0.020 in. established by measur ing the c learance between the actuator 

and the switch ca se . The differential t rave l on these switches var ies from 

0.008 to 0.011 in. The over t rave l setting and the switch differential t ravel 

would r equ i re a 0.023 to 0.031 in. re la t ive movement between the reflector and 

vesse l before sw^itch actuation. 
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The fact that both switches actuated within a ve ry shor t t ime in terva l (12 min 

at a t ime when the ref lector had not changed t empera tu re and the core t e m p e r a ­

tu re was r is ing and the vesse l was therefore expanding, indicates that the 

switches actuated because the re f lec tors w e r e moving upward re la t ive to the 

lower end of the ve s se l . The ver t ica l differential expansion between the r e f l ec ­

tor and vesse l when the f i rs t switch actuated w^as calculated to be 0.042 in. and 

was 0. 051 in. when the second switch actuated. If the re were l i t t le or no 

relat ive motion between the ref lector and vesse l at the upper contact point, 

the l imit switches could easi ly have actuated. 

On FS-3 the ref lector ejection spr ings and the hinge eccentr ic pins w e r e 

omitted to facili tate r emote removal of the re f lec tors at the end of the t es t . 

There was , therefore , nothing other than gravi ty to prevent upward movement 

of the re f l ec to rs . Upw^ard forces would occur from frict ional forces between 

the reflector top positioning bolts and the reflector upper s tops. These f r ic ­

tional forces a r e due to the p r e s s u r e of the ref lector band tension. 

A force analysis of a ref lector half (Figure A-1) , which takes into account 

the ref lector weight, ref lector band tension, and the forces applied by the sash 

weight ref lector e j ec to r s , shows that a 63-lb upward force is r equ i red to lift 

a ref lector half and that the coefficient of friction between the positioning bolts 

and the stops would have to be 0.49 or g r e a t e r , assuming the fr ict ional forces 

at the lower hinge to be negligible. 

A second calculation was made assuming that the coefficient of friction at 

the upper contacts and at the hinges was identical . This assumption requ i res 

a friction coefficient in the range of 0.85 to 1.54 for liftoff. Values below this 

range would not develop a l a rge enough upward force at the upper contact to 

overcome ref lector and sash weight and the res is t ing lower contact friction. 

Values above this range w^ould cause the ref lector to pivot about the low^er con­

tact and subsequently dec rea se the upper contact p r e s s u r e and resu l tan t upward 

force . 

The coefficient of fr ict ion range for the ma te r i a l s concerned is 0.55 to 1.00, 

and possibly higher . Thus in the f i rs t assumption above, the frictional forces 

a r e more than adequate to cause liftoff. For the second assumption, the forces 

a r e in the range requi red to resu l t in liftoff. 
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Other possible sources of lifting force on the ref lector were cons idered . The 

ref lector band w^ill develop an upward force vector betv/een the dummy TABRD 

and the standoffs, which in this case a r e the bearing b r acke t s . The band reach 

on each side is approximately 5-1/2 in. and, with an 80-lb band tension, the up­

ward vector is about 2 lb when the TABRD r i s e s 0.050 in. re la t ive to the re f lec ­

to r . 

The lower cable bundles of the reflector wiring h a r n e s s e s consti tute another 

possible source of upward p r e s s u r e . These bundles come off the ref lector at 

an inward angle and make a tight turn outward, exerting some p r e s s u r e on the 

top surface of the shield, and then curve down to the interface r ecep tac l e s . 

These bundles a r e very stiff and not very elast ic and therefore could cause a 
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significant upward force vs^hich would diminish very rapidly as the ref lector 

moved upward. This analys is is par t ia l ly contradicted by the fact that , at the 

t ime switch acutation occur red , the bottom of the r eac to r was probably r is ing 

re la t ive to the top surface of the shield due to heating of the r eac to r support 

legs by the coolant inlet and outlet p ipes . 

Additional analyses w e r e made to es tabl ish in g rea t e r detail the possible 

movements of the re f lec tors re la t ive to the core during the t empe ra tu r e t r a n ­

sients of s ta r tup and the f i rs t few hours of the active control period. Of pa r ­

t icular i n t e re s t , because they would affect react iv i ty , we re the possible move­

ments of the bottom of the re f lec tors towards and away from the c o r e . 

F igure A-2 shows the t e m p e r a t u r e s of the reac to r core vesse l and the r e ­

flector a ssembly during s ta r tup and the f i r s t few hours of active control . 

As the r eac to r t e m p e r a t u r e i n c r e a s e s the ref lector is pulled up and pivots 

at the upper contacts . The low^er end moves ver t ica l ly up and horizontal ly in­

ward around the hinge pin. The horizontal movement is l imited to approximate 

ly 0.050 in. At this point, the ref lec tor inside d iameter contacts the ves se l 

wall permit t ing further motion only in the ver t i ca l di rect ion. It is therefore 

possible for a gap to exist between the hinge and pin for about 1-1/2 hr com­

mencing approximately 1-1/2 hr after s ta r tup . F igure A-3 shows movement 

of the ref lector hinge based on the assumpt ion that no slippage occurs at the 

upper r e f l e c to r - t o -ve s se l contac ts . 

Three hours after s t a r tup , the hinge should again contact the pin due to in­

creas ing ref lector t e m p e r a t u r e and downward expansion of the ref lector 

F igure A-2. Reflector amd 
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re la t ive to the vesse l upper contact . At the instant of contact, forces begin to 

develop which tend to r e s i s t the r e tu rn of the ref lector to its normal position. 

These forces a r e the normal and frictional r e s i s t ance of the edge of the hinge 

bear ing on the pin (Figure A-4). Based on the assumption that the frictional 

value is equal at all contacts , values of the frict ion coefficient w^ere determined 

which would prevent further downward motion of the ref lector blocks . These 

values a r e shown as a function of horizontal displacement in Figure A-5. 

The maximum inboard location of the hinge axis "with respec t to the pin axis 

( ^ ) i s 0.050 in. F igu re A-5 shovi^s that , for this position, the minimum coeffi­

cient of fr ict ion requ i red to prevent downward movement of the hinge around the 

pin is 1.09. If the value actually developed at the hinge contact should exceed 

this va lue , the ref lector would s l ip at the upper contact preventing downward 

motion and the base of the ref lector would r ema in at the 0.050 in. inboard loca­

tion. A second example (Figure A-5) indicates that, for a A of 0.030 in. , a 

coeffici-snt of friction of 2.00 or l e s s w^ould permi t downward motion of the 

ref lec tor . 

Since the fr ict ional values involved a r e thought to be l e s s than the values r e ­

quired to prevent the downward movement of the re f lec tor , it is to be expected 

that the sliding of the hinges around the pins would occur thereby allowing the 

r e tu rn of the ref lec tor to i ts normal position. The reactuat ion of the ejection 

switches (noted at the beginning of this Appendix) indicates that the reflector 

halves did r e s e a t on the hinge pins . 

The possibi l i ty of ref lector movement was verif ied in a non-nuclear the rmal 

tes t s imulat ing the FS-3 s t a r tup . Modifications identical to those made on FS-3 

were made to a ref lec tor and v e s s e l , the two w e r e assembled into the t h e r m a l -

vacuum acceptance tes t chamber , and hea t e r s w e r e instal led in the ve s se l . 

During a f i rs t s imulated s t a r tup , neither optical m e a s u r e m e n t s nor l imit 

switch actuat ions indicated any abnormal ref lector motion. P r i o r to a second 

t e s t , the ref lector r e t a ine r band tension was inc reased from 80 lb , as on F S - 3 , 

to 105 lb. During the second tes t , then, both the optical ins t ruments and l imit 

switches did indicate the abnormal lifting and inward motion of both ref lector 

ha lves . The halves moved upward 0.028 in. during the l a t t e r par t of the . t em­

pe ra tu re r a m p , then the hinges re tu rned to 0.015 in. above their pins as the 

ref lector heated and expanded. Movement of the control d rums caused the 

NAA-SR-11397 
89 



halves to drop back onto the hinge pins . It was concluded from these tes t s that 

the postulated ref lector motion could occur and that it Avould be indicated by the 

l imit switches . Also, drum movement could t r igger dov/nward and outward 

motions of a cocked ref lec tor . 

In summary , it is apparent that the modifications made to the FS-3 ref lector 

mounting to permi t r emote handling allowed abnormal movement of the re f lec ­

tor , especially during per iods of the rmal t rans ien t . The p r i m a r y indication of 

movement was the unexpected and er roneous indications from the two ref lector 

ejection l imit switches during s ta r tup . Analyses of the differential expansion 

during the s tar tup period and the forces on the ref lector showed that the move­

ment was poss ible . This was demonst ra ted by a non-nuclear t h e r m a l tes t s im­

ulating the FS-3 s t a r tup . The react iv i ty effects associa ted w îth this abnormal 

movement a r e d iscussed in the sect ions of this r epor t dealing with nuclear or 

r eac to r performance (Sections III-B, IV-B, and V-A). 
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APPENDIX B 

STATIC CONTROL BEHAVIOR FOR HIGH-TEMPERATURE 
HIGH-POWER SNAP REACTOR OPERATION 

The uncer ta in t ies in magnitude of individual react ivi ty effects associa ted with 

operat ion of SNAP r e a c t o r s at higher powers and t empe ra tu r e s a re g rea t e r than 

in F S - 3 . The net react ivi ty uncertainty, although g r e a t e r than at lower t e m p e r a ­

t u r e s , is not as l a rge as one might expect by consider ing the react ivi ty effects 

individually, however. This is because the e r r o r s in react ivi ty predict ions a r e 

considerably damped by the s trong t empera tu re dependence of hydrogen leakage. 

F igure B-1 is a typical example of this dependence. It is seen that the leakage 

ra te approximately doubles with a 50° F inc rease in r eac to r t empera tu re . If 

react ivi ty los ses under stat ic control a re g r ea t e r than predicted, the reac to r 

t empe ra tu r e will tend to be lower than predic ted. This lower t empera tu re in 

turn causes the hydrogen leakage ra te to be l ess and, therefore , the total r e a c ­

tivity loss ra te is dec reased . The effect of the t empera tu re dependence of hydro­

gen leakage, then, is to dec rea se the t empera tu re drifts due to e r r o r s in r e a c ­

tivity predic t ions . In 1000°F operation, such as F S - 3 , this effect is not signifi­

cant due to the sma l l e r magnitude of hydrogen leakage (about $0.03 in a year , 

l e s s than a tenth of the stat ic control period los s , as opposed to $2.00-$4.00 at 

elevated t e m p e r a t u r e s , which is about four t imes the other l ong- t e rm losses ) . 
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For convenience in i l lus t ra t ing the stat ic control behavior at elevatec' power 

and t e m p e r a t u r e s , a compar i son will be made between the FS-3 design and one 

par t icu la r h igh- tempera tu re r eac to r (Table B-1) . 

TABLE B-1 

REFERENCE 1300°F REACTOR DESIGN 
FOR PERFORMANCE COMPARISONS 

Core Diameter (in. ) 

Core Length (in. ) 

Number of Elements 

The rma l Power (kw) 

Coolant Outlet Tempera tu re 

Core A T (°F) 

Operating Life (years) 

°F ) 

8.875 

12.25 

85 

100 

1300 

190 

3 

The discussed r eac to r , s imi l a r to one which might be proposed for a com­

munications sa te l l i te , was selected as an example because of the amount of 

analysis performed on it to date . Although the design life for this r eac to r is 

3 y e a r s , the end-of-life t empe ra tu r e uncer ta in t ies a re only slightly reduced for 

a r eac to r designed for a 1-year operating per iod. Compar isons of var ious uncer 

taint ies a r e d iscussed in the following text. 

A. PRIMARY PERFORMANCE UNCERTAINTIES 

1. Hydrogen Loss 

The major react iv i ty loss in the example is due to hydrogen l o s s . At present , 

this effect also has the g r ea t e s t uncertainty in calculat ion. Nominal hydrogen 

leakage can be calculated by the LOAFER code using extrapolat ions from i s o ­

the rma l out-of-pile permeat ion t e s t s . (The LOAFER code is a s tepwise calcu­

lation in t ime of hydrogen leakage, react iv i ty and r eac to r t e m p e r a t u r e . The 

HYLO code is incorpora ted as a subroutine for hydrogen leakage calculat ions . ) 

Exist ing exper imenta l data (S2DR, S8ER) have shown, however, that i n -co re 

hydrogen leakage r a t e s a r e g r e a t e r than extrapolated from out-of-pile t e s t s . 

At f i rs t glance, this seems to make static control at elevated t empera tu re s 

imposs ib le . If nominal hydrogen leakage were $2.00 in the re ference reac to r , 

for example, and if the initial leak ra te was actually three t imes nominal , it 

might be calculated that actual hydrogen leakage should be $6.00. Since this 
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would be $4.00 g r e a t e r than expected, the end-of-life t empe ra tu r e might be 

s eve ra l hundred degrees lower than expected, thereby invalidating the concept 

of high t empera tu re stat ic control . 

This analys is , however, ignores the effects of t empera tu re dependency of 

hydrogen leak ra t e and of depletion of hydrogen. An example of these effects is 

given in F igure B-2 . This figure shows the factor by which the leakage through­

out the r eac to r design life ( integrated leakage) is inc reased by e r r o r s in predicted 

init ial leak r a t e . In the curve , labeled "Active Control , " the effects of hydrogen 

depletion a r e i l lus t ra ted . In this case it is assumed that the control sys t em 

holds the t empe ra tu r e constant . It is seen that the integrated leakage does not 

i nc rease l inear ly with initial leak ra te due to the drop in hydrogen p r e s s u r e 

driving force accompanying hydrogen depletion. Fo r example, should the initial 

leak ra te be th ree t imes nominal, the integrated leakage is inc reased only by a 

factor of 2.27. The most powerful effect, however, is that due to the t e m p e r a ­

tu re dependency of leak r a t e . The curve marked "Static Control" allows the 

t empera tu re to drop to compensate for the increased leakage. The drop in t e m ­

pe ra tu re causes a d e c r e a s e in integrated leakage below what would be obtained 

were the t empe ra tu r e held constant as in active control . 
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In the case jus t d i scussed , of an initial leak ra t e th ree tinnes nominal, for 

example, the integrated leakage would inc rease by a factor of only 1.22. The 

accompanying t empe ra tu r e dec rea se would only be 7 0°F instead of the hundreds 

of degrees drift which -would be present should nei ther effect exist . 

A study was per formed to de termine the uncer ta inty in initial hydrogen leak 

ra te which could exist without causing an excess ive degree of end-of-life unce r ­

tainty. It was found that if this initial ra te could be determined to w^ithin a factor 

of about 2 (i . e. , the ra t io of maximum to min imum possible values is l e ss than 

2), the resul tan t end-of-life uncertainty due to integrated hydrogen leakage could 

be made less than ±26°F by loading a prepoison designed for an initial leakage 

ra te in the middle of the uncer ta inty band. An important additional finding was 

that the end-of-life t empe ra tu r e uncertainty due to hydrogen leakage is vir tual ly 

independent of the absolute level of hydrogen leakage ra te so long as the initial 

ra te is known within a factor of 2 (maximum-to-min imum) . 

Limiting the a s sumed uncer ta inty in initial hydrogen loss ra te to within a 

factor of 2 between minimum and maximum possible values is judged to be a 

reasonable c r i t e r i a for design of stat ic control r e a c t o r s . Th i s c r i t e r i a can be 

approached with additional in-pile tes ts and with further evaluation of FS-3 p e r ­

formance. This c r i t e r ion is basical ly considered, however, as applying to the 

second r eac to r in a s e r i e s , i . e . , the hydrogen loss ra te is de te rmined e m p i r i ­

cally by operat ion of the f i rs t r eac to r ei ther on the ground or in orbit . For the 

f i rs t r eac to r in a s e r i e s , the end-of-life t empera tu re uncer ta inty due to e r r o r s 

in predict ion of hydrogen loss ra te would be approximately double the ±26°F 

uncer ta inty d iscussed in this section. 

2. Hydrogen Redistr ibut ion 

Uncertaint ies in the t ime behavior of this phenomenon, which contributed a 

la rge uncer ta inty in FS-3 operation, should not be significant in elevated t e m ­

pe ra tu re operat ion. Because of the inc rease in hydrogen diffusion ra tes through 

the fuel ma te r i a l with t empera tu re , equi l ibr ium hydrogen redis t r ibut ion is a t ­

tained in much shor t e r t ime periods than in F S - 3 . The ent i re magnitude of 

redis t r ibut ion would be compensated during a 3 - to 4-day active control period 

at 13 00°F. Recent exper iments in the S8ER have shown a redis t r ibut ion time 

constant of about 20 hr at 1300°F. 
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The uncer ta inty in magnitude of additional hydrogen redis t r ibut ion r e su l t i ng 

from deviations from nominal performance is included as par t of the uncertainty 

at t r ibuted to the react ivi ty loss mechan i sm causing the off-nominal per formance . 

3. Prepoison Uncertaini t ies 

The effect of prepoison uncer ta in t ies on the end-of-life t empera tu re of the 

subject r eac to r can best be i l lus t ra ted by an example . The example can also 

show the effect of an equivalent uncertainty on a r eac to r at SNAP 1 OA conditions. 

The i l lus t ra t ion is summar ized in Table B-2 following the discussion. 

TABLE B-2 

ILLUSTRATION OF E F F E C T OF UNCERTAINTY IN PREPOISON BURNOUT 

Prepoison Loading Worth at 
Tempera tu re ($) 

Reactivi ty Gain During De­
sign ($) Life (prepoison 
burnout l ess fission prod­
uct Sml49 buildup) 

Poss ib le Deviation in Re­
activity Gain ($) 

Gross Tempera tu re Uncer­
tainty for Prepoison 
Burnout (°F) 

Integrated Hydrogen Leak­
age "Worth with Nominal 
Initial Loss Rate ($) 

Reactivi ty Gain less H 
Leakage Worth ($) 

Poss ib le Deviation in (Gain 
l e s s Leakage Worth) ($) 

Net Tempera tu re Uncer­
tainty for Prepo ison 
Burnout (°F) 

1300°F Reactor 

Mini­
mum 

7.25 

3.87 

Nomi­
nal 

8.28 

4.67 

Maxi­
mum 

9.31 

5.47 

-0.80 +0.80 

-267 +267 

3.00 

0.87 

3.70 

0.97 

4.40 

1.07 

1 1 
-0.10 +0.10 

-33 +33 

SNAP lOA 

Mini­
mum 

1.19 

0.027 

Nomi­
nal 

1.39 

0.086 

Maxi­
mum 

1.59 

0.145 

-0.059 +0.059 

-20 +20 

0.027 

0.000 

0.030 

0.056 

0.033 

0.112 

1 1 
-0.056 +0.056 

-19 +19 
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The worth of the SNAP 1 OA prepoison loading, Sm^O , based on exper imenta l 

measu remen t s was determined to be $1.55 ± $0.20. The uncer ta inty of ±13% 

was due to the sca t t e r of measu red values for Sm^O worth on fuel e lements . 
155 The amount of prepoison (Gd ), required in the 1300°F reac to r is $9.20. 

Because of the l a r g e r amount, the accuracy of the measu remen t in a c r i t i ca l 

assembly should be bet ter percentagewise . A conservat ive es t imate for this 

case is ±10% or ±$0. 92. 

Additional uncertainty in the worth of the prepoison loadings at operating 

t empera tu re may be introduced by e r r o r s in predict ion of neutron spec t ra l 

effects. In SNAP 1 OA the change in worth of the prepoison due to a shift in neu­

tron spec t rum when ra is ing the t empera tu re to operating conditions was assumed 

to be -10% ±5%. In spite of the higher t empera tu re in the 13 00° F reac to r , the 

same es t imate is good since the spec t rum does not affect the Gd c ro s s section 

as strongly as the Sm c ros s section. 

Applying the 10% reduction in worth and combining the uncer ta in t ies in load­

ing worth and spec t ra l shift s ta t is t ical ly , the initial loading worth at t e m p e r a ­

ture is found to be $1.39 ± 0.20 for SNAP 1 OA and $8.28 ± 1.03 for the 1300°F 

r eac to r . The react ivi ty gain due to prepoison burnout during the r eac to r life, 

allowing for the dependence of burnout ra te on the magnitude of spec t ra l shift, 

is calculated to be 8.6 i ±5.^i for SNAP 1 OA and $5,71 ± 0.80 for the 1300°F 

ca se . To make these numbers consistent , the 13 00°F reac tor gain value should 
149 

be reduced by the amount of fission product Sm formed during the design life, 

$1.04 ± 0.01. The comparable react ivi ty gain i s , then, $4.67 ± 0.80. 

The ±5.9)6 uncertainty in react ivi ty gain on SNAP 1 OA is equivalent to ±20°F 

in average t empera tu r e . The ±80(6 in the 1300°F case would be equivalent to 

±267 °F. This does not consider the effect of associa ted changes in hydrogen 

loss ra te , however. 

The worth of the nominal integrated hydrogen leakage for SNAP 1 OA is -3)6. 

If the react ivi ty gain was at the minimum in this r eac to r , causing the t empera ­

ture to drift lower than expected, the hydrogen loss ra te would dec rea se and the 

integrated leakage throughout the design life would be only -2.1 i. Subtracting 

this 0,3^ change in leakage from the -5.9^ uncertainty leaves -5.6j6 or -19°F 

as the net effective uncertainty in end-of-life t e m p e r a t u r e . 
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F o r the 13 00°F r eac to r the worth of the nominal integrated hydrogen leakage 

is -$3.7 0. In this case if the react ivi ty gain was minimum, the leakage would 

be reduced to -$3.00 by the effect of falling t e m p e r a t u r e . Subtracting the dif­

ference in leakage of 1 Qi from the -80<6 uncer ta inty leaves only -10^ or -33 °F 

as the net effective uncer ta inty in end-of-life t e m p e r a t u r e . 

In conclusion, the net end-of-l ife t empera tu re uncer ta inty (as affected by 

prepoison burnout and hydrogen loss) is inc reased from ±19°F on SNAP 1 OA to 

only ±33°F on the subject 1300°F reac to r , due to the beneficial effect of t em­

pe ra tu re dependence of hydrogen leakage. Similar i l lus t ra t ions could be p r e ­

sented in the following sections to support the es t imates of net end-of-life t e m ­

pera tu re uncer ta in ty quoted for the other individual react ivi ty loss mechan i sms . 

B. OTHER CONTRIBUTING EFFECTS 

1. Reflector Motion 

This effect was unique in FS-3 due to special ground handling provisions 

and would not apply to future r e a c t o r s . 

2. Fuel Burnup and F iss ion Product Accumulation 

If the 20% uncertainty applied to FS-3 analysis is used di rect ly in analysis 

for the high t empera tu re r eac to r , an end-of-life t empera tu re uncer ta inty of 

about ±9°F r e s u l t s . This is the net end-of-life uncer ta inty after allowing for 

the t empera tu re dependence of hydrogen leakage. 

3. Radiation Damage 

These effects were minor during FS-3 operat ion and a r e not expected to 

inc rease significantly in spite of the higher t e m p e r a t u r e s . Their maximum 

contribution to FS-3 uncer ta inty was about ±4°F. With an inc rease in these 

effects by a factor of 5, to allow for the 2. 5-fold inc rease in power and higher 

t e m p e r a t u r e , the dampening effect of hydrogen leakage t empera tu re dependence 

will s t i l l maintain the net tennperature uncer ta inty at ±6°F. 

4. The rmal Effects 

Changes in heat t ransfer p roper t ies and flow pat te rns influence end-of-life 

uncertainty by their effect on fuel t empera tu res and ul t imately hydrogen leakage 

r a t e s . FS-3 analysis has shown that the effects of hydrogen redis t r ibut ion 

could have inc reased the heat t ransfe r r e s i s t ance between fuel and coolant by 
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a t m o s t 5% due to fuel m a t e r i a l s h r i n k i n g and a r e s u l t a n t i n c r e a s e in the gas 

g a p b e t w e e n the fuel and c l a d d i n g . B e c a u s e of the h i g h e r t e m p e r a t u r e s invo lved 

l e ad ing to fuel s w e l l i n g and the s c a r c i t y of da t a a t h i g h e r t e m p e r a t u r e s , the 

r e s i s t a n c e m a y c h a n g e d u r i n g the r e a c t o r ' s l i f e t i m e by a s m u c h as 15%. Th i s 

u n c e r t a i n t y l e a d s to a ne t e n d - o f - l i f e t e m p e r a t u r e u n c e r t a i n t y of about 6 ° F . 

C. P R E D I C T E D P E R F O R M A N C E 

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

1 3 0 0 ° F r e a c t o r a r e r e p e a t e d in T a b l e B - 3 wi th a c o m p a r i s o n to the a n a l a g o u s 

v a l u e s for S N A P lOA. 

T A B L E B - 3 

COMPARISON O F E N D - O F - L I F E T E M P E R A T U R E U N C E R T A I N T I E S 
B E T W E E N A 1 3 0 0 ° F R E A C T O R AND SNAP lOA 

1 3 0 0 ° F R e a c t o r SNAP 10 A''' 

H y d r o g e n L e a k a g e 

H y d r o g e n R e d i s t r i b u t i o n 

P r e p o i s o n B u r n o u t 

F i s s i o n P r o d u c t s and F u e l Dep l e t i on 

R a d i a t i o n D a m a g e 

T h e r m a l Ef fec t s 

Net Effec t 

± 2 6 ° F 

-

±33 

±9 

±6 

±6 

±44 

+0 
-21 

±21 

±20 

±9 

±3 

+0 
-1 

+29 
-35 

° F 

* R e f l e c t o r s l i p p a g e not c o n s i d e r e d — F S - 3 only . 

The n e t effect shown w a s d e t e r m i n e d , a s s u m i n g the ef fec ts w e r e i n d e p e n ­

dent , by t ak ing the s q u a r e r o o t of the s u m of the s q u a r e s of the ind iv idua l c o n ­

t r i b u t i o n s . As s t a t e d p r e v i o u s l y , even though the 1 3 0 0 ° F r e a c t o r u n c e r t a i n t i e s 

a r e for a 3 - y e a r d e s i g n l i fe , they a r e only s l i gh t ly g r e a t e r than the u n c e r t a i n t i e s 

for a 1 3 0 0 ° F r e a c t o r d e s i g n e d and p r e p o i s o n e d for 1 -yea r l i fe . 
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D. CONCLUSIONS "-- - . 

SNAP 1 OA FS-3 operat ion has provided invaluable information regarding 

s ta t ical ly controlled reac to r operat ion with which the behavior of 1000°F, 

SNAP 1 OA type r e a c t o r s can be accura te ly predicted empir ica l ly . Information 

der ived from the FS-4 sys tem cor robora t e s data received from FS-3 . The 

significance assoc ia ted with the s imi la r i ty of the behavior of FS-3 and FS-4 is the 

the c lea r indication that observable random react ivi ty effects a re not p resen t in 

SNAP 1 OA reac to r operat ion. 

The magnitude of the t empera tu re uncer ta in t ies assoc ia ted with stat ical ly 

controlled r e a c t o r s operating at higher power levels and higher t empera tu res 

than SNAP 1 OA will not be proport ionally g r e a t e r than the uncer ta int ies at 

1000°F and 40 kwt for severa l r e a sons . The hydrogen redis t r ibut ion effect is 

essent ia l ly completed during the active control per iod for h igh- tempera ture 

r e a c t o r s ; all uncer ta in t ies a r e reduced by the s trong t empera tu re dependency 

of the overr id ing loss mechanism, hydrogen leakage; prepoison uncer ta int ies 

a r e further minimized due to the l a rge r amount of poisons required for the 

higher powered conditions; and improved analytical techniques have been devel­

oped which account for effects which were previously not taken into account. 

Based on the above, it is our conclusion that s tat ical ly controlled reac tor s y s ­

tems can be built and their behavior accura te ly predicted. 
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