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T H E O R E T I C A L STUDY ON 
T H E T R A N S F E R F U N C T I O N O F BORAX-V 

WITH C E N T R A L S U P E R H E A T E R 

by 

J i r o W a k a b a y a s h i 

A B S T R A C T 

An a n a l y t i c a l , o v e r a l l , r e a c t o r t r a n s f e r funct ion w a s 
d e r i v e d to e x a m i n e the s t a b i l i t y p r o b l e m s of the BORAX-V 
bo i l i ng w a t e r r e a c t o r hav ing an i n t e g r a l c e n t r a l s u p e r h e a t e r . 

S p e c i a l c o n s i d e r a t i o n w a s g iven to l o c a l p r e s s u r e and 
t i m e de l ay of void f o r m a t i o n c a u s e d by s u p e r h e a t i n g of the 
w^ater. F o r t h i s a n a l y s i s , t h e boi l ing c o r e w a s d iv ided into 
i n n e r and o u t e r p a r t s to i n t r o d u c e the ef fects of the r a d i a l 
f lux d i s t r i b u t i o n . W h e r e a p p r o p r i a t e , the a n a l y s e s w e r e in ­
d iv idua l l y done for t h e s e two b o i l e r r e g i o n s and the c e n t r a l 
s u p e r h e a t e r r e g i o n , and the f e e d b a c k ef fec ts w e r e c o m b i n e d . 

B a s i c a s s u m p t i o n s i n t r o d u c e d into the a n a l y s e s a r e 
t h a t ( l ) the flux d e v i a t i o n i s p r o p o r t i o n a l to the i n i t i a l flux; 
(2) the p o w e r g e n e r a t i o n in the b o i l e r (UO2 p e l l e t s ) and the 
s u p e r h e a t e r (UO2 s t a i n l e s s s t e e l c e r m e t ) i s p r o p o r t i o n a l to 
t h e o v e r a l l r e a c t o r flux d i s t r i b u t i o n ; i . e . , no s p a t i a l k i n e t i c 
e f fec t s a r e c o n s i d e r e d ; and (3) the ind iv idua l r e a c t i v i t y p h e ­
n o m e n a ( i . e . , l o c a l t e m p e r a t u r e and void c h a n g e s ) a r e f i r s t -
pow^er f l u x - w e i g h t e d to ob t a in the ef fect ive r e a c t i v i t y c h a n g e s . 

I . Z E R O - P O W E R R E A C T O R KINETICS 

T h e s p a t i a l l y - i n d e p e n d e n t k i n e t i c c h a r a c t e r i s t i c s of a t h e r m a l r e ­
a c t o r s y s t e m a r e o b t a i n e d by so lv ing the fol lowing e q u a t i o n s : 

dN 
dt 

= ( ^ ^ ) N . Z . ^ C , (1.1) 

dCi /3i 
- ^ = J T N - ^ i C i , i = 1 , 2 , . . . , 6 . (1.2) 



If the above e q u a t i o n s a r e c o m b i n e d and L a p l a c e t r a n s f o r m e d , the z e r o -
p o w e r t r a n s f e r funct ion i s d e t e r m i n e d to be 

A N ( S ) / N O 1 _ ^^ ^^ 

AK(s) 

y + Z. ^*(s + Xi) 
V. 1 = 1 

a n d 

AK = AKgx + AK^ + AKg + A K D , (1.4) 

w h e r e AKg^^ i s the e x t e r n a l l y i n s e r t e d r e a c t i v i t y (of the c o n t r o l r o d s ) , and 
A K ^ , ' ^ K Q , and A K - Q a r e , r e s p e c t i v e l y , the r e a c t i v i t i e s due to void, -water 
t e m p e r a t u r e , and fuel t e m p e r a t u r e ( inc luding the D o p p l e r effect) . 

T h e v a l u e s of c o n s t a n t s X{, ^^, and i* a r e g iven on p . 32. 

II . H E A T F L U X O F BOILING C O R E 

In the a n a l y s e s of the h e a t f lux f r o m fuel r o d to w a t e r coo lan t , it is 
a s s u m e d tha t the h e a t c a p a c i t y of the c ladding m a t e r i a l i s neg l i g ib l e wi th 
r e s p e c t to t ha t of the UO2 p e l l e t s . The t h e r m a l conduc t iv i ty of the c ladding 
and the h e a t t r a n s f e r coef f ic ien t f r o m c ladding to w a t e r a r e g r o u p e d a s a 
s i n g l e , o v e r a l l , h e a t t r a n s f e r coef f ic ient , H. 

The t e m p e r a t u r e in a p o w e r - g e n e r a t i n g m e d i u m of t h e r m a l c o n d u c ­
t iv i ty , X, and d i f fus iv i ty , /c, i s d e s c r i b e d a s follows:^-^-' 

Q 1 dOf 

^ irR^X " ^* 

w h e r e 0£ is t he fuel t e m p e r a t u r e . 

S ince t h e fuel r o d i s e s s e n t i a l l y a c y l i n d e r of r a d i u s R, t h e bounda ry 
cond i t i ons a r e 

•de 

17" 

Of / 00 at r = 0, (2.3) 

w h e r e 6.^ i s t he w a t e r o r bo i l ing w a t e r t e m p e r a t u r e . 



The t e m p e r a t u r e difference between the inlet water and the boiling 
w^ater is negligible compared to that betw^een the fuel surface and the boiling 
w^ater. In the subcooling region, nucleate boiling also occurs on the surface 
of the cladding. 0 and H a r e a s sumed constant in all boiling regions . w 

Combining and Laplace t ransforming Eqs , (2,1) to (2,3) resu l t in the 
following equations: 

ei(R.s) = e^(R,s) - e^. (2,4) 

Qb(s) - ef(R,s)2TrRH, (2,5) 

N^ = RH/X, 

T ^ RV/C, 

(2.6) 

(2.7) 

and 

Qb(s ) = Qg(s) 
2Ji v '^^/y^Ti 

_jo y^^ - ^̂ \T^ • Ji y ^ 
(2.8) 

Equation (2,8) may be expanded into the following se r i e s of par t i a l f ract ions: 

Qb(^) 

Qg(s ) ^ 1 + T- S ' (2.9) 
1=1 

where boiler fuel heat , F^ and T^, a r e found from the simultaneous solution 
of 

F , = 
4 r i / T 

' 1 + T/r^Nf^ ' 
(2.10) 

and 

Nb = - X / T / T I 
_Jo y r / n j ' (2.11) 

where JQ and J i a r e Besse l functions. 



A s an a p p r o x i m a t i o n Eq . (2.9) m a y be r e w r i t t e n a s 

Qr IT 
1=1 

F , 

+ T.s 

i = i 

1 + TAS 

(2.12) 

w h e r e 

T . 

^ F i T i / T 
i=4 

00 

^ F i / T 
i=4 

(2.13) 

F i g u r e 2.1 g ives the so lu t ion of E q s . (2.10), (2.11), and (2.13) a s a 
funct ion of N^ . 
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B o i l e r - f u e l H e a t - t r a n s f e r Pa­
r a m e t e r s v s . Biot N u m b e r 
for C y l i n d r i c a l G e o m e t r y 

5 10 20 
BIOT NUMBER (N|j) 

50 100 

If it i s a s s u m e d tha t the g a m m a e n e r g y r e l e a s e f rom the c e n t r a l 
s u p e r h e a t e r c o r e is n e g l i g i b l e , t he pow^er d i s s i p a t e d to the coolant ( includ­
ing y, the g a m m a e m i s s i o n f rom the boi l ing c o r e ) is g iven by 



Qb(s) _ qb(^) 

Qp(s) qa(s ) 
= ( 1 - 7 ) Z -̂  1 1 

i=l 1 + TiS 1 + 

I-. 
= 1 

T . S 
+ 7 , (2,14) 

III, F U N D A M E N T A L EQUATION O F MODERATOR DYNAMICS 

The equa t ions for c o n s e r v a t i o n of m a s s and e n e r g y a t t he channe l of 
a boi l ing c o r e a r e 

a (A3 PgU + A ^ p ^ W ) ^(Ag Pg + A ^ p ^ ) 
+ ^: = 0; 

)x St 
(3.1) 

a n d 

^(AgHg P3U + A ^ p ^ H ^ W ) ^(AgHg P3 + A ^ H ^ p ^ ) 

St 
Qb- (3.2) 

Since the v a l u e s of S H g / S x , S H . ^ / S x , and S p g / S x m a y be a s s u m e d 
to be z e r o , E q s , (3.1) and (3.2) g ive 

SAgU S A S QT 

Sx St ( H s - H w ) P £ 

d H , d H . 

^^^^ "d7 ^ ^ ^ w dp ^_ "^s 

( H s - H w ) p , Ps dp 

d P 
dt 

(3,3) 

If the dev i a t i ons f r o m the s t e a d y - s t a t e va lue a r e s m a l l c o m p a r e d to 
the s t e a d y - s t a t e v a l u e , Eq . (3.3) m a y be r e w r i t t e n a s 

a ^as qb 
- ^ ( a 3 U o + u A s o ) + 5A - H^ 

1 / dHg d H ^ \ Aso dPg 
H~ V ^ ^ s o - ^ + ^w^wo —^) + Pg • dp 

dP 
dt ' 

w^here 

Hv = P s ( H s - H w ) . 

and it i s p o s t u l a t e d tha t 

as(x, t)Uo(x) + u(x,t)Aso(x) = Up(x)as (x , t ) ; 

and 

Up(x) = C(x)Uo(x). 

(3,4) 

(3.5) 

(3.6) 

(3.7) 
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Since it w a s found tha t s(x) a p p r o x i m a t e s unity,^ ' Eq . (3.4) can be 
f u r t h e r s i m p l i f i e d a s 

SUna^ SJ Joag ^ _ _% 

^ S t = H^ )x 

1 / dHg d H w \ Aso dP 
P s ^ s o Hr. + ^ w A w o — r - + H Y ' - s - so dp ' W W " dp / Pg dp 

s f . (S.S) 

IV. E F F E C T S O F P O W E R VARIATIONS 

T h e a n a l y s i s of p o ' w e r - t o - v o i d t r a n s f e r funct ion i s p r e s e n t e d f i r s t 
in Sec t ion IVA, -where the p r e s s u r e and the bo i l ing b o u n d a r y a r e a s s u m e d 
c o n s t a n t . T h e p o w e r - t o - b o i l i n g - b o u n d a r y t r a n s f e r funct ion is d e r i v e d in 
Sec t ion IVB, 

If the t r a n s f e r func t ions d e r i v e d in S e c t i o n s IV and VII a r e c o m ­
b ined , the t o t a l effect of p o w e r c h a n g e s on void i s ob t a ined . 

A. Po^wer - to -vo id T r a n s f e r F u n c t i o n 

T h e fol lowing equa t ion i s o b t a i n e d f r o m E q . (3.8) and i n c l u d e s t h e 
effect of the void t r a n s p o r t a c r o s s t h e c o r e : 

SUoas , Sag qb(x, t ) , , 
— -F —— ^ ^ 4.1) 

o x St H ^ 

The i n i t i a l and b o u n d a r y c o n d i t i o n s for so lv ing E q . (4.1) a r e 

a s ( x , t ) = 0 at t = 0; 

a n d 

a ,(x,t) = 0 at X = L b-

In a d d i t i o n to the void t r a n s p o r t effect d e s c r i b e d a b o v e , the void 
f o r m a t i o n i s d e l a y e d -with r e s p e c t to the h e a t f lux d e v i a t i o n for s e v e r a l 
r e a s o n s . B e c a u s e of the s u r f a c e t e n s i o n of t h e l iqu id , t he p r e s s u r e i n s i d e 
a bubb le m u s t be g r e a t e r t h a n the p r e s s u r e of t h e w a t e r o u t s i d e the b u b b l e . 
A c c o r d i n g l y , e n e r g y m u s t be s p e n t for bubble fo rnaa t ion . D u r i n g bubb le 
g r o w t h , t h e l o c a l w a t e r p r e s s u r e r i s e s and t h i s p r e s s u r e d i s t u r b a n c e i n ­
c r e a s e s the s a t u r a t i o n t e m p e r a t u r e of the w a t e r . The p r e s s u r e a g a i n d e ­
c r e a s e s wi th the t r a n s m i s s i o n of the p r e s s u r e w a v e into the vo id and -water 
m i x t u r e . T h e void f o r m a t i o n d e l a y e d i s deno t ed a s Tg, and t h e h e a t f lux 
e x p e n d e d for t h e f o r m a t i o n of s t e a m is d e n o t e d a s qL(x, t ) . If t h e bubb le 
lag effect i s i n c l u d e d , t h e r e s u l t i s 

SUoas q\,U,s) 
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Equation (4.1) may be rew^ritten as follows: 

q{3(x,s) = qb(x ,s ) / ( l+Tos) . (4,3) 

The velocity of the p r e s s u r e wave in the mixture of s team and water 
I S 

^__ . / g P s w ^ ' (4.4) 
Vl + (K ' /E )d /e 

Since the value of (K ' /E )d / e is smal l compared to 1, Eq, (4,2) nnay 
be approximated as 

^ = y g Psw K'. (4.5) 

The value of Tg may be es t imated as 

To = Hg/o) + 0.02. (4.6) 

The bubble formation lag is es t imated to be between 10 and 30 m s e c . 
A value of 20 m s e c is used in th is ana lys i s . 

If it is a s sumed that the posit ion of the boiling boundary is not 
changed with t ime , q '(x,s) may be denoted as 

q|^(x,s) = q|^(s)D(x), (4.7) 

where D(x) is the nornnalized, s t eady- s t a t e , axial flux distr ibut ion; i .e . , 

1 r^ 
— I D(x)dx = 1. (4,8) 

-'o 

Combining Eqs , (4.2) and (4.7) produces 

^E^l^hll! + sa3(x,s) = i b ( f ) D(x). (4.9) 
dx H.^ 

If the -weighting function of void to reac t iv i ty , F(x), is a s sumed equal 
to D ( X ) / L , the effective void c r o s s - s e c t i o n deviation is 

r^ 1 r^ 
V ( S ) =1 a(x,s)F(x)dx = — a(x,s)D(x)dx. (4.10) 

^ L b "^-^Lb 



If E q . (4 .9 ) i s s o l v e d f o r a g ( x , s ) a n d t h e r e s u l t i s s u b s t i t u t e d i n t o 
E q . ( 4 . 1 0 ) , t h e f o l l o w i n g t r a n s f e r f u n c t i o n i s o b t a i n e d : 

V ( s ) 1 
q|^(s) - L H ^ ^ 

>L / i x 

D(x)dx / D ( x ' ) e s { t ( x ' ) - t ( x ) } ^ ^ , _ ( 4 . 1 1 ) 

L b L b 

a n d 

v ( s ) _ 1 v ( s ) 

q b ( s ) " 1 + ^ o s ' 9 1 ( 3 ) ' 
( 4 . 1 2 ) 

w h e r e 

t ( x ) = 

u 
Uo(x) 

d x . (4 .13 ) 

E q u a t i o n ( 4 . 1 2 ) i s t h e g e n e r a l f o r m of t h e p o w e r - t o - e f f e c t i v e - v o i d , 
c r o s s - s e c t i o n t r a n s f e r f u n c t i o n . 

If t h e s t e a n a v e l o c i t y , Uo(x) , i s a s s u m e d t o b e a c o n s t a n t , Ug, a n d t h e 
n o r n n a l i z e d , a x i a l f l u x d i s t r i b u t i o n i s d e n o t e d a s 

D ( X ) = a s i n ( b x + c ) , 

t h e n E q . ( 4 . 1 2 ) m a y b e s o l v e d a s f o l l o w s : 

/^L 

( 4 , 1 4 ) 

1 v ( s ) _ _ 

q|^(s) 1 + Tgs H^Ug J^ 
s in (bx -F c ) d x | s i n ( b x ' + c ) e 

( s / U g ) ( x ' - X ) 
d x 

L . 

1 + TnS 

B i + C i s -f D j e ' -^63 
1 + e " ' ^ ^ ^ ( E i + F i s ) 

1 + T f s ^ ( l + TfgZ) 2 „ 2 N 2 
( 4 . 1 5 ) 

[ V ( S ) / A ] X 100 _ I O O / A 

•%IiT" 1 + T „ s 
A i 

B j + C i s + D i e 

1 -f TfgZ 

T 6 S 
1 + e " ^ ^ ^ ( E i + F i s ) 

(1+r fs^) 2 „ 2 \ 2 

( 4 . 1 6 ) 

- w h e r e 

A i = a ^ T s A L b H v ) , 

B i = - j s i n ^ ( b L + c ) + s i n ^ ( b L b + c ) ^ , 
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Ci = T6/2 - (T5/4) {sin 2 (bL- fc ) - s in 2(bLb + c ) } , 

Dj = sin(bL-f-c) s in (bLb-+c ) , 

E l = - C O S ( T 6 / T 5 ) 

F i = - T 5 s i n ( T 6 / T 5 ) 

T5 = l / ( U o b ) , 

a n d 

T6 = b(L - Lb) / (Uob) = b ( L - L b ) T 5 . 

F o r s i m p l i c i t y , E q . (4.16) i s w r i t t e n a s 

( V ( S ) / A ) • 100 /qb ( s ) = [ l / ( l + T o s ) ] - [ A v / ( 1 + T ^ s ) ] , (4.17) 

w h e r e 

Av = ( I O O / A ) • A I ( B I + D I + E I + 1 ) , 

a n d T ^ = (Bj + Di + Ei-F 1 ) T 2 / C I . 

B. P o w e r - t o - b o i l i n g - b o u n d a r y T r a n s f e r F u n c t i o n 

T h i s s e c t i o n d i s c u s s e s the effect of po-wer v a r i a t i o n s in the s u b c o o l e d 
r e g i o n of t h e c o r e . 

F r o m E q . (3 .2) , t he folio-wing e q u a t i o n i s va l i d for t h e s u b c o o l e d 
r e g i o n : 

S(PwAwHoWo) S ( p ^ A ^ H o ) 
S;: + Tt = ^ b . (4,18) 

w h e r e p^A^W^ i s e q u a l t o t h e i n l e t w a t e r n a a s s f l o w r a t e a n d p ^ , A.^-, a n d 

Wg a r e a s s u m e d c o n s t a n t . T h u s E q . ( 4 . IB) c a n b e r e w r i t t e n a s 

S x Wg S t M^ 

A g a i n , if o n l y t h e t r a n s i e n t p a r t s a r e u s e d ( t h e s t e a d y - s t a t e v a l u e s 

a r e s u b t r a c t e d ) , E q . ( 4 . 1 9 ) b e c o m e s : 

S h o ( x ^ 1 S h g ( x , t ) q b ( x , t ) 



I n i t i a l and b o u n d a r y cond i t i ons for so lv ing Eq . (4.20) a r e 

ho(xt) = 0 a t t = 0; 

and 

ho(xt) = 0 a t X = 0. 

Us ing the L a p l a c e t r a n s f o r m m e t h o d r e s u l t s in 

dho(x,s) qb(x , s ) 

T h e n t h e s o l u t i o n of Eq . (4.21) i s 

Mfhg(x,s) = qb(s) f D ( x ' ) e ( " / ^ ° ^ ( ^ ' - ^ ^ d x ' . (4.22) 

If the bo i l ing b o u n d a r y i s d e n o t e d by 6, t he folio-wing r e l a t i o n -will be 
s a t i s f i e d at any t i m e (if hg i s n e g a t i v e ) : 

Hg(Lb+ 6) + h o ( L b + 6,t) = H ^ = Hg(Lb). (4.23) 

If 6 i s s m a l l c o m p a r e d wi th L b , t h e va lue of hg(Lb + 6 ,t) can be r e ­
p l aced by ho(Lb, t ) . 

F r o n a E q . (4 .19) , t he folio-wing equa t i on is s a t i s f i e d u n d e r s t e a d y -
s t a t e c o n d i t i o n s : 

dHg(x) 
^ f ~ 7 r ~ " Qb(x). (4.24) 

Now, 

Qb(Lb) 
Ho(Lb+ 6) - Hg(Lb) = - ^ - ^ 6(t) , (4.25) 

Mf 

and in E q s . (4.23) and (4 .25) , 6(t) i s d e n o t e d a s 

6(t) = - [Mf /Qb(Lb) ]hg (Lb , t ) . (4.26) 

E q u a t i o n s (4.22) and (4.26) y i e l d t h e fol lowing p o - w e r - t o - b o i l i n g -
b o u n d a r y t r a n s f e r funct ion: 
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5 ( s ) _ 

q b ( s ) Q b ( L b 
; j^/^'D( . )e- (=/*«H^b-=<) , , 

^ T7S s i n ( b L b + c) - c o s ( b L b + c) - e b / 0 |-y-^g g i n c - c o s c } 

Q b ( L b ) b 1 + T^s^ 

= A , 
B2 + C2S - e " ' ^ 7 S ( j D ^ ^ E 2 S ) 

1 -f T 2 S 2 
(4.27) 

w h e r e 

A2 = 

B2 = 

C2 = 

D , = 

- a / [ Q g ( L b ) b ] , 

- c o s ( b L b + c ) . 

T^ s i n ( b L b + c) 

- c o s c , 

E 2 = T-j s i n c . 

a n d 

T , = L b / W g . 

F o r s i m p l i c i t y , E q . ( 4 , 2 7 ) i s w r i t t e n a s 

J(s) ^ A5 
q b ( s ) 1 + T 5 s ' 

( 4 . 2 8 ) 

- w h e r e 

A 5 = A w ( B 2 - D 2 ) , 

a n d 

T5 = ( B 2 - D 2 ) T | / C , 
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V. P R E S S U R E - T O - V O I D T R A N S F E R F U N C T I O N 

I n t h e a n a l y s i s of t h e p r e s s u r e - t o - v o i d t r a n s f e r f u n c t i o n , t h e p o w e r 
i s a s s u m e d t o r e m a i n c o n s t a n t . T h e f o l l o w i n g e q u a t i o n i s o b t a i n e d f r o m 
E q . ( 3 . 8 ) : 

SUgag Sag 

S X St H . iPsA so 

dHg 

dp + PwA 
d H w \ Ago d p . 

w^wo dp / Pg dp d t 

.K(x) iE. (5 .1 ) 

If t h e p r o c e d u r e u s e d i n s o l v i n g E q , (4 ,1) i s f o l l o w e d , t h e s o l u t i o n of 
E q . (5 ,1 ) i s 

^(s) D(x) 
Sp 1 + TgS j LUg(x) 

d x r -K(x.)e^^^^"')-^(^^>dx-, (5,2) 
^ L K 

I n E q . ( 5 , 2 ) , H v , Pw, Psi d H s / d p , d H w / d p , a n d d p s / d p a r e a s s u m e d 
c o n s t a n t . S i n c e Agg + A.v^g = A ( the t o t a l c h a n n e l c r o s s s e c t i o n ) , a d e t e r ­
m i n a t i o n of Agg i s s u f f i c i e n t . Agg(x) i s o b t a i n e d b y s o l v i n g E q . (3 .3 ) a t 
s t e a d y s t a t e . T h u s , 

d(AgoUo) Q b ( x ) 

d x H v ' 
(5.3) 

a n d 

A s o ( x ) 
1 

HvUo(x) 
Q b ( x ' ) d x ' 

Qb 
HvUo(x) 

D ( x ' ) d x ' (5.4) 

/ L b ' "^ ' ^ L b 

If Ug(x) i s a g a i n a s s u m e d c o n s t a n t , Agg(x) m a y b e r e w r i t t e n a s 

Q b ^ 
A s g ( x ) ^ — { c o s ( b L b + c ) - c o s ( b x - + - c ) } . (5 .5 ) 

n-vUgb 

S u b s t i t u t i n g E q . ( 5 .5 ) i n t o E q . (5 ,1 ) r e s u l t s i n 

Ap, 
K(x) . 

dHv 
dp 

H, 
1 + 

Qba 

A 
dp 

HvUob 

{cos(bL.]-,-I-c) - c o s ( b x + c ) } 

dHg _ ^ dH^ Ji^ _ d p , 

dp Pw dp PsPw dp 

Uo Uo 
K, K2 cos(bx-|- c ) , 

a a (5 .6 ) 



w h e r e 

a n d 

\ dp) ^^^-^K dp / 1 
K i = -1 P ^ ^ 

HvUg 

• cos (bLb- t - c) 

1 + 
Q b a / dHg Ps_ d H ^ H v dpg 

, d H w \ „ - , \ dp Pw dp P s P w dp 
A l - ^ 1 H ^U gb dp 

(5.7) 

a A p. 
w 

K , =- ( ^ ) 
HvUo 

1 +• 
Qb^ 

d H 
w 

dp 
HvUob 

tiHg _ Pg d H ^ H v _ dPg 

dp" " P T " dp PgP^ ~d j 

(5.8) 

If E q . ( 5 ,6 ) i s s u b s t i t u t e d i n t o E q . ( 5 , 2 ) , t h e p r e s s u r e - t o - v o i d t r a n s f e r 

f u n c t i o n i s 

[ V ( S ) / A ] 1 0 0 1 0 0 / A 1 r . ,^ , ^ f^ r -.^ . . ,^ , ^^ 

^ 9 U ) '' r T T ; 7 - - J ^ s i n ( b x + c ) d x j ^ {-Ki + K 2 C o s ( b x - + c ) } e 
(s/Uo)(x' - x ) 

dx' 

100 
1 + TQS A 

A3 J B3 + C3S - e ^ (D3-I-E3S) 

S ~ ^ 1 1 + T\S^ 

1 F3 + G3SI H3 + I3S 

s 1 4- T\S^ \ 1 -h r\s^ (5.9) 

w h e r e : 

A3 = 

B3 = 

C3 = 

D3 = 

E3 = 

F3 = 

G3 = 

H3 = 

[ K i / ( b V 5 ) ] { c o s ( b L - h c ) - c o s ( b L b + c ) } , 

[Ki / (b2T5)] c o s ( b L b + c ) , 

( K i / b ^ ) s i n ( b L b + c ) , 

[Ki / (b2T5)] c o s ( b L + c ) , 

( K i / b ^ ) s in(bL-i - c ) , 

( K Z / K I ) T5 • s i n ( b L b + c ) , 

( K 2 / K I ) T | • c o s ( b L b + c ) , 

[K2/ (4b2) ] { 2 b ( L - L b ) - s i n 2 ( b L - ^ c ) -h s i n 2 (bLb- f c ) } . 



a n d 

I3 = [K2/4b^)] T5 {cos 2 ( b L b + c ) - c o s 2 (bL-hc )} , 

F o r s i m p l i c i t y , Eq, (5,9) i s -writ ten a s 

[ V ( S ) / A ] 1 0 0 ^ 1 Avp 

s p ( s ) ~ 1 -h TgS 1 -h T , , ^ s ' 

-where 

a n d 

v p ' 

A ^ p = {F3(D3 - Bj) + H3 + C3 - E3 + T6D3} I O O / A , 

T^p = {F3(D3 - B3) + H3 + C3 - E3 + T 6 D 3 } / ( I 3 / T | + A3), 

(5,10) 

VI. P R E S S U R E - T O - B O I L I N G - B O U N D A R Y 
T R A N S F E R F U N C T I O N 

C h a n g e s of p r e s s u r e p r o d u c e d i f f e r e n c e s m the en tha lpy of s a t u r a t e d 
-water and c o n s e q u e n t l y c h a n g e the p o s i t i o n of the bo i l ing b o u n d a r y . 

F r o m Eq. (4.24), 

rLb 
% ( H w - H ^ f ) = Qb(x) dx, 

Jo 
(6.1) 

and the r e l a t i o n b e t w e e n the e n t h a l p y of the w a t e r and the bo i l ing b o u n d a r y 
v a r i a t i o n i s a s fo l lows : 

M f ( H w + h ^ - H ^ f ) = / Qb(x) dx, 
Jo 

(6.2) 

o r 

Mfhw = Q b ( L b ) 6 . (6.3) 

If the f e e d w a t e r m a s s f l o w r a t e i s n e g l i g i b l e m c o m p a r i s o n to t h a t 
of the r e c i r c u l a t i o n w a t e r , then the i n l e t w a t e r en tha lpy wi l l r i s e to H^̂ f̂ -I-
h.^ a f t e r r e c i r c u l a t i o n t i m e Tj. . The p r e s s u r e - t o - b o i l m g - b o u n d a r y t r a n s ­
fer funct ion i s t h e r e f o r e 
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5(s) ^ d H ^ ^ ^ f 1 - e ' ^ ^ r 

sp(s ) dp Qb(Lb) ' s 

- ^ ^ w ^ f T r _ A5p 

dp • Qb(Lb) ' 1 + sTj . ~ 1 + sT j . ' 
(6.4) 

-where 

_ dHw ^ f 
•6P = dp • Qb(Lb) • 

VII. B O I L I N G - B O U N D A R Y - T O - V O I D 
T R A N S F E R FUNCT ION 

T h e v a r i a t i o n of the bo i l ing b o u n d a r y wi l l c a u s e v a r i a t i o n s in the 
v o l u m e of s t e a m . The effect of the v a r i a t i o n of s t e a m p r o d u c t i o n at the 
bo i l ing b o u n d a r y wi l l a p p e a r a t p o s i t i o n x a f t e r t r a n s i t t i m e t(x). 

I nc lud ing the bubb le lag effect a s d e r i v e d in Sec t ion IV, the void 
f o r m a t i o n v a r i a t i o n of the bo i l ing b o u n d a r y c a n be deno ted by 

U o ( L b ) a s ( L b . s ) = - [ Q b ( L b ) 6 ( s ) ] / [ H v ( l + Tos)]. (7.1) 

T h e n the r e l a t i o n a t any p o s i t i o n x i s 

Uo(x)ag(x , s ) = - [ Q b ( L b ) / H v ] • [ 6 ( s ) / ( l + Tgs)] e" " t (^) . (7.2) 

F r o m Eq. (4.7) , t he m e a n v a l u e of the ef fect ive void c r o s s - s e c t i o n 
a r e a d e v i a t i o n i s g iven a s 

v (s ) =j- j a g ( x , s ) D ( x ) d x . (7.3) 
^ L b 

If E q s . (7.2) and (7.3) a r e c o m b i n e d , the b o i l i n g - b o u n d a r y - t o - v o i d 
t r a n s f e r funct ion i s 

v ( s l ^ _ Qb(Lb) _ 1 f^ D(x)_ ^ . g t ( x ) ^^ (,_4) 
6(s) H ^ L 1 + TgS J^ Uo(x) 

,T 

' L b 

Qb(Lb) 1 r^^ 
H ^ L • 1 + TgS I 

D [ x ( t ) ] e - s t dt , (7.5) 



w h e r e 

«L 

^'- I -̂ '̂ -
a n d 

a n d 

L b 

/>x(t) 

^ L b 

If t h e s t e a m v e l o c i t y i s a s s u m e d c o n s t a n t , E q . (7 .5 ) b e c o m e s 

v(s) Qb(Lb)a I r ^ , , .St , , 
-W>- - - l i J ^ - m - 7 si„(bU.t H- b L , + c) e =« dt; (7.7) 

Jo 

[ V ( S ) / A ] 1 0 0 _ 1 100 ^ B4 -h C4S - e ^ (D4-hE4s) 
TT—̂  — ~ • — ; : — • A 4 • — ; ( 7 . 8 ) 
6(s) 1 + TgS A 1 + r\s^ 

- w h e r e : 

A4 - - [ Q b ( L b ) a T i ] / ( H v L ) , 

B4 = c o s ( b L b + c ) , 

C4 = T5 s i n ( b L b + c ) , 

D4 = c o s ( b L -t- c ) , 

a n d 

E4 = T5 s in (bL- | - c ) . 

F o r s i m p l i c i t y , E q , ( 7 ,8 ) c a n b e r e - w r i t t e n a s 

[ V ( S ) / A ] 1 0 0 / 6 ( s ) = [ l / ( l + T g s ) ] - [ A v 6 / ( l + ^ v 6 s ) ] . ("7.9) 

• w h e r e 

A v 6 = A 4 ( B 4 - D 4 ) , 

a n d 

'^v6 = ' ^ i ( B 4 - D 4 ) / C 4 . 
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VIII. H E A T - F L U X - T O - S T E A M - M A S S T R A N S F E R FUNCTION 

A s m e n t i o n e d in S e c t i o n IV, qb(x, t ) i s the e x p e n d i t u r e of e n e r g y for 
the f o r m a t i o n of s t e a m . The d e v i a t i o n of the s t e a m f o r m a t i o n r a t e 6nas(x, t ) 
c a n be e x p r e s s e d a s foUo-ws: 

o r 

a n d 

6rhg(x , t ) = q b ( x , t ) / ( H g - H w ) , 

6 m s ( x . s ) = qb (x , s ) • l / ( l + Tos) • l / ( H g - H ^ ) , 

(8.1) 

(8,2) 

6 m ( s ) 
%{s) 

H g - H ^ I + TgS 

, L 

' L b 

D ( x ) d x 

%(^) 
H g - H ^ 1 + TgS b 

1 a 
-- [ c o s ( b L b + c) - cos (bL- t - c ) ] . (8.3) 

w h e r e 6 m g ( s ) i s t he r a t e of s t e a m - m a s s v a r i a t i o n for one fuel rod . The 
t o t a l r a t e of s t e a m - m a s s v a r i a t i o n , m g ( s ) , in the v e s s e l i s t hus 

m g ( s ) 
1 + TgS (Hg - H w ) b 

+ nboqbo(s){cos(bLbo+ c) - c o s ( b L + c)}J 

[ n b i q b i ( s ) { c o s ( b L b i + c ) - cos (bL-hc)} 

(8,4) 

IX. S T E A M - M A S S - T O - P R E S S U R E T R A N S F E R FUNCTION 

F r o m R e f e r e n c e (3), t he s t e a m - m a s s - t o - p r e s s u r e t r a n s f e r funct ion 
i s s i m p l i f i e d to 

sp(s ) 1 + s T . 1 + Tj-s 

w h e r e 

m s ( s ) 

Ms 

P 

"H 1+ s 
\ 

M g 

M g 

7 \ 

S0g ^ S 

Sp ' Hg 

S0g ^ ^ 

Sp ' Hg 

- ^ p m 

Sp_ 

S H W 

^P 
- H ^ 

-F 

1 + -^pm^' 

H ^ ^ w 
Sp 

H g - H ^ 

(9 .1 ) 

(9.2) 



a n d 

Apm = V^> 

T p m (7 /^ ) T^. 
(9.3) 

X. P R E S S U R E - T O - W A T E R - T E M P E R A T U R E T R A N S F E R FUNCT ION 

The s a t u r a t i o n t e m p e r a t u r e of the -water in the bo i l ing r e g i o n is 
a l s o c h a n g e d by p r e s s u r e v a r i a t i o n s . Af te r the p r e s s u r e dev i a t i on o c c u r s , 
the c o r e - i n l e t -water t e m p e r a t u r e -will change . T h i s effect wi l l a p p e a r in 
the nonbo i l ing r e g i o n a f t e r Tj- s e c o n d s . 

The ef fec t ive v /a te r t e m p e r a t u r e v a r i a t i o n i s g iven by 

w j jyoy 

' • ' ' L b 

.(s) = D(x)dx+ e"^"^^ • f D(x) dx (10.1) 

and the p r e s s u r e - t o - - w a t e r - t e m p e r a t u r e t r a n s f e r funct ion b e c o m e s 

w (s) S 

P(s) 
-w a 

Sp ' Lb 

s T , 
{cos(bLb-f c) - cos(bL-h c)}-1- e ^ {cos c - cos(bLb-f c) } 

-w 
Sp 

1 + sT j . {cos(bLb-f c) - c o s ( b L + c ) } ( a / b L ) 

1 + Tj.s 
(10.2) 
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XI . P O W E R - T O - W A T E R - T E M P E R A T U R E T R A N S F E R 
F U N C T I O N F O R B O I L E R C O R E 

A s d i s c u s s e d i n S e c t i o n I V , s o m e p o r t i o n of t h e h e a t e n e r g y f l u c t u a ­
t i o n in t h e b o i l i n g r e g i o n i s s p e n t in s u p e r h e a t i n g t h e w a t e r . F r o m t h i s i t 
m u s t b e a s s u m e d t h a t t h e w a t e r e n t h a l p y i n t h e b o i l i n g r e g i o n c a n r i s e a b o v e 
t h e s a t u r a t i o n e n t h a l p y . In t h e n o n b o i l i n g r e g i o n , t h e e f f e c t s of v a r i a t i o n in 
h e a t f l u x on t h e t e m p e r a t u r e f l u c t u a t i o n do n o t i n c l u d e t h e e f f e c t of s u p e r ­
h e a t i n g of w a t e r . 

If E q s . ( 3 . 1 ) , ( 3 . 2 ) , ( 3 . 3 ) , ( 3 . 4 ) , a n d (4 .4) a r e c o m b i n e d , t h e f o l l o w i n g 
e q u a t i o n fo r t h e b o i l i n g r e g i o n r e s u l t s : 

Sh 
A w P w W -w 

S: + A ^ , P ^ W w ' -w St 9b (11 .1 ) 

T h e s t e a m m a s s i s n e g l i g i b l e c o m p a r e d to t h e w a t e r m a s s ; t h e r e f o r e , 
A-w, P-w a n d W a r e a s s u m e d c o n s t a n t . T h e e n t h a l p y f l u c t u a t i o n , h^^v; i^ p r o ­
p o r t i o n a l to t h e t e m p e r a t u r e f l u c t u a t i o n , 6y^. I n t h i s s e c t i o n , a n a v e r a g e c o n ­
s t a n t v a l u e of W i s u s e d ( r e p r e s e n t e d a s W ) . In a d d i t i o n , t h e s u b s c r i p t 1 
r e f e r s t o t h e b o i l i n g z o n e , a n d t h e s u b s c r i p t 2 r e f e r s t o t h e s u b c o o l e d z o n e . 
T h u s , a f t e r E q . ( l l . l ) i s L a p l a c e t r a n s f o r m e d , t h e folio-wing e q u a t i o n c a n b e 
w r i t t e n f o r t h e b o i l i n g z o n e : 

S0 
w i 1 

S0 
w i 

St = K' 9 b 
T n S 

1 + TgS ' 
(11 .2 ) 

w h e r e 

a n d 

K- = K " / ( A w P w W ) , 

K" = 0wiAw. 

If t h e s a m e p r o c e d u r e a s t h e o n e i n S e c t i o n IV i s u s e d , t h e f o l l o w i n g 
t r a n s f e r f u n c t i o n i s o b t a i n e d : 

Q w i ( s ) _ K' TgS 

•qb(s) L 

L 
^ . — l i ^ f D(x)dx f D(x') 
^ ^ + -"OS JLb JLb 

% ( x . ) e ( ^ / ^ ) ( - ' - - ) 

T n S 

1 + ^os 

Bg + C5S + D ^ e " ^95 ^ 1 + e " ''>'' (E5 + F5S) 

l + Tfs^ H+rls')' 

(11 .3 ) 
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w h e r e 

A5 = K ' a ^ T g / L b , 

Be = - — { s i n ^ ( b L + c) + s i n ^ ( b L u + c)}, 
2 

C5 = TJZ - ( T 8 / 4 ) { s i n 2 ( b L + c) - s i n 2 ( b L b + c)}, 

D5 = s in (bLi + c) s i n ( b L i ^ + c ) , 

E5 = - c o s ( r g / T 8 ) 

F5 = - T g s i n ( T 9 / T 8 ) 

T8 = l / W b , 

a n d 

Tg = b ( L - L i - , ) /Wb = b ( L - L | 3 ) T 

F o r s i m p l i c i t y , E q . ( 1 1 . 3 ) i s s t a t e d a s 

Q w i ( s ) ^ ^ o s A 0 q i 

8-

w h e r e 

a n d 

q b ( s ) 1 + T-QS 1 + T g q j s ' 

A Q q i = A s ( B 5 + D 5 + E 5 + l ) , 

^ 0 q i = ( B 5 + D 5 + E 5 + I ) T I / C S . 

A t t h e n o n b o i l i n g r e g i o n , E q . ( l l . 2 ) b e c o m e s 

'be..,. 1 ae 'w2 1 

Sx Wo at 
W 2 

K ' 
% • 

(11.4) 

(11.5) 

If t h e s a m e p r o c e d u r e a s the one above i s u s e d , the foUov/ing t r a n s f e r 
funct ion i s o b t a i n e d : 

' W 2 (s ) K 

qh(s ) LW, 
^|^'D(x)dxJ%(V)e<'/*«'('''-=''dx. 

= A , 
Be + CfcS + D ^ e " ^11^ 1 + e ' ' ^ i i s (E^ + Ffes) 

— + — 
1 + rfos" (1 + TfoS^) 2\2 

( 1 1 . 6 ) 
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w h e r e 

Ae = K - a ^ T e ^ L b ) , 

Be = -—{sin^(bLb + c) + sin^ c } , 

C6 = T11/2 - ( T 10/4){sin 2(bLb + c) - s in 2c} , 

De = s i n ( b L b + c) s in c, 

Ee = - C O S ( T I I / T I O ) 

^6 = -"̂ 10 s i n ( T i i / T i o ) 

Tio = l /Wob , 

a n d 

10-Til = b L b / W o b = bLb-^i 

F o r s i m p l i c i t y , E q . ( I I . 6 ) is w r i t t e n a s 

•'W2 ( s ) ^ AQ 

qb(s) 1 + '7"eq2S ' 

•where 

A0q2 = A6(B6 + D6 + E 6 + 1 ) 

3 i _ , (11.7) 

a n d 

T0q2 = (B6 + D 6 + E 6 + l ) T f o / C 6 . 

XII. P O W E R - T O - F U E L - T E M P E R A T U R E T R A N S F E R 
F U N C T I O N F O R BOILING CORE 

The d i f f e r e n c e b e t w e e n h e a t g e n e r a t i o n and h e a t e n e r g y t r a n s f e r r e d 
to w a t e r a c c o u n t s for t h e t e m p e r a t u r e d e v i a t i o n , Of, of a fuel r od , a s 
fo l lows : 

d0f (x , t ) 
C f — ^ ^ = [qg(t) - q b ( t ) ] D ( x ) . ( l 2 . l ) 



If the Laplace t r ans fo rm method is used, the effective average fuel 
t empe ra tu r e deviation, %, is de termined as follows: 

q„(s) - qK(s) r^ 
s0f(s) = - 1 ^ - i — ^ ^ - 1 / {D(x)}2dx. (12.2) 

^i^ Jo 

F r o m Eq. (12.2), 

Qf (s) _ (1 - 'q^(s)/qg(s)}a^ [ L sin 2(bL + c) - sin 2 L " [ 
qg(s) ~ CfLs 1 2 ' 4b J " 

(12.3) 

XIII. POWER-TO-FUEL-TEMPERATURE TRANSFER 
FUNCTION FOR SUPERHEATER CORE 

T e m p e r a t u r e s in the superhea te r core a r e analyzed in t'wo regions: 
s team flow up and s team flow down (i .e . , f i rs t pass and second pass ) . The 
t rans fe r function is calculated by using average values of these t'wo p a s s e s . 

In the superhea te r co re , the fuel tenaperature only has an effect on 
the react iv i ty . If the t he rma l r e s i s t ance of the s ta in less s teel cladding is 
neglected, fuel t e m p e r a t u r e s may be calculated from the following re la t ions : 

C s f - ^ - qsfj - h(0sfj - 0ss j ) . (13.1) 

= h(0sfj " ^ssj 

(13.2) 

~ S S 1 S S 1 

-^ssCgsj Pssj g^ + ^ s s ^ s s j ^ s s j ^ s s j ^ ^ ~ 1^'^sfj " ^SSJ^' 

where j(= 1 or 2) co r responds to the f irs t and second p a s s e s . 

The p r e s s u r e drop in the superhea te r core is negligible and the m a s s 
flow ra te of the superheated s team is a s sumed constant. Thus, 

-n ( ^ 1 r qsf(B)D'(x)/h+ 0SS1 ,, , ^ ^.... 
0sfi(s)=-j m—s D'(x)dx, (13.3) 

and 

«.,,(., . ± r" ̂ sf(s)DMA . ess. ^^^ „3,^, 
L / 1 + T12S 
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w h e r e 

a n d 

D ' ( x ) = a s i n ( b L + C - b x ) , 

'^12 = C g f / h . 

If t h e L a p l a c e t r a n s f o r m m e t h o d i s u s e d , E q . ( l 3 . 2 ) i s r e p l a c e d by 

1 q s f i ( s ) d 0 s s i ( x , s ) J s ^ ( h T i 3 / K s i ) s I ^ 

d x U s s i 1 + --n 
s s i = 7 - - ; • " - T T — D ' ( x ) , 

1 + i ,2S K s i 

U3.5) 
a n d 

d 0 s s 2 ( x , s ) 

d x U S S 2 

( h " i 2 / K s 2 ) s 

1 + T12S 

qsfzls) 
^ S S 2 

1 + T"l2S K 
• D ( x ) , 

s ? 

(13.6) 

- w h e r e 

a n d 

K s i - - ^ s s C s s i ' ^ s s i ' - ' s s i . 

K^S2 - - ^ S s C s S 2 SS1^SS2. 

T h e s o l u t i o n s f o r 0 s s i ( x , s ) a n d 9 s s 2 ( x , s ) a r e a s f o l l o w s : 

S s s i ( x , s ) 
q s f ( s ) 

( 1 + r i 2 s ) K s i 
D ' x ' e 

. . ( . • ( x ' ) - t . ( x ) l ^ ^ , ^ ^ ( 13 .7 ) 

a n d 

^ s s 2 ( x , s ) 
q s f ( s ) 

( 1 + T i2 s )K s2 
0 ( , . ) e ^ t . ' ( x - ) - f ( x ) } ^ ^ , , e 3 3 . ( l . . s ) . 

: i 3 . 8 ) 

w h e r e 

f ( x ) = 
U 

3 ( h T i 2 / K 3 i ) s ' 
+ —r-.—:: Mx, 

s s i 1 + T, , s -}• 
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a n d 

t"(x) = 
U 

s (h 
+ 

S S 2 

^ 1 2 / K S 2 ) S 1 . , 

1 + T12S J 

The t e m p e r a t u r e dev ia t ion of s a t u r a t e d s t e a m , ©ss in (̂ -t the f i r s t 
p a s s in le t ) , i s n e g l i g i b l e . If the s u p e r h e a t e d s t e a m v e l o c i t i e s , U s s i and 
Us32, a r e a s s u m e d c o n s t a n t s , the t r a n s f e r funct ions a r e 

0sfi(s) _ 1 

qsf(s) L •'[r^-"-.IT^^^r-'^'' 
^ { t ' ( x ' ) - t ' ( x ) } ^ ^ , 

(13.9) 

a n d 

Qsf2(s) 

q 3 f ( s ) 
_1_ 

L 

- L r 
1/h 

•D(x)^ + 
D(x) 

1 + T12S K s 2 ( l + T i 2 s ) ' 

• , ,. { t " ( x ' ) - t " ( x ) } , 
D ( x ' j e d x ' 

D ( x ) 0 s s i ( L s ) 

( 1 + T i 2 s ) q g ^ ( s ) _ 
d x . 

w h e r e 

t ' ( x ) - a , s x 

t " ( x ) = a ? s x 

_ | l / U s s i + ^ i 2 h / K s i + ( r i 2 / U s s i ) s ' 

~ 1 1 + T12S ; 

- ( / 3 i + 7 i s ) s x / ( l + T12S), 

_ n / U s s 2 + '^i2h/Ksi + ( ^ i 2 / U s s 2 ) s l 

I 1 + ri2S J 

= ( ^ 2 + 7 2 s ) s x / ( l + T i 2 s ) , 

"sx 

s x 

( 1 3 . 1 0 ) 

( 1 3 . 1 1 ) 

( 1 3 . 1 2 ) 

a n d 

D ( x ) e s s i ( L . s ) _ D(x ) 
-L 

1 + T i 2 s ) q 3 f ( s ) ( 1 + T I 2 S ) 2 K 3 I 

^ , ( ^ ) J t - ( x ) - t ' ( L ) } ^ ^ _ (13.13) 

If Ks i — Ks2, the t r a n s f e r function for power g e n e r a t i o n r a t e to a v e r a g e 
s u p e r h e a t e r fuel t e m p e r a t u r e is 
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0s f (^ ) {Qsf i ( s ) + e s f 2 ( s ) } / 2 

^ f s q s f ( s ) 

Ay J C v + D v s + e ' ^ i ^ ^ ( E 7 + F 7 S ) 

G7 + H^s^ + e ' ' ^ ^ ^ ^ ( l 7 + J 7 S +K7S^) 
(13.14) 

w^here 

a J L s i n 2c - s i n 2 ( b L + c) 

H g L I 2 4 b 

B7 = a y ( K 3 i L b 2 ) , 

C7 = [ c o s ^ c - c o s c c o s ( b L + c ) ] / 2 , 

D7 = (cCi/b) { L b / 2 + [2 s i n 2 c - s i n 2 ( b L + c) - 2 s i n c c o s ( b L + c ) ] / 4 }, 

E7 = [ c o s ^ ( b L + c) - c o s c c o s ( b L + c ) ] / 2 , 

F7 = ( a - i / b ) { c o s ( b L + c) s i n ( b L + c) - c o s c s i n ( b L + c) } / 2 , 

G7 = {cos^c + c o s ^ ( b L + c ) } / 2 , 

H7 ::: - ( a y 2 b ^ ) { s i n ^ c + s i n ^ ( b L + c ) } , 

I7 = - c o s c c o s ( b L + c ) , 

J7 = -(c<-i/b) s i n b L , 

a n d 

K7 = {ctl/h^) s i n c s i n ( b L + c ) . 

F o r s i m p l i c i t y , E q . ( 1 3 . 1 4 ) i s w r i t t e n 

Qsf(^) A 3 

q s £ ( s ) 1 + TgS ' 

w h e r e 

A s = A7 + 6 7 ( 0 7 + E 7 + G 7 + I 7 ) , 

a n d 

Tg = Ti2{A7 + 6 7 ( 0 7 + E 7 + G7 + l7)} /A7. 

( 1 3 . 1 5 ) 



XIV. N U M E R I C A L CONSTANTS, BLOCK DIAGRAM, 
AND A N A L Y T I C A L R E S U L T S 

In the a n a l y s i s p r e s e n t e d h e r e , the p r o m p t n e u t r o n l i f e t i m e , JL*, and 
the effect ive d e l a y e d n e u t r o n f r a c t i o n , j3, w e r e assunned to be 2.7 x 10" and 
0 .0071 , r e s p e c t i v e l y . The r e m a i n i n g d e l a y e d n e u t r o n p a r a m e t e r s a r e p r e ­
sen t ed in T a b l e 14 .1 . 

T a b l e 14.1 

D E L A Y E D N E U T R O N P A R A M E T E R S 

^ i ^ i 

1 
2 
3 
4 
5 
6 

0.0129 
0.0317 
0.115 
0.311 
1.4 
3.88 

0.000270 
0.001512 
0.001335 
0.002889 
0.000909 
0.000185 

E x p e r i m e n t a l l y , t h r e e c a s e s of r e a c t o r o p e r a t i n g m o d e s w e r e con­
s i d e r e d : l) n a t u r a l convec t ion at v a r i o u s m e a n power l e v e l s ; 2) fo r ced con ­
v e c t i o n (10,000 gpm) at v a r i o u s m e a n p o w e r l e v e l s ; and 3) 20-MW naean 
power l eve l wi th v a r i o u s f o r c e d - c o n v e c t i o n flow r a t e s . The v e s s e l p r e s s u r e 
w a s a s s u m e d c o n s t a n t at 600 p s i . F o r c a l c u l a t i o n of the f o r c e d - c o n v e c t i o n 
c a s e s , a cons t an t va lue of 1.5 w a s u s e d for the s l ip r a t i o in t h e boi l ing c h a n ­
ne l . The flo^w r a t e of both -water and s t e a m v e r s u s b o i l e r hea t flux for the 
n a t u r a l - c o n v e c t i o n c o r e w a s c a l c u l a t e d with the R E C H O P Codev4) as shown 
in F i g . 1 4 . L The c o r e g e o m e t r y is t a k e n f rom A N L - 6 3 0 2 (5) 

-

-

-

1^ 

/ ' 

• ^ 1 1 

X 
/ 

1 1 

H = 

/ 

1 

.6 

^ / H = I.6 

•^Ws 

I I I : 

4 9 ROD ASSEMBLY 

4° F SUBCOOLING 

"^^C^ 
^ ~~~-—-

^ ^ 
/ H = I , 1.6, 2.2 

1 1 1 1 1 1 1 1 1 1 1 1 1 
200 300 

HEAT FLUX X 10"^ (Btu/fl^ tlr) 

Fig. 14.1. Calculated Results for Various Natural-convection Flow Rates 



F i g u r e 14.2 i s the r e s u l t i n g b lock d i a g r a m for the r e a c t o r s y s t e m 
a n a l y z e d in t h i s r e p o r t , w h e r e CL^, (X^, and (Xj a r e the l o c a l - t o - a v e r a g e 
power g e n e r a t i o n r a t i o s in the inne r b o i l e r c o r e , the ou t e r b o i l e r c o r e , 
and the s u p e r h e a t e r c o r e , r e s p e c t i v e l y . T a b l e 14.2 l i s t s the p h y s i c a l con­
s t a n t s u s e d in the t r a n s f e r funct ions d e r i v e d above . 
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- '̂ Os - 8 „ / q „ ( s ) 

9, (5)/q,(s) [ 

ZERO 
POWER 

KINETICS 
A N / N 

A K 

Koi 

uAg 

- i^e., 

0wio/q 8^ 

9.2,/Qb K8wi 

oAb -

,(s)/qb(s) - | 

, (s) » 100^ 

Vi(s)xl00 , 

i /^b 

„(s) xlOO , 

O^ 8,(s)/q^(s) 

,(s)/q|,(s) 

- 8i(s)/s| 

So (s)/sp 

K„ 

DO/ 

ai = Qgi/N 

02 = Qgo/N 

05 = Qgs/N 

p(s)/m (s) 

F i g . 14.2 

S y s t e m Block D i a g r a m 

X (Btu/fthr°F) 

K (ft^/sec) 

H- ' 
r + dc/Xc + 1/hf 

r* (fthrT/Btu) 

He" (ft) 

Xc''' (Btu/fthr°F) 

hf (Btu;ft^hr°F) 

R (ft) 

(Btu ft2hr°F) 

0.9 

5.4 X 10"' 

1860 

0.0OO2 

0.00125 

7.45 

6000 

0.0143 

• r: Thermal resistance of UO2 pellet to cladding, 

• • d ^ : Thickness of stainless steel cladding. 

Xc: Thermal conductivity of cladding. 

Table 14.2 

PHYSICAL CONSTANTS 

r 

Qgs/Qg 

A (ft2) 

0.03 

17/83 

0.0012174 

L (ft) 

Ps (Ib/ft3) 

/5w ( Ib / f t ^ 

Hv (Btu;ft3) 

rA„ (lb) 

Ms (lb) 

2 

1.2997 

49.704 

924.04 

8350 

149 

Hs-Hw (Btu; lb) 

a H j / d p (Btu/psi- lbl 

a H j j / a p (Btu/psi-ib) 

a ^ j / a p (ib;ft3-psi) 

a S s / a p ("F/psi) 

a 

b 

c 

732.58 

-0.01772 

0.20755 

0.002247 

0.17845 

1.33637 

1.24 

0.52576 



T h i s a n a l y s i s w a s done for two a s s u m e d v a l u e s of a v e r a g e void coef 
f i c i e n t s , u s ing the a v e r a g e r e a c t i v i t y coef f ic ien t s l i s t e d in T a b l e 14 .3 . The 
r a t i o of the ind iv idua l coe f f i c i en t s for the inner and o u t e r boi l ing c o r e s w a s 
a s s u m e d to equa l the r a t i o of the m e a n n e u t r o n f luxes in t h e s e two r e g i o n s . 

Fuel teiTtperature 
coefficient (Doppier) 

Water temperature 
coefficient 

Void coefficient 

Table 14.3 

REACTIVITY COEFFICIENTS FOR BOILING AND 
SUPERHEATING CORE REGIONS 

Average 

-1.8 X 10-5 AI</°F 

-IxlO-^Ak/OF 

•3xlO-3Ak/%void 

.-4.5 X 10-3 Ak/% void 

Boiling Core Regions 

Inner Core Outer Core 

- l x lO-5Ak/OF 

-0.6 xlO-^Ak/OF 

-1.68 X 10-3 Ak/% void 

-2.52 X 10-3 Ak/% void 

-0.8 xlO-5Ak/OF 

-0.4 xlO-^Ak/OF 

-1.32 x 10-3 Ak/% void 

-1.98 X 10-3 Ak/% void 

Superheating 
Core Regions 

-0.6 X 10-5 Ak/°F 

T h e a n a l y t i c a l r e s u l t s a r e shown in F i g s . 14.3 to 14.8. 

0 0 0 1 0 2 0 5 I 
FREQUENCY, ops 

F i g . 14.3 . C a l c u l a t e d T r a n s f e r F u n c t i o n at V a r i o u s 
P o w e r L e v e l s ; N a t u r a l Convec t ion ; Void 
Coeff ic ient : 3.0 x 10"^ Ak/% Void 
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F i g . 14.4. C a l c u l a t e d T r a n s f e r F u n c t i o n at V a r i o u s 
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CONCLUSIONS 

F r o m F i g s . 14.3 to 14.8, the a n a l y t i c a l r e s u l t s show tha t B O R A X - V , 
wi th a c e n t r a l s u p e r h e a t e r c o r e , h a s the fol lowing c h a r a c t e r i s t i c s : 

1, In n a t u r a l - c o n v e c t i o n cool ing , t he r e s o n a n c e f r e q u e n c y i s h igh ly 
d e p e n d e n t on t h e po-wer l e v e l ; for f o r c e d - c o n v e c t i o n coo l ing , the r e s o n a n t 
f r e q u e n c y v a r i e s l e s s -with po^ver t han -with flo-w r a t e . U s u a l l y the r e s o n a n c e 
f r e q u e n c y of a bo i l ing r e a c t o r depends on the void t r a n s i t t i m e , so tha t the 
above r e s u l t shou ld be e x p e c t e d . 

2, I n c r e a s e s in vo id coef f ic ien t t e n d to d e c r e a s e s t ab i l i t y . S ince 
the r e s o n a n c e i s c a u s e d by bubble f o r m a t i o n l a g s in the feedback , t h i s 
r e s u l t w a s a l s o e x p e c t e d b e f o r e a n a l y s i s . 

3, F o r f o r c e d - c o n v e c t i o n coo l ing , t h e v a l u e s of p e a k gain i n c r e a s e 
•with m e a n po-wer l e v e l a t c o n s t a n t c i r c u l a t i o n r a t e . Ho-wever, for n a t u r a l 
c i r c u l a t i o n , the p e a k ga in does not i n c r e a s e m o n o t o n i c a l l y wi th pov/er a s i t 
does in f o r c e d convec t ion . The r e s u l t s sho-w, for e x a m p l e , t h a t the 5-MW 
p e a k i s h i g h e r t h a n tha t a t 10 MW, -while for p o w e r l e v e l s g r e a t e r t han 
10 MW, the p e a k ga in for the n a t u r a l - c o n v e c t i o n c a s e i n c r e a s e s vi^ith p o w e r . 
The l a t t e r c a n be e x p l a i n e d by the folio-wing e f f ec t s : 

(a) F i g u r e 14.1 shows tha t the s t e a d y - s t a t e w a t e r - c i r c u l a t i o n 
r a t e d e c r e a s e s v e r y r a p i d l y a s the s t e a d y - s t a t e po-wer i s d e c r e a s e d belo-w 
10 MW. The a s s u m e d e x t r a p o l a t i o n shows tha t s l ip r a t i o a l s o d e c r e a s e s 
wi th d e c r e a s i n g p o w e r l e v e l . F o r e x a m p l e , the w a t e r c i r c u l a t i o n r a t e a t 
5 MW i s l e s s t han half t he v a l u e a t 10 MW. S i m i l a r l y , the v a l u e s of s l ip 
r a t i o a t 5 and 10 MW a r e c a l c u l a t e d ( e x t r a p o l a t e d ) to be 1.4 and 2 .0 , r e ­
s p e c t i v e l y . F o r the above r e a s o n s , the p o w e r - v o i d , po-wer-boi l ing b o u n d a r y , 
and the bo i l ing b o u n d a r y - v o i d t r a n s f e r func t ions a r e n e a r l y i d e n t i c a l in the 
r a n g e f r o m 5 to 10 MW. 

(b) T h e p a r t of t h e f eedback loop tha t i s af fec ted, h o w e v e r , a s 
p o w e r i s i n c r e a s e d f r o m 5 to 10 MW i s c o m p o s e d of the fol lowing two p a r t s : 
( l ) the p r e s s u r e - b o i l i n g b o u n d a r y t r a n s f e r funct ion , and (2) the bo i l ing 
b o u n d a r y - v o i d t r a n s f e r funct ion. The p r o d u c t of the above t-wo t r a n s f e r 
func t ions w a s found to have a m u c h l a r g e r ga in and s o m e w h a t h i g h e r p h a s e 
l ag a t 5 MW t h a n a t 10 MW. T h u s , t he i n d i c a t e d ef fec ts of p o w e r l e v e l on 
p e a k ga in of the o v e r a l l t r a n s f e r funct ion a t the l o w e r p o w e r l e v e l s for the 
n a t u r a l c o n v e c t i o n c a s e can be s u m m a r i z e d a s fo l lows : The d y n a m i c 
r e s u l t s d e p e n d h e a v i l y on the s t e a d y - s t a t e m o d e l a s s u m e d . It i s a d m i t t e d 
tha t the c a l c u l a t e d s t e a d y - s t a t e r e s u l t s had to be e x t r a p o l a t e d a t the lo-wer 
p o w e r l e v e l s (below 10 MW), wh ich gave r i s e to the ef fec ts d e s c r i b e d 
above . 



4, In f o r c e d - c o n v e c t i o n coo l ing , the coo lan t flow r a t e i s one of 
the i m p o r t a n t f a c t o r s for s t ab i l i t y . A d e c r e a s e in coo lan t flow r a t e t e n d s 
to d e c r e a s e s t ab i l i t y . 

5. The v a l u e s of p e a k ga in at h i g h - p o w e r o p e r a t i o n a r e not too 
d i f f e ren t f r o m the c a s e s of n a t u r a l - c o n v e c t i o n cool ing and 10,000 gpm 
f o r c e d - c o n v e c t i o n coo l ing a t equa l p o w e r l e v e l s . The r e a s o n for th i s c a n 
be e x p l a i n e d a s fo l lows: 

F o r the a n a l y s i s of f o r c e d - c o n v e c t i o n coo l ing , the c a l c u l a t e d 
s l ip r a t i o i s a s s u m e d to be s m a l l e r t han the c a l c u l a t e d s l ip r a t i o for n a t u r a l 
c o n v e c t i o n a t h igh po-wer l e v e l s . H e n c e , in th i s a n a l y s i s , the void v o l u m e 
i n s i d e the c o r e i s not too d i f fe ren t f r o m n a t u r a l - c o n v e c t i o n cool ing and 
1 0 , 0 0 0 - g p m , f o r c e d - c o n v e c t i o n coo l ing . The w a t e r - f l o w v e l o c i t y for 
1 0 , 0 0 0 - g p m , f o r c e d c o n v e c t i o n i s t h u s l a r g e r than tha t for n a t u r a l 
convec t ion . 

In the a n a l y s i s , the ef fects due to the s m a l l d i f f e r e n c e s in the 
void v o l u m e in the c o r e and the l a r g e d i f f e r e n c e in the w a t e r t e m p e r a t u r e 
in the c o r e c a n c e l e a c h o t h e r for the c a s e of n a t u r a l - c o n v e c t i o n cool ing and 
1 0 , 0 0 0 - g p m , f o r c e d - c o n v e c t i o n coo l ing . 

In a c t u a l i t y , the s l ip r a t i o i s not c o n s t a n t for f o r c e d convec t i on , 
but m a y i n c r e a s e -with o p e r a t i n g po-wer. The r e s o n a n c e p e a k v a l u e -would 
t h u s d e c r e a s e , and r e s o n a n c e f r e q u e n c y -would i n c r e a s e -when c o m p a r e d -with 
the a n a l y t i c a l r e s u l t s for the c a s e of 1 0 , 0 0 0 - g p m , f o r c e d convec t i on p r e ­
s e n t e d h e r e i n . 

T h e ob jec t of t h i s a n a l y s i s w a s to e s t i m a t e the s t ab i l i t y of BORAX-V 
wi th a c e n t r a l s u p e r h e a t e r c o r e be fo re a c t u a l o p e r a t i o n . A n a l y t i c a l r e s u l t s 
sho-w t h a t BORAX-V wi th a c e n t r a l s u p e r h e a t e r c o r e will have s t a b l e c h a r ­
a c t e r i s t i c s u n d e r the d e s i g n e d o p e r a t i n g cond i t i ons of po-wer, p r e s s u r e , and 
flow. 

A C K N O W L E D G M E N T 

T h e a u t h o r g r a t e f u l l y ackno-wledges the d i s c u s s i o n s wi th and s u g ­
g e s t i o n s m a d e by F . W. T h a l g o t t , R. E. R i c e , D. H. Shaf tman , R. A. C u s h -
m a n , and Da le M o h r . S p e c i a l t h a n k s a r e due to H. N a k a m u r a who w r o t e 
the t r a n s f e r - f u n c t i o n c a l c u l a t i n g code for the I B M - 1 6 2 0 . 
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