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ABSTRACT 

The c o n t r o l of a n u c l e a r r e a c t o r in s p a c e p r e s e n t s p r o b l e m s for any m e c h a n 

i c a l s y s t e m w h i c h m a y be u s e d , e s p e c i a l l y for the long l i f e t i m e s (3 to 5 y e a r s ) 

be ing c o n s i d e r e d . The c o n c e p t of s t a t i c c o n t r o l (no m o v i n g p a r t s a f t e r a s h o r t 

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

m e t h o d of c o n t r o l . S ince r e l i a b i l i t y of the p o w e r s o u r c e fo r any s p a c e a p p l i c a 

t ion i s of t h e u t m o s t i m p o r t a n c e , s t a t i c c o n t r o l a l l o w s a h igh r e l i a b i l i t y by e l i m 

ina t ing the c o n t r o l s y s t e m f a i l u r e p r o b a b i l i t y . 

T h e s e l e c t i o n of a r e a c t o r t e m p e r a t u r e - t i m e p ro f i l e and the u n c e r t a i n t i e s 

a s s o c i a t e d wi th m a i n t a i n i n g i t du r ing o p e r a t i o n a r e e s t i m a t e d . F o r a g iven 

pow^er r a n g e a p r e p o i s o n m a y be s e l e c t e d to supply the r e q u i r e d r e a c t i v i t y g a i n . 

H y d r o g e n l e a k a g e , wh ich i s s t r o n g l y t e m p e r a t u r e d e p e n d e n t , s e r v e s to d a m p 

t h e swing in r e a c t o r t e m p e r a t u r e wi th t i m e . The n o m i n a l d e s i g n c o n s i d e r e d i s 

fo r a 50 °F m a x i m u m t e m p e r a t u r e swing d u r i n g the o p e r a t i n g l ife u n d e r s t a t i c 

c o n t r o l . If t h e t e m p e r a t u r e r i s e s due to a m i s c a l c u l a t i o n of r e a c t i v i t y c h a n g e 

r a t e s , h y d r o g e n l e a k a g e i n c r e a s e s and t e n d s to r e d u c e t e m p e r a t u r e s , h e n c e s i g 

n i f i can t ly d e c r e a s i n g t h e t e m p e r a t u r e r i s e . The o p p o s i t e effect o c c u r s when 

the t e m p e r a t u r e f a l l s . T h i s effect i s un ique wi th m e t a l - h y d r i d e m o d e r a t e d 

r e a c t o r s . 

A p o t e n t i a l l y a t t r a c t i v e d e s i g n a p p r o a c h would be to d e s i g n and p r e p o i s o n t h e 

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

T h i s naode of o p e r a t i o n would m i n i m i z e the c o n s e q u e n c e s of a f a i l u r e in the 

m e c h a n i c a l c o n t r o l s y s t e m and d e c r e a s e t h e t e m p e r a t u r e swing e s t a b l i s h e d fo r 

s t a t i c c o n t r o l o p e r a t i o n . Such a s y s t e m would have the c a p a b i l i t y of fol lowing 

l o a d r e q u i r e m e n t s and , d u r i n g i t s a c t i ve l i f e t i m e , would not be l i m i t e d to n e a r l y 

c o n s t a n t p o w e r o p e r a t i o n . 

T h i s s tudy c o n c l u d e s t h a t t h e u s e of s t a t i c c o n t r o l fo r the c o n t r o l of SNAP 

r e a c t o r s a p p e a r s to be an a t t r a c t i v e m o d e of o p e r a t i o n at c o r e o u t l e t t e m p e r a 

t u r e s up to 1300°F wi th i m p r o v e d h y d r o g e n l e a k a g e b a r r i e r s . T h e b a r r i e r 

m a t e r i a l u s e d fo r S N A P lOA and SNAP 8 E x p e r i m e n t a l R e a c t o r (S8ER) i s s u i t 

ab le a t c o r e ou t l e t t e m p e r a t u r e s up to 1200°F and t h e h y d r o g e n b a r r i e r for 

S N A P 8 D e v e l o p m e n t a l S y s t e m (S8DS) h a s m e t the a c c e p t a n c e t e s t r e q u i r e m e n t s 

N A A - S R - 1 1 9 1 1 
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at 1400°F, i so the rma l . Long- t e rm endurance t e s t s (out of co re , i so thermal) 

indicate that hydrogen leakage is sufficiently low that static control is feasible 

at 1300°F outlet t e m p e r a t u r e for l ifet imes up to 2 ye a r s and power levels ap 

proaching 3 00 t he rma l ki lowatts . 
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1. INTRODUCTION 

by Ato.n.c= I^.e.nat^onal under cont rac t with the U .S . Aton^ic Energy C o ^ J s -

on to r , e a long-Uved energy . o u r c e , o r e lec t r i c power generat ion in 

. p a c e . These r e a c t o r s have been designed for r emote , con^pletely automatic 

s t a r tup and unattended long - t e rm opera t ion. V automatic 

The co re s o£ SNAP r e a c t o r s cons is t ot u ran ium-z i rcon ium alloy fuel e l e -

ment s clad in Haste l loy-N. The uran ium i s fully enr iched in U^^^and com-

p r r s e s • « hy weight of the fuel. The fuel m a t e r i a l i s hydrided to an N Z 

: i l ; "^ ] "̂"̂  " '̂ ""̂ '"'̂ ^ '""'- ">= "-" -" -^ — - r T s int imately mixed with the fn^il TTC ^t • . 
. ., ^ ^ °^ z i rconium hydride p e r m i t s a hydrogen 
dens i tyapproach ing that of cold water with a Hi = « „ • .• nyarogen 
l e s s than one a t m o s p h e r e . * ^ ^ - s o c i a t i o n p r e s s u r e , at UOO-F, 

con '̂railld t l ' " " ": "'̂ "'̂ ^ '" ' "'̂ "^"'" ""^ - ^ "^ P-"'°-^ and 
by N I K " t " " ' " " " " ^ " ' ' ° " " ^ ' " ^ ' " " - ^ " ^ " " ' - - cooled 
by NaK-78, an eutectic mixture of sodium and potass ium, and the core i s r e 
flected radial ly by bery l l ium, core IS r e -

bor ! r r °'": T^ ' ' '̂̂ ^ °' '-^'"""- ^ ^-^^ ^'^"'-•°' *= "-'->= 
for h i ' ' " " * ' ' ^ " ^ ^""^ " " - " = * = - = ° ' l - ^ a g e changes 
for both coa r se and fine cont ro l . In this concept segments of the ref ec tor a r e 

resul t ing changes m leakage cause a reduction in react ivi ty of the r eac to r 

geomet ry . The reac to r contains 37 fuel e lements and is control led by 4 s e m i -

h t t T r : T ' : ; . " " " ^ ^ - " * " " - ' - ^ -ermoelectnc pump is lounted on 
at ° ; " = ' ; . ° ° ' ' ' " ' ' ' " = • ^ " > - ^ - ="- '<l i= - o u n t e d below the r eac to r to a t tenu
ate the radiat ion emit ted in the direct ion of the payload. 

SNAP r eac to r s can be used as a heat source with a var ie ty of power conver 

sion sys t ems for the production of e lec t r i ca l power. The the rmoe lec t r i c p i e r 

conversion sys tem, used in the SNAP lOA flight s y s t e m s , i s shown in Figu I z 

Hot NaK IS pumped from the r eac to r downward through 40 tubes in the power 

NAA-SR-11911 
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F igure 1. SNAP lOA Reactor 

conversion sys tem to a lower naanifold where it is collected and re turned to the 

r e a c t o r . Attached to each of the tubes a r e 72 s i l i con-germanium thermocouples 

which provide approximately 550 watts(e) of power when operating at the nomi

nal outlet t empera tu re of 1020°F. Thermoe lec t r i c conversion modules a r e nov^ 

available which will operate at significantly higher outlet coolant t empe ra tu r e s 

up to '--1300' 'F. 

Other power conversion s y s t e m s , such as mercury -Rank ine and Brayton 

cycle s y s t e m s , can also be sat isfactor i ly mated with SNAP r e a c t o r s . 

Five r eac to r s have been operated as par t of the SNAP development p r o g r a m . 

The f i r s t was the SNAP Exper imenta l Reactor (SER), which began operation in 

the spring of 1959 and produced 225,000 kwh of energy p r io r to i ts scheduled 

shutdown in I960. This r eac to r demonst ra ted the feasibil i ty of the z i rcon ium-

hydride concept and provided the f i r s t data on react ivi ty los ses during operat ion. 

The second SNAP reac to r was the SNAP Developmental Reactor (SDR), which 

operated between Apri l 1961 and December 1962 logging over 11,300 tes t h o u r s . 

NAA-SR-11911 
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The fue l -modera tor e lements in this r eac to r were genera l ly of the configuration 

used in la ter SNAP r e a c t o r s . The hydrogen redis t r ibut ion react ivi ty loss m e c h 

anism was f i r s t recognized in this r eac to r and the effect of hydrogen loss was 

observed at var ious t e m p e r a t u r e s . These a r e the two react ivi ty loss m e c h a 

n i sms which a r e unique to the SNAP z i rconium-hydr ide type r e a c t o r s . 

Verification of the SNAP reac to r capabili ty at higher t e m p e r a t u r e s and power 

was obtained from the recent operat ion of the actively controlled S8ER. During 

i t s t es t p rog ram, S8ER accumulated a total of 10,320 operat ing hours at 400 kwt, 

or m o r e , of which 8,800 hours were at coolant outlet t e m p e r a t u r e s of 1300°F. 

Additional data on hydrogen redis t r ibut ion, hydrogen l o s s , and other react iv i ty 

loss mechan isms were obtained from exper iments per formed using this r e ac to r . 

Use of the static control mode of operat ion allow^s power production for p e r i 

ods of 1 to 5 yr with no mechanical movement of any reac to r component after a 

short init ial r eac to r stabil ization per iod. Reactivity inser t ion due to the bu rn 

out of an init ial ly loaded prepoison is used to compensate for operating react ivi ty 

l o s s e s . The smal l react ivi ty mismatch causes a slight t empe ra tu r e drift; the 

magnitude of the drift is governed by the negative t empera tu re coefficient of the 

r eac to r . The lack of any control sys tem movement after the init ial stabil ization 

period enables operat ion of the reac tor with no moving p a r t s . If the reac tor is 

then used with a static power conversion sys tem, such as a the rmoe lec t r i c s y s 

tem, e lec t r ic power is generated with no moving pa r t s in the ent i re sys tem. 

This can be of g rea t benefit for remote operat ion appl icat ions. 

Two SNAP lOA r e a c t o r s have been operated under the static control mode of 

operat ion. The per formance of these r eac to r s will be d iscussed in a following 

section. The two r eac to r s a r e identical; one was operated in o rb i t , while the 

other has completed 10,000 hr of s imulated space operat ion at the Santa Susana 

Tes t Site in California. 

This repor t deals with the feasibil i ty of static control and the problems a s s o 

ciated with i ts application to SNAP reac tor s y s t e m s . The problems of p repo i -

soning and the influence of poison selection on the t ime behavior of the reac tor 

have been de te rmined . The effects of uncer ta in t ies in react ivi ty predict ions and 
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the resul t ing uncer ta in t ies in r eac to r t empera tu re have been examined and 

found to be manageable . Though the repor t d i scusses the application of 

s ta t ica l ly-cont ro l led r e a c t o r s to the rmoe lec t r i c s y s t e m s , the r e su l t s devel

oped a r e a lmos t ent i re ly applicable to other s y s t e m s . 
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II. SNAP REACTOR REACTIVITY LOSSES 

SNAP reac to r react ivi ty los ses can be classif ied as s h o r t - t e r m ("saturat ing") 

l o s ses or as l ong- t e rm ("operational") l o s s e s . The magnitude of the s h o r t - t e r m 

los ses is essent ia l ly independent of the operating life of the reac tor and depends 

only on reac to r power , t e m p e r a t u r e , and configuration. The long- te rm losses 

continue throughout r eac to r operation and therefore a lso depend on the lifetime 

of the r e a c t o r . 

A. SHORT-TERM REACTIVITY LOSSES 

1. Tempera tu re and Power Defects 

As the t empe ra tu r e of a SNAP reac tor is i nc reased above ambient, a loss in 

react ivi ty o c c u r s . The rmal expansion of the core ves se l and reflector compo

nents r e su l t s in a reduction in effective density and an inc rease in neutron leak

age. An i so the rmal t empe ra tu r e coefficient may be determined by non-nuclear 

heating of the r eac to r . The operating reac tor is not i so thermal , and a power 

coefficient is used to account for the react ivi ty changes from i so the rmal condi

t ions . It is calculated by the equation: 

% - E^T.i^^T./dP) (c 
1 

where 

OL - power coefficient (^/kw), 
p X- 1 / J 

0!„ . = "par t i a l " t empe ra tu r e coefficient for component i ((^/°F), and 
• ' • > ^ 

/^ 
/dTA 
I -.p I = change in t empe ra tu r e of component i per unit change in r eac to r 

power averaged in an importance sense . 

The summation is taken over such reac tor components as the fuel, grid p la tes , 

and ref lec tor . The power coefficient is a r a the r strong function of reac tor core 

configuration since, for example , the t empera tu re r i se (center l ine- to-edge) 

a c r o s s the fuel per unit power depends to a high degree on the fuel element s ize . 

The i so the rma l coefficient is a much weaker function of the core configuration, 

depending p r imar i ly on the g ross reac tor leakage, the neutron spec t rum, ref lec

tor configuration, and prepoison loading. 
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The SDR i so the rma l t empe ra tu r e coefficient was exper imental ly de te rmined 

using both per iod m e a s u r e m e n t s and a ca l ibra ted control d rum. Both methods 

showed a coefficient of -0 .21^ / °F from ambient t empe ra tu r e to 800°F. Above 

800°F the coefficient i nc r ea se s and is near - 0 . 3 ^ / ° F at 1100°F.^ ' 

No r ea son for the i nc rease in magnitude above 800 °F was given in the or ig i 

nal ana lys i s . Speculation included the fuel spec t ra l effect or thermomechanica l 

"seating in" of some component. The sca t ter observed at t e m p e r a t u r e s as low 

as 600°F indicates that the t rend may be a more gradual , perhaps even l inear , 

i nc rease with t e m p e r a t u r e . 

(3) The i so the rma l t empe ra tu r e coefficient for S8ER was measu red at 50"F 

in te rva ls with the core average NaK t e m p e r a t u r e ranging from 300 to 1250' 'F. 

The m e a s u r e m e n t s were obtained by use of both "positive per iod m e a s u r e m e n t s 

and "level posi t ion" methods . 

The posit ive per iod measu remen t method used identical d rum posit ions at 

tw ô success ive t empe ra tu r e s to produce positive pe r iods . The tenaperature 

defect was de termined for the t empe ra tu r e change from the difference in the 

pe r iods . This method is considered m o r e accura te than the level position 

method which de termined the t empe ra tu r e defect by the difference in control 

d rum positions at "exactly c r i t i c a l " for two success ive t e m p e r a t u r e s . The 

difficulties w^ith the level position method s tem from determining the exactly 

c r i t i ca l position and from the uncer ta in ty in the control d rum cal ibrat ion. The 

level position measu remen t s confirmed the positive per iod measu remen t analy

s i s . The re su l t s of the exper iments a r e shown in Table 1. 

TABLE 1 
MEASURED ISOTHERMAL TEMPERATURE 

COEFFICIENTS FOR S8ER 

Tempera tu re 
(°F) 

300 

800 

1200 

Exper imenta l Resul ts 
(^ / °F ± 0.01) 

-0.16 

-0.18 

-0.20 
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2. Hydrogen Redistr ibution 

Hydrogen mig ra t e s within fuel e lements under the influence of t empe ra tu r e 

g rad ien t s . The net flow from hotter to colder port ions of the fuel rod continues 

until a quas i -equi l ibr ium state of spat ia l ly-constant hydrogen par t ia l p r e s s u r e 

within each fuel element is reached. This s tate is at bes t one only of q u a s i -

equi l ibr ium since the hydrogen inventory is continuously decreas ing due to 

leakage from the e l ements . Since the net flow of hydrogen is to the colder p o r 

tions of the fuel rod, and since these regions a r e in genera l regions of lower 

nuclear worth, a net react ivi ty loss r e s u l t s . 

Hydrogen redis t r ibut ion exper iments have been performed on the SDR, S8ER, 

and SlOFS-3 r e a c t o r s . Hydrogen redis t r ibut ion react ivi ty loss appears to s a t 

u ra te with a t empera ture -dependent t ime constant and, in s imples t form, may 

be expressed a s , 

^PHR(*) = % R ( - ) ^ I - - ' ' ^ ^ ^ 

where 

Ap (t) = react ivi ty loss due to redis t r ibut ion at t ime t, 
HR 

APiTn(oo) = equil ibrium redis t r ibut ion react ivi ty l o s s , and 

T = t ime constant for redis t r ibut ion. 

Measured t ime constants a r e shown in F igure 3 together with es t imated u n c e r 

tainty l imi t s . 

The reactivi ty worth of equil ibrium hydrogen redis t r ibut ion, for constant 

inlet t e m p e r a t u r e , i n c r e a s e s as the power i n c r e a s e s and as the core AT i s 

inc reased . At constant power and constant core AT the worth i n c r e a s e s as the 

inlet t empera tu re is reduced. 

3. Xenon Buildup 

Because of i ts la rge the rmal absorption c ro s s - s ec t i on ('^3 x 10 ba rns ) , 

xenon-135 is the most significant f ission product poison formed. It is formed 

p r imar i ly by the radioact ive decay of t e l lu r ium-135 , as shown in the following 
, „ , . . „ 135 i m i n ^135 6.7 hr „ 135 9.2 hr ^ 135 2 . 1 x l o 6 y r „ 135 decay chain: Te »-I »-Xe ».Cs i-^-Ba 

Since the half-life of te l lur ium-135 is of such short duration, the analysis is 

simplified by assuming that iodine-135 is produced di rect ly from fission. The 
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Figure 3. Hydrogen Redistribution Time 
Constant vs Average 

Fue l Tempera tu re 

concentrat ion of xenon is therefore governed by the following differential 

equat ions. 

^ = X-I - (CT <p -f X )X + L^ipy dt I X X f x 

w^here 

I = iodine-135 concentrat ion 

L. = macroscopic U fission c ro s s section 

<p = neutron flux 

y , = iodine-135 yield from fission 

y = xenon-135 yield from fission 
X ' 

X = iodine decay constant 

X =xenon-135 concentrat ion 

a = microscopic xenon-135 absorpt ion c r o s s section 

X = xenon-135 decay constant x ' 
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It i s assumed that burnout of iodine by neutron absorption is negligible com

pared to i ts removal by radioactive decay. The fl\ix used in the calculat ions is 

the total flux, in tegrated over energy, and the c ro s s sections a r e one-group 

c r o s s sections averaged over the ent i re energy spec t rum. Because of this 

method of energy-averag ing , the c r o s s sections a re much smal le r than would 

be obtained by thermal- f lux weighting, but the integrated react ion ra te is 

ident ical . 

If the s teady-s ta te condition is specified (derivat ives set equal to zero) , the 

equil ibrium concentrat ion of xenon is obtained a s , 

X (ri+y^)SfCp 

•"oo ~~J. + a o 
X X 

F r o m Reference 4: 

7 j = 0.056 

7 = 0.003 
X 

Xj = 2.87 X 10"^ sec"^ 

X = 2.09 X 10"^ s e c " ^ 
X 

F o r the spec t rum and loading of a SNAP lOA reac to r , 
L̂  = 0.02689 cm"-"-

5 
O = 2.322 X 10 b a r n s . 

X 

The equil ibrium worth of xenon is a function of the uranium-235 loading and 

the flux level . The model gives a xenon coefficient of -0.39^/kw for SNAP lOA 

and -0.23^/kw for S8ER. 

12 2 

F o r the low flux levels ('^lO n / c m -sec) encountered in SNAP lOA reac to r 

operat ion, the burnout of xenon by absorption (a (p) is negligible compared to 

radioactive decay (X ) hence no xenon over r ide capabili ty is requi red . Under 

these c i rcumstances the equil ibrium concentrat ion, and therefore the equil ibrium 

worth, is proport ional to reac to r power. F r o m S8DR exper iments , this con-

stant of proport ionali ty has been determined to be -0 .41^/kw. F o r different 

loadings, spec t ra , and higher power leve ls , the concentrat ion must be calculated. *1 cent = 0.01 dollar = 0.00008 Ak/k . 
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The react ivi ty effects of xenon poisoning were m e a s u r e d in the l a rge r SNAP 8 
(3) r eac to r by monitoring the change in excess react ivi ty caused by a rapid change 

in s teady-s ta te power l eve l s . The power changes were made at conditions such 

that the t r ans ien t react ivi ty effects caused by hydrogen redis t r ibut ion and tenn-

pe ra tu re changes were minimized. The change in excess react ivi ty was c o r 

rec ted to account for react ivi ty effects which could not be elinainated by expe r i 

menta l technique. The ±7% uncer ta inty in the measu remen t is mainly at t r ibuted 

to the uncer ta inty in the absolute power nneasurenaent. The xenon worth at600kw^ 

was de te rmined to be $1.26 ± 0.09, or -0 .21^/kw. 

B. LONG-TERM REACTIVITY E F F E C T S 

1. F i s s ion Product Buildup 

A continuing source of react ivi ty depletion is the formation of fission f r ag 

ments possess ing la rge absorption c r o s s sec t ions . These poisons a r e classif ied 

as rap id ly-sa tura t ing , s lowly-sa tura t ing, or non-sa tura t ing , depending on the 

extent to which they build up to s teady-s ta te concentrat ions under SNAP reac to r 

operat ing condit ions. Contributions f rom each of these groups were summed to 

provide a total f ission product c r o s s section (barns/ f iss ion) as a function of 

exposure . Because of i ts very rapid saturat ing na tu re , samar ium-149 is t r ea ted 

as a separa te poison. C ros s sections obtained in this manner a r e presented in 

Table 2. 

2. Fue l Depletion 

Because of the low modera to r to fuel ra t io in SNAP r e a c t o r s , the inc rementa l 

worth of fuel i s ve ry smal l . F o r the smal l quanti t ies burned out in SNAP lOA 

operat ion, for example , the react ivi ty loss r a t e is l inear with burnout and has 
235 been calculated to be -9.1«{/% U 

3. Hydrogen Loss 

At operating t e m p e r a t u r e s , the in te rna l hydrogen p r e s s u r e causes hydrogen 

permeat ion through the cladding tubes into the NaK coolant. It then leaks through 

the co re v e s s e l walls and sys tem piping and is los t . Environmental react ivi ty 

calculat ions and c r i t i ca l exper iments indicate that the worth of leaking hydrogen 

is about $1.00/0.1 N^T unit . To inhibit the ra te of leakage a ce r amic hydrogen 

b a r r i e r i s applied to the inside of the cladding tubes . Pe rmea t ion through this 
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TABLE 2 
FISSION PRODUCT CROSS SECTIONS FOR SNAP lOA REACTORS 

(For use with the SIZZLE code) 
(Xel35 and Sml49 not included) 

Energy 
Increment 

0.1 Mev to 10 Mev 

17 kev to 0.1 Mev 

3 kev to 17 kev 

550 ev to 3 kev 

100 ev to 550 ev 

30 ev to 100 ev 

10 ev to 30 ev 

3 ev to 10 ev 

1 ev to 3 ev 

0.4 ev to 1 ev 

0.1 ev to 0.4 ev 

0.001 ev to 0.1 ev 

Energy 
Group 

1 through 5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Exposure (kwt x year) 

0 100 1000 

Cross Sections 
(barns/f iss ion) 

0 

0.11 

0.55 

1.45 

7.79 

19.5 

21.0 

68.3 

24.7 

15.0 

25.1 

89.4 

0 

0.11 

0.55 

1.44 

7.78 

19.4 

21.0 

68.2 

24.5 

14.9 

23.8 

81.8 

0 

0.11 

0.54 

1.40 

7.55 

18.8 

20.1 

63.3 

22.5 

13.9 

19.7 

59.1 

b a r r i e r (and defects in the b a r r i e r ) becomes the limiting loss r a t e -de te rmin ing 

mechanism. 

The equation descr ibing the permeat ion through the b a r r i e r i s . 

5/2 - ^ 4 / ^ 
^/2 -K2/T K3PT^^ '^e 

L = K . P e -|- 7p TITT 

where 

5/2 ''"4' 
T^'^ + K ^ P e 

L = hydrogen leakage cu r r en t from element surface ( c c / h r - c m ) 

T = local t empe ra tu r e of b a r r i e r (°R) 
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P = hydrogen p r e s s u r e inside element (atm), and 

K . , K - , K - , K . = constants depending upon nature of coating and application 

p r o c e s s . 

F o r the SNAP lOA e lements , 

2 1/2 
K, = 1.42 c c / h r - c m -a tm 
K- = 12,760/°R 

2 
K- = 4,554 c c / h r - c m -a tm 

K^ = 28,160/°R, and 

K^ = 8.432 x 10^-^ (°R)^^^/ a tm. 
D 

Hydrogen leakage is strongly tempera ture -dependent , essent ia l ly doubling 

with a 50°F i nc r ea se in t e m p e r a t u r e . The ra te of hydrogen leakage also d e 

c r e a s e s rapidly with depletion of hydrogen as the hydrogen concentrat ion, and 

therefore the hydrogen p r e s s u r e driving force , d e c r e a s e s . 

All the react ivi ty effects mentioned above, sho r t - and long- t e rm, a r e r e a c 

tivity loss m e c h a n i s m s . To compensate for these l o s s e s , a react iv i ty gain 

mechan i sm is needed. The burnout of an initially loaded prepoison fulfills this 

r equ i rement and is descr ibed in the next section. 

4. Prepoison Burnup 

Several prepoison m a t e r i a l s have been considered for u s e , but the equations 

that follow a r e for samariunri-149. The long- t e rm effects include the burn- in 

of samariuna-149, unless the effect is r e v e r s e d by preloading g r e a t e r than the 

equil ibrium concentrat ion in the c o r e . The equations relatiiig samar ium-149 

concentrat ion with t ime may be der ived as follows. 

Neodymium-149 is a d i rec t f ission product which decays to promethium-149 
14 which decays to s amar ium-149 , a stable isotope ('^10 year half l ife). 

„ , 1 4 9 2.Oh „ 149 53h „ 149 Nd ^ P m ^ Sm , 

NAA-SR-11911 
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dN + XNdt = y L (pdt, and 

'^'h'^ -X t 
N =--jf- (1 - e n ) . 

n 

a f t e r -^10 h o u r s , N = yL^(p/X^ , 

d P + X P d t = X Ndt , 
p n 

d P -I- X P d t = yLf(pdt 
P f 

y^f*^ -X t 

P 

dS -f (Xj. -f (pa)Sdt = X^Pdt , 
o p 

X g - 0 

dS + (paSdt = ySf <p(l - e" P^ dt , 

Se'P^'=yZ^<pf(l - e-^Pbe'^^dt , and 

-^,(P^^(-e-n-.X.(l-e-^P^)] . 

G e n e r a l l y cpa « X and 
P 

3=^U-e-', , 
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S(oo) =yE^/«W , and 

S ( t ) = S ( c o ) ( l - e - * " ' ) + S ( 0 ) e - « " « . 

This acuation i . used to calculate the reactivity gain due to the burnout o£ 

: : : ; : : : : - : « . S l ^ ^ a r equations are available .or other burnable potsons 

which ™ght be used. The notation used here i s l is ted belov,. 

t = t ime 
,149 

149 

N = number of Nd^ ^ (a toms /cc ) 

P = number of Pm^^^ (a toms/cc) 

S = number of Sm^^'^ (a toms/cc) 
149 , . - 1 . 

X = decay constant for Nd (tinne ) 
n 149 
V = 0.0113, yield f rom fiss ion of m a s s isotope, 

£, = macroscop ic fuel c r o s s section for U (cm ) 

149 . - 1 \ 
X = decay constant for P m (time ) 

P 2 
<p = average flux (n / cm -sec) 

2 
a = Sm^'*^ c r o s s section (cm ) 

S(t) = Sm^'*'^ concentrat ion at t ime t 

S(oo) = Sm^^^ concentrat ion at equil ibrium 

S(0) = Sm^^^ concentrat ion at t ime z e r o . 

The concentrat ion for dilute mix tu res of prepoison in the co re is d i rec t ly 

The concentra t i Reactivity wor ths may be substi tuted di-
proport ional to the react ivi ty wor th . Reactivity 

.• r̂, nlace of the samar ium-149 concentrat ion, 
rec t ly into the equations in place oi tne scti 
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III. PREPOISON SELECTION FOR STATIC CONTROL 

T h e Choice of a p a r t i c u l a r p r e p o i s o n and t h e c o n c e n t r a t i o n s e l e c t e d fo r a 

S N A P r e a c t o r s t a t i c c o n t r o l a p p l i c a t i o n „ , u s t fulfi l l two c r i t e r i a : , 1 , t h e m a g n i -

tude of the r e a c t i v i t y i n s e r t i o n due to p r e p o i s o n b u r n o u t ^ u s t be suf f ic ient to 

c o m p e n s a t e for t h e r e a c t i v i t y l o s s e s ou t l i ned in t h e p r e c e d i n g s e c t i o n , and 

(2) t h e r a t e of r e a c t i v i t y i n s e r t i o n m u s t not di f fer s i g n i f i c a n t l y f r o m t h e r a t e of 

r e a c t i v i t y l o s s e s . Any s ign i f i can t d i f f e r e n c e s b e t w e e n the r a t e s of r e a c t i v i t y 

m s e r t i o n and r e m o v a l wi l l r e s u l t in s e v e r e t e m p e r a t u r e d r i f t s d u r i n g l i f e t i m e 

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

The t e m p e r a t u r e p r o f i l e d u r i n g l i f e t i m e , and t h e r e f o r e the r e q u i r e d r e a c t i v i t y 

m s e r t i o n d u r i n g l i f e , w i l l d e p e n d on the p r e p o i s o n l o a d e d . S ince t h e r e a c t i v i t y 

OSS ( p r i m a r i l y due to h y d r o g e n l e akage ) i s s t r o n g l y dependen t on t e m p e r a t u r e 

he s h a p e of t h e t e m p e r a t u r e - t i m e p ro f i l e i n f l u e n c e s the o p e r a t i o n a l r e a c t i v i t y ' 

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

f i l e , and t h e r a t e of p r e p o i s o n b u r n o u t v a r i e s s lowly wi th t e m p e r a t u r e . It can 

b e s een tha t t h e r e a r e m a n y c o m b i n a t i o n s of p r e p o i s o n s which w i l l p r o v i d e a 

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

t h e t e m p e r a t u r e p ro f i l e d u r i n g l i f e t i m e wi l l d e p e n d on t h a t p o i s o n l o a d e d . T h e r e -

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

Chosen . 

If a p p r o p r i a t e l y - a v e r a g e d o n e - g r o u p c r o s s s e c t i o n s and f luxes a r e def ined 

the w o r t h of t h e p o i s o n a t any t i m e fo l lows a s i m p l e e x p o n e n t i a l l aw , 

-(pCT t 
Pp(*) = P p \ ( 0 ) e P 

w h e r e 

Pp(t) = r e a c t i v i t y w o r t h of p o i s o n a t t i m e t 

Pp(0) = i n i t i a l r e a c t i v i t y w o r t h of po i son 

Cp = m i c r o s c o p i c p o i s o n a b s o r p t i o n c r o s s s e c t i o n , and 

(P = t o t a l flux in r e a c t o r 
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The flux, however, i s given by 

(P = K Q 

where 

Q = t h e r m a l power of r eac to r 

U = u ran ium-23 5 loading 

(T, = uran ium-235 microscopic f ission c r o s s sect ion, and 

K = proport ional i ty constant . 

Substituting for the flux. 

''E^=e-'̂  v^ m) • 
This equation indicates that the fract ional burnout of a prepoison depends both 

upon the specific energy r e l ea se I-TT-) and the rat io of the microscopic poison 

c r o s s section to the microscopic fission c r o s s section. Use of a poison with 

too high a microscopic c ro s s section will lead to too rapid initial poison burnout. 

The assoc ia ted react ivi ty gain ra te far exceeds the react ivi ty loss r a t e s accom

panying reac to r operat ion. As a resu l t , t empe ra tu r e peaking acce le ra tes hydro

gen leakage . At the end of life, when the poison is substantial ly burned out, the 

react iv i ty loss ra te exceeds the gain ra te and the t empera tu re falls rapidly. 

Very l a rge t empe ra tu r e swings during life r e su l t . If the c ro s s section of the 

prepoison is too smal l , too la rge a fraction of the prepoison will remain at the 

end of l ife. This res idual poison compr i se s a react ivi ty penalty. The decision 

as to whether a poison c r o s s section is too l a rge or too smal l depends on the 

other t e r m in the exponent, -ry-. As this specific extracted energy i n c r e a s e s , 

the des i red prepoison c r o s s section d e c r e a s e s . Exper ience has shown that , 

for operat ion of s tat ical ly controlled r e a c t o r s at elevated t empera tu re s (1200 to 

1300°F coolant outlet t e m p e r a t u r e s ) , approximately 30 to 40% of the prepoison 

should remain at the end of life if a reasonably flat temperature-t inme profile is 

to be obtained. (This is d i scussed in Appendix B.) The c r o s s section of the 

poison should therefore be roughly inverse ly proport ional to specific energy 

r e l e a s e . 
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Several isotopes have been studied to de te rmine the i r use as prepoisons for 

s ta t ica l ly-control led SNAP r e a c t o r s . . Since only a few g r a m s of m a t e r i a l a re 

used in mos t c a s e s , the use of separa ted isotopes has not been avoided. The 

l is t of isotopes p resen ted in Table 3 is not intended to be complete . Some m a 

t e r i a l s not included, such as hafnium, have shown promise and their use as 

burnable poisons is under considerat ion. 

TABLE 3 

PREPOISONS FOR STATIC CONTROL OF SNAP REACTORS 

Isotope 

Gadolinium-157 

Samar ium-149 

Cadmium-113 

Gadolinium -15 5 

Europium-151 

Boron-10 

One -Group Absorption 
Cross Sections 

(barns)''^ 

3600 

2500 

1390 

1000 

370 

143 

/ * 
^a/^f 

160 

110 

62 

44 

16.4 

6.3 

''-Based on a 10 wt % uranium - ZrH^ g spect rum 
CTa. is the spec t rum averaged absorption c ro s s section for 
each poison, CTf is the spec t rum averaged fission c ro s s 
section for U235, 

Because of the different energy-dependencies of the various c ro s s sect ions , 

the rat io O^/o^ will shift with neutron spec t rum. Only minor changes a r e noted 

with slight shifts in reac to r size or hydrogen concentrat ion. Some c ros s s e c 

tion ra t ios change rapidly with changes in the uranium content in the u r a n i u m -

zi rconium hydride fuel. The dependence of this ra t io on uran ium content i s 

sho'wn in F igure 4. 

Using a 10 wt % uranium - ZrH spec t rum, the fract ional poison burnout 
l . o 

as a function of poison c r o s s section rat io and specific energy r e l ea se is shown 
in F igure 5. If a fract ional res idua l poison of 30 to 40% is considered near 

optimum at the end of life, a range of applicability for each of the poisons in 

Table 3 may be obtained from F igure 5. Table 4 indicates this range of 

applicabili ty. 
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Figure 4. Absorption-to-
F i s s ion Cros s Section 

Ratios for Poss ib le 
SNAP Reactor 

Prepoisons 
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Figure 5. F rac t iona l Residual 
Poison vs Poison Cros s 

Section for Various 
Specific Energy 

Releases 

TABLE 4 
APPLICABILITY OF PREPOISONS FOR 

STATIC CONTROL 

Poison 

Gadolinium-157 

Sannarium-149 

Cadmium-113 

Gadolinium -15 5 

Europium-151 

Boron-10 

^ a / ^ f 
U " 5 

160 

110 

62 

44 

16.4 

6.3 

Optimum Qt/U for 
Static Control , 

Mw months 
1 T T 2 3 5 kg U 

<0.25 

0.25- 0.35 

0.4 - 0.5 

0.5 - 0.8 

4.0 - 6.0 

8.0 -10.0 
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The above specific energy r e l e a s e s a r e approximate guidelines only. The opt i 

mum fraction of prepoison remaining at the end of life depends upon the t e m p e r 

a tu re , power, and lifetime independently. Table 4 holds p r imar i ly for high-

t empera tu re (1300°F coolant outlet) r e a c t o r s . As an example, the SNAP lOA 
235 reac to r is fueled with 4.75 kg U . The appropr ia te power levels for each 

poison a r e then: 

Gadolinium -157 

Samar ium-149 

Cadmium-113 

Gadolinium -15 5 

Europium-151 

Boron-10 

Power Level 
(kw) 

1 year 

<100 

100-140 

160-200 

200-320 

3 yea r s 

<35 

35-45 

50-70 

70-110 

5 ye a r s 

<20 

20-30 

30-40 

40-65 

Power levels not p rac t i ca l for lOA 
type r e a c t o r s 

Gadolinium-157 is the poison exhibiting the highest effective c r o s s section in a 

SNAP spec t rum and therefore should be used for the lower power levels up to 

the l imit indicated. 

F o r a l a r g e r r eac to r having a U loading of 12 kg, appropnctte power 

levels would be . 

Gadolinium -15 7 

Samar ium-149 

Cadmium-113 

Gadolinium -15 5 

Europium-151 

Boron-10 

1 year 

<250 

250-350 

400-500 

500-800 

4,000-6,000 

8,000-10,000 

Power Level 
(kw) 

3 ye a r s 

<85 

85-120 

130-170 

170-270 

1,300-2,000 

2,7X)0-3,300 

5 ye a r s 

<50 

50-70 

80-100 

100-160 

800-1,200 

1,600-2,000 

The formation of prepoison daughter products has not been considered in 

the above ana lys i s . This omiss ion is sat isfactory for all poisons except 

europ ium-151 . 
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If no poison exis ts which closely fits the des i r ed application, poison mix tures 

should be used . The mos t common need for naixtures i s for a gadolinium- 155 — 

boron-10 mixture for pow^er levels located between the levels of applicability 

for the two i so topes . 
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IV. NOMINAL TEMPERATURE PROFILES 

A. CALCULATIONAL METHODS 

The t e m p e r a t u r e - t i m e profile of a SNAP reac tor under static control depends 

upon the reac t iv i ty - t ime profile and the magnitude of the effective negative t e m 

pera tu re coefficient. The calculation is made difficult, however, due to the 

fact that both the reac t iv i ty - t ime profile and the effective t empera tu re profile 

depend in turn upon the t e m p e r a t u r e - t i m e profi le . These dependencies, which 

make an analytic solution of the r eac to r t empera tu re imposs ib le , a r e d i scussed 

below. 

The strong dependence of react ivi ty profile on t empera tu re profile is due 

p r ima r i l y to the t empera ture -dependence of the hydrogen leakage react ivi ty 

l o s s . Hydrogen leakage, which is the major mode of operat ional react ivi ty loss 

at elevated t e m p e r a t u r e s , approximately doubles with every 50°F i nc r ea se in 

t e m p e r a t u r e . Because of the mutual interdependence of react ivi ty loss and 

t empera tu re profile shape, a stepwise calculation in t ime must be performed 

to de te rmine the t e m p e r a t u r e profi le . A digital computer p rog ra m, LOAFER, 

has been wri t ten to per form these stepwise calcula t ions . All modes of react ivi ty 

loss a r e considered. This code is descr ibed in the Appendix. 

The effective t empe ra tu r e coefficient is itself dependent upon the reac to r 

t e m p e r a t u r e . In addition to the variat ion in i so the rmal t empera tu re coefficient 

with t e m p e r a t u r e , t he re exis ts a power-dependent addition to the coefficient. 

This contribution a r i s e s both from the normal power coefficient d i scussed in 

Section II and from the significant power-dependent xenon react ivi ty defect. 

Since changes in xenon concentrat ion lag power changes by only a few days , 

the concentrat ion may always be assumed to be in equil ibrium with the cu r r en t 

power level for purposes of l ong - t e rm t e m p e r a t u r e drift ca lcula t ions . Since 

the power drift is re la ted to t e m p e r a t u r e drift, this react ivi ty change can be 

expressed as pa r t of the effective t empera tu re coefficient, 

"eff,i =°^iso,i '^\dT)^P,eif 
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where 
Oi rr • = effective t e m p e r a t u r e coefficient over t ime in terval i {i/°F) 

e i i j i 

a. . = i so the rma l t empe ra tu r e coefficient evaluated at r eac to r t e m p e r a t u r e iso , i ^ 
over t ime in terva l i 

(4 = r a t e of change of r eac to r t he rma l power with r eac to r coolant average 

t empe ra tu r e evaluated over t ime in terval i, and 

a , = effective power coefficient (^/kw). 

A relat ion was assumed between power and t e m p e r a t u r e of the fo rm. 

P o - & 

where the subscr ip ts o refer to init ial conditions and the t empe ra tu r e is the 

average coolant t empera tu re in the co re . F o r the rmoe lec t r i c power conversion 

sys t ems , the exponent n would be very close to 4.0 if the rad ia tor t empe ra tu r e 
4 

were the same as the core t e m p e r a t u r e , since the heat reject ion follows the T 

radiation law and because a lmost all of the heat produced in the r eac to r is r e 

jected to space from the r ad ia to r . Since the re a r e t e m p e r a t u r e drops between 

the core and the rad ia tor , however, n is general ly l e s s than 4.0. Because of 

the l a rge t empe ra tu r e drop a c r o s s the the rmoe lec t r i c e lements , it has been 

found that n is approximately equal to 2.3 for t e m p e r a t u r e s in the range of 

in t e re s t for SNAP r e a c t o r s . (The value of n is normal ly de termined for a 

na r row range of operat ion for specific appl icat ions.) In this c a se . 

$ \ - -

1 3 
3 ° i = 2 3 — 
^ ^ 2 . 3 ^-^T. 

Also, 

P,eff P xe 
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w^here 
OC-p - power coefficient (^/kw), and 

OL = xenon coefficient (^/kw^). xe 

The effective t e m p e r a t u r e coefficient is therefore given by, 

P. 
% f f , i = ^ s o , i + 2 .3Tf i (ap+a^^) . 

F o r a SNAP lOA type r eac to r , 

ttp « -0.2<^/kw 

a « -0.4<^/kw, and xe ' 

OL. ^ -QMI°F; 
I S O 

or 

P. 
a . . . = -0.3 - 1.38,7^. eff,i T. 

F o r the SNAP lOA flight r e a c t o r , 

P. f=B 40 kw. and 

o r 

T. ^ 950°F = 1410°R; 

"eff ^ "°*^ " ^-^^TITO "" -0-33^/°F. 

The power-dependent t e r m under these conditions accounts for l e s s than 10% 

of the total effective coefficient. At advanced per formance conditions, however 

(250 kw at 1100°F core average t empera tu re ) , the power-dependent t e r m s b e 

come much more significant. 

^eff "" " ° - ^ " ^'^^'^Q "" '^'^ " ^'^^ ^ -0 .52^ / °F . 

The power dependent t e r m s a r e added to the i so the rma l t empe ra tu r e coefficient 

at each t ime step in the LOAFER code. The effect of these power dependent 

t e r m s is to reduce the i nc r ea se in t empe ra tu r e drift as the power is inc reased . 
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T h e m a g n i t u d e of the n e g a t i v e t e m p e r a t u r e coef f ic ien t m a y be r e d u c e d s o m e 

wha t by t h e add i t ion of the p r e p o i s o n . S ince the c r o s s s e c t i o n of m o s t p o i s o n s 
235 

d e c r e a s e s m o r e r a p i d l y t han the llv d e p e n d e n c e of the U f i s s i o n c r o s s s e c 

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

ened by the i n c r e a s e in t e m p e r a t u r e . T h i s effect can be v e r y s ign i f i can t for a 

po i son wi th a c r o s s s e c t i o n which exh ib i t s a m a x i m u m in the v i c i n i t y of the peak 

of the n e u t r o n s p e c t r u m . S a m a r i u m - 1 4 9 and o t h e r p o i s o n s in a SNAP s p e c t r u m 

exh ib i t t h i s b e h a v i o r ( s e e Appendix C) . P r e l i m i n a r y e s t i m a t e s i n d i c a t e t h a t t he 

w o r t h of s a m a r i u m - 1 4 9 m a y d e c r e a s e a s m u c h a s 10% a s the t e m p e r a t u r e i s 

r a i s e d f r o m a m b i e n t to o p e r a t i n g l e v e l s . F o r a h e a v y ( '~$6.00) l o a d i n g , t he 

w o r t h wi l l t h e r e f o r e d e c r e a s e by about 60^ o v e r a t e m p e r a t u r e r a n g e of about 

1 0 0 0 ° F . If t h i s effect i s l i n e a r wi th t e m p e r a t u r e , a p o s i t i v e c o n t r i b u t i o n to t h e 

t e m p e r a t u r e coef f ic ien t of about 0 . 0 6 ^ / ° F a r i s e s . If t h e effect i s not l i n e a r w^ith 

t e m p e r a t u r e , i t i s qu i t e p o s s i b l e t h a t the p r e s e n c e of the p o i s o n c a n s ign i f i can t ly 

d e c r e a s e the m a g n i t u d e of the n e g a t i v e t e m p e r a t u r e coef f ic ien t at o p e r a t i n g 

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

B . S E L E C T I O N OF T E M P E R A T U R E - T I M E P R O F I L E 

T h e s e l e c t i o n of the t e m p e r a t u r e - t i r a e p r o f i l e for a g iven a p p l i c a t i o n i s e s s e n 

t i a l l y one of t r i a l and e r r o r . The s p e c i f i c a t i o n for a p a r t i c u l a r a p p l i c a t i o n w^iil 

u s u a l l y r e q u i r e a spec i f i c v a l u e for the m i n i m u m e l e c t r i c p o w e r output w h i c h 

m u s t be supp l i ed du r ing t h e e n t i r e o p e r a t i n g l i f e t i m e of the s y s t e m . S ince t h e 

e f f ic iency of the p o w e r c o n v e r s i o n s y s t e m wi l l d e g r a d e du r ing o p e r a t i o n , t h i s 

r e q u i r e m e n t t r a n s l a t e s to one of spec i fy ing the m i n i m u m e n d - o f - l i f e t e m p e r a t u r e 

wh ich c a n be t o l e r a t e d . E v a l u a t i o n of a n o m i n a l t e m p e r a t u r e d r i f t t h e r e f o r e r e 

d u c e s to the fol lowing c o n s i d e r a t i o n s : 

1) M a g n i t u d e of the r e a c t o r t e m p e r a t u r e ( g e n e r a l l y spec i f i ed a s t h e c o o l 

ant ou t l e t t e m p e r a t u r e ) at t h e end of the r e a c t o r o p e r a t i n g l ife ( E O L ) . 

2) M i n i m u m va lue of the r e a c t o r t e m p e r a t u r e a t any t i m e d u r i n g l i f e . 

3) M a x i m u m va lue of the r e a c t o r t e m p e r a t u r e a t any t i m e d u r i n g l i f e . 

4) M a g n i t u d e of the r e a c t i v i t y p e n a l t y a s s o c i a t e d wi th the p r e p o i s o n r e 

q u i r e d to p r o v i d e the t e m p e r a t u r e p r o f i l e . 
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The following discussion deals p r imar i ly with higher t empera tu re r e a c t o r s 

(1200 to 1300°F) in which the hydrogen redis t r ibut ion is completed during the 

f i r s t few days of operat ion. Poss ib le types of t e m p e r a t u r e profiles for such 

r e a c t o r s a r e shown in F igure 6. The three profiles a s sume the same requ i red 

value for the EOL t e m p e r a t u r e . 

2-25-66 
END-OF-LIFE 

7647-2503 

Figure 6. Poss ib le Types of 
Tempera tu re Prof i les 

Profi le 1 demons t ra tes the situation in which the r eac to r is brought to an 

init ial t empe ra tu r e higher than the requi red EOL t e m p e r a t u r e during the active 

control per iod. Following the te rminat ion of active control the r eac to r t e m p e r 

a ture steadily d e c r e a s e s to i t s final EOL value. 

Profi le 2 demons t ra tes the situation where the reac to r t empe ra tu r e steadily 

i n c r e a s e s during l i fe t ime. The t empera tu re during the active control per iod is 

maintained at a level below the EOL value. 

Profi le 3 i s one in which the nominal init ial t e m p e r a t u r e is chosen equal to 

the EOL t e m p e r a t u r e . The reac to r t e m p e r a t u r e i n c r e a s e s during the f i r s t half 

to two- th i rds of the operating l i fet ime, following which t ime it falls to the nom

inal EOL value. 
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Profi les of type 1 will in genera l requi re the smal l e s t amount of prepoisoning 

since sufficient poison i s not requ i red to balance the react ivi ty l o s s e s . However 

mos t power convers ion sys tem requ i rement s specify t empe ra tu r e peaking of not 

g r ea t e r than - 5 0 ' ' F . Since the effective t e m p e r a t u r e coefficient i s about 

- 0 . 5 ^ / ° F , the react ivi ty mus t be balanced to within 25^ during l i fe t ime. The 

poison savings a r e there fore not significant. In addition, this type of profile 

can lead to excess ive ly low t e m p e r a t u r e s should the react iv i ty l o s ses be g rea t e r 

than predic ted. The nature of the uncer ta in t ies in react iv i ty l o s ses i s cons idered 

in the next sect ion. 

Prof i les of type 2 tend to provide a more near ly constant e lec t r i ca l output 

from the power conversion sys tem since the heat source t e m p e r a t u r e is i n 

c reas ing to compensate par t ia l ly for the degradation in efficiency of the power 

conversion sys t em. The poison requ i rements a r e the l a rges t for this profile 

since the react iv i ty input r a t e f rom prepoison burnout mus t always be g r e a t e r 

than the react iv i ty loss r a t e . This effect is par t ia l ly compensated by the fact 

that react iv i ty l o s ses will be lower using this profile since the r eac to r t e m p e r 

a ture i s always lower than for the other prof i les . This profile is susceptible to 

the danger of excessively high t e m p e r a t u r e s , however , should react iv i ty l o s se s 

be l e s s than expected. 

Profi les of type 3 have been selected as one of the many possible c o m p r o 

m i s e s The prepoison concentrat ions requi red a r e g rea te r than in case 1 but l e s s 

than in case 2. Nominal t empe ra tu r e drifts during life a r e l e s s s e v e r e , thereby 

minimizing the consequences of e i ther upside or downside uncer ta in t ies in m a g -

nitudes of react ivi ty l o s s e s . 

Having selected the type 3 profi le , the problem reduces to finding the p r e 

poison to provide the des i r ed profile shape. The genera l considerat ions in 

volved have been d iscussed in Section i n . If m o r e than one prepoison exis ts 

with c r o s s sect ions in the range of in te res t , the isotope or mixture used should 

be selected as a compromise between excess ive t e m p e r a t u r e peaking and higher 

init ial loadings. Suppose, for example , that an application exis ts for which a 

mixture of samar ium-149 and gadolinium-155 might se rve as poison. The re 

a r e an infinite number of potential mix tures of these poisons which will provide 

the des i red EOL t e m p e r a t u r e . As the proport ion of samar ium-149 in the 
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mixture is i nc reased , the total ini t ial react ivi ty worth of the requi red prepoison 

mix ture will d e c r e a s e since a l a rge r fraction of the mix ture will be burning out 

during operating l i fe t ime. Simultaneously, how^ever, the inc reased fraction of 

the higher c r o s s - s e c t i o n poison will cause m o r e rapid init ial poison burnout and 

therefore will cause more severe reac tor t empe ra tu r e peaking during ear ly 

per iods of r eac to r life. Conversely , increas ing the proport ion of gadolinium-155 

will i nc rease the init ial react ivi ty worth of the prepoison mixture but will reduce 

t empe ra tu r e peaking during life. The poison mixture selected should be that in 

which the nominal peaking is at the maximum acceptable level . 

This p r o c e s s is of necess i ty t r i a l - a n d - e r r o r because of the strong dependence 

of the hydrogen leakage on the t empera tu re profi le . 

F o r low t empera tu re operat ion ('^llOO to 1150°F coolant outlet t empe ra tu r e s ) , 

the hydrogen redis t r ibut ion will not be completed during the active control per iod. 

At some t e m p e r a t u r e s continuation of redis t r ibut ion after the active control 

period may cause react iv i ty los ses too rapid to be conveniently compensated by 

a prepoison. In this case the t empera tu re profile may show an init ial l a rge 

t empe ra tu r e drop pr io r to completion of the redis t r ibut ion . 

This effect may be el iminated by operating for a short period at a t e m p e r a 

ture sufficiently high to allow the rapid completion of hydrogen redis t r ibut ion. 

Another method would be to r a i s e the t empe ra tu r e sufficiently to compensate 

for the react ivi ty loss assoc ia ted with hydrogen redis t r ibut ion by the react ivi ty 

gained as the t empe ra tu r e fa l ls , such that the t empera tu re reaches the des i red 

s tar t ing point when hydrogen redis t r ibut ion is complete . Calculational p r o c e 

dures a r e s imi la r for any of the approaches mentioned. 
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V. UNCERTAINTIES IN REACTOR PERFORMANCE 

The preceding sections deal with the predict ion of the nominal behavior of 

r e a c t o r s under stat ic control . Because of the lack of external reac to r control 

during this per iod, however, any depar tu re of the react iv i ty l o s se s f rom thei r 

nominal value will r esu l t in a deviation in r eac to r t e m p e r a t u r e f rom i ts p r e 

dicted value. Since the performance of the power conversion sys tem depends 

to a l a rge degree on the heat source t e m p e r a t u r e , the potential var ia t ions in 

r eac to r t empe ra tu r e due to these uncer ta in t ies can ser ious ly compromise the 

sys tem success if not proper ly compensated. The major contr ibutors to un

cer ta inty in the r eac to r EOL t e m p e r a t u r e a r e uncer ta in t ies in hydrogen leakage 

r a t e , prepoison burnout r a t e , react iv i ty depletion ra te due to fission effects 

(fuel depletion and fission product accumulation), and init ial reac tor t e m p e r a 

tu r e set point. In addition, uncer ta in t ies in the magnitude and t ime constant of 

hydrogen redis t r ibut ion contribute to the EOL t empe ra tu r e uncer ta inty for low 

t e m p e r a t u r e r e a c t o r s in which a significant amount of redis t r ibut ion r ema ins to 

be completed during the static control per iod. These nnajor contr ibutore a r e 

d i scussed below. 

A. HYDROGEN LEAKAGE RATE UNCERTAINTY 

Hydrogen leakage ra te is a function of the in te rna l hydrogen p r e s s u r e , the 

t e m p e r a t u r e distr ibution along the hydrogen b a r r i e r , and the type and condition 

of the b a r r i e r . The hydrogen p r e s s u r e depends upon the t empe ra tu r e d i s t r i bu 

tion in the fuel and the hydrogen concentrat ion distr ibution in the fuel. The t e m 

pe ra tu r e distr ibution in the fuel in turn depends upon the the rma l conductivities 

of fuel and cladding ma te r i a l s and the power being generated in the par t icu la r 

rod. The t empe ra tu r e distr ibution along the hydrogen b a r r i e r depends on the 

axial power distr ibution along the fuel rod and the coolant flow distr ibut ion. 

Changes in any of these quanti t ies during operat ion of the r eac to r will r esu l t in 

change in hydrogen leakage r a t e . Most probable causes of changes in leak ra te 

during operat ion a r e physical damage or degradation of the hydrogen b a r r i e r 

during operat ion or dec rea se in fuel t h e r m a l conductivities due to hydrogen 

depletion. 
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B. PREPOISON BURNOUT RATE UNCERTAINTY 

Uncer ta int ies in prepoison burnout ra te a r i s e both f rom uncer ta in t ies in poi 

son loading and uncer ta in t ies in poison naicroscopic poison c r o s s section in a 

SNAP operating neutron spec t rum. The worth of the poison loading at ambient 

t empera tu re is general ly obtained by measur ing the difference in react iv i ty in a 

c r i t i ca l assembly before and after the application of the hydrogen b a r r i e r con

taining the prepoison. E r r o r s a r i s e both because of the long period of t ime b e 

tween these m e a s u r e m e n t s and the inherent uncer ta inty in a differential react ivi ty 

m e a s u r e m e n t . 

Even if the concentrat ion of the prepoison and i ts react ivi ty worth at ambient 

t empe ra tu r e s can be m e a s u r e d , e r r o r s a r e introduced by the change in p r e 

poison worth (and therefore burnout rate) as the t empe ra tu r e is i nc reased to 

operating l eve l s . This phenomenon is p r i m a r i l y due to the difference between 

the energy-dependence of the fuel and prepoison c r o s s sec t ions . This effect is 

par t icu la r ly significant in the u s e of s amar ium-149 , whose c r o s s section exhib

i ts a resonance in the vicinity of the peak in the z i r con ium-hydr ide -modera ted 

neutron spec t rum. 

C. UNCERTAINTY IN FISSION REACTIVITY EFFECTS 

Both the depletion of fuel and the buildup of fission products contribute to 

react ivi ty los ses during reac to r operat ion. These l o s s e s , which a r e the p r i 

m a r y losses during low- tempera tu re operat ion, become l e s s significant as 

hydrogen leakage i n c r e a s e s with increas ing t e m p e r a t u r e . Because of the smal l 

burnups in SNAP r e a c t o r s , these react ivi ty los ses a r e essent ia l ly l inear with 
235 

energy r e l e a s e . Incrementa l wor ths of U have been m e a s u r e d in the SCA-4 
(5) c r i t i ca l assembly.^ Reactivity l o s ses due to buildup of fission products have 

been calculated by the use of the SIZZLE burnup code using the c r o s s s e c 

tions as descr ibed in Section II. The SIZZLE code per forms a s e r i e s of one-

dimensional diffusion theory calculat ions stepwise in t ime . Burnup calculat ions 

a re performed at each t ime step using a s ix-energy group reduction of the 

s ixteen-group energy s t ruc tu r e . The worth of fission products was determined 

by running the SIZZLE code twice for the des i red operating per iod. F o r the 

init ial run the fission product c ro s s sections were inser ted ; a second run was 
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made with the fission product c ro s s sections set equal to z e r o . The difference 

in react ivi ty loss between these two runs was taken as the react ivi ty loss i n t r o 

duced by fission product accumulation. Infini te-cylindrical geometry (radial 

dependence only) was used in the calculat ions; the effects of axial dependence 

were es t imated by synthesis technique. 

These react ivi ty worths have not yet been sat isfactor i ly measu red in an 

operating SNAP r eac to r . Reliance on calcula t ions , in the case of fission prod

uct >vorth, and m e a s u r e m e n t s at ambient t e m p e r a t u r e s , in the case of fuel de 

pletion, introduce uncer ta in t ies in the predict ions of these operating react ivi ty 

l o s s e s . 

D. INITIAL TEMPERATURE SET-POINT UNCERTAINTY 

During the active control period the reac to r t empera tu re is maintained within 

a dead band by inser t ion of react ivi ty by the control sys tem whenever the t e m 

pera tu re drops below the lower end of the dead band. Reactivity is inser ted 

until the upper end of the dead band is reached. The t empera tu re during the 

active control per iod may therefore be cons idered random within the dead band 

during the active control period. If the active control period is te rminated at a 

p re se t t ime , the t empera tu re at the initiation of static control can be anywhere 

within the dead band width. Since react ivi ty l o s ses a r e t empera ture -dependent , 

depar tu re of the t empera tu re at the beginning of static control from the nominal 

level will introduce an uncer ta inty in EOL t e m p e r a t u r e . 

In addition to random positioning within the dead band, the ent i re band itself 

may be shifted upward or downward due to e r r o r s in preset t ing and to le rances 

in operat ion. 

E. ASSUMED MAGNITUDE OF UNCERTAINTIES 

The following magnitudes of uncer ta in t ies for each react ivi ty effect have been 

assumed for the purpose of uncer ta in ty ana lys i s . 

1) Hydrogen Leakage. Because of the difficulty in predicting probable 

uncer ta inty linaits on hydrogen leakage in future high-tenaperature r e a c t o r s , 

the uncer ta inty in hydrogen leakage ra te has been left as a var iab le . 
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2) P r e p o i s o n B u r n o u t R a t e . The s u m of s p e c t r a l ef fec ts and load ing u n 

c e r t a i n t i e s h a s b e e n t a k e n a s equa l to 10% of t h e n o m i n a l po i son l o a d i n g . 

3) F i s s i o n Ef fec t s U n c e r t a i n t i e s . An u n c e r t a i n t y of 20% in the r e a c t i v i t y 

w o r t h of fuel dep l e t i on 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 h a s b e e n a s s u m e d . 

4) T e m p e r a t u r e Set P o i n t . An u n c e r t a i n t y in the r e a c t o r t e m p e r a t u r e of 

± 2 0 ° F a t t he i n i t i a t i o n of s t a t i c c o n t r o l h a s b e e n a s s u m e d . 

F . CALCULATION OF E O L T E M P E R A T U R E U N C E R T A I N T I E S 

U n c e r t a i n t y q u o t a t i o n s w e r e i n i t i a l l y m a d e on a " w o r s t p o s s i b l e c a s e " b a s i s . 

Ind iv idua l c o n t r i b u t i o n s to u n c e r t a i n t y w e r e d e t e r m i n e d on the i n t e g r a l b a s i s 

d e s c r i b e d be low and w^ere sunamed to p r o v i d e the m a x i m u m t e m p e r a t u r e u n c e r 

t a i n t y . T h e s e i nd iv idua l c o n t r i b u t i o n s w e r e a p p r o x i m a t e d by mu l t i p ly ing t h e 

n o m i n a l r e a c t i v i t y l o s s due to t h e effect by an a s s u m e d f r a c t i o n a l u n c e r t a i n t y 

to ob ta in t h e r e a c t i v i t y u n c e r t a i n t y due to t h a t effect . T h i s r e a c t i v i t y u n c e r 

t a i n t y w a s then d iv ided by an effect ive t e m p e r a t u r e coef f ic ien t to p r o v i d e the 

i nd iv idua l c o n t r i b u t i o n to the t e m p e r a t u r e u n c e r t a i n t y . F o r e x a m p l e , a t a 

p o w e r of 250 kwt fo r 1 y r , the f i s s i o n p r o d u c t and fuel dep le t ion r e a c t i v i t y l o s s 

i s a p p r o x i m a t e l y 7 5 ^ . If an u n c e r t a i n t y of 10% i s a s s u m e d in t h i s c a l c u l a t i o n , 

t he r e a c t i v i t y u n c e r t a i n t y i s ± 7 . 5 ^ . T h i s w a s t r a n s l a t e d in to a t e m p e r a t u r e 

u n c e r t a i n t y of ±15 °F u s i n g an ef fec t ive t e m p e r a t u r e coef f ic ien t , mod i f i ed to 

i n c l u d e s y s t e m f e e d b a c k e f f ec t s , of - 0 . 5 ^ / ° F . T h i s u n c e r t a i n t y w a s added to 

u n c e r t a i n t i e s due to o t h e r e f f e c t s . 

T h i s a p p r o a c h i s va l i d only for the i m p r o b a b l e c a s e of a l l r e a c t i v i t y e f fec t s 

s i m u l t a n e o u s l y be ing a t t h e i r m a x i m u m v a l u e in the s a m e d i r e c t i o n . U n c e r 

t a i n t y c a l c u l a t i o n s w e r e t h e r e f o r e mod i f i ed to c a l c u l a t e the t o t a l u n c e r t a i n t y on 

a naore r e a s o n a b l e b a s i s . The ind iv idua l u n c e r t a i n t i e s w e r e c a l c u l a t e d a s s u m 

ing tha t t he u n c e r t a i n t y w a s in the d i r e c t i o n t h a t would r e s u l t in g r e a t e r t han 

n o m i n a l r e a c t i v i t y l o s s . T h e s e i nd iv idua l u n c e r t a i n t i e s w e r e c o m b i n e d by 

t ak ing t h e r o o t - m e a n - s q u a r e of t h e i r s u m . T h i s m e t h o d , wh i l e not r i g o r o u s , 

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

a t u r e u n c e r t a i n t y . The e f fec t s a r e not i n d e p e n d e n t and t h e r e f o r e the r o o t - m e a n -

s q u a r e i s not d i r e c t l y a p p l i c a b l e . A l s o , t he d i r e c t add i t ion of a l l t h e u n c e r t a i n 

t i e s i s u n r e a s o n a b l e , s i n c e h y d r o g e n l e a k a g e exh ib i t s a s t r o n g f e e d b a c k effect 
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as the t e m p e r a t u r e changes . The r o o t - m e a n - s q u a r e of the sum of the individual 

uncer ta in t ies is used to define the total end-of-life t e m p e r a t u r e uncer ta in t ies 

shown in F igures 7, 8, and 9. 

Use of the LOAFER code makes it possible to include the "hydrogen leakage 

feedback" in calculat ions of individual uncer ta inty effects. This calculation is 

m o r e accura te than the in tegra l method descr ibed above. The leakage feedback 

effect a r i s ing due to the strong influence of t e m p e r a t u r e on hydrogen leak r a t e , 

is d i scussed below. Individual contributions to the end-of-life uncer ta in ty a r e 

calculated in this manner and the r o o t - m e a n - s q u a r e is taken as the composite 

EOL t empe ra tu r e uncer ta in ty . 

G. HYDROGEN LEAKAGE FEEDBACK 

"Hydrogen leakage feedback" is the t e r m applied to that phenomenon by which 

the changes in hydrogen leakage with changes in t empera tu re tend to reduce the 

t empe ra tu r e drift causing the change in hydrogen leakage. This feedback tends 

to considerably damp those t empe ra tu r e uncer ta in t ies which might otherwise 

a r i s e If, for example , some react ivi ty effect is g r e a t e r , i . e. , m o r e negat ive, 

than predic ted , the r eac to r t e m p e r a t u r e will tend to drift lower than predic ted . 

The lower t e m p e r a t u r e s , however, will lead to lower - than-pred ic ted hydrogen 

leakage because of the strong t empe ra tu r e dependence of leakage. This lower 

leakage will tend to r e t a r d the downward t empe ra tu r e drift . Should the loss be 

l e s s than expected, the r e v e r s e argument holds t r u e . Hydrogen leakage m a 

sense can therefore be thought of as an i r r e v e r s i b l e negative t e m p e r a t u r e 

coefficient. 

Hydrogen leakage can also feed back upon itself. An i l lus t ra t ion of this effect 

i s shown in F i g u r e 10. This figure shows the factor by which the leakage through

out the r eac to r design life ( integrated leakage) i s i nc reased by e r r o r s in p r e -

dieted init ial leak r a t e . 

The effects of hydrogen depletion a r e i l lus t ra ted in the Active Control cu rve . 

In this case it is a s sumed that the control sys tem holds the t empera tu re constant . 

It i s seen that the in tegrated leakage does not i nc r ea se l inear ly with init ial leak 

ra te due to the drop in hydrogen p r e s s u r e driving force accompanying hydrogen 

depletion. F o r example , should the ini t ial leak ra te be th ree t imes nominal , the 

in tegrated leakage i s inc reased by only a factor of 2.27. 

NAA-SR-11911 
41 



10 

4-25-66 

± 

1300 

1200 

1100 

37 ELEMENTS 
12.25 In. LONG 
1 yr LIFE 

AT= 100°F/100kwt 
150°F / 150kwt 
200°F / 200kwt 

POWER AVERAGE 
30-250 kwt 

_L 

100 

100 200 300 

HYDROGEN LEAKAGE UNCERTAINTY (%) 

7647-2504 

Figure 7. Averaged Tempera tu re 
Uncertainty vs Hydrogen Leakage 

Uncertainty, 1-yr Life 

Li. 
o 

>• 1 -
z 

< 1 -
cr. 
LU 

z 
=) LU 
nr. 
=> 1 -

< 
LU 
OL 

90 

RO 

70 

60 

50 

40 

n 30 
Li. 

o 
i 20 
LU 

10 

1 1 

OUTLET TEMPERATURE ^1250 

1200 

1100 

37 ELEMENTS 
12.25 in. LONG 
3-yr LIFE 
POWER AVERAGE 
30-150kwt 

I 
100 200 300 

HYDROGEN LEAKAGE UNCERTAINTY (%) 

4-25-66 7647-2505 

Figure 8. Averaged Tempera tu re 
Uncertainty vs Hydrogen Leakage 

Uncertainty, 3-yr Life 

100 

OUTLET TEMPERATURE TF) 
1200 
1150 

1100 

37 ELEMENTS 
12.25 in. LONG 
5yrLIFE 
POWER AVERAGE 
30-lOOkwt 

4-25-66 

100 200 300 

HYDROGEN LEAKAGE UNCERTAINTY (%) 

7647-2506 

Figu re 9. Averaged Tempera tu re 
Uncertainty vs Hydrogen 

Leakage Uncertainty, 
5-yr Life 

NAA-SR-11911 
42 

CQIifFIDENTIi^L 
1-it-t 

- * • ' • " . - t -»* i 

: • . . 



LU 3 .0 
o < 
< 

o 
a: 
Q >-
X 

2.0 

o 
z 
o 

< 

1.0 
0 

2-25-66 

-

u 

1 

lOOkwt 
1300°FOUTLET 
1-yr LIFE 

• 

1 

ACTIVE C O N T R O L ^ ^ ' ' ^ 

STATIC CONTROL 

1 

100 200 
HYDROGEN LEAKAGE UNCERTAINTY (%) 

300 

7647-2507 
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Feedback Effects 

The most powerful effect, however, is that due to the t empera tu re dependency 

of leak r a t e . The Static Control curve allows the t empera tu re to drop to com

pensate for the inc reased leakage. The drop in t e m p e r a t u r e causes a dec rea se 

in integrated leakage below what would be obtained were the t empera tu re held 

constant , as in active control . In the case quoted above of an init ial leak ra te 

th ree t imes nominal , for example, the integrated leakage would inc rease by a 

factor of only 1.22. The accompanying t empera tu re dec rease would be only 

70°F whereas hundreds of degrees drift would be presen t should nei ther effect 

exist . 

As an example of the effects of leakage feedback, r esu l t s of a short u n c e r 

tainty study perfornaed on the SNAP lOB (Figure 7) r eac to r model a r e p r e -
(7) sented. F igu re s 7-9 show the t empera tu re uncer ta in t ies under static control 

for 1, 3, and 5 yea r s of operat ion for coolant outlet t e m p e r a t u r e s of 1100, 1200, 

and 1300°F. Reactor power is not shown as a p a r a m e t e r since EOL t e m p e r a 

ture was found not to be a significant function of r eac to r power. 

At f i r s t glance some of the resu l t s appear to be con t ra ry to intuitive opinion. 

Fu l l e r explanations of two of the apparent anomolies a r e presen ted below. 
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u n c e 

1) T h e a p p a r e n t d e c r e a s i n g effect of ou t le t t e m p e r a t u r e on e n d - o f - l i f e 

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

of t e m p e r a t u r e u n c e r t a i n t y wi th t e m p e r a t u r e a t h i g h e r t e m p e r a t u r e l e v e l s . 

F i g u r e 7 y i e l d s t h e fo l lowing 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 1 y r of o p e r a t i o n 

at 100% h y d r o g e n l e a k a g e r a t e u n c e r t a i n t y . 

Out le t 
E n d - o f - L i f e 

T e m p e r a t u r e 
T e m p e r a t u r e -T A. • J. 

io-c<\ U n c e r t a i n t y 
1 a) (op) 

1100 35 

1200 50 

1300 59 

It i s s e e n t h a t t he i n c r e a s e in u n c e r t a i n t y f r o m 1100 to 1200°F ou t l e t 

t e m p e r a t u r e i s l a r g e r t h a n the i n c r e a s e in u n c e r t a i n t y f r o m 1200 to 1 3 0 0 ° F . 

S ince t h e h y d r o g e n l e a k a g e r a t e i s s t r o n g l y dependen t on t e m p e r a t u r e , t h i s 

r e s u l t s e e m s c o n t r a r y to i n tu i t i on . 

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

l i f e t i m e . F i g u r e s 8 and 9 can a l m o s t b e s u p e r i m p o s e d for the h i g h e r -

t e m p e r a t u r e (1200 and 1300°F out le t ) c a s e s whi le the r e s u l t s for the 1100°F 

ou t l e t c a s e s show s l igh t i n c r e a s e s in u n c e r t a i n t i e s wi th l i f e t i m e . S ince h y 

d r o g e n l e a k a g e i n c r e a s e s wi th l i f e t i m e , t h i s r e s u l t a p p e a r s to be u n r e a s o n a b l e . 

Bo th of t h e s e e f f e c t s , h o w e v e r , a r e r e a l and a r e e x p l a i n e d in m o r e d e t a i l be low . 

H . DEFINITION OF T E R M S 

An i m p o r t a n t d i s t i n c t i o n i s t h a t b e t w e e n h y d r o g e n l e a k a g e r a t e u n c e r t a i n t y 

and i n t e g r a t e d h y d r o g e n l e a k a g e u n c e r t a i n t y . The " c a u s e " h e r e i s u n c e r t a i n t y 

in h y d r o g e n l e a k a g e r a t e . T h i s u n c e r t a i n t y i s due to i nab i l i t y to c a l c u l a t e l e a k 

age r a t e s a s funct ion of p o w e r and t e m p e r a t u r e — given p e r m e a t i o n da t a f r o m a 

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

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

i t i s conven i en t to e x p r e s s t h i s u n c e r t a i n t y a s a p e r c e n t of n o m i n a l l e a k a g e 

r a t e . F o r exanap le , a s e t of e l e m e n t s wi th a 50% l e a k a g e u n c e r t a i n t y i s a s 

s u m e d to have a l e a k r a t e b e t w e e n 0.5 and 1.5 of the n o m i n a l c a l c u l a t e d l e a k 
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r a t e . This definition is imperfect in that e r r o r s in calculation will not in gen

e ra l be express ib le as constant fract ions of the calculated r a t e , so that the un

cer ta inty mul t ip l ier changes w^ith t e m p e r a t u r e . The uncertainty factor chosen 

for ana lys i s , the re fore , should be appropr ia te to the par t icu la r t empera tu re 

level being considered. Alternately, for survey calculat ions , a single factor 

may be chosen which i s l a rge enough to be suitable for all t empe ra tu r e s under 

invest igation. 

As mentioned above, though the uncer ta inty in leak ra te is the cause , the 

effect is uncer ta in ty in in tegrated leakage. It is this la t ter quantity that is of 

d i rec t impor tance in s ta t ic -cont ro l reac to r analysis since it is the in tegra ted 

leakage uncer ta inty which de te rmines that portion of the t empe ra tu r e u n c e r 

tainty which is due to hydrogen leakage uncer ta in ty . In genera l , the uncer ta inty 

in resul tan t in tegrated leakage is much smal le r than the uncer ta in ty in the in 

stantaneous leakage r a t e . This effect is due both to the reduction in leakage 

ra te accompanying hydrogen depletion and the reduction in leakage ra te p r o 

vided by lower t empe ra tu r e operat ion. This hydrogen leakage feedback effect 

was descr ibed previously . 

I. E F F E C T OF TEMPERATURE LEVEL ON TEMPERATURE 
UNCERTAINTIES 

An i n c r e a s e in the r eac to r t e m p e r a t u r e level changes the integrated hydrogen 

leakage uncer ta inty , and therefore the end-of-life t empe ra tu r e uncer ta inty , in 

two w^ays at a given leakage ra te uncer ta in ty . F i r s t , the magnitude of the nom

inal leakage i n c r e a s e s with t e m p e r a t u r e , doubling with every 50°F inc rease in 

t e m p e r a t u r e . The effect of hydrogen leakage feedback, however, strongly in 

c r e a s e s with t e m p e r a t u r e . This effect is shown in F igure 11 where the i n t e 

gra ted leakage, nornaalized to the nominal leakage, is shown as a function of 

leakage ra te uncer ta in ty , expressed as actual leakage ra te divided by predicted 

leakage r a t e . It i s seen that hydrogen leakage feedback is ra ther smal l at 

1100°F, while it is ex t remely l a rge at 1400°F. At the l imit of very high t e m 

p e r a t u r e s , the curve would be a horizontal line at 1.0 since all hydrogen would 

leak out and an i nc r ea se in uncer ta inty could cause no fur ther leakage i n c r e a s e . 

The absolute i nc rease in integrated hydrogen leakage with leakage ra te un

cer ta in ty is a combination of the two opposing effects. The inc rease in nominal 
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hydrogen leakage with t empera tu re tends to cause inc reased uncer ta in t ies in 

in tegrated leakage with t empe ra tu r e at a given leakage ra te uncer ta in ty . The 

inc reased feedback with t e m p e r a t u r e , however, tends to reduce the i nc r ea se in 

integrated leakage with t empera tu re at a given leakage ra te uncer ta inty . The 

resu l t of these opposing factors is shown in F igure 12. The i nc r ea se in abso 

lute in tegrated leakage is shown as a function of leakage ra te mul t ip l ier (a value 

of 1.0 cor responds to nominal r a t e , a value of 2.0 to twice the nominal r a t e , 

e t c . ) . It is seen that the i nc rease in integrated leakage, above nominal leakage, 

does not great ly i nc r ea se with t empera tu re even though the nominal leakage 

sharply i n c r e a s e s with t e m p e r a t u r e . At a given leakage ra te uncer ta inty , 

therefore , the integrated leakage uncer ta in ty does not markedly i nc r ea se with 

t e m p e r a t u r e . 
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J . E F F E C T OF L I F E T I M E ON T E M P E R A T U R E U N C E R T A I N T I E S 

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

l e a k a g e shows a s h a r p i n c r e a s e wi th l i f e t i m e , a s shown in F i g u r e 13. On the 

o t h e r hand , the ef fec ts of h y d r o g e n l e a k a g e f e e d b a c k a l s o i n c r e a s e m a r k e d l y 

wi th l i f e t i m e , a s shown in F i g u r e 14. Two oppos ing e f f ec t s , i n c r e a s e d n o m i n a l 

l e a k a g e vs i n c r e a s e d f e e d b a c k , t h e r e f o r e , a r e p r e s e n t a s l i f e t i m e i s i n c r e a s e d . 

The r e s u l t a n t l e a k a g e c h a n g e s a r e shown in F i g u r e 15. It i s s e e n t h a t , a l t hough 

l e a k a g e d o e s i n c r e a s e wi th l i f e t i m e , the change in a b s o l u t e i n t e g r a t e d l e a k a g e 

w i th l i f e t i m e a t a g iven r a t e u n c e r t a i n t y f a c t o r i s not l a r g e . 

K. SECONDARY CONTRIBUTIONS TO E O L T E M P E R A T U R E U N C E R T A I N T I E S 

Many s e c o n d a r y ef fec ts m a k e m i n o r c o n t r i b u t i o n s t o w a r d s E O L t e m p e r a t u r e 

u n c e r t a i n t i e s . T h e s e ef fects a r e d i s c u s s e d by e x a m p l e be low . 

1) C o r e A T . A d e p a r t u r e f r o m n o m i n a l AT c h a n g e s h y d r o g e n l e a k a g e 

r e a c t i v i t y l o s s e s due to c h a n g e s in fuel and c ladd ing t e m p e r a t u r e p r o f i l e s . 

2) Hea t T r a n s f e r C o e f f i c i e n t s . C h a n g e s in h e a t t r a n s f e r coe f f i c i en t s 

c h a n g e h y d r o g e n l e a k a g e t h r o u g h c h a n g e s in fuel and c ladd ing t e m p e r a t u r e s . 

3) F u e l Rod S i z e . S m a l l t o l e r a n c e s in fue l s lug d i a m e t e r change h y d r o g e n 

l e a k a g e by c h a n g e s in r a d i a l t e m p e r a t u r e d i s t r i b u t i o n s in the fuel r o d . 

4) Cladd ing T u b e D i a m e t e r . I n c r e a s e s in c l add ing tube d i a m e t e r i n c r e a s e 

the f u e l - c l a d d i n g gap c a u s i n g i n c r e a s e d fuel t e n a p e r a t u r e s and i n c r e a s e d h y 

d r o g e n l e a k a g e . 

5) F u e l E l e m e n t C a r b o n C o n t e n t . An i n c r e a s e in c a r b o n con ten t i n c r e a s e s 

t h e ef fect ive H / Z r r a t i o and t h e r e f o r e the h y d r o g e n l e a k a g e . 

*The f i g u r e shown a l s o h a s a p o s i t i v e s e c o n d d e r i v a t i v e . It would be e x p e c t e d 
to show a n e g a t i v e s e c o n d d e r i v a t i v e due to t h e fa l l ing off of i n t e r n a l h y d r o g e n 
p r e s s u r e w i th h y d r o g e n d e p l e t i o n . The exp l ana t i on of t h i s b e h a v i o r l i e s in the 
s h a p e of the t e m p e r a t u r e - t i m e p r o f i l e s . Al though the ou t l e t t e n a p e r a t u r e 
s t a r t s a t 1350°F and f a l l s to 1300°F at t he e n d - o f - l i f e for a l l l i f e t i m e s , the 
d i f fer ing a m o u n t s of po i son ing c a u s e d i f fe ren t p ro f i l e s h a p e s . The l a r g e 
a m o u n t of p o i s o n r e q u i r e d fo r long l i f e t i m e s c a u s e s sonae t e m p e r a t u r e peak ing 
a t beg inn ing of l i f e . The t i m e - a v e r a g e d t e m p e r a t u r e i s t h e r e f o r e h i g h e r for 
l o n g e r - l i v e d c a s e s . T h i s p h e n o m e n o n d o e s no t affect the a r g u m e n t s p r e s e n t e d . 
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6) H y d r o g e n Wor th C a l c u l a t i o n s . P r e v i o u s c a l c u l a t i o n s of the r e a c t i v i t y 

c o n s e q u e n c e s of h y d r o g e n l e a k a g e have u s e d e x p e r i m e n t a l h y d r o g e n w o r t h 

p r o f i l e s n o r m a l i z e d to a v o l u m e - a v e r a g e d w o r t h of $ 1 . 0 0 / 0 . 1 N^ u n i t . T h i s 

v a l u e h a s b e e n m e a s u r e d in the SCA-4A c r i t i c a l a s s e n a b l y and h a s b e e n 

c l o s e l y m a t c h e d by a n a l y t i c a l t e c h n i q u e s . Should the a c t u a l h y d r o g e n w o r t h 

differ f r o m the p r e d i c t e d v a l u e , add i t i ona l 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 in ty would r e s u l t . 

7) F u e l Alloy Uran iuna Con ten t . I n c r e a s e in fuel a l loy u r a n i u m con ten t 

i n c r e a s e s the ef fect ive H / Z r r a t i o , t h e r e b y i n c r e a s i n g h y d r o g e n l e a k a g e and 

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 . 

235 
8) U r a n i u m - 2 3 5 L o a d i n g . I n c r e a s e s in the U load ing d e c r e a s e s t h e 

flux l e v e l for a g iven t h e r m a l power output . B u r n o u t of p r e p o i s o n i s t h e r e 

f o r e s l o w e r t han e x p e c t e d . 

9) R e a c t o r P o w e r - T e m p e r a t u r e R e l a t i o n s h i p . Dur ing s t a t i c c o n t r o l r e a c 

t o r t e m p e r a t u r e and p o w e r a r e r e l a t e d by the e q u a t i o n . 

P o -%J 
w h e r e P and T a r e the i n i t i a l t h e r m a l power and c o r e a v e r a g e a b s o l u t e 

o o 

t e m p e r a t u r e . F r o m a s tudy of t h e r m o e l e c t r i c c o n v e r t e r s y s t e m s i t h a s 

b e e n d e t e r m i n e d t h a t n i s a p p r o x i m a t e l y equa l to 2 . 3 . F o r M e r c u r y - R a n k i n e 

s y s t e m s n i s about 0 .2 . Should the r e a c t i v i t y change d u r i n g s t a t i c c o n t r o l , 

t he p o w e r and t e m p e r a t u r e s i m u l t a n e o u s l y m o v e to new e q u i l i b r i u m v a l u e s . 

The p o w e r c h a n g e , t h r o u g h t h e power r e a c t i v i t y coe f f i c i en t , m a k e s a c o n 

t r i b u t i o n t o w a r d the ef fect ive t e m p e r a t u r e coe f f i c i en t . U n c e r t a i n t i e s in t h e 

exponen t t h e r e f o r e l e a d to u n c e r t a i n t i e s in the ef fec t ive t e m p e r a t u r e coef f i 

c i e n t and i n c r e a s e d 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 . 

10) T e m p e r a t u r e Coef f i c i en t . The ef fec ts of u n c e r t a i n t i e s in i s o t h e r m a l 

t e m p e r a t u r e coe f f i c i en t s have b e e n d e t e r n a i n e d . 

11) S a n a a r i u m C r o s s S e c t i o n . Ef fec t s of e r r o r s in the r a t i o of s a m a r i u m 

a b s o r p t i o n to u r a n i u m f i s s i o n c r o s s s e c t i o n have b e e n i n c l u d e d in t h i s s t udy . 
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This effect, caused by a change in the ra t io of c r o s s sections with t e m p e r a 

tu re is different from that of e r r o r s in the loading, which was previously 

considered. 

12) Hydrogen Concentrat ion. E r r o r s in predic t ions in hydrogen leakage 

due to e r r o r s in hydrogen concentration ra the r than b a r r i e r p roper t i es have 

been taken into account. 

The effects of these uncer ta in t ies have been investigated for SNAP r eac to r s and 

some resu l t s a re shown in F igu re s 7-9. The re su l t s a r e detailed in Table 5. 

Using a r o o t - m e a n - s q u a r e method for summing uncer ta in t i e s , these effects do 

not significantly i nc rease EOL t empera tu re uncer ta in ty . 

TABLE 5 
SECONDARY CONTRIBUTIONS TO EOL TEMPERATURE 

UNCERTAINTIES 

Effect 

Core AT (°F) 

Heat Transfe r Coefficients (%) 

Fuel Slug Diameter (mil) 

Fuel-Cladding Gap Size (%) 

Carbon Concentrat ion (wt %) 

Uranium Concentrat ion (wt %) 

Hydrogen Worth (%) 

Uranium-235 Loading (kg) 

Exponent on P o w e r -
Tempera tu re Relationship 
(%) 

I so thermal T e m p e r a t u r e 
Coefficient U/'F) 

Hydrogen Concentrat ion 
Nj^ Units 

Assumed 
Uncertainty 

20 

25 

10 

20 

0.05 
(absolute) 

0.5 
(absolute) 

10 

0.15 

20 

0.05 

0.03 

Resultant Cont r i 
bution to EOL 
Tempera tu re 
Uncertainty 

(°F) 

0.5 

9 

1.5 

3 

6 

7 

9 

1.5 

1 

2 

6 
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VI. SNAP STATIC CONTROL EXPERIMENTS 

Two SNAP lOA r e a c t o r s have b e e n o p e r a t e d u s ing the s t a t i c c o n t r o l m o d e . 

T h e i r p e r f o r m a n c e w i l l now be d i s c u s s e d in m o r e d e t a i l . In a r r i v i n g a t t he 

e v a l u a t i o n of t h e p e r f o r m a n c e of t h e s e two r e a c t o r s , t he p e r f o r m a n c e s of t h e 

p r e c e d i n g e x p e r i m e n t a l SNAP r e a c t o r s — SER, SDR, and S8E R—were c o n s i d e r e d . 

T h e SNAP lOA p e r f o r m a n c e p r e d i c t i o n s w^ere b a s e d on c a l c u l a t e d v a l u e s for 

e a c h of the r e a c t i v i t y e f f e c t s . It w a s c a l c u l a t e d t h a t x e n o n would be 95% s a t u 

r a t e d a f t e r 32 h r of full p o w e r o p e r a t i o n and would be c o m p e n s a t e d by c o n t r o l 

d r u m m o v e m e n t 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 . It w^as e s t i m a t e d t h a t h y d r o 

gen r e d i s t r i b u t i o n would be e s s e n t i a l l y c o m p l e t e wi th in 3 w e e k s wi th a p p r o x i 

m a t e l y 50% of the r e d i s t r i b u t i o n c o m p l e t e and c o m p e n s a t e d fo r by c o n t r o l d r u m 

m o v e m e n t d u r i n g the f i r s t 72 h r . It w a s c a l c u l a t e d t h a t , a f t e r t h e f i r s t 3 w e e k s , 

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 and fuel b u r n u p would be the m a j o r r e a c t i v i t y l o s s 

m e c h a n i s m s . B e c a u s e of the r e l a t i v e l y low o p e r a t i n g t e m p e r a t u r e , h y d r o g e n 

l e a k a g e w^as e x p e c t e d to c a u s e only about one- f i f th of the r e a c t i v i t y l o s s c a u s e d 

by 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 and b u r n u p . 

Af ter m a k i n g the above d e t e r m i n a t i o n s , the s a n a a r i u m r e q u i r e d in e x c e s s of 

e q u i l i b r i u m w a s d e t e r m i n e d so t h a t i t s b u r n o u t would c o m p l e t e l y c o m p e n s a t e 

for a l l r e a c t i v i t y l o s s e s a f t e r t he c o m p l e 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 . The 

r e a c t o r c o r e s w e r e f a b r i c a t e d wi th the a p p r o p r i a t e a m o u n t of s a m a r i u m o x i d e , 

and the p r e d i c t i o n s shown in F i g u r e 16 w e r e m a d e . The m i n i m u m and m a x i m u m 

p r e d i c t e d l i n e s w e r e e s t a b l i s h e d a f t e r t he a s s i g n m e n t of u n c e r t a i n t y v a l u e s to 

e a c h of the r e a c t i v i t y l o s s m e c h a n i s m s . As F i g u r e 16 s h o w s , i t w a s e x p e c t e d 

tha t con t inu ing h y d r o g e n r e d i s t r i b u t i o n would c a u s e the a v e r a g e t e m p e r a t u r e to 

fa l l for a p p r o x i m a t e l y the f i r s t 3 w e e k s and t hen , a s 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 , t he a v e r a g e t e m p e r a t u r e would s lowly i n c r e a s e for the r e m a i n d e r of t h e 

1-yr d e s i g n l i f e . 

After r e c e i p t of the s ing le s t a r t u p c o m m a n d , the r e a c t o r w a s b r o u g h t to 

o p e r a t i n g cond i t i ons and s t a b i l i z e d by the a u t o m a t i c c o n t r o l s y s t e m . The c o n 

t r o l s y s t e m w a s d e a c t i v a t e d a f t e r 72 h r . T h i s m a r k e d the s t a r t of the s t a t i c 

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

t e m p e r a t u r e w a s 944 - Q ° F . 
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Figure 16. SNAP lOA Pred ic ted and Observed 
Tempera tu re Drift 

On March 15, 1966, lOFS-3 was shut down after operating without i n t e r r u p 

tion for 10,000 h r . This is the longest continuous run at design power for any 

known r eac to r . The average t empera tu re in the r eac to r has continued to de 

c r e a s e slowly as shown in F igure 16. The average t empera tu re was approxi 

mately 906 °F at the end of 1 y r , slightly above the minimum predicted y e a r -

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

On April 3, 1965 the SNAP lOA flight t es t r eac to r (FS-4) was launched into 

polar orbit f rom Vandenberg Air F o r c e Base . It, too, was s ta r ted by a single 

s tar tup command. The reac tor was brought to power normal ly by the automatic 

control sys tem and was automatically stabil ized during the period of init ial r e 

activity t r a n s i e n t s . Because of the t empera tu re drift experienced on F S - 3 , the 

control sys tem was allowed to operate for 6 days . At the end of this t ime , a 

ground command was given to r a i se the t empe ra tu r e slightly and then the con

t ro l sys tem was deact ivated. The t empera tu re is shown as a function of t ime 

following this in F igure 17. The FS-3 t empe ra tu r e behavior is also shown for 

compar i son . The higher operating t empera tu re of FS-4 was establ ished to 

allow for the expected t empera tu re drift based on FS-3 exper ience . Of p a r t i c 

u la r significance is the s imi lar i ty in drift r a te between the two r e a c t o r s . This 
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indicates that no observable random react ivi ty effects were p resen t and that 

flight t es t performance can be accura te ly de te rmined by ground-test . After 

43 days in orbi t , a fai lure in the satel l i te e lec t r i ca l sys tem, not re la ted to the 

reac to r operat ion, occur red causing terminat ion of the FS-4 tes t . 

With the added experience obtained from S8ER, F S - 3 , and FS-4 reac to r 

operat ion, the analytical model for the SNAP r e a c t o r s has been reexamined. 

There appear to be two p r i m a r y reasons for the difference in cha rac te r i s t i c 

shapes of the predicted and observed t empera tu re drift curves for the SNAP lOA 

r e a c t o r s . In addition, a smal l difference on FS-3 can possibly be at t r ibuted to 

modifications made in the ref lector mounting to allow remote d i sassembly . 

These modifications may have allowed slight movement of the ref lector during 

the heating per iod. 

The f i r s t p r i m a r y reason for the perfornaance difference is the l a r g e r - t h a n -

expected t ime constant for hydrogen redis t r ibut ion . The only operating expe r i 

ence on hydrogen redis t r ibut ion pr ior to FS-3 was with the SDR. There was 

considerable uncer ta inty in the in terpre ta t ion of this data, so a computed t ime 
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constant was used in the p red ic t ions . This value, 90 h r , was determined using 

hydrogen diffusion coefficients available in the l i t e r a tu re and a hydrogen r e 

distr ibution analytical model . With the added data f rom S8ER, F S - 3 , and F S - 4 , 

the re la t ionship between hydrogen redis t r ibut ion t ime constant and t e m p e r a t u r e 

has been fair ly well es tabl ished. At an average coolant t empera tu re of 950°F, 

corresponding to the ear ly pa r t of the static control period on F S - 3 , the t ime 

constant is about 1500 h r . As the t empera tu re d rops , the t ime constant in 

c r e a s e s to a value of 3000 hr at 9 0 0 ^ . The effect of the longer t ime constant 

is that more hydrogen redis t r ibut ion takes place during the static control per iod 

and the redis t r ibut ion is much more gradual , not being completed within the 

f i r s t month as originally predic ted . The la rge difference between the expe r i 

mental ly de te rmined tinrie constant and the computed value resu l ted f rom an 

e r r o r in the analytical model used . 

The other p r i m a r y reason for a difference in t empe ra tu r e per formance was 

the g rea te r - than-expec ted reduction in s a m a r i u m worth with increas ing t e m p e r 

a tu re . Ear ly data showed approximately a 3% reduction in s a m a r i u m worth in 

the z i rconium hydride neutron spec t rum when ra is ing the t empera tu re f rom 

ambient to 900°F . More recent data show this reduction is about 10%. Since 

SNAP lOA had to be prepoisoned to only about 40% above equil ibrium samariuna 

concentrat ion, the 10% shift in the total s amar ium had a fair ly significant effect 

on the differential worth above equi l ibr ium. With this reduction the burnout of 

s a m a r i u m was not sufficient to compensate for react ivi ty losses other than hy

drogen redis t r ibut ion , so that the t empera tu re drift curve asymptote , which is 

approached as redis t r ibut ion is completed, has a slight negative slope. 

F igure 18 shows the effect on average reac tor t empera tu re of each of the 

react ivi ty loss mechan i sms as they a r e now es t imated . The total curve is an 

addition of all of the individual curves and is very close to the observed FS-3 

t empera tu re cu rve . Of significance is the fact that the FS-3 drift can be matched 

with near nominal values for all of the individual loss m e c h a n i s m s . 

The FS-3 and F S - 4 exper ience has shown that static control i s definitely 

feasible for r e a c t o r s operating in the t empera tu re and power range of SNAP lOA. 

Valuable information was obtained from this operat ion for use in analysis of 

m o r e advanced static control r e a c t o r s . 
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VII. ADVANCED UTILIZATION OF STATIC CONTROL 

It is possible to design SNAP r eac to r s to operate on a nominal bas i s under 

stat ic control for any design conditions for which active control operat ion is 

poss ib le . Operation is l imited, however, to the t empera tu re range below 

1300°F core outlet by the uncer ta in t ies in hydrogen leakage. If improved b a r 

r i e r m a t e r i a l s a r e developed (i. e. , b a r r i e r s capable of retaining hydrogen at 

higher t empera tu re s ) the use of static control will become prac t ica l at higher 

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

The use of static control l imi ts the r eac to r application since rapid changes 

in power r equ i rement s cannot be to le ra ted unless the unnecessa ry power can 

be dumped. That i s , a s ta t ica l ly-control led reac to r naust operate at near ly 

constant power and cannot conapensate for changes in load r equ i r emen t s . 

A. NOMINAL OPERATION 

A poison or combination of poisons can usually be found to a s s u r e that r e a c 

tivity inser t ion due to prepoison burnout will approximate the operat ional r e 

activity loss profi le . F o r long-l ived, high t empera tu re applicat ions, this s e l e c 

tion will be expensive, since a l a rge amount of a low c r o s s section m a t e r i a l will 

have to be employed to avoid p r ema tu re poison burnout . The size of a stat ical ly 

controlled reac to r will therefore tend to be l a rge r than that of an act ively-

controlled r e a c t o r . The ref lector on a SNAP 8 r eac to r designed for 1 Mwt 

operat ion for 1 yr at 1300"F will be approximately 2 in. th icker due to the n e 

cess i ty to compensate for the high prepoison loading. The weight penalty will 

i nc rease as the l ifetime is i nc reased . It has been de termined, however, that 

weight penalt ies do not seem to become excess ive before some other operat ional 

l imit ( e .g . , t he rma l or m a t e r i a l l imits) i s reached . 

B. UNCERTAINTIES IN OPERATION 

Studies of EOL t empe ra tu r e uncer ta in t ies for r e a c t o r s such as SNAP 8 indi 

cate that these uncer ta in t ies a r e s imi la r to those calculated for the SNAP lOB 

r e a c t o r . Since mos t power conversion sys tems requ i re a t e m p e r a t u r e u n c e r 

tainty l imit in the vicinity of ±50 °F for sa t is factory operat ion, hydrogen leakage 

r a t e s must be predictable to within about 100%. It should be reemphas ized that 
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this figure r e p r e s e n t s uncer ta in t ies in leakage r a t e , not in in tegrated leakage. 

If t e m p e r a t u r e s or l i fe t imes a r e inc reased to a point where hydrogen leakage 

ra te cannot be predicted within this band, static control will not be feas ib le . 

C. STATIC CONTROL VERSUS ACTIVE CONTROL 

The use of static control provides opportunit ies for generat ion of e lec t r ic 

power with no moving p a r t s . No dependence is placed on automatic control 

equipment for extended per iods of t ime . P rob l ems introduced by the r e q u i r e 

ment for motion, such as self-welding in the vacuum of space, a r e e l iminated. 

These considera t ions tend to enhance the re l iabi l i ty of the power generat ion 

unit . 

F o r high power, high t e m p e r a t u r e applicat ions, however, the use of static 

control in t roduces severa l d isadvantages . The r eac to r is heavier because of 

the need to connpensate for the prepoison loading which will not completely burn 

out during life. Reasonably-accura te (within 100%) predic t ions of hydrogen 

leakage r a t e s must be made to avoid excessive t e m p e r a t u r e uncer t a in t i e s . 

It appea r s , under the p resen t s t a t e -o f - the -a r t , that static control is mos t 

a t t rac t ive for low t empe ra tu r e (^1200°F core outlet) r emote appl icat ions. The 

ability of these r e a c t o r s to opera te with no moving p a r t s for per iods of seve ra l 

y e a r s should prove a t t rac t ive for both space and under sea applicat ions. At 

higher t e m p e r a t u r e s (>1300°F core outlet), however, hydrogen leakage cannot 

be predic ted within the n e c e s s a r y band. F u r t h e r improvements in this p r e d i c 

tion are n e c e s s a r y before stat ic control can be applied to higher t empe ra tu r e 

appl icat ions. F o r manned applicat ions, where it will probably be des i rab le to 

shut down and r e s t a r t the r eac to r , static control loses some of i ts a t t rac t iveness , 

A potentially a t t rac t ive design approach would be to design and prepoison the 

reac to r for stat ic control but to employ an active control sys tem. This mode of 

operat ion could minimize the consequences of fai lure of the control sys tem. 

The use of an active control systenn in conjunction with the static control design 

allows the sys tem to be used for many more appl icat ions . Such a power source 

has the capability to follow the load requ i rements and is not l imited to near ly 

constant power operat ion. 
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APPENDIX 

A. REACTIVITY CALCULATIONS 

Tempera tu re / t ime profi les were de termined using the LOAFER digital com

puter code. This p r o g r a m per fo rms a stepwise calculation of react ivi ty , t e m 

p e r a t u r e , and power. All modes of react iv i ty loss (hydrogen leakage, fission 

product accumulat ion, fuel depletion, xenon buildup, hydrogen redis t r ibut ion, 

t empera tu re and power defect, and prepoison burnout) a r e considered. F e e d 

back from the systenn is s imulated by a relat ionship between t empera tu re and 

power degradation in the r eac to r . Hydrogen leakage ra t e s a r e calculated at 

each t ime step and a r e therefore appropr ia te to the cu r r en t reac to r power, 

t e m p e r a t u r e s , and cu r ren t depleted hydrogen level . Spatial t empera tu re p r o 

files a c r o s s the reac tor a r e genera ted so that spatial hydrogen leakage can be 

calculated. 

In a simplified form, the code solves the following equations: 

Ap. 
T. , , = T. + i-j-l i a , , . eff ,1 

where . 
T. = reac to r mean t empera tu re at t ime step i + 1, and 

T. = r eac to r mean t empera tu re at t ime step 1. 

a ., . = a. . -I- i-p^)a eff,i i so , i \dT/ . p 

where , 

0̂ . . = i so the rma l t empera tu re coefficient at t ime step i (^ / °F) , and 

(-TTp) = ra te of change of r eac to r power with reac tor t empera tu re at t ime 

step i (determined from sys tem feedback) (kw/°F) . 

F o r this study a re la t ion of the form 

o \ o/ 

was as sumed . 
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If the radia tor t e m p e r a t u r e were the sam^ .= i-u 
exponent „ would be v e , y cloae to 4 0 Z " " ' - P - a t . , e , the 

follows the T* radiat ion law 7 H . " ' " ' ' ° ' " " ^ ' * ^ " " ^ " J - « ° " 

^eaoto,. ..ectedr;!:: r ™ r : ' : ! : : : r : : : r " ^ r '̂ ^ 

..e^electae ele Jn.3.It 'haT n hT:: Z i r a " "̂̂  ^ '̂̂  ^""^ "̂^ 
- fo, temperatures in the ran.e ol i n t e r e r L S . L Z Z Z : : ' ' ^ T 
has been used in this study. In this c a s e , ' " c t o r s . This value 

/ d P \ Po^i ' '^ P-
( d r ) . = 2 - 3 ^ ^ ^ ^ = 2 .3- ! -2.3 - - .^^jT 

F o r Mercury-Rankine s y s t e m s , on the other hi,„H ,., 

3̂ relatively constant over reasonlble chaj ! o "o'e t e r p t t r r T h " ^ " " 

:::::" T'r "°̂ °" -- ^'^ ~ p-sentedTntr st:dy L̂ ""-
t h e r e ore s t r .c t ly applicable only to t he rmoe lec t r i c s y s t e m s . P r e l i m i n a r y 
invest igations show the conclusions to hold with • *''=l>™lnary 
powered « 2 0 0 kwtl . " " ^ ' " " ' ° ' ' ' ^ '^^gss f ° r low-
powereo ^<iuu kwt) r e a c t o r s in Mercu rv R = «T.;„ 

Mgher-powered Mercury-Rankine s ^ t T m r r o l t r i r ' ^ ^ ^ ^ ^ ^̂  

' ' ^ fTc'th:::: " " ' " ' ^ " ^ ' ' " ^ "^^ ^°^^^ -^^^^^-^ - ^ ° - ^ - - e 
act that the r eac to r is not i so the rma l and for the i nc rease in equi

l ibr ium xenon concentrat ion with power. 

Ap = AHR - HL - FD. - F R - A p p 

where , 

AHR, = reactivity loss over this t ime in te rva l due to hydrogen redis t r ibut ion 

HL. = hydrogen leakage react ivi ty loss over in terva l i, 

FD. = iuel depletion react ivi ty loss over in terva l i , 

AFP. = Change in f ission product react ivi ty inventory over this in terva l , and 

APP. _ change in prepoison worth («f) = P P _ p p 
i-t-l ^ i " 
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T h i s p r e p o i s o n b u r n o u t t e r m i s the only n e g a t i v e term,- t h e r e f o r e , i t c o n t r i b u t e s 

the only p o s i t i v e c o n t r i b u t i o n to A p . . 

The u n i t s of a l l t he r e a c t i v i t y t e rnns above a r e c e n t s . 

A s t e p w i s e so lu t ion of the above equa t ion i s c a r r i e d out by the p r o g r a m . In 

t h i s m a n n e r t h e n e c e s s a r y p r e p o i s o n load ing for a d e s i r e d t e m p e r a t u r e p ro f i l e 

i s o b t a i n e d . 

B . R E A C T I V I T Y P E N A L T I E S ASSOCIATED WITH T H E USE OF P R E P O I S O N S 

The cho ice of p r e p o i s o n i s dependen t on the a p p l i c a t i o n . R e a c t i v i t y l o s s r a t e 

and p o w e r r e g i m e a r e m o s t i m p o r t a n t . The po i son nnust b u r n out f a s t enough to 

m a t c h the l o s s r a t e , but the r a t e s m u s t not s ign i f i can t ly dev i a t e s i nce the r e s u l t 

of such dev i a t i on i s t e m p e r a t u r e v a r i a t i o n . Al l r e a c t i v i t y l o s s m e c h a n i s m s a r e 

n e a r l y l i n e a r in t i m e e x c e p t for h y d r o g e n l e a k a g e , wh ich t e n d s to d e c r e a s e 

( a s s u m i n g no b a r r i e r d e g r a d a t i o n ) . Since the b u r n o u t r a t e of a p r e p o i s o n d e 

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

ga in d e c r e a s e s m o r e r a p i d l y than the r a t e of r e a c t i v i t y l o s s when the po i son 

supply h a s b e e n n e a r l y d e p l e t e d . S tud ie s to d e t e r m i n e the a m o u n t of p r e p o i s o n 

to give the b e s t nnatch b e t w e e n l o s s r a t e s and gain r a t e s have shown tha t a r e 

a c t i v i t y p e n a l t y of 30 to 40% of t h e w o r t h of t h e i n i t i a l p r e p o i s o n load ing i s t h e 

g e n e r a l r u l e . Be low t h a t a m o u n t the r e a c t i v i t y ga in r a t e d e c r e a s e s m u c h m o r e 

r a p i d l y than the r e a c t i v i t y l o s s r a t e . T h i s effect i s shown by the r e s u l t s p r e 

s e n t e d in T a b l e 6. 

T A B L E 6 

TIME D E P E N D E N C E OF 
P R E P O I S O N BURNOUT 

(C = Co e-^''^) 

P r e p o i s o n 
C o n c e n t r a t i o n 

1.000 

0.368 

0.135 

T i m e 

0 

T 

2T 
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Since the burnout ra te must match a near ly l inear loss r a t e , and a single 

exponential function is near ly l inear during the f i r s t t ime constant, the r e a c 

tivity penalty of 30 to 40% of the init ial loading follows di rec t ly . 

C. SNAP NEUTRON SPECTRUM 

The neutron spec t rum in a SNAP reac to r exhibits a peak near 0.1 ev. This 

is a resu l t of the moderat ing p roper t i e s of z i rconium hydride. As shown in 

F igure 19, for SNAP lOA, the s a m a r i u m c r o s s section exhibits a peak at very 

near ly the same energy. Thus a smal l shift (hardening) of the neutron spec t rum 

resu l t s in a considerable dec rease in the effective samar ium-149 c r o s s sect ion. 

Even when the spec t rum hardens , the peak rennains near 0.1 ev because of the 

hydrogen mode ra to r . The hardening of the neutron spec t rum resu l t s in a f lat

tening of the peak, effectively reducing the absorpt ion ra te for the poisons. 
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