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T H E R M A L HYDRAULIC P E R F O R M A N C E 
C H A R A C T E R I S T I C S O F EBWR 

(0 to 100 Mwt) 

by 

Michae l P e t r i c k and E. A. Spleha 

I. INTRODUCTION 

The E x p e r i m e n t a l Bo i l ing W a t e r R e a c t o r ( E B W R ) w a s o r i g i n a l l y 
d e s i g n e d a s a p r o t o t y p e r e a c t o r to p r o d u c e 20 Mw of h e a t in the f o r m of 
6 0 0 - p s i g s t e a m . The o r i g i n a l r e a c t o r s y s t e m is shown in F i g . 1. The 
d e s i g n p o w e r of 20 Mwt w a s r e a d i l y e x c e e d e d . M o r e o v e r , a f t e r a s e r i e s 
of e x t e n s i v e s t a b i l i t y t e s t s , the r e a c t o r wi th the 4 - f t - d i a m e t e r c o r e a t ­
t a i n e d a p o w e r l e v e l of 61.7 Mwt. 

On the b a s i s of da ta f r o m t h e s e t e s t s , a d e c i s i o n w a s m a d e to a t ­
t e m p t to i n c r e a s e the p o w e r l e v e l to 100 Mwt. A p r e l i m i n a r y d e s i g n s tudy 
w a s c a r r i e d out to e s t i m a t e the p r o b a b l e p e r f o r m a n c e c h a r a c t e r i s t i c s and 
to e x p l o r e s o m e of the m a j o r p r o b l e m s tha t m i g h t be e n c o u n t e r e d d u r i n g 
o p e r a t i o n a t 100 Mwt. The s u c c e s s f u l o p e r a t i o n of the EBWR c o r e a t 
61.7 Mwt w a s u s e d a s a b a s i s for c o m p a r i s o n . The r e s u l t s of t h i s s tudy 
i n d i c a t e d tha t the r e c i r c u l a t i o n flow r a t e s wi th in the r e a c t o r would have 
to be i n c r e a s e d s u b s t a n t i a l l y in o r d e r to m i n i m i z e the s t e a m - v o i d f r a c t i o n 
in the c o r e . A s a r e s u l t , the m o d i f i c a t i o n of the EBWR i n t e r n a l s for o p ­
e r a t i o n a t h i g h e r p o w e r w a s d i r e c t e d p r i m a r i l y t o w a r d a c h i e v i n g th i s goa l . 
The m a j o r m o d i f i c a t i o n s tha t w e r e m a d e a r e d e s c r i b e d b r i e f l y be low. 

R e d e s i g n of R i s e r - The r i s e r w a s r e d e s i g n e d to ob ta in a d d i t i o n a l 
he igh t and to i n c r e a s e i t s e f f e c t i v e n e s s . The a d d i t i o n a l r i s e r he igh t w a s 
n e e d e d to i n c r e a s e the r e c i r c u l a t i o n flow r a t e and to m a i n t a i n an a c c e p t ­
a b l e vo id con ten t wi th in the c o r e . The e f f e c t i v e n e s s of the o r i g i n a l r i s e r 
( b a s i c a l l y , the c o n t r o l r o d guide s t r u c t u r e ) w a s q u e s t i o n a b l e . The benef i t 
of the l o n g e r r i s e r in the c e n t r a l r e g i o n (where it is n e e d e d m o s t ) t ended 
to be nu l l i f i ed by s h o r t e r p e r i p h e r a l r i s e r s due to the i s s u a n c e of s t e a m 
t h e r e f r o m and to the c r o s s flow of the fluid f r o m the c e n t r a l p o r t i o n . 

The new r i s e r a r r a n g e m e n t (F ig . 2) is b a s i c a l l y an e x t e n s i o n of the 
o r i g i n a l s y s t e m . The d e s i r a b l e f e a t u r e s of the o r i g i n a l r i s e r g e o m e t r y 
a r e r e t a i n e d : c o n t r o l rod g u i d a n c e and p a r t i a l s e l f - r e g u l a t i o n o v e r i n d i ­
v i d u a l s e c t o r s of the c o r e . The top, n e c k e d - d o w n p o r t i o n of the r i s e r p r o ­
v i d e s a d d i t i o n a l d r i v i n g h e a d and i s i n s e n s i t i v e to f l u c t u a t i o n s of l o c a l 
c o r e p o w e r . The t o t a l he igh t of the r i s e r is a p p r o x i m a t e l y 7.5 ft. T h i s 
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112-2611 

he ight w a s c h o s e n a s the m a x i m u m 
feas ib l e b e c a u s e of o p e r a t i o n a l c o n ­
s i d e r a t i o n s for m a i n t a i n i n g the 
s t e a m - w a t e r i n t e r f a c e wi th in a d e ­
s i r e d l e v e l r a n g e and for m i n i m i z ­
ing the l iquid c a r r y o v e r . The top 
p o r t i o n of the r i s e r w a s necked 
down in the hope that the i n c r e a s e d 
d o w n c o m e r a r e a and r e s u l t a n t r e ­
duced ve loc i t y of the w a t e r would 
aid the d e - e n t r a i n m e n t of s t e a m in 
the d o w n c o m e r . 

Re loca t i on and R e s i z i n g of 
F e e d - w a t e r Inject ion Ring and Inlet 
Nozz le - The e f f ec t iveness of the 

r i s e r s y s t e m w a s enhanced by in­
s t a l l i ng a f e e d - w a t e r in jec t ion r i n g 
of l a r g e r (diameter (4 in. v s . 2 in.) 
be low the top of the r i s e r ( see 

F i g . 2). The r i n g was d e s i g n e d so tha t j e t s of w a t e r e m e r g i n g f rom it 
would m i x wi th the r e c i r c u l a t i n g w a t e r to effect m a x i m u m w a t e r e n t r a i n -
nnent and p r o v i d e m a x i m u m d o w n c o m e r c o v e r a g e . Any s t e a m c a r r i e d unde r 
in the d o w n c o m e r , t h e r e f o r e , would be m i x e d i m m e d i a t e l y wi th the cold 
feed w a t e r and quenching would be in i t i a t ed r a p i d l y . As a r e s u l t , the 
m a x i m u m a m o u n t of the n a t u r a l - c i r c u l a t i o n d r iv ing head a v a i l a b l e would 
be u t i l i z ed . 

The conf igu ra t ion of the f e e d - w a t e r r i n g c o n s i d e r e d m o s t effect ive 
f e a t u r e d 72 h o l e s (of | - i n . d i a m e t e r ) on 5° c e n t e r s a long the c i r c u m f e r ­
e n c e , and m a c h i n e d a t a l t e r n a t e l y 30° and 60° wi th r e s p e c t to the h o r i z o n t a l 
p l a n e . 

A f e e d - w a t e r in le t n o z z l e of l a r g e r d i a m e t e r (6 in. v s . 3 in.) was 
i n s t a l l e d in the p r e s s u r e v e s s e l to a l low in jec t ion of w a t e r at the d e s i r e d 
flow r a t e wi thout e x c e s s i v e p r e s s u r e d r o p . 

E n c l o s i n g the C o r e wi th a C y l i n d r i c a l Shel l and P r o v i d i n g a Tight 
C l o s u r e b e t w e e n R i s e r and C o r e - T h e s e mod i f i ca t i ons w e r e in tended to 
p r e v e n t s h o r t c i r c u i t i n g of the fluid f r o m the d o w n c o m e r to the p e r i p h e r a l 
r i s e r s e c t i o n s and the c o r e due to s t a t i c p r e s s u r e d i f f e r ences that a r e 
i n h e r e n t in such s y s t e m s . It is b e l i e v e d that s h o r t c i r c u i t i n g of the fluid 
m a y have c o n t r i b u t e d , in p a r t , to the d i s c r e p a n c y b e t w e e n p r e v i o u s l y m e a s ­
u r e d and c a l c u l a t e d r a t e s of coo lan t flow. The m a k e - u p w a t e r f r om the 
f e e d - w a t e r r i n g in the o r i g i n a l EBWR g e o m e t r y was in jec ted a t the junc t ion 
of the r i s e r and c o r e . Shor t c i r c u i t i n g of the cold w a t e r a t th i s point 
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would c o l l a p s e s o m e of the v o i d s in the p e r i p h e r a l r i s e r ; t h u s , the d r i v i n g 
head and the r e c i r c u l a t i o n flow r a t e s would d e c r e a s e . 

R e d e s i g n of S t e a m - d i s c h a r g e S y s t e m - The o r i g i n a l s t e a m - d i s c h a r g e 
r i n g w a s r e m o v e d and the p r e s s u r e v e s s e l opening w a s r e b o r e d to a c c o m ­
m o d a t e a 10- in . d i s c h a r g e l ine . The ou t le t of l a r g e r s i z e w a s n e c e s s a r y 
b e c a u s e of the i n c r e a s e d s t e a m l o a d s at the h i g h e r p o w e r s . At 100 Mwt, the 
s t e a m load is a p p r o x i m a t e l y 340,000 I b / h r . The s t e a m is c o l l e c t e d f r o m 
the top of the r e a c t o r v e s s e l by a duc t a r r a n g e m e n t ( s ee F i g . 2). The duct 
a r r a n g e m e n t w a s i n s t a l l e d to a c c o m m o d a t e the t a l l e r r i s e r and the high 
l iquid l e v e l s . 

The fo rego ing m o d i f i c a t i o n s w e r e d e s i g n e d p r i m a r i l y to i n c r e a s e 
the r a t e s of r e c i r c u l a t i o n flow in the c o r e and to m i n i m i z e the void con ten t 
wi th in the c o r e . H o w e v e r , by add ing the t a l l e r r i s e r and r a i s i n g the o p e r ­
a t ing w a t e r l eve l , the p r o b l e m of s t e a m - w a t e r s e p a r a t i o n b e c a m e g r e a t l y 
a g g r a v a t e d . It w a s r e c o g n i z e d tha t the p r o b a b i l i t y of a c h i e v i n g 100 Mwt 
would depend , to a l a r g e d e g r e e , on so lv ing the p r o b l e m of v a p o r - l i q u i d 
s e p a r a t i o n . The p r o b l e m of s t e a m s e p a r a t i o n c a n be b r o k e n down to t h r e e 
m a i n p a r t s : ( l ) s t e a m c a r r y u n d e r in the d o w n c o m e r ; (2) l iquid c a r r y o v e r 
in the effluent s t e a m ; and (3) v a p o r ho ldup in the t w o - p h a s e m i x t u r e above 
the r i s e r d i s c h a r g e . 

The s e r i o u s n e s s of the p r o b l e m of s t e a m c a r r y u n d e r is g o v e r n e d 
by the q u a n t i t y of s t e a m e n t r a i n e d and by the r a p i d i t y wi th which the e n ­
t r a i n e d s t e a m b u b b l e s a r e q u e n c h e d . S t e a m c a r r y u n d e r r e d u c e s the r e ­
a c t o r subcoo l ing which , in t u r n , i n c r e a s e s the r e a c t o r void con ten t . S t e a m 
c a r r y u n d e r c a n a l s o r e d u c e the n a t u r a l - c i r c u l a t i o n d r i v i n g h e a d and, 
h e n c e , the r e c i r c u l a t i o n v e l o c i t y . It w a s b e l i e v e d tha t in EBWR the p r o b ­
l e m of w a t e r c a r r y o v e r by the eff luent s t e a m would be a c u t e b e c a u s e of: 
( l ) the r e d u c t i o n of the v o l u m e of the s t e a m d o m e effected by the t a l l e r 
r i s e r ; and (2) the s h a r p i n c r e a s e of the s u p e r f i c i a l s t e a m v e l o c i t y a t 
100 Mwt, wh ich w a s e x p e c t e d to be a p p r o x i m a t e l y 1.9 f t / s e c . Ut i l i z ing the 
m e a g e r i n f o r m a t i o n on n a t u r a l v a p o r - l i q u i d s e p a r a t i o n , it w a s e s t i m a t e d 
tha t the l iquid c a r r y o v e r could r a n g e f r o m 3 to 15 w / o , depending upon the 
l oca t i on of the i n t e r f a c e . 

In a c l o s e d v e s s e l such a s EBWR, the l oca t ion of the i n t e r f a c e b e ­
t w e e n the t w o - p h a s e m i x t u r e and the s t e a m d o m e d e p e n d s upon the i n i t i a l 
w a t e r l e v e l and upon the s t e a m void con ten t in the s y s t e m . The vo ids t ha t 
a r e f o r m e d in the r e a c t o r c o r e and r i s e r , and a r e e n t r a i n e d in the down­
c o m e r , d i s p l a c e an e q u a l a m o u n t of w a t e r . T h i s c a u s e s an i n c r e a s e in the 
t r u e l iquid he igh t . The w a t e r l e v e l above the r i s e r is f u r t h e r expanded by 
the v a p o r flowing t h r o u g h it. The f ina l he igh t of t h i s t w o - p h a s e m i x t u r e , 
t h e r e f o r e , is a funct ion of the s u p e r f i c i a l s t e a m v e l o c i t y and w a t e r con t en t 
above the r i s e r . F o r a g iven i n i t i a l w a t e r l e v e l at s a t u r a t i o n (with no v o i d s 
p r e s e n t ) , the e x p a n s i o n of the m i x t u r e i n c r e a s e s wi th i n c r e a s i n g p o w e r 
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because of the higher superf icial s team velocity and the increased water 
content which is expelled from the region below the r i s e r . 

Because the degree of p r i m a r y s team separat ion that would take 
place within the r eac to r v e s s e l was vir tual ly unknown and because of the 
t remendous effect this could have on the reac tor performance c h a r a c t e r ­
i s t ics , a decision was made to ins t rument the reac tor extensively. Data 
on per formance c h a r a c t e r i s t i c s would afford a bet ter understanding of the 
p r o c e s s e s occur r ing within the reac to r v e s s e l and, also, a more rea l i s t ic 
evaluation of EBWR-type r e a c t o r s . 

The ins t rumentat ion instal led in the reac tor was designed to p ro ­
vide data or information on the rec i rcu la t ion flow ra te , volumetr ic and 
weight fraction of vapor ca r ryunder in the downcomer, reac tor subcooling, 
r i s e r void fract ions, quenching ra te of the entrained vapor in the down­
comer , location of the t rue two-phase mixture interface within the reac to r , 
and liquid ca r ryove r in the effluent s team. The exper imental techniques 
that were used, the ins t rumentat ion complex that was built to acquire these 
data, and the data obtained a r e d iscussed in the following sect ions. A com­
plete tabulation of the data is given in Appendix A. 
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II. PARAMETERS INVESTIGATED 

A. Volume Frac t ion of Steam Voids 

Determination of the s team volume fraction at key positions in the 
reac tor vesse l provide data and information about a number of the problems. 
With re ference to Fig. 3, m e a s u r e m e n t s of s team volume fraction at posi ­

tions C-1 , C-2, and D provide infor­
mation on the magnitude of s team 
car ryunder . The steana volume 
fraction at position C-1 is a m e a s u r e 
of the volumetr ic s team car ryunder 
ra te before mixing occurs with the 
colder make-up water . Measure ­
ments of s team volume fraction at 
positions C-2 and D indicate how 
far the s team is entrained before 
complete quenching is achieved. 
These positions a lso afford some 
indication of the reduction of the net 
rec i rcula t ion driving head result ing 
from the s team car ryunder . 

STAUSCHIEBE 
TUBES 

CONNECTOR HEAD 
JUNCTION BOX 

PROBE F - l 

PROBE F - 2 

PROBE C - I 

UPPER FEED RING 

PROBE C - 2 

PROBE D 

LOWER FEED RING 

Fig. 3 Location of Ins t ruments in 
E B W R P r e s s u r e Vesse l 

112-2646 

The s team volume fraction 
within the r i s e r was measured at 
posit ions A and B. In addition to 

serving as a bas i s for compar ison with the calculated performance charac­
t e r i s t i c s of the reac tor , the data obtained were used to calculate the s l ip­
page velocity or velocity ra t io between the s team and water . 

Information on the vapor holdup above the r i s e r discharge was 
obtained at posit ions F - l and F - 2 . The data obtained were used to locate 
the vapor- l iquid interface and, also, for comparison with the very limited 
labora tory data. 

The s team volume fraction was derived from measu remen t s of 
static differential p r e s s u r e at the positions indicated. The volumetr ic 
s team fraction was computed from the relat ion 

A P . APj^ + A P p + AP_̂  (1) 

For al l p rac t ica l purposes , the frictional p r e s s u r e drop can be neg­
lected. The veloci t ies , in general , a r e low and the equivalent d iamete r s 
a r e la rge where the measu remen t s were made. The acce lera t ion losses , 
if any, a r e a lso quite smal l . Therefore , 



APt = (1 - a ) L p f -I- ap^Li = P f L -t- a( p^ - pf)L 

a = 
A P ^ - Lp£ LPf - AP^ 

( P v - P f ) ^ L ( P f - P v ) 

(2) 

(3) 

B . R e c i r c u l a t i o n F low R a t e 

B e c a u s e of the o c c u r r e n c e of c a r r y u n d e r , the r e c i r c u l a t i o n flow 
r a t e can no l o n g e r be d e t e r m i n e d by the subcool ing t e c h n i q u e . An i m p a c t 
m e t e r w a s , t h e r e f o r e , s e l e c t e d for m e a s u r e m e n t of the r e c i r c u l a t i o n 
ve loc i t y . F r o m the v a r i o u s t y p e s of i m p a c t m e t e r s a v a i l a b e , a S t a u s c h i e b e 
tube ( s e e F ig . 4) w a s s e l e c t e d b e c a u s e i t y i e l d s an a p p r o x i m a t e l y 50% 
g r e a t e r r e a d i n g than the n o r m a l i m p a c t m e t e r , such a s a P i t o t tube . B a s i ­

ca l l y , the S t a u s c h i e b e tube i s a mod i f i ca t i on of the s t a t i c 
P i t o t t ube . It i s l e s s s e n s i t i v e to m i s a l i g n m e n t e r r o r s , 
but m u s t be c a l i b r a t e d . The i n c r e a s e d r e a d i n g of a 
S t a u s c h i e b e tube s t e m s f r o m the i n c r e a s e d p r e s s u r e 
g r a d i e n t p r o d u c e d by the flow a round a c y l i n d e r . T h r e e 
S t a u s c h i e b e t u b e s w e r e p l aced in the d o w n c o m e r , a p ­
p r o x i m a t e l y 120° a p a r t , and a t t h r e e r a d i i to obta in 
equa l a r e a r e a d i n g s . 

C. Subcool ing 

FLOW 

Fig 4 

Stauschiebe Tube 
Subcool ing m e a s u r e m e n t s w e r e m a d e with i n s u ­

l a t e d c h r o m e l - a l u m e l t h e r m o c o u p l e s shea thed i n j ^ - i n . -
OD t u b e s . Six c o u p l e s w e r e l oca t ed a t v a r i o u s pos i t i ons 

in the d o w n c o m e r on a p lane a p p r o x i m a t i n g the bo t t om of the r e a c t o r c o r e . 
T h r e e c o u p l e s w e r e a t t a c h e d to the S t a u s c h i e b e t u b e s . 

D. " T r u e " Liquid L e v e l 

The v a p o r - l i q u i d i n t e r f a c e w a s l oca t ed by a s e r i e s of d i f f e ren t i a l 
p r e s s u r e r e a d i n g s t a k e n f r o m five t a p s p e n e t r a t i n g the r e a c t o r v e s s e l in 
the r e g i o n of r i s e r d i s c h a r g e ( s e e F i g . 3, p o s i t i o n s 11, 12, 12, and 14). 
C o m p a r i s o n of the r e a d i n g s wi th equ iva l en t l eng ths of p u r e s t e a m and 
s a t u r a t e d w a t e r p e r m i t s the v a p o r - l i q u i d i n t e r f a c e to be p i n - p o i n t e d wi th in 
a l i m i t e d he igh t r a n g e . 

E . S t e a m C a r r y u n d e r in D o w n c o m e r 

The s t e a m c a r r y u n d e r w a s c a l c u l a t e d f r o m the m e a s u r e d r e c i r c u ­
la t ion flow r a t e s and subcoo l ing by m e a n s of the following heat b a l a n c e : 

W. W. 

W x - WT 
( h f - O Wr Wn 

( h f - h i ) + XD(hfg) = X i^(hf -hM) (4) 
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w h e r e 

XR = W M / W T 

The quan t i ty X J ^ / X R i s then c o m p u t e d by r a t i o i n g Xj) to Xp_, the r i s e r ex i t 
qua l i ty . The l a t t e r is d e r i v e d f r o m a hea t b a l a n c e on the c o r e . The c a r r y -
unde r is s e n s i t i v e to W'p and, e s p e c i a l l y , to ATg^^ ]̂-,; t h e r e f o r e , any e r r o r in 
t h e s e m e a s u r e m e n t s is r e f l e c t e d in the c a l c u l a t e d r a t e of s t e a m c a r r y -
u n d e r . In the even t t ha t l iquid c a r r y o v e r o c c u r s in the effluent s t e a m , the 
hea t b a l a n c e m u s t be mod i f i ed and the fol lowing equa t ion r e s u l t s : 

X p ^ ( W M / W T ) ( h f - h M ) - ( h f - h j n ) . . 

X R " ( Q / W T ) - ( h £ - h i n ) 

w h e r e 

Q = r e a c t o r p o w e r , B t u / h r 
Wjyj = f e e d - w a t e r flow r a t e , I b / h r 
W T = t o t a l r e c i r c u l a t i o n flow r a t e , I b / h r 

X p / X R = pounds s t e a m in d o w n c o m e r / p o u n d s s t e a m in r i s e r . 

F . Liquid C a r r y o v e r in Eff luent S t e a m 

Da ta abou t t h e m a g n i t u d e of the l iquid c a r r y o v e r w e r e ob ta ined by 
t h r e e m e t h o d s . The p r i n c i p a l and m o s t a c c u r a t e m e t h o d w a s a s e r i e s of 
h e a t b a l a n c e s on the s e c o n d a r y and p r i m a r y s y s t e m s for h e a t d i s s i p a t i o n . 
A h e a t b a l a n c e with the s e c o n d a r y s y s t e m e s t a b l i s h e s the t r u e r e a c t o r p o w e r . 
The l iquid c a r r y o v e r can then be c o m p u t e d by m a k i n g a h e a t b a l a n c e for the 
p r i m a r y r e a c t o r s y s t e m . In the c a s e of EBWR, the h e a t b a l a n c e w a s m a d e 
for the P r i m a r y R e b o i l e r , which h a s a s i t s hea t s o u r c e the r e a c t o r s t e a m : 

X = ' " " = ' ' ^ g ' " = , (6) 

WpRhfg^pR 

where 

Wjj] = i n t e r m e d i a t e h e a t e x c h a n g e r flow r a t e , I b / h r 

hfg j£; = h e a t of v a p o r i z a t i o n , i n t e r m e d i a t e hea t e x c h a n g e r , B t u / l b 
W p R = P r i m a r y R e b o i l e r flow r a t e , I b / h r 

h£„ P R = h e a t of v a p o r i z a t i o n , P r i m a r y R e b o i l e r , B t u / l b . 
L i q u i d - c a r r y o v e r da t a w e r e a l s o ob ta ined f r o m the d i s c r e p a n c y b e ­

t w e e n the m e a s u r e d f e e d - w a t e r and s t e a m - d i s c h a r g e flow r a t e s . When 
l iquid c a r r y o v e r o c c u r s , m o r e feed w a t e r is i n j ec t ed into the r e a c t o r than 
s t e a m is w i t h d r a w n . T h i s d i s c r e p a n c y is a c t u a l l y a m e a s u r e of the r a t e of 
l iquid c a r r y o v e r . The m a j o r u n c e r t a i n t y in t h e s e da t a is the r a t e of s t e a m 
flow. With l a r g e a m o u n t s of w a t e r in the s t e a m , the m e a s u r e d s t e a m r a t e 
is undoub ted ly in e r r o r . The m a g n i t u d e of the e r r o r is unknown. H o w e v e r , 
the c a r r y o v e r da ta o b t a i n e d in t h i s m a n n e r c h e c k w e l l wi th v a l u e s ob ta ined 
by the h e a t - b a l a n c e m e t h o d . 



The third method consisted of taking s team samples from sampling 
probes located 6 in., 14-5-in., and 22-2- in. below the s team-discharge duct 
(see Fig. 5). The samples were analyzed for sodium-24 content. The r e ­
sults were compared with a sample of r eac to r water obtained from a 
sampling point in the downcomer. These data were used to establ ish c a r r y ­
over gradients as a function of s t eam-dome height. Extrapolat ion to the 
height of the s team duct yields the actual liquid ca r ryover . 

Fig. 5. Location of Liquid-car ryover Sampling Probes in Steam Dome 



III. INSTRUMENTATION 

A. D i f f e r e n t i a l P r e s s u r e P r o b e s 

The s t e a m v o l u m e f r a c t i o n w a s c o m p u t e d f r o m m e a s u r e m e n t s of 
s t a t i c d i f f e r en t i a l p r e s s u r e s t ha t w e r e m a d e wi th s p e c i a l l y d e s i g n e d p r o b e s . 
Ten p r o b e s w e r e i n s t a l l e d in the r e a c t o r . M e a s u r e m e n t of the s t a t i c p r e s ­
s u r e d i f f e r e n t i a l w i th in the r e a c t o r w a s c o m p l i c a t e d by the fac t tha t e a c h 
p r o b e had to be coo led in o r d e r to p r e v e n t f lash ing wi th in the p r e s s u r e 
t a p s . If the t u b e s a r e no t c o o l e d p r o p e r l y , the w a t e r i n s i d e the p r e s s u r e 
t a p s wi l l r e a c h the s a t u r a t i o n t e m p e r a t u r e . When th i s o c c u r s , the w a t e r 
can f l a sh to s t e a m as soon a s the h e a d p r e s s u r e in the tube b e c o m e s l e s s 
than the p r e s s u r e in the s t e a m d o m e o u t s i d e the tube . T h i s wi l l e s s e n t i a l l y 
d e s t r o y the d i f f e r e n t i a l p r e s s u r e s i g n a l . 

The f i r s t a p p r o a c h to t h i s p r o b l e m w a s to in j ec t feed w a t e r , a t h igh 
flow r a t e s , into the coo l ing tube . In t h i s m a n n e r , a low t e m p e r a t u r e could 
be m a i n t a i n e d in the coo l ing j a c k e t r e l a t i v e to the s y s t e m t e m p e r a t u r e . 
T h i s a p p r o a c h w a s d i s c a r d e d b e c a u s e of s e v e r e ax i a l t e m p e r a t u r e g r a d i e n t s 
tha t e x i s t e d along the p r e s s u r e t u b e s . The inab i l i t y to m e a s u r e o r even to 
c a l c u l a t e t h i s g r a d i e n t r e s u l t e d in l a r g e e r r o r s in the p r e s s u r e d i f f e r e n t i a l s 

The f ina l a p p r o a c h to t h i s p r o b l e m w a s to u s e a v e r y low r a t e of 
flow of c o o l a n t w a t e r . In t h i s m e t h o d , the coo l ing w a t e r n e a r l y r e a c h e d the 
s a t u r a t i o n t e m p e r a t u r e of the s y s t e m s h o r t l y a f t e r e n t e r i n g the coo l ing 
j a c k e t and r e m a i n e d at a f a i r l y c o n s t a n t t e m p e r a t u r e o v e r the l eng th of the 
coo l ing tube . T h e t e m p e r a t u r e d r o p s t h r o u g h the w a l l s of the c o n c e n t r i c 
t u b e s and the coo l ing w a t e r l a y e r a r e suf f ic ient to m a i n t a i n a s l i gh t s u b ­
cool ing up the e n t i r e l eng th of the p r e s s u r e t u b e s , e l i m i n a t i n g the f l a sh ing 
p r o b l e m and the d i f f i cu l t i e s c a u s e d by l a r g e a x i a l t e m p e r a t u r e g r a d i e n t s . 
The d e s i g n of the e n t i r e i n s t r u m e n t a t i o n c o m p l e x w a s d i c t a t e d p r i m a r i l y by 
t h e s e c o n s i d e r a t i o n s . 

The i n s t r u m e n t a t i o n c o m p l e x i s shown in F i g . 6. It c o n s i s t s of a 
s i ng l e p r o b e i n s t a l l e d wi th in the r e a c t o r and coup led wi th the m e a s u r i n g 
and r e a d - o u t i n s t r u m e n t a t i o n . The p r o b e w a s c o m p r i s e d of two -{^^-in. t u b e s 
wh ich s e r v e d a s t h e p r e s s u r e t a p s . The t u b e s Avere h o u s e d in a - ^ - i n . tube 
t h r o u g h w h i c h the coo l ing w a t e r f lowed. The cool ing w a t e r d i s c h a r g e d 
above the u p p e r p r e s s u r e t ap . The t e m p e r a t u r e of the w a t e r in the leg b e ­
t w e e n the p r e s s u r e t a p s w a s thus m a i n t a i n e d at s l igh t ly be low the s a t u r a ­
t ion t e m p e r a t u r e . T h e r m o c o u p l e s w e r e i n s t a l l e d in s e v e r a l p r o b e s to 
m o n i t o r the coo l ing w a t e r . To p r o t e c t the t h e r m o c o u p l e s f r o m a t t a c k by 
s t e a m and w a t e r , they w e r e e n c a s e d in -g--in. t ubes and p o s i t i o n e d wi th in the 
l a r g e r , -7 - in. tube . 
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Fig. 6. Schematic of Single P robe Installed Inside P r e s s u r e Vessel 
and Coupled with Measuring and Read-out Instrumentat ion 



The i n s t r u m e n t p r o b e s w e r e a t t a c h e d to the i n t e r n a l c o n n e c t o r 
j unc t ion box l o c a t e d in the u p p e r p a r t of the v e s s e l . The p r i m e func t ions 
of the i n t e r n a l j u n c t i o n box w e r e to p e r m i t qu ick a t t a c h m e n t and d e t a c h ­
m e n t of the i n s t r u m e n t p r o b e s , and to d i s t r i b u t e cool ing w a t e r to each of 
the p r o b e s . The coup l ing of the ind iv idua l t a p s wi th in the junc t ion box w a s 
m a d e by s w a g e l o c k c o n n e c t o r s . The p r o b e s w e r e a t t a c h e d to the j u n c t i o n 
box by a b u l k h e a d c o n n e c t o r . The coo l ing w a t e r w a s m a i n t a i n e d a t a suf­
f i c i en t h e i g h t •within the box to a s s u r e i m m e r s i o n of a l l t a p s d u r i n g o p e r a ­
t ion. The w a t e r i n t e r f a c e wi th in the box w a s m o n i t o r e d by t h r e e 
t h e r m o c o u p l e s . 

The p r e s s u r e t a p s w e r e w i t h d r a w n f r o m the p r e s s u r e v e s s e l 
t h r o u g h the downspou t and i n s t r u m e n t n o z z l e , to the e x t e r n a l c o n n e c t o r 
head , w h e r e a s e c o n d s e r i e s of c o n n e c t i o n s w e r e m a d e . The p u r p o s e of 
the downspou t w a s to m a i n t a i n cool ing w a t e r a r o u n d the t a p s to p r e v e n t 
f l a sh ing . The coo l ing w a t e r w a s draw^n f r o m the r e a c t o r f e e d - w a t e r supply 
and e n t e r e d t h r o u g h the e x t e r n a l c o n n e c t o r h e a d . 

F r o m the e x t e r n a l c o n n e c t o r h e a d , the p r e s s u r e t a p s w e r e r u n to 
a s e r i e s of d i f f e r e n t i a l p r e s s u r e t r a n s d u c e r s . The t r a n s d u c e r s c o n v e r t e d 
the s t a t i c d i f f e r e n t i a l p r e s s u r e to an e l e c t r i c a l s i g n a l , wh ich w a s a m p l i f i e d 
and s e n t to a r e c o r d e r . 

T h e e x p e r i m e n t a l t e c h n i q u e s and i n s t r u m e n t a t i o n w e r e p e r f o r m a n c e 
t e s t e d wi th h i g h - p r e s s u r e loops a t r e a c t o r c o n d i t i o n s p r i o r to i n s t a l l a t i o n 
in EBWR. 

F i g u r e s 7 to 12 a r e a s e r i e s of p h o t o g r a p h s t a k e n d u r i n g i n s t a l l a ­
t ion of the p r e s s u r e t a p s and p r o b e s in the r e a c t o r . 

B. S t a u s c h i e b e T u b e s 

T h e S t a u s c h i e b e t u b e , shown in F i g . 4, i s m a d e of a - I - - i n . - d i a m e t e r 
c y l i n d e r of T y p e 304 s t a i n l e s s s t e e l . Two h o l e s a r e b o r e d - i - i n . deep and 
180° a p a r t on the o u t e r p e r i p h e r y . Two a d d i t i o n a l h o l e s a r e b o r e d a long 
the a x i a l l eng th and i n t e r s e c t the p r e s s u r e h o l e s . Tubing i s w e l d e d into 
t h e s e h o l e s , and the t a p s a r e then fed to the c o n n e c t o r box t h r o u g h the 
jl - in . t ube . 

The S t a u s c h i e b e t u b e s w e r e c a l i b r a t e d in an a i r - w a t e r loop g e o ­
m e t r i c a l l y s i m i l a r to the r e a c t o r a r r a n g e m e n t to ob t a in the c a l i b r a t i o n 
c o n s t a n t C, •where 

q - C vV2g . (7) 

The c a l i b r a t i o n c o n s t a n t w a s c a l c u l a t e d to be 1.456. As a f u r t h e r c h e c k , 
the S t a u s c h i e b e tube w a s u s e d to m e a s u r e the a v e r a g e flow r a t e in a 5 - i n . -
ID p ipe (by t r a v e r s i n g a c r o s s the d i a m e t e r ) . The flow r a t e d e t e r m i n e d 
f r o m an i n t e g r a t i o n of the S t a u s c h i e b e flow p r o f i l e c h e c k e d wi th in 1% of 
the flow r a t e m e a s u r e d by a c a l i b r a t e d o r i f i c e p l a t e . 
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Fig. 7. Nozzle Penet ra t ion through Upper 
Shielding and P r e s s u r e Vessel 
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Fig. 8. Closeup View of External Connector Head 
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Fig. 9. Assembly of P r e s s u r e Taps to Manifold in Junction Box 
(cover removed) within P r e s s u r e Vessel 
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Fig, 10. P r e s s u r e P robes (P.P.) and Stauschiebe Tubes (S.T.) Instal led 
in P r e s s u r e Vesse l . P robe assembly is an in tegra l unit which 
can be removed in 1 hr . Stauschiebe tubes (on vesse l wall) 
were not removed during fueling, etc. 
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Fig. 11. Top: Thermocouple Installation m Steam Dome. 
Bottom: P r e s s u r e Probes Leading to Core Region 
and to Instrumented Fuel Subassembly (inset). 

Fig . 12. Penet ra t ion of Ins t rument Leads to Termina l Boxes 
Mounted on Outer Surface of Biological Shielding 
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C. T h e r m o c o u p l e s 

The subcoo l ing m e a s u r e m e n t s w e r e m a d e wi th i n s u l a t e d c h r o m e l -
a l u m e l t h e r m o c o u p l e s . M e a s u r e m e n t s of the t e m p e r a t u r e in the s t e a m 
d o m e w e r e m a d e wi th g r o u n d e d c h r o m e l - a l u m e l t h e r m o c o u p l e s . The s p e c i 
f i ca t ions for the t h e r m o c o u p l e s a r e t a b u l a t e d be low: 

O u t s i d e d i a m e t e r 0.0625 in. 
L e n g t h 30 ft 
S h e a t h Incone l , 0 .005 in. t h i ck 
W i r e C h r o m e l - a l u m e l , 30 AWG 
I n s u l a t i o n M a g n e s i u m oxide 

The t h e r m o c o u p l e l e a d s f r o m the r e a c t o r e x t e n d e d t h r o u g h a p r i ­
m a r y p r e s s u r e s e a l (Conax f i t t ings) a t the b l ind f lange of the i n s t r u m e n t 
n o z z l e , a s e c o n d a r y p r e s s u r e s e a l con ta in ing an a m p h e n o l c o n n e c t o r , to an 
i ce junc t ion . C o p p e r w i r e w a s r u n f r o m the i ce junc t ion to the r e a d - o u t . 
The t h e r m o c o u p l e emf Avas r e c o r d e d on a f o u r - c h a n n e l ( 0 . 2 5 - s e c ) r e c o r d e r 
and a l s o r e a d out on a p o t e n t i o m e t e r . 

T h e t h e r m o c o u p l e s w e r e c a l i b r a t e d in i t i a l l y in a l a b o r a t o r y 
h y p s o m e t e r and, s u b s e q u e n t l y , in the r e a c t o r v e s s e l . D u r i n g the f i r s t few 
days of r e a c t o r o p e r a t i o n , a s i g n i f i c a n t change o c c u r r e d in the c a l i b r a t i o n . 
T h e r e f o r e , t he c a l i b r a t i o n w a s p e r f o r m e d p e r i o d i c a l l y t h r o u g h o u t the t e s t 
p r o g r a m to m a i n t a i n and to ve r i fy the a c c u r a c y of the subcoo l ing 
m e a s u r e m e n t s . 

T h e p r o c e d u r e for c a l i b r a t i o n of the t h e r m o c o u p l e s in the r e a c t o r 
w a s a s fo l lows . The r e a c t o r w a t e r l e v e l w a s r a i s e d 2 to 3 ft above the 
r i s e r . With the r e a c t o r at 600 ps ig and 2 to 10 Mwt, a l l f e e d - w a t e r flow 
w a s s topped for 5 to 10 m i n . U n d e r t h e s e c o n d i t i o n s , the r e c i r c u l a t i n g 
w a t e r •was a t t he s a t u r a t e d t e m p e r a t u r e . The t h e r m o c o u p l e s w e r e t hen 
c a l i b r a t e d by c o m p a r i n g the m e a s u r e d emf wi th the s a t u r a t e d t e m p e r a t u r e 
c o r r e s p o n d i n g to the p r e s s u r e g a u g e . In t h i s m e t h o d o£ c a l i b r a t i o n , the 
r e a c t o r s e r v e s as a h y p s o m e t e r . 



IV. TEST P R O G R A M 

A. P r e l i m i n a r y 

Upon c o m p l e t i o n of the p r o b e i n s t a l l a t i o n , the r e a c t o r v e s s e l w a s 
c l o s e d and s u b j e c t e d to a h y d r o s t a t i c t e s t . Dur ing th i s t e s t , al l p r e s s u r e 
t a p s w e r e b l e d (at the t r a n s d u c e r s ) to r e m o v e any g a s e s tha t m a y have a c ­
c u m u l a t e d in the v e r t i c a l l e g s . 

P r e p a r a t o r y to f i l l ing the p r o b e s y s t e m , the r e a c t o r w a s b r o u g h t to 
a p r e d e t e r n n i n e d p o w e r l e v e l (5-10 Mwt) . A s m a l l s t r e a m of r e a c t o r feed 

-a 

w a t e r w a s i n t r o d u c e d t h r o u g h a -y^-in. p r e s s u r e tap d i r e c t l y in to the i n ­
t e r n a l j u n c t i o n box. As the w a t e r l e v e l in the junc t ion box r o s e , the w a t e r 
e n t e r e d the cool ing annu lus of the p r o b e s . S i m u l t a n e o u s l y , w a t e r s t a r t e d 
r i s i n g in the downspou t , and g r a d u a l l y f i l led the n o z z l e and e x t e r n a l c o n ­
n e c t o r h e a d . The t e m p e r a t u r e of the e x t e r n a l c o n n e c t o r h e a d and n o z z l e 
w a s m e a s u r e d by t h e r m o c o u p l e s a t t a c h e d to the s u r f a c e s of t h e s e c o m ­
p o n e n t s . The cool ing w a t e r w a s m o n i t o r e d to p r e v e n t a r a p i d t e m p e r a t u r e 
t r a n s i t i o n wh ich m i g h t c a u s e e x c e s s i v e t h e r m a l s t r e s s e s . When the c o n ­
n e c t o r w a s p a r t i a l l y f i l led , i t w a s v e n t e d to renaove a l l t r a c e s of g a s e s and 
to e s t a b l i s h a so l id w a t e r leg in the n o z z l e and do'wnspout. 

A n o t h e r s e g m e n t of the feed w a t e r w a s u s e d to p u r g e the p r e s s u r e 
t a p s of any t r a c e s of g a s a c c u m u l a t i o n . The p u r g e flow w a s in to the r e a c ­
t o r and o c c u r r e d s i m u l t a n e o u s l y wi th the cool ing of t a p s . 

Upon c o m p l e t i o n of the p u r g i n g o p e r a t i o n , the i n s t r u m e n t p r o b e s 
w e r e a l l owed to r e a c h t h e r m a l e q u i l i b r i u m p r i o r to the s t a r t of the t e s t 
p r o g r a m . 

Bo T e s t S e r i e s 

The p r o g r a m c o m p r i s e d t h r e e s e r i e s of t e s t s . T e s t S e r i e s No. 1 
w a s d e s i g n e d to c h e c k out the i n s t r u m e n t a t i o n and to ob ta in da t a on r e a c t o r 
p e r f o r m a n c e wi th the new r i s e r . The r e a c t o r o p e r a t i n g c o n d i t i o n s e m ­
p loyed for the t e s t s e r i e s a r e l i s t e d in Table 1. The two m a k e - u p - w a t e r -
in jec t ion p o i n t s (upper and l o w e r f e e d - w a t e r r i n g s ) w e r e u s e d to s tudy the 
effect of s t e a m c a r r y u n d e r on a s y s t e m b e h a v i o r . A p r e s s u r e of 300 p s i g 
w^as u s e d to s i m u l a t e o p e r a t i o n at h i g h e r p o w e r d e n s i t y . The in i t i a l l e v e l 
of hot w a t e r , i n d i c a t e d in Tab le 1, w a s v a r i e d to s tudy the effect on s t e a m 
c a r r y u n d e r , and to ob ta in da t a on the d i f f e r ence b e t w e e n the i n d i c a t e d l e v e l 
of the w a t e r c o l u m n and the t r u e i n t e r f a c e (void leve l ) wi th in the r e a c t o r 
v e s s e l . The m a x i m u m r e a c t o r povi^er l e v e l du r ing th i s t e s t s e r i e s w a s 
20 Mwt. S e l e c t e d d a t a f r o m t h i s t e s t s e r i e s a r e d i s c u s s e d in Sec t ion V. 
The c o m p l e t e da t a have b e e n p u b l i s h e d in E B W R T e s t R e p o r t No. 105.(1) 



T able 1 

REACTOR OPERATING CONDITIONS - TEST SERIES NO. 1 

P o w e r , 
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10 

15 

15 

2 0 

20 

5 

5 

10 

10 

15 
15 
2 0 

2 0 

5 
5 

10 

10 

15 

15 

20 

2 0 

5 

5 
10 

10 

15 

15 
20 
20 

In i t i a l S a t u r a t e d 
Hot W a t e r L e v e l 
above R i s e r , in. 

3 

3 

3 
3 
3 

3 

3 
3 

12 

12 

12 

12 

12 
12 

12 

12 

3 

3 
3 

3 

3 

3 

3 

3 

12 

12 

12 

12 

12 

12 

12 
12 

P r e s s u r e , p s i 

6 0 0 

6 0 0 

6 0 0 
6 0 0 
6 0 0 

6 0 0 

6 0 0 

6 0 0 

6 0 0 

6 0 0 

6 0 0 

6 0 0 

6 0 0 
6 0 0 

6 0 0 

6 0 0 

3 0 0 

3 0 0 
3 0 0 

3 0 0 

3 0 0 

3 0 0 

3 0 0 

3 0 0 

3 0 0 

3 0 0 

3 0 0 
3 0 0 

3 0 0 

3 0 0 

3 0 0 
3 0 0 

M a k e - u p - w a t e r -
in jec t ion P o i n t 

U p p e r r ing 
L o w e r r ing 
U p p e r r ing 
L o w e r r ing 
Upper r ing 
L o w e r r ing 
Uppe r r ing 
L o w e r r ing 

Upper r ing 
Lower r ing 
Upper r ing 
L o w e r r i ng 
Uppe r r ing 
L o w e r r ing 
Uppe r r ing 
L o w e r r ing 

Uppe r r ing 
L o w e r r ing 
Upper r ing 
L o w e r r i ng 
U p p e r r i ng 
L o w e r r ing 
U p p e r r ing 
L o w e r r ing 

U p p e r r i ng 
L o w e r r ing 
Upper r ing 
L o w e r r ing 
Uppe r r ing 
L o w e r r ing 
Upper r ing 
L o w e r r ing 

Based on the data obtained, and pr io r to the s t a r t of Test Series 
No. 2, the top section (l ft) of the r i s e r was removed to increase the vol­
ume of the s team dome. Also, it was decided to inject feed water through 
the upper ring for the balance of the p rogram. During Test Series No. 2, 
the sa turated water level was maintained 7 in. above the top of the r i s e r , 
the reac tor power level was var ied from 5 Mwt to 60 Mwt in ~5-Mw inc re ­
ments , and the p r e s s u r e was constant at 600 psig. Test Series No. 2 ended 
with al l control rods in the "full-out" position and with about 0.5 gm boric 
ac id /gal water (equivalent to ~0.5% k) remaining in the reac tor at 60 Mwt. 

In order to inc rease the react ivi ty and, hence, to attain higher power 
levels , additional boron s t r ips were removed from the spike fuel e lements . 
The destripping introduced an es t imated additional 2.2% k. Test Series No. 3 
was then run at power levels ranging from 55 Mwt to 100 Mwt. 



V. DISCUSSION OF RESULTS 

A b r o a d g e n e r a l i z a t i o n of the r e s u l t s of the t e s t program with EBWR 
i s a s fo l lows : 

The p e r f o r m a n c e c h a r a c t e r i s t i c s of EBWR a r e g o v e r n e d d i r e c t l y by 
s t e a m c a r r y u n d e r in the d o w n c o m e r , l iquid c a r r y o v e r in the effluent s t e a m , 
and, i n d i r e c t l y , by the l oca t ion of the t r u e w a t e r - s t e a i n i n t e r f a c e in the 
v e s s e l . 

The effect of s t e a m c a r r y u n d e r and l iquid c a r r y o v e r on r e a c t o r p e r ­
f o r m a n c e i s r e f l e c t e d in the c o r e in l e t subcool ing and, h e n c e , m e a n c o r e 
m o d e r a t o r d e n s i t y . As the m a g n i t u d e of the s t e a m c a r r y u n d e r i n c r e a s e s , 
t he subcoo l ing and m o d e r a t o r d e n s i t y d e c r e a s e s , s i nce the m e a n s t e a m v o l ­
u m e f r a c t i o n i n c r e a s e s . The effects a r e r e v e r s e d with l iquid c a r r y o v e r . 
In o r d e r to m a i n t a i n a c o n s t a n t l iquid i n v e n t o r y , an e x c e s s of co ld feed 
w a t e r is i n j ec ted into the r e a c t o r . T h i s i n c r e a s e s the r e a c t o r subcool ing 
and, h e n c e , the r e a c t i v i t y . The e x c e s s w a t e r i s expe l led in the effluent 
s t e a m . The c a r r y o v e r p h e n o m e n o n r a d i c a l l y a l t e r s the p e r f o r m a n c e c h a r a c ­
t e r i s t i c s of the r e a c t o r . Under t h e s e cond i t i ons , it i s not a n o r m a l , d i r e c t -
c y c l e , bo i l ing w a t e r r e a c t o r ; in a s e n s e , it b e c o m e s a n a t u r a l - c i r c u l a t i o n , 
d u a l - c y c l e r e a c t o r . The s t e a m c a r r y u n d e r and l iquid c a r r y o v e r a r e v e r y 
s e n s i t i v e to the t r u e t w o - p h a s e m i x t u r e i n t e r f a c e wi th in the r e a c t o r v e s s e l . 
As the i n t e r f a c e i s l o w e r e d , the c a r r y u n d e r r i s e s r a p i d l y and the c a r r y o v e r 
d e c r e a s e s . As the i n t e r f a c e i s r a i s e d , t h e effects a r e o p p o s i t e : c a r r y u n d e r 

d e c r e a s e s and c a r r y o v e r i n c r e a s e s . 

A. To ta l R e a c t o r R e c i r c u l a t i o n F low 
R a t e s 

F i g u r e s 13 and 14 a r e p lo t s 
of the r e c i r c u l a t i o n flow r a t e s a s a 
funct ion of power d u r i n g T e s t S e r i e s 
No. 1. F o r th i s s e r i e s of t e s t s , the 
top of the r i s e r c o r r e s p o n d e d to a 
w a t e r c o l u m n leve l of 17 ft 3 in . The 
d a t a ob ta ined a r e p r e s e n t e d to i l l u s ­
t r a t e the effect of the f e e d - w a t e r -
in jec t ion point on the r e c i r c u l a t i o n 
flow r a t e . 

The magn i tude of the flow 
r a t e s i s in a g r e e m e n t wi th an e a r l i e r 
c o r e a n a l y s i s and e x t r a p o l a t i o n f rom 
EBWR d a t a . The a n a l y s i s i nd ica t ed 
tha t a two-fo ld i n c r e a s e in flow r a t e 
could be expec ted wi th the add i t iona l 
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F i g . 13. T o t a l R e c i r c u l a t i o n F l o w 
Ra te as a Func t ion of Re ­
a c t o r P o w e r at 600 p s i g 
for Two W a t e r C o l u m n 
L e v e l s 
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F i g . 14. T o t a l R e c i r c u l a t i o n F l o w 
Ra te as a F u n c t i o n of Re­
a c t o r P o w e r at 300 p s i g 
for Two W a t e r Co lumn 
L e v e l s . 

r i s e r he igh t . H o w e v e r , t he r a t e of 
i n c r e a s e of the r e c i r c u l a t i o n ve loc i t y 
with p o w e r and d e c r e a s i n g p r e s s u r e 
w a s not a s l a r g e a s p r e d i c t e d by the 
a n a l y s i s . 

F i g u r e 15 shows a c o m p a r i ­
son of the m e a s u r e d flow r a t e s with 
e a r l i e r EBWR da ta l^ ) as p r o j e c t e d 
to a f u l l - s i z e c o r e . The m e a s u r e d 
d a t a a r e r e p r e s e n t a t i v e of the t e s t s 
at 600 p s i g , wi th m a k e - u p w a t e r i n ­
j e c t e d in the u p p e r feed r i n g . At the 
l o w e r p o w e r l e v e l s , the e x p e c t e d 
flou^ i n c r e a s e w a s ach i eved , but the 
r a t e of i n c r e a s e wi th power w a s 
m u c h s m a l l e r . T e n t a t i v e l y , the 
l ower r a t e of i n c r e a s e of flow is a t ­
t r i b u t e d to l o s s of subcoo l ing and, 
h e n c e , i n c r e a s e d f r i c t i o n a l r e s i s t a n c e 
in the c o r e r e s u l t i n g f r o m s t e a m 
c a r r y u n d e r in the d o w n c o m e r . * 

When the m a k e - u p w a t e r w a s 
in jec ted in the l ower feed r i n g , r e a c ­
t o r o p e r a t i o n a p p r o x i m a t e d the e q u i ­
l i b r i u m s t a t e . Under the cond i t ions 
of p o w e r , w a t e r c o l u m n he igh t , and 
p r e s s u r e s tud ied , the r e c i r c u l a t i o n 
flow r a t e w a s ~4.7 x 10 I b / h r ( see 
F i g s . 13 and 14). The excep t ion w a s 
the s e r i e s of r u n s a t 300 p s i g wi th an 
in i t i a l w a t e r l e v e l of 16 ft 5 in . ( s ee 
F i g . 14). 
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The e q u i l i b r i u m flow r a t e 

c o r r e s p o n d s to a ve loc i t y of 1.2 f t / 
s ec in the u p p e r d o w n c o m e r r e g i o n . 
Th i s b e h a v i o r w a s a n t i c i p a t e d . With 
the m a k e - u p w a t e r in jec ted in the 
lower f e e d - w a t e r r i n g , the ne t d r i v ­
ing head of the r e a c t o r is e s s e n t i a l l y 
Lj^(p'-p) - Pj^). S ince the vo ids do not 
c o l l a p s e un t i l they r e a c h the lower in jec t ion point be low the 7-ft r i s e r , one 
would expec t the r e a c t o r to s t a b i l i z e at a t o t a l flow j u s t above the c r i t i c a l 

* T h i s o b s e r v a t i o n i s sub j ec t to c o r r o b o r a t i o n by an e x t e n s i v e t h e r m a l -
h y d r a u l i c a n a l y s i s of t h e r e a c t o r . The r e s u l t s wi l l be pub l i shed in a 
s e p a r a t e r e p o r t . 

F i g . 15. C o m p a r i s o n of E a r l i e r 
wi th C u r r e n t To ta l R e ­
c i r c u l a t i o n F low R a t e s 
at 600 p s i g . 
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va lue for the i n i t i a t i on of s t e a m c a r r y u n d e r . When the c r i t i c a l va lue i s 
e x c e e d e d and s t e a m c a r r y u n d e r c o m m e n c e s , s m a l l a m o u n t s of s t e a m p r o ­
duce l a r g e s t e a m v o l u m e f r a c t i o n s , s i n c e the r e l a t i v e ve loc i t y of the two 
p h a s e s is v e r y n e a r z e r o . T h i s i m m e d i a t e l y t ends to r e d u c e the net d r i v i n g 
head by d e c r e a s i n g the d e n s i t y in the d o w n c o m e r ( P Q ) . T h u s , the r e a c t o r 
r e a c h e s an e q u i l i b r i u m r e c i r c u l a t i o n flow r a t e . The m e a s u r e d ve loc i ty of 
1.2 f t / s e c in the r e a c t o r d o w n c o m e r a g r e e s v e r y we l l with l a b o r a t o r y loop 
da ta . (3 ) The l a t t e r shows tha t the t h r e s h o l d ve loc i t y for the in i t i a t ion of 
c a r r y u n d e r a t 600 ps ig i s ~1.3 f t / s e c . 
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F i g . 16. T o t a l R e c i r c u l a t i o n F low 
R a t e as a Func t ion of R e ­
a c t o r P o w e r at 600 p s i g 
and V a r i o u s T r u e M i x t u r e 
In t e r f ace L e v e l s . 

112-2608 

The v a r i a t i o n of the t o t a l r e ­
c i r c u l a t i o n flow r a t e s o v e r the full 
power r a n g e of 100 Mwt i s shown 
in F i g . 16. At p o w e r l e v e l s above 
40 Mw, the flow r a t e s t end to l e v e l 
off and a r e affected s l igh t ly by the 
t r u e w a t e r - s t e a m i n t e r f a c e l e v e l . 
T h i s i s ev idenced by the da t a s c a t ­
t e r i n g on the f i g u r e . Th i s b e h a v i o r 
i s an i n d i r e c t effect of i n t e r f a c e 
he igh t on r e a c t o r subcool ing t h rough 
i t s effect on l iquid c a r r y o v e r and 
v a p o r c a r r y u n d e r . As the subcool ing 
t e n d s to i n c r e a s e , the r e c i r c u l a t i o n 
flow r a t e s tend to i n c r e a s e , a s e v i ­
denced by the da ta at power l eve l s 
above 60 Mw (see F i g . 16). Th i s 

power r ange c o r r e s p o n d s to cond i t ions 
w^here the m a g n i t u d e of c a r r y o v e r i s l a r g e and the subcool ing n e a r z e r o , 
due to e x c e s s i v e s t e a m c a r r y u n d e r , and the flow r a t e s a r e l o w e r , a s d e ­
p i c t e d by the da ta t a k e n at an i n t e r f a c e he igh t of 16 ft. 

T h e s e t r e n d s a r e a l so shown in F i g . 17. The c o r e in le t ve loc i ty d a t a 
w e r e ob t a ined f r o m P o t t e r m e t e r s i n s t a l l e d in an i n s t r u m e n t e d fuel a s s e m b l y 
n e a r the c o r e c e n t e r . * Note the b r a n c h i n g of the v e l o c i t i e s a s a funct ion of 
the t r u e i n t e r f a c e h e i g h t . 

F i g . 17 

C o r e Inlet Ve loc i ty a s a F u n c t i o n 
of R e a c t o r P o w e r and V a r i o u s 
T r u e M i x t u r e I n t e r f a c e L e v e l s . 

112-2616 
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The m e a s u r e d r e c i r c u l a t i o n flow r a n g e s c o r r e s p o n d to a v e l o c i t y 
r a n g e of 1.2 f t / s e c to 1.8 f t / s e c in the u p p e r d o w n c o m e r a r e a . 

B . Subcool ing 

Subcool ing i s p e r h a p s the m o s t i m p o r t a n t m e a s u r a b l e r e a c t o r p a r a m ­
e t e r s i n c e it r e f l e c t s the effects of c a r r y o v e r and c a r r y u n d e r , and the v a r i ­
a t ion of o the r p a r a m e t e r s such a s r e c i r c u l a t i o n flow, i n t e r f a c e he igh t , e t c . 
The effects of the v a p o r c a r r y u n d e r , l iquid c a r r y o v e r , and t r u e i n t e r f a c e 
he igh t a r e c l e a r l y ev iden t in the subcoo l ing " m a p " of E B W R (see F i g . 18). 

The incep t ion of l iquid c a r r y o v e r 
c a n v i r t u a l l y be p inpo in t ed . The 
s e r i o u s n e s s and m a g n i t u d e of the 
v a p o r c a r r y u n d e r a r e r e a d i l y a p ­
p a r e n t . The m a g n i t u d e of the l iquid 
c a r r y o v e r a l s o can be e a s i l y deduced . 

F i g u r e 18 shows tha t r e a c t o r 
subcool ing i s e x t r e m e l y s e n s i t i v e to 
the t r u e i n t e r f a c e h e i g h t . The f ami ly 
of c u r v e s m e r g e s at the low r e a c t o r 
p o w e r s . At an a v e r a g e i n t e r f a c e 
he igh t of 16 ft 9 in . , the subcool ing 
i n c r e a s e s s l igh t ly -with p o w e r , p e a k s 
at about 20 Mw, and then d i m i n i s h e s 
r a p i d l y t o w a r d z e r o a t about 50 Mw. 
T h i s p a t t e r n of subcoo l ing i s a r e ­
su l t of the s t e a m c a r r y u n d e r in the 
d o w n c o m e r . F o r n o r m a l r e a c t o r 
o p e r a t i o n , the subcoo l ing i n c r e a s e s 

con t inuous ly wi th p o w e r if no s t e a m c a r r y u n d e r i s p r e s e n t . At z e r o s u b ­
coo l ing , the c a r r y u n d e r i s 34.6 w / o . 

As the i n t e r f a c e he igh t i s i n c r e a s e d to 18 ft, the subcool ing in ­
c r e a s e s s l igh t ly and the p e a k o c c u r s a t a h i g h e r p o w e r l e v e l . The b e h a v i o r 
i s due to t h e fact t ha t the c a r r y u n d e r i s a funct ion of the i n t e r f a c e he igh t . 
F o r the s a m e power and flow, the c a r r y u n d e r d e c r e a s e s a s the i n t e r f a c e 
he igh t i n c r e a s e s ; t h e r e f o r e , t he subcoo l ing i s g r e a t e r . The subcool ing b e ­
c o m e s z e r o at about 70 Mw. 

30 40 50 60 70 
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F i g . 18 . "Map" of R e a c t o r Subcool­
ing a s a F u n c t i o n of R e ­
a c t o r P o w e r and V a r i o u s 
T r u e M i x t u r e I n t e r f a c e 
L e v e l s . 

112-2619 

At an i n t e r f a c e he ight of 20 ft, the t r e n d i s the s a m e in the lower 
p o w e r r a n g e . H o w e v e r , at a p o w e r l e v e l of a p p r o x i m a t e l y 70 Mw, the s u b ­
cool ing suddenly i n c r e a s e s s h a r p l y . The he igh t of the s t e a m d o m e h a s 
d e c r e a s e d to a point w h e r e , coup led wi th a s u p e r f i c i a l d o m e vapo r ve loc i ty 
of 1.25 f t / s e c , l iquid c a r r y o v e r o c c u r s . As the power i s i n c r e a s e d beyond 
th i s po in t , the v a p o r ve loc i t y a l s o i n c r e a s e s , and the quan t i ty of l iquid 
c a r r i e d o v e r r i s e s r a p i d l y . T h e i d e n t i c a l t r e n d i s s e e n in the da t a t a k e n 



at an i n t e r f a c e he igh t of 20 ft 6 in . The d i f f e rence i s tha t the subcool ing 
i s a g a i n s l igh t ly h i g h e r , and the po in t of c a r r y o v e r i s r e a c h e d at a l ower 
p o w e r l e v e l . T h i s i s due to the r e d u c e d s t e a m dome he igh t . 

The i n c r e a s e in r e a c t o r subcoo l ing due to c a r r y o v e r can be p r e ­
d i c t ed by m a k i n g a hea t b a l a n c e for the d o w n c o m e r with the aid of Eq . (5). 
The r e s u l t s of th i s a n a l y s i s a r e shown by the d a s h e d l ine in F i g . 19. The 
va lue of X D / X R ( c a r r y u n d e r ) w a s ob ta ined by e x t r a p o l a t i o n f rom the lower 
p o w e r s . 

F i g . 19 

M e a s u r e d R e a c t o r Subcool ing a s a 
F u n c t i o n of R e a c t o r P o w e r . I n c r e a s e 
in subcool ing at 70 Mw is due to 
l iquid c a r r y o v e r . D a s h e d c u r v e 
shows subcool ing p r e d i c t e d f rom 
m e a s u r e m e n t s of l iquid c a r r y o v e r 
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Conf idence in the m e a s u r e d subcool ing and r e c i r c u l a t i o n flow rates 
was ga ined f r o m the fol lowing c o n s i d e r a t i o n s : 

(1) A s s u m i n g no s t e a m c a r r y u n d e r in Eq . (4), the r e c i r c u l a t i o n 
flow r a t e W-p w a s c o m p u t e d wi th the u s e of the subcool ing da ta and c o m ­
p a r e d with the h y d r o d y n a m i c a n a l y s i s of EBWR. The e s t i m a t e d m a x i m u m 
to t a l flow r a t e at 100 Mw is ~12 x 10^ I b / h r . In g e n e r a l , the c a l c u l a t e d 
flow r a t e s u s ing the h e a t b a l a n c e g r e a t l y e x c e e d th i s v a l u e , even at the low 
p o w e r l eve l ( see F i g . 20). Thus i t m u s t be conc luded tha t the h e a t b a l a n c e 
flows a r e f a l se and the low subcoo l ings a r e a r e s u l t of c a r r y u n d e r . 

(2) The r a t e of change of flow with p o w e r , a s s een in F i g . 20, is 
too g r e a t to be jus t i f i ed by any r e a s o n a b l e h y d r o d y n a m i c a n a l y s i s . 

(3) The s l ip r a t i o s in the r i s e r , which w e r e computed f rom the 
m e a s u r e d flow r a t e s , c h e c k wel l wi th c o r r e l a t i o n s deve loped f rom l a b o r a t o r 
loop s t u d i e s . Had the hea t b a l a n c e flow r a t e been u s e d , the m a j o r i t y of the 
s l ip r a t i o s would have b e e n l e s s t han one . Th i s i s a p h y s i c a l i m p o s s i b i l i t y . 

(4) Under r e a c t o r cond i t ions w h e r e l i t t l e or no c a r r y u n d e r i s ex­
p e c t e d (e .g . , 5 Mw) and m a k e - u p w a t e r i s in jec ted t h r o u g h the lower feed 
r i n g , the m e a s u r e d flow r a t e s c h e c k wel l with the h e a t b a l a n c e flow r a t e s . 
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C. Vapor C a r r y u n d e r 

The v a p o r c a r r y u n d e r in the 
r e a c t o r w a s c a l c u l a t e d f r o m a hea t 
b a l a n c e , t h r o u g h u s e of the m e a s u r e d 
subcoo l ings and flow r a t e s , a s d i s ­
c u s s e d p r e v i o u s l y . The s t e a m c a r r y -
u n d e r a s a funct ion of p o w e r and 
i n t e r f a c e he igh t i s p lo t t ed in F i g . 2 1 . 
F o r t h e s e r u n s , the m a k e - u p w a t e r 
w a s in jec ted at t he top &f the r i s e r . 
The o r d i n a t e X D / X R i s equ iva len t 
to the f r a c t i o n a l w e i g h t - p e r c e n t of 
c a r r y u n d e r . The c a r r y u n d e r i s 
s u b s t a n t i a l at the lower p o w e r s , 
~20%. Th i s i s due to the r e c i r c u l a ­
t ion flow r a t e s which a r e of such 
m a g n i t u d e tha t the t h r e s h o l d v e l o c i t y 
for i n i t i a t ion of c a r r y u n d e r i s e x ­
c e e d e d , even at t he v e r y low p o w e r s . 
As m e n t i o n e d p r e v i o u s l y , the da ta 
i n d i c a t e tha t t he t h r e s h o l d ve loc i ty 
for the in i t i a t ion of c a r r y u n d e r i s 
1.3 f t / s e c . As the power i s i n c r e a s e d , 
the c a r r y u n d e r i n c r e a s e s g r a d u a l l y 
to a va lue of - 4 0 % at 100 Mw for an 
i n t e r m e d i a t e l iquid i n t e r f a c e he igh t , 
tha t i s , 40 w / o of a l l s t e a m g e n e r a t e d 
in the c o r e i s be ing e n t r a i n e d in the 
d o w n c o m e r . At 100 Mw, the a v e r a g e 
ve loc i t y in the d o w n c o m e r w a s 1.8 f t / 
s e c . The fact tha t the c a r r y u n d e r 
h a s e x c e e d e d the t h e o r e t i c a l l im i t 

of 34.6% (which c o r r e s p o n d s to the point w h e r e a l l subcool ing i s e l i m i n a t e d ) 
i s due to the o c c u r r e n c e of l iquid c a r r y o v e r . 
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S team C a r r y u n d e r as a F u n c t i o n 
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t u r e I n t e r f a c e L e v e l s . 
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The m a g n i t u d e of v a p o r c a r r y u n d e r in the d o w n c o m e r is s o m e w h a t 
s t a r t l i n g , but c o r r o b o r a t i n g da t a a r e a v a i l a b l e . As an e x a m p l e , ev idence 
of the e x c e s s i v e c a r r y u n d e r w a s ob ta ined f r o m p h y s i c s a n a l y s i s of the c o r e 
for a v e r a g e s t e a m v o l u m e f r a c t i o n s ( see F i g . 22). B a s e d on h y d r o d y n a m i c 
a n a l y s i s of the c o r e and an a s s u m p t i o n of no c a r r y u n d e r , the e s t i m a t e d 
void con ten t w a s 12% at 60 Mw. Th i s is in s h a r p c o n t r a s t wi th the va lue of 
27% d e r i v e d f r o m m e a s u r e d p h y s i c s p a r a m e t e r s of the c o r e . The l a t t e r 
v a l u e , which c o r r e s p o n d s to 5%k, w a s expec t ed at 100 Mw. 

CORE EXIT 
( INSTRUMENTED ASSEMBLY) 

-AVERAGE CORE VOID FRACTION 

J I I I I I 
30 40 50 

REACTOR POWER, Mw 

F i g . 22. C a l c u l a t e d A v e r a g e S t e a m 
Vo lume F r a c t i o n in C o r e a s 
a F u n c t i o n of R e a c t o r P o w e r 

L a b o r a t o r y loop s tud ies (3 ) 
showed tha t , a s power is i n c r e a s e d 
for a fixed r e c i r c u l a t i o n ve loc i ty , 
the p e r c e n t of c a r r y u n d e r d e c r e a s e s , 
r e a c h e s a m i n i m u m , and then b e g i n s 
to i n c r e a s e . Th i s s e q u e n c e did not 
o c c u r in the r e a c t o r s ince the r e ­
c i r c u l a t i o n ve loc i ty cont inued to i n ­
c r e a s e s l igh t ly with p o w e r . Once 
the t h r e s h o l d ve loc i ty for c a r r y u n d e r 
is p a s s e d , s u b s t a n t i a l i n c r e a s e s in 
c a r r y u n d e r o c c u r wi th s m a l l i n c r e a s e s 
in ve loc i t y . In EBWR, the e x p e c t e d 
d e c r e a s e of c a r r y u n d e r with i n c r e a s ­
ing power a p p a r e n t l y was nul l i f ied 
by the i n c r e a s e in the r e c i r c u l a t i o n 

v e l o c i t y . The o v e r a l l effect w a s tha t the p e r c e n t of c a r r y u n d e r cont inued 
to i n c r e a s e wi th p o w e r . 

The da t a w e r e c o m p a r e d wi th the c a r r y u n d e r c o r r e l a t i o n s deve loped 
f r o m the loop s t u d i e s . The r e s u l t s a r e p lo t ted in F i g s . 23 and 24. In 
F i g . 23 , the da t a a p p e a r to d e v i a t e f r o m the c o r r e l a t i o n . Ac tua l ly , the 
s lope of the l ine d r a w n t h r o u g h the da t a , when p lo t ted as X Q / X R v e r s u s 
the funct ions f(Vg, Vg^^^, G, O, jd, H, D, Pf, P-^). d i f fe r s f rom the l oop -
deve loped c o r r e l a t i o n . Th i s can be a t t r i b u t e d to one s igni f icant d i f f e rence 
b e t w e e n the r e a c t o r da t a and the loop da t a . In the r e a c t o r , the s t e a m c a r ­
r i e d u n d e r is i m m e d i a t e l y s u b j e c t e d to quenching , s ince the cold feed w a t e r 
i s in jec ted at the top of the r i s e r . T h u s , the t r u e l iquid ve loc i t y 
[V£)/(l - Ct)]-)] at the top of the d o w n c o m e r i s l ower than would p r e v a i l if no 
quench ing o c c u r r e d . F o r m a k i n g the c o m p a r i s o n shown in F i g . 24, the e n -
t r a i n m e n t r a t i o Vg /Vgn t w a s c a l c u l a t e d unde r the a s s u m p t i o n of no quench ­
ing . The s l ip r a t i o s w e r e c a l c u l a t e d f rom the following equat ion:(3) 

Vc 

V L 
0 . 6 3 ( F r ) ° - ' ' ( - i ^ ^ y " (8) 

T h e s l ip r a t i o w a s t hen u s e d to c a l c u l a t e the void f r ac t i on in the d o w n c o m e r 
(ttj-)). The c a l c u l a t e d v a l u e s w e r e m u c h g r e a t e r t han the m e a s u r e d v a l u e s of 



the s t e a m v o l u m e f r a c t i o n due to the quench ing wh ich o c c u r s in th i s r e g i o n . 
The o v e r a l l effect w a s to m a k e the e n t r a i n m e n t r a t i o V g / V e n t 3-^d, h e n c e , 
the func t ions f (Vg, Vgnt, . . . Pv) a b n o r m a l l y low. The quenching i s , t h e r e ­
f o r e , b e l i e v e d to be the r e a s o n for the d e v i a t i o n of t h e da t a f r o m the 
c o r r e l a t i o n . 

CARRYUNDER CORRELATION 
(SEE REF. 3 ) 

[/ \ , / V 0 . 6 6 7 / 2 / , %-0.5 , , vO.5 , ,( 

F i g . 2 3 . C o m p a r i s o n of C a r r y u n d e r D a t a wi th the C o r r e l a ­
t ion , Using C a l c u l a t e d S t e a m Vo lume F r a c t i o n . 

1.0 

„»= 0.8 •CARRYUNDER CORRELATION 
(SEE REF. 3) 

WR/^ 
, _ > 0 . 6 6 7 / 2 

(a) / G ;. ( H / D ) "•= + (H/D)-p.5 
{p^/p.f 

F i g . 24 . C o m p a r i s o n of C a r r y u n d e r Da ta wi th the C o r r e ­
l a t ion , Using M e a s u r e d S t e a m Vo lume F r a c t i o n . 

An a t t e m p t w a s m a d e to s u b s t a n t i a t e t h i s by r e - e v a l u a t i n g the e n t r a i n ­
m e n t r a t i o Vg /Vgn t ^-^^ ^^e func t ions f(Vg, Vent- • • • Pv) by u s ing the m e a s ­
u r e d s t e a m v o l u m e f r a c t i o n s wi th quenching in the top p a r t of the d o w n c o m e r . 
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F i g . 28 . S t e a m Volume F r a c t i o n in 
C e n t e r of R i s e r as a F u n c ­
t ion of R e a c t o r P o w e r at 
600 p s i g and V a r i o u s T r u e 
M i x t u r e In t e r f ace L e v e l s . 

F i g . 29 . S t e a m Volume F r a c t i o n at 
P e r i p h e r y of R i s e r as a 
F u n c t i o n of R e a c t o r P o w e r at 
600 ps ig and V a r i o u s T r u e 
M i x t u r e I n t e r f a c e L e v e l s . 

112-2614 

1, R i s e r 

The void f r a c t i o n in the r i s e r i n c r e a s e s s t e a d i l y wi th r e a c t o r 
p o w e r and i s s o m e w h a t s e n s i t i v e to the i n t e r f a c e he ight , e s p e c i a l l y at the 
h i g h e r p o w e r s . The effect of the i n t e r f a c e he igh t on r i s e r void f r a c t i o n s 
is i n d i r e c t , r e s u l t i n g f r o m the v a r i a t i o n of r e a c t o r subcoo l ing and, h e n c e , 
exi t qua l i ty . The v a r i a t i o n of the r i s e r s t e a m v o l u m e f r a c t i o n with power 
can a l s o be s c r u t i n i z e d for the effects of l iquid c a r r y o v e r and s t e a m c a r r y -
u n d e r . In the lower p o w e r r a n g e (20-50 Mw), w h e r e the s t e a m c a r r y u n d e r 
is p r e d o m i n a n t and the l o s s of subcoo l ing i s r a p i d , the r i s e r s t e a m v o l u m e 
f r a c t i o n r i s e s r a p i d l y . In the m i d d l e power r a n g e (60-80 Mw), w h e r e the 
t h r e s h o l d of l iquid c a r r y o v e r i s r e a c h e d , the void f r ac t i on t e n d s to l e v e l 
off. In the r e g i o n of v e r y h igh power (>80 Mw), the s t e a m v o l u m e f r a c t i o n 
t ends to d e c r e a s e . T h i s b e h a v i o r in the h i g h - p o w e r r e g i o n i s e x p e c t e d s ince 
the subcool ing is i n c r e a s i n g r a p i d l y wi th p o w e r . An ind ica t ion of the change 
in the void con ten t can be ga ined f r o m a s i m p l e hea t b a l a n c e : 

Q - Wx (Ah + Xhfg) (9) 

o r 

X 
( Q / W T ) - Ah 

hfg 
(10) 

w h e r e X i s the a v e r a g e m i x t u r e qua l i t y at the c o r e ex i t . The a v e r a g e c o r e 
and r i s e r void f r a c t i o n s a r e rough ly p r o p o r t i o n a l to the a v e r a g e exi t c o r e 
m i x t u r e qua l i ty . T h e r e f o r e , the change in qua l i ty and, h e n c e , change in 



vo ids w a s c o m p u t e d o v e r the p o w e r l e v e l i n t e r v a l s : 70-80 Mw, 80-90 Mw, 
and 9 0 - 9 5 Mw. The r e s u l t s a r e a s fo l lows : 

CC(80 M W ) Xe(80 Mw) ^ 
a (70 Mw) ~ Xe(70 Mw) 

a(90 Mw) ^ Xe(90 Mw) ^ ^ 
a (80 Mw) ~ X e ( 8 0 M w ) 

a (95 Mw) Xe(95 Mw) 
a(90 Mw) ~ Xe(90 Mw) 

0.97 

T h e s e f i g u r e s , a l though not p r e c i s e , c l e a r l y i nd i ca t e the d e c r e a s i n g r a t e 
of vo id i n c r e a s e a s the p o w e r i s i n c r e a s e d . Be tween 80 and 90 Mw, t h e r e 
i s v i r t u a l l y no change in ex i t qua l i t y ; h e n c e , the c o r e and r i s e r void 
f r a c t i o n s would t end to r e m a i n n e a r l y c o n s t a n t . Be tween 90 and 95 Mw, it 
a p p e a r s t ha t the vo id con t en t a c t u a l l y d e c r e a s e s ; h e n c e , the r e a c t i v i t y would 
i n c r e a s e . T h i s b e h a v i o r i s shovv^n in F i g . 25 and w a s c o r r o b o r a t e d by the 
c o n t r o l r o d m o v e m e n t s m a d e o v e r t h i s pov/er i n t e r v a l . T h e s e da t a i nd ica t e 
t h a t , c o n s e q u e n t to w i t h d r a w a l of c o n t r o l r o d s to i n c r e a s e p o w e r in t h i s 
r e g i o n , the p o w e r would con t inue to i n c r e a s e u n l e s s the r o d s w e r e r e ­
i n s e r t e d . M o r e o v e r , at the h i g h e r p o w e r , the r o d s would be r e - i n s e r t e d 
s l i gh t ly be low the l e v e l of the r o d bank p r e v a i l i n g a t the t i m e of w i t h d r a w a l . 
Such a s e q u e n c e of e v e n t s a c t u a l l y o c c u r r e d in the r e a c t o r . At 88.6 Mw, 
the r o d bank w a s at 38 in. and the c e n t r a l rod w a s at 40 in . ; a t 90.7 Mw, a l l 
the r o d s w e r e a t 37.7 in. 

The l i m i t e d a m o u n t of r i s e r void da t a t a k e n du r ing T e s t S e r i e s 
No . 1 (at 300 p s i g ) is shown in F i g s . 26 and 27. It w a s found tha t the 
3 0 0 - p s i g void da ta fit the 6 0 0 - p s i g c u r v e when p l o t t e d a t two t i m e s the 
p o w e r . T h i s t e n d s to s u b s t a n t i a t e p r e v i o u s a n a l y s i s wh ich showed tha t 
o p e r a t i o n at a g iven p o w e r at 300 p s i g w a s e q u i v a l e n t to o p e r a t i o n at a p ­
p r o x i m a t e l y twice the p o w e r a t 600 p s i g . 

The da t a a l s o i n d i c a t e a def in i te p h a s e d i s t r i b u t i o n in the r i s e r . 
T h i s d i s t r i b u t i o n b e c o m e s m o r e skev/ed a s the p o w e r i s i n c r e a s e d . F o r 
e x a m p l e , in F i g s . 28 and 29 t h e r e is a s u b s t a n t i a l d i f f e r ence b e t w e e n the 
void f r a c t i o n m e a s u r e d a t the c e n t e r and the edge of the r i s e r . The void 
f r a c t i o n in the c e n t e r ( P r o b e A) i s a l w a y s g r e a t e r than the void f r a c t i o n 
n e a r the p e r i p h e r y of the r i s e r ( P r o b e B). 

2. D o w n c o m e r 

D a t a on the r a t e of quench ing of the s t e a m c a r r i e d u n d e r w e r e 
ob t a ined f r o m P r o b e D in the l o w e r d o w n c o m e r and P r o b e C - 2 in the u p p e r 
d o w n c o m e r ( see F i g . 3). 



An ins igh t in to the c o l l a p s e - r a t e p a t t e r n of the s t e a m bubb le s 
can be ga ined f r o m a rough t h e o r e t i c a l a n a l y s i s of the p r o b l e m . If it be 
a s s u m e d tha t the c o l l a p s e of a v a p o r bubble in a subcoo led l iquid i s gov­
e r n e d p r i m a r i l y by the r a t e of h e a t t r a n s f e r at i t s s u r f a c e d u r i n g the m a j o r 
f r ac t i on of i t s life t i m e , the following e x p r e s s i o n can be ob ta ined : 

( ^ y - 1 - 1.275 (Prf)°-5 
R i 

^ 1 
cd 

Pv 
Pf 

0.25 Pf CfATsub kf At 

P v h 
£g ^l (11) 

R u c k e n s t e i n ' s t h e o r e t i c a l e x p r e s s i o n for the bubble N u s s e l t n u m b e r i s 
used,! '*) and the a s s u m p t i o n is m a d e tha t t he bubble i s mov ing in a q u i e s c e n t 
f luid. Undoubted ly , in a h igh ly t u r b u l e n t r e g i o n the c o l l a p s e r a t e of a 
bubble would be nnuch h i g h e r t han that p r e d i c t e d by E q . (11). H o w e v e r , the 
qua l i t a t i ve effect of subcoo l ing on the c o l l a p s e r a t e i s c o n s i d e r e d f a i r l y 
a c c u r a t e . 

F i g u r e 30 shows the r e s u l t s of s o m e 
c a l c u l a t i o n s which i l l u s t r a t e the s t r o n g ef­
fect of subcool ing on the c o l l a p s e r a t e of 
b u b b l e s of v a r i o u s d i a m e t e r s . As the s u b ­
cool ing i n c r e a s e s , the t i m e r e q u i r e d to 
c o l l a p s e the vapo r bubble d e c r e a s e s . T h u s , 
at the top of the d o w n c o m e r , w h e r e the cold 
feed w a t e r i s in jec ted , the subcool ing i s 
m a x i m u m , the c o l l a p s e r a t e i s a l so at a 
m a x i m u m , and one would expec t a sudden 
l a r g e d r o p in the void con ten t . 

In an E B W R - t y p e r e a c t o r , w h e r e 
cold feed w a t e r i s i n j ec ted into the down­
c o m e r , the subcool ing would v a r y f r o m one 
d e g r e e at ~10 Mw, to ~12° at 100 Mw, a s ­
s u m i n g no c a r r y u n d e r . At low p o w e r s , 
the c o l l a p s e r a t e i s at a m i n i m u m ; t h u s , a 
l a r g e quan t i ty of s t e a m c a r r y u n d e r would 
r e f l e c t a high s t e a m v o l u m e f r a c t i o n . As 
the power i n c r e a s e s , the t h e o r e t i c a l s u b ­
cool ing i n c r e a s e s and thus the bubble c o l ­

l a p s e r a t e i n c r e a s e s . H e n c e , for the s a m e amoun t of s t e a m c a r r y u n d e r , 
the s t e a m v o l u m e f r a c t i o n would be l o w e r . In the v e r y h igh power r a n g e 
(>75 Mw), w h e r e e x c e s s cold w a t e r i s in jec ted to the l iquid c a r r y o v e r , 
the c o l l a p s e r a t e i s even g r e a t e r ; and d e s p i t e m a x i m u m c a r r y u n d e r , a low 
s t e a m v o l u m e f r a c t i o n would be e x p e c t e d . M o r e o v e r , b e c a u s e of l iquid 
c a r r y o v e r , t he s t e a m vo lume f r a c t i o n would d e c r e a s e wi th p o w e r . F i g u r e 31 
i l l u s t r a t e s the type of void p a t t e r n e x p e c t e d in the u p p e r r e g i o n of the down­
c o m e r . In the l o w e r d o w n c o m e r r eg ion , v i r t u a l l y a l l the s t e a m vo ids would 

I 2 
BUBBLE DIAMETER, mm 

F i g . 30. Effect of Subcool ing 
on Bubble C o l l a p s e 
T i m e . 

112-2612 
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be c o n d e n s e d b e c a u s e of the t r a n s i e n t t i m e involved . Th i s i s e s p e c i a l l y 
t r u e in the v e r y high p o w e r r a n g e w h e r e an e x c e s s of feed w a t e r i s in jec ted . 

The d o w n c o m e r s t e a m vo lume 
f r a c t i o n da t a ob ta ined f r o m P r o b e s C-
2 and D a r e shown in F i g s . 32 and 33, 
r e s p e c t i v e l y . At f i r s t g l a n c e , the 
d a t a a p p e a r to be e r r a t i c , wi th e x ­
c e s s i v e s c a t t e r . H o w e v e r , upon 
c l o s e r s c r u t i n y s o m e i n t e r e s t i n g 
t r e n d s can be deduced which a p p a r ­
en t ly s u b s t a n t i a t e the fo rego ing 
a n a l y s i s . The m a j o r d e t e r r e n t to 
e s t a b l i s h i n g c o n c l u s i v e p a t t e r n s i s 
tha t the da t a w e r e not t a k e n o v e r the 
e n t i r e power r a n g e at a fixed i n t e r ­
face he igh t . However , a s shown in 
F i g . 32, the s t e a m vo lume f r ac t i on 
in the u p p e r r e g i o n of the d o w n c o m e r 
i s m a x i m u m at the lowes t p o w e r s 
and lowes t i n t e r f a c e h e i g h t s . As the 

F i g . 31 , 

REACTOR POWER, MW 

S t e a m Volume F r a c t i o n a s a 
F u n c t i o n o f R e a c t o r P o w e r , 
Showing Void P a t t e r n E x ­
p e c t e d in Upper Reg ion of 
D o w n c o m e r . 

112-2607 

i n t e r f a c e he ight is r a i s e d and the 
p o w e r i s i n c r e a s e d , the s t e a m v o l u m e f r ac t i on d e c r e a s e s in a m a n n e r s i m ­
i l a r to that p r e d i c t e d by t h e o r y . In the lower r e g i o n of the d o w n c o m e r , the 
s t e a m v o l u m e f r a c t i o n is v i r t u a l l y z e r o unde r a l l cond i t ions ( see F i g . 33). 

E . T r u e Liquid Leve l 

The d i f f e r ence b e t w e e n the 
t r u e fluid i n t e r f a c e l eve l in the r e ­
a c t o r and the l e v e l as i n d i c a t e d by 
the w a t e r c o l u m n i s shown in F i g . 34. 
The he ight d i f f e r en t i a l i s a r e s u l t of 
the s t e a m vo ids p r e s e n t in t h e c o r e , 
r i s e r , d o w n c o m e r , and the "bubble 
b e d " above the r i s e r . The vo ids tha t 
a r e f o r m e d in the r e a c t o r c o r e and 
r i s e r , and e n t r a i n e d in the down­
c o m e r , d i s p l a c e an equa l v o l u m e of 
w a t e r ; t h i s c a u s e s an i n c r e a s e in the 
m i x t u r e he igh t . The w a t e r l e v e l above 
the r i s e r i s , in t u r n , f u r t h e r expanded 
by the v a p o r flowing t h r o u g h i t ; t h i s 
c r e a t e s a two-phase m i x t u r e o r "bed . " 
As shown in F i g . 34, the d i s c r e p a n c y 
b e t w e e n the two l e v e l s can be qui te 
l a r g e . 

~1 I 

UPPER DOWNCOMER 

• ^ . . 

J L 
0 10 20 30 4 0 50 6 0 7 0 80 9 0 100 

REACTOR POWER, MW 

F i g . 32. S t e a m Volume F r a c t i o n in 
Upper Region of D o w n c o m e r 
a s a Func t ion of R e a c t o r 
P o w e r and V a r i o u s T r u e 
Mix tu re In t e r f ace L e v e l s . 

112-2609 
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REACTOR POWER, Mw 

F i g . 3 3 . S t e a m Volume F r a c t i o n in 
L o w e r Reg ion of D o w n c o m e r 
as a F u n c t i o n of R e a c t o r 
P o w e r and V a r i o u s T r u e 
M i x t u r e I n t e r f a c e L e v e l s . 

112-2606 
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REACTOR POWER, Mw 

F i g . 34 . Height Di f fe ren t i a l b e t w e e n 
Ac tua l In t e r f ace L e v e l and 
W a t e r Co lumn L e v e l a s a 
F u n c t i o n of R e a c t o r P o w e r 
and V a r i o u s T r u e M i x t u r e 
I n t e r f a c e L e v e l s . 

112-2618 

The he igh t d i f f e r en t i a l i s p r i m a r i l y a funct ion of r e a c t o r p o w e r and 
i n c r e a s e s as the power i s i n c r e a s e d . In the v e r y high power r a n g e w h e r e 
l iquid c a r r y o v e r o c c u r s , the he igh t d i f f e r en t i a l l e v e l s off and b e g i n s to d e ­
c r e a s e . Th i s i s a r e s u l t of the sudden i n c r e a s e in subcool ing and, h e n c e , 
d e c r e a s e in c o r e and r i s e r void con ten t . The s c a t t e r of the da t a i n c r e a s e s 
wi th p o w e r . T h i s i s p r o b a b l y due to the fact tha t the i n t e r f a c e b e c o m e s 
m o r e t u r b u l e n t and l e s s def ined . A l s o , the d i s t a n c e b e t w e e n the u p p e r two 
s t a t i c p r e s s u r e p r o b e s w a s tw ice as l a r g e a s tha t b e t w e e n the l o w e r two 
p r o b e s . As a r e s u l t , the a c c u r a c y for the i n t e r f a c e d e t e r m i n a t i o n at the 
h i g h e r power w a s s u b s t a n t i a l l y r e d u c e d . The m a x i m u m e r r o r in e s t a b ­
l i sh ing the i n t e r f a c e w a s e s t i m a t e d to be 9 in . 

F . Liquid C a r r y o v e r 

The t h r e e m e t h o d s e m p l o y e d to d e t e r m i n e the l iquid c a r r y o v e r w e r e 
d e s c r i b e d e a r l i e r . The r e s u l t s a r e c o m p a r e d in F i g . 35 . T h e s e d a t a r e p ­
r e s e n t the f i r s t s e t of l iquid c a r r y o v e r m e a s u r e m e n t s m a d e . They a r e to 
be t r e a t e d as p r e l i m i n a r y , s i n c e the t r u e m i x t u r e i n t e r f a c e l e v e l s w e r e not 
d e t e r m i n e d at t h i s t i m e . H o w e v e r , t h e s e d a t a do s e r v e to point up the 
a g r e e m e n t a m o n g the t h r e e t e c h n i q u e s . 

The d a t a ob ta ined f rom the s a m p l i n g p r o b e s w e r e l i m i t e d , owing to 
t i m e c o n s i d e r a t i o n s and t e r m i n a t i o n of the p r o g r a m . However , s o m e in ­
t e r e s t i n g t r e n d s a r e i l l u s t r a t e d in F i g . 36, in which the p e r c e n t c a r r y o v e r 
i s p lo t t ed a s a funct ion of the d i s t a n c e above the v a p o r - l i q u i d i n t e r f a c e . A 
fami ly of c u r v e s i s ob ta ined for v a r y i n g s u p e r f i c i a l v a p o r v e l o c i t i e s ( p o w e r s ) ; 
h e n c e , it i s r e a d i l y a p p a r e n t tha t c a r r y o v e r r a t e s cannot be e x p r e s s e d in 
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t e r m s of s u p e r f i c i a l v a p o r v e l o c i t i e s a l o n e . The he igh t of the s t e a m d o m e 
m u s t a l s o be spec i f i ed . As the a c t u a l s t e a m d o m e he ight d e c r e a s e s , the 
c a r r y o v e r i n c r e a s e s r a p i d l y . 

- ^ 35 

< 
30 

2 5 

20 

^ 15 

n I 1 1 I I 
SOURCE OF DATA 

HEAT BALANCE ON SECONDARY SYSTEM 
SAMPLING PROBES IN REACTOR i 
DISCREPANCY BETWEEN FEED WATER 
AND STEAM DISCHARGE RATES 

60 6 5 7 0 75 80 85 

REACTOR POWER, Mw 

F i g . 35 . P e r c e n t Liquid C a r r y o v e r 
a s a F u n c t i o n of R e a c t o r 
P o w e r , Showing C o m p a r i ­
son of D a t a Obta ined f r o m 
T h r e e S o u r c e s 

112-2615 

100 — 
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F i g . 36. P e r c e n t Liquid C a r r y o v e r 
a s a Func t ion of D i s t a n c e 
above Vapor In t e r f ace for 
V a r i o u s Super f i c i a l Vapor 
Ve loc i t i e s 

112-2610 

The l iquid c a r r y o v e r da t a d e r i v e d by the h e a t b a l a n c e t echn ique a r e 
the m o s t a c c u r a t e and p r o b a b l y of g r e a t e s t i n t e r e s t s ince they r e p r e s e n t 
t h e a c t u a l a m o u n t of w a t e r c a r r i e d o v e r into the P r i m a r y R e b o i l e r s . As 
i l l u s t r a t e d in F i g . 37, the in i t i a t ion of c a r r y o v e r o c c u r s at d i f fe ren t power 
l e v e l s for d i f fe ren t i n t e r f a c e h e i g h t s . At 60 Mw, the c a r r y o v e r s t a r t s at 
a s u p e r f i c i a l v e l o c i t y of 1.1 f t / s e c , wi th a s t e a m d o m e he ight of 30 in. As 
the s t e a m d o m e he igh t i n c r e a s e s , the s u p e r f i c i a l v a p o r ve loc i ty r e q u i r e d 
to i n i t i a t e l a r g e a m o u n t s of c a r r y o v e r a l s o i n c r e a s e s . 

F i g . 37 

Liquid C a r r y o v e r a s a Func t ion of 
R e a c t o r P o w e r and V a r i o u s W a t e r 
C o l u m n L e v e l s . (Data f rom h e a t 
b a l a n c e on p r i m a r y r e b o i l e r . ) 

112-2613 Rev . 

20 30 40 SO 60 70 

REACTOR POWER, Mw 
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A c o m p a r i s o n of the da t a d e r i v e d f r o m the r e a c t o r wi th da t a o b ­
t a i n e d u n d e r s t a t i c cond i t i ons (no fluid r e c i r c u l a t i o n ) shows t h a t the magn i ­
tude of the c a r r y o v e r i s l a r g e r for the s a m e condi t ion of v a p o r v e l o c i t y 
and d o m e he igh t . The a m o u n t of l iqu id c a r r y o v e r m e a s u r e d in the r e a c t o r 
w a s m u c h l a r g e r t h a n had b e e n e x p e c t e d . 

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

The a u t h o r s w i s h to e x p r e s s t h e i r a p p r e c i a t i o n to the fol lowing 
m e m b e r s of t h e Hea t E n g i n e e r i n g S e c t i o n : G. R e z e k , who a ided in the 
i n i t i a l d e s i g n and c o n s t r u c t i o n s t a t e s ; M. G a t s , who w a s m o s t helpful dur­
ing the c o n s t r u c t i o n and i n s t a l l a t i o n s t a g e s ; H. N i e m o t h , who l a id out and 
i n s t a l l e d m o s t of the e l e c t r i c a l e q u i p m e n t ; G. L a m b e r t , who w o r k e d on 
m a n y f a c e t s of the p r o j e c t and who h e l p e d in the r e d u c t i o n of the v a s t 
a m o u n t of d a t a ; and Joe K e m p , Bi l l B r e w e r , Dan Quinn, and E l m e r 
Gunch in , for t h e i r g e n e r a l a s s i s t a n c e t h r o u g h o u t the t e s t p r o g r a m . 
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APPENDIX 

TABULATIONS OF DATA 



1 ^ 
0 0 

Table A 1 

SUMMARY OF REACTOR DATA 

Run 
No 

101 
102 
103 
104 
105 
106 
107 
108 
109" 
110 
111 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
136 
137 
138 
139 
140 
141 
201 
202 
203 
204 
205 
206 
207 
208 
209 
210 
211 
212 

Power 
Mw 

4 07 
9 97 

19 60 
19 45 
14 90 
24 78 
34 49 

40 29 
40 30 
48 07 

59 52 
37 34 

44 63 
50 64 

56 32 
6115 
65 05 
69 86 
69 00 
77 00 
63 70 
74 80 
82 00 
90 10 
60 00 
70 30 
80 00 
90 00 
75 00 
69 80 
79 80 
T>m 
77 10 
83 20 
87 80 
9110 
96 00 
96 30 

100 00 
25 10 
35 00 
43 30 
43 50 
5160 
60 20 
70 90 
35 80 
25 60 
73 70 
76 40 
78 80 

Water 
Column 

f t - in 

16-10 
16-10 
16-10 
16-10 
16-10 
16-10 
16-10 

16-10 

16-10 
16- 2 

16- 0 
16 0 
15-10 

15-10 

15- 9 
15- 9 
15-11 
15-10 
16- 0 
16- 0 
16- 0 
16- 0 

16- 0 
16- 0 
16- 0 
16- 0 
16- 0 
16- 0 
15- 5 
15- 5 
15- 0 
15- 3 
i5 - 3 
15- 7 
15- 7 
15- 7 
15- 8 
15- 8 
15- 8 
15- 6 5 
15- 0 
15- 3 
15- 6 5 
15- 3 
15- 0 
14-10 
15-10 
16- 5 
16- 5 5 
16- 5 5 
15- 7 

True 

Level ft 

Center 

17 92 
18 10 
18 51 
18 47 

18 23 
18 86 

-
-
-
-

18 30 
18 44 

18 60 
18 61 

-
-

-
-
-
-
-
-
-
-
-
-
-
-
-

17 42 
17 57 
17 51 
18 20 
18 37 
18 42 
18 55 
18 26 
1815 

-
-

Edge 

17 57 
17 82 
18 24 
18 24 
18 07 
18 41 
19 00 

19 97 
20 04 
18 58 
19 00 
17 93 
18 33 

18 28 
18 48 
18 71 
20 63 
20 46 
20 32 
20 45 
20 54 
20 94 

20 80 
20 89 
19 95 
20 49 
20 55 
20 65 
20 45 
20 15 
20 28 

20 08 
20 22 
20 61 

20 18 
20 54 
20 49 

20 18 
20 07 
16 56 
16 68 
16 77 
17 63 
17 77 
17 91 
18 27 
17 78 
17 89 
20 90 
20 33 
20 06 

AH 
(Avg) 

in 

10 90 
13 50 
18 50 
18 25 
15 80 
20 20 

26 00 
37 63 
38 44 
28 96 
36 00 
25 39 
30 60 

31 27 
33 60 
35 50 
56 56 
55 53 
5180 
53 36 
54 45 
59 28 
57 64 
58 64 
47 39 
53 88 
54 60 
55 81 
48 38 
56 80 
63 38 
57 96 
59 59 
60 26 
55 12 
59 48 

57 88 
54 16 

52 88 
17 38 
25 45 
34 68 
28 47 
33 28 
37 25 
42 91 
26 28 
19 24 
53 24 
46 45 
53 74 

ATsub 

0 75 
0 95 
2 15 
3 20 

178 
195 
2 10 

2 28 
6 27 
121 
139 
2 24 
2 12 

195 
197 
159 
134 
165 
154 
2 23 
136 
176 
3 14 
4 91 
3 53 
3 44 

4 08 
5 16 

-
151 
0 31 
0 94 
132 
2 11 
3 39 
3 42 
3 42 

4 11 
143 
0 78 
0 39 

150 
0 87 
0 43 
00 
195 
2 06 
3 50 
5 05 
2 58 

106 Ib/hr 

4 8852 
5 4921 
6 0826 
5 3577 

5 5333 
5 9947 
6 4630 

6 7145 
5 8806 
7 1465 
7 1186 
6 6163 
6 6836 
6 7826 

6 7490 
6 7836 
6 0013 
6 7396 
6 2900 
6 5910 
6 3660 
6 6400 

6 9830 
7 2020 
6 9690 
6 6500 

6 6760 
6 6460 

-
-

6 9190 
6 8096 
6 6415 
6 6163 
6 6751 
6 7424 
6 8265 

6 9106 
6 9106 
6 4c93 
6 4641 
6 3546 
7 1795 
7 0532 
7 0027 
6 8764 
7 0027 
6 7670 
6 3041 
6 6071 
6 3967 

RI 

" A 
Center 

0 1040 

0 1495 
0 2210 
0 2275 
0 1820 
0 2470 
0 3380 

0 3770 
0 3510 
0 4095 
0 4355 
0 4388 
0 4810 
0 5005 

0 5265 
0 5395 
0 5525 
0 5720 
0 4553 
0 4648 
0 5265 
0 5590 

0 4875 
0 4420 
0 5005 
0 5395 
0 5395 
0 5395 

-
0 5850 
0 5980 
0 5920 
0 5920 
0 5920 
0 5720 
0 5850 
0 5720 

0 5790 
0 3510 
0 4420 
0 4940 
0 4680 
0 3770 
0 5395 
0 5915 
0 4030 
0 3250 
0 5460 
0 5720 
0 5850 

er 

Edge 

0 1138 
0 1560 
0 2210 
0 2340 

0 1235 
0 2535 
0 2990 

0 3380 
0 3445 
0 3575 
0 4290 
0 3166 

0 3705 
0 3751 
0 4141 

0 4485 
0 4323 
0 4553 
0 4518 
0 4583 
0 4225 
0 4557 

0 4635 
0 4635 
0 4030 
0 4420 
0 4680 

0 4615 

-
-

0 5140 
0 5400 
0 5140 
0 5140 
0 5140 
0 5140 
0 5100 
0 5070 
0 5070 

0 2795 
0 3705 
0 4420 

0 3868 
0 4420 
0 4875 
0 5395 
0 3250 
0 2405 
0 4485 
0 4615 
0 4875 

Downcome 

OC-l "C 2 

r 

CD 
Before j During i After 

Quenching 

0 0260 
0 0520 
0 1170 
0 1170 

0 0780 
0 1820 
0 2340 

0 3380 
0 2080 
0 6630 
0 7670 

-
-

-
-
-
-

-
-
-
-
-
-
-
-

-
-
-
-

-

-

0 0260 
0 0312 
0 0416 
0 1040 

0 0364 
0 0468 
0 0416 
0 0260 
0 1872 
0 0364 
0 0494 

-
0 0047 

0 0151 
0 0411 
0 0614 
0 0406 
0 0910 
0 0614 
0 0302 
0 0468 
0 0572 

0 0260 

0 0364 
0 0364 
0 0312 

-
0 1560 
0 2704 
0 1508 
0 1196 
0 0936 
0 0676 
0 0624 

0 0520 
0 0260 
0 0416 
0 1456 
0 3380 

0 0832 
0 1404 
0 1976 
0 2496 
0 0312 

0 0312 

0 0884 

0 0583 
0 0810 
0 0810 
0 1231 
0 0842 
0 0875 
0 0972 
0 0940 
0 1199 

0 1103 
0 1168 
0 1103 

0 1103 
0 1166 
0 1652 
0 1069 
0 0680 
0 0745 
0 1069 
0 0842 

0 0942 
0 0972 

0 0940 
0 0842 
0 0810 

0 0778 

0 0778 
0 0745 
0 0616 
0 0583 
0 0518 
0 0486 

0 0454 
0 0421 
0 1102 
0 0842 
0 0810 

01102 
0 1037 
0 0972 
0 0713 
0 1134 
0 1102 
0 0812 
0 0713 
0 0583 

Void Fraction 
in Bubble Bed 

OF-l 

0 8125 
0 4810 
0 5070 
0 7280 
0 3510 

0 3380 

0 2990 
0 3380 
0 4680 
0 4940 
0 7774 
0 6084 
0 5759 

0 5564 
0 5564 
0 5044 
0 5330 
0 4290 
0 4420 
0 4940 
0 5200 

0 5070 
0 4940 
0 5070 
0 4680 
0 4420 
0 3900 

-
-

0 4810 
0 7540 
0 4550 
0 4160 
0 4030 
0 3900 
0 3900 

0 4030 
0 3510 

-
0 9880 
0 9880 

0 8580 
0 7670 
0 7670 
0 6890 
0 8580 
0 8320 
0 4940 
0 4940 
0 5850 

ap.2 

0 1170 
0 1040 
0 2340 
0 2210 
0 1950 
0 3120 

0 3250 
0 3250 
0 3640 
0 3380 
0 3120 
0 3640 
0 3198 

0 3978 
0 3848 
0 3744 
0 3094 
0 4095 
0 3640 
0 4160 
0 3510 
0 3640 

0 4420 
0 4680 
0 3510 
0 3510 
0 3770 

0 4160 

0 4420 
0 4160 
0 4420 
0 4550 
0 4810 
0 4940 
0 5200 

0 5460 
0 5590 
0 6435 
0 6110 
0 7150 
0 3640 
0 4160 
0 4550 
0 4680 

0 3380 
0 2340 
0 3380 
0 3380 
0 4420 

XD 

0 00051 
0 00167 
0 00264 
0 00048 
0 00204 
0 00352 
0 00491 

0 00588 
0 00033 
0 00963 
0 01171 
0 00517 
0 00689 
0 00917 

0 01060 
0 01280 
0 01544 
0 01289 
0 01790 
0 01738 
0 01300 
0 01607 

0 01804 
0 01947 
0 00842 
0 01374 
0 01647 
0 02567 

-
0 01778 
0 01598 
0 02058 
0 02270 
0 02360 
0 02270 

0 02435 
0 02450 

0 02602 
0 00538 
0 00739 
0 01086 

0 00781 
0 01158 
0 01287 
0 01706 
0 00614 
0 00343 
0 01761 
0 01761 
0 01773 

Ouality 

XR 

0 00271 
0 00700 
0 01167 
0 01191 

0 00979 
0 01627 

0 02165 
0 02449 
0 02213 
0 02957 
0 03740 
0 02284 
0 02786 

0 03183 
0 03593 
0 03971 
0 04863 
0 04596 
0 05525 
0 05634 
0 04687 
0 04996 

0 05002 
0 05081 
0 03467 
0 04400 
0 04960 
0 05540 

0 05160 
0 04810 
0 05307 

0 05740 
0 05823 
0 05840 
0 06120 

0 05860 
0 06120 
0 01579 
0 02406 
0 03121 

0 02593 
0 03280 
0 03946 
0 04817 
0 02079 
0 01441 
0 04910 
0 04603 
0 05347 

X D / X R 

0 1890 
0 2389 
0 2261 
0 0403 
0 2079 
0 2163 

0 2269 
0 2399 
0 0000 
0 3256 
0 3130 
0 2264 

0 2473 
0 2881 
0 2950 
0 3223 
0 3175 
0 2805 
0 3240 
0 3085 
0 2671 
0 3216 

0 3606 
0 3832 
0 2429 
0 3123 
0 3320 
0 4633 

0 3446 
0 3322 
0 3878 
0 3955 

0 4053 
0 3887 
0 3979 

0 4181 
0 4252 
0 3407 
0 3071 
0 3480 

0 3012 
0 3530 
0 3261 
0 3542 
0 2953 
0 2380 
0 3586 
0 3826 
0 3316 

VD 

1275 
1433 
1588 
1398 
1444 

1565 
1687 

1753 

1535 
1885 
1877 
1734 

1751 
1777 

1768 
1777 

1566 
1/66 
1648 
1727 

1668 
1740 

1830 
1887 
1826 
1742 
1749 
1741 

-
1813 
1784 
1740 
1734 

1749 
1 762 
1789 

1811 
1811 
1694 
1687 
1659 
1874 
1841 
1828 
1(95 
1828 
1766 
1645 
1724 
1 670 

Superficial 
i/elocity fps 

VR 

2 316 
2 604 
2 884 
2 540 
2 623 
2 842 
3 064 
3 183 

2 790 
3 388 
3 375 
3 137 

3 169 
3 216 

3 200 
3 216 
2 845 
3 195 
2 982 
3 125 
3 018 
3 148 
3 311 
3 414 
3 304 
3 153 
3 165 
3 151 

3 280 

3 228 
3 149 
3 137 

3 165 
3 197 

3 236 
3 276 
3 276 
3 077 
3 065 
3 013 
3 404 
3 344 
3 320 
3 260 
3 320 
3 209 

2 990 
3 132 
3 033 

vs 

0 068 
0 169 
0 339 
0 339 
0 254 
0 429 

0 610 

0 718 
0 718 
0 836 
0 927 

0 809 
0 860 

0 956 
1032 
1120 
1222 
1323 
1408 
1086 
1289 

1527 
1793 
1015 
1298 
1499 

1838 

-
1417 
1 247 
1141 
1569 

1 714 
1 767 

1810 
1864 
1923 
0 283 
0 571 
0 741 
0 769 
0 911 
1 038 
1256 
0 600 
0 396 
1482 
1702 
1476 

f 

1870 
1650 
1200 

-
2 091 
1340 
0 978 
0 839 

0 730 
0 734 

0 808 
0 723 
0 658 

0 641 
0 588 
0 858 
0 667 
0 840 
0 784 
0 870 
0 656 

0 579 
0 541 
0 684 
0 661 
0 714 
0 590 

0 523 
0 523 
0 526 
0 538 

0 515 
0 535 

0 509 
0 477 
0 473 
0 497 
0 633 
0 807 
0 447 
0 667 
0 668 
0 465 
1298 
1016 
1025 
0 946 

0 938 

•Lower Feed Ring • [(Vg)R/Vent][l! ')°^'^'/Gg][(H/D)-"5 +(H/D)°5] (^,/^g|C 



T a b l e A - 2 

SUMMARY O F LIQUID C A R R Y O V E R D A T A 

P o w e r , 
Mw 

53.2 
56 .0 
60 .7 
61.6 
66 .8 
67 .3 
75 .3 
75 .6 
76.6 
78.1 
79 .8 
84.6 
87 .3 
88 .1 
70 .3 
71 .9 
73.2 
77.1 
83.2 
87 .8 

L i q u i d * 
C a r r y o v e r 

0 .0246 
0 .0377 
0 .0299 
0 .0815 
0 .0375 
0 .0340 
0 .0679 
0 .0064 
0 .0406 
0 .0104 
0 .0623 
0 .1421 
0 .1044 
0 .1138 
0 .0310 
0 .0339 
0 .0149 
0 .1985 
0 .2110 
0 .2451 

W a t e r 
C o l u m n , 

f t - in . 

1 5 - 3 
1 5 - 3 
1 5 - 3 
1 4 - 1 0 
1 5 - 3 
1 5 - 3 
1 5 - 3 
1 5 - 3 
1 5 - 3 
1 5 - 3 
1 5 - 3 
1 5 - 3 
1 5 - 3 
1 5 - 3 
1 5 - 6 
1 5 - 5 
1 5 - 5 
1 5 - 5 
1 5 - 7 
1 5 - 7 

S t e a m 
D o m e , 

in . 

29 .04 

27 .0 

27 .36 
23 .68 
24 .84 

P o w e r , 
Mw 

91.1 
96 .0 
96 .3 
99.1 
99.7 

101.3 
101.4 

47 .0 

59.1 
60 .0 
62 .7 
67 .7 
68 .7 
70.1 
73 .7 
74.7 
79.5 
80 .3 
82 .0 
90 .9 

L i q u i d * 
C a r r y o v e r 

0 .3049 
0 .3523 
0.3597 
0 .4014 
0 .3929 
0 .3765 
0 .3785 
0.0217 
0 .0543 
0 .0383 
0 .0278 
0 .0529 
0.0321 
0 .1403 
0.2042 
0 .1913 
0.3060 
0 .1511 
0.3087 
0 .3843 

W a t e r 
C o l u m n , 

f t - in. 

1 5 - 7 
1 5 - 8 
1 5 - 8 
1 5 - 8 
1 5 - 8 
1 5 - 8 
1 5 - 8 
1 6 - 0 
15 -10 
1 6 - 0 
15 -10 
15 -10 
1 5 - 1 0 
1 6 - 0 
16 - 2 
1 6 - 0 
1 6 - 3 
1 6 - 0 
1 6 - 2 
1 6 - 2 

S t e a m 
D o m e , 

in . 

23 .52 
24 .01 
28 .10 
29 .16 

53 .4 

24 .12 
19.2 

23 .40 
21 .40 
22 .20 

• W e i g h t f r a c t i o n of l i qu id in s t e a m . 




