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ABSTRACT 

A physical descr ip t ion of the SNAP lOA reac to r and a d e s ­

cript ion of the calculat ional models employed for nuclear analysis 

a r e p resen ted . Analytical methods and sources of nuclear con­

stants a r e d i scussed . Where avai lable , exper imenta l r e su l t s a r e 

compared to analyt ical r e s u l t s . 

The nuclear c h a r a c t e r i s t i c s of the r eac to r a r e tabulated and 

d i scussed . Reactor safety devices a r e descr ibed and their analy­

sis is p resen ted . Analysis of the f i rs t ground tes t r eac to r , 

S lOFS-1, is also included. 
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I. INTRODUCTION 

The SNAP lOA reac tor (System for Nuclear Auxil iary Power) is to be the 

heat source for a t he rmoe lec t r i c power conversion sys tem. This sys tem will 

supply power for ear th sa te l l i tes and other space vehic les . The operat ion of a 

r eac to r in a space environment imposes the r equ i rement s of r emote control , 

high re l iabi l i ty , compactness , and long operating life. 

High re l iabi l i ty for stat ic r eac to r control for an extended period of t ime 

demands a detai led knowledge of the physics of the r e a c t o r . To de termine the 

inherent qual i t ies of the SNAP lOA design, an extensive p rog ram of computation 

and exper imentat ion has been per formed. This r epo r t is a compendium of the 

r e s u l t s and conclusions of this p r o g r a m . Information that has been gathered 

and deemed n e c e s s a r y for the successful operat ion of the r eac to r in space is 

included. 

The calculat ions desc r ibed here in w^ere genera l ly per formed using the 

IBM 709, 7090, and 7094 digital compute r s . Exper imenta l data was gathered 

from the SNAP Exper imenta l Reactor (SER), the SNAP 2 Development 

Reactor (S2DR), the f i rs t Ground Test Reactor (SlOFS-1), and the SNAP Cri t ica l 

Assembl ies SCA-4A, -4B, and -4C. 
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II. DESCRIPTION OF SNAP 10 A SYSTEM 

A. PHYSICAL DESCRIPTION OF SNAP lOA SYSTEM 

1. General Descr ipt ion 

The SNAP lOA reac to r was designed to be employed as a heat source 

for a t he rmoe lec t r i c power convers ion sys t em. The assembled SNAP lOA s y s ­

tem is shown in F igure 1, The the rmoe lec t r i c power conversion sys tem is 

designed to supply a min imum of 500 watts of e lec t r ica l pow^er for 1 year of 

continuous unattended operat ion. 

After successful a t ta inment of orbi t has been verified, the reac to r w^ill 

be brought to its s t eady-s ta te operating conditions by inser t ion of the beryl l ium 

control d rums which make up pa r t of the r e a c t o r - r e f l e c t o r . Following ini t ia­

tion of r eac to r s tar tup the re will be 72 hours of active control during which 

t ime the beryll i t im control d rums \vill be inse r ted whenever the reac to r coolant 

outlet t empe ra tu r e drops below^ a set point. Active control is then te rmina ted 

and the r eac to r outlet t empe ra tu r e is maintained approximately constant over 

the r ema inde r of the 1-year operating per iod through nuclear mechan i sms v/hich 

a r e inherent in the r e a c t o r . 

The conversion of t he rma l to e lec t r ic energy is accomplished by the 

maintenance of a t empe ra tu r e difference a c r o s s ge rmanium-s i l i con alloy t he r ­

moe lec t r i c conve r t e r s . These conver te r s a r e located between the NaK coolant 

pipes and the t runcated conical rad ia tor surface . Eutectic sodium-potass ium 

alloy (NaK-78) is employed as the r eac to r coolant. The coolant is pumped 

through the sys tem by a the rmoe lec t r i c pump which is located in the coolant 

outlet line d i rec t ly above the r e a c t o r . The pump ut i l izes i ts ow n̂ the rmoe lec t r i c 

conver te r to genera te sufficient e lec t r ica l energy to pump the coolant through the 

closed loop sys tem. 

2. Reactor Descr ipt ion 

A cutaway view of the SNAP lOA reac to r is shown in F igure 2, and p e r ­

t inent design and nuclear cha r a c t e r i s t i c s a r e summar ized in Table 1. As indi­

cated in the tabulation, the SNAP lOA reac to r is fueled with 93% enriched u r a ­

nium. The uran ium is d i spe r sed in a z i rconium-hydr ide modera to r which 

contains 10 wt % U. The 37 fuel -modera tor r o d s , each 12-1 /4 in. long, a r e 
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T A B L E 1 

SNAP lOA R E A C T O R CHARACTERISTICS 

> 
> 
I 
en 

~ j 
Ui 

COMPONENTS 

Radia l 

C o r e {hexagonal fuel rod a r r a y ) 

F u e l e l e m e n t s 

F u e l a l loy 

I n t e r n a l r e f l e c t o r s 

V e s s e l 

Gap be tween r e f l e c t o r and v e s s e l 

M a m Be r e f l e c t o r 

Axial 

Tophead 

P l e n u m - u p p e r 

G r i d p l a t e - u p p e r 

Component D i m e n s i o n s and M a t e r i a l s 

D i a m e t e r ( in. ) a c r o s s c o r n e r s 
D i a m e t e r ( in. ) a c r o s s f la t s 

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

P i t c h of e l e m e n t s (m . ) 

D i a m e t e r of U - Z r H F u e l ( in. ) 

Outs ide d i a m e t e r of e l e m e n t ( in. ] 

Cladding t h i c k n e s s (m . ) 
(Has t e l l oy -N) 

C e r a m i c t h i c k n e s s (m ) 

U r a n i u m e n r i c h m e n t (% U ) 

U p e r e l e m e n t (gm) 

H^ concen t r a t i on m fuel ( a t o m s 
H ^ / c c fuel m o d e r a t o r ) 

U wt % before hydr id ing 

U wt % af ter h y d r i d m g 

Zr wt % af ter hydr id ing 

H wt % af ter hydr id ing 

6 p i e c e s m e t a l l i c Be fit ted 
be tween fuel a r r a y 
and v e s s e l 

S t a in l e s s s t e e l 316 

Ins ide d i a m e t e r (m . ) 

Outs ide d i a m e t e r (in, ) 

F S - 1 ( in . ) 

F S - 3 , 4, and 5 (in. ) 

A v e r a g e t h i c k n e s s ( in . ) 
F S - 1 
F S - 3 , 4, and 5 

Height ( in. ) 

S t a i n l e s s s t e e l 316 

NaK (in.3) 

S t a in l e s s s t e e l 316 
t h i c k n e s s (m . ) 
d i a m e t e r ( m . ) 

8.81 
7.80 

37 

1.26 

1.21 

1.25 

0.015 

0 003 

93 

128.4 

6.35 ± 0.03 

10.15 

9.97 

88.23 

1.8 

8.875 

8.939 

0.045 

0.055 

1.991 
1.981 

12.25 

50.8 

0.125 
8.830 

COMPONENTS 

Core 

Gr idp l a t e - lower 

P l e n u m - l o w e r 

V e s s e l bo t tom 

P a r a m e t e r s 

P r o m p t n e u t r o n l i fe t ime (/i sec) 

Median f i s s ion ene rgy (ev) 

Effective de layed neu t ron f rac t ion 

(^eff) 

A v e r a g e i s o t h e r m a l t e m p e r a t u r e 
coeff icient {l/°F) 

P o w e r coeff icient {«i/kw) 

P o w e r l eve l , a v e r a g e (kw) 

P o w e r D i s t r i b u t i o n and F l u x e s 

O v e r a l l p e a k - t o - a v e r a g e 
. p o w e r r a t i o 

Rad ia l p e a k - t o - a v e r a g e 
power r a t i o 

Axial p e a k - t o - a v e r a g e 
power r a t i o 

T h e r m a l flux ( n e u t r o n ene rgy 
l e s s than 0.4 ev) 

Core a v e r a g e 
( n e u t r o n s / c m ^ / s e c ) 

P e a k ( n e u t r o n s / c m ^ / s e c ) 

F a s t n e u t r o n l eakage (>0.1 Mev) 
( n e u t r o n s / s e c ) 

Component Dimens ions and Mate 

Act ive length of fuel rods 
( i n . ) 

Length of e l e m e n t s (in ) 

End plugs - Has te l loy -N 

S ta in l e s s s t ee l 316 
sandwich cons t ruc t ion 

t h i cknes s (m. ) 
d i a m e t e r (in. ) 

NaK in g r idp la te (m. ) 

NaK m p l enum (in. ) 

S t a in l e s s s t ee l 316 

P a r a m e t e r Values 

6 .5 

0.12 

0.008 

-0.245 

-0 .17 

39.5 

P o w e r Dis t r ibu t ion , F lux Values 

1.9 

1.3 

1.45 

2.5 x 10^^ 

4.7 X 10^^ 

1 x 1 0 ^ ^ 

r i a l s 

12.25 

12.45 

0.50 
8.75 

20.8 

74.2 



clad in 15-mil- thick Hastel loy-N. The inside wall of each cladding tube is 

coated with a c e r a m i c m a t e r i a l which impedes the loss of hydrogen from the 

element . 

To encapsulate fuel rods in the cladding tubes , plugs a r e welded in each 

end of the tubes . Each end plug contains an indexing pin approximately 1/4 in. 

in d i ame te r . The 37 fuel e lements a r e a r r anged in a hexagonal pa t te rn and the 

in t e r s t i ces between the fuel e lements form channels for coolant flow. 

The fuel e lements a r e held in place at top and bottom by s ta inless s teel 

g r idp la tes . These perfora ted pla tes support and stabil ize the fuel elements 

w^hile permi t t ing coolant flow. The lower gridplate is orificed to control the 

rad ia l dis tr ibut ion of flow through the core . The top gridplate is 1/8 in. thick 

w^hile the bottom plate , which is of sandwich construct ion, has an overal l thick­

ness of 1/2 in. The top gridplate is r e s t r a i n e d from nnovement in the axial 

d i rec t ion by 12 spr ings w^hich a r e compressed against the top head of the r e a c ­

tor . The bottom gridplate is supported by a flange which is spotwelded to the 

inside surface of the ve s se l . 

Since the fuel e lement a r r a y is hexagonal and the r eac to r vesse l is c i r ­

cu lar , t he re a r e re la t ively l a rge open regions between the "flat" surfaces of 

the hexagon and the ve s se l . Six beryl l ium pieces a r e fitted into these regions , 

providing additional neutron reflect ion and preventing by -pass flow .̂ The b e r y l ­

l ium in ternal ref lector p ieces a r e curved to fit the r eac to r vesse l and mesh w^ith 

the surface of the fuel rod a r r a y . These in ternal beryl l ium ref lec tors a r e held 

in position by indexing pins inse r ted into the gr idpla tes . The coolant outlet and inlet 

plenums a r e located between the top gridplate and the top head and between the 

bottom gridplate and the bottom of the vesse l , respect ive ly . 

The rad ia l surface of the r eac to r vesse l is surrounded by the main be ry l ­

l ium ref lec tor , as shown in F igure 3. The ref lector is approximately octagonal 

in c r o s s sect ion when the control d rums a r e inse r ted and i ts length is the same 

as the length of the active fuel rod (i. e. , 12-1/4 in. ). Four control d r u m s , a p ­

proximate ly 10 in. long and semic i r cu la r in c r o s s sect ion, make up four sides 

of the re f lec tor . The drums can be rota ted into the ref lec tor , increas ing core 

react iv i ty through reduction of the neutron leakage. All four control d rums and 

two of the fixed ref lector surfaces (those located 90° from the ref lector s e p a r a ­

tion plane) can be shimmed using 1/8-in. -thick beryl l ium p la tes . A maiximum 
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Figure 3. SNAP lOA 
Reactor and Shield 

of 3 sh ims , or 3/8 in. of beryl l ium, can be added 

to the ref lector or d r u m s . Both control drum 

worth and ref lector worth can be inc reased by 

this method. 

B. NUCLEAR MODEL 

The computer codes and calculat ional methods 

employed in analyses of r e a c t o r s r equ i re r e p r e ­

sentation of the r eac to r by an idealized model . Two 

SNAP lOA models were formulated, one for ca lcu­

lation of radia l effects and the other for a^ial ca lcu­

la t ions . Each model consis ts of a number of homog­

enized regions . Since fuel and modera to r a r e 

int imately mixed in these c o r e s , the assumption of 

homogenization introduces very l i t t le e r r o r into 

analyses of u ran ium-z i rcon ium-hydr ide fueled 

r e a c t o r s . 

Compact r e a c t o r s a r e cha rac te r i zed by r e l a ­

tively high neutron leakage from the core and other 

r eg ions . Leakage in the t r a n s v e r s e direct ion is 

s imulated in the idealized one-dimensional models 

by employing an appropr ia te buckling t e r m or by 

adjusting the absorption in each region to account 

for the neutrons that a r e lost . 

1. Radial Model 

The radia l model is divided into three reg ions . Region 1 of Figure 4 for 

the radia l case desc r ibes the active core . The height of the region is taken as 

the active length of the fuel rods . The radius of the idealized core region was 

de termined by f i r s t calculating the a r e a of the hexagon formed by connecting the 

cen te r s of the six rods surrounding the center rod (Figure 5). This a r e a is 

equal to the c ro s s sectional a r e a of th ree rods plus the assoc ia ted coolant flow 

a r e a . Since there a r e 37 e lements in the co re , this a r e a r ep re sen t s 3/37 of the 

c ro s s sect ional a r e a of Region 1. Components homogenized in this region in­

clude the fuel rods , the cladding tubes , and the NaK coolant. 
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F i g u r e 4 . R a d i a l A n a l y t i c a l 
R e a c t o r M o d e l 

REGION I 
FUEL 
CLADDING 
NaK 

REGION 2 
VESSEL 
INTERNAL SIDE REFLECTORS 
NaK 

REGION 3 
MAIN Be REFLECTOR 

5-26-64 7623-0293 

-FUEL ELEMENTS 

^ ^ 9 oao 

F i g u r e 5. C r o s s Sec t ion of Unit Ce l l 
Used for C a l c u l a t i o n of Ac t ive 

C o r e R a d i u s 

5-26-64 7623-0294 

F i g u r e 6. Ax ia l A n a l y t i c a l 
R e a c t o r M o d e l 

NAA-SR-
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REGION I 
TOP HEAD 
SPRINGS 
PARTOFGUrOE PINS 

REGION 2 
NaK 

REGION 3 
GRID PLATE (UPPER) 
PART OF GUIDE PINS 
PART OF CLADDING 
END PLUGS 
NaK 

-REGION 4 
FUEL 
CLADDING 
NoK 

-REGION 5 
GRID PLATE (LOWER) 
PART OF GUIDE PINS 
PART OF CLADDING 
END PLUGS 
NaK 

-REGION 6 
NaK 

-REGION? 
VESSEL BOTTOM 
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The in ternal re f lec tors and the reac to r ve s se l were placed within Region 2 

of F igure 4. The outer radius of this region is identical to the inside radius of 

the main ref lector a s sembly . The gap between the vesse l and the external r e ­

flector w^as homogenized with the m a t e r i a l s in Region 2. As d iscussed in 

m . C . 1. c, this gap width differs for var ious specific SNAP lOA r e a c t o r s . 

The c ro s s sectional a r e a of the ref lector a s sembly w^ith all driims in­

se r t ed was used to calculate the outer radius of the idealized cyl indrical annu-

lus making up Region 3 of F igure 4. 

2. Axial Model 

The axial model has seven reg ions . The radius was taken to be equal to 

the radius of the core region (Region 1) of the radia l ca se . Region 1 of F igure 6 

is a cyl indrical slab of thickness sufficient to contain al l the m a t e r i a l of the top 

head, gridplate holddown spr ings , and that pa r t of the fuel e lement end pins 

which lie within the core radius and above the gr idp la tes . All the NaK above 

the gridplate was handled in the same way to form Region 2. Regions 6 and 7, 

which a r e the lower NaK plenums and the bottom of the r eac to r ves se l , r e s p e c -

ively, we re t r ea ted in the same manner . 

Regions 3 and 5 contain not only the gr idplates but a lso the fuel e lement 

end plugs and p a r t of the cladding tube. Region 3 a lso contains pa r t of the guides 

for the top gridplate holddown spr ings . Region 4 of the axial case is the core , 

and has the same composit ion as Region 1 of the radia l ca se . 

A STimmary by regions of the radia l and ajcial model atom densi t ies and 

volume fractions is p resen ted in Tables 2 and 3, respec t ive ly . ' 

C. REACTOR CONTROL 

Two separa te r eac to r control methods — active control and stat ic control — 

a r e employed in the SNAP lOA r eac to r . Active control is employed over the 

f i r s t 72 hours of life and is obtained by var ia t ion of the amount of neutron leakage 

from the r eac to r through control drum movements . Static control is uti l ized 

over the r emainder of r eac to r life. Static control impl ies maintenance of approx­

imately constant r eac to r t empera tu re using inherent nuclear react iv i ty effects; 

no moving control devices a r e requ i red . 
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TABLE 2 

SIMPLIFIED RADIAL ANALYTICAL MODEL 
(Volume F rac t ions and Atomic Densit ies SNAP lOA-FS-3, -4 , and -5 Model) 

> 
I 

en 

Component 

Fue l 

U235 

U238 

H* 

Z r 

Cladding 

N i 

C 

F e 

C r 

M n 

M o 

N a K 

N a 
K 

S m 2 0 3 

S m 

O 

Void + 
C e r a m i c 
Coating 

Region 

Volume 
F r a c t i o n 

0.830 

0.042 

0.107 

0.00005 

0.020 

1 

Atomic Dens i ty 
(1024 a t o m s / c c ) 

0.001192 

0.000090 

0.0526903'" 

0.0292434 

0.002649 

0.000011 

0.000201 

0.000302 

0.000034 

0.000384 

0.0005312 

0.0011078 

0.00000132 

0.00000198 

Region 2 

Component 

In te rna l 
Be Reflector 

B e 

O 

V e s s e l 

Ni 

C 

F e 

M o 

M n 

C r 

Si 

N a K 

N a 

K 

Void 

Volume 
F r a c t i o n 

0.756 

0.065 

0.041 

0.138 

Atomic Densi ty 
(1024 a t o m s / c c ) 

0.090792 

0.000663 

0.000673 

0.000026 

0.003654 

0.000082 

0.000114 

0.001024 

0.000084 

0.000204 

0.000418 

Component 

Main 
Ref lector 

B e 

O 

Region 

Volume 
F r a c t i o n 

1.0 

3 

Atomic Dens i ty 
(1024 a t o m s / c c ) 

0.120150 

0.000877 

*Based on 6.35 x 10^2 Atoms of Hydrogen 
CO of Fue l 



TABLE 3 
SIMPLIFIED AXIAL ANALYTICAL MODEL 

(Volume Frac t ions and Atomic Densit ies) 

Region 1 

Component 

Tophead 

Ni 

C 

F e 

Mo 

M n 

C r 

Si 

Guide Pins 

Ni 

C 

F e 

Mo 

Mn 

C r 

Si 

C o 

W 

Springs 

Ni 

C 

Al 

F e 

Mo 

M n 

C r 

Si 

B 

C o 

T i 

Volume 
Frac t ion 

0.882 

0.033 

0.085 

Atomic 
Density 

0.009101 

0.000353 

0.049383 

0.001104 

0.003086 

0.013857 

0.001132 

0.001625 

0.000012 

0.000174 

0.000294 

0.000032 

0.000526 

0.000063 

0.100075 

0.000038 

0.003569 

0.000031 

0.000233 

0.000376 

0.000427 

0.000038 

0.001534 

0.000097 

0.000003 

0.000784 

0.000276 

Region 2 

Component 

N a K 

Na 

K 

Volume 
Frac t ion 

1.0 

* 
Atomic 
Density 

0.00494 

0.01031 

Region 3 

Component 

Gr id­
plate 

Ni 

C 

F e 

Mo 

Mn 

Cr 

Si 

Guide Pins 

Ni 

C 

F e 

M o 

M n 

C r 

Si 

Co 

W 

Cladding 
Ni 

C 

F e 

Mo 

M n 

C r 

End Plugs 

Ni 

C 

Fe 

Mo 

Mn 

Cr 

NaK 

Na 

K 

1 1 |void 

Volume 
Frac t ion 

0.423 

0.001 

0.015 

0.349 

0.137 

0.075 

Atomic 
Density 

0.004380 

0.000169 

0.023779 

0.000534 

0.000742 

0.006664 

0.000547 

0.000026 

0.0000001 

0.000003 

0.000005 

0.0000005 

0.000008 

0.000001 

0.000001 

0.000001 

0.000942 

0.000004 

0.000071 

0.000137 

0.000012 

0.000107 

0.021673 

0.000091 

0.001638 

0.003147 

0.000266 

0.002463 

0.000664 

0.001385 

*1024 atoms/cc 
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TABLE 3 (Continued) 

SIMPLIFIED AXIAL ANALYTICAL MODEL 

Region 4 

i - t 

a> 
o 
2 

(2 
s 
0 

'oo 
(U 

s 
m 

Region 5 

Component 

Gridplate 

Ni 

C 

F e 

Mo 

Mn 

C r 

Si 

Cladding 

Ni 

C 

F e 

Mo 

Mn 

C r 

End Plugs 

Ni 

C 

Fe 

Mo 

Mn 

Cr 

NaK 

Na 

K 

Void 

Volume 
Fract ion 

0.224 

0.006 

0.134 

0.607 

0.029 

Atomic 
Density 

0.002319 
0.000090 

0.012592 
0.000283 

0.000393 

0.003529 
0.000289 

0.000368 

0.0000001 

0.000028 

0.000053 

0.000004 

0.000042 

0.008456 

0.000029 

0.000636 

0.001221 

0.000100 

0.000957 

0.003000 

0.006255 

Region 6 

Component 

NaK 

Na 

K 

Volume 
Fraction 

1.0 

* 
Atomic 
Density 

0.00494 

0.01031 

Region 7 

Component 

Vessel Btm 

Ni 

C 

F e 

Mo 

C r 

Mn 

Si 

Volume 
Fraction 

1.0 

Atomic 
Density 

0.01011 

0.000395 

0.05538 
0.00124 

0.0155 

0.00173 

0.001283 

= 10^4 a toms/cc 

Control action is init iated after a sa t is factory orbit has been achieved. The 

two coa r se control d rums a r e immediate ly snapped to their in posit ion. An elec 

t ronic con t ro l l e r -ac tua to r then s t a r t s to dr ive the two fine control d rums inward 

at a r a t e of 1/2° of d rum inser t ion every 150 sec . Drum inser t ion continues as 

the r eac to r achieves cr i t ica l i ty and goes through an initial power t rans ien t . In­

ser t ion finally ceases when the coolant outlet t empe ra tu r e r eaches i ts normal 

operating value of 1010 ± 10°F. It i s expected that this t empe ra tu r e will be 

reached approximately 9 hr after rece ip t of the s tar tup command. 
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Coolant outlet t empe ra tu r e is m e a s u r e d by r e s i s t ance t h e r m o m e t e r s and 

thermocouples located in the NaK outlet l ine . The sensor is connected to an 

e lec t r i ca l re lay located in the ins t rument compar tment . During the active con­

t ro l per iod, the r e l ay opens to activate the control ler when the outlet t e m p e r a ­

tu re falls below the specified level . The actuator motor then moves the fine 

control d rums inward until the des i red t empera tu re is again reached. The 

150-sec t ime delay between success ive 1/2° d rum inser t ion steps allows the 

r eac to r t e m p e r a t u r e to respond to the i nc rease in react iv i ty . During this 72-hr 

per iod, short t e r m react ivi ty changes resul t ing from t empera tu re and power 

defects , a t ta inment of xenon equi l ibr ium, and par t ia l hydrogen redis t r ibut ion 

take p lace . 

At the end of the active control per iod, control d rum inser t ion ceases and 

reac to r t empera tu re is maintained by means of inherent nuclear devices . Over 

the r emainder of the yea r , the dec rease in react ivi ty due to fuel depletion, 

f ission product accumulat ion, completion of hydrogen redis t r ibut ion and hydro­

gen loss from fuel e lements is compensated by the i nc rease in react iv i ty due to 

the burnup of s a m a r i u m oxide prepoison. Since react iv i ty r ema ins approxi­

mate ly constant, t empera tu re a lso remains essent ia l ly constant. The re la t ively 

l a rge negative t empe ra tu r e and power coefficients of the r eac to r a lso tend to 

s tabi l ize t empe ra tu r e during the static control per iod. 
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III. COMPARISON OF SNAP lOA NUCLEAR CALCULATIONS AND EXPERIMENTS 

A. CALCULATIONAL METHODS 

SNAP lOA reac to r calculat ions were usual ly c a r r i e d out using digital com­

puter codes . Codes based on mult igroup neutron diffusion theory have been 

found to provide react iv i ty data which is in good agreement with exper iments 

for nuclear effects occuring \vithin the r eac to r co re . Diffusion theory codes 

^vere therefore used extensively for examination of i n -co re nuclear c h a r a c t e r ­

i s t i c s . Computer codes based on t r anspor t theory w^ere often used for ca lcula­

tion of cr i t ica l i ty and for predic t ion of effects in smal l reg ions , near boundar ies , 

and outside the r eac to r co re . In these cases the g rea t e r accuracy of the t r a n s ­

por t theory calculat ions justified the expenditure of additional computer t ime . 

Hand-calculat ional techniques were a lso employed, especial ly during the ear ly 

phases of SNAP lOA ana lyses , for es t imat ion of cer ta in react iv i ty- l i fe t ime ef­

fects . The codes and methods used in nuclear analys is of SNAP lOA r e a c t o r s 

have been descr ibed in detail in other documents . A brief descr ip t ion of these 

codes is p resen ted below and m o r e details will be found in the referenced r e p o r t s . 

2 
AIM-6 — A neutron diffusion theory code with options for use of ei ther 16 

or 18 neutron energy groups and as many as 20 separa te reg ions . 

It is a one-dimensional code but an option is provided for i t e r a t ­

ing in two di rec t ions for the same problem. Slab, spher ica l , 

and cyl indrical geomet r i e s can be examined. AIM-6 is used 

mainly for flux and react ivi ty calculat ions . 
3 

FAIM — FAIM is s imi la r to AIM-6, but input information is entered dif­

ferent ly. Several additional options a r e a lso provided. 
4 

ULCER - ULCER is a lso s imi la r to AIM-6 except that upscat ter ing of neu­

t r o n s , i .e . , gain of neutron energy through coll ision, is con­

s idered . 
5 

SNG — SNG is an ear ly one-dimensional t r anspo r t theory code utilizing 

up to 20 energy groups and is used mainly for cr i t ica l i ty s tudies . 

This code has been superseded by DTK. 
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DTK — DTK is an updated one-dimensional t r anspo r t theory code which 

is faster than SNG. The code can uti l ize as many energy groups 

as machine capacity will allow. DTK is mainly used for c r i t i ca l i ­

ty calculat ions and for examination of effects outside the core , 

near boundar ies , e tc . 
7 

BAM — BAM computes the rmal group constants assuming abili ty to sepa­

ra te space and energy. The code i t e r a t e s between an S . spatial 

calculation and a spec t rum calculation. BAM is used p r i m a r i l y 

in c ros s section s tudies . 
g 

SIZZLE — A mult igroup, one-dimensional burnup code based on AIM-6 

which uses l6 -group flux calculation to weight c r o s s sect ions , 

then reduces to 1-6 groups for burnup calculation. 
9 

QUICKIE — QUICKIE is a one-region infinite medium, mult igroup code used 

for studying neutron slowing down and thermal iza t ion . 

HYTRAN — The HYTRAN code is used for the study of diffusion and r e d i s t r i ­

bution of hydrogen within z i rcon ium-uran ium hydride fuel e l e ­

m e n t s . The t ime-dependence of redis t r ibut ion, react iv i ty ef­

fects accompanying redis t r ibut ion, and hydrogen p r e s s u r e in the 

fuel e lement gas gap a r e computed by this code. 

HYLO — The HYLO code is employed to calculate hydrogen leakage from 

SNAP lOA fuel e lements . The axial and rad ia l power dis tr ibut ion 

in the r eac to r core is employed to de termine the power genera ­

tion in each fuel element . Using the power generat ion, the code 

calculates an average t empera tu re for each aixial segment (node) 

of each fuel element and sums the assoc ia ted hydrogen leakage 

from each node to obtain the total hydrogen l o s s . The hydrogen 

leakage r a t e s a r e based on 1200°F i so the rmal permeat ion r a t e 
^ * 12,13 data ' 

DDK — DDK is a two-dimensional t r an spo r t theory code used to calculate 

react ivi ty effects due to neutron s t reaming . 

B. REACTOR EXPERIMENTS 

The calculational methods used in nuclear analyses of the SNAP 10A reac tor 

have been updated and improved by the steady flow of exper imental information 
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from nuclear t es t s conducted under the SNAP p r o g r a m . The nuclear data has 

been developed in two genera l types of t e s t s : (1) t es t s conducted on r eac to r s 

operat ing at design t e m p e r a t u r e and power and (2) exper iments c a r r i e d out in 

c r i t i ca l a s sembl i e s operating at ambient t empera tu re and essent ia l ly zero 

pow^er. The data obtained from the r e a c t o r s operating at design conditions is 

obviously m o r e inclusive than that produced in the c r i t i ca l a s sembl ies since 

t e m p e r a t u r e and power-dependent nuclear effects cannot general ly be de termined 

in c r i t i ca l a s s e m b l i e s . However, the c r i t i ca l a s s e mb l i e s , which have cost, 

availabil i ty, and flexibility advantages over the operating reac to r sys t ems , have 

contributed significantly to kno^vledge of nuclear wor ths , cold clean excess r e a c ­

t iv i t ies , d rum and ref lector c h a r a c t e r i s t i c s , etc . 

Cha rac t e r i s t i c s of the two exper imental r e a c t o r s which have provided data 

of impor tance in SNAP lOA reac to r design a r e presen ted in Table 4. The table 

shows that these r e a c t o r s , SER and S2DR, w e r e s imi la r in many r e spec t s to 

the SNAP lOA r e a c t o r . The SER was built and operated before the S2DR. It 

provided the f i rs t exper imenta l information on t empera tu re coefficients, power 

defect and shor t - and long- t e rm react iv i ty effects in SNAP r e a c t o r s . However, 

the co re and fuel d imensions , fuel cladding m a t e r i a l , and ref lector dimensions 

specified for SER differed from those proposed la te r for the SNAP lOA r eac to r . 

The S2DR was s imi la r in design to the SNAP lOA reac to r ; the exper imenta l 

information developed during the S2DR p r o g r a m was therefore m o r e applicable 

to SNAP lOA design than was the ea r l i e r SER data. The S2DR was in operat ion 

between Apri l 1961 and December 1962. Details of SER and S2DR design, op­

era t ion, and exper imenta l r e su l t s a r e d i scussed in References 14 and 15. 

The SlOFS-1 ground t e s t r eac to r also operated for a short per iod of t ime 

at power levels in the vicinity of 0.1 watt . This r eac to r provided nuc lear data 

which was useful in establishing final fuel loadings for the demonst ra t ion and 

flight s y s t e m s . Information obtained from the SlOFS-1 t e s t s is summar ized in 

Section IV-A. 

Three c r i t i ca l a s sembl i e s have also contributed considerable information 

of value to the SNAP lOA p r o g r a m . These c r i t i ca l a s sembl i e s were all of the 

SCA-4 s e r i e s and include SCA-4C, SCA-4B, and SCA-4A (References 16 and 17). 

Each of the SCA-4 cr i t i ca l a s sembl i e s have employed the same 37 element fuel 
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TABLE 4 

COMPARISON OF EXPERIMENTAL REACTORS WITH SNAP lOA 

Fuel 

Diameter 

Cladding Mater ia l 

% 

SmoOo P r e p o i s o n 

Carbon Additive 

Fuel Mater ia l 

End Reflector 
Active Fuel Length 

Reactor 

Operating Power 

No. of Fuel Elements 

Coolant 

Mass of U 

Grid P la te Mater ia l 

Reflector 

Mater ia l 

Normal Thickness 

No. of Active Drums 

Total Power Generated 

SER 

1.00 in. 

347 SS 

6.0 

None 

None 

93% Z r H - 7 % U 

1-1/2 in. Be 

10 in. 

30 to 50 kw 

61 

NaK 

3.0 kg 

316 SS 

Beryl l ium 

3.5 in. 

3 

225,000 kwh 

S2DR 

1.25 in. 

Hastel loy-N 

6.5 

^^5 mg / in . 

None 

90% Z r H - 10% U 

1-1/2 in. BeO 

10 in. 

30 to 50 kw 

37 

NaK 

3.78 kg 

Haste l loy-C 

Beryl l ium 

2.8 in. 

2 

272,000 kwh 

SNAP lOA 

1.25 in. 

Hastel loy-N 

6.35 

8.8 m g / i n . 

0.15% C 

90% Z r H - 10%U 

None 

12.25 in. 

39.5 kw 

37 

NaK 

4.75 kg 

316 SS 

Beryl l ium 

2.0 in. 

2 

loading. Active fuel length is 12.25 in. and fuel e lement hydrogen content is 
22 3 

'~6.4x 10 hydrogen a t o m s / c m fuel. Fuel element end re f lec tors a r e not 
employed. 

The SCA-4C cr i t i ca l assembly , which has now been deactivated, provided 

mos t of the exper imenta l data util ized in SNAP lOA reac to r design. In -core 

m a t e r i a l wor ths , react iv i ty effects of fuel and hydrogen, ref lector and shim 

wor ths , control d rum wor ths , wor ths of m a t e r i a l s and human mockups outside 

the co re , and safety cha rac t e r i s t i c s were exper imental ly de te rmined in this 

a s sembly . 
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The SCA-4B assembly was used p r i m a r i l y to examine the safety problems 

assoc ia ted with water i m m e r s i o n of the SNAP lOA core . The SCA-4B assembly 

was located within a l a rge water tank, the liquid level of which was var ied to 

s imulate complete or pa r t i a l flooding and /o r i m m e r s i o n of the r eac to r . The 

reac t iv i ty wor ths of the SNAP 10A shipping sleeve and void filler blocks were 

m e a s u r e d in SCA-4B. These devices were designed to prevent at tainment of 

c r i t i ca l i ty during w^ater i m m e r s i o n of the SNAP lOA reac to r during a credible 

accident . Reactivity as a function of in ternal and external water height, number 

of e lements in the co re , and thickness and composit ion of s leeve and void r e ­

gions was de termined in the SCA-4B assembly . 

The SCA-4A cr i t i ca l a s sembly was designed to be used in connection with 

the SNAP 2 p r o g r a m . The beryl l ium ref lec tor for this a s sembly is of mu l t i -

piece construct ion. Mockups of var ious ref lector configurations a r e therefore 

poss ib le . The as sembly has been employed to de termine radia l and axial in­

c r emen ta l ref lector wor ths , control drum wor ths , effect of shaping or shaving 

ref lector sur faces , nonstandard geometr ica l a r r a n g e m e n t s , e tc . Since it was 

the only c r i t i ca l assembly available during calendar year 1964, it was also 

ut i l ized for special nuclear studies c a r r i e d out in connection with the SNAP lOA 

F S - 1 , F S - 3 , FS-4 , and FS-5 fuel loadings. The excess react ivi ty , worth of 

s a m a r i u m loading, and w^orth of hydrogen in each of these co res has been m e a s ­

ured in SCA-4A. 

C. REACTOR NUCLEAR CHARACTERISTICS 

SNAP 10A reac to r nuclear analyses can be divided into th ree general a r e a s : 

(1) analysis of the r eac to r p a r a m e t e r s , including calculat ions of cold clean ex­

cess reac t iv i ty and investigation of the nuclear effects accompanying initial r i s e 

to t empe ra tu r e and power; (2) analysis of nuclear effects which occur over r e a c ­

tor l i fet ime; and (3) analysis of the t rans ien t and safety aspects of the r eac to r , 

including studies of safety, s tar tup t r ans i en t s , and ul t imate shutdown mechan­

i s m s . The p resen t r epo r t is p r i m a r i l y a descr ipt ion and summary of studies 

conducted in the f i r s t two a r e a s . Details of SNAP lOA safety and t rans ien t 

s tudies a r e provided in References 18 and 19. However, nuclear information 

on which the safety studies a r e based is summar ized in the p resen t document. 
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The react iv i ty lifetime changes which occur w^hen the SNAP lOA reac tor 

is brought from the cold clean condition to power and t e m p e r a t u r e and then op­

era ted for 1 year a r e : 

1) S h o r t - T e r m Reactivity Defects 

a) Tempera tu re and Power Defects Associated With Bringing the 
Cold Reactor Up to Operating Tempera tu re and Power 

The r eac to r t empe ra tu r e defect is produced by a combination of ajcial 

fuel expansion, gridplate expansion, and spec t ra l effects. The t empera tu re de ­

fect i s re la t ive ly l a rge in the SNAP lOA reac to r . An appreciable fraction of the 

init ial core excess react iv i ty is requ i red to overcome this defect. The po>ver 

defect, which is due to depar tu re of the core from i so the rmal conditions as 

power is inc reased , i s much smal le r than the t empera tu re defect. Reflector 

t empera tu re changes and ref lector movement re la t ive to the core a r e predic ted 

to produce additional negative react iv i ty effects during s ta r tup . 

b) S h o r t - T e r m Nuclear Effects Which a r e Completed or Pa r t i a l ly Conn-
pleted Within the 72-hr Active Control Pe r iod 

These effects include the negative react iv i ty change accompanying 

xenon buildup to equil ibrium and the negative reac t iv i ty change assoc ia ted with 

pa r t i a l completion of hydrogen redis t r ibut ion within fuel e l ements . 

2) L o n g - T e r m Nuclear Changes Which Occur at an Approximately Constant 
Rate Over the 1-yr Reactor Operating Lifetime 

The negative react ivi ty changes result ing from hydrogen l o s s , fuel de 

pletion, and f i ss ionproduct accumulation and the posit ive react iv i ty contribution 

occurr ing as a resu l t of burnout of s amar ium prepoison a r e in this category. In ad­

dition, that fraction of hydrogen redis t r ibut ion which occurs after the comple­

tion of the 3-day act ive control per iod is classif ied as a l ong- t e rm effect even 

though the p roces s is nonlinear and essent ia l ly complete within 1-month after 

s ta r tup . 

The methods by which the nuclear effects d iscussed above have been com­

puted a r e d i scussed in detail in the following sec t ions . Compar isons with ex­

per imenta l data a r e provided. 
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1. Reactivity Coefficients 

a. Tempera tu re Coefficients 

The overal l t e m p e r a t u r e defect of the SNAP lOA reac tor can be com­

puted by multiplying the t e m p e r a t u r e coefficients assoc ia ted with the var ious 

components of the r eac to r by the t empe ra tu r e change to which these components 

a r e subjected. The overal l t empe ra tu r e coefficient r e p r e s e n t s the sum of sev­

e ra l t e m p e r a t u r e effects. The fuel effect is caused by axial fuel expansion and 

a l tera t ions to the neutron energy spec t rum. The upper and low^er gr idplates 

each provide separa te effects due to radia l expansion, and there is also a con­

tr ibution from the ref lec tor . Both fuel element expansion and NaK expansion 

cause a d e c r e a s e in the amount of NaK p resen t in the core , but i n -co re NaK 

worth is very low in SNAP lOA and these effects a r e not significant. The use 

of fully enr iched uranitim fuel r educes the Doppler broadening effect to a 

negligible value; in SNAP r e a c t o r s this effect may also be neglected. The fuel 

modera to r e lements a r e re la t ively l a rge and closely spaced so that the r eac to r 

core may be assumed to be homogeneous, i. e. , no cell effects need by considered. 

The t empe ra tu r e coefficients a r e re la ted by the equation 

iso f^ UGP LGP ^ R • • . ( ! ) 

where 

O'̂ gQ = total i so the rmal coefficient of react ivi ty 

Oî  = total fuel t empera tu re coefficient 

'^UGP " ^PP®^ gridplate t empe ra tu r e coefficient 

^l^Q-p - lower gridplate t empe ra tu r e coefficient 

^ j ^ = ref lector t empera tu re coefficient. 

In SNAP lOA nuclear s tudies , t empe ra tu r e coefficients a r e usually 

quoted in units of ^ / ° F . Since one dol lar of react ivi ty is equivalent to 0.008 in 

Ak, one cent of react iv i ty is equal to 8 x 10" in Ak 

1) Fuel Element 

The fuel t empera tu re coefficient may be divided into two p a r t s : 

(1) an effect due to the axial expansion of the fuel, and (2) effects due to changes 

of neutron energy spec t rum with t e m p e r a t u r e . The change in length of the fuel 
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Figure 7. Linear Expajision 
Coefficient for Uran ium-

Zirconium Hydride 

due to the rmal expansion, with the subsequent chcinge in fuel atom dens^ities, 

r e su l t s in a change in react iv i ty with t e m p e r a t u r e . Since the fuel alloy does 

not expand l inear ly with t empe ra tu r e (Figure 7) the expansion coefficient va r i e s 

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

Two analyses of react ivi ty coefficient due to fuel expansion have 

been completed. Both analyses employed the AIM-6 computer code to de t e r ­

mine the react iv i ty effects due to m a t e r i a l atomic density and neutron leakage 

changes with t e m p e r a t u r e . The p r i m a r y difference between the analyses was 
20 that Mi l le r , Brehm, and Roberts used group independent bucklings to account 

32 for neutron leakage, while Fael ten and Swenson employed group and region 

dependent bucklings in thei r ana lyses . The resu l t s of both studies a r e sum­

mar i zed in Table 5. 

As the r eac to r t empera tu re i n c r e a s e s , the energy spec t rum of the 

neutrons changes. Calculations of the react ivi ty effect due to this spec t r a l shift 

have also been performed by Mil le r , Brehm, and Rober ts and by Fael ten and 
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20 
Swenson. The Mil ler , Brehm, and Roberts fuel spec t ra l coefficient was ca l ­
culated by f i rs t obtaining t empera tu re -dependent c ro s s sect ions for the fuel 
alloy using the neutron thermal iza t ion code QUICKIE. The react ivi ty effect of 
these c ro s s sections changes w^as then calculated using the mult igroup diffusion 
theory code ULCER. The method used is descr ibed in detai l in Reference 20. 

The QUICKIE code employs an infinite medium model which may 

be modified by reading in buckling t e r m s to account for neutron leakage from a 

finite sys tem, and c r o s s sections weighted over an H - Z r spec t rum. The Faelten-
32 Swenson calculation of fuel spec t ra l coefficient w^as per formed using the 

QUICKIE code with group dependent bucklings. Other assumpt ions made in the 
20 analysis were essent ia l ly the same as those of Mi l le r , Brehm, and Rober t s . 

The re su l t s of the two analyses were in fair agreement ; however, the l a t t e r 

analysis indicates a slightly lower spec t ra l coefficient. The analytical and ex­

per imenta l fuel coefficients a r e compared in Table 5. Both calculations predic t 

significantly lower total fuel coefficients than were observed in S2DR exper i -
14 ments (Figure 8). The calculat ions also fail to predic t the strong dependence 

of coefficient on t empe ra tu r e that was observed in S2DR. The SlOFS-1 tes t p r o ­

vided further data on overal l i so thermal t empera tu re defect. However, it was 

not possible to accura te ly separa te the defect into individual components . 

(2) Gridplate and Reflector Coefficients 

The gridplate and reflector t empera tu re coefficients of react ivi ty 

resu l t f rom geometr ic changes in the r eac to r co re , vesse l , and ref lector p r o ­

duced by coolant t e m p e r a t u r e changes. The coefficients resu l t p r ima r i l y from 

th ree effects: (1) changes in grid plate and r eac to r vesse l dimension with coolant 

t e m p e r a t u r e , (2) var ia t ions in the gap width between the reac tor vesse l and the 

ref lector as coolant t e m p e r a t u r e s change and (3) changes in ref lector position 

and density produced by ref lector t empe ra tu r e change. The f i r s t and second 

effects follow coolant t e m p e r a t u r e changes closely and may be lumped together 

in est imating a "gr idpla te" coefficient. There is considerable delay t ime a s s o ­

ciated with port ions of the th i rd effect, i .e . , the changes in ref lector posit ions 

and density as a resu l t of i n - co re coolant t e m p e r a t u r e change which produce a 

" re f lec tor" coefficient. The mechan i sms by which the f i r s t tw^o effects provide 

t e m p e r a t u r e coefficients of react iv i ty a r e d i scussed below. 
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TABLE 5 

COMPARISON OF CALCULATED AND EXPERIMENTAL 
FUEL TEMPERATURE COEFFICIENTS 

Axial expansion (20 
contr ibut ion 

(32) 

Spec t ra l (20) 
contr ibut ion 

(32) 

SER i s o t h e r m a l (20 
m e a s u r e m e n t 

S2DR (14) 
i s o t h e r m a l 
m e a s u r e m e n t 

T e m p e r a t u r e 
Range 
(°F) 

70 - 600 
>700 

70 - 550 
700 - 1000 

Essen t i a l ly cons tan t 
over SNAP lOA 
t e m p e r a t u r e range 

70 - 300 
300 - 700 
700 - 1000 

600 

70 - 1200 
100 
1000 

a^U/°F) 

-0 .03 
-0 .04 

-0,041 
-0.049 

-0 .03 

-0.024 
-0.029 
-0.017 

-0 .06 to -0 .10 

Codes 

AIM-6 

AIM-6 

QUICKIE and 
ULCER 

QUICKIE 

ttf = -0 ,075 - 0,000057 T (T in T ) 
-0,081 
-0,132 

-0.16 

-QI4 

-ai2 

^ -0.10 — 

H 

I -008 
c 
8 -0.06 

-0.04 

-0.02 

r^ 
i-

-

1 1 1 1 

o 

o e ° o ° 

J^^^^ 
^ - 0 . 0 7 5 -0 .000057 T (°F) = (ip 
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Figure 8. S2DR Exper imenta l Fuel 
Tempera tu re Coefficient 
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Grid Pla te Coefficient 

An inc rease in i so the rmal coolant t empe ra tu r e produces s i m ­

ultaneous expansion of the grid plate and reac to r ves se l . Grid plate radia l ex­

pansion r e su l t s in react ivi ty l o s ses due to reduction of effective fuel density in 

the core and an inc rease in axial neutron leakage. The accompanying expansion 

of the r eac to r vesse l provides a smal l react ivi ty gain resul t ing f rom an initial 

reduction in the width of the gap between the r eac to r vesse l and the ref lec tor . 

The ref lector support hinges at tached to the bottom of the vesse l a r e also assumed 

to expand outward simultaneously with the r eac to r vesse l and grid p la tes . How^-

ever , the gap opening caused by expansion of the support hinges at the bottom of 

the ref lector does not completely compensate for the reduction in gap width due 

to vesse l expansion, and the overa l l initial gap react ivi ty effect is posi t ive. 

The previous discussion indicates that the effective upper and 

lower gr id plate coefficients may be unequal due to inequality of the reac tor 

ves se l - r e f l ec to r gap width at the top and bottom of the ref lec tor . In addition, 

during normal nonisothermal operat ion at power, the lower grid plate is bathed 

in coolant at uniform t e m p e r a t u r e while the upper grid plate is slightly non-

i so the rma l due to radia l coolant t empe ra tu r e grad ien ts . Fu r the r differences in 

coefficient resu l t f rom the fact that the upper gr id plate is exposed to a higher 

absolute t e m p e r a t u r e than the lower gr id pla te , and t h e r m a l expansion coeffi­

cients a r e there fore slightly different. 

An analys is of isothernaal gr id plate coefficients has been com-

pleted using the DTF code. The simplified analyt ical model used accounted for 

gr id plate and core vesse l radia l expansion with accompanying changes in core 

density and axial neutron leakage. Axial expansion of the r eac to r core was not 

cons idered as this effect is defined as par t of the fuel coefficient. Volume f r a c ­

tions and atomic densi t ies were calculated for var ious gridplate radi i co r re spond­

ing to specific gridplate t e m p e r a t u r e s between 70 and 1000° F . Density changes 

and radia l motion of both in terna l and external bery l l ium ref lec tors were a lso 

cons idered . The axial neutron leakage effect was computed by i terat ing between 
2 

radia l and axial DTF calculat ions until both radia l and axial DB (diffusion coef­
ficient t imes buckling) t e r m s differed by l e s s than 1% from the previous i te ra t ion . 

* FORTRAN vers ion of the DTK one-dimensional t r an spo r t theory code. (6) 

NAA-SR-9754 
33 



This calculation was per formed for both ambient conditions and 1000° F i so the rmal 

conditions. All react ivi ty calculat ions for t e m p e r a t u r e s between ambient and 

1000°F employed the ambient condition axial buckling t e r m s . 

These calculat ions were then adjusted for t e m p e r a t u r e on the 

bas i s of the difference observed between grid plate defect for 1000°F calculated 
2 2 

using ambient DB t e r m s and the 1000° F defect calculated employing DB t e r m s 
applicable to the higher t e m p e r a t u r e . 

It was a s sumed in the init ial defect calculat ions that the gap 

between the core vesse l and ref lector remained constant . The core v e s s e l -

reflector gap width w^as then determined for severa l i so the rma l r eac to r t e m p e r a ­

t u r e s , assuming the ref lector t empe ra tu r e to be constant at i ts init ial ambient 

value (70°F) . The react ivi ty worth of the gap (cents pe r mil) was calculated 

and cor rec t ion t e r m s applied to the initial idealized gr id plate coefficients. The 

re su l t s of these calculat ions a r e summar ized in Table 6. The s ta in less s teel 316 

TABLE 6 

TEMPERATURE COEFFICIENTS FOR SNAP lOA 
REACTOR GRID PLATES* 

Coolant 
T e m p e r a ­

tu re 

70-

1000 

900-

1000 

Grid P la te 
T e m p e r a ­

tu r e Defect 
Before Gap 
Correc t ion 

-$1.54 

-$0.18 

Grid Pla te 
T e m p e r a ­

tu re Defect 
After Gap 
Correc t ion 

-$1.17 

-$0.14 

Effective 
Overa l l t 

I so thermal 
Grid P la te 
Coefficient 

-0 .126^ / °F 

- 0 . 1 4 ^ / ° F 

Effective 
Upper Grid 

P la te 
Coefficient 

U/'F) 

-0.052 

-0.060 

Effective 
Lower 

Grid P la te 
Coefficient 

(i/°F) 

-0.074 

-0.080 

*Grid plate ma te r i a l = s ta in less steel 316 
t inc ludes changes in grid pla te , r eac to r vesse l , and gap width dimensions only. 

Long- t e rm nuclear effects of changes in ref lector density and position a r e con­
s idered pa r t of the ref lector coefficient and a r e d i scussed l a te r in th is section. 

l inear t h e r m a l expansion information on which the grid plate coefficient ca lcu­

lations a r e based is plotted in F igure 9. Expected i so the rmal gr id plate t e m p e r ­

a ture defect is shown as a function of coolant t e m p e r a t u r e in F igure 10. 
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F igure 9. Linear Expansion Coefficient for 316 Stainless Steel 
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Figure 10. SNAP lOA Iso thermal Gridplate 

Defect vs Average Coolant Tempera tu re 
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Gridplate coefficients have been deternained experimental ly in 

the SER, S2DR, and SCA-4C r e a c t o r s . The SER t rans ien t exper iments indicated 

that the SS-316 upper grid plate coefficient was - 0 . 0 8 5 ^ / ° F at 600°F. The m e a s ­

u rement was made with coolant flow and analys is of the exper iment was c a r r i e d 

out by analog simulat ion. The total overa l l t empe ra tu r e coefficient obtained 

was a "best fit" of exper imenta l data. The grid plate coefficient was de termined 

by subtract ing the previously m e a s u r e d fuel coefficient from the observed t e m ­

pe ra tu re coefficient. Measured and calculated i so the rma l t e m p e r a t u r e coeffi­

cients a r e shown in F igure 12. 

The SCA-4C top gr id plate coefficient was m e a s u r e d by insulating 

the grid plate f rom the fuel, isolating the in ternal r e f l ec to r s , and then heating the 

grid plate e lec t r ica l ly . The heating was quite rapid so that conduction to the fuel 

was minimized. Some exper imenta l e r r o r was introduced by t e m p e r a t u r e 

gradients a c r o s s the gr id pla te , and by conduction of heat to the r eac to r vesse l 

wall . The coefficient for the SS-316 grid plate alone was found to be - 0 . 0 2 6 ^ / ° F . 

This value was then co r rec t ed to account for movement of the in ternal be ry l l ium 

re f lec to rs , which would have occur red if they had been at tached to the g r idp la te 

as is the case in an operating r eac to r . The co r rec ted coefficient was es t imated 

to be - 0 . 0 3 4 ^ / ° F . 

The methods used in measur ing and analyzing the r e su l t s of 

S2DR grid plate coefficient exper iments a r e covered thoroughly in Reference 18. 

Resul ts of S2DR, SER and SCA-4C gr id plate exper iments a r e summar ized in 

Table 7. The S2DR ref lector was mounted in such a way that the re la t ive 

TABLE 7 

MEASURED GRID PLATE COEFFICIENTS 

S2DR 
Tempera tu re 

(°F) 

700 

900 

1000 

Upper Grid Pla te 
U/°F) 

-0.07 

-0.098 

-0.096 

Lower Grid P la te 
(^ / °F) 

-0.062 

-0.066 

-0.068 

SER: SS-316 upper grid plate at 600°F = 0 .085^/°F 
SCA-4C: SS-316 upper grid plate at 75 to 570°F = 0.034«</°F 

magnitude of the upper and lower gridplate coefficients is r e v e r s e d f rom those 

calculated for SNAP 10A. 
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Recent SlOFS-1 reactor ground tests did not permit measurement 

of the grid plate reactivity coefficients although overall coefficients were obtained. 

The information provided by the tests is summarized in Section II.C.l.c and 

Section IV.A. 

Reflector Coefficient 

The reflector defect is defined as the reactivity loss associated 

with increasing the reflector temperature from ambient to reactor operating 

level. As previously noted, expansion of the reflectors (w ĥich results in an 

increase in reflector-vessel gap), changes in reflector position, and beryllium 

density changes are the primary reactivity loss mechanisms. The reflector 

coefficient is the first derivative of the reflector defect with respect to reflector 

temperature. 

The mechanical coupling of the SNAP 10A reactor and reflector is 

such that the reactor is expected to be exactly centered with respect to the re­

flector when both are operating at design conditions. The support hinges at the 

bottom of the reflector restrain motion, producing unequal coefficients at the 

top and bottom of the reflector. The effect of changed beryllium density is 

equal at top and bottom since the reflector operates at essentially isothermal 

conditions. 

The reflector coefficient was calculated as sho^ni below :̂ 

Top , ^Bottom , Density 

«RATR = f < E R A T J ^ ) S ^ ^ + AGAPATj^^^^p +«°--^i^yAT R 

ttjj « -0.042(^/°F between T = 70°F and 800°F 

where: 

ttp = reflector coefficient of reactivity (^/°F) 

Ep = reflector thermal expansion coefficient (in./in. °F) 

ATp = reflector temperature change (°F) 

j3„ p = worth of reflector-vessel gap in cents per inch = -0.0013^/in. 

Oc = reflector coefficient of reactivity due to change in beryllium density 
resulting from temperature changes (^/°F) 
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r = average radius of reac to r vesse l - r e f l ec to r gap (inches) 

and where Agap ( inches / °F) is defined by the following equation: 

R d + E j ^ A T ^ ) ] - [ x - A E ^ A T j ^ ] j 
2 i l / 2 

I [ R ( 1 + Ej^AT^)] .[x - AEj^ATj^] I - j R2 - X2 I' ' ^dx 

+1 I 1 R^ - X̂  - j [^ ( l+ E R A T J ^ ) ] ' - [ x - A E j ^ A T j ^ j ' j ' ^ ' ^dX 

/•+4,51 

+H^/[R(I+E^AT^)] . [ X - A E ^ A T J I y-JR'-)^} j dX 

+ [R(14-E^ATJ^)] - [ X - A E ^ A T J 
2 , 1 / 2 

dX 

Where R is the radia l dis tance f rom the cen te r - l ine of the r eac to r vesse l to the 

center point of the fixed ref lector hinge in inches; A is the x-coordinate of R in 

inches; and E_ A T p is the l inear growth of the ref lector halves away from the 

hinge points in inches per inch. This definition of AGap is n e c e s s a r y in o rde r 

to descr ibe the complex motion of the ref lector re la t ive to the bottom of the r e ­

ac tor . The lower port ion of the ref lector is fixed in position at one point by the 

ref lector support hinge, so that all ref lector expansion occu r s re la t ive to that 

point. 

The r e f l ec to r -vesse l gap change calculation indicates a top-of-

reflector coefficient (a ) of -0 .020^ / °F of ref lector t e m p e r a t u r e . The c o r r e ­

sponding bot tom-of- ref lec tor coefficient (a ) is -0 .011^ / °F of ref lector 

t e m p e r a t u r e . The DTK code was employed to calculate the react ivi ty effect due 

to ref lector density changes . The calculated react ivi ty coefficient (a. ^) du« 

to density changes was -0.011<^/°F of ref lector t e m p e r a t u r e . 

NAA-SR-9754 



The average total ref lector coefficient (ttp) up to 800°F ref lector 

t e m p e r a t u r e is calculated to be -0.042^/° F , with the top of the ref lector con­

tr ibuting -0 .026^ / °F and the lower portion - 0 . 0 1 6 ^ / ° F . 

The width of the ves se l - r e f l ec to r gap has been calculated as a 

function of t ime after reaching c r i t i ca l . F igure 11 shows that the average cap 

width is reduced from the init ial cold value of 65 mi ls to about 43 mi l s by the 

t ime the approach to power is completed. The gap then widens to about 55 mi l s 

as the ref lector approaches its equil ibrium t e m p e r a t u r e . 

0.0650 

0.0400 
6 8 10 12 14 

TIME AFTER CRITICALITY (hr) 

Figure 11. SNAP lOA Ref lec tor -Vesse l Gap Width vs Time 
After Cri t ical i ty 

The ref lector t empe ra tu r e coefficient of SNAP lOAwas naeasured 

during the loAv-power nuclear t e s t sequence. The measu red total ref lector coef­

ficients w e r e - 0 . 0 2 5 ^ / ° F and -0 .043^ / °F at ref lector t e m p e r a t u r e s of 200°F and 

550 °F respect ive ly . The agreement between analysis and exper imental ref lector 

coefficient changed e r ra t i ca l ly during the course of the exper iment . Thermal r e ­

ference t e s t s to be per formed on the demonstra t ion tes t r eac to r and flight sys tems 

wi l lprovide additional data on ref lector effects. Ea r ly analysis of SNAP lOA r e ­

flector coefficient at s tar tup, mos t of which is now obsolete, is d i scussed in 

Reference 22. 
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b . Power Coefficient 

In addition to the i so the rmal t empera tu re coefficients d iscussed , the re 

i s a react iv i ty effect assoc ia ted with changes in r eac to r power. The coefficient 

r e su l t s from increas ing depar tu re of r eac to r components from i so thermal t e m ­

p e r a t u r e conditions as power is inc reased . The power coefficient of the SNAP 

r e a c t o r s (usually expressed in ^/kw) is re la ted to the individual component t e m ­

p e r a t u r e coefficients by the following express ion: 

a 
P 

, (AT. + A T .) • 
}_ m out ' _1_ 
2 A P U A 

'̂F 

AT. AT ^ A T „ 

where : 

A T . = Change in coolant inlet t empera tu re with power 

A T , = Change in coolant outlet t empera tu re with power 

A T „ = Reflector t empera tu re change with power 
is. 

A P = Power change assoc ia ted with the above t empe ra tu r e changes 

UA = Average heat t ransfe r coefficient t imes heat t r ans fe r a r e a 

<̂ P = Fuel t empe ra tu r e coefficient 

^ p = Power coefficient 

OL ^ ^T-. ~ Lower gridplate t empe ra tu r e coefficient LGP 

a ^ p = Upper gridplate t empe ra tu r e coefficient 

Oi = Reflector t empera tu re coefficient. 
is. 

Attempts to co r r e l a t e analytical and exper imental values of power co­

efficient have not been completely successful . The cause of the lack of c o r r e l a ­

tion is the considerable uncer ta inty in the individual t empe ra tu r e coefficients 

and in the calculation of the average overal l t he rma l r e s i s t a n c e (1/UA) between 

the fuel rod and coolant. Most of the uncer ta inty in the 1/UA value resu l t s 

from uncer ta in t ies as to the quantity of iner t gas , hydrogen and /o r a i r in the 

gap between the fuel rod and cladding. 
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Analysis of the SER and S2DR exper imenta l r esu l t s indicates that — 

assuming constant inlet and outlet t empe ra tu r e and varying flow — the average 

power coefficient was -^ -0 .4^/kw for those sys t ems . 

Since the composit ion of the gas in the SNAP lOA fuel element gap is 

quite well known, it has been possible to calculate l /UA values w^ith much m o r e 

accuracy than was possible for the SER and S2DR fuel e lements . Analysis of the 

flight sys tem fuel e lements indicates that the power coefficient, assuming con­

stant AT a c r o s s the core and var iable coolant flow ra te , i s -0.17^/kw using the 

S2DR fuel coefficient and -0,09f^/kw using the Fael ten-Swenson fuel coefficient. 

2. React ivi ty-Life t ime Effects 

During the 72-hr active control per iod which includes and follows reac to r 

s ta r tup , react ivi ty l o s ses a r e compensated by inser t ion of control d r u m s . Knowl-

ledge of the magnitude of the react ivi ty los ses w^hich occur during the f i rs t 72 hr 

of operat ion is n e c e s s a r y to a s s u r e that sufficient active control (drum rotation) 

is available throughout this per iod. The s h o r t - t e r m react ivi ty losses whichmust 

be cons idered a r e : (a) t e m p e r a t u r e defect, (b) power defect, (c) xenon accumu­

lation, and (d) hydrogen redis t r ibut ion, which reaches 40 to 60% of completion 

during the active control per iod. 
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o o 

Q: 

-Ql 

0.1 

SPECTRAL . 

1 1 1— 
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JfOTAL PROMPf 
.REFLECTOR 
COMPUTED 

FUEL EXPANSION-

'REFLECTOR ESTIMATED 

J L 
400 800 1200 

TEMPERATURE, "F 
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5-26-64 7623-0300 

Figure 12. I so thermal T e m p e r a t u r e 
Coefficients in the SER Reactor 
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Short t e r m react ivi ty defects a r e summar ized in Table 8. The defects 

shown all occur during the approach to power and the 64 hour active control 

per iod after reaching full power. It r equ i re s 6.1 hr to achieve cr i t ica l i ty by 

inser t ing control d rums f rom the full-out position to approximately 62° f rom 

full-in. The approach to power then begins . A smal l power t r ans ien t i s exper i ­

enced shortly after c r i t ica l i ty is reached. The power t rans ien t is descr ibed in 

Section III.C.3.a, 

The react ivi ty defects expected during the approach to power were c a l ­

culated as a function of t ime and summed to obtain the s tar tup defect. The defects 

expected during the r emainder of the active control per iod were a lso calculated 

as a function of t ime . The predic ted s tar tup and control per iod defects a r e 

shown in F igure 13. Xenon and hydrogen redis t r ibut ion defects , which a r e in­

cluded in the total defect, a r e a lso shown as functions of t ime . The control d rum 

position, when full power is reached, is expected to be 30.3° f rom full-in. 

300 
10 

TIME AFTER STARTUP (hr ) 
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T 

200 

>-
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^ 
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- . • . . ^ • • c , . » n , P L C O E F P . C . E N T _ 
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TIME AFTER STARTUP (min) 

3600 4200 

Figure 13. P red ic ted SNAP lOA Reactivity Defects vs Time 
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TABLE 8 

SHORT-TERM REACTIVITY EFFECTS 
(72-hr s tar tup period) 

P red ic ted Approach- to -Power Defects (d) 

Reactor t e m p e r a t u r e 

Reflector t e m p e r a t u r e 

Hydrogen redis t r ibut ion 

Power 

Xenon 

Total 

P red ic ted Active Control Per iod Defects (</) 

Reflector t e m p e r a t u r e 

Hydrogen redis t r ibut ion 

Xenon 

Total 

P red ic ted Total Startup Defect {<i) 

Approach- to-power 

Active control per iod 

Total 

Available Excess Reactivity = $3.00 ± $0.10 

Contingency 

With Fae l t en -
Swenson Fuel 

Coefficient 

168.8 

6.5 

0.3 

3.7 

-0.0 

179.3 

179.3 

49.6 

228.9 

$0.71 

With S2DR 
Fuel 

Coefficient 

21.7 

10.7 

17.2 

49.6 

194.5 

6.5 

0.3 

7.1 

-0.0 

208,4 

208,4 

49.6 

258,0 

$0,42 
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The control d rum posit ion at the end of the active control period, based 

on use of the S2DR fuel coefficient, is predic ted to be 20° ±7°. The uncer ta inty 

in final control d rum position is p r imar i l y due to uncer ta in t ies in predict ion of 

the magnitude and ra te of hydrogen redis t r ibut ion. The t e m p e r a t u r e defect 

predicted using the S2DR fuel coefficient is in good agreement with the defect 

m e a s u r e d in S lOFS-1 . (See Table 18, Section IV.A). 

Fas t neutron doses at the ins t rument compar tment a r e quite dependent 

on the position of the control d rums during normal stat ic control operat ion. 

Ear ly nuclear analysis predic ted afinal control d rum position of 22° from full-in; 
(34) all shielding analyses have been per formed for that condition. An actual final 

d rum position c loser to full-in than 22° would significantly reduce the fast neutron 

dose during the year of stat ic control operat ion. 

Maintenance of a stable power level and operating t empe ra tu r e for the 

remainder of reac to r l ifetime (1 yr) is accomplished by static control . The r e ­

activity effects occurr ing during this t ime a r e due to hydrogen leakage, the r e ­

mainder of the hydrogen redis t r ibut ion (essent ia l ly completed in 1 month), fuel 

depletion through burnup, and fission product accumulat ion. To counteract these 

losses in react ivi ty , a p rede te rmined amount of s a m a r i u m is loaded into the 

co re . As the s a m a r i u m prepoison burns up, posit ive react ivi ty is made available 

to compensate for react ivi ty l o s ses and to maintain the des i r ed operating con­

dit ions. 

Long- t e rm react ivi ty effects a r e summar ized in Table 9. A brief d i s ­

cussion of both long- and s h o r t - t e r m effects is p resen ted in the following sect ions . 

The "contingency" shown in Table 8, is needed to overcome any react ivi ty u n c e r ­

ta int ies which become apparent during the active control per iod. The uncer ta inty 

in s h o r t - t e r m react ivi ty losses is due to exper imenta l and /o r calculation l i m i ­

ta t ions . A brief d iscuss ion of these react ivi ty effects is p resen ted in the following 

sect ions . 

a. Sho r t -Te rm Reactivity Effects 

Tempera tu re Defect 

The react ivi ty defect assoc ia ted with inc rease of the r eac to r cool­

ant t empera tu re from room t empera tu re to operating t empera tu re is the l a rges t 
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TABLE 9 

LONG-TERM REACTIVITY EFFECTS 
( remainder of reac to r life — 1 yr) 

Hydrogen redis t r ibut ion 

Hydrogen leakage 

Fuel burnup and fission product accumulation 

Samar ium prepoison 

Net loss (1 yr) 

Nuclear Effect 
($) 

-0.11 ± 0.06* 

-0,03 ± 0.015 

-0,12 ± 0.02 

+0.18 ± 0.04''' 

-0.08 ± 0.13 

^Es t imated port ion of total which occurs following the f i rs t 
72 h r . 

T8.8 m g / i n . Sm^O 

react ivi ty loss w^hich mus t be overcome during r eac to r l i fet ime. The reasons 

for the react iv i ty loss a r e d i scussed in Section I V - C - l - b . The total react ivi ty 

l o s s , or t e m p e r a t u r e defect, was de termined to be approximately $1.95, as 

d i scussed in the previous sec t ions . 

Pow^er Defect 

The react ivi ty defect assoc ia ted with a change in reac tor power has 

been descr ibed in Section I V - C - l - b . The power defect was determined by mul t i ­

plication of the power level change by the es t imated power coefficient. 

Hydrogen Redistr ibut ion 

Hydrogen redis t r ibut ion re su l t s from fuel rod axial t empera tu re 

gradient with diffusion of hydrogen from hot regions to those port ions of the fuel 

rod operat ing at lower t e m p e r a t u r e s . Hydrogen diffusion in SNAP lOA was ca l ­

culated using the HYTRAN code. The basic equation used by the code in de­

scr ibing the t rans fe r of hydrogen within a cyl indrical fuel rod i s . 
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where , 
2 

J = hydrogen flux (moles H^/cm - sec) 

D = diffusion coefficient for movement of H^ through fuel alloy 
2 

(cm / sec) 
22 3 

N = hydrogen concentrat ion in fuel (H a toms x 10 / c m ) 

r = fuel rod radius (cm) 

Q ' = heat of t r an spo r t = 1270 ca l /mole 

T = absolute t empe ra tu r e (°K) 

R = gas constant = 1.987 ca l /mole -°K 

It should be noted that the hydrogen diffusion ra te va r ies inverse ly 

with the square of absolute t e m p e r a t u r e . Therefore , with other p a r a m e t e r s 

fixed, a g rea t e r react iv i ty loss due to hydrogen redis t r ibut ion would be encoun­

t e r e d at lower t e m p e r a t u r e s than at higher t e m p e r a t u r e s . This effect is shown 

in Figure 14. Axial migra t ion of hydrogen within the fuel rod is neglected in the 

HYTRAN calculation on the bas is of the fact that it takes approximately 20 t imes 

longer for a hydrogen atom to t r a v e r s e the axial length of the rod than to migra te 

radial ly . Following migra t ion , hydrogen is assumed to be t r anspor ted along the 

rod as a gas contained within the fuel-cladding gap. The HYTRAN code also 

a s sumes that the re is no leakage of hydrogen through the cera in ic hydrogen 

b a r r i e r and cladding during the redis t r ibut ion t r ans ien t . 

The total react ivi ty loss due to hydrogen redis t r ibut ion in SNAP lOA 

was calculated to be -$0 .21 . The t ime required to complete hydrogen r e d i s t r i ­

bution was also calculated with HYTRAN, Results of the HYTRAN calculation 

indicate that redis t r ibut ion should be completed during the first month of 

operat ion. It is es t imated that $0.11, or - 5 0 % of the total react ivi ty change 

assoc ia ted with hydrogen redis t r ibut ion, occurs within the f i rs t 72 h r after 

s ta r tup . 

F i r m exper imenta l data on hydrogen redis t r ibut ion with which the 

HYTRAN calculations may be compared a r e not available at p resen t . F r o m the 

p re l iminary information repor ted in Reference 14, how^ever, it appears that the 

HYTRAN code computes the magnitude of the react ivi ty change accompanying 

redis t r ibut ion cor rec t ly , but tends to underes t imate the t ime requi red for com­

pletion of redis t r ibut ion. 
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Xenon E q u i l i b r i u m 

B e c a u s e of i t s l a r g e t h e r m a l a b s o r p t i o n c r o s s s e c t i o n (> 3 x 10 

b a r n s ) , x e n o n - 1 3 5 i s the m o s t i m p o r t a n t f i s s i o n p r o d u c t f r o m a r e a c t i v i t y s t a n d ­

po in t . X e n o n - 1 3 5 i s f o r m e d p r i m a r i l y by t h e r a d i o a c t i v e d e c a y of t e l l u r i u m - 1 35 
, . ^, . , , . , , . ^ 135 Im ^135 6.7h .. 135 9.2h a s show^n m t h e iollow^mg d e c a y cha in : Te —•-I ^ Xe > 

Cs _ ; i . Ba . S ince the half l i fe of t e l l u r i u m - 1 35 i s only ~ 1 m i n u t e , 

t h e a n a l y s i s i s somew^hat s i m p l i f i e d by a s s u m i n g t h a t i o d i n e - 1 3 5 i s p r o d u c e d 

d i r e c t l y f r o m f i s s i o n . The c o n c e n t r a t i o n of iod ine a t any t i m e i s g iven by the 

fol lowing equa t i on : 

-A,T y Lcp / -X T \ 
I(T) = - r — M - ^ 1 - e ) 

-X T'' 
e ^ j + l ( 0 ) e (5) 

6 - 1 2 - 6 4 

900 950 1000 

CORE AVERAGE COOLANT TEMPERATURE {°F) 

F i g u r e 14. SNAP lOA H y d r o g e n R e d i s t r i b u t i o n 
(P = 41 .2 kwt) 

1050 

7623-0301 

N A A - S R - 9 7 5 4 



w^here. 

I(0) = initial iodine concentrat ion ( ) 

I(T) = iodine concentrat ion after t ime T 

T = t ime (sec) 

y . = iodine yield from fission (T-. -.—) 
I •' ^fission 

Xj = iodine decay constant (sec ) 

CTj = iodine neutron absorpt ion c ro s s section (barns) 

r • TT235 . . . 

'-'r = macroscop ic U fission c ro s s section 
<P = average t he rma l neutron flux during t ime T. 

- X T T Since CT, is small compared to X,, and e •*• goes to zero for l a rge values of T, 

the equilibriiom concentrat ion of iodine is essent ia l ly : 

I = ^ ^ ^ 
o xz 

where , I = equil ibrium iodine concentrat ion. 

The equil ibrium xenon concentration is then given by, 

where , X = equil ibr ium xenon concentrat ion and the symbol X is used to denote 

xenon in previously defined symbols . 

The react ivi ty loss associa ted with buildup to equilibriiom concen­

t ra t ion of xenon was derived froin xenon t rans ient m e a s u r e m e n t s made in the 

S2DR. The reac tor power was increased from zero to 30.5 kw and then dec reased 

from 30.5 kw to z e r o . The xenon react ivi ty defect associa ted with operation at 

30.5 kw was 13.4^. Since this value is proport ional to reac tor power, the xenon 
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defect may also be expressed as -0.41^/kw. Fo r the SNAP lOA reac tor operat­

ing at 39.5 kw the xenon defect is then -$0.17. Approximately 99% of the equili­

b r ium xenon concentrat ion is reached within the 72-hr active control per iod . 

The t ime dependence of xenon buildup, 

calculated using the SIZZLE code, is 

i l lus t ra ted in Figure 15. 

Equi l ibr ium xenon ca l ­

culations have been made using the 

ZOOM code^^ for both the S2DR and 

SER r e a c t o r s . Calculations a r e not 

in good agreement with the S2DR 

m e a s u r e d value, but a r e in fair a g r e e ­

ment with the SER m e a s u r e m e n t . 

The calculat ions indicated a 30^ de ­

fect for SER and 33(̂  for S2DR at 
24 50 kw, while the m e a s u r e d value for 

SER was 39«̂  at 53 kw. The m e a s u r e d 

S2DR xenon coefficient of -0.41^/kw is 

a s sumed to be nnore accura te than the 

calculated value because some of the 

c r o s s sect ions that w^ere used in the 

ZOOM code calculation a r e now con­

s idered e r roneous . 

IT 

i 
LiJ 
X 

0.50 

0.05 
120 

Figure 15. SNAP lOA Xenon 
Buildup 

b. Long -Te rm Reactivity Effects 

SNAP lOA long- t e rm react ivi ty effects a r e summar ized in Table 9. 

The hydrogen redis t r ibut ion react ivi ty loss shown in the table is based on 

HYTRAN code es t ima tes of the fraction of hydrogen redis t r ibut ion which occurs 

after the active control per iod has been completed. The remaining long- te rm 

effects a r e near ly l inear with t ime during the 1-yr operating per iod. These ef­

fects a r e d i scussed in the following sect ions . 

Fuel Burnup and F i s s ion Product Accumulation 

The number of fuel a toms fissioned during a year of continuous 

operat ion at design power may be calculated readi ly from the energy re l eased 

per f ission. The calculated total energy r e l ea se from fission is about 205 Mev 
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of which about 190 Mev is absorbed in the r eac to r co re , coolant, and s t ruc tu r e . 

F iss ion product accumulation may be calculated from the operat ing power level 

and the yield of var ious fission product i so topes . 

Using the AIM-6 code, the worth of uran ium-235 in the SNAP lOA 

reac to r has been calculated to be 9.1<i per % change in U concentrat ion. 
235 The fraction of fuel burned in 1 yr is calculated to be ^-0.32 wt % of the U 

initially presen t ; the re fore , the react ivi ty loss due to burnup is approximately 

2.9^. There is some uncer ta inty in this calculation due to uncer ta in t ies in 

energy r e l ea se per fission, calculated worth of u ran ium-235 , and the average 

pow^er level used for the calculation. How^ever, since the total react ivi ty loss 

due to fuel burnup is smal l , great calculational accuracy is not requi red . 

The react ivi ty loss due to fission product accumulat ion has been 

calculated by severa l me thods . The calculation of fission product poisoning is 

cha rac te r i zed by considerable uncertainty due to the l a rge number of isotopes 

which mus t be considered. Only the slowly saturat ing and nonsaturat ing fission 

products a r e considered h e r e ; the important fission product i so topes , xenon, 

and samar ium a r e d i scussed separa te ly in other sect ions of this r epor t . 

A rough calculation of react ivi ty loss was made using the method 

outlined in Reference 25. A c r o s s section of 60 ba rns pe r fission w^as used in 

the one-energy-group calculation. The calculated resu l t of ~ - -2^ for fission 

product poisoning during one year of operat ion probably r e p r e s e n t s a lower 

l imit for fission product worth. A second method used in calculating fission 

product defect was the extrapolat ion of the ORNL data (Reference 26) to the 

SNAP lOA reac to r power level . This method indicates about a -5j4 react iv i ty 

effect over one year of operat ion. 

C ros s sections for fission products , weighted over a z irconium 

hydride spec t rum, have recent ly been p repa red for use w^ith the SIZZLE code. 

The rev ised c r o s s sections a r e shown in Table 10. A 6-energy-group SIZZLE 

calculation of fission product poisoning employing these c r o s s sections indicates 

a 1-yr fission product defect of -9 .0^ . The SIZZLE calculation is believed to be 

the mos t accura te es t imate of the SNAP lOA fission product defect which has 

been made to date . Using the SIZZLE r e s u l t s , the total one-year react ivi ty de ­

fect accompanying fission product accumulation and fuel burnup is es t imated to 

be -\Zi. 
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TABLE 10 

SIXTEEN GROUP, GROSS FISSION PRODUCT 
ABSORPTION CROSS SECTIONS* 

(weighted over zirconium hydride spectrum) 

Energy 
Group 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Energy 
Range 

10—>-3 Mev 

3—»>1.4 

1.4—•O.9 

0.9—0.4 

0.4—>0.1 

0.1 Mev—»-17 kev 

17—»-3 

3—»>0.55 

0.55 kev—J-lOO ev 

100—»-30 

30—>10 

10—»-3 

3—•I 

1—»-0.4 

0.4—»-0.1 

0.1—>-(thermal) 

Ĉ a 
(barns/fission) 

0 

1.79 (10)"^ 

6.56 (10)"^ 

9.77 (10)"^ 

10-1 

1.62 (lO)-l 

6.34 (10)--̂  

2.34 

7.24 

29.3 

22.8 

67.3 

35.2 

10.0 

20.0 

60.0 

*Xenon and samar ium not included. 

Hydrogen Leakage 

Hydrogen leakage from the fuel rod and through the cladding to the 

coolant occurs continually during normal r eac to r operat ion. The migra t ion of 

hydrogen from the fuel rod to the gap region has been d i scussed in n i - C - 2 - a . 

The ra t e at which hydrogen pe rmea t e s through the cladding is dependent on the 

absolute cladding t e m p e r a t u r e and the hydrogen p r e s s u r e at tained in the gas gap 

between the fuel rod and the cladding. Hydrogen gap p r e s s u r e is de termined by 

the dissociat ion p r e s s u r e of the u ran ium-z i rcon ium-hydr ide fuel alloy. Dis­

sociation p r e s s u r e i s , in turn , a function of fuel t empera tu re dis t r ibut ions , 
33 H-Zr ra t io , and fuel additive concentrat ion (see F igure 16). In the nominal 

SNAP lOA reac to r , al l of these fuel cha rac t e r i s t i c s a r e fixed. 
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Hydrogen permeat ion through the uncoated 15-mil- thick Hastel loy-N 

cladding tube would be excess ive ; the re fore , a c e r a m i c hydrogen permeat ion 

b a r r i e r coating has been applied to the in ter ior surface of the SNAP lOA cladding 

tubes . The ce ramic coating -was a lso applied to a cup which fitted over the end 

of the fuel rod and completed the b a r r i e r when blended to the coating on the 

cladding tube wal l . 

When it proved difficult to calculate SNAP lOA hydrogen leakage 

with a theore t ica l model , an empi r ica l method was developed (Reference 12). 

The empi r ica l model for calculating hydrogen loss was based on exper imenta l 

i so thermal (uniform tempera tu re ) leak ra te m e a s u r e m e n t s made on about 50 

SNAP lOA fuel e lements . The m e a s u r e d i so the rmal element leak ra te (<p ) was 

a s sumed to be the summation of leakage due to diffusion through the permeat ion 

b a r r i e r ((p„i) and leakage through microscop ic c racks and other defects in the 

ce ramic (<PT-)). The fuel e lements which had the lowest m e a s u r e d leak ra te were 

ass igned zero leakage due to b a r r i e r defects . Hydrogen loss through these 

"perfect" b a r r i e r s is descr ibed by the following equation: 

K p T 5 / 2 g - ( 2 8 l 6 0 / T ) 

' ' ^ l % 5 / 2 + 8 . l 3 2 x l 0 l 3 p e - ( 2 8 l 6 0 / T ) '"^'^ 

where , 

(p = Hydrogen permeat ion ra te through cladding, cc(STP) /hr 

K , = Propor t ional i ty constant for use in the above equation 

P = Hydrogen dissociat ion p r e s s u r e (atmospheres) 

T = Average absolute cladding t empe ra tu r e (°R) 

Since <p .. = (p for the lowest leak ra te e l ements , K , was readi ly 

determined from the exper imenta l data. 

The hydrogen leakage ra te from the " imperfec t" e lements was de­

scr ibed as <p̂  = (p^^ + (Pj-j, where (f^^ = K^^ yfP e - (12760/T) . xhe propor t ion­

ality constant K_̂  was then calculated using the m e a s u r e d i so thermal leak ra te 

data for nonperfect e l ements . At normal SNAP lOA operating conditions ^ _ 

r e p r e s e n t s 90% of the total hydrogen leakage r a t e . 
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A digital computer code called HYLO has been w^ritten to calculate 

hydrogen loss in an operating r eac to r . Radial and axial t empera tu re d i s t r i ­

butions in the r eac to r a r e calculated and the equil ibrium hydrogen p r e s s u r e in 

the fuel element gap is computed. Hydrogen leakage from 10 axial nodes of 

each element is calculated and summed over the 37-element co re . The constant 
6 13 

K_ was calculated for typical SNAP lOA fuel e lements as 1.455 x 10 . The 

constant K,^ v/as calculated for each of the individual fuel e lements on w^hich 

data w^ere avai lable , and an average value was used in the HYLO code. 

HYLO computer code analys is of the SNAP lOA reac to r indicates 

that an average hydrogen leak ra te of 0.015 cc (STP) /h r -e lement will be encoun­

t e r ed at nominal operating conditions. Assuming that hydrogen w^hich escapes 

f rom the fuel e lement is lost from the r eac to r , the react iv i ty effect of hydrogen leakage 

was calculated by determinat ion of the total hydrogen loss in 1 yr and calculation 

of the assoc ia ted change in average fuel N^T (hydrogen concentrat ion). The r e a c ­

tivity effect of hydrogen loss was then determined from the w^orth of hydrogen 

('~$1.00/0.1 Np^ unit) to be approximately-3(6/yr at nominal SNAP lOA conditions. 

Samar ium Prepoison 

The long - t e rm react ivi ty l o s s e s d i scussed in previous sect ions a r e 

par t ia l ly counteracted by the react ivi ty gain resul t ing from burnout of s amar ium 

prepoison. The prepoison consis ts of na tura l s amar ium oxide which is mixed 

w^ith the ce ramic hydrogen b a r r i e r m a t e r i a l before application to the cladding 

tube s. 

Samar ium-149 is a highly absorbing ('^ 70,000 barn the rma l abso rp ­

tion c r o s s section) stable isotope which is the end product of the following fission 

product decay chain: 

^,.,149 1.8h ^ 149 53h ^ 149 Nd *- P m —*- Sm 

149 
Since neodymium-149 has a relat ively short half-l ife, it is a s sumed that Pm 

is formed direct ly from fission. 

Samar ium-149 is a saturat ing fission product which reaches '~90% 

of i ts equil ibrium concentration after 7-yr of full-pow^er operat ion at SNAP lOA 

condition 

equation: 
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149 conditions. The saturat ion concentrat ion of Sm may be calculated from the 



Sm - ^ 
eq CT„ 

^ Sm 

^ P m ^ P m + ^Pm^'Sm + ^ S m ^ P m ^ 

^ P m + ^ P m ^ 
(8) 

which reduces to the following equation if the d i rec t samar ium-149 yield from 

fission (y ) and the average promethium absorpt ion c ro s s section (CT^—,̂ ) a r e 

cons idered to be negligible. 

y L 
Sm =^^-^ , . . . ( 9 ) 

^^ ^ S m 

w^here, 

149 Sm = Equil ibr ium Sm concentrat ion 

149 y = F i ss ion product yield of P m 

235 TI - SNAP lOA ave rage , effective macroscop ic U fission c ro s s 

section 

CT"-, = SNAP lOA average , effective, s amar ium c ros s section Sm 

Simultaneous w^ith the accumulat ion of fission product s amar ium, 

the s amar ium-149 , w^hich compr i se s 13.8% of the na tura l s a m a r i u m prepoison, is 

burned out by the r e a c t o r neutron flux. By loading prepoison in excess of the 

r eac to r equil ibrium concentrat ion, it is possible to obtain an effective inc rease 

in react iv i ty a s the surplus samar ium burns out. The net change in samar ium-149 

atomic density with t ime may be calculated with the following equation, 

k - >1 X T\ - X T 
Sm(T) = Sm^ ^1 - e ^ ^ ) + Sm(o)e ^ , . . . ( 1 0 ) 

w^here 
149 Sm (T) = concentrat ion of Sm at t ime T 

149 Sm (o) = initial (prepoison) Sm concentrat ion 

149 Sm = equil ibrium Sm concentrat ion eq ^ 

and 

XcT3 - I <p(E) Oc (E)dE - s amar ium burnup constant 
SB ^^ ' "Sm' 
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Samarium c ros s sections from the ULCER l ib r a ry w^ere weighted over a ZrH 

spect rum using the QUICKIE code, and the react ivi ty w^orth of changes in 

samar ium concentrat ion w^as calculated using the DTK t r anspor t theory code. 

The react ivi ty worth of the equi l ibr ium s a m a r i u m concentrat ion 

was calculated to be ~$1.09. The initial worth of an 8.0 mg/ inch loading of 

Sm-,0.3 has been de termined by calculation and exper iment to be -$1.50. The 

Sm-,0^ loading has recent ly been ra i sed from 8.0 mg/ inch to an effective value 

of 8.8 nng/in. of fuel element by increas ing the s a m a r i u m oxide content of 3 of 

the 37 e lements to 16.0 mg/ inch . Correc t ing for self-shielding and flux de ­

p res s ion effects, the init ial worth of the rev i sed prepoison loading is predic ted 

to be $1.64 ± 10%. The calculated react ivi ty gain resul t ing from this prepoison 

loading, over 1-yr of operat ion, is expected to be $0.18 ± 0.04. F igure 17 shows 

the expected react ivi ty gain due to prepoison burnout, as a function of ini t ial 

s a m a r i u m loading, during 1-yr of continuous SNAP lOA operat ion at 39.5 kw. 

3. Startup and Control 

The SNAP lOA reac to r has been designed to undergo a s imple , effective 

s tar tup procedure which will minimize the possibil i ty of damage to the fuel e l e ­

ments or r eac to r . The reac to r control system is actuated by ground command 

after a sat isfactory orbit has been establ ished. The tw ô coarse control d rums 

a r e snapped-in upon actuation of the control sys tem. At the same t ime , an 

automatic control ler and t ime r systenabegins stepwise inward rotation of the t-wo 

fine control d rums at the ra te of 1/2° every 150 sec , equivalent to a maximum 

react ivi ty inser t ion ra te of 3.3^/150 s e c . Control d rum inser t ion continues until 

the t empera tu re sensor s at the core outlet indicate that the coolant t empera tu re 

setpoint (1010°F) has been exceeded. The control ler is automatical ly deactivated 

w^hen the coolant t empera tu re r i s e s above the setpoint and is act ivated ( resumes 

stepw^ise react ivi ty inser t ions) w^hen the coolant t empera tu re drops below^ 1010° F . 

The automatic control ler will be turned off by a ground control signal 

after three days of active control . The reac tor will then be maintained at ap ­

proximately constant react ivi ty (and therefore constant t empera tu re ) by the in­

herent nuclear effects designed into the sys tem. A typical average coolant t e m ­

pe ra tu re vs t ime curve for 1-yr of SNAP lOA operat ion is show^n in Figure 18. 
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Figure 17. Expected Reactivity Gain for any Sm O-
Prepoison Loading 

The t e m p e r a t u r e drops rapidly during the f i rs t month of stat ic operat ion due to 

the re la t ively l a rge react ivi ty loss accompanying completion of hydrogen r e d i s ­

t r ibut ion. Over the r emainder of the yea r , how^ever, the positive react ivi ty 

effect achieved through burnout of s amar ium prepoison m o r e than balances 

l ong - t e rm react ivi ty l o s ses and the reac to r coolant t empe ra tu r e r i s e s slow^ly, 

approaching i ts initial value. 

a. Trans ient Analyses 

The mos t c r i t i ca l port ion of r eac to r s tar tup occurs w^hen the r eac to r 

f i r s t becomes supe rc r i t i ca l . Since the r eac to r power level is very low 
-12 ('~10 watt) w^hen react ivi ty inser t ion is init iated, heat generat ion and temper­

a ture feedback effects a r e negligible during the ear ly s tages of r eac to r s ta r tup . 

When the r eac to r becomes cr i t ica l the pow^er level i s increas ing exponentially. 

Analyses indicate that severa l react iv i ty inser t ion steps a r e taken after the ef­

fective neutron mult ipl icat ion (k j.̂ .) becomes g rea t e r than one and before nega­

tive t e m p e r a t u r e feedback effects such as fuel expansion, spec t ra l effects, e tc . 

cause the power r i s e to be r e v e r s e d . 
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Analyses of this power t r ans ien t have been made by both digital and 
27 analog techniques . The resu l t s computed using these two methods have been 

in good agreement . The studies indicate that the peak pow^er at tained in the 

t r ans ien t is control led p r ima r i l y by the prompt fuel coefficient. The pronaptfuel 

coefficient employed in the t rans ien t analys is study (ot-p =* -0 .055^ /°F) was the 

min imum value which could be infer red from the overal l i so the rma l t empera tu re 

coefficient measu red during the SlOFS-1 t e s t s . Use of a min imum prompt 

fuel coefficient r esu l t s in a pess imis t i ca l ly large s tar tup t r ans i en t . The source 

power level and initial coolant t e m p e r a t u r e a lso influence the magnitude of the 

t rans ien t and the ra te at which it o c c u r s . The re su l t s of the digital analysis a r e 

shown in F igure 19. 

The ul t imate mode of fuel element failure during a s tar tup t rans ien t 

has been de termined to be cracking of the c e r a m i c hydrogen b a r r i e r a t the junc­

tion of the cladding tube and the top end cap. The predic ted ra te of change of 

NaK coolant outlet t empera tu re above -which cracking may occur is l l ° F / s e c . 

The expected maximum ra te of change of outlet t empe ra tu r e during a normal 
28 

SNAP lOA star tup is between 1.6 and 2 . 4 ° F / s e c . On this b a s i s , it has been 

concluded that no element failure should occur during the SNAP lOA star tup 

t rans ien t . 
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Figure 19. SNAP 10A Initial 
Star tup Trans ient 

b . Effective Delayed Neutron Frac t ion and Prompt Neutron Lifetime for 
SNAP lOA 

A calculation was made of ^ j.^., the effective delayed neutron fraction, 
e l l 

and i, the prompt neutron l i fe t ime. The value of the rat io (^ ff/-^) de te rmines 

the dynamic response of the r eac to r to react ivi ty inse r t ions . ^ rr w^as de te r ­

mined by calculating the change in k -r which occu r r ed when the delayed neutron 

fraction (energy range 0.017 to 0.90 Mev) was removed from the fission neutron 

source t e r m in the mul t igroup calculat ion. The following equation re l a t e s the 

resul t ing change in k ^j. to j3 „ . 

Ak 
^ e f f = ( l iS)-

eff 

^eff 
(11) 
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w^here, 

jS = delayed neutron fraction for U 

Ak rr = difference in calculated multiplication constant betw^een case in 

which all neutrons are considered and case in which ordy prompt 

neutrons are considered. 

h. rr = multiplication constant considering only prompt neutrons. 

For the prompt neutron lifetime calculation, k „ was varied by adding 

different amounts of an absorber (natural boron) to the calculational model. The 

relationship between neutron lifetime and changes in neutron absorption is shown 

in the follow^ing equation. 

B - eff eff (12) 
^ - AEa.V.k ,Jc' , , . . . (1^) 

1 1 efi eff 

w^here 

k J.. = unperturbed multiplication constant 

k' rr - perturbed multiplication constant (after boron addition) 

AS = perturbation in absorption cross section due to boron addition 
i 

V. = neutron velocity 
1 

The calculated results are compiled in Table 11. The calculations were made 

with several reflector thicknesses to determine the effect of additional reflector 

on ^^^^/L 

The j3 rr/^ ratio for the SCA-4C reactor was measured by noise analy­

sis techniques. The value of jg rrf^ obtained was 1380 sec" which is in good 

agreement with calculated results. This value indicates a prompt neutron life-
29 

time of 5.8 jUsec if a value of 0.008 is taken for B rr. 
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TABLE 11 

COMPARISON OF CALCULATED* AND EXPERIMENTAL 
VALUES OF jSgff/i FOR SNAP lOA 

jSeff Calculation 

Keff vs 
Reflector 

Size 

0.9915 

1.0073 

1.0212 

1.0398 

1.0556 

1.0730 

^eff 

0.00813 

0.008083 

0.00806 

0.00803 

0.00800 

0.00794 

Prompt Neutron Lifetime Calculation 

Keff vs 
Reflector 

Size 

0.9946 

1.0103 

1.0243 

1.0428 

1.0586 

1.0760 

Keff vs 
Boron 

Concentrat ion 

0.9942 

1.0099 

1.0239 

1.0424 

1.0581 

1.0755 

i 
(Msec) 

5.40 

5.68 

5.88 

6.13 

6.62 

7.31 

^ef f / i 
(sec-1) 

1506 

1424 

1372 

1310 

1208 

1087 

*AIM-6 Multigroup Calculation 
SCA-4C Noise Analysis Measurement of /3 rrli. = 1380 sec" 
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D. MISCELLANEOUS REACTIVITY E F F E C T S 

Two genera l methods may be employed for final adjustment of SNAP lOA 

react ivi ty to the requi red cold, clean excess value. These a r e : (1) variat ion 

of the core composition, pa r t i cu la r ly the modera to r concentrat ion and (2) change 

of the effective ref lector th ickness . The hydrogen modera to r concentrat ion may 

be var ied by placing one or m o r e "low NTJ." e lements (i.e., e lements with '^95% 

of nominal e lement hydrogen concentrat ion) , in var ious locations in the r eac to r 

co re . SCA-4C exper iments have shown that each substitution of a low N^j e l e -
n. 

ment for a nominal e lement reduces react ivi ty by '^18<5 at the core center and 

'^6i at the core edge. Selective p lacement of these e lements therefore p e r m i t s 

relat ively fine adjustments in core react ivi ty . 

At one t ime , considerat ion was also given to use of beryl l ium dummy rods 

for adjustment of core react ivi ty . These rods were fabricated from beryl l ium 

and were identical in outer dimensions with nominal fuel e lements . However, 

SCA-4C cr i t i ca l exper iments indicated that rep lacement of a fuel e lement with a 

beryl l ium dummy rod would reduce react ivi ty by a minimum of 65i. Reactivity 

adjustment using this approach was therefore considered to be too coa r se to be 

of prac t ica l i n t e re s t for the SNAP lOA reac to r . 

After the r eac to r has been fully loaded with fuel, and the excess react ivi ty 

measu red , it may be n e c e s s a r y to adjust the excess react ivi ty to obtain the 

des i red excess of $3.00. The r eac to r is designed so that the thickness of the 

ref lector , and therefore sys tem react ivi ty , may be adjusted by adding or r e ­

moving bery l l ium sh ims . Shims can be added to all control d rums and to two 

of the four ref lector sur faces . When the r eac to r is initially loaded with fuel, 

it is planned to have one full set of sh ims attached to all available ref lector ex­

ternal sur faces . Up to three full sets of ref lector shims may be added, if 

nece s sa ry . However, a full shim set does not have to be added in one step. The 

c r i t e r i a for shimming is that the center of gravity of the r eac to r sys tem should 

not be dis turbed by the s t ruc tu ra l change. This r e s t r i c t ion r equ i re s the addition 

of an equal number of shims to opposite s ides of the ref lector during each sh im­

ming operation. 

The worths of these sh ims , which a r e essent ial ly 1/8 in. thick slabs of 

meta l l ic beryl l ium, were m e a s u r e d on the SCA-4C reac to r . The addition of each 

set provided an average of approximately 42(6 of react ivi ty . It was es t imated 
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that the shims on the control d rums ^vere worth about 8c apiece and that smal le r 

shims on two sides of the ref lector block were worth about 6^ each. 

The char t in F igure 20 shows the total excess react ivi ty and the amount of 

active control (worth of the two fine control d rums) which was available as shims 

were added to the SCA-4C cr i t i ca l assembly . As sh ims a r e added on the active 

control d r u m s , the new react iv i ty values a r e read from left to r ight on the char t , 

and as shims a r e added on the pass ive d rums and two sides of the s ta t ionary 

block ref lector , the new react ivi ty values a r e read from bottom to top. The 

diagonal of this react ivi ty worth ma t r i x contains the values for the addition of 

complete se ts of sh ims . 
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Figure 20. SCA-4C Control Drum Worths 
and Excess Reactivity 

1. Reflector and Control Drum Worths 

The SNAP lOA reac to r u t i l izes reduction in neutron leakage as the p r i ­

m a r y reac to r control mechan i sm during the ac t ive-cont ro l per iod. The react iv­

ity worth of the control d rums i s , there fore , one of the m o r e important p a r a m ­

e t e r s m e a s u r e d in SNAP cr i t i ca l a s s e m b l i e s . Calculation and m e a s u r e m e n t of 

control drum and ref lector v/orth a r e d iscussed on the foUow^ing page. 
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Resul ts of an AIM-6 calculation of SNAP lOA react ivi ty vs cylindericized 

reflector thickness a r e shown in F igure 21 . The figure may be used to pred ic t 

the approximate change in react ivi ty when ref lector shims a r e added. In order 

to es t imate shim worth it is n e c e s s a r y to calculate an "effective" shim thickness 

which accounts for the fact that shims a r e not added in an idealized geomet r ica l 

manner . It was de termined that a full set of six 1/8-in. thick shims added to all 

shimmable surfaces w^as approximately equal to 0.07 in. (~-0.18 cm) of idealized 

th ickness . When this dimension is added to the idealized SNAP lOA reflector 

thickness of '^5.5 cm, the figure indicates that the react ivi ty w^orth (of one set 

of shims) is 47.5^. A one-sh im set worth of 47^ was measu red in the SCA-4C 

reac to r . The worth of th ree complete se ts of shims is calculated as $1.30, 

compared to $1.26 as measu red in the SCA-4C cr i t i ca l assembly . 

A typical experimental ly determined SNAP lOA control d rum calibrat ion 

curve , (i. e., a plot of d rum worth vs drum rotat ion), is shown in F igure 22. 

In genera l , it has been found that drum worth does not change significantly when 

the reac tor core flux shape is changed. Drums were ca l ibra ted in the SCA-4C 

assembly with var ious core loadings, some of which lowered react ivi ty by as 

much as $3.00 from the base case , and involved substantial flux per turba t ions . 

Measured changes in d rum worth were l e s s than ±3%, well within the l imits of 

exper imental e r r o r . Control d rum cal ibrat ion curves based on c r i t i ca l ex­

per iments were used exclusively in SNAP lOA ana lyses , since re l iable analytical 

methods for est imation of d rum worth a r e not cur ren t ly available. 

2. Gridplate and Other Mater ia l Worths 

The re la t ive react ivi ty worths of var ious proposed gridplate ma te r i a l s 

have been measu red in the SCA-4C cr i t i ca l assembly and calculated using the 

AIM-6 code. The m a t e r i a l s investigated were Haste l loy-C, Carpenter low ex­

pansion alloy 42 (s imi lar to Invar) , and 316 SS. The s tandard re ference g r id ­

plate for the SCA-4C cr i t i ca l assembly is fabricated from 316 SS and contains 

penetrat ions only for fuel rod indexing pins . The flight design LE 42 and 

Hastel loy-C gr idplates contain holes for coolant flow as well as pin indexing 

penet ra t ions . The amount of m a t e r i a l p r e sen t in the flight design plates is 

therefore about 20% lower than in the SCA-4C p la tes . Cr i t ica l assembly m e a s ­

u rements showed the LE 42 and Hastel loy-C upper gr idplates to be worth 

•^Si more than the SCA-4C s ta in less s tee l upper gr idpla te . An AIM-6 calcula­

tion of re la t ive gridplate worths indicated that the 316 SS plate would be ^•0.4^ 
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Figure 22. SNAP lOA Reactor 
Control Drum Worth vs 
Control Drum Posi t ion 

Figure 21 . Change in Reactivity 
Due to Varying SNAP lOA 
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more react ive than the LE 42 pla te . Within the l imits of exper imenta l and 

calculat ional e r r o r , it can be concluded that the difference in worth of var ious 

proposed gridplate ma te r i a l s is negligible. 

A s e r i e s of nuclear t e s t s designed to m e a s u r e the worth of hydrogen has 

been completed using SNAP lOA fuel e lements in the SCA-4A c r i t i ca l a s sembly . 

The difference in react ivi ty which resul ted when fuel e lements with slightly dif­

ferent values of N^j ^vere substi tuted for e lements of known hydrogen content was 

m e a s u r e d in var ious core posi t ions . These m e a s u r e m e n t s indicated that the 

average worth of hydrogen in the r eac to r was $1.00/0.1 N-j unit. The best 

analyt ical predict ion of hydrogen wor th , made using AIM-6, i s $0.95/0.1 N^T 

unit . The core center element hydrogen is calculated to be worth 5.2^/0.1 N^, 

unit. 

The worth of samariunn has been calculated and m e a s u r e d exper imenta l ly 

as descr ibed in the previous sec t ions . The worth of the remaining major fuel 

consti tuents has been calculated using the DTK and AIM-6 codes . The i n c r e -
235 menta l wor ths of z i rconium, U , Haste l loy-N cladding, and carbon and boron 

fuel impur i t ies have been calculated. Resul ts a r e summar ized in Table 12. 

TABLE 12 

INCREMENTAL NUCLEAR WORTHS OF 
VARIOUS MATERIALS IN THE 

SNAP lOA CORE 

Mater ia l 

Zirconium 

^235 

Hastel loy-N 

Carbon 

Natural boron 

Incrementa l Worth 

+19f6 p e r 1% Aw/w change 

+9.1«^ pe r l%Aw/w change 

-1.2j{ per l%Aw/w change 

-^+0.8^ per 100 ppm change 

' ^ - 3 ^ per 1 ppm change 

It should be noted that the inc rementa l wor ths quoted a re valid only at or 

near the nominal r e a c t o r composit ion. Severa l of the nuc lear >vorth e s t ima te s 

presen ted in Table 12 have not been verified exper imenta l ly . However, the 
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fact that the calculated wor ths of hydrogen and s a m a r i u m a re in good agreement 

with exper iments indicates that calculated worths of other core consti tuents a re 

reasonably re l i ab le . 

3. Envi ronmenta l Differences Between Test ing Faci l i ty Buildings 

Individual fuel e lements and complete core loadings for SNAP lOA r e a c ­

t o r s have been ca l ibra ted in the SCA-4 c r i t i ca l assembly in Building 373, Santa 

Susana. P r e sen t plans cal l for both flight r e a c t o r s (SNAP lOFS-4 and FS-5) 

to be loaded w^ith fuel and tes ted at low^ pow^er in Building 019, Santa Susana. 

Startup and full power operat ion t e s t s will a l so be c a r r i e d out on SNAP lOFS-3 

in Building 024, Santa Susana. The th ree buildings p resen t different environ­

ments due to differences in the size of the vaul ts , p resence or absence of vacuum 

c h a m b e r s , surrounding equipment, e t c . Because of the environmental differ­

ences , the react iv i ty m e a s u r e d for a given sys tem wil l vary slightly from facility 

to facil i ty. These m e a s u r e d reac t iv i t ies ^vill in tu rn differ from those observed 

in flight. Fac i l i ty differences and the i r effect on react ivi ty a r e d i scussedbe low. 

The SCA-4C and SCA-4A r e a c t o r s were located in a co rne r of the vault 

in Building 373. The two walls c loses t to the r eac to r a r e 40 and 48 in., r e s p e c ­

tively, from the center axis of the r eac to r . In Building 019, the center axis of 

the r eac to r i s about 72 in. from the vault walls and the reac to r is enclosed in a 

l a rge , cooled vacuum chamber fabricated of carbon s teel . The vault in Build­

ing 024 is approximately 15 feet square ; the prototype flight sys tem is sealed 

within a cooled vacuum chamber fabricated from aluminum alloy and located at 

the center of the vault . 

Two different approaches were taken in a t tempts to es t imate the r e a c ­

tivity effects of these vaul ts . The f i r s t approach was a theore t ica l one using the 

SNG t r a n s p o r t theory code. Vault wor ths calculated using this approach were 

known to be overes t ima tes because the models used to r e p r e s e n t the vaults ^vere 

chosen with rad i i equal to the minimum distance from the reac to r center to a 

vault ^vall. 

The second approach w^as to combine exper imenta l r e su l t s from SCA-4C 

exper iments with geomet r ica l scaling fac tors . These scaling factors were used 

to extrapolate exper imenta l ^vorth m e a s u r e m e n t s to the r eac to r -vau l t configura­

tions being studied. This approach used r e su l t s of exper iments in which the 
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SCA-4C reac to r was surrounded in turn by Incite, concre te , i ron and aluminum 

blocks. The worth of each of these m a t e r i a l s was determined at one or m o r e 

dis tances from the reac to r surface. The r ings of m a t e r i a l var ied in th ickness , 

but were all about 18-in. high. 

The exper imental r esu l t s were plotted in t e r m s of ring radius vs r e a c t i ­

vity worth. The curves were extrapolated assuming react ivi ty to be functions of 
2 3 

1 / R and 1/R , where R i s vault rad ius . A scaling factor was used to take into 

accoiint the noncylindrical geometry of the vault. The factor was der ived by 

considering (a) the ra t io (j3) of neutrons which leave the vault wall to those that 

s t r ike it, and (b) the fraction of neutrons which s t r ike the r eac to r upon r e t u r n ­

ing from the vault wall . 
Reactivity effects were es t imated using the equation. 

(13) 

w^here 

Ap = change in react ivi ty 

r = reac tor radius 

R = vault radius 

Vault v^orths es t imated using the two approaches a r e compared in 

Table 13. As noted e a r l i e r , the SNG calculations r ep resen t upper l imi ts for 

vault worth. The extrapolated exper imental values a r e believed to be much 

more rea l i s t i c . However, uncer ta int ies also exist in these values due to the 

fact that each ring measu red was only 18-in. high while, in rea l i ty , the vault 

ma te r i a l s completely surround the r eac to r . Also, the concre te used in the ex­

per iment >vas different in composition from that used for construction of the 

vault. Exact differences in concrete composition a r e not known, but the re a r e 

indications that there is m o r e water (neutron s c a t t e r e r ) in the vault concrete 

than in the exper imental blocks. 
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T A B L E 13 

C A L C U L A T E D V A U L T WORTHS F R O M THE SNG C A L C U L A T I O N 
AND S C A - 4 C E X T R A P O L A T I O N M E T H O D (30) 

F a c i l i t y 

Bui ld ing 
37 3 

Bui ld ing 
019 

Bui ld ing 
024 

SNG C a l c u l a t i o n s 
U) 

+55 

+25 

+21 

S C A - 4 C E x t r a p o l a t i o n Method 
(i) 

Tota l V a u l t * 

+2.5 

+5.1 

+3.3 

Vacuiom C h a m b e r Only 

+ 1.8 

+ 1.2 

• I n c l u d e s v a c u u m c h a m b e r 

In add i t i on to v a u l t w o r t h d i f f e r e n c e s , o t h e r e n v i r o n m e n t a l d i f f e r e n c e s 

e x i s t and i n c l u d e s i z e d i f f e r e n c e s b e t w e e n g r o u n d and f l ight s y s t e m r e f l e c t o r s , 

NaK in c o r e and p l e n u m s , a NaK p u m p and top h e a d , and the fact tha t t he c r i t i c a l 

a s s e m b l y u t i l i z e s a s u p p o r t i n g t a b l e and r e f l e c t o r d r i v e m a c h i n e r y and i s o p ­

e r a t e d d r y w h i l e the r e a c t o r t e s t s e m p l o y a n e u t r o n sh i e ld . 

The t o t a l w o r t h of t h e NaK in t h e c o r e a n d p l e n u m c h a m b e r s w a s o r i g i n a l l y 

c a l c u l a t e d to be - $ 0 . 0 9 ± $0 .10 . The c a l c u l a t i o n w a s naade u s i n g t h e DTK t r a n s p o r t 

t h e o r y c o d e . NaK w o r t h i s diff icult t o c a l c u l a t e r e l i a b l y due to u n c e r t a i n t i e s in 

m e t h o d s for t r e a t m e n t of t r a n s v e r s e n e u t r o n l e a k a g e f r o m the p l e n u m r e g i o n s . 

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

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

S N A P lOA NaK w o r t h to be +17<^ ± 8d. 

NaK w o r t h in S2DR w a s d e t e r m i n e d e x p e r i m e n t a l l y to be +3 ± 10^. T h e r e 

w a s a c t u a l l y abou t a 16^ i n c r e a s e in r e a c t i v i t y when NaK w a s f i r s t added to the 

d r y s y s t e m . H o w e v e r , m o s t of t h i s change w a s due to f i l l ing of the NaK r e t u r n 

p ipe a d j a c e n t to the v e s s e l . An a l u m i n u m b a r in the s a m e l o c a t i o n p r o d u c e d 

abou t a +13;^ c h a n g e in r e a c t i v i t y . NaK w o r t h in the c o r e and p l e n u m r e g i o n s 

w a s t h e r e f o r e e s t i m a t e d to be +3i, w i th a ±10(^ u n c e r t a i n t y band due to e x p e r i ­

m e n t a l e r r o r . S ince the S2DR e m p l o y e d BeO a x i a l r e f l e c t o r s wh i l e SNAP lOA 

d o e s no t , NaK p l e n u m w o r t h s wou ld be e x p e c t e d to di f fer for the two r e a c t o r s . 

The w o r t h of N a K w a s a l s o m e a s u r e d i n t h e c o u r s e of l o w - p o w e r S I O F S - 1 

g r o u n d t e s t s . T o t a l w o r t h of NaK in c o r e and p l e n u m s w a s e s t i m a t e d t o be 

+26fll ± 0.5«!. 
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The total worth of the lithium hydride neutron shield was est imated, using 

SCA-4C measurements of LiH worth at various positions, to be +$0.35. NaK 

pump worth was similarly extrapolated as +$0.10. The worth of aluminum sup­

port s tructure for the SCA-4C reflector and drums was also scaled from the metal 

ring worth experiments; base plate and surrounding machinery worth was deter ­

mined in the same manner . Estimated values are $0.46 and $0.25, respectively. 

A summary of various component and mater ia l worths is presented in Table 14. 

TABLE 14 

ESTIMATED AND MEASURED ENVIRONMENTAL EFFECTS FOR 
VARIOUS SNAP lOA REACTOR CONFIGURATIONS 

Environmental Effect 

1. 

2. 

3 . 

4 . 

5. 

NaK in core and plenum (flight) 
systems - Building 019 and 
024) 

LiH shield (flight systems -
Buildings 019 and 024) 

Top head (flight systems -
Buildings 019 and 024) 

Aluminum support for reflector 
and drums (SCA-4C - Building 
373) 

Steel base plate and machinery 
(SCA-4A and SCA-4C -
Building 373) 

Nuclear Worth 

-9 ± 10 
+3 ± 10 

+17 ± 8 
+26 ± 0.5 

+35 ± 10 

+ ~ 10 

+46 ± 20 

+25 ± 10 

Method Estimating 
Worth 

DTK calculation 
S2DR measurement 
DDK calculation 
SIOFS-1 measurement 

Extrapolation from SCA-
me a sure ments 

Extrapolation from SCA-
measurements 

Extrapolation from SCA-
measurements 

Extrapolation from SCA-
measurements 

-4 

-4 

-4 

-4 

The SCA-4C cr i t ica l assembly and SIOFS-1 ground prototype reflectors were 

essentially identical in all dimensions. However, the SlOFS-3, -4 , and-5 reactors 

employ a reactor vessel - ref lector gap 10 mil la rger than the gaps of the other two r e ­

actors and reflector worth is slightly reduced. The nuclear worth of beryllium re -

mo val f rom the inne r surface of the reflector has beencalculatedusingthe AIM-6 

code andhas also been measured in the SCA-4A cri t ical assembly. The measured 

worth was 2 ±0.5^/mi l of beryllium, while the calculated value was 2.5^/mil of 

beryllium. Onthe basis of the SCA-4C experimental data, worth of the SlOFS-3, -4 , 

and -5 reflectors is est imated to be 20 ±5^ lower than SIOFS-1 andSCA-4C reflector 

worths . 

E . SAFETY DEFICES AND EXPERIMENTS 

In addition to analysis of the static and kinetic character is t ics of the SNAP lOA 
reactor , analyses of hazards during handling operations have been completed. 
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A discuss ion of the handling operat ions and hazards involved m t r anspo r t ­

ing the reac tor to the laxinch si te may be foiond in Reference 31. The following 

sect ions provide a descr ip t ion of the shipping s leeve, which rep laces the re f lec ­

tor during shipment, and the void filler blocks, which prevent accidental control 

d rum inser t ion while the ref lector is at tached to the r eac to r during var ious 

ground handling operat ions . The exper iments per formed to demons t ra te the 

effectiveness of these devices , and to de te rmine the nuclear hazards associa ted 

w^ith men w^orking on or in the vicinity of the r eac to r , a r e a lso d iscussed . 

1. Shipping Sleeves and Void F i l l e r Blocks 

A b a r e SNAP lOA reac to r is superc r i t i ca l when submerged in water . 

During interfaci l i ty r eac to r shipment, it is conceivable that the r eac to r could 

be dropped on a hard surface and /o r be submerged in water . It is a lso poss ible 

that the body of a man working on or around the reac to r could act as a ref lector 

and cause a nuclear accident. To ensure against these c i r cums tances , two 

safety devices have been designed and tes ted : (a) the shipping sleeve which is 

used when the r eac to r is being t r anspor t ed bet^veen faci l i t ies , and (b) the void 

fil ler blocks which a r e employed whenever the ref lector is at tached to the r e ­

actor during var ious ground t e s t s . 

The shipping sleeve is an annular s ta in less s teel device containing void 

and poison regions . The s leeve surrounds the radia l surface of the r eac to r , 

replacing the beryl l ium ref lector (see F igure 23). The inner radia l portion of 

the sleeve is essent ia l ly a void about 3-3/4 in. thick. Outside the void region 

is a pe r iphe ra l section about 1-in. thick and containing boron powder. 

In selecting a shipping sleeve configuration capable of providing max i ­

mum negative react ivi ty when i m m e r s e d in w^ater, both the neutron reflection 

and neutron absorption p rope r t i e s of the m a t e r i a l s conaprising the sleeve mus t 

be considered. The posi t ive react iv i ty effect of water surrounding the reac to r 

is due p r ima r i l y to neutron thermal iza t ion and subsequent reflection of the rmal 

neutrons back into the core . Thermal neutron a b s o r b e r s such as boron, placed 

d i rec t ly outside the co re , will absorb mos t of the reflected neut rons . However, 

many m a t e r i a l s , including boron, a r e m o r e effective than water as re f lec tors 

of ep i thermal neut rons . Thus, use of a neutron absorbe r in the sleeve will r e ­

sult in both inc reased reflection of higher energy neutrons and decreased r e ­

turn of the rmal neutrons to the r eac to r co re . For each pa r t i cu la r void width 
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F igure 23. SNAP lOA Reactor With 
Shipping Sleeve Attached 

there is an associa ted optimum thickness of absorbe r which provides a shipping 

sleeve of maximum negative react iv i ty . When abso rbe r thickness is dec reased 

below the optimum, an inc reased number of the rmal neutrons re tu rn to the core . 

With more than optimum absorbe r th ickness , m o r e epi thermal aind fast neutrons 

a r e reflected to the core . 

The react ivi ty of the r eac to r and shipping sleeve submerged in water was 

calculated with the AIM-6 diffusion code assuming severa l th icknesses of var ious 

neutron absorbing nnater ia ls . Boron was selected as the mos t promising neutron 

absorber because of i ts re la t ively high thermal and epi thermal neutron abso rp ­

tion c ros s sec t ions . 

Effectiveness of a shipping sleeve of optimum design was de termined 

experimental ly in the SCA-4B c r i t i ca l assembly . Several exper iments w^ere 

performed. In the f i rs t , the shipping sleeve was at tached to the r eac to r vesse l , 

the core was loaded with 31 SNAP lOA FS-1 fuel e lements and 6 Incite dummy 

e lements , and the core was filled w^ith wate r . The reac to r and sleeve were 

then totally i m m e r s e d in water and the react iv i ty was measu red . This p r o c e ­

dure was repeated with th ree of the lucite rods replaced by three fuel e lements , 

NAA-SR-9754 
72 

: I qgNCIDghtTlAtrx..: ..: 



and then repeated again with 37 fuel e lements and no Incite rods . Inverse multi­

plication was plotted against number of fuel e lements loaded; the curve was then 

extrapolated to de te rmine the approximate c r i t i ca l loading. It was es t imated 

that, with a loading of 41.8 ± 1.0 fuel e lements , the reac tor would achieve c r i t i ­

cality. Since the average worth of pe r iphera l fuel e lement re la t ive to Incite had 

been m e a s u r e d (in the SCA-4C cr i t i ca l assembly) as $0.55, subcri t ical i ty of the 

r e a c t o r - s l e e v e configuration was es t imated to b e - $ 2 . 6 4 ±0 .55 . Pulsed neutron 

exper iments on the same assembly indicated the r eac to r to be $3.00 ± 0.50 

subcr i t ica l . 

The shipping sleeve was designed to maintain the flooded and i m m e r s e d 

r eac to r subcr i t ica l following an interfaci l i ty shipping accident. Drop tes t s 

establishing the durabil i ty of the device have been conducted. Since it is pos ­

sible that a shipping accident might also init iate a high t empera tu re NaK f i re , 

the s ta in less s teel sleeve has a lso been designed to withstand external t e m ­

p e r a t u r e s up to 2000°F. 

The void fi l ler blocks a r e employed to ensure that the r eac to r w^ill r e ­

main subcr i t ica l during all conceivable handling accidents which might occur 

while the ref lector is at tached to the r eac to r . Basical ly the void filler blocks 

a r e void-poison devices which fit into the control d rum voids and surround the 

ex terna l ref lector surface. An inner boron region about 1/2-in. thick is ad­

jacent to the beryl l ium. The remainder of the block consis ts essent ia l ly of a 

void region encased in s ta in less steel (see F igure 24). 

The void fil ler blocks a r e designed p r ima r i l y to avoid accidental c r i t i ­

cality due to human reflection during ground test ing of the reflected r eac to r . 

The blocks a re also designed to ensure subcri t ical i ty of a wa te r - su r rounded , 

bery l l ium-re f lec ted , NaK-filled reac to r . The filler blocks a re not designed 

to keep the ref lec tor reac tor subcr i t ica l with water both inside the core and out­

side the ref lector . 

Tes t s have been conducted in the SCA-4B facility to de te rmine the r e a c ­

tivity of the SNAP lOA FS-1 fuel loading in a w a t e r - i m m e r s e d beryl l ium 

reflected configuration, with void filler blocks in p lace . The reac to r was found 

to be $1.32 ± 0.22 subcr i t ica l using the extrapolation to cr i t ical i ty methods de ­

sc r ibed in the previous section. Pulsed neutron exper iments indicated the 
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Figure 24. SNAP lOA Reactor With Void F i l l e r Blocks Attached 

r eac to r to be $1.49 ± $0.25 subcr i t ica l under the same conditions. A pulsed 

neutron run was also made without water reflection, but with the beryl l ium 

reflector and filler blocks in place. The shutdown marg in was es t imated to be 

$6.00 ± $1.00 under these conditions. 

2. Human Worth Exper iments 

Due to the smal l s ize , re la t ively low shutdown marg in , and high neutron 

leakage assoc ia ted with the SNAP lOA reac to r , pe r sons working on or near the 

reac tor could conceivably be capable of reflecting sufficient neutrons to produce 

a c r i t i ca l sys tem. Appropriately, this condition is known as the "fat nnan" 

accident. A number of exper iments were conducted in the SCA-4C cr i t i ca l a s ­

sembly in order to es tabl ish the approximate nuclear worth of the body of a 

human being leaning against or standing adjacent to the r eac to r (Reference 21). 

Hydrocarbons and p las t i c s , which a r e good nuclear mockups of the human body, 

were used in the exper iments . 
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In the f i r s t approach, -^80 lb of paraffin was stacked beside or on top of 

the reflected r eac to r . The paraffin occupied about 1/8 of the ref lector p e r i m ­

e ter to full core height, and was about 5 in. in th ickness . This a r r angemen t 

inc reased react ivi ty only about 14^. Paraffin stacked di rect ly on top of the 

upper gr idplate was found to be worth about 90^. 

A second exper iment for est imation of maximtim human worth consis ted 

of the a t tachment of Incite shims to all possible ref lector sur faces . M e a s u r e ­

ments indicated Incite shim worth to be about $2.00/in. of added thickness for 

the configuration studied. Exper imenta l r e su l t s a r e not completely applicable 

to human worth es t imates because the human body cannot genera l ly be dis t r ibuted 

in the same manner as the sh ims . 

The bes t approximation to a rea l i s t i c human mockup consisted of the 

p lacement of 200 lb of Incite pel le ts and paraffin blocks inside a pa i r of work­

m a n ' s covera l l s . This "fat m a n " was then situated in var ious posit ions around 

and over the SCA-4C core and the react iv i ty w^as measu red . The mos t reac t ive 

posit ion was found to be one in which the "fat man" was draped over the top of 

the core with a r m s w^rapped around the ref lector . In this posit ion, the human 

mockup was es t imated to be worth about 84(6. 

Tw ô pa i r s of rubber gloves w e r e filled with Incite pel lets ('^444 gm of 

Incite in each glove) and were tightly packed into the open d rum voids. Their 

combined worth was de termined to be about $1.11. On the bas i s of these ex­

p e r i m e n t s , it was es t imated that a human being draped over the top of the r e a c ­

tor with hands in open drum voids could cause a maximum inc rease in react ivi ty 

of $1.95. Resul ts of SCA-4C huinan mockup exper iments a r e summar ized in 

Table 15. 
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TABLE 15 
SUMMARY OF SCA-4C HUMAN 

MOCK-UP EXPERIMENTS 

Configuration Worth 
($) 

80 lb stack of paraffin - beside ref lector 
- above top gridplate 

1/8 in. thick Incite shims on all shimmable 
ref lector surfaces 

1/4 in. thick Incite shims on al l shimmable 
ref lector surfaces 

3/8 in. thick Incite shims on all sh immable 
ref lector surfaces 

200 lb Incite and paraffin "fat man" draped 
over and around reflected reac to r 

2 Incite "hands" in open drum voids 

+0.14 
+0.90 

+0.25 

+0.53 

+0.74 

+0.84 

+ 1.11 
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IV. SNAP lOA REACTOR GROUND TEST RESULTS 

A. RESULTS OF SNAP lOA FS-1 REACTOR GROUND TEST 

The SNAP lOA FS-1 ground tes t r eac to r was the first completely in tegrated 

SNAP lOA sys t em to commence acceptance tes t ing . Acceptance tes t ing is 

divided into two p h a s e s : s t ruc tu ra l t e s t s and low power physics t e s t s . The 

purpose of the t e s t s is to demonst ra te the ability of sys tem components to meet 

the r equ i rement s of preflight and orbi ta l envi ronments . 

Resul ts of the low power physics t e s t s completed with the SlOFS-1 r eac to r 

a r e shown in Table 16. P red ic ted react ivi ty values a re shown for compar ison . 

The predic t ions were largely based on SCA-4A c r i t i ca l assembly m e a s u r e m e n t s . 

The hot, wet c r i t i ca l t e s t was performed by heating the NaK coolant with 

" s t r a p - o n " e l ec t r i ca l h e a t e r s . The r eac to r ^vas manually maintained at c r i t i ca l 

during the t empera tu re r i se and the react ivi ty defect was determined by r e c o r d ­

ing changes in control d rum position with t e m p e r a t u r e . 

The SlOFS-1 r eac to r ground tes t was t e rmina ted short ly before i ts scheduled 

completion due to rupture of one NaK expansion compensa tor . Analysis of the 

SIO FS-1 nuclear t es t r esu l t s is s t i l l in p r o g r e s s . 

B. SNAP lOA FS-3 REACTOR GROUND TEST 

Shortly after t e rmina t ion of the SNAP lOA FS-1 t e s t , the SIO FS-3 reac to r 

sys t em was del ivered for acceptance tes t ing. Resul ts of the SIO FS-1 and SIO 

FSM-1 t e s t s -were used as a bas i s for minor revis ion of the SIO FS-3 fuel loading, 

shimming configuration, and s a m a r i u m prepoison loading. Analysis of the 

changed fuel loading was completed using methods descr ibed in this r epor t , 

and react ivi ty predict ions were made for SIO F S - 3 . 

The dry c r i t i ca l t e s t has been completed and the resu l t s a r e shown in 

Table 17. 
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TABLE 16 

LOW POWER PHYSICS TEST COMPLETED WITH SNAP 10 FS-1 REACTOR 

Dry 
Cr i t ica l 

Test 

Wet 
Cri t ica l 

Test 

Hot, Wet, 
Cr i t ica l 

Test 

Measurement 

Mininaum superc r i t i ca l 
fuel loading 

p ex min imum supe r ­
c r i t i ca l loading ($) 

Cold, dry , ze ro power 
p ex with 37 e lement 
fuel loading ($) 

Control d rum worth with 
1 sh im ($) 

Worth of change in 
environment from Build­
ing 373 to Building 019 
vault ($) 

Worth of NaK coolant in 
core and plenums ($) 

p ex, cold, wet , 1 sh im($) 

Control d rum worth with 
1 sh im ($) 

Control d rum worth with 
no shims ($) 

p ex, cold, wet , no shims 
($) 

Overal l i so the rma l t e m ­
pera tu re defect ($) 

Overa l l i so the rma l t e m ­
pe ra tu re coefficient 
70-937 (°F") _ ( , ^ / ° F ) 
850-950 (°F) -(ifF) 

Measured Value 

32 e lements 

0.32 

3.53 

2.26 

-0.28 

+0.26 

3.76 

2.23 

2.15 

3.19 

-2.04 

-0.245 
-0.29 

Pred ic ted Value 

3 2 e lements 

0.16 

3.59 

2.30 

-0.25 

-0.09 

3.50 

no es t imate 

no es t imate 

3.03 

-2.56 

-0.29 
-0.32 

TABLE 17 

SNAP lOA FS-3 REACTOR DRY CRITICAL TEST 

Measurement 

Minimum cr i t i ca l fuel loading 

p ex with 33 e lements 

p ex with 37 e lements 

Average worth of control drunas 

Measure d Value 

33 e lements 

$0.16 

$2.67 

$2.20 

Pred ic ted Value 

33 e lements 

$0.18 

$2.70 

$2.18 
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