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I. INTRODUCTION 

This repor t de sc r ibes the analyt ical techniques used in the preliminary-

the rmal design of the SNAP 8 and SNAP 2 r e a c t o r s . These analytical p rocedures , 

which were used in the design point selection for the SNAP 8 Exper imenta l 

Reactor (S8ER) and the SNAP 2 Exper imenta l Reactor (S2ER), a r e applicable 

to most core designs which incorpora te a close packed a r r a y of fuel rods 

(Figure 1). 

Methods suitable for calculating the the rmal per formance of r eac to r cores 

a r e presen ted in Chapter II. Analytical p rocedures for predict ing the the rma l 

behavior of components external to the core such as the ref lec tor and shield a r e 

descr ibed in Chapter III. Derivat ions of important equations used in the reac tor 

t he rma l analysis a r e given in the Appendix. 

F igu re 1. Typical SNAP Reactor 
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II. CORE THERMAL DESIGN 

This chapter detai ls the methods used to predic t core t e m p e r a t u r e s , p r e s ­

sure drop, hydrogen loss , t h e r m a l s t r e s s , cladding c reep , radiat ion damage 

effects, and hydrogen redis t r ibut ion . When final design points a r e required, a 

p a r a m e t e r survey of number of fuel rods , d iameter , spacing, and cladding along 

with a core p a r a m e t e r survey from both a t he rma l and nuclear standpoint must 

be per formed. 

A. DETERMINATION OF CORE THERMAL CONDITIONS 

This section of the r epor t outlines methods that may be used to predic t the 

the rmal conditions that would be p resen t in the co re . These include fuel t e m ­

p e r a t u r e s , cladding and hydrogen b a r r i e r t e m p e r a t u r e s , coolant t e m p e r a t u r e s , 

and grid plate and in ternal ref lector t e m p e r a t u r e s . 

1. The rma l Design of Fue l E lements 

Methods of est imating the t h e r m a l effects of the fuel element s ize; fuel 

element number; fuel element spacing; cladding, coating, and hydrogen gap; 

and radia l flow distr ibution a r e included in this section. The final portion of this 

section demons t ra t e s the combination of the var ious design considerat ions to 

produce the t e m p e r a t u r e s throughout the fueled port ion of the co re . 

a. Fuel Element Diameter , Number 

One of the major design considerat ions in any core is the size of the 

fuel e lements . The fuel element d iameter should be l a rge enough to offer ease 

of fabrication and minimum non-fuel m a t e r i a l in the core and, at the same t ime, 

be small enough so that the core t empe ra tu r e l imitat ions a r e not exceeded. 

The number of fuel e lements in a hexagonal a r r a y in a core of given 

radius may be est imated* by 

n = 0.83 € R 
s 2 

r 

. . . ( 1 ) ^ 

*A drawing of the core mus t be made to de te rmine if this number will fit con­
veniently in the hexagonal a r r a y . 

tStandard nomencla ture is given on Page 31. 
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where 

e ^ = 5 ^ . . . , Z , 

a, the pitch to d iameter rat io , is a significant p a r a m e t e r in deternnining the fuel 

element t e m p e r a t u r e s and will be d iscussed in some detail in the following sub­

section. 

b . Fuel Element Spacing 

Fuel element spacing has an important effect on the t empe ra tu r e s in 

the e lement . The spacing is usually denoted by 0. which is the dis tance between 

adjacent fuel rod cen te r s divided by the fuel rod d iame te r . In co re s with high 

power densi t ies , g r ea t e r than 1.5 Mw/ft , and coolant t empe ra tu r e s in excess 

of 1300°F, an insured a g r ea t e r than 1.00 (rods do not touch) is usually n e c e s ­

sary to reduce cladding and fuel t e m p e r a t u r e s . There a r e severa l methods of 

insuring an a g r ea t e r than 1.00. This may be accomplished by wire wrapping 

the fuel e lements , indexing the elements in the grid p la tes , or other r a i sed 

surfaces on the cladding and/or end caps . 

F igu re s 2 and 3 dennonstrate the effect of a on the effective heat t r a n s ­

fer a r ea for the cladding, coating, and hydrogen gap (Figure 2) and the fuel rod 

t empera tu re drop (Figure 3). 

The normal t empe ra tu r e drop* a c r o s s the fuel rod, AT, , may be 

calculated by, 

2t 
AT^^(R,Z) = Q ^ \ ^ ^ ^ . . . ( 3 ) 

where 

Q(R,Z) = ^ ^ ^ . . . ( 4 ) 
f c 

*The normal t empera tu re drop is defined as the t empera tu re drop in a ba re rod 
with uniform heat generat ion i m m e r s e d in a coolant of infinite extent. 

tAppendix A (Par t I) . 
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P(R , Z) i s t he r e a c t o r p o w e r a s a funct ion of the r e a c t o r r a d i u s , R, and length , 

Z . T h e p o w e r d i s t r i b u t i o n i s c o n s i d e r e d to be s e p a r a b l e in to i t s r a d i a l and a x i a l 

c o m p o n e n t s ; i . e . , P (R , Z) i s a funct ion of R only a t c o n s t a n t Z and c o n v e r s e l y 

P (R , Z) i s a funct ion of Z only a t c o n s t a n t R . In SNAP r e a c t o r s the r a d i a l p o w e r 

d i s t r i b u t i o n h a s the s h a p e of a chopped c o s i n e funct ion wi th a p e a k / a v e r a g e v a r i ­

a t ion of about 1.3 and a p e a k / m i n i m u m v a r i a t i o n of abou t 1.7. T h e a x i a l p e a k / 

a v e r a g e and p e a k / m i n i m u m v a r i a t i o n s wh ich h a v e a s h a p e s i m i l a r to the r a d i a l 

d i s t r i b u t i o n a r e abou t 1.4 and 3.5 r e s p e c t i v e l y . 

In s o m e r e a c t o r d e s i g n s flow shap ing (Subsec t ion d) a n d / o r the v a r i o u s 

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

o p t i m u m the rnna l cond i t i ons in the c o r e due to s i z e r e s t r i c t i o n s , e t c . If t h i s i s 

t h e c a s e , p o w e r f l a t t en ing m a y be c o n s i d e r e d . P o w e r f la t ten ing i s a c c o m p l i s h e d 

by s e v e r a l m e t h o d s a l l of wh ich t end to i n c r e a s e the c o r e v o l u m e a s t h e r e m o v a l 

of fuel o r m o d e r a t i n g m a t e r i a l f r o m a high i m p o r t a n c e r e g i o n i s u s u a l l y invo lved . 

R a d i a l p o w e r f l a t t en ing m a y be ob ta ined by r a d i a l v a r i a t i o n s in NTT, u r a n i u m 

load ing , o r fuel r o d d i a m e t e r . To s o m e ex ten t t h e c h a n g e in c o r e v o l u m e due to 

t h e m e t h o d s m e n t i o n e d above i s c o m p e n s a t e d by an i n c r e a s e in r e f l e c t o r w o r t h 

a t t he c o r e p e r i p h e r y . Ax ia l p o w e r f l a t t en ing m a y be a c c o m p l i s h e d by v a r i a t i o n 

of the h y d r o g e n o r u r a n i u m c o n c e n t r a t i o n a x i a l l y in the fuel e l e m e n t s . 

c . C ladd ing and Coa t ing Ef fec t s 

The fuel e lennents in SNAP r e a c t o r s a r e c l ad in o r d e r to con ta in f i s ­

s ion p r o d u c t s a s w e l l a s p r o t e c t t h e fuel m a t e r i a l f r o m the coo l an t . In add i t ion , 

t he c ladd ing i s c o a t e d on the i n s i d e wi th a ce r ann i c m a t e r i a l t ha t r e d u c e s h y d r o ­

gen m o d e r a t o r l o s s . A s po in ted out p r e v i o u s l y in S u b s e c t i o n b , the fuel e l e m e n t 

s e p a r a t i o n should be c o n s i d e r e d in c l add ing d e s i g n . F i g u r e 2 d e m o n s t r a t e the 
1 2 

a r e a r e d u c t i o n due to c l o s e p a c k i n g . ' An added c o n s i d e r a t i o n in t h e c l add ing 

and coa t ing t e n n p e r a t u r e s i s the h y d r o g e n gap b e t w e e n the fuel s u r f a c e and t h e 

h y d r o g e n b a r r i e r ( coa t ing ) . S h r i n k f i t t ing o r t h e r m a l bonding of the c l add ing 

to the fuel a r e nnethods of e l i m i n a t i n g the t e j n p e r a t u r e r i s e due to the h y d r o g e n 

g a p . 

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

h y d r o g e n gap , coa t ing , and c l add ing a r e g iven on the fol lowing p a g e . 

* N o r m a l t e m p e r a t u r e d r o p i s def ined a s t h a t t e m p e r a t u r e d r o p t h a t wi l l be 
p r e s e n t in an e l e m e n t wi th u n i f o r m h e a t flux o v e r t h e face c o n s i d e r e d . 

N A A - S R - 6 5 6 1 
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Hydrogen gap: 

P(R, Z)X 

^ T H O < ^ ' ^ ) - nA.k.. •••<5) 
f H 

if X ^ « r 

Coating: 

if 

Cladding: 

if 

AT^^(R,Z) 

X « r 
s 

AT^^(R,Z) 

X « r 
c 

P(R,Z)X 
nA k s s 

P(R,Z)X^ 

nA k c c 

(6) 

. . . ( 7 ) 

The t empe ra tu r e drop through the coolant film if the coolant is a liquid meta l is 

given by Equation 8 

AT (R, Z) = ^ 1 ^ 5 1 . . . (8 ) 
mo^ ' ' nA h c m 

, , , k /GD C'"- '* 

h j l ) = 0 . 6 2 5 ^ ( ^ 1 ...(9) 

where 

D ^ = f - ^ . 1 D . . . (10) 

and G is the m a s s flow r a t e per coolant channel. 
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d. T h e r m a l C o n s i d e r a t i o n s of Coo lan t F l o w 

T h e r a d i a l d i s t r i b u t i o n of coo lan t flow i s an i m p o r t a n t c o n s i d e r a t i o n 

in SNAP c o r e d e s i g n in t h a t s e v e r a l t h e r m a l c h a r a c t e r i s t i c s of the c o r e m a y be 

mod i f i ed by c h o i c e of a p a r t i c u l a r flow d i s t r i b u t i o n . Som e t h e r m a l c h a n g e s 

r e s u l t i n g f r o m flow p r o f i l e m o d i f i c a t i o n s a r e 1) r e d u c t i o n of r e a c t i v i t y l o s s due 

to h y d r o g e n l e a k a g e f r o m high i m p o r t a n c e r e g i o n s , 2) r e d u c t i o n of m a x i m u m 

c ladd ing , coa t ing , and fuel t e m p e r a t u r e s , 3) m i n i m i z i n g h y d r o g e n r e d i s t r i b u ­

t ion ef fec ts , 4) r e d u c t i o n of t h e r m a l s t r e s s d a m a g e , and 5) r e d u c t i o n of t e m ­

p e r a t u r e induced r a d i a t i o n d a m a g e and c ladd ing c r e e p . M o s t of the above a r e 

t e m p e r a t u r e and t e m p e r a t u r e g r a d i e n t dependen t and the t h e r m a l l i m i t s and 

d e g r e e of s e v e r i t y of e a c h m u s t be known in o r d e r to d e t e r m i n e which c o n t r o l s 

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

be p r e d i c t e d by u s e of E q u a t i o n s 13, 14, and 15 a long wi th the n e c e s s a r y e x p e r i ­

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

e . Hot Channe l F a c t o r s 

The a p p l i c a t i o n of hot c h a n n e l f a c t o r s i s i m p o r t a n t in SNAP c o r e 

d e s i g n p a r t i c u l a r l y in a p p l i c a t i o n s w h e r e the c o r e p o w e r d e n s i t y i s h igh and 

t h e r m a l l i m i t a t i o n s a r e s e v e r e . In g e n e r a l hot channe l f a c t o r s i nc lude the 

ef fects of fuel load ing a c c u r a c y , fuel N^T t o l e r a n c e s , a c c u r a c y in p r e d i c t i n g 

p o w e r d i s t r i b u t i o n and v a r i a t i o n d u r i n g c o r e l i fe , v a r i a t i o n s in the flow d i s t r i b u ­

t ion, and c o r e d e s i g n t o l e r a n c e s . In SNAP r e a c t o r s , t he l a s t i t e m i s u s u a l l y 

no t i nc luded a s both the n u c l e a r and t h e r m a l d e s i g n s a r e b a s e d on the m o s t 

s e v e r e m e c h a n i c a l t o l e r a n c e s for each c a s e . 

T h e NTT and fuel load ing v a r i a t i o n s m a y be e s t i m a t e d by r e f e r e n c e 
rl 

to fuel c o m p o s i t i o n d a t a for c o r e s wi th s i m i l a r N^, and u r a n i u m l o a d i n g s . T h e 

NTT v a r i a t i o n and the u r a n i u m v a r i a t i o n a r e about the s a m e for N^y 5 .5 -6 .5 and 
r l iri 

u r a n i u m 5 to 10 wt % and a r e u s u a l l y ±5% for e a c h . The a c c u r a c y of p r e d i c t i n g 

the p o w e r d i s t r i b u t i o n and v a r i a t i o n d u r i n g the c o r e l ife m a y be d e t e r m i n e d f r o m 

the n u c l e a r d e s i g n c a l c u l a t i o n s and a knowledge of the r e f l e c t o r m o v e m e n t s du r ing 

the r e a c t o r l i f e . The flow v a r i a t i o n f r o m i d e a l flow m a y be d e t e r m i n e d f r o m 

the c o r e h y d r a u l i c e x p e r i m e n t s ; t h e s e a r e d i s c u s s e d in a fol lowing s u b s e c t i o n . 

A r e a s o n a b l e l i m i t a t i o n on t h e flow a c c u r a c y i s ±10%, a l though t h i s v a r i a t i o n 

m a y not be t o l e r a b l e for high p o w e r d e n s i t i e s . 

MMJzT 
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The inc reased t empera tu re r i s e due to hot channel factors in the fuel, 

hydrogen gap, coating, cladding, and coolant film may be found by the product 

of the individual hot channel factors t imes the respec t ive t empe ra tu r e r i s e s , 

^ T , , , = L L , I„AT . . . . ( 1 1 ) 
ht. ch. ^ ^ H -̂  ° 

The axial t empe ra tu r e r i s e i nc rease along a coolant channel due to the hot chan­

nel effects may be found by: 

A T ,^ , , . , > = A T , . I X L L T ITDI . . . ( 1 2 ) 
m, ht. ch. (axial) mo(axial) f N^r P iri 

where AT , . ,. i s the second t e r m on the r ight side of Equation 13. It should mo(axial) ° 
be noted that the hot channel effect is considered to be the wors t the rmal condi­

tion in the core ; thus the final hot channel factor is the product of all the indi­

vidual hot channel f ac to r s . 

f. Es t imat ion of Core T e m p e r a t u r e s 

(1) Coolant Tempera tu re 

The bulk coolant t empera tu re in a coolant channel at a constant 

reac to r radius R, with a flow ra te m(R), may be calculated by: 

J P(R, Z)dZ 

T (R, Z) = T. + \ — . p , ^ , — . . . . ( 1 3 ) 
m ' 1 2 m(R)C L nn 

(2) Cladding and Coating T e m p e r a t u r e s 

The maximum cladding and coating t e m p e r a t u r e s at a par t i cu la r 

core height occur at the point of c loses t element approach and a r e for all pu r ­

poses the same, as the point of c loses t approach tends to be adiabat ic . The 

maximum cladding and coating tennperature at a r eac to r radius R and height Z 

may be calculated using the normal t empe ra tu r e drops and close packing effects 

descr ibed in previous subsections by: 

NAA-SR-6561 
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c. s max 

(R, Z) = T (R, Z) + i^tAT (R, Z) + i lAT (R, Z) 
^ ' ' m ' m o ' CO ' 

. . ( 1 4 ) 

+ X 2 A T ^ ^ ( R , Z) + n A T ^ ^ ( R , Z) + (7 + ;Q) t tATj^ (R ,Z) . 

The der ivat ions of the quanti t ies y, p, and D, a r e given in Appendix A, P a r t s I, 

II, and III. 

(3) Fuel T e m p e r a t u r e s 

The maximum fuel surface t e m p e r a t u r e may be assumed to be the 

sanne as T ; the fuel center line t empe ra tu r e at a r eac to r radius R, and 
^' ^max 

core height Z may be calculated by: 

T j (R, Z) = T 
max c, s 

(R, Z) + (1 - 7 ) A T , (R, Z) 
max 

. . . ( 1 5 ) 

If hot channel factors a r e used in the t he rma l analys is , the var ious t empe ra tu r e 

r i s e s desc r ibed by Equations 13, 14, and 15 should be multiplied by the hot 

channel fac tors , the application of which is outlined in Subsection e. 

2. The rma l Design of Other Core Member s 

a. Internal Reflectors 

Internal re f lec tors attached to the core p e r i m e t e r r equ i re l i t t le con­

siderat ion from a t h e r m a l standpoint as they usually consis t of m a t e r i a l s with 

high t he rma l conductivity and t e m p e r a t u r e stabili ty such as Be, BeO, and Ni. 

If the in ternal re f lec tors consis t of low the rma l conductivity m a t e r i a l s or have 

fuel loading, an es t imate at the the rma l conditions in these components should 

be made . An analysis s imi la r to that conducted for the fuel e lements would be 

adequate. The heat generat ion due to gannma and neutron attenuation in these 

m a t e r i a l s is d i scussed in Chapter III of this r epor t . 

b . Grid P l a t e s 

The grid plates normal ly have no t he rma l linnitations since the fuel 

rods general ly have much m o r e str ingent t he rma l r e q u i r e m e n t s . The basic 

tFigure 2 
ttFigure 3 

^m y-rH- 1 
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considerat ion for the design of the grid p la tes is that they be adequate to sup­

por t the core during the launch phase when the sys tem is cold. 

An important considerat ion in the integral r eac to r design is that the 

ext reme s t r e s s and vibration during the launch phase not cause damage to the 

core, and that when the core t empe ra tu r e r i s e s at s tar tup the fuel rods a r e free 

to expand. These may be accomplished by constructing the vesse l and grid 

pla tes with m a t e r i a l s that have a higher the rmal expansion coefficient than the 

fuel. Thus a cold core may be a tight package at the launch phase , but will 

allow fuel rod expansion as the core t e m p e r a t u r e r i s e s . 

B. COOLANT FLOW 

The selection of the flow r a t e and r eac to r inlet and outlet t e m p e r a t u r e s a r e 

dependent on the power level of the core and the thermodynamic c ha ra c t e r i s t i c s 

of the power conversion sys tem and rad ia to r . This section p r e sen t s a summary 

of flow profile considera t ions , methods of predict ing core p r e s s u r e drop, and 

the role of core mockup hydraulic exper iments in core design. 

1. Flow Profi le 

The flow profile as d iscussed in Section A-d, should be known in o rder 

to de te rmine core t empera tu re , hydrogen loss , e tc . Where the rma l p rob lems 

in the core may be eased by the proper choice of radia l flow profile, the use of 

a modified inlet plenum a r e a may be n e c e s s a r y to insu re the flow shape requ i red . 

The optimum flow configuration may be determined by an i te ra t ive solution of 

Equation 13 when the var ious thernnal l imitat ions of the core , such as cladding 

t empera tu re , hydrogen containment, and the rmal s t r e s s a r e known. In any case, 

a hydraulic flow model is n e c e s s a r y to de te rmine that maldis t r ibut ion of coolant 

does not exist and that the core rece ives adequate coolant throughout. The use 

of hydraulic models is d i scussed in Subsection 3. 

2. P r e s s u r e Drop 

The p r e s s u r e drop through the core may be calculated in the following 
3 manner : 

a. Core Inlet 

^P = 2 8 8 i ; ( l - S^ j (P^i) •••<1^) 

NAA-SR-6561 
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WtWftt 

where 
V, = the velocity in the entrance pipe 

S, and S^ = the inlet pipe a r e a and the lower plenum c r o s s section 

respec t ive ly . 

b . Lower Grid P la te 

(1) Ent rance 

. . . ( 1 7 ) 

where V^ is the velocity in the grid plate and K = 0.5 for mos t c a s e s . 

(2) Channel 

The s tandard drag equation may be used for this calculation: 

Ap ^P^Z ^2 
288Dg^ (psi) (18) 

where •? ^ - the channel length. 

(3) Exit 

P^Z I ^ 2 \ (19) 

where S^ is the channel a r ea and S, is the t r i cusp a r e a between the fuel rods , 

c. Fuel Channel 

288D g e^c 
. (20 ) 

Qrpnri — 
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where 

D is defined by Equation 10 

Y - = velocity in the fuel channel 

J? _ = the fuel rod length 

W = 1.0 for ba re fuel rods and (1 + —Q-J 

fuel rods (a = the wire pitch). 

d. Top Grid Pla te 

(1) Ent rance 

2.78 
for wi re wound 

^P = 288g <P"^) . . . ( 2 1 ) 

where 

and 

V . = the coolant velocity in the upper grid plate 

for 

o r 

for 

where 

K = 0.4 (1.25 - S^/S^) 

S^/S^ < 0.715 

K = 0.75 (1 - S^/S^) 

S^/S^ > 0.715 

S./S., - ra t io of the grid plate channel a r ea to the t r i cusp fuel 

channel a r e a . 

(2) Channel 

Equation 18 may be used. 

NAA-SR-6561 
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ifH 
(3) Exit 

^^-Jskli'-^) <P̂'̂  . ( 2 2 ) 

where 

-5— = the ra t io of the gr id plate channel a r e a to the upper plenum 
5 

c r o s s sect ion. 
e. Core Vesse l Exit 

^P = 288g (P^^) (23) 

where 

and 

for 

and 

for 

where 

V/ = coolant velocity in the outlet pipe 

K = 0.4 (1.25 - S^/S^) 

S^/S^ < 0.715 

K = 0.75 (1 - S^/S ) 

S^/S^ > 0.715 

S / /S^ = the ra t io of the upper plenum c r o s s section to the outlet 

pipe a r e a . 

The total p r e s s u r e drop through the core is the sum of the p r e s s u r e drops 

descr ibed above. 

mw 
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3. Core Hydraulic Exper iments 

The use of core mockup hydraulic experinnents in SNAP reac tor t he rma l 

design is n e c e s s a r y to accura te ly predic t the radia l distr ibution of coolant flow 

(Subsection A-d) . The usual p rocedure is to construct a dimensionally identical 

core consisting of simulated fuel rods which a r e ins t rumented to detect coolant 

flow r a t e s . The flow r a t e s a r e determined by injecting a salt solution into the 

ups t ream side of the core and recording the change in e lec t r ica l conductivity 

of the water as the salt interface p a s s e s the ins t rumented fuel rod. The ins t ru ­

mented fuel e lements a r e equipped with e lec t r ica l p robes at the top and bottom 

so that the flow ra te in the individual channel may be deternnined. In some 

cases the flow mockup core is equipped with movable upper and lower plenum 

a r e a s so that these a r e a s may be modified by use of baffle p la tes , e tc . to p r o ­

duce the requi red flow profi le . 

The Reynolds analogy is used to de te rmine the water flow requ i red for 

dynamic s imi lar i ty with the NaK. The table below demons t ra tes this method. 

'DYp 

'xnodel 

DYp 
(24) 

r eac to r core 

The following table may be constructed: 

Dimension 

Charac te r i s t i c 
dimension, D-ft 

H^O Model 

Same 

Reactor Core 
(NaK) 

Same 

Comments 

Usually the fuel 
channel. D 

Velocity, V- f t - sec Measured Unknown 
distr ibution 

The average velocity 
requi red in the model 
is determined by the 
average NaK velocity 
for the co re . 

Density, p-lh lit Known Known Evaluated at average 
t h e r m a l conditions 

Viscosity, Lt-lb / f t - s ec Known 
•" ' m 

Known Evaluated at average 
t he rma l conditions 
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Similarly, the Eule r equation may be applied to de te rmine or check the 

p r e s s u r e drop: 

'Apg, ^Apg, 

' /mode l \ ' / r 

(25) 

eactor core 

and the following table may be constructed: 

Dimension 

P r e s s u r e drop, 
Ap-lb^/ft2 

Velocity, V- f t / sec 

Density, 
p-lb lit? 
~ m 
Gravity constant, 

lb -ft 
m 

^c ,, 2 
lb J.-sec 

H-,0 Model 

Measured 

Measured 

Known 

32.2 

Reactor Core 
(NaK) 

Unknown 

Calculated or 
ideal 

Known 

32.2 

Comments 

The velocity may be ca l ­
culated from Equation 24 

Evaluated at average 
the rma l conditions. 

C. HYDROGEN MODERATOR 

SNAP fuel e lements a r e clad in o rder to impede the degradation of r e a c ­

tivity due to loss of the hydrogen modera to r from the fuel as well as to protec t 

the fuel from the coolant. The fuel rod cladding is coated on the inside with a 

ce ramic m a t e r i a l that great ly reduces the diffusion of the hydrogen through the 

cladding. This section p re sen t s methods of predict ing the hydrogen leakage in 

SNAP cores , and a method of est imating the extent of hydrogen modera tor r e ­

distr ibution in the fuel. 

1. Hydrogen Loss 

The hydrogen loss throughout the life of the core may be calculated by 

the following methods: 

%L 
H 

•'0 
. . ( 2 6 ) t 

tSee Appendix B for the derivat ion of the hydrogen loss equations. 
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where 
T = average coating t empera tu re , °R 

r = fuel rod radius , cm 

p = in ternal fuel rod hydrogen p r e s s u r e evaluated at the average 

fuel t empera tu re in that region, a tmospheres 

rr- = the normal ized axial coordinate . L 

The other t e r m s a r e s tandard and a r e given in the nomencla ture . 

Page 31. 

Equation 26 should be used where the hydrogen loss throughout the core 

must be known accura te ly . It may be evaluated by numer ica l integrat ion for 

severa l radia l core zones depending upon the accuracy des i red and the core 

rad ia l tennperature dis tr ibut ion. Recent investigations have given the following 

values for the constants in the equation. 

5 2 S = 1 0 c c / h r cm atnn for 4 coats of Solaramic o 

a = 0.15 

A E = 33,200 

It should be noted that the blend at the welded end of the fuel element often has 

a leak ra te as high as the cladding wall . Recent data have indicated that the 

leak r a t e t empera tu re and p r e s s u r e dependence at the blend is different than 

that for the tube wall . Blend leak r a t e s a r e factored into the wall leak ra t e on 

an empir ica l b a s i s . 

Fo r lower power cores , or where hydrogen loss is not an important 

p a r a m e t e r , the axial t empera tu re r i s e may be assumed to be l inear and 

Equation 26 may be integrated to give: 

%L 
H 

200tS A E o 
AT 1 + api 

/ O O 

[^ 
\n=l 

-/x/V i-^f^'-
,n+l 

fl = A E / ( T . + AT) 

AE 
p . - -^ 

1 

. . . ( 2 6 ) 

NAA-SR-6561 



where AT is the in tegra l of the thi rd t e r m in Equation 13 and is simply the core 

axial t e m p e r a t u r e r i s e . If AT is 200°F, the f i r s t 3 t e r m s of the s e r i e s in 

Equation 26 gives about 95% accuracy . 

As was noted the internal fuel rod hydrogen p r e s s u r e used in Equa­

tions 25 and 26 should be the p r e s s u r e in the rod due to the average fuel t em­

p e r a t u r e . This is because the hydrogen modera to r in each fuel rod red i s t r ibu tes 

after the r eac to r has come to power and t e m p e r a t u r e such that i ts concentrat ion 

at any rod point is that which gives the same hydrogen p r e s s u r e as any other 

point in that fuel rod . 

Flow shaping is a poss ible method of reducing hydrogen loss in the high-

importance cent ra l region of the co re . A t r i a l and e r r o r approach is n e c e s s a r y 

to predic t the p roper flow shape to produce a minimum overal l co re react ivi ty 

loss from hydrogen leakage. When the radia l var iat ion of hydrogen react ivi ty 

worth is known for the par t i cu la r core , a flow shape may be predicted by use 

of the equations outlined in Section A to predic t coating t e m p e r a t u r e s that will 

give a minimum react ivi ty loss when these t e m p e r a t u r e s a r e used in the numer ­

ical integrat ion of Equation 26. 

2. Hydrogen Redistr ibut ion 

The extent of hydrogen redis t r ibut ion in a SNAP fuel rod may be calcu­

lated from Equation 27: 

AN _ Q*AT ,^7,t 
N p ^ 2 •••^^^ ' o RT av 

where 
AN 
-j^— - the fractional change in hydrogen concentrat ion 

o 
Q*^ = the heat of t r anspor t , c a l /mo le 

A T = the t e m p e r a t u r e difference between the two points in 

question, "C 

R = the universa l gas constant, 1.987 ca l /g mole-^K 

T = the average t e m p e r a t u r e of the points in question, "K 

tSee Appendix B for der ivat ion. 

NAA-SR-6561 



The value of Q"^ for ZrH at t e m p e r a t u r e s between 1000°F and 1300''F 

for the normal redis t r ibut ion t imes ('^1000 hours) de termined experimental ly 
4 

for SNAP fuels i s about 900 c a l / m o l e . 

D. OTHER THERMAL EFFECTS 

This section gives methods of est imating the effects of radiat ion damage, 

cladding c reep , and the rma l s t r e s s . It should be noted that these a r e a s do not 

now r ep re sen t ser ious design p rob lems ; but as both core t e m p e r a t u r e s and 

power a r e inc reased in new reac to r designs, the following will become signifi­

cant in design cons idera t ions . 

1. Radiation Damage 

Pe rmanen t damage in SNAP fuel may take place in the form of cracking 

or swelling because of the p r e s s u r e s developed due to the formation of nonsoluble 

fission g a s e s . The maximum fractional change in fuel rod volume, o , may be 

est imated by Equation 28. ' 

8 = 0.75 ^ ^ f r t ^^^^28) 

where 

m = g r a m moles of gas produced per fission 

R = the un iversa l gas constant 

T = maximum fuel rod t empera tu re , °R 

f = the maximum fissions per cc during the r eac to r life 

Y(T) = the ul t imate tensi le s trength of the fuel at t empe ra tu r e T. 

Equation 28 is valid for high N „ SNAP fuels as these may be assumed to be 

perfectly b r i t t l e . Equation 28 is further r e s t r i c t e d in that it holds only for 

small volume changes. 

A cer ta in amount of radiation damage to berylliunn could be expected 

due to the formation of a pa r t i c l e s from the n,a react ions in beryl l ium. 

F igure 4 demons t ra tes the effect that the integrated fast neutron dose and 
5 beryl l ium t empera tu re has on Be swelling from this radia t ion. 

tAppendix C, P a r t I. 
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Figure 4. Radiation Damage in Beryl l ium 
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2. Thermal S t re s s 

The the rma l s t r e s s e s developed in a SNAP fuel rod would be expected 

to crack the fuel if these s t r e s s e s exceeded the ul t imate tensi le s t rength of the 

fuel m a t e r i a l . It is not neces sa r i l y obvious that a cracked fuel element would 

not function proper ly in the core a s long a s the cladding remained in tegra l . It 

could be assumed that a cracked fuel rod might have innpaired heat t ransfe r 

cha rac t e r i s t i c s and the combination of a surface crack and continued the rma l 

cycling could conceivably cause fai lure of the hydrogen b a r r i e r . 

The maximunn the rma l s t r e s s in a fuel rod is normal ly in the axial d i rec­

tion and may be calculated by Equation 29 . ' 

where 

°"zz 
max 

Q 
_ max 

E a x ^ r 2 ( l + aj+ ^ T T T T T ) •••<29) 

'o 4k 

a = the the rma l expansion coefficient 

(jj - a. function of the P / D ra t io , a , i s given in F igure 3. 

3. Cladding Creep 

In some co res where a combination of high N „ and high fuel t e m p e r a ­

ture leads to a la rge in ternal fuel rod p r e s s u r e , cladding c reep may p resen t a 

thermal p rob lem. In par t i cu la r where shrink fitting is used to reduce fuel and 

cladding t e m p e r a t u r e s , c reep in the cladding has the effect of destroying the 

advantages gained by shrink fitting. 

The s t r e s s developed in the cladding due to in ternal fuel element p r e s ­

sure i s : 

(P - P )D 

o- = 2t ° •••<^°) 

fSee Appendix C, P a r t s I and II for the derivat ion of these equations. 
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where 

) .*• . ••• .« 

cr = s t r e s s , p s i 

P = i n t e r n a l fuel r o d p r e s s u r e , p s i 

P = r e a c t o r o p e r a t i n g p r e s s u r e , p s i 

D = fuel e l e m e n t d i a m e t e r , i n . 

t = c l add ing t h i c k n e s s , i n . 

P , t h e i n t e r n a l fuel r o d p r e s s u r e , i s t i m e dependen t b e c a u s e of h y d r o g e n r e ­

d i s t r i b u t i o n (Sect ion C) . When the t i m e d e p e n d e n c e of P i s known, the t i m e 

funct ion of <T m a y b e c a l c u l a t e d f r o m E q u a t i o n 30; wi th t h i s i n f o r m a t i o n and the 

c r e e p c h a r a c t e r i s t i c s of t h e c l add ing m a t e r i a l , t he c r e e p e x p e c t e d d u r i n g t h e 

c o r e l i fe m a y be c a l c u l a t e d . 

I MM-
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III. THERMAL DESIGN OF COMPONENTS EXTERNAL TO THE CORE 

Often t h e r m a l analyses of devices attached to or close to the r eac to r core 

a r e n e c e s s a r y because of the the rmal conditions imposed on these components 

by radiat ion and t empera tu re level . 

A. REFLECTOR TEMPERATURES 

The selection of the ref lector m a t e r i a l is often predicated on the t e m p e r a ­

tu re that the element will experience during operat ion. The t e m p e r a t u r e d i s ­

tr ibution as well as the maximum t e m p e r a t u r e s in the re f lec tors should be 

known to facili tate the design and selection of the ref lector configuration. The 

ref lector t e m p e r a t u r e s at core height Z may be calculated by a digital or analog 

solution of the equations given below: 

Heat t r ans fe r at the r eac to r - r e f l ec to r interface at any axial in te r ior 

node n: 

Q. = cre.A.(T^ - T I ) + h A.(T. - T „ ) in 1 1̂  in Bn' g î  m Bn' . . . ( 3 1 ) t 

Axial and rad ia l conduction in the ref lector at any axial in te r io r node n: 

Q B I + Qin = I ^ ( T g ^ - T^J + n | ^ (zTg^ - T^^^^^^ - T^^^.^^) . . . ( 3 1 a ) 

Heat loss from the ref lector exter ior surface at any axial in ter ior node n 

(to a tmosphere or space): 

— A(T„ - T ) = 0-€ A (T^ - T I ) + n - l ^ (2T - T , iv - T - , , . ) X ^ Bn on' o o^ on A' Z 2 V on o(n- l ) o(n+l)/ 

+ C„A (T - T . ) H o on A 
1.25 . . . ( 3 1 b ) 

•fSee Appendix D for the development of these equations, 
t t T h i s quantity is also developed in Appendix D. 
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where 
Q. = the the rmal radiat ion heat t r a n s f e r r e d from the r eac to r 

1 

vesse l to the ref lector , B tu /h r 

Q^ = nuclear radiat ion heat ra te , B tu /h r 
ID 

-8 2 4 

cr = Stefan-Boltzman constant 1.73 x 10 Btu /hr - f t (°R) 

e. = emiss iv i ty at interface 

€ = emiss iv i ty at beryl l ium surface 

T. = reac to r coolant t empe ra tu r e at the core edge, "R 

T „ = beryl l ium t e m p e r a t u r e at interface, °R 

T = exter ior beryl l ium t empera tu re , °R 

T . = a tmosphere or space t e m p e r a t u r e , "R 
2 

A = a r ea at r eac to r vesse l ref lector interface, ft 
X 

2 
A = average a r ea for heat conduction through beryl l ium, ft 

2 
A = a r ea at ref lector exter ior , ft 

o ' 
k = t he rma l conductivity of beryl l ium, B t u / h r - f t - ° F 
X = beryl l ium thickness , ft 

h = gas heat t r ans fe r coefficient at r e f l e c to r - r eac to r interface, 

B t u / h r - f t ^ - ° F 

Z = node length in beryl l ium, ft 
2 

Az = annular a r ea of beryl l ium c r o s s section, ft 

(3) CTT = gas heat t r ans fe r coefficient at ref lector exter ior 

. Btu 
surface h r - f t ^ - ° F ^ ' ^ ^ 

n = number of nodes 

B . SHIELD TEMPERATURE ESTIMATION^ 

As in the case of the re f lec tors , the shield has definite t empe ra tu r e l imita­

t ions . In the case of a shield where the radiat ion input causes excess ive heat 

generat ion leading to severe t e m p e r a t u r e s , cer ta in modifications to the shield 
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will allow reduction of these high t e m p e r a t u r e s . Where a LiH shield is used, 

usually heat generat ion in the f i r s t few inches is ex t remely high due to the 

immediate capture of the the rma l leakage. A thin bora ted plate between the 

shield and r eac to r would el iminate the superfluours t he rma l flux and possibly 

make the t e m p e r a t u r e s acceptable . The use of a heavy " t he rma l " shield between 

the shield and the r eac to r has the effect of reducing the gamma flux. The 

secondary gamma generat ion due to neutron capture in these shields make them 

of l imited value as mos t heavy, high t empe ra tu r e m a t e r i a l s applicable for 

gamma attenuation genera te these secondary emanations when bombarded with 

neu t rons . The mos t effective t he rma l shield to use in conjunction with a LiH 

neutron shield is a heavy meta l hydride with boron addition. This shield at tenu­

ates gammas as well as modera te s neutrons along with complete blockage of the 

the rmal leakage and neutrons thermal ized in this shield. Boron has the addi­

tional advantage of forming only a pa r t i c l e s upon capture of neutrons , thus 

reducing any radiat ion leakage from the the rma l shield from this source . 

Equations 32, 33, and 34 give a method of determining the t empe ra tu r e s at 

the center l ine and edge of a shield which is radiating its heat to space or other 

heat sink. The equations a r e wri t ten for any in te rmedia te point in the shield, 

but may be applied to shields of severa l m a t e r i a l s by use of the appropr ia te 

boundary conditions as outlined in Appendix D, P a r t III. 

If the shield is divided into nodes consist ing of d i scs under the the rmal 

shield, and r ings consisting of the volume between the t h e r m a l shield and the 

pe r ime te r , we may wr i te a heat balance around node n; for heat generated in, 

conducted axially into and out of, and conducted radial ly to the pe r ime te r of 

node Cn, and to the surface Sn under the the rmal shield: 

-LtZ (n-1) 2 r ^ ( T „ - T „ - , >) 
Q r ^ Z e ^ ^ = 4k Z (T^ - T ^ ) + - B n V C n C{n-V,l 

oc Bn n n n Cn Bn Z , Z 
n-1 n_ 

k , k n-1 n 

^^Bnl'-^Cn " '^C(n+1)) 
Z , , Z 

n+1 n_ 
n+1 n 

tSee Appendix D, P a r t III for the development of these equations. 

. . . ( 32 ) t 
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In the r i n g o u t s i d e the t h e r m a l sh i e ld : 

2 2 . - / -V^-1) zJmr^^ + r 2 ^ ( l - m ) ) ( T 3 ^ - T s J 
m Q Z (r^. - r „ ) e oc n^ Sn B n ' 

4k V Sn 
n 

2 r „ - r 2 ) 
B n / 

, Bn , . . . Bn 
+ rr,— (m - I) m 2k 

n Sn 

ir -r ) ( T V Sn Bn/V-^Bn + T^ - T, (n-1) " ' ^ S ( n - l ) ) Bn/ V " Bn ' "Sn B ( n - l ) S(n-1)> 
Z 1 Z 

n - 1 n 
k . k n - 1 n 

. . . (33)t 

(""Sn " ' ' B n K ' ^ B n ^ "^Sn " '^B(n+1) " '^S(n+1)) + 4 ^ z (T - T ) 
Z , 1 Z 

n+1 n 
n+1 n 

n n^ Bn Cn ' 

At t h e sh i e ld s u r f a c e wi th s u b s e q u e n t r a d i a t i o n : 

0 = 

•7 / 2 ^ 2 Z nar + r n V Sn Bn (1 - m ) ) ( T Sn 

-2L fr^ - r̂  \ 
4k V Sn B n / 

( m - 1) j?n 

T \ 
+ 2 a € r g ^ Z ^ ( T g ^ - T ^ ) 

2k 
n Sn 

(34)t 

w h e r e 

k , , k , and k 
n - 1 ' n ' n + 1 

t h e t h e r m a l conduc t iv i t y of the n o d e s n, n+1 , 

n - 1 , B t u / h r - f t - ^ F 

T ^ , T_, , and T Cn ' Bn ' 

n 

Sn 

t he t h i c k n e s s of the n o d e s , ft 

the c e n t r a l , t he rnna l s h i e ld r a d i u s , and s u r ­

face t e n a p e r a t u r e s in n, "R 

B n 
= the t h e r m a l sh i e ld r a d i u s a t n, ft 

r „ = the o u t s i d e r a d i u s of the sh ie ld a t n, ft 
Sn ' 

t S e e Append ix D, P a r t III for the d e v e l o p m e n t of t h e s e e q u a t i o n s . 
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the emiss ivi ty at the surface 

lumped y and n attenuation coefficient, ft 

the t empera tu re of space, e tc . , °R 

the rat io of the heat generat ion ra te outside 

the the rmal shield to that under the the rma l 

shield 

0" = the Stefan-Boltzman constant, 

1.73 X 1 0 ' ^ Btu /hr - f t^ ("R)^ 

A 
m 

oc 
the heat generat ion ra t e at the shield upper 
, Btu face, ^ 

hr - f t 

Equations 32, 33, and 34 may be applied to a shield divided into n axial nodes 

with the resu l t being a s e r i e s of simultaneous equations that may be solved with 

the aid of a computer . 
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NOMENCLATURE 

A = surface a r ea per fuel element, ft 

a = coefficient in the hydrogen permeat ion equation, 

(atm) 

Btu 
C = heat capacity, -rr oj^ 

m 

D = fuel element d iameter , ft 

E = Young's modulus, ps i 
lb m G = m a s s flow ra te of coolant, ^ 

hr-ft'^ 

-,. . . Btu h = heat t r ans fe r coefficient, 5 
hr-f t '^-°F 

I = hot channel factor 

Btu 
k = the rma l conductivity, ^^_£^_op 

L = core length, ft 

L „ = % of hydrogen loss during reac tor life 
H 

lb rn m = m a s s flow ra te of coolant, , 

N - hydrogen concentrat ion in the fuel, 

n = number of fuel rods 

n = number of coolant channels 

Btu 

c c „ (STP) 
^ 2 

^^fuel 

P = r eac to r power, -r—• 

Ib^ 
p = p r e s s u r e , 2" 

in. 
u * * Btu q = heat ra te , -^— 

Btu 
Q = volumetr ic heat generat ion ra te , •—y 

hr-f t 

R = core radius (radius of a c i rc le c i rcumscr ib ing 

the hexagon formed by the core) , ft 

a lso core radia l coordinate 

r = fuel rod rad ius , ft 
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•iffitff-

s = 
o 

T 

t 

- hydrogen permeat ion ra t e at T = CD cc(STP) 
' T 7 

^C 

X 

Y 

Z 

a 

S 

AE 

ĉ 

^f ^ 

€ : 
S 

1/ = 

= t empera tu re , »F unless specified °R 

= t ime, hr 

- core volume, ft^ 

= thickness , ft 

= yield strength, psi 

= core axial coordinate 

-• dis tance between adjacent fuel element 

cen te rs / fue l element d iameter 

fractional volume expansion 

"energy" associa ted with the hydrogen 
permeat ion p r o c e s s , °R 

coolant fraction in core 

fuel fraction in core 

solidity fraction of fuel e lements in core 

Po i s son ' s ra t io 

h r - c m -a tm 

SUBSCRIPTS 

c = cladding 

e = equivalent 

f = fuel 

H = hydrogen gap 

ht .ch. = hot channel 

i = inlet 

m = coolant 

o = no rma l 

P = power 

s = coating 
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APPENDIX A 
HEAT TRANSFER IN NONUNIFORMLY COOLED FUEL RODS 

Append ix A d e m o n s t r a t e s the d e r i v a t i o n s of the equa t ions and m e t h o d s u s e d 

in d e t e r m i n i n g the h e a t t r a n s f e r in n o n u n i f o r m l y cooled fuel r o d s . 

PARTI 

SOLUTION OF TEMPERATURE DISTRIBUTION IN NONUNIFORMLY 
COOLED CYLINDRICAL UNCLAD FUEL ELEMENT7 (By R. L. Brehm) 

A. ANALYSIS 

The fol lowing a s s u m p t i o n s a r e m a d e in t h i s a n a l y s i s : 

1) S t e a d y - s t a t e cond i t ions 

2) The p r o b l e m i s t w o - d i m e n s i o n a l 

3) The v o l u m e t r i c h e a t g e n e r a t i o n i s u n i f o r m o v e r the e l e m e n t 

4) The t h e r m a l conduc t iv i ty of each r e g i o n i s c o n s t a n t 

5) The e l e m e n t is d i v i s i b l e into an even n u m b e r of equal c i r c u l a r 

s e c t o r s such tha t t e m p e r a t u r e s y m m e t r y e x i s t s b e t w e e n ad j acen t 

s e c t o r s . 

The g e o m e t r y of the p r o b l e m is a s shown in the ske t ch be low. Reg ion (1) 

r e p r e s e n t s the hea t g e n e r a t i o n e l e m e n t and Reg ion (2) the c l add ing . By a s s u m p ­

t ion (5) no h e a t i s t r a n s f e r r e d a c r o s s e i t h e r r a d i a l b o u n d a r y . The hea t t r a n s f e r 

r a t e s a c r o s s the p e r i p h e r i e s of the e l e m e n t and c ladd ing a r e r e p r e s e n t e d by 

q, (a) and q^ (o ) r e s p e c t i v e l y . 

(Rp d,) 
(R., ^J 

(0 ,0 ) 

Solut ion for the Unc lad E l e m e n t : (R , , 0) (R2, 0) 

zMMtz^^E: 
N A A - S R - 6 5 6 1 
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Corresponding to the case of an unclad element, the solution for the t em­

pe ra tu r e distr ibution in Region 1 will be determined in t e r m s of q, (o) . 

The t empe ra tu r e in the element can be shown to satisfy Po i s son ' s equation: 

d T dT d T 
1 1 1 1 1 Q r d: SB' 

. . ( A l ) 

with the boundary conditions: 

1) T^(0 ,^ ) - T^ 

a T , ( 0 , ^ ) 

^^-^r = ° 

(3T,(r, 0) 
3) k, h = 0 

4) k 

5) k 

•1 39 

^ ^ l ( - ' ^o) 

1 39 

dT^{R^,9) 

= 0 

= -q i (^ ) 

where 0 < r < R, and 0 < 9 < 9 1 o 

The solution of Equation Al i s : 

T^(r,9) -U(r,9) - ^ ^ (A2) 

where U(r,C7) sat isf ies Lap lace ' s equation 

dr^ ^ ^̂  r̂  39^ 
(A3) 

A solution of Equation A3 is: 

U = a + b i n r + (A, r " + A , r ^ ] ( A , sinX 9 + A. cosX 9 n o o I i n 2n M 3n n 4n n (A4) 
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^here a , b , and X a re constants . 
o' o' n 

By applying boundary conditions (1), (2), and (3) Equation 4A is reduced to 

X 
U = a + A, A, r "^cosX 9 . n o i n 4n n 

Application of (4) de te rmines the values of X to be 

nTT 

^ 9r 
n = 1, 2, 3, 

Defining 

then 

A« A. X 
A = - l l ] L 4 n _ j ^ n 

^ QR^^/k^ ' 

QR X 

u 
U K , / \ n 

= a^ + • ^ A -^ cosX 0 
o k, n R, n 

.(A5) 

Since each U is a solution of Equation A3, the sum of all U ' s is a lso a 

solution. Hence, 

QR, 
T- = a 1 o 2R, 

00 

I 
n=l 

/ \ n 
i-„ I "F~ 1 cosX 9 (A6) 

By (1), a^ = T^ 

A nondimensional t empera tu re , T, , is now defined: 

CO X , * T - T, , * _ o 1 

^ QRj^/k^ 
r 

2R 1 

V / r V""" 
) A -5— cosX 

. . . (A7) 
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'iilEr / : " " * '*•*•••'•• 
Note that T^ is a function only of 9 and the ra t io r /R^ , i . e. , T^* is a geomet­
r ica l function independent of the the rmal conductivity, the heat generation, or the 
size of the element . 

To de te rmine the coefficients A^ use is made of boundary condition (5) in 

the following manner . A dimensionless heat t r ans fe r r a t e , q^(0), is defined by 

"^i « " QR, ^ 1 a ; 

so that 

CO 

qi*(^) = T - y X A cosX 9 

n = l 

o o 
Multiplying both sides by cos X and integrating from - 9 to 9 

n ° n r 

•0„ 
° q *(0)cosX Od0 

9 

where n = 1, 2, 3, . . . . 

Thus, the t empe ra tu r e distr ibution in the unclad element is given by: 

CO n Z : n 

n = l 

NOMENCLATURE FOR APPENDIX A, PART I 

^i> B^, C^ = i coefficients in s e r i e s solutions 

k^ = heat conductivity of i region 

Q = volumetr ic heat generat ion ra te 
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th 
q. = heat t ransfe r r a t e a c r o s s i pe r iphera l boundary 

q. = nondimensional heat t ransfer ra te , 
q,-

QR, 

R. = outer radius of i region 

T. = t empe ra tu r e in i region 

T = t empe ra tu r e at center of element (r = 0) 

* '^o " " î T. = nondimensional t empera tu re , r 
1 ^T^ 2 , , 

X. = i Eigen value 

u = sector angle 

Q R j /k^ 

V = ra t io of t he rma l conductivit ies, -r-— . 

Other symbols a r e defined as used. 

PART II 
DERIVATION OF QUANTITIES USED IN THE DETERMINATION OF 

THE TEMPERATURE DISTRIBUTION FOR FUEL RODS 
IN A TRIANGULAR ARRAY 8,9 (By H. N. Rosenberg) 

A. ROD TEMPERATURE 

Consider th ree rods in a t r iangular a r r a y and the enclosed coolant channel. 

F r o m symmetry , only the shaded port ion in F igure Al need be considered in 

the t he rma l ana lys i s . Appendix A, P a r t I, has shown that the t empera tu re 

distr ibution in a rod with uniform heat generat ion but a symmet r i ca l heat r e ­

moval may be given by Equation A9. 

mr 

q (a)cos —n— da 
9. 

. .(AlO) 

where 

n=l 

r = radius at a point 

R = rod radius 

u = angle from hottest to coolest surface point 

NAA-SR-6561 

: ^ , ••. • • . . - . 
• • : • : i .* • ' : • : 
• I I • • • • I 

.: . .: : • • • 

• • • 11 
• • • • I • • • • **-



rrriffifia; 
q = 

- _q 
QR 

q = heat flux 

Q = volumetr ic heat generat ion ra te 

t * 
t = 

QR^/k 

t = center rod t empera tu re minus t empe ra tu r e at a point 

k = t he rma l conductivity of fuel 

and where o = 0 at the point of c lose approach and a = a at the cold point on 

the surface . 

F igu re A l . Flow Channel C ros s Section 
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B . S U R F A C E H E A T F L U X DISTRIBUTION 

The p r o b l e m then i s r e d u c e d to finding the h e a t r e m o v a l d i s t r i b u t i o n , q (o ) , 

on the s u r f a c e . 

At t h i s po in t we m a k e the a s s u m p t i o n tha t t h e r e i s no flow of h e a t in the 

a z i m u t h a l d i r e c t i o n in the coo l an t . T h e a z i m u t h a l flow of h e a t in the fuel a lone 

i s c o n s i d e r e d to g e n e r a t e the a - d e p e n d e n c e of t e m p e r a t u r e . The j u s t i f i c a t i o n s 

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

1) In the i m p o r t a n t c a s e of c l o s e l y p a c k e d r o d s the c r o s s - s e c t i o n for 

a z i m u t h a l h e a t flow in the coo lan t i s s m a l l c o m p a r e d to t h e a z i m u t h a l 

h e a t flow a r e a in the fue l . When the r o d s a r e f a r - s p a c e d the a z i m u t h a l 

t e m p e r a t u r e g r a d i e n t b e c o m e s s m a l l and the h e a t flow in t h a t d i r e c t i o n 

m a y s t i l l be n e g l e c t e d . 

2) W h e r e eddying i s the m a j o r h e a t t r a n s p o r t m e c h a n i s m in the coo lan t , 

t he fac t t h a t t he ve loc i t y g r a d i e n t i s r o u g h l y p e r p e n d i c u l a r to the fuel 

s u r f a c e ( see R o s e n b e r g and D e i s s l e r and T a y l o r ), wi l l c a u s e the 

p r e d o m i n a n t h e a t flow to be r a d i a l in t h e c h a n n e l . 

3) In any c a s e , i g n o r i n g a z i m u t h a l h e a t flow r e p r e s e n t s a c o n s e r v a t i v e 

e n g i n e e r i n g a s s u m p t i o n and wi l l p r e d i c t a h i g h e r ho t spot t e m p e r a t u r e 

t han wi l l a c t u a l l y r e s u l t . 

P r o c e e d i n g then , t he h e a t flow a t an ang le O wi l l be equa l to the h e a t r e ­

m o v e d by t h e coo lan t in the d i f f e r e n t i a l e l e m e n t x R d o ( see F i g u r e A l ) . T h e 

hea t r e m o v a l r a t e , t hen , p e r l eng th of c h a n n e l in the d i f f e r e n t i a l a r e a wi l l be 

s i m p l y , 

p C ^ n(9)x(9)Rd9 . . . . ( A l l ) 
^ P 3z 

The h e a t flux (heat p e r uni t a r e a of fuel s u r f a c e ) i s then 

q ( ^ ) = P^pJ^ u ( 0 ) x ( a ) . . . ( A 1 2 ) 

¥111= 
N A A - S R - 6 5 6 1 
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where 

p = density of coolant 

( 3 T 

C = heat capacity of coolant p 

^ t empe ra tu r e gradient in the axial d i rec t ion 
dz 

u(a) = average velocity at the angle 

x(0) = channel width along a radius 

If we make the cus tomary assumption that -5— is uniform over the channel 
07. 

and that p and C a r e independent of t empera tu re , then the average heat flux 

over the fuel surface is 

/'C -XT 
^T »9, 

o 
. .(A13) 

and, thus, the normal ized heat flux i s : 

(9) = - 9 — = HJ . . . . ( A 1 4 ) 
âv J, r̂ o 

'0 
— / uxda 
o •'n 

Equation A14 may be rewri t ten . 

u \ / X 

B \ V^B, X 

max •W-TTTZCZnTT 
/ ( ^ B/V^max/ \9, O ; 

where 

u„ = bulk average velocity 

X = value of X at 9 
max o 

F r o m Equation A15 it can be seen that the heat flux distr ibution € {91 9 ) 

depends only on a, the p i t ch /d iamete r , since [ - ^ j depends only on a from 
' 'max V "o / 
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g e o m e t r i c a l c o n s i d e r a t i o n s and —^ ("n ] d e p e n d s only on a f r o m h y d r o d y n a m i c 
• J i • B \ OQ I 

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

The a v e r a g e h e a t flux, q , i s a l s o equa l to the h e a t g e n e r a t e d in a r o d 

d iv ided by the s u r f a c e a r e a so t h a t 

^ a v = ^ . . . ( A 1 6 ) 

and in E q u a t i o n AlO then 

^ ^ = 4 ^ ...(A17) 
QR 2 q 

^av 

The t e m p e r a t u r e d i s t r i b u t i o n m a y be found then by s u b s t i t u t i o n of the nor­

m a l i z e d hea t flux d i s t r i b u t i o n in E q u a t i o n AlO if t he v e l o c i t y d i s t r i b u t i o n 

-yr- i s known. 
^B V^o/ 
C. V E L O C I T Y DISTRIBUTION 

T h e v e l o c i t y d i s t r i b u t i o n for t u r b u l e n t flow i s ob ta ined f r o m the t h e o r e t i c a l 

t r e a t m e n t of D e i s s l e r and T a y l o r , The v e l o c i t y d i s t r i b u t i o n for l a m i n a r flow 

is ob ta ined f r o m the t h e o r e t i c a l t r e a t m e n t for touch ing r o d s wi th the u s e of 

an e x t r a p o l a t i o n t e c h n i q u e to ob ta in the v e l o c i t y d i s t r i b u t i o n for s e p a r a t e d r o d s . 

The e x t r a p o l a t i o n i s ob ta ined t h u s l y . Given a ve loc i t y d i s t r i b u t i o n r=;— 
u / X \ ^ B V ^ O / 

for a = 1, f o r m the d i s t r i b u t i o n . T h e n cut off the d i s t r i b u t i o n a t the 
X ^ B l ^ m a x / 

m i n i m u m v a l u e of c o r r e s p o n d i n g to a va lue of a = a , t ak ing t h i s to be the 
•' 'max ^ 

u n n o r m a l i z e d ( \ for Ct, . The a s s u m p t i o n then i s tha t the ve loc i t y d i s -
^B \ ^ m a x ] 1 

X 
t r i b u t i o n d e p e n d s only on in a c h a n n e l . N o t i c e t ha t t he l a m i n a r flow 

' ' m a x 
p a r a m e t e r s in F i g u r e A3 fall off in the s a m e way a s the t u r b u l e n t p a r a m e t e r s 
wh ich u s e d v e l o c i t y d i s t r i b u t i o n s ob ta ined f r o m a d e t a i l e d ve loc i t y m a p p i n g of 
the c h a n n e l . 

F o r the p i t c h / d i a m e t e r , a , , t hen an u n n o r m a l i z e d -̂ r— m a y be ob ta ined 
1 U B \ 0 o / 

and n o r m a l i z e d to g ive the r e q u i r e d v e l o c i t y d i s t r i b u t i o n . 
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D. DIMENSIONLESS PRESENTATION OF DATA 
* 

Note that t in Equation AlO is the actual center to point t empe ra tu r e dif-

ference divided by QR /k which is 4AT where AT is the no rma l center to •' o o 
surface drop for no pe r iphera l t empe ra tu r e variat ion (e = 1). The r e su l t s a r e 

given for general i ty in t e r m s of a fraction of AT . 

As can be seen in F igu re s A2 and A3, the t e m p e r a t u r e s a r e re la ted to the 

rod center t empera tu re , T , as follows: 

T - T = (1 - V) T 
o max ' o 

T - T ^ = AT 
o CO o 

T - T = (1 + / 3 )AT 
o av 

T - T . = (1 + CJ)AT o min o 

where 

T = maximum surface t empe ra tu r e (point of close approach) 

TQQ = surface t empe ra tu r e for uniform surface heat flux 

T = weighted average surface t empe ra tu r e according to quantity 

of adjacent fluid 

/•So 
/ T(R, 0)xRd^ 

T r9.. 
xRd9 r 

•'0 
T . - minimum surface t empera tu re m m -̂  

The weighted average surface t empera tu re , T , is defined such that if 

t he re is negligible r e s i s t ance to heat flow into the coolant, (large heat t ransfer 

coefficient) then T is the bulk coolant t e m p e r a t u r e . This is considered to be 
av ^ 

a good reference t empe ra tu r e for evaluating the effect of varying rod spacing. 
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PART III 
DETERMINATION OF THE EFFECT OF A TRICUSP CHANNEL ON 

HEAT TRANSFER THROUGH THE HYDROGEN GAP, COATING, 
CLADDING AND COOLANT FILM h2 (By P. D. Cohn) 

A p p e n d i x A , P a r t I I , h a s d e m o n s t r a t e d a m e t h o d f o r d e t e r m i n i n g t h e h e a t 

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

q u a n t i t y , il, i s u s e d t o d e t e r m i n e t h e e f fec t of t h e t r i c u s p c h a n n e l on t h e h e a t 

t r a n s f e r i n t h e p e r i p h e r a l c o m p o n e n t s of t h e f ue l r o d s w h e r e i2 i s d e f i n e d a s t h e 

fue l s u r f a c e a r e a d i v i d e d b y t h e h e a t t r a n s f e r a r e a in a c l o s e p a c k e d a r r a y . T h e 

n o m e n c l a t u r e in t h i s s e c t i o n i s t h e s a m e a s in A p p e n d i x A. P a r t I I . 

Q _ A T _ t e m p e r a t u r e d r o p i n c l o s e a r r a y 
AT-Q t e m p e r a t u r e d r o p if r o d s a r e i n f i n i t e l y s e p a r a t e d 

A (9) X J9 
dl 

^ = -^ ^^^ \"o/ , . . ( A 1 8 - a ) 

'9. 

Jn m a x \ Mo / 

Jo ^ 
iB) X J9 

d 
n.= ^ -av ^max \^I . . . (A18-b) 

•̂ o X f 9 \ 
f X 

JQ ' ' m a x \ Oc 

w h e r e x a n d 9 a r e a s s h o w n in F i g u r e A l , h i s t h e h e a t t r a n s f e r c o e f f i c i e n t of 

t h e i n t e r f a c e . 

a H " 
° ^ a = P i t c h / D i a m e t e r . . . (A19) 

x 1 . 1 5 4 7 a - 1 
m a x 

E q u a t i o n A 1 9 m a y b e e v a l u a t e d b y n u m e r i c a l m e t h o d s u s i n g t h e d a t a g i v e n in 

R e f e r e n c e s 9 a n d 1 0 . 

A T CO 
S i n c e SI = -rTz—, D, m a y b e r e d u c e d t o -r . F i g u r e A 2 , i s a p l o t of Q, v s 

, . ^^00 ^ e f f ~ 
r o d s e p a r a t i o n . 
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APPENDIX B 

HYDROGEN LOSS AND REDISTRIBUTION 

Appendix B presents the analytical solution of the hydrogen loss and redis­

tribution equations. 

PARTI 
SOLUTION OF THE HYDROGEN LOSS EQUATIONSl/8,9 

(By P. D. Cohn and H. N. Rosenberg) 

A. CALCULATION OF HYDROGEN LOSS 

It has been determined by semi-empirical methods, that hydrogen pernaea-

tion through ceramics like the coating material is governed by Equation Bl which 

is basically the Langmuir equation with an Arrhenius temperature dependence. 

A. ^o^ -AE/T , ^ - . 

where 

cc(STP) <̂ -j = hydrogen permeation rate ^ j-
hr-cm 

S = permeation rate at infinite temperature and is defined by the system, 

cc(STP) 

hr-cm -atm 

P = hydrogen pressure, atna 

a = a constant determined by the systenn, 1/atm 

AE = A E / R where AE is the activation energy of the diffusion process 

and R is the universal gas constant in consistent units 

T = coating temperature, °R 

Applying Equation Bl to a reactor core 

l^^=Tr^ I i -IT-dAdt . . . ( B 2 ) 
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where 

L H - fract ion of hydrogen lost 

V = core volume, cm^ 

ĝ = fuel fract ion in core 

t = t ime, hours 

A = a r e a for hydrogen leakage in core , cm^ 

N = hydrogen concentrat ion in core SSi§I^ 
C C , 

fuel 
If L H '' «"-^ll, N is roughly constant with t ime and F .• 
writ ten: ' ^"^^ Equation B2 may be re-

o r 
^H = N v V X V A ..,,B3-a) 

"" = ̂ irfii^e-^^'-<=-) ^^ • . . (B3-b) 

where the p r e s s u r e and t empera tu re var ia t ion over ( . r) is k„ 

dr^cal r e a c t o r o£ height L, and assuming that T ^ I " " ^ ^ " " • 

-SHt . .,uat.o„ . ma. he appiied to t̂h^or^e : o : ~ o : s : r t r ' ^ ^ 

1 

,, ^ H V ( f ) ...(B4) 

where A^/L = a rea /un i t volume of core per unit lenath ^ ^ ' 
gen loss /un i t volume in t ime t. ' " " ^ "^H '^ ^he total hydro 

t 

The fraction of hydrogen lost L - - ^ u . ^% 
H " T l ? ' where A = i 

s V r 
where 

r = the fuel rod radius 

L = the reac to r length 
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Then 

^H=W7l^H^(f") . . ( B 5 ) 

Substituting for < .̂̂  in Equation B5 and converting to % hydrogen loss , 

*-H=^(r^)^o / ; 
. A E / T , ( ^ ) . . . ( B 6 ) 

where P is the p r e s s u r e due to the average fuel t empera tu re and is the p r e s s u r e 

throughout the rod. 

If T may be l inear ized such that 

T = T. + A T ( Z / L ) , 

then 

200tS 
%L„ = o P 

- A E / 

H Nr \1 + a P , 

T^.AT,./.,]^ 
. . . ( B 7 ) 

Transforming by setting (z/L) = (T - T . ) / ( A T ) , and defining a new var iable 

pL = A E / T , the integral in Equation B7 may be wri t ten as 

AE 
•Mz 

' /^i f^ 
d / i 

Equation B7 may then be integrated to yield: 

( B 8 ) 

%L 
_ 200tAE[ P 

H^ NrAT \l + aP^ 

(X) 

• ^ / 
(n+ 1) 

'H-
L n=l 

AE 
^ T. + A T 

PL = A E / T . 

.(B9) 
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PART II 
SOLUTION OF THE HYDROGEN REDISTRIBUTION EQUATION^ 

(By H. N. Rosenberg) 

A. METHOD OF CALCULATION 

1. Heat of Transpor t Case 

The flux J [(g)/(cm - sec)] of a species A in solution is given by i r r e -
13 vers ib le thermodynamics as 

where 

D = diffusion coefficient 

N = concentrat ion of A 

y = length dimension 

T = absolute t empera tu re 

R = universa l gas content 

Q = heat of t r anspor t 

where the f i rs t t e r m is the usual diffusion express ion and the second t e r m is the 

the rmal diffusion contribution. Consider then the case where J = 0 which we 

shall call the Heat of Transpor t case . This cor responds to a rod with an im­

permeable surface bond on all surfaces and a t empera tu re gradient in the axial 

direct ion only, or a rod with a radia l t empera tu re gradient only with i m p e r m e ­

able bonding. 

F r o m Equation BIO with J = 0, 

dN _ Q*dT 
N - - j ^^2 ' . . . ( B I D 

since it may be assumed that Q is not a function of t empera tu re or concentra­

tion. 

This in tegra tes to 

N = C e ^ ' '^ '^ . . . (B12) 
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w h e r e f r o m c o n s e r v a t i o n of s p e c i e s A 

a n d 

N 
C = r eQ"~/^Tde 

(B13) 

N = bulk a v e r a g e c o n c e n t r a t i o n of A 
o ^ 

£ = Z / L for the ax i a l c a s e 

1̂  = ( r / R ) for the r a d i a l c a s e 

z = cLxial d i m e n s i o n 

L = ax ia l ex tent 

r = r a d i a l d i m e n s i o n 

R = r a d i a l ex tent 

E q u a t i o n B13 c a n be n u m e r i c a l l y i n t e g r a t e d for any a r b i t r a r y T ( ^ ) and 

then the c o n c e n t r a t i o n p r o f i l e is c a l c u l a t e d f r o m Equa t i on B12 . 

The r e s u l t s can be s o m e w h a t s imp l i f i ed if we a s s u m e tha t 

a) the v a r i a t i o n in T is s m a l l , and 

b) t ha t T ^ C, i. e. , T = A T ^ + T^ 

Both a s s u m p t i o n s a r e wel l w a r r a n t e d in r e a c t o r s . E x a m i n i n g Equa t ion B13 , the 

n u m e r a t o r m a y be w r i t t e n 

1 

e d4 I Q"7RT , ^ 
e d 1 

'0 

. . . ( B 1 4 ) 

F o r s m a l l v a r i a t i o n in T 

i r 
ST 

'Z . . T ^ /"^^ 
2 Q / R T , / 1 A _ _ a v 

T e d[-^) -"T^Y" 

I n t e g r a t i n g E q u a t i o n B15 

•^T 

N A T Q ' " o 

Q ' V R T , / n d ( - ) 

^ / Q * / R T , Q * 7 R T 7 N 

. . . ( B 1 5 ) 

. . . ( B 1 6 ) 

^^^::zr::r. 
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The r e s u l t s can be put in a v e r y s i m p l e f o r m if we a s s u m e 

a) the v a r i a t i o n m T i s s m a l l , and 

b) the v a r i a t i o n in N i s s m a l l 

F r o m E q u a t i o n B 11, t h e n 

A N - Q * A T 

N ^ ~ K T ^ •••^^''^ 
a v 
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APPENDIX C 
RADIATION DAMAGE AND THERMAL STRESS 

PARTI 
SOLUTION OF EQUATION RELATING FUEL SWELLING 

AND RADIATION EFFECTS 1 (By P. D. Cohn) 

C o n s i d e r a fuel e l e m e n t con ta in ing f i s s i o n gas bubb l e s in the f o r m of equally-

d i s t r i b u t e d s p h e r e s a l l of wh ich a r e the s a m e s i z e . The p r e s s u r e d e v e l o p e d in 

t h e s e s p h e r e s i s 

n, RT 
b 
V, . ( C I ) 

w h e r e 

P = f i s s i o n gas p r e s s u r e 

n, = the m o l e s of f i s s i o n gas in the bubble 

R = u n i v e r s a l g a s c o n s t a n t 

T = a b s o l u t e t e m p e r a t u r e 

V, - v o l u m e of the bubble 
b 

4 3 
Since V, = ^ vrr w h e r e r, = r a d i u s of the bubb le , t hen Equa t i on CI m a y be 

w r i t t e n : 

47rr; 
(C2) 

L e t 7] = n u m b e r of b u b b l e s p e r cc of fuel . If m = g - m o l e s of gas f o r m e d p e r 

f i s s i o n and f = f i s s i o n s p e r cc du r ing the r e a c t o r l i fe , th.en{mf/rj) = n = the 

n u m b e r of g - m o l e s of gas p e r bubb le . T h e r e f o r e , E q u a t i o n CZ m a y be w r i t t e n a s 

P = 
3RmfT 

47rr^77 

If 8 , the v o l u m e f r a c t i o n c h a n g e , is s m a l l , t h e n 

.(C3) 

5. 4 3 
. . . ( C 4 ) 

Subs t i tu t ing for r, 17 in E q u a t i o n C3 

P =: 
RmfT 

• . ( C 5 ) 
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F o r a th ick w a l l e d s p h e r e , sub jec t to a u n i f o r m i n t e r n a l p r e s s u r e P , 

3 c^ cr =-rP—o ^ R e f e r e n c e 14. . . . (C6-a) m a x 4 3 3 

c - r 

if c » r 

w^here 

r = i n t e r n a l r a d i u s , (r, ) 

c = e x t e r n a l r a d i u s , (r, + h) w h e r e h = wal l t h i c k n e s s 

E q u a t i o n C 6 - a m a y be r e w r i t t e n a s : 

3 ( ^ b + ^ ) ^ 
^ P ^ ^ . . . ( C 6 - b ) a 

o r 

m a j c ^ , , 1 \ 3 3 

(^b + ^) - ^b 

1 - ^—o-la - | P . . . (C6 -C) 
(r^ + h ) ^ ' n.ax 4 

\ 

3 3 
r, / (r, + h) may be wri t ten as a function of S if some distr ibution of the con-

centr ic spheres denoted by r, and r + h is assumed since r / ( r , + h) is the 

ra t io of the bubble volume to the " s t r e s s sphe re " volume. 

If it is assumed that the bubble distr ibution in the fuel is in an a r r a y of equal 

volume cubes ' o may be re la ted to the volume fraction, v,, as : 

4 3 

Vr ^- o - = 0.524 . . . (C7) 
(Zr)^ 

0.524rJ 
. . S = \ . . . ( C 8 ) 

(r^ + h)3 

or 
3 

r 

( r ^ + h ) ^ 
^—^= 1.9lS . . .(C9) 

tTh i s assumption is made so that Equation C6-c may be wri t ten as a function of S, 
It will be show^n that if Q is small , it is independent of the assumed distr ibution. 
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Equation C6-c may be wri t ten as 

(1 - 1.915S)o- = 4 P 
^ ' max 4 

(CIO) 

If the fuel is considered to be a perfectly br i t t le ma te r i a l , no volume defor­

mation in the form of rupture or c reep will take place until cr - Y(T), the 
^ ^ max ' 

yield s t rength of the fuel at t empera tu re T; and no deformation will take place 
after cr is re l ieved such that it is less than Y(T). 

max 
Equation CIO may be modified such that: 

Y(T) . ( C l l ) 
^ (1 - 1.918) 

If P , as stated in Equation C5 is substituted in Equation C l l , 

8 - 1.918^ = ^ | 2 ^ . . . ( C 1 2 ) 

If 8 is smal l , 1.9 i S may be ignored and Equation CI 2 may be wri t ten as: 

8 = 0 . 7 5 ^ ^ ^ . . (C13) 

Equation CI3 may be seen to be independent of the bubble s ize , distr ibution, and 

density, m, the g ram moles of fission gas produced per fission, may be assumed 

to be due to equil ibrium halogens and noble gases only. 

PART II 
CALCULATION OF THERMAL STRESS 

The maximum the rma l s t r e s s e s in a fuel rod with an ( r ,^ ) t empera tu re dis­

tr ibution a r e outlined he re . 

15 
These s t r e s s e s due to the radia l t empera tu re distr ibut ions a re : 

E a y 
o , 2 2, 

(a - r ) r r 4(1 - 1/) 

^^yp . 2 _ 2. 
' 0 ^ = 4 ( 1 -. i . ) < ^ - ^^ ) 

. . . ( C 1 4 ) 

. . . ( C 1 5 ) 

- ^fg^ m,^'-^ 
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where 

zz 2(1 - 1/) 

E = modulus of elast ici ty 

a = t he rmal expansion coefficient 

V = Po i s son ' s ra t io 

E a y 9 7 ? 
° (a^ - 2r^) - E a o j y ^ a ' ' 

Xc 
Q/4k at the point at highest power 

Q = the volumetr ic heat generat ion ra t e 

k = the the rmal conductivity of the fuel 

a - the fuel rod radius 

oj = a function of the rod separat ion 

The s t r e s s due to the 6 t empera tu re distr ibution is: 

'̂ rr - ""96 - °' z z 
• E a y r cos a 

.(C16) 

(C17) 

The maximum s t r e s s is in the axial direct ion and is g rea tes t at r - a, a - 0. 

Combining Equations Cl6 and CI7, 

z z 
max 

•Ea y r 1 + a; + 2(1 - V) 
(C18) 
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APPENDIX D 

RADIATION HEATING AND TEMPERATURE DETERMINATION IN COMPONENTS 

T h i s Append ix p r e s e n t s the d e v e l o p m e n t of the h e a t g e n e r a t i o n and t e m p e r a ­

t u r e equa t i ons for r a d i a t i o n hea t i ng and t e m p e r a t u r e d i s t r i b u t i o n in the r e f l e c t o r 

and s h i e l d . 

PARTI 
RADIATION HEATING 

The n e u t r o n hea t i ng in a m a t e r i a l c o n s i s t i n g of e l e m e n t s n, m , 

e s t i m a t e d in the following m a n n e r for th in m e m b e r s : 

F o r hea t i ng due to n e u t r o n r e a c t i o n in e l e m e n t n: 

m a y be 

' n r ^ 1 p (h{E )E Y n r ' n ' ' r n n (Dl) 

w h e r e 

n r e n e r g y due to the n e u t r o n - n r e a c t i o n m e v 
' 2 

s e c - c m Z - m a c r o s c o p i c c r o s s s e c t i o n for the n e u t r o n r e a c t i o n 
1 n 

n 

with e l e m e n t n, c m 

a t o m f r a c t i o n of e l e r aen t in the m a t e r i a l 

0 ( E ) = n e u t r o n flux above the t h r e s h o l d e n e r g y for the 

r e a c t i o n to t a k e p l a c e , n e u t r o n s / c m - s e c 

E = e n e r g y p r o d u c e d in r e a c t i o n , m e v / n e u t r o n ( this m a y 

be a f i s s i on a s we l l a s a s i m p l e n u c l e a r r e a c t i o n ) 

V_. = v o l u m e p e r uni t a r e a of m a t e r i a l . 
n 

F o r e n e r g y d e p o s i t i o n due to s c a t t e r i n g : 

"ns 
^ n ^ n ^ u / ^ n s ( ^ ) ^ ( ^ ) ^ ^ ^ 

•'E 

. . ( D 2 ) 
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where 

n s 
— ^ = energy due to scat ter ing p r o c e s s with element n 

^n ^ logar i thmic energy decrement for m a t e r i a l n 

2^3(E) = macroscop ic scat ter ing c r o s s section of n at energy 
E, cm" 

<^(E) - neutron flux at energy E per unit energy, 

n e u t r o n s / c m - s e c - m e v . 

j _ ^ns<^)^(E)dE may be evaluated in a s tep-wise manner using varic 

in te rva ls of E . 

The total neutron heat flux is then: 

The energy deposi ted due to gammas may be calculated by: again in element „ 

^ _ | ^ - M , ( E , t r ^ ^ ^ - . ^ ^ ^ ^ I E H ^ -

IEjdE . . . {D3) 

where 

q 7 
- ~ = energy diss ipated in the m a t e r i a l due to gamma interact ions 

with element n 

c^(E) = energy flux of gammas , m e v / s e c - c m ^ e r mev interval 

Ai^(E) = macroscopic gamma adsorption c r o s s section at energy E 
for the core , cm" 

t^ = cha rac t e r i s t i c distance that gammas mus t t r a v e r s e through 
the core , cm 

fiJE) = macroscopic energy c r o s s section for m a t e r i a l n, cm"^ 

t^ = th ickness of m a t e r i a l containing element n, cm 

Equation D3 may b,e evaluated by numer ica l methods . 
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The total heat generated, QT,, m a thin member is simply the sum of the 

contributions of neutron react ion energy and energy due to gamma and neutron 

attenuation. F o r a thick member such as a shield, the effect of thickness mus t 

be taken into account. The heat generat ion due to radiat ion may be calculated 

when the attenuation coefficient, fi, for the radiat ion and m a t e r i a l is known. 

This may be expressed by: 

Q(x) = Q _ e y + Q e 
-U X 
~n 

07 on 
.(D4) 

where Q , and Q a r e the volumetr ic gamma and neutron heat generat ion 0 / on ^ ^ 
r a t e s at the interface and x is the axial extent. 

PART II 
CALCULATION OF REFLECTOR TEMPERATURES^ (By P. D. Cohn) 

The ref lector t e m p e r a t u r e s may be calculated in the following manner , 

assuming that the ref lector may be r ep resen ted as : 

CORE 
VESSEL 

n + 

B 0 

THERMAL 
SHIELD- S C 

REFLECTOR 
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A hea t b a l a n c e i s w r i t t e n a r o u n d the r e a c t o r v e s s e l - r e f l e c t o r i n t e r f a c e wi th 

the r e s u l t i n g e q u a t i o n s : 

C o n s i d e r i n g r a d i a l and a x i a l conduc t ion in t h e r e f l e c t o r , and r a d i a t i o n 

and g a s h e a t t r a n s f e r a t the r e f l e c t o r f a c e s : 

1) Hea t t r a n s f e r a t the r e a c t o r - r e f l e c t o r i n t e r f a c e a t any ax i a l 

i n t e r i o r node n: 

Q. = ere .A . (T^ - T ^ ) + hgA. (T . - T ^ ) . . . (D5) 
m 1 1̂  m Bn ° i^ in Bn 

2) Axia l and r a d i a l conduc t ion in the r e f l e c t o r a t any ax i a l i n t e r i o r 

node n: 

Q B U + Qin = - | ^ ( T 3 ^ - Ton) + f ^ ( ^ ^ ^ ^ " T B ( n + l ) " T B ( n - l ) ) ' " ' <°^) 

3) H e a t l o s t f r o m the r e f l e c t o r e x t e r i o r s u r f a c e a t any a x i a l i n t e r i o r 

node n (to t h e a t m o s p h e r e o r s p a c e ) : 

T ^ ( T g ^ - T ^ J - a.^A^(Tl^ - T ^ ) + f ^ ( 2 T ^ ^ - T^(^_^) - T^^^^^^) 

4) And adding the effect of h e a t t r a n s f e r to the c o n t a i n m e n t v e s s e l 

cool ing w a t e r : 

n 
- y (Q. + Q „ ) + Q = H A ( T - T ) . . . (D8) 
n /_^ ^ 1 B ' n c O) OJ cu c 

w h e r e 

T . ^ T(^ for f ac i l i ty o p e r a t i o n 

Q. = the t h e r m a l r a d i a t i o n h e a t t r a n s f e r r e d f r o m the r e a c t o r v e s s e l 

to the r e f l e c t o r , B t u / h r 

Q „ = n u c l e a r r a d i a t i o n h e a t r a t e , B t u / h r 
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-9 2 4 

cr = Stefan-Boltzman constant 1.73 x 10 Btu /hr - f t (°R) 

e . = emiss ivi ty at interface 

e - emiss ivi ty at beryl l ium surface 

T. = reac to r coolant t empera tu re at the core edge, °R 

T „ = beryl l ium t empe ra tu r e at interface, °R 

T = exter ior beryl l ium t empera tu re , °R 

T = t empera tu re of wall in a facility, °R 
A. = a r e a at r eac to r ve s se l ref lector interface, ft 

1 ' 
2 

A = average a r ea for heat conduction through beryl l ium, ft 

2 A = a r e a at ref lector exter ior , ft o ' 

k = the rma l conductivity of beryl l ium, B t u / h r - f t - ° F 

X = beryl l ium thickness , ft 

hg = gas heat t r ans fe r coefficient at r e f l e c to r - r eac to r interface, 

B t u / h r - f t ^ - " F 

Z = node length in beryl l ium, ft 

Az = annular a r e a of beryl l ium c r o s s section, ft 
(3) 

CTT - ga.s heat t ransfe r coefficient at ref lector exter ior surface, 
Btu 
2 I 25 

hr-f t - " F • " 
n = number of nodes 

Q = gamma and neutron heat generat ion in a pit l iner (for facility 

operation), B tu /h r 

A ^ = the wall a r e a of containment vesse l opposite reac to r , ft 

2 
H^ - the heat t r ans fe r coefficient of the wall, Btu /hr - f t - ° F 

T = cooling water t empera tu re , °R 

T . = t empe ra tu r e of a tmosphere or space, °R 

The conservat ive assumption is made that all of the heat generated due to gamma 

and neutron heating is generated at the reac tor vesse l - r e f l ec to r in terface . 
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PART III 
DETERMINATION OF SHIELD TEMPERATURES (By P. D. Cohn) 

The following is a method by which the t empera tu re distr ibution in a shield 

nnay be calculated. 

Assuming that the shield is essent ia l ly conical, it may be divided into regions 

such as : 

FLIGHT 
SHIELD 

REACTOR 

THERMAL 
SHIELD 

> 

o 

Ui 

o 
m 

P o w e r produced in Cn = P ^ ^ Cn 

C - B: 

^Cn ^Cn^'^Cn " "^Bn^ •*• ^Cn, C(n- l ) i 'Tcn " '^C(n- l ) ) 

••" ^ C n ' C ( n + l ) F c n " •^C(n-l-l)) (D9) 
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B - S 

^Bn ^Bn^-^Bn " -"-Sn) ^ ^Bn, B(n-I) v'^Bn " '^B(n-l)) 

^ *^Bn, B(n+l)v'^Bn " '^B(n-l-l))^ ^Cn^'^Bn " '^Cn^ 

At the s u r f a c e : 

0 = C ^ ( - T „ +T„ ) + 0-€A (T^ - T ^ ) Bn^ Bn Sn' n ' Sn A ' 

w h e r e A = 2 r „ Z n b n 

F o r s e r i e s conduc t ion : 

T - T , n n - 1 , . . . 
^ n - l , n ^ ^ - ^ TT ( A C ° ^ ^ B ) 

' n - 1 n_ 
2k , 2k 

n - 1 n 

w h e r e 

Ĉ = ̂ 4 
/ 2 2 , 

^ B = ^ ( ^ S " ^ B ) 

2 , 2 2 , 
_ ^ ^ B . „ _ ^<"S " ^ B ) 

'Cn, C(n- l ) Z^ ^ Z^ ' ^Bn, B(n- l ) Z^_^ Z 
^ .. - n_ 

2k ' ^ 2 i r 2k , Zk„ 
n - l n n - i n 

and s i m i l a r l y for C „ ^ / , IN and C_ _ , , , , , •̂  Cn, C(n+1) Bn, B(n+l ) 
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F o r u n i f o r m pow^er g e n e r a t i o n : 

C - B 

'Cn 

4k A T „ n Cn 

B 

» • •• • • • • • • • • • • 

(D13) 

^Cn 
C „ A T „ Cn Cn Q „ V „ = Q „ 7 r r " Z Cn Cn Cn B n 

q „ = 7r4k A T „ Z ^Cn n nC n 

C „ = 47rk Z Cn n n 

F o r B - S: 

d"T , JL dT ^ Q̂  
, 2 "̂  r d r "k 

d r n 

(D14) 

d r [' d r ; k^ (D15) 

dT r " Q ^ „ 
d r 2 k^ 1 

(D16) 

dT ^ J : Q. , ^ 
d r " 2 k "̂  r 

n 

(D17) 

At r = r 
dT 

B ' d r 

Q „ V „ Cn Cn 
k A n 

Q 
Cn 

2k ' n 

" C n ^ B , ^ B ^ ^B 
2k 2 k ' ^ 1 2k 

n n n 

( Q - Q c n ) 

dT = ^ 1 ? ^^ + 7 ^ (Q - ^r^-) d r 2 k 
n 

'Cn ' 
n 

(D18) 
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2 r 

T = - S ^ + 2 r - ( Q - Q c n ) ^ - ^ + c. 
n n 

A t r = r ^ , T = T = 

Q r ^ ^ 2 

4ir^ + ^ < Q - Q c n ) ^ - ^ s + ^ ; 
n n 

Q r ^ ^ 2 

^2 ^ T^ +- i iC"- ^ ( Q - Q c J ^ - ^ s 
n n 

T - T = AT = 
o n n n s 

AT = 4 T - ( > - S - 4 l + ^ ' ° - ° C n ) ' " ^ 
r = r.r3 n n b 

rS 

L e t Q = Q ^ ^ . 
B n 

I t i s k n o w n t h a t 
B n C n 

Q B n " Q c n = Qcn( -"^ ) 

A T 

r = r . 

" ^ Q c n / 2 2 v ^ ^ B ^ , , , , " "B 
-4k—(^S - " B ) + 2ir Qcn^"^ - 1 )^"7-

n n b 

C o n s i d e r i n g t h e s h i e l d e q u a t i o n s : 

q^ = C^ A T ^ = mQ„ V^ + Q„ V„ ^Bn Bn Bn Cn Bn Cn Cn 

^ ^ ^ B n ^ n l - ^ - ^ ^ - - ^ ^ ^ ) 
^Bn 

m / ^ 2 

4 i r ( ^ s - ^ B 
n 

/ 2 2 \ ^ B , 

n 
l ) i n ^ 
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7 r Z j m r 2 + ( m - l ) r | ) 

Bn 

m 
4k V Ŝ n 

( 4 -4 ) + 
^ R ^ R 
^ ( m - l ) . n ^ 

n S 

2 2 - /^Zn(n-l) 
^Cn = ^Cn^Cn = ^ C n ^ ^ B ^ n ^ ^ o c ^ ^ B ^ n ^ = ^Cn 

/ 2 2x - /^Z^(n- l ) 
q_j = m Q ^ r-3 = mQ TTZ (r - r ) e = P 
^Bn Cn Bn o c n V S B / 

Bn 

Insert ing the appropr ia te constants for node Cn in Equation D9: 

Q r Z e oc Bn n 

• U-Z (n-1) 2r?, ( T,^ - T „ , , . ) 
^ ^ = 4k Z ( T ^ - T ^ ) + ^ ^ ^ ^ ^ " pi^^^il^ n n Cn Bn Z , Z n-1 n 

k , TT" n-1 n 

^^Bni'-'-'Cn " '•^C(n-H)) 
Z ^, Z 

n+l n 
n-1-1 n 

. . . ( D 2 5 ) 

Insert ing the appropr ia te constants for node Bn in Equation DIO and d i s ­

tributing the axial heat conduction between T „ and T^ : At B: 

2 2 - / ^ Z n ( - l ) Z j m r ^ ^ -f r | ^ ( l - m)) ( T ^ ^ 
mQ Z r „ - r - e oc n Sn Bn 

^Sn) 

n 

V^Sn " ^Bn) i'^Bn "*" '^Sn " '•'•'B(n-l) " '^S(n-l)) 
Z , Z 

n -1 n 

r r 
m / 2 2 \ , Bn , , Bn 

W ( " S n - ^ B n ) + 2k-^"^- ^ > ^^ TT" 
n n Sn 

. . . ( D 2 6 ) 

k ' k 
n -1 n 

l^Sn " ^Bn) ("^Bn •*" "^Sn " '^B(n-l-l) " '^S(n-l-l)) -f V ^ S n - ^ n / V - B n — S n - - B ( n + 1 ) - - S ( n . l ) / ^ ^^ ^ _ ^ 
Z , , Z n n^ Bn Cn' 

n-l-1 n k ^ ' k n+l n 
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At the surface S: 

0 = ''nV 
m r + r ^ (1 

Sn Bn^ m ) ) ( • Sn ^ B n ) 

4k n Sn B n ) 
Bn 

2k 
(m - I) in 

n 

Bn 

"Sn 

+ ^^^^Sn^Tsn-^i) •••(°^^) 

This derivat ion to approximate the shield t empera tu re distr ibution has been 

shown to have a deviation of 2.5% from a more exact digital solution. 
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