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I. INTRODUCTION 

This repor t p resen t s the resu l t s of a study which was performed to de te r 

mine the maximum power and t empera tu re capability of the SNAP 2 reac tor con

cept, based on minimal extrapolat ion of cu r r en t technology. The presen t SNAP 2 

reac tor design, which is desc r ibed briefly in Section lU, is being developed as 

the nuclear heat source for the SNAP 2 Compact Power Unit which ut i l izes a 

mercury-Rankine cycle to genera te 3.5 kw e lec t r ica l power. This sys tem 

requ i res a r eac to r capable of producing 55 kw the rmal power which is t r a n s 

fer red to a NaK coolant loop at a maximum coolant t empera tu re of 1235 'F . 
• 

P r i o r to freezing the design for the SNAP 2 reac tor sys tem, it is con

s idered n e c e s s a r y to re -eva lua te the performance marg ins available in the 

p resen t design and to de termine the nature and extent of the design modifica

tions required to inc rease both the power and the maximum coolant t empera tu re 

capabili ty. This information is needed to es t imate the rel iabi l i ty of the reac tor 

at Its p resen t design point and to incorporate those features which would pe rmi t 

operation over a wide range of operating conditions. 

Although studies of th is genera l nature were performed when the SNAP lOA/2 

reac to r was conceived, p r o g r e s s in the development and test ing of SNAP fuel 

e lements , improved nuclear data and analytical techniques, and operat ional data 

from the SNAP 2 Developmental Reactor r equ i re a t imely r eappra i sa l of this 

subject. 

On the bas i s of previous analyses and operating exper ience , it is known that 

the most fundamental l imitat ion on reac to r power level and t empera tu re for long-

t e r m operation is the loss of react ivi ty due to excess ive hydrogen leakage from 

the z i rconium hydr ide-uran ium alloy fuel-moderator e l emen t s . As the t e m p e r a 

ture of the r eac to r core is inc reased , the hydrogen dissociat ion p r e s s u r e in

c r e a s e s , as does the permeat ion ra te through the ce ramic diffusion b a r r i e r 

which is applied to the inside of the fuel -moderator cladding. Since the core 

xs inherently under mode ra ted, any loss of hydrogen modera tor r e su l t s in a loss 

of react iv i ty . This long- t e rm react ivi ty change is compensated by the gradual 

burnout of s amar ium oxide prepoison which is incorporated in the elements 

and by inward rotation of the control d rums . 

NAA-SR-9407 
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At the presen t SNAP 2 operating conditions, the total react ivi ty loss due to 

hydrogen leakage is re la t ively smal l compared to the total cold, clean react ivi ty 

r e q u i r e m e n t s . Due to the exponential re la t ionship between hydrogen d i ssoc ia 

tion p r e s s u r e , hydrogen permeat ion r a t e , and fuel t e m p e r a t u r e , however, the 

importance of hydrogen leakage inc reases rapidly at higher reac to r power levels 

and /or coolant t e m p e r a t u r e s . Fortunately, severa l design var iab les can be 

adjusted to compensate for these effects. The most important of these design 

var iab les a r e : 

a) Increased Reflector Thickness — The nominal thickness of the b e r y -

lium ref lector for the p resen t SNAP 2 design is ^"2.3 in. whereas an 

essent ia l ly "infinite" ref lector would be ^ 1 0 in. thick. Thus, the 

initial react ivi ty of the reflected reac to r and the control d rum worth 

can be increased substantially by increasing the rad ia l - re f l ec to r 

th ickness . However, since the reac to r must be subcr i t ical with two 

of the four control d rums fully rotated inward, a definite l imit on 

ref lector thickness exis ts for a given core composition and geometry . 

b) Reduced Np^ — The hydrogen dissociat ion p r e s s u r e for z i rconium 

hydride is s trongly dependent on the H / Z r atom ra t io . By reducing 

this ra t io (and hence the init ial hydrogen concentrat ion, N.,.) the 

hydrogen loss ra te can be reduced, at the expense of initial r e a c 

t ivity. This reduction of initial react ivi ty must be compensated by 

increasing the reflector th ickness . 

c) Decreased Fuel -Modera tor Element Diameter — The maximum and 

average t empera tu re of the cylindrical ZrH-U alloy fuel modera tor 

e lements can be reduced by decreas ing the element d iamete r . While 

this modification reduces the hydrogen p r e s s u r e within the e lement , 

the available a rea for hydrogen permeat ion is inc reased . Therefore , 

a theore t ica l ly optimum diameter exis ts for a given set of operating 

conditions, with a l a rge r number of small d iameter e lements being 

preferable for higher power density c o r e s . 

d) Increased U-235 Loading —Increasing the U-235 loading will provide 

a gain in initial react ivi ty, but since the SNAP 2 core is under-

moderated and since the additional fuel atoms must displace z i r 

conium (and thus hydrogen) atoms in the alloy fuel modera tor e l e 

ments , the net gain for extending lon^ - t e rm operation is smal l . 

NAA-SR-9407 
8 



The core size is another design var iable which would obviously affect the 

r eac to r power capabili ty. Due to the substantial amount of cr i t ica l exper iment 

and operational data available for the p resen t SNAP 2 core designs, however, 

the design var iab les considered in the p resen t study were l imited to the 

f i rs t two i tems d iscussed above; i. e., ref lector thickness and hydrogen 

density. 

The r eac to r power level and coolant outlet t empera tu re were var ied p a r a m e -

t r ica l ly over a range up to 200 kwt and 1350°F respect ively . The coolant t e m 

pe ra tu r e r i s e through the core was held constant at 200° F , since this value has 

been shown to be near optimxim for various power conversion sys tems over a 

wide range of power levels . 

The analysis was conducted in three major a r e a s : core heat t r ans fe r , fuel 

element per formance , and nuclear ana lys i s . The bas ic assumpt ions , methods , 

and re su l t s of these tasks a re descr ibed in Sections IV through VI and the con

clusions of the study are included in the summary . 
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II. SUMMARY AND CONCLUSIONS 

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

p o w e r and e l e v a t e d t e m p e r a t u r e o p e r a t i o n of the S N A P 2 r e a c t o r c o n c e p t have 

b e e n i n v e s t i g a t e d and de f ined . Core h e a t t r a n s f e r a n a l y s e s e s t a b l i s h e d fuel 

e l e m e n t t e m p e r a t u r e s for t h e r m a l power l e v e l s r a n g i n g f r o m 53 to 200 kw and 

coo lan t ou t le t t e m p e r a t u r e s f r o m 1200 t o 1350 ° F . M a x i m u m fuel t e m p e r a t u r e s 

a long the c e n t e r l i n e of the h o t t e s t e l e m e n t r a n g e d f r o m 1275 °F a t 53 kw, 1200 °F 

NaK out le t t e m p e r a t u r e to ~ 1 6 9 0 ° F at 200 kw, 1 3 0 0 ° F NaK out le t t e m p e r a t u r e . 

Maximunn c lad and h y d r o g e n b a r r i e r t e m p e r a t u r e s for c o r r e s p o n d i n g o p e r a t i n g 

cond i t ions r a n g e d f r o m ' ^1230 to 1 4 4 0 ° F . 

A n a l y t i c a l m e t h o d s for e s t i m a t i n g h y d r o g e n l e a k a g e f r o m the fuel e l e m e n t s 

a t a d v a n c e d o p e r a t i n g cond i t ions w e r e deve loped to a c c o u n t for the t e m p e r a t u r e 

d i s t r i b u t i o n s wi th in the fuel and o v e r the c l ad s u r f a c e , and h y d r o g e n r e d i s t r i b u 

t ion wi th in the fuel . L e a k a g e coef f ic ien t s -were d e v e l o p e d to a c c o u n t for l e a k a g e 

t h r o u g h the b lend and th rough the coa t ed c lad w a l l s . T h e s e l e a k a g e coef f i c ien t s 

w e r e ob ta ined f r o m o u t - o f - p i l e l eak r a t e m e a s u r e m e n t s on 50 p r o d u c t i o n e l e 

m e n t s a s s e m b l e d for the SNAP lOA F S - 1 c o r e . H y d r o g e n l e a k a g e r a t e s w e r e 

then c o m p u t e d for the r a n g e of o p e r a t i n g cond i t i ons s tud ied and for i n i t i a l h y -
22 22 3 

d r o g e n c o n c e n t r a t i o n s ( N „ ) r a n g i n g f r o m 6.0 x 10 to 6.5 x 10 a t o m s / c m . 

H. 

Clad s t r a i n due to h y d r o g e n p r e s s u r e bu i ldup at the h i g h e r o p e r a t i n g c o n d i 

t i ons w a s i n v e s t i g a t e d and found a c c e p t a b l e . P o t e n t i a l fuel swe l l ing p r o b l e m s 

w e r e a l s o i n v e s t i g a t e d . B a s e d on c o n s e r v a t i v e a p p l i c a t i o n of e x i s t i n g d a t a , i t 

i s conc luded tha t r a d i a l g r o w t h would not be suff ic ient to c a u s e con t ac t b e t w e e n 

the f u e l - m o d e r a t o r rod and the c lad b a r r i e r , even at the 200 k w t / 1 3 5 0 ° F o p e r 

a t ing c o n d i t i o n s . Due to the l a c k of a d e q u a t e e x p a n s i o n s p a c e at the hot o p e r 

a t ing c o n d i t i o n s , a x i a l fuel swe l l i ng at power l e v e l s above ' ^150 kwt could p r e 

sen t a p r o b l e m with the p r e s e n t fuel e l e m e n t d e s i g n . If fu ture i n - p i l e t e s t s and 

m o r e r i g o r o u s a n a l y s e s i nd i ca t e t ha t a p r o b l e m e x i s t s , add i t i ona l s p a c e can be 

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

The n u c l e a r a n a l y s e s e s t a b l i s h e d r e a c t i v i t y r e q u i r e m e n t s to c o m p e n s a t e 

for t e m p e r a t u r e and power d e f e c t s , xenon bu i ldup , h y d r o g e n r e d i s t r i b u t i o n , 

fuel d e p l e t i o n , f i s s i o n p r o d u c t bu i ldup , h y d r o g e n l e a k a g e and s a m a r i u m bui ldup 

and b u r n o u t ove r the c o m p l e t e r a n g e of power l e v e l s and coolan t t e m p e r a t u r e s 

N A A - S R - 9 4 0 7 
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studied. Total cold, clean react ivi ty requ i rements were found to vary from 

approximately $3.00 to $8.00. 

The init ial hydrogen density and ref lector thickness were var ied for each 

operating point to determine the minimum weight and size ref lector which would 

provide sufficient react iv i ty and control for one year operation while maintaining 

a cold shutdown margin of at leas t 50^ with two control d rums rotated full in . 

Shield weight inc rements were also calculated, based on maintaining a constant 

vehicle dose ra te and separat ion d is tance . 

The most significant r e su l t s obtained from this study a re summar ized on 

Figure 1. This figure i l lus t ra tes the combinations of r eac to r power level and 

coolant outlet t empera tu re which can be achieved with the cur ren t reference 

design, by increasing the ref lector weight in 10 lb inc rements up to 40 lb and 

by adjusting the hydrogen density (N^) in the co re . These r e su l t s show that the 

p resen t SNAP 2 r eac to r design concept has a react ivi ty marg in sufficient to s u s 

tain operations for one year at ~250% of design power at the design coolant 

t empe ra tu r e s or at 100 °F higher coolant t e m p e r a t u r e s at the design power level . 

210 

180 

ISO 

tC 120 

o 
0. 

90 

60 

30 

1200 1260 1320 1380 1440 1500 
NaK OUTLET TEMPERATURE(°F) 

1-22-64 7635-0037 
Figure 1. Minimum Weight Penal t ies vs 

Power and Tempera tu re 
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A l s o , t he p r e s e n t S N A P 2 r e f l e c t o r and c o n t r o l d r u m d e s i g n can a c c o m m o 

da te -^20 a d d i t i o n a l pounds of b e r y l l i u m s h i m s wi th r e l a t i v e l y m i n o r r e d e s i g n . 
22 3 

With t h i s m o d i f i c a t i o n , and by d r o p p i n g the N „ to ' ^6 .25 x 10 a t o m s / c m , the 

r e a c t o r should t h u s be capab le of one y e a r o p e r a t i o n at ~ 1 4 0 kwt wi th a m a x i 

m u m coo lan t ou t le t t e m p e r a t u r e of 13 00 °F o r -^185 kwt a t 1235 ° F . 
22 

By r e d u c i n g the NTJ. t o ^^6.1 x 10 and r e d e s i g n i n g the r e f l e c t o r b lock and 

c o n t r o l d r u m s to p e r m i t an add i t i ona l i n c r e a s e in r e f l e c t o r weigh t (to 40 lb ) , 

the power l e v e l or coo lan t t e m p e r a t u r e could be r a i s e d a p p r o x i m a t e l y a n o t h e r 

40 kwt o r 5 0 ° F r e s p e c t i v e l y . Subsequen t s t u d i e s , h o w e v e r , have i n d i c a t e d tha t 

t h i s l a s t e x t r a p o l a t i o n f r o m the r e f e r e n c e d e s i g n would be l e s s d e s i r a b l e t han 

mod i f i c a t i on of the c o r e d e s i g n to use a l a r g e r n u m b e r of s m a l l e r d i a m e t e r 

e l e m e n t s . 

The t o t a l we igh t change ( r e f l e c t o r p lus sh ie ld ) r e q u i r e d to i n c r e a s e the 

p o w e r a n d / o r coo lan t t e m p e r a t u r e and m a i n t a i n a c o n s t a n t fas t n e u t r o n flux at 

an a r b i t r a r i l y f ixed d o s e p lane i s shown in F i g u r e 2 . H o w e v e r , both the r e a c t o r -

pay load s e p a r a t i o n d i s t a n c e and the shadow sh ie ld angle would p r o b a b l y change 

for the h i g h e r p o w e r a p p l i c a t i o n s and the i n c r e m e n t a l sh ie ld w e i g h t s shown a r e 

t h u s s o m e w h a t a c a d e m i c . 

F i g u r e 2 . To ta l Weight P e n a l t y 
vs NaK Out le t T e m p e r a t u r e 

(Shield P l u s R e f l e c t o r ) 
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Ml. DESCRIPTION 

An a r t i s t ' s c o n c e p t of the S N A P 2 r e a c t o r , r e f l e c t o r , and sh i e ld a s s e m b l y 

i s shown on F i g u r e 3 and a s u m m a r y of the m a j o r d e s i g n and p e r f o r m a n c e c h a r 

a c t e r i s t i c s i s p r e s e n t e d in Tab le 1. 

8 - 2 1 - 6 3 7622-0025 

F i g u r e 3 . A r t i s t ' s Concept of SNAP 2 R e a c t o r , 
R e f l e c t o r and Shield A s s e m b l y 

The r e a c t o r a s s e m b l y c o n s i s t s of a t h i n - w a l l e d , s t a i n l e s s s t e e l v e s s e l a s 

s e m b l y , in le t and out le t NaK l i n e s , g r i d p l a t e s , f u e l - m o d e r a t o r e l e m e n t s , i n 

t e r n a l r e f l e c t o r s and the c o r e s u p p o r t s t r u c t u r e , a s s e m b l e d a s shown in the 

cu taway v i ew . F i g u r e 4 . The r e a c t o r c o r e c o n s i s t s of 37 f u e l - m o d e r a t o r e l e 

m e n t s a r r a n g e d in a c l o s e - p a c k e d h e x a g o n a l a r r a y . The i n t e r n a l r e f l e c t o r s fi l l 

the s p a c e s b e t w e e n the hexagona l c o r e and the c i r c u l a r v e s s e l . 

N A A - S R - 9 4 0 7 
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TABLE 1 
SUMMARY OF DESIGN AND PERFORMANCE REQUIREMENTS AND 

CHARACTERISTICS SNAP 2 REACTOR SUBSYSTEM 

2 
> 
> 
I 

JO 
I 

o 
- J 

I 

I I 

Per fo rmance Requi rements 
Reactor t he rma l power (kw) 

to NaK 
Heat loss to space 
Total 

Coolant outlet temperature ( T ) 
M a x 
M i n 

Coolant inlet temperature (°F) 
M a x 
M i n 

Nominal coolant flow/ ra te (Ib/min) 
Minimum operat ing lifetime (yr) in space 

Envi ronment 
Maximum launch acce le ra t ion (g 's) 

Axial 
La t e r a l and n o r m a l 

Maximunn launch vibrat ion 
Longitudinal 

La t e r a l and no rma l 

Subsystem weight objective (not 
including e lec t ronic equipment) 

F a s t neutron dose ra te at CPU/AGENA 
mating plane (nvt /yr ) 

Gamma dose ra te at CPU/AGENAmat ing 
plane r / y r 

Reac tor Design C h a r a c t e r i s t i c s 
Core 

Equivalent d i ame te r (in ) 
Active height (in ) 
Fuel 
Modera tor 
Number of fue l -modera tor e lements 
Fuel e lement d i ame te r (in ) 
Cladding 
Pe rmea t ion b a r r i e r 
F u e l - m o d e r a t o r alloy composit ion 
(wt %) 

Uranium 
Carbon 
Zi rconium hydride 

Effective hydrogen density 
( a t o m s / c m 3 x 10-22) 

Prepoison ma te r i a l 
Internal ref lector mate r i a l 
Grid plate ma te r i a l 

53 
2 
5 5 

1235 
1185 

1015 
9 6 3 
7 0 

1 

+7 6 -2 5 
±1 0 

g's 
1/2 in D A 

3 5 
7 5 

g ' s 

1/2 in D A 
2 5 
5 0 
7 5 

630 lb 

5 X 10l2 

107 

8 10 
12 25 
U235 (enr iched) 
Zi rconium hydride 
37 
1 25 
Hastel loy N 
AI ' D ' 

U 
10 
0 1 
90 

6 35 
S a m a r i u m 
clad BeO 
42% Ni -Fe Low 
Exp Alloy 

frequency (cps) 
5 

12 
4 0 0 

- 12 
- 400 
- 3000 

frequency (cps) 
5 

10 
2 5 0 
4 0 0 

10 
- 250 
- 400 

3000 

Vesse l 
Mater ia l 
Internal d iameter 
Length 
Wall th ickness 

Reflector 
Mater ia l 
ID (in ) 
Thickness (equivalent in ) 
Height (in ) 
No fine control drums 
No coa r se control drums 

Shield 
Casing ma te r i a l 
Casing wall thickness (in ) 
Shield mate r i a l 
Maximum height (m ) 
Maximum diameter at base (in ) 
Minimum diameter at top (in ) 

Cur ren t weight sunnmary (est imated lb) 
Reactor assembly 
Reflector assembly 
Shield assembly 
Elec t ronic equipment 
Total 

III Pe r fo rmance Cha rac t e r i s t i c s 
The rmal -Hydraulic 

Coolant p r e s s u r e drop (psi) 
Maximum fuel tennperature ("F) 
Maximum fuel clad t empera tu re (°F) 
Average ref lector t empera tu re {T) 
Maximum shield t empera tu re ("F) 
Minimum shield t empera tu re (°F) 

Nuclear P a r a m e t e r s 
Average core the rma l flux 
(n/cm2 - sec) 

Mean fission energy (ev) 
Average i so thermal t empera tu re 
coefficient ( i / ° F ) 

Uranium loading(kg U^-^^) 
Effective delayed neutron fraction 
Mean prompt neutron lifetime ( f i -sec) 
Prepoison react ivi ty worth ($) 
Initial cold excess react ivi ty ($) 

Lifetime react ivi ty loss ($) 
Xenon equil ibr ium 
Samar ium burnout 
Tempera tu re and power defect 
Hydrogen loss 
Hydrogen redis t r ibut ion 
Burnup and fission product poison 

Total ($) 
Contingency ($) 

Total control drum worth ($) 
Total shim worth ($) 
1-yr dose at CPU/AGENA mating 
plane 

Fas t neutrons (nvt) 
Gamma ( r / y r ) 

SS 321 
8 87 5 
15 6 
0 040 

Beryl l ium 
9 090 
2 12 
12 25 
2 
2 

SS 321 
0 060 
L i H 
25 
27 2 
20 9 

170 
I 17 
355 
25 
6b7 

0 2 
1336 
1298 
7 7 0 
1000 
600 

3 4 X l O ' l 
0 i8 

-0 21 
4 75 
0 008 
6 5 
-1 80 
3 53 

- 23 
+ 27 
-2 44 
- 21 
- 19 

14 
-2 92 
63 

10 90 
I 05 

1 3 X I0 l2 
1 X 107 

1 $ = 0 008 A i J k 



CORE HOLD-DOWN SPRING 

REACTOR OUTLET 

UPPER GRID PLATE 

FUEL ELEMENT 

INTERNAL BERYLLIUM REFLECTOR 

8 - 1 - 6 3 76Z2-0026 

F i g u r e 4 . R e a c t o r A s s e m b l y , Cutaway View 

The f u e l - m o d e r a t o r e l e m e n t s con ta in h igh ly e n r i c h e d U-235 which i s a l loyed 

wi th z i r c o n i u m and h y d r i d e d to ach i eve a c o m p a c t , l i gh twe igh t c o r e wi th the 

d e s i r a b l e c o n t r o l c h a r a c t e r i s t i c s of a h y d r o g e n m o d e r a t e d r e a c t o r . A d r a w i n g 

of a f u e l - m o d e r a t o r e l e m e n t a s s e m b l y i s shown on F i g u r e 5 . The e l e m e n t s a r e 

c lad wi th H a s t e l l o y - N , the i n n e r s u r f a c e of wh ich i s coa t ed wi th a th in c e r a m i c 

h y d r o g e n diffusion b a r r i e r . The f u e l - m o d e r a t o r rod i s an a l loy of z i rconiunn 
22 3 

10 wt % u r a n i u m , h y d r i d e d to an N ^ of 6.35 x 10 a t o m s / c m . The n o m i n a l , 
cold r a d i a l gap b e t w e e n the rod and the h y d r o g e n b a r r i e r is 0.002 i n . 

N A A - S R - 9 4 0 7 
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12.450 1.004 

12.250 ±.002 

1-10-64 7635-0038 

Figure 5. SNAP 2 Fuel Element 

The beryl l ium reflector is mounted external to the r eac to r vesse l and con

tains four control d rums which are rotated to achieve both fine and coarse r e a c 

tivity control . The ref lector is split longitudinally into two halves , hinged at 

the bottom, and retained at the top with a thin, s ta in less steel band. Separation 

of the band, due ei ther to melting upon reen t ry or actuation of band re lease de 

v ices , pe rmi t s ref lector ejection for r eac to r shutdown during var ious phases of 

launch and orbi tal operat ion. 

The radiat ion shield reduces the neutron and gamma dose levels at the Agena 

mating plane to tolerable levels and also provides s t ruc tu ra l support for the 

reac tor assembly . The shield consis ts of a s ta in less steel casing assemibly 

filled with l i thium hydride (LiH) which is cast in place to achieve an efficient, 

h igh- tempera tu re s t ruc tu re . 

NAA-SR-9407 
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IV. THERMAL-HYDRAULIC ANALYSIS 

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

to d e t e r m i n e c o r e t e m p e r a t u r e d i s t r i b u t i o n s for a r a n g e of power l e v e l s and 

coolan t t e m p e r a t u r e s . Coolant p r e s s u r e d r o p a c r o s s the r e a c t o r v e s s e l w a s 

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

a s s u m e d tha t (1) the coolant flow i s m a i n t a i n e d p r o p o r t i o n a l to r e a c t o r p o w e r 

so a s to y ie ld a 200 °F coolan t t e m p e r a t u r e r i s e in the c o r e , (2) the ax i a l and 

r a d i a l p o w e r d i s t r i b u t i o n s r e m a i n c o n s t a n t (neg lec t ing the effect of p o s s i b l e 

c h a n g e s in r e f l e c t o r g e o m e t r y ) , and (3) the flow i s o r i f i c ed to obta in a (within 

±10%) u n i f o r m coolan t t e m p e r a t u r e r i s e in the coolan t c h a n n e l s . 

F u e l e l e m e n t t e m p e r a t u r e s w e r e b a s e d on the n o m i n a l t e m p e r a t u r e r i s e in 

the NaK f i lm, c l ad , h y d r o g e n b a r r i e r m a t e r i a l , g a s gap and fuel . P e a k i n g 

f a c t o r s w e r e inc luded to accoun t for r e d u c e d coo lan t v e l o c i t y in the c u s p s of 

the coolan t channe l and for the effect of fuel e c c e n t r i c i t y i n s ide the c l ad . 

Given the equa t ion for the a x i a l power d i s t r i b u t i o n (Equa t ion 1) and a s s u m 

ing tha t the r e a c t o r c o r e is o r i f i c ed for equa l p o w e r - t o - f l o w r a t i o in a l l c h a n 

n e l s , e q u a t i o n s can be w r i t t e n a s fol lows to d e s c r i b e the a x i a l t e m p e r a t u r e d i s 

t r i b u t i o n s in the fuel e l e m e n t s . 

- ^ i ^ = 1.47 cos (1.479 - 0 .2413Z) . . . ( 1 ) 

(0 < Z < 12.25 in . ) 

NaK t e m p e r a t u r e 

T (Z) = T .^ + A [ O . 9 9 6 - s in (1.479 - 0 .2413Z)] . . . (2 ) 

H y d r o g e n b a r r i e r t e m p e r a t u r e 

T^(Z) = T (Z) + B P cos (1.479 - 0 .2413Z) . . . (3 ) 

F u e l s u r f a c e t e m p e r a t u r e 

T^g(Z) = T^(Z) + C P cos (1.479 - 0 .2413Z) . . . (4) 

N A A - S R - 9 4 0 7 
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Fuel centerl ine t empera tu re 

T ,(Z) = T, (Z) + DP cos (1.479 - 0.2413Z) . . .(5) 
cl fs 

where 

T. = reac tor inlet t empera tu re (°F) m 

P = reac to r power (kwt) 

Z = distance from core inlet ( in.) 

Because the axial power distr ibution does not vary with core rad ius . Equa

tions 2 through 5 may be used for any fuel e lement , given the proper constants 

A, B, C, D. The values of these constants for the average and hot fuel e l e 

ments a re given in Table 2. 

TABLE 2 

CONSTANTS FOR USE IN THE GENERAL EQUATIONS 
FOR AXIAL POWER DISTRIBUTION CALCULATIONS 

A 

B 

C 

D 

Average Fuel 
Element 

100°F 

0.75°F/kw 

0.29°F/kw 

0.79°F/kw 

Hot Fuel 
Element 

111°F 

1.00°F/kw 

0.38' 'F/kw 

1.03°F/kw 

Constant A is one-half the NaK t empera tu re r i s e expected in the channels 

surrounding the average or hot fuel e lement . The hot-channel t empera tu re r i s e 

has been increased by 10% to account for orifice inaccurac ies . The only other 

quantity that was used to differentiate between the hot and average fuel e lements 

was the radial power factor, which has a value of 1.31. 

Equations 3 and 4 permi t the evaluation of the c i rcumferent ia l average 

b a r r i e r and fuel surface t e m p e r a t u r e s at each elevation in the co re . Equation 5 

pe rmi t s the evaluation of maximum fuel t e m p e r a t u r e s located on or near the 

fuel cylinder cen ter l ine . The average fuel t empera tu re at any elevation is 

closely approximated by the a r i thmet ic average of the fuel surface and the max i 

mum fuel t empera tu re near the fuel center l ine . 

NAA-SR-9407 
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F i g u r e s 6 and 7 show the m a x i m u m fuel t e m p e r a t u r e , m a x i m u m fuel s u r 

face t e m p e r a t u r e , and m a x i m u m b a r r i e r t e m p e r a t u r e a s a funct ion of r e a c t o r 

t h e r m a l p o w e r for an a v e r a g e fuel e l e m e n t and for the ho t fuel e l e m e n t . 

F i g u r e s 8 t h r o u g h 15 show the ax i a l t e m p e r a t u r e d i s t r i b u t i o n s for the a v e r a g e 

and the ho t e l e m e n t s for r e a c t o r ne t p o w e r l e v e l s of 53 , 100, 150, and 200 kwt. 

The fuel and b a r r i e r t e m p e r a t u r e s for the a v e r a g e fuel e l e m e n t a r e u s e d to 

d e t e r m i n e the r a t e of h y d r o g e n l o s s f rom the s y s t e m . Sec t ion V-A of t h i s r e 

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

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

c l add ing i n t e g r i t y . C ladd ing c r e e p s t r e n g t h i s a funct ion of t e m p e r a t u r e , a s 

d i s c u s s e d in Sec t ion V - B . H y d r o g e n p r e s s u r e in the annu lu s b e t w e e n the fuel 

and the b a r r i e r and the g r o w t h of fuel d u r i n g i r r a d i a t i o n a r e a l s o d i r e c t funct ions 

of fuel t e m p e r a t u r e . T h e r e f o r e , the h o t - e l e m e n t t e m p e r a t u r e d i s t r i b u t i o n i s 

u s e d to c o n s e r v a t i v e l y e s t i m a t e fuel e l e m e n t p e r f o r m a n c e c a p a b i l i t i e s and 

l i m i t a t i o n s . 

F i g u r e 16 shows the v a r i a t i o n of t o t a l r e a c t o r p r e s s u r e d r o p wi th r e a c t o r 

p o w e r . C u r v e s a r e shown for an o r i f i ced and an u n o r i f i c e d c o r e . F o r both 

c a s e s , it i s a s s u m e d tha t the flow a r e a s of the i n l e t and ou t le t n o z z l e s a r e m a d e 

p r o p o r t i o n a l to coo lan t flow. Th i s r e q u i r e s tha t m o r e than one in l e t n o z z l e be 

u s e d for pow^er l e v e l s above 75 kwt. F o r the o r i f i c ed c o r e , it i s a s s u m e d tha t 

the a r e a of the o r i f i c e h o l e s i s p r o p o r t i o n a l to flow r a t e , so a s to m a i n t a i n a 

c o n s t a n t r a t i o b e t w e e n o r i f i c e p r e s s u r e d r o p and n o z z l e p r e s s u r e d r o p . 

N A A - S R - 9 4 0 7 
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Figure 12. Hot Fuel Element 
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V. FUEL ELEMENT ANALYSIS 

F u e l e l e m e n t p e r f o r m a n c e w a s e v a l u a t e d a s a funct ion of r e a c t o r p o w e r and 

coo lan t i n l e t t e m p e r a t u r e o v e r an in i t i a l N^j r a n g e of 6.0 to 6 .5 . The c u r r e n t 
ri 

SNAP 2 F u e l e l e m e n t con f igu ra t i on and c a r b o n con ten t (0.10 wt %) w e r e m a i n 

t a ined c o n s t a n t in a l l c a s e s . The c a r b o n con ten t wi l l be m a i n t a i n e d be low 10 wt %, 

c o n s e q u e n t l y , u s ing th i s va lue a s a c o n s t a n t wi l l r e s u l t in a c o n s e r v a t i v e e s t i m a t e 

of h y d r o g e n l e a k a g e . H y d r o g e n l o s s r a t e s w e r e c o m p u t e d for the " a v e r a g e " fuel 

e l e m e n t s , H a s t e l l o y - N c ladd ing s t r e n g t h l i m i t a t i o n s w e r e d e t e r m i n e d b a s e d 

upon o p e r a t i o n of the " h o t " fuel e l e m e n t s (a sa fe ty f ac to r of 2 on c r e e p s t r e n g t h 

w a s u s e d to a c c o u n t for l o c a l "hot s p o t s " ) , and fuel i r r a d i a t i o n swel l ing w a s 

e x a m i n e d . E a c h of t h e s e p e r f o r m a n c e p a r a m e t e r s i s d i s c u s s e d in d e t a i l be low. 

A . HYDROGEN L E A K A G E 

To p e r f o r m the p a r a m e t r i c s tudy , it w a s n e c e s s a r y to d e v e l o p a m e t h o d of 

e s t i m a t i n g fuel e l e m e n t h y d r o g e n l o s s r a t e s u n d e r r e a c t o r o p e r a t i n g cond i t i ons 

f r o m r a t e s e x p e r i m e n t a l l y m e a s u r e d at i s o t h e r m a l c o n d i t i o n s . The f i r s t s t e p 

w a s to a s s u m e t h a t the t o t a l e l e m e n t p e r m e a t i o n w a s m a d e up of two t y p e s of 

l e a k a g e — one t h r o u g h the c e r a m i c coa t ing p r o p e r , and the o the r t h r o u g h de fec t s 

in the c l a d d i n g . The b lend w a s c o n s i d e r e d to be a d e f e c t . P r e v i o u s w o r k had 

shown tha t b l end p e r m e a t i o n could be c o r r e l a t e d by an A r r h e n i u s equa t ion 

(Equa t ion 1) and i t w a s a s s u m e d tha t t h i s equa t ion would ho ld for d e f e c t s a s w e l l . 

^ / ^ - 1 2 , 7 6 0 / T ,,> 
<PB1 = Kg^ v ^ P e ' . . . ( 1 ) 

w h e r e 

(p , = p e r m e a t i o n r a t e t h r o u g h the b lend 

KT, , - a c o n s t a n t 

P = h y d r o g e n p r e s s u r e 

T = t e m p e r a t u r e (°R) 

Thus (p v a r i e s a s the s q u a r e r o o t of the p r e s s u r e , a c h a r a c t e r i s t i c of h y d r o g e n 

p e r m e a t i o n t h r o u g h m e t a l s . 

P e r m e a t i o n t h r o u g h S o l a r a m i c - c o a t e d c l add ing m e m b r a n e s w a s c o r r e l a t e d 

in a s e p a r a t e s tudy by the L a n g m u i r - t y p e equa t ion : 
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K . . P T 5 / 2 -28 ,160/T 
^ _ / ^ A g m g ^ ^ e 

" ^ ^ 1 ' T^/^ + 8 .432(10) l^Pe-28 ,160 /T ' ' ' ̂ ^^ 

where 
(p„ = permeat ion ra te through the cladding proper 

K. . = a second constant Aging 

This (p va r ies almost d i rect ly as the p r e s s u r e , a cha rac te r i s t i c of hydrogen 

permeat ion through g l a s s . 

Adding the two equations gives the total i so the rmal permeat ion ra te through 

an element: 

KA • P T 5 / 2 ^ - 2 8 , 1 6 0 / T 

_ „ r:s- -12 ,760/T ^ ^ A g m g ^ l e 
<p^ = K 3 ^ y P e + ^ 5 / 2 ^ 3 _ , 3 , ^ ^ , 1 3 p ^ - 2 8 , l 6 0 / T •••^'^ 

where (p^ is permeat ion ra te for whole e lement . Thus, the i so thermal hydro 

gen loss ra te can be expressed as a function of t empera tu re and p r e s s u r e , p r o 

viding that the constants a re known. 

An evaluation was performed for the production lot of 50 fuel e lements fab

r ica ted for the SNAP 10 FS-1 core to de termine proper values for the constants 

K. . and K- , of Equation 3 . The evaluation indicated that K. . - 1.455 x Aging Bl ^ Aging 
10" and K_, = 511.3, the la t te r being the average of the sum of the blend and the 

defect constant for the ent i re lot of 50 e l emen t s . These values of the indicated 

constants were used to compute permeat ion ra tes for the various cases con

s idered in this study. 

The dissociat ion p r e s s u r e for i so the rmal fuel hydride is given as a func

tion of t empera tu re and hydrogen concentration by the following equation: 

f l (H/Zr ) 
P = e 

- (10^ /T) f2(H/Zr) 
e (4) 

where 

f^(H/Zr) - -8.8455 + 88.9801(H/Zr) - 78.8961(H/Zr)^ 

+ 21.3731(H/Zr)^ . . . ( 5 ) 
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f 2 ( H / Z r ) = 12.9720 - 9 . 7 7 0 7 ( H / Z r ) + 2 . 4 9 8 4 ( H / Z r ) ^ . . . ( 6 ) 

.^ly . ^ 108,595 H , > 
^ ' ' (100-H) (1200-103 .22 C-12U) --'Kn 

w h e r e 

H = wt % h y d r o g e n in fuel 

U = wt % u r a n i u m in fuel a l l oy p r i o r to h y d r i d i n g 

C = wt % c a r b o n in fuel a l loy p r i o r to h y d r i d i n g 

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

h y d r o g e n m i g r a t e s f r o m h igh t e m p e r a t u r e r e g i o n s to c o l d e r t e m p e r a t u r e 

r e g i o n s . When the r e d i s t r i b u t i o n of h y d r o g e n i s c o m p l e t e , an e q u i l i b r i u m 

d i s s o c i a t i o n p r e s s u r e i s ob ta ined which i s l o w e r t han the d i s s o c i a t i o n p r e s 

s u r e b e f o r e r e d i s t r i b u t i o n . A n e w c o m p u t e r code d e s i g n a t e d H y d r o g e n R e d i s 

t r i b u t i o n E q u i l i b r i u m P r e s s u r e (HYREP) w a s w r i t t e n to obta in the e q u i l i b r i u m 

p r e s s u r e v a l u e s u s e d in Equa t i on 3 . An ax ia l a v e r a g e fuel t e m p e r a t u r e p r o f i l e , 

e x p r e s s e d a s a q u a d r a t i c in L , i s s u b s t i t u t e d for T in Equa t ion 4 . The H Y R E P 

c o m p u t a t i o n i s b a s e d on c o n s e r v a t i o n of h y d r o g e n and the fact tha t , a t e q u i l i b 

r i u m , d P / d L = 0, w h e r e E Q is e q u i l i b r i u m . 

F i g u r e 17 shows the c o m p u t e d h y d r o g e n e q u i l i b r i u m g r a d i e n t s a s a funct ion 

of i n i t i a l N^r for a spec i f i c c a s e i n v e s t i g a t e d , v i z . , 100 kw r e a c t o r power and 

1100°F NaK c o o l a n t . 

F o r c o m p u t a t i o n of fuel e l e m e n t p e r m e a t i o n in a r e a c t o r , i . e . , for n o n -

i s o t h e r m a l fuel e l e m e n t o p e r a t i o n , i n t e g r a t i o n of Equa t ion 3 i s r e q u i r e d . It i s 

a s s u m e d tha t e q u i l i b r i u m h y d r o g e n r e d i s t r i b u t i o n h a s o c c u r r e d and tha t the 

d i s t r i b u t i o n of de f ec t s in the coa t ing and b lend a r e u n i f o r m . Using a to ta l 
2 

coa t ing a r e a of 49 .45 in. and the spec i f i c K . . and K_ , c o n s t a n t s p r e s e n t e d 
*= ^ Aging B l ^ 

p r e v i o u s l y , the i n d i c a t e d i n t e g r a t i o n i s : 

511.3 y P ^ Z*^ ^"^'^^ - 1 2 , 7 6 0 / T ^ 

'E ~ 49 .45 
•A=0 

E Q / " j ' ' -^ce , . 
^ t r = jQ-^r^ e dA 

, A=49.45 5 / 2 - 2 8 , 1 6 0 / T ^ ^ 
1.455 X l o S ^ Q / • ( T _ ) ^ ^ ^ -

(8) 

^ ^ c e ' 
+ 49:45 — - - 2 8 , 1 6 0 / T ^ ^ 

4 = 0 ( T ^ , ) ' / ' + 8.432 x l O ^ ^ P ^ ^ e 
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Figure 17. Fuel Element (0.10 wt % Carbon) Hydrogen Gradients for 
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w h e r e 

A = c ladd ing a r e a 

T = c ladd ing t e m p e r a t u r e (°R) 

Solut ion of Equa t ion 8 w a s p e r f o r m e d n u m e r i c a l l y u s i n g : 

N 

" - 1 2 , 7 6 0 / ( T ). 
' ceT. 

A. 
1 

+ 2.942 X 10 

i - 1 

+ P 
E Q 

i = l 

. , , - 2 8 , 1 6 0 / ( T ). 

ce 1 1 
5 /2 13 - 2 8 . 1 6 0 / ( T ) 

L(T ). ' ^ + 8.432 X 10 - ^ P ^ ^ e ® 
•-' ce ' i E Q 

(9) 

w h e r e 

(T ). = a v e r a g e c ladd ing t e m p e r a t u r e ( °R) 

A. = the c ladd ing a r e a s e g m e n t 

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

s tud ied a r e p r e s e n t e d in F i g u r e 18. As e x p e c t e d , the h y d r o g e n l o s s r a t e i s a 

r a t h e r s e n s i t i v e funct ion of i n i t i a l NTT, coo lan t t e m p e r a t u r e , and r e a c t o r power 

l e v e l . 

In g e n e r a l , the h y d r o g e n l o s s r a t e s shown in F i g u r e 18 a r e p r o b a b l y c o n 

s e r v a t i v e l y high for the following r e a s o n s : (1) H y d r o g e n d e p l e t i o n f r o m the fuel 

o v e r 1-yr of o p e r a t i o n w a s not t aken into a c c o u n t in c a l c u l a t i n g h y d r o g e n l o s s . 

The fuel w a s a s s u m e d to r e m a i n a t i t s in i t i a l h y d r o g e n c o n c e n t r a t i o n t h r o u g h o u t 

the r e a c t o r l i f e t i m e . With th i s a s s u m p t i o n , h y d r o g e n l o s s i s o v e r e s t i m a t e d by 

a s m u c h a s 50% in the h i g h e r t e m p e r a t u r e , h i g h e r p o w e r c a s e s ; (2) R e c e n t S8ER 

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

d i s c u s s e d above , wi th a l l o w a n c e for h y d r o g e n d e p l e t i o n , s t i l l t ends to o v e r 

e s t i m a t e o b s e r v e d i n - p i l e h y d r o g e n l o s s r a t e s by a s m u c h a s 100%. The h y d r o g e n 

l o s s i n f o r m a t i o n con ta ined in F i g u r e 18 t h e r e f o r e a p p e a r s to con ta in a sa fe ty 

f a c t o r of a p p r o x i m a t e l y 2, wh ich a l lows for u n c e r t a i n t i e s in l o s s due to hot s p o t s , 

l o c a l l y high h y d r o g e n o r add i t i ve c o n c e n t r a t i o n s . 
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Figure 18. Hydrogen Loss Rates for Average Fuel Elements 
(0.10 wt % Carbon) for Various Reactor Powers as 

Function of NaK Coolant Inlet Tempera tu res 
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B. CLADDING STRENGTH 

It can be shown that long term creep is the limiting criterion for evaluation 

of Hastelloy-N cladding strength. A strain limit of 0.2% in 10,000 hr was used 

in this study because laboratory testing has shown that the ceramic coating is 

still effective as a hydrogen barrier at this strain level. ORNL creep data for 

Hastelloy-N may be correlated by the following equation: 

^ . 53 , (^J .J° - ' ° \ l 7 ,700 /T _̂  (10) 

where a - creep strength (psi). 

Because of the unknown effects of irradiation of Hastelloy-N, it is con

sidered desirable to use a safety factor of 2.0 with Equation 10 in computing 

the allowable stress, viz: 

o -7Qc/t\"°*^°^ 17,700/T , , , . 

a = 2.785(—j e ' . . . (11) 

which, for 10,000 hr life and an allowable strain of 0.2%, reduces to: 

„ _ , , 17,700/T , , , . 

a = 0.312 e ' . . . (12) 

Equation 12 was used to compute the limiting cladding stress, with T set equal 

to the peak cladding temperature in degrees Rankine. 
Using the basic hoop stress equation for thin wall pressure vessels, viz: 

a ^ # . ... ,13) 
W 

and assuming a NaK coolant pressure of 20 psia, the following equation gives 

the resultant cladding stress: 

[ (P^Q)(14 .7) - 2 0 ] D 

a - ^ . . . ( 1 4 ) 
w 
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Figure 19. Hot Fuel Element (0.10 wt % Carbon) 10,000-hr Hastel loy-N 

Cladding Creep Strength Evaluations for Various Reactor Powers as 
Function of NaK Coolant Inlet Tempera tu res 

NAA-SR-9407 
36 



w h e r e 

P = i n t e r n a l p r e s s u r e (psi) 

D = tube d i a m e t e r 

x„ = tube w a l l t h i c k n e s s 

E q u a t i o n 14 p e r m i t s c a l c u l a t i o n of the a c t u a l c ladd ing s t r e s s , us ing the e q u i l i b 

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

F i g u r e 19 shows the c a l c u l a t e d clad s t r e s s e s and c r e e p l i m i t s for v a r i o u s pow 

pow^er l e v e l s , coo lan t t e m p e r a t u r e s , and c ladd ing t h i c k n e s s e s . In a l l c a s e s the 

c a l c u l a t e d s t r e s s i s b a s e d on n o m i n a l v a l u e s of c ladding t h i c k n e s s , N , c a r b o n 

add i t i on , e t c . F r o m the c u r v e s g iven in F i g u r e 19 it c an be s e e n tha t wi th an NTT 

of 6.35 o r l e s s and an in l e t t e m p e r a t u r e of 100° F , tha t only in the 200 kw c a s e 

is the s t r u c t u r a l i n t e g r i t y of the c ladding q u e s t i o n a b l e . 

C . F U E L GROWTH DUE TO IRRADIATION 

The fol lowing equa t i on w a s u s e d to c o m p u t e change in fuel v o l u m e a s a func 

t ion of m e t a l a t o m p e r c e n t b u r n u p and peak fuel t e m p e r a t u r e ( °R) : 

AV 07 , „ „ „ , 1 . 5 - 1 2 , 0 0 0 / T , , .> 
—yT % = 377Ob e ' . . . ( 1 5 ) 

w h e r e 

V = v o l u m e 

b = b u r n u p ( to ta l m e t a l a t o m p e r c e n t ) 

T = t e m p e r a t u r e (°R) 

The fuel e l e m e n t , exc lud ing end h a r d w a r e , w a s c o n s i d e r e d to be c o m p o s e d 

of s ix 2 - i n . i n c r e m e n t s r a t h e r t han a s ing le 12 - in . r o d . The r a d i a t i o n - i n d u c e d 

swe l l ing in e a c h i n c r e m e n t w a s d e t e r m i n e d . Th i s vo lume i n c r e a s e w a s a s s u m e d 

to be i s o t r o p i c and d i m e n s i o n a l c h a n g e s for e a c h i n c r e m e n t w e r e c a l c u l a t e d . 

Only the i n c r e m e n t hav ing the h i g h e s t t e m p e r a t u r e and b u r n u p w a s c o n s i d e r e d 

in d e t e r m i n i n g the r a d i a l c h a n g e ; the i n c r e m e n t a l a x i a l c h a n g e s w e r e s u m m e d 

to ob ta in the t o t a l a x i a l c h a n g e . To d e t e r m i n e the a v a i l a b l e v o l u m e , the dif

f e r e n t i a l t h e r m a l e x p a n s i o n b e t w e e n the fuel and the c ladd ing w a s c a l c u l a t e d for 

e a c h 2 - i n . i n c r e m e n t , us ing the a v e r a g e t e m p e r a t u r e in e a c h c o m p o n e n t . The 

r e s u l t a n t c l e a r a n c e w a s t h e n c o m p u t e d . S u m m a t i o n of the a x i a l c h a n g e s i s 

aga in r e q u i r e d . C o m p a r i n g the r a d i a t i o n - i n d u c e d d i m e n s i o n a l c h a n g e s wi th the 

a v a i l a b l e c l e a r a n c e , m e c h a n i c a l i n t e r f e r e n c e e x i s t s when the change due to 

swe l l ing e x c e e d s the c l e a r a n c e . 
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Figure 21. Axial Clearance vs 
Reactor Power for 53 kwt 

Reactor Fuel Element 

The calculated dimensional changes and available c learances are plotted in 

F igures 20 and 21 for the r eac to r powers of in t e re s t . Referr ing to Figure 20, 

no mechanical interference is shown in the rad ia l direct ion for any reac to r 

power considered. Figure 21 shows interference beginning in the axial d i r e c 

tion below a r eac to r power of 150 kwt. It i s es t imated that a 15-mil reduction 

in the length of the fuel rod will el iminate the axial in terference for all cases 

up to a reac to r power of 200 kwt. Therefore , it is concluded that, with a slight 

reduction in fuel rod length, the reference fuel element design for the SNAP 2 

r eac to r , up to and including reac tor powers of 200 kwt, is not l imited from the 

standpoint of mechanical interference caused by fuel swelling. 

Equation 15 was derived empir ica l ly from the r e su l t s of ea r l i e r i r r a d i a 

tions of small SNAP fuel specimens in a l imited t empera tu re and burnup range . 

Later prelinninary data, from hot cell examinations now underway, indicate that 

the volume changes are no grea te r than those which a re predicted by this r e l a 

t ionship. Confirmation of the burnups of the la ter specimens is requi red for a 

final evaluation. The la tes t specimens are also smal l and further i r rad ia t ions 
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of l a r g e r p r o t o t y p e fuel e l e m e n t s m u s t be c o m p l e t e d be fo re adequa t e p r e d i c t i o n s 

of fuel e l e m e n t p e r f o r m a n c e in an i r r a d i a t i o n e n v i r o n m e n t can be m a d e . H o w 

e v e r , t h e r e a p p e a r s to be l i t t l e q u e s t i o n tha t Equa t ion 15 p r e d i c t s fuel swe l l i ng 

b e h a v i o r t ha t i s c o n s e r v a t i v e f r o m the d e s i g n s t andpo in t . 

T h i s s tudy a s s u m e d tha t the c r i t e r i o n for an a l lowab le l i m i t on fuel swe l l i ng 

w a s m e c h a n i c a l i n t e r f e r e n c e b e t w e e n the fuel and the h y d r o g e n b a r r i e r . No 

a l l owance w a s m a d e for c ladd ing c r e e p in t h i s p a r t of the s tudy . Equa t ion 15 

w a s u s e d to c o m p u t e the fuel swe l l ing r e s u l t i n g f r o m o p e r a t i o n at v a r i o u s r e a c t o r 

p o w e r l e v e l s ; the v o l u m e a v a i l a b l e in the fuel e l e m e n t to a c c o m m o d a t e swe l l i ng 

w a s c a l c u l a t e d f r o m d i f f e r en t i a l t h e r m a l e x p a n s i o n c o n s i d e r a t i o n s . The n o m i n a l 

d i m e n s i o n s of the fuel e l e m e n t for the 53 kwt r e a c t o r w e r e u s e d in compu t ing 

the a v a i l a b l e v o l u m e . F o r e a c h r e a c t o r c a s e (53, 100, 150, and 200 kwt) , the 

t e m p e r a t u r e and b u r n u p cond i t ions of the h o t t e s t fuel e l e m e n t in the c o r e w e r e 

c h o s e n . In a l l c a s e s , a 2 0 0 ° F A l and a coolan t out le t t e m p e r a t u r e of 1300°F 

w e r e a s s u m e d . 
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VL NUCLEAR ANALYSIS 

Nuclear l imitat ions on the t empera tu re and power levels attainable in the 

SNAP 2 core a r i s e because of inc reased react ivi ty losses associa ted with oper 

ation at these leve ls . The eight modes of react ivi ty change associa ted with a 

SNAP 2 core a re (1) t empe ra tu r e defect, (2) power defect, (3) xenon buildup, 

(4) hydrogen redis t r ibut ion, (5) fuel depletion, (6) fission product buildup, 

(7) hydrogen leakage, and (8) s a m a r i u m burnout and buildup. To a f i rs t approx

imation, t empe ra tu r e defect is dependent upon t empera tu re only; power defect, 

xenon buildup, hydrogen redis t r ibut ion, fuel depletion, fission product buildup, 

and s a m a r i u m effects a re dependent upon power level only; hydrogen leakage is 

a strong function of t e m p e r a t u r e , power, and hydrogen concentrat ion. A more 

detailed descr ipt ion of the dependence of these effects on power and t empera tu re 

is given below. 

A. ISOTHERMAL TEMPERATURE DEFECT 

This defect in a SNAP 2 reac to r is due mainly to contributions from grid 

plate expansion, and spec t rum changes. The grid plate expands radial ly, de 

c reas ing the density of ma te r i a l s in the core and increas ing neutron leakage, 

the axial expansion of the fuel a lso inc reases the core s ize , decreas ing densi t ies 

and increas ing leakage. Increased t empera tu re s harden the neutron spec t rum in 

the core , decreas ing neutron c ro s s sections and thereby further increas ing leak

age. In SNAP 2 nuclear analys is , i so the rmal t empera tu re defects a re calculated 

by cor rec t ing S2DR exper imenta l t empera tu re coefficients for the fact that 

Carpenter LE-42 (Invar) ra ther than Hastel loy-C is the grid plate ma te r i a l . The 

resul t ing i so the rma l t empe ra tu r e defects used a re l is ted below: 

Average Tempera tu re SNAP 2 Tempera tu re Defect 
TF) ($) 

1100 2.21 

1150 2.35 

1200 2.49 

1250 2.64 
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B. POWER DEFECT 

The power defect in a SNAP 2 reac to r a r i s e s from the fact that the core is 

not i so thermal during power generat ion. The effects of dis tr ibuted t empera tu re 

in the core a r e lumped into a power coefficient. A value of 0.42«5/kw was used 

in this study. 

C. XENON BUILDUP REACTIVITY 

This effect was calculated from a combined analytical and experimental 

method. The steady state xenon concentration was calculated at various powers 

from the standard xenon buildup equations. The worth of the xenon was assumed 

to be l inear with xenon concentration and was normal ized to an exper imental 

value of 13.4^ at 30.5 kwt as measured in S2DR. 

D. HYDROGEN REDISTRIBUTION REACTIVITY LOSS 

This loss a r i s e s from the migrat ion of hydrogen from the hotter to colder 

regions of the fuel elements under the influence of a t empera tu re gradient . Since 

the colder regions a r e also regions of less nuclear impor tance , a net react ivi ty 

loss r e su l t s . The loss was calculated by the HYTRAN code. S2-DR exper imental 

information has shown that the magnitude of the react ivi ty defect accompanying hy

drogen redis t r ibut ion is predicted relat ively accurate ly by HYTRAN. There a r e also 

exper imental indications that the code tends to overes t imate the ra te of hydrogen 

redis t r ibut ion. However, exact knowledge of the ra te of hydrogen redis t r ibut ion is 

not required in design of act ively-control led r e a c t o r s . The resu l t s a re shown in 

Figure 22. 

E. FISSION PRODUCT BUILDUP REACTIVITY LOSS 
2 This loss was es t imated from ORNL data. Fuel depletion losses were 

3 

calculated with the AIM-6 code. Results a r e shown in Figure 23. 

F. HYDROGEN LEAKAGE RATES 

The hydrogen leakage ra t e s through the cladding were calculated as a function of 
4 

t empera tu re s and power taken from the corre la t ion of Nathan. These leakage ra t e s 
were converted into react ivi ty by means of a constant hydrogen worth of 64(^/% change 
in hydrogen. Results a r e shown in F igures 24 and 25. 
G. SAMARIUM CONCENTRATIONS 

Samar ium concentrat ions as functions of power and time were calculated using 
standard differential equations for this phenomenon, the react ivi ty effect of a p a r t i 
cular s amar ium concentrat ion was obtained using the AIM-6 code. Calculations 
were based on a constant s amar ium loading of 8.0 mg Sm^C^/in. of active fuel length. 
Uncertaint ies in s a m a r i u m loading and samar ium react ivi ty worth were not con
s idered, since minor effects of this nature can be cor rec ted by control drum move
ment in an act ively-control led sys tem. 
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Reactivity r equ i remen t s for one year operation at a par t icular power and 

t empera tu re were then calculated as the sum of the above eight effects descr ibed 

above. Some examples of react ivi ty r equ i rement s a re shown in Table III. 

TABLE 3 

REACTIVITY REQUIREMENTS 

POWER (kw) 
NaK OUTLET TEMPERATURE (' 'F) 

TEMPERATURE AND POWER DEFECT 
XENON BUILDUP 
HYDROGEN REDISTRIBUTION 
FISSION PRODUCT BUILDUP 
FUEL DEPLETION 
Sm BURNOUT* 
HYDROGEN LEAKAGE 

55 
1200 

$ 2.44 
.23 
.19 
.09 
.05 

-.27 
.21 

200 
1200 

$2.63 
.75 
.61 
.31 
.18 

-.56 
.84 

150 
1300 

$2.91 
.59 
.43 
.24 
.14 

-.51 
1.74 

T O T A L (reactivity loss for 1 yr.) $ 2 . 9 2 $ 4 . 7 6 $ 5 . 5 4 

*Sm BURNOUT LEADS TO A REACTIVITY GAIN. THE PRESENT SINGLY-SHIMMED 
SNAP 2A CORE HYDRIDED TO N H = 6.25 HAS A COLD EXCESS REACTIVITY OF 
$ 3.58 THE ADDITION OF 20 POUNDS OF BERYLLIUM TO THE REFLECTOR 
RAISES THE COLD EXCESS REACTIVITY TO $ 5.56 

Available absolute excess reac t iv i t ies were calculated by correc t ing 

SCA-4C exper imenta l r esu l t s for differences in hydrogen level, s a m a r i u m 

loading, grid plate ma te r i a l , and r e f l ec to r -co re gap th ickness . The resul t ing 

excess react iv i ty was $3.19 for a cold, Sm-poisoned, unshimmed SNAP 2 core 

at an N^T level of 6.25. 

High power and t empera tu re operation r equ i r e s higher initial excess r e a c 

t iv i t ies ; e i ther the thickness of the beryl l ium ref lector or the hydrogen level 

of the core had to be inc reased . F r o m a weight penalty point-of-view, the 

most effective method for react ivi ty increase is inc rease in hydrogen content. 

Because of the use of two coarse control d rums which a r e snapped in by springs 

and due to ground handling safety considera t ions , there is a cold shutdown 

marg in r equ i remen t of 50(̂  with two drums in, which cannot be maintained 
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a s the h y d r o g e n l e v e l i s i n c r e a s e d at c o n s t a n t r e f l e c t o r t h i c k n e s s . In o r d e r to 

m a i n t a i n the shutdown m a r g i n wi th i n i t i a l h i g h e r e x c e s s r e a c t i v i t i e s , the i n 

c r e a s e d r e a c t i v i t y r e q u i r e m e n t m u s t be bu i l t in by i n c r e a s i n g the b e r y l l i u m 

r e f l e c t o r t h i c k n e s s at c o n s t a n t or even d e c r e a s e d h y d r o g e n c o n c e n t r a t i o n s . 

Th i s h e l p s to i n c r e a s e shutdown m a r g i n due to h i g h e r c o n t r o l d r u m w o r t h . Th i s 

effect i s i l l u s t r a t e d in F i g u r e 2 6 . If an e x c e s s r e a c t i v i t y of $5.00 i s n e e d e d for 

a p a r t i c u l a r m i s s i o n , it can be ob ta ined at an NTT of 6.5 and a b e r y l l i u m t h i c k 

n e s s of 2.23 i n . T h i s con f igu ra t ion h a s a 2 - d r u m shutdown m a r g i n of only about 

15^ h o w e v e r , and i s \ i n s a t i s f a c t o r y for safe ty r e a s o n s . The s a m e e x c e s s r e a c 

t iv i ty can be ob ta ined at an NTT of 6.25 and a b e r y l l i u m t h i c k n e s s of 2.95 in . The 

shutdown m a r g i n of t h i s conf igu ra t ion i s about 60(6 which i s s a t i s f a c t o r y . 
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F i g u r e 26 . Cold E x c e s s R e a c t i v i t y of S N A P 2 C o r e 

An o p t i m i z a t i o n s tudy w a s m a d e to d e t e r m i n e the h i g h e s t NTT l e v e l which 

could be t o l e r a t e d whi le s t i l l m a i n t a i n i n g a suff ic ient shutdown m a r g i n with the 

p r e s e n t p r e p o i s o n l o a d i n g . F i g u r e s 27 and 28 show the r e s u l t i n g o p t i m u m NTT 

l e v e l and r e s u l t i n g weigh t p e n a l t i e s for v a r i o u s p o w e r - t e m p e r a t u r e o p e r a t i o n . 
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Figure 1, which was shown in Section II, i l lus t ra tes the power and t empera tu re 

l imitat ions for var ious beryl l ium weight penal t ies . 

In addition, there is a shield weight penalty associa ted with operation at 

advanced performance conditions. This a r i s e s both from the additional shield 

length required to attenuate the increased radiation associa ted with higher power 

operation and from the increased shield radius n e c e s s a r y to shadow the g rea t e r 

thickness of beryl l ium associated with high power and /o r t empera tu re operation. 

The ref lector plus shield weight penalty is shown in F igure 2 , Section II. 

A major limiting assumption in the study was that of constant s amar ium 

prepoisoning. Calculations were based on a s amar ium prepoison level of 

8.0 mg Sm_Oo/in. of active fuel length in order to reduce the number of cases 

to be studied. Subsequent calculations have shown that i nc reases in prepoisoning 

would inc rease the cold shutdown marg in or allow higher hydrogen levels for a 

given shutdown marg in requi rement . These higher hydrogen levels would in turn 

requi re a smal le r beryl l ium weight penalty for a given set of operating conditions 

Use of a poison with a higher c ros s section, such as gadolinium, would also lead 

to increased per formance due to m o r e complete prepoison burnout over the 1 yr 

operating lifetime of the reac tor . 

The main uncer ta int ies in the study a r i s e through uncer ta ini t ies in hydrogen 

leakage, weights, and worths of par t i cu la r ref lector configurations. The hydro

gen loss information used was based upon "average" elements (defined as an e le 

ment producing 1/37 of the core power) and averaged hydrogen wor ths . Dis 

tr ibuted t empera tu re effects and distr ibuted hydrogen worths will inc rease the 

hydrogen leakage react ivi ty losses . Another major uncertainty associa ted with 

use of hydrogen loss information from Reference 4 is the assumption that in-

pile b a r r i e r per formance at advanced SNAP 2 t empera tu re can be predicted on 

the bas is of out-of-pile i so thermal permeat ion tes ts conducted at 1200° F . How

ever , recent S8ER exper imental information indicates that use of the hydrogen 

loss equations and constants d iscussed in this r epor t tends to overes t imate 

observed in-pile hydrogen loss r a t e s by as much as 100%. Thus the hydrogen 

loss ra tes quoted, though uncer ta in , should be conservat ive . 

Reflector worths were calculated by homogenizing the m a s s of beryl l ium 

in the reflector into an equivalent volume annulus. Since p re sen t ref lector 

designs provide m o r e beryl l ium near the center plane of the r eac to r , which is 
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a region of higher worth, this homogenization underes t imate the react ivi ty worth 

of added beryl l ium. On this bas i s , the study maintained the approach of obtain

ing conservat ive r e s u l t s . The SCA-4A reflector worth exper iments will p r o 

vide information regarding distr ibuted beryl l ium worths and will dec rease this 

calculational uncertainty. 

Although these uncer ta int ies exist in the calculation, it is felt that the t rends 

shown by the resu l t s a r e rea l , although the actual numbers shown may be changed 

as further exper imental and operational information become available. Significant 

i nc reases in power level and /o r t empera tu re over the reference SNAP 2 values 

of 5 3 kwt at 1200° F NaK outlet have been shown to be attainable with only minor 

ref lector redesign. 

• 
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